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INTRODUCTION

Pancreatic cancer is currently the third leading cause
of cancer-related death in the United States [1] and is pre-
dicted to be the second leading cause by 2030 [2]. The
vast majority of pancreatic cancer cases (~90 percent) are
diagnosed as pancreatic ductal adenocarcinoma (PDAC),
while other forms of pancreatic cancer (e.g., neuroen-
docrine tumors, squamous, pseudopapillary, and acinar
cell carcinomas) are much less frequent [3-6]. PDAC re-
mains one of the most intractable and devastating of all
malignancies, with a median survival time of six months
after diagnosis and a five-year survival rate of 5 to 7 per-

cent, PDAC kills close to 40,000 people in just the United
States each year [1,4]. The bleak prognosis of PDAC is
due to lack of early detection, and an aggressive biology
with extensive stromal involvement and almost inevitable
dissemination, rapidly leading to an incurable stage, for
which therapeutic intervention is a challenge [7-9]. No-
tably, these aggressive neoplasms are highly resistant to
conventional chemotherapy and radiation [10,11]. Sur-
gical resection is the only curative modality; however,
less than 20 percent of PDAC patients are eligible for sur-
gery, and even with adjuvant chemotherapy, five-year
survival in this group is only 20 to 25 percent [12,13].
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RevIew

Pancreatic cancer is the third leading cause of cancer mortality in the U.S. with close to 40,000 deaths per
year. Pancreatic ductal adenocarcinoma (PDAC†) represents approximately 90 percent of all pancreatic
cancer cases and is the most lethal form of the disease. Current therapies for PDAC are ineffective and
most patients cannot be treated by surgical resection. Most research efforts have primarily focused on how
genetic alterations cause, alter progression, contribute to diagnosis, and influence PDAC management.
Over the past two decades, a model has been advanced of PDAC initiation and progression as a multi-step
process driven by the acquisition of mutations leading to loss of tumor suppressors and activation of onco-
genes. The recognition of the essential roles of these genetic alterations in the development of PDAC has
revolutionized our knowledge of this disease. However, none of these findings have turned into effective
treatment for this dismal malignancy. In recent years, studies in the areas of chromatin modifications, and
non-coding RNAs have uncovered mechanisms for regulating gene expression which occur independently
of genetic alterations. Chromatin-based mechanisms are interwoven with microRNA-driven regulation of
protein translation to create an integrated epigenetic language, which is grossly dysregulated in PDAC.
Thus in PDAC, key tumor suppressors that are well established to play a role in PDAC may be repressed,
and oncogenes can be upregulated secondary to epigenetic alterations. Unlike mutations, epigenetic
changes are potentially reversible. Given this feature of epigenetic mechanisms, it is conceivable that tar-
geting epigenetic-based events promoting and maintaining PDAC could serve as foundation for the devel-
opment of new therapeutic and diagnostic approaches for this disease.
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Certain genetic alterations (e.g., KRAS G12D) in pan-
creatic epithelial cells leading to the expression of mutant
forms of the encoded protein are key drivers in PDAC de-
velopment (See Figure 1). These alterations initiate in
noninvasive precursor lesions. The most well character-
ized of these are microscopic lesions consisting of prolif-
erated epithelial cells called pancreatic intraepithelial
neoplasia (PanIN), which are classified into PanIN 1-3
based on the severity of their histopathological dysplasia
[14,15]. Less commonly, PDAC may also derive from
macroscopic intraductal papillary mucinous neoplasms
(IPMNs) or mucinous cystic neoplasms (MCNs) [16]. At
the PanIN-1 stage, some mutations in KRAS are de-
tectable, whereas alterations in CDKN2A, SMAD4, and
TP53 are acquired in PanIN-2 or 3 grades [17,18]. The
past several decades of PDAC research have yielded sub-
stantial knowledge about the genetics of tumor cells.
Genome-wide DNA sequencing efforts have demon-
strated that each PDAC patient tumor has a unique muta-
tional landscape, with an average of 26-119 mutations per
tumor reported in several studies [19-22]. In addition,
PDAC patient samples have been shown to contain many
chromosomal rearrangements, including gene deletions
and amplifications [20,23]. This knowledge of mutational
drivers has led to new understanding of the basis of onco-
genesis in PDAC and has suggested new potential thera-
peutic approaches targeting the molecular pathways
disrupted by mutation [19,22,24,25]. However, these find-
ings have not yet not translated into effective strategies
for PDAC treatment. For example, there has been a lack
of success in the development of clinically applicable di-
rect inhibitors of KRAS, and attempts to disrupt the
KRAS pathway through the use of inhibitors of kinases
downstream of KRAS [e.g., RAF, mitogen kinase kinase
1 [MeK], phosphoinositide 3-kinase [PI3K]) alone or in

conjunction with cytotoxic agents such as gemcitabine
have led to disappointing results in clinical trials thus far
[7,26-32].

Therefore, additional approaches beyond genomic
characterization are needed to elucidate the dysfunctional
biology of PDAC and identify novel targets for therapeu-
tic intervention. PDAC tumors exhibit significant changes
in gene expression compared to normal pancreatic ex-
ocrine cells [25,33], even at loci that are not genetically al-
tered. Thus, genomic alterations do not directly account
for all of the phenotypic and molecular aberrations
demonstrated by PDAC cells. In recent years, PDAC re-
search has turned to the field of epigenetics to attempt to
further understand these alterations in gene expression ob-
served in this disease. epigenetics was initially defined as
the inheritance of cell phenotype unrelated to the DNA se-
quence [34]. A revised version of the definition of epige-
netics refers to the mechanisms by which cells stably
maintain or alter their gene expression (i.e., phenotype)
without changes in DNA sequence [35]. The processes in-
cluded under the epigenetic mechanism “umbrella” are
DNA methylation, histone post-translational modification,
nucleosome remodeling and regulation by non-coding
RNAs (ncRNAs) [35,36]. In this review we will discuss
recent findings in the field of PDAC epigenetics and their
impact on the biology and translational significance for
this devastating malignancy.

