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Abstract

Purpose of review The goal of this manuscript is to review the current literature related to
fibrogenesis in the pancreatobiliary system and how this process contributes to pancreatic
and biliary diseases. In particular, we seek to define the current state of knowledge
regarding the epigenetic mechanisms that govern and regulate tissue fibrosis in these
organs. A better understanding of these underlying molecular events will set the stage for
future epigenetic therapeutics.

Recent findings We highlight the significant advances that have been made in defining the
pathogenesis of pancreatobiliary fibrosis as it relates to chronic pancreatitis, pancreatic
cancer, and the fibro-obliterative cholangiopathies. We also review the cell types involved
as well as concepts related to epithelial-mesenchymal crosstalk. Furthermore, we outline
important signaling pathways (e.g., TGFB) and diverse epigenetic processes (i.e., DNA
methylation, non-coding RNAs, histone modifications, and 3D chromatin remodeling) that
regulate fibrogenic gene networks in these conditions.

Summary We review a growing body of scientific evidence linking epigenetic regulatory
events to fibrotic disease states in the pancreas and biliary system. Advances in this
understudied area will be critical toward developing epigenetic pharmacological ap-
proaches that may lead to more effective treatments for these devastating and difficult
to treat disorders.
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Introduction

Tissue fibrosis occurs in the context of an exaggerated extracellular matrix (ECM) deposition in an effort to
wound healing response to various chronic injuries. curtail the injury and allow repair processes to take
During this process, inflammatory mediators drive place. Fibrosis is mediated by fibroblasts or
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myofibroblasts, specialized mesenchymal cells that pro-
duce and lay down the ECM components including
fibronectin (FN) and collagen (COL), as well as intra-
cellular markers of activation such as alpha smooth actin
(aSMA). In pathological conditions, fibrosis is excessive,
resulting in structural tissue distortion and organ dys-
function. This pathological process is an integral part of
many pancreatobiliary diseases. In the pancreas, fibrosis
plays a significant role in the pathogenesis of chronic
pancreatitis and pancreatic adenocarcinoma. Similarly,
in the biliary system, the fibro-obliterative
cholangiopathies result in peri-portal fibrosis which

Part I: Pancreatic fibrosis

can progress to biliary cirrhosis. Currently, there are no
effective treatments to prevent the progression of
pancreatobiliary fibrosis. In this review, we will consider
the key cells involved in pancreatobiliary fibrosis. We
will then discuss the signaling pathways and epigenetic
regulators that initiate and propagate pancreatobiliary
fibrosis. We will also point out vast gaps in the current
understanding of these epigenetic mechanisms. Ulti-
mately, a more complete understanding of these
pathobiologic mechanisms may be exploited in the fu-
ture to develop novel therapeutic approaches to prevent
the progression of fibrosis.

Chronic pancreatitis

Pancreatic fibrosis is an established driving force behind the pathogene-
sis of chronic pancreatitis. Chronic pancreatitis develops as a result of
various chronic injuries to the pancreas including alcohol abuse, tobacco
smoking, metabolic insults such as hypercalcemia and hypertriglyc-
eridemia, autoimmune disorders, and injuries as a result of genetic
predisposition [1e]. In Western countries, the majority of cases of chron-
ic pancreatitis are due to alcohol abuse with tobacco smoking contrib-
uting as an independent risk factor [2, 3]. Multiple models of the
pathophysiology of chronic pancreatitis have been hypothesized. These
include (1) direct and chronic metabolic-toxic effects that accrue over
time, (2) repeated episodes of acute pancreatitis that damage the pan-
creatic parenchyma, (3) a single sentinel acute pancreatitis in pre-
disposed patients that causes ongoing injury, (4) oxidative stress perpet-
uating injury to the parenchyma, and (5) ductal dysfunction and plug-
ging that cause persistent injury [1e]. The pathophysiology of chronic
pancreatitis might involve components of several pathways. Regardless of
the etiology or manner of pancreatic injury, the common result is pan-
creatic fibrosis. Fibrosis in chronic pancreatitis eventually replaces signif-
icant parts of the organized parenchyma including acinar cells, islet of
Langerhans, and pancreatic ducts resulting in ductopenia and abnormal
ducts [1e, 4].

