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Highlights Impact and Implications

� FOXA3 was induced in an acute hepatocyte prolif-

eration model after partial hepatectomy or CCl4
administration.

� FOXA3 overexpression or deficiency affected he-
patocyte proliferation and apoptosis.

� FOXA3 promotes liver regeneration by regulating
the transcription of Cebpb.

� FOXA3 pharmacological inducer cardamonin pro-
motes hepatocyte proliferation without affecting
termination after partial hepatectomy.
https://doi.org/10.1016/j.jhepr.2023.100906
Liver regeneration is vital for the recovery of liver
function after chemical insults or hepatectomy, yet the
underlying mechanism remains to be elucidated.
Herein, via in vitro and in vivomodels and analysis, we
demonstrated that Forkhead box protein A3 (FOXA3),
a Forkhead box family member, maintained normal
liver regeneration progression by governing Cebpb
transcription and proposed cardamonin as a lead
compound to induce Foxa3 and accelerate liver repair,
which signified that FOXA3 may be a potential ther-
apeutic target for further preclinical study on treating
liver injury.
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Background & Aims: Liver regeneration is vital for the recovery of liver function after injury, yet the underlying mechanism
remains to be elucidated. Forkhead box protein A3 (FOXA3), a member of the forkhead box family, plays important roles in
endoplasmic reticulum stress sensing, and lipid and glucose homoeostasis, yet its functions in liver regeneration are
unknown.
Methods: Here, we explored whether Foxa3 regulates liver regeneration via acute and chronic liver injury mice models. We
further characterised the molecular mechanism by chromatin immunoprecipitation sequencing and rescue experiments
in vivo and in vitro. Then, we assessed the impact of Foxa3 pharmacological activation on progression and termination of liver
regeneration. Finally, we confirmed the Foxa3–Cebpb axis in human liver samples.
Results: Foxa3 is dominantly expressed in hepatocytes and cholangiocytes and is induced upon partial hepatectomy (PH) or
carbon tetrachloride (CCl4) administration. Foxa3 deficiency in mice decreased cyclin gene levels and delayed liver regen-
eration after PH, or acute or chronic i.p. CCl4 injection. Conversely, hepatocyte-specific Foxa3 overexpression accelerated
hepatocytes proliferation and attenuated liver damage in an CCl4-induced acute model. Mechanistically, Foxa3 directly reg-
ulates Cebpb transcription, which is involved in hepatocyte division and apoptosis both in vivo and in vitro. Of note, Cebpb
overexpression in livers of Foxa3-deficient mice rescued their defects in cell proliferation and regeneration upon CCl4
treatment. In addition, pharmacological induction of Foxa3 via cardamonin speeded up hepatocyte proliferation after PH,
without interfering with liver regeneration termination. Finally, Cebpb and Ki67 levels had a positive correlation with Foxa3
expression in human chronic disease livers.
Conclusions: These data characterise Foxa3 as a vital regulator of liver regeneration, which may represent an essential factor
to maintain liver mass after liver injury by governing Cebpb transcription.
Impact and Implications: Liver regeneration is vital for the recovery of liver function after chemical insults or hepatectomy,
yet the underlying mechanism remains to be elucidated. Herein, via in vitro and in vivomodels and analysis, we demonstrated
that Forkhead box protein A3 (FOXA3), a Forkhead box family member, maintained normal liver regeneration progression by
governing Cebpb transcription and proposed cardamonin as a lead compound to induce Foxa3 and accelerate liver repair,
which signified that FOXA3 may be a potential therapeutic target for further preclinical study on treating liver injury.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
The liver plays vital roles in glucose, protein, and lipid meta-
bolism; bile acid synthesis and secretion; endogenous and
xenobiotic toxin detoxification; and immune functionality
maintenance. Thus, it is central to systematic homoeostasis.1

Profound liver injury is frequent in clinics owing to severe
trauma or a high prevalence of liver diseases worldwide, that is,
non-alcoholic steatohepatitis (NASH), cirrhosis, or primary liver
cancer, which disrupts normal liver functions and can be life-
threatening.2 Notably, the liver has the unique capability of
robust regeneration upon injury.3 Although hepatocyte prolifer-
ation is rare in normal adult livers, in scenarios such as hepatitis
virus or poison/drug-induced liver injury, or surgical removal
caused by liver trauma or primary liver cancer, significant loss of
liver mass induces liver regeneration, whereas quiescent hepa-
tocytes re-enter the cell cycle and proliferate to restore liver
mass and function under a highly controlled fashion until the
liver reaches its normal size.4–6 There are key differences in liver
regeneration in normal livers with partial hepatectomy (PH) and
in diseased livers with massive necrosis and chronic liver dis-
eases. After acute liver injury or hepatectomy, regeneration oc-
curs mainly through hepatocyte replication, whereas in severe
liver injury, mature hepatocytes undergo telomere shortening
and replicative senescence, which causes cell cycle arrest in
hepatocytes.7–9 This impairs hepatocyte proliferation and causes
hepatocyte apoptosis and necrosis.10–12 Therefore, in chronic
liver diseases, where hepatocytes experience senescence, new
hepatocytes are majorly derived from the activation of chol-
angiocytes and stem cells.13,14

Avenues to stimulate liver regeneration have long been
implicated in clinic to treat patients with massive liver injury. For
example, PH is currently the major clinical strategy for primary
liver cancer treatment, whereas liver transplantation is the only
curative treatment for acute liver failure and end-stage liver
disease.15 Following PH or liver transplantation, the liver un-
dergoes an active and well-controlled phase of liver regeneration
to restore its innate mass and function.3 In rodents, PH and
carbon tetrachloride (CCl4) administration are widely used
strategies to establish a liver regeneration model. After PH, he-
patocytes divide in a relatively synchronous manner, and liver
mass and function are restored within 2 weeks.4–6 Meanwhile,
CCl4 administration leads to parenchymal necrosis dominantly
surrounding the central veins that peaks at 24 h, followed by
liver regeneration.5,16 As liver regeneration is a complex and
sophisticated tissue recovery process, various factors and path-
ways have been shown to play important roles in it, including
hepatocyte growth factors; CCAAT/enhancer-binding protein (C/
EBP) family proteins; epidermal/endothelial growth factors and
their receptors; and the IL-6–signal transducer and activator of
transcription 3 (STAT3), Hippo/Yap, and Wnt/b-catenin signalling
pathways.4–6 Because surgically activated liver regeneration, that
is, by PH or liver transplantation, is highly dependent on indi-
vidual physiological conditions or donor tissue availabil-
ity,3–6,15,16 it is desirable to use factors or pathways involved in
this process to activate liver regeneration directly. However,
proliferation and tumorigenesis are two sides of the same coin;
there is concern that the increased proliferation potential of
hepatocytes during liver repairments may lose control, therefore
favouring carcinogenesis and primary liver cancer.17 Thus, novel
clinical therapeutic targets for safe and efficient activation of
liver regeneration to treat liver injury are still in urgent demand.
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The Forkhead box A (FOXA) transcription factor (also known
as hepatocyte nuclear factor 3 [HNF3]) family comprises three
members, namely, Foxa1, Foxa2, and Foxa3, that are involved in
multiple physiological events critical in metabolic homoeostasis
and ageing.18,19 Among them, Foxa1 and Foxa2 are essential for
liver development as loss of Foxa1 and Foxa2 in the foregut
endoderm leads to abrogated hepatic specification in mice.20 By
contrast, forkhead box protein A3 (FOXA3), also termed as he-
patocyte nuclear factor 3c (HNF3c), is dispensable for liver
development as FOXA3-deficient mice show no defect in liver
growth.21 However, FOXA3 is the most highly expressed FOXA
family member in adult liver, suggesting that it may play roles
different from those of Foxa1 and Foxa2 in the liver.22,23 For
example, we and others have shown that FOXA3 plays crucial
roles in lipid and glucose homoeostasis in the liver and other
metabolic tissues.24–27 Importantly, it was reported that FOXA3
level was downregulated in patients with hepatocellular carci-
noma (HCC) and inversely correlated with HCC malignancy and
patient survival.28 FOXA3 overexpression suppressed HCC
growth and sensitised HCC cells to anticancer treatment.28 In
addition, FOXA3, synergistically with hepatocyte nuclear factor
1A (HNF1A) and hepatocyte nuclear factor 4A (HNF4A), reprog-
rammes HCC cells to hepatocyte-like cells,29 overall suggesting
that FOXA3 suppresses HCC progression. However, the exact role
and detailed mechanism of FOXA3 in acute liver injury and liver
regeneration, as well as its targeting strategies, are largely
unknown.

