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BACKGROUND & AIMS: Patients with cirrhosis are at high risk
for hepatocellular carcinoma (HCC) and often have increased
serum levels of estrogen. It is not clear how estrogen promotes
hepatic growth. We investigated the effects of estrogen on
hepatocyte proliferation during zebrafish development, liver
regeneration, and carcinogenesis. We also studied human
hepatocytes and liver tissues. METHODS: Zebrafish were
exposed to selective modifiers of estrogen signaling at larval
and adult stages. Liver growth was assessed by gene expres-
sion, fluorescent imaging, and histologic analyses. We
monitored liver regeneration after hepatocyte ablation and HCC
development after administration of chemical carcinogens

(dimethylbenzanthrazene). Proliferation of human hepatocytes
was measured in a coculture system. We measured levels of
G-protein-coupled estrogen receptor (GPER1) in HCC and
nontumor liver tissues from 68 patients by immunohisto-
chemistry. RESULTS: Exposure to 173-estradiol (E2) increased
proliferation of hepatocytes and liver volume and mass in larval
and adult zebrafish. Chemical genetic and epistasis experiments
showed that GPER1 mediates the effects of E2 via the phos-
phoinositide 3-kinase-protein kinase B-mechanistic target of
rapamycin pathway: gperl-knockout and mtor-knockout
zebrafish did not increase liver growth in response to E2. HCC
samples from patients had increased levels of GPER1 compared
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with nontumor tissue samples; estrogen promoted prolifera-
tion of human primary hepatocytes. Estrogen accelerated hep-
atocarcinogenesis specifically in male zebrafish. Chemical
inhibition or genetic loss of GPER1 significantly reduced tumor
development in the zebrafish. CONCLUSIONS: In an analysis of
zebrafish and human liver cells and tissues, we found GPER1 to
be a hepatic estrogen sensor that regulates liver growth during
development, regeneration, and tumorigenesis. Inhibitors of
GPER1 might be developed for liver cancer prevention or
treatment. TRANSCRIPT PROFILING: The accession number in
the Gene Expression Omnibus is GSE92544.

Keywords: Sex Hormone; Signal Transduction; Transcription
Regulation; Hepatocarcinogenesis.

H epatocellular carcinoma (HCC) is the second most
common cause of cancer mortality worldwide, and
it is the fastest-growing cause of cancer deaths in the United
States." Clinically relevant biomarkers and therapies to
detect and prevent HCC do not exist. Chronic liver disease
and liver cancer are much more common in males,? and men
with cirrhosis and HCC have elevated serum estrogen
levels.** Furthermore, patients having surgical liver resec-
tion display elevated serum levels of estrogen, suggesting
the importance of estrogenic regulation during liver regen-
eration.” The mechanisms by which the liver senses and
responds to estrogen to affect liver growth and cancer for-
mation remain undetermined.

178-estradiol (E2) is the most abundant biologically
active form of estrogen. Canonical estrogen signaling is
mediated through nuclear hormone estrogen receptors 1
(ESR1/ER«) and 2 (ESR2/ERQ), resulting in transcriptional
target gene activation. In addition, E2 can exert noncanon-
ical activity through the G-protein-coupled estrogen recep-
tor 1 (GPER1, also known as GPR30). Although the roles of
ESR1 and ESR2 have been widely studied in the context of
reproductive biology and cancer,” the functional conse-
quences of GPER1 signaling are less well understood.
Originally discovered in breast cancer cells,” GPER1 regu-
lates the proliferation and relaxation of vascular smooth
muscle.? Several secondary messenger signals have been
identified in different cellular contexts, including extracel-
lular signal-regulated kinase,” phosphoinositide 3-kinase
(PI3K),” and Ca2™ release.'’ GPER1 expression in hepato-
cytes and its potential role in hepatocyte proliferation and
organ growth during development, liver regeneration, or
cancer progression have not been previously characterized.

Here, we identify the essential function of E2 and GPER1
in the regulation of liver growth. EZ induces cell cycle
progression and increases hepatocyte proliferation and liver
size in larval zebrafish. Surprisingly, these effects are not
mediated through classic nuclear hormone estrogen re-
ceptors but via GPER1 and downstream activation of PI3K-
mechanistic target of rapamycin (mTOR) signaling. GPER1
promotes sex-specific adult liver growth and, together with
mTOR, is required for optimal liver regrowth after injury. In
addition, GPER1 directly modulates liver cancer formation:
gperl™ fish develop significantly fewer and smaller liver
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WHAT YOU NEED TO KNOW

BACKGROUND

Patients with cirrhosis are at high risk for hepatocellular
carcinoma (HCC) and often have increased serum levels
of estrogen. It is not clear how estrogen promotes
hepatic growth.

FINDINGS

Exposure to 17 beta-estradiol (E2) increased proliferation
of hepatocytes and liver volume and mass in larval and
adult zebrafish. GPER1 is a hepatic estrogen sensor that
regulates liver growth during development, regeneration,
and tumorigenesis. HCC samples from patients had
increased levels of GPER1, compared with non-tumor
tissues.

LIMITATIONS
This study was performed in an animal model of HCC.

IMPLICATIONS FOR PATIENTS

Inhibitors of GPER1 might be developed for liver cancer
prevention or treatment.

tumors than wild-type siblings. The role of GPER1 is
conserved in human liver, because liver cancer tissue ex-
presses increased GPER1, and primary human hepatocytes
activate protein kinase B (AKT)/mTOR and proliferate in
response to E2. Chemical inhibition of GPER1 in vivo
significantly diminishes E2-induced tumor progression after
chemical carcinogenesis, particularly in males. We propose
that GPER1 senses E2 to regulate PI3K/mTOR activity and
cellular proliferation during hepatic development and repair
and, as such, is an important therapeutic target for liver
cancer prevention and treatment.

Materials and Methods
Zebrafish Husbandry

Zebrafish were maintained according to Institutional Animal
Care and Use Committee guidelines at Harvard Medical School.

Chemical Exposures

Zebrafish larvae were exposed to chemical modifiers, dis-
solved in 0.1% (volume/volume) dimethyl sulfoxide (DMSO)
for 5 hours from 110 to 115 hours postfertilization (hpf), and

Abbreviations used in this paper: Akt, protein kinase B; DMBA, dime-
thylbenzanthracene; DMSO, dimethyl sulfoxide; ERE, estrogen response
element; E2, 173-estradiol; ESR, estrogen receptor; Erk, extracellular
signal-regulated kinase; GFP, green fluorescent protein; GPER1, G
protein-coupled estrogen receptor 1; HCC, hepatocellular carcinoma; hpf,
hours post fertilization; IHC, immunohistochemistry; ISH, in situ hybridi-
zation; mTOR, mechanistic target of rapamycin; mTORC1, mTOR complex
1; mRNA, messenger RNA; Mtz, metronidazole; p-, phosphorylated;
PCNA, proliferating cell nuclear antigen; PI3K, phosphoinositide 3-kinase;
qRT-PCR, quantitative reverse transcription polymerase chain reaction;
TALEN, transcription activator-like effector nuclease; TUNEL, terminal
deoxynucleotidyl transferase deoxyuridine nick-end labeling; WT, wild
type.
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analyzed at 120 hpf (unless otherwise specified)."* Adults were
treated for 5-7 hours per exposure. Chemicals are listed in
Supplementary Table 1.

Morpholino Injection
Morpholino oligonucleotides designed against esrl, esr2a,
esr2b,"! gperl, and mtor (Gene Tools, Philomath, OR)
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(Supplementary Table 2), and mismatched controls were
injected into 1-cell-stage embryos.

mRNA Injection

Human GPERI complementary DNA-containing plasmid
(HsCD0032896) was transcribed with mMESSAGE mMACHINE
(Ambion, Naugatuck, CT). Messenger RNA (mRNA) (200 ug)
was injected into 1-cell-stage embryos.

Generation of gper1 Mutants

Transcription activator-like effector nuclease (TALENs)
targeting gper1 were obtained from Addgene (Watertown, MA)
(TAL3272, TAL3273).'? Adult TALEN-injected fish (F,) were
out-crossed with wild-type (WT) siblings, and progeny (F;)
were screened for somatic mutations by Sanger sequencing
(Supplementary Table 3). F; mutants were out-crossed for at
least 4 generations to avoid possible off-target effects.

Western Blot Analysis

Pooled larvae (n = 30-40) and cultured cells were pro-
cessed for Western blot as previously described.'® Antibodies
are listed in Supplementary Table 4.

