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Abstract

The inevitable progression of advanced prostate cancer to castration resistance, and ultimately to
lethal metastatic disease, depends on primary or acquired resistance to conventional androgen-
deprivation therapy (ADT) and accumulated resistance strategies to evade androgen receptor (AR)
suppression. In prostate cancer cells, AR adaptations that arise in response to ADT are not
singular, but diverse, and include gene amplification, mutation and even complete loss of receptor
expression. Collectively, each of these AR adaptations contributes to a complex, heterogeneous,
ADT-resistant tumor. Here, we examined prostate cancer cell lines that model common castration-
resistant prostate cancer (CRPC) subtypes, each with different AR composition, and focused on
novel regulators of tumor progression, the Bromodomain and ExtraTerminal (BET) family of
proteins. We found that BRD4 regulates cell migration across all models of CRPC, regardless of
aggressiveness and AR status, whereas BRD2 and BRD3 only regulate migration and invasion in
less aggressive models that retain AR expression or signaling. BRD4, a co-regulator of gene
transcription, controls migration and invasion through transcription of AHNAK, a large
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scaffolding protein linked to promotion of metastasis in a diverse set of cancers. Furthermore,
treatment of CRPC cell lines with low doses of MZ1, a small-molecule, BRD4-selective degrader,
inhibits metastatic potential. Overall, these results reveal a novel BRD4-AHNAK pathway that
may be targetable to treat metastatic CRPC (MCRPC)
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INTRODUCTION

Prostate cancer is the second leading cause of cancer-related mortality in men in the United
States (1). For patients who have recurrent prostate cancer or a disseminated form of the
disease, the standard of care is androgen-deprivation therapy (ADT) (2). Despite an initial,
nearly universal response that patients show to the anti-androgen drugs abiraterone, which
inhibits the production of androgens, and enzalutamide, which prevents the androgen
receptor (AR) from nuclear translocation and activation of AR-dependent genes (3), most
patients invariably progress to castration-resistant prostate cancer (CRPC) and to a
metastatic and incurable form of the disease (4,5). Prostate tumor cells acquire resistance to
ADT through multiple mechanisms. These mechanisms, which are critical to cancer
progression, include but are not limited to: aberrant androgen synthesis, AR gene
amplifications, AR mutations, production of constitutively active AR splice variants and
alternative steroid receptors (6—8). Whereas the majority of acquired mechanisms reactivate
AR signaling and upregulate AR-dependent pro-metastatic and survival genes (9), recent
data suggests that loss of AR expression due to sustained repression of AR signaling is an
emerging mechanism of ADT resistance (10). Consistent with this finding, previous studies
have demonstrated that some metastatic CRPC (mCRPC) tumors fail to express AR after
ADT, or possibly even beforehand (11,12). Therefore, identification of novel, targetable
mechanisms that critically regulate metastatic progression may offer valuable options to treat
mCRPC, independent of aberrant AR signaling or alternative pathways that altogether
bypass the androgen/AR axis.

Bromodomain and ExtraTerminal domain (BET) proteins (BRD2, BRD3, BRD4 and testis-
specific BRDT) are a family of chromatin-associated proteins that regulate gene expression
by acting as epigenetic readers through their ability to detect and bind to acetylated lysine
residues on nucleosomal histone tails (13,14). Much effort has been invested in potential
anti-cancer therapies that target BET proteins because of their roles as co-regulators of cell
cycle progression (15) and cell proliferation (16). Consistent with this approach, small
molecule pan-BET inhibitors such as JQ1 (17) and I-BET151 (18) have shown great promise
as therapeutic agents across a diverse array of human malignancies (19,20), including CRPC
(21,22). In cell line models of CRPC, JQ1 has been found to repress AR-V7 (an AR splice
variant resistant to ADT (23)) expression (24) and AR-mediated gene transcription (25).
More recently, ARV-771, a pan-BET degrader built on proteolysis-targeting chimera
(PROTAC) technology, inhibited tumor growth in mouse models of CRPC (22). However,
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even as pan-BET inhibitors and degraders become more widespread in their investigational
and clinical use (26), accumulating evidence shows that pan-BET therapies can produce off-
target effects, including the reactivation of latent HIV in infected T cells (27), and obscure
the biology of each independently-acting BET protein (28). This caution underscores the
need for more BET family member-selective chemical intervention (29).

Here, we investigate BET proteins as regulators of prostate cancer cell dissemination across
multiple cell line models of CRPC. Notably, we show that BRD4, but not BRD2 or BRD3,
regulates CRPC cell migration in all models. We identified AHNAK, a 700 kDa scaffolding
protein that has been linked to migration and invasion in other aggressive cancers, as a
BRD4-target gene to regulate CRPC cell migration and invasion. Survival analysis of
prostate cancer cases with Cox proportional hazard models supports this interpretation.
Furthermore, we provide evidence that the selective degradation of BRD4 with the
innovative small molecule MZ1 (30) efficiently blocks CRPC metastatic potential. Overall,
these results reveal a novel mechanism that could be targeted to treat mCRPC.

