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for other gastrointestinal cancers, the survival rate
for pancreatic cancer remains dismal, emphasizing the
need for a better understanding of pancreatic cancer
biology, which can provide the basis for the develop-
ment of newer biomarkers and targets for therapeutic
intervention.

Over the past two decades, tremendous effort has
been devoted to identifying genetic alterations (at both
the chromosomal and nucleotide levels) in pancreatic
cancer, and these efforts have led to the discovery of
gross chromosomal losses and gains at selected loci
and mutations/deletions of oncogenes and tumor-
suppressor genes, including KRAS2, CDKN1A/p16,
TP53, SMAD4/DPC4/MADH4, and BRCA2.2–5 In addi-
tion to these genetic changes, many alterations in gene
expression and specific signaling pathways (such as the
aberrant activation of the Hedgehog and Notch path-
ways) have been described in pancreatic cancer and its
precursors.6–19

In recent years, the field of cancer epigenetics has
attracted considerable interest among researchers and
clinicians, especially after the introduction of tools for
studying DNA methylation, such as the polymerase
chain reaction (PCR) amplification of bisulfite-modified
DNA. It is now apparent that epigenetic alterations,
including DNA hyper- and hypomethylation, and the
associated transcriptional changes of the affected genes
are central to the evolution and progression of various
human cancers.20 With the use of genome-wide screen-
ing technologies, as well as conventional candidate gene
approaches, we and other groups have identified a num-
ber of genes that are affected by aberrant DNA methy-
lation in pancreatic cancer. Importantly, the detection
of DNA methylation alterations has been proposed for
cancer risk assessment, and for the early detection of
cancer, as well as for tumor classification and prognosti-
cation; these alterations have also been suggested as
therapeutic targets.20–25 In this article, we will review
recent advances in our understanding of the epigenetic
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The past several years have witnessed an explosive increase in
our knowledge about epigenetic features in human cancers. It
has become apparent that pancreatic cancer is an epigenetic
disease, as it is a genetic disease, characterized by widespread
and profound alterations in DNA methylation. The introduc-
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briefly summarize recent research findings in the field of pan-
creatic cancer epigenetics and discuss their biological and
clinical implications.
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Introduction

In the United States, more than 30000 people develop
pancreatic cancer each year and almost an equivalent
number of patients die of this disease, making pancre-
atic cancer the fourth leading cause of cancer death.1

Pancreatic ductal adenocarcinoma is an extremely ag-
gressive and devastating neoplasm, which often invades
to and destroys surrounding stromal components, in-
cluding lymphatic, vascular, and perineural systems,
ultimately metastasizing to distant organs. In contrast to
the improvements in survival that have been realized
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features associated with pancreatic neoplastic progres-
sion, focusing on their biological and clinical relevance.

Aberrant hypermethylation in pancreatic cancer

Aberrant hypermethylation of promoter cytosine-
phospho-guanine CpG islands is closely linked to gene
silencing and loss of tumor suppressor function in
cancer.20 The first detailed analysis of aberrant DNA
hypermethylation in pancreatic cancer was reported in
1997 by Schutte et al.,26 who demonstrated aberrant
hypermethylation of the p16/CDKN1A gene in a subset
of pancreatic cancers. The p16 methylation was found
exclusively in the wild-type alleles and was associated
with gene silencing,26 suggesting DNA methylation as
an alternative pathway to inactivate this important
tumor-suppressor gene in pancreatic cancer. Ueki
et al.27 analyed a large panel of 45 pancreatic cancers for
the methylation status of multiple genes (including p16
and hMLH1) and CpG islands previously identified as
aberrantly methylated in other cancers. This study was
the first to show that specific genes are selectively
hypermethylated in pancreatic cancer.27 The results also
revealed that a small subset (14%) of pancreatic cancers
have a higher prevalence of DNA methylation, sugges-
tive of the presence of a CpG island methylator (CIMP)
phenotype.23,27 Subsequent studies have demonstrated
that pancreatic cancers with methylation of the highest
proportion of CpG islands in a gene panel are larger in
size and are found in older patients,28 though distinct
biological, clinical, or pathological differences have not
yet been identified to support the use of a CIMP
classification for pancreatic cancer. Nonetheless, nu-
merous studies in recent years have demonstrated that
the methylation-induced silencing of biologically rel-
evant genes in pancreatic cancer is common and
influences tumor behavior. Indeed, many investigators
have used candidate gene approaches to identify vari-
ous tumor-suppressor or cancer-related genes that
undergo aberrant methylation in pancreatic cancer, in-
cluding APC,29 TSLC1/IGSF4,30 SOCS-1,31 cyclin D2,32

RASSF1A,33 WWOX,34 RUNX3,35 CDH13,36 DUSP6,37

and HHIP (Hedgehog interacting protein).38 The intro-
duction of genome-wide screening techniques has en-
abled us to search for novel sites for epigenetic
alterations in pancreatic cancer. First, Ueki et al.28 used
methylated CpG island amplification coupled with
representational difference analysis (MCA/RDA) to
isolate a number of CpG islands differentially
methylated in pancreatic cancer. One of the CpG
islands identified was located in the 5′ region of the
gene preproenkephalin (ppENK), encoding for a native
opioid peptide with growth-suppressor properties,39,40

which was found to be aberrantly methylated in the vast

majority (>90%) of pancreatic cancers.28,41 Aberrant
methylation at p16, ppENK, and others was also detect-
able at various frequencies in pancreatic intraepithelial
neoplasias (PanINs) and in intraductal papillary
mucinous neoplasms of the pancreas (IPMNs), known
precursors to invasive adenocarcinoma;42,43 also, the ab-
errant methylation increased progressively with advanc-
ing stage of the neoplasms.41,44 These findings suggest
that aberrant methylation at some loci occurs at rela-
tively early stages and accumulates during pancreatic
neoplastic progression. Sato et al.45 used oligonucle-
otide microarrays to search for novel methylation sites
in pancreatic cancer. This high-throughput approach
identified a total of 475 candidate genes that were in-
duced by a DNA methyltransferase inhibitor (5-aza-2′-
deoxycytidine 5-Aza-dC) in four pancreatic cancer cell
lines, but not in HPDE, a non-neoplastic pancreatic
ductal epithelial cell line, and subsequent analyses con-
firmed aberrant hypermethylation of 11 genes in a large
number of established and primary pancreatic cancer.45

