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Abstract

Hepatocellular carcinoma (HCC) is a male-dominant cancer and androgen receptor (AR) has been
linked to the pathogenesis of HCC. However, AR expression and its precise role in HCC remain
controversial. Moreover, previous anti-androgen and -AR clinical trials in HCC failed to
demonstrate clinical benefits. In this study, we found that AR is overexpressed in the nucleus of
approximately 37% HCC tumors, which is significantly associated with advanced disease stage
and poor survival. AR overexpression in HCC cells markedly alters AR-dependent transcriptome,
stimulates oncogenic growth and determines therapeutic response to enzalutamide, a second
generation of AR antagonist. However, AR inhibition evokes feedback activation of AKT-mTOR
signaling, a central regulator for cell growth and survival. On the other hand, mTOR promotes
nuclear AR protein expression by restraining ubiquitin-dependent AR degradation and enhancing
AR nuclear localization, providing a mechanistic explanation for nuclear AR overexpression in
HCC. Finally, co-targeting AR and mTOR shows significant synergistic anti-HCC activity and
decreases tumor burden by inducing apoptosis in vivo. Conclusion: Nuclear AR overexpression is
associated with the progression and prognosis of HCC. However, enzalutamide alone has limited
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therapeutic utility due to feedback activation of AKT-mTOR pathway. Moreover, mTOR drives
nuclear AR overexpression. Co-targeting AR and mTOR is a promising therapeutic strategy for
HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the predominant form of liver cancer (1). It is one of the
most common malignancies worldwide and a leading cause of cancer-related death, with
782,500 new cases and 745,500 deaths worldwide in 2012 (2, 3). HCC is most prevalent in
Eastern Asian and Sub-Saharan African countries due to chronic hepatitis B virus (HBV)
infections (2, 3). Despite the downward trend in the overall cancer incident and cancer-
related mortality in developed countries, HCC has seen a significant increase in both HCC
incidence and death (4). The mortality rate for liver cancer nearly doubled in the USA from
1980 to 2014, which is in sharp contrast to the 20% decrease in overall cancer-related death
during the same period (5). Conventional treatments for early HCCs include surgery,
chemotherapy and liver transplantation. Surgery and liver transplantation can be curative for
~ 30% early stage patients (6). Unfortunately, most HCC cases are diagnosed at unresectable
advanced stages. Sorafenib has been the only systemic drug for advanced HCC until the
recent approval of regorafinib, another multi-kinase inhibitor. Both sorafenib and regorafinib
have a low durable response rate and survival benefit, with a median increase in overall
survival (OS) by only 2-3 months (7, 8). New systemic drugs and therapeutic strategies are
urgently needed to improve the clinical outcome of HCC.

Androgen receptor (AR) is a member of the steroid hormone receptor superfamily. In
response to stimulation by androgens such as testosterone, AR translocates into the nucleus
where it binds to androgen response elements (ARES) and regulates cell growth and survival
genes (9). AR plays a critical role in the development and progression of prostate cancer, a
malignancy in the male reproductive system (9). HCC exhibits a significant gender
preference, with a male to female ratio of 2:1 to 7:1 as previously surveyed (2).
Accumulating evidences have linked AR the male-dominant trait of liver cancer (10, 11).
AR promotes HBV viral RNA expression (12, 13), suggesting that it plays a role in the
HBV-driven hepatocarcinogenesis. AR knockout in mice reduces the number and burden of
carcinogen-induced liver tumors (14), indicating that AR is necessary for full cancer
development in this animal model. Because prostate cancer is dependent on AR in all stages
of the disease, AR antagonists have been developed for AR-targeted therapy. Bicalutamide is
a first generation AR inhibitor. Enzalutamide is a second-generation AR inhibitor that was
approved by FDA for prostate cancer in 2012 (15). It is structurally related to bicalutamide
with improved affinity and potency, and inhibits certain bicalutamide-resistant AR mutants.
Unfortunately, early clinical trials on anti-androgen and bicalutamide therapies in liver
cancer met with disappointing results, producing no apparent clinical benefits (16, 17).
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Mechanistic target of rapamycin (mTOR) protein is a key member of the PI3BK-AKT-mTOR
signaling pathway that is frequently hyper-activated in many human malignancies, driving
oncogenic growth and proliferation (18). In response to mitogenic stimuli by growth factors
and nutrients, mTOR promotes protein synthesis and ribosome biogenesis (19). mTOR is an
established cancer therapeutic target: the macrolide rapamycin and rapamycin analogs
everolimus and temsirolimus are FDA-approved drug for advanced breast, renal and
neuroendocrine tumors. Hyperactive AKT-mTOR signaling is a common phenomenon in
HCC (20, 21). Activation of AKT and mTOR is critical for hepatocarcinogenesis in various
common HCC models in mice (22-25). However, recent clinical trial did not achieve
desirable endpoints on the rapamycin analog everolimus in advanced HCC patients (26, 27).
Therefore identifying new treatment strategies such as combinational therapy is necessary
for improving the efficacy of rapamycin and rapamycin analogs in order to bring mTOR-
targeted therapies into the clinic.

