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SUMMARY

Liver fibrosis is a strong predictor of long-term mortality in individuals with metabolic-associated fatty liver
disease; yet, the mechanisms underlying the progression from the comparatively benign fatty liver state to
advanced non-alcoholic steatohepatitis (NASH) and liver fibrosis are incompletely understood. Using cell-
type-resolved genomics, we show that comprehensive alterations in hepatocyte genomic and transcriptional
settings during NASH progression, led to a loss of hepatocyte identity. The hepatocyte reprogramming was
under tight cooperative control of a network of fibrosis-activated transcription factors, as exemplified by the
transcription factor EIf-3 (ELF3) and zinc finger protein GLIS2 (GLIS2). Indeed, ELF3- and GLIS2-controlled
fibrosis-dependent hepatokine genes targeting disease-associated hepatic stellate cell gene programs.
Thus, interconnected transcription factor networks not only promoted hepatocyte dysfunction but also
directed the intra-hepatic crosstalk necessary for NASH and fibrosis progression, implying that molecular
“hub-centered” targeting strategies are superior to existing mono-target approaches as currently used in
NASH therapy.

INTRODUCTION

The global prevalence of metabolic-associated fatty liver disease
(MAFLD) is estimated to be around 25%, and a substantial num-
ber of individuals diagnosed with MAFLD further develop non-
alcoholic steatohepatitis (NASH). In severe cases, NASH may
progress to liver fibrosis, cirrhosis, and even hepatocellular carci-
noma, with tremendous health and economic consequences
(Younossi et al., 2018). In fact, liver fibrosis is the key predictor
of long-term mortality in individuals diagnosed with MAFLD (An-
gulo et al., 2015), However, the mechanisms governing the tran-
sition from the fatty liver state to conditions of advanced NASH
and liver fibrosis are not fully understood and no efficient NASH
therapies are currently available (Friedman et al., 2018).

In a healthy liver, the hepatocytes constitute approximately
70% of all liver cells (Si-Tayeb et al., 2010) and non-parenchymal
cells (NPC), including hepatic stellate cells (HSC), liver macro-
phages (LM), and liver endothelial cells (LEC) make up the rest.
Besides accounting for most metabolic liver functions, such as
gluconeogenesis as well as bile acid and complement factor
synthesis, hepatocytes secrete a broad repertoire of signaling
molecules, i.e., hepatokines that have been implicated in the
regulation of systemic metabolism (Meex and Watt, 2017; Stefan
and Haring, 2013). During the progression of NASH, stressed
and dying hepatocytes promote recruitment of macrophages
and activate HSC, mainly through the release of profibrogenic
mediators, such as osteopontin (OPN) and hedgehog ligands,
or through the release of profibrogenic damage-associated
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Figure 1. Hepatocyte-specific transcriptomics profiling in advanced NASH and liver fibrosis
HEP-INTACT mice were fed an FPC diet for 20 weeks or a CDAHFD for 7 weeks or the corresponding control diets
(A) Overview of the experimental approach.

(B) % liver fat area (n = 3-4).
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molecular patterns (DAMPS) (Arriazu et al., 2017; Schwabe et al.,
2020; Wang et al., 2016; Zhu et al., 2018). Yet, it is not fully under-
stood how the hepatokine signature is altered in the advanced
stages of NASH.

With the increased availability of NASH mouse models, the
transcriptional mechanisms underlying NASH development are
currently being unraveled. Several recent single-cell RNA-seq
studies performed in mouse and human NASH livers have exten-
sively characterized NPC populations and their intra-hepatic
cross-talk in NASH and liver fibrosis (Dobie et al., 2019; Krenkel
et al., 2020; Ramachandran et al., 2019, 2020; Seidman et al.,
2020; Terkelsen et al., 2020; Xiong et al., 2019a). However, due
to either poor recovery or depletion of the hepatocytes, much
less has been learned about the role of hepatocytes from these
studies (Ramachandran et al., 2020). Therefore, the mechanisms
by which dysfunctional hepatocytes evolve in the more
advanced stages of NASH and liver fibrosis are still largely
unknown.

In recent years, integrative genomics approaches have facili-
tated the deciphering of the transcriptional mechanisms that
control the development and specialized functions of multiple
cell types from various tissues (Loft et al., 2017). In mouse livers,
the chromatin accessibility is largely unaffected by high-fat
feeding, and yet, there is still an activation of specific enhancers
that are enriched for Cebp, Srebp, and Atf1/4 motifs, highlighting
these factors as the most prominent transcriptional regulators of
hepatic steatosis (Siersbzek et al., 2017). During the advanced
stages of NASH and liver fibrosis, it is currently not known to
what extent the hepatocyte enhancer landscape is altered and
how it impacts on NASH manifestation.

Using a cell-type-resolved genomics approach, we character-
ized the genomic and transcriptional reprogramming specifically
in hepatocytes as well as the hepatokine-mediated cross-talk
during NASH progression. Our analyses revealed a fibrosis-acti-
vated hepatocyte transcription factor (TF) network, including
ELF3 and GLIS2, that controls not only NASH-associated hepa-
tocyte gene programs but also directs the intercellular communi-
cation with HSC and progression of NASH and liver fibrosis.

RESULTS

Hepatocyte-specific profiling reveals differential
regulation of cancer signaling, cell-cycle, and metabolic
pathways in advanced NASH

Based on the INTACT methodology (Deal and Henikoff, 2010;
Mo et al.,, 2015), we generated HEP-INTACT (Albumin-Cre;
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R26-CAG-LSL-Sun1-sfGFP-myc) mice that allow cre-lox-driven
cell-type-specific labeling and subsequent affinity purification of
hepatocyte nuclei from intact liver tissues (Figure 1A). To explore
the role of hepatocytes in the progression of NASH, we chal-
lenged HEP-INTACT mice with two different diets known to reca-
pitulate key aspects of human NASH (Figure 1A). In one experi-
ment, we fed mice a high-fat diet rich in fructose, palmitate, and
cholesterol (i.e., the FPC diet) (Wang et al., 2016) or a control diet
for 20 weeks. In a second experiment, we fed mice with a
choline-deficient, methionine-reduced high-fat diet (CDAHFD)
(Matsumoto et al., 2013) or a low-fat control diet for 7 weeks.
The fraction of hepatocytes in the liver, as estimated by the frac-
tion of GFP positive nuclei versus total liver nuclei in HEP-
INTACT mice, became significantly lower with both diets demon-
strating a significant change in the cellular composition during
NASH progression (Figure S1A). This was further illustrated by
RNA-seq and functional enrichment analyses of nuclei obtained
from whole livers. In line with previous findings demonstrating
that inflammatory pathways dominated the NASH-induced pro-
gram (/gidius et al., 2020; Xiong et al. 2019b), our data further
emphasized the requirement for cell-type-specific approaches
in experimental conditions that lead to changes in the cellular
composition of the liver (Figure S1B).

It is well known that feeding mice with NASH-inducing diets
leads to the acquisition of a heterogeneous liver disease pheno-
type that ranges from simple steatosis to more severe cases of
steatohepatitis, fibrosis, and even cirrhosis (Clapper et al., 2013).
We took advantage of the heterogeneous response and stratified
the mice in each experiment into 3 groups based on the severity of
the liver disease phenotype. The control group had been fed a low-
fat-containing diet (Ctrl) and had low levels of liver fat and no signs
of inflammation and fibrosis (Figures 1B-1G). The mice fed the
NASH-inducing diets were divided into a mild NASH and an
advanced NASH group with comparable higher levels of steatosis
in the liver compared with the controls, whereas mice with
advanced NASH had significantly more inflammatory foci and
collagen fiber formation compared with mice with mild NASH (Fig-
ures 1B-1G). Several other physiological parameters differed be-
tween mice with mild and advanced NASH, including liver weight,
serum albumin levels, and levels of liver damage markers in serum
(Figures S1C and S1D; Table S1). In accordance with their more
severe fibrosis status, the whole livers of mice with advanced
NASH had higher expression of the fibrosis marker, Col1a1, and
the inflammatory marker, Tnf, whereas other markers of LM and
activated HSC did not change significantly in mice with mild and
advanced NASH (Figures S1E and S1F).

C) Number of inflammatory foci/fields in liver sections (n = 3-4).
D) % Sirius red area in the liver (n = 3-4).
E) Hydroxyproline content in the liver (n = 3-4).

(
(
(
(

bars indicate 100 um.

F and G) Representative hematoxylin and eosin (H&E) (upper) and Sirius red (lower) stainings of HEP-INTACT mice fed (F) an FPC diet or (G) a CDAHFD. Black

(H) Principal component analyses of the RNA-seq data from GFP+ nuclei isolated from the HEP INTACT mice.
(I) K-means clustering of row-scaled log, fold changes (log2FC) in expression of hepatocyte genes differentially expressed (paqj < 0.001) between one or more

conditions in GFP+ nuclei from HEP INTACT mice.

(J) Functional enrichment analyses using KEGG pathways for the indicated RNA-seq clusters.
(B-E and H) Every dot represents one individual mouse. (B-E) Colored bars indicate mean + SEM. Significance was determined by one-way ANOVA with Tukey’s
multiple comparison test between the different conditions. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, ns, non-significant.

See also Figure S1.
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To monitor the transcriptional changes specifically in hepato-
cytes during the progression of NASH, we performed RNA-seq
profiling of GFP+ nuclei isolated from the livers of control and
diet-induced NASH mice. We confirmed that the expression of
NPC marker genes was much lower across all conditions in
GFP+ nuclei compared with whole liver nuclei, whereas hepato-
cyte marker gene expression was higher (Figure S1G). Principle
component analyses (PCA) analyses of the RNA-seq data
showed that GFP+ nuclei from the livers of control and diet-
induced NASH mice, separated strongly in accordance with
the liver health status in PC1 (Figure 1H). Furthermore, k-means
clustering of genes that were differentially expressed in one or
more of the experimental conditions revealed three clusters
that were regulated specifically in mice with advanced NASH
(i.e., clusters 1, 4, and 5) (Figures 11 and S1H). Pathway enrich-
ment analyses demonstrated that genes induced specifically in
the advanced NASH state belonged to the classes of cell matrix
adhesions, as well as cell-cycle and cancer-related signaling
pathways (Figure 1J). Genes repressed in advanced NASH
were assigned to metabolic pathways and key liver processes
(Figure 1J), overall demonstrating that hepatocytes react with a
specific transcriptional response to NASH development.

