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Abstract

Background & Aims—Development of liver fibrosis is associated with activation of quiescent
hepatic stellate cells (qHSCs) into collagen type I-producing myofibroblasts (activated or aHSCs).
Cessation of liver injury often results in fibrosis resolution and inactivation of aHSCs/
myofibroblasts into a quiescent-like state (iIHSCs). We aimed identify molecular features of
phenotypes of HSCs from mice and humans.

Methods—We performed studies with Lralc™, Etsi-floxed, NfI-floxed, Ppary-floxed, Gata6-
floxed, RagZ'~yc™'=, and C57/BI6 (control) mice. Some mice were given carbon tetrachloride to
induce liver fibrosis, with or without a PPAR-y agonist. Livers from mice were analyzed by
immunohistochemistry. gqHSCs, aHSCs, and iHSCs were isolated from livers of Co/la 1YFP mice
and analyzed by chromatin immunoprecipitation and sequencing. Human HSCs were isolated
from livers denied for transplantation. We compared changes in gene expression patterns and
epigenetic modifications (H3K4me2 and H3K27ac) in primary mouse and human HSCs.
Transcription factors were knocked down with small hairpin RNAs in mouse HSCs.
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Results—Muotif enrichment identified ETS1, ETS2, GATA4, GATAS, IRF1, and IRF2
transcription factors as regulators of the mouse and human HSC lineage. Small hairpin RNA-
knockdown of these transcription factors resulted in increased expression of genes that promote
fibrogenesis and inflammation, and loss of HSC phenotype. Disruption of Gata6or Ets1, or Nflor
Ppary (which are regulated by ETS1), increased the severity of carbon tetrachloride (CCly)-
induced liver fibrosis in mice compared to control mice. Only mice with disruption of Gataé or
Pparg had defects in fibrosis resolution after CCl, administration was stopped, associated with
persistent activation of HSCs. Administration of a PPARy agonist accelerated regression of liver
fibrosis following CCl, administration in control mice but not in mice with disruption of Ppary.

Conclusions—Phenotypes of HSCs from humans and mice are regulated by transcription
factors including ETS1, ETS2, GATA4, GATAG, IRF1, and IRF2. Activated mouse and human
HSCs can revert to a quiescent-like, inactivated phenotype. We found GATA6 and PPARy to be
required for inactivation of human HSCs and regression of liver fibrosis in mice.

Lay Summary

This study identified proteins that regulate genes that control activation of liver cells involved in
development or resolution of fibrosis. These proteins might be targeted for treatment of liver
fibrosis.

Graphical Abstract

&y aHsc

Transcriptional regulation of HSC phenotypes during development and regression of liver fibrosis.
Under physiological conditions, HSCs exhibit a quiescent phenotype (QHSCs), which is associated
with expression of ETS, GATA, FOX, IRF, PPARy, and other transcription factors. In response to
chronic injury and TGFI, qHSCs upregulate AP-l, MET2, CTCF, TEAD, NF«xB, RFX, and
undergo activation into aHSCs/myofibroblasts. Upon cessation of fibrogenic stimuli, about half of
aHSCs apoptose, while another half escape apoptosis, and inactivate (iHSCs). Inactivation of
aHSCs is accompanied by re-expression of GATAG, PPARy, SOX, FOX, STAT transcription
factors. Regulation of HSC phenotypes is regulated on epigenetic level.
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Introduction

Chronic liver injury, such as alcoholic (ASH) and non-alcoholic (NASH) steatohepatitis,
often results in liver fibrosis. Activated hepatic stellate cells (aHSCs) are the major source of
Collagen Type I-producing myofibroblasts in fibrotic liver. Under physiological conditions,
quiescent (q)HSCs store Vitamin A and express neural/adipogenic markers (GFAP, PPARYy,
Adfp, Adiporl), but in response to injury rapidly upregulate fibrogenic genes and cytokines
(Collal, a-SMA, TIMP1, IL-6)! and become aHSCs/myofibroblasts to produce the fibrous
scar. Clinical and experimental studies have demonstrated that removal of the etiological
stimuli of liver injury results in regression of liver fibrosis, and disappearance of aHSCs/
myofibroblasts either by apoptosis (*50%) or inactivation into a quiescent-like state (iHSCs,
~50%)1-3. iHSCs gradually downregulate expression of fibrogenic genes, re-express some
quiescence-associated genes (such as PPARy), and express some unique genes.

The fate of human aHSCs/myofibroblasts during fibrosis resolution has not been
determined. Here we demonstrate for the first time that, similar to murine HSCs, human
aHSCs can inactivate when transplanted into an /n vivo physiological environment that does
not provide fibrogenic stimuli (such as livers of untreated RagZ‘/‘yc‘/‘ mice). Inactivation
of human HSCs resulted in downregulation of Collal, a-SMA, and re-expression of
PPARy, suggesting that human HSCs possess a remarkable plasticity, which makes them an
attractive target for antifibrotic therapy.

HSC phenotypic states are regulated by the epigenome, which determines the accessibility
of the regulatory elements of key response genes that are actively transcribed 4, establishes
the cellular fate/lineage-specific identity, and delineates cellular responses under
physiological conditions or in response to injury or stress®. We performed chromatin
immunoprecipitation linked to massively parallel deep sequencing (ChIP-Seq) analysis and
identified the sequence motifs enriched at promoters and enhancers marked by histone H3
lysine 4 dimethylation (H3K4me2)® and histone H3 lysine 27 acetylation (H3K27ac)* in
mouse and human HSCs.

We identified ETS1/2, GATA4/6, and IRF1/2 as HSC lineage-specific TFs in mouse and
human HSCs. /n vitro shRNA-knockdown of these TFs resulted in the upregulation of
fibrogenic and inflammatory genes in targeted HSCs, which lost their HSC lineage-specific
phenotype. Development of this aberrant phenotype was mostly attributed to ShRNA-
knockdown of ETS1/2 and GATA4/6 (but not IRF1/2). In support, deletion of GATA4 in
mesenchymal cells aggravated development of liver fibrosis in G2GATA4~/~ miceS. We now
demonstrate that LratAGATAS mice (devoid of GATAG in HSCs) are highly susceptible to
CClg-induced injury (vs wt littermates). Since tissue-specific ablation of ETS1/2 was often
associated with embryonic lethal phenotype’, to gain the insight into the role of ETS1 in
HSC biology, the ETS1 target genes NF1 and PPARy were evaluated. CCly-induced liver
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fibrosis was exacerbated in both LratANF1 and Lrat®PPARY mice. Inactivation of HSCs was
associated with re-expression of PPARy (but not NF1). In support, a marked delay in
fibrosis resolution was observed only in Lrat2PPARY mice, due to a failure of PPARy-
deficient HSCs to inactivate, implicating PPAR-y (but not NF1) in the pathogenesis of HSC
inactivation. Therapeutic administration of the PPARy agonist rosiglitasone accelerated
regression of CCly liver fibrosis in wt mice (but not in Lrat2PPARY mice), and effectively
suppressed activation of human HSCs, underlining the critical role of PPARy signaling in
HSCs for regression of liver fibrosis.

