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Introduction
Growing clinical evidence revealed that liver fibrosis is a main 
determinant of outcomes or all-cause mortality in liver disease 
(1–6). Metabolic dysfunction–associated steatotic liver disease 
(MASLD), previously known as nonalcoholic fatty liver disease 
(NAFLD), could progress to metabolic dysfunction–associated 
steatohepatitis (MASH), previously known as nonalcoholic ste-
atohepatitis (NASH), accompanied with liver fibrosis occurrence 
(7). Although multiple parallel insults via crosstalk among organs 
or cells were proposed to explain the pathogenesis of fibrosis pro-
gression, the molecular mechanisms underlying fibrosis progres-
sion remain incompletely understood and no US FDA-approved 
pharmacotherapies are presently available (8–10).

CCAAT/enhancer binding protein α (CEBPA) was initially 
found to modulate myeloid cell differentiation and oncogenesis 
(11). MTL-CEBPA is a first-in-human myeloid modifier saRNA 
therapeutic that improves hepatocellular carcinoma outcome 
by suppressing myeloid cells (12–14). CEBPA was also demon-
strated to modulate the progression of hepatocellular carcino-
genesis by using global CEBPA knock-in mice or MTL-CEBPA 
in preclinical models (12, 15). Physiologically, CEBPA controls 
hepatocyte maturation and liver function as revealed by CEB-
PA-KO embryonic livers from global CEBPA-KO mice; global 
CEBPA-KO mice die as neonates (16, 17). Until now, the patho-
logical function of cell-specific CEBPA in influencing the pro-
gression of various liver diseases is still largely unexplored. 
While CEBPA is expressed in hepatocytes and is a modulator 
of glucolipid homeostasis (18, 19), whether and how hepato-
cyte-specific CEBPA alters the progression of liver fibrosis 
remains to be explored. Herein, by using a hepatocyte-specif-
ic constitutive or inducible CEBPA-deficient mouse strain in 
combination with adeno-associated virus serotype 8–forced 
(AAV8-forced) CEBPA overexpression, the pathological func-
tion of hepatocyte-specific CEBPA in regulating liver fibrosis 
was examined and the mechanism was identified.

Metabolic dysfunction–associated steatohepatitis (MASH) — previously described as nonalcoholic steatohepatitis 
(NASH) — is a major driver of liver fibrosis in humans, while liver fibrosis is a key determinant of all-cause mortality 
in liver disease independent of MASH occurrence. CCAAT/enhancer binding protein α (CEBPA), as a versatile ligand-
independent transcriptional factor, has an important function in myeloid cells, and is under clinical evaluation for cancer 
therapy. CEBPA is also expressed in hepatocytes and regulates glucolipid homeostasis; however, the role of hepatocyte-
specific CEBPA in modulating liver fibrosis progression is largely unknown. Here, hepatic CEBPA expression was found to 
be decreased during MASH progression both in humans and mice, and hepatic CEBPA mRNA was negatively correlated 
with MASH fibrosis in the human liver. CebpaΔHep mice had markedly enhanced liver fibrosis induced by a high-fat, 
high-cholesterol, high-fructose diet or carbon tetrachloride. Temporal and spatial hepatocyte-specific CEBPA loss at the 
progressive stage of MASH in CebpaΔHep,ERT2 mice functionally promoted liver fibrosis. Mechanistically, hepatocyte CEBPA 
directly repressed Spp1 transactivation to reduce the secretion of osteopontin, a fibrogenesis inducer of hepatic stellate 
cells. Forced hepatocyte-specific CEBPA expression reduced MASH-associated liver fibrosis. These results demonstrate 
an important role for hepatocyte-specific CEBPA in liver fibrosis progression, and may help guide the therapeutic 
discoveries targeting hepatocyte CEBPA for the treatment of liver fibrosis.
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decrease of 382 mRNAs were associated with MASH (Supplemen-
tal Figure 1H), and among these genes, 14 MASH-increased and 3 
MASH-decreased genes were overlapped with the 167 candidate 
transcriptional factors that were predicted to bind to the Cebpa 
gene promoter, as listed in Supplemental Table 1 (Supplemental 
Figure 1I). In particular, activating transcription factor 3 (ATF3), 
a transcriptional repressor, was previously shown to inhibit Ceb-
pa transactivation in adipocytes (20). Thus, ATF3 was suspected 
to repress liver Cebpa transcription during MASH. Indeed, mouse 
ATF3 overexpression decreased Cebpa mRNA in primary hepato-
cytes (Supplemental Figure 1J). Another transcription factor, hes 
family bHLH transcription factor 1 (HES1), a transcriptional repres-
sor known to be induced in hepatocytes and to promote fibrosis 
progression during MASH (21), was identified as a potential can-
didate that could repress liver Cebpa transcription during MASH. 
Hepatic HES1 mRNA was positively correlated with liver fibrosis 
in humans (Supplemental Figure 1, K and L), and recombinant 
human HES1 overexpression repressed transactivation of the CEB-
PA gene (Supplemental Figure 1M). Further, human HES1 overex-
pression decreased CEBPA mRNA in primary human hepatocytes 
(Supplemental Figure 1N). Thus, ATF3 and HES1 upregulation by 
MASH may at least partially explain the MASH-induced decrease 
of CEBPA expression.

