
Chapter 13
MicroRNAs in Pancreatic Cancer: Potential
Interests as Biomarkers and Therapeutic Tools

Pierre Cordelier and Jérôme Torrisani

Abstract Pancreatic ductal adenocarcinoma (PDAC) is the fourth cause of death
by cancer in Western countries. Its poor prognosis is primarily explained by a lack
of early diagnostic markers and efficient therapeutic treatments. PDAC does not
appear de novo but rather originates of an accumulation of genetic and epigenetic
alterations that leads to an aberrant production of diverse molecules such as RNA
and proteins. These altered expression profiles result in a multi-step progression of
precursor lesions to invasive PDAC. Therefore, a better understanding of the early
genetic and epigenetic alterations occurring in PDAC development is valuable for
diagnostic and new therapeutic strategies. MicroRNAs (miRNAs) are small endoge-
nous RNA molecules that function as translation inhibitors of messenger RNA by
binding to their 3′ untranslated region. These molecules are tightly involved in the
regulation of many physiological processes such as development, proliferation, inva-
sion, and apoptosis among others. Their expressions are profoundly altered in PDAC
and are strongly involved in PDAC carcinogenesis. In this chapter, we describe the
miRNAs for which the expression is altered in PDAC and PDAC pre-neoplastic
lesions. We outline the different molecular mechanisms that lead to altered miRNA
expression in PDAC cells as well as the signaling pathways affected in response to
altered miRNA expression. Lastly, we review the potential interests of miRNA as
biological markers and therapeutic tools for PDAC.

13.1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth cause of death by can-
cer in Western countries with a 5-year survival rate of ~6% (Jemal et al. 2010).
This poor prognosis is frequently explained by lack of early symptoms, of early
diagnostic markers and of efficient therapeutic treatments. The vast majority of
patients with PDAC displays locally or advanced distant metastasis, which renders
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their disease surgically inoperable. Moreover, PDAC is highly resistant to cytotoxic
chemotherapy and ionizing radiation (Safioleas and Moulakakis 2004).

PDAC does not develop de novo. It takes origin from an accumulation of genetic
and epigenetic alterations in ductal pancreatic cells that result in altered expression
of different molecules (RNA, proteins) (Torrisani and Buscail 2002). These altered
expression patterns lead to a multi-step progression from pre-neoplastic lesions to
invasive PDAC. Pancreatic intraepithelial neoplasia (PanIN) and intraductal papil-
lary mucinous neoplasia (IPMN) are the most common pre-neoplastic lesions of
PDAC. Both lesions affect pancreatic ducts. Therefore, a better understanding of
the early genetic and epigenetic events governing PDAC development is valuable
for diagnostic and new therapeutic strategies.

Many genetic and epigenetic alterations have been described in PDAC and pre-
neoplastic lesions. The most frequent genetic mutations in PDAC is mutations of
the oncogene K-RAS (Kirsten RAS). These activating mutations occur in 60–80%
of patients with PDAC (Torrisani and Buscail 2002). Moreover, multiple molecular
events (chromosomal alterations, point mutations, DNA hypermethylation, etc. . . )
are responsible for the inactivation of tumor suppressor genes such p16, Smad/DPC-
4 (Mothers against decapentaplegic homolog 4/Deleted in pancreatic cancer 4), TP
53 (TP53), among others during PDAC development. These different alterations are
also present in variable proportions in pre-neoplastic lesions (Feldmann et al. 2007).

Altered expression of microRNA (miRNA) was described in PDAC and pre-
neoplastic lesions. MiRNA expression profiles were demonstrated to provide a
precise classification of cancers from different origins (Lu et al. 2005; Volinia et al.
2006). In addition, expression of specific miRNAs can correlate with clinicopatho-
logical features of cancers (Lu et al. 2005).

In this chapter, we will list the miRNAs for which the expression is altered in
PDAC and in PDAC pre-neoplastic lesions. We will describe the different molecu-
lar mechanisms that lead to their altered expression in PDAC cells. The functional
consequences of miRNA altered expression will be also described. Finally, we will
discuss the potential interests in microRNAs as biological markers and therapeutic
tools for PDAC.

13.2 MiRNAs Differentially Expressed in PDAC

MiRNA expression profiles are specific for each cell types, and these profiles are
profoundly altered in cancer cells (Calin and Croce 2006). Interestingly, the altered
profiles are in fact specific for different tumor cell type. This specificity, there-
fore, allows for the classification of tumors depending on their organ of origin.
qRT-PCR and the development of microarray technologies allow the simultaneous
measurement of several hundred miRNAs and for the identification of miRNAs that
are differentially expressed in PDAC when compared to normal pancreas or other
pancreatic pathologies (Seux et al. 2008).

