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Preface

Cancer is a multifaceted and genomically complex disease and intriguingly not an
unfamiliar term for clinicians over centuries. Earliest evidence of cancer was dis-
covered in human mummies and Egyptian hieroglyphs (ancient manuscripts).
Certain hints have emerged pinpointing towards the presence of tumors in fossil-
ized bones in ancient Egypt era. Biologists and archaeological researchers have
collaboratively unraveled different mysteries and collected clues of bone cancer
(osteosarcoma) in mummies. Egyptian history is unique in the sense that it opened
new horizons for clinicians because oldest cancer description was discovered in
Egypt (even though the term “cancer” was not coined) and dates back to about 3000
BC. The Edwin Smith Papyrus is doubtlessly the oldest known document on the
surgery of trauma. It contained descriptions of eight cases of ulcers or tumors of the
breast that were removed by cauterization technique. “Fire drill” was used as a tool
for cauterization. Mechanistically enigmatic and therapeutically challenging nature
of cancer was also described as the writing says about the disease, “There is no
treatment.” Hippocrates (460-370 BC) was a Greek physician and considered as
the “Father of Medicine.” Carcinos and carcinoma were the terms coined by
Hippocrates for description of non-ulcer forming and ulcer forming tumors.
Carcinos was a giant crab in Greek mythology and the term was used because fin-
ger-like projections appeared like a moving crab or legs of a crab. Evolutionary
phase continued and different distinguished medical experts of their times made
efforts to make the terms more specific, descriptive, and understandable. Translation
of the Greek term into cancer was done by the Roman physician, Celsus (28-50
BC), because it was the Latin equivalent of crab.

Another Greek physician who contributed to the development of terminologies
was Galen (130-200 AD) who used the word oncos (Greek for swelling) for descrip-
tion or explanation of tumors. Interestingly, the crab analogy of Hippocrates and
Celsus is still in use in modern cancer biology for description of malignant tumors.
Galen’s term has now become a part of the name for medical specialists who deal
with cancer, “oncologists”.
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Research over decades demystified underlying mechanisms and strategies to
inhibit cancer progression and development. Overwhelmingly increasing high
impact research work has substantially improved our understanding, and efforts are
being made to identify anticancer agents with minimal off-target effects and remark-
able clinical outcome. In this book we have attempted to put different pieces of
jig-saw puzzle together to present an overview of rapidly developing knowledge
and future challenges in the treatment of cancer.

The first chapter is focused on the use of vitamin D in the treatment of gyneco-
logical cancers. Dr. Rukset Attar has discussed most recent updates related to vita-
min D as an effective agent against cancer. The next chapter is focused on microtubule
binding agents and how synthetic and natural products can be used to target micro-
tubules by Dr. Mohammad Rais Mustafa and team members.

Next, Dr. Catherine Ropert and her co-worker summarized the knowledge of
MAPK inhibitors and how these inhibitors can be used in cancer therapy followed
by a presentation by Dr. Manuel Freire-Garabal and colleagues who described how
adenosine signaling pathway can be therapeutically exploited to treat prostate
cancer.

Dr. Massimo Mallardo and his team set spotlight on the role of non-coding RNAs
in molecular oncology and latest technologies which can be used to study the
detailed role-play of these non-coding RNAs.

Exosome biology has also undergone substantial broadening, and it is evident
that cancer cells secrete exosomes which transfer biological molecules to recipient
cells. Dr. Chiara Martinelli impressively presented the use of exosomes as emerging
biomarkers in cancer therapy.

Dr. Aliye Aras Perk and colleagues shared most current knowledge related to
strategies to target EGFR-mediated signaling for the treatment of hepatocellular
carcinoma. Dr. Evren Ucar advocated the use of natural products to target heat
shock proteins in different cancers. Dr. Maria Gasparri shared expert opinion about
the immunobiology of cancer.

Dr. Satoshi Inoue provided in-depth analysis of deregulated androgen receptor
signaling in prostate cancer. It is well established that androgen receptor has evolved
different adaptive mechanisms to overcome rapidly declining androgen levels in
patients treated with androgen inhibitors.

Dr. Wensi Tao comprehensively reviewed underlying mechanisms, clinical back-
ground of adenoid cystic carcinoma of the lacrimal gland, and how patients will
benefit from a greater understanding of the disease. Dr. Agnieszka Sobczak-Kupiec
and colleagues shared views about latest advancements in the delivery of anticancer
agents (TRAIL and miR-34a) using nanotechnological strategies.

Dr. Xiukun Lin and his team summarized the most recent findings related to
bioactive molecules from traditional Chinese medicine reportedly involved in the
inhibition of frequently deregulated protein kinases in different cancers. The last
chapter, contributed by Dr. Yi Liu, provides most recent updates on the use of natu-
ral products for the treatment of inflammation-induced cancer.
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Legacy of Vitamin D: Role of Vitamin D
in Prevention of Gynecological Cancers

Rukset Attar, Maria Luisa Gasparri, Talha Abdul Halim, Dana Al Hamwi,
Ilknur Ucak, Sundas Fayyaz, Farrukh Zaman, and Ammad Ahmad Farooqi

Abstract Based on the insights gleaned from decades of research, it is now more
understandable that Vitamin D plays an instrumental role in suppression of different
cancers. Paradigm shift in our understanding of the vitamin D as an anti-cancer
agent has opened new horizons to explore how it transduces the signals intracellu-
larly to trigger myriad of cellular functions.

Keywords Vitamin D ¢ Cancer ¢ Signaling ¢ Apoptosis ® Therapy

Introduction

Cancer is a multifaceted and genomically complex disease and overwhelmingly
increasing preclinical and clinical studies have substantially improved our under-
standing of the mechanisms which underlie cancer development and progression.
High-throughput technologies are further deepening our knowledge related to
molecular oncology.
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Substantial fraction of information has been added into the existing pool of infor-
mation related to cancer biology and experimentally verified data is also shedding
light on the involvement of different vitamins in modulation of cancers. 1a,25(0OH)2
D3 has been shown to transcriptionally activate and repress target genes by binding
to Vitamin D receptor (VDR). VDR belongs to a superfamily of steroid hormone
receptors and reportedly involved in transcriptional regulation of different genes in
a ligand dependent manner. N-terminal VDR variants are tissue-specifically
expressed and required to differentially regulate network of genes by 1a,25(OH)2
D3. 1a,25(0OH)2 D3-VDR-modulated transcriptional activity is triggered via struc-
tural interaction with RXR (retinoic X receptor). Mechanistically, 1a,25(OH)2 D3—
VDR-RXR multi-component machinery is loaded at vitamin D response elements
(VDRESs), present within promoter region of target genes. VDR occupied the 3’
half-site whereas RXR interacted with 5" half-site of VDRE for transcriptional mod-
ulation of different genes.

Transcriptional activation involved the co-activators, nuclear coactivator-62 kDa—
Ski-interacting protein (NCoA62—SKIP), steroid receptor coactivators (SRCs),
CREB binding protein (CBP)—-p300 and polybromo- and SWI-2-related gene 1
associated factor (PBAF-SNF) and histone acetyltransferases (HATs). These pro-
teins worked in a co-ordinated manner and regulated acetylation of histones to de-
repress chromatin. Binding of the vitamin D receptor-interacting protein 205
(DRIP205) promoted assembly of different other DRIPs that structurally connected
VDR-RXR-NCo0A62-SKIP-DRIP205 complex with RNA Pol II and transcription
factor 2B (TF2B) for transcriptional initialization. VDR-interacting repressor
(VDIR) has an essential role in regulation of transcriptional repression of different
genes. 1,25(OH)2D3-mediated transcriptional repression involved association of
heterodimerically linked VDR and RXR with VDIR. Multi-protein complex occu-
pied negative VDREs (nVDREs) and triggered removal of the co-activators and
induced loading of co-repressors. Williams syndrome transcription factor (WSTF)
potentiated transcriptional repression by interacting with ATP-dependent chromatin-
remodeling complex (WINAC) and chromatin. Shown in Figs. 1 and 3.

This chapter is specifically focused on anticancer effects of vitamin D in gyneco-
logical cancers. We summarize most recent evidence of tumor suppressing role of
vitamin D, how vitamin D bound receptor uniquely interacted with VDRE (Vitamin
D response Element) in promoter regions of different genes to transcriptionally
modulate their expression levels. We also discuss different nanotechnological strat-
egies to enhance the delivery of vitamin D.

Ovarian Cancer

Despite the fact that ovarian cancer has been termed the ‘silent killer’, high percent-
age of patients are symptomatic, even when the disease is localized. Ovarian carci-
noma arises from the epithelial lining of ovary or cortical inclusion cysts (CICs).
Ovarian carcinoma directly spreads to adjacently located organs and normal
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Fig. 1 Shows (a) loading of activator proteins to stimulate transcription of VDR target genes. (b)
VDR-RXR-NCo0A62-SKIP-DRIP205 complex interacted with RNA Pol II and TF2B to trigger
expression of target genes (DDXJ5)

peritoneal fluid helps in the transportation of exfoliated tumor cells throughout the
peritoneal cavity. This ‘seeding’ of the peritoneal cavity is frequently associated
with formation of ASCITES. This mechanism has been extensively studied and
considered as hallmark feature of ovarian carcinoma, particularly serous
carcinoma.

la,25-dihydroxyvitamin-D3 has been shown to suppress migratory potential of
ovarian cancer SKOV-3 cells by inhibiting epithelial to mesenchymal transition [1].
Treatment of SKOV-3 with 10 ng/mL of TGF-p1 for 24 h induced morphological
changes in the treated cells. Cellular morphology changed from pebble-like epithe-
lial to spindle-like mesenchymal, and there was a gradual elongation in 72 h. TGF-
B1 induced increase in cellular migration was considerably reduced after treatment
with 10,25(OH),D; [1].

1,25 dihydroxyvitamin D; has also been reported to delay chemically induced
malignant transformation of ovarian surface epithelial cells in mice. Vitamin D; admin-
istration considerably upregulated VDR and E-cadherin levels in treated mice [2].
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Confluence of information suggested that exposure of A2780 ovarian cancer
cells to vitamin D; inhibited their ability to metastasize to lung and liver when intra-
venously injected into immunodeficient mice [3].

There is a direct piece of evidence suggesting that combination of vitamin D and
progesterone shows significant activity against ovarian cancer cells. Stable transfec-
tion of OVCAR-3 cells with progesterone receptor (PR) revealed that vitamin D and
progesterone worked with effective synergy when used against PR expressing
OVCAR-3 cells [4]. CYP24A1 is an enzyme which catalyzes conversion of
1,25(0OH)2D3 to inactive metabolites. There was no detectable reduction in
Calcitriol-induced CYP24A1 expression upon treatment with progesterone and
Calcitriol in PR deficient ovarian cancer cells. Calcitriol induced an increase in
CYP24A1 expression in PR expressing ovarian cancer cells at all times through
24 h and reduced significantly by progesterone treatment at 6 h, however there was
an increase at 16 h [4]. Response of CYP24A1 silenced ovarian cancer cells was
also notable upon treatment with progesterone and Calcitriol. Data clearly sug-
gested that CYP24A1 inhibition was necessary to maximize the biological out-
comes of 1,25(OH)2D3 [4]. Interleukin (IL)- 1 treatment induced cyclooxygenase-2
(COX-2) expression in OVCAR-3 cells. However, calcitriol notably downregulated
COX-2 (protein and mRNA) in SKOV-3 and OVCAR-3 cells [5].

CYP27BI1 is involved in hydroxylation of 25-hydroxyvitamin Ds at position Cla
into calcitriol (1,25-dihydroxyvitamin D;) [6]. CYP27B1 is expressed in tumors and
normal tissues. Both poorly differentiated primary tumors and metastatically compe-
tent cancer cells had downregulated expression of CYP27B1. However, non-
metastasizing tumors had high levels of CYP27B1 [6]. 1,25(OH)2D3 and carboplatin
synergistically induced apoptosis in SKOV-3 cells. Moreover, generation of ROS (reac-
tive oxygen species) was significantly higher in combinatorially treated cancer cells [7].

Omentum, a fold of peritoneum connecting or supporting abdominal structures
is a potential site for spread of metastatically competent ovarian cancer cells.
1,25(0OH)2D; (1077 M) markedly impaired metastasizing capacity of OVCAR3 cells
that consequently reduced colonization of ovarian cancer cells to mouse omenta in
the ex vivo co-culture system [8]. 1,25(OH)2D; also remarkably reduced the ability
of murine ovarian cancer cells (ID8-VEGF) to colonize omenta when injected intra-
peritoneally into mice. VDR has notable expression in different types of cells,
including adipocytes, immune cells , fibroblasts and microvascular cells. These are
important constituents of omental stroma. Metastasizing capacity of SKOV3 and
OVCAR3 in terms of invasion of omenta isolated from VDR null and wild type
VDR expressing mice was investigated. Colonization rate of ovarian cancer cells
was considerably lower in wild type VDR expressing mice as compared to VDR
null mice [8]. Seocalcitol (EB 1089), a vitamin D analogue, notably inhibited ID8-
VEGEF cells colonization to omenta in wild type mice. However, it was unable to
exert inhibitory effects on the colonization of ID§-VEGF cells into omenta in VDR
null mice [8].

PT19c, a non-hypercalcemic vitamin D derived agent has been noted to be effec-
tive against gynecological cancers. PT19c significantly inhibited tumor growth in
mice xenografted with SKOV-3 cells [9].
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EGFR/PI-3Kinase signaling axis is reportedly involved in modulation of differ-
ent cellular activities. It also enhanced lipogenesis in cancer cells by activation of
lipogenic fatty acid synthase (FASN) machinery [10]. MT19c time dependently
downregulated expression levels of acetyl Co-A carboxylase (ACC) and FASN in
SKOV-3 cells. Malonyl CoA is converted into palmitates by FASN. MT19c¢ mark-
edly decreased malonyl CoA levels in SKOV-3 cells [10].

Novel VDRE has previously been identified within intron 1 of EGFR gene. VDR
protein was found to occupy intronic VDRE of EGFR in the presence of
1,25(0OH)2D;. VDR worked synchronously with repressor proteins to transcription-
ally downregulate expression of EGFR in ovarian cancer cells (Fig. 3) [11].

Chemokine (C-X-C motif) ligand 1 (CXCL1) and CXCL2 are involved in cancer
development and progression. Treatment of ovarian cancer cells with calcitriol and
progesterone induced considerable downregulation of CXCL1 and CXCL2. CXCLI1
and CXCL2 promoters have binding sites for NFKB (Nuclear Factor Kappa B) [12].
Expression levels of CXCLI and CXCL2 were dramatically reduced in NFkB-
silenced cells. Phosphorylation of IkBa at 32nd and 36th Serine residues seques-
tered it from NFKB for transcriptional modulation of CXCL1 and CXCL2 by
NFKB. Calcitriol and progesterone rescued IkBa from phosphorylation and conse-
quent degradation. Consequently IkBa bound NFKB was unable to trigger expres-
sion of CXCL1 and CXCL2 [12].

Human Studies

There is a recent report suggesting that 73% patients with recurrent ovarian cancer
have insufficient levels of 25-OH vitamin D. Moreover, 47% patients with stable
ovarian cancer have insufficiently low levels [13]. Higher 25(OH)D concentrations
at diagnosis have been noted to be considerably linked with longer survival.
However, PFS (progression-free survival) or 25(OH)D measured after primary
treatment were not significantly associated [14]. The T helper cells (Th cells) are
differentially modulated by low vitamin D levels. Low vitamin D levels inhibited
Th2 activity and promoted Thl activity in ovarian cancer patients [15]. In the
upcoming section we discuss how vitamin D/VDR signaling axis efficiently modu-
lates protein network in endometrial cancer cells.

Endometrial Cancer

Endometrial carcinomas are biologically and histopathologically classified into two
types. Type I tumors are well-differentiated and endometrioid in histology. Type II
endometrial cancers are poorly differentiated and non-endometrioid. This section
mainly deals with the role of vitamin D/VDR signaling axis in inhibition of endo-
metrial cancer.
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PT19c, a non-hypercalcemic vitamin D derived agent has been noted to be effec-
tive against gynecological cancers. There was a reduction in tumor size during the
last 15 days in the PT19c treatment group. Two of eight animals nearly completely
responded and the remaining six animals partially responded to PT19c treatment.
Calcitriol treatment although was effective against the endometrial tumor growth
but size of the tumor increased continuously in mice xenografted with endometrial
ECC-1 cells [9]. None of the animals either partially or completely responded to
calcitriol. Furthermore, excessive hypercalcemia was noted in serum of calcitriol
treated animals [9].

Class 3 semaphorins (SEMA3B and SEMA3F), are involved in regulation of
tumor growth, metastasis and angiogenesis. These molecules transduced the signals
through trans-membrane receptor complex consisted of plexins and neuropilins
(NP) [16]. Expression levels of SEMA3F, SEMA3B and their receptor plexin A3
were notably downregulated in endometrial cancer cells. Treatment of endometrial
cancer cells with progesterone (25 pmol/L) or 1,25(OH)2D3 (100 nmol/L) mark-
edly upregulated SEMA3F and SEMA3B [16]. However, these effects were not
observed in SEMA3B and SEMAS3F silenced endometrial cancer cells. Endometrial
cancer cells that ectopically expressed SEMA3B and SEMA3F had notably reduced
proliferation and migration potential. Upregulation of SEMA3B and SEMA3F
inhibited integrins and matrix metalloproteinases (MMPs) in endometrial cancer
cells [16]. Shown in Fig. 2.

Progesterone considerably upregulated VDRs in endometrial cancer cells.
Furthermore, Bax levels were notably enhanced in endometrial cancer cells combi-
natorially treated with Progesterone and calcitriol. Moreover, levels of Histone
H1.4, histidine triad nucleotide-binding protein 2 (HINT2), Eukaryotic initiation-
factor 2 o kinase family (EIF2AK2) were also noted to be enhanced in endometrial
cancer cells after combinatorial treatment [17].

Calcitriol worked with effective synergy with carboplatin and inhibited the
growth of RL95-2 endometrial cancer cells. Addition of 10-50 nM calcitriol to
5-20 pg/ml carboplatin increased growth inhibitory effects [18].

Icb-1 (Clorf38) is involved in differentiation processes of cancer cells.
Upregulated level of icb-1 was noted in vitamin D; treated HEC-1B endometrial
adenocarcinoma cells. E-cadherin level was markedly enhanced by 95% in vitamin
D; treated HEC-1B cells. All-trans retinoic acid (ATRA), an inducer of differentia-
tion also enhanced E-cadherin level in HEC-1B cells. However, ATRA mediated
increase in the expression of E-cadherin was not noted in icb silenced cells [19].

Cervical Cancer

High-risk types of the human papilloma virus (hrHPV) infection triggered the
development of cervical cancer and re-wired intracellular signaling cascades.
Highly persistent hrHPV, hrHPV-induced epithelial transformation, development of
precancerous lesions (cervical intraepithelial neoplasia graded 1-3 (CIN1-3)) and
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Fig. 2 Shows plexin and neuropilin mediated intracellular signaling. Integrins and MMPs were
notably downregulated after semaphorin mediated signaling

consequently progresses to an invasive cervical cancer. Progression from pre-cancer
to invasive cancer has been noted to take longer timespan in majority of the patients.
It has been suggested that High-grade precancerous lesions (CIN2 and CIN3) devel-
oped within 3-5 years in hrHPV infected patients, while progression to an invasive
phenotype can further require 20-30 years.

Human cervical cancer oncogene (HCCR-1) is frequently overexpressed in cer-
vical cancer [20]. Calcitriol dose and time dependently downregulated expression
level of HCCR-1 in HeLa cells [21]. DEAD box RNA helicase DDX5, an ATP-
dependent RNA helicase was noted to be controlled by VDRE in its promoter
region. Calcitriol treatment upregulated DDX5 (mRNA and protein) in SiHa cells.
Complex consisting of VDR and RXR was noted to occupy most proximally located
VDRE in promoter region of DDXS5 [22, 23]. Negative VDRE have been reported
in Human ether a go-go 1 potassium channel (hHEAG1). hEAGI is involved in pro-
liferation of cervical cancer cells. VDR, RXR, VDR-interacting repressor and
Williams syndrome transcription factor have been shown to transcriptionally repress
hEAG1 by occupying nVDRE located within promoter region in the absence of
ligand [24]. Shown in Fig. 3.
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Vitamin D Mediated Control of miRNA in Gynecological
Cancers

microRNAs (miRNAs) produced from what was once considered “genomic trash,”
have been reported to effectively modulate cancer development, progression, and
metastasis. MicroRNA (miRNA) genes are transcribed as primary miRNAs (pri-
miRNAs) by RNA polymerase II. These long pri-miRNAs are processed by differ-
ent proteins which include DiGeorge syndrome critical region 8 (DGCRS8) and
DROSHA, to generate precursor miRNAs (pre-miRNAs). These pre-miRNAs con-
sisted of 60-70-nucleotides and translocated from the nucleus to the cytoplasm by
exportin 5 (XPOS5). In cytoplasm, these were processed by DICER1 (ribonuclease
IIT enzyme) that produced mature miRNAs. Dicer mRNA has been shown to be
significantly upregulated in SiHa cells upon treatment with calcitriol. However,
expression level of Drosha was unchanged. VDRE present in promoter region of
Dicer has been noted to be occupied by VDR-RXR dimer [22, 23].

Maintenance of Telomeric TTAGGG repeats is modulated by telomerase, a
multi-component machinery consisting of a catalytic reverse transcriptase protein
subunit (TERT), template RNA and different other proteins. TERT is frequently
overexpressed in ovarian cancer cells. VDRE was identified previously in the
upstream region of miR-498 gene [25]. 1,25(OH)2D3 treatment substantially ele-
vated expression of miR-498 gene in ovarian cancer cells. TERT was negatively
regulated by miR-498 gene as evidenced by notably reduced telomerase activity in
OVCARS3 cells that ectopically expressed miR-498 [25].

Nanotechnological Delivery of Vitamin D

Engineered nanoparticles have revolutionized the field of medicine and encouraging
results obtained from studies of tumor retarding effects of efficiently delivered ther-
apeutics using different nanotechnological strategies in xenografted mice have
paved the way to clinical trials.

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) have been reported as
potential drug delivery vehicles for calcitriol. Calcitriol loaded PLGA NPs were
efficiently internalized by cancer cells and growth rates of cancer cells were signifi-
cantly reduced [26]. Vitamin D; loaded Carboxymethyl chitosan-soy protein com-
plex NPs are also remarkable delivery systems for encapsulation and controlled
release of vitamin D based therapeutics [27]. Calcidiol/calcitriol loaded polymeric
NPs showed higher encapsulation efficiencies, sustained releases over 7 days and
enhanced stability [28]. Zein NPs coated with carboxymethyl chitosan (CMCS)
have also been used for encapsulation of vitamin D;. CMCS coated NPs were spher-
ically structured having a particle size from 86 to 200 nm and displayed markedly
increased encapsulation efficiency [29].

Vitamin Dj; loaded oleoyl alginate ester NPs have also shown efficiency in con-
trolled release of payload to the target site [30].
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Fig. 3 Shows (a) loading of repressor proteins to inhibit transcription of target genes. (b) WSTF
and VDR-interacting repressor downregulated hREAG1 and EGFR
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Fig. 4 Shows (a) versican mediated transduction of signals in macrophages. TLR2, TLR6 and
CD14 are involved in transducing the signals intracellularly. (b) CYP27B1 gets active and triggers
the conversion of 25D3 into 1,25D3. VDR also gets active and modulated the induction of hCAP18/
LL-37. Processed LL-37 activated cancer cells and facilitated release of versican
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As our concepts and knowledge of gynecological oncology become more com-
plete, it is important for interdisciplinary researchers to discuss ideas for treatment
of cancer with minimum off-target effects. Route of administration is also an essen-
tial requisite that still needs extensive research. Researchers are currently re-
investigating underlying causes of the poor delivery efficiency from the perspectives
of tumor biology (enhanced permeability and retention effect (EPR), inter-cellular
versus trans-cellular transport, physico-chemically-dependent transport of nanopar-
ticles through the tumor stroma) as well as competing organs which include renal
and mononuclear phagocytic systems.

Cancer Promoting Role of Vitamin D/VDR Signaling Axis:
Darker Side

Although tremendous research has been conducted in evaluating true potential of
vitamin D induced signaling axis in suppression of cancer, however, certain clues
have also emerged which warn us about cancer promoting role. In the following
section, we draw attention to an incompletely studied mechanism exploited by can-
cers to promote their progression.

Human cationic antimicrobial protein-18 (hCAP18)/LL-37, a cathelicidin pep-
tide is constitutively produced in different cell types. 1,25D; is involved in upregula-
tion of hCAP18/LL-37 in macrophages, monocytes and epidermal kerationocytes.
Co-incubation of ovarian cancer cells (OV-90, SKOV3, 3A0 and HO-8910) with
peripheral blood monocytes-derived macrophages markedly enhanced proliferation
of the cells [31]. Detailed mechanistic insights revealed that co-culture of SKOV3
cells with macrophages considerably upregulated expression levels of VDR,
Cyp24A1 (1,25 D3 catabolic enzyme) and Cyp27B1 which catalyzed the formation
of bioactive vitamin D; in macrophages. Toll like receptors (TLR2, TLR6) and
CD14 are present on surface of macrophages. Versican (V1), a macrophage activat-
ing factor transduced the signals through TLR2 and its co-receptors CD14 and
TLR6 present on surface of macrophages. It is frequently overexpressed in ovarian
cancer [31].TLR2, TLR6 and CD14 worked synchronously to transduce the signals
to downstream effectors in macrophages. Shown in Fig. 2. Significant downregula-
tion of hCAP18/LL-37 was noted in macrophages upon treatment with the TLR2
(Toll like receptor) neutralizing antibody [31]. Tumor-modulated upregulation of
hCAP18/LL-37 required TLR2/6 induced signaling cascade in macrophage. VDR
antagonist (ZK159222) treatment, notably downregulated hCAP18/LL-37 expres-
sion in treated cells. Addition of 25D3 dose dependently upregulated hCAP18/
LL-37 in SKOV3-CM/macrophage co-culture experiments. Expression levels of
CD14, TLR6, TLR2, VDR, Cyp27B1 and Cyp24 were remarkably downregulated
when versican silenced SKOV3 cells were co-incubated with macrophages [31].
Shown Fig. 4.
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Recent developments in molecular oncology require us to reconsider long-held
assumptions about the context dependent biological effects exerted by vitamin D/
VDR signaling axis. Ultimately, such a varied array of research directions will pro-
pel our understanding of VDR mediated crosstalk in gynecological cancers and the
translation of these discoveries will be helpful in getting a step closer to personal-
ized medicine.

Conclusion

Increasingly it is being realized that intracellular signaling cascades are hierarchi-
ally organized and modulated by a highly intricate and synchronized network of
regulators and downstream effectors. These signaling cascades are spatio-temporally
controlled and dysregulations of these cascades are contributory in cancer develop-
ment and progression. It further needs to be seen how vitamin D/VDR signaling
axis modulates different oncogenic and tumor suppressor miRNAs in gynecological
cancers. Moreover, it will be exciting to see how natural products stimulate the
expression of VDRs in different gynecological cancers and combination of vitamin
D analogs with VDR stimulating natural products will be a very promising area of
research.
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Microtubule Targeting Agents in Cancer
Therapy: Elucidating the Underlying
Molecular Mechanisms
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and Mohd. Rais Mustafa

Abstract Microtubules are intracellular components of cytoskeleton throughout
the cytoplasm of all eukaryotic cells. Microtubules are dynamic polymers with con-
tinuous assembly and disassembly of tubulin dimers. This highly dynamic action of
microtubule contributes to numerous cellular processes such as maintaining the
structure of the cell, cell division and cell movement. For this reason, microtubule
has become a notable target for chemotherapeutic achievements. Microtubule
Targeting Agents (MTAs) that nowadays are used in chemotherapy, induce microtu-
bule polymerization or depolymerization. They are categorized into two groups
known as stabilizers such as texanes and destabilizers such as vincas. Either, stabi-
lizing or destabilizing of microtubule polymer leads to spindle assembly poisoning,
mitotic blockage and cell death. Yet, we are required to consider main forthcoming
controversial difficulty which is resistance to MTAs. Clinical studies have docu-
mented different levels of resistance to MTAs with different durability among
patients even within the same class of drugs. For instance, overexpression of
P-glycoprotein (P-gp) is linked to resistance to taxanes, but not to ixabepilone, even
though they have similar mechanism of action. Mutations in f-tubulin have been
associated with resistance to taxanes but not to epithilones despite their mechanism
of action being same. Also, there is association between poor response to taxanes
and overexpression of PIII-tubulin. Either receiving benefit or harm from MTAs,
depends on each individual patient considering their variable chemo-sensitivities to
drugs. Therefore, it is crucial to understand the basic biology of microtubules and
the molecular mechanisms by which MTAs exert their activity. This is especially
important considering their current application in cancer therapy. In this chapter we
discussed about MTAs in detail and illustrate their molecular mechanisms involved
in various cancers.
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Cancer and Normal Cells Different Characteristics

Cancer is an ancient disease that afflicts about 40% of the global population despite
improvement in the diagnosis and treatment to the disease. Rather more challenging
when cancer become metastatic [1]. Surgery, chemotherapy and radiation therapy
are the current strategies for cancer treatment. The conventional treatments failed
achieving therapeutic selectivity to cancer cells, rather than non-specific targeting
the normal cells, and this leaded to appearance of serious side effects. Therefore,
the current target-based drug design and discovery requires new drugs with selectiv-
ity to cancer cells in molecular bases. Thus, differentiation of cancer cells from
normal cells which includes their characteristics and behaviors, is a requirement.
Based on the current knowledge of cancer cell characteristics, studies are directed
to molecular—based paradigms. These paradigms are safe to say that increased drug
efficacy with less side-effects [2]. In the last 25 years, countless researches have
been done for understanding molecular-based strategies, which their discoveries
have been improving diagnostic, prognostic and treatment of cancers [1]. In this
chapter, we plan to discuss microtubule targeting and the list of microtubule target-
ing agents that have been reported so far (Table 1).

The hallmark characteristic attributed to cancer cells is their fast growth rate and
their ability to proliferate indefinitely when compared to normal cells. To that,
regulation of many key proteins involved in survival pathways and cell-cycle regu-
lation are modified in cancer cells. In addition, apoptosis is suppressed in many of
cancer cells through various pathways, and this adds to greater ability of cancer
cells to survive [3]. Robust proliferative responses in normal cells, are actually
sustained in cancer cells. The deregulation of Cyclin-Dependent Kinases (CDKs)
that enable cell cycle progression [4] and the abnormal expression of Myc, a stra-
tegic controller of cell proliferation, are few prominent examples [5]. It is well
known that occurrence of mutation is higher in cancer cells compared to normal
cells. From carcinogen exposure to clinical detection, cancer cells require to grow,
divide, invade and metastases. During this period, multiple mutations in genetic
stability-genes are required that initiates cascade of other mutations in other genes.
Many of those second group of genes are controller of key pathways [6]. In 2013,
140 genes were reported that if are altered by mutations, can “drive” to tumorigen-
esis. A typical cancer cell has two to eight of these driver genes mutations. Other
mutations in these cells are “passenger” mutations that do not cause any specific
proliferation advantages. Overall mutations cause cell-autonomous alterations
which leads to different consequences such as dividing fast and going through dif-
ferent cell-cycle phases faster than normal cells. “Dividing rapidly” lowers balance
between supply and consumption of nutrients and oxygen. Therefore, cancer cells
acquire second set of mutations to provide an appropriate condition that endures
nutrient and oxygen deficiency, like mutation in EGFR (Epidermal growth factor
receptor), HER2 (Human epidermal growth factor receptor 2), RAS, RAF (rapidly
accelerated fibrosarcoma), PTEN (Phosphatase and tensin homolog). Many of
these new set of mutations cause abnormal vascularization with well-ordered net-
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Table 1 Microtubule Targeting Agents (MTAs), and their mechanisms of action
Compound Cancer type Mechanisms of action Reference
Paclitaxel (taxol) Ovarian, breast, lung | Natural stabilizer, stabilizes [202]
and pancreatic microtubule polymer, avoids
cancers microtubule disassembly
Causes G2-M arrest
Causes apoptosis
Docetaxel Breast, head and Natural stabilizer, stabilizes [36]
(taxotere) neck, gastric, microtubule assembly, avoids
hormone-refractory | microtubule disassembly in the
prostate cancer and | absence of GTP
non-small-cell lung | Causes G2-M arrest
cancers
Epothilone Breast, ovarian, Natural stabilizer, stabilizes [203, 204]
prostate, lung, microtubule assembly, induce tubulin
glioblastoma cancers | polymerization without the presence
and paclitaxel- of GTP
resistant tumors Causes G2-M arrest
Causes apoptosis
Peloruside A Breast, ovarian, lung, | Natural stabilizer [205]
head and neck Causes G2-M phase arrest
cancers Causes apoptosis
Has synergistic effect with paclitaxel
Laulimalide Cancer types that are | Natural stabilizer [47]
resistant to paclitaxel | Has synergistic effect with paclitaxel
and epothilones and epothilones
Taccalonolide Cancer types that are | Natural stabilizer [51,52]
resistant to paclitaxel | Bind to B-tubulin covalently
and doxorubicin Causes microtubule bundles in
interphase
Causes mitotic arrest
Causes apoptosis
Has efficacy in cell with mutated
paclitaxel-binding site
Has efficacy in cells resistant to
doxorubicin
Escapes from P-gp and mutant
fB-tubulin-induced resistance
Cyclostreptin Cancer types that are | Natural stabilizer [56]
resistant to paclitaxel | Induce and stabilizes microtubule
polymerization by binding covalently
40-fold less toxic than paclitaxel
Escapes from P-gp and mutant
f-tubulin-induced resistance
Discodermolide Ovarian cancer, Natural stabilizer [60, 206]

Cancer types that are
resistant to paclitaxel

Has efficacy in cell with mutated
paclitaxel-binding site

Escapes from P-gp and mutant
f-tubulin-induced resistance

Has synergistic effect with paclitaxel

(continued)
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Compound

Cancer type

Mechanisms of action

Reference

Dictyostatin

Cancer types that are
resistant to paclitaxel

Natural stabilizer

Stabilizes microtubule polymer by
preventing depolymerisation

Causes G2-M phase arrest

Has efficacy in cell with mutated
paclitaxel-binding site

Escapes from P-gp -induced resistance
Effective against MDR cancer cells

[62,207]

Eleutheside

Natural stabilizer
Inhibits microtubule dynamics
Causes G2-M phase arrest

[79]

Discodermolide
analogues

Synthetized stabilizer

Causes G2-M phase arrest

Has efficacy in paclitaxel-resistant
cells and their own parental drug
(discodermolide)

[59]

Discodermolide-
dictyostatin hybrid

Breast, ovarian
cancers

Synthetized stabilizer

[63]

Ixabepilone

Breast cancer

Synthetized stabilizer

Inhibits microtubule dynamic
instability

Effective against MDR cancer cells
Has synergistic effect with
capecitabine

[45, 68]

Vinca alkaloid

Breast, head and
neck cancer and
Leukemia,
lymphomas

Natural destabilizer

Depolymerizes microtubule polymers
Disrupt mitotic spindle at high dosage
Blocks mitosis low clinically relevant
dosage without depolymerizing
mitotic spindle

Causes apoptosis

[72,204]

Estramustine

Prostate cancer

Natural destabilizer
Inhibits microtubule dynamics
Causes G2-M phase arrest

[79]

Dolastatin

Natural destabilizer

Causes mitotic arrest

Inhibit microtubule polymerization
and dynamics

Causes formation of non-microtubule
structure assemblies of tubulin
Causes multi-polarity

Supressed naturally decay of tubulin

[80, 84]

Colchicine

Nonneoplastic
diseases

Natural destabilizer

Delays microtubule growth at low
dosage and suppresses microtubule
dynamic

Depolymerizes microtubule at high
dosage

[87,204]

(continued)
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Table 1 (continued)
Compound Cancer type Mechanisms of action Reference
Nocodazole Compound Natural destabilizer [88]
terminated from Interferes with microtubules
clinical trial polymerization
Compound is used as
a lead agent for
design and discovery
of analogues and also
is used as a reference
compound in cancer
studies
Cryptophysin Breast and lung Natural destabilizer [89, 208]
cancer cell-lines Suppress tubulin polymerization
Effective against MDR cancer cells
Halichondrin B Breast cancer Natural destabilizer [90]
Inhibits microtubule polymerization
Inhibits tubulin-dependent GTP
hydrolysis
Combretastatin Lung and thyroid Natural destabilizer [45,204]
cancer Potential VDR
Hemiasterlin Colon cancer, lung Natural destabilizer [12,94]
cancer and melanoma | Inhibits depolymerisation of existing
microtubules
Inhibits new microtubule assembly
Effective against MDR cancer cells
Podophyllotoxin Lung, lymphomas Natural destabilizer [97,209]
and genital tumors Inhibit microtubule polymerization
Inhibit mitotic spindle assembly
Curacin A Renal, colon and Natural destabilizer [88, 210]
breast cancer
2-Methoxyestradiol | Prostate cancer, Natural destabilizer [45, 88]
myeloma and Inhibit microtubule polymerization
glioblastoma Suppresses tumor vascularization
ENMD-1198 Synthetized destabilizer [88]
Stable analogues of 2-ME with
improved properties
Eribulin (E7389) Breast, prostate, head | Synthetized destabilizer [14]
and neck, non-small | Suppresses microtubule
cell lung cancer, polymerization and dynamic
pancreatic instability, arrests mitosis
Causes apoptosis
Suppresses centromere dynamics at
dosage that arrest mitosis
SMART Prostate and Synthetized destabilizer [99, 211]

melanoma cancer

Suppress microtubule polymerization
Causes G2-M phase arrest

Causes apoptosis

Effective against MDR cancer cells

(continued)
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Compound Cancer type Mechanisms of action Reference
MBIC Cervical cancer Synthetized destabilizer [100]
cell-line Causes G2-M phase arrest
Causes mitotic arrest
Causes apoptosis
Has synergistic effect with colchicine,
nocodazole, paclitaxel and doxorubicin
N-Acetylcolchinol Synthetized destabilizer, [101]
O-Methyl Ether Bind to tubulin 16 times faster than
colchicine
Thiocolchicine Breast cancer Synthetized destabilizer, [101]
Bind to tubulin faster than colchicine
7D6126 Metastatic colorectal | Synthetized destabilizer [132]
cancer Reduces vascularization volume
(VDA)
Induces extreme necrosis in the tumor
Has synergistic effect with paclitaxel
E7974 Ovarian and Synthetized destabilizer [102]
paclitaxel-resistant Analogue of hemiasterlin with
cancer types improved properties
Has efficacy in cell with mutated
paclitaxel-binding site
Escapes from P-gp -induced resistance
Effective against MDR cancer cells
HTI-286 Prostate cancer. Synthetized destabilizer [103, 212]
Cancer types that are | Analogue of hemiasterlin with
resistant to paclitaxel, | improved properties
epothilones Causes mitotic arrest
Causes apoptosis
Has efficacy in cell which are resistant
to paclitaxel or epothilones and those
that contain point mutations in p-tubulin
CA-4P Ovarian, non-small Synthetized destabilizer [88]
cell lung and Analogue of combretastatin
anaplastic thyroid
cancer
0Oxi4503 Anti-vascular effects | Synthetized destabilizer [88, 213]
in solid tumors Analogue of combretastatin
Targets tumor vasculature (VDA)
AVE8062 Breast and ovarian Synthetized destabilizer [88, 214]
cancer Analogue of CA-4
More stable than CA-4
Disrupts the formation of blood vessel
in tumors
Has synergistic effect with docetaxel
Plenstatin Antivascular effects | Synthetized destabilizer [88]

in solid tumors

Analogue of CA-4
More stable than CA-4

(continued)
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Compound

Cancer type

Mechanisms of action

Reference

CC-5079

Antivascular effects
in solid tumors

Synthetized destabilizer

Analogue of CA-4

More stable than CA-4

Dual inhibitor: Inhibits microtubule
polymerization and inhibits activity of
phosphodiesterase (PDE4)
Anti-angiogenic

[88]

ABT-751 (E7010)

Colorectal, non-small
cell lung cancer

Synthetized destabilizer
Analogue of CA-4
Causes G2-M phase arrest
Causes apoptosis

(88,215,
216]

T138067

Breast, Non-small
cell lung, colorectal
cancer, Glioma,
Hepatocellular
carcinoma

Synthetized destabilizer

Analogue of CA-4

Binds to B-tubulin covalently
Prevents - and p-tubulin dimers
polymerization

Effective against MDR cancer cells

[88]

Indibulin

Metastatic breast
cancer

Synthetized destabilizer

Analogue of CA-4

Its great property is lack of
neurotoxicity in its curative dosages
Has efficacy against paclitaxel-
resistant cancer cells

Has efficacy against MDR expressing
cancer cells

Has efficacy in the cells with
resistance to cisplatin, thymidylate
synthase inhibitor 5-FU and
topoisomerase-I-inhibitor

[88,217]

Cryptophysin 52
(LY355703)

Colon, lung, prostate
and ovarian cancer

Synthetized destabilizer

Analogue of CA-4

depolymerizes microtubules in spindle
apparatus

Suppresses microtubule dynamics

[89]

Cryptophycin-
fluorescein-RGD-
peptide conjugate

Cancer cells with
overexpressed
integrins such as
human cervix
carcinoma cell-line
KB-3-1 and its MDR
subclone KB-V1

Synthetized destabilizer
Analogue of cryptophycin 52 with
lower toxicity and better water
solubility

Has affinity for o, fsintegrins

[89, 218]

work of veins, arteries and lymphatics which bring more nutrients and oxygen for
rapidly dividing cells. Beside the exterior-related help of mutations, interior-related
help are also required to survive. This includes those mutations that progress the
cell cycle such as CDKs, Myc, microtubule-associated protein (MAP) genes muta-
tions [6]. There are several MAPs including motor proteins such as kinesin and
dynein and several microtubule-regulatory proteins such as stathmin, survivin,
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MCAK (Centromere-associated kinesin), EB1(End-binding protein 1) and FHIT
(Fragile histidine triad protein).The importance of MAPs is their association with
microtubules in formation of mitotic spindle apparatus which is the key require-
ment for rapidly dividing cells. The necessity of microtubule during mitosis is by
means of separating the duplicate chromosomes of mother cell into two daughter
cells and finally cell division. This virtue of microtubules took a lot of attention in
cancer therapy as a target. Microtubules have known to be a target of many natu-
rally occurring toxic yet self-protective molecules, extracted from microorganisms,
sea flora and plants [7].

Microtubule Dynamic as a Target for Cancer Therapy

Microtubules are made of cellular components o- and p-tubulin heterodimers by
polymerizing head to tail orientation of protofilaments. Protofilaments are around
12-13 in numbers that binds together and form microtubule, a dynamic structure
that are principal member of mitosis, meiosis, cell movement, maintenance of cell
structure and intracellular organelles movements. Hence they have become a target
in cancer therapy [8]. The way of protofilament arrangement conveys the microtu-
bule polarity. The a-tubulins are placed in the minus end while B-tubulins are placed
in plus end. In the microtubule plus end, several proteins accumulate that are known
as the microtubule plus end tracking proteins [9]. This group of proteins and their
function will be elaborated further in this chapter. In mitosis, the microtubule-
organizing center (MTOC or centrosome) binds to minus end of microtubules and
cause microtubules accumulation. From there microtubule grows toward outside of
MTOC [10]. y-Tubulin in combination with other proteins forms y-tubulin ring
complex (y-TuRC). y-TuRC is the a- and B-tubulin scaffold before polymerization
begins in MTOC. y-Tubulin also protects the minus end from polymerization and/
or depolymerization. GTP binds to f-tubulin and its hydrolyzation is necessary for
further assembly. GTP-tubulin is stable while GDP-tubulin after losing a phosphate,
is susceptible to depolymerization.

An important characteristic of microtubule is the dynamic instability which is
considered as nature of microtubule to switch rapidly between growth and shrink-
age. Microtubule dynamicity is highly regulated via different post-translational
modifications and by some MAPs that bind to tubulin dimers or at poles of micro-
tubules. This dynamicity provides cell living-needs such as cell movement, migra-
tion and division. Prior to mitosis, the whole structure of microtubule rearranges
from the interphase microtubule architecture to specialized rapidly dynamic mitotic
spindle assembly. These specialized microtubule spindles direct sister chromatids
toward either poles of the cell. This responsibility ultimately ensures each new
daughter cell receive correct and complete genetic content [11].

In the beginning of mitosis, at prophase, microtubule grows out from the centro-
some, and in case the microtubule plus end meets the chromosome, it becomes
stabilized, and otherwise disassembly is initiated. These disassembled free tubulins
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would be available for other microtubule growths. However these events are not
happening just by interaction between microtubule and chromosomes. There are
different ways to achieve functional diversity of microtubule: (i) through the expres-
sion of various tubulin isotypes which each having different functions, (ii) through
post-translational modifications on tubulin and (iii) through binding of numerous
regulatory proteins such as MAPs. These proteins interact with soluble tubulin and/
or microtubule’s surface and ends. Human tubulin isotypes include 7 forms of
B-tubulin and 6 forms of a-tubulin. Their expression varies in different cell types.
The post-translational modification of tubulin includes polyglutamylation, polygly-
cylation, acetylation, phosphorylation, tyrosination/detyrosination and removal of
some residues such as the penultimate glutamic-acid from a-tubulin. Among MAPs,
the motor proteins such as kinesin and dynein. Microtubule regulatory proteins
include stathmin, survivin, MCAK, TOG, EB1, MAP4, dynactin 1, PAC1. Some of
these proteins are associated with resistance of the cell to certain drugs [7]. Many
proteins are involved in the microtubule dynamics. Stathmin is an endogenous
depolimerizer/destabilizer that attaches to free tubulin dimers and avoids their bind-
ings, therefore inhibits formation of protofilaments and microtubules. In contrary,
some other proteins attach to polymerized microtubule and protect their stability or
decreasing the duration and speed of depolymerization. The activity of these native
stabilizers and destabilizers are regulated (phosphorylated/dephosphorylated) by
cell cycle-dependent kinases.

Mutations in o- and B-tubulins affects the microtubule polymer mass and more
or less effect on drug binding sites. As expected, this matter is contributing in resis-
tance to MTAs which will be discussed broadly in this chapter. On the other hand,
abnormal expression of some of B-tubulin isotypes, such as BIII-tubulin, or aberrant
expressions of MAPs are also reported to be associated to resistance to MTAs. Cells
survive optimally within a certain range of tubulin polymerization, about 22—-58%
of intracellular tubulin. Cells with lower levels of polymerized tubulin are resistant
to tubulin-stabilizers such as epothilones and taxanes, but at the same time they are
more sensitive to microtubule-destabilizers such as vinca alkaloids. Opposed to
that, cells with increased levels of microtubules, are more resistant to microtubule-
destabilizers but more sensitive to microtubule-stabilizers [12, 13].

Microtubules are playing a critical role in the mitosis. In the process of mitosis,
duplicated chromosomes of mother cells are divided into two identical chromo-
somes before division of the cell into daughter cells. Since, cancer cells divide rap-
idly compared to the normal cells, therefore this made microtubule a noticeable
target in anticancer researches. Various MTAs through different binding sites bind
to tubulin and target microtubule structure which more or less affects microtubule
dynamics. Microtubule has two types of dynamic behaviors. First type is called as
“dynamic instability” which is a process wherein each microtubule ends switch
between two phases of growing and shrinkage (shortening). The two ends of micro-
tubule are not equivalent. Growing and/or shortening of plus end are much faster
than minus end. Dynamic instability is characterized by four key factors: by the rate
of microtubule growth; by the rate of microtubule shrinkage; the frequency of tran-
sition from the growth to shrinkage which this transition is called “catastrophe”; and
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the frequency of transition from shrinkage to microtubule growth which is called
“rescue”’. Catastrophe and rescue also are called “pause states”. The second type of
dynamic behavior is “treadmilling”. Treadmilling is microtubule growth in one end
and balanced shortening in the opposite end. It occurs when tubulin subunits are
added to the plus (+) end rapidly, while in minus (—) end tubulins are disassembled
with relatively low rate. The duration and frequency of switch between these two
dynamic behaviors depends on what tubulin isotypes are involved, the degree of
post-translational modifications and the type of regulatory proteins actions. For
microtubule polymerization, tubulin-GTPs are added to microtubule ends and it is
hydrolyzed to tubulin-GDP and Pi. Pi is eliminated from the microtubule. Those
microtubules that contain tubulin-GTP or tubulin-GDP- Pi at the end of microtubule,
are stable or capped. These types of microtubules do not go through depolymeriza-
tion. But when the cap hydrolyses, release of Pi enhances some conformational
changes in tubulin dimer and this event destabilizes the exposed microtubule poly-
mer which causes microtubule shrinkage and final term of catastrophe [7]. Such
specialized high qualified networks of mitotic spindles are remarkably sensitive to
the effect of microtubule disrupting drugs. However, the action of MTAs does not
confined to microtubule disruption, but also MTAs alter mitotic kinases. Further
their synergism with same or different class of drugs was discovered. However, the
development of resistance and side effects such as neurotoxicity, are always in the
package that comes with these drugs [7] (Fig. 1).

Microtubules dynamic behaviours

Fig. 1 (a) Microtubule consist of a-tubulin and p-tubulin. Those microtubules contain a-tubulin-
GTP or tubulin-GDP- Pi, are capped at the end and they are stabilized. (b) When cap hydrolyses
(release of Pi) microtubule destabilizes and shrinkages. Microtubule dynamic behaviors: (c)
Dynamic instability where in microtubule polymer ends switch between two phases of growing
and shrinkage, and (d) Treadmilling wherein microtubule grow in one end and balanced shortening
in the opposite end
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Microtubule-Targeting Agents as Anti-Cancer Drugs

A wide variety of small molecules, including taxoles, alkaloids, macrolides and
peptides, bind to tubulin and disturb microtubule assembly, disassembly and dynam-
ics [14]. They are known as MTAs. MTAs great contribution is to interrupt mitotic
spindle formation and subsequently block the cell division. Although this class of
anticancers are very successful but various sort of resistance against them have been
reported [15]. The drugs that nowadays are introduced as MTAs interact with either
tubulin dimers and/or microtubule polymer. MTAs are divided into two major
groups: destabilizers that bind to tubulin dimers and avoid microtubule polymeriza-
tion or bind to polymerized microtubules and promote depolymerization. In con-
trast, stabilizers are group of MTAs that bind to tubulin and/or microtubule polymer
and stabilize the polymerized formation. Destabilizers include vinca alkaloids such
as vinblastine, vincristine, vindesine, vinorelbine, vinflunine other destabilizers are
estramustine, dolastatins, halichondrin, combret-astatins, 2-ME etc. Among stabi-
lizers we can mention taxanes such as paclitaxel, docetaxel, epothilones such as
ixabepilone (anepothilone B analogue). Also it is worth to mention other types of
stabilizers with different structure but with same function such as discodernolide,
sarcodictyins, eleutherobins, laulimalide, rhazinilam and some of the steroids such
as polyisoprenyl benzophenones. Without a doubt MTAs are one of most active
anticancer drugs.

In 1950s vincristine has been introduced as a MTA and since then the emergence
of this class of drugs were recognized and introduced. Along with that, vincristine
binding site on microtubule was identified and other binding sites of other MTAs
were being discovered [16]. This class of MTAs comprises the agents that are
microtubule destabilizers. This class includes vincristine, vinorelbine and vinblas-
tine. Later by the discovery of paclitaxel and docetaxel (Texanes) and investigating
their mode of action, the concept of stabilizers were added as second group of MTAs
[17]. Unfortunately, most of cancers treated with vinorelbine and texanes, eventu-
ally exhibit resistance. Mechanisms known as being involved in resistance to MTAs,
are those altering MTAs binding sites on tubulin at genetic levels (tubulin muta-
tions) or altering the structure of tubulin dimers alone or in microtubule formation
[18, 19]. Tubulin mutation may occur in a- or B-tubulin. Also alteration can be as a
result of qualitative or quantitative modifications in MAPs. Altered tubulin isotype
expressions and altered synthesis of tubulin are also in the list. All kinds of tubulin
mutation have been connected to altered stability of microtubules [12].

Another reason that resistance is an obstacle in therapy is, there is a connection
between resistance to MTAs and apoptotic pathway alteration, given to the overex-
pressed anti-apoptotic proteins and subsequently appearance of faulty apoptotic
pathways in most cancer cells particularly metastatic cancer cells which often
exhibit resistance to anticancer drugs [20]. For instance, two ovarian cancer cell-
lines overexpress an anti-apoptotic protein “survivin” which is considered as one
of main apoptosis inhibitors. This cell-lines also exhibit resistance to taxanes. It
has been reported that taxanes induce survivin phosphorylation in Thr34 which
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subsequently causes high affinity of phospho-survivin for caspases and therefore
inhibits caspase-dependent apoptosis [21, 22].

To know MTAs we listed out some of the natural/synthetic stabilizers and desta-
bilizers below in detail.

Natural Stabilizers

Taxanes

Taxanes include paclitaxel and its semi-synthetized analogue docetaxel were the
most significant additions to the chemotherapeutic industry in late twentieth cen-
tury especially in the treatment of breast cancer [23]. Monroe Wall in 1967
extracted a compound from the bark of yew tree (Taxusbrevifolia) and named it
“Taxol” which is known as Paclitaxel. Wall and his colleagues began the journey
of introducing microtubule stabilizers to cancer therapy. In 1979, Peter Schiff and
Susan Horwitz discovered that paclitaxel induces microtubule polymerization.
By that time the development of this drug was limited due to limited storage of
natural compound. Until drug discovery and developments outgrowed to intro-
duce semi-synthetized analogues of paclitaxel. Paclitaxel discovery and develop-
ment as the first known stabilizer have taken almost 30 years [24]. It was reported
that HeLa cells treated with paclitaxel is blocked in metaphase but unlike vinca
alkaloid- and colchicine-induced metaphase blockage, microtubules mass are not
disrupted and destabilized into tubulin dimers, but microtubule polymers are
organized. Nowadays, we know this reorganization of microtubule as “microtu-
bule stabilization”. They suggested paclitaxel induces microtubule assembly and
stabilizes the formation of those microtubules that already been assembled before
applying the drug. The confirmation of this idea was through preparation of cold-
and Ca**-induced depolymerization condition without applying MAPs and
GTP. Then paclitaxel was applied and the result was increase of microtubule
assembly by increase of tubulin polymerization and continues elongation of
already polymerized microtubules [25]. Taxanes bind weakly to soluble tubulin
but binds tightly to tubulins that are embedded along the length of microtubule.
Taxane-binding site is on p-subunit located in inner side of microtubule lumen.
The exact binding site of this drug was found by electron crystallography of tubu-
lin bound to paclitaxel [26]. It is suggested that the way paclitaxel accesses its
binding site inside the microtubule lumen is by diffusion mechanism or by fluc-
tuations of the microtubule lattice. The exact mechanism of action is after bind-
ing to its binding site, paclitaxel changes the conformation of tubulin by an
unknown mechanism which increases tubulin’s affinity for neighbor tubulins
therefore stabilizes the microtubule and causes increase of polymerization [27].
Exact binding site of paclitaxel is on p-tubulin [28]. Development of various
photoactive group conjugated-paclitaxel analogues, revealed more details of
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paclitaxel binding site on p-tubulin until eventually by electron crystallography
they determined the exact binding site [29]. Each tubulin has one paclitaxel bind-
ing site. Paclitaxel at high dosage (>10 nM) stabilizes microtubule dynamics with
few paclitaxel molecules without increasing microtubule polymerization. In this
scenario, just one paclitaxel molecule is required to bound to microtubule per
hundreds of tubulin molecules and this paclitaxel molecule can reduce extend and
rate of microtubule shrinkage around 50% [30]. Paclitaxel was approved for clin-
ical use by 1995, and nowadays it is used to treat ovarian, breast, non-small-cell
lung cancers and kaposi’s sarcoma. The side effects of paclitaxel are neurotoxic-
ity and myelosuppression [31].

Another interesting fact about paclitaxel’s efficacy is paclitaxel-induced reduc-
tion of protofilaments that form the microtubule from 13 to 12 [32]. However expo-
sure of microtubule to high dosage of paclitaxel, increases microtubule polymer
mass but researches showed at the dosage of below 10 nM, there is no significant
effect on microtubule polymerization and stabilization [30, 33]. There are other
class of stabilizers such as epothilones, sarcodictyins, discodermolide and eleu-
therobin that compete with paclitaxel to bind to taxane-binding site or nearby [34].
Another advantage of stabilizers in regard of avoid cancer cell proliferation is caus-
ing multipolar spindle assembly formation [35].

Docetaxel (Taxotere)

Docetaxel was discovered after paclitaxel. Docetaxel is actually semi-synthesis
from 10-deacetyl baccatin III which is an inactive taxoid precursor isolated from
needles of European yew Taxusbaccata. Docetaxel promotes tubulin assembly in
microtubule polymer and suppresses their depolymerization [36]. This discovery
prompted scientists to discover more stabilizers. Years of research resulted in
approaching several other natural stabilizers which were not related to taxanes [37].

Epothilones

The Epothilones are natural macrolides, considered as non-taxane microtubule sta-
bilizers including epothilone A and epothilone B. This family of stabilizers are sec-
ondary metabolites isolated from myxobacterium Sorangiumcellulpsum in the
1990s [38]. The myxobacterial source of epothilones causes easy culture and isola-
tion of this compound. Epothilones are classified into two groups, epoxides and
olefins based on the absence or presence of epoxide group in their C-12 to C-13
position on macrolide. Examples include epoxides such as epothilones A, B, E and
F and olefins such as epothilones C and D [39]. Epothiones may target taxanes bind-
ing site or a region near that because studies showed, epothilone competes with
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paclitaxel in binding to tubulin. Epotilone causes tubulin polymerization, induces
microtubule elongation and stabilizes microtubule polymer [40]. Two main advan-
tages of epothilones are: unlike paclitaxel it can overcome resistance caused by
P-gp, therefore compared to taxanes, epothilones are improved MTA. Another
advantage of epothilone is chemically offers a unique chemotype that makes it
available for fermentation-based semi-synthetic approach to synthesiszing its ana-
logues [41]. Currently several members of epothilone family are under clinical tri-
als, such as patupilone a natural epothilone B (EPO906), a second generation
epothilone B (BMS-310705), a third generation epothilone B (ZK-EPO), an epothi-
lone D (KOS-862) and a second generation epothilone D (KOS-1584) [42].

Peloruside A

Peloruside A is a macrolide MTA that was isolated from a New Zealand marine
sponge called Mycale hentscheli by West and Northcote. Peloruside A shows micro-
tubule stabilizing activity and mitotic blockage at dosage of 10 nM and it has shown
a synergistic effect with paclitaxel, even though its binding site is not taxane-binding
site. Peloruside is a rare natural product and contains an intriguing structural fea-
ture, therefore became attractive for synthetic studies [43].

Laulimalides

Laulimalides are extracted from marine sponge Cacospongiamycofijiensis [44] and
this compound also displays microtubule stabilizing activity, binding to microtubule
in a non-texane site [45]. The compound actually binds to a-tubulin [46]. This com-
pound is reported to exhibit a synergistic stabilizing activity in combination with
paclitaxel or epothilones [47]. These properties make laulimalides considered for
next generation of stabilizers in combination therapy. But the mechanistic action of
this compound and how they have synergism with taxane-site binding drugs is not
completely understood.

Prota et al. [48] have showed laulimalides and peloruside A stabilize p-tubulin
M-loop without forming any secondary structure plus causing formation of a bridg-
ing between two tubulin dimers across protofilaments in structure of microtubule.
Also in same study they reported that there is an allosteric crosstalk activity between
laulimalide/peloruside and taxane-binding site in either assembled or unassembled
tubulins [48]. Ligand that binds to laulimalide/peloruside-binding site, stabilizes the
conformation of the taxane site, including the M-loop [49]. On the contrary, ligands
which binding to taxane-binding site, stabilize the elements that form laulimalide/
peloruside-binding site in microtubule [49]. This study is the first study that showed
the structural framework for this crosstalk and therefore they proposed the synergis-
tic effect of laulimalide/pelorusideand taxane-binding site ligands on tubulin [48].
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Taccalonolide

Taccalonolides are isolated from roots and rhizomes of Taccachantrieri species.
They are another class of microtubule stabilizers that do not bind to taxane-binding
site. The uniqueness of taccalonolides is that they do not bind directly to tubulin or
microtubule and also do not induce polymerization of purified tubulin. They are
able to bind to B-tubulin covalently and this is how they contribute considerable
efficacy at low concentrations [50]. Taccalonolide causes bundling of microtubules
in interphase. There is a group of this compound include at least 25 members.
Among them taccalonolide A and E are the most rare naturally occurring secondary
metabolite. The greatly acetylated pentacyclic skeleton in taccalonolides structure
makes them distinct from other stabilizers. Taccalonolides A and E specifically
cause bundling of microtubules in interphase and mitotic arrest of cancer cells
which includes multiple aberrant spindles that is able to initiate apoptosis in same
manner as paclitaxel. However, taccalonolides keep their efficacy in cells that are
mutated in paclitaxel-binding site [S1] as well as those cells that overexpress P-gp
[52], or cells that show resistance due to expression of PIIl-isotype of tubulin.
Taccalonolides A and E showed excellent efficacy in paclitaxel and doxorubicin
resistant mammary tumor model in vivo [53].

Cyclostreptin

Cyclostreptin is a bacterial product that was reported to have a weak paclitaxel-like
activity on tubulin and exhibited anticancer activity in vivo [54]. Cyclostreptin is
noteworthy for its characteristic feature of not being a taxane-binding compound
but displaces taxane-binding ligands from their binding sites. Cyclostreptin poorly
induces microtubule polymerization [55]. Buey et al. [56] reported that cyclostreptin
binds to microtubule covalently. Mass spectrometry (MS) results showed
cyclostreptin covalently binds to microtubule with either Thr*?® or Asn?. With the
preference for Thr?® in case of binding to the free tubulin dimer. This was the first
MTA agent that has been shown to bind to microtubule in such particular way. This
covalent type of binding explains unusual properties of cyclostreptin including
requirement for higher temperature for polymerization induction. Cyclostreptin
binds to microtubules irreversibly and is thought to be much more stable in complex
compared to unbound microtubules and even more stable than paclitaxel-induced
microtubule. Cyclostreptin’s activity retains in paclitaxel-resistant cancer cells. The
cells that overexpression of P-gp or the expression of mutant B-tubulin is thought to
be responsible for resistance to paclitaxel. It was suggested the covalent binding of
cyclostreptin to microtubules could be one of the reasons for overcoming resistance
as observed with paclitaxel. It is interesting that cyclostreptin is 40-fold less toxic
than paclitaxel [56]. However, we must consider the fact that drugs that react cova-
lently with any specific target, could be extremely toxic for humans [57].
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Discodermolide

Discodermolide, is a polyketide natural product extracted from Caribbean marine
sponge Discodermia dissolute, that was initially reported to be an immunosuppres-
sive and an antifungal agent [58]. Later discodermolide was reported to be a poten-
tial microtubule stabilizer. Recent studies reported this stabilizer or its analogues
may have advantages compared to other class of microtubule stabilizers [59].
Discodermolide has demonstrated its potent effects against those cancer cells that
express P-gp and the cells that exhibit resistance to taxanes via incorporating
mutated tubulins. Discodermolide also has been shown to have a synergistic effect
with paclitaxel [60].

Dictyostatin

Macrolactone (-)-dictyostatin first was isolated from a Maldives marine sponge
Spongia sp.[61]. Dictyostatin stabilizes microtubule polymer by preventing depoly-
merization of tubulin dimers in the same way as discodermolide does. Dictyostatin
proved to be effective against multidrug-resistant (MDR) cancer cells. In spite of
this interesting result, further study of dictyostatin was not undertaken due to rarity
of this natural agent and its unknown structure. Eventually, researchers elucidated
its structure to be related to discodermolide [62]. In 2002, Shin and his colleagues
reported the synthesis of first discodermolide-dictyostatin hybrid [63].

Eleutheside

Sarcodictyin and eleutherobin are two members of diterpene glycosides that belong
to eleutheside family. They are natural microtubule stabilizers with the activity pro-
files different from paclitaxel [64]. Sarcodictyin was first extracted from
Mediterranean stolonifer Sarcodictyonroseum. Later, it was isolated from the South
African soft coral Eleutherobiaaurea along with isolation of two glycosidated con-
geners, eleuthosides A and B. Sarcodictyin was reported to stabilize microtubule
and compete with paclitaxel in binding to taxane-binding sites [65]. Sarcodictyin
and eleutherobin are active against paclitaxel-resistant human cancer cells therefore
are classified as second generation of natural microtubule stabilizers. Eleuthesides
are marine products therefore their isolation is difficult and obtained compound is
in a very limited quantities. Therefore, once again, the synthesis of these natural
products analogues are required for further studies [66].
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Synthetized Stabilizers

Discodermolide Analogues

Minguez et al. [59] produced analogues of discodermolide in simplest synthetic
steps wherein they described it as simplified discodermolide analogues. By that
time synthesize of analogues have not been reported in simpler production steps (30
or more steps starting from commercial material to the final product). All of the
analogues kept the C8-C14 core of discodermolide because three stereocenters and
two alkenes of this core form a characteristic shape for the molecule. These ana-
logues have been tested beside discodermolide and paclitaxel for their cytotoxic
effects. The result showed even drastic structural simplification has microtubule
targeting activity. Six novel derivatives of discodermolide were produced. Here we
mention the cytotoxic activity of few of these analogues.

Analogue 1 was tested on microtubule assembly assay in isolated bovine brain
tubulin and the results showed that this agent caused very low tubulin nucleation
in vitro. Moreover, this agent caused displacement of (3H) paclitaxel bound to
microtubules. High content multi-parameter fluorescent cell profile displayed dis-
ruption of microtubule assembly by this discodermolide analogue and blocked the
cell in G2-M cell cycle phase. Analogue 6 showed targeted multiple cellular sur-
vival patterns in cells that are resistance to paclitaxel and its own parental agent,
discodermolide [59].

Discodermolide-Dictyostatin Hybrid

Shin et al. [63] reported the first series of discodermolide-dictyostatin hybrid agents
by inverting the absolute configuration of dictyostatin, therefore this way it resem-
bles discodermolide. Some of these new hybrids showed 50% anti-proliferation
activity against human breast cancer cell-line MDA-MB-231 and human ovarian
cancer cell-line 2008 at 1 pM. Further study showed this hybrid displaced (3H)
paclitaxel bound in microtubules [63].

Ixabepilone

The Ixabepilone (aza-epothilone B, BMS-247550, trade name: Ixempra®) is a microtu-
bule stabilizer and it is semi-synthetized analogue of epothilone B by exchange of an
azide group with oxygen at position 16 on the macrolide ring. Ixabepilone is one of latest
epothilones being approved by FDA for clinical treatment in 2007. Ixabepilone binds to
taxane-binding site but its interaction with tubulin is different than that by paclitaxel.
Once it binds to f-tubulin subunit, it suppresses the dynamic instability of microtubules.
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Ixabepilone exhibited activity against cells that show multiple drug-resistance such as
that induced by P-gp [67]. A phase III randomized study compared ixabepilone plus
capecitabine v against capecitabine alone in advanced or metastatic breast cancer
patients who showed resistant to taxanes and anthracyclins. Ixabepilone in combination
with capecitabine resulted in a 25% reduction in the disease progression compared with
capecitabine alone [68]. It is also recommended for treatment in the cancers of bladder,
colon, pancreatic, breast, kidney etc. It is noteworthy to mention that Ixabepilone side
effects are low and manageable [67].

Natural Destabilizers

Vinca Alkaloids

The Vinca alkaloids are successful MTAs from their introduction to clinical trials.
Vinblastine and vincristine are two well-known members of vinca alkaloid family.
They are extracted from leaves of the periwinkle plant Catharanthusroseus (L)
G. Don. Periwinkle plant leaves were used for their traditional medicinal properties
from the seventieth century. But in late 1950s, their anti-mitotic property was discov-
ered by Eli Lily Research Laboratories and at the University of Western Ontario [69,
70]. Initially, vinca alkaloids were used for treatment of haematological malignancies.
They were called “wonder drugs” for their successful outcome, and their efficacy in
several combination therapies was also remarkable. The success of vinca alkaloids
persuaded development of numerous semi-synthetic analogues such as vinflunine,
vindesine and vinorelbine. Myelosuppression and peripheral neuropathy are the major
side effects of vinca alkaloids [71]. Especially, myelosuppression occurs due to the
mitotic blockage of rapidly dividing bone-marrow cells. Vinca alkaloids depolymer-
ize microtubule polymers and disrupt mitotic spindle at high dosage (10-100 nM in
HeLa cell-line) [72]. But at low clinically relevant dosage (0.8 nM in HeLa cell-line),
vinblastine blocks mitosis without depolymerizing microtubules involved in spindle
assembly and cells finally die by apoptosis [72]. This mitotic blockage happens due to
inhibition of microtubule dynamics rather than depolymerization. Vinblastine is a
dimeric alkaloid extracted from the genus Vinca [73]. In 2005, the exact mechanisms
by which vinblastine exerts its action structurally have been characterized. Its major
effect is the ability to induce formation of spiral-like tubulin accumulation by interact-
ing with both a-tubulin and p-tubulin. This type of contacts would form and stabilize
a curved proto-filament. Vinblastine also induces accumulation of ternary complex of
two tubulin dimers which are helical assemblies of complexes in which vinblastine act
like a bridge between them. This bridge is formed by the interaction of vinblastine
with o-tubulin of the first dimer and pB-tubulin of the second dimer. Electron micro-
graphs revealed long proto-filament curls upon vinblastine treatment. These curls are
shorter and more flexible than those formed under colchicine treatment under the
same condition. Vinblastine at its low dosage suppresses microtubules plus (+) end’s
dynamic instability. Therefore, cells that are under clinically relevant dosage of
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vinblastine; encounter mitotic blockage. But by increasing its dosage, vinblastine
depolymerizes the microtubule by increasing the proto-filaments spiral-like structures
and curls. Gigant et al. [74] was the first study that introduced curvature into tubulin
and tubulin assemblies. Compared to colchicne, another natural destabilizer, vinblas-
tine binds in different binding sites. Vinblastine acts at the inter-dimer interface of
tubulin while colchicine acts at the intra-dimer interface of tubulin. Compare to other
MTAs such as paclitaxel and colchicine, vinca-binding site is equally shared between
two tubulin dimers [74]. Variety of other drugs such as vincristine, vinorelbine, viin-
fluine, cryptophysin 52, halichondrins, doolastatins and hemiasterline also bind at
vinca-binding site [7]. Vinblastine binds to soluble tubulin rapidly and it is reversible
[75]. Binding of vinblastine to tubulin enhances a conformational change in connec-
tion with tubulin self-association [76], meaning vinblastine increases the affinity of
tubulin for itself. In already polymerized microtubules, vinblastine binds to last tubu-
lin at the far ends of microtubule with high affinity but it binds with very low affinity
to those tubulins which are localized deep in the microtubule lattice [77]. One or two
vinblastine molecules are enough for each microtubule to lose both dynamic instabil-
ity and treadmilling without going through any microtubule depolymerization. To be
more specific, vinblastine causes reduction of extent and rate of microtubule growth
and shrinkage but causes increase of microtubule pause state with neither grow nor
shrinkage. Reduction of dynamic instability and treadmilling causes mitotic blockage
by reducing normal mitotic spindle assembly and reducing the tension at the kineto-
chore of chromosomes. Cells in this step are stuck in metaphase-like state, chromo-
somes are stuck at the spindle poles, unable to move to spindle equator. Also in this
step the signal to anaphase-promoting complex/cyclosome (APC/C) is blocked there-
fore cell is unable to transit from metaphase to anaphase. These cells eventually will
die through apoptosis [7]. One significant property of vincristine and vinblastine is
they bind to tubulin in lower than 5 min, while colchicine binding takes over 4 h [78].

