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Protein arginine methyltransferase 5 functions as an epigenetic
activator of the androgen receptor to promote prostate cancer
cell growth
X Deng1, G Shao1,2, H-T Zhang1,3, C Li4, D Zhang5, L Cheng6, BD Elzey7, R Pili8, TL Ratliff7,9, J Huang10 and C-D Hu1,9

Protein arginine methyltransferase 5 (PRMT5) is an emerging epigenetic enzyme that mainly represses transcription of target genes
via symmetric dimethylation of arginine residues on histones H4R3, H3R8 and H2AR3. Accumulating evidence suggests that PRMT5
may function as an oncogene to drive cancer cell growth by epigenetic inactivation of several tumor suppressors. Here, we provide
evidence that PRMT5 promotes prostate cancer cell growth by epigenetically activating transcription of the androgen receptor (AR)
in prostate cancer cells. Knockdown of PRMT5 or inhibition of PRMT5 by a specific inhibitor reduces the expression of AR and
suppresses the growth of multiple AR-positive, but not AR-negative, prostate cancer cells. Significantly, knockdown of PRMT5 in
AR-positive LNCaP cells completely suppresses the growth of xenograft tumors in mice. Molecular analysis reveals that PRMT5 binds
to the proximal promoter region of the AR gene and contributes mainly to the enriched symmetric dimethylation of H4R3 in the
same region. Mechanistically, PRMT5 is recruited to the AR promoter by its interaction with Sp1, the major transcription factor
responsible for AR transcription, and forms a complex with Brg1, an ATP-dependent chromatin remodeler, on the proximal
promoter region of the AR gene. Furthermore, PRMT5 expression in prostate cancer tissues is significantly higher than that in
benign prostatic hyperplasia tissues, and PRMT5 expression correlates positively with AR expression at both the protein and mRNA
levels. Taken together, our results identify PRMT5 as a novel epigenetic activator of AR in prostate cancer. Given that inhibiting AR
transcriptional activity or androgen synthesis remains the major mechanism of action for most existing anti-androgen agents, our
findings also raise an interesting possibility that targeting PRMT5 may represent a novel approach for prostate cancer treatment by
eliminating AR expression.
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INTRODUCTION
Protein arginine methyltransferase 5 (PRMT5) is a type II arginine
methyltransferase that epigenetically regulates gene transcription
by symmetrically dimethylating histone H4 arginine 3 (H4R3me2s),
histone H3 arginine 8 (H3R8me2s) or histone H2A arginine 3
(H2AR3me2s).1,2 PRMT5 also modulates the function of non-
histone protein substrates by dimethylating arginine residues on
the proteins. By regulating transcription of target genes or post-
translational modifications of signaling proteins, PRMT5 is
implicated in the regulation of many cellular processes such as
cell cycle progression, apoptosis and DNA-damage response.
Accumulating evidence shows that PRMT5 is overexpressed in
several human cancers, and its expression positively correlates
with disease progression and poor outcomes.3–8 Mechanistic
studies have suggested that PRMT5 may function as an oncogene
by epigenetic repression of several tumor suppressor genes or by
post-translational modification of signaling molecules.9,10

Prostate cancer remains the most common non-cutaneous
cancer among American men.11 Although many molecules and
signaling pathways that regulate prostate cancer development

and progression have been identified and characterized, andro-
gen receptor (AR) signaling is the most important factor that
drives prostate cancer development and progression.12–14 Thus,
targeting AR signaling, such as androgen deprivation therapy
(ADT), is a standard treatment for patients with locally advanced
and metastatic disease. Despite the initial response to ADT, the
majority of prostate cancers progress to a lethal status known
as castration resistant prostate cancer (CRPC) owing to AR
reactivation, which includes AR gene amplification, AR mutations,
AR splice variants, androgen-independent activation of AR by AR
modulators and intratumoral de novo androgen synthesis in
prostate cancer cells.13,15,16 Recent evidence further shows that AR
reactivation is also the major mechanism of resistance to the
two next-generation anti-androgen agents abiraterone and
enzalutamide.17,18 Therefore, the expression of wild-type or
mutant AR is absolutely required in both hormone naive prostate
cancer and CRPC. However, compared with extensive studies
of AR co-activators and co-repressors including epigenetic
regulators,19–24 how AR expression is regulated, particularly at
the epigenetic level, remains largely unknown.
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Here, we report that PRMT5 is highly expressed in prostate
cancer tissues and that its expression positively correlates with the
expression of AR. Molecular analysis reveals that PRMT5 epigen-
etically activates the transcription of AR via symmetric dimethyla-
tion of H4R3 and promotes prostate cancer cell growth in vitro and
xenograft tumor growth in mice. Given that current AR-targeting
strategies, which are largely based on the inhibition of AR
transcriptional activity or inhibition of androgen synthesis, are
ultimately ineffective, our findings raise an interesting possibility
that targeting PRMT5 may be explored as a novel therapeutic
approach to inhibit or eliminate AR expression for prostate cancer
treatment.

