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Abstract

Prostate cancer (PCa) responds to therapies that suppress androgen receptor (AR) activity
(androgen deprivation therapy, ADT) but invariably progresses to castration-resistant prostate
cancer (CRPC). The Tec family nonreceptor tyrosine kinase BMX is activated downstream of
phosphatidylinositol-3 kinase and has been implicated in regulation of multiple pathways and in
the development of cancers including PCa. However, its precise mechanisms of action, and
particularly its endogenous substrates, remain to be established. Here we demonstrate that BMX
expression in PCa is suppressed directly by AR via binding to the BMX gene, and that BMX
expression is subsequently rapidly increased in response to ADT. BMX contributed to CRPC
development in cell line and xenograft models by positively regulating the activities of multiple
receptor tyrosine kinases (RTK) through phosphorylation of a phosphotyrosine-tyrosine (pYY)
motif in their activation loop, generating pYpY that is required for full kinase activity. To assess
BMX activity in vivo, we generated a BMX substrate-specific antibody (anti-pYpY) and found
that its reactivity correlated with BMX expression in clinical samples, supporting pYY as an in
vivo substrate. Inhibition of BMX with ibrutinib (developed as an inhibitor of the related Tec
kinase BTK) or another BMX inhibitor BMX-IN-1 markedly enhanced the response to castration
in a PCa xenograft model. These data indicate that increased BMX in response to ADT contributes
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to enhanced tyrosine kinase signaling and the subsequent emergence of CRPC, and that
combination therapies targeting AR and BMX may be effective in a subset of patients.
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Introduction

Tec kinases are a family of non-receptor tyrosine kinases expressed primarily in
hematopoietic cells, and are related in structure to SRC kinases in having SH3 followed by
SH2 and tyrosine kinase domains, but they lack the C-terminal tyrosine that negatively
regulates SRC kinases (1). The Tec kinases are also unique in having a pleckstrin homology
(PH) domain, which is located at the N-terminus and mediates membrane targeting in
response to phosphatidylinositol-3 kinase (PI3K) activation and subsequent SRC mediated
phosphorylation of a tyrosine in the kinase domain that activates the enzyme. BMX (bone
marrow tyrosine kinase gene on chromosome X), also termed ETK (epithelial tyrosine
kinase), in contrast to other Tec kinases, is broadly expressed by cell types outside the
hematopoietic lineage, including in arterial endothelium and epithelial cells (2-5). Similarly
to other Tec kinases, BMX can be activated downstream of PI3K by PH domain-mediated
membrane targeting and SRC-mediated phosphorylation of a kinase domain tyrosine (Y566)
(1,6), and may alternatively be recruited to the membrane by focal adhesion kinase (FAK)
(7). BMX-deficient mice have only modest defects related to angiogenesis and inflammation
(3,8-11). However, increasing evidence indicates that BMX has roles in modulating multiple
cellular processes including proliferation, differentiation, motility, and apoptosis (12-20),
and BMX has been implicated in several cancers (18,20-24). BMX has been reported to
directly or indirectly regulate the activity of proteins including TNFR2, PAK1, TP53, PIM1,
and STAT3 (10,13,15,25-27), and was recently reported to directly phosphorylate BAK (19).

Prostate cancer (PCa) is the most common noncutaneous malignancy in men. The androgen
receptor (AR) plays a central role in PCa and most patients with metastatic PCa respond
initially to androgen deprivation therapy (ADT). However, they invariably relapse with
metastatic disease despite castrate levels of androgen (castration-resistant prostate cancer,
CRPC), and treatment of this advanced stage of the disease is a therapeutic challenge.
Responses can be obtained by further suppression of androgen synthesis using agents such
as abiraterone or by AR antagonists such as enzalutamide, but most of these patients still
relapse within 1-2 years, likely via multiple mechanisms (28-31). Further responses may be
obtained with taxanes, radium 223, or immunotherapy in subsets of patients, but these also
are not generally durable. BMX is expressed in primary PCa and metastatic CRPC (2,4,22),
and transgenic overexpression of BMX in mouse prostate epithelium results in lesions
resembling prostate intraepithelial neoplasia (PIN) (22). BMX expression may be increased
in response to androgen deprivation therapy, and its ectopic overexpression can confer
resistance to castration (23). In addition to its increased expression, BMX in PCa cells may
be activated downstream of PTEN loss, EGF family receptors, IL-6, and several
neuropeptides (6,32,33).
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The progression of PCa to higher grades and to metastatic CRPC also is associated with
increased MAPK pathway activation (34), which in many cancers is mediated by receptor
tyrosine kinases (RTKS), but activating mutations or copy number changes in RTKSs are
uncommon in primary or advanced PCa (35). We previously identified phosphotyrosine-
tyrosine (pY'Y) as a novel substrate motif for BMX, with BMX generating pYpY (36).
Significantly, this motif is found in the activation loop of multiple tyrosine kinases, and we
found that BMX could enhance the activation of these kinases by phosphorylating this
second tyrosine, which is required for full activity. The physiological importance of this
activity is supported by increased expression of insulin receptor in BMX-deficient mice (36),
but whether BMX regulates RTK activity in cancer is unknown. We hypothesized that
increased BMX in response to ADT may function to augment basal and growth factor
stimulated RTK activity and thereby contribute to CRPC. Our objectives in this study were
to test this hypothesis and to assess the efficacy of BMX inhibition in combination with
ADT.