Estramustine

Estramustine is a nitrogen mustard derivative of estradiol-17f-phosphate that is cur-
rently used alone or in combination with other anticancer drugs for prostate cancer
treatment. Estramustine inhibits the microtubule dynamics and arrests the cells in
G,-M phase. The Considerable side effects of estramustine exist and include the
development of anaemia [79].

Dolastatin

Dolastatin is a natural peptide and it was originally found in Indian Ocean sea hare,
Dolabellaauricu-laria. A variety of dolastatin analogues have been reported to disrupt
microtubules and therefore induce mitotic arrest [8§0]. Some of dolastatin analogues
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such as dolastatin 15 (DL15) have been reported to cause significant regression of
tumors in clinical trials [81]. Mitra et al. [82] found that another analogue, dolastatin
10 binds to B-tubulin in a domain near the exchangeable GTP site [82]. But Cruz-
Monserrate et al. [83] found that DL15 binds to tubulin at vinca-binding site [83].
Dolastatin 10 and DL15 both inhibit microtubule assembly dynamics, microtubule
polymerization and cause the formation of non-microtubule structure assemblies of
tubulin. Disruption of microtubule assembly dynamics caused inter-polar distance
reduction in Hela cervical cancer cells. Also, dolastatin causes loss of tension across
the chromosomes kinetochores. Whenever tension is lost, tension-sensing checkpoint
proteins such as BubR1 accumulate at the kinetochores during mitosis. Higher dosage
of DL15 causes multi-polarity in the cells. Besides DL15 suppressed naturally decay
of tubulin which is time- and temperature-dependent in vitro. This fact suggested
DL15 causes conformational alterations in tubulin structure [84].

Colchicine

Colchicine was first isolated from the meadow saffron, Colchicum autumnale. In
fact tubulin was referred to as “colchicine binding protein”. First it was reported to
bind unpolymerized tubulin dimer and ultimately avoid polymerization [85].
Colchicine is known as a microtubule destabilizer. Its efficacy is in the dosage of
0.015 mg/kg. And it is toxic in the dosage greater than 0.1 mg/kg and it is lethal in
dosage of 0.8 mg/kg [86]. Ravelli et al. (2004) reported that colchicine-binding site
on tubulin is at a location of where it prevents curved tubulin from reforming a
straight formation therefore it inhibits tubulin assembly. Colchicine binds to
B-tubulin at the interface. At low dosage of colchicine, microtubule growth is
delayed and microtubule dynamic is suppressed, but at high dosage, microtubule
depolymerizes. To elaborate mechanistic action of colchicine, we must know that
microtubules in order to gain stability, require lateral and longitudinal interactions
between tubulin dimers. The M loops of straight tubulins are main area for lateral
interaction. When colchicine is added to microtubule, M loop will be displaced
therefore the lateral interaction of newly formed protofilaments are not conducted.
This is because the straight tubulin formation is not selected. Until missing lateral
interaction portion is small, the microtubule mass will stay same. This scenario case
occurs when colchicine is applied at low dosage. When a higher dosage is applied,
the proportion of missing lateral interaction will increase which leads to destabiliza-
tion of microtubule ends and causes disassembly [87].

Nocodazole

Nocodazole is a natural destabilizer with reversible and rapid activity. It interferes
with microtubules polymerization and the therapeutic efficacy of nocodazole is lim-
ited due to occurrence of different side effects such as neutropenia, leukopenia,
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bone marrow suppression and anaemia. This agent currently is used as a lead agent
for design and discovery of novel analogues and also used as a reference compound
in cancer studies [88].

Cryptophysin

The Cryptophycins are the macrocyclic depsipeptides and they were isolated ini-
tially from cultivated cyanobacteria Nostoc sp. in 1990. Investigation on different
member of this group of compounds leaded to discovery of cryptophycin-1 as the
major toxin among this species. Almost in same period of time another group of
scientists isolated nastatin A from marine sponge Dysideaarenaria which later was
known as cryptophysin-24. Cryptophycin-1 and the highly bioactive synthetic cryp-
tophycin-52 display remarkable anti-mitotic activity even against those cells with
MDR. Cryptophysin binds to p-tubulin and suppress tubulin polymerization and
also depolymerization of microtubule has been observed in vitro. The cryptophycin
binding site on tubulin is close to vinca-binding site. This location is known as
“peptide-site”. But until today no structural information have been proposed to vali-
date tubulin-cryptophysin complex [89].

Halichondrin B

The Halichondrin B was first isolated from the marine sponge Halichondriaokadai.
Itis also found in Axinellasp. Phakelliacarterisp. and Lissondendryxsp. Halichondrin
B has been reported to inhibit tubulin polymerization and microtubule assembly
in vitro and in vivo. It binds to the GTP and vinca-binding site in tubulin and inhibits
tubulin-dependent GTP hydrolysis [90].

Combretastatins

Combretastatin is a stilbenoid phenols from root bark of a South African tree
Combretumcaffrum which were found to be effective for primitive cancer treatment
[91]. Combretastatin resembles colchicine and binds to the colchicine-binding site.
Since 1990, this compound has been under extreme development as a vascular-dis-
rupting agent (VDA). When combretastatin is applied to endothelial cells, cellular
microtubules begin to depolymerize rapidly [92]. When combretastatin was treated
to rodents their blood flow drops up to 95% less than 1 h [93]. A most potent natural
combretastatin is combretastin A-4 (CA-4,3) which is unstable in vivo because of
the transformation from the active cis-configuration to the more stable but inactive
trans-configuration [88].
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Hemiasterlins

Hemiasterlin was isolated from sponge Hemiasterella minor in Sodwana Bay, South
Africa. It displays anticancer activity against human colon carcinoma, lung carci-
noma and melanoma in vivo [94]. This compound inhibits depolymerization of
existing microtubules and inhibits new microtubule assembly. Hemiasterlins are
poor substrates for P-gp, therefore they are interesting candidates for cancer therapy
and they are under clinical trials [12]. Hemiasterlin efficacy is banned by overex-
pressed P-gp mouse tumor xenograft models. But synthesis of several analogues of
hemiasterlin, their in vitro and in vivo anticancer activities and their indifference
reaction to P-gp-mediated drug efflux, could overcome the flaw [95].

Podophyllotoxin

Podophyllotoxinalso known as podofilox and it is a toxic lignin isolated from rhi-
zomes and root of Podophyllumpeltatum. This agent compete with colchicine in
colchicine-binding site and it binds to tubulin faster than colchicine [88].
Podophyllotoxin semi-synthetic derivatives teniposide, etoposide andetopophos
(etoposide phosphate) are used for therapy of numerous malignant conditions [96].
Podophyllotoxin mechanism of action is through the inhibition of tubulin polymer-
ization and inhibition of microtubule assembly in the mitotic spindle apparatus.
However, its two derivatives, etoposide and teniposide were reported not to follow
same mechanism of action as parent compound but their efficacy is through interac-
tion with DNA and suppressing DNA topoisomerase II [97].

Curacin A

Curacin A is a lipid component isolated from a strain of the cyano bacterium
Lyngbyamajuscule. Curacin A binds tightly and rapidly to colchicine-binding site
on tubulin. It is not developed in clinical trials owing to its poor water-solubility and
lack of stability, however development of its synthetic analogues with improved
water-solubility and bioavailability may provide new hopes [88].

2-Methoxyestradiol (2-ME)

2-Methoxyestradiol is an endogenous estrogen metabolite, formed by hepatic cyto-
chrome P450 2-hydroxylation of B-estradiol and 2-O-methylation. 2-ME targets tubu-
lin polymerization by binding to colchicine-binding site and suppresses tumor
vascularization in vivo. Its main side effects are nausea, fatigue, edema, diarrhea,
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neuropathy and dyspnea. Therefore, the development of metabolically stable analogues
of 2-ME has started with the aim of improved properties. In this regard, ENMD-1198
was generated through the chemical modifications at 3 and 17 position of 2-ME [88].

Synthetized Destabilizers

Eribulin (E7389)

Eribulin is a synthetized analogue of halichondrin B already it is in phase III clinical
trial for breast cancer treatment. At low dose, it binds to tubulin dimer and sup-
presses the polymerization of microtubule and microtubule dynamic instability in
interphase, arrests mitosis and causes apoptosis. In one study they measured the
effects of eribulin on centromere dynamics and the microtubules that attached to
centromere and kinetochore by time-lapse confocal microscopy in U-2 OS human
osteosarcoma cell-line. Eribulin suppressed centromere dynamics at dosage that
arrest mitosis (60 nmol/L). The result showed that dynamicity decreased 35% with-
out centromere separation. This indicated that eribulin decreased microtubule-
dependent spindle tension at the kinetochores, preventing the signal for mitotic
checkpoint passage [14]. A study in 2009, in order to understand the exact molecu-
lar interaction between halichondrin B and tubulin, investigated the binding of two
halichondrin B analogues, eribulin and ER-076349 to tubulin by quantitative ana-
Iytical ultracentrifugation. Under critical dosage of tubulin for microtubule assem-
bly and in the presence of GDP, tubulin undergoes weak self-association into short
curved oligomers. In the presence of eribulin, this oligomer formation is suppressed
4-6-fold, while ER-076349 slightly induces oligomer formation by 2-fold. This is
exactly opposite of the vinblastine effect. Vinblastine strongly induces large spiral
polymers around 1000-fold under same condition. Vinblastine-induced spiral for-
mation is suppressed by both eribulin and ER-076349. Colchicine does not have any
significant effect on small oligomer formation or does not undergo inhibitory effect
of eribulin. These results suggest that halichondrin B analogues bind to the interdi-
mer interface of tubulin or to the B-tubulin alone, disrupt polymer stability, and
compete with vinblastine-induced spiral formation. Eribulin is a comprehensive
inhibitor of tubulin polymer formation while ER-076349 also perturbs tubulin-
tubulin contacts, but in more polymer formation. These results suggested that hali-
chondrin B analogues show unique tubulin-based activities [98].

SMART

Among synthetized destabilizers, a class of 4-substituted methoxybenzoylaryl-
thiazoles (SMART) including 3 compounds known as SMART-H (H), SMART-F
(F) and SMART-OH (OH) were recently reported. These compounds are with
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varying substituents at the 4-position of aryl ring, showed their potency to colchicine-
binding site on tubulin, which causes suppression of tubulin polymerization, arrest
cancer cells in G,-M phase and induce apoptosis. A remarkable characteristic of
SMART compounds is that they can inhibit the growth of MDR overexpressing
cells in vitro. This potency indicates that they can overcome MDR. SMART com-
pounds suppressed the growth of 4 human prostate cancer cell-lines, and 2 mela-
noma cell-lines at a nanomolar range. In human prostate (PC-3) and melanoma
(A375) cancer xenograft models, SMART-H and SMART-F treatments resulted in
G,-M arrest and induced apoptosis. Incubating SMART compounds with bovine
brain tubulin (>97% pure) showed effect of SMART compounds on tubulin polym-
erization. SMART-H and SMART-F suppressed tubulin polymerization by 90%,
SMART-OH inhibited the polymerization by only 55%. In vivo treatment of
SMART-H for 21 days at the higher dosage (15 mg/kg) failed to produce any appar-
ent neurotoxicity. In the same study under same experimental conditions, the ICs,
for SMART-H (4.23 mmol/L) was close to colchicine’s ICs, (4.91 mmol/L). Also by
using novel MS competitive binding assay which corresponding to the 3 binding
sites on tubulin, colchicine, vinca alkaloid and paclitaxel, they found out that
SMART-H specifically competed for colchicine-binding site on tubulin, but it did
not compete for either vinca alkaloid-or paclitaxel-binding sites. Among them,
SMART-OH had the least potent anti-proliferative effects [99].

Methyl 2-(5-Fluoro-2-Hydroxyphenyl)-1H-Benzo (d) Imidazole-
5-Carboxylate (MBIC)

A recent study in 2016, a benzimidazole-derivative, Methyl 2-(5-fluoro-2-
hydroxyphenyl)-1H-benzo (d) imidazole-5-carboxylate known as MBIC was
introduced as a potential MTA more specifically a tubulin destabilizer. Tubulin
polymerization assay demonstrated MBIC disrupted tubulin nucleation and
polymerization at similar dosage as nocodazole, colchicine and paclitaxel. The
maximal velocity (Vmax) for MBIC was 2.45mOD/min which was more close to
colchicine (Vmax: 2.25 mOD/min) rather than nocodazole (Vmax: 3 mOD/min),
in contrast with paclitaxel (Vmax: 33 mOD/min) and untreated cells (Vmax: 12
mOD/min). This result indicated the resemblance of MBIC to colchicine. Also in
this study, live-cell imaging result showed untreated HeLa cells formed bipolar
spindle assembly but MBIC-treated cells did not form proper mitotic spindle and
stayed in mitotic arrest for long time until cells undergo apoptosis. A remarkable
characteristic of MBIC is the cytotoxic effect of this novel drug against HeLa
cancer cell-lines is about 0.02 pM while its toxicity against normal cell WRL-68
is around 10.09 pM. Another considerable characteristics of MBIC is its syner-
gistic effect with conventional drugs such as colchicine, nocodazole, doxorubi-
cin and even paclitaxel (due to overall mutual interruption of microtubule
dynamics) [100].
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N-Acetylcolchinol O-Methyl Ether and Thiocolchicine

N-Acetylcolchinol O-Methyl Ether (NCME) and Thiocolchicine are two colchicine
analogues with modification only in C ring that are reported to be a better destabi-
lizer than colchicine. Radio-labelled thio colchicine (with a thiomethyl instead of a
methoxy group at position C-10) and NCME (with amethoxy-substituted benzenoid
instead of the methoxy-substituted tropone C ring) were produced to be compared
with colchicine. The result showed that, NCME and thiocolchicine bind to tubulin
much faster than colchicine even though there is differences between these two
analogues and colchicine. The binding of thiocolchicine to tubulin is temperature-
dependent but thiocolchicine has similar rate of binding to tubulin with colchicine
so as a function of temperature, almost there are no differences in activation energy
of thiocolchicine and colchicine binding reaction. In a contrary, NCME binds to
tubulin at low temperatures and reaction is done at low tubulin and drug dosage. The
binding rate of NCME to tubulin is 16 times faster than colchicine binding and it is
constant from 10C to 37C. The high binding rate is constant therefore the reaction
eventually increases relatively while temperature rises. On the other hand the activa-
tion energy is only 40% of colchicine activation energy [101].

ZD6126

7ZD6126 is a synthetic form of a water-soluble phosphate prodrug N-acetylcolchinol.
In vitro studies have shown appearance of pronounced and reversible changes in the
morphology of endothelial cells that being treated with ZD6126 compared to those
being treated with N-acetylcolchinol, at sub-cytotoxic dosage. None of ZD6126 nor
N-acetylcolchinol have induced changes in growth of human umbilical vein endo-
thelial cells at dosages below 100 pM. But, changes in endothelial cell morphology
were detectable at 0.1 pM of ZD6126. In vivo studies using a murine tumor model
(CaNT) with dosage below the maximum tolerated dosage have showed a signifi-
cant reduction in vascularization volume and induction of extreme necrosis in the
tumor. Another in vivo study in the human xenograft FaDu, paclitaxel stabilizing
activity was enhanced by adding a single dose of ZD6126 in the combination. This
overall pronounced growth delay given by paclitaxel and ZD6126 combination was
much higher than the effect of each individual drug alone. These finding offers
7ZD6126 as a promising anti-vascular agent for the treatment of solid tumors.

E7974

E7974 is a synthetic analogue of hemiasterlin and the benefit of E7974 over hemiasterlin
is exhibition of same efficacy against numerous human cancer cell-lines at nanomolar
dosage. A significant in vivo anticancer activity of E7974 in numerous human tumor
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xenograft models was observed. E7974 displayed a very low cytotoxicity against non-
dividing human fibroblasts and quiescent. E7974 retains significant potency in cells with
overexpressed P-gp. E7974 also exhibited a strong potency in paclitaxel-resistant ovarian
cancer cell-line that their resistance is based on mutations in f-tubulin gene. Among
xenograft models, those that are resistant to taxanes show high sensitivity to E7974 [102].

HTI-286

HTI-286 is another synthetic analogue of hemiasterlin and like other members of
this family, as a destabilizer, hinders tubulin polymerization and induces microtu-
bule’s dissolution by binding to tubulin dimer [103]. This compound also causes
mitotic arrest and cell death in cancer cells [104]. Nunes et al. [105] radiolabeled a
photo-affinity analogue of HTI-286 and they reported HTI-286 binds to a-tubulin
subunit [105]. HTI-286 suppresses growth of human tumor xenografts models
which are resistant to paclitaxel and vincristine through MDR1 expression [106].
HTI-266 is also effective against those cell-lines that are resistant to paclitaxel,
epothilone and those that contain point mutations in -tubulin at the taxane binding
site, therefore this drug is able to bypass different resistance mechanisms [107].

CA-4P, Oxi4503, AVE8062, Plenstatin and CC-5079

As it is mentioned above combretastatin has anti-tubulin activity by binding to
colchicine-binding site but faced some limitations in vivo. A prodrug of CA-4 is
CA-4P (zybrestat) currently is in phase II trials for various types of cancers such as
relapsed ovarian cancer, non-small cell lung cancer and anaplastic thyroid cancer.
Oxi4503 is another analogue of combretastatin (combretastatin A-1 diphosphate,
CA-1P) which targets tumor vasculature. AVES062 is a CA-4 analogue which dis-
rupts the formation of blood vessels in the tumors. It has the better water solubility
when compared to CA-4. This analogue recently started its phase III trials. Plenstatin
is another analogue of CA-4 and it is more stable than CA-4 while has exact same
anti-tubulin activity as CA-4. CC-5079 is another analogue of CA-4 also known as
isocombretastamins A. This analogue acts as a dual inhibitor which inhibits polym-
erization of tubulin and inhibits activity of phosphodiesterase (PDE4), therefore
contains not only anticancer but also anti-angiogenic properties [88].

ABT-751 (E7010)

ABT-751 is a synthetized destabilizer and a novel sulfonamide which is currently in
phase II clinical trials. ABT-751 binds to colchicine-binding site on p-tubulin. It is
reported to have side effects included fatigue, abdominal pain and constipation [88].
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T138067

T138067 is another synthetized destabilizer which binds to f-tubulin covalently
which causes specific modification that prevents o- and p-tubulin dimers polymer-
ization. T138067 showed efficacy against those cancer cells that express MDR phe-
notype. A phase II clinical trial reported that T138067 application was tolerable
with moderate hematologic and gastrointestinal toxicity. Other expected side effects
such as neurotoxicity was minimal [88].

Indibulin (D-24851, Z10-301)

Indibulin is a promising candidate because this agent exhibited a great property
which is lack of neurotoxicity in its curative dosages while this side effect is largely
associated with other MTAs such as paclitaxel and vincristine. Indibulin has effi-
cacy against taxane-resistant cancer cells in vitro and xenograft model. In addition,
it has efficacy against MDR expressing cancer cells. Also, indibulin retains its effi-
cacy in the cells that show resistance to cisplatin, thymidylate synthase inhibitor
5-Flourouracil and topoisomerase-I-inhibitor. This agent orally is available. Another
great property of indibulin is partially competes with colchicine-binding site bind-
ers without overlapping in colchicine-binding site [88].

Cryptophysin 52 (LY355703)

Cryptophycin-52 (LY355703) is a synthetic form of cryptophysin family. It acts as a
destabilizer, and it depolymerizes microtubules that are involved in spindle appara-
tus and suppressing their dynamics. Under effect of this drug, inhibition of cell pro-
liferation was observed even in absence of noticeable spindle microtubule
depolymerization [108]. Cryptophysin 52 has passed clinical phase I trials but clini-
cal phase II trials were left uncontinued due to increase of dose limiting toxicity
in vivo. Cryptophysin 52 manifested a remarkable experience that of those agents
are highly effective in vitro do not necessarily exhibit same efficacy in vivo. From
here researches are undertaken for synthetize of second-generation structure of this
drug, most likely with more water solubility and greater selectivity for cancer cells
[89]. Some of modified analogues of cryptophycins that contain polar residues dis-
play significant lower cytotoxicity against cancer cells with MDR because crypto-
phycins are good substrates for the P-gp efflux pump. Recently, a cryptophycin 52
analogue named cryptophycin-fluorescein-RGD-peptide conjugate was synthesized.
Cyclic RGD-peptides are known for their affinity for a,fsintegrins which are highly
expressed on some of cancer cells. This compound was found in the lysosomes of
WM-115 human epithelial cancer cells. This property of cryptophycin-RGD-peptide
conjugates make them potential to have a selectivity for cancer cells [89] (Fig. 2).
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Fig. 2 Microtubule stabilizers and destabilizers binding sites in microtubule

End-Binding Proteins; MTAs Assistants

Despite the fact, MTAs are widely used, still researches continue to find more effec-
tive and less toxic agents to substitute and/or combine with conventional MTAs.
Some MTAs at low concentrations interact with microtubule ends [7]. As we
explained earlier in this chapter, the plus (+) end of growing microtubule has a sta-
bilizing GTP-bound tubulin cap which if is lost, microtubule depolymerizes (catas-
trophe). In fact catastrophe depends on microtubule age and happens after several
steps [109]. There are several endogenous microtubule destabilizing proteins that
increase the speed of microtubule ageing or decrease the number of steps leading to
catastrophe [110]. At plus end of microtubule a group of proteins known as micro-
tubule plus end-tracking proteins (+TIPs) are accumulated which regulate dynamics
and function of microtubule [111]. +TIP includes end-binding proteins (EB) in the
core of +TIP. EB proteins recognize a stabilizing cap at microtubule growing end
[112]. EBs affect microtubule dynamics therefore it has been suggested that EBs
might affect MTAs efficacies. Maurer et al. [113] reported that EBs effecting the
interfilaments contacts and/or alter the rate of GTP hydrolysis in the microtubule
stabilizing cap [113]. In 2013, a group of researchers investigated the EB proteins
effect on various types of MTAs and its function on microtubule dynamics. They
found out in the absence of EBs, destabilizer agents suppress elongation of micro-
tubules by delaying the polymerization. In contrast, in the presence of EBs, the
elongation was inhibited due to highly increased rate of catastrophe at a dosage of
destabilizer which is insufficient to effect the microtubule growth. On the other
hand, in the EBs supporting stabilizer side, to inhibit the catastrophe stabilizer
agents do not require any EBs’ existence but they mildly increase the catastrophe
rate when EBs are added. Regardless MTAs mechanism of action and their binding
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site, they increase the frequency of catastrophe if EBs are bound to microtubules. In
the presence of EBs, stabilizers and destabilizers could be applied in lower dosage,
yet exhibit the promoted catastrophe [9]. Analyzing microtubule growth times
proved that destabilizer agents increased the frequency of catastrophe in a dose-
dependent manner by increasing the occurrence rate, not by number of intermediate-
catastrophe-promoting steps. This result suggests that these destabilizer agents do
not alter the microtubule aging mechanism but in interaction with EBs, destabilizer
agents accelerate microtubule aging progression. Moreover stabilizing agents
increase rate of both catastrophe and rescue in EBs presence [9]. In the presence of
EBs, both stabilizers and destabilizers induce the formation or increase of microtu-
bule lattice defects for example by altering the protofilaments structure [114]. The
EB proteins are extensive and ubiquitous in the cells, the MTAs and EBs synergism
in induction of catastrophe has important consequences for the final MTAs effect in
the treated cells. For example in the interphase, increased catastrophe causes
decrease of effective microtubule penetration into lamellae or into actin-rich cortex
of cell-cell junctions, which defect cell migration and adhesion (final defect on can-
cer cell metastasis) [115]. At mitosis, highly increased catastrophe effects the
mitotic spindle organization, microtubule attachment to kinetochore and manipula-
tion of spindle assembly checkpoint [116].

MTAs Extra Tasks in Interphase

Since mitotic kinases have fundamental roles in mitosis, they became noticeable as
targets in anticancer studies. There was idea of developing MTAs that co-target
mitotic kinases as well, to achieve greater result. However, until today, many non-
tubulin targeting mitotic inhibitors exhibited unsuccessful results in clinical trials
[117]. Since microtubules are always present in the cells, both in interphase and
mitosis, but mitotic kinases are only present in M-phase of the cell cycle, therefore
they can be suppressed by desired drug about 10% of the whole cell cycling [118].
On the other hand cancer cell-lines have flaw of overexpression of some certain
proteins which may involve some of mitotic kinases. If a protein is overexpressed,
the chance of being more effected by a certain potential drug is much more. Aurora
kinases and polo-like kinases are part of mitosis regulatory system, at the same time
they are overexpressed in numerous human cancer cell-lines. This fact validating
them as anticancer drug target [119, 120]. The Aurora kinase and Polo-like kinase
inhibitors have been developed and introduced; nonetheless they have shown infre-
quent clinical results with limited efficacies [118].

The main problem may be the fact that mitotic kinases are involved in different
cellular pathways therefore, even if they totally are inhibited by a certain drug, their
inhibition may remain only for a period of time. While an alternative pathway may
carry out the rest of cell cycle regulation and tumor is likely to return. To explain it
better at molecular base, drug that causes defect in one signal-transduction pathway,
may up-regulate other signaling pathways that could lead to raise of resistance
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against same drug [121]. Therefore, worth to mention besides MTAs there is no
other cellular structure that can compensate mitotic blockage and cell division inter-
ruption therefore, there is no back-up signaling pathway to retreat MTA induced-
defects of cell division. Thus, safe to say that effects of MTAs are potential to cover
both microtubules disruption and mitotic regulatory system alteration. The MTAs
success does not stop here. Since there are microtubules in interphase, these groups
of drugs are also alters interphase events. Paclitaxel has been reported to correlate
with apoptotic events more than mitotic blockage [122]. Several studies reported
MTAs alter mitotic signaling pathway by manipulating mitotic proteins in expres-
sion levels and/or in post-translational modification levels [123]. MTAs were
believed for long time, to prolong spindle assembly checkpoint activation which
resulted in incomplete mitosis [124].

MTAs even impair non-mitotic proteins. There are studies that reported pacli-
taxel effects on bcl-2 protein level and subsequently causes apoptosis [125].
Microtubule network provided an extreme delicate surface area for protein-protein
contact and with polarity of microtubule it allows various proteins and organelles
movement throughout the cell by the help of motor proteins such as dynein and
kinesin. Moreover, microtubule is required for cell migration, cytokines secretions
and vascularization.

MTAs neurotoxicity characteristics proved the efficacy of MTAs in interphase.
Because neurons are not dividing rapidly unlike cancer cells, therefore they enter
mitosis so rarely, but yet the effect of MTAs were detected [124]. The evidence of
MTAs on cellular secretion came from studies that have been conducted on impair-
ment of T-cells with disrupted microtubules. This disruption in T-cells effected on
antigen presenting cells during immune response [126]. In addition, in interphase
microtubules track transportation of numerous proteins and transcription factors
such as p53, androgen receptor and hypoxia inducible factor-1 (HIF-1) [127-129].
Pathways that are controlled by microtubules in interphase are complex and poorly
understood. Many studies reported the transportation of oncogenic proteins by
interphase microtubules. This emphasizes the role of interphase microtubule in can-
cer cell survival, therefore efficacy of MTAs on interphase microtubules are undeni-
able. The tumor suppressor p53 is transported into nucleus by microtubules when
DNA is damaged. Even low dosage of MTAs changes nuclear accumulation of p53
and consequently activates target genes that cause apoptosis [127]. Another exam-
ple is the effect of taxane on interphase microtubule dynamics which prevents
dynein-mediated nuclear accumulation of androgen receptor, therefore suppresses
transcriptional activation of genes that are involved in prostate cancer [128].

MTAs target cancer cells vascularization and this is a remarkable approach given
to cancer cells accessibility to blood, the source of oxygen and nutrients, while they
typically go through lack of these vital materials due to their fast division. Hence,
the development of blood vessels is crucial for cancer growth and metastasis. MTAs
are reported to suppress endothelial cell angiogenic function including cell prolif-
eration, migration and vascular tubes formation [130]. Disruption of cytoskeletal
tubulin in vascular cells causes vascular permeability and stops blood supply for
tumors [131]. The importance of MTAs effect against tumor vascularization is
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clearer when we understand blood vessels in tumors are much more than in normal
tissues due to endothelial cells high proliferation and their elevated vascular perme-
ability. To be more sensitive to MTAs is associated to increase of vascular permea-
bility [131]. For instance, opaxio™ (paclitaxel bound to biodegradable polyglutamate
polymer) has anticancer advantages for highly permeable (leaky) vessels. When
paclitaxel is bound to this polymer, it is inactive, thus it does not affect normal tis-
sues. Meanwhile tumor blood vessels are highly penetrable for macromolecules,
allowing opaxio™ to pass through tumor tissues. When opaxio™ penetrated into
tumor, it is cleaved by lysosomal enzymes, therefore it lets paclitaxel to stabilize the
microtubules. Opaxio™ is currently in phase II of clinical trial of glioblastoma and
in phase III of clinical trial for ovarian cancer [132].

It is well-known that cancer cells are potential to be metastatic and this requires
newly formed blood vessels which are made by angiogenic proliferation and migra-
tion of endothelial cells. During cell migration, there is cell to cell connection and cell
to extracellular matrix connection. These processes have been reported to be sup-
pressed by MTAs [133]. For example effect of taxanes on HUVEC cells migration
has been reported much more than effect of this drug on HUVEC mitosis [134]. Focal
adhesion of cell is necessary for migration. Focal adhesion to be formed requires Rho
GTPase activity which microtubule disruption can affect them negatively [130].

HIF-1a activates tumor angiogenesis therefore it causes cancer cell survival.
HIF-1a is overexpressed in most of the solid tumors. MTAs inhibits HIF-1a activity
by disrupting HIF-1oe mRNA trafficking on altered microtubules [129]. Also in pro-
tein level, those HIF-1a proteins that already have been expressed and exist in the
cells, are supposed to be transferred into nucleus via microtubule by the aid of
dynein. Therefore, MTAs inhibit HIF-lo transcriptional activity as well [135].
Hence, MTAs are involved in anti-angiogenic activity. There are other evidences that
prove “MTAs effect on interphase microtubules™ are important as well as their effect
on mitosis. For example renal cell carcinomas shows resistance to MTA in inter-
phase and it might be due to this cell-lines microtubule-independent trafficking [45].

Compretatins are vascular disrupting agents (VDAs) that disrupt cytoskeletal
tubulin. Several of this class of agents are in clinical trials now to serve as an anti-
cancer drugs [131].

MTAs Against Actin and Intermediate Filaments

For successful spindle positioning and suppression of cytokinesis, tubulin and actin
interaction is important. In addition, there are numerous non-mitotic functions that
require microtubule and microfilaments interactions such as cell migration [136], or
microtubule and actin interactions, such as wound healing [137]. MTAs have been
reported to disrupt intermediate filaments and actin in addition to their effect on
microtubules [138]. However, actin and microtubule interaction are needed for neu-
ronal growth cones which are highly mobile [139], therefore, disruption of microtu-
bule impairs axon path-finding [140].



46 M. Hasanpourghadi et al.
MTAs Against Mitotic Kinases

It has been reported that there are variety of cell responses against anti-mitotic drugs
even among cells from same cell-line [141]. To know this fact, preserve us to expect
that each individual tumor may response differently to different MTAs. This under-
standing is helpful in the design and development of the future new MTAs. As mito-
sis has been identified further, mitotic mediators have being known and classified.
Targeting these proteins in virtue of their significant responsibility in controlling,
guarding and processing mitosis is a rational extension to successful attempts of
targeting microtubules. For instance, Polo-like kinase 1 is part of centrosome matu-
ration and construction of mitotic spindle apparatus. This protein is also required for
pass the mitosis and for separation of sister chromatids [142]. Aurora family mem-
bers are required for occurrence of multiple events in mitosis. Aurora A is required
for spindle assembly, Aurora B is required to phosphorylate histone H3, chromo-
some segregation and cytokinesis [119]. Kinesin spindles are motor proteins which
are required for the formation of spindle apparatus in the beginning of mitosis [143].
Focusing on these mediators and their roles broadened the efforts of targeting can-
cer cell division in other ways besides microtubule disruption.

Some of agents that target these proteins happened to have synergistic effects
with MTAs. For instance, AZD1152 is an Aurora B inhibitor and synergically
enhances the anti-proliferative activity of vincristine in human acute leukemia cells
in vitro and in vivo [144].

As we mentioned earlier, BubR1 is a tension-sensing protein. If kinetochores and
microtubules are not attached together correctly, the lack of sufficient tension causes
BubR1 accumulation in kinetochore and causes mitotic arrest until all kinetochore-
microtubule attachments are correct. A study was done in absence and presence of
DL15 in two groups of cells and they were incubated for one cell cycle. Later cells
were stained by anti-BubR1 antibody. The result showed DL15 promoted BubR1
accumulation, caused loss of tension all across the kinetochores and subsequently
caused mitotic arrest [84].

MBIC a synthetic destabilizer class of MTAs is also reported to alter some of
mitotic kinases such as Aurora-B, BubR1, Cyclin B1 and CDK1 in human cervical
cancer cell-line (HeLa) which along with disruption of tubulin polymerization,
caused mitotic arrest and finally apoptosis [100].

Resemblance Between Stabilizers and Destabilizers

MTAs are divided into two classes and characteristics of these agents as stabilizers
and destabilizers refer to their efficacy when drugs dosages are high and tubulin
concentration is high. Nevertheless the main resemblance between these two classes
of drugs is that they suppress microtubule dynamic (grow and shrinkage) instability.
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This resemblance is central in all MTAs [145]. That is why in some drug combina-
tion among combined stabilizer and destabilizer we can see great synergism. Each
individual MTA may regulate different mechanism or mode of action but together
in combination they increase the efficacy of treatment. For example the roots and
rhizomes of Tacca species have a stabilizer compound named Taccalonolide and a
destabilizer compound named Taccabulin A. These two compounds with their two
opposite actions on microtubule polymerization, together they interfere with micro-
tubule dynamics and overall effect is interrupting the proliferation of cancer cells.
During mitosis separation of two sister chromatids are necessary and their separa-
tion requires mitotic spindles grow and shrink fast (3.6-fold more rapid than inter-
phase). Therefore combination of stabilizer and destabilizer interferes with
microtubule overall dynamics. This ability is considerable in cancer cells because of
their rapid cell division compared to normal cells [146]. Moreover, in a recent study
synergism between paclitaxel (stabilizer) and a newly introduced MTA, MBIC
which acts as a destabilizer, was reported in treatment of cervical cancer cells
in vitro [100].

Abnormal Genetic Expression and Genetic Mutations: Basic
Crisis in Resistance to MTAs

a-Tubulin Mutation

There are two paclitaxel-resistant A549 cell-lines namely: A549-T12 and A549-T24.
For normal growth these two cell-lines require low dose of paclitaxel [60]. In lack
of paclitaxel, A549-T24 showed a most dramatic increase of microtubule dynamic
and A549-T12 showed increase of dynamics in lesser degree both compared with
their parental A549 cell-line. Therefore, these cell-lines are paclitaxel resistant/
dependent [147]. The studies revealed that mutations on a-tubulin gene can modu-
late the sensitivity to agents that interact with B-tubulin. The mutation that was
identified at Ser’” in A549-T12 cells corresponds to a-tubulin Ser 380 in the yeast
which is located between resistant and sensitive loci in yeast genes [148]. Hence,
mutation of a-tubulin in the yeast alters the binding site. In the a-tubulin gene
region, mutation at o 379 in the paclitaxel-resistant cells is located between helix 10
(that contains stathmin gene [149]) and helix 11 (that is inside a domain containing
MAPs genes). Therefore a mutation at o 379 cause changes in stathmin and MAPs
genes leading to alter the microtubule stability and dynamics [150]. Curmi et al.
[151] evaluated the expression levels of stathmin and MAP4 and they found stath-
min is up-regulated in aggressive breast cancer patients [151]. It was same increase
as in paclitaxel-resistant cell-lines. Thus, one suggestion is a-tubulin mutation may
cause altered binding position of stathmin to -tubulin combined with elevated pro-
tein expression level of stathmin [150].
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B-Tubulin Mutations

Since B-tubulin is a target of many MTAs, several studies have investigated the
DNA sequences of this protein. Reports indicated f-tubulin mutations and mutation-
related clinical observations resulted from non-functional p-tubulin pseudo genes.
All these known pseudo-genes, share substantial sequence homology with p-tubulin
functional gene. f-Tubulin includes six isotypes. It is very well-conserved between
species with similar amino-acid sequences. f-Tubulin isotypes differences are in
regions of sequences that can be used for classifications between different species.
In human cancer cells, class I f-tubulin is most commonly expressed p-tubulin iso-
type [152]. Each six isotypes has their own gene plus p-tubulin family includes
pseudo-genes. Pseudo-gene sequences are not functional and probably are gener-
ated from mutations on duplicated functional B-tubulin genes [153]. Many studies
have been conducted to investigate association between resistance to MTAs and
changes in p-tubulin isotypes expressions and mutations [18].

Giannakakou et al. [154] performed in vitro tubulin polymerization assay and
they have shown paclitaxel caused microtubule polymerization of wild-type tubulin
but it did not show same efficacy in mutant tubulin purified from paclitaxel-resistant
cells [154]. A study was done in 1 A9 cell-line which is a paclitaxel-resistant ovarian
cancer cell-line, and this cell-line carries functionally inactive mutant p53. Cells
that carry p53 mutations are more likely to have additional mutations due to increase
of genome instability. Among various studies that investigated this theory, one study
identified presence of p53 response element in promoter region of human MSH2
gene in human ovarian cancer cell-line (A2780) which carries mutated p53.
Apparently, this element is required for expression of hMSH2, Therefore non-
functional p53 prevents expression of hMSH2 [155]. MSH2 is member of human
mismatch repair (MMR) gene, therefore hMSH2 (human mutS homolog-2) is a
DNA repair gene [156]. This study proved the role of P53 in genomic stability.
Therefore, p53 mutation itself accelerates acquisition of more mutations within the
cells. Giannakakou et al. [127, 157] selected several clones which were isolated
from 1A9 human ovarian cell-line (PTX10 and PTA22). DNA sequencing experi-
ment revealed that PTX22 included both mutated and wild-type p53. Silencing of
P53 caused accumulation of mutated -tubulin. Once mutation in B-tubulin genes
occurred, even restoring wild-type p53 could not return the cells back to paclitaxel-
sensitive state. Therefore p53 silenced cells had better chance to confer paclitaxel-
resistance [157]. Although, another study in 2000 reported patients with ovarian
cancer who are carriers of mut-P53 gene, had better sensitivity to paclitaxel (86%)
than those patients with wt-p53 gene (47%) [158].

Investigation of connection between f-tubulin gene mutation and resistant to
MTA also is done for vinca alkaloids. Kavallaris et al. [159] found point mutation
of p-tubulin gene in leukemia cell-lines resistant to vinblastine (CEM/VLB 100)
and to vincristine (CEM/VCR R). However both cell-lines contained elevated level
of drug efflux pump P-gp but overexpression of this protein did not match the whole
drug resistant phenotype [159], therefore, we can conclude f-tubulin mutation can
confer resistance to MTAs.
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Alteration in Class I1I f-Tubulin Isotype Expression

The class IIT B-tubulin overexpression is correlated to resistant to MTAs such as
paclitaxel and vinorelbine in vitro and in vivo for various cancers especially for
breast cancer. Alteration in tubulin isoform expression is associated to resistance to
taxanes. Although identifying the connection of class III f-tubulin and drug resis-
tance is complicated due to complexity of tubulin auto-regulation systems, but there
are studies that investigated effects of changes in tubulin isoform expressions on
efficacy of several new tubulin-binding agents. For instance, Suzuki et al. [160]
reported that STX 140 is able to suppress proliferation of resistant MCF-7 dox cell-
line with overexpressed P-gp [160]. When the level of soluble tubulin increases,
B-tubulin mRNA degrades through a co-translational degradation that also regulates
the expression of B-tubulin isotypes [161]. In a study, Hari et al. [162] overexpressed
the class III p-tubulin in CHO cell-line. This experiment increased resistance to
paclitaxel by decrease of paclitaxel suppression on microtubule dynamics [162].
Data showed breast cancer patients with resistance to docetaxel, had five-fold
increase of class III B-tubulin [163]. Joe et al. [164] transfected class III f-tubulin in
cervical carcinoma HeLa cell-line and tested taccalonolides efficacy. It was reported
there is no evidence of resistance against this drug in cells with overexpressed class
IIT B-tubulin [53], however, overexpression of class III B-tubulin caused resistance
to paclitaxel [164]. Gan et al. [165] investigated the effect of class III p-tubulin
expression in different pattern. They silenced class III B-tubulin and observed that
this experiment induced resistance to vincristine, paclitaxel and DNA-damaging
agents in non-small cell lung carcinoma [165]. Stengel et al. [166] have shown that
alteration in class III B-tubulin expression (both silencing and overexpression) in
two breast cancer cell-lines, MCF-7 and MDA-MB-231 did not affect the efficacies
of STX140, STX243, ENMD1198, 2-MeOE2 and colchicine. While efficacies of
paclitaxel and vinorelbine have changed [166]. Small difference between class I and
IIT of B-tubulin is one amino-acid which causes different final three dimensional
formations. Class III B-tubulin carries Arg 277 instead of Ser 277 which exist in
class 1. Ser?”” and Arg?’® are key amino-acid for stable binding of tubulin to pacli-
taxel in its binding site at class I p-tubulin [167], but in class III f-tubulin structure
changed and lost its stable taxane-binding site [168]. Class III B-tubulin is corre-
lated with increased microtubule dynamics which is opposite of assembling activity
of paclitaxel at microtubules plus (+) end [169]. The reason that high contained
class III pB-tubulin cancer cells are not resistant to STX140, STX243, ENMD1198,
2-MeOE2 and colchicine, but are resistant to paclitaxel, is these agents bind to
colchicine-binding site which includes a different conformation and leads to forma-
tion of a stable complex containing class III B-tubulin. Besides, these agents are
destabilizers, therefore overexpression of class III B-tubulin is even an advantage for
this class of drugs due to class III fB-tubulin increases microtubule dynamics.
Although, vinorelbine which binds to vinca-binding site appeared to have less effi-
cacy in cancer cells with class III p-tubulin overexpression in small lung cancer
cell-line [165], breast cancer cell-line [166] and in vivo [170]. These observations
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suggest that resistant cancer cells with overexpressed class III $-tubulin is related to
drug binding-site. This idea is supported by study of Stengel et al. [166], wherein
they showed those MTAs that binds to colchicine-binding site in cells which contain
altered class III B-tubulin, do not exhibit resistance to these drugs, but those MTAs
binding to taxane- and vinca-binding sites, alteration in class III f-tubulin, affected
their efficacies. A satisfactory conclusion here could be the importance of design
and development of new agents that bind to colchicine-binding site as taxanes alter-
natives for resistant cancers [166].

Alteration in Class VI f-Tubulin Isotype Expression

Lack of p-tubulin VI in non-hematopoietic tissues confirmed that f-tubulin VI is a
hematology-specific isotype and consequently it is a marker that mediates hemato-
logic toxicity of pB-tubulin binding drugs. These cells express a specific variant of
B-tubulin VI named p-tubulin VI 274 M variant. This variant is less sensitive to
paclitaxel compared to other variants and compared to pB-tubulin VI wild-type [171].
Within paclitaxel-binding site of all human f-tubulin isotypes, there is a conserved
residue (residue 274) [172]. This residue is necessary for binding of paclitaxel to
tubulin. Mutation in this residue (T274 M) leads to resistance to paclitaxel [173],
therefore patients who carrying this mutation could be resistant to myelosuppres-
sive effects of MTAs. Leandro-Garcia et al. [171] for first time showed p-tubulin
class VI is a hematology-specific isotype which differentiates from other p-tubulin
genes by few genetic and expression variability. Also they have shown patients who
are carriers of TUBB1 T274 M in their p-tubulin class VI gene, had protection
against paclitaxel effect [171].

P-Glycoprotein Overexpression

One of the major current problem in chemotherapy is efflux of drugs into extracel-
lular matrix. This occurs by activity of ATP-binding cassette protein known as P-gp
product of MDR1 gene and it is part of MDR mechanism [174]. The main natural
positive role of P-gp is pumping the toxic substances out of cells in brain and gas-
trointestinal tracts [175]. In many cancer types, overexpression of P-gp seemed to
be related to resistance to taxanes [176], but in same cancers ixabepilone a class of
epothilone, showed cytotoxicity [40]. A meta-analysis of 31 breast cancer trials
showed that the P-gp was overexpressed in 41% of patients after treatment and
interestingly, there was 3-fold reduction of response to paclitaxel in same patients.
This result suggested chemotherapy induces P-gp expression [177]. Investigation
on connection between other taxanes such as docetaxel and expression of P-gp in
breast cancer were done and no significant correlation has been reported [178].



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 51

Epothilones and taxanes bind to same tubulin binding site but they are functioning
differently. The main advance of epothilones is that unlike taxanes they are not P-gp
substrate [179]. In this regard, epothilones are active in models that are taxane resis-
tance because epothilones tolerance is provided. As an example, epothilone B
causes much higher levels of tubulin polymerization when it is compared with equi-
molar dosages of paclitaxel in vitro [180]. Other experiments showed almost all
models that are resistant to paclitaxel display sensitivity to epothilone A and epothi-
lone B. Recent studies have reported that, a-tubulin mutations in cells that are resis-
tant to microtubule-depolymerizing agents, causes decreased drug accumulation
even when P-gp overexpression is not present [181]. If P-gp causes resistance to
certain drugs therefore those agents that inhibit P-gp activity, are able to bring back
the sensitivity of the cell to those certain drugs [174]. A recent drug, tariquidar is a
P-gp inhibitor which showed an ability to bring back the sensitivity to paclitaxel in
17 women with stage III-I'V breast cancer but final result was lack of efficacy [182].
Therapeutic industry needs more offer on P-gp inhibitors more specific those drugs
that increase the efficacy of taxanes. Also more MTAs are required to be introduced
with less susceptibility to P-gp-mediated resistance.

Tau: Intracellular Competitor of Paclitaxel

Tau protein was first time described in 1975 to be a product of a gene located in
chromosome 17 (17q21) [183]. Tau is one of microtubule-associated proteins
(MAPs) and attaches to tubulin both exterior and interior surfaces of microtubule
and also it binds in paclitaxel-binding site therefore practically tau competes with
paclitaxel. When tau attaches to paclitaxel-binding site, in the same way stabilizes
the microtubule as paclitaxel does but with much more reversibility [184]. Studies
revealed that those breast cancer patients that have genetically low tau expression,
benefit more from paclitaxel treatment due to competition of paclitaxel and tau in
attaching to microtubule. One study was experimented with paclitaxel-based neo-
adjuvant chemotherapy on 82 breast cancer patients. Those patients with low tau
mRNA expression level, succeeded to achieve total pathologic response (P < 0.001)
[185]. Furthermore, there is a correlation between tau and ER in breast cancer
patients. Those with high tau expression were reported to be more among ER-positive
patients (57%) than those with ER-negative (15%) [186] and this is due to oestrogen
regulation of tau gene. Oestrogen induces tau expression. Therefore co-expression
of ER and tau is considered a good sign for prognosis in the breast cancer therapy
and it is related to better overall survival. ER-positive patients with high tau expres-
sion are more sensitive to hormone therapy than paclitaxel therapy. On the other
hand, ER-negative patients had better response to paclitaxel therapy [187]. In 2005
a group of researchers silenced tau protein in breast cancer cells and they achieved
higher sensitivity to taxanes [188]. Thus, tau expression level could be an important
biomarker of resistance to paclitaxel [187].
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HER?2 Overexpression

HER?2 is a transmembrane receptor and it has a tyrosine kinase activity [189]. HER2
belongs to a family with four members namely: EGFR/HER1, HER2, HER3 and
HERA4 receptors that are involved in cell growth regulation, differentiation and sur-
vival through interlink with some of survival pathways including PI3K/AKT path-
way and Ras/Raf/MEK/MAPK pathway. Therefore, when HER2 is expressed, there
is signaling to downstream pathways [190]. HER2 is always in active form and
ready to interact with its ligands [191]. Amplification and/or overexpression of
HER?2 were detected in 20% of early stage breast cancer patients [192]. Breast can-
cer patients with HER2-negative ER-positive, had no significant benefit from pacli-
taxel treatment while patients with HER2-positive whether ER-positive or
ER-negative showed significant improved response to therapy including 5 years of
disease-free survival. Also patients with overexpressed HER2 seemed to receive
even better benefit compared to HER2-negative. Therefore, HER2 amplification
and overexpression is a marker of potential to emerge better response to taxane
therapy. Interestingly, overexpression of HER?2 is associated with lower expression
of tau protein which is somehow a brief explanation for increased sensitivity to
taxane therapy [193].

Determinants of Sensitivity and Resistance to MTAs

The major logic behind continuous production of MTAs is their lack of tissue selec-
tivity and perpetual drug resistance against these drugs. For instance paclitaxel and
vinca alkaloid are active against breast, ovarian and lung cancers but inactive against
colon and kidney cancers and many sarcomas. Seems these drugs are more effective
against haematological type of cancers rather than solid ones. The determinants of
being sensitive or resistance to specific drug is inside the cell and their level of
access to drugs pharmacological benefits [15]. Different levels of resistance were
reported against MTAs. Those cells that ultimately resist against MTAs, oftentimes
display overexpression of a class of a membrane transporter named ABC-transporters
(ATP-dependent drug efflux pumps or ATP-binding cassettes). These pumps reduce
intracellular drug accumulation by pumping them out of cell. Since, they may pump
various drugs at the same time, they cause cross-resistance or MDR. Many of these
transmembrane pumps have been identified such as P-gp which is explained earlier
in this chapter [194]. To remove this obstacle considerable efforts are in the way to
produce MTAs which are not removed by transmembrane pumps [195]. However,
the cell’s host factors are also determine to pose the cell as sensitive or resistance to
drugs. Such as abnormal expression of regulatory proteins, the different level of
expression of tubulin isotypes and their post-translational modifications. There are
various studies reported the correlation between high level of a specific tubulin iso-
type and resistance to a specific MTA [15, 19, 159, 196]. The cellular host
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determinants can be divided into two groups. Those that affect microtubule polymer
level and therefore they also affect microtubule dynamics. Microtubule polymer
level is a significant host determinant considering most organelles and components
move inside the cell by attaching and moving along microtubules. Therefore, those
cells that have the ability of preserve their microtubule mass in required level for
organelles and components to move, survive longer under treatment of destabilizers
such as vinca alkaloids. On the other hand, under paclitaxel treatment and conse-
quently appearance of increased microtubule polymers, motor-proteins such as
dynein and kinesin are not able to support the transportations anymore. Certain
cancer cells that overexpress endogenous microtubule-depolymerizing factors,
develop resistance against stabilizers like paclitaxel.

The importance of microtubule dynamics as host determinant was showed that
those MTAs that suppress microtubule dynamics without any significant change in
microtubule-polymer level, prevent metaphase to anaphase transition, such as in
paclitaxel-resistance/dependent A549 lung cancer cell-line. After omitting pacli-
taxel in these cells, results show 57% to 167% faster microtubule dynamics com-
pared to paclitaxel-sensitive A549 cells [147]. Fast microtubule dynamics behavior
cost this group of cells disrupted spindle assembly and they were unable to transit
from metaphase to anaphase. Addition of paclitaxel to this group of cells caused
microtubule dynamics slow down and they went through successful mitosis. This
shows their resistance and at the same time dependence to paclitaxel. This group of
A549 cells undergo several endogenous changes such as overexpression of
BIII-tubulin isotype, As mutated o-tubulin, overexpression of endogenous
microtubule-destabilizer protein stathmin and inactivation of endogenous microtu-
bule-stabilizer protein MAP4 [150, 197]. The point that we can understand here is
microtubules destiny is affected by many endogenous determinants. Therefore,
there are many undiscovered potential determinants which could be targets of che-
motherapeutic drug design.

Natural or Synthetized MTAs? Which Are More Beneficial?

As early as discovery of natural products, they provided a rich source of compounds
that were applicable in many fields of medical researches. Above half of currently
used drugs in chemotherapy are natural products. Synthetized or semi-synthetized
agents are either obtained from natural sources with few structural modifications
(semi-synthetized), or they are totally new compounds which are designed accord-
ing to a natural compound structure as a model (synthetized) [198]. The main aim
of synthetizing a drug is to establish a relationship between pharmacological advan-
tages and structure of the compound, therefore the aim is obtaining a new drug
which is better than “prototype” with a view of collecting advantages from potency,
less toxicity and more selectivity. Natural products which are extracted from marine
products, plants and microorganisms are considered as prototype, origin, template
or lead compounds [199].



54 M. Hasanpourghadi et al.

To answer the question of “which one is better”, we must consider natural prod-
ucts provide major structural diversity which some of them have sufficient biologi-
cal potency in some aspect, but some disadvantages in another aspect. For example
taxanes which are great stabilizers, on the other hand they are also great substrate
for plasma membrane drug-efflux pump [200]. The search for natural products is
necessary and will continue to provide greater range of template [201]. These pro-
totypes are modified to produce more improved semi-synthetized agents with better
therapeutic potential by molecular modifications. Or they are template for entirely
new synthetized agents as their analogues, which contain greater pharmacological
activity, magnificent therapeutic possibilities and less side effects. Nowadays, drug
synthesis provides huge range of improved drugs in regard of both structure and
activity [198]. According to data, we can conclude both natural and synthetized
drugs have different range of advantages that must be considered.

Conclusion

Critical obstacle in current cancer therapy is low selectivity of anticancer drugs
against cancer cells. To differentiate between cancer and normal cells, the knowledge
of cancer-specific characteristics, origin and differences of these characteristics is
required. This aim directed researchers to develop molecular-based strategies. One
of the main different characteristics is rapid mitosis of cancer cells. Microtubules,
the main component of mitosis have two types of dynamic behaviors. The duration
of each and switch rate between these two behaviors caused microtubule interesting
as a potential target. MTAs are class of anticancer drugs which effect mitosis by
targeting microtubules. This paradigm makes MTAs applicable to rapidly dividing
cancer cells, compared to slowly dividing normal cells. Proliferation mechanisms
are tightly under control in normal cells while these mechanisms are manipulated in
cancer cells, due to continuous mutations. Mutations in cancer cells alter microtu-
bule dynamic behaviors. Studying different characteristics in molecular level also
clarified that mutations such as a- and B-tubulin mutations and abnormal expression
of B-tubulin isotypes are associated with resistance to some of MTAs. MTAs are ver-
ity of small molecules either from natural sources or synthetized/semi-synthetized as
improved analogues of natural agents, interrupt microtubule dynamic behaviors with
either stabilizing or destabilizing activities. Studies showed some of MTAs beside
their main task, manipulate mitotic kinases as well, or manipulate some other spe-
cific proteins that directly or indirectly boost MTAs’ main task. Moreover, MTAs
suppress tumor vascularization, which avoid tumor accessibility to source of oxygen
and nutrients “the blood”. No matter stabilizer or destabilizer, MTAS’ main resem-
blance is their final task which is suppressing microtubule dynamic behaviors. That
is why more drug combination strategies were successful in emerge of synergism
between different MTAs. Natural MTAs always have been main source of applicable
drugs or great template in the view of structure or bioactivity. Synthetized/semi-
synthetized MTAs have been improved drugs to associate between structure and
bioactivity with lesser side effects and resistance to MTAs.



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 55

Acknowledgement The first author (Mohadeseh Hasanpourghadi) thanks University
of Malaya, Kuala Lumpur, Malaysia, for providing financial support through
Postgraduate grant (PG) (PG048-2015A). This study was also supported by a High-
Impact Research grant from the University of Malaya (E00002-20001).

References

10.
11.

12.

15.

16.

17.

18.

19.

20.

. Livingston DM, Shivdasani R (2001) Toward mechanism-based cancer care. JAMA

285(5):588-593

. Pecorino L (2012) Molecular biology of cancer: mechanisms, targets, and therapeutics.

Oxford University Press, Oxford

. Evan GI, Vousden KH (2001) Proliferation, cell cycle and apoptosis in cancer. Nature

411(6835):342-348

. Sherr CJ (1996) Cancer cell cycles. Science 274(5293):1672-1677
. Stocker H, Hafen E (2000) Genetic control of cell size. Curr Opin Genet Dev

10(5):529-535

. Loeb LA, Loeb KR, Anderson JP (2003) Multiple mutations and cancer. Proc Natl Acad Sci

100(3):776-781

. Jordan MA, Wilson L (2004) Microtubules as a target for anticancer drugs. Nat Rev Cancer

4(4):253-265

. Sharp DJ, Rogers GC, Scholey JM (2000) Microtubule motors in mitosis. Nature 407(6800):

41-47

. Mohan R, Katrukha EA, Doodhi H, Smal I, Meijering E, Kapitein LC et al (2013) End-

binding proteins sensitize microtubules to the action of microtubule-targeting agents. Proc
Natl Acad Sci 110(22):8900-8905

Oakley BR (2000) An abundance of tubulins. Trends Cell Biol 10(12):537-542

Rohena CC, Mooberry SL (2014) Recent progress with microtubule stabilizers: new com-
pounds, binding modes and cellular activities. Nat Prod Rep 31(3):335-355

Poruchynsky MS, Kim J-H, Nogales E, Annable T, Loganzo F, Greenberger LM et al (2004)
Tumor cells resistant to a microtubule-depolymerizing hemiasterlin analogue, HTI-286, have
mutations in a-or P-tubulin and increased microtubule stability. Biochemistry 43(44):
13944-13954

. Barlow SB, Gonzalez-Garay ML, Cabral F (2002) Paclitaxel-dependent mutants have

severely reduced microtubule assembly and reduced tubulin synthesis. J Cell Sci
115(17):3469-3478

. Amos LA (2011) What tubulin drugs tell us about microtubule structure and dynamics.

Semin Cell Dev Biol 22(9):916-926

Dumontet C, Sikic BI (1999) Mechanisms of action of and resistance to antitubulin agents:
microtubule dynamics, drug transport, and cell death. J Clin Oncol 17(3):1061

Downing KH, Nogales E (1999) Crystallographic Structure of Tubulin. Implications for
Dynamics and Drug Binding. Cell Struct Funct 24(5):269-275

Snyder JP, Nettles JH, Cornett B, Downing KH, Nogales E (2001) The binding conformation
of Taxol in p-tubulin: A model based on electron crystallographic density. Proc Natl Acad Sci
98(9):5312-5316

Berrieman HK, Lind MJ, Cawkwell L (2004) Do B-tubulin mutations have a role in resistance
to chemotherapy? Lancet Oncol 5(3):158-164

Burkhart CA, Kavallaris M, Horwitz SB (2001) The role of p-tubulin isotypes in resistance to
antimitotic drugs. Biochim Biophys Acta 1471(2):01-09

Igney FH, Krammer PH (2002) Death and anti-death: tumour resistance to apoptosis. Nat
Rev Cancer 2(4):277-288



56

21

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

M. Hasanpourghadi et al.

. Zaffaroni N, Pennati M, Colella G, Perego P, Supino R, Gatti L et al (2002) Expression of the
anti-apoptotic gene survivin correlates with taxol resistance in human ovarian cancer. Cell
Mol Life Sci 59(8):1406-1412

O'Connor DS, Grossman D, Plescia J, Li F, Zhang H, Villa A et al (2000) Regulation of apop-
tosis at cell division by p34cdc2 phosphorylation of survivin. Proc Natl Acad Sci
97(24):13103-13107

Sparano JA (2000) Taxanes for breast cancer: an evidence-based review of randomized phase
II and phase III trials. Clin Breast Cancer 1(1):32-40

Horwitz SB (1994) How to make taxol from scratch. Nature 367(6464):593

Schiff PB, Horwitz SB (1981) Taxol assembles tubulin in the absence of exogenous guano-
sine 5'-triphosphate or microtubule-associated proteins. Biochemistry 20(11):3247-3252
Nogales E, Wolf SG, Khan IA, Luduefia RF, Downing KH (1995) Structure of tubulin at 6.5
A and location of the taxol-binding site. Nature 375(6530):424—-427

Nogales E (2001) Structural insights into microtubule function. Annu Rev Biophys Biomol
Struct 30(1):397-420

Rao S, Krauss NE, Heerding JM, Swindell CS, Ringel I, Orr GA et al (1994)
3'-(p-azidobenzamido) taxol photolabels the N-terminal 31 amino acids of beta-tubulin.
J Biol Chem 269(5):3132-3134

Nogales E, Wolf SG, Downing KH (1998) Structure of the of tubulin dimer by electron crys-
tallography. Nature 391(6663):199-203

Derry WB, Wilson L, Jordan MA (1995) Substoichiometric binding of taxol suppresses
microtubule dynamics. Biochemistry 34(7):2203-2211

Von Hoff D (1997) The taxoids: same roots, different drugs. Semin Oncol 24(4 Suppl
13):S13-3-S13-10

Diaz JF, Valpuesta JM, Chacén P, Diakun G, Andreu JM (1998) Changes in Microtubule
Protofilament Number Induced by Taxol Binding to an easily accessible site. Internal micro-
tubule dynamics. J Biol Chem 273(50):33803-33810

Jordan MA, Toso RJ, Thrower D, Wilson L (1993) Mechanism of mitotic block and inhibition
of cell proliferation by taxol at low concentrations. Proc Natl Acad Sci 90(20):9552-9556
Pryor DE, O'Brate A, Bilcer G, Diaz JF, Wang Y, Wang Y et al (2002) The microtubule stabi-
lizing agent laulimalide does not bind in the taxoid site, kills cells resistant to paclitaxel and
epothilones, and may not require its epoxide moiety for activity. Biochemistry 41(29):
9109-9115

Chen J-G, Horwitz SB (2002) Differential mitotic responses to microtubule-stabilizing and-
destabilizing drugs. Cancer Res 62(7):1935-1938

Lavelle F, Bissery M, Combeau C, Riou J, Vrignaud P, Andre S (1995) Preclinical evaluation
of docetaxel (Taxotere). Semin Oncol 22(2 Suppl 4):3-16

He L, Orr GA, Horwitz SB (2001) Novel molecules that interact with microtubules and have
functional activity similar to Taxol™. Drug Discov Today 6(22):1153-1164

Gerth K, Bedorf N, Hofle G, Irschik H, Reichenbach H (1996) Epothilons A and B: antifun-
gal and cytotoxic compounds from Sorangium cellulosum (Myxobacteria). Production,
physico-chemical and biological properties. J Antibiot 49(6):560-563

Goodin S (2008) Novel cytotoxic agents: epothilones. Am J Health Syst Pharm 65(10 Suppl
3):S10-S15

Bollag DM, McQueney PA, Zhu J, Hensens O, Koupal L, Liesch J et al (1995) Epothilones,
a new class of microtubule-stabilizing agents with a taxol-like mechanism of action. Cancer
Res 55(11):2325-2333

Lee FY, Borzilleri R, Fairchild CR, Kim S-H, Long BH, Reventos-Suarez C et al (2001)
BMS-247550 a novel epothilone analog with a mode of action similar to paclitaxel but pos-
sessing superior antitumor efficacy. Clin Cancer Res 7(5):1429-1437

Villanueva C, Vuillemin AT, Demarchi M, Bazan F, Chaigneau L, Pivot X (2009) Ixabepilone:
a new active chemotherapy in the treatment of breast cancer. Womens Health (Lond)
5(2):115-121



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 57

43

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57

58.

59.

60.

