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Mechanism and effect of HNF4α decrease in a rat model of cirrhosis and liver failure 

Reduced HNF4α characterized end-stage livers. The reduc�on was caused by a mul�cellular response to inflammatory 
cytokines that affected HNF4α and numerous other hepatocyte transcrip�on factors. The reduced HNF4α s�ll provided 
extensive phenotypic regula�on and s�mulated expression of acute phase proteins. 
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SUMMARY

Reduced HNF4a characterized end-stage livers. The reduc-
tion was caused by a multicellular response to inflammatory
cytokines that affected HNF4a and numerous other hepa-
tocyte transcription factors. The reduced HNF4a still pro-
vided extensive phenotypic regulation and stimulated
expression of acute phase proteins.

BACKGROUND & AIMS: HNF4a, a master regulator of liver
development and the mature hepatocyte phenotype, is down-
regulated in chronic and inflammatory liver disease. We used
contemporary transcriptomics and epigenomics to study the
cause and effects of this down-regulation and characterized a
multicellular etiology.

METHODS: Progressive changes in the rat carbon tetrachloride
model were studied by deep RNA sequencing and genome-wide
chromatin immunoprecipitation sequencing analysis of tran-
scription factor (TF) binding and chromatin modification.
Studies compared decompensated cirrhosis with liver failure
after 26 weeks of treatment with earlier compensated cirrhosis
and with additional rat models of chronic fibrosis. Finally, to
resolve cell-specific responses and intercellular signaling, we
compared transcriptomes of liver, nonparenchymal, and in-
flammatory cells.

RESULTS: HNF4a was significantly lower in 26-week cirrhosis,
part of a general reduction of TFs that regulate metabolism.
Nevertheless, increased binding of HNF4a contributed to
strong activation of major phenotypic genes, whereas reduced
binding to other genes had a moderate phenotypic effect.
Decreased Hnf4a expression was the combined effect of STAT3
and nuclear factor kappa B (NFkB) activation, which similarly
reduced expression of other metabolic TFs. STAT/NFkB also
induced de novo expression of Osmr by hepatocytes to com-
plement induced expression of Osm by nonparenchymal cells.

CONCLUSIONS: Liver decompensation by inflammatory STAT3
and NFkB signaling was not a direct consequence of progres-
sive cirrhosis. Despite significant reduction of Hnf4a expres-
sion, residual levels of this abundant TF still stimulated strong
new gene expression. Reduction of HNF4a was part of a broad
hepatocyte transcriptional response to inflammation. (Cell Mol
Gastroenterol Hepatol 2024;17:453–479; https://doi.org/
10.1016/j.jcmgh.2023.11.009)
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irrhosis is a chronic disease with multiple etiologies
Abbreviations used in this paper: BDL, bile duct ligation; CCl4, carbon
tetrachloride; CC14, CC26, CCl4-induced cirrhosis after 14 weeks or
26–28 weeks of treatment, respectively; ChIP-seq, chromatin immu-
noprecipitation sequencing; Hnf4a-us, the common promoter for
lncRNA isoforms Hnf4a-us1, 2, and 3; IL, interleukin; NFkB, nuclear
factor kappa B; NPC, nonparenchymal liver cells; P1, the main Hnf4a
promoter; P2, the minor Hnf4a promoter; RT-PCR, reverse transcrip-
tase polymerase chain reaction; RNA-seq, RNA sequencing; TAA,
thioacetamide; TF, transcription factor.
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Cthat include viral hepatitis, alcohol-related liver
disease, and steatohepatitis. Complications or progression of
cirrhosis to liver failure cause 1 million deaths per year
worldwide.1 Despite improved management2 and extensive
knowledge of cirrhosis pathways,3,4 the molecular networks
that drive the late stages of cirrhosis and liver failure are
unresolved. This lack of understanding is in part due to the
high mortality in long-term animal experiments before they
model the terminal stages of cirrhosis.

Observations suggest gradual progression until the liver
becomes nonfunctional. Abundant fibrosis remodels the
hepatic vasculature5; hepatocytes lose regenerative capacity
and metabolic functions6; and there are persistent high
levels of inflammation and oxidative stress.7 However, ter-
minal processes frequently show an abrupt change in
diseased but functional liver. Such acute-on-chronic failure
is a sudden decompensation that often occurs in a context of
multiorgan failure, with a high rate of short-term mortality.8

Viral hepatitis, alcoholic hepatitis, and acetaminophen
intoxication are typical etiologies for acute-on-chronic fail-
ure.9–11 Nonalcoholic fatty liver disease has also become a
prominent cause over the past decade.12–14

Most acute-on-chronic cases present on a background of
compensated cirrhosis that has been managed, even for
decades, before liver failure occurs.2 There are no clear
markers that predict this lethal loss of liver function,
although a recent analysis showed that inflammation,
fibrosis, apoptosis, and senescence pathways characterized
decompensation.15

Treatment of rodents with the hepatotoxin carbon tet-
rachloride (CCl4) is a reliable model for mechanistic inves-
tigation of fibrosis and cirrhosis progression.16 Our group
previously extended CCl4 treatment of rats to 26 weeks with
addition of phenobarbital to the drinking water to investi-
gate progression to end-stage disease. After CCl4 was
terminated, the rats underwent terminal decompensation
over the following 4–6 weeks that mirrored key molecular
and pathophysiological features of human end-stage liver
disease.17–19 These end-stage livers showed a decrease in
HNF4a, an abundant nuclear receptor transcription factor
(TF) that acts as a master regulator of hepatocyte pheno-
type.20 Decreased HNF4a has also been observed in other
rodent models without end-stage decompensation,21,22 as
well as late-stage human cirrhosis and alcoholic hep-
atitis.23–25 Notably, the study of progression from early
alcoholic steatohepatitis to alcoholic hepatitis with liver
failure showed the strongest negative correlations between
expression of HNF4A and inflammatory mediators RELA,
NFKB1, and STAT3.23 Normal HNF4a expression is consti-
tutive and does not undergo dynamic regulation, so
decrease indicates a critical disruption of normal
homeostasis.

In this study, we used long-term CCl4 treatment of rats to
investigate mechanism and regulatory effects of HNF4a
depletion. The work is a direct extension of our previous
articles,17–19 which provided detailed characterization of
disease progression including histopathology. New RNA
sequencing analysis confirmed the previous observations,
demonstrating physiological levels of HNF4a in compen-
sated cirrhosis after 14 weeks but a 60% decrease in
decompensated cirrhosis after 26 weeks of treatment.
Analysis characterized differences between these disease
stages and then compared 2 additional long-term models of
rat liver fibrosis/cirrhosis, bile duct ligation (BDL) and thi-
oacetamide (TAA) treatment. In parallel, chromatin immu-
noprecipitation sequencing analysis (chromatin
immunoprecipitation sequencing) identified TF binding and
chromatin modification. Because rat studies are limited, we
used mouse databases to compile signaling pathways and
cell-specific phenotypes. Although adaptive gene regulations
may differ between species, the expression signatures
derived from mouse provided important resources for
characterizing rat disease progression. Together, these
characterizations of the transcriptome and epigenome
demonstrated cause and phenotypic impact of HNF4a
depletion. The deep molecular analyses also resolved spe-
cific contributions of hepatocytes, nonparenchymal cells
(NPC), and inflammatory cells to pathogenesis.
Results
Hnf4a Transcription in Progressive Cirrhosis

Hnf4a regulation was compared in 3 experimental con-
ditions, control and CCl4 treatment for 14 or 26 weeks
(CC14 and CC26, respectively). Whole livers were analyzed
by RNA sequencing (RNA sequencing) and chromatin
immunoprecipitation sequencing of TF and chromatin
modifications26 (Figure 1A and C, Supplementary Table 1).
Nuclear receptor HNF4a, the focus of this study, is among
the most abundant hepatocyte TFs. Nuclear receptors typi-
cally bind to transcriptional enhancers that are distant from
promoters and recruit p160 coactivators to activate chro-
matin surrounding the enhancer by acetylating histone H4
at lysine 5 (H4K5Ac). Analysis of H4K5Ac measured tran-
scriptional activation and discriminated activating TF
binding sites. Analysis of CEBPb, an abundant hepatocyte-
enriched TF, discriminated enhancers at all distances from
promoters. HNF4a and CEBPb chromatin immunoprecipi-
tation sequencing gave sharp non-overlapping peaks with
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w300 bp halfwidth, centered on their binding sites within
enhancers. H4K5Ac was depleted over enhancers but sur-
rounded them with broad w800 bp peaks (Figure 1C). Two
additional chromatin modifications were characterized.
H3K4Me3 gave broad peaks downstream of active pro-
moters, and repressing H3K27Me3 was scattered diffusely
over inactive genes. In this study, HNF4a and H4K5Ac peaks
were tabulated and quantified. CEBPb, H3K4Me3, and
H3K27Me3 provided additional qualitative information.

Analysis demonstrated 3 Hnf4a-related promoters.
Abundant transcripts from the strong main Hnf4a promoter
(P1) encode the main HNF4a isoforms. A second strong
promoter lies –6 kb upstream from P1 on the opposite DNA
strand. To define its transcripts, we cloned 3 spliced
lncRNAs, collectively referred to as Hnf4a-us, that have a
common first exon. Mouse and human genomes have similar
upstream lncRNAs (Hnf4aos and Hnf4-as1, respectively)
with the same promoter and first exon (Figure 2B), which
splice to entirely different non-homologous exons in each
species. Finally, transcripts from the weak minor Hnf4a
promoter (P2) (–34 kb from P1) encode distinct Hnf4a
isoforms first characterized in rat fetal liver28 (Figure 2A).

Local enhancers comprised 2 clusters (super-enhancers),
–5 to –13 kb upstream and þ29 to þ52 kb downstream
from Hnf4a(P1) (Figure 1A and C). Many of these enhancers
showed strong HNF4a binding (Figure 1C), indicating
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extensive transcriptional autoregulation. The target of these
enhancer clusters is inferred by their proximity to
Hnf4a(P1), and both clusters showed H4K5Ac levels that
changed in proportion to the level of transcription from this
promoter. Despite changes in transcription and H4K5Ac,
HNF4a sites retained binding except Peak 4 (Figure 1C),
which overlapped with the highly conserved Hnf4a-us pro-
moter (Figure 2A).