Materials and Methods

Antibodies and plasmids

Anti-pFAK (pY576/577), anti-pIGF1R (pY1165/1166)/InsR (pY1189/1190), anti-pMET
(pY1234/1235), anti-pS6s235/236, anti-pPYK2Y579/580 and anti-pErbB2Y1221/1222 were
from Cell Signaling Technology. Anti-Flag M2, anti-FAK, anti-pFAK (pY576), anti-pFAK
(pY577), anti-BMX (H-220, sc20711, rabbit polyclonal) and anti-p-actin were from Santa
Cruz Biotechnology. Anti-pTyr (4G10) and anti-tubulin were from Millipore. 3xFlag-FAK
was produced by inserting FAK (pCMV-SPORT6-FAK, Open Biosystems) into p3XFlag-
CMV (Sigma) between Hindlll and BamH1 sites, and mutants were then generated using
QuikChange Site-Directed Mutagenesis Kit (Stratagene). The BMX substrate antibody was
generated in collaboration with Cell Signaling Technology (Beverly, MA). Rabbits were
immunized with a BMX motif peptide, XX(D/E/S/IT)pYpY XX (where X is any amino acid).
The antibodies then were depleted of reactivity to the unphosphorylated and single
phosphorylated peptides, and absorbed and eluted from resin conjugated with the dually
phosphorylated peptide.

Cell culture and transfection

HEK?293 and VVCaP cells were cultured in DMEM/10% FBS (Hyclone). LNCaP, DU145,
and CWR22 RV1 cells were cultured in RPMI-1640/10% FBS. Cells were obtained from
ATCC (Manassas, VA) and used within 6 months of thawing for studies. They were
authenticated by STR profiling, and were free of Mycoplasma. For 3D cultures,
approximately 4,000 cells were seeded onto chamber slides (LAB-TEK) coated with growth
factor-reduced Matrigel (BD Biosciences), and then cultured in basal medium (RPMI11640
or DMEM) replenished with 2% FBS and 2% Matrigel. The medium was replaced every 4
days. Transfections were performed using Lipofectamine 2000 (Invitrogen) according to
manufacturer instructions. For cell proliferation assays, cells were grown with or without
drug treatment for 72 hours. Viable cells were counted or analyzed using Cell Counting
Kit-8 (Dojindo).
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Immunoblotting and immunoprecipitation

Cells were lysed with RIPA buffer (Thermo Scientific) containing Pierce protease inhibitor
and phosphatase inhibitor cocktails (Thermo Scientific). 1mM of sodium orthovanadate was
added when necessary. Lysates were sonicated for 10 s and centrifuged at 13,000 rpm at

4 °C for 15 min. Protein extracts were mixed with 2X Laemmli sample buffer and boiled for
5 minutes and then resolved on 4-15% Mini-Protean TGX precast gels (Bio-Rad) followed
by membrane transfer. Membranes were blocked with 5% milk (or 5% BSA for
phosphospecific Abs) in TBS/0.1% Tween 20 (TBS/T) at room temperature for 1 hr and
incubated with primary antibodies overnight at 4 °C. Membranes were then incubated with
secondary antibodies at room temperature for 1 hr and developed by ECL. For
immunoprecipitation, equal amounts of protein extracts (1-5 mg) were mixed with 5 ug of
pYpY antibody and 20 pl of protein A agarose beads and incubated at 4 °C overnight with
continuous agitation. The beads were washed extensively with RIPA buffer followed by TBS
buffer, and beads were eluted with 2X Laemmli sample buffer.

Immunohistochemistry (IHC) in xenograft, patient samples and PCa tissue microarrays

RT-PCR and

Tissues were fixed with 10% formalin and then paraffin-embedded. The sections were
analyzed by Hematoxylin and Eosin (H&E) staining and by standard IHC staining using the
pYpY antibody (clone BL10920, BL10921; Cell Signaling Technology). IHC for BMX was
carried out with a mouse monoclonal 1gG1 antibody (BD Science #610792) versus
nonspecific 1gG1 (DakoCytomation). CRPC patient samples were from a clinical trial of
abiraterone combined with dutasteride (28). Written informed consent was obtained from
patients for research use of excess tissue, and the studies were conducted in accordance with
recognized ethical guidelines as outlined in the U.S. Common Rule. Tissue microarrays
(TMASs) were from US Biomax. The immunostained TMAs were then evaluated and scored
by a study pathologist (X. Yuan).

chromatin-immunoprecipitation (ChlP) Assay

Quantitative real-time RT-PCR amplification was performed on RNA extracted from tissue
samples or cell lines using RNeasy mini kit (Qiagen). RNA (50ng) was used for each
reaction and the result was normalized by co-amplification of 18S RNA. Reactions were
performed on an ABI Prism 7700 Sequence Detection System using Tagman one-step RT-
PCR reagents. For ChIP assay, cells were formalin fixed, lysed and sonicated. Anti-AR
(Santa Cruz), anti-p300 (Santa Cruz), anti-FOXAL (Abcam), anti-OCT1 (Santa Cruz), anti-
LSD1 (Abcam), anti-H3K4mel (Abcam), antiH3K4me2 (Upstate), anti-H3K4me3 (Abcam),
or rabbit IgG (Santa Cruz) were used to precipitate chromatin fragments from cell extracts.
Quantitative real time PCR was used to analyze binding to the ABS1 and ABS2. We used
real time quantitative PCR (SYBR green) to amplify the DNA fragment in the antibody
precipitated DNA and the un-precipitated input DNA to calculate ACT values. The RQ
values (RQ=2-ACT) are presented and reflect the precipitated DNA as a percentage of the
input DNA. Results are represented as mean + STD for replicate samples. Data are
representative of at least three experiments. Significant differences are indicated (*) in the
experiments.
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Mouse xenograft studies

All animal experiments were approved by Beth Israel Deaconess Medical Center (BIDMC)
Institutional Animal Care and Use Committee (IACUC) and were performed in accordance
with institutional and national guidelines. About 2-5 million PCa cells (CWR-22RV1,
DU145 and VCaP) were suspended in serum free medium supplemented with 50% Matrigel
(BD Biosciences) and were implanted subcutaneously into the dorsal flank of 4-6 week old
male ICR SCID mice (Taconic). Once the tumors reach approximately 250 mm? in size,
mice were injected intraperitoneally with BMX-IN-1, ibrutinib or vehicle at indicated doses
once per day. Tumor volumes were measured twice weekly using calipers. At the end of the
study, all mice were humanely euthanized, tumors were collected and analyzed. For VVCaP
xenograft model, mice were castrated once the tumor reached ~250 mms3 and the BMX
inhibitor therapy was immediately started.

