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Abstract: Functional loss of the two major tumor repressors, TP53 and RB1, is frequently involved in the emergence 
and progression of castration-resistant prostate cancer (CRPC). Inactivating mutations in TP53 and RB1 promote 
lineage variants that suppress the androgen receptor axis and enhance therapy resistance. The present study pro-
vides the first evidence that RB1 loss, and not TP53 loss, is sufficient to activate the master regulator transcription 
factor ONECUT2 (OC2) in mCRPC. OC2 upregulation is common in CRPC and drives metastasis and lineage plastic-
ity, particularly neuroendocrine differentiation, in model systems. Pharmacologic inhibition of OC2 was reported to 
suppress established human CRPC metastases in mice. Here we show that RB1 silencing in human and mouse 
prostate cancer models is sufficient to upregulate OC2, at least in part through epigenetic regulation. OC2 expres-
sion downregulated TP53 transcription and inactivated RB1 via phosphorylation. OC2 expression and activation in 
human CRPC correlated with bi- or single-allelic loss of RB1 and inversely with RB1 expression and activity. A small 
molecule OC2 inhibitor blocked enzalutamide-induced lineage plasticity in vitro. These findings indicate that activa-
tion of OC2 in CRPC occurs in response to RB1 inactivation, and that biomarkers of RB1 activity may be useful for 
stratifying patients refractory to hormone therapy where OC2 is targeted pharmacologically.
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Introduction

Prostate cancer (PC) is generally highly treat-
able, however a subset of patients progress to 
a therapy-resistant state known as castration-
resistant disease (CRPC). About 30,000 men 
per year die of CRPC in North America [1]. 
Patients typically respond initially to andro- 
gen receptor-(AR)-directed therapies, such as 
enzalutamide (ENZ), however, therapeutic re- 
sistance to all therapies that inhibit AR fail in 
most patients, consistent with the concept that 
cancer cell variants emerge that are no longer 
dependent on activity of the AR [2]. One expla-
nation for progression to treatment resistance 
is loss of lineage fidelity, such that cancer  
cell survival and tumor growth is no longer 
AR-dependent because other mechanisms that 
govern distinct developmental lineages are 
activated [3].

The tumor suppressor proteins TP53 and RB1 
are well established as playing a major role in 
cancer progression across a wide spectrum of 
human malignancies, and their critical role in 
inhibiting tumorigenesis and progression has 
been thoroughly investigated [4]. RB1 and TP53 
were identified as genomic sites of recurring 
genetic alterations associated with treatment-
emergent neuroendocrine PC (NEPC), a treat-
ment-resistant phenotype that occurs following 
AR-directed therapy [5]. Considerable evidence 
supports a role for loss of function of RB1 and 
TP53 as contributing to treatment resistance. 
RB1 loss in genetically engineered mouse mod-
els (GEMMs) facilitates lineage plasticity and 
additional loss of TP53 promotes resistance to 
antiandrogen therapy [6]. Prior studies also 
demonstrated that combined inactivation of 
RB1 and TP53 in patients promotes AR- 
independent lineage plasticity, enhances cell 

http://www.ajceu.us


RB1 loss activates ONECUT2

398 Am J Clin Exp Urol 2022;10(6):397-407

proliferation, and drives stem-like and NEPC 
phenotypes. Tumor cells with inactivated TP53 
and RB1 exhibit drug-resistant phenotypes 
when challenged with single-agent therapies 
[4]. 

We previously reported that the HOX/CUT tran-
scription factor ONECUT2 (OC2) operates as a 
master regulator protein in some CRPC tumors. 
OC2 activation suppresses AR activity genome-
wide and is a driver of the drug-resistant NEPC 
phenotype [7]. Because OC2 activation occurs 
coincident with RB1 and TP53 inactivation in 
PC, in this study we sought to determine the 
relationship between active OC2 and the inacti-
vation of these important tumor suppressor 
genes.