Materials and Methods

Mice
Collagen1a 1€ micel, LratC™ mice (gift of Dr. Schwabe8), ETS1-floxed mice (gift of Dr.
Kee?), NF1-floxed mice (gift of Dr. Paradal®), PPARy-floxed mice (#2651605),
Rosa26flox-stop-flox-YFP mice (#006148), Gata6-floxed mice (#008196), and Rag2~/~yc

I~ mice (#014593, Jackson Labs) were maintained under specific pathogen-free conditions
at UCSD (protocol S07088 approved by IACUC).

Experimental model of liver fibrosis regression, isolation of mouse HSCs

Col1a1YFP mice generated by crossing Col1a 1€ x Rosa26YFP mice) were left uninjured
(n=8), subjected to CCl, (1:4 in corn oil, 200ul, 12 %, oral gavage, n=6), followed by
regression of liver fibrosis (10 days, n=10, and 1 month, n=12). Freshly isolated gHSCs,
aHSCs, and iHSCs (10 d, 1 mo) were isolated from livers of these mice using pronase/
collagenase methods?, sort purified for Vitamin A*+YFP™ cells, and analyzed by the Whole
Mouse Genome Microarray (1 x 108 cells/condition), or ChIP-Seq.

Chromatin immunoprecipitation (ChIP) and sequencing

mHSCs or hHSCs (3 x 106 cells/condition) were cross-linked ®, chromatin was sheared
(250-350 bp), and subjected to immunoprecipitation with H3K4me2 (2 pg, Millipore 07—
030) or H3K27ac (2 pg, Active Motif 39133) or 1gG. The protein-DNA crosslinks were
reversed, the DNA fragments were used to generate sequencing library, and subjected to
deep sequencing (Illumina HiSeq 2000). ChiP-seq reads were aligned to the human (hg38)
or mouse (mm10) genomes using bowtie211. ChIP-seq analysis was performed using
HOMER ° of uniquely alignable reads (MAPQ >=5). See supplemental materials for details.

Immunohistochemistry

Formalin-fixed mouse livers were stained with Sirius Red and anti-F4/80 (eBioscience, 14—
4801-82 1:200), anti-aSMA (Abcam, ab5694 1:200), and anti-desmin (Abcam15200 1:100)
Abs, followed by HRP conjugated secondary Ab (Vector Laboratories, MP-7401; MP-7444).

Immunocytochemistry

Primary human HSCs were first fixed by paraformaldehyde than stained with anti-desmin
(Ab15200 1; 100), anti-GFAP (Abcam7260 1:100), and anti-TE-7 (Sigma, CBL271 1:200)
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Abs, followed by secondary Ab (ThermoFisher, A-21206; A-32766). Images were taken

using fluorescent microscope (Olympus), and analyzed using ImageJ.

shRNA knockdown of TFs in primary mouse HSCs

shRNA-expressing lentiviral plasmids were co-transfected with plasmids pVSV-G and
pCMVd8.2 dvpr into 293T cells. Virus containing media were collected 72 h later, filtered
(0.22-um pore size), concentrated by ultracentrifugation, and purified on a sucrose 20%
gradient. Viral titers were measured using immunocapture p24-gag ELISA (Sequencing core
facility, LJI). For viral transduction, lentiviral vectors at a multiplicity of infection (moi) of
30 + polybrene (10 ug/ml) were added to primary mHSCs (60-70% confluency, 24h after
plating) for 36 hours, afterward fresh media containing + puromycin (5 pg/ml) was added to
infected cells for 48 hours. mHSCs were harvested, gene silencing was analyzed by qRT-
PCR and RNA-Seq. Multiple shRNA hairpins were tested: ETS1 (n=5), ETS2 (n=10), NF1
(n=4), NF2 (n=5), GATA4 (n=5), GATAG6 (n=5), IRF1 (n=7), IRF2 (n=10). A minimum of
two target sequences with the least off-target knockdowns was selected for each gene
(Suppl. Table 1), compared to non-coding hairpins. Infection with SHC-002 (CTRL1) was
used as a control for targeting NF1/2, ETS1/2, GATA4/6 in mHSCs; SHC-202 (CTRL2) was
used as a control for targeting IRF1/2 in mHSCs. CTRL1 (=) or CTRL2 (=) corresponds to
SHC-002 (or SHC-202)-infected cells without puromycin treatment.

Human HSCs

Primary human HSCs were isolated using the pronase/collagenase method from donor livers
declined for transplantation (www.lifesharing.org) for reasons unrelated to liver injury/
fibrosis. See supplemental materials for details.

Primary cell culture

Primary mouse and human HSCs were cultured in Dulbecco’s modified Eagle’s medium

(DMEM Life Technologies, 11965-092) supplemented with 10% FBS (Corning, 35-011-
CV) and 1% Antibiotic-Antymycotic (Life Technologies #15240-062). mHSCs or hHSCs
(0.5 x 10° cells) were stimulated with TGFB1 (5ng/ml) for 6h, and analyzed by gRT-PCR.

In vivo model of inactivation of human HSCs

Results

hHSCs were in vitro stimulated with TGFB1 (5ng/ml, 24 hours), labeled with PKH26
(Sigma, PKH26GL-1KT). Activated hHSCs were stored in Trizol (1 x 10° cells), or
adoptively transferred into the livers of one day old Rag2~~ yc™~ mice (1 x 10 cells/
mouse)l. Mice were sacrificed 7-14 days later and PKH26+ hHSCs were sort purified. Input
and recovered PKH26-labeled hHSCs were analyzed by gRT-PCR.