Pancreatic cancer

Pancreatic cancer exists within a unique microenvironment, exhibiting
excessive fibrogenesis referred to as the “desmoplastic reaction.” In fact,
the extent of ECM deposition in the primary pancreatic cancer has been
associated with patient survival [5]. The desmoplastic reaction contains
pancreatic cancer, immune, myofibroblast, and stromal cells. Up to 80-
90% of the tumor volume can be a combination of stromal cells and
ECM [Ge, 7]. The extent of ECM in these tumors confers increased tumor
stiffness which is thought to cause tissue hypoperfusion and hypoxia |7,
8]. This phenomenon may confer a survival advantage to tumor cells and
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may also contribute to chemotherapy and radiotherapy resistance [7]. The
desmoplastic reaction also appears to be required for metastasis.
Targeting the signaling pathways regulating the fibrogenic microenviron-
ment can curtail cancer migration and metastasis [9, 10].

Pancreatic stellate cells

Pancreatic stellate cells (PSCs) are resident, mesenchymal pancreatic cells
and well-established mediators of pancreatic fibrosis. PSCs are found in
the peri-acinar space of the exocrine pancreas forming 4-7% of the
pancreas [11, 12]. PSCs are similar to their hepatic counterparts, hepatic
stellate cells (HSCs); both of which are distinctly different from fibro-
blasts [13]. Both PSCs and HSCs exist in two states: quiescent or activat-
ed. Quiescent PSCs contain retinoid droplets [11, 12]. Their functions
include maintenance of tissue architecture, vitamin A storage, phagocyto-
sis of bacteria, and stimulation of amylase from the exocrine pancreas
[14]. When activated, PSCs trans-differentiate into a myofibroblast phe-
notype and loose retinoid droplets; express aSMA, FN, and COL; and are
capable of active migration and proliferation [14, 15]. Activated PSCs are
the predominant cells responsible for ECM deposition and resultant
fibrosis in the pancreas [1]. An increasing number of injurious stimuli
have been shown to activate PSCs including alcohol and its metabolites,
endotoxins, oxidative stress, hypoxia, hyperglycemia, proteases, and other
toxic agents [15, 16]. Similarly, various cytokines and chemokines are
also capable of activating PSCs. Notable among these are platelet-derived
growth factor (PDGF), transforming growth factor beta (TGFR), and
tumor necrosis factor alpha (TNFa) [15, 16]. Multiple signaling pathways
have been implicated in mediating PSC activation. These include the
Wnt/B-catenin pathway, the mitogen-activated protein kinase (MAPK)
pathway, p38 and c-jun N-terminal kinase (JNK/p38) signaling, the nu-
clear transcription factor AP-1, Hedgehog pathways, extracellular signal-
regulated kinase (ERK) and Janus activated kinases/Signal induced activa-
tion of transcription (JAK/STAT) signaling, and the phosphoinositide 3-
kinases/protein kinase B (PI3K/AKT) pathway [15]. PSCs also express toll-
like receptors (TLRs) which, upon binding to endotoxins, activate the
transcription factor NFkB and result in PSC activation [17, 18]. Impor-
tantly, the profibrotic growth factor TGFR can activate PSCs in both
autocrine and paracrine manner [15, 19-22]. This has been shown to
take place through both canonical/ SMAD-dependent pathways as well as
non-canonical pathways [22].