Hepatocyte-specific CEBPA deficiency enhances MASH-asso-
ciated fibrosis in mice. Next, a CebpaΔHep mouse strain was gener-
ated to study the role of hepatocyte CEBPA in the progression of 
fibrosis associated with MASH (Supplemental Figure 2, A and 
B). Lower (approximately 50%) survival was noted in CebpaΔHep 
mice compared with Cebpafl/fl littermates at 3 weeks of age in both 
females and males, which was likely due to decreased hepatic 
glycogen storage during the early developmental stage, similar 
to that found in global Cebpa-null mice (16). The survival rate of 
CebpaΔHep mice was comparable to Cebpafl/fl mice after the mice 
were weaned at 3 weeks of age, and 10-week-old chow-fed Ceb-
paΔHep mice showed comparable body weights, liver weights, liv-
er weight/body weight ratios, serum alanine transaminase (ALT) 
levels, triglycerides (TG), nonesterified fatty acids (NEFA), hepat-
ic total cholesterol (TC), TG and NEFA, and liver histology, as well 
as mRNAs involved in hepatic fibrosis and inflammation accom-
panied by lower serum TC (Supplemental Figure 2, C–E). After 
HFCFD feeding for 16 weeks, CebpaΔHep mice showed similar body 
weights and insulin sensitivity with the Cebpafl/fl mice, but devel-
oped increased liver weights, liver/body weight ratios, liver TG, 
serum ALT and terminal deoxynucleotidyl transferase dUTP nick 
end labeling (TUNEL) staining without changing liver TC, serum 
TG and NEFA, accompanied by lower serum TC (Supplemental 
Figure 2F). Notably, histological analyses by H&E staining and Oil 
red O staining revealed larger lipid droplets, while Sirius red stain-
ing revealed higher positive staining in livers of CebpaΔHep mice 
(Figure 2A). mRNAs involved in hepatic fibrogenesis and inflam-
mation were markedly increased in CebpaΔHep mice (Figure 2B), 
accompanied by a quantitative increase in collagen deposition 
(Figure 2C), increased positive IHC staining of proinflammatory 
marker CD45 (Figure 2D), and reduced hepatic glycogen storage 
(Figure 2E). The mRNAs involved in hepatic lipogenesis, lipid 
transport, fatty acid β-oxidation, and bile acid signaling remained 
unchanged or decreased, except that hepatic Smpdl3b mRNA, 

Results
Hepatic CEBPA expression is decreased by MASH and tracks with 
MASH fibrosis. The role of hepatic CEBPA in MASH fibrosis pro-
gression was investigated by first examining published microar-
ray data (E-MEXP-3291 [see Supplemental Methods; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI166731DS1]). Human liver CEBPA mRNA was 
decreased while mRNAs involved in inflammation and fibrosis 
were increased in MASH livers (previously described as NASH 
livers) but not in simple steatosis livers, and several fibrosis gene 
mRNAs were negatively correlated with CEBPA mRNA (Supple-
mental Figure 1, A–C). In humans, CEBPA mRNA was decreased 
in MASH livers and negatively correlated with fibrosis markers, 
accompanied by decreased hepatic CEBPA protein levels (Figure 
1, A–G), while hepatic inflammation- and fibrosis-related mRNAs 
were increased in MASH, indicating, as expected, that liver fibro-
sis is associated with MASH in humans (Supplemental Figure 1D). 
Furthermore, immunofluorescence staining showed that CEBPA 
in hepatocytes was gradually lost during MASH progression in 
patients (Figure 1, H–I). Consistently, Cebpa mRNA was time-de-
pendently decreased in the livers and hepatocytes of mice fed 
a high-fat, high-cholesterol, high-fructose diet (HFCFD) for 13 
or 26 weeks during the development of liver fibrosis, accompa-
nied by decreased liver CEBPA protein, especially the 42 kD iso-
form (Figure 1, J–L and Supplemental Figure 1E). IHC analyses 
revealed a reduction of hepatic CEBPA during MASH progres-
sion, with the livers of hepatocyte-specific Cebpa-KO (CebpaΔHep) 
mice used as a negative control for the CEBPA antibody (Figure 
1, M and N). Similarly, Cebpa mRNA was markedly lower in livers 
from 12-week HFCFD-fed ob/ob mice (Supplemental Figure 1F). 
Thus, hepatic CEBPA expression was decreased by MASH both in 
humans and mice.

To explore the mechanism underlying the lower hepatic CEB-
PA expression in MASH, 167 candidate transcription factors were 
predicted to bind to the Cebpa gene promoter (Supplemental Fig-
ure 1G and Supplemental Table 1). Differential gene expression 
(DGE) analyses to distinguish genes changed by MASH in mouse 
(GSE162276) and human livers (microarray E-MEXP-3291) were 
analyzed in both data sets. An increase of 795 mRNAs and a 

Figure 1. Hepatic CEBPA expression is decreased by MASH and tracks 
with human liver fibrosis. (A) CEBPA mRNA in human livers. n = 13 for 
normal group, and n = 28 for MASH group. (B–D) Correlation of CEBPA 
mRNA with fibrosis gene mRNAs in human livers by nonparametric 
Pearson’s test. (E–G) Representative Western blot of CEBPA p42 and p30 
protein in human livers (E) and quantitation (F–G, n = 12). (H and I) Repre-
sentative images of CEBPA (red), hepatocyte marker HepPar1 (green), and 
DAPI (blue) immunofluorescence in liver biopsies from patients with histo-
logically normal livers, F0-4 MASLD livers and quantitation of the percent-
age of CEBPA positive cells among HepPar1 positive cells (pink indicates 
red nuclear CEBPA merged with blue DAPI; n = 3 for control normal livers, n 
= 9 for F0, n = 9 for F1, n = 7 for F2, n = 6 for F3 and n = 7 for F4 MASLD liv-
ers). (J–N) Cebpa mRNA in liver (J, n = 5) and primary hepatocytes (K, n = 4), 
representative liver CEBPA p42 and p30 protein (L), representative CEBPA 
IHC staining (M) and quantitation (N, n = 3) of C57BL/6N mice fed HFCFD 
for 13 or 26 weeks. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P 
< 0.001 by 2-tailed unpaired student’s t test for A, F, and G, while 1-way 
ANOVA followed by Dunnett’s multiple-comparisons test for I–K and N, 
compared with control group. Scale bar: 50 μm.
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Figure 2. Constitutive hepatocyte CEBPA loss enhances MASH-associated liver fibrosis. (A) Representative histological staining. (B–E) Liver mRNAs in 
fibrosis and inflammation for mice fed a HFCFD for 16 weeks (B, n = 8), and the quantitation of liver Sirius red staining (C, n = 8), CD45 staining (D, n = 3) 
and PAS staining (E, n = 3) for mice. (F–I) Liver mRNAs in fibrosis and inflammation for mice fed a HFCFD for 9 months (F, n = 12 for Cebpafl/fl mice and n = 
11 for CebpaΔHep mice) and the quantitation of liver Sirius red staining (G, n = 8), CD45 staining (H, n = 3) and PAS staining (I, n = 4). Data represent mean ± 
SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 2-tailed unpaired student’s t test. Scale bars: 50 μm for Oil red O staining; 100 μm for others.
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remained similar between the 2 genotypes (Supplemental Fig-
ure 2H). Further, hepatic fibrogenesis signaling was significantly 
enhanced even in 9-month chow diet-fed CebpaΔHep mice without 
significantly changing body weights, liver weights, and biochem-
ical parameters, albeit no obvious increase of collagen deposition 
was detectable by Sirius red staining (Supplemental Figure 3, A–C 
and Supplemental Figure 2I). In chow-fed mice, hepatic glycogen 
storage was reduced in the 9-month chow-fed mice or short-term 
2-week HFCFD-fed mice, albeit not in 10-week-old chow-fed 

