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Forward

In the last two decades, great strides have been made in unraveling molecular biol-
ogy, immunology, genetics, and in some cases epigenetics as they apply to the cel-
lular and organ pathology of cancer. This is hugely enabling in many ways as
hematologists and oncologists throughout the world strive to develop the best and
most personalized and often innovative recommendations to help their patients. A
reasonable foundation for this and path forward is to understand what has been
learned about various human tumors and to try to integrate this knowledge into
medical practice. This is a daunting task by any standards in 2012 because there is
simply a vast amount of genetic and genomic information upon which taking action
remains unsupported by clinical evidence. This applies particularly well to indi-
vidual patients whose tumors are not only unique but which can be heterogeneous
and otherwise complex three-dimensional organ-like structures with multiple inter-
acting cell types and local microenvironments. This is further amplified by the
extremely rapid rate at which new information is accumulating. It should be stated
that this book does not intend to set medical practice guidelines. However, progress
will be less elusive and perhaps quicker if the scientific and medical communities
take different approaches to accomplishing what both clinicians and patients want
which is to benefit from the available knowledge. Importantly for those who treat
cancer patients, our patients sadly and very often cannot wait and deserve every
chance to benefit from the latest available information. Anecdotally this may be of
benefit to individual patients and may lead to new directions for clinical or basic
studies to move the field forward.

The authors of the various chapters were asked to comment on current practice
in terms of standard of care approaches, to describe the molecular genetics and
current understanding of tumor progression for their particular cancer type or
hematological malignancy including the various key driver pathway alterations, to
comment on cancer stem cells and the tumor microenvironment, and to include, to
the best of their abilities, the available information on therapeutics targeting the
molecular alterations in specific tumor types. I think this volume brings significant
clinical insights for basic scientists and significant basic science and molecular
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understanding for clinicians. The chapters are presented by both basic scientist
and clinician authors who are using and studying the therapeutics targeting the
genetic changes thereby making this volume very unique. I believe it is a very use-
ful resource for seasoned investigators as well as students of all ages who care and
who want to learn more and do more about the problem of cancer and its therapy.
It is particularly rewarding that many of my colleagues at the Penn State Hershey
Medical Center and Penn State Hershey Cancer Institute both in the Hematology/
Oncology Division and other departments who are working on and treating the
various malignancies graciously agreed to provide their valuable contributions to
this effort. Hopefully you will appreciate what this volume brings, will enjoy read-
ing it and learning from it, and perhaps might be inspired and/or motivated to get
involved in the fight against cancer in your own way. There are many opportunities
for doing so along many fronts despite the many challenges facing the field in
terms of funding for research, access to health care and clinical trials, and costs of
medical care.

Hershey, PA, USA Wafik S. El-Deiry, MD, Ph.D., FACP
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Novel Antineoplastics Targeting Genetic
Changes in Colorectal Cancer

Jamal Joudeh, Joshua E. Allen, Avisnata Das, Varun Prabhu,
Michael Farbaniec, Jeffrey Adler, and Wafik S. El-Deiry

Abstract Cytotoxic chemotherapy remains the mainstay of the medical management
of colorectal cancer (CRC). Research over the last two decades has led to a molecu-
lar understanding of the oncogenic mechanisms involved in CRC and has contrib-
uted to the rational development of antineoplastics that target these mechanisms.
During carcinogenesis, genetic changes often occur in molecules that play key func-
tional roles in cancer such as cell proliferation, angiogenesis, apoptosis, cell death
and immune-mediated destruction of cancer cells. Here, we review novel antineo-
plastics that are approved or in development for CRC that target molecules associ-
ated with genetic aberrations in CRC. Some of these targeted antineoplastics have
proven effective against other solid tumors and hold promise in treating CRC
whereas others are now routinely used in combination with cytotoxic agents. This
article reviews antineoplastics that target genetic changes in CRC, their antitumor
mechanisms, and their stage of development.
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Introduction

Colon cancer has the third highest incidence and mortality among cancers in both
men and women in the United States. There has been a recent decline in CRC mortal-
ity in developed countries because of increasingly better early detection methods and
improved therapeutic options. Screening colonoscopy has decreased the mortality
rate by 50% in CRC in United States [1]. Symptomatic patients usually present with
hematochezia or melena, abdominal pain, unexplained iron deficiency anemia and/or
a change in bowel habits. Left-sided cancer usually presents with changes in bowel
movement while right-sided cancers often present with occult bleeding.

The majority of CRCs are adenocarcinomas with 70-90% being sporadic whereas
less than 10% of patients have true inherited genetic factors linked to colorectal
cancers. Most colorectal cancers progress from normal epithelium to invasive can-
cer via an intermediate precursor, the adenomatous polyp. This transformation was
linked to a multistep process of specific genetic changes. Individuals with familial
adenomatous polyposis (FAP) and individuals with hereditary nonpolyposis colon
cancer syndrome (HNPCC, Lynch syndrome) were found to have an early single
germline mutation while sporadic cancers result from the stepwise accumulation of
multiple somatic mutations (Fig. 1). Studies showed that most colorectal cancers
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Disease progression

Fig.1 Linear model of genetic changes that drive CRC. At the earliest stage of colon cancer gen-
esis, normal colonic cells advance to a hyperproliferative state by mutations that inactivate either
the APC gene on chromosome 5q or activate beta-catenin. Epigenetics and mutations in either
KRAS or BRAF typically change the hyperproliferative cells into the early adenoma stage.
SMAD4/DPC4 mutation on chromosome 18q then advances the mutant cells to a late adenoma
stage. Finally, mutations in PIK3CA and p53 on chromosome 17p can transform late adenoma into
carcinoma. Metastasis can occur during disease progression, which has been associated with PRL3
gene amplification
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begin with inactivation (through a germline or sporadic mutation) of the APC gene.
Chromosome 18 loss of heterozygosity (LOH), DCC deletion, KRAS oncogene
mutation and p53 mutations were found to be a late event in colon carcinogenesis.
The MSI-high (MSI-H) phenotype is associated with HNPCC syndrome but it is
also found in 10—15% of sporadic colorectal cancers.

The TNM staging system is the international standard for staging colorectal can-
cer. The pathologic features at diagnosis (depth of bowel wall penetration (T), num-
ber of locoregional lymph nodes involved (N), and presence of extra-colonic
metastases (M)) remain the best indicators of long-term prognosis for both colon
and rectal cancer. Surgical resection is the only curative treatment for locoregional
disease (stage I-III) and may be a curative option for patients with limited meta-
static disease involving the liver and/or lungs (stage IV).

Adjuvant chemotherapy is usually reserved for patients with high-risk stage IT and
stage III (node-positive) disease. In the MOSAIC trial, 5-Fluorouracil, leucovorin,
and oxaliplatin (FOLFOX versus 5-Fluorouracil, leucovorin (5-FU/LV), there was a
trend toward improved disease-free survival with FOLFOX in the subgroup of stage
II patients with high-risk tumors (clinical T4, poorly differentiated, perforation,
obstruction, or <10 nodes in the surgical specimen). Overall survival was essentially
the same in both groups [2]. On the other hand, adjuvant chemotherapy was evalu-
ated in patients with stage II colon cancer with poor prognostic features; it did not
substantially improve overall survival in stage II patients. Patients in this study were
unlikely treated with oxaliplatin [3]. ECOG 5202 was designed to evaluate adjuvant
chemotherapy in patients with stage II colon cancer by stratifying the patients as hav-
ing low or high risk of recurrence depending on their molecular marker analysis.
Loss of heterozygosity at chromosome 18q (LOH18q) and the lack of microsatellite
instability (MSI) are potential markers for aggressive clinical disease that were used
in the study. Patients who were in the high-risk category were prospectively stratified
to treatment with FOLFOX with or without the addition of bevacizumab whereas
low-risk patients were assigned to surveillance alone. The study was criticized for
not having an observation arm in the high-risk category since adjuvant treatment is
not standard of care in this group of patients. This study is currently closed to enroll-
ment as one of the arms is no longer standard of care in the adjuvant setting [4].

For patients with stage III colon cancer, adjuvant chemotherapy was shown to
reduce individual 5-year risk of cancer recurrence and mortality by about 30%. The
addition of oxaliplatin to 5-FU showed a significant improvement in 3-year disease-
free survival for patients with stage III colon cancer in two large randomized trials
(MOSAIC and NASBP-C07) [2, 5]. There was an update for the MOSAIC study in
2009 that showed no benefit in overall survival with FOLFOX versus 5-FU/LV for
patients with stage III who were more than 65 years old [6].

Bevacizumab is a humanized monoclonal antibody to vascular endothelial growth
factor (VEGF), that was added to oxaliplatin-based chemotherapy in the NSABP C-08
and AVANT trials in patients with stage II or III colon cancer. It did not prolong dis-
ease-free survival or overall survival when compared to chemotherapy alone [7, 8].

Cetuximab is monoclonal antibody that targets the epidermal growth factor recep-
tor (EGFR); its benefit in the adjuvant setting in combination with chemotherapy was
tested in the NO147 trial. This trial was closed prematurely because of lack of benefit.
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Patients with mutant KRAS had a worse disease-free survival and a trend toward
worse overall survival [9]. Hence monoclonal antibodies that target EGFR are not
currently indicated in any group of patients with resected colon cancer, though cetux-
imab is used in other settings.

The treatment of metastatic colorectal cancer (mCRC or stage IV) usually
involves chemotherapy alone except in patients who have limited metastatic disease
in the liver and/or lungs who are candidates for surgical resection. Triplet combina-
tion represents a standard option for first-line therapy to treat metastatic colorectal
cancer. Many oncologists use FOLFOX in the first-line setting and FOLFIRI regi-
men (Irinotecan + 5-FU + leucovorin) in the second-line setting after failure of ini-
tial oxaliplatin-based therapy. However, the FOLFIRI regimen could be considered
initially in a patient with a relative contraindication to oxaliplatin. Selection of
oxaliplatin or irinotecan as part of cytotoxic backbone upfront in metastatic disease
is mainly dependent on toxicity profile. In 2012, FOLFIRI plus cetuximab was
approved as an option in the first line setting to treat metastatic CRC and can be
considered especially when the KRAS mutation status is wild-type. FOLFOX or
FOLFIRI plus bevacizumab remains as the most reasonable first line option for
mCRC in 2012 especially in patients without known KRAS mutation status.

Patients who progress on FOLFIRI regimen initial therapy could benefit from
FOLFOX regimen. In a study that evaluated the two sequences of FOLFIRI fol-
lowed by FOLFOX, and FOLFOX followed by FOLFIRI, both sequences had simi-
larly impressive survival benefits. In a pooled analysis of cohorts of older patients
(aged 65 years or older) from two randomized clinical trials evaluated the benefit of
bevacizumab plus 5-FU-based chemotherapy in first-line treatment of mCRC [10].
The study showed that adding bevacizumab to 5-FU-based chemotherapy improved
overall survival and progression-free survival in older and younger patients.
Bevacizumab is also approved for second-line therapy combined with other chemo-
therapy if it was not used with the first-line chemotherapy. There are some data that
suggests a possible benefit for continued bevacizumab beyond first progression,
though data from a randomized trial is lacking to corroborate this observation [11].

Two EGFR-targeted monoclonal antibodies are approved for metastatic colorectal
cancer, though these therapies should be given only to patients with wild-type KRAS
tumors. The addition of cetuximab to irinotecan-based chemotherapy improved
median time to progression and median survival after failure of prior irinotecan-based
chemotherapy [12, 13]. The addition of cetuximab to first-line oxaliplatin regimen
showed mixed results in contrast to panitumumab, which significantly improved PFS
in patients with wild-type KRAS tumors when combined with first-line oxaliplatin
regimen. The combination of anti-EGFR antibody therapy and bevacizumab is not
advised outside of clinical trials. The addition of panitumumab to bevacizumab
resulted in increased toxicity and decreased PFS [14].

Dasatinib, a small molecule BCR-ABL and Src inihbitor, was found to sensitize
mutant KRAS colorectal tumors to cetuximab in CRC lines [15]. The combination
of dasatinib and cetuximab was shown to decrease prosurvival signaling through the
MAPK, mTOR, and STAT pathways compared to untreated or monotherapies in
preclinical studies. The combination also resulted in decreased cell proliferation
and a higher amount of apoptosis [15]. A retrospective study evaluated the role of
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PTEN loss, Akt phosphorylation, and KRAS mutations on the activity of cetuximab
plus irinotecan in patients with mCRC. This study concluded that PTEN loss may
be predictive of resistance to cetuximab plus irinotecan. Patients with PTEN-positive
metastases and wild-type KRAS had longer PFS compared to other patients [16].

KRAS mutations and overexpression of EGFR were found to be important inde-
pendent predictive markers in mCRC patients treated with cetuximab plus chemo-
therapy [17]. This study showed that tumors expressing high levels of EGFR or
have wild-type KRAS are more likely to have a better PFS and OS when treated
with cetuximab plus chemotherapy. In patients with wild-type KRAS tumor status,
EGEFR expression was a predictor of clinical response. Non-activating KRAS mutant
tumor had better PFS and OS than patients with activating KRAS mutants [17].
BRAF mutations are mutually exclusive with KRAS mutations that are found in
about 5-10% of mCRC. BRAF mutations are associated with poor prognosis over-
all but should not be used as predictive factor for patients with wild-type KRAS. In
2012, the presence of either a codon 12 or a codon 13 mutation in KRAS predicts
resistance to anti-EGFR targeted therapy. Acquired resistance through KRAS muta-
tion or EGFR extracellular domain mutation has been observed.

Inhibition of the BRAFY*E oncoprotein by the small-molecule vemurafenib in
melanoma was shown to be highly effective, likely secondary to the low level of
EGFR in melanoma [18]. On the other hand, inhibition of BRAFY*E in preclinical
colon cancer models led to rapid feedback activation of EGFR [18]. This preclinical
study proposed the benefit of adding BRAF and EGFR inhibitors for complete block-
ade of EFGR cascade. The role of genetics in the genesis, prognosis, and therapeutic
sensitivity of colon cancer and other tumors is becoming increasingly important as we
enhance our understanding of the disease. This has potentiated the field of personal-
ized medicine, which is being vetted as a future direction in oncology and is becoming
increasingly feasible with improvements in technology and associated costs.

Overview of Genetic Alterations in Colorectal Cancer

In Western countries, death rates associated with CRC have steadily declined over the
past few decades [20]. This is likely a result of several factors that include improved
screening techniques and participation, changes in lifestyle, and improved therapies.
Despite improvements in treatment options, cytotoxic chemotherapy along with sur-
gery or radiotherapy remains the most frequently deployed strategy in the manage-
ment of colorectal cancer. Nevertheless, refractory disease and systemic side effects
of chemotherapy that often limit its dose and tolerability among patients has left
physicians searching for alternatives. The last two decades have yielded an increased
understanding of the molecular basis of cancer that has driven the development of
antitumor agents that target critical signaling pathways that drive the genesis, main-
tenance, and/or progression of the disease.

The incidence of CRC appears to be linked to environmental factors and genetics.
While modernized countries have benefited from declining death rates in CRC,
their incidence rate is higher and is attributed to increased sedentary lifestyles and
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obesity. The risk of developing CRC increases substantially with incidence in first-
degree relatives and several syndromes that confer a substantially increased predis-
position to CRC have been identified. These include familial adenomatous polyposis
(FAP), MUTYH-associated polyposis, Lynch syndrome and other more rare syn-
dromes (reviewed in [21]) that have been rationalized at the genetic level.
For instance, FAP is directly linked to germline mutations in the APC gene, a tumor
suppressor that is frequently inactivated in CRC.

The evolution of CRC is thought to be a progression of concomitant molecular
and macroscopic events that convert normal colorectal epithelial to adenoma, fol-
lowed by an adenoma to carcinoma transformation [22]. At the genetic level, CRC
is comprised of several cumulative oncogenic alterations that include inactivating
tumor suppressors and activating oncogenes. One of the earliest canonical events in
CRC genesis is the inactivation of APC, which cooperates with the kinase GSK3-
beta to complex with and negatively regulate the activity of the pro-proliferation
transcription factor beta-catenin. Mutation of the oncogene KRAS has been pro-
posed as a major step in CRC that advances the disease to the adenoma stage and
has been found in approximately half of colorectal adenomas and carcinomas
[23-25]. KRAS is a GTPase that mediates the signal transduction of several prosur-
vival receptors such as EGFR. G12V is one of the most common oncogenic muta-
tions in the KRAS gene, which results in constitutively active pro-survival signaling
that is normally controlled by upstream receptor-ligand complexes. Inactivation of
the “gate keeper” tumor suppressor p53 is thought to be a late-stage event in CRC
and is associated with transition from adenoma to carcinoma.

The traditional linear model of CRC development is useful to describe common
oncogenic alterations that fit observations across a large population and may fit
many typical cases, though cancer is clearly not a homogeneous and linear process.
The progression of these genetic events to induce CRC may occur out of order,
cooperate with other alterations, and may be accomplished by various mechanisms
such as genomic instability or mutagens. Other genetic alterations can substitute
with these canonical alterations by themselves or act in concert such as PTEN,
STK11, SMAD4, IGF1, and COX2. Interestingly, some genetic events that act on
the same signaling pathway can substitute for others such as the inactivation of
beta-catenin in lieu of APC inactivation.

Numerous therapeutic targets have arisen by coupling the knowledge of the
molecular events that drive CRC with other molecules that play an essential role in
cancer. Significant insight has been gained regarding molecules that regulate key
cellular processes conserved in cancer such as evading apoptosis, escaping immune
surveillance, increasing cell proliferation through growth factor signaling, and
angiogenesis (Fig. 2). These include molecules that are typically altered in CRC and
other molecules that act on the same signaling pathway to drive the same pheno-
type. Novel targeted agents that inhibit the function or production of these key mol-
ecules are being pursued and have been approved in some cases such as bevacizumab,
which inhibits angiogenesis by sequestering VEGF. Clinical trials are being pur-
sued with these targeted agents as a monotherapy and in combination with standard
of care therapies. Here, we review novel targeted agents that are currently being
explored in CRC that exploit genetic alterations in cancer.
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Fig. 2 Molecular targets that drive CRC tumor initiation and maintenance. Tumor cells down-
regulate death receptor signaling to avoid induction of apoptosis and upregulate growth factor
signaling in order to divide more rapidly and in an unregulated manner. The increased proliferation
rate of tumor cells requires an increased supply of oxygen and nutrients. This increased supply is
provided by new blood vessels formed by upregulating cytokines involved in angiogenesis such as
VEGF, PDGF, and FGF. Tumor cells also downregulate surface antigens that are recognized and
attacked by the immune system so that the tumor can evade the immune surveillance of cancer

Targeting Cell Death Pathways

Agonistic TRAIL Death Receptor Antibodies

Apoptosis is a naturally occurring process that is necessary for homeostasis of
multicellular organisms. Apoptosis occurs by the activation of effector caspases
through either the intrinsic, mitochondria-dependent pathway or the extrinsic death
pathway. Cancer cells can escape the cytotoxic effects of various conventional che-
motherapies by bypassing the intrinsic apoptotic response to the DNA damage.
Depending on the cell type, either the intrinsic or extrinsic death pathways can be
initiated by binding of ligands or agonistic antibodies to specific death receptors on
the cell surface. These death receptor-mediated pathways that induce apoptosis pro-
vide an alternative route to target cancer cell that become resistant to traditional
chemotherapy (Fig. 3) [26].
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Fig. 3 Antineoplastics that target death receptor signaling in CRC. The pro-apoptotic TRAIL
death receptors are engaged by several antibodies that are in clinical trials as antitumor agents.
Death receptor 5 (DRS) is engaged by conatumumab, drozitumab, and lexatumumab. Death recep-
tor 4 (DR4) is engaged by mapatumumab. Binding to these death receptors induces death receptor
homotrimerization, which activates caspase-8 to trigger apoptosis through pathways that may or
may not involve the permeabilization of mitochondria. The mitochondria permeabilization process
is regulated by Bcl-2 family members, including Bcl-2 itself. Oblimersen is an antisense drug that
targets the Bcl-2 transcript (mRNA) to prevent its translation and therefore downregulates its
expression

While there are several death receptor ligands, tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL), a member of the TNF receptor super-
family, is an attractive antitumor protein as it exerts differential cytotoxicity to
cancer and normal cells. In most contexts, TRAIL binds two decoy receptors (DcR1
and DcR2) and two death receptors (DR4 or DRS5), which results in the formation
of the death-inducing signaling complex (DISC). DISC formation results in activa-
tion of the initiator caspase-8, which ultimately leads to activation of effector cas-
pases-3, -6, and -7 (Fig. 3). Normal cells are thought to express higher levels of
decoy receptors, which lack the intracellular death domains that, form the DISC and
therefore do not initiate apoptosis [27]. Cancer cells evade cell death through a
variety of resistance mechanisms such as loss of p53 function. The majority of GI
cancers show alterations in the CD95 pathway molecules that impact on TRAIL
sensitivity by alter the inhibitory effect of FLICE/caspase-8 inhibitory protein
(c-FLIP or CFLAR) or the Bcl-2 family of proteins [28]. In addition to recombinant
TRAIL, the death receptor pathway may also be accomplished by the agonistic
activity of antibodies against DR4 or DRS.

Conatumumab is a fully humanized agonist antibody against DRS that induces
apoptosis via caspase activation in human tumor cell lines in vitro and demonstrated
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anti-tumor efficacy in xenograft models of colon, lung, and pancreatic tumors.
A link between the increase in serum caspase-3/7 activity and M30 level in the acti-
vation of the extrinsic apoptotic pathway by an anti-DRS5 agonist antibody in a
preclinical cancer model, which could be used as cell death biomarkers [29]. A phase
Ib study of another DRS5 agonist antibody, drozitumab, was conducted with first-line
FOLFOX plus bevacizumab (BV) in patients with mCRC. The combination was
well tolerated and no adverse interactions were found between drozitumab and the
chemotherapy. This abstract was presented at 2011 Gastrointestinal Cancers
Symposium [30]. In another phase Ib study, drozitumab was combined with cetux-
imab plus irinotecan or with FOLFIRI with or without bevacizumab in previously
treated mCRC patients. This trial also reported no adverse interactions between
drozitumab and the chemotherapy.

Lexatumumab (HGS-ETR2 developed by Human Genome Sciences) is another
anti-DRS agonist antibody that has been studied in a phase Ib trial. Lexatumumab
was well tolerated and tumor regression was observed in two patients with CRC
receiving lexatumumab in combination with folate, 5-FU and irinotecan. This study
suggested that further evaluation of lexatumumab in combination with chemothera-
peutic agents in phase I studies to evaluate efficacy is warranted [31]. Mapatumumab
(HGS-ETR1) is the only DR4 antibody in clinical trials. Preclinically it showed
cytotoxic activity against cancer cells but no objective response was found in a
phase I study [32].

Most clinical studies showed that these antibodies are not effective when used as
monotherapy in patients with gastrointestinal (GI) cancer. Combining TRAIL with
other agents may overcome resistance mechanisms, such as combination of TRAIL-
based therapies with c-FLIP inhibitors or the multi-kinase inhibitor sorafenib, which
downregulates Bcl-2 and Mcl-1. Preclinical studies have shown that the TRAIL-DRS
pathway can cause hepatotoxicity and bile duct toxicity at high doses in mice treated
with an anti-mouse DRS5 monoclonal antibody.

Bcl-2

Oblimersen is an antisense agent that inhibits the translation of the anti-apoptotic
Bcl-2. Oblimersen inhibits Bcl-2 protein production via providing a complementary
genetic strand to the messenger RNA encoding for Bcl-2, which renders the cancer
cell more sensitive to chemotherapy. In a phase I study the pharmacokinetic and
biological effects of oblimersen were evaluated in combination with irinotecan in
mCRC patients [33]. This combination was found to be safe and moderately active
in patients with previously treated CRC. The recommended dose of oblimersen was
determined to be 7 mg/kg/day for days 1-8 with irinotecan 280 mg/m?*/day on day
6 once every 3 weeks. Phase I/II studies with oblimersen are in progress in mela-
noma [34, 35], small cell lung cancer (SCLC) [36], prostate cancer, refractory acute
leukemia and chronic lymphocytic leukemia (CLL). A phase I/II study is evaluating
the effectiveness of combining oxaliplatin, fluorouracil, and leucovorin with oblim-
ersen in patients with advanced CRC [37].
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Targeting Growth Factor Signaling

The process of cell division is tightly controlled and normally requires stimuli.
Growth factor signaling typically involves the binding of an extracellular ligand,
such as EGF, to a receptor tyrosine kinase. Binding results in the homo- or hetero-
oligomerization of the receptor and autophosphorylation events that activate down-
stream signaling molecules that lead to prosurvival effects (Fig. 4). Therefore it is
unsurprising that cancers, including CRC, typically harbor genetic aberrations that
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Fig. 4 Antineoplastics targeting growth factor signaling in CRC. Tumor cells require growth
factor-independent signaling to increase their proliferation rate. Growth factor signaling typically
involves a receptor kinase localize to the cell surface such as the EGFR family members, IGFR, or
c-met. These receptors normally bind to secreted growth factors followed by events that turn on
intracellular signaling. Several EGFR inhibitors have been developed including intracellular small
molecule inhibitors such as erlotinib and gefitinib as well as antibodies such as cetuximab and
panitumumab, which bind to EGFR to prevent ligand binding without turning on EGFR signaling.
BIBW-2992 and PF-299804 are small molecules that inhibit multiple members of the EGFR fam-
ily. AMG 102 binds and inhibits the c-met surface receptor. AMG479 and IMC-A12 are antibodies
that bind to IGFR. Ligand-receptor complexes involved in growth factor signaling often activate
the GTPase Ras, which activates PKC, PI3K/Akt/mTOR signaling, and the MAPK signaling path-
way that involves the sequential phosphorylation of Raf, MEK, and ERK. The signaling pathways
ultimately turn on genes that have oncogenic consequences such as upregulating prosurvival gene
transcription and downregulating apoptotic genes. Enzastaurin is a small molecule inhibitor of
PKC. Perifosine is a small molecule indirect inhibitor of Akt and everolimus is a small molecule
mTOR inhibitor. Among the MAPK members, PLX4032 is a small molecule specific inhibitor of
the V60OE mutant form of BRAF where as MEK is inhibited by several small molecules such as
selumetinib, AS-703026, and CI-1040
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allow cancer cells to grow in the absence of such stimuli. This relationship has led
to the development of several agents targeting growth factor signaling, which has
generated the most successful targeted agents in terms of FDA approval to date.

The EGFR Family

The EGFR family has been a successful target for targeted cancer therapies. Increased
EGFR signaling is particularly common in lung, breast, and CRCs through one or
more of the family members, which includes HER1 (EGFR, ErbB-1), HER2 (ErbB-
2), HER3 (ErbB-3), and HER4 (ErbB-4) [38]. Agents that inhibit EGFR signaling
have been approved by the FDA such as cetuximab in colon cancer and erlotinib and
gefitinib in non-small cell lung cancer. However, responders to these inhibitors
almost universally develop resistance through acquired mutations in these receptors
after long-term use of EGFR inhibitors [39]. This has led to development of inhibi-
tors to multiple EGFR family members such as BIBW-2992, which is an inhibitor of
EGFR and HER?2 as well as PF-299804, an inhibitor of EGFR, HER2, and HER4.

BIBW-2992 is an irreversible small molecule inhibitor of EGFR and HER?2 that
has efficacy against first generation EGFR inhibitor-resistant cancers in cell-based
assays [40]. Increased efficacy was also noted in xenografts resistant to first genera-
tion EGFR inhibitors with significant regression as compared to erlotinib [41]. Other
preclinical studies found significant tumor regressions in epidermoid carcinoma
xenografts in mice. A Phase I trial of PF-299804, an EGFR, HER2, and HER4 inhibi-
tor, studied 121 patients with advanced solid malignancies, 22 of which being mCRC.
In this study, four patients with non-small cell lung cancer had a partial remission but
no CRC patients experienced remission with the oral therapy. However, 44 patients
of the 121 had stable disease that did not occur with previous treatment [42].

IGF Receptors

The insulin-like growth factor receptor (IGFR) is a family of receptor tyrosine kinases
that bind insulin-like growth factors. Ligand binding activates two kinase cascades,
the mitogen-activated protein kinase (MAPK) pathway and the phosphatidylinositol
3-kinase (PI3K)/Akt pathway [43]. The MAPK pathway regulates cellular metabo-
lism and is known to promote cell growth and survival whereas the PI3K/Akt path-
way is involved in regulation proliferation and apoptosis. This receptor quickly
became a cancer therapy target as many early studies found elevated receptor expres-
sion in colon carcinoma cell lines. One of the earliest studies in 1986 showed that
20% of colon cancer lines have a mild to moderate increase in IGF1 mRNA and 40%
showed an increase in IGF2 mRNA relative to the surrounding normal colonic
mucosa. There was a significant increase in IGF1 receptor (IGF1-R) staining in
higher stage and metastatic colon carcinomas as compared to normal colonic cell
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lines [44]. Based on some of this preclinical data, IGF1-R inhibitors are in develop-
ment including monoclonal antibody antagonistic ligands that irreversibly bind the
receptor to prevent downstream signaling.

One such monoclonal antibody is AMG-479, a fully human antibody produced
by Amgen with an IC50 of 0.53 nanomolar against IGF1-R. A 2009 phase I trial
with this antibody showed one complete response and one partial response in
Ewing’s sarcoma out of 15 patients with soft tissue sarcomas. Patients received dose
escalations every 2 weeks with intravenous infusions of 1-20 mg/kg. After day 80
of treatment, one patient with Ewing’s sarcoma had complete response of all pulmo-
nary metastases and has maintained this remission. One of the five patients with
neuroendocrine tumors had a partial response. While the four CRC patients enrolled
in the trial did not respond, evidence in other cancers shows promise for IGF1-R
monoclonal antibodies [45].

In 2010, a Phase II trial of the IGF1-R monoclonal antibody IMC-A12 compared
cetuximab to the combination of cetuximab and this antibody in CRC patients
refractory to cetuximab alone. In this study, none of the patients who received IMC-
A12 monotherapy had a response. One out of 21 patients had a partial response to
the combinatorial therapy that lasted approximately 6 months after treatment initia-
tion. This patient was also noted to have KRAS wild type CRC [46]. One of the
reasons why IGF1 receptor monoclonal antibodies seemed so promising in preclini-
cal trials but in clinical trials with CRC have not been as successful could be the
large amount of KRAS mutations found in late stage CRCs. KRAS is one of the
downstream activators in the EGFR tyrosine kinase pathway and are found in
40-50% of CRCs [47], which confers resistance to IGF1IR mAbs.

Hepatocyte Growth Factor (HGF)

Hepatocyte growth factor (HGF) has been shown to increase the motility of human
colon cancer cells in vitro, which can be blocked by an anti-HGF antibody [48]. The
HGEF receptor is encoded by the c-Met proto-oncogene, which cross-talks with beta-
catenin signaling to sustain and enhance CRC cell invasiveness [49]. A Phase Ib
study of AMG 102, a fully human monoclonal antibody against HGF, in combina-
tion with bevacizumab found the combination to have an acceptable toxicity profile.
Two of the 14 CRC patients in the study had a mean progression-free survival of
approximately 36 weeks on the combination. Treatment-induced side effects were
mild and included fatigue, nausea, constipation and peripheral edema and no anti-
AMG antibodies were detected [50].

Mutant BRAF

KRAS mutations are present in 40-50% of the patients with mCRC, while the
mutually exclusive BRAF activating mutation is present in up to 10% of mCRC and
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confer a poor prognosis. BRAF mutations are associated with some response to
treatment with monoclonal antibodies against EGFR. PLX4032/RG7204 is an oral
small molecule inhibitor of mutant BRAF that has demonstrated efficacy in mela-
noma, thyroid cancer, and CRC among others. The activity of PLX4032 as mono-
therapy or in combination with capecitabine with or without bevacizumab was
evaluated in a CRC xenograft model. Monotherapy was found to have superior
activity to capecitabine or bevacizumab alone that was enhanced in combination
with capecitabine + bevacizumab [51].

In a phase I study, patients with mCRC with mutant BRAF were treated with
PLX4032 at the previously determined maximum tolerated dose of 960 mg BID.
As compared to the 81% response rate in metastatic melanoma, responses in this
study were heterogeneous. The clinical activity was found to be more modest than
previously seen in melanoma patients with mutant BRAF. This was rationalized by
the increased heterogeneity of the biological consequences of BRAF activation in
CRC patients compared to melanoma patients [52]. In 2012 it has become clear
from preclinical studies that targeting EGFR may help with response of BRAF
mutant colon cancer cells to BRAFtargeted agents.

MEK

Aberrant expression of EGFR is common in human cancers, particularly in CRCs.
EGFR family members signal by a pathway that is similar to IGFR signaling by
acting through the Ras-Raf-MEK-ERK and PI3K signaling pathways, leading to
cell proliferation and evasion of apoptosis. Due to this fact, the EGFR receptor has
been a hotly pursued drug target for antineoplastics. Such drugs include cetuximab
and panitumumab, which are monoclonal antibodies against the receptor [53, 54].
Unfortunately only about 8-23% of cancer patients respond to EGFR-targeting
treatments due to activating mutations KRAS that cause resistance to EGFR mono-
clonal antibody therapy since Ras activation occurs downstream of the EGFR recep-
tor as well IGF1R. These resistance mechanisms make therapies targeting activators
downstream of Ras a priority. MAP kinase kinase (MEK) is an integral part of the
Ras signaling pathway as a downstream signal transducer that has been pursued as
cancer drug target.

A recent study described two highly potent small molecule inhibitors of MEK,
selumetinib (AZD-6244) and AS-703026. In vitro studies demonstrated that both
molecules reduced the proliferation of mutant KRAS cancer cells by 63-67%. As
expected, there was no reduction in proliferation of mutant KRAS cells treated with
cetuximab. In vivo studies using mouse models found that selumetinib decreased
tumor size by 60—70% in mutant KRAS tumors [55]. Selumetinib may also increase
radiation responsiveness of lung cancers and CRCs to two highly potent small mol-
ecule inhibitors by decreasing cellular response to hypoxia that induces therapeutic
resistance. Tumor growth was delayed approximately 25 days more than controls in
xenografts treated with both selumetinib and ionizing radiation, which is 15 more
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days than radiation alone. There was also a significant decrease in the tumor density
of blood vessels after 5 days of treatment with both selumetinib and radiation [55].

In 2009, a phase II trial was performed with selumetinib in CRC patients refrac-
tory to one or two previous therapies. In this study, the effects of oral selumetinib on
disease progression were compared with that of capecitabine. There was no
significant difference in disease-free survival between the two randomized groups
receiving either therapy. There was one partial response out of the 35 patients in the
capecitabine group and no responses in the selumetinib group. Unfortunately,
approximately 80% of the patients experienced disease progression within the
2 year study while the others had stable disease.

Despite very promising preclinical data, several phase I and phase II trials of
MEK inhibitors have been less than encouraging. A phase II trial of an oral MEK
inhibitor, CI-1040, in non-small cell lung cancer, breast, colon, and pancreatic can-
cers was conducted in 2004. The oral therapy was well tolerated with minimal side
effects; however this MEK inhibitor yielded no complete or partial responses [56].
A phase I trial of a MEK inhibitor was later attempted in the 2009 AS-703026 trial
in advanced solid tumors. 78% of these patients had CRC and the other 22% had
melanoma. There were two partial responses out of 15 previously treated advanced
melanomas, however there was no documented response in CRC [57].

Akt

The PI3K/Akt pathway is a prosurvival signaling pathway downstream of many
receptors that bind growth factors such as EGFR. Perifosine is a small molecule that
inhibits the activation of Akt by a poorly understood mechanism and has been studied
in melanoma, multiple myeloma, and sarcoma. In vitro effects on colon cancer cell
lines have been reported [58]. Perifosine continues to be tested in clinical trials.

Mammalian Target of Rapamycin (nTOR)

mTOR is a substrate of Akt and the mTOR pathway is involved in several aspects of
cancer cell survival and proliferation. Everolimus is a rapamycin analog that binds
with a high affinity to FK-507 binding protein-12, which forms a complex that inter-
acts with mTOR to block signaling by inhibiting the phosphorylation of S6K1 and
4E-BP1 by mTOR. Inhibiting the mTOR pathway impacts the expression of proteins
involved in angiogenesis, cell growth and proliferation, and metabolism [59].
Everolimus is FDA approved for subependymal giant cell astrocytoma associated
with tuberous sclerosis that cannot be surgically removed and advanced renal cell
carcinoma after failure of sunitinib or sorafenib. It has been investigated in other solid
tumors including CRC. A phase II trial of everolimus in combination with bevaci-
zumab in refractory mCRC demonstrated a promising disease control rate [60].
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Results showing safety and efficacy have been reported in a phase I trial of everolimus
with irinotecan and cetuximab as second-line treatment in mCRC. A phase II study is
planned [61].

Protein Kinase C (PKC)

PKC plays a role in the signaling of growth factor receptors that has cross talk with
both Akt and mTOR. Enzastaurin was developed as an oral ATP-competitive selec-
tive inhibitor of the serine/threonine kinase protein kinase C-beta (PKC-beta) that
was subsequently shown to inhibit multiple PKC isoforms, suppress the phosphory-
lation of Akt, GSK3f, and ribosomal protein S6. Enzastaruin has demonstrated
pro-apoptotic and anti-proliferative effects on an array of cultured human tumor
cells including CRC [62]. Several phase II trials failed to produce any promising
signs of efficacy in solid tumors. The addition of enzastaurin to pemetrexed as sec-
ond-line therapy in advanced non-small cell lung cancer failed to improve progres-
sion-free survival or overall survival [63]. The addition of enzastaurin to pemetrexed,
carboplatin, and bevacizumab in stage IIIB/IV non-small cell lung cancer failed to
improve progression-free survival [64]. Enzastaurin also failed to show sufficient
single agent activity in recurrent high-grade gliomas. A trial investigating the addi-
tion of enzastaurin to capecitabine in metastatic or recurrent breast cancer after
prior cytotoxic therapy was stopped early after finding no median overall survival
benefit and shorter progressional-free survival in the enzastaurin arm [65, 66]. A
phase III trial failed to show superior efficacy of enzastaurin compared to lomustin
in recurrent intracranial glioblastoma [67]. On the other hand, enzastaurin has
shown activity in prolonging freedom from progression in relapsed or refractory
diffuse large B-cell lymphoma in a small subset of patients, and in relapsed or
refractory mantle cell lymphoma [68, 69]. A ‘window of opportunity’ trial in chemo-
naive asymptomatic mCRC patients showed that enzastaurin may have single agent
activity [70]. However, a recent placebo controlled phase II trial of maintenance
enzastaurin in combination with 5-FU, leucovorin, and bevacizumab following
first-line chemotherapy in mCRC, failed to demonstrate a PFS advantage [71].

Targeting Angiogenesis
VEGF Receptors

In order for neoplasms to continue to propagate they require an adequate blood
supply, which is accomplished by inducing angiogenesis (Fig. 5). One of the most
important factors involved in angiogenesis is vascular endothelial growth factor
(VEGF), which is sufficient in vitro to cause angiogenesis [72]. Due to the
importance of angiogenesis in cancer, a number of therapies have been developed
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Fig. 5 Antineoplastics targeting angiogenesis in CRC. Several cytokines are secreted by tumor
cells to induce angiogenesis. These cytokines such as VEGF are bound by surface receptor on
endothelial cells that include KIT, PDGFR, and VEGFR. Aflibercept is a fusion protein that mimic
two VEGEF receptors. Tivozanib is a small molecule inhibitor of VEGFR and the small molecules
axitinib and BIBF-1120 inhibit VEGFR, PDGFR, and KIT

to target VEGF and its cognate receptor VEGFR. Aflibercept is a recombinant
fusion protein consisting of the Fc portion of IgG1 combined with the third domain
of VEGFR2 and the second domain of VEGFRI. This allows aflibercept to mimic
VEGFR2 and VEGFR1 to prevent VEGF from binding to those receptors, thereby
inhibiting angiogenesis. Preclinical studies have shown that aflibercept is an
effective inhibitor of angiogenesis and tumor growth in animal models [73].
Aflibercept has shown tolerability in phase I trials in patients with solid tumors
[74-77]. Aflibercept has shown clinical efficacy in recurrent platinum-resistant
epithelial ovarian cancer and prolonged time to repeat paracentesis in advanced
epithelial ovarian cancer with symptomatic malignant ascites [78, 79]. Clinical
efficacy has also been shown in several other phase II trials including patients with
platinum- or erlotinib-resistant locally advanced or metastatic non-small cell lung
cancer, uterine leiomyosarcoma, inoperable stage II or IV melanoma, temozolo-
mide-resistant recurrent glioblastoma, and anaplastic glioma at first relapse [80—
83]. Limited clinical efficacy has been reported with aflibercept as a single agent in
patients with recurrent metastatic urothelial cancer previously treated with a plati-
num-containing regimen [84]. A phase II trial showed efficacy in patients with



Novel Antineoplastics Targeting Genetic Changes in Colorectal Cancer 17

mCRC previously treated with bevacizumab and a recent phase I trial investigating
aflibercept in combination with FOLFIRI in mCRC showed tolerability [85, 86].
The phase III VELOUR trial investigating aflibercept in combination with FOLFIRI
as a second-line regimen in mCRC is anticipated to report its results during the
second half of 2011. Similarly, the phase II AFFIRM investigating aflibercept in
combination with FOLFOX as a first-line treatment for mCRC is also expected to
have results by late 2011. In 2012, aflibercept was approved by the FDA in combi-
nation with FOLFIRI as a therapeutic option for patients with metastatic CRC,
including about a 10% response rate in patients who were previously treated with
Avastin in combination chemotherapy.

Tivozanib is an oral, ATP-competitive, small molecule inhibitor of VEGFR [87].
A phase II trial and subgroup analysis found that tivozanib as monotherapy achieved
disease control for patients with different histological types of renal cell carcinoma
(RCC), with longer PFS seen in patients with clear cell RCC compared to non-clear
cell variants [88, 89]. Tivozanib has also been studied in phase Ib trials in combina-
tion with temsirolimus in metastatic RCC, in combination with paclitaxel in meta-
static breast cancer, and as a monotherapy in non-small cell lung cancer [90-92]. A
phase III randomized, controlled trial comparing tivozanib with sorafenib in patients
with advanced RCC is pending results [93]. Recently presented in abstract form, an
open-label phase Ib trial of tivozanib in combination with FOLFOX in patients with
advanced gastrointestinal tumors showed safety and tolerability [94]. A phase Ib
trial investigating tivozanib in combination with capecitabine for patients with
advanced solid tumors including CRC is currently recruiting patients [94].

Axitinib (AG-013736) is an oral selective inhibitor of VEGF receptors [95, 96].
Axitinib inhibits the autophosphorylation of VEGF receptors (VEGFR) that nor-
mally occurs upon ligand binding, interferes with eNOS/AKT mediated signal
transduction, decreases vascular permeability, and prevents VEGF-mediated
endothelial cell survival. Axitinib demonstrates dose-dependent anti-tumor activ-
ity that is associated with a reduction in angiogenesis, tumor cell proliferation, and
increased apoptosis. At higher concentrations, axitinib also has activity against
PDGEF receptors and KIT, which are also receptors involved in angiogenesis, may
enhance its anti-tumor efficacy. However, it is likely that the principal effects of
axitinib are mediated through the VEGF receptors when considering the pharma-
cokinetic/pharmacodynamic data where it has shown efficacy [97]. Several phase
II studies have shown clinical efficacy in a variety of solid tumors including
advanced non-small cell lung cancer, cytokine-refractory metastatic RCC, advanced
thyroid cancer, advanced pancreatic cancer, and metastatic melanoma [98-101].
Axitinib has also shown activity in human breast cancer models in mice [102].
Recently, axitinib has been investigated as a second-line agent in mCRC. This
open-label, randomized phase II trial compared axitinib to bevacizumab in combi-
nation with either FOLFOX or FOLFIRI. The study failed to show a difference
between axitinib and bevacizumab with respect to either progression-free survival
or median overall survival. However, a trend towards improved median overall
survival was seen with axitinib in combination with FOLFOX in comparison to
bevacizumab in combination with FOLFOX. Conversely, a trend towards reduced
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median overall survival was seen with axitinib in combination with FOLFIRI in
comparison to bevacizumab in combination with FOLFIRI [103].

Other Receptors That Mediate Angiogenesis

VEGF receptor inhibitors have proven to be effective targeted therapies. However,
some tumors are still able to sustain angiogenesis by upregulating other vascular
growth factors such as platelet derived growth factor (PDGF) and fibroblast growth
factor (FGF) [104]. This resistance mechanism led to the development of a triple
angiokinase receptor inhibitor, BIBF-1120, which irreversibly inhibits VEGF,
PDGEF, and FGF receptors.

A phase I trial in 2009 investigated oral BIBF-1120 in 61 patients with advanced
solid tumors, 30 of which were CRC. Of these patients, 56 had prior therapy with
surgery or chemotherapy and continued to have disease progression. There were
two partial responses, one in a patient with CRC and one in a patient with RCC.
There was a complete response in a RCC patient, whose lung metastases disap-
peared 2 months post-treatment. BIBF-1120 was well tolerated when its MTD of
250 mg was split into twice daily dosing [105], though other phase I trials were not
as successful. In a group of 21 patients with advanced solid tumors, there were no
complete or partial responses but 16 patients had stabilization of disease for at least
56 days or a total of two cycles [106]. BIBF-1120 can also be combined with other
common chemotherapeutic regimens for CRC. One study showed no additional
adverse effects when BIBF-1120 was added to FOLFOX [107]. BIBF-1120 was
also successfully added to the EGFR/HER?2 inhibitor BIBW-2992 in alternating
regimens with diarrhea and vomiting being the most common side effects. In this
2008 study, patients with advanced CRC that continued to progress on two to three
therapies, including bevacizumab and cetuximab for 89% of patients, had alternat-
ing oral regimens of BIBF-1120 and BIBW-2992 and managed to have disease
stabilization for at least 2 months. Unfortunately, there were no partial or complete
responses in this patient population [108].

Multi-Targeted Agents

Sorafenib

Sorafenib is an oral multi-kinase inhibitor of VEGFR2, VEGFR3, Flt-3, PDGFR-3
and c-KIT BRAF, RAF-1, and RET with demonstrable anti-angiogenic and anti-
tumor activity. Sorafenib is FDA approved for use in advanced RCC and surgi-
cally unresectable hepatocellular carcinoma [109—111]. The utility of sorafenib in
CRC is an active area of research. Recently published, the addition of sorafenib to
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cetuximab in patients with mCRC improved overall survival by 2 months [112].
The combination of sorafenib and radiation has shown efficacy in human CRC
xenografts and a phase I/II trial currently recruiting participants is investigating
sorafenib, capecitabine, and external beam radiation in patients with locally
advanced rectal cancer [113, 114]. The combination of sorafenib and bevacizumab
as a salvage therapy in heavily pretreated mCRC patients showed promise of clin-
ical activity that is still being evaluated in trials [115, 116]. A phase I/II trial of
sorafenib in combination with cetuximab and irinotecan in patients with advanced
mCRC has recently reported that the regimen was well-tolerated following amend-
ment of the irinotecan dose/schedule; however, the phase II portion is unlikely to
be opened due to limited responses [117]. A phase II trial of sorafenib in combi-
nation with FOLFIRI for patients with advanced CRC after failing treatment with
oxaliplatin is currently recruiting participants [118]. Also currently ongoing, a
trial investigating sorafenib in combination with irinotecan as second-line therapy
in mCRC with mutant KRAS has reported favorable phase I results, and interim
phase II reports showing evidence of disease control [119, 120]. A phase II
efficacy assessment trial of sorafenib in combination with capecitabine in advanced
pretreated CRC is currently recruiting patients [121]. Sorafenib is also being
investigated in two phase II trials in combination with FOLFOX6 or FOLFIRI as
second-line treatment in mCRC [122, 123]. A related kinase inhibitor called rego-
rafenib was approved by the FDA in 2012 as single agent salvage therapy in meta-
static CRC and was shown to benefit overall survival including in patients who
had previously progressed on bevacizumab.

Sunitinib

Sunitinib is an oral tyrosine kinase inhibitor of VEGFR 1,2,3, PDGFRa, PDGFR,
KIT, FLT3, RET, and the CSF1 receptor (CSF1R), that is approved for the treatment
of advanced clear cell RCC and advanced GI stromal tumors after failure or intoler-
ance to imatinib [124]. The role of sunitinib in the treatment and management of
CRC is an active area of research. In human CRC xenograft models, sunitinib dem-
onstrated single agent antitumor activity that synergized with TRAIL [125]. An
early phase II trial of sunitinib in heavily pretreated mCRC patients failed to dem-
onstrate a single-agent objective response rate. Subsequently, phase I results of
sunitinib in combination with FOLFIRI in treatment-naive mCRC showed tolerabil-
ity and promising anti-tumor activity [126]. Sunitinib has also been investigated in
combination with FOLFOX6 in mCRC as first-line treatment and is currently
undergoing investigation in combination with FOLFOX in comparison to bevaci-
zumab plus FOLFOX as first-line treatment in mCRC [127, 128]. Recently, a phase
I study of sunitinib in combination with capecitabine in patients with mCRC refrac-
tory to prior treatment with 5-FU/irinotecan/oxaliplatin demonstrated feasibility
and a high level of disease stability [129].
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Dasatinib

Dasatinib is an oral ATP-competitive tyrosine kinase inhibitor of all members of the
Src family of kinases as well as Abl, ¢c-KIT, PDGFR, and EphA2 [130]. A phase I
dose-escalation study of dasatinib in combination with capecitabine, oxaliplatin,
and bevacizumab as first-line therapy in CRC identified a well-tolerated dose rec-
ommended for a phase II dose/schedule [131]. Recently reported was the premature
termination of a phase II study of dasatinib in previously treated mCRC due to lack
of efficacy [132]. A preclinical study showed that dasatinib sensitizes KRAS mutant
CRC cells to cetuximab in vitro and in vivo [133]. Currently, a phase I study is
recruiting patients for dasatinib and cetuximab as single agents or in combination
for patients with CRC and resectable liver metastasis [134].

Harnessing the Immune System

Epithelial Cell Adhesion Molecule (EpCAM)

Catumaxomab is a trifunctional monoclonal antibody that recruits and activates dif-
ferent immune effector cells at the surface of tumor cells. Tripartite binding is accom-
plished by paratopes against CD3 to allow for binding to T-cells, an anti-EpCAM
paratope to target tumor cells, and the Fc domain that is bound by Fc-receptor I-, Ila-,
and III-positive antigen-presenting cells [135—137]. Catumaxomab has been studied
in patients with malignant ascites due to peritoneal carcinomatosis. In one study of
eight patients with peritoneal carcinomatosis of solid tumors including breast, ovar-
ian, gastric, and one adenocarcinoma of unknown primary, patients were treated with
intraperitoneal injections of either catumaxomab alone (4/8), another trifunctional
antibody rexomun that targets Her2 instead of EpCAM alone (1/8), or a combination
of the two antibodies (3/8). The therapy was found to be both well tolerated and clini-
cally effective [138]. A phase I/II study of 23 women with malignant ascites due to
ovarian cancer, showed that intraperitoneal administration of catumaxomab effec-
tively induced tumor cell destruction, decreased ascites production, and reduced the
necessity for repeat paracentesis [139]. In a recent study of patients with peritoneal
carcinomatosis secondary to colon cancer, catumaxomab alone or in combination
with chemotherapy was evaluated in comparison to cytoreductive surgery and hyper-
thermic chemoperfusion (HIPEC) with or without systemic chemotherapy and sys-
temic chemotherapy alone. Their findings, which have been presented in abstract
form, showed that catumaxomab had a preventative effect on the accumulation of
malignant ascites, the development of intestinal obstruction, and conferred a survival
benefit when compared to systemic chemotherapy alone [140]. A survival advantage
when compared to paracentesis alone was shown in a recent study of catumaxomab
in patients with malignant ascites due to GI cancers including colon, esophageal,
pancreatic, gastric, and rectal cancers [141].
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Toll-Like Receptor 9 (TLRY)

Toll-like receptors (TLR) are a family of specialized immune receptors that recog-
nize pathogen-expressed molecules and elicit an immune response upon such pat-
tern recognition. Each member of this family can detect one or more distinct
pathogen-expressed molecules [142]. TLR 9 is exclusively expressed in human
immune cells, B cells, and plasmacytoid dendritic cells. TLR9 detects unmethylated
CpG dinucleotides, which are prevalent in bacterial and viral genomic DNAs but are
uncommon in vertebrate genomes. TRLY is stimulated by introducing synthetic oli-
godeoxynucleotides that contain unmethylated CpG dinucleotides [143]. Hence the
novel idea of activating immune cells that express TLR9 was proposed in cancer
therapy to enhance antigen-specific CD4* and CD8* T cells. Increased numbers of
T cells with higher avidity are required in vivo as ineffective T cell triggering leads
to much lower numbers of T cells that are less active killers and might tolerate the
tumor [144].

Two types of TLR9 agonists were assessed in an in vitro study of CRC using a
traditional CpG oligonucleotide and an immunomodulatory oligonucleotide [145].
This study showed that TLR agonists have antitumor activity regardless of p53, are
cytotoxic in CRC cell lines, and synergize with radiation and chemotherapy. When
TLR9 agonists were added to cetuximab or gefitinib, a small molecule EGFR inhib-
itor, the combination showed synergistic inhibition of tumor growth, downstream
signaling proteins, and angiogenesis in colon cancer xenografts. The combination
decreased resistance to cetuximab as well as to other EGFR inhibitors by decreasing
the aberrant expression of downstream signaling proteins [146].

A33

The A33 antigen is a glycoprotein that was sequenced and cloned because of its
significantly elevated expression in the epithelia of the lower GI tract in mCRC. A
study conducted in 1996 found that 95% of mCRC had increased expression of the
A33 antigen [147]. Although much has been learned about the antigen itself, its exact
function remains unclear. A33 is a cell surface protein that appears to be internalized into
cytoplasmic vesicles as determined by fluorescence microscopy [148]. A monoclonal
humanized antibody against A33 was developed and was promising in preclinical stud-
ies targeting CRC cells and subsequent lysis with high expression of surface A33 [149].
A phase I trial of the A33 antibody was performed with eleven patients with advanced,
chemotherapy-resistant CRC patients. Unfortunately, eight of the patients developed
toxicity secondary to human anti-human antibody (HAHA) response. Of the three
patients who tolerated the therapy, one achieved a partial response seen radiographi-
cally along with a significant reduction of carcinoembryonic antigen (CEA). Four of
eleven patients had disease stabilization from 2 to 12 months with two cases having
significant reduction in CEA [150]. Although the results from this phase I trial are
promising, the significant toxicity of the antibody has limited its clinical use.
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Other Approaches

Wnt and Hedgehog Signaling Pathways

Whnt and Hedgehog (Hh) signaling pathways play key roles in self-renewal and embry-
onic growth and patterning. Due to their role in development, there is a high frequency
of human cancers harboring mutations that activate transcriptional responses of these
pathways [151]. In fact, this signaling pathway is commonly activated in the early
stages of CRC through inactivation of APC. Apoptosis has been noted in both ade-
noma- and carcinoma-derived CRC cell lines treated with the Hh inhibitor cyclo-
pamine [152]. GDC-0449, another known inhibitor of the Hh pathway, is being studied
as an agent for treating mCRC. Genentech has been conducting a randomized, pla-
cebo-controlled double blind study of GDC-0449 added to standard-of-care regimens
for mCRC with treatment until disease progression [153]. Patients on this trial are
receiving FOLFOX/FOLFIRI with bevacizumab and are stratified based on the che-
motherapy regimen chosen and presence of RECIST measurable disease at baseline
[154]. Data from this study will be valuable in understanding potential of this class of
targeted agents against mCRC, which remains largely unconquered.

COX-2

Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit cyclooxygenases and have
been recently linked to decreased risk of colon cancer and as a result such drugs are
being explored as a treatment for CRC, particularly inhibitors of cyclooxygenase-2
(COX-2). Anti-tumor effects of such COX-2 inhibitors have been observed in
colon cancer cell lines. Celecoxib, a selective COX-2 inhibitor, decreased lipid
fluidity in the cancer cell lines irrespective of COX-2 expression status and decreased
the proliferation, migration, and invasiveness of the tested CRC cell lines in vitro.
The authors proposed that the cytotoxic effect of celecoxib is mediated by altera-
tions in cellular membrane fluidity [155].

One study of selective COX-2 inhibitor, NS398, analyzed adenoma- and CRC-
associated gene expression profiles in colon adenocarcinoma cell lines. A dose-
dependent inhibition of COX-2 protein expression resulted in a reverse effect on the
expression of CRC-associated genes, suggests its use in the chemoprevention. The
authors proposed that the anti-tumor activity of NS398 is mediated through accumu-
lation of arachidonic acid in cancer cells that causes apoptosis [156]. Another study
evaluated long-term treatment with celecoxib in humans and mouse models of colon
cancer. This study showed that long-term administration can oppose effects observed
with short-term use, which includes anti-inflammatory and tumor suppressor activ-
ity. Long-term use was associated with resistance to the antitumor effects of cele-
coxib through inhibition of NF-kB signaling in enterocytes and decreased COX-2
expression, which resulted in chronic inflammation and tumor promotion [157].
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Heat Shock Protein 90 (Hsp90)

Cancer typically exhibits an increased proliferation rate compared to normal cells,
which in turn requires the cell to produce proteins at a more rapid rate as it progresses
through the cell cycle at a higher rate. This increased protein production along with
acquired mutations that often subtly or grossly alter protein secondary and/or tertiary
structure increase the demand for molecular chaperones, which are a class of proteins
that assist in and allow for proper folding of other proteins. Hsp90 is a molecular
chaperone that has recently emerged as an important molecule in some malignancies.
17-allylamino 17-demethoxygeldnamycin is a Hsp90 inhibitor shown to inhibit sig-
nal transduction in four colon cancer cell lines by depleting c-Raf-1 and Akt [158].
The drug also enhances the cytotoxicity of oxaliplatin in colon cancer cell lines
through NF-kB inhibition, particularly in TRAIL-resistant cell lines [159]. Evidence
from preclinical studies combining cisplatin and Hsp90, inhibitors suggest synergis-
tic activity in colon cancer [160]. STS-9090, another small molecule inhibitor of
Hsp90, is a promising agent being investigated in a variety of solid tumors.

Virotherapy

Virotherapy is a novel approach of treating cancers that is based on the selective
infection of cancer cells with natural or engineered lytic viruses that induce oncoly-
sis, promote apoptosis in tumor cells, or cause synctitium formation [161]. Vaccinia
virus has desirable characteristics of an oncolytic virus including a short, well-
characterized life cycle, high cytolytic activity, genetic stability, lack of a natural
host, non-pathogenicity in humans, and a well-documented side effect profile from
its previous extensive use as pox vaccine [161]. JX-594, an oncolytic poxvirus engi-
neered to be selectively replication-competent in tumor cells, has been used by
intravenous administration in phase I trials for some cancers [162]. Studies in
patients with metastatic liver tumors including those with colonic primary have
shown good tolerance and acceptable safety with intravenous administration.
However, direct hyperbilirubinemia was the dose-limiting toxicity. Progress has
been made to phase II trials [163]. Recent results of a JX-594 clinical trial demon-
strated safety, dose-dependent infectivity, and preliminary responses with JX-594 in
patients with solid tumors [163].

Colorectal Cancer Stem Cells (CRCSCs)

Tumors are composed of a heterogeneous population of cells with varying capacity
for pluri-potency or multi-potency and self-renewal. Tumors mainly consist of rap-
idly proliferating differentiated cells with limited capacity for self-renewal. The can-
cer stem cell (CSC) hypothesis indicates that tumors originate from a small
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population of stem/progenitor cells capable of self-renewal. The CSCs are
multipotent or pluripotent cells that are essential for tumor initiation and long term
tumor maintenance. CSCs could also arise from dedifferentiation of existing cancer
cells. Thus, a CSC may not necessarily be the cell of origin for a tumor. CSCs are
resistant to chemotherapy and radiation, and are thought to be responsible for local
tumor recurrence and metastatic relapse. Selective targeting of CSCs in combina-
tion with conventional therapy could improve treatment outcomes and prolong
patient survival [164, 165].

Multipotent stem cells in the colonic crypt give rise to all the epithelial cell lin-
eages in the crypt. The multipotent stem cells undergo asymmetric division and give
rise to transit amplifying cells that proliferate and differentiate into various epithe-
lial cell types. According to the CSC hypothesis, the origin of colorectal cancer
(CRC) lies in oncogenic mutations that accumulate in the colorectal stem cells.
These mutated CRC stem cells (CRCSCs) can then undergo symmetric and asym-
metric division to initiate tumor formation. These multipotent cells give rise to pro-
genitors, transit amplifying cells as well as more differentiated cells within the
tumor resulting in tumor progression [166].

Several markers such as CD133, CD44, CD166, Epithelial cell adhesion molecule
(EpCAM) and Aldehyde dehydrogenase-1 (ALDHI1) have been used in various
combinations to identify the CRCSCs phenotype. Such markers are also involved in
regulation of the CRCSC phenotype and could be potential targets for cancer ther-
apy. However, the tumor specificity of such markers along with adverse effects on
normal colon stem cells needs considerable evaluation [166, 167].

CRCSC:s are resistant to chemotherapeutic drugs used in the clinic for colorectal
cancer such as 5-FU and oxaliplatin. The chemotherapeutic drugs cause an enrich-
ment of CRCSCs, perhaps contributing to more aggressive disease. Several
approaches are currently being explored to specifically target CRCSCs [168-173].
Further studies are essential to identify CSC-specific targets, novel therapies and
evaluate the promise of targeting CRCSC'’s in the clinic.

Stem Cell Signaling in CRC

TGF-p and its mediators known as Smad proteins are important for stem cell main-
tenance and function in the colonic crypt. TGF-f serves as a tumor suppressor in the
intestinal epithelium. Mutations in the genes encoding TGF-f and Smad4 are fre-
quently observed in CRC. Wnt/B-catenin pathway is known to regulate several tar-
get genes involved in the regulation of stem cell self-renewal and differentiation.
Wnt signaling is essential for maintenance of the colonic crypt. It is frequently
turned on in crypt stem cells and is switched off in more differentiated cells of the
intestinal epithelium. Constitutively activated Wnt signaling and mutations in beta-
catenin commonly occur during colorectal carcinogenesis involving Adenomatous
polyposis coli (APC) tumor suppressor loss. TGF-f and Wnt signaling are known
to co-operate in CRC tumorigenesis [176, 177]. Notch and Hedgehog signaling
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pathways are also known to regulate self-renewal and differentiation of intestinal
stem cells. Dysregulation of Notch and Hedgehog pathways has been shown to be
associated with CRC [174, 175]. pS3 mutations and pathway inactivations fre-
quently occur in colorectal cancer [176]. p53 is known to regulate several aspects of
stem cell biology including self-renewal, differentiation and reprogramming [177].
Loss of p53 is known to enrich for CRCSCs [178]. Targeting of stem cell signaling
pathways such as TGF-f, Wnt, Notch, Hedgehog and p53 is being evaluated in
various stages of clinical development. Thus, the stem cell signaling network repre-
sents the major network of therapeutic targets for CRCSCs [176, 179-184].

Stem Cell Microenvironment in CRC

Intestinal stem cells rely on extrinsic signaling from the surrounding microenviron-
ment to maintain stemness or undergo differentiation and proliferation. The stem
cell niche is the surrounding stromal microenvironment composed of extracellular
matrix, immune cells, endothelial cells, smooth muscle cells and fibroblasts.
The niche provides stem cells with essential morphogenetic signals such as Wnt,
Notch, bone morphogenetic proteins (BMPs) and Hedgehog signals. Elevated Wnt
signaling along with Notch activity helps in maintenance and proliferation of intes-
tinal stem cells while BMPs counteract Wnt signaling to promote differentiation.
All these signals from the microenvironment via growth factors and cytokines are
crucial for crypt maintenance and cell lineage determination. CRCSCs also rely on
the surrounding microenvironment [185—187]. A recent study demonstrated the
importance of myofibroblast-mediated Wnt signaling in the maintenance of
CRCSCs. Myofibroblasts secrete HGF to maintain Wnt signaling in CRCSCs.
Myfibroblast-secreted HGF also stimulates dedifferentiation of differentiated tumor
cells to induce a CSC phenotype [188]. The microenvironment signals that regulate
CRCSC:s serve as potential therapeutic targets for therapy. Wnt and Notch inhibitors
and BMP receptor agonists could be used to target the CRCSC niche [185].

Acknowledgements W.S.E-D. is an American Cancer Society Research Professor

References

1. Desch CE, Benson AB, Somerfield MR, et al. Colorectal cancer surveillance: 2005 update
of an American society of clinical oncology practice guideline. J Clin Oncol. 2005;
23(33):8512-9.

2. André T, Boni C, Mounedji-Boudiaf L, et al. Oxaliplatin, fluorouracil, and leucovorin as
adjuvant treatment for colon cancer. N Engl J Med. 2004;350(23):2343-51.

3. O’Connor ES, Greenblatt DY, LoConte NK, Gangnon RE, Liou JI, Heise CP, et al. Adjuvant
chemotherapy for stage II colon cancer with poor prognostic features. J Clin Oncol.
2011;29(25):3381.



26

10.

11.

12.

13.

20.

J. Joudeh et al.

. Benson A, O’Dwyer P, Hamilton S. Oxaliplatin, Leucovorin, and Fluorouracil With or

Without Bevacizumab in Treating Patients Who Have Undergone Surgery for Stage II Colon
Cancer. 2012; NCT00217737.

. Kuebler JP, Wieand HS, O’Connell MJ, et al. Oxaliplatin combined with weekly bolus

fluorouracil and leucovorin as surgical adjuvant chemotherapy for stage II and III colon can-
cer: results from NSABP C-07. J Clin Oncol. 2007;25(16):2198.

. André T, Boni C, Navarro M, Tabernero J, Hickish T, Topham C, et al. Improved overall

survival with oxaliplatin, fluorouracil, and leucovorin as adjuvant treatment in stage II or 111
colon cancer in the MOSAIC trial. J Clin Oncol. 2009;27:3109-16.

. Allegra CJ, Yothers G, O’Connell MJ, et al. Initial safety report of NSABP C-08: a random-

ized phase III study of modified FOLFOX6 with or without bevacizumab for the adjuvant
treatment of patients with stage II or III colon cancer. J Clin Oncol. 2009;27(20):3385.

. De Gramont A, van Cutsem E, Tabernero J, et al. AVANT: results from a randomized, three-

arm multinational phase I1I study to investigate bevacizumab with either XELOX or FOLFOX4
versus FOLFOX4 alone as adjuvant treatment for colon cancer (abstract). Data presented at
the 2011 ASCO GI Cancers Symposium; 2011 Jan 20-22; San Francisco, CA; 2011. Abstract
available online at http://www.asco.org/ASCOv2/Meetings/Abstracts?&vmview=abst_detail _
view&confID=103&abstractID=71344.

. Alberts SR, Sargent DJ, Smyrk TC, et al. Adjuvant mFOLFOX6 with and without cetuximab

(Cmab) in KRAS wild-type (WT) patients with resected stage III colon cancer: results from
NCCTG Intergroup Phase III Trial NO147 9abstract CRA3507). J Clin Oncol. 2010;28:959s.
(Abstract available online at http://abstract.asco.org/AbstView_74_41265.html, accessed
July 22, 2010.

Kabbinavar FF, Hurwitz HI, Yi J, Sarkar S, Rosen O. Addition of bevacizumab to fluorouracil-
based first-line treatment of metastatic colorectal cancer: pooled analysis of cohorts of older
patients from two randomized clinical trials. J Clin Oncol. 2009;27(2):199-205.

Grothey A, Sugrue MM, Purdie DM, et al. Bevacizumab beyond first progression is associ-
ated with prolonged overall survival in metastatic colorectal cancer: results from a large
observational cohort study (BRiTE). J Clin Oncol. 2008;26(33):5326-34.

Jimeno A, Messersmith WA, Hirsch FR, Franklin WA, Eckhardt SG. KRAS mutations and
sensitivity to epidermal growth factor receptor inhibitors in colorectal cancer: practical appli-
cation of patient selection. J Clin Oncol. 2009;27(7):1130-6.

Van Cutsem E, Peeters M, Siena S, Humblet Y, Hendlisz A, Neyns B, et al. Open-label phase
11T trial of panitumumab plus best supportive care compared with best supportive care alone
in patients with chemotherapy-refractory metastatic colorectal cancer. J Clin Oncol.
2007;25(13):1658.

. Hecht JR, Mitchell E, Chidiac T, Scroggin C, Hagenstad C, Spigel D, et al. A randomized

phase IIIB trial of chemotherapy, bevacizumab, and panitumumab compared with chemo-
therapy and bevacizumab alone for metastatic colorectal cancer. J Clin Oncol.
2009;27:672-80.

. Dunn EF, lida M, Myers RA, Campbell DA, Hintz KA, Armstrong EA, et al. Dasatinib sen-

sitizes KRAS mutant colorectal tumors to cetuximab. Oncogene. 2011;30(5):561-74.

. Loupakis F, Pollina L, Stasi I, Ruzzo A, Scartozzi M, Santini D, et al. PTEN expression and

KRAS mutations on primary tumors and metastases in the prediction of benefit from cetuximab
plus irinotecan for patients with metastatic colorectal cancer. J Clin Oncol. 2009;27(16):2622-9.

. Yen LC, Uen YH, Wu DC, Lu CY, Yu FJ, Wu IC, et al. Activating KRAS mutations and

overexpression of epidermal growth factor receptor as independent predictors in metastatic
colorectal cancer patients treated with cetuximab. Ann Surg. 2010;251(2):254-60.

. Prahallad A, Sun C, Huang S, Di Nicolantonio F, Salazar R, Zecchin D, et al. Unresponsiveness

of colon cancer to BRAF(V600E) inhibition through feedback activation of EGFR. Nature.
2012;483:100-3.

. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA

Cancer J Clin. 2011;61:69-90.
Center MM, Jemal A, Smith RA, Ward E. Worldwide variations in colorectal cancer. CA
Cancer J Clin. 2009;59:366-78.


http://www.asco.org/ASCOv2/Meetings/Abstracts?&vmview=abst_detail_view&confID=103&abstractID=71344
http://www.asco.org/ASCOv2/Meetings/Abstracts?&vmview=abst_detail_view&confID=103&abstractID=71344
http://abstract.asco.org/AbstView_74_41265.html

Novel Antineoplastics Targeting Genetic Changes in Colorectal Cancer 27

21

22.
23.
24.
25.
26.
217.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

. Migliore L, Migheli F, Spisni R, Coppede F. Genetics, cytogenetics, and epigenetics of
colorectal cancer. J] Biomed Biotechnol. 2011;2011:792362.

Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell. 1990;61:
759-67.

Forrester K, Almoguera C, Han K, Grizzle WE, Perucho M. Detection of high incidence of
K-ras oncogenes during human colon tumorigenesis. Nature. 1987;327:298-303.

Bos JL, Fearon ER, Hamilton SR, et al. Nature. 1987;327:293-7.

Vogelstein B, Fearon ER, Hamilton SR, et al. N Engl J Med. 1988;319:525-32.

Ashkenazi A. Directing cancer cells to self-destruct with pro-apoptotic receptor agonists. Nat
Rev Drug Discov. 2008;7:1001-12.

