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Abstract

The elevated expression of the hyaluronan-mediated motility receptor (HMMR) is known to be highly associated with tumor pro-
gression in prostate cancer, but the molecular mechanisms underlying the regulation of HMMR expression remain unclear. Here,
we report that mammalian target of rapamycin (mTOR) is a key regulator of HMMR expression, for which its kinase activity is
required. Pharmacological inhibitors of mTOR, such as rapamycin and Torin2, markedly suppressed the mRNA level as well as
the protein level of HMMR in LNCaP and PC-3 cells. Our data demonstrate that such regulation occurs at the transcription level.
HMMR promoter reporter assays revealed that the transcription factor SRF is responsible for the mTOR-mediated transcriptional
regulation of HMMR gene. Consistently, the suppression of HMMR expression by Torin2 was noticeably reversed by the overex-
pression of SRF. Moreover, our findings suggest that the SRF binding sites responsible for the transcriptional regulation of HMMR
through the mTOR-SRF axis are located in HMMR promoter sequences carrying the first intron, downstream of the translational
start site. Furthermore, the upregulation of HMMR by DHT was abolished by stimulation with rapamycin, prior to DHT treatment,
suggesting that mTOR activity is required for the induction of HMMR expression by androgen. Collectively, our study provides new
mechanistic insights into the role of mMTOR/SRF/AR signaling in HMMR regulation in prostate cancer cells.
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INTRODUCTION cancers, and no curative clinical options exist yet, especially
for mCRPC.

Prostate cancer, the second most common cause of death The mammalian target of rapamycin (MTOR), a key down-
in males, is known to be sensitive to hormone ablation therapy stream molecule of PI3K/Akt, is composed of two distinct
at an early stage, but most prostate cancers eventually ac- complexes: mTORC1 (Tafur et al., 2020) and mTORC2 (Fu
quire castration-resistance, conveying many genetic altera- and Hall, 2020). These complexes are physically associated
tions, copy number changes, dysregulated functions of puta- with endogenous inhibitors that control their functions and ac-
tive tumor suppressor and tumor promoter genes (Taplin and tivities (Wang et al., 2018). Because of their important roles
Balk, 2004), androgen receptor (AR) hypersensitivity, and the in controlling cell survival and growth as well as protein syn-
activation of alternative pathways for DHT synthesis (Chang et thesis and metabolism, mTOR complexes have been consid-
al., 2011). Approximately, 10-20% of all prostate cancers are ered great therapeutic targets, and numerous mTOR inhibitors
reported to progress into castration-resistant prostate cancers have been used in clinical trials for treating various human
(CRPC), which are mainly diagnosed as metastatic (nCRPC) diseases, including prostate cancer (Chen and Zhou, 2020).
(Kirby et al., 2011). Once mCRPC develops, more potent Hyaluronan (HA)-mediated motility receptor (HMMR), also
drugs that could further block androgen signaling may help, known as RHAMM or CD186, has been identified as a breast
but the cancer eventually resists those drugs as well. There- cancer susceptibility gene (Pujana et al., 2007; Maxwell et

fore, CRPC and mCRPC are considered clinically challenging al., 2011). HMMR functions as a receptor for HA on the cell
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surface but also intracellularly binds to the centrosome, ac-
tin filaments, microtubules, and the mitotic spindle (Assmann
et al., 1999; Turley et al., 2002; Maxwell et al., 2003, 2008),
promoting cell proliferation, mitosis, tumorigenesis, and can-
cer progression. Numerous studies have reported that HMMR
expression is tightly controlled in normal tissues but is up-
regulated in proliferative tissues, contributing to invasiveness
and metastasis with a poor prognosis in a variety of human
cancers, such as colorectal (Zlobec et al., 2008), breast (Ass-
mann et al., 2001), and prostate cancers (Gust et al., 2009).

The expression or the oncogenic function of HMMR has
been challenged by many signaling molecules and pharmaco-
logical reagents, being a target of tumor suppressor genes. It
has been reported that HMMR expression is differentially reg-
ulated during the cell cycle, reaching the maximum of HMMR
mRNA level in the G2/M phase, and that tumor suppressor
p53 regulates HMMR gene expression through transcriptional
suppression (Sohr and Engeland, 2008). Wang et al. (2014)
showed that the transcription factor TEAD and the coactiva-
tor YAP complex bind to HMMR promoter at specific sites to
induce HMMR gene expression. In addition, simvastatin, an
inhibitor of the mevalonate pathway for hyperlipidemia, exerts
antitumor effects by repressing YAP/TEAD-activated HMMR
transcription (Wang et al., 2014). It has also been found that
the tumor suppressor complex BRCA1/BARD1 is known to
have E3 ubiquitin ligase activity to ubiquitinate HMMR and to
attenuate the function of HMMR (Joukov et al., 2006). HMMR
is located in the nucleus, as well as in the cytoplasm and on
the cell surface. It was demonstrated that E2F1, a regulator of
cell cycle progression, acts as a direct inducer of HMMR, and
that nuclear HMMR serves as a cofactor of E2F1 to control
fibronectin expression, suggesting its role as a transcription
coactivator (Meier et al., 2014). Pharmacological interference
and genetic modulation studies revealed that HMMR, a chief
factor of metastatic potential, is a target gene of Rb/E2F, and
the activity of HMMR is sufficient for the metastatic phenotype
induced by loss of Rb in prostate cancer. Rb has been report-
ed to act as a transcription repressor of the HMMR gene, thus
suppressing the pro-metastatic signaling cascade (Thangavel
et al., 2017). Moreover, HMMR expression has been reported
to be higher in CRPC, suggesting that an overexpression of
HMMR may be associated with the development of hormonal
resistance during the progression of prostate cancer (Korkes
etal., 2014).

