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Abstract

Androgen receptor (AR) activation is critical for prostate cancer development and progression,
including castration-resistance. The nuclear export signal of AR (NESAR) plays an important role
in AR intracellular trafficking and proteasome-dependent degradation. Here, we identified the
RNA helicase DHX15 as a novel AR co-activator using a yeast mutagenesis screen and revealed
that DHX15 regulates AR activity by modulating E3 ligase Siah2-mediated AR ubiquitination
independent of its ATPase activity. DHX15 and Siah2 form a complex with AR, through NESAR,
DHX15 stabilized Siah2 and enhanced its E3 ubiquitin ligase activity, resulting in AR activation.
Importantly, DHX15 was upregulated in prostate cancer specimens and its expression was
correlated with Gleason scores and PSA recurrence. Furthermore, DHX15 immunostaining
correlated with Siah2. Finally, DHX15 knockdown inhibited the growth of C4-2 prostate tumor
xenografts in mice. Collectively, our data argue that DHX15 enhances AR transcriptional activity
and contributes to prostate cancer progression through Siah2.
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Introduction

Prostate cancer (PCa) is the most commonly diagnosed malignancy and the second leading
cause of cancer-related mortality in American males, with an estimated 161,360 new cases
and 26,730 deaths expected in 2017 (Siegel et al 2015). Androgen-deprivation therapy
(ADT) remains the first-line therapy for men with metastatic PCa, however, most patients
ultimately relapse with castration-resistant prostate cancer (CRPC) which is presently
incurable and accounts for most PCa mortality (B.A. Hellerstedt 2002). The androgen
receptor (AR), which plays a key role during all stages of prostate carcinogenesis including
CRPC progression (Chan and Dehm 2014, Kobayashi et al 2013), consists of an N-terminal
domain (NTD), DNA-binding domain (DBD), hinge region, and ligand-binding domain
(LBD) (Gelmann 2002, Lonergan and Tindall 2011). In the presence of androgens which
bind to LBD, AR translocates from the cytoplasm to the nucleus and transactivates
downstream genes. AR trafficking is regulated by multiple signals including two nuclear
localization signals (NLs), NL1 in the DBD and hinge region and NL2 in the androgen-
bound LBD (Picard and Yamamoto 1987, Poukka et al 2000, Saporita et al 2003, Zhou et al
1994). Our previous work identified one nuclear export signal (NESAR) within the
androgen-free LBD and demonstrated NESAR (a.a. 743-817) is dominant over NLs in the
absence of androgens and is necessary for the cytoplasmic localization of AR (Saporita et al
2003). Recently, we showed that NESAR can signal for polyubiquitination and proteasome-
dependent degradation of NESAR-containing fusion proteins (Gong et al 2012). NES is
functionally conserved in the steroid receptor superfamily, and both GFP-tagged NESER and
NESMR exhibit cytoplasmic localization and are targets of ubiquitination like NESAR,
suggesting that this conserved region in the nuclear hormone receptor family mediates the
cellular trafficking and ubiquitin-proteasome system-dependent degradation of these
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receptors. Unlike the leucine-rich NES, NESAR-mediated export is independent of the
Crm-1/exporting-1 pathway (Nguyen et al 2014) and the mechanisms of NESAR function
remain to be elucidated. Given that the aberrant nuclear localization and overexpression of
AR represent two critical events in CRPC (Ferraldeschi et al 2015, Shafi et al 2013),
understanding the mechanisms underlying NESAR-mediated trafficking and degradation
may provide new insights into mechanisms involved in castration resistance.

Siah2 is a RING finger type ubiquitin ligase consisting of a catalytic RING domain at its N-
terminus, two zinc fingers, and a C-terminal substrate binding domain (SBD) (Reed and Ely
2002). A number of proteins have been identified as the substrates of Siah2, including N-
CoR, PHD, Sprouty2, p-catenin, and FIH (Fukuba et al 2008, Matsuzawa and Reed 2001,
Nadeau et al 2007, Nakayama et al 2004, Zhang et al 1998). Accumulating evidence showed
that Siah2 plays an important role in tumorigenesis and metastasis in multiple cancers,
including breast cancer, lung cancer, pancreatic cancer, melanoma and prostate cancer
(reviewed in (Nakayama et al 2009)). Recently, Siah2 was identified as an E3 ubiquitin
ligase of AR specifically targeting a selective pool of NCOR1-bound, repressed AR
chromatin complexes for degradation, promoting the expression of p300-bound AR
downstream genes involved in lipid metabolism, cell matility, and proliferation in prostate
cancer cells. Interestingly, Siah2 promotes AR activity without affecting the protein level of
endogenous AR. Importantly, Siah2 was required for the growth of CRPC tumors in mice
and analysis of human PCa specimens showed a significant upregulation of Siah2 in CRPCs
(Qi et al 2013). Thus, Siah2 is considered a critical player in the development of CRPC
(Freeman 2013). Notably, both of the two major Siah2-binding sites on AR, a.a.754 and a.a.
798, are located in the NESAR region (Qi et al 2013), suggesting NESAR may play a role in
Siah2-mediated ubiquitin-dependent degradation of AR.

Prp43 is an ATP-dependent DEAH-box helicase involved in the release of the intron lariat
during pre-messenger RNA (pre-mRNA) splicing and pre-ribosomal RNA (pre-rRNA)
processing (Arenas and Abelson 1997, Combs et al 2006, Tanaka et al 2007). Most reported
studies on Prp43 and its mammalian ortholog, DHX15, focused on their function as splicing
factors in RNA metabolism(Fourmann et al 2013, Koodathingal et al 2010, Walbott et al
2010). In the present study, using a yeast mutagenesis screen, we found that a point mutation
in Prp43 inhibited the function of NESAR in a fusion protein. Further experiments showed
that DHX15 forms a protein complex with AR and Siah2, regulates AR transcriptional
activity independent of its ATPase activity and contributes to prostate cancer progression.