encoding an enzyme involved in lipid drop formation, was signifi-
cantly increased (Supplemental Figure 2G). The enhanced hepatic 
fibrosis and inflammation phenotype was consistently observed 
after an extended HFCFD feeding for as long as 9 months accom-
panied by enhanced IHC staining of CD45 and reduced hepat-
ic glycogen storage (Figure 2, A and F–I). The body weights and 
liver weights were slightly but significantly increased, and liver 
weight ratios, hepatic lipids and liver TG slightly increased, while 
serum ALT and TC decreased, but other biochemical parameters 

Figure 3. Hepatocyte CEBPA loss at the progressive stage of MASH exacerbates liver fibrosis. (A–D) Time scheme (A and C), liver mRNAs in fibrosis and 
inflammation of livers from 22-week HFCFD-fed mice dosed with tamoxifen for the last 10 weeks (12W+10W; B, n = 12 for Cebpafl/fl mice and n = 11 for Ceb-
paΔHep mice) or 26-week HFCFD-fed mice dosed with tamoxifen for the last 10 weeks (16W+10W; D, n = 8 for Cebpafl/fl mice and n = 6 for CebpaΔHep,ERT2 mice). 
(E) Liver pictures for mice treated as schemed in C. (F) Representative histological staining, quantitation of liver Sirius red staining (G, n = 6 for 12W+10W 
and I, n = 5 for 16W+10W) and CD45 staining (H and J, n = 3). Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, by 2-tailed unpaired stu-
dent’s t test. Scale bar: 50 μm for Oil red O staining; 100 μm for others.
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mice (Supplemental Figure 3, D and E). Given that CEBPA mRNA 
levels were decreased by about 50% both in human patients and 
in mice, hepatocyte heterozygous CEBPA-KO (CebpaΔHep,f/+) mice 
were used to test whether a reduction of CEBPA affected the 
extent of liver fibrosis. After both 16-week and 30-week HFCFD 
feeding, CebpaΔHep,f/+ mice consistently developed increased liver 
fibrosis and inflammation (Supplemental Figure 3, F and G). Thus, 
even a 50% decrease in hepatocyte CEBPA enhanced MASH- 
associated liver fibrosis.

Hepatocyte CEBPA deficiency at the progressive stage of MASH 
promotes liver fibrosis. To avoid the potentially compensatory 
effect during early embryo development or growth and to check 
the function of hepatocyte CEBPA loss at the later stages of 
MASH, a tamoxifen-inducible CebpaΔHep,ERT2 mouse strain was 
generated to achieve temporal and spatial loss of hepatocyte CEB-
PA at the progressive stage of MASH. Post-adult tamoxifen dosing 
in chow diet-fed CebpaΔHep,ERT2 mice revealed a marked decrease 
in hepatic Cebpa mRNA and CEBPA protein with no significant 
change in liver histology (Supplemental Figure 4, A–C). Two sets 
of CebpaΔHep,ERT2 mice were subjected to experiments (Figure 3, A 
and C). The mice showed comparable body weights, while the liv-
er weights, liver weight ratios, serum ALT, and TUNEL staining 
were increased in the first experiment and remained unchanged in 
the second experiment, between the 2 genotypes (Supplemental 
Figure 4, D and E). Hepatic and serum TC, TG, and NEFA were 
decreased or unchanged between 2 genotypes in all mice, with the 
exception of liver TG levels in the first experiment, which were 
increased in CebpaΔHep,ERT2 mice (Supplemental Figure 4, D and E). 
Similarly, changes of hepatic lipids among these 2 experiments, as 
assessed by histological analyses, were varied, showing increased 
or decreased lipids in CebpaΔHep,ERT2 mice (Figure 3F). However, 
both sets of CebpaΔHep,ERT2 mice consistently developed markedly 
enhanced liver fibrosis as revealed by increased hepatic inflam-
mation- and fibrosis-related mRNAs (Figure 3, B and D), while the 
stiffness of livers was much higher in HFCFD-fed CebpaΔHep,ERT2 
mice, indicating increased liver cirrhosis (Figure 3E). Both sets 
of CebpaΔHep,ERT2 mice developed enhanced Sirius red staining and 
CD45 IHC staining (Figure 3, F–J). Thus, loss of hepatocyte CEB-
PA after MASH development could further promote liver fibro-
sis and potentiate cirrhosis, which is not always accompanied by 
enhanced fatty liver.