. Ghosh AK, Xu X, Kim J-H, Xu C-X (2008) Enantioselective total synthesis of peloruside A:
a potent microtubule stabilizer. Org Lett 10(5):1001-1004

Hamel E, Sackett DL, Vourloumis D, Nicolaou K (1999) The coral-derived natural products
eleutherobin and sarcodictyins A and B: effects on the assembly of purified tubulin with and
without microtubule-associated proteins and binding at the polymer taxoid site. Biochemistry
38(17):5490-5498

Dumontet C, Jordan MA (2010) Microtubule-binding agents: a dynamic field of cancer thera-
peutics. Nat Rev Drug Discov 9(10):790-803

Pineda O, Farras J, Maccari L, Manetti F, Botta M, Vilarrasa J (2004) Computational com-
parison of microtubule-stabilising agents laulimalide and peloruside with taxol and colchi-
cine. Bioorg Med Chem Lett 14(19):4825-4829

Hamel E, Day BW, Miller JH, Jung MK, Northcote PT, Ghosh AK et al (2006) Synergistic
effects of peloruside A and laulimalide with taxoid site drugs, but not with each other, on
tubulin assembly. Mol Pharmacol 70(5):1555-1564

Prota AE, Bargsten K, Northcote PT, Marsh M, Altmann KH, Miller JH et al (2014) Structural
basis of microtubule stabilization by laulimalide and peloruside A. Angew Chem Int Ed Engl
53(6):1621-1625

Khrapunovich-Baine M, Menon V, Yang C-PH, Northcote PT, Miller JH, Angeletti RH et al
(2011) Hallmarks of molecular action of microtubule stabilizing agents effects of epothilone
b, ixabepilone, peloruside a, and laulimalide on microtubule conformation. J Biol Chem
286(13):11765-11778

Li J, Risinger AL, Mooberry SL (2014) Taccalonolide microtubule stabilizers. Bioorg Med
Chem 22(18):5091-5096

Tinley TL, Randall-Hlubek DA, Leal RM, Jackson EM, Cessac JW, Quada JC et al (2003)
Taccalonolides E and A plant-derived steroids with microtubule-stabilizing activity. Cancer
Res 63(12):3211-3220

Fojo T, Menefee M (2007) Mechanisms of multidrug resistance: the potential role of
microtubule-stabilizing agents. Ann Oncol 18(suppl 5):v3—v8

Risinger AL, Jackson EM, Polin LA, Helms GL, LeBoeuf DA, Joe PA et al (2008) The tac-
calonolides: microtubule stabilizers that circumvent clinically relevant taxane resistance
mechanisms. Cancer Res 68(21):8881-8888

Edler MC, Buey RM, Gussio R, Marcus Al, Vanderwal CD, Sorensen EJ et al (2005)
Cyclostreptin (FR182877), an antitumor tubulin-polymerizing agent deficient in enhancing
tubulin assembly despite its high affinity for the taxoid site. Biochemistry 44(34):
11525-11538

Buey RM, Barasoain I, Jackson E, Meyer A, Giannakakou P, Paterson I et al (2005)
Microtubule interactions with chemically diverse stabilizing agents: thermodynamics of
binding to the paclitaxel site predicts cytotoxicity. Chem Biol 12(12):1269-1279

Buey RM, Calvo E, Barasoain I, Pineda O, Edler MC, Matesanz R et al (2007) Cyclostreptin
binds covalently to microtubule pores and lumenal taxoid binding sites. Nat Chem Biol
3(2):117-125

. Evans DC, Watt AP, Nicoll-Griffith DA, Baillie TA (2004) Drug-protein adducts: an industry
perspective on minimizing the potential for drug bioactivation in drug discovery and develop-
ment. Chem Res Toxicol 17(1):3-16

Minguez JM, Kim S-Y, Giuliano KA, Balachandran R, Madiraju C, Day BW et al (2003)
Synthesis and biological assessment of simplified analogues of the potent microtubule stabi-
lizer (+)-discodermolide. Bioorg Med Chem 11(15):3335-3357

Minguez JM, Giuliano KA, Balachandran R, Madiraju C, Curran DP, Day BW (2002)
Synthesis and High Content Cell-based Profiling of Simplified Analogues of the Microtubule
Stabilizer (+)-Discodermolide 1 Supported by National Cancer Institute Grant CA78039. 1.
Mol Cancer Ther 1(14):1305-1313

Martello LA, McDaid HM, Regl DL, Yang C-PH, Meng D, Pettus TR et al (2000) Taxol and
discodermolide represent a synergistic drug combination in human carcinoma cell lines. Clin
Cancer Res 6(5):1978-1987



58

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

M. Hasanpourghadi et al.

. Pettit GR, Cichacz ZA, Gao F, Boyd MR, Schmidt JM (1994) Isolation and structure of the
cancer cell growth inhibitor dictyostatin 1. J Chem Soc Chem Commun 9:1111-1112
Kalesse M (2000) The chemistry and biology of discodermolide. ChemBioChem 1(3):
171-175

Shin Y, Choy N, Balachandran R, Madiraju C, Day BW, Curran DP (2002) Discodermolide/
dictyostatin hybrids: synthesis and biological evaluation. Org Lett 4(25):4443-4446

Telser J, Beumer R, Bell AA, Ceccarelli SM, Monti D, Gennari C (2001) Synthesis of a sim-
plified sarcodictyin analogue which retains microtubule stabilising properties. Tetrahedron
Lett 42(52):9187-9190

Nakao Y, Yoshida S, Matsunaga S, Fusetani N (2003) (Z)-Sarcodictyin A, a new highly cyto-
toxic diterpenoid from the soft coral Bellonella a Ibiflora. J Nat Prod 66(4):524-527
Brocksom TJ, de Oliveira KT, Ferreira MA, Servilha BM (2015) Essential oils as raw materi-
als in the synthesis of anticancer drugs. In: Bioactive essential oils and cancer. Springer,
New York, pp 81-109

Mandhare A, Biradar S, Gurule A (2016) Azaepothilone B and its derivatives: a patent review.
Expert Opin Ther Pat 26(8):891-905

Thomas ES, Gomez HL, Li RK, Chung H-C, Fein LE, Chan VF et al (2007) Ixabepilone plus
capecitabine for metastatic breast cancer progressing after anthracycline and taxane treat-
ment. J Clin Oncol 25(33):5210-5217

Noble R, Beer C, Cutts J (1959) Further biological activities of vincaleukoblastine—an alka-
loid isolated from Vinca rosea (L.). Biochem Pharmacol 1(4):347-348

Johnson I, Wright H, Svoboda G 1959 Experimental basis for clinical evaluation of anti
tumor principles derived from Vinca-Rosea Linn. J Lab Clin Med 54:830. Mosby-Year Book
Inc 11830 Westline Industrial Dr, St Louis, MO 631463318

Gidding C, Kellie S, Kamps W, De Graaf S (1999) Vincristine revisited. Crit Rev Oncol
Hematol 29(3):267-287

Jordan MA, Thrower D, Wilson L (1991) Mechanism of inhibition of cell proliferation by
Vinca alkaloids. Cancer Res 51(8):2212-2222

Bryan J (1971) Vinblastine and microtubules: I. Induction and isolation of crystals from sea
urchin oocytes. Exp Cell Res 66(1):129-136

Gigant B, Wang C, Ravelli RB, Roussi F, Steinmetz MO, Curmi PA et al (2005) Structural
basis for the regulation of tubulin by vinblastine. Nature 435(7041):519-522

Jordan MA, Wilson L (1990) Kinetic analysis of tubulin exchange at microtubule ends at low
vinblastine concentrations. Biochemistry 29(11):2730-2739

Na GC, Timasheftf SN (1980) Stoichiometry of the vinblastine-induced self-association of
calf brain tubulin. Biochemistry 19(7):1347-1354

Singer WD, Jordan M, Wilson L, Himes RH (1989) Binding of vinblastine to stabilized
microtubules. Mol Pharmacol 36(3):366-370

Owellen RJ, Owens AH, Donigian DW (1972) The binding of vincristine, vinblastine and
colchicine to tubulin. Biochem Biophys Res Commun 47(4):685-691

Bissinger R, Modicano P, Frauenfeld L, Lang E, Jacobi J, Faggio C et al (2013) Estramustine-
induced suicidal erythrocyte death. Cell Physiol Biochem 32(5):1426-1436

Hu Z-B, Gignac SM, Quentmeier H, Pettit GR, Drexler HG (1993) Effects of dolastatins on
human B-lymphocytic leukemia cell lines. Leuk Res 17(4):333-339

Ebbinghaus S, Rubin E, Hersh E, Cranmer LD, Bonate PL, Fram RJ et al (2005) A phase I
study of the dolastatin-15 analogue tasidotin (ILX651) administered intravenously daily for
5 consecutive days every 3 weeks in patients with advanced solid tumors. Clin Cancer Res
11(21):7807-7816

Mitra A, Sept D (2004) Localization of the antimitotic peptide and depsipeptide binding site
on B-tubulin. Biochemistry 43(44):13955-13962

Cruz-Monserrate Z, Mullaney JT, Harran PG, Pettit GR, Hamel E (2003) Dolastatin 15 binds
in the vinca domain of tubulin as demonstrated by Hummel-Dreyer chromatography. Eur
J Biochem 270(18):3822-3828



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 59

84

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

. Lopus M (2013) Mechanism of mitotic arrest induced by dolastatin 15 involves loss of ten-
sion across kinetochore pairs. Mol Cell Biochem 382(1-2):93-102

Yue Q-X, Liu X, Guo D-A (2010) Microtubule-binding natural products for cancer therapy.
Planta Med 76(11):1037

Niel E, Scherrmann J-M (2006) Colchicine today. Joint Bone Spine 73(6):672-678

Ravelli RB, Gigant B, Curmi PA, Jourdain I, Lachkar S, Sobel A et al (2004) Insight into
tubulin regulation from a complex with colchicine and a stathmin-like domain. Nature
428(6979):198-202

LuY, Chen J, Xiao M, Li W, Miller DD (2012) An overview of tubulin inhibitors that interact
with the colchicine binding site. Pharm Res 29(11):2943-2971

Weiss C, Sammet B, Sewald N (2013) Recent approaches for the synthesis of modified cryp-
tophycins. Nat Prod Rep 30(7):924-940

HuY (2013) Halichondrin B analogs. Google Patents

. Pettit GR, Cragg GM, Herald DL, Schmidt JM, Lohavanijaya P (1982) Isolation and structure
of combretastatin. Can J Chem 60(11):1374-1376

Kanthou C, Tozer GM (2002) The tumor vascular targeting agent combretastatin A—4-
phosphate induces reorganization of the actin cytoskeleton and early membrane blebbing in
human endothelial cells. Blood 99(6):2060-2069

Anderson HL, Yap JT, Miller MP, Robbins A, Jones T, Price PM (2003) Assessment of phar-
macodynamic vascular response in a phase I trial of combretastatin A4 phosphate. J Clin
Oncol 21(15):2823-2830

Kowalczyk JJ, Kuznetsov G, Schiller S, Seletsky BM, Spyvee M, Yang H (2006) Hemiasterlin
derivatives and uses thereof. Google Patents

Kowalczyk JJ, Schiller SE, Spyvee M, Yang H, Seletsky BM, Shaffer CJ et al (2005) Synthetic
analogs of the marine natural product hemiasterlin: optimization and discovery of E7974, a
novel and potent antitumor agent. Cancer Res 65(9 Supplement):282

Canel C, Moraes RM, Dayan FE, Ferreira D (2000) Podophyllotoxin. Phytochemistry
54(2):115-120

Gordaliza M, Md C, Miguel del Corral J, Feliciano AS (2000) Antitumor properties of podo-
phyllotoxin and related compounds. Curr Pharm Des 6(18):1811-1839

Alday PH, Correia JJ (2009) Macromolecular interaction of halichondrin B analogues eribu-
lin (E7389) and ER-076349 with tubulin by analytical ultracentrifugation. Biochemistry
48(33):7927-7938

Li C-M, Wang Z, Lu Y, Ahn S, Narayanan R, Kearbey JD et al (2011) Biological activity of
4-substituted methoxybenzoyl-aryl-thiazole: an active microtubule inhibitor. Cancer Res
71(1):216-224

Hasanpourghadi M, Karthikeyan C, Pandurangan AK, Looi CY, Trivedi P, Kobayashi K et al
(2016) Targeting of tubulin polymerization and induction of mitotic blockage by Methyl
2-(5-fluoro-2-hydroxyphenyl)-1 H-benzo [d] imidazole-5-carboxylate (MBIC) in human cer-
vical cancer HeLa cell. J Exp Clin Cancer Res 35(1):1

Kang G-J, Getahun Z, Muzaffar A, Brossi A, Hamel E (1990) N-acetylcolchinol O-methy] ether
and thiocolchicine, potent analogs of colchicine modified in the C ring. Evaluation of the mech-
anistic basis for their enhanced biological properties. J Biol Chem 265(18):10255-10259
Kuznetsov G, Tendyke K, Towle MJ, Cheng H, Liu D, Rowell C et al (2005) In vitro and
in vivo antitumor activities of novel hemiasterlin analog E7974. Cancer Res 65(9
Supplement):809

Krishnamurthy G, Cheng W, Lo M-C, Aulabaugh A, Razinkov V, Ding W et al (2003)
Biophysical characterization of the interactions of HTI-286 with tubulin heterodimer and
microtubules. Biochemistry 42(46):13484—-13495

Rowinsky EK, Calvo E (2006) Novel agents that target tublin and related elements. Semin
Oncol 33(4):421-435

Nunes M, Kaplan J, Loganzo F, Zask A, Ayral-Kaloustian S, Greenberger L (2002) Two
photoaffinity analogs of HTI-286, a synthetic analog of hemiasterlin, interact with alpha-



60

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

M. Hasanpourghadi et al.

tubulin. Eur J Cancer 38:S119. Pergamon-Elsevier Science Ltd The Boulevard, Langford
Lane, Kidlington, Oxford OX5 1GB, England

Loganzo F, Discafani C, Annable T, Beyer C, Musto S, Hardy C et al (2002) HTI-286, a
synthetic analog of the antimicrotubule tripeptide hemiasterlin, potently inhibits growth of
cultured tumor cells, overcomes resistance to paclitaxel mediated by various mechanisms,
and demonstrates intravenous and oral in vivo efficacy. 93rd annual meeting of American
Association for Cancer Research. San Francisco, USA

Jordan MA, Wendell K, Gardiner S, Derry WB, Copp H, Wilson L (1996) Mitotic block
induced in HeLa cells by low concentrations of paclitaxel (Taxol) results in abnormal mitotic
exit and apoptotic cell death. Cancer Res 56(4):816-825

Panda D, DeLuca K, Williams D, Jordan MA, Wilson L (1998) Antiproliferative mechanism
of action of cryptophycin-52: kinetic stabilization of microtubule dynamics by high-affinity
binding to microtubule ends. Proc Natl Acad Sci 95(16):9313-9318

Gardner MK, Zanic M, Howard J (2013) Microtubule catastrophe and rescue. Curr Opin Cell
Biol 25(1):14-22

Gardner M, Zanic M, Gell C, Bormuth V, Howard J (2011) The depolymerizing kinesins
Kip3 (kinesin-8) and MCAK (kinesin-13) are catastrophe factors that destabilize microtu-
bules by different mechanisms. Cell 147(5):1092-1103

Howard J, Hyman AA (2003) Dynamics and mechanics of the microtubule plus end. Nature
422(6933):753-758

Maurer SP, Fourniol FJ, Bohner G, Moores CA, Surrey T (2012) EBs recognize a nucleotide-
dependent structural cap at growing microtubule ends. Cell 149(2):371-382

Maurer SP, Bieling P, Cope J, Hoenger A, Surrey T (2011) GTPyS microtubules mimic the
growing microtubule end structure recognized by end-binding proteins (EBs). Proc Natl Acad
Sci 108(10):3988-3993

Elie-Caille C, Severin F, Helenius J, Howard J, Muller DJ, Hyman A (2007) Straight GDP-
tubulin protofilaments form in the presence of taxol. Curr Biol 17(20):1765-1770

Brieher WM, Yap AS (2013) Cadherin junctions and their cytoskeleton (s). Curr Opin Cell
Biol 25(1):39-46

Bakhoum SF, Compton DA (2012) Kinetochores and disease: keeping microtubule dynamics
in check! Curr Opin Cell Biol 24(1):64-70

Komlodi-Pasztor E, Sackett DL, Fojo AT (2012) Inhibitors targeting mitosis: tales of how
great drugs against a promising target were brought down by a flawed rationale. Clin Cancer
Res 18(1):51-63

Komlodi-Pasztor E, Sackett D, Wilkerson J, Fojo T (2011) Mitosis is not a key target of
microtubule agents in patient tumors. Nat Rev Clin Oncol 8(4):244-250

Keen N, Taylor S (2004) Aurora-kinase inhibitors as anticancer agents. Nat Rev Cancer
4(12):927-936

Strebhardt K (2010) Multifaceted polo-like kinases: drug targets and antitargets for cancer
therapy. Nat Rev Drug Discov 9(8):643-660

Melnikova I, Golden J (2004) Targeting protein kinases. Nat Rev Drug Discov 3(12):
993-994

Milross CG, Mason KA, Hunter NR, Chung W-K, Peters LJ, Milas L (1996) Relationship of
mitotic arrest and apoptosis to antitumor effect of paclitaxel. J Natl Cancer Inst 88(18):
1308-1314

Rohena CC, Peng J, Johnson TA, Crews P, Mooberry SL (2013) Chemically diverse microtu-
bule stabilizing agents initiate distinct mitotic defects and dysregulated expression of key
mitotic kinases. Biochem Pharmacol 85(8):1104-1114

Gornstein E, Schwarz TL (2014) The paradox of paclitaxel neurotoxicity: mechanisms and
unanswered questions. Neuropharmacology 76:175-183

Ferlini C, Cicchillitti L, Raspaglio G, Bartollino S, Cimitan S, Bertucci C et al (2009)
Paclitaxel directly binds to Bcl-2 and functionally mimics activity of Nur77. Cancer Res
69(17):6906-6914



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 61

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Gomez TS, Billadeau DD (2008) T cell activation and the cytoskeleton: you can't have one
without the other. Adv Immunol 97:1-64

Giannakakou P, Sackett DL, Ward Y, Webster KR, Blagosklonny MV, Fojo T (2000) p53 is
associated with cellular microtubules and is transported to the nucleus by dynein. Nat Cell
Biol 2(10):709-717

Darshan MS, Loftus MS, Thadani-Mulero M, Levy BP, Escuin D, Zhou XK et al (2011)
Taxane-induced blockade to nuclear accumulation of the androgen receptor predicts clinical
responses in metastatic prostate cancer. Cancer Res 71(18):6019-6029

Carbonaro M, O'Brate A, Giannakakou P (2011) Microtubule disruption targets HIF-1la
mRNA to cytoplasmic P-bodies for translational repression. J Cell Biol 192(1):83-99
Schwartz EL (2009) Antivascular actions of microtubule-binding drugs. Clin Cancer Res
15(8):2594-2601

Tozer GM, Kanthou C, Baguley BC (2005) Disrupting tumour blood vessels. Nat Rev Cancer
5(6):423-435

Lippert JW (2007) Vascular disrupting agents. Bioorg Med Chem 15(2):605-615

Lu H, Murtagh J, Schwartz EL (2006) The microtubule binding drug laulimalide inhibits
vascular endothelial growth factor-induced human endothelial cell migration and is synergis-
tic when combined with docetaxel (taxotere). Mol Pharmacol 69(4):1207-1215

Kamath K, Smiyun G, Wilson L, Jordan MA (2014) Mechanisms of inhibition of endothelial
cell migration by taxanes. Cytoskeleton 71(1):46-60

Carbonaro M, Escuin D, O'Brate A, Thadani-Mulero M, Giannakakou P (2012) Microtubules
regulate hypoxia-inducible factor-la protein trafficking and activity implications for taxane
therapy. J Biol Chem 287(15):11859-11869

Goode BL, Drubin DG, Barnes G (2000) Functional cooperation between the microtubule
and actin cytoskeletons. Curr Opin Cell Biol 12(1):63-71

Mandato CA, Bement WM (2003) Actomyosin transports microtubules and microtubules
control actomyosin recruitment during Xenopus oocyte wound healing. Curr Biol
13(13):1096-1105

Kanakkanthara A, Teesdale-Spittle PH, Miller JH (2013) Cytoskeletal alterations that confer
resistance to anti-tubulin chemotherapeutics. Anticancer Agents Med Chem 13(1):147-158
Geraldo S, Gordon-Weeks PR (2009) Cytoskeletal dynamics in growth-cone steering. J Cell
Sci 122(20):3595-3604

Tanaka E, Ho T, Kirschner MW (1995) The role of microtubule dynamics in growth cone
motility and axonal growth. J Cell Biol 128(1):139-155

Gascoigne KE, Taylor SS (2008) Cancer cells display profound intra-and interline variation
following prolonged exposure to antimitotic drugs. Cancer Cell 14(2):111-122

Strebhardt K, Ullrich A (2006) Targeting polo-like kinase 1 for cancer therapy. Nat Rev
Cancer 6(4):321-330

Slangy A, Lane HA, d'Hérin P, Harper M, Kress M, Niggt EA (1995) Phosphorylation by p34
cdc2 regulates spindle association of human Eg5, a kinesin-related motor essential for bipolar
spindle formation in vivo. Cell 83(7):1159-1169

Yang J, Ikezoe T, Nishioka C, Tasaka T, Taniguchi A, KuwayamaY et al (2007) AZD1152, a
novel and selective aurora B kinase inhibitor, induces growth arrest, apoptosis, and sensitiza-
tion for tubulin depolymerizing agent or topoisomerase II inhibitor in human acute leukemia
cells in vitro and in vivo. Blood 110(6):2034-2040

Fojo AT, Adelberg DE (2010) Microtubule Targeting Agents. In: Drug Management of
Prostate Cancer. Springer, New York, pp 179-194

Risinger AL, Peng J, Rohena CC, Aguilar HR, Frantz DE, Mooberry SL (2013) The bat
flower: a source of microtubule-destabilizing and-stabilizing compounds with synergistic
antiproliferative actions. J Nat Prod 76(10):1923-1929

Goncalves A, Braguer D, Kamath K, Martello L, Briand C, Horwitz S et al (2001) Resistance
to Taxol in lung cancer cells associated with increased microtubule dynamics. Proc Natl Acad
Sci 98(20):11737-11742



62

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

M. Hasanpourghadi et al.

Richards KL, Anders KR, Nogales E, Schwartz K, Downing KH, Botstein D (2000)
Structure—function relationships in yeast tubulins. Mol Biol Cell 11(5):1887-1903

Miiller D, Schindler P, Towbin H, Wirth U, Voshol H, Hoving S et al (2001) Isotope-tagged
cross-linking reagents. A new tool in mass spectrometric protein interaction analysis. Anal
Chem 73(9):1927-1934

Martello LA, Verdier-Pinard P, Shen H-J, He L, Torres K, Orr GA et al (2003) Elevated levels
of microtubule destabilizing factors in a Taxol-resistant/dependent A549 cell line with an
o-tubulin mutation. Cancer Res 63(6):1207-1213

Curmi P, Nogues C, Lachkar S, Carelle N, Gonthier M, Sobel A et al (2000) Overexpression
of stathmin in breast carcinomas points out to highly proliferative tumours. Br J Cancer
82(1):142

Nicoletti MI, Valoti G, Giannakakou P, Zhan Z, Kim J-H, Lucchini V et al (2001) Expression
of p-Tubulin Isotypes in Human Ovarian Carcinoma Xenografts and in a Sub-Panel of Human
Cancer Cell Lines from the NCI-Anticancer Drug Screen Correlation with Sensitivity to
Microtubule Active Agents. Clin Cancer Res 7(9):2912-2922

Wilde C, Crowther C, Cowan N (1982) Diverse mechanisms in the generation of human beta-
tubulin pseudogenes. Science 217(4559):549-552

Giannakakou P, Sackett DL, Kang Y-K, Zhan Z, Buters JT, Fojo T et al (1997) Paclitaxel-
resistant human ovarian cancer cells have mutant -tubulins that exhibit impaired paclitaxel-
driven polymerization. J Biol Chem 272(27):17118-17125

Warnick CT, Dabbas B, Ford CD, Strait KA (2001) Identification of a p53 response element
in the promoter region of the hMSH2 gene required for expression in A2780 ovarian cancer
cells. J Biol Chem 276(29):27363-27370

Leach FS, Hsieh JT, Molberg K, Saboorian MH, McConnell JD, Sagalowsky AI (2000)
Expression of the human mismatch repair gene hMSH2. Cancer 88(10):2333-2341
Giannakakou P, Poy G, Zhan Z, Knutsen T, Blagosklonny MV, Fojo T (2000) Paclitaxel
selects for mutant or pseudo-null p53 in drug resistance associated with tubulin mutations in
human cancer. Oncogene 19(27):3078-3085

Lavarino C, Pilotti S, Oggionni M, Gatti L, Perego P, Bresciani G et al (2000) p53 gene status
and response to platinum/paclitaxel-based chemotherapy in advanced ovarian carcinoma.
J Clin Oncol 18(23):3936-3945

Kavallaris M, Tait AS, Walsh BJ, He L, Horwitz SB, Norris MD et al (2001) Multiple micro-
tubule alterations are associated with Vinca alkaloid resistance in human leukemia cells.
Cancer Res 61(15):5803-5809

Suzuki R, Newman S, Purohit A, Leese M, Potter B, Reed M (2003) Growth inhibition of
multi-drug-resistant breast cancer cells by 2-methoxyoestradiol-bis-sulphamate and 2-ethylo
estradiol-bis-sulphamate. J Steroid Biochem Mol Biol 84(2):269-278

Yen TJ, Gay DA, Pachter JS, Cleveland D (1988) Autoregulated changes in stability of
polyribosome-bound beta-tubulin mRNAs are specified by the first 13 translated nucleotides.
Mol Cell Biol 8(3):1224-1235

Hari M, Yang H, Zeng C, Canizales M, Cabral F (2003) Expression of class III B-tubulin
reduces microtubule assembly and confers resistance to paclitaxel. Cell Motil Cytoskeleton
56(1):45-56

Hasegawa S, Miyoshi Y, Egawa C, Ishitobi M, Taguchi T, Tamaki Y et al (2003) Prediction of
response to docetaxel by quantitative analysis of class I and III B-tubulin isotype mRNA
expression in human breast cancers. Clin Cancer Res 9(8):2992-2997

Joe PA, Banerjee A, Luduefia RF (2008) The roles of Cys124 and Ser239 in the functional
properties of human BIII tubulin. Cell Motil Cytoskeleton 65(6):476-486

Gan PP, Pasquier E, Kavallaris M (2007) Class III p-Tubulin Mediates Sensitivity to
Chemotherapeutic Drugs in Non—-Small Cell Lung Cancer. Cancer Res 67(19):9356-9363
Stengel C, Newman S, Leese M, Potter B, Reed M, Purohit A (2010) Class III p-tubulin
expression and in vitro resistance to microtubule targeting agents. Br J Cancer
102(2):316-324



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 63

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Lowe J, Li H, Downing K, Nogales E (2001) Refined structure of ap-tubulin at 3.5 A resolu-
tion. J Mol Biol 313(5):1045-1057

Ferlini C, Raspaglio G, Mozzetti S, Cicchillitti L, Filippetti F, Gallo D et al (2005) The seco-
taxane IDN5390 is able to target class III p-tubulin and to overcome paclitaxel resistance.
Cancer Res 65(6):2397-2405

Kamath K, Wilson L, Cabral F, Jordan MA (2005) BIII-tubulin induces paclitaxel resistance
in association with reduced effects on microtubule dynamic instability. J Biol Chem
280(13):12902—-12907

Seve P, Isaac S, Trédan O, Souquet P-J, Pachéco Y, Pérol M et al (2005) Expression of Class
IIT B-Tubulin Is Predictive of Patient Outcome in Patients with Non—Small Cell Lung Cancer
Receiving Vinorelbine-Based Chemotherapy. Clin Cancer Res 11(15):5481-5486
Leandro-Garcia LJ, Leskeld S, Inglada-Pérez L, Landa I, de Cubas AA, Maliszewska A et al
(2012) Hematologic p-tubulin VI isoform exhibits genetic variability that influences pacli-
taxel toxicity. Cancer Res 72(18):4744-4752

Huzil JT, Luduena RF, Tuszynski J (2006) Comparative modelling of human f tubulin iso-
types and implications for drug binding. Nanotechnology 17(4):S90

Huzil JT, Chen K, Kurgan L, Tuszynski JA (2007) The roles of [beta]*tubulin mutations and
isotype expression in acquired drug resistance. Cancer Informat 3:159-181

Szakacs G, Paterson JK, Ludwig JA, Booth-Genthe C, Gottesman MM (2006) Targeting
multidrug resistance in cancer. Nat Rev Drug Discov 5(3):219-234

Leonard GD, Fojo T, Bates SE (2003) The role of ABC transporters in clinical practice.
Oncologist 8(5):411-424

Fojo AT, Menefee M (2005) editors. Microtubule targeting agents: basic mechanisms of mul-
tidrug resistance (MDR). Semin Oncol 32(6 Suppl 7):S3-S8

Trock BJ, Leonessa F, Clarke R (1997) Multidrug resistance in breast cancer: a meta-analysis
of MDR1/gp170 expression and its possible functional significance. J Natl Cancer Inst
89(13):917-931

Noguchi S (2006) Predictive factors for response to docetaxel in human breast cancers.
Cancer Sci 97(9):813-820

Bode CJ, Gupta ML, Reiff EA, Suprenant KA, Georg GI, Himes RH (2002) Epothilone and
paclitaxel: unexpected differences in promoting the assembly and stabilization of yeast
microtubules. Biochemistry 41(12):3870-3874

Agrawal M, Abraham J, Balis FM, Edgerly M, Stein WD, Bates S et al (2003) Increased
99mTc-sestamibi accumulation in normal liver and drug-resistant tumors after the adminis-
tration of the glycoprotein inhibitor, XR9576. Clin Cancer Res 9(2):650-656

Loganzo F, Hari M, Annable T, Tan X, Morilla DB, Musto S et al (2004) Cells resistant to
HTI-286 do not overexpress P-glycoprotein but have reduced drug accumulation and a point
mutation in a-tubulin. Mol Cancer Ther 3(10):1319-1327

Pusztai L, Wagner P, Ibrahim N, Rivera E, Theriault R, Booser D et al (2005) Phase II study
of tariquidar, a selective P-glycoprotein inhibitor, in patients with chemotherapy-resistant,
advanced breast carcinoma. Cancer 104(4):682-691

Weingarten MD, Lockwood AH, Hwo S-Y, Kirschner MW (1975) A protein factor essential
for microtubule assembly. Proc Natl Acad Sci 72(5):1858-1862

Kar S, Fan J, Smith MJ, Goedert M, Amos LA (2003) Repeat motifs of tau bind to the insides
of microtubules in the absence of taxol. EMBO J 22(1):70-77

Andre F, Hatzis C, Anderson K, Sotiriou C, Mazouni C, Mejia J et al (2007) Microtubule-
associated protein-tau is a bifunctional predictor of endocrine sensitivity and chemotherapy
resistance in estrogen receptor—positive breast cancer. Clin Cancer Res 13(7):2061-2067
Pusztai L, Jeong J-H, Gong Y, Ross JS, Kim C, Paik S et al (2009) Evaluation of microtubule-
associated protein-Tau expression as a prognostic and predictive marker in the NSABP-B 28
randomized clinical trial. J Clin Oncol 27(26):4287-4292

Smoter M, Bodnar L, Duchnowska R, Stec R, Grala B, Szczylik C (2011) The role of Tau
protein in resistance to paclitaxel. Cancer Chemother Pharmacol 68(3):553-557



64

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.
201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

M. Hasanpourghadi et al.

Rouzier R, Rajan R, Wagner P, Hess KR, Gold DL, Stec J et al (2005) Microtubule-associated
protein tau: a marker of paclitaxel sensitivity in breast cancer. Proc Natl Acad Sci U S A
102(23):8315-8320

Gschwind A, Fischer OM, Ullrich A (2004) The discovery of receptor tyrosine kinases: tar-
gets for cancer therapy. Nat Rev Cancer 4(5):361-370

Yarden Y, Sliwkowski MX (2001) Untangling the ErbB signalling network. Nat Rev Mol Cell
Biol 2(2):127-137

Graus-Porta D, Beerli RR, Daly JM, Hynes NE (1997) ErbB-2, the preferred heterodimeriza-
tion partner of all ErbB receptors, is a mediator of lateral signaling. EMBO J 16(7):
1647-1655

Ross JS, Slodkowska EA, Symmans WF, Pusztai L, Ravdin PM, Hortobagyi GN (2009) The
HER-2 receptor and breast cancer: ten years of targeted anti-HER-2 therapy and personal-
ized medicine. Oncologist 14(4):320-368

Pusztai L (2007) Markers predicting clinical benefit in breast cancer from microtubule-
targeting agents. Ann Oncol 18(suppl 12):xii15—xii20

Ambudkar SV, Kimchi-Sarfaty C, Sauna ZE, Gottesman MM (2003) P-glycoprotein: from
genomics to mechanism. Oncogene 22(47):7468-7485

Geney R, Ungureanu IM, Li D, Ojima I (2002) Overcoming multidrug resistance in taxane
chemotherapy. Clin Chem Lab Med 40(9):918-925

Galmarini C, Kamath K, Vanier-Viornery A, Hervieu V, Peiller E, Falette N et al (2003) Drug
resistance associated with loss of p53 involves extensive alterations in microtubule composi-
tion and dynamics. Br J Cancer 88(11):1793—-1799

Kavallaris M, Burkhart C, Horwitz S (1999) Antisense oligonucleotides to class III p-tubulin
sensitize drug-resistant cells to Taxol. Br J Cancer 80(7):1020

Gordaliza M (2007) Natural products as leads to anticancer drugs. Clin Transl Oncol
9(12):767-776

Newman DJ, Cragg GM, Snader KM (2003) Natural products as sources of new drugs over
the period 1981-2002. J Nat Prod 66(7):1022-1037

Clardy J, Walsh C (2004) Lessons from natural molecules. Nature 432(7019):829-837
Glaser KB (2007) HDAC inhibitors: clinical update and mechanism-based potential. Biochem
Pharmacol 74(5):659-671

Brito DA, Yang Z, Rieder CL (2008) Microtubules do not promote mitotic slippage when the
spindle assembly checkpoint cannot be satisfied. J Cell Biol 182(4):623-629

Ganguly A, Yang H, Cabral F (2010) Paclitaxel-dependent cell lines reveal a novel drug activ-
ity. Mol Cancer Ther 9(11):2914-2923

Mukhtar E, Adhami VM, Mukhtar H (2014) Targeting microtubules by natural agents for
cancer therapy. Mol Cancer Ther 13(2):275-284

Hood KA, West LM, Rouwé B, Northcote PT, Berridge MV, Miller JH (2002) Peloruside A,
a novel antimitotic agent with paclitaxel-like microtubule-stabilizing activity. Cancer Res
62(12):3356-3360

Huang GS, Lopez-Barcons L, Freeze BS, Smith AB, Goldberg GL, Horwitz SB et al (2006)
Potentiation of taxol efficacy by discodermolide in ovarian carcinoma xenograft-bearing
mice. Clin Cancer Res 12(1):298-304

Isbrucker RA, Cummins J, Pomponi SA, Longley RE, Wright AE (2003) Tubulin polymer-
izing activity of dictyostatin-1, a polyketide of marine sponge origin. Biochem Pharmacol
66(1):75-82

Vijayakumar S, Menakha M (2015) Pharmaceutical applications of cyanobacteria—A review.
JACME 5(1):15-23

Gordaliza M, Garcia P, Del Corral JM, Castro M, Gémez-Zurita M (2004) Podophyllotoxin:
distribution, sources, applications and new cytotoxic derivatives. Toxicon 44(4):441-459
Verdier-Pinard P, Lai J-Y, Yoo H-D, Yu J, Marquez B, Nagle DG et al (1998) Structure-
activity analysis of the interaction of curacin A, the potent colchicine site antimitotic agent,
with tubulin and effects of analogs on the growth of MCF-7 breast cancer cells. Mol
Pharmacol 53(1):62-76



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 65

211.

212.

213.

214.

215.

216.

217.

218.

LuY, Li C-M, Wang Z, Ross CR, Chen J, Dalton JT et al (2009) Discovery of 4-substituted
methoxybenzoyl-aryl-thiazole as Novel Anticancer Agents: Synthesis, biological evaluation,
and structure — activity relationships. J Med Chem 52(6):1701-1711

Hadaschik BA, Ettinger S, Sowery RD, Zoubeidi A, Andersen RJ, Roberge M et al (2008)
Targeting prostate cancer with HTI-286, a synthetic analog of the marine sponge product
hemiasterlin. Int J Cancer 122(10):2368-2376

Salmon HW, Siemann DW (2006) Effect of the second-generation vascular disrupting agent
0Xi4503 on tumor vascularity. Clin Cancer Res 12(13):4090-4094

Eskens F, Tresca P, Tosi D, Van Doorn L, Fontaine H, Van der Gaast A et al (2014) A phase I
pharmacokinetic study of the vascular disrupting agent ombrabulin (AVE8062) and docetaxel
in advanced solid tumours. Br J Cancer 110(9):2170-2177

Rudek MA, Dasari A, Laheru D, He P, Jin R, Walker R et al (2016) Phase 1 Study of ABT-
751 in Combination With CAPIRI (Capecitabine and Irinotecan) and Bevacizumab in
Patients With Advanced Colorectal Cancer. J Clin Pharmacol 56(8):966-973

Ma T, Fuld AD, Rigas JR, Hagey AE, Gordon GB, Dmitrovsky E et al (2012) A phase I trial
and in vitro studies combining ABT-751 with carboplatin in previously treated non-small cell
lung cancer patients. Chemotherapy 58(4):321-329

Traina T, Hudis C, Seidman A, Gajria D, Gonzalez J, Anthony S et al (2012) Abstract
P6-11-10: IBL2001: Phase I/II study of a novel dose-dense schedule of oral indibulin for the
treatment of metastastic breast cancer. Cancer Res 72(24 Supplement):P6-11-0-P6--0
Nahrwold M, Weill C, Bogner T, Mertink F, Conradi J, Sammet B et al (2013) Conjugates of
modified cryptophycins and RGD-peptides enter target cells by endocytosis. ] Med Chem
56(5):1853-1864



New Challenges in Cancer Therapy: MAPK
Inhibitors from Bench to Bedside

Catherine Ropert and Hugo W. Huth

Abstract The mitogen-activated protein kinases (MAPKSs) belong to a family of
serine/threonine kinases which transduce the signals by post-translational modifica-
tions of different downstream effectors and transcription factors involved in differ-
ent aspects of the cell life, such as proliferation, migration, differentiation and death.
The deregulation of MAPK pathways is well correlated with cancer development.
Recent advancements made in genetics, genomics and proteomics have provided a
better understanding of the mechanisms involved in tumor progression and have
confirmed the relevance of aiming MAPKSs as novel therapeutic targets in cancer.
Indeed, different MAPK inhibitors are currently under investigation demonstrating
the potential of such compounds in cancer therapy. Here, we present the latest
advances involving MAPK inhibitors in clinical trials, and we summarize key
parameters for the translation of results from bench to bedside.

Keywords Cancer therapy * MAPK ¢ MAPK inhibitor ¢ Signaling pathway ¢
Tumor heterogeneity

Introduction

Cancer is a multifaceted and genomically complex disease and rapidly expanding
information related to subtype-specific molecular abnormalities has revolutionized
the development of molecular diagnostics for cancer subtypes and rationally
designed therapeutics tailored to patients based on the molecular profiles of their
tumors [1, 2]. Recent breakthroughs in unbiased genome-wide association studies
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have helped in the identification of previously unrecognized genetic predisposing
factors which are contributory to an individual’s risk of developing cancer [2, 3].
Furthermore, over the past several years, analyses of data from high-throughput
studies of somatic alterations of the genomic and transcriptomic landscapes in
tumors have provided convincing evidence related to intracellular signaling cascades
which are characteristically dysregulated in cancer subtypes [4, 5]. Tumor cells have
evolved different mechanisms to escape from apoptosis. Imbalance of pro-apoptotic
and anti-apoptotic proteins also plays instrumental role in cancer development [4,
6-8]. pS3 protein is involved in positive regulation of apoptotic pathway [9-11].
Substantial fraction of information has been added into the pre-existing pool of
knowledge and it is now more understandable that dysregulations of spatio-tempo-
rally controlled signaling cascades, existence of significant inter-tumoral and intra-
tumoral heterogeneity,genetic/epigenetic mutations are some of the most widely
studied mechanisms which underlie cancer development. Moreover, different mech-
anisms including loss of apoptosis, Darwinian evolution in response to therapeutic
pressures and highly intricate multi-directional spread of metastatically competent
cancer cells from primary site to the metastatic sites are also being widely studied.

Many of the signals transduced intracellularly through different receptors and
environmental cues converge on mitogen-activated protein kinases (MAPKS),
which phosphorylate and activate different downstream effectors and transcription
factors. MAPKs are members of a dynamic and hierarchially organized protein
kinase network through which signals from the respective MAPK are transduced to
the specific spatio-temporal cellular loci.

In this context, a growing interest in a better understanding of the signaling
pathways involved in cancer has created new avenues for the identification and
development of new anticancer drugs at molecular level. Here, we present chal-
lenges and opportunities in the targeting of MAPKSs in cancer.

MAPK Signaling Pathway in Cancer

Mitogen Protein Activated-Kinases (MAPKs), that comprise a serine/threonine
kinase group, are among most deeply studied signal transduction pathways.
The MAPK pathways present in all eukaryotic cells respond to a plethora of extra-
cellular stimuli and control many biological activities like gene expression, mitosis,
metabolism, migration, survival, apoptosis, and differentiation [12—14]. A canoni-
cal MAPK pathway consists of a three-kinase module in which a MAPK is activated
upon phosphorylation on threonine and tyrosine residues by a mitogen-activated
protein kinase kinase (MAPKK), when phosphorylated by a MAPKKK (Fig. 1).
Once activated, the MAPK may translocate to the nucleus to activate transcription
factors and induce a biological response [15]. This assembly of MAPK pathways in
a three-component module has been conserved from yeast to humans. The MAPK
network includes extracellular signal-regulated kinase (ERK), p38 mitogen-activated
protein kinase (p38), c-Jun N-terminal kinase (JNK). MAPK pathways play
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Fig. 1 Schematic representation of the different MAPK signaling pathway. The various upstream
activators of ERKs, JNKs and p38 MAPKs, such as MAP2K and MAP3K family members, are
depicted in the figure. ERK pathway is mainly activated through growth factors while p38 and JNK
pathways are defined as stress pathways and consequently activated by environmental stress and
inflammatory cytokines. The phosphorylation of MAPK leads to transcription factor activation in
the nucleus. Notably, the same transcription factor can be activated by different MAPKs. All the
three MAPKs may be involved in the proliferative activity, cell survival or proapoptotic function
depending on cell type, MAPK isoform and transcription factor activated

important roles in normal cellular physiology, but the tumorigenesis process
“captures” and also uses MAPKSs to continuously transmit survival signals to the
nucleus [16]. Besides, ERKS5 and other atypical MAPKs like ERK3/4, ERK7 have
been described. But, ERK1/2, JNKSs, and p38 isoforms represent the most studied
mammalian MAPKSs that is why we focused on these three later MAPKSs.

While ERK pathway links preferentially to cell proliferation, differentiation, and
death, JNK and p38 MAPK pathways participate in stress signaling thus promoting
an inflammatory response as depicted in the Fig. 1. As the association between
chronic inflammation and cancer development has been evidenced, an important
part for these stress-activated kinases in cancer has emerged. However, besides
their involvement in inflammation, the role of JNK and p38 as a regulator of cell
proliferation and apoptosis must be considered.
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Different parameters govern the MAPK activity. Among them, the duration of
MAPK phosphorylation plays a crucial role in the decision of cell fate. For instance,
it has been shown that prolonged ERK phosphorylation changes the cell response and
leads to cell differentiation instead of cell proliferation [17]. Once phosphorylated
MAPK requires a deactivation program to return to basal level. In this context, phos-
phatases play a key role in the regulation of MAPK pathways activity through
dephosphorylation of threonine (Thr) and/or tyrosine (Tyr) residues [18, 19]. Any
alteration in the delicate balance between kinase and phosphatase activities may con-
tribute to development and progression of various diseases, including cancer, that
explains why phosphatases are under investigation in this area. A slight upregulation
or downregulation of the MAPK phosphorylation can alter cell response. Another
factor that may determine the MAPK activity is its spatial distribution. MAPKs are
essential for the activation of transcription factors necessary for gene expression and
regulation of cell cycle [20, 21]. In this context, nuclear translocation of MAPKs
appears essential for many of their activities, since the blocking of nuclear activity of
ERK, JNK and p38 inhibits many cellular processes like cell proliferation. In this
regard, such strategy to reduce tumor cell proliferation has been tested by Plotnikov
et al., who used NTS-derived myristoylated phosphomimetic peptide which inhibited
the activity of Imp7, a protein involved in the ERK nuclear translocation [22].

ERK Pathway

ERK1 was the first mammalian MAPK to be cloned and characterized [23-26]. It
was originally found to be phosphorylated on Tyr and Thr residues in response to
growth factors [25, 27, 28]. The ERK signalling pathway is activated by an array of
receptor types, including receptor tyrosine kinases (RTKs), G protein-coupled
receptors and cytokine receptors [29, 30]. The core of this pathway is involved in
activation of the cascade of RAF, MEK, and ERK. Although this cascade is classi-
cally shown as linear, its representation should take into account the complexity of
the signaling network. Indeed, this is illustrated by the convergence of signaling at
MEK1/2 level as presented in the Fig. 1. Besides the RAF proteins (A-RAF, B-RAF
and C-RAF) that are the best-studied MEK activators, a number of other MAP
kinase kinase kinases (MAP3Ks) like MEKK 1or MEKK?2 may activate MEK1/2.
The RAF proteins have been intensely studied over the past years, and most of
the studies have been focused on C-RAF. Then, with the discovery of B-RAF muta-
tions involved in a large number of tumors, B-RAF has received more attention,
specifically in melanomas. However, very little is known about A-RAF. Differences
in function and tissue expression among RAF isoforms have been evidenced. For
example, B-RAF is frequently overexpressed in cells of neuronal origin [31]. The
activation of RAF triggered by various signals like RAS GTPases [21, 32] appears
complex and involves phosphorylation/dephosphorylation cycle before reaching the
activated state. Importantly, it has been shown that B-RAF requires fewer
phosphorylation events than A-RAF and C-RAF for maximal activation [33].
The ability to activate MEK in vitro also differs depending on the isoform: B-RAF
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is the strongest inducer of MEK activation, followed by C-RAF and A-RAF whose
MEK activity is merely detected [34]. Later, it has been reported that heterodimer-
ization was crucial to promote the RAF activity. Indeed, Rushworth et al. have dem-
onstrated that B-RAF and C-RAF heterodimerize in multiple cell lines in response
to mitogens [35]. This supports the hypothesis of Matallanas et al. suggesting that
C-RAF and A-RAF may act as modulators to enhance the ability of B-RAF to acti-
vate the ERK pathway [36]. This pathway is highly regulated as illustrated by the
ERK-mediated feedback phosphorylation of B-RAF reducing the lifetime of
C-RAF/B-RAF heterodimers [35, 37]. In some other way, ERK may act directly on
RAS reducing the efficiency of the RAS/C-RAF association and renders ERK acti-
vation transient [38].

Concerning MEK 1 and MEK?2 kinase isoforms that are directly responsible for
the activation of ERK, it has also been assumed that they may have different func-
tions. In fact, the absence of MEK 1 provoked an embryonic lethality of the MEK1~/~
mice [39]. By contrast, MEK2~/~ mice are viable and fertile [40]. But, more recently,
Aoidi et al. [41] have changed this equation by describing the contribution of both
MEKI1 and MEK?2 in the placenta development and embryo survival. According to
this study, a minimal amount of MEK protein, independently of which isoform, was
required for embryo survival.

In cell model, by depleting either MEK subtype by siRNA, it was reported that
downregulation of MEK1 expression inhibited pancreatic cancer cells and induced
GO/G1 arrest [42]. In colon cancer line or pancreatic cancer line, the lack of MEK1
induced an upregulation of MEK2 activity and a sustained strong ERK activity lead-
ing to growth arrest. By contrast, when MEK1 activity became predominant as in
the absence of MEK2, ERK pathway activation induced cell proliferation [43].
Recently, a differential function for MEK1 and MEK2 has been evidenced in breast
cancer cells. The authors have shown that the depletion of MEK2 but not MEK1
reduced the cyclin D1 expression leading to decreased cell survival. Further, the
authors have described a link between MEK2 and p38 pathway never described in
normal cells [44]. MEK1 and MEK?2 are phosphorylated by RAF or MAP3K at
Serine (Ser) 218 and Ser 222 and Ser 222 and Ser 226, respectively. Both isoforms
have a strategic position in ERK pathway since they are considered the only activa-
tors of ERK1/2. MEK1 and MEK?2 have been noted to exist as heterodimers. ERK
is involved in phosphorylation of MEK1 on Thr292 that impedes the formation of
MEKI1/MEK?2 heterodimers, and promotes dephosphorylation of activating resi-
dues Ser 218 and Ser 222 [45, 46]. The direct consequence of the MEK 1 phosphory-
lation is a reduction of MEKI1/2 activity and consequently of ERK activation
illustrating another negative feedback of ERK on this pathway.

Concerning ERK1 and ERK2 isoforms, different debates are still in progress
about functional difference or functional redundancy between them. As inhibitors of
B-RAF and MEK1/2 have been approved for the treatment of cancer and they are
expected to inhibit their downstream effectors ERK1 and ERK2, it is crucial to
understand whether the two isoforms exert specific or redundant functions. Several
studies have claimed a redundant role for both isoforms, in which generally, the
methodological approach was the reduction of ERK1 and/or ERK2 to clarify their
role in cells. Single and combined silencing of ERK1 and ERK2 have shown that
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their decisive role in growth signaling depend on their expression levels [47]. In
other way, Vantaggiato et al. have suggested that ERK1 and ERK2 may assume
opposite functions in RAS-mediated signaling since ERK1 negatively regulates the
signal induced by ERK?2 [48]. Shin et al. have defined that downregulation of ERK2
but not ERK1, abolish oncogenic RAS-induced senescence [49]. In the same way,
other groups have demonstrated that ERK2 but not ERK1 depletion significantly
reduces global ERK activity that corroborates with the absence of effect on ERK
activity after ERK1 knockdown [50, 51]. Importantly, ERK2 is generally more
expressed than ERK1 in most mammalian tissues. Such observations address the
use of silencing methods to define ERK1 or ERK2 role due to their differential
expression in tissues. In addition, this may explain why the impact of ERK?2 silenc-
ing appears more pronounced in different models; however, the role of ERK1 can-
not be neglected as suggested by Frémin et al. [52]. They have demonstrated that the
loss of functions due to ERK?2 deficiency may be rescued by overexpression of
ERKI1 and have concluded that ERK1 and ERK2 exert redundant functions in
mouse development. The same remains to be demonstrated in cancer or in others
diseases. Interestingly, Busca et al. propose a new concept where total ERK activity
and not isoform itself is the critical parameter to achieve ERK functions [53].

The ERK cascade plays a crucial role in multiple cellular processes involved in
cell fate [30, 54, 55]. Importantly, the RAS-RAF-MEK-ERK1/2 pathway is one of
the most dysregulated signaling pathways in human cancer. For instance, B-RAF
mutation frequently occurs in certain types of cancers such as melanoma (50-80%
of cases), papillary thyroid carcinoma (~45%), hepatocellular carcinoma (~40%)
and colorectal cancer (~10%) [56, 57]. The direct consequence of RAF mutation
might be the constitutive activation of ERK1/2. But, constitutive ERK activation is
not necessarily linked to mutated component of this pathway. Other factors like
epigenetic factors may also play a role in the dysregulation of ERK pathway. The
high incidence of human cancers with a constitutively active ERK pathway has
encouraged the research of pharmacological inhibitors able to efficiently target dif-
ferent regulators of this cascade.

JNK Pathway

JNK was described, almost 20 years ago, as the protein kinase responsible for acti-
vating c-Jun which is a component of the activating protein-1 (AP-1) transcription
factor family that may be involved in malignant transformation [58]. Besides, JNK
was defined as a stress-activated kinase responding to a large panel of stimuli lead-
ing to the production of cytokine, and consequently to the development of chronic
inflammation [59]. JNK can be phosphorylated by two distinct MAPKK, MKK4,
and MKK?7, which cooperate in the JNK activation. In turn, MKK4/7 are phos-
phorylated by a plethora of MAKKKSs, including MEKK1 to —4, MLKI to -3,
Tpl-2, DLK, TAO1/2, TAK1 and ASK1/2 [13, 14]. It has been described, up to now,
three JNK isoforms, JNK1/2/3, which have about 85% of homology, but their
tissue distribution may vary [60]. While JNK1 and JNK2 are distributed in different
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organs, JNK3 is mostly expressed in neuronal tissues, testis, and cardiomyocytes,
probably predicting functional differences [61]. It has been stated by Gupta et al.
that JNK isoforms may act individually on specific transcription factors in vivo.
Indeed, JNK2 seems to have a stronger affinity for c-Jun and induces a higher
proliferative activity when compared to JNK1 [62].

JNK has been reported to play a significant role in various diseases. In cancer, for
instance, JNK seems to have an ambiguous position, acting like a proliferative or
death inducer, depending on cell type, tumor stage, and isoform [59]. For example,
activation of JNK1 was essential for tumorigenesis in response to RAS activation
induced by UV radiation. Furthermore, in childhood sarcoma, JNK1 appeared cru-
cial for cell proliferation, while JNK2 might induce apoptosis [63]. In the same way,
another study has suggested that JNK2, in contrast to JNK1, downregulated cellular
proliferation in a wide range of cell models [64]. Also, INK3 was described as an
apoptosis inducer in chemoresistant human ovarian cancer cells [65]. In mouse
models, the lack of JNK1 or JNK2 favored the development of breast cancer.
However, INK1-deficient mice presented a decrease in gastric carcinogenesis com-
pared to their wild-type counterparts [66]. Mice lacking of JNK1 in the liver were
less susceptible than wild-type animals to hepatocellular carcinoma [67].
Considering the different studies cited above it clearly appears that there is no con-
sensus concerning the role of JNK isoforms in tumor cell physiology. These dis-
crepancies must be explained by the use of gene silencing technique which may bias
the interpretation of the results. This underlines the necessity to use diverse tools of
investigation to better define kinase functions [68] before targeting JNK in cancer.
In any case, a selective role of different JNK isoforms depending on tumor types
should be further investigated.

p38 Pathway

The p38 MAPK was first identified in 1994 and reportedly triggered by stress stim-
uli like inflammatory cytokines, UV irradiation, hypoxia, and ischemia. The activa-
tion of p38 occurs via its upstream kinase MKK3/MKK6, but MKK4 may also
activate p38. MKK3/6 are activated by a plethora of MAPKKKSs, including MEKK
to —3, MLK2/3, ASK1, Tpl2, TAK1, and TAO1/2. The MAPKKK responsible for
activating the p38 MAPK pathways appears to be cell type and stimulus-specific
[13, 14]. After the identification of p38 (also known as p38a), three other isoforms
were also described: p38p/d/y, [69]. MKKG6 can activate all isoforms of p38, while
MKK3 are responsible for phosphorylating preferentially p38a, y and 8. An impor-
tant fact is that the expression of these isoforms varies from tissue to tissue: p38a is
found in almost all cell types, while p38f is more brain-tissue specific, p38y is
expressed in skeletal muscle and p386 in endocrine glands [70].

p38 has a key role in the inflammatory response [71, 72]. Once activated, p38
pathway induces the synthesis of pro-inflammatory cytokines by modulating tran-
scriptional factors implicated in cancer development [70]. More precisely, o and f
isoforms of p38 are predominant in chronic inflammation [73]. Interestingly, these
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same isoforms are involved in breast cancer progression, maybe due to their inflam-
matory properties [74]. Besides, p38 is also involved in cell cycle, controlling its
proliferation and survival. In fact, p38 may regulate both the G2/M as well as G1/S
cell cycle checkpoint [75-77]. In cancer, the role of p38 is not completely under-
stood [78]. There are several studies describing p38 as a proliferative agent [74, 79];
on the other hand, some studies have defined p38 as an apoptosis inducer [§0-82].
Notably, p38 may directly affect tumor growth independently of its role in inflam-
mation. In most of the studies concerning prostate cancers, cancer cells require the
activity of p38 to proliferate, indicating that p38 may act as proto-oncogenic protein
[83, 84]. Furthermore, overexpression of p38 in its phosphorylated form is also
associated with a bad prognosis and with high morbidity rate in colorectal cancer
[85]. Besides, analysis of the phenotype of MKK3/6~~ and p38a~~ mice has led to
the conclusion that p38 can function as a tumor suppressor. The tumor suppressive
effects of p38 may be mediated in different ways since p38 is involved both in the
induction of p53-dependent apoptosis and in the negative control of cell cycle pro-
gression. A reduction of p38 activity has been shown in hepatocellular carcinomas,
where an inverse correlation was established between tumor size and p38 activity.
This ambiguous role of p38 pathway may occur due to the existence of four iso-
forms (p38a/p/d/y) acting independently and sometimes leading to opposite effects.
The absence of selective p38 isoform inhibitors adds another layer of complexity to
intricate crosstalk between proteins of different networks in cancer cells. The het-
erogeneity of cancer cells and its variable genomic mutations may also contribute to
the ambiguous p38 pathway function in cancer cells.

As related above, the properties of ERKs, INKs, and p38s to provoke cell death
or to induce cell proliferation are tumor-dependent indicating that there are no rules
concerning their role in cancer.

What Is a “Good” MAPK Inhibitor?

Current efforts to discover kinase inhibitors are concentrated on fundamental hall-
marks of cancers like excessive cell proliferation, increased survival or tumor angio-
genesis. As reported above, an extensive literature supported a role for MAPKSs in
these different cellular events and opened new horizons to explore their potential as
a therapeutic target in cancer.

Specificity Towards Binding Site

The development of specific MAPK inhibitors themselves has been less successful
and only a few compounds have been identified. Interestingly, the idea that MAPK
pathways would represent drug targets in cancer therapy emerged in the mid-1990s
by the characterization of SB203580 as a selective p38 inhibitor that downregulated
TNF-a [71]. The first step towards kinase inhibitor development was selection of ATP
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cleft as target site. Indeed, binding of ATP to a protein kinase is essential for the
kinase’s phosphotransferase activity, and thus, the ATP binding pocket was the “tar-
get” of most inhibitor screens [86, 87]. The majority of MAPK inhibitors belongs to
class of ATP-competitive inhibitors that recognizes the active conformation of the
kinase. Accordingly, many compounds have been tested in vitro using enzymatic
assays in which kinases were in their active conformation and the strategy to synthe-
size MAPK inhibitors was to mimic ATP structure. The common problem with kinase
inhibitors that compete with ATP binding is their lack of specificity since the ATP-
binding pocket is highly conserved among members of the kinase family. This is
illustrated by the anthrapyrazole SP600125, one of the earliest and most studied ATP-
competitive JNK inhibitor, that has been shown to inhibit 13 other protein kinases
[88]. SB203580 represents the other most famous MAPK inhibitor that binds to ATP-
binding pocket [71]. But, interestingly, this inhibitor may recognize the active and
inactive conformation of the kinase [89]. The binding of a drug to the inactive confor-
mation of the kinase is becoming an attractive approach. The major advantage of this
strategy is that the inhibitor will face weaker competition from cellular ATP and even
for those classified as ATP-competitive inhibitors. They may act by shifting the equi-
librium between inactive and active kinase conformation impeding kinase activation.
It has been proposed that SB203580 could stabilize p38a in its inactive conformation
that reduces the rate of p38 phosphorylation by MAPKK. This additional mechanism
of action of SB203580 may explain its relative specificity towards p38a.

Alternative strategies to inhibit MAP kinase function are currently under investi-
gation. For example, compounds that bind outside the ATP-binding site—at an allo-
steric site (regulatory site)—and modulate kinase activity in an allosteric manner
may represent an attractive alternative. Inhibitors from this category generally
exhibit the greatest kinase selectivity because they bind to sites that are specific to a
particular kinase. The most well described allosteric kinase inhibitor is CI-1040
(PD184352), previously described by Sebolt-Leopold et al., which decreases MEK
and MEK?2 activity by occupying a pocket adjacent to the ATP binding site [90].
Interestingly, a lot of new MEK1/2 inhibitors belong to this family [91, 92].

Small molecule and peptide-based inhibitors that target the docking site of down-
stream substrates or the scaffold proteins involved in MAPK cascade are a promis-
ing alternative to the traditional ATP-competitive inhibitors with improved efficacy
and specificity. For example, JNK-interacting protein-1 (JIP1), a scaffolding protein
that promotes JNK activity by facilitating the interaction between JNK and upstream
kinases [93, 94] may be a relevant target in cancer. With this focus, a peptide
corresponding to the minimal region of JIP1 (pepJIP1) has been developed as an
inhibitor of JNK activity by reducing the interaction between JIP1 and JNK [95,
96]. It has been shown that cell-permeable JIP1-based peptides may help to resolve
some JNK-dependent diseases. But, several limitations have interfered with the
development of peptide-based inhibitors due to physiochemical instability and
unsatisfactory pharmacological properties. Other compounds that inhibit the
interaction between JIP1 and JNKSs have also been characterized that may represent
a promising strategy in therapy [97].

Another different way to inhibit protein kinase activity may be targeting of
protein substrate binding site to inhibit the activation of downstream kinase or
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transcription factor phosphorylation. This strategy may have many advantages
because this type of inhibitor is specific for selected kinase substrates contrasting
with the ATP-competitive inhibitors that would inhibit phosphorylation of all sub-
strate proteins. The same specificity may be expected from the new approaches
which include the use of inhibitors of kinase dimerization, as proposed by Herrero
et al. In this study, efficiency of a peptide was evaluated which inhibited ERK
dimerization and reduced tumor growth in xenografted mice [98]. Besides, as
commented above, inhibitor of ERK translocation may represent prototype for the
development of new cancer drug.

The challenge of making selective inhibitors with good pharmacological proper-
ties remains daunting due to the 518 kinases encoded in the human genome and over
2000 other nucleotide-dependent enzymes, including chaperones, polymerases,
reductases, motor proteins and methyltransferases, that may provide potential binding
sites [99]. In addition, natural variation in the expression levels of kinases can indi-
rectly alter inhibitor efficiency by changing the total kinase activity in the cell. Kinase
inhibitors have been classically tested at the protein level for their potential to inhibit
kinase-catalysed phosphotransfer from ATP to a substrate protein or peptide that may
sometimes explain their low selectivity. Due to the constraints encountered in cells,
the screening of new potential inhibitors may involve not only kinase assays but also
critical analysis of downstream effectors and substrates of these kinases in cells where
specificity and sensitivity parameters may be evaluated before clinical trials.

Specificity Towards MAPK Isoform

The existence of different isoforms for the same MAPK put into question their
redundant or independent activities that may directly influence the MAPK inhibitor
efficiency in cancer. This is the case of ERK1 and ERK2 functions, as related above.
Such discrepancies may be explained by different cell response evaluated (prolif-
eration, survival, inflammatory response, drug resistance). There are some outstand-
ing questions related to biological outcome associated with the use of ERK isoform
selective inhibitors. Up to now, inhibitors targeting ERK1 and ERK2 in an indis-
criminate way are yet under investigation in the preclinical stage. The notion that
global ERK inhibition would not be recommended in all situation is support by the
fact that different studies have reported opposite roles for ERK1 and ERK?2 in tumor
biology [48, 49, 100, 101]. Interestingly, Aceves-Luquero et al. have involved ERK2
but not ERK1 in resistance to Imatinib Mesylate in a model of chronic myelogenous
leukemia sustaining the use of therapeutic approaches based on ERK?2 inhibition.
ERK inhibitors have been tested in phase I and are ongoing in phase II of clinical
trials. So, more related clinical studies should be performed in more advanced
stages before the validation of inhibitors of both ERK isoforms as chemotherapeutic
agent in cancer treatment.

Existing data clearly suggested that different JNK isoforms may have different or
redundant functions in cancer cell [61, 62, 64, 68]. So it appears essential to define
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Table 1 p38 pathway inhibitor in clinical trials

77

Target Drug Cancer type | Phase | Interpretation Sponsor
p38a/f Ralimetinib | Ovarian 2 Study is Lilly Oncology
ongoing (NCTO01663857)
p38a/p Ralimetinib | Advanced 1 Completed Eli Lilly and Company
cancer (NCTO01393990)

when JNK isoforms may cooperate or play opposite role depending on cancer type
and cancer stage. This reinforces the necessity to develop inhibitors with more
selectivity towards JNK and its isoforms. Recently, it has been shown that JNK3 can
be selectively targeted [102]. These results are encouraging and future studies must
converge on identification and evaluation of JNK isoform inhibitors with minimum
off target effects.

The preservation of the four p38 MAPK isoforms suggests a functional differ-
ence between them [69, 88, 103]. The broad body of literature has reported findings
related to p38a and p38P. This is due to the fact that generally p38 inhibitors are
more selective to a and P isoforms. This is well illustrated by the capacity of
SB203580 to inhibit p38a and p38p but not p38y and p385. The differences in
chemical inhibitor sensitivity towards isoforms could be attributed to their different
substrate specificities and expression patterns [73, 88]. There is only one global
inhibitor of p38 described up to now, BIRB 796, that inhibits efficiently o and 8
isoforms and moderatly y and 8 isoform. But unfortunately, this compound also
inhibits JNK2 isoform at the same concentration [88]. The recent interest in the role
of p38d in cancer was based on the fact that p38d expression and activation were
significantly increased in a variety of carcinoma cell lines such as human primary
cutaneous squamous carcinoma cells [104], neck and head squamous carcinoma
cells and tumors [105], cholangiocarcinoma, and liver cancer cell lines [106]. In the
absence of specific inhibitor of p38 isoform, p388 knocked-down mice were used to
confirm the importance of this p38 isoform in the model of chemically induced skin
carcinogenesis. These findings paved the way towards development of specific p38
inhibitor [107]. Unfortunately, until now, there are fewer studies related to the use
of p38 inhibitors in clinical trials, as depicted in Table 1.

All together, these data show the pertinence to seek new selective inhibitors
towards MAPK isoforms in order to clarify their redundant or different functions.

Use of MAPK Inhibitors in Clinical Trials: A Cycle of Hope
and Disappointment

The possible use of MAPK pathway inhibitor in cancer has ushered in a new era.
Nearly 50% of human malignancies exhibit dysregulated RAS-ERK signaling [32,
108, 109] that justifies the prevalence of clinical trials investigating RAF-ERK
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pathway inhibitors as shown in Table 2. Targeting of RAS protein was the initial
strategy to control signaling pathway involved in tumor progression [110, 111].
However, RAS inhibition did not reach the expected results in clinical trials proba-
bly because these inhibitors were unable to target selective proteins. It is well known
that mutations in RAS happen quite often in cancer patients. Mutation in RAS
induced constitutive activation. In such context, the inhibition of RAS remains
challenging.

Completed clinical trials of MEK inhibitors include some disappointments as
well as some promising signs of the value of these compounds [92]. The potential for
MEK inhibitors as monotherapy and their use in drug combination with RAF inhibi-
tors are currently under clinical investigation and more frequently in melanoma
(Table 2). At first, randomized Phase III clinical trial was conducted with the RAF
inhibitor sorafenib (Nexavar; Bayer/Onyx Pharmaceuticals) in patients with meta-
static melanoma [112, 113], including patients with tumors that carry the B-RAFY6°E
mutation, but no antitumor activity was observed [114]. This may be because
sorafenib, originally developed as a C-RAF and wild-type B-RAF inhibitor, appeared
less efficient towards B-RAFVS%E [115]. Further, B-RAFY%E_selective inhibitors like
vemurafenib and dabrafenib entered in clinical trials. But, rapidly paradoxical effects
have been noted particularly the activation of RAF instead of its inhibition in cells
with wild-type B-RAF, when used at non-saturating concentrations [116].

The MAPK inhibitor saga continued with the use of MEK inhibitors [91]. Indeed,
unlike B-RAF, activating mutations in MEK are more rarely encountered in human
tumors. Selumetinib (AZD6244; AstraZeneca/Array Biopharma), another allosteric
MEKT1 and MEK?2 inhibitor that is highly selective for MEK1 and MEK2 has been
tested using different protocols in patients with biliary and pancreatic cancer [117,
118]. At first, a modest clinical activity of this compound has been reported. In
metastatic melanoma, the therapy impact was also moderate but, the trials were not
carried out in patients selected for activating mutations in B-RAF [119]. In fact, a
correlation has been drawn between sensitivity to MEK inhibitor and the presence
of mutations in B-RAF, since MEK inhibitors are more efficient in cells which carry
B-RAF mutations [120, 121]. Reconsidering the first results obtained from studies
that have been performed without patient selection and after further evaluation, tra-
metinib (Mekinist, GSK1120212; GSK) became the first MEK1/MEK?2 inhibitor to
be approved by the US Food and Drug Administration (FDA) for the treatment of
metastatic melanoma with the B-RAFY*FX mutation [122]. Going downstream on
ERK signaling pathway, there are few ERK inhibitors reported in clinical trials, but
tests are just at the beginning and still ongoing. Carlino et al. have reported that
inhibition of ERK, rather than MEK, was more efficient at reducing MAPK activity
and inhibiting the proliferation of multiple B-RAF inhibitor resistant melanoma cell
models but, without inducing cell death [123]. The efficiency of ERK inhibitors has
been shown in cell lines in B-RAF/MEK inhibitor resistance model [124, 125]. But,
the use of ERK inhibitor in monotherapy may represent a double edge sword.
Indeed, the inhibition of ERK may cause the relief of ERK-dependent negative
feedback, provoking a sustained activation of ERK cascade and the cell survival.
One strategy to inhibit ERK-induced proliferation without affecting negative
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feedback loops, is to avoid ERK1/2 nuclear translocation [22]. This may offer a
double advantage in reducing the activation of ERK substrates and at the same time
maintaining ERK cytosolic effect like negative feedback loops.

The association of compounds acting at different levels on a same pathway has
been tested as shown in the Table 2. The drug association was expected to present a
superior efficiency than a single compound but, in long term treatment, resistance
emerged either way. So, intermittent therapy has been considered as a strategy to
delay the development of resistance mechanisms. Therefore, studies comparing
intermittent dosing schedule and continuous treatment with patients treated with
B-RAF and MEK inhibitors are ongoing. Other approach to delay resistance
includes B-RAF and MEK targeted therapies in association with immunotherapy.

Resistance to MAPK Inhibitor Treatment

Resistance is still an important issue that restrains the long-term responsiveness of the
majority of the patients to MAPK inhibitors. Different events may originate drug-
resistance phenomenon like target mutation, intratumor heterogeneity, and crosstalk.

As many kinase inhibitors exert their apoptotic properties primarily by inhibiting
a specific kinase, there is a strong selective pressure for cells to acquire resistance
through mutations in the kinase gene that abolish drug binding. This is illustrated by
resistance to the MEK inhibitor AZD6244 reported in melanoma patients that was
associated with mutations in MEK1 [126]. MEK1 mutations have been identified to
confer resistance to B-RAF inhibitor according to different studies [126, 127].
Recently, MEK?2 mutations have also been involved in drug resistance [128—130].
The same occurred concerning ERK1 after long-term treatment with the ERK1/2
inhibitor SCH772984 [131]. Various strategies may be adopted to surmount the
problem. One possibility is to develop kinase inhibitor that can tolerate mutation of
one or two amino acids in the target. A second possibility is to target the kinase with
an association of inhibitors that bind at alternative binding sites. Besides mutation,
other change in drug target may occur like its expression that may be increased as
exemplified in the study by Wang et al. which described an increase of K-RAS and
MEK after long-term treatment with the MEK inhibitor CI-1040 [132] indicating
that the inefficiency of a drug may be related to the overexpression of its target.

Resistance may also lead to the upregulation of alternative pathway. In the case
of B-RAF inhibitor after long-term treatment, the acquired resistance has been asso-
ciated with pathway switching, where MAPK signaling is forwarded from B-RAF
to C-RAF [133]. In addition to MAPK pathway activation, resistant tumors often
show the activation of PI3K/AKT/mTOR pathway [134, 135], this may explain why
PI3K inhibitors was classically associated with MAPK inhibitors or other conven-
tional drugs [136].

Surprisingly, some kinase inhibitors have presented paradoxical effects. This is
the case of RAF inhibitors that has been reported to increase RAF activities. In the
first study describing such paradoxical effect of RAF inhibitor, the authors con-
cluded that RAF kinases suppress their own activation by engaging feedback loops
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in a MEK-dependent manner [137]. Thereafter, the increased RAF activity in the
presence of RAF inhibitor in tumors with wild-type RAF isoforms has been
explained by RAF dimerization, membrane localization and increased interaction of
RAF with G-RAS [116]. However, it appears that the next generation of RAF inhib-
itors might evade paradoxical MAPK pathway activation [138]. In the same line, the
paradoxical effect of ERK pathway inhibitors observed might be due to the exis-
tence of ERK negative feedback loop. The inhibition of ERK may cause the relief
of ERK-dependent negative feedback, that may also provoke tumor resistance due
to the reactivation of ERK pathway [35, 37].

Crosstalk between Signaling Pathways

Crosstalk between signaling pathways is a common event in cell regulation, which
generally depends on cell context and plays a major role in the regulation of biologi-
cal responses. This may be one of the greatest challenges of using MAPK inhibitors
in cancer therapy, once crosstalk between different pathways may implicate an
effect that, sometimes, cannot be predicted. A recent study published by Huth et al.,
described a new connection between MEK?2 and p38, suggesting a crosstalk between
ERK and p38 pathway [44]. Such phenomenon reveals a greater complexity of the
ERK signaling cascade and may explain why ERK inhibition may not be an effi-
cient strategy in all the cases. This illustrates the necessity to develop inhibitors of
other MAPK pathways in cancer. In a similar way, Shimo et al. have also described
a crosstalk between ERK and p38 pathway, wherein MEK1 inhibition by using
PD98059 induced an upregulation of p38 activation [139]. Another interconnection
between p38 and JNK pathways is often described due to the fact that both are stress
pathways and share upstream activators [140]. Furthermore, crosstalk exists
between MAPK and PI3K signaling pathways as cited above [136]. More precisely,
MEK downregulation induced by the inhibitor PD0325901 enhances PI3K signal-
ing [141]. Hence, crosstalk could be one of the most common cellular event respon-
sible for drug-resistance phenomenon in cancer therapy. In such context, the
association of different MAPK and PI3K inhibitors has been suggested to overcome
drug resistance. Indeed, a synergy between both classes of inhibitor has been
reported in different studies [142—144]. This kind of association could usefully be
extended to the combination of different MAPK pathway inhibitors.

Tumor Heterogeneity

Up to now, research in cancer considers tumors as single entities and underestimates
molecular diversity among the various cell types. Indeed, although solid tumors
appear from a unique neoplastic cell, consequent mutations occur over time increas-
ing tumor heterogeneity and its resistance to conventional chemotherapeutic drugs
[145]. Tumor heterogeneity refers to the existence of subpopulations of cells with
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distinct genotypes and phenotypes that may harbor different biological behaviors,
within a primary tumor and its metastasis, or between tumors of the same histo-
pathological subtype (inter- and intratumor, respectively) [146, 147]. Even within a
given tumor, individual cells can display substantial variations at the genetic [148,
149], epigenetic [150, 151] and phenotypic levels [152, 153]. This heterogeneity
might be particularly beneficial for the tumor, when cancers are under selective
pressures of chemotherapy, by the enrichment of drug resistant tumor cells [154,
155]. The mechanisms, aside from genetic mutations, that mediate phenotypic het-
erogeneity generation in driving cancer progression remain poorly understood.
Indeed, Nguyen et al. have proposed that variability in subpopulation may be
achieved at the transcriptional level, generating phenotype diversity within the same
population [156]. Furthermore, heterogeneity phenomenon suggests that key
signaling pathways may be used by the various cell subpopulations in different
ways in order to regulate proliferation, migration and cytokine production. This is
another argument in favor of the use of the association of drugs in cancer therapy.

Perspectives: Predicting the Effect of MAPK Inhibitors

It is relevant to mention that inhibitors developed against MAPK pathways have a
narrow spectrum of activity. Noteworthy efficacy is observed in patients with
N-RAS-mutant and B-RAF-mutant melanoma and other types of tumors which har-
bor similar mutations. Some clinical results have provided evidence of efficacy of
MAPK pathway inhibitors in therapy. This is illustrated by the fact that to date more
than ten allosteric MEK1/2 inhibitors have made their entry into various phases of
clinical trials and one of them, trametinib, has been approved by the US FDA for the
treatment of B-RAFY*"K mutated melanoma either as monotherapy or in combina-
tion with the B-RAF inhibitor dabrafenib [157]. But, the involvement of MAPKSs in
cancer is ambiguous, provoking cell death or inducing cell proliferation, depending
on cancer type. It is now more understandable that the role of MAPKSs in oncology
signaling is cell type dependent, tissue specific, isoform-specific, and dependent on
the tumor stage, and that it might vary according to stress signals and microenviron-
ment. Identification of new biomarkers will be helpful to distinguish and stratify
patients and predict therapeutic responses associated with MAPK inhibitor therapy
in different tumor types.