One of the genes identified was UCHL1/PGP9.5, a
member of the carboxyl-terminal ubiquitin hydrolase
family, and this gene was recently shown to be methy-
lated in other cancers, including head and neck46 and
esophageal squamous cell carcinoma.47 Importantly, the
methylation status of UCHL1 was an independent
prognostic factor for patients with esophageal cancer,
emphasizing an important role of this gene in tumor
progression.47 Another gene of interest identified in
this study was Reprimo, a p53-induced mediator of
cell-cycle arrest at the G2 phase.48 Reprimo was
aberrantly hypermethylated in over 80% of pancreatic
cancers, which is in striking contrast to the frequent
hypomethylation and overexpression of 14-3-3sigma,
another p53-induced mediator of G2/M cell cycle arrest,
in pancreatic cancer.49 Recently, Takahashi et al.50 ex-
tensively studied the methylation status of Reprimo in a
wide spectrum of malignant tumors (total of 645 tumors
representing 16 tumor types) and found frequent me-
thylation in certain tumor types. In separate studies, we
demonstrated the aberrant methylation and silencing of
two additional genes (SPARC and TFPI-2), selected
from the list of candidate methylation genes, in a vast
majority of pancreatic cancers.51,52 Using methylation-
sensitive-representational difference analysis (MS-
RDA), Hagihara et al.53 successfully discovered 27 CpG
islands that were aberrantly methylated and 13 genes
that were silenced in pancreatic cancer. Finally, a global
gene expression comparison of IPMNs and normal
pancreatic ductal epithelium led to the identification of
CDKN1C/p57KIP2 as a gene commonly downregulated
in pancreatic ductal neoplasms through one or more
of the following mechanisms: CDKN1C promoter
hypermethylation and histone deacetylation, and/or
loss of the CDKN1C-expressing allele, as evidenced by



288 N. Sato and M. Goggins: Epigenetic alterations in pancreatic cancer

loss of heterozygosity (LOH) of the CDKN1C locus and
hypomethylation of LIT1, an imprinting control region
that silences CDKN1C when LIT1 is hypomethylated
and expressed.54

Mechanisms of aberrant hypermethylation in cancer

Although several lines of evidence suggest that aberrant
DNA hypermethylation in cancer is maintained by
DNA methyltransferase activity,55,56 the mechanism by
which such methylation occurs at specific loci during
carcinogenesis remains unclear. The most likely sce-
nario is that DNA methylation initially arises at discrete
CpG sites independent of gene expression, but then
spreads into promoter CpG islands, presumably
through a loss of balance between factors that promote
and those that protect against methylation spreading.57

This model was supported by a study showing that
GSTP1 methylation in prostate cancer cells was initi-
ated by a combination of transcriptional gene silencing
(by removal of the Sp1 sites) and seeds of methylation
that subsequently spread across the promoter CpG
island.58 It has been also suggested that establishing the
transcriptional silencing of a gene involves a close inter-
play between DNA methylation and histone modifica-
tions, and that methylation change in cancer can be a
secondary event that may occur as a consequence of
genetic or other events, such as the loss of transcription
factor(s), that alter the transcriptional activities of af-
fected promoters. For example, the leukemia-
promoting PML-RAR fusing protein, which functions
as a transcriptional regulator of retinoic acid (RA)
target genes, has been shown to induce RARb2 gene
hypermethylation and silencing by recruiting DNA
methyltransferases to target promoters.59 Bachman et
al.60 have demonstrated, in a model system where DNA
methyltransferase genes are disrupted in a colorectal
cancer cell line, that histone modifications (methylation
of histone H3 lysine-9) are the primary events associ-
ated with the re-silencing of the p16 gene that occurs
prior to DNA methylation. In addition, a recent study
has shown that the loss of estrogen receptor (ER) α
expression by RNA interference results in the silencing
of downstream target genes (including progesterone
receptor [PR]) through the recruitment of polycomb
repressors and histone deacetylases to their promoters,
followed by the progressive accumulation of DNA me-
thylation in their promoter CpG islands.61 These find-
ings have suggested that, at least at some genetic loci,
initial silencing events lead to chromatin modifications
that may predispose promoter CpG islands to
hypermethylation. However, it is not known whether
this is true for all the CpG islands that are aberrantly
methylated in cancer. Finally, recent evidence suggests

that RNA interference, a highly conserved system
mediating sequence-specific RNA degradation, can also
drive the transcriptional silencing of target genes by
inducing DNA methylation in human cells,62,63 raising
the possibility that microRNA alterations which occur
during cancer development could also contribute to ab-
errant DNA methylation in cancer.64

Functional consequences of aberrant
hypermethylation in pancreatic neoplastic progression

Among the substantial number of hypermethylated
genes identified in pancreatic cancer, several may be
functionally involved in tumor growth, invasion, me-
tastasis, and chemoresistance (Table 1). One typical
example is the classic tumor-suppressor gene p16, which
undergoes methylation-induced silencing in almost all
those pancreatic cancers (around 15%–20% of cases)
that do not have bi-allelic genetic inactivation of p16.
For many genes, there is ample evidence that their
anti-cancer functions are silenced by methylation and
not by genetic inactivation. For example, there is grow-
ing evidence that SPARC, a gene identified as silenced
in most pancreatic cancers in association with aberrant
methylation, has inhibitory effects on the growth of
pancreatic and other cancers in vitro and in vivo.51,65

Moreover, a recent study identified a novel function of
SPARC as a sensitizer to chemotherapy and radiation
therapy, suggesting the potential usefulness of SPARC-
based gene or protein therapy for refractory pancreatic
cancers.66 Interestingly, SPARC is overexpressed in
stromal fibroblasts adjacent to cancer cells and its ex-
pression in these fibroblasts may be regulated through
tumor-stromal interactions,51 though the biological
significance of SPARC expression in the cancer stroma
remains unknown. WWOX (WW domain containing
oxidoreductase), a candidate tumor-suppressor gene
that maps to the common fragile site FRA16D, was
recently shown to be inactivated in pancreatic cancer
by genetic (deletion) and/or epigenetic (promoter
hypermethylation) mechanisms, and transfection of
WWOX induced apoptosis and inhibited the colony for-
mation of pancreatic cancer cell lines lacking WWOX
expression.34 Another gene of interest in TFPI-2 (tissue
factor pathway inhibitor 2), encoding for a broad-
spectrum serine proteinase inhibitor, which was found
to be commonly inactivated by aberrant methylation
in pancreatic cancer.52 Restored expression of TFPI-2
in nonexpressing pancreatic cancer cells resulted in
marked suppression of their proliferation, migration,
and invasive potential in vitro.52 Finally, recent studies
have shown that BNIP3, a hypoxia-inducible proapop-
totic gene, is silenced in pancreatic cancer,67 and loss
of BNIP3 function may increase cellular resistance to
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hypoxia-induced cell death67 and to certain chemothera-
peutic agents, including gemcitabine.68,69 These studies
together suggest that the epigenetic inactivation of
selected genes is an important mechanism that con-
tributes to the aggressive phenotypes of pancreatic
cancer.

