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Abstract

The fact that pancreatic ductal adenocarcinoma (PDAC) is
still an exceptionally lethal disease with an annual mortality
almost equivalent to its annual incidence has stimulated in-
tense research efforts directed at understanding the under-
lying molecular mechanisms. By enabling simultaneous
expression analysis of thousands of genes, microarray tech-
nology has significantly contributed to illuminating the
pathophysiology of PDAC. Gene expression profiling studies
have been performed for molecular classification of clinical-
ly relevant tumor subtypes and have shed light on various
signaling pathways associated with tumor progression. Al-
tered expression levels of several genes have been identified
as correlating with functional in vitro data as well as patient
survival, indicating the potential clinical value of transcrip-
tional profiling. However, broad clinical use of array tech-
niques for patient characterization has been hampered by
their cost intensity and by limited inter-study comparability.
Quantitative real-time reverse transcription-polymerase
chain reaction (RT-PCR), as the most sensitive technique for
mRNA detection and quantification, will complement arrays
for the confirmation of individual transcripts in larger sam-
ple cohorts. This review highlights recent studies that ad-
dressed gene expression analysis with both methodologies

and thatidentified components of the TGF-f signaling path-
way, BNIP3, or periostin to be differentially expressed in
PDAC. These studies demonstrated that the combination of
microarray and RT-PCR technologies is a highly efficient and
reliable approach for the identification of clinically impor-
tant diagnostic and prognostic biomarkers, as well as for the
discovery of novel therapeutic target candidates.

Copyright © 2009 S. Karger AG, Basel and IAP

Introduction

Among the most common carcinomas, pancreatic
ductal adenocarcinoma (PDAC) remains the one with the
worst prognosis. PDACs represent about 95% of all pan-
creatic malignancies; the remaining 5% are tumors of the
exocrine pancreas such as mucinous/serous cystic neo-
plasm, acinar cell cancers, and pancreatic neuroendo-
crine tumors. One major reason for the dismal prognosis
of PDAC is that the development of the disease is associ-
ated with non-specific and variable symptoms. As a con-
sequence, PDACs are usually diagnosed at a late stage,
when surrounding tissues have already been infiltrated.
Frequent metastasis, difficult resectability, broad resis-
tance to conventional therapies, and a high incidence of
local recurrence following resection are other reasons.

In almost all cases of pancreatic cancer, activating mu-
tations of the K-ras oncogene have been identified as ear-
ly events in tumor development [1]. Mutations in tumor
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suppressor genes, including p16 [2], p53 [3], and DPC4/
SMADA4 [4], appear to occur as secondary genetic lesions
in advanced stages of tumorigenesis.

In addition to the occurrence and accumulation of key
genetic mutations in oncogenes and tumor suppressor
genes, deregulated gene expression has been attributed to
the pathogenesis of pancreatic cancer. In particular, the
activity of cell surface receptor proteins and related sig-
naling pathways were demonstrated to be perturbed
through altered gene expression levels. Among others,
the epidermal growth factor receptor itself (EGFR [5, 6])
as well as HER2/ErbB2 [7] and HER3/ErbB3 [8], along
with other EGFR family members, has been proven to be
frequently up-regulated in pancreatic tumors, which cor-
relates with reduced survival and a worsened prognosis
in PDAC patients. In addition to increased expression of
the receptors themselves, up-regulation of the corre-
sponding ligands, such as EGF [5, 6], TGF-a [5, 6], HB-
EGF [9], epiregulin [10], betacellulin [11], amphiregulin
[12], and heregulins [13], has also been observed in PDAC
samples. Through autocrine or paracrine action, these
factors stimulate tumor cell growth and contribute to en-
hanced aggressiveness and disease progression.