PSCs are key mediators of the pathogenesis and ultimate fibrosis of
chronic pancreatitis [1]. Human samples of chronic pancreatitis show
strong staining for TGFR in acinar cells that may then activate PSCs in a
paracrine fashion [23]. Animal models of chronic pancreatitis show im-
provement with the prevention or reversal of PSC activation [24]. All-trans-
retinoic acid (ATRA) induces quiescence in PSCs. ATRA treatment of a
mouse model of chronic pancreatitis suppressed fibrosis by inhibition of
PSC proliferation, induction of PSC apoptosis, and reduced ECM synthesis
through the Wnt/p-catenin pathway [25]. Others have shown that
inhibiting the canonical/SMAD-dependent TGFp pathway results in
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reduced PSC activation and pancreatic fibrosis in a rat model of chronic
pancreatitis [26]. Peroxisome proliferator-activated receptor gamma
(PPAR ) activation, which is known to block PSC activation [27], has also
been shown to prevent the development of chronic pancreatitis by modu-
lating NFxkB-mediated inflammatory cytokines and PSC activation [28].

Likewise, PSCs play an integral role in the development, invasion, and
metastasis of pancreatic cancer [14]. This is thought to occur through a signif-
icant contribution of PSCs to the desmoplastic reaction that accompanies
pancreatic cancer development. During this process, PSCs undergo activation
and optimize the tumor microenvironment for progression and invasion by
increased ECM synthesis and modulating the secretion of matrix metallopro-
teinases [14, 29]. Subpopulations of PSCs, for example, CD10+ or cadherin 11~
expressing PSCs, have been linked with pancreatic cancer invasion and metas-
tasis [9, 10]. Indeed, treatment of PSCs with quiescence-inducing ATRA
prevented cancer invasion in in vitro models [30e].

Part II: Biliary fibrosis
Fibrotic cholangiopathies

Cholangiocytes are a heterogeneous group of epithelial cells that line the lumen
of the intrahepatic and extrahepatic biliary system. Chronic disorders of
cholangiocytes are collectively referred to as cholangiopathies [31]. The etiolog-
ic causes of the cholangiopathies are diverse and include genetic disorders (e.g.,
Alagille syndrome and cystic fibrosis), infections (e.g., Cryptosporidium-
associated cholangiopathy), immune-mediated disorders (e.g., primary biliary
cholangitis), idiopathic disorders (e.g., primary sclerosing cholangitis and bili-
ary atresia), and vascular disorders (e.g., hepatic artery thrombosis after liver
transplantation) [31, 32]. Regardless of etiology, the cholangiopathies share
similar pathologic features that result from the initial injury to cholangiocytes,
followed by inflammation, cholestasis, cholangiocyte proliferation and apo-
ptosis, and ultimately ductopenia and fibrosis [32ee, 33]. With persistent
injury, the fibrosis can progress to biliary cirrhosis and its complications includ-
ing malignancy (i.e., hepatocellular carcinoma or cholangiocarcinoma) and
end-stage liver disease. Currently, therapies are targeted at preventing the initial
injury to cholangiocytes; for example, ursodeoxycholic acid and obeticholic
acid are approved treatments for primary biliary cholangitis. Other conditions,
such as primary sclerosing cholangitis, have no effective therapy and are often
progressive, requiring liver transplantation. A better understanding of the mech-
anistic underpinnings of biliary fibrosis should ultimately offer new therapeutic
options to curtail the progression of the cholangiopathies.

Cholangiocyte injury and the resulting aberrant signaling cascades transform
cholangiocytes into an activated form. Various inflammatory signals and an-
giogenic factors have been implicated in cholangiocyte activation [32ee, 33].
Among these, TGFB is abundantly expressed in the cholangiopathies and is
known to activate cholangiocytes [33]. Activated cholangiocytes are character-
ized by active proliferation and a highly secretory state [34]. Cytokines and
chemokines secreted by activated cholangiocytes may additionally recruit in-
flammatory cells and engage in crosstalk with mesenchymal cells [32ee, 34].
The complex of activated cholangiocytes, inflammatory cells, and mesenchymal
cells constitutes the histological lesion known as the ductular reaction [32ee].
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The ductular reaction further propagates the activation of cholangiocytes and
myofibroblasts that ultimately lay down the ECM of fibrosis.