In the present study, we demonstrated that FOXA3 plays a
critical role in liver regeneration. Ablation of FOXA3 in mice
impaired hepatocyte proliferation and exacerbated liver injury,
whereas overexpression of FOXA3 promoted liver regeneration
and attenuated hepatocyte damage under PH and CCl4 admin-
istration. Mechanistically, via combination of RNA sequencing
(RNA-seq) and chromatin immunoprecipitation sequencing
(ChIP-seq), we revealed that FOXA3-regulated liver regeneration
by governing Cebpb transcription and expressing of CCAAT/
enhancer-binding protein beta (C/EBPb) through adenoviral de-
livery in the liver reversed exacerbated liver injury of FOXA3-null
mice after CCl4 treatment. In addition, the active gradient of
Alpinia katsumadai cardamonin (CDN) is a Foxa3 transcriptional
activator and attenuates injury after PH, without interfering with
liver regeneration termination. Taken together, our findings
provide genetic evidence that FOXA3 regulates liver regeneration
and inducing Foxa3 with CDN may be beneficial for treating liver
injury.
Materials and methods
Animal and human samples
Male C57BL/6 mice at 8 weeks of age were purchased from
GemPharmatech Co., Ltd. (Shanghai, China). FOXA3 wild-type
(WT) and knockout (KO) mice were described previously.30 All
mice were maintained under a 12-h/12-h light/dark cycle at
controlled temperature with ad libitum access to food and water.
All animal experiment protocols were approved by the ethics
committee of Animal Experiments of East China Normal Uni-
versity. For the PH model, two-thirds of the mice liver was
removed as previously reported.31 Briefly, mice were anaes-
thetised by gas anaesthesia using 5% isoflurane for induction and
1.5% isoflurane for maintenance. A ventral midline incision was
performed to expose the abdominal cavity. Then, the median and
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left lateral hepatic lobes were exteriorised. The mice were then
ligated and sterilised with betadine after closing the abdominal
cavity on a warming pad setting at 37 �C for recovery. For acute
liver injury, mice were injected i.p. with control solvent (olive
oil) or with CCl4 (dissolved at 1:9 in olive oil) with the final dose
of 1 ml/kg body weight for acute treatment or with the final dose
of 0.25 ml/kg body weight for chronic treatment.32 WT and
FOXA3 KO mice were treated with CDN (TargetMol, Shanghai,
China) at 10 mg/kg body weight or solvent (olive oil) once a day
for 3 days before surgery. The liver biopsies were collected from
12 patients with NASH. The study of these specimens was
approved by the ethics committee of the First Affiliated Hospital
of Wenzhou Medical University, and informed consent was ob-
tained from all participants.

RNA-seq and single-cell RNA-seq analysis
For RNA-seq analysis, Gene Expression Omnibus (GEO) data for
liver regeneration (GSE133271, GSE70593, and GSE20427) were
downloaded from the NCBI, and differentially expressed genes
(DEGs) (adjusted p <−0.05) from three datasets were overlapped
using the online tool Draw Venn Diagram (https://bioinformatics.
psb.ugent.be/webtools/venn). Gene ontology (GO) enrichment
analysis of overlapped DEGs was performed using the online
webtool DAVID Bioinformatic Resources (2021 update). The sig-
nificant levels of terms and biological processes were corrected
using the p value with a rigorous threshold (p <−0.05) by Bonferroni
correction.

For single-cell RNA sequencing (scRNA-seq) analysis, data
from 4,058 non-parenchymal cells (GSE129516) and 3,153
parenchymal cells (GSE157698) from the GEO database were
combined. We also re-analysed the scRNA-seq data
(GSE162713)33 to study spatial Foxa3 expression and scRNA-seq
data from control and NASH mice (GSE210501) to study corre-
lation of Foxa3 expression with cholangiocytes-derived hepato-
cytes (Trop2) in mice. The Harmony algorithm (version 1.0) was
used for removing batch effects, in which real biological differ-
ences are interspersed with technical differences.34 The Seurat
package (version 4.1.1; https://satijalab.org/seurat/) was used to
analyse scRNA-seq data.35 A total of 7,211 cells expressing more
than 200 genes (min.features = 200) and 15,478 genes with
transcripts detected in more than three cells (min.cells = 3) were
used for further analysis. The t-distributed stochastic neighbour
embedding (t-SNE) plots and feature plots were generated by R
(version 4.2.0, R Foundation for Statistical Computing, Vienna,
Austria). The identity of marker genes for each cluster was
assigned based on the prior knowledge of marker genes.36,37

Plasmid construction
The FOXA3 expression plasmid and Foxa3-luciferase reporter
were constructed as previously described.24 The Cebpb promoter
was amplified from mouse genomic DNA and inserted to the
pGL3-basic luciferase reporter vector (E1751; Promega, Madison,
WI, USA). The mutant Cebpb-luciferase reporter with a deletion
at the putative FOXA3 binding site was generated using the
QuikChange II Site-Directed Mutagenesis Kit (200523; Agilent,
Santa Clara, CA, USA). Primers are listed in Table S1.

Cell culture and treatment
Mouse AML12 cells were cultured with 89% DMEM/F12 (11330-
032; Invitrogen, Carlsbad, CA, USA), 10% FBS (10099; Gibco,
Grand Island, NY, USA), 1% insulin–transferrin–selenium liquid
media supplement (I3146; Sigma-Aldrich, St. Louis, MO, USA),
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and dexamethasone at 40 ng/ml. For FOXA3 overexpression,
AML12 cells were transfected with FOXA3 expression plasmid by
using Lipofectamine 2000 Reagent (11668019; Thermo Fisher
Scientific, Waltham, MA, USA). For FOXA3 or Cebpb knockdown,
AML12 cells were transfected with a negative control small
interfering RNA (siRNA) (siNC) or siFOXA3 or siCebpb by using
Lipofectamine 2000 Reagent. The sequences of siRNAs were as
follows: siNC, 50-UUCUCCGAACGUGUCACGUTT-30; siFoxa3, 50-
GGCAUUCGCUGUCCUUCAATT-30; and siCebpb, 50-GCGACGA-
GUACAAGAUGCGTT-30 (designed and synthesised by Gene-
Pharma, Shanghai, China). AML12 cells were treated with 10 lM
CDN (TargetMol) for analysis.