Analysis of public domain RNA-seq and microarray data

75th-percentile normalized gene-level RSEM values for the prostate TCGA tumor and
normal cases (MRNA-seq V2) were downloaded directly from the NCI Genomic Data
Commons. CRPC data was downloaded from dbGaP for the Beltran 2016 (37) and Robinson
2015 (38) data sets (phs000909 and phs000915). Unpublished RNA-seq data corresponding
to the LuCaP cases described previously (39) were graciously provided by Dr. Eva Corey
(U. of Washington). For the Beltran, Robinson, and LuCaP datasets, CRPC cases were
identified by excluding cases previously marked as neuroendocrine or otherwise having high
levels of SYPor CHGA mRNA expression. LuCaP data was pre-processed by the removal
of ambiguous reads originating from mouse tissue as described previously (40). All datasets
were then processed through the TCGA mRNA-seq V2 alignment protocol, in which raw
data was adaptor trimmed, aligned with MapSplice, sorted by read group and reference
name with SamTools, translated and filtered to the transcriptome, quantified with RSEM,
and normalized to the 75th percentile of each sample. Outlier analyses were performed using
GraphPad Prism version 7. For microarrays, log, microarray data of 4 LuCaP PDX cases
(41) were downloaded from GEO, accession ID GSE85672. Values corresponding to BMX
were grouped by condition and compared within each group by one-way ANOVA. Samples
within each group were compared against each other using Tukey’s multiple comparison
test. Statistical analyses were performed using GraphPad Prism version 7.

Statistical Analysis

Results

Results are expressed as mean + SE. Statistical significance was determined by a two-sided
Student’s t-test, with p<0.05 considered statistically significant.

BMX inhibition suppresses the growth of CRPC cells in vitro and in vivo

Previous studies using BMX inhibitors or RNAI have indicated that blocking BMX can
suppress the growth or induce apoptosis of PCa cell lines and xenografts (42—44). We also
previously reported on development of a Tec kinase (BMX and BTK) selective irreversible
covalent inhibitor (BMX-IN-1, Bil), and showed that it could suppress the growth and/or
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induce apoptosis of several PCa cell lines (45). Consistent with this previous study, BMX-
IN-1 suppressed the proliferation of CWR22Rv1 cells (AR dependent but androgen
independent PCa cell line) with an ICsq of ~5 pM, while the reversible noncovalent analogue
of BMX-IN-1 (BMX-IN-1R, Bi1lR) was much less active (Figure 1A). Ibrutinib is a covalent
inhibitor of BMX and BTK, which can also target EGFR family kinases at ~10-fold higher
concentrations, and is an approved BTK inhibitor used for the treatment of B cell
malignancies (BTK not being expressed at detectable levels in PCa cell lines, see below). It
had similar effects on proliferation (Figure 1B), although the concentrations required were
substantially higher than for suppression of BTK in CLL cells (10-100 nM). More
dramatically, BMX-IN-1 and ibrutinib blocked CWR22Rv1 cell colony formation in
Matrigel-based 3D cultures (Figure 1C), with the compounds reducing both colony number
and size at 2 weeks (Figure 1D, E).

To determine whether BMX may similarly contribute to PCa growth in vivo, we generated
subcutaneous CWR22Rv1 xenografts in immunodeficient male mice. When xenografts
reached ~250 mm3, mice were randomized to daily treatment with BMX-IN-1 (50 or 100
mg/kg), ibrutinib (150 mg/kg), or vehicle by intraperitoneal injection. Both BMX-IN-1
(Figure 1F) and ibrutinib (Figure 1G) significantly suppressed the growth of these
CWR22Rv1 xenografts. This response was not clearly related to AR, as BMX-IN-1 also
suppressed the growth of xenografts derived from the AR negative DU145 PCa cell line
(Figure 1H).

To determine whether these drug-induced effects are consistent with what is observed upon
inhibiting BMX expression in vivo, we also generated CWR22Rv1 sublines expressing
doxycycline inducible BMX shRNA. In two independent lines, doxycycline induction of the
BMX shRNA resulted in reduced growth in both 2D cultures and in Matrigel-based 3D
models when compared to uninduced counterparts (Supplemental Figure S1A, B). Of note,
basal BMX levels in these lines differed, and the growth rates prior to (as well as after)
doxycycline induction of the shRNA in the two lines were correlated with BMX expression,
consistent with a growth-stimulatory function. Finally, we injected cells from one of these
lines (line 12) subcutaneously into immunodeficient male mice, and randomized the mice to
receive doxycycline or vehicle in the drinking water. Consistent with the in vitro results,
doxycycline suppressed growth of these CWR22Rv1 xenografts (Supplemental Figure S1C).

