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Abstract

Advanced prostate cancer is treated with androgen deprivation, but most patients eventually
progress and need new therapy. Recent genomic/exomic sequencing identified SPOP as the most
frequently mutated gene in 6% - 15% of prostate cancer. Based on the function of SPOP as a ubi-
quitin ligase in protein degradation, it was hypothesized that loss-of-function mutations of SPOP
led to accumulation of SPOP substrates that enhance androgen receptor activity and facilitate
prostate cancer formation. SPOP substrates could thus be potential targets for treatment of andro-
gen-sensitive prostate cancer. PubMed and BLAST search identified that Gli, SRC-3, and AWP1 are
SPOP substrates, and that inhibition of PRK-1, a binding partner of AWP1, by lestaurtinib sup-
pressed androgen receptor activity. LNCaP, PC3, DU145 and 22RV1 prostate cancer cells were used
to evaluate the effect of lestaurtinib. LNCaP cells, an androgen-sensitive prostate cancer cell line,
were the most sensitive. SRC-3 protein decreased when LNCaP cells were treated with lestaurtinib;
whereas PRK-1 increased in nucleus after lestaurtinib treatment. These data suggest that lestaurti-
nib modulates SRC-3 and PRK-1 to induced cell death in androgen-sensitive prostate cancer, and
could be a useful agent for future development for prostate cancer with SPOP mutations.
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1. Introduction

Prostate cancer is one of the most common cancers in men worldwide. In 2012, it was estimated that there were
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241,740 new cases and 28,170 deaths due to prostate cancer in the US alone. Prostate cancer is a cancer that de-
pends on androgen to grow; hence hormonal therapy with androgen ablation is the mainstream treatment of
choice for advanced or metastatic prostate cancer. It is an effective treatment and can keep disease under control
for years. However, patients eventually fail and develop androgen refractory disease. There is a high unmet
medical need for new treatments. Using next generation sequencing, Barbieri et al. identified several genes mu-
tated in prostate cancer with SPOP as the most frequent one in 6% - 15% of samples they examined [1]. SPOP is
a Cullin3-based E3 ubiquitin ligase that adds ubiquitin to target proteins to facilitate degradation [2]. Interes-
tingly, all the mutations of SPOP detected in prostate cancer are within the substrate-binding pocket of SPOP [1],
indicating that mutations would affect the substrate-binding ability to alter or even abolish the activity of SPOP
as E3 ubiquitin ligase [3]. It is possible that in prostate cancer cells with SPOP mutations, substrates of Cul3-E3
ubiquitin ligase would not be able to go through ubiquitin-dependent degradation, leading to their accumulation
and increased activity, which contribute to the pathogenesis of prostate cancer. ldentification of the substrates of
SPOP could help understand the mechanism of prostate cancer formation and development of a new therapy.

Among the known SPOP substrates reported in literature, SPOP interacts with Daxx, a multifunctional protein
regulating transcription, cell cycle and apoptosis [2], SRC-3/AIB1, an oncogenic steroid receptor co-activator-3
[4], Gli of the hedgehog pathway transcriptional activator [5] and DEK [6]. Among these genes, SRC-3 is par-
ticularly interesting as a co-activator of transcription activation by androgen receptor (AR), and potentially im-
portant in the pathogenesis of prostate cancer [7]. It was reported that SRC-3 protein was overexpressed in 38%
of tumor samples of prostate cancer [8]. Another study showed that SRC-3 expression is required for prostate
cancer cell proliferation and survival, and its levels correlated with Prostate Specific Antigen (PSA) [9]. These
studies suggest an important role of SRC-3 in prostate cancer formation. A recent article confirmed the hypothe-
sis that mutated SPOP cannot interact with SRC-3 and unable to induce ubiquitin-dependent degradation of
SRC-3 [3]. In the current study, a rationale-based approach will be used to target a member of the AR transcrip-
tional complex to suppress the activity of SRC-3 and the androgen receptor complex.

