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Abstract
Background and Aims: Androgen receptor (AR) has been reported to play 
an important role in the development and progression of man’s prostate can-
cer. Hepatocellular carcinoma (HCC) is also male- dominant, but the role of 
AR in HCC remains poorly understood. Mechanistic target of rapamycin com-
plex 1 (mTORC1) also has been reported to be highly activated in HCC. In this 
study, we aimed to explore the role of AR phosphorylation and its relationship 
with mTORC1 in hepatocarcinogenesis.
Approach and Results: In vitro experiment, we observed that mTORC1 in-
teracts with hepatic AR and phosphorylates it at S96 in response to nutrient 
and mitogenic stimuli in HCC cells. S96 phosphorylation promotes the stabil-
ity, nuclear localization, and transcriptional activity of AR, which enhances de 
novo lipogenesis and proliferation in hepatocytes and induces liver steato-
sis and hepatocarcinogenesis in mice independently and cooperatively with 
androgen. Furthermore, high ARS96 phosphorylation is observed in human 
liver steatotic and HCC tissues and is associated with overall survival and 
disease- free survival, which has been proven as an independent survival pre-
dictor for patients with HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the predominant 
form of liver cancer and was a leading cause of cancer- 
related death in 2018.[1] According to the American 
Cancer Society (https://www.cancer.org/cance r/liver 
- cance r/about/ what- is- key- stati stics.html), liver cancer 
incidence and death rates in the United States have 
more than tripled and doubled, respectively, over the 
last four decades. A major risk factor of HCC is NAFLD, 
the most common type of liver disease, with over 
100 million cases in the United States alone,[2] which is 
mainly caused by excessive high dietary sugar and fat 
intake.[3] Interestingly, HCC is strongly male- dominant. 
HCC has a male- to- female ratio between 2:1 and 7:1 
regardless of etiology, ethnicity, and geography.[4,5] 
Although the gender disparity in HCC is well recog-
nized, the underlying molecular mechanisms remain 
poorly understood. Androgen receptor (AR) is a mem-
ber of the steroid hormone receptor superfamily. On 
androgen stimulation in prostate cells, AR migrates into 
the nucleus, where it binds with androgen response 
elements (AREs) in the promoter of target genes and 
controls their expression.[6,7] AR is an established 
driver and therapeutic target in prostate cancer. It is 
also thought to play a role in male- biased HCC.[8,9] AR 
has been proposed to mediate hepatitis B virus (HBV)- 
dependent hepatocarcinogenesis,[10] which, however, 
cannot fully explain the gender difference that is pres-
ent in both viral and nonviral HCC.

Mechanistic target of rapamycin (mTOR) is a highly 
conserved protein kinase.[11,12] It forms two distinct com-
plexes, mTORC1 and mTORC2.[13] mTORC1 is a master 
regulator of nutrient signaling and a central controller of 
cell growth and metabolism.[11,12] Chronic hyperactivation 
of mTORC1 underlies the epidemic of obesity. Excessive 
mTORC1 signaling is thought to be a major cause of 
NAFLD and HCC. For example, mTORC1 activation is 
commonly observed in human NAFLD and HCC clinical 
samples, and persistent activation of mTORC1 signaling 
is sufficient to induce hepatosteatosis and disease pro-
gression to HCC in animal models.[14,15] We previously 
found that AR is frequently overexpressed and activated 
in human HCC clinical samples, which is correlated with 
poor prognosis.[16] Furthermore, mTORC1 is required 
for the stability and nuclear localization of AR in HCC 
cells.[16] However, precisely how mTORC1 regulates he-
patic AR is not known.

Herein, we report the finding that hepatic AR is a 
direct target of mTORC1. mTORC1 regulates AR stabil-
ity and activity through S96 phosphorylation, promoting 
de novo lipogenesis and proliferation in vitro and devel-
opment of liver steatosis and tumors in vivo. Moreover, 
elevated S96 phosphorylation in clinical samples is 
associated with liver steatosis and HCC progression 
and poor prognosis. These findings reveal that AR is 
a driver of hepatic steatosis and tumorigenesis in re-
sponse to nutrient- mTORC1 and androgen signaling.

MATERIALS AND METHODS

Cell culture, transfection, and drugs

SNU449 and SNU423, human HCC cell lines were pre-
served in the State Key Lab of Oncology in South China 
and cultured in RPMI1640 (Invitrogen #C11875500BT) 
supplemented with 10% fetal bovine serum (FBS; 
Invitrogen #10099- 141), 100 units/ml penicillin, and 
100 μg/ml streptomycin in a humidified atmosphere 
containing 5% CO2. Human embryonic kidney (HEK) 
293T human cell lines, which can be transfected by 
the various techniques with efficiencies approach-
ing 100%, and MEFTSC1+/+/MEFTSC−/− mice cell lines, 
which negatively/positively regulate mTOR activity, 
were cultured in DMEM (Invitrogen #C11995500BT) 
supplemented with 10% FBS (Invitrogen #10099- 141). 
All cell lines were authenticated by short tandem re-
peat DNA profiling (Microread Diagnostics Co., Ltd.). 
Nutrient starvation of cells was first cultured in total nu-
trient medium with 10% FBS for at least 3 days, followed 
by 24 h starvation of amino acid (AA), FBS, or glucose 
(G) using different nutrient deficient mediums (Caisson 
#RPL22- 500ML, Chenxue Biotech #CM10043). For 
the hormone- stimulation experiment, cells were incu-
bated in phenol- red free DMEM or 1640 supplemented 
with 5% charcoal/dextran- treated FBS.

Cell transfection was conducted by lipo3000 reagent 
(Invitrogen) or DNA transfection reagent (Neofect) ac-
cording to the manufacturers’ instructions. Rapamycin 
(Selleck Chemicals) was used at 200 nM for experi-
ments. Methyltrienolone (R1881) (Perkin Elmer) was 
used at 10−8 M for experiments. Cycloheximide (Sigma) 
was used at 100 μg/ml for different time, dissolved in 
DMSO. MG132 (Stemcell) was used at 200 nM dis-
solved in DMSO for experiment.