Newer AR inhibitors such as enzalutamide have improved specificity and potency, leading to
renewed enthusiasm to explore the utility of anti-AR therapeutics in HCC. A human trial has
recently initiated on enzalutamide without or with sorafenib for treatment of advanced HCC
patients (NCT02642913). However, it remains resolved why bicalutamide failed earlier HCC
clinical trials. In order to evaluate the clinical potential of AR-targeting and provide
guidance to current and future trials, it will be necessary to fully understand the mechanism
of AR signaling and anti-AR therapeutic response in HCC. To this end, we investigated the
significance and mechanism of AR overexpression and AR-mTOR crosstalk in HCC, and
their roles in AR-targeted therapy. Our results indicate that AR expression and feedback
activation of AKT-mTOR signaling are major factors for enzalutamide treatment response,
and that combination of AR and mTOR inhibitors is a promising therapeutic strategy for
HCC.

Materials and Methods

Human HCC patients and tissue samples

142 clinical tissue samples of HCC were collected from HCC patients who underwent
hepatic resection from January, 2004 to August, 2012 at the Sun Yat-Sen University Cancer
Center. All the cases were diagnosed by pathological examination. The median follow-up is
48 months (4 to 111 months). None of the patients received chemotherapy or radiotherapy
treatment before surgery. The demographic and clinicopathological parameters of HCC
patients are listed in Table 1. This study was reviewed and approved by the Ethics
Committees of Sun Yat-Sen University Cancer Center. Informed consents signed by the
patients were collected. An HCC transcriptome dataset available from the Oncomine cancer
microarray database (https://www.oncomine.org/) was used to analyze AR mRNA and AR
target gene expression. This dataset contains mRNA expression information of 10,802 genes
from 104 human primary HCC tumors and 76 normal liver tissues, of which 93 tumors are
HBV+ (28). We analyzed the mRNA expression of AR and AR target genes using Student’s
t-test. HCC proteomic data derived from 184 primary human HCC tumors (113 Caucasian
Americans, 52 Asian Americans and 12 African Americans) were downloaded from The
Cancer Proteome Atlas (http://tcpaportal.org/tcpa/) (29). Normalized phosphoprotein levels
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of AKT (S473) and phospho-p70S6K (T389) were used to represent AKT-mTOR signaling.
The correlation between the level of AR protein and p-AKT(473) or p-p70S6K(389) was
analyzed using Pearson correlation test as previously described (30).

Animal studies

Mouse procedures and protocols were approved by Institutional Animal Care and Use
Committee of Sun Yat-Sen University. For xenograft tumor formation assay, male BALB/c
athymic nude mice 4 weeks of age were injected with 2 x 108 MHCC-97L of tumor cells in
0.1 ml PBS subcutaneously into the flank of each mouse. When average tumor volume
reached 300 mm3, tumor-bearing animals were randomized and treatment was initiated. 10
mg/kg enzalutamide was solubilized in 100 ul of CMC Na*1% / Tween-80 1%
andadministered intragastrically daily. 10 mg/kg rapamycin was dissolved in 100 pl of 30%
PEG300 and 5% Tween-80, and given by intraperitoneally daily for consecutive days,
followed by 2 days without drug; Enzalutamide and rapamycin were freshly prepared daily
just before administration. The control group was given the vehicle used for administration.
Tumors were measured every 3 days and tumor sizes were calculated from the formula:
Tumor volume =Length xWidth?x (1 /6). After mice were euthanized, xenograft tumors
were collected and fixed in paraffin block. The synergism of enzalutamide and rapamycin
was calculated using the Chou-Talalay method with the Calcusyn software (Biosoft,
Cambridge, UK). A combination index (Cl) less than 1 indicates the drug combination has
synergism. The results show that the CI value for the combination of the two drugs is 0.28,
indicating that they have synergistic effect.

Statistical analysis

Statistical data analysis was performed by SPSS 11.0 software (SPSS Inc., USA) and Graph
Pad Prism 5.0 for windows (Graph Pad Prism, Inc., San Diego, CA, USA). The experimental
data were expressed as mean + SD or SEM. Receiver operating characteristic (ROC) curve
analysis was used to estimate the cutoff value for high and low AR expression in HCC
patients. Kaplan-Meier plots and log-rank test were performed to compare cancer specific
survival rates between patients with high and low AR expression. Univariate and
multivariate survival analyses were performed using a Cox proportional hazards regression
model. Repeated measures ANOVA was performed to analyze xenograft tumor size and
proliferation of cultured cells. One-way ANOVA test and student’s t-test were conducted to
evaluate the variables of different groups. Paired t-test was used to analyze xenograft tumor
size and immunostaining scores of AR in paired clinical samples. A nonparametric
Spearman correlation test was used to compare the correlation between AR expression and
enzalutamide 1Csq values. p < 0.05 was considered as statistical significance (indicated in
corresponding figures with one asterisk for p < 0.05, and two asterisks for p < 0.01).