Real-time quantitative PCR
Total RNAs were extracted from livers or cultured cells using
TRIzol (9109; Takara Bio, Beijing, China), followed by 500 ng
cDNA synthesis using the First Strand cDNA Synthesis Kit
(RR036A; Takara, Beijing, China). cDNA samples and specific
primers were mixed with SYBR green fluorescent dye and then
loaded into a 384-well plate. Real-time quantitative PCR was
performed with the Light Cycler 480II detection system (Roche,
Basilea, CH, Switzerland). The Gapdh gene was selected as the
housekeeping gene. Gene expression levels were assessed using
the DDCt method with triplicates. Primer sequences are listed in
Table S2.

Immunoblotting
Total protein was extracted from liver samples or cells by RIPA
buffer (P0013B; Beyotime Biotechnology, Shanghai, China) con-
taining protease inhibitors (P1046; Beyotime Biotechnology) and
phenylmethylsulfonyl fluoride (ST505; Beyotime Biotechnology)
and then placed on ice. Protein concentration was measured by
BCA assay (P0012; Beyotime Biotechnology). Protein samples
were loaded on Tris-HCl gel in running buffer at 80 V for 2 h.
Polyvinylidene difluoride membranes were used to transfer
protein at constant voltage (100 V) and then blocked with 10%
bovine serum albumin buffer at room temperature. The mem-
branes were then incubated with primary antibodies (Table S3)
at 4 �C overnight and then washed with TBST, followed by in-
cubation with IRDye 680RD goat anti-rabbit or IRDye 770RD goat
anti-mouse secondary antibodies. The results were imaged using
the Odyssey CLx Imager system (LI-COR, Lincoln, NE, USA), and
protein expression levels were quantified using Image Studio
software (LI-COR).

ALT and AST analysis
To determined serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels, mice blood samples
were left overnight at 4 �C and centrifuged at 3,500 rpm/min at
4 �C for 15 min. Serum ALT and AST were measured using
commercial enzyme kits (KHB Company, Shanghai, China).

Histological analysis
For H&E staining, liver tissues were fixed with 4% para-
formaldehyde, followed by dehydration, transparency, paraffin
embedding, and sectioning at 5 lm. The liver sections were
stained with the H&E kit (C0105M; Beyotime Biotechnology). For
the immunochemistry of Ki67 staining, liver sections were
blocked with 10% goat serum after 3% H2O2 treatment, which
was used to quench endogenous peroxidase activity. The primary
antibody of Ki67 (ICH-00375, 1:200 dilution; Bethyl) was incu-
bated overnight at 4 �C and then washed with PBS three times,
3vol. 5 j 100906

https://bioinformatics.psb.ugent.be/webtools/venn
https://bioinformatics.psb.ugent.be/webtools/venn
https://satijalab.org/seurat/


Research article
followed by incubation with goat anti-rabbit IgG (SP-9002;
ZSGB-BIO, Beijing, China) and IgG-HRP (SP-9002; ZSGB-BIO). The
signal was detected using the DAB kit (SP-9002; ZSGB-BIO).
Images were acquired using an Olympus microscope and a
Leica SP8 confocal microscope (Leica, Heidelberg, Germany). For
immunofluorescence, anti-Ki67 (IHC-00375,1:200 dilution;
Bethyl), anti-pHH3 (53348, 1:200 dilution; CST), and anti-CK19
(TROMA-III, 1:200 dilution; DSHB) were used, followed by
DyLight 488/549 goat anti-rabbit secondary antibody and DAPI
for nuclear staining, and subsequently mounted with Antifade
Mounting Medium (P0126; Beyotime Biotechnology). Images
were acquired using a Nikon fluorescence microscope (Nikon,
Tokyo, Japan).

TUNEL analysis and immunofluorescence
For terminal deoxynucleotidyl transferase-mediated deoxyur-
idine triphosphate nick-end labelling (TUNEL) assay, liver sec-
tions were dewaxed, rehydrated, and treated with proteinase K
(20 lg/ml) for 30 min at 37 �C. TUNEL analysis was performed
using the In situ Cell Death Detection Kit, TMR red (12156792910;
Roche), following the manufacturer’s instructions. The TUNEL-
positive area was quantified using ImageJ software.

For immunofluorescence, AML12 cells on glass coverslips
were fixed with 4% paraformaldehyde, permeabilised, blocked,
and incubated with anti-ki67 antibody (IHC-00375,1:200 dilu-
tion; Bethyl), followed by DyLight 488/549 goat anti-rabbit sec-
ondary antibody and DAPI for nuclear staining, and subsequently
mounted with Antifade Mounting Medium (P0126; Beyotime
Biotechnology). Images were acquired using a Nikon fluores-
cence microscope.

Adenoviral or adeno-associated viral delivery in mouse livers
Adenoviruses expressing murine FOXA3, C/EBPb, or GFP (Ad-
FOXA3, Ad-C/EBPb, or Ad-GFP, respectively) were generated by
Genechem (Shanghai, China). Hepatocyte-specific thyroxine-
binding globulin (TBG) promoter-driven adeno-associated vi-
ruses expressing FOXA3 or GFP (AAV-TBG-FOXA3 or AAV-TBG-
GFP, respectively) were generated by HANBIO (Shanghai,
China). Mice were injected with Ad-FOXA3, Ad-CEBP/b, Ad-GFP
(1 × 109 plaque-forming units), or AAV-TBG-FOXA3 or AAV-
TBG-GFP (1 × 1011 plaque-forming units) by tail vein injection.

ChIP assays and ChIP-seq
Chromatin immunoprecipitation (ChIP) assays were performed
according to the manufacturer’s instructions (9003S; Cell
Signaling Technology, Danvers, MA, USA). For in vivo ChIP, the
mouse liver (100 mg) was minced into small pieces, cross-linked
with 1% formaldehyde at room temperature for 10 min, and
stopped with 0.125 M glycine solution. Unicellular suspension
was prepared by Dounce homogenisation in ice-cold PBS. For
in vitro ChIP, AML12 cells were cross-linked with 1% formalde-
hyde and then stopped with 0.125M glycine solution. Cells were
collected with SDS lysis buffer after washing with ice-cold PBS.
Sonication with a Bioruptor sonicator (Scientz, Ningbo, China)
was used to fragment chromatin. Samples were incubated with
Protein G Agarose beads and then immunoprecipitated with IgG
(2729S; Cell Signaling Technology), anti-FOXA3 antibody (sc-
74424; Santa Cruz, Dallas, TX, USA), or anti-histone H3 (acetyl
K9) antibody (ab4441; Abcam, Cambridge, UK) overnight at 4 �C.
Cross-linking was reversed at 65 �C for 2 h, and DNA fragments
were purified for real-time quantitative PCR. The sequences are
listed in Table S2.
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ChIP-seq was performed by Genergy (Shanghai, China). The
construction of libraries and data analysis was described previ-
ously.16 Briefly, at least 100 ng DNA per sample was used to
generate libraries using a commercial kit, and then libraries were
sequenced on an Illumina Hiseq3000 platform (Illumina, San
Diego, CA, USA). For data analysis, sequencing reads were map-
ped to the mouse reference (mm10) using Bowite2 (v.2.2.5).
MACS2 (v.2.1.1) was used to scan peaks in the genomic-wide
level according to each immunoprecipitation and input pair.
Visualisation was performed using the Integrative Genomic
Viewer (IGV) genome browser (v.2.8.0).

