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Abstract

Hepatocyte nuclear factor 4-alpha (HNF4-a) is a nu-
clear receptor regulating metabolism, cell junctions,
differentiation and proliferation in liver and intestinal
epithelial cells. Mutations within the #NVF4A4 gene are
associated with human diseases such as maturity-
onset diabetes of the young. Recently, H/VF4A has also
been described as a susceptibility gene for ulcerative
colitis in genome-wide association studies. In addition,
specific HVF4A genetic variants have been identified
in pediatric cohorts of Crohn’s disease. Results ob-
tained from knockout mice supported that HNF4-o. can
protect the intestinal mucosae against inflammation.
However, the exact molecular links behind HNF4-a
and inflammatory bowel diseases remains elusive. In
this review, we will summarize the current knowledge
about the role of HNF4-o and its isoforms in inflamma-
tion. Specific nature of HNF4-a P1 and P2 classes of
isoforms will be summarized. HNF4-a role as a hepato-
cyte mediator for cytokines relays during liver inflam-
mation will be integrated based on documented ex-
amples of the literature. Conclusions that can be made
from these earlier liver studies will serve as a basis to
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extrapolate correlations and divergences applicable
to intestinal inflammation. Finally, potential functional
roles for HNF4-a, isoforms in protecting the intestinal
mucosae from chronic and pathological inflammation
will be presented.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Hepatocyte nuclear factor 4-alpha (HNF4-a.) is
an important regulator of liver and intestinal epithelial
cells function. Over the last years, HNF4-o. has been
associated with inflammatory bowel diseases follow-
ing results obtained from knockout mice and human
genome-wide association studies. However, no review
has been published on the subject yet and no link with
its known role in liver inflammation has been discussed.
This review will gather for the first time all the current
knowledge about the role of HNF4-a in gut inflamma-
tion, the potential impact of its isoforms in its role and
hypotheses about the possible biological mechanisms
involved.

Babeu JP, Boudreau F. Hepatocyte nuclear factor 4-alpha in-
volvement in liver and intestinal inflammatory networks. World
J Gastroenterol 2014; 20(1): 22-30 Available from: URL: http://
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INTRODUCTION

Hepatocyte-nuclear-factor 4-alpha (HNF4-q) is a mem-
ber of the superfamily of nuclear receptors. Since it’s
discovery and characterisation in the early 90’s, HNF4-o

January 7, 2014 | Volume 20 | Issuel |



has been widely associated with the transcriptional regu-
lation of hepatocyte genes specifically implicated in lipid
metabolism, glucose metabolism, differentiation and
morphogenesis. However, HNF4-o expression is also
detected in epithelia of the pancreas, kidneys, stomach,
and intestine, for which it exerts functional roles in regu-
lating epithelial junctions and cell proliferation. In ad-
dition to these multiple known functions in epithelium,
HNF4-q has been shown to play a role in inflammation
processes of the liver and recent evidences suggest the
involvement of this regulator in the pathophysiology
of inflammatory bowel diseases (IBD). This review will
focus on the recent uncovered roles for HNF4-¢ dur-
ing intestinal inflammation with regard on conclusions
that can be made from earlier studies obtained in the
liver context. Moreover, since the nature of HNF4-q
isoforms expressed in the liver and the intestine differs,
we will highlight the potential contribution of these iso-
forms in the inflammation process and, to some extend,
to the inflammation-associated pathology of cancer.

HNF4-o. P1 AND P2 CLASSES OF
ISOFORMS

HNF4-a has been generally involved in inflammation
processes occurring in liver and the gastrointestinal
tract. Importantly, these organs do not express the same
HNF4-q isoforms, which leads to the fundamental
question of whether these isoforms are functionally
redundant during inflammation. HNF4.A4 is coded by
a single gene located on the long arm of the chromo-
some 20 in human'. HNF4A locus is transcriptionally
regulated through the use of two distinct promoters that
are physically separated by more than 45 kb, Tsoforms
produced by the activity of the closer promoter are des-
ignated P1 whereas isoforms produced by the second
and more distant promoter are designated P2 (Figure 1).
The P1 isoforms class regroups six distinct isoforms (a1
to a6) that are generated through alternative splicing of
HNF4-q, pre-mRNA while P2 isoforms class regroups
three other isoforms (a7 to a9) generated through the
same process“’ﬂ. The functional relevance for produc-
tion of such a variety of HNF4-¢, isoforms still remains
unclear. Although these classes of isoforms share 90%
of homology in their overall protein structures, an im-
portant difference is noted between their respective
N-terminal domains (Figure 1). This difference causes
P2 isoforms to be shorter than P1 isoforms and, more
importantly, to lack the cofactor interacting domain
designed as activating function (AF)-1. These structural
differences suggest that P1 and P2 isoforms could har-
bour distinct roles by interacting differently with specific
cofactors and being differently regulated in specific con-
texts of physiological importance. In support of this, an
elegant study performed in “knock-in” mice has revealed
that P1-only mice generated by exon swapping are phe-