Hepatocyte reprogramming during NASH progression is
associated with loss of cellular identity

To understand the underlying transcriptional mechanisms
driving the prominent changes in gene expression in hepato-
cytes during NASH progression, we performed ATAC-seq in
GFP+ nuclei isolated from the livers of control and diet-induced
NASH mice. Here, we identified almost 70,000 high-confidence
accessible chromatin regions across all samples that were
separated in accordance with the severity of the liver disease
phenotype by PCA analyses (Figure S2A). We found that the he-
patocyte chromatin landscape was highly dynamic during the
progression of NASH in a manner that correlated between the
two mouse models as well as with the pattern of nearby gene
expression (Figures 2A-2C and S2B). Genomic regions that
closed down in advanced NASH were often found near hepato-
cyte identity genes, e.g., encoding key hepatocyte metabolic en-
zymes, whereas de novo NASH-associated open regions formed
in the vicinity of genes highly induced in NASH as illustrated in
the Glis2 locus (Figure 2B). We therefore asked if progression
of NASH led to the loss of hepatocyte identity by examining
so-called super-enhancers (SE), which are clusters of enhancers
in close proximity known to control the expression of genes
defining cell identity (Whyte et al., 2013). We used our ATAC-
seq data to define SE regions in the control and advanced
NASH conditions and found that the set of SE-associated iden-
tity genes changed between the control and advanced NASH
conditions (Figure S2C). Furthermore, during NASH progression,
hepatocyte genes associated with a SE in GFP+ control nuclei
(i.e., hepatocyte identity genes) were repressed to a greater
extent in advanced NASH than genes associated with a typical
enhancer, indicating a specific effect on these hepatocyte iden-
tity genes during NASH progression (Figure S2D). Of note, this
set of hepatocyte identity genes was highly enriched in the
NASH-repressed hepatocyte RNA-seq cluster 1 and was asso-
ciated with key hepatocyte metabolic pathways (Figures 2D
and S2E). We confirmed this selective and prominent effect on
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a set of hepatocyte identity genes defined by the broad
H3K4me3 domains encompassing the transcriptional start site
in mouse livers (Dubois et al., 2020), which is another strong pre-
dictor of cell-identity genes (Benayoun et al., 2014) (Figure S2D).
Interestingly, analyses of proteomics data revealed that proteins
downregulated in mouse NASH livers (Xiong et al., 2019b) as well
as in a human cohort of alcoholic-derived liver fibrosis (Niu et al.,
2020) were highly enriched for proteins encoded by hepatocyte
identity genes, highlighting the clinical relevance of identity loss
in liver fibrosis (Figures 2E-2G).

Mutual cross-talk between hepatocytes and non-
parenchymal cells during NASH progression

Next, we focused on understanding the intra-hepatic crosstalk
between hepatocytes and other cell types during NASH progres-
sion by combining our hepatocyte RNA-seq dataset with single-
cell RNA-seq data of NPCs obtained from healthy and fibrotic
mouse livers (Terkelsen et al., 2020). First, we used NicheNet’s
computational intercellular communication analyses (Browaeys
et al., 2020) to identify several fibrosis-induced NPC-derived li-
gands that had high potential for regulating the NASH-induced
hepatocyte gene programs (i.e., focal adhesions, cancer-related
signaling, and cell-cycle genes in RNA-seq clusters 4 and 5) (Fig-
ure 3A and 3B). Most significantly, transforming growth factor
beta 1 (TGFB1) and high mobility group box 2 (HMGB2) had
several predicted target genes in all of the major NASH-induced
hepatocyte pathways acting via various hepatocyte target re-
ceptors (Figures 3C, S3A, and S3B).

To gain a comprehensive view of how NASH-induced hepato-
kines (in the following used to denote factors secreted from he-
patocytes) could influence fibrosis-regulated gene programs in
HSC, LM, and LEC (Table S2), we compiled a list of 37 putative
hepatokines that were selectively induced in the advanced
NASH state in both mouse models (Figure 3D). For 33 of these
factors, NicheNet contained ligand-target gene interaction infor-
mation, which was used to rank these ligands according to their
potential to modulate NPC gene programs (Figure 3E). The most
highly ranked NASH-induced hepatokines were predicted to
have several prominent target genes, especially in HSC, acting
via a broad range of target receptors on the NPCs (Figures 3F
and S3C). Reassuringly, some of these hepatokines have
previously been shown to be causal for NASH and liver fibrosis
development, such as secreted phosphoprotein 1 (SPP1/OPN)
and C-C motif chemokine 2 (CCL2) (Baeck et al., 2012; Zhu
et al., 2018). Thus, our data supported and extended the obser-
vation that hepatokines play an active role in the development of
liver fibrosis and predicted a hepatokine signature with a poten-
tial impact on disease-induced gene programs in NPCs.

Prediction of transcription factors driving NASH-
induced reprogramming of hepatocytes

To dissect causal TFs responsible for the observed transcriptional
changes in hepatocytes during NASH progression, we applied a
machine learning approach that estimates the contribution of TF
motifs to transcriptional activity (i.e., motif activity) (Madsen
et al., 2018). In total, 64 motifs displayed differential motif activity
(Pagj < 0.01) in one or both of the advanced NASH conditions (Fig-
ure 4A; Table S3). This included the master hepatocyte regulators,
hepatocyte nuclear factor 4-alpha (HNF4A), hepatocyte nuclear
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Figure 2. Progression of NASH leads to loss of hepatocyte identity

(A) Similarity heatmap showing Spearman correlation of normalized ATAC-seq tag counts (68,827 ATAC-seq sites) in GFP+ nuclei obtained from HEP INTACT
mice fed control or NASH-inducing diets.

(B) UCSC genome browser screenshots showing ATAC-seq read density in the Cyp2b9 (left) or Glis2 (right) loci in GFP+ nuclei from HEP INTACT mice.

(C) Normalized ATAC-seq tag count in the vicinity of top NASH-induced (logo.FC > 2, left) or NASH-repressed (log.FC < —2, right) genes in GFP+ nuclei from HEP
INTACT mice.

(D) % of total number (left) and enrichment (as indicated by odds ratio) (right) of SE-associated hepatocyte identity genes identified in the control condition in each
RNA-seq cluster.

(E) Bar plot showing the number of all regulated proteins as well as regulated proteins encoded by hepatocyte identity genes (orange) in mouse NASH versus
control livers (Xiong et al., 2019b).

(F) Enrichment (as indicated by odds ratio) of hepatocyte identity genes encoding for proteins repressed (green) or induced (orange) in fibrotic livers of human
individuals diagnosed with alcoholic steatohepatitis (ASH) (Niu et al., 2020).

(G) Heatmaps of the common set of fibrosis-repressed hepatocyte identity factors. Row-scaled mean expression of mouse genes in GFP+ nuclei from HEP
INTACT mice (left) and row-scaled mean intensity of human proteins according to fibrosis stage (FO to F4) in fibrotic livers of human individuals diagnosed with
ASH (right).

(C) horizontal line indicates the median and whiskers indicate 1.5x IQR.

(D and F) The circle indicates odds ratio with 95% confidence interval. Significance was determined using (C) a two-sided Wilcoxon-Mann-Whitney test or (D-F) a
Fisher’s exact test and indicated by (C and E) exact p value or (D and F) the odds ratio.

See also Figure S2.

Cell Metabolism 33, 1-16, August 3, 2021 5




Please cite this article in press as: Loft et al., Liver-fibrosis-activated transcriptional networks govern hepatocyte reprogramming and intra-hepatic
communication, Cell Metabolism (2021), https://doi.org/10.1016/j.cmet.2021.06.005

¢? CellP’ress Cell Metabolism

A NPC prioritized ligands B (o] NASH-induced hepatocyte target genes
M 4 * * % * ] . .
Tgfb1 w 1 1 !l oot Tgfb1 MAPK signaling
H 4 * % * . ] /\
Hmgb2 Hmgb2 5 .
ma | | J l 1 i i 1 i1 mg Focal adhesion
T * Cell cycle
Pdgfb | h S Pdgfb -
4 i
vwf W L vwf
H 47— Lo - [
1133 W SN 133
H 3 -~ 44 4~ ]
Fat1 w o Fat1 ECM
H o4 s -t
Itgb2 } 1 Itgb2
H o3, o+«
Itgad w L Itga4
H 5 A
Itgam l Itgam
A
[ ] 4 * * * % * *
Coldat } 104 404 Col4at
'l 3 - * x
Tne w 11 Tne Q&@ Common LM-
] 4 * - LEC-HSC-induced
Cxcl9 } L1l Cxcl9 %
L e A PN A
CCl,(wks) 024 024 024 L o -’%%7
LM LEC HsC ‘K 8 2% HSC-induced
Ligand activity Log2FC - whole liver Common LM- LEC-induced
006 P 014 (Advanced vs Ctrl) LEC-induced
- earson 0. [ oamemme |
4 2 0 2 4 NPC prioritized ligands
D E F
NASH-induced hepatokine genes Ligand Activity NASH-regulated NPC target genes
Are, —
Lamc. TS f ; —
Nrg1 tof [
Cigf —
Semaga 11 Cel2 [
1123a Cd200 [ |
Tgfb2 Cd24a
Semast L8l L Common LEC-HSC
Wnt7a Cxcl5 ||
F’g 5127 Angpﬂ s
Spp1 pad —{  LEC genes (J/,,Z;)\
nt4 Lamb2 436, 1
chﬁg Wnt7a || R, vy erf‘178
a1 somedt [ it
SEeis i — 22 TubbS
Fat1 m rpctb \ -
Eiir wntd [ | P : w1
Ptprt Hbegf
Lamb2 Cdh3
1rn Nrg1 A
Lamc3 Sema3c AngPt
Cd200 Sema3e Pp 7
Pdgfd Rgma || o
s E;m;;S Lamc2
il i | X
Cahé | Celsr2 L__|
Ccl2 P%;gd _—
Angpt1 I
Cdbta Fgit2 [ & o
Hbegf lit2 | S 8 o N
App Sdk1 || y o &
Fgf12 I S © S
Ctl  Mild Adv Ctl Mid Adv C ; — .
NASH-induced prioritized hepatokines
T FPC CDAHFD 0 Pearson 0.08

-3 Z-score 3

Figure 3. Mutual crosstalk between hepatocytes and non-parenchymal cells during NASH progression

(A) Ligand activity of top predicted upstream ligands from non-parenchymal cells (NPC) (left) and violin plots showing a scaled log,-normalized expression
(scRNA-seq) of selected genes in liver macrophages (LM), liver endothelial cells (LEC), and hepatic stellate cells (HSC) obtained from livers of control and carbon
tetrachloride (CCl,)-induced fibrotic mice (right).

(B) Log2FC in gene expression (RNA-seq) in whole liver nuclei from HEP-INTACT mice (advanced NASH versus control group) for indicated genes.

(C) Circle plot showing predicted interaction links between NASH-induced NPC ligands in LM (yellow), LEC (red), HSC (blue), common in LM and LEC (orange), or
common in all NPC (black) to their associated NASH-induced putative hepatocyte target genes (bordeaux) associated with the indicated KEGG pathway. ECM,
extra cellular matrix-receptor interaction.

(D) Heatmap showing row-scaled expression (RNA-seq) for NASH-induced genes encoding predicted hepatokines in GFP+ nuclei from HEP INTACT mice.
(E) NicheNet'’s ligand activity of predicted hepatokines.

