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Abstract

Although c-MYC and mTOR are frequently activated proteins in prostate cancer, any interaction
between the two is largely untested. Here we characterize the functional crosstalk between
FOXP3-c-MYC and TSC1-mTOR signaling during tumor progression. Deletion of Tscl in mouse
embryonic fibroblasts (MEF) decreased phosphorylation of c-MYC at threonine 58 (pT58) and
increased phosphorylation at serine 62 (pS62), an observation validated in prostate cancer cells.
Conversely, inhibition of mTOR increased pT58 but decreased pS62. Loss of both Foxp3 and Tscl
in prostate cancer cells synergistically enhanced c-MY C expression via regulation of c-Myc
transcription and protein phosphorylation. This crosstalk between FOXP3 and TSC1 appeared to
be mediated by both the mTOR-4EBP1-c-MYC and FOXP3-c-MYC pathways. In mice, Tscl and
Foxp3 double-deletions in the prostate led to prostate carcinomas at an early age; this did not
occur in these mice with an added c-Myc deletion. In addition, we observed synergistic anti-tumor
effects of co-treating mice with inhibitors of mMTOR and c-MYC in prostate cancer cells as well as
in Foxp3 and Tscl double-mutant mice. In human prostate cancer, loss of nuclear FOXP3 is often
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accompanied by low expression of TSC1. Since loss of Foxp3 transcriptionally induces c-Myc
expression and loss of Tscl activates mTOR signaling, these data suggest crosstalk between
FOXP3-c-MYC and TSC1-mTOR signaling that converges on c-MYC to regulate tumor
progression. Co-administration of c-Myc and mTOR inhibitors may overcome the resistance to
mTOR inhibition so commonly observed prostate cancer cells.

FOXP3; TSC1; prostate cancer; tumor progression; carcinogenesis

Introduction

FOXP3, localized on the X chromosome at Xp11.23, is a member of the forkhead-box/
winged-helix transcription factor family. This gene functions as a master regulator in the
development and function of regulatory T cells (Tregs). FOXP3is also expressed in
epithelial tissues of the breast, lung, and prostate (1). However, nuclear FOXP3 is lost in
approximately 70% of human prostate cancers (2), which may be caused by epigenetic
mechanisms. Of note, inactivation of FOXP3 contributes to the overexpression of c-MYCin
human prostate cancer samples (2,3), and ectopic expression of wild-type (WT) FOXP3
induces growth inhibition and apoptosis of prostate cancer cells through downregulation of
c-MYC (2,4), suggesting that FOXP3mediated transcriptional repression of c-MYC s
necessary to control c-MYC levels in prostate epithelial cells. Likewise, FOXP3 re-programs
Treg cell metabolism by suppressing c-MYC expression, enhancing oxidative
phosphorylation, and increasing nicotinamide adenine dinucleotide oxidation (5).
Furthermore, lineage-specific ablation of Foxp3in mouse prostate epithelial cells leads to
mouse prostatic intraepithelial neoplasia (mPIN), as well as to increases in c-Myc mRNA
and protein expression, indicating that loss of FOXP3function is an early event in prostate
carcinogenesis (2).

In 30-50% of prostate cancers, the PI3BK/AKT/mTOR signaling pathway is upregulated,
often through loss of PTEN suppressor function (6). In aggressive and metastatic prostate
cancer, the most frequently altered genes are P/IK3CA (4% mutation and 15-20%
amplification) and PTEN (4% mutation and 30-39% deletion) (6). In prostate cancer cells,
these mutated or deleted genes lead to constitutive activation of PI3K/AKT/mTOR
signaling. Mice heterozygous for Pren deletion develop mPIN with 100% incidence, and
homozygous deletion of Pfenin the prostate induces invasive prostate cancer (7). The
TSC1/2 complex is an essential component of the PI3K/AKT/mTOR signaling pathway.
Either phosphorylation of the TSC1/2 complex by AKT or loss of TSC1/2 facilitates mnTOR
activation. 7scZ-deficient mice develop mPIN by 27 weeks of age, with increasing disease
penetrance over time, and, in old mutant mice, mPIN progresses to prostate carcinomas (8).
Thus, release of TSC1-dependent mTOR inhibition is sufficient to initiate prostate tumor
progression. In addition, conditional 7sc deletion in Tregs impairs the suppressive activity
and expression of Foxp3and, under inflammatory conditions, results in increased IL-17
production (9,10). In angiosarcomas, 7scZ deletion enhances mTOR complex 1 (nTORC1)
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activation through increased expressions of c-Mycand Hifla (11). These data suggest
potential functional correlations in the cells between 7sc1, Foxp3, and c-Myc expression.

Nuclear protein expression of c-MYC, present in 97% of human prostate cancers, positively
correlates with the proliferation rate and negatively with apoptotic count (12). In prostate
cancer, activation of c-MY C cooperates with PI3K/AKT/mTOR signaling (13-16), but the
underlying molecular mechanisms remain unknown. Reductions in c-MYC increase 7s¢c2
expression, which further represses c-MY C expression (17,18), suggesting a feed-forward
loop between c-MYC and the TSC1/2 complex. MYC binding to 4EBP1 induces translation
(19), but elF4E (a component of the elF4F translation initiation complex) activity increases
expression of c-MYC (20), suggesting a reciprocal induction of c-MYC and the mTOR-
downstream 4EBP1. In addition, there is co-occurrence of c-MYC amplification and a PI3K/
mTOR signaling alteration in human prostate cancers, raising the possibility that these two
genetic hits cooperate to promote tumor progression. Mouse models show that this
cooperation of c-MYC and PIBK/mTOR signaling pathways promotes progression of mPIN
to invasive cancer and metastasis (14,16). Since Foxp3 deficiency leads the development of
mPIN through transcriptional upregulation of c-Myc (2), and 7sc1 deficiency in aging mice
promotes progression of mPIN to prostate carcinoma through constitutive mTOR activation
(8), there may be a functional interaction between FOXP3-c-MYC and TSC1/2-mTOR axes
during prostate cancer progression. Given the essential role of c-MYC in prostate cancer
progression, we conducted the present study to determine if c-MYC is synergistically
regulated by FOXP3 and TSC1 and to elucidate the mechanism for this regulation in
prostate cancer cells, with the goal of developing a new therapeutic approach for prostate
cancers with FOXP3 and TSC1 defects.