Transfection and luciferase assays
HEK293T and AML12 cells were cultured with 10% FBS (10099;
Gibco, Grand Island, NY, USA) and 1% penicillin/streptomycin
(15140122; Thermo Fisher Scientific) and transfected with plas-
mids using EZ cell Transfection Regent (AC04L091; Life-iLab
Biotech, Shanghai, China). For luciferase assay, expression
plasmid, reporter plasmid, and pRL-SV40 were co-transfected
into HEK293T or AML12 cells. Cells were collected 48 h after
transfection, and the relative luciferase activity was assessed
using the TransDetect Double-Luciferase Reporter Assay Kit
(FR201-01; TransGen Biotech, Beijing, China). Commercially
available natural compounds were purchased from TargetMol for
analysis. Each group was repeated in triplicate.

Flow cytometry analysis of apoptotic cells and cell cycle
distribution
AML12 cells were harvested after transfection with siRNAs using
Lipofectamine 2000 reagent (11668019; Thermo Fisher Scienti-
fic) and washed with ice-cold PBS. For apoptosis analysis, the
APC Annexin V Apoptosis Detection Kit with PI (640932; Bio-
Legend, San Diego, CA, USA) was used, and apoptotic cells were
quantified using a flow cytometer (BD Fortessa). To measure the
cell cycle distribution, cells were fixed in prechilled 70% ethanol
for 30 min, followed by staining with propidium iodide solution
(C1052; Beyotime Biotechnology; Shanghai, China) and exam-
ined using a flow cytometer (BD Fortessa). The data were ana-
lysed using FlowJo v.10 software.

Statistics
All experiments were replicated at least three times, and all
analyses were performed using GraphPad software (GraphPad,
San Diego, CA, USA). Significance between two groups were
compared using the Student t test. One-way ANOVA was used to
compare data from multiple groups. Pearson correlation analysis
was used to analyse correlation between two parameters. All
data are displayed as mean ± SEM. Significant differences among
groups are indicated as *p <0.05, **p <0.01, and ##p <0.01.
Results
FOXA3 is specifically expressed in hepatocytes and
cholangiocytes and is induced in mouse liver during
regeneration
To understand the key regulators involved in liver regeneration,
we firstly analysed three RNA-seq datasets (GSE133271,
GSE70593, and GSE20427) that compare gene expressions of
mice livers with or without PH. A total of 513 DEGs were
consistently changed in three GEO datasets (Fig. 1A), among
which GO enrichment analysis highlighted transcriptional
regulation as the top enriched biological process (Table S4). As
4vol. 5 j 100906
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hepatocyte proliferation is the most active and important event
upon PH, we subsequently overlapped genes enriched in tran-
scription process with genes enriched in cell proliferation pro-
cess to focus on transcription factors (TFs) governing
proliferation, which allowed us to identify six TFs (Foxa3, Prox1,
Stat3, Nfib, Ctnnb1, and Smarca2) of potential importance in liver
regeneration (Fig. 1B and C). Hepatocytes and cholangiocytes are
major origins of proliferated hepatocytes during liver regenera-
tion.3–6 Importantly, we found via scRNA-seq analysis that,
among the six TFs found, Foxa3 and Prox1 feature high and
specific expressions in hepatocytes and cholangiocytes in the
liver, whereas Foxa3 features the highest expression among
these TFs in hepatocytes and cholangiocytes (Fig. 1D and E, and
Fig. S1A and B). Consistent with the preferential expression of
Foxa3 in the mature liver,22,23 we also found that Foxa3 showed a
predominant expression compared with its family members
Foxa1 and Foxa2 in hepatocytes and cholangiocytes (Fig. S1C).
Considering that Prox1 has been reported to play an oncogenic
role in HCC,38 whereas Foxa3 has been shown to suppress HCC,
we next focused on unravelling the function of Foxa3 in liver
regeneration.

Furthermore, we also analysed the spatial Foxa3 expression
via scRNA-seq data (GSE162713) and found that Foxa3 was
equally expressed in zone 1, 2, and 3 hepatocytes. Considering
midlobular zone 2 hepatocytes have been reported as the main
source of hepatocyte regeneration,33 our finding suggested that
FOXA3 at least partially respond to liver injury (Fig. S1D and E).

We performed PH or CCl4 administration in C57BL/6J mice to
induce acute hepatocyte proliferation and studied the dynamics
of Foxa3 expression in the liver. Interestingly, we found that
hepatic Foxa3 mRNA levels and protein levels peaked 24 and
48 h, respectively, after PH or CCl4 injection, and gradually
dropped after 72 h, suggesting that FOXA3 may play an active
role in liver regeneration (Fig. 1F and G).

Loss of FOXA3 in mice delays liver regeneration after PH
We then take advantage of genetic animal models and subjected
WT and FOXA3 KO mice to PH surgery and analysed livers 48,
168, and 336 h post PH to investigate the role of FOXA3 in liver
regeneration (Fig. 2A). Compared with WT, FOXA3 deficiency in
mice impaired hepatocyte proliferation after PH, as evidenced by
decreased mitotic hepatocytes and Ki67-positive cells shown in
H&E and immunochemistry staining, as well as subdued liver
regeneration, as shown by increased serum levels of ALT and AST,
and lower liver/body weight ratio 48 h after PH. However, these
parameters were reversed 168 h after injury, and WT and FOXA3
KO mice performed similarly 336 h after PH (Fig. 2B–H and
Fig. S2C). These were not attributable to a basal difference be-
tween WT and FOXA3 mice, as they have comparable liver
weights and serum parameters at baseline (Fig. 2B, C, and H).
Thus, these data suggested that loss of FOXA3 worsened hepatic
injury and delayed liver mass restoration.

Considering the vital roles of cell cycle activation in hepato-
cyte proliferation and liver regeneration,3 we examined expres-
sion levels of various cyclins controlling different cell cycle
phases. Compared with the robust induction of cell cycle genes
in WT mice upon PH, FOXA3 KO mice had significantly blunted
mRNA levels of Cyclin A1, Cyclin B1, Cyclin B2, and Cyclin E, as
well as protein levels of Cyclin A, Cyclin B1, and total cyclin-
dependent kinase (CDK) in the liver, as shown by real-time
quantitative PCR and immunoblotting at 48 h, but reversed at
168 h and were similar at 336 h after PH in a comparable fashion
JHEP Reports 2023
of liver repair parameters (Fig. 2H–L and Fig. S2A). The delayed
regeneration in FOXA3 KO mice at 48 h after PH may partially be
as a result of changes in a direct mitogen of hepatocytes, as
epidermal growth factor (EGF) and hepatocyte growth factor
(HGF) levels were lower in FOXA3 KO mice than in WT mice
(Fig. S2B). Together, these data demonstrated that loss of FOXA3
resulted in decreased capacity of hepatocytes to re-enter the cell
cycle for cell proliferation, which may underline the defects of
FOXA3 KO mice in engaging hepatocyte proliferation and
delayed restoration to their original liver mass after PH.