On the other hand, it is also notable that genes whose
expression should favor neoplastic progression, such
as COX2 and CXCR4, have been shown to be
downregulated in a subset of pancreatic cancers in
association with promoter hypermethylation.70,71 The
biological significance of aberrant methylation in these
potential cancer-promoting genes is unknown, but this
phenomenon could be part of a genome-wide process of
CpG island hypermethylation that occurs during pan-
creatic carcinogenesis.23,27

Gene hypomethylation in pancreatic cancer

DNA hypomethylation is another major form of epige-
netic alteration in human cancer.72 This epigenetic alter-
ation is detected both at the genomic level (global
hypomethylation) and at specific sequences (regional or
site-specific hypomethylation), such as normally methy-
lated repeat sequences and 5′ regions of certain genes.73

Global DNA hypomethylation has been considered to
occur, at least in part, as a result of altered folate me-
tabolism, and has been linked to genetic instability 74

and tumorigenesis.75 Despite the lack of evidence sup-
porting a causal relationship between folate status and
DNA methylation abnormalities in cancer,76 the defi-
ciency of nutrients essential for methylation (such as
vitamin B12 and folate) is associated with an increased
risk of several cancers, including pancreatic cancer.77 In
addition, we have found that pancreatic cancers with
the most deficient methylenetetrahydrofolate reductase
(MTHFR) genotypes have more DNA hypomethy-
lation and more chromosomal losses, supporting the
hypothesis that global hypomethylation can promote
genomic instability.78

Little is known about the role of site-specific hypo-
methylation in cancer, but increasing evidence linking
decreased methylation at specific CpG sites and the
overexpression of affected genes has led to an attractive
hypothesis: that promoter hypomethylation can cause
gene activation.72,73 Table 2 provides a list of genes
identified as aberrantly hypomethylated in pancreatic
cancer. Rosty et al.79 demonstrated that overexpression
of the S100A4 gene in pancreatic cancer was associated
with hypomethylation at specific CpG sites within the
first intron. An extensive methylation analysis of a large
panel of genes with differing expression status in pan-
creatic cancer demonstrated frequent hypomethylation
in seven genes (claudin4, lipocalin2, 14-3-3sigma/T
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stratifin, trefoil factor2, S100A4, mesothelin, and prostate
stem cell antigen [PSCA]) that were overexpressed in
the neoplastic epithelium of pancreatic cancers and not
expressed in normal pancreatic ducts.49 In an attempt
to identify additional hypomethylation targets in
pancreatic cancer, we used oligonucleotide microarrays
to screen for genes that displayed expression patterns
associated with hypomethylation.80 This analysis identi-
fied two genes, S100P and maspin, as aberrantly
hypomethylated in pancreatic cancer.80 Interestingly,
cell-type-restricted maspin expression appears to
be regulated by DNA methylation,81 and other
investigators also reported an association between
hypomethylation and the overexpression of maspin
in pancreatic cancer,82,83 supporting the role of
hypomethylation in the transcriptional activation of
this gene.

As is the case for aberrant DNA hypermethylation in
cancer, however, it is not certain at this time whether
gene-related hypomethylation is a cause or a conse-
quence of altered transcriptional activity in cancer
cells.84 Recently, De Smet et al.85 analyzed the mecha-
nism of selective hypomethylation at the MAGE-A1
promoter in tumor cells and provided evidence that site-
specific hypomethylation in this gene may result from a
transient process of demethylation (presumably as part
of genomic hypomethylation) followed by a persistent
local inhibition of remethylation, due to presence of
transcriptional factors. Further studies will be required
to determine the mechanism and the role of aberrant
gene hypomethylation in pancreatic cancer.

Diagnostic potential of epigenetic markers in
pancreatic cancer

The development of early detection strategies, using
molecular markers, should lead to an improved clinical
outcome for pancreatic cancer.86,87 In this regard, epige-
netic changes (aberrant DNA hypermethylation) hold
promise as novel screening/diagnostic markers of pan-
creatic cancer, especially for high-risk individuals such
as those with a strong family history of pancreatic
cancer.88,89 The diagnostic potential of epigenetic
markers has been evaluated in clinical samples (i.e.,
pancreatic juice) from patients with different pancreatic
diseases.32, 45, 52, 90,91 Fukushima et al.90 first demonstrated
that, using a methylation-specific PCR (MSP) assay,92

aberrant methylation of ppENK and p16 was detected
in 30 (67%) and 5 (11%) of 45 pancreatic juice samples,
respectively, collected during surgery form patients
with pancreatic cancer, while such methylation was not
detected in 20 pancreatic juice samples from patients
with benign pancreatic disorders, including chronic pan-
creatitis.90 Using a panel of three genes (NPTX2,T
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SARP2, and CLDN5) identified by a microarray ap-
proach as very frequently methylated in pancreatic can-
cer, we were able to detect aberrantly methylated DNA
in 18 (75%) of 24 pancreatic juice samples from patients
with pancreatic cancer, but not in samples from benign
counterparts.45 These findings have highlighted the fea-
sibility of detecting aberrantly methylated DNA (espe-
cially using multiple markers), in pancreatic juice for
the diagnosis of pancreatic cancer. Yan et al.93 recently
used real-time quantitative MSP (QMSP) to demon-
strate that 26 of 42 (62%) patients with pancreatic can-
cer had higher levels of p16 promoter methylation in
their pancreatic juice samples, compared with 3 of 24
(13%) controls (benign biliary disease) and 2 of 26 (8%)
patients with pancreatitis. Our recent study also demon-
strated that quantifying pancreatic juice methylation,
using QMSP, could better predict pancreatic cancer
than detecting methylation using conventional MSP.94 It
should be noted, however, that many genes (including
ppENK and p16) that undergo methylation in pan-
creatic cancer are normally methylated in the non-
neoplastic duodenum, albeit at low levels in most cases,
and, therefore, such methylation is frequently detected
in pancreatic secretions aspirated from the duodenum
of patients with and without pancreatic cancer.90,95 Thus,
strategies to detect pancreatic cancer using aberrantly
methylated genes should rely on the analysis of pure
pancreatic juice collected through selective pancreatic
duct cannulation rather than that of pancreatic secre-
tion collected within the duodenal lumen.