The development of DNA microarray technology
made it possible to simultaneously analyze the expression
status of thousands of genes. Reflecting entire transcrip-
tional profiles, it is an extremely powerful tool for com-
parative studies and systematic screens of different tissue
samples for molecular differences at the mRNA level. All
presently available DNA chip or microarray technologies
share the same general concept, regardless of whether oli-
gonucleotides or full-length coding sequences are em-
ployed as immobilized substrates: complementary DNA
(cDNA) pools prepared from samples of interest and la-
beled with fluorescent dyes are allowed to hybridize to
solid-state DNA elements on the microarray chip. These
elements derived from the coding sequence of individual
genes are spotted to defined positions on the array sur-
face. After hybridization, the fluorescence intensity at
each spot is quantified. This value enumerated either as
ratio to a reference sample or as an absolute intensity val-
ue specifically represents the abundance of the respective
gene transcript.

The fact that several studies reported contradictory
results caused the US Food and Drug Administration
(FDA) to initiate a project to address the technical repro-
ducibility of microarray measurements within and be-
tween laboratories, as well as across different microarray
platforms [14]. These results show that measurements are
highly reproducible and therefore sufficient reliable to be
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used for clinical and regulatory purposes. Nevertheless,
turther doubts have been raised regarding its application
in disease diagnostics, staging or treatment prediction af-
ter discrepant results were obtained. These discrepancies
were caused by the use of different microarray platforms
with different probe sets and data normalization meth-
ods, as well as differences in study populations. Nonethe-
less, the microarray technology represents an ideal op-
portunity to start performing comprehensive or even ge-
nome-wide analysis of cellular transcription activities.

Quantitative real-time RT-PCR is the most sensitive
technique currently available for mRNA detection and
quantification and is therefore frequently used for the ex-
tended analysis of individual transcripts in large sample
populations. In real-time RT-PCR, signals (generally
fluorescent) are monitored as they are generated and
are tracked after they rise above background levels, but
before the reaction reaches a plateau. The cycle frac-
tion at which fluorescence first rises above a defined
background is known as the threshold cycle (C,) or cross-
ing-point. Consequently, the lower the C;, the more abun-
dant the initial target. Compared to other techniques for
quantifying mRNA like Northern blot or RNase protec-
tion assay, RT-PCR can be used to quantify mRNA levels
from much smaller samples. Although improvements are
necessary to create internal standards, references for data
normalization as well as common models for data analy-
sis, the method is attractive for a clinical use, since it can
be automated and performed on fresh or archived forma-
lin-fixed, paraffin-embedded tissue samples. The out-
come might accelerate the application of basic research
findings into daily clinical practice through translational
research and may have an impact on foreseeing the clin-
ical outcome, predicting response to therapy, and discov-
ering targets for the development of novel therapies.

A combination of the techniques therefore provides an
efficient and reliable approach for gene expression pro-
file-based tumor classification, the identification of clin-
ically important diagnostic/prognostic biomarkers and
target candidates.

Microarray-Based Identification of Differentially
Expressed Genes in Pancreatic Cancer

One of the systems frequently used for comprehensive
transcription profiling analysis is the GeneChip Hugene-
FL array, which was developed by Affymetrix and con-
tains full-length sequences from 5,600 human genes.
This system was also utilized by our group to apply mi-
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croarray technology to the field of pancreatic oncology
[15, 16]: Friess and colleagues investigated the mRNA ex-
pression patterns of these 5,600 genes in 8 human PDAC
samples and compared them with those obtained from 8
chronic pancreatitis (CP) and 8 normal pancreas control
samples. Whereas CP samples showed partial similarities
to both normal and cancer transcriptional profiles, ex-
pression patterns from cancer samples and normal tis-
sues were clearly distinguishable in almost all cases. The
detailed analysis of PDAC expression profiles and com-
parison with those of CP and normal tissues thus re-
vealed gene expression alterations that most likely were
directly related to the malignant phenotype, but which
are distinct from those observed in CP.

In another approach to identify genes involved in pan-
creatic cancer progression, Buchholz et al. [17] utilized
oligonucleotide microarray for the analysis of different
grades of pancreatic intraepithelial neoplasias (PanIN-1
through -3), PDAC, and normal pancreatic ducts. Com-
paring the respective expression profiles, the authors
suggested that PanIN-2 represents the first truly preneo-
plastic stage in the process of pancreatic carcinogenesis.