RESULTS
PRMT5 expression is required for prostate cancer cell growth in an
AR-dependent manner
We and others previously reported that knockdown of PRMT5
inhibited cell growth in LNCaP cells.25,26 To further investigate this,
we examined the role of PRMT5 in DU145 and PC-3 cells by
transiently knocking down PRMT5, and did not observe any
significant effect on cell growth when compared with scrambled
control (SC; Supplementary Figure S1a–d). Knockdown of PRMT5
in LNCaP cells also exhibited a pronounced inhibitory effect on
colony formation in soft agar (Supplementary Figure S1e). Next,
we established stable cell lines using LNCaP and DU145 that can
be induced by doxycycline (Dox) to express short-hairpin RNA
(shRNA), and confirmed that inducible knockdown of PRMT5
indeed showed significant growth inhibition in LNCaP cells
(Figure 1a), but not in DU145 cells (Figure 1b). Because DU145
and PC-3 cells do not express detectable level of AR,27 these
results suggest that PRMT5 may regulate prostate cancer cell
growth in an AR-dependent manner. To confirm this, we
established Dox-inducible stable cell lines using LNCaP-derived
CRPC cell line C4-2 cells that express a higher level of PRMT5 and
AR (Supplementary Figure S2), and normal prostate epithelial
RWPE-1 cells that do not express detectable AR in the absence of
androgen stimulation.28,29 Again, knockdown of PRMT5 signifi-
cantly inhibited cell growth in C4-2 cells, but had no effect on cell
growth in RWPE-1 cells (Figures 1c and d). Consistent with the
growth inhibition in LNCaP and C4-2 cells, PRMT5 knockdown also
downregulated AR expression (Figure 1e). As a result, the mRNA
level of AR target genes PSA, KLK2 and TMPRSS2 was decreased by
PRMT5 knockdown30 (Figure 1f). To further confirm that AR
mediates the effect of PRMT5 on the regulation of cell growth, we
performed a rescue experiment by expressing FLAG-AR under the
control of a CMV promoter, and observed that overexpressed
FLAG-AR completely abolished the growth inhibition induced by
PRMT5 knockdown (Figures 1g and h). Similar results were
obtained when the LNCaP stable cell line was used and the
target gene expression was partially rescued (Supplementary
Figure S3). Thus, AR downregulation is likely responsible for the
growth inhibition induced by PRMT5 knockdown.
Recently, a PRMT5-specific small molecule inhibitor Compound

5 (named here as BLL3.3) has been identified.31 To determine
whether inhibition of PRMT5 by BLL3.3 can recapitulate the effect
of PRMT5 knockdown in prostate cancer cells, we treated LNCaP
cells with BLL3.3, and observed that the growth of LNCaP cells and
the expression of AR were significantly inhibited (Supplementary
Figures S4a and b). No inhibitory effect was observed when
DU145 and RWPE-1 cells were similarly treated with BLL3.3
(Supplementary Figures S4c and d). These results provide
additional evidence that the enzymatic activity of PRMT5 is
required for AR expression and cell growth in prostate cancer cells.