Materials and methods

Public datasets

RNA-Seq data of TP53 and RB1 loss was 
obtained from the published SU2C Cohort [3]. 
Knock-down RB1, TP53 and RB1/TP53 RNA-
Seq data was downloaded from a published 
study [4]. Another independent shRB1 dataset 
was obtained from the GEO database [13]. The 
RNA-Seq data of the Pten-/- and Pten/RB1-/- 
mouse models was downloaded from the GEO 
database [6].

Cell lines

LNCaP (#CRL-1740) was obtained from the 
American Type Culture Collection (ATCC) and 
authenticated using the Promega PowerPlex  
16 system DNA typing (Laragen). Mycoplasma 
contamination was routinely monitored using 
the MycoAlert PLUS Mycoplasma Detection Kit 
(Lonza #LT07-118). The OC2 overexpression 
construct was generated by cloning the full-
length OC2 cDNA (NM_004852) into the pLen-
ti-C-Myc-DDK-IRES-Puro (Origene) lenti-virus 
system. Then packing (psPAX2, Addgene 
#12260), and envelope (pMD2.G, Addgene 
#12259) plasmids were co-transfected into 
HEK293T cells to produce lentivirus. Cells were 
infected with lentivirus supplemented with 10 
µg/mL polybrene, then selected by 2 ug/mL 
puromycin to generate the stable overexpres-
sion cells. All cell lines were grown in RPMI-
1640 media (Gibco) supplemented with 10% 
FBS and penicillin/streptomycin. 

Cleavage under targets and release using 
nuclease (CUT&RUN) sequencing

All procedures were performed according to the 
manufacturer’s protocol from cell signaling 
technology (CST, #86652). Briefly, 100,000 
cells from both vector_control and OC2_
Overexpression cells were resuspended in 
wash buffer (20 mM HEPES-NaOH pH 7.5, 150 
mM NaCl, 0.5 mM spermidine, and protease 
inhibitor cocktail), concanavalin A-magnetic 
beads added, then rotated for 10 min at room 
temperature. Cell-bead conjugates were resus-
pended in 200 µL of digitonin buffer (wash buf-
fer with 2.5% digitonin solution) containing 2  
ug of Anti-Tri-Methyl-Histone H3 (Lys27) (CST, 
#9733), 2 ug of Anti-Tri-Methyl-Histone H3 
(Lys4) (CST, #9751), 5 ug of Anti-ONECUT2 
(Proteintech, #21916-1-AP) primary antibody, 
or rabbit IgG (CST, #66362), rotated overnight 
at 4°C, resuspended in 250 µL of antibody  
buffer and 7.5 µL of the pAG-MNase enzyme 
(#57813, CST), followed by the rotation at 4°C 
for 1 h. After washing with digitonin buffer, ice-
cold 150 µL of digitonin buffer containing CaCl2 
was added and incubated on ice for 30 min fol-
lowed by the addition of 150 µL of stop buffer 
containing 5 ng S. cerevisiae spike-in DNA used 
for sample normalization. After incubation at 
37°C for 15 min, samples were centrifuged at 
16,000 g for 2 min at 4°C. Tubes were placed 
on a magnetic rack, then supernatants were 
collected. DNA was purified using DNA puri- 
fication buffers and spin columns (CST, 
#14209). The CUT&RUN library was generated 
with the DNA Library Prep Kit for Illumina (CST, 
#56795) combined with Multiplex Oligos for 
Illumina® (Dual Index Primers) (CST, #47538). 
The adaptor was diluted 1:25 to avoid contami-
nation. The PCR enrichment step run 15 cycles 
to amplify the adaptor-ligated CUT&RUN DNA.