Identification of PRP43 as a key regulator of NESAR in a yeast model system

We have previously reported that NESAR s functional in the yeast model (Nguyen et al
2014) and the fusion protein containing the NLSSV40 (2GFP- NLSSV40) |ocalized strongly to
the nucleus whereas 2GFP-NLS SV40- NESAR showed cytoplasmic localization in yeast
(Figure 1A). To identify factors required for NESAR to function, we performed a
mutagenesis screen in yeast for mutants incapable of supporting NESAR function. In these
yeast mutants, the 2GFP-NLSSV40-NESAR fusion protein should exhibit nuclear localization
since NLSSV40 should not be suppressed by NESAR when a key factor required for NESAR
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function is mutated. Wild-type yeast cells expressing 2GFP-NLSSV40-NESAR were treated
with ethyl methanesulfonate (EMS). Exposure to EMS typically results in point mutations,
specifically a change of G—A. Over 6000 clones were visually assessed and several clones
displaying nuclear localization of 2GFP-NLSSV40-NESAR were isolated. One of these
mutants was chosen for further characterization and gene identification. The original 2GFP-
NLSSV40-NESAR plasmid (exposed to mutagen) was removed and the mutant strain was
retransformed with mutagen naive plasmids. When the mutant yeast was retransformed with
2GFP-NLSSV40 or 2GFP-NLSSV40-NESPKI the localization of these fusion proteins was not
different from those observed in the wild-type yeast (Figure 1A). However, when 2GFP-
NLSSV40-NESAR was expressed in the mutant, GFP localization was nuclear, which was in
contrast to the GFP cytoplasmic localization in wild-type cells (Figure 1A). Since the
mutation did not affect localization of 2GFP-NLSSV40, the mutation did not affect the
nuclear import of 2GFP-NLSSV40-NESAR. Furthermore, it did not alter 2GFP-NLSSV40-
NESPK! localization. Thus, the Crm-1 pathway, which mediates NESPK!-mediated export,
should be intact in the mutant yeast. Collectively, these results suggested that the mutation
specifically abrogated the ability of NESAR to localize the 2GFP-NLSSV40-NESAR fusion
protein to the cytoplasm.

We then tested whether the mutant phenotype was resulted from a mutation in a single gene.
The tetrad analysis showed a 2:2 ratio of mutant:wild-type phenotype suggesting that the
mutant phenotype was the result of the mutation of a single gene. Interestingly, tetrad
analysis also revealed a 2:2 colony size phenotype (Figure 1B). Further analysis showed that
the GFP nuclear localization phenotype always segregated with the small colony size
phenotype (Figure 1B). In addition, when cells were incubated at the restrictive temperature
of 39°C, mutant cells were unable to grow, indicating that in addition to playing a role in
NESAR-mediated localization, this gene was important for cell growth.

To identify the mutated gene, we performed a rescue screen. The mutant strain was
transformed with a wild-type yeast genomic DNA library and then, taking advantage of the
fact that the mutant displayed temperature sensitive lethality, we looked for those clones that
were able to grow at the restrictive temperature of 39°C. We identified a clone that rescued
both temperature sensitive lethality and mislocalization of 2GFP-NLSSV40-NESAR. The
mutation was subsequently identified as a G— A transition at bp 911 resulting in a change of
Glu—Asp in aa 304 of PRP43 (PRP43G304D) ‘an RNA helicase in the DEAH-box family.
PRP43 is a conserved protein with approximately 65% shared identity between yeast PRP43
and its human ortholog, DHX15 (Fig 1C). To confirm PRP43being the gene responsible for
the mutant phenotypes, we transformed the mutant yeast with a wild-type copy of PRP43 or
PRPSE, another gene involved in RNA splicing (Brown and Beggs 1992). PRP43, but not
PRPS, rescued the localization phenotype (Figure 1D) and the growth defect.

NESAR not only mediates the localization of AR, but also plays a key role in AR
ubiquitination and degradation (Gong et al 2012). Thus, the mutation in PRP43 may also
influence the abundance of the fusion protein containing NESAR. The protein levels of
2GFP-NLSSV40-NESPK! were similar in wild-type yeast and the PRP43G304D mytant
(Figure 1E). In wild-type cells, 2GFP-NLSSV40-NESAR protein levels were much lower than
that of 2GFP-NLSSV40-NESPK! (Figure 1E). Notably, 2GFP-NLSSV40-NESAR protein level
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in the PRP43G304D mytant was significantly increased as compared to its level in the wild-
type (Figure 1E). These data suggest that PRP43 is required for NESAR to modulate AR
localization and degradation.

DHX15 is a co-activator of androgen receptor in prostate cancer cells

Given that NESAR plays important role in AR export and ubiquitination, we tested whether
knockdown of the mammalian ortholog of PRP43, DHX15, influenced AR activity in
prostate cancer cells. We used siRNA to inhibit DHX15 expression both in androgen-
dependent LNCaP cells and castration-resistant C4-2 cells. Knockdown of DHX15 led to a
decrease in PSA transcripts, whereas no obvious changes were detected in terms of AR
MRNA either in the absence or the presence of R1881 (Figure 2A, B). Consistent with RT-
PCR results, knockdown of DHX15 using two different siRNAs led to a decrease in PSA,
but not AR protein levels (Figure 2C). DHX15 knockdown reduced the transcripts of AR
downstream genes: PSA, TMPRSS2, NKX3.1 and SCL45A3, but not FKBP5 and MASPIN
(Figure 2D), which indicated an important role for DHX15 in regulating the expression of a
subset of AR downstream genes.