For additional materials and methods see Supporting Information
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Results

AR is overexpressed in HCC, which is associated with disease progression and is an
independent predictor of overall survival (OS)

Although there were several studies on AR mRNA or protein expression in human HCCs,
the results and clinical significance were contradictory (31, 32). Limiting factors include
small sample sizes and non-paired tumor/normal tissues, and the use of radiolabeled ligands
to detect AR in tissues. We analyzed an HCC gene expression dataset available in Oncomine
from a previous transcriptome study of 104 primary HCC and 76 normal liver tissues (28),
which shows that AR mRNA expression is highly variable in tumors, but not in normal liver
tissues (Fig. 1A). Overall, AR mRNA level is higher in tumors. To verify this finding, we
examined AR protein expression by immunohistochemistry (IHC) in a cohort of 142 paired
human HCCs and adjacent non-cancerous liver tissues. AR is expressed in both normal
hepatocytes and tumor cells with predominant nuclear localization (Fig. 1B), indicating that
AR is largely in the activated form. Nuclear AR protein is significantly overexpressed in
tumors compared with the adjacent non-cancerous liver tissues (p < 0.001) (Fig. 1C), with
37% (53/142) cases with 2-fold or higher nuclear AR in tumors (Fig. 1C, lower panel). In
contrast, there is no significant difference in cytoplasmic AR expression between tumor and
adjacent liver tissues (Fig. 1D).

We next examined the relationship between nuclear AR protein expression and
clinicopathologic parameters. Advanced TMN stage, multiple tumor nodules and high HBV
viral copies are positively correlated with high nuclear AR expression (Table 1), indicating
that AR is associated with HCC disease progression. There is no statistically significant
correlation between AR protein expression and age, gender, tumor size and grade, HBsAg
and AFP (Table 1). Kaplan-Meier analysis demonstrates that high nuclear AR staining is
significantly correlated with poorer overall survival (OS) of HCC patients (p < 0.001) (Fig.
1E). Furthermore, multivariate analysis shows that nuclear AR overexpression in tumors is
an independent predictor for poor OS (HR= 2.423, 95% CI = 1.053-5.577, P = 0.037) (Table
S1). These results indicate that nuclear AR protein is highly expressed in a subset of HCC
tumors characteristic of advanced disease stage and poor prognosis.

AR overexpression alters AR-dependent transcriptome in HCC

We also examined AR protein expression in a panel of immortalized hepatocyte and HCC
cell lines. Compared with the immortalized LO2 hepatocyte cell line, AR is significantly
higher in SNU423 and SNU387 cells and moderately higher in BEL7402 and MHCC-97L
cells (Fig. 2A). Immunofluorescence (IF) staining indicates that AR is primarily localized in
the nucleus of these HCC cells (Fig. 2B). These results indicate that HCC cell lines share the
same heterogeneity in AR expression as primary liver tumors, and that they are useful in
vitro models for studying AR functions. AR is a transcription factor that regulates
expression of genes with diverse functions, especially those related to cell growth in prostate
cancer (33, 34). Therefore, we investigated the transcriptional function of AR in HCC using
a luciferase reporter driven by an androgen-responsive element (ARE). Treatment of
SNU423 and MHCC-97L cells with testosterone stimulates AR reporter activity in these
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AR-positive HCC cells (Fig. 2C), demonstrating that AR regulates target gene expression in
HCC cells.

To assess the transcriptional function of AR in HCC, we overexpressed AR in SNU449 cells
(Fig. S1), a cell line with relatively low AR level. The global transcriptional effect of AR
overexpression was examined using the Human Androgen Receptor Signaling Targets PCR
Array that consists of 84 key AR target genes (Qiagen). AR overexpression leads to up-
regulation of 38 AR target genes and down-regulation of 18 AR target genes by > 2-fold
(Fig. 2D and 2E), representing 67% key AR target genes. Analysis of 8 randomly selected
AR target genes by qRT-PCR verified the AR target gene PCR array results (Fig. 2F).
Significantly altered AR target genes are enriched in Androgen, PI3K, IGF1 and Wnt and p-
catenin signaling (Fig. 2D), pathways that are well known for their crucial role in liver
cancer cell proliferation and survival, which is consistent with a tumor-promoting role of AR
overexpression in HCC. In the same HCC transcriptome dataset (28), the expression of AR
target genes is significantly altered. For example, APPBP2, Rab4A, SMS, ZNF189,
SLC26A2 and TPD52, which were up-regulated by AR overexpression (Table S2), are
significantly overexpressed in primary HCC samples compared with the normal liver tissues
(Fig. S2). Similarly, VIPR1, MME and TMPRSS2, which were down-regulated by AR
(Table S2), are under-expressed in primary HCC tumor samples compared with the normal
liver tissues (Fig. S2). Together, these results support the notion that AR pathway is activated
in human primary HCCs.