By interacting with HA, HMMR is known to activate or coop-
erate with many subcellular signaling pathways, thus promot-
ing cell survival and proliferation and cancer cell migration.
Some of these signaling pathways activated by HMMR/HA for
its oncogenic properties include FAK-ERK1/2 (Kouvidi et al.,
2011), Raf-MEK (Hatano et al., 2011), EGFR-AKT-ERK (Song
et al., 2019), and ROK/PI3K signaling pathways (Lin et al.,
2007). Here, we demonstrate that SRF mediates mTOR-regu-
lated HMMR transcription, and that mTOR activity is required
for AR/DHT-mediated HMMR expression. Our findings sug-
gest that HMMR might be a promising therapeutic target for
treating hormone-sensitive and -resistant prostate cancers.

MATERIALS AND METHODS

Materials
The sources for the following chemicals, reagents and an-
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tibodies were: Rapamycin (WAKO Chemical, Richmond, VA,
USA); Torin 2 and Ku0063794 (TOCRIS, Bristol, UK); IGF-1
(BioVision, Milpitas, CA, USA); DHT, LY294002, SP600125,
SB202190, PD153035, and PD98059 (Sigma Aldrich, St. Lou-
is, MO, USA); characterized fetal bovine serum (FBS) (ATCC,
Manassas, VA, USA); anti-HMMR (Bethyl, Montgomery,
TX, USA); anti-p-Rb(S807/811), anti-CDK2, anti-E-cadherin
(24E10), anti-vimentin (D21H3), anti-p-Erk1/2 (T202/Y204),
and anti-Erk (Cell signaling, Danvers, MA, USA); anti-cyclin
D2 (Santa Cruz, Dallas, TX, USA); anti-GAPDH (Bioworld
Technology, St. Louis Park, MN, USA); anti-B-actin, anti-
FlagM2, and dextran-charcoal stripped fetal bovine serum
(DC-FBS) (Sigma Aldrich); characterized fetal bovine serum
(FBS) (HyClone, Logan, UT, USA).

Cell lines, culture, and construction of stable PC3+HMMR
cell lines

PC-3 and LNCaP, human prostate cancer cell lines, pur-
chased from Korean Cell Line Bank (KCLB, Seoul, Korea)
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% FBS at 37°C in a 95% air/5%
CO, environment and passaged every 3-4 days (at subcon-
fluence). All experiments were performed in low serum con-
ditions (DMEM containing 1% FBS or DC-FBS, and 15 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid[HEPES]),
unless otherwise specified. In addition, all the experiments in
PC3+AR and LNCaP cells were performed in culture medium
supplemented with dextran-charcoal stripped fetal bovine se-
rum (DC-FBS). For stable cell line overexpressing HMMR,
PC3 cells were transfected with either pCMV6 or pCMV6-flag-
HMMR, and stably transfected cells resistant to G418 were
then selected. The pool of the resulting colonies (PC3+pCMV6
or PC3+HMMR) was used for experiments.

Western blot analysis

Cells were plated at a density of 2x10° cells/well in 6-well
plates containing 2 mL/well of DMEM supplemented with 1%
DC-FBS or FBS and 15 mM HEPES and then treated with
signaling reagents indicated. Total protein content of cell ly-
sates was quantified by using the BCA protein assay (Thermo
Scientific, Rockford, IL, USA), and 20 to 50 pg of protein from
whole cell lysates was subjected to western blot analysis as
described previously (Aryal et al., 2014).

RNA interference

Cells were transfected with siRNAs (Bioneer, Deajeon, Ko-
rea) directed towards specific genes by using Lipofectamine
RNAimax (Invitrogen, Carlsbad, CA, USA) in serum-free me-
dium and incubated for 6 h. Cells were then supplemented
with serum and treated with the indicated reagents. Total
RNAs and lysates were prepared 48 h after siRNA transfec-
tion or 24 h after drug treatment, unless otherwise specified.
The sequences of siRNAs used in this study were: si-HMMR
#1 (sense-CU AGA UAU UGC CCA GUU AG, antisense-CU
AAC UGG GCAAUA UCU AG), si-HMMR #2 (sense-CA GGA
AAA GUA UGA CAG UA, antisense-UA CUG UCA UAC UUU
UCC UC), and si-HMMR #3 (sense-GC UCA CCU UUA UCA
CCU CA, antisense-UG AGG UGA UAAAGG UGA GC).