Hepatic stellate cells

The origin of the myofibroblasts that lay down the ECM of liver fibrosis has
been a matter of some debate. Varying degrees of contribution have been
proposed from activated HSCs, portal fibroblasts, bone marrow-derived
fibrocytes, and epithelial-mesenchymal transition [35, 36-38]. More recently,
lineage tracing studies have supported HSCs as the dominant contributor to
hepatic fibrosis, regardless of the etiology [39]. Therefore, while there is likely
some contribution of portal fibroblasts, particularly in the earlier stages of
biliary fibrosis, HSCs are thought to mediate significant parenchymal fibrosis
in the latter stages of the disease [32ee, 33].

HSCs are lipid-containing cells comprising about 10% of resident liver cells,
located in the space of Disse, between liver sinusoidal endothelial cells and
hepatocytes [40, 41]. Quiescent HSCs are thought to serve as vitamin A storage
cells. When activated, they transform to a proliferative, contractile, and chemo-
tactic myofibroblast-like cell type, capable of profound ECM synthesis. Their
role in mediating fibrosis in various liver diseases, including cholangiopathies,
chronic viral infections, alcoholic liver disease, and non-alcoholic liver disease
(NAFLD), has been established [41e].

HSC activation is mediated by a wide variety of stimuli and modu-
lated by a variety of signaling pathways and cell-cell interactions [41e].
Chief among these are fibrogenic, proliferative, and angiogenic cytokines
such as TGFB, PDGF, vascular endothelial growth factor, and connective
tissue growth factor [41e]. Indeed, the selective deletion of PDGF recep-
tor B in HSCs prevents hepatic fibrosis in the bile duct ligation model of
biliary fibrosis [42]. Similarly, the inhibition of TGFg signaling in HSCs
attenuates hepatic fibrosis in hepatocellular models of fibrosis [43].
Hedgehog signaling is another pathway that regulates HSC activation
and its inhibition in mice attenuates fibrosis during liver injury [44].
Other mechanisms of HSC activation include autophagy, endoplasmic
reticulum and oxidative stress, free cholesterol formation, and various
inflammatory cytokines and endotoxins [41e]. HSC interactions with
injured hepatocytes, immune cells, LSECs, and platelets have been shown
to result in HSC activation [41e], while the hypothesized interactions of
cholangiocytes and HSCs in biliary fibrosis is less well studied.

Maintenance of or regression to HSC quiescence is mediated by adiponectin
and nuclear receptors, liver X receptor, farnesoid X receptor, PPAR, vitamin D
receptor, and nuclear receptor subfamily 4 group A member 1. Activation of
these nuclear receptors in HSCs has been shown to attenuate fibrosis and
inhibition has been shown to worsen fibrosis in hepatocyte injury models
[41e], although these observations are yet to be replicated in models of biliary
fibrosis.

TGFp signaling

TGFp signaling plays a dominant role in the activation of PSCs and HSCs. In
fact, TGFp signaling is a well-accepted regulator of organ fibrosis [45]. TGFp is
secreted by various cells in pancreatic and biliary diseases [33, 46]. The latent
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form is activated by avp6 integrin, which is expressed by activated
cholangiocytes [33]. Canonical TGFp signaling occurs through the activation
of SMADs, predominantly SMAD3, which promotes HSC and PSC activation
[41e, 46]. Non-canonical TGFp signaling involves activation of MAPK, includ-
ing ERK, JNK/p38, and Rho-like GTPase signaling pathways, which also activate
PSCs and HSCs [33, 46]. [47] Blocking TGFp signaling through various strate-
gies ameliorates pancreatobiliary fibrosis in preclinical studies [33, 46]. There
are also ongoing clinical trials targeting TGFp signaling in the treatment of
pancreatobiliary fibrosis [33, 46]. The primary concern with this strategy is that
TGFR signaling is quite broad, affecting not only multiple cells and organs in
the body, but also various, sometimes opposing, cellular processes. For exam-
ple, while TGFg signaling is integral for pancreatobiliary fibrosis, it also has an
important role in pancreatic and biliary repair [33, 46]. Similarly, TGFp may
have pro- or anti-tumorigenic effects, depending upon the stage of pancreatic
cancer [46]. Furthermore, TGFP has an important role in regulating the immune
system and therefore, non-specific blocking of TGF3 may have untoward
immunological effects [45]. Thus, further understanding of the downstream
regulators of TGFp signaling is required in order to isolate the pathological
mechanisms that are involved in pancreatobiliary fibrosis. In this context,
targeting druggable epigenetic regulatory mechanisms holds significant prom-
ise in developing more specific therapeutics.