As of today, more than a dozen studies evaluating pan-
creatic cancer with DNA microarray technology as well as
a meta-analysis have been published [15, 16, 18-27]. The
results are somewhat difficult to compare, as different hy-
bridization platforms were used and patient cohorts or cell
lines sometimes were less well defined. Kuo et al. [28] dem-
onstrated a poor correlation of data obtained with two dif-
ferent technologies, for instance cDNA versus oligonucle-
otide-based microarrays, even though the same samples
were analyzed. Nevertheless, a comparison of these studies
revealed some similarities in expression profiles, and a cat-
alogue of 148 genes was extracted containing genes that
were most up-regulated in at least two studies [29]. Among
them are genes encoding the S100 calcium-binding pro-
tein P (S100P) and annexin-Al, laminin-y2 or lipocalin-2,
whose expression levels were found to be increased in sev-
en and five studies, raising the possibility that these genes
play an important role in PDAC development.

In order to improve the inter-study comparability of
microarray-derived data and to establish microarray
technology as a general clinical tool for the prediction of
PDAC patient outcome and therapeutic response, more
efforts should be made to standardize patient selection
and technical parameters, such as the array platform or
detection chemistry. Moreover, different techniques
should be applied to validate expression differences, ide-
ally in an extended sample cohort. As mentioned above,
quantitative RT-PCR currently appears to be most suit-
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able to affirm expression data reliability. Recent results
from the combined application of both methods to three
PDAC-related signaling modules — the TGF-3 pathway,
periostin and BNIP3 — will be discussed in the following
sections.

The Transforming Growth Factor-3 Signaling
Pathway

The transforming growth factor-f (TGF-p) signaling
pathway has been identified as one of the major contribu-
tors to the pathogenesis of pancreatic cancer. Paradoxi-
cally, increased expression of TGF-[3 was observed to ac-
company the progression of several cancer types, and dis-
ruption of normal TGF- signaling has been attributed
to many malignancies, such as breast, colon, and gastric
cancer and melanoma [30]. Thus, TGF-[3 appears to exert
opposing effects, both acting as a tumor suppressor in
normal cells by inhibiting tumor initiation, and acting as
a tumor promoter in cancerous cells, furthering the ad-
vancement of established tumors [31]. Comprehensive
microarray analysis has confirmed the previously de-
scribed overexpression of TGF-; in pancreatic tumor
samples as well as the up-regulation of Smad2 and Smad?7,
components of the TGF-f signaling pathway [32-34].

Additionally, these array experiments have revealed en-
hanced expression of TGF-B-activated kinase 1 (TAK1)
and TAKI1 binding protein-1 (TAB-1). TAK1 is a member
of the mitogen-activated protein kinase kinase kinase
(MAP3K) family, which has emerged as a key regulator of
signaling cascades triggered in response to various stimu-
li [35, 36]. Activated through association with TAK1 bind-
ing proteins (TAB1-3) [37], TAK1 was identified as a me-
diator of TGF-B-induced, rapid activation of the MAPKs
p38, c-Jun N-terminal kinase (JNK), and extracellular sig-
nal-regulated kinase (ERK). As a mediator of the I-k B
(IkB) kinase (IKK)/nuclear factor-kB (NF-kB) signaling
pathway [38], TAK1 was also suggested to be critically in-
volved in TGF-,-controlled regulation of matrix metal-
loproteinase-9 (MMP-9) expression. This is in line with
experiments that demonstrate reduced MMP-9 expression
levels upon suppression of TAKI signaling [39]. As MMPs
are established as functionally important components of
the angiogenic switch during multistage pancreatic carci-
nogenesis [40], this metalloproteinase may provide the
molecular link explaining the role of TAK1 in tumor an-
giogenesis and metastasis [41]. Thus, TGF-B; and TAK1
may represent potential targets for therapeutic antibodies
and small molecules, respectively. Together with members
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of the Smad and TAB families, they may define subsets of
molecular signatures for progressive pancreatic cancer or
other invasive malignancies that can be identified through
microarray technology.