Real-time PCR
Total RNA from PC-3 and LNCaP cells treated with the
indicated reagents was extracted using Trizol (Favorgen,
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Changjhih, Pingtung, Taiwan) according to manufacturer’s pro-
tocols and quantitative PCR was performed as described pre-
viously (Sun et al., 2020) using the following primers: HMMR
(forward5'-GCACACCAAGTCAGCACTAA-3'and reverse 5-CT
CTTCCTCCTGTTGCTTGA-3'), HAS1 (forward 5-AACTTGC
TGGGTGGT TCTC-3' and reverse 5-CCCACACCCTGAC-
CAATAAA-3'), HAS2 (forward 5-GCTCG ATCTAAGTGCCTTA
CTG-3' and reverse 5-GTACAGCCATTCTCGGAAGTAG-3'),
HAS3 (forward 5-CCTGGTGCTTTCCTTCATCT-3" and re-
verse 5-ACCAGCAGTCTTACCAGA AAC-3'), and GAPDH
(forward 5-GATCATCAGCAATGCCTCCT-3" and reverse 5'-
TGTG GTCATGAGTCCTTCCA-3'). Significant differences in
relative luciferase activity were calculated by statistical analysis.

HMMR promoter constructs and Luciferase assay

The human HMMR promoter construct (-520/+3183)
cloned into the pGL4.10 firefly-luciferase reporter-gene
vector (pPRHAMM(-520/+3183)-luc) was generously pro-
vided by Dr. Kurt England (Sohr and Engeland, 2008).
pRHAMM(-520/+3183)-luc, PSA-luc, or MMTV-luc were
co-transfected with cmv-renilla, followed by stimulation
of signaling reagents. Separately, cells were transiently
transfected with reporter constructs, cmv-renilla (or sv40-
renilla), and either control empty vector, pcDNA3.1-myc-
mTOR, pCMV-flag-hSRF (Addgene, Watertown, MA, USA),
or pCMV6-flag-HMMR (Origene Technologies, Rockville,
MD, USA) using Lipofectamine Plus transfection reagent
(Invitrogen) as described previously (Aryal et al., 2014; Sun
et al., 2020). After 3 h of transfection, the medium was re-
placed and cells were then cultured in the absence or pres-
ence of reagents indicated before lysis or analysis.

Crystal violet staining and cell viability assay

Crystal violet staining assay was performed as described
previously (Sun et al., 2020). PC-3 cells were plated at a den-
sity of 1x10° cells/well in 12-well plates containing 1 mL of
DMEM supplemented with 1% FBS and 15 mM HEPES per
well, and transfected with either si-cont or si-HMMR. Sepa-
rately, PC3+pCMV6 and PC3+HMMR cells plated at density
of 5x10* cells/well in 12-well plates were cultured in regular
growth medium for additional 1, 3, 5 and 7 days. Then, cells
were fixed with 2% formalin/PBS and incubated with 0.2 mg/
mL of crystal violet solution to stain the nuclei. After washing
twice with PBS the crystal violet dye was eluted by adding 1%
Triton X-100/PBS and the absorbance at 550 nm was deter-
mined.

Statistical analysis

Data was shown as mean * SD of triplicate determinations
and representative of two or three independent experiments.
Statistical significance was calculated with one-way analysis
of variance (ANOVA; Tukey'’s post hoc analysis), and accept-
ed at the level of p<0.05.

RESULTS

Silencing of HMMR inhibits prostate cancer growth in
PC-3 cells

Small interfering RNA interferes with the expression of
specific genes with complementary nucleotide sequences
by degrading the mRNA after transcription. To test the role of

HMMR on cell growth in human prostate cancer cells, we first
introduced an siRNA against HMMR to silence its expression.
Hormone refractory prostate cancer PC-3 cells were transfect-
ed with either control siRNA (si-Cont) or three different doses
(100, 200, and 400 nM) of siRNA against HMMR (si-HMMR#1)
and further incubated for 4 days before analysis. PC-3 cells
were observed using a microscope to determine the morpho-
logical changes or the changes in cell death (Fig. 1A, left), and
such changes were quantified using spectrophotometry, fol-
lowing crystal violet staining. As shown in Fig. 1A (middle and
right), the silencing of HMMR expression using siRNAs signifi-
cantly blocked cell proliferation by 70%-80%, even at the low-
est concentration tested (100 nM), while control siRNA failed
to suppress the growth of prostate cancer cells. We performed
experiments using si-HMMR#1, #2 and #3 targeting different
sites on HMMR to confirm these results at the molecular level.
Even though there were variations in the silencing efficiency,
all three si-HMMRs significantly downregulated the HMMR
protein levels, and si-HMMR #2 and #3 at a dose of 50 nM de-
creased HMMR protein levels, similar to the results obtained
at a dose of 200 nM (Fig. 1B, 1C). We examined the effect of
silencing HMMR on the protein expression of cell cycle regu-
lators such as cyclin Ds and phospho-Rb. Our data revealed
that silencing HMMR resulted in hypo-phosphorylation of Rb at
ser807/811 in PC-3 cells, whereas cyclin D2 levels remained
unchanged. In addition, the silencing of HMMR increased the
protein level of E-cadherin (Fig. 1B), and vimentin was slightly
downregulated by si-HMMR at 24 and 48 h (Fig. 1C). These
data suggest that HMMR might play a role in suppressing the
cell cycle by dephosphorylating Rb and in blocking migration
of cancer cells by controlling E-cadherin and vimentin.