BMX inhibition in PCa cells blocks the downstream dual tyrosine phosphorylation of
multiple tyrosine kinases in vitro

We previously reported that BMX showed a dramatic preference for substrates with a
priming phosphotyrosine at position —=1(pYY), to yield pYpY (36). The activation loop of
multiple tyrosine kinases contains a tandem Y'Y that must be dually phosphorylated for full
activity (46,47), and we further found that BMX could thereby enhance the activity of
multiple tyrosine kinases through phosphorylation of the second tyrosine in the activation
loop after a priming tyrosine autophosphorylation at the —1 position (36). Based on these
findings we proposed that BMX, which is activated downstream of PI3K and SRC, functions
to modulate tyrosine kinase activity and subsequently downstream signaling (see schematic,
Supplemental Figure S2). Consistent with this function, BMX depletion by siRNA in
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CWR22Rv1 cells impaired activation of the MAPK and PI13K pathways in response to
serum stimulation (Figure 2A). This impairment was observed with a pool of BMX siRNA,
and was more dramatic using a single BMX siRNA that more effectively depleted BMX
(Supplemental Figure S3 and Figure 2A, respectively).

We next assessed the effects of the BMX inhibition on PCa in vivo. Similarly to the in vitro
results, by immunoblotting we found that levels of phospho-S6 (serine 235, 236) and
phospho-ERK (threonine 202, tyrosine 204) were reduced after 3-days of therapy with
BMX-IN-1 in the CWR22Rv1 xenografts (Figure 2B), supporting a block in both the PI3K
and MAPK pathways. Therefore, we next determined the effect of BMX inhibitors on the
phosphorylation of individual tyrosine kinases in CWR22Rv1 and DU145 PCa cells. BMX
inhibitors diminished pYpY levels on FAK and on insulin-stimulated Insulin Receptor/
Insulin Growth Factor (IR/IGFR1), with a resultant decrease in S6 phosphorylation (Figure
2C-E). BMX-IN-1 and ibrutinib also suppressed pYpY levels in MET after HGF stimulation
(Fig. 2F), as well as the increase in SOX9 that occurs downstream of MET activation (Figure
2G) (48). Taken together these findings suggested that BMX may contribute to driving PCa
growth in vivo through this enhancement of tyrosine kinase activation.

Generation of a BMX substrate antibody

In addition to a pY at the —1 position, we previously found that BMX showed a preference
for acidic residues at position —2 (also consistent with the activation loop of multiple
tyrosine kinases) (36). Therefore, in collaboration with Cell Signaling Technology, we
generated an affinity purified rabbit antibody that recognizes (D/E/S/T)pYpY (herein
referred to as pYpY antibody) as a potential reagent to assess for BMX activity (Figure 3A).
In order to determine the specificity of this antibody (which was extensively absorbed
against the unphosphorylated and monophosphorylated peptides), we first co-transfected
FAK, a BMX substrate, with empty vector (EV), BMX wild type (WT) or BMX kinase dead
(KD), and then treated with or without ibrutinib. BMX WT increased levels of dual-
phosphorylated pY576,p577 FAK, as assessed by a specific phospho-FAK pY576, p577
antibody, and markedly increased reactivity with the pYpY antibody (Figure 3B). The
reactivity was not increased by kinase dead BMX, and was markedly suppressed by
ibrutinib. We further mutated FAK at tyrosines 576 and/or 577, and found that both single
and double tyrosine mutations completely abrogated the pYpY signal (as well as reactivity
with the phospho-FAK pY576, p577 antibody) (Figure 3C). Moreover, the 4G10 antibody
(recognizing pY) showed modest basal reactivity that was increased by BMX on the control
FAK constructs, but not on the Y576A or Y577A constructs.

We next used the pYpY antibody to assess the effects of BMX on a series of tyrosine
kinases. Serum starved CWR22Rv1 cells were treated overnight with BMX-IN-1 or vehicle,
and then treated with serum for 10 minutes. Proteins were then immunoprecipitated with the
pYpY antibody followed by immunoblotting using individual antibodies that recognize the
pYpY in specific tyrosine kinases including MET, FAK, PYK, ERBB2 and BMX itself. For
each kinase the BMX inhibitor decreased the pYpY signal in the serum starved and serum
stimulated cells (Figure 3D). We also immunoblotted the pYpY immunoprecipitated
proteins with the pYpY antibody or with 4G10 (recognizing a single phosphotyrosine).
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BMX inhibition suppressed dual tyrosine phosphorylation but failed to inhibit single
tyrosine phosphorylation, further supporting the substrate specificity of BMX (Figure 3E).

Reactivity with BMX substrate antibody correlates with BMX level and activity in vivo

We next performed immunohistochemistry (IHC) for BMX and with the pYpY antibody on
castration-resistant VCaP xenografts (which express increased levels of BMX, see below)
and patient samples. For the BMX IHC we used a mouse monoclonal that had been
validated previously for IHC (24), and further confirmed its specificity by immunoblotting
and by IHC on CWR22Rv1 cell blocks from cells treated with BMX siRNA (Supplemental
Figure S4A, B). The castration-resistant VVCaP xenografts were positive for BMX and with
the pYpY antibody, and the latter staining could be competed with excess pYpY peptide
(Figure 4A). To further assess BMX function in vivo, we biopsied castration-resistant VCaP
xenografts and then treated for 4 days with BMX-IN-1 (100 mg/kg/day). Significantly, the
pYpY signal by IHC was substantially reduced in the BMX-IN-1 treated xenograft tumors
compared to the pre-treated counterparts from the same mice (Figure 4B). We next stained
several CRPC bone marrow biopsies and a primary PCa tissue microarray (TMA) (Figure
4C, D). Importantly, the pYpY signal correlated with BMX expression in the biopsies and
the TMA (Pearson coefficient 0.7743 in the TMA). Figure 4E shows the distribution of
staining in the TMA. Taken together, these data strongly support the conclusion that BMX
functions in vivo to phosphorylate pY'Y substrates including multiple tyrosine kinases, and
may thereby contribute to the increased signaling through downstream pathways.

