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Preface

In spite of the fact that pancreatic cancer continues to be a devastating disease in
which few patients are cured, the last decade has seen a number of truly significant
advances in the field. Enormous strides have been made in our understanding of the
basic cellular and molecular processes that influence the development of this malig-
nancy, and the characterization of the genetic abnormalities that are associated with it.
These advances in basic science represent the most likely area from which significant
improvements in the management of pancreatic cancer are likely to come. Thus, a num-
ber of the contributions to this book are concerned with these issues, as well as their
potential clinical relevance.

Advances have been made as well in the areas of the diagnosis and staging of pan-
creatic cancer, as well as its nonoperative management. They have resulted in fewer
patients undergoing surgery for the disease, increased the likelihood of resection in
those who are operated on, and generally improved the quality of life. These are re-
viewed in chapters that discuss the latest techniques for genetic screening for pancre-
atic cancer, the value of tumor antigens, advances in diagnostic radiology, and the roles
of laparoscopy (diagnostic and therapeutic) and palliative endoscopic stenting.

The section on treatment of pancreatic cancer includes contributions from surgeons
in the United States and Japan, who review their experiences with standard forms of
pancreatic resections and the so-called radical or extended pancreatic resection, which
some have viewed as an improvement over the standard Whipple pancreatico-
duodenectomy. Up-to-date information is also provided about the efficacy and roles of
chemotherapy and radiotherapy in this disease, as well as the theoretical basis and
potential for gene therapy. The final chapter is devoted to a consideration of the quality
of life of pancreatic cancer patients, an area that is assuming increasing importance in
the discussion of cancer treatment in general.

Pancreatic Cancer: Pathogenesis, Diagnosis, and Treatment was created in an
effort to reflect the current state of both the art and the science in the field of pancreatic
cancer, with contributions from renowned experts in Asia, Europe, and the United
States. It should be of interest to basic scientists as well as all clinicians who are work-
ing in this challenging area.

Howard A. Reber, Mp
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Molecular Genetics of Pancreatic Carcinoma

Christopher A. Moskaluk and Scott E. Kern

INTRODUCTION

The application of modern molecular biological techniques to the study of human
tumors in the past two decades has demonstrated that cancer is a genetic disease. Struc-
tural alterations in genomic DNA (point mutation, gene rearrangement, and gene dele-
tion), which result in alterations in protein coding sequences or their expression, have
been found in every human neoplasm studied. The finding of these genetic alterations
in invasive cancers and in their histologically identifiable neoplastic precursor lesions,
but not in the nonneoplastic tissues from which they arose, is consistent with the the-
ory that neoplastic progression is the result of the clonal evolution of cellular popula-
tions accompanying a selection for mutations (/,2). Germ-line mutations in specific
genes are also responsible for many cases in which there is a familial predisposition to
cancer (3), further underscoring the genetic basis of cancer.

The preponderance of evidence suggests that the genes that are frequently mutated
in primary tumors have been selected for during the process of tumorigenesis, by re-
sult of the alterations conferring an increased growth potential to the tumor cells. In the
case of an oncogene, the increased growth potential is caused by a dominant effect of
the mutant gene product. In the case of a tumor-suppressor gene, it is caused by the loss
of a negative regulatory effect. In the case of DNA repair genes, the loss of effective
DNA repair leads to mutations in both oncogenes and in tumor-suppressor genes. Gen-
erally, more than one regulatory pathway has to be disabled in a cell in order to confer
a full malignant phenotype, and this has been termed the “multihit” or “multistep” pro-
cess of tumorigenesis (4).

The deletion or mutation of the coding sequence of a gene is an irreversible event
that fundamentally changes the function of that gene on the tumor cell. For the pur-
poses of this review, the focus will be primarily on the recent advances in understand-
ing the genetic alterations of ductal adenocarcinoma of the pancreas, which accounts
for the majority of pancreatic neoplasms in humans. Pancreatic carcinoma has very re-
cently gone from being one of the most poorly characterized to one of the most highly
characterized tumors in terms of molecular genetic changes. These advances have im-
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plications for the diagnosis and treatment of pancreatic cancer, as well as aiding in our
understanding of the neoplastic process in general.

ONCOGENES

Oncogenes are those genes whose biologic activity is increased by mutation. They
are classically considered to be members of growth factor signaling pathways. Normal
cellular genes (termed proto-oncogenes) become activated by point mutation, by gene
amplification, which produces multiple copies of the gene, and by fusion to other genes
and their regulatory elements. The most intensively studied oncogene has been the K-
ras oncogene.

K-ras

Since the first report of the detection of K-ras mutations in 21 of 22 primary pan-
creatic adenocarcinomas (95%) (5), numerous investigators have verified this finding
in both primary carcinomas and in cell lines derived from pancreatic carcinomas, with
frequencies ranging from 71 to 100% (6). This is the highest reported prevalence of K-
ras mutation in any tumor type (7). K-ras is a member of the membrane-associated gua-
nine nucleotide-binding protein family involved in signal transduction of growth-pro-
moting effectors from the cell surface (8). Mutations in codons 12, 13, or 61 of K-ras
transform it into an oncogene, because these mutations impair the intrinsic GTPase ac-
tivity of the gene product, causing it to remain constitutively active for signal trans-
duction in its GTP-bound form. In pancreatic carcinoma, the vast majority of mutations
occur in codon 12; only a handful of codon 13 mutations have been reported. K-ras mu-
tations are fairly ubiquitous in pancreatic cancer, and they have not been shown to be
correlated with tumor stage or patient survival. The finding of K-ras mutations in prein-
vasive pancreatic duct lesions (discussed in Tumor Progression in Pancreatic Carci-
noma) suggests that this genetic alteration is probably not only essentially required in
pancreatic adenocarcinoma, but also that it is an early event in neoplastic progression.
The high prevalence of K-ras mutation in pancreatic neoplasia, including early stage
disease, has made this a favored marker for the eventual development of diagnostic tests
(see Chapter 6).

Other Known Oncogenes

There is no convincing genetic proof that another oncogene is involved in pancre-
atic tumorigenesis. A single case of MYC gene amplification in a primary pancreatic
carcinoma has been reported (9), but this has not been confirmed. Similarly, cytoge-
netic analysis has not implicated either the MYC or other oncogene loci as frequent
sites of rearrangement (10-12).

An area of the genome containing the putative oncogene AKT2 (a protein—serine/
threonine kinase) has been reported to be infrequently amplified, as seen in 2 of 18 pan-
creatic cell lines and 1 of 10 primary tumor specimens by Southern blot hybridization
and fluorescence in situ hybridization (13). Amplification of AKT?2 has been confirmed
by others.

There have been many reports of increased expression of growth factors and their
receptors in pancreatic cancer, utilizing immunohistochemistry and quantitative RNA
analysis. However, studies that included cases of chronic pancreatitis also have reported
increased expression of growth factor receptors in reactive nonneoplastic cells. Evidence
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of DNA amplification, gene rearrangement, or gene mutation of growth factor recep-
tors has not been found.

Evidence for Yet-Uncharacterized Oncogenes

It is possible that activation of other proto-oncogenes besides K-ras are significantly
involved in pancreatic carcinoma. There are four usual mechanisms of proto-oncogene
activation: point mutation of the coding sequence, gene fusion with the coding sequence
of another gene, amplification of copy number of the entire coding sequence, or up-
regulation of gene transcription by translocation of the gene to the site of an active pro-
moter/enhancer region. The first mechanism generally is detected by DNA sequence
analysis of genomic coding sequences, and it requires knowledge of the specific gene
to be analyzed, because nonspecific global screening assays for activated oncogenes
are not very efficient. No new oncogenes have been identified in pancreatic carcinoma
using these techniques.

The last three mechanisms of oncogene activation described above involve gross re-
arrangements of chromosomes, and can be detected by cytogenetic and in sifu hy-
bridization analysis. A large number of pancreatic cancers have been analyzed cyto-
genetically by Griffin et al. (/7,12), identifying chromatin fragments suggestive of
double-minute chromosomes in 8 of 36 primary pancreatic carcinomas (/7). Double-
minute chromosomes are a cytogenetic sign of DNA amplification. The presence of can-
didate oncogenes on double-minute chromosomes from pancreatic carcinoma has not
yet been reported, but appears to be a fruitful field for further investigation. However,
no consistent chromosomal translocation events have been identified that would be com-
patible with a common gene or promoter/enhancer fusion event. Thus, additional onco-
genes may play a role in the development of pancreatic neoplasia, but these remain to
be identified and characterized.

TUMOR-SUPPRESSOR GENES

Tumor-suppressor genes are those genes that play a normal role in negative regula-
tion of cellular proliferation, but whose inactivation by mutation aids the emergence
of neoplastic cell populations. These genes are inactivated by point mutations and by
deletion, and both normal copies are usually found to be inactivated in tumors. The most
commonly mutated genes in human cancer include the p53 and p/6 genes.

p53

Inactivation of the p53 gene is a common event in pancreatic carcinoma. p53 muta-
tions have been reported in 58—100% (average 78%) of pancreatic carcinoma cell lines
(14-18), in 75% of pancreatic xenografts (/9), and in up to 70% of primary pancreatic
carcinomas (/4—16,20-24). The majority of mutations reported have been transitions
(pyrimidine to pyrimidine or purine to purine) in the evolutionary conserved domains
of the gene. Transversion mutations (pyrimidine to purine or purine to pyrimidine) are
more commonly found in tumors highly associated with cigarette smoking, and this find-
ing suggests that the documented increased risk of pancreatic carcinoma in smokers may
be mediated by an effect other than direct DNA damage to the p53 gene by tobacco
carcinogens. In two studies, a relatively high prevalence (21 and 32%) (15,21) of small
intragenic mutations in the p53 gene in pancreatic cancers was noted, suggesting that
unique mutational mechanisms may be at work in pancreatic carcinoma.
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Some reports have shown a difference in the prevalence of p53 mutations between
cell lines and primary neoplasms, but this may reflect several artifacts. The first pos-
sibility is that there could be a selection bias for the establishment of cell lines in tu-
mors with particular mutations, but there has been no evidence in pancreatic cancer for
this phenomenon. The second possibility is that some methods used to detect gene mu-
tations could lack adequate sensitivity for the analysis of primary tumors. Most pan-
creatic carcinomas induce an intense nonneoplastic stromal and inflammatory reaction,
and, as a result, the neoplastic cells may often constitute the minority of the cells in the
sample. In one study, even after careful cryostat dissection to enrich for neoplastic cells,
only 7 of 33 cases of primary pancreatic tumors could be enriched to the level of 50%
tumor cellularity (25). Since a mutated allele represents only half of the possible se-
quences in a diploid cell, a tumor cellularity of 50% corresponds to a mutant/wild-type
percentage of 33 or 25%, depending on whether or not the second allele is deleted in
the tumor cells. This low level of mutant alleles may be below the threshold of many
assay systems, particularly since tumor cellularity in primary tumors is usually far be-
low 50% (25).

p53 is a nuclear protein to which numerous activities have been attributed. Bio-
chemically, the majority of evidence suggests that p53 acts as a DNA-binding tran-
scriptional activator to stimulate the production of particular genes (26-28). Biologi-
cally, pS3 acts at a G1/S checkpoint, postponing DNA replication after certain cell
stresses, such as DNA damage. If DNA damage has occurred, this delay presumably
could give repair mechanisms the opportunity to work (29). p53 also plays a biologic
role in the induction of the apoptotic pathway of cell death (30). The potential loss of
these two important controls of the cellular life cycle (initiation of replication and in-
duction of cell death) suggests that the inactivation of p53 by mutation may be a piv-
otal event in many tumors that allows the development of cancer of the pancreas.

p16INK4/MTS1/CDKN?

Caldas et al. (31) were the first to demonstrate that the p/6 gene is frequently inac-
tivated in pancreatic cancer. Homozygous deletions involving the p/6 gene were found
in 41% of a panel of xenografted pancreatic cancers and cell lines, and intragenic p16
mutations were found in an additional 38% of cases. A subset of primary tumors were
analyzed to control for artifacts of engraftment, and were found to have the same
changes as the xenografts. Subsequent studies have verified these results, with rates of
homozygous deletion of 46 and 50% (32,33) and rates of intragenic mutation of 30 and
34% (33,34). These studies indicate that p16 is inactivated in about 80% of pancreatic
adenocarcinomas.

pl6 is a part of a family of proteins that bind to cyclin-CDK complexes and inhibit
the promotion of the cell cycle. p16 binds specifically to CDK4, and prevents that pro-
tein from phosphorylating the RB protein. The RB protein in the hypophosphorylated
state inhibits the G1/S transition. Thus, inactivation of p16 by mutation disregulates an
important cell cycle checkpoint (35).

One remarkable aspect of the inactivation of pI6 is that half of the inactivations of
pl6involved a homozygous deletion, which at the time may have represented the high-
est rate of homozygous deletion described for a tumor-suppressor gene. Previous to this,
homozygous deletions were known to involve some tumor-suppressor genes, but they
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were felt to be relatively rare events. One possible explanation for this phenomenon
would be that a second tumor-suppressor gene is present in the vicinity of p/6, and that
homozygous deletions are selected for because they inactivate both genes. A gene
closely related to p16, p15 (MTS2), is located within 20 kilobases of p16 (36,37), and
itis involved by many of the homozygous deletions that inactivate p/6. However, when
pl5 was examined for evidence of mutation or transcriptional inactivation in carcino-
mas that did not involve the gene in a homozygous deletion, no abnormalities were de-
tected (32,38), making it unlikely that it is a second locus of tumor suppression. Thus,
the explanation for the high rate of p/6 homozygous deletion remains to be elucidated.
In related experiments, no abnormalities in coding sequence or transcriptional levels
were detected in two other CDK inhibitors, p/8 and p27, in pancreatic adenocarcino-
mas (32,38).

Recently, mutations in the CDK4 gene that prevent the binding of wild-type p16 gene
product to CDK4 have been reported in a melanoma cell line, and CDK4 mutations have
been suggested to be the cause of some cases of familial melanoma (39,40). Although
the possibility of CDK4 alteration was an attractive hypothesis to explore in cases of
pancreatic carcinoma having wild-type p/6 genes, a study of nine pancreatic carcino-
mas with wild-type p16 status found only wild-type CDK4 sequences (41). Similarly,
the RB gene has been shown to be mutated in a small percentage of pancreatic carci-
nomas (see Other Tumor-Suppressor Genes), but the expected association among RB
mutational status and p/6 wild-type pancreatic cancers has not been reported.

DPC4

As part of a global allelotype analysis of pancreatic carcinoma, an extremely high
rate of chromosomal loss was detected on chromosomal arm 18q (42). During this anal-
ysis, a number of homozygous deletions on 18q were identified. These deletions ex-
cluded DCC, the only known candidate tumor-suppressor gene on that chromosomal
arm, as the locus of presumed tumor suppression (43). Subsequent positional cloning
and analysis of this locus led to the discovery of the putative tumor-suppressor gene
DPC4 (Deleted in Pancreatic Carcinoma, locus 4). DPC4 was found to be inactivated
by homozygous deletion in 30% of a panel of pancreatic cancer xenografts and cell lines.
An additional 22% of tumors (not exhibiting homozygous deletions) were found to har-
bor potentially inactivating intragenic mutations, which were not present in control nor-
mal tissue. These findings are strong evidence that loss of DPC4 activity is involved
in at least 50% of pancreatic adenocarcinomas.

The DPC4 gene product has homology to the MAD family of proteins, which are
involved in signal transduction from the TGF- superfamily of extracellular
ligands (44). A domain of the DPC4 protein has been shown to be active in transcrip-
tional activation assays (45), and DPC4 may be one of the mediators in a TGF-f re-
lated signal. TGF-f has been shown in many model systems to downregulate growth
of epithelial cells; inactivation of such a negative growth regulatory pathway represents
an obvious candidate for tumor suppression (46). A correlation between DPC4 muta-
tional status and the response of growth suppression to TGF-3 has not been reported,
however.

Alterations in the DPC4 tumor-suppressor gene appear to occur most commonly in
pancreatic and colorectal adenocarcinomas. Although DPC4 was found to be inacti-



8 Moskaluk and Kern

vated in 15% of colitis-associated and sporadic colorectal carcinomas (47,48), a
survey study of 338 tumors from 12 anatomic sites found DPC4 alterations to be
uncommon (<10%) in other tumor types (49). Other analyses have verified this
finding (50-52). Thus, inactivation of DPC4 appears to be relatively specific for pan-
creatic cancer.

Other Tumor-Suppressor Genes

From the preceding discussion, it appears that of the known tumor-suppressor genes
pl16, p53, and DPC4 are each inactivated in at least half of all pancreatic carcinomas.
A number of other tumor-suppressor genes have been assayed in pancreatic carcinoma
and have not been found to be mutated, or to be involved in frequent allelic loss in as
significant a percentage of tumors.

Although an initial report of 10 cases indicated that the APC gene may be mutated
in pancreatic carcinomas (53), subsequent studies on 28 (54), 33 (25), and 39 (55) pan-
creatic cancers or cell lines found no demonstrable somatic mutations. This finding is
of interest, since APC is one of the most frequently mutated genes in colorectal carci-
nomas, and it might have been expected that the pancreas, a gastrointestinal organ of
endodermal origin, would also have a high rate of involvement of this gene in epithe-
lial neoplastic transformation. This is a further indication of a mutational spectrum in
pancreatic carcinoma that is distinct from those of other gastrointestinal neoplasms.

Mutations in the RB gene occur in pancreatic adenocarcinoma, but apparently at a
low rate. Two studies found no evidence of RB protein loss in a total of 47 cases of pri-
mary adenocarcinoma studied by immunohistochemistry (25,56). Similarly, a muta-
tional screen of the RB gene in 14 pancreatic carcinoma cell lines failed to detect mu-
tations in the coding sequence. In perhaps the most definitive study to date, Huang et
al. (57) found evidence of loss of RB expression by immunohistochemistry in two of
32 archival paraffin-embedded specimens, and in 1 of 30 frozen tissue specimens of
primary adenocarcinoma. Three of the 30 cancers with frozen tissue samples were found
to have tumor-specific allele changes by single-strand conformation analysis, and DNA
sequencing of two of these three cases revealed one truncating mutation and one mis-
sense mutation. The conclusion from this body of work is that RB inactivation plays a
role in only a small minority of pancreatic ductal carcinomas.

The analysis of the role that the putative tumor-suppressor DCC gene plays in pan-
creatic carcinoma is complicated by several factors. The first is that DCC is 1.4
megabases in length, making it one of the largest genes known, and making direct anal-
ysis of the entire coding region difficult. Most studies have relied on indirect evidence
for involvement of this gene in pancreatic tumorigenesis: the presence of genetic dele-
tion in the DCC locus, or loss of detectable RNA production. DCC is located within
one megabase of DPC4 at 18q21.1 (48), and, as described earlier, DPC4 is known to
be a target of inactivation in pancreatic cancer (49,58). Since DPC4 inactivation can
be detected in only 50% of pancreatic carcinomas, and since /8¢ is involved by het-
erozygous mutation in at least 89% of pancreatic carcinomas, it is conceivable that a
second target of tumor suppression is present on /8q. If DCC were this second target
of mutation on this chromosomal arm, it might be expected that at least some of the
frequent homozygous deletions that inactivate DPC4 should have extended the rela-
tively short distance to DCC, thereby inactivating both genes and conferring an in-
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creased growth advantage. Yet no such homozygous deletions were detected in a panel
of tumor xenografts (43). The final complication of our understanding of the role of
DCC in pancreatic cancer is that there are conflicting reports in the literature regard-
ing loss of DCC expression in pancreatic cancer, even when the same cell lines are tested
by different groups (18,56,59). The uncertainty over the role of DCC in the pathogen-
esis of pancreatic cancer will probably only be resolved with the development of bet-
ter tests for intragenic mutations in this large gene.

JVI8-1 (MADR2, SMAD?2), a gene with homology to DPC4, has been localized to
the same locus (18q21) as DPC4 (60). This gene has been found to be somatically mu-
tated in <<10% of colorectal carcinomas, thus fulfilling minimal criteria for a candidate
tumor-suppressor gene. No mutations of JVI8-1 have been reported in pancreatic can-
cer, and none were found in a protein truncation assay of 36 pancreatic tumors (un-
published data).

Evidence for Additional Tumor-Suppressor Genes

As a generalization, the majority of tumor-suppressor gene loci are inactivated by
deletion of at least one allele. The presence of a deletion in one of two paired alleles is
most commonly assayed by analyzing polymorphic genetic markers for loss of het-
erozygosity (LOH) in tumors, when compared to normal tissue from the same patient.
In the most complete survey of polymorphic markers (“allelotype™) in pancreatic carci-
noma to date, the three chromosomal arms exhibiting the greatest frequency of LOH
were 9p (89%), 17p (100%), and 18q (89%) (42). These arms correspond to the location
of the three tumor-suppressor genes known to be inactivated in the highest degree in
pancreatic carcinoma: p16 (9p), p53 (17p), and DPC4 (18q). This correlation validates
the use of allelotypes in identifying probable loci of tumor-suppressor genes. With this
premise in mind, eight other chromosomal arms exhibit LOH frequencies of >50%, and
represent possible loci of tumor-suppressor genes: 1p, 6p, 6q, 8p, 12q, 13q, 21q, and
22q. Of these chromosomal arms, 1p, 6q, and 8p are corroborated in cytogenetic stud-
ies as loci of frequent DNA loss and rearrangement (/0-12), and perhaps are promising
sites of as-yet uncharacterized tumor-suppressor genes for pancreatic carcinoma.

HOMOZYGOUS DELETIONS IN PANCREATIC CARCINOMA

Pancreatic carcinoma has one of the highest incidences of homozygous deletion re-
ported for any tumor type. The p16 gene is inactivated by homozygous deletion in 41%
of carcinomas (3/), and the DPC4 gene is inactivated by homozygous deletion in 30%
of carcinomas (58). Although the BRCA2 gene is infrequently mutated in pancreatic
carcinoma, it was the discovery and mapping of a small (<180 kb) homozygous dele-
tion at this locus in a pancreatic carcinoma xenograft that led to the rapid localization
of this tumor-suppressor gene (67-63). Sixty-four percent of pancreatic cancers have
a known homozygous deletion, and 19% are known to have at least two of them (43).
The significance of this high rate of homozygous deletion is unclear, but provides an
opportunity for fruitful speculation.

Pancreatic cancers may not be more susceptible to homozygous deletion than are
other carcinomas. The majority of homozygous deletions in pancreatic carcinomas
have been detected through use of a tumor xenograft system, which is optimal for the
finding of such deletions (37,43,61). As noted under the discussion of the p53 gene,
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the molecular analysis of primary tumor masses of pancreatic carcinoma is complicated
by the presence of significant amounts of normal tissue. Since the assays for homozy-
gous deletion involve the absence of a signal, the presence of nonneoplastic genomic
DNA makes the interpretation of such tests difficult; thus, the majority of analyses car-
ried out on primary tumors may not detect them, because of contaminating normal tis-
sue. In fact, the genes that are reported to be homozygously deleted in pancreatic car-
cinoma at a significant rate, p16 and DPC4, are also known to be homozygously deleted
in other tumor types when assayed in cell lines and/or tumor xenografts (36,49). The
p53 gene, which is not commonly homozygously deleted in other tumors, is likewise
not commonly homozygously deleted in pancreatic carcinoma, even when assayed in
tumor xenografts and cell lines (15). Therefore, the relatively high rate of homozygous
deletion detected in pancreatic carcinoma may be a reflection of the propensity of the
type of genes commonly mutated in pancreatic carcinoma to undergo homozygous dele-
tion in general, and in the use of tumor xenografts to study this neoplasm. This hy-
pothesis may be confirmed as tumor xenograft banks become more common in the
molecular analyses of other tumor types.

The discovery that homozygous deletions are not infrequent in pancreatic carcinoma
may be of interest to more than just the molecular biologist. Homozygous deletions in-
activate neighboring “innocent bystander” genes, as well as the targeted tumor-sup-
pressor genes, resulting in clones lacking functional copies of these genes. Unless the
deleted genes can be compensated by redundant protein function, homozygous dele-
tions establish an irreversible absolute biochemical difference between neoplastic and
nonneoplastic cells. The knowledge of the sum total of these differences may be use-
ful in devising tumor-specific chemotherapeutic agents. An example of a potential
therapeutic target is the methylthioadenosine phosphorylase (MTAP) gene, which is lo-
cated near the p16 gene (36). The MTAP gene is included in up to one-half of the ho-
mozygous deletions that inactivate pI6, and hence is deleted in approx 20% of all pan-
creatic carcinomas (43). The MTAP gene product functions in the purine salvage
pathway; its inactivation establishes an absolute biochemical difference between the
metabolic pathways of neoplastic and nonneoplastic cells that may be utilized in de-
signing agents that are toxic specifically to tumor cells, or its inactivation may be used
to explain differences in chemosensitivity seen among individual tumors (64). The char-
acterization of other genes in the vicinities of p16, of DPC4, and of additional future
hotspots of homozygous deletion, may suggest additional metabolic pathways that can
be targeted for the development of specific chemotherapeutic agents (43).

CELL CYCLE CONTROL IN PANCREATIC CARCINOMA

All of the genes most frequently mutated in pancreatic carcinoma are suspected of
playing a role in the control of the cell cycle. The cell cycle is regulated by the family
of cyclin-dependent protein kinase (CDK) complexes at several defined checkpoints.
Cyclins are regulatory proteins that bind to CDKs and activate the kinase activity. These
complexes are upregulated by specific phosphorylation events, and downregulated by
the binding of CDK-inhibitory proteins, which include p16, p15, and the p53-activated
gene, p21. Active cyclin CDK complexes catalyze specific protein phosphorylation
events that eventually result in promotion of the cell cycle.
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Although the entire activation pathway has not been elucidated, K-ras mutation
provides a constitutive drive for cell replication. K-ras has been shown to activate the
Raf-1/MAP kinase pathway, which eventually leads to changes in gene expression of
transcription factors known to play a role in cell proliferation. Progression through a
critical G1 checkpoint is controlled by the p/6/CDK4/RB pathway. As a CDK in-
hibitor, p16 acts as a brake on cell proliferation, by preventing the cyclin D/CDK4 com-
plex from phosphorylating RB. Hypophosphorylated RB binds and sequesters such fac-
tors as E2F, and phosphorylation of RB causes the release of these factors. Inactivation
of either p/6 or RB allows disregulated cell-cycle progression. The cell cycle is also
negatively regulated by the CDK inhibitor p27 at multiple checkpoints. p21 expression
is induced by the p53 gene product; hence, p53 gene inactivation decreases the pres-
ence of a global negative regulator of cell proliferation (65). Finally, although the ex-
act function of DPC4 is unknown, its structural homology with other MAD proteins
suggests that it lies in a TGF-[3 superfamily pathway. Multiple effects on cell cycle com-
ponents following TGF-f treatment have been reported in experimental systems, in-
cluding RB hypophosphorylation and induction of CDK-inhibitor gene expression, and
it is possible that mutation of DPC4 abrogates a negative regulatory effect on the cell
cycle.

Although details of the specific effects of the genetic mutations identified in pan-
creas cancer remain to be worked out, it is clear that disregulation of the cell cycle is a
central event in pancreatic neoplasia. These results also point to the fact that cell cycle
control in pancreatic ductal cells tends to be inactivated in multiple regulatory path-
ways. This suggests that there is especially tight control over proliferation in normal
pancreatic ducts, which must be overcome in malignant transformation.

DNA REPLICATION ERROR PHENOTYPE

In addition to oncogenes and tumor-suppressor genes, a third broad class of genes
involved in neoplasia is composed of the mismatch repair genes. The role that the DNA
mismatch repair (MMR) enzymes play in carcinogenesis has been elucidated by the dis-
covery that mutations in such genes are responsible for the hereditary nonpolyposis col-
orectal carcinoma (HNPCC) syndrome, and for the replication error phenotype (RER)
observed in tumors (66). RER phenotype was first appreciated by the finding of new
alleles among the highly polymorphic microsatellite repeats assayed by PCR. The most
commonly used microsatellites are comprised of multiple repeats of the dinucleotide
(CA),, which are prone to polymerase slippage during DNA replication. In the absence
of an intact DNA repair mechanism, these slippage errors are the source of altered mi-
crosatellite alleles. The finding of such shifts of allele size has been used in many stud-
ies as a marker for the replication error phenotype, and have been correlated with mu-
tations in MMR genes in sporadic carcinomas, as well as those occurring in the setting
of HNPCC (67-70).

There are conflicting reports on the prevalence of the RER phenotype in pancreatic
carcinoma. One group from Japan reported a prevalence of replication error phenotype
in six of nine (66.7%) tumors tested (71), but another group from the United States re-
ported that in analysis of thousands of informative microsatellite assays performed on
five nonoverlapping patient subsets of different epidemiologic risk categories, only one
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tumor exhibited such as phenotype, for a prevalence of <1% (31,42,43,72). Such dra-
matic differences in prevalence are difficult to reconcile. It reflects either differences
in experimental technique and interpretation, or it may be the result of dramatically dif-
ferent rates of replication error phenotype in the two populations studied.

MOLECULAR GENETICS OF FAMILIAL PANCREATIC CARCINOMA

The genetic bases of several familial carcinoma syndromes have recently been dis-
covered. Most familial cancer syndromes are first identified through families having a
propensity to develop a specific form of neoplasm, or a limited set of neoplasms. In
this regard, familial clustering of pancreatic carcinoma has been observed, with some
pedigrees suggestive of an autosomal dominant inheritance factor (73). For example,
the authors established a National Familial Pancreatic Tumor Registry at The Johns
Hopkins Hospital in 1994, and have already identified over 60 families in which there
is an aggregation of pancreatic cancer (74). Additionally, a case-controlled study
showed that 7.8% of 179 pancreatic carcinoma patients had a positive family history
of pancreatic carcinoma, compared to only 0.6% of controls (75). It is therefore likely
that an inherited genetic component underlies some fraction of pancreatic carcinoma.

Germ-line mutations in the p/6 tumor-suppressor gene have been linked to the de-
velopment of pancreatic carcinomas in two families, with a highly penetrant autoso-
mal dominant mode of transmission for pancreatic carcinoma. In these two families,
the germ line p 16 mutation cosegregated with the cancer trait (41,76). In a related find-
ing, some kindred with familial atypical multiple-mole melanoma (FAMMM) syn-
drome, with germ line p/6 mutations, have been found to have a higher than expected
prevalence of pancreatic carcinoma (77-79). Although development of pancreatic car-
cinoma is increased in these kindred, it is not a highly penetrant trait. The reasons for
why a germ-line p/6 mutation can predispose different families to different incidences
of pancreatic cancer is unclear; however, it has been noted that the majority of high-
incidence families have mutations in the extreme 3’ portion of the gene, suggesting that
there is a domain-specific effect (41). Germ-line mutations in pI6 may, however, ac-
count for <5% of such pancreatic carcinoma-prone pedigrees (41). A closely related
type of genetic lesion, a mutation in the p/6-binding domain of CDK4, was not iden-
tified in 21 kindred with pancreatic carcinoma syndrome (417).

Studies of germline mutations in patients with pancreatic cancer also suggest that
our definitions of “sporadic” and “familial” pancreatic cancers are imprecise. Goggins
etal. (80) recently examined a panel of 41 adenocarcinomas of the pancreas for BRCA2
mutations. Four of the 41 cancers had loss of one allele and a mutation of the second,
and three of these four BRCA2 mutations were germ-line. Remarkably, none of the pa-
tients with germ-line mutations in BRCA2 had family histories that would suggest a fa-
milial clustering of cancer. Thus, some germ-line mutations in tumor-suppressor genes
can have incomplete penetrance for the trait, and can be responsible for many appar-
ently sporadic forms of pancreatic cancer. An excess of pancreatic cancer can also be
seen among families with hereditary breast cancer caused by BRCA2 mutations (8/-83).

As a final note, an attractive candidate gene for familial pancreatic cancer, DPCH4,
was screened in 11 kindred with a familial aggregation of pancreatic carcinoma by com-
plete gene sequencing (84). No mutations were found, which makes it unlikely that
DPC4 mutation accounts for an appreciable fraction of this syndrome.
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TUMOR PROGRESSION IN PANCREATIC CARCINOMA

The concept of a molecular genetic tumor progression was first established in hu-
man colorectal carcinoma. In this tumor model, increasing numbers of genetic alter-
ations were identified in various premalignant precursor lesions of increasing histologic
severity, with the largest number of alterations occurring in malignant neoplasms (85).
Pancreatic adenocarcinoma is derived from the epithelial cells lining the pancreatic
ducts, and proliferative noninvasive epithelial lesions are commonly found as micro-
scopic lesions in ducts adjacent to the infiltrating carcinomas. Although such a scenario
invites a direct comparison to the adenoma—carcinoma sequence of colorectal carci-
noma, there are certain difficulties in the field of pancreatic carcinoma that have pre-
vented a clear understanding of premalignant precursor lesions to date.

To begin, proliferative pancreatic duct lesions have a variety of histologic appear-
ances, with varying degrees of cytologic atypia. There is as yet no uniform nomencla-
ture for these lesions, but, most commonly, the term “hyperplasia” (with nonpapillary
and papillary subtypes) is used to describe duct lesions with no or mild cytologic atypia,
and “atypical papillary hyperplasia” or “carcinoma in situ” to describe duct lesions with
moderate-to-marked cytologic atypia (86). Since these lesions can be found in pancre-
ata resected for chronic pancreatitis with no concomitant carcinoma, as well as in pan-
creata with cancer, there has been a debate regarding which, if any, of these prolifera-
tive lesions are neoplastic rather than reactive in nature. To further complicate the issue,
noninvasive lesions that form grossly visible masses within the ducts (“intraductal
papillary neoplasms”), or form cystic spaces (“cystadenomas”) occur, and are gener-
ally regarded as neoplasms, although histologically the epithelial cells in these lesions
closely resemble those of the microscopic duct lesions. Unfortunately, there is insuffi-
cient clinical data to firmly establish the significance of these lesions in pancreatic tu-
morigenesis, a result in part of the difficulty in assessing pancreatic ducts in situ be-
fore pancreatectomy.

Molecular techniques can, however, be used to determine the nature of these duct
lesions. A molecular model of tumor progression would predict that the premalignant
precursor lesions of cancer should consist of clonal expansions of cells containing
some of the mutations found in malignant neoplasms. This model predicts, therefore,
that the pancreatic duct lesions that are precursor lesions to carcinoma should harbor
some of the same mutations found in infiltrating pancreatic carcinoma. Several stud-
ies have been performed using K-ras analysis, and have borne out this concept. Irre-
spective of whether or not the organ contains cancer, most recent studies have shown
that most papillary and atypical duct lesions, even some displaying minimal cytologic
atypia, contain K-ras mutations (87-91). K-ras mutations have also been found in over
half of noninvasive intraductal papillary neoplasms and mucinous cystic neoplasms
(96-99). Indeed, in the 1996 study by Tada et al., pancreata from 138 autopsy speci-
mens were examined from patients with no evidence of pancreatic disease, and epithelial
duct lesions were identified in 86%. K-ras mutations were found in duct lesions in 12
of 38 specimens (32%) selected at random. Since K-ras mutation is almost ubiquitous
in pancreatic cancer, there is an obvious and important role for this genetic lesion in
pancreatic carcinogenesis. However, it also suggests that the risk of malignant pro-
gression of each such lesion must be low.
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A complete understanding of tumor progression in pancreas cancer will entail addi-
tional studies of these duct lesions, with additional genetic markers. At present, no
molecular genetic analyses other than those of the K-ras gene have been reported on
microscopic duct lesions. One last clue to the role of various genes in tumor progres-
sion comes from the study by Hoshi et al. (92) in which no p53 mutations were found
in 16 cases of benign mucinous tumors of the pancreas; but 4 of 20 ductal pancreatic
carcinomas were found to be mutated in p53, suggesting a role for p53 in the clinical
aggressiveness of pancreatic epithelial neoplasms.

IS DUCTAL ADENOCARCINOMA GENETICALLY
DISTINCT FROM OTHER PANCREATIC TUMORS?

The short answer is yes, given the preliminary data. Ductal adenocarcinoma is de-
rived from the epithelium lining pancreatic ducts and ductules; however, neoplasms de-
rived from the pancreatic acini (acinar cell carcinoma) and the islets of Langerhans (islet
cell neuroendocrine carcinomas) also occur. K-ras mutation occurs so frequently in pan-
creatic ductal adenocarcinoma that it can serve as a signature mutation for the neoplasm.
In two studies that assayed the K-ras gene in acinar cell carcinoma, mutations were
found in one of 16 and none of 11 neoplasms examined, respectively (93,94). Similar
results were found in analyses of pancreatic endocrine tumors, in which no K-ras mu-
tations were found in 45 neoplasms examined (20,95). In addition, only one p53 mu-
tation was found in 12 pancreatic endocrine neoplasms in the same study that found a
51% prevalence of p53 mutation in pancreatic ductal adenocarcinoma. The differences
in the mutation profiles of these neoplasms, compared to ductal adenocarcinoma, in-
dicate that different molecular mechanisms underlie their pathways to malignancy.

Animportant question to be answered is whether these genetic differences are caused
by differences in mutagenic events, or whether tissue-specific epigenetic mechanisms
are permissive for different sets of gene mutations. In the first hypothesis, for instance,
exposure of the duct epithelium to a different set or higher concentration of mutagenic
compounds (carcinogens from cigarette smoke, activated pancreatic enzymes?, biliary
secretions?) would explain its higher rate of neoplastic transformation when compared
to other pancreatic cell types. Alternatively, the pancreatic epithelium may undergo a
higher rate of proliferation, allowing DNA damage to be fixed as base mutations or ge-
netic deletion at a higher rate. In the second hypothesis, mutation of genes occurs at
the same rate in all of the pancreatic tissue, but the duct epithelium is permissive to al-
terations of cell proliferation and behavior caused by these mutations, but the other tis-
sues are not. The elucidation of these questions will help explain why 90% of human
pancreas cancers are of duct origin, yet only about 10% of all pancreatic cells are duct
cells (96).

CONCLUSIONS AND FUTURE DIRECTIONS

The characterization of molecular genetic changes in pancreatic carcinoma confirm
the multihit model of carcinogenesis, in that four or more genes are altered in at least
one-third of pancreatic adenocarcinomas (79). Control of the cell cycle appears to be
the preferred target of genetic disruption in pancreatic carcinoma. Evidence suggests,
however, that additional genes may also be targets of mutation. Hence, future efforts
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will focus on the discovery of new cancer-related genes and of regulatory pathways that
are disrupted when these genes are mutated.