OVERVIEW OF EPIGENETIC MECHANISMS
epigenetic processes can be divided mechanistically

into the regulation of DNA methylation, histone-based
mechanisms which include post-translational modifica-
tions and nucleosome remodeling, and regulation of tran-
scription or translation by ncRNAs.
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Figure 1. Diagram of major genetic and epigenetics mechanisms mediating PanINs and PDAC development. This re-
view focuses on three specific epigenetic mechanisms to alter gene expression: DNA methylation, histone-based epi-
genetics, and ncRNAs.



DNA Methylation

The methylation of cytosine to 5-methylcytosine
(5mC) in cytosine-phosphate-guanine (CpG) regions of
DNA sequences is a crucial epigenetic modification reg-
ulating gene activity. DNA methylation often occurs in
extended stretches of CpG, called CpG islands [37]. DNA
hypermethylation in gene promoters is often linked to the
repression of transcription, whereas DNA demethylation
of normally methylated promoters is frequently associated
with increased gene expression [38]. Although the func-
tions of gene body methylation are not fully elucidated,
global demethylation is considered to increase genomic
instability and elevate genetic mutation rates, leading to
carcinogenesis [39]. DNA methylation is accomplished
by DNA methyltransferases (DNMT1, DNMT3a, and
DNMT3b). De novo DNA methylation is a mainly a prod-
uct of the activity of DNMT3a and DNMT3b, whereas the
maintenance of DNA methylation over the course of DNA
replication is a result of the activity of DNMT1 [38]. Phys-
iological DNA methylation is essential in embryonic de-
velopment, genomic imprinting, X-chromosome
inactivation for monoallelic expression, and preventing
chromosomal instability by suppressing the expression of
transposable elements [38,40]. In differentiated somatic
cells, most CpG islands at gene promoters remain at low
levels of methylation and these genes can be transcrip-
tionally activated depending on the state of histone mod-
ifications, as discussed later in this review. However, a
small percentage of CpG islands become methylated re-
sulting in a long-term repressed state of the gene tran-
scription. Most human tumors, including PDAC have
been shown to exhibit aberrant DNA methylation, includ-
ing both a global loss of DNA methylation, particularly at
repetitive elements and at some gene promoters, and hy-
permethylation at CpG islands within specific gene pro-
moters [41]. Demethylation of repetitive elements may
increase genomic instability, leading to chromosomal
deletions, translocations and amplifications typical of
many cancers [38]. when present at gene promoters,
demethylation may lead to the expression of normally
silent genes, such as cancer drivers. In contrast, promoter
DNA hypermethylation has been shown to be responsible
for the repression of tumor suppressors in cancer.

Many genes are reported to be silenced by CpG
methylation in PDAC. For example, the CDKN2A (p16)
gene, a tumor suppressor functioning as a cell cycle regu-
lator by inhibiting a cyclin-dependent kinase, is known to
be inactivated in 98 percent of PDAC, either by genetic
or epigenetic mechanisms [42]. while the genetic mech-
anisms consist of intragenic mutation and homozygous
deletion, p16 is epigenetically silenced in cases without
mutation by CpG methylation of its promoter in 14 to 21
percent of PDAC cases [42]. An example of DNA methy-
lation alterations leading to expression of a pro-oncogenic
protein is the expression of guanine nucleotide exchange
factor, vAv1, in PDAC [43]. VAV1 in normally expressed

only in hematopoietic cells but is expressed in human
PDAC samples as a result of promoter DNA hypomethy-
lation and gene body DNA hypermethylation [43-45].
Further, VAV1 expression and promoter hypomethyla-
tion/gene body hypermethylation is negatively correlated
with PDAC patient survival [43,44]. Finally, the promoter
hypomethylation of VAV1 leading to its increased expres-
sion was recently demonstrated to be a result of TGFβ 

signaling in PDAC, wherein TGFβ leads to a dissocia-
tion of DNMT1 from the VAV1 promoter [44].

A number of studies have used genome-wide ap-
proaches to identify genes that are differentially methy-
lated in PDAC samples vs. normal pancreas. For example,
vincent and colleagues [46] performed methylated CpG
island amplification followed by CpG island microarrays
in conjunction with gene expression studies in PDAC cells
vs. control pancreatic tissue samples. This study detected
a number of genes silenced by DNA methylation, includ-
ing genes involved in stem cell pluripotency (BMI1,
BMP3, FOXD3), wNT signaling (WNT5A, APC2, SOX1)
and cell adhesion (CDH2, CDH4, PCDH1, and PCDH10)
[46]. Several genes were found to be hypomethylated and
overexpressed in PDAC relative to normal cells including
genes for chromatin enzymes (e.g., histone methyltrans-
ferase SETD8, histone deacetylase KDM6A and the his-
tone acetylase EP400) and oncogenes (JUNB, MYB, and
FOS) [46]. A recent study compared the methylation pro-
files of 167 resect PDAC samples from previously un-
treated patients with 29 samples from untransformed
regions of pancreas and identified ~3500 aberrantly
methylated genes in PDAC [47]. Pathway analysis of af-
fected genes indicated the axonal guidance signaling path-
way as one of the most effected processes with
hypermethylation of the ROBO1, ROBO3, SLIT3, and
SLIT2 genes. The axon guidance pathway, including
SLIT/ROBO ligand/receptor signaling, is best known for
its role in neuronal pathfinding and angiogenesis but has
also been shown to be deregulated in a number of cancers
[48,49]. exome sequencing of human PDAC tumors have
recently revealed frequent mutations in SLIT and ROBO
genes [19]. Although the functions of SLIT and ROBO
proteins in PDAC are still under investigation [19,50],
some studies suggest that these proteins can play a tumor
suppressive role [49,51]. Thus, silencing or mutation of
these proteins in PDAC may support oncogenesis. Other
pathways identified included TGFβ, integrin and wNT
signaling [47]. Dutreal et al. compared gene promoter
methylation patterns between a small number of samples
of PDAC, chronic pancreatitis (CP), a condition predis-
posing to PDAC, and normal pancreas [52]. This approach
identified some genes that were hypermethylated in
PDAC only and some that were methylated in both PDAC
and CP. One of the genes hypermethylated in both PDAC
and CP was WNK2, a cytoplasmic serine/threonine kinase.
Further study showed that WNK2 mRNA and wNK2 pro-
tein expression decreased progressively from normal pan-
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creas, through PanIN to PDAC. Finally, wNK2 in tumor
tissue was negatively correlated with extracellular signal-
regulated kinase (eRK) phosphorylation, and wNK2
overexpression in PDAC cells in vitro inhibited growth.
These finding suggest a role for WNK2 silencing by DNA
hypermethylation that supports pancreatic oncogenesis.