From the standpoint of risk assessment, our observa-
tion that patients with pancreatic cancer have a greater
propensity to methylate non-neoplastic duodenum, spe-
cifically at certain CpG islands, than patients without
neoplasia is important.95 This finding raises a possibility
that determining mehtylation at selected genes in
non-neoplastic tissues such as the duodenum could be a
useful biomarker to assess future risk of developing
pancreatic cancer. Additional studies are needed to
identify the best set of methylation markers for early
detection and/or risk assessment, to determine the de-
tection technologies best suited for each application (as
well as their cost performance) in the clinical setting,
and to establish the sensitivity and specificity of these
selected markers in larger studies.

Epigenetic alteration as a therapeutic target in
pancreatic cancer

DNA methylation changes in cancer may have impor-
tant therapeutic implications, because such epigenetic
alterations, unlike genetic changes, are considered to be
a reversible biological phenomenon.24,25 For example,
some potential cancer-accelerating genes activated

through the hypomethylation of their corresponding
promoters could be therapeutic targets for inactivation
by strategies to induce de-novo methylation at specific
CpG sites. A recent study demonstrated that treatment
of hepatocellular carcinoma cells with a methylated oli-
gonucleotide targeting the hypomethylated IGF2 pro-
moter inhibited its expression and markedly prolonged
the survival of nude mice with an implanted tumor.96

On the other hand, inhibitors of DNA methylation
and histone deacetylation (HDAC) have been consid-
ered promising chemotherapeutic agents, based on the
rationale that these drugs could potentially restore
some of the epigenetically silenced tumor-suppressor
genes in cancer.24,97 Indeed, a number of such inhibitors
have been shown to suppress tumor growth in vitro and
in vivo, and some of the inhibitors are being tested in
clinical trials for patients with different types of solid
and hematological cancers.98,99 One of the most com-
monly used DNA methyltransferase inhibitors, 5-Aza-
dC (Decitabine; Dacogen, MGI Pharma, Bloomington,
MN, USA), has been extensively investigated for its
effects on gene expression and for its antineoplastic
potential.100–102 This drug, however, is also known to
have toxic side effects, as well as mutagenic poten-
tial.103,104 Recently, a more chemically stable and orally
administrable demethylating drug, zeburaline, has been
demonstrated to inhibit the growth of bladder cancer in
mice.105 Only a few studies, however, have addressed the
effects of epigenetic modifying drugs on pancreatic can-
cer. Missiaglia et al.106 have recently shown that 5-Aza-
dC inhibits the growth of pancreatic cancer cell lines
and that this effect is associated with the activation of
interferon-related genes. These authors also showed
that pretreatment with 5-Aza-dC increased the sensitiv-
ity of pancreatic cancer cells to other chemotherapy
agents, including tumor necrosis factor (TNF)-α,
cisplatin, and gemcitabine.106 It is also notable that many
cancer testis antigens, such as G antigens (GAGE) and
so forth, are robustly induced in pancreatic cancer cells
by 5-Aza-dC treatment,45,107 suggesting the possible use
of this drug as an aid in immunotherapy directed against
these antigens. Additionally, several HDAC inhibitors
(such as trichostatin A [TSA] and FR901228) have been
shown to inhibit growth and to induce apoptosis in pan-
creatic cancer cells.108–110 However, the use of these epi-
genetic modifying drugs for the treatment of pancreatic
cancer should be carefully evaluated in preclinical stud-
ies, because previous reports have suggested that these
drugs could also reactivate potential cancer-promoting
genes when silenced by methylation and, in some cases,
accelerate tumor progression. In fact, we and other in-
vestigators have shown that treatment with a DNA
methyltransferase inhibitor resulted in the upregulation
of invasion-promoting genes (including MMPs and
uPA), thereby leading to increased invasiveness in
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certain cancer cell lines.111–113 We have also demon-
strated that genes favorable for tumor progression,
such as COX-2 and CXCR4, are silenced by aberrant
hypermethylation in a subset of pancreatic cancers and
are re-expressed in these cancers after treatment with 5-
Aza-dC and/or TSA.70,71 The efficacy of these epigenetic
modifying drugs may vary among individual cancers,
and could be determined by the balance between the
activation of tumor-suppressor genes and that of
cancer-promoting genes. Furthermore, a recent study,
showing that global DNA hypomethylation can lead to
tumor formation in mice, raises a question about the
rationale for the use of demethylating agents for can-
cer.75 Thus, these questions need to be further investi-
gated before DNA methylation and HDAC inhibitors
are moved into clinical use for patients with pancreatic
cancer.

Summary

A growing body of evidence indicates that pan-
creatic cancer is characterized by widespread and
profound epigenetic changes, including CpG island
hypermethylation and gene hypomethylation. These
aberrant methylation events could represent novel
sdiagnostic and therapeutic targets for this devastating
disease. Many fundamental questions about the biologi-
cal and clinical significance of DNA methylation have
yet to be answered, such as how and when such epige-
netic defects occur during pancreatic ductal carcinogen-
esis, and how our knowledge of epigenetic features in
pancreatic cancer should be translated into the clinical
setting.

Acknowledgments. This work was supported by a Na-
tional Cancer Institute grant (CA90709, CA62924), and
by the Michael Rolfe Foundation.

References

1. Jemal A, Murray T, Ward E, Samuels A, Tiwari RC, Ghafoor
A, et al. Cancer statistics, 2005. CA Cancer J Clin 2005;55:10–30.

2. Goggins M, Kern SE, Offerhaus JA, Hruban RH. Progress in
cancer genetics: lessons from pancreatic cancer. Ann Oncol
1999;10:4–8.

3. Bardeesy N, DePinho RA. Pancreatic cancer biology and genet-
ics. Nat Rev Cancer 2002;2:897–909.

4. Kern S, Hruban R, Hollingsworth MA, Brand R, Adrian TE,
Jaffee E, et al. A white paper: the product of a pancreas cancer
think tank. Cancer Res 2001;61:4923–32.

5. Hansel DE, Kern SE, Hruban RH. Molecular pathogenesis of
pancreatic cancer. Annu Rev Genomics Hum Genet 2003;4:237–
56.

6. Crnogorac-Jurcevic T, Efthimiou E, Capelli P, Blaveri E, Baron
A, Terris B, et al. Gene expression profiles of pancreatic cancer
and stromal desmoplasia. Oncogene 2001;20:7437–46.

7. Crnogorac-Jurcevic T, Efthimiou E, Nielsen T, Loader J, Terris
B, Stamp G, et al. Expression profiling of microdissected pancre-
atic adenocarcinomas. Oncogene 2002;21:4587–94.