Ablation of FOXA3 in mice exacerbates CCl4-induced
hepatocyte damages and delays liver regeneration
CCl4 imposes chemical damage to the liver, which induces acute
liver injury and subsequent hepatocyte proliferation and liver
regeneration.5,16,32 We further established a CCl4-induced liver
damage model by i.p. administration of CCl4 in WT and FOXA3
KO mice and examined liver samples 24, 48, 96, and 168 h af-
terwards (Fig. 3A). Consistent with the PH model, FOXA3-defi-
cient mice also exhibited decreased Ki67 immunochemistry
staining, exacerbated lobular necrosis and apoptotic TUNEL-
positive cells, and increased serum ALT and AST levels 24 and
48 h after CCl4 administration, whereas these parameters were
largely reversed after 96 h and became similar between WT and
FOXA3 KO mice 168 h post chemical insult (Fig. 3B–H). Mean-
while, molecular analysis showed similar patterns in mRNA
levels of cyclin genes including Cyclin A1, Cyclin B1, Cyclin B2,
and Cyclin E, as well as protein levels of Cyclin A, Cyclin B1, and
total CDK (Fig. 3I–L and Fig. S3A). Consistent with the PH model,
the hepatic mitogen HGF and EGF levels were decreased in
FOXA3 KO mice (Fig. S3B). In addition, liver metabolic activity as
shown by levels of CYP family members were similar between
WT and FOXA3 KO mice (Fig. S3C). The decreases in expressions
of cell cycle genes are not attributable to a defect of FOXA3-
deficient cells to enter various stages of cell cycles, as FOXA3
knockdown in hepatocytes did not significantly change overall
cell cycle distribution (Fig. S3D and E). In addition, we found that
the impacts of FOXA3 on cell proliferation and apoptosis are
hepatocyte-autonomous, as Foxa3 knockdown blunted Ki67
levels and caused defective cell mitosis in hepatocyte cell line
AML12 (Fig. S3F), as well as led to increased apoptosis as shown
by FACS analysis of Annexin V (Fig. S3G). Together, these data
suggested that ablation of FOXA3 exacerbated apoptosis and
inhibited proliferation, which led to incompetent recovery in
response to CCl4 treatment.

Overexpression of FOXA3 in liver promotes hepatocyte
proliferation and attenuates liver injury induced by CCl4
Conversely, to investigate whether FOXA3 overexpression pro-
motes liver regeneration, adenovirus-mediated control (Ad-GFP)
or FOXA3 (Ad-FOXA3) delivery in liver was achieved via mice tail
vein injection followed by CCl4 treatment (Fig. S4A). Indeed, we
found that FOXA3 overexpression enhanced hepatocyte prolif-
eration as shown by increased Ki67 staining, as well as decreased
hepatocyte necrosis as shown in H&E staining and TUNEL-
positive cells (Fig. S4B–D). Moreover, significant reduction of
serum ALT and AST levels suggested better recovery of Ad-FOXA3
mice upon CCl4-induced liver injury (Fig. S4E). Molecular anal-
ysis further showed that FOXA3 overexpression enhanced the
expressions of cell cycle genes in mice livers treated with CCl4
(Fig. S4F). Immunoblot analysis also revealed enhanced Cyclin A,
Cyclin B1, and total CDK protein levels in livers of mice treated
6vol. 5 j 100906
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with CCl4 compared with control mice (Fig. S4G). These results
demonstrated that mice with hepatic FOXA3 overexpression
were resistant to chemical-induced liver injury.

Furthermore, aside from hepatocytes, cholangiocytes and
liver stem cells have been reported to also contribute substan-
tially to liver regeneration in various pathological conditions.13,14

To emphasise the role of hepatocyte FOXA3 in liver repair, we
established a hepatocyte-specific FOXA3 overexpression mice
model via AAV-TBG-FOXA3 injection (Fig. S5A) and examined
livers from hepatocyte-specific FOXA3 overexpression (AAV-
TBG-FOXA3) mice and control (AAV-TBG-GFP) mice 24, 48, 96,
and 168 h after CCl4 treatment (Fig. 4A). We found that AAV-TBG-
FOXA3 administration in mice promoted liver repair as demon-
strated by improved liver histological analysis, decreased
apoptosis in TUNEL analysis, enhanced proliferation marker Ki67
expression, reduced serum ALT and AST levels, and increased
hepatic cyclin gene expressions both 24 and 48 h after CCl4
treatment (Fig. 4B–L and Fig. S5B). These parameters were
reversed 96 h after treatment, but both groups behaved similarly
168 h after liver injury (Fig. 4B–L and Fig. S5B). As expected,
levels of HGF and EGF were increased in AAV-TBG-FOXA3 mice,
whereas CYP family members were similar between AAV-TBG-
FOXA3 and control mice (Fig. S5C and D). Of note, AAV-TBG-
FOXA3 treatment without CCl4 injection showed no difference
in liver weights and cyclin gene expressions, suggesting that
overexpression of Foxa3 does not cause hepatomegaly or hepa-
tocyte proliferation in healthy livers (Fig. S5E and F). These re-
sults showed that specific FOXA3 overexpression in hepatocytes
accelerated liver regeneration in mice.

Ablation of FOXA3 in mice exacerbates chronic CCl4
administration-induced liver injury and delayed regeneration
In chronic liver diseases where hepatocytes undergo extensive
senescence and their ability to enter the cell cycle for prolifera-
tion are severely impaired, cholangiocytes and liver stem cells
contributed greatly to newly formed hepatocytes.7–9,13,14 There-
fore, to study the possible contribution of FOXA3 in chol-
angiocytes toward the repair process in chronic liver disease, we
established a chronic liver injury model, where WT and FOXA3
KO mice were subjected to 4-week CCl4 injection and recovered
for 1, 7, or 14 days (Fig. S6A). We found that Foxa3 deficiency
promoted cellular senescence (Fig. S6B and C), as well as delayed
cell proliferation and liver damage recovery, in this chronic liver
injury model, as liver damages were more severe in FOXA3 KO
mice after 1- and 7-day recovery compared with WT mice and
only reversed after 14-day recovery when WT mice were largely
restored (Fig. S6D–J). We then assessed the impact of FOXA3
deficiency on cholangiocytes during liver regeneration under
long-term CCL4 administration in mice. Indeed, staining of CK19
(a marker for cholangiocytes) suggested that after 1- and 7-day
recovery, FOXA3 KO mice featured reduced numbers of chol-
angiocytes compared with WT mice, whereas subsequently
CK19+ cells were increased in FOXA3 KO mice after 14-day re-
covery (Fig. S6K), which were in consistent with the delayed
tissue repair in KO mice. These data suggested that, aside from
hepatocytes, FOXA3 deficiency also influenced numbers of
cholangiocytes, which may possibly contribute to delayed liver
regeneration in FOXA3 KO mice.