Methods and Materials

Cell lines, antibodies, and reagents

Prostate cancer cell lines PC3, DU145, and LNCaP were obtained from the American Type
Culture Collection (Manassas, VA). 7sc2"* and 7sc21/~ mouse embryonic fibroblasts
(MEFs) were generously provided by Dr. David Kwiatkowski (Harvard Medical School).
Cells were cultured for less than 6 months, authenticated by examination of morphology and
growth characteristics, and confirmed to be mycoplasma-free. A short tandem-repeat
analysis for DNA fingerprinting was also used to verify the cell lines. The specific primary
antibodies for Western blots and immunohistochemistry (IHC) are shown in Supplementary
Table S1. 7SC1, mTOR, and 4EBPI1 siRNAs (IDT, Skokie, IL) were transfected into MEFs
or prostate cancer cells. Torinl (Cayman Chemical, Ann Arbor, MI), rapamycin (R8781,
Sigma, St. Louis, MO), 10058-F4 (F3680, Sigma), and cycloheximide (CHX, C7698,
Sigma) were used for treatment of cells and mice.

Human tissue specimens

For the formalin-fixed, paraffin-embedded (FFPE) tumor specimens, available information
included patient age, race, prostate-specific antigen level, and pathologic stage. For gene
copy number analysis, ten nuclear FOXP3* and ten nuclear FOXP3™ prostate tumors were
Gleason sum-matched. These samples were collected from 20 patients with prostate
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carcinoma who underwent primary surgery between January 2012 and June 2017 at the
University of Alabama at Birmingham (UAB) as presented in Supplementary Table S2. In
addition, we used 151 FFPE tissue specimens of primary prostate cancer for IHC staining
(Supplementary Table S3). All patients had histologically confirmed prostate carcinoma.
The pathological staging was reassessed with the tumor-node-metastasis (TNM) staging
system. Pathologic grading was based on specimens corresponding to Gleason scores of 2—6,
7, and 8-10, respectively. Written informed consent was obtained from all subjects in
accordance with the requirements of the Institutional Review Board of UAB.

Laser capture microdissection of tumor tissues

Laser capture microdissection of tumor tissues was performed as described previously (2).

Quantification of gene copy numbers

Quantitative analysis of copy numbers was conducted by QIAGEN gBiomarker Copy
Number PCR assays (QIAGEN, Germantown, MD) as described previously (21).

Quantitative real-time PCR (QPCR)

Relative levels of mMRNA expression were analyzed by real-time PCR using the Applied
Biosystems 7500 Real-Time PCR System, in accordance with the manufacturer’s protocol
(Life Technologies, Grand Island, NY). Relative expression levels were determined by the
comparative method (272CY) against endogenous AHprt controls. The primer sequences are
listed in Supplementary Table S4.

Western blots

Western blotting was performed as described previously (2,22).

Experimental animals

Transgenic PB-Cre* mice expressing Cre cDNA under the control of the probasin (PB)
promoter and 7scZ floxed mice were obtained from the National Cancer Institute Mouse
Model Deposit (Frederick, MD). Male PB-Cré* mice were crossed to female Foxp3fiox/flox
(2) or Tsciflox/flox mice to generate prostate Foxp3, Tscl, or both conditional knockout
(cKO, PB-Cré* x FoxpF1oXly, PB-Cre# x Tsciflox/flox pB-Cret x Foxp 10Xy x Tsc1flox/flox)
male mice. Cre-dependent c-Myc knock-in mice (23) that conditionally express c-MycV'T or
either the c-MycT®8A or ¢c- My cS62A phosphorylation mutant from the constitutively active
Rosa26 locus were kindly provided by Dr. Rosalie C. Sears (Oregon Health & Sciences
University). c-Myc floxed mice were from Dr. Andreas Trumpp (German Cancer Research
Center). Pathologic evaluations were performed according to the Bar Harbor meeting
guidelines (24). All animal experiments were conducted in accordance with accepted
standards of animal care and approved by the Institutional Animal Care and Use Committee
of UAB.

Magnetic resonance imaging (MRI) of prostates

Prostate size was measured by MRI as described previously (2).

Cancer Res. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 5

Immunohistochemistry

Vectastain Elite ABC Kits (Vector Laboratories, Burlingame, CA) were used for
immunostaining according to the manufacturer’s protocol as described previously (2,22).
The percentage of positive tumor cells per slide (0% to 100%) was multiplied by the
dominant intensity pattern of staining (1, weak; 2, moderate; 3, intense); therefore, the
overall score ranged from 0 to 300 H-scores.

Treatments of Foxp3 and Tscl double cKO mice with c-MYC and mTOR inhibitors

To Foxp3l Tsc1 double-cKO mice at 18 weeks of age, we administered 100 pl of either
vehicle, Torinl (20 mg/kg body weight), 10058-F4 (12.5 mg/kg), or Torinl (20 mg/kg) plus
10058-F4 (12.5 mg/kg) by intraperitoneal injection weekly for 25 weeks. Five mice from
each group were sacrificed at 23, 27, 31, 35, 39, and 43 weeks of age. Histologic analysis
was used to determine whether the administration of these drugs alone or in combination
limited tumor formation and progression.

Statistical analyses

Results

Differences of outcome between two groups were compared by use of a two-sided #test or
the Mann-Whitney Utest. One-way analysis of variance (ANOVA) was used to test for
overall differences, followed by a protected least significant difference test for differences
between groups. For survival analysis, Kaplan-Meier survival curves were assessed with a
log-rank test for mice with different conditions during tumor development. All data were
analyzed using Excel 2016 and SPSS (version 24; IBM, Armonk, NY).