8. Argani P, Iacobuzio-Donahue C, Ryu B, Rosty C, Goggins M,
Wilentz RE, et al. Mesothelin is overexpressed in the vast major-
ity of ductal adenocarcinomas of the pancreas: identification of a
new pancreatic cancer marker by serial analysis of gene expres-
sion (SAGE). Clin Cancer Res 2001;7:3862–8.

9. Argani P, Rosty C, Reiter RE, Wilentz RE, Murugesan SR,
Leach SD, et al. Discovery of new markers of cancer through
serial analysis of gene expression: prostate stem cell antigen is
overexpressed in pancreatic adenocarcinoma. Cancer Res 2001;
61:4320–4.

10. Iacobuzio-Donahue CA, Maitra A, Shen-Ong GL, van Heek T,
Ashfaq R, Meyer R, et al. Discovery of novel tumor markers of
pancreatic cancer using global gene expression technology. Am
J Pathol 2002;160:1239–49.

11. Iacobuzio-Donahue CA, Maitra A, Olsen M, Lowe AW, van
Heek NT, Rosty C, et al. Exploration of global gene expression
patterns in pancreatic adenocarcinoma using cDNA microar-
rays. Am J Pathol 2003;162:1151–62.

12. Ryu B, Jones J, Blades NJ, Parmigiani G, Hollingsworth MA,
Hruban RH, et al. Relationships and differentially expressed
genes among pancreatic cancers examined by large-scale serial
analysis of gene expression. Cancer Res 2002;62:819–26.

13. Han H, Bearss DJ, Browne LW, Calaluce R, Nagle RB, Von
Hoff DD. Identification of differentially expressed genes in
pancreatic cancer cells using cDNA microarray. Cancer Res
2002;62:2890–6.

14. Logsdon CD, Simeone DM, Binkley C, Arumugam T, Greenson
JK, Giordano TJ, et al. Molecular profiling of pancreatic adeno-
carcinoma and chronic pancreatitis identifies multiple genes dif-
ferentially regulated in pancreatic cancer. Cancer Res 2003;63:
2649–57.

15. Sato N, Fukushima N, Maitra A, Iacobuzio-Donahue CA,
van Heek NT, Cameron JL, et al. Gene expression profiling
identifies genes associated with invasive intraductal papillary
mucinous neoplasms of the pancreas. Am J Pathol 2004;164:903–
14.

16. Miyamoto Y, Maitra A, Ghosh B, Zechner U, Argani P,
Iacobuzio-Donahue CA, et al. Notch mediates TGF alpha-
induced changes in epithelial differentiation during pancreatic
tumorigenesis. Cancer Cell 2003;3:565–76.

17. Berman DM, Karhadkar SS, Maitra A, Montes De Oca R,
Gerstenblith MR, Briggs K, et al. Widespread requirement for
Hedgehog ligand stimulation in growth of digestive tract
tumours. Nature 2003;425:846–51. Epub 2003 Sep 2014.

18. Thayer SP, di Magliano MP, Heiser PW, Nielsen CM, Roberts
DJ, Lauwers GY, et al. Hedgehog is an early and late modiator
of pancreatic cancer tumorigenesis. Nature 2003;425:851–6.
Epub 2003 Sep 2014.

19. Prasad NB, Biankin AV, Fukushima N, Maitra A, Dhara S,
Elkahloun AG, et al. Gene expression profiles in pancreatic
intraepithelial neoplasia reflect the effects of Hedgehog signal-
ing on pancreatic ductal epithelial cells. Cancer Res 2005;65:
1619–26.

20. Jones PA, Baylin SB. The fundamental role of epigenetic events
in cancer. Nat Rev Genet 2002;3:415–28.

21. Laird PW. The power and the promise of DNA methylation
markers. Nat Rev Cancer 2003;3:253–66.

22. Issa JP. Methylation and prognosis: of molecular clocks and
hypermethylator phenotypes. Clin Cancer Res 2003;9:2879–81.

23. Issa JP. CpG island methylator phenotype in cancer. Nat Rev
Cancer 2004;4:988–93.

24. Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human
disease and prospects for epigenetic therapy. Nature 2004;429:
457–63.

25. Esteller M. DNA methylation and cancer therapy: new develop-
ments and expectations. Curr Opin Oncol 2005;17:55–60.



N. Sato and M. Goggins: Epigenetic alterations in pancreatic cancer 293

26. Schutte M, Hruban RH, Geradts J, Maynard R, Hilgers W,
Rabindran SK, et al. Abrogation of the Rb/p16 tumor-
suppressive pathway in virtually all pancreatic carcinomas.
Cancer Res 1997;57:3126–30.

27. Ueki T, Toyota M, Sohn T, Yeo CJ, Issa JP, Hruban RH, et al.
Hypermethylation of multiple genes in pancreatic adenocarci-
noma. Cancer Res 2000;60:1835–9.

28. Ueki T, Toyota M, Skinner H, Walter KM, Yeo CJ, Issa JP, et al.
Identification and characterization of differentially methylated
CpG islands in pancreatic carcinoma. Cancer Res 2001;61:8540–
6.

29. Esteller M, Sparks A, Toyota M, Sanchez-Cespedes M, Capella
G, Peinado MA, et al. Analysis of adenomatous polyposis coli
promoter hypermethylation in human cancer. Cancer Res 2000;
60:4366–71.

30. Jansen M, Fukushima N, Rosty C, Walter K, Altink R, Heek TV,
et al. Aberrant methylation of the 5′ CpG island of TSLC1
is common in pancreatic ductal adenocarcinoma and is first
manifest in high-grade PanlNs. Cancer Biol Ther 2002;1:293–
6.

31. Fukushima N, Sato N, Sahin F, Su GH, Hruban RH, Goggins M.
Aberrant methylation of suppressor of cytokine signalling-1
(SOCS-1) gene in pancreatic ductal neoplasms. Br J Cancer
2003;89:338–43.

32. Matsubayashi H, Sato N, Fukushima N, Yeo CJ, Walter KM,
Brune K, et al. Methylation of cycline D2 is observed frequently
in pancreatic cancer but is also an age-related phenomenon in
gastrointestinal tissues. Clin Cancer Res 2003;9:1446–52.

33. Dammann R, Schagdarsurengin U, Liu L, Otto N, Gimm O,
Dralle H, et al. Frequent RASSF1A promoter hypermethylation
and K-ras mutations in pancreatic carcinoma. Oncogene 2003;
22:3806–12.

