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Abstract: Pancreatic ductal adenocarcinoma has a heterogeneous genetic landscape, marked by
frequent mutation of KRAS, CDKN2A, TP53, and SMAD4, resulting in poor responses to conventional
therapeutic regimens. Over the past decade, increased understanding of the genetic underpinnings
of this lethal cancer has yielded several different characterizations of pancreatic cancer subtypes.
However, not all phenotypes and changes in pancreatic cancer can be explained by these findings.
New insights on epigenetic modifications associated with pancreatic carcinogenesis have highlighted
additional pathways, other than gene mutations, among which chromatin regulation plays a
dominant role. Gene expression is highly regulated by subtle changes in chromatin configuration.
The underlying mechanism is dominated by reversible post-translational histone modifications.
In addition, there is growing evidence that different chromatin mechanisms interact with one
another, contributing to the diversity of pancreatic carcinogenesis. This review highlights recent work
characterizing chromatin regulatory mechanisms associated with pancreatic carcinogenesis as well as
future directions of this emerging research.
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1. Tumor Biology and Epigenetics in PDAC

Pancreatic cancer is an aggressive malignancy associated with poor outcomes and an increasing
risk profile [1]. According to current projections, by 2030 it will overtake breast and prostate cancer
as the 2nd leading cause of cancer-related death in the Western Hemisphere [2]. Pancreatic ductal
adenocarcinoma (PDAC), the most frequent form, is associated with particularly poor prognosis as
a result of several factors. First, it is commonly detected in late-stage disease owing to a lack of
specific symptoms coupled with aggressive local growth and early metastasis, and second, the clinical
picture is accompanied by an extensive desmoplastic stromal reaction that promotes significant
resistance to conventional therapeutic options [3]. There are two main precursor lesions which
result in PDAC formation (Figure 1). Pancreatic intraepithelial neoplasia (PanIN), which derive
from acinar cells undergoing acinar-to-ductal metaplasia (ADM), and larger intraductal papillary
mucinous neoplasm (IPMN) of the pancreas [4,5]. Tumors resulting from these precursor lesions have
distinct clinicopathological features that impacts tumor biology and prognosis [6]. More than 90% of
all PDAC cases harbor KRAS mutations, which are already detectable in these precursor lesions [7].
Moreover, tumor suppressor genes, such as SMAD4, TP53 (commonly referred to as p53), and CDKN2A,
are inactivated in 50–70% of all patients [7]. Four different subtypes of pancreatic cancer were recently
identified by whole-genome sequencing and copy number variation (CNV) analysis, reflecting the
number and location of the gene alterations [8]. Differences in gene expression patterns have similarly
been employed to define the transcriptional subtypes of PDAC (Figure 1) [9–11]. However, no
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correlation has been found between these genetic and transcriptional subtypes, suggesting epigenetic
mechanisms contribute to these classifications.
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Figure 1. Precursor lesions of pancreatic cancer. Pancreatic acinar cells can acquire a duct-like 
phenotype through a process termed acinar-to-ductal metaplasia (ADM). In the context of activating 
mutations in KRAS, these lesions can progress to pancreatic intraepithelial neoplasia (PanIN; top). 
Pancreatic ductal cells with activating mutations to KRAS and GNAS form a second class of precursor 
lesions, intraductal papillary mucinous neoplasms (IPMN, bottom). Subsequent acquisition of 
inactivating tumor suppressor genes in PanIN and IPMN lesions result in the progression to PDAC. 
Transcriptional analysis of tumors defined different PDAC subtypes (right) [12]. 

Among the post-translational changes in the histone subunit, acetylation and methylation are 
crucially linked to the carcinogenesis of PDAC. These modifications are regulated by enzymes that 
add (writers) or remove (erasers) epigenetic marks. Modifications in the acetylation status of histones 
are accomplished by histone acetyltransferases (HATs) and deacetylases (HDACs) [12]. Common 
HATs include the CREB-binding protein (CBP), the transcriptional cofactor p300, as well as the 
p300/CBP-associated factor PCAF, and their activity is associated with active gene expression [13]. In 
contrast, HDACs generate a more condensed chromatin structure which is associated with gene 
suppression [14,15]. The balance of these two counterparts creates a finely adjusted balance of (de-) 
acetylation activity which can be lost during cancer development resulting in tumor enhancement 
and de-differentiation. Similarly, the methylation status of histone residues results in upregulation 
or suppression of gene expression through methyltransferases and demethylases [16,17]. In addition, 
specific “readers”, such as the bromodomain and extraterminal (BET) family of proteins, recognize 
acetylated histones and recruit additional co-regulators to mediate transcriptional activity in PDAC 
[18]. Finally, chromatin remodelers, such as SWI/SNF, have ATPase activity that changes the position 
of the nucleosomes in order to recruit transcriptional machineries to the nucleosomal DNA to 
regulate gene expression [19]. This review summarizes recent discoveries about how these four broad 
mechanisms of chromatin regulation play an emerging role in our understanding of PDAC, especially 
in the development of carcinogenesis from PanIN or IPMN precursor lesions. 

