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Abstract
The revolution of epigenetics has revitalized cancer research, shifting focus away from somatic
mutation toward a more holistic perspective involving the dynamic states of chromatin. Disruption
of chromatin organization can directly and indirectly precipitate genomic instability and
transformation. One group of epigenetic mediators, the Polycomb group (PcG) proteins,
establishes heritable gene repression through methylation of histone tails. Although classically
considered regulators of development and cellular differentiation, PcG proteins engage in a variety
of neoplastic processes, including cellular proliferation and invasion. Due to their multifaceted
potential, PcG proteins rest at the intersection of transcriptional memory and malignancy.
Expression levels of PcG proteins hold enormous diagnostic and prognostic value in breast,
prostate, and more recently, gastrointestinal cancers. In this review, we briefly summarize the
function of PcG proteins and report the latest developments in understanding their role in
pancreatic cancer.

Introduction
Unequivocally, pancreatic cancer carries the worst prognosis of any major malignancy due
to its relatively equivalent incidence and mortality rates. In 2010, the American Cancer
Society projected 43,410 new cases of the disease and 36,800 related deaths in the USA for
both sexes combined [1]. Despite advances in surgical resection and adjuvant
chemoradiotherapy treatments, the 5-year survival rate remains below 5% across all stages.
The highly aggressive, chemoresistant nature of the disease continues to outpace advances in
our understanding of the molecular mechanisms fueling tumorigenesis [2]. Additionally,
most patients live asymptomatically until metastasis, a stage at which surgical resection is
no longer beneficial. As such, developing early-stage diagnostic tools and identifying novel
targets for therapeutic intervention persist as urgent research priorities.

The long-standing model of pancreatic carcinogenesis describes the multistep transformation
of ductal cells into invasive pancreatic ductal adenocarcinoma (PDAC) through a series of
intermediate microscopic dysplastic precursor lesions known as pancreatic intraepithelial
neoplasias (PanINs). PanIN lesions are organized into a linear classification system in which
increasing PanIN grade (PanIN-1a, PanIN-1b, PanIN-2, PanIN-3) is concordant with the
severity of observed morphological alterations in nuclear organization, epithelial polarity,
and mitoses [3]. A similar classification system exists for intraductal papillary mucinous
neoplasm (IPMN) and mucinous cystic neoplasm (MCN), macroscopic ductal precursor
lesions that may also mature into invasive carcinoma.
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To shed light into the potential mechanisms underlying pancreatic cancer development, the
past two decades of research have focused heavily on uncovering the genetic basis for the
PanIN progression model, resulting in exhaustive catalogs of inherited germline and
acquired somatic mutations in cancer-associated genes. The Pancreatic Cancer Genome
Project recently published a milestone study that sequenced DNA isolated from 24 advanced
pancreatic adenocarcinomas in combination with SNP arrays to detect homozygous
deletions and gene amplifications [4]. Jones et al. discovered 1,561 somatic gene mutations
across 1,007 genes within the 20,661 protein-coding genes analyzed, yielding an average
rate of 63 genetic abnormalities per pancreatic cancer. Clustering of altered genes revealed a
core subset of 12 regulatory pathways or processes disrupted in the majority (67-100%) of
pancreatic cancers, namely, apoptosis, DNA damage control, regulation of the G1/S phase
transition, Hedgehog signaling, homophilic cell adhesion, integrin signaling, KRAS
signaling, JNK signaling, regulation of invasion, Wnt/Notch signaling, TGF-β signaling, and
other non-KRAS small GTPase-dependent signaling [4]. This study provided independent
verification and prevalence rates for a number of well-characterized pancreatic cancer-
associated genes, including activating mutations in proto-oncogene KRAS (>95% of tumors)
and inactivating mutations in tumor suppressors p16/CDKN2A (75-80%), TP53 (80%), and
SMAD4/DPC4 (60%) [5]. Conceptually, these data suggest that pancreatic cancer is
fundamentally a disease of pathways. Research into these pathways has also been a matter of
intensive investigation in cell biology, rendering clearly that these cascades must ultimately
engage the function of epigenetic regulators to silence tumor suppressors and activate
oncogenes in a heritable manner. Therefore, studies into epigenetics will supply logical
extension to the genetic paradigm.

Epigenetics
Epigenetic mechanisms permit stable and heritable patterns of altered gene expression
independent of the DNA sequence, profoundly expanding the functional potential of the
human genome beyond its approximately 35,000 protein-coding genes. Two primary types
of epigenetic processes dictate chromatin structure in the setting of long-term gene
repression: DNA methylation and histone modification.

