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Aberrant liver fibrosis is frequently observed in and contributes to the pathogenesis of end-stage liver diseases
including cirrhosis and hepatocellular carcinoma. Hepatic stellate cells (HSCs) trans-differentiate into ECM-
producing myofibroblasts to mediate liver fibrosis. In the present study we investigated the role of sterol

MyOﬁbr.Ob.laSt . response element binding protein 2 (SREBP2) in this process focusing on epigenetic mechanism and translational
Transcriptional regulation P &P P 8 P1g
Metabolzepigenetis potential. We report that HSC-specific deletion or myofibroblast-restricted SREBP2 depletion attenuated liver

fibrosis in mice. Integrated transcriptomic analysis combining RNA-seq and CUT&Tag-seq identified acyl-
coenzyme A synthetase short-chain family member 2 (ACSS2) as a novel SREBP2 target; SREBP2 directly
bound to the ACSS2 promoter to activate ACSS2 transcription. Over-expression of ectopic ACSS2 partially
rescued the deficiency of HSC-myofibroblast transition when SREBP2 was depleted. In contrast, ACSS2 deletion
in HSCs or myofibroblasts ameliorated liver fibrosis in mice. Mechanistically, SREBP2-dependent ACSS2 trans-
activation stimulated histone H3K9/H3K27 acetylation necessary for the expression of pro-fibrogenic genes in
HSCs. Importantly, a small-molecule ACSS2 inhibitor (ACSS2i) mitigated liver fibrosis in mice. Finally, relevance
of the SREBP2-ACSS2 axis was validated in biopsy specimens from patients with chronic liver disease. In
conclusion, our data uncover a previously unappreciated role for SREBP2 in HSC activation and provide proof-of-
concept for targeting ACSS2 in the intervention of liver fibrosis.

1. Introduction

Chronic liver disease (CLD) represents a major health burden with a
mortality rate comparable to other forms of chronic diseases (e.g,
metabolic disease, respiratory disease, and cardiovascular disease) [1].
Grossly under-diagnosed, CLD affects over 1.5 billion individuals
worldwide with approximately 2 million premature deaths annually [2].
CLD prevalence is projected to increase in the next decade largely due to

an aging global population and ongoing epidemics of obesity and dia-
betes [3-5]. CLD is pathologically characterized by persistent liver
parenchymal injury, low-magnitude chronic inflammation, and aberrant
liver fibrosis [6]. Widely perceived as host defense mechanism, liver
fibrosis, when promptly initiated and timely terminated, serves to
safeguard the liver from injuries. However, persistent injurious stimuli,
as often associated with CLD, lead to dysregulation of liver fibrosis that
ultimately disrupts normal hepatic anatomy and interferes with liver
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function accelerating CLD pathogenesis. No curative pharmacotherapy
is currently available for liver fibrosis.

Regardless of etiology, myofibroblasts, a pool of specialized cells that
are highly migraproliferative, contractile, and synthetic (i.e., capable of
producing extracellular matrix proteins), represent the bona fide medi-
ator of liver fibrosis [7]. The transient nature of myofibroblasts, rapid
emergence following liver injury and taciturn exit when liver fibrosis is
resolved, fueled the interest of those who work in the field to define their
origin(s). It was proposed, over the course of several decades, that
epithelial cells, endothelial cells, and myeloid cells, might give rise to
the ECM-producing myofibroblasts in liver fibrosis [8]. The discovery by
the Schwabe laboratory that hepatic stellate cells (HSCs), the lipid-laden
cells tucked between the liver parenchyme and the liver sinusoid under
physiological conditions, constitute the predominant, if not exclusive,
source from which mature myofibroblasts are derived marks an
important milestone [9]. In the same pioneering study it has also been
demonstrated that HSCs can be faithfully labeled with and reliably
traced by lecithin retinol acyltransferase (Lrat); the Lrat-Cre driver has
since become an essential genetic tool for the investigation of liver
fibrosis. When quiescent HSCs trans-differentiate into myofibroblasts
simultaneous transcriptomic and metabolic reprogramming has been
documented [10]. These two processes are intimately inter-entangled:
expression levels of metabolic enzymes are often altered at the tran-
scriptional level whereas metabolites contribute to transcriptional
regulation. For instance, a recent study by Rho et al has shown that
hexokinase 2 (HK2) orchestrates dynamic histone lactylation by cata-
lyzing lactate biosynthesis to promote HSC-myofibroblast transition and
liver fibrosis [11].

Sterol regulatory element binding protein (SREBP) family of tran-
scription factors, consisting of SREBP1a, SREBP1c, and SREBP2, are
considered master regulator of de novo lipogenesis [12]. Although it is
abundantly clear that SREBP proteins can potentially contribute to CLD
by accelerating lipid synthesis in hepatocytes, whether they are able to
regulate HSC activation and hence liver fibrosis remains inconclusive.
For instance, global deletion of SREBP1c has been shown to protect the
mice from CClg-induced liver fibrosis that can be attributed to down-
regulation of lipocalin-2 in hepatocytes [13]. In contrast, hepatocyte-
specific deletion of SCAP, a molecular chaperone required for SREBP
activation, exacerbates liver fibrosis in PTEN-null mice, which could be
rescued by SREBP1a over-expression [14]. Tomika et al have previously
proposed that SREBP2-dependent cholesterol synthesis sensitizes HSCs
to TGF- indicating that SREBP2 might play a pro-fibrogenic role in the
liver [15]. According to Kong et al, however, SREBP2 knockdown in
primary murine HSCs up-regulates the expression of myofibroblast
markers [16]. It should be noted that none of these studies have pro-
vided compelling in vivo evidence that links an HSC-autonomous SREBP
role to liver fibrosis. Of interest, Zhao et al have recently reported that
myofibroblast-specific SREBP2 depletion attenuates myocardial fibrosis
in animal models of ischemic and non-ischemic cardiomyopathy [17].
Intrigued by this observation, we asked whether HSC/myofibroblast-
restricted manipulation of SREBP2 would influence liver fibrosis. Our
data as presented here suggest that HSC-autonomous SREBP2 promotes
liver fibrosis by enabling acetyl-CoA biosynthesis.