AR is an epigenetic target of PRMT5 in prostate cancer cells
To determine how PRMT5 regulates AR expression, we examined
the effect of PRMT5 knockdown on AR transcription by performing
quantitative real-time PCR (qRT-PCR), and observed that transient
knockdown of PRMT5 decreased the mRNA level of AR by ~ 50%
(Figure 2a). As PRMT5 may regulate AR transcription epigenetically
or indirectly via the regulation of AR transcriptional regulators, we
examined the effect of PRMT5 knockdown on the AR-Luciferase
reporter gene (AR-Luc) activity, and observed that PRMT5 knock-
down had no impact on the AR-Luc activity (Figure 2b). This result
suggests that a native chromatin status is required for the
downregulation of AR by PRMT5 knockdown. Thus it is likely
through epigenetic control of AR transcription. Indeed, the
symmetric dimethylation status of H4R3 was significantly enriched
on the proximal promoter region of the AR gene when compared
with H3R8 and H2AR3 (Figure 2c), despite that all three antibodies
can efficiently immunoprecipitate histones H4, H3 and H2A
(Supplementary Figure 5). Knockdown of PRMT5 exhibited a
greater inhibitory effect on the methylation status of H4R3
(Figure 2d), but a lesser effect on H3R8 and H2AR3
(Supplementary Figure S6). Consistent with this, knockdown of
PRMT5 reduced the binding of PRMT5 to the proximal promoter
region of the AR gene (Figure 2e), and decreased the level of
H4R3me2s on the AR promoter region (Figure 2f). Further,
treatment of LNCaP cells with the PRMT5 inhibitor BLL3.3 also
decreased the level of AR and H4R3me2s (Supplementary
Figure S4b). Taken together, these results demonstrate that
PRMT5 epigenetically activates AR transcription by symmetrically
dimethylating H4R3.

PRMT5 interacts with Sp1 and Brg1 on the AR promoter
To determine how PRMT5 is recruited to the AR promoter, we
examined whether PRMT5 interacts with Sp1, the major and only
well-characterized transcription factor that positively regulates AR
transcription in prostate cancer cells.32,33 Indeed, Sp1 was
co-immunoprecipitated with PRMT5 from LNCaP cells (Figure 3a).
Because both H3R8me2s and H4R3me2s are associated with the
activation of target gene expression when PRMT5 is associated
with the ATP-dependent chromatin-remodeling enzyme Brg1,34,35

we performed co-immunoprecipitation and found that Brg1 was
also co-immunoprecipitated with PRMT5 from LNCaP cells
(Figure 3b). To substantiate this finding, we established a Dox-
inducible Sp1 knockdown cell line (LNCaP-shSp1) and confirmed
that knockdown of Sp1 indeed repressed AR expression
(Figure 3d). Significantly, knockdown of Sp1 in this cell line not
only abolished the binding of Sp1 to the proximal promoter
region of the AR gene (Figure 3d), but also abolished the binding
of PRMT5 (Figure 3e) as well as reduced the binding of Brg1 to the
same region (Figure 3f). These results together suggest that Sp1,
PRMT5 and Brg1 form a complex on the AR proximal promoter
region to activate AR transcription.

PRMT5 is overexpressed in human prostate cancer tissues and
correlates with AR expression
Next, we examined the expression level of PRMT5 in a human
prostate cancer tissue microarray (TMA) consisting of 32 benign
prostatic hyperplasia (BPH) tissues and 40 prostate cancer tissues
(20 with Gleason score 6 and 20 with Gleason score⩾ 7), and
found that PRMT5 expression was significantly higher in prostate
cancer tissues than BPH tissues (Figure 4a). Although there is no
statistically significant difference in the expression scores between
prostate cancer tissues with Gleason score 6 and those with
Gleason score 7 and above, 60% of prostate cancer tissues with
Gleason score 7 and above showed moderate to high expression
(total expression score 40–60) of PRMT5 whereas 40% of prostate
cancer tissues Gleason score 6 had similar expression of PRMT5.
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Because PRMT5 subcellular localization appears to be an
important determinant of cell fate,36,37 we compared the
expression level of PRMT5 in both the cytoplasm and the nucleus

and observed that some cells showed more nuclear or cytoplas-
mic localization of PRMT5. However, there was no significant
difference in PRMT5 subcellular localization in either BPH tissues