To further support the role of HMMR in the proliferation of
cancer cells, we generated HMMR-overexpressing PC-3 cells
and compared the proliferation rate in control (PC3+pCMV6)
and HMMR-overexpressing cells (PC3+HMMR). PC3+HMMR
cells proliferated faster than the control cells, and the phos-
phorylation status of the Rb protein at S807/811 also substan-
tially increased in the HMMR-overexpressing PC-3 stable cell
line (Fig. 1D). Taken together, the inactivation of Rb might be a
key factor mediating the stimulatory effect of HMMR on cancer
cell proliferation.

mTOR inhibitors significantly reduced HMMR expression
in prostate cancer cells

We next tested the signaling pathways that might be in-
volved in regulating HMMR expression. LNCaP and PC-3 cells
were exposed to pharmacological inhibitors of various signal-
ing pathways, including MEK (P9), JNK (SP), p38MAPK (SB),
PI3K (LY), EGFR (P1), and mTOR (TR, KU, Rapa) inhibitors
(Fig. 2). Among these reagents, mTOR inhibitors (Rapa, Ra-
pamycin; TR, Torin2; KU, Ku0063794) and MEK inhibitor (P9,
PD98059) were found to significantly downregulate the pro-
tein expression of HMMR (Fig. 2A). These data suggest that
the PI3K-Akt-mTOR signaling axis could be a key transducer
in modulating HMMR expression, stimulating the proliferation
and survival of human cancer cells.

These data prompted us to further test the role of the PI3K/
AKT/mTOR signaling pathway on HMMR expression in pros-
tate cancer cells. Blocking PI3K activity using its pharmaco-
logical inhibitor LY294002 significantly reduced HMMR protein
expression in a dose-dependent manner (Fig. 2B). Based on
the results shown in Fig. 2A, the cells were exposed to vari-
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Fig. 1. Silencing of HMMR suppresses cell growth by dephosphorylating Rb in prostate cancer cells. (A) Human prostate cancer PC-3 cells
were transfected with control siRNA (si-Cont) or various doses of si-HMMR(#1) for 6 h, and further cultured for 48 h (A, left panel) or 4 days
(A, middle panel). Separately, cells were transfected with si-HMMR(#2) or si-HMMR(#3) (A, right panel). Cells were then either observed
under microscope or subjected to crystal violet staining assay at 550 nm (****p<0.0001 vs. control). (B, C) Three siRNAs against HUMR
were introduced at various doses and cells were lysed at 24 h or 48 h after transfection, followed by western blot analyses. (D) PC3 cells
stably overexpressing pCMV6-Flag-HMMR (PC3+HMMR) and control cells (PC3+pCMV6) were cultured for 7 days, and the rate of cell
growth was determined by crystal violet staining assays. Separately, twenty to 40 ug of protein was analyzed by western blotting to measure
the protein level of flag-HMMR and pRb. Data shown are the mean + SD of triplicate determinations and representative of two or three inde-
pendent experiments (*p<0.05 vs. control).

ous doses of mMTOR inhibitors, followed by performing western sion activates the ERK1/2 pathway (Kouvidi et al., 2011; Song
blot analysis for the protein levels of HMMR. Ku0063794 is et al., 2019). Therefore, ERK1/2 activity was suppressed by
known to be a highly specific and potent dual mTOR inhibitor the mTOR inhibitor, as shown in Fig. 2, which might reflect the
of mMTORC1 and mTORC2 (Zhang et al., 2013), resulting in reduced levels of HMMR mediated by Ku0064793.