There is a variety of biomarkers, which can include proteins (e.g., an enzyme or
receptor), nucleic acids (e.g., a microRNA or other non-coding RNA), antibodies,
and peptides, or a group of alterations, such as gene expression, metabolomic, and
proteomic signatures. B-RAFYSE the most frequent (>90%) B-RAF gene mutation
in melanoma [158] has been used for cancer diagnosis and development of thera-
peutic molecules. However, some controversial results have been encountered like
the development of resistance or the activation of alternative pathways when cells are
under pressure of B-RAF inhibitors treatment. The kinase signaling cascades
involve a complex network of interconnected pathways; so, it appears necessary to
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develop more sophisticated modeling to predict how these pathways are repro-
grammed during the tumor progression and in the presence of inhibitors. In this
chapter we have provided an overview of recently suggested concepts of resistance
to MAPK pathway inhibitors in cancers with particular focus on intra and inter-
individual as well as intra-tumor heterogeneity. In this way, Majumder et al. have
implemented a platform that may capture the real heterogeneity of the tumor and the
tumor microenvironment to validate the treatment predictions [159].

Keeping in view, the known variables that may interfere with tumor progression,
drug association sounds a reasonable concept to limit the resistance development
that may originate from cross-talk, heterogeneity, and compensatory pathway. The
combination strategy may include the association between a conventional drug and
MAPK inhibitor or between different MAPK inhibitors. In such context, effort
should be devoted to the development of specific inhibitors of the other signaling
pathways out of ERK pathway.
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Adenosine Signaling Pathways as Potential
Therapeutic Targets in Prostate Cancer
Disease
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Abstract Prostate cancer (PCa) is the second main cause of death by cancer in
men. Although most PCa are initially responsive to treatment, they are difficult to
manage clinically after their progression to a hormone independent state. During
the last years different approaches to treating PCa have been assessed based mainly
on specific targets such as adenosine receptors (AR), since it is known that their
activation can modulate tumour growth. This chapter is intended to: (a) review evi-
dences on expression levels of AR subtypes in PCa cells; (b) highlight the molecular
mechanisms underlying the regulation of AR functioning during growth, apoptosis,
invasion, migration, and/or metastasis of PCa cells; (c) analyse the potential appli-
cation of AR ligands in oncologic treatment of PCa. The critical analysis of herein
highlighted evidences shows that especially A; AR agonists and to a lesser extent
A,, AR antagonists, could be useful clinically in controlling the proliferation and
metastasis of hormone sensitive and refractory PCa.
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GSK-3B8  Glycogen synthase kinase 3 beta

IKK IxB kinase

1xB Inhibitor of kB

MMP Mitochondrial membrane potential

MTAs Microtubule-targeting agents

NADPH  Nicotinamide adenine dinucleotide phosphate
NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
PCa Prostate cancer

PKA Protein kinase A

PKB/Akt Protein kinase B

ROS Reactive oxygen species

SAC Spindle assembly checkpoint

During the last decades different approaches to treating cancer have been devel-
oped. Progress in the field of oncology has been possible because of identification
of specific targets such as receptors. When tumour cells over-express these recep-
tors, they become hyper responsive to normal concentrations of ligands; on the con-
trary, this effect is not observed in normal cells [1]. Knowledge about the functioning
of receptors in cancer cells should be taken into account when new anticancer thera-
peutic strategies are investigated. In this context, adenosine receptors (AR) have
aroused great interest emerging as a promising therapeutic strategy. In this chapter
we review progress in the knowledge of AR as potential targets to treat prostate
cancer (PCa), the most frequent malignant disease in men.

Adenosine

The adenosine is an ubiquitous purine nucleoside expressed in all cells. It is the
backbone of ATP and modulates a lot of physiological and pharmacological func-
tions that are mediated by an intracellular effect of adenosine or by extracellular AR
[2, 3]. These receptors have been cloned, identified and categorized as A;, Aj,, Ay,
and A; subtypes [4]. They are G protein-coupled-receptors (GPCRs), each AR sub-
class is encoded by a separate gene and has an unique pharmacological profile and
tissue distribution [5, 6]. While the A,, and A,, AR interact with Gg proteins, activat-
ing adenylate cyclase and hence increasing the intracellular, A; and A; AR cause the
opposite effect on adenylate cyclase and cAMP concentration since they are coupled
with G; proteins [7, 8]. Likewise, these receptors have different affinity for adenos-
ine [9], it is lower for A,, AR than for A; AR, A,, AR and A; AR subtypes [2, 5, 10].

The formation of adenosine varies according to microenvironmental conditions.
Usually, nanomolar concentrations of adenosine are measured in the extracellular
space, which dramatically increase during metabolically unfavourable conditions
where hypoxia and/or ischemia are implicated [11]. Thus, it has been corroborated
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when there is pain [12], inflammation [13], seizures [14], and cancer [15]. However,
it must not be forgotten that hypoxia/ischemia-induced increase is a local effect [16].

During the past decade, the modulation of adenosinergic system in the treatment
of Parkinson’s disease [17], schizophrenia [18], or pain [19] has aroused consider-
able interest because adenosine plays a major role in the immune system [20], in the
central nervous system [21, 22], as an endogenous pain modulator [23], in the mast
cell degranulation [24, 25], and in the regulation of cell proliferation and death [11,
16, 26-28] in vitro and in vivo. In relation to the latter function, it has been reported
that adenosine and/or its analogs can: (a) induce programmed cell death in endothe-
lial cells [29, 30], astrocytes [31], thymocytes [32]; (b) block apoptosis in granulo-
cytes [33]; (c) stimulate cell proliferation in mesangial and thymocyte cells [28],
Swiss mouse 3T3 fibroblasts [28], bone marrow stromal cells [34]. Taking into
account the fact that adenosine can influence cell viability; its role in treatment of
cancer is highly attractive. Thus, a review of the studies published to date about the
participation of adenosinergic system in cancer, and more specifically of its anti-
tumoral effects against PCa, is the focus of this chapter.

Prostate Cancer

The human PCa is the most frequent malignant disease and the second main cause
of death by cancer in men, playing metastases an important role in the evolution of
the disease [35]. The aetiology of PCa is multifactorial. Stacewicz-Sapuntzakis
et al. [36] have identified, among other factors, genetic mutations, environmental
factors (e.g. diet) and androgens. In relation to the androgens and androgen receptor
(AnR) they have been associated with PCa initiation and promotion [37, 38] to such
an extent that the growth and progression of PCa is hormone-sensitive in the early
stages [39—41].

The first line therapy for PCa is androgen-deprivation therapy together with cas-
tration [42]. Although generally human PCa respond well to this treatment, since
androgens promote survival of prostate luminal epithelial cells [43], most treated
patients relapse with androgen-independent tumours which are unresponsive to fur-
ther androgen withdrawal [44]. In these cases, chemotherapy with taxanes (docetaxel
and paclitaxel) is to date the standard treatment for the hormone-independent stage
of PCa [45]. Taxanes are microtubule-targeting agents (MTAs) which bind to tubu-
lin subunits [46, 47], impeding the correct formation of the mitotic spindle and
normal chromosome congression and activating the spindle assembly checkpoint
(SAC) in a sustained way [48, 49]. These effects lead to prolonged mitosis followed
by the induction of apoptosis, that is the ultimate goal of chemotherapy [47, 50].
MTAs have not tumour cell selectivity and also target resting and differentiated cells
causing toxicity (e.g. neutropenia and neurotoxicity) that significantly limits their
use [46, 51]. Furthermore, another important inconvenience in using MTAs in che-
motherapy is their limited efficacy as single agents [52], so they are used in combi-
nation with other drugs/agents in order to improve it [53].
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The evidence presented above suggests that new treatments for PCa are required.
In this sense, efforts are being focused to discover drugs targeting PCa cell prolif-
eration and apoptosis, such as agonists of the G protein-coupled P2Y, receptor [54].
As it will be commented below in more detail, several studies on the effects of
nucleosides in PCa have been conducted.

Adenosine and Prostate Cancer

Expression of Adenosine Receptors in Prostate Cancer Cells

In an effort to find new therapies for PCa, multiple experimental models of PCa
have been developed. By far the most useful in vitro model that we have of PCa is
cell culture. In spite of the number of cell lines that are available for study is expan-
sive, the triad consisted of PC3, DU 145, and LNCaP cells is the one more fre-
quently used in in vitro studies [55]. The differences among these cells lie in the
expression level of tumour suppressor (p53) and pro-apoptotic (Bax) proteins [56,
57] as well as in the androgen sensitivity [57]. Concretely, PC3 are p53 null, Bax
positive, androgen-independent cells; DU 145 are p53 mutant, Bax negative, andro-
gen-independent cells; and LNCaP are p53 wild-type, Bax positive, androgen-
dependent cells.

The expression level of AR subtypes has been examined in PC3, DU 145, and
LNCaP cells, and all of them have been demonstrated in all these cell lines [15,
58-62]. Unfortunately, there are contradictory results among studies which have not
been clarified (Table 1).

Table 1 Relative gene expression of adenosine receptors detected by RT-PCR in prostate cancer
cells

Adenosine receptor
Cell line A; AR Ay AR Ay, AR A; AR References
PC3 4+ ++++ ++ + [58, 59]

+++ ++++ ++ + [15]

+ ++++ +++ ++ [60]

+ +H++++ +++ ++ [62]
DU 145 4+ +4+4++ ++ + [58,59]

++ 4+ +++ + [15]

+ 4+ ++++ ++ [62]

+ ++++ ++ ++ [61]
LNCaP ++++ +++ ++ + [58,59]

+++ ++++ ++ + [15]

+ +++++ +++++ ++ [62]

“+” Represents the expression level, from + (the lowest) to ++++++ (the highest)
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The expression level of AR is higher in PCa than in normal cells [15]. Mousavi
et al. [15] have observed AR expression increases in malignant tumours and PCa cell
lines (PC3, DU 145 and LNCaP) compared to normal tissues, although no significant
differences are observed between A; AR expression in malignant and normal cells.
These data confirm the up-regulation of AR demonstrated in cells/tissues of breast
carcinoma [63], thyroid carcinoma [64], colon cancers [65, 66], hepatocellular carci-
noma [67], leukemia [68], mesothelioma [69] or neuroendocrine tumours [70].
Likewise, these studies suggest that AR, and more specifically A; and A, AR, may
contribute to diagnosis and cure of PCa as potential markers for this disease and tar-
gets for tumour growth inhibition, respectively. However, further studies are needed
to clarify the participation of AR in the process of tumour development, which seem-
ingly may be of crucial importance to health improvement of patients with PCa.

Identification of genes which are activated or repressed by AnR is important in
PCa growth [39, 40, 71]. Recently, it has been demonstrated that AnR stimulation
can regulate AR expression in androgen-dependent PCa cells. While the expression
of AR is increased by the AnR agonist dihydrotestosterone and decreased by the
AnR antagonist bicalutamide in LNCaP cells, no change on AR expression is
exerted by these compounds in PC3 cells [15]. No hypothesis has been proposed to
explain these effects, however this evidence may lay the foundation for the improve-
ment of the hormonal therapy.

Antitumor Properties of Adenosine

The first evidence about the role of the adenosine as antitumor agent against PCa
date from the end of the twentieth century and the beginning of the twenty-first
century. In this context, different studies demonstrated that nucleotides such as
ATP and UTP were cytotoxic to hormone-independent PCa cells [72, 73] by
increasing cytosolic calcium [74]. The fact that these nucleotides are metabolized
to adenosine [75], suggested that cell death induced by ATP and UTP may be medi-
ated by adenosine. Later, in vivo studies revealed that the activation of AR inhibited
the development of PCa in mice [27, 76], supporting the utilization of AR as a
target to treat PCa. According to studies published to date, the anti-tumorigenic
effect of adenosine includes: (a) suppression of cancer cell viability [3, 16, 27,
58-60, 62, 76-78] by arresting cell-cycle progression [27, 58, 59, 78, 79] and/or
induction of apoptosis [27, 58-60, 62, 77, 78]; (b) inhibition of migration and
metastatization [16, 27].

Inhibition of Cancer Cell Growth

Several studies have shown that activation of adenosinergic system is implicated in
inhibition of PCa growth [27, 58-60, 76, 77] in a permanent manner [77]. Although this
anti-proliferative effect has been demonstrated in hormone-sensitive (ALVA, LNCaP)
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and -insensitive (PC3, PC3-MM, DU 145, AT6.1) PCa cell lines [27, 59, 60, 77], the
former are more susceptible to adenosine toxicity [59]. As it has been observed in other
tumours including melanoma [80], colon carcinoma [81, 82], breast carcinoma [§3—85]
and leukemia [86], time-dependent cell growth inhibition is mediated fundamentally
by AR [77] either through A; AR activation [27, 58, 59] or A,, AR blockade [62],
although some research supports the participation of an intracellular pathway [77]. In
relation to the former mechanism, it has been shown that the treatment with 1-deoxy-
1-[6-[[(3-iodophenyl)methyl]amino]-9H—purine-9-yl]-N-methyl-beta-D-ribofura-
nuronamide (IB-MECA), an synthetic selective A; AR agonist, reduces in a
dose-dependent manner the proliferation of LNCaP [59], ALVA [27], DU 145 [59],
PC3 [59, 76], PC3-MM [27] and AT6.1 [27] cells. This same effect is observed in PCa
cell lines treated with the selective A,, AR antagonist PSB603 [62]. This evidence sug-
gests that selective A; AR agonists and Ay, AR antagonists may be potential novel
drugs for the treatment of PCa, although no clinical trial has been carried out yet.
Mechanisms underlying the growth inhibitory effects of adenosinergic system on PCa
are represented in Fig. 1. To date, only molecular mechanisms mediated by A; AR have
been studied.

As it was commented in section “Prostate Cancer”, taxanes led to significantly
improved overall survival in patients with androgen-resistant PCa [45], but the
administration of these chemotherapeutic agents in combination with other com-
pounds may potentiate their effects, as it has been corroborated by in vitro [78] and
in vivo [76] studies. In this sense, Minelli et al. [78] observed that a non-selective
AR agonist, 2-chloroadenosine (2-CADQO), enhances the cytotoxic effect of chemo-
therapy against both androgen-dependent and -independent PCa cells. The pretreat-
ment of PC3 or LNCaP cells with 10 mM 2-CADO for 24 h followed by 1 nM
docetaxel for 6 days caused a dose-dependent inhibition of cell proliferation,
achieving to decrease the effective concentration of docetaxel.

Adenosine and AR ligands (A; AR agonists and A,, AR antagonists) can inhibit
the PCa cell viability by interfering with the cell cycle control system and/or
inducing apoptosis, depending (among other factors) on the concentration used
[87]. Thus, Aghaei et al. [59] have shown that the IB-MECA when administered
at low concentration (1 pM) is effective in the suppression of PC3, DU 145 and
LNCaP cells growth with cytostatic effect, however at 10-100 uM a cytotoxic
effect is induced. In any case, both effects are related in the following way: rest-
ing cells are more resistant to apoptosis than proliferating cells, although that
cells which enter the cell cycle if lack of progression signals eventually suffer
apoptosis [88].

Cell Cycle Arrest: Cytostatic Effect of Low-Concentration Adenosine and AR
Ligands on Tumour Cell Growth

The cytostatic mechanism of adenosine and AR agonists in PC3, DU 145 and
LNCaP cells appears to occur at G1 [58, 59] or S phase [78, 79] of cell cycle. The
cell cycle arrest is induced through p53-dependent, Cdk4/cyclin DI-mediated
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Fig.1 Molecular mechanisms involved in the inhibition of the growth and metastasis of PCa cells
mediated by A; AR. Yellow rectangle: pathways involved in the cell growth suppression; green
rectangle: pathway involved in the inhibition of cell migration and invasion; gray rectangle: com-
mon pathway to both effects. The activation of A; AR triggers G;-protein activation and inhibits
adenylate cyclase activity, thereby leading to a decrease in the level of intracellular cAMP. In turn,
downstream elements are not activated (level and activity of PKA and PKB/Akt are decreased), so
the NF-xB (pink), Wnt (orange) and ERK1/2 mitogen-activated protein kinase (blue) pathways are
deregulated. These actions eventually decrease the proliferation and/or migration and invasion of
prostate cancer cells [27, 76]. Abbreviations: A; AR: adenosine A; receptor; cAMP: cyclic adenos-
ine monophosphate; ERK1/2: extracellular signal-regulated kinase 1/2; GSK-38: glycogen syn-
thase kinase 3 beta; IkB: inhibitor of xB; IKK: IkB kinase; NADPH: nicotinamide adenine
dinucleotide phosphate; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells;
PKA: protein kinase A; PKB/Akt: protein kinase B; ROS: reactive oxygen species

pathway. Adenosine [58] or IB-MECA [27, 59] notably down regulate the expres-
sion of the cyclin D1/Cdk4 complex, responsible for cell cycle progression in early
G1 phase, and up regulate the expression of p53 in a concentration-dependent man-
ner in both androgen-independent and -dependent PCa cells. Similar effects have
been noted in leukemic [89] and stomach cancer [90] cells. According to studies
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carried out by Minelli et al., the docetaxel is not effective in modifying arrested PC3
cells accumulation induced by 2-CADO [78], being it a transient effect, this is qui-
escent cells can grow after removing the drug [79].

Apoptosis: Cytotoxic Effect of High-Concentration Adenosine and AR Ligands
on Tumour Cell Growth

The cytotoxic mechanism of adenosine and AR agonists in PC3, DU 145 and
LNCaP cells appears to be induced via the mitochondrial signaling pathway [58,
59] exerting their effects extracellularly through A; AR [58]. Unlike the cytostatic
effect, the cytotoxic one is not transient. Minelli et al. [77] have observed that the
apoptotic response in PC3 cells is not abolished after removing 2-CADO from the
culture, thus it can be stated that the cells are inevitably driven to death by the ago-
nist. Furthermore, the pretreatment of PCa cells with this non-selective AR agonist
enhances the apoptotic effect of chemotherapy. When PC3 cells are treated with 10
mM 2-CADO for 24 h followed by 1 nM docetaxel for 6 days the percentage of
apoptotic cells is increased [78].

Induction of apoptosis by high-concentration adenosine and AR ligands is medi-
ated by:

(a) Regulation of Anti-apoptotic and Pro-apoptotic Proteins

Among apoptotic regulatory proteins, it is worth highlighting the Bcl-2 family
that consists of pro-apoptotic (e.g. Bcl-2) and anti-apoptotic members (e.g. Bax).
Programmed cell death mediated by pro-apoptotic proteins is preceded by the
release of cytochrome c from the mitochondria that induces activation of caspase
pathway; these effects are antagonized by anti-apoptotic proteins [91]. The Bcl-2
protein plays an important role in PCa because its upregulation preserves these cells
against apoptosis [92] and promotes the progression of carcinoma from the
hormone-sensitive to the hormone-refractory state [93], which make it resistant to
androgen-deprivation therapy [92].

Adenosine or A; AR agonist treatment down and up regulates the expression
levels of Bcl-2 and Bax, respectively in androgen-independent or -dependent PCa
cells [27, 58, 59], when compared with those of controls. Consistent with these find-
ings, it has been shown that the activation of the adenosinergic system in glial cells
[94] and hepatocellular cancer cells [95] induces a pro-apoptotic effect via a Bcl-2
dependent pathway.

(b) Activation of Caspase Pathway

Caspases are significant actors in programmed cell death [96]. Among them,
caspase-3 together with the depletion of mitochondrial membrane potential (MMP),
are early markers of cell apoptosis. Recently it has been demonstrated that the acti-
vation of AR in PC3, DU 145 and LNCaP cells increases the caspase-3 activity [58,
59, 62], and triggers the dose-dependent loss of MMP [58, 59], as it has already
been previously corroborated in other cancer cells including breast cancer cells
[97], hepatoma cells [98], thymoma cells [99], or astrocytoma cells [100].
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(c) Oxidative Stress

Reactive oxygen species (ROS) are critical signaling molecules during different
points in the initiation and execution phases of apoptosis, such as loss of mitochon-
drial membrane integrity, DNA damage, or intracellular caspase activation [101,
102]. The cell damage that these ROS can cause not only depends on their intracel-
lular concentration but also on the equilibrium between they and the endogenous
antioxidant species [103] such as glutathione, because it has cytoprotective func-
tions and maintenance of high levels can confer resistance to therapy [104].

Adenosine or adenosine ligands, as it has been demonstrated previously in other
cancer cells [95, 99, 100, 105], appear to promote the dose-dependent production of
ROS in PC3, DU 145 and LNCaP cells [58, 60] despite what was referred by Jajoo
et al. [27]. Likewise, AR agonists have been demonstrated to inhibit glutathione
synthesis only in androgen-independent PCa cells [60]. These observations suggest
that depleting cellular glutathione/increasing ROS production by regulation of the
adenosinergic system could be employed as a strategy for increasing the sensitivity
of PCa to therapeutic interventions.

Inhibition of Migration and Metastatization

Little it is known about the relationship between the adenosinergic system and the
migration and metastatization of PCa cells. To date, only one study has investigated
this aspect [27], so data must be considered with caution. The activation of the A;
AR has been shown to suppress both the invasion and migration of PCa cells [27],
unlike that observed for colon cancer cells [106] and glioblastoma cells [107].
Treatment with IB-MECA (1 pM) for 24 h decreased the number of invaded cells to
47 £ 3% (PC3-MM cells), 49 + 1% (ALVA cells), and 38 + 8% (AT6.1 cells) of
vehicle-treated controls [27]. Likewise, when AT6.1 cells were treated with this As
AR agonist, the migration was decreased to 52 + 2% of vehicle-treated controls
[27]. These findings are supported by in vivo experiments demonstrating a decrease
of the number of lung metastatic lesions in mice treated with IB-MECA after sub-
cutaneous injection of AT6.1 cells into the dorsal flank [27]. Although knowledge
about molecular mechanisms underlying the anti-metastatic effect associated to A;
AR is still in its infancy, it is believed to be mediated through suppression of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity by inhibit-
ing the upstream adenylate cyclase/PKA pathway (Fig. 1) [27]. NADPH oxidase, a
major source of superoxide generation, is an important contributor of ROS genera-
tion in PCa cells. ROS besides increasing oncogenic transformation, regulate the
metastatic phenotype of PCa cells [27], thus this evidence highlights the importance
of controlling ROS generation in the treatment of PCa.

We can conclude, in the light of the evidence available that A; and A,, AR may
contribute to diagnosis and cure of PCa. Despite results about the protective effects
of adenosine and analogs are encouraging, further studies are required. In this sense,
it could be interesting to study in depth the role of AR in the metastasis and to
explore the relationship between angiogenesis and AR in PCa.
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Emerging Role of ncRNAs in Cancer Biology:
Techniques for Diagnostic Monitoring
and Potential ncRNA-Based Therapies

Palmiro Poltronieri, Oscar F. D’Urso, and Massimo Mallardo

Abstract In the last 10 years, the discovery that the human genome is able to
generate a large number of RNAs non coding for proteins (ncRNAs) has changed
our way to approach the understanding and studying of biology. In particular, the
discovery of several Long ncRNAs (IncRNAs) and microRNAs (miRNAs) with
tumor suppressor or oncogenic function, opened new horizons in molecular oncol-
ogy research, diagnosis and potential therapies.

Cancer types need to be differentiated by cell type of origin, histological features
and genes expression. In addition, it has been recently demonstrated the power of
IncRNA signatures in diagnosis of many types of cancer and in the prediction of
patients survival.

As oncogenic ncRNAs may support survival of the transformed cells, thus lead-
ing to therapy resistance, ncRNA silencing therapies could be a valuable approach
to be associated with anticancer drugs and chemotherapy treatments.

Blocking of oncomiR may be achieved by introduction of miRNA sponges with
multiple complementary sequences, by antisense oligonucleotides, anti-microRNA
sequences (with modified oligonucleotides such as locked nucleic acids, phospho-
rothioate backbone sequences preventing the cleavage, and 2-O-methoxyethyl mod-
ified sequences) named antagomirs. On the other hand, detection of deregulated
IncRNAs in tumors as diagnostic biomarkers start to be used in the clinical
practice.
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Acronyms
BANCR BRAF-activated non-coding RNA
HOTAIR Hox transcript antisense intergenic RNA

HOTTIP HOMEOBOX A transcript at the distal tip
lincRNA long interspersed non coding RNA

MALATI Metastasis-associated lung adenocarcinoma transcript 1
NGS Next Generation Sequencing
PAH Polycyclic aromatic hydrocarbons
PCA3 Prostate cancer 3
SAMMSON  Survival Associated Mitochondrial Melanoma-Specific Oncogenic
Noncoding RNA
Introduction

Cancer is a complex disease, whose molecular etiology includes both genetic modi-
fications and epigenetic aberrations. At genetic level, carcinogenesis is mediated by
DNA damage, oncogene activation and inactivation of tumour suppressor genes,
including ncRNAs (see [1], for review). At epigenetic level, IncRNAs are emerging
as important mechanisms that contribute to induction of carcinogenicity. The speci-
ficity of IncRNA expression is now recognized as an important epigenetic mark
acting as a biomarker for cancer assessment following exposure to environmental
pollutants [2]. For instance, the IncRNA HOTAIR has been shown to facilitate
tumor initiation and progression, is associated with poor prognosis in several can-
cers, and was found to be altered after exposure to PAHs [3].

Chromosome rearrangements, deletions and point mutations alter the transcrip-
tional, translational and post-transcriptional landscapes. Several methods are avail-
able for DNA analysis to identify the insertions, deletions, or single nucleotide
variations, in tissues or defined cell types. Molecular genetic information has been
used to derive new therapeutic regimens and has accelerated the development and
application of “personalised cancer medicine”. There are also an increasing appre-
ciation that epigenetic aberrations that are often directly caused by genetic defects
resulting in loss- or gain-of-function of epigenetic-regulators also contribute signifi-
cantly to cancer onset and progression. Molecular lesions after transformation are
either DNA-based, including chromosomal amplification, deletion, mutation, and
translocation, or epigenetic lesions, such as hypomethylation of DNA sequences at
promoter regions or changing the euchromatin opening state through histone marks
regulated by Polycomb Repressing Complexes (PRC), and finally there are RNA-
based modifications, potentially amenable to RNA intervention for phenotype
reprogramming (RNA silencing, RNA decoys, rybozymes, RNA sponges). Finally,
circulating extracellular ncRNAs can be detected in the blood and urine samples of
patients and they may serve as prognostic, diagnostic and therapy follow up for dif-
ferent diseases including cancer.
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Potential Use of ncRNAs as a Disease Biomarkers, Biomarkers
for Disease Progression

With the introduction of Laser Capture Microdissection and single cell RNA
sequencing, it is now feasible to differentiate the transcriptome throughput of differ-
ent cell types. Indeed, all cell types possess a unique molecular signature, referred
to as biomarkers, which define the principal cellular features such the capabilities of
certain genes to be expressed into proteins or ncRNAs and perform their functions
among all genes contained into a specific genome. Many cancer types (i.e. breast,
colon, lung tumours) are undetectable before the appearance of a solid mass of vari-
ous millimetres. Thus, RNA has been long studied as biomarker to potentially iden-
tify the presence of few cells in the blood stream or in the urine samples revealing
the precocious formation of a cancer still undetectable using scanning techniques
(TAC, PET, metabolite radioisotopes). For instance, circulating cells originating
from thyroid cancers have been investigated by means of Real Time (RT)-PCR
using primers specific for few mRNAs expressed only in thyroid cells [4]. Also in
the case of brain tumours, there is a necessity to detect as much earlier as possible
to presence of cancer cells without surgical intervention [5, 6]. Integration of the
knowledge of the cancer genome and epigenome using sophisticated “Omic” tech-
nologies (transcriptomics, Deep Super—Serial Analysis of Gene Expression com-
bined with Next-Generation-Sequencing of transcript tags, RNA sequencing and
small RNA sequencing) and high throughput functional screening techniques are
providing tangible prove of links between genetic/genomic aberrations, epigenetic/
epigenomic deregulation and tumorigenesis. Moreover, these information can be
translated into clinical use through the finding of genetic and epigenetic biomarkers
of cancer development, evolution, heterogeneity and response to therapeutic inter-
vention. Recent studies have evaluated the potential application of tumor-derived
circulating ncRNAs as a diagnostic tool for either early detection of systemic can-
cer, prediction of tumour progression, or as means to monitor the response to ther-
apy. Although ncRNAs do not encode proteins, it is now clear and well documented
their role during the steps of tumorigenesis and the development of therapeutic
resistance [7-10]. One of the first IncRNA identified as associated to cancer is
MALATI. Tt has also be associated with metastasis and poor prognosis for patients
with non-small cell lung cancer (NSCLC) [11]. MALATI resides on chromosome
11q13.1 which has been found to harbor chromosomal translocation breakpoints
linked to cancer [12-14]. The Hox transcript antisense intergenic RNA HOTAIR
represents a good example of how IncRNAs can be involved in aetiology of cancer,
chromatin remodeling and, in turn, it represents a cancer biomarker. Moreover, high
expression of HOTAIR correlates with worse survival in many cancer types [15].
Both HOTAIR and MALATI IncRNAs can be detected in urine and blood samples
of patients. For example, they are considered, together with TUG! and GASS, sensi-
tive biomarkers of PHAs exposure and PAHs-induced DNA damage [2]. HOTAIR
was recently proposed as diagnostic biomarker of colorectal cancer (CRC) and liver
metastases correlating with a poor prognosis [16]. HOTAIR, HI9 and MEG3 have
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been found to be associated with miRNAs in gastric cancer (GC), generating regula-
tory crosstalk across the transcriptome [17, 18]. Finally, the IncRNA Prostate
Cancer 3 (PCA3), can be easily detected in urine samples by RT-PCR. It is consid-
ered as a prostate cancer marker and it is now used on routine basis in the clinical
practice. Also microRNAs represent an useful source of cancer biomarkers.
Recently, the expression pattern of seven miRNAs (miR-10b, miR-21, miR-125D,
miR-145, miR-155 miR-191 and miR-382) showed specific characteristics in serum
of breast cancer patients compared to healthy controls and those miRNA were pro-
posed as breast cancer biomarkers [19]. Another work showed that 38 microRNAs
in whole blood were significantly de-regulated in patients with pancreatic cancer
compared with controls [20]. Meta-analysis permitted the identification of circulat-
ing microRNAs as novel potential biomarkers for gastric cancer detection [21]. All
together these reports demonstrate that miRNAs are effective diagnostic biomarkers
for cancer but, differently to IncRNAs, a single molecule is not enough for the diag-
nosis but rather a specific signature.

Non-coding RNAs and microRNAs: RNAs as Active
Components of Cellular Processes and Signalling Pathways,
Relationship with Pathological States and Cancer

RNAs are now recognised to be active components of many cellular processes and
signalling pathways, and represent the major output of DNA. A large number of
non-protein coding transcripts has been discovered in recent years, with most of
them appearing to be functional, with a specific phenotype linked to down-regulation
or overexpression [22]. Transcripts may be processed into mature, shorter sequences,
and constitute several functional classes: dual mRNAs with ribo-regulation role and
producing small peptides, long, interspersed non-coding RNAs (lincRNA), anti-
sense RNAs and small RNAs (sRNA) of various lengths. Non-coding RNAs
(ncRNAs) regulate key biological processes during development or in pathological
contexts by mechanisms distinct from protein-mediated interactions. The
ncRNAome is considered the entirety of all ncRNAs in a specific organ or cell type.
Thus, RNAs are a hidden layer of regulation of the active genetic information that
is translated in the cell specific output and phenotype. RNAs are part of and assem-
ble chromatin remodelling complexes, ribonucleoproteins; RNA splicing com-
plexes, mRNA maturation complexes, RNA-binding proteins involved in transport
to long distances and compartmentalisation; RNA riboswitches; RNA decoys; cir-
cular RNAs (closed mRNA); natural antagomiRs and miRNA sponges.

Small non-coding RNAs deregulation has been linked to several types of can-
cers, such as breast [23] and endometrial cancers [24]. To evaluate differential
expression of small RNAs, NGS platforms and sequencing of small RNAs has been
combined with bioinformatics and ad-hoc pipelines [25].



Emerging Role of ncRNAs in Cancer Biology: Techniques for Diagnostic Monitoring... 113

Among sncRNAs, microRNAs (miRNAs) constitute one of the best investigated
classes. Lacking or de-regulated expression of certain miRNAs is, amongst others,
associated with oncogenesis and cardiovascular, endocrine or neurological disor-
ders. The link between certain microRNAs and their overexpression in cancer types
has been shown: for instance, overexpression of miR-17-92 cluster has been
observed in several diseases [26, 27], such as human lung cancer, where it enhances
cell proliferation [28]. For instance, miRNA expression and biogenesis has been
shown induced by estrogen receptor beta in hormone-responsive breast cancer [29].

This finding brought to the definition of cancer-overexpressed miRNAs as
oncomiRs. Detection of overexpressed oncomiRs has been one of the emerging
fields of cancer diagnostics [30], with several platforms shown to be suitable for this
aim, most recently also digital PCR [31]. On the contrary, the finding of microRNAs
within deleted regions of chromosomes and the functional characterization of their
involvement in cancers has led to the definition of suppressor microRNAs.

The localization of human miR-15a/miR-16 cluster at the 13q14 chromosomal
breakpoint or deletion sites has suggested their involvement in the aetiology of the
chronic lymphocytic leukemia (CLL) and multiple myeloma [32].

Since their discovery, miRNAs were associated with different functions in major
signaling pathways, cellular processes and tissue morphogenesis. MicroRNAs exert
their function in cooperation with Argonaute proteins by post-transcriptional gene
silencing (RNA silencing) of messenger RNAs (mRNAs). Binding of a miRNA to a
target mRNA either results in translational repression or miRNA-mediated degrada-
tion subsequent to cleavage of the target mRNA by the Argonaute endonuclease.
The binding sites for miRNAs are often present in the 3’ untranslated region (3’
UTR) of mRNAs, especially in mammals. Additionally, miRNA-binding sites may
be present in the coding sequence of mRNAs: these binding sites are linked to trans-
lational repression. Even though miRNA binding site predictions are often exclu-
sively focused on these 3" UTRs, identification of truly used binding sites is pursued
using several approaches, such as cell transformation with plasmids carrying a
reporter gene tailed with a target 3'UTR sequence specific for each microRNA.

Furthermore, the widespread alternative polyadenylation in eukaryotes generates
mRNAs with alternative (non-canonical) 3’ ends. Recently, multiple polyadenyl-
ation sites were identified in more than 50% of all human genes, and as a conse-
quence these genes encode mRNAs that harbour different miRNA binding sites in
their 3’ UTRs.

Alternative polyadenylation (APA) as well as single-nucleotide polymorphisms
(SNPs) affect miRNA targeting of transcripts from different individuals and tissues
[33, 34]. Especially, APA is known to contribute to variations in miRNA-mRNA
interplay in animals [35]. SNPs in miRNA sequences have been associated with
better or poorer response to treatment, tumor susceptibility [36], and prognosis [37],
or in healthy bone tissue [38] and in ageing processes.

The total number of mRNAs subject to miRNA-mediated decay can be deter-
mined by high-throughput techniques combined with NGS analysis. In view of
these complex regulatory mechanisms, analyses of complementing miRNA and
mRNA datasets may provide a more complete understanding of cellular states.
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RNA complexes involved in splicing and in mRNA polyadenylation are often in
competition with binding sites on mRNAs and with structural RNAs involved in the
assembling of spliceosomes and other protein complexes. Alternative splicing has
been shown in various types of cancers, such as estrogen-dependent breast cancer
[39]. Thus, small RNAs and long RNAs shape the evolution of protein-coding genes
in eukaryotes.

Circulating, secretory miRNAs are often abundant and very stable in blood [40]
and urine samples, protected from ribonucleases by proteins and lipid membranes
within exosome particles, an important prerequisite for clinical biomarker tests [41,
42]. Furthermore, these miRNAs remain stable at harsh conditions including boil-
ing, low/high pH, extended storage, freeze-thaw cycles. Circulating miRNAs in the
blood of cancer patients could play the same important roles as miRNAsS in tissues.
Exosomes have been shown to have an active role intercellular signaling [43]. Even
for circulating miRNAs, there are findings showing the use of some circulating
miRNA species as biomarker of certain cancer types [44—47].

RT-PCR methodology has been introduced and applied extensively in several
technology settings. For instance, as a method to confirm the data obtained by DNA
microarrays, after appropriate selection of candidate genes. Often the hybridisation
signals and the value of expression found using RT-PCR are quite different, showing
potential biases between the fluorescence-based method or caused by inappropriate
primers or oligonucleotide sequence. A second method of choice is following the
analysis of SuperSAGE (serial analysis of gene expression) data, to confirm the over-
expression values of specific isoforms of genes using Tagman validated primers.

Deregulated ncRNAs and Their Potential Effects on Cancer
Therapies

As above explained, from a clinical point of view, non-coding RNAs aberrations
show high diagnostic and prognostic values. Among lincRNAs, several types have
been linked to better or poorer prognosis and malignant phenotypes. Among them,
SAMMSON, was deregulated in melanoma [48, 49], BANCR in melanoma [50] in
hepatocellular carcinoma (HCC) [51] in small cell lung cancer (SCLC) [52] gastric
cancer [53] and in osteosarcoma [54]. HOTTIP was found up-regulated and associ-
ated with poor prognosis in osteosarcoma [55] and in gastric cancer [56]. CCAT2
was found correlated to poor prognosis in gastric cancers [57].

Lnc2Cancer is a manually curated database of experimentally supported
IncRNASs associated with various human cancers [58]. In ovarian (OV) cancer, two
protective IncRNAs, RP11-284N8.3.1 and ACI04699.1.1, were differentially
expressed throughout the progression of malignant OV and also independently pre-
dictive of the survival of patients [17, 18].

In Fig. 1 are shown several ncRNAs with their roles in cellular processes, individu-
ated as potential targets for therapeutic intervention in different types of cancers.
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Fig. 1 A selection of IncRNAs and miRNAs with a role in cellular processes related to develop-
ment of various types of cancers, such as cell proliferation,angiogenesis, antiapoptotic activity

It is clear that the improvement of the knowledge on the nature and roles of non-
coding RNAs will enhance our capability to develop therapeutic treatment against
cancer via the modulation of these RNA molecules. Moreover, the progress in
nucleic acid drug design linked to advanced computational simulation will prompt
the development of agents to intervene the malignant effects of non-coding RNAs.

Most of the attempts for therapeutic strategies targeting IncRNAs were per-
formed depleting the oncogenic IncRNAs in cancer cells [59]. So far, the nucleic
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acid-based methods were the elective approaches to target RNA molecules, and
they were able to normalize the level of deregulated IncRNAs, modify their struc-
tures or block their functional motifs. RNA interference (RNAi)-based techniques
are commonly used in order to inhibit or even block the overexpression of IncRNAs
in cancer cells. These techniques generally employ short stretched (20-30 nt) of
double-stranded RNA, such as small interfering RNA (siRNA), that determines the
target specificity in the RNAi pathway. Inhibition of IncRNAs is achieved thanks to
the double stranded RNA that elicits a RISC-mediated degradation of target IncRNA
molecules. Using this technique, were designed siRNAs able to specifically target
HOTAIR RNA able to inhibit cell invasion ability of breast cancer cells [16].
Similarly, xenograft growth of pancreatic cancer cells [60] was also inhibited. siR-
NAs designed for targeting HULC and MALATI showed the ability to inhibit the
cell proliferation rate in liver cancer and halted cell cycle progression (reviewed in
[61]) in hepatocellular carcinoma cells. Oncogenic ncRNAs support survival during
chemotherapy and growth of malignant types linked to low survival rate: ncRNA
silencing therapies could be a valuable approach to be associated with anticancer
drugs and chemotherapy treatments.

Blocking an oncomiR may be achieved by introduction of miRNA sponges [62]
and competitive endogenous RNAs (ceRNA) with multiple complementary
sequences [18, 63-65], by antisense oligonucleotides [66], anti-microRNA
sequences (with modified oligonucleotides such as locked nucleic acids, phospho-
rothioate backbone sequences preventing the cleavage, and 2-O-methoxyethyl mod-
ified sequences) named antagomirs. Detection of deregulated non-coding RNAs in
tumors as biomarkers and potential targets for therapy. Since oncomiRs support
survival during chemotherapy, microRNA silencing therapies could be a valuable
approach to be associated with anticancer drugs and chemotherapy treatments.

Modulation of miRNA level is not limited to a nucleic acid approach. Recently,
different groups have developed small molecules to either inhibit or induce the
expression of specific miRNAs in cancer cells. Small molecule inhibitor of miR-21
ACIMMYR?2 could block the biogenesis of mature miR-21 from pre-miR-21 by
attenuating Dicer cleavage [67]. ACIMMYR?2 could suppress tumor growth and
invasion via the upregulation of miR-2/ functional targets such as PTEN [68].
ACIMMYR2 treatment could also induce the reversal of epithelial-mesenchymal
transition in epithelial tumor cells and orthotopic nude mouse model [67]. In addi-
tion to miR-21, the level of miR-122 can also be modified by small molecules. Both
inhibitors and activators were generated that are capable of inducing the down-
regulation or upregulation of miR-122 transcriptionally [69]. Study showed that
inhibitors of miR-122 could inhibit HCV replication in liver cells, as miR-122 is a
cellular component required by the hepatitis C virus (HCV) for viral replication.
Moreover, activation of miR-122 could elicit a proapoptotic effect in cancer cells.
Thus small molecules could up-regulate miR-122 in the hepatocellular carcinoma
cells, and subsequently increase caspase expression, leading to cell apoptosis and
reduced cell viability.
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Several miRNA activators have been studied and applied to up-regulate the
expression of the tumor suppressor miR-34a [70, 71]. A natural product, Rubone,
was screened out that was capable of transcriptionally upregulating miR-34a level
in hepatocellular carcinoma cells [72]. The study showed that Rubone could increase
miR-34a promoter activities and p53 occupancy on miR-34a promoter in both wild-
type and mutant p53 cells. Rubone inhibited hepatocellular carcinoma growth with-
out showing hepatocyte toxicity [69].

Biogenesis of mature miRNA provides another mechanism for modulating
miRNA level. Inhibition of miRNAs can be achieved by interfering with the matura-
tion of the precursor molecules of miRNA. Aptamers, short DNA or RNA oligo-
nucleotides or peptides that have a stable 3-dimensional structure in vivo, are
compounds blocking pre-miRNA maturation. The binding relies on the fitting of the
aptamer with the 3-dimensional shape of the targets [73]. Studies showed that
aptamer could reduce the level of miRNAs through targeting the apical loop domain
of pri-microRNA molecules, and block the biogenesis of mature microRNA. An
aptamer was screened, selectively interacting with the target pri-miR-18a, and
inhibit the binding of hnRNP A1 to the apical loop of pri-microRNA which was able
to interrupt miR-18a maturation [74]. miR-17-92 cluster gives rise to a set of onco-
genic microRNAs which target SOCS1, PTEN and BIM, among others. An aptamer
was developed that could abrogate the biogenesis of miRNAs at the entire miR-
17-92 cluster. The introduction of miR-77-92 aptamer could block the maturation of
miR-17, miR-18a and miR-19b in retinoblastoma cell lines, leading to the induction
of cell cycle arrest and apoptosis [75]. In addition to being the drug targets, miRNAs
can be regarded as the drug used in cancer treatment. Ectopically introducing miR-
NAs that repress the level of oncogenic protein coding mRNAs is another potential
therapeutic strategy against cancers. Like siRNAs, mimics of miRNA can be
employed as therapeutic agents to target specific oncogene or oncogenic network
based on its endogenous gene silencing ability of miRNAs [76]. In this way, instead
of reversing the loss of miRNAs, the aim of the miRNAs introduction is to induce
gain of functions in cancer cells that elicits tumor suppressing effects. Such idea has
been verified by the study in which the level of oncogene BCR/ABL was suppressed
by synthetic miRNAs [77]. miRNA-based anticancer therapy has great potential as
reports showed there is apparent lack of adverse effects in normal tissues when
administrated with miRNA-based agent.

Among anti-microRNA oligonucleotides, there are those containing modified
oligonucleotides (locked nucleic acids, phosphorothioate backbone sequences that
prevent their cleavage, the 2-O-methoxyethyl modified sequences). Among
antagomirs, there are RNA sponges [78] and circular RNAs with multiple miR
binding sites [66], miRNA inhibitors conjugated to gold and lipid nanoparticles [79,
80] or transferrin-coated nanoparticles [81]. Thus, antagomir therapeutics targeting
microvesicles in the brain could take the lead in the near future in the treatment of
brain cancers in substitution of invasive surgical intervention.

Taken together, treatment with siRNA or ectopic miRNA agonists and antago-
nists seem to be all promising therapeutic advancement.
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Real Time PCR in Quantification of Non-coding RNAs

To date, no reliable circulating biomarkers for the detection and risk stratification of
gliomas have been identified, while few intracellular miRNAs (miR-155, miR-21)
have been detected at high levels in glioblastoma tumours [6, 82, 83].

In one study on circulating miRNAs, 48 plasma samples of patients with glial
tumors, 48 control patients with various neurological disorders, 36 patients with
B-cell lymphoma of the CNS (BCNSL) and 16 patients with brain metastases or
leptomeningeal secondary involvement originated from various carcinomas were
analyzed [5]. The study was based on samples sent routinely to the laboratory. RNA
was extracted from whole blood and serum samples that were obtained at the time
of surgical treatment. Circulating RNA was extracted from serum prepared by cen-
trifugation starting from 10 mL of whole blood that were obtained at the time of
surgical treatment. In their study, a four-miRNA signature was identified as a pre-
dictor for overall survival in glioma at various staging and in other malignancies. A
higher expression of miR-15b and remarkably decreased expression of miR-21 were
found in plasma samples from patients with glioma. MiR-15b was the most abun-
dant miRNA in blood samples showing an eight-fold higher expression levels in
blood samples from patients with glioma. MiR-21, which also has been found over-
expressed in CSF samples from patients with glioma [84], is one of the most consis-
tently expressed microRNA in cancer.

In a wide array of studies on microRNAs, various amplification platforms have
been developed and applied, either in the form of Rolling Cycle Amplification
(RCA) of adaptors added to the 5" and 3’ ends, combining a miR-sequence specific
primer and a tag-based reverse primer.

The Kreatech microRNA labelling kit was initially developed to label miRNAs
hybridised onto miRNA arrays, making use of KREAPURE clean up column that
separate the RNA fractions. Nowadays several products are available and in need to
be tested before optimisation of assay conditions.

Two methods have been developed to detect specific miRNAs by qPCR. The first
makes use of miRNA-specific reverse transcription (stem—loop) primers while the
second technique uses universal reverse transcription primers. A number of
fluorescent-based technologies exist for qPCR, but both SYBR Green and TagMan
have been successfully used for miRNA detection.

Using SYBR Green based qPCR assay, the efficiency of the PCR assay needs to
be determined by running a ten-fold serial dilution (standard curve) for the
miRNA. Every 3.32 cycle threshold should represent a ten-fold amplification, which
is equal to 100% efficiency. In addition to running a standard curve, it is also impor-
tant to perform a ‘melt’ or ‘dissociation’ curve. This is essential for SYBR Green
based qPCR as the dye is incorporated into any double stranded DNA formed during
gPCR (including primer dimers). A single peak (i.e. one PCR product) should be
present in the melt curve.

Several methods are available combined with Tagman probes. One method ini-
tially uses stem—loop miRNA specific primers that bind to the 3’-portion of miRNA
molecules that are individually reversed transcribed. Then, the product (cDNA) is
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quantified using conventional assays such as TagMan miRNA assays that include a
miRNA-specific forward primer, reverse primer and a dye-labelled probe. Each
assay is similar in terms of amplicon length, primers are pre-designed and pre-
validated. In conclusion, separate reverse transcription reactions for each miRNA of
interest and reference genes must be performed.

Another method adds a common sequence poly(A)tail to the 3’-end of all miR-
NAs and then reverse transcribes all miRNAs in a certain sample by using a univer-
sal primer. qPCR is then performed with a SYBR Green fluorescent dye using a
linear miRNA specific primer, designed by the user and universal qPCR primer.

Protocol for Set Up of Real Time PCR Reactions

Total RNA is extracted using a TRIZOL (Invitrogen). miRNA fraction can be iso-
lated using a PureLink™ miRNA Isolation Kit (Invitrogen) following manufactur-
er’s instructions. The RNA concentration is determined by measuring a 2 pL aliquot
on a NanoDrop ND-3300 spectrophotometer. A check of RNA integrity is per-
formed using the Agilent Bioanalyser. TagMan miRNA assays (Applied Biosystems)
were set up. In brief, 10 pL of total RNA solution was used for the reverse transcrip-
tion reaction using a Superscript Reverse Transcriptase followed by in-tube ampli-
fication with Taq Gold polymerase. Real-time PCR was performed using a 7500
Real-Time PCR System according to the manufacturer’s protocol (Applied
Biosystems). Cycling conditions were as follows: 95 °C for 10 min and 40 cycles of
15 s at 95 °C and 60 s at 60 °C. Fluorescent data are converted into cycle threshold
(Ct) measurements using the 7500 SDS system software (version 1.2.3; Applied
Biosystems). Each sample is run in duplicate. Mean Ct values and standard devia-
tions are calculated for all miRNAs. Several house-keeping genes can be used, but
generally the actin expression values have been used, to obtain the relative quantifi-
cation of each gene monitored in different cell types.

For microRNA quantification in bodily fluids (plasma, serum, cerebrospinal
fluid), an immediate need for a small housekeeping miRNA exists because other
classes of small RNAs, such as the snoRNA RNU6B, cannot not be used for normal-
ization due to instability in presence of RNases. In published work [5], miR-24 was
proposed for normalisation and showed to be applicable to the analysis of miRNAs
in various types of tumors. The amount of target miRNA was normalized relative to
the amount of miR-24 (ACt = ACt miRx — ACt miR-24). Relative expression levels
(RELs) were reported as 2 — ACt.

The comparison of miRNA data in plasma collected from patients with gliomablas-
toma (WHO IV) and the other glioma grades (WHO II and II), revealed significantly
decreased expression of miR-16 in plasma samples from patients with glioblastoma
(WHO 1V). This was an initial study on few miRNAs as serum biomarkers in glioblas-
toma [5]. Further studies may reveal additional deregulated miRNAs based on the
databases of human microRNAs that nowadays contain several thousand sequences:
miRNA biomarkers could predict disease recurrence after surgery to provide an early
detection method for the progression of disease after surgery.
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Detection of IncRNAs and miRNAs in Urine Samples

Circulating extracellular ncRNAs from other tissues within the body can be deliv-
ered to renal epithelial cells and released into the urine bound to RNA-binding pro-
teins (soluble fraction) or packaged into microvesicles such as exosomes. Thus the
ncRNAs must be extracted from the urine after differential ultracentrifugation on
both supernatant (soluble fraction) by standard protocol such as Trizol and on the
pellets (exosomal fraction) as described [85]. The total RNAs extracted (each sam-
ple is a pool of soluble plus exosomal fractions), need to be retro-transcribed and
can be further analyzed by microarray choosing miRNA or IncRNA microarray
platform. Following, comparing samples deriving from cancer patients and normal
ones will the ncRNAs, potentially biomarkers of a specific cancer, can be identified
through random variance model (RVM). RVM, F-test will have been used for analy-
sis. After the significance and false discovery rate (FDR) analysis, will select dif-
ferentially expressed genes according to the statistical significance of t-test after
adjustment with the Benjamini and Hochberg correction for multiple comparisons.
The cut-off for t-test P-values will be <0.001. Validation of microarray data can be
performed by quantitative real-time PCR (qQRT-PCR).

As PCA3, a prostate cancer biomarker, represents the best example of ncRNA
currently used in the clinical practice we want to point out that it can be easily
detected from urine samples using the Real Time PCR technique. Thus, once a
ncRNA is identified as biomarker, it offers the possibility to perform, on a routine
basis, a rapid, efficient, sensitive and non invasive disease assessment.

Comparing Methods and Complementation with Further
Analyses: DNA Array Expression

In a different experimental setting, we monitored the differential expression of non-
coding RNA candidates and other less representative transcripts often not present in
commercial DNA microarrays by comparing several cell lines representative of
various different tumours and the NB4 and HL-60 cell lines induced to differentiate
by ATRA (All-trans retinoic acid) and histone deacetylase inhibitors (HDACI) such
as niacin and butyrate [86].

The following cancer cell lines were used. Breast cancer: MCF-7, SKBR3,
HS-578T, MDA-MD-231. Brain cancer: CCF-STTG1, Be(2)C, DAOY, CHP-212.
Testis cancer: 833KE, NT2, Tera-1, 2102EP. Colon cancer: SW1116, LS174-T,
Caco-2, WiDr. Lung cancer: GLC-4, GLC-34, H226, SW1573. Total RNA was pro-
vided by Prof. Wiemer, Erasmus Medical Centre, Rotterdam. Rhabdomyosarcoma:
Embryonal RMS (T174, TE441, Ruch2) and Alveolar RMS (TE617, TE381, RD,
Hs729, RH4, RH30) cell lines were provided by M. Kool, Amsterdam Medical
Centre. TE381 and RD are ARMS cell lines with identical progenitor cells.
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After a preliminary screening through hybridization on an in-house made
Ribochip array containing more than 400 ncRNA candidate genes, 10% of the tran-
scripts were found differentially expressed showing in several cases cell type speci-
ficity. The aim of this work initially was to screen 491 candidate transcripts using
the DNA array to focus on those expressed at detectable levels, and then to make an
estimate of quantitative differences in expression using the RT-PCR method on a
selection of randomly chosen transcripts.

AK055935, found highly expressed also in brain and testis cancer cell lines, is a
patented probe for use in neuroblastoma cancers. Few genes were found expressed
in almost all the cancer cell lines, such as AK092435, AK130351, AK131003 and
BC035189. Possibly, the mechanisms controlling the regulation of their expression
in cancer cells was lost, through alteration of transcriptional factors or epigenetic
control. Other genes, whose expression levels fell in most cases under the arbitrary
threshold of 1 fluorescence unit, were found at detectable levels in a limited number
of cancer cell lines.

Undifferentiated and differentiated NB4 cells were also analyzed for the expres-
sion of ncRNAs using the DNA microarrays. Only a small number of transcripts
were found differentially expressed in NB4 cells during the treatments. AK025078
(SLC26A2), AK027179, AK055935, AK125234 and BC030949 were less expressed
in differentiated NB4 cells than in proliferating NB4 cells. BC030949 (BC025181)
contains a 50 amino acid-long ORF potentially coding for an isoform of a PTPN11-
like non-receptor tyrosine phosphatase, and was linked to juvenile leukaemia.

The cluster of genes found downregulated in differentiated NB4 cells could be
referred to ontogeny groups required either for proliferation, cell cycling or cell
survival [86].

On the other side, few genes detected in some of the cancer cell lines, as
AK023690, AK097380, AK098425, AK128567, BC035189 and ALI110204, were
found expressed at higher levels in differentiated NB4 cells in respect to proliferat-
ing NB4 cells [86]. The genes clustering together in cancer cells and in differenti-
ated NB4 cells may be grouped in an ontogeny class of cellular homeostasis, being
regulated at transcriptional level and inducible by transcription factors.

Sixteen genes, among those found deregulated on DNA microarrays, were vali-
dated by real-time PCR. RT-PCR was performed on 16 cancer cell lines, those
whose RNA was available and of good quality. These transcripts showed significant
changes between cancer cell lines, and in respect to the controls, brain RNA or testis
reference RNA.

The RT-PCR of 11 transcripts was performed using undifferentiated and differ-
entiated NB4 cells. The results showed that H/9 was downregulated after NB4 dif-
ferentiation, whereas AK021516 and AK092435 were overexpressed in differentiated
NB4 cells. Meningioma samples were also analyzed for the expression of ncRNAs
using semi-quantitative RT-PCR, compared to the expression obtained from normal
brain RNA. Four genes were confirmed varying their expression levels. AK092435
and H19 were found overexpressed, whereas AK022994 and AK027352 were down-
regulated in meningioma [82].
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The intensity of signals detected in the Ribochip arrays did not perfectly matched
the real-time PCR data. In some case, as AK097934 in DAOY cell line, both the
Ribochip and the RT-PCR revealed an expression higher that in the remaining cell
lines. The differences in intensity of fluorescence may vary depending on many fac-
tors, i.e. the design of the oligonucleotide probes, the presence of secondary struc-
tures, the set up of hybridization conditions and the lack of automated washing
station to perform the experiments uniformly. Many authors suggested to extend the
hybridization time over the 24 h, since prolonged times approach more reliably a
situation of equilibrium.

In the case of AK098425, RT-PCR results were similar in all the cell lines, but the
Ribochip results showed higher differences in intensity values in different cell lines.
In CACO-2 cells, AL122122 RT-PCR showed lower expression levels that in other
cell lines, but the Ribochip signal was high. We thus assumed the Ribochip data as
qualitative data without a high confidence on quantitative estimates. Due to the bias
introduced using the Ribochip data, we compared the results on the cell lines on the
basis of RT-PCR data (unpublished results).

In addition, few experiments using the Northern blot method were performed, to
show the size of the expressed transcripts. Using the AK728567 PCR product as
probe, the obtained signals showed the presence of a 3400 base long mRNA and a
smaller transcript of about 2800 bases. The GenBank reported length of AK128567
is 3384 bases. The coding sequence of AK128567 overlaps with several ESTs
reported in other databases, each with one exon falling within the AK/28567
sequence (BG503445 isolated from embryonal carcinoma, DB471951 from hippo-
campus, and BG255077 from adenocarcinoma). It may be possible that AK728567
is further processed or that the probe used in this work recognizes the transcripts
containing these reported ESTs.

The data on differential expression of selected genes using ARMS cell lines were
coherent. TE381 and RD are cell lines with identical progenitor cells. In these lines
the expression results were reproducible, reflecting the similar phenotype.

A prototype of dual transcripts potentially peptide-coding and functioning as
riboregulators is provided by H79. This extensively studied npcRNA was found
expressed in many cancer cell lines [22]. In SKBR3 breast cancer cells, over-
expressing the ERB-B2 kinase, H/9 was found expressed at levels higher than in the
well studied MCF-7 hormone-sensitive cell line. The process of differentiation in
NB4 cells corresponded to a decrease in H19 expression [86]. This finding supports
the general opinion that non-coding RNAs exhibit dynamical alteration in their level
of expression in response to a specific physiological stimulus in patterns that paral-
lel the behaviour of mRNAs, and suggests that their transcription is functional and
that their expression is controlled by tight mechanisms.

H19 has a predictive value for tumour recurrence in bladder cancer. While H/9
expression is downregulated after birth [87], the endometrium and ovary are two of
the very few tissues that retain the ability to express the H/9 gene in adult life. H/9
expression increases in the carotid artery after injury, suggesting its role during
wound healing. While H/9 RNA does not provide any growth advantage for the
cells when cultured in 10% FCS, it enabled cells to overcome the stress caused by
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serum starvation, with no significant difference in apoptotic rate. This finding
showed the importance of H/9 gene expression in tumours under stress conditions
when growth factor availability is limited. It is interesting to note that several genes
that are upregulated in the presence of H/9 also are induced by hypoxic stress.
Hypoxia is considered a tumour gateway, with progression along the angiogenic
pathway. H19 gene is responsible for positively regulating the thioredoxin gene at
the post-transcriptional level, thioredoxin being a key protein of the oxidative stress
response and accumulates in many cancerous tissues, such as breast carcinomas in
which an overexpression of the H/9 gene was shown [22]. Hypoxia and serum star-
vation both the consequence of a poorly vascularised tumour, considered a normal
stage of tumour development, may be thus two factors causing the overexpression
of the mRNAs shown in this work. AK027352, a gene regulated by hypoxia, was
found over-expressed in various cell lines. However, in the analysis of NB4 cells
using the RT-PCR method, the transcript showed unchanged expression levels in
undifferentiated and differentiating cells. AKO0O1558 is a gene found over-expressed
in microglial cells after 1 h induced by oestrogens, upregulated at the sixth hour
through the oxygen radical response. AK001558 was found over-expressed in many
cancer cells lines, and showed similar high expression levels also in non-
differentiated NB4 cells (relative expression values, obtained as ratio of
AKO001558/actin as control) [86]. It is possible that this transcript remains expressed
at detectable levels in differentiated NB4 cells in response to ROS or other environ-
mental factors.

The function of some npcRNA as tumour suppressor and of others as oncogenes
is not yet well understood. The genes falling into the ontogeny group “proliferation”
may include either genes activated as direct, causative agents, or in a response to
proliferation signals associated with tumour cell growth. In many cases the resis-
tance to apoptosis or the proliferation ability may have consequences on tumour
development. The association of some of the studied genes in cancer cells, or their
involvement in diseases, through gene expression studies using a more comprehen-
sive human transcript set, may provide more clues on their ontology class, and con-
sequently on their function.

Recently it was shown that many human transcripts, as also H/9, codify for
small RNA species [88]. It is possible that some of the human hypothetical tran-
scripts considered in this study may also generate small RNAs.

In conclusion, this study was brought on a large set of human npc-RNAs and
hypothetical unknown transcripts, with the attempt to relate their function through
the differential expression in proliferating and non-proliferating cells.

Conclusions

There is a general confidence that further advancements in knowledge of miRNAs
and other RNA transcripts will provide new ways for personalized medicine as well
as diagnosis, prognostic support, therapy and treatment of human cancers.
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Exosomes: New Biomarkers for Targeted
Cancer Therapy

Chiara Martinelli

Abstract Exosomes have emerged as novel and important mediators of intercel-
lular communication. They contain bioactive molecules including proteins, DNA,
mRNA and miRNA, which are transferred from donor to target cells, leading to
exchanges of genetic information and reprogramming of the recipients. Recently, it
has been suggested that tumor cells release increased amounts of exosomes which
are involved in tumor initiation, growth, progression, metastasis, and multidrug
resistance. Exosomal shuttling between cells contributes to transfer material from
tumor to immune and stromal cells, favoring the escape from immune surveillance
and the formation of a conditioned tumor niche. The critical involvement of exo-
somes in cancer has evidenced important roles both for diagnostic and therapeutic
purposes. Exosomes can be exploited as biomarkers for diagnosis and as targets for
therapy. They can be considered potential therapeutic agents. Due to their high load-
ing efficiency and biocompatibility they can be used as vehicles for delivering tar-
geted anti-cancer drugs with low immunogenicity and toxicity.
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TRAIL  Tumor necrosis factor-related apoptosis-inducing ligand
tRNA transfer RNA

TSAP  Tumor suppressor-activated pathway

UPRT  Uracil phosphoribosyltransferase

Introduction

Exosomes are defined as a family of nanovesicles with a diameter size ranging from
30 to 150 nm, secreted by the vast majority of our body’s cells, both in physiological
and pathological conditions [1-4]. They display a cup-like shape and they are con-
stituted by a bilayer-lipid membrane that presents peculiar proteins on its surface
(i.e., tetraspanins) [5]. Exosomes can be physiologically found in almost any extra-
cellular fluid in our body (i.e., urine, blood, amniotic fluid, saliva and cerebrospinal
fluid) [6, 7]. They were originally described by Trams et al., as “exfoliations” from
normal and neoplastic cell lines, and later proved to be involved in a pathway
responsible for the elimination of unnecessary materials from reticulocytes [8—11].
These studies suggested their major role in secreting biomolecules from the cells,
when lysosomal pathways were lacking. Nowadays, exosomes are defined as vesi-
cles formed in endosomal compartments [12], able to carry biological material and
to shuttle between cells, therefore participating in intercellular communication [5].
The content of exosomes is essential for their classification and for their function, as
they carry messenger and micro RNA (mRNA, miRNA) [13], proteins, peptides,
lipids [14, 15], and occasionally DNA [16, 17].

An updated collection of the content and composition of exosomes is reported in
ExoCarta and to date, 9769 proteins, 3408 mRNAs, and 2838 miRNAs have been
recognized as exosome contents [18, 19].

The essential feature of exosomes is that they are able to shuttle between cells
carrying a plethora of molecules that maintain their function after reaching recipient
cells and transmit signals. Exosomes can participate both in physiological processes
(immune defence, antigen presentation, waste removal, stem cell maintenance etc.)
[20, 21] and in many pathological conditions (viruses’ pathogenesis, degenerative
and prion diseases and inflammation) [22]. Importantly, exosomes have been shown
to be implicated in the survival and proliferation of cancer cells and metastasis [23—
25], but at the same time they can be potentially exploited as new tools for the treat-
ment, detection and prognosis of cancer [26, 27]. The population of exosomes that
can be obtained from a sample is very heterogeneous, thus making very challenging
the determination of their specificity and the correlation to a precise phenotype.
Nowadays, exosomes can be isolated from cells under normal and stressed condi-
tions. Usually, exosomes are purified by ultracentrifugation combined with sucrose
gradient and immuno-purification on conjugated beads. After isolation, exosomes
can be characterized by western immuno-blot and fluorescence activated cell sorting
(FACS) (size, shape, membrane markers) and visualized by transmission electron
microscopy (TEM). The specific contents of exosomes are currently identified by
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quantitative real time polymerase chain reaction (RT-PCR), nucleic acid sequenc-
ing, western immuno-blot and enzyme linked immunosorbent assay (ELISA).

The International Society for Extracellular Vesicles (ISEV) has recently defined
the minimal criteria to identify extracellular vesicles. One of the first rules used to
define extracellular vesicles is their protein composition: several analyses have
shown that many of the most commonly found proteins in exosome preparations are
only “enriched” and not “specific”. Therefore, they can be defined as common
markers of different kinds of extracellular vesicles. In particular, by performing an
analytic identification of the protein composition, it is possible to describe four dif-
ferent classes of proteins that can be found in extracellular vesicles: (1) transmem-
brane or lipid-bound extracellular proteins; (2) cytosolic proteins; (3) intracellular
proteins independent from cellular/fendosomal membranes; (4) extracellular pro-
teins that can be isolated together with extracellular vesicles [28].

Importantly, the characterization of single vesicles within a mixture needs TEM
or atomic force microscopy (AFM) image acquisition in order to precisely identify
isolated vesicles. Size distribution of extracellular vesicles is needed to grant diam-
eter measurement. There is a continuous need to match data obtained by all these
different characterization techniques. Studies in vitro of the functional activity need
to be supported by adequate controls in order to give a precise quantification of the
real functionality of the isolated extracellular vesicles [28].

In this chapter, we will describe the novel emerging roles of exosomes in inter-
cellular communication and cancer. Their involvement in tumorigenesis, growth,
progression and metastasis will be analyzed, highlighting their ability to transfer
material from tumor cells to the surrounding environment. Finally, we will report
recent findings demonstrating their crucial roles as biomarkers for diagnosis, targets
for therapy and drug delivery carriers.

Exosomes: Biogenesis, Content and Fate

Exosomes clearly differ from shedding microvesicles, that directly form by mem-
brane budding [1, 10]. They originate by invagination of early endosomal mem-
branes into the lumen of the compartment in a process that creates multivesicular
bodies (MVBs) (Fig. 1). Their most important feature, as compared to endosomes,
is that the extracellular leaflet of the plasma membrane is fully preserved in its ori-
entation as an extracellular part of their membrane and it presents typical endosomal
components. The most commonly identified proteins bound on the lipid bilayer
cover a broad spectrum of immune-modulating and cell recognizing ubiquitous
molecules (i.e., cytoskeletal proteins, transporters, integrins and heat shock family
proteins). Moreover, the exosomal membrane presents many proteins related to
MVBs (i.e., flotillins, annexins, GTPases, Rab, and SNARESs) and involved in their
biogenesis (i.e., Alix, Tsgl01), transducers (i.e., p-catenin) and membrane-
associated proteins (i.e., tetraspanins) [29-31], essential for intercellular communi-
cation and targeting to recipient cells [32]. Some exosomal membranes can expose
on their surface Major Histocompatibility Complex (MHC) molecules. All these
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Fig. 1 Biogenesis of exosomes. (a) The plasma membrane invaginates and creates an endosome
that engulfs macromolecules and other contents within the extracellular environment. Proteins
located on the plasma membrane are found on the endosomal membrane. (b) Invagination of the
endosomal membrane creates (¢) a multivesicular body (MVB). Intracellular proteins and RNAs
are packaged into the microvesicles contained in the MVB. (d) MVB fuses with the plasma mem-
brane and releases exosomes into the extracellular environment

specific markers are considered essential for the identification of exosomes and are
particularly attractive as putative novel targets for diagnosis and therapy [33].

Two main pathways are involved in the biogenesis and sorting of exosomes: the
Endosomal Sorting Complex Required for Transport (ESCRT)-dependent pathway and
the ESCRT-independent pathway. The first one is essential for endosomal sorting and
secretion of ubiquitinylated membrane proteins [34], it requires Alix, and it includes:
ESCRT-0, responsible for loading ubiquinated proteins on the endosomal surface;
ESCRT-I and ESCRT-II, responsible for membrane budding; ESCRT-III, responsible
for membrane separation. The ESCRT-independent pathway exploits lipids, such as
sphingosine- 1-phosphate and ceramide, microdomains enriched with tetraspanins, and
the enzyme sphingomyelinase [35]. Recently, it has been reported that exosomes can be
produced by a pathway that involves syndecan heparan sulfate proteoglycans and syn-
tenin [36], together with the accessory proteins Alix, GTPase ADP Ribosylation Factor
6 (ARF6), proteolipid protein D2, and endoglycosidase heparinase [37].

Different cellular components are involved in exosome biogenesis: cytoskeletal
proteins, molecular motors, molecular switches like GTPases, fusion and tethering
proteins such as SNAREs [4]. During secretion, MVBs containing exosomes are
directed to the target cell membrane and later they fuse by the assistance of mediat-
ing proteins Rab GTPases, like Rab27a/b (they affect size and localization of
MVBs), Rab3 (it coordinates MVBs binding to the recipient cells), Rabl1 and
Rab35 [38-40]. Mesenchymal stem cells (MSCs) release increased amounts of exo-
somes respect to slowly proliferating cells and recently, it has been demonstrated
that their ability can be experimentally forced by transfecting the MYC gene [41,
42]. Exosomes that are not secreted, normally undergo lysosomal degradation. In
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particular, MVBs with membranes poor in cholesterol and that present peculiar
compositions are directed to the lysosomes [43].

Exosomes contain a wide variety of cargos, selectively sorted during the process
of biogenesis. Only specific proteins and RNA species are packed and the underly-
ing mechanisms have not been completely elucidated. Interestingly, it has been sug-
gested a putative role for ESCRT-II complex in loading mRNA into exosomes [44].
Exosome secretion is favoured by increased levels of Ca’ in the cell cytoplasm
[45]. Moreover, variation in the endogenous and microenvironmental pH has been
demonstrated to interfere with their secretion: low pH enhances exosome secretion
and uptake by target cells [46]. Cancer cells secrete exosomes under influence of
both oncogenes and tumor suppressors [47]. It has been demonstrated that the tumor
suppressor-activated pathway (TSAP) is able to induce exosome secretion under the
regulation of p53 [48, 49]. Similarly, overexpression of heparanase in cancer cells
enhances exosome secretion [50]. Intriguingly, an opposite mechanism of inhibition
of secretion has been described in normal mammary epithelial cells underlining the
action of finely tuned regulation systems [51]. Small non-coding RNAs and particu-
larly miRNAs are the most abundant molecules present in exosomes [42], together
with piwi-interacting RNA (piRNA), small nucleolar RNA (snoRNA), Small Cajal
body-specific RNA (scaRNA), silencing RNA (siRNA), transfer RNA (tRNA) frag-
ments, and vault RNA [52]. It is important to consider that endogenous exosomes
are made from fragments of the plasma membrane and preserve its original orienta-
tion therefore inheriting the glycome, the glycocalyx from the originating cells with
its innate immune tolerance.