DNA methylation
The first epigenetic studies into pancreatic cancer sought to link DNA methylation to the
inactivation of critical tumor suppressors. DNA methylation involves transfer of a methyl
group to the 5′ carbon of the cytosine pyrimidine ring within cytosine-guanine dinucleotides
(CpGs) through the activity of DNA methyltransferases (DNMTs). DNMT1 establishes and
maintains parental methylation patterns following chromosomal replication and repair while
DNMT3A and DNMT3B produce de novo methylation [6], both leading to gene inhibition.
While the majority of the genome displays low CpG frequency, a small fraction possesses a
high percentage of hypomethylated CpG regions across a minimum of 200bp of DNA
(termed CpG islands), which often correspond to transcriptional start sites [7]. Genome
imprinting and X-inactivation both require hypermethylation of CpG islands during
development, while aberrant hypermethylation appears characteristic in aging and
carcinogenesis. Inactivation of the p16 tumor suppressor is observed in the majority of
pancreatic carcinomas with hypermethylation of CDKN2A gene accounting for 14-21% of
this loss [5, 8, 9]. p16 (CDKN2A) inhibits the cyclin-dependent kinase 4-cyclin D2
complex, regulating cell cycle progression. Using a high-throughput microarray approach,
Sato et al. identified 475 genes profoundly upregulated (>fivefold change) in the presence of
5-aza-2′-deoxycytidine, a methyltransferase inhibitor, in pancreatic cancer cell lines
compared to normal ductal epithelial cells. Of these genes, the investigators predicted that
~70% will be aberrantly methylated in pancreatic cancer with ~60% of this small subset
expected to harbor hypermethylated CpG islands [10]. Subsequently, the same laboratory
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noted hypermethylation of eight CpG-associated genes in 68% of PanIN-1a samples. One of
the markers, NPTX2, exhibited increases in methylation from PanIN-1 to PanIN-2 [11].
Thus, these data imply that aberrant DNA methylation, particularly of tumor suppressors,
occurs early in carcinogenesis and increases during neoplastic progression. The full role of
DNA methylation in pancreatic cancer development and progression was recently reviewed
in depth by Omura et al. [12].

In this review, we will focus exclusively on the role of histone modifications in pancreatic
tumorigenesis, specifically those modifications imprinted by Polycomb group (PcG)
proteins, a new branch of epigenetics research in pancreatic cancer. PcG proteins display
excellent promise as highly sensitive early detection markers, tools that will prove
invaluable in lessening the time to diagnosis in this disease. Additionally, as with DNA
methylation, histone modifications are theoretically reversible, affording exciting
opportunities for treatment.

Histone Code Hypothesis
The heart of eukaryotic epigenetics and chromatin is the nucleosome, the fundamental
packaging unit comprised of ~146 base pairs of DNA twice coiled around an octamer core
of histone proteins (H2A, H2B, H3, H4, two copies each), termed the nucleosome core
particle (NCP). Histone H1 resides outside of the NCP, stabilizing the nucleosome and
promoting folding of nucleosome arrays into higher-order configurations [13]. The N-
terminal tails of histone proteins protrude from the NCP, providing registries upon which the
heritable epigenetic profile of each cell is written through post-translational modifications
(PTMs) of critical residues. Multiple types of covalent modifications are possible within
each tail region, including acetylation, phosphorylation, methylation, ubiquitination, and
SUMOylation.

The histone code hypothesis, as coined by David Allis, postulates that unique patterns of
histone modifications influence the local configuration of chromatin by altering the binding
affinities of non-histone proteins [14]. Recruitment of these chromatin-associated factors
influences chromatin structure and the accessibility of the DNA for template-dependent
processes (e.g., transcription) [15]. While inscription of the histone code requires specific
“writer” proteins, translation requires “reader” proteins to induce chromatin alterations. A
number of protein domains interact with specific PTMs, such as the bromodomain
(acetylated lysines), chromodomain (methylated lysines), and PHD domain (methylated
lysines and arginines) [16]. The chromodomain is one member of the Tudor domain “Royal
Family” that also includes Tudor, Agenet, PWWP, and MBT domains evolutionarily
conserved from a common ancestor [17]. Furthermore, recent evidence suggests that
recognition is not limited to individual PTMs but that groups of adjacent modifications may
function as a unit, or “cassette,” foretelling the existence of additional reader modules. Thus,
the intrinsic epigenetic potential of a given histone tail is a function of both the number of
residues and potential modifications, individually and in combination.