the inhibition of tumor growth, inducing cell cycle arrest and Next, we confirmed these results using other mTOR inhibi-
autophagy in cancer cells. As shown in Fig. 2C, an HMMR ex- tors, rapamycin and Torin2, in hormone-insensitive PC-3 cells.
pression reduction was observed after 24 h of treatment with Rapamycin is a well-known mTOR inhibitor that has been used
50 nM Ku0064793, and HMMR was further decreased in a as adjuvant therapy in many types of cancers, including pros-
dose-dependent manner. The maximum effect was reached tate cancer. Torin2 is known to be a second-generation ATP-
at 400 nM Ku0064793 in hormone-responsive LNCaP cells. competitive inhibitor and a potent selective inhibitor of mMTOR,
Consistent with other reports, the levels of cell cycle-related suppressing T389 phosphorylation of S6K in an mTORC1-
proteins, such as cyclin D2 and phosphor-Rb, were sup- dependent manner. In addition to the inhibition of mTOR, To-
pressed by Ku0064793 in a dose-dependent manner. More- rin2 also has a negative effect on the biochemical and cellular
over, Rb activation by Ku0064793 seemed to be correlated activities of other kinases of PIKK family members, such as
with the suppression of HMMR in LNCaP cells (Fig. 2C), which ATM, ATR, and DNA-PK, and is known to display noticeable
further supports our finding that HMMR partly induces cell anti-proliferative activity in many cancer cell lines (Liu et al.,
growth through Rb phosphorylation (Fig. 1). Ku0064793 also 2011). Blocking mTOR activity using rapamycin and Torin2
decreased the phospho-ERK1/2 level in proportion, whereas significantly decreased the protein level of HMMR in a dose-
the total ERK1/2 level remained unchanged (Fig. 2C). An in- dependent manner, markedly suppressing the phosphoryla-
creasing number of studies have shown that HMMR expres- tion of Rb, cyclin D2, and the phospho-activation of ERK1/2
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Fig. 2. mTOR activity is critical for regulating the expression of HMMR protein. (A) Cells were exposed to a variety of signaling pathway in-
hibitors for 24 h and HMMR protein level was measured by immunoblotting analysis. (B-E) PC-3 and LNCaP cells were cultured for 24 h
with various doses of LY294002 (0 to 10 nM), KU0063794 (0 to 800 nM), rapamycin (0, 200, and 500 nM), and Torin2 (0 to 500 nM). (F)
PC-3 cells were incubated for the indicated time in the absence or presence of 200 nM Torin2. Twenty to 50 ug of protein from cell lysates
was subjected to western blot analysis. Data shown are representative of two or three independent experiments (P9; PD98059, MEK inhibi-
tor, SP; SP600125, JNK inhibitor, SB; SB202190, p38 MAPK inhibitor, LY; LY293002, PI3K inhibitor, P1; PD153035, EGFR inhibitor, TR; To-
rin2, mTOR inhibitor, KU; KU0063794, mTOR inhibitor, Rapa; Rapamycin, mTOR inhibitor).
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Fig. 3. HMMR expression induced by IGF-1 is suppressed by pharmacological inhibitors of mTOR. (A, B) PC-3 cells were pre-incubated
with or without IGF-1 (10 nM) for 24 h (A) or 2 h (B), followed by treatment with either Rapamycin (200 nM) or Torin-2 (100, 200 nM). (C, D)
Separately, cells pre-exposed to Rapamycin (C) or Torin-2 (D) for 24 h or 2 h were then cultured with or without IGF-1 (10 nM) for additional
24 h. Twenty to 50 pg of protein from cell lysates was subjected to western blot analysis, and data shown are representative of two or three
independent experiments.

(Fig. 2D, 2E). We examined how early mTOR inhibitors could
downregulate HMMR expression. For this, the HMMR protein
levels were determined at 0, 1, 3, 6, 9, and 24 h after To-
rin2 stimulation. As shown in Fig. 2F, Torin2 suppressed the
HMMR protein levels as early as 3 h after stimulation using
200 nM Torin2, and gradually decreased the HMMR protein
levels after 24 h (Fig. 2F).

As Fig. 2B shows that PI3K activation increases HMMR ex-
pression, we stimulated cells with IGF-1, and found that IGF-
1 induces HMMR expression, as expected (data not shown).
Therefore, we next studied whether stimulation with IGF-1, a
major upstream molecule of mTOR, could reverse the effect of
mTOR inhibitors on HMMR expression. Cells were pre-treated

with 10 nM IGF-1 for 24 or 2 h, followed by stimulation with ra-
pamycin or Torin2 for an additional 24 h and vice versa. IGF-1
alone (10 nM) increased the protein levels of HMMR in both
PC3 (Fig. 3) and LNCaP (data not shown) cells. The protein
level of HMMR, which was suppressed by rapamycin, was
significantly restored after 24 h of incubation with IGF-1, prior
to rapamycin stimulation (Fig. 3A, top). However, the reversal
effect on HMMR expression induced by pre-incubation with
IGF-1 (2 h) was not as great as that after 24 h of incubation
with IGF-1 prior to rapamycin stimulation (Fig. 3B, lane 4). In
addition, the pre-incubation with 10 nM IGF-1 did not restore
the expression level of HMMR suppressed by Torin2, even
when the cells were exposed to IGF-1 for 24 h prior to Torin2
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treatment (Fig. 3A, bottom, 3B). When the cells were exposed mediating the oncogenic effects of members of the HA signal-
to rapamycin or Torin2 for 24 h prior to IGF-I treatment, IGF-1 ing pathway (Xu et al., 2006), such as HMMR and HAS. Our
failed to reverse the level of HMMR suppressed by rapamycin results also demonstrate that the downregulation of HMMR
or Torin2 (Fig. 3C, 3D). Our data suggest that mTOR could proteins by mTOR inhibitors might be due to reduced mRNA
be a key molecule and upstream factor of HMMR expression expression and could possibly occur through transcriptional
and that HMMR regulation might occur further downstream of mechanisms.