Exosomes communicate with target cells through different mechanisms (1)
interaction with cell membrane receptors; (2) fusion with cell membrane; (3)
phagocytosis. Several proteins are involved in the process of uptake, such as Tim1/4
for B cells [53] and ICAM-1 for APCs [54]. For example, melanoma cells uptake
exosomes by fusion, facilitated by low pH [55]. Phagocytosis is specifically
exploited by phagocytic cells [56]. Generally, the process of uptake is energy
dependent [57]. It has been demonstrated that cancer cell derived exosomes use
heparan sulfate proteoglycans (HSPGs) present on the cell membranes for internal-
ization and their depletion and/or inhibition of their synthesis greatly reduces exo-
some uptake [58].

Exosomes and Cancer

By a biological point of view, cancer is a complex and intricate network of intercon-
nected players. Communication between cancer cells and their microenvironment is
crucial in regulating tumor progression and spreading. Recent evidences indicate
that exosomes have a key role in cancer, contributing to its development, progres-
sion and to the creation of metastases. Cancer exosomes are able to manipulate
immune cells by carrying material from tumor cells, suppress specific T-cell immu-
nity favoring the escape from immune surveillance, and can participate in drug
resistance to anti-cancer therapies.
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Tumorigenesis, Angiogenesis, Metastasis

Exosomes can be uptaken by recipient cells and modulate their activities in a persis-
tent and efficient way. They are responsible for the intercellular communication
between tumor cells and the surrounding tissues, they carry oncogenic proteins and
nucleic acids and they promote cancer development and progression, metastasis,
and drug resistance (Fig. 2). Exosomes can act as pro-tumoral agents, as deduced
from their increased levels in the plasma of cancer patients correlating with tumor
progression [59, 60]. Many studies in the last years have demonstrated and corrobo-
rated the complex roles of exosomes in cancer, even though the exact underlying
mechanisms have not been fully elucidated.

The material carried by exosomes plays a preeminent role in mediating their
intercellular functions. In the last years, in vitro and in vivo researches have under-
lined the essential function of miRNAs in regulating many cellular processes and
their involvement as tumor suppressors or cancer promoters. In particular, many
efforts have been made in order to unravel the multiple roles of miR-421, miR-155
and miR-650 [61]. Studies focused on prostate cancer progression have demon-
strated that miRNAs interact with many different cellular components creating a
network implied in the regulation of genome integrity [62]. Moreover, it has been
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Fig. 2 Exosomes are involved in many different pathological processes. (a) Exosomes (purple
dots) secreted by cancer cells modify local tumor microenvironment and promote tumor cell pro-
liferation. (b) Exosomes are able to reach distant sites and promote the creation of a pre-metastatic
niche. Stimulation of angiogenesis induces endothelial and stromal cell differentiation. (c)
Exosomes interfere with normal immune response and prevent the recognition of tumor cells
(immune escape). Cytotoxic T-cells are forced to apoptosis, natural killer cells undergo reduced
proliferation and T-helper cells differentiate into a T-regulatory phenotype. (d) Exosomes are
involved in multidrug resistance. They can sequester therapeutic antibodies, encapsulate drugs
administered to tumor cells and engulf anti-apoptotic proteins
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shown that miRNAs can regulate tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-mediated signaling, a pathway that is disrupted in prostate cancer
cells [63]. Intriguingly, miRNAs are also involved into post-transcriptional regula-
tion of tumor suppressors and oncogenes: in leukemia cells positive for BCR-ABL1,
it has been reported that miRNAs can positively and negatively regulate BCR-
ABLI1-mediated signaling pathways [64]. In a therapeutic perspective, further
understanding of miRNA roles will be necessary in order to restore the activity of
the tumor suppressors while targeting the oncogenic ones.

Exosomes from cancer cells have been shown to be able to induce normal cell
transformation (Fig. 2, panel A). As an example, prostate cancer cell-derived exo-
somes are involved in the transformation of adipose-derived stem cells (ASCs) [65],
with consequent delivery of oncogenic proteins (Ras superfamily of GTPases),
mRNAs, and miRNAs (miR-125b, miR-130b, and miR-155). Similarly, exosomes
isolated from breast cancer cells can efficiently silence mRNAs in normal epithelial
cells by transferring precursor microRNAs (pre-miRNAs) together with RNA-
induced silencing complex (RISC)-loading complex proteins, ultimately contribut-
ing to tumorigenesis [66]. These observations are further supported by in vivo
experiments demonstrating that exosomes isolated from serum of breast cancer
patients coinjected with normal epithelial cells can induce neoplasia in mice [66].

Recent studies have reported that exosomes can also interfere with cancer cell
proliferation, promoting tumor growth. Tumors can be defined as a network of dif-
ferent kinds of cells strictly interconnected and constitutively essential in determin-
ing the physiology, behavior and spreading of cancer [67]. The accumulation of
mutations, neoangiogenesis, increased proliferation and invasion of distant organs
are the common traits of tumor progression. Increasing evidences support the role of
tumor exosomes in delivering information able to modify stroma and malignant cell
functions [68]. Exosomes can contribute to oncogenic transfer [69—71] and angio-
genesis [72], induce drug resistance and immune suppression (Fig. 2, panel B).
Valadi et al. were the first to demonstrate that exosomes from mouse mast cells are
able to transfer RNAs to human mast cells [13] and that carried mRNA transcripts
can originate functional proteins in recipient mast cells. Similar observations came
from lung derived exosomes that transport lung-specific and functional mRNAs to
bone marrow cells [73]. Interestingly, exosome transfer in glioma cells is able to
stimulate proliferation through delivery of a mutant epidermal growth factor receptor
(EGFRVIII) that causes increased expression of anti-apoptotic genes [69]. Similarly,
exosome mediated transfer of mutant KRAS from colon cancer cells can enhance the
3D growth of wild-type colon cells [74]. Exosomes isolated from a highly metastatic
melanoma cell line can induce the conversion of bone marrow progenitor cells to a
pro-vasculogenic and pre-metastatic phenotype via the MET receptor [75].

The cross-talk between tumor stromal cells and tumor cells is essential for tumori-
genesis. In chronic myelogenous leukemia (CML), secreted exosomes are able to induce
release of IL-8 by bone marrow stromal cells promoting leukemia onset [76]. Similarly,
exosomes released from bone marrow mesenchymal stromal cells (BM-MSCs) of mul-
tiple myeloma (MM) patients are involved in increased growth of MM cells due high
levels of carried oncogenic proteins, inflammatory agents, and adhesion molecules [77].
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Finally, uptake of exosomes containing protein survivin in cancer cells is able to make
them resistant to apoptosis induced by genotoxic agents [78].

Another important aspect in the process of tumorigenesis is the creation of new
blood vessels, essential to deliver nutrients and to overcome hypoxia in the growing
tumor cells (Fig. 2, panel B) [79]. Exosomes have been demonstrated to be involved
in proangiogenic pathways activated by hypoxia conditions in vascular cells [80-
82]. Notably, glioblastoma cells grown in hypoxic conditions can release exosomes
containing peculiar proteins able to induce creation of ex vivo microvasculature and
neovascularization of tumor tissues in xenografted animals [72]. Multiple myeloma
cells grown under hypoxic condition have been reported to generate exosomes
loaded with a specific miRNA, miR-135b, which is able to inhibit the activity of
proteins that normally block tube formation in endothelial cells [83]. Moreover, exo-
somes secreted by squamous carcinoma cells grown under hypoxic conditions can
increase their metastatic potential and decrease vessel branching and tissue intercel-
lular adhesion [81]. Exosome carrying pro-angiogenic factors to endothelial cells
can induce the upregulation of specific genes involved in angiogenesis and cause
abnormal proliferation, migration, and diffusion [84]. The role of miRNAs in exo-
some mediated angiogenesis has been frequently highlighted in many recent studies.
Exosomes secreted by metastatic breast cancer cells contain and transfer miR-105
that disrupts cellular adhesion favoring vascular permeability [85]. Likewise, leuke-
mia cells release miR-92a enriched exosomes responsible for increased endothelial
cell migration and neovascularization [86]. Hypoxic K562 cells produce miR-210
enriched exosomes causing a pro-angiogenic phenotype [87]. Finally, glioblastoma
cells secrete exosomes containing an oncogenic epidermal growth factor receptor
(EGFR) that, once transferred, leads to a cascade of events leading to transforma-
tion, uncontrolled proliferation and neovascularization [69].

Involvement of exosomes in creating systemic changes can be an explanation of
metastatic dissemination, the major cause of cancer patients’ deaths [75].
Unfortunately, very few therapies are available for treating patients with diffused
metastases [88]. Metastasis comprehends a series of steps starting with dissemina-
tion from the primary tumor, survival and immune-escape, intravasation into the
blood vessels, extravasation at targeting secondary sites with growth of metastatic
neoformations [89]. This concept was exposed for the first time by the “seed and
soil” hypothesis which explained the non randomness of the seeding at secondary
organs [89]. The essential step necessary for the successful colonization of distant
organs relies on the accumulation of modifications in the target tissues and in their
surrounding microenvironment (defined as pre-metastatic niche formation, Fig. 2,
panel B) primed by factors released in primary tumor sites [90-92]. Exosomes con-
tribute to the metastatic process by increasing tumor cell migration and subsequent
invasion of distant sites for metastases onset. Exosomes secreted by EBV-positive
nasopharyngeal carcinoma (NPC) cells enhance migration and invasiveness of EBV-
negative NPC cells [93]. Evaluating the presence of miRNAs and analyzing their
increased levels when released by tumor cells is indicative of the presence of highly
metastatic cells [94]. Exosomes coming from gastrointestinal stromal tumor cells
can transform progenitor smooth muscle cells to a pre-metastatic phenotype [95]. By
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in vitro and in vivo imaging it has been demonstrated that highly metastatic breast
cancer cells can transfer exosomes both to tumoral and normal lung cells, educating
stromal cells [24]. Recent studies have shown that exosomes released by stromal
cells and targeted to breast cancer cells are successively modified in their content,
increasing their detrimental effects on tumor growth and metastasis [96]. Exosome
secretion from cancer cells is a prerequisite for their continuous migration to second-
ary organs: the process induces autocrine signaling caused by transported fibronectin
[97]. Interestingly, inhibition of exosome biogenesis blocked cell movements, thus
allowing to conclude that cancer exosomes are essential for the delivery of extracel-
lular matrix (ECM) molecules and regulation of integrins and cellular adhesion.
Notably, exosomes secreted by pancreatic ductal adenocarcinomas (PDAC) express-
ing high levels of macrophage migration inhibitory factor (MIF) have been demon-
strated to cause TGF-f production in liver Kupffer cells. As a result, hepatic stellate
cells produce higher amounts of fibronectin (FN) and bone marrow derived cells are
recruited favouring the formation of a pre-metastatic niche. Patients affected by
PDAC secrete exosomes carrying high quantities of MIF, correlating with the devel-
opment of liver metastases [98]. Exosomes released from activated CD8+ T-cells
promote cancer cell diffusion and lung metastasis mediated by the Fas/FasL pathway
[99]. The metastatic potential of exosomes can be also boosted by delivery of onco-
genic miRNAs to target cells. Exosomes isolated from macrophages activated by
IL-4 and carrying miR-223 enhance the metastatic potential of targeted breast cancer
cells [100]. It has been demonstrated that delivery of miR-221/222 from MSCs to
gastric cancer cells significantly increases cell migration [101]. Metastasis can be
promoted by miRNAs present in tumor secreted exosomes that can bind toll-like
receptor (TLR) exposed on immune cells [102]. Recently, it has been shown that
some tumor cell lines secrete exosomes containing inhibitors of apoptosis (IAPs)
that are then circulated as a defence mechanism from tumor proliferating cells [103].
Intriguingly, an in vivo imaging technique has been set up in order to follow the shut-
tling of extracellular vesicles (EVs) between cancer cells [104]. Recently, microves-
icles have been related to the possibility of modifying the phenotype of stromal cells
by stimulating angiogenesis and formation of lung premetastatic niche [105].
Interestingly, it has been shown that not only cancer cells release exosomes but also
normal stromal cells can secrete vesicles able to increase the spreading of several
cancer cell types [96]. Mesenchymal stem cells release exosomes that stimulate
mobility and invasiveness of MCF7 breast cancer cells mediated by upregulation of
Wnht signaling [23]. Finally, exosomes originated from T-cells can promote invasion
and migration of murine B16 melanoma cells to the lungs [99].

Tumor Immune Escape and Multidrug Resistance

Exosomes can interfere with the normal immune system functions acting as immu-
nosuppressive agents that uphold tumorigenesis. As an example, activation of the
death receptor pathway can induce apoptosis of CD8+ T-cells [106]. Further T-cell
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dysregulation can be induced by the proliferation of regulatory T-cells and the inhi-
bition of effector T-cells growth [107]. Exosomes can also inhibit the cytotoxic
functions proper of natural killer (NK) cells [108]. In the last years, it has been
shown that cancer exosomes can suppress specific T-cell immunity and push the
transformation of innate immune cells towards a pro-tumor phenotype (Fig. 2, panel
C) [75, 109]. Exosomes derived from human colorectal cancer and melanoma cells
block the differentiation of peripheral blood monocytes to functional dendritic cells
and direct them towards myeloid-derived suppressor cells (MDSCs) [110], imma-
ture cells with multiple immunosuppressive functions [111]. Exosomes secreted
from breast cancer cells promote accumulation of MDSCs by a prostaglandin E2
and TGF-beta mediated pathway [109]. This effect has been confirmed in cancer
patients and correlated with poor prognosis and overall survival [111]. Some cancer
derived exosomes have been demonstrated able of inducing apoptosis in activated
T-cells due to the presence of death ligands FasL and TRAIL [112, 113]. This effect
was verified in ovarian cancer patients that release exosomes enriched in FasL able
to induce T-cell apoptosis [113]. Pre-treatment of mice with exosomes derived from
mammary cancer showed enhanced tumor cell proliferation due to suppression of
activation of natural killer cells necessary to remove cancer cells [114]. Human NPC
cell-derived exosomes impair T-cell activity, which is connected with upregulation
of miRNAs in exosomes [115, 116]. The presence of ligands for NKG2D on the
membrane of exosomes originated by human prostate cancer cells has been demon-
strated to be responsible for the downregulation of NKG2D expression on NK and
CD8+ T-cells, determining the impairment of their cytotoxic functions [117].
Exosomes participate in the development of drug resistance to anti-cancer therapies
in tumor cells through a plethora of mechanisms (Fig. 2, panel D). Recent work has
proven the role of exosomes derived from tumor cells in delivering proteins and miR-
NAs conferring multidrug resistance (MDR) to target cells in vivo. It has been demon-
strated that targeted therapies, like radiation and chemotherapy, stimulate secretion of
exosomes enriched with anti-apoptotic proteins [118]. In response to radiation, HeLa
cells secrete exosomes containing survivin, a protein involved in the suppression of
apoptosis and regulation of mitosis [119]. Exosomes participate in the development of
drug resistance also by encapsulating administered therapeutic molecules and export-
ing them from tumor cells [120, 121]. This phenomenon is very similar to the sequestra-
tion of cytotoxic drugs by melanosomes during therapy of aggressive melanomas [122].
Recent findings show that cisplatin-resistant cancer cells produce exosomes containing
larger amounts of cisplatin as compared to the cytoplasm of parental cells [123].
Targeted antibodies dispensed during therapy can be sequestered by exosomes.
Lymphoma exosomes display CD20, a receptor able to bind therapeutic antibodies and
making useless this kind of therapeutic treatment [124]. Stromal cells secrete particular
exosomes that may contribute to drug resistance. For example, it has been observed that
the activation of multiple survival pathways by exosomes released from BM-MSC
causes resistance to bortezomib in myeloma cells [124]. Exosomes can also subtract
other molecules, like cisplatin and trastuzumab, to tumor cells [106]. Recent works
demonstrate that miRNAs can be packaged in exosomes secreted by specific chemore-
sistant cancer cells [125]. These observations support the hypothesis of drug resistance
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acquisition mediated by exosome during intercellular communication [15]. MSC
derived exosomes are involved in promoting chemotherapeutic drug resistance in gas-
tric cancer cells by activating the calcium/calmodulin-dependent protein kinase
(CaM-Ks) and Raf/MEK/ERK kinase cascade [126].

Exosomes in Cancer Diagnosis and Therapy

Nowadays, exosomes are recognized as ideal biomarkers for diagnosis and therapy
(Fig. 3). Improvements in the isolation from body fluids and in the characterization
of their internal cargo, that reflects the pathological condition of the parental cells,
have helped in the discovery and validation of new markers in human cancers that
can be used as potential diagnostic and prognostic factors. Moreover, the increased
ability in loading exosomes with small molecules and drugs for cancer therapy and
the enhanced efficiency in targeting specific tissues are promoting their use as
physiological carriers in clinical therapy.

Biomarkers for Diagnosis

It has been demonstrated that the levels of exosomes increase in the plasma of ovar-
ian cancer patients, correlating to the tumor stage [127]. The high abundance of
miRNAs in exosomes and the proven specific miRNA profile of tumors [128] have
suggested them to be diagnostic and prognostic indicators for many different
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Fig. 3 Tumor cell exosomes can be exploited both as biomarkers for cancer diagnosis (on the left)
and for tumor targeted therapy (on the right)
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cancers (i.e., glioblastoma, lung, pancreatic, prostate, breast cancer and esophageal
squamous cell carcinoma) [129-135]. Exosomes can be isolated and characterized
in their content (miRNA, proteins) in patients affected by colorectal carcinoma and
pancreatic cancer and used as useful diagnostic tools [136—138]. A lot of different
cancer exosomes can be actually characterized and adopted as biomarkers: analysis
of the protein content of melanoma exosomes [139, 140], analysis of the miRNAs
content of esophageal adenocarcinoma [141] and gastric cancer [142], profiling of
the protein content of cholangiocarcinoma [143], non-small cell lung cancer [144],
and glioma [145].

Very recently, research on exosomes as biomarkers has opened a new way to a
more focused approach towards specific cancer diagnosis. In particular, the pres-
ence of cell surface proteoglycan, glypican-1, on cancer exosomes has contributed
to the discrimination between healthy individuals and early/late stage patients
affected by pancreatic cancer, strikingly with absolute specificity and sensitivity
[146]. Evaluation of the presence of long non-coding RNAs (IncRNAs) has been
defined as novel exosomal biomarker [147, 148], especially if present in serum of
gastric cancer patients [149].

Tools for Targeted Therapy

Exosomes containing miR-150 have been demonstrated to be able to reduce endo-
thelial cell migration and to inhibit the functions of effector T-cells. When 293T
cells were transduced with miRNAs and cell culture medium was collected and
used to culture un-conditioned 293T cells, higher expression of the specific miR-
NAs was observed due to the uptake of released exosomes [150, 151]. Many studies
clearly support the concept of combining miRNA- and exosome-based therapies as
innovative tools for cancer therapy. Interesting works have demonstrated the appli-
cability of MSC-derived exosomes. Exosomes collected from these cells and carry-
ing the tumor suppressor miR-146b were intratumorally injected in a xenograft
model of glioblastoma, inhibiting tumor growth [152, 153]. In vitro experiments in
glioblastoma cells demonstrated the efficacy of delivered anti-miRs in knockdown
of oncogenic miRNA and consequent increased cell sensitivity to specific chemo-
therapy [154, 155].

Exosomes have also been exploited for immunotherapy and many examples can
be reported. In particular, tumor peptide-pulsed exosomes isolated from dendritic
cells can suppress tumor cell proliferation in a T-cell dependent way [156]. On the
other side, exosomes secreted by tumor cells carry and present tumor antigens to
dendritic cells inducing a specific CD8+ T-cell-dependent immune response against
tumors [157]. Intriguingly, dendritic cell-derived exosomes have entered clinical
trials for colorectal cancer, metastatic melanoma, and non-small cell lung cancer
(NSCLC) [158]. These modified vesicles were able of inducing specific T-cell
immune responses and tumor regression [159—-161]. A novel immunotherapeutic
strategy can be envisaged by creating vaccines based on tumor derived exosomes
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containing molecules necessary to target cancer cells. [162]. The principle is to
stimulate an anti-tumor immune response against tumors by using exosomes con-
taining tumor specific antigens. Exosomes derived from antigen-presenting den-
dritic cells have been shown very efficient for this purpose [163] and in 2010 the
first exosome based cancer vaccine has been approved for the treatment of meta-
static prostate cancer [158].

Recently, exosomes have been proved to be valuable cancer vaccines. Tumor
growth can be decreased by administering exosomes carrying a-galactosylceramide
and tumor-specific antigens able to stimulate cancer-specific adaptive immune
responses [164]. For example, in primary and metastatic melanoma models cancer
exosomes loaded with tumor antigens have been shown to efficiently induce anti-
tumor immune responses [165].

An interesting option that can be considered when treating cancer involves
removal of exosomes from the body’s circulation, keeping in mind that, despite their
prominent role in cancer progression, exosomes retain also important physiological
functions essential for normal intercellular communication. Therefore, removing
the totality of exosomes from the body could be detrimental and selective removal
of exosomes could become feasible only after univocal identification of the mole-
cules present on the pathogenic exosomes. Depletion of exosomes is an innovative
approach to treat patients presenting advanced tumors [166]. Dimethyl amiloride
(DMA), a drug used to treat hypertension, inhibits exosome formation and mediates
immunosuppressive function of mouse and human myeloid derived suppressor cells
in colorectal cancer patients [167]. However, these kinds of treatment in prostate
cancer patients did not give similar results, indicating cell-type specific responses
[168]. Exosome depletion and inhibition of MDSC functions by DMA in mice
restored the anti-tumor efficacy of cyclophosphamide (CTX). A company has
recently developed an adjunct therapeutic treatment “HER20some”, able to reduce
tumor-secreted HER2 positive exosomes and selectively inhibit HER2-positive
breast cancer proliferation (Aethlon Medical, Inc.). The clinical efficacy of this
approach is currently under evaluation.

Innovative strategies to remove tumor exosomes from the circulation have been
recently proposed. Some extracorporeal hemofiltration devices have been produced
[166], with the aim of reducing the risk of drug toxicity due to classical chemo-
therapy. By applying these strategies, patient’s blood is selectively depleted of can-
cer derived exosomes. It has to be noted that, eventhough these approaches can
reveal extremely valuable for their efficiency, they are not selective towards malig-
nant exosomes and the effects of aspecifically depleting also healthy exosomes
needs to be carefully evaluated.

Inhibition of exosome biogenesis can be obtained by using sphingomyelinase
inhibitors (e.g. GW4869), which prevent their budding into MVBs through reduc-
tion of ceramide [169]. This approach has been proved to be effective in vivo: when
the inhibitor was administered to Lewis Lung carcinoma bearing mice a significant
reduction in lung metastases was clearly appreciable [169]. Finally, besides interfer-
ing with the process of exosome formation and release by inhibiting the endosomal
pathway, another possibility could be targeting members of the ESCRT machinery,
like syndecan proteoglycan and adaptor syntenin.
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Interestingly, the adoption of RNAI to inhibit specific genes is becoming more
and more frequent both in basic research and in clinical application [170]. RNAI
and small molecule mediated inhibition of proteins involved in exosome biogenesis
can effectively reduce their production and release from diseased cells, avoiding the
diffusion of pathological phenotypes. In particular, by using short hairpin RNAs
(shRNAS), the translation of exosome-producing systems like ESCRT proteins and/
or GTPases can be prevented [171]. These systems allow for long term silencing in
target tissues following exosome delivery. RNAi of Rab27a in melanoma cells
clearly blocked exosome production and bone marrow education, and reduced their
metastatic potential [75]. Targeting GTPases involved in the fusion of MVBs to the
cell membrane can be useful for inhibiting secretion of cancer exosomes. As an
example, secretion of malignant exosomes and consequent cell migration capacity
were reduced after knockdown of Rab27a and Syt7 [97].

Another possible strategy for inhibiting the tumorigenic effects of tumor exo-
somes is to avoid recipient cell uptake. This idea was tested by means of blocking
phosphatidylserine with diannexin [172]. However, it is important to consider that
blocking exosome functions can inadvertently cause problems in normal physiolog-
ical pathways.

Exosomes as Drug Delivery Carriers

The peculiar properties of exosomes, particularly their excellent biodistribution,
biocompatibility and stability in circulation make them invaluable tools for nucleic
acid or drug delivery [173]. The great potential of exosomes for targeted therapy is
based on the fact that they are natural carriers in the body and therefore they will
exert less toxicity and elicit lower immune responses once injected into the patients’
circulation. Loading of a specific cargo can be accomplished by (1) endogenous
overexpression of RNA species and molecules of interest in producer cells, that will
physiologically package them into exosomes, or by (2) exogenous loading (co-
incubation or electroporation) [174]. A third possibility would be to exploit viral
packaging systems to load exosomes with specific cargos [175].

The mechanisms of exosome uptake in target cells have not yet fully understood.
It has been hypothesized that exosomes can be uptaken and compartimentalized in
MVBs of primary and secondary target cells [176]. In particular, exosome mem-
brane constitution is crucial for their ability to target cells [177]. Interestingly,
lipidic vesicles mimicking exosome membranes are unable to fuse with cells, sug-
gesting that also the protein component is equivalently essential for their activity.
Notably, exosomes do not accumulate in the liver, in fact Rabies viral glycoprotein
(RVG)-exosomes were shown to almost completely bypass liver accumulation and
only minimal amounts of curcumin via exosomes were appreciable following intra-
nasal administration [178].

Exosome delivery of small interfering RNA (siRNA) has been tested because of
their relevant potential in gene-based therapies [179-181] and due to the fact that it
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has to be overcome the common issue of low stability when injected in systemic
circulation [182, 183]. In vitro experiments have shown that delivery of Rad51- and
Rad52-siRNA mediated by exosomes resulted in specific gene knockdown and
reduced cell viability and proliferation in fibrosarcoma [180]. Exosome-delivered
siRNA revealed effective also in post-transcriptional gene silencing and caused
apoptosis in target cancer cells [180, 181].

A new strategy adopted in order to obtain a better cell/tissue targeting is to mod-
ify exosomes by fusing specific ligands to proteins exposed on their lipidic bilayer.
As an example, exosomes isolated from immature dendritic mouse cells were engi-
neered to express Arg-Gly-Asp (RGD)-Lamp2b peptide fused to a tumor-targeting
integrin. Intravenous injection of these vesicles, loaded with doxorubicin, was
shown to efficiently target integrin-positive breast cancer cells and to inhibit tumor
growth [180].

Exosomes can be produced also by ad hoc cell lines that must be immune-
tolerated (i.e., immature dendritic cells [184]) and must insert on the exosome mem-
brane the right surface proteins necessary to obtain the binding to the correct final
target. Human MSC cells can be considered ideal candidates as producers of exo-
somes with excellent immunosuppressive activity and loaded with molecules for
targeted therapy [41]. Exosomes isolated from MSCs have been tested as carriers
for active drugs such as paclitaxel. When targeted to mouse breast cancer cells, they
were able to deliver molecules causing down-regulation of VEGF with subsequent
decrease in tumor growth and suppression of angiogenesis [185].

One interesting possibility is to exploit exosomes as carriers for loaded chemo-
therapeutics. In vivo experiments demonstrated that doxorubicin loaded exosomes
inhibited the growth of breast and colon adenocarcinoma xenografts [186, 187].
Moreover, enhanced efficacy of doxorubicin was appreciable when immature den-
dritic cells derived exosomes were targeted to the tumor tissue. Concomitantly,
there were significantly less adverse effects on major organs [186, 188].
Encapsulation in exosomes of cucurbitacin I, a potent anti-inflammatory molecule,
and administration to a murine model of glioblastoma showed enhanced activity
and reduction in the tumor mass volume [189, 190]. Creation of engineered exo-
somes carrying cytosine deaminase (CD) and uracil phosphoribosyltransferase
(UPRT) have been obtained by transfecting HEK 293T cells. An orthotopic model
of schwannoma was treated with these isolated exosomes in combination with the
chemotherapeutic prodrug 5-fluorocytosine. Interestingly, the prodrug was effi-
ciently converted to the active 5-fluorouracil and 5-fluoro-deoxyuridine monophos-
phate and significant tumor cell apoptosis and regression were obtained [191, 192].
These kinds of studies clearly display the potential and the increasing applicability
of exosomes as cancer therapy treatments.

Recent studies have focused on the isolation of reticulocyte derived exosomes
(RTC), potential drug carriers due to their inability to elicit immune responses and
cancer-prone reactions in recipient cells [193, 194]. Qi et al. combined these fea-
tures to the properties of superparamagnetic magnetite colloidal nanocrystal clus-
ters (SMCNCs) (i.e., self-assembly and growth in solution, significant increase in
nanocrystal magnetization, while retaining their superparamagnetic behaviour)
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[195, 196] in order to separate exosomes from blood and to provide them with a
strong targeting capacity. They anchored multiple superparamagnetic nanoparticles
to obtain a cluster on the RTC exosomes for in vivo studies: drug-loaded exosome-
based vehicle delivery enhanced cancer targeting under an external magnetic field
and suppressed tumor growth.

Exosomes Based Therapies in Clinical Development

Several clinical trials based on the application of exosomes for cancer targeted ther-
apy are actually in progress or just completed. In a phase I study, exosomes were
isolated from dendritic cells, loaded with antigenic peptides and used as cancer vac-
cines in stage III/IV melanomas. Outstandingly, no significant toxicity was observed
while a considerable increase in NK cell number and reactivity were detected [162].
The same kind of approach was successfully applied to NSCLC patients [160].
Second generation dendritic cell derived exosomes combined with chemotherapy
were employed in the treatment of unresectable NSCLC. Patients were treated both
with chronic low doses of chemotherapeutics and with exosomes, obtaining immu-
nostimulatory effects on T-cells and tumor growth arrest [197]. Similarly, autolo-
gous ascites-derived exosomes (Aex) used in combination with GM-CSF in the
treatment of colorectal cancer showed enhanced efficacy due to activated cytotoxic
T-cell response [198].

In a recent phase I clinical trial on aggressive glioma, cancer cells were isolated
and treated with an antisense molecule to inhibit the expression of insulin-like
growth factor receptor 1 (IGFIR). When these cells, confined in small biodiffusion
chambers, were re-implanted into the abdomen of the patients, they underwent
apoptosis and secreted exosomes eliciting a potent immune response mediated by
T-cells [199].

Significantly, two clinical trials are evaluating the potential of plant-derived exo-
somes for cancer therapy: (1) grape-derived exosome-like nanoparticles are being
evaluated in the treatment of oral mucositis and potential reduction of side effects
after radio- and chemotherapy in head and neck cancers [200], (2) exosomes loaded
with curcumin are being tested for the treatment of colorectal cancer [201]. The fact
that exosomes are efficiently performing in clinical trials further corroborates the
importance of developing new drug delivery systems based on these innovative
nanocarriers.

Conclusions and Future Perspectives

The emerging roles of exosomes as nanovesicles with several physiological and
pathological functions increasingly underline the importance of their study both for
basic research and clinical applications. Exosomes can act as carriers for proteins
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and nucleic acids and are responsible for intercellular communication. Furthermore,
they display a great potential as non-invasive diagnostic biomarkers and as carriers
for targeted drug delivery.

In the last years, researches have unraveled their involvement in cancer, indicat-
ing a plethora of pathways in which they participate, from tumorigenesis, to tumor
microenvironment modulation, to phenomena like tumor immune escape and mul-
tidrug resistance. Eventhough in vitro and in vivo data have proven their multiple
roles, the mechanisms through which exosomes act in cancer patients have not been
fully elucidated. Many technical challenges need to be addressed and overcome in
order to completely exploit their potential: usually, low concentrations of vesicles
are obtained after isolation and time consuming and expensive procedures are cur-
rently needed in order to get ultra-pure preparations.

Some questions remain open: which are the exact relations between healthy and
oncogenic exosome-mediated signaling? How are cancer exosomes able to corrupt
healthy exosomes? Exosomal signaling is complex and their ability to act simultane-
ously by means of different cellular contents makes very difficult a univocal under-
standing of their tasks. Further investigations are required in order to correlate their
contribution and involvement in signaling pathways to the observed phenotypes.

The possibility to modify their intricate communication networks is the main
aim of research efforts. There is increasing interest in the introduction of personal-
ized cancer therapy: ad hoc treatments based on each individual’s features and biol-
ogy can be set and exosomes could be used for this purpose. They are perfectly
biocompatible, they have reduced toxicity and immunogenicity, they display great
stability in body fluids and they can be loaded with specific molecules to target a
specific tissue. Ideally, it would become feasible to isolate exosomes from patients,
load them with desired drugs and then inject back in order to obtain the required
personalized response.

Ongoing clinical trials will help in clarifying the complex roles of exosomes in
cancer and they will give necessary indications on the proper modifications that
would be needed for the creation of the ideal translational drug based on these
nanovesicles.
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Abstract Hepatocellular carcinoma is a multifaceted and genomically complex
disease and rapidly emerging experimental evidence has started to shed light on
wide ranging molecular mechanisms which underlie its development and progres-
sion. It is now known that Overexpression of oncogenes, inactivation of tumor
suppressor genes, dysregulation of spatio-temporally controlled intracellular sig-
naling cascades, genetic/epigenetic mutations, loss of apoptosis and intra-tumor
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heterogeneity contribute significantly. Research over the years has gradually
revealed intricate role of intracellular signaling cascades both in growth, develop-
ment and cancer. Misrepresentation of EGFR induced intracellular signaling has
been shown to fuel cancer development and progression. We partition this review
into how EGFR modulates protein machinery in hepatocellular carcinoma and also
summarize most recent updates on preclinical and clinical trials. Better and deeper
understanding of the molecular mechanisms of HCC will be helpful in getting a step
closer to individualized medicine.

Keywords Hepatocellular carcinoma ® EGFR « MAPK e Lapatinib ¢ Cetuximab ¢
Signaling

Introduction

Landmark scientific report of Stanley Cohen in 1962 provided first clue of involve-
ment of a salivary gland protein in modulation of tooth eruption and eye-lid opening
in newborn mice. Subsequent studies revealed that this protein considerably
enhanced proliferation potential of epithelial cells and was named epidermal growth
factor (EGF) [1, 2]. Graham Carpenter made another breakthrough and identified
the receptor for EGF. Research group suggested that EGFR was a 170 kDa mem-
brane protein that transduced the signals intracellularly. Isolation, cloning and char-
acterization of EGFR were conducted in 1984 from cancer cells and normal
placental cells. EGFR (HER1 or ERBB1) is a member of ERBB family of cell-
surface receptor tyrosine kinases. Interaction of EGF and EGFR induced homodi-
merization or heterodimerization of the receptor with other ERBB members.
Ligand-receptor interaction induced autophosphorylation and activation of hierar-
chically organized network of proteins such as RAS-RAF-MEK-ERK- MAPK
and PI3BK-AKT-mTOR that fueled cancer development and progression [1, 2].
Shown in Fig. 1.

This chapter provides an overview of the most recent updates on EGF/EGFR
signaling axis, how different proteins interact with this axis, how microRNAs tact-
fully modulate EGF/EGFR signaling. Last section deal with therapeutic strategies
which are currently being used for efficient targeting of EGFR induced signaling in
xenografted mice. After an overview of EGFR induced signaling, we focus our dis-
cussion on how it interacts with different oncogenic and tumor suppressor proteins.

Interaction of EGFR with Different Proteins

GOLM1: GOLPH2, a Golgi-related protein, encoded by GOLM1 was noted to be
considerablyupregulatedinextra-hepaticallymetastasized HCC.Co-immunoprecipitation
assay revealed that both endogenous and exogenous GOLM1 interacted with EGFR in



Targeting of EGFR Induced Signaling Network in Hepatocellular Carcinoma 161

S 4

Fig. 1 Shows (a) EGF mediated transduction of signals intracellularly through EGFR. (b)
Recycling of EGFR back to cell surface. (¢) C/EBPa transcriptionally downregulated EGFR

PLC, MHCC-97H and Hep3B cells [3]. EGF-induced activation of both AKT and S6K
were dramatically reduced in GOLMI silenced cells, which was rescued by reconsti-
tution of cells with shRNA-resistant GOLM1. EGF treatment promoted accumula-
tion of both exogenous and endogenous GOLM]1 within cytosol and formation of
Rab5-positive vesicles. Results obtained from live-cell imaging also showed that
interaction internalized EGFR dynamically interacted with one or more Rab5-positive
GOLML. Interference strategies indicated that constitutive endocytosis of EGFR was
not impaired in GOLM1 silenced cells. However, notably enhanced EGFR degrada-
tion and a reduction in recycling rate of internalized EGFR to cell surface were noted
in GOLMLI silenced cells [3]. Confocal co-localization analysis demonstrated that
EGFR co-existed with Rab11* recycling vesicles in EGF stimulated, shNT (short-
hairpin non-target) treated MHCC-97H cells for 15 min but co-localized to a lesser
extent with LAMP1 and LAMP2 (lysosome degradation markers) as compared to
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MHCC-97H GOLMI1 silenced cells. To further verify the role of GOLM1 and EGFR
interaction in metastasis of HCC, researchers mapped the regions of EGFR and
GOLMI involved in structural interaction. A series of constructs encoding GOLM1
deletion mutants fused with FLAG tags were transfected into PLC and 293T cells
following immunoprecipitation. Most of the GOLMI1 fragments interacted with
EGFR [3]. Moreover, point mutations at R8, R9, G7, M11 and K12 of GOLMI nota-
bly abrogated the binding of GOLMI1 to EGFR. Similarly, GST pull-down assays
indicated that cytosolic domain of GOLM!1 directly interacted with EGFR. Rab11, a
well-known GTPase, is involved in the recycling of EGFR from TGN to the plasma
membrane. Shown in Fig. 1. Recycling rate of EGFR was notably reduced in Rab11
silenced cells and GOLM 1-triggered EGFR recycling was dependent on Rab11 [3].
Receptor recycling was significantly impaired in Rab11 knockdown cells even after
reconstitution of cells with GOLM1. Moreover, MHCC-97H cells reconstructed with
GOLMI and Rab11 showed higher migration ability [3].

ITGB4: Integrin betad (ITGB4), a member of the integrin family, is involved in
regulation of cancer progression. ITGB4 has previously been noted to be frequently
overexpressed in HCC tissues and invasive HCC cell lines [4]. EGFR has also been
noted to co-exist with ITGB4 in the cell membrane of HCCLM3 and HLF cells.
Results obtained from western blot clearly indicated that ITGB4- mediated activa-
tion of AKT in anchorage independence was inhibited upon treatment with EGFR
inhibitors [4]. ITGB4 and EGFR worked synchronously for activation of AKT by
FAK in HCC cells. Gene silencing of either AKT1 or ITGB4 significantly inhibited
HCC lung metastases however combinatorial gene silencing of AKT1 and ITGB4
did not enhance tumor inhibitory effects [4].

C/EBPa: CCAAT/enhancer-binding protein-o (C/EBPa) is involved in transcrip-
tional regulation of different genes. C/EBPa binding site/s were identified within
promoter region of B-catenin and EGFR as evidenced by ChIP-Seq analysis [5].
Shown in Fig. 1. Cells transfected with C/EBPa-short-activating RNAs (saRNA)
showed strongly reduced levels of EGFR, p-EGFR, p-catenin and ADAMI17.
Moreover, both tumor size and intrahepatic metastasis were considerably reduced in
mice intravenously injected with C/EBPa-saRNA [5].

Hepatocyte Growth Factor (HGF) transduced the signals intracellularly through
c-Met, a high affinity receptor tyrosine kinase. It has been reported that c-Met inhibi-
tion induced an upregulation of EGFR (ErbB1) and ErbB3 in MHCC97-H cells [6].
PHAG665752 effectively blocked phosphorylation of c-Met along with markedly
reduced levels of phosphorylated Erk and Akt. However, ErbB3 expression was
enhanced in the treated cancer cells. Cells combinatorially treated with TGF-o and
PHAG665752 revealed an active EGFR signaling cascade. p-EGFR, p-Akt, ErbB3
and p-Erk were notably enhanced in treated cancer cells. Gefitinib (EGFR inhibitor)
decreased p-EGFR but did not exert inhibitory effects on p-Erk and p-Akt [6]. Data
clearly suggested that cancer cells combinatorially treated with gefitinib and
PHAG665752 showed noteworthy inhibition of c-Met and EGFR signaling cascades.

Dynamin2: Dynamin2, a GTPase is involved in endocytosis of receptor tyrosine
kinases (RTKSs). Cell surface expression of EGFR was considerably higher in
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Dynamin inhibitor treated HCC cells. In Huh7 and HCCLM3 cells, level of phos-
phorylated ERK1/2 was noted to be increased significantly after treatment with
Dynamin inhibitor [7]. Astonishingly, there was a higher nuclear accumulation of
p-ERK1/2 and activity persisted for a longer time period even after withdrawal of
Dynamin inhibitor [7].

PTPRS: Protein tyrosine phosphatase receptor S (PTPRS), a tumor suppressor
was found to be frequently down-regulated in HCC. Levels of phosphorylated
EGFR and RET were considerably enhanced in SMMC7721 cells which had lower
expression of PTPRS. However, levels of phosphorylated RET and EGFR were
reduced in PTPRS overexpressing HCCLM3 cells. Phosphorylation levels of three
amino acid residues (Tyr1068, Tyr 992 and Tyr1045) in EGFR were markedly
reduced in PTPRS overexpressing cells [8].

Enoyl-coenzyme A hydratase short chain 1 (ECHS1): Enoyl-coenzyme A
hydratase short chain 1 (ECHSI) is reportedly involved in tumor development.
Phosphorylated EGFR, ERK1/2 (Thr202/Tyr204) and p-AKT were markedly
decreased in ECHS|1 silenced Hep and HuH?7 cells [9].

GALNT1

N-acetylgalactosaminyltransferase 1 (GALNT1), a family member of Golgi resi-
dent polypeptide N-acetylgalactosamine (GalNAc)-transferases (GALNT) report-
edly involved in regulation of mucin-type O-glycosylation [10]. GALNT1 was
found to be frequently over-expressed in HCC and metastatic tumor nodules were
not noted in NOD/SCID mice injected with GALNT1 knockdown cells. GALNT]1
Knockdown dramatically reduced EGF-induced migration and invasion in PLC5
and HA22T cells. EGF-induced EGFR activation was markedly reduced and EGFR
degradation rate increased remarkably in GALNT]1 silenced cells [10]. EGFR co-
localized with EEA1 at 3 min in both HA22T and PLCS5 cells. Additionally, EGFR
co-localization with LAMP1 was notably increased at 30 min and 10 min in
GALNT]1 silenced HA22T and PLC5 cells. VVA Lectin (Vicia villosa) has a bind-
ing affinity for EGFR O-glycans, however the binding affinity was substantially
reduced in GALNT1 silenced cells [10].

UNCS50: UNCS50 is a protein present in Golgi apparatus membrane and frequently
upregulated in HCC.

EGFR is endosomally-internalized and recycled to surface of cells even in the
absence of ligands [11]. Endosomally retained EGFR provided a clue of cell surface
EGFR amounts. UNC50 was noted to increase EGFR recycling, which resultantly
increased cell surface EGFR amounts [11].

HuR: HBV-encoded X protein (HBx) was involved in increasing the levels of
HER?2 protein by stabilization of HER2 mRNA in HCC cells. HuR, a ubiquitously
expressed RNA-binding protein was also found to be upregulated in Hep3Bx cells.
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There was a notable decrease in the levels of HER2, however EGFR levels remained
unchanged in HuR silenced cells [12].

CKAP4: Cytoskeleton-associated membrane protein 4 (CKAP4) negatively regu-
lated EGFR in HCC cells. CKAP4 considerably inhibited EGF induced activation
of EGFR in SMMC-7721 cells. However, EGF mediated activation of EGFR was
evident in CKAP4 silenced SMMC-7721 cells [13].

S100A11: S100 calcium binding protein A11 (S1I00A11) was notably upregulated
in EGFRVIII expressing Huh7 cells. STAT3 was found to be functionally active in
EGFRVIII expressing Huh7 cells and inhibition of STAT3 significantly reduced
expression of SI00A11 [14].

Interplay of EGFR Induced Signaling, miRNAs and Long
Non-coding RNAs in HCC

EGRI, a family member of early growth response (EGR) transcription factors is
reportedly involved in transcriptional regulation of a tumor suppressor miRNA-
203a. Interestingly, apoptotic rate was remarkably enhanced in SMMC-7721/
Hep3B cells that overexpressed miR-203a [15, 16]. miR-203a quantitatively con-
trolled an oncogene, HOXD3. Both EGFR and p-AKT were noted to be upregu-
lated in HOXD3 expressing HCC cells. However gene silencing of HOXD3 also
reduced the levels of EGFR and p-AKT in HCC cells. SMMC-7721 cells trans-
duced with miR-203a expressing lentiviral vectors were subcutaneously injected
into posterior flanks of nude mice. Tumor growth was markedly reduced in xeno-
grafted mice [15, 16].

NF90, a double-stranded RNA binding protein, heterodimerically complexed
with NF45 to negatively regulate processing of pri-miRNA. NFOO-NF45 complex
has also been reported to negatively regulate miR-7 biogenesis [17]. NFO0-NF45
positively modulated EGFR-AKT signaling by inhibiting miR-7 biogenesis. Shown
in Fig. 2. Knockdown of NF90 or NF45 drastically reduced EGFR levels in treated
cancer cells. Furthermore, levels of both EGFR and phosphorylated AKT were
reduced in miR-7 mimic transfected HCC cells [17].

LINCO01225, a IncRNA was frequently overexpressed in HCC. Use of interfer-
ence strategy against LINCO01225 notably reduced proliferation potential of
SMCC7721 and MHCCO97H cells [15, 16]. There is a direct piece of evidence high-
lighting an association of LINC01225 and EGFR protein. EGFR protein was noted
to be reduced in LINC01225 depleted HCC cells [15, 16].

Cytoplasmic polyadenylation element binding protein 3 (CPEB3) is quantita-
tively controlled by miR-107. Subcutaneous injection of CPEB3 siRNA transfected
HepG2 cells into the flank of nude mice induced development of HCC [18].
Expectedly, significantly enhanced tumor weight and size were noted in CPEB3
siRNA groups. Mechanistically it was shown that miR-107 mediated downregula-
tion of CPEB3 facilitated an increase in the levels of EGFR and phosphorylated
AKT [18]. Shown in Fig. 2.
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Fig. 2 Showing different structural components of EGFR. (a) miRNA mediated targeting of dif-
ferent genes. (b) EGRI induced expression of miR-203a. miR-203a targeted HOXD3. (¢) NF45
and NF90 induced downregulation of miR-7. (d) CPEB3 was targeted by miR-107

EGFR-AS1 located on chromosome 7 can undergo an oppositely directed tran-
scription as IncRNA. EGFR-AS1 was upregulated in HCC tissues and correlated
with poor prognosis. EGFR-AS1 and EGFR were noted to be considerably reduced
in Growth hormone receptor (GHR)-siRNA-transfected cells. EGFR expression
was remarkably reduced in EGFR-AS1 silenced cells [19].

Ginsenoside Rh2, a biologically active constituent isolated from red ginseng effi-
ciently upregulated miR-491 in SMMC-7721 cells, which consequently inhibited
EGFR mRNA level [20].

MiR-146a, a tumor suppressor miRNA is often downregulated in HCC and it has
been shown that cells treated with miR-146a mimic demonstrated a higher apoptotic
rate. Moreover, miR-146a mimic worked synergistically with cetuximab against
HepG2, HepB3, and SNU449 cells [21].
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Natural Products Mediated Targeting of EGFR

Actinidia chinensis root extract in combination with a prostaglandin E receptor 3
(EP3) antagonist considerably downregulated EGFR in HCC cells [22]. Wogonin, a
flavonoid, isolated from Chinese herb, Scutellaria baicalensis Georgi had been shown
to efficiently inhibit EGFR (Tyr845) phosphorylation in treated HCC cells [23].

Matrine, a sophora alkaloid has also been tested for efficacy and new matrine
derivative, WM130 (C30N4H40SOS5F) has also been developed. WM130 exerted
inhibitory effects on p-EGFR, however, PTEN was found to be up-regulated.
Intravenously administered WM130 dose-dependently inhibited Huh-7 xenograft
tumor growth [24].

Combinatorial treatment with silibinin significantly increased gefitinib-mediated
growth-inhibitory effects in some HCC cell lines. Gefitinib and silibinin synergisti-
cally exerted inhibitory effects on growth rate of SNU761 cell line [25].

Bufadienolides are steroids isolated from toad skin and noted to be effective
against HCC cells. y-Bufarenogin interacted with EGFR via formation of three
hydrogen bonds [26]. y-Bufarenogin notably reduced phosphorylated levels of
EGFR in hepatoma cells. y-Bufarenogin dose-dependently inhibited MEK/ERK
cascade in HCC cells. Intratumorally injected y-Bufarenogin significantly reduced
HCC growth in mice [26].

Celastrol, a triterpenoid was noted to markedly enhance the efficiency of lapa-
tinib to down regulate EGFR protein expression in treated HepG?2 cells [27].

Nanotechnological Approaches to Inhibit HCC

Maternally expressed gene 3 (MEG3), a long non-coding RNA is a tumor suppres-
sor gene. MS2 bacteriophage virus-like particles (VLPs) are biological agents
which can carry RNA. However, because of their inability to pass through cell
membrane, these molecules are cross-linked with different moieties to facilitate
entry of the carriers into the cells [28]. In accordance with this approach, GE11 was
used to crosslink VLPs to promote its entry into the cells. GE11 had the ability to
interact with EGFR but did not trigger EGFR induced intracellular signaling in
HCC cells. VLPs crosslinked with GE11 polypeptide were used to deliver MEG3 to
EGFR overexpressing HCC cells. Tumor growth was significantly reduced in
BALB/c nude mice treated with GE11-VLPs-MEG3 [28].

Microtubule destabilizing agents particularly, 2-methoxyestradiol (2ME) or
combretastatin A4 (CA4) have shown remarkable efficacy against HCC. Interestingly
encapsulation of these agents using poly(d,l-lactide-co-glycolide)-b-poly(ethylene
glycol) (PLGA-b-PEG) further enhanced their killing activity [29]. Moreover, func-
tionalization of these diblock co-polymeric coronas via surface modification using
cetuximab, an anti-EGFR chimeric monoclonal antibody improved targeting of the
encapsulated drugs [29].
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Use of aptamer/s conjugation has been shown to facilitate the internalization of
nanoparticles because of selective binding to specified receptors on cancer cells.
A15, an RNA aptamer binds to CD133 and facilitates targeted and effective inter-
nalization of drug loaded nanoparticles. CL4, another RNA aptamer exclusively
interacted with EGFR overexpressing cancer cells. Therefore researchers used
poly(lactic-co-glycolic acid) nanoparticles for loading of salinomycin and later con-
jugated with both A15 and CL4 aptamers for efficient targeting of HCC cells [30].

Tyrphostins are protein tyrosine kinase inhibitors and reported to be effective
against different cancers. Tyrphostin AG-1478 loaded in nanostructured lipid carri-
ers showed remarkable activity against HCC cells [31].

Clinical Trials

Ganetespib (STA-9090), an Hsp90 inhibitor has been studied to effectively down-
regulate c-MET, VEGFR , HER2, EGFR, and different Hsp90 client proteins con-
tributory in hepatocarcinogenesis. Phase I of ganetespib has recently been conducted
and results revealed a manageable safety profile in patients with advanced HCC
who had progressed on at least one line of systemically administered therapy [32].
Fifty-one patients were enrolled in a phase II study to evaluate efficacy and tolera-
bility in this Asian cohort and results revealed that patients treated with erlotinib
plus Bevacizumab showed modest activity and good tolerability [33].

Preclinical Studies

Lapatinib, an orally administered small-molecule significantly targeted EGFR and
considerably reduced tumor growth in xenografted mice. Moreover, detailed mech-
anistic insights indicated that lapatinib induced autophagy in hepatoma cells as evi-
denced by increase in autophagy-related proteins and detection of autophagic
LC3-II conversion [34].

EGFR variant III has been observed to impair sensitivity of HCC cells to chemo-
therapeutic drugs. Mechanistically it has been shown that EGFRVIII induced
downregulation of miR-520d-3p (tumor suppressor miRNA) in EGFRVIII overex-
pressing cells. E2F1, a transcription factor was a direct target of miR-520d-3p and
transfection of Huh7-EGFRVIII cells with miR-520d-3p mimic markedly reduced
E2F1. Shown in Fig. 2. However, E2F1 levels were notably higher in Huh7-
EGFRVIII cells. Thymidylate synthase (TS) gene expression was regulated by the
E2F-1 and both worked synchronously to induce resistance against different
therapeutics. CH12, a monoclonal antibody directed against EGFRVIII, worked
synergistically with 5-FU and remarkably reduced tumor growth in mice xeno-
grafted with EGFRvIII* HCC cells [35].
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Interestingly, expression levels of HER3 and EGFR were considerably reduced
in HCC cells combinatorially treated with Sorafenib and gefitinib [36].

LZ8, a medicinal peptide purified from the herb Lingzhi efficiently inhibited
functionally active EGFR in HCC329 cancer cells [37].

Pseudomonas aeruginosa mannose-sensitive haemagglutinin (PA-MSHA) was
found to be an effective anticancer agent. PA-MSHA had an affiliation for mannose
oligosaccharides present on surface of cancer cells. PA-MSHA concentration-
dependently inhibited NF-kf} expression and activity in treated cancer cells [38].
Despite the fact that basal levels of unphosphorylated and phosphorylated Ik} were
both significantly increased by PAMSHA, the rate of basally phosphorylated Ixf to
unphosphorylated Ixp was much higher in PA-MSHA treated cells. After PA-MSHA
treatment, the MHCCO97L tumors and HepG2 tumors were significantly smaller as
compared to control group and the lung metastasis was completely inhibited in
PA-MSHA treated cells [38].

Conclusion

Rapidly emerging scientific information has deepened our understanding of the dys-
regulations of EGF/EGFR signaling axis. EGF mediated signaling cross-talks with
a plethora of proteins to trigger HCC development and progression. Rapid break-
throughs made in the medicine field using different strategies to target EGFR in
different cancers are encouraging. In accordance with this concept, development
and approval of four EGFR inhibitors (gefitinib, cetuximab, erlotinib, and panitu-
mumab) from FDA for clinical use in a very short time substantiates the role of
EGFR as a molecular target involved in regulation of tumor cell behavior and treat-
ment response.

Different combinatorial strategies are also being investigated for possible syner-
gistic effects. Tyrosine Kinase inhibitors (TKIs) in combination with EGFR-
targeted antibodies, dual EGFR-targeted antibodies and dual TKIs are being tested
for efficacy and evaluation of off target effects. EGFR-targeted antibody mixtures
are also being tested clinically for efficacy. Sym004 (mixture of two monoclonal
antibodies) and MM-151 (mixture of three monoclonal antibodies) are currently in
various phases of clinical trials. Studies have shown that TKI dual therapy signifi-
cantly enhanced cell-surface appearance of EGFR however, antibody combination
therapy reduced overcrowding of EGFRs on cell surface. Natural products medi-
ated targeting of EGFR in different cancer cell lines and xenografted mice has also
generated encouraging results. Different phytochemicals have been shown to either
degrade EGFR or inhibit the activation of EGFR. miRNAs mediated quantitative
regulation of EGFR is also an area of current research. EGFR targeting miRNAs
have been identified and use of their mimics or upregulation of these miRNAs using
different synthetic or natural agents will be helpful in improving the efficacy of
therapeutics.
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Targeting of Heat Shock Proteins by Natural
Products in Cancer

Evren Onay Ucar, Murat Pekmez, and Nazh Arda

Abstract Initially discovered as a group of proteins showing significantly higher
expression in response to heat stress, Heat shock proteins (HSPs) have gained
considerable appreciation. Overwhelmingly increasing scientific evidence has
highlighted the role of these proteins as molecular chaperones which trigger pro-
tein holding and folding thus facilitating freshly synthesized protein/s to achieve
mature and biologically active conformation. It is becoming progressively more
understandable that HSPs are involved in post-translational modification of pro-
teins of signaling cascades, modulation of apoptosis related proteins, assembly
and disassembly of transcriptional machinery. Recently emerging functional and
structural data has provided new insights related to biochemical regulation of
HSPs and the structural dynamics used by these proteins to act on a diverse client
repertoire.

Different strategies are currently being tested to effectively inhibit/downregulate
HSPs in cancer cells. Wide ranging natural products, particularly, antioxidant com-
pounds, prevent HSP expression and induce apoptosis in tumor cells. Besides, these
compounds help to reduce off-target effects of radio- or chemotherapies in many
types of cancers.

Plethora of information has considerably improved our understanding of the
molecular and cellular basis of HSP induced regulation of myriad of proteins and
these insights may lead to the development of efficient therapeutic agents. The
current chapter focuses on suppression of HSPs by using natural compounds in
cancer cells.
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Abbreviations

17-AAG  17-allylamino-17-demethoxygeldanamycin
7-KC 7-Ketocholestrol

ALS Amyotrophic lateral sclerosis
CDDP Cisplatin

CML Chronic myelogenous leukemia
DMC Demethoxycurcumin

Dox Doxorubicin

EGCG Epigallocatechin-3-gallate

HSF Heat shock factor

HSP Heat shock protein

HSR Heat shock response

PEITC Phenethyl isothiocyanate
siRNA Small interfering RNA

TF Theaflavin
TR Thearubigin
Introduction

Cancer is a life threatening disease. In 2008 alone, 14 million people suffered from
cancer and 8.2 million of them died [1]. Radiotherapy, chemotherapy and surgery
are used for cancer therapy, but unfortunately these treatments combined or alone
are not convincingly effective against different cancers. Therefore, cancer research-
ers have been trying to establish new therapeutic strategies for improving cancer
treatments. Heat shock proteins (HSPs) or stress proteins are one of the new targets
in cancer therapy.

Evolutionarily conserved HSPs are important components of the cytoplasmic
network responsible for maintaining protein homeostasis in the cell. They are cate-
gorized in distinct families with respect to their molecular weights: HSP100, HSP90,
HSP70, HSP60, HSP40 and small HSPs [2, 3]. These proteins can be expressed
either constitutively or inducibly in the cells. When an organism is exposed to envi-
ronmental or physiological stress such as heat, inflammation, oxidative stress, radia-
tion, or ischemia etc., HSPs can be overexpressed in that organism to protect it from
potential hazardous effects of stress. Overexpressed HSPs are involved in regulation
of the refolding or degradation of damaged proteins in the stress-exposed cells [4,
5]. HSPs not only have chaperone functions, but also have a role in cell viability and
death, cell division, metastasis, and inhibition of apoptosis [6, 7].

Rapidly accumulating experimental evidences have helped us in developing a
better understanding of different roles of HSPs [8—10]. Many studies have presented
the relation between frequently overexpressed HSPs and cancer types [11-15].
Therefore, these proteins are regarded as remarkable therapeutic targets for cancer
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therapy. In this respect, there have been a lot of studies examining the relationship
between natural compounds and HSPs. A variety of natural compounds and plant
extracts have been shown to downregulate HSP expression in some tumor types
[16-22]. In this chapter, we review HSP suppression by several natural compounds
from medicinal plants and discuss the role of these compounds in inhibiting/down-
regulating HSPs as a strategy of cancer therapy.

HSP and Cancer

The intimate relationship between HSPs and cancer has been known for some years.
Different HSPs are known to be altered in different cancer types [23].

Some HSPs are frequently overexpressed in cancer cells as compared to normal
cells. It has been shown that some specific HSPs are augmented in different cancer
types. For example: Hsp105 is increased in colon cancer [13], Hsp90 in lung cancer
[12], Hsp70 in hepatocellular carcinoma [15], Hsp60 in colorectal carcinoma [11],
and Hsp27 in gastric cancer [14]. Therefore these proteins have been accepted as
“biomarkers” for some cancer types [9, 11, 13, 14, 24, 25]. Elevated HSPs in cancer
cells are also proposed to be responsible for greater resistance to chemo/radio-therapy
and poor prognosis [12, 26, 27]. Several studies have emphasized on a tight correla-
tion between chemotherapy resistance and HSPs in tumor cells [8-10, 28-30].

Hsp105 has been shown to be significantly augmented in colorectal and pancre-
atic cancer patients [13, 31]. Overexpression of Hsp90 has been determined in blad-
der and hepatocellular carcinomas, breast and lung cancers, and in leukemia [12, 24,
32-34]. Hsp70 is found to be remarkably overexpressed in prostate cancer patients,
when compared with normal individuals [35]. It is known that Hsp60 levels are
increased in colorectal, lung, and prostate cancers [11, 36, 37]. Elevated Hsp27 has
been determined in metastatic hepatocarcinoma and gliomas in comparison to non-
metastatic tissue [38, 39]. Upregulated Hsp27 has been proposed as a potential diag-
nostic biomarker for breast cancer [25]. Correlative results were also found in other
tumor types [38, 40—44].

Researchers have reported a remarkable association between overexpression of
HSPs, drug resistance [45] and gradual loss of apoptosis [46]. A number of reports
have demonstrated that overexpressed HSPs in cancer cells can promote drug resis-
tance [9, 47-52], or the lethal effects of gamma radiation [29, 48, 53].

Yamamoto et al. [10] showed that Hsp27 and Hsp70 are linked with drug
(Cisplatin, CDDP) resistance in ovarian cancer cell line. Supporting results were
also provided in breast cancer. Several researchers have found a correlation
between resistance against chemotherapeutic drugs (Doxorubicin) and increased
Hsp27/Hsp70 expression [9, 28, 49, 54-56]. Overexpressed Hsp27 has been shown
to decrease response of breast cancer cells to Herceptin [50]. Inhibition of Hsp70
has been shown to activate apoptosis in breast cancer [30]. There is a remarkable
correlation between weak prognosis and upregulated Hsp70 in several cancer
types [7, 15, 57]. Besides, Hsp27 expression is correlated with aggressiveness and
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progression of prostate cancer [25]. Overexpressed Hsp27 and Hsp70 have gener-
ated resistance against apoptosis and chemotherapy in human prostate cancer [8,
58]. Downregulation of Hsp72 decreased the resistance against radiotherapy or
chemotherapy in a prostate cancer cell line (PC-3 cells) [59]. Additionally, some
studies had indicated that suppression of Hsp70 in various tumor cells induced cell
death [30]. It is well known that some upregulated HSPs hamper caspase-depen-
dent apoptosis in cancer cells [60—-63].

Consequently, better understanding of the structures and conformational changes
of HSPs and modes of interaction with client proteins will be helpful in develop-
ment of effective therapeutics against different HSPs.

In the upcoming section we comprehensively discuss about different natural
products found to be effective against HSPs.

Targeting of HSPs by Plant Natural Compounds

Medicinal plants have been used in the treatment of different diseases since ancient
times. Natural compounds, which are isolated from plants, serve as supplemental
products in cancer therapy. Nowadays, researchers focus on the inhibition/reduction
of HSPs in cancer cells as an important therapeutic target [64]. Therefore, some
natural products, antisense oligonucleotides, siRNAs (small interfering RNAs) have
been used to suppress HSPs in cancer therapy [65]. These HSP inhibitors have been
tested either alone or with chemotherapeutic agents for treatment. A detailed list of
plant extracts and natural compounds that alter HSP expression is given in Table 1
(revised from [23]). In this section, some natural compounds and plant extracts will
be evaluated in detail as potential HSP inhibitors. The structures of these naturally
occurring compounds are shown in Fig. 1.

Lycopene

Lycopene, a major carotenoid has been reported to exert wide ranging biological
effects. It is present particularly in tomatoes (Solanum lycopersicum) and is known
to have beneficial effects on human health, especially against cancer and cardiovas-
cular diseases [98]. There are various beneficial effects of this molecule. It has an
antioxidant activity [99], it was found to be effective against on inflammation and
mutagenesis [100], it increases cell-cell communication [101], diminishes tumor
cell proliferation [102] and enhances programmed cell death [99, 103]. It is sug-
gested that the metabolites or oxidation products of lycopene are responsible for its
activities [104—106]. Palozza and co-workers showed that lycopene prevents
7-ketocholesterol (7-KC)-mediated oxidative stress, cell cycle arrest and pro-
grammed cell death (apoptosis) in human macrophages [107]. 7-KC is one of the
oxysterols which is also involved in the initiation and progression of atherosclerosis
[108]. Palozza and co-workers evaluated whether lycopene could counteract the
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Table 1 Altered HSPs by use of natural compound/plant extract in different cancer cells/types

(revised from [23])

Plant extract/natural

compound Cancer cell/type Findings References
Betulin Lung cancer cell line (A549) Hsp90 | [66]
Boesenbergin A T4 Lymphoblastoid cells Hsp70 |, apoptosis T [21]
Cimicifuga foetida Breast cancer cells Hsp27 | [67]
extract (MCF-7 cell line)
Deguelin Head and neck squamous cell | Hsp90 |, apoptosis 1, [68, 69]
carcinoma autophagy 1
Non-small cell lung cancer cell | Hsp90 |, antiangiogenic | [70]
line (NSCLC) activity 1
Demethoxycurcumin | Human prostate cancer cell Hsp70 |, apoptosis 1 [71]
(DMC) lines
Ellagitannin geraniin HeLa and Jurkat cell lines Hsp90 | [72]
Epigallocatechin-3- Breast cancer cells (MCF-7 Hsp70 |, Hsp90 | [73]
gallate (EGCG) cell line)
Urinary bladder carcinoma Hsp27 |, apoptosis 1 [74]
Gedunin Breast cancer cell lines Hsp90 | [75]
Ginkgo biloba extract | Non-small cell lung cancer cell | Hsp27 |, migration [76]
(EGb761) line (NSCLC) ability |
Green tea extract Human pancreatic ductal Hsp27 |, Hsp75 |, [77]
adenocarcinoma cells (HPAF-II) | Hsp90 |, apoptosis 1
Kaempferol Leukemia cell line (HL-60) Hsp27 |, Hsp70] [78]
Lycopene Acute monocytic leukemia cell | Hsp70 |, Hsp90 | [79]
Phenethyl Breast cancer cell Hsp27 |, Hsp70 |, [80]
isothiocyanate (PEITC) Hsp90 |, HSF-1 |
Quercetin Breast cancer Dox efficacy? [81]
Glioblastoma cell lines Hsp27 |, t-AUCB [82]
(U251 and U87) efficacy 1
Glioma cell line Hsp27 |, Hsp72 |, [83]
(MOGGCCM) temozolomid efficacy 1,
apoptosis 1
HelLa cell line Hsp27 |, Hsp70 |, [84, 85]
CDDP-induced
apoptosis T
Leukemia cell line (HL.-60) Hsp27 |, Hsp70 | [78]
Lung cancer cell line (A549) | Hsp27 |, CDDP and [86]
gemcitabine efficacy 1
Neuroblastoma and Hsp27 |, Dox efficacy 1 | [87]
Ewing’s sarcoma
Neuroblastoma cell line Hsp27 |, Hsp70 |, [88]
apoptosis 1
Oral squamous cell carcinoma | Hsp27 |, apoptosis 1, [89]
CDDP efficacyt
Pancreatic cancer cells Hsp70 | [90]
Prostate cancer Hsp70 |, apoptosis 1 [16, 19, 20]
Prostate cancer Hsp90 |, apoptosis 1 [91]

(continued)
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Table 1 (continued)

Plant extract/natural
compound Cancer cell/type Findings References
Resveratrol Breast cancer cells (MCF-7 Hsp27 |, apoptosis T, [17]
cell line) Dox efficacy?
Taxifolin, isorhamnetin | Leukemia cell line (HL-60) Hsp70] [78]
Taxol Ovarian and uterine cancer Hsp27|, etoposide, [92]
cells colcemid and vincristine
efficacyt
Theaflavin and Leukemia cell lines (U937 and | Hsp90 |, apoptosis T [93]
thearubigin K562)
Triptolide HeLa cell line Hsp70{ [94]
Vinca alkaloid Breast cancer cells (MCF-7 Hsp27], apoptosis 1 [95]
(vincristine) cell line)
Viscum album extract | Glioma cell line Hsp27 |, 14-3-381,C | [22]
1, v |, apoptosis 1
Withaferin A Pancreatic cancer Hsp90 | [96]
Zerumbone Lung adenocarcinoma cells Hsp27], [97]
radiosensitization 1

(1: upregulation, |: downregulation)

expression of the inducible forms of Hsp70 and Hsp90 induced by 7-KC. They
found that lycopene completely downregulated Hsp70 and Hsp90 expression [107].
Uppala et al. [109] treated a breast cancer cell line (MCF-7) and a immortalized
breast cell line (MCF-10) with different concentrations of lycopene, and identified
the variation of protein expression using MALDI-TOF/TOF. Hsp27 was amongst
the proteins exhibiting differential expression. The expression level of Hsp27 was
found to be significantly higher in breast cancer cells compared with normal breast
cells at a range of different lycopene concentrations. Catalano et al. [79] investi-
gated the antioxidant activities of lycopene and its metabolites (apo-10'-lycopenic
acid and apo-14'-lycopenic acid) in human macrophages. The study utilised H,O,
and cigarette smoke extract-treated THP-1 macrophages and showed that Hsp70
and Hsp90 proteins were upregulated after H,O,-induced oxidative stress. The
expression levels of these proteins were measured in cells treated with lycopene and
its metabolites, followed by exposure to 0.1 pM H,0O, for 3 h. Prooxidant addition
downregulated the expression of Hsp70 and Hsp90 compared with the control cells.
Expression of both Hsp70 and Hsp90 was reduced by using lycopene and apo-14'-
lycopenic acid more than by using apo-10’-lycopenic acid [79].

