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Abstract

Chromosome 8q gain is associated with poor clinical outcomes in prostate cancer, but the
underlying biological mechanisms remain to be clarified. CSN5, a putative androgen receptor
(AR) partner that is located on chromosome 8q, is the key subunit of the COP9 signalosome,
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which deactivates ubiquitin ligases. Deregulation of CSN5 could affect diverse cellular functions
that contribute to tumor development, but there has been no comprehensive study of its function in
prostate cancer. The clinical significance of CSN5 amplification/overexpression was evaluated

in 16 prostate cancer clinical cohorts. Its oncogenic activity was assessed by genetic and
pharmacologic perturbations of CSN5 activity in prostate cancer cell lines. The molecular
mechanisms of CSN5 function were assessed, as was the efficacy of the CSN5 inhibitor CSN5i-3
in vitroand in vivo. Finally, the transcription cofactor activity of CSN5 in prostate cancer

cells was determined. The prognostic significance of CSN5 amplification and overexpression

in prostate cancer was independent of MYC amplification. Inhibition of CSN5 inhibited its
oncogenic function by targeting AR signaling, DNA repair, multiple oncogenic pathways, and
spliceosome regulation. Furthermore, inhibition of CSN5 repressed metabolic pathways, including
oxidative phosphorylation and glycolysis in AR-negative prostate cancer cells. Targeting CSN5
with CSN5i-3 showed potent antitumor activity /n vitroand in vivo. Importantly, CSN5i-3
synergizes with PARP inhibitors to inhibit prostate cancer cell growth. CSN5 functions as a
transcription cofactor to cooperate with multiple transcription factors in prostate cancer. Inhibiting
CSNG5 strongly attenuates prostate cancer progression and could enhance PARP inhibition efficacy
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in the treatment of prostate cancer.
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Introduction

Prostate cancer (PC) is the most commonly diagnosed noncutaneous malignancy in men and
the third leading cause of cancer death in the United States. Despite local therapy, about
20% of cases will progress to metastatic PC and eventually metastatic castration-resistant
PC (MCRPC), the lethal form of the disease (1, 2). Although some new treatments improve
overall survival, modest benefits and potential cross-resistance seen with next-generation
agents targeting the androgen receptor (AR) indicate the unmet need to develop molecularly
targeted therapies to improve outcomes (3, 4).

Recent advances in molecular genetics have permitted the identification of putative drivers
of cancer initiation and progression through the unraveling of recurrent somatic mutations,
copy number alterations (CNAs), and oncogenic structural DNA rearrangements in primary
and metastatic PC (5, 6). These findings have resulted in several prospective trials currently
enrolling patients with defined genomic alterations, including studies of PARP inhibition
(PARPI) for alterations in BRCAZ/1, ATM, and other DNA damage response and repair
genes, and AKT inhibition for PI3K pathway alterations (7).

Of the common CNAs in PC, gains on chromosome 8q (chr8q) have consistently been
linked to poor clinical outcomes (8, 9). However, the exact biological mechanisms
underlying the aggressive phenotype related to chr8q alteration remain to be clarified. Genes
for multiple putative AR co-regulators are located within the chr8q region (10-11). Of
these, CSN5was reported to collaborate with amplification of MY Cto induce an aggressive
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response signature in breast cancer (12). CSN5 can interact with a number of steroid
hormone receptors and coactivates steroid hormones including AR (10). Both AR and MYC
contribute to PC progression (13), suggesting that CSN5 may have a pivotal role in PC
progression.

CSNS5 is the key subunit of the COP9 signalosome, which deactivates ubiquitin ligases
through deneddylation of NEDD8 (14). Deregulation of CSN5 could affect diverse cellular
functions that are critical for tumor development, including DNA repair, cell cycle control,
apoptosis, angiogenesis, and signal transduction (15). CSN5 can induce degradation of
several tumor suppressors (eg, p27, p53, NCoR) and stabilize oncogenes (eg, MDM2, BCL2,
Snail) in various cancer cell types (16). Its overexpression causes tamoxifen resistance

in breast cancer models by inducing degradation of NCoR, a key corepressor for ERa.

(17). To date, no systematic study to unravel the CSN5 target network in PC has been
performed. Therefore, in this study, we defined the prognostic value of CSA/5amplification
and overexpression in 16 PC cohorts, characterized its molecular function by evaluating
the transcriptomic landscape regulated by CSN5, evaluated the efficacy of a CSN5-specific
inhibitor /n vitroand in vivo, and, for the first time, elucidated the transcriptional cofactor
activity of CSN5 in cancer.

Materials and Methods

Detailed methods are given in Supplementary Methods.

Clinical cohort summary

Cell culture

Characteristics of patients in the Physicians’ Health Study (PHS) and Health Professionals
Follow-up Study (HPFS) cohorts were previously reported (18). We will treat PHS/HPFS as
one cohort for this report. Logistic regression was used to quantify the association of CSN5
expression (in quartiles) and lethal cancer. Fourteen additional publicly available PC cohorts
are summarized in Table S1.

Human PC cells (LNCaP, 22Rv1, and PC3) were purchased from ATCC (Manassas, VA).
C4-2 cells were obtained from VitroMed (Burlington, NC). All cells were maintained in
10% FBS supplemented with 2 mM of L-glutamine and antibiotic at 37°C in 5% CO2.

Cells were authenticated by human short tandem repeat profiling at the Integrated Genomics
Operation Core Facility (IGO) at Memorial Sloan Kettering Cancer Center (MSK).