Identification of FOXP3 loss-related additional genetic hits in human prostate cancers

Although loss of nuclear FOXP3 is evident in most human prostate cancers, lineage-specific
ablation of Foxp3in mouse prostate epithelium leads only to mPIN (2). It is likely that
inactivation of FOXP3 cooperates with additional genetic hits to cause tumor progression.
Thus, we first investigated the somatic genomic alterations of FOXP3-related additional
genetic hits in tumor progression. IHC was used to obtain 10 nuclear FOXP3* and 10
nuclear FOXP3~ prostate tumors for use in identifying additional genetic hits
(Supplementary Figs. S1IA-B and Table S2). Genomic DNA was extracted from micro-
dissected prostate cancer cells and gene amplification or deletion was determined by gene
copy number quantitative PCR. In 33 prostate-cancer related candidate genes in publically
available datasets derived from large cohorts of patients with prostate cancer (6,25), there
were increases in gene copy humber of AK7TZ and/or decreases in gene copy numbers of
75C1and FOXP1in FOXP3~ tumors compared with FOXP3* tumors (Supplementary Fig.
1B), raising the possibility that defects in these genes cooperate with FOXP3 defects to
promote prostate cancer progression.
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Prostate-specific deletion of Tscl accelerates prostate tumor progression in Foxp3 cKO
mice through synergistic activation of c-MYC and mTOR signaling pathways

Prostate-specific deletion of the potential tumor suppressor gene 7sc was introduced into
Foxp3 cKO mice with a C57BL/6 background (Supplementary Figs. S2A-B). Micro-
dissected prostate epithelial tissues from 8-week-old mice showed approximately 90%
deletions of the 7scIand Foxp3loci (Fig. 1A). The mRNAs of 7scZ and Foxp3were
reduced by 95% and 93%, respectively (Fig. 1B). Thus, in the mouse prostate epithelial
cells, the deletions of Foxp3/Tsc1 were sufficient for the double KOs of both two genes.
Furthermore, the double-deletions led to tumor progression starting at 22 weeks of age, and
100% of these mice developed prostate carcinomas by 43 weeks of age (Figs. 1C and
Supplementary Fig. S3A). At high magnification, definitive alterations in nuclear and
cytoplasmic features were evident in prostate tissue, including larger and more vesicular
nuclei and more densely eosinophilic cytoplasm with larger cell size. In humans, similar
cytologic alterations are characteristics of a variety of early invasive carcinomas (24). These
features are similar to those of high-grade PIN and associated invasive carcinomas (Gleason
pattern 3) in humans (24). As determined by IHC analysis, more Ki67* cells (Fig. 1D) were
present in the cancer lesions compared with adjacent normal tissues, indicating that the
tumor cells were highly proliferative. In addition, prostate tumors developed in the double
cKO mice by 43 weeks of age and showed losses of epithelium staining along with CK5 and
p63 in prostate epithelial basal cells as compared to the WT and single cKO mice (Fig. 1E),
suggesting a basal-to-luminal differentiation and potential invasive prostate cancer in the
mice.

For Foxp3/Tscl double, Foxp3single, and 7sci single cKO and probasin (PB)-Cré* control
mice, no mPIN was present at 12 weeks of age. Expression of AR was evident in all
prostates, but expressions of pS65235/5236 and p4EBP1T37/46 were higher in 7scZ single and
Foxp3/Tsc1 double cKO prostates (Fig. 1F). Expression of c-MYC was higher in Foxp3or
7sc1 single cKO prostate and enhanced in Foxp3/Tscl prostates with double cKO. Likewise,
prostate weights were higher in Foxp3/Tsc1 double cKO mice, but this was not seen for
Foxp3or Tsclsingle cKO mice at 12 weeks of age (Fig. 1G). Furthermore, Foxp3/Tscl
double, Foxp3single, and Tscl single cKO mice developed mPIN after 22 weeks of age, but
only double deletions of Foxp3/Tscl led to prostate carcinoma at 22 to 42 weeks of age
(Figs. 1H-1 and Supplementary Fig. S3B and Table S5), suggesting that the loss of both
genes hastens tumor progression.

c-Myc is required for tumor initiation and progression of prostate cancers in Foxp3/Tscl
double cKO mice

c-MYCis the most commonly overexpressed oncogene in prostate cancers (12). Thus, we
deleted c-Mycin the mouse prostate by crossing PB-Creé* mice with c- Mycf1oX/flox mice
(Supplementary Fig. S4A). To determine whether c-Myc is required for Foxp3and 7scI-
mediated tumor initiation and progression of prostate cancer, we generated prostate Foxp3/
7sc1/£-Myec triple-cKO mice on a C57BL/6 background. As determined with micro-
dissected tissue samples of 8-week-old mice, c-Myc DNA and mRNA in ¢c-Myc cKO
prostate epithelial cells were lower by 85% and 92%, respectively (Supplementary Figs.
S4B-C). The reduction of c-MYC protein in mouse prostate was validated by IHC staining
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(Supplementary Fig. S4D). Furthermore, there was no difference in prostate weights
between PB-Cré* control and ¢c-Myc cKO mice at 12 weeks of age (Supplementary Fig.
S4E), suggesting that c-Myc cKO does not influence prostate development. In addition,
deletions of Foxp3/Tsc1 also elevated expressions of pS65235/5236 and p4EBP1T37/46 jn
prostates of the Foxp3/Tsc1/-Myctriple-cKO mice (Fig. 1E). Although mPIN was present
in the Foxp3l Tsc1/c-Myc triple-cKO mice at 52 weeks of age (Supplementary Fig. S3B),
cancer lesions did not occur at even one year of age. Thus in Foxp3 Tsc1 double cKO mice,
c-Mycis most likely to be required for prostate tumor initiation and progression.

Prostate-specific double deletion of Foxp3 and Tscl upregulates c-MYC expression
through post-translational modification of c-MYC in mutant mice

To determine if deletions of Foxp3 Tsc1 synergistically stabilize the c-MYC protein by
regulating its phosphorylation at T58 and S62 in mouse prostate, we measured the levels of
total c-MY C and serine 62 (pS62)/threonine 58 (pT58)-c-MYC protein in prostates of PB-
Cré* control, Foxp3, Tscl, and Foxp3/Tscl double-cKO mice at 12 weeks of age were
assessed by immunoblotting with specific antibodies. Total c-MY C protein was expressed in
prostates of all mice (Fig. 2A). However, compared with PB-Cré* control mice, the pT58-c-
MY C protein was lightly expressed in prostates of Foxp3and 7sc but not Foxp3/Tscl
double-cKO mice, whereas pS62-c-MY C protein was more strongly expressed in prostates
of Foxp3/ Tsc1 double-cKO mice than in single-cKO mice (Fig. 2A). Likewise, Western blot
analysis confirmed no expression of pT58-c-MY C protein but higher expression of the
pS62-c-MYC protein in prostates of the Foxp3/Tsc1 double-cKO mice than in the single-
cKO mice (Fig. 2B), suggesting that the upregulation of c-MYC is mediated by a post-
translational regulation of c-MYC. Furthermore, lower expression of pAKTS473 but higher
expressions of p4E-BP1565 and pS65235/236 were also present in prostates of the 7scZ and
Foxp3/Tsc1 double-cKO mice, suggesting an upregulation of mTORC1 activation but a
downregulation of mMTORC2 activation in these mice (Fig. 2B). In addition, c-Myc activity
was evaluated in micro-dissected prostate epithelial cells by measuring, by use of qPCR, the
MRNA expressions of c-MYC target genes, including £212, Hk2, Cdc25A, Cdknlaand
CdknZb. The expression levels of c-MY C target genes were greater in activated genes £272,
Hk2, and Cdc25A but lower in repressed genes Cdknlaand CdknZb in the prostate epithelial
cells from double-cKO mice relative to that from single-cKO mice (Fig. 2C), indicating that
tumor progression in the double-cKO mice is likely caused by elevated c-MYC activity.