(F) Circle plot showing the predicted interaction links between top NASH-induced hepatokines (bordeaux) to their associated NASH-induced genes regulated in
LM (yellow), LEC (red), HSC (blue) or commonly in LEC and HSC (purple).

(A) Significance was determined by two-sided Wilcoxon-Mann-Whitney test. *p < 0.001 (green, induced and red, repressed).

See also Figure S3.
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Figure 4. Transcription factor network driving NASH progression
(A) Heatmap showing 64 significantly altered (paqj < 0.01) row-scaled and hierarchically clustered motif activities during NASH progression.
(B) Averaged motif activity (FPC and CDAHFD study) for top 10 predicted transcription factors (TF) with NASH-induced motif activities (n = 6-8)

(legend continued on next page)
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factor 6 (HNF6/ONECUT1), and one cut domain family member 2
(ONECUT?2), which all had reduced motif activity in advanced
NASH (Figure S4A) consistent with the loss of hepatocyte identity.
Next, we focused on the TFs that gained motif activity during NASH
progression and selected for factors predicted to be particularly
important in the transition from simple to the more severe stages
of NASH and liver fibrosis. Some top predicted factors had been
implicated in MAFLD or NASH before, such as members of the
activator protein-1 (AP-1) family (Hasenfuss et al., 2014), but a
number of new putative regulators were identified (Figure 4B).
Some of these factors were also induced at the transcriptional level
during NASH progression, whereas the activity of other factors
may be activated predominantly at the post-transcriptional level
(Figure S4B). Next, we predicted target sites of all top regulatory
TFsinsilico and, as a proof of principle, demonstrated that compu-
tationally predicted JUN target sites were most highly concordant
with experimentally validated JUN binding sites obtained in mouse
primary hepatocytes (Figure S4C). Several of the predicted target
sites were shared between two or more of the TFs (Figures S4D
and S4E) and these TFs seemed to act in a highly cooperative
manner to activate both hepatocyte target enhancers as well as
target genes selectively induced in advanced NASH (Figures 4C,
4D, and S4F, and S4G). Interestingly, these TFs appeared to be
engaged in an interconnected regulatory network, since several
TFs were predicted targets for themselves or of one or more of
the other TFs in the network (Figure 4E). Furthermore, by
combining our INTACT data and publicly available ChIP-seq
data generated in a human hepatocellular carcinoma (HCC) cell
line with binding and expression target analysis (BETA) (Wang
etal., 2013), we demonstrated that the majority of the top predicted
NASH-induced hepatokine genes were likely targets of one or
more of the top regulatory TFs (Figure S4H and S4l). Finally, to
explore the significance of the predicted regulators in humans,
we mined public available microarray data using the integrated
system for motif activity response analysis (ISMARA), which esti-
mates motif activity in gene promoter-proximal regions (Balwierz
et al., 2014). Intriguingly, several of the candidate TFs displayed
either a significant or a trending higher motif activity in human indi-
viduals diagnosed with NASH or liver fibrosis compared with con-
trols, supporting the notion that these regulators were also acti-
vated during progression of human NASH (Figures 4F and S4J).

Disease-activated ELF3 and GLIS2 regulate NASH
progression

Since our analyses predicted several new potential regulators
of hepatocyte reprogramming in advanced NASH, we selected
two of these TFs for functional investigations, namely ELF3 and
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GLIS2. ELF3is amember of the E26-transformation-specific TF
family and has previously been implicated in the epithelial-
mesenchymal transition (EMT) in HCC cell lines (Zheng et al.,
2018). GLIS2 is a member of the GLI-similar zinc finger protein
family and is known for its role in kidney disease development
(Attanasio et al., 2007). During NASH progression, ELF3 and
GLIS2 were, in addition to having higher motif activity, induced
both at the transcriptional and protein level in our NASH models
(Figure 5A and 5B). Accordingly, both EIf3 and Glis2 expression
was also higher in the livers of several other NASH animal
models compared in controls and also generally trended to-
ward being induced in human NASH (Figure 5C). Of note,
both EIf3 and Glis2 were predicted target genes of other mem-
bers of the regulatory NASH-activated TF network, which might
be involved in coordinating their transcriptional induction dur-
ing NASH progression (Figure 4E). The induction of EIf3, Glis2
as well as a large subset of the NASH-activated gene program
was likely occurring in a subpopulation of NASH-transformed
hepatocytes, since the expression of the majority of these
NASH-activated genes was induced in reprogrammed biliary-
like hepatocytes following liver injury (Figures S5A and S5B)
(Merrell et al., 2021). To investigate the impact of ELF3 and
GLIS2 in the transition from mild to advanced NASH, we fed
mice an FPC diet for 14 weeks, allowing them to develop a sig-
nificant degree of steatosis with no evident signs of fibrosis
(Figures 5D and S5C). Then, we used an adeno-associated vi-
rus (AAV)-miRNA delivery approach (Kulozik et al., 2011; Nath-
wani et al., 2006; Rose et al, 2011) to knock down (KD) EIf3 or
Glis2 specifically in hepatocytes and continued the FPC diet
feeding until 10 weeks post injection (Figures 5D and Figures
S5D). For mice with EIf3 or Glis2 KD, we found a significant
reduction in several parameters linked to advanced NASH
and liver fibrosis, including apoptosis, inflammatory cell infiltra-
tion, and collagen fiber formation, whereas no effect on steato-
sis was observed (Figures 5E-51 and S5E-S5G; Table S4).
Accordingly, the expression of NASH-induced fibrosis-,
apoptosis- and inflammatory marker genes was reduced in
the livers of mice with EIf3 or Glis2 KD (Figures 5J and
S5H-S5J).

ELF3 and GLIS2 control NASH-activated gene programs
in hepatocytes

The impact of ELF3 and GLIS2 loss-of-function on NASH phe-
notypes prompted us to next investigate the mechanism of
ELF3 and GLIS2 action using RNA-seq analyses. FPC-induced
genes that showed less induction by EIf3 and/or Glis2 KD (i.e.,
KD-repressed genes) belonged to cell-matrix-adhesion and

(C) Enrichment of RNA-seq clusters for TF target genes for an increasing number of TFs with NASH-induced motif activities. Enrichment is indicated in com-

parison to a random distribution (observed/expected).

(D) Enrichment of advanced NASH-regulated genomic regions for TF target sites for an increasing number of TFs with NASH-induced motif activities. Enrichment is

indicated in comparison to a random distribution (observed/expected).

(E) Regulatory relationship of the NASH-activated TF network. The direction of the arrow indicates that the targeted factor is a predicted target gene of the
connected factor and the width of lines indicates the significance level of the target gene prediction.

(F) Motif activity in two human cohorts of NASH and liver fibrosis for top 10 predicted TF with NASH-induced motif activities (n = 14-40)

(B and F) Every dot represents one individual (B) mouse or (F) human sample. Colored bars indicate (B) mean + SEM or (F) horizontal-colored lines indicate mean.
Significance was determined by (B) one-way ANOVA with Dunnett’s multiple comparison test between motif activities for advanced NASH versus control or mild
NASH for each motif or (F) multiple t test with FDR correction between motif activities for control individuals versus individuals diagnosed with NASH/liver fibrosis.
**p < 0.01, **p < 0.001, ***p < 0.0001, or when corrected for multiple testing by *q < 0.05, **q < 0.01, ***g < 0.001.

See also Figure S4.
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Figure 5. Disease-activated ELF3 and GLIS2 are regulators of advanced NASH
(A) Expression (RNA-seq) of EIf3 and Glis2 in GFP+ nuclei from HEP INTACT mice (n = 3-4)
(B) Relative protein levels (targeted nuclear proteomics) of ELF3 and GLIS2 in livers obtained from control and mice fed an FPC diet (n = 4-6).
(C) Log2FC in EIf3 and Glis2 expression (microarray or RNA-seq) in various mouse models and a minipig model of NASH (left) and in indicated human cohorts of
NASH and liver fibrosis (right). (WD, western diet; AMLN, amylin liver NASH; CCl,, carbon tetrachloride; MCD-HFD, methionine; choline-deficient high-fat diet;
HFHSD, high-fat, high-sucrose diet)
(D) Mice were fed control or FPC diet for 14 weeks, injected with AAVs expressing non-coding miRNAs (miR-NC) or miRNA against EIf3 (miR-Elf3) or Glis2 (miR-
Glis2) and kept on the diet for additional 10 weeks.
(E) % fat area in the liver (n = 9-11).
(F) Number of inflammatory foci/fields in liver sections (n = 9-11).
(G) % Sirius red area in the liver (n = 9-11).
(H) Number of cleaved caspase-3-positive cells/field in liver sections (n = 9-11).
(I) Representative H&E (upper) and Sirius red stainings (lower). Black bar indicates 100 pm.
(J) Expression (qPCR) of indicated genes in whole liver (n = 9-11).
(A, B, E-H, and J) Every dot/square/triangle represents one individual mouse. (A, E-H, J) Bars indicate mean + SEM and (B) horizontal line indicates the median
and whiskers indicate min-to-max. Significance was determined by (A) one-way ANOVA with Tukey’s multiple comparison test between the conditions in each
study, (B) two-sided, unpaired t test or (E-H, J) one-way ANOVA with post-hoc Dunnett’s multiple comparison test between FPC-fed mice injected with miR-NC
and the other conditions. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
See also Figure S5.
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cell-cycle pathways, whereas FPC-repressed genes with
impaired inhibition by EI/f3 and/or Glis2 KD (i.e., KD-induced
genes) were involved in complement and coagulation cascades
and metabolic pathways (Figure 6A and 6B). This indicated
that, overall, the KD of EIf3 and Glis2 affected the same hepa-
tocyte genes and pathways that were specifically regulated in
advanced NASH (Figures 6C and S6A). The loss of ELF3 and
GLIS2 also modulated the expression of hepatocyte bio-
markers for human liver fibrosis and poor prognosis of HCC,
such as Abcc4 (Figure 6D). Interestingly, Elf3 and Glis2 KD
reversed the NASH-induced effect on hepatocyte identity
genes, indicating that these factors contributed to the loss of
hepatocyte identity during NASH progression (Figures S6B
and S6C). Next, we combined information on dynamic genomic
regions and target site prediction to identify the most likely reg-
ulatory ELF3 and GLIS2 target enhancers in NASH mice. We
found that KD-repressed genes were specifically enriched for
nearby ELF3 and GLIS2 target sites, but not for all dynamic
genomic regions, compared with KD-induced genes (Figures
6E and S6D). Accordingly, ELF3 and GLIS2 target genes
were highly enriched among KD-repressed genes compared
with KD-induced genes as well as genes not affected by KD,
implicating ELF3 and GLIS2 in the direct activation of this set
of genes (Figure 6F). Of note, ELF3 and GLIS2 seemed to
work on both different and common enhancers to regulate
the KD-repressed genes during NASH progression, as exempli-
fied in the loci of Spp1, Abcc5, and Arrdc1, which might also
involve co-regulation by several other NASH-activated TFs (Fig-
ures 6G, S6E, and S6F).