With the more complete cataloging of the molecular changes in pancreatic carcinoma,
and with future improvements in mutation-detection technology, many important ques-
tions may be addressed. First, is pancreatic carcinoma a genetically homogeneous or a
genetically heterogeneous disease? That is, will the majority of cancers have the same
mutation profile, or will there be two or more distinct sets of mutation groups? Can these
profiles be used to develop a screening test for the earlier, potentially curable stages?
If different mutation groups exist, are they actually functionally equivalent in terms of
regulatory pathways that are disrupted? For instance, it will be of interest to see if the
rare pancreatic cancers with RB mutations behave essentially the same as cancers with
the more common p16 mutation. Can knowledge of these pathways lead to the ratio-
nal and efficient design of effective chemotherapeutics, or help us to optimize radio-
therapy? How common are the predisposing germline mutations in the general popu-
lation, and what should be recommended for those who carry these risk genes? The
pancreas may prove an important model system to answer these questions of general
importance to cancer biology.
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Role of Polypeptide Growth Factors and Their
Receptors in Human Pancreatic Cancer

Murray Korc

INTRODUCTION

Carcinoma of the pancreas is the fifth leading cause of cancer death in the Western
world (1-2). The 1-yr overall survival rate in patients with pancreatic carcinoma is ap-
prox 12%; the 5-yr overall survival is approx 3-5% (1-2). The diagnosis of pancreatic
cancer is frequently established at an advanced stage, when the majority of patients are
not candidates for surgery. Furthermore, nonsurgical treatment for pancreatic cancer
is generally ineffective, because of the tumor’s propensity to metastasize, and because
of the resistance of pancreatic cancer cells to cytotoxic agents. Considerable effort has
been directed, therefore, at understanding the molecular alterations that occur in this
disorder, with the hope that this will lead to improved diagnostic and therapeutic modal-
ities.

Overexpression of growth factors and their receptors has been implicated in the ex-
cessive growth of malignant cells (3). Furthermore, some growth factors, such as mem-
bers of the transforming growth factor beta family, may inhibit cell proliferation (4).
Loss of responsiveness to their growth-inhibitory signals may also contribute to en-
hanced cancer cell growth, as discussed in Chapter 5 (4). This review will focus on the
role in pancreatic cancer of polypeptide growth factors and their receptors, whose ac-
tivation generally enhances cell proliferation.

GENERAL OVERVIEW OF POLYPEPTIDE GROWTH FACTORS

Polypeptide growth factors are produced by many different cells, often acting at or
near their site of expression through autocrine and paracrine mechanisms (Fig. 1). Cer-
tain growth factors may also act prior to their release from the cell, either by exerting
effects at intracellular sites via a so-called intracrine mechanism, or by acting prior to
release from the cell surface via a so-called juxtacrine mechanism (Fig. 1). Growth fac-
tors are also abundant in the systemic circulation, from where they can exert effects on
numerous target cells. Furthermore, the human pancreas consists of acinar cells, duct
cells, and endocrine cells, which are grouped into islets and dispersed throughout the
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Fig. 1. Potential mechanisms for growth factor actions in pancreatic cancer. Overexpression
of certain ligands, such as TGF-« (in cell A), can lead to EGF receptor activation via autocrine,
paracrine, or juxtacrine mechanisms. Juxtacrine effects are exerted by the TGF-a precursor,
which is a transmembrane protein that can bind and activate the EGF receptor. Overexpression
of other ligands, such as bEGF (in cell B), can lead to activation of FGF receptors via autocrine,
paracrine, or intracrine mechanisms. Intracrine effects may be exerted by the overexpressed
bFGF inside the cancer cells. The pancreas also contains thousands of islet cells that release
polypeptide hormones and growth factors into an intrapancreatic circulation that normally
bathes the exocrine cells prior to draining into the pancreatic vein. Insulin, which is stored in
the secretory granules (shown as small circles) of the {3 cell, can exert proxicrine effects on the
exocrine cells and on pancreatic cancer cells prior to its arrival in the systemic circulation, where
it acts as an endocrine hormone. IGF-II may act on pancreatic cancer cells via a similar proxi-
crine pathway.

exocrine tissue. These hormone-producing islets range widely in size, and receive as
much as 20% of the intrapancreatic blood flow. Although the venous effluent from the
larger islets bypasses the surrounding exocrine tissue, the effluent from the smaller
islets, which are more numerous, is discharged into an intrapancreatic portal circula-
tion that passes through the exocrine tissue (5). Consequently, a large portion of the
exocrine pancreas is exposed to high levels of islet-derived hormones and growth fac-
tors, which may act on the exocrine cells via a so-called proxicrine mechanism

(Fig. 1).

EPIDERMAL GROWTH FACTOR AND RELATED PEPTIDES

The epidermal growth factor (EGF) receptor is activated by a family of peptides that
includes EGF, transforming growth factor alpha (TGF-a), heparin-binding EGF-like
growth factor (HB-EGF), amphiregulin, and betacellulin (6). All five growth factors
share amino-acid-sequence homology, posses six cysteine residues in the same rela-
tive positions as EGF, and are produced as precursor molecules (6). These precursors
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insert into the cell membrane prior to undergoing proteolytic cleavage to yield the ma-
ture growth factor.

EGF and TGF-«a are potent mitogens toward a variety of cell types that express the
EGF receptor. Although they tend to exert similar biological actions in many cells, quan-
titative and qualitative differences have been reported. Thus, TGF-a exerts greater stim-
ulatory effects than EGF with respect to calcium mobilization from fetal rat long bones,
angiogenesis in the hamster cheek pouch model, skin-wound healing, induction of cell
ruffling and migration, and anchorage-independent growth of certain human pancre-
atic cancer cell lines (7). In addition, the inhibitory effects of EGF and TGF-a on nore-
pinephrine-induced contraction in arterial strips is diminished following repeated ex-
posure to EGF, but not to TGF-a (8).

In contrast to EGF and TGF-o, HB-EGF, betacellulin, and amphiregulin are hep-
arin-binding (6). HB-EGF was originally purified from the conditioned medium of U937
macrophage-like cells (9). It functions in its transmembrane precursor form as an in-
ternalization receptor for diphtheria toxin (9). Mature HB-EGF has a highly hydrophilic
domain with high affinity toward heparin and heparan sulfate at its N-terminal end. It
has an EGF-like domain that is approx 40% homologous with human EGF and TGF-
a at the C-terminal end, and it is a known mitogen for smooth muscle cells, fibroblasts,
keratinocytes, and hepatocytes (6).

Betacellulin is the most recently identified member of the EGF-like ligands. It was
initially purified from the conditioned medium of a malignant beta cell line established
from the pancreas of a transgenic mice expressing the SV40 large T-antigen under reg-
ulation of the insulin promoter (/0). Mature human betacellulin, cloned from MCF-7
human breast cancer cells, is 80% homologous with mouse betacellulin (11). Betacel-
lulin and EGF are equipotent with respect to their mitogenic effects in Balb ¢/3T3 fi-
broblasts, and with respect to binding to EGF receptor overexpressing A431 cells (11).

Amphiregulin is the only growth factor in this group with a hydrophilic region at its
amino terminal end and two putative nuclear targeting sequences (/2). It was originally
isolated from conditioned medium of MCF-7 breast carcinoma cells that were treated
with 12-O-tetradecanoylphorbol-13-acetate (/3). It binds to DNA and is present in the
nuclei of certain cells (13). It is an autocrine factor for normal human mammary ep-
ithelial cells, and it enhances the growth of normal fibroblasts, keratinocytes, and some
ovarian and pituitary tumor cell lines (6).

Members of the EGF family are mitogenic toward many cell types that express the
EGF receptor. They are capable of autoinduction and cross-induction (/4). For exam-
ple, TGF-a induces the expression of TGF-a, HB-EGF, and amphiregulin mRNA lev-
els (14). However, these EGF-like ligands do not localize in exactly the same cellular
site in the pancreatic cancers. Thus, EGF immunoreactivity is most commonly present
in the supranuclear region of the duct-like cancer cells; TGF-a tends to be present pref-
erentially at the apical aspect of these cells; amphiregulin is either present in the nu-
cleus or exhibits a diffuse cytoplasmic distribution; and HB-EGF may be found in a
membranous, cytoplasmic, or apical distribution (15-17). These observations imply spe-
cific roles for each of these growth factors in pancreatic cancers in vivo.

Several lines of evidence suggest that members of the EGF family have an impor-
tant role in pancreatic malignant transformation. First, all five ligands and the EGF re-
ceptor are expressed at high levels in the cancer cells within the pancreatic tumor mass
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(15-19). Second, HB-EGF, EGF, TGF-a, and amphiregulin enhance the proliferation
of cultured human pancreatic cancer cell lines (17,19-20). Third, coexpression of the
EGF receptor and either EGF or TGF-« is associated with decreased survival in pa-
tients with pancreatic cancer (2/). Fourth, the EGF receptor often colocalizes with EGF
and TGF-a in these cancers (21), suggesting that the ligands exert autocrine effects on
the pancreatic cancer cells. Fifth, the cytoplasmic localization of amphiregulin in pan-
creatic cancer cells is associated with more aggressive disease (/7). Sixth, anti-TGF-
a antibodies or amphiregulin antisense oligonucleotides suppress the growth of pan-
creatic cancer cells (22). These observations suggest that pancreatic cancer cells derive
a growth advantage as a result of excessive activation of the EGF receptor by EGF and
EGF-like ligands, and raise the possibility that agents that suppress the expression of
these ligands, and/or block the signaling pathways that they activate, may serve as novel
therapies in pancreatic cancer.

EPIDERMAL GROWTH FACTOR
RECEPTOR AND RELATED RECEPTORS

The EGF receptor consists of an extracellular ligand-binding domain, a transmem-
brane domain, and an intracellular domain that possesses intrinsic tyrosine kinase ac-
tivity (23). Following ligand binding, the EGF receptor undergoes dimerization, which
is essential for activation of its mitogenic signaling pathways. The dimerized EGF re-
ceptors are then auto- and transphosphorylated on tyrosine residues, and the phospho-
rylated residues become the sites of association of effector proteins containing src ho-
mology 2 (SH2) motifs (24-26). Thus, growth factor-related binding protein 2 (GRB2)
associates with the homolog of son-of-sevenless (SOS), which in turn associates with
activated ras-GTP, which translocates raf-1 to the cell membrane. Raf-1 is a serine—thre-
onine kinase that induces the phosphorylation of MAP kinase kinase, which in turn in-
duces the phosphorylation of MAP kinase (27). Activated MAP kinase translocates to
the nucleus and induces the phosphorylation of the protein products of jun and fos nu-
clear protooncogenes (27). Other regulatory proteins that are also activated following
ligand binding include phospholipase C-gamma (PLC-vy) and phosphatidylinositol-3-
kinase (PI 3-kinase).

In addition to undergoing dimerization, the EGF receptor heterodimerizes with sev-
eral closely related receptors (28,29), known as EGF receptor type 2 (HER-2 or c-erbB-
2), HER-3 (c-erbB-3) and HER-4 (c-erbB-4). HER-3 is ostensibly devoid of intrinsic
tyrosine kinase activity and undergoes tyrosine phosphorylation following het-
erodimerization with either the activated EGF receptor or activated HER-2 (28,29). It
then associates efficiently with PI 3-kinase, thereby enhancing the mitogenic potential
of the EGF receptor.

Human pancreatic ductal adenocarcinomas exhibit high levels of the EGF receptor,
HER-2, and HER-3 (15,30-33). Northern blot analysis and/or in situ hybridization stud-
ies indicate that the increase in EGF receptor, HER-2, and HER-3 immunoreactivity is
a result of overexpression of the respective mRNA moieties (/5,30-32). Although the
concomitant presence of the EGF receptor with either EGF or TGF-a is associated with
a shorter postoperative survival period in patients with pancreatic cancer, EGF recep-
tor or HER-2 expression is not associated with a worse prognosis (2/,31). In contrast,
expression of HER-3 is associated with decreased patient survival (32). Taken to-
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gether, these observations suggest that the EGF receptor and HER-3 may have an es-
pecially important role in contributing to pancreatic cancer cell growth.

Overexpression of the EGF receptor, its ligands, and related receptors has also been
observed in chronic pancreatitis, as discussed in Chapter 3 of this book. However, in
chronic pancreatitis, this overexpression is not associated with an altered gene back-
ground, as is observed in pancreatic cancer. Thus, pancreatic cancer in humans is as-
sociated with a comparatively high rate (75-95%) of K-ras oncogene mutations
(34-36). K-ras plays a pivotal role in signal transduction pathways that are activated
following binding of a variety of ligands to their specific cell-surface receptors. It pos-
sesses intrinsic GTPase activity, which is attenuated when K-ras is mutated, resulting
in enhanced mitogenic signaling through K-ras-dependent pathways of the type that
are activated by the EGF receptor (37).

In addition to K-ras mutations, these cancers harbor mutations in the p53 and DPC4
tumor suppressor genes (38—40), and exhibit alterations in cell-cycle-associated kinases,
such as p16 (41). Pancreatic cancers also express high levels of mdm-2, whose protein
product inhibits wild-type p53 functions (42,43). Thus, mdm-2 may have the potential
to induce cellular proliferation in pancreatic cancer in the absence of p53 mutations.
p53 is not mutated in chronic pancreatitis, and mdm?2 expression is not increased in this
disorder (39,42). Taken together, these observations suggest that the absence of these
alterations may preclude chronic pancreatitis from frequently transforming into pan-
creatic cancer. Conversely, their presence in the pancreatic carcinomas may allow the
overexpression of certain growth factors and their receptors to confer on the cancer cells
a unique growth advantage.

The most direct evidence for the importance of the EGF receptor in pancreatic can-
cer derives from studies in which EGF receptor-dependent signaling is blocked by ex-
pression of a truncated EGF receptor cDNA in PANC-I cells, which heterodimerizes
with the endogenous EGF receptor (44). Although this cell line harbors both a K-ras
mutation and a p53 mutation, blockade of EGF receptor signaling with the truncated
receptor markedly attenuates the growth of this cell line and enhances its sensitivity to
cis-platinum (44).

FIBROBLAST GROWTH FACTORS AND THEIR RECEPTORS

Another example of a family of growth factors that are often mitogenic and that ac-
tivate transmembrane tyrosine kinase receptors is represented by the fibroblast growth
factor (FGF) family. To date, this family consists of nine homologous polypeptide
growth factors that have an affinity for heparin and glycosaminoglycans, and that par-
ticipate in the regulation of biological processes in numerous cell types (45). In addi-
tion to being mitogenic, FGFs are motogenic, promote angiogenesis, and modulate cell
differentiation and tissue repair. The best characterized members of this family are
acidic FGF (aFGF or FGF1) and basic FGF (bFGF or FGF2). Other members are num-
bered as FGF-3 through FGF-9. FGF-3 is also known as int-2, FGF-7 is also known as
keratinocyte growth factor or KGF, FGF-8 is also known as androgen-induced growth
factor, and FGF-9 is also known as glia-activating factor (45).

There are four distinct high-affinity transmembrane tyrosine kinase FGF receptors
that function as signaling molecules to mediate the effects of FGFs, as well as low-affin-
ity receptors that are devoid of signaling capabilities, but which act to enhance ligand
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presentation to the high-affinity receptors (46 ). These high-affinity receptors have been
designated as FGFR-1, -2, -3, and -4. Their extracellular domains generally have three
immunoglobulin-like (Ig-like) regions; their intracellular tyrosine kinase domains are
separated into two contiguous regions.

As aresult of alternative splicing, a number of variant FGF receptors have been de-
scribed for FGFR-1, -2, and -3, including some that have lost the first Ig-like region in
the extracellular domain, resulting in the generation of a 2 Ig-like form. The presence
of an intron—exon boundary in the third Ig-like loop (domain III) allows for the gener-
ation of three alternative Ig-like domains in this carboxy-terminal region (domains Illa,
IIIb, IIc) of FGFR. The Illa splice form yields a secreted FGF-binding protein, the IIIb
splice form is expressed in epithelial cell types, and expression of the Illc splice form
is restricted to mesenchymal cell types (46). These splice variants may have important
functions that dictate the responsiveness of certain cell types to FGFs. In addition, the
receptor for KGF (KGFR) is a splice variant of FGFR-2, exhibiting a unique Illc do-
main and a high affinity for both KGF and aFGF (46).

Human pancreatic cancer cell lines express variable levels of FGF-1-5, and -7, and
coexpress one or another of the known high-affinity FGF receptors (47). Furthermore,
aFGF and bFGF are overexpressed in human pancreatic cancers, as determined by im-
munohistochemistry, in sifu hybridization, Northern blot analysis, and immunoblotting
studies (48). Although the presence of bFGF in the cancer cells is associated with
shorter postoperative patient survival, aFGF expression does not correlate with patient
survival (48). The reasons for these differences between aFGF and bFGF are not known.
It is established, however, that both aFGF and bFGF lack a signal peptide, and are there-
fore concentrated within their cells of origin. In contrast to aFGF, there are multiple
isoforms of bFGF that range in size from 18 to 24 kDa (49). Often, these are produced
in the same cell from a single mRNA species as a result of different initiation sites. Fur-
thermore, the shorter 18 kDa bFGF moiety is generated as a result of initiation of trans-
lation at the AUG codon, and is predominantly localized in the cytosol, but is also found
at the cell surface, and extracellularly, following secretion via a distinct cellular mech-
anism that is not fully understood. The higher mol forms of bFGF are generated as a
result of initiation at CUG codons, and often preferentially localize in the nucleus. Nu-
clear localization is caused, in part, by the presence of arginine residues at their amino
terminal ends. Production of multiple bFGF isoforms with at least two different cellu-
lar localization sites raises the possibility that each of these isoforms may exert spe-
cific functions. For example, the intracellularly secreted forms of bFGF may exert in-
tracrine effects that may lead to enhanced mitogenic signaling (49). These observations
are especially relevant to pancreatic cancer, inasmuch as human pancreatic cancers fre-
quently exhibit the high-mol forms of bFGF (4§).

Human pancreatic cancers express high levels of the 2 Ig-like form of FGFR-1, as
determined by RNase protection assays and polymerase chain reaction analysis. By im-
munohistochemistry and by in situ hybridization, FGFR-1 is abundant in the duct-like
cancer cells (50). In contrast, the 3 Ig-like form predominates in the normal pancreas,
where it is especially abundant in the acinar cells (50). These observations again sug-
gest that there is a potential for excessive autocrine and paracrine activation of FGF-
dependent pathways in human pancreatic cancer, and raise the possibility that the 2 Ig-
like form of FGFR-1 may have an especially important role in mediating this aberrant
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stimulation. In support of this hypothesis, expression of a truncated FGFR-1 cDNA in
PANC-1 cells markedly inhibits the growth of these cells (51).

INSULIN AND INSULIN-LIKE
GROWTH FACTORS AND THEIR RECEPTORS

Insulin-like growth factor I (IGF-I) is a mitogenic polypeptide that regulates cell cy-
cle progression (52). It is produced by many different cell types, and it has been im-
plicated in a variety of malignancies (52). In contrast to IGF-I, insulin is synthesized
and secreted exclusively by the beta cells in the endocrine islets; its release into the cir-
culation is tightly controlled by circulating glucose levels (53). Insulin’s main function
is to control glucose homeostasis, and it participates in the regulation of a variety of
metabolic pathways in many different cells; it has only been infrequently implicated in
human malignancies. A third member of this family is insulin-like growth factor-1I
(IGF-II), a polypeptide that exhibits structural homology to proinsulin and IGF-I (52).
IGF-II also exerts growth promoting and metabolic effects (52). Like IGF-I, IGF-II may
function as an autocrine and paracrine growth factor in a variety of mesenchymal and
epithelial tumors (54,55).

As in the case of other polypeptide hormones and growth factors, the first step in the
initiation of insulin, IGF-I, or IGF-II actions is dependent on their binding to their own
specific cell-surface receptors. Both the insulin and IGF-I receptors are heterotetrameric
proteins that possess intrinsic tyrosine kinase activity (52). Both receptors activate in-
sulin receptor substrate-1 (IRS-1), an important multisite docking protein implicated
in mitogenic signaling, and which mediates the metabolic effects of the IGF-I and in-
sulin (56). In contrast, the IGF-1I receptor is a single-chain transmembrane protein, iden-
tical to the mannose 6-phosphate receptor (57). It appears to be devoid of signaling ca-
pabilities. However, IGF-1I can exert mitogenic effects, because it binds and activates
the IGF-I receptor (52).

There are additional potential interactions between these ligands and their receptors.
Thus, insulin, IGF-I, and IGF-II bind to the insulin receptor. However, the affinity of
the insulin receptor toward IGF-I or IGF-II is considerably less than toward insulin (52).
Conversely, the affinity of the IGF-I receptor toward insulin or IGF-II is considerably
less than toward IGF-I (52). In many instances, the high levels of insulin in cultured-
cell systems are sufficient to activate the IGF-I receptor, and insulin exerts mitogenic
effects in these cells by activating the IGF-I receptor. The IGF-II receptor binds IGF-
I and IGF-II, but does not bind insulin (52). A syndrome of extrapancreatic tumor hy-
poglycemia has been correlated with the production of large quantities of pro-IGF-II,
also known as big IGF-II, which causes hypoglycemia by increasing glucose uptake
into muscle, and by suppressing hepatic glucose release (52,58).

Recent studies have suggested that IGF-I has a role in pancreatic cancer. Thus, both
IGF-1 and its receptor are overexpressed in human pancreatic cancers, raising the pos-
sibility that IGF-I may act via autocrine and paracrine mechanisms to enhance pancreatic
cancer cell growth (59). Indeed, four lines of evidence indicate that the IGF-I receptor
mediates mitogenic signaling in pancreatic cancer cells, and that this effect is impor-
tant in vivo. First, the proliferative effects of IGF-I in pancreatic cancer cell lines is in-
hibited by a-IR3, a specific anti-IGF-I receptor antibody (59). Second, the growth of
cultured human pancreatic cancer cells is inhibited by IGF-I receptor antisense oligonu-
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Fig. 2. Interactions among growth factors, oncogenes, and tumor-suppressor genes in pan-
creatic cancer. Overexpression of the EGF receptor (HERs) family as well as the EGF family
of ligands and related known (such as cripto) and unknown (??) ligands, the 2 Ig-like form of
FGFR-1, and possibly other FGF receptors (FGFRs) and multiple FGFs, IGF-I receptor (IGF-
IR), its ligand IGF-1, and its downstream signaling molecule IRS-1, the hepatocyte growth fac-
tor receptor MET and its ligand, both types of the PDGF receptor, and the B-chain of PDGF
combine to lead to aberrant activation of tyrosine kinase-dependent pathways and enhanced cell
proliferation. Growth stimulation through IGF-IR, and, subsequently, IRS-1, is also enhanced
by islet cell-derived insulin and IGF-II. Activation of mitogenic pathways is magnified as a con-
sequence of mutations in the K-ras oncogene and cell-cycle-associated kinases, such as p16.
Concurrently, there is loss of negative growth constraints because of p53 tumor-suppressor gene
mutations or excessive expression of the mdm-2 gene, and mutations in the DPC4 gene. The
net result is enhanced cell proliferation and loss of negative constraints on cell growth.

cleotides (59). Third, in situ hybridization studies have shown that, in the normal pan-
creas, IGF-1 is only expressed in the stromal elements (59). In contrast, in the pancre-
atic cancers, IGF-1 mRNA is abundant in both the cancer cells and the surrounding
stroma (59). Fourth, IGF-I receptor activation leads to phosphorylation of IRS-1, an
important regulatory protein that mediates the growth-promoting effects of insulin and
IGF-1 (56). IRS-1 is also overexpressed in pancreatic cancer (60), indicating that there
is an enhanced potential for excessive activation of IGF-I receptor-dependent signal-
ing pathways in this disorder.

IGF-II and insulin also appear to have a role in pancreatic cancer. Although neither
polypeptide is expressed at high levels in this malignancy, both insulin and IGF-II are
present in the endocrine islets (61 ). Following their release into the intrapancreatic cir-
culation, they may act via proxicrine mechanisms to activate the overexpressed IGF-I
receptor in the pancreatic tumors. In addition, IGF-II may act by binding the IGF-II re-
ceptor, which is also overexpressed in pancreatic cancers (62). This receptor partici-
pates in the uptake and transport of lysosomal enzymes, internalization, activation
and/or degradation of other mannose-6-phosphate-containing proteins, and internal-
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ization and degradation of IGF-II (57). It has also been implicated in enhancing cell
motility, and in the activation of the TGF-B1 precursor (63,64 ). Therefore, it is possi-
ble that overexpression of the IGF-II receptor in pancreatic cancers may enhance can-
cer cell motility and activate the overexpressed TGF-31, thereby contributing to tumor
growth and invasion (65).

ADDITIONAL GROWTH FACTORS AND THEIR
RECEPTORS IN HUMAN PANCREATIC CANCER

Human pancreatic cancers frequently overexpress the B-chain of platelet-derived
growth factor (PDGF), both types of PDGF receptors, hepatocyte growth factor and its
receptor c-MET, and the EGF-like ligand, cripto, whose receptor is yet to be identified
(66—69). Together with the gene alterations described above, the overexpression of mul-
tiple ligands and their tyrosine kinase receptors, and their abundance in pancreatic islets,
imply an important role for these molecules in pancreatic cancer cell growth (Fig. 2).
It is therefore likely that therapeutic modalities aimed at abrogating the excessive ac-
tivation of their mitogenic signaling pathways will ultimately have a clinical role in this
deadly disorder.
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Growth Factors and Growth Factor Receptors
in Chronic Pancreatitis, and the Relation
to Pancreatic Cancer

Helmut Friess, Pascal Berberat, and Markus W. Biichler

INTRODUCTION

Chronic pancreatitis is an inflammatory disease of the pancreas that leads to persis-
tent and progressive morphological and functional alterations of the whole organ and
in its terminal state severe exocrine and endocrine insufficiencies are present. (/-3).
Morphologically, chronic inflammation of the pancreas is also associated with pan-
creatic head enlargement, calcifications of the parenchyma, cysts, necrosis, and pan-
creatic stones (4-6). The continuous tissue destruction and subsequent re-
modeling causes finally the two major clinical symptoms: upper abdominal pain
and maldigestion.

Although many studies have attempted to clarify the pathobiological mechanisms
of pain generation in chronic pancreatitis, all proposed hypotheses are still controver-
sial. Theories of pain pathogenesis have included focal acute inflammation of the pan-
creas, increased intraductal pressure, extrapancreatic causes like common bile duct or
duodenal stenosis, and postprandial pancreatic hyperstimulation caused by decreased
secretion capacity and the insufficient functioning of the so-called negative-feedback
mechanism (7,8). However, none of these concepts can conclusively explain the pain
syndrome in these patients. Recent studies using modern molecular biology techniques,
such as in situ hybridization, have led to the postulation that direct alterations of nerves
and changes in neurotransmitters might cause pain in patients with chronic pancreati-
tis (9—11). There is great expectation that the availability of new molecular methods
will help to complete our understanding of pain generation in chronic pancreatitis in
coming years.

The second leading symptom in patients with chronic pancreatitis is maldigestion,
which is generally caused by the loss of exocrine parenchyma. However, the mecha-
nisms which lead to the destruction of the exocrine pancreas and the replacement of
pancreatic acinar and ductal cells by fibrosis are not known. In the past, several inde-
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pendent pathophysiological concepts of chronic pancreatitis were introduced by dif-
ferent research groups, but there is still disagreement over which of them is the most
valid explanation for the morphological changes that occur in chronic pancreatitis
(12—15). The most-favored concept postulates that alcohol overconsumption causes a
reduction in the secretion of lithostatin, a protein that stabilizes the pancreatic juice and
inhibits the formation of protein plugs; it is believed that protein plugs are then formed,
which lead to obstruction of the pancreatic ductal system and, subsequently, to a chronic
inflammation in the pancreas (/2). Other proposed causes include recurrent attacks of
acute pancreatitis, with subsequent necrosis, periductular fibrosis, ductal obstruction,
and continuous fibrosis (/3), the direct toxic effect of alcohol and its metabolites on
pancreatic acinar and ductal cells (/4), and direct damage of the pancreatic parenchyma
by increased levels of free radicals caused by reduced hepatic detoxification (15). How-
ever, none of these concepts can conclusively explain the morphological, functional,
and clinical picture of chronic pancreatitis (/6). Therefore, additional mechanisms
must be involved in the pathogenesis of chronic pancreatitis. We favor a new hypoth-
esis of inflammatory destruction that causes pain and exocrine/endocrine failure. Re-
cently, we have reported that there exists a correlation between inflammatory cell in-
filtrates, pain, and changes in and around pancreatic nerves (/7). Exocrine and endocrine
pancreatic destruction and fibrotic replacement seems to be additionally influenced by
activated lymphocytes and by activation of nonpancreatic proteolytic systems (18,19).

The fast-developing field of molecular biology, with its new techniques and knowl-
edge about fundamental biological mechanisms, has enabled clinicians to gain deeper
insight into the pathophysiology of human diseases in the past decade. However, the
molecular mechanisms that contribute to the histomorphological changes in chronic
pancreatitis are still not known. Bockman and coworkers (20) reported in 1992 that
transgenic mice, which overexpress transforming growth factor alpha (TGF-a) in the
pancreas, develop morphological pancreatic changes that are comparable to those found
in chronic pancreatitis in humans: The pancreata of these mice were macroscopically
firm and enlarged. Microscopically, there was a high degree of fibrosis and dediffer-
entiation of pancreatic acinar cells into tubular structures. These findings provided the
first hint that growth factors and growth factor receptors may play a role in the mor-
phological changes that occur in chronic pancreatitis.

Using modern molecular biology techniques, such as Northern blot analysis, in situ
hybridization, immunoblotting, and Southern blot analysis, and histological approaches,
such as immunohistochemistry, the authors have tried to determine over the past 4 yr
whether expression and distribution of growth factors and growth factor receptors oc-
curs in chronic pancreatitis. In addition, the authors have tried to evaluate whether
changes in the expression of these factors might influence the development of chronic
pancreatitis.

The following review will summarize some of the authors’ and other researchers’
findings on the role of growth factors and growth factor receptors in chronic pancre-
atitis in humans.
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THE EPIDERMAL GROWTH FACTOR (EGF) RECEPTOR,
C-ERBB-2 AND C-ERBB-3 IN CHRONIC PANCREATITIS

The EGF receptor, also known as human EGF receptor I (HER-1), is a transmem-
brane 180 kDa protein that exhibits tyrosine kinase activity by its intracellular domain
(21-23). The EGF receptor belongs to a growth factor family that also includes c-erbB-
2 (HER-2) (24,25), c-erbB-3 (HER-3) (26), and c-erbB-4 (HER-4) (27). They share
significant amino-acid-sequence homology, possessing six cystine residues in the same
relative position. All these growth factor receptors are activated by specific ligands.
Through binding of ligands to the extracellular domain of the receptor, which provide
a complicated tertiary structure consisting of 25 disulfide bonds, the intracellular ty-
rosine kinase is activated, leading to the phosphorylation of various intracellular sub-
strates, such as phospholipase C-gamma, and to tyrosine autophosphorylation (27,23).
Several ligands have been found during the past two decades that bind and activate the
EGF receptor. These include EGF, TGF-a, amphiregulin, betacellulin, and heparin-
binding EGF (28-32). All five polypeptides are generated by proteolytic cleavage of
the extracellular domains of precursor molecules, which possess a hydrophobic trans-
membrane domain and an intracellular domain as their receptors. The activation of the
EGF receptor by EGF and TGF-a has been studied extensively. Binding of EGF to the
receptor first induces dimerization of the receptor, which seems to be its functional state,
and then leads both to phosphorylation of intracellular substrates by the tyrosine kinase
domain and to the internalization of the ligand—receptor complex (receptor-mediated
endocytosis) (33). During this process, the receptors are quickly removed from the sur-
face of the cell and the cell can consequently not be stimulated by further exogenous
growth factors (refractory period, also called receptor downregulation). EGF is recy-
cled and released from the cytoplasm in the extracellular space for further activation
of the EGF receptor. The activation of the EGF receptor by TGF-a is approx 100X
stronger than activation of EGF. However, following internalization of the EGF-re-
ceptor—TGF-a complex, TGF-a is degraded in the cytoplasm (34).

The exact function of EGF in vivo is not yet completely clear. It seems to have a
physiological effect as an autocrine and paracrine growth factor in tissue renewal and
wound repair, and to play a role in milk production and as a growth-promoting agent
for the newborn, as well as to have some function in the male reproductive system
(35,36).

Using Northern blot analysis, we found low levels of EGF receptor, EGF, and TGF-
a mRNA expression (37-39). In situ hybridization with specific cRNA probes re-
vealed that EGF receptor, EGF, and TGF-o mRNA transcription takes place in acinar
and ductal cells in the normal pancreas. TGF-a. mRNA grains were present at com-
paratively high values in the normal pancreas. All three mRNA moieties were prefer-
entially localized at the apical portion of ductal cells. In acinar cells, the mRNA grains
of all three species were present in the basal portion (37-39).

In tissue samples obtained from patients with chronic pancreatitis, expression of EGF
receptor, EGF, and TGF-a mRNA was increased, but amylase mRNA values were con-
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siderably decreased when compared with the normal controls (39). Densitometry of the
Northern blot membranes revealed that 70% of the chronic pancreatitis samples ex-
hibited a 5.7-fold increase in EGF-receptor values, and 74% of the chronic pancreati-
tis samples showed a six-fold increase of TGF-a mRNA, compared with the normal
controls (39). In situ hybridization demonstrated a readily evident increase in EGF re-
ceptor, EGF, and TGF-a mRNA both in remaining acinar cells and ductal cells in the
chronic pancreatitis samples. Quantitative video image analysis of the in situ hy-
bridization data from normal and chronic pancreatitis tissue samples showed that there
were 23-fold and four-fold increases of EGF receptor and TGF-o mRNA values, re-
spectively, in the chronic pancreatitis tissues, compared to the normal pancreas (39).
mRNA grains were localized in exocrine pancreatic cells, but not in the stroma or in
fibroblasts.

c-erbB-2 analysis in the normal pancreas and in chronic pancreatitis tissue samples
was performed using Southern blot analysis, Northern blot analysis, in sifu hybridiza-
tion, and immunohistochemistry. Northern blot analysis of RNA samples extracted from
normal pancreases, and from patients with chronic pancreatitis, revealed low levels of
c-erbB-2 mRNA expression in the normal pancreas (40,41). In contrast, some of the
chronic pancreatitis samples exhibited markedly increased c-erbB-2 mRNA expression;
others had c-erbB-2 mRNA levels comparable with those of normal controls. Analy-
sis of the clinical data of the chronic pancreatitis patients revealed that patients with
pancreatic head enlargement had increased c-erbB-2 mRNA levels; patients without
pancreatic head enlargement did not exhibit enhanced c-erbB-2 mRNA expression in
the resected pancreas. Densitometric analysis of the Northern blots indicated that, by
comparison with the normal pancreas, there was a 4.5-fold increase (range: 1.7-8.7) in
c-erbB-2 mRNA levels in chronic pancreatitis tissues of patients with pancreatic head
enlargement. No aberrant mRNA transcripts were found in any of the normal or chronic
pancreatitis samples (40). Linear regression analysis of the fold increases in c-erbB-2
mRNA levels with the vertical pancreatic head diameter of the pancreas showed a sig-
nificant positive correlation (y = —2.9 + 1.3 X X, r = 0.82; p < 0.001). When ex-
pression analysis of the EGF receptor was performed in the same chronic pancreatitis
samples, only 54% of the chronic pancreatitis samples with pancreatic head enlarge-
ment exhibited enhanced expression (40). In addition, 42% of the chronic pancreatitis
patients with no enlargement of the vertical pancreatic head diameter showed marked
overexpression of the EGF receptor.

In situ hybridization in the normal pancreas demonstrated specific c-erbB-2 mRNA
grains in acinar and ductal cells (40). In chronic pancreatitis tissue samples without pan-
creatic head enlargement, the number of specific in situ hybridization grains was com-
parable to that of the normal controls (40). In contrast, patients with pancreatic head
enlargement exhibited consistently higher levels of c-erbB-2 mRNA in situ hybridiza-
tion grains in the remaining pancreatic acinar and ductal cells. Comparative video im-
age analysis of the in situ hybridization signals in the normal pancreas, and in chronic
pancreatitis tissues with and without pancreatic head enlargement, indicated that, in tis-
sue samples of patients with pancreatic head enlargement, c-erbB-2 mRNA grains
were 4.8-fold higher (p < 0.001) than in the other two groups.

To investigate whether overexpression of c-erbB-2 is caused by gene amplification,
as has been reported in many mammary cancers, Southern blot analysis was performed
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in the same normal and chronic pancreatitis samples that were used in Northern blot
analysis and in the in situ hybridization experiments. Following digestion of genomic
DNA with the restriction enzymes EcoRI and BglIl, no aberrant DNA bands or gene
amplifications were observed (40).

By immunohistochemistry using a highly specific monoclonal antibody against the
c-erbB-2 protein (p185), the authors found weak-to-moderate immunoreactivity in a
focal pattern in some acinar and ductal cells in the normal pancreas (Fig. 1A) (40).
Chronic pancreatitis samples of patients without pancreatic head enlargement (Fig. 1B)
exhibited a staining pattern that was comparable to that in the normal controls (40). In
contrast, a diffuse increase in c-erbB-2 immunoreactivity was present in acinar and duc-
tal cells in tissues obtained from chronic pancreatitis patients with pancreatic head en-
largement. Immunoreactivity was mostly located in the cytoplasm of the cells (Fig. 1C).
In addition, most regions with pseudoductular structures exhibited intense c-erbB-2 im-
munostaining. In areas with fibrosis, only some of the fibroblasts were positive for c-
erbB-2. However, in the fibrosis there was no difference in staining intensity and fre-
quency between chronic pancreatitis patients with and without enlargement of the
pancreatic head.

c-erbB-3, the third member of the EGF receptor family, was studied in chronic pan-
creatitis, in comparison with pancreatic cancer and normal controls (42). In all sam-
ples of normal pancreas, low levels of c-erbB-3 mRNA expression were present. In
chronic pancreatitis, 24% of the samples exhibited enhanced c-erbB-3 mRNA expres-
sion. By immunohistochemistry, c-erbB-3 immunoreactivity was found only in ductal
cells (42) in the normal pancreas (Fig. 2A). Centroacinar cells and most ductal cells in
the intralobular and interlobular ducts showed faint-to-moderate c-erbB-3 immunos-
taining (Fig. 2A). In chronic pancreatitis samples, faint-to-moderate c-erbB-3 im-
munoreactivity was present in the remaining acinar and ductal cells (Fig. 2B). In ad-
dition, regions with pseudoductal metaplasia exhibited moderate-to-intense c-erbB-3
immunostaining; in fibrotic tissues, no immunostaining for c-erbB-3 was detectable.