Transcription in CC14 was essentially normal, but
decompensated CC26 livers showed transcriptional changes
at all 3 promoters (Figure 1A–C). Transcripts from the main
P1 promoter were w60% lower. Hnf4a-us transcripts,
which normally extend through the upstream enhancer
cluster, virtually disappeared. In contrast, transcripts from
Hnf4a(P2) increased, a change that was accentuated in the
plot of fold-change relative to normal. Consistent with this
new expression, ChIPseq analysis suggested enhancer and
promoter activation near P1 (arrows in Figure 1A). Because
reciprocal expression of P1 and P2 transcripts was recently
described in the decompensation of human alcoholic liver
disease,23 we quantified them using reverse transcriptase
polymerase chain reaction (RT-PCR) and RNA-seq
(Figure 2C–F). These analyses confirmed increased tran-
scription from P2 but still much lower than P1 (w5 and
w100 transcripts/cell, respectively).

The levels of P2 transcripts and chromatin modification
suggest a small liver cell population. Moreover, the isolation
of the 2 isoform promoters from each other and their dif-
ferential responses typically reflect function in the tran-
scriptional environments of different cell types. Note that P2
shows repressive H3K27Me3 in all experimental conditions,
suggesting repression in hepatocytes (Figure 1A). We
therefore studied gene expression of NPC liver cells, which
Figure 1. (See previous page). ChIP-seq and RNA-seq ana
around Hnf4a. (A) Survey of 306-kb region around Hnf4a. Mai
sense noncoding transcripts from promoter at –6 kb, and min
surrounding region, promoters of active genes (Oser1, Fitm2, Hn
2 nonexpressed genes (Gdap1l1, R3hdml) are marked by repre
changes were selective for Hnf4a(P1) and did not affect the surr
and a high proportion of unspliced RNA (Figure 2D). RNA-seq
range of transcript levels, which minimized the 60% drop in P1
elements, upstream and downstream enhancer clusters) are bo
absent Hnf4a-us transcripts (spliced and unspliced). These cha
both P1 regulatory regions. Note that H4K5Ac associated with
the retained acetylation just upstream of the Ttpal promoter m
showed H3K27Me3, a chromatin marker of transcriptional repr
rows), which lacked expression, TF binding, and chromatin m
several changes coincided with activation of Hnf4a(P2): The p
transcript and increased H3K4Me3 (black arrows). A region from
have been mapped,27 showed new H4K5Ac (green arrow). Ups
(blue arrows) showed new binding of HNF4a, CEBPb, and H4K5
Gene expression. Quantifications are visualized as transcripts/
Locations are relative to Hnf4a(P1) transcriptional start at 0 kb. T
Hnf4a(P1), Hnf4a-us (quantified from the common first exon o
scriptional change was reduction of Hnf4a(P1) transcripts, althou
transcripts. t tests, *P vs normal liver, <.05. (C) Detail of proxim
Enhancers with TF binding sites appear as valleys between bro
binding peaks 3 and 4 mark enhancers with high phylogenetic
expression. Acetylation was greatly reduced in the 26-week liv
binding of HNF4a did not change except for peak 4. The Co
vertebrates genomes. In parts A and C, ChIP-seq data are sho
were present at much lower levels than hepatocytes, and
found clear expression of Hnf4a in RNA-seq data sets from
mouse cholangiocytes,29 which selectively expressed
Hnf4a(P2) (Figure 2C and F). Thus, increased Hnf4a(P2)
expression in CC26 likely reflected increased chol-
angiocytes, stimulation of expression in cholangiocytes, or a
fraction of altered hepatocytes with partial trans-
differentiation to cholangiocytes.30,31
Binding of HNF4a
For each experimental group, HNF4a-binding peaks

(Figure 3A, Supplementary Table 2) were scored for binding
strength. Filtering out weak peaks and those without
H4K5Ac binding left a set of w20,000 active peaks. Plots
comparing CC14 and CC26 with normal liver (Figure 3A)
showed much greater change at 26 weeks, with increased or
decreased HNF4a binding at many sites. Subsequent anal-
ysis focused on peaks that showed the greatest changes at
26 weeks compared with normal.

Peak subsets with increased, decreased, or unchanged
binding at 26 weeks were then analyzed with MEMEChip
(Figure 3B), which compiled motifs related to the ideal DR1-
binding site of HNF4a (AGGTCAnAGGTCA) for all 3 groups.
The high-significance motif signatures compiled for the un-
changed- and decreased-binding subsets were identical, indi-
cating the same average binding affinity in both sets. They
closely matched prior global compilations of HNF4a sites.20,34

Paradoxically, peaks with increased binding of HNF4a yielded
a shorter motif signature with much lower significance, indi-
cating greater divergence and reduced binding affinity.

General scanning for binding HNF4a binding motifs
confirmed these observations, because less than half of the
lysis of progressive cirrhosis in the chromosome region
n Hnf4a isoform transcript originated from promoter P1, anti-
or Hnf4a isoform transcripts from promoter P2 at -34 kb. In
f4a(P1), Ttpal, Serinc3, Pkig) show H3K4Me3 peaks, whereas
ssing H3K27Me3. Note that major chromatin and transcript
ounding genes. Hnf4a-us transcripts include spliced lncRNAs
is displayed on logarithmic scale to accommodate the wide
transcripts. Presumptive regulatory regions for P1 (promoter
xed. The 26-week tracks show reduced Hnf4a(P1) and nearly
nges coincided with marked reduction of H4K5Ac throughout
other genes was maintained in all 3 experimental conditions;
arks the boundary of the Hnf4a(P1) regulatory region. Liver
ession, near the Hnf4a(P2) promoter (gray and gray-green ar-
arkers of activation in normal liver. As cirrhosis progressed,
romoter showed exon 1 transcripts include new P2-exon 1
–2.3 to 3.2 kb, where expression-related hypersensitive sites

tream regions near inactive R3hdml (red arrows) and Gdap1l1
Ac, suggesting enhancers that control expression from P2. (B)
cell (above) and fold-change relative to normal liver (below).
here was little transcriptional change in this region, except for
f all spliced transcripts), and Hnf4a (P2). The greatest tran-
gh the ratios of change accentuated Hnf4a-us and Hnf4a(P2)
al P1 regulatory region. HNF4a-binding sites are numbered.
ad peaks of H4K5Ac-modified chromatin (red lines). HNF4a-
conservation, suggesting they are important controls of gene
ers, consistent with reduced transcription of Hnf4a(P1), but
nserved track displays the phastCons13way compilation of
wn with a linear scale, and RNA-seq with a log10 scale.
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sites with increased binding had high stringency motifs,
significantly fewer than the other 2 sets. Nevertheless,
virtually all peaks had intermediate stringency matches
consistent with ChIP-seq pull-down by HNF4a antibody
(Figure 3C). Analysis of other TF binding motifs showed
clear differences between peaks with increased or
decreased HNF4a binding (Figure 3D). Peaks with increased
HNF4a binding showed enrichment of motifs from 5 reac-
tive TF families that respond to injury and extrinsic signals
(AP1, KLF, NFkB, STAT, and ETS) and 2 hepatocyte-enriched
families (CEBP and FOXA). AP1 (Jun-Fos family hetero-
dimers) showed the most significant enrichment, followed
by KLF and CEBP. Peaks with decreased HNF4a binding
showed depletion of the same motifs, especially CEBP. We
explored the AP1 interaction further by analyzing the motif
spacing in HNF4a peaks where AP1 motifs were detected.
The motifs were generally widely separated. Only 4% of
AP1 motifs overlapped with HNF4a motifs, and 87% were
separated by more than 36 bp. AP1 and HNF4a therefore
bind separately, not at composite sites.

HNF4a binding thus increased through cooperative
interaction with other TFs that bind the same enhancer.
Enhancers with decreased binding, exemplified by Peak 4
near the Hnf4a-us promoter (Figure 2A), had fewer addi-
tional TFs to facilitate binding and were thus sensitive to
HNF4a concentration.
Associating HNF4a Binding With Altered Gene
Expression

To analyze whether altered HNF4a binding affected gene
expression, ChIP-seq peaks were associated with the nearest
active transcription start site within 50 kb (Supplementary
Table 3), a conservative parameter, because enhancers that
bind nuclear receptors like HNF4a can be much more
distant and can also regulate multiple genes.26,35 Peaks with
increased and decreased binding of HNF4a were then
analyzed for correlation with changes in gene expression
(Figure 4A). Up-regulated genes were enriched for peaks
Figure 2. (See previous page). Hnf4a isoform and lncRNA tr
shorter P2 isoform lacked the N-terminal activation domain (A/B
Figure 1C), which encompassed the Hnf4a-us promoter and p
included a consensus promoter with TATA, INR, and 2 HNF4a
motif was the only other significant (P < 10–3) detection. The
significantly and spliced to different nonhomologous regions in e
of the transcripts from this promoter were unspliced. (C) Transcr
plots show sense and antisense data in red and blue, respective
compiled from all adult and fetal livers, normal or cirrhotic, in t
frequency of each splice is marked above each intron. Data indic
intron 10 (arrow). This was confirmed by analysis of exon reads (
levels and showed variable splicing. Panels below show simp
display expression above minimum cutoff but not relative levels.
and 15-day fetal liver. Mouse studies compare normal liver and
from mature rat and mouse liver. Both species had high levels of
species also expressed lncRNAs from the –6 kb promoter, quant
mouse Hnf4aos. Nonspliced transcripts were amplified with the
that RT-PCR was more sensitive than RNA-seq. (E) Rat tra
compensate for loss of Hnf4a(P1) transcripts. Relative expressio
to P1 isoform in whole liver. (F) Mouse transcript levels. Transc
cholangiocyte transcriptome.
with increased binding and depleted for peaks with
decreased binding. Conversely, down-regulated genes were
enriched for peaks with reduced binding and depleted for
peaks with decreased binding. All correlations were signif-
icant but were much stronger for up-regulated genes.

To determine how these changes contributed to hepa-
tocyte phenotype (Figure 4B and C), we compiled 2 corre-
lating sets, up-regulated genes associated with increased
and down-regulated genes associated with decreased total
HNF4a binding (Supplementary Tables 4 and 5). Although
they do not include all regulations modified by the reduction
in HNF4a, these sets provided the clearest assessment of
HNF4a effects on gene expression. Genes in the up-
regulated set individually increased far more than the
average up-regulated gene and together comprised w20%
of the entire transcriptome. In contrast, genes in the down-
regulated set showed weaker expression and were indis-
tinguishable from other down-regulated genes.