Conclusions: AR S96 phosphorylation by mTORC1 drives liver steatosis and 
HCC development and progression independently and cooperatively with an-
drogen, which not only explains why HCC is man- biased but also provides a 
target molecule for prevention and treatment of HCC and a potential survival 
predictor in patients with HCC.

https://www.cancer.org/cancer/liver-cancer/about/what-is-key-statistics.html
https://www.cancer.org/cancer/liver-cancer/about/what-is-key-statistics.html
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Double luciferase reporter 
gene experiment

ARE- luciferase (Luc) report assay: 1 × 105 cells were 
seeded in NEST 24- well plates, and when cells reached 
70– 80% confluence, they were transfected in each well 
with 1 μg AR plasmids for 24 h and then added 1 μg 
pGMARE- Lu (Shanghai YEASEN) and 10 ng pRL- TK 
(Renilla Luc) (Shanghai YEASEN) for another 24 h. 
The double Luc reporter gene was determined using 
the Dual- Luciferase Reporter Assay Kit (Promega) and 
was tested by GloMax2020 Luminescence detector 
E5331 (Promega) according to the manufacturer’s in-
structions. The Luc activity of the gene promoter was 
normalized to Renilla Luc activity as an internal stand-
ard control. Sterol regulatory element binding protein 
1 (SREBP1)  Luc report assay: PGL4.10- SREBP1 re-
porter plasmids were constructed by PCR cloning of 
SREBP1 promoter into PGL4.10- Basic plasmids using 
the In- Fusion HD Cloning Kit (Takara #639648) and 
were confirmed by Sanger sequencing (Ruibiotech). 
Then, the double Luc reporter gene assay was per-
formed as before. One treatment group was detected 
with three or more duplicates in every experiment, and 
three independent experiments were conducted. T test 
was used for analysis.

Immunoprecipitation

For co- immunoprecipitation (co- IP) of AR and mTOR in 
whole- cell proteins, SNU449 cells were cultured for at 
least 2 days and then lysated in Pierce IP Lysis Buffer 
(Invitrogen) with 1 mM phenylmethyl sulfonyl fluoride 
(KeyGEN), 1× protease inhibitors (KeyGEN), 1× phos-
phatase inhibitors (KeyGEN), and the supernatant was 
collected after centrifugation at 14,000 × g. The pro-
tein lysate was quantified with BCA Protein Assay Kit 
(Thermo Scientific). The equal concentration and vol-
ume of protein lysate was incubated with specific an-
tibodies and protein A/G Sepharose beads (Life) for 
co- IP assay. The precipitated protein complexes were 
washed using IP lysis buffer at least five times before 
being separated on SDS- PAGE and immunoblotting by 
the indicated antibodies.

Proximity ligation assay

Proximity ligation assay (PLA) was used to visually 
detection whether and where two proteins were con-
nected to each other using the in situ kit (Sigma- Aldrich 
#DUO92101) following the protocol. Briefly, cells were 
transfected with HA- mTOR for 48 h and incubated with 
anti- AR rabbit antibodies and anti- HA mice antibodies 
at 4℃ overnight. Cells were then incubated with PLA 
probes and ligase. After that, nuclei was stained with 

DAPI (Abcam). Finally, the results were analyzed with 
an LSM880 (Zeiss) confocal microscope.

Mass spectrometry

For mass spectrometry of AR protein phosphorylation, 
SNU449 cells cultured in 15- cm dishes were lysated in 
Pierce IP Lysis Buffer (Invitrogen) with 1 mM phenylme-
thyl sulfonyl fluoride (KeyGEN), 1× protease inhibitors 
(KeyGEN), and 1× phosphatase inhibitors (KeyGEN), 
and the supernatant was collected after centrifugation. 
The supernatant was incubated with anti- AR antibod-
ies (Cell Signaling Technology Company) and protein 
A/G Sepharose beads (Life) overnight at 4℃ according 
to the co- IP protocol. The co- IP materials were then 
separated on SDS- PAGE and stained by Coomassie 
blue staining. Finally, the indicated gel band was cut 
and identified by Matrix- assisted laser desorption/
ionization- time of flight (MALDI- TOF) mass spectrom-
etry by H- Wayen Biotechnology.

Immunohistochemistry

The immunohistochemistry (IHC) was carried out as 
previously described. The antigen retrieval was con-
ducted by a pressure cooker at full pressure for 3 min 
in the EDTA buffer pH 8.0 (ORIGENE # ZLI- 9067) and 
then blocked in 10% FBS for 1 h. Then, the paraffin 
sections were incubated with the first antibodies diluted 
in antibodies diluent buffer (ORIGENE # ZLI- 9029) at 
4℃ overnight and with horseradish peroxidase−conju-
gated secondary antibody (ORIGENE # ZLI- 9017) at 
37℃ for 1 h. Finally, 3,3´- diaminobenzidine chromo-
genic solutions (ORIGENE # ZLI- 9017) were used to 
detect the positive staining.

In the conformation experiment of the specific-
ity of the custom anti- AR- pS96 antibody, we first 
mixed 1 μl anti- ARpS96 antibodies (0.5 mg/ml) with 
0.5 mg synthetic phosphorylated or nonphosphor-
ylated AR- S96 peptides(91- - QGEDG{pSer/Ser}
PQAHRRGP- - 104) (Genscript), respectively, and in-
cubated the mixture at 4℃ overnight to block the an-
tibody. Then, the antibodies were diluted to 1:1,000 
for IHC assay in consecutive sections of mouse and 
human liver tissues.

Human normal and steatotic liver 
tissue analysis

Four human normal liver tissues and three steatotic 
liver tissues were collected from patients with hepatic 
hemangioma or liver adenoma who were subjected to 
surgery from January 2019 to June 2020 at Sun Yat- 
Sen University Cancer Center, China. These samples 
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were evaluated by an experienced pathologist. None of 
the patients had received any tumor- related treatment 
except surgery. These samples were detected with 
IHC to estimate AR- pS96 expression. This research 
was approved by the Research Ethics Committee of 
the Sun Yat- Sen University Cancer Center. Written in-
formed consent was obtained from all the patients. No 
donor organs were obtained from executed prisoners 
or other institutionalized persons.

For additional materials and methods, see the 
Supporting Information.