mTOR, possibly at the mRNA or transcription level.
We investigated whether mRNA levels could reflect the Androgen upregulates the expression of HMMR mRNA
HMMR protein levels reduced by mTOR inhibitors. Total RNA and protein in LNCaP, hormone-responsive prostate

was isolated from the cells treated with either Ku0064793, cancer cells

Torin2, or rapamycin for 24 h and was subjected to real-time AR plays a critical role in the development and cell growth
PCR analysis. Rapamycin, Torin2, and Ku0063794 decreased in prostate cancer, and DHT-AR binding results in the nuclear
the mRNA levels of HMMR to 35%, 75%, and 60%, respec- translocation of AR to control the expression of its target genes

tively, of control in PC-3 cells (Fig. 4A). Similarly, 60% and (Rahman et al., 2004). It has been reported that the crosstalk
80% of HMMR mRNA was decreased by stimulation with To- between AR and mTOR contributes to the proliferation of pros-
rin2 and Ku0064793, respectively, in LNCaP cells (Fig. 4B). tate cancer cells, showing a DHT-mediated mTORC1 activa-

Torin2-mediated inhibition was dose-dependent in PC3 cells tion (Xu et al., 2006). Because our data showed that mTOR
(Fig. 4C). Hyaluronic acid synthases (HAS) are responsible activity is important for HMMR expression, we examined the
for HA synthesis, and three isozymes (HAS1, 2, and 3) are effect of DHT on HMMR expression. Western blot analysis and
expressed in mammalian cells. Previously, the simultaneous a quantitative PCR assay showed that DHT stimulation for 24
silencing of HAS2 and HAS3 was reported to suppress HMMR h noticeably increased the mRNA levels by about 1.8-fold as
levels and induce the cleavage of PARP, caspase-3 activa- well as the protein expression of HMMR in LNCaP cells (Fig.
tion, and cell death in lung cancer cells, demonstrating that 5A). This result prompted us to test whether HMMR could reg-
HA controls the expression of its own receptor (Song et al., ulate the androgen responses using PSA-luc and MMTV-luc
2019). PCR analysis revealed that Torin2 also suppressed all constructs in LNCaP and PC-3 cells transiently overexpressing

three HAS genes in a dose-dependent manner in PC3 cells AR (PC3+AR). The exposure of LNCaP cells to 10 nM DHT for
(Fig. 4D), suggesting that the suppression of HVIMR by Torin2 24 h increased the PSA-luc activity by 3.2-fold compared with
might be partly due to the reduced levels of HAS1, 2, and 3. the control, and such DHT induction was further enhanced by
Together, our data suggest that mTOR might play a key role in introducing ectopic HMMR. We also performed similar experi-
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ments in PC-3 cells transiently overexpressing AR (PC3+AR
cells). Consistent with LNCaP cells, PSA-luc activity induced
by DHT was markedly upregulated by introducing the HMMR-
expressing construct, which was dose-dependent (Fig. 5B). To
further confirm the role of HMMR in androgen responses, cells
were transiently transfected with si-HMMR to silence HMMR
gene expression in PC3+AR cells. All three siRNAs against
HMMR substantially inhibited PSA-luc and MMTV-luc activi-
ties induced by DHT (Fig. 5C).

We next examined whether mTOR activity is required for
the induction of HMMR expression by androgen. When mTOR
activity was inhibited by rapamycin, DHT failed to induce the
expression level of HMMR in LNCaP hormone-responsive
prostate cancer cells (Fig. 5D), and similar results were ob-
tained using KU0063794 and Torin2 (data not shown). These
data suggest that HMMR might be required for oncogenic re-
sponses by androgen and that mTOR might be a key mediator
for regulation of HMMR expression via androgen.