34. Kuroki T, Yendamuri S, Trapasso F, Matsuyama A, Aqeilan RI,
Alder H, et al. The tumor suppressor gene WWOX at FRA16D
is involved in pancreatic carcinogenesis. Clin Cancer Res
2004;10:2459–65.

35. Wada M, Yazumi S, Takaishi S, Hasegawa K, Sawada M, Tanaka-
H, et al. Frequent loss of RUNX3 gene expression in human bile
duct and pancreatic cancer cell lines. Oncogene 2004;23:2401–
7.

36. Sakai M, Hibi K, Koshikawa K, Inoue S, Takeda S, Kaneko T,
et al. Frequent promoter methylation and gene silencing of
CDH13 in pancreatic cancer. Cancer Sci 2004;95:588–91.

37. Xu S, Furukawa T, Kanai N, Sunamura M, Horii A. Abrogation
of DUSP6 by hypermethylation in human pancreatic cancer. J
Hum Genet 2005;50:159–67. Epub 2005 Apr 2012.

38. Martin ST, Sato N, Dhara S, Chang R, Hustinx SR, Abe T, et al.
Aberrant methylation of the human hedgehog interacting pro-
tein (HHIP) gene in pancreatic neoplasms. Cancer Biol Ther
2005;4:728–33.

39. Zagon IS, Smith JP, McLaughlin PJ. Human pancreatic cancer
cell proliferation in tissue culture is tonically inhibited by opioid
growth factor. Int J Oncol 1999;14:577–84.

40. Zagon IS, Hytrek SD, Smith JP, McLaughlin PJ. Opioid growth
factor (OGF) inhibits human pancreatic cancer transplanted into
nude mice. Cancer Lett 1997;112:167–75.

41. Fukushima N, Sato N, Ueki T, Rosty C, Walter KM, Wilentz
RE, et al. Aberrant methylation of preproenkephalin and p16
genes in pancreatic intraepithelial neoplasia and pancreatic duc-
tal adenocarcinoma. Am J Pathol 2002;160:1573–81.

42. Hruban RH, Adsay NV, Albores-Saavedra J, Compton C,
Garrett ES, Goodman SN, et al. Pancreatic intraepithelial neo-
plasia: a new nomenclature and classification system for pancre-
atic duct lesions. Am J Surg Pathol 2001;25:579–86.

43. Hruban RH, Takaori K, Klimstra DS, Adsay NV, Albores-
Saavedra J, Biankin AV, et al. An illustrated consensus on the
classification of pancreatic intraepithelial neoplasia and intra-
ductal papillary mucinous neoplasms. Am J Surg Pathol
2004;28:977–87.

44. Sato N, Ueki T, Fukushima N, Iacobuzio-Donahue CA, Yeo CJ,
Cameron JL, et al. Aberrant methylation of CpG islands in
intraductal papillary mucinous neoplasms of the pancreas.
Gastroenterology 2002;123:365–72.

45. Sato N, Fukushima N, Maitra A, Matsubayashi H, Yeo CJ,
Cameron JL, et al. Discovery of novel targets for aberrant
methylation in pancreatic carcinoma using high-throughput
microarrays. Cancer Res 2003;63:3735–42.

46. Tokumaru Y, Yamashita K, Osada M, Nomoto S, Sun DI, Xiao
Y, et al. Inverse correlation between cyclin A1 hypermethylation
and p53 mutation in head and neck cancer identified by reversal
of epigenetic silencing. Cancer Res 2004;64:5982–7.

47. Mandelker DL, Yamashita K, Tokumaru Y, Mimori K, Howard
DL, Tanaka Y, et al. PGP9.5 Promoter methylation is an inde-
pendent prognostic factor for esophageal squamous cell carci-
noma. Cancer Res 2005;65:4963–8.

48. Ohki R, Nemoto J, Murasawa H, Oda E, Inazawa J, Tanaka N,
et al. Reprimo, a new candidate mediator of the p53-mediated
cell cycle arrest at the G2 phase. J Biol Chem 2000;275:22 627–
30.

49. Sato N, Maitra A, Fukushima N, van Heek NT, Matsubayashi H,
Iacobuzio-Donahue CA, et al. Frequent hypomethylation of
multiple genes overexpressed in pancreatic ductal adenocarci-
noma. Cancer Res 2003;63:4158–66.

50. Takahashi T, Suzuki M, Shigematsu H, Shivapurkar N, Echebiri
C, Nomura M, et al. Aberrant methylation of Reprimo in human
malignancies. Int J Cancer 2005;115:503–10.

51. Sato N, Fukushima N, Maehara N, Matsubayashi H, Koopmann
J, Su GH, et al. SPARC/osteonectin is a frequent target for
aberrant methylation in pancreatic adenocarcinoma and a me-
diator of tumor-stromal interactions. Oncogene 2003;22:5021–
30.

52. Sato N, Parker AR, Fukushima N, Miyagi Y, Iacobuzio-
Donahue CA, Eshleman JR, et al. Epigenetic inactivation of
TFPI-2 as a common mechanism associated with growth and
invasion of pancreatic ductal adenocarcinoma. Oncogene 2005;
24:850–8.

53. Hagihara A, Miyamoto K, Furuta J, Hiraoka N, Wakazono K,
Seki S, et al. Identification of 27 5′ CpG islands aberrantly me-
thylated and 13 genes silenced in human pancreatic cancers.
Oncogene 2004;23:8705–10.

54. Sato N, Matsubayashi H, Abe T, Fukushima N, Goggins M.
Epigenetic down-regulation of CDKN1C/p57KIP2 in pancreatic
ductal neoplasms identified by gene expression profiling. Clin
Cancer Res 2005;11:4681–8.

55. Rhee I, Bachman KE, Park BH, Jair KW, Yen RW, Schuebel
KE, et al. DNMT1 and DNMT3b cooperate to silence genes in
human cancer cells. Nature 2002;416:552–6.

56. Robert MF, Morin S, Beaulieu N, Gauthier F, Chute IC,
Barsalou A, et al. DNMT1 is required to maintain CpG methy-
lation and aberrant gene silencing in human cancer cells. Nat
Genet 2003;33:61–5.

57. Turker MS. Gene silencing in mammalian cells and the spread of
DNA methylation. Oncogene 2002;21:5388–93.

58. Song JZ, Stirzaker C, Harrison J, Melki JR, Clark SJ.
Hypermethylation trigger of the glutathione-S-transferase gene
(GSTP1) in prostate cancer cells. Oncogene 2002;21:1048–61.