Analysis for gene enrichment then significantly related
each correlating set to gene profiles associated with liver
decompensation. Up-regulated correlated set associations
included cell death, cell survival, nuclear factor kappa B
(NFkB) signaling, stress, and fibrinolysis (Table 1). Down-
regulated correlating set associations included general,
lipid, mitochondrial, and bile acid metabolism (Table 2).
(Note that HNF4a-binding and correlating set genes are
explicitly marked in Figures 5–7).
Gene Expression That Discriminates
Decompensated Cirrhosis

Principal component analysis of RNA-seq libraries
placed normal, CC14, and CC26 into widely separated
groups (Figure 5A). The latter was most discriminated by
remarkable expression of acute phase genes (Figure 5B),
which indicated persistent inflammatory signaling 4 weeks
after CCl4 treatment had stopped. Most striking were A2m
and Serpine1, 600- and 200-fold greater than normal liver,
respectively, each 70-fold greater than CC14. In comparison,
anscripts. (A) Comparison of HNF4a promoter isoforms. The
). (B) Comparative sequence of HNF4a peak 4 (boxed region;
art of the first ncRNA exon. The conserved region (yellow)
binding motifs. Despite high sequence conservation, an LXR
first exon, common to all isoforms in 3 species, diverged
ach species (compare normal rat and mouse liver in C). Most
ipt and splicing analysis of paired-end RNA-seq data. Sashimi
ly. Liver composite (top panel) shows Hnf4a-region transcripts
his article, with splices and transcript pileups. The detection
ate 4 isoforms, P1 and P2 transcripts with alternate splicing of
not shown). Antisense transcripts were present at much lower
lified plots (each compiled from 2–3 RNA-seq libraries) that
Rat studies compare normal adult liver, 2 cirrhosis conditions,
cholangiocytes. (D) PCR quantification of Hnf4a transcripts

Hnf4a transcripts from promoter P1 and far less from P2. Both
ified by amplification across the first intron of rat Hnf4a-us3 or
same exon primer and a primer from the adjacent intron. Note
nscript levels. Increased expression of Hnf4a(P2) did not
n was calculated from exon 1 read levels and plotted as ratio
ript levels are plotted as a fraction of the total hepatocyte or
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genes, Supplementary Table 4) and down-regulated genes associated with decreased HNF4a binding (178 genes,
Supplementary Table 5). These were compared with the full sets of up- and down-regulated genes as fractions of the total
transcriptome. (C) Transcription per gene. Data from B were divided by the number of genes in each set.
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chronic treatment of rats with lipopolysaccharide, a com-
mon acute phase activator, caused only 14-fold increase of
liver A2m mRNA.36

Despite the increase in A2m transcripts, the absence of
chromatin modification and TF binding was characteristic of
a liver gene that is not expressed in hepatocytes (Figure 5C,
left). This contrasts with the strong A2M expression of hu-
man hepatocytes. In contrast, Serpine1 showed striking he-
patocyte activation with new or increased binding of HNF4a
and CEBPb, increased H4K5Ac, and promoter H3K4Me3
(Figure 5C, right).

The acute phase phenotype was multicellular. A2m and
Vwf were expressed in sinusoidal endothelium, Orm1 and
Fgg in hepatocytes, and Lbp, Il1rn, Pla2g12a, App in most
liver cell types (Supplementary Table 7). Serpine1 showed a
remarkable transition, prominent expression in the stellate
cells of normal liver, but de novo activation in cirrhotic
hepatocytes.

The impact on hepatocyte-specific gene expression was
also exceptional, affecting the most strongly expressed
genes, all serum proteins (Figure 5D and E). Down-
regulation of Alb, Apoc1, Ttr, Apoe, Gc, and Ahsg and up-
regulation of Serpina3n, Fga, Fgb, Fgg, Kng2, Hpx, Hp, and
Orm1 remodeled the serum protein composition. Despite
decreased Hnf4a expression, increased HNF4a binding
characterized most of these up-regulated genes.
Hepatocyte TF
In addition to the reduced expression of Hnf4a, CC26

greatly altered expression of nuclear receptor TF, particu-
larly RXR and its heterodimeric partners (Figure 6). RXR
closely relates to HNF4a, which regulates the genes
expressing RXR and most of their heterodimeric binding
partners. Regulation is reciprocal, because several RXR
heterodimers directly bind enhancers near Hnf4a. In addi-
tion, RXR heterodimers and HNF4a bind similar motifs and
frequently share the same enhancers.26 Nuclear receptor
expression in CC14 was nearly normal, but CC26 showed
depletion of Rxra and Rxrg; their partners Nr1h3/LXRa,
Nr1h4/FXR, Nr0b2/SHP, Nr1i3/CAR, and Thrb; and circa-
dian regulators Nr1d1/REVERBa and Nr1d2/REVERBb.
However, the direct effect of reduced HNF4amay be limited,
because these genes all associated with HNF4a binding
sites, but only Nr1h4 had a net reduction of HNF4a binding
(labeled green in Figure 7A; Supplementary Table 5).

The network of hepatocyte-enriched TFs has been
enlarged here to include related hepatocyte TFs that bind
common sequence motifs, often as heterodimers. Multiple
TF classes are shown in Figure 7A and several types of
leucine zipper (bZIP) TFs in Figure 7B. CC26 showed sig-
nificant down-regulation of Foxa1 and Foxa2 but conserved
expression of Foxa3. Metabolic TFs showed the greatest
reductions, 90% for Srebf1, 60% for Mlxipl, and 80% for the
circadian PAR family (Dbp, Hlf, and Tef). Other reduced TFs,
Hhex, Gata4, and Zfpm1, encode mutually interacting
developmental regulators that remain active in mature he-
patocytes.37,38 Among these down-regulated genes, only
Foxa1 showed a net decrease of HNF4a binding
(Supplementary Table 5).

Expression of several major hepatocyte-enriched TFs
was conserved. Onecut1 and Xbp1 showed consistent levels.
In the larger CEBP and ATF-CREB groups, increased
expression of Cebpb and Atf4 suggest compensation of de-
creases in Cebpa and Atf5, respectively. Only the KLF family
showed net up-regulation via strong induction of Klf6, a
change associated with increased HNF4a binding
(Supplementary Table 4).

CC26 also induced widely expressed reactive TFs
(Figure 7C). They are associated with signal transduction,
injury, and inflammation, and most link to the acute phase
response. Because multiple liver cell types express these
factors, 2 criteria discriminated predominant hepatocyte
expression, lack of depletion after hepatocyte isolation and
H4K5Ac levels consistent with hepatocyte gene expression.
CC26 induced 4 repressing TFs (Atf3, Nfil3, Bhlhe40,
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Zbtb16), which could account for some of the observed
transcriptional down-regulation. Each associated with
HNF4a-binding enhancers, and Zbtb16 and Bhlhe40 showed
increased HNF4a binding (Supplementary Table 4). How-
ever, stimulation of reactive transcriptional activators was
more prominent. These included Stat3, NFkB subunits
(Nfkb1, Nfkb2, Rela), AP1 subunits (Jun, Junb, Jund, Fos,
Fosl2), Ets2, and Myc.

STAT3 and NFkB Responses
The most stimulated genes of CC26 were part of an acute

phase response, which results from transcriptional activa-
tion by STAT3 and NFkB. Activating TFs like these also re-
duces expression of some target genes, a potential
mechanism for down-regulation of Hnf4a. To provide inde-
pendent criteria for analyzing these responses, we used
published RNA-seq and ChIP-seq data sets from mouse he-
patocytes treated with interleukin IL1 and IL639 and
compiled selective hepatocyte profiles, with common
annotation in rat and mouse, of genes directly regulated by
IL1-NFkB or IL6-STAT3 (Figure 8A and B).

NFkB responses were clear in CC14 but stronger in
CC26, whereas STAT3 and combined responses discrimi-
nated CC26. The fold-change for STAT3 and NFkB re-
sponders was similar, but the magnitude of STAT3
Table 1.Gene Enrichment Analysis of the Up-regulated HNF4a

Gene set Overlap (n) P value

GOBP REGULATION OF CELL DEATH
(1814 genes)

39 9.1E-22 Se

GOBP NEGATIVE REGULATION OF
CELL DEATH (1143 genes)

26 4.0E-15 Se

HALLMARK TNFA SIGNALING VIA
NFKB (196 genes)

13 8.6E-14 Se

GOBP NEGATIVE REGULATION OF
STIMULUS RESPONSE (1722
genes)

27 7.2E-12 Se

GOBP REGULATION OF STRESS
RESPONSE (1527 genes)

25 1.9E-11 Se

GOBP RESPONSE TO HORMONE (768
genes)

18 5.9E-11 So

GOBP ENDOGENOUS STIMULUS
RESPONSE (1725 genes)

25 2.5E-10 Se

HALLMARK MTORC1 SIGNALING (199
genes)

10 1.0E-09 Lg

BIOCARTA FIBRINOLYSIS PATHWAY
(11 genes)

4 3.3E-08 Se

HALLMARK CHOLESTEROL
HOMEOSTASIS (71 genes)

6 1.3E-07 Lg

NOTE. Selected enrichment analysis (http://www.gsea-msigdb
lined genes were unique to a single set.
stimulation was much greater because it regulated strongly
expressed transcripts (Figure 8C and D).

Comparison with 2 additional rat fibrosis models, BDL and
TAA treatment, provided additional perspective (Figure 8E,
Supplementary Table 6). Acute injury from treatment could be
a significant cause of NFkB and STAT3 activation, but the CC14
and CC26 and animals were held for 1 month following
treatment before analysis. TAA and CCl4 both cause similar
centrilobular necrosis. The 6-month TAA livers had only 1
week of recovery, and acute injury was not fully resolved.
Nevertheless, TAA livers showed the weakest responses, even
the group with short recovery. BDL livers were studied
without a recovery interval. They showed stronger NFkB and
STAT3 responses than CC14 but were still much less than
CC26. The strongest responses were thus distinctive for CC26
and unrelated to acute injury. The reduction of HNF4a was
also distinctive for CC26, a correlation that led to further
analysis of responses in mouse hepatocyte culture (Figure 8F).