2. Methods
2.1. Animals

All animal protocols were reviewed and approved by the intramural
China Pharmaceutical University Committee on Ethical Treatment of
Experimental Animals (IACUC-2109023). Liver fibrosis was induced in
6-8 week-old male mice as previously described [18] using one of the
two following protocols: 1) the mice were subjected to bile duct ligation
(BDL) or the sham procedure for 2 weeks; 2) the mice were injected with
carbon tetrachloride (CCly, 1.0 ml/kg body weight as 50% vol/vol) or
corn oil thrice a week for 4 weeks. Sreprf/ f mice were generated by
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inserting LoxP sites to flank exon 2 and exon 3 of the Srebp2 gene. Acss2"
f mice were generated by inserting LoxP sites to flank exon 3 and exon 7
of the Acss2 gene. HSC conditional SREBP2 and ACSS2 knockout mice
were generated by crossing the Srebp2”f mice and the Acss2"! mice,
respectively, to the Lrat-Cre mice as previously described [19,20]. Re-
combinant adeno-associated virus 6 (AAV6) [21] carrying shRNA tar-
geting SREBP2  (CUGGUACGCUGGUUACUCATT) or ACSS2
(UGAUGUGACUAAAGGGAAATT) downstream of the Postn promoter
[22] was injected into C57BL/6 J mice intravenously (i.v.) at a dose of 1
x 10 vg. In certain experiments, the mice were injected with a small-
molecule ACSS2 inhibitor (ACSS2i, TargetMol, 2711039-08-4) perito-
neally at a dose of 5 mg/kg every other day.

2.2. Cell culture

Human immortalized hepatic stellate cells (LX-2, ATCC) were
maintained in DMEM supplemented with 2% FBS. Human primary HSCs
(aHSCs) were purchased from Lonza (Cat#: HUCLS-200 K). Primary
hepatic stellate cells were isolated and maintained as previously
described [23]. Small interfering RNAs were purchased from Dharma-
con. ACSS2 promoter-luciferase construct was generated by amplifying
genomic DNA spanning the proximal promoter and the first exon of
ACSS2 gene (—2000/+120) and ligating into a pGL4-basic vector
(Promega). Mutagenesis was performed using a QuikChange kit
(Thermo Fisher Scientific, Waltham, MA, United States) and verified by
direct sequencing. Transient transfections were performed with Lip-
ofectamine 2000. Luciferase activities were assayed 24-48 h after
transfection using a luciferase reporter assay system (Promega) as pre-
viously described [24].

2.3. RNA isolation and Real-time PCR

RNA was extracted with the RNeasy RNA isolation kit (Qiagen).
Reverse transcriptase reactions were performed using a SuperScript
First-strand Synthesis System (Invitrogen). Real-time PCR reactions
were performed on an ABI Prism 7500 system with the primers listed in
supplementary Table 1. Ct values of target genes were normalized to the
Ct values of housekeeping control gene (18 s, 5’-
CGCGGTTCTATTTTGTTGGT-3' and 5’-TCGTCTTCGAAACTCCGACT-3'
for both human and mouse genes) using the AACt method and expressed
as relative mRNA expression levels compared to the control group which
is arbitrarily set as 1. All experiments were performed in triplicate wells
and repeated three times. One representative experiment was shown in
the figures.

2.4. Protein extraction and Western blot

Whole cell lysates were obtained by re-suspending cell pellets in
RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100) with
freshly added protease inhibitor (Cat#: 11873580001, Roche) as pre-
viously described [25-27]. Antibodies used for Western blotting are
listed in the supplementary Table 2.

2.5. Statistical analysis

One-way ANOVA with post-hoc Scheff'e analyses were performed by
SPSS software (IBM SPSS v18.0, Chicago, IL, USA). Unless otherwise
specified, values of p<0.05 were considered statistically significant. The
assumptions of normality were checked using Shapiro-Wilks test and
equal variance was checked using Levene's test; both were satisfied.
3. Results

3.1. HSC-specific SREBP2 ablation attenuates liver fibrosis

In LX-2 cells, SREBP2 silencing by small interfering RNA (siRNA)
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abolished TGF-f induced HSC activation as evidenced by down-
regulation of myofibroblast markers, decreased cell proliferation,
weakened cell migration, and dampened cell contraction (Fig.S1).
Similar observations were made in primary human HSCs (aHSCs, Fig.
S2).

In order to define an HSC-specific and autonomous role for SREBP2
in liver fibrosis, the Srebp2”f mice were cross-bred with the Lrat-Cre to
generate a new strain harboring HSC conditional SREBP2 deletion
(SreprAHSC). When both the SreprAHSC mice and the control mice were
given CCly injection to induce liver fibrosis (Fig. 1A), it was discovered
that restricted SREBP2 deletion in HSCs apparently did not influence
liver injury because plasma ALT (Fig. 1B) and AST (Fig. 1C) levels were
comparable in these mice. Histopathological staining of paraffin sections
with PicroSirius Red (PSR) and Masson's Trichrome (MT) revealed a
significant reduction in ECM deposition in the Srebp2*HSC livers
compared to the control livers (Fig. 1D) suggesting that SREBP2 might
be essential for HSC activation in vivo. The essentiality of HSC-derived
SREBP2 in liver fibrosis was further verified by hydroxyproline quan-
tification (Fig. 1E) and gPCR measurements of myofibroblast markers in
the liver (Fig. 1F). In a second model in which the mice were subjected to
the BDL procedure to induce liver fibrosis, it was similarly revealed that
HSC-derived SREBP2 was required for liver fibrosis but not for liver
injury (Fig.S3).