CRIPTO IN CHRONIC PANCREATITIS

The cripto gene encodes a 188-amino-acid polypeptide growth factor that was orig-
inally cloned from cell lines of an undifferentiated human teratocarcinoma (43,44). In
its central region, it shows strong structural homology to EGF and TGF-« (44). There-
fore, cripto belongs to the EGF family of growth factors. In contrast to EGF and TGF-
a, cripto does not bind to the EGF-receptor. Functional studies with teratocarcinoma
cell lines have demonstrated that shutting off the cripto gene leads to cell differentia-
tion (44). These findings suggest that cripto is associated with an undifferentiated cell
state.

The expression and distribution of cripto was analyzed in chronic pancreatitis, par-
allel to pancreatic cancer. By Northern blot analysis, a four-fold increase (p < 0.02) of
the cripto mRNA levels was found in the chronic pancreatitis samples (45), compared
with normal controls. The increase in mRNA expression was not caused by gene am-
plification or gene rearrangement, as confirmed by Southern blot analysis (45). Nei-
ther EcoRI nor HindlIlI digestion of genomic DNA revealed any aberrant DNA frag-
ments in the normal pancreas and in chronic pancreatitis samples. Cripto
immunostaining in the normal pancreas was present in ductal cells, and only faintly in



Fig. 1. c-erbB-2 immunohistochemical staining in the normal pancreas (A), and in chronic
pancreatitis without (B), and with pancreatic head enlargement (C). In the normal pancreas, c-
erbB-2 immunoreactivity was present in the cytoplasm of some acinar cells and ductal cells (A).
In chronic pancreatitis patients without enlargement of the pancreatic head, c-erbB-2 im-
munostaining in the remaining acinar and ductal cells was comparable with that in the normal
controls (B). In contrast, tissue samples obtained from chronic pancreatitis patients with pan-
creatic head enlargement exhibited increased c-erbB-2 immunoreactivity in the pancreas (C).
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Fig. 2. c-erbB-3 immunohistochemical staining in the normal pancreas (A), and in chronic
pancreatitis (B). In the normal pancreas, c-erbB-3 immunoreactivity was present in ductal cells
and in central acinar cells. In chronic pancreatitis, the remaining acinar and ductal cells exhib-
ited moderate-to-strong c-erbB-3 immunoreactivity.

a few acinar cells (Fig. 3A). Immunohistochemical analysis in chronic pancreatitis tis-
sues revealed that the intensity of cripto immunostaining was closely related to the his-
tomorphological damage of the exocrine pancreatic parenchyma. In chronic pancreatitis
tissues, areas with minor histomorphological damage exhibited cripto immunostaining
comparable to that of normal controls. In contrast, in atrophic acinar cells (Fig. 3B) and
ductal cells, and in regions with ductal metaplasia (Fig. 3C), intense cripto immunore-
activity was present (45).

ACIDIC FIBROBLAST GROWTH FACTOR (aFGF) AND BASIC
FIBROBLAST GROWTH FACTOR (bFGF) IN CHRONIC PANCREATITIS

aFGF and bFGF belong to a second family of homologous polypeptide growth fac-
tors that influence various biological functions, such as cell differentiation, cell mi-



Fig. 3. Immunohistochemical staining of cripto in the normal pancrease (A), and in chronic
pancreatitis (B, C). In the normal pancreas, cripto immunoreactivity was present in the cyto-
plasm of most ductal cells, and was very faint in a few acinar cells (A). In contrast, in chronic
pancreatitis samples, acinar cells (B) and areas with ductal metaplasia (C) exhibited moderate-
to-strong cripto immunoreactivity.
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gration, and angiogenesis (46—52). In addition, bFGF also seems to play an important
role in tissue repair, by increasing the production of collagen and plasminogen activa-
tor (53,54). Both growth factors exert chemotactic effects on fibroblasts and increase
collagen production by these cells (46,51,55). Fibroblast growth factors have a high
affinity for heparin and glycosaminoglycans, which is important for their biological
functions (52). In addition to aFGF and bFGF, the fibroblast growth factor gene fam-
ily currently includes FGF-3 (int-2), FGF-4 (Kaposi FGF), FGF-5, FGF-6, FGF-7 (ker-
atinocyte growth factor), FGF-8 (androgen-induced growth factor), and FGF-9 (48-52).
The family members have between 30 and 70% of their amino-acid sequence in com-
mon. The prototypes aFGF and bFGF are found in abundance in the extracellular ma-
trix, which seems to serve as a reservoir for FGFs. One theory suggests that, in this way,
a “pool” of FGFs can quickly be mobilized in response to requirements such as cell mi-
gration, wound healing, and angiogenesis.

Like other growth factors, fibroblast growth factors transmit their messages to the
target cells by binding to specific transmembrane receptors. At least five fibroblast
growth factor receptors (FGFR) have been discovered: FGFR-1 (flg-1), FGFR-2 (bek),
FGFR-3 (cek-2), FGFR-4 (flg-2), and FGFR-5. FGF receptors consist of two or three
immunoglobulin-like regions in the extracellular domain, a short transmembraneous re-
gion, and an intracellular domain. The intracellular segment possesses tyrosine kinase
activity that is separated into two contiguous regions. Binding of FGFs to their recep-
tors requires the presence of heparin sulfate, which is usually found on the cell surface
or in the extracellular matrix. First, the ligands bind with high affinity to heparin-like
molecules; next, they bind to the cognate FGF receptors by forming a trimolecular com-
plex that transmits the signal into the cell. The heparin-like molecules might present
the FGFs to their receptors, or they may serve as strong stabilization factor in the lig-
and-receptor complex. Other studies have shown that the heparin-like molecules also
increase the half-life of FGFs by preserving them for early proteolytic degradation
(47,48,51,52). Through different mRNA splicing, the distinct isoforms of FGFRs are
generated. As mentioned above, FGF receptors belong to the tyrosine kinase receptor
family, as do many other growth factor receptors. Like the ligands, the receptors also
show a significant sequence homology. Additionally, they demonstrate an overlap con-
cerning their binding specificity for the various FGFs (57,52,56).

In humans, aFGF has been found in nerve tissue, heart, kidneys, prostate, and liver.
In contrast, bFGF seems to be more ubiquitous in human tissues (46,48,50,57,58). The
presence of aFGF and bFGF and four of their high-affinity FGF receptors has already
been reported in the normal human pancreas (59). In addition, experimental studies in
isolated rat pancreatic acini have demonstrated that aFGF and bFGF can stimulate
amylase release. These observations raise the possibility that these growth factors
might play a physiological role in the regulation of the exocrine pancreas.

In the normal human pancreas, Northern blot analysis has shown low levels of aFGF
and bFGF mRNA expression (60,61), and in situ hybridization analysis has revealed
low levels of these grains in some pancreatic acinar and ductal cells (61). Only faint
aFGF and bFGF immunoreactivity was found in the cytoplasm of acinar and ductal cells
in the normal pancreas; however, aFGF was present preferentially in ductal cells, and
bFGF was more frequently found in acinar cells (60,61 ).
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In contrast, when the chronic pancreatitis samples were compared with normal con-
trols, Northern blot analysis showed a significant increase of aFGF mRNA (p < 0.01)
in 72% of the CP samples, and of bFGF mRNA in 91%. Densitometric analysis of the
Northern blot signals indicated a 10-fold increase for aFGF and a 14-fold increase for
bFGF. Linear regression analysis of the mRNA increases above control in aFGF, and
bFGF mRNA levels of the individual chronic pancreatitis samples indicated that there
was a significant positive correlation between the expression levels of these growth fac-
tors (r = 0.88; p < 0.001) (61). The mRNA expression data obtained by Northern blot
analysis could be confirmed by in situ hybridization. aFGF and bFGF mRNA expres-
sion were markedly increased in many acinar and ductal cells, especially when these
cells exhibited atrophic changes. In regions of chronic pancreatitis samples exhibiting
less damage of the parenchyma, the intensity and the frequency of aFGF and bFGF
mRNA grains were slightly above those of normal controls. Furthermore, in the sur-
rounding stroma and in the fibrotic regions, grains of both mRNA moieties were slightly
elevated (61).

Immunohistochemical staining, using specific monoclonal antibodies for aFGF and
bFGF, demonstrated that aFGF (Fig. 4B,C) and bFGF (Fig. 5B,C) were markedly ele-
vated in the chronic pancreatitis tissues. In the normal pancreas, some acinar cells and
ductal cells of small ductules or larger interlobular ducts showed immunoreactivity for
aFGF (Fig. 4A) and bFGF (Fig. 5A) at the apical aspect. In the chronic pancreatitis tis-
sue samples, aFGF (Fig. 4B) and bFGF (Fig. 5B) immunoreactivity was intense for both
factors in degenerating acinar and ductal cells, and in areas exhibiting pseudoductular
metaplasia (Figs. 4C and 5C). In contrast, areas of chronic pancreatitis tissues with mi-
nor damage showed immunostaining in acinar and ductal cells that was only slightly
increased when compared with normal controls. There was no immunoreactivity of
aFGF and bFGF in the stroma or in the fibrosis in the chronic pancreatitis samples (61).

TRANSFORMING GROWTH FACTOR
BETAS (TGF-BS) IN CHRONIC PANCREATITIS

Transforming growth factor betas (TGF-Bs) and their homologues form a third im-
portant family of growth factors. They are stable, multifunctional polypeptide growth
factors that belong to the TGF-f gene superfamily of regulatory polypeptides, which
act as signaling molecules by binding to specific receptors located on the surface of the
cell membrane (62,63). TGF-Bs are excreted as an inactive molecule, which has to be
activated before it can bind to its specific cell membrane receptors. In mammalian cells,
three isoforms of transforming growth factor beta exist: TGF-B1, TGF-32, and TGF-
B3. TGF-Bs are multifunctional cytokines that play an important role in the regulation
of cell growth, cell differentiation, angiogenesis, immunoreactions, and formation of
the extracellular matrix (64-67). TGF-Bs have been demonstrated to be potent in-
hibitors of growth in many cell types, including epithelial, endothelial, neuronal,
hemopoetic, and lymphoid cells (63,67). In addition, TGF-Bs can regulate biological
processes by controlling gene transcription. In this way, TGF-Bs stimulate the expres-
sion of extracellular matrix-forming proteins, and of several proteases that degrade ex-
tracellular matrix proteins, thereby controlling wound healing, cellular adhesion, and
extracellular matrix deposition (68,69).



Fig. 4. aFGF immunohistochemical staining in the normal pancreas (A), and in chronic pan-
creatitis (B, C). In the normal pancreas (A), faint aFGF immunoreactivity was present in the
cytoplasm of some acinar and ductal cells. In chronic pancreatitis, most atrophic acinar cells
(B) and metaplastic ductal cells (C) exhibited moderate-to-strong aFGF immunoreactivity.
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Fig. 5. bFGF immunohistochemical analysis in the normal pancreas (A}, and in chronic pan-
creatitis (B, C). In the normal pancreas, faint bFGF immunostaining was present in the cyto-
plasm of some acinar and ductal cells (A). In chronic pancreatitis samples, moderate-to-intense
bFGF immunoreactivity was present in most atrophic acinar cells (B), and in areas with ductal
metaplasia (C).
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TGF-f signaling occurs via specific cellsurface receptors. Three major TGF-f3 re-
ceptors (TBR) have been characterized in recent years; they have been named TGF-(3
receptor types I, II, and II (70-73). Receptor types I and Il are involved in signal trans-
duction; the type III receptor is involved in storage of TGF-fs and their presentation
to the signaling receptors (71,73). Although only one subtype of TGF-3 receptor type
II has been identified, several subtypes of the TGF-[3 receptor type I have been char-
acterized. TGF-f receptor type I ALKS (TBR-Iaxs), which is the most important type
I TGF-B receptor subtype, mostly participates in maintaining the signaling pathway.
Another TGF-f receptor type I subtype is TBR-Iskr1, Which plays a less important role
in signal transduction than TPR-Ixs (62). Biochemical studies indicate that the TGF-
B receptor type II activates signal transmission through an intracellular serine-threo-
nine-kinase. However, signaling is dependent on the presence of TGF-{ receptor type
I. On the other hand, TGF-[3 receptor type Il is necessary for binding of TGF-3s to the
TGEF- receptor type I. The TGF-f3 signal is transduced through a heterodimeric receptor
complex consisting of TGF-f receptor types I and II (71,73). TGF-f receptor type 111
is a proteoglycan also known as betaglycan, and seems not to be directly involved in
signal transmission. It participates in storage of TGF-3s and in the presentation of TGF-
B isoforms to their signaling receptors (72). A soluble form of TGF-f3 receptor type II1
was isolated in the serum and in the extracellular matrix of cultured fibroblasts. This
soluble receptor can bind TGF-Bs. TBR-III-bound TGF- cannot simultaneously bind
to the signaling TGF-p receptors. Therefore, TGF-f3 receptor type III can regulate the
access of TGF-fs to the signaling receptors, thereby playing a central role in control-
ling interactions between TGF-3s and their signaling receptors (74). In addition, TBR-
IIT has a highly conserved serine- and threonine-rich cytoplasm domain, which might
interact with TBR-Is; ks and TBR-II during signaling (62,75).

In the normal human pancreas, low levels of TGF-1, TGF-2, and TGF-3 mRNA
were present. [n situ hybridization showed TGF-B1, TGF-B2, and TGF-f3 mRNA
grains in islet cells, acinar cells, and ductules, but rarely in larger ducts in the normal
pancreas. In addition, TBR-IaLks, TBR-II, and TBR-III mRNA grains were present. In
situ hybridization indicated that all three TGF-[3 receptors are transcribed in a few aci-
nar and ductal cells within the normal pancreas. The strongest mRNA signals could be
obtained by Northern blot analysis for TBR-III.

Immunostaining for TGF-B1, TGF-B2, TGF-B3, TBR-Isrks, and TBR-II demon-
strated a distribution pattern similar to that shown by in sifu hybridization. Indepen-
dent analysis of chronic pancreatitis samples by other groups has also demonstrated
strong immunostaining in the majority of ductal cells for TGF-B1, in the normal con-
trols only single ductular and centroacinar cells exhibited TGF-B1 immunoreactivity.
TGF-B1 immunoreactivity was especially present at the junctions between ductules and
acini in the normal pancreas. In chronic pancreatitis samples, mononuclear cells and
some fibroblasts exhibited TGF-B1 immunoreactivity in areas with inflammation and
fibrosis (76,77). Remnant islet cells showed diffuse TGF-B1 immunoreactivity in
chronic pancreatitis tissues, in a pattern similar to that seen in the normal pancreatic
samples.

The importance of TGF- signaling in the formation of fibrosis is underlined by ex-
periments in transgenic mice overexpressing TGF-$1 in the pancreas (78). These ani-
mals develop accumulation of extracellular matrix in the pancreas that is histologically
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identical to chronic pancreatitis in humans. Therefore, upregulation of TGF-fs in the
human pancreas seems to influence fibrogenesis, and might contribute indirectly to the
ongoing destruction of the exocrine and endocrine parenchyma in humans.

CONCLUSIONS

This chapter has reported enhanced expression of a variety of growth factors and
growth factor receptors in chronic pancreatitis (39-41,45,61,70,76-78). These factors
are produced in the remaining pancreatic acinar and ductal cells, as demonstrated by
in situ hybridization and immunohistochemical staining. Immunohistochemistry
showed that areas with a higher degree of pancreatic damage and areas with ductal meta-
plasia exhibited the strongest staining for these factors. These observations indicate that
growth factors and growth factor receptors might influence the morphological changes
that occur in chronic pancreatitis. Overexpression of many growth factors and growth
factor receptors has also been reported previously in the literature on pancreatic can-
cer (28,32,37,38,41,42,45,56,60,70), which leads to two crucial questions: Is chronic
pancreatitis a risk disease for pancreatic cancer; and does pancreatic cancer develop
from chronic pancreatitis lesions in the pancreas? Presently these important questions
cannot be answered. However, there is clinical evidence that patients with chronic pan-
creatitis have a significantly higher risk of developing pancreatic cancer, which sup-
ports the hypothesis that pancreatic cancer might develop from chronic pancreatitis le-
sions in some patients (80). In general, the fold increase of RNA expression of growth
factors and growth factor receptors in chronic pancreatitis samples is lower than in pan-
creatic cancer samples, compared with normal controls. Therefore, quantitative differ-
ences in the expression levels of these factors seem to exist between cancer and chronic
inflammation in the pancreas. However, it is not known if these differences in expres-
sion are of biologically great enough significance for the behavior of pancreatic cells
to change their phenotype and to undergo malignant transformation.

The exact function of growth factors and growth factor receptors in chronic pancre-
atitis remains controversial. The concomitant overexpression of EGF-receptor and its
ligand TGF-a suggests that TGF-a may excessively activate the EGF-receptor through
autocrine/paracrine mechanisms (39). In this way TGF-a may enhance ductal prolif-
eration, modulate acinar cell functions, increase collagen production, and exert chemo-
tactic effects on fibroblasts. This hypothesis is strongly supported by recent studies in
transgenic mice overexpressing TGF-a in the pancreas (20). These animals develop
morphological pancreatic damage that is comparable to human chronic pancreatitis, ex-
cept that no signs of inflammation are present. In addition to overexpressing members
of the EGF-receptor family and the EGF family, many chronic pancreatitis samples ex-
hibit increased aFGF and bFGF mRNA expression and protein levels (61). aFGF and
bFGF can also stimulate fibroblast proliferation and collagen synthesis, which might
contribute to scarring in the pancreas (46-51,79). Similar effects can be proposed for
TGF-Bs, which are enhanced in many chronic pancreatitis samples (76,77). TGF-3s
are strong inducers of fibrosis by stimulating collagen synthesis, and by inhibiting col-
lagenases (63,65-68,81). In other diseases associated with fibrosis, such as lung fibrosis,
liver cirrhosis, and glomerulonephritis, the central role of TGF-@s in extracellular ma-
trix production is well established. An area of great interest for future investigation is
the expression pattern of growth factors and growth factor receptors in different stages
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of chronic pancreatitis. Our studies describe changes in these factors in advanced stages
of chronic pancreatitis, when there have already been a number of severe complications
that require surgical resection. However, studying chronic pancreatitis lesions in an early
stage of chronic pancreatitis is normally not possible, because these patients do not re-
quire surgery. Thus, it is presently not possible to determine whether upregulation of
growth factors and growth factor receptors has already begun to occur early on in the
development of chronic pancreatitis.

Although many studies have focused in the past on the development of chronic pan-
creatitis, the pathophysiological mechanisms in chronic pancreatitis are mostly un-
known (12-19). Although it is believed that overconsumption of alcohol induces chronic
pancreatitis, the initial cellular changes in acinar and ductal cells contributing to the
disease have not been identified. It will be difficult to establish the sequential patho-
physiological steps that occur in chronic pancreatitis, because, in addition to alcohol,
there also seems to be a genetic predisposition that strongly influences the onset of the
disease. Therefore, we have to focus on general pathways that are activated during the
course of chronic pancreatitis. Upregulation of growth factors and growth factor re-
ceptors, which stimulate fibrogenesis, occurs in pancreatic acinar and ductal cells it-
self (39,40,42,45,61,70,76—78). Future pathophysiological concepts of chronic pan-
creatitis may also have to consider alteration of growth factors and growth factor
receptors as one important aspect in the pathophysiological process of chronic pan-
creatitis that might influence the morphological and clinical course of the disease.
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Clues from Experimental Models

Daniel S. Longnecker

INTRODUCTION

Selecting or creating an animal model of carcinoma of the pancreas is a complex pro-
cess. One must ask what is being modeled. The reflex response is “ductal adenocarci-
noma,” because this is the most common histologic type of pancreatic cancer. How-
ever, a recently revised classification of neoplasms of the exocrine pancreas in humans
lists 17 major types and 11 subtypes (/). These are grouped into three categories ac-
cording to clinical behavior (benign, borderline, and malignant). The complexity is re-
duced somewhat by the fact that several histologic phenotypes have benign or border-
line and malignant counterparts that apparently represent sequential steps in the
development of a fully malignant phenotype. For example, one group includes muci-
nous cystadenoma, mucinous cystic tumor with moderate dysplasia, and mucinous
cystadenocarcinoma. In such cases, one might anticipate that a single animal model
would cover the spectrum of several types of human tumors.

Adding to the complexity is the fact that a given histologic type of carcinoma in the
human may be heterogeneous in regard to molecular changes in oncogenes and tumor
suppressor genes. For example, most but not all ductal adenocarcinomas harbor muta-
tion of the c-K-ras gene (2). About half of ductal carcinomas have lost normal func-
tion of the p53 gene.

Against this challenging background, one animal model stands out because of the
variety of relevant histologic types of neoplasms that it provides. This model was de-
veloped in Syrian golden hamsters by treating with N-nitrosobis(2-oxopropyl)amine
(BOP) or with several structurally related compounds (3). The most common neoplasms
induced by BOP are ductal adenocarcinomas of the pancreas, although cystic mucinous
neoplasms and intraductal papillary neoplasms also occur (4,5). This single animal
model mimics at least seven of the major histologic types listed in the new WHO clas-
sification, as well as several of the subtypes of ductal adenocarcinoma, e.g., mucinous
noncystic carcinoma and adenosquamous carcinoma.

Several different chemicals have induced acinar cell adenocarcinomas in rats. The
best-characterized of these models involves treating Lewis rats with azaserine (6). The

53
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Table 1
Selected Chemically Induced Animal Models of Carcinoma of the Pancreas”
Tumor
Carcinogen Acronym  Species Phenotype®  Refs.
N-nitrosobis(2-oxopropyl) amine BOP Hamster ~ Ductal 3
N-nitroso(2-hydroxypropyl)(2-oxopropyl)amine  HPOP  Hamster =~ Ductal 3
Rat Acinar 48
N-nitrosobis(2-hydroxypropyl) amine BHP Hamster ~ Ductal 3
Rat Acinar 73
N-methyl-N-nitrosourea MNU Guinea pig Ductal 74
Hamster  Ductal 75
N®-(N-methyl-N-nitrosocarbamoyl)-L-ornithine  MNCO  Hamster ~ Ductal, acinar 49
Rat Acinar 50
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone NNK Hamster  Ductal, acinar /4
Rat Acinar, ductal 76,77
7,12-dimethylbenz(a)anthracene DMBA Rat Ductal 46
N-ethyl-N-nitrosoguanidine ENNG  Dog Ductal 13

“ The major emphasis is on models in which the pancreas is the primary or a prominent site of carcinoma
development. A few other chemicals have induced similar lesions in the pancreas, but with a low incidence
and/or a high background of carcinomas in other organs.

b The phenotype listed first is most common when both ductal and acinar phenotypes are listed.

majority of the induced pancreatic neoplasms are of acinar cell type, although several
subtypes are described (7).

The majority of experimental studies of chemical carcinogenesis in the pancreas have
utilized the hamster and rat models mentioned above, but several other models have
been reported (Table 1). Their major characteristics have been reviewed (8,9) and they
are not repeated here in detail, although specific reference will be made to some of these
models in later sections. In addition to the chemically induced models, several trans-
genic mouse models have been developed for both exocrine and endocrine pancreatic
neoplasms (9,10). Several of the transgenic models of exocrine carcinoma are listed in
Table 2.

CARCINOGEN DISTRIBUTION AND METABOLISM

The problem of developing animal models for carcinogenesis and carcinoma in the
pancreas was actively approached, using chemical carcinogens, nearly 25 yr ago, be-
fore transgenic mouse technology was developed. Experimental approaches were based
on different rationales. The basic question was how to target exogenous carcinogens
to the pancreas, and a secondary question was whether the pancreas contained enzymes
needed for activation of indirect acting carcinogens. Since more carcinomas arise in
the head of the pancreas than in the body and tail, some investigators proposed that re-
flux of duodenal contents into the pancreatic duct might provide the most relevant route
of exposure to ingested carcinogens. Similarly, reflux of bile might expose pancreatic
ductal cells to carcinogens or their metabolites that are excreted in the bile.

Several investigators addressed the issue of targeting the pancreas by directly im-
planting or instilling the carcinogen into the pancreas or its duct system (//—-13). Since
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Table 2

Transgenic Mouse Models of Exocrine Pancreatic Carcinoma

Transgene Tumor phenotype Refs.
Ela-1-SV40TAg Acinar, Islet 39,40
Ela-1-myc Acinar * ductal metaplasia 3341
Ela-1-SV40T X Ela-1-TGFo crosses Acinar 45
Ela-1-myc X Ela-1-TGFa crosses High grade acinar 45

two of the agents used in this approach required metabolic activation, these studies pro-
vided indirect evidence that the pancreas contains the enzymes required for metabolism
of the carcinogens. Direct instillation of N-ethyl-N-nitrosoguanidine into the main pan-
creatic duct provided a method for inducing dysplasia and carcinoma in ductal epithe-
lium in the head of the pancreas (/3). However, none of the models involving direct
application of the carcinogen to the pancreas seems to have general relevance to the
carcinogenesis in humans, because of the artificial route of exposure.

The author employed the approach of targeting the pancreas by utilizing known mu-
tagens (putative carcinogens), which included an intact o-amino-acid residue in the
molecular structure. The pancreatic acinar cells are known to transport and to avidly
concentrate amino acids. This rationale led to development of the azaserine model in
rats, and is also the basis of the less efficient and less useful model using N°-(N-methyl-
N-nitrosocarbamoyl)-L-ornithine as a carcinogen. These carcinogens were given by in-
traperitoneal injection in carcinogenesis studies, and apparently reached the pancreas
largely by absorption and distribution through the blood.

The models induced by BOP or its metabolic derivatives resulted from the system-
atic evaluation of the carcinogenicity of a series of dialkyl nitrosamines. Although low-
dose regimens of BOP are highly selective for the induction of carcinomas in the pan-
creas, the basis for this targeting is unknown. BOP and related carcinogens are
commonly given by subcutaneous injection, and appear to reach the pancreas via the
blood. These carcinogens require metabolism to their active form, providing further sup-
port for the ability of the pancreas to activate carcinogens.

The tobacco-derived nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK), has been given to hamsters. When it is given to pregnant dams by subcutaneous
injection or intratracheal instillation, carcinomas of the pancreas have developed in a
significant fraction of the offspring (/4). This model provides further evidence for vas-
cular distribution as well as for transplacental transfer of the carcinogen.

One of the major conclusions from studies in animal models is that several different
classes of chemicals reach the pancreas by the vascular route following absorption. Both
acinar and ductal cells are affected in various models. None of the models has provided
evidence that distribution of the carcinogen involves reflux of duodenal content or bile;
however, some studies have suggested the possibility that active metabolites formed in
the liver may be transferred to the pancreas via the circulation (15).

If we extrapolate these results to considerations of the etiology of pancreatic cancer
in humans, we must conclude that the pancreas might be affected by carcinogens fol-
lowing absorption from the skin, gastrointestinal tract, or respiratory tract. The latter
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two routes might pertain for exposure to carcinogens in tobacco, and may be relevant
to the increased risk of pancreatic cancer in cigarette smokers. The experimental stud-
ies with NNK support this notion.

MECHANISMS OF CARCINOGENESIS

As indicated in the preceding section, animal models have provided evidence that
procarcinogens can be activated in the pancreas. A variety of short-term in vivo and in
vitro studies provide further support for the capability of both acinar (16) and ductal
cells (17) to metabolize carcinogens. As is the case in other tissues, activated carcino-
gens are mutagenic DNA-damaging agents that in some cases have been shown to form
specific DNA adducts (18,19). As is noted below, mutations appear to be induced in
specific oncogenes, such as c-K-ras. Several of the same carcinogen-metabolizing en-
zymes that are active in the liver are involved, and are inducible in the pancreas (16).

Most of the experimental carcinogens that affect the pancreas are nitrosamines. This
raises the suspicion that nitrosamines that are formed endogenously in the stomach (20)
might be absorbed and affect the pancreas. Although this hypothesis is not
supported by direct experimental evidence in the pancreas, it has not been adequately
evaluated.

A recent review provides a summary of carcinogen metabolism in the pancreas (21).
From these studies, we can conclude that the pancreas can be affected by either direct-
or indirect-acting carcinogens, but that agents in the latter category are more likely to
reach and target cells in the pancreas. Although some agents may be activated in other
sites (probably the liver), and then affect the pancreas, there is no dependence on this
pathway or proof that it is of major importance in humans. The inducibility of enzymes
in the pancreas by exogenous chemicals provides a mechanism for modulation of the
initial steps of carcinogenesis by diet or dietary supplements. Ethanol induces car-
cinogen-activating enzymes in the liver, and may do so in the pancreas. This possibil-
ity is supported by the studies of NNK carcinogenesis by Schiiller et al. (/4) in which
the incidence of pancreatic neoplasms in the offspring was enhanced by pretreatment
of the dams with ethanol.

PRECURSOR LESIONS

Comparison of focal proliferative lesions in the pancreata of carcinogen-treated an-
imals with lesions that are found in the human pancreas provides an approach for eval-
uating the significance of the latter lesions. These may include either sporadic lesions
in pancreata from patients without pancreatic disease, or lesions from patients with
chronic pancreatitis or pancreatic carcinoma. Such comparisons can provide a means
to examine specific hypotheses regarding the origin and significance of the lesions.

Recent studies in this lab provide an example. As part of an evaluation of the rate of
mutation of the c-K-ras gene in a series of focal lesions from human pancreas, work-
ers here have focused on three categories of focal epithelial lesions, which may be de-
scribed as nonpapillary ductal hyperplasia (also called flat hyperplasia, mucous cell hy-
pertrophy, or mucus cell hyperplasia), papillary ductal hyperplasia, and adenomatoid
ductal hyperplasia (also called adenomatous hyperplasia). In searching for examples
of such lesions, which can be microdissected for isolation of DNA, workers confronted
the fact that these three lesions are commonly closely associated. Nonpapillary and pap-
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illary hyperplasia frequently occur adjacent to one another in the same duct or in sep-
arate ducts within the same pancreas, and either may be closely associated with ade-
nomatoid hyperplasia. The latter lesion is virtually always found either in close prox-
imity to ductal hyperplasia, or in a pancreas in which ductal hyperplasia can be found
nearby. These observations suggest that these three patterns of ductal change are closely
related in origin. This tentative conclusion is reinforced by published reports that the
rate of c-K-ras mutation is similar in nonpapillary and papillary ductal hyperplasia (22),
and by new data from studies here that showed a similar rate of c-K-ras mutation in
adenomatoid and nonpapillary ductal hyperplasia (unpublished). Although the coinci-
dence of such lesions in the human has sometimes been acknowledged (7,23), the hy-
pothesis that they represent a biologic continuum has not been emphasized or supported.

A group of pancreata from 23 HPOP-treated hamsters, which were provided by
Dimitri Kokkinakis, were also under review for the presence of intraductal hyperpla-
sia and the development of lesions that might quality for a diagnosis of intraductal pap-
illary-mucinous tumor (adenoma or borderline) as described in the revised WHO clas-
sification (/; see Table 3). This provided the opportunity to look for the association of
nonpapillary ductal hyperplasia, papillary ductal hyperplasia, and adenomatoid ductal
hyperplasia in the animal model. Of the 23 pancreata, 14 exhibited ductal hyperplasia,
and 12 of these had associated adenomatoid type changes in small ducts or lobular tis-
sue near the hyperplastic ducts (Fig. 1-3). None of the 9 pancreata without ductal hy-
perplasia contained adenomatoid lesions. The Fisher exact test indicates a level of sig-
nificance of <0.005 for the association of ductal and adenomatoid hyperplasia. This
offers support from the animal model for the hypothesized relationship of adenoma-
toid and ductal hyperplasia in the human.

The pancreata from the HPOP-treated hamsters also contained dilated pancreatic
ducts containing mucus in the lumen and lined by papillary-mucinous epithelium,
which seemed analogous to the intraductal papillary-mucinous adenoma and more ad-
vanced intraductal papillary-mucinous tumors of humans. The pancreases also con-
tained cystic tumors comparable to mucinous cystic tumors, and mucinous cystadeno-
carcinoma as described in humans. One mucinous cystadenocarcinoma (Fig. 4A) had
invasive areas that appeared ductal (Fig. 4B) as it invaded at the edge of the main tu-
mor, and mucinous as it extended into the acinar tissue (Fig. 4C). This spectrum of
changes has been described in the human (/). Thus, in addition to the more common
pattern of ductal adenocarcinoma that is commonly associated with the hamster model,
we feel that nitrosamine-treated hamster can also model intraductai papillary-mucinous
tumors and mucinous cystic tumors.

ABNORMALITIES OF SPECIFIC GENES

In contrast to the number evaluated in human pancreatic carcinomas, relatively few
proto-oncogenes and tumor suppressor genes have been evaluated in experimentally
induced pancreatic carcinomas from animals. Nonetheless, some striking parallels be-
tween animal and human tumors have been documented. For example, a large fraction
(75-90%) of human pancreatic carcinomas have been shown to harbor c-K-ras muta-
tions in codon 12, and a few cancers have a mutation in codon 13 (2). The carcinomas
in the nitrosamine-induced hamster model consistently show codon 12 mutations
(5,24-27), and a single spontaneously arising hamster carcinoma was found to have a



58

Table 3

Revised WHO Histological Classification of Epithelial Tumors
of the Exocrine Pancreas

Longnecker

1.1
1.1.1
1.12
1.1.3
1.14
1.2
1.2.1
1.2.2
1.2.3
1.3
1.3.1
1.3.2
1.3.2.1
1.3.2.2
1.323
1.32.4
1.3.2.5
1.3.3
1.3.4
1.3.5
1.35.1
1.3.5.2
1.3.6
1.3.6.1
1.3.6.2
1.3.7
1.3.7.1
1.37.2
1.3.8
1.3.9
1.3.10

Benign

Serous cystadenoma

Mucinous cystadenoma

Intraductal papillary-mucinous adenoma
Mature teratoma

Borderline (Uncertain Malignant Potential)

Mucinous cystic tumor with moderate dysplasia
Intraductal papillary-mucinous tumor with moderate dysplasia
Solid-pseudopapillary tumor

Malignant

Severe ductal dysplasia—carcinoma in situ
Ductal adenocarcinoma
Mucinous noncystic carcinoma
Signet ring cell carcinoma
Adenosquamous carcinoma
Undifferentiated (anaplastic) carcinoma
Mixed ductal-endocrine carcinoma
Osteoclast-like giant cell tumor
Serous cystadenocarcinoma
Mucinous cystadenocarcinoma
Noninvasive
Invasive
Intraductal papillary-mucinous carcinoma
Noninvasive
Invasive (papillary-mucinous carcinoma)
Acinar cell carcinoma
Acinar cell cystadenocarcinoma
Mixed acinar—endocrine carcinoma
Pancreatoblastoma
Solid-pseudopapillary carcinoma
Miscellaneous carcinomas

Adapted with permission from ref. J.

codon 13 mutation (25). There is evidence that c-K-ras mutation arises at an early stage
of carcinogenesis in hamsters (histologically, ductal hyperplasia), and is present in a
higher fraction of severely dysplastic and frankly malignant lesions (28). Attempts to
base a transgenic mouse model on overexpression of c-K-ras in the pancreas resulted
in the development of anaplastic carcinomas in utero that were so rapidly growing that
the mice died in utero or shortly after birth, and no line could be established (29). Thus,
c-K-ras mutation is closely associated with pancreatic carcinoma both in humans and
in some animal models.

In contrast, only 1 of 33 human pancreatic acinar cell carcinomas examined is re-
ported to have a c-K-ras mutation (30). This observation matches reports that azaser-
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Fig. 1. Hyperplasia (mainly nonpapillary) in ductal epithelium (top) and adenomatoid hy-
perplasia in glands in an adjacent lobule (bottom) in a pancreas from a HPOP-treated hamster.
Hematoxylin and eosin.

Fig. 2. Papillary hyperplasia (upper left, center) in a duct extending into adjacent glands or
small ducts (lower left, right) from the pancreas of a HPOP-treated hamster. Hematoxylin and
eosin.

ine-induced carcinomas in rats (31,32) and transgenic mouse acinar cell carcinomas
(33,34) lack the c-K-ras mutation.

Hamster-model carcinomas have lacked evidence of p5S3 mutation in primary carci-
nomas (27,35,36), although mutations were identified in cell lines or transplantable car-
cinomas. This stands in contrast to the report of the presence of such mutations in about
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Fig. 3. Focus of adenomatoid ductal hyperplasia lying adjacent to a duct with papillary hy-
perplasia (out of the field to the right) from the pancreas of a HPOP-treated hamster. Hema-
toxylin and eosin.

50% of human pancreatic carcinomas, based on a composite figure derived from mul-
tiple studies (37). One explanation could be that the hamster carcinomas harvested in
vivo have been at an early stage of progression compared to most human carcinomas;
an alternate explanation is that other tumor-suppressor genes are involved in the ham-
ster. The latter view finds some support (27).

The transgenic mouse models of pancreatic carcinoma, based on the elastase-1 pro-
moter and the SV40 large T-antigen gene, can be regarded as a surrogate model for p53
mutation. The elastase-1 promoter directs expression to islet and acinar cells at a young
age, and exclusively to acinar cells in older animals (38). Several lines based on this
gene construct yield a high incidence of acinar cell carcinomas (39,40), even though
studies of human acinar cell carcinomas have failed to yield proof of mutation in the
p53 gene.

The elastase-1-myc transgenic mouse model yields acinar cell carcinomas with a high
incidence of ductal metaplasia (41). This model documents the power of myc overex-
pression to drive carcinogenesis in the pancreas, but it is unknown how frequently myc
is overexpressed in human carcinomas. The carcinomas arising in the Ela-1-myc model
have lacked c-K-ras mutation (33) which is of note because of the high incidence of
ductal metaplasia.

