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SC912 inhibits AR-V7 activity in castration-resistant prostate
cancer by targeting the androgen receptor N-terminal domain
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Androgen deprivation therapies (ADT) are the mainstay treatments for castration-resistant prostate cancer (CRPC). ADT suppresses
the androgen receptor (AR) signaling by blocking androgen biosynthesis or inhibiting AR with antiandrogens that target AR’s
ligand-binding domain (LBD). However, the ADT's effect is short-lived, as the AR signaling inevitably arises again, which is frequently
coupled with AR-V7 overexpression. AR-V7 is a truncated form of AR that lacks the LBD, thus being constitutively active in the
absence of androgens and irresponsive to AR-LBD-targeting inhibitors. Though compelling evidence has tied AR-V7 to drug
resistance in CRPC, pharmacological inhibition of AR-V7 is still an unmet need. Here, we discovered a small molecule, SC912, which
binds to full-length AR as well as AR-V7 through AR N-terminal domain (AR-NTD). This pan-AR targeting relies on the amino acids
507-531 in the AR-NTD. SC912 also disrupted AR-V7 transcriptional activity, impaired AR-V7 nuclear localization and DNA binding.
In the AR-V7 positive CRPC cells, SC912 suppressed proliferation, induced cell-cycle arrest, and apoptosis. In the AR-V7 expressing
CRPC xenografts, SC912 attenuated tumor growth and antagonized intratumoral AR signaling. Together, these results suggested

the therapeutic potential of SC912 for CRPC.

Oncogene (2024) 43:1522-1533; https://doi.org/10.1038/s41388-024-02944-2

INTRODUCTION

Castration-resistant prostate cancer (CRPC) is a relapsed form of
prostate cancer from initial androgen deprivation therapies (ADT),
its progression manifests reactivated AR signaling activity despite
the castration level of androgen. When CRPC develops, second-
line ADT is offered to patients for AR signaling blockade [1],
including androgen biosynthesis inhibitor abiraterone (Abi) [2];
and the second-generation antiandrogens, such as Enzalutamide
(ENZ), which compete for the androgen-binding pocket in the AR
ligand-binding domain (LBD) [3]. However, resistance almost
always occurs after a brief response period, featuring rising
prostate specific antigen (PSA) as a sign of restored AR signaling
activity [4, 5]. The underlying mechanisms contributing to Abi and
ENZ resistance are AR gene amplification, AR-LBD mutations, and
AR splicing variants (AR-Vs) with the LBD truncated. The recently
FDA-approved antiandrogen (darolutamide) showed higher LBD
binding affinity that was not altered in the LBD mutants [6], which
may provide some relief to the drug resistance due to AR
amplification and LBD mutation. However, AR-Vs are still
undrugged.

Among many documented AR-Vs, AR-V7 is the best-established
resistance driver in CRPC [7]. From the molecular perspective, AR-
V7 possesses full transcriptional activity derived from the AR
N-terminal domain (NTD) and the ability to bind the androgen
response elements (ARE) in AR-regulated genes through the DNA
binding domain (DBD). Moreover, the loss of LBD unleashes AR-V7
from the constraint of ligand-dependent activation [8], and the

acquisition of a unique peptide that reconstitutes NLS permits AR-
V7 constant nuclear localization [9]. A recent study revealed that
AR-V7 exhibits non-canonical mechanisms of nuclear import [10].
Therefore, unlike full-length AR (AR-FL), whose activation is
androgen-dependent and prone to antiandrogen inhibition, AR-
V7 is constitutively active regardless of androgen and is
irresponsive to any LBD-targeting antiandrogen. From the clinical
perspective, AR-V7 mRNA and protein were both found over-
expressed in Abi and ENZ-treated CRPC patients and were
predictive of worse outcome [11-14]. The more recent studies
uncovered that AR genomic rearrangements, which preferentially
give rise to AR-Vs, were detectable in CRPC tissues [15]; these AR
intragenic aberrations were particularly enriched in Abi and ENZ-
treated patients and were associated with drug resistance [16].
Importantly, AR-V7 functions independently of the AR-FL in
prostate cancer cells [17, 18]. Therefore, mounting evidence
emphasized the urgency of targeting AR-V7 in CRPC patients.
Tremendous efforts have been dedicated to exploring the
pharmacological inhibition of AR-V7. The currently reported
approaches can be categorized into: (1) direct targeting AR-V7
via AR-NTD [19] or AR-DBD [20, 21]; (2) reducing the AR-V7
abundance by degrading its protein [22-24], disturbing its pre-
mMRNA splicing [25] or inhibition of AR-V7 mRNA synthesis [26]; (3)
inhibiting AR-V7 mediated transcription by targeting the cofactors
[27, 28]. Among these approaches, direct targeting is conceptually
most desirable as it addresses the origin of the problem. However,
it is challenging to directly target the AR-V7, comprising only the

"Lady Davis Institute for Medical Research, SMBD-Jewish General Hospital, McGill University, 3755 Cote-Ste-Catherine, Rd, Montreal, QC H3T 1E2, Canada. *Departments of
Oncology and Medicine, Faculty of Medicine, McGill University, Montreal, QC, Canada. *These authors contributed equally: Qianhui Yi, Xiaojun Han. email: jian.h.wu@mcgill.ca

Received: 25 April 2023 Revised: 4 January 2024 Accepted: 8 January 2024

Published online: 26 March 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-02944-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-02944-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-02944-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-024-02944-2&domain=pdf
http://orcid.org/0000-0002-5068-4733
http://orcid.org/0000-0002-5068-4733
http://orcid.org/0000-0002-5068-4733
http://orcid.org/0000-0002-5068-4733
http://orcid.org/0000-0002-5068-4733
http://orcid.org/0000-0002-2793-4810
http://orcid.org/0000-0002-2793-4810
http://orcid.org/0000-0002-2793-4810
http://orcid.org/0000-0002-2793-4810
http://orcid.org/0000-0002-2793-4810
https://doi.org/10.1038/s41388-024-02944-2
mailto:jian.h.wu@mcgill.ca
www.nature.com/onc