RESULTS

Regulation of hepatic AR by mitogenic 
and nutrient signals

We previously found that AR is a downstream target 
of mTORC1 signaling.[16] Because mTORC1 is a cen-
tral controller of mitogenic and nutrient signaling, we 
asked if hepatic AR activity responds to mitogenic 
and nutrient stimulation in hepatocytes. To this end, 
a Luc reporter under the control of ARE was used to 

F I G U R E  1  AR undergoes the regulation of mTOR to sense the sufficient nutrients. AR activates transcription in HCC cells. AR or 
a control plasmid vector was transiently transfected together with an ARE- Luc in SNU449 cells and measured for Luc activity. AR, pT3- 
HA- AR plasmids; ARE, cells transfected with pGMARE- Lu plasmids containing ARE sequence as an experimental group of the report 
gene system; NC, cells transfected with pGM vector plasmids as a negative control of reporter gene system; vector, control vector of 
pT3. Data (mean ± SD, n = 3) were analyzed by unpaired two- tailed t test; NS, no statistical significance; **p < 0.01. (B) G and FBS, but 
not AA, activate AR transcription in HCC cells. SNU449 and SNU423 cells carrying ARE- Luc reporter were deprived of AA, FBS, or 
G for 24 h, and measured for Luc activity. NC, no starvation, complete medium containing AA, FBS, and G. Data (mean ± SD, n = 3). 
**p < 0.01. (C) G and FBS, but not AA, regulate AR protein in HCC cells. AR, p- S6K, and S6K were measured by immunoblot. NC, no 
starvation, complete medium containing AA, FBS, and G. GAPDH was used as a loading control. (D,E) Nutrient and mitogen regulate AR 
transcription cooperatively with yet independently of androgen in HCC cells. SNU449 (D) and SNU423 (E) cells carrying ARE- Luc reporter 
were deprived of AA, FBS, or G in the absence or presence of R1881 for 24 h and measured for Luc activity. NC, no starvation, complete 
medium containing AA, FBS, and G. Data (mean ± SD, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. (F) mTORC1 regulates AR transcription 
cooperatively with yet independently of androgen in HCC cells. SNU449 and SNU423 cells carrying ARE- Luc reporter were treated without 
or with rapamycin in the absence or presence of R1881 for 24 h and measured for Luc activity. Data (mean ± SD, n = 3). *p < 0.05
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measure AR activity (Figure 1A). The transcriptional 
activity of AR was notably repressed by starvation from 
FBS or G but not AA in SNU449 and SNU423 HCC 
cells (Figure 1B). Similarly, starvation from FBS and G, 
but not AA, led to down- regulation of AR protein level 
(Figure 1C), whereas AR mRNA level was not affected 
(Figure S1A). Starvation of FBS and G, but not AA, 

also attenuated activation of ARE- Luc reporter by the 
synthetic androgen R1881 in HCC cells (Figure 1D,E). 
These results indicate that AR selectively responds to 
stimulation by G and mitogenic signals independently 
of and cooperatively with androgen. Consistent with 
our previous observation,[16] rapamycin similarly inhib-
ited ARE reporter activity and protein expression in the 

F I G U R E  2  mTOR interacts with AR and regulates AR phosphorylation. mTOR interacts with AR. Left panel: AR was 
immunoprecipitated from SNU449 cells with an anti- AR antibody. The anti- AR IP was analyzed by immunoblot with AR and mTOR 
antibodies. Right panel: mTOR was immunoprecipitated from SNU449 cells with an anti- mTOR antibody. The anti- mTOR IP was analyzed 
by immunoblot with AR and mTOR antibodies. GAPDH was used as a loading control. Subcellular localization of AR and mTOR. AR and 
mTOR was analyzed by IF in SNU449. Nuclei were stained deep blue by DAPI. (Scale bar = 10 μm). (C) mTOR interacts with AR in intact 
HCC cells. In situ interaction between mTOR and AR was carried out by PLA in SNU449 and SNU423 cells. Nuclei were stained by DAPI. 
(Scale bar = 10 μm.) (D) Rapamycin increases electrophoretic mobility of AR protein. HA- AR was transiently expressed in HEK293T cells. 
Then, the cells were treated with rapamycin for different times and measured for electrophoretic mobility. (E,F) mTORC1 regulates AR 
phosphorylation in a hormone- independent manner. HA- AR was transiently expressed in HEK293T cells. Then, the cells were treated with 
rapamycin in the absence or presence of R1881. Extracts of control cells treated without or with R1881 were also treated with λ pp. (E) and 
(F) are two repeated and independent assays. F, fast mobility form; S, slow mobility form
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absence or presence of R1881 (Figures 1F and S1B), 
suggesting that mTORC1 is a mediator of the nutrient 
and mitogenic effects.

mTORC1 interacts with AR and regulates 
AR phosphorylation in a hormone- 
independent manner

To see if mTORC1 has a direct role in regulating AR, we 
examined their possible interaction by co- IP of endog-
enous AR and mTOR. The results showed that when 
AR was immunoprecipitated, mTOR was detected in 
the anti- AR IP but not in an IgG control IP (Figure 2A). 
Conversely, when mTOR was immunoprecipitated, AR 
was detected in the anti- mTOR IP but not in an IgG 
control IP (Figure 2A). We further investigated sub-
cellular localization of AR and mTOR with immuno-
fluorescence, and their interaction in intact HCC cells 
using PLA.[17] Both AR and mTOR were found to be 
distributed throughout the cells, with AR and mTOR 
predominantly in the nucleus and cytoplasm, respec-
tively (Figure 2B). Interestingly, AR- mTOR interaction 
appeared to be mainly in the cytoplasm (Figures 2C 
and S2). These results demonstrate that mTOR and AR 
specifically interact with each other.

