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Abstract

Background and Aims: Improving liver regeneration (LR) capacity and thereby liver function
reserve is a critical bridging strategy for managing liver failure patients. Since estrogen signaling may
participate in LR, our aim was to characterize the roles of ERa and ER3 in LR.

Methods: LR capacity and estradiol levels following 2/3™ partial hepatectomy (PHx) were
compared in ERa-KO or ERB-KO vs. wildtype mice. The ERa- or ERB-related transcriptome and
interactome were analyzed from regenerating livers, and then bioinformatics was used for pathway
discovery and analysis of interactome-transcriptome relationships. Human hepatic progenitors
(HepRG cells) and mouse Hepal-6 hepatocytes were used to elucidate molecular interactions and
functions.

Results: This paper demonstrated that estrogen signals orchestrate hepatic repopulation and
differentiation via distinct transcriptome patterns governed by ERa or ERP. Cell repopulation
pathway was associated with the ERa-transcriptome, but cell differentiation and metabolic function
were associated with the ERB transcriptome. Mechanistic studies linking ERs interactomes and
transcriptomes discovered that ERQ-Chdl interaction promoted cell growth by upregulating Ssxbé,
Crygc, and Cstl; and, ERB-Ube3a interaction facilitated hepatic progenitor cell differentiation to
hepatocytes and cholangiocytes, specifically by upregulating Ifna5.

Conclusions: ERa and ER[B orchestrate liver cell proliferation and differentiation respectively,
thereby promoting LR.
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Introduction

The high mortality in patients with acute and
chronic liver failure (LF) is attributable to multi-organ

2/3d PHx, the loss of liver weight can be partially
recovered within the first days with hepatocyte

dysfunction, primarily liver dysfunction, caused by
multiple factors, e.g., ingested toxins, hepatitis virus
infection, drug misusage, etc. [1]. Although the most
effective management of LF is liver transplantation,
the shortage of donors is the bottleneck [2]. In the
rodent LR model, particularly the early phase LR of

hypertrophy and later recovered via hepatocyte
proliferation [3]. In the 1t to 24 days after 2/3rd PHx,
the cell cycle in the regenerating liver is
unconventional (intermittent S-M phase [4]), often
yielding binucleated cells without significant
apoptosis [5, 6]. Miyaoka et al. [5] found that the
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hepatocytes in LR become hypertrophic and undergo
changes, e.g., cell size enlargement [5], lysosomal
vacuolation [7], and endocytic uptake of nutrients [8].
When the liver is diseased or stressed, the lack of
nutrients, e.g., hypolipids, in hepatocytes can result in
the formation of microbodies [9] or large vacuoles
[10]. Caveolin-1 (needed for caveolae formation) is
abundantly expressed during LR [11, 12] to transport
glucose and lipids [12]. The lack of coordination
between cell growth, cellular hypertrophy, and
increased formation of microbodies in the
regenerating liver could disrupt LR or result in
impaired liver function recovery [13].

The correlation between an increase of nuclear
estrogen receptor (ER) with the onset of DNA
synthesis in LR has been reported for decades [14-16].
It has also been reported that short-term estradiol
treatment may initiate or facilitate LR after PHx [16].
However, it is argued that the additional estradiol
administration could have a limited effect on enabling
more hepatic regeneration due to estrogen spike in the
early phase of LR in rodent models [17], hence the
importance in searching for ER’s mechanistic
applicability in liver regeneration.

There are two classical estrogen receptors, ERa
and ERp [18], which bind estradiol, then translocate to
the nucleus where they cooperate with association
proteins to bind to their corresponding DNA
sequences [19, 20]. ERa and ERp have several similar
characteristics including: high protein homology, high
E2 affinities, and similar estrogen response element
(ERE) sequences to facilitate target gene expression.
Yet, they also are different, which sometimes results
in opposing biological effects [21]. In a recent study,
Batmunkh et al. demonstrated the co-expression of
ERa and PCNA in regenerating livers of Wistar rats,
and ERa was expressed in a spatial-temporal manner
in hepatic zones 1 and 2 (periportal and transition
zones) in male rats and all hepatic zones in female rats
when homeostasis was established. The detection of
ERa was weak in hepatic zone 1 before 2/3 PHx in
male Wistar rats, then gradually increased in all
hepatic zones 48-168 h after 2/3*d PHx. And, ERa
expression can be detected in all hepatic zones at all
sampling time-points after 2/3 PHx in female Wistar
rats [22]. lvaro et al. showed low expression of ERa
and no expression of ERB in male and female rat
hepatocytes [23]. Yet, ERP was detectable in
cholangiocytes under certain stress conditions [24];
therefore, the role of ERP in LR has been neglected.
Since the estrogen signal is important in LR and the
interactomes-transcriptomes of ERo/ERp in LR
remain unclear, this study differentiated between the
roles of ERa and ERP in LR. Using ERKO mouse
models and an unbiased bioinformatics approach, we

elucidated the relationship of ERs to transcriptome
diversity in regenerating livers.