Q. Yi et al.

1523
NTD and DBD domains. As the AR-DBD is very conserved among We previously reported a small molecule SC428 that binds to AR-
hormone receptors, avoiding cross-reactivity with other hormone NTD and inhibits AR-FL and AR-V7 biological functions in the 1 -
receptors is difficult [29]. Meanwhile, AR-NTD is composed mostly 5 uM range [35]. Importantly, our SC428 work revealed that an AR-
of “undruggable” intrinsically disordered protein [30, 311. NTD inhibitor could indeed sufficiently block AR-V7 mediated AR
Since the transcriptional activity of all forms of AR resides signaling in CRPC cells [35].
mostly in their NTD [32], targeting this domain is still actively In the present study, we discovered another novel AR-NTD
pursued despite the technical challenges. To date, EPI compounds inhibitor SC912 that, has a completely different chemical scaffold
are the only class of AR-NTD inhibitor that has entered the clinical from SC428. SC912 is a lead compound of our medicinal chemistry
trial. Although EPI-506 achieved PSA response in some CRPC effort to develop novel inhibitors of AR-V7. In this chemical series,
patients, the trial was terminated for high pill burden [33]. we have made 82 derivatives among which SC912 showed the

Concordantly, a high micromolar of EPI-002 was also required to highest potency and selectivity. SC912 inhibited transactivation of
inhibit AR signaling activity in cell-based experiments [34], AR-FL, AR-LBD mutants, AR-V7, and ARv567es, with the AR-NTD
indicating improved potency is needed for AR-NTD inhibitors. amino acids (aa) 507-531 being indispensable for its target
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Fig. 1 SC912 inhibited the transactivation of AR-V7 and AR-FL through direct binding. A Chemical structure of compound SC912. B AR-Vs
dependent PSA-Luc reporter assay. HEK293T cells were transiently transfected with PSA-Luc reporter, pRL-TK, and AR-V7 or ARv567es
expressing plasmids. Cells were exposed to DMSO vehicle, ENZ, or SC912 at designated doses (0.01 nM-10 uM) for 48 h in androgen-deprived
media; Relative PSA-Luc reporter activity was normalized to the DMSO-treated samples. Data represent the average + SD of two separate
experiments. C Hormone receptor-dependent MMTV-Luc reporter assay. PC3 cells were transiently transfected with MMTV-Luc reporter, pRL-
TK, and wildtype-AR or PR expressing plasmid, or endogenous GR, as indicated. Cells were pretreated in androgen-deprived media with DMSO
vehicle, ENZ, or SC912 at designated doses (0.1 nM-10 pM) for 30 min, followed by the addition of 10 nM DHT, 10 nM Progesterone, or 10 nM
Dexamethasone, respectively, for another 24 h. Relative MMTV-Luc reporter activity was normalized to the DMSO-treated samples. Data
represent the average + SD of duplicate samples. Cellular thermal stability assay (CETSA) for assessing the binding of SC912 to AR and AR-V7.
LNCaP (D) or 22Rv1 cells (E) were exposed to designated treatments for 1 h followed by 3 min of heat shocks at the indicated temperature.
Thermostable AR-FL (D) or AR-V7 (E) was quantified by western blots (relative to p-actin) and normalized to the blot intensity of the 37 °C
samples. Data represent the average + SD of duplicate samples.
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engagement and inhibitory effects. Mechanistically, SC912 RESULT
impaired AR-V7 mediated transcription, blocked AR-V7 nuclear S$C912 inhibited the transactivation of AR-FL and AR-V7
trafficking, and ARE binding. For the AR-V7 expressing CRPC cells, through direct binding
SC912 antagonized their AR signaling activity and mitigated their Compound SC912 is a lead compound from our Medicinal
castration-resistant growth both in vitro and in vivo, suggesting its Chemistry efforts to identify inhibitors targeting the AR-NTD
therapeutic potential for CRPC. (Fig. 1A). Using a PSA-luciferase (PSA-Luc) reporter, co-transfected
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Fig.2 AR-NTD amino acids 507-531 are indispensable for the antagonistic activity of SC912. A Steady-state fluorescence spectroscopy of
the AR-NTD. Buffer alone, or 8 pg BSA, or 10 pg AR-NTD (aa 1-556) recombinant protein was preincubated with SC912 (0 pM-10 uM) for 1 h at
room temperature. After excitation at 280 nm, the emission spectra was measured between 300 nm to 390 nm. B IRF3-AR transactivation-
based ISRE-Luc reporter assays. PC3 cells were transiently transfected with ISRE-Luc reporter, pRL-TK, and a plasmid expressing IRF3, IRF3-AR
(1-547), IRF3-AR (1-370), or IRF3-AR (361-547) fusion protein. Cells were exposed to DMSO, ENZ, or SC912 at designated doses
(0.01 nM-3.33 uM) for 24 h in androgen-deprived media; Relative ISRE-Luc reporter activity was normalized to the DMSO control. Data
represent the average + SD of two separate experiments. C VP16-AR transactivation-based PSA-Luc reporter assay. PC3 cells were transiently
transfected with PSA-Luc, pRL-TK, and a plasmid expressing VP16-AR(507-920), VP16-AR(530-920), or VP16-AR(540-920) fusion protein. Cells
were pretreated with DMSO vehicle or SC912 at designated doses (0.01 nM-3.33 uM), in duplicate, in androgen-deprived media for 30 min
before adding 10 nM DHT for another 24 h. Relative PSA-Luc reporter activity was normalized to the DMSO vehicle control. Data represent the
average = SD of duplicate samples. D AR-FL transactivation-based PSA-Luc reporter assay. PC3 cells were transfected with PSA-Luc, pRL-TK,
and a plasmid expressing WT AR-FL or the corresponding aa 507-530 deleted counterpart: AR-FL-del(507-531). Cells were pretreated with
DMSO or SC912 (0.1, 0.3, 1, 3 pM) in androgen-deprived media for 30 min, followed by adding 10 nM DHT for an additional 48 h. Relative PSA-
Luc reporter activity was normalized to the DMSO control of AR-FL transfected cells. No DHT-stimulated cells were included as the negative
control. Data represent the average+SD of triplicate samples. E AR-V7 transactivation-based PSA-Luc reporter assay. PC3 cells were
transfected with PSA-Luc, pRL-TK, and a plasmid expressing AR-V7 or the corresponding aa 507-530 deleted counterpart: AR-V7-del(507-531).
Cells were treated with SC912 (0, 0.1, 0.3, 1, 3 pM) in androgen-deprived media for 48 h. Relative PSA-Luc reporter activity was normalized to
AR-V7 in 0 pM SC912 treated cells (DMSO vehicle control), and cells transfected with empty vector were used as the negative control (Mock).
Data represent the average = SD of triplicate samples. F, G Cellular thermal stability assay (CETSA) for assessing the effect of AR-NTD aa
507-531 on the target engagement of SC912. E HEK293T cells transiently transfected with plasmid expressing AR-FL or AR-FL-del(507-531)
were exposed to DMSO vehicle or SC912 at designated doses (0.03 pM-33.33 pM) in the presence of 10 nM DHT. F HEK293T cells transiently
transfected with plasmid expressing AR-V7 or AR-V7-del(507-531) were treated with DMSO vehicle or SC912 at designated doses
(0.03 pM-100 pM). After 1 h of treatment, cells were harvested and subjected to 3 min of heat shock at 46 °C. Thermostable AR-FL or AR-V7
were quantified by Western blots analysis (relative to f-actin) and normalized to the blot intensity of the DMSO vehicle control. Data represent