Mouse primary culture data linked many CC26 changes in
TF expression (Figure 9) to STAT3 and NFkB signaling.
Reactive TFs Atf3, Fos, Stat3, Nfkb1, Nfkb2, and Junb all
showed clear binding by STAT3/NFkB and strong induction
by cytokine. Myc, Ets2, Jun, Fosl2, and Klf6 already showed
strong stimulation in control hepatocyte cultures, but cytokine
treatment increased STAT3/NFkB binding and gene expression.
-correlated Set

Genes

rpine1, Cdkn1b, Pim1, Mt1, Socs3, Sod2, Agt, Ncl, Lgmn, Bcl2l1,
Dapk1, Rps6, Bnip3, Fga, Fgg, Fgb, Zfp36, Ddit4, Irak2, Fbxo32,
Trp53inp1, Acer, Vhl, Bcl3, Btg2, Higd1a, Lgals3, Hcls1, Fgf21,
Ramp2, Apbb3, Epcam, Gadd45b, Ccnl1, Cdc34, Gadd45g, Bcl2l11,
Zbtb16, Usp36

rpine1, Cdkn1b, Pim1, Mt1, Socs3, Sod2, Agt, Ncl, Lgmn, Bcl2l1,
Dapk1, Rps6, Bnip3, Fga, Fgg, Fgb, Vhl, Bcl3, Btg2, Higd1a, Lgals3,
Hcls1, Fgf21, Ramp2, Apbb3, Epcam

rpine1, Socs3, Sod2, Zfp36, Bcl3, Btg2, Gadd45b, Ccnl1, Bhlhe40,
Klf6, Pnrc1, Ninj1, Zbtb10

rpine1, Socs3, Sod2, Agt, Ncl, Lgmn, Bcl2l1, Fga, Fgg, Fgb, Zfp36,
Ddit4, Vhl, Bcl3, Higd1a, Lgals3, Cdc34, Insig1, Lgals9, Dusp16,
Spred2, Kng2, Ppp2ca, Csnkle, Ddx39b, Marveld3, Thbd

rpine1, Socs3, Sod2, Agt, Bcl2l1, Fga, Fgg, Fgb, Zfp36, Irak2, Vhl,
Gadd45b, Gadd45g, Insig1, Lbp, Lgals9, Ninj1, Dusp16, Spred2,
Kng2, Ddx39b, Marveld3, Thbd, Spire, Ino80

cs3, Agt, Ncl, Rps6, Zfp36, Ddit4, Fbxo32, Hcls1, Ramp2, Trib3,
Insig1, Eif4ebp1, Lepr, Cfl1, Slc39a14, Serpina3n, Alpl, Tat

rpine1, Socs3, Agt, Ncl, Lgmn, Bcl2l1, Rps6, Zfp36, Ddit4, Fbxo32,
Hcls1, Fgf21, Ramp2, Trib3, Insig1, Hnrnpd, Eif4ebp1, Lepr, Cfl1,
Slc39a14, Serpina3n, Alpl, Spred2, Tat, Got1

mn, Ddit4, Btg2, Trib3, Insig1, Edem1, Bhlhe40, Aldoa, Got1, Stard4

rpine1, Fga, Fgg, Fgb

mn, Trp53inp1, Lgals3, Trib3, Pnrc1, Stard4

.org). 66/137 genes were identified in reference sets. Under-

http://www.gsea-msigdb.org


Table 2.Gene Enrichment Analysis of the Down-regulated HNF4a-correlated Set

Gene set Overlap (n) P value Genes

REACTOME METABOLISM
(1769 genes)

42 6.7E-22 Ugt2b37, Adh4, Cyp39a1, Ptgs1, Nr1h4, Ugt2b35, Acadsb,
Hsd17b4, Acad10, Hao1, Adipor2, Sult1e1, Mgst2, Tkfc,
Gcsh, Ddah1, Ppa2, Asrgl1, Adi1, Fech, Sptssa, Plaat1,
Lrp2, Coasy, Nudt5, Mtmr4, Gsta1, Nat1, Tpst1, Suox,
Ppox, Slc25a1, Pdp2, Hmox2, Psmf1, Oaz2, Hykk, Car3,
Mocs1, Xylt2, Slc19a2, Plekha8

GOBP SMALL MOLECULE
METABOLIC PROCESS
(1817 genes)

36 2.8E-16 Ugt2b37, Adh4, Cyp39a1, Ptgs1, Nr1h4, Ugt2b35, Acadsb,
Hsd17b4, Acad10, Hao1, Adipor2, Sult1e1, Mgst2, Tkfc,
Gcsh, Ddah1, Ppa2, Asrgl1, Adi1, Fech, Sptssa, Plaat1,
Lrp2, Coasy, Nudt5, Ces1f, Aldh8a1, Ptgr1, Angptl3,
Wdtc1, Mpc1, Gars, Aars2, Slc39a8, Pth1r, Fggy

GOBP LIPID METABOLIC
PROCESS (1450 genes)

27 9.8E-12 Ugt2b37, Adh4, Cyp39a1, Ptgs1, Nr1h4, Ugt2b35, Acadsb,
Hsd17b4, Acad10, Hao1, Adipor2, Sult1e1, Mgst2, Fech,
Sptssa, Plaat1, Lrp2, Mtmr4, Ces1f, Aldh8a1, Ptgr1,
Angptl3, Wdtc1, Rab38, Pigc, Cd81, Slc16a11

GOCC MITOCHONDRION
(1838 genes)

28 1.3E-09 Ugt2b37, Acadsb, Hsd17b4, Acad10, Gcsh, Ddah1, Ppa2,
Fech, Coasy, Suox, Ppox, Slc25a1, Pdp2, Mpc1, Gars,
Aars2, Rab38, Pxmp2, Ifih1, Ung, Polrmt, Lig3, Pebp1,
Armc1, Tufm, Tppp, Dnaja1, Tmem143

REACTOME PHASE II
CONJUGATION OF
COMPOUNDS (102
genes)

7 1.4E-07 Ugt2b37, Ugt2b35, Sult1e1, Mgst2, Gsta1, Nat1, Tpst1

HALLMARK BILE ACID
METABOLISM (111 genes)

7 2.5E-07 Cyp39a1, Nr1h4, Hsd17b4, Hao1, Aldh8a1, Pxmp2, Slc29a1

GOBP STEROID METABOLIC
PROCESS (350 genes)

10 1.1E-06 Ugt2b37, Cyp39a1, Nr1h4, Ugt2b35, Hsd17b4, Sult1e1,
Fech, Lrp2, Ces1f, Angptl3

NOTE. Selected enrichment analysis (http://www.gsea-msigdb.org). 69/163 genes were identified in reference sets. Genes
unique to 1 set are underlined.
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Hnf4a findings in hepatocyte culture were complex
(Figure 9A–C). IL1-NFkB induced down-regulation, but not
IL6, although both cytokines down-regulated Hnf4aos, the
mouse upstream transcript (Figure 9B and C). Despite this
inconsistency, other observations associated IL6-STAT3
with down-regulation of Hnf4a. First, IL6 increased STAT3
binding at Hnf4a enhancers, which also bound p65
(Figure 9A). Second, culturing alone substantially reduced
Hnf4a without added IL6 treatment (Figure 9B). Finally,
new analysis of hepatocyte cultures showed that cell isola-
tion immediately induced a weak NFkB response, and sub-
sequent culturing induced progressive STAT3 and combined
responses (Figure 9D), although the specific inducers of
these responses are unknown. The cytokine treatments
added to these prior responses. Seven additional TFs down-
regulated in CC26 (Rxra, Nr1h4/FXR, Hhex, Nr3c1/GR, Rara,
Foxa2, and Mlxipl) were also down-regulated by combined
cytokine treatment in culture, with unambiguous local
genomic binding of p65 or STAT3 (Figure 9E). Notably,
Nr1h4/FXR was also part of the correlating subset with
reduced binding of HNF4a (Figure 6).
Changes in Nonparenchymal Cells
The NFkB and STAT3 responses of hepatocytes arise

from cell-extrinsic signaling. Potential sources were
determined from transcriptomes of hepatocytes, liver NPC,
and inflammatory cell types. Because rat data were not
available, RNA-seq libraries were compiled from mouse
data, new stellate cell analysis, and published data sets from
other cell types (Supplementary Table 7). Analysis defined
sets of non-hepatocyte genes expressed in single cell types
that could be distinguished in whole-liver RNA-seq data and
then eliminated transcripts not detected in the rat experi-
mental data (Supplementary Table 8).

In disease progression, changes in the levels of cell-
specific transcripts could result from increased or
decreased gene expression or a change in cell number.
Transcripts that did not change expression would have
near-median values in the distribution of expression
changes. We used this property to compile cell-specific gene
expression signatures (Figure 10A) for normalization of
changes in all cirrhosis data sets (Supplementary Table 8).
These signatures enabled quantification of cell populations
during disease progression by measuring the fraction that
each cell type contributed to the total liver transcriptome
(Figure 10B and C).

CCl4 injury increased most NPC types, although only
stellate cells showed a much greater increase in CC26
(Figure 10B). However, BDL and TAA livers showed com-
parable levels of stellate cells (Figure 10C) and greater
levels of cholangiocytes and Kupffer cells. TAA livers also

http://www.gsea-msigdb.org
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Figure 5. Discriminating transcriptional responses. (A) Principal component analysis of RNA-seq data sets separated the
livers into 3 groups. Comparison with isolated hepatocytes (hep) from 2 livers showed that much of the group separation
resulted from changes in nonparenchymal cells. (B) The most stimulated transcripts all encoded acute phase proteins. (C)
Genomic views of liver A2m and Serpine1. See Figure 1A description. (D) Expression of most abundant hepatocyte transcripts.
All encoded serum proteins. They are inversely ranked by the incremental transcriptional change in 26-week cirrhosis. (E)
Pileup of serum protein transcript levels. The massive acute phase response markedly changed the serum protein compo-
sition. In B, D, and E, gene names marked with “H” indicate association with HNF4a binding sites (Supplementary Table 3); red
indicates increased total binding of associated HNF4a (Supplementary Table 4). Quantification is presented as fraction of total
transcripts. t tests, P vs normal liver, *<.05, †<.01.
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showed higher levels of fibroblasts. Infiltrating inflamma-
tory cells, especially macrophages and neutrophils, will
reflect direct tissue injury and are potential sources of
STAT3 and NFkB activation. However, levels of inflamma-
tory cells levels did not discriminate CC26 from other
groups. The functional decompensation of CC26 did not
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therefore evolve directly from progressive liver damage or
inflammation.