The first study on miRNA expression in PDAC determined the expression level
of 222 miRNA precursors in 28 PDAC samples as compared to 15 adjacent benign
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tissues and 6 normal pancreases (Lee et al. 2007). This initial study revealed that
one hundred miRNA precursors are aberrantly expressed in PDAC and that most
of them display an increased expression in the tumors (Table 13.1). MiR-221,
miR-100, miR-21 and miR-155 are among the most abundantly expressed in pancre-
atic tumors. Soon after, by use of miRNA microarray technologies, the expression
of 326 miRNAs were measured in 65 microdissected PDAC samples and com-
pared to adjacent pancreatic tissues (Bloomston et al. 2007). This analysis revealed
that 30 miRNAs are over-expressed in PDAC whereas three were down-regulated
(miR-148a, miR-148b and miR-375) (Table 13.1). When PDAC samples are com-
pared with those from chronic pancreatitis, 15 miRNAs were over-expressed and
8 were under-expressed in PDAC. Meanwhile, Hahn’s group established the first
pancreatic miRNAome by comparing the data from normal pancreas and a refer-
ence set of 33 human tissues. This miRNA microarray analysis revealed that most
miRNAs have similar expression in both sample sets; and many miRNAs known
to be highly expressed in all tissue types such as miR-16, miR-21 and let-7 family
members, are also very abundant in pancreas. Nevertheless, several miRNAs such
as miR-148a, miR-200a,b,c, miR-216, miR-217 and miR-375 are evidently enriched
in pancreas (Szafranska et al. 2007). In parallel, the comparison of 377 miRNA
expression of five normal pancreases and eight PDAC revealed that 41 miRNAs
are down-regulated and 32 are up-regulated at least twofold (Table 13.1). Among
them, the miR-148a, miR-148b, miR-216 and miR-217 are down-regulated more
than five folds in PDAC whereas miR-155 and miR-196a are robustly enriched.
Similar results were further observed from PDAC biopsy samples (Szafranska et al.
2008). Moreover, the over-expression of miR-196a in PDAC was confirmed after
microdissection of PDAC, healthy ductal cells and acinar cells.

Following these large scale miRNA analysis, other groups have focused on spe-
cific miRNAs in PDAC. Indeed, profiling analysis of 95 miRNA chosen for their
potential functions related to cancer biology lead to the identification of eight
miRNA that are significantly up-regulated in PDAC when compared to adjacent
tissues (miR-196a, miR -190, miR-186, miR -221, miR-222, miR-200b, miR-15b and
miR-95) (Zhang et al. 2009).

MiR-21, one of the most often up-regulated miRNA in human cancer is also
commonly over-expressed in the vast majority of miR expression studies on PDAC
samples (Dillhoff et al. 2008; Giovannetti et al. 2010; Moriyama et al. 2009; Zhu
et al. 2009). Similarly, miR-155, miR-221, miR-222, miR-196a are also frequently
found over-expressed in PDAC (Bloomston et al. 2007; Lee et al. 2007; Szafranska
et al. 2007). Recently, an increased expression of miR-200a, b and c was reported in
PDAC and PDAC derived cell lines (Li et al. 2010a; Yu et al. 2010a).

Although most deregulated miRNAs are indeed due to an over-expression in
PDAC, a specific subset of miRNAs are down-regulated in tumors. Among them,
miR-148a is frequently down-regulated in tumor samples (Bloomston et al. 2007;
Hanoun et al. 2010; Szafranska et al. 2007). MiR-34a for which the transcription is
activated by the protein TP53 was found to be down-regulated in 15/15 PDAC-
derived cell lines when compared to hPNE (human Pancreatic Nestion-positive
Epithelial) and hPDE (human pancreatic ductal epithelial) cell lines (Chang et al.
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2007). Similar results were also observed in MiaPACA-2 and BxPC-3 cell lines
(Lodygin et al. 2008). Reduced expression of the let-7 miRNA family was also
reported in PDAC samples (Bloomston et al. 2007; Torrisani et al. 2009). More
recently, down-regulation of miR-146 was measured in PANC-1 when compared
to hPDE control cell lines (Li et al. 2010b). Although microarray and qRT-PCR
approaches are now usually used, miRNA expression can also be evaluated by in situ
hybridization (ISH) or by Northern blot as recently reported the down-regulation of
miR-20a and miR-96 in PDAC, respectively (Yan et al. 2010; Yu et al. 2010b).

Altogether, the plethora of studies emerging from numerous scientific groups
show a number of miRNA that is undoubtedly deregulated in PDAC samples
(Table 13.1). This collection of miRNAs could serve as the basis for future studies.

13.3 MiRNA Expression Profiles in PDAC Precursor Lesions

As described earlier, altered expression of miRNA is commonly encountered in
PDAC samples. However, alteration of miRNA expression in pre-neoplastic lesions
is less documented. Several precursor lesions of PDAC have been described. These
include PanIN, intraductal papillary mucinous neoplasms (IPMN) and mucinous
cystic neoplasms (Hruban and Adsay 2009). To date, miRNA expression patterns
have been explored only in PanIN and IPMN lesions.