Because mTOR is a serine/threonine protein kinase 
that regulates downstream effectors by phosphoryla-
tion, we further asked if mTORC1 regulates AR through 
phosphorylation. We found that the electrophoretic mo-
bility of HA- AR was markedly increased 30 min follow-
ing rapamycin treatment (Figure 2D). Treatment with λ 
phosphatase (λ pp) also increased electrophoretic mo-
bility of HA- AR (Figure 2E,F), indicating that the slow 
electrophoretic band of HA- AR is a hyperphosphory-
lated form and the fast band is the hypophosphorylated 
form. In contrast, R1881 did not affect the electropho-
retic mobility of HA- AR and λ pp- induced or rapamycin- 
induced electrophoretic mobility change (Figure 2E,F). 
Together, these results show that mTORC1 regulates 
AR phosphorylation in a hormone- independent manner.

mTORC1 regulates AR phosphorylation 
at S96 in vivo and phosphorylates S96 
in vitro

To determine if the phosphorylation site(s) of AR is 
regulated by mTORC1, we performed MALDI TOF 
mass spectrometry analysis of AR proteins isolated 
from SNU449 cells. The results revealed several major 
phosphorylation sites on AR protein, including S96, 
S215, S258, S310, and S650 (Table S1). To pinpoint the 
specific mTORC1- dependent site(s), we mutated each 
of the five serine residues of HA- AR to alanine or glu-
tamate to mimic the dephosphorylated and phosphoryl-
ated state, respectively. Interestingly, only HA- ARS96E 

and HA- ARS96A exhibited significant difference in elec-
trophoretic mobility, which was similar to the hyperphos-
phorylated and hypophosphorylated form, respectively 
(Figure 3A). Importantly, both the S96A and S96E mu-
tants no longer underwent electrophoretic changes in 
response to rapamycin treatment (Figure 3B). These 
results indicate that S96 is the mTORC1- dependent 
phosphorylation site.

S96 is highly conserved among different mam-
mals, and the peptide sequence containing S96 fits an 
mTORC1 consensus substrate site (Figure 3C). To fa-
cilitate the study of AR phosphorylation, we developed 
a custom p- S96– specific antibody, which recognized 
HA- AR but not HA- ARS96A or HA- ARS96E (Figure S3). 
Moreover, S215A and S215E mutations did not affect 
recognition by this antibody (Figure S3A). The speci-
ficity of p- S96 antibody was confirmed using IHC de-
tection in mouse and human tissues by blocking the 
antibody with the peptides containing phosphorylated 
or nonphosphorylated S96 site (Figure S3B). Thus, 
the antibody is highly specific for p- S96. Consistently 
with S96 is an mTORC1- dependent phosphorylation 
site, inhibition of mTORC1 by rapamycin inhibited S96 
phosphorylation (Figure 3D). Conversely, activation of 
mTORC1 by TSC1 knockout stimulated S96 phosphor-
ylation (Figure 3E) but did not affect AR mRNA (Figure 
S4A). To ask if mTOR can directly phosphorylate S96, 
we immunoprecipitated mTOR and performed in vitro 
kinase assay with a wild- type AR peptide as a sub-
strate and an S96A mutant peptide as a control. We 
found that mTOR phosphorylated the wild- type peptide, 
and the phosphorylation was suppressed by the S96A 
mutation (Figure 3F). Collectively, these results indi-
cate that mTORC1 is an ARS96 kinase.

S96 phosphorylation regulates 
AR activity, subcellular 
localization, and stability

To understand the role of S96 phosphorylation in AR 
regulation, we transiently expressed wild type (WT) 
and mutant HA- AR proteins in HCC cells (Figure S4B) 
and investigated their ability to activate ARE- Luc re-
porter. The results showed that the transcriptional ac-
tivity of ARS96A was significantly lower than WT AR 
and that of ARS96E was significantly higher (Figure 4A), 
indicating that S96 phosphorylation activates AR. 
R1881 enhanced the transcriptional activity of both WT 
and mutant AR (Figure 4A), indicating that mTORC1- 
dependent S96 phosphorylation and androgen regulate 
AR independently and cooperatively. Furthermore, the 
transcriptional activity of S96 mutants was no longer 
responsive to rapamycin treatment (Figure 4B), demon-
strating that S96 phosphorylation mediates mTORC1- 
dependent regulation and rapamycin inhibition. We 
previously found that mTORC1 promotes AR nuclear 
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localization.[16] We therefore investigated if S96 phos-
phorylation plays a role in this regulation. HA- ARS96A 
was found to be predominantly cytoplasmic, whereas 

HA- ARS96E was almost exclusively nuclear (Figure 4C), 
indicating that S96 phosphorylation regulates AR nu-
clear localization.

F I G U R E  3  mTOR phosphorylates AR at S96. (A) Phosphorylation of S96, not another serine phosphorylation site, regulates HA- AR 
electrophoretic mobility. HA- AR carrying S to A or S to E mutation was expressed in SNU449 cells and analyzed for their electrophoretic 
mobility. TUBLIN was used as a loading control. (B) The electrophoretic mobility of HA- ARS96 mutants was not affected by rapamycin. 
SNU449 cells transfected with HA- ARS96A/HA- ARS96E were treated with rapamycin for 12 h and analyzed for the electrophoretic mobility of 
HA- AR proteins. TUBLIN was used as a loading control. (C) S96 of AR is an evolutionarily conserved mTORC1 consensus substrate motif. 
Upper panel: alignment of AR AA sequences surrounding S96 from different species. Bottom panel: mTORC1 consensus substrate site. (D) 
Inhibition of mTORC1 by rapamycin decreases S96 phosphorylation. SNU449 cells was treated with rapamycin for 12 h and analyzed for S96 
phosphorylation by immunoblot with a p- S96– specific antibody. P- S6, total S6K, FASN, and SREBP1 proteins were also analyzed. TUBLIN 
was used as a loading control. (E) Activation of mTORC1 increases S96 phosphorylation. TSC1+/+ and TSC1−/− MEF cells were examined for 
S96 phosphorylation by immunoblot with an anti- p- S96 antibody. mTOR, P- S6, total S6K, FASN, and SREBP1 proteins were also analyzed. 
TUBLIN was used as a loading control. (F) mTOR phosphorylates S96 of AR in vitro. mTOR was immunoprecipitated from HEK293T cells and 
assayed for phosphorylation of a synthetic AR peptide substrate containing S96. A control peptide containing S96A was used as a negative 
control. Data (mean ± SD, n = 3) was analyzed by unpaired two- tail t test; *p < 0.05. F, fast mobility form; S, slow mobility form
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We previously found that rapamycin accelerates 
proteasomal degradation of AR.[16] To see if S96 phos-
phorylation controls AR stability, we treated HCC cells 
with cycloheximide to block new protein synthesis and 
measured the protein stability of WT and mutant HA- 
AR proteins by immunoblot. The result showed that 
HA- ARS96E and HA- ARS96A were more stable and less 
stable, respectively, than WT HA- AR (Figure 4D). In 
contrast to WT HA- AR, rapamycin treatment did not 