Two systems predominate for instituting a repressive chromatin landscape: polycomb and
heterochromatin-associated protein 1 (HP1). A chromodomain protein, HP1 binds mono-,
di-, and tri-methyl-lysine 9 of histone 3 (H3-K9) with increasing relative affinities. Bound
HP1 recruits histone methyltransferases that methylate adjacent H3 tails at K9 to create
additional docking sites for HP1, spreading the heterochromatic (transcriptionally repressed)
state in a cyclic fashion [18]. Interestingly, HP-1 exists as three isoforms (HP1α, HP1β, and
HP1γ) and undergoes extensive post-translational modifications, suggesting the presence of
a histone subcode operating in tandem with the histone code [18]. Investigation of HP1
revealed the presence of “binary switches” in the translation of the histone code.
Phosphorylation of serine 10 inhibits HP1 binding and is frequently combined with the
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acetylation of lysine 9 and/or lysine 14, nurturing a euchromatic (transcriptionally active)
state [19]. The role of HP1 in pancreatic cancer is under active investigation, but decreased
expression of HP1 may increase malignant potential. MUC1, a transmembrane mucin, is
highly overexpressed in metastatic pancreatic cancer. MUC1-negative cell lines display
substantially higher levels of H3-K9 methylation and DNA methylation at the MUC1
promoter, indicating loss of HP1 as a critical “hit” in neoplastic progression [20]. Dialynas
et al. recently reviewed the role of HP1 in multiple facets of cancer progression, including
centromere stability and invasion [21].

Polycomb group (PcG) Proteins
The term “Polycomb” was first coined in the 1940s to describe mutations in Drosophila
melanogaster that produced extra sex combs, the bristle-like structures on the forelegs of
males. The phenotype arose from loss of homeotic (Hox) gene repression—genes
responsible for anterior-posterior axis patterning—yielding transformation of one body
segment type to another. Other mutants with Hox de-repression were identified, although the
identity of the disrupted genes would not be revealed until decades later. The activity of PcG
proteins is critical in development, stem cell maintenance and pluripotency, and cell fate
determination [22].

In the mid-1980s, a group of proteins that antagonize the repressive effects of PcG proteins
were uncovered, the Trithorax group (TrxG) proteins [23]. While transient fluctuations in
the transcriptional state of genes are required during development or cellular processes such
as replication and mitosis, the identity of a differentiated cell is preserved throughout its
existence. PcG protein complexes induce gene repression via H3-K27 trimethylation while
TrxG proteins promote gene activation through H3-K4 trimethylation. Genes in embryonic
stem (ES) cells are frequently enriched for both modifications, forming poised “bivalent
domains” that are reduced to a stable, “univalent” state during differentiation. The final
activated or repressed state of the gene is then inherited throughout subsequent generations,
a phenomenon known as long-term transcriptional memory [24].

PcG proteins may be divided into two functional biochemical categories (Table 1):
Polycomb Repressive Complex 1 (PRC1) and Polycomb Repressive Complex 2 (PRC2).
PRC2 is the ~600kDa complex responsible for initiating gene repression through
trimethylation of H3-K27 [25, 26]. The enzymatic engine of PRC2 is EZH2 (enhancer of
zeste homologue 2), which possesses the SET domain that confers the complex with its
methyltransferase activity [25, 27, 28]. The catalytic function of EZH2 is only active in
obligate complex with SUZ12 (suppressor of zeste 12) and EED (embryonic ectoderm
development) [29]. The WD40-repeat domains of EED form a seven-bladed β-propeller
structure that interacts with EZH2 and the N terminus of H3, linking the methyltransferase
to its substrate [30-32]. Curiously, the carboxyl-terminal domain of EED also binds to
histone tails enriched for H3-K27me3. Disruption of this binding abolishes the activity of
PRC2 [33]. EED may therefore function in the propagation and renewal of the H3-K27me3
mark from parent to progeny during replication and division [34]. SUZ12 also directly
interacts with EZH2 to enhance methylation, although its precise function is unclear [29,
35]. A number of other proteins are dispensable for complex function but enhance its
activity, such as RBBP4, RBBP7, AEPB2, and PHF1 [29, 36, 37]. PRC2 proteins are
extremely well conserved from plants to humans [38], solidifying the fundamental role of
H3-K27 methylation in repression. Several alternative PRC2 complexes have been
identified. EED undergoes alternative translation to yield four isoforms, resulting in
isoform-specific PRC2 complexes with distinct roles in differentiation and cancer [39, 40].
Additionally, homologue EZH1 also forms a PRC2 complex that primarily complements the
functions of PRC2-EZH2 and is highly expressed in non-proliferative adult tissues [41].
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The H3-K27me3 mark imprinted by PRC2 subsequently serves to recruit PRC1, a poorly
conserved ~1-2 MDa complex [38, 42]. The complex typically contains CBX2, 4, or 8
(chromobox homologue 2/4/8), PHC1, 2, or 3 (polyhomeotic homologue 1/2/3), BMI1 (B-
cell-specific Moloney murine leukemia virus insertion site 1), and RING1A/B or RNF2
(RING finger domain protein). CBX proteins harbor the chromodomain responsible for
recognition of trimethylated H3-K27 [43]. Depletion studies of PRC1 and PRC2 complex
components have established a primarily hierarchical relationship between the two
complexes [44]. While knockdown of PRC1 proteins BMI1 and RING1A fails to affect H3-
K27me3 levels, loss of SUZ12 significantly reduces occupancy of BMI1 and RING1A at
gene promoters [45]. PRC1 functions to maintain the repressive state initiated by PRC2,
although the mechanisms by which PRC1 accomplishes this task are unclear. In addition to
direct chromatin compaction, PRC1 acts as an E3 ubiquitin ligase complex that catalyzes
monoubiquitination of histone H2A through the catalytic activity of RING1 proteins, likely
inhibiting transcriptional initiation by RNA polymerase II [45-47]. Repression may also be
mediated through the recruitment of other chromatin-remodeling enzymes, specifically
DNMTs and histone deacetylases (HDACs) [48]. PcG complexes are capable of “pre-
marking” genes for de novo methylation in cancer, linking the two major mechanisms of
epigenetic repression [49, 50]. However, gene repression also occurs in the presence of the
H3-K27me3 mark alone, independent of DNMT-mediated promoter methylation [51].
Finally, PRC1 can restrict access of chromatin remodeling or transcriptional machinery to
the DNA template, as evidenced by the ability of PRC1 to hinder ATP-dependent SWI/SNF
remodeling [52, 53]. Together, these data substantiate the diversity of PRC proteins and the
multitude of varying interactions with other chromatin remodeling mechanisms. The
flexibility in composition and function of PcG complexes enables exquisitely subtle,
content-dependent regulation of repression. Such precision is an absolute necessity in
processes with strict spatial-temporal gene expression requirements (e.g., development).