To determine whether myofibroblast specific SREBP2 depletion
would achieve similar effects as described above, C57BL/6 J mice were
injected with CCl4 to induce liver fibrosis followed by intervention via
AAV6-mediated delivery of shRNA targeting SREPB2 (AAV-shSrebp2,
Fig. 1G). The AAV6 system is known to specific target hepatic myofi-
broblasts [21]. Indeed, qPCR (Fig.S4) confirmed that SREBP2 was
depleted in HSCs but left intact in other hepatic lineages in mice injected
with AAV-shSrebp2 compared to those injected with a control vector
(AAV-shC). Post-injury SREBP2 depletion in myofibroblasts did not
significantly alter plasma ALT (Fig. 1H) or AST (Fig. 1I) levels. H&E
staining showed that liver injury was comparable in the AAV-shSrebp2
mice and the AAV-shC mice whereas PSR/MT staining clearly demon-
strated that liver fibrosis was less extensive in the AAV-shSrebp2 mice
than the AAV-shC mice (Fig. 1J). Hydroxyproline quantification
(Fig. 1K) and qPCR measurements of myofibroblast expression levels
(Fig. 1L) provided corroborating evidence that SREBP2 silencing in
myofibroblasts led to amelioration of liver fibrosis in mice. These ob-
servations were replicated in the second model of liver fibrosis induced
by BDL surgery (Fig.S5). Taken together, these data suggest that SREBP2
might contribute to liver fibrosis by enabling the acquisition and
maintenance of myofibroblast phenotype.

3.2. Integrated transcriptomic analysis identifies novel SREBP2 targets in
HSCs

In order to explore the mechanism whereby SREBP2 might regulate
HSC activation, the following strategy was exploited. When RNA-seq
was performed to compare the transcriptome of LX-2 cells with or
without SREBP2 depletion, it was discovered that SREBP2 knockdown
markedly influenced gene expression (Fig. 2A). Overall, more than 3000
genes were differentially expressed in the absence of SREBP2 (Fig. 2B).
GO analysis of the differentially expression genes indicated that these
genes were mostly involved in regulating cell behaviors including
migration, proliferation, ECM synthesis, and response to external stim-
ulation (Fig. 2C). KEGG analysis confirmed that these genes were pre-
dominantly represented by classic pro-fibrogenic signaling pathways
(Fig. 2D). Next, genomewide SREBP2 binding patterns in activated HSCs
were evaluated by CUT&Tag-seq; as shown in Fig. 2E, strong and spe-
cific signals were detected by the anti-SREBP2 antibody. Approximately
25% of the SREBP2 peaks were localized to the promoter regions
(Fig. 2F). GO analysis (Fig. 2G) and KEGG (Fig. 2H) suggested that
although genes involved in steroid biosynthesis, the best characterized
functionality for SREBP2, was indeed enriched genes that regulate cell
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behaviors relevant to HSC activation and fibrogenesis were predomi-
nantly represented.

In order to identify direct SREBP2 targets that might mediate its pro-
fibrogenic effects a number of screening criteria were introduced for the
integrated analysis: for any gene to be considered as a bona fide pro-
fibrogenic SREBP2 target, it must be abundantly expressed in acti-
vated HSCs (mean RPKM>50), its expression must be significantly
down-regulated by SREBP2 depletion (3xfold change, p<0.05), and its
promoter must be occupied by SREBP2. Overall, 35 genes were found to
have met these criteria (Fig. 21, top 10 ranked by p values shown). We
focused on acyl-coenzyme A synthetase short-chain family member 2
(ACSS2) for the remainder of this study because (1) ACSS2 ranked near
the top of the list of potential SREBP2 targets and (2) being an enzyme
ACSS2 can be potentially manipulated with small-molecule inhibitors
and thus would be relatively easier for clinical translation (Fig. 2J).

3.3. SREBP2 activates ACSS2 transcription to promote HSC activation

The following experiments were performed to further authenticate
ACSS2 as an SREBP2 target and the relevance to HSC activation. ACSS2
expression was up-regulated in LX-2 cells by TGF-p treatment but down-
regulated by SREBP2 silencing (Fig. 3A, B). SREBP2 knockdown also
down-regulated ACSS2 expression in primary human HSCs (Fig. 3C, D).
In addition, primary HSCs isolated from the mice displayed lower ACSS2
expression than those from the WT mice (Fig. 3E, F). Lower ACSS2
expression was also detected in the liver tissues of the Srebp22H5€ mice
than the Srebp2"f mice following either CCly injection or BDL surgery
(Fig.S6). Finally, a decrease in ACSS2 expression was observed in the
liver tissues from the mice injected with the AAV-shSrebp2 compared to
those injected with AAV-shC following either CCls injection or BDL
surgery (Fig.S7). Of note, the effect of SREBP2 deletion on ACSS2
expression was only evident in HSCs but not in hepatocytes in both the
Srebp2°PC mice (Fig.S6) and in the AAV-shSrebp2 mice (Fig.S7) again
confirming that SREBP2 might be specifically deleted in HSCs or
myofibroblasts.