MATERIALS AND METHODS

Cell Culture

Human prostate cancer cell lines maintained at the NCI Office of Physical Sciences-
Oncology Consortium (PS-OC), which supports a Network Bioresource Core Facility
(PBCF) at the American Type Culture Collection, were contractually obtained through a
Material Transfer Agreement. The cell lines had been authenticated by PBCF using
karyotyping (Cell Line Genetics, Madison, WI), were tested in our facility for mycoplasma
if infection was suspected, and passaged for fewer than six months. Experiments were
conducted between passages three and six. The 22Rv1, DU 145 and PC-3 prostate cancer
cell lines were cultured in RPMI-1640 medium (Gibco). VCaP prostate cancer cells were
cultured in DMEM medium (Gibco). All culture media were supplemented with 10% fetal
bovine serum (FBS, Corning) and 1% antibiotics (penicillin/streptomycin, Gibco). Cell lines
were grown at 37°C in 5% CO,. Mycoplasma contamination was prevented by treating cells
with plasmocin (5 pg/mL for 2 weeks, Invivogen) after thawing and prior to experiments.

Antibodies and Reagents

The following antibodies were used: anti-BRD2, BRD3 and BRD4 (Bethyl Laboratories),
anti-AR, anti-Flag and anti-B-Actin (Cell Signaling), anti-AHNAK (Abcam) and anti-a.-
tubulin (Santa Cruz Biotechnology). HRP-conjugated secondary antibodies were purchased
from Bio-Rad. Fluorochrome-conjugated secondary antibodies were obtained from Jackson
Laboratories. The active form of JQ1 ((+)-JQ1), the inactive form ((-)-JQ1) and MZ1 were
purchased from Tocris.

Plasmids, siRNAs and Transfection

Lentivirus-mediated Flag-AHNAK expressing plasmid (EX-V0190-Lv242) and control
vector (EX-NEG-Lv242) were purchased from GeneCopoeia. HEK-293 cells were co-

transfected with plasmids encoding for VSV-G, dR8.2 dvpr and either Flag-AHNAK or
control plasmid using Lipofectamine 2000 reagent (Thermo Fischer Scientific). Viral
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supernatants were collected, and together with 4 pg/mL Polybrene (Millipore), were used to
infect DU 145 cells for 48 hours. Stable clones were selected using medium containing 1
pg/mL puromycin (Invivogen). ON-Targetplus Human BET, Non-Targeting (scramble) and
Human AHNAK SMARTpool siRNAs were purchased from Dharmacon. Cells were
transfected with 25 nmol/L of listed siRNA for 72 hours with Lipofectamine 2000.

Cell pellets were lysed in RIPA buffer (50 mmol/L Tris/HCI pH 7.5, 1 mmol/L EDTA, 0.5
mmol/L EGTA, 150 mmol/L NacCl, 0.1% sodium deoxycholate, 0.1% SDS, 1% Triton
X-100). Samples containing 25 pug of protein were resolved by SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were saturated in TBS-BSA 5% to block non-
specific binding sites, probed with primary antibodies and then visualized with HRP-
conjugated secondary antibodies. Upon incubation in ECL, membranes were quantified with
a gel imager.

Total RNA was extracted using the RNAeasy Kit (Qiagen). Reverse transcription reactions
were performed with 1 pg of total RNA with the QuantiTect Reverse Transcription kit
(Qiagen). The following genes were detected using the corresponding primers that were first
checked for specificity with BLAST: BRDZ (forward: 5’-
CTACGTAAGAAACCCCGGAAG-3’, reverse: 5’-GCTTTTTCTCCAAAGCCAGTT-3’),
BRD3 (forward: 5’-CCTCAGGGAGATGCTATCCA-3’, reverse: 5’-
ATGTCGTGGTAGTCGTGCAG-3’), BRD4 (forward: 5’-
TTTGAGACCCTGAAGCCGTC-3’, reverse: 5’-TTAGGCAGGACCTGTTTCGG-37),
AHNAK (forward: 5’-GTGACCGAGATTCCCGACGA-3’, reverse: 5’-
AGCTCCCGGGTTGTCTCCTC-3"); the mean expression of the following housekeeping
genes were used to normalize the results: AC7B (forward: 5’-
ATTGGCAATGAGCGGTTCC-3’, reverse: 5’-GGTAGTTTCGTGGATGCCACA-3’),
YWHAZ (forward: 5’-ACTTTTGGTACATTGTGGCTTCAA-3’, reverse: 5°-
CCGCCAGGACAAACCAGTAT-3%). PCR amplifications were performed with MESA
Green qPCR MasterMix (Eurogentec) on an ABI Prism 7500 thermal cycler.

Migration/invasion gene screening assay was performed using the RT2 Profiler PCR EMT
Array (Qiagen).

Chromatin Immunoprecipitation

DU 145 cells were treated with 400 nM of either (=)JQ1 or (+)JQ1 for 24 hours, fixed in
0.75% formaldehyde for 10 minutes, quenched with 125 mM glycine for 5 minutes and then
lysed for chromatin immunoprecipitation (ChlP) as previously reported (31). Chromatin was
precipitated with 1 pg anti-rabbit IgG (Cell Signaling) or anti-BRD4 (Bethyl Laboratories)
with Protein A/G magnetic beads (Thermo Fisher Scientific). 5 ng of each sample was
analyzed in triplicate by gPCR. The fold difference was calculated as 2*[Ct(input) -
Ct(ChlP)], and fold enrichment over anti-IgG was assessed. ChIP primer sequences were as
follows: AHNAK (forward: 5’-CCAGTAAACATGGGATACGAA-3’, reverse: 5’-
GAAGTGCTTTGCTCCACTCT-3).
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Immunocytochemistry

Cells were fixed in absolute methanol for 5 minutes at - 20°C and then permeabilized with
PBS, 0.2% Triton X-100 buffer for 10 minutes. After saturation in blocking buffer (0.02%
Triton X-100, 2% BSA in PBS) for 30 minutes, permeabilized cells were incubated with
primary antibodies and then fluorochrome-conjugated secondary antibodies (diluted in
blocking buffer) for 1 hour. Lastly, coverslips were mounted with ProLong Gold with DAPI
(Thermo Fischer Scientific). Image acquisition was conducted using a Leica DM IL LED
inverted microscope. Fluorescence intensities were determined using ImageJ software
(NIH). Intensities were measured from individual cells, corrected for background signal, and
normalized by cell area.