13.3.1 PanIN

PanIN lesions are the most common non-invasive precursor to invasive PDAC.
PanINs are microscopic lesions that are categorized into three histological stages
(PanIN-1A/B, PanIN-2, and PanIN-3) based on the increasing degrees of architec-
tural and nuclear atypia. Several murine models for pancreatic carcinogenesis have
been established to mimic this pancreatic cancer progression (Hingorani et al. 2003;
Hruban et al. 2000; Maitra and Hruban 2008). The expression of three miRNAs,
miR-21, miR-155 and miR-221 was measured in microdissected human PanIN
lesions (Ryu et al.). A significant over-expression of miR-155 was measured at stage
PanIN-2 when compared to non-neoplastic ductal epithelium and confirmed by ISH.
Over-expression of miR-21 was only observed at stage PanIN-3. No difference in
miR-221 levels was observed between normal epithelium and PanIN lesions. A sim-
ilar study from our group determined the expression of seven miRNAs (miR-21,
miR-221, miR-222, let-7a, miR-29c, miR-200 and miR-205) in murine and human
PanIN (du Rieu et al. 2010). Globally, our study revealed that miR-21, miR-205
and miR-200 expression parallels PanIN progression in a KRAS (G12D) mouse
model (Hruban et al. 2001) (Fig. 13.1). Moreover, this study further demonstrates
that the expression of miR-21, miR-221 and miR-222 increases with human PanIN
grade, with a peak of expression in hyperplastic PanIN-2/3 lesions. A recent study
from our group demonstrated a down-regulation of the miRNA-148a in murine and
human microdissected PanIN lesions (Hanoun et al. 2010) (Fig. 13.1).
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Fig. 13.1 MiR-21 and miR-148a expression in microdissected murine pancreatic intraepithelial
neoplasia (PanIN) precursor lesions (du Rieu et al. 2010; Hanoun et al. 2010)

13.3.2 Intraductal Papillary Mucinous Neoplasm (IPMN)

IPMN are large (usually > 1 cm) non-invasive mucin-producing epithelial neo-
plasms that arise in the larger pancreatic ducts (Hruban and Adsay 2009). IPMNs
can be a precursor to invasive adenocarcinoma of the pancreas. So far, only one
study has evaluated the expression of miRNAs in this type of lesion. Relative
expression of 12 miRNAs elevated in PDAC were assessed from 15 non-invasive
IPMN (miR-21, miR-155, miR-107, miR-223, miR-181a, miR-181c, miR-221, miR-
210, miR-16, miR-100, miR-15a and miR-17-5p) (Habbe et al. 2009). These studies
revealed that, except for miR-15a and miR-17-5p, the remaining 10 miRNAs reach a
significant over-expression in IPMN. MiR-155 and miR-21 display the highest rela-
tive fold changes in these lesions. Their expression was evaluated by ISH in a panel
of 64 archival IPMN. MiR-155 and miR-21 expression is elevated in 83 and 81% of
IPMN compare to normal ducts, respectively.

Altogether, these studies on PDAC precursor lesions clearly demonstrate that
alteration of miRNA expression is an early event in PDAC and therefore advocate a
role for microRNA in PDAC initiation and progression.

13.4 Molecular Mechanisms Responsible for Altered
MiRNA Expression

Several molecular mechanisms responsible for altered miRNA expression in cancers
have been described. Some of which were described in PDAC or PDAC-derived cell
lines.

13.4.1 Chromosomal Alterations

Chromosomal alterations (deletions, amplifications) are responsible for the loss- or
gain- of miRNA expression in cancers. For example, miR-15 and miR-16 are located
at chromosome 13q14, a region deleted in more than half of B cell chronic lym-
phocytic leukemias (Calin et al. 2002). Thus far, there are no major chromosomal
alterations that lead to miRNA misexpression described in PDAC.
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13.4.2 Transcription Factor Defects

Deregulated expression or function of transcription factors occurs frequently in
cancers. One example is the transcription factor c-Myc which is pathologically
activated in human malignancies. The predominant consequence of this activation
is a widespread repression of miRNA expression (Chang et al. 2008). Although
the protein TP53 was shown to activate miR-34a promoter, the loss of expres-
sion/function of this protein cannot completely explain for the loss of miR-34a
expression observed in PDAC (Chang et al. 2007; Lodygin et al. 2008).

13.4.3 Epigenetic Alterations

DNA hypermethylation, a major epigenetic alteration, is responsible for silencing
numerous tumor suppressor genes in cancer (Bird 1996). It was recently shown
that this epigenetic alteration can affect miRNA expression (Saito et al. 2006).
A number of examples for epigenetic alterations are described in PDAC samples
or PDAC-derived cell lines. In fact, the miR-34 promoter is hypermethylated in