Expression of TGF-a and overexpression of the EGF-receptor are documented in hu-
man pancreatic carcinomas and in BOP-induced hamster carcinomas (42), but were ab-
sent in the azaserine-induced carcinomas in the rat (43). The observation in human neo-
plasms provided part of the motivation for creation of a transgenic mouse model based
on an elastase- 1-TGF-a construct (44). The resulting phenotype showed fibrosis with
ductular complexes, but not carcinomas in the pancreas. The histologic appearance mim-
icked changes of chronic pancreatitis. However, when double transgenic mice were cre-



Fig. 4. Carcinoma showing three histologic phenotypes from the pancreas of a HPOP-treated
hamster. (A) The main mass was a mucinous cystadenocarcinoma. (B) Invasion of fat at the mar-
gin of the cystadenocarcinoma shows the pattern of scirrhous ductal adenocarcinoma. (C) In-
vasion of adjacent acinar tissue shows noncystic mucinous pattern. Hematoxylin and eosin.
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ated by crossing Ela-1-TGF-a mice with Ela-1-myc mice, there was a high yield of aci-
nar cell carcinomas (45).

Thus, the animal models offer direct or indirect support for the importance of mu-
tant c-K-ras, myc overexpression, TGF-a overexpression, and EGF-receptor overex-
pression in the genesis or progression of pancreatic ductal carcinomas. Heterogeneity
at the molecular level correlates with the tumor phenotypes in the case of c-K-ras mu-
tation, which are characteristically present in ductal carcinomas in both humans and
hamster models, and absent in acinar cell carcinomas in both humans and rat and mouse
models.

NEOPLASTIC PHENOTYPES

Because multiple phenotypes of pancreatic neoplasms are found in humans and the
spectrum of tumors encountered in individual animal models is narrower, modeling the
complete spectrum of human neoplasms requires more than one animal model.

The human tumors can be grouped according to presumed cellular origin, as indi-
cated in Table 3 (/). The tumors of duct cell phenotype are largely modeled by the BOP-
induced tumors in hamsters. This includes mucinous cystic tumors ranging from be-
nign to malignant, intraductal papillary-mucinous tumors ranging from benign to
malignant, ductal carcinoma in situ, ductal adenocarcinomas and most of its variants,
such as adenosquamous carcinoma, and mucinous noncystic carcinoma. Some tumors
are quite anaplastic, and many of them include minor populations of endocrine cells.

Both solid and cystic acinar cell adenocarcinomas are modeled by azaserine-in-
duced neoplasms in rats and transgenic mouse models that employ the elastase-1 pro-
moter. Both rat and mouse models have yielded tumor cell populations with ductal phe-
notype arising in acinar cell carcinomas. This observation, together with the observation
of Bockman et al. (46) that the origin of DMBA-induced ductlike tumors is from aci-
nar cells that have undergone ductal metaplasia raises the question as to whether some
human carcinomas of ductal phenotype might have arisen from metaplastic acinar cells.
Since animal and most human acinar cell carcinomas lack mutation of the c-K-ras gene,
we have hypothesized that some of the human carcinomas of ductal phenotype that lack
this mutation might be of acinar cell origin (37). The rat and mouse models document
that this occurs in animals.

Animal models have not yet provided examples of several rare types of pancreatic
neoplasms, such as pancreatoblastoma, solid-pseudopapillary tumors, serous cystade-
noma, and osteoblastic type giant cell tumors. The first two of these are likely to be of
stem-cell origin, and might require the treatment of pregnant dams by chemicals to
achieve a model. Alternately, a well-calculated transgenic construct might yield such
a model. The elastase-1 promoter is expressed in both acinar and islet cells (38). Very
primitive neuroendocrine cells proliferate at the periphery of islets in young mice of
the Bri-18 transgenic strain (39). In older mice of this strain, one finds both insulino-
mas and a few somatostatinomas, as well as acinar cell tumors. Sandgren has noted the
early proliferation of islet-associated cells in the Ela-1-myc transgenic model, although
the ultimate tumor type arising from such early lesions appears to be exocrine (41). This
is the model that yields mixed acinar and ductal neoplasms, so it is quite possible that
this model approaches the production of carcinomas of stem-cell origin, although the
mouse tumors lack characteristic elements of human pancreatoblastoma.
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Pour (47) has emphasized the role of islet-associated cells in the genesis of some of
the carcinomas that arise in the BOP-hamster model. The origin of carcinomas from
primitive, pluripotent cells provides an attractive explanation for the presence of both
endocrine and exocrine cells in many human pancreatic adenocarcinomas that are pre-
dominantly of ductal phenotype.

SPECIES DIFFERENCES

One of the unanticipated findings in studies of pancreatic carcinoma in animals is
the striking difference among species in response to chemical carcinogens. The cellu-
lar type of the tumor consistently differs in hamsters and rats in response to some of
the same carcinogens (Table 1). Two examples serve to support this point. HPOP in-
duces a spectrum of ductal tumors in hamsters that are similar to those induced by BOP.
Although BOP has not been an effective carcinogen in rats, administration of HPOP to
2-wk-old rats induced acinar cell nodules, adenomas, and carcinomas that are gener-
ally similar to those induced by azaserine (48). A second, similar example is provided
by N°-(N-methyl-N-nitrosocarbamoyl)-L-ornithine, which induced ductal neoplasms in
hamster (49) and acinar cell carcinomas in rats (50). In general, it seems clear that aci-
nar cells respond in rats, and that ductal cells are targeted in hamsters, although rare
acinar cell carcinomas are found in carcinogen-treated hamsters. When ductlike tumors
have occurred in rats (/17), the investigators concluded that they arose from metaplas-
tic acinar cells (46). Knowledge of response in other species is less complete, but it ap-
pears that mice respond similarly to rats.

The net result of these species differences is that there are separate models for car-
cinomas of ductal origin (hamster) and carcinomas of acinar cell origin (rat and mouse).
Although they are rare, spontaneous carcinomas in hamster are ductal and in rats are
acinar, so the models appear to be true to nature in each species. This implies that ge-
netically based biologic factors strongly influence the response to carcinogenic stim-
uli. In general, the human pancreas appears to respond more like the hamster than like
the rat, but, within the heterogeneity of humankind, we should anticipate considerable
genetically influenced difference in the response to carcinogens. This may provide an
explanation for the multiple histologic types of pancreatic cancer that are found in hu-
mans, and for racial differences in the phenotype of neoplasms that have been hypoth-
esized (51).

MODULATION BY DIET

A variety of diets have been shown to inhibit or promote the development of carci-
nomas in carcinogen-treated animals. Several examples will be cited, and other exam-
ples will be found in primary reports and prior reviews (9,52).

The incidence of carcinomas in rats and mice fed standard laboratory chow diets is
lower than that found in animals fed defined diets composed of purified ingredients,
such as the AIN-76A formulation of the American Institute of Nutrition. While the
mechanism of this “chow effect” is not defined, one common interpretation is that one
or more micronutrients found in the natural product-based diet inhibits carcinogenesis,
since the macronutrient content (fat, protein, and carbohydrate) and vitamin content in
the purified diet are made similar to those found in chow. This effect is observed in rat
(53) and mouse models (52), but was not found in the hamster (54).
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A second well-documented dietary effect is promotion of pancreatic carcinogenesis
by increased dietary fat content. These studies are often done using the AIN-76A diet
that contains 5% corn oil, and modifications of this diet in which the level of corn oil
or another fat is raised to 20 or 25%. They have been conducted in hamster, rat, and
mouse models in several different laboratories. Despite the numerous studies of the
“high fat effect,” the mechanism remains unknown. One element may be total caloric
intake, which is likely to be higher when high-fat diets are consumed, since simple
caloric restriction has been demonstrated to reduce the incidence of pancreatic carci-
nomas in rat (53). Another mechanism that has been postulated is alteration of
prostaglandin synthesis (55).

Promotion of carcinogenesis in the pancreas is documented in rats fed diets con-
taining trypsin inhibitors. The trypsin inhibitors that have been used include natural in-
gredients, such as raw soya flour, isolates of soybean trypsin inhibitor, and a synthetic
inhibitor (56). The mechanism involves feedback control of pancreatic secretion through
release of cholecystokinin (CCK) from the duodenum. In addition to stimulating pan-
creatic secretion, CCK is a growth hormone for the pancreas and can induce hyperpla-
sia. CCK secretion is stimulated by peptide-releasing factors from the pancreas or in-
testine (57). Dietary trypsin inhibitor (TI) protects the releasing peptide from
degradation in the duodenal lumen, allowing its sustained action and prolonged CCK
release. Carcinogen-induced nodules, and similar spontaneously arising foci of cells in
the pancreas, overexpress CCK receptors (58), and therefore presumably are stimulated
to grow (59) and to progress to carcinomas. This effect may pertain primarily in rats,
since analogous studies in the hamster model have yielded conflicting results (9).

These and other well-documented dietary effects on pancreatic carcinogenesis in an-
imals suggest that dietary content will influence pancreatic carcinogenesis in the hu-
man. Geographic and national differences in the incidence of pancreatic carcinoma may
at least in part reflect dietary influences, and it seems likely that individual risk is in-
fluenced by diet. General dietary recommendations derived from these studies so far
seem largely to match general recommendations based on experimental observations
in other organ sites and epidemiologic studies in humans, i.e., to reduce dietary fat con-
tent, and to increase intake of natural products (fruits, vegetables, grains). In view of
the demonstrated anticarcinogenic effects of certain trypsin inhibitors in experimental
carcinogenesis models (60), and the possible species specificity of the TI effect in rats,
it is contraindicated to recommend avoidance of dietary TI in humans.

DIETARY ADDITIVES

A variety of dietary additives have been evaluated for activity in reducing the inci-
dence of carcinomas in the animal models. Most additives have been evaluated in the
BOP-hamster model, or the azaserine-rat model. A few additives have had a signifi-
cant effect, e.g., certain synthetic retinoids (61 ). Since most of these are published older
studies, they are not reviewed here in detail (see reviews in ref. 8). They seem to doc-
ument that there is some potential for specific dietary additives to inhibit the formation
of cancers. A recent study in the BOP-treated hamster model of an agent, oltipraz, which
induces phase IT drug-metabolizing enzymes in the liver, provided evidence of inhibi-
tion of the development of carcinomas in the pancreas (62). Results of a recent study
on the effect of antioxidant micronutrients in the hamster model failed to show signif-
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icant inhibition of carcinogenesis (63). This suggests that natural inhibitors contained
in diets that are high in vegetables and grains provide the level of protection that is avail-
able by making defined additions to purified diets. Thus, studies in the animal models
do not yet provide a strong basis for recommendations beyond the general dietary
guidelines noted above, but provide some hope that new dietary additives might be
chemopreventive in the pancreas.

HORMONES

A variety of hormones have been shown to affect the rate of formation of carcino-
mas in animal models, or to alter the rate of growth of carcinoma-derived cell lines in
culture (9,64). Inconsistencies of effect are noted in different species, and the changes
have not been explored equally in all models. There is sufficient information to sup-
port the contention that the development or growth of some tumors is influenced by
hormones (65,66), and to suggest that the response of individual tumors is likely to be
heterogeneous. A variety of somatostatin analogs and receptor blockers for several
trophic hormones have inhibited the growth of transplanted or primary or BOP-induced
pancreatic carcinomas in animal models (67). Promising results from the hamster model
(68) have been evaluated in human cell lines (69). Hormones that have been impli-
cated by such studies include CCK, bombesin, gastrin, somatostatin, estrogen, and
testosterone.

The promoting effect of feeding trypsin inhibitors to carcinogen-treated rats, dis-
cussed above, was presumed and subsequently documented to reflect the effect of
CCK, a growth factor for acinar cells, in stimulating growth of the preneoplastic aci-
nar cell lesions (70). We noted that the carcinogen-induced foci responded more vig-
orously than normal pancreas in such studies (77). This led to the hypothesis, now sup-
ported by several studies, that the acinar cell foci and nodules overexpress a CCK
receptor (58). Extension of this line of study has shown that the CCK-A receptor is over-
expressed early during carcinogenesis in the azaserine rat model (66), and that the CCK-
B receptor can be overexpressed at a later stage in the carcinomas (72). These studies
pertain to tumors of acinar cell origin and they probably have limited relevance for the
major fraction of human carcinomas that are of ductal phenotype. This view is supported
by the inconsistency of findings in experimental studies of the effect of CCK and
cerulein in the BOP-hamster model (9).

To date, the outcomes of clinical trials based on hormonal manipulation have been
disappointing. The failure to document clearly defined endocrine influences that can
serve as the basis for hormonal therapy probably reflects the heterogeneity of human
carcinomas. This problem may yield to approaches involving the recognition of spe-
cific molecular markers, e.g., receptor levels, that will predict the biologic response of
individual neoplasms to clinical hormonal manipulations.

CONCLUDING COMMENTS

Three major needs stand out in the conquest of carcinoma of the pancreas at the pub-
lic health and clinical level: approaches for prevention; the ability to diagnosis the can-
cers early when they are curable by surgery; and the need for effective adjuvant or sys-
temic treatment for inoperable cases.
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Animal models suggest that multiple factors are involved in the etiology of pancre-
atic cancer. Although the animal models demonstrate that a variety of chemical car-
cinogens can affect the pancreas, none of the specific agents identified can be impli-
cated as one to which there is widespread exposure, with the exception of NNK. The
models establish that the pancreas can be affected by carcinogens that reach it via the
blood.

Dietary, chemopreventive, and hormonal factors have influenced carcinogenesis in
the animal models. Some of these agents appear to have promoted the growth of spon-
taneously initiated foci, i.e., they have induced a low incidence of tumors in animals
that were not exposed to a genotoxic carcinogen. The models provide an approach for
further evaluation of both promoters and chemopreventive agents.

The hamster model, in particular, seems to be suitable for evaluation of several ap-
proaches to early diagnosis using biomarkers because of its morphologic and molecu-
lar similarities to human ductal adenocarcinomas. On the other hand, the small size of
the animal precludes its use for realistic evaluation of imaging techniques that might
be applied in the human. A dog model might better meet this need.

The hamster model is being used for evaluation of potential hormonal therapies. Be-
cause of the lack of a strong sex difference in the development of carcinomas in ham-
sters, there may be some question regarding the suitability of this model for evaluation
of hormonal manipulations aimed at sex steroids or their receptors. On the other hand,
the lack of a significant effect of CCK in this model suggests that it is closer to the hu-
man than rats models regarding the effect of CCK.

Several animal models in different species seem to be required to model the full spec-
trum of pancreatic malignancy in humans. This conclusion pertains to duplication of
histologic types, as well as molecular changes and mechanisms of carcinogenesis.
Evaluation of preventive and therapeutic agents seems also to require comparison of
effects in several models.
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Role for Transforming Growth Factor-3
Clues from Other Cancers

Leslie 1. Gold, Ph.D and Trilok Parekh, Ph.D.

THE ROLE FOR TRANSFORMING
GROWTH FACTOR-B IN ONCOGENESIS

Transforming growth factor-Bs (TGF-P) are a family of proteins that regulate cell
growth (reviews in refs. /—4). These proteins are one of the only endogenous inhibitors
of the growth of cells and since uncontrolled cell proliferation is the hallmark of can-
cer, our laboratory has been intrigued by and dedicated to understanding the role for
TGF-fs in neoplastic development and cancer progression. Our first approach was to
determine the level of TGF-3 mRNA and protein expression in a variety of cancers, in
vivo, and to correlate this information with disease stage and survival. Since TGF-Bs
are natural inhibitors of growth, we postulated that there may be a loss or downregu-
lation of TGF-f3 in cancer cells, thereby permitting their growth. However, on the con-
trary, we and others have generally found a marked increase in the expression of TGF-
B isoform mRNA and protein in cancers of epithelial (ectodermal/endodermal),
neuroectodermal, and mesenchymal origin, including malignancies of the pancreas,
colon, stomach, endometrium, breast, brain, prostate, and bone (11-21,84,147-149,169,
170,228,252-255). Furthermore, in most of these cancers high expression correlated
with more advanced stages of malignancy and decreased survival. Therefore, it was hy-
pothesized that the increased expression of TGF-[3 represents a loss in the growth in-
hibitory response to TGF-f3 and that understanding the molecular events associated with
the escape of tumor cells from TGF-f3 regulation will provide insights into mechanisms
underlying oncogenic transformation. Indeed, tumor cells in culture (i.e., colon carci-
noma and glioblastoma multiforme [GBM]) have demonstrated a progressive loss of
the growth inhibitory response to TGF-( that varies directly with the malignant stage
of the original tumor, and the most aggressive forms actually show autocrine and/or
paracrine growth stimulation by TGF-p. In addition, since TGF-Bs are both angiogenic
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Table 1
Expression of TGF-$ Isoforms in Various Human Cancers

Pancreatic cancer (16)
Predominantly autocrine mode of action
TGF-B2 associated with advance tumor stage
High expression of TGF-B isoforms correlates with decreased survival
Colon cancer (17, 18, 149)
Intense immunoreactivity for TGF-B1 correlates with decreased survival
High level of expression of TGF-B1 was either maintained or increased at metastatic sites
Precancerous adenomatous polyps show reversed localization of TGF-B1 and TGF-3,
proliferating, and apoptotic cells, compared to normals
Gastric cancer (20)
Increase immunoreactivity for all three TGF-3 isoforms in carcinoma cells
Increase mRNA expression for TGF-B1 and TGF-B3 in cancerous tissue
Increase in collagen lao mRNA in scirrhous cancer: TGF-Bs may induce the fibrotic
response
Endometrial cancer (14)
Marked increase in TGF-1 and TGF-3 immunoreactivity in the glandular epithelial cells
in complex hyperplasia and carcinoma
Marked increase in mRNA of all TGF-$ isoforms in the stromal cells in complex
hyperplasia and carcinoma
Switch from paracrine/autocrine to predominantly paracrine mode of TGF-f action (i.e.,
stromal cells express increased mRNA and glandular cells show increased protein)
Loss of stromal/epithelial interaction; glandular cells may not respond to TGF-f3 made by
stromal cells
Breast cancer (15)
Intense immunoreactivity for TGF-1 correlates with progression
Gliomas (21)
Predominantly autocrine mode of action
TGF-B1 is a marker for carcinogenesis
Intense immunoreactivity for TGF-B isoforms correlates with short-term survival in GBM
Osteosarcomas (19)
High expression of TGF-83 in tumor cells correlates with disease progression

and immunosuppressive, the increased amount of TGF-3 present in tumors provides
an additional selective advantage for tumor cell growth. The link between cancer de-
velopment and specific genetic alterations leads to the idea that this damage may oc-
cur in genes that effect the ability of TGF-B to regulate cell growth. In the past two
years, information has been accumulating that shows specific (genetic) defects in TGF-
B receptors, TGF-B regulated cell cycle proteins, and TGF-B-related signal transduc-
tion/gene activation have all contributed to neoplastic transformation and progression.
This chapter will provide background information on TGF-$ and update the status of
our knowledge of the role for TGF-B in the particular cancers that we have studied (pre-
sented in Table 1).
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THE TGF-B FAMILY, STRUCTURE, AND FUNCTIONS

TGF-Bs are part of a family of proteins that regulate cell growth, differentiation, and
morphogenesis (more than 25 to date); they share seven conserved cyteines (/-6). In-
cluded in this group of proteins are the bone morphogenetic proteins (BMPs), ac-
tivins/inhibins, and mullerian inhibitory substance (MIS). There are five members of
the immediate TGF- family (TGF-B1-5) and three mammalian isoforms (TGF-1-3)
that possess 76-80% amino acid identity and nine conserved cysteines. Crystallogra-
phy studies of the mature form of TGF-B2 indicated that the structure conforms to a
cystine knot motif that is also characteristic of the TGF-8 family and two other growth
factors, nerve growth factor (NGF) and platelet-derived growth factor (PDGF), not of
the TGF-{3 family, and sharing only 10% amino acid identity (7,8). The knot is com-
posed of six cystines joined together by three intrachain disulfide bonds that stabilize
several B-sheet strands. One free cysteine forms an interchain disulfide bond with an
identical monomeric chain to create the mature dimer. Whereas the genes for each TGF-
B isoform are located on different chromosomes, each isoform is either completely or
closely conserved within mammalian species, suggesting that they were derived by gene
duplication. The evolutionary persistence of the three isoforms, and the fact that they
generally have overlapping functions in vitro, originally spurred our laboratory to ex-
plore whether they may possess different functions in vivo. Indeed, we and others have
found that TGF-f isoforms are differentially expressed throughout the processes of em-
bryogenesis (3,9,10), carcinogenesis (1/-21), inflammation and tissue repair (22-36),
and most recently, cranial development (37,38). Since the 5" promoter regions of each
TGF-f gene contain different response elements (39,40), the dynamic temporal and spa-
tial expression of these proteins during physiological processes is consistent with dif-
ferential and complex gene regulation. Interestingly, the potency of each TGF- iso-
form in different in vitro assays can vary as much as 100-fold. For example, in growth
inhibition assays, TGF-B3 is 50-fold more potent than TGF-B1 or TGF-2 on epithe-
lial cells (41; unpublished observations) and TGF-B2 is 100 times less potent than TGF-
B1 and TGF-B3 on vascular endothelial cells and hematopoietic progenitor cells (42).
Moreover, only TGF-B2 is involved in mesoderm induction (43). These differences may
also be caused by different receptors on various cell types. TGF-s are potent chemoat-
tractants for immune cells, fibroblasts, smooth muscle cells, and certain tumor cells
(44-47). They also are strong inducers of extracellular matrix proteins, including col-
lagens, fibronectin, proteoglycans, laminin, vitronectin, and tenascin, and they stimu-
late the production of protease inhibitors, such as plasminogen activator inhibitor (PAI-
1) and tissue inhibitor of metalloproteinase (TIMP), that prevent the enzymatic
breakdown of matrices (/—4,48-50); all are important in inflammation, tissue repair,
and angiogenesis. However, dysregulation of these functions is associated with scar-
ring, fibrotic disease, and vascular stenosis (5/-53) concomitant with increased ex-
pression of TGF-8 mRNA and proteins. TGF-Bs also increase the expression of inter-
grins, cell surface heterodimeric cell surface receptors that regulate adhesion and
migration of cells on matrices and cell:cell adhesion (7-4,54,55). In humans, a major
source of TGF-B1 is the a granules of platelets (for delivery after tissue injury), and
bone contains abundant amounts of all three isoforms (56,57). Finally, TGF-f isoforms
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are auto- and crossinductive; thus, their presence is self-perpetuating (39). TGF-s uti-
lize both paracrine (made by one cell type and stimulating the function of another cell
type) and autocrine (made and used by the identical cell) mechanisms of action.

ACTIVATION OF TGEF-B IS REQUIRED FOR FUNCTION

TGF-s are secreted as latent precursor molecules (LTGF-) that require activation
into a mature form to enable receptor binding and subsequent activation of signal trans-
duction pathways. TGF- latency is a critical step in the physiological regulation of its
growth inhibitory activity (reviews in refs. 6,58). Thus, an important point is whether
tumor cells are able to activate TGF-f3 or have access to activated protein to inhibit their
growth. The latent precursor molecules are between 390 and 414 amino acids and con-
tain an amino-terminal hydrophobic signal peptide region (for translocation to the
plasma membrane to undergo exocytosis), the latent-associated peptide (LAP) region
of 249 residues, and the C-terminal potentially bioactive mature region, which contains
112 amino acids per monomer. The latent precursor is secreted as an electrostatically
bound complex. Each monomeric chain is precleaved intracellularly at dibasic residues
located between the LAP and mature regions and is joined together as a dimer by two
disulfide bonds, one each in the LAP and mature regions. The LAP portion assists in
folding the bioactive domain during synthesis and undergoes mannose-6-phosphate N-
linked glycoslyation, which aids in secretion of the precursor and may also prevent its
activation. In vitro, extreme pH or heat activates the latent molecule causing the release
of the 25 kDa dimer (2 X 12.5 kDa monomers). However, in vivo activation of TGF-
[ isoforms is not well understood. It has been proposed that a conformational change
induced by cleavage of the LAP by various proteases is the physiological means for re-
lease of the bioactive dimer. Proteases shown to at least partially activate TGF-3 in-
clude plasmin, thrombin, plasma transglutaminase, endoglycosidase (58), and retinoic
acid, via plasmin release (59). The fact that only a small percent of total available la-
tent TGF-8 is activated in any one in vitro assay indicates that many mechanisms are
involved and that activation is cell-type specific. Since TGF- isoforms only share 35%
amino-acid homology in the LAP regions, conformational differences may dictate that
each TGF-f isoform undergoes differential activation. Thrombospondin also activates
TGF-p through a specific binding interaction between these proteins (60). Cocultures
of bovine smooth muscle cells and endothelial cells indicated that heterotypic cell sur-
face contact was required for activation (6/,62). These studies and others showed that
latent TGF-B binds to the insulin-like growth factor II receptor/mannose-6-phosphate
receptor on the endothelial cells and regenerating hepatocytes and may be targeted to
lysosomes for activation (63,64). However, other cells that express these receptors fail
to activate LTGF-. Finally, the LTGF-1 is usually secreted covalently bound via the
LAP region to another protein, the LTGF-B-binding protein (LTBP) (65-68), which is
important in assembly and secretion of LTGF-B1 (67) and serves to bind LTGF-f3 to
extracellular matrices as a requirement for proteolytic activation (68). The presence of
LTBP was shown to be lost in malignant prostatic tissue compared to benign tissue (69)
and may indicate its role in normal growth regulation. Two matrix proteoglycans,
decorin and biglycan, bind TGF- s for retention in extracellular matrices and may also
regulate TGF-f availability (51,52,70).
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TGF-8 REGULATION THROUGH RECEPTOR BINDING

Since signal transducing receptors were shown to be present on virtually every mam-
malian and avian cell type in culture, including transformed cells (except retinoblas-
toma cells), aberrant receptor expression or loss of receptors was not originally con-
sidered a means of loss of responsiveness to growth control by TGF-3 (/-5). However,
most recently, exciting discoveries have elucidated mutations in TGF-f3 receptors that
are associated with loss of growth inhibition in a number of malignancies described be-
low. Three distinct receptors that bind all TGF-@s, termed type I (RI) (50-60 kDa), type
II (RIT) (75-85 kDa), and type III (RIII/betaglycan) (280 kDa), have been identified in
a variety of cells (5,71,72). At least nine other cell-surface-binding proteins have also
been demonstrated. RI and RII are transmembrane-signal-transducing receptors that
contain serine/threonine kinase cytoplasmic domains. Both RI and RII kinase domains
share 40% homology with each other and with other type 1 and type II receptors hav-
ing specificity for other TGF-f family members (e.g., activins, BMPs) (5). The type III
receptor has a core protein of 110-139 kDa adorned with heparin sulfate and chondroitin
sulfate side chains. RIII is nonsignaling and serves to concentrate TGF-£ ligand on the
surface of cells and to present TGF-31-3 to the signaling receptors. RIII can also be re-
leased from cells and act as a soluble inhibitor of TGF-3s and regulate its activity (73).
Using receptor negative mutants, it has been shown that RI and RII are required to co-
operate to function in the following manner, as depicted in Fig. 1: RII is a constitutively
active kinase, which is recognized by RI following ligand binding to RII (72). Subse-
quently, RI is recruited into the complex and phosphorylated by RII. This event causes
RI to initiate signal-transducing pathways. Simply stated, RII binds to ligand and RI
transmits the signal function (to downstream substrates); RI will not bind ligand with-
out the presence of RII (RI/RII heterodimeric complex binds TGF-B1: Kd ~10—11 M
(74)). TGF-P receptors discriminate between the TGF-B isoforms and bind these lig-
ands with different affinities (75,76). For example, whereas TGF-1 and TGF-B3 will
bind RII, TGF-B2 requires RIII for presentation to the signaling receptors (RIII binds
TGF-B1-3: Kd=10—10 M) (1). Thus, within these defined parameters, loss of RIII
would block TGF-f2-initiated function, and loss of either RI or RII would prevent all
TGF-Bs from functional response. The cellular distribution of RIII is more limited than
RI and RII and is absent from endothelial cells, myoblasts, and hematopoietic cells
(1,3,77), which, accordingly, do not respond to TGF-B2 (42). Endoglin, another ho-
modimeric cell surface glycoprotein that complexes with RI and RII (78), only binds
TGF-B1 and TGF-33 and is found on endothelial cells, macrophages, and stromal cells
(79,80). In the context of malignant cell growth, the main function of the TGF-B re-
ceptors is to transduce signals that maintain the nonproliferative state of the cell in G1.
Whereas pathways for receptor-mediated signal transduction for transcription of genes
induced by mitogens, such as EGF and PDGF (tyrosine kinases), involve a cascade of
numerous substrates (e.g., protein kinases and phosphatases), the proteins and pathways
involvedin transmitting signals from TGF- receptors (e.g., specific substrates for ser/thr
kinases) appear to be less complex. Most recently, the MAD-related, MADR2 (MAD
is mothers against DPP [DPP is decapentaplegic protein, part of the TGF-B superfam-
ily thatregulates drosophila morphogenesis]) has been specifically associated with TGF-
P signaling. The MAD family of proteins, also known as Smad (Smad 1,2,3, and 5), re-
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Fig. 1. Proposed TGF-B isoform signaling receptor complex. RI and RII have serine/threo-
nine kinase (catalyze phosphorylation of proteins) cytoplasmic domains and are required to co-
operate to elicit TGF- functions in the following way. RII is a constitutively active kinase that
binds the ligands TGF-1 or TGF-B3. Following ligand binding, RI is sequestered into the com-
plex and is phosphorylated by RII. Subsequently, RI sends downstream signals for gene acti-
vation (through phosphorylation events) that directly phosphorylates MADR2/Smad2, which
forms a complex with DPC4/Smad4. The complex enters the nucleus and acts as a transcrip-
tional activator of genes involved in TGF-3 function (growth inhibition) (72,83,256-260). RI1I,
a proteoglycan, is termed betaglycan (BG) and serves to concentrate TGF-3 isoforms on the
cell surface and present these ligands to RII. TGF-f2 will not bind RII without prior associa-
tion with RIIL RIII also acts as a soluble inhibitor of TGF-f isoforms, thereby preventing TGF-
B activity (73). The shaded elipse represents glycosaminoglycan chains. Diagram modified from
ref. 3.

spond to ser/thr kinase receptors for the TGF-{ family, including BMPs, activins, and
DPP (81,82,256-258). It was originally presumed that there are substrates downstream
from RI that transduce the signal to MADR2/Smad2. However, it has been demonstrated
that TGF-B RI directly interacts with and phosphorylates MADR2/Smad2 at C-termi-
nal serines (SSXS motif), causing it to translocate and accumulate in the nucleus (Fig.
1) (83). Similarly, BMP specifically induces a BMP receptor kinase to directly phos-
phorylate MADR 1/Smad]1, causing its accumulation in the nucleus (257,259) (see Fig.
1). Apparently, Smad4 is a universal (“common”) component of the signaling pathway
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of the TGF-B family. Smad1, activated by BMPs, and Smad2 and Smad3, activated by
TGF-B and activin, form a heteromeric complex with Smad4 following phosphoryla-
tion with these respective ligands (256). Recently, it was shown that activated MAD,
the mediator of DPP signaling (Drosophila), interacts with DNA-binding proteins and
binds to target gene enhancers through a sequence-specific DNA-binding region in its
N-terminal (250). Therefore, the MAD/Smad proteins provide a direct link between the
respective receptor kinase activity (type I) and gene transcription, that initiates function
(256-258). Interestingly, the Smad7 protein can associate with TGF-B RI kinase do-
main and antagonize TGF-f signaling (257). Smad4/MADR4, the “common”
Smad/MAD is the protein product of the DPC4 tumor suppressor gene found Deleted
in Pancreatic Cancer at a rate of 90% (130).

MECHANISMS OF TGF-3 REGULATION
OF CELL GROWTH THROUGH EFFECTS ON THE CELL CYCLE

TGF-B directly induces growth arrest in most epithelial cells, including carcinomas
in culture, endothelial cells, neuroectodermal cells, hepatocytes, lymphocytes, and
myeloid cells (review in refs. /1-4,84). Conversely, TGF-B is generally mitogenic to
mesenchymally derived cells through the induction of mitogenic growth factors, such
as PDGF (86). Although TGF-B induces cell-cycle arrest by blocking cells in late G1
of the cell cycle (reviewed in ref. 85), pathways/mechanisms for this arrest are cell-
type specific. To review the cell cycle: cells resting in GO (withdrawn from the cell cy-
cle) are brought into the G1 phase by extracellular signals, such as adhesion-associated
events (87,88). At this point, the cell is susceptible to mitogenic signals (e.g., growth
factors) and will move on to S-phase (DNA synthetic or replication stage), followed
by a shorter G2 (rest just prior to division), and finally, M (mitotic phase consisting of
prophase-anaphase). G1 progression to S is blocked by TGF-f late in G1, 2 h before
cells are committed to enter S-phase and after this time TGF-f can no longer exert its
antiproliferative effect (2,3,89, and reviewed in ref. 90). Cancer cells are refractory to
growth arrest and remain in the cell cycle (reviewed in ref. 97). As depicted in Fig. 2,
each phase of the cell cycle is controlled by specific cyclins and their respective ki-
nases, cyclin-dependent kinases (CDKs): In early Gl-cyclin D (1-3) couples with
CDK6 and CDK4; in late G1 = cyclin E and CDK2; S phase=cyclin A and CDK2;
G2/M=cyclin B and CDK1 [CDC2] (97). Progression through the cell cycle involves
the phosphorylation of the retinoblastoma tumor suppressor gene product pRB, by D
and E cyclin:CDK-respective kinase activities (cyclins bind to the “large pocket” of
RB and other like proteins, such as p130 and p107) (85,90-92). The absence of tumor
suppressor genes promotes malignant growth; the loss of RB function resulting from
mutation or deletion of both alleles leads to oncogenic transformation that can be re-
verted by introducing a normal RB gene into a cell (reviewed in ref. 93). The forma-
tion of CDK/cyclin complexes is regulated by the cyclin-activating kinase, CAK (91).
Accordingly, cell cycle arrest is associated with inhibition of phosphorylation of pRB
(hypophosphorylated) and a decrease in G1 cyclins and CDKs (reviewed in refs.
85,90-92,94).

The activation of genes that are associated with cell cycle progression is mainly re-
lated to two proteins: the transcription family of E2F factors and the protooncogene
c-myc. Hypophosphorylated pRB binds to a subset of E2F complexes that are released
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Fig. 2. TGF-{ effects on the cell cycle. Growth inhibition is achieved by preventing phos-
phorylation of RB. The circle depicts the phases of the cell cycle. Progression through the cell
cycle is controlled by the cyclins (cyc) and cyclin-dependent kinases (cdks) that are specific for
each phase of the cell cycle. The cyclin/cdk complex has kinase activity and phosphorylates (P)
RB, causing progression from G1 to S phase. TGF-B induces the cyclin-dependent kinase in-
hibitors (CKIs) p15 and p27, which bind to the cyclin/cdks, preventing phosphorylation of RB
and thereby arresting cells in G1. In addition, TGF-8 inhibits the expression of cyclins and cdks.
As discussed, mutations have been discovered in many of these cell-cycle proteins in cancer,
thereby dedicating the cell to uncontrolled proliferation (reviewed in ref. 91).

following pRB phosphorylation (85,90,93,95). The E2F complexes transactivate
target genes thus initiated by the cyclin D-dependent kinases and subsequently by the
cyclin E:CDK2 complex, causing transition onto S-phase (91). In certain cells, in-
cluding keratinocytes, TGF-1 inhibits the transcription of c-myc mRNA concomitant
with growth inhibition (reviewed in refs. 90,96,97). Since the c-myc promoter contains
E2F-binding sites, the release of E2F by pRB in its hyperhosphorylated state causes
transactivation of c-myc. It should be noted, however, that both the dependency of TGF-
B-induced growth inhibition on decreased levels of c-myc and/or on pRB is dissociated
in certain experiments (98), indicating that other pathways exist. In addition to the rapid
(within 30 min) downregulation of c-myc transcription in response to TGF-f3, the early
response genes/nuclear transcription factors, c-jun, junB, and c-fos are upregulated
(39,99,100). 1t has recently been shown that cell-cycle arrest by TGF-§ is also medi-
ated by induction of cyclin-dependent kinase inhibitors (CKlIs) that bind to the cy-
clin:CDK complexes and inhibit their ability to phosphorylate pRB, thus maintaining
cells in G1. There are two families of mammalian CKIs: the ink4 group (includes: p15,
p16, p18, p19), which specifically interferes with cyclin D binding to CDK4 and CDK®6,
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and the kip/cip proteins (includes: p27, p21, p57), which inhibit the cyclins A,D,E and
their respective CDKs (91,101). It was found that TGF-f specifically induces the ex-
pression of the CKIs, p15 (by 30-fold in keratinocytes), p21, and p27 (101-104). The
mechanism involved in TGF-$ growth inhibition through the action of CKIs in certain
epithelial cells has been traced. P15 induces the release of p27 from the cyclin D com-
plexes so that it can subsequently bind cyclin E:CDK2, preventing progression to S
(94,101 ). Therefore, p27 is recovered complexed with cyclin E:CDK?2 in TGF-B-treated
and contact-inhibited growth arrested cells, but not proliferating cells (/03). In sum-
mary, TGF-$ acts to arrest cell growth through two interdependent mechanisms
(reviewed in refs. 105): by inhibiting the activity and expression of cyclin:CDK ex-
pression and/or cyclin/CDK complex formation and thus, kinase activity, and by in-
hibiting CDK activity through the induction of CKlIs (p15, p21, p27), finally leading
to the inhibition of pRB phosphorylation, which sequesters E2F factors preventing their
transactivation of genes involved in DNA synthesis.