2. Histone Acetylation in Pancreatic Carcinogenesis 

One of the first studies of the acetylation machinery in PDAC was the description of p300 and 
its interaction with the nuclear factor of activated T-cells (NFAT) [20]. This study demonstrated that 
maximal transcriptional activity of MYC in tumors occurs through NFAT-dependent histone 
acetylation by p300, which allows for the recruitment of an additional sequence-specific DNA 
binding transcription factor, ELK-1 [20]. More recent work characterized the p300/CREB complex in 
TGF-β signaling and GLI1-activity in PDAC [21]. In the latter report, it was demonstrated that 
stimulation of TGF-β signaling resulted in a GLI1-dependent upregulation of a subset of TGF-β 
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Figure 1. Precursor lesions of pancreatic cancer. Pancreatic acinar cells can acquire a duct-like
phenotype through a process termed acinar-to-ductal metaplasia (ADM). In the context of activating
mutations in KRAS, these lesions can progress to pancreatic intraepithelial neoplasia (PanIN; top).
Pancreatic ductal cells with activating mutations to KRAS and GNAS form a second class of precursor
lesions, intraductal papillary mucinous neoplasms (IPMN, bottom). Subsequent acquisition of
inactivating tumor suppressor genes in PanIN and IPMN lesions result in the progression to PDAC.
Transcriptional analysis of tumors defined different PDAC subtypes (right) [12].

Among the post-translational changes in the histone subunit, acetylation and methylation are
crucially linked to the carcinogenesis of PDAC. These modifications are regulated by enzymes that
add (writers) or remove (erasers) epigenetic marks. Modifications in the acetylation status of histones
are accomplished by histone acetyltransferases (HATs) and deacetylases (HDACs) [12]. Common
HATs include the CREB-binding protein (CBP), the transcriptional cofactor p300, as well as the
p300/CBP-associated factor PCAF, and their activity is associated with active gene expression [13].
In contrast, HDACs generate a more condensed chromatin structure which is associated with gene
suppression [14,15]. The balance of these two counterparts creates a finely adjusted balance of (de-)
acetylation activity which can be lost during cancer development resulting in tumor enhancement
and de-differentiation. Similarly, the methylation status of histone residues results in upregulation
or suppression of gene expression through methyltransferases and demethylases [16,17]. In addition,
specific “readers”, such as the bromodomain and extraterminal (BET) family of proteins, recognize
acetylated histones and recruit additional co-regulators to mediate transcriptional activity in PDAC [18].
Finally, chromatin remodelers, such as SWI/SNF, have ATPase activity that changes the position of the
nucleosomes in order to recruit transcriptional machineries to the nucleosomal DNA to regulate gene
expression [19]. This review summarizes recent discoveries about how these four broad mechanisms
of chromatin regulation play an emerging role in our understanding of PDAC, especially in the
development of carcinogenesis from PanIN or IPMN precursor lesions.

2. Histone Acetylation in Pancreatic Carcinogenesis

One of the first studies of the acetylation machinery in PDAC was the description of p300 and
its interaction with the nuclear factor of activated T-cells (NFAT) [20]. This study demonstrated that
maximal transcriptional activity of Myc in tumors occurs through NFAT-dependent histone acetylation
by p300, which allows for the recruitment of an additional sequence-specific DNA binding transcription
factor, ELK-1 [20]. More recent work characterized the p300/CREB complex in TGF-β signaling and
GLI1-activity in PDAC [21]. In the latter report, it was demonstrated that stimulation of TGF-β
signaling resulted in a GLI1-dependent upregulation of a subset of TGF-β responsive genes, including
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BCL2, IL7, and CCND1. The authors demonstrated a physical and functional association of GLI1
with SMAD2/4 at the BCL2 promoter which regulates BCL2 expression. This GLI/SMAD-dependent
activation of TGF-β responsive genes required PCAF (Figure 2A). TGF-β stimulation resulted in a
GLI-dependent association of PCAF at the BCL2 promoter with increased acetylation of H3K14, a mark
regulated by PCAF. Moreover, depletion of PCAF abrogated TGF-β induced expression of BCL2, IL7,
and CCND1. Similar results were recently described in malignant brain tumors, where co-activation of
PCAF supports GLI-Hedgehog activity through the acetylation of H3K9 [22].