To further determine if DHX15 regulates PSA expression at the transcriptional level, the
PSA promoter/enhancer-driven luciferase assay coupled with DHX15 knockdown was
performed in LNCaP and C4-2 cells. DHX15 knockdown decreased luciferase activity by
30% in the presence of R1881 and by 50% in the absence of R1881 (Figure 2E, F). These
results indicated that DHX15 was required for PSA transcription under conditions of both
very low and normal concentrations of androgens (1 nM R1881). As expected,
overexpression of DHX15 resulted in increased PSA-luciferase activity (Figure 2G). To
assess whether the ATPase activity of DHX15 was required for the activation of AR
transcription, we used the alanine substitution mutants of DHX15, DHX15-K166A and
DHX15-D260A, which lack ATPase activities (Mosallanejad et al 2014). Overexpression of
ATPase-deficient mutants of DHX15 resulted in activation of luciferase reporter similarly to
that of wild-type DHX15 (Figure 2H), suggesting that DHX15 activates AR signaling in an
ATPase-independent manner. DHX15 knockdown or overexpression did not affect AR splice
variants expression in both C4-2 and 22Rv1 prostate cancer cell lines (Figure S1), also
suggesting that ATP-dependent RNA helicase or RNA splicing function of DHX15 is not
involved in its role in AR stimulation. To further address the role of DHX15 in AR activity
regulation, we determined whether DHX15 modulated AR binding to ARESs on target genes
using ChIP assay. C4-2 cells stably expressing DHX15 short hairpin RNA (ShRNA) were
established using a lentiviral ShARNA expression system. Four different shRNAs elicited
60%~90% knockdown of DHX15, and consistent with results with sSiRNAs knockdown, all
shDHX15s led to a decrease of PSA expression (Figure S2). We used shDHX15.1 to
perform the following experiments. Our ChIP assay showed knockdown of DHX15 reduced
the binding of AR to the AREs of PSA and TMPRSS2 by 40% and 67% separately (Figure
2H).

To evaluate if the LBD is required for DHX15 modulation of AR transcriptional activity, we
tested the effect of DHX15 knockdown or overexpression on GFP-NAR(AR lacking LBD)
transactivation of PSA-luciferase reporter in C4-2 cells. The results showed that DHX15
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knockdown or overexpression did not affect GFP-NAR transactivation of PSA-luciferase
reporter in C4-2 cells (Figure S2).

DHX15 regulates AR transcriptional activity by stimulating Siah2 mediated ubiquitination

To further understand DHX15 regulation of AR activity, firstly we assessed whether DHX15
influenced AR trafficking in prostate cancer cells. Knockdown of DHX15 retarded, but did
not completely inhibit AR nuclear translocation response to androgen (Figure S4A, B).
Because NESAR locates in LBD domain, we also tested whether loss of DHX15 affected
androgen binding to AR. Knockdown of DHX15 in LNCaP cells did not influence the
affinity of [3H]-labeled DHT for endogenous AR (Figure S4C), indicating that DHX15 did
not affect androgen-AR interaction. Because knockdown of DHX15 decreased AR activity
significantly even in the absence of androgens (Figure 2A, B) we argued that AR trafficking
might not be the main mechanism involved in the regulation of DHX15 on AR signaling.

AR transcriptional activity is modulated by multiple post translational modifications
including ubiquitination (Chymkowitch et al 2011, Coffey and Robson 2012, Gaughan et al
2005, Qi et al 2013, Xu et al 2009). Since our previous work demonstrated that NESAR
plays a key role in AR ubiquitination (Gong et al 2012), we examined whether DHX15
modulates AR activity by regulating its ubiquitination. First, we determined the
ubiquitination of endogenous AR in LNCaP cells treated with siRNA targeting DHX15 and
in C4-2 cells with shRNA. Consistent with a previous report (Xu et al 2009), androgen
treatment enhanced the ubiquitination of endogenous AR (Figure 3A, B). Notably, DHX15
knockdown led to a decrease in AR ubiquitination in both LNCaP and C4-2 cells (Figure
3A, B). Overexpression of DHX15 in C4-2 cells increased ubiquitination of transfected AR
(Figure 3C). To confirm that DHX15 regulated AR ubiquitination independent of ATPase
activity, we assessed whether ATPase-deficient mutants of DHX15 influenced AR
ubiquitination. As shown in Figure 3D, DHX15-K166A increased AR ubiquitination
similarly to that of wild-type DHX15.

DHX15 modulation of AR ubiquitination is likely to require AR E3 ligase(s). Thus, we
determined the expression of three important AR E3 ligases MDM2, RNF6 and Siah2
(Reviewed in (Li et al 2014)) in prostate cancer cells in response to DHX15 knockdown.
Knockdown of DHX15 led to a dramatic decrease of Siah2, but not of MDM2 and RNF6
expression in both LNCaP and C4-2 cells (Figure 3E). To determine whether Siah2 mediated
the modulation of AR ubiquitination by DHX15, Siah2 and DHX15 were both knocked
down in C4-2 cells. While single knockdown of either DHX15 or Siah2 resulted in a
significant decrease of AR ubiquitination, double knockdown of DHX15 and Siah2 did not
further reduce ubiquitination of AR compared to single knockdown of Siah2 (Figure 3F).
These results indicated that DHX15 regulation of AR ubiquitination is Siah2 dependent.
Siah2 targets a selective pool of NCORZ1-bound, transcriptionally-inactive AR for ubiquitin-
dependent degradation, thus enhancing AR activity and contributing to CRPC progression
(Qi et al 2013). However, this study did not address if DHX15 also impacts AR bound to
NCOR1 and this question will need to be addressed in future studies. Given that the
regulation of AR ubiquitination by DHX15 was mediated by Siah2, we tested whether the
inhibition of AR activity by DHX15 knockdown was abrogated by Siah2 downregulation.

Oncogene. Author manuscript; available in PMC 2018 April 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jing et al.

Page 7

Both single knockdown of DHX15 and Siah2 downregulated PSA expression and luciferase
activity in C4-2 cells, but knockdown of DHX15 in Siah2-knockdown cells did not further
reduce PSA and luciferase activity (Figure 3G, H). Although Siah2 acts as the E3 ubiquitin
ligase of AR, it does not affect the expression of endogenous AR, but does decreases
exogenous AR expression (Qi et al 2013). Interestingly, knockdown of DHX15 did not
change the expression of endogenous AR (Figure 2C and Figure S4D), but increased
exogenous AR significantly (Figure S4D,E), which is consistent with what Siah2 did. These
data indicate that DHX15 regulation of AR activity is mediated, at least partly, through
Siah2.