Quercetin

Quercetin (3,3',4',5,7-pentahydroxyflavone), one of the key secondary plant metab-
olites, is a flavonoid found in many edible fruits, vegetables, nuts and beverages
from plants including tea, coffee, and red wine [110, 111]. As an inherent flavonoid,
quercetin is a common dietary component with multiple medicinal properties. This
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Fig.1 Chemical structure of some naturally occurring potential HSP inhibitors. (a) Lycopene, (b)
Quercetin, (c¢) Resveratrol, (d) PEITC, (e) Taxol (Paclitaxel), (f) Deguelin, (g) Theaflavins, (h)
Thearubigins (R = gallate or other groups)

molecule is known to possess a wide range of biological and pharmacological
effects [110, 112]. Quercetin has anti-allergic, anticancer, antioxidant, antiprolifera-
tive, antithrombotic, antiviral, and cardioprotective properties [111, 113]. The abil-
ity to act as an antioxidant is the best described property of quercetin [111]. Another
important feature of quercetin is in the induction of apoptosis by caspase activation
and release of cytochrome c [84, 114]. In addition, quercetin is a well-known inhibi-
tor of HSP expression [84].
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In many studies, quercetin is reported to reduce HSP expression in different
tumor cells. According to the results of Jakubowicz-Gil and co-workers, quercetin
induces programmed cell death (apoptosis) and silences Hsp27 and Hsp72 expres-
sion in glioma and HeLa cells [83-85, 88, 115]. Hyun and co-workers reported the
inhibitory effect of quercetin on Hsp70 expression in pancreatic cancer cells [90]. A
number of studies showed that Hsp70 inhibition by using quercetin, antisense oligo-
nucleotide or siRNA enhanced programmed cell death in prostate cancer cells [19,
25]. Similarly, it has been shown that quercetin induced apoptosis in prostate cancer
cells by downregulating Hsp90 levels [91]. This molecule also inhibited the heat
dependent overexpressed Hsp70 in myeloid and lymphoid-leukemia cell lines [116,
117] and increased the number of apoptotic leukemic cells [117]. As an HSP inhibi-
tor, quercetin downregulates some heat shock induced-stress proteins; such as
Hsp70 expression in prostate cancer cells [16, 19, 20]; Hsp27 and Hsp70 expression
in HeLa cells [84]; Hsp27 and Hsp70 expression in leukemia cells [78].

Many studies have reported that quercetin exhibits a synergistic antitumor effect
with chemotherapeutic agents [85, 118]. The suppression of Hsp27 and Hsp72
expression following quercetin treatment sensitized against cisplatin-mediated apop-
tosis in HeLa cells [85]. Treatment with a combination quercetin and temozolomide
at high concentrations caused apoptosis through inhibition of Hsp27 and Hsp72
expression in glioma cells [83]. Quercetin was found to enhance Doxorubicin (Dox)
efficacy in breast cancer and to assist in a decrease of the toxic side effects of the drug
in normal cells [81]. It is known that Dox resistance is enhanced by the overexpres-
sion of HSPs. Quercetin treatment was found to produce a reduction in HSP expres-
sion in neuroblastoma and Ewing’s sarcoma cells; consequently, the cells became
more sensitive to Dox [87]. In addition, quercetin has been found to diminish Hsp27
expression in lung cancer cells and its combination with chemotherapeutic agents
(cisplatin or gemcitabine) caused the decrease of survival rate of lung cancer stem
cells by 20% and 30%, respectively compared to that of the chemotherapy alone [86].

Although it has not yet been completely clarified, there is a plausible explanation
for the effect of quercetin on HSP suppression. Quercetin downregulates the heat-
induced expression of HSPs in many different cell types by acting on heat shock
factor 1 (HSF1) [61, 119, 120]. It diminishes HSF1 dependent induction of zsp gene
expression at the transcription level [16, 20, 84, 119, 121] and inhibits heat shock
response (HSR) by blocking the generation of HSF trimers [120]. Quercetin acts on
the early steps of HSP synthesis by preventing post-translational modifications
required for HSFs activation and by suppressing its interaction with other DNA-
binding proteins in the promoter region of the related gene [84, 122].

Resveratrol

Resveratrol (3,4’,5-trans-trihydroxystilbene) is a natural polyphenol found in sev-
eral plants such as fruits, vegetables and medicinal plants, that exhibits chemo-
preventive and antitumor effects. Resveratrol was initially used for cancer therapy,
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but also in several degenerative and cardiovascular diseases like aging, atheroscle-
rosis, diabetes, heart failure, hypertension, ischemia/reperfusion, and obesity [123].
Investigations into the health-promoting effects of resveratrol have revealed several
molecular targets. Interaction with estrogen receptors [124], phosphodiesterase
[125], protein deacetylases [126], protein kinases [127], stress proteins (e.g. Hsp25,
[128]) have been reported. Han et al. [128] investigated whether resveratrol may
inhibit the motor neuron degeneration in a transgenic model of amyotrophic lateral
sclerosis (ALS). They used transgenic mice overexpressing G93A-SOD1 (a mutant
superoxide dismutase). Intraperitoneal injection of resveratrol retarded the onset of
ALS disease and increased survival of the transgenic mice. Levels of Hsp25 and
Hsp70 were elevated in resveratrol-treated G93A mice, while HSF1 acetylation lev-
els decreased in these mice. According to their data, resveratrol may protect motor
neurons from the mutant SOD1-induced neurotoxicity [128]. Sahin et al. [129]
investigated how resveratrol affects HSPs, transcription factors and antioxidative
enzymes in the liver of quail under heat stress. According to their results, resveratrol
has a protective effect against heat stress, and this protection is connected to the
reduction of lipid peroxidation, inhibition of HSPs and NF-KB (Nuclear Factor
Kappa B) expressions, and activation of Nrf2 expression [129].

Chronic myelogenous leukemia (CML) is a myeloproliferative disease. Leukemia
biology has been extensively studied and different oncoproteins have been reported
to contribute in leukemogenesis. BCR-ABL is a fused onco-protein and tactfully
rewires intracellular signaling cascades to promote leukemia. As a result of the dis-
ease, Ber-Abl protein (a protein tyrosine-kinase) is expressed. There are several
treatment methods involving tyrosine kinase inhibitors, but after the treatment, drug
resistance is encountered in the cells. High endogenous Hsp70 levels lead to drug
resistance in CML. Chakraborty et al. [130] studied the chemotherapeutic effects
and mode of action of resveratrol on chronic myelogenous leukemia cells (K562
cells). It was shown that resveratrol caused apoptosis, and induced suppression of
Hsp70 both in mRNA and protein levels in K562 cells. Resveratrol was also shown
to inhibit Hsp70 levels significantly via blocking of HSF1 activity and to increase
the pro-apoptotic effects of Hsp90 inhibitor (17-allylamino-17-demethoxygeldana
mycin, 17-AAG).

Diaz-Chavez et al. [17] showed that treatment with resveratrol evoked Hsp27
inhibition and stimulated programmed cell death in breast cancer cells (MCF-7).
Additionally, the usage of siRNA for Hsp27 inhibition also augmented Dox efficacy
in MCF-7 cells.

Phenethyl Isothiocyanate (PEITC)

Isothiocyanates (also known as mustard oils) are found in Brassica and other
vegetables of Cruciferae (Brassicaceae) family. There are many reports that iso-
thiocyanates may inhibit carcinogenesis and tumorigenesis, and they are used as
chemo-preventive agents against the development and progression of cancer [44,
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131, 132]. These types of compounds are also known to induce apoptosis in
certain cancer cell lines. Phenethyl isothiocyanate (PEITC) is an isothiocyanate
that exhibits chemo-preventive activity and little toxicity. PEITC potentially
inhibits Phase I enzymes and induces Phase II enzymes, including glutathione
S-transferase and quinone reductase, that inactivate carcinogens [133]. Moon
and co-workers showed that PEITC treatment (3 pM) efficiently upregulated
tumor suppressor genes and simultaneously downregulated oncogenes in human
breast cancer cells. They reported the activation of ATF-2, BRCA2, CYP19,
Hsp27, IL-2, p53 and p57 genes by PEITC for the first time [134]. Sarkars et al.
[80] worked with two different breast cancer cell lines (MCF-7 and
MDA-MB-231) to determine the effect of PEITC on different HSPs (Hsp27,
Hsp70 and Hsp90) and HSF1. According to their results, PEITC significantly
inhibited the expression of Hsp27, Hsp70, Hsp90 and HSF1 in a concentration-
dependent manner.

Taxol

Taxol (paclitaxel), a bark extract of Taxus brevifolia, is a tubulin depolymeriza-
tion inhibitor, and is commonly used for the treatment of a variety of cancers
such as ovarian, breast, lung etc. [135]. Tanaka et al. [92] conducted a study to
determine whether paclitaxel inhibits the expression of Hsp27. They used two
different gynecologic cancer cell lines (BG-1 ovarian and HeLa uterine cancer
cells) and compared the action of antineoplastic agents having different cyto-
toxic mechanisms. They found that paclitaxel inhibited Hsp27 expression, while
the other agents (colcemid and vincristine) increased it. Paclitaxel has been
found to diminish HSP expression in breast cancer cells (MCF-7 and
MDA-MB-435 cell lines). Paclitaxel dramatically reduced Hsp27 levels in Hsp27
over-expressing breast cancer cells and made them more sensitive to Doxorubicin
[136]. Vydra et al. [137] have investigated the sensitivity of mouse (B16F10) and
human (WM793B and 1205Lu) melanoma cells, which overexpressed HSF1 to
different chemotherapeutic agents. HSF1 overexpression did not influence the
survival of the cells treated with cisplatin, vinblastine or bortezomib. However,
Doxorubicin or paclitaxel significantly enhanced the survival of the cells. As a
result, HSF1-overexpressing melanoma cells were noted to be more resistant to
doxorubicin or paclitaxel.

Deguelin

Deguelin is a rotenoid, and it can be extracted from several plants of the legume
family. This compound is potential chemo-preventive agent and reported to be
effective against various cancer types. Oh et al. [68] showed that deguelin
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inhibited chaperone activity of Hsp90, resulting in the ubiquitin-mediated degra-
dation of Hsp90 client proteins in xenografted mice. Yang et al. [69] also showed
that deugelin isolated from Mundulea sericea had anticancer activity against dif-
ferent human xenografts tumors such as head and neck, lung, prostate and stom-
ach cancers. In addition, induction of both apoptosis and autophagy by deugelin
has been shown in cultured head and neck squamous cell carcinoma (HNSCC)
cells. This action is generated by inhibition of Akt signaling, and downregulation
of cyclin-dependent kinase 4 (Cdk4) and survivin, disrupting their association
with Hsp-90.

Tea Polyphenols (Theaflavins and Thearubigins)

Tea (Camellia sinensis) is effective against many cancer types. Many studies in
various test systems have revealed that theaflavins (TFs) and thearubigins (TRs),
polyphenols of black tea, have chemo-preventive effects [138]. Halder et al. [93]
used human leukemic cell lines (U937 and K562 cells) to investigate the molecular
mechanisms involved in the arrest of cell-cycle dynamics by TFs and TRs. They
also evaluated the effects of these compounds on PKB/Akt signaling. The first find-
ing of this study was the suppression of Hsp90 by TFs and TRs, which caused
blocking of cell-cycle. In addition, TF- and TR-mediated Hsp90 suppression
reduced Akt signaling reduced the level of CDK?2, downregulated cell proliferation
and increased apoptosis in the cells [93].

Green tea is one of the widely used beverages all over the World. The major
constituents in green tea are catechins, which are natural polyphenols. They have a
number of biological activities. Epigallocatechin-3-gallate (EGCG), is found in
green tea as a major catechin, and is known as a chemotherapeutic agent for several
cancers. Tran et al. [73] examined the effect of EGCG on the expression of various
HSPs and the suppression of different tumors. They used the MCF-7 breast cell
line and found that EGCG treatment decreased cell proliferation and colony forma-
tion. Hsp70 and Hsp90 expression was specifically inhibited by EGCG. The sensi-
tivity of MCF-7 cells against heat shock and oxidative stress was increased by
pretreatment with EGCG. Moreover, it was found that EGCG treatment (10 mg/kg)
retarded tumor incidence, decreased the tumor size, and downregulated the expres-
sion of Hsp70 and Hsp90 in a xenograft model. Data clearly suggested that both
Hsp70 and Hsp90 were potential targets of EGCG [73]. Chen et al. [74] demon-
strated that EGCG induced apoptosis in human urinary carcinoma cell line (TSGH-
8301) by Hsp27 downregulation. In another study, Zhang and co-workers identified
the cellular targets of green tea by exposing human pancreatic ductal adenocarci-
noma (HPAF-II) cells to green tea extract. The expression levels of 32 proteins
were found to be altered in the green tea extract-treated cells and these proteins
were related to detoxification, drug resistance, gene regulation, motility, and
metabolism of the cancer cells. It was shown that green tea extract significantly
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inhibited molecular chaperones Hsp90, Hsp75 and Hsp27, and induced apoptosis
in pancreatic adenocarcinoma cells [77].

On the other hand, green tea polyphenols also reduced Hsp27 and Hsp90 levels
in mouse kidney and liver [139].

Plant Extracts

Different plant extracts exert their biological effects through the modulation of
diverse cellular and physiological pathways. Recent studies showed that some plant
extracts inhibited the growth and induced apoptosis in HSPs overexpressing cancer
cells [22, 67]. Our own group investigated the HSP inhibitory effect of Viscum
album (mistletoe) extract in glioma cells. It is known that various commercial V.
album extracts are widely used as complementary cancer therapies in European
countries [140-143]. Our studies revealed that antioxidant Viscum album extract
reduced the expression level of some 14-3-3 proteins (P, ¥ and { isoforms) and
Hsp27 in C6 rat glioma cells, and increased apoptosis via caspase-3 activation in
heat shocked and extract-treated cells [22].

Cimicifuga foetida has long been used as traditional Chinese medicine. Soler and
co-workers showed that C. foetida extract downregulated the level of Hsp27 expres-
sion in breast cancer cells [67]. Since Ginkgo biloba has a great antioxidant poten-
tial, the extracts from the leaves have been also used in China and Western countries.
EGDb761 is the commercial leaf extract of G. biloba and some of its components are
flavonoids (22-27%) and terpenoids (5—7%). Tsai et al. [76] investigated the effects
of EGb761 on HSP expression in non-small cell lung cancer (NSCLC) cell lines.
Normally, Hsp27 is upregulated in NSCLC tissue versus normal lung tissue. It was
found that EGb761 suppressed the level of Hsp27 expression and migration of can-
cer cells (A549/H441). The authors concluded that Hsp27 is a poor prognostic fac-
tor of NSCLC, but that EGb761 extract can be utilized in complementary therapy
for NSCLC treatment since it has an inhibitory effect on Hsp27 expression level
[76]. Garcinia oblongifolia is also used as traditional Chinese medicinal herb. Fu
et al. [144] have performed a study with hepatocellular carcinoma (HCC) cells
investigating the suppression of Hsp27 with xanthones isolated from G. oblongifo-
lia. They found down-regulation of Hsp27 and increased caspase-mediated apopto-
sis in xanthone-treated cells.

Perspectives and Conclusions

According to the statistical data, cancer is a major cause of death throughout the
world. Recent studies have shown enhanced expression of HSPs in many tumor cell
types, allowing these cells to evade the apoptotic process. The suppression of some
HSPs allows the programmed cell death in the tumor cells. Hence the suppression
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of HSPs is considered as a conventional therapy for cancer treatment. Currently, 50
active clinical trials relating to HSPs are in progress, most of these relating to the
treatment of different cancer types. Among the ongoing studies, 3 are for Hsp27, 3
for Hsp40, 8 for Hsp70, 16 for Hsp90 and 3 for Hsp110 (https://clinicaltrials.gov/).
Some plant extracts or phytochemicals isolated from plants represent potent novel
HSP inhibitors. The use of these natural compounds in combination with common
chemotherapeutic agents promotes drug sensitivity in tumor cells. Several studies
have been conducted that emphasize that some natural compounds, mostly antioxi-
dants, downregulate or inhibit HSPs expression and improve the responsiveness of
cancer cells to different therapeutics. As described in this chapter, some plant prod-
ucts possessing HSP suppression activity are promising agents for the treatment of
cancer. In the future, new compounds from medicinal plants are expected to be
evaluated for their HSP-inhibiting/suppressing activity.
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Abstract The immune system is known to play a pivotal role in cancer pathogenesis.
In a dynamic balance between immune system and cancer cells, the first one recog-
nizes the second as non-self and effectively clears them from the system. This phe-
nomenon, called immune surveillance, is based on the interaction between antigen
presenting cells and T lymphocytes that get activated eliciting a specific and endur-
ing response. In certain circumstances, tumor cells are able to evade this mechanism
allowing the tumor to develop. This mechanism is called rumor escape.

The role of immunotherapy is to restore a balance between immune system and
tumor cells by boosting the former. In the past, drugs that work on the immune sys-
tem in various malignancies have shown striking result, in both response rates and
survival, which has led to their FDA approval. The use of these new drugs is cur-
rently being investigated with promising results in various other settings, including
gynecological malignancies.
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The definition of immunotherapy encompasses various treatment strategies that
include tumor antigen—targeted monoclonal antibodies, immunological checkpoint
inhibitors, cytokines, and therapeutic cancer vaccines. These treatments differ as
they use distinct mechanisms of actions. However, they all share the fact that their
anti-tumor effect is exerted through a boost or a restoration of the immune system.

Owing to its potential to affect mutating cancer cells through the dynamic inter-
play between cancer and the immune system, immunotherapy offers the potential
for durable clinical effects and synergy with subsequent therapies.

Keywords Gynecologic malignancies * Tumor escape ¢ Immuno-editing e
Immunotherapy * Monoclonal antibodies * Cancer vaccines * Checkpoint inhibitors
* Cytokines

The Basis of Immunity

The main function of the immune system is to protect the body against diseases of
both exogenous and endogenous origin. Ideally, it has the ability to identify a
variety of threats, distinguishing them from the body’s own healthy tissue and
eliminate them. This is how the immune system preserves bodily integrity and
homeostasis.

The immune system’s ability to distinguish between self and non-self is central
to its ability to carry out this task. This is a phenomenon called immune surveil-
lance. Non-self is fundamentally different to self in terms of biochemistry, including
the arrangement and make-up of glycoproteins on cells and the composition of
DNA. Therefore, even the smallest non-self particles or antigens can be identified
and contested. The sequence of steps that takes place to eliminate antigens is known
as the immune response.

The first line of immunity, called innate immunity, is effective from the time of
birth and present before any exposure to pathogens. This general immunity is com-
posed of physical barriers such as the skin and mucous membranes, as well as phys-
iological parameters such as temperature, pH, and oxygen levels. More complex but
still nonspecific in terms of antigen recognition are the phagocytic and cytotoxic
cells [1]. Cytokines, or local chemical messengers, are also important in this line of
defense as they mediate multiple immune functions [2, 3]. For example, Interleukins
1, 6, and 12 activate macrophages, natural-killer cells, and stimulate the elevation of
the body temperature [4, 5]. Interferons work by interfering with DNA and RNA or
protein synthesis [6]. The nonspecific immune system quickly recognizes non-self
and mounts a generalized attack designed to eliminate the pathogen by undermining
its replicative capacity.

If the threat is capable of resisting these initial defenses, the immune system can
utilize more specific defenses that generate a targeted response. Acquired immunity
develops only after exposure to non-self agents including microbes, toxins, or
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tumors. Lymphocytes are triggered to develop a very specific response to the target,
thereby eliminating the pathogen [7]. Lymphocytes that mature in the thymus are
called T cells, which are further classified into T helper and cytotoxic varieties.
Lymphocytes that mature in bone marrow are called B cells. Lymphocytes can also
be characterized by cell surface markers as well as their specific functions [8].

B cells are known as the antibody factories of the immune system. They also
function as antigen-presenting cells (APCs) for the T helper cells. The T helper cells
in turn secrete various cytokines to help mediate the reaction. The cytotoxic T cells
function to eliminate the pathogens specifically by targeting markers or proteins on
target cells, or cells that have been altered by microbial invasion or cancer. Targeted
cells then undergo apoptosis (organized cell death) preventing any further
pathogenesis.

The important properties of acquired immunity can be described in four stages;
specificity, trafficking, adaptability, and memory. The specificity of the immune
response refers to the property that ensures that a distinct antigen will elicit a spe-
cific response. For example, infection with a virus that causes the common cold
triggers a response by a different set of cells than infection with tuberculosis.
Trafficking refers to the ability of activated immune cells to mobilize and migrate to
specific target sites throughout the body. Adaptability allows the immune system to
respond to additional antigens on a pathogen or tumor by a process called antigen
spreading. When a tumor-specific T cell initiates lysis of a tumor, additional frag-
ments are taken up by the APCs and this allows the activation of the immune system
by additional antigens. The final and main differentiating feature of acquired immu-
nity is the mechanism of immunological memory or the enduring response. This
describes the immune response to a threatening molecule that has previously been
encountered. It describes the ability of T cells to continue to recognize an antigen
over time and mount a faster and heightened response upon re-exposure. This is the
mechanism of action in vaccination.

Cancer Pathogenesis

In normal cells, genes regulate growth, maturity, and death of the cells. Cells that
are no longer needed or are a threat to the organism are destroyed by a tightly regu-
lated cell suicide process known as programmed cell death, or apoptosis [9]. The
fundamental abnormality resulting in the development of cancer is the continual,
unregulated proliferation of cancer cells. Rather than responding appropriately to
the signals that control normal cell behavior, cancer cells grow and divide in an
uncontrolled manner, invading normal tissues and organs and eventually spreading
throughout the body [10].

Genetic changes underpin these abnormalities and can occur at many levels.
Genome instability and mutations may lead to disturbance of gene expression. The
broad categories of genetic mutations involved include the activation of oncogenes
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(tumor promoter or cancer-causing genes) or inactivation of tumor suppressor genes
(these genes normally inhibit cell division and prevent survival of cells that have
damaged DNA). Oncogenes may be normal genes that are expressed at inappropri-
ately high levels in patients with cancers or mutations of normal genes. Tumor sup-
pressor genes, on the other hand, can be disabled in patients with cancer. This is
caused by cancer-promoting genetic changes. Mutations can lead to a gain or loss of
entire chromosomes or a single point mutation affecting a single (important) DNA
nucleotide. Typically, changes in many genes are required to transform a normal cell
into a cancer cell.

Genetic and cellular changes in turn lead to eight hallmark functions that are
commonly described in cancer pathogenesis. They include sustaining proliferative
signaling, evading growth suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, activating invasion and metastasis, reprogram-
ming of energy metabolism, and evading immune destruction. All these events lead
to cancer develop and progression.

Immune Response against Cancer

Cancer cells can also be recognized by the immune system. Although tumor cells
are self in origin, their biochemistry and behavior differ from their healthy counter-
parts [11]. This requires the detection of altered self. Furthermore, it is now under-
stood that tumor growth can be explained in terms of its relationship with the
immune system [12]. This interaction is dynamic. Tumor growth can be either
blocked or promoted (tumor evasion) by the immune system [13]. The notion of
immune control of neoplastic disease was first introduced by Burnet and Thomas in
1964, and is now a concept that is widely acknowledged. Over time, cancer cells
develop mechanisms to escape control by the immune system, leading to the pro-
gression of disease.

Tumor Escape and Cancer Immunoediting

The regulation of tumor growth represents a dynamic state balanced by immune
protection when the immune system is able to eradicate or contain the cancer cells
and immune evasion when it is not. This can be simplified to three stages defined by
processes of elimination, equilibrium, and escape [14].

Elimination refers to the stage in which cancer cells are identified and effectively
eliminated by the immune system. This is generally thought to be the state operating
in early and undetectable tumors. The equilibrium phase describes the state when
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the immune system is not able to eliminate all cancer cells but can control or prevent
spread or invasion. This is also thought to be the longest of the three stages and may
persist for many years. The escape phase is characterized by the spread of cancer
cells. During this stage, the immune system is overloaded and no longer able to
contain the growth of cells. It may also be linked to the ability of tumors to actively
suppress immunity [15]. It may also result from the acquisition of genetic mutations
that suppress the immune system [16].

Rational of the Immunotherapy

Immunotherapy is defined as treatment to enhance or restore the ability of the
immune system to fight disease [16]. Reviewing the framework above, it is under-
stood that innate immunity is limited in its contribution to secretion of cytokines
that recruit immune cells [17]. On the other hand, the adaptive immune system
plays a central role in the antitumor immune response, due to its capacity to process
and specifically target non-self cells. Many techniques have been developed through
deepened understanding of the interplay between cancer and the immune system.
Those demonstrating the most promising results in the medical literature include:
vaccination, cytokines, monoclonal antibodies, and checkpoint inhibitors. These
treatments all advance immune function in some manner through different mecha-
nisms that are classified according to how they interact with the hosts immunity.
Some stimulate an immune response directly against the tumor, for example, as in
cancer vaccinations, and this is called active immunotherapy. This line of treatment
can result in immunologic memory and have a long-lasting effect. On the other
hand, passive immunity works by enhancing a pre-existing immune response, for
example, as with monoclonal antibodies and cytokines. These are short lived and
require chronic administration to have an effect. They do not generate immunologic
memory. These treatments can also be classified as specific versus non-specific.
Using this classification, monoclonal antibodies used in immunotherapy produce a
specific response to a particular antigen whereas cytokines produce a wide range of
antitumor effects and are therefore non-specific.

Immunotherapy is generally associated with a delay in generating an immune
response; as such, it may not be associated with an immediate reduction in
tumor size or associated tumor markers. However, because of the potential to
stimulate immunologic memory, the benefits of sustained immune enhance-
ment, even after treatment is discontinued, may resultin significant improvements
in survival [4].
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Immunotherapy Approaches in Gynecologic Oncology

There have been many advances in immunotherapeutic approaches to gynecologic
malignancies in recent years. These breakthroughs come as a result of mutual learn-
ing: as immune cells teach researchers more about the intricacies of the immune
system and its interplay with cancer cells, researchers are teaching immune cells
ways to modulate or optimize their function to more effectively target tumors. The
principles of common approaches are cancer vaccines, monoclonal antibodies,
cytokines, and checkpoint inhibitors.

The general principle of cancer vaccines is to expose the body to a recombinant
protein comprised of a tumor antigen [18-20]. Once exposed, APCs process the
antigen and express fragments on their surface for presentation by T cells. This in
turn stimulates a T cell driven immune response. An important distinction to note
between cancer vaccines and traditional vaccines is that cancer vaccines are designed
to treat cancers that already exist in the host. They intend to delay or stop cell
growth leading to tumor shrinkage, prolonged remission, or to work synergistically
with other treatment modalities. Cancer vaccination trials often aimed to activate
CDS8(+) cytotoxic T-cell (CTL) responses with short peptides and targeted CD4(+)
helper T cells with HLA class II-binding longer peptides that were derived from
tumor antigens, furthermore short peptide vaccine is able to activate a specific
CD4(+) T-cell repertoire, facilitating a strong combined CD4(+)/CD8(+) T-cell
response [21].

Monoclonal antibodies are identical antibodies produced by a single clone of
cells. They are designed to target specific sites, such as tumor cells. When bound,
they can elicit a direct or indirect immune response that leads to cell death. This can
be achieved by the interference of pathways required for tumor growth, blocking
angiogenesis, or initiation of an immune mediated cytotoxic response. Now in third
phase clinical trials, this method has shown promise for increasing overall survival
rates a variety of different cancers.

Cytokines are messenger molecules that mediate immune responses. They have
a specific effect on the interactions between cells, on communications between
cells, or on the behavior of cells. They enhance the immune response rather than
generating a specific antigenic one. These pro-inflammatory cytokines have shown
promise in pre-clinical models and partial efficacy in clinical trials of cancer
patients.

Checkpoint inhibitors activity is linked to the principle that tumors can actively
suppress immunity. Checkpoint blockades prevent this suppression and have been
found to significantly enhance anti-cancer immunity. The checkpoint targets that
have been tested to date include CTLA4, PD1. These are checkpoint molecules
expressed on T lymphocyte cells. Monoclonal anti-bodies have been used to inhibit
these checkpoints and to revert a state of immune quiescence tumor induced.
Although studies have found promising results using this strategy, the extent of the
tumor burden and the suppressive effect of the tumor microenvironment are known
to affect its potency [22].
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Immunotherapy in Ovarian Cancer

Ovarian cancer is currently the leading cause of death among gynecological malig-
nancies [23]. This tumor is an optimal candidate to study the efficacy of immune
activation strategies performed in immunotherapy experimental programs, since
this cancer usually shows a short progression free survival, is confined to the perito-
neal cavity and paradigmatically represents an immunosuppressive tumor. For this
reason, ovarian cancer immunotherapy is a promising approach to be developed in
conjunction with conventional treatments, in order to control/eliminate immuno-
suppressive and immune evasive mechanisms.

Up to now, several immunotherapy approaches have been attempted in ovarian
cancer setting [24], mostly adopting peptide- or protein-based vaccinations, onco-
Iytic viruses, anti-idiotypic antibodies, dendritic cells or retargeted lymphocytes,
and more recently, checkpoint inhibitors.

Peptide-Based Vaccination

The rationale to vaccine ovarian cancer patients with tumor associate- or tumor
specific- peptides is that these molecules, overexpressed or exclusively expressed in
cancer tissue, can be recognized by patients’ dendritic cells thus eliciting a T-cell
specific response against tumor. The advantages of peptide-based vaccines are spec-
ificity, stability, a good toxicity profile and the ability to be manufactured to increase
their immunogenicity. The major disadvantage is that each peptide contains epit-
opes which are HLA-restricted (this means that vaccinated patients should express
the same HLA, e.g. HLA-A2, in order to experience an immune activation against
the peptide). To be immunogenic, manufactured peptides should be administered
together with inflammatory substances, which can act as second signal (co-
stimulation) to guarantee an effective adaptive immune response towards the vac-
cine. The pro-inflammatory substances contained in peptide-based vaccines (e.g.
KLH or Montanide-ISA) are known as “adjuvants”. Up to now, several peptides
have been tested in terms of immunogenicity among ovarian cancer patients and the
most significant experiences were reported employing peptides derived from Her2/
neu, NY-ESO, MAGE-1 and MUCI. In several cases, vaccination with single pep-
tide or multi-peptide mixtures showed the in vivo induction of T cell response spe-
cific for other epitopes, a phenomenon known as “epitope spreading”. Epitope
spreading may occur thanks to the “molecular mimicry”.

Oncolytic Viruses
Oncolytic viruses are genetically modified viruses that preferentially infect and kill

tumor cells. The mechanisms of action of this immunotherapy approach include the
direct lysis of infected cell and the activation of a cancer-specific immune response
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elicited by epitopes released by destroyed tumor cells. Oncolytic viruses derive
their tumor-specific action by binding cancer cell surface receptor or exploiting
gene expression aberrations occurring in tumor cells.

Different types of viruses including adenovirus, measles and herpes simplex
have been tested as oncolytic agents. In October 2015, the Food and Drug
Administration (FDA) approved an oncolytic virus (T-VEC) for the treatment of
inoperable melanoma, thus being the first approved oncolytic agent of the western
world.

Several clinical trials employing oncolytic viruses administered intraperitoneally
have been carried out in ovarian cancer [25]. In most of them the treatment was well
tolerated and a considerable percentage of patients showed stable durable disease.

Dendritic Cell-Based Vaccines

Immunotherapy strategies, which employ autologous dendritic cells (DCs), gener-
ally provides three distinct clinico-laboratory steps: in the first one, patients’ imma-
ture dendritic cells are collected from peripheral blood by apheresis; after isolation,
DCs maturation and activation is induced ex vivo in presence of tumor lysate or in
presence of specific tumor associated antigens; finally, activated DCs pulsed with
tumor-specific or tumor associated peptides are re-infused in the patient to present
the processed epitopes to naive T cells, thus stimulating an in vivo T cell-specific
anti-tumor response.

Up to now, different clinical trials adopting autologous pulsed DCs as tumor vac-
cine were carried out on ovarian cancer patients. In most cases, DCs have been
pulsed with immunogenic peptides derived from Her2/neu, MUCI, folate-
receptor-o, WT1; in other cases DCs have been pulsed with tumor lysate.
Encouraging results show that DCs-based vaccinations are more effective in induc-
ing a durable TCD8+ cytotoxic response and a measurable clinical effect compared
to peptide-based vaccination [26].

Lymphocytes-Based Vaccines

The administration of lymphocyte-based vaccines to cancer patients is a type of pas-
sive immunotherapy due to the fact that autologous T cells, after in vitro incubation
with IL2 or other stimulating factors, are re-infused into the patient to be directed
against the tumor, thus exerting their killer activity. Some experiences with lympho-
cyte based vaccine in ovarian cancer patients have been carried out in the middle
nineties but, being a passive immunotherapy strategy, their clinical use has been
conditioned by the frequent need of re-boosts.
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Checkpoint Inhibitors

It has been largely demonstrated that tumors can acquire immune escape mecha-
nisms by exploiting immunosuppressive co-signaling on T cell via programmed cell
death 1 (PD-1) and PD-1 ligand 1 (PD-1/PD-L1) and/or via CTLA-4 and B7
(CTLA-4/B7). These two pivotal immune checkpoints have been recently targeted
with two monoclonal antibodies, which inhibit the two immune checkpoint sys-
tems, thus resulting in a strong aspecific T cell activation against tumor cells. In
particular, anti-CTLA-4 antibody (Ipilimumab/Tremelimumab) blocks CTLA-4
binding with B7-1 or B7-2 and inhibits antigen-specific T-cell recognition in the
lymph nodes, whereas anti-PD-1 antibody (Nivolumab) and anti-PD-L1 antibody
(Atezolizumab) block signaling through PD-1 and the PD-1 ligands (PD-L1 and
PD-L2) and inhibit T-cell activation within the tumor microenvironment. After
exciting randomized phase III trial showing over 50% in survival benefits,
Ipilimumab and Nivolumab are currently standard of care in metastatic melanoma
and lung cancer, respectively [27, 28]. In ovarian cancer setting, published phase I/
II trials with checkpoint inhibitors evidenced that the clinical responses, although
measurable, did not reach the rates reported in melanoma or lung cancer, thus sug-
gesting that there is an urgent need to define patient selection methods based on
predictive biomarkers of anti-tumor response in order to maximize the clinical ben-
efit of this novel and very promising immunotherapy strategy in ovarian cancer.

Immunotherapy in Cervical Cancer

Cervical cancer is the fourth neoplasm affecting women worldwide, after breast,
lung and colorectal cancer, and the fourth cause of female deaths from tumor [23].

The rational of immunotherapy in cervical cancer is that this malignancy has a
viral pathogenesis, being HPV responsible for cell transformation and progression,
and viral proteins are non-self components that act as potent inducers of antitumor
immune responses. As a consequence, vaccination strategies include mainly HPV
E6/E7 long or short peptides-based vaccines, HPV E6/E7 peptides-pulsed autolo-
gous dendritic cell-based vaccines and virus or plasmid encoding HPV16/18 E6
and/or E7 proteins.

E6/E7 Protein and Peptides Based Vaccination

In cervical epithelial cells infected by HPV, the combined expression of high-risk
HPYV EG6 and E7 proteins causes inactivation of the pRB and p53 tumor suppressor
pathways and induces cell transformation.

Preclinical studies carried out in mice showed that immunotherapy with syn-
thetic peptides derived from HPV 16 E7 protein were capable of eradicating HPV
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16+ tumors [29]. In humans, a E6/E7 specific-T cell activation has been elicited
with different formulations of E6/E7 short or long peptides in association with
adjuvants but a detailed analysis of T cell subpopulations showed that the vaccine is
also able to induce immunosuppressive T regulatory cells [30].

Dendritic Cell-Based Vaccines

Limited experiences have been carried out in cervical cancer patients with DCs
pulsed with high risk HPV E6 and E7 peptides. Although in some cases an antibody
response against E6 and E7 together with E6/E7-specific T cell response has been
reported, few clinical responses have been observed.

Checkpoint Inhibitors

In cervical cancer, anti-CTLA4 monoclonal antibody (ipilimumab) treatment after
chemoradiation is currently under evaluation in Phase I clinical trial (NCTO1711515)
in patients with locally advanced or metastatic cervical cancer. Furthermore, other
trials are now testing agents directed against the PDL1-PD1 pathway (NCT02257528)
in patients with advanced or recurrent cervical and head and neck cancers. In the
near future we will be able to establish if checkpoint inhibitors applied to cervical
cancer patients are effective in inducing a clinically relevant anti-tumor immune
activation.

Immunotherapy in Endometrial Cancer

Endometrial cancer is the most common gynecologic malignancy in developed
countries. Although often diagnosed at a low stage disease, the prognosis for patients
with advanced stage and high-risk histological subtypes is still poor.

Immunotherapy in endometrial cancer has been largely limited to small series of
patients treated with peptide-based vaccine and dendritic cell vaccines. The advent
of immune checkpoint inhibitors has recently induced researchers to test these
agents also in endometrial cancer. Of particular interest is the observation that
approximately 20-30% of endometrial cancers report by high microsatellite insta-
bility due to genetic or epigenetic defects in the DNA mismatch repair pathway
(associated to Lynch Syndrome, which include increased risk of hereditary endome-
trial cancer) [31]. Surprisingly, patients affected by mismatch repair defects seems
to be more responsive to checkpoint inhibitors, due to the fact that their tumors are
characterized by high expression of immune checkpoints. Phase I/II trials of check-
point inhibitors in endometrial cancer are currently ongoing.
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Investigation of Androgen Receptor Signaling
Pathways with Epigenetic Machinery
in Prostate Cancer

Ken-ichi Takayama and Satoshi Inoue

Abstract Androgen receptor (AR) is a ligand-dependent transcription factor
reportedly involved in regulation of wide ranging target genes. Rapidly emerging
experimental evidence has provided detailed information related to 3D crystal struc-
tures of the ligand binding domain (LBD) and DNA binding domain (DBD) of AR.
Targeting of AR induced signaling cascade is assumed to be effective for treating
castration-resistant prostate cancer (CRPC), which possesses resistance to the gen-
eral anti-androgen therapy. The aggressiveness of cancer cells is induced by the
interplay of multiple signal pathways, transcription factors and epigenetic machin-
ery. To investigate how AR modulates transcriptional networks in prostate cancer
cells, global analyses determining AR binding sites and androgen-regulated tran-
scripts including coding and non-coding genes have been performed. In addition,
diverse regulations of epigenetics such as histone modification and DNA methyla-
tion were found to be linked with the activation and repression of enhancers and
promoters with AR recruitments. These regulatory mechanisms are interconnected
strongly and regulate the gene expression in prostate cancer cells. In recent studies,
many androgen-regulated genes have been shown to have important roles in the
development of prostate cancer and clinical relevance as new biomarkers and ther-
apy targets. In this chapter, we highlight those epigenetic mechanisms for AR acti-
vation by various factors, especially long non-coding RNA (IncRNA) and microRNA
(miRNA). We also describe the molecular mechanism through which AR down-
stream signals induce tumor growth and inhibit apoptosis for developing CRPC.
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Molecular Mechanisms of Androgen Receptor (AR)

AR has an important role in androgen signaling in prostate by functioning as a
nuclear receptor [1, 2]. Nuclear receptors including AR have multiple domains
called DNA binding domain, a ligand-binding domain (LBD), and an N-terminal
domain (NTD) [3-5]. In the NTD, the transcriptional activation function 1 (AF1)
domain promotes transcriptional activation with or without ligand binding [6-8],
which is associated with enhanced AR function in aggressive prostate cancer. In the
LBD, the binding of androgen hormone to AR is promoted. Testosterone is the most
abundant circulating androgen (~90%) produced in the testes. Sa-reductase converts
testosterone to dihydrotestosterone (DHT), which binds to the receptor more tightly
[9] in prostate cells. AF2 domain in the LBD interacts with co-regulators with
LXXLL motif [10]. Point mutations mapped to the LBD have been identified to
have relevance with the treatment-resistance to drugs targeting AR [11-13].

In the absence of hormone, AR forms a complex with the heat shock protein (Hsp)
family that functions as molecular chaperones and co-chaperone and AR localizes in
the cytoplasm. By binding to androgen, a conformational change of AR-Hsp com-
plex is induced and then AR can translocate to the nucleus. In the nucleus, AR recog-
nizes and binds to the genomic regions including sequence motifs called androgen
responsive elements (AREs) as a dimer. Most of AR binding sites (ARBSs) have
been identified in the promoter/enhancer regions of target genes [14]. AR regulates
the epigenetic condition of ARBSs and promotes enhancer activity (Fig. 1a) [15].

Hormone therapy is a first-line and useful strategy for treating advanced prostate
cancer. Blocking AR activity by castration or using antagonists of AR elicits a favor-
able response. However, most of these tumors relapse and progress to hormone
therapy resistant prostate cancer (HRPC) or CRPC due to enhanced AR downstream
signals caused by aberrant activation of AR variants (particularly AR-Vs), hyper-
sensitivity to androgens, overexpression of AR or intratumoral steroidogenesis [16—
19]. AR mRNA is alternatively spliced to AR-Vs and results in prematurely
termination of the full AR protein. Most AR-Vs are missing LBD, however, retain
the NTD to drive transcription androgen-independently. Among these variants,
AR-V7 is expressed in HRPC/CRPCs most frequently and could be the therapeutic
target of tumors resistant to existing therapies directed to androgen/AR [20, 21].
Thus, it is critical to investigate AR downstream-signaling or regulatory mecha-
nisms by AR to understand how CRPC develop among the patients [22].

Studying AR Downstream Signals with High-Throughput
Methods

The new technology rapidly developed for detecting transcription factor binding
sites has changed the studies in the research field of nuclear receptors. Chromatin
immunoprecipitation (ChIP) analysis is the basis for these technologies. In ChIP
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Fig. 1 Investigation of AR dependent transcriptional network. (a) Action of AR for prostate can-
cer progression. (b) ChIP-seq analysis of AR and histone modification. Histone H3 lysine 4
(H3K4) methylation (H3K4mel, H3K4me3) and histone H3 acetylation were analyzed. Prostate
specific antigen (PSA) is the representative AR target gene. AR motif was highly enriched within
ARBS:s. (¢) Cap analysis of gene expression (CAGE) and directional RNA-seq were performed for
identifying comprehensive androgen-mediated transcripts. FKBP5, SOCS2 and SOCS2-ASI are
androgen regulated genes. (d) Directional RNA-seq for SOCS2-SOCS2-AS|1 region

experiment, cells are fixed by formaldehyde treatment to strengthen the protein and
chromatin associations before lysis and then chromatin is segmented by ultrasound.
An antibody which is specific to the transcription factors of interest is added for
immunoprecipitation. DNA obtained by ChIP contains enriched transcription factor
binding regions.
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A combined analysis using ChIP samples and genome tiling array (chip) have
been developed to analyze a comprehensive transcription factor binding sites. We
performed ChIP-chip analysis by small types of genome tiling array, the ENCODE
array containing 1% of human genome and the array containing chromosome 21
and 22 sequences [23, 24] in AR positive prostate cancer LNCaP cells. We validated
ARBSs identified by these studies and found AR-target genes including cadherin-2
(CDH?2) and amyloid precursor protein (APP). By exploring the function and clini-
cal significance in prostate cancer, we identified APP is correlated with prostate
cancer progression. Another study [25] analyzed AR-dependent signals in a CRPC
cell model, LNCaP-abl cells which was established from LNCaP cells. They found
that AR is involved in CRPC development by activating of cell cycle related genes,
mainly mitotic phase related gene expressions.

Next, ChIP-sequence (ChIP-seq) analyses using next-generation sequencers
have been developed as a high-throughput strategy to identify transcription factor
binding regions (Fig. 1b) [26]. In the regions in which probes could not be prepared,
it was impossible to find binding sites by ChIP-chip. However, ChIP-seq could
detect unbiased binding regions because sequencing whole genome. For instance,
AR ChIP-seq was performed in two LNCaP-derived prostate cancer cell lines with
higher AR expression [27]. Interestingly, more ARBSs were obtained in these cell
lines when they were treated with low concentrations of androgen. Moreover, the
strength of AR binding is also associated with AR expression level. These data indi-
cate that the higher expression of AR sensitizes the receptor binding to genome, thus
illustrating the mechanism that the AR signaling pathway is enhanced in
CRPC. Furthermore, binding sites of AR-associated transcription partners such as
forkhead box protein A1 (FOXA1) [28], GATA2 [29], Octl [30], RUNX1 [31, 32]
and NKX3-1 [28] have been mapped to the prostate cancer genome and these stud-
ies suggested the global role of these factor to activate AR-driven transcriptional
program.

Integrative Analysis to Identify Global Signals Regulated
by Androgen

Sequencing method is also used to analyze the transcriptome and epigenetic condition
of prostate cancer cells. Although microarray analysis detects only the gene expres-
sion levels binding to probes, sequence analysis can determine the unbiased expres-
sion profiles. Cap analysis of gene expression (CAGE) analysis can reveal the gene
expression and promoter usage by identifying transcription start sites (TSS) using
high throughput technique [33] (Fig. 1c). The initial 20 nucleotides at the 5" ends of
mRNAs were cleaved and ligated for sequencing in CAGE study. The frequency of
CAGE tags is positively associated with results in other analyses using microarray.
Therefore, CAGE analysis was performed to determine all androgen-regulated tran-
scripts. We combined the result with that of ChIP-chip analysis which identified
global ARBSs and activated histone marker (acetylated histone H3) in prostate cancer
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cells [34]. This integrated high-throughput analyses presented useful information to
explain the AR-mediated transcriptional program that accelerates the progression of
prostate cancer. In CAGE study, 13,110 significant androgen-regulated TSSs (10 nM
R1881 treatment for 24 h) were identified. By referencing the publicly available gene
expression data in clinical prostate cancer samples, we demonstrated that many
androgen-induced genes with ARBSs and CAGE tag clusters in the adjacent regions
were activated signals in prostate cancer cells.

Recent analysis by sequencing human genome revealed that more than 90% is
actively transcribed [35]. Interestingly, the non-coding RNAs (ncRNAs) occupy the
majority of such expressed transcripts and only 2% of these transcripts are protein-
coding genes [36]. Generally we classify ncRNAs into long (>200 nt) and short
(<200 nt) transcripts [37]. Our CAGE analysis also found that both short RNAs
including miRNA and long non-coding RNA (IncRNAs) were included in
AR-targeted transcripts. In addition, we also performed a comprehensive sequence
study of mRNAs, directional RNA-sequence analysis (Fig. 1d), to investigate
androgen-regulated transcripts in AR-positive prostate cancer cell lines and
castration-resistant model cells derived from them. This study revealed comprehen-
sive androgen-regulated coding and non-coding RNAs and important molecules
activated in CRPC. In addition, by combining this result with ARBSs, co-regulator
recruitments and histone modification patterns obtained by ChIP-seq. AR-mediated
regulation of these downstream signals could be visualized. We showed androgen-
dependent transcripts expressed widely in the genome including the antisense (AS)
regions of protein-coding genes [34, 38]. Interestingly, several pairs of sense/anti-
sense transcripts regulated by androgen were newly identified, indicating AS non-
coding RNA and sense protein-coding genes have a role of mutual transcriptional
regulation.

Epigenetic Regulations by Androgen-Mediated miRNAs

DNA, histones and other chromatin proteins formed chromatin as a highly ordered
structure. Histones form a unit called the nucleosome consisting of a histone octamer
(H2A, H2B, H3 and H4, two pairs of each) around which DNA is wrapped for a
tight DNA packaging in all eukaryotic cells. Conformational changes of the chro-
matin induce the rapid and reversible regulation of gene expression and subsequent
biological events such as hormone action without altering genomic sequences. This
process is called epigenetic control and is promoted by post-translational modifica-
tions of histone tails and DNA modifications [39-41].

DNA methylation is the representative epigenetic mark adding a methyl group to
the 5’ position of cytosine (5-mC). DNA methylation is added or removed in a spa-
tially and temporally defined context throughout the genome including enhancer or
non-CpG regions. DNA methyltransferases (DNMTs) is responsible for the process
as enzymes. DNMTs include DNMT3A/DNMT3B for de novo and DNMT1 for
maintenance of methylation [42]. The ten-eleven translocation (TET) family
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proteins catalyzed the production of 5-hydroxymethylcytosine (5-hmC), an oxida-
tion product of 5-mC [43]. Several studies have demonstrated that 5-hmC is not
only an intermediate product of a demethylation process, but can also act as an
epigenetic mark stably. Recently several studies have shown that TET-mediated
5-hmC production regulates the activity of these elements and 5-hmC modifications
can be highly enriched at poised and active enhancers [44].

miRNA, a class of short ncRNAs, plays important roles in gene expression by
post-transcriptionally modifying targeted mRNA [45]. Generally miRNAs binds to
the 3" untranslated region (UTR) of mRNAs to inhibit their translation. Dysregulation
of miRNA expression profiles during the progression of prostate cancer have been
discussed. For examples, miR-21. miR-29a/b, miR-32, miR-99a, miR-148a. miR-
125b and miR-141 were found to be androgen-regulated miRNAs ([46], Table 1).
Recent studies have shown that these miRNA expressions have critical meanings in
prostate cancer biology. Upregulated miR-21 enhanced AR-dependent cell prolif-
eration and associated with development of CRPC [56, 57]. The miR-21 repressed
the expression level of MARCKS (myristoylated alanine rich protein kinase C sub-
strate), which modulates cell motility [51], BTG2 (B-cell translocation gene 2) and
PTEN [52]. Another androgen regulated miRNA, miR-125b targets apoptosis
inducing factors regulated by p53 (PUMA and BAK1) [49]. Thus, by repressing
these genes, overexpression of miR-125b in tumors collapses the balance between
pro- and anti-apoptotic processes. We have reported that miR-148a is also regulated
by androgen and highly induced in AR positive prostate cancer cells. We showed
that miR-148a targetscullin-associated and neddylation dissociated 1 (CANDI1), a
cell cycle regulator, to promote cell proliferation [48]. Moreover, miR-32 inhibits
apoptosis by targeting BIM, a pro-apoptotic member of the BCL2 family [55, 58].
Both miR-32 and miR-148a were overexpressed in CRPC tissues, indicating that
these miRNAs have important roles in the promotion of castration-resistance [55].

We have demonstrated that miR-29 family and miR-22 are highly induced by
androgen in bicalutamide (anti-androgen drug)-resistant prostate cancer cells that
we established from LNCaP cells. The roles of miR-29 family in cancer are still

Table 1 Summary of androgen-regulated miRNAs in prostate cancer (Reviewed in [46])

miRNA Mechanism/signaling pathway Target genes

miR-141 Cell proliferation/AR activation | Small heterodimer partner (Shp) [47]

miR-148a Cell proliferation/Cell cycle CANDI [48]

miR-29a/b, Epigenetic TET2 [31, 32]

miR-22

miR-125b Anti-apoptosis BAKI1 [49]

miR-99a Growth inhibition PSA mTOR [50]

miR-21 Cell proliferation MARCKS [51], BTG2, PTEN [52],
PDCD4 [53]

miR-221 CRPC development HECTD2 RABIA [54]

miR-32 Cell proliferation BIM BTG2 [55]
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controversial because their expressions are reduced in several cancer tissues in com-
parison with normal [59, 60]. However, it was reported that they promote breast
cancer metastasis [61-63] and enhance hepatoma cell migration [64]. Additionally,
their overexpression inhibits apoptosis in lung cancer as oncogenic miRNAs [65].
In prostate cancer our analysis using clinical samples revealed that the expression
level of miR-29a/b is negatively associated with that of TET2. Importantly, our in
situ hybridization (ISH) study indicated that miR-29a/b is highly expressed in a
subset of prostate cancers with poor prognoses. In vitro, miR-29a/b upregulates cell
motility and cell cycle-associated genes and enhanced cell proliferation and migra-
tion of hormone-refractory prostate cancer cells. Moreover, inhibition of miR-29a/b
expression increased TET2 expression level and retarded hormone-refractory pros-
tate cancer cell growth. We further demonstrated that miR-29a/b promotes tumor
growth using several in vivo hormone-refractory prostate cancer models.
Mechanistically TET2 repression decreased 5-hmC levels and enhanced FOXA1
transcriptional activity. FOXA1 activation induced expressions of prostate cancer
related genes. We found that one of such 5-hmC regulated gene was mammalian
target of rapamycin (mTOR) (Fig. 2). Our experimental and clinical data suggested
a novel oncogenic role of miR-29 family in prostate cancer progression [31, 32]. In
addition to androgen-signaling, exome sequencing analysis revealed that somatic
mutations of TET2 exon are involved in metastatic CRPC development [66]. Rare
variation in TET?2 is also associated with the development of prostate cancer [67].
Thus, the role of TET2 and 5-hmC modification in prostate cancer deserves addi-
tional analysis and may define a subset of metastatic disease.

Targeting Histone Modification by AR for Treating CRPC

In addition to DNA methylation, histone modification patterns have also been
investigated in prostate cancer. Histone modifications affect the interaction of DNA
with histones, transcription factors or other proteins binding to DNA, thus playing
a role in the epigenetic control of biological events. Lysine, arginine, serine and
threonine residues enriched in N-terminal histone tails serve as substrates for post-
translational modifications such as acetylation, phosphorylation, methylation, ubig-
uitination, sumoylation and deamination. Histone H3, one of the major histones, is
most important for epigenetic regulation. The methylation of lysine on position 9
(H3K9) and H3K27 is an epigenetic mark of condensed chromatin and silent loci,
while the methylation of H3K4 and H3K36 is generally correlated with open chro-
matin structures. Acetylation of lysine residues of H3 is also associated with acti-
vated enhancer and promoter. Alterations in these modifications induce carious
pathological conditions [68]. AR is involved in the modification changes ligand
dependently by interacting with many co-regulators including various histone-mod-
ifying enzymes (Fig. 3) [69].

Methylations of H3K4 (mono-, di- or tri-methylation) indicate the active pro-
moter or enhancer regions and promoted by the SET1/MLL histone methyltransfer-
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Fig. 2 Androgen induced miRNA-mediated repression of DNA 5-hydroxymethylated cytosine
(5-hmC). (a) Androgen-induced miRNA mediated TET?2 repression inhibits 5-hmC modifications
in FOXAT1 occupied enhancer regions. (b) By removal of 5-hmC, FOXAL is activated and induce
cancer-associated genes such as mTOR or androgen-regulated genes

ase (HMTase) complex [70]. MLL complex plays an important role for
androgen-mediated gene induction and its activity is regulated finely. After androgen
stimulation, protein kinase C-related kinase 1 (PRK1) promotes histone H3 threo-
nine 11 phosphorylation (H3T11P) [71]. Protein kinase C beta 1 (PKCP1) phos-
phorylates histone H3T6 prevents lysine specific demethylase including
lysine-specific demethylase 1 (LSDI1) from histone H3K4 demethylation [72].
Furthermore, PRK1 kinase activity facilitates demethylation of H3K9 by cooperat-
ing with LSD1 [71]. WD repeat containing protein 5 (WDRS5), a subunit of the
SET1/MLL complex, associates with H3T11P and then promotes the recruitment of
the MLL complex for H3K4 tri-methylation (H3K4me3) in ARBSs [73]. Thus,
WDRS is a critical epigenetic integrator and is overexpressed in prostate cancers. In
addition, menin protein binding to the N-terminus of MLL is important for MLL
target gene expressions. Menin directly binds to AR and recruited MLL complex.
Menin is highly expressed in CRPC tissues and associated with castration-resistant
tumor growth [74]. Importantly, small molecule inhibitors against menin-MLL
interaction could be the new useful drug for CRPC.

Histone modification is also important for increased AR expression in CRPC
[75]. To introns of the AR gene, recruitments of AR and its associated cofactors such
as LSD1, which represses transcription by inhibiting histone H3K4 methylation are
induced by androgen. This feedback loop mechanism regulates AR expression neg-
atively by androgen. Interestingly, after long-term incubation in castration level of
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Fig. 3 The mechanisms of AR-dependent histone modification. Upon androgen treatment, several
histone modifying enzymes were recruited to AR binding sites. H3T6 phosphorylation directs
LSD1 for not H3K4 but H3K9 demethylation, cooperating with JMJ2D. H3T11 phosphorylation
also accelerates LSD1 function and WDR5-mediated MLL recruitments. MLL complex associates
with AR through menin and promotes histone H3K4 methylation for activating AR dependent gene
expression. SRC family or ARA70 are AR interacting cofactors for histone acetylation

androgens, AR expression increases in prostate cancer cells and then low levels of
androgens can activate AR regulated genes in CRPC without repressing genes such
as the AR itself.

LncRNAs Are Regulated by Androgen for Prostate Cancer
Progression

Various types of IncRNAs are transcribed widely in the human genome [76].
According to GENCODE v19, there are 13,870 genes which produce 23,898
IncRNAs. LncRNAs have biogenesis and structure similar to mRNAs and are poly-
adenylated. They function in either nucleus or cytoplasm and their aberrant expres-
sions are associated with many human diseases such as cancer [77-79].

Global nuclear run-on sequencing (GRO-seq) was developed as a new technol-
ogy to detect androgen-mediated sequential gene expression changes [62, 63]. First,
androgen-treated cell nuclei are isolated for nuclear run-on reactions. RNA poly-
merases run on about 100 bases in the presence of a ribonucleotide analog
(5-bromouridine 5'-triphosphate [BrUTP]) in the run-on step. Next, BrU-containing
RNA is collected by immunoprecipitation using an antibody recognizing the nucle-
otide analog. By using the purified RNA, a cDNA library is prepared for sequenc-
ing. It was shown that the production of enhancer-templated non-coding RNAs
(eRNAs) important for nucleosome remodeling to induce enhancer/promoter inter-
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action by looping and gene activation. It was also observed that androgen promotes
both transcriptional initiation and elongation. By combining GRO-seq data with the
AR and FOXA1ChIP-seq, a large repository of active enhancers tuned dynamically
to alternate gene expression network underlie sequential gene expression changes in
prostate cancer. AR is widely recruited to these eRNA-bound enhancer- promoter
regions for activating the genes in the vicinity (Fig. 4b). Knockdown of eRNA
inhibits androgen-dependent enhancer promoter-enhancer interaction [80]. To
explain the mechanism of enhancer promoter interaction, DNA nicking activity of
topoisomerase I (TOP1) was found to produce robust eRNA for enhancer activation.
Furthermore, DNA damage repair machinery is recruited kinetically to the
AR-regulated enhancers [81].

Prostate cancer gene expression marker 1 (PCGEM1) was originally found as an
androgen-regulated and prostate tissue-specific IncRNA [82]. Overexpression of
PCGEM!] in prostate tumors were observed and associated with the anti-apoptotic
activity by inhibiting p53 and p21 induction [83]. Prostate cancer noncoding RNA
I (PRNCRI) was identified by investigating the surrounding region of SNPs (single
nucleotide polymorphisms) correlated with prostate cancer susceptibility.
Importantly, both PCGEM 1 and PRNCR1 cooperatively functions for AR-mediated
gene regulation [84]. The associations of PCGEMI1 and PRNCR1 with AR were
confirmed as the mechanism of AR activation. Moreover, PCGEM1 was found to
interact with pygopus homolog2 (Pygo2) and PRNCR1 with DOT1-like histone H3
methyltransferase (DOT1L). By modulating AR proteins with such interacted
enzymes, these two IncRNAs were shown to be responsible for AR-associated loop
formation between enhancer and promoter (Fig. 4b). Reduction of these IncRNA
expressions inhibits CRPC xenograft tumor growth in vivo. However, the roles of
these two IncRNAs are still controversial [85].

Steroid receptor RNA activator (SRA) modulate the functions of various nuclear
receptors, such as AR, estrogen receptor (ER), progesterone receptor (PR), gluco-
corticoid receptor (GR) and thyroid hormone receptor (TR). SRA associates with
a coactivator SRC-1 (steroid receptor coactivator) and six stem-loop motifs in
SRA are required for co-activation [86, 87]. Interestingly, overexpression of SRA
was found in various tumors. In various tumors including prostate cancer, SRA
expression is upregulated compared with normal tissues.

HOX Antisense Intergenic RNA (HOTAIR) is a IncRNA transcribed in the anti-
sense direction from the HOXC gene cluster. HOTAIR expression is correlated with
the disease progressions of breast and prostate cancer [88, 89]. HOTAIR high
expressions in these cancers are correlated with poor prognosis. This finding reflects
the regulation of steroid hormone function by HOTAIR. Although the estrogen-
mediated induction of HOTAIR is still controversial [90, 91], HOTAIR increased ER
protein level and promote estrogen-induced signaling [91]. In addition, HOTAIR is
negatively regulated by androgen treatment and induced by depleting androgen.
HOTAIR block the association of E3-ubiquitine ligase MDM?2 with AR by binding
to AR to stabilize AR protein level and activate the androgen receptor mediated
transcription for driving CRPC development [89].
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Suppressor of cytokine signaling 2-antisense transcript 1 (SOCS2-AS1) was
found in our directional RNA-seq and ChIP-seq analysis (Fig. 4a) [38]. SOCS2-AS1
is highly expressed in castration-resistant model cells and promotes cell prolifera-
tion and inhibits apoptosis induced by docetaxel. SOCS2-AS1 repressed apoptosis-
related genes such as TNFSF10/TRAIL [92], which is an AR target genes. For
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molecular mechanism in this gene regulation, we found SOCS2-AS] is involved
with AR activation by promoting coregulatory recruitments to ARBSs. Interaction
of AR with SOCS2-AS1 was observed by our RIP-analysis.

Trans-Regulatory Mechanism for Epigenetic
and Transcriptional Regulation by Androgen-Regulated
IncRNAs

Global transcriptome analysis showed that most of the genome can be transcribed
from both sense and antisense strands. More than 1000 pairs of sense/antisense
transcripts were obtained and antisense transcription is involved in such bidirec-
tional gene regulation [93-96]. Sense-transcript is regulated by antisense through
several mechanisms. For example, post-transcriptional degradation is caused by
antisense transcript. Another mechanism is recruitments of antisense RNA associ-
ated transcription factors for epigenetic regulation.

In prostate cancer, IncRNA, Prostate cancer antigen 3 (PCA3), was found to be
an overexpressed in prostate cancer tissues. In 95% of the prostate tumors, the
expression of PCA3 is upregulated compared with adjacent normal prostate tissues.
In addition, PCA3 RNA levels can also be measured by urinary test more specifi-
cally than prostate specific antigen (PSA) measurement [97]. Therefore, it can be a
helpful biomarker to diagnose prostate cancer [98]. PCA3 functions as an oncogenic
IncRNA by inhibiting its overlapped gene PRUNE2, which is a tumor suppressor
gene. PCA3 represses PRUNE2 expression by formation of a double-stranded RNA
with PRUNE2 mRNA for reducing post transcriptionally [99].

The cyclin dependent kinase (CDKN) 2B antisense RNAI (CDKN2B-ASI) is
an antisense IncRNA, which harbors the CDK inhibitors, CDKN2A/CDKN2B.
These CDK inhibitors functions as tumor suppressor genes by regulating cell
cycles. Dimethylation of H3K9 and demethylation of H3K4 at the gene promoter
are promoted by this IncRNA [96]. Thus, the transcription of CDKN2B is specifi-
cally repressed by this antisense RNA forming heterochromatin. ANRIL (anti-
sense noncoding RNA in the INK4 locus) and chromobox7 (CBX7), a member of
Polycomb repressive complex 1 (PRC1) are upregulated in prostate cancer.
Histone H3K27 methylation at the promoter regions of CDKN2A/2B are observed
by CBX7/ANRIL complex recruitments to these regions [100]. HOTAIR associ-
ates with the polycomb repressive complex 2 (PRC2) for acting as a transcrip-
tional regulators in trans. PRC2 is recruited to the HOXD locus HOTAIR
dependently, leading to silenced transcription across a 40-kb region. Moreover,
HOTAIR associates with LSD1/CoREST/REST complex. This interaction cou-
pled PRC2 and LSD1 to induce histone H3K27 methylation and K4 demethyl-
ation for gene silencing [101]. Thus, LncRNAs interacts with chromatin
remodeling complexes to promote heterochromatin formation in specific loci,
resulting in reduced target gene expression.
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By CAGE analysis, we identified a new androgen-responsive IncRNA, CTBPI-AS
(Fig. 4c) [14]. We found that C-terminal binding protein 1 (CTBP1) [102] functions
as a transcriptional repressor for AR and negatively regulates AR downstream sig-
nals. CTBPI-AS is demonstrated to be induced by AR binding to its promoter
region. In addition, CTBP-AS associates with a RNA binding protein, PSF (PTB-
associated splicing factor) to transcriptionally repress its target genes via histone
deacetylation [103, 104]. We demonstrated that CTBP1-AS and PSF repressed cell
cycle associated genes such as p53 or SMAD3 and AR-downstream signals. Tumor
growth of CRPC models in vivo was inhibited by knocking down CTBPI-AS.

These analyses of IncRNA functions revealed a novel transcriptional regulatory
mechanism by AR. Several IncRNAs such as SRA, SOCS2-AS1, PCGEM1 and
PRNCRI associate with AR and promote recruitment of cofactors. Other mecha-
nisms contain loop forming between promoter and enhancer (eRNA, PCGEM 1 and
PRNCRI) or enhancing AR protein stability (HOTAIR) to activate AR action.
Regulation of genes related with cancer development or cell cycle controls by inter-
acting with RNA-binding transcriptional repressor (CTBPI-AS) would be another
mechanism to promote cancer progression. Because only a limited number of
IncRNA functions have been demonstrated, we should investigate molecular func-
tions of more IncRNAs in tissue and spatial specific manner in the future.

Summary

Over the recent past years, the massive utilization of biological techniques and func-
tional genomics increased dramatically our knowledge on the regulatory networks
of AR and other nuclear receptor signaling, which control disease progression such
as prostate cancer. Nonetheless, a better understanding of how cancer cells integrate
such multiple signal pathways and transduce them systematically onto chromatin is
still needed. In addition, development of new drugs targeting these pathways is the
major problem for clinical application.

In this chapter, we provide multiple evidences, demonstrating how AR modu-
lates its target gene expression or epigenetic status. AR downstream signals are
associated with prostate cancer progression and AR associated histone modifiers
such as LSD1, PKN1, WDRS and MLL complex are found to be key molecules for
activating AR-dependent gene expression. Surprisingly, recent integrative genomic
approaches identified novel IncRNAs associated with AR or expressed in AR bind-
ing enhancer regions, which are responsible for forming AR complex or chromatin
looping formation. In addition, our study of AR downstream signals indicated
androgen-regulated miRNAs or IncRNAs functions for epigenetic modifications
and gene controls in cancer development or AR activation. Particularly we
demonstrated that DNA hydroxymethylation by TET2 and control of RNA binding
protein, PSF, may expand the biological mechanism in androgen signaling. Although
their role has not been fully addressed, analyses of these signals unravel the com-
plex and multistep process that lead to tumor formation and drug resistance and held
promise for novel therapeutic targets.
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Adenoid Cystic Carcinoma of the Lacrimal
Gland: Clinical, Genetic and Molecular
Characteristics

Steven Pappas, Ke Jin, Brian C. Tse, David T. Tse, Daniel Pelaez,
and Wensi Tao

Abstract Lacrimal Gland Adenoid Cystic Carcinoma (LGACC) is a rare but dev-
astating cancer with a high modality rate. In 75% of cases, perineural migration of
LGACC can spread intracranially and invade into orbital bone. Currently, patients
with LGACC are treated with chemotherapy and exenteration. Despite these inter-
ventions, LGACC has a high frequency of local recurrence and distant metastasis.
Only 50% of patients survive to 5 years after diagnosis, and just 25% survive to
15 years. To overcome the difficulties in preventing cancer recurrence and metasta-
sis, better treatments for LGACC are urgently needed. To better understand the
pathophysiology of LGACC, we have reviewed the recent literature on clinical and
research advances in LGACC. In this chapter, we mainly focus on the genetic and
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mechanistic studies on important tumorigenic signaling molecules such as MYB,
Notch and FGFR. MYB is a proto-oncogene and key regulator of stem cells. In
LGACC, MYB-NFIB fusion transcripts are formed by chromatin rearrangements in
the MYB locus, leading to the overexpression of MYB. Mutations in the PEST
domain and heterodimerization domain of Notch cause accumulation of the Notch
intracellular domain (NICD), which is the biologically active form of Notch. The
fibroblast growth factor receptor pathway also plays an important role during lacri-
mal gland development. Growing evidence indicates that FGFR is an effective bio-
logical target in other types of ACC. Small molecule inhibitors for FGFR may
therefore shed new light on the treatment of LGACC.

Keywords Adenoid cystic carcinoma  Lacrimal gland * Notch e MYB e Fibroblast
Growth factor * FGF receptor

Overview

Although lacrimal gland carcinoma is quite rare, it is a devastating disease with a
high mortality rate. Lacrimal gland carcinoma accounts for about 9% of all orbital
lesions [1-3]. About half of all lacrimal gland tumors are malignant. Of these malig-
nant forms, by far the most common (>60% of cases) is an epithelial neoplasm
known as adenoid cystic carcinoma (ACC) [4]. ACC can occur in several other
glandular tissues, most commonly in the salivary glands, but also in Bartholin’s
glands of the vagina, tracheal goblet cells, and mammary gland tissue [5].

Clinicians and surgeons who have dealt with ACC of lacrimal gland (LGACC)
know it as a notoriously destructive cancer that often confers a poor prognosis
despite aggressive surgical management, chemotherapy, and/or radiation [6]. ACC’s
viciousness is largely related to its propensity for early perineural spread intracrani-
ally (seen in some 75% of cases) and invasion of orbital bone [7, 8]. Its local and
regional recurrence and late distant metastasis rates are also disturbingly high, leav-
ing 50% of patients dead within 5 years of being diagnosed. Only 25% of LGACC
patients survive to 15 years [9-11].

Normal Physiology of Lacrimal Gland

Human tears are made up of three component layers: aqueous, lipid, and mucous
[12]. Meibomian glands located inside the tarsal plates secrete the lipid layer, while
conjunctival goblet cells elaborate mucous [13]. The lacrimal gland is responsible
for producing the tear film’s aqueous layer, a watery secretion rich in soluble
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proteins (antibodies, lactoferrin, lysozymes, and soluble mucins) that help protect
and maintain homeostasis of the corneal surface [14]. In humans, the lacrimal
glands are located in the superolateral aspect of each orbit, and are composed of
orbital and palpebral portions linked by interlobular ducts. Their secreted aqueous
fluid may enter the ocular surface via several excretory ducts [15].

Since the ocular surface is exposed directly to air, tear film plays an essential role
in lubricating the corneal epithelium, flushing out foreign particles and protecting
the corneal surface from microbial infection. Disruption of tear formation homeo-
stasis can give rise to a litany of clinical problems, including dry eye disease, cor-
neal abrasions and ulcers, keratitis, etc. [14]. LGACC patients with partial or entire
lacrimal gland removal almost inevitably develop postoperative dry eye syndrome,
which requires lifelong supplementation with artificial tears [16]. So while the lac-
rimal gland may receive very little press or glamorous limelight, it nevertheless
exerts a mightily powerful influence on patients’ quality of life.

Clinical Background

Although the odds of developing ACC are less than 1 in 2 million, patients unlucky
enough to get the disease are up against a nasty enemy. Missing a diagnosis can lead
to critical delays in treatment, augmenting the disease’s already formidable mortal-
ity [16]. Thus, recognizing the risk factors, patient demographics, and key clinical
features of ACC is crucial for prompt initiation of therapy and optimization of out-
comes [11]. Moreover, given LGACC’s dogged tendency to recur and aggressively
metastasize a few years after initial treatment (with surgery, chemotherapy, and
radiation), understanding the disease’s chemo-resistance mechanisms should be a
priority in future collaborations between clinicians and basic scientists.