Methods

Chemicals and cell line maintenance

The human hepatoma cell line Hepal-6 was
obtained from ATCC (CRL-1830), HepaRG from
Invitrogen (San Diego, CA; HPRGC10), and Hs68
(#60038) and HEK293T cells (#60210) from Food
Industry Research and Development Institute in
Hsinchu, Taiwan. The cells were cultured in
Dulbecco’s modified Eagle’s media containing 1
mg/mL D-glucose and supplemented with 0.3
mg/mL L-glutamine and 10% FBS (Invitrogen). All
cells were maintained in a 5% CO: humidified
incubator at 37 °C. The 1,3,5-tris (4-hydroxyphenyl)-
4-propyl-1H-pyrazole (PPT (an ERa agonist)
dissolved in dimethyl sulfoxide (DMSO)), 2,3-bis
(4-hydroxyphenyl) propionitrile (DPN (an ERpP
agonist) dissolved in DMSO), and 17p-estradiol (E2
dissolved in ethanol) were purchased from
Sigma-Aldrich (St. Louis, MO). Other media included
hiHeps induction medium (described below) and
hepatocyte maintenance media (HMM consisting of
DMEM/F12 (Gibco) supplemented with 0.544 mg/L
ZnClb, 075 mg/L ZnSO;7H,O, 0.2 mg/L
CuSO4 5H>O, 0.025 mg/L MnSOs 2 g/L bovine
serum albumin, 2 g/L galactose, 0.1 g/L ornithine,
0.03 g/L proline, 0.61 g/L nicotinamide, 1X
insulin-transferrin-sodium selenite media
supplement, 40 ng/mL TGFa, 40 ng/mL EGF, 10 pM
dexamethasone, and 1% fetal bovine serum (all from
Sigma-Aldrich).

Use of experimental animals, and the
generation of ERa-KO and ERB-KO mice

All of the animal experiments followed the
Guidance of the Care and Use of Laboratory Animals
of the Ministry of Sciences and Technology, with
approval from the China Medical University.
(Approval number #103-36-N) The ERo-KO mice
(ActbCre-ERaloxP/1oxP) and ERB-KO mice (ERB/-) used
in our study were kindly provided by Prof. Shuyuan
Yeh and Prof. Chawnshang Chang, respectively,
University of Rochester, NY, USA [25, 26]. In principle
[27], transgenic ERoloxP/loxP mice were crossed with
Actb-Cre (B-actin promoter-driven Cre recombinase)
transgenic mice to generate male ERa knockout
(ERa/-) mice. The control mice were ERqloxP/loxP
without Actb-Cre. ERP knockout (ERB~/-) mice were
generated by crossing heterozygote (ERB*/-) mice and
littermate wildtype (ERP+/+) mice. PCR was used to
identify mouse genotypes from DNA obtained from
tail skin treated overnight with cell lysis buffer
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containing 0.5 mg/mL proteinase K (Sigma, P2308).
All wildtype vs. ERa/- or ERB~/- mice used in these
studies were 2-4 months old and male. All protocols
related to animal use and treatment were evaluated
and approved by the Animal Care and Use
Committee of China Medical University, and all
animals were treated in accordance with National
Laboratory for Experimental Animals guidelines.

Gene expression assays

Gene expression assays [28], like RT-PCR and
western blot, were performed after mining the cDNA
microarray data. Samples for quantitative RT-PCR
were solubilized in Trizol (Invitrogen, Carlsbad, CA)
and a kit was used to isolate RNA according to the
manufacturer’s protocol. The BluePrint RT reagent kit
(Takara, Tokyo, Japan) was used to reverse transcribe
1 pg RNA, and quantitative PCR with the CFX96
Real-time System (Bio-Rad) and SYBR Green
Supermix (Bio-Rad) was used to measure cDNA
levels. Fold changes in gene expression were
determined by quantitation of cDNA in target
(treated) samples relative to expression in a calibrator
sample (vehicle).

Lentiviral-based gene expression

The c¢cDNAs or shRNA (HNF4a, OriGene
#RC217863L2; HNFla, OriGene #RC211201L2;
FOXOA3, OriGene #RC202363L2; ERa, addgene
#RC213277L2; ERP, addgene #RC218519L2; Chd1l and
Ube3a [MOST-RNAIi core: Chdl: TRCN0000096526;
Ube3a: TRCNO0000012893]) were sub-cloned into
modified pLenti-puro plasmid (addgene) for
over-expression and pLKO.1 for knockdown. The
lentiviral ~ gene  transduction procedure was
previously described [28]. In brief, the gene plasmids
were then transfected into 293T cells together with
packaging plasmid psPAX2 and envelope plasmid
pMD2.G. After a 48-h incubation, the medium
containing lentiviruses was collected, filtered through
a 0.45-pm filter, and then added to cells with 4 pg/mL
polybrene for 24 h. Stably transfected clones were
selected by puromycin (5 pg/mL).