Gene silencing and antitumor function assays

Lentiviral vectors of control ShRNA and shCSN5 were purchased from MilliporeSigma
(Table S2). After cells were treated with sShRNAs or inhibitors, cell viability, DNA damage,
and apoptosis were detected. Soft agar assays and invasion assays were performed to
evaluate the effects of tumorigenesis activity.
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Drug synergy assays

Synergies between CSN5i-3 and PARP inhibitors (olaparib, talazoparib) were evaluated in
PC3 and C4-2 cells. Distinct drug doses were applied in two cell lines due to the different
sensitivity. Cell viability was evaluated using CellTiter-Glo (Promega Corp., Madison,
WI1). Drug combination responses were also plotted as heat maps to determine therapeutic
significance of the combination. Degree of drug synergy was assessed using SynergyFinder
(https://synergyfinder.fimm.fi) (19). Synergy assays were performed in triplicate. The
summary synergy showed the average response to the drug combination. A synergy score
of less than —10 was considered antagonistic, a range from —-10 to +10 was additive, and
greater than +10 was synergistic.

RNA analysis, CUT&Tag analysis, and immunoblotting

Total RNA was extracted from cells and analyzed as previously described (18). TagMan
gene expression assays (Thermo Fisher Scientific, Waltham, MA) were used for relative
gene expression (Table S2) by real-time gPCR (RT-gPCR). Transcript levels were
normalized to levels of GAPDH transcript. RNA sequencing was performed by 50 million
2x50bp reads in the MSK 1GO. RNA sequencing data were analyzed using Partek Flow
(Partek Inc., St. Louis, MO). The data are available from GEO (GSE173469; linked
SubSeries: GSE173466 and GSE173467).

CUT&Tag analysis was slightly modified based on the CUT&Tag for bench-top application
(20). All the buffer needed was prepared for the analysis (Table S2).

Proteins were extracted by RIPA buffer and protein concentrations were determined by the
Bradford method. Equal amounts of protein were loaded and resolved by SDS-PAGE, then
transferred to polyvinylidene difluoride membranes for immunoblotting. All antibodies used
are listed in Table S2. Human phospho-kinase antibody arrays (R&D Systems; Minneapolis,
MN) were applied according to the manufacturer’s instructions. Briefly, protein was
extracted from cells treated with inhibitors. Changes in kinase activity were visualized by
chemiluminescence on autoradiography film and measured using ImageJ software.

Xenograft studies

NOG-SCID male mice (6 weeks) were implanted subcutaneously with C4-2 cells. After
palpable tumors developed (typically 100 mm3), ten mice per group received either vehicle
or CSN5i-3 (150 mg/kg) by oral gavage twice daily for 31 days. Tumors were measured
twice weekly using calipers. Tissues were collected for immunohistochemistry (IHC)
staining. All animal care was in accordance with the guidelines of the Institutional Animal
Care and Use Committee at MSK.

Bioinformatic analysis of clinical cohorts

Data for various clinical cohorts were obtained from cBioPortal for Cancer Genomics
(21) and Oncomine (22). Heatmaps were generated using R version 3.4.3 (https://www.R-
project.org). Pathway analysis was performed using GSEA (23). Gene scores were
calculated with gene set variation analysis (GSVA) using single-sample GSEA (ssGSEA)
(24).
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Statistical analysis

Results

Results are reported as mean + standard deviation. Comparisons between groups were
performed using an unpaired two-sided Student’s t test or Wilcoxon rank-sum test (p <0.05
was considered significant). Disease-free survival was examined using the Kaplan-Meier
method. Patients were divided into 2 groups (upper and lower quartile based on gene
expression/signature score), and Kaplan-Meier curves were generated for each group. The
log-rank test was used to determine significance. Cox proportional hazard regression was
performed, adjusting for clinical and demographic factors. Statistical analysis was completed
using R version 3.4.3.

Amplification of CSN5 is correlated with poor clinical outcomes in PC

To evaluate the clinical relevance of CSN5, we analyzed genomic alteration of CSN5

across 46716 cancer samples in 176 clinical cohorts. The frequency threshold is set as
>0.5%. CSN5amplification was seen more frequently in PC than in any other cancer (15%)
(Fig. 1A). Further analysis from 8 PC cohorts showed CSN5amplification is increased

in metastatic compared to primary tumors (Fig.1B). In the MSKCC/DFCI cohort (680
primary and 333 metastatic tumors), gain and amplification of CSN5 CNA are significantly
correlated with a high fraction genome altered (FGA) signal and high Gleason score (Fig.
1C). Because the MSKCC/DFCI cohort is a combination of six cohorts (25), we confirmed
the results in four of six other cohorts (TCGA, SU2C, FHCRC, and MCTP) (Fig. S1A).

In addition, we made the same observations in the MSKCC cohort (Fig. 1D). Similar

to FGA, aneuploidy is correlated with genomic instability (26). In the MSKCC/DFCI

and TCGA cohorts, CSNV5CNA is highly related to high ploidy number (Fig. S1B) and
aneuploidy score (Fig. S1C). These results suggested CSN5 CNA is correlated with genomic
instability. In the MSKCC, Grasso, and Liu cohorts, significantly higher copy number of
CSN5is observed in metastatic tumors compared to primary tumors and normal tissue

(Figs. 1E, S1D), indicating its contribution to disease progression. Correspondingly, CSN5
amplification is significantly correlated with worse disease-free survival (DFS), progression-
free survival (PFS), and overall survival (OS) in primary TCGA and MSKCC (Figs.1F,
S1E). In the metastatic SU2C cohort, we observed the same results (Fig. 1G). Altogether, we
demonstrated that CSNV5 CNA is associated with disease progression in PC.