BMX is upregulated in castration-resistant and abiraterone resistant PCa

A previous study found that BMX protein was increased in a series of castration-resistant
transurethral resection of prostate (TURP) samples versus untreated samples, and in PCa
xenografts and mouse prostate after castration (23). We therefore examined BMX mRNA
levels in primary PCa and metastatic CRPC RNA-seq datasets. Significantly, median BMX
MRNA levels in the TCGA dataset of primary PCa were low and not increased relative to
normal prostate, although there was a substantial outlier population (Figure 5A) (49). BMX
mMRNA levels were higher in two metastatic CRPC datasets, although they were still lower
than for a series of other kinases (Figure 5B). Consistent with these results, although overall
levels were low, BMX mRNA was increased in CRPC bone marrow metastases versus
primary untreated PCa samples on Affymetrix microarrays we reported previously
(Supplemental Figure S5) (50).

To further trace the effects of androgen deprivation on BMX, we established androgen-
dependent VCaP xenografts and examined BMX expression prior to castration (androgen
dependent, AD), 4 days after castration (post-cast), and in the relapsed CRPC stage. Both
Affymetrix microarray data (Figure 5C, upper panel heatmap) and quantitative reverse
transcriptase PCR (qRT-PCR) validation data (Figure 5C, bottom panel) showed that BMX
mRNA was upregulated immediately after castration and persisted at the CRPC stage.
Strikingly, corresponding to the increase of BMX expression with tumor progression to
CRPC, staining with the pYpY antibody was also markedly intensified (Figure 5D). It is also
noteworthy that the pYpY signal was diffusely expressed in the cytoplasm prior to
castration, started to be enriched in the plasma membrane area immediately after castration,
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and was highly abundant in plasma membrane at the CRPC stage, consistent with membrane
localized RTKs downstream of BMX being activated during the progression to CRPC.

To determine whether BMX expression was altered in response to further androgen
deprivation with abiraterone, we next administered abiraterone to a cohort of castrated mice
bearing castration-resistant VVCaP xenografts. This treatment resulted in tumor regression or
stabilization for ~4-6 weeks followed by progression, at which time these abiraterone-
resistant VVCaP xenografts were similarly analyzed for BMX expression in comparison with
tumor biopsies taken prior to initiating abiraterone treatment. Results from gRT-PCR showed
that the abiraterone treatment further increased BMX expression above the levels in the
CRPC xenografts (Figure 5E). Finally, we examined BMX expression in a series of LuCaP
patient derived xenografts (PDXs) that were given AR targeted therapy (41). In a castration-
sensitive PDX (LuCaP-77), BMX mRNA was significantly increased in tumors that
progressed after castration or abiraterone treatment (Figure 5F). In contrast, BMX mRNA
was not increased by castration or abiraterone in another castration-sensitive PDX
(LuCaP-136). In the castration-resistant LuCaP-96CR (established in castrated mice),
treatment with abiraterone increased BMX during an initial response after 7 days, while
there was no effect in another castration-resistant PDX (LuCaP-35CR). Overall these
findings indicate that increased BMX may contribute to PCa progression after androgen
deprivation therapy in at least a subset of tumors.

AR negatively regulates BMX gene transcription

A previous study found that BMX was repressed by androgen in LNCaP cells, and found by
chromatin immunoprecipitation (ChlP) that AR was recruited to sites in the BM.X gene,
suggesting AR may directly repress the BMX gene (23). We examined our previous
Affymetrix microarray data generated to identify genes that are stimulated versus repressed
by androgen in vitro in VCaP cells and in a subline of VVCaP derived from a castration-
resistant xenograft (VCS2 cells) (51), and found that BMX also was repressed by DHT in
both cell lines (Supplemental Figure S6). To confirm this result, VCaP cells in steroid
depleted medium were treated with DHT for 24 hours. This treatment markedly decreased
BMXmRNA, and this decrease was blunted by co-treatment with an AR antagonist
(bicalutamide) (Figure 6A). Analysis by immunoblotting similarly showed BMX protein
was markedly reduced by DHT, and could be further increased by treatment with the AR
antagonist enzalutamide (presumably reflecting blockade of residual androgen in the steroid
depleted medium) (Figure 6B). Consistent with AR mediated repression of BMX, the
expression of BMX protein under basal conditions (complete medium containing androgen)
was markedly lower in the AR positive LNCaP and VVCaP cell lines versus the AR negative
PC3 and DU145 cell lines, although it was also higher in the AR positive CWR22Rv1 cell
line (which expresses high levels of an AR splice variant) (Figure 6C). We further confirmed
that this band was BMX by immunoblotting after treatment with a series of BMX siRNA
(Supplemental Figure S7). BTK was undetectable in any of the PCa lines (Figure 6C).

We next examined our previous AR ChlP-seq data in VVCaP cells (52) and identified two AR
binding sites linked to the BMX gene, designated as ABS1 and ABS2, which are located in
intron 1 and overlapping exon 5, respectively (Figure 6D and Supplemental Figure S8). To
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confirm these binding sites in VCaP cells, we designed primers spanning each region and
performed ChIP coupled with quantitative PCR (ChIP-gPCR) to measure AR binding. DHT
induced significant AR binding at both sites, which was more dramatic on ABS2 (Figure
6E). To determine whether AR binding had local effects on chromatin, we next assessed for
changes in histone marks associated with active transcription (H3K4 mono-, di- and tri-
methylation). Substantial H3K4 mono-methylation (H3K4mel) was detected at both sites,
H3K4 di-methylation (H3K4me2) was abundant at the ABS2 site but minimal at ABSL1 site,
and tri-methylation (H3K4me3, generally associated with gene promoters) was only
observed at the ABS2 site (Figure 6E). Significantly, DHT treatment (10 nM for 4 hours)
caused a decrease in H3K4 methylation at both sites, consistent with transcriptional
repression.