Two-third partial hepatectomy (2/3¢ PHx)

Two-third partial hepatectomy (2/3r4 PHx) was
performed using a large abdominal incision and two
separate ligatures [29]. In brief, the skin of
10-12-week-old isoflurane-anesthetized mice was
disinfected (10% povidone-iodine), incised, and
gently pulled down with a saline-moistened cotton tip
to expose the median lobe of the liver with a
saline-moistened cotton tip. The falciform ligament or
membrane was cut with curved microsurgery scissors
and 3-0 silk thread was placed at the base of the left

lateral and median lobes with microdissection
forceps. A cotton tip was used to rotate the left lateral
or median lobe to its original position. While holding
its right end with the micro-dissecting forceps, the
suture thread was wrapped around the lobes as close
to the base of the lobe as possible and knotted. Using
the microsurgery curved scissors, the tied lobe was
cut just above the suture; a 3-0 suture was used to
close the peritoneum and 4-0 sutures were used to
close the skin. Finally, the animal was placed on a
warming pad for recovery and then housed in
individual cages. Re-generated livers and blood were
obtained by sacrificing mice at the 2nd and 4t days
post-surgery.

cDNA microarray to investigate
transcriptomic changes

RNA extraction followed a standard extraction
procedure using TriZol reagent (Invitrogen, USA).
The extracted RNAs were sent to Agilent
Technologies (Foster City, CA) for microarray
analysis. Briefly, 0.2 pg of total RNA was amplified
using a Low Input Quick-Amp Labeling kit (Agilent
Technologies) and labeled with Cy3 (CyDye, Agilent
Technologies) during the in vitro transcription
process. About 0.6 pg of Cy3-labeled cRNA was
fragmented to an average size of ~50-100 nucleotides
by incubation with fragmentation buffer at 60 °C for
30 min. The fragmented labeled cRNA was pooled
and hybridized to an Agilent SurePrint G3 Mouse GE
8x60K Microarray (Agilent Technologies) at 65 °C for
17 h. The microarray was washed, dried with a
nitrogen gun, and scanned with an Agilent
microarray scanner (Agilent Technologies) at 535 nm
for Cy3. Scanned images were analyzed by Feature
Extraction 10.5.1.1 software (Agilent Technologies),
and the signal and background intensity of each
feature were quantified using image analysis and
normalization software.

Proteomics for ERs interactome analysis

Immunoprecipitation (IP): The antibodies
included anti-ERa (GeneTex Inc., Irvine, CA;
GTX22746) and anti-ERP (Santa Cruz Biotechnology,
Santa Cruz, CA; sc-8974). The protein fraction from 1
mg of wildtype mouse liver tissue was extracted using
a Crosslink Magnetic IP/Co-IP Kit according to the
provided protocol (Pierce® Crosslink Magnetic
IP/Co-IP Kit; Cat.#88805), precleared for 1 h with
protein-A beads, and added to and allowed to react
overnight with 5 g of antibody pre-bound to protein
A /G magnetic beads. The beads were washed with IP
Lysis/Wash Buffer (pH 7.4, 25 mM Tris, 150 mM
NaCl, 1 mM EDTA, 1% NP40, 5% glycerol) and then
with elution buffer.
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Western Blot Analysis: The eluted proteins (50
pg) were denatured, subjected to 12% SDS-PAGE and
transferred to a nitrocellulose membrane, which was
incubated first with primary antibodies and then with
secondary antibodies (HRP-conjugated Protein A;
ThermoFisher Scientific, Rockford, IL). The immuno-
blotted protein signals were detected by enhanced
chemiluminescence (ECL kit; GE Healthcare, Munich,
Germany) and measured from photographs taken
with a light-sensitive charge-coupled camera
(ChemiDocXRS, Bio-Rad, Hercules, CA).