Johnstone RW, Frew AJ, Smyth MJ. The TRAIL apoptotic pathway in cancer onset, progres-
sion and therapy. Nat Rev Cancer. 2008;8:782-98.

Ullenhag GJ, Mukherjee A, Watson NF, et al. Overexpression of FLIPL is an independent
marker of poor prognosis in CRC patients. Clin Cancer Res. 2007;13:5070-5.
Kaplan-Lefko PJ, Graves JD, Zoog SJ, et al. Conatumumab, a fully human agonist antibody
to death receptor 5, induces apoptosis via caspase activation in multiple tumor types. Cancer
Biol Ther. 2010;9:618-31.

Baron AD, O’Bryant CL, Cho Y. Phase Ib study of drozitumab combined with cetuximab
(CET) plus irinotecan (IRI) or with FOLFIRI with or without bevacizumab (BV) in previ-
ously treated patients (pts) with mCRC (mCRC). J Clin Oncol. 2011;29 Suppl 4: abstr 532.
Sikic BI, Wakelee H, Von Mehren M, et al. A phase Ib study to assess the safety of lexatu-
mumab, a human monoclonal antibody that activates TRAIL-R2, in combination with gem-
citabine, pemetrexed, doxorubicin or FOLFIRI. J Clin Oncol. 2007; 25: abstr 14006.

Hotte SJ, Hirte HW, Chen EX, et al. A phase 1 study of mapatumumab (fully human
monoclonal antibody to TRAIL-R1) in patients with advanced solid malignancies. Clin
Cancer Res. 2008;14:3450-5.

Mita MM, Ochoa L, Rowinsky EK, et al. A phase I, pharmacokinetic and biologic correlative
study of oblimersen sodium (GenasenseTM, G3139) and irinotecan in patients with mCRC.
Ann Oncol. 2006;17:313-21.

van de Donk N, Kamphuis M, van Dijk M, et al. Evaluation of bcl-2 antisense oligonucle-
otide drugs in multiple myeloma. Blood. 2000;96:757.

Jansen B, Wacheck V, Heere-Ress E, et al. Chemosensitisation of malignant melanoma by
BCL2 antisense therapy. Lancet. 2000;356:1728-33.

Rudin CM, Kosloff M, Hoffman PC, Edelman MJ, Vokes EE. Phase I study of G3139, a bcl-2
antisense oligonucleotide, combined with carboplatin and etoposide in patients with small
cell lung cancer. J Clin Oncol. 2004;22:1110-7.

Combination Chemotherapy and Oblimersen in Treating Patients with Advanced CRC.
NCT00055822.

Yarden Y, Sliwkovski MX. Untangling the ErB signaling network. Nat Rev Mol Cell Biol.
2001;2:127-37.

Engelman JA, Janne PA. Mechanisms of acquired resistance to epidermal growth factor
receptor kinase inhibitors in non small cell lung cancer. Clin Cancer Res. 2008;14:2895-9.
Yuza'Y, Glatt KA, Jiang J, et al. Allele-dependent variation in the relative cellular potency of
distinct EGFR inhibitors. Cancer Biol Ther. 2007;6:661-7.

Li D, Ambrogio L, Shimamura T, et al. BIBW2992, an irreversible EGFR/HER?2 inhibitor
highly effective in preclinical lung cancer models. Oncogene. 2008;27:4702—11.

Janne PA, Boss DS, Camidge DR, et al. Phase I dose escalation study of the pan HER inhibitor
PF299804 in patients with advanced malignant solid tumors. Clin Cancer Res. 2011;17:1131-9.
Ewing GP, Goff LW. The insulin-like growth factor signaling pathway as a target for treat-
ment of colorectal carcinoma. Clin Colorectal Cancer. 2010;9:219-23.

Tricoli JV, Rall LB, Karakousis CP, et al. Enhanced levels of insulin-like growth factor mes-
senger RNA in human colon carcinomas and liposarcomas. Cancer Res. 1986;46:6169-73.
Tolcher AW, Sarantopoulos J, Patnaik A, et al. Phase I, pharmacokinetic, and pharmacody-
namic study of AMG 479, a fully human monoclonal antibody to insulin-like growth factor
receptor 1. J Clin Oncol. 2009;27:5800-7.



28

46

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

J. Joudeh et al.

. Reidy DL, Vakiani E, Fakih MG, et al. Phase I, pharmacokinetic, and pharmacodynamic
study of AMG 479, a fully human monoclonal antibody to insulin-like growth factor receptor 1.
J Clin Oncol. 2010;28:4240-6.

Benvenuti S, Sartore-Bianchi A, Di Nicolantonio F, et al. Oncogenic activation of the RAS/
RAF signaling pathway impairs the response of metastatic colorectal cancers to anti-epider-
mal growth factor receptor antibody therapies. Cancer Res. 2007;15:2643-8.

Jiang WG, Lloyds D, Puntis MC, Nakamura T, Hallett MB. Regulation of spreading and growth
of colon cancer cells by hepatocyte growth factor. Clin Exp Metastasis. 1993;11:235-42.
Rasola A, Fassetta M, De Bacco F, et al. A positive feedback loop between hepatocyte growth
factor receptor and beta-catenin sustains colorectal cancer cell invasive growth. Oncogene.
2007;26:1078-87.

Rosen PJ, Sweeney CJ, Park DJ, et al. A Phase 1b study of AMG 102 in combination with
bevacizumab or moteranib in patients with advanced solid tumors. Clin Cancer Res.
2010;16:2677-87.

Kolinsky KD, Su F, Bollag G, Lee R, et al. Efficacy of PLX4032, a selective V600OEB-Raf
inhibitor, as monotherapy or in combination with capecitabine + bevacizumab in a CRC
xenograft model. Gastrointestinal Cancers Symposium; San Francisco, CA; 2009; Abstract
No:362.

Kopetz S, Desai J, Chan E, Hecht JR, et al. PLX4032 in mCRC patients with mutant BRAF
tumors. J Clin Oncol. 2010; 28: abstr 3534.

Scartozzi M, Galizia E, Freddari F, Berardi R, Cellerino R, Cascinu S. Molecular biology of
sporadic gastric cancer: prognostic indicators and novel therapeutic approaches. Cancer Treat
Rev. 2004;30:451-9.

Yoon J, Koo KH, Choi KY. MEK1/2 inhibitors AS703026 and AZD6244 may be potential
therapies for KRAS. Cancer Res. 2011 Jan 15;71(2):445-53.

Shannon AM, Telfer BA, Smith PD, et al. The mitogen-activated protein/extracellular signal-
regulated kinase inase 1/2 inhibitor AZD6244 (ARRY-142886) enhances the radiation respon-
siveness of lung and colorectal tumor xenografts. Clin Cancer Res. 2009;15:6619-29.
Rinehart J, Adjei AA, Lorusso PM, et al. Multicenter phase II study of the oral MEK inhibi-
tor, CI-1040, in patients with advanced non-small-cell lung, breast, colon, and pancreatic
cancer. J Clin Oncol. 2004;22:4456-62.

Delord J, Houede N, Awada A, et al. First-in-human phase I safety, pharmacokinetic (PK),
and pharmacodynamic (PD) analysis of the oral MEK-inhibitor AS703026 (two regimens
[R]) in patients (pts) with advanced solid tumors. J Clin Oncol. 2010;28:15s.

Ryan DP. Novel therapies in CRC. Curr Colorectal Cancer Rep. 2006;2:116-9.

Oudard S, Medioni J, Aylllon J, et al. Everolimus (RADOO1): an mTOR inhibitor for the treat-
ment of metastatic renal cell carcinoma. Expert Rev Anticancer Ther. 2009;9:705-17.
Altomare I, Russell KB, Uronis HE, et al. Phase II trial of bevacizumab (B) plus everolimus
(E) for refractory mCRC (mCRC). J Clin Oncol. 2010;28:15s (suppl; abstr 3535).

Shahda S, Yu M, Picus J, et al. Phase I study everolimus (RADO001) with irinotecan (Iri) and
Cetuximab (C) in second-line mCRC. J Clin Oncol. 2011;29: (suppl; abstr 523).

Graff JR, McNulty AM, Hanna KR, et al. The protein kinase C beta-selective inhibitor,
Enzastaurin (LY317615. HCI), suppresses signaling through the AKT pathway, induces apopto-
sis, and suppresses growth of human colon cancer and glioblastoma xenografts. Cancer Res.
2005;65:7462-9.

Chiappori A, Bepler G, Barlesi F, et al. Phase II, double-blinded, randomized study of enzas-
taurin plus pemetrexed as second-line therapy in patients with advanced non-small cell lung
cancer. J Thorac Oncol. 2010;5:369-75.

Casey EM, Harb W, Bradford D, et al. Randomized, double blind, multicenter, phase II study
of pemetrexed (PEM), carboplatin (CARBO), bevacizumab (BEV) with enzastaurin (ENZ)
or placebo (PBO) in chemotherapy-naive patients with stage IIIB/IV non-small cell lung
cancer (NSCLC). J Clin Oncol. 2009;27:15s (suppl; abstr 8035).

Kreisl TN, Kotliarova S, Butman JA, et al. A phase I/II trial of enzastaurin in patients with
recurrent high-grade gliomas. Neuro Oncol. 2010;12:181-9.



Novel Antineoplastics Targeting Genetic Changes in Colorectal Cancer 29

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Clemons M, Joy AA, Abdulnabi R, et al. Phase II, double-blind, randomized trial of
capecitabine plus enzastaurin versus capecitabine plus placebo in patients with metastatic
or recurrent breast cancer after prior anthracycline and taxane therapy. Breast Cancer Res
Treat. 2010;124:177-86.

Wick W, Puduvalli VK, Chamberlain MC, et al. Phase I1I study of enzastaurin compared with
lomustine in the treatment of recurrent intracranial glioblastoma. J Clin Oncol. 2010;
28:1168-74.

Morschhauser F, Seymour JF, Kluin-Nelemans HC, et al. A phase II study of enzastaurin, a
protein kinase C beta inhibitor, in patients with relapsed or refractory mantle cell lymphoma.
Ann Oncol. 2008;19:247-53.

Robertson MJ, Kahl BS, Vose JM, et al. Phase I study of enzastaurin, a protein kinase C beta
inhibitor, in patients with relapsed or refractory diffuse large B-cell lymphoma. J Clin Oncol.
2007;25:1741-6.

Glimelius B, Lahn M, Gawande S, et al. A window of opportunity phase II study of enzastaurin
in chemonaive patients with asymptomatic mCRC. Ann Oncol. 2010;21:1020-6.

Wolff RA, Schepp W, DiBartolomeo M, et al. A double-blind, randomized placebo-con-
trolled, phase II study of maintenance enzastaurin (ENZ) with 5-FU/leucovorin (LV) plus
bevacizumab (BV) following first-line therapy for mCRC (mCRC). J Clin Oncol. 2011; 29:
(suppl 4; abstr 501).

Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med. 2000;6:389-95.
Moroney JW, Sood AK, Coleman RL. Aflibercept in epithelial ovarian carcinoma. Future
Oncol. 2009;5:591-600.

Lockhart AC, Rothenberg ML, Dupont J, et al. Phase I study of intravenous vascular endothe-
lial growth factor trap, aflibercept, in patients with advanced solid tumors. J Clin Oncol.
2010;28:207-14.

William PT, Gordon M, Murren J, et al. Phase 1 study of aflibercept administered subcutane-
ously to patients with advanced solid tumors. Clin Cancer Res. 2010;16:358-66.

Rixe O, Verslype D, Khayat D, et al. A phase I dose escalation (DE) and pharmacokinetics
(PK) study of intravenous aflibercept (VEGF Trap) plus irinotecan, 5-fluorouracil, and leuco-
vorin (I-LV5FU2) in patients with advanced solid tumors (STs). J Clin Oncol 26: 2008 (May
20 suppl; abstr 3557).

Limentani S, Just R, Purdham A, et al. A phase I dose escalation and pharmacokinetic (PK)
study of intravenous (iv) aflibercept (VEGF Trap) plus FOLFOX4 in patients (pts) with
advanced solid tumors: Preliminary results. J Clin Oncol 26: 2008 (May 20 suppl; abstr 3556).
Tew WP, Colombo N, Ray-Coquard I, et al. VEGF-trap for patients (pts) with recurrent
platinum-resistant epithelial ovarian cancer (EOC): preliminary results of a randomized,
multicenter phase II study. J Clin Oncol. 2007 ASCO Annual Meeting Proceedings Part I.
Vol 25, No. 18S (June 20 Supplement), 2007: 5508.

Colombo N, Mangili G, Mammoliti S, et al. Aflibercept (VEGF trap) for advanced epithelial
ovarian cancer (EOC) patients (pts) with symptomatic malignant ascites: preliminary results
of a pilot study. J Clin Oncol 26: 2008 (May 20 suppl; abstr 14598.

Massarelli E, Miller VA, Leighl B, et al. Phase II study of the efficacy and safety of intrave-
nous (IV) AVE0005 (VEGF trap) given every 2 weeks in patients (pts) with platinum- and
erlotinib- resistant adenocarcinoma of the lung (NSCLA). J Clin Oncol. 2007 ASCO Annual
Meeting Proceedings Part I. Vol 25, No. 18S (June 20 Supplement), 2007:7627.

Townsley C, Hirte H, Hoskins R, et al. A phase II study of aflibercept (VEGF trap) in recur-
rent or metastatic gynecologic soft-tissue sarcomas: a study of the Princess Margaret Hospital
Phase II consortium. J Clin Oncol. 2009 (suppl; abstr 5591).

Tarhini A, Christensen S, Frankel P, et al. Phase II study of aflibercept (VEGF trap) in recur-
rent inoperable stage III or stage IV melanoma of cutaneous or ocular origin. J Clin Oncol
27:15s, 2009 (suppl; abstr 9028).

De Groot JF, Wen PY, Lamborn K, et al. Phase II single arm trial of aflibercept in patients
with recurrent temozolomide-resistant glioblastoma: NABTC 0601. J Clin Oncol 26: 2008
(May 20 suppl; abstr 2020).



30

84

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

J. Joudeh et al.

. Twardoski P, Sadler WM, Frankel P, et al. Phase II study of aflibercept (VEGF-trap) in
patients with recurrent or metastatic urothelial cancer, a California cancer consortium trial.
Urology. 2010;76:923-6.

Tang P, Cohen SJ, Bjarnason GA, et al. Phase II trial of aflibercept aflibercept (VEGF trap)
in previously treated patients with mCRC (MCRC): a PMH phase II consortium trial. J Clin
Oncol 26: 2008 (May 20 suppl; abstr 4027).

Yamazaki K, Yoshino K, Yamaguchi K, et al. Phase I dose escalation and pharmacokinetics
study of intravenous aflibercept plus irinotecan, 5-fluorouracil, and folinic acid (FOLFIRI) in
patients with mCRC. J Clin Oncol 29: 2011 (suppl 4; abstr 538).

De Luca A, Normanno N. Tivozanib, a pan-VEGEFR tyrosine kinase inhibitor for the potential
treatment of solid tumors. Drugs. 2010;13:636-45.

Bhargava P, Esteves B, Al-Adhami M, et al. Activity of tivozanib (AV-951) in patients (pts)
with different histologic subtypes of renal cell carcinoma (RCC). J Clin Oncol. 2011; (suppl
7; abstr 327).

Bhargava P, Esteves B, Al-Adhami M, et al. Activity of tivozanib (AV-951) in patients with
renal cell carcinoma (RCC): subgroup analysis from a phase II randomized discontinuation
trial (RDT). J Clin Oncol. 2010 (suppl; abstr 4599).

Kabbinavar FF, Srinivas S, Kauke RJ, et al. A phase I trial of combined tivozanib (AV-951)
and temsirolimus therapy in patients (pts) with renal cell carcinoma (RCC). J Clin Oncol.
2011; (suppl 7; abstr 330).

Mayer EL, Scheulen ME, Beckman J, et al. Combination of tivozanib, an oral inhibitor of
vascular endothelial growth factor receptors (VEGFRs), with weekly paclitaxel for metastatic
breast cancer: preliminary results of an ongoing phase 1 study. 33rd Annual San Antonio
Breast Cancer Symposium; San Francisco, CA; 2010.

Motzer RJ, Bhargava P, Esteves B, et al. A phase III, randomized, controlled study to com-
pare tivozanib with sorafenib in patients (pts) with advanced renal cell carcinoma (RCC).
J Clin Oncol. 2011; (suppl 7; abstr 310).

Eskens F, Oldenhuis CN, Bhargava P, et al. A phase Ib, open-label, dose-escalation study of
tivozanib and FOLFOXG6 in patients (pts) with advanced gastrointestinal (GI) tumors. J Clin
Oncol. 2011; (suppl 4; abstr 549).

A trial of tivozanib (AV-951) in combination with capecitabine (Xeloda®) in subjects with
advanced solid tumors. 2010; http://clinicaltrials.gov/ct2/show/NCT01306630.

Hu-Lowe DD, Zou HY, Grazzini ML, et al. Nonclinical antiangiogenesis and antitumor
activities of axitinib (AG-013736), an oral, potent, and selective inhibitor of vascular endothe-
lial growth factor receptor tyrosine kinases 1, 2, 3. Clin Cancer Res. 2008;14:7272-83.
Cohen EE, Rosen LS, Vokes EE, et al. Axitinib is an active treatment for all histologic sub-
types of advanced thyroid cancer: results from a phase II study. J Clin Oncol. 2008;
26:4708-13.

Rugo HS, Herbst RS, Liu G, et al. Phase I trial of the oral antiangiogenesis agent AG-013736
in patients with advanced solid tumors: pharmacokinetics and clinical results. J Clin Oncol.
2005;23:5474-83.

Fruehauf JP, Lutzky J, McDermott DF, et al. Axitinib (AG-013736) in patients with meta-
static melanoma: a phase II study. J Clin Oncol. 2008;26:484s.

Schiller JH, Larson T, Ignatius Ou SH, et al. Efficacy and safety of axitinib in patients with
advanced non-small-cell lung cancer: results from a phase II study. J Clin Oncol. 2009;25:7507.
Rixe O, Bukowski R, Michaelson MD, et al. Axitinib treatment in patients with cytokine-
refractory metastatic renal-cell cancer: a phase II study. Lancet Oncol. 2007;8:975-84.
Spano J-P, Chodkiewicz C, Maurel J, et al. Efficacy of gemcitabine plus axitinib compared
with gemcitabine alone in patients with advanced pancreatic cancer: an open-label ran-
domised phase II study. Lancet. 2008;371:2101-8.

Wilmes L, Pallavicini MG, Fleming LM, et al. AG-013736, a novel inhibitor of VEGF recep-
tor tyrosine Kinases, inhibits breast cancer growth and decreases vascular permeability as
detected by dynamic contrast-enhanced magnetic resonance imaging. Magn Reson Imaging.
2007;25:319-217.


http://clinicaltrials.gov/ct2/show/NCT01306630

Novel Antineoplastics Targeting Genetic Changes in Colorectal Cancer 31

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Bendell JC, Tournigand C, Bednarzyk M, et al. Axitinib or bevacizumab (bev) plus FOLFOX
or FOLFIRI as second-line therapy in patients (pts) with mCRC (mCRC). J Clin Oncol.
2011;29:478s.

Fernando NT, Kock M, Rothrock C, et al. Tumor escape from endogenous extracellular
matrix associated angiogenesis inhibitors by up regulation of multiple proangiogenic factors.
Clin Cancer Res. 2008;14:1529-39.

Mross K, Stefanic M, Gmehling D, et al. Phase I study of the angiogenesis inhibitor BIBF
1120 in patients with advanced solid tumors. Clin Cancer Res. 2010;16:311-9.

Prenen H, D’Haens G, Capdevila A, et al. A phase I dose escalation study of BIBF 1120
combined with FOLFOX in MCRC patients. J Clin Oncol. 2010;28:14054.

Okamoto I, Kaneda H, Satoh T, et al. Phase I safety, pharmacokinetic, and biomarker study
of BIBF 1120, an oral triple tyrosine kinase inhibitor in patients with advanced solid tumors.
Mol Cancer Ther. 2010;9:2825-33.

Bouche O, Ducreux M, Lledo G, et al. A phase II trial of weekly alternating sequential admin-
istration of BIBF1120 and BIBW2992 in patients with advanced CRC. J Clin Oncol.
2008;26:15001.

Carlomagno F, Anaganti S, Guida T, et al. BAY 43-9006 inhibition of oncogenic RET
mutants. J Natl Cancer Inst. 2006;98:326-34.

Wilhelm SM, Carter C, Tang L, et al. BAY 43-9006 exhibits broad spectrum oral antitumor
activity and targets the RAF/MEK/ERK pathway and receptor tyrosine kinases involved in
tumor progression and angiogenesis. Cancer Res. 2004;64:7099-109.

Escudier B, Eisen T, Stadler WM. Sorafenib in advanced clear-cell renal-cell carcinoma.
N Engl J Med. 2007;356:123-34.

Galal KM, Khaled Z, Mourad AM. Role of cetuximab and sorafenib in treatment of mCRC.
Indian J Cancer. 2011;48:47-54.

Suen AW, Galoforo S, Marples B, et al. Sorafenib and radiation: a promising combination in
CRC. Int J Radiat Oncol Biol Phys. 2010;78:213-20.

External-beam radiation therapy, capecitabine, and sorafenib in treating patients with locally
advanced rectal cancer. 2011; http://clinicaltrials.gov/ct2/show/NCT00869570.

Grothey A, Lafky JM, Morlan BW, et al. Dual VEGF inhibition with sorafenib and
Bevacizumab (BEV) as salvage therapy in mCRC (mCRC): results of the phase II north cen-
tral cancer treatment group study NO54C. J Clin Oncol. 2010;28:15s.

Sorafenib and bevacizumab in treating patients with MCRC. 2011; NCT00826540.

Dasari A, Rudek MA, Arcaroli J, et al. Tolerance of full-dose sorafenib(S) combined with
irinotecan (I; weekly, two on, on off) and cetuximab (C) in previously treated patients with
advanced CRC. J Clin Oncol 29: 2011 (suppl 4; abstr 522).

Sorafenib and FOLFIRI Regimen in 2nd CRC (CRC) after failure of oxaliplatin treatment.
2010; http://clinicaltrials.gov/ct2/show/NCT00839111.

Ychou M, Francois E, Thézenas S, et al. Sorafenib (S) in combination with Irinotecan (I) as
a treatment in mCRC (mCRC) patients (pts) with KRAS mutation (mt) as second-line or
later: interim analysis results of multicenter phase II part trial (NEXIRI). J Clin Oncol.
2010;28:14022.

Sorafenib with irinotecan in MCRC (mCRC) and K-RAS mutation (NEXIRI). 2010;
NCT00989469.

Sorafenib plus capecitabine efficacy assessment in patients with advanced pre-treated CRC
(SoMore). 2011; NCT01290926.

Study to evaluate the effects of sorafenib if combined with chemotherapy (FOLFOX6 or
FOLFIRI) in the second-line treatment of CRC (FOSCO). 2011; NCT0088934.

Study of modified FOLFOXG6 plus or minus sorafenib in stage IV metastatic colorectal carci-
noma (mCRC) subjects. 2011; NCT00865709.

Faivre S, Demetri G, Sargent W, Raymond E. Molecular basis for sunitinib efficacy and
future clinical development. Nat Rev Drug Discov. 2007;6:734-45.

Ding W, Cai T, Zhu H, et al. Synergistic antitumor effect of TRAIL in combination with
sunitinib in vitro and in vivo. Cancer Lett. 2010;293:158-66.


http://clinicaltrials.gov/ct2/show/NCT00869570
http://clinicaltrials.gov/ct2/show/NCT00839111

32

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

J. Joudeh et al.

Starling N, Vazquez F, Cunningham D, et al. Phase I study to evaluate the safety and efficacy
of sunitinib in combination with FOLFIRI in treatment-naive mCRC (mCRC). J Clin Oncol
26: 2008 (May 20 suppl; abstr 3563).

Study of sunitinib in combination with Folfox in patients with CRC. 2011; NCT00631410.
Randomized study of sunitinib plus FOLFOX versus bevacizumab plus FOLFOX in MCRC.
2011; NCT00609622.

Samson B, Latreille J, Nguyen NT, et al. SUNCAP, a phase II study with sunitinib and
capecitabine in patients with mCRC (MCRC) refractory to previous treatment with 5FU/iri-
notecan/oxaliplatin. J Clin Oncol 29: 2011 (suppl 4; abstr 545).

Johnson FM, Saigal B, Talpaz M, Donato NJ. Dasatinib (BMS-354825) tyrosine kinase inhibi-
tor suppresses invasion and induces cell cycle arrest and apoptosis of head and neck squamous
cell carcinoma and non -small cell lung cancer cells. Clin Cancer Res. 2005;11:6924-32.
Starodub A, Cohn AL, Arrowood C, et al. Phase I study of dasatinib in combination with
capecitabine, oxaliplatin, and bevacizumab followed by an expanded cohort in previously
untreated mCRC. J Clin Oncol 29: 2011 (suppl 4; abstr 513).

Sharma M, Wroblewski K, Kozloff M, et al. Dasatinib (D) in previously treated mCRC
(mCRC) patients: a pahse II trial of the Univrsity of Chicago phase II consortium. J Clin
Oncol 29: 2011 (suppl 4; abstr 506).

Dunn EF, lida M, Myers RA, et al. Dasatinib sensitizes KRAS mutant colorectal tumors to
cetuximab. Oncogene. 2011;30:561-74.

Cetuximab and/or dasatinib in treating patients with CRC and liver metastases that can be
removed by surgery. 2010; NCT00835679.

Heiss MM, Murawa P, Koralewski P, et al. The trifunctional antibody catumaxomab for the
treatment of malignant ascites due to epithelial cancer: results of a prospective randomized
phase II/IIT trial. Int J Cancer. 2010;127:2209-21.

Ruf P, Lindhofer H. Induction of a long-lasting antitumor immunity by a trifunctional
bispecific antibody. Blood. 2001;98:2526-34.

Zeidler R, Mysliwietz J, Csanady M, et al. The Fc-region of a new class of intact bispecific
antibody mediates activation of accessory cells and NK cells and induces direct phagocytosis
of tumour cells. Br J Cancer. 2000;83:261-6.

Heiss MM, Strohlein MA, Jager M, et al. Immunotherapy of malignant ascites with trifunc-
tional antibodies. Int J Cancer. 2005;117:435-43.

Burges A, Wimberger P, Kiimper C, et al. Effective relief of malignant ascites in patients with
advanced ovarian cancer by a trifunctional anti-EpCAM x anti-CD3 antibody: a phase I/II
study. Clin Cancer Res. 2007;13:3899-905.

Strohlein MA, Heiss MM. Catumaxomab therapy in peritoneal carcinomatosis from colon
cancer: clinical benefit in comparison to systemic chemotherapy alone and cytoreductive
surgery/hyperthermic chemoperfusion J Clin Oncol 29: 2011 (suppl 4; abstr 488).

Stréhlein MA, Essing MM, Hennig M, et al. Effect of catumaxomab treatment in patients
with peritoneal carcinomatosis and malignant ascites due to gastrointestinal cancers on
survival. J Clin Oncol 29: 2011 (suppl 4; abstr 490).

Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev Immunol. 2003;21:335-76.
Hemmi H, Takeuchi O, Kawai T, et al. A toll-like receptor recognizes bacterial DNA. Nature.
2000;408:740-5.

Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving beyond current vaccines.
Nat Med. 2004;10:909-15.

Pulendran B, Ahmed R. Translating innate immunity into immunological memory: implica-
tions for vaccine development. Cell. 2006;124:849-63.

Rayburn ER, Wang W, Zhang R, Wang H. Experimental therapy for colon cancer: anti-cancer
effects of TLR9 agonism, combination with other therapeutic modalities, and dependence
upon p53. Int J Oncol. 2007;30:1511-9.

Damiano V, Caputo R, Bianco R, et al. Novel toll-like receptor 9 agonist induces epidermal
growth factor receptor (EGFR) inhibition and synergistic antitumor activity with EGFR
inhibitors. Clin Cancer Res. 2006;12:577-83.



Novel Antineoplastics Targeting Genetic Changes in Colorectal Cancer 33

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Garin-Chesa P, Sakamoto J, Welt S, et al. Organ specific expression of the colon cancer anti-
gen A33, a cell surface target for antibody-based therapy. Int J Oncol. 1996;9:465-71.
Daghighian F, Barenswaard E, Welt S, et al. Enhancement of radiation dose to the nucleus by
vesicular internalization of iodine 125 labeled A33. J Nucl Med. 1996;37:1052-7.

King DJ, Antoniw P, Owens R, et al. Preparation and preclinical evaluation of humanised
A33 immunoconjugates for radioimmunotherapy. Br J Cancer. 1995;72:1364-72.

Welt S, Ritter G, Williams Jr C, et al. Phase I study of anticolon cancer humanized antibody
A33. Clin Cancer Res. 2003;9:1338-46.

Taipale J, Beachy PA. The hedgehog and Wnt signaling pathways in cancer. Nature.
2001;411:349-54.

Qualtrough D, Buda A, Gaffield W, Williams AC, Paraskeva C. Hedgehog signaling in col-
orectal tumor cells: induction of apoptosis with cyclopamine treatment. Int J Cancer.
2004;110:831-7.

NCT 00636610. A study of GDC-0449 (Hedgehog pathway inhibitor) with concurrent che-
motherapy and bevacizumab as first-line therapy for mCRC. 2008; NCT00636610.

Sade A, Tungay S, Cimen I, Severcan F, Banerjee S. Celecoxib reduces fluidity and decreases
metastatic potential of colon cancer cell lines irrespective of COX-2 expression. Biosci Rep.
2012;32:35-44.

Galamb O, Spisdk S, Sipos F, et al. Reversal of gene expression changes in the colorectal nor-
mal-adenoma pathway by NS398 selective COX2 inhibitor. Br J Cancer. 2010;102:765-73.
Carothers AM, Davids JS, Damas BC, Bertagnolli MM. Persistent cyclooxygenase-2
inhibition downregulates NF-kB, resulting in chronic intestinal inflammation in the Min/+
mouse model of colon tumorigenesis. Cancer Res. 2010;70:4433—42.

Clarke PA, Hostein I, Banerji U, et al. Gene expression profiling of human colon cancer cells
following inhibition of signal transduction by 17-allylamino-17 demethoxygeldnamycin, an
inhibitor of the hsp90 molecular chaperone. Oncogene. 2000;19:4125-33.

Vasilevskaya IA, O’Dwyer PJ. 17-allylamino-17-demethoxygeldnamycin overcomes TRAIL
resistance in colon cancer cell lines. Biochem Pharmacol. 2005;70:580-9.

Hwang M, Moretti L, Lu B. HSP90 inhibitors: multi-targeted antitumor effects and novel
combinatorial therapeutic approaches in cancer therapy. Curr Med Chem. 2009;16:
3081-92.

Li Q-X, Liu G, Wong-Staal F. Oncolytic virotherapy as a personalised cancer vaccine. Int J
Cancer. 2008;123:493-9.

Park BH, Hwang T, Liu TC, et al. Use of a targeted oncolytic poxvirus, JX-594 in patients with
a refractory primary or metastatic cancer, a phase 1 trial. Lancet Oncol. 2008;9:533—42.
Breitbach CJ, Burke J, Jonker D, et al. Intravenous delivery of a multi-mechanistic cancer-
targeted oncolytic poxvirus in humans. Nature. 2011;477:99-102.

Clevers H. The cancer stem cell: premises, promises and challenges. Nat Med. 2011;17(3):
313-9.

Shipitsin M, Polyak K. The cancer stem cell hypothesis: in search of definitions, markers, and
relevance. Lab Invest. 2008;88(5):459-63.

Abdul Khalek FJ, Gallicano GI, Mishra L. Colon cancer stem cells. Gastrointest Cancer Res,
2010; Supplement 1:S16-23.

Thenappan A, Li Y, Shetty K, et al. New therapeutics targeting colon cancer stem cells. Curr
Colorectal Cancer Rep. 2009;5(4):209.

Todaro M, Alea MP, Di Stefano AB, et al. Colon cancer stem cells dictate tumor growth and
resist cell death by production of interleukin-4. Cell Stem Cell. 2007;1(4):389-402.

Yu XF, Zou J, Bao ZJ, Dong J, et al. miR-93 suppresses proliferation and colony formation
of human colon cancer stem cells. World J Gastroenterol. 2011;17(42):4711-7.

Kemper K, Rodermond H, Colak S, Grandela C, Medema JP, et al. Targeting colorectal can-
cer stem cells with inducible caspase-9. Apoptosis. 2012;17(5):528-37.

Gallant JN, Allen JE, Smith CD, Dicker DT, Wang W, Dolloff NG, et al. Quinacrine syner-
gizes with 5-fluorouracil and other therapies in colorectal cancer. Cancer Biol Ther.
2011;12(3):239-51.



34

172.

173.

174.
175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

J. Joudeh et al.

Huang C, Zhang XM, Tavaluc RT, Hart LS, Dicker DT, Wang W, et al. The combination of
5-fluorouracil plus p53 pathway restoration is associated with depletion of p53-deficient or mutant
p53-expressing putative colon cancer stem cells. Cancer Biol Ther. 2009;8(22):2186-93.

Lin L, Liu Y, Li H, Li PK, Fuchs J, Shibata H, et al. Targeting colon cancer stem cells using
a new curcumin analogue, GO-Y030. Br J Cancer. 2011;105(2):212-20.

Saif MW, Chu E. Biology of colorectal cancer. Cancer J. 2010;16(3):196-201.

Katoh Y, Katoh M. Hedgehog signaling pathway and gastrointestinal stem cell signaling
network (review). Int J Mol Med. 2006;18(6):1019-23.

Markowitz SD, Bertagnolli MM. Molecular origins of cancer: molecular basis of colorectal
cancer. N Engl J Med. 2009;361(25):2449-60.

Spike BT, Wahl GM. p53, stem cells, and reprogramming: tumor suppression beyond guard-
ing the genome. Genes Cancer. 2011;2(4):404-19.

Allen JE, Hart LS, Dicker DT, Wang W, El-Deiry WS. Visualization and enrichment of live
putative cancer stem cell populations following p53 inactivation or Bax deletion using non-
toxic fluorescent dyes. Cancer Biol Ther. 2009;8(22):2194-205.

Takebe N, Harris PJ, Warren RQ, Ivy SP. Targeting cancer stem cells by inhibiting Wnt,
Notch, and Hedgehog pathways. Nat Rev Clin Oncol. 2011;8(2):97-106.

Garber K. Companies waver in efforts to target transforming growth factor beta in cancer.
J Natl Cancer Inst. 2009;101(24):1664-7.

Garber K. Drugging the Wnt pathway: problems and progress. J Natl Cancer Inst.
2009;101(8):548-50.

Low JA, de Sauvage FJ. Clinical experience with Hedgehog pathway inhibitors. J Clin Oncol.
2010;28(36):5321-6.

Pannuti A, Foreman K, Rizzo P, Osipo C, Golde T, Osborne B, et al. Targeting Notch to target
cancer stem cells. Clin Cancer Res. 2010;16(12):3141-52.

Essmann F, Schulze-Osthoff K. Translational approaches targeting the p53 pathway for anti-
cancer therapy. Br J Pharmacol. 2012;165(2):328—44.

Medema JP, Vermeulen L. Microenvironmental regulation of stem cells in intestinal homeo-
stasis and cancer. Nature. 2011;474(7351):318-26.

Shaker A, Rubin DC. Intestinal stem cells and epithelial-mesenchymal interactions in the
crypt and stem cell niche. Transl Res. 2010;156(3):180-7.

van der Flier LG, Clevers H. Stem cells, self-renewal, and differentiation in the intestinal
epithelium. Annu Rev Physiol. 2009;71:241-60.

Vermeulen L, De Sousa E, Melo F, van der Heijden M, et al. Wnt activity defines colon cancer
stem cells and is regulated by the microenvironment. Nat Cell Biol. 2010;12(5):468-76.



Update on Clinical Trials: Genetic Targets
in Breast Cancer

Bora Lim, Leah V. Cream, and Harold A. Harvey

Abstract Breast cancer is the most commonly diagnosed cancer in women in
United States. From data of American Cancer Society from 2007 reported total of
178,480 women diagnosed with breast cancer. The death rate from breast cancer has
decreased in North America over time, but still accounts for second highest cancer
death, following lung cancer. Breast cancer is staged based on tumor size, nodal
involvement, and distant metastasis like any other solid tumors. However clinical
staging is not the only important factor in management of breast cancer. Various
molecular features divides breast cancer into many subgroups — that act differently,
and respond differently from therapy. Thus the focus of breast cancer treatment has
evolved focusing on specific targets. The most important biologic markers in sub-
typing of breast cancer so far are hormone receptor positivity and HER2/neu protein
expression. Five molecular subtypes using intrinsic gene set include Basal mRNA,
HER2 + mRNA, Luminal AmRNA, Luminal B mRNA, and Normal-like mRNA.
In addition, better understanding of genetic target of breast cancer has given us
arsenal of personalized, and more effective treatment approach.

This review will focus on examples that highlight several mechanism of tumori-
genesis, giving us not just understanding of gene pathways and the molecular biol-
ogy, that could lead us to therapeutic target. Several important molecular targets
have been investigated in preclinical and clinical trials, others are yet to be explored.
We will also describe genetic mechanisms discovery related to overcoming resis-
tance to current targeted therapies in breast cancer, including hormone receptor
expression and HER 2- neu amplification. We will also review other exciting
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developments in understanding of breast cancer, the tumor microenvironment and
cancer stem cells, and targeting agents in that area.

Keywords Breast cancer ¢ Her2 ¢ Growth factor ¢ Tyrosine kinase ¢ Herceptin
* Trastuzumab ¢ PI3K e mTOR ¢ PTEN ¢ c-Met  IGF-1R ¢ TKI e TDM 1 ¢ Fulvestrant
* Tamoxifen ¢ Cancer stem cells ® Bevacizumab ¢ Ras ¢ EGF e Tipifarnib ¢ Letrozole
 Sorafenib ¢ HDAC Inhibitor ¢ Sir2 ¢ HIF ¢ Vorinostat ® miRNA e Telomerase
¢ Olaparib

Cell Membrane Signaling

Growth Factor Receptors EGFR and HER2- neu
as Molecular Targets in Breast Cancer

About 15-20% of breast cancers have over-expression of HER2 [1]. HER2(ErbB2)
is a transmembrane glycoprotein with an intracellular receptor tyrosine kinase(TK)
domain, and extracellular ligand binding domain. The HER family consists of
four family members — HER1(ErbB1 = EGFR), 2, 3, and 4. Each different sub-
type of HER protein shares similar intracellular TK domains, but expresses dis-
tinct ligand binding extracellular domains [2]. The HER receptor acts via
dimerization of receptors, either homodimerization, or heterodimerization
between different proteins [3, 4]. HER2 overexpression is also found in other types
of cancers, for example, gastric cancer. However especially in breast cancer, HER2
overexpression is one of the most important carcinogenic features, as well as being
a prognostic and predictive marker for treatment response [5].

The first HER2 targeting agent approved by the FDA in 1998 was trastuzumab
(brand name Herceptin®). Trastuzumab is a monoclonal antibody that targets the
juxtamembrane domain of HER2 [6]. Since trastuzumab was approved by FDA, it
has become the cornerstone of treating HER2 overexpressing breast cancer patients
in the neoadjuvant, adjuvant and metastatic settings. Combining trastuzumab with
chemotherapy in HER2 overexpressing breast cancer increases the median survival
and disease free survival by 25% [7, 8]. Trastuzumab not only inhibits HER2 by
binding at the extracellular domain, but it also induces the activity of p21 or p27
which then cause transcription inhibition [9]. Other mechanisms of actions of this
antibody including an immunologic basis are also possible.

However, just like with other biologic agents, HER2 positive breast cancers
either develop resistance, or are natively resistant to trastuzumab (Fig. 1). There are
two major mechanisms of resistance. One is activation of HER2 downstream path-
ways (PI3K-AKT-mTOR) either by existence of a HER2 form that lacks the trastu-
zumab binding site, or via a mutated pathways controlled not by HER2 but by
intracellular activation that does require HER2 for its activation [10]. A second
mechanism of resistance is activation of alternative signaling pathways via HER2
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Fig. 1 Suggested trastuzumab resistance mechanisms. From the left: (1) Loss of PTEN, or muta-
tions in PI3KCA result in constitutive activation of PI3K pathway (via activation of PI3K via
dephosphorylation of PIP3 to PIP2. (2) Activation of PI3K pathway by HER2, can be activated
also by other HER family members including HER3. (3) P95-HER?2 can constitutively activate
downstream, and escape trastuzumab. (4) Dimerization with other receptors, c-MET, IGF-1R

heterodimerization with other HER family members or non-HER family member
dimerization partner proteins, (C-MET, IGF-1R for example) [10-12].

Existence of P95-HER?2 is part of the first resistance mechanism. This is a form
of truncated HER2, which lacks the binding domain of trastuzumab, thus it stays
constitutively active. When there are a large numbers of p95-HER?2 proteins, they
will send downstream signals to activate PI3K-AKT-mTOR pathway despite pres-
ence of trastuzumab [13-15]. Also, if there is a PIK3CA mutation that does not
require HER?2 to be activated, but can be activated by PTEN intracellular activator,
blocking HER?2 by trastuzumab willl not affect ultimate cell growth and prolifera-
tion. Improving the inhibition of HER2 using combinations of more than one bio-
logic agents, is currently the direction of HER?2 therapy [16].

HER?2 activation of other HER family members by heterodimerization with other
HER receptors also signal downstream activation so the cells can continue growth
and proliferation. Thus, blocking other HER family members has been recognized as
an important mechanism of overcoming resistance in HER2 overexpressing breast
cancers. HER?2 itself lacks a ligand binding domain, however other HER proteins
have extracellular ligand binding domain, can form a dimer with HER?2 and are acti-
vated by ligand binding. HER?2 gains stable dimer activity and then activates intracel-
lular signaling: Other receptor proteins that form dimer with HER2 also can send
downstream signaling independently from HER2 [3, 17, 18]. HER3 for example,
which is thought to be a signaling expert by having six different domains that
can activate PI3K(p85 SH2 adaptor domain) HER3 can send signals to activate PI3K
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pathway — via para/auto/intracrine expression even after HER?2 is blocked [19, 20].
Thus, using inhibitors of HER2/3 coupling is emerging as a method of overcoming
this form of resistance. Pertuzumab in a novel agent which inhibits this type of
dimerization [21]. HER1 which can also form dimers with HER2, activates the
MAPK downstream pathway, which is not affected by inhibition of HER2 [3].

Small molecule TKIs(tyrosine kinase inhibitors) have activity against HER2
overexpressing breast cancers. These small TKIs can bind to HER2 in different
domains than trastuzumab; and some also interfere with HER2/3 coupling, which
can escape from the resistance mechanism described above. Examples of these
small molecules include lapatinib, pelitinb, erlotinib, gefitinib, afatinib, neratinib,
and canertinib [22-24]. So far the most promising small molecules that showed
activity is lapatinib. Lapatinib is an oral, small molecule TKI that has dual activity
to HER1 and HER2. It also seems to inhibit insulin-like growth factor 1 signaling,
another mechanism of trastuzumab resistance [25-27]. In the metastatic setting,
lapatinib as first line therapy has similar efficacy to first line trastuzumab therapy
in trastuzumab naive patients [25-27]. Combinations of lapatinib and trastuzumab
are also being investigated in early stage breast cancer, since these two agents
target different sites of HER2. The ALTTO (Adjuvant Lapatinib Trastuzumab
Treatment Optimization) study (NCT00490139) trial is looking at chemotherapy
combined with Trastuzumab, compared with combination with Lapatinib arm, and
chemotherapy combined with both Trastuzumab and Lapatinib [28]. Cleopatra
trial (trastuzumab and pertuzumab with docetaxel) showed 6 months improvement
in progression free survival in HER2 positive metastatic breast cancer. Based on
promising data of this dual therapy combination, more dual targeted approaches
using other agents are underway.

Another approach to HER2 targeted therapy, is the antibody-drug conjugate
approach. This approach uses a targeted antibody not just for blocking the tumor regu-
lating protein, but also uses them as carrier of toxin to targeted cells. T-DM1 is HER2
specific antibody-drug conjugate, that consists of trastuzumab and emtansine(DM1)
[29]. Emtansine is cytoxin mertansine, an anti microtubule maytansinoid derivative.
This agent has shown activity in heavily pretreated and trastuzumab resistant patients
[30]. The toxicity profile of this agent is more favorable than standard chemotherapy
since the cytotoxic effect is limited to malignant HER2 overexpressing cells. The
MARIANNE trial is a phase III registration trial currently accruing patients in the first
line metastatic setting which will address the comparative efficacy of standard trastu-
zumab based therapy, versus T-DM1 and T-DM1 in combination with pertuzumab
[31]. With the many new therapeutic options in her two therapy, the main issue will be
how to optimally sequence and combine these therapies.

IGF in Breast Cancer

In vitro studies suggest that proliferation, migration and cell survival of breast cancer cell
lines depends on activation of the insulin growth factor (IGF) type 1 receptor (IGF-1R).
The IGF signaling pathway contributes to both cellular proliferation and apoptosis.
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IGF receptor has been functionally linked with estrogen receptor signaling in breast
cancer. Multiple polymorphisms of the IGF-1 pathway have been analyzed and studies
have revealed certain functional polymorphisms as independent prognostic markers for
tumor recurrence [32-35].

A UK. study analyzed tissue samples of 222 patients with ER positive primary
invasive breast cancer who had undergone surgery and adjuvant hormone treatment
between 1981 and 2003. Six functional IGF-1 pathway polymorphisms were ana-
lyzed. Patients carrying one of these polymorphisms, IGF-1_rs2016347, had a
significantly better disease free survival than patients without this polymorphism
(5.3 years vs 7.6 years; p-0.02) [36].

IGF pathway signaling has also been linked to tamoxifen resistance. In a recent
study, ligand stimulation of IGF-1R in ER-positive MCF7 human breast cancer
cells rendered MCF7/IGF-1R cells highly resistant to the antiestrogens tamoxifen
and fulvestrant. The downstream pathways of IGF-1R were found to act indepen-
dently of ER signaling suggesting that the IGF-1/IGF signaling axis may play a
crucial role in antiestrogen resistance despite continuous suppression of ER tran-
scription by antiestrogens [37].

IGF insulin receptor kinase inhibitors are currently undergoing clinical trials.
One such IGF-IR kinase inhibitor BMS-754807 shows promising results in pre-
clinical evaluation. It showed synergistic in vitro anti-proliferative activity in com-
bination with tamoxifen, letrozole or fulvestrant in the aromatase expressing breast
cancer model, MCF-7/AC-1. Currently it is being evaluated in a phase II study in
patients with HR positive breast cancer who have progressed with prior non-steroidal
aromatase inhibitor treatment [38].

Anti-IGF-IR/InsR therapy has also being tested in triple-negative breast cancer.
Litzenburger and colleagues tested the sensitivity of triple negative cell lines with
IGF gene expression. These cell lines showed tumor growth inhibition and, in com-
bination with docetaxel, resulted in tumor regression. Regression was associated
with reduced proliferation, increased apoptosis, and mitotic catastrophe. This sug-
gests rationale for further testing of IGF inhibitors in combination with chemo-
therapy in patients with triple negative breast cancer [39].

Impact of the Tumor Microenvironment and Cancer Stem Cells

Cancer Stem Cells and Stem Cell Niche in Breast Cancer

Stem cells are the cells with a capacity to self - renewal and to generate daughter
cells that can differentiate into different cell lineages to form multiple differentiated
cell types and mature tissue [40]. Stem cell biology has been the area of hemato-
logic disease due to easy access to liquid biopsy of cancer cells. However recently,
the importance of stem cell biology in solid cancers started to be elucidated [36].
Whether there is true ‘stem cells’ in solid cancer is ongoing debate. Also, the exact
mechanism of stem cell activity and identification has been a challenge.
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In solid cancers including breast, there are two main models suggested. In a
transitory, or an induced model, a stem cell behavior can be gained or lost, and mam-
mary cells can interact with microenvironment, or stem cell niche. On the other hand,
in a permanent stem cell model, a fixed group of cells are the only ones with ability
to function as stem cells. We know from the animal experiments, that mammary tree
stem cell, or alveolar bud-only cells, or duct-only stem cells showed different level of
ability to form structures, when the cells were engrafted in same clean fat pad. This
could support the model of pre-existing selected stem cell population.

Whether stem cell in solid cancer is transitory, or permanent, many studies
showed the importance of stem cell niche, or microenvironment in function of can-
cer stem cell. Stem cell niches in breast cancer are specialized locations within a
tissue that have the ability to support stem cell function. In mice experiments, can-
cer cells injection only fail to generate full grown cancer, unless human fat pad
microenvironment with proper vascular environment. There is also arguable evi-
dence that when stem cells are depleted, nearby daughter cells can be induced to
transform as stem cells [33, 41].

Whether mammary stem cells are related to actual breast cancer tumorigenesis,
is different question. The cells expressing CD44/CD24, lacking expression of epi-
thelial markers were suggested as putative breast cancer stem cells. These popula-
tion of cells showed up to 50 fold increased ability to form tumor in xenograft
model. Assuming these stem cell population will always grow regardless of target-
ing bulk of tumor cells by conventional therapy, a search for the method to better
recognize this group of cells, and development of targeting method is highly man-
dated. Detection of putative genes, or epigenetic mechanism that cause the ‘stem-
ness’ of breast cells, can lead us to anti-stem-cell therapy by silencing those targets.
However this stem cell targeting therapy is at its beginning step, and long years of
researches are to come.

Angiogenic Targets

Tumorigenesis is a complicated, well orchestrated, multi-step process. As researchers
reach a better understanding of tumorigenesis, focus has turned to the microenvironment
of the tumor. Tumors are analogous to small organisms that grow and survive, based
on constant interaction s with their microenvironment. A key component of this pro-
cess is blood vessel transport function of crucial nutrients and waste products. For
tumors to grow bigger than 1-2 mm, new vessel formation is mandatory [42—44].
Without a new viable vasculature supply, tumors can’t grow further, and face cell
death. Angiogenesis can happen in various steps of tumorigenesis — during mainte-
nance of survival, and later during invasion and metastasis [45—47]. This vessel for-
mation and activity can be measured as microvascular density(MVD), and considered
as important prognostic factor to assess a cancer patient’s prognosis [48-50].

An important factor involved in angiogenesis is hypoxia of tumor cells, either via
VEGEF or via direct increases of HIF(Hypoxia induced factor). When the tumor cells
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get crowded enough to be in hypoxic environment, they secrete lymphangiogenic
factors, like VEGF, PDGF, bFGF. Among these factors, VEGF is the most well stud-
ied, and known to be the key activator of angiogenesis [51-53]. Hypoxia upregulates
VEGEF levels by stabilizing messenger RNA, and increases VEGF expression by
facilitating transcription of genes mediated by hypoxia inducible transcription
factors(HIF) [54]. VEGF is heparin binding glycoprotein family, consisting of six
isoforms. Isoforms include VEGF-A to E, and placental growth factor [55]. Normally,
VEGEF is produced by endothelial cells, however in tumors, it is produced by tumor
cells or stromal cells via paracrine signaling. VEGF is essential in the induction,
growth and maintenance of vascular endothelial cells by direct and indirect actions.
Direct actions are via stimulation of endothelial mitogenesis, This Akt dependent
pathway a promotes endothelial cell survival, and endothelial cell migration by deg-
radation of the extracellular matrix and synthesis of erythropoietin [56-59]. In actively
growing and metastasizing tumors, VEGF levels are elevated. Up regulation of VEGF
factors have been observed in many different tumor types, including breast, colorec-
tal, gastric, cervical cancers [60—66]. Based on these findings, it has been suggested
that VEGF is prognostic in various cancers, including breast cancer [67-72].

The other mechanism of enhancing angiogenesis is via mutation of oncogenes
that increase growth factor signaling and which can result in the activation of
MAPK, PI3K, or PKC. Activation of these pathways can then increase HIF-1la
activity or synthesis, even in a normoxic environment [51, 52]. However angiogen-
esis is not a simple straightforward process, and it requires interactions with the
extracellular matrix, and involvement of pericytes, etc. [73-76].

Since angiogenesis is a key mechanism of tumor survival and growth, targeting
angiogenesis in cancers stimulated active investigation. However, studies have
shown that antiangiogenic drug alone is not sufficient, and sometimes can cause
accelerated tumor growth. For instance, when a VEGF inhibitor was used as a sin-
gle agent, growth of tumor itself is inhibited, but the ability of cells to become more
invasive and metastatic can be enhanced. This can be explained by ‘paradoxical
normalization of tumor vasculature’, which improves blood supply to the tumor, by
selecting for healthy vessels. Since VEGF also acts as vascular permeability factor,
inhibiting VEGF caused an increase in tumor interstitial pressure, and limited pen-
etration of drugs [77]. Thus, these agents are currently being used in combination
with other agents, and more often in the setting of treatment failure or metastasis,
rather than as first line.

The agent which has been most widely tested in breast cancer is thus far
bevacizumab. . It is monoclonal antibody that binds and inactivates all isoforms of
VEGF [78, 79]. In 2007, bevacizumab was given accelerated approval by the FDA
for use in combination with paclitaxel for first line therapy in locally recurrent or
metastatic HER2 negative breast cancer. This approval was based on improved pro-
gression free survival rather than overall survival data. After initial approval, the
FDA requested further study to define clinical benefit. Three years later, the follow
up study (NCTO00028990) still did show significant progression free survival
(11.3 months vs 5.8 months), but no overall survival benefit emerged. The marginal
benefit of progression free survival was not felt to outweigh treatment related adverse
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events. After review of these results, ODAC (oncologic drugs advisory committee)
recommended withdrawal of the approval of bevacizumab for use in breast cancer
[80]. The decision has been appealed, and bevacizumab is currently still under FDA
consideration for use in metastatic disease. The agent continues to be investigated
in trials for treatment of early breast cancer.

Other studies using bevacizumab are AVADO, RIBBON-1, and RIBBON-2,
which also showed improved progression free survival, as well as increased tumor
response rate; however the differences were less significant than those seen in the
pivotal E2100 study. Progression free survival may be a more meaningful endpoint
in metastatic breast cancer, (because most patients receive therapy following pro-
gression), and ma replace overall survival in this setting. However more data is
needed regarding quality of life to answer whether or not this increased progression
free survival is with a quality of life compared to standard therapy. Other
anti-angiogenesic agents include small molecule tyrosine kinase inhibitors, like
Sorafenib. Sorafenib has multiple target activities towards VEGFR2, VEGFR3,
Raf, PDGFR and KIT, RET [81]. TKIs are of interest in both as anti-ras/raf agents
in the breast cancer setting, as well as for their anti-angiogenic effect. These agents
will be reviewed in next section.

Intracellular Signaling and Genetic, Epigenetic Targets

Intracellular Signaling; Ras, Raf, mnTOR

Elucidating intracellular signaling pathways in breast cancer has proved challenging.
Not only is there is extensive crosstalk between pathways; but there is also overlap-
ping function of these pathways. This makes single targets, or pathways, difficult to
block. A particularly important pathway in breast cancer is the ras/raf/ MAPK path-
way. Ras is a GTPase which has downstream effects on proliferation and cell regu-
lation. Ras is activated extracellularly by estrogen, IGF and EGF ligands [82]. Ras
mutations occur in 2% of breast cancers, but ras hyperactivation is frequent [83]. In
HER?2 -neu overexpressing and estrogen receptor positive breast cancers, ras signal-
ing is dysregulated. In addition, ras has been found to be over expressed in other
breast cancers [84].

One strategy for inhibiting ras signaling is the use of farnestyl transferase inhibi-
tors (FTI). Ras has to be prenylated which renders it hydrophobic and causes the
protein to be localized near the cell membrane. FTIs block this process which
decreases ras. Several studies of a farnestyltransferase inhibitor, tipifarnib have
been reported. A phase II study of 32 patients treated with tipifarnib, in addition to
standard cytotoxic neoadjuvant therapy, has been reported. Interestingly complete
pathologic responses were seen in hormone positive tumors, which is unusual in
hormone positive tumors treated with neoadjuvant cytotoxic therapy. In metastatic
breast cancer, tipifarnib, in combination with fulvestrant, had a 51% clinical
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benefit rate [85]. A small study with tipifarnib and letrozole in patients unrespon-
sive to one hormonal therapy did not show any improvement in response rate [86].

Sorafenib is a multikinase inhibitor which blocks angiogenic and ras pathways.
A phase II trial of sorafenib was conducted in 23 patients, but was stopped when
there were no responses. Only two patients achieved stable disease. Sorafenib was
well tolerated. The investigators concluded that sorafenib was ineffective as a single
agent but may be effective in combinations [82].

The PI3K-AKT-mTOR pathway is an important regulator of cell survival. This
pathway has multiple stimulating and inhibiting molecules and is responsible for
transition through the cell cycle, and transcription and response to angiogenic sig-
nals [81]. There is aberrant function of this pathway in breast cancer. Thus, mTOR
inhibitors have been actively investigated in clinical trials - and showed improved
survival in metastatic setting in combination with examestane (Bolero trial).

Metformin, an insulin lowering medication, blocks multiple kinases. Cell death
has been observed in vitro in breast cancer cell lines treated with metformin.
Metformin can block the mTOR pathway indirectly. In addition, metformin also
modifies IGF expression and binding. Retrospective data have shown higher neoad-
juvant response rates in patients who are concurrently on metformin. At least two
clinical trials are ongoing to address the efficacy of metformin. The NSABP is con-
ducting a large adjuvant trial analyzing the effect of metformin on breast cancer
recurrence. Others are prospectively adding metformin to neoadjuvant therapy in
breast cancer [87, 88].

Urokinase plasminogen activator is a poor prognostic factor in breast cancer.
This protease is important in disrupting the extracellular membrane which facili-
tates migration and invasion of breast cancer cells. Disabling this pathway may be a
target for breast tumors which over-express urokinase plasminogen activator [89].

Post-Translational Modification: Histone
Deacytelase Inhibitors (HDACIs)

HDAC (histone deacetylases) are enzymes whose principal role is regulating gene
transcription by counter activity of histone acetyl transferases (HATs). While HATs
acetylate histone and non histone proteins, HDACs work by removing acetyl groups
from lysine residues of histone tails of chromatin, and from non histone proteins.
HDACS were initially found to contribute to tumorigenesis by regulating DNA tran-
scription, as well in addition to another mechanisms [90, 91]. There are different
groups of HDAC. There are total 18 HDACsS that form four groups. Class I consists
of HDAC 1,2,3, 8 and this class of HDAC family members are located in the nucleus.
Class II families are located both in the nucleus and in the cytoplasm, and includes
4,5,6,7, and 9. Class III family is class of Sir2 homologues (sirtuin), and class IV
includes HDAC 11. Class IVHDAC, 11 shows features of class I and Il HDAC family,
and arebalso structurally similar. Mainly class I, II, and IV are the focus of develop-
ing targeting agents, and class III has t distinct activity from the others [57, 58].
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Each HDAC members shows expression in different types of cancers [92-95]. In
breast cancer cells, HDAC 4,6,11s were found to be overexpressed [96]. HDACs
play important role in epigenetic mechanism in cancers, both in steps of initial tum-
origenesis and metastasis [97].

Interestingly, HDACs are involved in tumorigenesis not only through regulation
of transcription, but also by several other mechanisms. When tumor cells activate
angiogenesis responding to hypoxia, HDACs functionality is also affected. First,
cells in a hypoxic environment express increased level of HDAC mRNA and pro-
teins, which increase HDAC expression. The increased number of HDACs can
interact directly with HIF-1a via ODD domain, regulate stability and transcriptional
activity of HIF-1a. Different types of HDAC are related to different mechanisms of
activity, and different cells are affected distinctively [92—-94, 98]. In renal cell carci-
noma, inhibition of HDAC4 and 6 showed that it induced HIF-1a protein stability,
via proteosome dependent pathway [99]. HDAC mediates also angiogenesis by
indirect mechanism, by regulation of p53, pVHL expression. Both in vitro and
in vivo, overexpression of HDACI reduced expression of p53 and pVHL, and sub-
sequent overexpression of HIF-1a, VEGF [100].

Another mechanism by which HDACs are involved in cancer biology is, via
indirect and direct regulation of apoptosis [101]. Apoptosis is programmed cell
death, a well regulated process that is important in tissue homeostasis and develop-
ment. During this apoptosis, cells undergo typical morphologic changes. The cell’s
membrane forms a bleb, chromatin gets condensed, DNA gets degraded, and the
cell fractionates into smaller vesicles. These fractionated vesicles get engulfed by
phagocytes. Increased HDACs prevent DNA from degradation, and give cells a way
to escape from apoptotic process [102-105].

HDACIs (HDAC inhibitors) were first found as antitumor agents by inhibiting
HDAC function on the histone tail, however further studies found that they also
affect gene transcription by inhibiting the interaction of HDACs with other pro-
teins. Moreover, HDAC mutation or change in the level of expression was found to
be correlated with HDACTs activity. HDACI seems to work both by transcription
dependent and independent mechanisms, as suggested by studies about HDACs
involvement in tumorigenesis [106—108]. It is not surprising to see that many HDAC
inhibitors are under evaluation by researchers. There are many HDAC inhibitors
undergoing phase I and II trials. HDAC inhibitors showed some benefit in animal
and some early human data, however they primarily have more promising results
when they are used in combination with other chemotherapy, or targeted therapies
[109-111]. There are number of medications under way, however the main ones
that has been and further studied include vorinostat(SAHA), romidepsin(FK228,
FR901228), etinostat(SNDX-275, MS-275), and panobinostat(LBH-589).

Vorinostat, (brand name Zolinza) is Suberoylanilide hydroxamic acid (SAHA),
is a member of a larger HDAC inhibitor compounds (HDACI). It is one of the most
studied compounds among HDACI. Currently vorinostat is approved by the FDA
for use in cutaneous T cell lymphoma (CTCL). This agent is undergoing phase I
and II trials in many solid cancers including colon, lung, renal, and breast cancers.
In breast cancer, vorinostat showed restored sensitivity of aromatase inhibition
after primary or secondary resistance when it was used in combination for estrogen
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receptor positive breast cancer patient [112]. Also, it is currently studied as part of
advanced solid tumor studies including breast cancer, in combination with doxoru-
bicin, docetaxel [113], and carboplatin-paclitaxel combination. Romidepsin, the
other agent approved by FDA to treat lymphoma, is also studied in advanced solid
cancers in phase I trial including breast cancer [114].

Entinostat currently studied in combination with the aromatase inhibitor, letro-
zole in phase II study in ER positive breast cancer patients [90]. This is based on
mouse xenograft models with ER-negative breast cancer cells. Entinostat was found
to upregulate ERa receptors and aromatase expression and subsequently sensitized
ER-negative MDA-MB-231 cells to estrogen and letrozole [115]. Panobinostat and
letrozole in aromatase-positive breast cancer inhibition. Panobinostat is 40 times
more potent than SAHA in its ability to suppress aromatase expression. It selec-
tively inhibits promoters 1.3/II of the human aromatase gene. Panobinostat, the
required concentration of letrozole was only one-fifth of that used in the absence of
panobinostat, to achieve the same degree of aromatase inhibition [116].

MicroRNAs and the Molecular Pathogenesis of Breast Cancer

In 1993, micro RNA (miRNA), small non coding sequences, was recognized as being
responsible for degradation and silencing of messenger RNA. Multiple downstream
affects of micro RNAs, via repression of transcription; on proliferation, apoptosis and
differentiation have now been described in breast cancer. Thus far, almost 500 differ-
ent microRNAs have been identified in human tissue, and more will likely be identified
[117]. Of these known miRNAs, high through put sequencing has established differ-
ences in profiles between normal and malignant breast tissue. Using microarray and
northern blot analysis of 76 human breast cancer samples, and ten normal breast tissue
samples; Torio et al., showed aberrant expression of miR-10b, miR-125b, miR-145,
miR-155 and miR-21 in human breast cancer. Using, these miRNA expression profiles
the investigators could predict, ER/PR status, tumor stage and proliferative index of
breast tumors. The investigators also showed that down-regulation of MiR-9-3 was
associated with either high vascular invasion and metastatic potential [118].

Other miRNAs, such as miR-21, has been shown to have prognostic importance.
Wang and colleagues revealed that upregulation of miR-21 in doxorubicin resistant
MCEF-7 breast cancer cells was associated with downregulation of tumor suppressor
gene (PTEN) protein. The half maximal inhibitory concentration (IC50) of doxoru-
bicin was 16.5+0.08 umol/L for resistant MCF-7 cells with over-expression of
PTEN versus 0.21 £ umol/L for parental MCF-7 cells [119]. Micro RNA 27a was
investigated as a potential oncogene. Mertens-Talcott et al., showed an oncogenic
effect of miR-27a by increasing expression of specificity proteins which in turn
promoted cell survival and angiogenesis. This same micro RNA can suppress genes
that cause G2-M arrest, thus promoting cell proliferation [120].

Micro RNAs are intriguing targets for development of novel therapy. Liang et al.,
reported on whether down regulation of microRNA would affect a tumor’s metastatic
potential via the CXCR4 pathway. They used artificial microRNA in transfected cell
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lines to show an in vitro decrease of invasion and migration; and an in vivo decrease
of lung tumor metastasis. Potentially, anti sense compounds could inactivate tran-
scription, which could decrease tumor proliferation and enhance chemo-sensitivity
of breast cancer cells. Alternatively, liposomal or viral delivery of other microRNA
could slow tumor growth by preferential effects of apoptosis [121].

Telomerase Inhibitors in Breast Cancer

The telomerase enzyme in cancer cells provides an attractive new therapeutic target.
Telomeres are repeating DNA sequences that cap the ends of chromosomes. Repeated
cell division results in loss of telomere length and progressive shortening of chromo-
somes. Critical shortening of chromosomes triggers apoptosis. Telomerase (telomere
terminal transferase) is an enzyme complex that elongates chromosomes by adding
TTAGGG sequences to the ends of chromosomes. Activation of telomerase enables
increased proliferation in cells. Since telomerase is several fold more active in malig-
nant cells than in normal cells, effective inhibition of this activity has become a logi-
cal basis for investigation [ 122, 123]. Promising results from preclinical investigation
[124] are leading to Phase I and Phase II clinical trials. Intriguing data suggest that
in the appropriate setting, these agents might target cancer stem cells [125]. For
example, imetelstat is a telomerase inhibitor that is now entering a trial in breast
cancer where this agent will be combined with paclitaxel and possibly with bevaci-
zumab as first or second line treatment for metastatic breast cancer [126].

PARP in Breast Cancer

PARP (poly ADP-ribose polymerase) is nuclear enzyme that catalyses the polymer-
ization of ADP-ribose moieties into target proteins using NAD+. It was first found
in 1963 by Chambon et al. Out of 17 members of the PARP superfamily [127, 128],
PARP-1 and 2 are the ones well studied PARP-1 is recognized for its critical role in
DNA repair. It is mainly integrated in base excision repair(BER). BER is a repair
mechanism for single strand breaks (SSB) of DNA during cell growth and division.
PARP-1 recognizes this single strand DNA breaks and catalyzes itself and activates
PAR protein to repair this breakage [129—-131]. PARP-1 also recruits other key BER
proteins like XRCCI1, and affects scaffolding by recruiting histones H1, H2B.
Methylating agents and tomoisomerase I inhibitors attack tumor cells by causing
SSB DNA damages [132]. Thus, by inhibiting PARP-1 activity, the damage to DNA
caused by chemotherapy, or radiation will no longer be repaired, and the tumor cell
will die more effectively by adding PARP-1 inhibitor [133].

Moreover, PARP-1 is involved not only in the repair of SSB, but also in that of
double strand breaks(DSB). If there is deficient in PARP-1 activity, SSB repair fail-
ure (BER failure) leads to a collapsed replication fork. This collapsed fork now
requires DSB repair by homologous repair(HR) by BRCA protein [134]. However if
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there is BRCA mutation, defect, or down-regulation in the pathway, the cell can’t
have successful repair of its defective DNA, and undergo augmented cell death. This
phenomenon, a double defect causing cell death, while only one deficiency does not, is
called ‘synthetic lethality’. The observation of synthetic lethality brought attention to
PARP inhibitor as a single agent therapy for specific types of breast or ovarian cancer.

One of the biggest challenges in the treatment of breast cancer, has been develop-
ing a novel agent targeting ‘basal like breast cancer’. This type of cancer expresses
cytokeratin 5/6, similar to basal cells, and has low or nonexistent expression of hor-
monal receptors and HER?2 protein. Basal like breast cancer is not the same as triple
negative breast cancer, however there is large overlap. Basal like breast cancers,or
triple negative cancers, share many characteristics of hereditary BRCA mutation
related breast cancer. They both down regulate BRCA, not by mutations but other
mechanisms. Many researchers paid attention to ‘BRCAness’ of this type of cancer.
PARP inhibitors harboring the ability of ‘synthetic lethality’ in targeting this basal
like breast cancer has shown some promising early results [135-137], and lead to
development of various PARP inhibitor agents by many pharmaceutical companies.

Iniparib (BSI-201) by Sanofi-Aventis, showed a survival benefit in triple nega-
tive breast cancer (TNBC) in a phase 2 trial presented at 2009 ASCO. Unfortunately,
the first phase III trial of a PARP inhibitor, reported by Joyce O’ Shaunessy and col-
leagues, failed to show a benefit in progression free survival. Some postulate that
this failure of efficacy may be because these patients were unselected. Biomarkers
of PARP responsive tumors are needed.

Olaparib(AZD-2281) by AstroZeneca in TNBC showed PR as a s single agent.
Although some of phase 2 and 3 trial data were disappointing, there are still
many other PARP inhibitors to come. At present, Veliparib(ABT-888) by Abbott,
is in phase 2 trials in BRCA 1 and BRCA 2 deficient breast cancer and advanced
breast cancer, as well as melanoma, colorectal cancer and hepatocellular carci-
noma. PF-01367338(AG-014699) is investigated by Pfizer, undergoing a phase 2
trial in triple negative breast cancer or BRCA1- and BRCA 2- deficient breast or
ovarian cancer.

We do not yet fully understand the role of PARP inhibitors in this breast cancer
phenotype. We need to elucidate the role as single agent, and in combination with
DNA damaging cytotoxins, in BRCA mutated tumors. Never the less, PARP inhibi-
tors still hold promise and the possibility to open doors to the treatment of one of the
most challenging subtypes of breast cancer.

Hormone Receptor Positive but Resistant to Hormone Therapy

Mechanisms of Hormone Resistance

The majority of breast cancers express estrogen receptor alpha. Unfortunately,
while most metastatic breast carcinomas initially are responsive to endocrine ther-
apies, most eventually develop resistance. Thus, there is great interest in restoring
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endocrine sensitivity. A MCF-7 cell line which models acquired endocrine
resistance was found to show differences in genomic expression in these cells
compared to the cell line which was estrogen sensitive [138]. There was
amplification of ESR1, a gene which upregulates ER alpha expression; suggesting
that these cells require much less estrogen than they initially did prior to being
deprived of estrogen. 11-20% of breast cancers show ESR1 amplification [139].
In addition, through signaling crosstalk, ER alpha can activate growth factor
receptor pathways in a ligand independent manner. Tamoxifen resistance can also
be facilitated by PI3K/AKT/mTOR and MAPK phosphorylation of ER alpha, in a
hormone independent AF-1 area of ER alpha. Molecular activation of EGFR/
ERBB/AKT in cells with acquired estrogen resistance supports the theory of
growth factor signaling crosstalk as well. Unfortunately, to date, clinical trials
aimed at blocking growth factor and ER alpha pathways have been unsuccessful.
Subsets of AKT expression profiles by immunohistochemistry, in 402 breast car-
cinoma samples was able to predict prognosis. High pAKT and low AKT2 expres-
sion profiles were most likely to relapse. During tamoxifen treatment, AKT
activation was associated with her two and ER alpha activation linking AKT to
tamoxifen resistance [140]. Another mechanism of tamoxifen resistance is over-
expression of FGFR1 (FGFR2 is overexpressed in triple negative breast tumors)
[141]. FGFR is regulated by E2F1.