Thus, genome-wide studies discovered many genes
that are differentially methylated in PDAC. each publica-
tion identified different, although sometimes overlapping,
lists of genes that are aberrantly methylated, and subsets
of genes that are regulated by methylation status. Differ-
ences between studies in individual samples (e.g., PDAC
cell lines vs. patient samples), molecular methods (e.g.,
particular methylation arrays) and mode of data analysis
(e.g., threshold values for significant differences in methy-
lation or expression) may explain some variance between
the studies. Nonetheless, these investigations have pro-
vided further insight into genes and pathways that are epi-
genetically regulated by DNA methylation. while some
genes identified by global methylation profiles were
known to be involved in PDAC (e.g.TGFβ, wNT) [24],
other novel genes may provide important targets for fu-
ture investigation. It should be emphasized that genome-
wide scale studies of gene methylation in pancreatic
cancer report that the expression of only some genes with
altered methylation patterns in cancer vs. normal tissue
are regulated simply by inverse correlation with methyla-
tion, indicating that other epigenetic mechanisms play
roles in the net expression of these genes [46,47,53].

A number of investigations have evaluated whether
changes in DNA methylation observed in PDAC are also
detectable in precancerous stages (e.g., CP and PanIN) in
the pancreas. For example, Peng et al. [54] compared the
promoter methylation of a series of genes (e.g., CDKN2A,
APC, BRCA1, GSTP1, TIMP3, CDH1, and DAPK1) in
microdissected human samples of normal pancreatic duct
epithelium, ducts of inflamed pancreas, PanIN and PDAC.
Although individual samples of each tissue subtype ex-
hibited some heterogeneity of methylation patterns, on av-
erage a progressive increase in methylation of these genes
was found when comparing normal tissue to inflamed
ducts, through PanIN to PDAC. Among the PDAC sam-
ples, higher numbers of methylated genes was associated
with poorer tumor differentiation and also with higher ex-
pression of DNMT1 [54].

The mechanisms by which DNA methylation is al-
tered in PDAC are not fully understood. One possible
proximal cause of hypermethylation of certain genes is
that DNMTs are overexpressed in PDAC, as they are in
some other cancer types [55]. Several investigators have
reported that DNMT1, DNMT3a and/or DNMT3b are el-
evated in PDAC [56-59], although one report suggests that
DNMT3b is decreased [60]. Thus, it is possible that
DNMT overexpression may drive hypermethylation at
gene loci. One mechanism for DNMT overexpression in
PDAC is that DNMTs may be elevated by oncogene sig-

naling [61]. In addition, nuclear protein 1 (Nupr1), a chro-
matin protein that is overexpressed in pancreatitis and
PDAC, binds to the DNMT1 promoter, enhancing the ex-
pression of this gene [62]. The DNMT3b promoter is re-
port to be hypomethylated with coordinate overexpression
of DNMT3b in some PDAC samples [53], suggesting the
importance of DNA methylation mechanisms in regulat-
ing this gene. In addition, DNMT3b is reported to be am-
plified in some PDAC samples, leading to enhanced
activity [59]. Finally, DNMT activity could be altered
without changes in mRNA or protein expression by the
interaction between DNMTs and other proteins.

The alteration of methylation status of the cellular
epigenome may begin early in the development of PDAC.
Peng et al. 2005 [58] found that DNMT1 expression in-
creased from normal pancreatic ducts through inflamed
pancreatic ducts and PanIN to PDAC. The methylation of
genes studied by Peng et al. 2006 [54] was also found to
increase progressively from normal duct through PanIN
to PDAC. Increasing DNA methylation of specific genes
was also reported when comparing low to high grade
PanINs [63]. The progressive DNA methylation and si-
lencing of individual genes (e.g., wNK2) from normal tis-
sue through PanIN to PDAC has also been demonstrated,
as has the systematic hypomethylation and enhanced ex-
pression of genes (e.g., MUC4) in the transition to PDAC
[64]. Thus, the epigenetic dysregulation of the PDAC
methylome appears to be an additive process that begins
at preneoplastic stages of the disease. The mechanisms by
which DNMT1 expression may be increased during
PDAC progression are not fully known, but are likely to
arise secondarily to oncogene signaling and/or interactions
between stromal and tumor cells [57,61,65].

Histone Posttranslational Modifications and 
Nucleosomal Dynamics

Chromatin consists of the genomic DNA systemati-
cally wound and condensed by association with histones
and other proteins [66,67]. Nucleosomes are considered
to be the basic unit of chromatin. each nucleosome is an
octamer of histones (two molecules each of histones H2A,
H2B, H3 and H4) upon which ~146 base pairs of genomic
DNA are wound [35,68]. Chromatin remodeling, i.e., re-
configuring chromatin structure into a more open or
closed state, is an important mechanism that contributes to
the regulation of gene transcription. Two important com-
ponents of chromatin remodeling are post-translational hi-
stone modification, and nucleosome remodeling, a process
in which particular regions of DNA are spooled onto or
off of nucleosomes [66,69,70].

Post-translational chemical modification on histone
tails is an evolutionally conserved mechanism involved in
transcriptional regulation [71-73]. Several distinct types
of histone modification are known, such as acetylation,
methylation, phosphorylation, ubiquitination and
SUMOylation, all of which are generally referred to as
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“histone marks” [35]. The concept of the “histone code”
has been extensively reviewed [36,74-77]. Briefly, this hy-
pothesis proposes that each type of histone mark present
at specific locations relative to genes (i.e., promoters, en-
hancers, gene bodies) conveys specific information to the
transcriptional machinery about whether a gene should be
expressed or repressed. The concepts of “writers” (en-
zymes that place the marks), “readers” (proteins that rec-
ognize the mark, and likely recruit other proteins to the
site), and “erasers” (enzymes that remove the mark) have
been important for the development of mechanistic mod-
els of histone-based regulation of gene transcription. Al-
though there is debate over whether histone marks directly
influence gene transcription or are simply reflective of the
present transcriptional state of genes (e.g., see [78]), clear
evidence exists that particular histone marks recruit spe-
cific protein complexes (e.g., methylated histone 3, lysine
9 recruits heterochromatin 1 proteins and acetylated
lysines bind bromodomain-containing proteins) that can
repress or activate transcription [79,80].