In-gel digestion and Zip-tip purification: The
immunoprecipitated proteins were separated on
denaturing 6% SDS-PAGE gels. After electrophoresis,
the gels were stained with Coomassie blue for 3 h and
washed with destaining buffer for 60 min to remove
background staining. The Coomassie brilliant
blue-stained protein bands were excised, washed
several times, subjected to a reduction step using 50
mM dithioerythreitol (DTE; Sigma D8161) in 25 mM
ammonium bicarbonate (ABC; Sigma A6141) buffer
for 60 min at 37 °C, alkylated with 100 mM
iodoacetamide (IAM; Sigma 16125) in 25 mM ABC for
60 min at room temperature in the dark, digested first
with 1 pL of Lys-C (0.1 pg/pL in 25 mM ABC; Wako
125-05061) for 3 h at 37 °C and second with trypsin
(0.1 pg/pL in 25 mM ABC; Promega V5111) overnight
at 37 °C, extracted with 50 pL of 5% trifluroacetic acid
(TFA; Sigma AL299537) in 50% acetonitrile (Avantor
JT Baker JT-9829), and sonicated 10 times for 10 s with
10 s on ice between sonications. Eluted peptides were
recovered with 0.1% formic acid (Avantor JT Baker
JT-9832), further purified using Zip-tip pipette tips
(Merck Millipore, Billerica, MA; ZTC185096), diluted
in 30 pL of 0.1% formic acid/50% acetonitrile, dried
with Speed Vac, resuspended in 0.1% formic acid, and
analyzed directly by LC-MS/MS (Thermo LTQ-
Orbitrap XL, ThermoFisher Scientific, Waltham, MA).

Bioinformatics for interactome analysis

Proteins identified by mass spectrometry were

subjected to extensive bioinformatics analysis,
including protein data filtering, functional profiling,
and pathway mapping.

Protein data filtering: mass spectrometry data
were input to iProXpress (http://pir.georgetown
.edu/iproxpress).

Protein annotation: The iProXpress bioinfor-
matics system was used for protein annotation,
protein function profiling, and pathway profiling. The
detailed information of functional enrichment
analysis for the interaction proteins is described in our
previous studies [30, 31].

Data mining for known ER-associated proteins:
The global ER interaction network refers to a network

of genes or proteins that directly or indirectly interact
or are functionally associated with ERa or ERP.
Several bioinformatics databases were used including
TFcheckpoint  (http:/ /www.tfcheckpoint.org/) to
identify =~ transcription  factors;  AnimalTFDB
(http:/ /www.bioguo.org/ AnimalTFDB/) to identify
cofactors; TRANSFAC (http:/ /www.biobase-
international.com/product/ transcription-factor-bindi
ng-sites) to identify eukaryotic transcription factors,
consensus binding sequences (positional weight
matrices), and regulated genes; and FIMO
(http:/ /meme-suite.org/doc/fimo.html?man_type=
web) from MEME suite to match database sequences
with ERa and ERp motifs.

Statistics

Student’s t-test or chi-square analysis were used
to identify significant differences between groups or
categorical variables. A p-value less than 0.05 was
considered significant. All data are reported as the
mean * standard error of the mean (SEM).

Results

ERa and ERP promotes LR via differential
transcriptome reprogramming

To directly examine the roles of ERa and ERp in
LR, we performed 2/3rd partial hepatectomy (PHx)
surgery in mice (Figure 1A, left column). We observed
LR capacity and harvested for gene expression at
post-surgery day 2 (Figure 1A, middle column) and
day 4 (Figure 1A, right column) in WT. vs. ERa-KO or
ERB-KO. We also measured serum estradiol levels
and compared liver weight/body weight (LW/BW)
(Figure 1B). The LR was reduced from 5.17+0.67% to
3.7320.28% (p=0.02) in ERa. KO mice and 4.10+0.23%
to 3.45+0.1% in ERB KO mice (p=0.007). On the other
hand, the serum estradiol level surged at 2 days
post-surgery and declined at 4 days post-surgery, but
a comparison of serum estradiol profiles between WT
vs. ERa- or ERB-KO mice revealed no significant
differences (Figure 1C). This data suggested that ERa
and ERp, but not estrogen level, play critical roles in
LR. As we examined the proliferation marker PCNA
in regenerating livers at post-surgery day 2 and day 4,
we found PCNA-positive stains were increased at
both time points. Yet, knockout of ERa decreased
PCNA positivity compared to their WT littermates
(Figure 1D). While examining the gross and
microscopic histology of livers from ERa or ERB-KO
mice, we found that ERa-KO mice compared to their
WT littermates had significantly fewer binucleated
cells on day 2 post-surgery (Figure 1E) and a
significantly greater vacuolated area (Figure 1F). As
we compared the binucleated cell numbers, we
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Figure 1. Knockout of ERs reduced liver regeneration (LR) capacity after 2/3r4 PHx surgery. (A) Photographic images showing successful 2/3¢ PHx surgery (left) and liver
regrowth at day 2 (middle) and day 4 (right) post-surgery. (B) LR capacity was lower in ActB Cre-ERaFF (ERaKO) and ERB-- (ERBKO) mice compared to their wildtype (WT)
littermates (ActB Cre- ERa** and ERB**, respectively). The liver weight/body weight (LW/BW; %) ratio was around 5.3% before surgery, declined significantly in ER0-KO mice
compared to WT at day 2 (n=8 WT mice vs. 15 ERa-KO mice) and 4 days (n=6 WT mice vs. 9 ERa-KO mice) (p=0.02), and declined significantly in ERBKO mice compared to
WT post-surgery (p=0.007; day 2, n=6 WT mice vs. 6 ERBKO mice; day 4, n=4 WT mice vs. 7 ERBKO mice. (C) Estradiol levels remained unchanged during LR. The serum
estradiol was significantly increased at day 2 and decreased at day 4; it was similar between ERa- and ERB-KO male mice vs. WT male mice. (D) The immunohistochemistry (IHC)
staining of PCNA decreased in ERa-KO regenerating livers compared to their WT littermates. Left-hand side: representative photos of PCNA IHC staining (Scale bar=50 pm).
Upper (WT) and lower (ERa-KO) panels show images of livers at day 0, post-surgery day 2, and day 4. Right-hand side: quantitation of PCNA+ cells/field under a microscope
(400x), and normalized to post-surgery WT livers. The data were collected from 3 fields-of-view from each slide, and at least 6 mice/group were measured. (E) The number of
binucleated cells was significantly decreased in ERa-KO mice compared to WT (p=0.003). The yellow arrowhead indicates the location of binucleated cells. These results are
from five different slides of liver sections viewed at the same magnification (Scale bar=50 pym). (F) The vacuolation was dramatically increased in ERB-KO mice compared to WT
mice. Gross and histological morphology of the liver from a WT mouse at day 2 post-surgery (upper panel) and gross and histological morphology of a liver from an ERB-KO
mouse at day 2 post-surgery (lower panel).