Hepatocyte CEBPA negatively regulates Spp1 transcription and 
osteopontin release during MASH. To clarify the mechanisms under-
lying the above phenotypes, RNA-Seq of liver mRNAs were used 
in HFCFD-fed mice either already showing a phenotype or prior 
to the occurrence of the phenotype. The DGE profiles between 
the 2 genotypes among 3 experiments were analyzed by Venn 
diagram, Volcano plots, and heatmaps, identifying 6 mRNAs that 
were consistently increased and 24 mRNAs that were decreased 
after hepatocyte-specific CEBPA deficiency (Figure 4, A and B and 
Supplemental Figure 5A). Spp1 encoding the profibrogenic protein 
osteopontin (OPN), ranked among the top-upregulated mRNAs 
(Figure 4B and Supplemental Figure 5A). RNA-Seq was also per-
formed in CEBPA-knockout or CEBPA-overexpressing primary 
hepatocytes. Of the top-changed genes in hepatocytes, Spp1 was 
consistently found to rank among the top-changed mRNAs that 
were negatively regulated by hepatocyte CEBPA as a potential 

mechanistic hit (Supplemental Figure 5B). Serum OPN and hepat-
ic Spp1 mRNA were increased in all examined experimental sets of 
HFCFD-fed CebpaΔHep,ERT2 mice (Figure 4, C and D) and CebpaΔHep 
mice (Figure 4, E and F) during both the early and late stages of 
MASH, as was the protein level in the livers from 2-week HFCFD-
fed CebpaΔHep mice (Supplemental Figure 5C). Serum OPN (Sup-
plemental Figure 5, D and E) and hepatic Spp1 mRNA (Supplemen-
tal Figure 5, F and G) were increased even in chow-fed CebpaΔHep 
mice. Further, human liver CEBPA mRNA was negatively correlat-
ed with SPP1 mRNA (Supplemental Figure 5H, TCGA database). 
Thus, hepatocyte CEBPA repressed hepatic Spp1 expression and 
OPN secretion.

The relevance of SPP1 expression with liver fibrosis was further 
examined in humans and mice. Human SPP1 mRNA was increased 
in MASH livers, but not in simple steatotic livers, and strongly cor-
related with fibrosis markers (Supplemental Figure 5, I–N, microar-
ray E-MEXP-3291). Hepatic Spp1 mRNA was increased in both 
the livers and primary hepatocytes of HFCFD-fed mice as well as 
in human livers (Figure 4G). Liver OPN protein was increased by 
MASH in human livers (Figure 4H), and liver SPP1 mRNA posi-
tively correlated with liver fibrosis markers (Figure 4I). In line with 
the fibrosis-promoting function of OPN, hepatic fibrosis signaling 
was a top-changed pathway in HFCFD-fed hepatocyte CEBPA-de-
ficient mice, as revealed by Ingenuity Pathways Analysis (IPA) 
analysis (Supplemental Figure 5O). Thus, hepatic SPP1 expression 
strongly tracks with liver fibrosis both in human and in hepatocyte 
CEBPA-deficient mice during MASH progression.

CEBPA negatively modulates Spp1 and OPN release in hepato-
cytes. OPN is highly expressed in cholangiocytes, followed by 
Kupffer cells, hepatocytes, sinusoidal endothelial cells, and hepat-
ic stellate cells (HSCs) in a healthy liver (22). Since Spp1 was pre-
viously found to be induced by hepatic Notch signaling (21), the 
question arises whether hepatocyte CEBPA deficiency induced 
Spp1 expression was via the Notch signaling pathway. Analy-
ses of Notch signaling in primary mouse hepatocytes isolated 
from 10-week-old chow-fed mice and in the livers from 2-week 
HFCFD-fed mice and 10-week-old chow-fed mice showed that 
Spp1 mRNA was induced after hepatocyte CEBPA knockout in the 
absence of any changes in Notch signaling, indicating that regula-
tion of Spp1 by CEBPA was not due to the Notch signaling pathway 
(Supplemental Figure 6, A–C). Next, experiments were performed 
to examine the mechanism by which hepatocyte CEBPA directly 
modulates Spp1 expression in a cell-autonomous manner. Spp1 
mRNA was about 40 times higher in primary hepatocytes from 
CebpaΔHep mice (Figure 5A), while OPN protein was significantly 
increased, but to a lesser extent (Figure 5, B and C), possibly due 
to the secretory property of OPN. Indeed, the primary hepato-
cytes from CebpaΔHep mice secreted over 40 ng/mL of OPN to the 
supernatant after 24 hour culturing in vitro, which was much more 
than that found in Cebpafl/fl mice (Figure 5D). In contrast, CEBPA 
overexpression markedly decreased Spp1 mRNA levels (Figure 5E) 
and OPN protein (Figure 5, F and G) in primary hepatocytes and 
reduced the supernatant OPN levels (Figure 5H).

Three putative sites, predicted to be CEBP regulatory ele-
ments (CEBPRE), were located within 3 kb upstream of the Spp1 
transcription start site, with CEBPRE1 (TGTCGCAATGGG), 
CEBPRE2 (TTTTACAACGTT) and CEBPRE3 (TTTTGCAAT-
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Figure 4. Hepatocyte CEBPA represses Spp1 expression and OPN release in mice. (A) Venn diagram showing genes upregulated (left) or down-
regulated (right) by hepatocyte CEBPA knockout. (B) Volcano plots for RNA-Seq analyses of livers (HFCFD2W and HFCFD12W+T10W). Log2FC, FC 
> 2. P, Padj < 0.05. P and log2FC, Padj < 0.05 and FC > 2. (C–F) liver Spp1 mRNA and Serum OPN in CebpaΔHep,ERT2 mice fed a HFCFD and dosed with 
tamoxifen as indicated (C and D, n = 6–12) and CebpaΔHep mice fed a HFCFD for 2 weeks (n = 5 or 6), 16 weeks (n = 8), and 9 months (n = 11 or 12). 
T10D or T10W, tamoxifen for the last 10 days or 10 weeks. (G) Spp1 mRNA in the livers (n = 5), primary hepatocytes (n = 4) from C57BL/6N mice 
fed a 13-week HFCFD or 26-week HFCFD with statistics calculated by 1-way ANOVA with Dunnett’s multiple-comparisons test and human livers 
(n = 13 or 28). (H) Representative OPN protein in human livers and quantitation (n = 12). (I) Correlation analyses of fibrosis gene mRNAs with SPP1 
mRNA in human livers by nonparametric Pearson’s test. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by 2-tailed unpaired 
student’s t test unless otherwise stated.
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ChIP-Seq database (GSE60430) showed that both CEBPA and 
H3K27ac had binding peaks at the position of CEBPRE1 located 
upstream of the Spp1 promoter (Supplemental Figure 6D). ChIP 
assays revealed an enhanced enrichment of CEBPA on CEBPRE1 
by Ad-CEBPA (Figure 5K), with markedly more enrichment of 
H3K4Me3 than IgG on RLP30 but not on HOXD10, which served 
as a positive and negative controls for the ChIP assay, respective-
ly (Figure 5L). Further, the enrichment of H3K27ac, an active 
enhancer of epigenetic modification, on the CEBPRE1 element 
of the Spp1 promoter, was markedly reduced by Ad-CEBPA (Fig-
ure 5M). Trichostatin A, an histone deacetylase inhibitor that 
increases H3K27ac (24), significantly induced Spp1 mRNA levels 
in hepatocytes isolated from WT Cebpafl/fl mice and restored the 
Ad-CEBPA-downregulated Spp1 mRNA (Supplemental Figure 