significantly alter the stability of HA- AR S96 mutants 
(Figure S5). Thus, S96 phosphorylation mediates 
mTORC1 regulation to promote AR protein stability. 
Treatment with the proteasome inhibitor MG132 in 
SNU449 cells markedly stabilized AR protein with or 
without rapamycin treatment (Figure 4E). Consistently, 
the level of polyubiquitination for HA- ARS96E was less 
than WT HA- AR, whereas that of HA- ARS96A was more 
ubiquitinated than HA- ARWT (Figure 4F). Thus, S96 
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phosphorylation inhibits AR polyubiquitination and pro-
teasomal degradation.

S96 phosphorylation activates AR to 
promote lipogenesis in HCC cells

mTORC1 promotes liver steatosis and tumorigenesis in 
part by activating the master lipogenic transcription fac-
tor SREBP1- dependent de novo lipid biosynthesis.[18,19] 
In agreement with mTORC1 regulation of SREBP- 
dependent lipogenesis, rapamycin treatment mark-
edly down- regulated SREBP1 and fatty acid synthase 
(FASN) (Figure 3D,E). To determine if AR plays a role 
in fat acid metabolism in HCC, we analyzed a transcrip-
tome dataset of The Cancer Genome Atlas (TCGA) da-
tabase, which is consisting of 373 primary HCC tumor 
samples (http://ualcan.path.uab.edu/). We found that 
fat acid metabolism pathway was enriched in high AR- 
expressing HCC tumors (Figure 5A). Interestingly, four 
ARE motifs were found in the promoter of SREBP1 
(http://jaspar.gener eg.net/) (Figure 5B), suggesting that 
AR regulates transcription of SREBP1.

To determine whether AR directly regulates SREBP1 
expression, we performed chromatin immunopre-
cipitation and found that HA- AR specifically bound 
to SREBP1 promoter (Figure 5C). We next assayed 
SREBP1 promoter activity in response to AR using a 
Luc reporter under the control of SREBP1 promoter 
in a dual- Luc reporter system. Indeed, expression of 
HA- AR stimulated SREBP1- Luc reporter in SNU449 
cells. Although HA- ARS96E increased SREBP1- Luc 
reporter activity compared with WT HA- AR, HA- 
ARS96A decreased SREBP1- Luc reporter activity, re-
gardless of whether R1881 was present (Figure 5D). 
We further measured the mRNA expression level of 
lipogenic genes (SREBP1, FASN, S1P, S2P, ACLY, 
and SCD1) in SNU449 and SNU423 cells express-
ing WT and mutant HA- AR. The results showed that 
HA- ARS96E, not HA- ARS96A, robustly stimulated ex-
pression of lipogenic genes compared with WT HA- 
AR (Figure 5E,F). These observations show that AR 

is a transcriptional activator of the de novo lipogenic 
pathway and S96 phosphorylation stimulates AR- 
dependent lipogenesis.

Excessive AKT signaling promotes male- 
biased liver steatosis and tumorigenesis 
in mice

AKT- mTORC1 signaling is a major oncogenic path-
way for HCC.[20] Stable expression of constitutively 
active HA- AKT in hepatocytes by hydrodynamic 
transfection (HDT) is sufficient to cause develop-
ment of HCC in an mTORC1- dependent manner in 
mice.[19,21] In our AKT- driven mouse HCC by HDT, 
we checked the transfection efficiency of AKT plas-
mids in mouse hepatocytes with western blot at 24 h 
after HDT. The result showed that the transfection ef-
ficiency had no significant difference between male 
and female mice (Figure S6A). Remarkably, AKT- 
expressing male mice developed liver tumors much 
more rapidly than AKT- expressing female animals. 
The mean survival time was about 8 weeks after HDT 
for the AKT male group compared with 12 weeks 
after HDT for the AKT female group (Figure 6A,B). 
Consistently, the tumors in the AKT male group de-
veloped much more robustly as judged by liver/body 
weight and size of individual tumors. For example, 
the tumor burden in the AKT male group had al-
ready reached terminal stage by 9 weeks after HDT 
compared with only small precancerous lesions that 
were detected in the AKT female group at this time 
(Figure 6C,D). It took ~15 weeks after HDT for the 
AKT female group to develop tumor burdens similar 
to that of the AKT male group at 9 weeks after HDT 
(Figure 6E,F).

We next performed molecular and histological anal-
ysis of the liver tissues from different experimental 
groups. In the early stage (fourth week) of the AKT 
HDT model, AKT- positive cells were focally distrib-
uted and mainly gathered around the central vein in 
AKT male mouse and scatteredly distributed around 