Epigenomes 2018, 2, x FOR PEER REVIEW  3 of 13 

 

responsive genes, including BCL2, IL7, and CCND1. The authors demonstrated a physical and 
functional association of GLI1 with SMAD2/4 at the BCL2 promoter which regulates BCL2 expression. 
This GLI/SMAD-dependent activation of TGF-β responsive genes required PCAF (Figure 2A). TGF-
β stimulation resulted in a GLI-dependent association of PCAF at the BCL2 promoter with increased 
acetylation of H3K14, a mark regulated by PCAF. Moreover, depletion of PCAF abrogated TGF-β 
induced expression of BCL2, IL7, and CCND1. Similar results were recently described in malignant 
brain tumors, where co-activation of PCAF supports GLI-Hedgehog activity through the acetylation 
of H3K9 [22]. 

 
Figure 2. Post-translational modifications of chromatin regulate gene expression in pancreatic 
carcinogenesis. (A) Histone acetylation is mediated by the p300/CREB associated complex (PCAF) 
which is regulated by binding of GLI1 and results in acetylation of H3K14 to increase expression of a 
subset of TGF-β responsive genes. Similarly, recruitment of the HDAC SIRT6 to promoters results in 
deacetylation of H3K9 and H3K56 with suppression of pro-tumorigenic gene programs. (B) The 
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heterochromatin protein family member HP1γ. In contrast, loss of the H3K27 demethylase KDM6A 
promotes PDAC with a squamous differentiation. (C) SWI/SNF chromatin remodelers have distinct 
functions in PDAC that are mediated by their ATP-dependent subunits BRG1 and BRM, which 
contribute to IL6/STAT3 signaling in PDAC. Likewise, specific epigenetic readers, such as BRD4, 
recognize acetylation marks and regulate a variety of transcriptional programs in PDAC, including 
the IL6/STAT3 axis. 

As a counterpart of the HATs, the deacetylation of histones through HDACs plays a major role 
in PDAC, and the elevated expression of these enzymes is generally correlated with poor prognosis 
[23,24]. Early insights on the activity HDACs were found in the regulation of the epithelial-
mesenchymal transition (EMT), typified by inactivation of E-cadherin during pancreatic 
tumorigenesis [25–27]. In this work, it was shown that HDACs form complexes with zinc finger 
proteins ZEB1 and Snail on the promoter of CDH1, the gene encoding E-cadherin, resulting in 
inactivation of E-cadherin, tumor progression, and metastasis [28,29]. 

Mutation or loss of the tumor suppressor p53 in PDAC is a common event during pancreatic 
carcinogenesis and affects almost 50% of all cases [7]. However, not all p53 mutants are inactivated; 
a subset of these genetic alterations results in gain-of-function mutations that contribute to tumor 
promotion by enhancing NF-κB activity [30]. A recent study focused on the contribution of HDACs 
to the regulation of p53 subtypes in PDAC cell lines harboring unique mutations in p53 [15]. It was 
shown that the expression of p53 mutants in murine and human cells was sensitive to Class I HDAC 

Figure 2. Post-translational modifications of chromatin regulate gene expression in pancreatic
carcinogenesis. (A) Histone acetylation is mediated by the p300/CREB associated complex (PCAF)
which is regulated by binding of GLI1 and results in acetylation of H3K14 to increase expression
of a subset of TGF-β responsive genes. Similarly, recruitment of the HDAC SIRT6 to promoters
results in deacetylation of H3K9 and H3K56 with suppression of pro-tumorigenic gene programs.
(B) The histone methyltransferase SUV39H1 can bind to target promoters by forming a complex with
DNA-bound NFATc2, leading to gene suppression through trimethylation of H3K9 and recruitment
of the heterochromatin protein family member HP1γ. In contrast, loss of the H3K27 demethylase
KDM6A promotes PDAC with a squamous differentiation. (C) SWI/SNF chromatin remodelers have
distinct functions in PDAC that are mediated by their ATP-dependent subunits BRG1 and BRM, which
contribute to IL6/STAT3 signaling in PDAC. Likewise, specific epigenetic readers, such as BRD4,
recognize acetylation marks and regulate a variety of transcriptional programs in PDAC, including the
IL6/STAT3 axis.