The most widely studied histone modification is ly-
sine alteration, including lysine methylation, acetylation
and phosphorylation. Specific lysine methylation marks
on chromatin associated with promoter regions have been
shown to be correlated with transcriptional activation
[e.g., histone 3, lysine 4 trimethylation and histone 3, ly-
sine 36 trimethylation (H3K4me3 and H3K36me3)] or si-
lencing (e.g., H3K9me3 or H3K27me3), usually through
recruiting co-effectors, such as heterochromatin protein 1
(HP1) binding to H3K9me3 and Polycomb-group proteins
to H3K27me3 [81]. One, two, or three methyl groups can
be added to the lysine residues on a histone tail, and each
of these modifications can have different significance. In
addition, a regulatory region may be associated with mul-
tiple marks. For example, genes whose promoters are
marked with H3K4me3 and H3K27me3 are called biva-
lent genes. Such genes express negligible or low transcript
but are said to be poised to be activated upon a stimulat-
ing signal. Bivalent genes are a frequent feature in stem
cells and pluripotent cells, where these genes can be acti-
vated by loss of H3K27me3, or repressed by loss of
H3K4me3, upon signals for differentiation or develop-
ment [35,77]. Similarly, H3K4me1 and H3K27me3 have
been demonstrated to be indicative of poised enhancers.

In PDAC there are numerous examples of code writ-
ers and erasers that are aberrantly expressed and/or acti-
vated. For example, eZH2, a well-studied trimethylation
writer of H3K27, is a component of Polycomb Repressive
Complex 2 (PRC2), which is known to regulate cell-cycle
checkpoints and DNA damage repair pathways [82].
eZH2 overexpression is associated with poor prognosis
of cancer, including PDAC [83], as a result of silencing
tumor suppressor genes, such as e-cadherin [84],
CDKN1C [85] and BRCA1 [86]. In PDAC, poorly dif-
ferentiated PDAC is known to exhibit nuclear accumula-
tion of eZH2 more frequently [87], in which context

tumor suppressor p27Kip1 is implicated to be a target gene
of eZH2. eZH2 is frequently overexpressed in PDAC
compared to normal pancreas [87,88]. RAS oncogenic sig-
naling increases eZH2 expression in PDAC [89], sug-
gesting a possible mechanism for eZH2 upregulation.
High eZH2 expression in PDAC is significantly associ-
ated with decreased e-cadherin expression and more ag-
gressive disease [90]. In contrast, depletion of eZH2 by
RNAi in PDAC cells inhibits cell growth, increases
chemosensitivity, and decreases the growth of PDAC can-
cer stem cells [87,91]. The abovementioned studies indi-
cate that eZH2 can play a pro-oncogenic role in PDAC.
However, a study using genetic mouse models of pancre-
atic neoplasia showed that mice with pancreas-specific ex-
pression of KRASG12D plus knockout of eZH2 accelerated
the incidence and stage of neoplasia compared to mice
with KRASG12D alone [92]. Results from that study also
suggested that eZH2 may be involved in the repair of pan-
creatic tissue after injury, and proposed that loss of eZH2
may contribute to pancreatic carcinogenesis by inhibiting
tissue regeneration. In addition, investigations have shown
that H3K27me3 levels are decreased PDAC vs. normal
pancreas and that lower levels of H3K27me3 are associ-
ated with a poorer prognosis among PDAC patients
[88,93]. Thus, although eZH2 is generally elevated in
PDAC, its enzymatic product, H3K27me3, is decreased.
The reasons for these seemingly anomalous findings are
not known, but might involve imbalances in other com-
ponents of the PRC2 complex (e.g., eeD, SUZ12) that
could affect the activity of eZH2. In summary, eZH2 lev-
els are altered in pancreatic cancer; however, reports of its
role in oncogenesis are so far conflicting. Further studies
are needed to determine if other PRC2 proteins are altered
in PDAC. The possible role of eZH1, a homolog of eZH2
that can also catalyze the trimethylation of H3K27
[94,95], in PDAC should also be investigated.

Components of the Polycomb complex 1 (PRC1),
such as Bmi1, also have been shown to be important for
the PDAC development. Bmi1 is increased in PDAC, as
well as in chronic pancreatitis and PanIN lesions [96], sug-
gesting that the overexpression of Bmi1 is an early event
in the ontogeny of PDAC. Using a conditional knockout
of Bmi1 in combination with a Kras(G12D)-driven PDAC
mouse mode, Bednar et al. [97] demonstrated that the re-
quirement for Bmi1 in PDAC carcinogenesis is inde-
pendent of the Ink4a/Arf locus and at least partially
mediated by dysregulation of reactive oxygen species.

H3K4me activating marks are written by SeT1 pro-
tein complexes, including the mixed lineage leukemia
(MLL) protein family. while chromosomal translocation
of MLL family genes have been well established as a
cause of leukemia, there is increasing evidence that this
family of proteins is frequently mutated in other cancers,
including PDAC [98]. The MLL family consists of four
members with histone methyltransferase activity, referred
to as MLL1-4 [99]. Due to inconsistency in the literature
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between the nomenclature of MLL2 and MLL4, we clar-
ify that we will refer to gene KMT2B on chromosome 19
as MLL2, and gene KMT2D on chromosome 12 as MLL4.
each MLL forms a large complex with additional protein
subunits (e.g., wDR5, ASH2L, DPY30, and RBBP5) and
with the ability to di- and tri-methylate H3K4 (see Figure
2) [99]. Current evidence demonstrates that each MLL
complex has different functions but the roles of these pro-
teins are not yet fully understood [100-102]. Of note, the
MLL1 and MLL2 complexes bind to the transcriptional
regulator, menin, a protein in which germline mutations
lead to inherited multiple endocrine neoplasia type 1, a
cause of pancreatic neuroendocrine tumors [98,103-105].
Genome-wide sequencing studies have demonstrated that
some PDAC tumors contain mutations in MLL proteins
[19,21,22,24,106]. One study reported that out of ~100
PDAC samples tested, mutations in MLL3, MLL4 and