F I G U R E  4  S96 phosphorylation regulates AR’s transcriptional activity and protein stability. Phosphorylation of ARS96 regulates 
transcriptional activity of AR. WT HA- AR, HA- ARS96A, or HA- ARS96E were transiently expressed in SNU449 cells carrying the ARE- Luc 
reporter. Cells were treated with R1881 or drug vehicle (DMSO) and measured for Luc activity. Data (mean ± SD, n = 3) were analyzed by 
unpaired two- tailed t test. NS, no statistical significance; *p < 0.05, **p < 0.01. (B) S96 phosphorylation is required for mTORC1 to regulate 
AR’s transcriptional activity. WT HA- AR, HA- ARS96A, or HA- ARS96E were transiently expressed in SNU449 cells carrying the ARE- Luc 
reporter. Cells were treated with rapamycin or drug vehicle (DMSO) and measured for Luc activity. Data (mean ± SD, n = 3) were analyzed 
by unpaired two- tailed t test. NS, no statistical significance; ***p < 0.001. (C) S96 phosphorylation regulates subcellular localization of AR. 
WT HA- AR, HA- ARS96A, or HA- ARS96E were transiently expressed in SNU449 or SNU423 cells. Subcellular localization of WT and mutant 
HA- AR was analyzed by immunofluorescence staining. (D) S96 phosphorylation regulates AR stability. HEK293T cells transiently expressing 
WT HA- AR, HA- ARS96A, or HA- ARS96E were treated with cycloheximide (CHX) for different times. The protein level of HA- AR was analyzed 
by immunoblot, and HA- AR protein level was expressed as relative value to TUBLIN loading control. (E) Rapamycin induces proteasome- 
dependent degradation of AR. SNU449 cells were treated with rapamycin or DMSO for 12 h and then with MG132 for another 12 h. The 
protein level of endogenous AR was examined by immunoblot with anti- AR antibodies, which was expressed relative to TUBLIN. (F) S96 
phosphorylation regulates AR polyubiquitination. WT HA- AR, HA- ARS96A, or HA- ARS96E were transiently expressed in HEK293T cells in the 
presence of MG132. HA- AR proteins were immunoprecipitated with anti- HA antibodies and immunoblotted for ubiquitin (UB) 

http://ualcan.path.uab.edu/
http://jaspar.genereg.net/
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the central vein in AKT female mouse, but no AKT- 
positive cells were observed in vector male or fe-
male mouse (Figure S6B), indicating that AKT- mTOR 

signaling induced more remarkable precancerous 
lesion in male mouse than in female mouse. In the 
late stage of the model, AKT expression or positive 

F I G U R E  5  ARS96 phosphorylation induces hepatic lipogenic pathway. (A) AR is positively correlated with fat acid metabolism pathway 
in HCC. Shown is gene set enrichment analysis (GESA) from The Cancer Genome Atlas transcriptome dataset of 373 primary human 
HCC tumors in high and low AR expression groups. (B) AR consensus binding motif based on the JASPAR chromatin immunoprecipitation 
(ChIP)- seq database. (http://jaspar.gener eg.net/) (left). Shown are four potential AR binding motifs in SREBP1 promoter (right). (C) AR 
binds to SREBP1 promoter. SNU449 cells transiently expressing HA- AR were assayed for AR binding to SREBP1 promoter by ChIP, which 
was measured by PCR (left) and qPCR (right). PSA was used as a positive control and a random sequence was used as a negative control 
(NC). Data (mean ± SD, n = 3) was analyzed by unpaired two- tailed t test. ***p < 0.001. (D) S96 phosphorylation regulates the ability of 
AR to activate SREBP1 promoter. WT HA- AR, HA- ARS96A, or HA- ARS96E were transiently expressed in SNU449 cells carrying SREBP1 
promoter- Luc reporter. Cells were treated with R1881 or drug vehicle (DMSO) and measured for Luc activity. Data (mean ± SD, n = 3) 
was analyzed by unpaired two- tailed t test. NS, no statistical significance, *p < 0.05, **p < 0.01. (E,F) AR activation of lipogenic pathway 
is dependent on S96 phosphorylation. HA- ARWT, HA- ARS96A, or HA- ARS96E were transiently expressed in SNU449 or SNU423 cells. 
Expression of HA- AR proteins was examined by immunoblot. mRNA expression of lipogenic genes were analyzed by qRT- PCR. Data 
(mean ± SD, n = 3) was analyzed by unpaired two- tailed t test; NS, no statistical significance; *p < 0.05, **p < 0.01, ***p < 0.001

http://jaspar.genereg.net/
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F I G U R E  6  Excessive AKT signaling induces hepatocarcinogenesis in a male- biased manner in mice. (A) Experimental scheme for AKT- 
driven HDT liver tumorigenesis model in female and male mice. (B) Kaplan- Meier analysis of the survival rates of mice after HDT delivery 
of AKT or vector plasmid. Female AKT group (n = 10) has considerable survival advantage over male AKT group (n = 10) (p < 0.0001). 
No mortality was observed with the vector control groups during the course of the study. ***p < 0.001. (C,D) Excessive AKT signaling 
induces significant hepatocarcinogenesis in male mice but not female mice at 9 weeks after HDT. (C) Morphology of representative livers 
from each animal group at 9 weeks after HDT and liver/body weight from each animal group. NS, no statistical significance; **p < 0.01. (D) 
Representative histology of AKT expressing female and male liver tissues 9 weeks after HDT. (Scale bar = 50 μm). Female liver shows big 
lipid vacuoles (arrows) in AKT- expressing cells but no tumor lesions. Male liver contains large tumor burdens (T) with big lipid vacuoles 
(arrows). N, normal liver. (E,F). Excessive AKT signaling induces significant hepatocarcinogenesis in female mice at 15 weeks after HDT. 
(E) morphology of a representative female liver at 15 weeks after HDT and liver/body weight from female vector and AKT groups. NS, no 
statistical significance; **p < 0.01. (F) Histology of vector control or AKT female liver tissue at 15 weeks after HDT. (Scale bar = 50 μm)
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is observed in small precancerous foci or liver tissues 
in female mice (9th week) and in liver tumor nodules 
or liver tissues in male (9th week) and female (15th 
week) mice (Figures 6D,F and S8). Phosphorylation 
level of AR- S96 and AR were also markedly increased 
in both AKT- expressing gender groups compared with 
that in the control vector groups (Figures S7 and S8), 
indicating that AKT expression leads to activation of 
mTORC1 signaling and companion AR phosphoryla-
tion. Interestingly, expression of SREBP1 and FASN 
was much higher in AKT male livers at 9 weeks after 
HDT than that in AKT female livers at 9 weeks after 
HDT (Figures S7 and S8). Moreover, Ki- 67 staining 
was also stronger in AKT- expressing male liver tissues 
at 9 weeks after HDT than that in AKT female liver 
tissues at 9 weeks after HDT (Figure S7). These ob-
servations are in agreement with our in vitro data that 
S96 phosphorylation cooperates with male hormones 
to activate AR and AR- dependent lipogenesis and pro-
liferation, which is likely to contribute to male- biased 
liver steatosis and tumorigenesis.