Fig. 13.2 Methylation level
of miR-148a coding region in
endoscopic ultrasound-guided
fine needle aspiration
(EUS-FNA) biopsies from
patients with chronic
pancreatitis (PC) and
pancreatic ductal
adenocarcinoma (PDAC).
DNA methylation level of
miR-148a coding region as
determined by quantitative
methylation specific PCR
(qMS-PCR) from
EUS-FNA-extracted DNA of
20 patients with proven PC
and 39 patients with proven
PDAC (Hanoun et al. 2010)
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3 out 19 PDAC-derived cell lines (Lodygin et al. 2008). Moreover, the treatment
of MiaPACA-2 and PANC-1 cell lines with the DNA demethylating agent 5-aza-
deoxycytidine, and the histone deacetylase inhibitor, Trichostatin A, demonstrated
that 14 miRNA are induced by at least two fold. Among them, miR-107, miR-103,
miR-29a,b and miR-320 are up-regulated in both cell lines (Lee et al. 2009). More
recently, we have shown that the DNA region encoding miR-148a is hypermethy-
lated in 10/14 PDAC samples when compared to non-pathological adjacent tissues.
We further demonstrated that this hypermethylation is inversely correlated with
miR-148a expression (Fig. 13.2) (Hanoun et al. 2010).

Conversely, DNA hypomethylation of genomic sequences can be responsible
for the over-expression of multiple genes in PDAC (Sato et al. 2003). Recently,
Goggins and colleagues identified two members of miR-200 family, miR-200a and
miR-200b that are over-expressed in PDAC, and for which the DNA coding region
is hypomethylated (Li et al. 2010a).

Histone modifications are also implicated in the regulation of miRNA expression
(Scott et al. 2006). In the PDAC-derived BxPC-3 cells, treatment with Trichostatin
A, a potent histone deacetylase inhibitor, was shown to down-regulate 24 miRNAs
and to up-regulate 5 miRNAs (Zhang et al. 2008). Among them, the miR-200c is
up-regulated and miR-21 is down-regulated.

13.4.4 Exogenous Stimulation of MiRNA Expression

Several exogenous stimuli/compounds that modify miRNA expression have been
reported in cancers. For example, treatment of PDAC BxPC-3 cells with cur-
cumin (diferuloylmethane), a naturally occurring flavonoid displays anti-cancer,
anti-oxidant, anti-inflammatory, anti-proliferative and pro-apoptotic activities, alters
the expression profiles of miRNAs (Sun et al. 2008). Eleven miRNAs are signif-
icantly up-regulated whereas 18 are down-regulated. Among those up-regulated,
miR-22 targets SP1 transcription factor and ESR1 (estrogen receptor 1) mRNAs.
Another study showed that in PANC-1 cells, the isoflavones B-DIM or G2535
decrease the expression of miR-146a (Li et al. 2010b).

13.4.5 Hypoxia

Hypoxic conditions are frequently encountered in solid tumors. Recent studies
demonstrate that such conditions can modify miRNA expression patterns (Crosby
et al. 2009). MiR-210 is shown to be strongly induced in hypoxic conditions in
several types of cancer (Mathew and Simon 2009). Therefore, it is not surprising
that an induction of miR-210 expression by hypoxic condition was also described in
PDAC-derived cell lines as well as in vivo (Huang et al. 2009). These findings have
been complemented with analyses of miR-210 promoter sequences showing that it
is controlled by HIF1alpha by a hypoxia responsive element (HRE).
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13.4.6 Genetic Mutations in MiRNA Genes

Even though mutations in the genomic sequences encoding for miRNA would, in
theory, not modify their expression level, such mutations were reported in both
PDAC tissues and PDAC-derived cell lines (Zhu et al. 2009). Four mutations were
identified in miR-155 and miR-21 genes. Although the two mutations of miR-21
did not affect the promoter activity of this gene, findings for a mutation (A-to-G at
29 nt) downstream of pre-miR-21 resulted in a conformational change of the DNA
secondary structure close to the stem reaching into the pre-miR-21 that led to a
relative reduction of the mature miR-21 expression in vivo.

13.5 Role of MiRNAs in Pancreatic Cancer Development
and Metastasis

The consequence of altered miRNA expression in cancer cells is the deregulation
of targeted mRNAs. These changes result in an aberrant translation of proteins
involved in the control of several cellular processes.