Gene expression profiling distinguishes qHSC, aHSCs, and iHSCs

Col1a.2€" mice were crossed with Rosa2610x-Stop-flox-YFP renorter mice to generate
Col1a2YFP mice. Upon activation, all aHSCs and their progeny were irreversibly labeled by
YFP expression in these mice. qHSCs (YFP~VitaminA*), aHSCs and iHSCs (YFP

Gastroenterology. Author manuscript; available in PMC 2021 May 01.
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*VitaminA*) were sort purified! from the livers of uninjured, CCly-injured (1.5 months)
Col1a2YFP mice, or following 10 days or 1 month of CCl, cessation! (Figure 1A-B), and
their gene expression profiles were compared. Activation of HSCs was associated with
suppression of PPARy and GFAP, and induction of Collal and aSMA. Relative to aHSCs,
iHSCs downregulated Collal and aSMA, and upregulated PPAR-y (but not GFAP), and this
gene expression pattern was identified as a key combination of markers associated with HSC
inactivation 1.

Phenotypic changes in HSCs were associated with specific patterns of transcription factor
(TF) expression

The co-regulated clusters of transcription factors (TFs) and their biological functions were
identified in qHSCs, aHSCs, and iHSCs (Figure 1C, Suppl. Figure 1A). The profile of TF
expression in gHSCs changed dramatically in response to CCly, and was characterized by
strong downregulation of quiescence-associated TFs (clusters 1 & 2), and induction of
fibrogenic TFs (clusters 4 & 5). In turn, a small number of genes (cluster 6) were transiently
expressed in iHSCs after 10 days of CCl4 cessation, implicating this group of TFs is driving
aHSC inactivation. Expression of fibrogenic TFs was suppressed in iHSCs, while expression
of guiescence-associated TFs was gradually restored either after 10 days (“quick recovering”
genes, cluster 4) or 1 month (“slow recovering” genes, cluster 5, Figure 1C, Suppl. Figure
1A), suggesting that similar transcriptional mechanisms might regulate HSC quiescence and
inactivation. Activity of regulatory elements and their target genes is regulated by the
epigenome 12, To evaluate potential mechanisms underlying the phenotypic changes in
HSCs, the epigenetic landscape of qHSCs, aHSCs, and iHSCs was examined.

Characteristic changes in the enhancer repertoire distinguish qHSCs, aHSCs, and iHSCs

ChIP-Seq analysis was performed to identify the sequence motifs enriched at promoters and
enhancers of mouse HSCs marked by H3K4me2 and H3K27ac. ChIP-Seq experiments
generated a total of 54,956 peaks marked by either H3K27ac or H3K4me2, or both marks
(Suppl. Figure 1B), and revealed the locations of putative enhancers near key expressed
genes in qHSCs, aHSCs, and iHSCs (Suppl. Figure 1C). H3K27ac profiling identified peaks
that were largely a subset of H3K4me?2 sites, and frequently near genes with higher
expression (Suppl. Figure 1D). The HSC-derived epigenetic profiles were distinct from the
epigenetic patterns described for whole liver tissue 13 and Kupffer cells 14, consistent with
the high purity of the HSC preparations (Suppl. Figure 1E).

Epigenetic changes of regulatory elements of specific genes correlated with their mMRNA
expression and HSC activation state. For instance, increased levels of H3K27ac near DNA
with the AP1 motif (TGACTCA) (Suppl. Figure 1F), a known driver of HSC activationl®,
were observed in aHSCs. The H3K27ac mark was also increased in the regulatory elements
of the AP1-responsive genes, Collal and Colla2 genes in aHSCs (Suppl. Figure 1G)?,
indicating that our analysis yielded statistically and biologically significant results.

Gastroenterology. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 7

Differential H3K4me2 binding identified genomic sites corresponding to TFs with high/low
transcriptional activity in qHSCs, aHSCs, and iHSCs

Unbiased clustering analysis revealed changes in H3K4me2 levels for each HSC state
(Figure 1D). TF motif enrichment cluster analysis identified a candidate TFs that may play
critical roles in regulation of HSC phenotypes (Figure 1E). Clusters of enhancers (cluster 1,
such as ETS) were strongly repressed in aHSCs (vs qHSCs). Inactivation of HSCs was
associated with transcriptional repression of fibrogenic TFs (cluster 4 & 6, such as AP1),
and gradual restoration of quiescence-associated TFs in iHSCs after 10 days (“quick
recovering”, cluster 2) or 1 month (“slow recovering”, cluster 1) of CCl, cessation (vs
gqHSCs), while TEAD and IRF motifs were enriched in enhancers transiently activated
during recovery (e.g. cluster 5).

Differentially H3K27ac-regulated TFs and their target genes were identified for gHSCs,
aHSCs, and iHSCs

Similar hierarchical clustering was performed for H3K27ac patterns and revealed several
clusters of dynamically induced regulatory elements of TFs that changed their epigenetic
status in a coordinated fashion (Figure 1F). Each cluster was analyzed for enriched DNA
motifs and was linked to a specific HSC phenotype. The genes located near the enhancers
identified in each cluster shared the same general pattern of expression predicted by the
changes in H3K27ac (Figure 1F), and were linked to their enrichment in specific pathways
or other biological processes (Figure 1F). Enhancers with high binding of H3K27ac (cluster
4) in aHSCs were highly enriched for AP-1, TEAD, and NF- xB motifs, consistent with
their known roles in HSC activation 1°. In contrast, enrichment for ETS, IRF, and FOX
motifs (clusters 1, 2, 3) were mostly associated with enhancers that were initially induced in
gqHSCs, repressed in aHSCs, and then re-expressed at different times in iHSCs, suggesting
that the TFs binding these motifs may play a role in the quiescent and inactivated HSC
phenotypes (Suppl. Figure 2B).

The genes for ETS1/2, GATA4, and IRF1 are associated with super-enhancers in HSCs

Genome-wide analysis of H3K4me2 and H3K27ac peaks (Figure 2) identified a group of
TFs with the highest transcriptional activity in all HSC phenotypes (independent of
activation), including ETS, IRF, and GATA (summarized in Figure 2A). Each of these
enriched ETS, IRF, and GATA motifs can be potentially bound by large families of TFs (that
share a common DNA binding domain), and bind to DNA with similar DNA sequence
preferences 16. To identify which TFs are likely to bind each motif in HSCs and play
important functional roles, the H3K27ac ChIP-Seq data were analyzed for the presence of
super-enhancers (regions of high enhancer density in the vicinity of genes important for cell
identity)1. This approach identified 622 super-enhancers, compiled by TF family18, their
gene expression levels were annotated, and the super-enhancer-associations (that
discriminates between TF family members that potentially play a role in HSC biology) were
determined (Figure 2B). The comparison of normalized gene expression and H3K27ac/
H3K4me2 ChlP-seq read densities identified super-enhancers that occur near ETS1 (Figure
2C), IRF1, and GATA4 (Suppl. Figure 2C-D).