As demethylation of H3K4mel and H3K4me2 are mediated by lysine specific demethylase
1 (LSD1, KDM1A), we also examined LSD1 binding and found that it was higher at the
ABS1 site prior to DHT, but markedly increased at the ABS2 site in response to DHT
(Figure 6E). We have similarly reported an association between AR-mediated LSD1
recruitment and H3K4 demethylation at several other AR repressed genes including the AR
gene (51). Consistent with a role for LSD1, treatment with an LSD1 inhibitor (52102)
prevented the DHT-induced suppression of BAMX (Figure 6F). Finally, to further characterize
these two sites we examined binding of FOXAL (AR pioneer factor), p300 (major AR
coactivator), and OCT1 (transcription factor frequently associated with AR at enhancer
sites). Substantial basal levels of FOXAL were associated with both sites, and these levels
were markedly decreased at both sites in response to DHT (Figure 6G). In contrast, basal
OCT1 and p300 were higher at ABS2, and were decreased in response to DHT at ABS2, but
not ABS1. By immunoblotting we found that the DHT treatment did not change total
cellular levels of LSD1 (or CoREST), FOXAL, or p300, while AR protein were initially
increased at 6 hrs and then markedly decreased at 24 hours (consistent with previous data
showing that DHT rapidly stabilizes AR protein, but subsequently causes repression of the
AR gene) (Supplemental Figure S9A and S9B, respectively) (51). Overall, these findings
support the conclusion that ABS2 contains a BMX enhancer that is negatively regulated by
the agonist-liganded AR, and contributes to the increase of BMX after ADT.

BMX is a driver of castration resistance in vitro and in vivo

Our data so far have shown that BMX is upregulated immediately after castration and that
this is associated with increased levels pYpY, suggesting a role for BMX at early stages in
the development of castration resistance. In order to determine whether BMX contributes to
tumor progression after castration, we first treated androgen starved VVCaP cells with BMX
inhibitors to see whether BMX inhibition could further suppress cell recovery. Both BMX-
IN-1 and ibrutinib dose dependently decreased cell recovery (Figure 7A, B), and there was
at least an additive effect when ibrutinib was combined with enzalutamide to further
suppress AR activity (Fig. 7C). The results from Matrigel-based 3D cultures further
supported the combinatorial effect between BMX inhibitors and AR antagonist, although
VCaP cells did not generate well-formed colonies in this 3D model (Figure 7D). Most
strikingly, simultaneous administration of BMX inhibitors (BMX-IN-1 or ibrutinib) along
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with castration in VCaP xenografts led to marked tumor regression compared to castration
alone (Figure 7E).

We showed previously that progression to castration-resistance in the VCaP xenograft model
is associated with restoration of AR activity (53,54). A previous study indicated that BMX
may directly or indirectly interact with AR and enhance its stability or activity, possibly
through tyrosine phosphorylation, suggesting that BMX may be contributing to AR activity
in CRPC (23). To test this hypothesis, we treated a cohort of castration-resistant VVCaP
xenografts with BMX-IN-1 for 4 days and assessed for gene expression in pretreatment
biopsies versus post-treatment tumor. Significantly, IHC for cleaved caspase 3 showed that
this 4-day treatment with BMX-IN-1, or with ibrutinib, resulted in a marked increase in
apoptosis (Figure 7F). By gRT-PCR we found decreased expression of AR regulated genes
(PSA, TMPRSS2, NKX3.1), but also found decreases in AR mRNA, indicating that BMX
inhibition may decrease AR activity by transcriptional as well as posttranslational
mechanisms (Figure 7G). In any case, taken together these data support the conclusion that
BMX plays a role at early stages in the development of CRPC, with increased
phosphorylation of regulatory sites in multiple tyrosine kinases being a mechanism that
contributes to its survival function.

Discussion

BMX is activated downstream of PTEN loss and PI3K pathway stimulation, and has been
implicated in several cancers including PCa, but mechanisms through which it may drive
tumor growth remain to be established. We previously used a positional scanning peptide
library screening approach to determine that BMX had a marked preference for a priming
phosphotyrosine in the —1 position, which indicated that BMX substrates may include
multiple tyrosine kinases that are fully activated by pYpY sites in the kinase domain (36).
However, the extent to which BMX functions in vivo through this mechanism has not been
clear. In this study we initially found that BMX inhibitors decrease pYpY levels in FAK, IR,
and MET in PCa cell lines. We then generated and characterized a BMX motif antibody
against a (D/E/SIT)pYpY peptide, and showed that treatment of VCaP xenografts with a
BMX inhibitor caused a rapid decrease in the level of pYpY. Moreover, immunostaining of
clinical samples showed a strong correlation between BMX and pYpY levels, further
supporting the conclusion that pY'Y is a BMX substrate in vivo.

Together these findings indicate that BMX contributes to activation of tyrosine kinase
signaling in vivo in PCa, with subsequent increases in MAPK and PI3K pathway activation.
Specifically, we propose a positive feedback loop wherein BMX enhances the activation of
multiple RTKs by phosphorylation of pY'Y sites in their activation loop (with
phosphorylation of the -1 tyrosine being mediated by autophosphorylation), and that
subsequent activation of RAS, PI3K, and SRC further enhances BMX activity. It should be
noted that BMX may be activated by alternative mechanisms (7,32,33), and may have
additional direct substrates. In particular, BMX has been linked to increased STAT3
phosphorylation in both PCa and glioblastoma (22,24,27,44), which could be direct
(although STAT3 does not have the activation loop Y'Y motif) or indirect through RTKs.
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Other potential BMX substrates that may contribute to our observed responses to BMX
inhibition include AR (23) and BAK (19).