Overexpression of CSN5 is correlated with poor clinical outcomes in PC

We observed CSN/5 CNA is highly concurrent with AMYC CNA in multiple PC cohorts

(Fig. S2A). We further evaluated if the clinical significance of CSN5 CNA is specific to
CSNS5 and independent of MYC CNA. Because CSN5 CNA are positively correlated with its
mRNA levels in multiple cohorts (Fig. 2A), we investigated the clinical relevance of CSN5
gene expression. High expression of CSN5 is significantly associated with high Gleason
score and tumor progression (Figs. 2B, 2C). High levels of CSN5 were associated with
significantly worse OS and DFS in the TCGA and Nakagawa cohorts (Figs. 2D-2E) and
lethality in the Nakagawa and Setlur cohorts (Fig. 2F). MY C expression was not correlated
with CSN5 expression in PC (Fig. S2B), or with Gleason score, DFS, or lethality (Fig.
S2C-E).
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We further validated the prognostic significance of CSN5 overexpression using the HPFS
(n=254) and PHS (n=150) cohorts, which included long-term follow-up for lethal outcomes.
Significantly higher levels of CSN5 were observed with increasing Gleason score (~-trend
=0.0013; Fig. 2G) and risk of lethal disease (Fig. 2H). Compared with the lowest quartile,
CSN5 RNA levels in the highest quartile were correlated with a 3.25-times higher risk of
lethal disease (95% ClI, 1.74-6.09). Surprisingly, MYC mRNA levels were significantly
lower in high-grade tumor but were not correlated with lethality (Fig. S2F). These results
suggest that overexpression of CSN5 is associated with poor clinical outcomes, independent
of MYC expression.

Inhibition of CSN5 attenuated its oncogenic activity in AR-positive PC cell lines

To assess the function of CSN5 in AR-positive PC cell lines, we stably knocked down
CSNB5. Both shRNA of CSN5 (sh36/sh37) significantly inhibited CSN5 expression and

cell proliferation in three AR-positive cell lines (LNCaP, C4-2, 22Rv1) (Figs. 3A, S3A).
Transcriptomic changes induced by shCSN5 (sh37) showed that cell cycle and E2F targets
were significantly downregulated by shCSN5 (Fig. 3B, Fig. S3B). Repression of targets in
cell cycle/E2F-target pathways was confirmed in three cell lines (Fig. S3C). AR signaling
plays an essential role in PC proliferation. Knockdown of CSN5 directly reduced AR
expression, including the AR-V7 and AR signaling pathways (Figs. 3C, S3D). CSN5 can
regulate the stability and activity of proteins involved in DNA damage response and repair
(27). Inhibition of CSN5 in PC cells can induce DNA damage marker activation, including
phosphorylation of ATM and H2A.X (Fig. 3D) and DNA repair gene RAD51 reduction (Fig.
3E). Finally, shCSNS5 led to significant apoptosis in PC cells, evidenced by an increased
apoptotic cell population and marker expression (eg, cleaved PARP and CASPASES3; Figs.
3F, S3E-3F). GSEA of RNA-sequenced datasets showed strong activation of the p53 and
apoptosis pathways in ShCSN5 cells (Fig. 3G). Consistently, the targets of p53/apoptosis
pathways were repressed by shCSN5 in LNCaP, C4-2, and 22Rv1 cells (Fig. S3G). CSN5
has been reported to regulate oncogenic signaling in cancers (16). Our transcriptomic studies
showed knockdown of CSN5 markedly inhibited key oncogenic signaling pathways that
play pivotal roles in PC progression, including MYC, FOXM1, CTNNB1, and AURORA/B
pathways (Figs. 3H, S31). shCSN5 can directly reduce MYC, FOXM1, and AURORA
protein expression (Fig. S3H). Accordingly, the targets of four pathways were repressed by
shCSN5 (Figs. 31, S3J).

To evaluate the clinical relevance of CSN5 inhibition, we looked at sShCSN5-regulated genes
in three cell lines. Of the top 200 downregulated genes, 36 were commonly downregulated,
and of the top 200 upregulated genes, 11 were commonly upregulated. The 36-gene
signature was highly activated in metastatic tumors in the MSKCC, Grasso, and Chandran
cohorts (Figs. 3J, S3K). These genes were significantly correlated with DFS in the MSKCC
cohort and PFS in TCGA (Fig. 3K), supporting their clinical relevance in CSN5 inhibition.

Inhibition of CSN5 attenuated its oncogenic activity in AR-negative PC cells

To further assess CSN5 function in AR-negative PC cells, we established CSN5 knockdown
PC3 cells. Similar to AR-positive PC cells, inhibition of CSN5 repressed cell growth (Fig.
4A). GESA showed cell cycle pathway and E2F targets were downregulated by shCSN5
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(Fig. 4B). However, we did not observe significant apoptosis in PC3 cells with sShCSN5,
possibly due to the p53 deletion in PC3 cells. Knockdown of CSN5 markedly inhibited
colony formation by over 90% (Fig. 4C) and 60%—-80% of PC3 cell invasion by repressing
SNAI2 levels and increasing CDH1 expression (Figs. 4D—4E). Transcriptomic analysis
showed metastasis-related pathways (eg, SARRIO EMT-up and BIDUS_Metastasis_up)
were significantly repressed by shCSN5 (Fig. 4F). Similar to AR-positive PC cells,
oncogenic pathways (MYC, FOXM1, CTNNB1, and AURORA/B signaling) were inhibited
by shCSN5 (Fig. S4A). Furthermore, the sShCSN5 induced mTORC1 signaling repression
(Fig. 4G). mTORC1 signaling regulates both glycolysis and oxidative phosphorylation
pathways (28, 29). These metabolic pathways were also significantly inhibited by CSN5
knockdown in PC3 cells (Fig. 4G). Partial target expression for the three regulated pathways
was confirmed to be repressed by shCSN5 (Fig. 4H). Besides oncogenic signaling and
metabolic pathways, we also observed that RNA splicing process was inhibited by shCSN5
(Fig. 41, left). Dysregulation of RNA splicing has been identified as a driver for cancers
(30). Recently, 186 splicing-regulatory genes (SRGs) were found to be dysregulated in
seven PC clinical cohorts (31). GSEA showed the 186-SRG signature was highly enriched
in downregulated genes by shCSN5 in both AR-negative and AR-positive PC cells (Fig.