RNA-seq

RNA concentration, purity, and integrity were 
assessed by NanoDrop (Thermo Fisher Sci- 
entific Inc.) and Agilent Bioanalyzer. RNA-seq 
libraries were constructed from 1 μg total RNA 
using the Illumina TruSeq Stranded mRNA LT 
Sample Prep Kit according to the manufactur-
er’s protocol. Barcoded libraries were pooled 
and sequenced on the Illumina HiSeq 2500 
generating at least 30 M 100 bp paired-end 
reads per sample.
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RNA-seq data analysis

The RNA-seq data of control and OC2-over 
expressed cells were generated in the LNCaP 
cell line. Trim galore was used to remove the 
adapters. 150 bp paried-end reads were 
aligned to human reference genome (HG38) 
using STAR (-alignIntronMin 20-alignIntronMax 
1000000-alignSJoverhangMin 8-quantMode 
GeneCounts) method [14]. Then, gene read 
counts matrix were used for further analysis.

Western blot analysis

Cell lysates were separated on 4-20% SDS-
PAGE (Bio-Rad Laboratories) and transferred to 
nitrocellulose or PVDF membranes. The mem-
branes were blocked with 5% non-fat dry milk 
and subsequently incubated with the pertinent 
primary antibody overnight. Membranes were 
subsequently washed with TBST (0.1% Tween-
20) and incubated with an HRP-conjugated sec-
ondary antibody (GE Healthcare Bio-Sciences). 
After washing with TBST, the protein bands 
were detected by the Chemidoc MP imaging 
system (Bio-rad).

Cell viability/proliferation analysis

All procedures were performed according to  
the XTT cell viability kit protocol (CST, #9095). 
To assay viability, cells were plated at a density 
of 2,000 cells/well in triplicate. 48 hours after 
indicated treatment, viability was assessed at 
the absorbance of 450 nM. IC50 was generat- 
ed by a non-linear regression function in 
Graphpad 9.0. For proliferation assay, the cells 
were seeded at 2000/well and grown up to 96 
hours, then 450 nM absorbance was collected 
for further analysis.

Luciferase reporter assay

For the TP53 activity assay, the PG13-Luc (con-
taining 13 copies of the p53-binding consen-
sus sequence) plasmid was purchased from 
Addgene (Addgene, #16442). Lncap wildtype 
cells were co-transfected with this luciferase 
construct, and the pRL-SV40 vector (Promega) 
with Turbofectin 8.0 (Origene, #TF81001). After 
transfection overnight, cells were washed and 
treated for 6 hours with CSRM-617 (1 nm/100 
nM/10 uM). Luciferase activity was measur- 
ed using the Dual-Luciferase Assay System 
(Promega, #1910).

Calculation of OC2, RB1 loss and TP53 signa-
ture score

The OC2 signature was published previously 
[7]. RB1 loss and TP53/RB1 loss data were 
obtained from a published study [4]. Signature 
scores of OC2, RB1 loss and TP53/RB1 loss 
were calculated based on the Z-score method 
[7].

RB1 and TP53 activity classification analysis

We first ranked tumor samples in the SU2C 
Cohort based on the expression of RB1, and 
classified the samples into two groups (top and 
bottom quartiles), RB1-high and RB1-low. The 
same classification was also applied in TP53 
classification analysis.

CUT&RUN data analysis

OC2, H3K27me3 and H3K4me3 CUT&RUN 
data were generated in LNCaP cell lines. Brie- 
fly, Trim Galore was utilized to remove contami-
nant adapters and for read-quality trimming 
(https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/). 150 bp paired-end 
reads were aligned to the human reference 
genome (HG38) using Bowtie2 (v2.2.6) [15]. As 
spike-in method is commonly used as a control 
probe in DNA sequencing [16], we did spike-in 
step and calculated the spike-in mapping rates 
in each sample. Then, we calculated the scale 
factor in each sample and applied it in bamCov-
erage function in deepTools software. Next, 
Picard MarkDuplicates tool was utilized to  
mark and remove PCR duplicates in each  
sample. ENCODE blacklisted regions on HG38 
were removed (https://sites.google.com/site/
anshulkundaje/projects/blacklists). Finally, a 
high accuracy peak calling method, SEACR [17], 
was used to identify significant peaks with the 
parameters: norm stringent. To visualize the 
signal in each sample, bamCompare function in 
DeepTools (v3.1.3) was used to generate Big- 
wig files with the parameters: -binSize 10-num-
berofprocessors 5-normalizeUsing CPM-igno- 
reDuplicates-extendReads 200 [18]. The scale 
factor was calculated from the spike in step 
above. Integrative Genomics Viewer (IGV) was 
used to visualize the bigwig files [19].