AR overexpression renders AR-dependent and enzalutamide-sensitive growth of HCC cells

To investigate the role of AR in HCC growth, we treated a panel of immortalized liver and
HCC cell lines with enzalutamide (MDV3100). The ICsq for enzalutamide is highly
variable, ranging from 27.8 to 418.3 uM (Fig. 3A). There is a striking inverse relationship
between AR protein expression and enzalutamide 1Cgq (R = 0.79, p < 0.043) (Fig. 3B),
indicating that the growth of HCC cells with high AR expression is more AR-dependent and
hence more sensitive to AR blockage. Consistently, enzalutamide blocks testosterone
stimulated growth of SNU423 and MHCC97L cells (Fig. 3C). We further tested the effect of
AR knockdown by siRNA (siAR). Four siARs were tested and found to produce significant
AR knockdown (Fig. S1B). Two siARs were selected for further studies, resulting in more
growth inhibition in the high AR-expressing SNU423 and MHCC97L cells (Fig. 3D) than
the low AR-expressing LO2 and Huh7 cells (Fig. 3E). These results suggest that AR
overexpression renders AR-dependent and enzalutamide-sensitive growth in HCC cells.

Inhibition of AR leads to feedback activation of AKT-mTOR signaling through FKBP5

The fact that AR blockage only produces a modest growth inhibition raises an interesting
possibility of a feedback mechanism that limits the impact of AR loss. Indeed, AR
knockdown in SNU423 and MHCC-97L cells leads to elevated phosphorylation of AKT,
mTOR and S6K1, indicating that AKT-mTOR pathway is activated (Fig. 4A and S3A).
Similarly, pharmacological inhibition of AR by enzalutamide treatment also results in
activation of AKT-mTOR signaling in SNU423 and MHCC97L cells (Fig. 4B and S3B).
Moreover, AR inhibition by siRNA-mediated knockdown or enzalutamide results in
increased phosphorylation of GSK3, a known AKT substrate (35). Thus blockage of AR
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activity triggers feedback activation of AKT-mTOR signaling. In contrast, AR inhibition has
little effect on c-MY C expression or ERK phosphorylation (Fig. S3), suggesting that
blockage of AR pathway selectively activates AKT-mTOR signaling in HCC.

However, it takes 6-12 hours for AKT-mTOR signaling to become activated by
enzalutamide (Fig. 4B), suggesting that the feedback mechanism involves a transcriptional
mechanism. FKBP5 is an AR target gene in prostate cancer that is known to inhibit AKT
activity by promoting AKT dephosphorylation through scaffolding AKT with PHLPP, an
AKT phosphatase (36-38). Interestingly, AR also promotes FKBP5 expression in HCC cells
(Fig. 2F). Enzalutamide causes down-regulation of FKBP5 mRNA and protein expression in
MHCC-97L and SNU423 cells (Fig. 4C and 4D). Curiously, the level of PHLPP1 is also
decreased by enzalutamide (Fig. 4D), though the mechanism is currently not understood. In
contrast, enzalutamide does not affect the expression of FKBP5 and PHLPP1 in the low AR-
expressing SNU449 cell line (Fig. 4D). Moreover, ectopic AR expression in SNU449 and
PLCS5 cell lines stimulates FKBP5 and PHLPP1 expression, with concurrent suppression of
AKT/mTOR signaling (Fig. 4E). These observations demonstrate that blockage of AR leads
to activation of AKT-mTOR signaling, which is at least in part due to down-regulation of the
AR target gene FKBP5 and AKT phosphatase PHLPP1.