GCT) showing 91%, 92%, and 95% homology with a typical CEB-
PRE consensus sequence, as described previously (23) (Figure 
5I). Luciferase activity of the Spp1 luciferase reporter (Spp1-luc) 
(–3000/+26) construct was substantially inhibited by Ad-CEB-
PA, while the inhibitory effect of Ad-CEBPA on the Spp1-luc 
(–3000/+26) activity was significantly rescued by site mutation 
on CEBPRE1, but not by site mutation on either CEBPRE2 or 
CEBPRE3 (Figure 5J). Reporter assays of the Spp1-luc (–1704/+26) 
revealed that deleting the CEBPRE1-containing promoter region 
significantly rescued the inhibitory effect of Ad-CEBPA on Spp1-
luc activity, while luciferase activity of the –1036/+26 mutant 
with deleted CEBPRE1 and CEBPRE2 sites failed to be further 
enhanced compared with the –1704/+26 mutant (Figure 5J). Anal-
yses of the CEBPA ChIP-Seq database (GSE65167) and H3K27ac 

Figure 5. CEBPA represses Spp1 expression and OPN release in primary hepatocytes in vitro. (A–D) Cebpa and Spp1 mRNAs (A, n = 4), OPN protein (B and 
C, n = 3), and supernatant OPN (D, n = 5) of primary hepatocytes from chow-fed mice. (E–H) Cebpa and Spp1 mRNAs (E, n = 4), OPN protein (F–G, n = 4), 
and supernatant OPN (H, n = 4) in 48 hour Ad-GFP or Ad-CEBPA-treated primary WT hepatocytes. (I and J) Schematic diagram of the mouse Spp1 promoter 
illustrating the CEBPREs (I) and luciferase reporter assays (J, n = 4). (K and L) ChIP assay, relative CEBPA enrichment on CEBPRE1-4 (P1–P4) (K, n = 3) or 
H3K4Me3 enrichment on RLP30/HOXD10 (L, n = 3). (M) ChIP assay, relative H3K27Ac enrichment on CEBPRE1, n = 3. Data represent mean ± SEM. *P <0.05, 
**P < 0.01, ***P < 0.001, and ###P < 0.001 compared with each control group or as indicated by 2-way ANOVA with Šidák’s multiple-comparisons test for J 
and M or by 2-tailed unpaired student’s t test for others.
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Figure 6. Hepatocyte CEBPA deficiency–induced Spp1 expression and OPN release activates HSCs to promote MASH fibrosis. (A) Fibrosis gene 
mRNAs of primary HSCs treated with supernatants from hepatocytes or with mouse OPN antibody (OPN Ab), n = 4. shCtrl, control scrambled 
shRNA; shSpp1, Spp1 shRNA. #P < 0.05, ##P < 0.01, ###P < 0.001 compared with WT+shCtrl, while *P < 0.05, **P < 0.01, ***P < 0.001 compared 
with KO+shCtrl. (B–F) Liver Cebpa and Spp1 mRNAs (B, n = 9), serum OPN (C, n = 9), representative histological staining (D), quantitation of Sirius 
red staining (E, n = 9), and liver mRNAs in fibrosis and inflammation (F, n = 9) in 16-week HFCFD-fed CebpaΔHep mice treated with AAV8-control 
scrambled shRNA (control) or AAV8-Spp1 shRNA (shSpp1). (G–K) Liver Cebpa and Spp1 mRNAs (G, n = 6), serum OPN (H, n = 6), representative his-
tological staining (I), quantitation of Sirius red staining (J, n = 6) and liver mRNAs in fibrosis and inflammation (K, n = 6) in CebpaΔHep,ERT2 mice fed a 
HFCFD for 24 weeks and treated with tamoxifen for the last 12 weeks with AAV8 dosing at 1 week prior to tamoxifen dosing. Data represent mean ± 
SEM. Cebpafl/fl Control or shSpp1, Cebpafl/fl mice treated with AAV8-control scrambled shRNA or AAV8-shSpp1. CebpaΔHep or CebpaΔHep,ERT2 Control or 
shSpp1, CebpaΔHep or CebpaΔHep,ERT2 mice treated with AAV8-control scrambled shRNA or AAV8-shSpp1. #P < 0.05, ##P < 0.01, ###P < 0.001 compared 
with Cebpafl/fl Control, while *P < 0.05, **P < 0.01, ***P < 0.001 compared with CebpaΔHep Control or CebpaΔHep,ERT2 Control by 2-way ANOVA with 
Šidák’s multiple-comparisons test. Scale bars: 100 μm.
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in the livers of 2-week HFCFD-fed CebpaΔHep mice (Supplemental 
Figure 8, I and J). These data support the view that macrophages 
do not significantly contribute to the CEBPA-OPN modulation on 
MASH fibrosis.

Hepatocyte CEBPA/SPP1 axis modulates CCl4-induced liver 
fibrosis. The role of CEBPA and SPP1 in carbon tetrachloride-in-
duced (CCl4-induced) fibrosis in the absence of MASH was next 
tested. After CCl4 dosing for 4 weeks and 8 weeks, CebpaΔHep mice 
had higher hepatic Spp1 mRNA, serum OPN, liver fibrosis, and 
hepatic CD45 staining (Figure 7, A–C). The 4-week CCl4-treat-
ed CebpaΔHep mice showed lower serum TC and liver TC and TG, 
without changes in other biochemical parameters (Supplemental 
Figure 9A). Similarly, after CCl4 dosing for 8 weeks, CebpaΔHep 
mice showed lower liver TG, NEFA, serum ALT, and TC without 
significant changes in other biochemical parameters (Supplemen-
tal Figure 9B). Further, scAAV8-U6-shSpp1 reduced liver Spp1 
mRNA, decreased serum OPN, and rescued the enhanced liver 
fibrosis and inflammation in CebpaΔHep mice (Figure 7, D and E), 
while not significantly changing other biochemical parameters 
(Supplemental Figure 9C). Thus, hepatocyte CEBPA restricted 
CCl4-induced hepatic fibrosis through reducing Spp1 expression.