Aberrant Cell-Cycle Genes/Proteins Abrogate
TGF-B Mediated Growth Inhibition in Human Cancers

As suspected, studies have been rapidly surfacing that show the lack of responsive-
ness of tumor cells to TGF-B-induced growth arrest, undoubtedly important in the pro-
cess of oncogenic transformation, results from dysregulation of proteins that control
the cell cycle, including deletions and mutations in corresponding genes and degrada-
tion of these proteins. These new and interesting findings will be described below as
they relate to the individual cancers discussed herein. The genes encoding cyclin D1
(on chromosome 11q13) and CDK4 have been shown to be overexpressed in many hu-
man cancers (e.g., in 43% of squamous cell carcinomas, 34% esophageal carcinomas)
as a result of gene amplification and translocations (/05-107). Homozygous deletions
of the CKI, p15, occur at a rate of 55% in gliomas and mesotheliomas, and mutations
and deletions of p15 and pl16 (Ink4a and b) are frequently associated with pancreatic
and head and neck carcinomas (91, and reviewed in refs. /06—109), the consequence of
which is lack of inhibition of CDK activity and uncontrolled phosphorylation of pRB.
Another mode of loss of tumor suppressor function of p15 and p16 is through hyper-
methylation of specific motifs in the promoter regions, resulting in transcriptional in-
activation of these genes (//0). In addition to retinoblastoma of childhood resulting from
defects in the RB gene, numerous adult cancers show genetic abnormalities that target
the RB gene (specifically sarcomas and osteosarcomas) (/06). In support of the role
for the CKI, p27, in TGF-B-mediated growth arrest in G1, overexpression of p27 has
been shown to block cells in G1 (/11,112); p27 is most abundant in GO of the cell cy-
cle (91). In addition, targeted deletion of the p27 gene (gene knockout) in mice showed
100% occurrence of pituitary tumors and multiple organ hyperplasia (713,114). It is
interesting to note that the oncogenic viral proteins, E1A of the adenovirus, SV40 large
T antigen, and E7 of the Human Papilloma virus, can inactivate p27 by dissociating it
from cyclin-cdk complexes (175). Both the level of p27 gene expression and its integrity
are unaltered in cancers (/16,117). However, the levels of p27 are under posttransla-
tional control (/18,119) and an exciting report indicated that levels of p27 protein are
controlled by degradation of the protein following catalyzed ubiquitination and degra-
dation in proteasomes (/20). The amount of other proteins, including cell cycle pro-
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teins (cyclins A and B), are regulated by the ubiquitin-proteasome pathway (121,122).
Increased degradation of p27 through the ubiquitin-proteasome pathway is an exciting
novel mechanism to further investigate as a means for tumor cell escape from growth
control by TGF-f3.

TGF-3-RELATED MECHANISMS
OF LOSS OF GROWTH REGULATION IN SPECIFIC HUMAN CANCERS

Pancreatic Cancer

We were most interested in understanding a possible role for TGF-f3 isoforms in pan-
creatic cancer since this cancer is one of the most highly aggressive and rapidly pro-
gressing cancers and is unresponsive to common modes of therapy; the 5-yr survival
rate is 0.4% after resection (15-20% have resectable tumors at time of diagnosis)
(123,124). Baldwin and Korc have shown that TGF-B1 inhibits the growth of pancre-
atic carcinoma cell lines by 25-50%, which is concomitant with a dose-dependent in-
crease in mRNA levels for TGF-$1, but not for TGF-B2 or TGF-33 (125). A direct cor-
relation between high levels of the TGF-3 RI (ALK-5 type) and sensitivity to TGF-8
growth inhibitory activity was observed in pancreatic cell lines, especially the COLO
357 cell line (126). Another cell line, lacking RII (MIA PaCa-2), was completely
growth-resistant to TGF-f3. In the normal human pancreas, TGF-1,32, and 33 isoform
mRNA and protein were present in both the endocrine and exocrine compartments
(127). Whereas TGF-B2 and TGF-B3 immunoreactivity was more intense in islets,
TGF-B1 protein expression was present in a larger number of acinar cells, and the same
intensity of immunostaining for all three isoforms was observed in ductal cells. In a
study of 60 patients with pancreatic cancer (representing grades 1-4 and stage I-IV dis-
ease), Friess et al. have shown an increase in immunoreactivity for TGF-B1, TGF-32,
and TGF-B3 in 47, 42, and 40% of tumors, respectively (p <0.001) (16). Northern blot
analysis of tissues from five normal and six pancreatic carcinoma tissues indicated a
statistically significant 11-, 7-, and 9-fold increase in TGF-B1, TGF-2, and TGF-3
mRNA, respectively. Following analysis by in situ hybridization, the mRNA for each
TGF-B isoform was shown to be present in increased amounts in approx 30% of the
cancer cells. Colocalization of the protein and mRNA in both the normal and malig-
nant tissues indicated that TGF- predominantly acts by an autocrine mechanism in the
pancreas. Additionally, tissue adjacent to the tumors showed increased immunoreac-
tivity demonstrating a paracrine effect of the tumor on the normal tissue. A major find-
ing from these studies was derived from Kaplan-Meier plots of postoperative survival
time, which indicated that pancreatic cancer specimens demonstrating little to no im-
munoreactivity for TGF-B was associated with increased survival time (Table 1). Only
the expression of the TGF-B2 isoform correlated with advanced tumor stage, indicat-
ing that the presence of the TGF-32 isoform may be a marker for progression in pan-
creatic cancer. In a subsequent study, it was found that the mRNA for the type II re-
ceptor for TGF-Bs (RII) was upregulated 4.6-fold in human pancreatic adenocarcinoma
tissue compared to normal pancreatic tissue; expression was specifically localized to
the cancer cells (128). In contrast, RIII mRNA levels were unaltered, and the message
was localized to the stroma surrounding the tumor and a few cancer cells. More recently,
a clearer understanding of at least one mechanism by which pancreatic adenocarcinoma
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cells escape growth control was shown (126). Although the levels of the TGF-B1 RI
mRNA (also referred to as ALK-5 [activin-like kinase 5], which only binds to TGF-
ligands) (5) and another RI (ALK-2, which binds both activin and TGF-) were ele-
vated by 6.8- and 9-fold, respectively, the expression of ALK-5/RI protein, as deter-
mined by immunohistochemistry, was extremely faint in the cancer cells; RII im-
munostaining was intense. In contrast, ductal cells adjacent to the cancer cells showed
the opposite immunostaining pattern: ALK-5/RI was strong and RII was weak. Since,
as explained above, RI and RII cooperate to transduce TGF-$ function and RI trans-
mits the intracellular downstream signals, the lack of RI on the pancreatic tumor cells
may explain, in part, why these cells do not respond to the growth inhibitory effects of
TGF-B. The increased amount of RII observed in these cells would be ineffective since
presumably these cells would bind TGF-f ligand, but not be able to undergo the nec-
essary signaling events to confer growth inhibition. Furthermore, the fact that the
mRNA was increased in tumor cells that showed lack of RI protein suggests that aber-
rant RI expression may be hampered posttranscriptionally (e.g., message degradation).

Certain recent advances have provided further explanations for the lack of growth
control by TGF-B. In an analysis of 19 different pancreatic cell lines and three
xenografts of these cells, 46% were shown to have homozygous deletions of both the
pl5and pl6 genes (129). Loss of p16 transcripts was found in 53%, and 63% had mu-
tations in the p16 gene that led to loss of p16 protein expression. Another very recent
exciting discovery showed a direct link between mutations in the DPC4 gene with pan-
creatic cancer (82, 130). DPC4 (Deleted in Pancreatic Cancer) is part of the MAD fam-
ily of newly discovered transcription factors that transduce receptor signaling by the
TGF-B related proteins (see Fig. 1). Loss of heterozygosity (LOH) occurs when a
somatic mutation occurs at one allele and the second allele is lost through deletion. Many
tumor suppressor genes have been found by mapping mutations showing a high degree
of LOH. Approximately 90% of human pancreatic carcinomas demonstrate allelic loss
at chromosome 18q. Both homozygous deletions and inactivating mutations were lo-
calized to the DPC4 locus at chromosome 18q21.1 in 25/84 and 6/27 (in those that did
not have homozygous deletions) pancreatic cancers, respectively (/30). Although the
ligand involved in DPC4 signaling remains unknown, but may be a member of the TGF-
B superfamily involved in growth control of pancreatic cells, the mutations for MADR |
(responds to BMP), MAD (Drosophila morphogenesis), and DPC4 are in the con-
served carboxyl terminal domain, which contains gene transactivating activity. The fact
that both MADR2/Smad2 (responds to TGF-( signaling) and DPC4/Smad4 lie in close
proximity on chromosome 18921 (same cytogenetic band) has led Eppert et al. to pro-
pose that DPC4 and TGF-3 may cooperate to function in control of proliferation (82).
LOH at 18q21 has been found in numerous human cancers, including osteosarcomas
and colorectal cancers (/3/-133). However, it appears that mutations in
MADR?2/Smad?2 particularly favor the gastrointestinal tract. In summary, within the past
2 yr, significant advances with respect to failure of TGF-B-related mechanisms that may
contribute to the development of pancreatic cancers have emerged. We have seen
decreased expression of the signaling TGF-B RI, mutations or deletions in the TGF-p-
induced cyclin-dependent kinase inhibitors (CKIs), p15 and p16, critical to maintain-
ing the differentiated quiescent state of cells, and finally, inactivating mutations in a
TGF-B-family-related “common” signal transducing protein, DPC4 (Smad4). There-
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fore, in pancreatic cancer, insults have been sustained in every aspect involved in trans-
mission of TGF-3 growth inhibitory function.

Colon Cancer

TGF-p is a potent inhibitor of the growth of intestinal epithelial cells and cell lines
in vitro (134,135) and regulates cell turnover through autocrine and paracrine mecha-
nisms (/36). TGF-{ isoform mRNA and protein expression progressively increases as-
cending the tip of the villi in the normal small intestine and colon (/37), and paneth
cells of the lower crypt were found to contain protein but not to synthesize TGF-1
mRNA (138). Since TGF- is present in the terminally differentiated cells of the vil-
lus tips, these proteins may be integral in promoting and maintaining the differentiated
state of intestinal epithelial cells. Consistent with this localization of TGF-3 protein in
the normal intestine, cell proliferation occurs in the crypt base and apoptosis (pro-
grammed cell death) occurs near the luminal surface, at the villus tip (18, 139). To fol-
low programmed differentiation that culminates in senescence and programmed cell
death, the cells migrate from the proliferative compartment up the crypt and onto the
villus tip putatively, under the influence of the autocrine and paracrine growth in-
hibitory and apoptosis-inducing effect of TGF-3 (140). Conversion of human colonic
adenoma to carcinoma cells was accompanied by a reduced growth inhibitory response
to TGF-3 (141), and 11 out of 13 subclones of a metastatic colon carcinoma cell line
were growth-stimulated by TGF-B1 (/42). Similarly, primary cultures derived from
poorly differentiated primary site and metastatic colon cancers were growth stimulated
by TGF-B1 and were invasive in vitro and in highly tumorigenic in athymic mice (743).
Both neutralizing antibody to TGF-1 and an antisense construct to TGF-1 blocked
cell growth, invasion, and tumorigenicity (143,144). Thus, a switch from being growth
inhibited to growth stimulated by TGF-3 appears to be a consequence of tumor pro-
gression in colon cancer. With this alteration in growth response to TGF-f3, alternative
signal transducing pathways have been found in colon cancer cell lines responding to
TGF-B by autocrine-negative compared to autocrine-positive growth regulation (145).
In another study, TGF-$1 inhibited the growth of colon carcinoma cells in vivo. Wu et
al. inhibited the transcription of endogenous TGF-1 in the FET colon cancer cell lines
with an antisense TGF-1 expression vector and demonstrated that the cloning effi-
ciency increased fourfold, and also that the tumorigenicity of these cells was increased
following injection into nude mice (/46).

To try to clarify the role for TGF-Bs in human colon cancer, we performed in vivo
studies that evaluated 34 colorectal carcinoma specimens with accompanying docu-
mentation of disease recurrence status (17). The population was separated into two
groups: cancer-free and recurrent disease. In each group, 94% were node-positive with
similar numbers of positive nodes per patient. Following immunohistochemical anal-
ysis, the patients were grouped into intense vs low immunoreactivity. Kaplan-Meier
plots of disease-free survival related to immunostaining intensity indicated a signifi-
cant correlation of intense immunostaining for TGF-1 with disease progression to
metastatic disease (p <0.0013). This result was independent of nodal status and the de-
gree of differentiation of the primary tumor. These patients had a mean recurrence time
of 27 mo compared to a mean follow-up time over twice as long in the group that did
not recur. In this study, the colon cancers expressing high levels of TGF-B1 were 18
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times more likely to recur at distant metastases than those having low levels (Table 1).
Interestingly, TGF-B2 and TGF-B3 intensity of immunoreactivity did not correlate with
disease progression. Corroborating our results, a more recent study found a 2.5-fold in-
crease in the level of TGF-B1 mRNA, increased immunostaining for TGF-f1, and sev-
enfold elevated plasma level of TGF-$1 in colorectal cancer patients compared to nor-
mal controls (/47). Again, this overexpression of TGF-B1 correlated with disease
progression. Another study found intense immunoreactivity for TGF-B1 in advanced
Dukes’s stage colorectal tumors, with a poor prognosis, that was associated with de-
creased survival (/48). To determine whether high levels of TGF-B1 were maintained
in colon cancers that had metastasized, we performed a follow-up study to analyze TGF-
B1 levels in paired primary site and metastatic tumor tissue, using immunohistochem-
istry (of 38 node-negative, 33 node-positive, 14 metastases) and Western blot analysis
(for primary sites and liver metastases) (/49). In 60% of the cases examined, higher
expression of TGF-f31 was observed in colon cancer cells invading local lymph nodes
or metastasizing to the liver than in the primary site. In 25% of the cases, the high lev-
els of TGF-B1 at the primary site were maintained in the cancer cells invading the lo-
cal lymph nodes and/or the liver. Thus, a total of 85% of colon cancers expressed high
levels of TGF-31 at metastatic sites. Both the 55-kDa latent form and 25-kDa active
dimer were illustrated by Western blot analysis. Since TGF-1 has been shown to in-
crease the expression of PDGF-B chain in invasive and undifferentiated, but not dif-
ferentiated, colon carcinoma cells and since PDGF-B is elevated in human colon can-
cers showing increased angiogenesis (/50), the high level of TGF-1 in metastatic colon
cancer cells may confer both a selective autocrine growth advantage and increase an-
giogenesis. Taken together, the high expression of TGF-B1 in colorectal carcinomas
may be an independent prognostic marker for poor survival and should be helpful in
determining patients who may benefit from more aggressive adjuvant therapy.

Colon adenocarcinoma develops by progression from normal colonic epithelium to
abnormal mucosa, on to benign neoplastic adenomatous polyps, that further become
dysplastic and finally, malignant (/517). Both increased proliferation as well decreased
apoptosis contribute to adenoma formation (/52,153 ). More recently, we performed an-
other study to assess the role of TGF-{ in the development of malignant lesions from
adenomatous polyps (/8). The normal distribution of TGF-f as well as the cells un-
dergoing proliferation and apoptosis was strikingly reversed in the polyps compared to
the normal mucosa: increased numbers of proliferating cells were observed in the vil-
lus tip (luminal surface) and TGF-f isoforms were found mainly in the crypt. We con-
cluded that normal cell migration toward the lumen has been reversed in the polyps such
that colonocytes migrate inward toward the polyp base, rather than upward toward the
tip. How and when the reversal occurs is not clear. However, loss of TGF-$-related
regulated growth associated with maintenance of the state of differentiation and nor-
mal architecture of villus may be critical. Interestingly, the CK1, p27kir! colocalized
with TGF-f in the normal human intestine but was either low or completely lost in col-
orectal cancers (154). In 149 patients studied, reduction or loss of p27kir! expression
was found to be an independent negative prognostic marker, especially for stage II tu-
mors (lack of p27kir! correlated with a 2.9 risk ratio of death). Patients that expressed
p27xir! had a median survival of 151 mo compared with those who lacked p27%ir!, with
a median survival of 69 mo. Tumor tissue that did not express p27kir! also displayed
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enhanced proteolytic activity specific for exogenously added recombinant p27kirl to
lysates, which was degraded in a proteasome-dependent manner (/20). These results
are the first to implicate that tumor cells may escape growth regulation by increasing
degradation of p27kirl. Whereas there is no direct corelation between TGF-B and
p27kirl degradation, p27kir! is a protein that is induced by TGF-f that, in turn, main-
tains the quiescent state of cells (discussed above/cell cycle). Amplification of cyclin
D2 and cyclin E genes (in 2/47 cases), leading to overexpression of both the mRNA
and protein, was also found in a subset of colorectal cancers; this would promote tran-
sition through G1 and onto the S-phase of the cell cycle (155).

Microsatellite (genetic) instability is characterized by sequences of simple repetitive
DNA at microsatellite loci that frequently undergo deletion and insertion. Mutations
and deletions can be determined by genetic analyses with probes specific for these re-
gions of DNA. Mutations inmicrosatellite DNA, referred to as replication errors (RER +)
are prevalent in many cancers (/56). In addition to the sequential accumulation of mul-
tiple mutations of oncogenes and tumor suppressor genes in carcinogenesis, RER+ is
a characteristic phenotype of cancers found in HNPCC (hereditary nonpolyposis col-
orectal cancer) afamilial cancer syndrome, exhibiting ahighincidenceincolon(157,158),
endometrial (159), and gastric cancers (/60). In addition, replication errors in the form
of somatic mutations were found at different microsatellite loci in nonfamilial colorec-
tal cancer (161). The first indication that loss of TGFB RII receptor may be linked to
the development of cancer and escape from TGF-B-mediated growth control was demon-
strated in colon cancer cell lines with high rates of microsatellite instability (RER+)
and in xenografts of colon cancer tissue, also RER+, implanted into athymic mice
(162). Three different (somatic) frameshift mutations (and resultant protein truncation)
were found within a 10-bp polyadenine repeat of the RII coding region in the RER+
samples, which was accompanied by decreased RII transcripts and complete loss of RII
cell surface receptors (162,163). In two subsequent studies, the correlation of mutations
in RII with RER + was shown to be at the rate of 71% in 25 HNPCC patients and at 90%
in another study (100/111), again, specifically in the polyadenine region of RII (RER +)
(164,165). Thus, in these studies, tumor progression was related to a defect in DNA re-
pair enzymes, which was linked to mutations in a small region of repeat sequences (vul-
nerable to RER +-associated mechanisms of mutation) in the TGF- RIL. In addition,
four missense inactivating mutations in the MADR?2 gene were recently disclosed in
colorectal carcinoma (82). Since inactivation of TGF- RII and MADR?2 is a mecha-
nism by which human colon cancer cells lose growth inhibitory responsiveness to TGF-3,
these two genes can also be considered as tumor suppressor genes.

Gastric Cancer

Gastric cancer is a major cause of morbidity and mortality worldwide (166). Certain
tissue changes representing sequential steps toward the development of gastric malig-
nancies are noted. These include superficial gastritis, chronic atrophic gastritis (of
glands), small intestinal metaplasia, colonic metaplasia and dysplasia (166,167), per-
nicious anemia, Helicobacter pylori infection, Menetriers disease, adenomatous polyps,
Barrett’s esophagus, and ingestion of carcinogens (168). There is a 30-40% 5-yr sur-
vival rate following curative total gastrectomy; however, it is <20% overall. Elevated
levels of TGF-B1 were reported in human gastric cancer; this increase was suggested
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to have a causative role in scirrhous gastric cancer (169,170). To determine the distri-
bution of TGF-f isoforms in the normal stomach compared to gastric carcinoma, we
analyzed four normal mucosal samples, 12 normal mucosal samples adjacent to tumors,
and 12 gastric carcinomas (intestinal-type) for TGF-3 mRNA and protein expression,
by Northern blot analysis and immunohistochemistry, respectively (20). There was a
remarkable nonoverlapping differential distribution of each TGF-f3 isoform in normal
stomach. TGF-B1 was localized in the cytoplasm of the acid-secreting parietal cells,
which are distributed along the length of the glands but most numerous in isthmus (mid-
dle) region. TGF-B1 was also present in some surface mucus-secreting glands, which
cover the entire luminal surface of the stomach and line the gastric pits (/71). In con-
trast, TGF-B2 immunoreactivity was exclusively confined to the pepsin-secreting chief
cells, located toward the base of the gastric glands. TGF-33 was present in mucus, pari-
etal, and chief cells. Since these cell types of the gastric mucosa perform specific func-
tions, it is possible that each TGF-f3 isoform may have different functions in the stom-
ach. The gastric cancers showed intense immunoreactivity for all three TGF-@ isoforms
and a4.8- (p <0.001) and 6-fold (p < 0.003) increase in the synthesis of TGF-f mRNA
compared to normal gastric tissue, for TGF-B1 and TGF-B3, respectively. TGF-2
mRNA levels were comparable between the normal and cancerous tissue. In addition,
a 10-fold increase in collagen type lae mRNA was observed in gastric cancer. This is
of interest since TGF-B1 has been shown to promote extensive fibrosis in the cancer
stroma and granulation tissue in scirrhous gastric cancer by stimulating collagen de-
position by fibroblasts, which contract the collagenous stroma leading to a disorder re-
ferred to as “linitis plastica” (170,172,173). In this study, collagen type Ia, TGF-B1,
and TGF-B3 mRNA were highest in the poorly differentiated partly scirrhous type of
gastric cancer, also indicating that the high levels of TGF-fs produced by the malig-
nant cells may lead to the fibrotic phenotype of this specific cancer.

TGF-f inhibits the growth of gastric epithelial cells in culture (/74). TGF-B1 mRNA
was present in 12 gastric cancer cell lines; however, RI and RII mRNA was not ex-
pressed in 6/12 of them (175). The presence of RI and RII conferred TGF-B-induced
apoptosis in these lines. Thus, absence of TGF-[3 receptors in gastric cancers may elim-
inate normal apoptosis necessary for cell renewal. Whereas growth stimulation of the
poorly differentiated adenocarcinomas has not been reported, it is likely, as shown in
colon cancers, that the overexpression of TGF-f isoforms in gastric cancer represents
a breakdown in the growth inhibitory response to TGF-fs and that the excessive
amounts of TGF-f3 present is both angiogenic and immunosuppressive. Alterations in
the expression of several oncogenes and tumor suppressor genes have been demon-
strated in gastric cancers (176). As shown in colon cancers, the RER+ phenotype is
highly associated with the familial cancer syndrome HNPCC (760). Following the
original report that indicated that mutations in the TGF-3 RII was connected with a de-
fect in mismatch repair enzymes, loss of TGF-B receptors, and loss of growth in-
hibitory control by TGF-3, a subsequent study similarly showed the identical frameshift
mutation occurring at a rate of 71% in RER+ gastric cancers (163). Thus, the TGF-
RII is a target for mutation (inactivation) in mismatch repair-deficient gastric tumors.
However, another study did not find mutations in RII associated with RER+ gastric
cancers (177). Overexpression of cyclin E was found in gastric carcinomas (91,106),
which would promote transition to S-phase.
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Endometrial Hyperplasia and Carcinoma

Endometrial cancer is the most common gynecological malignancy and ranks as the
fourth most common among women in the United States (39,000/yr); 75% occur in peri-
menopausal and postmenopausal women (review in refs. /78-181). In endometrial car-
cinoma, hyperplasia of the glandular epithelium (especially with cytologic atypia) pre-
cedes carcinoma (/79-182), providing an excellent model to study the changes in
response to TGF-( that accompany tumorigenesis and progression. In fact, tissue spec-
imens from endometrial carcinoma often represent a histopathological spectrum rang-
ing from normal to malignant tissue and including both simple and complex hyperpla-
sia (183). A major cause of endometrial hyperplasia is chronic stimulation of the
endometrium by estrogen in the absence of progesterone (e.g., anovulation, unopposed
estrogen therapy [ERT]) (180,182—185). The glandular epithelial cells that give rise to
endometrial carcinoma respond to estrogen with increased proliferative activity. Many
studies have shown that after 10—15 yr of therapeutic doses of estrogen the risk for en-
dometrial cancer increases by 10-fold (/82). A more recent concern is that there is a
7.5-fold risk in the development of endometrial cancer in patients receiving the antie-
strogen, Tamoxifen (Tam), for estrogen receptor (ER)-responsive breast tumors (re-
viewed in refs. 186,187). Tam has opposite effects in these two tissues because of ac-
tivation of different tissue-specific response elements by the ERs complexed with the
steroids (/88). Conversely, progestins are used therapeutically to induce regression of
endometrial carcinoma (178,179,182). We were interested in studying the expression
of TGF-p isoforms in the endometrium since it is a target organ for autocrine, paracrine,
and endocrine regulation of proliferation, differentiation, and angiogenesis and is highly
active in these processes. Tissue specimens from 70 patients representing normal, hy-
perplastic (simple and complex), and carcinomatous endometrium were analyzed in the
laboratory (117). The endometrium consists mainly of glandular epithelial cells and stro-
mal cells. In the normal endometrium, immunoreactivity for TGF-[3 isoforms is local-
ized differentially. TGF-B1 and TGF-3 is present in both the glands and stroma and
TGF-B2 is more intense in the stroma (/). Expression of TGF-Bs is increased in the
secretory compared to the proliferative phase of the menstrual cycle, indicating possi-
ble steroidal regulation of TGF-[3. The glandular epithelium demonstrated a statistically
progressive increase in TGF-f isoform immunoreactivity from normal to simple hy-
perplasia and on to complex hyperplasia, with no further increase in adenocarcinoma.
In contrast, the stromal element was unchanged. In comparison with proliferative en-
dometrium, there was a 5.1-, 3.4-, and 2.6-fold increase in TGF-31, TGF-32, and TGF-
B3 immunoreactivity, respectively (p < 0.001) in complex hyperplasia (Fig. 3A [nor-
mal] and 3B [complex hyperplasia]). In contrast, by in situ hybridization using
isoform-specific riboprobes, a progressive increase in mRNA levels for all three TGF-
B isoforms that varied directly with disease severity was observed in the stromal cell
constituent. These results suggested that there may be a switch from an autocrine, in
the normal endometrium, to a paracrine mechanism of action in the pathological en-
dometrium (Table 1). The marked increase in TGF-3 immunoreactive protein and
mRNA in complex hyperplasia suggested that TGF-Bs play a role in the regulation of
endometrial growth and in the development of hyperplasia. Moreover, in this preneo-
plastic disease events have already occurred that may have caused the glandular epi-
thelium not to respond to TGF-[3 as a growth inhibitor.



Fig. 3. Immunoreactivity for TGF- isoforms is increased and p27kiP! is lost in the glands
of patients with endometrial hyperplasia and carcinoma. Paraffin sections were treated with pri-
mary antibody, followed by peroxidase-labeled secondary antibody. The color was developed
with DAB as substrate. (A, B) Rabbit anti-TGF-B3: Intense immunoreactivity for TGF-B3 can
be observed in the glands (G) of complex hyperplasia in (B) compared to little to no immunos-
taining in the glands of normal secretory endometrium in (A). The stromal (S) cells are moder-
ately immunoreactive in both normal and hyperplastic endometrium (from ref. 7). (C,D) Mouse
(monoclonal) antibody to p27&ir! (a cyclin-dependent kinase inhibitor [CKI]). P27kip! is nor-
mally induced by TGF-§ and prevents cells from entering DNA synthesis (S phase) by binding
to cyclin E/cdk?2 and preventing pRB phosphorylation. This blocks cells late in G1. As shown
in (C) in the normal endometrium, p27 levels are high in the glands. However, the glands of a
differentiated adenocarcinoma have completely lost immunoreactivity for p27, as shown in (D).
This may be caused by excessive degradation of p27 in proteasomes (720). Cancer cells may
have increased degradation of p27 (154), which may aid their escape from negative growth con-
trol (by TGF-B).
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Hormonal responses in target organs have been shown to be mediated by growth fac-
tors (reviewed in refs. 188,190). Since, as described above, endometrial carcinoma is
etiologically related to estrogen stimulation and ameliorated by progestins, this malig-
nancy is ideal for studying the effects of gonadal steroids on TGF-B mediated/related
growth control and its role in neoplastic progression. The development, growth, and
differentiation of the endometrium and other hormone-responsive organs is dependent
on a strong collaboration between its constituent stromal and epithelial cells (191). Hor-
monal effects on epithelial cells are often elicited through stromal hormone receptors
via paracrine mechanisms (shown for mammary, prostate, and endometrium) (reviewed
in refs. 189,192). In proof, using human endometrial explants, we have previously
shown that progesterone induces stromal cells to secrete TGF-{ that subsequently acts
on the glandular epithelial cells to reduce the levels of the metalloproteinase matrylisin,
anecessary event associated with the secretory phase of the menstrual cycle (193). Our
more recent studies are therefore directed toward determining cellular mechanisms
involved in the loss of cellular growth inhibitory response to TGF-B and the role
for stomal/epithelial interactions and steroid-induced effects in the regulation of
this response.

In the past, cell lines derived from endometrial carcinoma have been employed to
study their growth response to TGF-3 and they have shown inhibitory, refractory, and
stimulatory growth profiles (194-196). Since results utilizing cell lines cannot reliably
be employed as physiological paradigms, we have examined the effects of TGF-f in
primary cultures (90% pure) of glandular epithelial cells derived from endometrial car-
cinoma tissue compared to normal tissue. Exogneously added TGF-B1 inhibited the
growth of normal endometrial glandular cells by 20-50%, whereas the growth of en-
dometrial carcinoma cells were not growth inhibited (n = 10 of each; 262). In addi-
tion, by Northern blot hybridization using 32P-UTP riboprobes, the glandular epithe-
lial cells from two patients exhibited a smaller mRNA TGF-f RII species. In one of
these patients, we discovered an adenine deletion in a poly A region of the 5" half of
the TGF-B RII mRNA in 50% of the cloned mRNA (3/6), indicating that a (somatic)
frame shift mutation had ocurred and also explaining the loss of the TGF- growth in-
hibitory response in these cells. Accordingly, by immunohistochemical analysis, a loss
of RI and RII was demonstrated in the corresponding tumor tissue. In another report,
out of eight RER+ endometrial carcinoma tissues screened for mutations in the TGF-
B RII, one patient showed a deletion that inactivates RII through a frameshift mutation
(164). This mutation was not found in corresponding normal cells, indicating that a so-
matic mutation had occurred. In contrast, another study only found mutations in the
TGF-B RIl in 17% in RER+ endometrial carcinoma cell lines and tumor tissues com-
pared to mutations found in 71% in RER+ gastric cancers (163).

The CKI p27 is regulated by TGF- and is important in maintaining cells in Gy. Since
p27 was not found to have mutations or deletions in the gene, or to be regulated at the
level of transcription (described above/cell cycle) (118,119), we and others have in-
vestigated possible differences between tumor and normal cells at the level of protein
expression (154,197). By immunohistochemistry, six endometrial carcinoma tissue
specimens showed a nearly complete loss of p27 compared to normals (Fig. 1C [nor-
mal] and 1D [carcinoma]). This is contrasted with the overexpression of TGF-3 in
complex hyperplasia, shown in Fig. 1B, compared to normal tissue, shown in Fig. 1A.
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Therefore, interestingly, concomitant with the aberrant overexpression of TGF-f3 in
complex hyperplasia is the loss of p27 from the carcinoma cells. In addition, immu-
nostaining for p27 was slightly higher in an area of complex hyperplasia compared to
regions of adenocarcinoma. These results indicate a progressive loss of p27 with
increasing lesion severity. Therefore, another mechanism by which endometrial cells
may escape TGF-B-related growth regulation is by reduction of p27, most likely
through ubiquitin-mediated degradation in proteasomes; this is currently under inves-
tigation (120).

In preliminary studies, Northern blot analyses performed in our laboratory have
shown that primary cultures of endometrial stromal and glandular cells from patients
with endometrial cancer displayed an altered expression of TGF-B mRNA and recep-
tors compared to normal stromal cells in response to different gonadal steroids (i.e., es-
trogen, progestins, Tam) (261,262). For example, TGF-1 mRNA was induced by pro-
gesterone in normal stromal cells but the stromal cells from the cancer patients lost this
response and now responded to estrogen with increased expression of TGF-B1 mRNA
(261,262). Similarly, an increase in TGF-$ RI, RII, and RIIl mRNA was observed in
response to combined estrogen and progesterone and Tam decreased the mRNA lev-
els. However, TGF-( receptor mRNA levels in the stromal cells derived from malig-
nant endometrial tissue were completely refractory to the steroids tested (n = 6). These
studies suggest that the development of endometrial carcinoma may be related to loss
of hormonal regulation of both TGF-@ ligand and receptors, and further implicate the
involvement of the interaction between steroids and growth factors in this estrogen-
driven carcinoma and, most likely, in in other hormonally regulated cancers. Further-
more, the aberrant behavior of the stromal cells in a cancer of epithelial origin suggests
that a breakdown in epithelial/stromal interactions may play a role in the pathogenesis
of endometrial carcinoma.

Breast Cancer

Normal mammary epithelial cells and both estrogen receptor (ER)-positive and neg-
ative human breast cancer cells, in vitro, express TGF-B1 mRNA and protein and are
growth inhibited by the addition of picomolar concentrations of TGF-B (198-201).
Growth inhibition of breast cancer cells can be induced by triphenylethylene antie-
strogens, such as Tam, synthetic progestins, and retinoids, and is directly related to the
induction of TGF-f (reviewed in ref. 202), as shown by the following studies: The ad-
dition of inhibitory concentrations of antiestrogen to the ER-positive breast carcinoma
cell line MCF-7 and the ER-negative breast cancer cell line MDA-231 induced an in-
crease in the secretion of TGF-B1 protein and growth inhibitory activity (7199), and an
increase in TGF-B1 mRNA (203,204). Furthermore, in other ER-positive and ER-neg-
ative breast cancer cell lines, Tam caused a dose and time-dependent blockade in
G1/GO0 and induced apoptosis that was abolished by neutralizing antibody to TGF-,
thus proving that these responses were mediated solely by TGF-. Moreover, these stud-
ies elucidated that the mechanism by which antiestrogens act as therapeutic agents in
breast cancer, in vivo, is through TGF-B-mediated growth inhibition of breast cancer
cells. It was reasoned that Tam may have a direct effect on TGF-8 mRNA transcrip-
tion since the response was not be mediated by the ER (in ER-negative breast cancer
cells). In a separate study, Tam was shown not to induce TGF-B1 transcription in
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MCEF-7 cells, but to cause an increase in TGF-B1 by a posttranscriptional mechanism.
However, TGF-B1 directly induced the transcription of TGF-B2; TGF-B2 was there-
fore considered a marker of Tam action (205). In a study of 37 patients with ER-posi-
tive breast cancer, Tam treatment did not alter TGF-1 or TGF-3 protein expression
but, in agreement with the study using MCF-7 cells, did augment TGF-B2 expression.
Interestingly, the increase in TGF-2 expression in 11/15 tumors also correlated with
improvement-related therapy, which was not present in nonresponders (206). High
plasma levels of TGF-32 during Tam therapy similarly reflected response to therapy
(205). In contrast to these studies, high expression of TGF-f has been shown to have
deleterious effects. In vitro, constitutively high levels of TGF-31 were secreted by es-
trogen-independent highly tumorigenic breast cancer cells (207), indicating a possible
lesion in the TGF-( response loop. Additionally, it has been shown that TGF-f1 mRNA
was increased in transformed compared to normal breast epithelial cells (208) and the
expression of TGF-B1 was shown to be associated with increased metastatic potential
of mammary tumor cells (209). MCF-7 cells, overexpressing TGF-f1 mRNA and pro-
tein through transfection (> 10-fold), showed 100% tumor formation following injec-
tion into ovariectomized athymic (nude) mice; the parent cells only formed tumors af-
ter estrogen supplementation (210). Confirmation of higher levels of TGF-$1 in the
tumors of the transfected cells than of the parent cell line was shown immunohisto-
chemically. To further complicate the role of TGF-fs in breast cancer, another study
using transgenic mice that were genetically engineered to secrete TGF-B1 in its active
form did not form spontaneous tumors. However, mammary duct development was in-
hibited but not alveolar outgrowth during pregnancy (211).

Apart from studies employing cells in culture and in vivo studies employing strains
of mice and genetically manipulated cells, we studied 30 breast cancer specimens for
intensity of TGF-B isoform immunostaining; this information was related to tumor re-
currence, progression, or last follow-up (time) (/5). In benign breast tissue, TGF-1
immunoreactivity was observed in ductal epithelium, TGF-B2 primarily in stromal fi-
broblasts and the luminal surfaces of ducts, and TGF-3 in stromal fibroblasts and my-
oepithelial cells surrounding the glandular epithelial cells. In contrast, the breast car-
cinomas showed greater variability in the intensity of immunostaining for all TGF-£3
isoforms. The patients were divided into two groups: tumors that expressed high lev-
els and those that contained low levels of each TGF-f isoform. Kaplan-Meier plots were
generated by comparison of intensity with progression-free survival. The results indi-
cated that TGF-B 1, but not TGF-B2 or TGF-33, was positively associated with the rate
of disease progression, which was independent of age, stage, estrogen receptor status,
or nodal involvement (p = 0.009) (Table 1).

More recent studies have elucidated mechanisms by which breast cancer cells can
escape growth regulation by TGF-B leading to malignant progression. Although mu-
tations in TGF-B RII have not been reported, as described above for pancreatic, colon,
gastric, and endometrial cancers, loss or decrease in the TGF-@ RII has been shown to
be related to decreased sensitivity to the growth inhibitory activity of TGF-3 in both
ER-positive and ER-negative breast cancer cell lines (201). These same cell lines were
also tested for their growth inhibitory response to activin, another member of the TGF-
B family shown to share a common RI (ALK-1). Interestingly, whereas ER-positive
cell lines were growth inhibited by activin A, the ER-negative lines were unresponsive.
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TGF-B RllIs were absent in two T47D breast cancer cell line variants shown to be re-
sistant to TGF-f. Growth inhibition (both anchorage-dependent in monolayer and an-
chorage-independent in soft agar) by TGF-f31 and TGF-B2 was restored following sta-
ble transfection of RII into these cells. Consistent with these results, stable transfection
of TGF-B RII into MCF-7 cells yielded clones of cells that displayed decreased ma-
lignancy by a variety of criteria: They were more sensitive to growth arrest, showed
reduced clonogencity (in soft agar) and tumorigenicity (in ovariectomized athymic
mice), and showed delayed tumor formation compared to clones with low levels of RII
(212). Thus, with signal transduction pathways for TGF-§ intact, RII can rescue the
malignant phenotype of breast cancer cells. However, other TGF-B-related defects
have been found associated with breast cancer. The cyclin D1 gene, located on chro-
mosome 11q13, is amplified in 13% of primary breast carcinomas (and in 43% of head
and neck squamous cell carcinomas [406]. Interestingly, however, more than 50% of
breast carcinomas overexpress cyclin DI protein, suggesting that transcriptional or
translational regulation may cause abundance of this gene product, propelling cells into
a hyperproliferative state (increased phosphorylation of RB). In support of the onco-
genic potential caused by overexpression of cyclin D, targeted overexpression of cy-
clin D1 in mammary epithelial cells led to ductal hyperproliferation and subsequent tu-
mor formation in transgenic mice. Accordingly, mice lacking expression of D1, by
targeted deletion of this gene, lacked a normal mammary proliferative response during
pregnancy (in the presence of steroid hormones) (213). This indicates that steroid-in-
duced proliferation of mammary epithelium may be transduced by D1 cyclins. Con-
versely, cyclins D2 and D3 are not overexpressed in human cancers, possibly because
of chromosomal locations that may not be amplified (97). Cyclin E is also overexpressed
in breast cancer (2/4). Inactivation of p16 by gene mutation was shown in 4/4 normal
breast epithelial cells that were immortalized in tissue culture but was not found in 24
primary breast carcinomas. However, loss of heterozygosity (LOH) in chromosome
9p21-22, proximal to the locus for the p16 gene, was present in 58% of these cases, in-
dicating another possible tumor suppressor gene in this region (215). This study sug-
gests that inactivation of p16 may, in part, be responsible for adapting breast epithelial
cells to culture. The absence of the cyclin-dependent kinase inhibitor protein (CKI),
p27kirl, in cancer was also demonstrated in a recent breast cancer study involving 202
patients with stage T1a,b, characterized by tumor size of 1.0 cm. In this study, low ex-
pression or loss of p27kip! protein in breast carcinomas was shown to be an indepen-
dent prognostic marker for decreased survival, with a relative risk of death from dis-
ease of 3.1 for low expressors (197). As shown for colon and endometrial cancers, breast
cancer cells may reduce the levels of p27kir! through the ubiquitin-proteasome path-
way and thus, loss of p27, important in TGF-B-related cell cycle control, may be a sig-
nificant factor in the development of human breast cancer.