HMMR expression is suppressed by mTOR inhibitors
through a transcriptional mechanism in prostate cancer
cells

Because the inhibition of mTOR activity suppressed not

only the protein levels but also the mRNA levels of HMMR
(Fig. 2, 3) and such repression was observed even at 1 or
3 h after stimulation with Torin2 (Fig. 2F), we next examined
whether the suppression of HMMR by mTOR inhibitors occurs
at the transcriptional level. To do this, we performed lucifer-
ase reporter assays using the human HMMR promoter con-
struct (PRHAMM(-520/+3183)-luc), which contains 520 base
pairs upstream of the translational start codon, exon 1, and
intron 1. The reporter assays showed that HMMR promoter
activity was significantly inhibited by Torin2 in both PC-3 and
LNCaP cells; similar results were observed using rapamycin
(Fig. 6A, 6B). HMMR promoter activity was tested using the
pRHAMM(—1830/+1)-luc construct and a similar suppression
by mTOR inhibitor was observed (Supplementary Fig. 1A).
In addition, the repression by Torin2 or rapamycin of HAMM
promoter activity was also observed in HepG2 human hepa-
toma cells (Supplementary Fig. 1C), suggesting that it might
be a general phenomenon in human malignancies. Consistent
with the data observed in Fig. 3, HMMR promoter activity was
significantly increased by IGF-1, and this induction was mark-
edly blocked by 24 h of pretreatment with both Torin2 and ra-
pamycin (Fig. 6C). As mTOR inhibition significantly downregu-
lated the HMMR promoter activity, we also tested the effect of
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mTOR on HMMR promoter activity via ectopic expression of
the mTOR gene. Consistently, the transient overexpression of
mTOR enhanced HMMR promoter activity by 4-fold (Fig. 6D).

Our reporter activity assay results prompted us to search for
possible transcription factors that could be involved in Torin2-
mediated suppression of HMMR expression. To this end, the
ALIBABA 2.0 software was used to screen the HMMR promot-
er sequence for transcription factors, and nine SRF-binding
sites were found. When cells were transiently transfected with
the SRF plasmid, SRF alone significantly increased the basal
mRNA levels and the promoter activity of HMMR. In addition,
both the mRNA level and the promoter activity of HMMR,
which were suppressed by 200 nM Torin2, were completely
restored by ectopic SRF in LNCaP cells (Fig. 7A, 7B). West-
ern blot analysis showed that HMMR protein levels were also
partly restored after SRF overexpression (Fig. 7C).

In summary, our data suggest that mTOR contributes to
the oncogenic properties of HMMR in both hormone-sensitive
and hormone-resistant prostate cancers, upregulating HMMR
expression through transcriptional machinery, in which SRF
might act as a mediator of mTOR signaling. Our findings also
demonstrate that HMMR could be a key downstream mediator
of the crosstalk between AR and mTOR pathways to promote
prostate cancer growth, and that the induction of HMMR ex-
pression by androgen might occur through mTOR activation
by the AR-DHT complex (Fig. 7D).

DISCUSSION

One of the major clinical challenges regarding prostate can-
cer therapy is to overcome the resistance to castration thera-
py. Intensive research has focused on finding the molecular
mechanisms involved in the transition from hormone-sensitive
to castration-resistant prostate cancer. These studies provide
the scientific rationale for developing novel therapeutics or
therapeutic candidates that could target both AR- and non-AR
signaling pathways in prostate cancer (Watson et al., 2015).

https://doi.org/10.4062/biomolther.2021.040

HMMR has been found to be overexpressed in many ad-
vanced human cancers and is a valuable survival predictor
(Augustin et al., 2015; Koelzer et al., 2015; Wang and Zhang,
2016). However, the mechanism of HMMR regulation in hu-
man cancers, including prostate cancer, remains unclear. In
the present study, we evaluated the HMMR regulation mecha-
nism in hormone-sensitive and castration-resistant prostate
cancer cells, the reciprocal relationship between HMMR and
androgen, and the role of mTOR activity and the crosstalk
between mTOR/SRF and AR signaling in controling HMMR
expression. The proliferation rate of PC3 cells stably overex-
pressing HMMR was higher with the hyperphosphorylation of
Rb than that of control cells, and the growth of cancer cells
was greatly inhibited by silencing HMMR expression (Fig. 1),
supporting the role of HMMR as an oncogene.

HA, a tumor promoter and enhancer, has been reported to
interact with HMMR, a receptor for HA, resulting in increased
invasion and metastasis in prostate cancer (Rizzardi et al.,
2014). HA-HMMR signaling has been shown to activate PI3K/
Akt signaling, promoting cell proliferation and possibly mediat-
ing metastatic castration-resistant prostate cancer transforma-
tion (Lin et al., 2007; Lokeshwar et al., 2010; Benitez et al.,
2011). Our studies in this manuscript provide a new mecha-
nism by which HMMR is regulated in prostate cancer cells,
showing that PI3K/Akt/mTOR signaling contributes to HMMR
expression and that mTOR plays a key role in regulating
HMMR expression. Experiments using pharmacological in-
hibitors of mTOR indicate that mTOR activity is necessary for
HMMR expression (Fig. 2-4). Studies by other investigators
and our own findings suggest that HMMR expression might be
regulated within a positive feedback loop between HA-HMMR
and PI3K/Akt/mTOR.