AR promotes liver steatosis and   
tumorigenesis in mice in an S96 
phosphorylation- dependent manner

NRAS proto- oncogene alone is insufficient to induce 
liver tumors in the HDT mouse models. However, it 
enhances tumorigenesis by other oncogenes or loss 
of tumor suppressor genes, which has been explored 
as a useful tool for evaluating the oncogenic events.[21] 
Although AR is overexpressed in human HCC and its 
overexpression promotes HCC cell proliferation in 
vitro and in vivo,[16] the oncogenic role of phosphoryl-
ated AR has not been examined in vivo. Therefore, 
we aimed to assess the oncogenic potential of phos-
phorylated AR in the HDT mouse model. Because 
AR alone including AR- WT and ARS96A was not suf-
ficient to cause primary liver tumor within 22 weeks 
of the HDT model (Figure S9A– E), we established a 
mouse model by expressing NRAS alone or in com-
bination with HA- AR or HA- ARS96A in mice by HDT 
(Figure 7A). As expected, NRAS alone did not cause 
discernible pathological changes in mouse liver dur-
ing the course of the study (Figure 7). Remarkably, 
coexpression of NRAS and HA- AR caused devel-
opment of liver tumors with a mean survival time of 
18 weeks after HDT (Figure 7B– D). In contrast, co-
expression of NRAS and HA- ARS96A failed to induce 
liver tumorigenesis or cause mortality (Figure 7B– D). 
Histological analysis indicated that NRAS/HA- AR liv-
ers contained large tumors with large lipid vacuoles 
by 21 weeks after HDT (Figure 7E). In contrast, NRAS 
and NRAS/HA- ARS96A livers did not exhibit appar-
ent pathological changes (Figure 7E). Consistently, 
NRAS/HA- AR liver tumors were highly proliferative, 

as indicated by Ki- 67 staining, and severely stea-
totic, as shown by Oil- Red staining, which were not 
seen in NRAS or NRAS/HA- ARS96A livers (Figure 7F). 
Consistently, expression of SREBP1 and FASN was 
elevated in NRAS/HA- AR livers but not in NRAS or 
NRAS/HA- ARS96A livers (Figures 7F and S10). These 
results indicate that AR is a driver of liver steatosis 
and tumorigenesis. Therefore, this study also pro-
vides the target molecule for prevention of NAFLD 
and HCC in humans.

Phosphorylation of ARS96 is correlated 
with hepatic steatosis and tumorigenesis 
in human clinical samples

To explore the clinical significance of ARS96 phos-
phorylation, we asked whether it occurs in human liv-
ers and whether this phosphorylation changes during 
hepatopathogenesis. To this end, we performed HE 
staining and IHC staining with anti- p- ARS96 antibody 
on human normal and steatotic liver tissue samples. 
Through IHC assay, we found that p- ARS96 was el-
evated in steatotic tissues compared with that in nor-
mal liver tissues (Figure 8A). We further carried out 
anti- p- ARS96 IHC staining with a tissue microarray 
consisting of 75 HCC samples and 65 paired adjacent 
noncancerous liver tissues. The result showed that 
the level of p- ARS96 was significantly higher in HCC 
tumor compared with paired adjacent noncancerous 
liver tissues (Figure 8B– D). Strikingly, patients with 
high liver tumor p- ARS96 expression had significantly 
worse overall survival (OS) and disease- free survival 
than those with low liver tumor p- ARS96 expression, 
as judged by Kaplan- Meier analysis (Figure 8E). 
High p- ARS96 was correlated with serum HBsAg 
(p = 0.020), tumor size (p = 0.045), and tumor patho-
logical grade (p = 0.028) (Table S2). Multivariate Cox 
regression analysis demonstrated that the expres-
sion of p- ARS96and tumor number are independent 
risk factors for OS in patients with HCC (p- ARS96: 
HR = 2.385, 95% CI = 1.162– 4.893, p = 0.018) (Table 
S3). We have demonstrated that mTOR signaling 
pathway phosphorylates AR S96 in liver tumor in 
vitro and in vivo. To verify whether this regulation ex-
isted in human HCC tumors, we conducted IHC for 
p- S6K and p- AR in 62 HCC samples and analyzed 
the relationship between the phosphorylated pro-
teins. A positive correlation was observed between 
p- S6K and p- AR (Figure 8E and Table S4), implying 
that mTOR signaling pathway phosphorylates AR in 
human HCC, consistently with the aforementioned 
results we have shown. These results provide clinical 
evidence supporting our findings in mice that AR is 
a driver of hepatocarcinogenesis. More importantly, 
this study also provides a potential survival predictive 
marker for patients with HCC.
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DISCUSSION

Nutrients supply building blocks for generating biomass 
and energy for fueling biochemical reactions. They 
are also chemical signals that dictate cellular growth 
and metabolism. Overnutrition not only creates imbal-
anced metabolism but also causes excessive nutrient 
signaling that promotes aberrant cellular metabolism 

and proliferation, leading to obesity, NAFLD, and 
cancer.[11– 13] As a central organ that controls diet di-
gestion and utilization, the liver is prone to hyperactive 
nutrient signaling and development of NAFLD and re-
lated liver diseases, such as HCC. Chronic activation 
of mTORC1 signaling is a major cause of NAFLD and 
HCC.[22] Elevated mTORC1 signaling is common in 
samples of human patients and mouse models with 