59. Di Croce L, Raker VA, Corsaro M, Fazi F, Fanelli M, Faretta M,
et al. Methyltransferase recruitment and DNA hyperme-
thylation of target promoters by an oncogenic transcription fac-
tor. Science 2002;295:1079–82.

60. Bachman KE, Park BH, Rhee I, Rajagopalan H, Herman JG,
Baylin SB, et al. Histone modifications and silencing prior to
DNA methylation of a tumor suppressor gene. Cancer Cell
2003;3:89–95.

61. Leu YW, Yan PS, Fan M, Jin VX, Liu JC, Curran EM, et al. Loss
of estrogen receptor signaling triggers epigenetic silencing of
downstream targets in breast cancer. Cancer Res 2004;64:8184–
92.



294 N. Sato and M. Goggins: Epigenetic alterations in pancreatic cancer

62. Kawasaki H, Taira K. Induction of DNA methylation and gene
silencing by short interfering RNAs in human cells. Nature
2004;431:211–7. Epub 2004 Aug 2015.

63. Morris KV, Chan SW, Jacobsen SE, Looney DJ. Small interfer-
ing RNA-induced transcriptional gene silencing in human cells.
Science 2004;305:1289–92. Epub 2004 Aug 1285.

64. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D,
et al. MicroRNA expression profiles classify human cancers.
Nature 2005;435:834–8.

65. Puolakkainen PA, Brekken RA, Muneer S, Sage EH. Enhanced
growth of pancreatic tumors in SPARC-null mice is associated
with decreased deposition of extracellular matrix and reduced
tumor cell apoptosis. Mol Cancer Res 2004;2:215–24.

66. Tai IT, Dai M, Owen DA, Chen LB. Genome-wide expression
analysis of therapy-resistant tumors reveals SPARC as a novel
target for caner therapy. J Clin Invest 2005;115:1492–502.

67. Okami J, Simeone DM, Logsdon CD. Silencing of the hypoxia-
inducible cell death protein BNIP3 in pancreatic cancer. Cancer
Res 2004;64:5338–46.

68. Erkan M, Kleeff J, Esposito I, Giese T, Ketterer K, Buchler MW,
et al. Loss of BNIP3 expression is a late event in pancreatic
cancer contributing to chemoresistance and worsened prognosis.
Oncogene 2005;24:4421–32.

69. Akada M, Crnogorac-Jurcevic T, Lattimore S, Mahon P, Lopes
R, Sunamura M, et al. Intrinsic chemoresistance to gemcitabine
is associated with decreased expression of BNIP3 in pancreatic
cancer. Clin Cancer Res 2005;11:3094–101.

70. Sato N, Maehara N, Goggins M. Gene expression profiling of
tumor-stromal interactions between pancreatic cancer cells and
stromal fibroblasts. Cancer Res 2004;64:6950–6.

71. Sato N, Matsubayashi H, Fukushima N, Goggins M. The
chemokine receptor CXCR4 is regulated by DNA methylation
in pancreatic cancer. Cancer Biol Ther 2005;4:70–6.

72. Feinberg AP, Tycko B. The history of cancer epigenetics. Nat
Rev Cancer 2004;4:143–53.

73. Ehrlich M. DNA methylation in cancer: too much, but also too
little. Oncogene 2002;21:5400–13.

74. Chen RZ, Pettersson U, Beard C, Jackson-Grusby L, Jaenisch
R. DNA hypomethylation leads to elevated mutation rates.
Nature 1998;395:89–93.

75. Gaudet F, Hodgson JG, Eden A, Jackson-Grusby L, Dausman J,
Gray JW, et al. Induction of tumors in mice by genomic
hypomethylation. Science 2003;300:489–92.

76. Kim YI. Folate and DNA methylation: a mechanistic link be-
tween folate deficiency and colorectal cancer? Cancer Epidemiol
Biomarkers Prev 2004;13:511–9.

77. Stolzenberg-Solomon RZ, Albanes D, Nieto FJ, Hartman TJ,
Tangrea JA, Rautalahti M, et al. Pancreatic cancer risk and
nutrition-related methyl-group availability indicators in male
smokers. J Natl Cancer Inst 1999;91:535–41.

78. Matsubayashi H, Skinner HG, Iacobuzio-Donahue C, Abe T,
Sato N, Sohn TA, et al. Chromosomal loss in pancreaticobiliary
cancers with deficient methylenetetrahydrofolate reductase
genotypes. Clin Gastroenterol Hepatol 2005;3:752–60.

79. Rosty C, Ueki T, Argani P, Jansen M, Yeo CJ, Cameron JL,
et al. Overexpression of S100A4 in pancreatic ductal adenocar-
cinomas is associated with poor differentiation and DNA
hypomethylation. Am J Pathol 2002;160:45–50.

80. Sato N, Fukushima N, Matsubayashi H, Goggins M.
Identification of maspin and S100P as novel hypomethylation
targets in pancreatic cancer using global gene expression
profiling. Oncogene 2004;23:1531–8.

81. Futscher BW, Oshiro MM, Wozniak RJ, Holtan N, Hanigan CL,
Duan H, et al. Role for DNA methylation in the control of cell
type specific maspin expression. Nat Genet 2002;31:175–9.

82. Ohike N, Maass N, Mundhenke C, Biallek M, Zhang M, Jonat
W, et al. Clinicopathological significance and molecular regula-
tion of maspin expression in ductal adenocarcinoma of the pan-
creas. Cancer Lett 2003;199:193–200.

83. Fitzgerald M, Oshiro M, Holtan N, Krager K, Cullen JJ, Futscher
BW, et al. Human pancreatic carcinoma cells activate maspin
expression through loss of epigenetic control. Neoplasia 2003;5:
427–36.

84. Baylin S, Bestor TH. Altered methylation patterns in cancer
cell genomes: cause or consequence? Cancer Cell 2002;1:299–
305.

85. De Smet C, Loriot A, Boon T. Promoter-dependent mechanism
leading to selective hypomethylation within the 5′ region of gene
MAGE-A1 in tumor cells. Mol Cell Biol 2004;24:4781–90.

86. Goggins M, Canto M, Hruban R. Can we screen high-risk indi-
viduals to detect early pancreatic carcinoma? J Surg Oncol
2000;74:243–8.

87. Rosty C, Goggins M. Early detection of pancreatic carcinoma.
Hematol Oncol Clin North Am 2002;16:37–52.

88. Klein AP, Brune KA, Petersen GM, Goggins M, Tersmette AC,
Offerhaus GJ, et al. Prospective risk of pancreatic cancer in
familial pancreatic cancer kindreds. Cancer Res 2004;64:2634–
8.