13.5.1 Cell Proliferation and Tumor Growth

The oncogene K-RAS is mutated in 60–80% of PDAC and; thus considered as a
potential marker and target for PDAC treatment. Interestingly, let-7 miRNA fam-
ily targets K-RAS protein expression in human cancer cells (Morris and McManus
2005). We showed that the restoration of let-7 level in Capan-1 PDAC cells strongly
inhibit their proliferation in vitro but we failed to impede tumor growth progression
following intra-tumoral gene transfer (Torrisani et al. 2009). Nevertheless, Watanabe
et al. (2009) reported that the transfection of let-7 inhibitors or the let-7 clusters does
not influence the proliferation rate of AsPC-1 or PANC-1 cells that endogenously
express this miRNA. MiR-21 is largely implicated in the control of proliferation in
various cancer cell lines. Similarly, it was reported that in PDAC cells, transfection
with miR-21 precursor significantly increases their proliferation (Giovannetti et al.
2010; Moriyama et al. 2009). As mentioned earlier, miR-34 expression is reduced in
PDAC cells (Chang et al. 2007; Lodygin et al. 2008). Lodygin et al. (2008) showed
its involvement in the control of cell proliferation. Indeed, they demonstrated that
the restoration of miR-34 in MiaPACA-2 cells suppresses colony formation and
decreases the percentage of cells in S phase by directly targeting the cyclin depen-
dent kinase 6 (CDK6). These proliferative effects induced by the restoration of
miR-34 were later confirmed by other groups (Ji et al. 2009; Kent et al. 2009). Xu’s
group further showed that miR-34 restoration also inhibits tumor-sphere growth in
vitro and tumor formation in vivo. Similarly, it was reported that an enforced expres-
sion of miR-107 in PANC-1 and MiaPACA-2 down-regulates in vitro growth and
represses the expression of a putative target CDK 6 (Lee et al. 2009). Using PDAC
SU86.86 cells, the stable ectopic expression of miR-210, which is highly induced in
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hypoxic conditions, delays the tumor growth when subcutaneously implanted into
nude mice (Huang et al. 2009). Interestingly, miR-210 expression has little con-
sequence on angiogenesis, proliferation and apoptosis. Nonetheless, the inhibitory
effect of miR-210 on tumor growth initiation is partially rescued by expressing
the homeobox protein A1 (HOXA1) and fibroblast growth factor receptor-like 1
(FGFRL1) coding sequence without 3′UTR. Furthermore, lentiviral over-expression
of miR-20a was recently reported to result in anti-proliferative effects in vitro and
in vivo. These findings were attributed to miR-20a functions associated with an
increased percentage of cells in G0/G1 phase and with an post-transcriptional regu-
lation of the protein signal transducer and activator of transcription 3 (STAT3) (Yan
et al. 2010). More recently, an ectopic over-expression of miR-200c was shown to
increase PDAC cell proliferation (Yu et al. 2010a). Inversely, the transient and stable
over-expression of miR-96, which directly targets the oncogene K-RAS, inhibits pro-
liferation of MiaPCACA-2 and PANC-1 cells in vitro and in vivo (Yu et al. 2010b).

13.5.2 Epithelial-mesenchymal Transition (EMT), Invasion,
and Metastatic Behavior

Invasion and metastasis of carcinoma is promoted by the activation of the embry-
onic EMT program, which triggers cellular mobility and subsequent dissemination
of tumor cells. Several miRNAs have been involved in EMT transition, invasive
capacity and metastatic behavior of PDAC cells. Burk et al. (2008) demonstrated
that miR-200c and miR-141 are strong inducers of epithelial phenotype. They
showed that the over-expression of both miRNAs results in the induction of the
epithelial differentiation of PANC-1 cells. Watanabe et al. (2009) demonstrated that
the high-mobility group A protein 2 (HMGA2), a non-histone chromatin factor,
is strongly involved in EMT maintenance in PDAC cells. However, they showed
that although the let-7 family directly targets the 3′UTR of HMGA1, 2 and K-RAS
mRNAs, these miRNAs do not inhibit EMT in PDAC cells that have endogenous
let-7 expression. MiRNA expression profiles were compared between gemcitabine-
resistant and -sensitive PDAC cell lines. Interestingly, it was reported that the
expression of miR-200b, miR-200c, let -7b, -7c, -7d and -7e is significantly reduced
in gemcitabine-resistant cells that display EMT characteristics (Li et al. 2009).
Moreover, transfection of miR-200 results in the reversal of EMT phenotype leading
to epithelial morphology.

13.5.2.1 Invasion

MiR-21 is involved in invasive capacity of PDAC cells. Transfection with the pre-
miR-21 markedly increases PANC-1 cell invasion by indirectly mediating matrix
metalloproteinase MMP-2 and MMP-9 expression (Moriyama et al. 2009). On the
other hand, restoration of miR-34 expression in PDAC cells was showed to inhibit
their invasion (Ji et al. 2009). Low expression of miR-146a was reported in PDAC
cells when compared with normal pancreatic duct epithelial cells (Li et al. 2010b).
The same study further demonstrated that the re-expression of miR-146a inhibits the
invasive capacity of PDAC cells with concomitant down-regulation of epidermal
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growth factor (EGFR) and the NF-κB regulatory kinase interleukin 1 receptor-
associated kinase 1 (IRAK-1). In the same way, the transfection of the high invasive
PANC-1 cells with the precursor of miR-29a reduces their capacity of invasion as
determined by use of the Boyden chamber in vitro invasion assay (Muniyappa et al.
2009). More recently, high levels of miR-200c as measured in 15 PDAC cell lines
was correlated with low invasion ability (Yu et al. 2010a). Similarly, miR-96 dis-
plays inhibitory effects of migration and invasion of PDAC cells as lately reported
by Yu et al. (2010b).