In addition, we re-analysed scRNA-seq data from control and
NASH mice (GSE210501), which demonstrated a positive corre-
lation of Foxa3 expression with cholangiocyte-derived
JHEP Reports 2023
hepatocytes (Trop2) in mice (Fig. S7A), suggesting that FOXA3
may also regulate proliferation in cholangiocytes and stem cells.
The regulatory roles of cholangiocytes/stem cells FOXA3 in liver
regeneration warrant further investigation.

FOXA3 regulates Cebpb transcription during liver
regeneration
Next, we investigated the mechanism of FOXA3 in the regulation
of liver regeneration. Because FOXA3 is a TF, we analysed our in-
house FOXA3 ChIP-seq data and identified 457 potential FOXA3
direct target genes.25 We then overlapped the FOXA3 targets
from ChIP-seq data with the 513 common DEGs from RNA-seq
datasets in Fig. 1A, which revealed 30 genes (Table S5) that
exhibit expression changes during liver regeneration progression
while under direct FOXA3 regulation (Fig. 5A). Among them,
Cebpb manifested as the top enriched gene (Fig. 5B). Of note, we
obtained 12 liver samples from patients with NASH and found
that Cebpb and Ki67 mRNA levels were positively correlated with
FOXA3 levels in NASH livers, suggesting the regulation of C/EBPb
and proliferation by FOXA3 in human samples with chronic liver
injury (Fig. S7B and C). Consistent with this, FOXA3 knockdown
attenuated but FOXA3 overexpression induced Cebpb expression
in both mRNA and protein levels in liver cells (Figs. S8A and S9A).
Of note, consistent with ChIP-seq data (Fig. 5C), according to in
silico analysis indicating the existence of a putative FOXA3
binding site on the Cebpb promoter (Fig. 5D), ChIP assay
confirmed the direct FOXA3 binding on the Cebpb promoter
(Fig. 5E). Furthermore, luciferase assay indicated that FOXA3
induced Cebpb transcription, whereas mutation of the putative
FOXA3 binding site abolished this transcription activation
(Fig. 5F).

C/EBPb has been reported to contribute to hepatocyte repli-
cation and proliferation upon stresses and hepatocyte growth
factor stimulation.39,40 We found that Cebpb mRNA and protein
levels were decreased in livers of FOXA3 KO mice compared with
WT mice 48 h after both PH and CCl4 injection (Fig. 5G and H).
Conversely, Cebpb mRNA and protein expression was increased in
hepatic FOXA3 overexpression (Ad-Foxa3) mice vs. control (Ad-
GFP) mice 48 h after CCl4 injection (Fig. 5I). In addition, Cebpb
levels showed a positive correlation with Foxa3 levels in livers of
mice under regeneration via PH or CCl4 administration (Fig. 5J).
Overall, these data suggested that Cebpb is the direct transcrip-
tional target of Foxa3. Interestingly, baseline Cebpb expression
was similar between WT and KO mice or mice treated with Ad-
GFP and Ad-Foxa3, suggesting that the regulatory axis of Foxa3–
Cebpb might be initiated upon liver injury (Fig. S7D and E).

We also investigated other possible mechanisms in addition
to Foxa3–Cebpb-mediated hepatocyte proliferation during liver
regeneration. GO analysis revealed that Foxa3 target genes were
broadly involved in the regulation of apoptosis, metabolic pro-
cess, and DNA damage, which were closely related to liver injury
and regeneration (Fig. S7F). In addition, the 30 genes overlapped
between FOXA3 ChIP-seq targets and common DEGs from RNA-
seq of mice livers with or without PH. GO analysis revealed that
apoptotic process, DNA damage response, and response to lipo-
polysaccharide were enriched (Fig. S7G). Interestingly, in addi-
tion to Cebpb, PH also induced other key transcriptional factors,
including Gr, Fxr, Yy1, and Foxo3, which are reported to be
involved in liver injury, functions, and regeneration.41–46 These
gene alternations were confirmed in WT and FOXA3 KO mice
after acute and chronic liver injuries (Fig. S7H–J).
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C/EBPb-mediated Foxa3 deficiency caused mitotic defects and
apoptosis in hepatocytes and liver injury in mice upon CCl4
administration
To further understand whether C/EBPb was downstream of Foxa3
for hepatocyte proliferation, we treated Foxa3-overexpressed he-
patocytes with Cebpb siRNA (siCebpb). Because C/EBPb is also a TF,
we confirmed that C/EBPb knockdown did not regulate Foxa3
levels (Fig. S8A) and found that C/EBPb knockdown blunted Foxa3-
induced cell cycle gene expressions (Fig. S8B) and Ki67 levels
(Fig. S8C), suggesting that C/EBPb silencing reversed the prolifer-
ative effect of Foxa3 in hepatocytes. Conversely, we further exam-
ined whether C/EBPb-mediated Foxa3 deficiency caused blunted
proliferation and enhanced apoptosis of hepatocytes. C/EBPb
overexpression did not change Foxa3 levels either (Fig. S9A). Sub-
sequent in vitro analysis revealed that Foxa3 knockdown in hepa-
tocytes reduced Cebpb levels, as well as expressions of cell cycle
genes, whichwere reversed by Cebpb overexpression (Fig. S9A and
B). Critically, replenishment of C/EBPb expression-rescued Foxa3
deficiency caused decreased Ki67 levels, defective cell mitosis, and
increased apoptosis in hepatocytes (Fig. S9C and D).

Next, we used adenoviral-mediated gene delivery to examine
in vivo function of C/EBPb in the Foxa3-regulated liver regeneration
process. WT and Foxa3 KO mice were injected with Ad-GFP or Ad-
C/EBPb via tail vein and treated with CCl4 (Fig. 6A). As expected,
Foxa3 KO mice characterised decreased Cebpb mRNA and protein
levels in the liver, which were rescued by Ad-C/EBPb injection
without affecting Foxa3 levels (Fig. 6B). Importantly, C/EBPb
restored impaired hepatocyte proliferation and advanced liver
injury in CCl4-treated Foxa3 KO mice to degrees similar to those
observed in WT mice, as evidenced by enhanced cell cycle gene
expressions (Fig. 6B and C), attenuated lobular necrosis (Fig. 6D),
increased Ki67-positive cells and mitotic hepatocytes (Fig. 6E and
Fig. S9E), reduced serum ALT and AST levels (Fig. 6G), and
decreased apoptotic cells (Fig. 6F) in Ad-C/EBPb Foxa3 KO mice.
Collectively, these data suggested that C/EBPb is the downstream
effector of Foxa3 for restoration of defective cell proliferation and
alleviation of hepatocytes injury both in vitro and in vivo.