Periostin as a Regulator of Pancreatic Stellate Cell
Activity

Since the first reports on the identification, isolation
and characterization of pancreatic stellate cells (PSCs)
[42], numerous studies have provided strong evidence
that PSCs play a central role in fibrogenesis [43]. Stimu-
lated by pancreatic cancer cells, PSCs excessively synthe-
size extracellular matrix proteins that create a tumor-sup-
portive microenvironment and promote tumorigenesis
[44, 45]. One of the PSC-specific matrix proteins, perios-
tin (POSTN), is secreted as a disulfide-linked 90-kDa cell
adhesion molecule. Consistent with its strong induction
by TGF-3, POSTN context-dependently exerts pro-meta-
static effects by increasing cell motility, cell survival and
angiogenesis [46-48] as well as increasing anti-metastatic
and tumor-suppressive activities such as anchorage-inde-
pendent growth inhibition [49, 50]. Previously, POSTN
was identified as a differentially expressed gene in PDAC
by microarray profiling [16, 51], and in the following, RT-
PCR analysis of POSTN mRNA levels was performed in
a larger cohort of cancer patients treated with or without
neoadjuvant chemoradiation (20 normal pancreas, 45
PDAC) [52]. POSTN expression was confirmed to be sig-
nificantly increased in PDAC, more precisely two thirds
showed a higher copy number than the donors. Patients
with elevated expression levels showed a tendency towards
shorter survival. Moreover, in an autocrine manner,
POSTN has been shown to stimulate its own synthesis in
PSCs as well as the expression of a-smooth muscle actin,
collagen-1, fibronectin and TGF-B,. In cancer cells,
POSTN turned out to induce growth and to mediate re-
sistance to hypoxia and to serum deprivation. In addition,
collagen-1, as a downstream target of POSTN, signifi-
cantly increased in vitro chemoresistance to 5-fluoroura-
cil and gemcitabine. Increased POSTN expression may
thus indicate a more aggressive tumor phenotype.

Loss of BNIP3 and Chemoresistance
BNIP3 is a member of the apoptosis-regulating Bcl-2

family, and is induced by hypoxia. Altered expression of
this protein has been linked to several malignancies. The
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decreased BNIP3 expression in pancreatic cancer as com-
pared to normal tissue was shown to be a consequence of
BNIP3 promoter hypermethylation [53], and restoration
of BNIP3 expression through demethylation leads to hy-
poxia-inducible cell death [54]. In a study by Erkan et
al. [55], quantitative RT-PCR was employed to address
BNIP3 expression levels in whole tissue extracts from 26
healthy pancreas, 20 CP, and 23 PDAC samples. In com-
parison to normal tissue, there was a statistically signifi-
cant reduction of BNIP3 mRNA levels in CP and an even
more pronounced decrease in PDAC. Comparable rela-
tive expression levels were observed by microarray analy-
sis of microdissected ductal epithelium from CP and
PDAC patients versus microdissected normal ducts or
normal pancreatic tissue: cancer cells revealed signifi-
cantlylower BNIP3 expression compared to normal ducts
or normal pancreatic tissue. In agreement with these
findings, the comparison of the immunohistochemically
assessed tumor BNIP3 expression status with corre-
sponding clinical patient follow-up revealed that loss of
BNIP3 expression significantly correlated with poor-
er survival of PDAC patients. These data suggest that
BNIP3 - similar to periostin - plays an important role
in the poor response of pancreatic cancer patients to gem-
citabine treatment.

Conclusion

There is no doubt that gene expression profiling will
have a great impact on the improvement of pancreatic
cancer management and our understanding of the relat-
ed disease biology. However, other important technolo-
gies are being developed that allow the analysis of, for
instance, genetic and epigenetic alterations, microRNAs,
and protein patterns in PDACs. All these platforms
should help to provide a much more comprehensive un-
derstanding of the pathobiology of individual tumors.
The challenge, however, will be to evaluate these molecu-
lar data, and to combine them with clinical parameters
for more accurate prediction of disease outcomes and re-
sponses to anticancer drugs. Only close collaborations
and the concerted actions of clinicians, clinical research-
ers and basic scientists will help to translate molecular
findings into clinical applications. In order to facilitate
interdisciplinary research, endeavorsleading toimproved
survival and quality of life of pancreatic cancer patients,
MolDiag-PaCa (www.moldiagpaca.eu), a multinational
and EU-funded consortium, was launched in 2006.
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