Losses of FOXP3 and TSC1 synergistically upregulate expression of c-MYC through a
post-translational modification in MEFs

To determine if TSC1 is involved in c-MYC stability, the half-life of c-MY C was measured
after treatment of mouse 7scZ~/~ and 7scI** MEFs with the protein synthesis inhibitor
CHX. Although c-MYC was degraded after 30 min of treatment with CHX, c-MYC
degradation was more delayed in 7scZ/~ MEFs than in 7scI*/* MEFs (Fig. 3A), indicating
that, in these cells, 7sc-deficiency stabilized c-MYC. Furthermore, 7scZ KO resulted in the
simultaneous increase of pS62-c-MYC and decrease of pT58-c-MYC as determined by a
comparison of 7sc1™/~ and Tsc1** MEFs (Fig. 3B), suggesting that the phosphorylation
status of c-MYC is affected by 7sci-deficiency. Since TSC1 is an essential component of
the mTOR pathway, and loss of TSC1/2 facilitates mTOR activation, we investigated the
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effect of MTOR on the expression of pT58/pS62-c-MYC in MEFs. In 7scI** MEFs, there
was a simultaneous increase of pT58-c-MYC and a decrease of pS62-c-MYC after
inhibition of mMTOR with Torinl, a mTOR inhibitor of both mMTORC1 and mTORC2 (26,27),
or silencing of mMTOR with siRNAs (Fig. 3C). The inhibition of mTOR activation was
validated by downregulation of pmTORS2448 and pS65235/236, These data suggest a post-
translational regulation of the phosphorylation and stabilization of c-MYC by TSC1-mTOR
signaling.

To determine the role of Foxp3in the TscZ-dependent regulation of pT58/pS62-c-MYC,
Foxp3was transfected into 7scZ~/~ and 7sc1** MEFs. The exogenous Foxp3reduced the
increase of pS62-c-MYC by 7scI-deficiency, but pT58-c-MYC was low in 7scZ™/~ MEFs,
regardless of Foxp3transfection (Fig. 3D). However, in both 7scZ7~ and 7sc1*'* MEFs,
total c-MYC levels were reduced after Foxp3 transfection (Fig. 3D). These data suggest a
synergistic effect of Foxp3and 7scZ on the expression of c-MYC in MEFs. Although pT58/
pS62-c-MYC is controlled by TSC1-mTOR signaling (Figs. 3A-C), it remained unknown
whether this regulation was direct or indirect. By use of siRNAs, we established that, in
MEFs, silencing of either mTOR or 4EBP1 changed the 7scI-dependent regulation of pT58/
pS62-c-MYC (Figs. 3C and 3E). In TscI*'* MEFs, silencing or inhibition of mTOR
increased c-MYCT®8 and decreased c-MYCS82, but did not change total c-MYC (Fig. 3C).
In contrast, in 7scI** MEFs, silencing of 4ebp decreased c-MYCT>8 and increased c-

MY CS62, but did not change total c-MYC (Fig. 3E). Thus, depleting mTOR or 4EBP1 had
the opposite effect on c-MYC phosphorylation (Figs. 3C and 3E). Of note, depleting 4EBP1
blocked the 7scZ-dependent changes in c-MYC phosphorylation; thus, 7scZ-dependent c-
MY C phosphorylation is most likely to be through 4EBP1. In addition, we observed that, for
7scI= MEFs, silencing of 4ebp1 increased c-MYCT58 and decreased c-MY CS62, but did
not change total c-MYC (Fig. 3E). Although it is difficult to understand this observation,
there may be other mechanisms in the regulation of c-MYC phosphorylation upon depleting
both TSC1 and 4EBP1. However, it is still difficult to distinguish whether pT58/pS62-c-Myc
levels are regulated by mTOR directly or through the 4E-BP1, which can also induce c-
MYC (13,17-20) and may, therefore, have a role in c-MY C phosphorylation and subsequent
activity. In addition, GSK3p, TSC2, PIN1, PP2A, and CDK2 (17,18,28-31) may be
implicated in the 7scZ-dependent translational regulation of c-MY C. However, we did not
find, in MEFs, any changes of these proteins in the absence or presence of 7scand Foxp3
(Fig. 3D), supporting a direct regulation of c-MYC phosphorylation by mTOR or its
substrates. However, there was lower expression of pAKTS473 in 7sc217/~ MEFs compared
with in 7scI** MEFs but independent of Foxp3transfection, suggesting a potential
downregulation of mMTORC2 activation due to a negative feedback loop of the mTORC1
pathway on AKT S473 (32).

FOXP3 and TSC1 synergistically downregulate expression of c-MYC through a post-
translational modification in prostate cancer cells

To confirm the involvement of TSC1 in regulating c-MYC in prostate cancer cells, SiRNAs
were used to silence human 7SCZ, which is normally expressed in the androgen-dependent
prostate cancer cell line LNCaP. Although total c-MY C levels were not changed, a
simultaneous increase of pS62-c-MYC and decrease of pT58-c-MYC were evident after
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silencing of 7SCI (Fig. 4A). TSCI-dependent mTOR activation was validated by increased
expression of pmTORS2448 p4EBP1565, and pS65235/236 (Fig. 4A). Next, the androgen-
independent prostate cancer cell line DU145 was treated with mTOR inhibitors. Treatment
for 2 hours with rapamycin or Torinl induced pT58-c-MYC and lightly reduced pS62-c-
MYC levels (Fig. 4B), suggesting that, in prostate cancer cells, mTOR signaling regulates
phosphorylation of c-MYC. There is a missense mutation (G1034C) of 7SCZ in the prostate
cancer cell line DU145 (www.mskcc.org), and mutated 75CZ is expressed at low levels in
DU145 cells. To validate the cross-talk between FOXP3 and TSC1 in prostate cancer cells,
WT 75C1and FOXP3were transfected into DU145 cells, and levels of c-MYC and mTOR
and their phosphorylation status were compared. After 7SCI transfection, there was an
increase in pT58-c-MYC and a decrease in pS62-c-MYC, and total c-MYC was reduced by
transfections with both 75C7 and FOXP3 (Fig. 4C). In both normal and malignant prostate
epithelial cells and tissues, FOXP3 is necessary and sufficient to repress c-MYC
transcriptionally (2), indicating that, in prostate cancer cells, FOXP3 and TSC1 converge to
inhibit the activity of c-MYC (Fig. 4D and Supplementary Fig. S5).