AAV-based gene therapy targeting hepatocyte CEBPA amelio-
rates MASH and fibrosis. The effect of hepatocyte-specific CEBPA 
overexpression in the treatment of MASH-associated fibrosis was 
next examined. By taking advantage of liver tropism of AAV8 and 
the hepatocyte-specific thyroxine-binding protein globulin (Tbg) 
promoter, AAV8-TBG-Cebpa was generated to express CEBPA 
specifically in hepatocytes. In the preventive treatment scheme, 
AAV8-TBG-Cebpa increased hepatic CEBPA expression and 
reduced mRNAs involved in fibrosis and inflammation, hepatic 
Spp1 mRNA, serum OPN, collagen deposition, hepatic TC, TG, 
NEFA, and serum ALT, with no changes in serum TC, TG and 
NEFA (Figure 8, A–E and Supplemental Figure 10, A–D). In the 
therapeutic treatment scheme, 25-week HFCFD-fed C57BL/6N 
mice were treated with AAV8-TBG-Cebpa for the last 12 weeks. 
AAV8-TBG-Cebpa increased hepatic Cebpa mRNA and CEBPA 
protein, while decreased hepatic Spp1 mRNA, serum OPN, hepat-
ic lipid accumulation, and liver fibrosis, accompanied by a reduc-
tion in liver TG, serum ALT, and NEFA without changing other 
parameters (Figure 8, F–J and Supplemental Figure 10, E–H). 
As early as 3 weeks after AAV8-TBG-Cebpa dosing in HFCFD-
fed C57BL/6N mice, hepatic Cebpa mRNA was increased, while 
hepatic Spp1 mRNA and serum OPN were decreased, in the 
absence of obvious phenotypic changes of biochemical endpoints 
and liver fibrosis (Supplemental Figure 10, I–P), supporting the 
view that CEBPA overexpression–mediated Spp1 downregulation 
could be an early causal factor for decreasing liver fibrosis.

Discussion
In this study, CEBPA was found to restrict both MASH and 
chemically induced fibrosis by using 2 hepatocyte-specific CEB-
PA-deficient mouse lines and AAV8-TBG-Cebpa. Mechanisti-
cally, hepatocyte CEBPA bound to CEBPRE1 may competitive-
ly reduce the H3K27ac engagement at the Spp1 promoter. This 
reduced engagement repressed Spp1 to decrease hepatocyte- 
derived OPN synthesis and release into the hepatic microenvi-
ronment and HSC activation.

6E), while trichostatin A failed to further enhance Spp1 mRNA 
levels in hepatocytes isolated from CebpaΔHep mice (Supplemental 
Figure 6F). Thus, CEBPA overexpression repressed Spp1 transac-
tivation by binding to the CEBPRE1, which was at least partially 
through blocking the transcriptional enhancer H3K27ac binding 
to the Spp1 promoter.

Hepatocyte CEBPA-SPP1 axis contributes to HSC activation and 
liver fibrosis in MASH. To determine whether increased hepato-
cyte Spp1 mRNA and OPN secretion induced by hepatocyte-spe-
cific CEBPA knockout contributes to enhanced HSC activation, 
hepatocytes from CebpaΔHep or Cebpafl/fl mice were transfected 
with control or Spp1 shRNA in the presence of palmitic acid. The 
Spp1 shRNA markedly decreased OPN in the hepatocyte culture 
medium (Supplemental Figure 7A). The expression of fibrogenic 
gene mRNAs in primary mouse HSCs was increased by the cul-
ture medium from CebpaΔHep hepatocytes compared to that from 
Cebpafl/fl hepatocytes, while this phenotype was rescued by Spp1 
shRNA or OPN-neutralizing antibody (Figure 6A).

Next, scAAV8-U6-shSpp1 was generated to knockdown 
hepatocyte Spp1 in vivo. In C57BL/6N mice, scAAV8-U6-shSpp1 
markedly decreased Spp1 mRNA in primary hepatocytes, but not 
in nonparenchymal cells (Supplemental Figure 7B). In 16-week 
HFCFD-fed CebpaΔHep mice, scAAV8-U6-shSpp1 did not affect the 
body weights, liver weights, and biochemical parameters (Supple-
mental Figure 7C), but significantly reduced hepatic Spp1 mRNA, 
serum OPN, hepatocyte CEBPA knockout-potentiated liver fibro-
genic gene expression and collagen deposition (Figure 6, B–F). 
Similarly, 24-week HFCFD-fed CebpaΔHep,ERT2 mice treated with 
tamoxifen for the last 12 weeks, developed enhanced liver fibrosis 
while scAAV8-U6-shSpp1 rescued the hepatocyte CEBPA deficien-
cy-enhanced liver fibrosis (Figure 6, G–K) without changing other 
biochemical parameters (Supplemental Figure 7D). Further, in the 
presence of scAAV8-U6-shSpp1, hepatocyte CEBPA deficiency 
failed to significantly enhance the HFCFD-induced liver fibrosis 
(Figure 6, E and J). All these data indicate that induction of Spp1 
gene expression by hepatocyte CEBPA deficiency predominantly 
contributes to the enhanced MASH-associated liver fibrosis.