Figure 1. PRMT5 regulates prostate cancer cell growth in an AR-dependent manner. (a–d) Induction of PRMT5 knockdown by doxycycline
(Dox+) inhibited cell proliferation in AR-expressing LNCaP and C4-2 cells but not in DU145 and RWPE-1 cells that do not express AR. (e) PRMT5
knockdown induced by Dox decreased AR expression in LNCaP and C4-2 stable cell lines. (f) Knockdown of PRMT5 in LNCaP-shPRMT5 cells
reduced the mRNA level of the indicated AR target genes measured by qRT-PCR. (g) Restored cell growth by exogenous expression of FLAG-
AR in LNCaP cells transiently co-transfected with SC, or pLKO-Tet-On-shPRMT5 (KD) in combination with pFLAG-CMV (Vec) or pFLAG-CMV-AR
(AR). (h) Representative Western blots from g to verify the expression of FLAG-AR and the knockdown of PRMT5. *Po0.05; **Po0.01; and
***Po0.001.
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or prostate cancer tissues (Supplementary Figure S7). To analyze
the correlation between AR and PRMT5 expression, we examined
the expression of AR from the same TMA. In fact, PRMT5
expression in the nucleus correlated positively with AR expression
in prostate tissues (Figures 4b and c). We also retrieved data from
Oncomine that have 460 cases in each study, and found that
PRMT5 expression correlated with AR at the transcript level in
prostate cancer tissues (Figure 4d). Thus, it is likely that nuclear-
localized PRMT5 may activate AR transcription in prostate tissues.

PRMT5 knockdown inhibits AR expression and suppresses the
growth of xenograft tumors in mice
To determine whether PRMT5 expression is necessary for the
growth of xenograft tumors in mice, we used Dox-inducible stable
cell lines expressing PRMT5 shRNA (LNCaP-shPRMT5) or SC
(LNCaP-SC) to establish xenograft tumors in nude mice. As shown
in Figure 5a, knockdown of PRMT5 completely suppressed the
growth of LNCaP xenograft tumors. In fact, tumor growth in 8 out
of 10 Dox-treated mice were completely suppressed. There was no
significant difference in the growth of tumors derived from
LNCaP-SC regardless of the Dox status (Figure 5b). The expression

level of PRMT5 and AR was also downregulated in Dox-treated
residual tumor nodules derived from LNCaP-shPRMT5 when
compared with Dox-untreated (Figure 5c). Similar expression of
PRMT5 and AR was observed in SC control tumors regardless of
the Dox status (Figure 5d). These results demonstrate that PRMT5
is required for the growth of xenograft tumors in mice.

DISCUSSION
AR signaling is a critical determinant of prostate cancer develop-
ment and progression. Many studies have characterized how AR
transcriptional activity is modulated by its co-activators and
co-repressors.19,21,24 However, how the transcription of AR itself is
regulated, particularly at the epigenetic level, remains poorly
understood. Here, we provide evidence showing that PRMT5 is a
novel epigenetic activator of AR transcription in prostate cancer.
First, knockdown of PRMT5 or inhibition of PRMT5 by a small
molecule inhibitor specifically inhibited the growth of prostate
cancer cells in an AR-dependent manner. Second, knockdown of
PRMT5 specifically inhibited AR transcription. Third, PRMT5 binds
to the proximal promoter region of the AR gene along with Sp1

Figure 2. Epigenetic activation of AR transcription by PRMT5 in LNCaP cells. (a) Transient knockdown of PRMT5 (KD) reduced AR mRNA level
when compared with SC. (b) Transient knockdown of PRMT5 had no effect on the AR-luciferase reporter gene (AR-Luc) activity. (c) Enrichment
of H4R3me2s, but not H3R8me2s and H2AR3me2s, on the proximal promoter region of the AR gene in LNCaP cells. (d) Transient knockdown
of PRMT5 reduced symmetric dimethylation of H4R3 (H4R3me2s). (e) Knockdown of PRMT5 induced by doxycycline (Dox+) reduced PRMT5
binding to the proximal promoter region of the AR gene when compared with cells without Dox (Dox− ). (f) Knockdown of PRMT5 induced by
doxycycline (Dox+) reduced the enrichment of H4R3me2s on the proximal promoter region of the AR gene when compared with cells without
Dox (Dox− ).
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and Brg1. Fourth, H4R3me2s is highly enriched on the proximal
promoter region of the AR gene. Fifth, PRMT5 is highly expressed
in prostate cancer tissues and its expression correlates positively
with AR expression at both mRNA and protein levels. Finally,
depletion of PRMT5 expression completely suppressed the growth
of LNCaP xenograft tumors in mice by downregulating AR
expression.
Transcriptional regulation of gene expression is a tightly