ELF3 and GLIS2 modulate intra-hepatic crosstalk during
NASH progression

We finally asked how EIf3 and Glis2 KD in hepatocytes affected
gene expression in other hepatic cell populations during NASH
development. Notably, E/f3 and Glis2 KD significantly modu-
lated NASH-induced gene programs in LM and especially
HSC, which included fibrosis-related signature genes of acti-
vated HSC (Figures 7A and 7B). In contrast, modest effects
were observed in LEC and on NASH-repressed gene programs
in all NPC populations (Figure S7A). Next, we used NicheNet
analyses to predict hepatocyte SPP1 and connective tissue
growth factor (CTGF) as the most likely mediators modulating
the NASH-induced, KD-affected gene program in HSC (Figures

¢ CellP’ress

7C-7E). This was in line with our previous predictions and
earlier studies highlighting these hepatokines as key mediators
in the signaling between hepatocytes and HSC (Gressner et al.,
2007; Zhu et al., 2018) targeting a hitherto unappreciated large
NASH-induced gene program in HSC (Figure 7E). Notably, the
motif activity of ELF3 and GLIS2 in hepatocytes strongly corre-
lated with hepatocyte expression of both Spp7 and Ctgf as well
as the degree of fibrosis, but not steatosis in the NASH mice
models (Figure 7F). Furthermore, in mouse and human cohorts,
we also found significant correlations between the hepatic
expression levels of EIf3, Glis2, and these hepatokines, as
well as liver damage markers, inflammation, apoptosis, and
fibrosis (Figures S7B and S7C). Finally, serum OPN levels (en-
coded by Spp17), which are a strong predictor of liver fibrosis
in individuals diagnosed with MAFLD (Glass et al., 2018),
were significantly reduced by EIf3 and Glis2 KD in NASH mice
(Figure S7D).

DISCUSSION

By using a cell-type specific genomics approach, our study es-
tablishes a hepatocyte-centric view on NASH progression and
highlights the biological relevance of key transcriptional nodes
for hepatocyte function and intra-hepatic cell-to-cell communi-
cation in MALFD progression.

Our analyses show that the hepatocyte genome and transcrip-
tome are dramatically altered in advanced NASH leading to a
shutdown of core hepatocyte functions and the induction of can-
cer-related pathways. Intriguingly, in advanced NASH, the
comprehensive reprogramming leads to a loss of hepatocyte
identity. Loss of cellular identity has previously been demon-
strated for resident liver macrophages in NASH (Seidman
et al., 2020) and for hepatocytes in HCC, where adult hepato-
cytes have the capacity both to directly transform into cancer
cells, or dedifferentiate into precursor cells that in turn develop
into HCC cells (Sia et al., 2017). Our study highlights that a
gradual and prominent transformation of hepatocytes is already
initiated in the earlier stages of liver dysfunction, potentially prim-
ing the liver toward progressive dysfunction and eventually tu-
mor development.

It is becoming increasingly clear that TFs are often part of
bigger interconnected networks and we describe here a
NASH-activated regulatory TF network likely to cooperate at

Figure 6. ELF3 and GLIS2 control NASH-activated hepatocyte gene programs

(A) Heatmap showing row-scaled and k-means clustered log2FC in expression (RNA-seq) of hepatocyte genes regulated by FPC feeding and affected by Elf3
and/or Glis2 knockdown (KD) (pag; < 0.01).

(B) Functional enrichment analyses using KEGG pathways for the gene clusters.

(C) Log2FC in expression (FPC miRNA-EIf3 or FPC miRNA-Glis2 versus FPC miR-NC) for genes in the indicated RNA-seq gene cluster, as defined in Figure 11.
(D) Expression (RNA-seq) of Abcc4 in whole liver (n = 10-11).

(E) Enrichment of predicted ELF3 (left) and GLIS2 (right) target sites (TS) in the vicinity (i.e., 100 kb within the transcription start site (TSS) of FPC-induced, “KD-
repressed” hepatocyte genes (green) or FPC-repressed, “KD-induced” hepatocyte genes (brown).

(F) Enrichment (as indicated by odds ratio) of ELF3 (left) and GLIS2 (right) target genes among FPC-induced, “KD-repressed” hepatocyte genes (green), FPC-
repressed, “KD-induced hepatocyte” genes (brown), or hepatocyte genes not regulated by EIf3 or Glis2 KD (gray).

(G) UCSC genome browser screenshots showing predicted target sites (TS) of indicated NASH-activated TF (upper) and ATAC-seq read density in the Spp1,
Abccb, and Arrde1 loci in GFP+ nuclei from HEP INTACT mice (lower). (C) Horizontal line indicates the median and whiskers indicate 1.5x IQR. (D) Every dot/
square/triangle represents one individual mouse. Bars indicate mean + SEM. (F) The circle indicates odds ratio with 95% confidence interval. Significance was
determined by (C) one-sample Wilcoxon signed rank test (mu = 0), (D) one-way ANOVA with Dunnett’s multiple comparison test between FPC miR-NC mice and
the other conditions or (F) using Fisher’s exact test and indicated by the odds ratio. ****p < 0.0001, #p < 1e®8, ns, non-significant.

See also Figure S6.
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Figure 7. ELF3 and GLIS2 modulate hepatocyte-HSC crosstalk during NASH progression
(A) Log2FC in expression (FPC miRNA-EIf3 or FPC miRNA-Glis2 versus FPC miR-NC) for NASH-induced genes in liver macrophages (LM), hepatic stellate cells

(HSC), and liver endothelial cells (LEC).
(B) Expression (RNA-seq) of Mfap4 in whole liver (n = 10-11).

(C) Heatmap showing row-scaled expression values (RNA-seq) of FPC-induced, knockdown (KD)-regulated (paq; < 0.1) genes encoding putative NASH-activated

hepatokines.

(D) Heatmap showing row-scaled expression values (RNA-seq) of the FPC-induced, KD-regulated (paq < 0.1) HSC-associated gene program.

(E) NicheNet analysis of top prioritized hepatokines and their predicted target genes in HSC. Ligand activity of top predicted hepatokines (left), and the regulatory
potential for the top predicted FPC-induced, KD-regulated (p.qj < 0.1) target genes associated with each hepatokine (right).

(F) Heatmap showing the Spearman correlation coefficient between ELF3 or GLIS2 motif activity in hepatocytes and the indicated parameter in NASH mouse
models; Spp1 and Ctgf hepatocyte expression (RNA-seq), fibrosis (Sirius red area in liver sections), hydroxyproline (hydroxyproline content in liver), inflammation
(number of inflammatory foci/field in liver sections), steatosis (% fat area in liver sections), apoptosis (number of cleaved caspase-3-positive cells/field in liver
sections), and AST (serum activity of aspartate aminotransferase).

(A) Horizontal line indicates the median and whiskers indicate 1.5x% IQR. (B) Every dot/square/triangle represents one individual mouse. Bars indicate mean +
SEM. Significance was determined by (A) one-sample Wilcoxon signed rank test (mu = 0), (B) one-way ANOVA with Dunnett’s multiple comparison test between
FPC miR-NC mice and the other conditions, or (F) two-sided p value. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, ’p < 1e~%, ¥p < 17, ns, non-significant.

See also Figure S7.

multiple levels. First, several of these TFs appear to be involved
in the regulation of each other, which might further reinforce their
activation during NASH progression. Second, these TFs seem to
cooperate in the induction of at least a subset of NASH-activated
enhancers and genes in the hepatocytes. And finally, the coop-
erative actions between the regulatory TFs also seem to be
essential for NASH progression, since loss of network members,
ELF3 and GLIS2, is able not only to alleviate the intracellular ef-
fect on the NASH-induced hepatocyte gene programs but also
mitigate formation of fibrosis in the liver. GLIS2 has previously
been implicated in kidney fibrosis development, in which path-
ways related to immune responses and fibrosis/tissue remodel-
ing were activated in the kidneys of Glis2-deficient mice (Attana-
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sio et al., 2007; Kim et al., 2008). It is likely that tissue- and
context-dependent differences, including the available set of co-
operating TFs, is responsible for the differential effects of GLIS2
on fibrosis-related gene expression in kidney and liver.

Recent studies have highlighted the contribution of HSC-
derived stellakines to the regulation of LEC and LM functions in
NASH (Xiong et al., 2019a) and our findings add hepatocytes as
an important target of stellakine action in NASH. Moreover, we
outline a NASH-induced hepatokine signature that targets HSC
and, to some extent, LM and LEC disease-linked gene programs,
further emphasizing the importance of hepatocyte dysfunction for
organ-wide disease manifestation. The crosstalk between hepa-
tocytes and NPCs is likely to reinforce the disease-associated
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gene programs in the other hepatic cellular populations, leading
to a vicious cycle of hepatokine, cytokine, and stellakine produc-
tion, communally promoting NASH progression. The production
of NASH-associated hepatokines seems to be under the tight
transcriptional control of the NASH-activated hepatocyte TF
network. Here, ELF3 and GLIS2 promote the induction of several
hepatokine NASH signature genes, including Spp7 and Ctgf,
likely contributing to the activation of HSC and liver fibrosis devel-
opment. Hepatocyte OPN (encoded by Spp7) and CTGF have
previously been implicated in both NASH and acceleration of
HCC (Gressner et al., 2007; Zhu et al., 2018), where OPN induces
EMT in HCC cells (Dong et al., 2016). Since ELF3 promotes EMT
and HCC progression in human HCC cell lines (Zheng et al.,
2018), the regulation of Spp7 in NASH livers might be a mecha-
nism by which ELF3 contributes to the EMT in the advanced
stages of NASH to promote a cancerous liver phenotype.

Together, our data outline an interconnected TF network that
cooperatively governs NASH progression by controlling a pro-
gram of hepatokines impacting on disease-activated genes in
HSC. This emphasizes the importance of hepatocyte TF hubs
as critical determinants not only of hepatocyte dysfunction but
also of intra-hepatic crosstalk during NASH progression. This
further persuades one to speculate that therapeutic targeting
of such regulatory hubs specifically in NASH-activated hepato-
cytes, thereby interfering with the complex interconnected TF
networks that determine NASH progression, could pave the
way to a more effective drug design for treatment of NASH. By
determining not only hepatocyte dysfunction but also connectiv-
ity to other hepatic cell types, combinatorial targeting strategies
of TFs within these cooperative hubs may overcome the current
difficulties to establish effective NASH therapies, which are
mostly directed against single checkpoints.