To explore whether the induction of Spp1 gene expression 
and OPN release were caused by signaling in macrophages, mac-
rophages were depleted using clodronate for 2 weeks, reveal-
ing that hepatocyte CEBPA deficiency still sharply induced liver 
Spp1 mRNA expression and OPN release; Adgre1 mRNA, encod-
ing a macrophage marker, was almost completely lost in clodro-
nate-treated mice, indicating the efficient depletion of macro-
phages in the livers (Supplemental Figure 7E). Further, when 
macrophages were depleted by 4-week clodronate dosing, the 
effect of scAAV8-U6-shSpp1 in rescuing hepatocyte CEBPA defi-
ciency–enhanced liver fibrosis was found comparable to that in 
control vehicle-dosed mice (Supplemental Figure 7F). In line 
with this result, single-cell RNA-Seq (scRNA-Seq) analyses of 
2-week HFCFD-fed mice showed that Spp1 was mostly induced in 
hepatocytes (Supplemental Figure 8, A–F), which was further con-
firmed by quantitative PCR (qPCR) analyses of mRNAs in prima-
ry hepatocytes and enriched nonparenchymal cells isolated from 
2-week HFCFD-fed mice (Supplemental Figure 8, G and H), while 
immunofluorescence staining consistently demonstrated that 
OPN was mainly induced in hepatocytes, but not in macrophages, 
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Figure 7. Hepatocyte-specific CEBPA knockout enhances CCl4-induced liver fibrosis via Spp1 induction. (A) Liver Cebpa and Spp1 mRNAs (n = 6), 
serum OPN (n = 6), liver mRNAs in fibrosis and inflammation (n = 6), and quantitation of Sirius red staining (n = 6) and CD45 staining (n = 3) for 
4-week CCl4-treated mice. (B) Liver Cebpa and Spp1 mRNAs (n = 9-13), serum OPN (n = 9-13), liver mRNAs in fibrosis and inflammation (n = 9-13), 
and quantitation of Sirius red staining (n = 8) and CD45 staining (n = 3) for 8-week CCl4-treated mice. (C) Representative histological staining for 
the livers from 4-week CCl4-treated mice and 8-week CCl4-treated mice. (D–E) Liver Cebpa and Spp1 mRNAs, serum OPN, liver mRNAs in fibrosis 
and inflammation (D, n = 6), representative histological staining and quantitation of Sirius red staining (E, n = 5) in 4-week CCl4-treated mice dosed 
with AAV8-control scrambled shRNA (control) or AAV8-Spp1 shRNA (shSpp1). Data represent mean ± SEM. #P < 0.05, ##P < 0.01, ###P < 0.001 
compared with Cebpafl/fl group, while *P < 0.05, **P < 0.01, ***P < 0.001 compared with the CebpaΔHep group by 2-tailed unpaired student’s t test for 
A–C or by 2-way ANOVA with Šidák’s multiple-comparisons test for D–E. Scale bars: 100 μm.
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typical fibrosis-promoting function (28). Thus, while the effects of 
OPN produced in macrophages and hepatocytes on MASH have 
been shown to be different, the current work supports the view 
that increasing hepatocyte CEBPA to achieve the hepatocyte-spe-
cific restriction of MASH-induced Spp1 transactivation could be a 
promising strategy for fibrosis treatment. Here, hepatocyte CEB-
PA is demonstrated to impede hepatic fibrogenesis as a direct tran-
scriptional repressor of hepatocyte Spp1.

Notably, supernatant OPN levels in the primary hepatocyte 
culture medium are high and could be markedly increased by 
hepatocyte CEBPA knockout, revealing that hepatocytes sub-
stantially contribute to OPN secretion and that CEBPA is a strong 
negative modulator of hepatocyte OPN release. The contribution 
of hepatocyte CEBPA to regulating the circulating OPN levels is 
further supported by increased serum OPN in hepatocyte-specific 
CEBPA-deficient mice under both basic and hepatic insult-chal-
lenging conditions. The causal contribution of hepatocyte CEBPA 

OPN hyperactivation could promote HSC activation and liv-
er fibrogenesis (22). In earlier studies, serum OPN levels were 
associated with liver fibrosis in patients with MASH and correlat-
ed with liver stiffness in patients with cirrhosis, while OPN-neu-
tralizing antibody reduced MASH in mice, suggesting that serum 
OPN levels serve as noninvasive biomarkers for liver fibrosis pro-
gression (25–27). Herein, by using biopsies from human livers, a 
strong positive correlation of hepatic SPP1 mRNA with liver fibro-
sis markers was further found. Macrophages are a source of OPN 
production (22). However, the MASH-increased liver Spp1 mRNA 
is mainly derived from the marked Spp1 induction in hepatocytes 
and not Kupffer cells. Another earlier study demonstrated that 
hepatocyte-derived OPN induction promoted liver fibrosis (21), 
which is in line with the current study that consistently supports 
a fibrosis-promoting role for hepatocyte-derived OPN. However, 
a recent study demonstrated that macrophage-derived OPN pro-
tected against MASH progression in contrast to its well-known 

Figure 8. AAV8-TBG-Cebpa reduces liver fibrosis in HFCFD-fed mice. (A–E) Preventive dosing scheme (A), liver mRNAs in fibrosis and inflammation (B), 
serum OPN (C), quantitation of Sirius red staining (D) and representative histological staining (E), scale bar: 100 μm for H&E and Sirius red staining; 50 
μm for Oil red O staining; n = 5. (F–J) Therapeutic dosing scheme (F), liver mRNAs in fibrosis and inflammation (G), serum OPN (H), quantitation of Sirius 
red staining (I), and representative histological staining (J). Scale bar: 100 μm; n = 6. Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, by 
2-tailed unpaired student’s t test.
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genes, such as Smpdl3b, or inhibiting fatty acid β-oxidation, while, 
in contrast, hepatic lipids may be reduced due to the deteriorated 
liver function caused by hepatocyte CEBPA loss in the progressive 
stage of fibrosis (31). CEBPA also controls self-renewal of fetal 
liver and adult hematopoietic cells and restricts hepatic prolifer-
ation (32, 33). Thus, various factors modulated by hepatic CEBPA 
may work together to determine their net effects on liver weight 
and hepatic lipid accumulation. However, given that hepatocyte 
CEBPA knockout, which enhances liver fibrosis, is not always 
accompanied by exacerbated fatty liver during MASH and that 
it even enhances CCl4-induced liver fibrosis — accompanied by 
decreased hepatic lipids — it is less likely that hepatocyte CEB-
PA knockout promotes liver fibrosis depending on its effect on 
increasing hepatic lipids. Additionally, CEBPA positively modu-
lates hepatic glycogen storage (15, 16), while lower hepatic glyco-
gen storage was consistently found in HFCFD-fed CebpaΔHep mice 
in the present study. While progressive abnormal glycogen accu-
mulation is thought to promote liver fibrosis and cirrhosis in glyco-
gen storage disease type III (34, 35), how hepatic normal glycogen 
levels modulate liver fibrosis remains unclear. The causal relation-
ship among hepatic glycogen storage, liver fibrosis progression, 
and SPP1 modulation requires further investigation.