the average + SD of duplicate samples.

with AR-V7 or ARv567es expressing plasmid into 293 T cells, SC912
potently inhibited both AR-V7 and ARv567es transactivation with
an IC50 of 0.36 and 1.01 pM, respectively (Fig. 1B). In contrast, the
AR-LBD-targeting agent ENZ showed no inhibitory activity even at
10 uM (Fig. 1B). AR-FL transactivation assays were also performed
with wildtype (WT) AR, and a panel of AR-LBD mutants that were
previously discovered to confer resistance to antiandrogens:
including flutamide-resistant T878A and HB875Y, bicalutamide-
resistant W742C, and ENZ-resistant F877L [36]. SC912 inhibited
dihydrotestosterone (DHT)-induced transactivation of WT AR,
T878A, and W742C mutant with a potency comparable to ENZ.
Importantly, SC912 was much more potent than ENZ against the
F877L mutant (Supplementary Fig. S1).

To assess the AR specificity of SC912, PC3 cells were transiently
transfected with a pan hormone receptor-responsive luciferase
reporter MMTV-Luc for the endogenous glucocorticoid receptor
(GR) or paired with AR or progesterone receptor (PR)-expressing
plasmid, and the transected cells were exposed to the corre-
sponding receptor’ agonist: dexamethasone, DHT, or progester-
one, respectively. Within 0.1-10 uM, both SC912 and ENZ potently
suppressed AR activation, with IC50 =0.57 and 0.18 uM, respec-
tively, while they had no inhibitory effect against GR nor PR
(Fig. 1Q). These results indicated that SC912, like ENZ, is AR-
specific. Given that the DBD domain in AR, GR, and PR is highly
conserved, we reasoned that SC912 most likely achieves such AR
specificity by targeting an AR domain outside the DBD.

Recently, Shaw et al. reported that cellular thermal shift assay
(CETSA) is a powerful technique to measure the intracellular
binding of ENZ to AR [37]. We, therefore, assessed the direct
binding of SC912 to AR in prostate cancer cells by CETSA, with ENZ
as a control. In LNCaP cells, 10 nM DHT caused a drastic thermal
shift of intracellular AR-FL protein, increasing its T,,, from ~45 °C to
~51°C, whereas the addition of 10 uM ENZ or SC912 decreased
that T, back to ~47°C (Fig. 1D, Supplementary Fig. S2A). This
observation is consistent with Shaw's report that androgen-
induced thermal stabilization of AR-FL is reversed by ENZ binding
[37] and demonstrated that SC912, like ENZ, directly binds to AR-
FL. Similarly, in 22Rv1 cells, 30 uM SC912 also caused a thermal
shift of the endogenous AR-V7, resulting in the T, dropping from
~51°C to ~48 °C, whereas, as expected, 30 uM ENZ had no impact
(Fig. 1E, Supplementary Fig. S2B). Together, our results indicated
that SC912 directly binds to AR-FL and AR-V7 proteins, resulting in
their thermal shift.

Oncogene (2024) 43:1522-1533

SC912 targets the AR-NTD and the amino acids

507-531 segment is indispensable for SC912’s antagonistic
activity and target engagement

As a first step, we evaluated the binding of SC912 to AR-NTD (aa 2-
556). The AR-NTD lacks secondary structure and contains four
tryptophan residues (Trp3%°, Trp**®, Trp>%, and Trp*?’). Excitation
at 280 nm vyield a spectrum that is characterized by emission Apayx
at ~300 nm due to tryptophans [38], which allowed the structural
change of AR-NTD being studied using steady-state fluorescence
emission spectroscopy. In the presence of SC912, no fluorescence
change was observed in buffer alone nor in the BSA protein
tryptophan emission. In contrast, SC912 caused a red shift of Anax
from 335 nm to 340 nm with increased quantum vyield (Fig. 2A),
suggesting AR-NTD undergoes conformational change after
binding to SC912 resulting in tryptophan residues becoming
more exposed to solvent.