41, right; Fig. S4B). There were 74 common genes when we intersected three groups

of genes including 549 downregulated genes from 3 AR-positive cells, sShCSN5-induced
downregulated genes from PC3 cells, and genes positively correlated with CSN5 in the
TCGA cohort (Fig. 4J). The 74-gene signature is highly expressed in metastatic PC tumors
(Figs. 4K, S4C). High expression of this signature was significantly correlated with worse
DFS and PFS in the MSKCC and TCGA cohorts (Fig. 4L).

CSNB5i-3, as the CSN5 inhibitor, showed potent tumor suppression of PC cell lines

To explore the therapeutic potential of targeting CSN5 in PC, we assessed the function

of CSNbi-3, a novel selective and orally available CSN5 inhibitor (32). In seven PC cell
lines, CSN5i-3 showed distinct potency regardless of AR status (Fig. 5A). C4-2 had the
strongest response to CSN5i-3, while PC3 showed the weakest response. This observation
is similar to previously reported responses to the NAE1 inhibitor MLN4024, which inhibits
neddylation in PC cells (32). Next, we detected the effect of CSN5 inhibition on cullin-
RING E3 ubiquitin ligase (CRL) substrates and substrate receptor modules (SRMs). Similar
to previous reports, CSN5i-3 led to the accumulation of cullins in the neddylated, active
state (Cull, 2, 3 and 4A; Fig. S5A) and the reduction of SRMs (eg, Skp2 and Fbxo22; Fig.
S5A). As the substrates of these CRLs, p21 and p27 were protected from degradation (Fig.
S5A). Importantly, we found CSN5 itself was directly inhibited by CSN5i-3 treatment in all
PC cells, suggesting CSN5 is the target of active CRL, similar to SRMs (Fig. S5A).

GSEA of transcriptomic changes showed that the cell cycle and E2F pathways were
inhibited by CSN5i-3, which supported a cell growth inhibitory function (Figs. 5B, S5B—
S5C). Consistent with knockdown of CSN5, CSN5i-3 suppressed AR signaling through
directly inhibiting both AR and AR-V7 proteins (Figs. 5C-5D). The DNA repair pathway
was inhibited by CSN5i-3 in C4-2 cells, leading to increased DNA damage (Figs. 5E-5F).
Significant apoptosis was induced by CSN5i-3 in AR-positive cells but not AR-negative
PC3 cells, supported by increased cleaved PARP (Figs. 5G, S5C). Both p53 signaling and
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apoptosis pathways were activated by CSN5i-3 in three AR-positive cells (Figs. 5H, S5D).
Target genes of the p53 and apoptosis pathways were detected in three cell lines (Fig.

S5E). Four oncogenic pathways (MYC, FOXM1, CTNNB1, and AUROR) were inhibited by
CSN5i-3 in both AR-positive and AR-negative PC cells (Fig. 51). The detailed GSEA results
from C4-2 cells were shown as the representative data (Fig. S5F). Partial target genes of
these pathways were validated in C4-2 cells (Fig. S5G).

In PC3 cells, similar to sShCSN5, CSN5i-3 attenuated PC3 invasiveness by 80% by
repressing EMT markers, compared to the control (Figs. 5J, S5H), supporting the role of
CSNB5i-3 in inhibiting metastasis pathways (Fig. 5K). Furthermore, CSN5i-3 downregulated
36 of 186 PC SRGs. Among 186 PC SRGs, 13 were clinically unfavorable genes and 13
were favorable (31). There were four common genes between the 13 unfavorable SRGs and
the 36 downregulated CSN5i-3 PC SRGs, but no common genes with the 13 favorable SRGs
(Fig. 5L). Four SRGs that are correlated with poor clinical outcomes were significantly
inhibited by CSN5i-3 in PC3 cells (Fig. 5L).

Similar to previous findings, our data showed that CSN5 inhibition repressed multiple
signaling pathways. Therefore, we applied the phosphokinase array in CSN5i-3-treated
C4-2 cells (Figs. 5M, S5G). The array detected the phosphorylation of 37 human

kinases involved in multiple key oncogenic signaling processes. CSN5i-3 significantly
inhibited SRC family signaling (eg, SRC, YES), leading to the correlated pathways
inhibition, including STAT signaling, and PLCG1 and RSK phosphorylation (Figs. 5M, S5I).
Furthermore, inhibition of PDGFR and CREB activation by CSN5i-3 led to the inhibition

of downstream PRAS40 and GSK-3B phosphorylation (Figs. 5M, S51). Multiple kinase
phosphorylation was validated in C4-2 with CSN5i-3 treatment (Fig. S5J). The crosstalk of
the oncogenic signaling extends the impact of CSN5 inhibition to perform broader control of
signal transduction.