Gliomas

Gliomas, the most common primary brain tumor, are derived from neuroectodermal
glial cells (reviewed in ref. 216). TGF-B isoforms play a role in neural embryogenesis,
by regulation of proliferation and differentiation and in neoplasia, through prolifera-
tive and immunosuppressive effects (reviewed in ref. 12). Patients with glioblastomas
are markedly immunosuppressed (2/8). This observation led to the isolation of a “T
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cell suppressor factor” (TcSF) from a glioblastoma cell line, which inhibited T cell
activity in vitro (2/8). This factor was later proven to be the TGF-B2 isoform; all
TGF-Bs demonstrate a potent suppressive effect on many immune cells (reviewed in
refs. 1,4,44). For example, TGF-Bs inhibit the activity of Natural Killer cells (NK), lym-
phokine-activated killer cells (LAK), tumor-infiltrating lymphocytes (TILs), antigen-
specific cytotoxic lymphocytes, and the proliferative activity of many immune cells
(e.g., T and B cells) (44,217,219, and reviewed in ref. 220). Specifically, TGF-f in-
terferes with the induction of cytotoxic lymphocytes and inhibits helper T cell pro-
duction of cytokines (e.g., IL-2) (219,220). TGF-f3 induces apoptosis in T cell lines and
may prevent tumor cell killing by inducing apoptosis of TILs in vivo (reviewed in ref.
219). The progression of lower-grade astrocytomas to a more malignant phenotype is
associated with the activation of oncogenes and inactivation of tumor suppressor genes
(221). In addition, amplification and overexpression of growth factors, such as EGF
and PDGF, causing autocrine positive regulation, occurs at high rate in gliomas (222).

The present histopathological grading system of astrocytomas (graded I-1V) does
not discriminate among subgroups within the classification and does not consistently
correlate with survival. Based on the idea that TGF-f32 and probably TGF-1 expres-
sion may promote tumor growth in the brain through aberrant growth control and by
suppressing host defenses, we postulated that a poorer prognosis might be associated
with elevated expression of TGF-2 or one of the other isoforms. We therefore evalu-
ated the mRNA synthesis and expression of TGF-f isoforms in graded astrocytomas
(21). In the normal brain, the mRNA and protein for all isoforms of TGF-$3 were found
in neural cells of the cerebrum, oligodendrocytes, leptomeningeal cells, purkinje cells
of the cerebellum, and in smooth muscle cells and endothelial cells of vessels. Whereas
TGF-B2 and TGF-B3 were expressed by astrocytes, TGF-1 was not present in these
cells. However, in all astrocytomas, irrespective of pathological grade, there was an in-
crease in the expression of all TGF-@ isoforms in both tumor and “reactive” astrocytes.
Thus, TGF-B1 may be a potential marker for carcinogenesis in astrocytomas (Table 1).
Furthermore, tumor specimens showing increased expression of TGF-@s correlated with
short term survival (<3 mo) (unpublished data). The mRNA was concordantly in-
creased with protein expression, illustrating an autocrine mode of activity. In contrast,
in primitive neuroectodermal tumors (PNETS), the poorly differentiated cells did not
show immunostaining for TGF-B compared to positively immunoreactive more dif-
ferentiated astrocytic cells. Gliosarcomas, composed of malignant sarcomatous and as-
trocytic components, showed marked expression of TGF-@ isoforms in both cell con-
stituents in all tumors examined. Normal brain adjacent to all tumor types showed
increased immunoreactivity for TGF-Bs, which decreased distal to the tumor, indicat-
ing a paracrine effect of TGF-B produced by the tumors on normal brain. A more re-
cent study corroborated our results. In an animal model of gliomas, both TGF-B1
mRNA and protein were highly expressed in rat gliomas compared to lack of expres-
sion in the contralateral unaffected hemisphere. This increased expression of TGF-B1
was associated with the presence of macrophages, in the absence of detectable regres-
sion of the tumors (223). In addition to showing increased expression of all three TGF-
B isoforms in tissues of advanced malignant gliomas compared to benign gliosis, in-
creased expression of RI and RII was also found (224). Moreover, three glioma cell
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lines were refractory to the growth inhibitory effects of TGF-f although, they ex-
pressed TGF-[ ligand and receptors.

In certain studies using primary cultures of resected malignant gliomas and PNETs,
only latent inactive TGF-B was found in conditioned media (obviating growth in-
hibitory activity), whereas in other studies both glioblastoma cell lines and primary cul-
tures produced active TGF-B1 and TGF-B2 (12,13,225,226,228). Exogenously added
TGF-B has been shown to inhibit normal astrocytes in culture and lower grades of both
astrocytomas and PNETs (12,13,227,228). As observed with colon cancer cells in vitro,
there was a switch in growth response to exogenously added TGF-f1 and TGF-B2 from
growth inhibition in lower grade astrocytomas to growth stimulation in higher grade
astrocytomas, that also displayed increased anaplasia and karyotypic divergence (228).
Furthermore, whereas exogenous addition of TGF-1 and TGF-32 inhibited the pro-
liferation and clonogenicity (growth in soft agar as a marker for transformation) in near
diploid cultures of human medulloblastomas, neuroectodermal tumors, and ependy-
momas, TGF-s were growth stimulatory to primary cultures derived from highly ag-
gressive tumors that showed progressive anaplasia and karyotypic divergence (13). Neu-
tralizing antibodies to TGF-f3 caused growth stimulation in less malignant cells and
growth inhibition in the poorly differentiated cells, confirming that TGF-3 growth reg-
ulation is autocrine-regulated in these brain neoplasms. Recently, it was shown that ex-
ogenous TGF-B1 inhibited or stimulated glioma cell lines; however, TGF-32 only
stimulated these same cells (229). Furthermore, using antisense oligodeoxynucleotide
separately targeted for TGF-f1 mRNA and TGF-2 mRNA, it was determined that it
was endogenously produced TGF-B2 that regulated glioma cell proliferation.

The role of TGF- in immobilizing the immune system, obviating tumor killing, was
directly shown in fluids derived from the cavities of partially removed glioblastomas.
In an in vitro assay, these fluids inhibited the proliferation and antitumor cytotoxicity
of LAK cells, isolated from the peripheral blood of these patients, which was amelio-
rated by neutralizing antibodies to TGF-f (230). Antisense oligonucleotides specific
for TGF-f3 reversed autologous T cell immunosuppression caused by the malignant
gliomas, more directly indicating that the depressed systemic immune cellular response
observed in patients with malignant gliomas is caused by the over production of TGF-
B by the tumor (231). In another experiment, transplanted rat gliosarcomas transfected
with plasmids containing TGF-{ antisense showed a significant number of animals sur-
viving longer than animals containing control plasmid vectors (232). Moreover, there
was no evidence of residual antisense plasmid-containing tumors at transplantation sites.
These antisense-containing tumor cells also possessed a three- to four-fold increase in
an in vitro tumor cytotoxicity assay compared to controls. Taken together, these stud-
ies indicate that the failure of current adoptive cellular immunotherapy of malignant
gliomas is related to the presence of increased amount of TGF-f locally released by
the tumor. Therefore, immunotherapy for malignant gliomas should be more directed
toward preventing local inactivation and apoptosis of immune cells otherwise targeted
for glioma destruction (2/9). TGF-f also contributes to the angiogenesis associated with
tumors, both by its chemotactic effect on endothelial cells and by stimulating extra-
cellular matrix proteins, including tenascin, which endothelial cells adhere and spread
upon (233,234). Increased expression of tenascin has been correlated with angiogene-
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sis in brain tumors. In addition, TGF-B1 has been shown to be highly stimulatory in an
in vitro assay of tumor cell migration and invasiveness (235).

In search of mechanisms that are faulty in TGF-3 growth regulation of gliomas, loss
of TGF-f receptors (or mutations thereof) have not, as yet, been described. However,
mutations and/or deletions in genes of proteins that control the cell cycle in response
to TGF-f have been found. The gene encoding CDK4, located on chromosome 12q13,
was shown to be amplified in gliomas (106). Hypermethylation of the promoter region
(5'-CpG islands) of the p15 gene, resulting in inactivation by loss of transcription, has
been shown to be a specific aberration associated with gliomas and leukemias compared
to other cancers (/10). Others have found both p15 and p16 genes homozygously
deleted (no intragenic mutations were found) in glioblastoma multiforme (in primary
tumors and xenograft of these tumors) but not in medulloblastomas or ependymonas
(108). Thus, loss of both p15 and p16 may play a role in glioblastoma tumorigenesis.
In general, these studies present examples of the “classic” loss of tumor suppressor gene
function, specifically of proteins that inhibit cyclin-dependent kinase activity (i.e., p13,
p16) necessary for DNA synthesis in cancer pathogenesis.

Osteosarcomas

Osteosarcomas, malignant bone tumors that produce osteoid, are the most common
human primary tumor of the bone, most often observed in males and in the second
decade of life (236). Bone is one of the most abundant sources of TGF-B isoforms
(56,57). Accordingly, TGF-Bs are major regulators of bone formation in vivo and in
vitro (reviewed in refs. 1,4,9). Injection of TGF-B1 into the subperiosteal region of rat
femurs results in stimulation of new bone, resembling embryologic bone formation and
fracture repair (237), and the exogenous application of TGF-B-induced repair of in-
tramembraneous bone and of calvarial defects (238,239). TGF-[3 isoforms induce both
osteogeneic and chondrogenic bone repair by recruiting osteoblasts and osteoclasts to
the injured area, increasing the proliferation of these cells and inducing their produc-
tion of extracellular matrix proteins (238 and reviewed in ref. 240). Previous studies
showed that, in vitro, osteosarcoma cell lines produce both latent and active TGF-§3,
possess TGF-f receptors, respond to exogenous TGF-@ by growth stimulation, and are
growth-inhibited in the presence of neutralizing antibodies to TGF-(3, indicating an au-
tocrine stimulatory loop (241 ). Because these studies indicated a possible role for TGF-
B in osteosarcoma cell growth and our studies of various cancers indicated that increased
expression of TGF-B isoforms correlated with disease progression and decreased pa-
tient survival, we undertook a study to determine the prevalence and distribution of
TGF-B isoforms in high grade, stage 2B classical osteosarcoma of the appendicular
skeleton (19). Moreover, this is the first cancer studied whereby TGF-@ normally stim-
ulates cell growth of the normal cell counterpart. Twenty-five osteosarcomas classi-
fied as osteoblastic, chondroblastic, fibroblastic, telangiectatic, giant cell, or mixed were
studied by immunohistochemistry and intensity compared with patient survival. The
mineralized bone in normal or osteosarcoma tissue and normal nonmineralized bone
showed little immunoreactivity. Interestingly, TGF- has previously been shown to in-
hibit bone mineralization, and overexpression of TGF-B2 in transgenic osteoblasts re-
sulted in an osteoporosis-like phenotype (242). Moderate to intense immunostaining
for one or more of the TGF-B isoforms was present in the tumor cells and slightly in
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the surrounding extracellular matrix of all the osteosarcomas (TGF-B1 = 44%; TGF-
B2 = 23%, TGF-B3 = 56%). Tumor osteocytes embedded in woven bone were more
strongly immunoreactive for all TGF-3 isoforms than normal osteocytes in normal
lamellar bone, and actively resorbing osteoclasts at the outer edges of pathologic bone
were highly immunoreactive. Following construction of Kaplan-Meier plots of survival,
there was a statistically significant decrease in disease-free survival as the intensity of
immunoreactivity for TGF-B3 increased (p < 0.006); TGF-B1 and TGF-32 did not
show this correlation. Thus, TGF-$3 may play a role in the progression of osteosarco-
mas and may provide a prognostic marker for this highly malignant subgroup of bone
tumors (Table 1). A high level of angiogenesis, demonstrating intense immunoreactivity
for TGF-Bs, was observed in the endothelial cells and perivascular muscle cells within
the tumors and in the stroma surrounding 50% of tumors, depicting the angiogenic role
for TGF-B in these tumors. In another study, increased immunostaining for TGF-1
and TGF-B3 was demonstrated in Ewings sarcoma and rhabdomyosarcomas in chil-
dren (243). Also, in recurrent giant cell tumors of the bone, TGF-B1 and TGF-B2
mRNA was observed in osteoclast-like giant cells, neoplastic stromal cells, and os-
teoblasts active in forming metaplastic bone (TGF-33 expression was not analyzed)
(244). Since TGF-3 stimulates the growth of normal mesenchymally derived bone
cells, high levels of TGF-3 may provide a continuous autocrine and paracrine-positive
stimulation of growth of bone tumors. In this light, constitutive activation of CDKs or
loss of tumor suppressor genes may not permit osteosarcomas to leave the cell cycle
for quiescence in GO, hence causing their continuous cycling/proliferation. Certainly
both the angiogenic and immunosuppressant effects of abnormally high levels of TGF-
B would favor tumor growth and survival. Moreover, most likely the TGF-f3 present in
osteosarcomas is in its activated form since osteoclasts, containing a lysosomal acidic
environment, are, to date, one of the only known cellular physiological activators of
latent TGF-[3 (245). In other studies, the presence of BMPs (of the TGF-B superfam-
ily) in a subset of human osteosarcomas was correlated with a particular histological
subtype, a poor response to chemotherapy, and a poor clinical outcome (246). No re-
ports of deletions of inhibitors of the cell cycle have emerged associated with os-
teosarcomas. However, inactivation/LOH of the tumor suppressor gene, RB, is pre-
disposed in sarcomas and osteosarcomas (247-249) and recently LOH at chromosome
18q, associated with MADR?2 loss of function (TGF-f receptor-induced transcription
factor), was reported (263).

Reflections on TGF-B in the Etiopathogenesis of Cancer

Consistent with the concept that escape from negative growth control is a critical el-
ement in neoplastic development and progression, the role for TGF- is of distinct sig-
nificance. Since TGF-f is a natural inhibitor of epithelial and neuroectodermal cells, it
is most important to study the breakdown in the growth inhibitory response in carcino-
mas and in brain malignancies. However, as we have shown, both highly aggressive colon
carcinomas and gliomas (GBMs) have switched from being autocrine growth inhibited
to autocrine growth stimulated. Thus, it is apparent that these particular cells should have
TGF-B receptors intact to transduce the growth-stimulatory response following TGF-3
ligand binding. Moreover, new “abnormal” signal transduction pathways as well as ac-
tivation of a different set of genes by different transcription factors would ostensibly ac-
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company this opposite growth effect on cells. In light of the studies that indicate that a
high percentage of gastric and colon cancers have mutations in the TGF- RII, one would
predict that these particular cells would not be able to be stimulated by TGF-, but in-
stead, would be refractory to any TGF-@ effects. In the past two years, a plethora of ex-
citing discoveries have not only increased our depth of understanding of mechanisms of
TGF-B-related growth inhibition with respect to proteins that control the cell cycle and
in signal transduction, but have also elucidated where aberrations occur in the pathway
that elicits the growth inhibitory response to TGF-Bs that lead to cancer. Specifically,
mutations and/or altered expression/levels (genes and proteins) found in TGF-$ recep-
tors, cell cycle proteins involved in effectuating the TGF-B growth inhibitory response
(i.e., CKIs), and a key transcriptional activator, MADR?2, directly responsive to the
TGF-B signaling receptor complex, have vastly improved our understanding of how tu-
mor cells escape negative growth control by TGF-B. In every cancer presented herein,
we have shown that often different investigators have obtained directly opposite results
with respect to whether the expression, overexpression (transfection experiments), or lack
of expression of TGF-3 by a particular tumor cell type promotes or inhibits a more ag-
gressive behavior and/or malignant phenotype. The complexity observed can be ex-
plained by the fact that both cell lines and primary cultures derived from cancer cells at
various stages of malignancy have incurred a different set(s) of defects that contribute
to the multistep process toward tumor progression. Furthermore, as explained, apart from
the inherent effect on tumor cells, the high levels of TGF-f3 that are released by the most
aggressive tumor types, including epithelial, neuroectodermal, and mesenchymally de-
rived tumor cell types, are both highly immunosuppressive (and also originally affect-
ing immunosurveillance) and angiogenic, favoring tumor cell growth. The eminent task
is to more rigorously associate the specific defects within the pathway of the TGF-
growth inhibitory response with tumor stage, so that this new information can be useful
both prognostically and in designing appropriate adjuvant therapy.
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Screening for Pancreatic Cancer Using Techniques
to Detect Altered Gene Products

Robb E. Wilentz, Robbert J. C. Slebos, and Ralph H. Hruban

INTRODUCTION

Although cancer of the pancreas accounts for only 2% of new cancer cases in the
United States, it is the fifth leading cause of cancer death (7). This is true because many
patients with pancreatic cancer are not diagnosed until late in the course of the disease,
when the carcinoma has already metastasized or spread locally, and is no longer cur-
able. Although 5-yr survival for all patients with cancer of the pancreas is 3% (2), 5-
yr survival after successful pancreaticoduodenectomy (Whipple procedure) approaches
20% overall, and may be as high as 40% in patients with small tumors, negative lymph
nodes, and negative surgical margins (3—4). Therefore, methods that can detect pan-
creatic cancers earlier, when they are still surgically resectable, will improve patient
outcome.

The fundamental premise on which screening tests for the early detection of cancer
are based is that clinically early tumors are biologically late. The smallest clinically
detectable tumor weighs about 1 g and contains at least 10° cells. At this point the orig-
inal tumor clone has already undergone approx 30 doublings. After only 10 more dou-
blings, the tumor will weigh 1 kg, a mass no longer compatible with life. Therefore, by
the time the average tumor is clinically detected, it has exhausted three-fourths of its
lifespan (5-7). This presents an enormous window of opportunity. If techniques can be
developed to detect cancers based on properties other than their size, then smaller and
therefore more curable tumors will be found.

Clinically early tumors are also genetically late. By this we mean that, at the time
of clinical detection, most cancers already have accumulated a large number of molec-
ular changes (5). For example, in colorectal neoplasia, cells successively accumulate
mutations that enable them to progress from hyperplasia to adenoma to invasive car-
cinoma. Mutations in the adenomatous polyposis coli (APC) gene occur early in this
neoplastic progression, and usually are followed by mutations in K-ras and inactiva-
tion of the DCC (deleted in colorectal carcinoma) and p53 genes (8-9). There is evi-
dence that cancers of other organs move through similar genetic paradigms, although
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these have not been elucidated as completely as they have been for tumors in the col-
orectum. For example, human papilloma virus (HPV) inactivates the products of the
p53 and RB (retinoblastoma) tumor-suppressor genes in the initial steps in cervical can-
cer progression (/0). Similarly, activating point mutations in K-ras are present very
early in the development of adenocarcinoma of the lung, in microscopic lesions called
atypical alveolar hyperplasias (/7). Thus, most neoplasms accumulate multiple genetic
alterations long before they are large enough to be detected by current techniques. This
suggests that molecular-based tests to identify genetic mutations can be used to detect
early, and therefore curable, neoplasms.

THE DEVELOPMENT OF PANCREATIC CANCER

Pancreatic cancer is no exception to the general rules of neoplasia. Clinically early
pancreatic cancers are indeed biologically late lesions. Histologic examination of pan-
creata resected for pancreatic cancer has revealed striking changes in the pancreatic
ducts and ductules adjacent to the infiltrating cancers (3). These changes have been
called “hyperplasias” and “pancreatic intraepithelial neoplasias,” and they include the
replacement of the normal cuboidal epithelial lining of the ducts and ductules by a pro-
liferative epithelium with varying degrees of cytologic and architectural atypia (3,12).
These lesions can be flat, papillary without atypia, papillary with atypia, or may even
meet histopathologic criteria for carcinoma in situ (13). For example, Cubilla and
Fitzgerald (13) compared the duct changes in 227 pancreata with pancreatic cancer with
the duct changes in 100 age- and sex-matched controls without pancreatic cancer. They
found that papillary duct lesions were three times more common in the pancreata ob-
tained from patients with pancreatic cancer than they were in pancreata obtained from
patients without pancreatic cancer, and that the atypical papillary duct lesions were seen
only in pancreata with pancreatic cancer (13). Similar findings have been obtained by
Kozuka et al. and Pour et al. (14-15). More recently, Furukawa et al. (16), using three-
dimensional mapping techniques, have demonstrated a stepwise progression from mild
dysplasia to severe dysplasia in these pancreatic duct lesions. These results suggest that,
just as there is progression from adenoma to infiltrating adenocarcinoma in colonic neo-
plasia, so too is there progression in the pancreas from flat duct lesions to papillary duct
lesions without atypia, to papillary duct lesions with atypia, and finally to infiltrating
adenocarcinoma (3,12).

Clinically detectable pancreatic cancers are also genetically late lesions. Most pan-
creatic cancers have accumulated numerous genetic alterations by the time they come
to clinical presentation. For example, 85% or more of pancreatic adenocarcinomas con-
tain activating point mutations in codon 12 of the K-ras oncogene (17-24). In addition,
three tumor-suppressor genes are inactivated frequently in pancreatic carcinomas: p53
in up to 70% (22-26), p16 (multiple tumor suppressor 1 [MTSI]) in early 80% (27-28),
and deleted in pancreatic carcinoma 4 (DPC4) in 50% (29). RB inactivation has been
demonstrated in a small minority of pancreatic cancers, and germ line BRCA2 (breast
cancer 2) mutations have also been reported in 5 to 10% of patients with pancreatic can-
cer (30-31). Indeed, Rozenblum et al. (32) recently determined the status of the K-ras,
p53, pl6 (MTS1), DPC4, and BRCA2 genes in a series of 42 pancreatic carcinomas.
All 42 carcinomas harbored a mutation in codon 12 of K-ras, and inactivation of the
p53, p16 (MTS1), and DPC4 genes occurred together in 37% of the cancers. Remark-
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ably, one carcinoma had a germline mutation in BRCA2 and eight additional selected
genetic events (32). Thus, multiple genetic alterations have already occurred by the time
most pancreatic cancers are detected.

Even the biologically early duct lesions in the pancreas have genetic changes. Clonal
activating point mutations in codon 12 of K-ras have been demonstrated in papillary
and atypical papillary duct lesions. In contrast, K-ras mutations have not been found
in morphologically normal pancreatic ducts (33—41). Thus, duct lesions in the pancreas
are the earliest microscopically recognizable lesions in the development of adenocar-
cinoma of the pancreas, and even these lesions harbor genetic changes.

The early duct lesions in the pancreas not only provide an opportunity to study the
early genetic events in the development of adenocarcinoma of the pancreas, but they
also suggest that molecular tests can be used to detect early neoplastic lesions in the
pancreas before they have spread beyond the gland. These molecular tests center on
detecting genetic changes resulting from mutations in three general types of genes: onco-
genes, tumor-suppressor genes, and mutator genes (see Chapter 1 of this book). This
chapter will examine techniques that can be used to detect mutations in an oncogene
(K-ras), in a tumor-suppressor gene (p53), and in mutator genes (by way of mi-
crosatellite instabilities), and it will discuss how each of these techniques, in turn,
could be used to develop novel tests to detect early pancreatic cancers.

MOLECULAR DETECTION OF K-RAS MUTATIONS

Of all the genes involved in pancreatic neoplasia, K-ras is currently the most at-
tractive target for a molecular-based test to detect early pancreatic cancers. As described
in detail in Chapter 1, K-ras is an oncogene that produces a G protein involved in sig-
nal transduction (42), and it is an attractive target for four reasons. First, mutations in
the K-ras gene are extremely common in pancreatic neoplasia. Between 80 and 100%
of pancreatic carcinomas harbor activating point mutations in K-ras (17-24). This sug-
gests that K-ras will be a sensitive marker for the presence of a pancreatic cancer. Sec-
ond, most of these mutations are single amino-acid changes restricted to codon 12 of
the K-ras gene (17-24). This greatly reduces the number of probes that need to be em-
ployed to detect these changes, thus markedly simplifying the assays. Third, K-ras mu-
tations occur very early in the development of pancreatic cancer, so that tests for K-ras
mutations could detect early neoplasms and allow for curative treatment (33—41,43-53).
Fourth, with modern molecular techniques, mutations in K-ras are detectable, even
when cells harboring the mutations are admixed with much larger numbers of normal
cells. In some studies, mutant cells have been detected in samples in which the cancer
cells comprise as few as 1 in 10,000 of the cells in the sample (36,38,43-53).

Techniques for Detecting Mutant K-ras
In Surgically Resected Tissue

In 1988, Almoguera et al. (17) were the first to describe mutations in the K-ras gene
in resected adenocarcinomas of the pancreas. They already knew that K-ras played a
significant role in the pathogenesis of a variety of cancers. In fact, their own group and
another had previously shown that activating K-ras mutations were present in approx
40% of colorectal tumors (54-55). In addition, the techniques they needed to detect K-
ras mutations in pancreatic cancer already had been developed. These included tumor
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microdissection from slides cut from paraffin-embedded tissue, a technique in which
areas of tumor with as little nonneoplastic tissue as possible are scraped from unstained
microscope slides (56-57); extraction and purification of DNA from the microdis-
sected tissue (56-57); amplification of the DNA by polymerase chain reaction (PCR)
(58-59); and mutation detection by RNase cleavage at sites of mismatch between
DNA-RNA hybrids (60). In this fourth procedure, amplified DNA is hybridized to ar-
tificially made wild-type K-ras RNA and then cleaved with RNase. Cleavage by RNase
identifies a mutation, because the mutant DNA-RNA hybrids are cleaved by the RNase,
but wild-type DNA-RNA hybrids are protected from the RNase cleavage. With this
foundation, they analyzed 22 pancreatic carcinomas and found K-ras codon 12 muta-
tions in 21. This study provided the first evidence that the vast majority of pancreatic
cancers harbor activating-point mutations in K-ras.

DNA purification and PCR have not changed much since 1988. However, the tech-
niques to detect mutations in clinical material eventually were improved by three de-
velopments: analysis of artificially created restriction fragment-length polymorphisms
generated by PCR amplification (PCR-RFLP); hybridization with allele-specific
oligodeoxynucleotides (ASOH); and enrichment of PCR products with mutant se-
quences at the expense of wild-type ones (mutant-enriched PCR). Each of these tech-
niques may be important in the development of molecular screening tests for pancre-
atic cancer, and the following discussion gives examples of the uses of each technique
and briefly describes the general methodologies of each.

An example of a study using PCR-RFLP analysis comes from Rall et al. (24), who
found codon 12 K-ras mutations in 14 of 20 (70%) surgically resected primary or
metastatic pancreatic cancers. Briefly, this technique consists of amplifying with PCR
DNA obtained from tumors. The PCR products then are digested with BstNI, a re-
striction enzyme whose cleavage site is “built in” by PCR primers, so that BstNI cleaves
only wild-type codon 12 K-ras sequences. Mutant K-ras sequences are not cut with this
enzyme. This procedure is possible because the first part of BstNI's recognition site
lies within the PCR primer; the remainder of the recognition site depends on the se-
quence present at codon 12 of K-ras. The PCR mixtures are then run on a gel. Because
only the wild-type sequences are cut, wild-type and mutant samples produce different
gel patterns. If the wild-type product has been completely digested, its gel contains only
small fragments representing digested products. In contrast, carcinomas with mutant
K-ras will contain a band representing the undigested product. In practice, tumors with
mutations usually also contain digested products, because tumor samples almost always
contain some admixed normal cells with wild-type DNA. Therefore, PCR-RFLP anal-
ysis identifies the presence of mutations. This technique, however, does not character-
ize the type of mutation, and nonmutant K-ras could mimic mutant K-ras, if the PCR
products are incompletely digested by the restriction enzyme (49). In such cases, la-
borious DNA sequence analysis is needed to correctly characterize the K-ras status of
the sample (49).

As a quicker alternative to this DNA sequencing, ASOH was developed to charac-
terize and confirm the mutations (18,54,61). In this technique, PCR products are de-
natured and spotted onto nylon membranes. The nylon membranes are then hybridized
to radioactively labeled, sequence-specific oligodeoxynucleotide probes and washed
under highly stringent conditions. As a result, the oligodeoxynucleotide probes will bind
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only to spots on the nylon membranes that harbor their exact corresponding sequences.
The normal K-ras codon 12 DNA sequence is GGT, which encodes for glycine. There
are six possible mutations at this site; GGT can be mutated to TGT (cysteine), AGT
(serine), CGT (arginine), GTT (valine), GAT (aspartic acid), or GCT (alanine). Probes
have been developed for wild-type K-ras and for each of these possible K-ras muta-
tions. ASOH therefore can be used to identify the specific type of mutation present in
a sample. With this method, Motojima et al. (27) detected K-ras codon 12 mutations
in 46 of 53 (87%) pancreatic carcinomas. Importantly, they also were able to charac-
terize the types of mutations and showed that the wild-type GGT was converted to GAT
in 30 cases, to GTT in 12, to CGT in 5, and to TGT in 1. Forty-eight mutations were
found in 46 cases because two patients had cancers with two different mutations, in both
cases GAT and GTT (21). ASOH therefore allows one not only to identify mutations,
but also to characterize the exact type of mutation present.

Finally, mutant-enriched PCR was developed to detect mutations with greater sen-
sitivity. With a combination of mutant-enriched PCR, PCR-RFLP, and ASOH, Hruban
et al. (19) found K-ras mutations in 68 of 82 (83%) formalin-fixed, paraffin-embed-
ded, surgically resected pancreatic adenocarcinomas. Their study essentially combined
aspects of both PCR-RFLP and ASOH. Also, as the term “mutant enriched” suggests,
they detected rare mutant sequences admixed with much larger numbers of wild-type
sequences. This ability to detect rare mutant sequences will form an essential part of
any molecular-based test to find cancers, because most samples that will be analyzed
(e.g., blood and stool) will contain large numbers of normal cells harboring wild-type
DNA. The following section will therefore describe this technique in detail.

First, as summarized in Fig. 1A, DNA prepared from a cancer is amplified by PCR.
This PCR is performed with primers that generate a BstNI restriction site in wild-type
alleles of K-ras, but not in mutant alleles. The PCR products are then split into two equal
portions. Next, only one of the two portions is digested with BstNI. This digestion with
BstNI will cleave only wild-type K-ras. The specimen treated with BstNI therefore will
be enriched for mutant K-ras, but the portion of the specimen which was not treated
with BsfNI will not be enriched. The difference between the two can be used to demon-
strate the effectiveness of the enrichment. Both the unenriched and enriched sets are
amplified again, and the products of this second amplification are then examined us-
ing PCR-RFLP, to detect mutations, and ASOH, to confirm and characterize them. Be-
cause mutant-enriched PCR increases the proportion of mutant sequences at the expense
of wild-type ones, the PCR-RFLP of the enriched sample will identify mutations in sam-
ples in which the tumor cells make up only a small minority of the cells in the sample.
These mutations may not have been detected without the enrichment procedure. A sum-
mary of these procedures is provided in Fig. 1B.

Similarly, the ASOH analyses of the enriched samples can be used to characterize
mutations in samples in which the tumor cells make up only a small fraction of the cells
in the sample. The effect of this enrichment and the power of this technique can be ap-
preciated best by comparing unenriched and enriched samples on ASOH membranes
(Fig. 1C). Each membrane is hybridized to one specific oligodeoxynucleotide probe,
either wild-type or mutant. The first column on each membrane is the unenriched prod-
uct, and the second, the enriched. A mutant sample should create a weak signal in the
unenriched column and a strong signal in the enriched, when probed for the appropri-
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Fig. 1. (A) DNA purification and mutant-enriched polymerase chain reaction (PCR). DNA
purified from either primary cancers or from secondary sources is amplified by PCR, possibly
digested with the restriction enzyme BstNI, and then amplified again. The specimen treated with
BstNI will be enriched for mutant K-ras, but the specimen which was not treated with BstNI
will not be enriched. (B) Artificially created restriction fragment-length polymorphisms gen-
erated by PCR amplification (PCR-RFLP). The restriction enzyme does not cleave mutant K-
ras. Tumors with mutations, which contain both mutant and wild-type K-ras, will produce three
bands. In contrast, pure wild-type samples show solely cleaved products (two bands) in both
the unenriched and enriched lanes. Because mutant-enriched PCR (A) increases the proportion
of mutant sequences at the expense of wild-type ones, the PCR-RFLP of the enriched sample
will identify mutations in samples in which the tumor cells make up only a small fraction of the
cells. Without the enrichment procedure, mutant genes appear as only very faint uncleaved bands.
(C) Allele-specific oligodeoxynucleotide hybridization (ASOH). A mutant sample will create
a weak signal in the unenriched column and a strong signal in the enriched, when probed for
the appropriate mutation, since enrichment increases the proportion of mutant DNA. All sam-
ples with wild-type DNA, including tumor samples, will create a strong signal in the unenriched
column and a weak signal in the enriched when probed for wild-type K-ras, since enrichment
decreases the proportion of wild-type DNA. Pure wild-type samples show no signal when
probed for mutant K-ras.

ate mutation, since enrichment increases the proportion of mutant DNA. All samples
with wild-type DNA should create a strong signal in the unenriched column and a weak
signal in the enriched when probed for wild-type K-ras, since enrichment decreases the
proportion of wild-type DNA. Actual ASOH hybridization membranes are illustrated
in Fig. 2. Figure 2 is complicated, but basically it shows four distinct membranes onto
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Fig. 2. Representative allele-specific oligodeoxynucleotide hybridization (ASOH). The first
membrane has been probed for wild-type K-ras, and the second, third, and fourth for mutant K-
ras (cys, val, asp). The first two columns on each membrane contain DNA prepared from a pri-
mary pancreatic cancer, and the third and fourth columns contain duodenal fluid-derived DNA
from the same patient. The first and third columns are unenriched; the second and fourth columns
are enriched for mutant K-ras. Patient 1 has a cysteine mutation; patient 2, a valine mutation;
and patient 3, an aspartic acid mutation. Note how the enrichment procedure decreases wild-
type signals and increases mutant signals. This ASOH also demonstrates that this technique can
be used to detect mutant K-ras in duodenal fluid samples obtained from patients with pancreas
cancer.

which PCR products have been spotted in identical positions. Each membrane, which
consists of four columns, is hybridized to one specific oligodeoxynucleotide probe. The
first two columns on each membrane contain DNA prepared from a primary pancre-
atic cancer, and the third and fourth columns contain duodenal fluid-derived DNA from
the same patient. The first and third columns are unenriched; the second and fourth
columns are enriched for mutant K-ras. Figure 2 demonstrates that the enrichment pro-
cedure decreases the wild-type signals and increases the mutant signals.

One can see quickly that the techniques described above provide the means both to
enrich for mutant DNA and to identify definitively the type of mutation present in a
sample. These advances will prove vital in developing molecular screening tests for
early cancers.

K-ras in Secondary Sources

Now that the techniques to screen for rare mutations have been developed, the next
natural question is, “What specimens should be screened?” Using mutant-enriched
PCR, PCR-RFLP, and ASOH, several groups have probed for K-ras mutations in pure
pancreatic juice, in fine needle aspirations (FNAs) of the pancreas, in endoscopic ret-
rograde cholangiopancreatography (ERCP) brushings, in archived cytology smears, in
blood, in stool, and in duodenal fluid. These specimen sources can be divided into two
basic groups: those in which the detection of mutant K-ras could be used to confirm or
belie the presence of cancer in a specimen obtained from a patient with abnormal ra-
diology or cytology, and those in which the identification of K-ras mutations may lead
to the development of population-based screening tests for pancreatic cancer.

For example, pure pancreatic juice, FNAs, and ERCP brushings are obtained by in-
vasive procedures and therefore cannot be used in screening tests (43-53). However,
the identification of mutations in these sources can improve the sensitivity of cytology
in establishing the diagnosis of a periampullary cancer. Indeed, two groups have found
that the combination of cytology and K-ras mutation analysis raises the sensitivity of
cancer identification over cytology alone, in one study from 76 to 83%, and in the other
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from 89 to 96% (43,50). Cytology can be equivocal in as many as 50% of the cases be-
cause chronic pancreatitis and well-differentiated adenocarcinoma may be histologi-
cally indistinguishable (62), and because there may be too few neoplastic cells in a cy-
tology specimen for recognition by light microscopy (2,43,50,63-68). The finding of
mutant K-ras in an equivocal cytology specimen could be used to favor the diagnosis
of cancer.