As a counterpart of the HATs, the deacetylation of histones through HDACs plays a major role in
PDAC, and the elevated expression of these enzymes is generally correlated with poor prognosis [23,24].
Early insights on the activity HDACs were found in the regulation of the epithelial-mesenchymal
transition (EMT), typified by inactivation of E-cadherin during pancreatic tumorigenesis [25–27].
In this work, it was shown that HDACs form complexes with zinc finger proteins ZEB1 and Snail on
the promoter of CDH1, the gene encoding E-cadherin, resulting in inactivation of E-cadherin, tumor
progression, and metastasis [28,29].

Mutation or loss of the tumor suppressor p53 in PDAC is a common event during pancreatic
carcinogenesis and affects almost 50% of all cases [7]. However, not all p53 mutants are inactivated;
a subset of these genetic alterations results in gain-of-function mutations that contribute to tumor
promotion by enhancing NF-κB activity [30]. A recent study focused on the contribution of HDACs
to the regulation of p53 subtypes in PDAC cell lines harboring unique mutations in p53 [15]. It was
shown that the expression of p53 mutants in murine and human cells was sensitive to Class I HDAC
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inhibition. Genetic depletion and chromatin immunoprecipitation experiments revealed that HDAC1
and HDAC2 mediated p53 expression. The authors observed binding of HDAC1 at the promoter of
p53, next to the transcriptional start site, as well as in the body of the gene in comparison with HDAC2,
which pre-dominantly binds to the p53 promoter. Interestingly, these findings were found in other
cancer types, underscoring the regulation of p53 through HDACs [31].

The NAD+-dependent histone deacetylase Sirtuin 6 (SIRT6) is a Class III HDAC with
de-acetylation activity towards H3K9 and H3K56 (Figure 2A) [32]. Kugel and colleagues demonstrated
in human PDAC specimens that low expression of SIRT6, which represents 30–40% of all cases,
correlated with worse survival in 120 PDAC specimens [33]. Employing a GEM mouse model, in
which loss of Sirt6 was combined with loss of p53 and activation of Kras (Sirt6f/f;p53f/+;KrasG12D), it was
shown that animals lacking Sirt6 had shorter survival and higher metastatic potential. Sirt6 negative
mice exhibited hyperacetylation at H3K56, as well as an increase of chromatin-bound Myc compared to
wild-type littermates. Taking a closer look at the Sirt6 KO phenotype, ChIP-seq experiments identified
Lin28b as one of the top genes with increased H3K56Ac at its transcription start side which correlated
with an upregulation of Lin28b in SIRT6-deficient PDAC cells. Interestingly, expression of Lin28b
is usually restricted to embryonic tissues [34] undergoing re-activation through tumorigenesis in
different tissues [35–37]. Through chromatin immunoprecipitation the authors demonstrated higher
levels of H3K56Ac and H3K9Ac at MYC binding sites at the Lin28b promoter in SIRT6-negative cells,
reflecting an open chromatin confirmation. Furthermore, knockdown of SIRT6 in SIRT6high PDAC
cells resulted in prompt acetylation of these epigenetic marks. Suppression of Myc also led to a
reduction in the expression of Lin28b, supporting the idea of antagonism between SIRT6 and Myc.
Further functions of Lin28b were explored and demonstrated a role for Lin28b in the inhibition of
the tumor suppressor micro-RNA family members let-7 [38]. let-7 members by themselves inhibit
target genes (IGF2BPs, HMGA2) which drive carcinogenesis [39,40] and here were demonstrated to be
overexpressed in SIRT6low PDAC cells. Taken together, these results demonstrate the hyperacetylation
of H3K9Ac and H3K56Ac through loss of SIRT6, which opens Myc binding sides at the Lin28b promoter
region. Ultimately, Lin28b inhibits the tumor suppressor let-7 micro-RNA family by upregulating the
metabolic target genes (IGF2BPs, HMGA2) represented in a subpopulation of PDAC patients with
worse overall survival.