89. Canto MI, Goggins M, Yeo CJ, Griffin C, Axilbund JE, Brune K,
et al. Screening for pancreatic neoplasia in high-risk individuals:
an EUS-based approach. Clin Gastroenterol Hepatol 2004;2:
606–21.

90. Fukushima N, Walter KM, Uek T, Sato N, Matsubayashi H,
Cameron JL, et al. Diagnosing pancreatic cancer using methyla-
tion specific PCR analysis of pancreatic juice. Cancer Biol Ther
2003;2:78–83.

91. Klump B, Hsieh CJ, Nehls O, Dette S, Holzmann K, Kiesslich R,
et al. Methylation status of p14ARF and p16INK4a as detected
in pancreatic secretions. Br J Cancer 2003;88:217–22.

92. Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB.
Methylation-specific PCR: a novel PCR assay for methylation
status of CpG islands. Proc Natl Acad Sci USA 1996;93:9821–6.

93. Yan L, McFaul C, Howes N, Leslie J, Lancaster G, Wong T, et al.
Molecular analysis to detect pancreatic ductal adenocarcinoma
in high-risk groups. Gastroenterology 2005;128:2124–30.

94. Matsubayashi H, Canto M, Sato N, Klein A, Abe T, Yamashita
K, et al. DNA methylation alterations in the pancreatic juice of
patients with suspected pancreatic disease. Cancer Res 2006;66:
1208–17.

95. Matsubayashi H, Sato N, Brune K, Blackford AL, Hruban RH,
Canto M, et al. Age- and disease-related methylation of multiple
genes in nonneoplastic duodenum and in duodenal juice. Clin
Cancer Res 2005;11:573–83.

96. Yao X, Hu JF, Daniels M, Shiran H, Zhou X, Yan H, et al. A
methylated oligonucleotide inhibits IGF2 expression and en-
hances survival in a model of hepatocellular carcinoma. J Clin
Invest 2003;111:265–73.

97. Karpf AR, Jones DA. Reactivating the expression of methyla-
tion silenced genes in human cancer. Oncogene 2002;21:5496–
503.

98. Kelly WK, Richon VM, O’Connor O, Curley T, MacGregor-
Curtelli B, Tong W, et al. Phase I clinical trial of histone
deacetylase inhibitor: suberoylanilide hydroxamic acid adminis-
tered intravenously. Clin Cancer Res 2003;9:3578–88.

99. Issa JP, Gharibyan V, Cortes J, Jelinek J, Morris G, Verstovsek
S, et al. Phase II study of Low-dose Decitabine in patients with
chronic myelogenous leukemia resistant to imatinib mesylate.
J Clin Oncol 2005;23:3948–56.

100. Issa JP. Decitabine. Curr Opin Oncol 2003;15:446–51.
101. Bender CM, Pao MM, Jones PA. Inhibition of DNA methyla-

tion by 5-aza-2′-deoxycytidine suppresses the growth of human
tumor cell lines. Cancer Res 1998;58:95–101.

102. Belinsky SA, Klinge DM, Stidley CA, Issa JP, Herman JG,
March TH, et al. Inhibition of DNA methylation and histone
deacetylation prevents murine lung cancer. Cancer Res 2003;63:
7089–93.

103. Juttermann R, Li E, Jaenisch R. Toxicity of 5-aza-2′-
deoxycytidine to mammalian cells is mediated primarily by cova-



N. Sato and M. Goggins: Epigenetic alterations in pancreatic cancer 295

lent trapping of DNA methyltransferase rather than DNA
demethylation, Proc Natl Acad Sci U S A 1994;91:11 797–801.

104. Jackson-Grusby L, Laird PW, Magge SN, Moeller BJ, Jaenisch
R. Mutagenicity of 5-aza-2′-deoxycytidine is mediated by the
mammalian DNA methyltransferase. Proc Natl Acad Sci U S A
1997;94:4681–5.

105. Cheng JC, Matsen CB, Gonzales FA, Ye W, Greer S, Marquez
VE, et al. Inhibition of DNA methylation and reactivation of
silenced genes by zebularine. J Natl Cancer Inst 2003;95:399–
409.

106. Missiaglia E, Donadelli M, Palmieri M, Crnogorac-Jurcevic T,
Scarpa A, Lemoine NR. Growth delay of human pancreatic
cancer cells by methylase inhibitor 5-aza-2′-deoxycytidine treat-
ment is associated with activation of the interferon signalling
pathway. Oncogene 2005;24:199–211.

107. Bert T, Lubomierski N, Gangsauge S, Munch K, Printz H,
Prasnikar N, et al. Expression spectrum and methylation-
dependent regulation of melanoma antigen-encoding gene fam-
ily members in pancreatic cancer cells. Pancreatology 2002;2:
146–54.

108. Donadelli M, Costanzo C, Faggioli L, Scupoli MT, Moore PS,
Bassi C, et al. Trichostatin A, an inhibitor of histone
deacetylases, strongly suppresses growth of pancreatic adenocar-
cinoma cells. Mol Carcinog 2003;38:59–69.

109. Sato N, Ohta T, Kitagawa H, Kayahara M, Ninomiya I, Fushida
S, et al. FR901228, a novel histone deacetylase inhibitor, induces
cell cycle arrest and subsequent apoptosis in refractory human
pancreatic cancer cells. Int J Oncol 2004;24:679–85.

110. Moore PS, Barbi S, Donadelli M, Costanzo C, Bassi C, Palmieri
M, et al. Gene expression profiling after treatment with the
histone deacetylase inhibitor trichostatin A reveals altered ex-
pression of both pro- and anti-apoptotic genes in pancreatic
adenocarcinoma cells. Biochim Biophys Acta 2004;1693:167–
76.

111. Guo Y, Pakneshan P, Gladu J, Slack A, Szyf M, Rabbani SA.
Regulation of DNA methylation in human breast cancer. Effect
on the urokinase-type plasminogen activator gene production
and tumor invasion. J Biol Chem 2002;277:41 571–9.

112. Pakneshan P, Xing RH, Rabbani SA. Methylation status of uPA
promoter as a molecular mechanism regulating prostate cancer
invasion and growth in vitro and in vivo. FASEB J 2003;17:1081–
8.

113. Sato N, Maehara N, Su GH, Goggins M. Effects of 5-aza-2′-
deoxycytidine on matrix metalloproteinase expression and pan-
creatic cancer cell invasiveness. J Natl Cancer Inst 2003;95:
327–30.