In summary, the current findings reveal a key role of hepato-
cyte CEBPA in restricting the liver fibrosis progression and sup-
port the application of AAV-based therapies for the treatment of 
MASH-associated liver fibrosis. Studies regarding the cell-specific 
roles of CEBPA in hepatocytes or other cells in liver diseases rep-
resent a promising research field to guide the discovery of CEBPA 
modulation–based gene therapy.

Methods
Sex as a biological variable. In the present study, only male mice were 
used because MASLD/MASH is a sex-dimorphic disease with a gen-
eral higher prevalence in men, and estrogen is a key factor in MASLD 
progression (36–38). Whether the present findings could be applied to 
female mice still requires further studies. In the immunofluorescence 
experiments using human liver samples, details of gender information 
on fibrosis stage are listed (Supplemental Table 2). Statistical analyses 
was performed by considering sex not as a variable in determining 
the effect of MASLD/MASH on the expression of CEBPA but there 
was insufficient statistical power to analyze sex-stratified effects. The 
human liver samples used for bioinformatic analyses, qPCR, and West-
ern blot were from deidentified human patients and gender informa-
tion was not available.

Patient samples. Deidentified normal (n = 13) and MASH human 
liver (n = 28) samples were obtained through the Liver Tissue Cell 
Distribution System (Minneapolis, Minnesota, USA) and subjected 
to qPCR and Western blot analyses. For immunofluorescence stain-
ing of CEBPA, normal (n = 3) livers were obtained from healthy liver 
donors during liver transplantation, while MASLD liver sections for 
F0 (n = 9), F1 (n = 9), F2 (n = 7), F3 (n = 6), and F4 (n = 7) stage from 
patients with MASLD who underwent liver biopsy to assess liver his-
topathology after being diagnosed with fatty liver via B-mode ultraso-
nography. Liver histopathology was assessed by 2 independent pathol-
ogists based on MASH Clinical Research Network scoring system as 
described previously (39). Detailed information of human patients 
was provided in Supplemental Table 2.

deficiency–induced Spp1 transactivation and OPN release to the 
phenotype is supported by the rescue experiments using Spp1 shR-
NA or OPN antibody in vitro as well as using AAV8-U6-shSpp1 in 
vivo, despite the fact that other factors that may contribute could 
not be totally excluded. However, decreasing Spp1 mRNA levels 
by AAV8-U6-shSpp1 fails to lower hepatocyte CEBPA knock-
out-potentiated fatty liver, liver inflammation, and serum ALT 
during MASH, suggesting that it is less likely that hepatocyte-de-
rived OPN promotes liver fibrosis dependent on its modulation 
of hepatic steatosis, inflammation, and hepatocyte death during 
MASH. However, it is still possible that hepatocyte CEBPA defi-
ciency increases hepatocellular cell death during the early stages 
of MASH, which may contribute to the enhanced liver fibrosis 
phenotype. Hepatocyte CEBPA loss increases the infiltration of 
proinflammatory CD45+ cells in the presence of HFCFD challenge 
or CCl4 stimuli, but how the crosstalk between hepatocyte CEB-
PA and immune cells mediates the phenotype, either dependent 
or independent of OPN, still requires further investigation. AAV8-
U6-shSpp1 reduces some proinflammatory markers when rescu-
ing CCl4-induced liver fibrosis, which represents a more proin-
flammatory condition than MASH, indicating potential pleiotropic 
effects of OPN among different experimental contexts.

In the present study, HES1 was identified as a transcription 
repressor of CEBPA. In line with the CEBPA/OPN axis modu-
lation on liver fibrosis, hepatocyte HES1 induction–enhanced 
liver fibrosis similarly induces hepatocyte-derived OPN release 
(21). However, hepatocyte HES1 induction increases Spp1 
expression at least partially via inducing Sox9 expression (21). 
In contrast, hepatocyte CEBPA loss is found not to change Sox9 
expression in the present study, suggesting that HES1 and CEB-
PA work on different signaling pathways to regulate Spp1 expres-
sion. Investigation is still warranted regarding whether and how 
HES1 modulation of Spp1 expression in vivo depends on its 
modulation of CEBPA expression in hepatocytes. It should be 
noted that ATF3 upregulation is found to repress Cebpa mRNA 
expression in primary hepatocytes in the present study, which is 
consistent with the earlier work demonstrating the repression of 
CEBPA transactivation by ATF3 in adipocytes (20). However, as 
to whether ATF3 could be a therapeutic target upstream of the 
CEBPA-fibrosis axis, 2 earlier publications demonstrated that 
ATF3 induction actually protected against MASH progression 
(29, 30). This protection is not consistent with the fibrosis-pro-
moting effect due to CEBPA repression by ATF3 induction, 
suggesting that ATF3 induction during MASH as an adaptive 
response could only partially serve to repress CEBPA expres-
sion, but that it is not a causal factor to MASH progression. The 
factors that cause hepatocyte CEBPA downregulation during 
MASH progression could be more complicated, and the pres-
ent study could not rule out other factors that may contribute to 
CEBPA downregulation during MASH.

The pathophysiological role of CEBPA in the liver may be 
complicated and pleiotropic. Hepatic CEBPA was suggested to 
promote hepatic lipogenesis (18, 19), while hepatocyte CEBPA 
knockout potentiated fatty liver in some currently examined 
experimental MASH conditions, raising new concerns regarding 
the lipid-lowering role of hepatocyte CEBPA. Hepatic CEBPA 
knockout may increase hepatic lipids by upregulating lipogenesis 
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