A conserved sterol regulatory element (SRE) was detected within the
proximal ACSS2 promoter per CUT&Tag-seq data (Fig. 2J). When a wild
type ACSS2 promoter-luciferase construct and one harboring mutated
SBE were transfected into LX-2 cells it was found that TGF-p augmented
the activity of the former but not the latter indicating the SREBP2
binding might be indispensable for ACSS2 trans-activation by TGF-f
stimulation in HSCs (Fig. 3G). Indeed, ChIP assay confirmed that
SREBP2 was recruited to the proximal ACSS2 promoter in response to
TGF-f treatment in LX-2 cells (Fig. 3H). SREBP2 binding to the Acss2
promoter was also detected in activated murine HSCs compared to
quiescent HSCs and in the fibrotic livers of mice compared to the normal
livers (Fig.S8).

To further demonstrate the functional relevance of SREBP2-
mediated ACSS2 trans-activation, SREBP2 was depleted in LX-2 cells
by siRNA followed by over-expression of an ectopic ACSS2 via adeno-
viral transduction; ACSS2 supplementation offset SREBP2 deficiency
and rescued the expression of myofibroblast markers (Fig. 3I), cell
proliferation (Fig. 3J), cell migration (Fig. 3K), and cell contraction
(Fig. 3L). Likewise, ACSS2 over-expression rescued the myofibroblast
phenotype in primary human HSCs in the absence of SREBP2 (Fig.S9).

3.4. Conditional ACSS2 deletion/depletion attenuates liver fibrosis in
mice

In order to affirm the regulatory role of ACSS2 in liver fibrosis, the
Acss2/f mice were cross-bred with the Lrat-Cre to achieve HSC condi-
tional ACSS2 deletion (AcssZAHSC); both the Acss2”f mice and the
Acss2215€ mice were then injected with CCly to induce liver fibrosis
(Fig. 4A). Compared to the control mice (Acsst/ f), the Acss2275C mice
displayed similar levels of plasma ALT (Fig. 4B) and plasma AST
(Fig. 4C) indicating that ACSS2 deficiency in HSCs likely did not



Y. Wang et al. Metabolism 179 (2026) 156597

CCl, injection Euthanize @ @ X']
° ° g
3 2 2
- = 2=
ow 4w - 7] =D
< < [=J
© © g E
: - &=
k] 8 o
o o 'g
0 = 0.
Srebp2" Srebp2sHsc Srebp2t Srebp2sHsc Srebp2ff Srebp2sHsc
D Masson’s
%. :
3 -1 N.S "
| S o
w < (] E o
- £ c —~
o0 %0 0§ E
»n 1. 7] 0 <
E [+4 © ~—
Q o cla n =0
7] 2 o o £
Y o 0. g 2 £ oo
P E 5 5%
g : .
g {0, 0. 0.0
® Srebp2' Srebp2:Hsc Srebp2™ Srebp2:Hsc Srebp2' Srebp2:Hsc

F G
® 1. 5 * = " 5 L 5 . 5 * © Srebp2™ CCl, injection Euthanize
[J [e) o * * Srebp2sHse
: |1 I ¥ % - LLLLLELLLLEL
£ % % ¥ ¥ T
4 ow 2w 4w
Mk N
S0 Y% d ol B -0 o AAV injection
3
‘."f pa—
°
n:o,_
Acta2 Postn Col1a1 Col1a2  Col3a1 Ctgf Lox Timp1
H [ K L oshc
shSrebp2 . N
1200 0. N 1. . 'S S - *
@ N.S. & % % P 5 * & g °
B oo oo § : R NP % &
s 8 s - z %
800 2 s O < 1
by B ts L £71¢8 « = B o
IS 600 25 S E‘ 0. e ° Cg
i =
£ 400 £ S=o. go ol X2 L
g g g g % T =
T 200 P 5 o041 s ~——
> (4
0 r o0s—nvr——ra"= ot
shC shSrebp2 shC shSrebp2 shC shSrebp2 Acta2 Postn Col1a1 Col1a2  Col3a1 Ctgf Timp1
H&E PicroSirius Red Masson’s
3 S g s | >/ L3
~1.5 N.S - 1] X
=) <
] < 3
<, £ =
[} [} =]
3ol L : o]
G £ P
2 g |
o £
g 0.5 2 g 0.
= ©
3 E
© 0.0

shC shSrebp2 shC shSrebp2 ’ shC shSrebp2

Fig. 1. Conditional SREBP2 deletion attenuates liver fibrosis in mice. (A-F) HSC conditional SREBP2 knockout mice and wild type mice were injected with CCl, to
induce liver fibrosis. Scheme of protocol (A). Plasma ALT levels (B). Plasma AST levels (C). PSR staining and Masson's staining (D). Hydroxyproline levels (E).
Myofibroblast markers were examined by qPCR (F). (G-L) C57BL/6 J mice were injected with CCl to induce liver fibrosis followed by injection with AAV-shSrebp2.
Scheme of protocol (G). Plasma ALT levels (H). Plasma AST levels (I). PSR staining and Masson's staining (J). Hydroxyproline levels (K). Myofibroblast markers were
examined by qPCR (L). N = 6-8 mice for each group. Data are expressed as mean + S.D. *, p<0.05, two-tailed student's test.