Statistical analysis

Data were represented as mean ± SEM wher-
ever necessary. Student’s t test (2-tailed) was 
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used between the data pairs where it is appro-
priate. Either exact p value or a p value of 0.05 
or less was considered significant and have 
been used. Significance of differential expres-
sion was calculated by Wilcoxon Rank-Sum 
test.

Results

RB1 loss, but not TP53 loss, contributes to 
OC2 activation

A spectrum of recurrent genomic alterations 
has been reported to facilitate the develop-
ment of CRPC. Functional loss of the two major 
tumor repressor genes, TP53 and RB1, have 
been shown to be highly involved in the emer-
gence and progression of CRPC [4]. Prior stud-
ies showed that TP53 loss-of-function muta-
tions occur in 40-50% of metastatic tumors, 
while RB1 loss occurs in 12% of cases [4]. As 
OC2 is highly activated in CRPC patients [7],  
we next sought to assess the potential associa-
tion between OC2 and TP53 and RB1 inactiva-
tion in CRPC.

Whole exome, single nucleotide variant (SNV), 
copy number and matched RNAseq profiles 
were collected from the SU2C/PCF cohort [3]. 
OC2 activity was not significantly different 
when samples were separated into TP53_high 
(Top 25%) and TP53_low (Bottom 25%) groups. 
However, when we assessed RB1 loss in the 
same patient cohorts, OC2 activity was elevat-
ed in the RB1-low (Bottom 25% of expression 
level) group. Next, we applied the copy number 
information to the matched samples and found 
the majority of RB1 single copy or biallelic copy 
loss presented in the RB1-low group (Figure 
1A). This observation suggested that in deter-
mining whether a tumor is OC2-activated, RB1 
copy number detection could be used as a 
biomarker. 

To validate the causal relationship between 
OC2 activation and loss of RB1 and/or TP53, 
LNCaP cells with CRISPR-Cas9 gene knockout 
(LNCaP TP53-/-; LNCaP RB1-/- and LNCaP  
RB1-/-; TP53-/-) RNA-seq data were collected 
from GSE147250. In this dataset, samples  
with RB1 loss and combined loss of RB1/TP53 
have significantly higher OC2 expression com-
pared to wild-type LNCaP cells (Figure 1B). 
Another independent LNCaP RB1 knockdown 
cohort, GSE94863, was also analyzed. In this 

dataset, shRB1 dramatically increased the 
activity of OC2 in the LNCaP background  
(Figure 1C). Genomic loss of Rb1 and combined 
Rb1/Tp53 loss are well-established in GEMMs 
on the Pten-/- backgound [6]. Compared with 
Pten-/- models, Rb1-loss and combined Rb1/
Tp53 loss significantly contribute to both the 
expression level and activity of OC2 (Figure 
1D). To understand the mechanism of upregu-
lation of OC2 in Rb1 loss models, epigenetic 
marks at the Onecut2 promoter in an Rb1  
loss GEMM were examined by ChIP-sequencing 
using anti-K27me3 (repressive mark) and anti-
K4me3 (activation mark) antibodies. With Rb1 
knockout, the K27me3 signal was reduced 
together with the gain of the K4me3 signal at 
the promoter region, suggesting that activation 
of Oc2 by in Rb1 loss was induced by epigenetic 
regulation (Figure 1E).