MLL1 occurred in 7, 5, and 2 percent of patients, respec-
tively [106]. In addition to point mutations, truncations,
frameshifts and amplification of MLL genes have been re-
ported in PDAC [20,106,107]. Sausen et al. [106] reported
that mutations in MLL1, MLL3, and MLL4 were corre-
lated with improved overall survival in PDAC. In addi-
tion, Dawkins et al. [108] found that decreased MLL3 and
MLL4 expression in tumors was correlated with increased
survival time in PDAC patients. Studies by this same
group showed that knockdown of MLL4 in PDAC cells
in vitro led to reduced cell growth with an inhibition of
the cell cycle and increased apoptosis. Thus, it appears
that loss of expression or mutation of MLL proteins may
have a negative impact on tumorigenesis or prognosis and
that the presence of the wild type protein in some way sup-
ports oncogenesis. However, further studies are needed to
refine these observations.
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Figure 2. MLL and SWI/SNF complexes. A) Representation of the MLL1 protein complex. MLL1 is expressed as a
single protein but cleaved to an N- and C-terminal fragment by the enzyme, taspase. MLL2 has a similar subunit
structure. MLL3 and MLL4 are not cleaved by taspase and are not associated with menin or LEDGF, but maintain as-
sociation with WDR5, RBBP5. ASH2L and DPY30, and possess other unique subunits [99,105]. B) Generalized rep-
resentation of a SWI/SNF complex. Several different complexes have been characterized with the alternatively
exclusive presence of SMARCA2 or SMARCA4, and the presence of either ARID1A, ARID1B, or ARID2 plus PBRM
[118].



Acetylation (Ac) of lysines (e.g., H3K9Ac and
H3K27Ac) is usually associated with gene activation
[109,110]. Lysine acetylation neutralizes the positive
charge on histone tails, which is proposed to releases chro-
matin compaction, thus opening up chromatin for gene
transcription [111]. However, histone acetylation has
other more specific roles such as recruiting bromodomain
proteins to chromatin [112]. A large number of histone
acetylases and histone deacetylases (HDACs) are involved
in the writing and erasing of histone acetylation marks
[59,110,113]. Compared to histone methylation, the role
of histone acetylation has been far less studied in PDAC.
One report evaluated H4K12 and H3K18 acetylation in
PDAC samples by immunohistochemistry and found that
these acetylation marks were indicators of lower overall
survival in patients [114]. This study suggests that signif-
icant alterations in the acetylation machinery occur in
PDAC that impact upon tumor biology. Mutations in the
eP300 histone acetylase have been reported in PDAC
[115]. High expression of the NAD-dependent histone
deacetylase, Sirtuin 1 (SIRT1), has been shown to be as-
sociated with poorly differentiated PDAC and is nega-
tively correlated with PDAC patient survival [116]. SIRT1
expression in PDAC cells increased their viability, while
small molecule inhibition of SIRT1 repressed growth in
these cells [116]. Similarly, HDAC7 was reported to be
overexpressed in PDAC and its expression was associated
with poorer patient survival and disease recurrence [117].
Further investigations are required to determine what spe-
cific genes are affected by alterations in acetylation in
PDAC that account for the impact of histone deacetylases
on PDAC cell phenotype and patient prognosis.

Nucleosomal remodeling is accomplished by large
protein complexes, such as SwI/SNF (switch-defec-
tive/sucrose non-fermentable) complexes containing
BRG1 (SMARCA4) or BRM (SMARCA2) ATPases (see
Figure 2) [118]. These protein complexes utilize the en-
ergy of splitting ATP to alter nucleosome position on the
DNA strand, resulting in more open or closed chromatin
structure [119]. SwI/SNF complexes are composed of
~10 protein subunits and several distinct complexes have
been identified which are differentiated by the presence
of specific alternate subunits (see Figure 2) [120]. For ex-
ample, SwI/SNF complexes contain either BRG1 or
BRM, and either ARID1A, ARID1B, or PBRM1 plus
ARID2. In addition to their nucleosome remodeling abil-
ities, SwI/SNF complexes have been shown to interact
with epigenetic cofactors (e.g., HDACs, arginine methyl-
transerases) at gene promoters and thus are able to modu-
late gene expression by other means besides nucleosome
positioning [121,122].

Multiple investigations have identified mutations in
SwI/SNF components in PDAC [22,24,106]. For exam-
ple, Bailey et al. [24] reported that 14 percent of PDAC
samples had mutations in the SwI/SNF proteins,
ARID1A, PBRM1 or SMARCA4. In addition, the

ARID1B gene has been demonstrated to be silenced by hy-
permethylation in PDAC [123], while BRG1 is reported to
be expressed in PDAC tumor tissue but not in neighbor-
ing benign pancreas [124]. These observations suggest
that SwI/SNF proteins can be altered in PDAC by epige-
netic mechanisms as well as by mutation. Several studies
have attempted to address the role of SwI/SNF proteins in
PDAC. Numata et al. [125] investigated SwI/SNF protein
expression in PDAC samples vs. patient clinical charac-
teristics. This study showed that high BRM and low
PBRM1 were independent indicators of poorer survival,
however BRG1 levels were not correlated with survival.
In contrast, Dal Molin et al. found that surgically ~50 per-
cent of resected IPMNs out of 60 samples exhibited re-
duced Brg1 immunostaining compared to normal
pancreatic tissue. Using genetically engineered mouse
models, Brg1 was selectively deleted in pancreatic ex-
ocrine cells in the context of KRAS mutant expression
[126]. Loss of Brg1 reduced PanIN formation but in-
creased IPMN development, leading to the suggestion that
Brg1 promotes tumor formation in the case of PDAC de-
rived from acinar cells, but plays a role in impeding the
differentiation and hyperplasia of pancreatic duct epithe-
lial cells [126,127]. In vitro, knockdown of Brg1 de-
creased the growth of PDAC cells in vitro and in
xenografts, led to reduced AKT and p21cip/waf activation
and increased chemosensitivity [124], further supporting
the concept that Brg1 supports oncogenesis in PDAC. To-
gether, these findings suggest that SwI/SNF proteins have
cell context-dependent effects on pancreatic oncogenesis.
Brg1 has been shown to regulate c-MYC [128,129], a pro-
tein frequently over-expressed in PDAC and known to
regulate key oncogenic pathways [130,131]. Brg1 binds
directly to the c-MYC promoter, and also interacts with c-
MYC at MYC target gene promoters [122,128,129,132].
while BRG1 expression is usually negatively related to
c-MYC expression, BRG1 increases c-MYC expression
in hematopoietic cells by binding to a 3’ enhancer of the
c-MYC gene [133]. Thus, BRG1 mutation or loss of ex-
pression in PDAC has to potential to affect c-MYC ex-
pression. However, to our knowledge, this possibility has
not yet been investigated.