regulated process that involves the participation of multiple
transcriptional regulatory proteins such as transcription factors,
co-activators and co-repressors as well as chromatin-remodeling
enzymes. Consistent with the fact that Sp1 is the major and well-
characterized transcription factor that activates AR transcription in
prostate cancer cells,33,38 we indeed confirmed that Sp1 binds to
the AR promoter and regulates AR expression in LNCaP cells.
Because PRMT5 interacts with Sp1 and Brg1 and because Sp1
knockdown also reduces the binding of PRMT5 to the AR
promoter, we suggest that Sp1 may recruit PRMT5 to the AR
promoter. Interestingly, Brg1, an ATP-dependent chromatin
remodeler,39 was also recruited to the AR promoter through its
interaction with PRMT5. This finding suggests that PRMT5-
mediated H4R3 dimethylation could also activate transcription
of target genes such as AR when Brg1 is recruited to the
promoters (Figure 6), though PRMT5 generally represses transcrip-
tion of target genes. Interestingly, PRMT5-mediated H3R8

dimethylation is also involved in transcriptional activation of
target genes when Brg1 is recruited to the target gene
promoters.34,35 Although this manuscript was in preparation, a
recent report showed that PRMT5 can dimethylate H4R3 and H3R8
to regulate the expression of the protein kinase FLT3 in acute
myeloid leukemia cells via two distinct pathways.40 Thus,
dimethylation of either H3R8 or H4R3 by PRMT5 may permit
ATP-dependent chromatin remodeling, leading to activation or
repression of target gene transcription. Given that PRMT5 and
Brg1 also cooperate to repress transcription of target genes41–43

and that AR transcription is subjected to the regulation of DNA
methylation and histone lysine methylation,44 it is likely that AR
transcription is subjected to a high order of epigenetic regulation.
Future studies to gain insight into the epigenetic regulation of AR
may offer new opportunities to develop novel targeting strategies
to inhibit or even eliminate AR expression. Because PRMT5
may exhibit an opposite role in the cytoplasm and nucleus in
cells,9,25 it remains to be determined whether cytoplasmic- and
nuclear-localized PRMT5 may have distinct effects on the
transcription of AR.
The present finding has significant clinical implications due to

the central role of AR in prostate cancer development and
progression. Our findings here, together with a previous study
showing that PRMT5 may form a complex with MEP50 and AR to
modulate the transcriptional activity of AR,45 raise an interesting

Figure 3. PRMT5 interacts with Sp1 and Brg1 on the proximal promoter region of the AR gene in LNCaP cells. (a) Co-immunoprecipitation of
Sp1 with PRMT5. (b) Co-immunoprecipitation of Brg1 with PRMT5. (c) Knockdown of Sp1 induced by doxycycline (Dox+) reduced AR
expression in Dox-inducible stable cell line LNCaP-shSp1. (d–f) Dox-induced knockdown of Sp1 reduced the binding of Sp1, PRMT5 and Brg1
to the same proximal promoter region of the AR gene. *Po0.05 and ***Po0.001.
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possibility that targeting PRMT5 may have a dual effect on both
the expression and activity of AR. Thus, PRMT5 may be an ideal
target for development of novel therapeutics. As radiotherapy in
combination with adjuvant ADT is the current standard treatment
for locally advanced prostate cancer, combining radiotherapy with
PRMT5 targeting may be an alternative approach. Perhaps

targeting AR expression by inhibiting PRMT5 may avoid some
adverse effects often seen with ADT. It is worth noting that PRMT5
also regulates the expression of AR in the CRPC line C4-2. As AR
reactivation is the major mechanism underlying the development
of CRPC13,14 and the resistance to the next-generation anti-
androgen therapy,17,18 targeting PRMT5 alone or in combination

Figure 4. PRMT5 expression correlates positively with AR expression in prostate cancer. (a) Shown are representative immunohistochemistry
staining images (magnification × 400) of PRMT5 in benign tissue (N5), Gleason 6 prostate cancer tissue (6T1) and Gleason 7 prostate cancer
tissue (7T8). The total expression score of PRMT5 is significantly higher in prostate cancer tissues (PCa) when compared with BPH. Scale bar,
30 μm. (b) PRMT5 expression correlates positively with AR expression at the protein level in the same TMA from a. (c) Representative images of
PRMT5 and AR expression from serial sections of prostate cancer tissues. The upper panels show higher expression of both PRMT5 and AR in
the nucleus and the lower panels show weaker expression of both PRMT5 and AR in the nucleus. Scale bar, 30 μm. (d) PRMT5 expression
correlates positively with AR expression at the transcript level. The data were retrieved from Oncomine database.
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with other AR-targeting agents may exhibit a better treatment
efficacy than the existing treatments. Given that two small
molecule inhibitors of PRMT5 have been developed,31,40,46

preclinical evaluation of these inhibitors alone or in combination
with radiotherapy or other AR-targeting agents may lead to the
development of novel therapeutic approaches for prostate cancer
treatment.