CSNB5i-3 showed synergy with PARP inhibitors in vitro and potent tumor suppression in

Vivo

Because we revealed that CSN5 inhibition can target multiple fundamental pathways
regulating tumor survival and progression, we asked whether CSN5i-3 could target
aggressive molecular signatures of PC. Two PC signatures, including PC subtypes 1 (PCS1)
and PAMS50, were applied in our transcriptomic dataset from C4-2 and PC3 cells. PCS1,
generated from over 4600 PC specimens, has been confirmed to be highly correlated with
aggressive tumors (33). The PAM50 signature, commercially developed to assess breast
cancer risk (34), was recently used to categorize PC into three subtypes (luminal A, luminal
B, and basal) in the cohorts including 3782 samples (35). GSEA showed CSN5i-3 markedly
inhibited both the PCS1 and PAM50 signatures in C4-2 and PC3 transcriptomic datasets
(Fig. 6A).

Amplification/gain of CSN5 is highly co-occurrent with BRCAZ deletion/loss in both
primary and metastatic PC (Figs. 6B, S6A). Considering the positive roles of CSN5 in DNA
repair, amplification of CSN5 could provide a protective mechanism to overcome DNA
damage in BRCA2-deficiency PC. Inhibition of CSN5 induced significant DNA damage
through inhibition of DNA repair genes in PC cells (Figs. 3D-3E, 5E-5F). We hypothesized
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that CSN5i-3 and PARPi may have synergistic effects in PC cells. PC3 is more resistant

to CSN5i-3 compared to PC cells (Fig. 5A); therefore, we performed synergy assays in

PC3 with combinations of CSN5i-3 and PARPis (olaparib/talazoparib). While 6uM olaparib
induced an 11.57% inhibition of cell growth, 0.6uM CSN5i-3 induced growth inhibition of
1.59%. The combination of these two treatments led to a 42.16% inhibition of cell growth
(Fig. S6B). Similarly, a combination of 15 nM talazoparib and 0.6 pM CSN5i-3 increased
growth inhibition from 6.76% (by talazoparib alone) to 44.53% (Fig. S6B). SynergyFinder
analysis showed strong synergistic effects in this combination. The average of Zip synergy
score for olaparib is 12.68, and the most synergistic area score is 20.96 (Fig. 6C). The
average of Zip synergy score for talazoparib is 15.24, and the most synergistic area score

is 26.7 (Fig. 6C). These results were confirmed in C4-2 cells (Figs. S6C-S6D). To define
the mechanism of this synergism, we explored expression of multiple DNA repair genes in
both PC3 and C4-2 cells. All the tested genes were significantly inhibited by CSN5i-3 (Fig.
S6E), suggesting the synthetic lethality between CSN5 and PARPI.

Last, we evaluated the antitumor activity of CSN5i-3 /n vivo. After 29 days of treatment,
tumor growth in CSN5i-3-treated mice was significantly inhibited. Tumor size in CSN5i-3-
treated mice averaged 18.85 mm?3, while tumors of the vehicle group reached to 1342.9
mm?3 (Fig. 6E), without significant difference in body weight of the mice (Fig. S6F). Tumor
suppression by CSN5i-3 was further confirmed by reduced Ki67 IHC staining in tumor
tissues (Fig. 6F). We assessed the potent antitumor activity of CSN5i-3 /n vitroand in vivo,
and defined the underlying molecular mechanisms of CSN5i-3 in PC cells.

The transcription cofactor activity of CSN5 in PC cells

CSN5 was originally identified as the transcription cofactor of c-Jun/AP-1 (36). Although
CSN5 interacts with and activates a number of steroid hormone receptors, including AR
(10), there has been no further investigation of CSN5 as a transcription cofactor. Our
transcriptomic studies showed CSN5 inhibition induced global RNA expression changes, in
agreement with its oncogenic activity. Similar observations were reported in other cancer
types (12, 37). To further define the transcription cofactor activity of CSN5, we applied
CUT&Tag analysis in 22Rv1 and PC3 cells. Three CSN5 antibodies (from Abcam, Genetex,
and Santa Cruz) were used to pull down CSN5 binding genes in the CUT&Tag analysis.
Heat maps showed high signal to noise at the concordant peaks (Fig. 6G). There were

7379 common genes in 22Rv1 cells that were pulled down by three CSN5 antibodies (Fig.
6H). We integrated these 7379 genes with genes regulated by shCSN5 and CSN5i-3. Of
these, 249 downregulated genes and 270 upregulated genes were shared in groups (Fig.

6H, Table S3). Hallmark and pathway analysis showed cell cycle, DNA repair pathways,
and AR signaling were significantly enriched in 249 downregulated genes, while p53
signaling, apoptosis, and TNFa signaling were enriched in 270 upregulated genes (Fig.

61). The CUT&Tag dataset from PC3 cells showed 5408 common genes shared by the three
antibodies (Fig. S6G). We intersected the 5408 genes with downregulated genes by shCSN5
and CSN5i-3 in PC3 (Fig. S6H) to produce 51 common genes that were highly enriched

in cell cycle and metastasis pathways (Fig. S6l). Altogether, we identified transcriptional
regulated targets by CSN5 in PC cells.
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As a transcription cofactor, CSN5 does not directly bind to target DNA. Therefore, we used
HOMER to investigate CSN5-specific sites for enrichment of transcription factor DNA-
binding motifs. This analysis revealed significant enrichment for motifs of the homeobox,
forkhead, and sox transcription factor (TF) families (Tables S4 and S5). In PC3, 70 CSN5-
related TF motifs were shared among three CSN5 antibodies. In 22Rv1, 12 TF motifs were
common (Fig. 6J). Six CSN5-related TF motifs were shared between PC3 and 22Rv1 (Fig.
6K). c-Jun motif enrichment ranked in the top 10 among six CUT&Tag analyses in two

PC cell lines, consistent with previous reports of the c-Jun co-activator function of CSN5
(36). Furthermore, CREB5 and USF2 were proven to partner with AR or FOXAL1 to affect
PC progression (38, 39). Our data indicated that CSN5 not only directly regulated AR
expression but also collaborated with AR partner TFs to modulate AR signaling.