Whole-Mount In Situ Hybridization

Larvae were fixed, and in situ hybridization (ISH) was
performed according to standard protocols.'* gper1 probe was
generously gifted by David Volz.'®

Liver Size Analysis

ISH images were obtained by brightfield microscopy, and
fabp10a:GFP reporter larvae were imaged using fluorescence
microscopy. Three-dimensional imaging of fabp10a:GFP fish
was performed with a Yokogawa (Tokyo, Japan) W1 spinning
disk confocal microscope. Image quantification was achieved
using Image] (National Institutes of Health, Bethesda, MD) and
Imaris software (Belfast, UK).

Histology and Immunohistochemistry of
Zebrafish and Human Tissue

Zebrafish were fixed, sectioned, and processed with H&E
stains as described.'® For cell size analysis, zebrafish sections
were stained with pan-cadherin and 4/,6-diamidino-2-
phenylindole. Individual cell membrane staining was traced,
and the cell area was measured with Image]. De-identified,

d
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formalin-fixed, paraffin-embedded human liver sections were
obtained from the University of Utah (institutional review
board no. 00091019; clinical characteristics summarized in
Supplementary Tables 5 and 6) or from commercially available
tissue arrays (OD-CT-DgLiv01-003; US Biomax, Derwood, MD)
(Supplementary Table 6). Immunohistochemistry (IHC) (anti-
bodies in Supplementary Table 4) and TUNEL staining were
performed with established protocols.* GPER1 staining was
scored by a pathologist (KJE).

Flow Cytometry and Cell Cycle Analysis

Fluorescence-activated cell sorting on fabp10a:GFP larvae
was performed as previously described.'* Cell cycle analysis
was achieved with the BrdU Flow kit (BD Bioscience, San Jose,
CA) and incubation in propidium iodide, followed by flow
cytometry analysis, which was performed with FlowJo software
(FlowJo, Ashland, OR).

Quantitative Reverse Transcription Polymerase

Chain Reaction Analysis

RNA was isolated from zebrafish larvae, processed, and
analyzed by quantitative reverse transcription polymerase
chain reaction (qRT-PCR) as previously described.'” Primers
are listed in Supplementary Table 7.

Chemical Carcinogenesis

Age-matched gper1™~ or wild-type fish were exposed to 5
parts per million dimethylbenzanthrazene (DMBA) for 24 hours
at 3, 4, and 5 weeks.'® Chemical exposures commenced at 6
weeks (3 times/wk). Fish were monitored daily for survival
and tumor formation until 33 weeks after DMBA treatment.
Fish were killed upon reaching Institutional Animal Care and
Use Committee-approved tumor limits or at 33 weeks after
DMBA exposure. Histologic analysis was performed in a blinded
fashion by a board-certified pathologist with expertise in
zebrafish liver histology (KJE).

Steady-State Metabolomics Analysis

Adult livers were surgically removed and subjected to
methanol extraction, as previously described.'”!? Polar me-
tabolites were identified with liquid chromatography-tandem
mass spectrometry. Metabolic pathway analysis was per-
formed with MetaboAnalyst (http://www.metaboanalyst.ca).

<

Figure 1. E2 increases liver size. (A) Brightfield and fluorescent images of male and female Tg(fabp10a:GFP) adult zebrafish
exposed to DMSO (0.1%) or E2 (10 umol/L) daily for 6 weeks. Scale bars, 2 mm. (B) Liver weight to body weight (%). (C)
Transcriptomic analysis showing E2-induced up-regulated genes (fold change > 10), particularly genes involved in the cell
cycle. (D) Polar metabolomics showed significant sex-dimorphic differences between DMSO- and E2-exposed livers (fold
change > 2). (E) Liver size at 120 hpf determined by fluorescence microscopy in Tg(fabp10a:GFP) reporters and by ISH for
fabp10a. Scale bars, 200 um. Quantification of (F) fabp10a expression by qRT-PCR in Tg(fabp10a:GFP) larvae at 120 hpf, (G)
liver volume by confocal microscopy, and (H) GFP' hepatocyte number by fluorescence-activated cell sorting. (/) Liver size
after exposure to E2 (10 umol/L), ANAS (10 umol/L), and E2 + ANAS (10 umol/L, 15 umol/L) from 110 to 115 hpf (10 umol/L).
Scale bar, 50 um. (J) Relative liver volume (fold change from DMSO), as assessed by confocal microscopy in Tg(fabp10a:GFP)
larvae at 120 hpf. >3 independent experiments, except C and D represent 1 experiment with >3 biological replicates. Data are
shown as mean + standard error of the mean, numbers as indicated. *P < .05, *P < .01, ™P < .0001, 2-tailed Student t test.
ANAS, anastrozole; FACS, fluorescence-activated cell sorting; M, mol/L.
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Figure 2. G-protein—coupled estrogen receptor 1 (GPER1) mediates the estrogenic effects on liver growth. (A) Liver size of
larvae exposed to selective antagonists for ESR1 (MPP), ESR2 (PHTPP), or GPER1 (G-15) alone and with E2 from 110 to 115
hpf. (B) Liver area (fold change from DMSO). **“P < .0001, 2-tailed Student t test. (C) Liver size of WT, g/oer1 morphants +

human gper1 mRNA. (D) Relative liver size distribution. *P < .05, P < .01, 2-tailed Student t test. (E) gper1~~;Tg(fabp10a:GFP)
fish show progressively impaired liver development from 72 to 120 hpf. (F) Liver S|ze of gper1™* and gper1 - larvae at 3,4, 5
days post fertilization. **P < .0001, 2-way analysis of variance (ANOVA). (G) gper?™~ mutants failed to respond to E2 or G-1.
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200 um. ns, not significant.
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Transcriptomic Analysis

RNA was extracted from resected livers, processed, and
analyzed as previously described.!” Gene Ontology terms were
analyzed using DAVID (National Institutes of Health).

Results

Estrogen Enhances Liver Growth

To demonstrate the potential impact of endogenous
estrogen levels on liver size, adult zebrafish livers were
assessed in females and males. Livers of adult female
zebrafish were bigger than those of male siblings, as
visualized in hepatocyte reporter fish expressing green
fluorescent protein (GFP) regulated by the fatty acid
binding protein 10a  promoter, Tg(fabp10a:GFP)
(Figure 1A). Baseline liver-to-body weight ratios in 10 WT
males and females at 7 months showed a significant
2.6-fold difference (Figure 1B). Because estrogen is one of
the major sex hormones determining physiological differ-
ences between males and females, the potential impact of
estrogen on liver growth was examined: zebrafish were
exposed to E2 (10 pumol/L) or DMSO daily for 6 weeks,
and liver size and weight were assessed in the context of
total body length and mass (Figure 14 and B). Male livers
responded more significantly to E2 with a 4.8-fold in-
crease in liver-to-body weight ratio, whereas females
exhibited a 1.6-fold enhancement (Figure 1B). These re-
sults suggest that liver mass is directly responsive to
estrogen.

To uncover the signals by which E2 affects liver size,
liver transcriptome analysis was performed with and
without E2. Gene expression in male and female livers
was different, with a subset of genes identified as female-
associated, indicating genes up-regulated exclusively in
females (Supplementary Figure 1A4). These differences,
however, are not solely due to estrogenic effects, because
E2 did not simply convert the male liver transcriptome
into one resembling a female transcriptome: in fact, E2
exposure altered transcriptional profiles in both sexes
(Supplementary Figure 1A4). Gene Ontology analysis
showed that E2 enhanced the cell cycle and DNA
metabolism-related gene expression (46 genes, P = 3.4 x
10_5), particularly in males (Figure 1€ and Supplementary
Figure 1B and C) (324 genes, P = 7.4 x 107*%). Given that
the liver is a primary metabolic organ, we examined
whether the sex and/or E2-associated increase in liver
mass correlated with metabolic alterations, using steady-
state metabolomics profiling (Figure 1D and
Supplementary Figure 1D and E). Metabolite profiles were
significantly different between males and females and
were further altered by E2 exposure: metabolite set
enrichment analysis showed that E2 exposure altered
pyrimidine and purine metabolism in male livers, which is
essential for DNA synthesis and cell proliferation
(Figure 1D) (55 metabolites; pyrimidine, P = 1.9 x 1078,
purine, P = 3.5 x 1073)."” E2 altered metabolites involved
in arginine/proline metabolism and RNA transcription in
both male and female livers. Together, these findings
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indicate that E2 predominantly affects transcriptional
programs and metabolites involved in cell cycling and
proliferation.