13.5.2.2 Metastatic Behavior

MiRNA participate in the metastatic behavior of PDAC cells. Indeed, sixteen
human PDAC cell lines were orthopically xenografted in a murine PDAC model
and classified in three hierarchical groups according to their metastatic poten-
tial. CD40 was detected as a relevant target for differentially expressed miRNA
in the highly metastatic group. A significant over-expression of CD40-related
miR-224 and miR-486 was measured in this group, which was correlated with
reduced expression of CD40 protein levels (Mees et al. 2009). Using the same
approach, the authors observed a significant induction of EP300 (E1A binding pro-
tein p300) targeting miRNA in the high metastatic group (miR-194, miR-200b,
miR-200c, and miR-429) (Mees et al. 2010). MiR-200 family members (miR-141,
miR-200a, b and c, and miR-429) induce epithelial differentiation, thereby suppress-
ing EMT by inhibiting translation of the EMT-activators zinc finger E-box-binding
homeobox (ZEB)1 and ZEB2 transcription factor. Wellner et al. (2009) by use
of PDAC cells showed that ZEB1 not only promotes tumor cell dissemination
but it is also necessary for the tumor initiating capacity. The authors further
showed that ZEB1 represses the expression of miR-203, known to inhibit stem-
cell identity, and that candidate targets of the miR-200 family are also stem cell
factors; such as sex determining region Y-box 2 (SOX 2) and Krüppel like factor
4 (KLF4). What is more, miR-200c, miR-203, and miR-183 cooperate to suppress
expression of stem cell factors. MiR-10a was identified as an important medi-
ator of metastasis formation in pancreatic tumor cells (Weiss et al. 2009). The
authors observed an increased expression of miR-10a in metastatic PDAC. They
also demonstrated that miR-10a promotes metastatic behavior of PDAC cells and
inversely, that repression of miR-10a was sufficient to inhibit invasion and metas-
tasis formation. These effects were presumed mediated by the inhibition of the
proteins HOXB1 and HOXB3. Over-expression of miR-200a and miR-200b were
shown to regulate smad interacting protein (SIP) expression, which is transcrip-
tional repressor of E-cadherin. However, even if over-expression of miR-200a/200b
induces E-cadherin in PDAC cell lines, it was incapable of reversing the EMT
morphology (Yan et al. 2010). More recently, the over-expression of miR-20a in
PDAC cell lines was shown to inhibit the protein STAT-3 translation and con-
sequently reduced the invasive capacity of these cells and metastatic properties
of the generated tumors (Yan et al. 2010). By targeting STAT-3, miR-20a over-
expression can suppress MMP-2 and VEGF expression; two important players
in EMT.
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13.5.3 Apoptosis and Sensitivity to Anti-cancer Agents

MiRNAs also play important roles in the control of apoptotic processes and in the
sensitivity of PDAC cells to anti-cancer agents. Several examples for miRNA con-
trolled apoptosis exist. For example, Chang et al. (2007) showed that miR-34 is
an important component of the tumor protein 53 (TP53) transcriptional networks.
Re-expression of miR-34 promotes apoptosis by repressing the expression of the
anti-apoptotic protein, B cell lymphoma 2 (BCL2). These results were comple-
mented by Xu and colleagues who showed that, in addition to inducing apoptosis,
miR-34 restoration sensitizes PDAC cells to chemotherapy and radiation (Ji et al.
2009). In contrast, Dusetti’s group elegantly demonstrated that miR-155, which
is up-regulated in PDAC (Bloomston et al. 2007; Lee et al. 2007; Szafranska
et al. 2007), controls the expression of TP53-induced nuclear protein, a potent
pro-apoptotic protein (Gironella et al. 2007). Moreover, Capan-2 cells transfected
with an anti-miR-155 oligonucleotide demonstrated with a significant increase in
apoptosis. In the same way, the ectopic expression of miR-96, for which expression
is decreased in PDAC, induces cell death by apoptosis resulting from a decreased
phosphorylation of Bcl-associated death (BAD) protein (Yu et al. 2010b). The trans-
fection with miR-21 was shown to decrease the sensitivity to gemcitabine treatment
of PANC-1 cells (Moriyama et al. 2009). These findings were recently confirmed by
demonstrating that the addition of phosphoinositide 3-kinase (PI3K) inhibitors and
mammalian target of rapamycin (mTOR) resulted in a decrease of phosphoprotein
kinase B/Akt; and prevented miR-21-induced resistance to the pro-apoptotic effects
of gemcitabine (Giovannetti et al. 2010). Inversely, the transfection of miR-200b
increases the gemcitabine sensitivity of MiaPACA-2 cells (Li et al. 2009).