Discussion

Amplification and overexpression of CSN5 have been reported in multiple cancer types
(16). Study of its oncogenic functions has mainly focused on its deneddylation activity.
CSNG5 regulates broad biological processes such as cell proliferation, cell cycle, DNA
repair, apoptosis, and hypoxia (15). To date, there has been no comprehensive study of

the clinical relevance and molecular functions of CSN5 in PC. In this study, we revealed
the significant clinical relevance of CSN5 amplification and overexpression in 16 clinical
PC cohorts. Transcriptomic analysis defined the molecular mechanisms supporting the
phenotypes induced by CSN5 inhibition. CSN5 regulates AR signaling by directly affecting
both wild-type AR and AR-V7 protein levels. CNS5 inhibition also significantly targeted
multiple oncogenic pathways (MYC, FOXM1, CTNNB1, AUROR signaling) and RNA
slicing in PC cells. Importantly, CSN5 inhibition showed potent synergistic effects with
PARPIs and could target aggressive PC signatures. Because it can target key cancer-related
pathways, the CSN5 inhibitor showed remarkable antitumor efficacy in the xenograft tumor
model. For the first time, we explored the transcription cofactor activity of CSN5 in cancer
cells and identified multiple transcription factors collaborating with CSN5 to regulate PC
progression.

PC initiation and progression is mainly driven by AR signaling. Androgen ablation/AR
inhibition is the mainstay of PC treatment. However, several resistance mechanisms to AR-
targeting therapy have been reported, including AR amplification, mutation, and splicing
variants (40). Overexpression of AR by amplification of the AR gene results in high AR
activity despite castrate levels of androgens in the circulation (41). AR variants such as
AR-V7 are truncated AR proteins showing constitutive AR activity independent of AR
ligand binding (42). Instead of targeting AR activity, direct inhibition of AR and AR variant
proteins can overcome the resistance. The novel AR protein degrader ARV-110, currently in
a phase 2 expansion trial, can induce full-length AR and AR-V7 degradation (43). Our study
demonstrated that inhibition of CSN5 by either shRNA or CSN5i-3 induced significant AR
and AR-V7 protein inhibition, leading to the inhibition of AR signaling (Figs. 3C, S3D,
5C-5D).

Although AR signaling is at the center of the development of therapeutic resistance and
PC progression, AR-independent pathways, such as some oncogenic signaling (MYC,
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PI3K, mTOR, WNT, AUROR signaling), metabolic pathways, and spliceosome regulation,
also play important roles (Figs. 3-5). Inhibition of CSN5 can significantly repress

multiple key oncogenic pathways in PC progression (eg, MYC, FOXM1, CTNNB1, and
AUROR signaling) regardless of AR status. CSN5 was reported to directly regulate MYC
transcriptional activity, but increased MY C protein level by affecting MYC turnover rate
in breast cancer (44). However, we found CSN5 significantly inhibited MYC protein and
MY C signaling targets in PC. Depletion of CSN5 in colorectal cancer cells inhibited WNT
signaling by downregulation of CTNNB1 (45), but inhibition of CSN5 inhibited p-catenin
(CTNNB1) signaling without affecting CTNNBL1 protein levels in PC cells (Fig. S3H).
CSN5 regulates multiple oncogenic pathways in a manner specific to cancer types.

In AR-negative PC3 cells, inhibition of CSN5 significantly attenuated metabolic pathways,
including oxidative phosphorylation and glycolysis, both of which contribute to PC
progression (Fig. 4G). Dysregulated RNA splicing is predominant in human cancers

and many cancer-specific splicing events are major contributors to disease development
and progression (46). In PC, 186 SRGs have been identified as dysregulated (31). We
demonstrated that inhibition of CSN5 could target the 186-SRG signature in PC cells (Figs.
41, 5L). MYC has been proven to regulate the spliceosome in PC (47, 48). CSN5 could
directly or indirectly regulate the SRG signature through inhibition of MYC.

CSNB5 plays important roles in DNA repair by regulating multiple key components (27).
Interestingly, CNA of CSN5 and BRCAZ are highly correlated in clinical samples,
suggesting that CSN5 could provide protection for BRCAZ-deficiency PCs that are
susceptible to DNA damage. Therefore, targeting CSN5 could lead to synthetic lethality
with PARPI treatment. Consistent with other studies, we demonstrated that CSN5 inhibition
induced significant DNA damage by inhibition of multiple DNA repair genes (eg, RAD51,
ZWINT, BRCAI, and BRCAZ). These results provided the mechanistic support for a strong
synergistic effect of the combination of CSN5i-3 and PARPis in PC cells.