To directly investigate the effect of E2 on hepatocytes,
without the influence of pre-existing sex differences,
zebrafish larvae were examined before sexual dimorphic
features developed. Larvae were exposed to E2 for 5-hour
intervals after hepatocytes were fully differentiated (>95
hpf). E2 increased liver size at 120 hpf as analyzed by ISH
for fabp10a; this effect was confirmed by fluorescent im-
aging of hepatocyte reporters (Tg(fabp10a:GFP)) and gqRT-
PCR (Figure 1E and F) (P < .01). E2 also enhanced liver
volume, by confocal microscopy (Figure 1G) (P < .01), and
total hepatocyte number, as quantified by fluorescence-
activated cell sorting (Figure 1H) (P < .0001). To deter-
mine the impact of endogenous E2, larvae were exposed to
the aromatase inhibitor anastrozole, showing a decrease in
liver size (Figure 11 and J). Critically, liver size could
completely be rescued by escalating doses of exogenous E2
(Figure 1j) (P < .01). These results indicate that during
larval stages, E2 regulates hepatocyte number and liver
growth.

Estrogen Increases Liver Size via Activation of
GPER1

To identify which receptor mediates the effect of E2 on
liver growth, larvae were exposed to selective chemical
antagonists for each estrogen receptor, MPP (ESR1),*’
PHTPP (ESR2),%* and G-15 (GPER1),%* alone and with E2.
The E2-induced increase in liver size was specifically
inhibited by coexposure with G-15, but not by ESR1 or ESR2
blockade (Figure 24 and B). Selective GPER1 activation with
G-1 increased liver size and hepatocyte number, similarly to
E2, whereas GPER1 inhibition with G-15 reduced liver size
(Supplementary Figure 24 and B). Furthermore, knockdown
of gperl, but not nuclear estrogen receptors esrl, esr2a,
esr2b, or esr2a + esr2b, blocked the effect of E2 on liver
growth, confirming specificity of the chemical modifiers
(Supplementary Figure 2C). Importantly, human GPERI
mRNA partially rescued the small liver phenotype in gper1
morphants, showing specificity and evolutionary conserva-
tion (Figure 2C and D). Similarly, GPER1 mRNA injection
increased liver size in WT embryos but not after exposure to
anastrozole, showing the concomitant importance of
endogenous E2 for GPER1 activation (Supplementary
Figure 2D). Finally, known environmental GPER1 agonists
bisphenol A and tamoxifen likewise augmented liver size
(Supplementary Figure 2E and F). To confirm that hepatic
nuclear hormone receptor-mediated signaling was not
significantly activated after E2 exposure, estrogen response
element (ERE) reporter fish Tg(5XxERE:GFP) were imaged to
reflect DNA binding by nuclear hormone receptors.** Fluo-
rescence imaging at 120 hpf showed that short exposure to
E2 (110-115 hpf) had a moderate effect on baseline hepatic
Esr signaling, whereas prolonged exposure for 24 hours
significantly increased hepatic estrogen response element
activity (Supplementary Figure 2G and H), consistent with
the kinetics of nongenomic signaling vs genomic signaling
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through transcriptional regulation. Intriguingly, gperl
expression is dynamically regulated during development
and is strongly localized to the liver at 72-120 hpf ,as
determined by ISH and RT-PCR (Supplementary
Figure 34-C). Together, these data indicate that GPER1 af-
fects E2-mediated liver growth during development.

To define the role of GPER1 in mediating E2-associated
effects on liver growth, gperl mutant zebrafish were
generated using TALENs: a 29-base pair deletion in exon 1
resulted in a premature stop codon, disrupting GPER1
protein production (Supplementary Figure 3D and E).
GPER1 loss, assessed in the Tg(fabp10a:GFP) reporter
background, impaired liver growth substantially after 96
hpf, but not earlier, supporting a requirement for E2 and
GPER1 in liver outgrowth (Figure 2E and F). Consistent with
these findings, the expression levels of hepatic progenitor
markers foxA3 and prox1 were not affected in gper1™~
larvae at 48 or 72 hpf (Supplementary Figure 3F and G).
Significantly, in contrast to WT livers, gper1”~ mutants did
not respond to E2 or G-1 (Figure 2G and H), definitively
indicating that E2 signals via GPER1 to increase liver size.

Estrogen activates GPER1 to promote cellular prolifera-
tion and cell cycle progression

To determine the cellular mechanism by which E2 en-
larges liver size, cell cycle analysis was performed on
propidium iodide-stained fabp10a:GFP" hepatocytes at
120 hpf (Figure 34). E2 and G-1 significantly increased
hepatocytes in S and G2/M phase (S: 21.8%, G2/M: 9.4%)
compared with controls (S: 14.9%, G2/M: 4.2%; P < .01);
importantly, this effect was blocked by G-15 (Figure 3B) (S:
16.2%, G2/M: 2.9%; P < .01). In contrast, in gperl‘/‘
mutants, whole-larvae cell cycle analysis at 120 hpf
showed impaired cell cycle progression (S: 14.8%, G2/M:
8.1%; P < .01) compared with age-matched controls
(Figure 3C and D) (S: 23.3%, G2/M: 8.5%). In WT embryos,
cellular proliferation, marked by bromodeoxyuridine
incorporation (Supplementary Figure 44 and B) and
proliferating cell nuclear antigen (PCNA) staining, was
enhanced after E2 or G-1 exposure (Figure 3F and F and
Supplementary Figure 4D and E). This impact was not
sustained, however, because 45 hours after E2 exposure,
cell cycle parameters and bromodeoxyuridine incorpora-
tion were comparable to those of controls (Supplementary
Figure 4C-E). In contrast, G-15 decreased PCNA™ hepato-
cytes in WT embryos and inhibited E2-induced increases.
Any impact of E2 on hepatocyte viability was excluded by
TUNEL staining (Figure 3E and Supplementary Figure 4F).

Pl
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Cell-size alterations contributing to organ size were
examined by pan-cadherin immunostaining, showing a
significant 50% increase in hepatocyte area upon E2 and G-
1 exposure (Figure 3G and H). These results indicate that
E2 promotes hepatocyte proliferation, cell cycle progres-
sion, and overall size via GPER1, leading to increased liver
mass.

Estrogen Signals Through GPER1 to Stimulate
the PI3K-Akt Pathway

To determine the downstream signals by which GPER1
enhances liver growth, a targeted approach was used, based
on prior work indicating that many G-protein-coupled re-
ceptors activate PI3K signaling.’* To define a potential
interaction between GPER1 and PI3K-Akt signaling, larvae
were exposed to the PI3K inhibitor LY292002, PI3K acti-
vator 740Y-P, and Akt inhibitor MK-2206. Coexposure with
either LY292002 or MK-2206 diminished E2-induced liver
growth (Figure 44 and B and Supplementary Figure 5A4).
MK-2206 also decreased liver size in WT and gperl™~
mutants, suggesting that E2/GPER1-PI3K/Akt signaling is
essential for larval liver outgrowth. In contrast, activation of
PI3K signaling by 740Y-P increased liver size in WT larvae
and rescued gperl morphants or mutants (Figure 44 and B
and Supplementary Figure 5B). Cell proliferation as
measured by PCNA was decreased by MK-2206 and
increased with 740Y-P, respectively (Supplementary
Figure 5C and D). Because PI3K can activate both Akt
and mitogen-activated protein kinase (MAPK)-extracellular
signal-regulated kinase (Erk) pathways, mitogen-activated
protein kinase-Erk signaling was also examined. Western
blot for phosphorylated (p-) Akt and p-Erk showed that E2
increased p-Akt with minimal effects on p-Erk (Figure 4C).
gperl™”™ mutants exhibited decreased baseline p-Akt levels
compared with the WT, which was restored by 740Y-P
exposure. These data show that E2-GPER1 activates the
PI3K-Akt pathway to increase liver growth.