DHX15 stabilizes Siah2 and enhances its E3 ligase activity

To elucidate the mechanisms of Siah2 regulation by DHX15, we first showed that DHX15
knockdown did not change Siah2 mRNA level (Figure 4A). We then co-transfected HA-
Siah2 with different amount of Flag-DHX15 into 293 cells, and found Siah2 protein level
was increased with increasing amount of DHX15 expression vectors (Figure 4B). As
expected, the mutant DHX15-K166A showed the similar effect on Siah2 expression (Figure
4B). We also monitored Siah2 half-life in the presence of the protein synthesis inhibitor
cycloheximide (CHX) and found that DHX15 co-transfection prolonged Siah2 half-life from
~1 hto > 3 h (Figure 4C). These findings suggested that DHX15 enhances Siah2 expression
by inhibiting its degradation.

Like other RING finger E3 ubiquitin ligases, Siah2 limits its own expression by self-
ubiquitination and auto-degradation, which is a sign of its ubiquitin-ligase activity (Hu and
Fearon 1999, Lorick et al 1999). To test the effect of DHX15 stabilization on Siah2 on its E3
ligase activity, we monitored Siah2-mediated degradation of AR, a recently identified Siah2
substrate (Qi et al 2013). Surprisingly, overexpression of Siah2 effectively reduced AR half-
life from ~ 6 h to ~3 h, and co-overexpression of DHX15 with Siah2 significantly
upregulated Siah2 expression while further reducing AR half-life to 2h (Figure 4D), which
suggested that although Siah2 was stabilized by DHX15, its E3 ligase activity was enhanced
rather than decreased. To further confirm this unexpected result, we monitored changes in
Spry2, one of the classic substrates of Siah2 and a marker for Siah2 ligase activity
(Nakayama et al 2004, Scortegagna et al 2011). Overexpression of Siah2 reduced Spry?2
half-life from > 4 h to 3 h, and co-expression of DHX15 with Siah2 further reduced Spry?2
half-life to ~ 2 h (Figure 4E). In addition, as shown in Figure 4F, knockdown of either Siah2
or DHX15 in C4-2 cells increased endogenous Spry?2 expression, whereas double
knockdown of DHX15 and Siah2 did not result in a further decrease Spry2 expression,
suggesting DHX15 modulated Spry2 expression through Siah2. To exclude the possibility
that these effects were cell specific, we showed that knockdown of DHX15 by shRNA in
PC3 cells also increased Spry2 expression (Figure 4G). Collectively, these data strongly
suggest that DHX15 can stabilize Siah2 expression and enhance its E3 ligase activity.

DHX15, Siah2 and AR form a complex

To better understand the potential mechanism of DHX15 regulating Siah2 and AR, we tested
whether these three proteins form a complex. Firstly, co-immunoprecipitation assays
demonstrated that transfected AR and DHX15 interacted in COS-1 cells (Figure 5A), and
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endogenous AR could co-precipitate with endogenous DHX15 in LNCaP cells in the
absence or presence of R1881 (Figure 5B). The endogenous AR-DHX15 interaction was
enhanced in the presence of R1881 (Figure 5B), possibly due to an increase in AR level in
response to R1881 treatment (Clark et al 2008). Considering that DHX15 is an RNA binding
protein (Fouraux et al 2002), we tested whether RNA was required for DHX15 association
with AR by including RNase in cell lysates to degrade RNA. In the presence of RNase, AR
protein was still co-precipitated by DHX15 antibody (Figure S5A), indicating that DHX15
binds to AR in the absence of RNA and suggesting DHX15 associates with AR independent
of its RNA helicase function. To identify the regions of AR that interact with DHX15, flag-
DHX15 was co-transfected with GFP-fusion proteins containing various domains of AR
(Figure S5B) separately in COS-1 cells. The GFP-constructs containing NESAR, but not
those without NESAR, were co-precipitated by anti-flag antibody, suggesting that the NESAR
region mediated the interaction of AR and DHX15 (Figure 5C). Co-immunoprecipitation of
293 cells co-transfected with DHX15 and Siah2 also revealed an interaction between these
two proteins (Figure 5D). Siah2 consists of three different domains: N-terminal domain,
central RING domain/zinc finger domain and C-terminal substrate-binding domain (SBD)
(Reed and Ely 2002). To map the Siah2 domains required for DHX15 interaction, we
generated truncation mutants of Siah2 (Figure S5C) and co-transfected them individually
with DHX15 into 293 cells. The co-immunoprecipitation assay revealed that the SBD
domain interacted with DHX15 (Figure S5D). Given that AR is a substrate of Siah2 and AR
binds to DHX15 as well, we investigated whether AR, DHX15 and Siah2 could form a
protein complex. GFP-AR, Flag-DHX15 and HA-Siah2 were co-transfected into 293 cells,
and the cell lysates from nuclear fractions were immunoprecipitated with anti-HA antibody,
and immunoblotted with anti-GFP or anti-Flag antibody. As expected, these three proteins
co-precipitated (Figure 5E). We also showed GFP-AR, Flag-DHX15-K166A and HA-Siah2
co-precipitated (Figure 5F), further suggesting that DHX15 form a complex with AR and
Siah2 independent of its RNA helicase function.

DHX15 is required for prostate cancer cell growth in vitro and in vivo

Since AR plays a key role in regulating prostate cancer cell growth and motility, and cell
growth was inhibited by mutation of Prp43in the yeast mutants (see Figure 1B), we next
evaluated the effect of DHX15 on prostate cancer cells growth and motility. Knockdown of
DHX15 reduced proliferation of AR-positive prostate cancer cells LNCaP and C4-2, but not
of AR-negative cells PC3 and DU145 (Figure 6A and Figure S6A). Furthermore, single
knockdown of DHX15 or AR caused similar inhibition of proliferation, but double
knockdown of DHX15 and AR did not further reduce cell proliferation in either LNCaP or
C4-2 cells (Figure 6B, C). These findings suggested the DHX15 effect on cell proliferation
was AR dependent and vice versa. Because Siah2 mediates DHX15 regulation of AR
activity, we then evaluated whether Siah2 could mediate DHX15 effect on proliferation. As
expected, knockdown of DHX15 or Siah2 individually reduced cells proliferation and
double knockdown of these two genes did not further inhibit proliferation (Figure 6D).
These findings suggest that Siah2 can mediate the DHX15 regulation of AR-positive cell
growth and are consistent with the report that Siah2 effect on cell proliferation is AR-
dependent (Qi et al 2013). Similarly, knockdown of DHX15 reduced colony formation in
C4-2 cells both in the presence or absence of 1 nM DHT, but no apparent effects were
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observed in PC3 cells (Figure 6E and Figure S6B, C). Further, knockdown of DHX15
inhibited C4-2 cells transwell migration, whereas, knockdown of DHX15 in PC3 cells
showed no effect on cell migration (Figure 6F and Figure S6D). Collectively, these data
suggest that DHX15 plays an important role in regulating AR-dependent growth and
motility in prostate cancer cells, and that this regulation is mediated through Siah2.