Limitations of the study

Since our study mainly focused on key TFs and the transcrip-
tional mechanisms involved in the progression of NASH, we
did not capture important non-transcriptional mechanisms pre-
viously shown to be required for NASH progression (Wang
et al., 2020). Furthermore, our target site analyses in the mouse
liver were based on in silico predictions. Finally, with our current
approaches, we have not been able to address the heterogeneity
as well as the developmental origin of NASH-activated hepato-
cytes. Thus, a future combination of lineage-tracing studies, sin-
gle-cell technologies, and subtype-specific targeting strategies
will be needed to determine the significance of different hepatic
epithelial subpopulations in NASH development.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-GFP antibody
Rabbit monoclonal anti-F4/80 antibody [Cl:A3-1]

Goat anti-Rat IgG (H+L) Cross-Adsorbed
Secondary Antibody, DyLight 550

Rabbit monoclonal anti-Cleaved Caspase-3 [5A1E]
Biotinylated Goat anti-Rabbit IgG antibody

Life Technologies
Abcam
Thermo Fisher Scientific

Cell Signaling Technologies
Vector Laboratories

Cat: G10362; RRID:AB_2536526
Cat: ab6640; RRID:AB_1140040
Cat: SA5-10019; RRID:AB_2556599

Cat: 9664; RRID: AB_2070042
Cat: BA-1000; RRID: AB_2313606

Bacterial and virus strains

AAV2/8-LP1-GFPmut-miRNA-NC Kulozik et al, 2011; Rose et al, 2011 N/A
AAV2/8-LP1-GFPmut-miRNA-EIf3 This work N/A
AAV2/8-LP1-GFPmut-miRNA-Glis2 This work N/A
Biological samples

Liver from 10wks old STAM™ mice and SMC laboratories N/A
age-matched controls.

Liver from mice fed a methionine, choline-deficient Jones et al., 2013 N/A

diet and low-fat control diet for 4 wks.

Chemicals, peptides, and recombinant proteins

TRIzol Life Technologies 15596018
EDTA-free protease inhibitor Roche 11873580001
RNasin® Plus Rnase Inhibitor Promega N2615
Igepal CA-630 Sigma 56741
Protein G Dynabeads Life Technologies 10004D
Hoechst33342 Thermo Fisher Scientific H1399
DAPI Sigma D9542
Synthetic peptide for EIf3: TQVLEWISYQVE K(+8) Synpeptide N/A
Synthetic peptide for EIf3: LVFGP Synpeptide N/A
LGDQLHAQL R(+10)

Synthetic peptide for EIf3: DILIHPELNEGLM K(+8) Synpeptide N/A
Synthetic peptide for EIf3: SEAVAQLWGQ K(+8) Synpeptide N/A
Synthetic peptide for Glis2: ELGLVDDSP Synpeptide N/A
APGSPGSPPPGFLLNP K(+8)

Synthetic peptide for Glis2: YLDGVPSSFQ Synpeptide N/A
FFLPLGSGGALHLPASSFLPPP K(+8)

Synthetic peptide for Glis2: CLSPELPLA K(+8) Synpeptide N/A
Synthetic peptide for Glis2: NPLLPSPFGA Synpeptide N/A
GGLGLPVVSLLGGSAGS K(+8)

Critical commercial assays

AST Activity Assay Kit Sigma MAKO055-1KT
Mouse /Rat Osteopontin (OPN) R&D Systems MOSTO00
Quantikine ELISA kit

Sensitive Tissue Collagen Assay Quickzyme QZBtiscoll
QuantiTect Reverse Transcription Kit Qiagen 205311
VAHTS Stranded mRNA-seq Library Kit for lllumina Vazyme NR602
NEBNext® Ultra™ RNA Library Prep New England Biolabs E7530L
Kit for lllumina®

Truseq Stranded mRNA lllumina 20020595

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
TruePrep™ DNA Library Prep Kit V2 for lllumina Vazyme TD501
MinElute Reaction Cleanup kit Qiagen 28204
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 23225
Discovery® DAB Map Kit Ventana Medical Systems 760-124

Deposited data

Liver microarray data set of a human cohort

of individuals grouped into control, healthy
obese and NASH

Liver microarray data set of a human cohort of
individuals diagnosed with MAFLD having a
fibrosis score from 0-1 (mild) or 3-4 (advanced)
Liver microarray data of a human cohort
consisting of 2 patient groups, group

| (< 5 % steatosis) and group Il (NASH)

Liver microarray data set of a human cohort of
individuals grouped into control and NASH

Liver microarray data set of a human cohort of
individuals grouped into control and NASH

Liver microarray data set of mice fed a
methionine- and choline-deficient + high fat

diet or a control low-fat diet for 8 wks.

Liver RNA-seq data set of control low fat diet-fed
mice, CCls-treated mice at 12 wks and western
diet-fed + CCl,-treated mice at 24 weeks.

Liver RNA-seq data set of control low fat diet-fed
and Amylin Liver NASH diet-fed mice for 36 wks.
RNA-seq data set of Bama minipigs fed

with control diet or with high-fat,

high-sucrose diet for 23 mo.

RNA-seq data of control, injured and
reprogrammed mouse hepatocytes isolated
from control mice and mice with DDC-induced
liver injury.

Ahrens et al., 2013

Moylan et al., 2014

du Plessis et al., 2015

Frades et al., 2015

Lefebvre et al., 2017

Kita et al., 2012

Tsuchida et al., 2018

Xiong et al., 2019b

Xia et al., 2014

Merrell et al., 2021

GEO: GSE48452

GEO: GSE49541

GEO: GSE59045

GEO: GSE63067

GEO: GSE83452

GEO: GSE35961

GEO: GSE99010

GEO: GSE119340

SRA: SRX197296

GEO: GSE156894

INTACT RNA-seq data This work GEO: GSE162876

INTACT ATAC-seq data This work GEO: GSE162870

Whole liver RNA-seq data of FPC-fed This work GEO: GSE162869

mice with Elf3 or Glis2 KD

Whole liver RNA-seq data from This work GEO: GSE162863

NASH mouse models

Nuclear proteomics dataset This work PRIDE: PXD025691

Source data This work Mendeley: https://doi.org/10.17632/
bc28kstdvx.1

Experimental models: organisms/strains

B6;129-Gt(ROSA) JAX Stock: 021039

2630rtm5(CAG-Sun1/stFP)Nat/J mice

B6N.Cg-Speer6-ps1T9Aio-cre2iMan /g JAX Stock: 018961

Oligonucleotides

qPCR primers This work Table S5

miRNA-targeting oligoes This work Table S5

Recombinant DNA

Plasmid: pdsAAV-LP1-GFPmut-miRNA-NC Kulozik et al, 2011; Rose et al, 2011 N/A

Plasmid: pdsAAV-LP1-GFPmut-miRNA-EIf3 This work N/A

Plasmid: pdsAAV-LP1-GFPmut-miRNA-Glis2 This work N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

STAR Dobin et al., 2013 v2.4.2a

BWA aligner Li and Durbin, 2009 v0.7.5a-r405

Samtools Li et al., 2009 v0.1.19-44428cd
iRNA-seq Madsen et al., 2015 v1.1

DESeq2 Love et al., 2014 vi1.24.0

HOMER Heinz et al., 2010 v4.10

IMAGE Madsen et al., 2018 vi.1

GOseq Young et al., 2010 v1.36.0

ISMARA Balwierz et al., 2014 https://ismara.unibas.ch/mara/
KEGG PATHWAY database collection Kanehisa et al., 2019 https://www.genome.jp/kegg/
BETA Wang et al., 2013 http://cistrome.org/BETA/
NicheNet Browaeys et al., 2020 v0.1.0

Circlize Gu et al., 2014 v0.4.9

Definiens Developer XD Definiens AG v2.0

Prism Graphpad 9.1.0

R https://www.r-project.org/ 3.6.2

Other

Rodent chow pellets Altromin 1314

Fructose, palmitate and cholesterol (FPC) diet Research Diet D17020104
L-amino-defined high (60 kcal %) fat, choline- Research Diet A06071302

deficient diet with 0.1% methionine (CDAHFD)

10% low fat diet Research Diet A06071314

AMPure XP beads Beckman ABG3881

EconoSpin Micro/Mini Columns Epoch 3010-250/1920-250

100um CellTrics filter unit
70um cell strainer

Sysmex Deutschland GmbH
Greiner Bio-one

04-0042-2318
542070

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stephan
Herzig (Stephan.herzig@helmholtz-muenchen.de).

Materials availability
New reagents (e.g., plasmids) generated in this study are listed in the key resource table and will be made available on request, but we
may require a completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability

Raw and processed sequencing data generated in this study have been deposited in the NCBI GEO database. The mass spectrom-
etry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner
repository. This paper analyzes existing, publicly available data. All accession numbers for the datasets are listed in the key resources
table. Additional source data and information required to reanalyze the findings reported in this paper is available from the lead con-
tact and will be made accessible via Mendeley https://doi.org/10.17632/bc28kstdvx.1 upon request.

EXPERIMENTAL MODEL DETAILS

Animal models and experiments

All animal studies were conducted in accordance with German animal welfare legislation and protocols were approved by the state
ethics committee and government of Upper Bavaria (no. 55.2-1-55-2532-49-2017). All mice were maintained in a climate-controlled
environment at approximately 23°C and constant humidity with specific pathogen-free conditions under strict 12 h dark-light cycles
(6:00 a.m. to 6:00 p.m.). All mice had ad libitum access to food and water and before the start of experiments and all mice were
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maintained on a standard chow diet (Altromin, 1314). For generation of HEP-INTACT mice, B6;129-Gt(ROSA)26Sor™3(CAG-Sun1/siGFF)
Nat J mice (Mo et al., 2015) were backcrossed to C57BL/6N (B6N) using speed congenics to ensure a > 95 % genetic B6N back-
ground and then crossed with the B6N.Cg-Speer6-ps1794ib-cre)2iMan; j (Alb-Cre) (Postic et al., 1999) mice. For feeding experiments,
body weight-matched male littermates were randomly assigned to experimental groups and grouped-housed with two mice in each
cage. In one study, 6-7 wk old male HEP-INTACT male mice were fed a fructose-palmitate-cholesterol (FPC) diet (Research Diet,
D17020104) essentially formulated as previously described (Wang et al., 2016) with drinking water containing 42 g/L glucose and
fructose (55 % / 45 %, w/w) or a standard chow control diet for 20 wks. In another study, 6-7 wk old male HEP-INTACT mice
were fed an L-amino-defined high (60 kcal %) fat diet with 0.1 % methionine and no added choline (CDAHFD, Research Diet
A06071302) or a control low fat diet (Research Diet A0O6071314) matched for total calories for 7 weeks, formulated as previously
described (Matsumoto et al., 2013). For the AAV-mediated knock down studies, 6-7 week old male HEP-INTACT mice were fed either
the FPC diet or a control diet for 14 weeks. Aspartate aminotransferase (AST) activity was measured in plasma obtained from the tail-
vein and mice receiving the FPC diet were grouped into three groups with matching body weights and AST activity. Mice were tail-
vein injected with either AAV2/8-LP1-GFPmut-miRNA-NC, AAV2/8-LP1-GFPmut-miRNA-EIf3 or AAV2/8-LP1-GFPmut-miRNA-Glis2
(5x10"" p.f.u./mouse) and kept additionally 10 weeks on the diet. For all mouse experiments, the health status of mice was monitored,
and weight was recorded at least once per week and all mice used for experiments displayed good general health. During the mouse
experiment, animal caretakers and investigators conducting the experiments were generally not blinded to the group allocation of
mice. The total number of mice analyzed for each experiment is detailed in the figure legends.