Reporter analysis revealed that HMMR regulation by mTOR
occurs through SRF-mediated transcription, as demonstrated
by the reversal effect of SRF on the suppression of HMMR pro-
moter activity by mTOR inhibition (Fig. 7). It is known that the
tumor suppressor p53 represses HMMR expression at the tran-
scriptional level, and the essential HMMR promoter site respon-
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sible for maximal repression by p53 is found at positions +2,755
to 2,778 in the first intron, downstream of its translational start
site (Sohr and Engeland, 2008). In our studies, promoter analy-
sis was also performed using pRHAMM(-520/+3183mut)-luc
carrying a mutation of the p53 binding site (+2755 to +2778).
This mutant promoter activity was also markedly inhibited by
mTOR inhibitors, and no differences were observed between
pRHAMM(-520/+3183)-luc and pPRHAMM(-520/+3183mut)-luc
(Fig. 7B, Supplementary Fig. 1B). In addition, the similar re-
pressive effect of mTOR inhibitors was also determined using
pRHAMM(-1830/+1)-luc, another HMMR promoter, carrying
1,830 bases upstream from the coding sequence and +1 at the
translational start site and did not include putative p53 binding
sites (Supplementary Fig. 1A). These data suggest that HMMR
suppression by mTOR inactivation is not p53-dependent.
Transcription factor SRF-mediated mitogenic cascades
have been known to be required for PI3K-dependent cell cy-
cle progression, showing that SRF is a target of PI3K (Poser
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et al., 2000). We found nine SRF-binding sites in the HMMR
promoter, which are mainly located downstream of the trans-
lation start site, when screened for transcription factors us-
ing ALIBABA 2.0 software. The overexpression of ectopic
SRF noticeably inhibited the effect of Torin2 on HMMR gene
expression (Fig. 7), demonstrating that SRF is an important
mediator of mTOR-mediated HMMR expression. Interest-
ingly, the promoter region carrying 1,830 bases upstream of
the coding sequence did not have SRF-binding sites, but by
using pPRHAMM(-1830/+1)-luc construct, the promoter activ-
ity downregulated by Torin2 was completely reversed by SRF
overexpression (data not shown). There might be indirect tran-
scription machinery under the influence of SRF in that promot-
er region, but the role of SRF in the regulation of HMMR ex-
pression in the promoter region of 1,830 bases upstream from
the translational start site needs to be further investigated.
Rapamycin-sensitive mMTORC1 consists of PRAS40, DEP-
TOR and FKBP38, Tti/Tel2, raptor, and mLST8/GBL. Rapamy-
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cin-insensitive mMTORC2 shares mTOR, Tti/Tel2, mLST8/
GBL, and DEPTOR but contains unique members, such as
protor1/2, mSin1, and rictor. These components act as either
positive or negative regulators of mTOR activity within the
complex (Saxton and Sabatini, 2017a, 2017b). Considering
the complexity of mTORC1 and mTORC2, further studies in
our laboratory are underway to explore the role of individual
components of MTOR complexes in mMTOR-mediated HMMR
expression.

Recent studies have shown that Rb forms a repressive com-
plex on the HMMR promoter, and that the loss of Rb results in
the induction of HMMR function and expression (Thangavel et
al., 2017). Here, we provide new insights into the crosstalk be-
tween Rb and HMMR signaling by demonstrating that silenc-
ing HMMR increases Rb function and that the overexpression
of HMMR induces hyperphosphorylated Rb, an inactive form
of Rb. This suggests that Rb and HMMR are inversely related
to each other’s expression or function, but future studies are
required to address the mechanism by which HMMR controls
Rb function.

Previously, Lin et al. (2008) demonstrated that DHT, the ac-
tive androgen, induces HMMR expression and HA-mediated
tumorigenicity in cell proliferation, metastasis, and invasion,
which are significantly enhanced in prostate cancer cells. Con-
sistent with this, we were also able to detect increased levels
of HMMR protein and mRNA by DHT (Fig. 5A). For the first
time, we provided evidence that androgen-mediated HMMR
expression requires mTOR activity by performing an experi-
ment using a pharmacological inhibitor of mTOR (Fig. 5D). An-
drogenic responses were significantly suppressed by silenc-
ing HMMR gene expression and were further enhanced by
HMMR overexpression, as determined according to the PSA-
luc and MMTV-luc reporter activities. Recently, it has been
reported that rapamycin suppreses AR signaling pathway by
interacting with FKBP51 (Zhang et al., 2020). Taken together,
the HMMR-mTOR axis might contribute to the oncogenic ef-
fect of androgen in hormone-sensitive prostate cancer.

Collectively, our data clearly demonstrate a new mecha-
nism for HMMR regulation at the transcriptional level through
the AR-mTOR-SRF axis and provide new insights on the role
of HMMR in hormone-sensitive and castration-resistant pros-
tate cancer cells. Given the importance of HMMR expression
in prostate cancers, our present findings provide new thera-
peutic implications for targeting prostate cancer or overcoming
castration-resistance in prostate cancer. Drugs that block the
expression or activity of HMMR could be promising in treating
prostate cancer. Moreover, combination therapy with HMMR
inhibitors and either mTOR inhibitors or androgen deprivation
might be a more beneficial therapeutic intervention approach.
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