Lestaurtinib has been shown to be a potent inhibitor for PRK-1 [10]. PRK-1 is a serine/threonine kinase of the
PKC family and can be inhibited by staurosporin-like members of the PKC family. PRK-1 was shown to play an
important role in the androgen receptor (AR) complex [11]. PRK-1 activation results in ligand-dependent supe-
ractivation of AR complex even in the presence of androgen receptor antagonist. Considering its proven activity
of lestaurtinib in xenograft models [12] and as a targeted therapy for PRK-1, it is possible that lestaurtinib could
be effective in prostate cancer, and even more so in a suitable biomarker-defined population. With the fact that
lestaurtinib was developed up to a phase 2 randomized study in acute myelocytic leukemia [13], a repurpose ap-
plication of lestaurtinib in prostate cancer could be a fast way with its established safety and tolerability profile.
In this study, we propose a model to explain the pathogenesis of SPOP mutations in prostate cancer and used the
model to predict inhibition of SRC3 with lestaurtinib could be a useful therapy for prostate cancer with SPOP
mutations.

2. Materials and Methods

Materials and cell lines: PC3, 22RV1, DU145 and LNCaP prostate cancer cells were grown in DMEM
(Dulbecco’s Modified Eagle Medium.) supplemented with glutamine and 10% fetal bovine serum (all from
Gibco, Life Technologies) in an incubator under 37°C and 5% CO,. Lestaurtinib (>99% pure, molecular weight
439.64) was purchased from LC laboratory and dissolved in DMSO (Sigma-Aldrich).

Cell proliferation assay: MTT assay was used to determine growth suppression of prostate cancer cells by
lestaurtinib. Cells were plated in 96-well plateswith 60% confluence, and incubated with 0.1% DMSO (control),
10, 30, 100, 300, 1000, 3000 nM lestaurtinib for 48 hours before MTT assay. Each concentration of lestaurtinib
was repeated at least 3 times to minimize variation. Statistical analysis of the data was done in paired t-test.

Protein analysis in cell lysates: Protein concentrations were determined by the colorimetric method using
BioRad protein analysis reagents. Equal amounts of proteins were analyzed with SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis) using 4% - 20% Criterion™ TGX™ Precast Gels. Western blotting
of SRC-3 and PRK-1 was conducted with used rabbit polyclonal antibodies (5E11) against SRC-3 (Cell Signal-
ing Technology, Boston, MA) and PRK-1 (07-557) (Upstate/Millpore, Billerica, MA), respectively.

Subcellular Fractionation: Subcellular fractionation was performed to separate nuclei and cytoplasm from
cells. PC3, DU145, 22RV1 and LNCaP cells were incubated with 0.1% DMSO (control) or 1 uM lestaurtinib for
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6 hours before harvest for subcellular fractionation. Cells were treated with hypotonic buffer, followed by
shearing 25 times with 27 G needles in tuberculin syringes. Differential centrifugation was performed at 3000
rpm at 4°C for 10 minutes, and then supernatants were centrifuged at 15,000 rpm at 4°C for 10 minutes and the
supernatants were used as cytoplasm. The whole cell lysates, nuclear fractions and cytoplasmic fractions were
used for Western blotting. Antibodies against tubulin, actin and histone were used for loading and localization
controls.

3. Results
3.1. Searching for Other SPOP Substrates

PubMed search of SPOP-dependent protein degradation revealed that SRC-3, Daxx, DEK and Gli are the known
substrates of SPOP [2] [4]-[6]. We searched NCBI database with an attempt to identify other SPOP substrates
that are involved in androgen receptor signaling. Structural database in the NCBI revealed that three peptide se-
quences can interact with SPOP. These include 1) KAASADSTTEGTPAD 2) NTLFPDVSSSTH and 3)
DEVTSTTSSS. All three peptide sequences are consistent with the consensus sequence of multiple Ser/Thr
(underlined) after an acidic residue (marked in bold) previously reported [14]. We performed a BLAST search
using the consensus sequences in order to identify other proteins with the consensus sequence, which might be
potential SPOP substrates that were not recognized in the past. First, DVSST and EVTSTT were used for
BLAST search, but no human protein was found. Next, DSTT was used but obtained too many hits since it has
only 4 residues, and it was hard to make any good conclusion regarding whether they could be good physiologi-
cal substrates. Another BLAST search with DSTSS resulted in some matches and 4 of the proteins are listed be-
low. Other potential candidates containing sequences consistent with the consensus rule include: 1) AN1-type
zinc finger protein 6 isoform ¢ or AWP1 2) linker for activation of T-cells family member 1 isoform ¢ 3) Cullin
-4B isoform 1 4) Cullin-7 isoform 2, to name a few.