Mutagenesis of pT58A-c-Myc causes precancerous lesions in mouse prostate

Phosphorylation of c-MYC regulates its protein stability, and elevated ratios of pS62/pT58
c-MYC are present in human cancer cells (33,34). /n vitro functional analysis shows that
mutation of S62 to alanine (S62A) reduces the transforming activity of c-MYC, whereas
mutation of T58 to alanine (T58A) enhances its transforming activity, suggesting that
phosphorylation changes at these sites affect c-MY C function (31). To determine the role of
c-MY C phosphorylation in tumor progression, we generated a mouse model of prostate c-
Myc"58A knock-in (cKI) under endogenous c-Myc cKO and observed the histologic changes
in prostates of the c-MycT®8A cKI mice with aging. In a small fraction of the anterior
prostate lobes, c-MycT8A cKI mice at 18 weeks of age displayed signs of early mPIN
characterized by atypical epithelial cells with clear cell cribriform hyperplasia: crowded
glands with pale clear cytoplasm, round uniform nuclei, and prominent basal layers (Figs.
5A-B and Supplementary Figs. S3B and S6). By 28 weeks of age, all c-MycT8A cKI mice
had early mPIN lesions in all prostate lobes (Figs. 5A-B and Supplementary Fig. S6).
However, at this time, there was no difference in prostate weights between c-MycT98A cKi,
c-Myc cKO, and PB-Cré* control mice (Fig. 5C). IHC analysis revealed high proliferation in
the epithelial cells of c-MycT8A cKI mice compared with other mice at 18 weeks of age
(Figs. 5D-E). In the prostate epithelial cells of c-MycT8A cKI mice at 18 weeks of age,
there was high c-MYC and pS62-c-MYC and low pT58-c-MYC, but no change in E-
cadherin expression compared with cells from other mice (Fig. 5D). Western blot analysis
confirmed these observations (Fig. 5F). In addition, there were high expressions of £2f2,
Hk2, and Cdc25A, but low expressions of Cdknlaand Cdkn2bin prostates of the c-
Myc"58A cK1 mice at 18 weeks of age (Fig. 5G), suggesting elevated c-MYC activity by
pT58A mutagenesis. This is the first direct evidence for an association between c-MYC
pT58 phosphorylation and prostate tumorigenesis /in vivo, which may also give insight into
the mechanism of tumor initiation in 7s¢Z cKO mice. We also generated a mouse model of
prostate c-MycS2A cK1 under endogenous c-Myc cKO, but, with aging, there were no
apparent histologic changes in prostates of the c-MycS52A cK1 mice, although pS62 is
involved in cell proliferation, growth, and survival (23).
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Dual targeting of c-MYC and mTOR signaling pathways blocks tumor progression in
prostates of Foxp3/Tscl double-cKO mice

Clinical trials show that tumor resistance to rapamycin limits the efficacy of rapamycin or its
analogues in inhibiting prostate cancer progression; however, cells lacking c-MYC are
sensitive to rapamycin (17,35,36), indicating that c-MY C controls tumor resistance to
mTOR inhibitors. Functional analysis suggests that c-MYC eliminates sensitivity to
rapamycin through regulation of the 4E-BP1, but its capacity to confer rapamycin-resistance
is not fully understood (13,35,37). Thus, inhibition of c-MYC expression may be an
effective means of alleviating resistance to mTOR inhibitors. Here, we tested for synergistic
action by blocking mTOR and ¢c-MYC activity with inhibitors of both proteins in three
commonly used prostate cancer cell lines, DU145, PC3, and LNCaP (Fig. 6A). Torinl is an
ATP-competitive mTOR inhibitor of both mTORC1 and mTORC2 and impairs cell growth
and proliferation to a far greater degree than rapamycin (26,27). At 250 nM, Torinl
completely inhibits proliferation and causes a G1/S cell cycle arrest in MEFs (38). 10058-F4
is a c-Myc inhibitor that prevents the binding of c-Myc/Max dimers to DNA targets,
downregulates c-Myc expression, and induces cell-cycle arrest and apoptosis (39-41).
Treatment with 100 uM 10058-F4 inhibits the growth of acute myeloid leukemia cells (39).
To observe the synergistic action of mMTOR and c-Myec inhibitors, we applied only half of the
reported effective doses of each drug to the cells. Several combinations of these inhibitors
reduced cell growth, but, for all three cell lines, the combination of Torinl and 10058-F4
inhibited cell growth most substantially (Fig. 6A).

In mice, Torinl represses downstream effectors of mMTOR at a dose of 20 mg/kg (27,42), and
10058-F4 inhibits tumor progression at a dose of 25 mg/kg (43). Next, we assessed the
therapeutic potential of combined treatment with Torinl and 10058-F4 against tumor
progression in mice. To reduce the toxic side effects of the c-Myc inhibitor, only half of the
reported effective dose of 10058-F4 was administered. Since Foxp3 Tsc1 double-cKO mice
develop primary prostate tumors at 22 to 43 weeks of age (Fig. 1C and Supplementary Fig.
S3), treatment was initiated at 18 weeks of age to correspond with cancer transition. DMSO,
Torinl, or Torinl plus 10058-F4 was administered into Foxp3/Tsc1 double-cKO mice by
intraperitoneal injection weekly for 25 weeks (Fig. 6B). As determined by MRI images of
mice at 40 weeks of age, prostate volumes were reduced in those treated with
Torin1+10058-F4 compared with those treated with Torinl or DMSO (Figs. 6C-D).
Histologic analysis of prostates from mice at 43 weeks of age revealed that administration of
Torinl or Torin1+10058-F4 limited tumor formation and progression (Fig. 6E). Survival
analysis revealed mPIN in 100% (5/5) of DMSO-, 60% (3/5) of Torinl-, and 0% (0/5) of
Torin1+10058-F4-treated mice, and cancer in 100% (5/5) of DMSO-, 0% (0/5) of Torin1-,
and 0% (0/5) of Torin1+10058-F4-treated mice (Figs. 6F-G), suggesting a synergistic
inhibition of prostate tumor formation and progression by blocking the c-MYC and mTOR
signaling pathways in Foxp3l Tsc1 double-cKO mice.