To identify SC912’ interacting motif on AR-NTD, we constructed
a series of plasmids expressing chimeric proteins with various
fragments of AR-NTD fused to the DBD of the transcriptional factor
IRF3. Using an ISRE luciferase (ISRE-Luc) reporter, we observed
that, in PC3 cells, SC912 substantially inhibited the transactivation
of IRF3-AR1-547 and IRF3-AR361-547, in contrast to no or
marginal activity on the WT IRF3 and IRF3-AR1-370 (Fig. 2B).
These results suggested that the interacting motif of SC912 on AR
is located within the aa 361-547 region at the AR-NTD. To further
narrow down this range, we generated another set of plasmids
expressing AR proteins which bear different deletions within aa
361-547 and are fused to the transactivation domain of the
transcriptional factor VP16. Using PSA-Luc reporter, we found that
SC912 attenuated androgen-stimulated transactivation of VP16-
AR507-920 in PC3 cells, in contrast to having no impact on VP16-
AR530-920 nor VP16-AR540-920 (Fig. 2C). Taken together, these
results suggested that SC912 did not target the AR-DBD nor AR-
LBD domains within aa 540-920; its targeting motif is likely
located in aa 361-547 of AR-NTD, with the possible core segment
being aa 507-530.

Next, we investigated if the aa 507-530 segment is essential
for the SC912’s antagonistic activity against AR-FL and AR-V7.
We constructed plasmids to express the aa 507-531 region-
deleted AR-FL and AR-V7 protein, referred to as AR-FL-
del(507-531) and AR-V7-del(507-531), respectively. By PSA-Luc
reporter assays, with AR-FL as control, we observed that SC912
was inactive against the DHT-induced transactivation of AR-FL-

SPRINGER NATURE
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del(507-531) (Fig. 2D). Likewise, aa 507-531 deletion also led to
a complete loss of SC912’s inhibitory activity against AR-V7
(Fig. 2E). Interestingly, the transactivation activity of AR-FL-
del(507-531) and AR-V7-del(507-531) is comparable to that of
their wildtype counterparts (Fig. 2D, E), suggesting that the

deletion of aa 507-531 is not deleterious to the overall structure
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of AR protein. Next, we performed site-directed mutagenesis on
AR-V7. The two AR-V7 mutants, P513G and Y531A, had similar
transactivation activity to the wildtype but were more resistant
to SC912 (Supplementary Fig. S3), implying that P513 and Y531
residues are critically important for the activity of SC912 against
AR-V7. These results collectively suggested that the aa
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Fig.3 SC912 blocked AR-V7 driven AR signaling in CRPC cells. A Heatmaps for RNA-seq analysis of AR target genes [50] and AR-V7 target
genes [39]. LNCaP95 cells were treated with DMSO or 2 pM SC912 for 24 h (4 biological replicates), AR and AR-V7 regulated genes that were
altered in expression are displayed. The gene expression values for each gene were normalized to the standard normal, red and blue coloring
indicates upregulated and downregulated relative expression levels, respectively (GSE253122). B GSEA of gene sets comprising PID-AR
pathway [50] and AR-V7 gene signature [39]in LNCaP95 cells treated as (A). C gRT-PCR analysis of AR-V7 regulated genes in LNCaP95 cells.
LNCaP95 cells were treated with DMSO, 10 pM ENZ, or 2 uM SC912 for 24 h. Data represent the average + SD of two separate experiments.
D Western blot comparision of AR-FL and AR-V7 expression levels in LNCaP, LNCaP95, VCaP, 22Rv1, and LNCaP-AR-V7 cell lines. E qRT-PCR
analysis of canonical AR-regulated genes. LNCaP, VCaP, and 22Rv1 cells were cultured in androgen-deprived media for 48 h and then exposed
to SC912 at 0, 0.1, 0.3, 1, 3 uM for another 24 h. Data represent the average + SD of three separate experiments. F qRT-PCR analysis of AR-V7
specifically regulated genes. LNCaP, VCaP, and LNCaP-AR-V7 cells were treated the same as in 3A. Data represent the average + SD of three
separate experiments. G Western blot validation of ShAR-FL 22Rv1 and ShAR-V7 22Rv1 stable cell lines. Cells in androgen-deprived media
were exposed to DMSO in the presence or absence of 50 ng/mL doxycycline for 48 h before harvest. H gRT-PCR analysis of canonical AR-
regulated genes in ShAR-FL 22Rv1 and ShAR-V7 22Rv1 cells. Cells were processed the same as in (C). Next, cells in refresh media were exposed
to DMSO, 10 pM ENZ, or 3 pM SC912 in the presence or absence of 50 ng/mL doxycycline for 24 h. Data represent the average + SD of three

separate experiments.

507-531 segment in AR-NTD is indispensable for SC912 to
inhibit AR-FL and AR-V7.

We next determined the impact of aa 507-531 on the binding
of SC912 to AR. AR-FL or AR-V7 proteins and their aa 507-531
deleted counterparts were transiently expressed in 293 T cells, and
CETSA assays were performed to assess SC912’s binding in the
concentration range 0.03-100 uM. The result suggested that
SC912 bound to AR-FL and AR-V7 with the EC50 of heat-
denaturalizing these two proteins being 1.1 and 0.3 uM, respec-
tively (Fig. 2F, G, Supplementary Fig. S2C, S2D). Strikingly, the
deletion of aa 507-531 diminished the binding of SC912 to AR-FL
and AR-V7, evidenced by no thermal destabilization of AR proteins
was detected even at the highest concentration of 100 uM SC912
(Fig. 2F, G). These results indicated that the aa 507-531 segment
determines SC912’s target engagement to AR-FL and AR-V7.

SC912 blocked AR-V7-driven AR signaling in CRPC cells

To explore the impact of SC912 treatment on the AR transcriptome in
CRPC cells, we performed RNA-sequencing analyses using LNCaP95
cells. LNCaP95 is a subline derived from culturing parental LNCaP in
androgen-free media for 95 passages, resulting in overexpression of
AR-V7 and dependence on AR-V7 mediated AR signaling activity for
proliferation [39]. 2uM SC912 suppressed AR-regulated genes,
especially the canonical AR-regulated genes, that are known to be
activated by both AR-FL and AR-V7 (e.g, PSA, TMPRSS2, NKX3.1). More
importantly, SC912 strongly inhibited the genes uniquely upregulated
by AR-V7 in LNCaP95 (Fig. 3A). Further GSEA analysis revealed that AR
pathway, as well as the AR-V7-mediated distinct transcriptional
program were significantly blocked by SC912 treatment in LNCaP95
(Fig. 3B). Additionally, qRT-PCR assay verified that the expression of
both the canonical AR-regulated gene PSA and the AR-V7 unique gene
UBE2C [39] were markedly suppressed by 2 uM SC912, whereas 10 uM
ENZ had no effect (Fig. 3C). Together, these results supported that
SC912 inhibited AR-V7 transcriptional activity in the ENZ-resistant
LNCaP95 cells.