NON-CODING RNAS (ncRNAs)
The coding mRNA and noncoding tRNA and rRNAs

have been extensively characterized in regards to their
protein translation functions. However, only a minority of
RNA transcripts from the human genome are protein cod-
ing [134,135] and the functions of the remaining noncod-
ing RNA transcripts are just beginning to be recognized.
ncRNAs can be broadly categorized into short (sncRNAs;
< 200 bases) and long forms (lncRNAs; > 200 bases) or
pragmatically considered by their biological function.
ncRNA transcripts are flexible and fold into 3D confor-
mations that allow exact interactions with proteins, DNA
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and other RNA. These interactions regulate functional
events of translation, splicing, replication, transcription
and chromosome structure [135,136]. Thus, ncRNAs are
important for many cellular processes including normal
development and disease states.

lncRNAs are able to interact with DNA, RNA and
proteins and have been demonstrated to have a number of
cellular functions. Hundreds of lncRNA molecules have
been functionally characterized to regulate gene expres-
sion and serve in diverse roles such as scaffolds, guides,
tethers, decoys, and miRNA sponges [136]. Of major in-
terest to PDAC are specific lncRNAs that interact with
chromatin modifier complexes and thus affect gene regu-
lation. For example, several lncRNAs have been demon-
strated to interact with eZH2. MALAT-1 is an intergenic
lncRNA shown to bind and recruit eZH2 to the e-cad-
herin promoter and suppress its expression in PDAC cells
[137]. Loss of e-cadherin is associated with increased
tumor metastasis [138]. Similarly, HOTAIR is an overex-
pressed lncRNA in many cancer types including PDAC
and its increased expression correlates to tumor invasive-
ness and poor prognosis [139-141]. HOTAIR binds to the
PRC2 complex causing an increase in H3K27me3 and a
decrease in expression of genes such as SNAIL that re-
press eMT and invasion [140]. HOTTIP is another
lncRNA overexpressed in PDAC but also detectable as
stable fragments in plasma [142]. Since PDAC is charac-
teristically asymptomatic until advanced stages, HOTTIP
may provide a biomarker for early detection and monitor-
ing. These lncRNAs may provide novel therapeutic tar-
gets for PDAC at some point, although the technologies
for inhibiting ncRNAs in vivo is still under development
[143-145].

sncRNAs include microRNAs (miRNAs), small nu-
clear RNAs, small nucleolar RNAs and piwi RNAs [146].
In recent years, miRNAs have been extensively studied in
PDAC. miRNAs are evolutionally conserved, 18 to 25 nu-
cleotide, non-protein coding RNAs found in parts of the
genome that were once thought to be non-functional. miR-
NAs were first discovered in nematodes [147] but in 2000
the let-7 miRNA was identified and found to be evolu-
tionarily conserved in diverse species including verte-
brates, mollusks and arthropods [148]. Primary miRNAs
are usually transcribed by PolII as transcripts of several
kilobases; mature miRNA are formed from these tran-
scripts through a multi-step, multi-enzyme process [149].
MiRNAs function by binding complementary regions of
mRNAs, usually in the 3’ region of these mRNAs, in-
hibiting the process of translation or sometimes decreas-
ing the stability of the associated mRNA species [150].
The number of individual miRNA species transcribed
from the human genome has been estimated as ranging
from 1000 to 2000, and each miRNA may have many
mRNA targets [151-153]. Further, the miRNA transcrip-
tome is complex, with a number of miRNA species hav-
ing multiple copies of identical or near identical sequences

in the genome, and frequent clustering of several miRNAs
in polycistronic sequences that are coordinately expressed
under the control of a single promoter [153]. It has been
suggested that each cell type may have an individual char-
acteristic miRNA transcriptome, analogous to cell-spe-
cific proteomes. Further, there is increasing evidence that
the dysregulation of the miRNA profile of cells is linked
to cancer [153-155]. Upon comparison of the miRNAs in
a tumor vs. surrounding tissue, a typical observation is that
some miRNAs are increased, whereas others are de-
creased in the tumor tissue. Some miRNAs that are in-
creased in tumors have cancer-promoting effects when
overexpressed in normal cells, and are thus referred to as
oncomiRs. In contrast, some miRNA species that are di-
minished in tumor cells have growth or invasiveness-in-
hibiting properties when overexpressed in cancer cells,
and are thus called tumor suppressor miRs or suppres-
somiRs [156].

Altered expression of both oncomiRs and suppres-
somiRs has been demonstrated with the progression of
PDAC from normal tissue through PanIN lesions to
PDAC. For example, miR-221 overexpression in PDAC
promotes invasiveness by decreasing expression of
TIMP2 through directly targeting its 3’UTR. TIMP2 is an
inhibitor of MMP2 and MMP9 proteins involved in matrix
degradation. Overexpression of miR-221 mimics in
PDAC cells caused an increase in migration and an in-
crease in MMP2 and MMP9 gene expression [157]. miR-
221 was also identified in a meta-analysis of miRNAs in
PDAC as upregulated in seven studies with an average
fold change of 6.7 [158]. Another example illustrates that
miRNAs increase in preneoplastic lesions as well as in
PDAC. miR-155, was increased in PanIN2 and PanIN3
lesions, respectively, showing the progressive expression
of miR-155 expression with the development of PDAC
[159]. Additional analysis of PanIN tissues by locked nu-
cleic acid in situ hybridization verified the increase of
mir155 in PanIN2 and PanIN3 graded tumors, respec-
tively [159]. Meta-analysis of miRNA expression identi-
fied miR-155 as upregulated an average of five-fold (eight
studies) in PDAC compared to normal tissue [158]. miR-
155 has been shown to enhance tumorigenesis by de-
creasing a number of targets including TP53INP1, SeL1L
and MLH1 [160-162]. extension of this work demon-
strated that a large number of miRNA species are up or
downregulated in PanIN compared to normal pancreas
[163], suggesting that aberrant expression of miRNA be-
gins early in the development of PDAC.