Co-downregulation of FOXP3 and TSC1 with upregulation of c-MYC in human prostate
cancers

We next evaluated, by IHC, the protein expressions of FOXP3, TSC1, and c-MYC and their
relationship in 151 prostate cancer tissues (Supplementary Table S3). Only 32.5% (49/151)
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of the prostate cancer samples expressed nuclear FOXP3 (Fig. 7A and Supplementary Table
S6). All samples expressed cytoplasmic TSC1, but only 39.1% (59/151) had high expression
of TSC1. All samples expressed nuclear c-MYC in at least one tumor cell, but only 35.8%
(54/151) had high levels of nuclear c-MYC; 56.3% (85/151) of the samples showed
cytoplasmic staining of c-MYC. Loss of nuclear FOXP3 was frequently accompanied by a
low expression of TSC1 (56.3%, 85/151) or high expression of nuclear c-MY C (29.8%,
45/151). In addition, loss of nuclear FOXP3 and low expression of TSC1 were conversely
associated with tumor stages (Supplementary Table S7). Finally, our quantitative analysis of
the protein levels by H-score of all human samples showed statistically inverse correlations
between c-MYC and FOXP3 or TSC1 but a positive correlation between FOXP3 and TSC1
(Fig. 7B). These data suggest frequent co-downregulation of FOXP3 and TSC1 with
upregulation of c-MYC in human prostate cancers.

Discussion

Ours is the first effort to identify the synergy between the FOXP3 and TSC1 pathways and
to investigate their role in the transcriptional and post-translational regulation of c-MYC
during the progression of prostate cancer. The data showed that loss of nuclear FOXP3 is
often accompanied by low expression of TSC1 in human prostate cancers. Prostate-specific
deletions of Foxp3/ Tsc1 in mice led to the progression of mPIN to cancer at an early age.
Functional analysis suggested that TSC1-mTOR signaling affects the protein stability of c-
MY C through T58/S62 phosphorylation in prostate cancer cells. Since FOXP3 represses the
transcriptional activity of c-Myc (2), we found that cross-talk between FOXP3 and TSC1
regulates the expression and protein stability of c-MYC through a synergistic transcriptional
and post-translational regulation to progress mPIN to prostate cancer. Notably, c-MycT28A
cKI mice developed mPIN but not cancer. On the other hand, dual targeting of c-MYC and
mTOR by their inhibitors blocked progression of mPIN to cancer in Foxp3/Tsc1 double-
cKO mice, indicating a role of cross-talk between c-MYC and mTOR signaling pathways in
tumor progression.

During tumor progression, FOXP3 and TSC1 signaling pathways converge on c-MYC (Fig.
4D). First, deletion of Foxp3in mouse prostate leads to mPIN through transcriptionally
overexpressed c-Myc (2), suggesting that the FOXP3-c-MYC axis regulates tumor initiation.
Second, introduction of a prostate-specific deletion of 7scI into Foxp3 cKO mice leads to
prostate carcinoma at an early age, but this does not occur when these mice are crossed with
c-Myc-cKO mice, suggesting that the deletion of 7scZ accelerates tumor progression of
Foxp3-related mPIN to cancer through c-Mye. Third, FOXP3 transcriptionally inhibits c-
Myc expression (2), and TSC1 regulates the phosphorylation status of c-MYC in prostate
cancer cells. Thus, in tumor progression, c-MYC is likely to be a bridge for the cross-talk
between FOXP3 and TSC1. Therefore, in prostate cancers, dysfunction of both FOXP3 and
TSC1 synergistically promotes tumor progression through regulation of transcription,
phosphorylation, and stabilization of c-MYC (Fig. 4D). In addition, increases in gene copy
number of AKT7I1 were found in FOXP3- tumors compared with FOXP3+ tumors
(Supplementary Fig. 1B), raising the possibility that AKT1 cooperates with FOXP3 defects
to promote prostate cancer progression. However, in the Foxp3 cKO crossed with AktZ
transgenic (MPAKT, rPb-myr-HA-AktI) (15) mice, we did not observe accelerated tumor
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progression in the mice with aging until the age of 12 months. Although we cannot reject an
interaction of FOXP3 with AKT1 in mouse prostate, AKT1, in our mouse models, is
unlikely to promote the FOXP3-mediated tumor progression.

Although there is no known, direct connection between TSC1 and FOXP3 or c-MYC, the
role of TSC1 opposes that of c-MYC in cell growth and proliferation (15,17,18,44).
Expression of c-MYC is affected by phosphorylation at the conserved residues T58 and S62.
Phosphorylation at S62 stabilizes c-MY C, but phosphorylation at T58 promotes c-MYC
ubiquitination and degradation (45-47). Although both TSC1/2 and 4EBP1 and GSK3p,
TSC2, PIN1, PP2A, and CDK2 (17,18,28-31) can affect the post-translation effects of c-
MYC (13,17-20,48), our data support the concept that, in prostate cancer cells, TSC1-mTOR
signaling regulates phosphorylation of c-MYC at T58/S62 through 4EBP1. Recent studies
have identified new phosphorylation peptides of c-MYC in mTORC1 substrates (26,49), but
these peptides appear to be correlated with S77, not with T58/S62. Thus, it is of interest to
determine, in future studies, if MTORC1 regulates c-MYC function through S77
phosphorylation. In addition, in cancer cells, post-translational regulation of c-MYC is
balanced by USP13-mediated deubiquitination and FBXL14-mediated ubiquitination (50),
but no reports show a connection of them with the TSC1-mTOR signaling pathway.