Part III: Epigenetic mechanisms of pancreatobiliary fibrosis

Epigenetics

All cells within a mammalian organism have an identical genomic DNA
sequence. Yet, cells in different organs have vastly variable functions,
structures, and gene expression patterns. Furthermore, cells respond dif-
ferently to internal and external stimuli by activating or silencing various
gene networks, without changes to the genomic DNA sequence. These cell
type-specific responses are orchestrated primarily by epigenetic mecha-
nisms. Epigenetics is defined as reversible changes that do not alter the
underlying DNA sequence, modulate gene expression, and are heritable
through cell division. Epigenetic mechanisms can be broadly categorized
into DNA methylation, non-coding RNA-mediated gene modulation,
histone modifications, and 3-dimensional/higher order chromatin remod-
eling. Since cells need to adapt and respond to various stimuli, these
disparate mechanisms also appear to be both dynamic and overlapping
[48]. The stimuli can be internal, such as autoimmunity, and external,
such as environmental exposures. Therefore, it is likely that epigenetic
mechanisms play a key role in the pathogenesis of many pancreatobiliary
diseases including fibrosis.

DNA methylation

During DNA methylation, a methyl group is added to the cytosine ring of
DNA to form 5-methylcytosine. This process is carried out by DNA
methyltransferases and mainly takes place at CpG dinucleotides. DNA
methylation of promoter regions is typically associated with suppression
of downstream gene transcription, probably mediated by the recruitment
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of suppressive proteins by the methylated promoter [49]. In contrast,
DNA methylation within the gene body can be associated with activated
genes [50]. DNA methylation is a dynamic process, and demethylation is
chiefly carried out by Ten Eleven Translation (TET) demethylase [51].
DNA methylation has been well studied in many diseases and is well-
known in the pathogenesis of cancers [52, 53].

Although genome-wide DNA methylation has been studied in pancreatic
cancer, genome-wide or gene-specific analysis of DNA methylation has not
been well studied in PSCs [54, 55]. In pancreatic cancer and chronic pancrea-
titis, the promoter of WNK2, a tumor suppressor gene, is highly methylated and
correlates with low mRNA and protein expression [56]. This is one mechanism
for cancer pathogenesis in at-risk chronic pancreatitis patients and for cell
growth in patients with established pancreatic cancer. Further studies are re-
quired in models of chronic pancreatitis and pancreatic cancer to identify the
role of DNA methylation in the pathogenesis and progression of these diseases.

Activated HSCs show global changes in DNA methylation patterns, which
correlate with gene expression [57]. In HSC activation, methyl-CpG binding
protein 2 (MeCP2) methylates the promoter of PPARYy, the master regulator of
HSC quiescence. This process suppresses PPARy expression by recruiting other
epigenetic regulatory machinery, allowing for HSC activation and subsequent
fibrogenesis (Fig. 1a) [58]. Furthermore, MeCP2 promotes pro-fibrogenic gene
expression within HSCs by recruiting the histone methyltransferase, ASH1,
which then methylates lysine 4 on histone 3 (H3K4), promoting gene expres-
sion (Fig. 1a) [59]. Notably, HSC activation was studied in models of hepato-
cyte injury and has not been replicated in biliary models yet. In biliary fibrosis
animal models, DNA methyltransferases, DNMT1 and 3a, increase HSC activa-
tion and fibrosis, whereas TET demethylase is downregulated [60].