13.6 Potential Interests in MiRNAs as Biomarkers for PDAC

Molecular markers are still required to help alleviate PDAC prognosis. Progress
must be made for the characterization of large scale diagnostic markers, and for
differential markers to distinguish PDAC from other pancreatic diseases such as
pseudo-tumorous pancreatitis (Bournet et al. 2009). Also, the ability to predict
whether a patient will respond to therapy early in the treatment may be of par-
ticular value to stratify and individualize patient treatment strategies. In addition, a
validated shorter term surrogate end point would reduce the treatment follow-up
period in an attempt to prevent unnecessary disease progression, and ultimately
reduce drug development costs through the more rapid completion of random-
ized controlled Phase III trials. A recent study effectively demonstrated the robust
stability of miRNAs, even from human tissues and cell samples for which reli-
able mRNA analyses are commonly inapplicable (Jung et al. 2010). Therefore,
this robust stability confers to miRNAs a great interest as molecular biomarkers
for PDAC.
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13.6.1 MiRNAs as Diagnostic Marker

Due to their robust stability, the interest in miRNAs as potential diagnostic markers
for PDAC was reported in different types of biological samples (resected tumors,
biopsies, blood samples).

Several attempts were made to establish a miRNA signature for PDAC.
Schmittgen’s group was the first to report the expression profile of miRNA in
PDAC resected tissues. In this pioneering study, the authors demonstrated that the
PAM algorithm based on miRNA expression was able to correctly classified 28/28
tumors, 6/6 normal pancreas and 11 of 15 adjacent benign tissues (Lee et al. 2007).
Expression profiles of miRNAs are also very informative not only to discriminate
tumor type from the normal pancreas, but also for the differential diagnosis of
chronic pancreatitis. Using miRNA microarrays on surgically removed PDAC, nor-
mal pancreas and chronic pancreatitis tissues, Bloomston et al. (2007) reported that
15 over-expressed and 8 under-expressed miRNAs can differentiate pancreatic can-
cer from chronic pancreatitis with an accuracy of 93%. In another study, Szafranska
et al. (2007) showed a clear discrimination between PDAC, chronic pancreatitis
and normal pancreas can be achieved by use of a subset of 20 miRNAs. These
studies showed that neoplastic and non-neoplastic tissues can be secernated. As
mentioned earlier, miR-21 expression is strongly increased in PDAC. It was shown
that 79% of the PDAC samples demonstrated strong staining by ISH, compared
to 8% of begin pancreas and to 27% of chronic pancreatitis (Dillhoff et al. 2008).
Interestingly, none of the non-cancerous tissues demonstrated strong miR-21 stain-
ing. Endoscopic ultrasound (EUS) has become an essential modality in diagnosis
and management of pancreatic malignancies. Gene expression analysis in EUS-
guided fine needle aspirations (FNA) material is now possible on a routine basis.
Szafranska (2008) reported that miRNA altered expression can be measured in
PDAC FNA samples and that the combination of miR-196a and miR-217 expression
can segregate PDAC samples from other pancreatic disease samples. We recently
demonstrated that let-7 expression is repressed in the same type of PDAC samples.
We also showed that the measurement of hypermethylation of miR-148a encoding
DNA region from FNA samples can serve as a useful diagnostic tool to differen-
tiate PDAC and pseudo-tumor forms of chronic pancreatitis (Hanoun et al. 2010)
(Fig. 13.2).

Recently, the discovery of miRNAs in serum establishes the possibility of using
miRNAs as biomarkers of disease. Wang et al. (2009) were the first to report the
detection of miRNA in the blood of PDAC patients. Indeed, miRNA profiling in
plasma can differentiate PDAC patients from healthy controls. Of importance, anal-
yses of plasma levels revealed a 64% sensitivity and 89% specificity for a panel
of four miRNAs (miR-21, miR-210, miR-196a, and miR-155). In a recent study,
miRNA expression was measured by qRT-PCR in plasma of 2 different cohorts of
patients with PDAC and compared to an age-matched control cohort. The authors
demonstrated that circulating miR-210 level is significantly more elevated in PDAC
patients and may potentially serve as a useful biomarker for PDAC diagnosis (Ho
et al.). Lastly, Li et al. (2010a) demonstrated that both miR-200a and miR-200b
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were significantly elevated in the sera of PDAC and chronic pancreatitis patients
compared with healthy controls.

13.6.2 MiRNAs as Prognostic Markers

One main reason for the poor survival rate associated to PDAC is that only a
small fraction of patients (~15%) are diagnosed while they have small, surgically
resectable cancers. Thus, there is considerable interest in identifying reliable prog-
nostic markers, especially for the vast majority (85%) of patients that can undergo
surgery due to a locally advanced or metastatic disease state.