Demographics

Although children and teens can develop ACC, the disease is vastly more common
in young and middle-aged adults. The mean age for diagnosis of lacrimal gland
ACC is 40, with females being afflicted slightly more often than males [11]. No
evidence published to date has described any clear relationship of ACC to ethnicity,
race, or nationality [4].
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Clinical Presentation

The lacrimal gland is a bilobed, unencapsulated eccrine gland located in the supero-
temporal aspect of the orbit. Its two lobes—the orbital lobe and the much smaller
palpebral lobe—are divided anatomically by the levator aponeurosis’s lateral horn
[15]. Importantly, only the palpebral lobe can be visualized in the upon lid eversion
during a physical exam. As a result, tumors confined to the orbital lobe may not
obviously manifest themselves until late in the course of the disease [16]. As might
be expected given the gland’s anatomical location, tumors of the lacrimal gland tend
to cause subacute proptosis of the eye inferiorly and nasally. Such displacement of
the globe is almost always painful (in contrast to most benign tumors), and is fre-
quently compounded by decreased ocular motility. Other common presenting signs
of LGACC include diplopia, “S-shaped” blepharoptosis, and/or frontotemporal
hypoesthesia secondary to sensory nerve invasion (particularly in the distribution of
the lacrimal nerve) [16]. On average, diagnosis is made within six months of the
onset of such symptoms.

One important differential diagnosis for LGACC is pleomorphic adenoma, the
most common lacrimal gland tumor. Benign and histologically mixed, pleiomor-
phic adenomas are typically painless, and only rarely harbor the potential for malig-
nant transformation.

Pathophysiology

Histopathologic Presentation

Adenoid cystic carcinomas of the lacrimal gland are composed of mutated ductal
and myoepithelial cells. Three histologic growth patterns predominate in ACC:
cribriform, solid, and tubular (ductal) [17]. These histological types may be seen
individually or together in various combinations, but the cribriform (“Swiss cheese”
or sieve-like) pattern is most common and the solid pattern least frequent. Cribriform
ACC is characterized by large cyst-like structures that dominate the histological
landscape. These cystic architectures contain stroma filled with amorphous, baso-
philic glycosaminoglycans and hyalinized, eosinophilic basal lamina. By contrast,
the tubular and solid patterns of ACC are histologically preponderated by basaloid
myoepithelial cells. In these two patterns, little if any glycosaminoglycan deposi-
tion can be appreciated, and basal lamina-containing spaces are very scarce. Despite
their differences, the three patterns all share a predilection for invasive perineural
growth.

The immunohistochemical profile of adenoid cystic carcinoma has only recently
begun to be characterized. Ki-67 immunostaining may be helpful in distinguishing
adenoid cystic carcinoma from other lacrimal gland malignancies (like polymorphous
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low-grade adenocarcinoma), but no clear association between Ki-67 and clinical
outcome has yet been established. Likewise, the majority of ACC tumors express
E-cadherin, CD117, and EGFR, but the correlation of their expression with prognosis
remains unknown.

Neoplasms of the lacrimal gland are classified in the same manner (i.e., using the
same TNM staging/grading system) as corresponding tumors of the salivary gland.

Genetic and Molecular Profiling

Adenoid cystic carcinomas characteristically overexpress the oncogene MYB,
which encodes a transcription factor (TF) normally expressed by undifferentiated,
proliferating progenitor cells. Ordinarily, MYB is down-regulated as differentiation
proceeds. In the majority of documented cases, excessive or constitutive MYB acti-
vation results from a t(6;9)(q22-23;p23-24) chromosomal translocation that fuses
the MYB gene with another TF-encoding gene called NFIB. Indeed, the MYB-
NFIB fusion oncogene has been identified in more than 85% of adenoid cystic car-
cinomas of the head, neck, and breast.

Whole exome sequencing has recently shed light on the mutation “signature” of
ACC [18]. The most interesting of these mutations belong to two transcription fac-
tors, MYB and Notch. Nucleotide sequence analyses and RT-PCR studies have con-
firmed that aberrant MYB activation is a frequent event in lacrimal gland ACCs
[19]. Although no reports about Notch mutation or expression in lacrimal gland
ACCs have been published, Notch receptors and ligands are known to have signifi-
cantly higher expression in embryonic lacrimal glands than in adult lacrimal glands.
Since developmental genes are almost always important in cancer, it is not unrea-
sonable to suspect that the Notch signaling pathway may play a role in lacrimal
gland ACCs.

MYB Fusion Transcript

The MYB transcription factor is one of the key regulators of stem and progenitor
cells [20-22]. MYB binds to DNA at a specific MYB binding site, then recruits
several co-activator proteins like CBP and p300 to initiate target gene transcription
[23, 24]. Of the more than 80 MYB target genes that have been reported, most are
associated with critical processes such as cell growth, apoptosis, and cell cycle tran-
sition [25]. MYB can also cooperate with other transcriptional factors, such as
CEBP family proteins, resulting in enhanced MYB transcriptional activity [26].
Like many other developmental genes, MYB plays a role in multiple cancer
types and is recognized as a canonical oncogene. Although MAP kinase and Wnt
signaling pathways have been reported to regulate MYB expression [27],
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Fig. 1 MYB-NFIB translocation disrupts the 3° UTR, preventing mRNA degradation induced by
miR-15a/16 and miR-150. Then, the MYB-NFIB fusion protein binds to the super-enhancers that
translocate either upstream or downstream of the MYB gene, enhancing MYB expression. At the
same time, MYB binds to the super-enhancers and promoters of its own target genes to upregulate
their expression

overexpression of MYB is more commonly related to the attenuation sequences that
reside in the first intron of the MYB gene. Mutations in this region that overcome
the blockade of transcription elongation result in high levels of MYB expression,
and have been demonstrated as critical mutations in most colorectal cancers [28].
The mechanism is slightly different in breast cancer—in that tissue, estrogen
receptor-o (ERar) blocks unmutated attenuation sequences in the first MYB intron.
Such dysinhibition powerfully elevates MYB expression without the requirement
for first intron mutations [29].

Whole-genome sequencing has revealed chromatin rearrangements in the MYB
locus that drive the overexpression of MYB, including MYB-NFIB gene fusion and
the translocation of super-enhancers to the MYB locus. The MYB-NFIB fusion
oncogene was identified in the majority (>85%) of adenoid cystic carcinomas (in all
tissues) [30] and in 50% of lacrimal gland ACCs [19]. The MYB-NFIB translocation
disrupts the MYB 3’ untranslated region (UTR), which is targeted by miR-15a/16
and miR-150, two microRNAs that down-regulate MYB expression [31]. Thus, the
MYB-NFIB fusion drives the overexpression of MYB and its downstream target
genes. Recently, the juxtaposition of super-enhancer regions to the MYB locus was
identified as a common feature of ACCs. The MYB protein can bind to these super-
enhancer regions, forming a positive feedback loop that exacerbates overexpression
of MYB and its target genes [32] (Fig. 1).

Although no small molecular compounds directly targeting MYB have yet been
developed, several potential therapeutic approaches may be considered based on our
significant knowledge of the MYB protein and its gene network. One strategy
involves targeting MYB’s transcriptional co-factors, proteins that facilitate the sta-
bility of the multi-protein MYB transcriptional complex. Two such co-factors, p300
and CBP, have been shown to be critical for the activity of MYB. Thus, individually
inhibiting these cofactors or blocking their interaction could represent two effective
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anti-MYB approaches. A second strategy involves targeting estrogen receptor-o
(ERw). As described above, the attenuation sequence in the first intron of MYB is
critical for the down-regulation of MYB expression. Since ERa is known to block
this attenuation sequence in breast cancers, inhibition of ERa may be a valid
approach to manipulating MYB levels in mammary gland tissue. A third tactic
involves targeting MYB’s downstream target genes. Like all transcription factors,
MYB regulates normal cells and cancer cells by modulating the expression levels of
its target genes. Thus, inhibiting important MYB target genes such as BCL2 and
COX2 could help suppress the effects of excess MYB activity. Finally, pharmaco-
logic control of MYB might be achieved through targeting of the BET bromodo-
main. As previously mentioned, the translocation of super-enhancers to the MYB
locus to form a positive feedback loop has been identified as a common feature of
ACCs. Thus, breaking this feedback loop by inhibiting super-enhancers could pro-
vide an efficacious therapeutic approach. BRD4 occupancy is critical for the func-
tion of super-enhancers, so BET Bromodomain inhibitors could theoretically serve
as tools to disrupt the super-enhancers’ function [25, 32].

Notch Signaling

The Notch pathway is involved in myriad cell processes. It is particularly important
for normal development, exerting influence on cell differentiation, survival, prolif-
eration, etc. [33]. Abnormal Notch signaling plays an indispensable role in T cell
acute lymphoblastic leukemia (T-ALL) [34], as well as in solid tissue carcinomas of
the breast [35], pancreas [36], and esophagus [37]. The Notch receptor family is
comprised of four type I transmembrane receptors (NOTCH1-4) which are canoni-
cally activated by Notch ligands expressed on the surface of neighboring cells.
Notch receptors are composed of an extracellular domain (ECD), a transmembrane
domain, and an intracellular domain (ICD). Upon ligand binding, the Notch intra-
cellular domain (NICD) is released from the cell membrane after two proteolytic
cleavages (S2 cleavage by TACE and S3 cleavage by gamma secretase). The liber-
ated NICD then translocates to cell nucleus, where it releases the CSL repression
complex and forms an activation complex with CSL, Maml, and other co-activators
like p300 (Fig. 2). Formation of this activation complex then leads to the transcrip-
tion of Notch target genes. Several target genes, such as cyclin D1 and c-Myc have
been well-defined, and are known to be involved in tumorigenesis [38]. We also
know that the Notch transcriptional complex is subject to multiple modifications
that can modulate the activity of the Notch signaling pathway. For example, CK2
phosphorylates N1ICD, resulting in decreased binding of the Notchl ternary com-
plex to DNA [39]; and CDKS phosphorylates N11CD, resulting in PEST-dependent
degradation [40].

Like all transcriptional factors, Notch regulates cell processes by controlling the
expression of downstream target genes. In most cases, Notch is considered to be an
oncogene. Notch directly induces the expression of well-known oncogenes like
c-Myc and CCND1, and the cooperation between Notch and RAS has been shown
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Fig. 2 Canonical Notch signaling. Notch signaling is canonically initiated by Notch ligands on
adjacent cells. Notch receptors are composed of an extracellular domain (ECD), a transmembrane
domain, and an intracellular domain (ICD). Upon ligand binding, Notch intracellular domain
(NICD) is released from the cell membrane after two proteolytic cleavages (S2 cleavage by TACE
and S3 cleavage by gamma secretase) and translocates to the nucleus. In the nucleus, NICD
releases the CSL repression complex and forms an activation complex with CSL, Maml, and other
coactivators like p300, leading to the transcription of target genes

to facilitate malignant transformation of cells in breast tissue [41]. Notch signaling
also contributes to cell proliferation, invasion, and epithelial to mesenchymal transi-
tion in ACC of the salivary gland [44]. Additionally, Notch has been reported to
inhibit tumor suppressor genes such as p53 [42]. However, in other cases, Notch can
paradoxically function as a tumor suppressor. In prostate cancer cells with low lev-
els of the tumor suppressor PTEN, ectopic activation of Notch increases levels of
PTEN and inhibits cell proliferation [43]. Thus, the function of Notch signaling is
highly context-dependent.

Because of the importance of Notch signaling in different malignancies, Notch is
a remarkably attractive therapeutic target in cancer treatment. However, clinical
methods to target Notch pathway remain limited. To date, no Notch inhibitors have
been approved for clinical use, and the only Notch inhibitors currently being inves-
tigated clinical trials are gamma secretase inhibitors (GSIs). Gamma secretase is
critical for the cleavage of Notch receptors after the binding of Notch ligands to
Notch receptors on the cell surface [45]. However, gamma secretase also cleaves
other substrates in addition to Notch, imbuing it with a problematic lack of specific-
ity. A novel Notch inhibitor, IMR-1, has been developed to target the assembly of
the Notch transcriptional complex. It has been shown to disrupt the recruitment of
Maml1 to the Notch transcriptional complex on chromatin, thereby attenuating
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Notch target gene transcription [46]. IMR-1 may therefore represent a promising
alternative treatment strategy for Notch-dependent cancer by overcoming the speci-
ficity limitation of GSIs.

FGF-FGFR Signaling

During embryonic development, FGF-FGFR signaling is required for the branching
morphogenesis of lacrimal gland [47]. Fibroblast growth factor (FGF) initiates this
signaling pathway by binding to the FGF receptor. The FGF receptor in turn acti-
vates several downstream signaling pathways: RAS/Mitogen-Activating Protein
(MAP) Kinase, phosphoinositide 3 kinase (PI3K)/AKT, and Phospholipase C [48].
Of these three pathways, the RAS/MAP kinase pathway is the most highly activated
by the FGF receptor signal [49]. Upon binding FGF10, FGFR is dimerized and
trans-activated by phosphorylation of specific residues. The SH2 domain of Grb2
binds to SH2 and to phosphorylated tyrosine residues of FGFR, allowing recruit-
ment of the nucleotide exchange factor SOS. SOS is a guanine nucleotide exchange
factor that can active Ras by exchanging GDP for GTP. SOS’s activation of Ras
causes activation of more downstream signaling pathways, such as Raf, MEK, and
MAP kinase (Erk1,2).

Two SOX family genes (Sox9 and Sox10) downstream of FGFR2 also play
important roles during lacrimal gland development. Together with FGF signaling,
Sox9 regulates Sox10 expression, which controls the lacrimal gland’s acinar struc-
ture formation and extracellular matrix (ECM) production [50]. Since FGF10 is a
paracrine signaling molecule, its diffusion is tightly regulated by affinity for the
ECM proteoglycan heparan sulfate [51, 52]. In sum, FGF10 controls Sox9, which
controls Sox10 signaling, which modulates expression of ECM components to con-
trol FGF10 (Fig. 3).

Given the FGF-FGFR signaling pathway’s central role in lacrimal gland devel-
opment, it is not unreasonable to suspect that it may also play a role in lacrimal
gland ACCs. Indeed, therapies targeting FGFR are currently being investigated in a
clinical trial for progressive metastatic adenoid cystic carcinoma (not of lacrimal
gland origin). Dovitinib is a small molecule inhibitor of FGFR 1, 2, and 3. The drug
can reduce tumor cell proliferation and angiogenesis, both in cell culture and in the
ACC xenograft model [53, 54]. From the current research on other types of ACC,
we can anticipate that new drugs targeting FGFR will soon become relevant to the
treatment of LGACC.

Disease Management

Management of ACC varies by institution, but most cases are treated with multidis-
ciplinary modalities, using combinations of surgery, radiation therapy, and/or che-
motherapy (neoadjuvant and/or adjuvant, intravenous and/or intra-arterial).
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Fig. 3 FGF10-FGFR signaling: a feedback loop. FGFR is dimerized and transactivated by phos-
phorylation upon the binding of FGF10. Ras is recruited by the interaction between Grb2 and SOS,
leading to the activation of the downstream signaling pathways Raf, MEK, and MAP kinase
(Erk1,2). Two SOX family genes (Sox9 and Sox10) downstream of the MAP kinase pathway
control the modification of heparan sulfate proteoglycan, which binds to FGF10

Historically, the standard of care has been orbital exenteration (often with removal
of the bony walls of the lacrimal gland fossa) and adjuvant radiation therapy [55].
But paralleling the non-inferiority of lumpectomy compared to radical mastectomy
in certain breast cancers, orbital exenteration has not demonstrated a survival ben-
efit over globe-sparing tumor excision. Thus, it is sensible to consider globe-
preserving surgery with adjuvant radiation or concurrent chemoradiation in certain
patients with ACC, as the cosmetic consequences of exenteration are profound.

Recently, Tse et al. introduced the neoadjuvant intraarterial cytoreductive che-
motherapy (IACC) protocol [56]. During treatment, a catheter is introduced into an
artery that supplies the lacrimal gland [56]. It delivers a powerful, concentrated dose
of chemotherapy directly to the tumor. This novel approach has so far conferred a
100% survival rate at 10 years (compared to <50% at 10 years with conventional
therapy) [57]. However, the IACC protocol can only be applied in patients with an
“intact lacrimal artery.

Microdissection genotyping analyses of LGACC tumor samples indicate that
allelic loss of microsatellite markers at 1p36, followed by loss of heterozygosity
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involving 9p21, 22q12, 10q23, and 9922 in temporal sequence, may be an early
indication of LGACC [58, 59]. Such genomic analyses could thus be useful in sur-
veillance and screening for LGACC.

In sum, preliminary data and observations suggest that multidisciplinary eye-
sparing strategies provide reasonable local control rates and ocular toxicity profiles.
Neoadjuvant intra-arterial or IV chemotherapy appears useful for reducing the size
of lacrimal gland tumors, and could in theory be the ideal combination with eye-
sparing surgery. Modern radiation delivery techniques (i.e., proton therapy) may
enhance outcomes by lessening toxic side effects to nearby brain and ocular paren-
chyma, but also remain to be studied under the rigorous purview of well-powered
randomized trials. Finally, supplementation of pharmacological therapies with met-
abolic techniques such as glucose and glutamine restriction, ketogenic diet, and
hyperbaric oxygen therapy—all of which seek to undermine cancer cells by attack-
ing their unique metabolic traits, known since Warburg’s experiments in the 1930s—
merits further exploration.
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Abstract Prostate cancer is a genomically complex disease and data obtained
through in-vitro, preclinical and clinical researches has significantly improved our
understanding of the dysregulations of spatio-temporally controlled signaling cas-
cades. Using high-throughput technologies, it has been shown that signaling cas-
cades are re-wired in androgen dependent and androgen independent prostate
cancer. Inactivation of tumor suppressor genes, overexpression of oncogenes,
genetic/epigenetic mutations, tumor heterogeneity and loss of apoptosis are some of
the most extensively studied molecular mechanisms. TRAIL has emerged as one
amongst the most deeply studied protein reportedly involved in killing of cancer
cells while leaving normal cells intact. In this chapter we set spotlight on most
recent breakthroughs made in our understanding of prostate cancer biology and how
oncogenic and tumor suppressor proteins stoichiometrically control TRAIL induced

A. Sobczak-Kupiec
Institute of Inorganic Chemistry and Technology, Cracow University of Technology,
Cracow, Poland

M.J. Igbal
Department of Biotechnology, University of Gujrat, Sialkot Sub-campus, Sialkot, Pakistan

M.Z. Qureshi (°<)
Department of Chemistry, GCU, Lahore, Pakistan
e-mail: qureshienv @yahoo.com

Q. Mansoor * A.A. Farooqi * M. Ismail
Institute of Biomedical and Genetic Engineering (IBGE), Islamabad, Pakistan

S.M. Nabavi
Applied Biotechnology Research Center, Baqiyatallah University of Medical Sciences,
Tehran, Iran

J. Purenovic
Faculty of Technical Sciences, Cacak University of Kragujevac, Cacak, Serbia

1. Yaylim
Department of Molecular Medicine, Institute of Experimental Medicine, Istanbul Medical
Faculty, Istanbul University, Istanbul, Turkey

© Springer International Publishing AG 2017 237
A.A. Farooqi, M. Ismail (eds.), Molecular Oncology: Underlying Mechanisms
and Translational Advancements, DOI 10.1007/978-3-319-53082-6_12


mailto:qureshienv@yahoo.com

238 A. Sobczak-Kupiec et al.

apoptosis in prostate cancer cells. The chapter is partitioned into different sections
which sequentially discuss tumor suppressing roles of TRAIL and miR-34a in pros-
tate cancer. We also provide an overview of the nanotechnological approaches cur-
rently being used to effectively deliver TRAIL and miR-34a to the target site.

Keywords TRAIL ¢ DR4 « DRS5 ¢ Apoptosis ¢ Intracellular signaling ®* miRNA e
Therapeutics

Introduction

Researches over the years have gradually and systematically unveiled many under-
lying mechanisms of prostate cancer development and progression [1]. Increasingly
it is being realized that prostate cancer cells are inter-tumorally and intra-tumorally
heterogeneous which are contributory in prostate carcinogenesis and resistance
against wide ranging therapeutics [2]. Rapidly accumulating knowledge related to
identification of molecular alterations, cancer subtypes, deregulated signaling cas-
cades, Darwinian evolution in response to therapeutic pressures and the compli-
cated multidirectional trajectories of tumor spread between primary and metastatic
sites has helped us to understand multifaceted nature of cancer and identify different
strategies to improve clinical outcomes. Recent advancements in high-throughput,
genome-wide profiling technologies, such as next-generation sequencing (NGS)
and RNA interference strategies, have provided near complete resolution of signal-
ing landscape of prostate cancer [1, 2]. Major breakthrough in analysis of transcrip-
tomic and genomic profile of prostate cancer was made in 2010 which involved the
investigation of more than 200 tumors [3]. Team of researchers used arrays for map-
ping of the prostate cancer onco-genome to measure copy number and gene expres-
sion. Complete exon re-sequencing was also carried out for identification of specific
mutations [3].

It is clear that prostate cancer cells rewire intracellular signaling cascades upon
exposure to conventionally used, and next-generation hormonal therapeutics.
Presence of androgen receptor splice variants (AR-Vs) has added another layer of
complexity to the standardization of therapy [4]. Androgen receptor amplifications,
presence of AR-Vs, mutations and persistent signaling are some of the mechanisms
which are instrumental in development of castration resistant prostate cancer
(CRPC) [5].

Loss of apoptosis is also a well-studied mechanism in prostate cancer. Researchers
have identified different apoptosis inducing molecules (TRAIL, FasL, TNFa) which
induced apoptosis in cancer cells. However these molecules and their receptors are
frequently downregulated in prostate cancer. TNF-related apoptosis-inducing ligand
(TRAIL) has gained considerable appreciation as one amongst the most deeply
studied molecule noted to selectively target cancer cells while sparing normal cells.
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TRAIL Receptor

Fig.1 TRAIL mediated intracellular signaling. Signals are transduced through extrinsic pathway
and intrinsic pathway

TRAIL induced apoptosis in cancer cells through its receptors (DR4 and DRS).
Binding of TRAIL with its receptor induced trimerization of death receptor that
promoted recruitment of signaling machinery at death receptor that consisted of
FAS-associated death domain (FADD), an adaptor molecule and pro-caspase-8.
This multi-protein machinery is known as DISC (Death Inducing Signaling
Complex) and active caspase 8 generated from an efficient DISC, is frequently
inhibited by higher levels of c-FLIP in cancer cells. Pro-caspase 8 was converted
into functionally active caspase-8 that further activated caspase-3. Intrinsically con-
trolled pathway is triggered via entry of truncated Bid (tBid) into mitochondrion.
Bid is proteolytically processed by caspase-8 to form tBid and triggers release of
second mitochondria-derived activator of caspase (SMAC) and cytochrome ¢ from
mitochondrion. Cytochrome c interacted with Apaf-1 (apoptotic protease activating
factor 1) and activated initiator caspase-9. Shown in Fig. 1.

Histone lysine demethylase 4A (KDM4A; JMJD2A), belongs to Jumonji C
(JmjC) domain-containing KDM4 subfamily of histone demethylases. KDM4A
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epigenetically silenced TRAIL and DRS in prostate cancer cells. mRNA and protein
levels of DRS and TRAIL were found to be notably enhanced in KDM4A silenced
cancer cells [6]. Chromatin Immunoprecipitation analysis revealed that KDM4A
directly interacted with TRAIL promoter. Anti-KDM4A ChIP assay provided evi-
dence of accumulation of KDM4A at promoter region of CHOP gene. Essentially,
KDM4A inhibition also significantly increased loading of CHOP to the CHOP
binding site present within promoter region of DR5 [6]. Compound-4 (C-4), selec-
tive inhibitor of a KDM4A/4B strongly reduced occupancy of co-repressor NCOR1/
NCoR and HDACT at promoter regions of CHOP and TRAIL, which was accompa-
nied by a considerably enhanced level of H3K27ac and H3K9ac [6]. Increased lev-
els of H3K27ac and H3K9ac were noted because of increased accumulation of the
histone acetylase CBP. C-4 mediated inhibition of KDM4A promoted occupancy of
RNA polymerase II, to initialize transcription [6].

Following section deals with an overview of the pro- and anti-apoptotic proteins
which modulate TRAIL induced signals in prostate cancer cells.

Natural Products as TRAIL Sensitizers

Xanthohumol, a prenylated chalcone isolated from Humulus lupulus worked syn-
ergistically with TRAIL and significantly reduced expression level of Bcl-xL after
8 h of incubation [7]. Vitisin A, derived from wine grapes considerably inhibited
Bcl-2 and Bcl-XL. Levels of DR4, DR5 and FADD were also noted to be enhanced
in Vitisin A treated PC-3 cells [8]. Delphinidin, a polyphenol dose dependently
enhanced protein level of DRS in LNCaP and DU145 cells. Furthermore, expres-
sion levels of negative regulators of apoptosis including cIAP-2, XIAP, Bcl-2,
MCL-1 and survivin were reduced in Delphinidin treated prostate cancer cells [9].
Isoegomaketone isolated from Perilla frutescens efficiently induced extrinsic and
intrinsic pathway in prostate cancer cells [10]. Levels of Bax and AIF were nota-
bly enhanced in treated cancer cells. Isoegomaketone enhanced DRS5 expression
in a ROS-independent manner, mainly through CHOP and p53 dependent path-
way [10].

It is understandable that phytochemicals have shown efficacy in improving the
TRAIL mediated apoptosis in cancer cells mainly through modulation of pro- and
anti-apoptotic proteins and increasing the cell surface expression of death receptors.
Therefore, combining different pre-clinically tested phytochemicals with TRAIL
based therapeutics may further be tested in Clinical trials.

Increasingly it is being realized that targeted nanoparticles notably reduce off-
target effects, mainly because of targeted localization in tumors and active cellular
uptake. In the upcoming sections we set spotlight on the advancements made in
improving the delivery of well appreciated anticancer agents including TRAIL and
miR-34a.
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Nanotechnologically Assisted TRAIL Delivery in Different
Cancers

Myristic acid (MC) modified Low molecular weight polyethylenimine was com-
plexed with DNA, to yield transfectionally effective MC-PEI(10 K)/DNA NPs [11].
Tumor-necrosis—factor-related apoptosis-inducing ligand (TRAIL) is a protein with
reported efficacy against different cancers. TRAIL loaded MC-PEI(10 K)/DNA
NPs considerably enhanced survival time of intracranial U87 glioblastoma-bearing
mice [11].

Poly(amine-co-esters) have been studied extensively because of their ability to
readily condense DNA and form nanosized polyplexes. Poly(N-
methyldiethyleneamine sebacate) (PMSC), has previously been used for efficient
delivery of genes [12]. In aqueous medium, sebacate units of PMSC interacted
strongly, which resulted in formation of hydrophobic domains that induced non-
covalent crosslinkage of PMSC-DNA polyplex and increased their stability. PolyE—
mRGD contained tumor-targeting and tissue-penetrating ability, and intravenously
administered coated III-20% PDL/pLucDNA polyplexes allowed significantly
enhanced cargo delivery to the tumor site [12]. After preparation, PDL/pEGFP-
TRAIL were coated with polyE-mRGD. To evaluate efficacy, polyE-mRGD coated
material was administered in tumor bearing mice via tail vein [12].

TRAIL Delivery in Prostate Cancer

Delivery of TRAIL to the prostate cancer cells using different nanotechnological
approaches is currently being tested for efficacy [13]. In accordance with this
approach, a novel targeted delivery system particularly, nano-ghosts (NGs) has
shown potential. Mesenchymal stem cells (MSCs) are used as a source and NGs are
reconstructed from the whole cell membrane. Process of MSC-NGs generation is
reproducible and carried out by isolation of intact MSC cell membranes (ghost
cells), homogenization of nano-sized vesicles (nano-ghosts) and entrapment of
TRAIL [13]. Over the time, MSC-NGs accumulated inside nucleolus and cytoplasm
of PC3 prostate cancer cells. Incubation of PC3 cells with NGs for more than 12 h
induced clustering of NGs around PC3 cancer cells [13]. Transferrin conjugated,
generation 3 diaminobutyric polypropylenimine (DAB) dendrimer loaded with
TRAIL plasmid showed activity against DU145, PC-3 and LNCaP prostate cancer
cells. However, intravenously administered TRAIL plasmid loaded dendriplex
inhibited tumor growth in 10% of PC-3 tumors [14].

There is a recently published report suggesting that delivery of therapeutic drugs
through different delivery systems may also prove to be effective. Piperlongumine,
a phytochemical was encapsulated in polymer-based NPs comprised of PLGA and
coated with a polyvinyl alcohol surfactant layer [15]. Chemical conjugation of
TRAIL to the liposomal surface, helped in free interaction of TRAIL with its
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receptors [15]. Use of different NPs, each with different cargos, helped in maximiz-
ing the effects of each therapeutic agent.

Nanoparticle assisted delivery of TRAIL has also shown potential in xenografted
mice as evidenced by markedly enhanced bioavailability to the target site. Better
understanding of the structure of nanoparticles will prove to be helpful in designing
of efficient delivery systems for therapeutic agents.

miR-34a

miR-34a, miR-34b and miR-34c are members of miR-34 family. miR-34a was
encoded by its own transcript, however miR-34b and miR-34c had a common pri-
mary transcript. Epigenetic downregulation of miR-34a has previously been
reported in prostate cancer tissues [16]. miR-34a expression was also found to be
notably reduced in PC-3 and DU145 cancer cells. Autophagy, a highly organized
catabolic process is also noted be activated in prostate cancer cells having lower
expression of miR-34a. Autophagy-related proteins (ATG4B, Beclin-1 and LC3B
II/T) were remarkably reduced in miR-34a expressing prostate cancer cells through
inhibition of AMPK/mTOR pathway [16].

Target Genes of miR-34a

Persistently active Ras triggered induction of the WNT mediated transduction cas-
cade by increasing expression of WNT-related genes in advanced prostate cancer
cells. Lower levels of miR-34a were detected in WNT ligand treated RasB1 and
PC3 cells [17]. miR-34a negatively regulated TCF7 (WNT signaling-related gene)
and BIRCS (anti-apoptotic gene). Tumor growth was markedly reduce in mice
xenografted with miR-34a overexpressing RasB1 cells [17].

LEF1, a member of LEF1/T-cell factor (TCF) family is reportedly involved in
modulation of nuclear response to the canonical WNT induced transduction cascade
by interacting with -catenin [18]. In the nucleus, LEF1/TCF protein directly inter-
acted with B-catenin to trigger target genes. There was a twofold decrease in expres-
sion LEF1 in miR-34a transfected LNCaP-AlI cancer cells [18].

Increasing the Expression of miR-34a in Prostate Cancer Cells

BioResponse 3,3”-diindolylmethane (BR-DIM) has been shown to upregulate
expression of miR-34a in prostate cancer cells [19]. 5-aza-dC, a demethylating
agent has also been shown to transcriptionally upregulate miR-34a by promoter de-
methylation in C4-2B and LNCaP prostate cancer cells [20].
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Nanotechnological Delivery of miR-34a

Chitosan nanoparticles are naturally occurring polysaccharides having lower
toxicity and immunogenicity. Systemically administered miR-34a using
Chitosan nanoparticles remarkably reduced tumor volume of established pros-
tate tumors in the bone in nude mice injected with PC3MM2-LG (transfected to
express luciferase and GFP) cells [21]. miR-34a and doxorubicin have recently
been investigated to be effective against DU145 and PC3 prostate cancer cells
when delivered simultaneously by a self-assembled, reducible, disulfide cross-
linked stearyl-peptide-based micellar system (SHRss) using a copolymer build-
ing unit [22].

Disialoganglioside GD2 (GD2)-antibody conjugated to the surface of porous
silica NPs have been shown to effectively deliver miR-34a. Systemic administration
of anti-GD2-miR34a-NP in tumor bearing mice considerably reduced tumor growth
[23]. Polyamidoamine (PAMAM) are cations with dendritic structure and electro-
statically interact with negatively charged pDNA to form nanocomplexes. PAMAM-
PEG-aptamer was developed to efficiently deliver miR-34a to non-small cell lung
cancer cells [24].

Better, deeper and sharper understanding of the route of administration,
molecular characteristics and temporally controlled delivery of NPs are very
essential design variables that must be considered for improving efficacy of ther-
apeutics. Together with the targeting capacity of site-specific peptides and anti-
bodies, these approaches will prove to be helpful in maximizing selective
accumulation of therapeutic agents and integration of nanomedicines into clini-
cal practice.

Crosslinkers

There is an exciting piece of evidence suggesting that self-assembled block copoly-
mers were considerably lower toxicity in 2D prostate tumor cell culture than free
chemotherapeutic drug, however, surprisingly, micelles were cytotoxic in the 3D
prostate MCTS. Paclitaxel has reportedly enhanced killing activity when conju-
gated with poly(ethylene glycol methyl ether acrylate)-b-poly(carboxyethyl acry-
late) block copolymer and self-assembled to generate micelle based delivery
systems [25]. For a comparative analysis of effects of micelle stability on the results,
micelle core was attached with diamino nondegradable cross-linker. DAO-cross-
linked POEGMEA-b-PCEA-PTX conjugate micelles demonstrated an improved
drug delivery system [25].
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Conclusion

Preclinical and clinical studies have substantially enhanced our knowledge related to
genetic, genomic and proteomic landscape of prostate cancer. Reconstituting cancer cells
with tumor suppressor genes is an important area of research and different anticancer mol-
ecules are being transfected into cancer cells to see how cells respond to therapeutic drugs.
Both TRAIL and miR-34a have entered into clinical trials and it will be interesting to see
clinical outcomes of these agents in different populations. Restoration of expression of
TRAIL receptors and miR-34a is also an area of intense research and different phyto-
chemicals and synthetic agents have shown potential in significantly upregulating the
expression of these molecules. It will be also very exciting to witness therapeutic efficacy
of co-delivery of TRAIL and miR-34a using different efficient delivery systems. We have
to further refine our knowledge related to context dependent behavior of protein network
in androgen dependent and androgen independent prostate cancer.
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Components from the Traditional Chinese
Medicine Acts as Protein Kinase Inhibitors

Minghua Liu, Ge Zhao, Shousong Cao, Yangyang Zhang, Xiaofang Li,
and Xiukun Lin

Abstract Protein kinases play critical roles in control of cell growth, proliferation,
migration, survival and angiogenesis and the enzymes mediate biological effects
through their catalytic activity. In recent years, numerous protein kinase inhibitors
have been developed and, some of them have been used clinically. Traditional
Chinese Medicine (TCM) has been used in China for thousands of years, and com-
ponents isolated from TCM represent a large class of bioactive substances, and
some of them display anticancer activity via inhibiting protein kinases signaling
pathway. In the present article, we comprehensively reviewed several components
isolated from anticancer TCMs that exhibited significantly inhibitory activity
towards a range of protein kinases. These components, which belong to diverse
structural classes, are reviewed herein, based upon the kinases that they inhibit. The
prospects and problems in development of the anticancer TCMs are also
discussed.

Keywords Traditional Chinese Medicine ¢ Protein kinase inhibitors ¢ Anticancer
activity

Introduction

The protein kinase family catalyze the transfer of a phosphate group from a high
energy molecule such as adenine triphosphate (ATP) to a specific amino acid in a
protein [1]. Protein kinases play important roles in regulating cellular functions,
including proliferation, survival, apoptosis, motility as well as metabolism and
DNA damage repair, etc. Protein kinases such as cellular Src (c-Src), c-Abl, mitogen
activated protein kinase (MAPK), phosphotidylinositol-3-kinase (PI3K), serine/
threonine-specific protein kinase (AKT) and the epidermal growth factor receptor
(EGFR), are commonly activated in cancer cells and known to play roles in tumori-
genesis. Many of these occur in the same signaling pathway; EGFR kinase family
members (HER1 [EGFR], HER2, HER3, and HER4) transmit signals through
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MAPK and PI3K to promote cell proliferation [2]. The central role of kinases in
virtually all networks of signal transduction is the driving motivation useful for the
development of compounds modulating their activities [3].

In recent years, an increasing number of novel compounds have been isolated
from Traditional Chinese Medicines (TCMs), and many of them have been reported
to possess potent anticancer activity via inhibition of protein kinase mediated sig-
naling pathways, including PI3K/AKT/mTOR, P38 MAPK and ERK. In this review,
we focus on those compounds isolated from TCMs with inhibitory effects on pro-
tein kinases and present an overview of their anticancer effects and potentials in
pharmaceutics for cancer therapy. The problem and prospect for developing protein
kinase inhibitors from TCS are also presented.

Mark Family and Components Isolated from TCMs

MAPK, a serine/threonine specific protein kinase, regulates a variety of biological
processes including cell survival, proliferation, differentiation, and apoptosis
through downstream signal transduction cascades [4]. The classical MAPK family
consists of three subfamilies, i.e. the ERKSs, the c-Jun N-terminal kinases
(JNKs)/stress-activated protein kinases (SAPKSs), and the p38 MAPKSs [5, 6]. INKs
and p38 MAPKSs play critical roles in the signaling mechanisms that orchestrate
cellular response to various types of cellular stress [7, 8]. It has been acknowledged
that the ERK signaling pathway is also very important in carcinogenesis. Selective
inhibitors of these kinases are likely to affect cellular events with high specificities
and are therefore the molecules of significant interest for discovery and develop-
ment of anticancer pharmaceuticals [9].

Curcuma longa L. is an important herb used in TCM to treat various types of pain
and inflammation. Curcumin (Fig. 1), an apolyphenolic compound, is isolated from
the rhizomes of Curcuma longa L. Recent studies have shown that curcumin has
anti-tumor effect to inhibit cell proliferation and promote cell apoptosis in several
types of cancer including hepatocellular carcinoma, lung cancer, breast cancer,
colorectal cancer, etc. [10—13]. Curcumin significantly activates the JNK and p38
MAPK, but not the ERK, signaling pathways via phosphorylation, thus down-
regulating anti-apoptotic proteins Bcl-2, Bel-XL, Mcl-1, and survivin in human
HCT-116 colon cancer cells during apoptosis process [14]. Curcumin induces apop-
tosis of THP-1 human monocytic leukemia cells by activation of the JNK/ERK
signaling pathway [15]. Curcumin can also block cell cycle progression at the G,/M
phase and induce apoptosis by regulation of ERK1/2 phosphorylation in nasopha-
ryngeal carcinoma cells [16]. Curcumin halts the growth of human HepG2 liver
xenograft tumors in nude mice. Curcumin down-regulates the expression of
p-ERK1/2 and p-AKT in tumor tissues by immunohistochemical analyses [17].
Furthermore, curcumin inhibits proliferation of colorectal carcinoma cells by mod-
ulating the Akt/mTOR signaling pathway [13]. Curcumin as an antitumoral agent is
currently under phase II clinical development for prevention of colorectal cancer.
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Pharmacokinetic studies show that the absorbed curcumin conjugates with gluc-
uronic acid and sulphate, and metabolized to glucuronic acid and sulphate conju-
gates in the intestine and liver [18]. Excretion of curcumin glucuronides from
intestinal cells occurs predominantly at the apex and to a lesser extent at the baso-
lateral side, thus limiting its absorption [19]. In cancer patients, the serum concen-
tration peaks at 1-2 h after intake and does not exceed 0.60 pg/mL (0.16 pmol/L)
even at a dose of 8 g curcumin per day for 3 months [20]. In a dose-escalation study,
curcumin was not detected in the serum for up to 4 h after administration of single
doses of 0.5-8.0 g curcuminoids, and only low concentrations between 0.03 and
0.06 pg/mL were detected after single oral dose of 10 or 12 g [21]. The low bioavail-
ability of curcumin is attributed to its limited absorption, efficient re-secretion from
intestinal cells and rapid intestinal and hepatic conversion to its metabolites
dihydro-, tetrahydro- and hexahydrocurcumin and their respective conjugates with
glucuronic acid and sulphate, which considerable hampers its therapeutic efficacy
and clinical application [22]. Recently, the nanoparticle of curcumin was developed,
and the bioavailability of the compound was greatly improved [23].

Tripterygium wilfordii Hook. f., distributed in Asia, is another herb used in TCM
to treat autoimmune and inflammatory diseases such as rheumatoid arthritis and
tuberculosis. Celastrol (Fig. 1), a triterpenoid isolated from the plant has attracted
great attention due to its potent anticancer effects and its diverse molecular targets
involved in tumorigenesis [24—30]. The anticancer mechanisms of the compound
include inducing apoptosis in tumor cells, affecting angiogenesis, regulating the
related proteins of tumor and so on. Recent studies have shown that Reactive oxy-
gen species (ROS)/c-Jun NH2-terminal kinase (JNK) signal pathway plays a critical
role in celastrol induced cell apoptosis; treatment of cancer cells with celastrol acti-
vates caspase-3, -8, -9, DRS and cleavage of PARP, Bid, upregulates the expression
of LC3B-II. The augmentation of JNK phosphorylation and ROS generation is
another important event in celastrol induced cell apoptosis [31]. In addition, celas-
trol is able to suppress the expression of vascular endothelial growth factor receptor
(VEGFR), and inhibits the growth of human glioma xenografts in nude mice [29].
Additionally, treatment with celastrol resulted in significant inhibition of the tumor
growth without host toxicity in nude mice bearing prostate tumors [27]. These stud-
ies suggest that celastrol is a promising candidate for development as an anticancer
agent. A sensitive and precise LC-MS/MS assay was developed to determine the
pharmacokinetic profiles of celastrol in rats [32]. The results showed that oral
administration of pure celastrol leads only to an bioavailability of 17.06%, whereas
after oral administration of TGV tablets, the absolute bioavailability of celastrol in
female rats increased up to 94.19%, demonstrating improved absorption properties
of celastrol [32].

Chelidonium majus L. is used in TCM to treat ulcer and gastrointestinal pain.
Chelerythrine (Fig. 1) is a benzene alkaloid isolated from the herb. Chelerythrine
has been proved to possess potent antitumor effect on various cancers, in particular
breast, colon and prostate cancers [33]. The mechanism of action of chelerythrine
involves several pathways, including cell cycle arrest and inhibition of protein syn-
thesis. Chelerythrine activated JNK/p38 MAPK pathways in a concentration and
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time-dependent manners in HeLa cervical cancer cells [34]. Treatment of chelery-
thrine resulted in activation of MEK/ERK1/2 signaling pathway, up-regulation of
downstream kinases (p90RSK), and finally induction of apoptosis in human osteo-
sarcoma cells [35]. Chelerythrine can also induce G1 phase arrest and bimodal cell
death in human leukemia HL-60 cells [36]. In addition, chelerythrine is a specific
inhibitor of protein kinase C (PKC), blocking PKC translocation from cytosol to
membrane, contributed to the progression of apoptotic tumor cell death [37]. Recent
study also demonstrated that chelerythrine possesses the activity of inhibiting the
telomerase activity and promoting cancer cell death via binding with human telo-
meric DNA to form the four-stranded G-quadruplex [38].

Emodin (Fig. 1) is an active ingredient derived from the rhizome of Rheum
palmatum L., which is widely used in TCM as a laxative over thousands years
[39, 40]. In the last decades, increased attention is focused on the anticancer activi-
ties of emodin since studies have shown that the compound exhibited the effects of
antiproliferation and apoptosis-induction in a number of human cancers such as
colon, cervical and gastric cancer [41, 42]. Emodin inhibited proliferation and
induced apoptosis of hepatocellular carcinoma cells both in vitro and in vivo through
MAPK and PI3K/AKT signaling pathways in a dose-dependent manner [43].
Emodin significantly activates the phosphorylation of ERK and p38, which associ-
ated with apoptosis of hepatocellular carcinoma (HCC) cells. Moreover, emodin can
induce apoptosis of colorectal cancer cells through activating p53/p38/Puma pathway
by triggering ROS production [44]. Pharmacokinetic study revealed that emodin was
predominantly found in liver and brain after oral intake of Polygonum cuspidatum,
which is a widely used in TCM [45]. After intragastric administration at doses of 20
and 40 mg/kg, emodin rapidly underwent phase II metabolism to form its glucuro-
nide derivative, and the parent form of emodin was almost undetectable in vivo [46].
Glucuronidation metabolism appeared to be one of the main reasons for the very
poor oral bioavailability of emodin as found in a cultured Caco-2 cell model [47].

Bolbostemma paniculatum (Maxim.) Franquet is used in TCM to treat swollen
skin, tuberculosis and abscess of the lung. Tubeimoside-1 (Fig. 1) as a novel com-
pound with potent anticancer activity is isolated from the plant [48, 49].
Tubeimoside-1 inhibited the growth of several cancer cells including gliomas, lung
cancer and liver cancer [50-52]. Tubeimoside-1 induced phosphorylation of apop-
tosis signal-regulating kinase 1 (ASK-1) and its downstream target proteins JNK
and p38 in a dose-dependent manner, leading to mitochondrial apoptosis in DU145
human prostate cancer cells [53]. Activation of MAPK-JNK signaling pathway
plays an important role in tubeimoside-1 induced cell cycle arrest in lung cancer
cells [54]. Tubeimoside-1 can also sensitize cell response to cisplatin in cisplatin-
resistant human ovarian cancer cells (A2780/DDP) through down-regulation of
ERK and up-regulation of p38 [55]. Tubeimoside-1 increased the expression of
CHOP and phosphorylated p38, resulting in G,/M phase arrest and apoptosis in
SKOV-3 human ovarian carcinoma cells [56]. In addition, tubeimoside-1 can induce
oxidative stress-mediated apoptosis and G,/M phase arrest in HepG2 liver cancer
cells via NF-kappaB, JNK and p53 pathways [48]. LC/MS analysis was performed
to check the pharmacokinetics of tubeimoside-1 after intravenous and oral
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administration in rats [57]. Tubeimoside-1 was found with very slow clearance via
hepatic tissues. The absolute oral bioavailability of tubeimoside-1 was only 0.23%,
suggesting that tubeimoside-1 has poor absorption or undergoes acid-induced
degradation.

Atractylodes lancea rhizome is recognized to possess the diuretic and stomachic
effects in TCM, and used to treat abdominal distention and dismembered sores in
China. Two oil products, f-eudesmol (Fig. 1) and hinesol (Fig. 1) are isolated from
the plant. Recent study showed that f-eudesmol is able to activate INK/MAPK
signaling pathway, and induce cell death through mitochondria-mediated intrinsic
apoptosis modulated by INK-dependent downregulation of Bcl-2 in HL60 leukemia
cells [58]. p-eudesmol induced the decrease of matrix metalloproteinases (MMP)
and the release of cytochrome C from mitochondria in HL60 leukemia cells accom-
panied with the activation of caspase-9, caspase-3, and cleavage of PARP.
-eudesmol exhibited the inhibitory effect on the growth of various cancer cells
including HeLa cervical cancer, SGC-7901 gastric cancer, and liver cancer BEL-7402
cells in vitro [59]. Hinesol, a sesquiterpenoid component isolated from the herb,
also induced apoptosis via JNK signaling pathway. Hinesol treatment significantly
activated JNK and ERK, but did not alter the activation of p38; thus hinesol may
represent a novel anticancer agent in the treatment of leukemia [60].

Bidens bipinnata L. has been used in TCM as a basic drug historically in the local
area of Guangxi, China, to treat many kinds of diseases such as malaria, diarrhoea,
dysentery, hepatitis, acute nephritis, hypertension, hyperlipidaemia, and diabetes.
Isoquercitrin (Fig. 1) is a flavonoid compound with anticancer activity isolated from
Bidens bipinnata L [61, 62]. Isoquercitrin strongly inhibited the phosphorylation of
ERK and p38MAPK proteins while promoting the phosphorylation of JNK, thus
inducing apoptosis in HepG2 liver cancer cells in a caspase-dependent manner [63].
Isoquercitrin can also block the liver cancer cells at the G, phase and exhibited
inhibitory effect on transplanted tumor growth in vivo [63].

The roots of Echinops grijsii, is believed to possess the effects of antiinflamma-
tion, detoxicating and expelling miasma in TCM, and used to relieve the distention
of the breast and stimulating milk secretion [64, 65]. A thiophene derivative,
2-(Pro-1-ynyl)-5- (5,6-dihydroxypenta-1,3-diynyl) thiophene (PYDDT) (Fig. 1) is
isolated from the herb. PYDDT induces the production of ROS, and the activation
of JNK but not p38 and ERK1/2, leading to induction of mitochondrial-mediated
apoptosis in human colon cancer SW620 cells [66]. PYDDT-induced apoptosis was
characterized by the cleavage of PARP, activation of caspase 9 and caspase 3, release
of cytochrome C from mitochondria, loss of mitochondrial membrane potential,
down-regulation of Bcl-2, and mitochondrial translocation of Bax.

Fagopyrum tataricum (L.) Gaertn (tartary buckwheat) has been widely used as
an important folk medicine in China as a nutritional food. Studies have shown that
the herb has multiple benefits including antioxidant, antitumor, antihypotensive,
hypoglycemic, and hypolipidaemic effects [67, 68]. Tatariside G (Fig. 1), a novel
phenylpropanoid glycosides compound, was isolated from the roots of Fagopyrum
tataricum (L.) Gaertn. Recent study revealed that tatariside G notably inhibited cell
viability and induced apoptosis in human cervical cancer HeLa cells through both
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activation of p38/JNK phosphorylation and inhibition of Akt phosphorylation [69].
Tatariside G could elevate the cleaved protein expression of caspase-3 and caspase-9 in
a dose-dependent manner, and decreased mitochondrial membrane potential (MMP)
in HeLa cells [69].

Targeting PI3K/AKT

The PI3K signaling pathway contributes to tumor development and progression in
many types of human malignancies. It is well acknowledged that activation of AKT,
the major downstream effecter of PI3K, is frequently observed in human tumors
[70, 71], and the activation of AKT promotes the development of cancer as well as
resistance to chemotherapy and radiation therapy. Additionally, immunohistochem-
ical analysis has shown that AKT activation is a poor prognostic factor in various
cancers [72]. Therefore, PI3K/AKT signaling pathway is an attractive target for
cancer therapy [73, 74]. Several components isolated from TCMs were found to
induce cell death via inhibiting PI3K/AKT pathway.

Alkannin (Fig. 2) is the major active ingredient isolated from Arnebia euchroma
roots, which has long been used as anti-inflammation and anti-tumor herb in Chinese
folk medicine [75]. Studies have shown that alkannin exerted antitumor effects by
inhibiting cancer cell proliferation and inducing apoptosis via inhibiting DNA topo-
isomerase I/Il activity, anti-telomerase activity and anti-angiogenesis [76-78].
SYUNZ-16, a synthesized alkannin derivative, is one of the compounds with potent
antitumor activities [79-82]. SYUNZ-16 displayed potent cytotoxicity in diversi-
fied cancer cell lines including nasopharyngeal carcinoma, hepatocellular cancer,
leukemia, cervical cancer, gastric cancer and breast cancer. SYUNZ-16 inhibits
AKT signaling pathway, and down-regulates the phosphorylation of AKT in a dose
and time-dependent manner , subsequently initiating apoptotic events in Hep3B
liver cancer and GLC-82 lung cancer cells [83]. SYUNZ-16 can obviously inhibit
the proliferation of these cancer cells via induction of apoptosis with the activation
of caspase-3 and PARP cleavage [83]. SYUNZ-16 can also partially attenuate the
phosphorylation levels of forkhead transcription factors (FKHR and FKHRLI),
which are important substrates of AKT [84]. SYUNZ-16 exhibits inhibitory effects
on murine S-180 sarcoma allografts and GLC-82 lung cancer xenografts in vivo [83].

Toad venom (venenum bufonis, also called Chan’su) is derived from the dried
skin secretions of giant toads (Bufo gargarizans Cantor or Bufo melanostictus
Schneider) and has been widely used alone or in combination with other herbal
ingredients for cancer treatment over centuries in China. An injectable formulation
of toad venom called cinobufacin (Huchansu) was developed to treat various solid
tumors in China in 1990s. Clinical studies have shown that cinobufacin significantly
increased the antitumor efficacy of docetaxol or cisplatin in the combination ther-
apy. Decreased toxicity and improved life quality were also observed in the clinical
trial with cancer patients [85]. Arenobufagin (Fig. 1), one of the components of toad
venom, was reported to have a broad spectrum of antitumor activity in cancer cells,
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including MCF-7, MCF-7/ADR, HepG2, and some other carcinoma cell lines
[86—88]. PI3K/AKT signaling pathway plays a central role in arenobufagin-mediated
cell death. Arenobufagin can inhibit AKT with involvement of Phosphatase and
tensin homolog (PTEN) activation as well as PDK1 and PI3K inhibition, and
induces apoptosis in HCC cells. Arenobufagin treatment leads to marked decrease
in the expression of mTOR. Inhibition of PI3K/AKT/mTOR pathway can promote
the development of both autophagy and apoptosis induced by arenobufagin [89-91].
Arenobufagin induces mitochondria-mediated apoptosis in HepG2 and HepG2/
ADM cells, accompanied with a decrease of mitochondrial potential, and an increase
of Bax/Bcl-2 expression ratio. Activation of caspase-3 and caspase-9 as well as
cleavage of PARP was also found in arenobufagin induced cell apoptosis [92]. In
addition, arenobufagin is able to block VEGF-mediated angiogenesis [93].
Therefore, arenobufagin as the main active ingredients of toad venom has the poten-
tial to be developed as a novel anticancer agent [94, 95]. The pharmacokinetic char-
acteristics of arenobufagin has been studied in six Sprague-Dawley rats by ultra fast
liquid chromatography—tandem mass spectrometry [96]. Arenobufagin can be
detected in plasma within 5 min to a peak concentration of 1.98 ng/mL after intra-
peritoneal administration 4.0 mg/kg, which indicates that arenobufagin can be
absorbed quickly [96].

Radix Stephaniae tetrandrae is used to treat the syndrome of dampness-heat
related diseases in TCM over thousands of years and it is widely used to treat cysti-
tis, prostatitis, urethritis, pyelonephritis, vaginitis as well as rheumatism in China. A
bisbenzylisoquinoline alkaloid, tetrandrine (Fig. 2) is isolated from the roots of
Radix Stephaniae tetrandrae [97, 98]. Studies have shown that tetrandrine is able to
inhibit cell proliferation and induces apoptosis of cancer cells [99, 100]. ERK and
PI3K-AKT signaling pathways play a critical role in tetrandrine induced cell apop-
tosis [101]. Treatment of cancer cells with tetrandrine leads to the suppression of
AKT activation, which in turn regulated the function of Bcl-2 family proteins and
activated caspase cascades [102]. Tetrandrine also has the potential of immuno-
modulation and anti-inflammatory activity, which plays a positive role in HCC
therapy [103]. Based on a long history of clinical application in TCM, tetrandrine is
considered to be a safe agent, and may be an attractive candidate compound for liver
cancer therapy. The Pharmacokinetic properties of tetrandrine were studied with a
simple HPLC method in rabbits. The concentration-time data of tetrandrine fitted
the classical two-compartment model, whether the drug was administered intrave-
nously or orally [104]. The ratio of tetrandrine AUC (10 mg/kg by gavage) to AUC
(5 mg/kg by intravenous injection) was about 30% and ratio of their Cmax was less
than 20%, suggesting that tetrandrine is less absorbed from digestive tract or has a
strong first pass effect as the gavage dose is double that of intravenous dose [104].

Rhizoma zedoariae possesses the effects of subsiding swelling, relieving pain in
TCM and used to tread rheumatalgia, headache and chest pain. Elemene (1-methyl-
1-vin-yl-2,4-diiso-propenyl-cyclohex-ane, Fig. 2), a noval lipid-soluble component,
is extracted from the rhizoma of zedoariae [105]. f-Elemene, the most active com-
ponent of elemene, has been shown to be effective against various cancers in vitro
and in vivo, such as lung cancer, colorectal cancer and glioblastoma [105-108].
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Recently, p-Elemene has been approved by the State Food and Drug Administration
of China for the treatment of some solid tumors [109]. B-Elemene induces apoptosis
and autophagy through inhibition of the PI3K/Akt/ mTOR/p70S6K1 signaling
pathway in human gastric cancer cells [110]. Following treatment with 3-Elemene,
the level of phospho-AKT was obviously downregulated, leading to the down-
regulation of downstream phosphor-mTOR as well as phospho-p70S6K1. The
cleavage of PARP and conversion of LC3 I to LC3 II is consistent with the change
of PI3K/Akt/mTOR/p70S6K1 activity. B-Elemen can induce G2/M phase arrest and
apoptotic cell death in non-small lung cancer cells with activation of caspases-9, -3
and 7 [109]. B-Elemen promotes apoptosis through inhibiting the expression of
Bcl-2 and survivin in MCF-7 human breast cancer cells [111]. In addition, p-Elemen
can suppress the expressions of VEGF, basic fibroblast growth factor (bFGF), and
epidermal growth factor (EGF), and exhibit anti-cancer ability on laryngeal cancer
cells both in vitro and in vivo [112, 113]. B-Elemenal was a primary metabolite in
bile of rat after f-Elemen intravenous administration. A sensitive gas chromato-
graphic—mass spectrometric assay was developed to determine the level of f-Elemen
and B-Elemenal in human plasma [114]. The peak plasma concentration (Cmax)
and area under curve (AUC) of B-Elemen were prone to increase in proportion to the
dose, but there were no significant differences among Cl values in the range of dos-
ages. Moreover, no p-Elemenal was detected in plasma, and there was no other
obvious homologous fragment elsewhere, which indicated that f-Elemen may be
mainly decomposed into some small hydrophilic metabolites. Further investigations
are needed to determine the biological process of f-Elemen in vivo [114].

Pogostemon cablin (Blanco) Benth, commonly known as “Guang-huoxiang” in
China, is a TCM herb widely used to treat gastrointestinal diseases in many Asian
countries [115]. Pogostone (Fig. 2) is one of the major constituent of Pogostemon
cablin, and possesses various bioactivities, such as anti-fungal [116], anti-bacterial
[117], pesticidal [118], and anti-inflammatory activities [119]. Recent studies have
revealed that pogostone exhibited potent anti-proliferative activities against multi-
ple human cancer cell lines, especially on human colorectal cancer cells HCT116
(IC50: 18.7 £ 1.93 pg/mL) [120]. Pogostone significantly inhibited AKT and mTOR
phosphorylation in a dose-dependent manner, which contributed to the initiation of
autophagy and apoptosis in HCT116 cells [120]. After treatment of pogostone, a
dose-dependent increase in the levels of LC3 -II, cleaved caspase-3 and caspase-7,
and a significant decrease in pro-caspase-3 levels were observed in HCT116 cells.
Pogostone also inhibited the growth of HCT116 tumor, and reduced the tumor vol-
ume significantly with well tolerated by the host in vivo. Pogostone may be devel-
oped as a promising drug in the treatment of human colorectal cancer. The preclinical
pharmacokinetic investigation of pogostone has been performed in rats after intra-
venous and oral administration [121]. The results showed that the blood concentra-
tion of pogostone appeared to increase nonproportionally between 5 and 20 mg/kg
under the intravenous route [121].

Stellera chamaejasme L. is used to treat skin ulcer and abdominal distension in
TCM. Chamaejasmine (Fig. 2), a flavone compound isolated from Stellera
chamaejasme L, displays potent cytotoxicity in multiple cancer cell lines, including
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human lung cancer A549 cells, and human breast cancer MDA-MB-231 cells
[122-124]. Recent study showed that chamaejasmine could induce apoptosis in
HeLa cervical cancer cells, mediated through PI3K/Akt signaling cascades [125].
Treatment of chamaejasmine inactivates AKT to trigger apoptosis in human hep-2
larynx carcinoma cells [126].

Polygonum cuspidatum is believed to possess the effects of dissipating blood
stasis and pain relief. Resveratrol 3,4,5-trihydroxystilbene, (Fig. 2), a polyphenol
compound, is isolated and extracted from Polygonum cuspidatum with broad bioac-
tivity including anti-bacterial, anti-inflammatory, anticancer, anti-hyperlipidemia
anti-lipid peroxidation and pro-apoptotic effects [127, 128]. Resveratrol inhibited
PI3K and Akt phosphorylations, and subsequently triggered the dephosphorylation
of glycogen synthase kinase 3 beta (GSK3p), which resulted in cyclin D1 degrada-
tion and eventually cell cycle arrest and apoptosis in MGC803 human gastric cancer
cells [129]. Furthermore, resveratrol can inhibit the invasion and metastasis of
colorectal cancer cells through metastasis associated lung adenocarcinoma tran-
script I (MALAT1) mediated Wnt/p-catenin signal pathway [130]. However, the
water solubility of resveratrol was very poor with approximately 0.03 mg/mL [131].
In vivo pharmacokinetic study confirmed that the oral bioavailability of resveratrol
approaches zero, although administrated with relatively high concentrations of the
compounds [132]. Therefore, it is important to enhance the bioavailability of resve-
ratrol, which is considered as the main challenge in successfully applying resvera-
trol in clinical and health-promoting interventions [133].

Ophiopogonin B (OP-B, Fig. 2) is a bioactive component of Radix Ophiopogon
Jjaponicus, which is often used in TCM to treat pulmonary disease [134]. OP-B can
significantly decrease cell viability in a panel of NSCLC cell lines. OP-B inhibited
the PI3K/Akt/mTOR/p70S6K signaling pathway, suppressed p-AKT at both Ser308
and Thr473 and induced autophagy in NCI-H157 and H460 human lung cancer
cells [135]. As a prospective inhibitor of AKT/mTOR, OP-B can also exhibit
autophagy-dependent antitumor effects via repression AKT/mTOR signaling path-
way in human cervical cancer HeLa cells [136]. OP-B can induce autophagy and
apoptosis in A549 human lung cancer cells both in vitro and in vivo [137]. Moreover,
OP-B significantly decreases cell proliferation and induces apoptosis in SGC-7901
human gastric cancer cells via triggering the JNK1/2 and ERK1/2 signaling path-
ways [138].

Epidermal Growth Factor Receptor (EGFR) as Targets

EGFR (also known as erbB1 or HER1) belongs to the family of tyrosine kinase
receptors that include erbB2 (Neu, HER2), erbB3 (HER3), and erbB4 (HER4).
EGFR once combined with EGF can promote the related genes in the cell nucleus,
leading to cell proliferation. EGFR is commonly highly expressed in a variety of
malignant tumors [9], and the abnormal activation of EGFR is closely correlated
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with tumor cell biology, acting as an indicator of poor prognosis for the patients
with cancer.

The root of Panax ginseng C. A. Mey (Ginsheng) is believed to possess the activ-
ity of nourishing vitality and is widely used in China for patients with poor health
condition. Ginsenoside Rg3 (GS-Rg3, Fig. 3) is one of the active ingredients in
Ginsheng with significant antitumor activity. It is also the main component of
Shenyi capsule, the first drug used for controlling the metastasis and recurrence of
cancer patients in China. GS-Rg3 shows antitumor effects in a variety of cancers
such as gastric, lung, colon, breast, and liver cancers etc. [139, 140]. GS-Rg3 dis-
plays various anticancer activities including inhibiting tumor growth, invasion and
metastasis, and suppressing angiogenesis in tumor tissues and improving immunity.
Synergistic anticancer effects are found when it combined with chemotherapeutic
agents [141]. GS-Rg3 inhibited epithelial-mesenchymal transition (EMT) and inva-
sion of lung cancer by down-regulating fucosyltransferase 4 (FUT4) mediated
EGFR inactivation and blocking MAPK and NF-«B signal pathways [142]. GS-Rg3
reduced the expressions of EGFR and pEGFR in MCF-7 breast cancer cells in a
dose-dependent manner, suggesting that GS-Rg3 inhibits the tumor growth by tar-
geting EGFR and its down-stream signal transduction pathways [143]. GS-Rg3 is
also an inhibitor of VEGF and bFGF; significantly decreasing the expression of
these angiogenesis factors in human A549 lung cancer and human umbilical vein
endothelial cells (HUVEC) [144]. In vitro as well as in vivo study have been carried
out to determine the blood level of GS-Rg3 in rat plasma and its major metabolites
using an HPLC/Q/TOF analytical approach. GS-Rg3 has an average half-life of
18.5 min after intravenous administration dosed at 5 mg/kg, whereas it was not
detected in rat plasma after oral administration at 100 mg/kg [145]. GS-Rg3 was
metabolized to ginsenoside Rh2 and protopanaxadiols (PPD) when anaerobically
incubated with human fecal microflora, and the deglycosylated metabolites display
activities comparable to or higher than that of GS-Rg3 [146]. However, GS-Rg3 has
poor solubility and oral bioavailability, which limits its clinical application.
Recently, a derivative of the compound, 20(S)-ginsenoside Rg3, was designed and
developed as a new drug. Pharmacokinetics has been studied in healthy volunteers
in China [147]. 20(S)-ginsenoside Rg3 was generally well tolerated, and exhibited
a pharmacokinetic profile suitable for once-every-2-days dosing regimen [147].

Epimedium koreanum Nakai is believed to possess the effects of nourishing Yin
and strengthening Yang, promoting blood circulation. Icariside II (Fig. 3), a flavo-
noidglycoside compound, is isolated from the stems and leaves of epimedium
koreanum Nakai [148]. Studies have shown that icariside II exhibited potent cyto-
toxicity against a broad spectrum of human cancer cells through various pathways
[149, 150]. Icariside II displays significant antitumor activity against A431 human
epidermoid carcinoma cells in vitro and in mice bearing osteosarcoma sarcoma- 180
in vivo by suppressing the phosphorylation of EGFR, down-regulating EGFR
downstream signal PI3K/AKT and Raf/MEK/ERK as well as mTOR pathways in
these cancer cells [151, 152]. Icariside II metabolites in rats were analyzed using an
ultra-performance liquid chromatography/quadrupole-time-of-flight mass spec-
trometry method. The results showed that the metabolized mainly via desugarisation,
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Fig. 3 Chemical structures of components isolated from TCM that target epidermal growth factor
receptor (EGFR)
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dehydrogenation, hydrogenation, hydroxylation, demethylation, glucuronidation,
dehydration and glycosylation pathways in vivo. Specific hydrolysis of 7-O gluco-
side in the gut lumen and glucuronic acid conjugation in the liver was considered as
the main physiologic processes of icariside II [153].

The root of Platycodon grandiflorum (Companulaceae) has been extensively
used to treat several types of chronic inflammatory diseases in TCM [154].
Platycodin D (PD, Fig. 3), one of the major saponin components contained in the
herb is reported to display antitumor effect on several cancer cell lines [155]. EGFR/
PI3K/AKT pathway plays a critical role in PD induced cell apoptosis and PD down-
regulates the expression of EGFR in MDA-MB-231 breast cancer cells subsequently
leading to the inhibition of the PI3K/AKT and MAPK pathways [156]. Additionally,
PD could induce apoptosis and trigger ERK- and JNK-mediated autophagy in
human hepatocellular carcinoma BEL-7402 cells [157].

The seed of Myristica fragrans Houtt (Nutmeg) is used to treat diarrhea and epi-
gastric pain in TCM. Recent study showed that one of the components myrislignan
(Fig. 3) isolated from nutmeg, displayed potent anticancer activity against A549
lung cancer cells both in vitro and in vivo [158]. The effects of myrislignan on apop-
tosis and cell proliferation are mediated by activation of MAPK and inhibition of
EGFR signal pathway.

Peganum harmala L. is used to treat cancer in TCMs and Uygur medicine. A novel
compound called 3a-acetoxy-27-hydroxyolean-12-en-28-oic acid methyl ester
(OA, Fig. 3) was isolated from the herb [159]. OA possesses potent anticancer activ-
ity against NSCLC via inhibiting the activation of EGFR and its downstream signals.
Guo et al. developed a model to identify the ERBB3 inhibitors from natural prod-
ucts and TCMs. Several compounds with anticancer activity were identified; among
them, VS1 (Fig. 3) is the most promising component with ICs, value of 269 pM
against A549 lung cancer cells [160].

Conclusions

TCM is widely used in China to reduce the side effects of chemotherapeutic drugs
and improve the outcome of conventional treatment. The discussed components
here are isolated from TCMs and their modes of actions are summarized in Table 1.
However, it should be kept in mind that numerous components from TCMs display
antitumor activity via multiple targets. Most components discussed above show pro-
apoptotic activity mediated by activation of caspases and downregulation of mito-
chondrial antiapoptotic proteins. One point should be emphasized that in some
cases, the mixed extracts of TCM display more potent antitumor effects than the
single individual component and exhibited synergistic effects with most TCM prep-
aration. Our recent study revealed that the crude extract of clove bud can induce cell
death via apoptotic pathway and inhibit the growth of cancer cells both in vitro and
in vivo. However, the isolated bioactive component, Oleanolic acid, displays much
weaker antitumor activity compared to the crude extract in the nude mouse models
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of xenografted human tumors, suggesting synergistic antitumor effects exist among
the components in the extract of clove bud [161].

In most cases, TCMs are used with combinational preparation; certain kinds of
herbs are combined to treat cancer. There are challenges to dissect the mechanisms
of the interactions of too many components in the combinational preparation.
However, TCM provide a novel strategy for cancer therapy due to its multiple tar-
gets and low side effects. However, the underlying mechanisms of most TCM have
not been elucidated yet. On the other hands, numerous components isolated from
TCMs possess poor bioavailability; novel approaches, including chemical modifica-
tion, nanotechnology etc. should be employed to improve their efficacy in vivo. It is
likely that the efficacy of TCM in cancer treatment may lead to novel strategies in
fight against various cancers.

Acknowledgments This work was supported by National Innovative Drug Development Project
of China (No. #: 2014ZX-09102043-001) and the 863 High Technology Project of China (No#:
2014AA093503). The study was also supported in part by the Natural Science Foundation of
China (No#81302906, 81273550, 81573457, and 41306157), the Shandong Provincial Natural
Science Foundation in China (No #: ZR2014HQO031, ZR2011HQO027 and 2016GGD03015) and
Zibo Development Program of Sci. & Tech, in Shandong, China (No#2016KJ100048).

Conlflict of Interest The authors declare no conflict of interest.