Metabolism 179 (2026) 156597

Y. Wang et al.
A B C Log (p value)
SISREBP? vs SCR 0 5 10 15 20 25
2000 1386 J Cell surface receptor signaling pathway
* g i . Response to external stimulus
i j | 1 i PO e i
2 K g . Cell differentiation
% O1—fe — 1 g Vasculature development
o g i 20 Regulation of cell motility
-1000 Extracellular matrix
®SCR Cell population proliferation
-2000 © SiSREBP2 Response to oxygen-containing compound
-4000  -2000 0 2000 R 0 10
PC1(93.8%) log2(FC)
D Log (p value) E F
C 5 10 15 SREBP2 96
TNF signaling pathway 2 Jk— — genes
Cytoki - ptor interaction | ‘ y
Steroid biosynthesis | : o
IL-17 signaling pdhway ’ : m yp5k: 21.02%
NF-kappa B signaling pathway | ¢ S0 50 ® down5k: 4.30%
MAPK signaling pathway
Focal adhesion 1 ! 2 m exon: 3.68%
ECM-receptor interaction | = intron: 0.00%
TGF-beta signaling pathway [y 10
Notch signaling pathway | " intergenic: 32.69%
G Log (p value) )
[ 2 4 6 8 10
Actin filament organization | ’
Chromatin remodeling |
Reg of actin cytoskeleton organization | s
Response to oxygen levels |
Wound healing | 2
Reg of supramolecular fiber organization |
Chromatin organization | o
TGF beta receptor signaling pathway | > e oy gane dirce o
Cell-matrix adhesion |
Response to hypoxia |
H |
Log (p value) | SiSREBP2 vs SCRRNA-seq  SREBP2 unique peaks CUT&Tag-seq
0 2 4 6 8 (RPKM>>50, 3xfold, p<0.05) {promoter, p<<0.05)
Focal adhesion
Pathways in cancer
Leukocyte transendothelial migration
Cell cycle
ECM-receptor interaction
Regulation of actin cytoskeleton
36 35 2221

Wt signaling pathway
MAPK signaling pathway
TGF-beta signaling pathway
mTOR signaling pathway

RNA-seq
sISREBP2 SCR

é

°
3

CUT&Tag-seq
2

e
ACSS2

Fig. 2. Integrated transcriptomic analysis identifies novel SREBP2 targets in HSCs. (A-D) LX-2 cells were transfected with siRNA targeting SREBP2 or scrambled
siRNA (SCR) followed by treatment with TGF-p (5 ng/ml) for 24 h. RNA-seq was performed as described in Methods. PCA plot (A). Volcano plot (B). GO analysis (C).
KEGG analysis (D). (E-H) LX-2 cells were treated with TGF-f (5 ng/ml) for 24 h. CUT&Tag-seq was performed as described in Methods. Heatmap of peaks (E). Pie
chart of SREBP2 unique peaks (F). GO analysis (G). KEGG analysis (H). (I) Venn diagram. Known SREBP2 targets are underlined. (J) CUT&Tag tracks of SREBP2
signals and RNA-Seq tracks of the read coverage surrounding the ACSS2 loci.



Y. Wang et al. Metabolism 179 (2026) 156597

A B C D
< 12 G « 1 ——
] & Eermeso | )% B oo
& P———— =
. Eoﬁubulin (55kd) 3w - a-tubulin (55kd)
deo 3 2o,
<3 ) % & TGF — + + + <38 SCR + — —
® SCR + + — -— Q siSREBP2#1 — + —
& = SISREBP2#1 — — + — g 0 w W SiSREBP2#2 — — +
- I SISREBP2#2 — — — + 2 .
T6F — + + + SCR + — —
SCR + + -— - SISREBP2#1 — + —
SISREBP2#1 — — + — SISREBP2#2 — — +
SiSREBP2#2 — — — +
E ., _ F G H
2 i g~ OSrebp2" Srebp2!" Srebp2:Hsc . 0.08 = : S
: & I 1 § 2 +
£o [0 oS [ W we WRlACSS2(0kd) g4 % 8
H < - =
z S e 292
€ o. i octubulin (55kd)  EF ool P O SREBP2 g
[ [ lgG [
> ) > % R E2]
£ H = -] 5 &1 @ ®
5 0. 5 o0zg K
[ Q
2 4 2VPDQ! 4
Sebs Aossd .00 o
rebp2 Acss TGF-B(h) 0 12 2448 012 2448 0 1224 48 0 12 24 48 TeFp — + — +
ACSS2 proximal promoter ACSS2 distal promoter WT  Mutant
|
ACSS2 ACTA2 POSTN COL1A1
2 1.2 5 1 1 -
0 e 0 0 . 0
° [ ke [ a . [
31 3 309 ; ] 30 @ 30
< . < < <
g, 2 2 g
= % X 0.6 X o <0
[ o o o
I 2. s % s
g0 Q £03 > £03 o go.
& 3 & 3
X 0.0 - 0.0 —— r 0.
TGF — + + + TGF — + + + TGF — + + + T6F — + + +
SCR + + — — SCR + + — — SCR + + — — SCR + + — —
SISREBP2 — — + + SiSREBP2 — — + + SiSREBP2 — — + + SiSREBP2 — — + +
AdEV + + + — AdEV + + + — Ad-EV + + + — Ad-EV + + + —
Ad-ACSS2 — — — + AdACSS2 — — — + Ad-ACSS2 — — — + Ad-ACSS2 — — — +
m1' e
J TGFB £ L TGF-
siSREBP2 SiSREBP2 g % siSREBPZ SiSREBP2
3o i - pes : g
0. g g
.-- : %
) %
SISREBP2 .. %
Ad-EV
Ad-EV Ad-ACSS2 e
b S
K TGF-B skt
o. + + + -
- - -+