OC2 activation induces an RB1 loss and TP53 
loss phenotype

We next evaluated whether OC2 activation 
affects RB1 or TP53 expression level or signal-
ing activity through enforced expression of  
OC2 in LNCaP cells. CUT&RUN sequencing with 
anti-OC2 antibody showed OC2 direct binding 
to the promoters of both TP53 and RB1, sug-
gesting a role for direct regulation by OC2 of 
both genes. To further investigate this possibil-
ity, we examined the epigenetic marks at both 
loci. TP53 showed suppression of the K4me3 
activation mark, indicating epigenetic repres-
sion, while the RB1 promoter did not change 
(Figure 2A). TP53 expression was significantly 
repressed under OC2-enforced conditions, 
while the RB1 mRNA level did not change 
(Figure 2B). Given the absence of an effect on 
RB1 expression, we further evaluated the inac-
tivation of RB1 by hyperphosphorylation of the 
repressive serine phosphorylation site (RB1 
p780) [8] in OC2 overexpressed cells. The result 
showed OC2 activation induced RB1 functional 
loss through serine 780 phosphorylation 
(Figure 2C). Collectively, the findings indicate 
that OC2 activation functionally suppresses 
both RB1 and TP53, albeit by distinct 
mechanisms.

Prostate carcinoma with RB1 and TP53 loss-of-
function exhibit suppression of the AR tran-
scriptional program and elevation of stem-like 
features in the cancer cells. The physiological 
consequence of this lineage plasticity drives 
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Figure 1. RB1 loss, but not TP53 loss, contributes to OC2 activation. A. OC2 activity in comparison to TP53 and 
RB1 expression in SU2C CRPC patient cohorts [3]. All samples were separated into high and low groups based on 
the transcriptional expression level. The RB1 copy number loss correlates with its expression level and serves as a 
potential biomarker for stratifying OC2-activated patients. B. LNCaP model with RB1 knockout or combined knock-
out of RB1/TP53 show increased OC2 expression. TP53 single knockout did not change OC2 expression level. C. 
Knockdown of RB1 with shRNA activates OC2 in an independent LNCaP model. D. In genetically engineered mouse 
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models (GEMMs), Rb1 knockout and Rb1/Tp53 combined knockout in a Pten-null background elevate both expres-
sion and activity of OC2. E. Rb1-null/Pten-null GEMM shows epigenetic activation with loss of repressive mark 
(K27me3) and gain of activation mark (K4me3) at the Onecut2 promoter compared to Pten-null GEMM. 
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Figure 2. OC2 activation induces an RB1 loss and TP53 loss phenotype. A. OC2 directly binds to the promoter loci 
of both TP53 and RB1 in LNCaP cells. Enforced OC2 expression suppressed active epigenetic marks at the TP53 
promoter while RB1 did not show a significant difference. B. TP53 transcription was downregulated by OC2 activa-
tion, while RB1 did not change. C. Enforced OC2 induced functional loss of RB1 through hyperphosphorylation on 
serine 780. D. Consistent with the RB1/TP53 loss phenotype seen in patient cohorts, gene set enrichment analysis 
showed that enforced OC2 induced suppression of the AR response transcriptional program and promoted a stem-
cell-like program. E. Enforced OC2 overexpression stimulated cell proliferation, however cells a with enforced OC2 
expression demonstrated an indifference to AR activation by AR ligand dihydrotestosterone (DHT). CSS = charcoal-
stripped serum. FBS = fetal bovine serum. F. Enforced OC2 promoted a docetaxel-resistant phenotype.

AR-dependent cells to become highly prolifera-
tive and drug-resistant [4]. Gene set enrich-
ment analysis based on RNA-seq data from 
LNCaP vector control and OC2-enforced cells 
demonstrated the repressive AR signaling and 
elevated stem-like features, consistent with  
the TP53/RB1 loss phenotype seen in clinical 
specimens (Figure 2D). OC2-enforced cells also 
showed 4-fold proliferation rates compared to 
vector control cells, and the proliferation rates 
did not change even with stimulation with the 
AR ligand dihydrotestosterone (DHT) (Figure 
2E). These findings suggest OC2-upregulated 
cells became AR-indifferent. The response of 
those cells to the first-line drug docetaxel was 
also evaluated. The IC50 increased from 0.58 
nM to 2.35 nM in OC2-enforced cells, and a 
subset of cells did not exhibit cytotoxicity even 
at the 8 nM dosage (Figure 2F). Taken together, 
these findings indicate that OC2 activation in 
AR-dependent cells drives lineage plasticity 
and mimics the RB1/TP53 loss-of-function 
phenotype. 