Conclusion

Although we have made substantial headway in understanding genetic targets in
breast cancer therapy, many questions remain unanswered. There is little doubt, that
successful treatment of breast cancer will require identification and manipulation of
genetic targets.
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Impact of Genetic Targets on Cancer Therapy in
Esophagogastric Cancer

Yixing Jiang

Abstract The treatment of esophagogastric cancer has been rapidly evolving in the
past decade. New cytotoxic drugs and targeted agents have been integrated in the ther-
apeutic paradigm. To better understand the tumor biology and to better utilize tar-
geted agents, genetic alterations in esophagogastric cancer have been actively
explored. For example, Her2/Neu amplification and expression were observed in
gastric and gastroesophageal (GE) junction cancers. Combination of trastuzumab
with cytotoxic chemotherapy has demonstrated a survival advantage in patients
with Her2/Neu positive gastric cancer. However, the prognosis of advanced esoph-
agogastric cancer remains poor. This is largely attributed to the tumor heterogeneity
and poorly understood tumor biology. This article provides a summary of potential
genetic targets and the role of novel targeted agents in the treatment of esophago-
gastric cancer.

Keywords Esphageal cancer ¢ Gastric cancer ® EGFR ¢ Her2/Neu ® Angiogenesis
e Cetuximab e Trastuzumab ¢ Bevacizumab

Introduction

Esophagogastric cancer is a heterogeneous disease. Histologically, it includes
squamous cell carcinoma and adenocarcinoma. Traditionally, these two histologies
are treated very similarly. Most clinical protocols include both histologies. However,
the etiology and prognosis are very different between squamous cell carcinoma and
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adenocarcinoma. Anatomically, adenocarcinoma is usually located at the distal one-third
of the esophagus and frequently involves GE junction with extending into the
stomach. The disease is mainly caused by acid reflux, Barrett’s esophagus, high fat
diet and obesity [1-3]. Squamous cell carcinoma, however, involves the upper third
of the esophagus and is usually related to tobacco and alcohol consumption.
Epidemiologically, adenocarcinoma is more prevalent in Western world [4, 5].
The incidence of squamous cell carcinoma is declining while the incidence of
adenocarcinoma is rising [6]. Thus, these two histologies should be considered
two distinct disease entities. With new targeted agents available on the market,
better understanding the molecular pathologenesis of squamous cell carcinoma and
adenocarcinoma of the esophagus is at urge. Incorporating targeted agents to the
therapeutic paradigm would potentially allow us to have better patient selection and
to tailor therapy based on tumor genetics.

Targeting Epidermal Growth Factor
Receptor (EGFR) Family Pathway

Epidermal growth factor receptor family consists of EGFR (ErbB1), Her2/Neu
(ErbB2), ErbB3 and ErbB4 [7-9]. Upon binding of the ligand, the receptor under-
goes dimerization and activation of its intrinsic tyrosine kinase activity resulting in
initiation of down stream signaling cascade [10]. The activation of EGFRs ulti-
mately leads to cell proliferation, differentiation or even transformation. Targeting
EGFR with monoclonal antibody or small typrosine kinase inhibitors has been
demonstrated clinically efficacious in solid tumors such as non-small cell lung can-
cer, head and neck cancer and colorectal cancers either alone or in combination with
chemotherapy or radiotherapy. In head and neck cancers, cetuximab potentiates the
effect of radiotherapy with a significant survival benefit [11]. More importantly,
targeted agents allow us better understanding the tumor biology and tailoring therapy
to individual patient. For example, non-small cell lung cancer harboring specific
EGFR mutations are particularly sensitive to gefitinib therapy [12]. Patients with
such mutations usually demonstrated a higher response rate and longer survival.
Like conventional chemotherapy, drug resistance remains a problem. Such resis-
tance to gefitinib was identified [13].

Expression or overexpression of EGFR family members has been described in
esophageal and gastric cancers. Overexpression of EGFR has been detected in
majority of esophagogastric cancers ranging from 18 to 90% [14—16]. This overex-
pression is generally associated with a more clinically aggressive disease and a poor
prognosis [17-20]. In addition, the EGFR overexpression may cause treatment
resistance such as radio resistance in esophageal cancer [21]. Cetuximab, a chimeric
monoclonal antibody against the extracellular domain of EGFR, was evaluated in
esophageal and gastric cancers. Single agent cetuximab has minimal activity in patients
with metastatic esophageal and gastric cancers [22, 23]. However, addition cetuximab
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to chemotherapy may augment the efficacy of cytotoxic drugs. Pinto and colleagues
investigated the activity of cetuximab in combination with cisplatin and decetaxel
in patients with advanced GE junction or gastric cancers for first line therapy [24].
The authors showed that a 41.2% response rate was achieved. The median overall
survival was 9 months and median time to progression was 5 months. Comparing to
the historically data, the addition of cetuximab may have a small improvement of
response rate but not overall survival.

Several studies have assessed cetuximab in the preoperative chemoradiation set-
ting and demonstrated feasibility and safety. Ruhstaller et al. published a phase IB/
II study (SAKK75/06) using cetuximab with chemotherapy and chemoradiation in
both squamous cell carcinoma and adenocarcinoma of the esophagus [25]. A total
of 28 patients entered the study. All patients were treated with 2 cycles of induction
chemotherapy with cisplatin and docetaxel. Subsequently, patients were allocated
into two cohorts. One cohort received weekly cisplatin and cetuximab with radia-
tion while the other cohort received weekly decetaxel, cisplatin and cetuximab with
radiation. RO resection was performed in 25 patients. The study demonstrated that
addition of cetuximab with chemoradiation is feasible. An impressive 86% (95%
CI, 57-98%) pathological complete response (pCR) or near complete response were
achieved in patients with adenocarcinoma. A 64% (95% CI, 31-89%) pCR or near
pCR were observed in squamous cell carcinoma. De Vita and colleagues reported
another approach using oxaliplatin and cetuximab in a single arm phase II study
[26]. Patients in the study were treated with induction chemotherapy of FOLFOX4
and cetuximab followed by cetuximab concurrent with radiotherapy (50 Gy). A27%
pCR was reached. RTOG phase III study is under the way to evaluate cisplatin,
paclitaxel and radiation with or without cetuximab in adenocarinoma or squamous
cell carcinoma of the esophagus (www.clinicaltrials.gov). The role of cetuximab in
the preoperative chemoradiation will be further delineated.

Erlotinib is a small molecule inhibiting EGFR function. Ilson et al. reported a
phase II study of erlotinib in patients with advanced previously treated adenocarci-
noma and squamous cell carcinoma of the esophagus [27]. Eighty percent of patients
in the study had tumors overexpressing EGFR. The partial response rate is low
(8%). Time-to-progression was longer in squamous cell histology than that of ade-
nocarcinoma. Thus, it is worthwhile to further evaluate this agent in squamous
histology.

Her2/neu is a receptor tyrosine kinase that belongs to EGFR family. Her2/neu
gene amplification (FISH) and protein overexpression are found in approximately
20-25% of breast cancers and are predictive of poor prognosis [28]. Trastuzumab,
a humanized IgG1 monoclonal antibody to Her2/neu, showed clinical activity when
used as a single agent or in combination with chemotherapy in Her2/neu positive
breast cancers. Similar to breast cancer, roughly 19-22% of gastric or GE junction
cancers have amplification and overexpression of Her2/neu [29-31]. Unlike in
breast cancers, Her2/neu as a prognostic marker is less consistent. For example,
some studies showed that the expression and amplification were frequently associated
with nodal metastasis, advanced stages, distant metastasis and intestinal histology
[31, 32]. On the other hand, Shah and co-workers found that Her2/neu expression is


http://www.clinicaltrials.gov

58 Y. Jiang

a favorable prognostic factor in an univariate analysis but not in the multivariate
analysis [33]. Hence, Her2/neu is not an independent prognostic biomarker.

ToGA study is by far the largest phase III study evaluating the activity of trastu-
zumab in advanced gastric and GE junction cancer [30]. A total of 3,803 patients
were screened for the study. The study tested 3,665 patients for Her2/neu expression
by both fluorescence in-situ hybridization (FISH) and immunohistochemistry stain-
ing (IHC). Eight hundred and ten patients were positive for either FISH or THC.
Finally, a total of 594 patients were randomized 1:1 to receive either chemotherapy
(cisplatin, SFU) alone or trastuzumab with chemotherapy. The median overall sur-
vival (OS) was 13.8 months in the trastuzumab arm and 11.1 months in the chemo-
therapy arm (HR 0.74; 95% CI 0.6-0.91; p=0.0046). Progression-free survival was
also superior in the trastuzumab arm (6.7 months vs. 5.5 months; HR 0.71; 95% CI
0.59-0.85; p=0.0002). Further analysis showed that nearly all patients with FISH
positive/THC 1+ above tumors benefited from trastuzumab. However, a small pro-
portion of patients that are FISH positive but IHC negative had minimal benefit
from trastuzumab (HR 0.92; 95% CI 0.48-1.76). About 15 patients whose tumors
were [HC 3+ but FISH negative had no benefit from trastuzumab. The discrepancies
of these results could be due to testing error or bias. In addition, these two groups
contained very small number of patients that did not have sufficient statistical power
to draw further conclusions. The ToGA study is the first phase III study to incorpo-
rate a targeted agent in treating gastric and esophageal cancers. Assessing Her2/neu
expression in patients with metastatic gastric or GE junction cancers became a new
standard practice. Transtuzumab in combination with different chemotherapy regi-
mens such as oxaliplatin and capecitabine (CAPOX) is also under investigation.
Currently, RTOG has launched a phase III study using carboplatin, paclitaxel with
or without trastuzumab concurrent with radiotherapy in the preoperative setting
(www.clinicatrial.gov). Disease-free survival and pCR will be assessed. The results
of these clinical studies are awaited.

Lapatinib, a small molecular inhibitor to Her2/neu and EGFR, has demonstrated
good clinical activity in breast cancer. Recently, Igbal et al. published a Southwest
Oncology Group (SWOG) study using lapatinib as a single agent in unselected met-
astatic gastric cancer patients [34]. The study enrolled a total of 47 patients. A 11%
partial response rate and 23% stable disease were reported. Combination of lapa-
tinib with various chemotherapies is being explored.

Targeting Angiogenesis Pathway

Anti-angiogenesis therapy has been proven to be effective in many solid tumors.
Bevacizumab, a humanized monoclonal antibody against vascular endothelial
growth factor (VEGF), has been used to treat many solid tumors including colorec-
tal cancer, breast cancer, renal cell carcinoma and hepatocellular carcinoma [35-39].
In colorectal cancer, addition of bevacizumab to chemotherapy results in a better
response rate, progression-free survival and overall survival [36].
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Like in other solid tumors, a higher level of VEGF was also found in the surgical
specimen of esophagogastric cancer specimens [40—43]. The higher level of VEGF
expression is associated with a more aggressive clinical course, nodal metastasis,
higher TNM staging and poor prognosis. Based on these preclinical findings and
clinical success in other tumors, bevacizumab was first evaluated in several small
single arm studies. Shah and co-workers showed that combination of bevaizumab,
irinotecan and cisplatin resulted in 65% response rate and 12.3 overall median sur-
vival rate [44]. Recently, Shah and colleagues reported another single arm phase 11
study using bevacizumab with modified DCF (decetaxel, cisplatin and SFU) [45].
The study demonstrated a median overall survival of 16.8 months. During the
subgroup analysis, a 85% response rate was achieved in GE junction and proximal
gastric cancers. A 56% response rate was reached for distal and body gastric cancers.
However, diffuse type gastric cancer has much lower response rate (38%). Despite
these encouraging data, the efficacy of bevacizumab was disappointing in the phase
III study. AVAGAST (avastin for advanced gastric cancer) study is a double-blind,
randomized, placebo-controlled phase III study of cisplatin and capecitabine with
or without bevacizumab as first line therapy in advanced gastric or GE junction can-
cers [46]. A total of 774 patients were enrolled in the study. The study subjects were
randomized to chemotherapy with placebo or chemotherapy with bevacizumab. The
overall response rate was significantly higher with the addition of bevacizumab
(38% vs.29.5%, p=0.0121). The progression-free survival is significantly longer in
the bevacizumab arm (6.7 months in bevacizumab arm vs. 5.3 months in the pla-
cebo arm; p=0.0037). However, there was no difference in overall survival between
the two study arms (HR=0.87, p=0.1002).

Bevacizumab was also evaluated in preoperative chemoradiation to explore the
feasibility, safety and preliminary efficacy. Ilson et al. presented their study of beva-
cizumab, irinotecan and cisplatin with radiotherapy in localized gastroesophageal
cancer [47]. Preliminary analysis showed that it is safe and feasible. Delayed wound-
healing was not observed. Other approaches such as using bevacizumab in the peri-
operative chemotherapy are under evaluation. MAGIC study offered preioperative
chemotherapy ECF in operable gastric and GE junction cancer. The study demon-
strated survival benefit for this approach [48]. Because of the success of MAGIC
trial, integrating bevacizumab in perioperative chemotherapy is currently being
evaluated in a phase III study (ST03). Preliminary data showed reasonable safety
without increasing surgical risks significantly [49]. Other anti-angiogenesis agents
(ramucuryumab and apatinib) in the second or third line therapy are under the way
(www.clinicaltrials.gov). Multi-tyrosine kinase inhibitors with anti-angiogenic
effects including sorafenib and sunitinib are being actively evaluated [50-52]. To better
select patients and to stratify patients in future clinical trials, several biomarkers
have been explored to predict the efficacy of bevacizumab. These markers include
VEGF level, circulating endothelial progenitor cells or circulating endothelial cells
[38, 53-58]. However, the results are rather disappointing. More researches are
needed to better understand the role angiogenesis in tumor development and pro-
gression. Furthermore, the mechanism of these anti-angiogenic agents needs to be
further defined.
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Other Potential Targets

In addition to these two major pathways, other potential molecular targets were
assessed. Cyclooxygenase-2 (COX-2) pathway has been the center of attention in
cancer development and progression several years ago. It has been shown that
COX-2 inhibitors can reduce the risks for esophageal, gastric and colorectal cancers
[59-61]. COX-2 is frequently upper regulated in gastrointestinal tumors [62, 63].
Through cross talk with other signaling pathways, COX-2 has been shown to acti-
vate NFkB and EGFR or to inactive tumor suppressor gene, APC [64—67]. Celecoxib,
a COX-2 inhibitor, has been assessed with chemotherapy in both advanced and
localized disease [68, 69]. However, it is difficult to obtain conclusive results in
these small studies. Because of the recently recognized cardiac complications of
COX-2 inhibitors, further utilization of celecoxib in gastroesophageal cancers and
other tumor types has been placed on hold.

PI3 kinase/AKT/mTOR pathways are important in regulating cell proliferation and
transformation. These pathways frequently cross talk with other receptor tyrosine
kinase mediated signal cascade. Hilebrandt and co-workers from M.D. Anderson
examined the genetic variations of PI3 kinase/PTEN/AKT/mTOR pathway in 210
patients with respectable esophageal cancer [70]. The authors demonstrated that cer-
tain single nucleotide polymorphism (SNP) is associated with higher risk of recur-
rence andresistance tochemoradiation. Forexample, patients with SNPAKT1:rs§92119
variation has much poor prognosis comparing to wild type AKT (median survival of
12 months for one or two AKT variant; median survival of 42 months for the wild
type). The poor survival for the AKT1:rs892119 was not affected by different chemo-
therapy agents such as SFU or cisplatin. Clinically, everolimus, a mTOR inhibitor, is
being actively assessed in advanced gastric cancer [71].

Perhaps, the most intriguing target is “cancer stem cells” that was first explored
in hematological malignancies. The esophageal stem cells have similar characteris-
tics to other cancer stem cells. They are slow growing, self-renewal and a high
proliferative potential triggered by wound healing process [72]. Characterization of
esophageal stem cells, however, is rather inconsistent in the literature. Kalabis et al.
described that the esophageal basal epithelial cells with self-renewal properties are
CD34* [73]. Other markers including CD133, adenosine triphosphate-binding cas-
sette superfamily G 2 (ABCG2), CD44 and Musashi-1 have been described in the
literature [74—76]. It is not clear what the clinical implications are when these mark-
ers are detected in clinical specimens or cell lines. Although there is a great interest
to target stem cells in cancer therapy, such approach is largely hindered by poorly
defined biology of these cells.

Conclusions

Esophagogastric cancer remains a public health problem worldwide. Over the past
decade, the treatment of esophagogastric cancer has been evolving rapidly. These
include surgical techniques and development of new cytotoxic agents as well as
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targeted therapy. Recent introduction of trastuzumab in advanced disease brought a
new era of personalized medicine in managing esophagogastric cancers. However,
more researches are required to better understand the tumor biology and the
mechanism of action of targeted agents. Only through these mechanistic explorations,
potential predictive and prognostic biomarkers could be identified. These biomarkers
will allow us to have better patient selection, better stratification and better trial
designs.
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Abstract Understanding cancer at the genetic level had gained significant attention
over the last decade since the human genome was first sequenced in 2001. For hepa-
tocellular carcinoma (HCC) a number of genome-wide profiling studies have been
published. These studies have provided us with gene sets, based on which we can now
classify tumors and have an idea about the likely clinical outcomes. In addition to
that, genomic profiling for HCC has provided us a better understanding of the
carcinogenesis process and identifies key steps at multiple levels (i.e. Genetics,
molecular pathways) that can be potential targets for treatment and prevention.
Although still an incurable disease, unresectable HCC has one proven systemic
therapy, sorafenib, and many under active investigation. With advancement in tech-
nology and understanding of hepatocarcinogenesis, scientists hope to provide true
personalized treatment for this disease in the near future. In this review article we
discuss advances in understanding genetics and pathogenesis of HCC and the cur-
rently available and ongoing trials for targeted therapies. These emerging therapies
may guide the development of more effective treatments or possibly a cure for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer;
it is the sixth most common malignancy and the third leading cause of cancer-related
death worldwide [1]. Although HCC has very high incidence and prevalence in Asia
and Sub-Saharan regions, its incidence and prevalence have been on the rise over
the last decade in Westernized countries (United States and Western Europe) [2, 3].
Despite the significant decrease in mortality in most malignancies over the last two
decades, mortality from HCC has increased by more than 50% [2]. This is not only
due to the lack of effective systemic therapy, but also because of a poor understanding
of the disease process and associated liver disease. This overall increase in inci-
dence and mortality have resulted in significant interest to better understand HCC
at multiple levels and intensified the work for the development of more effective
systemic therapy.

Chronic liver disease is the etiology of most cases of HCC. In 80% of cases
HCC affects patients with liver cirrhosis [4], which is most typically a result of
chronic Hepatitis B and C infections, alcoholic liver disease and nonalcoholic ste-
atohepatitis (NASH) [4, 5]. Measures to eliminate Hepatitis B related liver disease
in parts of the world where it is endemic with the use of effective antiviral therapies
and vaccinations have resulted in decrease in the incidence of HCC [6, 7]. Besides
these prophylactic measures, there are no other available strategies to limit the
development of HCC in patients with liver cirrhosis other than the intensive screen-
ing programs for early detection, as recommended by the American Association
for the Study of Liver Diseases (AASLD) practice guidelines [8]. Despite these
guidelines, which have been available since 2005, less than 20% of patients in
United States with HCC received regular surveillance [9] and the majority of
patients with HCC present with advanced stage disease with no possible curative
therapies available [10, 11].

Prognosis of HCC depends not only on the stage of the tumor but also on the
underlying liver disease and the degree of liver dysfunction; the most commonly
used classification system for HCC is the Barcelona Clinic Liver Cancer (BCLC)
classification [8]. It includes variables related to tumor stage, liver functional status,
physical status and cancer related symptoms. The main advantage of the BCLC
staging system is that it links staging with treatment modalities and with an estima-
tion of life expectancy that is based on published response rates to various available
treatment options [8].

The BCLC staging classification for HCC classifies patients as having stages of
disease from O to D (Fig. 1). Stage 0 is very early disease, defined as the presence
of a solitary liver tumor that measures <2 cm without tumor invasion into surround-
ing tissues. Patients rarely present at this stage unless they are enrolled in screening
programs. Stage A is early disease and includes patients who exhibit preserved liver
function with a solitary HCC <5 cm in size, or up to three tumors each of which is
<3 cm in size. Patients with stage 0 or stage A disease can be effectively treated with
curative therapies, such as surgical resection, liver transplantation or ablation meth-
ods [8]. With these treatments it is possible to obtain complete responses with
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Fig. 1 The Barcelona clinic liver cancer staging system and treatment allocation. (Copyright ©
2010, American Association for the study of Liver Diseases. Adapted with permission from Bruix
J. Management of hepatocellular carcinoma: an update. Hepatology 2011 Mar;53(3):1,020-2.
doi: 10.1002/hep.24199 Available from: http://www.aasld.org/practiceguidelines/Documents/
Bookmarked%20practice%20Guidelines/Hccupdate2010.pdf. CLT cadaveric liver transplantation,
HCC hepatocellular carcinoma, LDLT living donor liver transplantation, PEI percutaneous ethanol
injection, RF radiofrequency

potential long-term cure, as reflected by a 5-year survival of 50-70% [8]. The BCLC
intermediate stage (stage B) consists of asymptomatic patients with well-preserved
liver function, and multinodular or large tumor extension, without macrovascular
invasion or extrahepatic spread. Stage B disease patients usually treated with tran-
sarterial embolization (TAE) or transarterial chemoembolization (TACE). These
treatments have demonstrated a significant increase in survival compared with best
supportive care (median survival, 20 months vs 16 months) [8]. BCLC stage C
(advanced) patients are those with mild related symptoms and/or macrovascular
invasion or extrahepatic spread. Previously, no standard systemic therapy existed
for the treatment of patients at this stage; and multiple traditional chemotherapy
regimens have failed to improve survival. In 2007 sorafenib, a multiknase inhibitor
became the first targeted therapy for unresectable HCC approved by FDA [8].
Patients with cancer symptoms, related to progressive liver failure, tumor growth
with vascular involvement, extrahepatic metastasis or physical impairment (perfor-
mance status >2) are classified as stage D (end stage) disease; they do not benefit
from any treatment and should receive only the best available supportive care [8].
Although the BCLC represent the most commonly used classification system in
most clinical trials, it has significant limitations and drawbacks, for example in a
recent meta-analysis looking at the spontaneous course of the unresectable HCC
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which analyzed the survival rates of the placebo and untreated arms of several
RCTs, the 1- and 2-year survival was extremely heterogeneous and inconsistent for
the same stage [12]. This meta-analysis confirms the heterogeneity of behavior of
HCC and provides a sound basis for stratifying patients with HCC by parameters
that consider genetics and molecular basis of the tumor.

Pathogenesis and Genetics for HCC

Liver cirrhosis is considered a precursor for HCC [13]. HCC rarely develops in a
de novo fashion without antecedent chronic liver injury [4]. As with other solid
tumors, HCC typically follows a multistep progression from small hyperplastic
nodule in cirrhotic liver to a nodule with some degree of dysplasia, initially low
grade dysplasia then progressing to high grade dysplasia. This is followed by the
development of early HCC, which is typically small with indistinct margins, and
finally to moderately or poorly differentiated HCC [14, 15].

On macroscopic level, throughout the course of HCC progression, nodules
acquire evident changes in vascular supply with development of unpaired arteries
that progressively replace portal vessels giving the nodule the typical hypervascu-
lar appearance on a triphasic CT scan with delayed images (i.e., presence of a
hypervascular pattern in arterial phase with a washout of contrast during the
venous and late phase) [16].

Studies have analyzed the genetic features associated with each stage HCC
development, particularly the transition from high-grade dysplastic nodules to early
stage HCC. These studies have identified MYC and TLRs (Toll-like Receptors) as
important mediators of this transition [17]. In addition to that a large number of
genetic and epigenetic alterations were found to be involved in HCC carcinogenesis
leading to mutations in genes that control cell cycle, proliferation, and apoptosis.
Principal mutations observed in HCC carcinogenesis are point mutations, deletions
or gains of segments, and epigenetic changes such as hypermethylation of gene
promoters [18].

Knowing that carcinogenesis represent a complex dynamic process of a large
number of single gene mutations, the classic single-gene approach to study and
understand malignancies has been outdated by the advancements in gene expression
profiling and microarray technology. These efforts have led to the identification of
gene-sets that help classify tumors and predict clinical outcomes. Recently, the
application of genomic profiling has been extended to identify the molecular path-
ways involved in the carcinogenesis that can act as potential therapeutic targets for
the tumors. In a recent study, Woo et al. [19] had described a new classification for
the currently available genetic signatures to minimize overlap and decrease confu-
sion; he categorized them into Prediction, Phenotype, and Functional signatures.

Prediction signatures represent the most common gene signatures studied so far [19],
it has been found to be most useful in estimating the potential for survival, recurrence,
metastasis, and other clinical features. It includes the signatures generated from
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gene expression [20-24], epigenetic regulation [25], and microRNA analysis [26].
Most of these prediction signatures do not have functional roles in the process of
carcinogenesis [19], and therefore may not be appropriate candidates for therapeutic
targets. By identifying gene sets associated with an improved response to a specific
treatment option (e.g. surgical resection, liver transplantation, or systemic ther-
apy) [27], prediction signatures have enormous potential to further advance per-
sonalized treatment of HCC. Gene expression profiling studies also have been
performed on cirrhotic tissue adjacent to a HCC, to identify patterns that might be
used in the prediction of clinical outcomes [28, 29]. The expression of 186 genes
from adjacent cirrhotic tissue, including genes that encoded epidermal growth factor
(EGF), interleukin-6, and components of the nuclear factor tor-k correlated with sur-
vival for patients with early stage HCC who were treated by surgical resection [28].
Therefore accurate prognosis for patients with HCC will require a combination of
clinical variables (the BCLC algorithm), histological variables, genetic and molecu-
lar data not only from the tumor itself but also from the adjacent cirrhotic tissue [30].
Villanueva et al. [31] in a recent study showed that an integrated approach, combining
clinical, pathology, and gene expression data, increased the accuracy of prognosis,
compared with just considering clinical and/or pathologic variables [31].

Phenotype signatures are related to the clinical and pathological characteristics
of the HCC [19], including factors related to its pathogenesis (including HBV and
HCV) [32], clinical stage [33], and the tumor grade [34]. Phenotype signatures do
not necessarily have a relationship to clinical outcomes, but rather are indicative of
the functional characteristics of a certain tumor subtype [19]. Some phenotypic sig-
natures have been associated with certain drug response, as is seen in HCC with
chromosome 17q amplification which is linked to a good response to rapamycin
[35]. Integrated utilization of both phenotype signatures with the prediction signa-
tures will help provide more accurate way of classification and advance the era of
personalized cancer treatment in the future [36].

Functional genetic signatures encode particular cellular processes or molecular
pathways involved in the carcinogenesis of HCC [19]. Because of the functional
roles these signatures and their molecular pathways represent the most suitable tar-
gets for therapeutic interventions for HCC. As previously mentioned, the pathogen-
esis of HCC follows a multi-step progression of worsening pathologic states, starting
with hyperplastic nodules in cirrhotic liver, to dysplastic nodules, and finally pro-
gression to HCC [14, 15]. Careful genetic and molecular analysis of this step-by-step
progression of the tumor identified key genetic events and their molecular pathways
in this complex process. For example by performing pathway analysis, Wurmbach
et al. [33] have revealed the dysregulation of the Notch and Toll-like receptor TLR
pathways in cirrhosis, this is followed by the dysregulation of Jak/STAT receptor in
early carcinogenesis of HCV associated HCC. Kaposi-Novak et al. [17] have
identified a central role of MYC gene signature and its pathway during malignant
transformation from high grade dysplasia to early HCC.

In a recent review Hoshida et al. [37] categorized HCCs into three subgroups,
based on altered gene expression and the predominant molecular pathways
involved. The first group includes altered expression of genes that regulate cellular
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proliferation, involving pathways such as insulin-like growth factor (IGF) [38],
mammalian target of rapamycin (mTOR) [39], and epidermal growth factor
(EGF) [40]. The second group includes genes involved in hepatocyte differentia-
tion and the related pathways of the WNT signaling and the Hedgehog pathways
[41]. The third group includes altered expression of genes involved in interferon
signaling and inflammation (e.g., IL6, IFN, and TNFa) [40]. These pathways and
others that are frequently deregulated in the hepatocarcinogenesis process are
mediated by multiple molecules (e.g., VEGF, FGF, PDGF, and angiopoietin) [42],
and represent potential targets for therapeutic intervention and multiple targeted
therapies are currently under investigation [40]. Despite our growing understand-
ing of the genetics and the different pathways altered in HCC, the specific
sequence of genetic events and the exact molecular mechanisms that lead to
malignant transformation of hepatocytes and give rise to a HCC are still poorly
understood [40].

Hepatitis Virus Infections and HCC

Hepatitis virus infections are a leading cause of HCC, they are responsible for
50-70% cases of HCC worldwide [43]. Hepatitis viruses can lead to HCC in a direct
way through viral induced genomic alterations in hepatocytes, or indirectly through
chronic inflammation and cirrhosis.

Hepatitis B virus is a member of Hepadnaviridae, a group of closely related DNA
viruses; it is classified as para-retrovirus because its replication depends on reverse
transcription of host genomic RNA [44]. Hepatitis B virus induces HCC by acting
as adirect carcinogen in the absence of chronic inflammation and cirrhosis. Hepatitis
B viral protein X (protein of uncertain function X) has been implicated in the direct
stimulation of intracellular protein kinases involved in cellular proliferation. It stim-
ulates multiple transcription factors such as NF-xB, Nuclear Factor of Activated T
Cells, and cAMP Responsive Element Binding protein, which in turns stimulates
the transcription of host genes involved in cellular proliferation (i.e. c-myc and
c-fos) [45], this results in the up regulation of growth factor receptors such as EGF-
R. Protein X also inhibits p53, tumor suppressor gene, which is frequently inacti-
vated in patients with HCC [46].

Hepeatitis C virus (HCV) is a member of Flaviviridea, a family of positive strand
RNA viruses [47]. Chronic infection with HCV leads to cirrhosis in 10-30% of
patients. Cirrhosis is almost always present in patients who develop HCC. The
development of HCC in HCV infected patients typically occurs 10 years from the
onset of cirrhosis and 30 years from the initial exposure to HCV [48]. Both cirrhosis
and HCV may act on different pathways to induce hepatocarcinogenesis, while cir-
rhosis can leads to many changes, including oxidative stress, and elevated levels of
many growth factors ( IGF-1and 2, TGF-a, and IL-6) due to chronic inflammation,
HCV can act as a WNT ligand, which up-regulate cell signaling pathways (MAP
kinases) and stimulate cellular proliferation [49, 50].
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Sorafenib and Targeted Therapy for HCC

The discovery of imatinib, a tyrosine kinase inhibitor (TKI), as an effective therapy
for chronic myeloid leukemia (CML) represents the landmark step in the era of
targeted therapies in oncology. In 2001, the FDA approved imatinib for treatment of
CML after it had been shown to induce remission in most patients [51]. Shortly
after, imatinib was approved as a targeted therapy for multiple solid tumors includ-
ing gastrointestinal stromal tumor (GIST) [52] and dermatofibrosarcoma [53]. Since
then multiple TKIs have been discovered and applied to multiple malignancies
including lung, renal and recently liver cancer.

In 2007, a phase 3 randomized controlled trial (Sorafenib Hepatocellular
Carcinoma Assessment Randomized Protocol (SHARP) Trial) [54] showed that
sorafenib, a non-specific inhibitor of tyrosine kinases including BRAF, VEGFR,
and PDGFR, significantly increased survival of patients with advanced HCC.
Although sorafenib prolonged survival only 3 months compared to placebo, this
was the first time a systemic therapy provided a survival advantage for HCC. The
multicenter SHARP trial [54] randomly assigned 602 patients with inoperable HCC
and Child—Pugh A cirrhosis to sorafenib (400 mg twice daily) or placebo. Overall
survival, the primary end-point, was significantly longer in the sorafenib-treated
patients (10.7 vs 7.9 months), as was time to radiologic progression (5.5 vs
2.8 months). This magnitude of benefit was markedly less in a second trial [55] in
the Asia-Pacific region. Of note, the treated group in the Asian-Pacific trial had a
shorter survival duration than the control group in the SHARP trial (6.5 vs
7.9 months), this was related to the fact that patients accrued to the Asian-Pacific
study were more ill at the start of therapy than those in the SHARP trial, with a
worse performance status and more advanced stage of HCC.

Sorafenib was well tolerated and the overall incidence of serious adverse events
in the sorafenib and placebo groups was comparable, 52—54%, respectively. Grade
1 or 2 drug-related adverse events (e.g. diarrhea, hand—foot skin syndrome, anorexia,
weight loss, asthenia, alopecia, and voice changes) were observed more frequently
in the sorafenib group than in the placebo group (80% vs 52%). The two most com-
mon grade 3 adverse reactions with sorafenib were hand—foot skin syndrome (8%)
and diarrhea (8%). There were no significant differences in discontinuation rates
between the sorafenib and the placebo group (38% and 37% respectively). The safety
profile of sorafenib was comparable in the subsequent Asia—Pacific Phase 3 trial
that enrolled patients of Eastern countries with similar eligibility criteria.

After this landmark development in the history of HCC, researchers have con-
centrated efforts to discover key molecular pathways in hepatocarcinogenesis and
target them with novel agents, currently there are more than 220 clinical trials in
multiple phases, testing around 60 targeted agents for HCC (www.clinicaltrials.gov
accessed August, 2011) [56].

More than 20 of these trials have been reported so far, the majority in abstract
form. Carefully analyzing the results one will notice that the patient populations
included in most of these trials are heterogeneous in terms of underlying liver disease
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and staging systems used for classification; the studies also vary in measures used
to check for tumor response (RECIST or World Health Organization criteria) and
primary end points (response rate, progression free survival, overall survival). These
variations make it a challenge to compare findings with previous studies and to
determine efficacy. For this reason a set of guidelines for trial design has been pro-
posed to provide the scientific community with a consensus framework [57]. These
recommendations took into consideration that most patients with HCC have
significant underlying liver disease; therefore, the cause of patient mortality should
be carefully analyzed to differentiate between HCC-related death and cirrhosis-
related death. Also the low objective response, based on RECIST criteria, achieved
in the SHARP trial indicates the need for better methods to evaluate tumor responses
to therapy.

Targeted therapies can be classified according to the types of targeted therapies
used or the molecular pathway and the Cellular process targeted (Tables 1, 2, 3
and 4), (Fig. 2).

Types of Targeted Therapies:

. Tyrosine Kinase inhibitors (Table 1)
. Monoclonal Antibodies (Table 2)

. Enzyme Inhibitors (Table 3)

. Miscellaneous (Table 4)

AW N =

Molecular pathways and cellular processes targeted: (Fig. 2)

1. Angiogenesis

2. Cellular proliferation and growth factors
3. Apoptosis and programmed cell death
4. Immune modulators

Types of Targeted Therapies
Tyrosine Kinase Inhibitors TKIs

Tyrosine kinase receptors are cell-surface receptors with high affinities for specific
ligands. They comprise an extracellular, N-terminal region that binds ligands and a
conserved C-terminal region that autophosphorylates to create binding sites for
phosphotyrosine-binding proteins, such as Src. These proteins recruit additional
adaptors that propagate signals. In cancer cells, the C-terminal domains of some
receptor tyrosine kinases contain mutations that allow their constitutive activation
(even in the absence of ligand) and signaling, TKIs prevent autophosphorylation of
receptor tyrosine kinase, through either competitive binding with adenosine triphos-
phate or allosteric inhibition, to interrupt signal transduction [40].
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Table 1 Tyrosine kinase inhibitors

# Name Phases Trials  Targets
Non-specific
1 Sorafenib 1,1-2,2,3,4 65 BRAF, VEGFR, PDGFR
2 Erlotinib 1,1-2,2,3 15 EGFR
3 Brivanib 1,2,3 6 FGFR, VEGFR, PDGFR
4 Sunitinib 2,3 6 VEGFR, PDGFR, KIT
5 Linifanib 2,3 2 VEGF, PDGFR
6 Cediranib 1,2 3 VEGFR
7 BIBF1120 2 2 VEGFR, PDGFR, FGFR
8 Dasatinib 2 2 BCR-ABL
9 Gefitinib 2 2 EGFR
10 Lapatinib 2 2 EGFR, HER2/neu
11 Pazopanib 2 2 VEGFR, PDGFR, KIT
12 Alvocidib 1,2 2 Cyclin-dependent kinase
13 Regorafenib 2 1 VEGEFR, TIE-2
14 Lenvatinib 1-2 1 VEGFR, FGFR, SCFR
15 Vandetanib 2 1 EGFR, VEGFR, RET
16 Orantinib 1-2 1 VEGFR, FGFR, PDGFR
Selective TKI
17 0OSI-906 2 1 IGF-1R, IR
MEK Inhibitors
18 AZD6244/Selumetinib  1-2, 2 4 MEK inhibitor
C Met inhibitors
19 ARQ197 1,2 2 MET
20 Foretinib 1 1 MET
mTOR inhibitors
21 Temsirolimus 1,2 3 MTORCI1
22 Everolimus 1,1-2,2,3 7 MTORCI1
23 Rapamycin/ Sirolimus 1, 2-3, 3 5 MTORCI
24 AZD8055 1-2 1 MTORCI

Sorafenib is considered the prototype of TKI available for HCC due to the results of
the the SHARP trial, and is considered the standard of care against which other
targeted therapies should be evaluated and tested. Currently, there are now more
than 84 registered clinical trials testing sorafenib for HCC alone or in combination
with other modalities and agents in numerous phases. For more information please
visit ClinicalTrials.gov at the following website: (http://www.clinicaltrials.gov/ct2/
results?term=%?22sorafenib%?22+AND+%22hepatocellular+carcinoma%?22 &recr=
Open&rslt=Without&type=Intr&show_flds=Y, Accessed August 2011).

As a potential adjuvant treatment option to prevent recurrence and prolong dis-
ease free survival, The Sorafenib as Adjuvant Treatment in the Prevention of
Recurrence of Hepatocellular Carcinoma (STORM) RCT has been established. It is
an international study that is evaluating effects of sorafenib versus placebo after
resection or local ablation. The primary end-point of this RCT is recurrence-free
survival [56]. Recently, although in the absence of solid evidence, panels of experts
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Table 2 Monoclonal antibody

# Name Phases Trials Targets
1 Bevacizumab 1,1-2,2 20 VEGF
2 Ramucirumab 2.3 2 VEGFR2
3 Cetuximab 1,2 3 EGFR
4 Cixutumumab 1,2 3 IGF-1R
5 GC33 1 2 GPC3
6 Licartin (Metuximab) 2,4 2 HAb18G/CD147
7 AVE1642 1,2 1 IGF-1R
8 BIIB022 12 1 IGF-1R
9 CS-1008 (Tigatuzumab) 2 1 TRAIL2
10 CT-011 12 1 PD-1 (Programmed Death-1)
11 IMC-1121B 2 1 VEGFR2
12 IMC-A12 2 1 IGF-1R
13 Mapatumumab 1-2 1 TRAIL 1
14 Tremelimumab 2 1 B7-CD28
Table 3 Enzyme inhibitors
# Name Phases Trials Targets
1 PI-88 2,3 2 Endo-B-D-glucuronidase heparinase
2 Bortezomib 1,2 4 Proteasome
3 Belinostat 1-2 1 Histone deacetylase
4 IDN-6,556 2 1 Caspase
5 LBH589 1 1 Histone deacetylase
6 Lonafarnib 2 1 Farnesyl-OH-transferase
7 Panobinostat 1 1 Histone deacetylase
8 Resminostat 2 1 Histone deacetylase
9 Vorinostat 1 1 Histone deacetylase
10 Talabostat 1 1 Dipeptidyl peptidases
11 MLN8237 2 1 Aurora kinase
Table 4 Miscellaneous
# Name Phases Trials Targets
1 TAC-101 1-2,2 4 RAR-a
2 56 Z-208 12 1 RAR
3 AEG35156 1-2 1 XIAP mRNA
4 AMG386 2 1 Angiopoietin
5 Ispinesib 2 1 Kinesin spindel protein
6 LY2181308 12 1 Survivin
7 Oblimersen 2 1 BCL2

proposed shifting therapy to sorafenib in patients in intermediate stage if they
showed poor tolerance or disease progression after the first or second TACE treat-
ment [58], and suggested sorafenib therapy, even if patients previously treated

showed disease progression during treatment [59].
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Fig. 2 Targeted therapy in HCC

Sorafenib is a non specific TKI that blocks different signaling pathways, including
those that regulate cell proliferation through the RAS-MAPK pathway and angiogen-
esis through the VEGFR and PDGFR pathways (Fig. 2). It is therefore a challenge to
determine which specific effects of sorafenib slow HCC progression [40]. In a phase
2 trial of sorafenib, patients with tumors that demonstrated high levels of phosphory-
lated ERK, a downstream molecule of RAS, had a significantly greater rate of sur-
vival than those with low levels of phosphorylated ERK [60]. However, these findings
were not validated in the phase 3 trial. In the SHARP study there was a non-significant
trend in the association between response to sorafenib and levels of the kinase v-kit
Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) and hepatocyte
growth factor, but there were no strong biomarkers of response [40].

Currently there are more than 16 non-specific TKIs, which are similar to
sorafenib, being tested for the treatment of HCC (Table 1). Most of these TKIs tar-
get cellular proliferation and/or angiogenesis by acting on multiple receptors (e.g.
BRAF, VEGFR, PDGFR, EGFR, FGFR, SCFR). OSI-906 (Table 1) is the first
orally active and selective TKI of the insulin-like growth factor-1 receptor (IGF-1R),
it is currently being evaluated in phase 2 trial [56].

Erlotinib (a TKI of EGFR) is the second most commonly studied non-selective
TKIs in HCC after sorafenib. In two single-arm studies of erlotinib in unresectable
HCC [61, 62] median survival times were 13 and 6.2 months, with response rates of
less than 10%. A phase 3 trial of erlotinib in combination with sorafenib versus
sorafenib alone in advanced HCC is currently ongoing [56].
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Sunitinib is another oral tyrosine kinase inhibitor that blocks several receptors,
including VEGFR1, VEGFR2, VEGFR3, PDGFRa, PDGFRb, and stem cell factor
receptor (KIT) (Fig. 2). Its clinical spectrum overlaps that of sorafenib. After two
phase 2 trials [63, 64] which analyzed efficacy and tolerability of sunitinib in
advanced HCC, a phase 3 trial comparing sunitinib and sorafenib was conducted
and it was recently discontinued because of the high incidence of serious adverse
effects in the sunitinib treated group (5-10% of patients died of treatment-related
causes) [56].

Linifanib (ABT-869) is an oral agent that acts as an inhibitor of VEGF and PDGF
tyrosine kinase receptors, it was recently evaluated in a phase 2 trial on Child—Pugh
A or B cirrhotic patients, the reported median time to progression and progression-
free survival was 112 days with a median overall survival of 295 days [65].
Preliminary pharmacokinetics analysis in Child Pugh A and B patients showed that
degree of hepatic impairment do not influence linifanib pharmacokinetics [66]. Its
safety profile was acceptable and therefore a new phase 3 study comparing linifanib
with sorafenib in patients with advanced HCC is ongoing [56].

Brivanib is another non specific TKIs against FGFR, VEGFR and PDGFR was
studied as a first-line therapy for advanced HC, the median survival time was
10 months [67]. The safety profile of the drug was manageable, and it is now under
evaluation in phase 3 trials as a second line therapy in patients who failed sorafenib
[56]. Lapatinib, a TKI of EGFR and Her2, had marginal efficacy in patients with
HCC—their median survival time was 6.3 months [68]; patients who developed a
rash, an effect attributable to EGFR blockade, had longer survival times.

MEK inhibitor (AZD6244/Selumetinib) (Table 1) is another selective group of TKIs.
MEK is a key protein kinase in the RAS/RAF/MEK/ERK pathway, which signals for
cancer cell proliferation and survival. MEK also regulates the biosynthesis of the
inflammatory cytokines TNF, IL-6 and IL-1, which can act as growth and survival fac-
tors in cancer. Preclinical data show that MEK inhibitors are additive or synergistic in
combination with other agents [69]. In a phase 2 trial of selumetinib in advanced HCC
with no prior systemic therapy [70], patients had no measurable radiographic response
with short time for disease progression (8 weeks), the study was stopped at the interim
analysis. Currently there is a phase 2 trial testing AZD6244 in combination with sorafenib
for advanced HCC [56].

Another promising group of TKIs are the ¢-MET inhibitors; c-MET is a unique
member of the RTK family, c-Met encodes the high-affinity receptor for hepatocyte
growth factor (HGF) or scatter factor (SF). c-Met and HGF are each required for
normal mammalian development and have been shown to be particularly important
in cell migration, morphogenic differentiation, and organization of three-dimensional
tubular structures as well as cell growth and angiogenesis. Both c-Met and HGF have
been shown to be deregulated in HCC and to correlate with poor prognosis and metas-
tasis [71]. In phase 1 study ARQ 197 [72], a selective inhibitor of c-Met in patients
with advanced HCC reached the recommended phase 2 dose, ARQ 197 appears well
tolerated in this patient population and there were no observed drug-related worsen-
ing of liver function. Currently ARQ 197 is tested in a phase 2 study for patients with
HCC who failed sorafenib or other systemic therapy. Two additional phase 1 trials are
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looking at ARQ 197 in combination with sorafenib for advanced HCC and as a single
agent in cirrhotics with HCC [56]. Another c-Met inhibitor, foretinib, is being studied
in a phase 1 trial treating patients with advanced HCC [73] with a daily dose of
30 mg. The early promising activity observed in this phase I trial, as determined by
excellent radiologic response, needs to be confirmed in a phase 2 trial.

Mamalian Target Of Rapamycin Inhibitors (mTOR Inhibitors) are non selec-
tive TKIs (Table 1). mTOR, also known as mechanistic target of rapamycin or
FK506 binding protein 12-Rapamycin associated protein 1 (FRAP1), is encoded by
the FRAP1 gene. mTOR is a serine/threonine protein kinase that regulates cell
growth, cell proliferation, cell motility, and cell survival that belongs to the phos-
phatidylinositol 3-kinase-related kinase (PI3K) protein family [74]. The mTOR
pathway is activated in 40-50% of patients with HCC [75]. Currently, there are four
mTOR inhibitors (Table 1) (temsirolimus, everolimus, rapamycin (sirolimus), and
AZDS8055) that are under active investigation in multiple clinical trials [56].

The prototype mTOR inhibitor, rapamycin, has immunosuppressive properties
and is used in solid organ transplantation. Rapamycin recently has been demon-
strated to have anti-tumor properties via inhibition of mTOR signaling pathway in
HCC cell lines and after liver transplantation for HCC [76, 77]. In a retrospective
study of 73 patients who underwent liver transplantation for HCC outside the Milan
criteria, patients who received rapamycin had better survival than those who were
given tacrolimus-based immunosuppression, This is thought to be the result of fewer
tumor recurrences in the rapamycin-treated group [78]. In a small pilot study look-
ing at rapamycin as a primary therapy in 21 patients with unresectable HCC [79],
one patient had a partial response and five patients had stable disease at 3 months.
This pilot study indicates that rapamycin might be a promising drug for HCC, but
further clinical studies needed. Currently, there are more than five clinical trials
looking at rapamycin for HCC in different phases as a single therapy or in combina-
tion with other agents [56].

Everolimus is another mTOR inhibitor that has been shown to have activity
against HCC in xenografts [80]. It has also been studied in conjunction with
sorafenib in a mouse model for HCC with promising early results [81]. In a recently
published single arm phasel/2 trial for patients with advanced HCC who failed
prior systemic therapy, everolimus was well tolerated. Although the study did not
proceed to the second stage of phase 2, 4% of patient had a partial response, and the
median PFS and overall survival were 3.8 months and 8.4 months respectively [82].
This suggestion of an antitumor activity for everolimus in patients with advanced
HCC is being actively evaluated in multiple ongoing trials [56].

Monoclonal Antibodies (mABs)

The second type of targeted molecular therapy commonly used in HCC are mono-
clonal antibodies (mAbs). mAbs usually are directed against specific cell surface
receptors or growth factors that are involved in the carcinogenesis.
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mAbs are large molecules that cannot cross the blood-brain barrier and require
intravenous administration, their large size makes them unable to pass through the
cell membrane, which limits their potential targets to cell surface receptors and/ or
secreted molecules. Their half-life is longer than that of a TKI, which allows for less
frequent dosing. TKIs are much smaller molecules and can easily cross cell mem-
branes; they are less specific than mAb which may result in increased toxicities [83,
84]. Currently, there are more than 14 mABs under investigation for HCC in vari-
able phases (Table 2) [56] that have an individually specific molecular target that
mediates essential cellular processes in carcinogenesis.

Bevacizumab is a recombinant humanized monoclonal antibody against
VEGF-A. It is the second-most frequently tested targeted therapy in patients with
HCC after sorafenib. It is approved for the treatment of several malignancies in the
Unites States, including non—small cell lung cancer, breast cancer, renal cell carci-
noma, and colon cancer. By selectively binding to VEGF-A, bevacizumab inhibits
angiogenesis, a key process in hepatic carcinogenesis [85]. Bevacizumab has been
studied as a single agent in the treatment of HCC and in combination with standard
chemotherapeutic agents. In a phase 2 study of 46 patients with compensated liver
disease (Child-Pugh A or B) and unresectable HCC, the 6-month progression- free
survival was achieved in 65% of the patients, and 13% of the patients experienced
a partial response to treatment based on RECIST criteria (a 30% decrease in the sum
of the longest diameters of the lesions) [86]. This response rate compares favorably
to that seen in the SHARP trial in which only 2-3% of patients had objective radio-
logical responses to sorafenib therapy. Patients with greater than 50% involvement
of the liver parenchyma by a tumor, invasion of the main portal vein or vena cava,
or extrahepatic disease were excluded. Serious bleeding complications were reported
in 11% of patients, with one fatal variceal bleed. This resulted in modification of the
protocol with early upper GI endoscopy and banding of any obvious esophageal
varices to avoid such complication [86].

Similar to other bevacizumab-treatment protocols in other malignancies, bevaci-
zumab, as a targeted agent, was used in combination with standard chemotherapeu-
tic agents in patients with HCC. In a phase 2 trial of 33 patients with advanced
HCC, 49% with extrahepatic disease, treatment with bevacizumab, gemcitabine,
and oxaliplatin (GEMOX) resulted in an objective response rate of 20%, and stable
disease in 27% of patients. The overall median survival time was 9.6 months [87].
A similar partial response rate of 20%, with overall disease control rate of 77.5%,
was achieved in a recently published phase 2 trial of bevacizumab in combination
with capecitabine and oxaliplatin in patients with advanced unresectable and
untransplantable HCC [88]. Similar to bevacizumab, ramucirumab and IMC-1121B
are new mAbs against VEGFR2 and they are currently being investigated in phase 2
trials for advanced HCC [56].

Cetuximab is a chimeric monoclonal antibody targeting the EGFR. EGFR is over-
expressed in 40-70% of HCCs [89]. Cetuximab and other EGFR inhibitors have been
shown to prevent the development of HCC in animal models [90]. In a phase 2 study
that evaluated 30 patients with unresectable HCC treated with cetuximab alone, there
was no objective response seen. The median overall survival was 9.6 months and pro-
gression-free survival was 1.4 months. Treatment was well tolerated, but no significant
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antitumor activity was seen [91]. Cetuximab in combination with gemcitabine and
oxaliplatin (GEMOX) was evaluated in 45 patients with advanced HCC. There were
nine partial responses that lasted 2—14 months. Stable disease was observed in 40%,
with an overall disease control rate of 60%. Progression-free survival and overall sur-
vival were 4.7 and 9.5 months, respectively [92]. It is unclear at this time whether the
addition of cetuximab offers additional benefit over the GEMOX combination alone.

IGFIR (Insulin-like growth factor 1 receptor) is over expressed in 30-40% of
patients with HCC. IGFIR plays an essential role in stimulating cellular growth and
proliferation [93]. Currently, there are 4 mAbs against IGFIR (cixutumumab,
AVE1642, BIIB022 and IMC-A12) under active investigation in patients with HCC
in phase 1 and 2 trials (Table 3) [56].

mABs also target apoptosis pathways by activating the tumor necrosis factor—
related apoptosis-inducing ligand (TRAIL). TRAIL induces apoptosis by binding to
two death receptors (death receptor 4 and death receptor 5). Mapatumumab (TRM-
1, HGS-ETR1) is a fully humanized agonistic mAB that targets and activates TRAIL
receptor 1 (death receptor 4). Promising preclinical activity with mapatumumab has
been observed. Currently, it is being investigated in phase 1 and 2 trials [56].
CS-1,008 (tigatuzumab), is a mAb against TRAIL receptor 2 (death receptor 5)
being investigated in phase 2 trial for patients with HCC [56].

Enzyme Inhibitors

Enzymes play essential roles in the carcinogenesis process, as they regulate and
catalyze multiple key steps. Recently, there has been an increasing interest to target
these enzymes by specific inhibitors to add another level of blockade in the pathway
of carcinogenesis (e.g. angiogenesis, cell proliferation).

Angiogenesis is a key process not only in hepatocarcinogenesis, but it is also
linked to a higher incidence of metastases. Tumor extracellular matrix is composed
of heparan sulfate proteoglycans (HSPGs), collagen, laminin and fibronectin. These
extracellular elements help bind growth factors and aid in cell signaling that are
necessary for tumor proliferation and angiogenesis. Heparanase is an endoglycosi-
dase that contributes to angiogenesis by cleaving HSPG resulting in the loss of
basement membrane integrity, and release of heparan sulfate bound angiogenic and
growth-promoting factors that enhance cell invasion, migration, intravasation and
extravasation. [94, 95]. HCCs are highly vascularized and depend on angiogenic
factors for development. Targeting the heparanase enzyme provides another method
by which the angiogenesis pathway may be inhibited. There are a few molecules
that have been found to block such enzymes and are being developed as potential
therapies [95-97] (Table 3). PI-88 is a reproducible mixture of highly sulfonated
oligosaccharides. It is derived from the yeast Pichia (Hansenula) holstii NRRL
Y-2,488 and is a powerful inhibitor of heparanase. PI-88 seems to have antitumour
activity by inhibiting heparanase and also competing with heparan sulfate to bind
VEGEF and FGF [94, 96]. In a phase 2 trial it was well tolerated, and the most
common adverse effects reported were neutropenia, thrombocytopenia, injection site
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hemorrhage, PT prolongation, muscle spasm, and alopecia [95, 97]. Currently phase
2/3 trials are underway to further investigate PI-88 in HCC [56].

Nuclear factor-kB (NF-xB) controls multiple transcription process essential for
hepatocarcinogenesis. Nuclear factor-kB (NF-xB) has been proposed as a major
target of proteosome inhibitors. Bortezomib, a proteosome inhibitor, is a peptide
that is approved for relapsed multiple myeloma and mantle cell lymphoma.
Bortezomib binds and sequesters NF-kB preventing its transcriptional activity,
which is essential for hepoatocarcinogenesis. Currently, a phase 2 trial has been
completed and a phase 3 trial is underway [98]. Bcl-2 and p53 are also proposed
targets of proteasome inhibitors (Table 3).

Histone deacetylase plays an important role in gene function. It can modulate
expression of genes and thus influence production of proteins important in cell pro-
liferation, signaling and angiogenesis. Deregulated histone deacetylases have been
commonly associated with many kinds of cancers. Several drugs that act as inhibi-
tors of histone deacetylase are currently under investigation; these include belinos-
tat, LBH 589, panobinostat, resminostat and vorinostat [99].

Miscellaneous Agents

Retinoids and vitamin A have been shown to be necessary for development, mainte-
nance, and overall survival of normal tissues. Patients with diets deficient in vitamin A
have been seen to develop metaplasia of the eyes, intestines, respiratory and genito-
urinary tract. Retinoic Acid Receptor (RAR) is a ligand-induced transcriptional regu-
lator. RARSs are located in the nucleus and are of two types: RARo and RXR (retinoid
X receptors) [100]. TAC101 (4-[3,5-bis (trimethylsilyl) benzamide] benzoic acid) is
a synthetic retinoid and is able to bind RARa. TAC101 binds RAR, inhibits tran-
scriptional activity related to carcinogenesis, and retards the growth of liver tumors
after direct splenic or portal vein injection of tumor cell lines [101, 102]. Another
drug that is being tested that works via inhibition of RAR is 56 Z-208. These RAR
inhibitors are currently under investigation in phase 1 and 2 trials (Table 4).

AEG35156 is a 9-mer phosphorothioate antisense oligonucleotide caspase inhib-
itor that acts by targeting the X-linked inhibitor of apoptosis protein (XIAP) mes-
senger RNA. XIAP prevents apoptosis induced by viral infection or production of
caspases. By blocking XIAP function, the cells are more susceptible to cell death.
[103, 104] AMG386 is an angiopoietin antagonist peptide-Fc fusion protein (pepti-
body) that selectively inhibits angiopoietin-1 and angiopoietin-2 binding to the Tie2
tyrosine kinase receptor (Table 4) [105].

Combination Therapy and Future Directions

Standard chemotherapeutic regimens currently in use for the treatment of malig-
nant diseases typically use combinations of agents with different mechanisms of
action. Combination therapies may result in synergistic action against cancer and
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decrease the development of multidrug resistance. This may also allow for reduced
doses that lessen toxicity. This same concept can be utilized in the new era of tar-
geted therapy; targeted agents can be utilized in combination with each other,
standard chemotherapy, or other therapeutic modalities (radiation therapy, and
TACE) in the treatment of HCC. In a phase 2 study of sorafenib with doxorubicin
versus doxorubicin alone in patients with advanced HCC with no prior systemic
therapy, the median time to progression and median overall survival was
significantly longer in the combination group (6.4 months vs 2.8 months, and
13.7 months vs 6.5 months, respectively). The degree to which this improvement
may represent synergism between sorafenib and doxorubicin remains to be defined
[106]. In a phase II study of 33 patients, treatment with bevacizumab and gemcit-
abine/oxaliplatin (GEMOX) resulted in an objective response rate of 20%, and
stable disease in 27% of patients. The overall median survival time was 9.6 months
[87]. A similar partial response rate of 20%, with overall disease control rate of
77.5%, was achieved in a recently published phase 2 trial of bevacizumab in com-
bination with capecitabine and oxaliplatin in patients with advanced unresectable
and untransplantable HCC [88].

The Sorafenib or Placebo in Combination with TACE in Hepatocellular carci-
noma (SPACE) trial assesses the combination of sorafenib and TACE in patients
with intermediate HCC. The aim of the study is to reduce risk of local relapse after
this procedure [56]. Multiple other studies combining sorafenib with radiation ther-
apy, including the use of yttrium-90 spheres, are ongoing [56].

Targeted therapies can be combined to block the same pathway at different
levels to create a vertical blockade. This can lead to complete blockade of the
molecular pathway, decrease resistance patterns to the targeted therapy, and
block feedback loops within the pathway. Although such combinations may be
more effective, greater overlapping toxicities may occur [107]. In a phase 1
study using sorafenib and bevacizumab in patients with solid tumors (ovarian
cancer and renal cell carcinoma), Azad et al. showed a partial response rate of
59%; unfortunately, toxicities included hand-foot syndrome (76%) and hyper-
tension (67%). Both toxicities resulted in dose modifications of both drugs
[108]. For HCC this combination is currently under investigation in a NCI spon-
sored phase 1/2 trial as a first line therapy for patients with locally advanced or
metastatic HCC [56].

A more interesting concept is to combine two agents that block two different
pathways. These horizontal blockades may be more effective with a decrease in
overlapping toxicities [109]. In a phase 2 study of erlotinib (a TKI against EGFR)
and bevacizumab (an inhibitory mAb of VEGFR) used in combination in the treat-
ment of advanced HCC, Thomas et al. showed a progression free survival at
16 weeks of 62.5%. Median overall survival was 15.65 months, with 10-20% grade
3 to 4 drug toxicities [110]. Because of the significant toxicities associated with the
vertical blockade, most ongoing studies utilize the concept of horizontal blockade
combining sorafenib with other available targeted therapies in a simultaneous or
sequential fashion [56].
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Cancer Stem Cells and New Targets in HCC

Over the last decade Cancer Stem Cells (CSCs) have gained increasing attention in its
role in the evolution of carcinogenesis. In hepatocarcinogenesis, CSCs are thought to
be at least partially responsible for the high incidence of recurrence after potentially
curative local liver-directed therapy (resection, ablation, etc.). This is thought to be
due to their resistance to standard chemotherapy and ability for self-renewal, prolif-
eration, and production of heterogeneous cell lines [111]. CSCs in HCC can be
identified by several cell surface antigens including CD133, CD90, CD44, OV6, and
CD326 (EpCAM) [112]. Expression of CSCs specific surface antigens in HCC has
been linked to overall worse outcomes, for example increased CD133 expression in
HCC were correlated with advanced disease stage, shorter overall survival, and higher
recurrence rates compared with patients with low CD133 expression [113]. CSCs in
HCC have multiple unique and well preserved signaling pathways (i.e. Wnt/p-catenin
signaling pathway, TGF-f family, Notch pathway, Hedgehog signaling, BMI1 signal-
ing pathway, Stem cell signaling network, miRNA and Lin28 and let-7 signaling) that
are different from common signaling pathways known in carcinogenesis [113].
Careful analysis and understanding of CSCs markers and signaling pathways has
opened the door for a new era in targeted therapy for HCC (i.e. Anti-Self-renewal,
Anti-CD133, Anti-CD44, Anti-EpCAM, and Anti-CD13). Several of these potential
therapies are currently under active investigation in phase 1 and 2 clinical trials as a
monotherapy or in combination with other targeted therapies [113].

Conclusion

Unresectable HCC presently has one proven systemic therapy and many other prom-
ising agents are under investigation. These agents are the result of an improved
understanding of HCC pathogenesis at the molecular level. Multiple gene signatures
have been identified and can be used to better classify HCC and predict clinical out-
come and response to therapy. Additional work is required to determine the key
genetic events involved in hepatocarcinogenesis. Due to the complex nature of the
disease and the multiple molecular pathways involved, combination of targeted ther-
apies appears to be the most logical approach delivered either simultaneously or
sequentially. Patients who are candidates for systemic therapy should be evaluated by
a multidisciplinary team with up to date knowledge of all available clinical trials.
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Toward the Goal of Personalized Therapy
in Pancreatic Cancer by Targeting
the Molecular Phenotype

Nelson S. Yee

Abstract The purpose of this article is to provide a critical review of the molecular
alterations in pancreatic cancer that are clinically investigated as therapeutic targets and
their potential impact on clinical outcomes. Adenocarcinoma of exocrine pancreas is
generally associated with poor prognosis and the conventional therapies are marginally
effective. Advances in understanding the genetic regulation of normal and neoplastic
development of pancreas have led to development and clinical evaluation of new thera-
peutic strategies that target the signaling pathways and molecular alterations in pancre-
atic cancer. Applications have begun to utilize the genetic targets as biomarkers for
prediction of therapeutic responses and selection of treatment options. The goal of
accomplishing personalized tumor-specific therapy with tolerable side effects for
patients with pancreatic cancer is hopefully within reach in the foreseeable future.

Keywords Pancreatic cancer ¢ Genetic targets ¢ Biomarkers e Personalized
therapy

Introduction

Pancreatic adenocarcinoma, the most common form of cancer in the exocrine
pancreas, has posed a serious health threat and remained a great challenge in medi-
cine. In the United States, the incidence and mortality rate of pancreatic cancer have
been rising. This disease is the fourth most common cause of cancer-related death in
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Fig. 1 A schematic diagram to illustrate the genetic targets for therapeutics in pancreatic adeno-
carcinoma. DRS, death receptor 5; EGF, epidermal growth factor; HER, human epidermal growth
factor receptor; HGF, hepatocyte growth factor; HH, hedgehog; IGF-IR, insulin growth factor-1
receptor; PTC, patched; SMO, smoothened; TNFoR, tumor necrosis factor o receptor; TRAIL,
tumor necrosis factor apoptosis-inducing ligand

both genders, and it is associated with the lowest 5-year relative survival rate (6%) [1].
In the minority of patients whose pancreatic adenocarcinoma is incidentally discov-
ered at an early-localized stage, they can be potentially cured by surgical resection of
the tumor. Patients with pancreatic adenocarcinoma often develop non-specific
symptoms such as nausea, abdominal pain, and weight loss. In patients whose tumor
is located in the head of pancreas, they typically present with painless jaundice,
acholic stool, and dark urine. These signs are related to biliary obstruction by tumor,
which is often locally advanced at the time of diagnosis. When the primary tumor is
located in the body or tail of pancreas, the patients may remain asymptomatic or
complain of pain, and the tumor has typically progressed and metastasized when
diagnosed. Current therapy for locally advanced pancreatic adenocarcinoma gener-
ally involves chemotherapy including gemcitabine, 5-fluorouracil, or capecitabine
administered concurrently with radiation therapy. For advanced or metastatic pan-
creatic adenocarcinoma, palliative systemic chemotherapy includes gemcitabine-
based combination with capecitabine, erlotinib, docetaxel, or nab-paclitaxel, and
also FOLFIRINOX (5-fluorouracil, leucovorin, oxaliplatin, and irinotecan). However,
these treatment modalities are generally palliative and marginally beneficial for pro-
longing survival. Even if the pancreatic tumors initially respond to treatment, they
will eventually become resistant to the conventionally used agents [2].
Accumulating evidence indicates that therapeutic targeting of the genetic abnor-
malities in malignant neoplasia produces improvement of treatment response in a
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variety of human cancers. Many of the genetic alterations during malignant
transformation of pancreatic epithelia and multi-step progression of the pre-malignant
precursors into invasive adenocarcinoma have been identified [3]. Animal studies
have progressively revealed the molecular mechanisms underlying the interactions
among various oncogenes and tumor suppressor genes in pancreatic tumorigenesis [4].
Isolation of the pancreatic cancer stem cells and their treatment with agents that
target the developmental regulators suggests the potential of this approach to eradi-
cate these cells that are typically chemoresistant [5]. The importance of targeting the
pancreatic tumor stroma has been demonstrated as a critical component in improv-
ing therapy [6]. In this article, the genetic alterations involved in the pathogenesis
of pancreatic adenocarcinoma are reviewed. The clinical investigations of therapeu-
tic agents directed at the genetic targets as well as the emerging utility of genetic
biomarkers as therapeutic indicators in pancreatic adenocarcinoma are discussed.
Special emphasis is placed on the impact of the molecularly targeted agents on
treatment response and how future studies can be improved in hopes for attaining
the goal of personalized therapy in pancreatic cancer.

Genetic Alterations Involved in Pathogenesis
of Pancreatic Adenocarcinoma

In the multistage pancreatic carcinogenesis, a number of genetic abnormalities that
accompany the histological changes in pancreatic adenocarcinoma and its precursor
lesions (pancreatic intra-epithelial neoplasia or PanINs) have been identified and
characterized [7-10]. During the early steps of malignant transformation of
pancreatic epithelia, activating mutations in K-RAS and shortening of telomeres
occur, and expression of epidermal growth factor and its receptor are up-regulated.
Loss-of-function mutations in the tumor suppressor genes including p16°¥A, p53,
DPC4, BRCA2, and STK11/LKBI are also present. Aberrantly expressed develop-
mental regulators including Hedgehog, Notch, and WNT are involved. Multiple
genetic studies in animal models of pancreatic organogenesis and cancer have gen-
erated insights into the molecular basis of the pathogenic mechanisms underlying
the initiation, development, and progression of pancreatic neoplasia.

A number of those genetic alterations have been clinically investigated as thera-
peutic targets in patients with pancreatic adenocarcinoma and they can be classified
in the major groups as listed in Table 1. These molecules have been clinically inves-
tigated as therapeutic targets in patients with pancreatic adenocarcinoma by using
chemical inhibitors and antibodies. Some of these clinical trials have been com-
pleted and some are ongoing. In the following sections, each group of genetic tar-
gets will be described, the clinical trials that investigate the therapeutic efficacy of
targeting the genetic abnormalities mentioned, and the results of the completed
clinical studies discussed.
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Table 1 Selected genetic targets for therapeutics in human pancreatic adenocarcinoma

Groups of genetic targets

Genetic targets

Receptor tyrosine
kinases and ligands

Signal transducers

Nuclear targets

Death signals

Developmental
pathways

Stromal
microenvironment

Antigens and
Immunodulatory
signals

Epidermal growth factor (EGF)/EGF receptor (EGFR)

Human epidermal growth factor receptor 2 (HER2)

Insulin-like growth factor-1 (IGF-1)/ IGF-1receptor (IGF-1R)

Hepatocyte growth factor (HGF)/HGFR (MET)

RAS

MEK

AKT

Mammalian target of rapamycin (mTOR)

Hsp90

Histone deacetylases (HDACs)

Polo-like kinase 1 (Plk1)

Ribonucleotide reductase (RR)

Peroxisome proliferator-activator receptor y (PPARY)

DNA topoisomerase I

Cyclin-dependent kinases (CDKs)

Tumor necrosis factor oo (TNFa)

Tumor necrosis factor-related apoptosis inducing ligand (TRAIL)
receptor 2 (TR-2)

Hedgehog

Notch

Secreted protein acidic and rich in cysteine (SPARC)

Matrix metalloproteinases (MMPs)

Cyclooxygenase-2 (COX-2)

Vascular endothelial growth factor (VEGF)/ VEGF receptor
(VEGFR)

Chemokine receptor 2 (CCR2)

Integrin a5p1

Mesothelin

5T4

ASG-5

Carcinoembryonic antigen (CEA)

Prostate stem cell antigen (PSCA)

Telomerase

CD40

Cytotoxic T-lymphocyte associated antigen-4 (CTLA-4)

Programmed death-1 receptor (PD-1)

Dipeptidyl peptidase IV (DPP-1V)

Genetic Alterations as Therapeutic Targets

Receptor Tyrosine Kinases and Ligands

Trans-plasma membrane receptors with tyrosine kinase activities and their ligands
play crucial roles in the proliferation, differentiation, migration of pancreatic epi-
thelia during development. These include epidermal growth factor, fibroblast growth
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factor, insulin-like growth factor-1, hepatocyte growth factor, and their receptors.
Serine/threonine kinases such as transforming growth factor 3 and receptor are also
involved. Over-expression and/or abnormal activation of the receptor tyrosine
kinases and/or their ligands can contribute to pathogenesis of pancreatic neoplasia.
Preclinical studies indicate that targeted inhibition of these receptors and ligands
can impede pancreatic tumor growth, and many clinical trials have been developed
to validate these findings for therapies in patients with pancreatic adenocarcinoma.