Non-coding RNAs

Non-coding RNAs (ncRNAs) are RNA molecules that are not translated
into proteins. They are traditionally divided into small ncRNAs and long
ncRNAs based on size cut off of 200 nucleotides. Small ncRNAs occur in
several varieties, including small interfering RNAs (siRNAs), microRNAs
(miRNAs), Piwi-interacting RNAs (piRNAs), and transfer RNAs (tRNAs).
siRNAs can be experimentally introduced into a cell or formed endoge-
nously to form a complex of RNA-induced silencing complexes (RISCs).
siRNA guides the RISC complex to a target mRNA through base pair
complementarity and results in mRNA degradation [61, 62]. Similarly,
miRNAs form a miRISC complex and bind predominantly to the 3’
untranslated region (UTR) but also perhaps the coding region and the
5'UTR of target mRNA (Fig. 1b, c¢). Translation of target mRNA is
silenced by suppressing protein translation, enhancing mRNA degrada-
tion, mRNA compartmentalization, or a combination of these processes
(Fig. 1c) [61, 62]. miRNAs have been studied in many diseases including
pancreatobiliary fibrosis.

The role of miRNAs in HSC quiescence, activation, proliferation, and
ECM deposition is increasingly recognized [63, 64]. miRNAs can interact
with the TGFR and PPARv signaling pathways to affect HSC quiescence or
activation [63]. Some of these miRNAs have been directly implicated in the
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Fig. 1. Epigenetic mechanisms involved in pancreatobiliary fibrosis. a DNMTs mediate DNA methylation at the promoter CpG
islands, which is recognized by MeCP2, recruiting further transcriptional repressive machinery, and silencing antifibrogenic genes.
Unmethylated promoter regions are recognized by transcriptional activating machinery, in which case, MeCP2 serves to activate
fibrogenic genes by recruiting ASH1. b LncRNAs have both profibrotic and anti-fibrotic effects by acting as sponge/decoy for
miRNA. ¢ miRNAs modulate both fibrogenic and antifibrogenic gene expression by predominantly binding to the 3'UTR of mRNAs
and modulating their degradation, translational suppression, or compartmentalization. d Histone modifications are laid down by
epigenetic writers (e.g., EZH2 or p300). H3K27me3 is mediated by EZH2 and can be associated with gene silencing. H3K27ac is
mediated by p300 and associated with enhancers. BRD4 is the epigenetic reader of H3K27ac and activates gene expression.

pathogenesis of biliary fibrosis [65, 66]. Similarly, miRNAs have been
implicated in pancreatic fibrosis and PSC activation through the TGFp
pathway [67, 68]. In one study, PSC activation was shown to cause upreg-
ulation of 42 miRNAs as well as downregulation of 42 miRNAs [69]. Of
these miRNAs, 22 were affected in both pancreatic cancer and PSC activa-
tion. Predictably, the most affected signaling pathways were the canonical
and non-canonical TGFp signaling pathways.

Long ncRNAs (IncRNAs) are processed very similarly to mRNAs and are
enriched in the nucleus. They are classified by their site of origin into sense,
antisense, intronic, intergenic, enhancer, and circular RNAs [70]. Functionally,
IncRNAs with signal and decoy capabilities serve in gene activation or suppres-
sion respectively. LncRNAs can act as guides to recruit epigenetic enzymes to
regulate gene expression. Scaffold IncRNAs serve as platforms to assemble
ribonucleoprotein complexes that act on chromatin or histones. These
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capabilities are not mutually exclusive in any single IncRNA [70].

LncRNAs have both profibrotic and anti-fibrotic effects in modulating HSCs
[63]. The mechanism for these effects typically occur through modulating
miRNAs (Fig. 1b), but further research will likely uncover other mechanisms
as well. LncRNA myocardial infarction-associated transcript (MIAT), which is
overexpressed in chronic pancreatitis, is upregulated with TGF3-mediated acti-
vation of PSCs and acts as a sponge for inhibitory miRNAs [71]. Syntaxin-12
(STX12) IncRNA is implicated in PSC activation in chronic pancreatitis by
decreasing miR-148a levels and increasing SMAD5 [72]. These studies highlight
the need for further exploration including RNA-sequencing studies to identify
other IncRNAs involved in pancreatobiliary fibrosis.