To evaluate the role of DHX15 /n vivo, we established C4-2 tumor xenografts with DHX15
stable knockdown (C4-2/shDHX15) and control cells (C4-2/shScramble) in SCID mice.
Knockdown efficiency of DHX15 in C4-2/shDHX15 cells was confirmed with western
blotting and real-time PCR before injection (Figure S7A, B). C4-2/shScramble cells
established tumors much earlier and more frequently (8/10 animals had tumors at day 21),
whereas 2/9 (22.2%) animals had tumors at day 21 in C4-2/shDHX15 cells. Consistently,
tumors derived from DHX15 knockdown cells grew slower than those from the control
group (Figure 6G). The mice in shDHX15 group had a significantly shorter mean survival
time compared to those in shScramble group (Figure 6H). Unfortunately, DHX15 protein
levels eventually rebounded in several of the shDHX15 xenograft tumors as determined by
western blotting (Figure S7C), which might alleviate part of the tumor repression in the
shDHX15 group. Nevertheless, the significant decrease in the establishment and the lower
growth rate of C4-2 xenografts in the shDHX15 group suggests that DHX15 is important for
prostate xenograft tumor establishment and growth.

DHX15 expression is upregulated in human prostate cancer and is correlated to PSA

recurrence

To evaluate the expression of DHX15 in clinical prostate tumor specimens, we performed
immunostaining analysis of a tissue microarray (TMA) of prostate cancer specimens from
the Prostate Cancer Biorepository Network (PCBN). The TMA contained 199 different
Gleason grade tumors, 11 benign prostate hyperplasia (BPH) and 24 normal prostate
samples. DHX15 showed a nuclear expression pattern both in tumors and in benign tissues
(Figure 7A). Significantly, the expression of DHX15 was higher in PCa tissues than in BPH
and normal tissues (P=0.0004) (Figure 7B). DHX15 exhibited a much higher expression in
the tumor cells compared to the adjacent normal epithelial cells in PCa tissue cores (Figure
7A), and DHX15 expression was higher in the cases of Gleason score =7 compared to those
of Gleason score <7 (P=0.0056) (Figure 7C). Notably, cases with strong and moderate
DHX15 expression had PSA recurrence at a rate of 23.4% and 19.8%, respectively, whereas
only 5.1% of the cases with weak DHX15 staining developed PSA recurrence (P=0.0258)
(Figure 7D), indicating that high expression of DHX15 in PCa tissues was associated with
biochemical recurrence. In a separate TMA obtained from the University of Pittsburgh
Prostate Tumor Bank consisting of 89 prostate tumor specimens, DHX15 immunostaining
was found to correlate with Siah2 immunostaining (Figure 7E, F), which was consistent with
the results in vitro that DHX15 stabilized Siah2 expression.

Discussion

Understanding the mechanisms AR activation in prostate carcinogenesis is fundamentally
important and clinically relevant. Here, based on a yeast genetic screen, we identified the
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RNA helicase DHX15 as a novel AR co-activator and revealed that DHX15 regulates AR
activity by modulating E3 ligase Siah2 mediated ubiquitination independent of its ATPase
activity in prostate cancer cells. Our studies showed AR, DHX15 and Siah2 form a complex,
most likely through the scaffold role of NESAR (see Figure 5). DHX15 stabilizes Siah2 and
enhances its E3 ubiquitin ligase activity, resulting in activation of AR. We demonstrated
DHX15 is required for the growth of C4-2 tumor xenografts (see Figure 6). Importantly, we
further found DHX15 was upregulated in PCa and its expression was highly correlated with
Gleason scores and PSA recurrence (see Figure 7). Furthermore, expression of DHX15 was
positively correlated with Siah2 expression in prostate tumor specimens. Collectively, our
findings suggest that DHX15 functions as an important co-activator of AR via Siah2 and its
up-regulation may contribute to the prostate cancer progression.

A growing body of evidence shows that abnormal expression of splicing factors correlates
with cancer development and progression (Grosso et al 2008). Several splicing factors
including p54nrb, p68, Sam68 and PSF have been identified as AR co-activators or co-
repressors (Clark et al 2008, Dong et al 2007, Rajan et al 2008). In the present study, we
showed for the first time that DHX15 was upregulated in human PCa samples and promoted
AR activity. DHX15 stimulation of AR activity should be mediated by its binding to AR
through NESAR. Although DHX15 knockdown appeared to slow down androgen-induced
AR nuclear localization, most of the AR was translocated into the nuclei in DHX15
knockdown cells when treated with androgens for a longer time. This suggests that DHX15
can regulate the dynamics of AR intracellular trafficking but not the final state of AR
distribution between nuclei and cytoplasm following androgen induction. Further studies
will be needed to test whether regulation of AR trafficking dynamics could be an important
mechanism for DHX15 to modulate AR activity.