Epidermal Growth Factor (EGF)

The EGF receptor (EGFR) family of protein tyrosine kinases include HER (human EGFR
or ERBB-1), HER2 (ERBB-2), HER-3 (ERBB-3), and HER-4 (ERBB-4) [11]. The
ligands of the EGFR family including EGF itself are mitogens that control proliferation
and differentiation of epidermal and mesenchymal cells [12, 13]. Immunohistochemical
analysis indicates that EGFR and EGF are over-expressed in most of the pancreatic cancer
specimens [14—-16]. Results of these studies suggest an opportunity to impede pancreatic
tumor growth by disrupting the autocrine loop of mitogenic signaling. Therapeutic agents
that target the HERs have been developed including antibodies and small molecules as
follows:

Cetuximab and panitumumab are monoclonal antibodies that prevent EGF-
induced receptor activation and dimerization by binding to the extracellular domain
and trans-membrane domain of EGFR, respectively. Cetuximab and panitumumab
have been shown to inhibit EGF-induced proliferation of tumor cells. Clinical
studies suggest that cetuximab in combination with cytotoxic drugs does not pro-
vide additional survival benefits in advanced pancreatic adenocarcinoma [17-19]
(Table 2). However, a number of clinical trials have been launched to evaluate the
efficacy of cetuximab and panitumumab either alone or as combination therapies in
various stages of pancreatic adenocarcinoma (Table 2).

Erlotinib is an oral small molecule that inhibits the tyrosine kinase activity of
EGFR by competing with adenosine triphosphate for the binding site of the intracel-
lular catalytic domain of EGFR. This results in reversible inhibition of EGFR-
mediated signal transduction and the associated cancer-promoting effects. In a
phase II trial, the combination of erlotinib with gemcitabine provides a small but
statistically significant survival benefit over gemcitabine alone [20] (Table 2). Since
then, a large number of clinical trials have been conducted to evaluate the combina-
tion of erlotinib with cytotoxic drugs, other targeted agents, or radiation in localized
and advanced pancreatic adenocarcinoma (Table 2).

Trastuzumab and pertuzumab are monoclonal antibodies that bind to HER2 and
induce antibody-dependent cell-mediated cytotoxicity against the HER2-
overexpressing cancer cells. Lapatinib is a small molecule inhibitor that reversibly
inhibits the kinase activity of HER1 and HER2 and thus their phosphorylation, and
also phosphorylation of AKT, ERK-1, and ERK-2. Clinical trials are ongoing to
investigate if these targeted agents show any therapeutic efficacy in pancreatic ade-
nocarcinoma at various stages (Table 2).
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Insulin-Like Growth Factor-1 IGF-1)

IGF-1 receptor (IGF-1R) is a tyrosine kinase that belongs to the family of insulin
receptor, and activation of IGF-1R stimulates cellular proliferation and suppresses
apoptosis. Ganitumab (AMG-479) and MK-0646 are monoclonal antibodies that
bind to IGF-1R, block its binding with IGF-1, and prevent the subsequent activation
of PI3K/AKT signaling. Ganitumab inhibits pancreatic cancer cell growth and sur-
vival and produces additive growth inhibitory effects when combined with gemcit-
abine [21]. Clinical trials using ganitumab or MK-0646 as combination therapies
are ongoing to evaluate if blocking IGF-1R provides any additional benefit in
advanced pancreatic adenocarcinoma (Table 2).

Hepatocyte Growth Factor (HGF)

The proto-oncogene c-MET-encoded tyrosine kinase is the receptor of hepatocyte
growth factor (HGF, also called scatter factor) and over-expressed or mutated in
various types of tumor cells including pancreatic adenocarcinoma [22, 23] and pan-
creatic cancer stem cells [24]. MET plays important roles in tumor cell prolifera-
tion, survival, invasion, and metastasis, and tumor angiogenesis. ARQ 197 is a small
molecule that binds to MET and disrupts MET-mediated signal transduction
pathways, inducing tumor cell death. A clinical trial to test the efficacy of ARQ 197
has been completed (Table 2).

A practical concern about the therapeutic use of EGFR inhibitor in pancreatic
adenocarcinoma stems from the fact that activating mutations in K-RAS, a down-
stream effector of EGFR, are present in most of the pancreatic adenocarcinoma spec-
imens examined. It has been shown that a prerequisite for cetuximab and panitumumab
to be effective as anti-tumor agents for therapies in colon cancer is the presence of
wild-type K-RAS. Another factor for erlotinib to produce anti-tumor effect is act-
ivating mutation in the tyrosine kinase of EGFR, as demonstrated in lung adenocar-
cinoma. In pancreatic adenocarcinoma, activating mutation in K-RAS is highly
frequent whereas activating mutation in EGFR tyrosine kinase is not common. Thus,
it is questionable if these antibodies or small molecules that target EGFR can be
expected to produce any meaningful clinical benefits in the majority of patients with
pancreatic adenocarcinoma. However, recent evidence suggests that a sub-population
of pancreatic adenocarcinoma with wild-type K-RAS may benefit from the thera-
peutic use of erlotinib [25].

Signal Transducers

The growth factors including EGF-, IGF-1-, and HGF-induced signals are trans-
duced by multiple cytoplasmic pathways that mediate the mitogenic effects on pan-
creatic epithelia during normal and cancerous development of exocrine pancreas.
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In general, binding of these growth factor to their receptors leads to activation of
RAS that plays a key role in mediating mitogen-induced signaling and functions in
cellular proliferation, survival, differentiation, and migration. The RAS-mediated
pathways include the RAF/MEK/ERK, PI3K/AKT/mTOR, RalGDS/RAL/PLDI,
and others [26].

RAS

In most of pancreatic tumors, activating mutations in codon 12 of the transforming
gene Kirsten Rous sarcoma virus (K-RAS) are present [27, 28]. K-RAS is an intra-
cellular, membrane-bound protein belonging to the superfamily of small guanosine
triphosphate-binding proteins (GTPases) that are capable of hydrolyzing GTP to
guanosine diphosphate (GDP). For K-RAS to mediate its cellular functions, post-
translational prenylation of K-RAS is necessary for association of K-RAS with
plasma membrane. This process of prenylation involves addition of a farnesyl iso-
prenoid moiety by the enzyme farnesyltransferase (FTase). Studies in animal mod-
els indicate that K-Ras mutations contribute to the initiation and progression of
pancreatic tumors [4]. Therapeutic strategies have been developed by interfering
with farnesylation of K-RAS using chemical inhibitors or expression of RAS using
anti-sense oligonucleotides [29].

Tipifarnib (also known as R115777) is a small molecule that binds to and inhibits
farnesyltransferase (FTase), thereby preventing activation of RAS and the subsequent
signaling and tumor growth. Tipifarnib alone is ineffective for treatment of advanced
pancreatic cancer [30, 31]. The combination of Tipifarnib with gemcitabine does not
provide additional survival benefit [32]. An explanation proposed for the lack of clini-
cal efficacy observed in these studies is that the FTase inhibitor-inhibited RAS iso-
forms can undergo alternative geranylgeranylation catalyzed by geranylgeranyl
transferase (GGTase) I. However, the dual inhibitor of FTase and GGTase, L-778,123,
shows minimal efficacy when used in combination with radiation therapy for patients
with locally advanced pancreatic adenocarcinoma [33]. Indeed, there is no inhibition
of K-RAS prenylation detected in the peripheral blood mononuclear cells from
L-778,123-treated patients [34]. Accumulating evidence indicates that zoledronic
acid, a bisphosphonate with anti-resorptive property, exerts direct anti-tumor activi-
ties by blocking the enzymes involved with the synthesis of mevalonic acid including
FTase and GGTase [35]. Preclinical studies indicate that zoledronic acid produces
anti-tumor effects on pancreatic cancer cells [36, 37]. Currently, zoledronic acid is
being tested clinically as part of a neoadjuvant therapy (Table 3).

Mutant K-RAS peptides have been used as the tumor-specific antigen to stimulate
the immune response directed at pancreatic adenocarcinoma (Table 3). In the adju-
vant setting, patients with resected pancreatic tumor were vaccinated intradermally
with mutant K-RAS peptides in combination with granulocyte-macrophage colony-
stimulating factor [38]. Peptide-specific immunity was induced in 58% patients, and
the median survival is significantly prolonged in the patients who demonstrated an
immune response than those who did not. A long-term follow up of those patients
with resected pancreatic tumor following vaccination against mutant K-RAS suggests
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that this adjuvant treatment deserves further evaluation [39]. In another clinical trial,
subcutaneous vaccination with mutant K-RAS in patients with resected pancreatic
adenocarcinoma, three of five patients produced immune response and they remain
without evidence of disease; the other two patients who did not show immune
response had progression of disease [40]. In patients with metastatic pancreatic ade-
nocarcinoma, one of eight patients developed specific immune response following
vaccination with mutant K-RAS peptides [41]. Taken together, vaccination with
mutant K-RAS peptides supports further evaluation of its potential value as an adju-
vant therapy following resection of pancreatic adenocarcinoma.

Anti-sense oligonucleotides directed against K-RAS®’*” have been developed to
inhibit expression of K-RAS®'?" protein. Currently, there are clinical trials ongoing
to evaluate the efficacy of this approach in localized tumor or in combination with
gemcitabine for patients with metastatic disease (Table 3). Besides K-RAS, the iso-
form H-RAS has been implicated in pancreatic tumor growth [42]. ISIS-2503 is an
anti-sense oligonucleotide that inhibits translation of H-RAS mRNA [43]. The com-
bination of ISIS-2503 with gemcitabine in locally advanced or metastatic pancreatic
adenocarcinoma shows low response rate and unclear benefits [44] (Table 3).

Respiratory Enteric Orphan virus (reovirus) is an oncolytic virus, and it is non-
pathogenic in normal cells [45]. This is because viral synthesis of double-stranded
RNA activates protein kinase R (PKR) that helps protect the host cells from viral
infection. Tumor cells with activated RAS signaling are deficient in PKR and thus
unable to elicit an anti-viral response. In reovirus-infected pancreatic cancer cells,
most of which contain activated RAS, the virus will multiply and cause lysis of
tumor cells [46]. This approach of using reoviral infection of pancreatic adenocar-
cinoma exploits the presence of oncogenic K-RAS in the tumor cells, and its poten-
tial efficacy remains to be demonstrated (Table 3).

MEK

RAF, MEK, and ERK are intracellular protein serine/threonine kinases and they act
as downstream mediators of various mitogenic signals including EGF-induced sig-
naling. Growth factor-induced or oncogenic activation of RAS leads to phosphoryla-
tion of RAF, which in turn phosphorylates MEK and subsequently ERK. ERK will
then activate transcription factors and expression of target genes for cellular prolif-
eration. Small molecule MEK inhibitors bind non-competitively to a specific binding
pocket adjacent to the ATP binding site of MEK [47]. CI-1040 is an oral small mol-
ecule inhibitor of MEK and it produces partial response in a patient with pancreatic
cancer [48]. The MEK inhibitor selumetinib shows similar efficacy as capecitabine
in gemcitabine-pretreated pancreatic cancer [49]. Several clinical studies are ongo-
ing to assess the anti-pancreatic tumor activity of MEK inhibitors (Table 3).

AKT

AKT, also known as protein kinase B, is a serine-threonine protein kinase and an
important mediator of the phosphatidylinositol-3-kinase (PI3K) pathway. PI3Ks are
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lipid kinases that transduce signaling cascades and regulate a variety of cellular
processes including survival and growth [50]. Class IA PI3K can be activated
through interaction with receptor tyrosine kinases such as EGFR, or through bind-
ing to active K-RAS or G-protein coupled receptors. Activated PI3K phosphory-
lates phosphatidylinositols in the plasma membrane, leading to recruitment and
subsequent activation of AKT. In 40-70% of pancreatic adenocarcinoma specimens,
expression of AKT?2 protein and the phosphorylated or active form of AKT is ele-
vated [51, 52]. In a mouse model of pancreatic adenocarcinoma, deletion of PTEN
that acts as a negative regulator of AKT promotes neoplastic transformation of pan-
creatic epithelia [53].

Nelfinavir is an anti-human immunodeficiency virus (HIV) protease inhibitor that
is also found to inhibit AKT [54]. In a phase I trial, nelfinavir was used in combina-
tion with gemcitabine, cisplatin, and radiotherapy in locally advanced pancreatic
adenocarcinoma (Table 3). In six of ten patients who completed chemoradiotherapy,
complete resection was possible, including one tumor with complete pathologic
response. In five of ten patients who completed chemoradiotherapy, partial CT
responses were observed [55]. A dose escalation study of nelfinavir mesylate in a
neoadjuvant chemoradiation regimen is designed for locally advanced pancreatic
adenocarcinoma (Table 3).

Mammalian Target of Rapamycin (mTOR)

The signaling molecule mTOR is a protein serine-threonine kinase and it functions
as a key effector downstream of AKT [56]. The active phosphorylated form of
mTOR is expressed in 55% of pancreatic adenocarcinoma specimens [57]. The clin-
ically used inhibitors of mTOR such as temsirolimus and everolimus have been
investigated in clinical trials.

Temsirolimus (CCI-779) is an analog of rapamycin, and it binds to and inhibits
mTOR, thereby preventing its subsequent signaling and tumor cell growth.
Temsirolimus shows anti-tumor activity in the mouse xenograft model of pancreatic
cancer [57]. In a phase I trial, temsirolimus did not produce any objective response
or disease stability in patients with metastatic pancreatic adenocarcinoma [58], pre-
sumably related to a negative feedback loop from inhibition of mTOR causing acti-
vation of AKT. An ongoing study is designed to determine MTD of temsirolimus in
combination with gemcitabine for treatment of metastatic pancreatic adenocarci-
noma (Table 3).

Everolimus is a synthetic derivative of the naturally occurring sirolimus that
possesses immunosuppressive and anti-angiogenic activities. Everolimus binds
to FK binding protein-12 (FKBP-12), and the resulting complex binds to and
inhibits mTOR. In a phase II trial using a combination of everolimus and erlo-
tinib, no objective response or disease stability was demonstrated in patients
with metastatic pancreatic adenocarcinoma, suggesting the need for a broader
targeting of the PI3K pathway [58]. A dose finding study of everolimus in com-
bination with gemcitabine in locally advanced and/or metastatic pancreatic cancer
is ongoing (Table 3).
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Heat Shock Protein (Hsp90)

Hsp90 is a molecular chaperone that is up-regulated in various types of tumor cells.
It plays a key role in the stability and function of proteins involved in signal trans-
duction, cell cycle regulation, and apoptosis. STA-9090 is a small molecule that
binds to and inhibits Hsp90, resulting in proteasomal degradation of kinases such as
KIT, EGFR, and BCR-ABL and thus inhibition of cell proliferation. A clinical trial
is ongoing to determine the therapeutic efficacy of STA-9090 in patients with meta-
static pancreatic adenocarcinoma (Table 3).

Nuclear Targets

A number of molecules located in the nuclei have been utilized as genetic targets for
therapies in pancreatic adenocarcinoma, and they have been investigated in clinical
trials. These nuclear targets include histone deacetylases, polo-like kinase 1,
ribonucleotide reductase, peroxisome proliferator-activated receptor v, DNA topoi-
somerase I, and cyclin-dependent kinases. These molecules are known to play
fundamental roles in various cellular functions such as nuclear division, cell cycle
division, and transcription. The rationale of targeting these essential molecules lies
on the abnormally high proliferative rate of cancer cells. Whether these nuclear
targets are effective for improving treatment response in patients with pancreatic
adenocarcinoma remains to be determined.

Histone Deacetylases (HDACs)

The acetylation status of histones is dynamically modulated by the opposing actions of
histone acetyltransferases and HDACs. By catalyzing the removal of acetyl groups
from lysine residues within the tails of nucleosomal histones, particularly H3 and H4,
HDACs-induced hyperacetylation of nucleosomal histones results in a relaxed and
accessible conformation of chromatin that modulates transcriptional activity and
affects diverse cellular effects [59, 60]. Vorinostat (or suberoylanilide hydroxamic
acid, SAHA) is a synthetic derivative of hydroxamic acid, and it inhibits the deacetylase
activity of class I and class I HDACs by binding to the catalytic domain of HDACs
and chelating the zinc ion in the catalytic pockets of HDACsS. This results in hyper-
acetylation of histone proteins and leads to up-regulation as well as down-regulation
of a variety of genes including the cyclin-dependent kinase inhibitor p2]PKNA,
Besides, vorinostat induces hyperacetylation of non-histone proteins such as TP53
and heat-shock protein 90. These actions of vorinostat contribute to its anti-tumor
effects by inducing cell cycle arrest and apoptosis in a variety of cancer cells includ-
ing pancreatic adenocarcinoma [61-63]. The clinical efficacy of vorinostat has been
tested by using it alone or in combination with 5-fluorouracil and radiation (Table 4).
Tacedinaline is a relatively specific inhibitor of HDAC1 and HDAC?2, its use in com-
bination with gemcitabine is being evaluated (Table 4).
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Polo-Like Kinase 1 (Plk1)

PIk1 is an important regulator of mitosis and it modulates transition through the G /M
phases by influencing activation the CDC25C phosphatase and cyclin B1 [64]. PIk1 is
over-expressed in a variety of cancers including pancreatic cancer [65, 66]. ON01910.
Na is a small-molecule drug that induces mitotic arrest and apoptosis by disrupting Plk1-
mediated G,/M cell cycle transition [67]. A clinical study using ON01910.Na is ongoing
to evaluate its potential efficacy in metastatic pancreatic adenocarcinoma (Table 4).

Ribonucleotide Reductase (RR)

RR catalyzes the synthesis of deoxyribonucleoside diphosphates, the nucleotide pre-
cursors for DNA synthesis, from ribonucleoside diphosphates, and it plays a central
role in cell proliferation. Over-expression of RR has been related to tumorigenesis,
metastasis, and drug resistance. Treatment of cancer attempts to aim at inhibition of
RR by developing the agent called Triapine (3-aminopyridine-2-carboxaldehyde thi-
osemicarbazone or 3-AP). A phase II trial using Triapine in patients with advanced
pancreatic adenocarcinoma indicates severe toxicity and no meaningful clinical
benefit [68]. A phase I trial using Triapine in combination with radiation therapy is
open for patients with locally advanced and unresectable pancreatic tumor (Table 4).

Peroxisome Proliferator-Activated Receptor y (PPARY)

PPARY is a transcription factor that belongs to the nuclear receptor superfamily of
ligand-activated nuclear transcription factors [69]. PPARY is strongly expressed in
adipose tissue and it regulates adipocyte differentiation. Pioglitazone is a derivative
of thiazolidinediones (TZDs), which are anti-diabetic drugs and ligands for PPARY,
and TZDs have been shown to inhibit the proliferation of various cancers including
pancreatic cancer [70]. An ongoing clinical trial aims to evaluate the potential
efficacy of Pioglitazone in metastatic pancreatic adenocarcinoma (Table 4).

DNA Toposisomerase I

DNA topoisomerase I functions in relaxing supercoiled DNA during replication and
transcription of DNA. Camptothecin is a naturally occurring alkaloid extracted from
the tree Camptotheca acuminate and it inhibits DNA topoisomerase I. It binds to
topoisomerase I and stabilizes the topoisomerase I/DNA cleavable complex, induc-
ing single-strand breaks in DNA and preventing their repair. By interfering with
synthesis of DNA and RNA during cell division, camptothecin causes apoptotic
death of rapidly proliferating cells and tumor cells.

Irinotecan, rubitecan (9-nitro-camptothecin), and exatecan are semi-synthetic
analogues of the topoisomerase I inhibitor camptothecin. Irinotecan, when used in
combination with 5-fluorouracil, leucovorin, and oxaliplatin, produces significant
survival benefits and toxicity as compared to gemcitabine in patients with metastatic



Toward the Goal of Personalized Therapy in Pancreatic Cancer... 113

pancreatic adenocarcinoma [71]. In pre-clinical studies, rubitecan shows a broad
spectrum of anti-tumor activities, and in phase I/II trials, it exhibits appreciable
activity against pancreatic cancer [72]. A phase II/III trial using rubitecan in non-
resectable pancreatic adenocarcinoma is completed (Table 4). Results of the phase
II trial using exatecan alone in metastatic pancreatic adenocarcinoma is unknown
(Table 4), but in a phase III trial of patients with metastatic pancreatic adenocarci-
noma, exatecan showed no significant survival benefit when used in combination
with gemcitabine as compared to gemcitabine alone [73].

Cyclin-Dependent Kinases (CDKs)

CDKs form functional complexes, which promote progression of cell cycle from G,
phase to S phase. Agents have been developed to inhibit CDK/cyclin complex and
induce cell cycle arrest and apoptosis, thus inhibiting tumor cell proliferation.
P276-00 is a flavone and it binds to and inhibits CDK4/cyclin D1, CDK1/cyclin D,
and CDKY/cyclin T1, resulting in cell cycle arrest in G -S phases [74]. This in turn
leads to induction of apoptosis and subsequent inhibition of tumor cell proliferation.
A phase I/II trial is ongoing using P276-00 in combination with gemcitabine for
locally advanced or metastatic pancreatic adenocarcinoma (Table 4).

Flavopiridol (alvocidib or HMR-1275) is a semi-synthetic alkaloid that prevents
phosphorylation of CDKs and by repressing cyclin D1 and cyclin D3. These actions
result in tumor cell proliferation by inducing cell cycle arrest and apoptotic cell death.
Flavopiridol has been shown to potentiate the anti-tumor activities of chemotherapeu-
tic agents [75]. In a phase II trial, the combination of flavopiridol and docetaxel pro-
duced minimal anti-pancreatic cancer activity but significant toxicity [76] (Table 4).

Death Signals

The signaling components that induce cell death have been exploited for anti-tumor
effects in various tumors including pancreatic adenocarcinoma [77]. Tumor necro-
sis factor (TNF) is a cytokine that stimulates immune response and causes necrosis
in certain types of tumor cells. The members 10A and 10B of the TNF receptor
superfamily bind to another cytokine called tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and cause cancer cell death.

TNFa

Etanercept is a recombinant chimeric protein (TNFR:Fc) consisting of the extracel-
lular ligand-binding region of TNF receptor 2 linked to the constant Fc portion of
IgG1. Etanercept binds to and prevents TNFa from interacting with endogenous
TNFR on the cell surface, resulting in reduced inflammation and tumor growth [78].
A clinical study to evaluate the potential efficacy of Etanercept in advanced pancre-
atic adenocarcinoma has been completed (Table 5).
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TRAIL Receptor 2 (TR-2)

TR-2 (also called death receptor 5 or DRS5) is a member of the TNF receptor superfamily
and expressed in many types of tumor cells including pancreatic cancer [79].
Conatumumab (AMG 655) is a monoclonal agonist antibody directed against TR-2.
By mimicking the activity of native TRAIL, conatumumab binds to and activates
TR-2, thereby triggering caspase-dependent apoptosis in tumor cells. In pre-clinical
studies, conatumumab inhibits the growth of human tumor, both alone or in combi-
nation with cytotoxic chemotherapeutic agents [77]. Ongoing clinical trials aim to
evaluate the potential efficacy of conatumumab in locally advanced or metastatic
pancreatic adenocarcinoma (Table 5).

Developmental Pathways

The major signaling pathways that play crucial roles in pancreas during embryonic
development include EGF (see Sect. 3.1.), Hedgehog, Notch, fibroblast growth
factor, transforming growth factor B (TGFp), and retinoids. Aberrant expression
and/or activity of the developmental pathways have been observed in the early
steps of pancreatic carcinogenesis [9, 80]. Targeting the components of the devel-
opmental pathways of pancreas hypothetically enables intervention during the
early stages of malignant transformation in pancreatic neoplasia and pancreatic
cancer stem cells.

Hedgehog

Upon binding of the secreted ligand (Hedgehog) to the Patched receptor (PTC) on
the target cell, the ligand-bound PTC releases Smoothened (SMO), which becomes
uninhibited and activates the GLI family of transcription factors. As a result, tar-
get genes including PTC are expressed, leading to epithelial proliferation and
survival in normal and cancerous pancreas [8§1-83]. GDC-0449 is an oral small
molecule inhibitor of SMO, and it produces anti-tumor responses in patients with
medulloblastoma [84] and basal cell carcinoma [85]. Inhibition of the hedgehog
pathway offers the advantage of therapeutically targeting the primary pancreatic
tumor and the associated stroma, and possibly the pancreatic cancer stem cells
[86]. A clinical trial aims to test the hypothesis that GDC-0449 in combination
with cytotoxic agents may increase progression-free survival in patients with pan-
creatic adenocarcinoma (Table 6). IPI-926 is another oral inhibitor of the hedge-
hog pathway by inactivating SMO. Two clinical studies are currently open to
determine the safety and efficacy of IPI-926 in combination with conventional
chemotherapy (Table 6).
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Notch

Upon binding of a Notch ligand expressed on a stromal cell to a Notch receptor
expressed on an epithelial cell, the Notch ligand-receptor interaction triggers the
cytoplasmic enzyme y-secretase to mediate cleavage of the intracellular domain
(ICD) of the ligand-bound Notch receptor. The Notch ICD translocates to the
nucleus and then forms a complex that mediates transcription of the target genes
that function in normal development and tumorigenesis [87]. Inhibition of Notch
signaling has been shown to block the activity of y-secretase and the subsequent
signaling and cellular events in pancreatic cancer [88, 89]. RO4929097 and
MK-0752 are inhibitors of y-secretase, thus preventing the release of the Notch ICD
and the resulting transcription of the target genes. Several clinical trials are ongoing
to determine the potential efficacy of these y-secretase inhibitors in all stages of
pancreatic adenocarcinoma (Table 6).

Stromal Microenvironment

Pancreatic adenocarcinoma is characterized by the presence of strong desmoplastic
reaction. The tumor-associated stroma is a complex microenvironment composed of
an extracellular matrix, activated fibroblasts, inflammatory cells, and aberrantly
formed vasculatures [6]. The vascular deficiency in the stromal matrix has been
shown as a contributing factor to therapeutic resistance by impeding delivery of
therapeutics such as gemcitabine [86]. A number of components in the tumor-asso-
ciated stroma including secreted protein acidic and rich in cysteine (SPARC), matrix
metalloproteinases (MMPs), cyclooxygenase 2 (COX-2), vascular endothelial
growth factor (VEGF), CCR2, and integrin have been investigated as therapeutic
targets for intervention (Table 7).

Secreted Protein Acidic and Rich in Cysteine (SPARC)

SPARC is a glycoprotein secreted in the extracellular matrix, and it is capable of
binding has calcium and albumin. Genetic deletion of SPARC in mice results in
enhanced growth of pancreatic adenocarcinoma xenograft, and this is associated
with reduction of extracellular matrix and apoptotic tumor cells [90]. It has been
demonstrated that SPARC is over-expressed in pancreatic adenocarcinoma and
other solid tumors. On the basis of these observations, it was hypothesized that the
presence of SPARC would facilitate intra-tumoral accumulation of albumin-bound
cytotoxic drugs such as the albumin-stabilized nanoparticle formulation containing
paclitaxel (nab-paclitaxel). To test this hypothesis, a phase I/II trial using a combi-
nation of nab-paclitaxel and gemcitabine showed remarkable response and survival
rates [91]. Further support of the hypothesis is obtained by demonstrating that nab-
paclitaxel either alone or in combination with gemcitabine produced depletion of
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the desmoplastic stroma of pancreatic tumor in mouse xenografts. These data
suggest the combination of nab-paclitaxel and gemcitabine as a promising thera-
peutic regimen that is expected to be further evaluated in a phase III trial. Moreover,
future clinical investigations are anticipated to determine the efficacy and toxicity of
nab-paclitaxel and gemcitabine as neoadjuvant or adjuvant therapy as well as in
combination with other cytotoxic chemotherapeutics and targeted agents.

Matrix Metalloproteinases (MMPs)

The MMPs comprise a large family of zinc-dependent proteases capable of degrad-
ing the extracellular matrix [92]. The two isozymes MMP-2 and MMP-9 are over-
expressed in pancreatic cancer, and this correlates with invasion and metastasis of
the primary tumor [93]. Pre-clinical studies indicate that inhibitors of MMPs are
effective in reducing the number and size of metastatic lesions of pancreatic tumors
[94, 95]. Inhibitors of MMPs have been developed and tested clinically in patients
with pancreatic adenocarcinoma including marimastat and BAY 12-9566. In the
phase II trial using marimastat in patients with unresectable pancreatic tumor, no
significant difference in overall survival between the marimastat-treated group and
the gemcitabine-treated group [96]. In the phase III trial using marimastat with or
without gemcitabine in patients with advanced pancreatic adenocarcinoma, addition
of marimastat to gemcitabine does not improve the overall survival [97]. In the
phase III trial using another MMP inhibitor BAY 12-9566 versus gemcitabine in
patients with locally advanced or metastatic pancreatic adenocarcinoma, overall
survival and progression-free survival in the BAY 12-9566-treated group are
significantly inferior to that treated with gemcitabine [98].

Cyclooxygenase-2 (COX-2)

The enzyme COX-2 catalyzes the formation of prostaglandins that play an impor-
tant role in inflammation and they are implicated in cancer progression and chemore-
sistance [99]. The isozyme COX-2 is over-expressed in pancreatic adenocarcinoma
[100-102]. Pre-clinical studies show that the small molecule inhibitor of COX2,
celecoxib, reduces pancreatic cancer cell growth and sensitizes the tumor cells to
gemcitabine-induced cytotoxicity [103]. The phase II study using celecoxib, gem-
citabine, and cisplatin in patients with metastatic pancreatic adenocarcinoma sug-
gests that celecoxib does not provide additional improvement of survival [104].

Vascular Endothelial Growth Factor (VEGF) and VEGF Receptor (VEGFR)

VEGF is a cytokine that stimulates angiogenesis by inducing proliferation of endothelial
cells. By interfering with neovascularization and blood supply of cancer cells, the use of
anti-VEGEFR inhibitors is expected to cause cessation of tumor growth. Since endothe-
lial cells are normally non-proliferative, inhibitors of VEGF signaling are expected to
produce relatively specific actions on tumor rather than normal tissues.
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Bevacizumab is a monoclonal antibody that binds to VEGFa and prevents its
interaction with VEGFR, thus inhibiting neovascularization and tumor growth.
Several clinical trials that evaluated the efficacy of bevacizumab in combination
with other therapeutic agents have been completed and a number of them are ongo-
ing (Table 7). In a phase II trial with metastatic pancreatic adenocarcinoma, the
combination of bevacizumab and gemcitabine produced partial responses in 21% of
patients, whereas 46% patients had stable disease [105]. The subsequent phase III
trial indicates no improvement of survival by addition of bevacizumab to gemcit-
abine for advanced pancreatic adenocarcinoma [106]. In a phase II trial with
advanced pancreatic cancer, the combination of bevacizumab, gemcitabine, and
capecitabine, the median progression-free survival and overall survival are
5.8 months and 9.8 months, respectively [107]. In a phase II study of locally
advanced pancreatic cancer, addition of bevacizumab to concurrent capecitabine
and radiation followed by maintenance bevacizumab and gemcitabine resulted in a
median survival similar to prior studies by the Radiation Therapy Oncology Group
[108]. In a phase II trial of metastatic pancreatic adenocarcinoma, a combination of
bevacizumab, fixed-dose rate gemcitabine and low dose cisplatin shows modest
efficacy [109]. Similarly, in another phase II study of gemcitabine-refractory meta-
static pancreatic adenocarcinoma, a combination of bevacizumab and erlotinib pro-
duces minimal effect [110]. A number of clinical trials using bevacizumab either
alone or in combination with other agents have been completed or ongoing (Table 7).
However, it is important to note that the stromal microenvironment of pancreatic
adenocarcinoma is deficient in vasculatures, thus impeding delivery of therapeutics
such as gemcitabine [86]. This raises concern about the questionable use of anti-
neoangiogenic agents in the treatment of patients with pancreatic adenocarcinoma.

Chemokine Receptor 2 (CCR2)

CCR?2 is a G-protein coupled receptor expressed on the surface of monocytes and
macrophages [111]. Upon binding of the endothelium-derived chemokine ligand
CLL2 to CCR2, the resulting migration and infiltration of these cells play an impor-
tant role in inflammation, angiogenesis, as well as tumor cell proliferation and migra-
tion [112]. PF-04136309 specifically binds to CCR2 and prevents it from binding
with CLL2. This results in inhibition of CCR2 activation, thus reducing inflammation,
angiogenesis, tumor cell migration, and tumor cell proliferation. A phase I study
using PF-04136309 in combination with FOLFIRINOX in patients with borderline
respectable and locally advanced pancreatic adenocarcinoma is planned (Table 7).

Integrin o541
Integrins are heterodimeric signaling and adhesion molecules, and they regulate

proliferation, survival, and migration of endothelial cells [113]. Integrin o581 plays
an important role in angiogenesis [114, 115]. Volociximab is a monoclonal antibody
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directed against integrin a5B1, causing endothelial cell death and inhibiting
angiogenesis and tumor growth [116]. A phase II study using a combination of
volociximab and gemcitabine in metastatic pancreatic adenocarcinoma has been
completed (Table 7).

Antigens and Immunomodulatory Signals

Genetic targets expressed on pancreatic tumor cells or on immune modulator cells
have been exploited to enhance the anti-tumor immune response. The molecules
expressed on pancreatic cancer cells including mesothelin, 5T4, AGS-5, CEA,
PCSA, and telomerase have been used as ligands for tumor-specific delivery of
cytotoxic agents or as antigens for attack of cancer cells by the immune system.
The molecules expressed on immune modulator cells include CD40, cytotoxic T
lymphocyte associated antigen-4 (CTLA-4), programmed death-1 (PD-1), dipepti-
dyl peptidase IV (DPP-IV) have been used for stimulating anti-cancer immune
response or reversing its suppression.

Mesothelin

Mesothelin is a glycosylphosphatidylinositol-anchored membrane glycoprotein
whose expression is normally restricted to mesothelial cells but aberrantly expressed
in a variety of carcinomas including pancreatic adenocarcinoma [117, 118].
SS1(dsFv)-PE38, also known as SS1P, is a recombinant immunotoxin consisting of
an anti-mesothelin disulfide-stabilized Fv fragment and the 38 kDa fragment of
Pseudomonas aeruginosa exotoxin A [119]. In pre-clinical studies, SS1P has been
shown to be cytotoxic in mesothelin-expressing cancer cells. A phase I trial of
patients with chemoresistant mesothelin-expressing solid tumors including pancre-
atic adenocarcinoma indicates that SS1P is well tolerated with modest anti-tumor
activity [120] (Table 8). Future phase II trials are planned to further evaluate the
efficacy of a combination of SS1P and chemotherapy.

5T4

The tumor-associated antigen 5T4 is a trophoblast glycoprotein that is expressed in
various tumor cells including pancreatic cancer [121, 122]. Naptumomab estafenatox
(ABR-217620) is an immunotoxin consisting of a mutated variant of the superantigen
staphylococcal enterotoxin E (SEA/E-120) linked to the antigen-binding fragment
(Fab) moiety of a monoclonal antibody that recognizes the 5T4 antigen. The Fab binds
to 5 T4, and the superantigen (SEA/E-12) induces a cytotoxic T-cell response. In two
phase I studies of patients with pancreatic cancer, non-small cell lung cancer, or renal
cell carcinoma, naptumomab estafenatox was used either alone or in combination with
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docetaxel (Table 8). Naptumomab estafenatox has been shown to be well tolerated with
evidence of immunological activity and anti-tumor activity [123]. Further studies are
planned for evaluation of the therapeutic efficacy of this immunotoxin.

ASG-5

ASG-5, also known as solute carrier family 44, member 4 (SLC44A4), is trans-
membrane transporter with an anion exchange motif, and its expression is
up-regulated in a number of solid tumors such as pancreatic carcinoma. ASG-SME
is an antibody-drug conjugate composed of a human monoclonal antibody directed
to SLC44A4 (AGS-5) and linked to a synthetic drug monomethyl auristatin E
(MMAE). Upon binding to tumor cells, ASG-5ME is endocytosed and MMAE is
released into the cytosol through enzymatic cleavage of the linker. MMAE then
binds to tubulin and induces cell cycle arrest at G,/M phases, resulting in apoptotic
cell death [124]. The safety and the maximum tolerated dose of ASG-5ME are being
evaluated in patients with metastatic pancreatic adenocarcinoma (Table 8).

Carcinoembryonic Antigen (CEA)

CEA, also known as CD66e, belongs to a family of cell-surface glycoprotein, and it
plays a role in cell adhesion, signal transduction, and innate immunity [125]. CEA
is selectively expressed in normal epithelial tissues and it tends to be over-expressed
in carcinomas of a variety of organs including pancreas. The potential of CEA as a
tumor-specific antigen has been explored in a variety of malignancies including
pancreatic adenocarcinoma. CEA is expressed in more than 90% of pancreatic can-
cer, and it has been targeted for vaccination. In a clinical trial, patients with resected
or locally advanced pancreatic adenocarcinoma are immunized with a modified
CEA peptide and addition of GM-CSF (Table 8). It is expected to recruit dendritic
cells and expand CEA-reactive cytotoxic T-lymphocytes, resulting in controlling
tumor growth.

In another clinical trial for patients with refractory pancreatic adenocarcinoma, the
therapeutic efficacy of the bispecific antibody called MEDI-565 that recognizes CEA
and CD3 is being investigated (Table 8). The deimmunized anti-CD3 antibody com-
ponent helps prevent competitive inhibition by soluble CEA in the serum and redirect
cytotoxic T cells toward CEA-expressing tumors. The bispecific anti-CEA/CD3 anti-
bodies have been shown to cause tumor cell lysis in pre-clinical models [126].

Prostate Stem Cell Antigen (PSCA)

PSCA, a glycosylphosphatidyl-inositol (GPI)-linked cell surface antigen, is found
to be over-expressed in pancreatic cancer as compared with chronic pancreatitis and
normal pancreas [127, 128]. In xenograft model, monoclonal anti-PSCA antibodies
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(1G8) reduces initiation and progression of pancreatic tumor [127]. Using CD3/
CD28-activated T lymphocytes engineered to express a chimeric antigen receptor
targeting PSCA, the potential efficacy and safety of this approach is indicated [128].
AGS-1C4D4 is a fully human monoclonal antibody that selectively binds to PSCA,
inducing complement-dependent cell lysis and antibody-dependent cell-mediated
cytotoxicity in PSCA-expressing tumor cells. The efficacy of AGS-1C4D4 in com-
bination with gemcitabine is being investigated in patients with metastatic pancre-
atic adenocarcinoma (Table 8).

Telomerase

Telomerase is a reverse transcriptase that catalyzes the formation of telomeres at
chromosomal ends, and its expression is repressed in normal cells [129]. Telomerase
is over- expressed in most tumor cell types and it contributes to their proliferative
capacity. CV1001 is a synthetic vaccine that consists of a peptide derived from
human telomerase reversible transcriptase. CV1001 binds to HLA class II mole-
cules and activates a cytotoxic T-lymphocyte response against telomerase-expressing
cancer cells. Preliminary data suggest no clinical benefit by using CV1001 to target
telomerase (Table 8).

CD40

CD40 is a member of the TNF receptor superfamily and its expression on antigen
presenting cells mediates tumor-specific priming and expansion of T lymphocytes.
Targeting CD40 can activate immune cells and produce cytotoxic effects on cancer
cells [130]. In a clinical trial with patients with unresectable pancreatic adenocarci-
noma, combination of the monoclonal antibodies (CP-870,893) that agonize CD40
and gemcitabine induced a measurable anti-tumor response [131]. In a parallel
effort using genetically engineered mice that express mutant K-Ras and p53, it was
demonstrated that the agonist CD40 antibodies produced tumor regression indepen-
dent of T cell but it involves macrophage infiltration into tumors with degradation
of tumor-associated stroma [131]. Results of this study support future development
of therapy that targets inflammatory cells and stroma in pancreatic tumor.

Cytotoxic T-Lymphocyte Associated Antigen-4 (CTLA-4)

CTLA-4 is a member of the immunoglobulin superfamily and it plays an important
role in immune tolerance in the peripheral tissues by modulating activation of T
cells through regulating T cell receptor/CD28 signaling [132, 133]. Ipilimumab is a
recombinant human monoclonal antibody that binds to CTLA4 and blocks its inter-
action with CD80 or CD86 on antigen presenting cells, resulting in augmentation of
T cell activation and proliferation. In a phase II study of locally advanced or
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metastatic pancreatic adenocarcinoma, no objective response is demonstrated [134].
A phase I trial is ongoing to determine the safety and efficacy of ipilimumab either
alone or in combination with GM-CSF-transfected tumor cells in patients with
advanced pancreatic adenocarcinoma (Table 8).

Programmed Death-1 Receptor (PD-1)

PD-1 is a B7 family member that is expressed on activated T lymphocytes, and it is
involved in immune suppression [135]. Interaction between the programmed death
ligand (PDL)-1 or PDL-2 with PD-1 results in down-regulation of T-cell receptor
mediated signaling, leading to anergy and apoptosis of T-lymphocytes. Expression
of PDL-1 is found to be up-regulated in a variety of malignancies including pancre-
atic cancer [136]. CT-011 is a recombinant monoclonal antibody directed against
PD-1 receptor and it blocks the interaction of PD-L1 with PD-1 on the immune
responder cells, thus attenuating of the processes that lead to apoptotic cell death.
CT-011 has been shown to inhibit tumor growth by generating tumor-specific
immune response. A phase II trial is ongoing to determine the safety and efficacy of
the combination of CT-011 and gemcitabine in patients following resection of pan-
creatic adenocarcinoma (Table 8).

Dipeptidyl Peptidase-1V (DPP-1V)

DPP-1V, also known as T cell activation antigen CD26, is a member of the subfam-
ily of integral membrane serine proteases. It is involved in processing soluble fac-
tors and in degradation of extracellular matrix components. Its actions are essential
for cell migration and matrix invasion, which are important events during tumor
invasion, metastasis, and angiogenesis [137]. Talabostat (valine-proline-boronic
acid) is a competitive inhibitor of DPP-IV, and it stimulates anti-tumor immune
response via up-regulation of cytokines [138]. The efficacy of talabostat in combi-
nation with gemcitabine is being investigated in metastatic pancreatic adenocarci-
noma (Table 8).

Multiple Genetic Targets

Some of the small molecules being investigated in clinical trials are known to act on
more than one genetic targets (Table 9). These agents are expected to produce
enhanced anti- tumor effects by targeting multiple components involved in the
uncontrolled growth of a variety of malignancies including pancreatic adenocarci-
noma. The results of several clinical trials using some of these small molecules
including axitinib, sunitinib, and enzastaurin suggest that they do not provide any
additional benefit on survival in patients with locally advanced or metastatic
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pancreatic adenocarcinoma (Table 9). In a phase II trial, addition of axitinib to
gemcitabine produces a small but statistically non-significant survival benefits
[139]. The subsequent phase III double-blind randomized trial using axitinib in
combination with either gemcitabine or placebo indicates that addition of axitinib to
gemcitabine does not improve overall survival [140]. A phase II study in gemcit-
abine-refractory metastatic pancreatic adenocarcinoma, shows that sunitinib pro-
duces minimal objective response associated with moderate toxic side effects [141].
In a phase II trial of patients, addition of enzastaurin to gemcitabine does not
improve survival [142].

Genetic Alterations as Clinical Biomarkers to Guide Therapy

Besides the utility as therapeutic targets, the genetic alterations in pancreatic cancer
have begun to be exploited as molecular biomarkers for optimizing therapy.
The development of biomarkers that can predict therapeutic response is expected to
help select the optimal regimen for the individual patient. This principle can be illus-
trated by the following examples. Loss-of-function mutation in BRCA2 sensitizes
tumor cells to the therapeutic effects of DNA damaging agents by preventing DNA
repair [143]. Germ-line mutations in BRCA2 have been revealed in both familial and
sporadic pancreatic adenocarcinoma. As BRCA2 functions in homology-directed
repair of DNA mismatch, mutation in BRCA2 impairs the ability to repair DNA
double-strand breaks and leads to genomic instability of tumor cells. The contribu-
tion of BRCA?2 to pancreatic carcinogenesis has been recently revealed in transgenic
mouse models [144—146]. These data provide the molecular basis to support the use
of DNA damaging agents (such as cisplatin and mitomycin C) or DNA repair inhibit-
ing agents (such as iniparib) for treatment of pancreatic adenocarcinoma with loss-
of-function mutation in BRCA?2 as illustrated by several recent reports.

A patient with metastatic pancreatic adenocarcinoma carrying a BRCA2 mutation
shows dramatic treatment response when treated with cisplatin-based therapy [147].
In another patient with a germ-line mutation in BRCA2 mutation, the associated pan-
creatic cancer exhibited a complete pathologic response to iniparib (BSI-201), a
poly(ADP-ribose) polymerase inhibitor that prohibits DNA repair [148]. A patient
with pancreatic adenocarcinoma carrying inactivating mutations in the PALB2 gene,
which encodes the binding partner of BRCA2, showed a durable clinical response to
treatment using the DNA damaging agent mitomycin C [149]. A phase II study was
designed to use mitomycin-C, a DNA damaging agent, in patients with advanced or
recurrent pancreatic cancer with BRCA2 mutation (NCT00386399). However, these
data support utilization of genetic targets of the individual pancreatic tumor for per-
sonalizing cancer treatment using targeted agents.

The expression level of human equilibrative nucleoside transporter-1 (hRENT1)
in pancreatic adenocarcinoma can help predict the anti-tumor response to gemcit-
abine in patients and thus select the use of gemcitabine or its derivative gemcitabine
elaidate (CO-1.01). Clinical observations suggest that patients with low levels of
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tumor cell hENT1 expression benefit less from gemcitabine treatment than those
with high levels of tumor cell hRENT1 expression [150]. These observations led to
the hypothesis that pancreatic tumors expressing low levels of hENT1 will respond
to CO-1.01 but not gemcitabine. This is because CO-1.01 enters tumor cells in a
hENT1-independent manner. To test this hypothesis, two phase II clinical trials are
designed by comparing CO-1.01 with gemcitabine as first-line therapy in patients
with metastatic pancreatic adenocarcinoma (NCT01124786), or by evaluating the
anti-tumor efficacy of CO-1.01 as a second-line therapy for patients with gemcit-
abine- refractory metastatic pancreatic adenocarcinoma with no expression of
hENTI1 in tumor (NCT01233375).

The potential of profiling the genetic targets of the individual pancreatic tumor
for selecting cytotoxic and targeted agents has been explored. Amplification of
EGFR and the mutational status of K-RAS correlate with the anti-tumor response to
erlotinib. In addition, expression of thymidylate synthase, thymidine phosphory-
lase, ERCC-1 and topoisomerase I has been related to responsiveness to
5-fluorouracil, capecitabine, oxaliplatin and irinotecan, respectively. In a phase II
clinical trial (NCT01394120) for patients with metastatic pancreatic adenocarci-
noma, the efficacy of selected treatment using FOLFIRINOX, FOLFOX, FOLFIRI,
gemcitabine/capecitabine, gemcitabine/erlotinib, or gemcitabine alone based on
determination of those genetic targets will be evaluated.As a guide to personalized
therapy, analysis for biomarker targets by molecular profiling of the tumor from the
individual patient is commercially available. The data generated from the analysis
help predict treatment response with the goal of improving the chance of response
by cytotoxic drugs and targeting agents.

Impact of Pancreatic Cancer Stem Cells

The recent advances in the identification and characterization of pancreatic cancer
stem cells have created new opportunity of genetic targeting for therapeutic applica-
tions. Pancreatic cancer stem cells have been identified, and these cancer stem cells
potentially contribute to multiple aspects of pancreatic tumorigenesis. Various cel-
lular markers including CD44, CD24, ESA, CD133, aldehyde dehydrogenase, and
c-Met have been employed to isolate and characterize pancreatic cancer stem cells
[24, 151, 152]. It has been postulated that varying proportions of cancer stem cells
with distinct genetic mutations are present in multiple genetic subclones of a pan-
creatic tumor. Such intra-tumor genetic heterogeneity may account for different
growth rates, tumor-initiating abilities, metastasizing capability, and therapeutic
resistance of pancreatic tumors. Moreover, reactivation of developmental pathways
including Sonic hedgehog [151] and possibly Wnt/B-catenin [153] may contribute
to the malignant properties of pancreatic cancer stem cells. As in other types of
malignant tumors, epithelial mesenchymal transition involving deregulated expres-
sion of E-cadherin, Twistl, and Zebl, appears to play a key role in therapeutic
resistance of pancreatic cancer stem cells [154—157]. Preclinical studies suggest
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that the PI3K/AKT/mTOR pathway, Hedgehog signaling, as well as c-Met, are
potential targets for therapy that preferentially depletes the population of pancreatic
cancer stem cells. Conceivably, combination of a cytotoxic chemotherapeutic agent
(e.g. gemcitabine) and a small molecule inhibitor directed against cancer stem cells
and the stromal microenvironment (e.g. Smoothened antagonist) will produce maxi-
mal anti-tumor efficacy in pancreatic cancer.

Conclusions and Prospective

In recent years, the knowledge of the molecular genetics of pancreatic carcinogenesis
has been translated into therapeutic strategies by developing chemicals and antibod-
ies directed against multiple genetic targets. Many of these newly developed agents
are still under clinical investigation, and many more are being tested in pre-clinical
studies using pancreatic cancer cells, mouse xenografts, and genetically engineered
mice. Thus far, the completed clinical trials testing the efficacy of new agents directed
against genetic targets in pancreatic cancer have not shown significant impact on the
clinical outcome in patients. The lack of efficacy of many of the targeted agents may
be explained by the intrinsic complexity of pancreatic cancer cells, multiple redun-
dant signaling pathways involved, the negative feedback loop of signal transduction,
and the relatively avascular stroma associated with pancreatic tumor. Indeed, accu-
mulating clinical data provide support for the critical necessity of fundamental
understanding of the mechanisms that underlie pancreatic tumorigenesis through
continued basic research in the normal and cancerous development of pancreas.

Embryological and post-natal studies of pancreas in animal models particularly
rodents and fish have led to discovery of the genetic and epigenetic regulation of the
biological processes during vertebrate development [80, 158, 159]. These studies
have generated insights into how genetic and epigenetic mechanisms become aber-
rant and lead to the initiation and development of pancreatic neoplasia. Of note,
recent preclinical evidence suggests that targeting developmental regulators such as
the Hedgehog pathway can be an effective approach to eliminate pancreatic cancer
stem cells. Indeed, developmental studies of exocrine pancreas using zebrafish as
the model organism in conjunction with human pancreatic adenocarcinoma have led
to identification of novel genetic and epigenetic targets [60, 80, 160—167]. These
emerging targets include RNA polymerase III [162], the transient receptor potential
(TRP) ion channels melastatin-subfamily members TRPM7 [163, 165] and TRPMS
[164, 166], and HDACI and its target genes [60]. Continued pre-clinical studies in
genetically engineered animals and personalized tumor grafts using pancreatic ade-
nocarcinoma cells or pancreatic cancer stem cells are expected to facilitate investi-
gation of the molecular mechanisms of pancreatic carcinogenesis and screen/test/
validate these genetic and epigenetic targets for therapy [5, 80].

Realization of the goal of personalized therapy in pancreatic cancer is still pos-
sible by concerted efforts in making advancement of knowledge in pancreatic
development and cancer and applying novel technologies to design cancer-specific
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strategies and improve anti-cancer therapeutic efficacy. With the hope of producing
a clinically meaningful and significant impact on the morbidity and mortality of
pancreatic adenocarcinoma, an integrated approach by targeting the molecular phe-
notype of pancreatic cancer is required by: (1) debulking tumor by cancer-specific
targeted delivery of cytotoxic drugs and targeted agents, (2) eradicating cancer stem
cells using agents that target developmental regulators, (3) targeting the
tumor-associated stroma for improving delivery of therapeutic agents to tumor cells,
(4) augmenting the anti-tumor immune response, (5) molecular profiling the tumor
from the individual patient by genomic sequencing and mutational analysis for the
purpose of guiding selection of cancer-specific and efficacious therapeutic agents.
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Impact of Genetic Markers on Treatment
of Non-small Cell Lung Cancer

Nicholas Lamparella, Amit Barochia, and Salah Almokadem

Abstract Non-small cell lung cancer represents a group of heterogeneous diseases.
The last decade witnessed significant progress in improving our understanding of
the biology of non-small cell lung cancer, which led to the identification of several
genetic targets. Those genetic targets were utilized to explain clinical phenomena,
such as the occurrence of non-small cell lung cancer in never-smokers, to predict
response to conventional chemotherapy and biological agents, and to explain and
predict resistance to therapy. The progress in the treatment of non-small cell lung
cancer in the last few years was based on a new generation of population-enriched
clinical trials that utilized genetic targets such as somatic EGFR mutations and
ALK-EML4 mutations. In this review we will discuss the available information
about the key genetic markers of non-small cell lung cancer and the pivotal clinical
trials that validate the use of those genetic markers in non-small cell lung cancer
patients.

Keywords Non-small cell lung cancer ® EGFR e Erlotinib ¢ Gefitinib ¢ Affitinib
e Cetuximab ® ALK e Crizotinib ® MET e Tivantinib * MetMab ¢ ROS1 ¢« VEGF
e Bevacizumab

Introduction

Lung cancer is the leading cause of cancer-related mortality for both males and
females in United States. In United States, in 2012, it is estimated that there are 226,
160 new cases of lung cancer diagnosed and 158,592 deaths from the disease [1].
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Smoking remains the major risk factor for the development of NSCLC, however,
15% of men and 53% of women (25% of all cases worldwide) who develop lung
cancer are never smokers [2]. Approximately 85% of new lung cancer cases are
non-small cell lung cancer (NSCLC) which includes three major histological sub-
types: adenocarcinoma, squamous cell carcinoma and large cell carcinoma. 40% of
patients with NSCLC present with stage IV disease and the estimated 5-year
survival is less than 1%. The primary goal of treatment of metastatic NSCLC is
palliative, using systemic therapies which include conventional platinum-based
chemotherapy and more recently biologic agents that target specific genetic markers.
Patients who respond to first line of systemic therapy eventually develop resistance
to treatment within 1 year. Second and third line treatments for NSCLC have shown
a limited response rate of about 10%, improvement in progression free survival
(PFS) of 2-3 months and a modest survival benefit. Clinical trials enrolling selected
patient populations based on biological characteristics of the tumors have started to
yield positive results, less toxicity and improved quality of life.

This review will provide an update on the role of genetic targets in the treatment
of NSCLC and will focus on the epidermal growth factor receptor (EGFR), anaplas-
tic lymphoma kinase (ALK), mesenchymal-epithelial transition factor (MET), and
vascular endothelial growth factor (VEGF) as genetic targets with proven significant
biological roles in NSCLC. Those genetic targets have therapeutic agents that are in
developing stages or have been validated and approved for treatment.

Epidermal Growth Factor Receptor (EGFR)

EGFR is the most studied genetic marker in non-small cell lung cancer. It is the first
genetic marker that has a targeted therapeutic agent approved for treatment of
NSCLC in the USA. EGFR belongs to the ERB family of tyrosine kinase receptors,
which consist of four members, ERB 1-4. The protein structure of EGFR is well
studied and consists of an extracellular ligand binding domain, a transmembrane
domain and an intracellular tyrosine kinase domain. EGFR exists as a monomer at
the cell membrane. Activation of EGFR by ligand binding to the extracellular
domain leads to homodimerization or heterodimerization of the EGFR receptor and
subsequent autophosphorylation of the intracellular kinase domain. This process
results in a cascade of activation of intracellular pathways that are involved in con-
trolling cellular growth, apoptosis, invasion and angiogenesis. EGFR somatic gene
mutations are present in 10—-15% of European and North American NSCLC patients
and in 25-30% of Asian NSCLC patients. The most common mutations involve
exon 19 deletions or exon 21 point mutations (L858R). EGFR mutations provide
autoactivation of the EGFR molecule without ligand binding with downstream
signal activation of pro-survival pathways. This mechanism makes the EGFR
mutated cell dependent on EGFR for survival [3]. These mutations are common in
adenocarcinoma histology, in females and in never smokers. Presence of the EGFR
mutation correlates with improvement in response rate and increased progression
free survival with treatment with tyrosine kinase inhibitors (TKIs).
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EGFR Inhibitors

There are two common approaches to inhibit the biologic effects of EGFR in
NSCLC and other types of cancer. The first and most commonly studied in NSCLC
involves the utilization of small molecules that inhibit the intracellular tyrosine
kinase domain, such as gefitinib and erlotinib. The second approach consists of
using a monoclonal antibody that competitively binds to the extracellular domain of
the EGFR molecule such as cetuximab.

Gefitinib

Gefitinib is an oral reversible EGFR inhibitor that binds to the adenosine triphos-
phaste binding site and thereby prevents autophosphorylation of EGFR and activa-
tion of the downstream signaling pathway. Gefitinib was the first FDA approved anti
EGFR therapy in the USA. The approval was based on two phase II studies,
IDEAL-1 [4] and IDEAL-2 [5], in which unselected patients with refractory NSCLC
were treated with either 250 mg or 500 mg of the drug. The response rate to gefitinib
was about 10% with symptom improvement in 35-43% of the patients. However the
subsequent phase III Study (ISEL study) that compared gefitinib to best supportive
care in the same patient population did not show a significant survival benefit of
gefitinib. Median survival did not differ significantly between the groups (5-6 months
for gefitinib and 5-1 months for placebo; hazard ratio 0-89 (95% CI 0-77-1-02),
p=0-087). Preplanned subgroup analyses showed significantly longer survival in
the gefitinib group than the placebo group for never-smokers (n=375; 0-67 [0-49—
0-92], p=0-012; median survival 8-9 and 6-1 months, respectively) and patients of
Asian origin (n=342; 0-66 [0-48-0-91], p=0-01; median survival 9-5 for gefitinib
vs. 5-5 months for placebo group) [6]. Based on the results of ISEL study the FDA
withdrew the approval of gefitinib for treatment of the refractory NSCLC.

More recent studies of gefitinib in previously treated NSCLC patients showed
non-inferiority to second line chemotherapy. The largest of those studies was an
international phase III INTEREST trial which enrolled 1,433 patients who were
randomized between gefitinib and docetaxel for second line treatment after failure
of platinum based chemotherapy. The study results showed non-inferiority of
gefitinib compared with docetaxel. Of note, patients on gefitinib arm had lower
toxicity compared with docetaxel group [7].

In first line treatment adding gefitinib to platinum based chemotherapy showed
no survival advantage over chemotherapy in 2 phase III studies, INTACT 1 and
INTACT 2 [8, 9]. A possible explanation for the lack of synergy between an EGFR-
TKI and chemotherapy may be the induction of G1 cell cycle arrest by EGFR TKIs,
leading to increased resistance to chemotherapy. The understanding of the clinical/
pathologic features of the responding patient in early clinical trials of anti-EGFR
therapy, the discovery of EGFR mutations, and the sensitivity of the EGFR mutation
to anti-EGFR therapy led to the design of a new generation of clinical trials using
gefitinib in selected populations of lung cancer patients based on clinical, pathologic,
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and molecular criteria such as Asian origin, adenocarcinoma histology, female gen-
der, and known EGFR mutations. In a phase II study of never smokers in Korea, first
line treatment with gefitinib was associated with a 69% response rate and 73%
1 year survival [10]. The phase III IPASS study included 1,217 selected patients
with Asian origin, never-smoker or ex-light smoker, and adenocarcinoma histology.
Patients were randomized between two groups, gefitinib or chemotherapy with a
combination of carboplatin and paclitaxel. The 12-month progression-free survival
was 24.9% with gefitinib and 6.7% with chemotherapy group,(hazard ratio for pro-
gression or death, 0.74; 95% confidence interval [CI], 0.65-0.85; P<0.001) [11].
EGFR mutations were the strongest predictive biomarker for PFS and tumor
response to first-line gefitinib when compared with EGFR copy number and EGFR
expression by immunohistochemistry. Overall survival was similar for gefitinib and
carboplatin/paclitaxel with no significant difference between treatments in the study
population (hazard ratio [HR], 0.90; 95% CI, 0.79-1.02; P=.109),in EGFR muta-
tion—positive (HR, 1.00; 95% CI, 0.76—1.33; P=.990),in EGFR mutation—negative
(HR, 1.18; 95% CI, 0.86-1.63; P=.309; and in treatment by EGFR mutation inter-
action P=.480) [12]. The results of the IPASS study were confirmed in other phase
IIT studies in Japanese patients. The NEJ0O2 study prospectively randomized 230
patients with EGFR mutation-positive tumors to gefitinib or chemotherapy with
carboplatin and paclitaxel. PFS favored gefitinib over carboplatin and paclitaxel
(PFS HR, 0.30; 95% ClI, 0.22-0.41; P<.001; median PFS, 10.8 vs. 5.4 months;
tumor response rate, 73.7% vs. 30.7%, respectively; P<.001) [13]. The second
study by The West Japan Thoracic Oncology Group 3405 (WJTOG3405) reported
increased PFS with gefitinib over cisplatin and docetaxel in 172 patients with EGFR
mutation-positive tumors (PFS HR, 0.49; 95% CI, 0.34-0.70; P <.001; median PES,
9.2 vs. 6.3 months) [14].

Erlotinib

Erlotinib is another oral reversible EGFR inhibitor. An early phase II study of single
agent erlotinib in previously treated patients with NSCLC documented its efficacy
[15]. In a Phase III study (BR.21), 731 Patients previously treated with one or two
lines of treatment were randomized to receive either erlotinib or placebo. Patients
treated with erlotinib had statistically significant overall survival of 6.7 month ver-
sus 4.7 months in the placebo group (hazard ration 0.70; P<0.001). Progression free
survival was 2.2 months in the erlotinib group versus 1.8 months in the placebo
group (hazard ratio 0.61; p<0.001) [16]. All patients groups benefited from treat-
ment with erlotinib but females, Asian ethnicity and never smoker patients had bet-
ter outcomes with erlotinib treatment. Quality of life findings from the BR.21 study
showed improvement of tumor related symptoms and better quality of life measure-
ments in patients treated with erlotinib [17]. The results of BR.21 trial led to approval
of erlotinib in the USA for second and third line treatment of NSCLC. In the phase
IIT TITAN study, the efficacy and safety of erlotinib was compared to chemotherapy,
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either docetaxel or pemetrexed, in patients with metastatic NSCLC who had disease
progression after first line chemotherapy. The study closed prematurely after recruit-
ing 424 patients. There was no difference in the efficacy between erlotinib and che-
motherapy [18].

In first line treatment, combination of erlotinib and platinum based chemother-
apy did not show any survival benefit in 2 phase III studies, TRIBUTE and TALENT
[19, 20]. With the emergence of EGFR mutations as a predictor for response, recent
studies compared erlotinib to chemotherapy in first line treatment. The OPTIMAL
study compared erlotinib with gemcitabine and cisplatin in 154 Chinese patients
with EGFR mutation-positive tumors reported a significant difference in PFS (HR,
0.16; 95% CI, 0.10-0.26; P=.001) [21]. A similarly designed European trial com-
pared erlotinib versus chemotherapy (EURTAC) study showed a response rate of
54.5% in the erlotinib arm versus 10.7% on the chemotherapy arm and PES of
9.7 months on the erlotinib arm versus 5.4 months on the chemotherapy arm;
P<0.0001 [22].

The role of erlotinib in maintenance therapy following first line chemotherapy
has been tested in 2 phase III studies. In the SATURN study erlotinib was added as
maintenance therapy versus placebo for patients with a partial response or stable
disease following four cycles of platinum based chemotherapy, with PFS as the
primary endpoint. At a median of 11.5 months follow up there was a significant dif-
ference in PFS with 12-3 weeks for patients in the erlotinib group versus 11-1 weeks
for those in the placebo group (HR 0-71, 95% CI 0-62-0-82; p<0-0001). The second
maintenance study had a similar design but bevacizumab was added to the first line
chemotherapy and was continued with erlotinib or placebo in patients without dis-
ease progression. The median PFS after randomization was 4.8 months for bevaci-
zumab plus erlotinib while the patients received bevacizumab plus placebo had PFS
of 3.7 months (HR=0.722 (95% CI: 0.592-0.881), p=0.0012) [23]. Despite this
modest gain in PFS, erlotinib gained approval of the FDA for maintenance treat-
ment for patients who responded to first line chemotherapy.

Resistance Mechanisms to Gefitinib and Erlotinib

Despite the ability of EGFR TKIs to achieve a significant improvement in PES over
platinum-doublet chemotherapy in the first-line treatment of advanced EGFR-
positive NSCLC, patients eventually progress due to the emergence of resistance.
Several mechanisms of TKI resistance had been identified but there are a significant
number of cases that have no known mechanism for TKI resistance to date.

1. T790M
The most common mechanism of resistance to EGFR TKIs is the development of
the gatekeeper mutation T790M. Secondary T790M mutation has been determined
to be responsible for 50% of the resistance cases resulting from EGFR TKIs [24].
The T790M mutation leads to steric hindrance of EGFR TKIs binding due to the
presence of the bulkier methionine side chain [25]. Interestingly, T790M has also
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been shown to increase the EGFR kinase affinity for ATP enhancing resistance by
a second additional mechanism [26]. The T790M mutation has also been identified
as a rare de novo mutation in EGFR [27]and it is associated with worse PFS than
in patients without T790M. The T790M mutation seems to be dynamic in nature,
meaning that once the selection pressure for T790M is abolished by discontinuing
EGFR TKI therapy, the tumor loses the dependence on T790M for growth and
T790M has been found to be lost in the same tumor sample [28]
2. MET amplification
MET, a member of the insulin receptor tyrosine kinase family, encodes the recep-
tor for hepatocyte growth factor (HGF) and triggers diverse intracellular signal-
ing pathways. MET amplification has been shown to confer resistance to EGFR
TKIs by activating the HER3/ERBB3 pathway or by resulting in secondary
KRAS amplification. Secondary MET amplification has been identified in about
5-20% of the cases of acquired resistance to EGFR TKIs with or without the
concurrent generation of T790M.
3. Phenotypic transformation

There are two forms of phenotypic transformation described in cases of mutated
EGFR NSCLC which developed resistance to TKI. The first is Small-cell lung
cancer (SCLC) transformation. These transformed SCLC tumor cells retained
the original EGFR mutation and they responded to SCLC-based platinum-etopo-
side therapy. The second form of transformation is epithelial-to-mesenchymal
transition (EMT). In patients with EMT transformation the biopsy obtained after
development of resistance to TKI showed acquired vimentin expression and loss
of E-cadherin expression X. EMT has been shown in vitro to confer resistance to
EGFR TKIs in NSCLC cell lines.

Afatinib (BIBW 2992)

Irreversible EGFR TKIs have a higher affinity for the EGFR kinase domain, and
irreversible tyrosine kinase blockade may result in longer suppression of ERBB
signaling than that resulting from reversible inhibitors. Second generation TKIs
have modest in vitro activity against the T790M gatekeeper mutation and other rare
mutations that render the first-generation reversible EGFR TKIs ineffective. Afatinib
is an oral second generation irreversible HER family inhibitor that targets EGFR/
HER-1, HER-2, and HER-4 with preclinical data supporting a role in overcoming
resistance to reversible EGFR TKIs [29].

The role of afatinib in patients with NSCLC resistant to reversible TKIs has been
explored in a number of clinical trials. LUX-Lung 1 was a phase IIb/III, random-
ized, double-blinded trial in patients with stage IIIB/IV lung adenocarcinoma who
failed one or two chemotherapy treatments and progressed following >12 weeks of
treatment with either erlotinib or gefitinib. LUX-Lung 1 patients (N=585) were
randomized in a 2:1 ratio to best supportive care (BSC) plus afatinib (50 mg/day) or
BSC plus placebo; the primary endpoint was overall survival. Majority of the patient
population had clinical criteria for EGFR-activating mutations, with 58% Asian and
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60% female patients. Prospective sequencing was not performed. Additionally, 81%
of patients were previously treated with erlotinib or gefitinib for >24 weeks, with
45% having responded (PR or CR) to prior treatment. Primary analysis revealed
median OS of 10.8 months for afatinib plus BSC and 12.0 months for placebo plus
BSC (HR, 1.08; 95% CI, 0.86—1.35). Despite the lack of survival benefit, afatinib
provided significantly better results in the secondary endpoints of PFS time
(3.3 months vs. 1.1 months; HR, 0.38; p<.0001), disease control rate (DCR) at
8 weeks (58% vs. 19%; p<.0001), and objective RR (7.4% vs. 0.5% by independent
analysis; p<.01) than with placebo [30].

Afatinib has also been evaluated as first-line and second-line therapy in patients who
have not received a first-generation EGFR TKI. LUX-Lung 2 is a single-arm, multi-
center, phase II trial evaluating the efficacy of afatinib (50 mg/day or 40 mg/day) in
patients with stage IIIB/IV adenocarcinoma with EGFR mutations who had no more
than one previous chemotherapy and no prior EGFR-targeted therapy. Of 129 patients
who received treatment (first line, n=61; second line, n=68), 54 had L858R EGFR
mutations, 52 had exon 19 deletions in EGFR, and 23 had other EGFR mutations. The
objective ORR, median PFS interval, and median OS time were 61%, 10.1 months, and
24.8 months, respectively, for all patients. Afatinib had same level of activity in patients
with exon 19 deletions and L858R mutations. The ORR, and median PFS were 63%,
and 13.7 months, respectively, for patients with L858R mutations and 69%, and
13.7 months, respectively, for patients with exon 19 deletions [31].

Most recently, afatnib was tested in a phase III trial (LUX-Lung3) in patients with
EGFR mutations and stage IIIB/IV chemo-naive adenocarcinoma of the lung. Patients
were randomized 2:1 to daily afatinib 40 mg or pemetrexed 500 mg/m? and cisplatin
75 mg/m? every 21 days up to 6 cycles. The primary endpoint was progression-free
survival. Sixty-five percent of the study population were females, 72% Asian and 68%
never-smoker. Forty-nine percent of the patients participated in the study had exon 19
deletions, 40% had LL858R mutation and 11% had other mutations, Treatment with
afatinib led to a significantly prolonged PES versus chemotherapy, (median 11.1 ver-
sus 6.9 months; HR 0.58 [0.43-0.78]; p=0.0004). In 308 patients with the two com-
mon EGFR mutations exon 19 deletion and L858R, median PFS was 13.6 for patients
treated with afatinib versus 6.9 months for the chemotherapy group, respectively
(HR=0.47 [0.34-0.65]; p<0.0001). Objective response rate was significantly higher
for the afatinib group than the chemotherapy treated patients (56% vs. 23%; p<0.0001)
[32]. This study was the first study to show improvement of PES of first line treatment
with EFGR TKI over cisplatin and pemetrexed.