Histone modifications

Post-transcriptional modifications of histones take place at amino acids both
within the folded domains and on the histone tails that extend beyond the
nucleosome. To date, there are more than 200 modifications known. These
modifications are thought to regulate chromatin structure and thereby allow
access to transcriptional regulatory machinery [73, 74]. They are also required at
multiple steps of transcription where they directly recruit proteins involved in
regulating transcription (Table 1) [75].

The most well-studied histone modifications are acetylation and
methylation of lysine residues in the histone tails. Histone acetylation
is generally associated with active promoters and downstream gene ex-
pression, while the effect of histone methylation depends on the site of
methylation and the number of methyl components. Histone 3 lysine 9
acetylation (H3K9ac), histone 3 lysine 27 acetylation (H3K27ac), and
histone 3 lysine 4 tri-methylation (H3K4me3) are examples of modifi-
cations associated with active genes. H3K9me2/3, H3K27me3, and
H4K20me3 are associated with repressed genes. Histone modifications
are laid down by “writers” such as histone acetyltransferases and meth-
yltransferases. “Frasers” such as histone deacetylase and demethylases
remove these modifications. “Readers” are proteins recruited by the
modifications for downstream effects and modulation of gene expres-
sion. The bromodomain and extra-terminal domain (BET) family of
bromodomain proteins are the most well-known group of readers impli-
cated in many diseases [76].

Table 1. Selected well-known histone marks and associated transcriptional activity

Histone mark Locus and associated transcriptional activity
H3K4me Poised enhancers

H3K4me3 Transcriptionally active promoters

H3K9ac Actively transcribed promoters

H3K9me3 Constitutively repressed genes

H3K27ac Active enhancers

H3K27me3 Facultatively repressed genes

H3K36me3 Actively transcribed genes
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The effect of histone modifications on PSC activation is beginning to be
explored. HDAC inhibition abrogates fibrogenesis in chronic pancreatitis
through TGFp suppression and reduced PSC activation [77e]. In pancreatic
cancer, the histone methyltransferase, G9a, mediates cancer resistance to
gemcitabine [78]. G9a-dependent expression of IL-8 and paracrine PSC activa-
tion contributes to gemcitabine resistance. Indeed, G9a overexpression corre-
lates with poor survival and early recurrence of pancreatic cancer [78]. Interest-
ingly, G9a is responsible for repressive histone marks, notably H3K9me1/2.
Therefore, G9a-mediated IL-8 production may occur through indirect effects.
Further studies are required to evaluate the full spectrum of histone modifica-
tions and their role in pancreatic fibrosis.

In activated HSCs, promoter H3K27ac levels are globally decreased [57].
Paradoxically, H3K9ac was increased in a non-biliary model of HSC acti-
vation [79]. HDAC inhibitors are generally associated with reduced HSC
activation, fibrogenic gene expression, and fibrosis, both in vitro and
in vivo [63, 80, 81]. The exact mechanisms of these observations are under
investigation and likely involve the interplay of TGF and PPARYy signaling.
At the promoter level, HSC activation is regulated by the histone methyl-
transferases, enhancer of zeste homolog 2 (EZH2) and ASH1, which are
both recruited by MeCP2 [81]. EZH2 is primarily responsible for
H3K27me3, a repressive histone mark, which is recruited to the PPARy
promoter resulting in gene suppression, HSC activation, and liver fibrosis
(Fig. 1d) [59, 82]. Similar to ASH]1, a histone methyltransferase, MLL1, is
also recruited to the promoter of fibrogenic genes in HSC activation
resulting in H3K4me3 and gene expression [83]. TGFp signaling is central
to many of these mechanisms and also known to recruit P300, a transcrip-
tional co-activator and acetyltransferase responsible for H3K27ac, which is
required for HSC activation (Fig. 1d) [84]. Finally, at the reader level,
targeting the BRD4 with a small molecule inhibitor, JQ1, prevents HSC
activation, fibrogenic gene expression, and fibrosis [85].