Gastroenterology. Author manuscript; available in PMC 2021 May 01.
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ETS1/2, GATA4/6, and IRF1/2 TFs are putative lineage-specific TFs in HSCs

Super-enhancers are often found at key regulators with cell-restricted expression. Lineage
determination of specific cell types is often defined by a combination of TFs that tend to co-
localize on a genome-wide scale at the sites of accessible chromatin and/or enhancer-like
elements 5. Next, the enhancer repertoires were analyzed for the key TFs responsible for
orchestrating HSC cell-lineage functions. The likely binding motifs for these factors were
computationally identified by mining the regulatory sequences marked by H3K27ac or
H3K4me2 for overrepresented sequences of TF binding sites compared to random genomic
sequences that serve as background. The de novo motif discovery program HOMER ° was
applied to HSC promoter-distal (>3 kb) regulatory elements, and identified DNA motifs
bound by putative lineage determining ETS, IRF, and GATA motifs TFs (Figure 2D). Gene
expression profiling was used to determine the mMRNA levels of each TF family member
(reasoning that the key TFs are more likely to be highly expressed), and identified the
following isoforms ETS1, ETS2, IRF1, IRF2, GATA4, and GATAG as candidate HSC
lineage-determining TFs (Figure 2E).

shRNA-knockdown of HSC lineage-determining factors in primary mouse HSCs

To determine the role of the putative lineage-determining factors in HSC biology (Figure
3A), specific ShRNA sequences with the highest knockdown efficiency and lowest off target
effects (Suppl. Table 1) were selected to knockdown each TF in primary HSCs (Figure 3B-
C) (Suppl. Figure 3A). The gene expression profiles of targeted HSCs were compared to
control HSCs (infected with non-targeting shRNA-expressing lentiviruses) by gRT-PCR and
RNA-Seq (Figure 3B-D). The effect of each individual TF knockdown on expression of
ETS1/2, GATA4/6, IRF1/2 was analyzed, and the relationship between TFs was established.
Arrows point towards TFs whose expression is downregulated, and the average percent of
downregulation is indicated for targeted TFs (Figure 3E). Specifically, sShRNA-knockdown
of GATAG resulted in downregulation of GATA4 and ETS1. ETS1 knockdown suppressed
expression of ETS2, as well as downregulation of its target genes, NF1 and PPAR-y (Figure
3D-E), suggesting that the shRNA-knockdown in targeted HSCs yields biologically relevant
results, and is suitable to study functional properties of HSC lineage determining factors.

shRNA-knockdown of HSC lineage-determining factors resulted in activation and a loss of
HSC-phenotype

Lineage-determining TFs are implicated in the regulation of cellular homeostasis, viability,
and response to injury or stress . When putative HSC lineage-specific TFs were knocked
down individually (ETS1, ETS2, GATA4, GATAG, IRF1, or IRF2, Figure 4A & D) or
family-wise (ETS1/2, GATAA4/6, or IRF1/2, Figure 4B & E), HSCs did not apoptose .
Instead, the cells became highly proliferative (along with increased expression of Cdk2, 4
and Ccnd1, Figure 4B), downregulated expression of quiescence-associated genes (PPARy,
Insigl, Figure 4B), and strongly induced expression of fibrogenic (Collal, Actal, TIMP1,
Sppl and LoxL2, Figure 4B) and inflammatory genes (CXCL5, CXCL1, IL-6 and IL-1f
Figure 4B). Unexpectedly, we also observed upregulation of epithelial (Epicam, K18, K19,
Alb, and HNF1lalpha) and progenitor (Afp, Yapl, and Sox9) markers in targeted HSCs,
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indicating that knockdown of HSC lineage-determining factors results in a loss of the HSC/
mesenchymal phenotype (Suppl. Figure 3A-B).

shRNA-knockdown of GATA4/6 or ETS1/2 is critical for development of activated
phenotype in targeted HSCs

We compared gene expression profiles of the shRNA-targeted HSCs and /n vivo-activated
HSCs (sorted from livers of CCls-injured Col1a1YFP mice)l. Using Gene Set Enrichment
Analysis (GSEA) and DESeq2/Metascape unbiased pathway analysis'?, we observed
significant correlation between shRNA-knockdown of individual TF (or their families) in
targeted HSCs and expression of inflammatory/fibrogenic genes (associated with
extracellular matrix proteins, inflammation, and chemotaxis pathways, Figure 4C-D) similar
to the gene sets observed in /n vivo activated HSCs (vs qHSCs, Suppl. Figure 3C-D).
Meanwhile, shRNA-knockdown of GATA4/6 and ETS1/2 (but not IRF1/2) was mostly
responsible for expression of fibrogenic genes of targeted HSCs, suggesting that these TFs
mediate suppression of fibrotic signals in HSC (Figure 4E). The biological role of our
targets in HSCs was further evaluated /n vivo.

Deletion of GATAG6 in HSCs accelerates development of liver fibrosis in CCly-injured mice

Mice exhibiting HSC-specific ablation of GATAG (generated by crossing Lrat®e mice with
GATAG6-floxed mice) are more susceptible to CCls-induced injury than wt littermates
(Figure 5A, Suppl. Figure 4A-B), as shown by increased area of Sirius Red and a-SMA
staining (Figure 5A), along with upregulation of fibrogenic (12 fold a-SMA, Timp1, and
LoxI2) and inflammatory (12 fold Cxcl5, and IL-6) genes (Figure 5B). Our /in vivo data are
in concordance with our /n vitro results, suggesting that GATAG suppresses activation of
HSCs. Moreover, regression of liver fibrosis was attenuated in LratACATAS mice compared to
wit littermates (2 weeks after CCly cessation, Suppl. Figure 5). Significantly, the fibrosis
resolution was 15% less in LratA’GATAS mice than in wt mice, as demonstrated by persistence
of Sirius Red and aSMA, and expression of Collal, aSMA, Sppl, and Timpl mRNA
(Suppl. Figure 5). Our data suggest that GATAG6 drives inactivation of HSCs.