OC2 inhibitor represses the RB1/TP53 loss-
induced phenotype

Next, we sought to validate the finding that OC2 
activation contributes to the RB1-loss and com-
bined-loss phenotype in clinical cohorts. Tran- 
scriptomic profiles collected from 316 CRPC 
samples in the Prostate Cancer Transcriptome 
Atlas database [9] (https://www.pcaprofiler.
com/) were separated into OC2-high (Top 25%) 
and OC2-low (Bottom 25%) groups based on 
OC2 expression level. RB1-loss and combined-
loss signatures were calculated by the Z-score 
algorithm. The OC2-activated patients showed 
significantly elevated RB1-loss and combined-
loss features compared to the OC2-low group 
(Figure 3A). Prostate cancer PDX models with a 
CRPC phenotype, developed from clinical speci-
mens, showed a positive correlation of OC2 
activity with both RB1 loss (R=0.62) and com-
bined loss (R=0.71) across 39 models (Figure 
3B). 

As mentioned above, RB1 knockout and TP53/
RB1 knockout activated OC2 in the GEMMs.  
We previously reported on the development of 
a small molecule OC2 inhibitor, CSRM-617, 
which directly targets OC2 and and suppresses 
established human CRPC metastases in mice 
[7]. Rb1-loss and Tp53/Rb1-loss GEMM ex vivo 
cell lines were both sensitive to the OC2 inhibi-
tor, with IC50 at 29.75 uM and 33.06 uM, 
respectively, whereas the Pten-loss cells did 
not respond to the inhibitor (Figure 3C) consis-
tent with the findings described above. TP53 
activity was measured by luciferase reporter 
assay with a construct containing 13 copies of 
the TP53 binding consensus sequence [10]. 
Compared with the vehicle, even an extremely 
low dose of CSRM-617 (1 nM) elevated lucifer-
ase activity, indicating that inhibition of OC2 
activates TP53 activity (Figure 3D).

RB1-loss and RB1/TP53 loss were reported to 
be associated with resistance to AR signaling 
inhibitors (ARSIs), such as enzalutamide [11]. In 
AR-dependent LNCaP cells, treatment with 
enzalutamide for 7 days significantly activated 
the RB1-loss and TP53-RB1 combined-loss sig-
natures, and this enzalutamide-induced gene 
activation effect was blocked when the OC2 
inhibitor was applied together with enzalu-
tamide (Figure 3E).

Discussion

RB1 and TP53 are the genes most affected by 
somatic mutation and copy number loss in 
mCRPC patients. The combined loss of these 
tumor suppressors contributes to attenuated 
AR signaling and the acquisition of a stem-like 
phenotype, indicating their critical role in main-
taining lineage commitment [4]. The present 
study has provided the first evidence that RB1 
loss, and not TP53 loss, is sufficient to activate 
the master transcription factor ONECUT2 (OC2) 
in mCRPC. This conclusion is based on data 
from cell line models, genetically engineered 
mouse models (GEMM), and clinical samples. 
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In LNCaP cells with RB1 loss, upregulation of 
OC2 expression and OC2 activation were 

observed. GEMMs represent conditional mou- 
se models that are genetically engineered to 