observed a comparable degree of binucleated cell = downregulated in ERa- or ERB-KO mice, respectively

numbers in ERa-KO vs. ERB-KO mice (Figure S1),
indicating a distinct phenotype of ERa and ERf
contributing to LR.

Since the phenotype contributed by ERs KO
exerts significant alteration in LR capacity, we would
like to dissect the mechanism on these two molecules
in regenerating livers. We observed that the alteration
amplitude is most dramatic at day 4 after 2/3d PHx
surgery; therefore, we would like to use this time
point for measuring transcriptomes and interactomes.
Comparing the transcriptomes of regenerating livers
(day 4 post-surgery) between ERa- or ERB-KO mice
and their WT littermates, we showed that 588 and 687
genes were upregulated, and 709 and 488 were

(Figure 2A). Interestingly, ERa and ERP is commonly
thought to upregulate 17 of these genes and
downregulate 16 of these genes. To interpret the
transcriptome changes governed by ERa or ERf, we
used three database platforms (KEGG and GO) for
pathway enrichment analysis. As shown in Figure 2B,
the ERo-related pathway genes were involved in cell
growth (meiosis, M phase of the cell cycle, cell cycle
regulation, etc.) and the ERp-related pathway were
involved in cell differentiation and metabolism
(arachidonate/retinol metabolism, oxidation reduc-
tion, etc.). The gene names of the KEGG pathway are
listed in Table S1 and Table S2. Using the GSEA
platform, we confirmed that around 1/3 of the genes
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Figure 2. Impact of ERa and ERB knockout on the transcriptome of regenerating livers. (A) mRNA expression increased (upper circles) or decreased (lower circles) more than
2-fold in regenerating livers from ERa-KO and ERB-KO mice compared to their wildtype littermates. (B) Pathway analyses of LR transcriptomes of ERa-KO and ERB-KO mice
compared to their wildtype littermates. Analysis using two databases (KEGG [detailed pathway analysis is shown in Table S1 and Table S2], and GO) found that ERo. had major
cell cycle and growth impacts, and ER affected cell differentiation/cell function. (C-D) The top 10 GSEA pathways enriched in regenerating liver transcriptomes of ERa.- (C) and

ERB- (D) knockout mice compared to their wildtype littermates.

in the ERo-related and ERp-related pathways are
involved in cell cycle/growth (Figure 2C) and cell
function (Figure 2D), respectively.