notypically different when compared to P2-only mice”.
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The expression of HNF4-q 1s restricted to the epithe-
lial compartment in both the liver and intestine. However,
adult hepatocytes express P1-only isoforms while intes-
tinal epithelial cells express both P1 and P2 isoforms™”,
Many studies have revealed that HNF4-¢ expression
can vary depending on the environmental context. It has
been notably demonstrated that the expression profile of
P1 and P2 isoforms is modified in many cancers such as
hepatocellular carcinoma where P1 isoforms expression
is inhibited and P2 isoforms re-expressed"”. Modulation
of HNF4-q, isoforms expression is the result of a com-
plex regulatory circuit that involves transcriptional, post-
transcriptional and post-translational mechanisms. For
instance, P1 and P2 promoters are regulated by different
transcription factors'"'? and are differently targeted by
epigenetic regulationlml. In addition, HNF4-g mRNA is
targeted by multiple miRNA""" and its protein function
and stability by phosphorylation ™, acetylation”” and ni-
trosylation™", Although most of these studies did not spe-
cifically investigate whether P1 or P2 isoforms share the
same post-translational modifications, it is predictable that
some of them could be isoforms specific. Indeed, it has
been recently demonstrated that HNF4-¢, phosphoryla-
tion by the Src kinase preferentially targets P1 isoforms to
lead to their degradation without influencing P2 isoforms
stability™. Thus, HNF4-q, isoforms production is regu-
lated by a wide variety of mechanisms that will connect
their cellular functions to environmental specific needs.

HNF4-o, ACTIVITY IS A TARGET FOR
CYTOKINES EFFECTS ON HEPATOCYTES

HNF4-q is crucial for the early embryonic development
and function of the adult liver as supported with the
generation of mouse models with specific and condi-
tional deletion of HNF4-q in hepatocytesm’m. There
is an overall agreement on the idea that HNF4-¢ could
represent a central regulator of gene transcription in
hepatocytes, making it thus a crucial transcription fac-
tor in liver physiology[zg'm. The liver is strongly involved
during the acute-phase response (APR) by the synthe-
sis of many acute-phase proteins. Therefore, it is not
surprising that HNF4-o has been confirmed to play
an important role in inflammation through the regula-
tion of acute-phase protein gene transcription. In fact,
many studies demonstrated that HNF4-¢ is massively
targeted by cytokines under these conditions. There is a
general consensus supporting a negative regulatory role
for cytokines on transcriptional HNF4-q action on its
target genes. However, some exceptions highlight the
fact that these cytokines effects could be sometimes
context dependent. Studies performed in the liver hepa-
tocellular cell line HepG2 support this phenomenon. In
the context of an inflammatory redox state, interleukin
(IL)-1 was shown to stimulate p38MAPK-dependent
phosphorylation of HNF4-¢, and to increase its affin-
ity to DNA as well as to the PC4 cofactor™. This had
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Figure 1 Hepatocyte nuclear factor 4-alpha P1 and P2 isoforms classes originate from alternative promoters and splicing. HNF4- contains two distinct pro-
moters (P1 and P2) that drive expression of nine known isoforms (a1 to a9). Transcription through the P1 promoter allows the inclusion of the exon 1A coding for the
N-terminal domain of HNF4-a.. P1 isoforms class displays a N-terminal region containing the cofactor interacting domain designed as AF-1. Transcription through the
P2 promoter allows the inclusion of the exon 1E but the exclusion of the exon 1A. P2 isoforms class displays a smaller N-terminal domain than P1 isoforms and does
not contain the AF-1 region. Alternative splicing of the last exons of HNF4A modifies the regulating F domain of both isoforms classes while alternative splicing of exon
1A modifies only A/B domain of the P1 isoforms. HNF4-c.: Hepatocyte nuclear factor 4-alpha; DBD: DNA binding domain; LBD: Ligand binding domain; AF-1: Activat-
ing function-1; AF-2: Activating function-2.