ETS1 target genes Neurofibromin 1 (NF1) and PPARYy are downregulated in aHSCs

ETS1 is implicated in the maintenance of HSCs in a quiescent-like phenotype 20. However,
tissue-specific ablation of ETS1/2 often results in an embryonic lethal phenotype’, outlining
the importance of these factors for growth and development. Therefore, LratETS1*/~ mice,
heterozygous for £ts gene specifically in HSCs, were generated by crossing Lratc" mice
with ETS1-floxed mice (Suppl. Figure 4C). Development of CClg-induced liver fibrosis was
exacerbated in Lrat=TS1*/~ mice (wt littermates, Figure 5A), as shown by increased area of
Sirius Red and a-SMA staining, and upregulation of fibrogenic (1.6 fold Colla1, 1.3 fold
a-SMA, and 1.5 fold desmin) genes (Figure 5C). In accord, ETS1*/~ HSCs isolated from
CCly-injured LratETS1*/~ mice exhibit a more activated phenotype, compared to wt aHSCs
(Figure 5C). Moreover, HSCs from uninjured mice had a phenotype intermittent between
quiescence and activation, since they had upregulated Colala (2.5 fold), aSMA (2 fold), and
desmin (2 fold) (Suppl. Figure 4C).

Gastroenterology. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 10

To further assess the physiological relevance of ETS1 in HSC biology, the role of ETS1
downstream targets NF1 and PPARy was evaluated (Figure 3D). Moreover, expression of
both PPARy and NF1 was downregulated in aHSCs, but only PPAR-y (but not NF1) was re-
expressed in iHSCs during fibrosis resolution (Figure 4F-G).

HSC-specific deletion of Neurofibromin 1 (NF1), a known ETS1 target, accelerates
development of liver fibrosis in CClg-injured mice

NF1 has been implicated in the pathogenesis of neurofibromatosis, osteogenesis, and tissue
fibrosis in mice, and its activity is regulated by ETS1 21 22, | ratANF1 mice (devoid of NF1 in
HSCs) were slightly smaller in size (vs wt littermates), but displayed no hepatic
abnormalities until injury (Figure 5A, Suppl. Figure 4D). In response to CCly, Lrat2NF1
mice developed ~30% more liver fibrosis than wt littermates, as shown by increased area of
Sirius Red and aSMA staining (Figure 5A), and expression of Collal (17-fold), aSMA
(*13-fold), Timp1 (t6-fold), LoxI2 (*4-fold), and Cxcl5 (17-fold, Figure 5D) was
upregulated in the livers of CCly-injured Lrat®NF1 relative to wt mice, indicating that NF1
plays a critical role in preventing HSC activation.

HSC-specific ablation of PPARYy increases susceptibility to CCls-induced liver fibrosis and
impairs fibrosis resolution in LratA?PPARY mice

PPARY has been implicated in the maintenance of quiescent and inactivated HSC
phenotypes in culture23, but its /n7 vivorole in HSCs is unknown. shRNA-knockdown of
ETS1 strongly suppressed expression of PPARYy in targeted HSCs, and the PPARy promoter
contains a functional ETS1 binding site (Suppl. Figure 6). Development and regression of
liver fibrosis was studied in Lrat?PPARY mice. Deletion of PPARy in qHSCs (compared to
wt qHSCs, Figure 6A) was associated with downregulation of CEBPS, Insigl, SREBPa, and
ETS1 (Figure 6A). When challenged with CCly, Lrat?PPARY mice developed ~40% more
fibrosis than wt littermates (Figure 6B—C). Moreover, the rate of fibrosis resolution was
~30% slower in LratAPPARY mice than in wt mice (1 month after CCl, cessation), as
demonstrated by persistence of Sirius Red staining and expression of Collal and aSMA
mRNA (Figure 6B—C). Together, these results suggest that expression of PPARy in HSCs is
critical for the maintenance of quiescent and inactivated phenotypes.

PPARY agonist drives inactivation of HSCs and accelerates regression of liver fibrosis in

wt mice

Administration of the PPARy agonist rosiglitazone (5 mg/kg, daily, gavage) accelerated
regression of liver fibrosis in CCl-injured wt mice and was associated with increased
expression of PPAR+y and downregulation of Collal, aSMA, TIMP1, and Sppl mRNA (vs
vehicle-treated wt mice, Figure 6D-F). Remarkably, rosiglitazone had little effect on
resolution of CCly-induced fibrosis in LratAPPARY mice (Figure 6G), demonstrating that
PPAR-y signaling specifically in HSCs is critical for HSC inactivation. In support, /n vitro
administration of rosiglitazone (20 uM) effectively suppressed Colla.l expression in
TGFB1-stimulated wt HSCs, as well as in NF1-deficient HSCs (which are prompt to
activate), suggesting that activating PPARy can facilitate inactivation of HSCs (Figure 6H).
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Human aHSCs can inactivate in vivo

Similar to mouse HSCs, human HSCs can inactivate into a quiescent-like state (iHSCs) /n
vivowhen placed into an environment that does not support fibrogenic stimuli (Figure 7A).
For this purpose, primary PKH26-labeled human HSCs (Suppl. Figure 7A-B) were in vitro
stimulated with TGF-p1 (5 ng/ml), and adoptively transplanted into the livers of 1 day- old
Rag2~/~yc™~ pupsl. After 7 or 14 days, livers were analyzed by immunohistochemistry for
PKH26*Desmin* HSCs (Figure 7A), and engrafted human PKH26" HSCs were sorted, and
analyzed using gRT-PCR. Compared with the input aHSCs, the recovered HSCs down-
regulated Collal and a-SMA and up-regulated PPARy mRNA. Thus, in the normal liver
environment, human aHSCs can inactivate into a quiescent-like phenotype (Figure 7B).

ChlP-Seq analysis identifies active regulatory regions in human HSCs

The analysis of human HSC H3K27ac and H3K4me2 ChlP-seq data revealed 85,110 peaks
marked by one or both epigenetic modifications (Suppl. Figure 7C). The epigenetic profiles
of human HSCs were distinct from profiles generated from human whole liver 24 (Suppl.
Figure 7D), yet were highly similar to published human HSC DNase | hypersensitivity
mapping 25 and H3K27ac data from human myofibroblasts 26 (Suppl. Figure 7E).
Furthermore, H3K27ac and H3K4me2 epigenetic marks from human HSCs were highly
enriched at HSC promoter-distal DNase | hypersensitive peaks compared to H3K27ac and
H3K4me2 levels from human whole liver, further demonstrating that our profiles capture
HSC-specific epigenetic signals (Suppl. Figure 7F). Next, we compared human and mouse
H3K4me2 and H3K27ac peaks across orthologous regions of their genomes, finding that
roughly 50% of active regulatory elements in mouse were also active in human (Figure 7C),
which is consistent with cross-species conservation of regulatory elements in other tissues?’.