In contrast, samples of stool, blood, and perhaps even duodenal fluid could be used
on a broader scale to screen for pancreatic cancers. For example, Tada et al. (46) found
K-ras codon 12 mutations in the blood of two of six patients with adenocarcinoma of
the pancreas, but the blood of two patients with insulinomas did not harbor mutant K-
ras (sensitivity = 33%, specificity = 100%). Similarly, K-ras mutations have been iden-
tified in the stools of patients with either pancreatic adenocarcinoma or cholangiocar-
cinoma, but the sensitivity of this test proved to be only 57% and the specificity only
67% (36). Finally, using mutant-enriched PCR and ASOH, K-ras mutations were iden-
tified in only 13 of 51 samples (25%) of duodenal fluid (Fig. 2) obtained from patients
undergoing pancreaticoduodenectomy for cancer (38). Although these sensitivities and
specificities are relatively disappointing, these studies do demonstrate that mutant
DNA shed from the pancreas can be detected in duodenal juice, in stool, and even in
the blood. Indeed, Berthélemy et al. have recently used a test for K-ras to diagnose two
pancreas cancers 18 and 40 mo before they were clinically apparent (68a).

If these sources are, however, ever used in future screening tests, there are a few
caveats that should be noted. First, stool and blood specimens do not sample lesions
just from the pancreas. DNA in the stool can come from anywhere in the digestive tract,
and DNA in the blood can come from anywhere in the body. Thus, mutant K-ras in the
stool could originate from an adenoma in the colon, and mutant K-ras in the blood could
originate from a lung tumor. Simply stated, K-ras mutations are not organ specific. Sec-
ond, because even very early duct lesions may contain genetic alterations such as K-
ras mutations, a positive test is not specific for an infiltrating cancer. Indeed, Caldas
etal. (36) demonstrated that the K-ras mutations in stool specimens obtained from four
patients in their series were derived from noninvasive pancreatic duct lesions. These
duct lesions also appear to be the source of some of the mutations found in duodenal
fluid and pancreatic juice (38,46). Early duct lesions, however, do not necessarily
progress to cancer. One would hate to perform radical surgery because of a mutation
found in a screening test, only to learn that the only lesion present was an early duct
lesion that may never have caused the patient any harm.

K-ras Conclusions

K-ras mutations can be detected in primary tumors and secondary sources, with sen-
sitivities and specificities that depend on both the source and method used. K-ras mu-
tations can be detected in pure pancreatic juice, in FNAs, and in ERCP brushings, with
higher sensitivities than in blood, stool, and duodenal fluid. K-ras detection in the for-
mer sources can be used to clarify diagnoses when histology is equivocal. More research
is needed, however, to devise tests that are more sensitive and specific for cancer in the
latter sources before K-ras mutational analyses are applied to screening the general pop-
ulation. These tests must be quick, easy, and cost-effective, certainly a difficult task to
achieve.
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In conclusion, mutations at codon 12 of K-ras are the most common molecular ge-
netic alterations in pancreatic cancer. The detection of K-ras mutations in secondary
sources may form the basis for the development of new approaches to detect pancre-
atic cancer earlier and less invasively, and to differentiate it from benign conditions of
the pancreas.

MOLECULAR DETECTION OF P53 MUTATIONS

Another gene associated with the development of pancreas cancer is the p53 tumor-
suppressor gene (see Chapter 1). Although the genetic changes in p53 are not as easy
to detect as are mutations in K-ras, the identification of p53 mutations and deletions
eventually may help identify patients with pancreatic cancer. p53 is an attractive tar-
get for two reasons. First, p53 is frequently inactivated in pancreas cancer; it is mu-
tated and/or deleted in 50-70% of pancreatic adenocarcinomas (22-26,69-78). Second,
mutations in the p53 gene can be detected at a variety of levels: the p53 gene, the p53
protein, or the cell cycle control pathway.

Unfortunately, screening for cancer using techniques to detect mutations that inac-
tivate p53 has two major problems. First, the p53 gene is large, and mutations can oc-
cur throughout the gene; therefore, one must search a large stretch of DNA to identify
the majority of genetic changes (69-74). This means that, with the current technology,
screening tests for mutant p53 DNA will be very time-consuming. In addition, al-
though alternative tests for p53 inactivation based upon the detection of the p53 pro-
tein are less time-consuming, they will not detect mutant p53 in all cases (24,75,77-78).
Second, K-ras mutations appear to occur early in the development of pancreatic can-
cer, but the timing of most p53 mutations in the progression of pancreatic cancer is not
well established (78-79). Although some p53 mutations have been identified in pan-
creatic carcinoma in situ, in other organ systems p53 is primarily a marker for invasive
cancer (69-73). p53 mutations may therefore best be used to clarify diagnoses of can-
cer, rather than to screen patients for early cancers.

Despite these problems, several investigators have explored the detection of p53 ge-
netic changes in pancreatic cancer, primarily because genetic alterations of p53 are so
common, and because p53 has proven a useful target in other organs, especially the
colon.

Techniques for Detecting p53
In Surgically Resected Tissue

Mutations in the p53 gene have been detected using a variety of techniques, includ-
ing PCR and single-strand conformation polymorphism (SSCP) analysis. SSCP is a
technique that can be used to screen larger genes for mutations, and it has been used to
detect single base-pair changes, with sensitivities of up to 95% in human leukocytes
and tumor cell lines (80). The procedure consists of tagging DNA with a radioactive
label during PCR, separating the amplification products on a nondenaturing polyacry-
lamide gel, and then autoradiographing the gels. This method identifies mutations, be-
cause, under conditions that allow for the formation of secondary structures, a single
base-pair alteration can cause conformational, and hence gel mobility, changes in DNA
(24,80). For example, after amplifying all the coding exons in the p53 gene and ana-
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lyzing these PCR products by SSCP, Rall et al. (24) identified p53 mutations in three
of 14 (21%) primary periampullary carcinomas and three of six (50%) metastases. Di-
rect sequencing confirmed that all six cases harbored p53 mutations. The sensitivity of
the SSCP technique, however, can vary greatly from laboratory to laboratory.

Immunohistochemical staining for the p53 gene product can serve as a surrogate
screen for p53 mutations, because wild-type p53 protein has a half-life of only 20-30
min, and usually does not reach immunohistochemically detectable levels; mutant p53
frequently has a longer half-life, and therefore reaches immunohistochemically de-
tectable levels (75,77-78,81-85). Although it is only an indirect marker for the pres-
ence of mutations, immunohistochemical staining for the p53 protein is a sensitive and
specific marker for mutant p53 in colorectal tumors (86—90). In the pancreas, 25-70%
of primary adenocarcinomas have been reported to stain for p53. In addition, in situ
carcinomas adjacent to pancreatic adenocarcinoma have been reported to stain for the
p53 gene product; staining in the nonneoplastic pancreas has not been reported
(3,24,75,77-78).

Rall et al. (24) compared the results they obtained from both SSCP and immuno-
histochemical staining in a series of pancreatic carcinomas. Immunochemical staining
was positive in 9 of 14 (64%) primary carcinomas, but SSCP analysis detected muta-
tions in only three (21%) of the cancers. In this same study, three of six (50%) metastatic
carcinomas stained for the p53 protein, and all three also produced gene mobility
changes on an SSCP gel. SSCP analysis or immunohistochemistry did not identify p53
mutations in any of the control samples (from patients with normal pancreatic tissue or
with chronic pancreatitis). Thus, in only one-third of the immunohistochemically pos-
itive primary cancers could a mutation be confirmed by SSCP.

Some of the discrepancies between immunohistochemical staining and sequence
analysis can be explained by considering the types of mutations that can occur in the
p53 gene. p53 can be inactivated by mutation or deletion. Although missense mutations
cause the production of mutant proteins, which could be detected immunohistochem-
ically, nonsense mutations or deletions result in truncated gene products, which may
not be detectable immunohistochemically. Indeed, in Rall et al.’s study described above
(24), one cancer that did not stain for p53 protein actually contained a mutation by SSCP
analysis. The p53 gene was sequenced, and a nonsense mutation was found. Similarly,
when Slebos et al. (90) studied the inactivation of p53 by DNA sequence analysis and
immunohistochemistry in colorectal carcinomas, they found five cases that harbored
mutations that would result in truncated proteins, and none of these samples were pos-
itive for p53 protein by immunohistochemistry. Thus, immunohistochemical staining
for p53 is an imperfect marker for the presence of mutations in the p53 gene.

Because of these limitations in staining for p53, others have looked at different pro-
teins that reflect p53 function. This approach is possible because wild-type, and not mu-
tant, p53 acts indirectly to suppress tumor growth by inducing the synthesis of a cas-
cade of factors. The absence of these cascade constituents therefore may indicate a
mutation in p53 (90-99). For example, wild-type p53 protein activates transcription of
the WAFI gene. The gene product of WAFI, p21, in turn inactivates complexes neces-
sary for cell growth. In the absence of wild-type p53 protein, p21 is not produced, com-
plexes are not inhibited, and cell growth occurs unchecked. Because wild-type p53 pro-
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tein results in the production of p21, the presence of p21 theoretically could signal a
wild-type p53 gene (90-99). Unfortunately, theory does not play out in practice.
DiGiuseppe et al. (100) recently demonstrated that WAFI expression does not corre-
late with p53 mutational status in pancreatic cancer. These findings are consistent with
the recent discovery of other pathways, independent of p53, by which WAF/ is acti-
vated (90,100-102). To summarize, the p53 tumor-suppressor gene is frequently inac-
tivated in pancreatic cancers, but this inactivation can be difficult to detect, even in the
primary cancers.

p53 in Secondary Sources

p53 mutations have also been detected in secondary sources from patients with pan-
creatic cancer. van Es et al. (43) immunohistochemically stained a series of pancreatic
cancers and compared the staining patterns in the primary cancers with those seen in
cytology specimens from the same patients. In their series, immunocytochemical stain-
ing for the p53 gene product demonstrated the accumulation of p53 protein in six of
seventeen (35%) cytology samples. The patients’ tumors were resected, and 11 of the
17 (66%) primary tumors stained positively. All five discrepancies between the cy-
tologies and the primary cancers were from cytology specimens that originally had been
processed with Giemsa stain. Significantly, staining for p53 confirmed the diagnosis
of malignancy in one cytology sample originally read as atypical cells suspicious for
malignancy. From these results, van Es and colleagues (43) concluded that immuno-
histochemical staining for the p53 protein, combined with cytological analysis, may be
useful in identifying cancers with a greater sensitivity than cytological analysis alone.
Thus, the immunohistochemical detection of p53 protein in cytology samples can be
used in much the same way as the detection of K-ras mutations, i.e., to clarify equiv-
ocal diagnoses.

Mutations in p53 also have been detected in more accessible secondary sources, al-
though not yet from patients with pancreatic cancer. For example, p53 mutations have
been identified in the urine of patients with bladder cancer (103), and recently p53 ge-
netic changes were detected in the stool of patients with colon cancer (104). The ge-
netic alterations in the stool were identified by amplifying exons 5-8 of the p53 gene
by PCR and then using SSCP. When this was done, SSCP changes were noted in 11 of
25 (44%) primary adenocarcinomas of the colon and in 7 of 25 (28%) stool samples
from these same patients. All seven of the stool-positive patients had p53 mutations in
their primary carcinomas. More significantly, the same patients were also screened for
colon cancer using fecal occult blood detection. Three of five patients (60%) who had
anegative fecal occult blood screen produced stool with detectable p53 mutations. Thus,
molecular genetic testing of stool for p53 mutations may be more sensitive for cancer
than fecal occult blood detection. Clearly, there are enormous technical hurdles to
overcome before p53-based detection tests can be used to screen for pancreatic cancer.
Nonetheless, screening for mutant p53 may provide the specificity not provided by
screening for mutant K-ras.

p53 Conclusions

Although genetic changes in p53 are almost as common in pancreatic cancer as are
K-ras mutations, the methods used to detect p53 mutations will be difficult to apply on

»
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a large scale for three reasons. First, a quick and easy test to probe the gene has not yet
been developed, because mutations occur throughout the p53 gene. Second, immuno-
histochemical stains for p53 can never detect all of the genetic changes in p53, because
immunohistochemistry stains only stable mutant products of p53. Nonsense mutations
and deletions do not produce immunohistochemically stable products. Third, as is true
for mutations in K-ras, mutations in p53 are seen in other organs besides the pancreas.
Nevertheless, even if detection of p53 mutations is tedious and costly, tests to identify
these mutations may be cost-effective if their use eliminates unnecessary surgical pro-
cedures, or if they can be used to save lives by identifying early cancers.

MOLECULAR DETECTION OF MICROSATELLITE INSTABILITIES

An exciting advance in the molecular detection of cancers has been the identification
of microsatellite instabilities. Microsatellite instability results from mutations in DNA re-
pair genes (the “mutator phenotype”), or possibly from saturation of a normal DNA re-
pair system (/05-112). Because their DNA repair process goes awry, tumors with the mu-
tator phenotype possess multiple di-, tri-, or quadranucleotide repeat expansions or
deletions throughout their genome. Such changes have been described in tumors with col-
orectal and bladder cancers, and they may serve as markers for cancer in these cases
(109-112). In fact, Mao et al. (112) have used the detection of microsatellite instabilities
as an adjunct to urine cytology to diagnose and screen for bladder cancer. Using PCR with
radioactively labeled primers targeted to areas prone to microsatellite instability, they
were able to identify either microsatellite instabilities (by the presence of shifted bands)
and/or losses of alleles (by the loss of bands) in 19 of 20 patients (95%) with bladder can-
cer. In contrast, urine cytology identified only 9 of the 18 patients (50%) with bladder
cancer in this series. Of note, however, instabilities and/or allelic losses were also dis-
covered in 2 of 5 patients (40%) with an inflammatory condition of the bladder, although
cytology identified atypical cells in these two patients as well (112). Thus, just as molec-
ular tests have shown the potential to be more sensitive than fecal blood tests, so too may
molecular tests be more sensitive than urine cytology.

Unfortunately, the detection of microsatellite instabilities probably will not be ap-
plicable in the widespread diagnosis of, and screening for, pancreatic cancer. First, al-
though these changes have been described in patients with pancreatic cancer
(107-108,108a), the frequency with which they occur is probably very low (25,108).
Goggins et al. found microsatellite instabilities in 3 (4%) of 82 pancreatic cancers
(108a). Second, although it has not been confirmed, microsatellite instabilities may oc-
cur in pancreata with benign conditions, such as pancreatitis. Brentnall et al. (107) found
microsatellite instabilities at one or more loci in pancreatic juice-derived DNA from 5
of 5 patients (100%) with pancreatitis, and in primary tissue-derived DNA from 8 of 9
patients (89%) with pancreatitis (107). Therefore, the detection of microsatellite in-
stabilities may not distinguish pancreatic cancer from benign conditions. Third, the de-
tection of microsatellite instabilities requires the analysis of numerous areas of the
genome, and so, at present, the technique is costly and time-consuming.

Thus, although the detection of microsatellite instabilities is proving useful in other
organ systems, it seems unlikely that microsatellite instabilities can be applied to the
diagnosis of, and screening for, pancreatic cancer.
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SCREENING POPULATIONS AND FAMILIAL PANCREATIC CANCER

Genetic changes no doubt will be used to clarify equivocal diagnoses. However, the
identification of genetic changes as a method of screening the general population for
cancer has one major disadvantage. Pancreas cancer is a relatively rare disease, and as
a consequence, screening large numbers of people may generate too many false-posi-
tive results. A much more logical approach would be to screen a population known to
be at increased risk for the development of pancreas cancer. Narrowing the application
of molecular tests to screening only persons at risk would decrease false positives and
could make the test worth the costs of its clinical application. Familial pancreatic can-
cer cases may account for up to 5-10% of all cases of pancreatic cancer (/13-130), and
patients with a family history of pancreatic cancer may represent a population worth
screening.

Patients with familial pancreatic cancer can be divided into three general groups.
First, some patients have well-characterized syndromes that predispose them to the de-
velopment of pancreatic cancer. These syndromes include hereditary pancreatitis,
ataxia-telangiectasia, hereditary nonpolyposis colorectal carcinoma syndrome (HNPCC,
or Lynch syndrome), familial atypical multiple-mole melanoma (FAMMM) syndrome,
and Peutz-Jeghers syndrome (3,113,115,117,120-122). Second, some patients have a
family history of pancreatic cancer but do not have a clinically definable syndrome.
For example, the authors have collected over 114 families (/30a) and Lynch has re-
ported over 30 families, in which two or more family members had pancreas cancer.
In some of these families, the pancreas cancer appeared to be inherited in an autoso-
mal dominant pattern (//3-115,118). Third, some patients with pancreatic cancer have
a family history of extrapancreatic cancer, and others with extrapancreatic cancer have
a family history of pancreatic cancer (115). For example, Tulinius et al. (123) have found
an increased risk of pancreas cancer in male first-degree relatives of women with breast
cancer, and Kerber et al. (/24) have demonstrated an increased risk of ovarian cancer
in patients with a family history of pancreatic cancer. In addition, some patients with
familial forms of melanoma and breast cancer are at increased risk for developing pan-
creatic cancer (125-130). Because they are at increased risk for developing pancreatic
cancer, family members in all three of these groups would be attractive candidates for
molecular-based screening tests.

Furthermore, these families could be screened for germline mutations in known can-
cer-causing genes. For a long time, the specific genetic alterations that cause the hered-
itary forms of pancreatic cancer were not known, but, recently, germline mutations in
the BRCA2 gene (often also present in familial forms of breast cancer) and in the p/6
(MTS1) gene have been shown to be responsible for some familial pancreatic cancers
(31,127-131). For example, Moskaluk et al. (137) screened 21 families with a famil-
ial aggregation of pancreatic cancer, and they identified one family with germline p16
(MTS1) mutations in two members. Both family members with germline p16 (MTS1)
mutations developed pancreatic cancer. Similarly, Goggins et al. (3/) found germline
mutations in the BRCA2 gene in 3 of 41 patients (7%) with pancreatic adenocarcino-
mas. Thus, molecular biology-based tests may serve two functions in families with an
aggregation of pancreatic cancer. Family members could be tested for germline muta-
tions in known cancer-causing genes, such as BRCA2 and p16 (MTS1), and family mem-
bers also could be screened for early cancers using molecular-based screening tests.
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In order to study the pathogenesis of familial pancreatic cancer and the possibility
of screening this population, The National Familial Pancreas Tumor Registry (NFPTR)
has been established at The Johns Hopkins Hospital. This database now includes over
114 families in which at least two first-degree relatives have had pancreatic cancer. The
address of the registry is The National Familial Pancreatic Tumor Registry, The Johns
Hopkins Hospital, Department of Pathology, Meyer 7-181, 600 N. Wolfe Street, Bal-
timore, MD 21287-6971. The telephone and facsimile numbers are (410) 955-9132 and
(410) 955-0115. The NFPTR also can be accessed on the World Wide Web at
http://www.path.jhu.edu/pancreas.

FUTURE PERSPECTIVES: SERIAL
ANALYSIS OF GENE EXPRESSION (SAGE)

The detection of genetic changes thus far has focused on the identification of muta-
tions in one gene, but technology is now available to characterize the expression of mul-
tiple genes simultaneously. One such method, called serial analysis of gene expression
(SAGE), can be used to identify the transcriptional activity of thousands of genes at
once (132). This technique holds enormous promise; it will be described briefly, as a
preview of what the future might hold for the molecular detection of pancreatic
cancer (132a, 132b).

The SAGE technique is illustrated in Fig. 3. Briefly, complementary DNA (cDNA),
coupled to biotin, is produced from a cell’s mRNA. Because it is made from mRNA,
this cDNA represents only transcribed gene sequences. The cDNA then is cleaved into
fragments of varying lengths with a particular restriction enzyme (“anchoring en-
zyme”). Binding the biotin-labeled 3’ ends of these cDNA fragments to streptavidin
beads leaves only 5’ ends of the cleaved cDNA exposed. The cDNA fragments are then
split into two portions, and to each portion a synthetic DNA linker, containing a type
IIS restriction enzyme (“tagging enzyme”) recognition site, is added. The linkers are
then coupled to the exposed 5’ ends of the cDNA fragments. Because Type IIS re-
striction enzymes cleave at a fixed distance downstream from their recognition sites,
treatment of each of the portions of cDNA with the tagging enzyme results in free-float-
ing fragments that contain a linker at one end and a short stretch of cDNA, recently
cleaved by the tagging enzyme, at the other end. The two portions of cDNA fragments
attached to the linkers now are mixed together, and ligation allows any two random
cDNA fragments to join together back-to-back at the sites where the tagging enzyme
had cleaved them. These difragments then are amplified by PCR with primers specific
for each linker. The resulting mixture contains fragments in roughly the same concen-
trations as in the initial mixture, with the more actively transcribed genes producing
more fragments. The amplified products then are cleaved with the anchoring enzyme.
Because the linkers had been attached originally at these sites, they fall off. The result
is a difragment of two pieces of DNA oriented back-to-back and surrounded by an-
choring enzyme sites. Then, because these restriction enzyme sites are easily coupled
by ligation, many difragments can be linked together, and a large number of short DNA
fragments now can be cloned and sequenced in one long stretch of DNA.

The technical advantages of SAGE are twofold. First, fragments of DNA are oriented
and tagged by restriction enzyme site sequences, enabling their easy identification dur-
ing sequencing. Second, by placing two cDNA fragments together in one difragment
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before the application of PCR, any bias in the amplification procedure, with a particu-
lar difragment predominating, is obvious. Without difragments, one cannot determine
if a prevalent fragment represents PCR bias or the true transcriptional activity of a gene.

One of the first tissues to be examined using the SAGE technique was the pancreas.
Eight hundred forty SAGE sequences were generated from normal pancreas. Three hun-
dred fifty-one of these occurred once, and 77 occurred multiple times. The 10 most com-
monly occurring SAGE sequences, and thus the 10 most commonly expressed genes
in the pancreas, matched database sequences for genes of known pancreatic function.
For example, the three most common sequences were from the procarboxypeptidase
Al, pancreatic trypsinogen 2, and chymotrypsinogen genes (132).

The power of SAGE and other techniques that analyze multiple mRNAs simultane-
ously is clear. First, by comparing the transcriptional activity of different genes in be-
nign and cancerous tissue, these techniques can be used to characterize the genes in-
volved in neoplastic transformation (/32a). Second, when applied to cancers, they can
be used to identify new genes expressed in cancer cells, and these new genes may lead
to new assays to detect cancers (/32b). For example, SAGE can be used to discover an
abundantly expressed sequence that could serve as a serum marker specific for pan-
creas cancer (132b). Just as there is a PSA marker for prostate cancer, so too could
SAGE be used to discover a pancreas-specific antigen. Finally, SAGE eventually could
be used as a diagnostic or screening test to determine a specimen’s malignant poten-
tial. The invention of SAGE is a first step in the development of clinically applicable
tests that can analyze numerous transcription fragments at once. These tests will pro-
vide a molecular fingerprint that may identify cells with malignant potential.

CONCLUSIONS

The identification of molecular genetic changes in human tissues may serve four pur-
poses. First, it may be used to clarify ambiguous morphology. In this regard, the de-
tection of molecular genetic changes will prove a useful adjunct to cytology. Second,
molecular genetic changes can be used to detect the presence of a neoplasm, even when
the neoplasm is too small to be detected clinically, using current technology. Third,
molecular genetics can be used to identify patients with germline mutations in cancer-
causing genes who would be at increased risk for the development of cancer. Finally,
molecular genetics can be used to identify the recurrence of disease by detecting the
return of cancer-specific genetic changes in clinical samples.

Tests serving each of these purposes are in various stages of development for a va-
riety of extrapancreatic organs. For example, in cases in which the histopathology is
equivocal, microsatellite instabilities and allelic losses have been used to verify the pres-
ence of cancer in urine cytology specimens (/12). In addition, p53 mutations have been
used to screen the urine of patients with preinvasive bladder cancer (103,133). In fam-
ilies with an aggregation of breast cancer, noninvasive tests have been used to charac-
terize the BRCAI and BRCA2 breast cancer genes in at-risk family members. Germline
mutations in BRCAI or BRCA?2 indicate an increased risk for the development of breast
cancer (/34). Finally, in squamous carcinoma of the head and neck, the detection of
p53 mutations may be used to identify residual cancer after treatment, with greater sen-
sitivity than does histological analysis alone (135-136).



130 Wilentz, Slebos, and Hruban

Molecular biology is also applicable to pancreas cancer on all four of these fronts.
Molecular-based tests one day may be used to confirm the presence of pancreatic can-
cer in cytology specimens, to detect genetic changes consistent with pancreatic cancer
in screening sources, to identify germline mutations in patients at risk for pancreatic
cancer, and to predict recurrences of pancreatic cancer. Each of these applications may,
in turn, improve survival in patients with pancreatic cancer.

We are on our way to applying molecular-based tests to pancreatic cancer. However,
before these tests can be applied to a large number of patients, more development is
needed to generate quick, easy, cost-efficient, sensitive, specific, and noninvasive tests.
Although we know what genes to probe, we cannot do it yet with the speed, ease, effi-
ciency, and accuracy that are required for clinical application. Much more effort is
needed. It will be worth the effort, however, because the application of molecular bi-
ology to clinical practice will impact greatly the prevention and effective treatment of
pancreatic cancer.
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Tumor Antigens in Pancreatic Cancer

Carlos Rollhauser and William Steinberg

INTRODUCTION

A wide array of tumor markers, including enzymes, oncofetal antigens, tumor-as-
sociated antigens, and other markers, has been used in the diagnosis and management
of pancreatic cancer. The advent of hybridoma technology, with the development of
monoclonal probes for tumor markers, has represented an important step in this regard,
with significant contributions to both the diagnosis and management of patients with
pancreatic carcinoma.

Table 1 lists most of the tumor markers evaluated at one time or currently employed
for pancreatic carcinoma. This chapter will focus on tumor-associated antigens (TAAS)
and will only cover those that have clinical or experimental application, and that ap-
pear promising for future clinical use. These include CA 19-9, CA 50, Span-1, Dupan-
2, CA 242, CA 494, tissue polypeptide antigen (TPA), insulin amyloid polypeptide
(IAPP), and the testosterone:dihydrotestosterone ratio (T:DHT). TAAs that have low
sensitivity or that have not stood the test of time, such as Tag72 (1,2), CEA (3), tumor-
associated trypsin inhibitor (4,5), CA 125 (6), elastase (7-10), galactosyl transferase
II, ribonuclease, and leukocyte adherence inhibition assay, will not be covered. Like-
wise, those limited to experimental use, such as CA 195, the pancreatic oncofetal anti-
gen, and fetoacinar antigen, and those that may turn out to be useful markers, such as
cathepsin E (71) and CAM 17.1/WGA (12,13), but on whom only preliminary infor-
mation is available, will not be covered in this review.

Table 2 presents the biochemical structure of the serological carbohydrate markers.
Oncogenic transformation of mucin-producing cells is associated with the release into
circulation of complex carbohydrates whose structures resemble that of the Lewis
Blood Group antigen. These substances are 80% carbohydrate by weight and have a
ceramide or protein residue linked to oligosaccharide chains, which constitute the tar-
get of the different monoclonal antibodies.

CA 19-9

This is the TAA most frequently used in clinical practice for the diagnosis and man-
agement of patients with pancreatic carcinoma. The monoclonal antibody that detected
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Table 1
Tumor Markers in Pancreatic Carcinoma

Oncoproteins
K-ras mutations
Tumor-associated antigens
CA 199
Span-1
Dupan-2
CA 50
CA 242
CA 494
TPA (tissue polypeptide antigen)
CA 12-5
CA 195
TAGT2
Enzymes
Elastase 1
Galactosyl transferase i1
Ribonuclease
Tumor-associated irypsin inhibitor (TATI)
Oncofetal antigens
Carcinoembryonic antigen (CEA)
Pancreatic oncofetal antigen
Fetoacinar antigen
Other tumor markers
Testosterone/dihydrotestosterone ratio (T/DHT)
IAPP (insulin amyloid polypeptide)
Leukocyte adherence inhibition assay

this antigen was first isolated by Koprowski et al. in 1979, using an immunogen de-
rived from a colon carcinoma cell line (74). This monoclonal antibody-defined antigen
is a ganglioside containing sialyl-lacto-N-fucopentaose, the same oligosaccharide chain
that defines Lewis2 blood group antigen (15) (Table 2). About 7-10% of the popula-
tion are genotypically Lewis(@b) negative and cannot synthesize CA 19-9 antigen
(16,17). Although this would limit the maximum achievable sensitivity of the assay to
90-95% (18), reports of detectable CA 19-9 levels in patients with Lewis(@b) negative
phenotype and pancreatic cancer have been published (19-21). It has been hypothe-
sized that malignant transformation may be associated with activation of fucosyl trans-
ferase (Lewis enzyme), leading to synthesis and secretion of Lewis A type of oligosac-
charide in those cases (21).

The CA 19-9 antigen is produced by a variety of normal epithelial tissues, includ-
ing liver, bile, and pancreatic duct cells, as well as gastric, colonic, and esophageal ep-
ithelia (22,23). Small amounts of CA 19-9 antigen can be detected in the serum of pa-
tients with benign disorders of these organs, and, occasionally, in normal individuals
(24,25).
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Table 2
Biochemical Structure of Lewis and Tumor-Associated Antigens
Antigen Epitope(s) Structure
Lewis? (blood group Ag.) Lacto-N-fucopentaose Gal-GlcNAc-Gal-R
|
Fuc
Dupan-2 (sialyl Lewis®) Sialyl-lacto-N-tetraose Gal-GlcNAc-Gal-R
|
NANA
CA 19-9 (sialyl-Lewis?) Sialyl-lacto-N-fucopentaose Gal-GlcNAc-Gal-R
| |
NANA  Fuc
CA 50 Sialyl-lacto-N-fucopentaose + Gal-GlcNAc-Gal-R

sialyl-lacto-N-tetraose
NANA Fuc +
Gal-GlcNAc-Gal-R

I
NANA

SPan-1 Sialyl-lacto-N- Gal-GlcNAc-Gal-R
fucopentaose + | |
NANA Fuc +
? ?
CA 242 Not completely defined. Sialylated carbohydrate located on

the same macromolecule as CA 50, but with different
antigenic epitope(s)

CA 4%4 Unknown. Carbohydrate structure not related to sialyl
Lewis?

TPA Glycoprotein, single polypeptide chain with both keratin-
like and Lewis antigen-like determinants

TPS Antigen corresponding to a specific epitope (M3) of the
TPA molecule

Gal, galactose; GIcNAc, N-acetyl-glucoseamine; Glc, glucose; R, ceramide or protein; NANA, N-acetyl-
neuraminic acid (sialic acid); Fuc, fucose; TPA, tissue polypeptide antigen; TPS, tissue polypeptide specific
antigen.

Malignancies of these same organs are associated with increased serum quantities
of this tumor marker in the following decreasing order of frequency, excluding pan-
creatic cancer: bile duct, 67%; hepatocellular carcinoma, 49%; stomach, 41%; colon,
34%; esophagus, 22%; and nongastrointestinal cancers, 14% (3).

Concerning pancreatic cancer, Steinberg pooled data from more than 20 studies that
evaluated the sensitivity and specificity of the CA 19-9 antigen at various cutoff lev-
els in more than 4000 subjects (3). Using the recommended cutoff value of 37 U/mL,
he found that the sensitivity ranged from 68 to 93%, with a specificity of 76-99%. In-
creasing the cutoff value predictably affects the operating characteristics of the test,
skewing the ratio in favor of specificity at the expense of sensitivity. Thus, the speci-
ficity of the assay at a level greater than 1000 U/mL is close to 100%, but the sensi-
tivity falls to 40% (3).
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The specificity of CA 19-9 decreases in the presence of jaundice of both hepatocel-
lular and extrahepatic origin. Craxi et al. (26) found a 62% rate of CA 19-9 elevation
in cirrhosis. Albert et al. (27) reported marked elevation of CA 19-9 antigen in acute
cholangitis, but not in common duct obstruction without cholangitis, with a rapid de-
crease of its concentration after decompression of the bile duct. This elevation is prob-
ably caused by injury of the biliary epithelium, rather than by interference of bile acids
or bilirubin with the antigen assay, since the addition of bile salts and bilirubin to sera
with known concentration of CA 19-9 produced no change in the measurable quantity
of CA 19-9 in one experiment (28).

False-positive rates of 5-20% have been reported in chronic pancreatitis, which fre-
quently presents a difficult differential diagnosis with pancreatic cancer. The determi-
nation of CA 19-9 in pure pancreatic juice (PPJ) has been evaluated for this purpose,
with different results (29-32). Tatsuta (29) did not find that the level of CA 19-9 in PPJ
discriminated between pancreatic cancer and chronic pancreatitis. However, Malesci
et al. (31) described an almost perfect separation between pancreatic cancer vs chronic
pancreatitis and controls by dividing the CA 19-9 concentration in PPJ by the total
amount of pancreatic secretory protein. More recently, another study reported that the
combined determination of serum CA 19-9 and the so-called 90K protein in PPJ, a
marker of immune and inflammatory activity, correctly identified 84.2% of the patients
with pancreatic cancer and 90% of those with chronic pancreatitis (33).

The most important characteristic of a test is its predictive value, which in turn de-
pends on its sensitivity and specificity and the prevalence of the target disease in the
population tested. The prevalence of pancreatic cancer in the population older than 50
yr in the United States has been estimated around 0.05%, or 50 cases per 100,000 in-
dividuals (34). Table 3 shows the predictive value calculated for this prevalence, ac-
cording to the different cutoff levels and their respective sensitivity and specificity val-
ues obtained from Steinberg’s study (3). The positive predictive value of a CA 19-9
level, even at a value >1000 U/mL, is only 2%. Thus, the limitations of this assay as
a screening test for pancreatic cancer become obvious. At a cutoff of 37 U/mL, its cost-
effectiveness ratio would be very poor, yielding only 40 accurate diagnoses per 100,000
individuals, and producing almost 10,000 false-positive results. The cost of investigating
these patients would be enormous and the risk for the patients subjected to invasive pro-
cedures, such as ERCP, or endoscopic ultrasound, prohibitive.

On practical grounds, there is no role for screening of asymptomatic individuals. Only
four cases were detected among 10,152 subjects older than 40 yr of age in a screening
program carried out in Japan, using a combination of elastase 1, CA 19-9 antigen, and
ultrasound, and only one patient underwent curative resection (35). Similarly, the
prospective evaluation of 866 patients with benign disorders found 135 patients with
an elevated CA 19-9 level, of which only one had pancreatic cancer (36).

As expected, the predictive value of CA 19-9 improves significantly when it is used
in a population with a higher prevalence of disease, such as in patients presenting with
weight loss, jaundice, or an abdominal mass found on radiological studies. Thus, at a
20% prevalence, for example, a CA 19-9 level >1000 U/mL would have a negative
predictive value (NPV) of 87% and a positive predictive value (PPV) of 100%, using
sensitivity and specificity figures from Table 3.
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Table 3
Positive Predictive Value of CA 19-9 Level at 0.05%
Prevalence of Pancreatic Carcinoma”

Cutoff values Sensitivity Specificity PPV
(U/mL) (%) (%) (%)
>37 81 90 0.04
>100 68 98 0.35
>300 54 99 0.5
>1000 41 99.8 2

“ Sensitivity and specificity values obtained with permission from ref. 3.

Table 4
Correlation of CA 19-9 Sensitivity According to Size of Tumor”

Ref ﬂm— <3 cm >3 cm
Author no. N % N % N %
Satake 7 24 62.5
Furukawa 9 31 58.1
Tatsuta 29 7 57 7 86
Kobayashi 55 5 40 63 87
Satake 107 2 0 3 33 6 67
Sakahara 108 8 12 47 91
Tishi 109 14 78
Total 62 40 32 45 123 83

“ Modified with permission from ref. 3.
N, number of patients with tumor of specified size; %, percentage of those patients with abnormally
elevated CA 19-9 levels.

The sensitivity of CA 19-9, according to size of pancreatic tumor, is shown in Table
4. The sensitivity of this assay for tumors <3 cm in size is approx 50%. The stage of
pancreatic cancer also has an influence on the detectable amount of CA 19-9, with in-
creasing sensitivity of the assay as the disease progresses to more advanced stages. Sa-
take et al. (8) reported sensitivities of 62.5 and 77.7% for T1 and T2 lesions, respec-
tively. Similarly, Chang and Takeuchi (37) found a sensitivity of 37.5 vs 88.9% in
relationship with T1 and T2 lesions, respectively. In Pleskow’s series (38), CA 19-9
antigen was elevated in only 50% of the patients with local or regional disease, but in
71% of those with distant metastases. Despite some unusually optimistic results from
isolated series (39), the available data clearly reveal less than optimal sensitivity of CA
19-9 as a marker of early disease. In a recent report, 58% of patients with tumors <2
cm in diameter had a CA 19-9 elevation above 37 U/mL, but when subjected to surgi-
cal exploration, over two-thirds had lymphatic involvement, roughly 50% had vascu-
lar invasion, and 45% had retroperitoneal invasion (9).
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Table 5
CA 19-9 Level and Resectability”
Ref. Number of resectable patients Number of unresectable patients
Author no. with level >1000 U/mL with level >1000 U/mL?
Schmiegel 30 2/3 16/37
Malesci 31 0/3 22/45
Forsmark 41 0/5 21/40
Satake 107 02 2/7
Steinberg 110 1/14 9/23
Safi 111 0/3 8/45
Del Favero 112 0/3 8/45
Wang 113 0/3 14/21
Total 3/49 (6%) 93/245 (38%)

“ Modified with permission from ref. 3.
b Of 245 cases of unresectable disease, 93 (38%) had levels >1000 U/mL and 62% had levels <1000
U/mL.

Recent studies have evaluated the potential use of CA 19-9 in the determination of
significant clinical end points, including prognosis and resectability, in addition to
postsurgical recurrence and survival based on pre- and postoperative levels of this tu-
mor marker. The answer to some of these important questions can be gleaned from the
literature.

CA 19-9 and Resectability of the Tumor

Table 5 compares a single level of CA 19-9 with tumor resectability. Only 3 of 49
(6%) of resectable patients had a level higher than 1000 U/mL, but 93 of 245 (38%)
unresectable patients had a level this high. In other words, 93 of 96 patients (97%) with
a serum CA 19-9 concentration higher than 1000 U/mL were found to be unresectable.