Distinct ER0/ERP complexes regulate cell
growth and function

ERa and ERP are transcription factors that
interact with co-regulators and bind to similar EREs.
Interestingly, the distinctness of ERoa or ERP
transcriptomes (Figure 3) suggests that differences in
transcriptomes of ERo or ERP might result in
functional differences. To test this idea, we identified
the putative direct targets of ERa or ERB (Figure 3
and Figure 4). First (Figure 3), we choose two-fold
downregulated genes in the transcriptomes of the
ERa- and ERB-KO mice (ERo: 709 and ERP: 488).
There were 297 ERo-related and 224 ERB-related

genes identified using the following criteria: 1) the
genes contain transcription start sites (TSSs); 2) the
5’-promoter sequence is located 0 to -20,000 b.p. from
the TSS; and, 3) the sequences obtained using
R-Software align with known sequences of ERa-ERE
and ERB-ERE (6 and 3 kinds; Figure S2) obtained
using the FIMO platform. Further data analysis
showed that the unique gene targets of ERa- (Cfhrl
[complement factor H related 1], Gm136 [predicted
gene 136], Ssxb6 [synovial sarcoma, X member B6],
Crygc [crystallin, gamma C], and Cst11 [cystatin 11])
were distinguished from the unique gene target of
ERP (Ifnab [interferon alpha 5]) by: 1) defining EREs
within -5000 bp. of the TSS as the most likely direct
gene targets of ERa- and ERB and 2) excluding the
overlapping gene targets of ERa- and ERp.
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Figure 3. The target ERa- and ERpB-related genes predicted by a bioinformatics approach. (1) The non-overlapping downregulated genes (i.e., genes encoding transcription
factors) in the ERa-KO or ERB-KO mouse transcriptome were chosen for analysis. (2) The genes were subjected to promoter analysis (to locate promoter sequences within ~
—20 kb upstream from the transcription start-site). (3) Both R-software and TRANSFAC were used to analyze EREs (specific for ERa or ERB; Figure S2) and found 297 genes
for ERa and 224 genes for ERP. (4) FIMO was used to locate the promoter sequences of ERo-ERE and ERB-ERE, and most EREs were located within 5000 bp of their promoters.
(5) The ERa-ERE vs. ERB-ERE region of overlap was excluded to distinguish ERa-specific from ER-specific target genes. The final result identified Cfhr1, Gm136, Ssx6, Cryc, and

Cstl 1 as ERa-specific and Ifna5 as ERB-specific.

Then, ERo-specific and ERp-specific protein
interactions were identified using immunopreci-
pitation (Figure 4A; ERo: 71 and ERB: 59) and mass
spectrometry in tandem with MASCOT database
searching (Figure 4B). ERs interactome analysis was
conducted using four proteomics databases
(PANTHER for protein function annotation; BioGRID
to define protein interactions; TFcheckpoint for
searching transcription factors; GO term to identify TF
co-factor and chromatin remodeling) and identified
three unique ERo-interacting proteins (Ddx54
[DEAD/H BOX 54], Chdl [chromodomain helicase
DNA-binding protein-1], and Rpl7a [ribosomal
protein L7a]; Figure 4C) and one unique ERp-
interacting protein (Ube3a [ubiquitin-protein ligase
E3A]; Figure 4D).

ERa and ERP promote hepatic growth and
differentiation through interaction with
proteins and regulation of downstream target
genes

The unique direct target genes (Figure 3) and
interacting proteins (Figure 4) might be involved in
ERa- and ERB-driven mechanisms underlying the LR
process. Hence, we tested this hypothesis by knocking
down expression of these interacting proteins in cells

and measuring their target gene expression and
cellular function. The expressions of Cst11, Crygc, and
Ssxb6 ~ were significantly = downregulated by
knockdown of Chd1 (Figure 5A, lane 1 vs. lane 2) and
upregulated by treatment with E2 (Figure 5A, lane 1
vs. lane 3). Notably, E2-induced Cstll, Crygc, and
Ssxb6 expression was almost completely abolished by
knockdown of Chdl (Figure 5A, lane 3 vs. lane 4).
Furthermore, Hepal-6 cell growth was significantly
enhanced by treatment with PPT (ERa-specific ligand;
Figure 5B, black-dashed line vs. black-solid line), and
knockdown of Chdl completely abolished this
enhancement (Figure 5B, red-dash line vs. red-solid
line). These data suggested a specific interaction
between ERo and Chdl to regulate genes and
promote cell growth.

For examining the role of ERB in hepatic
differentiation, hepatocyte differentiation markers
(albumin, Alb; alpha-fetoprotein, AFP; glucose-6-
phosphate dehydrogenase, G6PD; and glutathione
S-transferase, GST), cholangiocyte differentiation
markers (keratin 19, KRT19; carcinoembryonic
antigen-related cell adhesion molecule 1, CECAMI;
and thymosin beta 4 X-linked, TMSb4x), and the liver
progenitor cell marker HNF4a were monitored in
human hepatic progenitor cells (HepRG) treated with
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E2, PPT, or DPN (ERP specific ligand) for 2 and 4
days. After 2 days of treatment, the upregulation of
hepatocyte and cholangiocyte markers and HNF4a
expression was significant by DPN but not significant
by E2 and PPT (Figure 5C). After 4 days of treatment,
only DPN markedly upregulated these expressions
(Figure 5D). Regarding the role of the ERB-Ube3a axis
in differentiation and gene expression, Ifnad
(ERB-specific upregulated gene) and albumin
(hepatocyte differentiation marker) were significantly
reduced by knockdown of Ube3a (Figure 5E, lane 1
vs. lane 2) and dramatically upregulated (Figure 5E,

lane 1 vs. lane 3) by treatment with DPN. Knockdown
of Ube3a also abolished DPN-induced gene
expression (Figure 5E, lane 3 vs. lane 4). These results
suggested that Ube3a partially mediates ERB-specific
gene expression and hepatocyte differentiation.