We obtained livers from different NASH mouse models for RNA-seq analyses. Here livers from 10week old STAM™ mice (Fujii
et al., 2013) and age-matched controls were purchased from the SMC laboratories (JAPAN). Finally, livers from mice fed a methio-
nine, choline-deficient diet for 4 week and low fat diet controls were obtained from a previous study (Jones et al., 2013).

METHOD DETAILS

Generation of adeno-associated virus (AAV)

Specific miRNA oligoes targeting EIf3 or Glis2 were selected using the BLOCK-iT™ RNAi Designer (Thermo Fisher Scientific). AAVs
encoding miRNA targeting EIf3 [termed miR-EIf3] or Glis2 [termed miR-Glis2] under the control of the hepatocyte-specific LP1 pro-
moter (Nathwani et al., 2006) were prepared essentially as previously described (Kulozik et al., 2011; Rose et al, 2011), except that the
production of recombinant viruses and determination of virus titer were performed by Vigene Biosciences. A previously designed
AAV containing a non-targeting miRNA [termed miR-NC] was used as control (Kulozik et al., 2011).

Isolation of GFP-tagged nuclei

Liver tissue from INTACT mice was rapidly dissected in PBS and snap-frozen in liquid nitrogen. The tissue was crushed into fine pow-
der using a Tissuelyzer Il (Qiagen) and subsequently washed in PBS. The tissue was dounce homogenized using 10x loose pestle in
5 mL of low sucrose buffer (LSB: 0.25 M sucrose, 25 mM KCI, 5 mM MgCI2, 20 mM Tricine-HCL (pH 7.5), 1 mM 1,4-dithiothreitol
(DTT), 0.15 mM spermine, 0.5 mM spermidine, 1x EDTA-free protease inhibitor (Roche), and 60 U/mL RNasin® Plus Rnase Inhibitor
(Promega) per 0.5 mg of tissue, then added 0.35 % Igepal CA-630 (Sigma) and left on ice for 5 min followed by further douncing 5x
with the tight pestle. The homogenate was filtered through a 100 um CellTrics filter unit (Sysmex Deutschland) and spun down at 600g
for 10 min at 4 °C. The pellet was resuspended in 9x high sucrose buffer (HSB; same as LSB, but with 2 M sucrose) and centrifuged at
15,0009 for 15 min at 4 °C. The nuclei pellet was subsequently resuspended in wash buffer (LSB with 0.35 % Igepal) and an aliquot of
whole liver nuclei was kept on ice for later analyses. Pre-clearing of nuclei (15 million nuclei per HEP-INTACT mouse) was done by
incubating with 20 pL of Protein G Dynabeads (Life Technologies) for 15 min. After magnetic removal of the beads, the solution was
incubated with 3 ng of rabbit monoclonal anti-GFP antibody (Life Technologies) for 30 min. Then 80 uL of Dynabeads was added and
the solution was incubated for an additional 20 min. Bead-bound nuclei were washed 3x in 2 mL wash buffer (without RNasin) using a
magnet. All steps were performed on ice or in the cold room (4 °C) and all incubations were carried out using an end-to-end rotator.
For determination of the fraction of GFP+ nuclei in livers of control and NASH mice, 100-200 nuclei obtained from whole livers were
counted using a fluorescence microscope, calculating the ratio between GFP+ and DAPI-stained nuclei.

Serum and liver metabolite measurements

Blood levels of glucose were determined directly via blood from the tail vein using an automatic glucose monitor ACCU-Chek
(Roche). Alanine aminotransferase (ALT) and AST activity as well as concentration of albumin, cholesterol, low-density lipoprotein
(LDL), high-density lipoprotein (HDL), and triacylglycerol (TG) were measured in serum using the relevant assays on a 480U Chemistry
Analyzer (Beckmann Coulter). For measurement of AST activity in plasma an AST Activity Assay Kit was used (Sigma Aldrich) and for
quantification of serum osteopontin (OPN) a mouse/rat OPN Quantikine ELISA kit (R&D systems) was used. For detection of liver hy-
droxyproline content, approximately 50 mg of liver tissue was completely hydrolyzed in 6 M HCI at 95 °C for 20 hrs in a thermoblock
and subsequently centrifuged for 10 min at 13,000g. The supernatant was diluted with H,O to a final concentration of 4 M HCI and
then used for measuring the concentration of hydroxyproline residues with a Sensitive Tissue Collagen Assay (Quickzyme) in accor-
dance with manufacturer’s recommendations. The hydroxyproline content was normalized to mg wet tissue weight.
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Histology

Excised liver samples were fixed in 4 % (w/v) neutrally buffered formalin, embedded in paraffin and cut into 3 um consecutive slices
for haematoxylin and eosin (H&E) and Sirius red staining as well as staining of cleaved caspase-3. Immunohistochemical stainings
were performed under standardized conditions on a Discovery XT automated stainer (Ventana Medical Systems) using monoclonal
rabbit anti-cleaved caspase-3 (1:250, Cell Signaling Technologies) as a primary antibody and goat anti-rabbit, biotinylated (1:750)
(Vector Laboratories) as secondary antibody. Signal detection was conducted using the Discovery® DAB Map Kit (Ventana Medical
Systems). For F4/80 immunoreactivity, 12 pm sections of snap frozen liver tissue were fixed for 5 min in 4 % (w/v) neutrally buffered
formalin before staining with monoclonal rat anti-F4/80 (1:200, Abcam) and detecting with Dylight 550-conjugated goat anti-rat
(1:100, Thermo Fisher Scientific). Nuclei were counterstained with Hoechst 33342 (Thermo Fisher Scientific). For the F4/80 immunos-
tainings, 2-3 samples in each group were excluded due to insufficient sample quality. The stained tissue sections were scanned with
an AxioScan.Z1 digital slide scanner (Zeiss) equipped with a 20x magnification objective.

Automated digital image analyses

Automated digital image analyses (Definiens Developer XD 2, Definiens AG) were used for evaluation of stained liver sections as pre-
viously described (Feuchtinger et al., 2015; Sachs et al., 2021). Quantification of the lipid amount was morphometrically determined
on H&E-stained liver sections. The calculated parameter was the percentage of surface area considered as lipid vacuoles, divided by
the surface area of the entire analyzed liver tissue for each sample. Additionally, the degree of fibrosis was digitally determined and
defined as the percentage of Sirius red positive stained tissue area per total analyzed liver tissue area. For the F4/80 stainings, the
number of F4/80 positive cells per mm? liver tissue was digitally determined.

Quantification of inflammation and apoptosis

The number of inflammatory foci and cleaved caspase-3-positive hepatocytes were counted manually in fields at 20x magnification
with 5-10 fields of systematically sliding views per case. An inflammatory focus was defined by the presence of > 4 mononuclear cells
in the H&E-stained section profiles in close proximity inside the hepatic parenchyma.

Preparation of nuclear protein lysates

100-300 mg of liver tissue was carefully minced followed by dounce homogenizing using 10-20x loose pestle and 10x tight pestle in
4 mL LSB with 0.2 % Igepal CA-630 (Sigma). The homogenate was filtered through a 70 um mesh and spun down at 500g for 10 min at
4°C. The nuclei pellet was resuspended in 9x HSB, centrifuged at 15,0009 for 15 min at 4 °C and washed one time in LSB. To extract
the nuclear proteins, pellets was resuspended in 50 pL of LSB followed by addition of an equal volume of NUN buffer (Tricine-HCL (pH
8), 2M urea, 600 mM NaCl, 1 mM DTT, 1x EDTA-free protease) and incubated on ice for 30 min. Finally, the nuclear extract was spun
at 16,0009 for 20 min at 4 °C and protein concentration was determined using the BCA assay (Thermo Fisher Scientific).

Targeted nuclear proteomics

Nuclear lysates (~10 pg of protein) were treated in denaturing buffer (8 M guanidine hydrochloride in 25 mM ammonium bio-
carbonate) at 95 °C for 5 min. On-bead protein aggregation (Batth et al., 2019) was induced using magnetic HILIC beads (ReSyn Bio-
sciences (Pty) Ltd.), 70 % (v/v) acetonitrile (ACN) and 30 min of incubation with shaking at room temperature. Bead bound protein
aggregates were retained using a magnet and the supernatant was removed before washing once with pure ACN and once with
70 % (v/v) ethanol. Protein aggregates were diluted in 100 uL of 50 mM ammonium bicarbonate, reduced with 2 mM DTT for
30 min and alkylated with 11 mM chloracetamide for 30 min in the dark. Following proteolytic digestion with 1:200 of LysC (Wako)
for 1 hour at 37 °C, samples were digested with 1:100 of trypsin (Promega) overnight at 37 °C, and subsequently oxidized using
0.05 % (v/v) hydrogen peroxide. After acidification with trifluoroacetic acid, samples were desalted on C18 StageTips, eluates
were vacuum-dried in a speed-vac and resuspended in 10 pL of 0.5 % (v/v) acetic acid.

Unigue peptide sequences from ELF3 (Q3UPW?2) and GLIS2 (Q8VDLY9) to be targeted using parallel reaction monitoring (PRM)-
mass spectrometry (Peterson et al., 2012) were selected based on a combination of previous mass spectrometric results registered
in the PeptideAtlas (http://www.peptideatlas.org), PABST peptide rankings, and general recommendations for selecting peptides
(Lange et al., 2008). Synthetic peptides were purchased from Synpeptide Co., Ltd (Shanghai, China) with heavy-isotope labelling
of the C-terminal amino acid, being either arginine +10 Da or lysine +8 Da. Synthetic peptides were dissolved in varying concentra-
tions of ACN, pooled together in equimolar amounts, and diluted 1:100 in 50 mM ammonium bicarbonate to reduce the concentration
of ACN. Peptides were prepared by reduction, alkylation, oxidization, acidification, desalting, vacuum-drying, and resuspension, as
described above. Approximately 0.5 ug of digested nuclear protein extract was loaded along with 1 picomol of synthetic peptides
onto an LC-MS/MS system consisting in an Exploris 480 Mass Spectrometer (Thermo Fischer Scientific), coupled with an EASY-
nLC 1000 (Thermo Fischer Scientific). Reverse phase (RP) chromatography was performed on a 20-cm analytical column, packed
in house with ReproSil Pur C15-AQ 1.9 um resin (Dr Maisch GmbH). The nano-HPLC was operating with an ACN/water solvent
system containing 0.5 % acetic acid at a flow rate of 0.25 uL per min. Peptide RP separation was achieved using a step-gradient
from 4 to 8 % ACN for 7 min, followed by a slow gradient to 30 % ACN for 86 min, a ramp to 55 % ACN for 25 min and a
plateau of 80 % ACN for 5 min. A PRM inclusion list containing the mass over charge (m/z) of the peptides used for quantitation
in their heavy (synthetic) and light (endogenous) forms was uploaded in the Exploris 480 PRM method editor. After a full MS survey
scan from 350 to 1500 m/z, at 60,000 resolution, with a maximum injection time of 50 ms and normalized automatic gain control (AGC)
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target of 300 %, the MS/MS spectra of the target peptides were acquired in unscheduled PRM mode, using a resolution of 60,000,
quadrupole isolation window of 1.6 Da, HCD collision energy of 30 % and an AGC target of 200 % with a maximum injection time
of 110 ms.