NPC also responded to NFkB/STAT3 signaling in CC26.
Stellate cells showed the most NFkB responders, whereas
STAT3 responders distributed more broadly (Figure 10D
and E, Supplementary Table 8).
Cell Type Expression of Acute Phase Cytokines
and Receptors

RNA-seq detected expression of 17 cytokines that can
activate NFkB or STAT3 (Figure 11A and B), potential me-
diators of decompensation. Their likely cells of origin were
determined with the mouse cell-type library resource
(Supplementary Table 7). Two NFkB activators (Il1b and
Tnf) increased in CC26, mostly Il1b, expressed by sinusoidal
endothelium40 or Kupffer cells.

Four STAT3 activators (Il6, Osm, Clcf1, Il10) were
elevated in CC26. Osm increase was greatest and most se-
lective. Endothelial cells were the most abundant source in
normal liver, although increases in macrophages and neu-
trophils made these cells possible secondary sources in
CC26. Regardless, the calculated cell proportions indicated
that Osm expression reflected a higher level of transcription
and not just an increase in an expressing cell type. In
contrast, the levels of cholangiocyte-specific Clcf1 paralleled
the increased cholangiocytes observed in all models, a
passive change (Supplementary Table 8).
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Normal hepatocytes expressed Il6r and Lifr, the CLCF1
receptor, but not Osmr (Figure 11C and D). However, strong
hepatocyte expression of Osmr appeared in CC26 along with
progressive de-repression and activation of chromatin
(Figure 12A). This is consistent with analysis of cultured
hepatocytes, which showed that IL1 and IL6 additively
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stimulated Osmr expression and induced binding of NFkB-
p65 and STAT3 near the promoter (Figure 12B and C).

The multicellular integration of the decompensation in
CC26 is summarized in Figure 13. It resulted from unusually
strong NFkB and STAT signaling. NPCs were both targets
and sources of activating cytokines, whereas hepatocytes
were exclusively targets.

Discussion
Acute phase signals primarily impact hepatocyte tran-

scriptional regulation by inducing new activating TFs, but
such activators can also act as transcriptional inhibitors. TFs
act through networks of mutual regulation, so inhibiting
central regulators like HNF4a has broad effects. The
following discussion will consider the regulation of tran-
scripts encoded within Hnf4a, the impact of reduced HNF4a
on gene expression, and how activating TFs may inhibit
gene expression. The discussion will then return to cell
integration to consider the pathogenesis of liver
decompensation.

HNF4a Isoforms
HNF4a was first characterized in liver41,42 as a master

regulator development and the mature phenotype. Within
the liver, our analysis demonstrated only 4 HNF4a isoform
transcripts, exon 10 splice isoforms a1 and a2 from P1 and
corresponding isoforms a7 and a8 from P2.43,44 Both pro-
moters are active in fetal liver. In mature liver, only P1 is
active, although P2 transcripts were still detectable by RT-
PCR, 0.03% of total Hnf4a transcripts, below the threshold
of RNA-seq detection. The wide separation of P1 and P2 may
partition the 2 promoters into separate transcription acti-
vation domains, but P2 is still less than 30 kb from the
upstream enhancer cluster and does not respond to it.
Instead, P2 shows repression (H3K27Me3) typical of a non-
hepatocyte promoter.

P1 and P2 encode similar forms of HNF1a, but the
absence of the A/B domain in P2 isoforms indicates loss of
one type of transcriptional activation. Thus, mice engineered
to express the P2 isoform from both promoters show
normal liver development but have altered lipid metabolism
and stress responses.44,45

P2 transcripts were significantly increased 85-fold in
CC26 compared with normal liver (Figure 1B). Increased P2
transcripts were also observed in decompensation of human
alcohol-associated liver disease.23 Nevertheless, in our
model, the increase amounted to a small fraction of total
Hnf4a transcripts. The P2 promoter and upstream regions
showed new TF binding and activation markers, also at low
levels. These small changes suggest that the new expression
came from another cell type, not hepatocytes. A precedent
study of Hnf4a in colon demonstrated that the P1 and P2
promoters functioned in transcriptional regulatory envi-
ronments of different crypt cell types.46

Comparison of non-hepatocyte transcriptomes from liver
(Supplementary Table 7) showed strong Cebpb expression
in most cell types, but Hnf4a expression was observed only
in cholangiocytes. The weak ChIP-seq detections (arrows in
Figure 1A) of CEBPb, HNF4a, H3K4Me3, and H4K5Ac could
therefore represent cholangiocyte expression, which selec-
tively expressed P2 transcripts (Figure 2C). It should be
noted that the Sashimi plots in Figure 2 directly visualize
unprocessed sequence reads and provide unbiased quanti-
fication of entire transcripts. Compilations of read pileups
over exons further confirmed the splicing quantifications.
Selective expression of Hnf4a(P2) in cholangiocytes was
previously detected with isoform-specific antibodies.30,31

Fetal liver, which was included as a positive control,
expressed the highest levels of P2 isoforms, but P1
expression was still dominant (Figure 2D and E), consistent
with the quantifications of Briançon et al.27 Their study also
characterized a 4-kb P2 “promoter” and showed control by
Onecut1/HNF6 and Onecut2, which are predominantly
cholangiocyte TFs (Supplementary Table 7). Moreover, this
4-kb segment directed transgenic reporter gene expression
in fetal stomach, intestine, and pancreas, but not liver.27

Thus Hnf4a(P1), controlled by extensive regions of
highly active enhancers, dominates liver development,
mature liver, and disease progression. Increases in
Hnf4a(P2) expression significantly mark disease progres-
sion but probably reflect non-transcriptional mechanisms
that increase the number of cholangiocytes.
Upstream Transcripts
The Hnf4a region has a third promoter at –6 kb that

initiates antisense lncRNA transcripts. At this distance, it is
clearly an independent promoter, with a broad strong
H3K4Me3 peak that indicates a high level of activity.
Hnf4a(P1) and Hnf4a-us promoters apparently compete for
nearby enhancers to stimulate transcription. Several attri-
butes indicate the importance of Hnf4a-us: promoter
strength, similar lncRNA genes in mouse and human, high
promoter region sequence conservation greater than P1 or
P2, and coregulation of Hnf4a-us and Hnf4a(P1)
transcription.

The lncRNA transcripts comprise multiple spliced iso-
forms, but the visualizations and quantifications (Figures 1A
and C and 2D) demonstrated that most transcripts were
unspliced. The transcripts covered the entire upstream
enhancer region and showed a striking down-regulation in
CC26, a change that paralleled chromatin acetylation
(H4K5Ac) and Hnf4a(P1) gene transcription. The unusually
high level of unprocessed transcripts suggests a high tran-
scription rate and rapid turnover (compared with the more
typical w1% unprocessed transcript level from Hnf4a(P1)).
Repeated transcription through the region might affect
activation, looping, unlooping, or queuing of individual en-
hancers for interaction with the Hnf4a(P2) promoter. The
Hnf4a-us lncRNAs are distinct from eRNA, which are
short local transcripts that stimulate enhancer function by
stabilizing loops and coactivating catalytic histone acetyla-
tion by CBP.47 eRNA are too short for detection by RNA-seq,
but fragments of longer lncRNAs might have similar
function.

The processed lncRNA might have a specific transcrip-
tional or non-transcriptional function,48–50 presumably
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through the first exon, the only region common to rat,
mouse, and human transcripts (Figure 2B). The low
transcript level (w7 molecules/cell) implies few regula-
tory targets, which is consistent with a recent study of
the human homolog, HNF4AS1, that suggested direct
Gene Reads/kb 14w 26w
Lcn2 4690 57 903
Serpine1 9719 3 182
Maff 553 9.8 64
Gadd45b 4851 1.5 45
Plscr1 2140 7.1 33
Rnd1 1286 4.8 28
Junb 21125 4.9 20
Arrdc4 6196 1.8 15
Snx10 1411 8.3 11
Phlda1 556 3.3 10
Steap4 51474 1.2 9.0
Sod2 75967 1.3 7.8
Hivep2 1589 3.7 6.4
Bcl3 4669 2.9 6.0
Ccnl1 31764 1.6 6.0
Pim1 10027 1.2 5.4
Noct 2102 3.1 4.7
Abcb1b 28007 1.9 4.5
N biz 9242 1.4 4.0
Gcnt2 2702 1.8 3.8
Hpx 10306529 1.3 3.7
Stk19 3703 1.7 3.7
Sdc4 200273 0.9 3.6
Slc39a14 148397 1.4 3.5
Socs2 8446 4.6 3.4
Sbno2 10461 1.4 3.4
Hp 13075035 1.3 3.2
Slc37a1 1183 2.2 3.1
Slc11a2 12089 1.9 3.1
Pde4b 14744 1.9 3.1
Pnrc1 38966 1.3 2.9
Cish 5572 5.6 2.9
Mctp2 5503 1.3 2.7
H3f3b 238557 1.5 2.7
Bach1 37169 1.3 2.5
Ninj1 134298 1.3 2.2
Il1r1 95906 1.8 2.1
Jak2 11219 2.0 2.0
B4galt1 34229 1.2 2.0
Gan 2488 2.2 2.0
Hivep1 4204 1.8 1.8
Etv6 8341 1.0 1.7
Nedd4l 21926 1.1 1.6
Fth1 1668299 1.2 1.6
Cp 1734832 1.9 1.6
Cflar 78639 0.9 1.5
H6pd 97034 0.9 1.4
Ifi47 10563 2.8 1.2
Apobec1 6691 2.0 1.1
Fas 6851 2.2 1.1
Pak4 9045 1.6 1.1
Rnf125 179033 0.5 1.0
Arpin 7197 1.8 1.0
Zfp598 38447 1.2 1.0
Klf10 15277 1.6 0.9
Mitd1 8727 1.3 0.9
Pnp 218225 0.9 0.5
Cldn14 19637 0.9 0.1