Most of these observations have been made in hepatocyte injury
models of HSC activation and not biliary injury induced HSC activation.
This is an important caveat as there may be cell-specific implications and
opposing functions of these epigenetic modifications. For example, un-
like in HSCs, EZH2 genetic ablation in cholangiocytes results in wors-
ened fibrosis [86e]. This appears to occur through TGFp-mediated
targeting of the EZH2 protein for proteasomal degradation in activated
cholangiocytes. EZH2 degradation results in reduced promoter
H3K27me3 and allows expression and release of pro-fibrogenic signals.
These cholangiocyte signals then activate HSCs in a paracrine manner
and ultimately mediate biliary fibrosis. Therefore, epigenetic pathways
have to be studied simultaneously in the different cells within the
hepatobiliary system in order to fully understand their contributions to
hepatobiliary fibrosis.

3-dimensional and higher order chromatin remodeling

The DNA in the nucleus can be found in a heterochromatin form, which
is tightly packaged comprising of suppressed genes, or in euchromatin,
which is loosely packed, actively expressed genes. An example of this
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type of regulation is the lamina-associated domains (LADs) in which
heterochromatin and suppressed genes are compartmentalized to the
nuclear periphery [87]. It is increasingly recognized that the chromatin
structure is dynamic. On a smaller scale, partitioning of large segments
of DNA resolve into topologically associated domains (TADs) wherein
enhancer-promoter interactions take place [88]. Enhancers and super
enhancers are regions of DNA marked by H3K27ac that are distant to
the gene promoter but can form chromatin loops to bring transcription-
al machinery to the promoter for transcription initiation [89, 90]. At the
nucleosome level, ATP-dependent chromatin remodeling enzymes are
part of the transcriptional machinery that modify nucleosome structure,
composition, and positioning to regulate gene expression [91]. Switch/
sucrose non-fermentable (SWI/SNF) proteins are among the most stud-
ied group of nucleosome remodelers that regulate the capacity to slide
histone along the DNA and expose DNA for transcription [91, 92].

Whether pancreatobiliary fibrosis coincides with changes in heterochro-
matin and euchromatin has not yet been formally studied. Given the
significant changes in gene expression that occur during pancreatobiliary
fibrosis, there are likely to be many changes in LAD and TAD structure that
allow enhancer-promoter interactions to occur and drive expression of
fibrogenic genes. At the nucleosome level, the SWI/SNF nucleosome re-
modeling enzymes have been implicated in regulating HSC activation by
modulating TGFR/SMAD signaling [93]. Similar studies are required in
PSCs and other cells involved in the pathophysiology of pancreatobiliary
fibrosis.

Summary

In this article, we have reviewed the pathophysiology of the fibrotic disorders
affecting the pancreatobiliary system. These disorders are the source of consid-
erable morbidity, mortality, and cost, and yet they remain poorly understood
and understudied. Despite this, major advances have been made in our under-
standing of the cell types that drive fibrosis and the aberrant signaling pathways
that promote it. In particular, we note significant progress in unravelling the
various epigenetic mechanisms that modulate signaling and regulate fibrogenic
gene networks in these cells. As outlined in the above sections, several lines of
evidence in preclinical models support epigenetic approaches for the treatment
of pancreatobiliary fibrosis. There are several epigenetic inhibitors currently in
clinical trials for solid tumors and lymphomas, including DNMT, EZH2, and
HDAC inhibitors [63]. While arguably more specific than traditional small
molecule inhibitors, the major concern with epigenetic inhibitors relates to
off-target effects. These enzymes have critical regulatory functions in distinct
cell types and across signaling pathways. Therefore, indiscriminate inhibition
may produce unacceptable side effects. Ideally, epigenetic mechanisms can be
modified in a cell-type or gene-specific manner. With the development of newer
technologies, such as epigenetic editing techniques, such specificity may one
day be achievable [94].
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