Numerous studies investigating therapies for prostate cancer have focused on mTOR and c-
Myc inhibitors. However, clinical trials with these drugs have failed to demonstrate clinical
activity. The efficacy of mTOR inhibitors is limited by drug resistance due to insufficient
blocking of mTOR or interference from other signaling pathways, such as c-Myc (17,35,36).
For example, c-MYC disrupts the elimination of mPIN lesions in young Akf mutant mice
treated with mTOR inhibitors (14), although the mechanism is not fully understood (13).
Use of c-Myc inhibitors is limited by toxic side effects. In the present study, we tested the
joint administration of an mTOR inhibitor (e.g., Torinl) with a c-MYC inhibitor (e.g.,
10058-F4) for effects on prostate cancer cells. Although rapamycin was ineffective in
inhibition of cancer cell proliferation, a combination of rapamycin with 10058-F4, especially
Torinl, overcomes this resistance in cultured cells. Furthermore, we developed a new
therapeutic approach by blocking both c-Myc and mTOR to inhibit tumor progression of
prostate cancer. In Foxp3l Tsc1 double-cKO mice, we used a more effective mTOR inhibitor,
Torinl, with a low dose of a c-Myc inhibitor, 10058-F4, to block progression of mPIN to
cancer, which may overcome tumor resistance to the mTOR inhibitor. Since both mTOR and
c-MYC are frequently activated in prostate cancer (6,12,25,51), dual targeting strategies may
be an effective therapeutic approach for blocking tumor progression and alleviating
resistance to mTOR inhibitors.

In addition, we performed a genetic analysis of FOXP3, TSC1, AKT1, and FOXP1in
prostate adenocarcinoma with the two most commonly used public datasets. As shown in
Supplementary Figs. S7TA-B, in the TCGA dataset, except for FOXP1 gene deletion in 8% of
all cases, few genetic alterations were present in FOXP3, TSC1, and AKT1. Likewise, in the
MSKCC/DFCI dataset with more than 1,000 cases, there were no genetic alterations for
FOXP3and few gene deletions, gene amplifications, or both for 75C1, AKT1, and FOXPI,
suggesting that loss of FOXP3 protein is not a genomic loss but may be caused by an
epigenetic mechanism, such as DNA methylation. In the present study, we used the genomic
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DNA from micro-dissected prostate cancer cells for the IHC analysis of nFOXP3+ and
FOXP3- prostate tumors. The results suggest the presence of genetic differences of 75C1,
AKTI1, and FOXP1 between nFOXP3+ and FOXP3- prostate tumors (Supplementary Figs.
S1A-B and Table S8). However, due to the small size in our sample cohort, these differences
may be from an infrequent event and should be considered with caution.

In summary, we characterized the cross-talk between the signaling pathways of FOXP3-c-
MYC and TSC1-mTOR in the regulation of c-MYC expression in prostate tumor
progression. These results will help in understanding how c-MYC is regulated and its role in
tumor progression of prostate cancer. Dual targeting c-MYC and mTOR signaling provides
an effective intervention against tumor progression and offers potential benefits for patients
with prostate tumors resistant to mTOR inhibitors. Future studies are required to identify a
direct regulatory mechanism of pT58/pS62 phosphorylation of c-MYC by mTOR signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance:

Our results establish the principle of a synergistic action of TSC1 and FOXP3 during
prostate cancer progression and provide new therapeutic targets for patients who have
prostate cancer with two signaling defects.
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Figure 1. Prostate-specific deletions of Tscl, Foxp3, and c-Myc and tumor progression in mouse
prostate.

A. Efficient deletions of the Foxp3and Tscl loci in the PB-Cre®* Foxp310X1y Tscfloxiflox
(Foxp3 Tsc1 double cKO), but not the PB-Cre** transgenic control mice, at 12 weeks of age
(pvalue by a two-tailed ftest). Data shown are means and standard deviation (SD) of the
ratio of product A/product B for Foxp3or product C/product D for 7scZ of DNA isolated
from the micro-dissected prostate epithelium. B. Targeted deletions of the Foxp3and 7scl
loci caused by the reduction of Foxp3and TscI transcripts in prostate tissue (p value by a
Mann-Whitney Utest). The RNAs isolated from micro-dissected prostate epithelia were
quantitated by real-time PCR. C. Tumor development and cell proliferation in the dorsal and
lateral lobes of the prostates in Foxp3/7Tsc1 double-cKO mice compared with that in 7scZ
single-cKO, Foxp3single-cKO, and PB-Cre4* control mice at 22 weeks of age under a
C57BL/6 genetic background, identified by H&E and Ki67 staining. D. The percentage of
Ki67+ cells as an indicator of proliferating cells among the mouse prostate or tumor tissues.
For each mouse, at least five 40x fields were counted. Data are presented as means + SD. * p
< 0.05 by one-way ANOVA followed by protected least-significant difference test vs. PB-
Cré* control mice. E. H&E, CK5, and p63 staining in the dorsal and lateral lobes of the
prostates in Foxp3/Tsc1 double-cKO mice compared with that in 75¢Z single-cKO, Foxp3
single-cKO, and PB-Cre4* control mice at 43 weeks of age. F. Immunostaining for androgen
receptor (AR), pS65235/236 nAEBP1T37/46 c-MYC, and CK5/CKS in the prostates of PB-
Cré* control, Foxp3 cKO, Tescl cKO, Foxp3/Tsc1 double cKO, and Foxp3/Tscl/c-Myc
triple cKO mice at 12 weeks of age. G. Weights of prostates in the mice at 12 weeks of age.
Data are presented as the means and SD of the prostate weights. * p < 0.05, two-tailed ftest
vs. PB-Cré* control mice. H and |. Kaplan-Meier curves of mPIN and cancer incidences in
cKO and PB-Cré* control mice (n = 40/group). At 7, 12, 17, 22, 27, 32, 37, and 43 weeks of
age, 5 mice/per time point were sacrificed for pathologic analysis. Arrows indicate time
points of animal sacrifice. * p< 0.05, log-rank test vs. PB-Cré* control mice. cKO, prostate
conditional knockout. All experiments were repeated two times.
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Figure 2. Protein expression and activity of c-MY C in prostates of Foxp3/Tscl double-cKO mice.
A and B. Protein expressions and phosphorylation status of total and pT58/pS62-c-MYC and