As the core PRC1and PRC2 proteins lack inherent DNA binding capabilities, a pressing
question remains how complexes are initially recruited to the promoters of genes. In
Drosophila, PRC complexes bind to specific DNA sequences flanking promoters known as
polycomb response elements (PREs). Mammalian PREs have largely eluded detection
although a few laboratories report progress [54, 55]. The Drosophila protein pleiohomeotic
(PHO) and its mammalian ortholog, transcription factor YinYang1 (YY1), may bind specific
DNA sequences and cooperate with other cofactors to recruit PRCs to target loci [56, 57].
Therefore, the proposed working model of PRC-mediated repression (Figure 1A) begins
with the recruitment of the PRC2 initiation complex to target loci. PRC2 marks the gene
target for repression through trimethylation of H3-K27. The methylated mark then serves as
a docking site for the PRC1 maintenance complex, leading to stabilization of gene
repression through a multitude of downstream pathways. Recent discoveries have added
additional complexity to the step-wise recruitment model, such as the simultaneous
occupancy of PRC1 and PRC2 at certain bivalent promoters [24].

PcG Proteins: Epigenetic Oncogenes
BMI1 was the first PcG protein linked with neoplastic development and remains the best
characterized. The initial discovery of BMI1 as a proto-oncogene found that the protein
cooperates with Myc to significantly accelerate B and T-cell lymphomagenesis [58] by
repressing the CDKN2A tumor repressor locus to control cellular proliferation and
senescence [59]. Overexpression of BMI1 has become a significant prognostic indicator in a
wide-variety of cancers, including ovarian [60], bladder [61], and breast [62]. PRC2 proteins
have only recently been implicated in cancer development. Levels of EZH2 strongly
associate with severity of malignant progression and poor prognosis in breast and prostate
cancer [63, 64]. Experimentally, EZH2 overexpression promotes cellular proliferation [48,
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65-69], migration [70-72], angiogenesis [73], and survival [74, 75]. For example, EZH2
competes with HDAC1 and growth repressors pRb2/p130 at the cyclin A promoter, leading
to disruption of cell cycle progression while promoting genomic instability and
transformation [48, 76]. Additionally, EZH2 overexpression leads to repression of E-
cadherin, a protein that maintains epithelial cell morphology, directly implicating the protein
in cellular adhesion, migration, and metastasis [71]. The multiplicity of downstream
functions disrupted by PcG overexpression points to the pervasiveness of PcG-mediated
repression in the maintenance of identity throughout the lifetime of a cell.

The precise etiology of PcG protein overexpression appears to be context and tissue-type-
dependent. A variety of mechanisms for aberrant expression of PcG proteins have been
observed in cancer, including copy number variation, regulatory failure via post-
translational modifications or micro-RNA, loss of nuclear localization, and somatic
mutations affecting activity. The nascent understanding of PcG proteins in malignant
development, therefore, appears to rest on the inactivation of critical tumor suppressors and
cell cycle regulators due to an imbalance of PcG-mediated function, culminating in
transformation. The mechanisms driving PcG overexpression and its effects on cell cycle,
DNA repair, apoptosis, senescence, and other cellular processes were recently reviewed in
detail by Sauvageau et al. [77].