MATERIALS AND METHODS
Cell lines and culture
Prostate cancer cell lines LNCaP, DU145, and PC-3 as well as RWPE-1 cells
were purchased from ATCC (Manassas, VA, USA) and C4-2 cells were
purchased from M.D. Anderson Cancer Center (Houston, TX, USA).
All frozen stock received were immediately expanded and aliquots were
prepared and stored in liquid nitrogen for future use, and cells were
maintained for no longer than 3 months as described previously.30,47 Cell
line authentication was performed by IDEXX BioResearch (IMPACT I). The
establishment of stable cell lines was described previously.26,30

Plasmid construction
The pLKO-Tet-On plasmid for expressing shRNA was obtained from Addgene
(Cambridge, MA, USA),48 and the two shRNA sequences that target 5′-

GCCCAGTTTGAGATGCCTTAT-3′ (#1577) and 5′-CCCATCCTCTTCCCTATTAAG-3′
(#1832) for PRMT5 knockdown and that target 5′-CCACTCCTTCAGCCCTTATTA
-3′ (#2310) for Sp1 knockdown were selected for constructing pLKO-Tet-On-
shPRMT5 and pLKO-Tet-On-shSp1 as described previously.30 The pLKO-Tet-
On-SC and pFLAG-CMV-AR were constructed before.30 The AR promoter
luciferase reporter gene construct and the PSA promoter luciferase reporter
gene construct were kindly provided by Dr Donald Tindall. pFLAG-CMV-AR
was made by subcloning the AR cDNA into pFLAG-CMV vector. All plasmids
were confirmed by DNA sequencing.

Cell proliferation assay
The cell proliferation assay was performed using MTT reagent (Sigma, St Louis,
MO, USA). For transient transfection experiments, LNCaP, DU145 or PC-3 cells
(4×103) were seeded in 48-well plates for 24 h, and then transiently
transfected with pLKO-Tet-On-shPRMT5 (#1577) or the SC control using
FuGENE HD or FuGENE 6 (Promega, Madison, WI, USA) for 96 h after the
transfection. For MTT analysis, cell medium was removed and 70 μl of MTT
solution (0.5 mg/ml) was added into each well and incubated at 37 °C for 4 h.
At the end of incubation, MTT solution was removed and 130 μl of DMSO was
added into each well and incubated at 37 °C for another 10 min. The plates
were then read at 560 nm with TECAN Microplate Reader (TECAN, Mannedorf,
Switzerland). For LNCaP, DU145, C4-2 and RWPE-1 stable cell lines, similar
procedure was followed except that Dox was added at 1 μg/ml to induce
PRMT5 knockdown during culture. At least three independent experiments
were performed and the mean±s.d. was presented. Student’s t-test was
performed to determine the statistical significance. The effect of PRMT5
inhibitor BLL3.3 on the growth of LNCaP, DU145 and RWPE-1 cells was
similarly determined by MTT.

Soft-agar growth assay
The soft-agar growth assay to measure anchorage-independent prolifera-
tion of LNCaP cells was performed by using the 96-well plate format as
described previously.49 Briefly, LNCaP cells were transfected with pLKO-
Tet-On-shPRMT5 (#1577) or pLKO-Tet-On-SC for 24 h, and then 2.5 × 103

cells were added into the middle layer agar. Dox was added into each layer

Figure 5. Knockdown of PRMT5 suppresses the growth of xenograft tumors in mice. (a) LNCaP-shPRMT5 cells were implanted subcutaneously
into the right lower flanks of 10 nude mice per group, and the tumor growth was monitored twice weekly in Dox-treated (Dox+) and
untreated (Dox− ) mice. (b) Similar experiment was performed as described in a for LNCaP-SC cell line. (c and d) Representative images
showing inhibition of PRMT5 and AR expression in Dox-treated tumor nodules. No effect on PRMT5 and AR expression in xenograft tumors
derived from LNCaP-SC was observed. Scale bar: 10 μm.