The results seemed promising since Cullin-4B and Cullin-7 were pulled out from the database, and Cullin-4B
had multiple peptides that match the consensus rule. However, a PubMed search for any correlation between
prostate cancer and Cullin-4B or Cullin-7 failed to get any reference. Since SPOP can interact with Cullin 3, the
chance that it interacts with other members of Cullin family is not impossible. The first hit, AN1-type zinc fin-
ger protein 6 has the sequence SALDSTSSS, which is very similar to that of ASADSTT used in structural mod-
eling and fulfill the hydrophobic requirement before aspartic acid. The protein was investigated closely in
PubMed to look for any potential correlation with prostate cancer.

3.2. A Model to Explain the Pathogenesis of SPOP Loss-of-Function Mutations in Prostate
Cancer

AN1-type zinc finger protein 6, also called AWPL, is a zinc finger protein that interacts with tumor necrosis
factor receptor-associated factor 2 (TRAF2) [15]. Knockdown of AWP1 protein level increased tumor necrosis
factor-a (TNFa)-induced cell death by decreasing NFxB activity [15]. In contrast, increased AWP1 protein in
cells could decrease cell death and enhance tumor formation. A different action of AWP1 was found through an
interaction with PRK-1, a Protein kinase C family serine/threonine kinase [16]. PRK-1 has been tied to androgen
receptor (AR) function in regulation of AR-dependent transcription. Stimulation of PRK-1 results in a ligand-
dependent superactivation of AR [11]. It was showed that PRK-1 promoted the formation of a complex com-
prised of AR and other co-activators. PRK-1 also binds and stimulates AR activity in the presence of adrenal
androgens, which are still present in prostate cancer patients receiving androgen ablation therapy [11]. Based on
the above information, it was hypothesized that SPOP mutation could lead to accumulation of AWP1, which
may have dual effects in decreasing cell death and enhancing PRK-1 signaling and AR superactivation. There-
fore, targeting AWP1 or PRK-1 could be a new approach to develop prostate cancer treatment.

Based on the above information, a model was proposed as shown in Figure 1. In normal or prostate cancer
cells that do not have SPOP mutations, SPOP substrates such as Gli, SRC-3 and AWP1 could be degraded
through SPOP-dependent protein degradation, which regulates AR activity (left panel, Figure 1). However, in
prostate cancer cells with SPOP loss-of-function mutations, SPOP substrates such as SRC-3, Gli, AWP1 will not
be regulated by the SPOP-dependent protein degradation and thus accumulated in cells, and enhance AR activity.
This situation occurs in the 6% - 15% prostate cancer that carries SPOP mutations and this subgroup of prostate
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Figure 1. Regulation of AR transcriptional activity in cells with wild-type and mutant SPOP. AR
activity is regulated by many proteins, including PRK-1, Gli, SRC-3 transcriptional co-activator.
In cells with wild-type SPOP, the levels of the three proteins remain low due to ubiqui-
tin-dependent protein degradation, which subsequently controls AR activity (left panel). In the
presence of loss-of-function SPOP mutations, Gli, SRC-3 and AWP1-PRK-1 accumulate to en-
hance transcriptional activation of AR (right panel) and possibly tumor formation.

cancer may have extraordinary sensitivity to a therapy targeting this complex. This mechanism provides a ratio-
nale-based approach to interrupt activation of androgen receptor by blocking the process. Among all players in
the pathway, PRK-1, a binding partner of AWP1 and a part of the multiprotein AR transcriptional complex, po-
tentially serves as an easy druggable target due to its nature as a serine/threonine kinase.

3.3. Blocking PRK-1 by Lestaurtinib Could Be Used to Treat Prostate Cancer with SPOP
Mutations

Next we tested thehypothesis using a compound lestaurtinib, which was reported to be a potent inhibitor of
PRK-1and discovered by structural modeling [10]. The same manuscript reported that the 50% of the maximally
inhibitory concentration (I1Cs) of lestaurtinib against PRK-1was as low as 8.6 nM [10]. Treatment of LNCaP
prostate cancer cells with 5 pM lestaurtinib resulted in suppression of several established androgen-inducible
targets, including TMPRSS2, Insulin-like growth factor-1 (IGF1), CXC chemokine receptor 4 (CXCR4) and
others, but lestaurtinib cannot suppress the androgen-independent genes such as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [10]. We examined the hypothesis in 4 prostate cancer cell lines to see whether inhi-
bition of PRK-1 by lestaurtinib could be an effective approach against prostate cancer and how it is related to
SPOP mutations and other AR transcriptional complex such as SRC-3 and PRK-1.