SCR SCR si P2 SISREBP2
R R = T g ! %

Relative cell migration
o

TGF — + + +

SCR + + — —

f AR SR U SISREBP2 — — 4+ +
- AdEV + + + —
L Ad-ACSS2 — — — +

Fig. 3. SREBP2 activates ACSS2 transcription to promote HSC activation. (A, B) LX-2 cells were transfected with siRNA targeting SREBP2 or scrambled siRNA (SCR)
followed by treatment with TGF-p (5 ng/ml) for 24 h. ACSS2 expression was examined by qPCR and Western blotting. N = 3 biological replicates. Data are expressed
as mean + S.D. *, p<0.05, one-way ANOVA with post-hoc Dunnett's test. (C, D) Primary human HSCs were transfected with siRNA targeting SREBP2 or scrambled
siRNA (SCR). ACSS2 expression was examined by qPCR and Western blotting. N = 3 biological replicates. Data are expressed as mean + S.D. *, p<0.05, one-way
ANOVA with post-hoc Dunnett's test. (E, F) Primary HSCs isolated from the HSC conditional SREBP2 knockout mice and wild type mice were allowed to un-
dergo spontaneous activation in vitro for 7d. ACSS2 expression was examined by qPCR and Western blotting. N = 3 biological replicates. Data are expressed as mean
+ S.D. *, p<0.05, one-way ANOVA with post-hoc Scheffe's test. (G) LX-2 cells were treated with TGF-p (5 ng/ml) and collected at indicated time points. ChIP assay
was performed with anti-SREBP2 or IgG. N = 3 biological replicates. Data are expressed as mean =+ S.D. *, p<0.05, one-way ANOVA with post-hoc Dunnett's test. (H)
Wild type and mutant ACSS2 promoter-luciferase constructs were transfected into LX-2 cells followed by treatment with TGF-p (5 ng/ml) for 24 h. Luciferase ac-
tivities were normalized by protein concentration and GFP fluorescence. N = 3 biological replicates. Data are expressed as mean + S.D. *, p<0.05, two-way ANOVA
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influence liver injury. Evidently, liver fibrosis was dampened by the lack Acss2”f livers (Fig. 4F). In a second model of BDL-induced liver fibrosis,
of ACSS2 expression in HSCs because histological staining (Fig. 4D) and similar observations were made that restricted ACSS2 deletion in HSCs
hydroxyproline quantification (Fig. 4E) both detected fewer collagenous markedly alleviated liver fibrosis but did not impact liver injury (Fig.
tissues in the liver. In addition, myofibroblast marker expression was S10).

significantly down-regulated in the Acss2*H5C livers as opposed to the In order to tackle the question as to whether ACSS2 deletion in
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myofibroblasts would affect liver fibrosis, an AAV6-based gene delivery
strategy similar to the one used for SREBP2 as described earlier was
employed (Fig. 4G); qPCR data confirmed that ACSS2 expression was
specifically silenced in myofibroblasts (aHSCs) but not in hepatocytes
(Fig.S11). ACSS2 depletion in myofibroblasts did not result in significant
alteration of either plasma ALT levels (Fig. 4H) or AST (Fig. 4I) levels
indicating that myofibroblast-derived ACSS2 might be dispensable for
liver injury. Consistent with HSC-conditional ACSS2 deletion, ACSS2
deficiency in myofibroblasts lessened liver fibrosis as assessed by PSR
staining/Masson's staining (Fig. 4J), hydroxyproline quantification
(Fig. 4K), and expression of myofibroblast markers in the liver (Fig. 4L).
Aagin, this conclusion was further supported by data collected from an
alternative model of liver fibrosis induced by BDL (Fig.S12).

3.5. SREBP2 controls acetyl-CoA synthesis to regulate histone H3K9/
H3K27 acetylation

ACSS2 is arate-limiting enzyme for the synthesis of acetyl co-enzyme
A (Ac-CoA). Naturally we hypothesized that SREBP2, via regulating
ACSS2 expression, might contribute to the cellular Ac-CoA pool. Indeed,
TGF-p treatment up-regulated Ac-CoA production in LX-2 cells and
primary human HSCs (aHSCs), which was suppressed by SREBP2
knockdown but rescued by ACSS2 over-expression (Fig. 5A). Similarly,
the addition of acetate to the culture media also restored cellular Ac-CoA
levels in LX-2 cells (Fig.S13A) and human aHSCs (Fig.S14A). Consis-
tently, acetate addition normalized the expression of myofibroblast
markers (Fig.S13B, S14B) and cellular proliferative/migratory/con-
tractile behaviors (Fig.S13C-S13E, S14C-S14E).

Ac-CoA contributes to status of histone acetylation, a key epigenetic
factor in transcriptional activation, and, by extension, cellular tran-
scriptome. Among the lysine residues of core histones documented to be
subject to acetylation H3K9 [28-30] and H3K27 [31-33] are the best
characterized to demarcate actively transcribed chromatin. Therefore,
we tested the hypothesis that SREBP2-dependent ACSS2 expression fuels
HSC activation by rate-limiting Ac-CoA production to promote histone
H3K9/H3K27 acetylation. RNA-seq showed that ACSS2 supplementa-
tion largely overcame SREBP2 deficiency and normalized cellular
transcriptome (Fig. 5B, C). Previously it has been reported that ACSS2
can migrate into the nucleus and interact with transcription factors such
as TFEB [34] and HIF2 [35] to coordinately regulate transcription of
genes involved in autophay/lysomal biogenesis and adaptation to hyp-
oxia, respectively, in a range of cancer cells. Immunofluorescence
staining showed that ACSS2 was predominantly located in the cyto-
plasm in both quiescent and activated HSCs suggesting that the ability of
ACSS2 to function as a nuclear transcriptional regulator might be cell
type-dependent (Fig.S15).