A number of studies compared the global expression
profile of miRNA in PDAC vs. normal pancreas and iden-
tified many differentially expressed miRNA species in
PDAC (e.g., [164-167]). Meta-analyses of these studies
have identified a few miRNAs that are reported in multi-
ple studies as consistently altered in PDAC. For example,
miR-21 and miR-23a were identified as upregulated, and
miR-148a and miR-375 were shown to downregulated in
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multiple profiling studies as recognized by two separate
meta-analyses [158,168]. Nonetheless, these meta-analy-
ses also demonstrate the enormous variability in findings
between miRNA profile investigations in terms of con-
sistency of which miRNAs are most highly altered and
even the direction of alterations of individual miRNAs.
These inconsistencies might be a result of differences in
miRNA profiling techniques, miRNA nomenclature, in-
dividual sample heterogeneity including genetic differ-
ences between PDAC subtypes [24], or patient sample
characteristics (e.g., microdissected tumor vs. fine needle
aspirate, previous chemotherapy vs. naive, tumor stage).
In addition, some investigations of the biological impact
of individual miRNAs in PDAC have reported contradic-
tory results (e.g., the same miRNA is reported to be pro-
or anti-oncogenic) [150,169-173]. whether these incon-
sistencies are a result of differences in techniques or cell
models is so far unclear. In summary, miRNAs are clearly
altered in PDAC and play a role in its pathology, but ad-
ditional diligent studies are required to further understand
the significance of these noncoding RNAs in PDAC and

their possible value as therapeutic targets and biological
markers.

CROSSTALK BETWEEN DIFFERENT 
EPIGENETIC MECHANISMS

Thus far, we have described the epigenetic mecha-
nisms of DNA methylation, histone modification and
miRNAs as discrete processes, each contributing to the
aberrant phenotype of PDAC cells. In living eukaryotic
cells, however, these processes are intertwined as part the
cellular machinery that dynamically defines net gene and
protein expression. For example, epigenetic proteins may
physically complex with lncRNAs as described above for
the interaction between eZH2 and HOTAIR, HOTTIP,
and MALAT-1. In addition, miRNAs can regulate the ex-
pression of epigenetic enzymes by targeting their tran-
scripts, and miRNA expression can be modulated at the
transcriptional level by epigenetic proteins. Here, we pro-
vide examples to illustrate some of these modes of epige-
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the histone methyltransferase, EZH2, and the disruption of DNMT1 translation by an miRNA.



netic crosstalk that act to regulate final phenotypic out-
comes in PDAC.

miRNAs Target Epigenetic Enzymes

The first study to demonstrate that miRNAs could
regulate the expression of epigenetic enzymes was that of
Fabbri et al. [174] who showed that miR-29 family mem-
bers (29a, 29b, and 29c) were decreased in lung cancer
cells. This study further demonstrated that re-expression
of miR-29 in this cell type decreased DNMT3a and
DNMT3b levels by directly targeting their mRNAs, nor-
malized gene methylation patterns and caused reexpres-
sion of methylation-silenced tumor suppressors. Several
groups have identified miRNAs that directly regulate the
expression of proteins involved in the epigenetic machin-
ery in PDAC (see Figure 3). For example, miR-148b and
miR-152 were identified as potential inhibitors of DNMT1
translation, and validated to target DNMT1 in PDAC cells
[175]. A study showing that miR-148b is decreased in
PDAC [176] supports the concept that decreasing these
miRNAs could be a viable mechanism by which DNMT1
is frequently overexpressed in this malignancy [56,58].
eZH2 is frequently overexpressed in PDAC and is a well
known target of miRNA regulation. For example miR-
101, a regulator of eZH2, has been shown to be down-
regulated in PDAC [177]. Forced expression of miR-101
in PDAC cells decreases eZH2 expression and global
H3K27me3, and increases expression of e-cadherin, a tar-
get of eZH2 regulation, as well as inhibiting cell growth
[177]. Thus, decreases in miRNAs that target eZH2 in
PDAC provide a potential mechanism for the overexpres-
sion of eZH2 in PDAC. Further, several studies show that
miR-101 and other suppressomiRs can be induced in
PDAC cells by certain drugs (e.g., metformin, difluori-
nated curcumin) [178,179], suggesting that it may be pos-
sible to decrease eZH2 expression via upregulation of
miRNAs for therapeutic benefit. Finally, the PRC1 com-
plex protein, Bmi1, is another pro-oncogenic chromatin
regulator that is overexpressed in PDAC [97,180] and tar-
geted by miRNAs. For example, both miR-15a and miR-
135a are decreased in PDAC and directly target Bmi1
expression. Given the large numbers of miRNAs and the
ability of each species of miRNA to inhibit multiple tar-
gets, it is likely that other chromatin enzymes and cofac-
tors are subject to regulation by miRNAs in PDAC.

miRNAs are Regulated by DNA Methylation and 
Histone Modification

Increasing evidence has demonstrated that many
miRNAs are transcribed by RNA polymerase II and reg-
ulated by similar transcriptional mechanisms to mRNAs
[151]. Thus, miRNAs can be regulated by promoter DNA
methylation and histone modification [181,182]. A num-
ber of studies have demonstrated that some suppres-
somiRs are silenced by DNA methylation. For example,
miR-124, miR-148a, and miR-615-5p are each decreased

in expression in PDAC, and their promoters have been
shown to be highly DNA methylated in PDAC compared
to normal tissue [183-185]. Further, expression of each of
these miRNAs is increased upon treatment of PDAC cells
with the DNMT inhibitor, 5-aza-2’-deoxcytidine. Finally,
overexpression of these miRNAs were shown to inhibit
PDAC cell growth [183,185-187], supporting the idea that
methylation and subsequent silencing of these miRNAs
plays a role in supporting oncogenesis.