These prostate cancer cells, PC3, DU145, 22RV1 and LNCaP, were investigated in their sensitivity against
lestaurtinib. Cells were treated with lestaurtinib at various concentrations for 48 hours to determine the 1Csq us-
ing a standard MTT assay. As shown in Figure 2, LNCaP and 22RV1 cells, which are known to be hormonal
responsive cell lines, were much more sensitive to lestaurtinib than PC3 and DU145, which are not hormonal
responsive, suggesting the notion that the effect of lestaurtinib is mediated by suppression of androgen receptor
function.

3.4. Levels of SRC-3 and PRK-1 Protein Expression in Prostate Cancer Cells

Using Western blotting, the levels of SRC-3 protein expression were examined in three cell lines before and af-
ter lestaurtinib treatment. It was anticipated that cells with higher SRC-3 could have stronger androgen receptor
activity. In top panel of Figure 3, the pretreatment levels of SRC-3 were similar in LNCaP, PC3 and DU145
cells. However, after they are treated with lestaurtinib, only the most sensitive LNCaP cells had an obvious de-
crease of SRC-3. The levels of PRK-1 protein expression were similar before treatment, and had no obvious
change after lestaurtinib treatment in all three cells.
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Figure 2. Cell growth suppression by lestaurtinib. Prostate cancer cells PC3, 22RV1,

DU145 and LNCaP cells were treated with DMSO (control), 10, 30, 100, 300, 1000,
3000 nM lestaurtinib for 48 hours and cell growth inhibition was determined by MTT

assays.
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Figure 3. Western blotting of SRC-3 and PRK-1 in prostate cancer cells before and after
lestaurtinib treatment. LNCaP, DU145 and PC3 cells were treated with 1 uM lestaurtinib
for 6 hours and harvested for subcellular fractionation. Whole cell lysates (top panel),
nuclear and cytosolic fractions (lower panel) were analyzed with Western blotting using
various antibodies as shown in right. Actin, tubulin and Histone-H3 were used as loading
and localization controls.

Since SRC-3 and PRK can be shuffling between the cytoplasm and nucleus according to our model in Figure 1,
the localization of SRC-3 and PRK was investigated to determine the amount of SRC-3 and PRK-1 in the nuc-
leus and cytoplasm compartments before and after treatment with lestaurtinib. Subcellular fractionation was
performed in all three cells before and at 6 hours after treatment with lestaurtinib. The timing of 6 hours was
chosen due to the fact that significant morphological changes were observed at this time point (not shown). Each
fraction was analyzed with Western blotting with SRC-3 and PRK-1 antibodies, and other markers such as tubu-
lin, histone-H3 and actin were used as loading or localization controls. A decrease of SRC-3 protein was ob-
served mainly in the cytoplasm but not in nucleus after lestaurtinib treatment in all three cell lines. And the de-
crease was most pronounced in the LNCaP cells, consistent with the fact that this cell line is more sensitive cells
to lestaurtinib than the other two (Figure 2). In contrast, PRK-1 protein increased in the nuclear fractions in all
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three cell lines, but no change in cytoplasm after lestaurtinib treatment. The loading control with histone, actin
and tubulin confirmed that the cytoplasmic fractions were not contaminated with nucleus.