activation of mTOR as determined by IHC and Western blots of prostate tissues of Foxp3
cKO, 7sc1cKO, or Foxp3/Tscl double cKO mice at 12 weeks of age. C. Relative mRNA
levels of c-MYC target genes as a percentage of AHprtexpression in micro-dissected prostate
epithelial cells as determined by gPCR in the mice at 12 weeks of age. * p< 0.05 by one-
way ANOVA followed by protected least-significant difference test between groups. T58:
threonine 58; S62: serine 62; p: phosphorylation; cKO, prostate conditional knockout. All
experiments were repeated two times.
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Figure 3. Synergistic cross-talk between Foxp3 and Tscl in theregulation of c-MYC in MEFs.
A. c-MYC degradation in MEFs after exposure to cycloheximide (CHX, 100 ug/ml) for 2

hours. B. Expression levels of pT58/pS62-c-MYC in TscI** MEFs and 7scZ~/~ MEFs. C.
Expression levels of pT58/pS62-c-MYC and mTOR activation in 7scZ™/~ MEFs after
inhibition of mTOR with Torinl or silencing of mMTOR with siRNAs. D. Phosphorylation
and expression of c-MYC after Foxp3transfection in 7scI™* and TscI”~ MEFs. E. Effect
of 4EBP1 on phosphorylation and expression of c-MYC in 7scZ** MEFs and 7sc1™/~
MEFs after 4ebp1 siRNA transfection for 48 hours. MEF, mouse embryonic fibroblasts;
T58: threonine 58; S62: serine 62; p: phosphorylation; siRNA, small interfering RNA. Min,
minute. All experiments were repeated three times.
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Figure 4. Functional cross-talk between FOXP3 and TSC1 in theregulation of c-MYC in prostate
cancer cells.

A. The effect of TSC1 on c-MYC phosphorylation and mTOR activation in LNCaP cells
after 7SC1 siRNA transfection for 48 hours. B. Phosphorylation and expression of c-MYC in
DU145 cells after treatment with rapamycin and Torinl for 2 hours. C. Phosphorylation and
expression of c-MYC in DU145 cells after FOXP3, TSC1, or both transfections for 48
hours. D. Diagram of the synergistic action of FOXP3 and TSC1 in the regulation of
transcription and phosphorylation of c-MYC in prostate cancer cells. Since FOXP3
transcriptionally inhibits c-Myc expression (2), and TSC1 regulates the phosphorylation
status of c-MYC in prostate cancer cells, dysfunction of both FOXP3 and TSC1
synergistically promotes tumor progression through regulation of transcription,
phosphorylation, and stabilization of c-MYC. T58: threonine 58; S62: serine 62; p:
phosphorylation; siRNA, small interfering RNA; DMSO, dimethyl sulfoxide. All
experiments were repeated three times.
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Figure 5. Effects of c-Myc T58A mutagenesisin mouse prostate.
A. Histologic analysis in the ventral (VP), lateral (LP), dorsal (DP), and anterior (AP) lobes

of the prostates from 28-week-old prostate c- MycT8A knock-in (cKI) mice under
endogenous c-Myc cKO (PB- Cre* c- MycTlox/floxe_ pgycTS8ACK), identified by H&E
staining. B. Kaplan-Meier curve of mPIN in PB-Cre** control, c-Myc cKO, and c-MycT98A
cKl + ¢c-Myc cKO mice. Arrows indicate time points of animal sacrifice (n=10 mice/per time
point). * p< 0.05, log-rank test vs. PB-Cre? control mice. C. Weights of prostates in the
mice at 18 weeks of age. Data are presented as the means and SD. D. Representative IHC
staining of Ki67, E-cadherin, c-MYC, pT58-c-MYC, and pS62-c-MYC in the anterior
prostates of 18-month-old PB-Cre#* control, c-Myc cKO, and c-MycT8A cKI + c-Myc cKO
mice. E. The percentage of Ki67+ prostate epithelial cells among the mouse prostate tissues.
Data are presented as the means and SD. * p < 0.05, two-tailed ¢test vs. PB-Cré* control
mice. F. Protein expression levels of c-MYC, pT58-c-MYC, and pS62-c-MYC in the
prostates of PB-Cre** control, c-Myc cKO, and c-MycT28A cKI + c- Myc cKO mice at 18
weeks of age as determined by Western blots. G. Relative mRNA levels of c-MYC target
genes as a percentage of Hprtexpression in micro-dissected prostate epithelial cells as
determined by gPCR in the mice at 18 weeks of age. Horizontal lines represent the average
values. * p< 0.05 by one-way ANOVA followed by protected least-significant difference
test vs. the PB-Cre* control group. All experiments were repeated two times.
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Figure 6. Effects of dual targeting c-MY C and mTOR on prostate tumor progression in Foxp3
and Tscl double cKO mice.

A. Cells were exposed to DMSO, rapamycin, Torinl, 10058-F4, or their combinations. Data
are presented as the means and SD of the cell numbers. * p<0.05, by one-way ANOVA
followed by protected least-significant difference test vs. DMSO group. Rap: rapamycin; F4:
10058-F4; DMSO: dimethyl sulfoxide. B. Timeline of the therapeutic delivery of drugs.
Foxp3and Tscldouble cKO littermates were dosed intraperitoneally with DMSO or Torinl
or Torin1+F4 weekly (black arrows). C. Representative MRI images of the prostates
(outlined in yellow) of 40-week-old mice. D. Prostate volumes of individual mice. * p<0.05,
by one-way ANOVA followed by protected least-significant difference test vs. the group
dosed with DMSO. Horizontal lines represent the average values. E. Histologic analysis in
the ventral (VP), lateral (LP), and anterior (AP) lobes of prostates from Foxp3and 7scl
double cKO mice after treatment, identified by H&E staining. F and G, Kaplan—-Meier
curves of mPIN and cancer incidences in the mice at 43 weeks of age after treatments. Large
white arrow, starting time of treatment. Thin arrows, time points of mouse sacrifice (n=5
mice/per time point). * p<0.05, log-rank test vs. the DMSO group. All experiments were
repeated two times.
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Figure 7. Protein expression levels of FOXP3, TSC1, and c-MYC in human primary prostate
cancers.

A, IHC analyses with specific antibodies against human FOXP3, TSC1, and c-MYC were
performed for 151 primary prostate cancer samples. Red arrows indicate Treg cells. This
experiment was repeated two times. B, Correlation of the H-scores of FOXP3, TSC1, and c-
MY C staining in the human prostate cancer samples. All experiments were repeated two
times.
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