To evaluate if SC912’s inhibition of AR-V7-mediated AR signaling
in LNCaP95 cells is transferable to other CRPC cellular models,
three extra prostate cancer cell lines expressing AR-FL and
different levels of AR-V7 were exposed to SC912 (Fig. 3D): (i)
LNCaP cells can acquire some level of AR-V7 expression at high
passage [40]. Here, we used LNCaP cells with ~80 passages in
complete media; (ii) VCaP cells are inherently castration-resistant
via modest but rapid AR-V7 overexpression after castration or
antiandrogen treatments [41]; and (iii) 22Rv1 cells are irresponsive
to all of those treatments due to their high intrinsic level of AR-V7
[42]. SC912 did not induce ER stress in these cells (Supplementary
Fig. S4), thus ruling out the possibility of downregulating AR
signaling through indirect pathway. Using PSA-Luc reporter assay,
we observed that the castration-resistant AR signaling in these
cells was quite sensitive to SC912 inhibition, with nanomolar IC50
achieved in all three cell lines (IC50: LNCaP 0.11 uM, VCaP 0.37 uM,
and 22Rv1 0.42 uM) (Supplementary Fig. S5). When assessed by
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gPCR assay for three canonical AR-regulated genes (PSA, FKBP5,
and TMPRSS2), SC912 dose-dependently (0.3-3 uM) attenuated
their transcription in these prostate cancer cell lines (Fig. 3E). Next,
we asked if SC912 could also impair the transcription of AR-V7
specifically regulated genes. We quantified the mRNA of three
tumor suppressor genes (B4GALTI1, SLC30A7, and HIF1A) whose
transcription is reported to be specifically repressed by AR-V7 in
LNCaP95 [43]. Indeed, SC912 at 3 uM significantly elevated the
expression of B4GALT1 and HIF1A in our ~80 passage LNCaP cells
(Fig. 3F), while even greater changes were observed in cell lines
expressing more AR-V7. In VCaP and our LNCaP-AR-V7 stable cells
[35], the mRNA levels of all three AR-V7 repressed genes spiked
upon SC912 treatment (Fig. 3F). Collectively, these data indicated
that SC912 suppressed AR-V7 transcriptional activity in multiple
CRPC cellular models.

Given that AR-V7 is always co-expressed with AR-FL in
prostate cancer cells, to evaluate the inhibitory effect of SC912
on AR-V7 alone, we generated two stable 22Rv1 cell lines with
doxycycline (DOX)-inducible knockdown of AR-FL or AR-V7,
respectively (Fig. 3G). The mRNA quantification of canonical AR-
regulated genes (PSA, FKBP5, and TMPRSS2) revealed that AR-FL
knockdown did not mitigate AR signaling activity in 22Rv1 cells.
In contrast, a drastic decline of such was noted following AR-V7
knockdown (Fig. 3H). These observations aligned with the
previous discoveries that AR signaling in 22Rv1 cells is
predominantly driven by AR-V7 rather than the AR-FL [17, 44].
More importantly, SC912 at 3 uM markedly reduced AR signaling
in AR-FL knockdown cells, but its potency was significantly
diminished in AR-V7 knockdown cells. On the contrary, 10 uM of
ENZ could not inhibit AR signaling in neither the control nor any
of the knockdown cells (Fig. 3H), demonstrating that SC912 but
not ENZ was capable of blocking AR-V7 mediated AR signaling in
CRPC cells.

SC912 hampered the nuclear localization and chromatin
binding of both AR-V7 and AR-FL

AR nuclear translocation and subsequent DNA binding are two
prerequisite steps happening before AR-initiated transcription.
Since SC912 inhibited AR transcriptional activity, we wondered if
such inhibition is also associated with hampering those upper-
stream events. By chromatin immunoprecipitation (ChIP) assay, we
first examined if SC912 treatment reduced AR chromatin binding
in LNCaP cells engineered to stably overexpress WT AR-FL (LNCaP-
AR-FL) [35]. We found that androgen-induced AR-FL recruitment
to AREs (PSA enhancer and TMPRSS2 enhancer) was mitigated by
3uM SC912 and 5uM ENZ (Fig. 4A). Next, we assessed the
capability of SC912 in reducing the androgen-independent AR
binding to DNA. In LNCaP-AR-V7 cells cultured in androgen-
deprived media, 3 UM SC912 lowered the AR chromatin recruit-
ment by more than 50%, whereas ENZ at 5uM only had a
marginal effect (Fig. 4B). Furthermore, in the shFL-22Rv1 cells (with
DOX), SC912 potently diminished AR-V7 binding to AREs, whereas
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ENZ was inactive (Fig. 4C). Likewise, SC912 but not ENZ reduced
AR-V7 binding to the enhancer of the AR-V7 specific gene UBE2C
[45], suggesting SC912 hampered the androgen-independent
chromatin recruitment of AR-V7 (Fig. 4D).

To examine if SC912 also affects the nuclear localization of AR-FL and
AR-V7, GFP-tagged AR-FL or AR-V7 were transiently expressed in PC3
cells, respectively, and their subcellular localization was visualized using
confocal microscopy. 3 pM SC912 and 5 pM ENZ significantly reduced
androgen-stimulated nuclear translocation of AR-FL (Fig. 4E,

SPRINGER NATURE
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Supplementary Fig. S6). More importantly, SC912 also markedly
attenuated the androgen-independent nuclear localization of AR-V7,
which ENZ failed to affect (Fig. 4F, Supplementary Fig. S7). These results
suggested that, though androgen-induced nuclear translocation and
DNA binding of AR-FL were diminished by both SC912 and ENZ, while
these events for androgen-independent AR-V/7 were only attenuated
by SC912.