Together, the results in Figures 2-5 indicate that
estrogenic signals either promote cell growth through
the ERa-Chd1 axis or facilitate hepatic differentiation
through the ERB-Ube3a axis (Figure 5F). In short, ERa
and ERP expression play critical roles to ensure the
quality of the tissue regenerated during LR.

A (ng) B
o 8 ERa: 71 ERB: 59 (1). Immunoprecipitation
Q =R == for MS analysis
- T T "g_
—
[ "
(2). Mascot : proteome
. )
(3). Data sorting platforms
PANTHER BioGRID:
: protein Protein TFcheckpoint: GO: Co-factor
classification Interaction search for TF Chr_remodeling
|
v
Target identification
C
ERa associated Unique Chromatin Protein
- Cofactor 2 > :
proteins TF remodeling interaction
Ddx54 | M(h, m) ™ (h)
Chd1 | (m)
Rpl7a | M (h)
D
ERB associated Unique Cofact Chromatin Protein
proteins TF R remodeling interaction
Ube3a M(h, m)

Figure 4. Analysis of the ERa.- and ERp-specific interactomes using a bioinformatics approach. (A) Immunoprecipitation experiment demonstrated the successful pull-down of
ERa or ERB complex from regenerating livers of wildtype mice. Left panel: Immunoblots of ERa. (upper) or ERB (lower panel) complex. IgG indicates that 100 pg irrelevant
primary antibody was used for IP; 100-10000 pg ERs antibody was subjected to total 10 mg of total protein extract; Input indicates that 20 ug crude extract total protein was
subjected to immunoblot as immunoblot reference. Right panel: The protein numbers identified by MASCOT platform. There were 284 common ERs-associated proteins, while
there were 71 ERa- and 59 ERp-specific interacting proteins. The enrichment-based pathway ranking is listed in Figure S3. (B) ERa- and ERB-specific interactome with a
bioinformatics approach. (1) Co-IP combined with mass spectrometry revealed the ERa- and ERB-specific proteomes. (2) Data were subjected to Mascot database searching to
identify interacting proteins. (3) Data sorting with four platforms was used for function identification. These include PANTHER (for functional classification), BioGRID (for
identifying interaction signal proteins), TFcheckpoint (for identifying transcription factors), and GO term analysis (for identifying transcriptional co-factor and chromatin
modification proteins). (C-D) Functional annotation of the ERa (C) or ERB (D) interactome by bioinformatics sorting discovered Dsx54, Chdl, and Rpl7a specifically interacted

with ERa, and Ube3a specifically interacted with ERJ.
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Figure 5. The ERa->Chd| axis for cell proliferation and the ERB->Ube3a axis for liver function/differentiation in vitro. (A) The expressions of ERa-specific target genes, Cstl 1,
Crygc, and Ssxbé were dramatically upregulated by E2 treatment, but abolished by the infection of Hepal-6 hepatic cells with Chdl shRNA-expressing lentivirus. The gene
expression in shLuc (control lentivirus) infected/vehicle (Veh; ethanol)-treated cells served as baseline for expression in the experimental cells. (B) Treatment with 100 nM PPT
in culture for 6 days facilitated growth of Hepal-6 cells, but shChdl infection totally abolished the PPT-promoted cell growth effect. (C) The expressions of hepatocyte,
cholangiocyte differentiation, and hepatic progenitor marker genes were upregulated by suppressing ER signaling with 2-day DPN treatment in HepRG hepatic progenitor cells.
Albumin (Alb), alpha-fetoprotein (AFP), glucose-6-phosphate dehydrogenase (G6PD), and glutathione S-transferase (GST) were the hepatocyte markers and keratin 19, (KRT19),
carcinoembryonic antigen-related cell adhesion molecule | (CECAMI), and thymosin beta 4 X-linked (TMSb4x) were the cholangiocyte markers. The hepatic progenitor marker
HNF40 was also measured. (D) The expressions of hepatocyte, cholangiocyte differentiation, and hepatic progenitor marker genes were upregulated by suppressing ERa
signaling with 4-day E2 and PPT treatment. (E) The ERB->Ube3a axis in hepatic gene expression (left panel) and differentiation (right panel) in HepRG cells. The expression of
the target ERB-specific gene Ifna5 was dramatically upregulated by treatment with 100 nM DPN, but abolished by infection of HepRG cells with Ube3a shRNA-expressing
lentivirus. Meanwhile, the expression of hepatocyte marker albumin was increased by 2-day treatment with DPN, yet this increase was abolished by shUbe3a. The gene
expression in shLuc (control lentivirus) infected/vehicle (Veh; ethanol)-treated cells served as the baseline for expression in the experimental cells. (F) A diagram showing the
roles of ERa and ER in the process of LR. The ERa promotes LR via regulating Chd1 expression to increase hepatic cell number, whereas ERB ensures the quality of LR via
regulating Ube3a expression to facilitate hepatic progenitor cell differentiation. The cooperation between ERa and ER maximizes LR efficiency.