Figure 6. Proposed model for epigenetic activation of AR transcrip-
tion by PRMT5.
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of soft agar at 1 μg/ml to induce the expression of shRNAs. The plates were
incubated at 37 °C, 5% CO2 for 7 days. To quantify the colony-formation
efficiency, 16 μl of AlamerBlue Cell Viability Reagent (Invitrogen, Carlsbad,
CA, USA) was added into each well and incubated at 37 °C for another 4 h.
Fluorescence intensity was measured at 570EX nm/600EM nm using Multi-
Mode Microplate Reader (BioTek, Winooski, VT, USA). Experiments were
performed in triplicate, and results from three independent experiments
were analyzed and presented as mean± s.d. Student’s t-test was used to
determine the statistical significance.

qRT-PCR and western blotting
To determine the effect of PRMT5 knockdown on AR expression, PRMT5 were
transiently or stably knocked down in LNCaP cells for 96 h, and total RNA was
isolated using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA).
One microgram of total RNA was used for reverse transcription using the High
Capacity cDNA Reverse Transcription Kit (Promega) according to manufac-
turer’s instruction. The qRT-PCR analysis of AR or AR target genes (PSA, KLK2,
TMPRSS2) was performed as described previously.30 Antibodies against AR
(SC-816, Santa Cruz, CA, USA), PRMT5 (07-405, Millipore, Billerica, MA, USA),
PSA (1984-1, Epitomics, Burlingame, CA, USA), FLAG (Sigma, F-1804), Sp1
(ab13370, Abcam, Cambridge, MA, USA), H4R3me2s (Abcam, ab5823),
H3R8me2s (Abcam, ab130740), H2AR3me2s (Abcam, ab22397), and Brg1
(Abcam, ab110641) were used for western blotting analysis.

Chromatin immunoprecipitation assay
The LNCaP stable cell line or parental cells were cultured in the presence or
absence of Dox (1 μg/ml) for 96 h. At the end of induction, 270 μl of 37%
formaldehyde was added into each dish and incubated at room
temperature for 10 min. Then 1 ml of 1.25 M glycine was added to stop
the cross-linking reaction. Cells were then harvested, resuspended in 1 ml
of immunoprecipitation buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM

EDTA, 1% TritonX-100, 0.5% NP-40, 0.5 mM DTT, and protease and
phosphatase inhibitors), and finally sonicated (Branson Sonifier250set,
Wilmington, NC, USA) to prepare sheared chromatin. Antibodies against
PRMT5 (Millipore, 07-405), Sp1 (Santa Cruz, SC7824), Brg1 (Abcam,
ab110641), H4R3me2s (Abcam, ab5823), H3R8me2s (Abcam, ab130740),
H2AR3me2s (Abcam, ab22397) and IgG (Santa Cruz, SC2027) were used
to immunoprecipiate protein-DNA complexes for isolation of PCR-
ready DNA using the Fast ChIP protocol described previously.50 The
co-immunoprecipitated proximal promoter region of AR (−493 to − 226)
was quantified by qRT-PCR. Results were normalized to the IgG control and
are presented as mean± s.d. from three independent experiments.
Student’s t-test was used to determine the statistical significance.

Co-immunoprecipitation of PRMT5 with Sp1 and Brg1
Total cell lysate of LNCaP cells was prepared in immunoprecipitation buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% TritonX-100, 0.5%
NP-40, 0.5 mM DTT, and protease and phosphatase inhibitors) for
co-immunoprecipitation. Anti-PRMT5 antibody or IgG was used to immuno-
precipitate PRMT5 from 500 μg of total lysate, and co-immunoprecipitated
Sp1 and Brg1 was detected with Sp1 and Brg1 antibodies.