Migration and Invasion Assays

JQ1: 22Rv1 and DU 145 cells were maintained in serum-free media + 400 nM of either
active or inactive JQ1 for 3 hours prior to the beginning of experiments to suppress any basal
migratory signals. VCaP cells were maintained in complete medium + 400 nM of either
active or inactive JQ1 for 3 hours prior to the beginning of experiments. VCaP and 22Rv1
(225,000) or DU 145 (75,000) cells were seeded in Transwell inserts (pore size 8 uM,
Corning) and challenged for migration. VCaP cells were exposed to FBS for 48 hours,
22Rv1 cells were exposed to 10% FBS for 24 hours, and DU 145 cells were exposed to
2.5% FBS for 6 hours.

SiRNA: VCaP, 22Rv1 and DU 145 cells were seeded into Transwell inserts 72 hours after
transfection using the conditions listed above. PC-3 cells (75,000) were maintained in
serum-free media for 3 hours and then exposed to 10% FBS for 24 hours. For invasion assay,
Matrigel (Corning) was diluted in serum-free media to a final concentration of 0.5 mg/mL
and 100 pL was added onto the upper membranes prior to cell plating. Invasion was
conducted for 16 hours using DU 145 cells using the corresponding conditions described
above.

MZ1: 22Rv1 and DU 145 cells were treated with either 0.01% DMSO (control) or 10 nM
(22Rv1) or 100 nM (DU 145) of MZ1 for 21 hours. Cells were then maintained in serum-
free media with the aforementioned MZ1 concentration for 3 hours and then seeded into
Transwell inserts using conditions listed above. VCaP cells were treated with either 0.01%
DMSO or 10 nM MZ1 for 24 hours in complete medium and then seeded into Transwell
inserts using corresponding conditions listed above. Invasion was conducted using the
corresponding conditions described above.

Cells that did not migrate or invade were removed by wiping the upper side of the membrane
with a cotton swab. Remaining cells were then fixed in absolute methanol for 5 minutes at
—20°C. Cells were then stained with 1% crystal violet (Sigma) in 2% ethanol for 10 minutes.
Images were captured using an EVOS XL Core digital inverted microscope. The percentage
of migration and invasion was determined by first calculating the sum of the area of total
migrated/invaded cells on the entire membrane by using ImageJ software, and then
converted to relative percent migration/invasion by comparing each condition to the control
condition (National Institutes of Health, Bethesda, Maryland).
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MTT Cell Viability Assays

SiRNA: VCaP, 22Rv1, DU 145 and PC-3 cells (15,000) were seeded in 96 well plates 24
hours (VCaP) or 48 hours (22Rv1, DU 145 and PC-3) after transfection.

MZ1: VCaP, 22Rv1 and DU 145 cells (15,000) cells were seeded in 96 well plates and then
exposed to MZ1 at optimal BRD4-selective concentrations for 24 hours.

Post transfection (72 hours) or MZ1 treatment (24 hours), cells were then incubated with
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for 3 hours. Light
absorbance was then measured at 570 nm and corrected for background absorbance at 690
nm with a multiwell spectrophotometer.

Kaplan-Meier and Clinical Parameter Analysis

To investigate the correlation between biochemical recurrence-free survival and BRD4 and
AHNAK expression, we utilized data from 421 patients from the TCGA repository. The
normalized expression values of the RNAseq ID 23476 (for BRD4) and 79026 (for
AHNAK) were used. For each gene, cutoff values were determined separately as described
previously (32). Then, in order to assess the potential additive effects of the genes, samples
with high BRD4 and high AHNAK were combined into one cohort, samples with low BRD4
and low AHNAK were combined into a second cohort, and all remaining patients with either
high or low BRD4 and either high or low AHNAK were combined into a third cohort. Cox
regression was used to compare the length of survival of the cohorts and a Kaplan-Meier
plot was drawn to visualize the difference. As it is only possible to compute a hazard ratio
(HR) for two groups, HR and p value are shown for biochemical recurrence-free survival by
comparing the BRD4M9" and AHNAKN9M and the BRD4!°W and AHNAK W cohorts. To
exclude BRD4 or AHNAK mutation bias, we determined that less than 1% of the 421
patients profiled had mutations in either BRD4 or AHNAK (data not shown).

We compared the expression of both genes to Gleason score, pathological T and N status.
Sample number with a positive event for pathological M was too low for meaningful
analysis. Expression values were compared by a Kruskal-Wallis H-test (Gleason and T
pathological) and Mann-Whitney T-test (N pathological). Finally, we used the patient
samples to directly compare BRD4 and AHNAK expressions by drawing a linear regression
and computing a Spearman rank correlation. The gene expression data with clinical
annotation including pathological TNM, Gleason score and survival times are listed in
Supplementary Tables S1 and S2.