The prognostic value of lower levels of CA 19-9 is not well defined from the avail-
able literature. Bosch et al., using a much lower cutoff of 37 U/mL, found this marker
to lack discriminatory power for resectability in 36 patients with pancreatic carcinoma
who underwent laparotomy to evaluate the extent of tumor spread (40). Other studies
suggest that a level of more than 300 U/mL may also correlate with unresectability, but
to a lesser extent than levels higher than 1000 U/mL. Forsmark et al. (4/) retrospec-
tively compared the value of CA 19-9 with imaging studies (ultrasound, abdominal CT,
and MRI) in their ability to predict resection. Almost three-quarters of patients (29/40)
who were found unresectable by either radiological studies or surgical exploration had
a level greater than 300 U/mL. Likewise, 18/25 or 72% of patients predicted resectable
by imaging studies, but found to be unresectable at the time of surgical exploration,
also had a level higher than 300 U/mL. In a recent study, 18% of 126 patients with re-
sectable tumors had a level greater than 400 U/mL (42). Thus, resection may still be
possible in a tangible proportion of 20-30% of patients with a CA 19-9 level of more
than 300 U/mL. On the other hand, a cutoff of 1000 U/mL closely correlates with un-
resectability, and hence would convey the same implication as any other imaging cri-
teria used to predict resectability. In this regard, studies that prospectively compare the
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CA 19-9 assay to other diagnostic modalities, such as abdominal helical CT and en-
doscopic ultrasound, would be helpful to clarify the usefulness of this marker to pre-
dict resectability or unresectability.

CA 19-9 Level and Prognosis

Lundin et al. reported on the prognostic value of preoperative CA 19-9 determina-
tion in a group of patients with histologically proven adenocarcinoma of the pancreas
(43). There was a statistically significant difference in survival according to the CA 19-
9 level for all analyzed patients, with a mean survival of 12.8 mo for the patients who
had alevel <370 U/mL vs 6.7 mo in the patients who had a level above that value. The
determination of CA 19-9 was particularly helpful in prognosticating survival in pa-
tients with stages II and III, most of which underwent palliative procedures, and in whom
the distinction between localized and advanced disease was difficult to establish even
at surgery. In another study, Sperti et al. (44) found the CA 19-9 level to be an inde-
pendent prognosticator of survival, regardless of tumor size or histological grade; it also
correlated with spread of disease (lymph node involvement), and could be interpreted
to portend the same prognosis as cancer staging (44). A significant difference in post-
operative survival time (17.3 vs 7.1 mo), according to preoperative CA 19-9 levels, was
also found in another study (42).

A recent study evaluated the prognostic role of CA 19-9 in survival of 24 patients
with unresectable stage III pancreatic cancer, treated with combined radiotherapy and
chemotherapy. The authors found that pretreatment levels discriminated between two
groups of patients in terms of outcome, with a threefold 1-yr survival difference, 60 vs
20%, according to levels below and above 2000 U/mL, respectively (45). In the same
study, the combined use of CA 19-9 and CA 125 provided additional prognostic in-
formation, with a median survival of 7.4 mo in patients with elevation of both mark-
ers, in comparison to 12.8 mo in those patients with low levels of one or both markers.
CA 19-9 level was also found to be an important parameter of response in 42 patients
subjected to neoadjuvant chemoradiation, followed by abdominal CT or laparotomy
restaging, with a statistically significant association of CA 19-9 increase and decrease
to disease progression or stabilization, respectively (46).

The results of four studies that evaluated the prognostic value of postoperative CA
19-9 determinations are shown in Table 6. In these studies, normalization of CA 19-9
levels within 15 d after surgery correlated with a statistically significant longer 1-yr
survival (44,47-49). On the other hand, persistently elevated levels were associated with
mortality within a year following surgical treatment. Survival was also significantly
longer in 14 of 84 resected patients who had normalization of CA 19-9 levels a median
of 4 wk after surgery (42).

CA 19-9 is an early marker of recurrent disease. The lead time of CA 19-9 re-ele-
vation before clinical or radiological recurrence of pancreatic cancer was evident ranged
from 1 to 20 mo in five studies (Table 7).

Although debatable, the available data suggest a role for preoperative and postop-
erative determination of the CA 19-9 assay in most patients undergoing surgical re-
section. Serum CA 19-9 concentration correlates with tumor burden, so that any ef-
fective therapy, surgical or medical (radiation and chemotherapy), should lead to a fall
in the level after an appropriate length of time. Failure to show this adequate response
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Table 6

Early (<15 d) Postoperative Normalization of CA 19-9 as a Prognosticator
of Survival

Ref. Survival with Survival with
Author® no. N? normalized levels® N persistent elevation® P value
Sperti 44 14 22 16 7 <0.001
Glenn 47 7/8 >18 6 <12 <0.005
Beretta 48 7 17.3 = 9.05 7 4.8 + 1.57 <0.005
Tian 49 7 21.9 4 8.7 <0.05

4 Cutoff for CA 19-9 >37 U/mL, except for Beretta: >40 U/mL.
b N, number of patients.
¢ Survival measured in months.

Table 7
Lead Time of CA 19-9 Re-Elevation Before Clinical Evidence
of Pancreatic Cancer Recurrence”

Ref. Lead time in months?®
Author no. (range)
Safi 42 5-20
Sperti 44 1-10
Glenn 47 1-7
Beretta 48 2-6
Tian 49 2-9

4 “‘Lead time’’ refers to the time elapsed since CA 19-9 levels became abnor-
mal after therapy (surgery, chemotherapy, or radiation therapy), until the first
sign of pancreatic cancer recurrence was clinically apparent.

might indicate persistence of disease and should prompt consideration of additional ther-
apy. After a reduction in the CA 19-9 concentration following surgical resection, a sec-
ondary rise should be regarded as an early indicator of cancer recurrence.

CA 50 ANTIGEN

The murine monoclonal antibody CA 50, described originally by Lindholm et al. in
1983 (50), is directed to an epitope present in two glycolipids: sialyl-lacto-fucopentaose
(sialyl Lewis?, similar to CA 19-9) and sialyl-lactotetraose, which is also found in
Lewis(b)-negative individuals (57; Table 2).

Table 8 compares this marker with CA 19-9. Its overall sensitivity ranges from 65
to 88%, with a specificity between 73 and 93% (6,7,28,52-56), depending on the cut-
off chosen. Positive rates of CA 50 in T1, T2, and T3 pancreatic cancer lesions were
20, 80, and 89%, respectively, in one series (55). Its contribution to early diagnosis is
negligible. In general, no advantage of using CA 50 over CA 19-9 or other TAA in pan-
creatic cancer has been found. This antigen is not routinely used in clinical practice.
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Table 8
Comparison of CA 19-9 vs CA 50
Sensitivity Specificity

Ref. CA 199 CA 50 CA 199 CA 50
Author no. N (%) (%) n® (%) (%)
Saito 6 35 82.6 80 32 87.5 81.3
Satake 7 572 79.4 65¢ 1394 72.5 73.2¢
Paganuzzi 28 26 84.6 80.7 80 88.8 73
Haglund 52 95 77 69 81 77 80
Pasquali 53 50 80 82 121 91.6 88.7
Molina 54 20 94 88 58 95 97.5
Kobayashi 55 200 81 84 652 79 85
Benini 56 25 92 88 168 85 86.5
Total 1023 84 80 2586 85 83

@ N, patients with pancreatic carcinoma.

® 1, includes healthy controls and patients with benign pancreatic and biliary disorders and other gastroin-
testinal malignancies.

N = 94 patients.

45 = 97 patients.

Cutoff values: CA 19-9: Molina and Saito, 100 U/mL, other studies 37 U/mL; CA 50: Paganuzzi, 17
U/mL; Haglund, 20 U/mL; Satake and Pasquali, 40 U/mL; Molina, 170 U/mL; Kobayashi and Saito, 35
U/mL; Benini 28 U/mL.

SPAN-1

Originally described by Chung et al. Span-1 monoclonal antibody was produced by
immunization of Balb/c mice with the mucin-producing human pancreatic cancer cell
line, SW 1990 (57). In addition to sialyl Lewis A, this antibody also reacts with tissue
samples from patients with Lewis(@b)-negative phenotype (57), which could explain the
slightly nigher sensitivity than CA 19-9. The exact antigenic determinant correspond-
ing to this epitope is not known, although one study suggested a structure related to sia-
lyl-lactotetraose (58; Table 2). Table 9 presents six studies that compared this marker
to CA 19-9(7,8,10,55,57,59). The sensitivity and specificity of both markers are equiv-
alent, although the specificity of Span-1 is particularly low in the setting of liver cir-
rhosis, in which a false-positive rate as high as 50% has been described (55).

One study evaluating both markers found a similar positive rate of 40% in T1 le-
sions (55); another study reported a sensitivity of 50 and 0% for Span-1 and CA 19-9
antigens, respectively (57). Analogous to most TAAs, no substantial superiority over
CA 19-9 has been demonstrated. The use of this marker remains limited to experimental
research.

DUPAN-2

This monoclonal antibody recognizes as its epitope sialyl-lacto-tetraose, which is
converted to sialyl-lacto-fucopentaose or sialyl-Lewis2 by the action of the enzyme fu-
cosyl-transferase (58). Thus, Dupan-2 is thought to be the precursor of CA 19-9, and
is apparently the reason that this marker accumulates in the sera of patients with pan-
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Table 9
Comparison of Span-1 vs CA 19-9
Sensitivity Specificity

Ref. Span-1 CA 199 Span-1 CA 19-9
Author no. N¢ (%) (%) n® (%) (%)
Satake 7 641 81.4 79.4 1,231% 67.5 72.5
Satake 8 74 73 73 n/a n/a
Kuno 10 47 89.4 87.2 356 84 82
Kobayashi 55 200 82 81 662 85 79
Chung 57 57 94 85 30 93 90
Kiriyama 59 64 81.3 73.4 344b 75.6 80.1
Total 1083 83.5 80 2623 81 81

“ N, number of patients with pancreatic cancer; n, number of patients with other conditions.
5 CA 19-9 specificity was determined in 1394 patients and 337 patients, respectively.
Cutoff values: >37 U/mL for all studies; Span-1: Chung >400 U/mL, others >30 U/mL.
n/a, not available.

Table 10
Sensitivity and Specificity of Dupan-2 Compared with CA 19-9
Sensitivity Specificity

Ref. Cutoff Dupan-2 CA 19-9® Dupan-2  CA 19-9
Author no. N (U/mL) (%) (%) ne (%) (%)
Saito 6 35 >150 80 88.6 32 75 62.5
Satake 7 239 >400 47.7 79.4 564 85.3 72.5
Satake 8 39 n/a 47 79¢
Takasaki 18 22 >300 67 73
Kawa 60 200 >150 64 81
Ferrara 61 23 >300 57 83 44 59 43
Ohshio 62 87¢  >150 63 70 60 62 80
Cooper 63 49 >100 76 73
Total 694 63 78 700 70 64.5

¢ N, number of patients with pancreatic cancer.

® CA 19-9 cutoff value in all studies was 37 U/mL.

¢ n, number of patients with nonmalignant biliary, hepatic, and pancreatic diseases.
4 Includes 29 patients with biliary tract carcinoma.

¢ Sensitivity calculated in 74 patients with pancreatic cancer.

n/a, not available.

creatic cancer and Lewisa-negative phenotype (58,60). Table 10 shows the general char-
acteristics of Dupan-2 in relation to the CA 19-9 antigen. In multiple studies using a
wide range of cutoff values, the average sensitivity of Dupan-2 was 63 vs 78% for CA
19-9. No significant differences were found in the specificity rates (6-8,18,60-63), in-
cluding a high false-positive rate in the presence of jaundice and liver dysfunction (64).
The sensitivity of Dupan-2 in early, resectable disease is approx 30—40% (61,63); its
ability as a postoperative prognosticator is not defined. This marker has not been widely
employed in clinical practice.
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Table 11
Sensitivity and Specificity of CA 19-9 vs CA 242
Sensitivity Specificity

Ref, _ umberofpatients oy ig9c  CA242¢ CA 199 CA 242
Author  no. PC* Other” (%) (%) (%) (%)
Rothlin 66 68 262 70 66 n/a n/a
Plebani 67 27 232 69 63 89 85
Kuusela 68 42 262 70.6 66 74 95
Haglund 71 179 112 83 74 81 91
Kawa 72 151 447 82 79 85 93
Banfi 73 41 60 79 57 80 88.5
Total 508 1375 76 67.5 82 90.5

“ PC, pancreatic cancer.

b Other includes healthy controls, blood donors, and patients with benign biliary and pancreatic disorders,
including cholestasis and cholangitis, chronic hepatitis, cirrhosis, and other gastrointestinal malignancies.

¢ CA 19-9 cutoffs: >37 U/mL in all studies.

4 CA 242 cutoffs: Haglund and Rothlin, >20 U/mL; Kawa, Kuusela, and Plebani, >30 U/mL; Banfi
>34 U/mL.

n/a, not available.

CA 242 ANTIGEN

Ca 242 is a relatively new tumor marker that was first isolated by Lindholm et al. in
1985 (65). It was obtained by immunization of mice with the human adenocarcinoma
cell line COLO 205, and fusion with the SP 2/0 mouse myeloma cell line. The epitope
recognized by the CA 242 antibody is a sialylated carbohydrate coexpressed with sia-
lylated Lewisz antigen (CA 19-9) and CA 50 on the same macromolecular complex.
Although CA 242 was thought to be completely different from those cancer antigens
(66), arecent report has put this issue into question by showing high crossreactivity be-
tween the CA 242 antigen and the CA 19-9 antibody (67).

The comparison with CA 19-9 is shown in Table 11. Several studies have compared
CA 242 against other tumor markers, and, although the sensitivity of this test is infe-
rior to that of CA 19-9 and CA 50 (68-70), its specificity seems to be superior
(66—68,70-75). In chronic pancreatitis, higher false-positive rates for CA 19-9 have been
reported by several authors, on the order of 24% for CA 19-9 and 14% for CA 242
(66,67,76,77). Tissue expression of CA 242 has been found to be very similar to that
of CA 19-9 in histologic sections of normal pancreatic tissue (7). In chronic calcific
pancreatitis, CA 242 expression was found to be less prominent than CA 19-9 in cen-
troacinar and ductal cells, possibly explaining lower release of CA 242 antigen into the
circulation in that setting (78). The sensitivity for stage I and for resectable disease is
approx 50% (66,72). Positive correlation with tumor size and lymph node status has
been reported (66,72). Serum levels of CA 242 did not correlate with tumor grading in
one trial (66).

The usefulness of this marker as an adjunct in evaluating resectability and selecting
patients for surgical treatment, and as a prognostic indicator before and after surgery,
remains to be established.
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CA 494

CA 494 monoclonal antibody was initially obtained after immunization of Balb/C
mice with tissue-culture cells from the De-Ta colon carcinoma cell line, and subsequent
fusion of spleen cells with the Sp2/0-Ag mouse myeloma cell line (79). The epitope
recognized by this monoclonal antibody, chiefly expressed on well-differentiated ade-
nocarcinoma of the pancreas, has been described as a high-mol-wt glycoprotein, but
the structure of CA 494 is not exactly known.

CA 494 monoclonal antibody was first evaluated as passive immunotherapy in pa-
tients with pancreatic cancer, based on its ability to bind to more than 90% of human
pancreatic cancers, and to mediate antibody-dependent cellular cytotoxicity against ra-
diolabeled malignant pancreatic cells (80,81). Unfortunately, in a randomized controlled
trial evaluating patients with resectable disease, there was no difference in survival be-
tween treatment and placebo groups (80).

Only one study has compared the use of CA 494 as a diagnostic tool for pancreatic
carcinoma (82). The sensitivity of CA 494 was the same as that of CA 19-9 (90%), with
a higher specificity of 96%. There was no statistical difference in CA 494 among the
individual stages of pancreatic cancer. No details are provided regarding the clinical
course of these patients, to estimate the role of CA 494 in terms of its power to predict
resectability, survival, or disease recurrences. More studies are needed to establish the
role of this marker in pancreatic cancer.

TISSUE POLYPEPTIDE ANTIGEN (TPA)

TPA, a marker of cellular proliferation released from the membranes of human can-
cer cells, was originally described by Bjorklund in 1957 (83). It consists of a single
polypeptide chain with more than 100 amino acids, variable mol wt, and both keratin-
like and Lewis antigen-like determinants (84). The results of nine studies evaluating
its role, and that of the tissue polypeptide specific antigen (TPS) in the setting of ade-
nocarcinoma of the pancreas, are shown in Table 12 (6,56,73,85-90). TPS is directed
to an epitope (M3) of the TPA molecule. Data summarized from these studies show a
low sensitivity and specificity for both TPA and TPS, although interpretation of these
results is hampered by the wide range of cutoff values selected in the different studies.
Comparisons with other tumor markers have shown better profiles for CA 19-9, CA
50, CA 242, and even CEA, in relation to TPA (88,89).

The false-positive rate for chronic pancreatitis has ranged from 0 to 24%, and, for
benign liver diseases, from 30 to 42% (87,89,91). No definite correlation could be found
between TPA levels and stage of pancieatic cancer in one series (87); another study
found a positive rate of TPA in approx 40% of 13 patients with stages I and II (89). In-
formation is lacking regarding the use of TPA in monitoring for recurrences or as a prog-
nosticator after surgery; TPS was shown to provide useful prognostic information in a
small number of patients after palliative chemotherapy (90). Collectively, these data
suggest that TPA and TPS are not as useful as CA 19-9 in the diagnosis and manage-
ment of pancreatic adenocarcinoma.

THE TESTOSTERONE:DIHYDROTESTOSTERONE RATIO (T:DHT)

The relationship between the pancreas and sex hormones was initially suggested by
the discovery of estrogen receptors in malignant pancreatic tissue in 1981 by Green-
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Table 12
Tissue Polypeptide Antigen (TPA) and Tissue Polypeptide Specific Antigen (TPS)
in Pancreatic Cancer

Ref Tumor Cutoff Sensitivity Specificity
Author no. marker level N (%) n® (%)
Saito 6 TPA 110 U/L 35 74.3 32 75
Benini 56 TPA 150 U/mL 25 48 168 80.2
Meduri 85 TPA 150 U/L 30 97 82 37
Andriulli 86 TPA 200 U/L 83 37 143 92
Panucci 87 TPA 105.5 U/L 28 96.4 53 67.3
Pasanen 88 TPA 320 U/L 25 52 132 85
Total 226 67.5 610 73
Banfi 73 TPS 40 Auw/L 41 98 19 22
Pasanen 88 TPS 630 U/L 26 50 149 69.6
Plebani 89 TPS 340 U/L 42 74 100¢ 61
Kornek 90 TPS 80 U/L 20 95 n/a n/a
Total 129 79 268 51

4 N, number of patients with pancreatic cancer.
% 5, number of controls and patients with benign biliary, hepatic, and pancreatic diseases.
¢ Included 29 patients with other gastrointestinal malignancies.

way et al. (92), setting the stage for a potential role of antihormonal therapy in pan-
creatic cancer. In 1983, two separate reports by the same investigators described low
testosterone levels in patients with pancreatic cancer, and the presence of enzymes in-
volved in androgen metabolism in operative specimens of human pancreatic cancer
(93,94).

Decreased serum testosterone levels have been reported in pancreatic cancer patients,
when compared to controls (95,96). Although this finding has been correlated to nu-
tritional status (97,98), other evidence points to an active role of the pancreatic gland
in androgen metabolism, including the conversion of testosterone to both dihy-
drotestosterone and androstenedione (99,100).

Fernandez Del Castillo et al. (100) first evaluated the application of the T:DHT ra-
tio in 1987. A T:DHT ratio < 5 correctly identified 20 of 22 (91%) male patients with
pancreatic cancer, with a specificity of 99% for controls. These results stimulated the
comparison of the T:DHT ratio with the CA 19-9 antigen in a group of 83 male patients
with pancreatic, ampullary, biliary tract, and other gastrointestinal cancers, with benign
pancreatobiliary disorders (/01). The sensitivity of T:DHT was 66.7% and the speci-
ficity 98.4%, against CA 19-9 figures of 90.5 and 61.3%, respectively.

The detection rate for stage I pancreatic cancer was a surprising 100%. This excep-
tionally high result, however, should be considered preliminary, because of the small
number of patients included in this group. A major hindrance to the potential applica-
tion of this marker is that it is only relevant to male patients.

ISLET AMYLOID POLYPTIDE (IAPP)

IAPP is a 37-amino-acid polypeptide produced in the beta cells of the islets, which
has been invoked in the pathogenesis of noninsulin dependent diabetes mellitus
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(NIDDM) (102,103). The deposition of this peptide in the form of islet amyloidosis is
the most common lesion found in the endocrine pancreas of the majority of the patients
with NIDDM (102,103). In rats, a significant reduction in food intake has been observed
after infusion of IAPP (104). The production of this hormonal factor and its presence
in increased amounts in the serum of some patients with pancreatic cancer has been sug-
gested, to explain, at least in part, the anorexia seen in patients with this disorder. In-
creased circulating levels of IAPP have also been reported to occur in patients with neu-
roendocrine tumors, including both the sporadic type of pancreatic endocrine tumors
and those related to multiple endocrine neoplasia syndrome (/05). These findings
prompted the evaluation of IAPP as a diagnostic marker for pancreatic cancer. Permert
et al. measured IAPP by radioimmunoassay in 30 patients with pancreatic cancer, 46
patients with other cancers, 23 patients with diabetes, and 25 normal individuals (106).
The sensitivity was 57% and the specificity 99%, with a cutoff of 18 pmol/L. This study
did not include patients with chronic pancreatitis. More data are needed before the role
of IAPP as a tumor marker can be judged.

CONCLUSIONS

Despite its limitations, CA 19-9 antigen remains the gold standard tumor-associated
antigen, against which any new tumor marker should be compared. It appears to be su-
perior to other TAAs such as CEA, elastase-1, TPA, and TPS. No significant differ-
ences can be found when compared to CA 50, DUPAN-2, and Span-1, and its preferred
use over these tumor antigens probably reflects a larger clinical experience with CA
19-9. On the basis of preliminary information, the T:TDHT ratio may be promising in
diagnosing early pancreatic cancer in males only. The appropriate use of CA 494 and
IAPP in diagnosis of pancreatic malignancy remains to be defined by further studies.
CA 242 appears promising by virtue of a somewhat greater specificity than CA 19-9,
but it has lower sensitivity.

Further studies should emphasize the application of CA 19-9 antigen in predicting
unresectability and recurrence after surgery for pancreatic cancer. The use of this TAA,
in general, should evolve from a supporting role in diagnosis to an important role in
prognosis and other important clinical end points in patients with this malignancy.
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Radiologic Techniques for Diagnosis and Staging
of Pancreatic Carcinoma

Mark E. Baker

INTRODUCTION

The purpose of imaging patients with pancreatic carcinoma is to detect the primary
tumor, to determine whether the tumor is potentially resectable or unresectable, and,
lastly, to guide a confirmatory percutaneous biopsy.

The purpose of this chapter will be to review the common and emerging radiologic
technologies used for the diagnosis and staging of this tumor. This includes computed
tomography, including the developing use of CT angiography derived from spiral-CT
data sets, angiography, magnetic resonance imaging, including MR angiography, ultra-
sound (excluding endoscopic ultrasound), and, lastly, nuclear medicine. The chapter
also discusses the role of image guided percutaneous biopsies in the diagnosis and man-
agement of these patients. The overall focus of the chapter will be on radiographic stag-
ing of this tumor.

BASIC PRINCIPLES OF PANCREATIC IMAGING

Before ordering a specific radiographic study, it is important for the internist or sur-
geon to understand the strengths and weaknesses of the study requested. Transabdom-
inal ultrasound is considered by many the study of first choice in patients with jaun-
dice. Using a decision analysis approach, however, if there is a high pretest probability
that jaundice is caused by a pancreatic carcinoma, the study of first choice should prob-
ably be a CT, because more information than just the presence of the tumor will be
gleaned than with an ultrasound (/,2).

The relatively poor performance of ultrasound, when compared to CT, in the detec-
tion of pancreatic carcinoma is in part because ultrasound is the study first performed
in obstructive jaundice. In these cases, the patient is often scanned at night by an in-
experienced operator when the patient has not been optimally prepared. Transabdom-
inal or standard ultrasound is limited by large body habitus (a more significant prob-
lem in the United States) and upper abdominal bowel gas. Further, sonographers do not

157



158 Baker

consistently visualize the entire pancreas, especially portions of the head—uncinate pro-
cess and tail. Much of this is secondary to inexperience and lack of resolve on the part
of the sonographer. In the United States, where CT is ubiquitous and easy to obtain,
this lack of resolve is a particular problem. When the pancreas is not well seen on a
cursory ultrasound, it is easy to defer to CT to evaluate the pancreas.

Endoscopic ultrasound requires a skilled endoscopist and sonographer. The field of
view of the ultrasound probe is generally limited to the head and distal (downstream)
body of the pancreas. Its use also requires sedation, with monitoring and postsedation
recovery, all of which adds to the cost of care.

Computed tomography is considered by many to be the imaging procedure of choice
for suspected pancreatic carcinoma. Because of the reasons previously stated, this is
more true in the United States than in Europe, Asia, and other parts of the world.

In order for CT to detect most pancreatic carcinomas, iodinated contrast media en-
hancement is essential. Further, the contrast media must be injected rapidly into a cen-
trally located arm vein in a patient with reasonable or good cardiac output. An excel-
lent arterial bolus of contrast media to the pancreas and liver is essential to achieve a
high sensitivity for primary tumor detection, vascular involvement by tumor, and the
presence of liver metastases. Not all patients have adequate venous access or cardiac
output to achieve these goals.

Over the past 5 yr, a new form of CT has developed: spiral or helical CT (3). These
CT machines continuously scan while the patient is moved through the X-ray beam.
As aresult, the machine produces images from a volume data set; information then can
be sliced and diced in multiple ways. The most exciting spin-offs from this technology
are convenient multiplanar reconstructions (coronal, sagittal, or oblique planes), CT-
angiograms, and three-dimensional images. The state of these postprocessing options
from spiral CT is rapidly evolving. Key to the process is a real-time, powerful post-
processing computer capable of parallel processing for real-time visualization and tex-
ture mapping. This requires multiple CPUs and extensive video RAM. Therefore, their
cost is currently too high for routine clinical use; there are only a few manufacturers
producing these postprocessing units. Further, software capable of rapid, real-time ma-
nipulation of image data is only in the development stage (4).

Production software is now available for simple multiplanar reconstruction, as well
as surface-rendered CT angiograms. However, for the angiograms, significant and
time-consuming editing is necessary to produce interpretable images. In the next 5 yr,
we hope to see relatively inexpensive (<$50,000), user-friendly, real-time visualiza-
tion engines capable of rapidly rendering volume information helpful to both the radi-
ologist, surgeon, and oncologist (4). This technology will be much more helpful for the
surgeon, both for operative planning and in the operating room, rather than for the di-
agnostic radiologist.

Magnetic resonance imaging has not been used extensively in the evaluation of pa-
tients with suspected pancreatic cancer for several reasons. Up until recently, motion
artifact from nonbreath-held techniques obscured detail in the pancreas and peripan-
creatic regions. Further, high-quality images could not be obtained from breath-held
techniques. Patient scanning took a minimum of 1 h or more, and the study was ex-
pensive. High-quality MR exams of the upper abdomen now take <45 min, and often
30 min. The spatial resolution of these images approaches CT quality and the sensi-
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tivity of MR to enhancement (using gadolinium based substances, rather than iodine)
is extremely high. There are also some advantages of MR over CT that I will discuss.
However, availability of MR time is limited and remains expensive.

Scintigraphy has the potential of high specificity, especially with tumor-specific
agents, but lacks sufficient spatial resolution to guide surgery. The most exciting area
in nuclear medicine involves the use of a glucose analog labeled with a fluorine iso-
tope (so-called 2-[fluorine-18]-fluoro-2-deoxy-D-glucose-positron emission tomogra-
phy or FDG-PET). At present, these techniques are investigational and show promise
in patients with pancreatic carcinoma. However, they are expensive and have not yet
been shown to be cost-effective.

PANCREATIC CARCINOMA: TUMOR DETECTION AND STAGING

Most radiologic literature states that cross-sectional imaging, especially CT, is
90-95% sensitive in the detection of pancreatic carcinoma (5-8). However, there are
several issues that must be considered. First, cross-sectional imaging often cannot de-
tect pancreatic carcinomas <1 cm in size. Therefore, in most of the series published,
patients with these small tumors could have easily been excluded, because they were
not detected with CT. Second, most if not all of these series are based on surgical cases
and/or discharge diagnoses. As a result, we do not know the true prevalence of disease
in the population studied by imaging. We only know the sensitivity of CT in the pa-
tients with a confirmed diagnosis. Early diagnosis in patients with this aggressive tu-
mor is key, yet we continue to have difficulty in detecting disease early. At leastin some
cases, this is because our imaging studies are inadequate.

COMPUTED TOMOGRAPHY

In the United States, CT is the imaging procedure of choice in the diagnosis and stag-
ing of patients with pancreatic carcinoma. In the best of hands, using the latest tech-
nology, CT should detect 90-95% of all pancreatic ductal adenocarcinoma (5,6). In gen-
eral, any mass >1-2 c¢m in size will be detected. In the absence of a visualized mass
(<5%), there are almost always ancillary findings, such as biliary and/or pancreatic duc-
tal dilatation and evidence for local invasion, especially when the tumor is in the head
of the gland (5).

There are, however, several caveats to CT detection and staging of pancreatic car-
cinoma. Some of these have been previously mentioned, but bear emphasis (9). Mod-
ern CT equipment, capable of rapid scanning over 20-25 cm of the body within 60-120 s
and using thin slices (3-5 mm), must be available. Spiral scanning is preferred, espe-
cially when CT angiography is contemplated; however, a spiral scanner is not neces-
sary to detect the tumor. Further, the rapid injection of iodinated intravenous contrast
material is essential, because tumor detection in the absence of enhancement is impaired.
Therefore, good venous access is important to achieve adequate bolus enhancement.
Lastly, if CT arteriography is contemplated, especially as a replacement for conven-
tional angiography, a postprocessing workstation is mandatory.

Before discussing imaging staging of this tumor, we must understand the terms used.
One must determine whether a tumor is resectable or unresectable on imaging findings.
A pancreatic tumor that is resectable on the basis of imaging findings is <2-3 c¢cm in
size, shows no vascular involvement, no nodal, hepatic, or mesenteric/peritoneal dis-
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ease, and has no soft-tissue infiltration into the peripancreatic fat adjacent to vessels.
It has been the author’s experience that surgeons use these terms differently.

According to the American Joint Committee on Cancer (AJCC) staging classifica-
tion of this tumor, stage I tumors are T1 or T2 tumors without nodal or distant metastatic
involvement. Tla tumors are 2 cm or less in greatest dimension and T1b tumors are
2 cm or greater in greatest dimension. T2 tumors extend directly to duodenum, bile duct,
or peripancreatic tissues (/0). Therefore, only certain T1 tumors are resectable. Stage
IT tumors are T3 tumors without nodal or distant metastatic involvement (T3 tumors
extend directly to involve the stomach, spleen, colon, or adjacent large vessels); stage
III tumors are T1-3 with nodal disease. Stage IV tumors are T1-3, N1, M1 lesions (10).
Very few stage Il or III tumors are resectable. Based on the experience at the Johns Hop-
kins Medical Center, the patients with the most favorable long-term prognosis have tu-
mors <3 cm in size, with negative nodes at surgery, negative resection margins, have
diploid tumor DNA content, and are younger (11).

Radiologic staging should therefore have a high positive predictive value for unre-
sectability (117). Radiologists should concentrate their efforts in determining the T sta-
tus of the tumor (i.e., the presence and extent of peripancreatic involvement T2, the pres-
ence of vascular involvement T3, and the presence of adjacent organ involvement T2
or T3). Detecting liver metastases, nodal disease, and carcinomatosis is also a goal of
imaging, but, as will be discussed, is less successful even in centers of excellence.

For staging pancreatic carcinoma, in the best of hands, CT can predict tumor unre-
sectability with an accuracy between 88 and 92% (6,12,13). However, CT is much less
accurate in predicting resectability (45-72%). CT’s greatest strength in differentiating
resectable from unresectable lesions lies with its ability to detect extra pancreatic ex-
tension to adjacent arteries. The weakest aspect of CT lies with its relative inability to
detect small hepatic metastasis, nodal disease, and subtle venous involvement, as well
as carcinomatosis. Liver metastases >1.5-2 cm in size should be routinely detected by
CT; unfortunately, up to one-third of metastatic lesions from pancreatic carcinoma are
smaller (14). Up to 40% of patients with CT resectable tumors have peritoneal or small
hepatic metastases at laparoscopy (14,15).

Detecting nodal metastases with CT is often impossible. There are five major node
groups immediately draining the pancreas. Once these are involved, the porta hepatis,
common hepatic, celiac, and proximal superior mesenteric groups are affected (9).
Lastly, the periaortic, distal superior mesenteric, and other abdominal nodes can be in-
volved. Because nodes in the first group are intimately associated with the pancreas,
they are almost never visualized by CT. However, with progression to the porta hep-
atis, celiac, and mesenteric groups, CT is more able to detect disease. Unfortunately,
one cannot rely on size as a criteria for nodal involvement, because normal size lymph
nodes may contain tumor, and enlarged lymph nodes may be the result of inflamma-
tion or reactive hyperplasia (14).

As stated, the great strength of CT is the detection of extra pancreatic extension,
specifically, the presence of arterial involvement (6-9,12,13,16-19). However, there
are numerous reports in the surgical literature that question CT’s ability to detect vas-
cular disease, especially subtle mesenteric vein and portal venous involvement (20-26).

In the most recent CT series, angiography and CT showed equivalent or similar find-
ings in 75%; CT showed vascular involvement not seen by angiography in 20%, and



Radiologic Techniques 161

angiography showed vascular involvement missed by CT in only 5% (6). Work by the
same group continues to challenge the assertion in the surgical literature that angiog-
raphy is necessary in the staging of these patients when CT shows no vascular in-
volvement. They looked at the presence or absence of dilated pancreaticoduodenal veins
in patients with pancreatic carcinoma. When dilated veins were not included in the eval-
uation, only 5/23 (22%) patients thought to be resectable by CT were surgically re-
sectable. When the veins were included in the CT staging, six patients previously
thought to be resectable were deemed unresectable, thus increasing the diagnostic ac-
curacy for resectability to 29% (5/17) (27).

A recent paper from M. D. Anderson showed that, with meticulous and focused tech-
nique, CT can detect venous involvement with a greater degree of accuracy than pre-
viously published (72,13). Using 1.5-mm collimation (routine pancreatic scanning is
generally performed using 3—5-mm collimation or slice thickness), when there was ei-
ther a fat plane or normal pancreatic parenchyma between the tumor and the superior
mesenteric or portal vein, the resectability rate was 95% (21/22 patients). When there
was no fat plane or normal parenchyma between the tumor and the veins, CT was un-
reliable in predicting venous involvement. In the nine patients in whom the tumor was
immediately adjacent to the vein, creating either a convex or concave impression, there
was no vessel involvement in two, the tumor could be dissected off the vessel in three,
the vein was resected in three, and the tumor was unresectable in one. One could ar-
gue, in cases in which the tumor was dissected off the vessel or in which the vein was
resected, that the tumor was unresectable.

We are just beginning to discover the impact of spiral CT technology on staging pan-
creatic cancer. In the Johns Hopkins experience of 64 patients of potentially resectable
tumors, the following was found: resectability accuracy 70% (95% CI, 59-81%); sen-
sitivity for unresectability, 53%; specificity for resectability, 100% (19). Unfortunately,
19/40 (47%) deemed resectable on spiral exam were unresectable. Spiral exams missed
small, <10-mm hepatic metastases (8/19 [42%]) and subtle, portal or superior mesen-
teric venous involvement (7/19 [37%]).

One interesting observation in this series was the relatively high number of isoen-
hancing primary tumors using spiral technology. This was not a problem with older dy-
namic scanners capable of rapidly scanning a pancreas in 2 min, rather than the much
faster rate of 20-30 s using spiral technology. Of the resected tumors, 14 were hy-
poattentuating and 10 were isoattentuating. The size and attenuation of the mass did
not correlate with the enhancement characteristics. It is unclear whether isoenhance-
ment is caused by early scanning in the arterial phase.

In the pancreatic CT literature published in the late 1970s and early 1980s (28), us-
ing a nondynamic technique, isoechancement was a significant problem with approx 50%
of tumors isoenhancing relative to the normal pancreas. Why is this problem of isoe-
hancement of concern? If a tumor isoehances, and does not create mass-effect or ob-
struct or involve ducts or vessels, then the tumor will not be detected.

Recently, two centers have presented data on evaluating pancreatic carcinoma with
a biphasic (pancreatic or arterial and hepatic or portal venous) scanning protocol. This
involves two scanning sequences, one early in the arterial bolus phase of the contrast
injection, and the other during the later portal venous phase. The experience to date is
mixed, and more work is needed to determine the relative role of this technique (29,30).
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Lu et al. (29) did not detect isoehancing masses in any of the 27 patients evaluated with
this spiral protocol.

Lastly, 3-D CT arteriography obtained from spiral CT data sets is now easier and
does not require additional imaging time or contrast (3/-33). As stated before, how-
ever, this requires a workstation for postprocessing. Additionally, using current work-
stations, significant time (30-90 min) is required to sufficiently edit the data to obtain
readable images. Nonetheless, as workstation virtual reality engine technology evolves
with appropriate software, spiral CT-produced angiograms could easily replace an-
giography if a vascular map is necessary.

ANGIOGRAPHY

There are several papers in the surgical literature advocating the use of visceral an-
giography in the preoperative assessment of pancreatic carcinoma. Angiography is
used to detect both arterial and venous involvement, as well as to provide a vascular
map for the surgeon (especially in detecting arterial variants, such as a replaced right
hepatic artery) (20-26). In most cases, arterial involvement should be detected by a high-
quality CT scan, even without CT angiography. In the previously cited CT series from
Freeny et al. (6), CT missed arterial involvement in only 3/60 cases. Venous involve-
ment is often more difficult to detect with CT (see prior discussion). It is the author’s
opinion that, when there is subtle venous involvement, and CT is negative for that in-
volvement, angiography will not detect the tumor extent either. The author also believes
that surgeons who advocate the use of preoperative angiography base their recom-
mendations on data using old CT technology. Fast, modern CT technology, with im-
proved resolution, has markedly improved our ability to detect vascular disease, a fact
supported by the most recent series (6,12,13). Lastly, laparoscopic ultrasound may pro-
vide more information than CT and angiography in the assessment of vascular in-
volvement (34-36).

One other consideration in the angiography vs CT controversy is patient charge and
cost (37). Currently, the charge for a contrasted abdomen and pelvis CT examination
at the Cleveland Clinic is approx $1400. If nonionic contrast media is used, the charge
is $1650. The charge for an outpatient, two-vessel angiographic study, including re-
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