Estrogen Activates the mTORC1 Pathway via
GPERT1 to Increase Liver Size

To determine the effector of E2-GPER1-mediated acti-
vation of PI3K-Akt signaling, the role of the mTOR complex
1 (mTORC1) was investigated. Coexposure with the
mTORC1 inhibitor rapamycin diminished the enlarged liver
induced by E2 or G-1 (Supplementary Figure 5E and F).
Similarly, mtor knockdown decreased liver size and blocked

<«

Figure 3. E2 signals via GPER1 to promote cell cycle progression, proliferation, and cell size increase in the liver. (A) FACS
profiles of cell cycle analysis of GFP* hepatocytes in Tg(fabp10a:GFP) larvae. (B) Relative distribution of GFP™ hepatocytes in
G1 (light gray), S (black), or G2/M (dark gray). Asterisks indicate difference in S and G2/M phase vs DMSO-exposed hepa-
tocytes: *P < .01, *P < .001, 2-tailed Student t test. (C, D) Cell-cycle analysis showed decreased S phase in gper?™~ mutants
at 120 hpf. *P < .01, 2-tailed Student t test. (E) PCNA (top panel) and TUNEL (bottom panel) staining of whole larvae section.
Liver outline in red. Insets show higher magnification of hepatocytes. Scale bars, 100 um; scale bar (inset), 30 um. (F) Per-
centage of PCNA™ cells from total hepatocytes in the liver area. **P < .001, **P < .0001, 2-tailed Student t test; **P < .0001,
1-way ANOVA. (G) Liver sections of DMSO-, E2-, or G-1-exposed larvae stained with DAPI (blue) and pan-cadherin (red). Scale
bars, 25 um. (H) Hepatocyte size quantification based on pan-cadherin staining and cell area (fold change from DMSOQO). *P <
.05, "P < .01, 2-tailed Student t test. Mean of 3 independent experiments + standard error of the mean, numbers as indicated.
DAPI, 4',6-diamidino-2-phenylindole; FACS, fluorescence-activated cell sorting; ns, not significant; Pl, propidium iodide.
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the effect of E2 (Supplementary Figure 5G and H). Hypo- GPER1 acts upstream of mTORC1. Finally, Western blot of
morphic mtor”” mutants*® exhibited smaller livers that did mTORC1 target ribosomal protein S6 showed increased
not respond to EZ or G-1 (Figure 4D and E), indicating that phosphorylation with EZ and G-1 (Figure 4F); importantly,
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Figure 5. E2 promotes liver regeneration via activation of the GPER1 and mTORC1 pathways. (A) Scheme for Mtz exposure
and liver regeneration analysis. (B) gper1 e gper1‘/‘, mtor*’~, and mtor™" larvae in Tg(fabp10a:CFP-NTR) background at 150
hpf. Scale bars, 200 um. (C) Liver area (fold change from —Mtz WT) as determined by cyan fluorescent protein expression.
Dagger symbol (') indicates significant difference from Mtz-treated WT at 30 hours after treatment: T'P < .005, T"1TP < .0001,
2-way ANOVA. ns, not significant.

[HC staining localized increased p-S6 to the liver functional and biochemical analyses show that E2-GPER1-
(Supplementary Figure 5I). These effects were abolished in  dependent regulation of liver size is mediated by activation
gper1”™ and mtor”” mutants (Figure 4F). Together, these of PI3K-mTORC1.

<
<

Figure 4. E2 signals via GPER1 to stimulate PIBK/mTORC1 to increase liver size. (A) Liver size in gper and gper1‘/' larvae.
E2-induced liver size increase was blocked by E2+MK-2206 coexposure (top row, arrowheads). Smaller liver in gper1™"
mutants was normalized by 740Y-P (bottom row, arrowheads). (B) Liver area (fold change from DMSO). Dagger symbol (")
indicates difference from DMSO-exposed liver: TTTTP < .0001, 2-way ANOVA. (C) Immunobilot analysis of gper? '+ and gper1™~
whole larvae. (D) E2 or G-1 exposure increased liver size in gper? '+ and mtor™~ but not in gper1™~, mtor”", or gper1™~;mtor™”~
larvae (red arrowheads). (E) Liver area (fold change from DMSO). P < .0001, 2-way ANOVA. (F) Immunoblot analysis of
gper1™'*, gper1™=, mtor”~, and mtor”’~ whole larvae. Results represent >3 independent experiments. Representative blots of >5
independent experiments. Liver area was assessed by ISH for fabp10a at 120 hpf. Mean + standard error of the mean, numbers

as indicated. All scale bars, 200 um. ns, not significant.
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Estrogen Promotes Liver Regeneration via
Activation of GPER1 and mTORC1 Pathways

Our previous work indicated strong conservation of
developmental regulatory signals in liver regeneration.’***
To determine whether the GPER1-mTOR pathway affects
liver repair, a genetic ablation strategy was used: expression
of bacterial nitroreductase in hepatocytes (Tg(fabp10a:CFP-
NTR)) enables targeted ablation upon metronidazole (Mtz)
exposure.26 Larvae were exposed to Mtz from 84 to 120 hpf,
followed by chemical incubation and liver assessment at 30
hours after treatment (Figure 5A). E2- or G-l-exposed
larvae showed significantly more liver regrowth compared
with controls (Figure 5B and C) (P < .01, P < .0001). In
contrast, gperl””~ mutants exhibited significantly less
regrowth (P < .0001), which was not enhanced by E2 or G-1
(Figure 5B and C). These results indicate that E2-GPER1
signaling promotes liver growth after injury.

To confirm the role of the E2/GPER1-PI3K/mTOR axis
during liver repair, compound mtor”~;fabp10a:CFP-NTR
fish were examined. Liver regrowth in mtor”” mutants
was significantly reduced compared with controls (P <
.0001) and was not enhanced by E2 or G-1 exposure
(Figure 5B and (), highlighting a general requirement for
mTOR during liver regeneration and its requirement for
mediating the effect of E2. [HC showed lower p-S6 levels in
livers of both gper1”~ and mtor”~ mutants after injury,
indicating a failure to up-regulate mTORC1 signaling upon
hepatocyte ablation (Supplementary Figure 64 and B).
Collectively, our data show a direct connection between
E2 and mTORC1 in promoting liver growth during
regeneration.

GPER1 Mediates Adult Liver Growth

Because E2-GPER1 promotes liver growth and repair in
zebrafish larvae, it may influence adult liver biology, as
implied in our initial observations (Figure 1). Steady-state
liver weight and liver-to-body weight ratios in WT and
gperl”™ males were not significantly different (Figure 64
and B and Supplementary Figure 6C); in contrast, E2
induced an elevation in male liver weight that was signifi-
cantly reduced in gperl”” mutants (Figure 64 and B),
indicating sensitivity to exogenous E2 that may be contrib-
uted to by a 6-fold increase in gperl expression in male over
female livers (Figure 6C). In contrast, loss of gperl in fe-
males reduced liver weight and liver-to-body weight ratios
(Figure 64 and B), and inhibition of endogenous estrogen
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production by anastrozole also reduced female liver-to-body
weight ratios in WT, but not in gperl””, mutants
(Supplementary Figure 6F and G). In addition, body weight
and length measurements showed a systemic effect of
GPER1 loss in both sexes, consistent with the importance of
mTOR for metabolic homeostasis (Supplementary Figure 6D
and E). Furthermore, comparison of all parameters between
WT and gperl™~ animals also suggests an impact of E2 on
liver weight and whole body weight and length independent
of GPER1 signaling, likely through ESR activity. Increased
levels of p-Akt after 5 hours of E2 exposure in WT male
livers, but not those of gper1™~, mutants (Figure 6D) further
highlights the persistence of the E2-GPER1-PI3K-Akt regu-
latory axis in adults.

GPER1 Promotes Human Hepatocyte Growth

To show that the pro-proliferative effects of E2 have
relevance to human physiology, a human primary hepato-
cyte coculture system was used.”’ E2 increased prolifera-
tion in male hepatocytes, doubly labeled with hepatocyte
nuclear factor 4« (HNF4«) and ethynyldeoxyuridine, in a
concentration-dependent manner (Figure 6E and F) (P <
.01). Furthermore, E2 exposure enhanced p-AKT and p-S6
levels (Figure 6G-I). GPER1 is expressed in human hepato-
cytes but not in the cocultured support cells
(Supplementary Figure 6H), indicating a cell-autonomous
effect of E2/GPER1 on hepatocyte proliferation. In human
HepG2 cells, E2-associated increases in p-AKT and p-S6
were blocked by G-15 coexposure (Supplementary
Figure 74), highlighting the fact that E2 similarly signals
via the Akt-mTOR pathway in human liver cancer. Together,
these results show the conserved role of E2-GPER1-PI3K-
Akt-mTOR in promoting human hepatocyte proliferation.