Lastly, we also noted that the AR-NTD aa 507-531 deleted AR-FL
and AR-V7's nuclear trafficking was no longer hampered by SC912,
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Fig. 4 SC912 hampered the nuclear localization and chromatin binding for both AR-V7 and AR-FL. A ChIP assay for androgen-stimulated
AR-FL enrichment to AREs. LNCaP-AR-FL cells were cultured in androgen-deprived media for 48 h and then pretreated for 30 min with DMSO,
5uM ENZ, or 3uM SC912, followed by the addition of 10 nM DHT and incubation for another 4.5 h before harvest. Data represent the
average + SD of duplicate samples. B ChIP assay for androgen-independent AR-FL and AR-V7 enrichment to AREs. LNCaP-AR-V7 cells were
cultured in androgen-deprived media for 48 h before being treated with DMSO, 5uM ENZ, or 3 pM SC912 for 5 h. Data represent the
average + SD of duplicate samples. C ChIP assay of androgen-independent AR-V7 enrichment to AREs in shAR-FL 22Rv1 cell line. Cells were
incubated in androgen-deprived media containing 50 ng/mL doxycycline for 48 h before being treated the same as (B). Data represent the
average = SD of duplicate samples. D ChIP assay of androgen-independent AR-V7 enrichment to AREs in LNCaP95 cell line. Cells were treated
the same as (B). Data represent the average + SD of duplicate samples. Representative confocal image of GFP-tagged AR-FL (E) or AR-V7 (F) in
PC3 cells (Scale bar represents 10 pm). E PC3 cells transiently expressing GFP-AR-FL were treated the same as in (A). F PC3 cells transiently
expressing GFP-AR-V7 were cultured in androgen-deprived media with the treatment of DMSO, 5 uM ENZ, or 3 pM SC912 for 16 h. Nuclear:
cytoplasmic GFP fluorescence intensity of individual cells was quantified (n = 10-15) with Image J. Data represent the average + SD.

though they had almost identical subcellular localization as
wildtype (Supplementary Fig. S6, S7). These results supported
our findings of amino acids 507-531 segment being indispensable
for SC912 binding to AR (Fig. 2F, G).

SC912 caused proliferation arrest and apoptosis in AR-V7
positive CRPC cells

The antiproliferative activity of SC912 in prostate cancer cells was
assessed in three AR-positive cell lines: LNCaP, VCaP, and 22Rv1, as
well as an AR-negative cell line: PC3. When cells were grown in
androgen-deprived media for 6 days, SC912 inhibited the
proliferation of LNCaP, VCaP, and 22Rv1 cells with an IC50 of
0.31, 0.60, and 0.86 uM, respectively, whereas much higher 1C50
(5.77 uM) was noted in PC3 cells (Fig. 5A, Supplementary
Table. S1). Likewise, higher 1C50 (3.3-8.2 uM) was also observed
in non-prostate cancer cell lines, as well as in the AR-independent
neuroendocrine prostate cancer cells (Supplementary Fig. S8,
Supplementary Table. S1). ENZ suppressed LNCaP proliferation
with an IC50 of 1.76 uM, in contrast to being less potent in VCaP
(IC50 =9.88 uM) and was almost inactive in 22Rv1 and PC3 cells
(Fig. 5A, Supplementary Table. S1). Next, we performed cell cycle
analysis on LNCaP, VCaP, 22Rv1, and PC3 cell lines using flow
cytometry. SC912 at 1 uM caused a substantial amount of LNCaP,
VCaP, and 22Rv1 cells to stall at G1/S transition, with little effect on
the cell cycling of AR-negative PC3 cells (Fig. 5B, Supplementary
Fig. S9). In comparison, 5 uM of ENZ led to G1-phase arrest only in
LNCaP but failed to affect other cell lines (Fig. 5B, Supplementary
Fig. S9), suggesting SC912 but not ENZ is broadly effective in
blocking the proliferation of AR-V7 positive CRPC cell. Concor-
dantly, 1 pM of SC912 also induced apoptosis in the three AR-
positive cell lines, evidenced by the emergence of PARP cleavage
in cell lysate western blot, which conversely, was not detectable in
AR-negative PC3 cells (Fig. 5C). In contrast, ENZ only induced
apoptosis in LNCaP but not in the VCaP and 22Rv1 which express
more AR-V7 (Fig. 5C). Last, we performed Annexin V staining for
flow cytometry to visualize the apoptotic cell population.
Consistent with the cleaved-PARP results, SC912 caused ~2-fold
increase of apoptotic cell % in all three AR-positive CRPC cell lines,
whereas ENZ only induced apoptosis in LNCaP (Fig. 5D). In
summary, these findings agreed with previous discoveries that
prostate cancer cells and PDX with higher levels of AR-V7 are more
resistant to ENZ [46], and also indicated that high AR-V7
expressing cells remain susceptible to SC912 treatment.

SC912 repressed tumor growth and interrupted AR signaling
in AR-V7 expressing CRPC xenografts

In considering SC912’s therapeutic activity in CRPC tumors, we first
assessed the effect of SC912 on VCaP xenografts. Male NOD-SCID
mice implanted with VCaP cells were subsequently castrated
when tumor sizes reached 250-500 mm?>. Compounds were given
intraperitoneally 5 times a week for 3 weeks once VCaP tumors
resumed growing in castrated hosts. Strikingly, the initial three
dosages of SC912 (60 mg/kg) already halted the castration-
resistant growth of VCaP tumors, which lasted to the endpoint.
In contrast, the tumor volume in the vehicle group increased by
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~150% on average (Fig. 6A). When comparing by weight, the
tumors in the SC912 group were about 40% of the vehicle group
(Fig. 6B). Furthermore, SC912 treatment did not cause obvious
animal body weight loss (Fig. 6C), indicating that SC912 at 60 mg/
kg is effective and well-tolerated.