Cetuximab

Cetuximab is a chimeric IgG1 monoclonal antibody that inhibits EGFR by binding
to the extracellular domain, with more affinity than the natural ligands. Cetuximab
has been studied extensively in NSCLC. In two phase II studies, combining cetuximab
with chemotherapy (gemcitabine plus a platinum agent or vinorelbine plus cisplatin)
resulted in increased response rates and PFS [33, 34]. Those promising results led
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to two phase III trials for first line treatment of advanced NSCLC with standard
chemotherapy with or without cetuximab. BMS099 recruited patients from the US
and compared treatment with carboplatin and a Taxane (docetaxel or paclitaxel)
chemotherapy with or without cetuximab. There was improvement of response rate
(25.7% with cetuximab group versus 17.2% in chemotherapy only group). There
was no significant difference between the two groups with regard to progression
free survival (4.4 months vs. 4.24 months, HR 0.9, p=0.236) with slightly better but
not statistically significant overall survival (9.69 months vs. 8.38 months with HR
0.890; p=0.169) [35]. The FLEX study is a second phase III study examining cis-
platin and gemcitabine with or without cetuximab. The group of patients who
received cetuximab in addition to chemotherapy had better overall survival than
patients treated with chemotherapy, but only by about 1 month. Median survival
was 11.3 months versus 10.1 months, respectively, hazard ratio, 0.87 [95% CI
0.762-0.996]; p=0.044 [36]. Because of the modest increase in survival, the cost
associated with treatment and another negative phase III study, the results of the
FLEX trial did not lead to FDA approval of cetuximab for treatment of NSCLC in
the USA. A recent update of the FLEX study was presented at the 14th world con-
ference on lung cancer in July 2011. Analysis of tumor EGFR expression (assessed
with immunohistochemistry) showed that patients with high EGFR expression had
better overall survival on cetuximab plus chemotherapy than chemotherapy alone.
The median overall survival in the high expression group treated with cetuximab
and chemotherapy was 12 months, compared with 9.6 months for patients treated
with chemotherapy alone (hazard ratio, 0.73; p=0.011). One year survival was
higher in the combination group than the chemotherapy group (50% vs. 37%) and
2-year survival was (24% vs. 15%). Patients with low EGFR expression showed no
benefit from the addition of cetuximab to chemotherapy [37]. Although this is an
important observation, a prospective validation is needed before it considering a
standard of care.

Anaplastic Lymphoma Kinase (ALK)

The fusion between echinoderm microtubules-associated protein like 4 (EML 4) and
anaplastic lymphoma kinase (ALK) as a result of a small inversion of the short arm
of chromosome 2 has recently emerged as an important genetic marker in subset of
NSCLC patients. EML4-ALK was identified in Japanese patients in 2007 [38], and
reported to be present in 3—-13% according to patient population ethnic origin.
EML4-ALK has a characteristic epidemiologic and histological pattern. It is more
common in never smoker patients than smokers. In Asian patients with EML4-Alk
positive NSCLC the predominant histological type is an acinar pattern of adenocar-
cinoma while signet cell histology is reported in majority of western patients [39].
EML4-ALK tyrosine kinase activity is highly oncogenic and can induce cellular
transformation [40]. EML4-ALK inhibition in vitro leads to reduced proliferation
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and increased apoptosis in lung cancer cell lines harboring EML4-Alk; also it causes
significant reduction in tumor size in pre-clinical models [41, 42].

Crizotinib (Formally, PF-02341066) is the most studied ALK inhibitor. It has a
kinase inhibitory effect against ALK and MET. In a phase I trial crizotinib was
studied in patients with advanced NSCLC and other solid tumors with ALK or MET
activation. In the NSCLC group the response rate was 53% and disease control rate
was 79% at 8 weeks [43]. A phase I trial dedicated to NSCLC included 82 patients
with NSCLC harboring ALK mutations were treated with crizotinib 250 mg bid,
based on the results of the lead dose escalation phase of the same study. At a mean
treatment duration of 6.4 months, the overall response rate was 57% (47 of 82
patients, with 46 confirmed partial responses and 1 confirmed complete response);
27 patients (33%) had stable disease. A total of 63 of 82 patients (77%) were con-
tinuing to receive crizotinib at the time of study publication, and the estimated prob-
ability of 6-month progression-free survival was 72%, and no median survival was
reached [44]. A recent update of the same study presented in abstract form, showed
that the 1 year survival for the same cohort of patients was 74% and 2-year survival
was 54%, and the median survival has not yet been reached at time of presentation.
Overall survival did not differ based on age, sex, smoking history or ethnicity. There
was a significant difference in survival in NSCLC patients with ALK mutations
treated with crizotinib in comparison with a selected historical control group of
patients with ALK mutations not treated with crizotinib (p=0.004) [45].

Another presentation for expanded data from the same study included 119
patients with median follow up of 11 months. The overall response rate in that group
of patients was 61% with median response duration of 48 weeks and disease control
rates at 8 weeks was 79% and at 16 weeks was 67%. Median time to response was
8 weeks but responses were seen as early as 2 weeks. Median progression free-
survival reported to be 10 months. Median survival has not reached at the time of the
presentation but the 6 months probability of survival was 90% (95% CI 82.7-94.4%)
and 12 months probability of survival was 81% (95% CI 70.9-87.2) [46].

The promising results from early phase studies for EML4-ALK positive NSCLC
patients led to the design of phase II and III clinical trials. PROFILE 1005 is a large
phase II trial that will enroll 400 patients who received two or more prior lines of
treatment. The preliminary data from the PROFILE 1005 trial consisted of 136
patients from 12 countries who had progressed on prior treatments and included
patients with brain metastases. Eighty-eight percent of the patients are still on the
treatment after a median of 9 weeks of treatment. Overall response rate was 83%,
with 50% having had a partial response and 33% with stable disease [47]. Other
ongoing studies are PROFILE 1007 which will include patients who progressed
after first line of chemotherapy. Those patients are randomized between standard
second line treatment with pemetrexed or docetaxel versus crizotinib. PROFILE
1008 is a phase III study to test crizotinib as first line treatment versus a combina-
tion of pemetrexed and cisplatin or carboplatin. In August 2011 the FDA granted
accelerated approval to crizotinib for patients with metastatic and locally advanced
non-small cell lung cancer that tested positive for ALK.
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Resistance to Crizotinib

In vitro resistance to crizotinib developing after exposure of cell lines to high
concentrations of crizotinib has been described [48]. Two different mechanisms of
resistance were identified, which include amplification of EML4-ALK and develop-
ment of a gatekeeper mutation, L1196M within the kinase domain. Novel ALK
inhibitors (NVP-TAE684 and AP26113) were able to overcome resistance to crizo-
tinib in vitro. Interestingly, adding the heat shock protein 90 (HSP90) inhibitor
17-AAG to crizotinib restored sensitivity of resistant cells to crizotinib [48]. This
observation of the sensitivity of ALK positive lung cancer to HSP90 inhibitor was
confirmed in a recent clinical trial [49]. Other mechanism of crizitonib resistance
have been identified including ALK copy number gain, novel mutation in the ALK
domain encoding a G1269A amino acid substitution, and development of new driver
mutations such as EGFR and Kras [50].

Mesenchymal-Epithelial Transition Factor (MET)

MET is a receptor tyrosine kinase encoded by the proto-oncogene, c-MET. Once the
extracellular domain of MET is bound by its high affinity ligand, hepatocyte growth
factor (HGF), the MET signaling pathway is activated and involved in a variety of
physiologic processes with direct or indirect involvement in oncogenesis. Those
processes include angiogenesis, tumor cell proliferation, survival, resistance to
apoptosis, aggressive cellular invasion, and metastasis [51]. A subset of NSCLC
patients harbor deregulated MET (including its overexpression, constitutive activa-
tion, gene amplification, ligand-dependent activation, or mutation) [52]. Acquired
resistance to epidermal growth factor receptor (EGFR) inhibitors in NSCLC may be
achieved through c-MET gene amplification, leading to MET activation and MET-
dependent phosphorylation of HER3. Phosphorylated HER3 recruits phosphoinosit-
ide 3-kinase (PI3K) and stimulates PI3K-based survival pathways, causing resistance
to EGFR inhibitors [53]. Inhibition of MET signaling in these resistant cells may
potentially restore sensitivity to EGFR inhibitors.

Several agents have been developed to target MET in lung cancer and other types
of tumors. In NSCLC most of the clinical trials aimed to combine both MET and
EGFR inhibition in efforts to overcome resistance to anti-EGFR therapy. Tivantinib
(Formally, ARQ197) and MetMab are the two agents that are in advanced stages of
clinical trials. Tivantinib is a small molecule which specifically bind to inactive
MET and prevent its activation. In dose finding phase I clinical trial in combination
with erlotinib, the tivantinib dose was escalated to 360 mg bid in addition to the
approved dose of erlotinib at 150 mg per day without significant dose limiting toxic-
ity and that dose was recommended for phase II study [54]. A double-blind phase II
clinical trial evaluated EGFR inhibitor naive patients comparing erlotinib plus tivan-
tinib with erlotinib plus placebo in previously treated unselected patients with
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chemotherapy. The primary study endpoint was PFS, results demonstrated that
median time PFS was 3.8 months in the combination arm versus 2.3 months in the
erlotinib and placebo arm (hazard ratio, 0.81; 95% CI, 0.57-1.16; P=.24). Although
the study did not meet its primary end point, subset analysis showed a benefit for
patients with nonsquamous histology, KRAS mutations and increased MET gene
copy number. The findings from this phase II study led to a Phase III trial of tivan-
tinib in combination with erlotinib, for patients diagnosed with non-squamous,
NSCLC who have received one or two prior systemic therapies [55].

MetMab is a monovalent monoclonal antibody designed to bind specifically to
MET and to inhibit the downstream signaling pathway. A combination of MetMab
and erlotinib showed synergism and in overcoming resistance to erlotinib in cell
lines. A phase II study was conducted, comparing a combination of MetMab plus
erlotinib to erlotinib plus placebo in unselected patients who had received one or
two prior treatments. PFS and OS were not statistically different between the two
study arms. MET overexpression by immunohistochemistry is known as a negative
prognostic factor and it correlated with worse outcomes in the erlotinib and placebo
arms. In patients with MET overexpression who were treated with erlotinib and
MetMADb, there was improvement inPFS and OS [56]. A Phase III study for selected
patients with MET overexpression is in the planning stages.

ROS1

ROSI1 rearrangement is the most recent identified driver mutation in adenocarci-
noma of the lung. ROS1 is a receptor tyrosine kinase that belongs to a subfamily of
insulin receptor genes, it is encoded by ROSI gene on chromosome 6. Chromosomal
rearrangements involving the ROS1 gene were originally described in glioblastoma
multiforme, where ROSI (chromosome 6q22) is fused to the FIG (Fused in
Glioblastoma) gene (chromosome 6q22 immediately adjacent to ROS1) [57]. These
chromosomal rearrangements produce fusion proteins that lead to constitutive
kinase activity with ability to transform cell in transgenic mice [58]. ROS1 fusions
were identified as potential driver mutations in NSCLC cell line and an NSCLC
patient sample [59].

In a recent study ROS1 rearrangements have been found in 18 out of 1,073
patients (incidence of 1.7%) with adenocarcinoma of the lung using fluorescence in
situ hybridization. Patients with lung cancer whose tumors harbored ROS! rear-
rangements were more likely to have adenocarcinoma, to be Asian, younger and
never smokers. Those clinical features are similar to the clinical features seen in
patients with both EGFR mutations and ALK rearrangements [60].

Currently there is no ROS|1 targeted agents in clinical trials but preclinical stud-
ies have shown ability of the ALK inhibitor TAE684 to inhibit ROS1 as an off-target
effect. Crizotinib used to treat a patient with NSCLC whose tumor had a ROS! rear-
rangement; the patient had a remarkable clinical response and near-complete radio-
graphic response to crizotinib [60]. This case report confirms the role of ROSI
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rearrangements in development of NSCLC and the therapeutic benefit of specific
targeted ROS1 therapy. However, additional studies with larger numbers of patients
will be required before a definitive conclusion can be reached regarding crizotinib
treatment for ROS[-rearranged NSCLC.

Impact of the Tumor Microenvironment and Cancer Stem Cell

The tumor microenvironment is composed of a mixture of connective tissue ele-
ments, blood and lymphatic vessels, fibroblasts and infiltrating immune cells.
Complex interactions between tumor cells and microenvironment promote tumor
cells survival by regulating tumor growth, progression, metastasis and angiogenesis.
Tumor growth and metastasis formation are dependent on the growth of newly
formed blood vessels into the tumor mass. Targeting angiogenesis by inhibiting
vascular endothelial growth factor (VEGF) has been proven to be an effective treat-
ment for lung cancer and other types of cancer. VEGEF, a 45 kDa glycoprotein
encoded for by a gene located at chromosome 6 (6p21) [61]. At least five members
of the VEGF family have been described. These are VEGF-A to E, where VEGF-A
is the most important VEGF for angiogenesis. All VEGF isoforms are capable of
binding to the receptor tyrosine kinases VEGFR1 and VEGFR2. VEGF is one of the
most potent mitogenic factors for endothelial cells; it increases their proliferation,
migration and vascular permeability High level of VEGF correlated with poor prog-
nosis in patients with NSCLC. Bevacizumab is a humanized monoclonal antibody
directed against VEGF [62]. VEGF gene polymorphisms influence VEGF func-
tional expression and molecular VEGF phenotype and intratumoral angiogenesis in
non-small cell lung cancer. The effect of VEFG polymorphisms has been explored
in a recent retrospective review of survival date for a group of 462 patients, patients
carrying variant C allele of VEGF gene (+ 405 G>C) polymorphism had 61% 5-year
survival (95% CI, 54-67%) versus 51% (95%CI, 43-59%) for patients who had
wild-type variant [63].

Bevacizumab

Bevacizumab is humanized IgGImonoclonal antibody that binds to all biologically
active isoforms of VEGF. Preclinical work with bevacizumab showed that neutral-
ization of VEGF led to inhibition of tumor cell proliferation in vitro and decrease in
microvessel count in tumor xenograft. In a phase II study 99 patients with non-small
cell lung cancer were randomized between three arms, a control arm assigned to
chemotherapy with carboplatin and paclitaxel and two experimental arms using
bevacizumab at two different doses 7.5 mg/kg and 15 mg/kg. Treatment with che-
motherapy plus bevacizumab at dose of 15 mg/kg resulted in higher response rate
compared with control arm (31.5% vs. 18.8%), longer time to progression
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(7.4 m vs. 4.2 m) and a modest increase in survival (17.7 m vs. 14.9 m). Patients on
the control arm were allowed to receive bevacizumab at a dose of 15 mg/kg on dis-
ease progression. Of the 19 patients who crossed over to bevacizumab therapy, five
patients experienced stable disease, and the 1-year survival rate was 47% [64].
E4599 was the first study to show increase of overall survival and time to progres-
sion for patient with metastatic or locally advanced non-small cell lung cancer by
adding biological agent to chemotherapy. In that study 878 patients were random-
ized for treatment with six cycles of carboplatin and paclitaxel as the standard arm
and patients on the experimental arm were treated with six cycles of carboplatin and
paclitaxel plus bevacizumab, then they continued with bevacizumab as a mainte-
nance therapy for 1 year or until progression. The group of patients received beva-
cizumab had median survival of 12.3 months, as compared to 10.6 months in the
standard chemotherapy group; hazard ratio 0.79; p=0.003, median disease progres-
sion free survival in the two groups was 6.2 and 4.5 months respectively with a
hazard ratio for progression 0.66; p<0.001. There were increased number of grade
three and four toxicities associated with bevacizumab treatment, hematological tox-
icities (neutropenia and thrombocytopenia) were significantly higher in the bevaci-
zumab group, hypertension was higher in bevacizumab group 0.7% versus 7%;
p<0.001, proteinuria none versus 3.1%; p<0.001, and bleeding 0.7% versus 4.4%;
p<0.001. Seven patients on the study died from bleeding, five from hemoptysis and
two from hematemesis [65]. Recently published data from the AVAIL trial confirmed
clinical efficacy of bevacizumab in combination with cisplatin and gemcitabine in
patients with stage IIIB/IV NSCLC; however, OS benefit favoring bevacizumab did
not reach statistical significance [66].

Other strategies to target angiogenesis in lung cancer are under study. Small
molecules targeting VEGFR or VEGF trap such as aflibercept are in different stages
in clinical trials.

Other Targets in Tumor Microenvironment

T regulatory cells (Tregs) FOXP3+ CD4+ are a subgroup of the immune cells that
infiltrate lung cancer. These cells are a unique subset of T lymphocytes that play an
critical function in maintaining immune homeostasis and protecting the host against
autoimmune diseases. Tregs suppress antitumor cytotoxic T-cell response in cancer
patients. Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) is an immune
checkpoint molecule that down-regulates pathways of T-cell activation . Ipiliumumab
a humanized monoclonal antibody that targets CTLA-4 results in augmenting T-cell
activation and proliferation [67]. Ipilimumab monotherapy has shown improvement
in survival of patients with metastatic malignant melanoma [68]. In phase II study
administration of phased ipilimumab regimen (two cycles of paclitaxel and carbo-
platin followed by four doses of ipilimumab plus paclitaxel and carboplatin) has
shown promising results with improvement of immune-related progression-free
survival [69]. Another promising immunotherapeutic approach for patients with



158 N. Lamparella et al.

NSCLCisbytargeting Programmeddeath 1 (PD-1) whichis akey immune-checkpoint
receptor expressed by activated T cells, and it mediates immunosuppression.
Monoclonal antibodies directed to PD-1 or it ligand PD-L1 have shown activity for
NSCLC in phase I studies [70, 71]. Further studies are needed to validate the benefit
of those novel immune therapeutic in treatment of NSCLC.

Future Directions

The identification of genetic targets in NSCLC allowed us to have a better under-
standing of their biological role and to develop targeted therapeutic agents. The
recent clinical trials that showed benefits for selected populations based on genetic
targets represent a step toward delivering personalized therapy. Besides the genetic
targets reviewed above there are other targets that are mutated, amplified or translo-
cated in NSCLC such as Kras, HER2/neu, BRAF, PI3K, PDGFR and others [72].
A more global approach to identify genetic targets in newly diagnosed NSCLC
patients was reported by the lung cancer mutation consortium. Fifty-four percent of
the patients on the study had identifiable driver mutations at time of diagnosis.
Those patients were placed on clinical trials targeting their driver mutations.
Identification of the unknown biological characteristics of the remaining 46% is an
area of active research [73]. Those efforts can lead us to understand the full muta-
tional spectrum of oncogenes and tumor suppressor genes in NSCLC and offer
specific treatment for every patient based on their tumor genotype.

Our current technology used to identify genetic targets such as in situ hybridiza-
tion is sensitive but it is time consuming, not widely available, and not cost effec-
tive. There is a need to develop strategies to detect genetic targets that are rapid and
cost-effective. The development of novel antibodies that are reliable to detect an
abnormal protein in the tumor tissue which is not normally expressed in the lung
tissue. This could be applied to ALK and any other abnormal proteins that will be
identified in the future. Such test could be integrated in the immunohistochemistry
panel used as a routine for new case of NSCLC. Advances in technology will lead
to the development tools to screen cancer specimens simultaneously for a variety of
genomic alterations including mutations, copy number changes, and chromosomal
rearrangements.

Identification of mechanisms of resistance to targeted therapy and developing
novel strategies to overcome that resistance and restore sensitivity to targeted agents
is another area of intense research with several promising agents in various stages
in development such as second generation EGFR TKIs, MEK inhibitors and other
ALK inhibitors.

Despite the remarkable advances in treatment of adenocarcinoma of the lung in
the last few years, little progress has been achieved in the other subtypes of the
NSCLC. Treatment of squamous cell carcinoma (SCC) of the lung has lagged
behind, because of a lack of understanding of the oncogenes driving SCC. There are
several mutations identified in SCC such as FGFR1, PI3K and DDr2 and early
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phase clinic trails with targeted agents are undergoing. The emerging data from the
cancer genome atlas project [74] that characterize the genetic and epigenetic changes
in SCC are promising and will help to advance our understanding of the genomic
changes in SCC.

Conclusions

Identification of genetic targets and designing specific therapeutic agents had great
impact on the treatment of patients with NSCLC by improving PFS, OS and quality
of life. The newly developed therapeutic agents that target mutated EGFR and ALK
translocation offer great help to about 20% of newly diagnosed case of NSCLC,
approximately 40,000 patients, in the USA every year [75].

Despite the significant advances in understanding the biology of NSCLC, treat-
ment of NSCLC remains challenging and more novel therapeutic approaches are
needed.
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Impact of Genetic Targets on Therapy in Head
and Neck Squamous Cell Carcinoma

Irina Chaikhoutdinov and David Goldenberg

Abstract Despite advances in surgical technique, radiation therapy and chemotherapy,
the mortality from head and neck squamous cell carcinoma (HNSCC) has not
improved significantly. Squamous cell carcinoma is caused by tobacco use, alcohol
consumption and infection with high-risk types of human papillomavirus. It is the
6th most common cancer in the world, with upwards of 45,000 new cases reported
yearly in the United States alone.

In recent years, there has been a significant increase in the understanding of the
molecular and genetic pathogenesis of head and neck cancer, shedding light on the
unexpected heterogeneity of the disease. Genetic analysis has led to new classification
schemes for HNSCC, with different subgroups exhibiting different prognoses. In
addition, multiple targets in aberrant signaling pathways have been identified using
increasingly sophisticated bio-informatics tools. Advances in technology have
allowed for novel delivery mechanisms to introduce genetic material into cells to
produce a therapeutic effect by targeting cancer cells via a number of different
approaches.

A pressing need to develop novel therapies to augment current treatment modalities
has led to a number of translational studies involving gene therapy in the treatment
of HNSCC. This article will focus on a review of the most recent developments in
molecular biology of head and neck squamous cell carcinoma in regards to possible
targets for gene therapy, as well as the array of novel therapeutic strategies directed
at these targets.
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Introduction

Despite advances in surgical technique, radiation therapy and chemotherapy, the mor-
tality from head and neck squamous cell carcinoma (HNSCC) has not improved
significantly. Although the world-wide incidence of HNSCC has been steadily declin-
ing over the past 20 years, it is still the sixth most common cancer by incidence world-
wide [1]. Yearly an estimated 600,000 new cases of HNSCC are reported worldwide,
with upwards of 45,000 new cases reported in the United States alone [2].

Prognosis in HNSCC is largely determined by the stage at presentation. Current
staging relies on the TNM (tumor, node, metastasis) system and dictates treatment
planning. Although presentation at an early stage in the disease is associated with a
favorable outcome, this prognosis applies to only about one third of HNSCC patients
[2]. The majority of patients unfortunately present with advanced disease. The most
important prognostic indicator at time of presentation is presence of lymph node
metastases, which decreases long-term survival by 50% [3].

Current therapy consists of multimodality treatment. Early stage tumors, i.e.
those that do not have nodal metastases, can be treated either with radiation or surgi-
cal resection alone. Advanced tumors with presence of nodal or distant metastases
require a combination of surgery, chemotherapy and radiation. The most current
multimodality treatments yield a 5 year survival rate of about 60% for invasive can-
cer of the oral cavity and pharynx according to the Surveillance Epidemiology and
End Results (SEER) data [4]. Up to one third of patients experience tumor recur-
rence and survival rates drop dramatically with failure of first line treatment. Disease
progression is the primary cause of death, causing approximately 50% of the mor-
tality associated with HNSCC [5].

Given the continuing high mortality associated with HNSCC, new treatment
innovations are imperative. Gene therapy —the introduction of RNA or DNA into
diseased cells to effect genetic expression profiles—offers the option of targeting
specific tissues and ideally avoiding toxic effects on surrounding healthy tissue. The
recent advances in biotechnology and microarray gene analysis have given us insight
into the gene expression profiles associated with HNSCC. This body of work has
highlighted the unexpected heterogeneity of the disease and has also identified pos-
sible genetic targets that can be targeted using gene therapy.

Current Therapy for HNSCC

The organs involved in HNSCC effect speech, swallowing, breathing, taste and smell.
Preservation of structure and function in an anatomically limited and complex space
continues to be a challenge in treatment of HNSCC. Radical resection and radiation
both have lasting negative effects on organ function and quality of life.
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Unfortunately the majority of HNSCC patients present for treatment with locally
advanced stage III or IV disease. Treatment consists of a combination of chemo-
therapy, radiation or surgery. Post-operative chemoradiotherapy is used after surgi-
cal resection when the patient is at an increased risk for local and distant recurrence.
Pre-operative chemotherapy is considered when the risk of metastatic disease is
high. Patients who present with stage I or stage II disease are often treated with
either radiation or surgery alone and have an excellent prognosis.

Radiation therapy continues to be the mainstay of treatment for oropharyngeal,
advanced hypopharyngeal and laryngeal cancer. Recent advances have focused on
fractionation schedules and the use of intensity-modulated radiation therapy to
increase delivery of radiation to target areas while sparing surrounding structures
and tissues in the hopes of preserving the function of vital structures. Chemotherapy,
often administered concurrently with radiation therapy, is an integral part of treat-
ment of locally advanced disease. Compared to radiation therapy alone, chemora-
diotherapy provides an 8% absolute benefit [6]. Recent agents such as cetuximab
appear to show promise and will be discussed later in this review. Additionally,
surgical and reconstructive techniques continue to advance and improve preserva-
tion of structure and function.

HPV-Positive HNSCC

HNSCC affects mucosal surfaces of the oral cavity, oropharynx, hypopharynx and
larynx. Traditionally, the most notable risk factors identified for HNSCC are alcohol
consumption and various forms of tobacco use, the combination of the two having
a significantly synergistic effect on carcinogenesis. More recently, HNSCC caused
by exposure to human papillomavirus (HPV) has been increasing in incidence and
has been identified as an independent subgroup in HNSCC [7].

The pathogenesis and clinical course of HPV-positive tumors is appreciably dif-
ferent from that of non-HPV infected HNSCC. HPV-positive HNSCC more com-
monly affects the oropharynx, specifically tonsils and base of tongue. A meta-analysis
has shown that HPV genomic DNA was detected in 26% of all HNSCC by poly-
merase chain reaction [8]. Oropharyngeal cancers have a higher incidence, with 36%
shown to be positive for HPV [8]. Patients with HPV-positive HNSCC are generally
younger and have better performance status as compared to those with HPV-negative
HNSCC. They are also less likely to have a history significant for alcohol and tobacco
use. However, history of multiple sexual partners is a major risk factor for HPV-
positive HNSCC and is consistent with the known transmission pattern for HPV.

HPV is a double stranded DNA virus that is most notorious for causing cervical
cancer. There are multiple subtypes of HPV, with HPV type 16 and 18 being the most
virulent. HPV 16 has been shown to be present in over 90% of HPV-positive tumors of
the head and neck [8]. Individuals who are sero-positive for HPV-16 are at an increased
risk (15-fold) for developing HNSCC. Progression through phases of mitosis is neces-
sary for HPV infection and gene expression [9]. HPV DNA codes for expression of two
oncogenic proteins, E6 and E7, which affect cell cycle regulation in infected cells.
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E6 inactivates the tumor suppressor p53 while E7 inhibits pRb (retinoblastoma).
E6 induces the ubiquitination of p53 and targets it for degradation. Absence of p53
causes deregulation of cell cycle checkpoints and DNA repair mechanisms in the
face of DNA damage, leading to genomic instability and inhibition of apoptosis,
thus allowing the virus to replicate. E7 ubiquitinates pRb and targets it for degrada-
tion. Absence of pRb releases E2F transcription factors and allows for S phase to
proceed unchecked. Studies have shown that inhibition of E6 and E7 induces apop-
tosis and decreases cell viability, thus indicating that their expression is necessary
for tumor survival [10]. Nonetheless, expression of E6 an E7 alone is not enough to
cause malignant transformation and other genetic alterations may be required.

In addition to having a different molecular pathogenesis from that of non-HPV
related HNSCC, HPV-positive HNSCC has been shown to have more favorable clini-
cal outcomes [11]. These tumors appear to respond to chemoradiation therapy better
than their non-HPV counterparts. Patients have better overall and progression-free
survival and less locoregional recurrence. The reasons for this are unclear, but several
potential lines for further investigation have been identified. Overall, HPV-positive
tumors have less genome wide DNA copy number alterations and less genome-wide
hypomethylation than HPV-negative tumors. Another proposal involves the tumor
suppressor p53, which is involved in the pathogenesis of both HPV-positive and
HPV-negative HNSCC. Although p53 is inhibited by E6 as part of the HPV mecha-
nism of transformation, tumors that express E6 and/or E7 have wild type TP53 [12].
HPV-negative HNSCC, in contrast, frequently has TP53 mutations, and mutations in
TP53 have been shown to be associated with a poor prognosis [13].

Given the difference in clinical outcomes as well as the pathophysiology respon-
sible for disease in HPV-positive and HPV-negative HNSCC, it is prudent that HPV
infection be identifiable in studies that evaluate the efficacies of new treatment
modalities as it may serve as a confounder. Additionally, the presence or absence of
HPYV infection should serve to tailor future treatment planning. The gold standard for
identifying HPV infection is based on identifying expression of E6 and E7 proteins.
Immunohistochemical staining of tumors for p16 expression has also been shown to
be a reliable surrogate for identifying HPV infection. A mediator of senesce and
differentiation, p16 normally inhibits cyclins and cyclin-dependent kinases which
regulate cell cycle progression. A hallmark of HPV infection is over-expression of
p16 secondary to the effects of E7.

Non-HPV HNSCC

The most significant risk factors for non-HPV related HNSCC are tobacco use and
alcohol consumption. Although the incidence of non-HPV related HNSCC has been
decreasing, the disease carries an overall worse prognosis as compared to HPV-
positive HNSCC. Non-HPV related HNSCC patients are generally older, have a
worse performance status, and respond less well to treatment modalities.
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It has been well documented that HNSCC progresses through a series of
well-defined clinical and histopathological stages and that it typically arises in areas
of preneoplastic change. In 1953, a seminal article by Slaughter et al. introduced the
term ‘field cancerization,” a concept describing the presence of histologically abnor-
mal tissue surrounding oral squamous cell carcinoma [14]. Field cancerization was
intended to explain several key observations made by the authors. It was noted that
oral cancer develops in areas of pre-cancerous change and that similar histologically
abnormal tissue surrounds the tumor. Additionally, abnormal tissue was noted to be
present after tumor resection. It was thus postulated that the histological abnormali-
ties present in the area surrounding tumor contributed to the high rate of second
primary tumors as well as to local tumor recurrence.

Studies have shown that not all significant stages of the disease process in HNSCC
are reflected in the histopathology. At the level of the genome, there appear to be an
accumulation of genetic changes that are responsible for transforming normal
squamous cell epithelium to invasive squamous cell carcinoma. Several key molecu-
lar biology concepts were used to recognize and organize these genetic changes into
a meaningful model of disease progression. Loss of heterozygosity (LOH) is a
genetic alteration that results in the loss or change in an allele of a gene whose other
allele has already undergone a change or a loss of function. LOH can happen via
multiple mechanisms including gene deletion, point mutation, chromosome loss,
mitotic recombination and promoter methylation. LOH generally leads to inactiva-
tion of a gene, typically a tumor suppressor, such as TP53. In many tumor types,
including HNSCC, p53 inactivation occurs in the transition from the preinvasive to
invasive state [15]. To map the progression to LOH in key genes, microsatellites- or
tandem repeat sequences were used as gene markers and analyzed by PCR.

Using the above concepts, recent studies have elucidated the multistep process of
epithelial carcinogenesis in respect to the spectrum of chromosomal loss and altera-
tion that propels benign hyperplasia to dysplasia, and eventually to invasive carci-
noma and metastases. Califano et al. used microsatellite marker analysis to delineate
a genetic progression model for HNSCC based on frequency of genetic changes in
pre-invasive lesions and invasive tumors [16]. Several genetic events are required
for this process. Alteration of chromosomal region 9p21 appears to be an early
event and is found in 70-80% of cases of squamous cell dysplasia in HNSCC, mak-
ing it the most prevalent genetic change [17]. In the Califano model, LOH at chro-
mosomal region 9p21 is responsible for transition of normal mucosa to hyperplastic
mucosa, and it is found in 30% of squamous cell hyperplasia [16]. The gene locus
at 9p21 encodes for proteins p16 and p14, which are responsible for G1 cell cycle
regulation and MDM?2 mediated degradation of p53. Inactivation of p16 leads to an
increase in phosphorylation of Rb, and thus progression from G1 to S phase of the
cell cycle. In the progression from hyperplasia to dysplasia, it appears that LOH at
3p is the next most common genetic alteration, although the specific gene respon-
sible is not yet known. LOH at 17p13 is responsible for inactivation of the tumor
suppressor pS3. Mutations in TP53 are common in HNSCC, with one study demon-
strating that mutations are present in greater than 50% of tumors [13]. Alterations in
tumor suppressor p53 are believed to be early events in transformation, with evidence
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of these alterations being present in histologically normal mucosa adjacent to
tumors. Notably, studies have shown that patients with p53 mutations have a poorer
response to chemotherapy and an overall worse prognosis [13]. The next step in
progression of HNSCC is transformation of dysplastic epithelium to carcinoma in
situ, and this has been associated with amplification of 11q13 and over-expression
of cyclin D1. This is noted in 30-60% of HNSCC and has been associated with poor
prognosis, including an increased rate of lymph node metastases [18]. Cyclin D1 is
responsible for phosphorylation of Rb and progression of cell cycle to S phase. The
altered cells resulting from these numerous genetic changes carry a survival advan-
tage and eventually displace or replace surrounding mucosa, leading to clonal
expansion and field cancerization.

Improved understanding of the molecular pathogenesis of HNSCC, specifically
as it relates to field cancerization, has raised concerns about the management of
surgical margins after tumor resection. The high rate of recurrence has propelled
several recent studies into examining the genetic changes in tumor margins. The
concepts of clonal expansion and field cancerization dictate that the para-neoplastic
field is also genetically altered, but likely in earlier stages of cancerization as com-
pared to tumor. Ideally, the ability to identify these changes at surgical resection
would allow for identification of patients who are at higher risk for recurrence and
perhaps result in tailored treatment plans. Molecular analysis of surgical margins
based on LOH showed that greater than one-third of lesions sampled contained
genetic abnormalities associated with tumor progression in surgical margins that
appeared to be histopathologically normal [19]. Additionally, in almost all cases, the
genetic alterations between tumor and genetically altered mucosa left in the patient
contained similarities [19]. This has raised significant concern for ability to provide
clean margins at time of resection. Studies addressed the detection of genotypically
abnormal cells at the surgical margins as this information can be used to identify
cohorts with high-risk disease. Retrospective studies have shown that remaining sur-
gical fields are a prevalent source of local recurrences and secondary primaries in
HNSCC patients [20]. Brennan et al., using a sensitive TP53 plaque assay, demon-
strated the presence of p53 mutations in 13 of 25 patients who appeared to have
complete tumor resection on the basis of microscopically negative surgical margins
[21]. Five of the 13 patients developed local recurrences whereas none of the 12
patients without mutations had recurrence of their tumor. More recently Van Houten
et al. showed that p53 mutations were present in surgical margins regarded as nega-
tive by histopathology in 50 of 76 patients [22]. Nine of the patients developed
recurrence and four patients developed locoregional disease. However, in the group
of patients without p53 mutations, none developed recurrence and only one devel-
oped regional disease [22]. In a study published in 2009, Poeta et al. used TP53
LigAmp to assay for residual disease in tumor margins in 95 patients with HSNCC
and identified TP53 mutations in an attempt to identify high-risk patients and predict
recurrence [23]. Unfortunately due to a small cohort and limited number of recur-
rences, no survival benefit was identified in this study. Nonetheless, using molecular
analysis of tumor margins to identify disease during the surgical procedure is ideal,
and with future advances in technology and possibly additional biomarkers, this
technique would serve as welcome adjunct to the treatment of HNSCC patients.
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Epigenetics

Epigenetics, or the study of heritable changes in gene expression caused by
mechanisms other than changes in the underlying genetic code, has greatly contrib-
uted to our understanding of cancer biology in recent years. Heritable changes to the
DNA molecule occur through several mechanisms that alter gene expression, mainly
DNA methylation and post-translational modification of histone proteins.
Hypermethylation of promoters is a method primarily associated with inactivation
of tumor suppressor genes by gene silencing, and combined with quantitative PCR
it is a powerful tool in gene profiling. Recently, these tools have been evaluated in
several studies for their diagnostic and therapeutic uses. Given that prognosis in
HNSCC is poor when disease is diagnosed at advance stages, HNSCC screening
modalities have been investigated. Carvalho et al. designed a study to evaluate for
epigenetic changes that may be useful in identifying patients with early disease
[24]. Using quantitative PCR, they evaluated promoter hypermethylation in a panel
of 21 candidate tumor suppressor genes in a cohort of 211 HNSCC patients com-
pared to normal controls. They designed several panels with a range of specificities
and sensitivities that were able to improve rates of identification of early disease as
compared to single marker analyses [24]. In another study, Goldenberg et al. used
rapid quantitative methylation-specific PCR to analyze tumor margins intraopera-
tively in 13 patients with HNSCC [25]. The tumors underwent molecular analysis
at time of biopsy for promoter hypermethylation of two target genes, and qualified
patients underwent intraoperative tumor margin analysis by rapid PCR. The analy-
sis required on average 5 h, which is an acceptable time period for complex tumor
resection and reconstruction, and was as sensitive as standard PCR analysis.

Impact of the Tumor Microenvironment and Cancer Stem Cells

Stem cells play a major role in the biology of HNSCC. Unlike embryonic stem
cells, adult stem cells are undifferentiated cells with a limited capacity for regenera-
tion. They play a major role in tissue homeostasis and regeneration, however they
have recently also been shown to play a major role in the biology of cancer [26].
Cancer stem cells are defined as a subset of tumor cells that exhibit the ability of
self-renewal and multi-potency, serving as progenitor cancer cells [27].

In HNSCC, evidence suggests the existence of a small group of cells with dis-
tinct tumorogenic potential. Prince et al. showed that CL44 expression discrimi-
nates a sub-population of progenitor cells [28]. In a follow up study, they showed
that aldehyde dehydrogenase activity also identifies a group of highly tumorogenic
cells [29]. The combination of both markers revealed that 1-3% of cells from pri-
mary human HNSCC are capable of generating tumors [30]. Given that such a
specific subpopulation of cells exists, the ability to identify cancer stem cells should
lead to more specific and targeted cancer treatment.

Epithelial-to-mesenchymal (EMT) transition is the process that allows a polar-
ized cell to assume a phenotype characterized by enhanced motility and invasiveness.
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This process plays a role in embryogenesis and is involved in several pathologies,
including cancer. Recent studies suggest that EMT is involved in the acquisition of
cancer stem cell properties [31]. The loss of cell polarity is a critical step in EMT
and is mediated by the loss of E-cadherin, which appears to be correlated with
tumor progression [32]. The tumor microenvironment appears to contribute to the
survival of stem cells. In head and neck cancer, the stem cells are found in close
proximity to blood vessels, suggesting the existence of a perivascular niche [30].
Studies demonstrate that this niche is functionally relevant in HNSCC, suggesting
that disruption of these communications may be used in the treatment.

Gene Expression Profiles in HNSCC

Gene profiling uses high throughput techniques such as cDNA microarrays and
comparative genomic hybridization to perform genome wide analysis of specimens.
These techniques allow us to compare the genetic profiles of a multitude of tumors
or patients in attempts to identify differences in expression patterns. Correlating this
information to clinical outcomes can set up paradigms that can be used to guide
treatment selection.

Two studies have attempted to identify a group of genes that can be used to pre-
dict clinical outcome. A study by Chung et al. used a 75 gene profile to identify two
clusters of patients with significant difference in recurrence free survival [33].
Additionally, they noted that genes involved in epithelial-to-mesenchymal transition
were associated with high-risk tumors. Alternatively, Mendez et al. used an expres-
sion profile of 108 genes that were selected based on differences in expression
between oral squamous cell carcinoma and normal epithelium, and identified a clus-
ter of genes that correlated with a poor disease-specific and overall survival [34].

Gene expression profiling has also been used to predict lymph node metastasis
and distant metastasis. In 2005, Roepman et al. reported a set of 102 genes that
offered predictive value for lymph node metastases [35]. The series included 82 oral
and oropharyngeal carcinomas that were separated based on absence or presence of
lymph node metastases in lymph node dissection specimens. The predictive value
of this profile was better than the clinical diagnosis and has been validated in an
independent series.

Angiogenesis in HNSCC

Angiogenesis is the process that leads to the formation of new blood vessels and is
the hallmark of tumor progression. The role of angiogenesis has been studied in
many cancers and many agents are available and useful in the treatment of certain
cancers. In the treatment of HNSCC however few trials have shown promising
results.
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Vascular endothelial growth factor A (VEGF-A) is the most well known agent
associated with induction of angiogenesis. It is part of the platelet derived growth
factor (PDGF) super family and its expression is induced by hypoxemia and medi-
ated via hypoxia-inducible factor (HIF-1a) [36]. The VEGF family signals through
several surface receptor tyrosine kinases, known as VEGFR. Through these recep-
tors VEGF exerts its mitogenic, chemotactic and vascular permeabilizing effects on
endothelial cells.

Angiogenesis has been shown play an important role in HNSCC. Expression of
VEGF in HNSCC is associated with more advanced disease, increased resistance
to cytotoxic agents, and poor prognosis [37]. A meta-analysis of 12 studies
revealed that VEGF expression was associated with a twofold higher risk of death
at 2 years [38].

There are at least two different molecular pathways for inducing angiogenesis in
HNSCC [39]. Studies have focused on targeting these specific molecular pathways
in attempts to block angiogenesis and consequently tumor growth. The best results
against tumor growth were obtained with triple combination of two drugs such as an
anti-EGFR agent (cetuximab), anti-VEGFR agent (sunitinib) and radiotherapy [40].
Other in-vivo studies have suggested that inhibition of angiogenesis alone is not
enough to suppress growth of HNSCC and these treatments need to be integrated
with different approaches [41].

Sorafenib and sunitinib are two tyrosine kinase inhibitors with activity against
VEGF and PDGF receptors that have been tested in clinical trials in HNSCC.
Sunitibib has been shown to have no significant activity in monotherapy against
HNSCC in two studies [42, 43]. Another study showed limited activity of sunitinib
at higher doses against recurrent HNSCC however this was associated with
significant risk of hemorrhage [44]. Sorafenib, although well tolerated, also did not
show a significant response rate, however when used in chemonaive patients, over-
all survival was comparable to that achieved with more toxic regimens [45]. Lastly,
an anti-angiogenic agent in combination with an EGFR inhibitor showed response
to therapy. This study also identified a molecular biomarker that could predict
greater likelihood of response to anti-angiogenic treatment: an exciting idea that
warrants further study [46].

Gene Therapy Approaches

Although several different gene therapy approaches have been investigated in
attempts to augment treatment of HNSCC, the most notable and successful therapy
has been aimed at epidermal growth factor receptor (EGFR). EGFR is a tyrosine
kinase that signals through the Ras-MAPK, PI3K-PTEN-AKT and phospholipase G
pathways. These pathways are associated with cellular proliferation, apoptosis,
angiogenesis and invasion (Fig. 1). EGFR dysregulation can induce cell prolifera-
tion and block apoptosis, and it has been identified as a key component in invasion
and metastases [47]. EGFR is over-expressed in more than 80% of HNSCC [48].
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Fig. 1 Cetuximab is a monoclonal antibody that targets EGFR, a tyrosine kinase receptor which
signals through the Ras-MAPK, PI3K-PTEN-AKT and phospholipase G pathways

An EGFR-associated expression profile has been noted to show a poor prognosis
[49]. Mutations in the EGFR gene are rare; protein over expression is often respon-
sible for activation of the pathway in HNSCC [50].

Cetuximab, a monoclonal EGFR specific antibody, has recently been the focus
of multiple trials as a treatment modality for HNSCC. Cetuximab has been approved
by the FDA for use in patients with platinum resistant disease [51]. When used as a
single agent in patients with recurrent or metastatic head and neck cancer that was
resistant to platinum, cetuximab resulted in a 46% rate of disease control —including
complete or partial response or stable disease. As first line therapy in patients with
metastatic disease or in patients with recurrent HNSCC, cetuximab plus fluorouracil
and cisplatin prolonged progression free survival [51].

Cetuximab has also been approved for use in combination with radiation therapy
in previously untreated patients [52]. In combination with radiation therapy, cetux-
imab improved locoregional control and overall and progression-free survival in
patients with locally advanced disease [52]. The risk of death was decreased by
26%. The rate of metastases was unaffected [52].

Conclusion

Given the high mortality rate in HNSCC with current treatment and the associated
side effects of aggressive treatment, new options for treatment are imperative. Gene
therapy offers the option of targeting specific tissues and ideally avoiding toxic
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effects on surrounding healthy tissue. Advances in molecular biology and
biomolecular technology will help us diagnose HNSCC disease earlier and expand
our scope of options for treatment.
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Tyrosine Kinase Targeted Treatment
of Chronic Myelogenous Leukemia
and Other Myeloproliferative Neoplasms

Ajit Bisen and David F. Claxton

Abstract Myeloproliferative neoplasms (MPNs) include Philadelphia chromosome
positive (Ph+) chronic myeloid leukemia (CML) and the Ph— diseases primary
myelofibrosis (PMF), polycythemia vera (PV) and essential thrombocythemia (ET).
Since FDA approval of imatinib in 2001, CML treatment has been focused on
tyrosine kinase inhibitors. With these targeted therapies, imatinib-resistant CML has
emerged as a major problem. Second generation tyrosine kinase inhibitors (TKIs)
have allowed for effective treatment of some patients with imatinib resistance, but
ber-abl mutants such as T3151 remain problematic. Additional agents are in develop-
ment and are discussed here. New clinical issues with TKI treatment include prema-
ture termination of therapy due to adverse-effects, the cost of therapy, and the
apparently indefinite duration of treatment in patients who have achieved complete
molecular response (CMR). In contrast to Ph+ CML, targeted therapy for Ph— MPNs
is novel and of less clear therapeutic potential. New insights into Ph— MPNs include
alterations in the JAK-STAT signaling pathway, particularly as mediated by the JAK2
V617F mutation. The recent development of multiple JAK2 inhibitors has provided
hope for the rational and effective management of these disorders. Recently, ruxoli-
tinib was approved as therapy for PMF. Current data suggests, however, that given its
vital cell signaling function, the therapeutic benefit of targeting Jak kinases in gen-
eral, or JAK2 specifically may be less than that derived from ABL-directed TKI
treatment of CML. This review focuses on the current treatment options for CML
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and Philadelphia chromosome negative myeloproliferative neoplasms (MPNs) and
limitations faced in current clinical practice.

Keywords CML e Philadelphia chromosome ¢ Polycythemia vera ¢ Imatinib * TKI
* JAK2 « BCR-ABL ¢ Blastic phase ® Ruxolitinib * Myeloproliferative neoplasms
* Nilotinib * Resistance ® Cytogenetic response * OCT-1 ¢ Dasatinib ¢ QT-prolongation
* Bosutinib ¢ Bafetinib ¢ Ponatinib ¢ GNF-5 ¢ PIGF ¢ Thrombopoietin ¢ STAT « DNA
repair ¢ Erythropoiesis ¢ Hydoxyurea ¢ Lenalidomide ® Myelofibrosis ¢ Cytopenia
* Leukemia ® TG101348 » Lestaurtinib e CYT387 « SB1518 « DCC-2036

Introduction

Chronic myeloid leukemia is now highly treatable with the advent of tyrosine
kinase inhibitors (TKIs) providing therapy targeted at BCR-ABL. The development
of major molecular response (MMR or >1,000 fold reduction of ber-abl as quan-
titated by PCR study) and complete molecular response (CMR, BCR-ABL mRNA
undetectable by RT-PCR) in many patients and the relatively limited toxicity
profile of this therapy has provided a dramatic contrast to the historically toxic
and ineffective interferon based therapies. Most striking has been the clear change
in the natural history of the disease with imatinib therapy with greatly reduced
incidence of accelerated and blastic phase of the disease [1]. However, imatinib
resistance among patients with CML has emerged as a clinically significant prob-
lem [2]. Second generation TKIs including dasatinib and nilotinib, while address-
ing some resistance, remain inactive for many patients. Ongoing studies involving
imatinib, nilotinib and dasatinib are discussed here [2—4]. Imatinib resistance
mechanisms have been identified, including abl kinase domain mutations (e.g. the
T3151 mutation) that have been shown to be operative in many cases. Compounds
targeting kinase domain mutations and other forms of TKI resistance are now in
clinical development. Other concerns include the potential for long term side
effects of abl inhibition as exemplified by the development of cytogenetic changes
in Philadelphia chromosome negative cells in patients on long term tyrosine
kinase inhibitor therapy.

In distinction to longstanding understanding of CML pathogenesis, the
Philadelphia negative (Ph—) myeloproliferative neoplasms (MPNs) have only
recently been associated with mutations involving Jak-2, other related tyrosine
kinases, and the downstream STAT signal transduction pathway [5]. This finding, in
2005, has prompted development of a variety of oral Jak-2 inhibitors, some of which
are advanced in clinical development. Ruxolitinib, a JAK1/JAK2 inhibitor, was
recently approved for clinical use by the FDA. The biology of the JAK-STAT path-
way and these Ph— MPNs contrasts in interesting and clinically significant ways
with ber-abl dependant Ph+ CML. These differences highlight different net out-
comes and therapeutic expectations for these two groups of diseases.
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In this review current clinical problems in the management of Ph+ CML and
Ph— MPNs are discussed. Subsequently, targeted tyrosine kinase inhibitor agents in
current clinical development for these diseases are examined, particularly from the
standpoint of how they may allow the current clinical issues to be addressed.
Management of Ph+ CML and the Ph— MPNs are addressed separately, but the rela-
tive potential benefits of TKI therapy of the two disease types is subsequently com-
pared and contrasted.

Targeted Therapy of Philadelphia Chromosome
Positive Chronic Myeloid Leukemia

Clinical Features of Ph+ CML

Based on a single center review of 430 patients with CML referred for bone marrow
transplantation, approximately 20% of the cases are currently diagnosed inciden-
tally. Fatigue and weight loss is present in patients with greater degree of anemia,
leukocytosis and splenomegaly. Typically, middle-aged individuals are affected and
younger patients may present with a more aggressive form of CML, such as in
accelerated phase or blast crisis.

Ph+ CML progresses through chronic phase, accelerated phase, or blast crisis.
Mature cells predominate in the chronic phase, cellular and additional cytogenetic
abnormalities occur in the accelerated phase, and rapid proliferation of immature
cells comprises the blast phase.

Current standard frontline therapy for newly diagnosed CML as outlined in the
NCCN 2012 guidelines is imatinib 400 mg daily, nilotinib 300 mg BID, or dasatinib
100 mg daily. Some investigators prefer second generation TKIs nilotinib and dasa-
tinib for patients with intermediate or high risk factors such as age, spleen size,
number of peripheral blast cells, eosinophils and basophils. Therapy is changed to a
higher dose imatinib or to a second generation TKI if complete hematologic response
(CHR) is not achieved or if drug toxicity is a concern. Rare patients who are unable
to tolerate imatinib, nilotinib or dasatinib are then considered for IFN/PEG-IFN,
hematopoietic stem cell transplantation or enrollment in a clinical trial (see http://
guidelines.nccn.org/published-guideline/EBA4F5EF-5A9B-E0B4-C6A4-
BFDDSFA8BF78/guideline.pdf).

Current Clinical Problems in Ph+ CML

Tyrosine Kinase Inhibitor Resistance: TKI resistance is arguably the most impor-
tant issue currently encountered in CML treatment. Given that persistence of active
CML poses ongoing risk for disease progression, patients with imatinib resistance
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manifest increased risks of progression to accelerated phase or blast crisis. Thus,
there is strong data suggesting well established milestones for defining treatment
success in CML patients during therapy [6]. Complete cytogenetic response (CcyR,
no Ph+ metaphases detected in a sample of at least 20 metaphases) is well estab-
lished as an endpoint and should be achieved by or close to 1 year of therapy. Major
molecular response has been shown to be associated with stable response in TKI
therapy and should be achieved at or close to 18 months of therapy [6, 7].
Approximately 20% of patients that are started on imatinib do not achieve CCyR
and 15% of those initially responsive to imatinib therapy eventually lose response.
When they are subsequently started on nilotinib or dasatinib, approximately 70% of
those patients achieve CCyR with the second TKI [8]. Unfortunately, 15% of these
patients eventually lose response. When a third TKI is used, CCyR occurs in only
about 20% and is usually of short duration. Prognosis is poor for these patients.
Currently, there is no standard therapy available for patients failing therapy with a
third TKI. (Liunan Li. et al, ASH 2010 Abstract 1238). Their options include IFN/
PEG IFN, hematopoietic stem cell transplantation or enrollment in a clinical trial.

Four main mechanisms of resistance to imatinib have been described. Mutations
of the abl moiety kinase site, such as the T315] mutation; altered expression of
multidrug transporter proteins, ber-abl amplification, and alternative signaling path-
ways [9] have all been shown to produce meaningful cellular resistance to imatinib
[10]. The first two mechanisms are briefly addressed below.

The best characterized form of imatinib resistance is that generated by the devel-
opment of secondary abl kinase domain mutations [11]. These typically develop
after imatinib or other TKI therapy and present highly variable degrees of TKI resis-
tance [12]. The T315I mutation however presents particular difficulties clinically, as
it renders the bcer-abl resistant to imatinib, dasatinib and nilotinib—i.e. all of the
licensed abl directed TKIs. Thus, there is an urgent need to develop strategies to
circumvent this resistance.

Imatinib resistance has been found in cells that lack or have decreased activity of
the organic cation transporter 1(OCT-1) protein [13, 14]. Functional activity of
OCT-1 predicts molecular response over the first 24 months of imatinib therapy for
chronic phase CML patients. Intracellular uptake and retention of imatinib depends
on OCT-1 activity and its mRNA expression. Nilotinib uptake is not OCT-1 depen-
dent, allowing it to be more effective at targeting BCR-ABL activity [15].

Duration of TKI Therapy: Current treatment strategy in terms of duration from
diagnosis remains unclear. Patients that achieve CCyR currently face a possibility
of lifelong TKI therapy and reasonably inquire about long term side effects. Imatinib
resistant CML precursor cells are thought to persist even in patients that achieve
cytogenetic and molecular response. Currently the standard of care is to continue
TKI therapy even for patients who achieve deep remission reflected by ongoing
CMR. To identify the subset of patients that would need to continue TKI therapy
indefinitely, Mahon et al conducted a prospective, multicenter trial involving 69
adult chronic-phase CML patients who had been treated with imatinib for >3 years
and had remained in CMR for >2 years. Patients discontinued imatinib but were
carefully followed. Peripheral blood analysis was conducted on a monthly basis for
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the first 12 months of treatment, at treatment end, and every 2 months thereafter. If
molecular relapse occurred, then they were restarted on imatinib therapy [16].
Relapse occurred in 42 (61%) of the patients. 40 of those 42 patients had relapsed
less than 6 months from the end of treatment. Ongoing CMR was observed in 41%
at 12 month and 38% at 24 months of follow-up. All of the patients that had relapsed
responded to re-initiation of imatinib therapy. It is thus possible that patients that are
intolerant to therapy may benefit from interruption and re-initiation if they achieve
CMR. More studies are needed to gain insight on duration of TKI therapy.

Patient Adherence to therapy: Adherence (compliance) to therapy is crucial for
success in CML treatment. Marin et al assessed whether adherence to once-daily
oral imatinib treatment was associated with MMR and with CMR[17]. Drug adher-
ence was defined based on self- reporting, frequency of repeat prescriptions, pill
counts, drug plasma levels, and data from an electronic device fitted in the medica-
tion bottle cap. They studied 87 patients with chronic-phase CML who had achieved
CCyR during treatment with imatinib. Initial dose was 400 mg daily. All patients
had received therapy for at least 2 years (median duration was 5 years). Adherence
was >90% in 64 patients and <90% in 23 patients. At 18 months, 58% of patients
with >90% adherence achieved MMR versus 9% in the <90% adherence group
(p<0.001). The 6-year probability of achieving CMR also was higher among those
with >90% adherence (44% vs. 0%; p=0.002). Patients with <80% adherence did
not achieve MMR at all. Lower rates of adherence were associated with higher dose
of imatinib (600 mg daily), adverse effects (discussed later), and younger age. [17]

Secondary Cytogenetic Changes: The development of chromosomal abnormali-
ties in Ph-negative metaphases has been recognized in patients with CML on ima-
tinib treatment [18]. Additionally, Cytogenetic abnormalities related to second
generation TKISs nilotinib, dasatinib and bosutinib were found in 41 of 453 patients
in a study by Jabbour and colleagues. 72 chromosomal abnormalities were noted,
most common of which consisted of =Y (n=7, 10%), trisomy 8 (n=6, 8%), and del
20q (n=5, 7%) in Ph-negative metaphases. These cytogenetic changes were found
to be transient and had uncertain clinical significance with occasional reported
exceptions [19]. Thus, many investigators choose to follow patients with CCyR
with periodic marrow cytogenetics to identify and monitor this phenomenon.

Tyrosine Kinase Inhibitors

First Generation Tyrosine Kinase Inhibitor

Imatinib mesylate: The identification of imatinib as a selective inhibitor of BCR-
ABL and its mutants has revolutionized the treatment of Ph+ CML [20]. Phase II
studies have suggested that higher dose therapy might improve hematologic and
molecular response rates. A phase III, multinational, randomized trial was conducted
to assess hematologic, cytogenetic, and molecular responses to imatinib 400 mg ver-
sus 800 mg daily (which was given as 400 mg twice daily) in 476 patients with newly
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diagnosed CML. The investigators also noted the difference in toxicity profile [21].
Higher dose imatinib was associated with more rapid MMR but MMR rates were
unaffected by the starting dose after 12 months of therapy (40.1% in the 400-mg
group and 46.4% in the 800-mg group). Similarly, CCyR at 12 months was 65.6%
for the lower dose and 69.9% for the higher dose group. In this study, higher dose
provoked more discontinuation of therapy, with 15.9% of patients in the 400 mg
group versus 19.7% of patients in the 800 mg group. Toxicities included fatigue,
edema, diarrhea, myalgias and skin rash (Table 1). 17.8% of patients in the 400 mg
group required a dose reduction versus 61.4% of patients in the 800 mg group.

The issue of potential discontinuation of imatinib therapy continues to be
explored. Investigators have recently studied the combination of imatinib and pegy-
lated-interferon with a view to potential cure of the disease, allowing long term
discontinuation [22].

Second Generation Tyrosine Kinase Inhibitors

Nilotinib: Second generation TKIs, nilotinib and dasatinib are FDA approved for
newly diagnosed CML given their efficacy and favorable side-effect profiles.
Nilotinib, like imatinib, binds to the kinase domain in the inactive conformation. It
is active in imatinib refractory or intolerant patients [23—-26]. It has been compared
to imatinib in the phase 3, randomized, study of 846 patients with chronic-phase
CML (the ENESTnd study). This study continues to demonstrate the superiority of
nilotinib versus imatinib in yielding cytogenetic and molecular response at
12 months of follow-up [27]. The more frequent CMRs seen in newly diagnosed
CML patients treated with nilotinib have led to discussion regarding approaches to
ultimate discontinuation of TKI therapy. Main toxicities include QT-prolongation,
fatigue, rash and hyperlipasemia (Table 1).

Dasatinib: Dasatinib is a multikinase inhibitor (it also inhibits sarc (SRC) family of
kinases) which binds to the ABL kinase domain in the open conformation, address-
ing another mechanism of resistance. It, like nilotinib, is active in yielding CML
responses in a proportion of imatinib refractory patients [28, 29]. The DASISION
study comparing dasatinib to imatinib in newly diagnosed CML continues to
confirm more rapid CCyR and MMR development in patients treated with dasatinib
[30]. Dasatinib is associated with pleural and pericardial effusions, occurring in
5-10% of patients, but generally appearing within a year of initiation of therapy
(Table 1).

Bosutinib: This compound is a dual inhibitor of SRC and ABL with clinical activity
in imatinib refractory patients [31]. It also shows in vitro activity against imatinib
resistant abl kinase domain mutants [12]. An 18-month follow-up in the BELA trial
comparing bosutinib versus imatinib in patients with chronic phase CML revealed
a significantly higher MMR rate at 1 year, significantly faster times to CCyR and
MMR, lower transformation rate and an acceptable toxicity profile with bosutinib
[31, 32]. Bosutinib is being evaluated as a third-line therapy for chronic-phase CML
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following failure with imatinib and then nilotinib or dasatinib. A phase I/II trial
evaluated safety and efficacy of bosutinib as a third-line therapy in 114 patients.
73% of the patients achieved complete hematologic response (CHR, normalization
of peripheral blood counts) and 32% achieved major cytogenetic response (MCyR,
<35% Ph+ metaphases). 11 patients achieved CCyR and 22% achieved MMR.
MCyR and CHR were observed across 11 different BCR-ABL kinase domain muta-
tions, but T3151 still remained resistant (2011 ASCO Annual Meeting, abstract
6535). Bosutinib was FDA approved on Sept 4, 2012 for Ph+ CML in chronic,
accelerated, or blast phase, in patients with resistance or intolerance to prior therapy.
(www.cancer.gov)

Bafetinib (INNO-406): Bafetinib is also a second-generation TKI in development.
Its structure is a modified structure of imatinib with improved binding and potency
against Ber-Abl as well as Src family kinase Lyn, which has been associated with
resistance to imatinib in CML [33]. Preclinical studies showed that it inhibits 12 of
13 most frequent imatinib-resistant Bcr-Abl point mutations, but again it is unable
to inhibit the T315I mutation which accounts for 10-20% of mutations detected
after failure of TKI therapy [33, 34].

Ponatinib (AP24534): A pivotal phase II trial (PACE trial) is currently ongoing for
use of another second-generation TKI, ponatinib. This TKI actually showed anti-
tumor activity against the T3151 mutation in the phase I study and was effective
against tumor cells that developed resistance to nilotinib and dasatinib [35]. (clini-
caltrials.gov identifier NCT01207440).

DCC-2036: DCC-2036, is a potent broad spectrum inhibitor of BCR-ABL kinase
that also inhibits the T315I mutation [36]. It is currently undergoing testing in a
multicenter phase 1 clinical trial (clinicaltrials.gov identifier NCT00827138).

GNF-5: This agent targets and selectively inhibits BCR-ABL via an alternative
binding site. Drug resistance was lowered exponentially when GNF 5 was used in
combination with imatinib or nilotinib [37]. In a mouse model of CML that closely
resembles human disease, treatment with both nilotinib and GNF-5 (compared with
either drug alone) greatly prolonged survival [37]. 80% of mice that received the
combination therapy had no signs of residual disease and no toxicity at 6 weeks
post-treatment. The approach of simultaneously targeting multiple sites is proposed
to decrease the incidence of new mutations.

Impact of the Tumor Microenvironment and Cancer Stem Cells

There is emerging evidence that highlights the importance of the tumor microenviron-
ment, in particular the bone marrow stroma, for the growth and survival of TKI resis-
tant leukemic cells. Placenta growth factor (PIGF), a VEGF family member, has
recently been evaluated in imatinib-resistant CML. In vitro studies have revealed that
PIGF promotes the survival of hematopoietic precursors. VEGFR-1 (Fltl) is also
widely expressed in human CML cells. Preclinical studies have suggested that CML
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cells signal the bone marrow stroma to produce increasing amounts of PIGF
Furthermore, murine models with genetic deletion of PIGF have prolonged survival of
CML-bearing mice. This was confirmed by Schmidt and colleagues when they used a
monoclonal antibody against PIGF (atPIGF) plus imatinib in an imatinib-sensitive
CML mouse model and found a significantly longer survival rate [38]. These findings
suggest targeting the microenvironment, in addition to the leukemic cell itself, would
offer a multi-dimensional approach for the treatment of TKI-resistant CML.

Targeted Therapy in Philadelphia Chromosome Negative
Myeloproliferative Neoplasms (MPNs)

Philadelphia Chromosome negative MPNs include polycythemia vera (PV), essen-
tial thrombocythemia (ET) and primary myelofibrosis (PMF). Understanding of
these disorders has lagged behind that for Philadelphia chromosome positive CML.
In 1978, Prchal et al showed that PV is characterized by erythropoietin-independent
erythroid colonies. In 2005 three groups demonstrated that the tyrosine kinase
JAK-2 (Janus Kinase-2) is mutated at codon 617 in nearly all patients with PV, ren-
dering this enzyme more active in signal transduction [39—42]. This mutation affects
a non-kinase domain which appears active in kinase regulation (Fig. 1). Mutations
that are now known to contribute to the pathogenesis of PV are JAK2 V617F, exon
12 JAK?2 mutations, and somatic mutations of thrombopoietin receptor (cMPL)
[43]. Mutations with gain of function include JAK2, MPL, CBL and loss of function
include LNK and NF1 which activate the JAK-STAT pathway [44]. However, many
patients with PMF and ET have no identifiable mutation in any of these genes. Thus,
comprehensive understanding of the initial events in the development of MPNs
remains elusive. Even PMF patients without known somatic mutations may be
shown to have activation of the myeloid STAT signaling pathway, suggesting that
these patients share at a minimum some common signal transduction pathology.
The final phenotype of MPNs is then associated with inflammation, angiogenesis,
myeloid proliferation and resistance to apoptosis.

While mutant JAK-2 may be compared to the BCR-ABL oncoprotein from
drug-development standpoint, it’s vital function in development and physiology
separate it from the ABL derived target in CML. While the function of ABL appears
related to cell cycle arrest, potentially as it relates to DNA repair, deletion of this
gene is compatible with life, albeit with minor developmental differences [45, 46].
Thus, complete inhibition of this enzyme and its variants with targeted therapy
yields (at least in the medium term) few serious toxicities. In distinction, wild-type
JAK2 enzyme is involved in normal hematopoiesis (Fig. 1); therefore, complete
inhibition of this enzyme may not be possible clinically. JAK-2 is necessary for
erythropoiesis—knock-out mice lack definitive erythropoiesis [47]. Thus, targeting
of this enzyme is limited by the tolerance for complete versus partial inhibition of
this target. It has also been suggested that JAK-2 mutations do not seem to be the
disease initiating or primary mutation in these diseases. This pathway is however
the target of current JAK?2 inhibitors [44, 48].
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Fig. 1 Ruxolitinib acts as a JAK1 and JAK?2 inhibitor and blocks normal activation as well as
mutated JAK-STAT pathway

Clinical Problems in Ph— Myeloproliferative Neoplasms

Constitutional Symptoms and Splenomegaly: While initially often manifesting
relatively benign behaviors, all patients with MPNSs are at risk for evolving to highly
symptomatic phases characterized by constitutional symptoms (sweating, fatigue,
fever) and massive splenomegaly due to extramedullary hematopoesis. These are
typically frequent earlier in the course of MF than in PV or ET, but patients with
these latter conditions often become disabled by these symptoms late in their course.
While hydroxyurea and corticosteroids yield modest palliation for some, many
patients experience fatigue and sweating which is refractory to these agents.
Splenectomy has been reported effective for anemia, but is highly morbid and not
helpful for constitutional symptoms. Thalidomide [49] and lenalidomide have
shown modest activity, but only for a minority of patients.

The most positive findings are reported in the COMFORT I and COMFORT II
trials, leading to the FDA approval of ruxolitinib in November of 2011. The
COMFORT T study is an ongoing double-blind, placebo-controlled study that
showed that 42% of myelofibrosis patients treated with ruxolitinib had a 35% or
more splenic size reduction on MRI at 24 weeks versus only 0.7% patients in the
placebo group. 46% of patients in the ruxolitinib group also had a 50% or more
improvement in the total symptom score at 24 weeks compared with only 5% of
patients in the placebo group. Anemia and thrombocytopenia were the most com-
mon adverse events reported in the ruxolitinib group, but this rarely led to discon-
tinuation of therapy [50].
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The COMFORT II study compared ruxolitinib to best available therapy. At week
24, 32% of the patients in the ruxolitinib group had 35% or more reduction in spleen
size on MRI compared to 0% of the patients in the best available therapy group.
Patients in the ruxolitinib group had reduction in disease related symptoms com-
pared to best available therapy. The impact of ruxolitinib on overall survival, toler-
ability profile and symptom reduction has been positive based on recent outcome of
107 patients treated with ruxolitinib compared to 310 matched historical controls
[51, 52].

Marrow Fibrosis and cytopenias: As MPNs progress, marrow fibrosis becomes
denser and net marrow hematopoietic cellularity falls. Often in this phase patients
develop cytopenias, particularly anemia, but also thrombocytopenia. Bone marrow
fibrosis is generally associated with atypical megakaryocytic hyperplasia and thick-
ening and distortion of the bony trabeculae.

Terminal phase MPN—acute leukemic transformation: While many older
patients with indolent Ph— MPNs may have chronic courses which are not life
threatening, others, particularly those diagnosed at younger ages, will ultimately
develop transformation of their MPN to an acute leukemic phase resembling acute
myelogenous leukemia (AML). Such transformed diseases, seen in ~20% of patients
with MF, are very resistant to cytotoxic chemotherapy, and the afflicted patients are
in many cases so debilitated by their illness that they are unfit for intensive chemo-
therapy. Thus, while occasionally AML induction chemotherapy may yield remis-
sion of these acute transformations, these remissions are generally brief in the
absence of allogeneic transplantation. In sum, the development of a therapy which
may prevent acute transformation to a terminal phase would provide hope for a true
change in the natural history of these disorders. No data has so far suggested that
any existing therapy prevents this terminal transformation.

Early clinical trials of JAK2 inhibitors have mainly focused on MF or later stages
of PV and ET because of the serious implications of these conditions. JAK?2 inhibi-
tors currently in development are discussed below and presented in Table 2.

Jak-2 Tyrosine Kinase Inhibitors

Ruxolitinib (INCB018424 —Incyte): is arguably the most studied inhibitor of JAK 1
and JAK 2 [44, 53, 54]. It is being studied in phase I/II trials COMFORT I (compared to
placebo) and COMFORT II (compared to best available treatment). These studies have
revealed that ruxolitinib provides marked and sustained clinical benefit in spleen size
and an acceptable safety profile relative to placebo and best available therapy [44, 55].
As aresult of these findings, ruxolitinib became the first FDA approved treatment
for myelofibrosis in November of 2011. An additional phase 1-2 trial was reported
by Verstovsek and others, examining Ruxolitinib in 153 patients with primary
myelofibrosis, post—essential thrombocythemia myelofibrosis, or post—polycythemia
vera myelofibrosis [56]. The best responses as measured by reduced spleen size were
in patients receiving 15 to 25 mg twice daily dosing. Sixty percent of those treated at
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the 25 mg bid dose required dose reductions for thrombocytopenia, suggesting the
lower dose as an appropriate initial therapy. Importantly, constitutional symptoms
including night sweats, itching and fatigue showed sustained improvement in patients
in this study. Treatment emergent anemia is however seen with this agent [5].
Circulating levels of inflammatory markers (C reactive protein, IL1b, IL6) fell in
patients in the study. Clinical and biochemical responses were independent of Jak-2
mutational status [56].

TG101348: This agent is an oral agent which, unlike Ruxolitinib, is selective for
Jak-2 inhibitor with additional inhibitory activity for MPL. It was studied in high-
or intermediate-risk primary or post—polycythemia vera/essential thrombocythemia
myelofibrosis in a once daily, phase I trial [57]. The maximal tolerated dose was
680 mg daily, with modest amylase elevations identified as the dose limiting toxic-
ity. While many patients experienced nausea, diarrhea and new onset anemia, most
showed improvement in constitutional symptoms, leukocytosis and thrombocytosis,
a substantial minority also showed reduced spleen size.

Lestaurtinib (CEP710— Cephalon): This agent is an orally bioavailable inhibitor
of FLT-3 and Jak-2. This agent was administered to 22 patients with primary or post
PV or ET myelofibrosis at a dose of 80 mg twice daily in a phase 2 trial reported in
2010 [58]. Diarrhea, nausea, and headache were frequently seen toxicities, but sev-
eral patients also experienced grade 3 or 4 anemia or thrombocytopenia. Six patients
(27%) showed disease response by IWG-MRT criteria.