GPERT1 Expression Marks Human Cirrhotic Liver
and HCC

To assess the potential clinical relevance of GPER1 ac-
tivity in human liver, GPER1 expression was quantified in
samples from 68 individual patients: 30% of noncirrhotic
livers exhibited patchy to diffuse GPER1 staining (Figure 74
and B, and Supplementary Figure 7B, and Supplementary
Tables 5 and 6) (staining score > 1+4). GPER1 was
expressed at higher levels in normal male livers than female
livers, consistent  with  the zebrafish  analysis
(Supplementary Figure 7B and C). In contrast, 91% of
cirrhotic livers and 86% of HCC samples exhibited positive

<«

Figure 6. E2 signaling via GPER1 promotes sex dimorphism in adult liver growth. (A) Adult gper?*'* and gper?

~~ exposed to

DMSO or E2. Scale bars, 2 mm. (B) Liver weight/body weight (%). *P < .0001, 2-way ANOVA. (C) Sex-specific gper1 liver
expression (vs elf1a). **P < .0001, 2-tailed Student t test. (D) Immunoblot for p-Akt, GPER1, and 8-actin levels in gper1*’* and
gper1‘/‘ male livers. (E) Immunofluorescent staining of DMSO- or E2-exposed male donor-derived hepatocytes with EAU (red)
and HNF4« (green). White arrowheads indicate EAU and HNF4« double-positive cells. Scale bar, 100 um. (F) Percentage of
EdU™ hepatocytes. Asterisks indicate significant difference from DMSO controls: *P < .05, *P < .01, 2-tailed Student t test. (G)
Immunofluorescent staining of DMSO or E2-exposed primary hepatocytes with p-Akt (pink) and CK18 (red). (H) Quantification
of p-Akt intensity (AU) in DMSO or E2-treated hepatocytes. **P < .0001, 2-tailed Student t test. (/) Immunoblot for p-AKT,
AKT, p-S6, S6, and g-actin levels in DMSO- or E2-exposed male donor-derived hepatocytes. Results represent >3 inde-
pendent experiments, mean + standard error of the mean, numbers as indicated. AU, arbitrary unit; EAU, ethynyldeoxyuridine;
HNF4«, hepatocyte nuclear factor 4«; M, mol/L; ns, not significant.
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patchy to diffuse cytoplasmic GPER1 staining, with P < .05). These results indicate that GPER1 is increasingly
enhanced reactivity of hepatocytes around portal tracts and expressed in cirrhotic livers and HCC, implying a potential
fibrous bands (Figure 74 and B) (noncirrhotic vs cirrhotic, role for GPER1 in human hepatocarcinogenesis.
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GPERT1 Contributes to Sex Dimorphism in
Cancer Formation and Progression

Dysregulation of signaling pathways controlling em-
bryonic development and adult tissue homeostasis are
frequently causative in carcinogenesis.”**° Given the role
of E2-GPER1 in liver growth and its elevation in human
liver cancer samples, its impact on cancer formation was
examined in a well-established model of chemical liver
carcinogenesis with DMBA:'® gperl™~ mutants exhibited a
significant 50% reduction in liver cancer incidence
compared with DMBA-treated controls (Figure 7C) (42.8%,
n = 21 vs 22.2%, n = 45; P < .05): tumor number per
liver as a measure of tumor initiation in the entire cohort
was decreased in gperl™” mutants (Figure 7D) (P < .05).
Moreover, average liver tumor size, as an indicator of
tumor progression, was decreased by >70% in gperl”~
mutants (Figure 7E) (0.7 vs 0.2 mm, P < .01). These re-
sults imply that GPER1 function directly influences
both the initiation and progression of liver cancer,
suggesting a possible therapeutic role for receptor
blockade.

To determine if E2-GPER1 is a possible therapeutic
target in liver carcinogenesis, DMBA-exposed fish were
subsequently treated 3 times weekly with DMSO, E2, or
E2 + G-15 (Figure 7F). Significantly, E2-exposed fish had
decreased survival compared with controls and those
concomitantly exposed to E2 + G-15 (Figure 7G) (P <
.0001). E2 exposure almost doubled liver tumor growth at
33 weeks after carcinogenesis, as indicated by larger overall
tumor size (Supplementary Figure 7D) (mean 0.5 vs 0.9 mm,
P < .01). Strikingly, G-15 coexposure reduced the E2-
associated increase in tumor burden to below baseline
levels (0.9 vs 0.4 mm, P = .01). Importantly, the ESR
antagonist fulvestrant in combination with E2 did not
decrease tumor size (Figure 7H and Supplementary
Figure 7D) but, rather, caused an increase in tumor size in
both sexes. Consistent with the known agonistic potential of
selective ESR inhibitors on GPER1,%? fulvestrant exposure
increased total and phosphorylated Akt in zebrafish larvae
(Supplementary Figure 7E). Histologic analysis showed the
presence of hepatocellular adenoma, HCC, and chol-
angiocarcinoma without the chemical treatments affecting
the overall tumor spectrum (Supplementary Figure 7F and
G). Sex-stratified analysis showed that E2 effectively tripled
tumor size in males (P < .001) (Figure 7H and
Supplementary Figure 7D); likewise, blockade by G-15
predominantly reduced tumor size in males (P < .05), with
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less impact in female fish. Fulvestrant enhanced tumor size,
particularly in males (P < .001). Together, these results
indicate that GPER1 is an essential component of the sexu-
ally dimorphic response to E2 during liver growth, including
carcinogenesis, which may have therapeutic relevance for
the detection and treatment of human liver disease.

Discussion

Liver cancer is the second most common cause of cancer
death worldwide, and it predominantly affects men.” Here,
we identified a novel role for GPER1 in hepatocytes that
cell-autonomously regulates larval liver growth and con-
tributes to the sex dimorphisms observed in liver cancer
incidence and growth. E2 promotes hepatocyte cell cycle
progression and proliferation through GPER1 and down-
stream activation of PI3K-mTOR signaling. Importantly, the
GPER1-mTOR pathway remains essential for liver repair.
Prospective in vivo longitudinal carcinogenesis assays
identify GPER1 as an important factor promoting E2-
mediated liver cancer initiation and progression. Sex strat-
ification analysis shows a male-predominant effect.
Although ESR inhibition worsens outcome, preclinical
studies with a selective GPER1 antagonist highlight the
therapeutic potential of GPER1 blockade for liver cancer
treatment. Likewise, increased GPER1 expression in human
cirrhotic livers and HCC indicate its possible utility as a
biomarker for disease progression.

The mTOR pathway is essential for organ size regula-
tion,”" functioning as a growth checkpoint that tightly co-
ordinates cell growth with environmental cues, such as
cellular stress, energy status, and amino acid availability.*’
Here, to our knowledge, we report a previously unidenti-
fied role of E2-GPER1 acting upstream of mTORC1 to pro-
mote hepatocyte proliferation and liver growth. We further
identify the impact of E2-GPER1 activation on pyrimidine
and purine metabolism, supporting recent work that
mTORC1 is essential for de novo pyrimidine and purine
biosynthesis to meet the anabolic demands of rapidly
proliferating cells.**** Prior studies have reported sexually
dimorphic mTOR activity in the liver.>**> Our study is the
first to elucidate how hepatic mTOR may sense a sex-
specific environment through GPER1 and influence liver
growth.

Several clinical and laboratory studies have shown
sexually dimorphic responses after hepatectomy, with fe-
males being more tolerant and having a higher rate of liver

<«

Figure 7. E2 signaling promotes liver cancer initiation and progression via GPER1. (A) Human noncirrhotic liver, cirrhotic liver,
and HCC sections immunostained for GPER1 in. Scale bar, 100 um. All values represent mean + standard error of the mean,
numbers as indicated. (B) Quantification of GPER1 staining scores of noncirrhotic livers; cirrhotic livers; adjacent nontumor
(ANT) tissues, which are mostly cirrhotic; and HCC tissues. Numbers as indicated, mean + standard error of the mean. *P <
.05, 2-tailed Mann—Whitney test. (C) Total liver cancer incidence in DMBA-exposed adults at 7 months after fertilization was
reduced by 50% in gper1™™ mutants compared with the WT. P < .05, 1-tailed chi-squared test. (D) Number of liver tumors per
fish was decreased in gper”’™ mutants. *P < .05, 1-tailed Mann-Whitney test. (E) Tumor size (mm) per fish. *P < .01, 2-tailed
Student t test. (F) Scheme illustrating DMBA carcinogenesis followed by chemical prevention trial. (G) Kaplan-Meier survival
plot. n = 52, 66, and 39 for DMSO-, E2-, and E2 + G-15-treated adults, respectively, at 249 days after first treatment. P <
.0001, log-rank (Mantel-Cox) test. (H) Liver tumor size (mm) per fish at 9 months after fertilization . *P = .0172, P = .0053, *™P
< .0001, 1-way ANOVA, stratified by sex. ns, not significant.
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regeneration.’® E2 levels reportedly increase after liver
injury®” and improve impaired liver regeneration in ovari-
ectomized female mice.*® The mechanisms involved, how-
ever, had been incompletely understood. Here, we show that
E2 specifically activates GPER1 and mTORC1 to promote
liver regrowth after injury. The importance of E2 can be
gleaned from clinical observations: E2 levels rapidly in-
crease after liver resection in patients.5 Furthermore,
pregnancy is associated with hepatomegaly,®® and gesta-
tional E2 increase enhances liver repair,”’ suggesting a
physiological benefit for E2 during periods of liver growth.
Indeed, gper1™~ mutants exhibit significantly delayed liver
outgrowth during development and after injury. Neverthe-
less, gperl”~ mutants have a greater capacity for liver
regeneration compared with mtor”~ mutants, indicating
that E2-GPER1 is one among several inputs integrated by
mTOR to regulate liver regeneration. We postulate that
GPER1 mediates E2 activation of PI3K-mTOR in a sex-
dimorphic fashion to promote liver regeneration.