Next, we assessed how did SC912 treatment influence the AR
signaling in VCaP tumors. In the serum of SC912 treated mice,
human PSA concentration was significantly lower than the vehicle
group (12.7ng/mL vs. 28.1 ng/mL, respectively) (Fig. 6D). In
addition, qPCR analysis of the intratumoral mRNA revealed a
significant reduction of PSA expression and an upregulation of AR-
V7-repressed gene B4GALT1 (Fig. 6E), Moreover, within SC912
treated tumors, a 3.2-fold increase of AR-FL protein and a 2.6-fold
increase of AR-V7 protein was shown by western blot (Fig. 6F-G),
coupled with a statistically insignificant but observable bump of
AR-FL and AR-V7 mRNA (Fig. 6H). These data collectively implied
that CRPC tumors responded to SC912 inhibited AR signaling with
even overexpression of both AR-FL and AR-V7.

Lastly, we evaluated SC912's potency against 22Rv1 xenografts
which are more castration-resistant and express a higher amount
of AR-V7. As expected, 22Rv1 tumor progression was not paused
by castrating host mice; however, it was markedly mitigated by
90 mg/kg of SC912. After 10 days of treatment, the tumor
inhibitory effect of SC912 became statistically significant, followed
by the p-value dropping below 0.01 in the next 3 days and
remaining so to the end of the experiment (Fig. 6l). The average
tumor weight for the SC912 group is approximately 45% of that
for the vehicle group (Fig. 6J), and no decline in animal body
weight was observed (Fig. 6K). These findings demonstrated that
SC912 was capable of repressing the growth of CRPC tumors that
express high levels of AR-V7.

DISCUSSION
Persistent AR signaling activity is a widely recognized cause of Abi
and ENZ resistance in CRPC. Mounting evidence emphasized the
role of AR-V7 as a key driver of sustained AR signaling in CRPC
[10, 18, 26, 46]. As an adaptive response to AR-targeted therapies,
both AR-V7 mRNA and protein were found overexpressed in Abi
and ENZ-treated cell lines and xenografts [41, 47] as well as CRPC
patients [11-14]. Notably, AR-V7 functions independently of the
AR-FL in prostate cancer cells [17, 18], while its expression appears
sufficient to drive AR-FL function within CRPC cells [18]. Although
numerous studies have established AR-V7 as a therapeutic target
for CRPC, pharmaceutical inhibition of AR-V7 remains clinically
unavailable. In this study, our team discovered a novel chemical
compound, SC912, which effectively inhibited the functions of
both AR-V7 and AR-FL by targeting the AR-NTD. We demonstrated
that the AR-NTD’s aa 507-531 region is essential for the binding of
SC912 to AR-FL and AR-V7. Moreover, SC912 was found to block
AR-V7-mediated AR signaling in CRPC cells in vitro and
significantly repressed castration-resistant growth of VCaP and
22Rv1 xenografts in castrated mice.

SC912 bound to AR-NTD recombinant protein in ex vivo setting,
moreover, its direct binding to AR-FL and AR-V7 within cells was
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Fig. 5 SC912 caused proliferation arrest and apoptosis in AR-V7 positive CRPC cells. A CellTiter-Glo assays for evaluating the
antiproliferative effect of SC912 in prostate cancer cells. LNCaP, VCaP, 22Rv1, and PC3 Cells were seeded in androgen-deprived media for 24 h
and then exposed to DMSO, ENZ, or SC912 at designated doses (0.1 nM-10 uM). Cell culture media and corresponding treatments were
refreshed once on day 3, and cell viability was measured on day 6. Data represent the average + SD of three separate experiments. B Cell cycle
compartment flow cytometry for assessing SC912-induced growth arrest in CRPC cells. LNCaP, VCaP, 22Rv1, and PC3 cells were cultured in
androgen-deprived media for 48 h and then exposed to DMSO, 3 pM ENZ, or 1 pM SC912 for 24 h. Cells were pulsed with BrdU for 1 h prior to
harvest. G1 and G2/M-phase cells were defined as cells that show no BrdU staining and possess 1 N/2 N DNA content, respectively. S-phase
cells were defined as cells that were positive for BrdU staining. C Western blot analysis of SC912-induced apoptosis in CRPC cells. LNCaP, VCaP,
22Rv1, and PC3 cells were cultured in androgen-deprived media for 48 h and treated with 3 pM ENZ or 1 pM SC912 for 0, 12, or 24 h before
harvest. Cell apoptosis was determined by Western blot for the cleaved PARP. D Annexin V staining flow cytometry for assessing SC912
induced apoptosis in CRPC cells. Cells were treated the same as (B). Apoptotic cells were defined as Annexin V-positive cells.

also confirmed using CETSA assays in three cellular models: LNCaP
with endogenous AR-FL, 22Rv1 cells with endogenous AR-V7, and
HEK293T cells transiently expressing AR-FL or AR-V7. The EC50
values for heat-denaturalized AR-FL and AR-V7 were found to be
1.1 and 0.3 uM, respectively, indicating the potent binding affinity
of SC912. It was observed that the AR-NTD aa 507-531 region