Statistical Analysis

Statistical analyses of the /n vitro experiments were performed using Student’s t test or
ANOVA as indicated, and were generated by GraphPad Prism software. p < 0.05 was
considered statistically significant.
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RESULTS

Pan-BET inhibition reduces prostate cancer cell migration in multiple models of CRPC

CRPC is an advanced and aggressive form of prostate cancer associated with poor survival
outcomes (33). Genomic analyses of mMCRPC tumors from patients who have undergone
ADT reveal that AR is heterogeneous in both status (over 60% of profiled tumors have either
a mutation or amplification of AR (34,35)) and expression (over 20% of profiled tumors fail
to express AR (10)). To determine whether BET proteins regulate CRPC cell migration, we
used different cell line models that capture some of the AR heterogeneity of CRPC (VCaP:
AR-Wild-type/Amplified (WT/Amp); 22Rv1: AR-mutant (H874Y) and DU 145: AR-null
(36,37) (Fig. 1A). Our approach was first to use the pan-BET inhibitor JQ1, a small
molecule that displaces BRD2, BRD3 and BRD4 from chromatin (17), to evaluate its effect
on prostate cancer cell migration. VCaP, 22Rv1 and DU 145 cells were pretreated with
either the active (+) form or inactive (=) form of JQ1 for 3 hours, and then challenged for
migration using a transwell system. (+)JQ1 reduced migration of VCaP, 22Rv1 and DU 145
cells by 85%, 57% and 28% respectively (Fig. 1B, C and D). Taken together, these data
indicate that BET protein functions are essential for CRPC cell migration.

BRD4 regulates CRPC cell migration irrespective of AR status

Upon confirming that BET proteins are critical for CRPC cell migration, we determined
whether each BET protein is needed for migration in each model. JQ1 is not a BET isoform-
selective inhibitor (17), thus we used a BET-specific SiRNA knockdown approach to target
each BET protein individually. Transfection of VCaP, 22Rv1 and DU 145 cells with control
scramble siRNA or BET-specific sSiRNAs selectively ablated the mRNA (Supplementary
Fig. SLIA-D) and protein of each BET gene (Fig. 2A, D and G). Cell viability was assessed
by MTT assay under the aforementioned transfection conditions to ensure that any ensuing
migratory effect was a result of BET protein depletion and not due to cell death. Viability of
control and BET depleted VCaP, 22Rv1 and DU 145 cells was comparable across all
conditions (Fig. 2B, E and H). We next measured the migratory capacity of BET protein-
depleted cells in each model with the Transwell system. Individual depletion of either
BRD2, BRD3 or BRD4 significantly reduced migration in VCaP cells (Fig. 2C), matching
an invasive phenotype previously reported (25). Depletion of either BRD2 or BRD4 in
22Rv1 cells reduced migration by 53%, whereas knockdown of BRD3 had no effect on
migration (Fig. 2F). Interestingly, whereas migration in VCaP and 22Rv1 cells was
regulated by more than one BET protein, the knockdown of only BRD4 - and not of BRD2
or BRD3 - significantly reduced DU 145 cell migration (Fig. 21). The same phenotype was
also observed when measuring invasion (Supplementary Fig. S2A). Furthermore, a similar
BRD4-dependent migration phenotype was also observed in PC-3 cells (highly metastatic,
AR-null) (Supplementary Fig. S2B-D). Remarkably though, depletion of BRD2 opposed the
effect of BRD4 in this model, and increased migration by 48% (Supplementary Fig. S2B-
D). Collectively, these results identify BRD4, and not BRD2 or BRD3, as the dominant
regulator of CRPC cell migration and invasion, and also illustrates the complex, non-
overlapping and even opposing functions that BET proteins can have in their regulation of a
particular biological process.
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Discovery of AHNAK as a BRD4 target gene

In order to identify BRD4 target genes that mediate CRPC cell dissemination, we carried out
a gene expression analysis in control and BET protein-depleted DU 145 cells. We curated a
panel of 73 genes that we previously showed were involved in pathways important for cell
migration, invasion and metastasis (31). Depletion of BRD4 by siRNA knockdown produced
a significant change in the expression of three genes when compared to BRD2 and BRD3
depleted cells (two upregulated, one downregulated, Z score = 2 or < -2, Fig. 3A). Of the
three differentially expressed genes, only AHNAK; a 700 kDa scaffolding protein was
downregulated (38). Known primarily for its ability to facilitate the formation of multi-
protein complexes (39,40), AHNAK more recently has been shown to be important for the
development of pseudopodial protrusions and tumor cell migration and invasion (41,42).
Therefore, we considered that this potential target gene had important translational
significance worth deeper investigation. To verify our findings that AHNAK is a BRD4
target gene, we first measured AHNAK mRNA and protein expression in each of our models
upon BET protein depletion. Indeed, knockdown of BRD4, and not of BRD2 or BRD3
dramatically downregulated both AHNAK mRNA and protein expression (Fig. 3B-G;
Supplementary Fig. S3A and S3B). We then assessed if BRD4 associates with the AHNAK
promoter by ChiIP (43). We found that BRD4 interacts with the AHNAK promoter, and that
treatment with (+)JQ1 disrupts this interaction (Supplementary Fig. S3C). These results
confirm that AHNAK is a BRD4 target gene, and that this relationship is conserved even in
the absence of AR expression.