3. Histone Methylation in Pancreatic Carcinogenesis

The methylation status of lysine residues on histone tails can have both positive and negative
effects on gene expression. While some histone methylation marks are strongly associated with active
(H3K4me3) or repressed (H3K27me3) transcription, the function of many of these modifications is
context dependent [41]. A role for histone methylation and formation of heterochromatin in PDAC
was found in the silencing of tumor suppressor CDKN2B (p15, Ink4b), a frequent event in PDAC [42].
This study defined a key role for NFATc2 in establishing transcriptional silencing of p15 (Figure 2B).
Co-immunoprecipitation and ChIP experiments revealed that NFATc2 physically interacts with the
histone methyltransferase SUV39H1 which allows for its NFATc2-dependent recruitment to the p15
promoter. The NFATc2-SUV39H1 complex results in trimethylation of H3K9, a suppressive epigenetic
mark, and decreased p15 expression. The suppressive effects of the NFATc2-SUV39H1 complex were
mediated by the recruitment of HP1γ, a heterochromatin protein family member which stabilizes
transcription complexes that contribute to heterochromatin expansion [43–45]. Depletion of either
NFATc2 or SUV39H1 resulted in loss of HP1γ binding to the p15 promoter. Moreover, NFATc2-SUV39H1
complex formation was stabilized in the presence of HP1; depletion of HP1 resulted in a de-stabilization
of the repressor complex with a loss of p15 promoter silencing through NFATc2 [42].

Enhancer of Zeste Homologue (EZH2) has been implicated in inactivating the expression of
tumor suppressor genes in a variety of cancers by mediating the tri-methylation of H3K27 [46,47].
An early study in PDAC defined an important role for EZH2 in silencing the tumor suppressor
CDKN1B (p27) in poorly differentiated PDACs [48]. More recently, Chen and colleagues described the
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context-specific roles of EZH2 in the regulation of NFATc1 expression during pancreatic regeneration
and tumorigenesis [49]. Employing pancreatitis models in mice, the authors found that NFATc1 was
activated in acinar cells after injury and was silenced by EZH2-mediated H2K27me3 at its promoter
during the late stages of regeneration. Dysregulation of this mechanism by genetic loss of EZH2 or
ectopic expression of NFATc1 prevented proper regeneration of the pancreas. Interestingly, the effects
of EZH2 on NFATc1 expression were quite different against the background of pancreatic expression
of KrasG12D. Genetic depletion or pharmacologic inhibition of EZH2 resulted in a decrease in NFATc1
expression in murine-derived PDAC cells (KrasG12D;p53R172/+). ChIP experiments revealed that loss of
EZH2 activity corresponded with a decrease in H3K4me3 at the transcription start site of the NFATc1
promoter. These positive regulatory effects of EZH2 on NFATc1 were not observed in the PRC2 target
gene Hoxa10, suggesting that oncogenic activation of Kras selectively alters the activity of EZH2 on
a subset of target genes. These results highlight the plasticity of histone-modifying enzymes in the
regulation of regeneration and tumorigenesis [49].

Lysine-specific histone demethylases (KDMs) have both tumor promoting and suppressive
functions in human cancer [50,51]. The lysine-specific histone demethylase 1A (LSD1), also known as
KDM1A, is overexpressed in PDAC and silencing of LSD1 resulted in an impaired glucose uptake,
decreased cell viability, and reduced tumor growth in vivo [52]. Underscoring this putative mechanism,
it was shown that LSD1 stabilizes HIF-1α expression which maintains glucose metabolism in hypoxic
tumor environments [52]. An additional study investigating the role of the H3K36 demethylase KDM2B
in PDAC revealed that silencing of KDM2B resulted in impaired growth of PDAC cell lines [53]. Further
in vivo studies highlighted the role of KDM2B in tumor growth and poor differentiation in mice with
pancreatic expression of KrasG12D. In addition, the authors emphasized the contribution of KDM2B in
Myc activity together with KDM5A and EZH2. These findings link KDM2B to an aggressive PDAC
subtype with integral roles in Myc transcriptional activity [53].