Western blotting showed that global H3K9/H3K27 acetylation was
increased by TGF-f treatment, down-regulated by SREBP2 knockdown
but restored by ACSS2 supplementation (Fig.S16). Importantly,
CUT&Tag-seq performed with anti-H3K9Ac and anti-H3K27Ac anti-
bodies indicated that SREBP2 knockdown significantly diminished
genomewide deposition of acetylated H3K9 and acetylated H3K27,
which was rescued by ACSS2 supplementation (Fig. 5D, E). GO and
KEGG analyses revealed that genes sensitive to H3K9Ac status and
H3K27Ac status regulated overlapping but not identical processes rele-
vant to HSC activation (Fig. 5F). Likewise, HOMER analysis indicated
that H3K9Ac-depednent genes were most likely regulated by SMAD,
TEAD, PU.1, and H3K27Ac-dependent genes were primarily regulated
by PBX1, TEAD, SMAD, all of which are well-established pro-fibrogenic
transcription factors (Fig. 5G). An attempt to integrate the RNA-seq data
and the CUT&Tag-seq data unveiled 167 genes, whose expression levels
were sensitive to SREBP2 knockdown and ACSS2 supplementation and
whose promoters harbored SREBP2/ACSS2-dependent H3K9Ac/
H3K27Ac markers (Fig. 5H). A majority of these genes encoded proteins
with a cataloged role in organ fibrosis, which included growth factors (e.
g., TGFB1), transcription factors (e.g., TEAD3), metabolic enzymes (e.g.,
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GLS1), and extracellular matrix components (e.g., COL5A1) thus
providing well-buttressed mechanistic insights to explain the mode of
action for the SREBP2-ACSS2 axis in regulating HSC activation and liver
fibrosis (Fig. 5I).

3.6. ACSS2 inhibition attenuates liver fibrosis in mice

ACSS2-IN-1 (Cpmpound 1) is a small-molecule ACSS2 inhibitor
(ACSS2i) that has been exploited for the intervention of cancer [36] and
chronic kidney disease [37] (Fig. 6A). The translational potential of
targeting ACSS2 with ACSS2i was verified in two different scenarios of
liver fibrosis. In the first scenario (preventive) ACSS2i was administered
shortly after liver injury (1 week after the start of CCl injection) but
before full-blown liver fibrosis (Fig. 6B). ACSS2 inhibition by ACSS2i did
not significantly impact liver injury as evaluated by plasma ALT
(Fig. 6C) and AST (Fig. 6D) levels. PSR staining and Masson's staining
revealed a significant reduction in collagenous tissue accumulation in
the livers of ACSS2i-injected mice compared to the vehicle-injected mice
(Fig. 6E). Indeed, ACSS2i administration decreased hepatic hydrox-
yporline levels (Fig. 6F) and down-regulated expression of myofibro-
blast markers (Fig. 6G) in the liver clearly indicative of its effectiveness
as an antifibrotic reagent. In the BDL model of liver fibrosis, it was
similarly observed that ACSS2i administration immediately following
the surgical procedure ameliorated liver fibrosis without affecting liver
injury (Fig.S17).

In the second scenario ACSS2i was administered to mice when liver
fibrosis was pre-established (Fig. 6H, 3 weeks after the start of CCly
injection). It was observed that ACSS2 administration significantly,
however slightly, mitigated liver injury as evidenced by a small reduc-
tion in both plasma ALT (Fig. 6I) and AST (Fig. 6J) levels. Liver fibrosis
was attenuated by a much larger margin in mice receiving ACSS2i
administration than those treated with vehicle (Fig. 6K-6M), which
could not be fully accounted for the changes in liver injury. In the BDL-
induced model of established liver fibrosis, ACSS2i administration at
10d post-surgery reversed liver fibrosis; ACSS2i administration led to a
similar trend in liver injury, which did not reach statistical significance
(Fig.S18).

3.7. Validation of SREBP2-ACSS2 axis in humans

Finally, the relevance of ACSS2-mediated acetyl-CoA production in
CLD patients) was verified. As shown in Fig. 7A, ACSS2 levels were
significantly elevated in the livers from patients diagnosed with liver
fibrosis than those from healthy donors. In addition, a positive corre-
lation between ACSS2 levels and magnitude of liver fibrosis, using
myofibroblast marker (COL1A1) level and fibrosis grade as proxies, was
identified (Fig. 7B). Similarly, ACSS2 activity was higher in CLD patients
than in the controls (Fig. 7C) and appeared to correlate with severity of
liver fibrosis (Fig. 7D). Finally, higher acetyl Co-A levels were detected
in the livers from CLD patients than from the controls (Fig. 7E) and able
to predict (more severe) liver fibrosis (Fig. 7F). These data suggest that
SREBP2-ACSS2-AcCoA axis might contribute to pathogenesis of
cirrhosis in humans.

4. Discussion

HSC-myofibroblast transition is the paradigm underlying pathogen-
esis of liver fibrosis and as such represents a perennial theme in hep-
atology translational research. In this report we detail a previously
unrecognized role for HSC-derived SREBP2 in liver fibrosis: SREBP2-
dependent tans-activation of ACSS2 fuels acetyl-CoA biosynthesis to
catalyze histone H3K9/H3K27 acetylation, which rate-limits the tran-
scription of a panel of different pro-fibrogenic genes cumulatively
driving HSC activation (Fig. 7G). Previous studies that focused on a
hepatocyte role for the SREBP proteins have produced varying and
sometimes conflicting data. For instance, SREBPlc deletion in
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hepatocytes seems to shelter the mice from liver fibrosis [13]. In
contrast, hepatocyte-specific deletion of SCAP, the chaperone required
for SREBP trans-location and activation, exacerbates liver fibrosis
probably due to insufficient SREBP1a processing [14]. It should be noted
that these observations regarding altered liver fibrosis are likely sec-
ondary to liver injury. Our data, relying on HSC/myofibroblast condi-
tional SREBP2 deletion, seem to suggest that regulation of liver fibrosis
by SREBP2 is cell-autonomous and can be divorced from liver injury.
Global SREBP2 deficiency is incompatible with embryonic development
[38]. Mice with hypomorphic SREBP2 expression [38] or mice with
hepatocyte-conditional SREBP2 deletion [39] are leaner with lower
circulating/hepatic cholesterol levels than wild type littermates but
otherwise viable and display minimal adverse phenotype. In addition, it
has been demonstrated by the Ivashkiv group that SREBP2 might
function as a pro-inflammatory transcription factor, independent of
cholesterol synthesis, to mediate TNF-induced macrophage activation
[40]. In light of our finding, it is tempting to speculate that targeting
SREBP2 might achieve anti-fibrotic and anti-inflammatory benefits
without exacerbating liver injury. This possibility certainly deserves
further attention in follow-up studies.