In studies conducted from resected tissues, Bloomston et al. (2007) reported
that the SAM application identified 6 miRNAs that were differentially over-
expressed in patients with a longer survival rates (greater than 2 years)
(miR-452, miR-105, miR-127, miR-518a-2, miR-187, and miR-30a-3p). Moreover,
2 miRNAs were of considerable interest. First, tumors with high expression of
miR-196a-2 have a median survival of 14.3 months compared with 26.5 months for
those with low expression. Second, the median survival in patients with high expres-
sion of miR-219 was 13.6 months compared with 23.8 for those with low expression
whereas no correlation was found with increased expression of TP53 (31/54), loss
of p16 expression (49/56) and lost of SMAD4/DPC4 expression (39/56). In another
study, Greither et al. (2010) measured the expression of miR-155, miR-200, miR-
203, and miR-205 in 56 microdissected PDAC samples and showed that elevated
expression of these miRNAs is associated with poorer survival rates. Additionally,
this study demonstrated that patients with tumors presenting with elevated levels
of all 4 miRNAs retained a 6.2-fold increased risk of tumor-related death com-
pared to patients whose tumors expressed a lower expression of these miRNAs.
As mentioned earlier, strong expression of miR-21 in PDAC was reported in a
plethora of studies. Although its strong expression in cancer does not correlate with
tumor size, differentiation, nodal status or T stage, it predicts limited survival in
patients with node-negative (Dillhoff et al. 2008). It is of interest that these results
differ from those from Tanaka’s group, which observed no correlation between
miR-21 expression and prognosis or other clinicopathologic features (Moriyama
et al. 2009). More recently, by use of microdissected tissues, Giovannetti et al.
(2010) found that patients with high miR-21 expression have a significantly shorter
overall survival both in metastatic and adjuvant settings. Multivariate analysis con-
firmed the prognostic significance of miR-21 expression. The same group recently
published that low miR-21 expression is associated with benefiting from adjuvant
treatment in two independent cohorts of PDAC cases (Hwang et al. 2010). Lastly,
Yu et al. (2010a) investigated the relationship between E-cadherin and miR-200c
expression in a panel of 14 PDAC cell lines and in macrodissected formalin-fixed
paraffin-embedded (FFPE) tissue samples obtained from 99 patients who underwent
pancreatectomy. The authors reported that patients with high levels of miR-200c
expression manifest with a significantly better survival rate as compared to those
with low levels of miR-200c expression.
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13.7 Potential Interests in MiRNAs as Therapeutic
Tool for PDAC

It is now well established that miRNAs play pivotal roles in diverse processes
involved in cancer, such as differentiation, control of cell proliferation and death,
stress response and metabolism. As such, the activation of tumor-suppressive
miRNAs and/or the inhibition of oncogenic miRNAs by small molecules or gene
transfer may potentially provide a fundamental approach for the development of
cancer therapeutics.

To date, most of the approaches used to control miRNA expression are based on
the use of synthetic mimics or small interfering RNAs. Tsuda et al. (2006) reported
that synthetic miRNA designed to target glioma-associated antigen 1 transcrip-
tion factor inhibits division and induces late apoptosis in pancreatic tumor cells.
In another study, miR-21 and miR-221 antisense oligonucleotides were demon-
strated to inhibit PDAC cell proliferation (cell cycle arrest in G1) and increases
their sensitivity to gemcitabine treatment (Moriyama et al. 2009; Park et al. 2009).
Down-regulation of proliferation-inducing miRNA can also be triggered by external
stimuli. Weiss et al. (2009) reported that miR-10a expression promotes metastatic
behavior of PDAC-derived cells and that repression of miR-10a is sufficient to
inhibit invasion and metastasis formation. Interestingly, the authors found that
miR-10a is targeted by retinoid acid and that retinoic acid receptor antagonists effec-
tively repress miR-10a expression and fully block metastasis. On the other hand,
miR-34 enforced expression by mimics or lentiviral transduction inhibits invasion,
promotes apoptosis and cell cycle arrest. As a result, treated cells are more sensi-
tive to chemotherapy and radiation. Following a similar strategy, Li et al. (2010b)
demonstrated that increasing cellular miR-146a content using mimics or the nat-
ural products 3,3′-diinodolylmethane (DIM) or isoflavone, inhibited the invasive
capacity of PDAC-derived cells with concomitant down-regulation of EGFR and the
NF-kappaB regulatory kinase interleukin 1 receptor-associated kinase 1 (IRAK-1).
We recently demonstrated that restoring let-7 expression strongly affects the prolif-
eration of a PDAC-derived cell line (Torrisani et al. 2009). Unfortunately, we failed
to antagonize in vivo pancreatic tumors growth using the same approach by deliv-
ering let-7. Akin to our findings, Watanabe et al. (2009) suggested that ectopically
expressed let-7 miRNAs may not evidently have a therapeutic role in PDAC cells
that originally express let-7.

13.8 Perspectives and Challenges

MiRNAs have proven effective for PDAC classification, prognostic stratification
and drug-response prediction. These small but potent molecular markers can be
detected and quantified not only in frozen tissues, but also in FFPE tissues, as well
as serum/plasma samples. Whether this will translate into clinical application is still
highly debated. Nevertheless, circulating miRNAs are expected to be proven as spe-
cific and sensitive for PDAC as compared to current biomarkers and therefore raise
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promising perspectives for PDAC detection. Concerning the use of miRNA as anti-
cancer targets or molecules for PDAC in vivo, the efficiency of these approaches
is still to be demonstrated. In vivo use of so called antagomirs may be an opportu-
nity to achieve significant down regulation of oncomirs in solid tumors. However,
cell targeting and distribution of miRs by this approach remains challenging. This
issue may be resolved by the intratumoral transduction of tumors using targeted
viral vectors encoding for pro- or anti-miRNA.
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