A recent study has identified a role for KDM6A (UTX), an X chromosome-encoded H3K27me3
demethylase, in PDAC subtype specification [54]. Independent of its demethylase activity, KDM6A
is part of the COMPASS (complex of proteins associated with SET1)-like complex which mediates
monomethylation of H3K4 to establish active enhancers [55,56]. The authors described frequent
mutations and deletions of KDM6A in PDAC tumors with a squamous-like subtype transcriptional
signature (Figure 2B) [11]. KDM6A exhibited strong expression in PanIN lesions and well-differentiated
PDAC, whereas its expression was absent in poorly differentiated PDAC and metastatic lesions.
In line with these expression patterns in human PDAC, tumors from female Kdm6a null mice
with a KrasG12D background exhibited histologic features and gene expression patterns reflecting
squamous differentiation. Interestingly, only a minor subset of differentially expressed genes in
Kdm6a null mice carried elevated levels of H3K27me3 marks, indicative of demethylase-independent
changes of KDM6A deficiency. Consistent with its role as a component of COMPASS-like complex,
the authors demonstrated loss of KDM6A disrupts COMPASS-like complex formation at a subset of
super enhancers, resulting in the aberrant activation of genes involved in squamous differentiation
including Tp63, Myc, and Runx3. Both human and murine pancreatic cancer cell lines deficient in
KDM6A were more sensitive to inhibitors of the BET proteins, a family of epigenetic readers (described
below) [57]. Strikingly, the BET family member BRD4 is bound to super enhancers activated by loss of
KDM6A (∆Np63 and Runx3) and BET inhibition through JQ1 downregulates their expression. Together
these recent findings emphasize the importance of super enhancers in PDAC progression and the need
of re-programming these subtypes through additional therapies [54].

4. BET Bromodomain Regulation in Pancreatic Carcinogenesis

The bromodomain and extra-terminal (BET) family have emerged as key epigenetic contributors
to PDAC. BET proteins (BRD2, BRD3, BRD4, and the testis-restricted BRD-T) contain tandem
bromodomains that mediate binding to acetylated lysines on histone and non-histone substrates [58].
BET family members function as chromatin adaptors that recruit the super elongation complex (SEC)
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and polymerase-associated factor complex (PAFc) to target genes to mediate transcriptional elongation
of RNA [18]. In humans, the expression of BRD2 and BRD3 is elevated during the early histological
stages of tumorigenesis (ADM and PanIN lesions), with high levels of BRD2, 3, and 4 found in
tumors [57]. BET proteins are similarly induced in a genetically engineered mouse (GEM) model
with pancreas-specific expression of KrasG12D, and pharmacological inhibition of BET bromodomains
blocks ADM and PanIN formation in mice [59]. Contemporaneous studies employing RNAi targeting
of specific BET family members and small molecules that inhibit the binding of BET bromodomains
have defined a critical role for BET proteins in the growth of PDAC cells in vitro, as well as the in vivo
growth of patient-derived xenograft (PDX) and GEM models of PDAC [57,59–62].

BET proteins contribute to PDAC by mediating the activity of several key transcriptional programs.
Much of the early excitement concerning BET proteins was based on their ability to directly regulate
the expression of MYC. MYC amplification is detected in about 14% of PDAC and is enriched in the
squamous subtype [11,63]. Consistent with this finding, gene expression analysis of more than 55
PDX models of PDAC identified 30% that had high expression of MYC target genes [64]. Furthermore,
tumors from these MYChigh patients were more proliferative, less differentiated, and associated
with shorter overall survival. Importantly, cell culture and tumor models revealed that MYChigh

PDACs were more sensitive to BET bromodomain inhibition than those derived from MYClow tumors.
However, it remains unclear to what extent the regulation of MYC by BET proteins contributes
to these effects. Several studies have found MYC expression to be regulated by BET proteins in
a subset of PDAC cell lines; however, the BET-dependent expression of MYC and BET-dependent
growth of PDAC cells frequently do not correlate [57,59]. Moreover, depletion of MYC only partially
recapitulates the effects of BET bromodomain inhibition, supporting a role for other BET-dependent
pathways in PDAC. Among these are additional transcriptional programs including STAT3 and
GLI [59]. BET proteins regulate the activity of STAT3 in PDAC cells through transcriptional regulation
of its upstream activator IL6. Pharmacological inhibition of BET bromodomains resulted in loss of
BRD4 binding to IL6 promoter, decreased expression of IL6, and reduced levels of active pSTAT3 in
both human PDAC cell lines and a GEM model (Ptf1a-Cre; KrasG12D; p53fl/fl) of PDAC (Figure 2C).
Importantly, exogenous administration of IL6 in GEM mice restored pSTAT3 levels and abrogated
the inhibitory effects of BET bromodomain inhibition on tumor growth [59]. One of the dominant
gene programs altered after BET bromodomain inhibition in PDAC cells is regulated by GLI [57].
In contrast to other transcriptional programs regulated by BET proteins in PDAC, GLI represents a
growing body of sequence-specific DNA-binding proteins that physically interact with BET proteins.
Co-immunoprecipitation experiments demonstrated that BRD2, BRD3, and BRD4 interact with GLI1
and GLI2. Pharmacological inhibition of BET bromodomains disrupts BRD4-GLI1 complexes, resulting
in diminished GLI transcriptional activity in PDAC cells [57]. A link between BET and GLI in PDAC
was further revealed by a study demonstrating that PDAC cells with acquired resistance to BET
bromodomain inhibition are dependent on the elevated expression of GLI2 for this resistance [65].