Additionally, PcG proteins play a critical role in the maintenance and proliferation of
pluripotent progenitor cells in a variety of tissues under physiological conditions [78-80].
Overexpression of these proteins may promote tumorigenesis by fostering a self-renewing
population of cells with stem cell-like chromatin patterns capable of rampant proliferation,
lending credence to the hypothesis of cancer stem cells. In this scenario, repressive priming
of differentiation and tumor suppressors to maintain plasticity leaves these areas of the
genome vulnerable to DNA hypermethylation and permanent stabilization of inappropriate
gene silencing [81].

PcG Proteins: New Frontier in Pancreatic Cancer Research
The precise role of PcG proteins in pancreatic organogenesis remains unclear. In mice,
BMI1 and RING1B are detected in acinar cell nuclei at stages E14.5-15.5 in regions positive
for key pancreatic enzymes Elastase 3B, Amylase 2, and Carboxypeptidase A1 [82]. When
endocrine cells expand at E17.5 to form islets, BMI1 expression is localized to the
developing islets and, by the adult stage, is expressed in the ducts and islets but only weakly
so in acinar cells. A similar pattern is observed for RING1B [82]. EZH2 expression is also
observed at high levels of expression in the developing pancreas (Grzenda, unpublished
data). Therefore, PcG-mediated repression appears pivotal to pancreatic development
although virtually no data exists regarding the mechanisms governing these processes.

Recent studies have also uncovered a role for PcG proteins in the programming of β cells
during development and regeneration. β cell proliferation and mass display an age-
dependent decline, resulting in a reduced capacity for response to metabolic change [83]. A
corresponding age-dependent decline in BMI1 expression in the islets is also observed [84].
BMI1 depleted mice (BMI-/-) demonstrate significantly decreased β-cell mass and
proliferation with an observed increase in p16 expression, decreased H2A ubiquitination,
and increased H3-K4me3 levels at the CDKN2A locus [84]. In the exocrine pancreas, BMI1
nurtures a subset of differentiated acinar cells capable of self-renewal for >1 year [85]. Such
a population bolsters evidence of certain carcinomas that develop from non-ductal cell
origins observed in mice [86]. Furthermore, EZH2 levels similarly decrease in aging β cells.
EZH2 depletion in juvenile mice yields a similar phenotype as BMI1 loss with decreased
levels of H3-K27me3 mark at the CDKN2A locus, increases in p16 and p19 expression, and
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decreased β-cell proliferation [87]. Interestingly, lineage mapping of key histone
modifications in β-cell development reveals that differentiation of β cells from progenitors
occurs in two stages: first, a wave of cell-specific de novo H3-K27 trimethylation in non-
CpG island genes followed by selective temporal removal of the repressive marks in a core
β-cell-specific gene program during differentiation [88]. As such, residual PcG expression in
the pancreas following development bestows the organ with regenerative potential for tissue
homeostasis that is gradually restricted during aging but may be expropriated during
neoplastic progression.

According to the classification established by Gunster et al., the adult pancreas is a Class I
Polycomb tissue as determined by Northern blot of 23 human tissue samples, on par with the
testis and heart. Class I tissues express a minimum of five of the six representative PcG
transcripts probed. Levels of RING1, CBX4, BMI1, and EZH2 exhibited intermediate
expression while CBX2 demonstrated high levels and EDR1 could not be detected [89].
Immunohistochemistry detected BMI1 and EDR1 primarily in the islet cells, CBX2 and
EZH2 primarily in the exocrine compartment, and RING1 and CBX4 in both compartments
[89]. Expression of MEL18 is also observed in normal pancreatic tissues [90]. Variable
levels of PcG protein expression indicate the potential for complex-independent roles for
PcG proteins.

BMI1 overexpression is oncogenic in pancreatic tumorigenesis and strongly linked to poor
patient survival. In a conditional knock-in mouse model of selective overexpression of the
KRAS oncogene in acinar and centroacinar cells to induce PanIN formation, BMI1
expression was found strongly upregulated in PanIN lesions and PDAC. RING1B, on the
other hand, was weakly expressed in PanIN lesions but strongly expressed in PDAC.
Correlation of murine findings to patient samples demonstrated similar expression patterns.
As such, RING1B may serve to overcome the barrier between the progression from PanIN-1
and PanIN-2/3 lesions [91]. BMI1 depletion in pancreatic cancer cells suppresses growth
and delays the G1/S transition with resultant inhibition of cellular proliferation, foci
formation, and tumor volume [92]. Furthermore, BMI1 knockdown increases p21 and
apoptosis-mediator Bax while downregulating cyclin D1, CDK2, Bcl-2, and
phosphorylation of Akt, yielding an overall increased susceptibility to apoptosis [92].
Recently, epithelial-to-mesenchymal (EMT)-activator ZEB1 (zinc finger E-box binding
homeobox 1) was found significantly overexpressed in poorly differentiated PDAC samples
with correlation to increased BMI1 expression [93]. Knockdown of ZEB1 reduced
tumorigenicity of pancreatic cancer cells in a xenograft model as well as their stem cell-like
properties such as sphere formation and resistance to gemcitabine, a deoxycytidine
nucleoside analog commonly used as adjuvant therapy for pancreatic cancer. The
microRNA-200 (miR-200) family, as part of a reciprocal feedback loop, regulates ZEB1
expression. Reduced BMI1 expression and “stemness” were observed with overexpression
of miR-200 family members in pancreatic cancer cells, hinting at one putative mechanism of
BMI1 deregulation in pancreatic cancer [93]. Downregulation of miR-200 family members
has been observed in gemcitabine-resistant pancreatic cancer cell lines that manifest
increased EMT characteristics [94]. Collectively, these results indicate that BMI1 disrupts
cell cycle and apoptotic pathways, stimulating increased proliferation and survival.
Additionally, BMI1 may regulate the critical balance point between regenerative potential
and development of the malignant stemness that contributes significantly to PDAC
chemoresistance.