Figure 3. Inhibition of OC2 represses the RB1/TP53 loss-induced phenotype. A. In Prostate Cancer Transcriptome 
Atlas patient cohorts, the OC2 high group (Top 25%) exhibits higher RB1_loss and RB1/TP53_loss signature activity. 
B. In LuCaP PDX models (N=39), OC2 activation positively correlates with RB1_loss and RB1/TP53_loss signatures. 
C. Rb1 and Rb1/Tp53 loss cells from GEMMs are sensitive to the OC2 inhibitor CSRM-617. D. OC2 inhibitor CSRM-
617 activates TP53 in TP53 wildtype cells shown by luciferase reporter assay in LNCaP cells with TP53 wildtype phe-
notype. E. Enzalutamide treatment activates RB1_loss and RB1/TP53_loss signatures in LNCaP cells. Combined 
treatment with OC2 inhibitor and enzalutamide blocks the activation of the RB1 and RB1/TP53 loss phenotype. 
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mimic sporadic human cancer. Data from 
GEMMs with Rb1 and Tp53 knockout demon-
strated that Rb1 loss alone, in a Pten-null  
background, regulates OC2 through epigenetic 
mechanisms via the removal of suppressive 
histone marks and replacement with active 
transcription marks at the Onecut2 promoter. 
In mCRPC patients, bi- or single-allelic loss of 
RB1 copy number correlate with reduced RB1 
protein and mRNA expression, and activation of 
OC2 was observed in those specimens. OC2 
appears to regulate TP53 and RB1 directly, 
based on the observation that OC2 binds the 
TP53 and RB1 promoters. Consistent with this, 
activation of OC2 repressed TP53 transcription 
via epigenetic regulation. Evidence for inactiva-
tion of RB1 with enforced OC2 was demon- 
strated through hyperphosphorylation at the 
repressive serine760 site without an observed 
change in mRNA expression. Taken together, 
these findings suggest that OC2 activation 
drives AR-dependent cells to a functional  
TP53/RB1 loss-phenotype, which would include 
AR suppression, stem-like activation, and drug 
resistance. Consistent with this conclusion, a 
positive correlation between OC2 activity and 
RB1-loss/TP53-RB1 combined-loss phenotype 
was observed in the Prostate Cancer Trans- 
criptome Atlas Database. Treatment of pros-
tate cancer with ARSI results in the emergence 
of variants no longer dependent on the AR, 
leading to therapy resistance. Here, we also 
demonstrated that enzalutamide activates 
RB1-loss and TP53-RB1 combined loss pro-
grams, leading to the emergence of a drug-
resistant phenotype. Notably, combination 
treatment of enzalutamide with the OC2 inhibi-
tor CSRM-617, suppressed the RB1 loss and 
TP53/RB1 loss-induced transcriptional pro- 
gram.

OC2 was initially identified as a master regula-
tor operating in CRPC from a computational 
model of transcription factors highly active in 
lethal human prostate cancer [7]. This model 
predicted that OC2 was networked with the AR, 
which was confirmed experimentally. OC2 is a 
direct regulator of many androgen-regulated 
genes, including the AR licensing factor FOXA1. 
OC2 can be expressed in AR-positive cells, but 
the effect of its activation is largely to suppress 
the AR transcriptional program. Based on stud-
ies of model systems and human prostate can-
cer, OC2 is predicted to regulate hundreds of 
other transcription factors, suggesting that its 

activation in cancer tissues is likely to result in 
widespread biological effects. Studies by us 
and others have shown that OC2 promotes a 
neuroendocrine program and is thus a lineage 
plasticity driver, consistent with the relation-
ship with RB1 identified in the present study 
[12]. 

OC2 is targetable directly with a novel small 
molecule, CSRM-617, which was shown to sup-
press established human CRPC metastases in 
mice. CSRM-617 also inhibits mouse OC2, as 
demonstrated in vitro (this study) and in vivo, 
suggesting that the potential for therapeutic 
targeting of OC2, and its role in lineage plastic-
ity and disease progression, can be studied in 
autochthonous mouse models. OC2 is ex- 
pressed widely in CRPC [7], suggesting it is an 
attractive candidate for a precision therapy 
approach. Our findings here suggest that OC2 
targeting in combination with an ARSI, such as 
enzalutamide, may be therapeutically benefi-
cial against treatment-refractory disease by 
suppressing the emergence of AR-indifferent 
lineage variants. In addition, our findings point 
to markers of RB1 loss or inactivation as poten-
tial biomarkers to identify patients who would 
benefit from such a therapeutic strategy.
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