A hallmark of pancreatic cancer is a highly desmoplastic stroma, composed of abundant
fibrosis and cancer-associated fibroblasts (CAFs) [66,67]. There has been increased appreciation
for the impact of cross-talk between neoplastic and stromal cells on PDAC tumor biology. Soluble
factors secreted by these cell populations play a large role in mediating this cross-talk. A recent
study demonstrated that PDAC cells exhibited altered metabolic activity and expression of genes
involved in metabolic pathways when exposed to conditioned media from immortalized human
CAF cultures [68]. These changes corresponded to a rapid increase in global acetylation of
H3K9 and H3K27, and these epigenetic marks were enriched in the promoters and enhancers of
genes that were responsive to CAF-conditioned media. Consistent with this increased acetylation,
the response of these genes to conditioned media was found to be dependent on the activity of
BET proteins. Interestingly, while BRD2 and BRD4 have been identified as regulators of BET target
genes in PDAC cells, BRD2 was uniquely responsible for the gene expression changes induced by
CAF-conditioned media [68]. The activity of BET proteins within PDAC cells also contributes to the
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tumor microenvironment. BET proteins regulate the expression of SHH in human PDAC cells and a
GEM model (Pdx-1-Cre;KrasG12D;p53fl/fl) of PDAC. SHH secreted by PDAC cells functions via paracrine
signaling to recruit and activate CAFs in tumors. Consistent with this activity, BET bromodomain
inhibition and shRNA mediated depletion of BRD2 or BRD4 results in reduced SHH expression and
diminished CAF content in PDAC tumors [57].

In addition to their contribution to PDAC-mediated activation of CAFs, BET proteins directly
contribute to the biology of CAFs [62]. While CAFs are a diverse population of cells, the majority
are believed to derive from resident quiescent pancreatic stellate cells [67]. Within the tumor
microenvironment these cells become activated (alpha smooth muscle actin (α-SMA)-positive) and
express elevated levels of collagen, which contributes to the fibrotic stroma. Consistent with a role
for BET proteins in the activation of CAFs, BET bromodomain inhibition decreased α-SMA levels
in primary and immortalized cultures of human CAFs, without affecting the viability of these cells.
Moreover, upon inhibition of BET proteins, CAFs exhibited a downregulation of ECM-related genes
(COL1A1, COL1A2, COL1A3 and FN1) [62]. Taken together, BET proteins are crucially involved in
the carcinogenesis of PDAC. This is not only true for their contribution to early cancer progression
through PanIN lesions but also for their various interactions in stromal crosstalk through CAFs which
drive fibrotic reactions in PDAC.

5. Chromatin Remodelers (SWI/SNF) in Pancreatic Carcinogenesis

In past years, insights into chromatin remodelers highlighted their diverse context-dependent
functions in pancreatic carcinogenesis. Research in this field has been predominantly performed
on SWI/SNF enzymes which drive chromatin remodeling through their ATPase subunits BRG1
and BRM [19,69]. SWI/SNF proteins recognize specific histone marks, and through dynamic
ATP-dependent modifications, allow the recruitment of transcriptional machineries to the nucleosomal
DNA (Figure 2C). Mutations in SWI/SNF subunits, which are found in approximately 20% of human
cancers, lead to cell cycle defects and the promotion of tumor formation [70]. In one of the first studies
to characterize the SWI/SNF components in PDAC, Numata et al. found that high expression of
BRM was correlated with poor survival [71]. Another study found that patients with a germ-line
polymorphism in BRM (BRM-741, BRM-1321) exhibited worse survival compared to patients with
wild-type BRM [72]. A recent study suggested that regulation of the JAK/STAT pathway is a major
contribution of the BRG1/BRM subunits in PDAC [73]. The authors observed cell cycle arrest and
suppression of tumor growth after BRM silencing in vivo. In addition, downstream targets of the
JAK2/STAT3 pathway (CCND1, Survivin, MMP7, and VEGF) were decreased after silencing BRM.
In line with these findings, levels of active pSTAT3 were downregulated and could be restored with
exogenously supplied IL6 [73].