IL1-NFκB + IL6-STAT3↑

Gene Reads/kb 14w 26w
Egln3 1208 4.3 102
Tnfrsf14 240 12 24
N bie 3283 4.3 5.1
Rhbdf2 2719 4.7 5.1
N bia 49531 1.8 4.1
Tat 674117 0.8 3.9
Col27a1 1641 3.6 3.5
N b2 7531 3.5 3.3
Arhgef3 4876 3.1 3.3
Lrch1 2703 2.9 3.2
Mtmr12 6974 2.5 2.8
Rhbdf1 3948 2.8 2.4
Slc7a2 382725 1.0 2.4
Ino80d 5291 1.7 2.3
Irf5 2239 4.8 2.0
Bcor 7963 1.5 1.9
Rab11fip 3508 2.1 1.8
Bcl10 25278 1.5 1.8
N bib 19681 1.4 1.6
Agrn 10566 1.9 1.6
Ifngr2 10748 2.0 1.6
S1pr2 9598 1.9 1.6
Nck1 27471 1.3 1.5
Zeb1 4677 1.6 1.5
Nfatc1 3511 2.1 1.5
Ikbke 7120 2.2 1.4
Rab32 10821 2.3 1.3
Psmb10 23334 1.6 1.1
Tfe3 16383 1.6 0.9
Pkdcc 46065 1.7 0.9

IL1-NFκB↑

Gene Reads/kb 14w 26w
Tgm1 497 4.3 56
Fos 912 23 36
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Prc1 562 8.3 5.2
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Rtn4 4855 6.6 4.0
Fga 5883069 1.1 3.8
Gda 69154 2.0 3.7
Fgb 7048954 1.0 3.6
Tnip2 3638 1.9 3.1
Midn 15227 2.4 2.9
Fndc3b 39338 1.7 2.7
Jak3 4133 2.1 2.6
Uck2 3259 1.2 2.4
Ell 9847 1.0 2.4
Nrp1 13129 2.6 2.3
Fam220a 6392 1.7 2.1
Cyb561 5379 1.7 2.1
Fgl1 715427 1.3 1.9
Fus 64995 1.2 1.8
Stom 13743 1.7 1.6
Sptlc2 14115 1.6 1.5
Gpr146 30167 1.7 1.3
Thpo 7845 1.7 1.3
Itga6 15830 1.7 1.2
Ahr 35567 1.6 1.0
Tmem98 49730 1.7 0.7

IL6-STAT3↑

Gene Reads/kb 14w 26w
Gne 125327 1.12 0.41
Lims2 43184 1.02 0.49

Gene Reads/kb 14w 26w
Gck 23327 0.96 0.09
Glyctk 249261 0.73 0.38
Epha1 30802 1.15 0.39
Rilp 13331 0.92 0.44
Chdh 227601 0.73 0.45
Arhgef18 11184 1.17 0.45
Mvd 8471 2.16 0.47
Irf6 43001 1.07 0.65

Gene Reads/kb 14w 26w
Ppp1r3b 174822 1.09 0.15
Xkr9 20044 0.74 0.21
Acbd4 37873 0.66 0.22
Smlr1 266498 0.68 0.27
Nec n1 10572 1.48 0.27
Rassf3 110376 0.88 0.31
Mlxipl 51594 0.94 0.33
Clmn 26301 1.15 0.39
Nr1h4 131642 0.61 0.41
Gucd1 76108 0.92 0.41
Ccdc126 12652 0.93 0.44
Hhex 69832 1.19 0.46
Ormdl3 56468 1.05 0.53
Stradb 78205 1.08 0.54
Sephs2 266002 0.72 0.55
Nfia 118267 1.08 0.57
Cpt1a 176084 1.11 0.62
Osgin1 51433 2.68 0.62
Prkag2 7649 1.53 0.64
Nr3c1 120293 0.80 0.67
Rara 20493 1.11 0.75
Fam126b 34854 0.87 0.87
Fem1a 36359 1.16 0.94
Kif13b 26821 1.22 0.96
Leap2 248751 0.37 0.97
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Additional observations suggest an intriguing relation-
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HNF4a peaks in the upstream and downstream regulatory
regions. Average binding at these peaks showed a slight
increase (11%) in CC26. Paradoxically, Peak 4, which en-
compasses the highly conserved transcription controls of
Hnf4a-us, showed total loss of HNF4a binding (Figure 1C).
Like other HNF4a sites that lost binding in CC26, in silico
analysis failed to show supporting TF-binding motifs in
Peak 4. Transcription of Hnf4-us apparently depends on this
critical weak binding site and is therefore directly sensitive
to the concentration of HNF4a. Hnf4a-us transcription
apparently acts as a brake that helps maintain a constant
level of Hnf4a(P1) transcription. Thus, normal Hnf4a-us
transcription slows increases, whereas reduced Hnf4a-us
transcription slows decreases of HNF4a concentration.

Mechanism of Altered HNF4a Binding
Despite its reduced expression in CC26, HNF4a binding

decreased at only a fraction of enhancers. Although low-
affinity sites would be expected to have greatest sensi-
tivity to HNF4a concentration, enhancers that lost binding
had a motif distribution that was identical to sites that did
not change binding. The reduced binding instead exempli-
fied fundamental properties of enhancers, which function
through “integration of several weaker interactions”52 via
“cooperative assembly and stability” of a TF complex.53

Cooperativity arises from the highly organized assembly
that optimally aligns the TFs to interact with DNA, coac-
tivators, mediator, and general TFs. The paucity of other TF
motifs suggests that fewer cooperative partners, not DNA
binding affinity, reduced HNF4a binding by these
enhancers.

Cooperative interactions can also explain the increased
HNF4a binding at activated enhancers, despite low-affinity
binding sites. These enhancers showed enrichment of mo-
tifs for reactive TF induced in CC26, especially AP1 (JUN:
FOS) heterodimers. Consistent with these observations,
common binding of HNF4a and FOSL1 was demonstrated at
some enhancers in HC116 cells, as well as direct binding of
HNF4a to FOSL1 in vitro.54 Our motif analysis showed that
AP1 and HNF4a binding sites were mostly in different parts
of these enhancers, which is still consistent with co-
recruitment by mutual affinity. These AP1 relationships
also suggest a second mechanism for increased binding,
exemplified by interaction with a similar TF, the
Figure 8. (See previous page). NFkB and STAT3 signaling. (A)
Discriminating sets of responsive genes with unambiguous hepa
by analysis of RNA-seq and ChIP-seq libraries from mouse he
cytokine-induced transcriptional changes accompanied by bind
regulation were cut off at >1.7 and <0.65 � control, respecti
for IL6 and responded to one cytokine. Dual responders showed
at different enhancers. Profiles were limited to genes with com
used to analyze rat responses. (B) NFkB and STAT3 response p
heat maps, are listed with expression changes in cirrhosis. D
change after 14 and 26 weeks of treatment. (C) Expression of
expression of genes in each response profile as a fraction of t
higher levels than NFkB responders. (D) Average changes in g
each profile. P values for enrichment of profile genes were calcul
cirrhosis models. Data from C are compared with BDL and TAA
liver injury models. Control normal liver: Lewis rats for CCl4 trea
glucocorticoid receptor (Nr3c1). In this case prior AP1
binding opened the chromatin and preprogramed the
enhancer for subsequent nuclear receptor binding.55 Both
cooperation and preprograming to stimulate HNF4a binding
may also apply to other reactive TFs in CC26.
Mechanism of Reduced HNF4a Expression and
Other Transcriptional Changes

HNF4a autoregulates Hnf4a and activates hepatocyte TF
genes that comprise a network of mutual regulation. Down-
regulation of Hnf4a might therefore synergistically atten-
uate expression of network TFs. However, network synergy
does not explain the critical process that initially down-
regulated Hnf4a. We therefore investigated the acute
phase response, the most striking feature of the CC26
phenotype, to explain the down-regulation.

All cirrhotic livers showed direct transcriptional re-
sponses characteristic of NFkB or STAT3 activation. How-
ever, CC26 showed the strongest positive responses and
was the only condition that showed negative responses,
which apparently required higher levels of STAT3 and NFkB.
Many stimulatory TFs also inhibit transcription of some
target genes. Such inhibition may occur via competition
between TF. Alternatively, epistatic interactions can alter
the local shape of the DNA, chromatin accessibility, or
nucleosome conformation and can inhibit binding of other
TFs.56 The requirement for high levels of NFkB-p65 or
activated STAT3 suggests concentration-dependent effects,
such as binding at low-affinity sites or competition with
other TFs that normally assemble on the enhancer.

Expression of multiple TFs showed clear direct inhi-
bition by IL1-NFkB or IL6-STAT3 in hepatocyte culture,
but Hnf4a inhibition was only partially consistent. IL1
treatment strongly reduced expression and induced p65
binding to multiple Hnf4a enhancers. IL6 treatment
increased binding of STAT3 but did not decrease gene
expression. However, cultured hepatocytes already had
lower Hnf4a expression than liver in vivo. This reduction
could have resulted from the prior activation of STAT3
that occurs in cell culture or another equivalent inhibitory
mechanism. It reflects a limit of primary culture studies
because hepatocyte phenotype and responses often
deviate from liver in vivo.
Hepatocyte genes that directly respond to NFkB and STAT3.
tocyte expression, either up- or down-regulated, were defined
patocytes treated with IL1 or IL6.39 Selected genes showed
ing of NFkB-p65, STAT3, or both. Up-regulation and down-
vely. Single-effect genes bound NFkB-p65 for IL1 or STAT3
additive or synergistic stimulation and bound both TFs, often
mon annotation in mouse and rat. Mouse profiles were then
rofiles in CCl4-induced cirrhosis. Gene profiles, overlayed with
ata columns: expression in normal liver (reads/kb) and fold-
NFkB and STAT3 responses. The plot displays the summed
otal transcripts. STAT3 responders were expressed at much
ene expression. Fold-change was averaged for the genes in
ated with Fisher exact test. (E) Comparison with other fibrosis/
-induced cirrhosis. (F) Comparison of Hnf4a expression in the
tment, F344 rats for BDL and TAA treatment.
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Impact of Reduced HNF4a
Hnf4a down-regulation was prominent in a process that

also reduced expression of other TFs. However, it is not
clear whether the reduced level of HNF4a was critical
because mice with liver-specific heterozygous knockout, a
comparable loss of expression, were phenotypically
normal.57 Down-regulation directly associated only with
moderate expression changes, and there was still enough
HNF4a to markedly increase binding and contribute to the
high level expression of phenotypic genes. Such down-
regulation could be adaptive by allowing reprioritization
of transcriptional resources for compensation of tissue
injury. Nevertheless, HNF4a did associate with important
hepatocyte processes that are altered in cirrhosis and
decompensation (Table 2). Some of these down-regulations
could have critical effects that might be reversed by thera-
peutic supplementation of HNF4a.19,21,22

Integration of Cellular Responses
Our CCL4 treatment model produced decompensation of

hepatic function with clinical signs of end-stage liver disease
(eg, ascites, encephalopathy, coagulopathy) at least 4 weeks
after the animals had completed CCl4 treatment, when we
began our analysis. The TAA fibrosis and BDL models did
not produce end-stage disease, although cell populations
that reflected progression of cirrhosis and inflammation had
comparable or greater increases than in CC26.