Consistent with a previous report (23), we also found that BMX expression was repressed by
androgen and increased by androgen deprivation. By analysis of ChIP-seq data we then
identified and validated two AR binding sites in the BMX gene, which were distinct from
those examined in the previous study. Both sites had features of enhancers that were
repressed in response to androgen, with the ABS2 (overlapping exon 5) appearing to be most
repressed in response to androgen. These findings indicate that AR is a direct negative
regulator of BMX, and that increased expression of BMX may be a very rapid adaptation in
response to castration that contributes to tumor cell survival and eventual emergence of
CRPC. Indeed, we found that BMX expression was markedly increased at 4 days after
castration in a series of VCaP xenografts. Moreover, this expression persisted when
xenografts became castration-resistant, and was then further increased in xenografts that
developed resistance to abiraterone. Significantly, this increase in BMX was associated with
an increase in staining with the BMX substrate antibody.

Based on these findings, we hypothesized that treatment with a BMX inhibitor may enhance
responses to ADT. Indeed, BMX inhibition markedly decreased the recovery of androgen
deprived VCaP cells in vitro. Moreover, treatment with BMX inhibitors (ibrutinib or BMX-
IN-1) dramatically enhanced the response to castration in VCaP xenografts. It should again
be noted that these inhibitors also target BTK, but this kinase is B cell specific and not
expressed at detectable levels in the PCa cells we have examined. However, we cannot rule
out effects on another Tec kinase, or the possibility that other effects of these inhibitors
contribute to their efficacy. Nonetheless, these findings indicate that BMX contributes to
tyrosine kinase pathway activation in at least a subset of primary PCa, and that its
contribution may be greater in CRPC. Moreover, the rapid induction of BMX after ADT
suggests that BMX may be particularly critical for tumor cell survival immediately after
ADT. Therefore, these studies provide support for clinical trials of BMX inhibitors (such as
ibrutinib) in CRPC, possibly with selection for patients based on BMX expression or
activity. In addition, these studies suggest that combining BMX inhibition with initial ADT,
or with secondary ADT (abiraterone or enzalutamide) may be particularly effective.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BM X inhibition suppressesthe growth of CRPC cellsin vitro and in vivo
(A) CWR22RV1 cells were treated with BMX-IN-1(Bil) or BMX-IN-1R (BilR) as a

negative control for 72 hr and then measured for viability (mean + SE, n = 4). (B)
CWR22RV1 cells were treated with ibrutinib for 72 hr and then measured for viability
(mean + SE, n = 4). (C) CWR22RV1 cells were cultured in Matrigel-based 3D system with
indicated BMX-IN-1 or control treatment for 2-3 weeks and (D) analyzed for colony number
(left panel) and average diameters (right panel) (mean + SE, n=5 for left panel and n=10 for

right panel). (E) CWR22RV1 cells were cultured in Matrigel-based 3D system with ibrutinib
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or control treatment for 2 weeks and colonies were analyzed for numbers and average
diameters (mean + SE, n=8 for left panel and n=20 for right panel). (F) CWR22RV1
xenografts bearing mice were administered 0, 50 or 100 mg/kg of BMX-IN-1(Bi1) and
growth was monitored (mean + SE; n=9 for vehicle, n=5 for 100mg/kg/d, and n=6 for 50mg/
kg). (G) CWR22RV1 xenografts bearing mice were administered 0 or 150 mg/kg/d of
ibrutinib and tumor growth was monitored (mean + SE; n=9 for vehicle, n=5 for 150mg/kg/d
of ibrutinib). (H) DU145 xenografts bearing mice were administered with 0 or 100mg/kg/d
of BMX-IN-1(Bil) and growth was monitored (mean + SE, n=5). *p<.05, **p<.01, ***p<.
001
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Figure 2. BM X inhibition in PCa cells blocks the downstream dual tyrosine phosphorylation
signal of multipletyrosinekinasesin vitro
(A) CWR22Rv1 cells were treated with BMX or control siRNA for 48 hours, serum starved

overnight, and then stimulated by addition of FBS to 10% for 10 minutes. (B) CWR22 RV1
tumor bearing mice were administered with BMX-IN-1 for 3 days; biopsies prior to and
after treatment were immunoblotted for indicated proteins. (C, D) CWR22RV1 cells in
complete medium were treated with BMX-IN-1 (C) or ibrutinib (D) for 4 hr. (E)
CWR22RV1 cells were serum starved for 24 hrs, then pre-incubated with BMX-IN-1 in
serum free medium for 2 hrs, and then stimulated with insulin for 10 min. (F, G) DU145
cells serum starved for 24 hr were pre-incubated with BMX inhibitors in serum free medium
for 2 hr, then stimulated with Hepatocyte Growth Factor (HGF), and immunoblotted for
PMET after 10 minutes (F) or SOX9 after 3 hr (G).
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Figure 3. Generation of a dual phospho-tyrosine (pYpY) antibody that indicates BM X activity
(A) Schematic for (D/E/SIT)pYpY BMX substrate antibody generation. (B) HEK 293 cells