At least one PRC1 protein may act as a tumor suppressor in pancreatic cancer progression.
Tissue microarray (TMA) analysis of 210 cases of PDAC as well 40 PanIN-3 cases with 40
normal controls demonstrated a step-wise reduction in CBX7 protein expression from
normal tissue to cancer [95]. CBX is a chromodomain-containing PRC1 protein that
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interacts with RING1B, targeting PRC1 to H2A [96]. CBX7 expression levels were
inversely correlated with tumor grade, remaining highest in very well differentiated PDAC
and decreasing in conjunction with increasing dedifferentiation and poor prognosis. Tumors
with depleted CBX7 levels also possessed depleted E-cadherin expression, contributing to
their aggressiveness. CBX7 has previously been shown to occupy and repress the CDKN2A
promoter in primary human fibroblasts along with CBX8, MEL18, and BMI1, indicating an
additional role in cell cycle regulation. Depletion of any of the four proteins results in
increased p16 expression and proliferative arrest [97]. At this time, no other PRC1 proteins
have been examined in PDAC progression, although one study noted increases in RNF2-
positive cells in a small number of PDAC samples compared to normal controls [90]. In
other cancerous tissues, CBX7 participates in oncogenesis. These seemingly contradictory
results arise from the multifaceted potential inherent to the complexes that may be
differentially channeled depending on the tissue-level microenvironment.

EZH2 is the only PRC2 protein thus far studied in pancreatic cancer. In normal tissues,
EZH2 protein expression in ductal and acinar cells appears relatively weak. In a
comprehensive immunohistochemical analysis of a spectrum of PDACs, strong nuclear
accumulation of EZH2 was observed in 11/20 (55%) of well differentiated, 29/50 (58%) of
moderately differentiated, and 31/34 (98%) of poorly differentiated samples [98]. The
degree of nuclear accumulation significantly correlated with the degree of dedifferentiation
of the tumors. An independent study examined 60 cases of primary PDAC against 39 cases
of non-cancerous pancreatic tissue by TMA that revealed that the majority (67.5%) of
advanced tumors (T3/T4) demonstrated intense EZH2 expression that corresponded
significantly with dedifferentiation [99].

EZH2, like BMI1, appears critical in cell cycle regulation and proliferation, processes
prominently deregulated in early carcinogenesis. In one study, depletion of EZH2 from
pancreatic cancer cell lines decreased proliferation, although examination of common
cyclin-dependent kinase inhibitors p15, p16, p21, p27, and p57 revealed that only p27 was
uniformly re-expressed [98]. Overexpression of EZH2 significantly parallels the loss of p27
in PDAC samples (61-67%) [98]. However, a subset of pancreatic cancer cell lines have
been identified that also re-express p57 in the presence of methyltransferase inhibitor [100].
Knockdown of EZH2 by lentivirus in pancreatic cancer cell lines yields decreased
proliferation as well as reduced tumor formation by xenograft [99]. Furthermore,
intrasplenic injection of EZH2-depleted pancreatic cancer cells results in reduced liver
metastasis [99]. EZH2 depletion also significant decreases H3-K27me3 levels at the
RUNX3 promoter, instigating increases in RUNX3 expression that inhibit cellular
proliferation [101]. A study examining RUNX3 expression in pancreatic cancer cell lines
found that 9/12 of the lines studied possessed absent RUNX3 expression. 100% of these
RUNX3-absent lines were hypermethylated at the RUNX3 promoter [102]. RUNX3 plays a
critical role in regulating p21 in cell cycle control, perhaps explaining the pro-proliferative
effect of EZH2 overexpression in carcinomas where RUNX3 is aberrantly methylated.
EZH2 expression is required for normal cell cycle function at a multitude of transitions
points, perhaps explaining the wide range of effects on cell cycle regulators and the ease at
which EZH2 overexpression disables the normal cellular clock to enhance proliferation.