BDL damages both cholangiocytes and hepatocytes, the
latter through bile acid accumulation, sterile inflammation,
and hepatocyte apoptosis.58 There is also loss of bile duct
integrity with formation of bile lakes. The BDL rats were
studied at the time of maximum damage without a recovery
interval and showed significant STAT3/NFkB responses,
although much weaker than CC26.

Chronic TAA injury is often considered a more effective
model of progressive cirrhosis than CCl4 injury. Like CCl4,
TAA induces centrilobular hepatic necrosis with infiltration
by inflammatory cells as the acute injury resolves,59

considerably more direct hepatocyte damage than BDL.
Compared with CC26, TAA showed more fibroblasts and
cholangiocytes that reflected greater tissue damage during
disease progression. There were also more Kupffer cells,
macrophages, and neutrophils, especially at 6 months,
Figure 9. (See previous page). Hnf4a responses to cytokine
mouse Hnf4a. Promoters and enhancers of mouse and rat Hnf4
and STAT3 ChIP-seq data from cultured hepatocytes (Goldstein
HNF4a, CEBPb, and H4K5Ac from normal liver26 and a track sh
Multiple p65 and STAT3 peaks localize to enhancers where H
CEBPb. STAT3 binding was present in untreated cultures but in
listed next to major STAT3 and p65 peaks. (B and C) Hnf4a and H
in Dulbecco modified Eagle medium and treated with cytokine Il1
is the mouse upstream antisense transcript homologous to rat H
t tests of RNA-seq data compared with the cell culture control an
Hepatocytes were isolated, cultured in Dulbecco modified Eagle
expression of profile genes, plotted on a log10 scale as a fraction
were persistent at 24 hours. P values vs normal liver, displayed w
Additional TFs inhibited by cytokine. These genes showed <65
Significant STAT3 or p65 binding peaks within 60 kb are liste
significance of peak detection, –log(p).
reflecting active tissue damage. At the time of tissue sam-
pling after a nontreatment recovery interval, STAT3 and
NFkB signaling were low, although they were likely higher
shortly after TAA administration.

The distinctive CC26 phenotype indicated persistent in-
flammatory signaling, although the interval after the last
CCl4 treatment was long enough to totally resolve the acute
injury and inflammation from this toxic agent. The persis-
tent signaling therefore indicates a second process super-
imposed on progressive cirrhosis. This process is
comparable with acute-on-chronic decompensation of
cirrhosis observed in some human patients, which is also
associated with acute phase proteins and inflammatory
mediators. Analysis has associated this human liver patho-
genesis to extrinsic systemic inflammation originating from
the gut, with progression from bacterial overgrowth to
bacteremia.60,61

Experimental models induce an acute phase response by
treatment with either turpentine or bacterial lipopolysac-
charide. Both elevate circulating cytokines and stimulate the
liver to synthesize acute phase proteins. Il1b expression
reveals a critical difference between the 2 treatments.62

Peripheral injection of turpentine induced local inflamma-
tion that released IL1b (and IL6), which remotely stimulated
but did not damage the liver or activate hepatic transcrip-
tion of Il1b. Thus, cytokine stimulation alone was not suf-
ficient to activate cytokine gene expression within the liver.
In contrast, intraperitoneal injection of lipopolysaccharide
induced the liver to transcribe Il1b, part of a more complex
systemic inflammatory response. Similarly, endotoxin
induced liver Osm, but turpentine did not.63,64 The liver of
CC26 therefore showed inflammatory signaling that can be
experimentally induced by endotoxin, which acts through
toll-like receptor 4. Other toll-like receptor activators, such
as viral components, might also induce similar responses.
These are important possibilities, but it must be emphasized
that our study, which is confined to liver specimens and
genomic transcription, did not define the specific mecha-
nism of chronic STAT3/NFkB activation in CC26.

Despite this limitation, the analysis provided important
information about the multicellular pathogenesis. The
decompensation of CC26 resulted from complex interactions
among NPC and hepatocytes. Both hepatocytes and
in cultured mouse hepatocytes. (A) ChIP-seq analysis of
a are highly conserved (compare with Figure 1C). NFkB-p65
et al)39 are displayed with reference ChIP-seq compilations of
owing mammalian sequence conservation (phastCons30way).
4K5AC is locally depleted (red lines), along with HNF4a and
creased with IL6 treatment. Detection significance, –log(p), is
nf4aos transcription. Hepatocytes were cultured for 22 hours
and Il6 for 2 hours (data sets from Goldstein et al).39 Hnf4aos

nf4a-us3 (Figure 2). Plots show mean, standard deviation, and
d normal liver. (D) Sequential hepatocyte responses in culture.
medium, and sampled at multiple intervals. Curves show total
of the total transcriptome. Note that dual IL1 þ IL6 responses
ith the data points, were calculated with Fisher exact test. (E)
% of control transcripts after combined IL1 þ IL6 treatment.
d with distance from the transcription start site, dTSS, and
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endothelial cells produced extreme levels of acute phase
proteins. The main activating cytokines were OSM and IL1b,
produced by endothelium, Kupffer cells, or macrophages.
The main target cells for the response, which were hepa-
tocytes, endothelium, and stellate cells, all expressed the
necessary receptors, but OSM responsiveness was a special
adaptation. Silent in normal hepatocytes, the additive con-
tributions of NFkB and STAT3 activated Osmr expression to
progressively amplify the inflammatory signals. The strong
NFkB and STAT3 signaling profoundly altered the hepato-
cyte phenotype, inducing acute phase proteins, simulta-
neously reducing expression of HNF4a and TFs that
dynamically regulate metabolism.
Materials and Methods
Animals

Lewis rats and C57Bl/6 mice were maintained in isola-
tion cages in the Department of Laboratory and Animal
Resources at the University of Pittsburgh. Animals were
housed in temperature- and light/dark cycle–controlled
rooms. All animal experiments were approved by the
Institutional Animal Care and Use Committee at the Uni-
versity of Pittsburgh.
Induction of Cirrhosis
Liver cirrhosis was induced in rats as described in

Nishikawa et al,19 which provides a detailed treatment
description. The current studies were carried out on livers
from some newly treated rats and frozen liver specimens
archived from this prior study. Briefly, 4-week-old male rats
were given phenobarbital (0.5 g/L) in drinking water. Two
weeks later, CCl4 was administered by biweekly gavage at
0.2 mL/kg. With weight loss, subsequent doses were
reduced or temporarily withheld until weight was suffi-
ciently recovered. All rats were monitored for body weight,
activity, and amount of ascites; hepatic encephalopathy
score; and blood measurement of bilirubin, albumin,
ammonia, and international normalized ratio.

Cirrhotic rats without liver failure received 13–14 weeks
of treatment and a total dose of 1.3 ± 0.1 mL of CCl4. Lab-
oratory tests and ascites resolved quickly after discontinu-
ation of treatment. Rats required 2.8 ± 0.2 mL CCl4 over
26–28 weeks to generate cirrhosis with irreversible liver
failure, and these animals died within 6 weeks after termi-
nation of treatment. Livers for this study were collected 4
weeks after the final treatment to eliminate the acute effects
of CCl4 exposure. In some cases, a lobe of the collected liver
was excised for hepatocyte isolation.65

Mouse hepatocytes for primary cell culture were isolated
from C57Bl/6 livers.66 RNA was isolated from cells that
were freshly isolated or cultured in Dulbecco modified Eagle
medium for specified time intervals.

Additional analyses were carried out on frozen F344 rat
specimens: pooled 15-day fetal liver and hepatocytes; male
livers after BDL for 2, 4, or 12 weeks; and male livers after
TAA treatment for 5 months (þ5 weeks without treatment)
or 6 months (þ1 week without treatment).67,68
Cell Isolation and Culture
Stellate cells were isolated from mice as previously

described.69 Briefly, livers received in situ perfusion with
pronase (Roche) followed by collagenase (Roche); dispersed
cell suspensions were then layered on a discontinuous
density gradient of 8.2 and 15.6% Histodenz. RNA was
isolated from freshly prepared cells.

RNA Analysis and Cloning
RNA purification and random primer directed cDNA

synthesis for RNA-seq and RT-PCR were previously
described.26 Cloning of Hnf4a-us1–3 was carried out using
an Ambion FirstChoice RLM- RACE kit according to the
manufacturer’s specifications. Primers are listed in Table 3.

RNA-seq Data Analysis
RNA isolation from liver and library construction after

random primer cDNA synthesis were previously
described.26 Libraries received paired-end sequencing, and
FASTQ reads were aligned with RNASTAR70 to the rat rn5 or
mouse mm9 genome. RNASTAR or GenPlay software71 was
used for reads/transcript quantification using RefSeq rn5
and mm9 annotations. The latter program summed the
fractions of reads that overlapped with exons and provided
more sensitive quantification of low abundance transcripts.
Extraneous transcripts (eg, ribosomal RNA, mitochondrial
RNA, and small RNA) were filtered out, and genes with
multiple transcripts were simplified to the most abundant
isoform. Division by transcript length (kb) converted read
counts to molecule counts (reads/kb). Libraries received
linear normalization to match the sum of all transcripts in
this compilation (the total transcriptome). Where appli-
cable, values for individual or groups of transcripts are
displayed as a transcript fraction of this transcriptome.
Elsewhere, the values were converted to transcripts/cell by
normalizing to Alb mRNA (w20,000 transcripts/cell). For
each experimental condition, average transcript values were
calculated from 2–3 independent libraries.