CYT387 is a Jak-2 inhibitor with activity against Jak-1 and Tyk-2. CYT387 showed
significant activity in a murine model of Jak-2 -V617F dependant MPN [59]. In this
model the burden of the mutant clone was reduced by in-vivo treatment with this agent.

SB1518 exhibits inhibitory activity against Jak-2 and FLT3, and inhibited tumor
growth in a murine Jak-2 V617F model [60].

Discussion

The availability of abl specific tyrosine kinase inhibitors has changed the natural
history of Ph+ CML. Ongoing development of agents offers prospects for address-
ing the outstanding issues in CML care discussed above.

Imatinib and other TKI resistance via a variety of mechanisms poses serious
ongoing obstacle for some patients. Second generation agents Dasatinib and
Nilotinib yield faster CML responses and thus the prospect for less emergence of
resistance. The development of agents potentially capable of treating kinase domain
mutant ber-abl, in particularly Ponatinib (AP24534) and DCC-2036, both of which
show activity against the T3151 mutation, offers prospects for management of this
very serious complication. It may be expected, however, that some patients will
continue to develop resistant disease under the selective pressure of highly active
therapy. Thus, ongoing studies of novel agents are of great practical interest.
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Long term use of TKIs remains expensive and not without toxicities for CML
patients. The potential toxic impact of long term inhibition of tyrosine kinase targets
is surely of vital interest. To date there is little data for serious long-term toxicity of
imatinib and second generation abl kinase inhibitors. However, observations of sec-
ondary “myelodysplasia related” chromosome changes [19] in patients under treat-
ment with these agents are thought provoking and merit ongoing study.

For Ph— MPNs the outlook is very different. JAK-STAT alterations, unlike
BCR-ABL in CML, do not appear to be the driver of primary changes in these neo-
plasms [5]. The Jak-2 and related enzymes have essential functions in hematopoie-
sis [61], rendering them unsuitable for complete inhibition therapy. Thus, while the
agents under clinical development appear to offer significant palliation to patients
with advanced Ph— MPN, it is unclear what the impact of these agents will be on
the natural history of these patients. No data as yet suggests much improvement in
marrow fibrosis or Jak-2 mutant (V617F) allelic burden with therapy with these
agents. Their long term effects will be of great interest.

In summary, TKI directed therapy presents interesting contrasts for Ph+ and Ph—
MPNs. Ph+ CML is dependent on mutant abl, an enzyme whose function appears
optional for normal hematopoiesis. Complete inhibition of abl activity has limited
toxicity, and the consequences of such therapy include in-vivo selection for resistant
mutants. In distinction to Ph+ diseases, at this time no primary disease initiating
mutation has been identified for Ph— MPNs. Jak-2 is a tyrosine kinase clearly essen-
tial for normal hematopoiesis, rendering its complete therapeutic inhibition prob-
lematic. Therefore, while Jak2 inhibitors currently under study are of great interest
and may provide important palliation of symptoms, their potential to affect the natu-
ral history of the Ph— MPNSs is uncertain.
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Targeted Therapy of Multiple Myeloma
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Abstract Multiple myeloma (MM) is a plasma cell malignancy and the second
most common hematologic cancer. MM is characterized by the accumulation of
malignant plasma cells within the bone marrow, and presents clinically with a broad
range of symptoms, including hypercalcemia, renal insufficiency, anemia, and lytic
bone lesions. MM is a heterogeneous disease associated with genomic instability,
where patients may express multiple genetic abnormalities that affect several onco-
genic pathways. Commonly detected genetic aberrations are translocations involving
immunoglobulin heavy chain (IgH) switch regions (chromosome 14q32) and onco-
genes such as c-maf [t(14:16)], cyclin D1 [t(11:14)], and FGFR3/MMSET [t(4:14)].
Advances in the basic understanding of MM and the development of novel agents,
such as the immunomodulatory drugs (IMiDs) thalidomide and lenalidomide and
the proteasome inhibitor bortezomib, have increased therapeutic response rates and
prolonged patient survival. Despite these advances MM remains incurable in the
majority of patients, and it is therefore critical to identify additional therapeutic
strategies and targets for its treatment. In this chapter, we review the underlying
genetic components of MM and discuss the results of recent clinical trials that dem-
onstrate the effectiveness of targeted agents in the management of MM. In addition,
we discuss experimental therapies that are currently in clinical development along
with their molecular rationale in the treatment of MM.
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Introduction

Multiple myeloma (MM) accounts for 1% of all cancers, is the second most common
hematologic cancer, and is responsible for approximately 10,000 deaths per year in
the U.S. [1]. MM is characterized by the clonal proliferation of plasma cells within
the bone marrow and presents clinically with a broad range of manifestations, such
as hypercalcemia, renal insufficiency, anemia, lytic bone lesions, among other com-
plications [2]. In the last 10 years, extensive research efforts have identified key
molecular pathways that contribute to proliferation and survival of malignant
plasma cells. This knowledge of MM pathogenesis at the molecular level has led to
the development of novel agents with mechanisms of action different from conven-
tional chemotherapy agents, which act by non-specifically poisoning DNA synthe-
sis and the mitotic process. Clinical results obtained with these new agents have not
only improved the duration of disease remission in MM, but have prolonged patient
survival [3]. Despite these therapeutic options, the vast majority of MM patients are
not cured, therefore emphasizing the need to continue the development of new ther-
apeutic options with activity directed against MM-specific molecular targets and
signaling pathways. The clinical armamentarium for treating MM has now expanded
to include new IMiDs, new proteasome inhibitors, histone deacetylase inhibitors,
and other targeted agents that we discuss in this review chapter.

Standard of Care for Multiple Myeloma

High dose melphalan in conjunction with autologous stem cell transplantation
(ASCT) is the standard of care for newly diagnosed MM patients under 65 years of
age [4]. Patients undergo an induction phase of therapy prior to high-dose therapy
and ASCT, and then receive consolidation and maintenance therapies following
ASCT. Numerous therapies and combinations are incorporated during the induction
and consolidation/maintenance phases and include conventional chemotherapy
agents (e.g., melphalan, cyclophosphamide, and liposomal doxorubicin), corticos-
teroids (e.g., dexamethasone and prednisone), the immunomodulatory drugs
(IMiDs) thalidomide and lenalidomide, and the proteasome inhibitor bortezomib
[5]. The same agents in various combinations are routinely used for transplant-
ineligible patients. New generation IMiDs and proteasome inhibitors along with
other classes of molecular targeted agents are now being incorporated into the ther-
apy of MM, particularly in the refractory setting. In this review, we analyzed the
evidence supporting therapeutic use of these novel agents and discuss the molecular
pathways that contribute to MM progression and may be targeted for the develop-
ment of future clinical trials. We focused our attention on the antineoplastic therapy
of MM and did not review other aspects of MM treatment, such as the targeted
therapy of bone disease. Osteolyticlesions, a clinical hallmark of MM, are the result
of an imbalance between bone formation and resorption. Several molecules, such as
osteoprotegerin, RANK (Receptor Activator of Nuclear factor-KappaB), RANKL
(RANK ligand), and DKK1 have been identified as key mediators of the formation
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Fig. 1 The t(4:14) translocation in multiple myeloma. The immunoglobulin heavy chain (IgH)
gene is highly expressed in normal plasma cells due to the influence of powerful enhancer
sequences (Ep and 3') within the IgH locus. By contrast, FGFR3 and MMSET are expressed at
undetectable levels in normal plasma cells. The t(4:14) gene translocation juxtaposes the endoge-
nous promoters of FGFR3 and MMSET with the strong IgH enhancers, and promotes the aberrant
expression of both genes [12]

of osteolytic lesions in MM [6]. These discoveries have already reached applications
in clinical practice with the recent introduction of the anti-RANKL agent deno-
sumab for the treatment of osteoporosis and metastatic bone disease. The targeted
therapy of bone disease in MM has been reviewed elsewhere [7-9].

Molecular Biology of Multiple Myeloma

MM originates from a post-germinal center B-cell that expresses immunoglobulin
heavy chain (IgH) post-switch isotypes. An early transformation event in the devel-
opment of MM involves an illegitimate class switch recombination in the
non-functioning allele of the immunoglobulin heavy chain (IgH) locus [10, 11]. In
fact, translocations involving the IgH locus (14q32) are the most frequently detected
karyotypic abnormality in MM cells. As recombination errors in immunoglobulin
gene rearrangement are common in all B-cell malignancies, it seems that this pro-
cess, which provides remarkable diversity to the humoral immune system, also
leaves this cell lineage particularly vulnerable to oncogenic transformation.
Transcriptional activity of the IgH locus is heightened in B-cells and plasma cells,
and therefore the translocation and juxtaposition of an oncogene to the IgH locus,
which contains powerful enhancer sequences, may result in upregulation of the
oncogene [12]. The t(4:14) translocation, involving the FGFR3, MMSET, and IgH
genes, is illustrated in Fig. 1. The most common MM chromosomal translocations
and the oncogenes that they dysregulate are listed in Table 1.

A single cytogenetic abnormality that is directly responsible for the malignant
transformation of plasma cells has yet to be identified. According to current knowl-
edge, MM is not a cancer driven by a single somatic mutation, such as the formation
of PML-RAR and BCR-AB fusion genes in acute promyelocytic leukemia (APL)
and chronic myelogenous leukemia (CML), respectively. In those two hematologic
malignancies, transgenic mouse models have demonstrated that a single gene product
is responsible for the malignant transformation [13, 14]. Instead, MM cells are char-
acterized by chromosomal instability, and the individual gene products generated by
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Table 1 Typical cytogenetic abnormalities in multiple myeloma

Cytogenetic abnormality Involved loci Involved genes Approximate frequency
t(4;14) (p16;q32) MMSET/FGFR3 15%
t(6;14) (p21;q32) Cyclin D3 2%
t(8;14) (q24;q32) MAF-A <1%
t(11;14) (q13;q932) Cyclin D1 15%
t(12;14) (p13;q932) Cyclin D2 <1%
t(14;16) (932:923) c-MAF 5%
t(14;20) (q32;q12) MAF-B <1%
1q gain 1q21 (Multiple) 30%
1p loss 1p32 (Multiple) 20%
13q-, -13 - (Multiple, RB) 50%
17p- - (Multiple, p53) 10%

oncogenic translocations may not be sufficient for the pathogenesis of the disease
[15]. It is believed that occurrence of dysregulated oncogenes represents consecu-
tive stages of MM pathogenesis. In fact, current knowledge supports a stepwise
transformation model with the accumulation of genetic alterations and proliferative
capacity during the tumor progression of plasma cell dyscrasias [16]. Therefore, it
is not surprising that the search for an effective single therapeutic agent in MM,
with targeted activity similar to that of retinoic acid in APL or imatinib mesylate in
CML, has been challenging.

Chromosomal aberrations other than translocations are also common in MM and
have prognostic value. Table 1 shows the most common chromosomal gains, losses
and deletions, their approximate frequency, and the genes that are thought to be
dysregulated as a result of the abnormality [reviewed in 17]. In particular, the detec-
tion of complete loss of chromosome 13 (monosomy 13) by metaphase cytogenet-
ics, or deletion of the short arm of chromosome 17 (17p-) by fluorescence in situ
hybridization (FISH) are considered to be two significant adverse prognostic fac-
tors. For example, median overall survival after high-dose therapy for patients with
17p- was 15 months compared to 48 months for patients without this abnormality
[18]. The tumor suppressor genes retinoblastoma (RB) and p53 are located on chro-
mosomes 13 and 17, respectively, and their deletion is believed to account for the
negative clinical outcomes associated with these chromosomal abnormalities.

Targeted Therapies in Multiple Myeloma

IMiDs

Thalidomide and its derivatives represent the class of antineoplastic compounds
called ImmunoModulatory Drugs (IMiDs). The efficacy of these agents in MM and
other hematologic malignancies is attributed to their immunomodulatory, anti-
inflammatory, and antiangiogenic properties. IMiDs target tumor cells directly by
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inducing cytotoxicity and indirectly by interfering with components of the bone
marrow microenvironment that promote MM progression [19]. Thalidomide, ini-
tially introduced in Germany in 1957 as a sedative, was withdrawn from the market
in 1961, when it was linked to severe fetal malformations. The renewed interest in
thalidomide was related to the discovery of its activity in patients with MM [20].
Thalidomide induces apoptosis of MM cells and down-regulates the expression of
several cytokines involved in cell proliferation and survival, such as TNFa, IL-6,
and VEGF. However, its precise mechanism of action has not been fully elucidated
[21]. Although the molecular target of thalidomide has yet to be identified, a recent
study found that cereblon (CRBN), a protein encoded by a candidate gene for men-
tal retardation, bound thalidomide and mediated its teratogenicity [22]. Clinically,
the use of thalidomide in relapsed/refractory MM is associated with response rates
(RR) ranging from 25% to 65% [20]. The main toxicities of thalidomide include
sedation, peripheral neuropathy, bradycardia, hypotension, constipation, and venous
thromboembolism. Due to the increased risk of venous thromboembolism (VTE),
antithrombotic prophylaxis is always recommended (with aspirin, warfarin, or low-
molecular weight heparin, depending on the clinical scenario and the presence or
absence of other coexistent risk factors for VTE).

The thalidomide analogues lenalidomide and pomalidomide (CC4047) are sec-
ond-generation IMiDs developed to enhance the anticancer properties and reduce
the adverse effects associated with thalidomide. Lenalidomide proved effective in
refractory patients including those who had relapsed following thalidomide treat-
ment [23]. Furthermore, lenalidomide generated superior response rates along with
progression-free and overall survival compared to thalidomide in newly diagnosed
patients [24]. Pomalidomide elicited responses in 47% of patients who had received
three or more previous regimens, including lenalidomide [25]. More clinical studies
investigating the activity of pomalidomide are needed, but these data suggest that
pomalidomide is clinically effective in advanced MM, even when the disease is
refractory to other IMiDs. Table 2 lists several important clinical trials of IMiDs in
MM, chosen based on the number of patients enrolled and the use of monotherapy
whenever possible. The intent is to indicate the clinical activity of these agents in
MM without the confounding effectiveness of other agents.

Proteasome Inhibitors

The proteasome is a multi-subunit, cylinder-shaped protein complex that degrades
ubiquitinated proteins. Plasma cells are terminally differentiated B-cells that are
specialized for the mass production of immunoglobulins. The increased protein
load associated with this task lowers the threshold for proteotoxic stress and
increases the susceptibility of plasma cells to toxic misfolded/unfolded proteins
that trigger proapoptotic signals of the unfolded protein response (UPR) and endo-
plasmic reticulum (ER) stress response [26]. Additionally, plasma cell differentia-
tion is accompanied by a dramatic decrease in expression of the proteasome [27].
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Taken together, these cellular characteristics are thought to make plasma cells
particularly sensitive to inhibitors of the proteasome. In addition, the proteasome
regulates the expression of proteins and cytokines that promote MM growth and
angiogenesis, and inhibit apoptosis, such as NF-kB [28]. The proteasome inhibitor
bortezomib was developed for the treatment of MM based on this rationale, and it
has been widely recognized as a remarkable clinical success. Bortezomib received
accelerated approval from the U.S. Food and Drug Administration (FDA) in 2003,
after clinical efficacy was demonstrated in refractory MM [29]. Bortezomib was
later approved for first-line treatment of MM. Despite the efficacy of bortezomib,
MM cells invariably develop resistance to it. Carfilzomib, a second generation pro-
teasome inhibitor, has shown efficacy against bortezomib-resistant MM cell lines
and primary patient samples in vitro [30], and has also exhibited promising activity
in patients [31]. The activity of carfilzomib against bortezomib-resistant MM cells
may be due to its pharmacological profile, which differs from bortezomib. Both
drugs inhibit the same proteasomal subunit (20S chymotrypsin-like 5 subunit), but
only carfilzomib does so irreversibly. Another second-generation proteasome inhib-
itor, marizomib (NPI-0052), is an orally bioavailable non-peptide based compound
with encouraging preclinical activity in MM [32].

Table 3 lists several important clinical trials of bortezomib in MM. We chose
trials based on the number of patients enrolled and the use of monotherapy (when-
ever possible) in order to determine the clinical effectiveness of this agent in MM
without the influence of confounding factors. However, we recognize that combina-
tion chemotherapy regimens are frequently administered both in trials and in clini-
cal practice, with the goal of increasing response rates and survival outcomes. For
example, the VRD regimen, which combines bortezomib, lenalidomide, and dex-
amethasone, is an exceptionally effective regimen in MM, where it has reportedly
produced an unprecedented response rate of 100% in patients with newly diagnosed
disease [33].

Histone Deacetylase Inhibitors

Histone deacetylase (HDAC) inhibitors are a class of molecules that epigenetically
regulate gene transcription by modulating the structure of chromatin and DNA.
These drugs can increase the transcription of genes previously down-regulated by
histone acetylation [34]. The molecular target of HDAC inhibitors in MM cells is a
subject of debate, particularly because they promote the acetylation of non-histone
proteins as well. According to recent evidence, HDAC:s are critical targets of protea-
some inhibitors [35], and clinical trials combining these two classes of agents are in
progress. The most commonly used HDAC inhibitors are vorinostat, panobinostat
(LBHS589), and romidepsin. In a phase I trial of single-agent vorinostat, only one
minor response was seen among 13 patients with relapsed/refractory MM, but max-
imum tolerated dose (MTD) was not reached due to early study termination by
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sponsor decision [36]. In another phase I study of 23 MM patients, vorinostat in
combination with bortezomib produced a response rate of 42% (including three
partial responses among nine bortezomib refractory patients) [37]. Similarly, the
combination of vorinostat with bortezomib produced clinical benefit among six
patients with relapsed/refractory MM after previous bortezomib treatment (partial
response in one patient and stable disease in five patients) [38]. Preliminary findings
with romidepsin have been disappointing: in a phase II trial, no objective responses
were observed in 12 patients with relapsed/refractory MM after administration of
romidepsin (13 mg/m?) as a 4 h intravenous infusion on days 1, 8, and 15 every
28 days [39]. HDAC inhibitors that are currently in development include ACY-
1215, which specifically targets the HDACG6 isoform and has demonstrated promis-
ing preclinical activity in models of MM [40].

Heat Shock Proteins Inhibitors

Heat shock proteins (Hsps) are molecular chaperones that facilitate proper folding
of their “client” proteins. Plasma cells, both normal and malignant, produce and
secrete massive amounts of immunoglobulins and rely heavily on Hsps to facilitate
proper folding into their correct tertiary structures. Therefore, Hsp inhibition was
developed as a rational therapeutic strategy for targeting MM. Indeed, inhibition of
Hsp90 was shown to induce ER stress and a proapoptotic unfolded protein response
in MM cells, suggesting that proteotoxicity is one mechanism by which Hsp90
inhibitors may induce MM cell death [41]. Others have shown that the anti-MM
activity of Hsp90 inhibitors arises from their ability to inhibit the activity of prosur-
vival and proliferative signaling molecules, such as insulin-like growth factor 1
receptor, interleukin-6 receptor, Akt, and ERK [42, 43]. Tanespimycin, an inhibitor
of Hsp90, is the only agent of this class of drugs evaluated in clinical trials. In a
phase I trial of single-agent tanespimycin, this agent temporarily stabilized disease
in 52% of heavily pretreated patients [44]. In the phase II trial, tanespimycin was
combined with bortezomib, based on the preclinical data showing anti-tumor syn-
ergy between the two drugs. Objective responses were observed, although the study
was closed prematurely for resource-based reasons [45].

The Nuclear Hormone Receptor Superfamily

Corticosteroids are among the most commonly used drugs in the treatment of MM,
where they have been shown to induce response rates of approximately 60% in
newly diagnosed patients when used as monotherapy [46]. Glucocortocoid recep-
tors, members of the nuclear hormone receptor superfamily, are the molecular tar-
gets of prednisone and dexamethasone—two corticosteroids commonly administered
to MM patients. The superfamily of nuclear hormone receptors consists of
structurally related proteins, encoded by homologous genes that function as receptors
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Table 4 Cancer therapy involving the nuclear hormone receptor superfamily

Receptor Gene Hormone/ligand used in therapy Type of cancer
Glucocorticoid receptor ~ GR Prednisone, dexamethasone MM, HL, NHL
Estrogen receptor ER Tamoxifen Breast cancer
Androgen receptor AR Testosterone (inhibited by flutamide) Prostate cancer
Progesterone receptor PR Megestrol acetate Breast cancer
Retinoic acid receptor RARo:  ATRA APL

Retinoid X receptor RXR Bexarotene CTCL

APL acute promyelocytic leukemia, ATRA all-trans retinoic acid, CTCL cutaneous T-cell
lymphoma, HL Hodgkin’s lymphoma, NHL non-Hodgkin’s lymphoma

for several hormones, including glucocorticoids, estrogen, progesterone, androgens,
thyroid hormone, vitamin D, retinoids, and others. Structurally, these molecules
share a small lipophilic molecular core, which can pass through the lipid bilayer of
the cell membrane and bind to their specific receptors in the cytoplasm. The receptors
are nuclear transcription factors that, after being activated by the binding to their
hormones, translocate to the nucleus and regulate transcription of target genes that
control biologic processes important in development, cell proliferation, and
differentiation [47]. The nuclear hormone receptors typically consist of five domains:
A/B (modulating region), C [DNA-binding region, containing two zinc-fingers
which specifically recognize the hormone-responsive element (HRE), a DNA
enhancer sequence that is located near the promoter region of target genes], D (hinge
region, important for nuclear localization), E (hormone-binding region, which also
contains leucine zippers, the sites of dimerization), and F (modulating region).
Following ligand binding, hormone-receptor complexes dimerize with other hor-
mone-receptor complexes and translocate to the nucleus, where they bind to and
initiate transcription of HRE expressing genes. The interaction between the receptor
dimer and the HRE activates transcriptional machinery, leading to the expression of
a specific set of genes. Table 4 shows examples of hormone therapy in oncology,
and provides a unifying view of this group of drugs.

Although they are not traditionally recognized as targeted therapeutics, cortico-
steroids represent some of the most simple and direct forms of targeted cancer ther-
apy. These therapies target proteins whose structures contain both the ligand-binding
and DNA-binding sites. Therefore, a single receptor molecule is capable of directly
connecting the external therapeutic agent (hormone or ligand) to specific target
genes. By comparison, other classes of targeted cancer therapeutics, such as small
molecular weight inhibitors or monoclonal antibodies, may be highly specific for
their molecular targets, but their anti-neoplastic activity is indirect, requiring inhibi-
tion of downstream signaling intermediates. For example, receptor tyrosine kinase
inhibitors may bind exclusively to a designated kinase, but their anti-tumor activity
is due to inhibition of prosurvival and proliferative signaling pathways downstream
of the receptor. Other drugs used in cancer therapy may act more directly by physi-
cally interacting and damaging DNA (e.g., the alkylating agent melphalan), but
their activity is not targeted, as they bind to DNA non-specifically and do not distin-
guish between specific genetic targets.
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Emerging Therapeutic Targets and Signaling
Pathways in Multiple Myeloma

The PI3K/Akt/mTOR Pathway

The PI3K/Akt/mTOR signaling pathway stimulates cell growth, survival, and pro-
liferation, and is the most commonly activated pathway in human cancers [48]. The
importance of the PI3K/Akt/mTOR pathway in the growth and survival of MM
cells has been extensively studied in preclinical models [49-54], and mTOR inhibi-
tion specifically has been considered one of the more exciting strategies to be pur-
sued in trials for MM [55]. The potential benefit of this approach has been
demonstrated not only in xenograft models of MM, but also clinically. A phase II
study of the mTOR inhibitor temsirolimus in MM has shown a response rate of 38%
and a median time to progression of about 5 months in patients with relapsed or
refractory disease [56]. Other agents that target this pathway include perifosine
(KRX-0401), an orally active alkylphsopholipid that inhibits Akt, which is currently
being investigated in clinical trials for MM.

The IGF-1 Pathway

Insulin-like growth factor I (IGF-I) is known to promote the growth of MM cells
[57, 58]. The inhibition of the IGF-1 signaling has not been completely explored in
the treatment of MM. The anti-MM activity of CP-751871 (figitumumab), a mono-
clonal antibody (mAb) directed against IGF-1 receptor (IGF-1R), was explored in a
phase I clinical trial [59]. Responses were observed in nine of 27 patients with
relapsed/refractory MM who were treated with the IGF-1R antibody in combination
with dexamethasone (of note, two of the patients who reached a partial remission
were previously refractory to single agent dexamethasone). Other IGF-1R targeted
agents that have been tested clinically include the mAb AVE1642 [60]. This phase
1 study demonstrated a favorable toxicity profile, but the authors concluded that
further development was unwarranted given a lack of responses alone or in combi-
nation with bortezomib.

Hepatocyte Growth Factor

The hepatocyte growth factor (HGF) is a potent MM growth and survival cytokine,
and malignant plasma cells are known to express c-Met, the receptor for HGF [61].
Critical effector pathways that are activated by c-Met include the Ras/Raf/MEK/ERK
and PI3K/Akt pathways. Since the HGF/c-Met pathway has anti-apoptotic effects
in MM cell lines and primary MM cells [62], inhibitors of c-Met or neutralizing
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antibodies directed against HGF may have a clinical activity in MM patients. To date,
PHA-665752, a small molecule c-Met tyrosine kinase inhibitor, is the only c-Met
targeted agent to show preclinical activity in MM [63].

Therapeutic mAbs

The introduction of the mAb rituximab has revolutionized the clinical care of B-cell
lymphomas. However, despite many years of effort, the search for a clinically effec-
tive mAb for patients with MM has been less productive thus far [64].

Rituximab is a monoclonal antibody against the B-cell specific membrane pro-
tein CD20. The rationale for this therapeutic strategy was that CD20 is expressed in
10-15% of MM plasma cells [65]. Unfortunately, the use of rituximab provided no
clinical benefit in a phase II study of ten patients with MM [66], and it did not dem-
onstrate significant clinical activity in a cohort of 14 patients selected for CD20-
expressing MM [67].

Interleukin 6 (IL-6) is known to play an important role in growth, differentiation,
and survival of normal and malignant plasma cells. The transforming potential of
IL-6 is underscored by the fact that IL-6 overexpressing transgenic mice show
accelerated development of malignant plasmacytomas [68]. Monoclonal antibodies
against IL-6 have been developed, and they have been used with success against
Castleman’s disease, a rare B-cell lymphoproliferative disorder [69], but clinical
experience in MM is currently lacking. Preclinical models have shown promising
activity with the IL-6 neutralizing antibodies siltuximab (formerly CNTO 328) [70,
71] and mADb 1339 [72]. Another agent targeting IL-6 signaling is tocilizumab, a
monoclonal antibody against the IL-6 receptor (IL-6R), which was approved in
2005 in Japan for the treatment of Castleman’s disease, and by the U.S. Food and
Drug Administration (FDA) in 2010 for the treatment of rheumatoid arthritis.

Elotuzumab is a humanized monoclonal antibody directed against CS1 (also
known as CD319), a cell surface glycoprotein highly expressed on MM cells that
plays a role in cell adhesion. Elotuzumab has shown anti-MM activity both in vitro
as well as in an in vivo MM xenograft model [73].

Many monoclonal antibodies are currently being evaluated in clinical trials for
MM, with different targets and strategies. Some of these antibodies are designed to
target surface proteins of plasma cells (e.g., CD38, CD56) or MM growth factors
(e.g., IL-6), while others have been coupled to cytotoxins or chemotherapy agents
(see Table 5).

Agents Directed Against Dysregulated Translocation Products

The t(11;14) (q13;932) chromosomal translocation is a common translocation
detected in MM. The t(11;14) translocation juxtaposes the IgH locus with the
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Table 5 Selected novel targeted agents in clinical development for relapsed/refractory multiple

myeloma
Drug Mechanism of action Regimen Phase  Protocol ID
Pomalidomide IMiD Pomalidomide 1 NCT01324947
Pomalidomide IMiD Pomalidomide 11 NCT01319422
Pomalidomide 1IMiD Pomalidomide + Dex 11 NCTO01311687
Pomalidomide IMiD Pomalidomide + Dex 11 NCTO00558896
Pomalidomide IMiD Pomalidomide + Dex + Clar I NCTO01159574
Pomalidomide IMiD Pomalidomide + Dex + Cy I-1I NCT01432600
Pomalidomide IMiD Pomalidomide + Dex + Bor 1 NCT01497093
Carfilzomib Proteasome inhibitor ~ Carfilzomib I NCT01302392
Carfilzomib Proteasome inhibitor ~ Carfilzomib + Dex II NCTO01495559
Carfilzomib Proteasome inhibitor ~ Carfilzomib + Dex + Len I NCT01080391
Carfilzomib Proteasome inhibitor ~ Carfilzomib + Dex + Cy II NCTO01346787
Carfilzomib Proteasome inhibitor ~ Carfilzomib + Mel + Pred I-I NCT01279694
MLN9708 Proteasome inhibitor MLN9708 I NCT00963820
MLN9708 Proteasome inhibitor MLN9708 + Dex 11 NCT01415882
MLN9708 Proteasome inhibitor = MLN9708 + Dex + Len I-11 NCT01383928
MLN9708 Proteasome inhibitor MLN9708 + Mel + Pred -1 NCTO01335685
CEP-18770 Proteasome inhibitor ~CEP-18770 I-1I NCT01023880
CEP-18770 Proteasome inhibitor ~CEP-18770 + Dex + Len I-1I NCT01348919
ONX 0912 Porteasome inhibitor ONX 0912 I-1I NCT01416428
NPI-0052 Proteasome inhibitor ~ NPI-0052 I NCT00461045
Perifosine PI3K/AKT inhibitor ~ Perifosine + Bor + Dex III NCT01002248
GSK2110183  PI3K/AKT inhibitor ~ GSK2110183 +/- Bor I NCTO01445587
GSK2110183  PI3K/AKT inhibitor =~ GSK2110183 + Dex + Bor NCT01428492
Temsirolimus ~ mTOR inhibitor Temsirolimus + Bor -1 NCT00483262
INK128 TORC1/2 inhibitor INK128 I NCT01118689
Vorinostat HDAC inhibitor Vorinostat + Len I NCT00729118
Vorinostat HDAC inhibitor Vorinostat + Bor 11 NCT00839956
Vorinostat HDAC inhibitor Vorinostat + Dex + Len I-1I NCTO01502085
Pabinostat HDAC inhibitor Panobinostat + Bor 1 NCTO00891033
Pabinostat HDAC inhibitor Panobinostat + Bor + Dex 1II NCTO01023308
Panobinostat  HDAC inhibitor Panobinostat + Mel I-1I NCT00743288
Romidepsin HDAC inhibitor Romidepsin + Bor I-1I NCT00431990
JNJ 26481585 HDAC inhibitor INJ 26481585 + Dex + Bor 1 NCTO01464112
ACY-1215 HDACS®6 inhibitor ACY-1215 +/- Dex-Bor -1 NCTO01323751
Ganetespib HSP90 inhibitor Ganetespib +/— Dex-Bor I NCTO01485835
KW-2478 HSP90 inhibitor KW-2478 + Bor I-1I NCT01063907
Daratumumab Monoclonal Ab Daratumumab -1 NCTO00574288
anti-CD38
MORO03087 Monoclonal Ab MORO03087 +/— Dex-Len-Bor I-II NCTO01421186
anti-CD38
Lorvotuzumab  Monoclonal Ab Lorvotuzumab 1 NCTO00991562
anti-CD56
Siltuximab Monoclonal Ab Siltuximab + Dex 11 NCT00402181
anti-1L6

(continued)
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Drug Mechanism of action Regimen Phase  Protocol ID

Siltuximab Monoclonal Ab Siltuximab + Dex + Bor I NCT01309412
anti-IL6

Elotuzumab Monoclonal Ab Elotuzumab + Dex-Len 111 NCT01335399
anti-CS1

Elotuzumab Monoclonal Ab Elotuzumab + Dex-Bor 1I NCT01478048
anti-CS1

Cetuximab Monoclonal Ab Cetuximab +/— Dex 11 NCT00368121
anti-EGFR

Anti-ICAM-1 ~ Monoclonal Ab Anti-ICAM-1 1 NCT01025206
anti-ICAM-1

LY2127399 Monoclonal Ab LY2127399 + Bor I NCT00689507
anti-BAFF

IPH2101 Monoclonal Ab IPH2101 + Len I-1I NCT01217203
anti-KIR

MFGRI1877S  Monoclonal Ab MFGR1877S I NCTO01122875
anti-FGFR3

Bevacizumab ~ Monoclonal Ab Bevacizumab + Len + Dex 1I NCT00410605
anti-VEGF

Bevacizumab ~ Monoclonal Ab Bevacizumab + Bor 11 NCT00464178
anti-VEGF

Bevacizumab ~ Monoclonal Ab Monotherapy I NCT00482495
anti-VEGF

Aflibercept VEGEF Trap NSC 724770 I NCT00437034

hLLI-DOX Milatuzumab-Dox hLL1-DOX -0 NCTO01101594
conjugate

BT062 Toxin-coupled Ab Monotherapy I-1I NCT01001442

Dinaciclib CDK inhibitor Dinaciclib 1I NCT01096342

PD 0332991 CDK inhibitor PD 0332991 + Bor + Dex - NCT00555906

P276-00 CDK inhibitor P276-00 I-1I NCT00882063

AT7519M CDK inhibitor AT7519M +/- Bor I-1I NCT01183949

ARRY-520 KSP inhibitor ARRY-520 I-1I NCT00821249

CX-4945 CK2 protein kinase CX-4945 I NCTO01199718
inhibitor

MLN8237 Aurora A kinase MLN8237 + Bor I-1I NCT01034553
inhibitor

Obatoclax BCL-2 inhibitor Obatoclax + Bor I-11 NCT00719901

Masitinib Tyrosine kinase Masitinib I NCTO01470131
inhibitor

Dasatinib Tyrosine kinase Dasatinib + Dex + Len I NCT00560391
inhibitor

AT9283 JAK?2 inhibitor AT9283 I NCTO01145989

MLN4924 NEDDS A.E. Inhibitor MLN4924 I NCT00722488

OPB-31121 STATS3 inhibitor OPB-31121 1 NCT00511082

Veliparib PARP inhibitor Veliparib + Dex-Bor I NCT01495351

GDC-0449 Hedgehog antagonist GDC-0449 I NCTO01330173

BMS-833923  Hedgehog antagonist BMS-833923 +/— I NCTO00884546

Dex-Len-Bor
Imetelstat Telomerase antagonist Imetelstat +/— Len I NCT01242930

(continued)
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Table 5 (continued)

Drug Mechanism of action Regimen Phase  Protocol ID
Tivantinib c-MET inhibitor Tivantinib I NCTO01447914
GSK1120212  MEK inhibitor GSK1120212 + GSK2110183 1 NCTO01476137
List of actively recruiting clinical trials, obtained from the web site www.clinicaltrials.gov,
accessed on 02 May 2012

Ab antibody, BAFF B cell activating factor, Bor bortezomib, CDK cyclin-dependent kinase, Clar
Clarithromycin, Cy cyclophosphamide, Dex dexamethasone, Dox doxorubicin, HDAC histone
deacetylase, ICAM 1 Intercellular Adhesion Molecule-1, KSP kinesin spindle protein, Len lenali-
domide, Mel Melphalan, MM multiple myeloma, Pred prednisone

CCNDI gene (also called BCLI), which leads to overexpression of the CCNDI
gene product cyclin D1. Cyclin D1 associates with cyclin-dependent kinase 4
(CDK4) to form a catalytically active complex that drives progression through the
G1/S phase of the cell cycle. Consequently, up-regulation of cyclin D1 as a result of
the t(11:14) translocation has been implicated in the uncontrolled proliferation of MM
plasma cells [74, 75]. The selective targeting of cyclin D1 in one model was accom-
panied by compensatory up-regulation of cyclin D2 and demonstrated only modest
inhibition of MM cell proliferation in vitro [76]. By contrast, targeting CDK4 kinase
activity with the small molecule inhibitor P276-00 was a more potent strategy for
inhibiting growth of MM cells in vitro and tumors in vivo [77]. Flavopiridol (alvo-
cidib), another cyclin-dependent kinase inhibitor tested in MM patients, failed to
induce clinical responses in 18 patients with advanced disease in one study[78], but
induced a partial response in one of two bortezomib refractory patients when used
in combination with bortezomib in another trial [79]. Flavopiridol is a broad spec-
trum CDK inhibitor with activity against CDK1, CDK2, CDK4, CDK7, and CDKO9.
Targeting CDK9 is a promising strategy for the treatment of MM. CDKO is a key
regulator of transcription as it functions as a subunit of the P-TEFb (Positive-
Transcription Elongation Factor b) complex, which phosphorylates the carboxy-
terminus of RNA polymerase II, a signaling event that releases the enzyme into the
elongation phase of transcription [80]. In addition to flavopiridol, SNS-032 and
AT7519 (inhibitors of CDK9 and other CDK3s) are currently in clinical development
for the treatment of MM [81, 82]. Lastly, the agent JQ1, a member of the new class
of bromodomain inhibitors, has demonstrated potent preclinical anti-MM activity
by disrupting P-TEFb recruitment to c-Myc target genes [83], further demonstrating
that CDKD9 is a promising molecular target in the treatment of MM.

The t(4;14) (p16;q32) chromosomal translocation is also common in MM, and is
associated with poor prognosis. It results in the formation of a fusion [gH-MMSET
(multiple myeloma SET domain) transcript in the der(4) chromosome [12]. This
translocation may induce overexpression of the fibroblast growth factor receptor 3
(FGFR3) gene, which encodes for a receptor tyrosine kinase. All cases overexpress
MMSET, a histone methyltransferase, but about one third of cases do not overex-
press FGFR3 [84]. Moreover, FGFR3 amplification may occur even in the absence
of t(4;14) [85]. These mutations produce a constitutively active receptor, which
exhibits ligand-independent dimerization and autophosphorylation. NF449, a novel
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compound that antagonizes FGFR3 signaling, was found to be active against MM
in vitro [86]. Anti-FGFR3 agents, such as CHIR-258, a small-molecule inhibitor of
multiple receptor tyrosine kinases including FGFR3 [87], and PRO-001, an FGFR3-
specific mAbD [88], showed activity in mouse models of MM. In view of these prom-
ising results, anti-FGFR3 agents are currently being evaluated in clinical trials for
FGFR3-expressing MM (see Table 5).

Targeting MM Cancer Stem Cells

The cancer stem cell (CSC) model proposes that a small percentage of tumor cells
possess the majority of the tumorigenic potential of the cancer. CSCs are believed
to have limitless self-renewal capabilities and inherent resistance to conventional
chemotherapy, which enables them to avoid treatment-induced cytotoxicity and
repopulate the cancer after disease-free periods. The existence of an MM CSC has
been proposed for decades, as MM is a disease that nearly always recurs even after
complete and durable responses. However, the MM CSC and its immunophenotype
has yet to be identified. Work by Matsui and colleagues has demonstrated that a
sub-population of CD138- MM cells may represent clonogenic, less-differentiated
precursors of malignant plasma cells with the capacity to avoid cell death in response
to cytotoxic therapy [89]. These clonogenic CD138- MM cells were found to express
CD19, CD20 and CD27, a phenotype that is also typical of normal memory B cells.
Based on these findings it has been proposed that CD20-targeted agents (i.e.
rituximab) may be an effective approach to eliminating putative MM CSCs.
However, although there is anecdotal evidence of the effectiveness of rituximab in
MM, clinical trials have demonstrated a lack of efficacy, even when patients were
selected for CD20 expression [66, 67]. A potential explanation for this lack of
efficacy is that the clinical benefit of targeting rare subpopulations of MM CSCs
may only be evident after long-term follow-up with distant endpoints. Traditional
response criteria in MM (i.e. analysis of serum or urine M protein, and bone marrow
plasmacytosis) are more likely to reflect an early response derived from eliminating
the malignant plasma cells rather than the clonogenic MM cells that give rise to
them [90]. Continued work in the area of MM CSC identification is critical and
could have a significant impact on the development of new MM treatment approaches
that aim to specifically target clonogenic MM CSCs.

Targeting the MM Tumor Microenvironment

The role of the tumor microenvironment in the development, progression, and
resistance of various tumor types to therapy is well recognized [91]. In MM, the
impact of tumor microenvironmental factors such as hypoxia, angiogenesis, and inter-
actions between MM and bone marrow stromal cells have become an important
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consideration for understanding disease progression, resistance to therapy, and have
been incorporated into novel drug screening approaches [92]. For instance, bone
marrow angiogenesis has been implicated in MM disease progression, as it progres-
sively increases along the spectrum of plasma cell dyscrasias, from monoclonal
gammopathy of undetermined significance (MGUS) to smoldering myeloma, and
advanced MM [93]. Malignant plasma cells not only secrete vascular endothelial
growth factor (VEGF), a soluble protein that stimulates the growth of new blood
vessels, but they can also express its receptors, VEGFR-1 and VEGFR-2 [94, 95].
After the availability and success of the anti-VEGF monoclonal antibody bevaci-
zumab in the clinical practice against several types of solid malignancies [96], anti-
angiogenic therapy was tested in MM, although the results with this strategy have
been disappointing. Three studies merit mentioning. Zangari et al. used SU5416, a
small molecule VEGFR-2 inhibitor, in 27 patients with advanced MM. Four patients
had disease stabilization for at least 4 months, but no objective responses were
observed [97]. In a phase II trial of vandetanib (formerly ZD6474), a small molecule
receptor tyrosine kinase inhibitor of both VEGFR and epidermal growth factor
receptor (EGFR), no responses were found among 18 patients with relapsed MM
[98]. Similarly, no clinical responses were observed in another phase II trial of 21
MM patients with the use of pazopanib, a multi-targeted receptor tyrosine kinase
inhibitor of VEGFR-1, VEGFR-2, VEGFR-3, PDGFR-o/3, and c-kit [99]. The fact
that not a single response was observed among a total of 66 MM patients in three
different clinical trials using anti-angiogenic drugs casts doubt that this therapeutic
strategy will be further explored in MM.

Other Targeted Therapies

Several targeted therapies were initially judged as promising in the treatment of
MM based on preclinical evidence or their scientific rationale, yet clinical trials
using these agents failed to demonstrate their utility in humans. We report the fol-
lowing selected experiences:

The farnesyltransferase inhibitor tipifarnib was administered to 43 patients with
advanced MM, at a dose of 300 mg PO bid for 3 weeks every 4 weeks. The most
common toxicity was fatigue (66%). Although 64% of patients had disease stabili-
zation, no complete nor partial responses were observed [100].

Oblimersen is an antisense drug (a short sequence of RNA which hybridizes
with and inactivates a specific mRNA, preventing the formation of the protein)
blocking the Bcl-2 oncogene. Despite its activity in other hematologic malignan-
cies, a phase III randomized study that included 224 patients found no clinical
benefit of in MM [101].

Etanercept is a tumor necrosis factor (TNF) alpha-neutralizing agent. It is a sol-
uble protein engineered by fusing part of the TNF-receptor with the Fc portion of an
IgG antibody. Treatment with etanercept produced no response among ten patients
with refractory MM [102].
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Fig. 2 Emerging therapies and therapeutic targets in MM. Molecular targets are shown along with
targeted therapeutic agents (red) that are approved for the treatment of MM or are currently in
development

Imatinib is a tyrosine kinase inhibitor that blocks the activity of c-Abl, c-Kit, and
PDGEF receptors. The development of imatinib has been the most successful achieve-
ment of molecular biology applied to hematological malignancies. In a phase II trial
of imatinib in 28 patients with refractory/relapsed MM, no responses were observed.
Of note, 52% of cases had positive c-kit staining [103].

Table 5 lists novel therapeutic agents that are currently in clinical development
for the treatment of MM along with the associated clinical protocol ID. Fig. 2 illus-
trates the potential molecular targets in MM along with the target-specific agents
that are in preclinical and clinical development.

Conclusions

In this review of MM targeted therapy we have discussed the molecular mechanisms
of action and clinical efficacy of several agents, some of which (i.e. thalidomide,
lenalidomide, and bortezomib) have already significantly improved the care of both
newly diagnosed and relapsed/refractory patients. Furthermore, we have reviewed
the many promising targeted agents for MM that are currently being developed or
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are under clinical evaluation. It is clear that further advances in the treatment of MM,
and the ultimate goal of a cure, cannot be achieved by intensifying conventional
chemotherapy regimens, but requires the integration of novel small molecules and
biologics that specifically target the pathological mechanisms underlying the pro-
gression of MM. Ultimately, gene and protein profiling and oncogenomic studies
will identify specific molecules that contribute to MM pathogenesis, and will facili-
tate the development of new agents that block the molecular events that induce MM.
Efforts in MM whole genome sequencing have already revealed potential new thera-
peutic targets [104]. The introduction of IMiDs and proteasome inhibitors has
already revolutionized the treatment of MM. In the future, the development of new
targeted agents will provide patients with more therapeutic options and further
improve clinical outcomes to a point where MM may one day become a chronic and
hopefully curable disease rather than an incurable one.
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Current and Future Trials of Targeted
Therapies in Cutaneous Melanoma
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Abstract In order to effectively treat melanoma, targeted inhibition of key
mechanistic events regulating melanoma development such as cell proliferation,
survival, angiogenesis and invasion or metastasis needs to be accomplished. The
Mitogen Activated Protein Kinase (MAPK) pathway has been identified as a key
player in melanoma development making this cascade an important therapeutic tar-
get. However, identification of the ideal pathway member to therapeutically target
for maximal clinical benefit remains a challenge. In normal cells, the MAPK path-
way relays extracellular signals from the cell membrane to the nucleus via a cascade
of phosphorylation events, which promote cancer development. Dysregulation of
the MAPK pathway occurs frequently in many human cancers including melanoma.
Mutations in the B-RAF and RAS genes, genetic or epigenetic modifications are
the key aberrations observed in this signaling cascade. Constitutive activation of
this pathway causes oncogenic transformation of cells by promoting cell prolifera-
tion, invasion, metastasis, migration, survival and angiogenesis. This review pro-
vides an overview of (a) key members of MAPK signaling regulating melanoma
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development; (b) key proteins which can serve as biomarkers to assess disease
progression; (c) the clinical efficacy of various pharmacological agents targeting
MAPK pathway; (d) current clinical trials evaluating downstream targets of the
MAPK pathway; (e) issues associated with pharmacological agents such as drug
resistance, induction of cancers; and finally (e) various strategies overcoming drug
resistance.

Keywords AZD6244 » Drug resistance * MAPK signaling  Melanoma ¢ PLX-4032
o VOWEB_Raf

Melanoma Background

Skin cancer is the most common malignancy in the United States [1]. Although
melanoma represents a small subset, it is the most deadly cutaneous neoplasm and
is an increasingly common malignancy affecting a younger population than most
cancers. Melanoma is diagnosed more commonly in whites than non-whites with
the lifetime risk of developing invasive melanoma being 2.04% for white men and
1.45% for white women [2]. In other words, about one in 74 Americans will be
diagnosed with melanoma with the median age at diagnosis of 57 years. Numerous
risk factors for development of melanoma have been identified, including white
skin, fair hair, light eyes, sun sensitivity, tendency to freckle, family history of mela-
noma, dysplastic nevi, increased numbers of typical nevi, large congenital nevi and
immunosuppression. Although sun exposure is a risk factor for melanoma, cutaneous
melanomas can arise frequently in areas of the body not exposed to the sun. Sun
exposure in childhood and having more than one blistering sunburn in childhood are
associated with an increased risk of melanoma [3].
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There are four major subtypes of invasive cutaneous melanoma including
superficial spreading which accounts for approximately 70% of all melanomas,
nodular melanoma which accounts for 15-30% of all melanomas, lentigomaligna
and acrallentiginous. Most melanomas arise as superficial tumors confined to the
epidermis and may remain for several years in a stage known as the horizontal or
“radial” growth phase in which they are almost always curable by surgical excision
alone. Melanomas that infiltrate into the dermis are considered to be in a “vertical”
growth phase and have metastatic potential. Vertical growth phase melanoma is
most strongly predicted by measuring the thickness of the tumor (i.e., Breslow
depth), in millimeters, from the granular cell layer of the epidermis to the deepest
malignant cell in the dermis [4]. Nodular melanomas have no identifiable radial
growth or in situ phase, and enter the vertical growth phase almost from their incep-
tion. Other histologic factors that affect metastatic potential include ulceration of
the tumor, mitotic rate, presence of lymphovascular invasion, microsatellites, regres-
sion, perineural invasion, and the presence of lymphocytes infiltrating the tumor.

The primary mode of treatment for localized cutaneous melanoma is surgery.
Surgical margins of 5 mm are currently recommended for melanoma in situ, and
margins of 1 cm are recommended for melanomas <1 mm in depth [5]. For tumors
of intermediate thickness (1-4 mm Breslow depth), randomized prospective studies
show that 2-cm margins are appropriate, although 1-cm margins have been proven
effective for tumors of 1- to 2-mm thickness [6, 7]. Margins of 2 cm are recom-
mended for cutaneous melanomas greater than 4 mm in thickness (high-risk prima-
ries) to prevent potential local recurrence in or around the scar site.

Numerous adjuvant therapies have been investigated for the treatment of local-
ized cutaneous melanoma following complete surgical removal. Adjuvant interferon
(IFN) alfa-2b is the only adjuvant therapy approved by the US Food and Drug
Administration for high-risk melanoma. However, no overall survival benefit has
been demonstrated for adjuvant chemotherapy, nonspecific (passive) immunother-
apy (including interferon), radiation therapy, retinoid therapy, vitamin therapy, or
biologic therapy [8]. This makes evaluating for targeted therapies vitally important
in treatment of melanoma.

Overview of the MAPK Signaling Pathway

The classical MAPK pathway consists of RAS, RAF, MEK1/2 and ERK1/2, which
sequentially relay proliferative signals generated at cell surface receptors through
cytoplasmic signaling into the nucleus (Fig. 1) [9-13]. In normal cells, the signaling
cascade is stimulated by the binding of mitogens, hormones, or neurotransmitters to
receptor tyrosine kinases, which upon dimerization triggers the activation of
oncogenic RAS to increase cellular RAS-GTP levels [10, 14]. Activated RAS then
triggers the formation of the “MAPK complex” with downstream RAF, MEK1/2,
ERK1/2 and several scaffolding proteins initiating the MAPK cascade. The activated
RAS activates RAF, which in turn causes the dissociation of ERK1/2 from the
MAPK complex.
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Fig. 1 MAPK signaling cascade: diagram depicts initial ligand binding to receptor tyrosine
kinases (RTK), leading to activation of RAS, then RAF, then MEK 1/2, then Erk 1/2 followed by

several downstream targets. In pink are therapies directed at these targets, which are discussed in
this review

Activation of MAPK pathway regulates the expression of several genes involved
in cell proliferation, differentiation, angiogenesis and survival by phosphorylating
nuclear transcription factors such as ETS, ELK-1, MYC or indirectly by targeting
intracellular signaling molecules [11, 13, 15]. For instance, activated MAPK path-
way induces angiogenesis by increasing the levels of VEGF and MIC-1. MAPK
pathway also effects the post-translational phosphorylation of apoptotic regulatory
molecules like BAD, BIM, MCL-1, caspase 9 and BCL-2, thereby regulating cel-
lular apoptosis [12, 15]. In melanoma, active mutant Y°!B-Raf induces the expres-
sion of proliferation marker Cyclin D1.

Targeting RAS in Melanoma

The RAS family of small G-proteins consists of K-RAS, H-RAS, and N-RAS,
which are involved in triggering MAPK signaling by activating downstream pro-
teins such as RAF and PI3K [11, 14, 16]. Structurally in the catalytic domain of the
RAS family proteins, the first 80 amino acids are identical and the next 85 amino
acids differ only by 5%. In mammalians, all these three RAS genes are universally
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expressed, even though the expression pattern for each gene is quantitatively different
depending on the organ. RAS proteins function as molecular switches regulating
cell proliferation and survival [9, 10, 17] and are activated by upstream activation
of cell surface receptors, mutation and loss of the RAS-GAP NF-1 [11, 14, 18].

In one third of all human cancers, including melanoma, oncogenic mutations in
RAS family members have been reported [11, 14, 18]. Although oncogenic muta-
tions have been frequently reported in codons 12, 13 and 61 of RAS, substitution of
leucine for glutamine at residue 61 is the most common aberration observed in
N-RAS present in melanomas [18, 19]. Mutant RAS lacks GTPase activity and
remains active leading to uncontrolled cell proliferation and a transformed phenotype
[18]. Furthermore, expression of RAS can suppress the tumor-suppressors
pl6INK4A, p53, or p14ARF [20, 21]. Introduction of activated RAS into melano-
cytes leads to melanoma tumor formation in mice [22, 23] and knockdown of
H-RAS expression using siRNAs can cause melanoma regression in an inducible
melanoma tumor model [24].

Given the involvement of RAS in tumor growth and control of cell proliferation,
it was felt to be a potential drug target for several years.

Clinical Efficacy of Drugs Targeting RAS

Giventhefactthatthe activation of RAS requires farnesylation of the carboxy-terminal
cysteine residues by farnesyltransferase (FT), it has been proposed that targeting FT
using farnesyltransferase inhibitors (FTI) or farnesyl cysteine mimetics such as
farnesylthiosalicylic acid (FTS) derivatives might prevent growth of melanomas
[25, 26]. Unfortunately, efforts to pharmacologically inhibit RAS or its regulatory
components for cancer therapy have so far met with minimal success.

A potent FT inhibitor, SCH66336, was noted in preclinical studies to induce
Gl-phase cell cycle arrest and retinoblastoma protein inactivation to kill melanoma
cells [26]. Additionally, a combination of farnesylthiosalicylic acid and SCH66336
markedly enhanced cisplatin-mediated apoptosis demonstrating the chemosensitizing
activity of FTIs in melanoma [26, 27]. Lonafarnib, another farnesyltransferase inhibi-
tor, was tested in regards to regulation of proliferation, survival and invasive potential
of melanoma cells in monolayer or organotypic culture systems either alone or in
combination with chemotherapeutic agents (temozolomide/cisplatin, or MAPK
inhibitors sorafenib/U0126/PD98059, or AKT inhibitorsL.Y294002/wortmannin/
rapamycin). In these studies, lonafarnib was neither able to inhibit the growth of meta-
static melanoma cells nor sensitize them to the chemotherapeutic agents tested [28].
However, lonafarnib did significantly augment the growth inhibitory effects of the
multi-kinase inhibitor sorafenib in eight different cultured metastatic melanoma cell
lines [28]. Furthermore, lonafarnib combined with sorafenib was able to trigger
apoptosis and prohibit the invasive potential of melanoma cells [28]. Despite FTIs
promise in preclinical studies, in a Phase-II study of 14 metastatic melanoma patients,
oral administration of FT inhibitor R115777 (300 mg orally twice a day for 21 days)
was toxic and lacked therapeutic efficacy [29-32].
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In addition to FTIs, direct RAS inhibitors, such as BMS-214662 and L-778123,
which are potent non-peptide direct inhibitors of H-RAS and K-RAS respectively,
have been evaluated for the treatment in melanoma patients [33-37]. In review of a
phase I study of patients with solid tumors receiving oral BMS-214662 (given once or
twice daily for 2 weeks in a 3-week cycle), the patients experienced dose-limiting
toxicity of nausea and diarrhea with additional toxicities of vomiting, abdominal
cramping, anorexia, fatigue and fever. Additionally, of the 23 patients treated, all but
1 had progressive disease [38]. L-778123 has also been evaluated clinically as a 5 day
continuous infusion either alone or in combination with radiation and paclitaxel for
treatment of NSCLC, as well as head and neck carcinomas. Despite a good clinical
response, studies were discontinued due to evidence of cardiac toxicity, manifested as
a prolongation of the QTc interval [39—42]. Unfortunately, in addition to limiting
toxicity, both compounds have been ineffective in melanoma since these tumors har-
bor N-RAS and not H-RAS or K-RAS mutations targeted by these agents.

Despite the promise of agents directed towards RAS in preclinical studies, they
have failed in clinical trials since FTs farnesylate many proteins other than just
RAS, other mechanisms activate RAS proteins promoting development of resis-
tance and deregulation of the pathway by other oncogenes [25]. Thus, therapeuti-
cally targeting RAS in melanoma is relatively ineffective suggesting that other
points in the MAPK pathway might be more promising to target.

Targeting RAF in Melanoma

The RAF family consists of A-RAF, B-RAF, and C-RAF (or RAF-1), and are
downstream effectors of RAS (14, 43). All three mammalian RAF isoforms share
three conserved regions (CR1, CR2, CR3) and areas of variable sequences. The CR1
(131 amino acids length) contains a RAS binding domain and a cysteine-rich domain
[11, 43]. The CR2 (16 amino acids length) domain contains threonine and serine
residues which play a role in regulating the activity of B-RAF upon phosphorylation.
The CR3 (293 amino acids length) contains a kinase domain and key phosphoryla-
tion sites that regulate enzymatic activity [11]. A complex process that involves a
series of events including membrane translocation; protein dimerization; phospho-
rylation likely by SRC-family tyrosine kinases; dissociation from RAF kinase
inhibitory proteins; and, association with scaffolding proteins is required for the
activation of normal non-mutated RAF proteins [11, 44, 45].

Greater than 60% of advanced melanomas express constitutively active mutant
B-RAF, which is the most mutated gene in the MAPK signaling cascade [14, 46, 47].
These mutations are acquired, somatic, post-zygotic events and are not inherited in
families [13, 46]. Mutated Y*°EB-RAF does not require RAS-mediated membrane
translocation to exhibit enzymatic activity and is 10.7-fold more active than wild
type protein [47]. It also confers resistance to negative feedback regulation by
S579A mutation of B-RAF and Sprouty proteins [11]. Even though there are over
65 different mutations that occur in more than 30 B-RAF codons, a single-base
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missense T to A substitution(at nucleotide 1,799) is prevalent in 90% of melanoma
tumors, causing a change of valine to glutamic acid at codon 600 (V600E) in exon
15 [13, 14, 47, 48]. The glutamic acid then acts as a phosphomimetic between the
Thr®® and Ser®! phosphorylation sites which causes a conformational change in
protein structure and activation of the protein [14, 49, 50].

V6WEB_RAF leads to hyperactivation of the MAPK pathway, which in turn trig-
gers survival pathways and cell division to promote tumor development by inducing
proliferation [11, 50-52]. However, only moderate levels of MAPK pathway
activation are required for increased in vitro colony formation, elevation of ERK1/2
activities and transformation and immortalization of mouse melanocytes [10, 13,
51, 53]. Recent studies have shown that Y°EB-RAF regulates expression of IL-8, a
pro-inflammatory chemokine and autocrine factor, to promote angiogenesis and
tumor growth [54]. Additionally, mutant B-RAF can control metastatic develop-
ment by promoting IL-8 mediated anchoring of melanoma cells to the vascular
endothelium to aid extravasation as well as triggering invasive cellular behavior in
the development of lung metastases [54, 55]. YS°EB-RAF also induces formation of
new blood vessels by promoting macrophage inhibitory cytokine-1 (MIC-1) secre-
tion and vascular endothelial growth factors (VEGF) [56, 57].

V6OEB_RAF can also activate the MAPK pathway to levels that inhibit cellular
growth and induce senescence in a wide variety of normal and early melanocytic
lesion cells [58-60]. However, mutant Y*EB-RAF has been shown to initially stimu-
late melanocyte proliferation, indicating that it contributes to development of nevi and
melanogenesis [48, 50, 58]. This is followed by senescence and subsequent growth
inhibition as indicated by proliferative arrest due to increases in B-Gal and p16™2 [48,
50, 58]. Increased cyclin-dependent kinase inhibitors, such as p21°F!, p16™2 and
p27%irl, Jeads to sensescence induction and acts as a putative defense mechanism to
overcome oncogene activation in normal cells [5S9-61]. A recent study in transformed
melanocytes has also shown that senescence and apoptosis induction triggered by
V6WEB-RAF can be mediated by insulin growth factor binding protein-7 secretion [62].
Furthermore, additional genetic changes such as loss of p53, p16™&4 PTEN or eleva-
tion in AKT3 activity is required for melanoma development to occur in nevi contain-
ing YS°EB-RAF and for the quiescent melanocytic cells to overcome the Y*EB-RAF
induced senescence in order to reenter the cell cycle [58, 63, 64]. In one study, zebrafish
expressing Y B-RAF protein developed fish-nevi; however, only when expressed in
pS3-deficient zebrafish did rapid progression of melanocytic lesions develop into
invasive melanomas, resembling those occurring in human tumors [65]. This provided
direct evidence that linked melanoma development to an interaction between the
V6EB-RAF and p53 pathways [66]. VS B-RAF has also been shown to occur with
p16™K4 Joss in ~60% of melanomas [63]. A recent study showed that absence of
activated B-RAF and p16™&* expression were independent predictors of melanoma
tumor chemosensitivity in a group of patients who underwent isolated limb infusion
with cytotoxic drugs actinomycin-D and melphalan for metastatic melanoma [67].
In regards to PTEN, genetically altered mice harboring conditional melanocytes
expressing Y*EB-R AF, developed benign melanocytic hyperplasia but failed to develop
melanoma. Only when PTEN was lost did melanoma develop, which metastasized to
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lymph nodes and lungs [64]. AKT3 has been shown to release cells from
V60EB_R AF-mediated senescence via phosphorylating Y°EB-RAF on S364 and/or
S428 in order to reduce its activity to levels that promote rather than inhibit melanoma
development from melanocytes [58]. Occurrence of B-RAF mutation is likely an
early event, with the alteration of the PTEN/AKT pathway occurring later in tumor
progression [68]. Therefore, a successful targeted therapy will likely require targeting
both pathways simultaneously.

Clinical Efficacy of Therapies Targeting RAF

Given the importance of B-RAF mutations in melanoma, small molecule inhibitors
targeting mutated Y*°EB-RAF kinase have shown efficacy in the clinic. Initially, the
RAF inhibitor Sorafenib was studied following both oral or intraperitoneal
administration. Sorafenib (BAY 43-9006) reduced growth of subcutaneous melanoma
tumors by inhibiting cell proliferation and vascular development [57, 69]. However,
clinical trials using sorafenib as a monotherapy in advanced melanoma have failed to
demonstrate significant anti-tumor activity. Only 19% of patients exhibited stable dis-
ease with a progression free survival of 16-37 weeks, while 62% showed progressive
disease with progression free survival of about 11 weeks [70]. No relationship between
B-RAF mutational status and disease stability was observed raising concerns regard-
ing the clinical utility of targeting B-RAF to treat melanoma [70]. It is felt that failure
of Sorafenib clinically is likely due to its inhibition of other kinases (FGFRI1, c-Kit,
p38 MAPK) or angiogenic factors (VEGFR1, VEGFR2, VEGFR3, and PDGF), rather
than solely due to inhibition of RAF [69, 71-73].

Given the concerns raised regarding Sorafenib, other mutant B-RAF kinase
inhibitors have been developed. Of these, PLX4032 (Vemurafenib) directly targets
V6WEB_Raf. It was first discovered using a scaffold-based drug design approach [74],
along with another promising mutant B-RAF kinase inhibitor PLX4720. Initial
xenograft studies with PLX4032 revealed dose dependent inhibition of tumor
growth in those with B-RAF mutation and no effect on tumors containing wild type
protein. Both of these B-RAF inhibitors were chosen for further study over similar
compounds because of their consistent pharmokinetics in rodents and PLX4032
was ultimately chosen for clinical trials over PLX4720 because of more favorable
outcomes in beagle dogs and cynomolgus monkeys [75]. During Phase I clinical
trials, the maximum tolerated dose of reformulated PLX4032 as a micro-precipitated
bulk powder was discovered to be 960 mg po bid and an extension of this trial was
performed with 32 patients with B-RAF mutant melanomas as detected via PCR
analysis. Of those treated, 24 achieved partial remissions, and three achieved com-
plete remission. Respondents had near complete inhibition of ERK signaling, which
may be needed for significant tumor response as those patients with tumor regres-
sions showed a greater than 80% inhibition in cytoplasmic ERK phosphorylation.
The median progression free survival in this Phase I extension cohort has not been
reached, but is estimated to be about 7 months [76].
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Arandomized Phase III trial comparing vemurafenib (PLX4032) and dacarbazine,
a commonly used chemotherapeutic agent in melanoma, was recently published. In
this trial, a total of 675 metastatic melanoma patients with the Y*EBRAF mutation
that had not been previously treated were randomly assigned to vemurafenib
(960 mg po bid) or dacarbazine (1,000 mg per square meter of body surface area IV
q 3 weeks). In this trial, overall survival with a 95% confidence interval was 84% in
the vemurafenib group and 64% in the dacarbazine group. Vemurafenib was associ-
ated with a relative reduction in the risk of death of 63% and 74% in the risk of
either death or disease progression compared with dacarbazine (p<0.001) [77].

Additionally, GSK2118436 is another BRAF inhibitor that has been studied and
recently is starting Phase III trials. During the ESMO 2010 meeting in Milan, Phase
I data was presented and revealed that treatment shrunk the overall size of brain
metastases by 20-100% (3 mm or larger before treatment) in nine out of ten treated
patients, which was noted to be remarkable as typical treatment responses are
10-15% [78]. Additionally, treatment with GSK2118436 in these trials revealed an
impressive 60% response for melanomas outside of the brain. At this point, PLX4032
is likely to reach the market first since results from its Phase III trial as noted above
has shown significantly extended survival in metastatic melanoma.

Toxicities and Development of Resistance of Drugs Targeting
V6WER.RAF

Major concerns related to B-RAF inhibitors include development of resistance and
to a lesser extent its side effects. Minor side effects included rash, joint pain and
fever [76]. Additionally, approximately 23% of patients developed cutaneous
squamous cell carcinoma during the first few months of treatment [79]. In the
recently published Phase III trial of vemurafenib (PLX4032), initial observations
reported side effects that included arthralgia, rash, fatigue, alopecia, photosensitiv-
ity, nausea, diarrhea, keratocanthoma or squamous cell carcinoma with 38% of
patients requiring a dose modification to lessen these issues [77].

A more serious concern related to patients treated with Vemurafenib has been
disease recurrence as early as 3—4 months in those who initially responded to the
drug [79]. To characterize the underlying mechanisms leading to development of
drug resistance, Nazarian et al. examined three cell lines with the Y*EB-RAF that
were very sensitive to growth inhibition from PLX4032. These cell lines were
subjected to chronic PLX4032 exposure to develop resistant sublines [80]. Analysis
of these cell lines revealed that the Y*“FB-RAF did not develop secondary mutations
promoting the development of resistance. Resistance developed by the formation of
RAF dimers either via RAS activation or increased RAF expression, since binding
of these inhibitors to RAF dimers leads to transactivation of the nonbound member
of the dimer, bypassing the inhibitory effect [81]. Melanomas with the YSEB-RAF,
do not have Ras levels high enough to promote dimerization of RAF. However, in
in vitro cell lines that developed resistance, N-Ras mutations occurred, leading to
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increased RAS activation and thereby RAF dimerization and development of
resistance [80]. Another mechanism leading to resistance was by overexpression of
mitogen-activated protein kinase 8 (MAP3KS), which encodes the protein kinase
COT that activates ERK through phosphorylation in a RAF-independent manner,
leading to resistance to RAF inhibition [82]. In YSEB-RAF cells, expression of
MAP3K8 mRNA levels and its associated COT protein were undetectable. However,
treatment with the RAF inhibitor PLX4720 increased COT protein levels in a dose
dependent manner. Clinically, two thirds of biopsied samples from YS**B-RAF
melanoma patients treated with PLX4032 showed increased MAP3K8 mRNA
expression by quantitative PCR analysis. Resistance can also develop due to over-
expression of platelet-derived growth factor receptor (PDGFR), activating a receptor
tyrosine kinase dependent survival pathway and through parallel signaling path-
ways triggering downstream effectors of cell transformation [80, 81]. Clinically, the
overexpression of PDGFR was observed in 4/11 patient derived samples from resis-
tant tumors. B-RAF inhibitors, such as PLX4720, also appear to cause hyperactiva-
tion of the MEK-ERK 1/2 pathway in mutant N-Ras melanoma cells which can
cause pathway hyperactivation leading to apoptotic resistance [83].

Targeting MEK in Melanoma

MEK-1 and MEK-2 are dual-specificity tyrosine/threonine protein kinases that lie
downstream of B-RAF and are found to be active in ~30% of all human cancers
with activated MAPK signaling [14]. The only known substrate of MEK-1 and
MEK-2 kinases is ERK [14]. Therefore, MEK-1/2 is a popular therapeutic target in
the MAPK signaling cascade [84]. It has been shown that tumors that harbor Y°°*B-
RAF are sensitive to MEK inhibition but not those that harbor mutant RAS [85].
Therefore, when selecting MEK inhibitors for melanoma therapy, B-RAF muta-
tional status is a critical factor needing consideration [85].

Clinical Efficacy of Therapies Targeting MEK

A wide range of different cancer cell lines possessing either K-RAS, N-RAS or
B-RAF mutations are sensitive to AZD6244 at <1 pmol/L which is a selective,
potent, allosteric inhibitor of MEK [86]. Initial in vitro studies by Davies et al. noted
that the majority of cell lines that are sensitive to AZD6244 possess a mutation in the
RAF or RAS genes, while none of the resistant lines possessed a B-Raf mutation.
Thus, most cell lines containing mutant B-RAF are dependent on MEK activity and
therefore sensitive to MEK inhibition. In contrast, presence of K-RAS mutation
makes cells less sensitive to MEK inhibition, which might be due to RAS initiating
signaling through other signaling pathways implicated in cancer development [86].
Efficacy of AZD6244 was tested in nude mice containing xenografts from
cells with B-Raf and K-Ras mutations that were highly sensitive to AZD6244
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(Colo-205, Calu-6, and SW620) [86]. Dosing with 25 mg/kg bid resulted in 94%
inhibition of Calu-6 tumor growth, 73% inhibition of SW620 tumor growth and
stasis of Colo-205 tumors if started when tumors were about 0.2 cm? or partial
regression if dosing started when tumors were larger at about 0.55 cm’.
Phosphorylated-ERK levels were measured to determine the level of inhibition
in each of these xenografts. In Calu-6 xenografts, an acute dose of 25 mg/kg
sufficiently inhibited p-ERK by >90% after 1 h as measured by immunobhis-
tochemistry or western blotting. Moreover, inhibition of ERK phosphorylation
was significant but to a lesser degree in Colo-205 and SW620 xenografts. In the
two most sensitive xenografts, Colo-205 and Calu-6, a single dose of AZD6244
was sufficient to trigger apoptosis. A combination of AZD6244 with either irino-
tecan or docetaxel has also been shown to significantly inhibit xenografted tumor
development in this study [86].

Phase I clinical trials with AZD6244 were published in 2008 with 57 patients
enrolled [87]. The maximum tolerated dose in this trial was 100 mg po bid.
Pharmacokinetics revealed a median half life of approximately 8 h, supporting twice
daily dosing, and pharmacodynamic studies demonstrated dose dependent inhibi-
tion of ERK phosphorylation with up to 100% inhibition occurring 1 h after treat-
ment with the first dose. Additionally, Ki-67, a marker of cell proliferation, decreased
compared to pretreatment levels in tumor biopsies, but not as consistently as pERK
levels did. The most common side effect was a rash followed by gastrointestinal
related toxicities including nausea and diarrhea. Stable disease lasted for five or
more months in nine of 57 patients enrolled, stable disease at end of cycle 2 (each
cycle is 28 days) for 19 of the patients and one patient with uveal melanoma and
renal cell carcinoma with stable disease for 22 cycles and another with medullary
thyroid cancer that had stable disease for 19 cycles.