ETS1, IRF2, and GATAG are putative lineage-specific TFs in hHSCs

The de novo motif discovery program HOMER identified HSC promoter-distal (>3 kb)
regulatory elements that were highly enriched with motifs for AP-1, TEAD, ETS, FOX, IRF,
and GATA families of TFs (Figure 7C). Additional motifs for the AP-1 and TEAD TF
families were enriched in human HSC enhancers (Figure 7D-E), reflecting the activation of
enhancers in cultured human HSCs 28. The ETS1 locus was located within one of the 506
super-enhancers identified in human HSCs by directly analyzing human HSC H3K27ac
ChIP-Seq data (Figure 7E). Similar to mouse HSCs, ETS, IRF, and GATA were identified as
candidates for lineage-determining TFs in human HSCs (Figure 7C), indicating that the HSC
epigenetic signature is highly preserved in humans and mice. In support of our findings, the
identified motifs were likely to be bound by TFs, as predicted by the analysis of human
DNase | hypersensitivity data generated by the Encode consortium2® (Suppl. Figure 7G). In
further support of our findings, expression levels of ETS1 and its target gene NF1 were
upregulated in human HSCs isolated from normal livers, but downregulated in HSCs from
patients with NASH and ALD (Suppl. Figure 7H).

Administration of a PPARy agonist prevents TGF-g1-induced activation of human HSCs

We tested whether a PPARy agonist can prevent/revert activation of human HSCs. /n vitro
stimulation of human HSCs with TGF-B1 (5 ng/ml) resulted in a rapid upregulation of
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fibrogenic genes (Collal, Acta2, LoxL2, and TGFB1), and downregulation of PPARy
mRNA, (Figure 7F). Pretreatment with rosiglitazone (20 pM) prevented TGF-p1-induced
activation and Collal expression in human HSCs (Figure 7G), demonstrating the role of
PPAR-y in maintaining a quiescent phenotype in human HSCs.

DISCUSSION

Hepatic Stellate Cells (HSCs) possess remarkable plasticity (e.g., differentiate from
quiescent to activated, and back to inactivated phenotypes), which makes them an attractive
target for antifibrotic therapy. We compared gene expression profiles with an epigenetic
analysis of H3K4me2 and H3K27ac marks, and identified a unique combination of ETS1/2,
GATA4/6, and IRF1/2 as putative HSC lineage-determining transcription factors that are
uniquely expressed in HSCs compared to other cells. These TFs play a critical role in the
maintenance of the quiescent-like HSC phenotype, as shown by /n vitro shRNA-knockdown
of each TF or their families, and further supported by /n vivo HSC-specific genetic ablation
in mice of GATA6 and of the ETSL1 target genes AVFI and PPARYy. Evidence for similar
mechanisms was identified in human HSCs. Similar to mouse HSCs, activation of human
HSCs is regulated by ETS, GATA, IRF, and the ETS-target genes NF1 and PPARYy.

Since /n vitro models may not recapitulate the /77 vivo conditions, new experimental models
to study HSC inactivation are needed. We have developed a novel /in vivo approach to study
activation and inactivation of human primary HSCs. Adoptively transferred human HSCs
engraft and proliferate in the livers of immunodeficient Rag2~~yc™'~ mice. Moreover, when
TGF-pl-activated human aHSCs were placed into this physiological environment lacking
fibrogenic stimuli, they downregulated expression of fibrogenic genes and re-acquired
expression of PPARy. Similar to mouse iHSCs, human iHSCs can be identified as Vitamin
A*Colla1'Wq-SMAIWGFAPIOWPPAR~N HSCs. For the first time, we provide evidence
that human HSCs can undergo inactivation /n vivo, suggesting that inactivation of human
HSCs may become a novel strategy to halt liver fibrosis/cirrhosis in patients.

Our study identified HSC lineage-specific TFs in mouse and human HSCs. Epigenetic
alterations'? were implicated in driving activation of quiescent HSCs into aHSCs/
myofibroblasts!®. Conversely, transcriptional activity of ETS1 20 and PPARy23 were linked
to a quiescent HSC phenotype. In concordance with previous reports, our study identified
AP1, Mef2, STAT, NF-xB, TEAD, SOX, and FOX TFs as key regulators of HSC activation,
while ETS and GATA TFs were associated with quiescent and inactivated HSC phenotypes.
Furthermore, a particular combination of ETS1/2, GATA4/6, and IRF1/2 TFs was uniquely
expressed in HSCs, and may be considered as putative HSC lineage-determining factors that
cooperatively act to preserve HSC lineage identity. Other TFs were less abundant in HSCs,
and therefore were not tested in this study.

Lineage-determining TFs have been identified for macrophages, hepatocytes, and several
other cell types > 29, For example, /n vitro ablation of PU.1, a critical regulator of
macrophage differentiation (and a member of ETS family of TFs) resulted in macrophage
apoptosis °. Surprisingly, in vitro shRNA-knockdown of the putative HSC lineage-specific
TFs (GATA4/6, ETS1/2 and IRF1/2) did not cause apoptosis (Suppl. Figure 2A), but rather
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increased proliferation, activation, and a loss of HSC-specific phenotype (characterized by
the upregulation of epithelial/hepatocyte-specific markers Epicam, CK18, CK19, Alb, Afp,
Sox9, HNF1alpha).

Although the mesenchymal origin of HSCs has been well characterized 30, several lines of
evidence suggest that HSCs possess unusual plasticity 31, and upon overexpression of a
minimal combination of hepatocyte-lineage factors (Foxa3, GATA4 and HNF1alpha), can be
in vivo trans-differentiated into functional hepatocytes 32. GATA4 was also shown to play a
critical role in HSC activation ©, suggesting that the combination of cell-specific TFs might
critically affect HSC cellular fate and responses to stress.