Transcriptional analysis of mouse hepatocytes used
RNA-seq libraries described in Goldstein et al.39 In this
study, hepatocytes were cultured in Dulbecco modified Ea-
gle medium for 24 hours after isolation. If treated, they
received 10 ng/mL of IL1, IL6, or a combination for the final
2 hours. Our additional studies used hepatocytes that were
freshly isolated or cultured in Dulbecco modified Eagle
medium for specified time intervals.

FASTQ libraries were downloaded from the SRA-NCBI
database: Control, SRR5353200, SRR5353201; IL1,
SRR5353202, SRR5353203; IL6, SRR5353206,
SRR5353207; IL1 þ IL6, SRR5353208, SRR5353209.

Cell-specific Expression Within the Liver
Transcriptome

To assess the gene expression of individual cell types,
deep RNA-seq libraries were prepared from freshly isolated
stellate cells or obtained from published studies of mouse
liver (whole liver,26 cholangiocytes,29 sinusoidal endothe-
lium,72 and Kupffer cells73) and other tissues (fibroblasts,74
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macrophages,75 monocytes,76 neutrophils,75 B cells,77 and T
cells78). Mouse liver data were used for this analysis
because comparable studies of rat were not available.
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Figure 11. Cytokines and receptors that activate STAT3 or NFkB. (A) Cytokine expression. Transcripts with 2-fold change
in any fibrosis/cirrhosis group. Whole liver RNA-seq values are displayed as ratios of treatment to normal, ranked by the ratio of
26-week to 14-week expression. (B) Quantification of cytokines that increase in CCl4-induced cirrhosis. (C and D) Receptor
expression. Osmr was selectively induced in CC26. Most others were well-expressed in normal liver. P vs control, * < .05, **P<
.01; vs 14 weeks, † < .05, †† < .01.
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were further screened to eliminate those that were depleted
from isolated rat liver hepatocytes. The cell-specific genes
were then compared in normal liver and 7 cirrhosis condi-
tions to find a median-level gene signature for each cell type,
ie, genes neither up- or down-regulated and thus propor-
tional to the number of expressing cells (Figure 8A,
Supplementary Table 8). The transcriptome fractions of cell
and total liver were calculated for each signature gene. The
ratio of those values represented the proportion of the cell-
type transcriptome within the whole liver transcriptome.
For each cell-type signature, the values for individual genes
were averaged to approximate the content of the cell-
specific transcriptome within the whole liver tran-
scriptome (Figure 8B and C).

FASTQ libraries were downloaded from the SRA-NCBI
database: whole liver (SRR6335223, SRR6335224) and
isolated hepatocyte (SRS2725640, SRS3489136)26; chol-
angiocyte (SRR6392083, SRR6392084, SRR6392085)29; si-
nusoidal endothelium (SRR5920415, SRR5920416,
SRR5920417)72; fibroblast (SRR847341)74; Kupffer cell
(SRR7519573, SRR7519574, SRR7519575)73; peritoneal
macrophage (SRR1177046, SRR1177047)75; monocyte
(SRR7163783, SRR7163784, SRR7163785)76; neutrophil
(SRR1177062, SRR1177063)75; quiescent follicular B cells
(SRR3724513, SRR3724514)77; and unstimulated cytotoxic
T lymphocytes (SRR5520192).78

ChIP-seq Analysis
Chromatin preparation, immunoprecipitation, and li-

brary preparation were previously described.26 ChIP-seq
libraries were aligned to the rn5 or mm9 genomes with
BWA. Rat libraries were also constructed from control im-
munoprecipitations with normal serum to define nonspe-
cific peaks. A filter to remove nonspecific peak regions from
rn5 alignments was prepared from these control libraries as
previously described (available on request).26 These regions
were subtracted from all subsequent analysis using BED-
tools.79 All ChIP-seq analyses combined multiple libraries
for each experimental condition. Antibodies were HNF4a sc-
8987, CEBPb sc-150 (Santa Cruz Biotechnology, Dallas, TX);
and H4K5Ac #39170, H3K4me3 #39915, and H3K27me3
#61017 (Active Motif, Carlsbad, CA).

Compilation and Analysis of ChIP-seq Peak Sets
After filtering, HNF4a, CEBPb, H4K5Ac, H3K4Me3, and

H3K27Me3 peak sets were compiled for normal liver, CC14,
and CC26 by using MACS2 and 2–3 replicates for each
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experimental condition.80 For quantification, all HNF4a
peak sets were combined with MACS2 into a common peak
set. This common set was then used to score HNF4a peak
area with GenPlay in separate compilations from each
experimental condition. The peaks were also scored with
GenPlay for local H4K5Ac binding in a 1000-bp window
around the HNF4a peak summit. For both HNF4a and
H4K5Ac quantifications, the data sets for each experimental
condition were normalized to each other using the median
values. Filtering out weak binding of HNF4a and H4K5Ac
(the bottom 10% of the maximum detected levels) reduced
the set to 19,646 transcriptional active peaks. CEBPb,
H3K4Me3, and H3K27Me3 ChIP-seq data were used for
qualitative assessments. The data displays were normalized
to the median values of peak sets (Figures 1, 4, 7, and 8).
Mouse ChIP-seq sets from Goldstein et al39 were used to
compile STAT3 and NFkB-p65 peaks. These compilations
received analysis as above, except that local H3K27Ac was
used to mark transcriptionally active peaks. Binding site
motifs were analyzed with MEME Suite programs MEME-
ChIP, FIMO, and AME (https://meme-suite.org/meme/).
HNF4a peaks were associated with the transcription start of
the nearest expressed gene using RnaChipIntegrator (https://
github.com/fls-bioinformatics-core/RnaChipIntegrator). For
correlation of gene expression with changes in HNF4a bind-
ing, the areas of all peaks associated with a single gene were
summed. Ratios of these sums were calculated for each
experimental condition.

FASTQ files were downloaded from the SRA-NCBI data-
base: STAT3 NT, SRR5353181, SRR5353180; STAT3 IL1,
SRR5353183, SRR5353182; STAT3 IL6, SRR5353185,
SRR5353184; STAT3 IL1 þ IL6, SRR5353187, SRR5353186;

https://meme-suite.org/meme/
https://github.com/fls-bioinformatics-core/RnaChipIntegrator
https://github.com/fls-bioinformatics-core/RnaChipIntegrator


Table 3.RT-PCR and Cloning Primers

Species Gene Forward primer Reverse primer

Rat Hnf4a (P1) TGGACCCAGCCTACACCACCC GGTTGGCACCTTCAGATGGGG

Rat Hnf4a (P2) CGGGGCTCCAGTGGCGAGT CCACAGATGGCACACAGGGCA

Rat Hnf4a-us RACE CAAGCAGCCACCTGGCCTCA

Rat Hnf4a-us3 CCCATTCTTATCTGAGAGGACCACC GGATTGGGAAGAGACAGAGGAGGA

Rat Hnf4a-us3 unspliced CCCATTCTTATCTGAGAGGACCACC CCAGGAGGTCCAGATGGGACTTAGC

Mouse Hnf4a (P1) TGGACCCAGCCTACACCACCC GGTTGGCACCTTCAGATGGGGAC

Mouse Hnf4a (P2) CGGGGCTCCAGTGGCGAGT CCACAGATGGCACACAGGGCA

Mouse Hnf4aos CCCGTTCCTATCTGAGAGGACCACT CTTCTGGCCTCCAAATGGACACAC

Mouse Hnf4aos unspliced CCCGTTCCTATCTGAGAGGACCACT CCAGGAGGTCTTGATGGGACTTAGC
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p65 IL1, SRR5353188; H3K27ac NT, SRR5353160,
SRR5353161, SRR5353162; H3K27ac IL1 SRR5353163,
SRR5353164, SRR5353165; H3K27ac IL6 SRR5353166,
SRR5353167, SRR5353168; H3K27Ac IL1 þ IL6
SRR5353169, SRR5353170, SRR5353171.
Data Availability
Transcript characterization. Sequences of lncRNA

isoforms Hnf4a-us1 – 3 were submitted to GenBank
(MT790745.1, MT790746.1, MT790747.1).

Primary sequencing data were submitted to the SRI-NCI
database in projects PRJNA895426 (Mouse Liver Stellate
Transcriptome) and PRJNA949711 (Cirrhosis and Liver
Failure).

RNA-seq. Lewis rat: Normal (SRR24009503,
SRR24009505), CCl4 14 weeks (SRR24009499,
SRR24009500, SRR24009502); CCl4 26 weeks
(SRR24009497, SRR24009498), normal hepatocytes
(SRR24009504), CCl4 14-week hepatocytes
(SRR24009502). F344 rat: Normal (SRR24065129,
SRR24065130), BDL 2 weeks, (SRR24065124,
SRR24065125), BDL 4 weeks (SRR24065122,
SRR24065123), BDL 12 weeks (SRR24065120,
SRR24065121), TAA 5 months þ 5 weeks recovery
(SRR24065118, SRR24065119), TAA 6 months þ 1 week
recovery (SRR24065127, SRR24065128), fetal liver 15 days
(SRR24065126). C57Bl/6 mouse hepatocytes: 0 hour
(SRR24060902, SRR24060903); 3 hour (SRR24060900,
SRR24060901); 6 hour (SRR24060898, SRR24060899); 12
hour (SRR24060897); 24 hour (SRR24060896). Stellate
cells: (SRR22084560, SRR22084559, SRR22084558,
SR22084557).

ChIP-seq. CEBPb: normal (SRR24037239,
SRR24037210), 14 weeks (SRR24037237, SRR24037233,
SRR24037228), 26 weeks (SRR24037222, SRR24037217).
HNF4a: normal (SRR24037238, SRR24037209), 14 weeks
(SRR24037236, SRR24037232, SRR24037226), 26 weeks
(SRR24037221, SRR24037215). H3K4Me3: normal
(SRR24037227, SRR24037208), 14 weeks (SRR24037235,
SRR24037231, SRR24037225), 26 weeks (SRR24037220,
SRR24037214). H4K5Ac: normal (SRR24037216,
SRR24037207), 14 weeks (SRR24037230, SRR24037224),
26 weeks (SRR24037219, SRR24037213). H3K27Me3:
normal (SRR24037211, SRR24037206); 14 weeks
(SRR24037234, SRR24037229, SRR24037223); 26 weeks
(SRR24037218, SRR24037212).
Supplementary Material
Note: To access the supplementary material accompa-

nying this article, go to the full text version at http://doi.
org/10.1016/j.jcmgh.2023.11.009.
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