A non-ATP competitive MEK 1/2 inhibitor with a unique structure and mecha-
nism of action is R05068760. Daouti et al. published an in vivo characterization of
the pharmacokinetics, pharmacodynamic and efficacy of RO5068760 in multiple
xenograft tumor models [88]. The estimated EC,, in plasma was 1.36 umol/L
(880 ng/ml) in the LOX melanoma models and a plasma drug concentration of 0.65
or 5.23 umol/L. was needed for tumor growth inhibition (>90%) in Y*°B-Raf or
K-ras mutant tumor models.

Development of Resistance to Drugs Targeting MEK 1/2

Certain melanoma cells are resistant to MEK 1/2 inhibitors [89]. While mechanisms
leading to MEK1/2 inhibitor resistance remains uncertain, a recent study sequenced
tumors obtained from relapsed patients following treatment with the allosteric MEK
inhibitor AZD6244 and resistant clones generated from a MEK1 random mutagen-
esis screen [90]. Mutations were identified disrupting the allosteric drug binding
pocket or alpha-helix C, which led to an ~100-fold increase in resistance to MEK
inhibition [90]. Mutations in MEK1, Q65P and P124L have also been identified in
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patients treated with the MEK inhibitor AZD6244. These mutations affected MEK1
codons located within or adjacent to the N-terminal negative regulatory helix A and
conferred resistance.

Cells from patients that initially showed transient disease stabilization after being
treated with AZD6244 followed by relapse on this drug have been subsequently
treated with PLX4720 (a BRAF inhibitor described above) [90]. AZD6244-resistant
melanoma cells exhibited resistance to PLX4720 with a GI50 value of >10 uM
compared to 5-10 nM in treatment-naive cells. Mechanistically, the cause was
P124L and P124S MEK mutations, which conferred two- to threefold more resis-
tance compared to wild-type MEK 1. Meanwhile, robust resistance of >50-fold to
PLX4720 compared to the MEK (DD) allele was conferred by the Q56P mutation.
Clinically relevant MEK1 resistance mutations may confer cross-resistance to
B-RAF inhibition as evidenced by pMEK levels following PL.X4720 treatment that
showed comparable reduction across all MEK1 resistance alleles [90].

Preventing MEK mediated resistance will likely require targeting multiple points in
the MAPK pathway. Exposing melanoma cells containing mutant B-RAF simultane-
ously to PLX4720 (a Y**EB-RAF inhibitor) and AZD6244 (a MEK inhibitor) prevented
emergence of resistant clones, which indicates the potential of targeting multiple points
in this signaling cascade to prevent development of resistance and to kill melanoma
cells [90]. Therefore, combined inhibition of MEK and RAF might bypass acquired
resistance to targeted therapeutics directed against the MAP kinase pathway.

Targeting ERK in Melanoma

ERK is the only known downstream substrate for MEK 1/2 [14]. Elevated ERK
activity is frequently observed in human tumors as well as proliferating metastatic
melanoma cell lines and is a good indicator of tumor progression [91, 92]. Growth
factors in melanomas can activate ERK either by the “classical” pathway (utilizing
receptor tyrosine kinases such as the c-KIT ligand SCF), or through a pathway that
is coupled to G-protein receptors (such as the o-MSH activated melanocortin recep-
tors) [9]. In melanocytes, ERK activity can also be stimulated by mitogens such as
bFGF and endothelin-1 [93]. However, the degree of contribution of each pathway
to the overall stimulation of ERK in melanomas remains to be determined.
Additionally, sustained activation of ERK in melanoma cells has been shown to
confer resistance to various therapeutic agents. Although elevated ERK activity has
been shown to promote cell proliferation; under certain circumstances, the activa-
tion of ERK can inhibit cell cycle by up-regulating p53 and pl6INK4a expression
[13,58, 61, 63].

Further evidence of ERK expression in melanomas was performed using immu-
nohistochemical studies with antibodies to ERK 1/2 and phosphorylated ERK
(p-ERK). In these cases, ERK was noted to be expressed in varying degrees in for-
malin fixed sections from 42 primary melanomas, 38 metastases, and 20 nevi (14 of
the primary melanomas were in the radial and 28 in the vertical growth phase),
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either in the cytoplasm and/or nucleus. Only low levels of ERK1/2 were detected in
melanocytes and no pERK was detected in normal skin [94]. In patients with meta-
static melanoma, higher levels of pERK were noted in subcutaneous metastases
compared to lymph node metastases or compound nevi. Since N-RAS and B-RAF
mutations are more frequent in cutaneous or soft tissue melanoma metastases,
this could partially account for the differences in pERK levels in these cases.
Additionally, there was a non-significant relationship between the depths of mela-
noma and pERK levels [94]. Higher percentage of p-ERK-positive cells have been
reported in nodular melanoma compared with benign nevi and superficial spreading
melanoma. Thus ERK activation is directly related to the stage of disease with
higher activity occurring in more advanced melanomas [94].

Currently, the MEK1/2 inhibitors as described above are employed as inhibitors
of its downstream effector ERK1/2, as MEK1/2 is known to activate ERK1/2 selec-
tively [95] (Table 1).

Targeting Other Downstream Targets

Targeting Aurora Kinases in Melanoma

The aurora kinase family consists of aurora kinase A (AURKA), aurora kinase B
(AURKB), and aurora kinase C (AURKC), which are involved in mitotic spindle
assembly regulating centrosome duplication and separation, microtubule-kinetochore
attachment, spindle-checkpoint, and cytokinesis [96-98]. The family members
range in size from 309 to 403 amino acids with AURKA sharing 53% homology
with AURKB and 73% homology with AURKC [99-101]. AURKA is involved in
mitotic spindle formation and centrosome maturation that are required for chromo-
some segregation [102]. AURKB is a chromosomal passenger protein regulating
early mitotic stage transition of prophase to metaphase [103, 104]. Inhibition halts
a crucial spindle checkpoint causing premature exit from mitosis disrupting chro-
mosome segregation and cytokinesis. AURKC is localized to the centrosome and
involved in spermatogenesis.

In humans, although three isoforms of Aurora kinases, Aurora-A, -B and -C,
were identified, only Aurora-A and -B are expressed at detectable levels in all
somatic cells, therefore, have been characterized in greater detail for their involve-
ment in cellular pathways relevant to the development of cancer [105]. Elevated
expression of AURKSs has been reported in cancers of skin, breast, colon, prostate
and ovaries [106]. In addition, genetic variants of AURKSs have been found in vari-
ous clinical biopsies excised from patients suffering from non-melanoma skin can-
cer, and cancers of breast, prostate and ovaries [107, 108]. For example, a genetic
variant of AURKA, STK15 T + 91A, which resulting in the amino acid substitution
F31I, has been associated with increased aneuploidy in colon tumors and cell
transformation in vitro [109]. Furthermore, meta-analysis of 9,549 cases of breast,
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colon, ovarian, prostate, lung, esophageal and non-melanoma skin cancers showed
an increased risk in T + 91 A homozygotes of breast and colorectal cancers. In addi-
tion, genomic analysis of cutaneous melanomas showed frequent gains at chromo-
some 20q that includes Aurora A gene.

Clinical Efficacy of Therapies Directed at Aurora Kinase

Since elevated levels of these kinases have been detected in several cancers, the
aurora family of serine/threonine kinases are another target of therapies [110-112].
In vivo studies of 12 cancer cell lines, including melanoma, was performed in female
mice that had subcutaneous implantation of tumor cells with the aurora kinase
inhibitor, SNS-314 [110]. These assays revealed decreased phosphorylation of his-
tone H3 on serine 10, a marker of activity of aurora kinases, and significant tumor
growth inhibition in a dose dependent manner. This trial concluded that SNS-314 is
a potent small molecule inhibitor of Aurora kinases and may be a novel therapeutic
agent for human cancers, including melanoma [110].

Additionally, a recent study evaluating the effect of inhibiting Aurora kinase-A
and Aurora kinase-B activities using isoform specific pharmacological agents
VE-465 and ZM447439, respectively, demonstrated that Aurora kinase-A targeting
is more effective than Aurora kinase-B inhibition for the induction of melanoma cell
death [113]. A phase I trial examining the safety, pharmacokinetics and pharmaco-
dynamics of an oral Aurora kinase-A inhibitor, MLN8054 has been performed in
patients with advanced solid tumors. The data showed induction of two dose limit-
ing toxicities when MLN8054 was given QID at a dose of 80 mg [114, 115]. Aurora
kinase-A inhibition was evidenced by pharmacodynamic analysis of skin and tumor
mitotic indices, mitototic cell chromosome alignment and spindle bipolarity.
Recently a more potent second generation Aurora kinase-A inhibitor MLN8237
was synthesized and is currently in early phase clinical trials [116].

Targeting Macrophage Inhibitory Cytokine-1 in Melanoma

MIC-1, also known as PTGF-f3, PLAB, GDF15, PDF, and NAG-1, is a member of
the transforming growth factor-beta super-family proteins implicated in melanoma
development [56, 117]. Expression of MIC-1 is upregulated in 66% of metastatic
melanoma cell lines (35/53) and 100% metastatic patient biopsies (16/16) compared to
normal melanocyte controls [56]. Another recent study also showed elevated MIC-1
expression in 67% advanced melanomas [118]. In addition, five- to sixfold increase
in secreted MIC-1 protein was observed in the serum of these patients indicating
that MIC-1 can serve as a prognostic marker for identifying melanoma patients [56,
118]. Prior studies also showed elevated expression of MIC-1 in a wide variety of
tumors including carcinomas of prostate, large bowel and breast. Expression of
MIC-1 is regulated by MAP kinase and PI3 kinase pathways in melanoma [56, 118].
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For example, pharmacological agents U0126 and PD098059 inhibiting MEK1/2
activity decreased expression of MIC-1 [56]. Similarly, cells treated with PI3 kinase
inhibitor LY294002 also modestly reduced expression. MITF, a key member of MAP
kinase pathway regulating the expression of various cell cycle and cell proliferation
proteins, has been shown to control MIC-1 protein levels [56]. Factors stimulating
MITF activity such as stem cell factor or exposure to PMA elevated expression of
MIC-1. A prior study using short-hairpin RNAs demonstrated that MIC-1 inhibition
decreased xenografted melanoma tumors development compared to cells trans-
fected with control sh-RNAs [56]. Similarly, another recent study also demonstrated
that targeting Mic-1 using siRNAs reduces the xenografted melanoma tumors
growth [118]. Similar to VEGF, MIC-1 also stimulated the vessels development,
thereby augmented tumor growth.

Although MIC-1 expression has been shown to be upregulated in advanced mel-
anomas, the precise role of MIC-1 in tumor biology is unclear. For example, it is not
known whether MIC-1 expression is leading to metastasis development or meta-
static tumors are releasing MIC-1 into serum to perform some yet unknown role.
Furthermore, the role of MIC-1 in different stages of melanoma development needs
to be studied in detail as recent studies demonstrated that the MIC-1 function varies
with the stage and extent of the tumor producing it. At present time, there are no
apparent trials evaluating direct MIC-1 inhibitors in melanoma.

Targeting Interleukin-8 (IL-8) in Melanoma

IL-8 is an important autocrine multifunctional cytokine implicated in melanoma
cell proliferation, angiogenesis, migration and metastasis development [119]. IL-8
is also an indicator of tumor aggressiveness as elevated expression of this cytokine
is observed in melanoma tumor biopsies [120]. Furthermore, introduction of IL-8
into non-metastatic melanoma cells lines or cells that are negative for IL-8 expres-
sion induced expression and activity of MMP-2, which increased invasion and
angiogenesis thereby transforming them in to highly tumorigenic, metastatic cell
types [121]. IL-8 expression can be induced by phosphoglucoseisomerase/autocrine
motility factor (AMF) in autocrine manner thereby promoting melanoma cell migra-
tion [122]. Targeting IL-8 using siRNAs reduced IL-8 secretion from melanoma
cells, which resulted in the down regulation of B2 integrin on neutrophils thereby
inhibiting metastasis development [54, 123]. Tumor-derived cytokines IL-6 and
IL-8 can act as attractants for circulating tumor cells (CTCs) thereby promoting a
process called “tumor self-seeding” [124]. Tumor self-seeding is a process in which
tumor cells colonize their tumors of origin. Tumor self-seeding is primarily respon-
sible for local recurrence occurring after complete tumor excision.

Signaling pathways regulating IL-8 expression and secretion in melanoma cells
involve MAP kinase pathway signaling [54, 123]. A recent study demonstrated that
AMF induced IL-8 production was mediated by ERK1/2 in melanoma cells [122].
Therefore, targeting members of MAP kinase signaling could potentially decrease
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IL-8 levels thereby inhibiting melanoma tumor and metastasis development. For
example, knockdown of mutant (V600OE) B-Raf inhibited the constitutive secretion
of IL-8 thereby decreasing melanoma cell extravasation and subsequent metastasis
development [54, 123]. Pharmacological agents targeting members of MAP kinase
pathway also reduced the production of IL-8 in melanoma cells [125, 126]. For
example, inhibition of B-RAF using derivatives of diarylimidazoles decreased col-
ony formation in soft agar, reduced proliferation and retarded melanoma tumor
growth in animal models. Targeting B-Raf reduced IL-8 in the plasma of animals,
suggesting that it could serve as a marker for clinical assessment of B-Raf inhibition
[125]. MEK inhibitor PD0325901 has been shown to reduce IL-8 and VEGF levels
thereby decreasing melanoma cell proliferation and angiogenesis [126].

Other key regulators of IL-8 production in melanoma cells include STAT3 and
PAR-1. For example, whereas introduction of constitutively active STAT3 into
WM35 melanoma cells enhanced IL-8 production, targeted inhibition of STAT3 in
1205 Lu cells reduced IL-8 levels [127]. Similarly, systemic delivery of PAR-1
siRNA incorporated into neutral liposomes [1, 2-dioleoyl-sn-glycero-3-phosphatid
ylcholine (DOPC)] decreased VEGF and IL-8 production thereby reducing mela-
noma growth and metastasis in animals [128].

While IL-8 can serve as a biomarker of B-Raf inhibition, some pharmacological
agents targeting MAP kinase signaling can induce the production of IL-8. For exam-
ple, dacarbazine, an FDA approved agent for melanoma, activates the extracellular
signal-regulated kinase pathway, and increases expression and secretion of IL-8 and
VEGF [129, 130]. In addition, some selenium containing chemotherapeutic agents
such as PBISe targeting Aktinduce MAP kinase pathway activity [13, 131]. However,
it is unknown whether increased MAP kinase activity mediated by PBISe promotes
IL-8 secretion. Therefore, clinical trials should consider using IL-8 neutralizing anti-
bodies such as ABX-IL8 while evaluating these agents [132]. In fact, the use of fully
human antibodies against IL-8 have been studied thus far in vitro [133]. In this study,
fully human IL-8 antibodies reduced the invasion of metastatic melanoma cells.
They also appeared to sensitize tested cell lines when treated with dacarbazine and
also decreased cell viability in metastatic melanoma cell lines.

Targeting WEEI in Melanoma

WEEI], another downstream member in the MAPK signaling, is a key protein kinase
involved in maintaining G(2)-cell-cycle checkpoint arrest for pre-mitotic DNA
repair [134, 135]. WEE1 phosphorylates Tyr-15 of CDC2 thereby inhibiting its
activity, which results in G2/M arrest [136]. Elevated expression of WEEI1 is
observed in glioblastoma and breast cancer [134, 136]. Furthermore, studies have
also shown that targeting WEEI using siRNA or pharmacological agents inhibited
cancer cell survival and reduced the development of xenografted tumors demonstrating
the therapeutic potential of targeting this key kinase for cancer therapy [137, 138].
In addition, targeting WEEI in combination with either radiotherapy or treatment
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with cytostatic agents enhanced the therapeutic potential. Pharmacological inhibition
of WEE1 using MK-1775 selectively sensitized pS3 deficient cancer cells to DNA
damaging agents such as gemcitabine, cisplatin and carboplatin [137]. PD0166285,
a known WEEI inhibitor, radio-sensitized cells to radiation-induced cell death in a
p53 dependent manner [139]. Cells lacking p53 showed higher sensitivity to WEE1
inhibition compared to those harboring p53. Mechanistically, targeting WEEI1
induces a mitotic catastrophe due to premature entry into mitosis with unrepaired
lethal damaged DNA [139]. Since cancer cells, unlike normal cells that require
Gl-arrest, largely depend on G2-M arrest for damaged DNA repair, targeting WEE1
in combination with DNA damaging agents is a promising therapy for cancers.
While the role of WEEI is well studied in several other cancer types, a few studies
have reported the therapeutic potential of targeting WEEI in mouse melanoma
cells. Targeting WEE1 using PD0166285 reduced cell proliferation by decreasing
Cyclin-D levels [140]. Since melanomas are known to contain functionally active
p53 protein, it is interesting to determine whether targeted inhibition of WEE1 alone
is effective for retarding melanoma development. At present time, there are no
apparent trials evaluating direct WEEI inhibitors in melanoma.

Targeting VEGF in Melanoma

VEGEF is another key target in melanomas regulating angiogenesis, which is required
for invasive tumor growth and metastasis [141-143]. Immunohistochemical studies
have shown that 20-77% of pr human primary melanomas express VEGF (Potti, A.
Anticancer Res. 2003. pp 4023-2026). Targeted inhibition of VEGF may be a valuable
approach to cancer therapy. Studies have shown that targeting B-Raf inhibits VEGF
expression in melanomas [57]. siRNA mediated inhibition of B-Raf reduced endoge-
nous as well as secreted VEGF levels, which in turn decreased blood vessel development
thereby retarding xenografted melanoma tumors growth [118]. Furthermore, prior
studies have demonstrated that inhibition of Raf, either by the use of MEK inhibitor
(PD98059) or by siRNA specific to B-Raf, significantly lowered VEGF-A expression
[144]. Treating melanoma cells with sorafenib also decreased MAPK activity and
reduced blood vessel density through the inhibition of VEGF [57]. Proof of principle
studies using siRNAs targeting VEGF retarded melanoma tumor development indicat-
ing VEGF could be a therapeutic target for inhibiting melanoma [57]. Further circulating
VEGEF (cVEGF) has been correlated with disease progression in melanomas, indicat-
ing VEGEF could be a biomarker for disease diagnosis as well as a marker for measuring
the therapeutic efficacy of various treatment interventions. However, a recent study
showed that cVEGF may not be a good indicator of assessing the disease severity and
treatment efficacy as the true VEGF levels in cancer patients appears to be very low,
except in renal cell carcinoma [145]. High levels of VEGF measured in clinical speci-
mens could be due to the artificial release from activated platelets. Activated platelets
in cancers have been found to secrete increased VEGF, primarily during the blood
harvest procedure [145]. Therefore care must be taken while considering VEGF as
a biomarker for disease prognosis.
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Sorafenib, which originally was developed as a BRAF inhibitor, also selectively
inhibits VEGFR-2 and -3, was initially studied but did not show evidence to improve
standard of care [146]. Axitinib, a potent oral inhibitor of VEGF Receptor Tyrosine
Kinase 1, 2, and 3 is currently in development by Pfizer Inc for the potential treat-
ment of a variety of solid tumors. Thus far, preclinical and clinical data is available
for axitinib [147]. Phase II studies in many tumor types including malignant mela-
noma and renal, pancreatic, thyroid, breast, lung and colorectal carcinomas showed
that axitinib is well-tolerated [147]. However, in metastatic melanoma, recent Phase
II trials revealed an unimpressive overall response rate of 15.6% and median survival
of 6.8 months [146]. Additionally, due to frequent side effects including fatigue,
hypertension, diarrhea, hand-foot syndrome and proteinurea, its clinical develop-
ment has been hampered [147, 148]. Recent ongoing phase III studies in pancreatic
and metastatic renal cell carcinoma will ultimately define the therapeutic role of this
targeted agent for the treatment of melanoma and other malignancies [147]. Thus far,
the failures of these selective tyrosine kinase VEGF inhibitors, along with others
including sunitinib, dovitinib and vatalanib are believed to be multifactorial second-
ary to the chemoresistant nature of metastatic melanoma, the cystostatic rather than
cytotoxic nature of tyrosine kinase inhibitors, and that these studies have been pri-
marily for inhibition ability in established metastatic tumors [146].

More recently, monoclonal antibodies directed against VEGF ligand have been
reported with bevacizumab (Avastin). A recent phase II trial for first line therapy for
malignant melanoma tested carboplatin and paclitaxel chemotherapy with and with-
out bevacizumab and reported that progression free survival had improved to 22%
and overall survival improved to 21% in patients treated with bevacizumab [146].
The primary progression free survival endpoint was not met but the gain in overall
survival has led to a planned subsequent definitive trial [146]. Larger Phase II trials
are needed to further delineate the use of VEGF monoclonal antibodies.

Additionally, afibercept, a fusion protein that incorporates portions of human
VEGFR-1 and VEGFR-2 with human IgG1 has been studied. Acting as a soluble
decoy VEGF receptor, preclinical studies showed a favorable profile over other VEGF
inhibitors [149]. In an interim analysis of a current Phase II study, one of 21 patients
with treatment-naive metastatic melanoma received complete remission [146].

Targeting Cyclin D-1 and B-RAF in Melanoma

D-type cyclins, which are regulated themselves by B-Raf, regulate G1 cell cycle
progression by enhancing the expression and activities of cyclin-dependent kinases
[150]. In normal cells, levels of cyclins and cyclin-dependent kinase (Cdk) inhibi-
tors are tightly controlled. However, in melanomas, this normal balance is frequently
dysregulated. In one study, immunohistochemical analysis of cyclin D1 showed
elevated expression in early melanomas [151]. Cyclin D1 positivity increased dur-
ing tumor progression, but was observed in lower levels in metastases. Survival
analysis in this study failed to detect any linkage to shorter or longer survival among
patients expressing either cyclin D1 c-Kit, or p-ERK [151]. Additionally, this study



242 M.S. Evans et al.

found that cyclin D1 expression lacked prognostic potential as low levels of cyclin
D1 occurred in metastatic melanomas [151]. In contradiction to this report, another
found that cyclin D1 expression may be related to malignant phenotype and might
be associated with high proliferation rates in metastatic melanomas. Analysis of
formalin-fixed paraffin-embedded material from 21 common melanocytic nevi, 42
dysplastic nevi, and 17 primary cutaneous metastatic melanomas showed elevated
Cyclin D1 expression in advanced compared to earlier stage lesions [152].
Currently, a Phase II Study to evaluate the safety and efficacy of P276-00, a cyclin
D1 inhibitor, has finished recruiting and is currently ongoing with results pending at
this time. Previously, P276-00 was studied in vitro and in vivo [153]. In this study,
P276-00 was tested for its antiproliferative potential in a panel of 16 cisplatin-resistant
and cisplastin sensitive cell lines and noted to have a ~30-fold higher effect than
cisplatin. Furthermore, 22 human xenografts in a clonogenic assay showed tumor
sensitivity to P276-00 was ~26-fold more potent than cisplatin and also effective
against cisplatin resistant lines in melanomas, CNS, renal and prostate cancer. In flow
cytometry testing, an asynchronous population of human prostate cancer and human
promyelocytic leukemia cells showed arrest of prostate cancer cells in G2-M with no
significant apoptosis and significant apoptosis in faster growing promyelocytic
leukemia cells. P276-00 in synchronized human non-small cell lung cancer showed
arrest of cells in G1 followed by apoptosis if exposed for 48 h. Further testing was
performed with P276-00 in vivo with murine tumor and human xenograft models
showing significant growth inhibition in murine colon cancer when administered i.p.
at 50 mg/kg for 20 treatments and in murine lung cancer models when administered
1.p. at 60 mg/kg every alternate day for seven treatments. In human xenograft mod-
els, P276-00 showed significant inhibition in human colon carcinoma HCT-116
xenografts at a dose of 35 mg/kg i.p for 10 days and human non-small cell lung
carcinoma H-460 xenograft at a dose of 50 mg/kg daily or 30 mg/kg twice daily
1.p. for 20 treatments [153]. Cyclin-D1 remains an interesting potential target for
therapies in melanoma and results from the noted Phase II trial are pending.

Targeting Members of Other Pathways

Agents currently used in treatment of melanoma, such as Dacarbazine or the deriva-
tive temozolomide, are only effective in 15-20% of patients [154, 155], partly sec-
ondary to deregulation of many pathways in melanoma cells that promote highly
metastatic phenotypes and resistance to chemotherapeutics [13]. As such, most cli-
nicians and researchers in the melanoma field believe that multiple signaling cas-
cades will need to be targeted simultaneously to effectively inhibit melanoma
development. Therefore targeting of the members of MAPK cascade or other onco-
genic proteins from different signaling pathways combined with these therapies will
be required to achieve better clinical efficacy [156].

As alluded to in the previous sections, preclinical studies have shown that targeting
PI3K and MAPK signaling pathways using siRNA or pharmacological agents can
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sensitize cells to chemotherapeutic agents and synergistically inhibit melanoma
development [58, 157]. For instance, co-targeting RAF and mTOR using sorafenib
and rapamycin, respectively, more effectively inhibited melanoma cell proliferation,
inhibited melanoma cell invasion and induced cell death [158]. Likewise, treatment
of melanoma cells with cisplatin or temozolomide in combination with LY294002
or rapamycin effectively reduced melanoma cell growth and survival [158].
Similarly, simultaneous inhibition of CDK 4 kinases and MEK using pharmacologi-
cal inhibitors PD98059 and 219476, respectively, significantly increased apoptosis
compared to single agents alone [159]. Another independent study combined MAPK
and PI3K signaling pathway inhibition to show that the anti-proliferative and pro-
apoptotic effects of inhibitors alone were disappointing compared to using a panel
of pharmacological inhibitors (BAY 43-9006, PD98059, U(0126, wortmannin,
LY294002) which significantly inhibited growth and enhanced apoptosis in mono-
layer culture [160].

Targeting oncogenes while expressing tumor suppressors is another alternative
approach for inhibiting melanoma development. For instance, massive apoptosis in
melanomas was observed whenV*EB-RAF was targeted using siRNA while expressing the
tumor suppressor INK4A cDNA compared to either of these events alone [63]. Building
on this approach, targeting multiple members of a single pathway or members of dif-
ferent pathways is an approach to more effectively treat melanomas that will continue
to evolve in the next decade. However, the combination would need to be selected
based on the genetic pathway activated and available approaches to target them.

Impact of Tumor Microenvironment and Cancer Stem
Cells—The Future of Melanoma Targeted Therapy?

Melanomas, like many other cancer types, depend on interactions with microenvi-
ronment for tumor growth as well as metastasis formation [161]. Therefore, tissue
microenvironment does play a critical role in cell survival and growth and likely
contributes to cell transformation and tumor development [162]. Cellular interac-
tions with the stroma and with other cells provide key signals that control cellular
arrest or division, survival or death, and entrance or exit from a quiescent state
[161]. For example, tumor cell adhesion to blood vessel endothelial cells (EC) fol-
lowed by trans-endothelial migration is critical event responsible for the metastasis
development [163—-165].

Recent studies have shown the involvement of polymorphonuclear neutrophils
(PMNps) for facilitating melanoma cell adhesion to the endothelium as well as sub-
sequent extravasation under flow conditions [166, 167]. Experiments demonstrating
the involvement of neutrophils in the development of melanoma metastasis showed
enhanced metastatic tumors when neutrophils were injected immediately after mel-
anoma cells injection [123]. Mechanistically, entrapped melanoma cells produced
interleukin-8 thereby attracting neutrophils. In addition, IL-8 also increased the beta
[2] integrin expression by 75—-100% leading to the anchoring of melanoma cells to
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endothelial cells via interaction with ICAM-1 on melanoma cells. Targeted inhibition
of IL-8 secretion from melanoma cells decreased Beta-2-integrin on neutrophils
by 50%, which in turn reduced neutrophil-mediated extravasation, and resulting in
50% fewer melanomas in lungs. Several studies have shown direct regulation of
IL-8 expression and Y°°EB-Raf activity in melanomas. Therefore targeted inhibition
of V60OEB-Raf might be inhibiting metastasis development through reducing the
IL-8 mediated melanoma cells-neutrophil interactions, further demonstrating
the involvement of extracellular matrix in the melanoma metastasis formation
[123, 168].

Melanoma cells actively interact with the tumor microenvironment, through
molecular signals, to promote tumor formation [161]. For example, collagen, a key
extracellular matrix component regulate the development of melanomas [169].
Melanoma cells containing tumor suppressor KLF6 when grown in collagen rich
media failed to develop tumors [170]. However, when similar cells were grown in
polyHEMA coated plates or plastic plates they grew with the proliferation rates
similar to KLF6 null cells, indicating the involvement of tumor microenvironment
in the tumor development. Mechanistically, KLF6 inhibited pErk1/2 as well as
cyclin D1 levels thereby reduced melanoma cell proliferation in a collagen rich
environment. Therefore, loss of KLF6 promotes melanoma tumor development by
upregulating MAPK pathway [170].

Several studies have reported elevated COX-2 levels in human melanomas
[171-173]. In addition, studies have also shown that COX-2 expression is regulated
by MAPK pathway, and inhibiting Y**B-Raf in melanomas effectively reduces
COX-2 expression without altering COX-1 levels [174]. Elevated COX-2 triggers
cell proliferation, invasion and metastatic abilities of melanoma cells thereby pro-
mote metastasis formation in distant organs [175-177]. For example, a recent study
showed that inhibition of COX-2 decreases systemic and bone metastasis of mela-
nomas [176]. Furthermore, inhibition of COX-2 using celecoxib reduced melanoma
bone metastasis incidence as well as tumor volume in mice models. Since COX-2
inhibition retarded melanoma metastasis and tumor formation, several derivatives
of COX-2 have been prepared and tested for efficacy for inhibiting melanoma.

Furthermore, the concept of cancer stem cells (CSCs) has been first established
for human myeloid leukemia in the 1960s [178]. Recent studies found CSCs in
many other solid tumors including cancers of breast, brain and skin [179]. A study
isolated morphologically heterogeneous populations of cells, as demonstrated by
the coexistence of multiple genetic sub-clones, in melanomas and showed their
involvement in tumor recurrence as well as drug resistance [180-182]. A recent
study also showed that melanoma stem cells are also responsible for tumor initia-
tion, development, growth as well as metastasis [183]. However, it is presently
unclear which role a sufficiently characterized population of melanoma stem cells
plays in cancer promotion and progression [181].

Melanoma stem cells have been isolated from about 20% of the metastatic melano-
mas cultured in growth medium suitable for human embryonic stem cells and their
properties studied [184]. It has been observed that multipotent melanoma stem cells
possess self-renewal ability and persisted after serial cloning in vitro and transplantation
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in vivo. In vivo studies also showed the enhanced tumorigenic potential of mela-
noma stem cells compared to melanoma cells, suggesting targeting this sub-popula-
tion might help to eliminate melanomas more -effectively. Furthermore,
dedifferentiated melanoma cells have been found to be more resistant to various
treatments compared to melanoma cells and formed tumors more quickly [185].

Strategies to Overcome Drug Delivery Issues Using
Nanotechnology Based Therapeutic Agents

A continued barrier in the availability of effective treatment options and drugs in
melanoma that target the MAPK pathway, despite our knowledge of this pathway to
date, continues to be the lack of clinically effective pharmacological agents and
delivery vehicles to get the drug into the melanoma cells [186]. Nanotechnology,
which is capable of encapsulating one or more therapeutic agents as a single drug in
order to evaluate its efficacy in clinical trials, may be part of the possible solution to
this problem [186—188]. Additionally, many nanotechnologies are shown to improve
circulation time, enhanced drug uptake into tumors, avoid the reticulo-endothelial
system, and minimize toxicity [186]. There are currently a wide variety of nano-
technology delivery systems that have been developed for treating tumor including
silicon and gold nanoshells, polymeric nanoparticles, carbon-based nanostructures,
dendrimers, and liposomes [189].

Currently in various stages of development are liposomes that contain chemo-
therapeutic agents, antisense-ODNs, siRNA, DNA, or radioactive particles that
could target the MAPK pathway [186, 188]. For instance, liposomes loaded with
siRNAs targeting Y°EB-RAF and AKT3 synergistically inhibited melanoma
tumor growth in mice [157, 186]. Similarly, sorafenib in combination with
ceramide-containing liposomes synergistically inhibited melanoma development in
animals [190]. Additionally, a Phase-I study has shown that liposomal cisplatin can
enhance drug delivery up to 200 fold in tumors [191]. Another study showed the use
of other nanoparticle technology, such as the unique hexadentate-polyD,L-lactic
acid-co-glycolic acid polymer chemically conjugated to PD98059 (MEKI inhibi-
tor), which induced apoptosis in vitro, retarded tumor growth in vivo and inhibited
melanoma cell proliferation [187]. Furthermore, the antitumor efficacy of cisplatins
have also been enhanced by use of nanoparticles [187]. Thus, nanoparticle delivery
systems provide one technology to load multiple drugs, which could be genetic or
pharmacological, into a single vehicle and to target to the melanoma cells.

Another potential approach that is currently being evaluated is the use of RNAi
technology to target the MAPK pathways. siRNA can specifically inhibit target
genes in the MAPK pathway; however rapid degradation in animals has been a
major obstacle [187, 192, 193]. Liposomes can protect RNAi from being “detected”
by RNAses, and if coupled to specific antibodies or ligands can deliver the particles
specifically into melanoma cells. Approximately 1,200 different classes of “lipidoids”,
which are lipid-like barriers, were noted to be about 100 times more efficient at



246 M.S. Evans et al.

delivering small interfering RNA than the earlier reported lipid-based barriers in a
recent report from the Massachusetts Institute of Technology and Alnylam
Pharmaceuticals Inc. [194]. Clinical efficacy of this approach for targeting the MAP
kinase pathways remains to be demonstrated [195].

Conclusion

In order to effectively treat melanomas, targeted inhibition of key mechanistic events
regulating melanoma development such as cell proliferation, survival, angiogenesis
and invasion or metastasis is required to prevent the tumor growth. A targeted
approach, particularly targeting the MAPK pathway, will likely be a component of
any therapeutic regimen for cutaneous melanomas. As this review demonstrates,
targeting B-RAF or MEK may be the best approach for clinical efficacy and combin-
ing inhibition of key members of this signaling cascade and its downstream targets
that regulate melanoma growth may be required to prevent the progression of this
disease and development of resistance. Furthermore, understanding the molecular
mechanisms that lead to the development of resistance to chemotherapeutic agents,
as well as strategies to overcome resistance is needed. The use of nanotechnology
might prove to be a potential avenue to overcome some of these issues by providing
a single platform in which multiple genetic or pharmacological agents can be loaded
to synergistically inhibit melanoma development and overcome the occurrence of
resistance. The challenge remains in identifying the optimal targets in addition to
discovery of drugs that have negligible toxicity-related side effects and are
bioavailable.

Grant Support NIH CA-127892-01A and The Foreman Foundation for Melanoma Research
(GPR).
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Current Approaches to Epigenetic Therapy
for the Treatment of Mantle Cell Lymphoma

Vikas Ghai, Kamal Sharma, Kamal K. S. Abbi, Sara Shimko,
and Elliot M. Epner

Abstract Epigenetics is the study of heritable changes in phenotype or gene
expression caused by mechanisms other than changes in the underlying DNA
sequence. Such changes can include DNA methylation or histone modifications
which both serve to silence gene expression. This review describes a new develop-
ment in pharmacology, epigenetic therapy, which attempts to correct these epige-
netic changes for the treatment of mantle cell lymphoma (MCL) and other B cell
malignancies for which no consensus on standard therapy exists. One class of
drugs utilized are the histone deacetylase inhibitors, (HDACi) which result in the
accumulation of acetylated histones. Hyperacetylation of histones and nonhistone
proteins are postulated to mediate the anticancer effects of these drugs. Another
class of epigenetic agents are hypomethylating agents, that can cause both DNA
and histone hypomethylation. Epigenetic drugs may be useful in the treatment of
cancer where hypermethylation of tumor suppressor genes is known to lead to
silencing of these genes. The purine analog cladribine has been shown to have
hypomethylating properties and has activity as a single agent or in combination
with other therapies for mantle cell lymphoma. Epigenetic therapy with the DNA
hypomethylating agent 5-aza-2-deoxycytidine can also cause restoration of cell
surface expression of the CD20 protein and increase rituximab sensitivity in vitro.
Combinations of epigenetic agents may act synergistically to further potentiate the
efficacy of monoclonal antibodies like rituximab and ofatumumab and improve the
treatment outcome in MCL.
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Background

Epigenetic regulation refers to transcriptional variability of the genome without
any changes in the DNA sequence [1, 2]. Chromatin consists of the entire DNA
of a chromosome and its associated proteins, called histones, comprised of four
core parts: H2A, H2B, H3 and H4. Together, these proteins assemble and associ-
ate with the DNA to form the nucleosome [3]. Chromatin remodeling refers to
structural modifications of the nucleosome and includes enzymatically mediated
post-translational modification of the histone proteins [4].

Epigenetic changes lead to silencing of transcription by directly interfering with
the binding of transcription factors (TF) as well as recruitment of other enzymes, such
as histone deacetylases (HDACs) and proteins to the promoter sites that repress tran-
scription [5, 6]. In general, the cancer genome is characterized by global hypomethy-
lation with site-specific hypermethylation in promoter regions of tumor suppressor
genes and, thus, epigenetics plays a pivotal role in oncogenesis [4, 7] (Fig. 1).

Mechanism of Gene Silencing by Histone Modification
and DNA Methylation

Epigenetic changes in chromatin structure involving DNA methylation and/or his-
tone modifications have been implicated in deregulated oncogene expression in
lymphoid malignancies but remain poorly characterized [8, 9]. Epigenetic
modifications of eukaryotic gene promoters such as DNA hypomethylation and his-
tone H3 and H4 acetylation correlate with activation of transcription. Activation of
genes may occur by local promoter hypomethylation and hyperacetylation and epi-
genetic changes involving remote regulatory elements such as enhancers or locus
control regions (LCRs). Treatment of silenced genes with DNA methyltransferase
inhibitors and/or inhibitors of histone deacetylase has been shown to transcription-
ally activate silent genes [10].

More recently it has been demonstrated that epigenetic mechanisms are in part
responsible for resistance to rituximab through the a decrease in CD20 expression
on the cell surface of B cell lymphoma cells after treatment with rituximab.
Epigenetic therapy with 5-aza-2-deoxycytidine can cause restoration of both cell
surface expression of the CD20 protein and rituximab sensitivity in vitro [11].
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Fig. 1 Schematic diagram of the mechanisms of epigenetic silencing of genes

Mantle cell lymphoma (MCL) is now recognized as a distinct genetic, clinical and
pathological subtype of B-cell NHL (6-8%) usually characterized by the expression
of cyclin D1 and the presence of the t (11; 14) in >90% of patients. The pathologic
diagnosis is confirmed by the characteristic absence of CD23 and CD10 expression,
with expression of CD20, CD5 and/or cyclin D1. The ratio of males to females affected
is about 4:1. At diagnosis, typical patients are in their 60s. Clinical features may
include a history of fever, night sweat and loss of weight or appetite or the classic
“B symptoms” described in NHL.

Impact of the Tumor Microenvironment and Cancer Stem Cells

The contribution of the tumor microenvironment in MCL has been explored. Dave
et al. [12] provided evidence that the tumor microenvironment is important in prog-
nostication of one type of NHL, namely follicular lymphoma. The genes in the
immune-response signatures established by Dave et al. can be used as markers to
identify subpopulations of immune cells that may promote or antagonize the prolif-
eration or survival of the malignant clone.

Yang et al. [13] showed that the intensity of CD19 expression on NHL lym-
phoma cells is visibly decreased in about a third of all B-cell lymphomas with low-
level CD19. This decrease was significantly more common in follicular lymphomas
than other lymphoma types, regardless of grade, occurring in 79% of studied cases.
Punitive stem cells in MCL have been identified with a CD19 negative phenotype.

Emerging therapy targeting the microenvironment and/or cancer stem cells
include: It appears that this network of stromal cells creates a microenvironment
that initially attracts cancer cells, allowing their early survival, and subsequently
contributes to tumor growth. Recently, a newly described family of proteins has
taken center stage in the dialogue between stromal and neoplastic B lymphocytes
and plasma cells: the hedgehog proteins. Certainly anti-angiogenesis therapeutics fit
within this as a sub-section.
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All patients with MCL require do not require immediate treatment [14]. There
is currently no standard therapy for newly diagnosed or relapsed disease [15].
The Ki-67 index, a measure of tumor proliferative activity, may provide some
insight into which patients will be more likely to progress.

A retrospective review of 249 patients with advanced-stage MCL enrolled in
prospective clinical trials of CHOP or R-CHOP found significantly longer median
overall survival times in patients with tumors demonstrating a Ki-67 index less
than 10% when compared with those with higher Ki-67 indices [16].

For some B-cell Non-Hodgkin’s lymphoma (NHL), an accepted treatment
regimen is rituximab—cyclophosphamide doxorubicin vincristine prednisone
(R-CHOP). Howard et al. from Dana-Farber evaluated the efficacy of rituximab
and CHOP induction therapy in patients with newly diagnosed MCL. They found
a 96% response rate with 48% of patients achieving a complete response (CR)
and the remaining 48% achieving a partial response (PR). However, 28 of the 40
patients who received treatment relapsed or developed progressive disease with
a median progression free survival (PFS) of 16.6 months [17].

Lenz et al. reported a similar 92% overall response rate (ORR) with a somewhat
better PES of 28 months using R-CHOP [18]. The MD Anderson group evaluated the
response, failure-free survival (FFS), overall survival rates and toxicity of rituximab
plus an intense chemotherapy regimen in patients with previously untreated aggres-
sive MCL. This was a prospective phase II trial of rituximab plus fractionated cyclo-
phosphamide, vincristine, doxorubicin, and dexamethasone alternating every 21 days
with rituximab plus high-dose methotrexate-cytarabine for a total of 68 cycles [19].

Of 97 assessable patients, 97% responded, and 87% achieved a CR or unconfirmed
CR. With a median follow-up time of 40 months, the 3-year FFS and overall survival
rates were 64% and 82%, respectively, without a plateau in the curves. For the sub-
group of patients < or = 65 years of age, the 3-year FFS rate was 73%. Five patients
died from acute toxicity. Four patients developed treatment-related myelodysplasia/
acute myelogenous leukemia, and three patients died while in remission from MCL.
A total of eight treatment-related deaths (8%) occurred [19].

Rituximab plus hyper-CVAD alternating with rituximab plus high-dose metho-
trexate and cytarabine is effective in untreated aggressive MCL. Toxicity was
significant but expected. Because of the shorter FFS concurrent with significant
toxicity in patients more than 65 years of age, this regimen is not recommended as
standard therapy for this age subgroup [19]. However, in a multicenter cooperative
group study, 58% of patients achieved a complete response (CR) or complete
response uncertain (CRu) [20].

Although there is no clear consensus about the best treatment for individual
MCL patients, a common chemotherapeutic treatment approach that has been used
is R-CHOP or R-Hyper CVAD. Since both R - CHOP and R- hyper CVAD regimens
appear to have issues with efficacy and toxicity; alternative regimens have been
investigated in both the frontline and relapsed settings.
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Progress has been made in the diagnosis of MCL, in the understanding of the
relevant molecular pathways and pathogenesis of the disease, and in the development
of new treatment options, including chemoimmunotherapy and targeted agents.

The panel of novel drugs approved or being tested offers new opportunities in
the management of MCL from combination in the frontline setting (e.g. bortezomib-
R-chemo) to post-induction strategies such as consolidation (e.g. radioimmunotherapy,
bortezomib) or maintenance therapy (e.g. rituximab, lenalidomide). Other novel
options including cytotoxics (bendamustine, cladribine), new biological/small mol-
ecules such as proteasome inhibitors, mTOR inhibitors, CDK inhibitors (flavopiridol);
IMiDs (thalidomide, lenalidomide); HDAC inhibitors, Bcl-2 inhibitors and second or
third generation monoclonal antibodies or immunotoxins are all been or being studied
for the treatment of MCL [21].

Our main focus is on the use of a combination of epigenetic and immunotherapy
for the treatment of MCL.

Hypomethylating Agents

Azacitadine and decitabine are hypomethylating agents indicated for the treatment
of patients with myelodysplastic syndrome subtypes and chronic myelomonocytic
leukemia (CMMoL). This agent has a well-established activity in myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML) [22, 23].

Blum et al. targeted aberrant DNA hypermethylation in chronic lymphocytic leu-
kaemia (CLL) and non- Hodgkin lymphoma (NHL) with decitabine, thinking that
this may reverse epigenetic silencing in B-cell malignancies. Two phase I trials
were conducted to determine the minimum effective pharmacological dose of decit-
abine in patients with relapsed/refractory CLL (n=16) and NHL (n=4). Out of 20
patients eight had stable disease. In 17 patients, there were no significant changes in
genome-wide methylation or in target gene re-expression [24].

The efficacy of this class of hypomethylating agents in treating MCL has yet to
be tested. We could not find any completed or ongoing trials for its use in MCL.

Cladribine

Cladribine or 2 chlorodeoxyadenosine (2-CdA) is a purine analog with activity in
human B cell malignancies. Cladribine is FDA approved for the treatment of hairy
cell leukemia (HCL), an indolent B cell malignancy. Cladribine has also been shown
to have hypomethylating properties in addition to its cytotoxic properties [25].

Rummel et al. demonstrated that the combination of reduced-dose 2-CdA and
mitoxantrone is a highly active regimen in the treatment of low-grade lymphomas,
and in particular of MCL. Fifty six of the 62 patients responded to 2-CdA resulting
in an overall response rate of 90% with a CR rate of 44% and a median duration of
remission of 25 months [26].
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Robak et al. used rituximab combined with cladribine (RC) or with cladribine
and cyclophosphamide (RCC) in heavily pretreated patients with indolent lymphop-
roliferative disorders and mantle cell lymphoma. Thirty-three patients with B-CLL,
12 patients with LG-NHL and 9 patients with MCL entered the study. Thirty-three
patients (61%) had recurrent disease after prior therapy, and 21 patients (39%) had
refractory disease. Thirty-one patients were treated on the RC regimen, and 23
patients were treated on the RCC regimen. Six patients (11%) achieved a complete
response, and 33 patients (60%) achieved a partial response. The median failure-free
survival (FFS) of responders was 10.5 months [27].

Another study by Inwards et al. to access the role 2-CdA alone or in combina-
tion with rituximab was investigated in 80 patients with MCL. In previously
untreated patients, 2-CdA monotherapy resulted in an ORR of 81% with a 42% CR
rate. The median PFS for these patients was 13.6 months, and 81% of patients
remained alive at 2 years. The addition of rituximab to therapy resulted in an ORR
of 66% for previously untreated patients with a 52% CR rate. The PFS was
12.1 months and 78% of patients remained alive at 2 years [28].

Spurgeon et al. performed a retrospective chart review of 31 patients with MCL
(median age, 67) treated with rituximab and cladribine (RC) combination to access
the role of RC as an initial treatment of MCL. The majority of responding patients
also received rituximab maintenance. The overall response rate was 87%, with 61%
of patients achieving a CR/CRu. The estimated median follow-up was 32.5 months,
median PFS was 37.5 months, and median OS was 85.2 months. One of 19 (5.3%)
subjects in CR/CRu relapsed (median follow-up of 23 months). CR/CRu was asso-
ciated with improved survival (p<0.0001), while a high mantle cell international
prognostic index (MIPI) was associated with worse survival (p=0.05). There was
one toxic death (neutropenic pseudomonal sepsis) related to treatment. RC is an
effective therapy for previously untreated MCL, and these results validate the use of
RC for the initial treatment of MCL [29].

These results are in keeping with our observations that cladribine’s activity is
significantly greater in previously untreated patients. Cladribine inhibits histone
methylation in vitro and DNA methylation in vivo and in vitro, [22], perhaps
explaining cladribine’s activity in lymphoma, in contrast to azacitidine and decita-
dine which only inhibit DNA methylation. DNA methylation and histone methyla-
tion have been shown to synergize in gene silencing. In addition, a subset of silenced
genes in cancer cells are silenced independently of DNA methylation and can only
be activated by inhibiting histone methylation [30, 31].

Vorinostat

Suberoylanilide hydroxamic acid (vorinostat) is a histone deacetylase (HDAC)
inhibitor, derived from hydroxamic acid, which inhibits class I and II HDAC
enzymes that regulate transcriptional and post-transcriptional processes by remov-
ing acetyl groups from histone proteins. Vorinostat has received regulatory approval
by the FDA for the treatment of relapsed refractory cutaneous T-cell lymphoma
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Fig. 2 Proposed syngergistic actions of epigenetic agents in combination with antiCD20 mono-
clonal antibodies

(CTCL) with progressive, persistent, or recurrent disease on or following two sys-
temic therapies [32]. It is been currently evaluated in various phase I/II trials for
MCL and other non-Hodgkin’s lymphoma (NHL).

Kirschbaum et al. [33] performed a phase II (NCT00253630) study using oral
vorinostat, a histone and protein deacetylase inhibitor, to examine its efficacy and
tolerability in patients with relapsed/refractory indolent lymphoma. Patients with
relapsed/refractory follicular lymphoma (FL), marginal zone lymphoma (MZL), or
mantle cell lymphoma (MCL), with 4 prior therapies were eligible. Oral vorinostat
was administered at a dose of 200 mg twice daily on days 1 through 14 of a 21-day
cycle until progression or unacceptable toxicity. ORR was 29% five CRs and five
PRs. For 17 patients with FL., ORR was 47% (four CRs, four PRs). There were two
of nine responders with MZL (one CR, one PR), and no formal responders among
the nine patients with MCL, although one patient maintained stable disease for
26 months. The drug was well-tolerated over long periods of treatment, with the
most common grade 3 adverse events being thrombocytopenia, anemia, leucopenia,
and fatigue.

Other HDAC inhibitors like panobinostat [34, 35], and romidepsin [36] are being
tested alone or in combinations with other agents (Fig. 2).

Vorinostat, Cladribine and Rituximab

Spurgeon et al. has presented a phase I/II (NCT00764517) study at ASCO 2011
using combination of vorinostat (SAHA), cladribine (2-CdA), and rituximab (SCR)
in previously untreated mantle cell lymphoma to explore epigenetic modifications.
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Patients were given Vorinostat on days 1-14 (200 mg, 300 mg, or 400 mg) in
combination with 2-CdA 5 mg/m2 IV on days 1-5, and rituximab 375 mg/m2 IV on
days 3, 10, 17, and 24 with cycle 1 and then on Day 3 with subsequent cycles.
Cycles are repeated every 28 days for up to 6 cycles. After vorinostat MTD deter-
mination, phase II will have enrolled an additional 40 patients including patients
with newly diagnosed mantle cell lymphoma or newly diagnosed CLL [37].

Patients are monitored for response rate, overall survival (OS) and progression-
free survival (PFS). Forty five patients (Phase I/IT) have been enrolled and 39 patients
have been treated. The ORR in evaluable relapsed patients is 32% (7/22). Of the 21
previously untreated advanced MCL patients (blastic MCL 4)all have completed
>2 cycles) and ORR is 100% (21/21) with 69%(11/15) complete responses (CR) as
assessed by metabolic imaging (PET/CT) and fluorescent in situ hybridization/flow
cytometry after Cycle 2. Toxicities have primarily included reversible myelosuppres-
sion and thrombocytopenia. One grade 4 thrombo-embolic event (probably related)
and one grade 5 pulmonary hemorrhage in a patient with relapsed pulmonary lym-
phoma were seen. The study demonstrates SCR activity in lymphoid malignancies
and appears particularly promising in previously untreated mantle cell lymphoma.
Myelosuppression is the primary toxicity of this regimen especially in previously
treated patients. In vivo epigenetic changes have been appreciated and correlative
studies are ongoing. This trial (NCT00764517) continues to accrue patients at this
time with almost 50 patients enrolled at this time [37]. An update of this trial to be
presented at ASH 2012 demonstrated ORR 100% and CR rate 70-80% in untreated
MCL patients.

Toxicities were primarily hematologic and reversible [37]. Studies have confirmed
epigenetic changes after cladribine treatment in MCL patients, including DNA
methylation changes in vivo, inhibition of histone methylation in vitro and changes
in gene expression in vitro and in vivo.

Conclusion

Since both R-CHOP and R- hyper CVAD regimens appear to have issues with
efficacy and toxicity, alternative regimens have been investigated in both the front-
line and relapsed settings for mantle cell lymphoma and other indolent non Hodgkin’s
lymphoma, especially for those above 65 years old. Combined epigenetic and
immunotherapy with cladribine, vorinostat, and rituximab appears to be a highly
active and nontoxic therapy for newly diagnosed mantle cell lymphoma.

Our hypothesis is two different epigenetic agents like hypomethylating agents
and histone deacetylase (HDAC) inhibitors act synergistically to reverse resistance
to and increase efficacy of monoclonal anti CD20 antibodies in B cell lymphomas.

A phase I/II trial (NCT00764517) is evaluating response rate and progression
free survival based on the above hypothesis. Large randomized studies are needed
to compare patients with chemotherapy naive or relapsed mantle cell lymphoma or
other indolent non Hodgkin lymphomas with other treatments such as bendamus-
tine/rituximab.
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Impact of Genetic Targets on Primary Brain
Tumor Therapy: What’s Ready for Prime Time?

0. Zalatimo, C. M. Zoccoli, A. Patel, C. L. Weston, and M. Glantz

Abstract Primary brain tumors constitute a substantial public health problem with
66,290 cases diagnosed in the US in 2012, and 13,700 deaths recorded. With dis-
covery of genetic factors associated with specific brain tumor subtypes, the goal of
therapy is changing from treating a class of tumors to developing individualized
therapies catering to the molecular composition of the actual tumor. For oligoden-
drogliomas, the loss of 1p/19q due to an unbalanced translocation improves both
survival and the response to therapy, and is thus both a prognostic and a predictive
marker. Several additional genetic alterations such as EGFR amplification, MGMT
methylation, PDGFR activation, and 9p and 10q loss, have improved our under-
standing of the characteristics of these tumors and may help guide therapy in the
future. For astrocytic tumors, MGMT is associated with a better prognosis and
an improved response to temozolomide, and for all glial tumors, mutations in the
IDHI1 gene are possibly the most potent of good prognostic markers. Three of these
markers — 1p/19q deletions, MGMT methylation status, and mutations in the IDH1
gene — are so potent that a new brain tumor subtype, the “triple negative” glioma
(1p/19q intact, MGMT unmethylated, IDH1 non-mutated) has entered common
parlance. Newer markers, such as CD 133, require additional investigation to deter-
mine their prognostic and predictive utility. In medulloblastomas, markers of WNT
activation, MYCC/MCYN amplification, and TrkC expression levels are reliable
prognostic indicators, but do not yet drive specific treatment selection. Many other
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proposed markers, such as 17q gain, TP53 mutations, and hMOF protein expression
show promise, but are not yet ready for prime time. In this chapter, we focus on the
markers that have shown convincing prognostic, predictive, and diagnostic value,
and discuss potential markers that are being currently being intensively investi-
gated. We also discuss serum profiling of tumors in an effort to discover additional
potential markers.

Keywords Glioma ¢ Glioblastoma ¢ Oligodendroglioma e Allelic loss ® Tumor
suppressor genes ¢ TP53 e Irradiation ® PCV therapy ¢ Temozolomide ¢ MGMT
* EGFR ¢« CDKN2A ¢ PDGF ¢ 9p loss ¢ 10q loss ® Autocrine ® PI3K ¢ Akt ¢ Astrocytoma
* CD133 ¢ Nestin * IDH * Medulloblastoma ® Wnt e MycN ¢ DKK?2 ¢ WIF1 « CCDC46
* Beta-catenin ® 17q ® FISH e hMOF e TrkC ¢ ELISA ¢ Meningioma ¢ S100B « NPY
* YKL-40 « MMP9 e Osteopontin ® APRIL ¢ TNF inhibitors

Introduction

Approximately 64,530 new primary brain and other central nervous system tumors
will be diagnosed in the United States in 2011 (24,070 malignant and 40,470 non-
malignant tumors)an overall rate of 19.4 per 100,000 person-years (7.3 malignant
and 12.1 non-malignant tumors) [1, 2], resulting in 13,140 deaths in 2010. Primary
brain tumors arise from neuro-epithelial tissue and are classified histologically
based on their respective cells of origin. With increasing knowledge of the genomics
of the different primary brain tumor types, customization of cancer therapy based on
tumor-specific molecular profiles is becoming increasingly common. In this review,
we will highlight the major types of primary CNS tumors and the bedside rele-
vance of their associated genetic alterations to tumor diagnosis and therapy.

Oligodendrogliomas

Introduction

Oligodendrogliomas are glial tumors composed of cells that histologically resemble
mature oligodendrocytes. Oligodendrogliomas constitute about 5% of all intracra-
nial tumors, arise predominantly in the cerebral hemispheres [3, 4], and are most
commonly diagnosed in fourth and fifth decades of life [5]. The frequency of ana-
plastic oligodendrogliomas varies between 3.5 and 50% in the literature [6, 7].
Mean survival after diagnosis is 10 years for low grade and 5 years for high grade
oligodendrogliomas [6, 8]. In 1988, Cairncross and Macdonald first reported the
unexpected chemosensitivity of “malignant” oligodendrogliomas to PCV (procar-
bazine, lomustine, and vincristine) chemotherapy, sparking an interest in the neuro-
oncology community to further investigate these tumors [9-11].
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Loss of 1p/19q

Several studies in the early 1990s demonstrated allelic loss of 1p (the short arm of
chromosome 1) and 19q (long arm of chromosome 19) in up to 83% of low grade oli-
godendrogliomas and up to 63% of anaplastic oligodendrogliomas [12—14]. This dele-
tion comprises the entire chromosome arms of 1p and 19q which suggests that it is due
to an unbalanced translocation. The high sequence homology of the centromeric
regions of chromosome 1 and 19 supports translocation at the centromere as a mecha-
nism for this deletion [15-18].

A clear association exists between co-deletion of 1p and 19q and a classic histologi-
cal appearance with a perinuclear halo around cells and a chicken-wire vascular pattern
[19-23], explaining the observation of McDonald and colleagues in 131 patients with
anaplastic oligodendrogliomas, that only patients with a “classic” histology showed a
survival benefit when treated with chemotherapy, compared to those with an “atypical”
histology [24-26].

The improved prognosis and better response to treatment of these tumors is
unlikely to be explained by a single gene. The mechanism of gene alteration due to
1p/19q co-deletion is largely unknown. Tumor suppressor genes on 1p and/or 19q
may be important in the development of oligodendroglioma [13, 15]. Several
responsible genes have been proposed on 1p, including CDKN22C, TP73, RAD54
[12] and on 19q, including PEG3, p190RhoGap, ZNF34 [26-28], but none have
been clearly identified as key players in tumor development.

While loss of 1p/19q is common in oligodendrogliomas, loss of 1p alone or 19q alone
are seen frequently in astrocytomas. These deletions are typically small, and do not con-
vey the same prognostic implication as the complete 1p/19q deletions seen in oligoden-
drogliomas [14]. Similarly, partial 1p deletions occur in glioblastoma, not associated with
19q loss, are not associated with a better prognosis seen in loss of 1p/19q [21].

In mixed oligoastrocytomas with predominant oligodendroglial morphology, the
percentage of tumors showing 1p and 19q loss falls to 39%, emphasizing that the
presence of even a small astrocytic component significantly reduces the chance of
finding 1p and 19q loss [29].

Several studies have shown that oligodendrogliomas with certain molecular sub-
types can have a predilection for particular locations in the brain. 1p/19q co-deleted
tumors present more commonly in the frontal, occipital or parietal lobes while oligo-
dendrogliomas without deletions present more commonly in the temporal lobes, insula,
and diencephalon [30]. Oligoastrocytomas with TP53 mutations were seen mostly in
the temporal lobe when compared to oligoastrocytomas without this mutation [31].

In magnetic resonance imaging, oligodendrogliomas with 1p/19q loss have
indistinct borders with mixed signal intensity on T1 and T2-weighted imaging [32].
Non-co-deleted tumors are more likely to demonstrate a ring-enhancing pattern on
T1-weighted, gadolinium-enhanced images.

Two large randomized controlled phase 3 trials were started in the early 1990s
and were designed to test the benefit of PCV therapy for patients with anaplastic
oligodendrogliomas and anaplastic oligoastrocytomas (OAs) [7, 8]. Both trials
compared radiation therapy to a combination of radiation therapy along with PCV
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therapy. In the Radiation Therapy Oncology Group trial 9402, 289 patients with
anaplastic oligodendrogliomas or anaplastic mixed oligoastrocytomas were ran-
domized to treatment with radiation therapy alone or with up to four cycles of
“intensified” PCV prior to the start of cranial irradiation [7]. In the European
Organization for Research and Treatment of Cancer Trial 26951, 368 patients with
the same tumor types were randomized to treatment with radiation therapy alone or
to radiation followed by up to six cycles of standard PCV [8]. While these trials
were accruing patients, it became clear that allelic loss of 1p and 19q was the most
common genetic alteration in these patients with oligodendrogliomas [9]. Although
the addition of PCV therapy to cranial irradiation did not demonstrate a survival
benefit over RT alone, 1p/19q status clearly conveyed a survival advantage when
patients were stratified by co-deletion status. Tumor specimens were available in
70% of the patients in the two trials for analysis. In RTOG 9402 trial, the median
survival was not reached for co-deleted patients at the end of the trial (>7 years)
while for those without co-deletion, median survival was 2.8 years. In the EORTC
26951 trial, once again the median survival was not reached for patients with co-
deletion (>8 years) while median survival for those without co-deletion was 2 years.
Similar improvements in progression free survival were observed in both RCTs in
those with co-deletions compared to those patients without co-deletions. When the
benefit of “early” PCV (administered at the time of initial diagnosis either prior to
radiation—the RTOG trial —or following radiation —the EORTC trial), a prolonga-
tion of the median progression free survival by just under 1 year was seen in both
trials (2.6 vs. 1.7 years, p=0.004 in the RTOG study; 1.9 vs. 1.1 years, p=0.0018 in
the EORTC study). In the RTOG trial (but not in the EORTC trial), further evalua-
tion showed that this improvement in progression free survival in PCV-treated
patients was restricted to those with 1p and 19q co-deletions.

Because the large majority of patients in both the RTOG and the EORTC studies
received chemotherapy at the time of tumor recurrence, and because recurrent ana-
plastic oligodendrogliomas and anaplastic mixed gliomas are frequently respon-
sive to chemotherapy, the ability to show a survival advantage for the radiation plus
chemotherapy groups in either of these two studies was likely subverted.
Consequently, a more accurate description of the result of these two studies is that
early (at the time of diagnosis) PCV chemotherapy does not seem to convey a sur-
vival advantage over late (at the time of tumor recurrence) PCV therapy, even
though early chemotherapy is associated with a longer (approximately 1 year) pro-
gression-free survival. Whether early or late chemotherapy represents the best
treatment strategy will remain unsettled until additional prospective trials examining
the relative impacts of chemotherapy and tumor progression on quality of life are
conducted. Considering the substantial toxicity of PCV, the addition of PCV to cra-
nial irradiation in non-co-deleted patients may not be advantageous. Up to 50% of
patients with anaplastic oligodendrogliomas respond, at the time of tumor recur-
rence, to temozolomide, with median progression free survivals of up to 12 months
[16-18, 33, 34]. This response is more durable and more frequent in co-deleted
patients but is seen in non-co-deleted tumors as well. In light of temozolomide’s
more benign toxicity profile, temozolomide may be a more appropriate first line and
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recurrence therapy compared to PCV, including in patients without codeletions.
However, only limited recommendations can be made currently since only indirect
comparisons have been performed between PCV and TMZ [19]. Early treatment
with cranial irradiation carries a risk of delayed neurotoxicity when survival is
prolonged, such as in patients with co-deleted tumors, leading many to advocate
neoadjuvant chemotherapy, delaying cranial irradiation until tumor recurrence
[20]. These trials demonstrated that regardless of the type of treatment there is an
overall improved response in patients with codeleted tumors whether radiation
alone, chemotherapy alone, or a combination of treatments is used. Similarly,
patients with recurrent codeleted oligodendrogliomas enjoy a survival advantage
over non-co-deleted patients [29].

mMGMmrt

Several groups have demonstrated that 1p/19q loss is correlated with MGMT
promoter methylation, which results in lower levels of MGMT protein expres-
sion. In 2005, Mollemann et al. evaluated 52 oligodendrogliomas, both new and
recurrent, and showed that hypermethylation of the MGMT promoter was seen in
88%, with both the frequency and degree of methylation correlating significantly
with 1p/19q deletion status (p<0.01) [35-37]. In contrast to patients with glio-
blastomas, MGMT hypermethylation did not show a significant correlation with
response to treatment or survival [38, 39]. Therefore, the clinical importance of
this genetic finding is uncertain.

EGFR, CDKN2A, PDGF, 9p and 10q Loss

While “typical” oligodendroglioma histology is associated with 1p/19q co-deletion,
histologically “atypical” oligodendrogliomas exhibit molecular signatures of astro-
cytic tumors, including TP53 mutations, EGFR amplification, 10q loss, and PTEN
mutations [29, 40, 41].

Subanalysis of data from EORTC 26951 showed that tumors with EGFR amplification
on 7p and/or 10q loss more frequently exhibited a mixed oligoastrocytic phenotype.
EGFR amplification was also inversely related to the presence of 1p/19q codeletion
[42-45]. This provides genetic evidence for at least two distinct molecular pathways for
the development of oligodendrogliomas from different precursor cells. This hypothesis
is supported by the marked difference in outcome and prognosis, with a superior out-
come in the presence of 1p and 19q loss, and with poor survival in anaplastic oligoden-
drogliomas with the loss of 10q and/or amplification of EGFR [40, 46].

Also when compared with low grade oligodendrogliomas, anaplastic oligoden-
drogliomas have additional chromosomal deletions, especially loss of heterozygosity
for 9p, and/or deletion of CDKN2A (p16) [29]. The tumor suppressor CDKN2A is
located on 9p21, encoding p16 (INK4A) and pl4 (ARF). These genetic changes
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occur in 33-50% of anaplastic oligodendrogliomas and are associated with more
aggressive tumor progression and poorer prognosis [47].

Another commonly seen alteration is the activation of the receptor tyrosine kinase,
PDGFR, with elevated coexpression of PDGF ligand and receptor, seen in over 90%
of oligodendrogliomas [48]. This leads to an autocrine stimulation loop that can drive
cellular proliferation. In tissue culture when PDGF is forcefully overexpressed in glia,
the resulting high grade gliomas have histologic features resembling anaplastic oligo-
dendrogliomas. Imatinib mesylate, a potent inhibitor of PDGFR, has been adminis-
tered in several clinical trials to patients with recurrent malignant gliomas, but only a
limited number of patients in those trials had oligodendrogliomas, so no conclusions
could be drawn with regard to this agent’s potential effectiveness in patients with
recurrent oligodendrogliomas [49]. Further clinical trials will be necessary to deter-
mine a possible therapeutic effect of PDGFR inhibitors on oligodendrogliomas.

Phosphatidyl-inositol-3-kinase (PI3K-AKT) is a tyrosine kinase in a signal trans-
duction pathway which is negatively regulated by PTEN. Although loss of PTEN is
common in gliomas, this loss is also seen in up to 21% of oligodendrogliomas [50].
PTEN alterations are also associated with a more aggressive phenotype, with a
median progression free survival of 31 months for those with 10q loss when com-
pared to 118 months for those with intact 10q.

Summary

Oligodendrogliomas are a separate subset of gliomas with characteristic histologic
appearance, genetic changes, and clinical behavior. The discovery of loss of 1p/19q
as a prognostic factor for this tumor type should facilitate better stratification of
therapy. Several additional genetic changes such as EGFR amplification, MGMT
methylation, PDGFR activation, 9p and 10q loss have improved our understanding
of the characteristics of these tumors and may help guide therapy in the future.
While patients with 1p/19q loss have a prolonged survival, an improved response to
radiation, and probably an improved response to chemotherapy as well, clinical tri-
als to date do not provide definitive guidance with regard to the optimum type and
timing of the various therapeutic modalities. Hopefully additional clinical trials will
help elucidate these issues in the future.

Astrocytomas

Introduction

In 2007, the World Health Organization divided predominately astrocytic gliomas
into four types [51-53]. Grades III (anaplastic astrocytoma) and IV (glioblastoma
multiforme) tumors are more clinically aggressive than their lower grade counterparts
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(grade I—pilocytic astrocytoma, and grade II—astrocytoma). The critical histologi-
cal differences between grades include the presence of nuclear atypia, mitotic activ-
ity, neovasculaturity and necrosis. This system based on light microscopic appearance
is helpful in predicting outcome in large groups of patients, but performs less well for
individual patients, and does not distinguish different subgroups within broad histo-
logic categories. Glioblastoma multiforme is defined histologically by the presence
of microvascular proliferation and pseudopallisading around necrotic areas of tumor
[54]. The modifier “multiforme” denotes a variegated lesion, and indeed these tumors
are remarkably heterogeneous. The cellular patterns can include epithelial structures,
multinucleated giant cells, granular cells, gemistocytes, lipidized cells, perivascular
lymphocytes and oligodendroglial components [55].

EGFR, PTEN, and TP53

Glioblastomas are often further classified, based on clinical behavior, as “primary” or
“de novo” and “secondary” [53]. Patients with primary GBMs (approximately 95% of
cases) typically have a short clinical course preceding diagnosis (less than 3 months in
68%), are older, and more frequently demonstrate EGFR amplification, P16™%* dele-
tions, and PTEN mutations, and less frequently harbor TP53 mutations. Primary
GBMs are more treatment-resistant, and patients have substantially shorter survivals
(10-14 months). Patients with secondary glioblastomas typically have a protracted
clinical course, with preceding diagnoses of WHO grade II and III tumors. Patients are
younger, survive much longer than those with primary GBMs (5-7 years from the time
of initial tumor diagnosis), and their tumors more frequently harbor TP53 mutations.

Data accumulated from The Cancer Genome Atlas (TCGA) Research Network
allows the division of GBMs into four unique subtypes of tumor based on gene
expression profiles [56, 57]: classical, mesenchymal, proneural, and neural. The
most commonly seen genetic derangements in classical GBMs are amplification of
the EGFR gene on chromosome 7, or loss of PTEN on chromosome 10.
Mesenchymal GBMs are frequently associated with TP53 loss and the activation
of the tumor necrosis factor (TNF) proteins. Recurrent tumors often shift their
mRNA signatures to this subtype and as a consequence become more malignant
[58]. Proneural GBMs tend to express genes commonly seen during neuronal
development such as DCX, SOX, DLL3, TCF4 and ASCL1. Interestingly, proneural
GBMs are associated with mutations similar to those seen in the evolution of sec-
ondary GBMs. One such alteration is the missense mutation in enzyme isocitrate
dehydrogenase 1 (IDHI1). This mutation is commonly seen in younger GBM
patients who have a protracted clinical course [59]. Less information is know about
mutations seen in neural GBMs. Multi-institutional projects like the TCGA will
continue to shed light on the genomic patterns of GBM beyond the broad diagnos-
tic categories that we currently employ.