dictates the inhibitory activity, as well as the binding of SC912 to
AR-FL and AR-V7. Interestingly, we also found that point mutations
P513G and Y531A at the AR-NTD confer substantial resistance to
SC912, highlighting the importance of P513 and Y531 residues for
the activity of SC912. Collectively, these findings suggested that
the AR-NTD aa 507-531 region could be part of the binding
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Fig. 6 SC912 repressed tumor growth and interrupted AR signaling in AR-V7 expressing CRPC xenografts. A-H SC912 abolished the
growth of VCaP xenografts in castrated mice. 1 x 107 VCaP cells mixed with 50% matrigel were subcutaneously injected into the right flank of
male NOD-SCID mice. When tumor size reached 250-500 mm?, mice were surgically castrated and monitored daily (Day 0). After the tumors
resumed growing and reached the size of 300-600 mm?>(Day 18), mice were randomized into 2 groups (n = 9 for the vehicle group, n = 10 for
the SC912 group), which received 5 days per week treatment (i.p.) of the vehicle or SC912 (60 mg/kg) for 3 weeks before sacrifice (Day 39).
A VCaP tumor growth curve. The %Tumor Change was calculated as (Day39- Day0)/Day0%. B Tumor image and weight on Day 39 (n = 9-10).
C ELISA assay of human PSA concentration in mouse serum (n = 9-10). D Mouse body weight comparison on Day 0 and Day 39 (n =9-10).
E gRT-PCR analysis of AR-regulated gene expression in tumors (n = 7). F Western blot analysis of AR-FL and AR-V7 protein expression in tumor
(n =7). G Quantification of AR-FL and AR-V7 protein levels (n = 7). H qRT-PCR analysis of AR-FL and AR-V7 mRNA expression in tumors (n = 7).
G-J SC912 suppressed the growth of AR-V7 high-expressing 22Rv1 tumors in castrated mice. 5x 10° 22Rv1 cells mixed with 50% matrigel
were subcutaneously injected into the right flank of male Nu/Nu mice. When tumor size reached 100-300 mm?, mice were surgically castrated
and monitored daily (Day 0). Animals were allowed to recover from surgery for one week, and tumors reached the size of 150-450 mm?>. Mice
were then randomized into two groups (n = 9/group), which received treatment (i.p.) of the vehicle or SC912 (90 mg/kg) 5 days a week for
3 weeks before sacrifice (Day 30). I 22Rv1 tumor growth curve (n =9). J Tumor image and weights on Day 30 (n =9). K Mouse body weight
comparison on Day 0 and Day 30 (n=9).
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pocket for the small molecule inhibitor SC912. However, due to
the conformational plasticity and lack of folded structure inherent
in intrinsically disordered proteins like the AR-NTD [48], it remains
unclear if SC912 binds to a pre-formed structure or if the binding
pocket spontaneously forms upon encountering SC912. Further
investigation is required to determine the precise binding mode
of SC912 within and around the aa 507-531 region.

This study demonstrated that SC912 effectively blocks AR-V7-
mediated AR signaling in CRPC cells (Fig. 3). SC912 also inhibited
androgen-stimulated AR-FL activity (Fig. 1C, Fig. 4A). This is
expected, given SC912 targets the AR-NTD, a domain that is
essential for the transactivation of both AR-V7 and AR-FL.
Furthermore, SC912 effectively suppressed the proliferation of
AR-V7 expressing VCaP and 22Rv1 cells, with IC50 values of 0.6
and 0.86 pM, respectively. However, the anti-proliferation 1C50 of
SC428 in AR-negative PC3 cells is 5.77 uM (Table S1), which is only
7-fold higher than in 22Rv1 cells, indicating the existence of off-
target effect. Further chemical optimization on SC912 is needed to
improve the selectivity towards AR-positive prostate cancer cells.

We observed that treatment of SC912 induced overexpression
of AR and AR-V7 in VCaP tumors (Fig. 6F). This aligned with the
previously described negative feedback loop between AR signal-
ing and AR expression [49] as a CRPC cell adaptive response to AR-
targeted therapies. It is worth noting that the AR overexpression
induced by SC912 differed from that of conventional AR inhibitors.
Androgen depletion, ENZ, and Abi were all reported to
preferentially upregulate AR-V7 relative to AR-FL in VCaP cells
[41, 47], resulting in an increased AR-V7 vs. AR-FL ratio and
potentially conferring drug resistance to conventional AR inhibi-
tors. A recent study demonstrated that ENZ resistance consistently
correlates with enhanced AR-V7 expression [46]. In contrast, SC912
induced overexpression of AR-FL and AR-V7 equally without
substantially changing the AR-V7 vs. AR-FL ratio (Fig. 6G).
Moreover, the upregulated AR-FL and AR-V7 expression by
SC912 is not expected to drive drug resistance, as SC912 is active
against both forms. In line with this notion, SC912 exhibited
potent antitumor activity against castration-resistant xenografts of
VCaP and 22Rv1, both of which express substantial levels of AR-FL
and AR-V7.

To conclude, we identified a novel AR-NTD-targeting inhibitor
with efficacy against AR-V7-expressing CRPC models. Our in vitro
and in vivo investigations suggested that SC912 effectively
suppresses sustained AR signaling in CRPC, indicating its potential
to be further optimized for CRPC therapy.

MATERIALS AND METHODS

Dual-luciferase reporter assay

Cells were seeded into 24-well plates at least 24 h before transfection. Luciferase
reporter (PSA-Luc, MMTV-Luc or ISRE-Luc) and pRL-TK plasmids as well as a
plasmid expressing the designated transcription factor, were transiently
transfected into cells, using lipofectamine 3000 (Invitrogen). 5 h after transfection,
cell culture media was refreshed, and treatments were added. Luciferase
activities were measured using the Dual-Luciferase Reporter Assay System
(Promega) on a GLOMAX 20/20 luminometer (Promega).

qRT-PCR analysis

2x10° cells were seeded in 6 cm dish and cultured in androgen-deprived
media for 48 h and then exposed to compounds at designated doses for
24 h. Next, cells were harvested and subjected to total RNA extraction
using RNAqueous™ Total RNA Isolation Kit (Applied Biosystems). cDNA was
synthesized using iScript cDNA Synthesis Kit (BIO-RAD). cDNA was assessed
using GoTaq gPCR Master Mix (Promega). qRT-PCR reaction was performed
on 7500 Fast Real-Time PCR System (Applied Biosystems). The primer
sequences are available in Supplementary Information.

Chromatin immunoprecipitation
ChIP assay was performed following the Cold Spring Harbor Protocol.
Briefly, 5 x 10° cells were seeded in 10 cm dish and cultured in androgen-
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deprived media for 48 h, and then exposed to compounds for additional
5h. Chromatin interacting AR were cross-linked with formaldehyde and
terminated with glycine. Cells were lysed and subjected to DNA
fragmentation by sonication. AR immunoprecipitation was performed
using AR antibody (ab74272, abcam), or AR-V7 antibody (ab198394,
abcam) together with pre-blocked G agarose bead. The precipitated AR-
DNA adducts were cross-link reversed, and the purified DNA was subjected
to gRT-PCR analysis. Details are available in Supplementary Information.

DATA AVAILABILITY
The data used during this study are available from the corresponding author on
request.
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