Expression of PRMT5 and AR and the analysis of their correlation in
prostate cancer tissues
A TMA consisting of 32 BPH tissues and 40 prostate cancer tissues (20 with
Gleason score 6 and 20 with Gleason score⩾ 7) was used for immunohis-
tochemistry analysis of PRMT5 and AR expression. Briefly, paraffin section of
the TMA was deparaffinized in xylene and rehydrated in graded ethanol,
followed by inactivation of endogenous peroxidase activity in 3% hydrogen
peroxide for 10 min. Antigen retrieval was performed by heating slides in
10 mM Tris-HCl (pH 10) for 30 min in microwave. After three washes with
phosphate-buffered saline containing 0.1% Tween 20 (PBST), slides were
blocked in 5% non-fat milk in PBST at room temperature for 1 h. The primary
antibodies against PRMT5 or AR was incubated at 4 °C overnight, followed
by three washes with PBST and incubation with HRP-conjugated anti-rabbit
secondary antibodies (Amersham, Pittsburgh, PA, USA) at room temperature
for 1 h. The signal was developed with diaminobenzidine for 10 min, and
sections were counterstained with hematoxyline. The semi-quantification of
PRMT5 and AR expression was performed as described previously with slight
modifications.51 The intensity was scored as 0 (no expression), 1 (low
expression), 2 (moderate expression) and 3 (high expression), and the
percentage of cells showing the expression was scored ranging from 0 to 10

with 10 as the highest percentage (100%). The expression score for
cytoplasmic- and nuclear-localized PRMT5 was respectively determined by
the intensity score times the percentage (0–30), and the total expression score
is the sum of the cytoplasmic and nuclear expression scores (0–60). The
unpaired t-test was used to determine the statistical significance of the total
mean expression score between BPH and prostate cancer tissues, and paired
t-test was used to determine the difference in expression scores between
cytoplasmic-localized PRMT5 and nuclear-localized PRMT5. The same semi-
quantification method was used for AR expression in the nucleus.
To determine the correlation between the expression of PRMT5 and AR

in the nucleus in prostate tissues, their nuclear expression scores were
used for Pearson’s analysis. To determine the correlation of PRMT5 and AR
expression at the transcript level, we retrieved their expression data from 8
studies that have 460 tissues from Oncomine. The statistic Q was
calculated to test the homogeneity of effect sizes across studies for each of
the three methods (Pearson’s, Spearman’s and Kendall’s),52 and it was
found that the effect sizes across studies were not homogeneous (all with
P-valueo1e− 12). Therefore, we used a random-effects model for the
meta-analysis of each method.53

Xenograft tumor growth in nude mice
Animal experiments were approved by the Purdue University Animal Care
and Use Committee. Male athymic nude mice (5–7 week old) were
purchased from Harlan Laboratories (Indianapolis, IN, USA), and 3×106 cells
of established stable cell lines that inducibly express PRMT5 shRNA or SC
were co-injected subcutaneously into the right lower flank of 20 mice with
Matrigel (1:1 in volume). Assuming that PRMT5 knockdown can reduce tumor
volume by 30% and that standard deviation within each group is about 25%
of the mean tumor volume, a sample size of 10 male mice per group will
have over 80% power to detect a 30% difference between the two groups at
alpha level 0.05. Mice were randomly divided into two groups (10 mice/
group) for each stable cell line by using Excel-based randomization method,
and treated with Dox (1 mg/ml in drinking water) or without Dox (drinking
water only). Tumor growth was monitored twice weekly, and tumor volume
was calculated using ½×L×W×H without using blinding method. At the
end of experiments, tumors were resected and formalin fixed, and paraffin
embedded. Immunohistochemistry analysis of PRMT5 and AR expression was
similarly performed as described above. We used the following linear mixed
model to model the j-th observed xenograft tumor volume of i-th mouse,
that is, yij, assuming cubic polynomial growth of tumors over time,

yij ¼ γi0 þ γi1tj þ γi2t
2
j þ γi3t

3
j þ εij ; εij � Nð0; σ2Þ; γik � Nðβk þ δkDi ; σ

2
kÞ;

Where, tj is the number of days after implantation for the j-th observation,
Di indicates whether the i-th subject is under Dox. The random-effects are
independent, and the errors of the same subject are assumed to follow a
first-order continuous autoregressive model.
To evaluate the effects of Dox on the tumor growth, we are subject to test

the H0: δ0 =δ1=δ2=δ3 =0 against Hα: at least one of δ0, δ1, δ2, δ3 is not zero.
We used the likelihood ratio test (χ2-test) to conduct the hypothesis tests.
For PRMT5 knockdown, the P-value is 1.9305× 10− 6. For SC, the P-value

is 0.1670. Error bar, s.e.m.
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