In the last decade a new paradigm concerning the development of solid tumors
has gathered momentum and support. Tumor initiating cells, which appear to have
stem cell properties, are now thought to propel tumor growth and underlie resistance
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to chemo-and radiation therapies [60—62]. Glioblastomas are composed of a hetero-
geneous population of motile cells, with the ability to recruit stromal, inflammatory
and vascular tissue. A fraction of the cell population is believed to express stem cell
characteristics or “stemness”. The neurosphere assay allows isolation of cells from
human glioblastomas with the ability to self renew and recapitulate the aggressive
behavior and invasion pattern of the parent tissue [63, 64]. These cells also exhibit
multipotency [65, 66]. It is thought that tumor-initiating cells possess neural stem
cell (NSC) attributes, including key cell surface markers. These initiating cells
eventually acquire a host of genetic alterations to unlock an end-stage level of high
malignancy.

CDI133

Cluster of differentiation 133 (CD 133 or Prominin-1), is a 120 kDa cell surface
five span transmembrane glycoprotein located on cellular protrusions and is a valu-
able stem cell marker [66, 67]. Elevated expression of CD 133 in GBM may
decrease patient survival and increase risk of recurrence [68]. In vivo studies have
shown that the malignancy of CD 133 bearing cells is markedly greater than CD
133 negative cells. A few hundred CD 133 positive cells are able to form mature
tumors in vivo within neural tissue, while several thousand (>10°) CD 133 deficient
cells are unable to recreate orthotopic tumors [69]. The functional significance of
CD 133 expression is currently unknown, and CD 133 negative cells can give rise
to CD 133 positive cells [70]. CD 133 may be expressed during cell stress given its
association with mitochondrial function in low energy states [71].

Nestin

Nestin is a type VI intermediate filament (IF) protein. As a cytosolic structural
element, its function is thought to regulate cell morphology and radial axonal growth.
Although expressed heavily during embryogenesis, its presence dwindles into adult-
hood where its sole sanctuary appears to be the subventricular zone (SVZ) [72]. As
neural stem cells lose their multipotency and differentiate, the expression of nestin
decreases and expression of either glial or neuronal markers rise [73, 74]. Nestin has
been found in a variety of brain tumors isolated from human samples and lends some
proof to the presence of stem-like tumor initiating cells within human glioblastomas
[75]. The migratory capacity of glioma cells may be related to re-expression of nestin,
given its developmental role as a primordial cytoskeletal protein [76].

The origin of glioblastoma is hotly debated [77]. According to the stem cell
theory, NSCs acquire an increasing burden of genetic alterations, and the resulting
dysregulation leads to gliomatous change. Mature glioma cells may also acquire
stem-like characteristics through de-differentiation [78]. In either case the presence
of a sub-population of cells within the tumor with self-renewal capabilities can
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increase the tumor’s proliferative capacity. This can cause asymmetric division of
cells with defective apoptotic mechanisms making these tumor-initiating cells a
considerable treatment challenge.

MGMT

Methylation status of the promoter region of the O° methylguanine DNA methyl-
transferase (MGMT) gene has also been widely studied [79]. Clinicians have begun
to use the characteristics of this gene to predict response to chemotherapy in many
tumor types The MGMT gene is located on chromosome 10q26 and encodes a
suicide DNA repair protein by the same name. The gene possesses a rich CpG
island, which in normal tissue remains largely unmethylated and contains the pro-
moter region. Hypermethylation results in silencing of this gene and thus reduction
or absence MGMT protein expression. The homeostatic role of this protein is to
catalyze the removal of alkyl adducts or methyl groups from the O 6 position of
guanine and the O 4 position of thymine [80]. Temozolomide (TMZ) is a chemo-
therapy agent that introduces alkyl groups at multiple sites along the DNA chain,
thus leading to apoptosis or cellular breakdown. TMZ unequivocally increases
survival in patients with glioblastomas when used concurrently with cranial irra-
diation, and as an adjuvant treatment following radiation [81]. The MGMT gene
product works to reverse the major DNA-associated damage caused by TMZ allow-
ing the cell to escape cell death. When the MGMT promoter is silenced by hyper-
methylation the cell succumbs more readily to effects of TMZ. This unique property
has been examined in glioblastoma, where MGMT promoter methylation is seen in
up to 40% of cases [82]. A recent study of patients with newly diagnosed glioblas-
tomas treated with TMZ showed an increase in median survival in patients with
promoter methylation from 15.3 to 21.7 months, as compared to unmethylated
tumors [83]. MGMT promoter methylation has also been shown to lengthen pro-
gression free survival in patients undergoing TMZ treatment [84]. The prognostic
usefulness of this genetic aberration is currently being investigated for prognostica-
tion in grade II and III astrocytomas, and in oligodendrogliomas and mixed oli-
goastrocytomas as well [85-87].

There are several ways to test for MGMT promoter methylation in patient sam-
ples. The most common technique is PCR-based, and utilizes primers to amplify
fragments of bisulfite-modified DNA sequences. Standardization and validation of
this process is the next challenge to ensure that results remain clinically meaningful
across clinical sites and labs [88].

IDH

As mentioned above, the Cancer Genome Atlas has uncovered mutations of isocitrate
dehydrogenase (IDH) genes. IDH1 and IDH2 mutations occur in approximately
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12% of glioblastomas, primarily in younger patients and in those harboring second-
ary glioblastomas. Further studies have implicated IDH1 mutations in the transition
of low grade astrocytomas to higher grade tumors [89, 90]. The biological function
of IDH in the human cell has not been extensively studied [91]. IDH1 facilitates the
conversion of isocitrate to alpha-ketoglutarate and thus the regeneration of reduced
glutathione to maintain an anti-oxidative state. The mutant form of IDHI1 shifts
alpha ketoglutarate to 2-OH glutarate and thus places the cell at risk for oxidative
damage and genomic instability. It has also been implicated in the inhibition of
hypoxia inducible factor 1 (HIF-1) degradation [92, 93]. Current evidence suggests
that IDH1 mutations drive the progression of low grade gliomas toward glioblasto-
mas. This may be an early mutational event in light of evidence that IDH mutations
also appear during the development of oligodendrogliomas and oligoastrocytomas
[94]. Further work is required to ascertain association of the IDH mutation to devel-
opment of these tumors.

Traditionally, tumor DNA is used to test for the presence of an IDH mutation.
Extracting a purified sample can be difficult and time-consuming, and constitutes a
major barrier to routine clinical testing. Several laboratory techniques exist and new
ones are being developed to isolate mutations either in fixed or unfixed tissues. Some
centers prefer to identify IDHI1 mutations via immunohistochemistry (IHC) and to
avoid false negative results by following this test with direct DNA sequencing of any
negative specimens, thus increasing both the sensitivity and the specificity of the test.

Summary

Advancements in identifying genetic factors of CNS tumors has taken clinicians
past simple pathology which provides a snapshot of the characteristics of a tumor to
a description of its bioactivity. While EGFR and PTEN have traditionally shown
correlation to primary vs. secondary GBM, MGMT has shown to be associated with
a better prognosis and a greater response to TMZ. CD 133 and IDH are newer
factors which still need more studies to better determine their clinical impact on
tumor prognosis. More research also needs to be done to exploit the factors being
found that lead to a more aggressive nature of these tumors in the hopes of extension
of life expectancy and eventually cure (Table 1).

Medulloblastomas

Introduction

Medulloblastomas are the most common form of malignant brain tumors in chil-
dren [95]. Over the last two decades, advances in chemotherapy, radiotherapy, and
surgical technique, as well as the increased availability of sophisticated imaging
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Table 1 Oligodendroglioma and astrocytoma tumor-specific molecular profile

Marker Alteration Implication Test
1p/19q* Loss Good prognosis Microsatellite
based-PCR/FISH
MGMT*  Methylation of promoter with ~ Good prognosis Methylation
decreased expression of specific-PCR
MGMT
10g® Loss Poor prognosis Microsatellite
based-PCR/FISH
EGFR* Amplification Poor prognosis IHC
PDGFR* Increased activation (with Poor prognosis (with FISH
combined increased tumor progression)
expression of PDGF ligand)
CDKN2A Deletion (may be with 9p loss)  Poor prognosis MS-MLPA/FISH
9p Loss Poor prognosis (with MS-MLPA/FISH
tumor progression)
PTEN Loss (with concurrent loss of Poor prognosis FISH
chromosome 10)
TP53 Amplification (with p53 protein Poor prognosis PCR(TP 53)/
overexpression) THC(p53)
CD 133 Elevated expression Poor prognosis (increased  THC
rate of recurrence)
IDHI1, Mutations Poor prognosis (progression ~ PCR/IHC
IDH2 from low to high grade
glioma)

PCR polymerase chain reaction, /HC Immunohistochemistry, FISH fluorescence in situ hybridization,
MS-MLPA methylation specific multiplex ligation-dependent probe amplification
*Indicates those markers currently regarded as the most reliable

modalities such as MRI, MRI spectroscopy, and MRI—based functional imaging
techniques, have greatly improved long-term survival rates, with average 5-year
overall survival reaching as high as 80% in some patient subgroups [96].
Unfortunately, the majority of pediatric brain tumor patients experience substantial
neurologic, cognitive, and endocrinologic sequelae following therapy [97-99].
Given the greater susceptibility of young patients to the adverse effects of therapy
[100], a major challenge facing pediatric neuro-oncologists is the ability to differ-
entiate high and low-risk patients, reserve the most rigorous treatment strategies
for those with the most aggressive tumors, and thereby minimize treatment-related
sequelae in lower risk patients.

Traditionally patients have been divided into high and low-risk groups based on
three criteria: age (<3 years), extent of surgical resection (>1.5 cm residual tumor)
and metastatic stage at diagnosis, with young patients who have significant residual
tumor and evidence of metastasis being at the highest risk. Tumor histology also
contributes to the stratification process, with desmoplastic/nodular medulloblasto-
mas and medulloblastomas with extensive nodularity conveying the best prognosis.
Unfortunately, current procedures for risk stratification are inadequate [101] and
significantly under-represent the true heterogeneity of medulloblastomas [102].
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In an attempt to better account for medulloblastoma subtypes, and the unique bio-
logical milieu of each patient, molecular and genetic biomarkers are being intensively
investigated. Several markers have already been identified that show more consistent
correlation with patient outcome than our traditional stratification criteria, while the
prognostic value of many other proposed markers hotly debated.

WNT, MYCC/MYCN, TrkC, and p53

Some of the more widely-accepted biomarkers are those associated with mutations
in components of the Wnt/Wingless pathway. WNT-active mutations are found in
approximately 20% of medulloblastoma [103—105], and consistently correlate with
a favorable prognosis. Markers of WNT-active medulloblastoma include CTNNB 1
mutations, nuclear B-catenin immunostaining, and chromosome 6 loss. Recently,
Schwalbe et al. have also proposed identification of WNT-active tumors based on
the presence of a 5-gene signature (CCDC46, DKK?2, PYGL, TNC, and WIF1)
[106]. Other markers that have begun to gain stable footing within the cannon of
prognostic indicators are MYCC/MYCN amplification, TrkC expression, and p53
expression. A significant body of research has demonstrated that MYCC (c-myc)
and MYCN (N-myc) oncogene amplifications correlate with poor prognosis [102,
107, 108]. Conversely, elevated expression of TrkC consistently indicates a more
favorable outcome [107, 109, 110]. Expression of p53, long questioned for its prog-
nostic significance, has emerged as a valuable marker within the subset of patients
with evidence of metastatic disease. In this cohort, p5S3 expression is strongly cor-
related with poor overall survival [111].

17q

The prognostic value of many chromosomal abnormalities continues to be debated.
Several studies have suggested that a gain of 17q (frequently coupled with a loss of
17p) is indicative of a poor prognosis [112-114], while other studies have failed to
find such a correlation [115, 116]. Possible contributing factors to this inconsistency
include the small patient numbers in many of these studies, as well as the potentially
suboptimal approach used to identify chromosome 17 abnormalities. In an attempt
to address these issues, Pfister et al. have conducted genomic analyses using array-
based comparative genomic hybridization (aCGH). In a group of 80 medulloblas-
toma patients, gain of 17q was the most common genomic aberration (present in
48% of patients) and was indeed significantly correlated with both reduced progres-
sion free survival and reduced overall survival [102]. These results were then
confirmed in an independent cohort of 260 medulloblastoma patients using inter-
phase FISH. Other chromosomal abnormalities of potential prognostic value include
a gain of 1q and gain of 8q, both of which have been proposed as predictors of poor
prognosis [116, 117].
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Table 2 Medulloblastoma tumor-specific molecular profile

Marker Alteration Implication Test
CTNNB1* Mutation Good prognosis aCGH/FISH
B-catenin® Positive nuclear staining Good prognosis IHC
6q* Loss Good prognosis aCGH/FISH
MYCC/MYCN*  Amplification Poor prognosis aCGH/FISH
TrkC* Elevated expression Good prognosis IHC
p53 Positive staining Poor prognosis (in the context ~ IHC
of metastatic disease)
17q Gain (with concurrent Poor prognosis aCGH/FISH
loss of 17p)
TP53 Mutation Good prognosis (in the context aCGH/FISH

of CTNNB1 mutation)
Poor prognosis (in the absence
of CTNNB 1 mutation)
hMOF Downregulated expression Poor prognosis IHC

IHC Immunohistochemistry, aCGH array-based comparative genomic hybridization, FISH
fluorescence in situ hybridization
*Indicates those markers currently regarded as the most reliable

TP53 and hMOF

Two recently proposed, clinically relevant prognostic markers in patients with
medulloblastoma are TP53 mutations and alterations in hMOF protein expression.
Recent studies examining the possible prognostic value of TP53 mutations have
produced conflicting results. Some studies indicate that TP53 mutations portend
rapid recurrence and reduced overall survival [118], while other studies find such
mutations to be frequently associated with WNT-active status, and hence with a
more favorable prognosis [119]. A possible explanation for this apparent inconsis-
tency is the proposed interaction of TP53 and CTNNB1 mutations to facilitate the
development of (good prognosis) WNT-active medulloblastomas, whereas TP53
mutations occurring in the absence of CTNNBI (as is the case in SHH subgroup
medulloblastoma) convey a poor prognosis [120]. Similarly, one study has found
that downregulation of the histone acetyltransferase protein hMOF is correlated
with reduced overall survival in both univariate and multivariate analyses [121],
however these results have yet to be replicated.

Summary

The search for prognostically relevant biomarkers in patients with medulloblas-
toma is evolving rapidly. Markers of WNT activation, MYCC/MCYN
amplification, and TrkC expression levels appear to be reliable prognostic
indicators.However, while many of the other proposed markers, such as 17q gain,
TP53 mutations, and hMOF protein expression show promise, they are, as yet, not
ready for prime time (Table 2).
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Serum Profiling of Central Nervous System Tumors

Many investigators have looked for potential diagnostic and prognostic serum bio-
markers in the blood of patients with primary CNS tumors (Table 3). An extensive
list of potentially useful biomarkers has been generated by single studies, but most of
these putative biomarkers have not been corroborated in subsequent studies. The
overwhelming majority of studies use Enzyme-Linked Immunosorbent Assays

Table 3 Serum markers for central nervous system tumors

Marker Alteration Implication Test
Low Molecular Elevated expression Presence of Glioma  ELISA with immunob-
Weight lotting and
Caldesmon immunoprecipitation
to monitor
specificity
YKL-40 Elevated serum levels  Presence and grade =~ ELISA/Western Blot
of Glioma
MMP-9 Elevated serum levels  Presence of Glioma  ELISA
PBEF1/NAmRPTase/ Elevated serum levels — Grade of glioma ELISA on serum
Visfatin samples

S100B, NPY, SCGN

Osteopontin
Methylated tumor-
specific DNA

a2-HS glycoprotein

GFAP
APRIL
IGFBP-2

EGFR

Plasminogen
Activator
Inhibitor-1

TNF Inhibitors

Elevated expression

Elevated expression

Presence of methylated
promoter,
glioma-specific
DNA in plasma

Decreased levels

Elevated expression
Elevated expression
Increased serum levels

Increased serum levels
Increased serum levels

Elevated serum levels

Future occurrence of
glioma

Presence of glioma

Presence of glioma

Grade of Glioma
(Must consider
impaired liver
function,
cardiovascular
disease as
alternative
explanations)

Presence of glioma

Unsure significance

Presence and grade
of glioma

Presence of glioma

Presence of glioma

Presence of glioma

Fluorescence bioassay

Western blot/ELISA

Methylation-specific
PCR for promoters
P16/INK4a, MGMT,
P73, RARbeta

Turbidimetry

ELISA
ELISA
ELISA

Sandwich ELISA
ELISA

ELISA

ELISA Enzyme-linked immunosorbent assay
Indicates those markers currently regarded as the most reliable
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(ELISA) to evaluate levels of a protein of interest in the serum. Jung et al. demonstrated
that supratentorial mass lesions expressed significantly elevated serum levels of glial
fibrillary acidic protein (GFAP) compared to controls [121]. The finding has not been
substantiated by other authors. Similarly, Lin et al. demonstrated that IGFBP-2 levels
are elevated in GBM patients [122]. The sensitivity and specificity of the putative
biomarkers listed in Table 3 are low, suggesting that a more sophisticated approach
to interpreting multiple biomarkers and their relationships to one another will be
necessary before a clinically significant biomarker can be discovered. To this end,
several studies have explored machine-learning approaches to diagnostics [123, 124].
For example, Keller and colleagues developed a seroreactivity marker profile that has
a specificity of 96.2% and sensitivity of 84.5% for the detection of meningiomas
[124]. Ludwig and colleagues developed a cross-validated classifier for detecting
glioma with sensitivity of 85.2% and specificity of 86.1% [123]. More prospective
corroborative studies are needed before this technology can be applied to clinical
practice, but these diagnostic panels deserve further testing in larger patient
populations.

One particularly interesting diagnostic approach involves assessment of the
methylation status of key promoters in tumor specimens, followed by serum moni-
toring for tumor-specific DNA [125]. This approach is promising particularly
because the methylation status of key promoters of different tumor cell genes may
be useful not only for diagnosis, but for early detection of tumor recurrence, for
predicting response to specific therapies and for providing prognostic information.

Some groups have investigated serum markers to determine if patients can be
identified before they develop primary CNS tumors. Gartner et al. published a pro-
spective study of 191 atrial fibrillation patients who were tested for possible marker
levels and then followed for 1 year. The authors identified two patients who subse-
quently developed GBMs [122]. Elevated levels of S100B, NPY, and SCGN were
seen in these patients and the author suggests that these elevations may serve as
prognostic indicators for development of GBM, but the study lacked the power to
confirm this hypothesis. These findings definitely merit additional studies, since
glioma detection a full year before the usual clinical manifestations would facilitate
early intervention and possibly an | improved prognosis.

The potential for individual serum biomarkers or panels of markers to monitor
response to treatment, detect recurrence, and distinguish between tumor recurrence
and “pseudoprogression” has also received considerable attention. A study of astro-
cytic tumors and controls using turbidimetry showed that alpha2-HS glycoprotein
may correlate inversely with tumor progression, although it is also decreased in
sepsis, impaired liver function, and cardiovascular disease [126]. A study of a novel
receptor tyrosine kinase inhibitor successfully used a variety of growth factors to
track tumor progression and treatment response [127] (Table 3). Few studies have
collected markers at multiple time points to address questions related to treatment
response and tumor progression. Several single biomarker level elevations are cor-
related with survival and tumor grade in some studies, suggesting some prognostic
value to those markers (Table 3).
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Conclusion

Several sources of potentially informative serum biomarkers remain to be explored in
the context of primary brain tumors. These untapped sources include miRNAs [128, 129]
and direct assessment of the number of circulating tumor cells [127, 130]. With the
rapid development of so many markers for tumors, studies are needed to evaluate the
impact of each one. We are still at the beginning of this field which is bound to cause
significant changes to the way treat and think about tumors of the brain.

Impact of the Tumor Microenvironment and Cancer Stem Cells

As primary brain tumors transition to higher grades they become more heterogeneous
entities, collecting and utilizing a number of cell types and hence truly becoming “mul-
tiforme”. The brain in its native state is a complex organ with myriad cell to cell
interactions occurring over synaptic, endocrine, autocrine, paracrine and vascular
cytoarchitectural frameworks. In oncologic states, evidence is mounting for hierar-
chical systems involving cancer stem cells [131] which appear distinct from neural
stem cells. Other cells that appear to drive tumorogenesis include microglia, endothe-
lial cells, peripheral immune cells and other sustentacular cells. To add further com-
plexity to this environment, it is likely that specific “niches” exist that provide the
required environment for brain tumor cells to grow, develop and migrate [132]. These
regions may incite the ideal signaling molecules in settings such as hypoxia or pro-
vide the extra-cellular matrix for stem cell maintenance. Given the complex biology
of primary brain tumors it is not surprising that they present a challenge to treat.
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Rational Therapy for Renal Cell Carcinoma
Based on its Genetic Targets

Jamie Messer, Joseph Drabick, and Matthew Kaag

Abstract Renal cell carcinoma (RCC) is not a single entity, rather it is a term
defining a group of histologically distinct tumors arising in the renal parenchyma.
Each histologic subtype is clinically and genetically unique. It is our understanding
of the genetic basis for these cancers that has led to the variety of targeted systemic
therapies now available in RCC. This review will cover the basic tumor biology
behind each histology, as well as the associated therapeutic targets identified thus
far. Mechanisms and associated side effects of the currently available drugs will be
examined. Completed clinical trials will be discussed, leading into the rationale
behind currently active trials, and future directions for drug development.

Keywords Renal cell carcinoma ¢ RCC ¢ CT ¢ MRI ¢ Clear cell « VHL
* Pheochromocytoma ¢ Hemangioblastoma ¢ Chromophobe ¢ Cul2 ¢ Elongin
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Introduction

Renal cell carcinoma (RCC) is the third most common genitourinary malignancy
with an estimated 64,770 new cases and 13,570 cancer related deaths in 2012 [1].
Renal cell carcinomas are adenocarcinomas; each pathologic subtype is thought to
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be derived from a specific region of the nephron [2]. RCC is generally considered to
be chemo-resistant, with limited response to traditional chemotherapeutic agents [3].
During the past decade development of systemic agents for RCC has focused on the
identification of molecular pathways critical in the carcinogenesis of renal tumors,
and the development of agents to manipulate these pathways at critical points.

Population based studies have demonstrated that the incidence of RCC has
increased 3—4% yearly since the 1970s [4]. This increase has been attributed to the
incidental detection of small renal masses with the prevalent use of cross-sectional
imaging modalities such as CT and MRI [4, 5], which may account for 48—-66% of
new renal cell carcinomas [6]. The classically described triad of flank pain, hematuria,
and a palpable abdominal mass has become uncommon. Unfortunately despite this
stage migration, the overall and cancer specific survival for RCC has changed little
in the past three decades [7]. Patients who present with stage I RCC have an excel-
lent 5 year survival of 96% or better; however patients with advanced metastatic
disease have a 5 year survival of 26% [8]. Until recently, therapy for metastatic
RCC consisted of immunotherapy with interleukin-2 (IL-2) and/or interferon. These
drugs are associated with significant morbidity and mortality and produce a durable
complete response in only 7-8% of patients, with an objective response in 21-23%
[9-11]. More recently an improved understanding of genetic changes driving RCC
has produced pharmaceuticals based on specific molecular targets.

RCC is not a single entity but a classification of several distinct pathologic sub-
types of cancer occurring within the kidney. Each entity has distinct histopathology
and follows a distinct clinical course [8, 12]. Only 2—-3% of cases annually are related
to familial patterns with several autosomal dominant syndromes responsible for dis-
tinct pathologies [13]. However, a genetic study of families with these syndromes has
led to an understanding of the genetic loci responsible for many sporadic cases of
RCC [12-14]. Evaluation of the gene products of these distinct loci has led to the
development of pharmaceuticals that target these molecular pathways. This review
will discuss the genetics of RCC and the specific molecular pathways that have been
identified as viable therapeutic targets (Table 1).

Clear Cell Renal Cell Carcinoma

Von Hippel Lindau syndrome (VHL) is a highly penetrant autosomal dominant disorder
present in 1 of 36,000 live births that leads to the development of vascular tumors includ-
ing RCC (also hemangioblastoma and pheochromocytoma). Patients with VHL typi-
cally develop early onset multifocal clear cell RCC that historically is the ultimate cause
of death in 35-45% of patients with VHL [12—14]. Therapy for VHL over the past two
decades has consisted of careful surveillance with surgical intervention prompted by
solid renal masses greater than 3 cm. Renal preservation is the goal whenever possible,
and judicious use of partial nephrectomy and ablative techniques has lead to a significant
reduction in deaths from metastatic disease [15, 16]. Genetic linkage analysis of VHL
families led to the identification of the VHL gene on the short arm of chromosome 3
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[17]. Evaluation of sporadic renal cancers has led to the detection of mutations in the
VHL gene in 91% of clear cell RCC; the mutation was not detected in papillary, chro-
mophobe, or collecting duct carcinomas [18, 19]. The knowledge that the same genetic
mutation was responsible for sporadic as well as hereditary clear cell RCC identifies this
genetic pathway as a potential target for therapy.

VHL Gene Pathway

The VHL gene pathway is essential to our understanding of the development
and mechanisms of targeted therapies for RCC. The VHL gene product forms a
complex with elongins B & C, and Cul2 which targets the hypoxia inducible
factors (HIF1a and HIF2a) for ubiquitin (E3 Ubiquitin Ligase) mediated degra-
dation [20-22]. Under normoxic conditions HIF is hydroxylated by proline and
asparagine hydroxylases inducing binding with the VHL gene product and
eventual degradation [23, 24]. Under hypoxic conditions HIF is a transcription
factor that regulates the downstream expression of several growth and angio-
genic factors, such as vascular endothelial growth factor (VEGF), transforming
growth factor-a (TGF-a), platelet derived growth factor (PDGF), and the epidermal
growth factor receptor (EGFR) [25]. Mutation of the VHL gene can affect either
the domain (inhibits binding to elongin B/C or Cul2) or b domain (targeting for
ubiquitin mediated degradation) leading to accumulation of HIF and increased
transcription of downstream genes (VEGF, PDGF, EGFR, TGF-a, GLUT1) [8,
12—-14]. This results in disordered growth and increased angiogenesis (VEGF
expression level correlates with microvessel density in RCC) [23], but also rep-
resents a potential target for therapy.

There are other molecular targets that relate to the VHL gene pathway and/or HIF1-a
stability. The mTOR (mammalian Target of Rapamycin) pathway is involved in the
regulation of the expression and stability of HIF1-a. Agents inhibiting mTOR are associ-
ated with inhibition of translation of mRNA encoding HIF1-a [26, 27]. Regulation of
mTOR occurs through a series of interactions with PIP-3 (phosphoinositide-3) kinase
and Akt, and protein kinase B which links growth factor receptor signaling (i.e. VEGF,
PDGEF, etc.). Signaling from growth factors such as VEGF or PDGF activates mTORC1
via Akt phosphorylation which in turn is activated by PIP3. Phosphorylation of mMTORC1
leads to phosphorylation of several downstream targets such as p70 S6 kinase (p70S6K)
and eukaryotic initiation factor 4 subunit E, leading to an increase in mRNA translation
of cell cycle regulators such as c-myc, cyclin D1, and HIF [14, 28-30]. The pathway of
Akt, PIP3 and mTOR has been reported to be constitutively active in RCC compared to
normal renal tissue, but no mutations have been noted in the genes encoding these pro-
teins. However PTEN (phosphatase and tensin homologue) inactivation by homozy-
gous deletion has been noted in 4% of RCC tumors, which leads to activation (due to
lack of inhibition by PTEN) of the PIP3, Akt, mTOR pathway [31-33].

The VHL gene is also responsible for the regulation of b-catenin, which is a
molecule emerging as a key signal in the development of clear cell RCC [34].
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b-catenin is degraded by the E3 ubiquitin ligase activity related to the VHL gene
product, and Jade-1 is a novel E3 ubiquitin ligase that ubiquinates b-catenin leading
to its degradation [35, 36]. Loss of function of the VHL gene product leads to
increased activity of b-catenin. Point mutations in b-catenin are rare in clear cell
RCC, over-expression of b-catenin has been demonstrated in induced renal tumors in
mice [37-40]. Wnt’s are a family of glycoproteins that inhibit phosphorylation of
b-catenin thereby inhibiting its degradation via ubiquitination. Stabilized b-catenin
can then enter the nucleus and lead to activation of transcription factors such as MYC
oncogene, which is amplified in subsets of clear cell RCC and papillary RCC [41,
42]. Wnt is also thought to have an effect on cell growth via interaction with mTOR
through inhibition of GSK3, which is responsible for phosphorylation of TSC2
(which inhibits mTOR) [43]. Wnt inhibitor’s gene expression has been shown to be
silenced in RCC, implying Wnt involvement in the pathogenesis of RCC [44-48].

Targeting the VHL Gene Pathway in Clear Cell RCC

Understanding of the VHL gene pathway provides the basis for the development of
targeted systemic approaches in the treatment of patients with advanced RCC. RCC
confined to the kidney can be treated with surgical extirpation alone with excellent
5-year survival rates for low stage renal tumors. Previous therapies for patients with
locally advanced or metastatic RCC consisted of cytokine based therapy with IL-2
or interferon-a (IFN-a). While immunotherapy maintains a role as the only thera-
peutic option with the possibility of a durable complete response, cure is achieved
in a minority of patients, and immunotherapy is associated with significant morbid-
ity and mortality [49]. With research into the VHL gene pathway newer agents have
been developed to target the molecular pathways involved in the pathogenesis of
clear cell RCC (Fig. 1). A number of novel agents have been approved in the past
decade for the systemic treatment of RCC.

Therapies Targeting VEGF

Bevacizumab. Bevacizumab is a monoclonal antibody that targets and neutralizes
circulating VEGF protein [50]. This was the first agent studied that specifically
targeted the VHL gene pathway [12]. The activity of this drug in RCC was identified
in small randomized trials [51, 52]. A large multi-institutional phase III clinical trial
involved 649 patients with metastatic RCC randomized to IFN2a versus IFN2a plus
bevacizumab [53]. An advantage was noted in the bevacizumab cohort with respect
to objective response rates (31% vs. 13%, p<0.0001) and progression free survival
(PFS) (10.2 months versus 5.4 months, p<0.0001). The hazard ratio for progression
in the bevacizumab group was 0.63 (95% CI 0.52-0.75, p=0.0001). These findings
were confirmed in a second multi-institutional trial that did not require previous
nephrectomy, demonstrating an advantage in PFS versus IFN2a alone (8.5 months
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Fig. 1 Molecular targets in renal cell carcinoma (Reused with permission from Oudard et al.
sequential therapy with targeted agents in advanced renal cell carcinoma: optimizing patient
benefit [114]

vs. 5.2 months, p<0.0001) [54]. The contribution of IFN2a to the anti-neoplastic
effects of this regimen is not known at present. The combination of bevacizumab
and IFN2a is more toxic than either drug alone and patients should be assessed
individually for risk versus benefit [14].

Sunitinib. Sunitinib is a small molecule multiple tyrosine kinase inhibitor with
activity against more than 80 different kinases with antitumor and anti-angiogenic
properties [55, 56]. It is a potent inhibitor of VEGF, PDGF, and the c-KIT receptors
[57]. The initial evaluation of sunitinib was a two arm open label Phase II trial of
169 patients with RCC refractory to previous treatments with cytokines [55]. This
trial demonstrated an objective response rate of 45% with a median PFS of
8.4 months, demonstrating a remarkable overall response rate compared to previous
agents [55]. The follow-up study was a landmark phase III trial of 750 patients with
untreated metastatic RCC comparing sunitinib to IFN-2a as first line therapy [56].
Compared to IFN-2a., sunitinib showed a significant advantage in objective response
rate (31% vs. 6%, p<0.001) and PFS (median 11 months vs. 5 months, p<0.001)
[56]. Sunitinib also demonstrated a longer overall survival of 26.4 months versus
21.8 months (p 0.05) [58]. One of the difficulties in interpreting this study is that
patients randomized to interferon received either sunitinib or other targeted agents
on progression, making interpretation of the differences between the two agents
difficult. As with cytokine therapies, certain patient characteristics were associated
with improved response to sunitinib such as an Eastern Cooperative Oncology
Group (ECOG) performance status of 0, time to metastasis of >1 year, and a corrected
serum calcium of 2.5 mmol/L [55]. Sunitinib is associated with adverse events



Rational Therapy for Renal Cell Carcinoma Based on its Genetic Targets 297

common to this class of agents including fatigue, hand foot syndrome, diarrhea,
hypertension and hypothyroidism [12, 56]. Sunitinib has also been associated with
decreased left ventricular function in a small subset of patients [59, 60].

Sorafenib. Sorafenib is another small molecule non-selective tyrosine kinase inhibi-
tor with activity against VEGF, PDGEF, and raf kinase [61]. The initial evidence sup-
porting the activity of sorafenib in RCC was from a Phase II trial of 202 patients [62].
After the first 12 weeks the 65 patients who demonstrated stable disease were random-
ized to either placebo or continued treatment with sorafenib. Patients randomized to
sorafenib demonstrated a superior PFS compared to placebo (24 weeks vs. 6 weeks,
p=0.0087). The TARGET trial was a multi-center randomized placebo controlled
trial of 903 patients with cytokine refractory RCC. This trial demonstrated a PFS
advantage in the sorafenib cohort with a median PFS of 5.5 months versus 2.8 months
for the placebo cohort (p<0.001). The hazard ratio for progression in the sorafenib
group was 0.44 (95% CI 0.35-0.55, p<0.01). This study failed to demonstrate a dif-
ference in overall survival (17.8 months for sorafenib vs. 15.3 months for placebo,
p=0.146). However when the subset of patients who crossed over to sorafenib is
taken into account, the survival advantage is significant (17.8 vs. 14.3 months,
p=0.029) [63]. Sorafenib was evaluated as a first line agent in a randomized phase 11
trial of 189 untreated patients randomized to either sorafenib or IFN-2a [64]. Patients
receiving sorafenib demonstrated a higher likelihood of objective response (68% vs.
39%); however survival was similar between the two cohorts (5.7 months for sorafenib
vs. 5.6 months for interferon). This study also suggested that the adverse effect profile
for sorafenib, while similar to sunitinib, is not as severe.

Pazopanib. Pazopanib is an oral angiogenesis inhibitor targeting VEGFR-1, VEGFR-
2, VEGFR-3, PDGFa, PDGFb, and c-kit. In a phase II study of 225 patients with
metastatic RCC, 70 patients (31%) previously treated with cytokine or bevacizumab
containing regimens were treated with pazopanib [65]. The overall response rate was
35%, with a median PFS of 52 weeks. Both an ECOG performance status of 0 and
time to progression of >1 year correlated with prolonged PFES. In a phase III trial
enrolling 435 patients, 233 (54%) treatment naive patients were randomized to
receive pazopanib versus placebo [66]. PFS was significantly prolonged in the
pazopanib group (9.2 vs. 4.2 months, p<0.0001), especially in the treatment naive
group (11.1 vs. 2.8 months, p<0.0001). The objective response rate was 30% in
the pazopanib group versus 3% in the placebo group. Median time until progression
was 58.7 weeks (95% CI 52.1-68.1). Reported adverse events for pazopanib were
consistent with but felt to be milder than adverse events for other agents in this class.

Axitinib. Axitinib is another small molecule tyrosine kinase inhibitor of VEGFRI,
VEGFR2, and VEGFR3, PDGF, and c-KIT [12, 67]. Preliminary data on Axitinib
comes from a small phase II trial of 52 patients with advanced RCC [68]. A partial
response was noted in 21 (40%) and complete response was noted in 2 (4%), with a
median time to progression of 15.7 months and median survival of 29.9 months.
The appeal of this agent has been in its relatively selective inhibition of a single family
of growth factor receptors as opposed to multiple kinase inhibitors such as sunitinib [69].
This agent is currently under investigation in phase III trials for metastatic RCC [67].
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Axitinib reflects the current focus of drug development in this class, with researchers
working to produce agents with selective activity and fewer side effects.

Tivozanib. Tivozanib is a newer inhibitor of VEGFR1 to VEGFR3, that has been
preliminarily evaluated in dosing studies and found to have a tolerable side effect
profile [70]. The preliminary results from a phase II clinical trial demonstrated an
objective response rate of 25.4% and a median PES of 11.4 months [71].

Therapies Targeting mTOR

The mTOR pathway regulates the expression and stability of HIF1a as previously stated
[26,27]. In preclinical studies anti-tumor activity of mTOR inhibiting agents was related
to inhibition of translation of mRNA encoding HIF1a [12, 26, 27]. MTOR is situated at
the convergence of several pathways that couple growth stimuli to cell cycle progres-
sion, and is felt to be critically involved in carcinogenesis [72]. There are currently two
MTOR inhibitors approved for therapy in RCC, temsirolimus and everolimus.

Temsirolimus. In 2007 Hudes et al. evaluated temsirolimus versus interferon versus
temsirolimus plus interferon in combination in a cohort of patients with previously
untreated (predominantly clear cell) poor prognosis metastatic RCC. [73] The temsi-
rolimus arm was associated with a PFS of 3.8 months versus 1.9 months in the inter-
feron alone group (p<0.001). Overall survival also favored the temsirolimus group
over the interferon alone group (10.9 vs. 7.3 months). Neither progression free nor
overall survival differed significantly between the temsirolimus and combined ther-
apy groups [73]. Temsirolimus appears to be fairly well tolerated with the most com-
mon adverse effects occurring being mucositis, fatigue, rash, hyperglycemia,
hypophosphatemia, hyperlipidemia, and pulmonary complications. Pulmonary com-
plications have been reported to occur at rates as high as 29%, leading many oncolo-
gists to avoid this agent in those with underlying pulmonary disease. Patients on
temsirolimus should be monitored for pulmonary complications [74].

Everolimus. Everolimus is an orally available mTOR inhibitor. A phase III random-
ized controlled trial of 410 patients demonstrated a PFS of 4 months vs 1.9 months
for the placebo arm, in patients with metastatic RCC that had previously failed other
targeted agents. No difference could be demonstrated between everolimus and con-
trols however, possibly due to crossover between the study arms. This agent is
approved and commonly considered in patients with metastatic disease that have
failed first line therapy with tyrosine kinase inhibitors [75, 12].

Evolving Uses of Targeted Therapy

Combination of Targeted Agents. Combination of agents targeting the VHL path-
way can lead to increased toxicity and necessitate the reduction of doses for the
agents used. Methods of combining agents have fallen into two categories vertical
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and lateral inhibition. Vertical inhibition refers to combinations of agents affecting
targets working in a linear pathway, while lateral inhibition refers to the inhibition
of targets in non-overlapping pathways. An example of vertical inhibition would be
the combination of bevacizumab with sorafenib or sunitinib which might theoreti-
cally increase therapeutic blockade of the VHL pathway, but as mentioned at the
cost of increased toxicity. Lateral inhibition would refer to the combination of
VEGF targeted agents with an mTOR inhibitor. Many trials are currently underway
to evaluate the combination of agents in treatment of RCC. Despite the improved
median PFS and reasonable tolerability reported in trials evaluating bevacizumab
and IFN-a in combination [77, 78] attempts at combining two or more targeted
agents have yielded little overall benefit and significantly increased morbidity.
Feldman et al reported an increased rate of cardiovascular and hematologic toxicity
with dose escalation in patients with metastatic RCC receiving bevacizumab in
combination with escalating doses of sunitinib. The authors plan no further studies
using these agents in combination [79]. Similarily a Phase I trial evaluating temsi-
rolimus and sunitinib in combination was stopped after the first three patients expe-
rienced dose limiting toxicity at the initial dose levels [80].

Sequential use of targeted agents. Over the past decade the therapeutic options
available for the systemic treatment of RCC has increased dramatically. With the
many options available for the treatment of RCC the optimal sequencing of these
agents is of considerable importance. Previous work, including two randomized
studies, has demonstrated that many of the currently available targeted agents are
active in patients who have failed cytokine therapy [51, 55, 56, 64, 81]. But there is
further evidence that patients who become refractory to one VHL pathway-targeted
agent, may be switched to another VHL targeted agent with renewed effect. In
patients progressing on bevacizumab, sunitinib has demonstrated activity with a
PFES of 29.7 weeks and 23% of patients demonstrating a partial response [82].
Similarly axitinib was associated with a PFS of 7.4 months when used in patients
refractory to sorafenib, many of whom had received other agents prior to sorafenib,
making axitinib a promising choice beyond the second-line setting [83]. And in a
study of 90 patients refractory to either sorafenib or sunitinib, switching to the other
agent was beneficial with PFS times of 22 weeks for sorafenib to sunitinib and
17 weeks for sunitinib to sorafenib [84]. mTOR inhibitors have also been shown to
be effective following the development of resistance to TKI therapy. In a study
randomizing TKI refractory (sorafenib, sunitinib or both) patients to everolimus
versus placebo, everolimus improved PFS (4 vs. 1.9 months, HR 0.31; p<0.001)
[85]. A small retrospective study suggests activity for temsirolimus in intermediate
and poor prognosis patients failing prior VEGF-directed therapy [86]. Synergism
between everolimus and bevacizumab has also been reported in the TKI-refractory
setting [87]. Future clinical trials will be designed to evaluate the most effective
strategy for the sequential use of targeted agents.

Neoadjuvant Use of Targeted Agents. The standard of care for patients with metastatic
renal cell carcinoma in the current era of systemic therapy has been cytoreductive
nephrectomy in combination with systemic therapy as demonstrated by Flanigan et al.
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in 2001 [88]. However the development of targeted agents has led to the possible use
of these agents in a neoadjuvant setting to decrease tumor volume [12]. One benefit of
this approach is that for patients with significant metastatic burden, response can be
assessed prior to cytoreductive nephrectomy and nonresponders can be spared the
potential morbidity of nephrectomy [12]. While randomized trials assessing this
method are still pending completion, there are several studies demonstrating that the
use of neoadjuvant targeted therapy with the primary tumor in place can lead to a
reduction or stabilization of tumor burden [89-92]. In 2009 the group from the
Cleveland Clinic presented their results in 19 patients with advanced RCC treated
with sunitinib prior to nephrectomy [89]. Only 47% had radiographic regression or
stabilization of disease, and only 21% were able to undergo nephrectomy. However,
this was a group with mixed histology (clear cell RCC in 53%) and locally advanced
disease. Recent data is more encouraging. Hellenthal et al. reported on 20 patients
treated with neoadjuvant sunitinib for biopsy proven clear cell cancers >4 cm in diam-
eter [91]. 85% demonstrated some reduction in disease burden, though only one patient
had a true partial response by RECIST. All patients tolerated nephrectomy or partial
nephrectomy without undue complications. A recent publication summarized outcomes
from two recent prospective trials [90]. A total of 66 patients were given sunitinib prior
to nephrectomy in two different dosing regimens (two vs. three cycles). Patients with
symptomatic progression on sunitinib did not undergo surgery. The median drug holi-
day for surgery was 29 days. 73% of patients had a clinical benefit from sunitinib by
RECIST, but 36% of patients did progress while off sunitinib prior to surgery, eight
with new sites of disease. The majority of these progressing patients responded to rein-
troduction of sunitinib. Many hoped that neoadjuvant targeted therapy would be useful
in reducing inferior vena caval tumor thrombus in patients with caval involvement,
making surgery safer. A study of 25 patients demonstrated that while targeted therapy
arrests tumor growth, and may shrink tumor thrombus in some, it does not appear to
reduce surgical complexity significantly [93]. A concern exists for inhibited wound
healing in patients treated with TKIs preoperatively. A study directly addressing mor-
bidity in pretreated patients described a statistically significant increase in superficial
dehiscences (24.3% vs. 5.8%, p<0.001) and wound infection (12.9% vs. 2.9%,
p=0.015) [94]. However, a third of these patients received dual agent therapy with
bevacizumab and erlotinib prior to surgery, and there was no increase in overall com-
plication rate or severe (Clavien >3) complication rate. Margulis et al. evaluated 44
patients treated with single-agent targeted therapy prior to cytoreductive nephrectomy
compared with a matched cohort of patients undergoing surgery only. They found no
difference in perioperative mortality, re-exploration, cardiovascular, embolic or other
surgical complications [95]. Given our current knowledge, neoadjuvant targeted ther-
apy seems safe and perhaps beneficial in identifying potential non-responders so that
these patients may have the option of foregoing major surgery. Clinically relevant
downstaging is inconsistent. Multiple randomized trials are underway aimed at better
defining the role of neoadjuvant targeted therapy in RCC.

Adjuvant Targeted Therapy in Clear Cell RCC. Patients with locally advanced RCC
(=pT3) have a 20-40% chance of local or systemic recurrence, and a 5-year survival of
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40-60%. The efficacy, tolerability and variety of targeted agents now available sug-
gests a role for targeted therapy in the adjuvant setting following complete resection of
a locally advanced RCC [96]. While adjuvant radiotherapy, hormonal therapy and
immunotherapy have been studied, results have not yet been reported for targeted ther-
apy in the adjuvant setting. There are several trials underway to assess the utility of
adjuvant targeted therapy in patients with high risk or locally advanced RCC [12]. The
ASSURE trial randomizes patients to either 1 year of Sunitinib, Sorafenib, or placebo.
The SORCE trial randomizes patient to either receive placebo (3 years) or Sorafenib.
The S-TRAC trial randomizes patients to 1 year of placebo or sunitinib.

Papillary Renal Cell Carcinoma

Type I Papillary Renal Cell Carcinoma. Type I papillary tumors are prevalent in
patients with the aptly named hereditary papillary RCC syndrome (HPRC).
Evaluation of this patient population led to the identification of the MET proto-onco-
gene as the genetic driver behind HPRC and type I papillary tumors [97, 98]. The
MET gene encodes a tyrosine kinase membrane receptor for the hepatocyte growth
factor (HGF, also located on chromosome 7). Sporadic papillary RCC has a 75%
incidence of trisomy 7 [99]. Mutations of the MET proto-oncogene lead to constitu-
tive activation resulting in a tumorigenic state [100].

Type II Papillary Renal Cell Carcinoma. The second subgroup of papillary renal
cell tumors is designated Type II, and is associated with the hereditary syndrome
hereditary leiomyomatosis renal cell carcinoma syndrome (HLRCC). [12, 101]
Type II papillary RCC is a more aggressive subtype of RCC with a greater propen-
sity for metastasis, even with small primary tumors. For this reason these tumors
are generally resected upon discovery. [102, 103] The gene associated with HLRCC
is the Krebs cycle enzyme fumarate hydratase (FH). Sequence analysis of families
with cutaneous leiomyomas demonstrated FH mutations in 89% [103]. Mutations in
FH lead to derangement in the TCA cycle conversion of fumarate to malate and
over-accumulation of fumarate which simulates hypoxia and leads to upregulation
of HIF [12, 104, 105]. Further studies have demonstrated that the accumulation of
reactive oxygen species may further stabilize HIF [97, 106]. This link to HIF sug-
gests that VEGF targeted agents may have activity in type II papillary RCC.

Targeted Therapy in Papillary RCC

One small study suggested some activity for the TKIs against papillary RCC
[107]. Of 44 patients with papillary RCC treated with sunitinib or sorafenib 68%
achieved stable disease with a PFS of 7.6 months. In 2008 the Global ARCC Trial
Group reported on temsirolimus versus interferon as previously described [74].
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Temsirolimus showed efficacy in the 20% of patients with non-clear cell histol-
ogy, even in patients with adverse features. Thus, temsirolimus is thought to be
active in these subtypes and remains a first line agent for papillary RCC and chro-
mophobe RCC (discussed below). Current clinical trials are underway evaluating
agents with activity against MET and/or HGF as therapeutic agents for patients
with sporadic or familial type I papillary RCC. One such agent is GSK089 (fore-
tinib) which is an oral dual kinase inhibitor which targets domains of MET as well
as VEGFR2 [108]. Other agents currently being studied in clinical trials address-
ing papillary renal cell carcinoma include everolimus, sunitinib, and erlotinib
alone and in combination with bevacizumab. Further information can be found at
http//:clinicaltrials.gov.

Chromophobe Renal Cell Carcinoma

Birt-Hogg-Dube Syndrome is a familial syndrome characterized by the development
of benign cutaneous lesions (fibrofolliculomas), pulmonary cysts (leading to
potential spontaneous pneumothoraces), and renal tumors. Renal tumors tend to be
bilateral and multifocal and may include chromophobe RCC, oncocytomas, and
clear cell RCC [109]. Genetic linkage analysis of affected families led to the
identification of the BHD gene on chromosome 17 [110]. The product of the BHD
gene, folliculin (FLCN), complexes with two other FLCN interacting proteins;
FNIP1 and FNIP2. The resulting complex binds to adenosine monophosphate acti-
vated protein kinase (AMPK), a molecule involved in energy sensing and regulation
of the mTOR pathway [111-113]. Knockout of FLCN in mouse models activates
mTOR and increases cell proliferation in the murine kidney, leading to bilateral
polycystic kidneys, and death by 3 weeks of age [114]. Mice treated with rapamycin
had significantly smaller kidneys and longer survival than untreated knockouts.
Available data at present suggest that mTOR inhibitors may have targeted activity
in BHD and chromophobe RCC.

Targeted therapy in chromophobe RCC. As previously stated, murine studies sug-
gest activity for the mTOR inhibitor class in chromophobe tumors, a theory sup-
ported by the 2008 study published by the Global ARCC Trial Group showing
efficacy for temsirolimus in non-clear cell histologies (discussed above) [74].
However, there are no prospective trials reporting on mTOR inhibitors specifically
in chromophobe RCC at this time. Currently a phase II trial is recruiting patients
with non-clear cell histologies including chromophobe RCC to be randomized to
everolimus followed by sunitinib or sunitinib followed by everolimus. A 2008 study
reported on 12 chromophobe RCC patients receiving either sorafenib or sunitinib
[107]. Three patients had a partial response according to RECIST (two sorafenib,
one sunitinib), and the other nine patients experienced stabilization of disease. PFS
was 10.6 months. A phase II trial addressing sunitinib in chromophobe RCC is
active. It is interesting to note that RET proto-oncogene expression was recently
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observed in 34 of 66 papillary RCC tumors and four of ten chromophobe tumors
evaluated via immunohistochemistry [115]. Sorafenib has previously been shown
to have a direct inhibitory effect on RET [116], and the authors hypothesize RET as
a potential target explaining the inconsistent efficacy of TKIs in papillary and chro-
mophobe tumors. More work is needed to establish the relevance of this finding.

Conclusions

We now understand that RCC is not a single entity, rather a group comprised of
diverse subtypes, each with its own molecular driver. Renal cell carcinoma variants
are fundamentally metabolic diseases affecting the cellular pathways involved in
energy, nutrient, and oxygen sensing. As we gain a better understanding of the genes
encoding these molecular pathways the identification of novel molecular targets
permits the development of highly efficacious and specific targeted therapies.
Research continues to focus on identifying new agents with greater target specificity
and fewer side effects, while clinical studies aim to develop new ways to use agents
in combination or in sequence to optimize patient survival.
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Molecular and Genetic Markers of Follicular-Cell
Thyroid Cancer: Etiology and Diagnostic
and Therapeutic Opportunities

Neerav Goyal, Dhave Setabutr, Junaid Abdulghani, and David Goldenberg

Abstract Thyroid cancer has an increasing incidence in the US population and
worldwide, with 95% of the cancers being of follicular cell origin—papillary, fol-
licular, or anaplastic thyroid carcinomas. Both follicular and papillary thyroid
cancers portend good survival rates, with estimated 5-year survival amongst dif-
ferentiated thyroid cancer approaching 97%. On the other hand, the median survival
for a patient with anaplastic thyroid carcinoma is measured in months. Despite the
optimistic survival rates for papillary and follicular thyroid carcinoma, a subset of
this population demonstrates resistance to radioactive iodine, and a proclivity for
more aggressive tumors with higher rates of recurrence and metastasis.

As there is an increased understanding of the molecular etiology of thyroid can-
cer, there is also a new interest in alternative treatment methods for those nonre-
sponsive to typical treatment. Multiple signaling pathways have been identified,
including the mitogen activated protein kinase pathway, as crucial to thyroid tumor
formation and progression. Additionally, particular oncogenes have been identified
as prevalent in anaplastic thyroid carcinoma and thought to be involved in the trans-
formation from differentiated to anaplastic histology.

We review the current literature and evidence describing the molecular and
genetic etiology of non-medullary (follicular cell derived) thyroid carcinomas includ-
ing papillary, follicular, and anaplastic thyroid carcinoma. Additionally, we evaluate
the current literature on emerging and established therapies of molecular and genetic
targets in these cancers.
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Introduction

Thyroid cancer is on the rise with an estimated 163,000 new cases worldwide [1]. In
addition to being labeled the most common endocrine cancer, US statistics from 2011
find thyroid cancer to have the fifth highest incidence amongst cancers in women [2]
Differentiated thyroid cancer (DTC) includes papillary, follicular, and Hiirthle cell car-
cinomas. They originate from follicular cells, with papillary cancer accounting for the
majority of histological subtypes [3]. Medullary thyroid cancer arises from neural
crest-derived parafollicular C-cells and comprise 5% of thyroid cancers, while the
undifferentiated anaplastic thyroid cancer occurs even less often [4].

Certain risk factors are associated with worse prognosis such as gender, age, size
of initial tumor, the presence of extension beyond the thyroid capsule, and the pres-
ence of metastases. Additionally, previous radiation exposure is associated with a
higher incidence of thyroid cancer. Familial thyroid cancers do exist, most commonly
medullary thyroid cancer as associated with multiple endocrine neoplasia.

Typically the only presenting symptom for patients with thyroid cancer is a
palpable thyroid mass or the presence of an enlarged cervical lymph node.
Progression of thyroid cancer, however may lead to more ominous signs such as
hoarseness and dyspnea. Most papillary thyroid cancers are indolent tumors, while
aggressive tumors such as anaplastic thyroid cancers can progress within weeks.
Imaging routinely used for differentiated thyroid cancer includes a thorough ultra-
sound of the central and lateral neck. Sonographic characteristics of malignancy can
include cystic change, hyperechogenicity, loss of hilar echogenicity and internal
calcifications [5]. Ultrasound findings may alter the operative approach in 40% of
initial operations and 42% of reoperations involving thyroid cancer [6].

Current therapies for differentiated thyroid cancer include surgery and radioac-
tive iodine therapy. A total thyroidectomy is the surgical treatment of choice for
most thyroid tumors although some advocate lobectomy for tumors of less than
1.0 cm in low risk patients who are diagnosed with papillary thyroid cancer [7].
Surgical treatment alone is the only effective therapy for medullary carcinoma,
while palliative treatment is the general recommendation for anaplastic thyroid cancer.
Radioactive iodine post surgical treatment of thyroid cancer is implemented for
patients with follicular and papillary carcinoma. Regional metastasis necessitate a
neck dissection at time of surgery.

For local DTC, 5 year survival is close to 100% for localized disease, 97% for
regional disease, and 58% with distant metastases [2]. On the other hand, the median
survival with anaplastic thyroid carcinoma is 4—6 months.

As there is an increased understanding of the molecular etiology of thyroid
cancer, there is also a new interest in alternative treatment methods for those
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nonresponsive to typical treatment. Additionally, specific mutations are associated
with a more aggressive disease course with higher rates or recurrence, prompting a
need for different therapies for this subset of the thyroid cancer population.

In this chapter, we review the current literature and evidence describing the
molecular and genetic etiology of non-medullary (follicular cell derived) thyroid
carcinomas including papillary, follicular, and anaplastic thyroid carcinoma.
Additionally, we will evaluate the current literature on emerging and established
therapies of molecular and genetic targets in these cancers (Fig. 1).

Papillary Thyroid Carcinoma

Papillary thyroid carcinoma (PTC) encompasses more than 80% of thyroid carcino-
mas of follicular cell origin, and its incidence is rising by an estimated 5% per year
[3]. Survival rates from this type of carcinoma are very high, with 25-year survival
estimated >95% [8]. The major theory proposed for papillary tumorigenesis revolves
around the MAPK (mitogen activated protein kinase) pathway which includes RAS-
RAF-MEK-ERK-MAPK signaling. This pathway is crucial to major elements in the
cell cycle including differentiation, proliferation, apoptosis and survival. Point, inser-
tion, deletion and translocation mutations along this pathway may result in gain of
function and permanent activation of this pathway leading to tumorigenesis [3].
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BRAF

BRAF, a 94-kDa protein, represents one of three identified serine-threonine kinases
(A-Raf, B-Raf, and C-Raf) within the RAF class of kinases, and is the strongest
activator of the MAPK pathway. It is found on chromosome 7 at locus 7q34 and is
expressed in all cell lines. In addition to thyroid carcinoma, links have been made
between BRAF mutations and melanoma as well as colorectal and ovarian cancers
[9]. One specific mutation that is referenced is the VO60OE substitution (BRAFY6%)
caused by a T1799A transversion in exon 15 the site of more than 90% of mutations
associated with this gene. Xing in a literature review notes high specificity with
which BRAF mutations are associated with PTC as well as PTC derived anaplastic
thyroid cancer, and the specific lack of these mutations within follicular or other
type of thyroid tumors. The review estimates 44% of PTCs demonstrate a mutation
in this protein [10]. Bhaijee and Nikiforov note that 60% of classic PTC have BRAF
mutations, while 80% of the tall cell variant, and only 10% of the follicular variant
of PTC exhibit the mutation [11].

In addition to the general association with PTC, BRAF is also described as having
a higher specificity with the more aggressive PTC types, and is further associated
with lymph node metastases and recurrence. Its tumorigenic potential has been
demonstrated in the mouse model as well as in xenograft tumor studies, and is sus-
pected to be related to vascular endothelial growth factor (VEGF) over expression.
Evidence also indicates that those tumors with a BRAF mutation have lower sensi-
tivity and less avidity to radioiodine, likely secondary to a silencing and decreased
expression of genes for the sodium iodide symporter (NIS), thyroglobulin, the thyroid
stimulating hormone receptor, and thyroperoxidase [12, 13]. Tumor growth factor 3
may be linked to both NIS repression as well as invasive potential as demonstrated
in rat thyrocytes and human PTC tissue [14]. On the other hand, cancers without the
BRAF mutation have been shown to maintain differentiation closer to that of normal
thyroid tissue [15].

Associations between the BRAF mutation and other mutations amongst the pap-
illary thyroid cancer population have been attempted. A mutation found to be asso-
ciated with BRAF mutants in cutaneous melanoma, a variant of the melanocortin-1
receptor, was studied in the papillary thyroid cancer population without any
significant correlation. Oler et al. identified increased expression of CST6 and
CXCL14, chemokines found in association with other cancer lines, with BRAF
mutations [16]. Watanabe demonstrated correlations with BRAF and increased
expression of extracellular matrix proteins including fibronectin, vimentin, and
CITEDI [17]. Guan et al. discovered that higher rates of BRAF mutation are associ-
ated with those populations exposed to higher iodine content [18].

A second locus (B-raf-2) at Xq13 has also been identified as relating to the BRAF
protein, but is predicted to be a pseudogene—a gene with a similar DNA sequence
yet without the ability to produce a functional protein. Zou et al. studied the pres-
ence and mutation of this second locus within thyroid benign and malignant pathol-
ogies. The study revealed the pseudogene was less frequently detected in those
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samples with mutation of the BRAF protein, yet it was still present in both benign
and malignant pathology with a higher preponderance in multinodular goiters.
Additionally, the pseudogene was able to activate the MAP kinase signaling path-
way, likely by interacting with the wild type BRAF protein [19].

RET/PTC

The RET protein serves as a ligand activator of the MAPK pathway, usually acti-
vated by the glial cell line derived neurotrophic factor (GNDF) family. Wild-type
RET is expressed in parafollicular C-cells, but is not expressed in the follicular cells
of the thyroid [20]. In the RET/PTC mutation, chromosomal rearrangement causes
the end of the RET gene, located at 10q11.2, to be spliced with an unrelated gene,
causing release of tyrosine kinase without the tyrosine kinase receptor stimulus; this
in turn causes unabated activation of MAPK [10]. The common rearrangements are
RET/PTCI1 and RET/PTC3 which involve fusion with CCDC6 (H4) at locus 10q21
and NCOA4 (ELE1) at locus 10q11.2, respectively. While radiation exposure is
implicated in the formation of these rearrangements, most adult tumors are sporadic
and of the RET/PTC1 variety, which account for 70% of RET/PTC tumors [21, 22].
Gandhi suggests that these mutations all occur at fragile sites within chromosomes,
specifically noting that the RET gene as well as the CCDC6 and NCOA4 loci con-
tain fragile sites within their sequence [22]. The population of PTC patients found
to have RET/PTC rearrangements tend to be younger, with classic papillary thyroid
cancer features, yet have a higher likelihood of metastasis to lymph nodes [11].

In looking at RET/PTC mutations as well as BRAF mutations, Henderson et al.
discovered that a higher rate of recurrence is noted amongst those populations that
have both mutations, though noting that this specific population tended to be much
older than those typically seen with RET/PTC re-arrangements [23].

RAS

The family of RAS genes includes HRAS, KRAS and NRAS—G-proteins that sig-
nal various intracellular targets via the MAPK and PI3K/AKT pathways. Mutations
of these genes in thyroid cancer often involves codon 61 in either the NRAS or
HRAS genes, leading to an inability to cleave the bound GTP and deactivate the
protein. As a result, these mutations lead to permanent RAS activation, and thus
stimulation of the MAPK and PI3K/AKT signaling pathways. Other mutations
involving either codon 12 or 13 are also described, which cause an increased affinity
for GTP [24]. Analysis of papillary thyroid carcinomas shows that 15-20% of this
population has evidence of RAS mutations, most of which are follicular variant PTCs.
Additionally, PTC patients with RAS mutations tend to have more encapsulated
tumors with lower rates of lymph node metastases [11, 25].
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The NTRK1 at locus 1q21-22 gene encodes a high affinity receptor for Nerve Growth
Factor (NGF) and thus is crucial in the development of the central and peripheral
nervous system as well as the proliferation of lymphocytes, keratinocytes and prostate
cells. The TRK class of oncogenes is a result of this gene rearranging with other loci
on chromosome 1 or chromosome 3, and these oncogenes were initially identified in
colon carcinoma. The rearranged oncogene, similar to BRAF, yields a constitutively
active tyrosine kinase. While not as thoroughly studied as BRAF, it is estimated that
12% of PTCs may contain TRK rearrangements [26]. A mouse transgenic model has
shown the TRK-T1 oncogene to cause both follicular hyperplasia and lead to papillary
thyroid cancer in 54% of the transgenic population before 7 months of age, and the
entire population after that age [27]. Similar to patients with RET/PTC rearrange-
ments, patients with NTRK1 rearrangements are believed to be younger and have a
poorer prognosis with a higher likelihood of lymph node metastasis [26, 28].

HILA Associations

Few studies have evaluated the presence of HLA markers in PTC or determined any
HLA associations or susceptibilities with PTC. The largest study to date compared
patients in Portugal with benign thyroid pathology, follicular thyroid carcinoma,
and healthy non-related controls to a papillary thyroid carcinoma population
(n=180), finding HLA-DR8 and HLA-DQ4 to be significantly higher in the PTC
group [29]. Research from Iran in PTC populations (n=54 and n=70) compared to
healthy controls found associations with HLA-Cw*4 and HLA-Cw*15 in one popu-
lation and HLA-DB1*04 in the second population [30, 31]. Jo et al. evaluated the
expression of MHC class II antigens on the surface of PTC cells (n=77), and found
a correlation between HLA-DR and HLA-DQ expressing cells and decreased nodal
metastasis and decreased risk of recurrence [32].

Follicular and Hiirthle Cell Carcinoma

Follicular thyroid carcinoma (FTC) is the second most common thyroid cancer
accounting for 10-15% of thyroid malignancies and is characterized by transloca-
tions or fusion of genes and expression of specific proteins [12]. FTC’s are morpho-
logically similar to follicular adenomas (FA) and can only be distinguished
histologically by their capsular invasion into veins or extra-thyroidal tissue. They can
be further classified based on follicular size, the presence or lack of follicular lumina,
and whether the morphology of the mass is solid or trabecular [33]. The most com-
monly identified genetic alterations associated with follicular thyroid carcinoma
have been identified as point mutations of the RAS genes and PAXS-PPARy
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rearrangements. Point mutations of the RAS genes, PAX8-PPARy and aberrant meth-
ylation of tumor suppressor and thyroid specific genes can activate mitogen-activated
protein (MAP) kinase and P13K/AKT pathways in thyroid cancer.

PAXS/PPARY

FTC have increased rates of imbalance in chromosome number and acquired chro-
mosomal rearrangements. It shares its two main chromosomal patterns with follicular
thyroid adenoma [34]. Kroll et al. found that one such pattern involves a transloca-
tion that leads to an in-frame fusion between the coding sequences of thyroid tran-
scription factor PAX8 (2q13) and the peroxisome proliferator activated receptor
PPARY (3p15) [35]. This develops from a translocation that is present in 5-11% of
FA and 30-35% of FTC as well as 13% of follicular variant PTC and 2% of Hiirthle
cell carcinoma. PAX8 plays a key role in normal thyroid differentiation and becomes
fused to form the protein PAX8/PPARy. PPARy normally encodes a transcription
factor and it is hypothesized that despite its fusion with PAXS it retains the tran-
scriptional activity of its wild-type counterpart [36]. PAX8 plays a role in thyrocyte
differentiation and is specifically involved in NIS, thyroglobulin and TSH receptor
expression. Though this fusion gene’s presence in FA raises the question as to
whether it is a true oncogene, current suspicions indicate that the gene may play a
role in the progression of FA to FTC. Additionally, studies looking at transfection of
the PAX8/PPARY gene show reduced apoptosis and increased cell growth that is
attachment-independent—an indicator of malignancy [37].

PTEN

The loss of PTEN function can activate the P13K/Akt signaling pathway, as it is a
direct inhibitor of this pathway. This pathway plays an important role in cell growth,
proliferation and survival. Mutations of this gene are associated with Cowden syn-
drome, a familial benign disease involving hamartomas of the thyroid. PTEN gene
mutations have also been shown to occur in a small proportion of follicular carcino-
mas and has a higher prevalence amongst follicular adenomas [38]. Methylation of
the gene is linked to its inactivation.

RAS

The connection between that of RAS activation and chromosomal instability in thyroid
tumors has been supported by associations with between H-Ras 81 T-C polymorphism
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together with increased p21 expression and aneuploidy [39]. As stated before, the most
commons sites of mutation involve codon 61 of H-Ras or N-Ras. Ras mutations have
been found to correlate with an older age of diagnosis while that of PAX8-PPARy has
been associated with a younger age of diagnosis signifying importance given that age
of diagnosis can be a molecular identifier of the tumor [40].

Hiirthle Cell Carcinoma

Hiirthle cell tumors consist predominantly of Hiirthle cells, synonymous with
oxyphilic, eosinophilic, Ashkenazi or oncocytic cells . Criteria differentiating
benign from malignant Hiirthle cell tumors are the as those used for follicular carci-
nomas: capsular invasion into veins or extra-thyroidal tissues. Genomic alterations
including trisomy 5, 7, and 12 and loss of heterozygosity in 10q have been described
in this population. One subset was noted to have pS3 over expression. Ras mutations
have been found in these carcinomas, but not with high prevalence [41]. Mitochondrial
DNA (mtDNA) has been suggested in the formation of Hiirthle cell tumors—
specifically a 4,977 base pair deletion known as the common deletion. It is found in
oncocytic thyroid tumors including PTC, FTC and FA tumors with oncocytic fea-
tures, but is occasionally found in non-oncocytic tumors. Additionally, a significantly
higher quantity of mtDNA deletions occurs in oncocytic tumors as compared to
non-oncocytic tumors [42].

Anaplastic Thyroid Cancer

Anaplastic thyroid cancer (ATC) or undifferentiated thyroid cancer is very invasive
and aggressive, accounting for nearly a third of the mortality attributed to thyroid
neoplasms. While almost always lethal with a median survival of 4 months, ATC
fortunately comprises less than 5% of diagnosed thyroid cancers. It is suspected that
ATC arises from a pre-existing differentiated thyroid carcinoma such as PTC or
FTC [43, 44]. Several genes are implicated patients with ATC, many of which are
shared with the differentiated thyroid carcinomas. However, ATC are also more
likely to be aneuploid, have a loss of heterozygosity, and involve multiple genetic
alterations. Unfortunately, individual molecular/genetic studies suffer from small
sample sizes due to the low incidence of ATC, and thus the frequency of certain
mutations is variable from one population to the next.

MAPK Pathway

Xing describes the incidence of BRAF mutations amongst ATC as 24%,
specifically noted that it is found in PTC derived ATC; however, other studies
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report rates between 0 and 50% [10, 45]. RAS mutations are also variably present
in ATC, usually with mutations at codon 61 [46]. RET/PTC rearrangements on
the other hand are not well associated with ATC and studies of poorly differenti-
ated carcinomas estimated only 10% were positive for RET/PTC. Similarly,
cases of ATC with PAX8-PPARy mutations have not been well-reported in the
literature [47].

P53

Unlike the previously discussed mutations, mutations involving the tumor suppres-
sor p53 in the thyroid are mainly associated with poorly differentiated carcinoma
and ATC. The p53 gene encodes transcription factors that regulate cell cycle, DNA
repair and apoptosis by helping induce G, arrest—important in allowing DNA repair
to take place. When DNA damage is too significant, it induces apoptosis. Point
mutations or deletions can result in unchecked DNA damage allowing for further
mutations to occur [47]. Kim et al. looked at the KAT-18 cell line and found that the
anti-apoptotic activity of the p53 mutation seemed to be linked to a transcriptor
STAT3. When inhibitors against STAT3 were utilized, there was a correlating
decrease in cell viability [48].

TWISTI

TWIST1 is a transcription factor that plays a role in cell differentiation, and its over
expression is discussed in many human tumors in association with advanced tumor
stage and poor prognosis. It not only promotes transition between epithelial and mesen-
chymal cell types, but it is also associated with chemotherapy resistance and inhibits
apoptosis and senescence. Salerno et al. evaluated the presence and expression of
TWIST1 in normal thyroid tissue, PTC, poorly differentiated thyroid carcinoma, ATC,
and cancer cell lines. The group also evaluated the effects of siRNA developed to repress
TWIST1. TWISTI expression correlated with increased cell proliferation and tumor
aggressiveness and also correlated with the presence of a p5S3 mutation. Additionally, its
repression induced apoptosis, and reduced cell migration and invasiveness of ATC cells.
Introducing a vector with TWIST1 into PTC cells increased their migration and pro-
tected them from apoptosis. The results of this trial point to the important role TWIST1
has on tumor progression and also its viability as a therapeutic target [49].

Multiple Hit Hypothesis

While each of the aforementioned mutations plays a role in anaplastic thyroid carcino-
genesis, these same mutations are found alone in less aggressive neoplastic processes.
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Researchers suggest that ATC requires multiple mutations in a stepwise fashion,
resulting in a poorly differentiated carcinoma initially that then progresses to ATC.
Gauchotte et al. evaluated a series of PTC and ATC tumor cells, finding that those
ATC tumors with BRAF shared characteristics with PTC. Additionally, the group
noted that the PTC derived ATC had further mutation of p53 and increased SOX2
expression [50].

Radiation Exposure and Its Relation to Thyroid Cancer

With iatrogenic radiation exposure populations, one of the more common cancers
found are thyroid carcinomas, especially PTC. Previous large scale exposures sites
include Nagasaki, Hiroshima, Chernobyl, and most recently Fukushima [51-53]. In
the United States, Three Mile Island, considered one of the worst national nuclear
incidents, has not been causally linked to increases in thyroid cancer as seen in these
other populations [54]. Amongst the different previously identified mutations, the
RET/PTC3 rearrangement has been strongly associated with radiation exposure and
a soli