F I G U R E  7  AR is a driver of hepatocarcinogenesis in an S96 phosphorylation- dependent manner in mice. Experimental scheme for 
NRAS/HA- AR– driven HDT liver tumorigenesis model in male mice. Kaplan- Meier analysis of the survival rates of mice after HDT delivery 
of NRAS, NRAS/HA- AR, or NRAS/HA- ARS96A. The NRAS/HA- AR group (n = 15) has a mean survival of 18 weeks after HDT (p < 0.0001). 
No mortality was observed with the NRAS group and NRAS/HA- ARS96A group during the course of the study. (C,D) NRAS/HA- AR but not 
NRAS alone or NRAS/HA- ARS96A induces hepatocarcinogenesis in mice. (C) Representative mouse liver from each experimental group at 
21 weeks after HDT. (D) Liver/body weight from each animal group (n = 15). NS, no statistical significance; *p < 0.05. (E) NRAS/HA- AR but 
not NRAS alone or NRAS/HA- ARS96A induces liver steatosis and tumorigenesis in mice. Shown are liver sections with HE staining and IHC 
staining of NRAS and HA- AR of mouse liver at 21 weeks after HDT. (Scale bar = 50 μm). NRAS/HA- AR liver tumor contains large tumor 
burdens (T) with big lipid vacuoles (arrows). N, normal liver. (F) NRAS/HA- AR but not NRAS alone or NRAS/HA- ARS96A promotes liver cell 
proliferation and steatosis. Shown are liver sections with IHC staining of Ki- 67 and SREBP, and Oil- Red staining at 21 weeks after HDT. 
(Scale bar = 50 μm)
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F I G U R E  8  ARS96 phosphorylation is correlated with hepatic steatosis and tumorigenesis in human clinical samples. AR S96 
phosphorylation is elevated in steatotic liver tissue. Normal and steatotic human liver tissue sections were stained by HE and IHC with 
p- ARS96– specific antibody. (Scale bar = 50 μm). Representative IHC staining image of HCC tissues with low and high p- ARS96 expression. 
(Scale bar = 50 μm). (C) Elevated ARS96 phosphorylation in HCC as indicated by scatter plots of nuclear ARpS96 IHC scores in HCC and 
adjacent tissues (upper panel) and the ratio of p- ARS96 IHC scores in paired tumor/adjacent tissues(lower panel). **p < 0.01. (D) Patients 
with HCC and high p- ARS96 have worse OS and disease- free survival (DFS). Kaplan- Meier analysis of OS (up) and DFS (down) in 
patients with low versus high p- ARS96 expression. (E) The p- AR expression is positively correlated with p- S6K in HCC. Representative 
immunohistochemical images of p- AR and p- S6K in HCC tumors. (Scale bar = 50 μm). In the same HCC tissue, p- S6K is higher and 
p- AR is also higher, and vice versa. (F) Graphic illustration of AR regulation by nutrient- mTORC1 signaling to promote liver steatosis and 
tumorigenesis
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NAFLD and HCC.[23,24] We showed that excessive AKT 
signaling in mouse liver is sufficient to cause liver stea-
tosis and tumorigenesis, which is consistent with he-
patic PTEN knockout that also leads to development of 
NAFLD and HCC.[25,26]

In this study, we demonstrate that hepatic AR is a di-
rect target of mTORC1. mTORC1 phosphorylates AR at 
S96 in response to nutrient and mitogenic stimuli, which 
regulates the stability, nuclear localization, and activity 
of hepatic AR. AR protein consists of the N- terminal do-
main (NTD), the middle DNA- binding domain, and the 
C- terminal ligand- binding domain.[27] AR contains two 
activation domains, located in NTD and C- terminal do-
main (CTD), respectively. Although the CTD activation 
domain is regulated by ligand (androgen), the NTD is 
ligand independent,[28] with each of the two activation 
domains contributing ~50% to the total AR activity.[29] 
Interestingly, S96 is located within the NTD activation 
domain, providing a mechanism for ligand- independent 
activation of AR functions. mTORC1- dependent 
S96 phosphorylation in NTD is also consistent with 
mTORC1, and androgen signaling controls AR inde-
pendently and cooperatively (Figure 8F).

AR is an established driver of prostate carcinogen-
esis. Although AR is ubiquitously expressed in differ-
ent tissues, whether it can act as an oncogene outside 
the prostate remains unclear. Herein, we show that AR 
is sufficient to cause liver steatosis and tumorigene-
sis when combined with NRAS but not NRAS alone. 
When activated by S96 phosphorylation, AR promotes 
hepatic proliferation and de novo lipogenesis. AR ac-
tivates transcription of SREBP1, the master transcrip-
tion factor for the lipid biosynthesis pathway. Moreover, 
AR- driven development of hepatic steatosis and tu-
mors is dependent on S96 phosphorylation. Hence, 
AR is a liver oncogene, and its oncogenic potential 
is regulated by mTORC1 signaling. More importantly, 
dephosphorylation of AR S96 failed to cause hepatic 
steatosis and hepatocarcinogenesis in mice with he-
patic NRAS overexpression, suggesting that AR S96 
phosphorylation is a potential target site for preventing 
liver steatosis and HCC in male people, especially in 
men with obesity.

Epidemiological studies showed that men develop 
NAFLD and HCC much more frequently than women, 
regardless of etiology and country of origin.[30,31] 
The male- to- female ratio for these liver diseases 
ranges from 2:1 to 7:1, depending on specific popula-
tions. In our study, the male- to- female ratio for HCC 
is about 8:1, which is similar to the reported ratio. 
Accumulating evidence indicates that hepatic AR 
signaling is involved in the male- dominant trait.[9,32] 
Strikingly, hepatopathogenesis driven by hyperactive 
mTORC1 signaling displays a male- dominant trait. We 
show that in the HDT model, constitutive AKT activa-
tion leads to liver steatosis and HCC much earlier and 
more robustly in male mice than female mice. Thus, 

cooperative activation of AR by mTORC1 and andro-
gen signaling provides a plausible explanation for why 
excessive nutrient signaling promotes liver cancer in a 
male- biased manner.

Consistently, with a custom antibody against AR 
S96 phosphorylation, in human liver steatotic tissues 
and HCC samples, we observed a high level of AR- 
PS96 phosphorylation in human liver steatosis and 
HCC samples compared with that in normal liver tis-
sues and paired noncancerous liver tissues, which is 
an independent risk factor for poor OS in patients with 
HCC, indicating that AR- PS96 phosphorylation is a 
potential predictive marker for survival of patients with 
HCC.

In conclusion, this study unravels a mechanism 
by which nutrient- mTORC1 signaling phosphorylates 
AR- S96 that drives liver pathogenesis. Our results 
establish AR as an oncogenic driver of liver steato-
sis and liver cancer in response to nutrient- mTORC1 
and male hormone signaling, which not only explains 
why the HCC is male- dominant but also provides a 
target molecule for prevention and treatment of HCC 
and a potential survival predictor in patients with 
HCC.
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