Even though CSN5 was first identified as the coactivator of c-Jun/AP1, most studies focus
on its deneddylation activity (49, 16). Our study is the first systematic investigation of how
CSNS5 functions as a transcriptional cofactor. Transcriptomic changes induced by CSN5
inhibition provided molecular mechanisms for the phenotypes related to CSN5 function,
supporting the role of CSN5 in protein stability and control of gene expression. Motif
enrichment analysis revealed that CSN5 may participate in transcriptional regulation of
multiple TF families (Table S4 and S5). For the first time, we identified five TF motifs that
were enriched with CSN5 binding in AR-positive/negative PC cells. Upon treatment with
enzalutamide, CREBS5 can enhance AR activity at a subset of promoters and enhancers,
including MYC and genes involved in the cell cycle (38), which is consistent with the
function of CSN5 that we demonstrated. USF2 was reported to be one of the components
of the FOXAL/AR transcriptional protein complex (39). Spl regulates important genes like
AR, TGF-B, c-Met, FASN, and a-integrin, suggesting the importance of Spl in PC (50). All
the potential targets of CSN5 still need further validation.The transcription cofactor activity
of CSN5 could be another important aspect of CSN5 functions besides its deneddlyation
activity in cancer.
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In summary, our study integrated data from cell lines with clinical cohorts to reveal

that amplification and overexpression of CSN5 is associated with poor outcomes, and

its oncogenic activity is a major contributor to aggressive PC. Targeting CSN5 inhibits
oncogenic activity in vivo. Furthermore, we defined the transcriptional cofactor activity of
CSNS5 beyond its deneddylation function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Amplification of CSN5 is correlated with poor clinical outcomesin prostate cancer.
A, Genomic alterations of CSN5 cross 24 cancer types; 176 clinical cohort studies which

includes 46716 patient samples from cBioPortal for Cancer Genomics were used for this
analysis. The alteration frequency threshold is above 0.5%. B, Genomic alterations of CSN5
in prostate cancer cohorts. Seven prostate cancer cohorts from cBioPortal were used for

the analysis. Alteration frequency of CSN5 is listed in the left panel, and the tumor type
distribution of each cohort is listed in the right panel. C-D, The correlation of CSN5
alteration with fraction genomic altered (FGA) and Gleason score in the MSKCC/DFCI
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cohort (C) and MSKCC cohort (D). E, The correlation between CSN5 alteration and tumor
progression in MSKCC and Grasso cohorts. CSN5 copy number was analyzed in primary
(Pri), and metastasis (Met) tissue samples. F and G, the correlation between CSN5 alteration
and clinical outcomes in TCGA and SU2C cohorts. P-value is between amplification and
diploid of CSN5.
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Figure 2. Overexpression of CSN5 is correlated with poor clinical outcomesin prostate cancer.
A, The correlation between copy number changes and mMRNA levels of CSN5 in TCGA,

MSKCC, SU2C, FHCRC cohorts. B, The correlation of CSN5 expression and Gleason
grades in MSKCC, Nakagawa, and Setlur cohorts. C, Association of CSN5 expression with
tumor progression in MSKCC, Singh, and Holzbeierlein prostate cancer cohorts. CSN5
expression was analyzed in prostate gland (PG), primary (Pri), and metastasis (Met) tissue
samples. D and E, the correlation between CSN5 mRNA levels and survival rates in
Nakagawa (D) and TCGA (E) cohorts. F, The association of CSN5 levels with lethality
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in Nakagawa and Setlur cohorts. G and H, The correlation of CSN5 expression with Gleason
grade and the risk of lethal prostate cancer over long-term follow-up, in the combined
PHS-HPFS cohort.
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Figure 3. The oncogenic roles of CSN5in AR positive prostate cancer.
A, Analysis of cell proliferation in sShRNAs infected C4-2 cells. C4-2 cells were stably

infected with shCSN5 (sh36, sh37) and shNS. Cell proliferation was detected in 7 days. NS,
nonspecific ShRNA. sh36 and sh37, shRNAs for CSN5. B, Cell cycle and E2F targets gene
sets enrichment in regulated genes by inhibition of CSN5 by sh37 in C4-2. Up (upregulated
genes); Down (downregulated genes). C, AR protein and AR signaling regulated by CSN5
in C4-2 cells. Androgen response pathway enrichment was analyzed by GSEA of the
transcriptomic dataset in C4-2 cells. AR and its target FKBP5 expression were detected in
ShCSN5 (sh37)-treated C4-2 cells. D, analysis of shCSN5 (sh37)-induced DNA damage.
DNA damage marker activation was monitored in C4-2 cells using Muse multicolor

DNA damage kit. E, Activation of H2A.X and inhibition of RAD51 were confirmed by
immunoblotting. F, Apoptosis detected by Annexin V assays and immunoblots in C4-2
cells. G, p53 signaling and apoptosis pathway enrichment in C4-2 cells with sh37 and shNS
treatment. H and I, Knockdown of CSN5 repressed oncogenic pathways. Four oncogenic
pathways were enriched in shCSN5 downregulated gene group in C4-2 cells (H). Some
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targets of four oncogenic pathways were validated by gRT-PCR (1). J, The correlation of
common regulated genes in three AR (+) prostate cancer cells with metastatic prostate
cancer. Top 200 downregulated and upregulated genes were intersected from three AR
(+) cells. Common regulated genes were applied to three prostate cancer cohorts. K, The
correlation of 36 genes commonly downregulated with disease-free survival (MSKCC)
and progression-free survival (TCGA). Figure values represent the mean + SE of three
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; vs. control groups
treated with nonspecific (ShNS) shRNA.
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Figure 4. Inhibition of CSN5 repressed oncogenic activity of CSN5 in AR negative prostate
cancer cells.

A, Cell proliferation in stable cells. Cell proliferation was detected in ShRNAs infected

PC3 cells. Sh36 and sh37 are shRNAs for CSN5. B,GSEA of cell cycle and E2F _targets
pathway enrichment in shRNA-treated PC3 cells.C, Soft agar assays of stable PC3 cells.