BRD4-AHNAK signaling pathway regulates CRPC cell migration

AHNAK promotes tumor metastasis and has previously been shown to regulate migration
and invasion in DU 145 cells (41,44). We therefore hypothesized that AHNAK is critical for
CRPC cell migration and invasion. To test this hypothesis, we first validated siRNA against
AHNAK in each of our models (Fig. 4A, B, E, F, I and J). Upon confirming depletion of
AHNAK in each model, we then measured its effect on migration. Notably, knockdown of
AHNAK by siRNA reduced migration in VCaP, 22Rv1 and DU 145 cells by 38%, 43% and
33% respectively (Fig. 4C, G and K). Likewise, AHNAK-depleted DU 145 cells had
invasion reduced by 26% (Supplementary Fig. S4A). Based on these results, we predicted
that BRD4 acts upstream from AHNAK and regulates prostate cancer cell migration and
invasion through a BRD4-AHNAK signaling pathway. We would then expect that the co-
depletion of BRD4 and AHNAK would not further reduce migration. As expected, the co-
depletion of BRD4 and AHNAK reduced migration in all models to levels comparable to
depletion of either BRD4 or AHNAK alone (Fig. 4D, H and L). Furthermore, if BRD4 acts
upstream of AHNAK, AHNAK overexpression in BRD4-depleted cells should rescue cell
migration. To test this hypothesis, we overexpressed AHNAK in DU 145 cells
(Supplementary Fig. S4B and S4C) using a Flag-AHNAK plasmid (45,46). We found that
overexpression of AHNAK increased migration in DU 145 cells by 23% in siRNA control
cells (Supplementary Fig. S4D). Significantly, overexpression of AHNAK rescued cell
migration in BRD4-depleted cells (Supplementary Fig. S4D). Together, these results identify
AHNAK as a BRDA4 target gene that regulates CRPC cell migration and invasion.
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Selective degradation of BRD4 inhibits CRPC cell migration

BET proteins can have individual, non-overlapping roles (28). JQ1 and BET degraders like
ARV-771 lack intra-BET selectivity and leave open the possibility of off-target effects in a
therapeutic setting (17,22,27). Therefore, we tested whether MZ1, a novel small molecule
BET degrader built on Proteolysis Targeted Chimeras (PROTAC) technology that has been
shown to be BRD4 selective at low doses (30), could selectively degrade BRD4 and inhibit
migration and invasion in our CRPC models. In control experiments, we confirmed that
treatment of VCaP, 22Rv1 and DU 145 cells with low doses of MZ1 for 24 hours
preferentially degraded BRD4 over BRD2 and BRD3 in all models (Fig. 5A, D and G)
without affecting cell viability (Supplementary Fig. SSA-C). Furthermore, degradation of
BRD4 by MZ1 reduced the expression of AHNAK and inhibited CRPC cell migration and
invasion to comparable levels produced by siRNA against BRD4 (Fig. 5B, C, E, F, Hand I;
Supplementary Fig. S5D). These results show that BRD4 can be selectively degraded in
models of CRPC that differ greatly by aggressiveness and heterogeneity. This degradation
effectively inhibits metastatic potential.

BRD4 and AHNAK expression associate with prostate cancer clinical parameters and
biochemical recurrence-free survival

Prostate cancer clinical parameters, a collection of measurements that determine tumor
aggressiveness (Gleason Score) and stage (Tumor-Node-Metastasis), have been shown to
associate with high biochemical-recurrence (BCR) rates, and together, are significant
predicators of metastatic disease progression (47). Furthermore, BRD4 expression has been
shown to associate with prostate cancer patient outcomes and increase with castration
resistance (48,49). Therefore, we tested the hypothesis that BRD4 and AHNAK are critical
to the clinical progression of CRPC, and determined whether BRD4and AHNAK
expression correlate with prostate cancer clinical parameters and BCR-free survival. When
comparing the expression of BRD4 to prostate cancer clinical parameters, there was a
significant correlation /n vivoto Gleason score (p = 0.0089, Fig. 6A), pathological T (p =
0.028, Fig. 6B) and pathological N (p = 0.0018, Fig. 6C). Interestingly, no significant
correlation between these parameters and AHNAK expression was observed (data not
shown). However, when comparing BRD4 and AHNAK expression, there was a significant
correlation between the two genes (p = 1.5e-14, correlation coefficient = 0.33, Fig. 6D).
Furthermore, data from a smaller 2015 study that performed whole exome sequencing from
150 mCRPC patients show a borderline significant correlation between BRD4 and AHNAK
expression (Supplementary Fig. S6) (35,50,51). Lastly, we performed a meta-analysis of 421
patients with adenocarcinoma of the prostate using the TCGA repository, and determined
that BRD4 and AHNAK expression correlate with BCR-free survival. High expression of
BRD4and AHNAK were significantly associated with a shorter time to BCR in prostate
cancer patients (Fig. 6E; HR = 2.38, log-rank p=0.013). In summary, expression of BRD4
and AHNAK significantly influences clinical and pathological characteristics associated
with metastatic disease progression in prostate cancer patients.
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Discussion

Our work establishes that among the BET protein family, BRD4, but not BRD2 or BRD3, is
the principal regulator of CRPC cell migration and invasion. Treatment of CRPC cells with
JQ1, a pan-BET inhibitor, left open the possibility that each of BRD2, BRD3 and BRD4
were responsible for regulating CRPC cell migration in all models (Fig. 1). Although
previous studies have suggested that each BET family member is critical in mediating
metastatic properties in cell line models of CRPC (22,24), we used BET-selective siRNAs to
prove that BRD4 alone is essential. We also provide evidence that suggests that the
functional requirement for BET family members depends on AR status. BRD4 regulated cell
migration across all models of CRPC, regardless of aggressiveness and AR status, whereas
BRD2 and BRD3 only regulated migration in less aggressive models that retained AR
expression or signaling (Fig. 2). These findings demonstrate once again that for a common
biological function, each BET family member is capable of exerting its own independent
function, while at the same time individual BET proteins are also capable of generating
overlapping or even opposing effects (Supplementary Fig. S2B-D) (28).