Through integrated transcriptomic screening ACSS2 is identified as a
bona fide SREBP2 target that contributes to HSC activation and liver
fibrosis. Liver fibrosis finds most significant relevance in chronic liver
diseases (CLD) including metabolic dysfunction associated steatotic
liver disease (MASLD) and hepatocellular carcinoma (HCC). Of interest,
previous investigations have provided concrete evidence that ACSS2
promotes pathogenesis of both MASLD [41-43] and HCC [44,45] in vivo.
Therefore, we propose that targeting ACSS2 may be considered as a
reasonable strategy for CLD intervention beyond the models described
in this study. However, we do not and we cannot rule out the possibility
that SREBP2 might contribute to HSC-myofibroblast transition and liver
fibrosis via downstream targets other than ACSS2. For instance, the
simplest explanation accounting for SREBP2-dependent HSC activation
might be increased intracellular cholesterol levels likely through key
enzymes involved in cholesterol metabolism including HMGCS1,
MSMO1, FDPS, and PCSK9. Indeed, cholesterol-rich diets are known to
induce liver fibrosis whereas the cholesterol-depleting agent beta
cyclodextrin has been shown to antagonize liver fibrosis in mice [46].
Alternatively, SLC7AS5 has been detected as one of the most significantly
up-regulated genes during HSC activation by a recent study [47].
SLC7A5 regulates trans-membrane trafficking and thus intracellular
bioavailability of amino acids, a process acutely linked to the pro-
fibrogenic mTOR signaling [48]. Thus, it is plausible that SREBP2
might form a crosstalk with mTOR, possibly via SLC7AS5, to regulate HSC
activation. Finally, the Mutlu laboratory has previously found that
phosphoserine aminotransferase 1 (PSAT1) contributes to pulmonary
fibrosis by catalyzing de novo serine synthesis, which leads to secondary
elevation of glycine levels to be used for collagen production in lung
fibroblasts [49,50]. More recently, Zhang et al. have reported that Adi-
poRon, an agonist to the lipocalin receptor, dampens HSC activation
likely by targeting glutaminolysis-related enzymes including PSAT1
[51]. Because the evidence in the Zhang et al paper [51] that links
PSAT1 to HSC activation and liver fibrosis is correlative and circum-
stantial, it might be of interest to ascertain whether PSATI1, as a
downstream target of SREBP2, can directly program HSC activation.

Through genetic and pharmacological approaches we are able to
assign a pro-fibrogenic role for ACSS2 in HSCs. However, a few caveats
regarding this model, ie., ACSS2 contributes to liver fibrosis by
orchestrating H3K9/H3K27 acetylation-dependent pro-fibrogenic tran-
scription in HSCs need close scrutiny. First, our data do not at all fore-
close the possibility that extra-HSC derived ACSS2 might play a role in
liver fibrosis. Accumulating evidence suggests that ACSS2 plays a role in
shaping the immune niche under physiological/pathophysiological
conditions by modulating the phenotype of macrophages, lymphocytes,
and dendritic cells [52-54]. Of intrigue, it was observed that ACSS2i,
which presumably targets ACSS2 non-selectively, had an effect on liver
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injury only when administrated for an extended period of time (the CCly
interventional scheme in which ACSS2i was injected for three weeks)
suggesting that ACSS2 in different cellular compartments might respond
to ACSS2i with different kinetics and/or sensitivity. Because skewed
immune microenvironment is considered pivotal in pathogenesis of liver
fibrosis, further examination of immune cell-specific ACSS2 in this
context might provide additional insights on how ACSS2 contributes to
CLD. Second, ACSS2-dependent catalysis of acetyl-CoA can utilized for
not only histone acetylation but non-histone acetylation [55,56]. In
addition, a recent study has implicated ACSS2 as a genuine lysine lac-
tyltransferase [57]. Therefore, ACSS2-dependent non-histone lysine
acetylation and lysine lactylation should be investigated to complement
the current mechanism.

Despite the advances proffered by our study there are limitations that
may dampen its translational potential. First, cirrhosis typically de-
velops in humans over the course of years, if not decades, the patho-
genesis of which is unlikely recapitulated by the models (CCl4 or BDL)
described in this study. In addition, MASLD has become the most
important underlying cause for cirrhosis. Therefore, the proposition that
SREBP2-ACSS2 promotes metaboloepigenetic regulation of liver fibrosis
should be further validated in animal models with more relevance to the
human pathology. Second, we focused on H3K9/H3K27 acetylation as
readout of ACSS2-dependent acetyl-CoA production. However, acety-
lation status of other histone lysine residues including H3K14 [58] and
H3K18 [59,60] can and has been shown to contribute to liver fibrosis. In
addition, acetylation of non-histone factors including SMAD2 [61],
HMGBI1 [62], Atg5 [63] and SOD2 [64], subject to the availability of
acetyl-CoA levels, can also play a role in HSC activation. These nuances
should be carefully investigated and analyzed in future studies. Third,
the relative small sample size of human specimens used for validation of
our model leaves much room for doubts and alternative interpretation.
This caveat was further compounded by the fact that whole liver tissues,
instead of purified HSCs, were used for validation thus leaving the
model, i.e., an ACSS2-Acetyl-CoA axis regulates HSC activation, without
full support. Further authentication of these findings in larger cohorts
across different disease spectrums would hopefully provide more in-
formation to devise translational strategies to combat chronic liver
disease.
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