MTOR promotes AR transcriptional activity by enhancing AR stability and nuclear

localization

Inhibition of mMTOR by rapamycin is known to stimulate AR transcriptional activity in
prostate cancer (39). Surprisingly, however, we found that rapamycin treatment in
MHCC-97L and SNU423 cells leads to marked inhibition of AR transcriptional activity
under both basal and testosterone-stimulated conditions (Fig. 5A). Rapamycin treatment
significantly decreases AR protein level (Fig. 5B). mTOR is regulated by both growth
factors and amino acids. However, starvation from fetal bovine serum (FBS), not amino
acids, causes AR down-regulation (Fig. 5C), indicating that regulation of AR by mTOR
responds specifically to growth factor, not nutrient signaling. Under the condition when new
protein synthesis is blocked by cycloheximide (CHX), AR is more rapidly degraded in
rapamycin-treated cells than control cells (Fig. 5D), demonstrating that rapamycin
accelerates AR degradation. Moreover, treatment with the proteasome inhibitor MG132
abrogates rapamycin-induced AR degradation (Fig. 5E). Thus, mTOR negatively regulates
the proteasome-dependent AR degradation in HCC. We have also examined AR localization
by immunofluorescence (IF) staining. As shown earlier, AR is predominantly localized in
the nucleus in SNU423 and MHCC-97L cells. Consistent with proteasome-dependent
degradation of AR, rapamycin treatment leads to a marked decrease in AR staining (Fig.
5F). Interestingly, AR becomes predominantly cytoplasmic in rapamycin-treated HCC cells
(Fig. 5F). Rapamycin also inhibits AR nuclear localization in the presence of MG132. These
results demonstrate that mTOR positively regulates both AR stability and nuclear
localization.
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Co-targeting AR and mTOR shows synergistic action against HCC and reduces tumor

burden by inducing apoptosis in vivo
AR inhibition by enzalutamide or siRNA displays modest anticancer activity in HCC cells
(Fig. 6A-D), which is at least in part due to the feedback activation of AKT-mTOR signaling
(Fig. 4). We therefore explored the utility of combinating AR and mTOR inhibitors.
Enzalutamide and rapamycin together indeed produce more potent inhibition of HCC cell
growth and proliferation than each drug individually (Fig. 6A—C and S4). Moreover, the
drug combination leads to a marked increase in apoptotic cell death (Fig. S5). Similar effect
was observed with AR knockdown in the presence of rapamycin (Fig. 6D). mTOR kinase
inhibitors target mTOR kinase domain and inhibit both mTORC1 and mTORC2 (40). They
exhibit excellent anticancer activity in preclinical models and are currently under clinical
trials for various malignancies (40). We hence tested two mTOR kinase inhibitors, AZD8055
and PP242. Each agent significantly improves the anticancer activity of enzalutamide (Fig.
6E—F). These results indicate that combination of enzalutamide with rapamycin or mTOR
kinase inhibitor yields more potent anti-HCC activity in vitro than each drug alone.

We next assessed the in vivo antitumor activity of enzalutamide alone or in combination
with rapamycin in xenograft tumors derived from MHCC-97L cells. Enzalutamide alone has
statistically significant, albeit modest antitumor activity, while rapamycin alone is more
potent, as measured by slower increase in tumor burden (Fig. 7A). Remarkably, combination
of enzalutamide and rapamycin not only blunts tumor growth, but also significantly reduces
tumor burden (Fig. 7A). No significant weight loss occurs in different treatment groups (Fig.
7B), indicating that each drug and their combination are well tolerated. As observed in vitro,
rapamycin reduces AR protein expression, while enzalutamide causes mTOR activation as
indicated by increased p-S6 staining (Fig. 7C). The drug combination much more potently
inhibits tumor cell proliferation as judged by Ki-67 staining (Fig. 7C and S6A). Consistent
with the tumor burden reduction, the drug combination, not each drug individually, triggers
elevated apoptosis as judged by positive TUNEL staining (Fig. 7D and S6B). These results
indicate that the combination of enzalutamide and rapamycin generates cytotoxic antitumor
activity against HCC, which is much more robust in vivo than in vitro. A combination index
(CI) of enzalutamide and rapamycin as calculated by the Chou-Talalay method using the
Calcusyn software (Biosoft, Cambridge, UK) yielded a value of 0.28. A ClI value of less
than, equal to and greater than 1 indicates that two drugs are synergistic, additive and
antagonistic, respectively. Our result demonstrates that enzalutamide and rapamycin have
strong synergism against HCC.

Discussion

HCC is a male-dominant malignancy and AR has been implicated to play a central role in
this gender preference. AR regulates the transcription of HBV RNAs (12, 13) and is
necessary for full tumor development in carcinogen-induced HCC in mice (14). Previous
studies on AR expression in HCC were controversial, which is likely to be due to the small
sample sizes (32, 41, 42). Analysis of available microarray data revealed that AR mRNA is
overexpressed in a subset of tumors. Consistently, in a cohort of 142 paired HCC tumors and
adjacent non-cancerous liver tissues, nuclear AR protein is significantly overexpressed in
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approximately one third of the HCC tumors. Importantly, AR overexpression is strongly
correlated with advanced tumor stages and poor survival. AR regulates a large panel of
genes important for cellular growth, proliferation and survival in prostate cancer (14). Here
we show that AR overexpression significantly alters 67% of the key AR target genes in HCC
cells, and promotes oncogenic growth and proliferation. Similarly, the expression of AR
target genes is also considerably altered in primary human HCC tissues (Fig. S2). Together
with the previous studies in AR knockout mouse models, these observations indicate that
AR also has a broad oncogenic role in HCC.