Conversely, oncomiR expression may be induced by
DNA hypomethylation during PDAC. For example, miR-
200a and miR-200b are two miRNAs are processed from
the same polycistronic transcript, and are well known for
their roles in regulating epithelial-to mesenchymal transi-
tion by targeting ZeB1 and ZeB2. Li et al. [188] reported
that miR200a and miR-200b are overexpressed in PDAC
vs. normal pancreas. The promoter for miR-200 was found
to be hypomethylated in PDAC cells vs. nonneoplastic cell
lines, and in PDAC xenografts vs. normal pancreas [188].
Thus, the overexpression of miR-200a/b in PDAC is pro-
posed to be a result of promoter demethylation. However,
the mechanisms by which this miRNA promoter is
demethylated in PDAC has not been reported. Nonethe-
less, promoter hypomethylation is likely contribute to the
overexpression of additional miRNAs in PDAC.

A study by Zhu et al [189] suggests another possible
mode for regulation of miRNA transcription. This group
reported that miR-548an was downregulated in PDAC vs.
normal tissue. In vitro studies showed that hypoxic con-
ditions caused the increased binding of the transcription
factor, HIF1α, and its cofactor, HDAC1, to the miR-548an
promoter, resulting in reduced Pol II binding and de-
creased transcription. Treatment of hypoxia-treated cells
with the HDAC inhibitor, trichostatin, increased the ex-
pression of miR-548an. Although changes in histone
acetylation were not measured, this study suggests that the
recruitment of HDAC1 to the miR-548an promoter instills
a loss of acetylated histones in this region, thus decreasing
expression of the miR.

miR-218 has been demonstrated to be reduced in
PDAC samples vs. normal tissue and its reduction has
been shown to be a predictor for poor prognosis [190].
Further, overexpression of miR-218 in PDAC cells re-
duces growth in vitro and tumor formation in mouse
xenografts [191]. Li et al. [191], studied the mechanisms
by which miR-218 is repressed in PDAC (see Figure 2).
miR-218 was identified in a screen of miRNAs that were
increased in PDAC cell lines treated with the methyl-
transferase inhibitor, DZnep, in a attempt to identify tar-
gets of eZH2. This study showed that miR-218 was
decreased in expression in PDAC vs. normal pancreas tis-
sue as well as in PDAC cell lines vs. the nontransformed
pancreatic duct cell line, HPDe. Methylation-specific
PCR showed that the promoter was methylated in the ma-
jority of PDAC cell lines and PDAC tissue, but not the
HPDe cell line or normal pancreas. expression of miR-
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218 was increased in PDAC cells by treatment with the
DNMT inhibitor, 5-aza-cytidine, or by knockdown of
DNMT1, DNMT3a or DNMT3b, confirming the regula-
tion of miR-218 by DNA methylation. Repression of this
miRNA was demonstrated to be pivotally regulated by
eZH2. eZH2 and its product H3K27me3 were found to be
bound to the miR-218 promoter in PDAC cells but not
HPDe cells and knockdown of eZH2 in PDAC cells in-
creased miR-218 expression. eZH2 depletion also re-
duced the occupancies of DNMT1, DNMT3a and
DNMT3b at the miR-218 promoter. Finally, eZH2 loss
also decreased the repressive histone mark, H3K9me2,
and the associated repressive complex consisting of
SUv39H1 methyltransferase, HP1-α and HP1-γ demon-
strates in exquisite detail how an miRNA can be repressed
in PDAC by a combination of DNA methylation and his-
tone modifications. Surprisingly few studies have investi-
gated the regulation of miRNAs at this level of detail,
however, it is likely that the same mechanisms are in-
volved in the suppression or silencing of many miRNAs in
PDAC.

CONCLUSIONS AND FUTURE DIRECTIONS
Recent studies demonstrate that DNA methylation-

and chromatin-based mechanisms are highly dysregulated
in PDAC. Further, rather than operating independently,
these epigenetic processes interact with each other, estab-
lishing a multilevel regulatory network altering the ex-
pression of genes and proteins beyond the changes
imposed by genetic alterations alone. Unlike genetic
changes, epigenetic alterations are potentially reversible.
Thus, it has been suggested that small molecules that tar-
get epigenetic mechanisms could potentially used to reset
the epigenetic state of PDAC cells [192,193]. Indeed, sev-
eral clinical trials utilizing compounds to target DNMTs,
and HDACs in PDAC are ongoing or completed
[192,194]. New specific inhibitors of eZH2, such as
GSK2816126 and tazemetostat have been developed and
are beginning clinical trials for various cancers, although
large-scale trials have yet to be performed in PDAC [192].
However, future studies will need to address many ques-
tions to optimize the use of epigenetic drugs. First, what
is the optimal treatment regime? For, example, should epi-
genetic drugs be given simultaneously with cytotoxic
drugs, or should patients be pretreated with epigenetic
drugs and then receive conventional chemotherapies? Sec-
ond, will epigenetic drugs have unanticipated negative ef-
fects on stromal fibroblasts or immune cells? In addition
to the tumor cells, tumor associated fibroblasts, endothe-
lial cells and immune cells have been demonstrated to un-
dergo extensive epigenetic alterations in PDAC [195].
extensive testing will be needed first in animal models
and then in human subjects to evaluate the effects of epi-
genetic drugs on the tumor stroma in vivo. Finally, are
there subsets of PDAC patients who would most benefit

from certain epigenetic drug treatments? PDAC is an ex-
tremely heterogeneous disease. with the advent of indi-
vidualized medicine, we often have extensive information
on the individual mutations present in a PDAC patient that
may suggest specific therapeutic approaches. For exam-
ple, in some tumor cell types, inactivating mutations in
SwI/SNF proteins (SMARCA4, ARID1A or SMARCB1)
cause an increased sensitivity to eZH2 inhibitors, leading
to the use of eZH2 inhibitors in patients with these alter-
ations [196-199]. Similarly, mRNA sequencing or pro-
tein-specific methods (e.g., immunohistochemistry) might
identify patients with high expression of targetable epige-
netic proteins such as DNMTs or eZH2 who may benefit
from treatments of inhibitors of those proteins. In conclu-
sion, our increased understanding of the genetic and epi-
genetic aberrations that drive PDAC suggest novel
avenues for treatment, but extensive basic and clinical
studies are needed to translate these findings into im-
proved patient outcome.
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