Sexual dimorphism in liver cancer has long been docu-
mented, but a detailed mechanistic understanding has not
been established. Both protective and tumor-promoting ef-
fects for E2 have been reported: E2-mediated reduction of
inflammatory cytokines, such as IL-6 in liver-resident im-
mune cells, appears to inhibit tumorigenesis.*'** Several
other studies have shown liver tumor-promoting properties
of E2.**** C(linical trials in HCC patients with the ESR
antagonist tamoxifen have been disappointing;*>*® in fact,
tamoxifen increased the size and number of hepatic le-
sions.”” Tamoxifen and fulvestrant, used in our study, were
subsequently found to be agonists for GPER1,”%*®
explaining the negative clinical results, consistent with our
data for fulvestrant inducing Akt phosphorylation in vivo
and increasing liver tumor burden. These findings are of
particular importance because men with cirrhosis have
persistently elevated serum levels of E2, and these patients
are at highest risk for developing liver cancer. Our results
definitively show a growth-promoting role for E2 in liver
cancer acting in hepatocytes through GPER1; further studies
are needed to define the various and likely receptor- and
cell-type-specific influences of E2 on inflammation in the
context of liver cancer.

The involvement of GPER1-PI3K-mTOR signaling in he-
patocyte proliferation and organ growth prompted us to
hypothesize that GPER1 may promote liver carcinogenesis.
Indeed, activation of PI3K-Akt (approximately 70%) and
mTORC1 (approximately 45%) pathways is found in HCC
and positively correlates with tumor metastasis, recurrence,
and poor prognosis.”””° Genetic alterations of PI3K/mTOR
pathway components are found at lower frequencies in
HCC: exome sequencing showed mutation frequencies in
PIK3CA (<£2%), mTOR (<2%), TSC1/TSC2 (<5%), and
PTEN (<3%).°"*? In the context of our data, it is tempting to
speculate that PI3K-mTOR activity in HCC may instead
depend on upstream ligand activation, mediated by
increased E2 levels and GPER1 expression in cirrhotics, as
also observed by Wei et al. *' Because >80% of HCC pa-
tients are diagnosed at late stages without hope for cure,
there is an urgent need for earlier detection and targeted
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therapeutic interventions. The pro-proliferative conse-
quences of E2-GPER1 activation of PI3K-mTOR signaling,
together with our in vivo data showing strong responses to
GPER1 antagonist treatment in both cancer initiation and
progression, clearly indicate that drugs targeting E2-GPER1
may offer exciting new therapeutic applications in liver
cancer prevention and treatment.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2019.01.010.
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Supplementary Figure 1. Estrogen increases liver growth and size. (A) Venn diagram showing the intersection of genes
differentially expressed in the livers of male vs male + E2, female vs female + E2, and female vs male. (fold change > 10).
Values show the numbers of genes up-regulated by E2 in male liver (299 genes), female liver (125 genes), or female-associated
liver genes (75 genes). (B) Heatmap representing genes significantly enriched upon E2 treatment compared with sex-matched
DMSO control of male and female livers (fold change > 10 from DMSO). n = 2 for male, female, male + E2, and female + E2.
Scaled expression value is plotted in green-red color scale, with green indicating low expression and red representing high
expression. Hierarchical clustering analysis is based on Pearson correlation. (C) Transcriptomic analysis showing E2-induced
up-regulated genes in female-only livers (fold change > 10 from DMSO). Gene ontology analysis showed up-regulation of
genes involved in convergent extension. (D) Heatmap representing polar metabolite abundance, as determined by liquid
chromatography-tandem mass spectrometry of male and female livers with and without E2. n = 5 for male, female, female +
E2, and male + E2. Scaled metabolite abundance values are plotted in green-red color scale, with green indicating low
abundance and red representing high abundance. Hierarchical clustering is based on Pearson correlation. (E) Polar metab-
olomics analysis showing significant sex dimorphic differences between DMSO and E2-exposed female-only livers (fold
change > 2 from DMSO). Metabolic pathway analysis indicated regulation of ammonia and glutamate metabolism. GO, gene
ontology.
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Supplementary Figure 2. GPER1 mediates the estrogenic effects on liver growth. (A) Representative images of WT larvae with
increased liver size upon E2 or G-1 treatments, decreased liver size upon G-15 treatment, and normalized liver size upon E2
and G-15 cotreatment, as assayed by ISH for fabp10a at 120 hpf. Scale bar, 200 um. (B) Quantification of GFP* hepatocytes in
fabp10a:GFP larvae by fluorescence-activated cell sorting (fold change from DMSO). n = 3 independent experiments of 30
pooled larvae, mean + standard error of the mean. *™P < .001, **P < .0001, 2-tailed Student ¢ test; **P < .0001, 1-way
ANOVA. (C) Quantification of liver area as determined by ISH for fabp10a (fold change from DMSO). Numbers are as indi-
cated, mean + standard error of the mean. *P < .01, P < .0001, 2-tailed Student ¢ test. (D) Quantification of liver area in
zebrafish larvae injected with GPER1 mRNA, treated with ANAS (10 umol/L), or GPER1 mRNA + ANAS (10 umol/L), as
determined by ISH for fabp10a (fold change from DMSQO). Numbers as indicated, mean + standard error of the mean. *P = .06,
=P < .0001, 2-way ANOVA. (E) Quantification of liver area in zebrafish larvae treated with DMSO, E2 (10 umol/L), or bisphenol
A (25, 50 umol/L), as determined by ISH for fabp10a (fold change from DMSO). Numbers as indicated, mean + standard error
of the mean. *P < .05, *P < .01, 2-tailed Student ¢ test. (F) Quantification of liver area in zebrafish larvae treated with DMSO, E2
(10 umol/L), or tamoxifen (10, 20, 30 umol/L), as determined by ISH for fabp10a (fold change from DMSO). Number as indi-
cated, mean + standard error of the mean. *P < .05, ™P < .01, ™P < .001, 2-tailed Student t test. (G) Representative images of
Tg(bXERE:GFP;fabp10a:mKate) reporter fish exposed to DMSO, 5 hours of E2 and 24 hours of E2 at 120 hpf. Scale bar, 80 um.
(H) Quantification GFP intensity of Tg(5xERE:GFP;fabp10a:mKate) reporter fish. Numbers as indicated, mean + standard error
of the mean. *P < .01, *™P < .0001, 2-tailed Student t test. ANAS, anastrozole; ns, not significant; AU, arbitrary unit.
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Supplementary Figure 4. Estrogen increases cell proliferation in the liver. (A, B) BrdU analysis of whole larvae exposed to
DMSO or E2 at 120 hpf. Larvae were pulsed with BrdU and stained for BrdU after fixation. Larvae treated with E2 had more
BrdU-positive cells per fixed liver area compared with DMSO-exposed controls. Scale bar, 400 um; scale bar, (inset) 100 um.
Numbers as indicated, mean + standard error of the mean. **P < .001, 2-tailed Mann-Whitney test. (C) Cell cycle analysis of
whole larvae 45 hours after treatment with DMSO or E2 for 5 hours in G1 (light gray), S (black), or G2/M (dark gray) phase. 2-
tailed Student t test. (D) PCNA staining of liver larvae sections. Scale bar, 15 um. (E) Percentage of PCNA™ cells from total
hepatocytes in the liver area in larvae at 0, 15, and 45 hours after treatment with DMSO or E2 for 5 hours. Numbers as
indicated, mean + standard error of the mean. *P < .05, *P < .0001, 2-tailed Student t test. (F) TUNEL staining of liver larvae
sections. Scale bar, 15 um. ns, not significant.