We found that mTOR positively regulates AR transcriptional activity in HCC. This is in
contrast to prostate cancer in which mTOR inhibits AR (39). It will be an interesting future
direction to investigate how mTOR-AR crosstalk is differentially wired in the two different
cancer types. mTOR promotes AR function through at least two distinct mechanisms:
mTOR enhances the stability of AR protein by antagonizing proteasome-dependent AR
degradation and AR nuclear localization. mTOR is commonly activated in human HCC (20,
21). This is predicted to promote elevated nuclear AR protein level as a result of stabilized
AR protein and AR nuclear localization. Moreover, AR positively regulates its own
expression (43), mTOR-dependent increase in AR protein stability and nuclear localization
will further enhance AR level. Indeed, analysis of a TCGA Proteomic Dataset indicates a
positive correlation between AKT-mTOR signaling and AR protein expression in a cohort of
184 human primary HCC tumors (Fig. S7). The frequent activation mTOR signaling
provides a plausible molecular mechanism for nuclear AR overexpression in HCC.

Given the male-dominant nature of HCC and clinical success of castration and AR inhibitors
in prostate cancer, anti-androgen and -AR as a therapeutic strategy were explored in HCC.
However, the results from these clinical trials have been disappointing (16, 44). We found
that only a third of HCC tumors significantly express AR and our evidence suggests that
only these tumors respond to AR inhibition. Therefore, lack of biomarker guided patient
selection is likely an explanation for the previous poor trial results. Moreover, AR inhibition
leads to feedback activation of AKT-mTOR signaling, a mechanism also seen in prostate
cancer (36, 37, 45), which should also limit the effectiveness of anti-AR therapy. We found
that FKBP5 is an AR target gene in HCC and inhibition of AR leads to down-regulation of
FKBP5 expression, which leads to feedback activation of AKT-mTOR signaling.

Inhibition of AR leads to feedback activation of AKT-mTOR signaling. Because mTOR is
an oncogenic driver and mTOR positively regulates AR, we explored the utility of co-
targeting AR and mTOR as a therapeutic strategy in preclinical HCC models. Indeed,
enalutamide and rapamycin together yielded stronger anti-HCC activity than each drug
alone in vitro and in vivo. Interestingly, the combination of enzalutamide and rapamycin
exhibits more potent antitumor activity in the xenograft tumor model than cultured cancer
cells, causing elevated apoptotic cell death and tumor regression, a phenomenon not seen in
vitro. This observation suggests that AR and mTOR pathways together are essential for
HCC cell survival under in vivo tumor microenvironment. Both enzalutamide and rapamycin
are FDA-approved oncology drugs, and their combination is well tolerated in mice. This
drug combination has the potential to improve HCC therapy for this difficult-to-treat cancer.
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Fig. 1. Nuclear AR isoverexpressed in HCC, which is associated with tumor progression and
poor prognosis

(A) AR mRNA is overexpressed in a subset of HCC. AR mRNA expression data is
downloaded from an OncoMine microarray dataset that includes 104 HCC and 76 normal
liver tissues. The results were analyzed by student’s t-test (bar represents mean value).

(B) Representative AR immunohistochemistry (IHC) staining in primary HCC and adjacent
noncancerous liver tissues (scale bar 50 pum).

(C) Scatter plots of nuclear AR IHC scores in HCC and adjacent noncancerous liver tissues.
Bar represents mean value (N = 142, paired t-test). The lower panel shows the ratio of
nuclear AR in paired tumor/adjacent noncancerous tissues.

(D) Scatter plot of cytoplasmic AR IHC scores in HCC and adjacent noncancerous liver
tissues. Bar represents mean value (N = 142, sample-paired t-test). The lower panel shows
the ratio of cytoplasmic AR in paired tumor/adjacent noncancerous tissues.

(E) Kaplan-Meier analysis of overall survival in patients with high and low nuclear AR
expression.
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Fig. 2. AR overexpression promotes AR-dependent transcriptomein HCC cells
(A) AR protein expression in a panel of immortalized liver and HCC cell lines as determined

by immunoblot. GAPDH serves as a loading control (top panel).

(B) AR is predominantly localized in the nucleus of SNU423 and MHCC-97L cells. Shown
is immunofluorescent (IF) staining of AR in SNU423 and MHCC-97L cells. The nuclei
were counterstained by DAPI. Scar bar, 50 um.