EZH2 overexpression also appears to participate in late stage invasion and EMT through
downregulation of epithelial proteins. Increased EZH2 expression in PDAC samples
correlates with decreased E-cadherin expression (70% of cases examined), node positivity
(86% of cases), and large tumor size [103]. The degree of differentiation strongly predicts
the level of E-cadherin expression with well differentiated PDACs displaying almost normal
expression. EZH2 expression is also strongly related to the degree of dysplasia in IPMN
cases [103]. Silencing of E-cadherin in breast and prostate cancer cell lines occurs through
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EZH2-mediated methylation of the E-cadherin promoter [71]. Additionally, decreased E-
cadherin is observed in non-cohesive PDAC with associated lack of β-catenin expression,
indicating possible zonula adherens defects [104]. As such, EZH2 functions as an epigenetic
oncogene throughout neoplastic progression in the pancreas, promoting both the early
expansion of the cancerous population and the later aggressive evolution of this population
toward invasion. Treatment of pancreatic cancer cells with gemcitabine or doxorubicin, an
anthracycline antibiotic, actually increases EZH2 levels while EZH2 depletion sensitizes
cells to both treatments [98]. This troubling observation underscores the need to fully
characterize the epigenetic mechanisms at play in pancreatic tumors to prevent ineffective or
deleterious treatment.

Overexpression of EZH2, the catalytic component of PRC2, would predict increased levels
of H3-K27me3 on target genes, a prediction confirmed in a number of cancers. Surprisingly,
a study in pancreatic cancer demonstrated H3-K27me3 expression in only 26% (43/165) of
pancreatic cancer samples compared to 89% (64/72) of normal samples [105]. Low H3-
K27me3 expression samples corresponded to an 11% 5-year survival rate compared with
23% in high H3-K27me3 expression samples. Destabilization of PRC2 in the presence of
EZH2 overexpression may explain the contradiction by shifting activity away from H3-K27
trimethylation [39, 40]. EZH2 overexpression in prostate cancer cells leads to formation of
PRC4, a complex containing EED isoform 2, which associates with HDAC SirT1 and
preferentially methylates H1 [39]. Alternatively, post-translational modifications of EZH2
that inhibit its activity may also be responsible for reduced H3-K27me3 levels. Akt-
mediated phosphorylation of EZH2 represses its methyltransferase activity, disrupting gene
silencing, which could contribute to oncogenesis in certain contexts [106].

Recently, Li et al. identified a subset of so-called pancreatic cancer stem cells that possess
self-renewal properties and the ability to produce differentiated progeny. The cells comprise
<5% of total cancer cells. Xenograft of these CD44+ CD24+ ESA+ stem cells resulted in a
100-fold increase in tumorigenic potential and produced tumors that were histological quite
similar to PDAC samples [107]. Upregulation of Hedgehog signaling, a pathway previously
implicated in PanIN formation, was also observed. Furthermore, treatment with gemcitabine
resulted in increased enrichment of these stem cells in pancreatic tumors. CD133+
pancreatic cancer stem cells have also been isolated which display similar increases in
tumorigenic potential and resistance to gemcitabine [108]. The highly metastatic nature of
these cells depends on expression of the CXCR4 receptor, a marker of stem cell migration.
Depletion of CXCR4 in CD133+ stem cells resulted in decreased liver metastasis. High
expression of CXCR4 has been observed with poor prognosis in PDAC and the CXCR4
signaling axis may contribute to chemoresistance [109, 110]. The role of PcG proteins in
stem cell pluripotency anticipated the existence of self-renewing pancreatic cancer cells.
These cells, although a minor population, further explain the chemoresistant nature of
pancreatic neoplasms as well as high rates of reoccurrence following treatment.

PcG Proteins: Gateway to Improved Adjuvant Therapy
Classically, surgical resection has been the only curative treatment for PDAC patients.
Unfortunately, at presentation, only 15-20% of PDAC patients are eligible for the resection
procedure. Gemcitabine has emerged in the past 10-15 years as a moderately effective
palliative treatment in the metastatic setting, particularly in combination with other cytotoxic
agents, while the efficacy of radiotherapy in combination with chemotherapy remains
unclear [111, 112]. Progressive chemoresistance remains the most significant barrier in the
adjunctive therapy of PDAC.
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Unraveling the precise function of PcG proteins may explain the mechanisms driving the
inherent chemoresistant nature of pancreatic neoplasms as well as provide effective targets
for stand-alone or combination therapy. In pancreatic cancer cell lines, depletion of EZH2
sensitizes cancer cells to the effects of gemcitabine (as well as doxorubicin) with a
significant increases in apoptosis [98]. Recent investigations have focused on targeting the
PRC2 complex through small molecule inhibitors. One compound, 3-deazaneplanocin A
(DZNep), an S-adenosylhomocysteine hydrolase inhibitor, depletes levels of PRC2 proteins
(EZH2, SUZ12, and EED), inhibits H3-K27 methylation, and preferentially induces
apoptosis in cancer cells [113]. Treatment of breast cancer cells with DZNep re-activates a
large number of PRC2-repressed gene targets [114]. Additionally, chromatin
immunoprecipitation analysis demonstrates increased recruitment of RNA Polymerase II
following DZNep treatment with decreased occupancy of SUZ12 at the promoters of eight
target genes, indicative of transcriptional re-activation of these previously repressed targets.
Two other drugs, sinefungin and adenosine dialdehyde (AdOx), reduce H3-K27me3 levels
in a similar fashion [114, 115]. Reduced cellular proliferation and migration in pancreatic
cancer cells is also observed with AdOx treatment (Grzenda, unpublished data).