Taking a closer look at BRG1, Molin et al. discovered unique insights on the expression patterns
in IPMNs [74]. More than 50% of all IPMN specimens exhibited reduced expression of BRG1 when
compared to normal tissue. In addition, high-grade IPMNs more frequently had lower BRG1 levels,
suggesting that loss of BRG1 drives de-differentiation. A subsequent study demonstrated additional
context-dependent functions of BRG1 in the development of different PDAC subtypes or its precursor
lesions [75]. First, it was shown that loss of Brg1 in KrasG12D-driven mice resulted in formation of cystic
neoplasms which resembled human IPMNs. In a time-dependent manner these precursor lesions
were able to form invasive cancer. However, compared to mice with an ordinary KrasG12D-driven
PanIN, these lesions were less proliferative and had a decreased gene expression signature for
pathways regulating cellular motility, invasion, and metastasis. Further investigation of downstream
pathways revealed that tumors from Brg1-negative mice almost completely lost the expression of
tumor-suppressive (p53, p21, and p16) and tumor-promoting genes (Hmga2), when compared to
ordinary PDACs. In line with these findings, the promoter of Hmga2 showed an enrichment of BRG1
accompanied by the repressive histone mark H3K27me3. Interestingly, the authors demonstrated that
loss of BRG1 has cell context specific effects in the formation of pre-neoplastic lesions. GEM models
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that allowed for pancreatic acinar or ductal cell-specific deletion of Brg1 revealed BRG1 expression
was required for KrasG12D-driven PanIN formation from adult acinar cells, whereas loss of Brg1 was
required for KrasG12D-driven IPMN formation from adult pancreatic duct cells [75]. In a follow-up study
from the same group it was shown that BRG1 promotes tumorigenesis in PDAC through an EMT-like
gene expression pattern; whereas it inhibits de-differentiation in adult pancreatic duct cells and blocks
neoplastic transformation [76]. Taken together, these findings accentuate the importance of Brg1 as a
stage-dependent chromatin remodeler with distinct functions during pancreatic carcinogenesis.

In addition to BRG1 and BRM, ARID1a contributes to SWI/SNF function by mediating promoter
occupancy [77]. In addition to being frequently mutated in PDAC [7], Arid1a deletion leads
to the formation of colon cancer in mice [78] and drives ovarian carcinogenesis through mTOR
activation [79,80]. Kimura and colleagues investigated the role of ARID1a and BRG1 in pancreatic
tumorigenesis [81]. Employing KrasG12D-driven mice lacking Arid1a they demonstrated that mice
deficient in Arid1a developed IPMNs and PDAC more frequently when compared to ordinary KrasG12D

or Arid1afl/+ mice, thereby documenting the tumor suppressive abilities of Arid1a in PDAC. Tumors
from Arid1afl/fl mice exhibited an upregulation of pSTAT3 and a similar suppression of p53, p21, and
p16 as described above for Brg1-deficient mice [75]. The authors investigated further key signaling
pathways and found a correlation with an increase in mTOR activity in Arid1afl/fl mice. Interestingly,
these effects were not detectable in Brg1-deficient mice, highlighting a unique role for IPMN-associated
PDAC formation through mTOR signaling in the absence of Arid1a [81]. Taken together, histone
remodelers reassemble a highly heterogeneous group that controls pancreatic carcinogenesis through
their different subgroups. They play an important role in tumor progression from ordinary PanIN
formations and IPMN-associated PDAC. Notably, SWI/SNF subunits act in a stage-dependent manner
with different contributions on tumor formation in PDAC.

6. Outlook

Alterations in chromatin regulation and their contribution to key pathways in PDAC has
become an important field of research. Along with recent studies on the acetylation or methylation
status of histones, chromatin readers and remodelers implement context-specific functions in PDAC.
In particular, stage-dependent activities of different chromatin regulators elucidate the complex
regulatory machinery behind pancreatic carcinogenesis. Furthermore, recent findings emphasize
the role of chromatin mechanisms in cancer–stroma crosstalk, opening multiple directions for future
studies and therapeutic strategies.
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