(C) Luciferase reporter driven by androgen response element (ARE) was measured in the
presence or absence of testosterone for 24 h in SNU423 and MHCC-97L cell lines. Data
(mean £ SD, n = 3) were analyzed by unpaired two-tail t test; *** p < 0.001.

(D) AR overexpression significantly alters AR-dependent transcriptome in HCC cells.
SNUA449 cells were infected with a lentiviral AR-Flag or a control lentivirus, and analyzed
for the expression of key AR target genes using the Human Androgen Receptor Signaling
Targets PCR Array. Left panel shows a heat map of key AR target genes in control and AR
overexpressing cells. Right panel shows biological pathways enrichment in differentially
expressed key AR target genes. Data were analyzed using the Database for Annotation,
Visualization and Integrated Discovery (DAVID).
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(E) Scatter plot identifies differentially expressed AR target genes due to AR
overexpression. Red and green dots indicate with significantly increased or decreased AR
target genes, respectively, in AR overexpressing cells versus control cells.

(F) gRT-PCR analysis of eight randomly selected AR target genes to verify results from the
Human Androgen Receptor Signaling Targets Array. GAPDH was used as an internal
control. Data (mean + SD, n = 3) were analyzed by Student’s T test; * p < 0.05.
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Fig. 3. AR overexpression renders AR-dependent growth and enzalutamide sensitivity in HCC

cells

(A) SNU423, MHCC97L, SNU449, PLC5 and LO2 cells were treated with different
concentrations of enzalutamide (MDV3100) treatment for 4 days. Shown is the dose

response curve. Data represent mean + SD (n = 4).

(B) Correlation analysis of AR expression and enzalutamide (MDV3100) 1Cgy for SNU423,
MHCC9I7L, SNU449, PLC5 and LO2 cells. Correlation was evaluated by a nonparametric
Spearman test. The number of cell lines (n), coefficient of correlation (r), and p value (p) are

as indicated.

(C) Enzalutamide attenuates testosterone-stimulated growth of AR-positive HCC cells.
SNU423 and MHCC97L cells were treated with testosterone in the presence or absence of
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enzalutamide (MDV3100) for 5 days. Cell growth was measured daily by the CCK8 assay.
Data were analyzed by Repeated measures ANOVA (mean + SD, n = 4, * p < 0.05).

(D) AR knockdown inhibits testosterone-stimulated growth of SNU423 and MHCC97L
cells. SNU423 and MHCC-97L cells were transfected with AR-specific sSiRNA (siAR) or a
control siRNA (siCtrl) in the presence of testosterone. Cell growth was measured by CCK8
assay. Data were analyzed by Repeated measures ANOVA (mean + SD, n =4, * p < 0.05).
(E) AR knockdown expression has little effect on the growth of LO2 and Huh7 cells. LO2
and Huh?7 cells were transfected with siAR or siCtrl in the presence of testosterone. Cell
growth was measured by CCKS8 assay. Data were analyzed by Repeated measures ANOVA
(mean = SD, n =4, * ns, not significant).
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Fig. 4. Inhibition of AR leadsto feedback activation of AKT-mTOR signaling through FKBP5in

HCC cells

(A) AR knockdown leads to activation of AKT-mTOR signaling in high AR-expressing
cells. AR is knocked down in SNU423 and MHCC-97L cells. The effect on AKT-mTOR
signaling was examined by immunoblot analysis of phosphorylation of AKT, mTOR and
S6K. GAPDH was used as a loading control. Lower panels, quantification of the results

(Mean + SD, ** p < 0.01).

(B) Enzalutamide treatment leads to activation of AKT-mTOR signaling in high AR-
expressing cells. SNU423 and MHCC-97L cells were treated with enzalutamide
(MDV3100) for different times and examined for PI3K-AKT-mTOR signaling by

immunoblot.
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(C) Enzalutamide inhibits the expression of FKBP5 mRNA. SNU423 cell was treated with
enzalutamide (MDV3100) for 48 h. The expression of FKBP5 was analyzed by gRT-PCR.
Data represent mean £ SD in triplicates and were analyzed using Student T-test, *** p <
0.001.

(D) AR inhibition leads to down-regulation of FKBP5 and PHLPP1 proteins in high AR-
expressing cells, not low AR-expressing cells. SNU423, MHCC-97L and SNU449 cells
were treated with enzalutamide (MDV3100) for 48 h. The effect on mTOR signaling, and
the expression of FKBP5 and PHLPP1 was analyzed by immunoblot. GAPDH was used as a
loading control.