<

Supplementary Figure 3. GPER1 mediates the estrogenic effects on liver growth. (A) Lateral and dorsal view of gper?
expression in larvae at 72, 96, and 120 hpf after ISH for gper1. gper1 is expressed in the liver (red arrowheads) starting at 96
hpf. Scale bars, 200 um. (B) Expression of gper1 transcripts in whole embryo at 24, 48, 72, 96, 109, and 120 hpf, as measured
by RT-PCR compared with elf1a housekeeping gene control. (C) Expression of gper1 transcripts in whole embryo at 12, 35, 48,
72, and 120 hpf as measured by quantitative RT-PCR (fold change from gper1 expression at 12 hpf). (D) Genomic organization
of zebrafish gper1. Black boxes represent exons, with antithymocyte globulin site indicated by the arrow. Sequence alignment
of gper1™* siblings and gper1™~ mutant showing TALEN-generated 29-base-pair deletion leading to premature stop codon
(*). (E) Immunoblot analysis of GPER1 (red arrow) and 8-actin levels showing loss of GPER1 in gper?™~ mutants compared with
gper1+/ * siblings. (F) Representative images of gper1‘/‘ and gper1+/ * larvae ISH for foxA3 (endoderm) and prox1 (hepatic
progenitor) at 48 hpf, prox1 and fabp10a (hepatocyte) at 72 hpf, and fabp10a and deltaC (biliary tree) at 120 hpf. Decreased
expression levels of fabp10a and deltaC in gper!™~ compared with gper?™’* were observed only at 120 hpf. Scale bars, 200
um. (G) Quantification of marker expression area in gper1‘/‘ and gper1 +* larvae, as assessed by ISH (fold change from
gpert + *). Numbers as indicated, mean + standard error of the mean. *P < .01, **P < .0001, 2-tailed Student t test. ns, not
significant.
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Supplementary Figure 5. Estrogen signals through GPER1 to activate the PI3BK/mTOR pathway to increase liver size. (A) Liver
size of WT larvae after chemical exposures, as assessed by ISH for fabp10a at 120 hpf. E2 exposure increased liver size (21/78
[27%], 21 larvae with phenotype out of 78 total larvae observed), whereas PI3K inhibitor LY292002 decreased liver size (55/76
[72%]). Cotreatment of E2 and LY292002 blocked estrogenic effect on liver size (59/69 [86%]). (B) Liver size of WT and
gperTMO knockdown larvae after chemical exposures at 120 hpf, as assayed by ISH for fabp70a. gper? morphants had
decreased liver size (15/26 [60%]). Treatment of larvae with the PI3K-activator 740Y-P increased liver size (24/31 [77%)]) and
rescued small liver phenotype in gper? morphants (11/18 [61%]). (C) PCNA staining of liver larvae section. Scale bars, 15 um.
(D) Percentage of PCNA™ cells from total hepatocytes in the liver area. *P < .05, **P < .0001, 2-tailed Student ¢ test. (E) Liver
size of gper1 +/* and gper1"‘ larvae ISH for fabp10a at 120 hpf after chemical exposures. E2- or G-1-exposed gper1 +* larvae
had increased liver size (red arrowhead) that can be blocked by coexposure of E2 + rapamycin or G-1 + rapamycin. gper1‘/‘
blocked E2 and G-1 effects on liver size. (F) Liver area of gper? ™+ and gper1™~ larvae ISH for fabp10a at 120 hpf after chemical
exposures (fold change from DMSQ). Numbers as indicated, mean + standard error of the mean. *“P = .0323 vs WT control,
=P < .0001, 2-way ANOVA. (G) Liver size distribution of WT larvae and mtor morphants, as assessed by ISH for fabp10a at
120 hpf upon exposure to DMSO or E2 as percentage of larvae with large (dark green), medium (light green), or small (gray)
livers. (H) Liver size of WT and mtor morphants as determined by ISH for Ifabp10a at 120 hpf. (/) Whole-mount WT larvae at 120
hpf immunostained for p-Akt and p-S6 upon DMSO or E2 exposure. Liver is outlined in black. All scale bars, 200 um. ns, not
significant.
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Supplementary Figure 6. GPER1 is essential for regeneration and for male-biased response of estrogen on liver size. (A)
Whole-mount p-S6 immunostaining showed mTORC1 activation in regenerating WT livers but not in gper1™= or mtor™" livers.
Scale bar, 200 um; insets, 20 um. (B) Quantification of p-S6 intensity from insets in gper1*’*, gper1™", mtor*", and mtor™’~
larval livers + Mtz. *P = .00568, *P < .0001, 2-way ANOVA; 3 independent experiments, mean + standard error of the mean,
numbers as indicated. (C) Liver weight (mg) of gper?*’* and gper?™-, male and female adult fish treated with DMSO or
E2 (10 umol/L) for 6 weeks. (D) Body weight (mg) of gper? '+ and gper?™, male and female adult fish treated with DMSO or E2
(10 umol/L) for 6 weeks. (E) Body length (cm) of gper1™’* and gper?™~, male and female adult fish treated with DMSO or E2
(10 umol/L) for 6 weeks. (F) Liver weight/body weight (%) of gper1 ++ and gper1‘/‘, male and female adult fish treated with
DMSO or ANAS (50 umol/L) for 6 weeks. (C-F) *P < .05, *P < .01, **P < .0001, 2-way ANOVA, sex stratified. (G) No significant
differences were observed from liver histology of gper?*’* and gper?™™ male and female adult fish treated with DMSO or
ANAS (50 umol/L) for 6 weeks. (H) RNA sequencing data showing relative expression in fragments per kilobase of transcription
per million mapped reads (FPKM) of ESR1, ESR2, and GPER1 in human primary hepatocytes and in mouse fibroblast
cocultured cells. ANAS, anastrozole; AU, arbitrary unit; ns, not significant.
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Supplementary Table 1.Chemicals

Chemical Concentration Supplier, catalog number

B-estradiol 10 uwmol/L Tocris (Minneapolis, MN), 2824
MPP dihydrochloride 80 umol/L Tocris, 1991
PHTPP 8 umol/L Tocris, 2662
G-15 60 umol/L (embryo) Tocris, 3678

10 umol/L (adult)
G-1 8 umol/L Tocris, 3577
Anastrozole 10 umol/L Tocris, 3388
Fulvestrant, ICI 182,780 10 umol/L, 15 umol/L Tocris, 1047

(embryo)

10 umol/L (adult)
740 Y-P 2 umol/L Tocris, 1983
Rapamycin 1 pmol/L Tocris, 1292
LY294002 HCI 15 umol/L Tocris, 1130
NSC 228155 5 umol/L Calbiochem (San Diego, CA), 530536
Erlotinib HCI 10 umol/L Selleckchem (Munich, Germany), S1023
MK-2206 2HCI 5 umol/L Selleckchem, S1078
Metronidazole 10 umol/L Sigma, M3761

Supplementary Table 2. Morpholinos

Gene Sequence (5’ — 3) Type Amount injected (ng)
esri1 AGGAAGGTTCCTCCAGGGCTTCTCT ATG 2
esr2a ACATGGTGAAGGCGGATGAGTTCAG ATG 2
esr2b AGCTCATGCTGGAGAACACAAGAGA ATG 2
gperl ACATTGGTAGTCTGCTCCTCCATGC ATG 2
gper1 GCTGCAACACCTGTTATAAGAGAAA Splice 2
mtor GGTTTGACACATTACCCTGAGCATG ATG 2
control CCTCTTACCTCAGTTACAATTTATA —_ 2