GATA, ETS, and IRF TF families often possess oncogenic activities. However, /n vivo
ablation of GATA4 or GATAG in mesenchymal cells/HSCs did not yield malignant
phenotype in G2GATA4~/~ mice 6 or LratASATAE mice, but increased susceptibility of these
mice to liver fibrosis. Moreover, suppression of ETS1 was associated with upregulation of
fibrogenic genes and rapid HSC activation 20. In agreement, our study links ETS1 to the
regulation of anti-fibrotic properties of HSCs. We identified NF1 and PPARy as ETS1 target
genes that prevent HSC activation. NF1 was originally identified as a tumor suppressor, and
mutations of the A/~ gene cause of neurofibromatosis type 1, as well as skeletal
abnormalities 33. Here we demonstrate that NF1-deficient HSCs were prompt to activate and
proliferate, and development of CCls-induced liver fibrosis was exacerbated in LratANF1
mice.

We and others 1 23 have proposed a critical role for PPARYy in the regulation of quiescent
and inactivated HSC phenotypes. Expression of PPARy is negatively controlled in HSCs via
MeCP2- and EZH2-dependent transcriptional repression of the PPAR+y promoter 34, Our
study describes a new ETS1-PPARYy signaling pathway that positively regulates PPARy
expression in gHSCs, and demonstrates that genetic ablation of PPAR~y in HSCs /n vivo
promotes the development but inhibits the regression of CClg-induced liver fibrosis.
Furthermore, we demonstrate that GATAG-deficient HSCs exhibit a defect in inactivation,
suggesting that GATA6 and PPARy agonists can be used to drive inactivation of aHSCs/
myofibroblasts and could be assessed as part of a combination strategy to halt liver fibrosis
in patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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aHSCs activated Hepatic Stellate Cells
iHSCs inactivated Hepatic Stellate Cells
ECM extracellular matrix
CCly carbon tetrachloride
Collal collagen a1(1)
a-SMA a-smooth muscle actin
GFAP glial fibrillar acidic protein
TGFp1 transforming growth factor beta
PPARYy peroxisome proliferator-activated receptor gamma
TIMP1 tissue inhibitor of metalloproteinase 1
TF transcription factor
ETS1and 2 the E26 transcription-specific TFs 1 and 2
GATA4 and 6 zinc-finger TFs also termed GATA-binding factor 4 and 6
IRF1and 2 Interferon regulatory factor 1 and 2
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What you need to know
BACKGROUND AND CONTEXT

During liver injury, quiescent hepatic stellate cells (HSCs) become activated into collagen
type I-producing myofibroblasts, which promote fibrogenesis. Upon cessation of liver
injury, these cells become inactivated and fibrosis can regress.

NEW FINDINGS

We identified lineage-specific transcription factors that regulate activation of mouse and
human HSCs. Disruption of these factors increased the severity of chemical-induced liver
fibrosis in mice.

LIMITATIONS
This study was performed in mice and with human cells.
IMPACT

We identified transcription factors required for activation and inactivation of mouse and
human HSCs. We identified transcriptional and epigenetic regulators of HSC phenotypes,
which might be targeted for treatment of liver fibrosis.
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Figure 1. Gene expression profiling and ChlP-Seq analysis of gHSCs, aHSCs, and iHSCs.
(A) qHSCs, aHSCs, iHSCs were sort purified from livers of Col1a.2Y"" mice and subjected

to gene expression microarray.
(B) Expression of selected genes is shown.

(C) Heatmap displaying relative expression of transcription factor (TF) mRNA levels

depending on activation status of HSCs.

(D-F) qHSCs, aHSCs, iHSCs were sort purified from livers of Col1a.1YFP mice and
subjected to gene expression microarray. ChlP-Seq analysis of (10 d and 1 mo): (D)
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Heatmap and clustering analysis of relative changes in H3K4me2 levels at H3K4me2
promoter-distal peaks. Clusters 1-6-mark major clusters of H3K4me2 peaks with clear
regulatory patterns.

(E) Heatmap depicting the relative TF motif enrichment at H3K4me2 peaks (+ 500 bp)
associated with each of the clusters from (D) relative to random genomic regions.

(F) Heatmap displaying clustering analysis of the dynamic regulation of H3K27ac-defined
enhancers, showing the relative changes in H3K27ac levels, the top five TFs enriched at
enhancers in the cluster, and the most enriched pathways associated with the genes located
closest to the enhancers defined in each cluster.
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Figure 2. Analysis of H3K4me2 and H3K27ac binding sites identified HSC lineage-specific TFs

in mouse HSCs.

(A) Heatmap showing clustering analysis of the top 20 TF motifs enriched at the most-
changing H3K4me2- and H3K27ac-marked genomic locations in qHSCs, aHSCs, and

iHSCs (10 d and 1 mo).

(B) Super enhancer plot depicting the normalized level of H3K27ac signal at enhancers
relative to the enhancer rank (sorted by H3K27ac levels, super enhancers defined where the
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slope exceeds a value of 1). Super enhancers found near key genes or transcription factors
are indicated with the rank of the super enhancer in parentheses.

(C) H3K4me2 and H3K27ac signal at the ETS1 gene/super-enhancer in HSCs.

(D) Sequence logos corresponding to enriched sequence elements of HSC lineage-specific
TFs identified by de novo motif analysis (enriched over background >10-100),

(E) mRNA expression of HSC lineage-specific TFs in Astrocytes activated Portal
Fibroblasts (PFs), and HSCs (p<0.05).

Gastroenterology. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal. Page 22
A
ETS 1/2 Lentiviral pr/ma-:y RSCs
GATA4/6 |— shrna- —— —  ——RNA-Seq
IRF 172 knockdown ~ PUromyen
selection
B shRNA-knockdown of single TF in targeted HSCs (vs CTRL virus HSCs):
ETS1 ETS2 GATA4 GATA6 IRF1 IRF2
6.0 20 4.0 4.0 2.0 15
% ek ek ededk ke hk *
& 55 35 35 15
I i i
2 50 1.0 3.0 3.0 1.0
é 1.0 1.0 1.0 o
E o5 05 05 05 03
0.0 0.0 0.0 0.0 0.0 I 0.0

O CTRL1(x1) @ shETS1 W shETS2 @ shGATA4 @ shGATA6 [ shiRF1 @@ shIRF2

C shRNA-knockdown of TF families in targeted HSCs (vs CTRL viruses HSCs):

ETS1 ETS2
2.5 4 1.5 4
k)
Q 20- ek ke
g 151 e
<
02: 1.0 4 i
& 0.5 4
0.0 0.0 4
O CTRL1(x2)
D ETS1 PPARy
_ 3000 , ** 600, **
< 3
2
<
E 2000 400 4
€
S
g 1000 200 1
x
0 ¥ 0-

GATA4

25 4

W shETS1/2
NF1
2500 , _**
2000 -
1500
1000 -
500 1

shRNA-knockdown HSCs:
COCTRL1 I shETS1

3 4

204 Kk ek * 20 1 e
2 1.0

15 15

1.0 1.0
1 05 ]

0.5 4 0.5 4

0.0 0 0.0 0.0 |

GATA6 IRF1 IRF2

W shGATA4/6 [ shiRF1/2
#fﬂ@ i
:
0“4 iHSCs

60% :

G- 80% GA;T 25
$70%

Figure 3. shRNA-knockdown of putative lineage-specific TFs and relationship.
(A) Primary HSCs (1 x 106 cells) were infected with TF-specific ShRNA- or non-targeting

lentiviruses, followed by * puromycin (5ug/ml) selection. >2 targeted and control vectors
were tested). The data are representative of > 3 independent experiments, p<0.03 (see Table

1, see Suppl. Table 2).