AR activity is modulated by posttranslational modifications including ubiquitination. We
have previously reported that NESAR plays an important role in the ubiquitin-dependent
degradation of AR, however, it was unclear how NESAR mediates AR ubiquitination. In this
study, we found knockdown of DHX15 resulted in a decreased ubiquitination of AR both in
androgen-sensitive LNCaP and in CRPC C4-2 cells. Given that DHX15 binds to AR through
NESAR, we hypothesized that NESAR plays the key role in DHX15 stimulation of AR
ubiquitination. However, protein sequence analysis did not identify any recognizable
ubiquitination signal within NESAR (Gong et al 2012). Also, mutation of the only two lysine
residues within NESAR did not block the ubiquitination of NESAR fusion protein
(unpublished observations). One possibility is that NESAR itself is not the target of
ubiquitination, but functions as a scaffold for the recruitment of an ubiquitin ligase. Since
DHX15 is not predicted as an E3 ligase based on its a.a. sequence, DHX15 modulation of
NESAR-mediated ubiquitination is indirect and involves another protein with E3 ligase
activity. Several E3 ubiquitin ligases are capable of controlling AR stability and activity,
including CHIP, MDM2, RNF6 and Siah2, among which RNF6 and Siah2 are considered
contributing to the progression of CRPC (Qi et al 2013, Xu et al 2009). Since knockdown of
DHX15 leads to a significant decreased expression of Siah2, but not of MDM2 and RNF6,
Siah2 is likely to be a key E3 ligase mediating DHX15 regulation of AR ubiquitination. It is
noteworthy that both of the two major Siah2-binding sites on AR locate in the NESAR region
(Qi et al 2013), which means Siah2 should bind to NESAR. Our co-IP assay demonstrated
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that through NESAR, AR binds to DHX15 and Siah2 to form a complex, supporting a model
that DHX15 enhances Siah2 level and the latter promotes the ubiquitination of AR via
NESAR in LBD. This model is also consistent with the finding that DHX15 knockdown or
overexpression did not affect the transactivation of PSA-luciferase reporter by GFP-NAR
(AR lacking LBD), which does not bind to DHX15 or Siah2, in C4-2 cells. Interestingly, we
found that knockdown of DHX15 increases the expression of transfected AR, but not of
endogenous AR(see Fig 2C, D, E), which was consistent with the results from Qi et al
(1999, Qi et al 2013) that knockdown of Siah2 increases the expression of transfected AR,
but not of endogenous AR, and the mechanisms still need to be elucidated in the future.

Siah2 is very unstable due to its self-ubiquitination and autodegradation (1999, Hu and
Fearon 1999, Lorick et al 1999). Like other Ring-finger E3 ubiquitin ligases, the ligase
activity of Siah2 is reflected by its protein stability. Several factors including
deubiquitinating enzyme USP13, Ski and vitamin K3 have been reported to stabilize Siah2
expression, simultaneously inhibit its E3 ligase activity (Haider et al 2010, Scortegagna et al
2011, Zhao et al 2010). In contrast, the E3 ligase activity of Siah2 was enhanced, when its
expression was stabilized by DHX15. This unexpected result was based on the reduction of
two different substrates of Siah2, AR and Spry2, when Siah2 is stabilized by DHX15.
Additionally, knockdown of DHX15 led to a significant decrease of endogenous Siah2 and
an increase of Spry2 both in C4-2 and PC3 cells. Overall, these findings point to a positive
correlation between Siah2 expression and activity, which is contrary to the previous reports.
Based on our findings that DHX15 binds to Siah2 through the SBD domain, but not the Ring
finger domain which is critical for the ligase activity, one of the possibilities is the binding
spatially blocks the self-ubiquitination sites on SBD, while the ubiquitin ligase activity of
Siah2 and its ability of binding to the other substrates are not inhibited.

We showed significant up-regulation of DHX15 in PCa samples compared to BPH samples
or tumor adjacent normal tissues. Additionally, DHX15 expression showed a positive
correlation to Gleason scores and PSA recurrence, suggesting that DHX15 plays an
important role in PCa progression. Furthermore, DHX15 expression correlated positively to
Siah2, although the correlation was not strong. This probably reflects differential regulation
of the two genes in prostatic cells. The reason for a weak correlation may be in part due to
the stabilization of Siah 2 by DHX15 in prostate cancer cells. One limitation of our study
was the lack of CRPC specimens, and it will be worthwhile to investigate the expression of
DHX15 in CRPC specimens.

In summary, our study provided insights into an important role for DHX15 in prostate
cancer progression, and also revealed a novel mechanism that DHX15 stimulates AR
activity through Siah2-mediated ubiquitination independent of its ATPase activity. DHX15
overexpression is associated with PCa recurrence and provides a potential new molecular
target for the treatment of advanced PCa.
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Materials and Methods

Cell culture

The human PCa cell lines LNCaP, PC3 and DU145, and HEK 293 cells and COS-1 cells
were obtained from American Type Culture Collection (Manassas, VA), and C4-2 cells were
a generous gift from Dr. Leland W.K. Chung. Cell line LNCaP was authenticated in 2016
using DNA fingerprinting by examining microsatellite loci in a multiplex PCR reaction
(AmpFISTR® ldentifiler® PCR Amplification Kit, Applied Biosystems, Foster City, CA)
by the University of Pittsburgh Cell Culture and Cytogenetics Facility. HEK 293 and PC3
cell lines were obtained from ATCC in 2016. ATCC performed authentication for HEK293
and PC3 cell lines using short tandem repeat profiling. No authentication was performed for
DU145 or COS-1. Cells were maintained in the appropriate medium (RPMI-1640 for
LNCaP, PC3, DU145 and C4-2; DMEM for HEK 293 and COS-1) supplied with 10% fetal
bovine serum, 5% antibiotics and 1% L-glutamine at 37°C with 5% CO,. Cells were verified
as mycoplasma free by PCR. Cells were cultured in phenol red-free medium supplied with
5% dextran coated charcoal-stripped FBS for 24 h before treatment with methyltrienolone
(R1881, PerkinElmer, Waltham, CA) or dihydrotestosterone (DHT, Sigma-Aldrich). In some
experiments, cells were treated with protein synthesis inhibitor cycloheximide (CHX)
(Sigma-Aldrich) at 50 pg/ml and/or proteasome inhibitor MG132 (Sigma-Aldrich) at 5 uM
for various times as described in the figure legends.