Because only BRD4 consistently regulated pro-metastatic properties in each of our models,
we hypothesized that a common set of BRD4 target gene(s) exists, and that these target
genes are critical for migration and invasion. In that pursuit, we identified AHNAK, a large
scaffolding protein previously shown to contribute to cell migration and invasion in prostate
cancer cells (41), as a BRD4 target gene in DU 145 cells (Fig. 3A). We then determined
whether the BRD4-AHNAK relationship was unique to AR-null CRPC cell models (Fig. 3F
and G; Supplementary Fig. S3A and S3B), or conserved across all CRPC models. A
previous report showed that upon loss of AR, signaling networks that were prominent in
AR-competent cells failed to play the same role in cells that were no longer dependent on
AR-mediated transcription (10). Intriguingly, we discovered that AHNAK was a BRD4
target gene in all models (Fig. 3B-E), evidenced by BRD4 interaction with AHNAK
promoter chromatin (Supplementary Fig. S3C), suggesting that this newly identified BRD4-
AHNAK relationship is conserved regardless of AR status. This result stands apart to
previous reports that BET family members directly interact with and regulate a set of AR
target genes (25). AR signaling is known to control prostate cancer cell migration and
invasion (52). Thus, it is likely that BET proteins regulate prostate cancer cell migration and
invasion via at least two co-existing mechanisms: through AR signaling and through
AHNAK. In AR signaling-proficient cells, BET proteins bind to AR and drive expression of
several AR-dependent genes (25), including pro-metastatic genes. We have shown that the
BRD4/AHNAK axis regulates migration and invasion in our models regardless of AR status.
Therefore, BRD4 targeting would alter these two pathways concomitantly and dramatically
impair cell dissemination. However, in AR-deficient cells, the subsequent AR-dependent
BET-mediated pathways driving migration and invasion are lost, thus the BRD4/AHNAK
axis may become predominant. Because AHNAK was regulated by BRD4 in all models, it
allowed us to determine its significance in cell migration and invasion. Consistent with this
model, AHNAK was found to play a critical role in mediating cell migration and invasion in
our models (Fig. 4; Supplementary Fig. S4A-D), reinforcing newly published results that
establish AHNAK as a critical mediator of tumor metastasis (44). In addition to its
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contribution to the development of pseudopodia (41), other reports have shown that AHNAK
plays an integral role in both SMAD3 and RAF-MEK-ERK signaling, as an intermediary for
these canonical signaling pathways (44,53). Based on these previous findings, we
hypothesize that AHNAK serves dual roles in its regulation of CRPC cell dissemination. We
suspect that it functions as a key structural component in the formation of pseudopodia
which allows prostate cancer cells to protrude and induce invasive/migratory behavior, while
also serving as a downstream effector for key signaling pathways that relay critical signals
(i.e. chemokines and cytokines) from the tumor microenvironment. Each of these potential
functions illustrates AHNAK’s significance to the larger process of CRPC dissemination and
metastasis, and thus it is not surprising that the expression of both AHNAK and BRD4
correlate with critical prostate cancer clinical markers and BCR-free survival in prostate
cancer patients (Fig. 6; Supplementary Fig. S6).

Treatment for patients with CRPC always includes a means to disrupt the androgen/AR axis,
and while effective for an average of 2-3 years, ADT inevitably fails to impede progression
due to the acquired resistance mechanisms that come as a result of AR adaptations (4).
Because of this understanding, new therapies that go beyond directly targeting the AR to
treat CRPC have begun to emerge, including a multitude of pan-BET inhibitors and
degraders (22,54-56). Although each of these new therapeutics have been shown
successfully to inhibit or degrade the BET family of proteins, they lack intra-BET selectivity
and have primarily been shown to regulate cell proliferation and viability only in models of
CRPC that retain AR expression. These results are misleading because they give the false
impression that targeting BET proteins is only viable in AR-competent models of CRPC, yet
the data outlined throughout this report show that BRD4 retains functionality to regulate
pro-metastatic properties in models of CRPC that are both AR-competent and AR-deficient.
As we and others have reported previously, the need for pan-BET inhibition or degradation
is context and cancer dependent. BET proteins are not always functionally redundant, and
because each family member regulates transcription in a unique way, investigators must first
elucidate the relevant BET proteins for any specific biological function. Based on that
principle, and the findings reported here in Fig 2—4, we selectively targeted BRD4 in each of
our models using low doses of MZ1 (10-100 nM), and achieved similar migration and
invasion results obtained using siRNA against BRD4 (Fig. 5; Supplementary Fig. S5D).
MZ1 is a Proteolysis Targeted Chimeras (PROTAC) degrader, and has been shown to
preferentially degrade BRD4 over BRD2 and BRD3 in certain cell lines (30). Whereas other
PROTAC molecules like ARV-771 and dBET1/dBET2 appear to not discriminate among the
BET family of proteins (22,54), crystallographic and biophysical studies have shown that the
specific nature of the ternary complex formed by MZ1 with the E3 ligase VHL and the
BRD4 bromodomain defines this BRD4 selectivity (57). Future studies will need to validate
MZ1’s efficacy and selectivity in more advanced model systems, yet the work shown here
(Fig. 7) provides a novel mechanism that could be targeted with therapies like MZ1 or
related BRD4-selective degraders to treat patients with mCRPC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BRD4 functions as the dominant regulator of CRPC cell migration and invasion through
direct transcriptional regulation of AHNAK, which together offer a novel targetable

pathway to treat metastatic CRPC.