double transfected with wild type FAK and wild type or kinase dead BMX (or empty vector,
EV) were treated with or without 1 pM ibrutinib for 4 hr. (C) HEK 293 cells were double
transfected with wild type or mutant FAK (or empty vector), and with wild type or kinase
dead BMX. (D) CWR22RV1 cells serum starved for 24 hr were pre-treated with BMX-
IN-1(Bil) for 4 hr, and then stimulated with or without FBS (to 10%) for 10 min. Proteins
were immunoprecipitated with the pYpY antibody and then blotted for dual tyrosine
phosphorylation of the indicated tyrosine kinases or for total BMX. Arrowheads show
predicted molecule weights. (E) CWR22RV1 cells treated with or without 5 pM of BMX-
IN-1were were immunoprecipitated using the pYpY BMX substrate antibody. Whole cell
lysate (WCL) or immunoprecipitated proteins were then blotted with the pYpY (left panel)
or phospho-tyrosine (4G10; right panel) antibodies.
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Figure 4. Reactivity with pYpY antibody correlateswith BM X activity in vivo
(A) Castration resistant VCaP xenografts were immunostained for total BMX or pYpY, the

latter with or without (D/E/S/T)pYpY peptide blocking. (B) Castration resistant VVCaP
xenograft bearing mice were administered 100 mg/kg/d of BMX-IN-1 for 4 days.
Pretreatment biopsies and post treatment tissues were immunostained for pYpY. (C) Bone
metastasis biopsies from patients with CRPC were immunostained for pYpY and BMX. (D
and E) Tissue microarrays of human PCa were immunostained for pYpY and BMX (D) and

scored for correlation between pYpY and BMX (E).
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Figure5. BMX isupregulated in castration-resistant and abirateroneresistant PCa
(A) Tukey’s method for a box-and-whiskers plot of normal (N=53) and tumor (N=493) RNA
expression data from the prostate cancer TCGA, where the boxes depict the 25th percentile,
median, and 75th percentile, and whiskers depict the lowest value and the 75th percentile
+ 1.5 times the interquartile range. Dots depict outlier values greater than the 75th percentile
+ 1.5 times the interquartile range. (B) Box-and-whiskers plots for three metastatic CRPC
RNA-seq data sets. For BMX expression, whiskers depict the 10th to 90th percentiles, while
open circles depict outlier values outside the 10th and 90th percentiles. For all other genes,
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whiskers depict the minimum and maximum values. (C) VCaP xenografts were biopsied at
three stages: androgen-dependent tumor (AD), 4 days after castration (post-cast), and
castration-resistant relapsed tumor (CRPC). mRNAs were extracted from the biopsies of
tumors and analyzed on Agilent microarrays. BMX expression is shown by heatmap (upper
panel) and validated by gRT-PCR analysis (bottom panel). (D) Representative VVCaP
xenograft biopsied at different stages was immunostained for pYpY. (E) Castration resistant
V/CaP xenograft bearing mice were treated with abiraterone (i.p. 1 mg/day) for the first week
and then 2 mg/day until progression. BMX in pre-abiraterone biopsies versus at progression
were analyzed for BMX mRNA expression by gRT-PCR. (F) BMX Affymetrix expression
prior to therapy (control), after 7 days of abiraterone (d7), or at relapse on abiraterone or
after castration (end of study, EOS) in LuCaP PDX models (41).
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Figure 6. AR negatively regulates BMX genetranscription
(A) VCaP cells in steroid depleted medium were treated with DHT, without or with 10 pM

of Bicalutamide (Bic) for 24 hr and BMX mRNA was measured using qRT-PCR. (B) VCaP
cells were cultured in Charcoal-Stripped Serum (CSS) containing medium (androgen
depleted) with or without 10 nM DHT for 72 hr (Left panel). VCaP cells in CSS medium for
48 h were treated with vehicle, DHT, or enzalutamide (ENZ, 10uM) for 24 hr. (C) BMX and
BTK protein expression in a series of PCa cell lines (LNCaP-BMX cells are stably
transfected with BMX). (D) AR binding sites in BMX loci after 4 hr DHT stimulation
identified by AR ChIP-seq. (E) VCaP cells in CSS medium were treated with or without 10
nM DHT for 4 hrs followed by CHIP with the indicated antibodies and gPCR for the ABS1
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(left) and ABS2 (right) sites (means £ SD of at least 3 biological replicates). (F) VCaP cells
were treated with LSD1 inhibitor S2101 (100 uM) for 4 hours with/out 10 nM DHT, and
effects on BMX mRNA were analyzed by gRT-PCR (means + SD, n=3). (G)VCaP cells
were treated with or without 10 nM DHT for 4 hrs followed by CHiP-gPCR for FOXAL,
p300 or OCT1 hinding to ABS1 (left) and ABS2 (right) sites (means + SD of at least 3
biological repeats).
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Figure7.BMX isadriver of castration resistancein vitroand in vivo
(A, B) VCaP cells in CSS medium were treated with BMX-IN-1 (A) or ibrutinib (B) for 5

days and counted (means = SE, n=4). (C) VCaP cells in CSS medium were treated with 5
UM enzalutamide (ENZ), 5 pM ibrutinib (l1br), or the combination (Combo) for 5 days
(means + SE, n=4). (D) Representative images of VCaP cells cultured for 2-3 weeks in
Matrigel based 3D system with 5 pM enzalutamide, BMX-IN-1, and/or ibrutinib. (E) VCaP
subcutaneous xenografts were established in ICR-SCID mice. The mice were castrated once
the tumors reach 500 mm3 and then administered vehicle (n=13), ibrutinib (n=8) or BMX-
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IN-1 (n=8) (each at 100mg/kg/d) by i.p. injection. The results are means + SE. (F, G)
Castration resistant VVCaP xenografts were established and then treated for 4 days with
vehicle or 100 mg/kg/d BMX-IN-1 or ibrutinib via i.p. injection. (F) Representative sections
were stained for cleaved caspase 3. (G) Biopsies prior to or post 4-day treatment were
analyzed for PSA, TMPRSS2, NKX3.1 or AR mRNA expression by gRT-PCR.
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