Evidence suggests that PcG proteins are downstream targets of a number of pathways linked
to cancer development, such as E2F [66], β-catenin [116], Wnt [117], Hedgehog [118], and
ERK [119]. Designing therapeutic strategies to disrupt PcG complex formation or pathways
downstream of PcG-mediated repression, such as the CXCR4 axis described above, holds
great potential. Thorough elucidation of PcG proteins at the molecular and functional level
is required to identify multiple points for treatment, thus maximizing the potential for more
beneficial adjuvant therapies.

Conclusion
Epigenetics represents an exciting new chapter in the understanding of pancreatic cancer.
The current model of pancreatic carcinogenesis requires expansion to include the
contribution of epigenetics, not in isolation from somatic processes but in conjunction
throughout neoplastic transformation and progression (Figure 1B). Evidence indicates that
certain epigenetic alterations may precede somatic mutations, serving as viable first “hits” or
by establishing pro-tumorigenic foundations for fostering neoplasia. In addition to providing
valuable information regarding the progressive development of adenocarcinomas from pre-
neoplastic lesions, molecular targeting of PcG complexes presents a promising new strategy
in the management of these aggressive neoplasias. The recent identification of pancreatic
cancer “stem cells” opens yet another branch of epigenetics-focused research. As
demonstrated from the paucity of data regarding the function of PcG proteins and complexes
in the normal pancreatic development and malignancy, the field is clearly fertile ground for
multiple avenues of investigation.
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Figure 1A. Mechanism of polycomb-mediated gene silencing
The working model of PRC repression proposes that recruitment of the initiation complex,
PRC2, results in H3-K27 trimethylation of gene promoters. The H3-K27 mark subsequently
functions to recruit PRC1, which maintains the repressed state through a variety of potential
mechanisms. Aberrant overexpression of PcG proteins may lead to malignancy by the
repression of vital tumor suppressors. 1B: Revised model of pancreatic carcinogenesis.
The current model of pancreatic carcinogenesis proposes the graded transformation of ductal
cells from dysplastic precursor lesions, deemed pancreatic intraepithelial neoplasias
(PanINs) toward invasive pancreatic ductal adenocarcinomas (PDACs) fueled by
inactivating mutations in tumor suppressors and activating mutations in oncogenes. The
model requires expansion to incorporate the role of epigenetics in tumorigenesis as well the
interaction of epigenetic mechanisms with somatic mutations in progression of the disease.
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Table 1

PcG proteins and their implication in the pathogenesis of pancreatic cancer.

PRC2: INITIATION COMPLEX

PROTEIN DOMAIN FUNCTION ROLE IN PaCa

EZH1/EZH2 SET Histone
methyltransferase
activity (HMT), establishes H3-
K37me3 mark

Oncogene
verexpression
associated with increased
proliferation and invasion
with reduction in cell
cycle
regulators; decreased E-
cadherin expression
associated with migration
and invasion

SUZ12 Zinc finger Required forHMT activity of
PRC2

EED WD40 repeat Stabilization of N-terminal
histone tail; required for HMT
activity of PRC2

RBBP4/RBBP7 Histone binding Histone binding

PRC1: MAINTENANCE COMPLEX

PROTEIN DOMAIN FUNCTION ROLE IN PaCa

CBX2/4/8 Chromodomain H3-K27me3 binding

CBX7 Chromodomain Nucleosome targeting Low levels associated with
poor differentiation;
decreased E-cadherin
expression associated with
migration and invasion

PHC1/2/3 Zinc finger SPM

RING1A/1B and
RNF2

RING finger Ubiquitin ligase Oncogenes; overexpression
associated with poor
differentiation and invasion.

BMI1 and
MEL18

Zinc finger,
RING-type

Protein-protein interactions Oncogenes; overexpression
associated with poor
differentiation, increased
proliferation, EMT, invasion
and “stemness”
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