References

1. Sharma PS, Sharma R, Tyagi R (2008) Inhibitors of cyclin dependent kinases: useful targets
for cancer treatment. Curr Cancer Drug Targets 8(1):53-75

2. Goldstein DM, Gray NS, Zarrinkar PP (2008) High-throughput kinase profiling as a platform
for drug discovery. Nat Rev Drug Discov 7(5):391-397

3. Ferre F, Palmeri A, Helmer-Citterich M (2014) Computational methods for analysis and
inference of kinase/inhibitor relationships. Front Genet 5:196

4. Sun ZJ, Chen G, Hu X, Zhang W, Liu Y, Zhu LX, Zhou Q, Zhao YF (2010) Activation of
PI3K/Akt/IKK-alpha/NF-kappaB signaling pathway is required for the apoptosis evasion in
human salivary adenoid cystic carcinoma: its inhibition by quercetin. Apoptosis 15:850-863

5. Kannan-Thulasiraman P, Katsoulidis E, Tallman MS, Arthur JS, Platanias LC (2006)
Activation of the mitogen- and stress-activated kinase 1 by arsenic trioxide. J Biol Chem
281(32):22446-22452

6. Chang L, Karin M, Mammalian MA (2001) Kinase signalling cascades. Nature
410(6824):37-40

7. Dhanasekaran DN, Reddy EP (2008) JNK signaling in apoptosis. Oncogene
27(48):6245-6251

8. Wagner EF, Nebreda AR (2009) Signal integration by JNK and p38 MAPK pathways in
cancer development. Nat Rev Cancer 9(8):537-549

9. Nakao Y, Fusetani N (2007) Enzyme inhibitors from marine invertebrates. J Nat Prod
70(4):689-710

10. Cheng CY, Lin YH, Su CC (2010) Curcumin inhibits the proliferation of human hepatocellular

carcinoma J5 cells by inducing endoplasmic reticulum stress and mitochondrial dysfunction.
Int J Mol Med 26(5):637-638



Components from the Traditional Chinese Medicine Acts as Protein Kinase Inhibitors 265

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Saha A, Kuzuhara T, Echigo N, Fujii A, Suganuma M, Fujiki H (2010) Apoptosis of human
lung cancer cells by curcumin mediated through up-regulation of “growth arrest and DNA
damage inducible genes 45 and 153”. Biol Pharm Bull 33(8):1291-1299

Banerjee M, Singh P, Panda D (2010) Curcumin suppresses the dynamic instability of micro-
tubules, activates the mitotic checkpoint and induces apoptosis in MCF-7 cells. FEBS
J277(16):3437-3448

Johnson SM, Gulhati P, Arrieta I (2009) Curcumin inhibits proliferation of colorectal carci-
noma by modulating Akt/mTOR signaling. Anticancer Res 29(8):3185-3190

. Collett GP, Campbell FC (2004) Curcumin induces c-jun N-terminal kinase-dependent apop-

tosis in HCT116 human colon cancer cells. Carcinogenesis 25(11):2183-2189

Yang CW, Chang CL, Lee HC, Chi CW, Pan JP, Yang WC (2012) Curcumin induce the apop-
tosis of human monocytic leukemia THP-1 cells via the activation of JNK/ERK pathways.
BMC Complement Altern Med 12(1):22

Wang D, Hu J, Lv L, Xia X, Liu J, Li X (2013) Enhanced inhibitory effect of curcumin via
reactive oxygen species generation in human nasopharyngeal carcinoma cells following
purple-light irradiation. Oncol Lett 6(1):81-85

Chintana PY, Wirachwong P, Suksamrarn A et al (2011) Down regulation of p-ERK1/2 and
p-AKT expression by curcumin and tetrahydrocurcumin in hepatocellular carcinoma-induced
tumors in nude mice. Asian Biomed 5(3):345-352

Ireson CR, Jones DJ, Orr S, Coughtrie MW et al (2002) Metabolism of the cancer chemopre-
ventive agent curcumin in human and rat intestine. Cancer Epidemiol Biomarkers Prev
11:105-111

Usta M, Wortelboer HM, Vervoort J, Boersma MG, Rietjens IM, van Bladeren PJ, Cnubben NH
(2007) Human glutathione S-transferase-mediated glutathione conjugation of curcumin and
efflux of these conjugates in Caco-2 cells. Chem Res Toxicol 20:1895-1902

Cheng AL, Hsu CH, Lin JK, Hsu MM et al (2001) Phase I clinical trial of curcumin, a
chemopreventive agent, in patients with high-risk or pre-malignant lesions. Anticancer Res
21:2895-2900

Lao CD, Ruffin MT, Normolle D et al (2006) Dose escalation of a curcuminoid formulation.
BMC Complement Altern Med 6:10

Schiborr C, Eckert GP, Rimbach G, Frank J (2010) A validated method for the quantification
of curcumin in plasma and brain tissue by fast narrow-bore high-performance liquid chroma-
tography with fluorescence detection. Anal Bioanal Chem 397:1917-1925

Zhang CY, Yi JM, Yuan HL et al (2014) Progress in pharmacokinetics of curcumin and its
dosage forms. Anhui Med Pharm J 18:1

Peng B, Xu L, Cao F, Wei T, Yang C, Uzan G et al (2010) HSP90 inhibitor, celastrol, arrests
human monocytic leukemia cell U937 at GO/G1 in thiol-containing agents reversible way.
Mol Cancer 9:79

Kannaiyan R, Manu KA, Chen L, Li F, Rajendran P, Subramaniam A et al (2011) Celastrol
inhibits tumor cell proliferation and promotes apoptosis through the activation of c-Jun
N-terminal kinase and suppression of PI3 K/Akt signaling pathways. Apoptosis
16:1028-1041

Sethi G, Ahn KS, Pandey MK, Aggarwal BB (2007) Celastrol, a novel triterpene, potentiates
TNF-induced apoptosis and suppresses invasion of tumor cells by inhibiting NF-kappaB
regulated gene products and TAK1-mediated NF-kappaB activation. Blood 109:2727-2735
Yang H, Chen D, Cui QC, Yuan X, Dou QP (2006) Celastrol, a triterpene extracted from the
Chinese “Thunder of God Vine,” is a potent proteasome inhibitor and suppresses human
prostate cancer growth in nude mice. Cancer Res 66:4758-4765

Rajendran P, Li F, Shanmugam MK, Kannaiyan R, Goh JN, Wong KF et al (2012) Celastrol
suppresses growth and induces apoptosis of human hepatocellular carcinoma through the
modulation of STAT3/JAK2 signaling cascade in vitro and in vivo. Cancer Prev Res (Phila)
5:631-643



266

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

M. Liu et al.

. Huang Y, Zhou Y, Fan 'Y, Zhou D (2008) Celastrol inhibits the growth of human glioma xeno-
grafts in nude mice through suppressing VEGFR expression. Cancer Lett 264:101-106

Lee JH, Won YS, Park KH, Lee MK, Tachibana H, Yamada K et al (2012) Celastrol inhibits
growth and induces apoptotic cell death in melanoma cells via the activation ROS-dependent
mitochondrial pathway and the suppression of PI3K/AKT signaling. Apoptosis
17:1275-1286

Li HY, Zhang J, Sun LL, Li BH, Gao HL, Xie T, Zhang N, Ye ZM (2015) Celastrol induces
apoptosis and autophagy via the ROS/INK signaling pathway in human osteosarcoma cells:
an in vitro and in vivo study. Cell Death Dis 6:e1604

Zhang J, Li C-Y, Xu M-J, Wu T et al (2012) Oral bioavailability and gender-related pharma-
cokinetics of celastrol following administration of pure celastrol and its related tablets in rats.
J Ethnopharmacol 144:195-120

Chmura SJ, Dolan ME, Cha A, Mauceri HJ, Kufe DW, Weichselbaum RR (2000) In vitro and
in vivo activity of protein kinase C inhibitor chelerythrine chloride induces tumor cell toxicity
and growth delay in vivo. Clin Cancer Res 6(2):737-742

Yu R, Mandlekar S, Tan TH, Kong AN (2000) Activation of p38 and c-Jun N-terminal kinase
pathways and induction of apoptosis by chelerythrine do not require inhibition of protein
kinase C. J Biol Chem 275(13):9612-9619

Yang R, Piperdi S, Gorlick R (2008) Activation of the RAF/mitogen-activated protein/extra-
cellular signal-regulated kinase/extracellular signal-regulated kinase pathway mediates apop-
tosis induced by chelerythrine in osteosarcoma. Clin Cancer Res 14(20):6396-6404

Vrba J, Dolezel P, Vicar J, Modriansky M, Ulrichova J (2008) Chelerythrine and dihydroche-
lerythrine induce G1 phase arrest and bimodal cell death in human leukemia HL-60 cells.
Toxicol In Vitro 22(4):1008-1017

Siomboing X, Gressier B, Dine T et al (2001) Investigation of the inhibitory effects of
chelerythrine chloride on the translocation of the protein kinase C pI,fIl,zeta in human neu-
trophils. Farmaco 56(11):859-865

Yang S, Liu Y, Yang QF et al (2011) The antitumor effect of Macleaya cordata and its
molecular mechanism research of inducting human telomere DNA to form the Four-stranded
G-quadruplex. Chin Herb Med 42(4):738-742

Qu W, Wang Y, Wu Q, Liu J, Hao D (2015) Emodin inhibits HMGB 1-induced tumor angio-
genesis in human osteosarcoma by regulating SIRT1. Int J Clin Exp Med 8:15054-15064
MalL, LiW (2014) Emodin inhibits LOVO colorectal cancer cell proliferation via the regulation
of the Bcl-2/Bax ratio and cytochrome c. Exp Ther Med 8:1225-1228

Xie MJ, Ma'YH, Miao L, Wang Y, Wang HZ, Xing YY, Xi T, Lu YY (2014) Emodin-provoked
oxidative stress induces apoptosis in human colon cancer HCT116 cells through a p53-
mitochondrial apoptotic pathway. Asian Pac J Cancer Prev 15:5201-5205

Yaoxian W, Hui Y, Yunyan Z, Yanqin L, Xin G, Xiaoke W (2013) Emodin induces apoptosis
of human cervical cancer HeLa cells via intrinsic mitochondrial and extrinsic death receptor
pathway. Cancer Cell Int 13:71

Lin W, Zhong M, Yin H, Chen'Y, Cao Q, Wang C, Ling C (2016) Emodin induces carcinoma
cell apoptosis through MAPK and PI3K/AKT signaling pathways in vitro and in vivo. Oncol
Rep 36:961-967

Liu B, Yuan B, Zhang L, Mu W, Wang C (2015) ROS/p38/p53/Puma signaling pathway is
involved in emodin-induced apoptosis of human colorectal cancer cells. Int J Clin Exp Med
8:15413-15422

Lin SP, Chu PM, Tsai SY et al (2012) Pharmacokinetics and tissue distribution of resveratrol,
emodin and their metabolites after intake of Polygonum cuspidatum in rats. J Ethnopharmacol
144:671-676

Shia CS, Hou YC, Tsai SY et al (2010) Differences in pharmacokinetics and ex vivo antioxidant
activity following intravenous and oral administrations of emodin to rats. J Pharm Sci
99:2185-2195



Components from the Traditional Chinese Medicine Acts as Protein Kinase Inhibitors 267

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Liu W, Feng Q, LiY et al (2012) Coupling of UDP-glucuronosyltransferases and multidrug
resistance-associated proteins is responsible for the intestinal disposition and poor bioavail-
ability of emodin. Toxicol Appl Pharmacol 265:316-324

YinY, Chen W, Tang C, Ding H, Jang J, Weng M, Cai Y, Zou G (2011) NF-xB, JNK and p53
pathways are involved in tubeimoside-1-induced apoptosis in HepG2 cells with oxidative
stress and G2/M cell cycle arrest. Food Chem Toxicol 49:3046-3054

Yu TX, Ma RD, Yu LJ (2001) Structure-activity relationship of tubeimosides in anti-
inflammatory, antitumor, and antitumor-promoting effects. Acta Pharmacol Sin 22:463-468
Jia G, Wang Q, Wang R, Deng D, Xue L, Shao N, Zhang Y, Xia X, Zhi F, Yang Y (2015)
Tubeimoside-linduces glioma apoptosis through regulation of Bax/Bcl-2 and the ROS/
Cytochrome C/Caspase-3 pathway. Onco Targets Ther 8:303-311

Zhang Y, Xu X, He P (2011) Tubeimoside-1 inhibits proliferation and induces apoptosis by
increasing the Bax to Bcl-2 ratio and decreasing COX-2 expression in lung cancer A549 cells.
Mol Med Rep 4:25-29

Wang Y, Deng L, Zhong H, Jiang X, Chen J (2011) Natural plant extract tubeimoside I
promotes apoptosis-mediated cell death in cultured human hepatoma (HepG2) cells. Biol
Pharm Bull 34:831-838

Yang JB, Khan M, He YY, Yao M et al (2016) Tubeimoside-1 induces oxidative stress-
mediated apoptosis and GO/Glphase arrest in human prostate carcinoma cells in vitro. Acta
Pharmacol Sin 37(7):950-962

Hao W, Wang S, Zhou Z (2015) Tubeimoside-1 (TBMS1) inhibits lung cancer cell growth
and induces cells apoptosis through activation of MAPK-JNK pathway. Int J Clin Exp Pathol
8(10):12075-12083

LiuHZ, Yu C, Yang Z, He JL., Chen WJ,Yin J, Li WM, Liu HT, Wang YX (2011) Tubeimoside
I sensitizes cisplatin in cisplatin-resistant human ovarian cancer cells (A2780/DDP) through
down-regulation of ERK and up-regulation of p38 signaling pathways. Mol Med Rep
4(5):985-992

Chen WJ, Yu C, Yang Z, He JL, Yin J, Liu HZ et al (2012) Tubeimoside-1 induces G2/M
phase arrest and apoptosis in SKOV-3 cells through increase of intracellular Ca** and caspase-
dependent signaling pathways. Int J Oncol 40:535-543

Liang JM, Zhang WD, Zhang C, Liu RH et al (2007) Quantitative determination of the anti-
cancer agent tubeimoside I in rat plasma by liquid chromatography coupled with mass
spectrometry. J Chromatogr B 845:84-89

LiY, Li T, Miao C, LiJ, Xiao W, Ma E (2013) f-Eudesmol induces JNK-dependent apoptosis
through the mitochondrial pathway in HL60 cells. Phytother Res 27(3):338-343

Tsuneki H, Ma E, Kobayashi S et al (2005) Antiangiogenic activity of f-eudesmol in vitro
and in vivo. Eur J Pharmacol 512:105-115

Masuda Y, Kadokura T, Lshii M, Takada K, Kitajima J (2015) Hinesol, a compound isolated
from the essential oils of Atractylodes lancea rhizome, inhibits cell growth and induces apop-
tosis in human leukemia HL-60 cells. J Nat Med 69(3):332-339

Yang QH, Yang J, Liu GZ, Wang L, Zhu TC, Gao HL, Kou XG (2013) Study on in vitro anti-
tumor activity of Bidens bipinnata L. extract. Afr J Tradit Complement Altern Med
10:543-549

Wu J, Wan Z, Yi J, Wu Y, Peng W, Wu J (2013) Investigation of the extracts from Bidens
pilosa Linn. var. radiata Sch. Bip. for antioxidant activities and cytotoxicity against human
tumor cells. J Nat Med 67:17-26

Huang G, Tang B, Tang K, Dong X et al (2014) Isoquercitrin inhibits the progression of liver
cancer in vivo and in vitro via the MAPK signalling pathway. Oncol Rep 31(5):2377-2384
Jin W, Shi Q, Hong C, Cheng Y, Ma Z, Qu H (2008) Cytotoxic properties of thiophenes from
Echinops grijissi Hance. Phytomedicine 15:768-774

Zhang P, Jin WR, Shi Q, He H, Ma ZJ, Qu HB (2008) Two novel thiophenes from Echinops
grijissi Hance. J Asian Nat Prod Res 10:977-981



268

66

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

M. Liu et al.

. Xu DG, Lv W, Dai CY, Zhu FF, Xu GH, Ma ZJ, Chen Z (2015) 2-(Pro-1-ynyl)-5-(5,6-
dihydrox-ypenta-1,3-diynyl) Thiophene induces apoptosis through reactive oxygen species-
mediated JNK activation in human colon cancer SW620 cells. Anat Rec (Hoboken)
298(2):376-385

Lin B, Hu CL, Huang F, Han T (2011) Research progress on chemical constituents and phar-
macological effect of Fagopyrum tataricum. Drugs Clinic 26:29-32

Karki R, Park CH, Kim DW (2013) Extract of buckwheat sprouts scavenges oxidation and
inhibits pro-inflammatory mediators in lipopolysaccharide—stimulated macrophages
(RAW264.7). J Integr Med 11:246-252

Li Y, Wang SJ, Xia W, Rahman K, Zhang Y, Peng H et al (2014) Effects of tatariside G
isolated from fagopyrum tataricum roots on apoptosis in human cervical cancer HeLa cells.
Molecules 19(8):11145-11159

Brugge J, Hung MC, Mills GB (2007) A new mutational AKTivation in the PI3K pathway.
Cancer Cell 12(2):104-107

Yu L, Wang LT, Chen SW (2012) Dual character of Toll-like receptor signaling: pro-
tumorigenic effects and anti-tumor functions. Biochim Biophys Acta 1835(2):144-154
LoPiccolo J, Granville CA, Gills JJ, Dennis PA (2007) Targeting Akt in cancer therapy.
Anticancer Drugs 18:861-874

Crowell JA, Steele VE, Fay JR (2007) Targeting the AKT protein kinase for cancer chemo-
prevention. Mol Cancer Ther 6:2139-2148

Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB (2005) Exploiting the PI3K/AKT pathway
for cancer drug discovery. Nat Rev Drug Discov 4:988-1004

Feng GE, Wang XD, Wang YC (2003) Advances in studies on medicinal Radix Arnebiae Seu
Lithospermi. Chin Tradit Herb Drug 9:6-10

Yang F, Chen Y, Duan W, Zhang C, Zhu H, Ding J (2006) SH-7, a new synthesized shikonin
derivative, exerting its potent antitumor activities as a topoisomerase inhibitor. Int J Cancer
119:1184-1193

Lu Q, Liu W, Ding J, Cai J, Duan W (2002) Shikonin derivatives: synthesis and inhibition of
human telomerase. Bioorg Med Chem Lett 12:1375-1378

Lim ES, Rhee YH, Park MK, Shim BS, Ahn KS, Kang H, Yoo HS, Kim SH (2007) DMNQ
S-64 induces apoptosis via caspase activation and cyclooxygenase-2 inhibition in human
nonsmall lung cancer cells. Ann N'Y Acad Sci 1095:7-18

Wang Y, Xie BF, Zhu XF, Feng GK, Deng R, Liu JN et al (2006) The mechanism for
SYUNZ-4 inducing apoptosis of U937 cells. Chin J Hematol 27:762-765

Xie BF, Feng GK, Huang H, Zhu XF, Wang Y, Deng R et al (2007) Antitumor effect of alkannin
derivative, SYUNZ-4. Chin Pharm J 42:1384-1388

Xie BF, Feng GK, Huang H, Liu ZC, Wu HQ, Huang ZS, Gu LQ (2006) Apoptosis induct ion
of new naphthoquinone-like derivative TEISHNZ on human nasopharyngeal cancer cell.
Chin Tradit Herb Drug 37:234-238

Xie BF, Feng GK, Huang H, Zhu XF, Zhou JM, Wang Y et al (2006) Investigation of antitumor
effect of natural radixarnebiae seu Lithospermi naphthoquinone compounds and its deriva-
tives. Chin Pharmacol Bull 22:505-507

Deng R, Tang J, Xie BF, Feng GK, Huang YH, Liu ZC, Zhu XF (2010) SYUNZ-16, a newly
synthesized alkannin derivative, induces tumor cells apoptosis and suppresses tumor growth
through inhibition of PKB/AKT kinase activity and blockade of AKT/FOXO signal pathway.
Int J Cancer 127:220-229

Tokunaga E, Oki E, Egashira A, Sadanaga N, Morita M, Kakeji Y, Maehara Y (2008)
Deregulation of the Akt pathway in human cancer. Curr Cancer Drug Targets 8:27-36

Gong ZP, Chn T, Deng LR, Hu YQ (2010) Research progress on the antitumor clinical appli-
cation of cinobufacin injection combined with chemotherapy. Anhui Med Pharm J 14:12—-14
Zhang L, Nakaya K, Yoshida T, Kuroiwa Y (1992) Induction by bufalin of differentiation of
human leukemia cells HL60, U937, and ML 1 toward macrophage/monocyte-like cells and its



Components from the Traditional Chinese Medicine Acts as Protein Kinase Inhibitors 269

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

potent synergistic effect on the differentiation of human leukemia cells in combination with
other inducers. Cancer Res 52:4634-4641

Masuda Y, Kawazoe N, Nakajo S, Yoshida T, Kuroiwa Y, Nakaya K (1995) Bufalin induces
apoptosis and influences the expression of apoptosis-related genes in human leukemia cells.
Leuk Res 19:549-556

Yu CH, Kan SF, Pu HF, Jea Chien E, Wang PS (2010) Apoptotic signaling in bufalin- and
cinobufagin-treated androgen-dependent and -independent human prostate cancer cells.
Cancer Sci 99:2467-2476

Brown VI, Fang J, Alcorn K, Barr R, Kim JM, Wasserman R, Grupp SA (2003) Rapamycin
is active against B-precursor leukemia in vitro and in vivo, an effect that is modulated by
IL-7-mediated signaling. Proc Natl Acad Sci U S A 100:15113-15118

Teachey DT, Obzut DA, Cooperman J et al (2006) The mTOR inhibitor CCI-779 induces
apoptosis and inhibits growth in preclinical models of primary adult human ALL. Blood
107:1149-1155

Chen G, Hu X, Zhang W etal (2012) Mammalian target of rapamycin regulatesisoliquiritigenin-
induced autophagic and apoptotic cell death in adenoid cystic carcinoma cells. Apoptosis
17:90-101

Zhang DM, Liu JS, Deng LJ et al (2013) Arenobufagin, a natural bufadienolide from toad
venom, induces apoptosis and autophagy in human hepatocellular carcinoma cells through
inhibition of PI3K/Akt/mTOR pathway. Carcinogenesis 34(6):1331-1342

Li M, Wu S, Liu Z et al (2013) Arenobufagin, a bufadienolide compound from toad venom,
inhibits VEGF-mediated angiogenesis through suppression of VEGFR-2 signaling pathway.
Biochem Pharmacol 83:1251-1260

Liu JS, Zhang DM, Kurihara H, Ye WC (2009) Antitumor effects of toad venom and its active
components. J Int Pharm Res 4:115-120

Hu Y, Yu Z, Yang ZJ, Zhu G, Fong W (2011) Comprehensive chemical analysis of Toad
venom by using liquid chromatography/electrospray ionization tandem mass spectrometry.
J Pharm Biomed Anal 56:210-220

Li G, Han W, Jiang W, Zhang D et al (2013) Quantitative determination of arenobufagin in rat
plasma by ultra fast liquid chromatography-tandem mass spectrometry and its application in
a pharmacokinetic study. J Chromatogr B 939:86-91

Bosch FX, Ribes J, Diaz M, Cleries R (2004) Primary liver cancer: worldwide incidence and
trends. Gastroenterology 127:S5-S16

Liu L, Cao Y, Chen C, Zhang X, McNabola A, Wilkie D, Wilhelm S, Lynch M, Carter C
(2006) Sorafenib blocks the RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and
induces tumor cell apoptosis in hepatocellular carcinoma model PLC/PRF/S5. Cancer Res
66:11851-11858

Chen XL, Ren KH, He HW, Shao RG (2008) Involvement of PI3K/AKT/GSK3 beta pathway
in tetrandrine-induced G1 arrest and apoptosis. Cancer Biol Ther 7:1073-1078

Yan C, Xin-Ming Q, Li-Kun G, Lin-Lin L, Fang-Ping C, Ying X, Xiong-Fei W, Xiang-Hong
L, Jin R (2006) Tetrandrine-induced apoptosis in rat primary hepatocytes is initiated from
mitochondria: caspases and endonuclease G (Endo G) pathway. Toxicology 218:1-12

Lin ST, Wang Y, Xue Y, Feng DC, Xu Y, Xu LY (2008) Tetrandrine suppresses LPS-induced
astrocyte activation via modulating IKKs-IkappaBalpha NF-kappaB signaling pathway. Mol
Cell Biochem 315:41-49

Liu CY, Gong K, Mao X, Li WH (2011) Tetrandrine induces apoptosis by activating reactive
oxygen species and repressing Akt activity in human hepatocellular carcinoma. Int J Cancer
129:1519-1531

Shen YC, Chou CJ, Chiou WF, Chen CF (2001) Anti-inflammatory effects of the partially
purified extract of radix Stephaniae tetrandrae: comparative studies of its active principles
tetrandrine and fangchinoline on human polymorphonuclear leukocyte functions. Mol
Pharmacol 60:1083-1090



270

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

M. Liu et al.

Jiang XH, Yang JQ, Li N, Wang H, Zhou QX (2011) The pharmacokinetical study of plant
alkaloid tetrandrine with a simple HPLC method in rabbits. Fitoterapia 82:878-882

Li QQ, Wang G, Zhang M, Cuff CF, Huang L, Reed E (2009) beta-Elemene, a novel plant-
derived antineoplastic agent, increases cisplatin chemosensitivity of lung tumor cells by trig-
gering apoptosis. Oncol Rep 22:161-170

Wang G, Li X, Huang F, Zhao J, Ding H, Cunningham C, Coad JE, Flynn DC, Reed E, Li QQ
(2005) Antitumor effect of beta-elemene in non-small-cell lung cancer cells is mediated via
induction of cell cycle arrest and apoptotic cell death. Cell Mol Life Sci 62:881-893

Xie CY, Yang W, Li M, Ying J, Tao SJ, Li K, Dong JH, Wang XS (2009) Cell apoptosis
induced by delta-elemene in colorectal adenocarcinoma cells via a mitochondrial-mediated
pathway. Yakugaku Zasshi 129:1403-1413

Yao YQ, Ding X, Jia YC, Huang CX, Wang YZ, Xu YH (2008) Anti-tumor effect of beta-
elemene in glioblastoma cells depends on p38 MAPK activation. Cancer Lett 264:127-134
Tan P, Zhong W, Cai W (2000) Clinical study on treatment of 40 cases of malignant brain
tumor by elemene emulsion injection. Zhongguo Zhong Xi Yi Jie He Za Zhi 20:645-648
Liu J, Zhang Y, Qu JL et al (2011) b-Elemene-induced autophagy protects human gastric
cancer cells from undergoing apoptosis. BMC Cancer 11:183

Hu J, Jin W, Yang PM (2004) Reversal of resistance to adriamycin in human breast cancer cell
line MCF-7/ADM by beta-elemene. Chin J Oncol 26(5):268-270

Tao L, Zhou L, Zheng LY (2006) Elemene displays anti-cancer ability on laryngeal cancer
cells in vitro and in vivo. Cancer Chemother Pharmacol 58(7):24-34

Tao L, Zhou L, Zheng LY et al (2005) Inhibition of elF families expression and angiogenesis
for human laryngeal carcinoma by elemene administration. Chin J Otorhinolaryngol Head
Neck Surg 40(11):840-845

Chen ZH, Song YX, Che JJ, Liu XL et al (2009) Validation of a sensitive gas chromato-
graphic—mass spectrometric method for the simultaneous determination of p-elemene and
fB-elemenal in human plasma. J Chromatogr B 877:408-414

Chen H, Liao H, Liu'Y, Zheng Y, Wu X, Su Z et al (2015) Protective effects of pogostone from
Pogostemonis Herba against ethanol-induced gastric ulcer in rats. Fitoterapia 100:110-117
LiYC, Liang HC, Chen HM, Tan LR, Yi YY, Qin Z et al (2012) Anti-Candida albicans activity
and pharmacokinetics of pogostone isolated from Pogostemonis Herba. Phytomedicine
20:77-83

Peng F, Wan F, Xiong L, Peng C, Dai M, Chen J (2014) In vitro and in vivo antibacterial
activity of Pogostone. Chin Med J (Engl) 127:4001-4005

Huang SH, Xian JD, Kong SZ, Li YC, Xie JH et al (2013) Insecticidal activity of pogostone
against Spodoptera litura and Spodoptera exigua (Lepidoptera: Noctuidae). Pest Manag Sci
70:510-516

SulY, Luo X, Zhang XJ, Deng XL et al (2015) Immuno-suppressive activity of pogostone on
T cells: blocking proliferation via S phase arrest. Int Inmunopharmacol 26:328-337

Cao ZX, Yang YT, Yu S, Li YZ et al (2016) Pogostone induces autophagy and apoptosis
involving PI3K/Akt/mTOR axis in human colorectal carcinoma HCT116 cells.
J Ethnopharmacol 8741(16):30453-30456

Chen HM, Li YC, Wu XL, Li CW et al (2013) LC-MS/MS determination of pogostone in rat
plasma and its application in pharmacokinetic studies. Biomed Chromatogr
27(9):1092-1099

Yu H, Zhang T, Cai L, QuY, Hu S, Dong G et al (2011) Chamaejasmine induces apoptosis in
human lung adenocarcinoma A549 cells through a ROS-mediated mitochondrial pathway.
Molecules 16:8165-8180

Zhang T, Yu H, Dong G, Cai L, Bai Y (2013) Chamaejasmine arrests cell cycle, induces
apoptosis and inhibits nuclear NF-xf translocation in the human breast cancer cell line
MDA-MB-231. Molecules 18:845-858

Yang D, Wang P, Ren X (2015) Apoptosis induced by chamaejasmine in human osteosar-
coma cells through p53 pathway. Tumour Biol 36:5433-5439



Components from the Traditional Chinese Medicine Acts as Protein Kinase Inhibitors 271

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Qiang S, Li M (2017) Chamaejasmine induces apoptosis in HeLa cells through the PI3K/Akt
signaling pathway. Anticancer Drugs 28(1):40-50

WangY, ZhaoY, Liu Y, Tian L, Jin D (2011) Chamaejasmine inactivates Akt to trigger apop-
tosis in human hep-2 larynx carcinoma cells. Molecules 16:8152-8164

Piotrowska H, Kucinska M, Murias M (2012) Biological activity of piceatannol: leaving the
shadow of resveratrol. Mutat Res 750:60-82

Kucinska M, Piotrowska H, Luczak MW, Mikula-Pietrasik J et al (2014) Effects of hydroxyl-
ated resveratrol analogs on oxidative stress and cancer cells death in human acute T cell
leukemia cell line: prooxidative potential of hydroxylated resveratrol analogs. Chem Biol
Interact 209:96-110

Jing X, Cheng W, Wang S, Li P, He L (2016) Resveratrol induces cell ¢ cycle arrest in human
gastric cancer MGC803 cells via the PTEN-regulated PI3K/Akt signaling pathway. Oncol
Rep 35(1):472-478

Ji Q, Liu X, Fu X, Zhang L, Sui H, Zhou L, Sun J, Cai J, Qin J, Ren J, Li Q (2013)
Resveratrol inhibits invasion and metastasis of colorectal cancer cells via MALAT1 mediated
Whnt/p-catenin signal pathway. PLoS One 8:¢78700

Vian MA, Tomao V, Gallet S, Coulomb PO, Lacombe JM (2005) Simple and rapid method
for cis- and trans-resveratrol and piceid isomers determination in wine by high-performance
liquid chromatography using Chromolith columns. J Chromatogr A 1085(2):224-229
Wenzel E, Somoza V (2005) Metabolism and bioavailability of trans-resveratrol. Mol Nutr
Food Res 49(5):472-481

Chang CW, Wong CY, Wu YT, Hsu MC (2016) Development of a solid dispersion system for
improving the oral bioavailability of resveratrol in rats. Eur J Drug Metab Pharmacokinet
[Epub ahead of print]

Wang YH, Qiu C, Wang DW, Hu ZF, Yu BY, Zhu DN (2011) Identification of multiple con-
stituents in the traditional Chinese medicine formula Sheng-Mai San and rat plasma after oral
administration by HPLC-DAD-MS/MS. J Pharm Biomed Anal 54:1110-1127

Chen M, Du Y, Qui M, Wang M, Chen K, Huang Z et al (2013) Ophiopogonin B-induced
autophagy in non-small cell lung cancer cells via inhibition of the PI3K/Akt signaling path-
way. Oncol Rep 29(2):430-436

Xu QJ, Hou LL, Hu GQ, Xie SQ (2013) Molecular mechanism of ophiopogonin B induced
cellular autophagy of human cervical cancer HeLa cells. Yao Xue Xue Bao 48(6):855-859
Chen M, Guo Y, Zhao R, Wang X, Jiang M, Fu H, Zhang X (2016) Ophiopogonin B induces
apoptosis, mitotic catastrophe and autophagy in A549 cells. Int J Oncol 49(1):316-324
Zhang W, Zhang Q, Jiang Y, Li F, Xin H (2016) Effects of ophiopogonin B on the prolifera-
tion and apoptosis of SGC-7901 human gastric cancer cells. Mol Med Rep
13(6):4981-4986

He BC, Gao JL, Luo X et al (2011) Ginsenoside Rg3 inhibits colorectal tumor growth through
the down-regulation of Wnt/B-catenin signaling. Int J Oncol 38(2):437-445

Lu P, Su W, Miao ZH et al (2008) Effect and mechanism of ginsenoside Rg3 on postoperative
life span of patients with non-small cell lung cancer. Chin J Integr Med 14(1):33-36

Keum YS, Han SS, Chun KS et al (2003) Inhibitory effects of the ginsenoside Rg3 on phorbol
ester-induced cyclooxygenase-2 expression, NF-kappaB activation and tumor promotion.
Mutat Res 523-524:75-85

Tian L, Shen D, Li X et al (2016) Ginsenoside Rg3 inhibits epithelial-mesenchymal transition
(EMT) and invasion of lung cancer by down-regulating FUT4. Oncotarget 7(2):1619-1632
Wang JN, Liu JW (2008) Effect of ginsenoside Rg3 on the epidermal growth factor receptor
signaling pathways in human breast cancer cell line MCF-7. Dalian Medical University
Chen MW, Ni L, Zhao XG et al (2005) The inhibition of 20 (R)-ginsenoside Rg3 on the
expressions of angiogenesis factors proteins in human lung adenocarcinoma cell line A549
and HUVEC304 cell. Zhongguo Zhong Yao Za Zhi 30(5):357-360



272

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

M. Liu et al.

Qian T, Cai Z, Wong RN, Mak NK, Jiang ZH (2005) In vivo rat metabolism and pharmaco-
kinetic studies of ginsenoside Rg3. J Chromatogr B Analyt Technol Biomed Life Sci
816:223-232

Xie HT, Wang GJ, Sun JG, Tucker I et al (2005) High performance liquid chromate-graphic-
mass spectrometric determination of ginsenoside Rg3 and its metabolites in rat plasma using
solid-phase extraction for pharmacokinetic studies. ] Chromatogr B Analyt Technol Biomed
Life Sci 818(2):167-173

Zhao Q, Li P, Jiang J, Hu P (2016) Pharmacokinetics of single ascending doses and multiple
doses of 20(S)-ginsenoside Rg3 in Chinese healthy volunteers. Eur J Drug Metab
Pharmacokinet 41(6):845-853

Aramwit P, Wirotsaengthong S (2012) Overview of commonly used Chinese herbs. J] Med
Plants Res 6(29):4505-4521

Kang SH, Jeong SJ, Kim SH et al (2012) Icariside II Induces apoptosis in U937 acute myeloid
leukemia cells: role of inactivation of STAT3-related signaling. PLoS One 7(4):e28706

Wu JF, Guan M, Wong PF, Yu H, Dong JC, Xu JH (2012) Icariside II potentiates paclitaxel-
induced apoptosis in human melanoma A375 cells by inhibiting TLR4 signaling pathway.
Food Chem Toxicol 50:3019-3024

Geng YD, Yang L, Zhang C, Kong LY (2014) Blockade of epidermal growth factor receptor/
mammalian target of rapamycin pathway by Icariside II results in reduced cell proliferation
of osteosarcoma cells. Food Chem Toxicol 73:7-16

Wu J, Zuo F, Du J, Wong PF, Qin H, Xu J (2013) Icariside II induces apoptosis via inhibition
of the EGFR pathways in A431 human epidermoid carcinoma cells. Mol Med Rep
8(2):597-602

Sun E, Xu F, Qian Q, Cui L, Tan X, Jia X (2014) Ultra-performance liquid chromatography/
quadrupole-time-of-flight mass spectrometry analysis of icariside II metabolites in rats. Nat
Prod Res 28(19):1525-1529

Shin CY, Lee WJ, Lee EB, Choi EY, Ko KH (2002) Platycodin D and D3 increase airway
mucin release in vivo and in vitro in rats and hamsters. Planta Med 68:221-225

Chun J, Ha 1J, Kim YS (2013) Antiproliferative and apoptotic activities of triterpenoid sapo-
nins from the roots of Platycodon grandiflorum and their structure-activity relationships.
Planta Med 79:639-645

Chun J, Kim YS (2013) Platycodin D inhibits migration, invasion, and growth of
MDA-MB-231 human breast cancer cells via suppression of EGFR-mediated Akt and MAPK
pathways. Chem Biol Interact 205(3):212-221

Li T, Xu XH, Tang ZH, Wang YF, Leung CH, Ma DL et al (2015) Platycodin D induces
apoptosis and triggers ERK- and JNK-mediated autophagy in human hepatocellular carci-
noma BEL-7402 cells. Acta Pharmacol Sin 36(12):1503-1513

Lu X, Yang L, Chen J et al (2016) The action and mechanism of myrisligna on A549 cells
in vitro and in vivo. J Nat Med [Epub ahead of print]

Wang C, Zhang Z, Wang Y, He X (2016) Cytotoxic constituents and mechanism from
Peganum harmala. Chem Biodivers 13(7):961-968

Guo R, Zhang Y, Li X, Song X, Li D, Zhao Y (2016) Discovery of ERBB3 inhibitors for non-
small cell lung cancer (NSCLC) via virtual screening. J Mol Model 22(6):135

Liu H, Schmitz JC, Wei J et al (2014) Clove extract inhibits tumor growth and promotes cell
cycle arrest and apoptosis. Oncol Res 21(5):247-259



Impact and Application of Nutraceuticals
on Inflammation-Induced Colorectal Cancer
Development

Yi Liu

Abstract Chronic inflammation has been shown to contribute to several diseases
including colorectal cancer, which is the third leading death cancer in the world.
During the past several decades, scientific research on biology of inflammation-
induced colorectal cancer has been raised to become a mainstream of biomedical
investigation and pharmaceutical development. Due to the important role played by
inflammation in common diseases, attempting to prevent or treat them by suppress-
ing the cellular and chemical mediators is an active area of medical research. Most
of the prevailing approaches include steroids, non-steroidal anti-inflammatory drugs
and immune selective anti-inflammatory derivatives are fraught with side effects.
There is an urgent need for an alternative, effective, and well-tolerated treatment
with negative side effects, such as the natural compound therapy. Healthy diet
includes low intake of carbohydrates and fats (high percentage of unsaturated fat),
high intake of fruits and vegetables, and more physical excises. Moreover, bioactive
compounds in food or diet, nutrients, are essential for the prevention of inflammation-
induced colorectal cancer from in vitro cells and in vivo animal models, and loss of
nutrients can lead to more serious illness. The mediators and signaling pathways of
inflammation-induced colorectal cancer have been alleviated by the interaction with
bioactive food components, which play a crucial role in the development, treatment
or prevention of inflammation-induced colorectal cancer.
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Abbreviations

AOM/DSS  Azoxymethane/dextran sulfate sodium
AP-1 Activator protein-1

ARF Alternate reading frame

BBR Berberine

BFCs Bioactive food compounds

CD Crohn’s disease

COX-2 Cyclooxygenase-2

CRC Colorectal cancer

CVD Cardiovascular diseases

EGCG Epigallocatechin gallate

ERKS Extracellular signal-regulated kinase-5
ERKSs Extracellular signal-regulated kinases
GCSF Granulocyte stimulating factor

GI Gastrointestinal

GLA Gamma linolenic acid

IBD Inflammatory bowel disease

IFN Interferon

IL- Interleukin-

JAK/STAT Janus kinase/signal transducers and activators of transcription
JNKSs c-Jun NH2-terminal kinases

LPS lipopolysaccharides

MAPK Mitogen-activated protein kinases

MCSF Macrophage stimulating factors

NFxB Nuclear factor kappa B

Nrf-2 Nuclear erythroid 2-related factor 2

PEITC Phenethyl isothiocyanate

PPARs Peroxisome proliferator-activated receptors
PYCARD PYD and CARD domain containing

ROS Reactive oxygen species

SEER Surveillance, epidemiology, and end results
SEN Sulforaphane

TGF Transforming growth factor

TNF Tumor necrosis factor

ucC Ulcerative colitis

Brief Introduction

Dating back to ancient times, the Greek physician Hippocrates’ quote “Let food be
thy medicine and medicine be thy food” has indicated the role of nutrition in health.
Despite the recognition of nutrition as bioactive nature of food, until past few
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decades, most of the research has demonstrated most of the diseases were caused
by deficiency of macronutrients and micronutrients. With the emergence of epide-
miology and the elevated risks in cardiovascular diseases (CVD), cancer, obesity,
and diabetes, the focus of nutritional research has been expanded to include bioac-
tive effects, in addition to the trophic effects of food. Colorectal cancer (CRC) is the
second-leading cause of cancer-related deaths in the United States. Several factors
may increase the risk of CRC, for example unhealthy diet/lifestyle, family/personal
history, and inflammatory intestinal conditions. Recent findings of the potential
biological effects of both nutrient and non-nutrient food ingredients warrant the use
of dietary approaches to prevent or treat CRC. With new technological advance-
ments there is a preponderance of data on the molecular mechanisms of the bioac-
tive food compounds (BFCs). The cellular signaling pathways that lead to CRC are
effectively interfered with BFCs. Although in vitro studies suggest that several
BFCs can be effective and anti-cancer agents, data from clinical settings are few,
inconclusive and sometimes not as encouraging as from in vitro models. Factors
such as duration of intervention, failure to deliver effective concentrations at the
site of action, differences in metabolism due to genetic variation and differences in
the active concentration of the BFCs might be contributing to disparities in the find-
ings from in vitro and clinical studies. Despite the increased momentum of research
on BFCs, most of the clinical studies are focused on their ability to prevent cancer
or other specific diseases. A major portion of in vitro studies is also designed in a
disease-specific manner. In vitro and in vivo studies designed for the sole purpose
of investigating the effect of BFCs on CRC, the root cause for several ailments, are
not abundant. In this review we attempt to discuss inflammation-induced CRC,
mediators of CRC signaling pathways, cellular mechanisms by which BFCs can
interfere with intercellular signaling, evidence from human studies for the anti-
cancer activity of BFCs and the effect of genetic variation among individuals on the
biological action of the BFCs.

Colorectal Cancer

Colorectal cancer (CRC) is the second leading cause cancer in United States and
third leading death cancer in the world. According to the data reported from
Surveillance, Epidemiology, and End Results (SEER) Program, the incidence of
CRC has been decreasing since the last 20 years in the United States (Fig. 1).

In brief, tumor development has three major steps that include initiation (or
tumorigenesis), promotion and metastasis. Research has showed that inflammation
is involved in all the steps. CRC originates from the noncancerous polyps, epithelial
cells, lining the colon or rectum in the gastrointestinal (GI) tract [1]. Environmental
risk factors such as air pollution, cigarette smoking, and unhealthy diet/lifestyle like
over consumption of fat and high intakes of carbohydrates, are enhancing cellular
mediators that promote inflammation, resulting in an upregulation of inflammatory
reactions. Increased mediators such as cytokines, chemokines, and highly reactive
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Fig. 1 Trends in colorectal cancer incidence by sex, United States, 1975-2011. Data are collected
both by the National Cancer Institute’s (NCI’s)Surveillance, Epidemiology, and End Results
(SEER) Program

oxygen species (ROS) in normal colon cells give rise to DNA mutation, genomic
damage, and epigenetic alterations which may lead to initiation of CRC. Once can-
cerous cells form in the large intestine, they can grow through the lining and into the
wall of the colon. Additional cancerous cells can also be carried in blood vessels to
the liver or lungs, which cause the metastasis.

Inflammatory bowel disease (IBD) is a group of two distinct intestinal disorders
with unclear etiology; Crohn’s disease (CD) and ulcerative colitis (UC) [2]. UC
primarily affects the mucosal lining of colon and rectum, whereas CD usually affects
the whole intestinal wall and potentially may extend to any part of the gastrointesti-
nal tract. CD and UC are at 2- to 3-fold increased risk of developing CRC and the
risk factors of CRC are related with duration [3], anatomical extent [4] and severity
[5] of inflammation [6]. Several factors, both environmental and genetic, have been
implicated in the etiology of IBD which result in inappropriate release of the pro-
inflammatory cytokines such as TNF-a, IL-6, IL-12, IL-23 and IL-17 [7]. Based on
the type of disease, dietary components can either ameliorate or worsen symptoms.
Western dietary pattern has been identified as a risk factor for IBD [8]. While some
studies have identified nutrition as a potential etiological factor, nutrition is also
important in management and remission of the disease, more so in case of CD [9].
Besides the therapeutic role played by the bioactive components of diet, nutritional
intervention in IBD also works by providing optimal nutritional requirements as
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patients with IBD are frequently prone to malnutrition due to increased loss of
fluids, avoidance of particular foods due to flares and increased nutritional needs due
to systemic inflammation [10].

CRC Related Signaling Pathways

At cellular level, the pathogenesis of colorectal cancer (CRC) and inflammatory
immune diseases is characterized by regulatory pathways that are complex and
involves several layers of communication, cascades, crosstalk and extensive net-
working. This is achieved through interaction of cytokines, the chemical mediators
of inflammation; cytokine receptors, present on the surface of a variety of cell types;
secondary messengers which convey signals from cell surface to the interior; and
transcription factors, which regulate the expression of several genes that affect
CRC. A variety of cytokines, critical in regulating proliferation and differentiation
of inflammatory cells are discovered and are usually named with a prefix IL (Book
Multiple Sclerosis: Immunology, Pathology and Pathophysiology). For instance,
from interleukin-1 (IL-1) to IL-35, interferon (IFN), transforming growth factor
(TGF), tumor necrosis factor (TNF), granulocyte stimulating factor (GCSF) and
macrophage stimulating factors (MCSF) etc. Cytokines communicate with cells
through cytokine-receptors, which are classified into type-I family, type-II family,
TNF family, TGF-f family, chemokines and immunoglobulin family receptors
based on their chemical structure. Upon binding of ligands such as cytokines and
natural compounds, these receptors activate secondary messengers in the cytoplasm
that initiate cell signaling. The end effect of the cytoplasmic signaling by second
messengers is activation of transcription factors, such as NFkB (Nuclear Factor
kappa B), JAK/STAT (Janus Kinase/Signal Transducers and Activators of
Transcription), MAPK (Mitogen-activated protein kinases), AP-1 (Activator pro-
tein-1) and ARF (Alternate Reading Frame), which either induce or repress the
genes related to inflammation and CRC. In addition to these mechanisms, emerging
literature now suggest a new mechanism called inflammasome. Several classes of
proteins related to immunity such as caspase-1, PYCARD (PYD And CARD
Domain Containing), NALP and sometimes caspase-5 oligomerize and form a
multi-protein complex called inflammasome, dysregulation of which has been
observed in a variety of CRC and inflammatory immune related disorders [11].
While this is a comparatively new area of research, some marine natural products,
such as berkeleyones, meroterpenes and bromoxones, are known to modulate the
secretion of IL-8 from inflammasome [12, 13].

Cytokines transduce their signal through Janus tyrosine kinases (JAK), which
upon phosphorylation associate with another class of cytoplasmic proteins, signal
transducers and activators of transcription (STATs). The JAK/STAT pathway plays
a central role in proliferation and differentiation of cells of immune system, viral
infection and tumorigenesis. Perturbations in JAK/STAT pathway are known to
cause several immune related diseases [14]. Emodin, aloin and aloe-emodin obtained
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from rhubarb and buckthorn are known to exert anti-cancer and anti-inflammatory
effects in hepatoma cells through interfering JAK/STAT pathway [15]. Quercetin
and apigenin are known to have antiviral effect by modulating JAK/STAT pathway
through inhibition of Hsp90 [16, 17]. These two compounds are also known to exert
additive anti-proliferative effect [18]. f-escin is a triterpene extracted from horse
chestnut. It is known to exert string anti-proliferative effect in A549 cells by interfer-
ing with JAK/STAT pathway [19]. Flavone, isoxanthohumol can inhibit expression
of pro-inflammatory genes by blocking IFN-y, IL-4 and IL-6 induced JAK/STAT
signaling [20]. Berberine (BBR), an isoquinoline alkaloid can act on JAK/STAT
pathway and inhibit differentiation of Th17 and Th1 cells [21]. JAK/STAT pathway
is also a major target for the chemo-preventive activity of apigenein, a dietary
flavonoid [22].

NFxkB is a key rapid-acting transcription factor involved in regulation of inflam-
mation, immunity and cancer. NFkB exists as a dimer of five different proteins. In
unstimulated cells, NFxB is sequestrated in cytoplasm by IkB and activation occurs
only upon uncoupling of the two. Activated NFkB moves into nucleus where it
either induces or represses gene expression depending on the combinations of the
subunits in the dimer. The most commonly found NF«B is the dimers of p50 and
p65 which can strongly induce gene transcription in CRC [23]. NFkB can be acti-
vated by several endogenous and exogenous compounds such as bacterial lipopoly-
saccharides (LPS), cytokines, growth factors and viruses, and can induce
pro-inflammatory genes such as chemokines; cytokines such as TNF-a, IL-1 and
ILs1-6; adhesion molecules; and inflammation-related enzymes. Several classes of
dietary compounds such as polyphenols, terpenes, diterpenes, sesquiterpenes, lig-
nans, phytoestrogens are known to modulate NFkB activity and thus act as anti-
inflammatory agents [24-28]. Regulation of NFkB by these compounds can occur
by different means that may include degradation of IxB [29, 30], inhibition of NFxB
nuclear translocation [27, 31] and affecting binding of NFxB to DNA [27, 31]. A
wide variety of NFkB modulators, both natural and synthetic/semi-synthetic, have
been found since their discovery. Different natural compounds can interact in modu-
lating the activity of NFkB. For instance, a combined extract of clove, oregano,
thyme, walnuts, and coffee exhibited synergism in decreasing LPS-induced NFkB
activity [32]. On the other hand, a single bioactive compound may act on several
signaling pathways causing multiple effects. Gamma-linolenic acid (GLA) can
block MAPK (mitogen-activated protein kinases) phosphorylation, suppress the
activation of the transcription factors NFkB and AP-1, lessen the oxidative stress
[33] and diminish iNOS (inducible nitric oxide synthase) and pro-IL-1f expression
[34]. NFxB is a master transcription factor that controls not just inflammation but
also cellular proliferation, growth and apoptosis. NFkB is an excellent drug target in
ailments such as cancer and inflammation related diseases and extracts from several
plants and herbs are under investigation as inhibitors of NFxB [32].

Mitogen activated protein kinase (MAPK) pathway plays an important role in
inflammation and immunity. There are four major groups of MAPKSs in mammalian
cells-the ERKs (Extracellular signal-Regulated Kinases), the p38MAPKSs, the JNKs
(c-JunNH2-terminal Kinases)andthe ERKS (Extracellularsignal-Regulated Kinase-5)or
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BMK cascades [35]. MAPK activation has been associated with cardiovascular
diseases, rheumatoid arthritis and pulmonary diseases [36, 37]. Several natural prod-
ucts such as epigallocatechin gallate (EGCG), phenethyl isothiocyanate (PEITC), sul-
foraphane (SFN), resveratrol, tangeretin and ligustilide are shown to exert their effects
by interfering with MAPK pathway [38, 39]. Effects of these compounds vary at dif-
ferent doses and are also specific for the type of the kinases they modulate in the
MAPK pathway. At lower concentrations, phenolic compounds and isothiocyanates
activate MAPK pathway and induce the expression of pro-survival genes, but at higher
concentrations, in addition to inducing these genes they also induce genes involved in
apoptosis [38]. Tangeretin obtained from citrus fruit can inhibit IL-1f induced cyclo-
oxygenase-2 (COX-2) expression by inhibiting JNK, p38 kinase and protein kinase B
(PKB/Akt), but not ERK [40]. The extent of inhibition of MAPK intermediates by
resveratrol varies in the order of MEK1 > ERK1/2 = JNK [37]. Ligustilide, which is
isolated from Angelica sinesis reduces the symptoms of atherosclerosis and hyperten-
sion, by inhibiting JNK, ERK and p38 kinase [41].

The activator protein-1 (AP-1) family of transcription factor consists of members
of Jun (cJun, JunB and JunD), Fos (cFos, FosB, Fra-1 and Fra-2), Maf (c-Maf, MafB,
MafA and MafG/F/K) and Atf (Atf2, LRF1/ATF3). Ap-1 acts as a dimer formed by
its family members and binds to the TPA (12-O-tetradecanoylphorbol-13-acetate)
response elements present in the promoters of several inflammatory genes of cyto-
kines and chemokines. The constituents of the dimer determine specificity towards
the genes activated by AP-1. Genetic mouse models show that Jun/Ap-1 controls the
expression of cytokines by transcriptional and post-transcriptional methods. Absence
of JunB increases the production of GCSF and IL-6 leading to skin related inflam-
matory diseases such as psoriasis, systemic lupus erythematosus [42]. While AP-1 is
recognized as a transcription factor involved in inflammation, it is also known to
suppress inflammation under certain conditions [43—45]. Natural compounds can
modulate the AP-1 activity by either reducing the expression of monomers or block-
ing the upstream signaling molecules that may include ERK1/2, p38, INK and gly-
cogen synthase kinase (GSK). Gallotannin, a natural alkaloid blocks AP-1 activity
by increasing the phosphorylation of JNK and cJun [46]. Genestein decreased the
phosphorylation of Akt and GSK-3 [47]. Luteolin, another flavonoid has been
observed to decrease both phosphorylation of c-Jun and DNA binding activity of
AP-1 [48]. On the contrary flavonoids genistein and kaempferol, at lower concentra-
tions (2050 pM) induced AP-1 activity by JNK and ERK pathways respectively.
However, at higher concentrations (100 mM), these compounds either had no effect
or slightly decreased the activity [49]. Berberine, a natural alkaloid from Berberis,
inhibited AP-1 activity by decreasing the expression of cJun and cFos [50].

Peroxisome proliferator-activated receptors (PPARs) belong to a family of tran-
scription factors called nuclear hormone receptors. After dimerization with other
family members such as RXR, PPARs regulate expression of several genes involved
in lipid and glucose metabolism. Recent studies show that PPARs can also play an
important role in inflammation and immunity by regulating the activity of other
transcription factors such as AP-1, NFkB, NFAT (Nuclear factor of activated T-cells)
or STAT by different mechanisms [51]. Natural ligands that can activate PPARs
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include the cannabinoids [52], terpinoids such as carnosic acid and carnosol [8] and
resveratol [53].

Nrf-2, nuclear erythroid 2-related factor 2, is a classical transcription factor
involved in redox signaling. Nrf2 also regulates inflammation by inducing HO-1
and PrxI, which inhibits the expression of NFkB and TNF-a [54]. Several studies
show that plant derived compounds such as sulforafane (from broccoli), curcumin
(from Curcuma longa L., Zingiberaceae) and Zerumbone (from ginger) can modu-
late both Nrf-2 and NF«B transcription factors which forms mechanistic basis for
anti-inflammatory and anti-oxidative effect of these compounds [55].

Nutrition in Colorectal Cancer Research

As we discussed from previous section, the effect of natural compounds on health
and disease depends on how they interact with these signaling pathways and mole-
cules. Substantial evidence from in vitro and animal models show that plant derived
compounds such as flavonoids, lignans, terpenes and many others modulate the syn-
thesis of cytokines in different ways [56]. Receptor up-regulation and/or down-
regulation are an important mechanism of action of natural compounds [57]. Several
natural compounds such as epigallocatechin gallate (EGCG), resveratrol, curcumin,
lycopene, gingerol are known to modulate inflammatory signaling by binding with
cell surface receptors and second messengers [58]. Our regular diet is a complex
mixture of several foods. Supplementation of dietary components in clinical settings
at supra-physiological concentrations as in in vitro studies is difficult. Hence, it is
critical to investigate the effect of dietary patterns on inflammation rather than an
individual component at defined concentrations. Such studies can be achieved by
epidemiological and interventional designs. Energy density, glycemic index, fruit
and vegetable intake can be said as major determinants of the effect of dietary pat-
terns on inflammation. Several studies on obesity show that chronic inflammation
could be a consequence of energy accumulation [59]. Low calorie diets are known to
decrease the levels of circulating pro-inflammatory factors such as CRP (C-Reactive
Protein), TNF-a, interleukins and chemokines [60]. Even among low-calorie isoen-
ergic diets, low carbohydrate diets are shown to be better anti-inflammatory agents
compared to low fat diets. Several markers of inflammation such as plasma TNF-«,
IL-6, IL-8, MCP-1, E-selectin, [-CAM, and PAI-1 were lower in overweight indi-
viduals on a low carbohydrate diet compared to those on low fat diet [61]. Even the
quality of carbohydrate can impact inflammation. Recent studies suggest that glyce-
mic index is a stronger predictor of inflammation than the carbohydrate content alone
[62]. Epidemiological studies such as The Harvard women’s health study, The Dutch
study, and others show that the blood levels of CRP were proportional to the glyce-
mic index of the diet [63—-65]. The anti-inflammatory effects of low glycemic diets
were greater in individuals with high body fat percentage than those with low body
fat [66]. Dietary pattern, rich in sugar-sweetened soft drinks, refined grains, diet soft
drinks, and processed meat but low in wine, coffee, vegetables and fruits, typical of
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Western world was associated with risk for developing type-II diabetes by causing an
increased chronic inflammation [67]. While it might be difficult in the Western world
to adopt low glycemic diet every day, decreasing the intake of carbohydrates and fats
(high percentage of unsaturated fat) to a moderate amount, and increasing the intake
of fruits and vegetables is a possible healthy alternative [68].

Such a ratio of food components is representative of Mediterranean dietary pat-
tern and it stands as the most investigated and healthy dietary pattern to date. Several
studies show that Mediterranean dietary pattern promotes various health aspects
including cardiovascular diseases, Alzheimer’s disease, metabolic syndrome and
diabetes in addition to decreasing inflammation [69, 70]. The Mediterranean diet
includes prolific use of olive oil, a rich source of not just unsaturated fatty acids but
also phenolic compounds. Olive oil is also shown to down regulate several genes
related to inflammatory signaling [71]. Clinical studies show that in addition to anti-
inflammatory activity, protective effects olive oil could also be due to the antioxi-
dant properties attributed to its components, such as oleic acid [72, 73]. In a clinical
study, traditional Mediterranean diet and low fat diet were found to have compara-
ble but different effects in individuals with previous coronary events. While both
diets reduced body mass index, blood pressure and arginine levels, Mediterranean
diet was more effective in decreasing blood leukocyte count and increasing high-
density lipoprotein levels. However, low fat diet had greater reduction of low-
density lipoprotein and oxidized low-density lipoprotein plasma levels [74]. While
the type and amount of fats and carbohydrates are one side of the coin of
Mediterranean diet, high intake of fruits and vegetables constitutes the other side. A
variety of bioactive compounds such as flavonoids, terpenoids, glycosides and alka-
loids, most of which have anti-inflammatory properties are an integral part of the
Mediterranean diet.

Flavonoids, potent antioxidants, can also exert anti-inflammatory effect through
the antioxidant response elements in the promoters of NFxB, AP-1 and other impor-
tant transcription factors that regulate inflammatory gene expression. Elevated free
radicals are known to trigger inflammatory mediators by up-regulating the expres-
sion of redox-sensitive transcription factors NFkB and AP-1 [75, 76]. However, there
are fewer studies on their anti-inflammatory activity compared to their antioxidant
activity. While there is in vitro evidence for the direct anti-inflammatory activity of
flavonoids [77], it might be difficult in vivo to determine if their anti-inflammatory
activity is direct or a secondary effect through reduction in oxidative stress. For
instance, curcumin is shown to decrease the release of IL-8 by inducing the synthe-
sis of glutathione, an antioxidant that scavenges reactive oxygen species and thus
prevent the induction of NFkB [78]. However, curcumin also inhibits NFxB activity
by preventing the degradation of the inhibitory protein IkB and nuclear transloca-
tion of p65 [79]. Regardless the mechanism, several in vivo studies, mostly animal
models and some human studies associate flavonoid intake with reduction in inflam-
mation. A 3-week supplementation of a mixture of anthocyanins ( 3-O-rutinosides
of cyanidin and delphinidin, and 3-O-3-galactosides, 3-O-3-glucosides, and 3-O-83-
arabinosides of cyanidin, peonidin, delphinidin, petunidin, and malvidin) supplied
as a capsule significantly reduced the blood levels of IL-4, IL-13, IL-8 and IFN-«
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in healthy adults [77, 80]. Consumption of a mixture of fish oil, green tea extract,
vitamin E, resveratrol, vitamin C, and tomato extract for 5 weeks, has modulated
the expression of several inflammation related genes to a more favorable profile
(anti-inflammatory/pro-inflammatory) [81]. While it is possible in experimental set
ups to supplement flavonoids at high concentrations, it is critical to know whether
they exert same effects at the concentrations that prevail in a typical diet. A cross-
sectional study with 8335 individuals indicates that intake of flavonoids, either a
mixture or individual, is inversely associated with plasma CRP concentrations [82].
Similarly a long term and longitudinal study, Uppsala Longitudinal Study of Adult
Men, followed up to 7 years shows that the dietary intake of food rich in polyphenol
antioxidants was associated with lower degree of inflammation mediated by cyto-
kines and COX [83].

Tea is a good source of flavonoids such as catechin, epicatechin and epigallocat-
echin. Regular tea consumption is associated with lower plasma concentration of
CRP and reduced platelet activation in two epidemiological studies [84, 85]. A
large cross-sectional study shows that habitual tea drinking is associated with lower
levels of CRP, serum amyloid-A protein and haptoglobin [84]. Even drinking tea
for a short term (6-week) lowered serum CRP and platelet activation [85]. In addi-
tion to decreasing the serum levels of inflammatory markers such as CRP, TNF-a,
IL-6 and an increase in IL-1, an intervention study with Pu’er tea, a type of fer-
mented tea, also reduced the symptoms of metabolic syndrome [86]. A double
blinded clinical trial in 47 individuals indicated that chewing green tea candies
might exert a positive effect on the inflammation of periodontal structures [87].
Intake of green tea (Camellia sinensis) contents as capsules reduced serum amy-
loid-alpha by 42% [88].

While the above studies support that several bioactive compounds can act as anti-
inflammatory agents, there are also studies that failed to observe such an activity.
Quercetin, a flavonol, occurs in abundant quantities in black tea, green tea, apples
and onions. While there is ample evidence from in vitro cell lines [89, 90] and in
vivo animal models [91, 92] for the anti-inflammatory activity of quercetin, human
studies have rather been disappointing. While the daily intake of flavonols (includ-
ing quercetin) is usually low (20-35 mg/day), quercetin supplementation, even at
much higher doses (50-1000 mg/day) has failed to observe anti-inflammatory
effects humans. No change in inflammatory markers hsCRP and IL-6 was observed
in a tea consumption study in type-II diabetes patients [93]. A 4-week study inves-
tigating the effect of tea polyphenols on inflammation observed an inverse associa-
tion with IL-6 and fibrinogen but no association with other inflammatory markers
such as IL-1f3, TNF-a and CRP in healthy smokers [94]. This is a short term study
and smokers are known to generally have very high levels of oxidative stress and
inflammation. Daily supplementary intake of 500 mg green tea polyphenols did not
have any effect on blood glucose level, Hb Alc level, insulin resistance or inflam-
mation markers [95]. In a dietary intervention study, supplementation of a mixture
of resveratrol, green tea extract, a-tocopherol, vitamin C, ®-3 polyunsaturated fatty
acids, and tomato extract affected overall inflammatory processes, oxidative stress,
and metabolism in humans [81]. A study on the effect of consumption of black tea
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shows that the positive effects observed on endothelial function in patients with
coronary artery diseases not attributable to catechins but the total polyphenol con-
tent of diet [96]. These studies emphasize the importance of differences in individ-
ual versus combinatorial effect of bioactive compounds. There is a critical need for
small scale pilot human trials to understand the effect of natural anti-inflammatory
agents both individually and in combination that would help understanding their
interaction with other components of the food matrix [97]. These studies might help
in resolving the differences in findings among various studies. While flavonoids
have been shown to be active in vitro, studies that show their functionality in vivo
are rare. This is mostly due to lack of data on clinical studies and difficulty in achiev-
ing effective doses in vivo. However, efforts to overcome these hurdles such as
modification of flavonoid structures have started [98].

Nutrigenomics

Nutrigenomics and nutrigenetics are powerful tools in understanding the complex
relation between dietary constituents and their biological effects. Nutrigenomics is
the study of the effect of nutrients or non-nutritive bioactive compounds on gene
expression and genome structure (integrity, methylation and acetylation status). A
simple and elegant model for nutrient control of gene expression is up-regulation of
genes involved in fat biosynthesis and down-regulation of genes involved in fat
catabolism in well fed state [99]. By modulating the expression of inflammatory
genes such as NFkB, PI3K/Akt, MAPK, p38 MAPK, JNK, STAT3, and AP-1, bio-
active compounds in diet can play a crucial role in the development, treatment or
prevention of inflammatory diseases.

For instance, a common mechanism by which flavonoids exert anti-inflammatory
activity is by knocking down the transcription of pro-inflammatory genes. Flavonoids
inhibit the phosphorylation of kinases involved in activating inflammatory genes.
Significant evidence from in vitro studies show that flavonoids inhibit transcription of
cyclooxygenase, TNF-a, NFkB, IL-1f etc. [100]. Flavonoids belong to the same class
may exhibit differential activity. Luteolin and genistein have inhibited TNF-o and
IL-6 expression but eriodictyol and hesperetin, belonging to the same class inhibited
TNF-a expression only [101]. Flavonoids such as isoflavones, flavonols and catechins
are also shown to modulate gene expression through epigenetic mechanisms such as
methylation and acetylation [102]. Feeding black raspberries for 4 weeks has altered
methylation status of several genes involved in Wnt pathway in colorectal cancer
patients [103].

Phenylethyl isothiocyanate (PEITC), a sulfur rich component of cruciferous veg-
etables is known to alter gene expression in cell culture and animal models. PEITC
has been shown to inhibit the expression of cyclooxygenase, nitric-oxide synthase
and interleukins [104]. PEITC was able to suppress symptoms of ulcerative colitis
in mice model, by modulating the expression of inflammatory genes, transcription
factors and cytokines [105]. Benzylisothiocyanate, a structural analog of PEITC has
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also been shown to inhibit mRNA production and release of IL-1f, TNF-a, IL-6 and
production of nitric oxide and PGE-2 [106]. Epigenetically, PEITC was able to
induce DNA demethylation and activate the enzyme glutathione-s-transferase-nl,
which is involved in development of airway inflammation [107]. In addition, PEITC
modulated histone tail modifications in human colon cancer cells in a promoter-
specific manner [108]. Metabolites of sulforaphane and allylisothiocyanate have
been found to inhibit histone deacetylase activity in cell culture and animal models
[109, 110]. In addition to the non-nutritive bioactive compounds, nutrients in diet
can also modulate gene expression. Unsaturated fatty acids, are known to modulate
gene expression by regulating transcription factors such as PPARs, liver X receptor
and sterol regulatory binding proteins which play important role in obesity [111]. In
a recent study the effect of dietary fat has been shown to be transgenerational
through mechanisms such as epigenetics and imprinting. F3 generation mice from
female but not male mice exposed to high fat during gestation had high body weight
compared to controls [112].

Microbiota in human body plays an important role in inflammatory process espe-
cially in organ systems such as gut. For instance short chain fatty acids generated by
gut microbes can modify cytokine production by Ty cells [113] and can resolve
intestinal inflammation through GPCR43 [114]. Disturbances in the gut microbial
profile can result in dysbiosis, which leads to several diseases including those
related to immunity and inflammation [115]. Studies in mice models suggest that
dietary composition can change human gut microbial profile within a day [116].
Several microbial species are involved in the metabolism of dietary fiber as well as
bioactive compounds such as polyphenols. While our knowledge about the mutual
effect of bioactive compounds and microbial population is still incipient, changes in
the dietary concentration of polyphenols can influence the microbial profile and
vice versa [117].

Owing to the genetic variation, the extent and nature of biological activity by
different bioactive compounds may differ between individuals. Nutrigenetics stud-
ies how genetic variation among individuals modulates the effect of nutrients or
bioactive compounds on cell metabolism. It is possible that the activity of the
enzymes involved in the metabolism of a class of or a specific dietary compound is
affected by variation in the nucleotide sequences such as substitution-, repeat- and
insertion-deletion polymorphisms. While these polymorphisms could be specific to
a race or a common ancestral lineage, they could also occur within individuals
belonging to same race or lineage, and thus incite varied response to dietary intake
between races or individuals. Unraveling information about the functional polymor-
phisms of the genes involved in nutrient metabolism will help to individually tailor
dietary needs in both health and disease states. Such hypothesis has been success-
fully tested in a clinical study where individuals whose diets were tailored to the
variants of genes involved in metabolism had better compliance and longer weight
reduction than the controls [118].

Information on genetic variation among individuals can also help in individual-
izing the dietary requirements for treating inflammation. Genetic variation in genes
involved in inflammation and adipose tissue metabolism may influence the effect of
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diet. Apolipoprotein is a lipoprotein involved in normal catabolism of triglyceride-
rich lipoproteins. A genetic polymorphism in the gene that codes for this protein
results in three different alleles 2, 3 and 4 and six different genotypes. On a low-fat/
high-cholesterol diet individuals with 4/4 genotype had increased serum cholesterol
levels while those with 2/2 and 3/2 had no change. However all genotypes had lower
serum cholesterol on low fat/low-cholesterol diet [119]. Such a varied response can
be employed in the treatment of several diseases such as metabolic syndrome [120],
obesity, Alzheimer’s disease [121] and cardiovascular diseases [122].
Supplementation of quercetin at 150 mg/day has lowered plasma levels of TNF-a,
only in a subgroup of individuals having a particular genotype of ApoE gene poly-
morphism, while such effect has been nullified when the genetic polymorphism is
disregarded [123]. Another study observed that the effect of green tea on hepatocel-
lular carcinoma was dependant on the type of allele for an IL-10 polymorphism,
indicating that the observed cancer preventive effects of green tea might not be same
in all individuals [124]. Sulforaphane (1-isothiocyanato-4-methylsulfinyl butane), a
major isothiocyanate found in brassica plants such as broccoli and watercress is
known to inhibit inflammation and carcinogenesis. Once absorbed into the body,
sulforaphane can be metabolized by glutathione-s-transferases (GSTM1-1 and
GSTPI1-1), a group of enzymes known to exhibit null mutations. Individuals with-
out GSTM1 were observed to have slightly higher concentrations of sulforaphane
metabolites in plasma and urine [125], which could be the reason for greater protec-
tion offered by crucifer consumption in null mutants than in positive subjects [126,
127]. Conversely, there are also studies that show GST positive subjects may benefit
better from crucifer consumption than negative subjects, it is clear that the GST
genotype affects the metabolism and therefore its biological activity in vivo [128,
129]. Similarly enzymes involved in the metabolism of polyphenols, powerful anti-
oxidants and anti-inflammatory compounds, such as catechol-o-methyl transfer-
ases, UDP glucuronosyl transferases, cytochrome-P-450 and phenol sulfotransferases
exhibit several functional polymorphisms that may affect their metabolism and pur-
ported anti-inflammatory or antioxidant activities [130-133].
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