The colony numbers were normalized to those in the control cells. D, Invasion assays after
cells were plated for 48 hours. E, EMT marker expression detected immunoblots in both NS
and shCSN5 PC3 cells. F, EMT-up and metastasis_up pathway enrichment in shRNA-treated
PC3 cells. G, mTOPRCL1 signaling, glycolysis, and oxidative phosphorylation pathways
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enrichment in ShRNA- treated PC3 cells. H, Targets of mMTOPRC1 signaling, glycolysis,
and oxidative phosphorylation pathways were validated by qRT-PCR in PC3 cells. I, RNA
splicing and 186 prostate cancer SRG signature enrichment in sh37-treated PC3 cells. J, 74
commonly downregulated genes from prostate cancer cells and TCGA cohort. Commonly
downregulated genes from LNCaP, C4-2, 22Rv1, and PC3 cells were intersected with
genes positively correlated with CSN5 in TCGA cohort to generate 74- gene signature. K,
The correlation of 74-gene signature with metastasis in MSKCC, Grasso, and Yu prostate
cancer cohorts. L, The correlation of 74-gene signature expression with disease-free survival
(MSKCC) and progression-free survival (TCGA). Figure values represent the mean * SE of
three independent experiments. ***, P < 0.001; vs. control groups treated with nonspecific
(shNS) shRNA. Up (upregulated genes in sh37); Down (downregulated genes in sh37).
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Figure 5. CSN5i-3 inhibited oncogenic activity of CSN5 in prostate cancer cells.
A, CSN5i-3 efficacy in 7 prostate cancer cells. Cell proliferation assay was performed after

3 days of treatment with CSN5i-3. B, GSEA of cell cycle and E2F_targets pathway in
CSN5i-3 treated C4-2 cells. C and D, The regulation of AR signaling by CSN5i-3. AR
signaling enrichment was analyzed by GSEA in C4-2 (1uM CSN5i-3) and LNCaP (5uM
CSN5i-3) cells with CSN5i-3 treatment for 3 days (C). AR protein and AR targets were
detected by western blot in C4-2, LNCaP, and 22Rv1 (5uM CSN5i-3) cells with either
CSNB5i-3 or MLN4924 (1uM) for 3 days (D). E and F, DNA damage evaluation with
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CSNB5i-3 treatment. DNA repair pathway enrichment in CSN5i-3 treated C4-2 (E). DNA
damage marker activation was monitored in C4-2 cells using Muse multicolor DNA damage
kit (F). G, Apoptosis induced by CSN5i-3 treatment. Apoptosis was detected by Annexin

V assays and immunoblots in C4-2 (1uM CSN5i-3) and PC3 (10pM CSN5i-3) cells. H,
p53 signaling and apoptosis pathways enriched in C4-2 cells with CSN5i-3 treatment. I,
Four oncogenic pathways were enriched in CSN5i-3 downregulated gene group in LNCaP,
C4-2, 22Rv1, and PC3 cells. J, Invasion assays with CSN5i-3 treated PC3 cells. Invasion
ability was detected after cells were treated with CSN5i-3 for 72 hours. K, EMT _up and
metastasis_up pathway enrichment with CSN5i-3 treatment in PC3 cells. L, Regulation of
prostate cancer SRGs by CSN5i-3 in PC3 cells: 36 genes among 186 prostate cancer SRGs
were inhibited by CSN5i-3 in PC3; 4 genes of 13 unfavorable SRGs were detected by qRT-
PCR in CSN5i-3 treated PC3 cells. M, Phosphokinase array analysis after 48-hour CSN5i-3
treatment in C4-2 cells. The whole-cell lysates were collected for human phosphokinase
array analysis. Relative phosphorylation of spots was quantified by Image J software, and
the value of vehicle (NC) was set up as “1.” Figure values represent the mean + SE of three
independent experiments. *, P < 0.05; **, P < 0.01; *** P < 0.001; vs. control groups (NC)
treated with DMSO.
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Figure 6. CSN5i-3 synergized with PARPI and strongly inhibited xenograft tumor growth.
. A, CSN5i-3 targeted PCS1 and PAM50 aggressive signatures. PCS1 and PAM50 signature

enrichment was analyzed in CSN5i-3-treated C4-2 cells. B, Co- occurrence of genomic
alteration of CSN5 and DNA repair genes. Copy number alterations of CSN5 and DNA
repair genes (BRCA2, ATM, RAD51D, CHEK?2) were analyzed in TCGA and SU2C
cohorts by using cBioPortal. C and D, Synergy assay of CSN5i-3 and PARPIis (olaparib (C)
or talazoparib (D)) in PC3 cells. SynergyFinder was used to analyze the synergy effects of
combinations of CSN5i-3 and PARPIs after 6 days of treatment in PC3 cells. E, Antitumor
effects of CSN5i-3 in vivo. Tumor volumes were measured following oral administration of
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CSN5i-3 (150 mg/kg) in established C4- 2 xenograft tumors (n=10 per group). Values are
means +SE. *** P < 0.001 versus vehicle mice. F, Ki67 expression in xenograft tumors by
IHC staining. G, CSN5 CUT&Tag analysis in 22Rv1 cells. CSN5 binding signal was shown
in Tornado and composite plots. Three CSN5 antibodies from Abcam, Genetex, and Santa
Cruz were used to pull down CSN5-binding genes in CUT&Tag. H, Identification of CSN5
targets. CSN5 targets were identified by integrating CUT&Tag with the RNA-seq dataset
from shCSN5- and CSN5i-3-treated 22Rv1 cells. I, Common transcriptionally regulated
pathways by inhibition of CSN5. GSEA was used for pathway analysis by using Hallmark
and Reactom pathway signatures among CSN5 targets in 22Rv1 cells. J and K, Motif
enrichment analysis of CUT&Tag with three CSN5 antibodies in PC3 and 22Rv1 cells;

71 (in PC3) and 12 (in 22Rv1) common CSN5-reglated TF motifs were identified (J). Six
common motif sequences from two prostate cancer cells were listed (K).
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