Pharmacological induction of Foxa3 promotes hepatocyte
proliferation without affecting termination after PH
Based on our findings that the Foxa3–C/EBPb transcriptional axis
enhanced cell proliferation for liver regeneration in scenarios of
PH or CCl4 administration, we then set out to examine whether
pharmacological activation of this regulatory pathway could
enhance liver regeneration. We constructed Foxa3 promoter re-
porter and screened the transactivation capability of 780 nature
compounds on Foxa3 transcription. We identified CDN, the
active gradient of Alpinia katsumadai, as a top Foxa3 transcrip-
tional inducer (Table S6). In AML12 cells, CDN dose-dependently
increased Foxa3 mRNA levels, without affecting cell survival rate
(Fig. 7A and Fig. S10A). CDN also induced Cebpb expression,
which was dependent on CDN induction on Foxa3, as CDN-
induced Cebpb increase was blunted by Foxa3 knockdown
(Fig. S10B and C). Consistent with our in vitro and in vivo data of
the Foxa3 function on liver regeneration, we found that, as a
Foxa3 transcription inducer, CDN could promote liver regenera-
tion as shown by enhanced cell cycle gene programmes and Ki67
levels in CDN-treated hepatocytes, whereas Foxa3 knockdown
via siFoxa3 abrogated these effects (Fig. S10D and E). We then
tested the in vivo effects of CDN by pretreating WT and Foxa3 KO
mice with CDN and then subjected them to PH (Fig. 7B). CDN
treatment enhanced FOXA3 mRNA and protein levels before
JHEP Reports 2023
mice were subjected to PH (Fig. S11A and B) but did not induce
liver weights and cyclin gene expressions in mice, suggesting
Foxa3-induced hepatocyte proliferation requires stimulus of
regeneration (Fig. S11C and D). As expected, CDN treatment
induced Foxa3 and Cebpb levels in WT mice but not in Foxa3 KO
mice 48 h after PH (Fig. 7C). Importantly, CDN-treated WT mice
showed improved liver repairment compared with control WT
mice 2 days after PH, as shown by increased cell cycle genes and
hepatocyte mitosis and proliferation, whereas these benefits of
CDN were lost in Foxa3 KO mice (Fig. 7C–E and Fig. S10G).
Overall, these data suggested that CDN accelerated liver regen-
eration after PH via modulating Foxa3 levels.

As uncontrolled cell proliferation is a prelude to carcinogen-
esis,47 we investigated whether CDN affected termination of liver
regeneration after PH. Mice were pretreated with CDN and then
underwent PH. We sacrificed mice 0, 2, 7, and 14 days after PH to
observe the effects of CDN on liver regeneration and termination
(Fig. 8A). CDN treatment had no impact on liver weights in
normal mice, as shown by the similar liver/body weight ratio
between mice treated with or without CDN before PH (Fig. 8H).
Consistent with previous observation, CDN treatment amelio-
rated liver damage along the regeneration process, as demon-
strated by the overall decreased ALT and AST levels in CDN-
treated mice (Fig. 8B and C). Notably, compared with controls,
the CDN-treated group featured expedited liver repairment, as
demonstrated by enhanced cell cycle gene programmes and
elevated hepatocyte mitosis/proliferation 2 days after PH
(Fig. 8D–G, I, and J, and Fig. S11E), which possibly led to the
enhanced liver mass restoration (Fig. 8H) and an earlier tune-
down of regeneration in CDN-treated mice 7 days post PH
(Fig. 8D–G, I, and J, and Fig. S11E).

Critically, 14 days after PH, when liver regeneration is usually
at its end,3–6,48 there is no further liver growth in CDN-treated
mice, as both the control and CDN-treated groups reached liver
sizes similar to those in the pre-PH stage, and both have com-
parable liver mass and molecular parameters (Fig. 8H–J and
Fig. S11E), suggesting the safety of CDN administration. Overall,
these data suggested that CDN promotes hepatocyte prolifera-
tion and liver mass restoration after PH without interfering with
the normal termination of liver regeneration.

It has been shown that TFs Foxa3, Hnf1a, and Gata4 activate
p53 signalling during hepatic conversion from fibroblasts.49

Considering that p53 is a key tumour suppressor for prolifera-
tion arrest, we examined p53 levels and found that both p53
mRNA and protein levels were increased by CDN at the late stage
of hepatocyte proliferation in PH (Fig. S11F and G). Given that
Foxa3 has been shown to serve as a pioneer factor to open
compact chromatin and facilitate gene transcriptional activation,
we performed a ChIP assay at the late stage of liver regeneration
(Day 7) of PH to examine the occupancy of Foxa3 and H3K9
acetylation (H3K9ac) on p53 promoters. Consistently with
enhanced p53 levels, we found Foxa3 occupancy and H3K9ac
modification on p53 promoters, which were further enhanced by
CDN treatment (Fig. S11H), suggesting that CDN may promote
Foxa3-induced p53 activation at the late stage of liver regener-
ation possibly via chromatin remodelling to engage the normal
regeneration termination after PH.
Discussion
In this study, through combined analysis of RNA-seq datasets and
scRNA-seq data, we identified that Foxa3 as a TF plays a
15vol. 5 j 100906



Research article
potentially important role in hepatocyte proliferation and liver
regeneration. Foxa3 levels were induced upon manipulations
that enhanced liver regeneration, including PH and CCl4-induced
acute liver injury. Consistently, after PH and CCl4 treatment,
Foxa3 KO mice showed impaired hepatocyte proliferation and
increased liver damage, whereas Foxa3 overexpression in mice
livers characterised opposite phenotypes. Mechanistically, we
found that Foxa3 binds to the C/EBPb promoter and trans-
activates its transcription, thus regulating cell cycle genes, cell
proliferation, and apoptosis. For translational purposes, we
screened a lead compound CDN as a potent Foxa3 inducer and
found that it promotes hepatocyte proliferation both in vitro and
in vivo through its activation on Foxa3 expression without
interfering with liver regeneration termination.

Through combined data analysis, aside from Foxa3, we also
identified five other TFs, namely, Prox1, Stat3, Ctnnb1, Nfib, and
Smarca2, that may play potential roles in hepatocyte prolifera-
tion during liver regeneration. Our screen results are supported
by previous studies. For example, STAT3 has been reported to be
critical for liver regeneration as activation of the IL-6–Stat3
pathway is one of the most important events to promote hepa-
tocyte proliferation.4–6,32 Meanwhile, hepatocyte-specific KO of
Ctnnb1 is shown to reduce cyclin gene expressions and delayed
regeneration,50 whereas Nfib, Ctnnb1, and Smarca2 were re-
ported to promote cell proliferation in various cancer cells.51–53

Of note, we found that Prox1, a molecule required for hepato-
cyte migration during liver development,54 features dominant
expression in hepatocytes and cholangiocytes in a fashion
similar to Foxa3, although with a lesser expression level. Inter-
estingly, it has been shown that combined transduction of PROX1
and Foxa3, along with ATF5, Foxa2, and HNF4A, could efficiently
convert human fibroblasts into hepatocyte-like cells.55 However,
PROX1 has been shown to promote HCC development and
invasiveness through the Wnt/b-catenin signalling cascade.38 By
contrast, HNF3c (Foxa3) is reported to promote differentiation of
HCC cells, and its level is reversely correlated with HCC malig-
nancy,28 which renders Foxa3 a more suitable candidate for
enhanced liver generation and avoids side effects such as carci-
nogenesis. Notably, we found that Foxa3 promotes liver regen-
eration, whereas previous studies of its role in cancer indicated
that Foxa3 suppresses carcinogenesis. This may be as a result of
the largely different regulatory network between liver regener-
ation and cancer development, which are two distinct physio-
logical events activated by different pathological cues. For
example, liver regeneration is normally activated by massive
liver damage, and this proliferative process is strictly controlled
and subdued after adequate repairment, whereas cancer devel-
opment is impacted by various events including cancer initia-
tion, growth, and metastasis. As a factor of versatile function,
Foxa3 may play different roles in these different scenarios.
Future work on the exact roles of Stat3, Ctnnb1, Nfib, and
Smarca2 in liver regeneration, as well as the different regulatory
network of Foxa3 and PROX1, may provide more insights.