Data analysis was performed, as previously described (Sanchez-Quiles et al., 2017), using Skyline™ 20.2.0.343 software (MaclLean
et al., 2010) with minor modifications. Briefly, after building a spectral library using MaxQuant v.1.6.2.3 (Cox and Mann, 2008), PRM
acquired raw files were imported in Skyline software with MS1 and MS/MS filtering resolving power set to 60,000 and mass analyzer
as Orbitrap. MS/MS filtering was set as targeted, and retention time filtering was set to include all matching scans. In peptide settings,
carbamidomethyl cysteine and oxidation of methionine was set as fixed and variable modification, respectively. After using the reten-
tion time and fragmentation patterns of the synthetic peptides as a reference, MS/MS area fragment values relative to 3 — 5 fragment
ions for each of the ELF3 and GLIS2 endogenous peptides were used for quantitation and exported for statistical analysis. Raw quan-
titation values were normalized among different runs using the area under the curve of full MS total ion current measured in Thermo
Xcalibur v.4.4.16.14 (Thermo Fischer Scientific).

RNA isolation and quantitative PCR analysis

Liver tissue was homogenized directly in TRIzol using a Tissuelyzer Il (Qiagen). Whole liver nuclei and bead-bound nuclei prepared
from INTACT mice were directly resuspended in TRIzol. RNA purification was performed using EconoSpin columns (Epoch) with on-
column DNase digestion (Qiagen) and cDNA was transcribed using the QuantiTect Reverse Transcription Kit (Qiagen). gPCR was
conducted using SYBR™ Green PCR Master Mix (Life technologies, Darmstadt, Germany) and the reaction was performed using
the QuantStudio6 system (Life technologies, Darmstadt, Germany). gPCR expression data were normalized to Tbp expression.

RNA-seq library construction and sequencing

For RNA-seq of nuclei from INTACT mice, total RNA (50-100 ng) was prepared for sequencing using VAHTS Stranded mRNA-seq
Library Kit for lllumina (Vazyme) following manufacturer’s recommendations, except that no selection for poly-adenylated RNA
was applied. For RNA-seq of whole livers, libraries were constructed using the NEBNext Ultra RNA Library Prep Kit for lllumina
(NEB) or Truseq Stranded mRNA (lllumina) following manufacturers’ protocols. The prepared libraries were paired end sequenced
(2x 50 bp) on the HiSeq 4000 or NovaSeq 6000 platform (lllumina).

ATAC-seq library construction and sequencing

Approximately 25,000 bead-bound nuclei from INTACT animals were transposed in a 50 pL volume of 1x TTBL buffer and 3.5 uL TTE
Mix V50 (TruePrep™ DNA Library Prep Kit V2 for lllumina, Vazyme) for 30 min at 37 °C. Fragmented genomic DNA was recovered
using Buffer ERC coupled with MinElute spin column purification (Qiagen). Transposed genomic DNA was amplified by 12 cycles
of quantitative PCR. Amplified DNA was purified and size-selected on AMPure XP beads (Beckman), analyzed on an Agilent Bio-
analyzer, and sequenced (paired-end) on the lllumina HiSeq 4000 platform.

Processing and analyses of RNA-seq data

For RNA-seq libraries, the STAR aligner (v2.4.2a) (Dobin et al., 2013) was used for split-read alignment against the mouse genome
assembly mm10 and UCSC knownGene annotation. Quantification of the number of mapped reads of each gene was performed
using iRNA-seq (v1.1) (Madsen et al., 2015) specifying the "-count gene" option. DESeqg2 (v1.24.0) (Love et al., 2014) was used to
determine differential gene expression (P,q; < 0.001, pairwise comparison) between the experimental conditions in one or both
NASH models with “independentFiltering” set as FALSE. Whole liver nuclei-specific genes were filtered away from the gene list
before further analyses and a set of non-regulated genes were defined as having P,q; > 0.2 in all pairwise comparisons. All genes
regulated between one or more of the conditions were subjected to k-means clustering using 5 clusters and the “average” clustering
method. Functional enrichment analyses of genes were performed with GO-seq (v1.36.0) (Young et al., 2010) using KEGG PATHWAY
database collection (Kanehisa et al., 2019) excluding KEGG pathways under human diseases (i.e., 05XXX).

NicheNet ligand activity & secretome analyses

To explore the signaling from NPCs to hepatocytes in NASH, we first defined a set of potentially active ligands in the NPC population.
For this, single cell gene expression data from LM, LEC, and HSC of mice with carbon tetrachloride (CCl,)-induced liver fibrosis was
used (Terkelsen et al., 2020) only considering genes expressed in at least 5 % of the cells in the defined cluster of the particular cell
type. NASH-induced NPC ligands were selected as being induced in one or more of the cell types at one or more time points during
CCly-induced fibrosis (Veh vs CClowi/ CClawi, P < 1€, Wilcoxon Rank Sum test) as well as being induced in whole liver of the FPC
and CDAHFD NASH models (Paqj < 0.1, control vs advanced NASH). Database information on ligand-receptor interactions was
downloaded from https://zenodo.org/record/3260758/files/Ir_network.rds and all NASH-induced NPC ligands for which at least
one hepatocyte receptor was expressed (average mean expression over all conditions > 1tag/kb) was considered for further ana-
lyses. NicheNet (v0.1.0) (Browaeys et al., 2020) was used to rank the ligands based on how well they predicted if a gene belonged
to a gene set of interest compared to a background gene set. The gene set of interest in hepatocytes was defined as genes selectively
induced in advanced NASH in both our NASH mouse models (P,q; < 0.1, control and mild NASH vs advanced NASH) contained in
RNA-seq cluster 4 or 5 and belonging to one or more of the following KEGG gene sets: cell cycle (mmu04110), MAPK signaling
pathway (mmu04010), focal adhesion (mmu04510), and ECM-receptor interaction (mmu04512). As a background gene list, all other
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genes expressed in the hepatocyte population (average mean expression over all conditions > 1tag/kb) was used. Ligand activity
scores were calculated as the Pearson correlation coefficient between the ligand-target regulatory potential scores of each selected
ligand and the target indicator vector, which indicated whether a gene belonged to the gene set of interest or not. For the ligands with
highest ligand activity, a ligand-receptor potential score was calculated that reflected the weight of the interaction between the ligand
and receptor in the weighted ligand signaling network downloaded from https://zenodo.org/record/3260758/files/weighted_
networks.rds. For the NASH-induced NPC ligands, the most prominent hepatocyte target genes were selected based on the regu-
latory potential score if they belonged to the gene set of interest and to the 400 most strongly predicted targets of at least one of the
ligands. Ligand-target gene and ligand-receptor interactions were displayed in a circle plot using the R-package ‘circlize’ (v0.4.9) (Gu
et al., 2014). For visualization purposes, interaction links belonging to the 66 % of lowest scores were removed.

To explore the signaling from hepatocytes to NPCs in NASH, we performed NicheNet analyses essentially as described above.
From a comprehensive mouse secretome gene database (Xiong et al., 2019a), we compiled a set of putative hepatokines selective
induced in advanced NASH in both our NASH mouse models (P.q; < 0.1, control or mild NASH vs advanced NASH). The gene set of
interest in NPCs was defined as genes regulated in one or more cell types of mice with CCls-induced NASH using Seurat (v2.3.4)
FindMarkers (Butler et al., 2018) between the vehicle condition and 4 wks of CCl, treatment with default settings (i.e., identifying
differentially expressed genes between the two groups using the Wilcoxon Rank Sum test and a log, fold change threshold of
0.25). Furthermore, the NPC gene set of interest was confirmed to be induced in whole livers with advanced NASH in both our
NASH mouse models (P5q; < 0.1, control or mild NASH vs advanced NASH). The background list of genes expressed in NPCs
was defined as genes expressed in at least 5 % of the defined cluster of one or more cell types. Interactions between the top 10
prioritized hepatokines and the most prominent target genes belonging to the gene set of interest and to the 2000 most strongly pre-
dicted targets of at least one of the ligands were displayed in a circle plot. We also displayed the interactions between the top prior-
itized hepatokines and their target NPC receptors assigned to a given cell type if the gene encoding the receptor was expressed in at
least 5 % of the defined cluster of the particular cell type.

Processing and analyses of ATAC-seq data

Sequence tags from ATAC-seq libraries were aligned to the mm10 using the BWA aligner (v0.7.5a-r405) (Li and Durbin, 2009). Post-
alignment processing of reads was performed with Samtools (v0.1.19-44428cd) (Li et al., 2009) by removing duplicate reads and se-
lecting for high quality reads using Samtools view using the following settings ”-b -h -f 1 -F 4 -F 8 -F 256 -F 2048 -q 30”. Furthermore,
only reads with a fragment length < 100 bp were kept for further analyses corresponding to the reads located in nucleosome-free
regions. ATAC seq peaks were identified, annotated and tags in peaks were counted using HOMER (v4.10) (Heinz et al., 2010).
For visualization purposes, the individual tag directories of one condition were merged into one combined tag directory and bed-
graphs were generated using HOMER makeUCSCfile specifying ‘-fragLength 70’ and ‘-fsize 20e’. For identification of ATAC-seq
peaks, peaks were called in each library with HOMER findPeaks using the following settings: ‘peaks’, ‘-fragLength 70’, ‘-style factor’,
‘-minDist 140’, ‘-size 70’. For all peak files, overlapping peaks were merged and collected in one master peak file. Tags were then
counted in a 200 bp window around the peak centers for each individual library in the master peak file. From this peak file mitochon-
drial peaks were removed, and high confident peaks were identified as having at least 15 tags per 200 bp window for all 3-4 replicates
in at least one of the conditions. A similarity heatmap of all conditions was generated by correlating the ATAC-seq tag count for all
identified ATAC-seq sites (i.e., 68,827 sites) using the Spearman correlation coefficient. Dynamic enhancers were identified using
DESeq2 as ATAC-seq peaks being regulated (P,q; < 0.001, pairwise comparison) in one or more experimental conditions in one
or both NASH mouse models with “independentFiltering” set as FALSE. For separation of hepatocyte peaks into superenhancers
(SE) and typical enhancers (TE) identified in the control condition, individual tag directories from all control conditions were combined
into one and HOMER findPeaks was used specifying the -style super and -typical options. The same strategy was applied for iden-
tifying NASH-associated SE using combined tag directories from the advanced NASH conditions. SE and TE were annotated to the
nearest expressed gene (i.e., genes with a replicate average of fragments per kilobase per million mapped fragments > 0.5 in at least
one of the conditions) and the log2FC in expression between the advanced NASH and control conditions for SE- and TE-associated
genes was examined.