Supplementary Table 3.PCR Primers

Gene Forward primer (5’ —3) Reverse primer (5’ — 3') LTR (5’ =3/

gperi TCAAGTTGCCGTCACAATGC GTCATCCTCTCCCTGTGGTT —

efla GCGTCATCAAGAGCGTTGAG TTGGAACGGTGTGATTGAGG —

mtor ATAAGAAAAGAAACCACATGTCATACC CTTACCACTCAGAGAGACCAAAG CCCTAAGTACTTGTACTTTCACTTG

<

Supplementary Figure 7. Activation of E2/GPER1 signaling promotes male liver cancer initiation and progression. (A)
Signaling responses in HepG2 cells to E2 and/or G-15 exposure. (B) Representative images of GPER1 staining scoring system.
0, minimal or no staining; 1+, faint/mild staining; 2+, moderate/strong staining. Scale bar, 50 um. (C) Quantification of GPER1
staining scores in noncirrhotic male and female livers. Numbers as indicated, mean + standard error of the mean. (D)
Quantification of liver tumor size (mm) per fish in DMBA-exposed WT fish followed by DMSO, E2, E2 + G-15, or E2 + ful-
vestrant exposure up until 9 months after fertilization. Numbers as indicated, mean + standard error of the mean. *P < 0.05, ™P
< 0.01, 2-tailed Student t test. (E) Akt signaling responses to E2 and fulvestrant (5 umol/L) exposure from 110-115 hpf in
pooled zebrafish larvae at 120 hpf. (F) Tg(fabp10a:GFP) fish after chemical treatments and corresponding liver histology. Scale
bars (whole animal), 2 mm; scale bars (histology section), 100 um. (G) Histologic features of adult zebrafish liver stained with
H&E. Top panel shows zoomed images from (@) normal male liver, (b) normal female liver, and livers with (c) hepatocellular
adenoma, (d) HCC, and (e) cholangiocarcinoma. Scale bar, 25 um. Bottom panel shows low-magnification images of (f) normal
male liver, (g) normal female liver, and livers with (h) large tumor, (i) small tumor and (j) multifoci tumor. Scale bars in /i, 100 um;
scale bar in j, 250 um. Ful, fulvestrant; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ns, not significant; NT,
nontumor.
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Supplementary Table 4.Antibodies

Antibody Application Concentration Supplier, catalog number
anti-PCNA IHC 1:200 Anaspec (Fremont, CA), AS-55421
anti-pan-cadherin IF 1:1000 Sigma-Aldrich (St. Louis, MO), C3678
anti-BrdU Whole-mount IHC 1:500 Sigma-Aldrich, B2531
anti-pEGFR (Tyr1173) WB 1:1000 MilliporeSigma (Burlington, MA), 05-483
anti-Akt WB 1:1000 Cell Signaling (Danvers, MA), 9272
anti-pAKT(Ser473) WB 1:1000 Cell Signaling, 4060

Whole-mount IHC 1:200
anti-mTOR WB 1:1000 Cell Signaling, 2983
anti-S6 WB 1:1000 Cell Signaling, 2217
anti-pS6(Ser240/244) WB 1:1000 Cell Signaling, 2215

Whole-mount IHC 1:200
anti-g-actin WB 1:5000 Cell Signaling, 4970
anti-rabbit (Alexa Fluor 647) IF 1:500 Abcam (Cambridge, MA), ab150075
anti-Rabbit IgG-HRP IHC,WB 1:1000 Santa Cruz (Dallas, TX), sc-2004
anti-GPER1 IHC 1:50 Sigma-Aldrich, HPA027052
anti-HNF4« IF 1:50 Abcam, ab55223
anti-mouse (Alexa Fluor 488) IF 1:500 Jackson ImmunoResearch (West Grove, PA)

IF, immunofluorescence; IHC, immunohistochemistry; WB, Western blot.

Supplementary Table 5.Clinical Information for GPER1 Scoring of Noncancer Liver Tissue

GPER1 Reason for biopsy/resection Etiology of Age and
Diagnosis score to sort (noncirrhotic liver) cirrhosis sex
Noncirrhotic liver 1 Liver masses (final diagnosis of — 44F
hepatocellular adenomas)
Noncirrhotic liver 1 Metastatic colorectal cancer — 43M
Noncirrhotic liver 0.5 Metastatic melanoma — 76M
Noncirrhotic liver 0.5 Metastatic colorectal cancer — 33M
Noncirrhotic liver 0.5 Liver mass (final diagnosis of focal — 41F
nodular hyperplasia)
Noncirrhotic liver 0.5 Metastatic colorectal cancer — 73M
Noncirrhotic liver 0 Autosomal dominant polycystic kidney — 55M

disease (wedge biopsy of liver taken
during bilateral nephrectomy)

Noncirrhotic liver 0 Liver masses (final diagnosis of — 36F
hemangiomas)

Noncirrhotic liver 0 Liver mass (final diagnosis of — 37F
hemangioma)

Noncirrhotic liver 1 Liver masses (final diagnosis of — 52M
hemangiomas)

Cirrhosis 0.5 Primary sclerosing cholangitis 27F

Cirrhosis 1 —_ Primary sclerosing cholangitis 24F

and possible autoimmune hepatitis

Cirrhosis 2 — Alcohol 39F

Cirrhosis 2 — Alcohol 41F

Cirrhosis 1.5 — Alcohol 44M

Cirrhosis 1 — Non-alcoholic steatohepatitis 34M

Cirrhosis 0.5 — Primary biliary cirrhosis 45F

Cirrhosis 0.5 — Non-alcoholic steatohepatitis 52M

F, female; M, male.
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Diagnosis GPER1 score to sort Paired tissue sample ~ GPER1 score to sort ~ Age and sex
Mixed HCC and cholangiocarcinoma 1 ANT (cirrhosis) 2 57F
Mixed HCC and cholangiocarcinoma 1 ANT (cirrhosis) 1.5 58M
Adenocarcinoma 1 ANT (cirrhosis) 1 59M
HCC 1 ANT (cirrhosis) 15 76M
HCC 15 ANT (cirrhosis) 2 68M
HCC 1 ANT (cirrhosis) 25 65M
HCC 1.5 ANT (cirrhosis) 15 51M
HCC 2 ANT (cirrhosis) 15 62M
HCC 1 ANT (cirrhosis) 2 57F
HCC 2 ANT (cirrhosis) 2 61M
Mixed carcinoma of the liver 1 ANT (cirrhosis) 1.75 64M
HCC 1.75 ANT (cirrhosis) 1.5 73M
HCC 1.5 ANT (cirrhosis) 1.5 57M
HCC 1.75 ANT (cirrhosis) 1.25 59M
HCC 0.5 ANT (cirrhosis) 1 53M
HCC 0 ANT (cirrhosis) 1.5 66M
HCC 0.75 ANT (cirrhosis) 1 60M
HCC 1.25 ANT (cirrhosis) 1 49M
HCC 1.5 ANT (cirrhosis) 1.25 76M
HCC 1.5 ANT (cirrhosis) 1 42M
HCC 1.25 ANT (cirrhosis) 0.75 53M
HCC 0.75 ANT (cirrhosis) 1.25 72M
HCC 1.75 ANT (cirrhosis) 1.5 57M
HCC 2 ANT (cirrhosis) 1 69M
HCC 1.25 ANT (cirrhosis) 0.5 46M
HCC 0 ANT (cirrhosis) 1.25 59M
HCC 1.5 ANT (cirrhosis) 1 58M
HCC 0.75 ANT (cirrhosis) 1 40M
HCC 15 ANT (cirrhosis) 1.5 67M
HCC 2 ANT (cirrhosis) 1 82M
HCC 15 ANT (cirrhosis) 1.25 71M
HCC 15 ANT (cirrhosis) 1.75 56M
HCC 15 ANT (cirrhosis) 15 57M
HCC 1.75 ANT (cirrhosis) 15 74M
HCC 1.25 ANT (cirrhosis) 1 46M
HCC 0.25 ANT (cirrhosis) 1.25 52M
HCC 15 ANT (cirrhosis) 15 49F
HCC 1.5 ANT (cirrhosis) 1 49M
HCC 1.5 ANT (cirrhosis) 1.25 41M
HCC 1 ANT (cirrhosis) 2.25 45M
HCC 1.75 ANT (cirrhosis) 15 65F
HCC 1.5 ANT (cirrhosis) 1.25 69M
HCC 1.5 ANT (cirrhosis) 1.25 45M
HCC 1.75 ANT (cirrhosis) 1.25 57M
HCC 1.5 ANT (cirrhosis) 1.75 62M
HCC 1.75 ANT (cirrhosis) 2 50M
HCC 15 ANT (cirrhosis) 1.5 67M
HCC 1.5 ANT (cirrhosis) 1.25 50M
HCC 15 ANT (cirrhosis) 2 30M
HCC 1.75 ANT (cirrhosis) 1.5 30M
ANT, adjacent nontumor; F, female; M, male.
Supplementary Table 7.RT-PCR Primers
Gene Forward primer (5’ — 3') Reverse primer (5’ — 3')

gpert CTCGTGAATAAAGTGTTGCAG

GCAGTCTTGTTTCCTCCAG
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