Implications:
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Figure 1. Pan-BET inhibition reduces prostate cancer cell migration in multiple models of CRPC
A, Expression of endogenous BET proteins (BRD2, BRD3, BRD4) and androgen receptor

(AR) in three prostate cancer cell lines was detected by immunoblot, compared to a-tubulin.
Molecular weights (MW) in kDa corresponding to the immunoblotted proteins are indicated.
(B-D) VCaP, 22Rv1 and DU 145 cells, respectively, were pre-treated with either 400 nM
(+)JQ1, or (-)JQ1 as a negative control, in complete medium (VCaP) or serum-free
conditions (22Rv1 and DU 145), for 3 hours. VCaP, 22Rv1 and DU 145 cells were then
challenged for migration for 48 hours, 24 hours and 6 hours with undiluted FBS, 10% FBS
or 2.5% FBS, respectively, using a transwell system. Results are shown as percentage of
cells that migrated, relative to (—)JQ1 control. Left panel: representative images of the total
membrane area showing migrated cells stained with crystal violet. Right Panel: Bars
represents means + SEM of three independent experiments. Statistical analyses were
performed using the Student’s t test. Significant differences between means are defined as:
*, P<0.05; *** P<0.001.
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Figure 2. BRD4 regulates CRPC cell migration irrespective of AR status
(A, D, G) BET protein-depletion by siRNA was validated by immunoblot of VVCaP, 22Rv1

and DU 145 cells, respectively. Cells were transfected with either 25 nM of control
(scramble) siRNA or the indicated BET-specific SiRNAs for 72 hours. Quantifications
relative to scramble are indicated, with normalization to B-actin as a loading control. Blots
shown are representative of three independent experiments.

(B, E, H) MTT assay showing viability of VCaP, 22Rv1 and DU 145 cells, respectively,
transfected with either BET-specific sSiRNAs or scramble, under the conditions described
above. Results are shown as relative percentage of viable cells, compared to control
(scramble). Error bars represent means + SEM of three independent experiments. Statistical
analyses were performed using one-way ANOVA.

(C, F, 1) VCaP, 22Rv1 and DU 145 cells were transfected with either scramble or BET-
specific SIRNAs, respectively, for 72 hours and then challenged for migration. Results are
shown as relative percentage of viable cells, compared to control (scramble). Representative
images are shown as a percentage of migrated area in comparison to the total membrane
area. Error bars represent means + SEM of three independent experiments. Statistical
analyses were performed using a one-way ANOVA. Significant differences: ns,
nonsignificant, 2> 0.05; *, P< 0.05; **, P<0.01; ***, P<0.001.
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Figure 3. Discovery of AHNAK as a BRDA4 target gene
A, Heatmap shows the relative expression of 73 genes involved in the regulation of

migration, in response to BET protein-depletion in DU 145 cells. Z scores are represented
using a blue-to red color code. Results from two independent experiments are shown.
AHNAK is indicated (red arrow).

(B, D, F) AHNAK relative mRNA expression measured in VCaP, 22Rv1 and DU 145 cells,
respectively, 72 hours after transfection with the indicated siRNAs (scramble; siBRD2, 25
nM; siBRD3, 25 nM; siBRD4, 25 nM). Error bars represent means + SEM of three
independent experiments. Statistical analyses were performed using one-way ANOVA.

(C, E, G) Immunofluorescence images showing the expression of AHNAK in VCaP, 22Rv1
and DU 145 cells, respectively, 72 hours after transfection with the indicated sSiRNAs
(scramble; siBRD2, 25 nM; siBRD3, 25 nM; siBRD4, 25 nM). AHNAK is stained in red
and nuclei are stained in blue with DAPI in the merged images (lower panels). Scale bar,
100 pm. Quantification of AHNAK immunofluorescence as a percentage of relative
fluorescence intensity (%RFI). Bar represents means + SEM of individual cells (n = 600 -
VCaP; n =400 — 22Rv1 and n = 800 — DU 145). Results from two independent experiments
are shown. Statistical analyses were performed using one-way ANOVA.
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Figure 4. BRD4-AHNAK signaling pathway regulates CRPC cell migration
(A, E, I) AHNAK relative mRNA expression measured in VCaP, 22Rv1 and DU 145 cells,

respectively, 72 hours after transfection with the indicated siRNAs (scramble; siAHNAK, 25
nM). Bar represents means £ SEM of three independent experiments. Statistical analyses
were performed using Student’s t test.

(B, F, J) Immunofluorescence images showing the expression of AHNAK in VCaP, 22Rv1
and DU 145 cells, respectively, 72 hours after transfection with the indicated siRNAs
(scramble; siAHNAK, 25 nM). AHNAK is stained in red. Scale bar, 100 pm. Quantification
of AHNAK immunofluorescence as a percentage of relative fluorescence intensity (%RFI).
Bar represents means + SEM of individual cells (n = 200 for all models). Results from two
independent experiments are shown. Statistical analyses were performed using Student’s t
test.
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(C,D, G, H, K, L) VCaP, 22Rv1 and DU 145 cells were transfected respectively with the
indicated siRNAs (scramble; siBRD4, and siAHNAK 25 nM or siBRD4 and siAHNAK 25
nM) for 72 hours and then challenged for migration. Results are shown as relative
percentage of migration in comparison to control (scramble). Bar represents means + SEM
of three independent experiments. Statistical analyses were performed using Student’s t test
(F) and one-way ANOVA (G). Significant differences: ns, nonsignificant, £> 0.05; *, P<
0.05; **, P<0.01; ***, p<0.001).