TF motif activity, target sites and genes

The relative contribution of TF motifs to enhancer activity and gene expression in a given condition was computed using IMAGE (v1.1)
(Madsen et al., 2018) that applies a motif response analyses approach to integrate enhancer (ATAC-seq) and gene expression (RNA-
seq) data. Thus, the activity of a particular motif for a given sample was calculated by estimating the average contribution of that motif
to the activity of all identified enhancers. Motifs predicted to be causal (score 1 or 2) by IMAGE was tested for differential motif activity
(Paqj < 0.01) between the advanced NASH state and the control and/or mild NASH state in one or both NASH mouse models using an
unpaired, two-tailed student t-test corrected by the Benjamini-Hochberg method. Putative key regulators of NASH were identified
using the top 25 motifs with highest motif activity in the advanced NASH state (averaged over both NASH mouse models). From this
list, top 10 putative regulators were selected as being the TFs with the highest gain in motif activity from the mild NASH to the
advanced NASH state (averaged over both NASH mouse models) that also displayed higher motif activity in the advanced NASH
vs control condition. For the top predicted NASH-activated TFs, putative target sites (TS) were defined based on the ATAC-seq
data from control and NASH mouse livers and the computational predictions made in IMAGE (Madsen et al., 2018). For JUN, the
predicted TS were validated by calculating the similarity between the predicted peak set and the comprehensive collection of TF
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sequencing data from the Cistrome Data Browser (CistromeDB) using the GIGGLE score (Layer et al., 2018) via the CistromeDB tool-
kit (http://dbtoolkit.cistrome.org/). The enrichment of TS in dynamic enhancers specifically regulated in the advanced NASH condi-
tion in comparison to non-dynamic enhancers for an increasing number of the key regulatory TFs was calculated, essentially as pre-

TS in E_NASH_Dyn
Size(E_NASH_Dyn)

viously described (Rauch et al., 2019): Enrichmentrs = l09>—s7mmme— Where E_NASH_Dyn denoted the group of dynamic

Size(nonDynE)
enhancers in advanced NASH and nonDynE was non-dynamic enhancer sites (i.e., ATAC-seq sites that did not change accessibility
during NASH progression). The log2FC in accessibility of all predicted TS (advanced NASH vs the control condition) for an increasing
number of the NASH-activated TFs was evaluated.

For the top predicted TFs, putative target genes (TG) were identified using IMAGE and it was evaluated if the TFs cooperated in
regulating the TG from distinct RNA-seq clusters over random. This was done by calculating the enrichment of IMAGE-predicted
TG (and non-regulated genes) in the 5 RNA-seq k-means clusters, essentially as previously described (Rauch et al., 2019):

Enrichmentrg = 1092% for an increasing number of the predicted key TFs in comparison to a random distribution.
£3

Size(all expressed genes)

Furthermore, the log2FC in expression of TG (advanced NASH vs the control condition) belonging to the RNA-seq cluster 5 for an
increasing number of assigned regulatory TFs was evaluated. To further explore the TG of the top predicted regulatory TFs, BETA
(Wang et al., 2013) (34) was used to score TG using either mouse INTACT ATAC-seq data or publicly available ChlP-seq data gener-
ated in the human HCC cell line, HEPG2, from CistromeDB.

The motif activity of the regulatory TFs in human liver biopsies was evaluated using ‘integrated system for motif activity response
analysis’ (ISMARA) that estimates motif activity in gene promoter-proximal regions based on input expression data (Balwierz et al.,
2014). For this, raw microarray CEL files retrieved from GSE48452 (Ahrens et al., 2013) and GSE49541 (Moylan et al., 2014) was used.
We grouped individuals in each study into two groups based on the NASH diagnosis, NAS score and/or fibrosis score. The individuals
from GSE48452 were assigned to the control group if they were diagnosed as control or healthy obese and had NAS and fibrosis
scores = 0. Alternatively, they were assigned to the NASH group if diagnosed with NASH and had a NAS score > 3 and a fibrosis
score > 1. For individuals from GSE49541, the control group contained 40 individuals diagnosed with mild fibrosis that had a fibrosis
score < 1, whereas the advanced fibrosis group contained 32 individuals diagnosed with advanced NASH that had a fibrosis
score > 3.

Bioinformatics analyses of EIf3 and Glis2 KD

DESeq?2 was used to identify genes regulated by FPC feeding (P,q; < 0.01, FPC miRNA-NC group vs Control miRNA-NC group) that
additionally were regulated by one or both of the KD conditions (P,qj < 0.01, FPC miRNA-NC group vs FPC miRNA-KD). This set of
genes was subjected to k-means clustering using the “average” clustering method. The effect of E/f3 and Glis2 KD on NASH-induced
apoptosis-associated gene expression was evaluated on genes contained in the KEGG apoptotic pathway (mmu04210) significantly
induced (P5g; < 0.01, logo,FC > 1) by FPC feeding. For testing the impact of E/f3 and Glis2 KD on inflammatory subpopulations, a panel
of marker genes for inflammatory cellular subpopulations was obtained that had been assigned based on CITE-seq of CD45+
immune cells in the livers of mice with MAFLD (Remmerie et al., 2020).

The enrichment of IMAGE-predicted ELF3 and GLIS2 TS was determined as the number of TS per gene within different distances
from the transcription start site (TSS; 10-100 kb) of FPC-regulated, KD-affected genes relative to the number of TS per gene of all
expressed hepatocyte genes. The odds ratio was used to evaluate the significance of overlap between predicted ELF3 and
GLIS2 TG with FPC-regulated, KD-affected genes. To evaluate the crosstalk between hepatocytes with loss of ELF3 or GLIS2
and HSC, a set of NASH-induced hepatokines significantly modulated by EIf3 and/or Glis2 KD (P.q; < 0.1, FPC miRNA-NC vs
FPC miRNA-KD) was identified. The target gene set of interest in HSC was defined as significantly induced in HSC by CCl, treatment
(as determined above), significantly induced by FPC feeding (P.q; < 0.1, Control miRNA-NC vs FPC miRNA-NC) and significantly
repressed by Elf3 and/or Glis2 KD (P,qj; < 0.1, FPC miRNA-NC vs FPC miRNA-KD). NicheNet analyses was applied to calculate
the ligand-target gene regulatory potential scores for target genes belonging to the indicated gene set of interest that were among
the 2000 most strongly predicted targets of at least one of the top ligands.

Analyses of public datasets

Processed microarray and RNA-seq data was obtained from the NCBI GEO database and microarray data sets was analyzed using
GEO2R. All accession numbers for the public sequencing datasets are listed in the key resources table. Raw RNA-sequencing files
from Bama minipigs fed with control diet or with a high-fat, high-sucrose diet (Xia et al., 2014) were mapped to the Ss10 genome using
STAR with default parameters. HOMER’s analyzeRepeats.pl was used to quantify expression in annotated genes and DESeg2 was
used to determine log2FC. Human clinical data for patient group definitions and correlation analyses was obtained from GEO2R. For
correlation analyses of the data in GSE49541, individuals belonging to groups of mild and advanced fibrosis were assigned a score of
0.5 and 3.5, respectively. Lists of genes associated with broad H3K4me3 domains encompassing the transcriptional start site in
mouse livers specific to the liver (HEP) or in ubiquitously (UBQ) broad H3K4me3 domains was obtained from (Dubois et al., 2020)
and these were used to define a set of hepatocyte-selective identity genes by comparing with the RNA-seq data from HEP-INTACT
mice. Processed RNA-seq data of hepatocytes isolated from control mice and the 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-
treated liver injury model (Merrell et al., 2021) were used to evaluate the expression of NASH-regulated genes in control hepatocytes
as well as DDC-injured (YFP+/EPCAM- cells) and DCC-reprogrammed (YFP+/EPCAM+) hepatocytes. Lists of regulated proteins in
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control versus NASH mice was downloaded from (Xiong et al., 2019b) and were used to investigate the overlap with proteins encoded
by hepatocyte identity genes. Processed proteomics data of liver biopsies obtained from individuals diagnosed with alcoholic stea-
tohepatitis spanning the full range of fibrosis grades (FO to F4) was obtained from (Niu et al., 2020) and was used to select proteins
that were significantly regulated during fibrosis development. This protein list was merged with proteins predicted to be expressed in
hepatocytes (based on the HEP-INTACT RNA-seq data) and the enrichment of proteins encoded by hepatocyte identity genes
among proteins with higher or lower mean intensity in both the F4 vs FO stage and F3 vs FO stage was evaluated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism (version 9.1.0, Graphpad) or the statical software R (3.6.2). Further details (including
statistical tests and definitions of centers and dispersion) are available in the figure legends. Unless stated otherwise, all bar plots
show data as mean + standard error mean (SEM) and box plots depict the first and third quartiles as the lower and upper bounds
of the box, with a thicker band inside the box showing the median value. Whiskers in boxplot indicate either min-to-max with all
data-point shown or 1.5x the interquartile range (IQR) as indicated. Normal distribution of experimental groups at the 0.05 level
was evaluated using the D’Agostino-Pearson omnibus normality test and statistically significant outliers was identified using the
ROUT method (Q = 1 %). Statistical difference between one comparison of two experimental conditions was determined using a
two-tailed, unpaired t-test or a nonparametric, two-sided Wilcoxon-Mann-Whitney test, as indicated. P values obtained from mul-
tiple t-tests were corrected using the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, using an FDR cutoff <
5%. A non-parametric, one-sample Wilcoxon signed rank test was used to determine if the median of a sample was different from O.
One-way analysis of variance (ANOVA) was used to determine if there were statistically significant differences between three or more
independent groups if the data was normally distributed, or alternatively a Kruskal-Wallis one-way analysis was applied if the data
was not normally distributed. A two-way ANOVA was used to determine significant differences between groups that had been split on
two independent variables. In all these cases, the criterion for statistical significance was p < 0.05. In post-hoc analyses, p values
were corrected for multiple testing according to Tukey, Dunnett, Sidak or by controlling the FDR via the two-stage linear step-up
method, as indicated. To investigate the significance of overlap between gene groups, the Fisher’s Exact Test was used for deter-
mination of the p values, the odds ratio and the 95% confidence interval. When using GO-seq for functional enrichment analyses, the
obtained p values were corrected for multiple testing using the Benjamini-Hochberg method. No power calculations were used to
predetermine sample sizes.
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