Immunohistochemistry and Tissue Microarray Analysis (TMA)

The TMAs were obtained from the Prostate Cancer Biorepository Network (PCBN) and the
surgical pathology archives of the University of Pittsburgh Prostate Tumor Bank from de-
identified tumor specimens consented for research at time of treatment. Use of these prostate
tissues was approved by the PCBN and the University of Pittsburgh Institutional Review
Board. Immunohistochemical staining was performed on the paraffin embedded TMA using
DHX15 (sc-271686, (E-6), Santa Cruz Biotechnologies) and Siah2 antibodies
(NB110-88113, (24E6H3), Novus Biologicals). TMASs were scored on a standard intensity
(negative, weak, moderate, strong) proportion (0-100%) scale by two investigators in a
blinded fashion (FMD, LEP). Staining intensity was correlated with clinicopathologic
variables including disease, Gleason Score, and recurrence.

Animals and xenograft tumors

Male Severe Combined Immunodeficiency (SCID) mice at 8 weeks of age were randomized
into two groups, the knockdown group (n=10) and the control group (n=9), for subcutaneous
injection of 300 pl of C4-2/shDHX15 or C4-2/shScramble cells (1x10%) mixed 1:1 with
Matrigel (Invitrogen) in the flank of each mouse. Tumors were measured with calipers every
other day. Tumor volume was calculated using the formula length x width? x 0.52. Tumor
take rate was calculated 10 wk after injection. Mice were castrated once the tumor volume
reached 0.8 ml. All animal studies were conducted in accordance with the University of
Pittsburgh Institutional Animal Care and Use Committee guidelines.
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Statistical analysis

The data are presented as mean = SEM or mean * SD. Statistical analyses were performed
with Student’s ~test, one-way ANOVA or Kruskal-Wallis test. A< 0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mutation in Prp43 resultsin aberrant nuclear localization and upregulation of NES*R-
containing fusion protein in yeast

A) Localization of fusion protein 2GFP-NLSSV40, 2GFP-NLSSV40-NESPKI | or 2GFP-
NLSSV40_NESAR transformed into wildtype or mutant yeast. Liquid cultures were grown
and cells were visualized under fluorescent microscopy. B) Mutant was crossed to wildtype
yeast and tetrad analysis was performed. GFP nuclear localization phenotype segregated in a
ratio of nuclear:cytoplasmic of 2:2 indicating single gene trait. Spore colony size also
segregated 2:2 and small colony size was always associated with GFP nuclear phenotype. C)
Alignment of mouse, C.éelegans, yeast, and human amino acid mutated in yeast PRP43.
Conserved amino acids in bold. Mutated glycine is underlined. D) Mutant was transformed
with empty vector, wild-type copy of PRP43, or another PRP gene, PRP8; 2GFP-NLSSV40—
NESAR was visualized under fluorescent microscopy. E) Western blot analysis of GFP in
wild-type or prp43 mutant yeast cells transformed with 2GFP-NLSSV40-NESPKI (black
arrow) or 2GFP-NLSSV40-GFP-NESAR (white arrow). Tpd3 served as control. Data are
representative of 3 different experiments.
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Figure 2. DHX15 regulates AR transcriptional activity
A, B) LNCaP or C4-2 cells were transfected with siRNAs targeting DHX15 or control for

24h, subsequently cultured in CS for 24h, and then treated with 1nM R1881 or vehicle for
another 24h. The mRNA expression of DHX15, AR and PSA were detected by gPCR. C)
LNCaP or C4-2 cells were transfected with two different siRNAs targeting DHX15 or
control for 72h and subjected to western blotting for detecting the expression of DHX15, AR
and PSA. D) DHX15 was knocked down with siRNA in LNCaP cells for 72 h, and the
MRNA expression of different AR downstream genes were detected by qPCR. E, F) LNCaP
and C4-2 cells were transfected with siRNAs targeting DHX15 or control for 24h, and then
were transfected with PSA-Luc plasmid and pRL Renilla plasmid. 24h later, cells were
cultured in CS with or without 1nM R1881 as indicated for another 24h, and luciferase
activity were analyzed in a luminometer. G) DHX15, PSA-Luc and pRL Renilla plasmids
were transfected into C4-2 cells for 24h, subsequently cultured in CS with or without 1nM
R1881 for another 24h. The luciferase activity was analyzed. H) DHX15-WT, DHX15-
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K166A or DHX15-D260A were co-transfected with PSA-Luc and pRL Renilla plasmids
into C4-2 cells for 24h, subsequently cultured in CS with or without 1nM R1881 for another
24h. The luciferase activity was analyzed. ) C4-2 cells stably transfected with control or
DHX15 shRNA were cultured in CS for 48h, then treated with 10nM DHT for 2h, and
collected for ChIP assays using AR antibody. Purified chromatin was analyzed by qPCR for
the ARE regions of PSA enhancer (PSA-EN), PSA promoter (PSA-PR) and TMPRSS2.
Data represent average of a minimum of 3 technical replicates representative of 3 different
experiments. (* £<0.05, ** P<0.01, *** £<0.001)
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Figure 3. DHX15 regulates AR ubiquitination and Siah2 expression
A) LNCaP cells were transfected with siRNAs targeting DHX15 or control for 24h,

subsequently cultured in CS for 24h, and then treated with 1nM R1881 or vehicle for
another 24h. Cell lysates were immunoprecipitated with AR antibody, and subjected to
western blotting with ubiquitin and AR antibodies. The whole cell lysates were
immunoblotted with DHX15, AR and Tubulin antibodies. B) C4-2 cells stably transfected
with control or DHX15 shRNA were cultured in CS for 48h, then treated with 1nM R1881
or vehicle for 24h. Cell lysates were analyzed as described in (A). C) C4-2 cells were
transfected with Flag-AR, Myc-DHX15 and HA-Ub for 24 h, and treated with 5 uyM MG132
for 16 h. Cell lysates were immunoprecipitated with Flag antibody and subjected to western
blotting with ubiquitin and Flag antibody. D) C4-2 cells were transfected with HA-Ub, Myc-
AR, and Flag-DHX15-WT or Flag-DHX15-K166A, the analysis was performed as
described for (C). E) LNCaP and C4-2 cells were transfected with two different DHX15
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siRNAs for 72h and subjected to western blotting and probed with DHX15, MDM2, Siah2
and RNF6 antibodies. F) C4-2 cells were transfected with siRNAs targeting DHX15 or/and
Siah2 as indicated for 72 h, the analysis was performed as described for (A). G). C4-2 cells
were transfected with siRNAs targeting DHX15 or/and Siah2 as indicated for 72 h, then
subjected to western blotting and probed with DHX15, Siah2, PSA and AR. H) C4-2 cells
were transfected with siRNAs targeting DHX15 or/and Siah2 as indicated for 24 h, then
cultured in CS for 24 h and treated with or without 1nM R1881 for another 24 h. The
luciferase activity was analyzed. Data represent average of a minimum of 3 technical
replicates representative of 3 different experiments. (* £<0.05, ** £<0.01)
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Figure 4. DHX15 regulates Siah2 protein stabilities and its E3 ligase activity
A) C4-2 cells were transfected with two different siRNAs targeting DHX15 or control for