4. Discussion

Recent advance in next generation sequencing of prostate cancer revealed that SPOP is the most commonly mu-
tated gene in 6% - 15% of prostate cancer [1]. The localization of mutations at the substrate-binding pocket of
SPOP suggests that these mutations could potentially interfere with its ubiquitin ligase activity. We proposed a
hypothesis described in Figure 1 that loss-of-function mutations of SPOP lead to accumulation of its physiolog-
ical substrates, such as SRC-3, which subsequently enhances androgen receptor activity and prostate cancer
formation. The hypothesis was tested by searching for an inhibitor that can block a member of the androgen re-
ceptor transcriptional complex. PRK-1, a serine/threonine kinase of the PKC family, was chosen as the candi-
date molecular target in the androgen receptor complex [11], since kinase inhibitors are readily available and
easier to develop than blocking protein-protein interaction in the complex. Lestaurtinib was identified in the li-
terature for its potent activity against PRK-1 [10]. The fact that lestaurtinib can suppress androgen-inducible
gene expression is another supporting evidence that lestaurtinib can potentially be used in androgen-sensitive
prostate cancer. Although previously lestaurtinib failed in a clinical study of androgen-refractory prostate cancer
[17], the reason for the failure could be due to selection of a wrong population of prostate cancer. Figure 2
showed the resistance of PC3 and DU145 cells, two androgen-independent prostate cancer cell lines, and sup-
ported this possibility. Further evaluation of lestaurtinib in androgen-sensitive prostate cancer, especially for a
subpopulation with high androgen receptor activity due to SPOP mutations or high expression of SRC-3, is
worth to pursue.

In vitro studies of blocking PRK-1 by lestaurtinib were performed in 3 different cell lines. It was investigated
whether the cytotoxic activity of lestaurtinib against prostate cancer cells could be correlated with the protein
levels of SRC-3 and presence of SPOP mutations. However, among the three cell lines tested in this project,
none of them carries SPOP mutation (data not shown), but this is not surprising as only 6% - 15% of prostate
cancer was reported to have SPOP mutations. Since SPOP is the key mechanism for regulation of SRC-3 protein
level, the lack of mutation is consistent with the finding that the baseline protein levels of SRC-3 are similar in
the three tested cell lines (Figure 3, top panel).

However, a difference in SRC-3 protein level was found after cells were treated with lestaurtinib. LNCaP, the
most sensitive cells to lestaurtinib and also androgen-sensitive, showed the most prominent decrease of SRC-3
protein after lestaurtinib treatment. In addition, based on the subcellular fractionation studies, the decrease of
SRC-3 protein was predominantly in the cytoplasm but not in the nucleus. How can we explain the decrease of
SRC-3 protein in the cytoplasm after treatment with lestaurtinib, a serine/threonine kinase inhibitor? Regulation
of SRC-3 protein is a complicated process, and phosphorylation of SRC-3 at multiple locations by various Ki-
nases has been reported [18]. One kinase that phosphorylates SRC-3 is the atypical PKC family, which could
also be inhibited by lestaurtinib due to the similar structures between lestaurtinib and staurosporin, a well-known
inhibitor of PKC family members. It was reported that aPKC¢-induced SRC-3 phosphorylation protects SRC-3
from proteasome-dependent degradation in an ERa-dependent manner, leading to an increased estrogen-induced
breast cancer cell growth [18]. This mechanism could explain the predominantly decrease of SRC-3 (Figure 3).
This decrease of SRC-3 protein level may also contribute to a decrease in androgen receptor activity and en-
hance the cytotoxic activity of lestaurtinib. Although the nuclear SRC-3 protein levels did not change as dra-
matically, but it is still possible that blocking PRK-1 activity with lestaurtinib still interferes with SRC-3-in-
duced androgen receptor activity. Animal studies in the past did support the efficacy of lestaurtinib in prostate
cancer model [19] [20], in particularly in combination with androgen ablation [20]. Although the clinical toxici-
ty profile of lestaurtinib is tested in acute myelocytic leukemia following standard chemotherapy [13], safety
profile in prostate cancer patients remains to be studied. Further investigation of the androgen receptor complex
after lestaurtinib treatment would help to solve the problem and move to clinical application.

5. Conclusion

This project intended to develop a new approach to treat a subpopulation of prostate cancer with SPOP muta-
tions. This subpopulation of prostate cancer was anticipated to have high androgen receptor activity due to ac-
cumulation of SPOP substrates such as SRC-3 and recruitment of PRK-1 in the androgen receptor complex.
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Lestaurtinib was potent in induction of cell death inandrogen-sensitive prostate cancer cells [20] due to its activ-
ity in blocking PRK-1 and decreasing SRC-3 protein. Androgen-sensitive prostate cancer, particularly those
with confirmed SPOP mutations, could be tested clinically to confirm this hypothesis. Our model suggests that a
combination of androgen blockade with lestaurtinib as a two-prong attack could be an effective approach to treat
prostate cancer with SPOP mutations.
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