(E) AR overexpression promotes FKBP5 expression and attenuates AKT-mTOR signaling.
AR was transiently overexpressed in SNU449 and PLC5 cells. The effect on mTOR
signaling and the expression of FKBP5 and PHLPP1 was analyzed by immunoblot.
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Fig. 5. mTOR promotes AR transcriptional activity by enhancing AR stability and nuclear
localization
(A) Rapamycin suppresses AR transcriptional activity in HCC. The activity of ARE

luciferase reporter was assayed in the absence or presence of rapamycin without or with
testosterone for 24 h in SNU423 and MHCCO9-7L cells. Luciferase activity is expressed
relative to the Renilla control. Data (mean + SD, n = 3) were analyzed by Student’s T test;
*** < 0,001.

(B) Rapamycin decreases AR protein level. SNU423 cells were treated with rapamycin for
different times and measured for AR protein by immunoblot. Numbers represent relative
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quantification of AR protein (representative of three independent experiments, arbitrary
unit).

(C) AR protein level is regulated by growth factors, not amino acids. SNU423 cells were
starved from serum or amino acids for 24 h and analyzed for AR protein level by
immunoblot.

(D) Rapamycin accelerates AR protein turnover. SNU423 and MHCC-97L cells were treated
with or without rapamycin in the presence of cycloheximide (CHX). The ratio of AR/
GAPDH is used to calculate AR stability. Lower panel shows quantification of the results.
Data (mean £ SD, n = 4) were analyzed by Student’s T test; *p < 0.05.

(E) Rapamycin induces proteasome-dependent AR degradation. SNU423 and MHCC-97L
cells were treated without or with rapamycin in the presence of the proteasome inhibitor
MG132. The numbers show the relative AR protein amount representative of three
independent experiments.

(F) Rapamycin inhibits AR nuclear localization in HCC cells. SNU423 and MHCC-97L
cells were treated without or with rapamycin for 24 h. AR localization was analyzed by IF
and the nuclei were counterstained by DAPI. Scar bar 10 um. Normal, normal exposure;
Enhanced, images were enhanced to show details.
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Fig. 6. Co-targeting AR and mTOR improves anti-HCC activity in vitro
(A) Enzalutamide and rapamycin inhibit HCC cell proliferation. SNU423 and MHCC-97L

cells were treated with drug carrier (DMSO), enzalutamide (MDV3100), rapamycin, or the
combination of two drugs for different times, and measured for cell proliferation by the
CCKa8. Data (mean + SD, n = 4) were analyzed by Repeated measures ANOVA; *** p <

0.001.

Time (day)

(B) Enzalutamide and rapamycin inhibit oncogenic growth of HCC cells. Foci formation
assay was performed with SNU423 and MHCC-97L cells treated with DMSQO, enzalutamide

(MDV3100), rapamycin, or their combination.

(C) Quantification of the above results. Data (mean = SD, n = 4) were analyzed by Repeated

measures ANOVA,;

; ***p < 0.001.

(D) Same as Fig. 6A except AR siRNA was used. Data (mean + SD, n = 4) were analyzed

by Repeated measures ANOVA; *** p < 0.001.

(E) Enzalutamide and AZD8055 display strong anti-HCC activity. SNU423 and MHCC-97L
cells were treated with DMSO, enzalutamide (MDV3100), AZD8055, or the combination of
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two drugs for different times, and measured for cell proliferation by the CCK8. Data (mean
+ SD, n = 4) were analyzed by Repeated measures ANOVA; *** p < 0.001.

(F) Same as Fig. 6E except PP242 was used. Data (mean £ SD, n = 4) were analyzed by
Repeated measures ANOVA; *** p < 0.001.
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Fig. 7. Co-targeting AR and mTOR producesrobust anti-HCC activity in vivo

degradation

(A) Combination of enzalutamide and rapamycin significantly reduces HCC tumor burden.
Mice bearing MHCC-97L xenograft tumors were treated with a drug carrier, enzalutamide
(MDV3100), rapamycin or their combination. Tumor volume was measured at different
times. Data (mean £ SD, n = 10) were analyzed by Repeated measures ANOVA,; *** p <

0.001.

(B) Targeting AR and mTOR is well tolerated in mice. Mouse weight was measured every 3
day in the above experiment. Data (mean £ SD, n = 10) were analyzed by Student’s T test;

w1y < 0,001
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(C) Xenograft tumors from the above experiment were analyzed for AR, p-S6 and Ki67 by
IHC staining. Shown are representative IHC stained tumor sections. Scar bar, 50 um.

(D) Co-targeting AR and mTOR triggers strong apoptotic cell death in HCC tumors. HCC
xenograft tumors in different treatment groups were examined for apoptotic cell death by
TUNEL staining. Scar bar, 50 um. Right panel shows quantification of the TUNEL staining.
Data (mean £ SD, n = 5) were analyzed by Student’s T test; *** p < 0.001.

(E) A working model shows the crosstalk between mTOR and AR pathways in the
pathogenesis and therapy of HCC.
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