the consequence of increasing iNOS expression in the displayed an overlapping binding site for HNF4-¢ under
redox context”?. On the other hand, IL-1 was shown to specific TGF-f influence™. Coincidentally, binding of
promote the reduction of HNF4-o mRNA and protein HNF4-q, to these SMAD2/3 dependent gene promotets
levels in the same cell line through c-Jun effect on the was able to transcriptionally synergize them, as illustrated
P1 promoter as well as through proteasomal degrada- for the Mix paired-like homeobox (MIXI_.7) gene[%].

tion™, This effect was reported to occur only for a tran- Another argument to sustain HNF4-q, involvement
sient period of time and to resume to normal HNF4-¢ during hepatocyte inflammatory stimulation relates to its
level after 12 h of treatment. Similar opposite examples reported sensitivity to the NF-kB pathway, a crucial sig-
apply to the pro-inflammatory role of transforming nalling relay that dictates cellular inflammatory response.

growth factor (T'GF)-B, a cytokine released by the liver For example, it has been reported that stimulation of
during stress or injury. On one hand, TGF-f is able to HepG2 cells with tumour necrosis factor (INF)-q, inhib-

reduce the expression of its target genes by inhibiting its Apolipoprotein C3 expression through the influence
HNF4-/**". Indeed, TGF-B stimulation in hepatic cell of NF-kB that targets HNF4-oo DNA binding affinity
lines activate a signalling cascade where Extracellular and transactivation activity under these circumstances”’.

signal Regulated Kinase 5 (ERK5) will phosphorylate Other evidences suggest that the control of HNF4-o
and inactivate Glycogen Synthase Kinase (GSK)-3f3 activity by cytokines could be at the level of its natural
kinase that usually phosphorylates HNF4-q, a step that interactions with cofactors that were reported necessary

will promote HNF4-q interaction with target gene pro- to promote its optimal transcriptional activity. A study
moters™. In addition, the TGF-f pathway causes post- performed in HepG2 cells revealed that the induction
translational modifications of HNF4-¢ that ultimately of an acute-phase response from the concomitant action

lead to its degradation by the proteasomem}. By opposi- of IL-1B, TNF-a and IL-6 reduced the expression of
tion to these observations, HNF4-q, can also potentiate HNF4-o-dependent APR genes by inhibiting its interac-
TGF-B signalling pathway and its downstream effect on tion with the coactivator Peroxisome proliferator-activat-
gene transcriptional activation. More than the third of ed receptor-gamma coactivator-1"7., Although most of
identified SMAD2/3 binding regions in HepG2 genes these studies have been performed iz cellulo, there is also
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evidence that these mechanisms are relevant in a physio-
logical context. In support of this, Bauza ef al”” showed
that the induction of APR in mice following a burn in-
jury was leading to an increase of IL.-6 serum level and a
concomitant decrease of liver HNF4-q, capacity to bind
to its DNA response element.

HNF4-o PROTECTS THE INTESTINAL
EPITHELIUM AGAINST INFLAMMATION

HNF4-q, regulates many intestinal epithelial functions.
Acting as a morphogen, HNF4-¢ expression was shown
to be required during mouse embryonic colon devel-
opmentm]. In adult, HNF4-q was also reported to be
important in sustaining proper intestinal epithelial cell
differentiation™ ™, lipid metabolism"**! and epithelial
junctions™**. With such described roles, HNF4-q, is
now considered as an important regulator of intestinal
epithelial cell homeostasis and mucosal barrier integrity.
Since perturbation of the epithelial barrier is a recog-
nized important step for initiation of IBD, HNF4-q ap-
peared to be a logical candidate gene to be investigated
in relation to these inflammatory diseases.

The first suggestion implying HNF4-o as a pos-
sible protector during IBD came from the analysis of
ulcerative colitis (UC) and Crohn’s disease (CD) patient
biopsies where its expression was found drastically re-
duced as compared to non-disease controls™"*. While it
was not clear whether HNF4-¢ reduction of expression
was the cause or the consequence of inflammation, it
nevertheless pointed out that the expression of this tran-
scriptional regulator could be influenced during intesti-
nal inflammation. The generation of intestine specific
HNF4-q, null mouse models was able to partly resolve
this question. Although it was chronologically concluded
that deletion of intestinal HNF4-a did not lead to signif-
icant defects in young adult mice, these mice were found
to be prone to increased susceptibility to dextran sulfate
sodium (DSS) model of colitis based on the record of
clinical and morphological features of the disease™. The
exact nature of the mechanisms involved in such sus-
ceptibility remained however speculative in this context.
It was further discovered that mice lacking intestinal
expression for both HNF4-o P1 and P2 isoforms were
able to develop, on the long term, spontaneous inflam-
mation similar to human IBD"". The first signs of in-
flammation appeared around 6 mo of age and consisted
of important leucocytes infiltration in the colonic mu-
cosa. The inflammation worsened with time with the ap-
pearance of regions of acute inflammation and epithelial