72h. The mRNA expression of DHX15 and Siah2 were detected by gPCR. B) 293 cells were
transfected with HA-Siah2, GFP and different dose of Flag-DHX15-WT or Flag-DHX15-
K166A for 48h, cell lysates were subjected to western blotting and probed with anti-Flag
and anti-HA antibodies. GFP was served as transfection efficiency control. C) 293 cells were
transfected with HA-Siah2 or/and Flag-DHX15 as indicated for 48h and then treated with
cycloheximide (CHX, 50ug/ml) for 1,3,6 h, and cell lysates were subjected to western
blotting for detecting HA-Siah2 and Flag-DHX15 expression, GFP was served as control.
The degradation curves of Siah2 by cycloheximide chase in the presence of DHX15 are
shown on the right side. D) 293 cells were transfected with Flag-DHX15, Myc-AR and HA-
Siah2 as indicated, the analysis was performed as described for (C) and the degradation
curve of Myc-AR was presented. E) 293 cells were transfected with Flag-DHX15, Myc-
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Spry2 and HA-Siah2 as indicated, the analysis was performed as described for (D). F) C4-2
cells were transfected with siRNAs targeting DHX15 or/and Siah2 as indicated for 72 h and
subjected to western blotting and probed with DHX15, Siah2 and Sprouty?2 antibodies. G)
PC3 cells were infected with lentivirus encoding for shRNA to DHX15 or Scramble, and
cells lysates were subjected to western blotting and probed with DHX15, Siah2 and Spry?2
antibody. Data represent average of a minimum of 3 technical replicates representative of 3
different experiments.
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Figure 5. DHX15, Siah2 and AR form a complex
A) COS-1 cells were transiently transfected with Flag-vector, Myc-vector, Flag-DHX15,

and/or Myc-AR as indicated for 48 h. Cell lysates were immunoprecipitated with antibodies
against Flag or Myc. The associated proteins were immunoblotted to detect existence of
Flag-DHX15 and Myc-AR in the precipitate. B) LNCaP cells were treated with vehicle or
1nM R1881 for 24 h, Cell lysates were immunoprecipitated with antibodies against AR or
DHX15, and the associated proteins were probed with DHX15 and AR antibodies. C)
COS-1 cells were transiently co-transfected with Flag-DHX15 and different AR domains as
indicated. Cell lysates were immunoprecipitated with antibodies against Flag. The
associated proteins were immunoblotted with GFP antibody. D) 293 cells were transfected
with Flag-DHX15 and/or HA-Siah2 for 48h. Cell lysates were immunoprecipitated with
Flag antibody and subjected to western blotting. E) 293 cells were transfected with Flag-
DHX15, GFP-AR and/or HA-Siah2 for 48h, cell lysates were immunoprecipitated with HA
antibody and subjected to western blotting and probed with anti-Flag, GFP and HA
antibodies. F) 293 cells were transfected with Flag-DHX15-K166A, GFP-AR and/or HA-
Siah2 for 48 h, nuclear fractions were extracted and were immunoprecipitated with HA
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antibody and subjected to western blotting and probed with anti-Flag, GFP and HA
antibodies. Data are representative of 3 different experiments.
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Figure 6. DHX15 knockdown inhibits prostate cancer cell growth in vitro and in vivo
A) LNCaP, C4-2, PC3 and DU145 cells were transfected with DHX15 siRNA for 72 h, then

treated with 10uM BrdU for 5h (LNCaP) or 2h (C4-2, PC3 and DU145). BrdU assay was
performed as described in materials and methods. B, C) LNCaP and C4-2 cells were
transfected with siRNAs targeting DHX15 or/and AR as indicated for 72h, BrdU assay was
performed as described for (A). D) C4-2 cells were transfected with siRNAs targeting
DHX15 or/and Siah2 as indicated for 72 h, BrdU assay was performed as described above.
E) C4-2 cells stably transfected with control or DHX15 shRNA were cultured in CS with or
without 1nM DHT in 6-well plate for 2 weeks. Cells were then stained with 0.1% crystal
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violet for 30min, and the number of colonies was quantified. F) C4-2 or PC3 cells were
transfected with DHX15 siRNA or shRNA as indicated and cultured in chambers as
described in materials and methods. After 24 h (PC3) or 36 h (C4-2), cells were stained with
crystal violet and the number of cells per field was quantified. G) Tumor growth curve. H)
The mice survival curve. The number of animals is 10 in shSCR group and 9 in shDHX15
group, no animals were excluded from study. (* A<0.05, ** P<0.01).
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Figure 7. DHX15 expression in PCa samples
A) Representative images of DHX15 IHC staining on the PCa TMA. B) Quantification of

DHX15 IHC staining on the BPH, PCa or tumor adjacent normal samples. P=0.0004. C)
Quantification of DHX15 IHC staining on PCa samples of different Gleason scores.
P=0.0056. D) Quantification of recurrence in different DHX15 expression groups. £=0.0258.
E) Representative images of DHX15 and SIAH2 IHC staining on the HSTB TMA. F)
Scatter plot of DHX15 and SIAH2 IHC staining in HSTB TMA. Statistical Pearson
correlation was —0.651 (p = 0.003) and Spearman Coefficient was 0.21 (p < 0.05). All the
above data were analyzed with Kruskal-Wallis test.
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