(B-C) gRT-PCR of gene expression of targeted HSCs, in which (B) individual HSC lineage-
determining TF (C) or their families were shRNA-knocked down (vs CTRL1, infected with
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x 1 or x 2 non-coding viruses). mMRNA expression of targeted HSCs was compared to control
HSCs, * p < 0.05, ** p < 0.01, *** p < 0.001, student’s One-way ANOVA.

(D) RNA-Seq: expression of selected genes in ETS1-knockdown HSCs (vs CTRL1), * p <
0.05, ** p < 0.01, *** p < 0.001, student’s ¢test.

(E) Cross regulation between TFs (is based on the combined gRT-PCR/RNA-Seq analysis of
the TF expression in targeted HSCs, (B-C, E) fold change, * p < 0.05, ** p < 0.01, *** p <
0.001, student’s One-way ANOVA.
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Figure 4. shRNA-knockdown of putative lineage-specific TFs and their families caused over-
activation of targeted HSCs.

(A-B) RNA-Seg-based heatmap analysis of expression of (A) all genes (arranged in rows by
hierarchical clustering), or (B) selected genes in shRNA-targeted HSCs (vs CTRL1).
Relative expression HSC function-specific genes are shown.

(C) Gene Ontology/Pathway enrichment across sets of genes either induced (grey) or
repressed (yellow) by shRNA targeting of key TFs or their families (vs CTRL1) was

performed using Metascape software.
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(D-E) Expression of fibrogenic/inflammatory genes in targeted HSCs, in which each
individual HSC lineage-determining TF (D) or their families (E) were shRNA-knocked
down (vs CTRL1).

(F-G) Expression of NF1 and PPARYy in HSCs (Whole Mouse Genome Microarray, * p <
0.05, ** p < 0.01, *** p < 0.001, student’s One-way ANOVA).
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Figure 5. Deletion of GATAS, ETS1*'~ and NF1 in HSCs exacerbates development of liver
fibrosis in CCly-injured LratAGATA6 LratETS1*/~and Lrat®NF1 mice.

(A) Livers from uninjured or CCly-injured LratC™®, LratACGATAS | ratETSI+/~ and LratANFL
mice (n=8-12/group) were analyzed by immunohistochemistry, representative micrographs
(x 4 objective), positive area was quantified as percent.

(B-D) Livers from (B) Lrat®" and LratACATAS (C) livers and aHSCs from LratC" and
LratETS1*/= (D) Lrat®™® and Lrat®NF1 were analyzed by qRT-PCR, * p < 0.05, ** p < 0.01,
*** p < 0.001, student’s ftest.
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Figure 6. Deletion of PPARg in HSCs facilitates development of liver fibrosis and prevents
fibrosis regression in LratAPPARY mice.

(A) qHSC isolated from LratC" and Lrat®?PPARY mice were analyzed by qRT-PCR. * p <
0.05, ** p < 0.01, *** p < 0.001, student’s ¢test.

(B) Livers from Lrat®'® (wt) and Lrat®PPARY mice (n=8-12/group), uninjured, CClz-injured,
or after CCl, cessation (1 mo) analyzed by immunohistochemistry (micrographs x 4, and x
10 objectives);

(C) Positive staining areas were quantified. Livers were analyzed by qRT-PCR.
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(D) CClg-injured wt mice (C57BI/6, n=8-12/group) were treated with rosiglitazone (5
mg/kg, daily) or vehicle for 2 weeks after CCl, cessation.

(E) Livers were analyzed by immunohistochemistry (positive area was quantified), or

(F) by gRT-PCR

(G) qHSCs, aHSCs, and iHSCs were isolated from Lrat®'e (wt) and Lrat?PPARY mice (n=8-
12/group: uninjured, CCly-injured, or treated with rosiglitazone (5 mg/kg, daily) or vehicle
for 2 weeks after CCl, cessation) and analyzed by qRT-PCR. * p < 0.05, ** p < 0.01, *** p
< 0.001, student’s one-way ANOVA.

(H) Primary LratC" (wt) and LratNFL-deficient gHSCs (5 x 10° cells) were treated with
TGFB1 (5 ng/ml, 24 h) + rosiglitazone (20 uM, or vehicle), analyzed by gRT-PCR, * p <
0.05, ** p < 0.01, *** p < 0.001, student’s one-way ANOVA.
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Figure 7. Identification of the lineage-determining TFs in human HSCs.
(A) PKH26-labeled TGFB1-activated human HSCs (1 x 10° cells) were intrahepatically

injected into Rag2~/~yc™~ pups (1 day old). Livers analyzed by immunohistochemistry or
fluorescent microscopy (x 10 objectives or x40).
(B) Sort purified. Input and recovered human iHSCs were analyzed by gRT-PCR * p < 0.05,
**p <0.01, *** p < 0.001, student’s ¢test.
(C) Heatmap depicting enrichment for known transcription factor motifs in H3K27ac and
H3K4me2 peaks in human and mouse HSC enhancer repertoires.
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(D) Super enhancer hockey stick plot depicting the normalized level of H3K27ac signal at
enhancers as a function of the enhancer rank for human HSC.

(E) Normalized RNA-seq and H3K27ac/H3K4me2 ChlIP-seq read densities from primary
human HSCs are depicted at the £757 locus in the human genome (hg38).

(F-G) Human HSCs were treated with = TGFp1 (5 ng/ml, 24 h) (F) £ rosiglitazone (20nM,
or vehicle) (G), and analyzed by qRT-PCR, *p < 0.05, ** p < 0.01, *** p < 0.001, student’s ¢
test and one-way ANOVA.
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