destruction, crypt hyperplasia and, in rare cases, early
[47]

signs of neoplasia
in the colon of mutant mice of 12 mo of age, support-
ing then a chronic status of the disease. The progressive
appearance of inflammation in this model suggested
that the loss of HNF4-q did not immediately provoke
IBD, but rather induced modifications in the epithe-

. Many cytokines were still induced
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lium that eventually tilted the balance toward chronic
inflammation. Exact nature of the molecular cascades
involved in this progressive state of disease remains
unclear. Early modification of claudin-15 expression in
the mutant mice, a direct gene target of HNF4-q, sug-
gested that an alteration in ionic transport could be part
of the processes"’. While all these evidences suggest
that long-term reduction of HNF4-q activity promote
IBD, it remains unclear whether mechanisms are in place
to down-modulate HNF4-q, expression from the action
of inflammatory signals. DSS-induced colitis caused a
reduction in colonic HNF4-q, expression at both the
transcript and protein levels™*. As exemplified above,
the influence of cytokines on HNF4-q activity is well
documented in the liver but remains to be explored in
the gut.

Whether these mouse studies could imply that in-
terference on HNF4-q integrity can predispose to IBD
in humans still remain an active debate. Interestingly, a
human genome-wide association study has identified
HNF4A4 locus as a susceptibility gene for ulcerative coli-
tis'"”, a finding that was corroborated by an independent
study using a Dutch cohort™. In addition, the single-
nucleotide polymorphism rs1884613 found in the P2
promoter of HNF44 has also been associated with the
risk to develop pediatric CDP". The functional relevance
of these findings on a human biology perspective awaits
to be addressed.

HNF4-o IS IMPLICATED IN AN
INFLAMMATORY-CANCER REGULATION
LOOP

HNF4-q, is implicated in liver and intestine inflamma-
tion. Sustained inflammation can favour cancer develop-
ment in both tissues and HNF4-¢, represents a strong
candidate to be involved in linking these processes. An
elegant study by Hatziapostolou e/ al" supported a func-
tional role for HNF4-qo during inflammation-associated
liver cancer. This study identified HNF4-q, as a repres-
sor of the inflammatory IL-6/STAT3 pathway. HNF4-q
was able to maintain STAT3 in an inactive state by inhib-
iting the expression of the IL-6 receptor (IL6R) through
activation of miR-124 transcription (Figure 2). However,
when the expression of HNF4-o was inhibited in non-
transformed immortalized human hepatocytes, STAT3
was activated to turn up expression of miR-64 and
miR-629 that eventually turned down HNF4-o¢ mRNA
level. This kept HNF4-a expression inhibited in order
to prevent its retro-inhibition feedback on the STAT3
inflammatory pathway. It was thus concluded that when
this inflammatory molecular feedback loop is altered,
hepatocytes initiate transformation that will contribute
to cancer. Such molecular pathways linking HNF4-q, to
inflammation-associated cancer have not yet been identi-
fied in the intestine. However, a recent study from Kou-
kos et al™ reported a similar mechanism where STAT3
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Figure 2 Cytokines effect on hepatocyte nuclear factor 4-alpha activity and inflammation associated-cancer in hepatocytes. Cytokines regulate hepato-
cyte nuclear factor 4-alpha (HNF4-a.) function through its proteosomal degradation, DNA binding affinity, transcriptional activity and cofactor interaction (left panel).
HNF4-a. participates also to a retro-inhibition feedback loop of the oncogenic interleukin (IL)-6/STAT3 pathway (right panel). In hepatocytes, HNF4-c. binds to miR-124
promoter and activates its transcription. MiR-124 targets IL-6 receptor transcript to decrease its expression and then block the activation of IL-6 pathway. On the other
hand, stimulation of hepatocytes by IL-6 activates the phosphorylation of STAT3 that binds and transactivates the promoters of miR-24 and miR-629. These two mi-
croRNA target HNF4-q. transcript and decrease its expression to relieve inhibition of the IL-6 pathway. The perturbation of this molecular circuit ultimately results in the
sustained activation of the oncogenic STAT3 pathway and the loss of the tumour suppressor effect of HNF4-o. P1 isoforms.