Mol Cancer Res. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shafran et al.

A

VCaP (AR-WT/Amp)

control| 10

BRDZ‘- -

1 6.68 0.17 0.03 0.02

BRDsl— -
1 0.76 |0.10 0.01 0.01

BRD4| wem |
1 0.21(0.07 0.02 0.01

B—actinl — — ey G G99 ‘

BRD4 AHNAK

G

<
204 |g % 20
<

Relative % Migration

SN

o

L §
AN Q
Y &

100 500 1000 MZ1 (nM)

20
00.

N
o

> AN
O

&
o&&
¢

Page 22

G
22Rv1 (AR-H874Y) DU 145 (AR-Null)
controll 10 | 100 500 1000 MZ1 (nM) control 10 [100 |500 1000 MZ1 (nM)
BRD2| #48 | s ‘ BRD2| W e | wem |
1 |0.62/012 0.07 0.04 1 091059023 0.22
BRD3| gy |t BRD[ W -
1 0.91]0.23 0.08 0.05 1 0.95 (0.55 [0.15 0.11
BRDA| gy [ | BRD4| i w8 ‘
1 0.38|0.06 0.03 0.01 1 0.70 |0.23 |0.10 0.10
B—actin‘- -— = ey -‘ ﬁ-actin‘ L J G — _‘
H

AHNAK

BRD4

control

MZ1

120 120 8120 120 120
100 100 £100 100 100
% 80 g0, =80 % 80 % 80{ [w
gr 60 x 00 ® 601 |, g 60 |,,. « 60
2 404 |2 <z( 40. laz) 40 g 40 <Z( 40.
@ 20 < 20 £ 20 @ 20 I 20
< ° <
0 > AN 0 > AN x 0 AN o > AN o > AN
O O O AN O Q'
S¢S S O A
< ES & §

control

MZ1

BRD4

AHNAK control
P

control

Mz1

Mz1

Figure 5. Selective degradation of BRD4 inhibits CRPC migration
(A, D, G) Immunoblot of BET protein expression in VCaP, 22Rv1 and DU 145 cells treated

with the indicated doses of MZ1 for 24 hours. Quantifications are indicated relative to
control (0.01% DMSO); normalization used p-actin as a loading control. Red box indicates
optimal dose for selective BRD4 degradation. Blots are representative of two independent

experiments.

(B, E, H) Immunofluorescence images showing expression of BRD4 and AHNAK in VCaP,
22Rv1 and DU 145 cells after treatment with either 10 nM MZ1 (VCaP and 22Rv1) or 100
nM MZ1 (DU 145) for 24 hours. BRD4 is stained in green and AHNAK is stained in red.
Scale bar, 100 um. Quantification of BRD4 and AHNAK immunofluorescence as a
percentage of relative fluorescence intensity (%RFI). Bar represents means + SEM of
individual cells (n = 200 for all models). Results from two independent experiments are
shown. Statistical analyses were performed using Student’s t test.

(C, F, 1) VCaP, 22Rv1 and DU 145 cells, respectively, were pretreated with either 10 nM
MZ1 (VCaP and 22Rv1) or 100 nM MZ1 (DU 145) for 21 hours, and then for 3 hours under
serum free conditions. Cells were then challenged for migration under conditions described
previously using a transwell system. Results are shown as percentage of cells that migrated,
relative to control. Left panel: representative images of the total membrane area showing
migrated cells stained with crystal violet. Right Panel: Bars represent means + SEM of three
independent experiments. Statistical analyses were performed using Student’s t test.
Significant differences: *, £< 0.05; ***, p<0.001.
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Figure 6. BRD4 and AHNAK expression associate with prostate cancer clinical parameters and
biochemical recurrence-free survival

(A—C) Correlation between BRD4 expression and Gleason score, pathological T and
pathological N. Bar represents means + SEM (A) or means + 95% CI (B and C) with
number of individuals per parameter indicated.

D, Comparison of BRD4 and AHNAK expression in 488 clinical samples by linear
regression. Spearman rank correlation, p value and total number of individuals indicated.

E, Kaplan-Meier curve of biochemical recurrence-free survival of 421 prostate cancer
patients was calculated from the TCGA database. Patients were segregated into cohorts with
‘high expression’ (BRD4"9" and AHNAKNIN) and ‘low expression’ (BRD4°W and
AHNAK') and remaining samples (BRD4!oWhigh and AHNAK!oWhigh) Hazard ratio and p
value are indicated.
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Figure 7. Visual overview of BRD4 regulation of CRPC cell migration and invasion
A, Graphical depiction of different AR status represented in the CRPC cell lines from this

study, and the corresponding BET proteins that regulate cell migration. The merging of the
three cell types and the numbers that represent each type illustrate the AR heterogeneity that
has been previously observed in multiple genomic studies of mCRPC tumors.

B, Graphic highlights BRD4 regulation of AHNAK transcription through BRD4 interaction
with the AHNAK promoter, and how within each cell type, only BRD4 is capable of
carrying out this process. AHNAK is then shown to facilitate migration and invasion through
its ability to develop pseudopodia, while also serving as a scaffolding protein for a variety of
canonical signaling pathways that interact with factors secreted from the tumor
microenvironment.

C, Hlustration showing MZ1 selectively binding to and destroying BRD4 through
polyubiquitination and proteasome-dependent degradation. As a result, BRD4 is unable to
recruit co-activator proteins to the AHNAK promoter and carry out transcription of
AHNAK. Lack of AHNAK represses the migratory and invasive capabilities of the cells. As
a result, cell migration and invasion are impaired.
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