. . specific protein interactions with target genes. This

Discussion report clearly demonstrated the molecular and
Comparing the liver regenerating capacity in  cellular mechanisms of ERa and ERp in LR.

ERs-knockout and wildtype mice, we found that ERs’
expressions determine estrogenic signaling during the
LR process. Bioinformatic approaches revealed that It is known that resistance to hepatic damage
ERo. and ERP orchestrate cell proliferation and  under stressful conditions is greater in females than
differentiation, respectively, in regenerating livers. ~ males [32], and that a female factor is involved in LR.
ERa and ERP activities in LR were mediated via Therefore, estrogen was thought to play a role in LR

ERa/ERP expression promotes LR
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[33]. Interestingly, although the surge of estradiol
levels after 2 /31 PHx surgery was comparable in both
wildtype and ERa and ERB knockout mice (Figure 1),
the LR ability was lower in ERa and ERP knockout
mice than their wildtype littermates. Our results
suggest that systemic estrogen protects against liver
removal stress by possibly upregulating ER
expression [34] to promote LR. In support of this, Lars
Zender’s group [35] reported that ERo. compensates
for MKK4 suppression in the hepatocytes of damaged
livers.

ERa and ERP act as quality control
gatekeepers during LR

ERa is known to promote cell growth while ERP
counteracts ERa-induced hyper-proliferation in
tissues such as breast and uterus [36]. The signaling
pathways involved in LR are complex and
interconnected [37].

Regarding the ERa->Chd1l axis, HNF4a is a
transcription factor known to regulate hepatocyte
differentiation and early liver development [38]. Loss
of HNF4a expression results in poorly differentiated
hepatocytes in fetal liver [39], and severe hepatic
derangement in adults [40]. Re-expression of HNF4a
attenuates liver fibrosis [41] and suppresses hepato-
carcinogenesis through repression of “stemness” gene
expression and induction of dedifferentiated
hepatoma cell re-differentiation [40]. Chdl is a
chromatin-remodeling enzyme that may contribute to
cellular reprogramming, the efficient induction of
pluripotency of mouse embryonic stem cells, and iPS
cell generation [42]. Furthermore, HNF4a inhibits
“stemness” gene expression by suppressing Chdl
[43], which mediates the deposition of variant histone
H3.3 into de-condensing chromatin during the cell
cycle [44]. In our work, the ERa>Chdl axis was
revealed by measurement of HNF4a activity in
undifferentiated and differentiated HepaRG cells.
E2/PPT/DPN increased HNF4a activity in
undifferentiated HepaRG cells, thereby decreasing
Chd1 and subsequent stemness gene expression, and
vice versa in differentiated HepaRG cells.

Regarding the ERP->Ube3a axis, Ube3a (also
named as E6-AP) is an E3 ubiquitin ligase and many
of its protein targets are part of the ubiquitin
proteasome system. The role of Ube3a in
transcriptional regulation of nuclear steroid hormone
receptors may contribute to the Ube3a-associated
phenotypes in humans and mouse models [45]. Its
functions linked to human health and disease include
co-activation of steroid hormone receptors, e.g.,
progesterone, estrogen, etc. [46]. Co-activation
involves direct binding of the UBE3A protein to the
transcription complex and is independent of the

ubiquitin ligase activity [47, 48]. The coactivator
function usually accompanies ubiquitination and
degradation of the functional initiation complex by
the UPS (ubiquitin-proteasome system) after
transcriptional elongation [46][49]. In this work, we
identified another important mode of ERP action
(ERB>Ube3a  axis) to  promote  hepatocyte
differentiation.

Conclusion

This report examined the physiological role of
ERa and ERP in liver regeneration using transgenic
animal models and deciphered their molecular
functions using bioinformatic and cell biological
approaches. This paper demonstrated that estrogen
signals orchestrate hepatic repopulation and
differentiation via ERa and ERB, respectively, during
LR.
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