activity was also under the control of miR-124 in the
context of pediatric UC. It is thus logical to extrapo-
late that HNF4-o could also inhibit the ILR6/STAT3
pathway through regulation of miR-124 expression in
intestinal epithelial cells. Indeed, DSS-induced colitis
resulted in a decrease of HNF4-q, expression in intesti-
nal epithelial cells"”* while it increased STAT3 mRNA
level™. By extension, colorectal cancer is associated with
a decrease of HNF4-¢, P1 isoforms expression[S’ZS] and
activation of the STAT3 pathway through 1L-6"". The
existence of such a retro-inhibition loop of HNF4-a on
the ILRG/STAT3 pathway represents thus an interesting
possibility to explore in the context of IBD and colitis-
associated colorectal cancer.

The results obtained from Hatziapostolou ez al"® sug-
gest that the inflammatory-cancer regulation loop could
be dependent on HNF4-a P1 isoforms. While the au-
thors did not specifically establish which isoforms were
expressed in their models, it is well documented that P1
isoforms are the major ones expressed in hepatocytes
as well as hepatocyte-derived cultured cells. Whether P2
isoforms could also be involved in the inflaimmatory-
cancet loop of IL6R/STAT3/HNF4-a will be im-

portant to establish. In hepatocellular carcinoma, the
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expression of P1 isoforms is reduced while it has been
reported that P2 isoforms are often transiently up-regu-
lated®™. In addition, the intestinal epithelium expresses
both P1 and P2 isoforms. In that context, it is tempting
to extrapolate that P1 isoforms would exert tumour sup-
pressor roles in hepatocytes™ ™ and intestinal epithelial
cells while P2 isoforms would assume different roles.

CONCLUSION

HNF4-q, appears to be a transcriptional sensor of in-
flammation and some of the mechanisms and interact-
ing pathways involved in the liver context have been
elucidated. Although there are growing evidences for
intestinal epithelial HNF4-q to participate in the patho-
physiological consequences of gut inflammation, the
exact molecular and biological mechanisms involved
are still to be defined. There ate several non-exclusive
hypotheses to explore the functional roles for HNF4-q,
in this context (Figure 3). As observed in hepatocytes,
intestinal epithelial HNF4-o could sense and regulate
cytokines effect on gene transcription. In addition,
HNF4-a could play an active role in the maintenance
of adequate mucosal barrier properties. HNF4-q, could
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Figure 3 Hepatocyte nuclear factor 4-alpha potential physiological roles in protecting the gut against inflammation. There are several hypotheses for the
functional roles of hepatocyte nuclear factor 4-alpha (HNF4-.) in the context of intestinal inflammation. As observed in hepatocytes, intestinal epithelial HNF4-a, could
sense and regulate cytokines effect on gene transcription (1). Among others, HNF4-a. could influence mucosal barrier properties by regulating the expression of cell
junction proteins such as claudin-15 (2). Moreover, HNF4-o. could influence microbiota homeostasis through its role on Paneth cells differentiation (3) and goblet cells
mucins expression (not shown). Finally, HNF4-a. could also be implicated in the maintenance of the regenerative properties of the mucosal barrier. It could participate
to stem cells proliferation through maintaining Paneth cells differentiation and through indirect regulation of the 3-catenin pathway (4).

also indirectly control the microbiota to prevent the
progressive emergence of chronic inflaimmation based
on previous results showing that Paneth cells integrity is
affected in HNF4-o knockout mice!". Finally, HNF4-g,
could be part of regulatory signals closely involved in
the maintenance of the regenerative mucosal properties
during chronic injuries (Figure 3). In contrast to hepato-
cytes that express P1-only isoforms, intestinal epithelial
cells express both P1 and P2 isoforms. It is plausible that
these isoforms harbour distinct roles during intestinal
inflammation based on the fact that inflammation can
influence HNF4-q, activity through cofactors interac-
tion™ and that P2 isoforms lack the cofactor interacting
domain AF-1. Moreovet, the fact that HNF4-¢ isoforms
are differently expressed in the course of intestinal dis-
[8.25) strengthens the idea
that this might occur during inflammation. Exploration
of these possibilities will turn out to be of clinical rel-
evance in the context of targeting HNF4-q for diagnos-
tic and/or therapeutically strategies designed to control
pathophysiological conditions of IBD.

eases such as colorectal cancer
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