Compared with its family members Foxa1 and Foxa2, which
have been shown to be required for liver development, Foxa3 is
dispensable for foetus liver formation as Foxa3 KO mice are
viable and show no obvious defect.21 Recently, we and others
have unravelled important roles of Foxa3 in energy metabolism.
For example, Foxa3 is induced in adipose tissue under a high-fat-
diet regimen and glucocorticoid treatment and during ageing,
and it increases Pparc while inhibiting Pgc1a transcriptions for
energy hoarding.19,24 In addition, Foxa3 is induced in liver under
JHEP Reports 2023
endoplasmic reticulum stress and regulates lipid homoeostasis.25

Foxa3 also maintains glucose homoeostasis by regulating hepatic
Glut2 expression during prolonged fast.26 In the present study,
we provided strong evidence that Foxa3 promotes hepatocyte
proliferation during liver regeneration. Consistently, using a hy-
drodynamic screen system in a hereditary tyrosinaemia mice
model, Wangensteen et al.56 screened 43 potential candidates
and indicated that Foxa3 is among top candidates for liver
regeneration. In our study, we further demonstrated with genetic
and adenovirus-manipulated mice models that Foxa3 is critical
for liver regeneration through its direct regulation on C/EBPb.
Although Foxa1 and Foxa2 belong to the same family with Foxa3,
previous parallel genetic screen suggested that neither Foxa1 or
Foxa2 has any effects on liver repopulation.56 This functional
difference may be attributable to the significantly lower Foxa1
and Foxa2 levels than Foxa3 levels in the adult liver, as shown by
our scRNA-seq analysis. It is possible that, unique to Foxa1 and
Foxa2, Foxa3 is dispensable for liver development but in turn
plays a major role in maintaining normal functions of the adult
liver; thus, it endows its uniqueness in suppressing HCC devel-
opment. For instance, Foxa3 is one of the key hepatocyte nuclear
factors that could reprogramme various types of cells, including
hepatic myofibroblasts, human fibroblasts, and spleen fibro-
blasts, into functional and expandable hepatocyte-like
cells.55,57,58 Consistent with this idea, it is reported that the
HNF3c (Foxa3) level was downregulated in patients with HCC
and inversely correlated with HCC malignancy and patient sur-
vival.28 In addition, HNF3c (Foxa3) overexpression led to sup-
pression of HCC growth and sensitised HCC cells to sorafenib-
induced growth inhibition and cell apoptosis.28 Aside from its
role as a TF, Foxa3 is also an important pioneer factor that
functions by opening up chromatins to facilitate gene trans-
activation. For example, we demonstrated previously that Foxa3
is downstream of the glucocorticoid receptor signalling pathway
and facilitates the binding of the glucocorticoid receptor to its
target gene promoters in fat tissues.24 Intriguingly, in this study,
we found Foxa3 binding and histone acetylation on the P53
promoter at the late stage of liver regeneration after PH, which is
further increased by Foxa3-induced CDN administration. P53, as
a classic tumour suppressor, thus effectively mediates the proper
termination of hepatocyte proliferation and liver regeneration to
control the potentially harmful proliferating process if left un-
restrained. This may also underline the ability of Foxa3 to sup-
press HCC development and overall suggests that Foxa3 may be a
safe and effective therapeutic target for liver regeneration. It has
to be noted that although we mainly intended to study the
contribution of Foxa3 in hepatocytes, we cannot fully exclude the
possibility of Foxa3 in other cell types (i.e. cholangiocytes and
stem cells) contributing to the process, especially under the
scenario of chronic liver diseases where hepatocytes undergo
profound proliferative senescence.

Mechanistically, we demonstrated that Cebpb is the direct
transcriptional target gene of Foxa3 and mediates its enhance-
ment of hepatocyte proliferation. It has been well accepted that
C/EBPb plays an important role in liver regeneration. C/EBPb
levels are increased in the liver during the period of cell prolif-
eration, which contributes to HGF-induced replication of mice
hepatocytes.40,59 Strikingly, liver DNA synthesis in C/EBPb KO
mice was decreased to 25% that in normal mice after PH,
accompanied with dramatically reduced expressions of Cyclin B
and Cyclin E.59 In addition, C/EBPb and HDAC1 form complexes
to epigenetically control key regulators, that is, Ki67, to
16vol. 5 j 100906



orchestrate hepatocyte mitosis and liver proliferation.60 These
functions of C/EBPb are in consistent with the defective hepa-
tocyte proliferation of Foxa3 KO mice upon acute liver injury
mainly as a result of impaired Ki67 and Cyclin expressions, which
were largely rescued by C/EBPb replenishing in Foxa3 KO mice.

CDN is a naturally occurring chalcone isolated from the seeds
of Alpinia katsumadai, a medical herb that has been widely used
to treat digestive system-related diseases, and recently, it has
also been shown to exhibit anti-inflammatory, anti-cancer, anti-
oxidative, and vasorelaxant activities.61–63 By screening natural
compounds, we identified CDN as a potent inducer of Foxa3. CDN
treatment enhanced liver regeneration after PH, but CDN
administration could not rescue the suppressed liver regenera-
tion of Foxa3 KO mice upon PH, indicating that the effects of CDN
is dependent on Foxa3. Previous studies found that CDN reduces
acetaminophen-induced acute liver injury and ischaemia–
reperfusion injury in mice,64,65 and it has anti-proliferative ef-
fects and pro-apoptotic action on hepatoma cells.62 These char-
acters of CDNmay be explained by its effective transactivation on
Foxa3, which we and others have shown could promote liver
regeneration while inhibiting HCC progression. Importantly,
although CDN promotes liver regeneration, we found that it does
not interfere with the normal termination of liver repair, possibly
through a role of Foxa3 on P53 modification and activation. As
uncontrolled cell proliferation is a prelude to carcinogenesis, our
JHEP Reports 2023
findings would largely relieve the concern that CDN adminis-
tration may cause unrestrained proliferation and lead to hepa-
toma. Thus, CDN is a promising lead compound for adjuvant
therapy in the treatment of primary liver cancer with PH or acute
liver injury with liver transplantation, although preclinical
studies and further studies for structural optimising to find more
ideal CDN derivatives are warranted.

In the study, we assessed the liver weight and hepatocyte
proliferation in healthy mice with Foxa3 overexpression by AAV-
TBG-Foxa3 or CDN treatment without CCl4 injection or PH. The
results showed that there was no difference in liver weights and
cyclin gene expressions, suggesting that overexpression of Foxa3
does not cause hepatomegaly or hepatocyte proliferation in
healthy livers. On the one hand, the induction of Foxa3–Cebpb
axis initiation may need a further stimulus, that is, the stress
signals present in liver regeneration. On the other hand, we have
reported that Foxa3 also induces p53, which is well known for
proliferation arrest, and thus may reach regulatory balance on
hepatocyte proliferation.

In summary, our work demonstrated a critical role of Foxa3 in
hepatocyte proliferation and liver regeneration through its
transactivation of C/EBPb, and identified a natural compound,
CDN, as a potent Foxa3 transcriptional activator. Avenues to
promote Foxa3 levels, including CDN, may be beneficial for
treating liver injury.
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