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Purpose: Speckle-type POZ protein (SPOP) is important in DNA damage response (DDR)

and maintenance of genomic stability. Somatic heterozygous missense mutations in the SPOP
substrate-binding cleft are found in up to 15% of prostate cancers. While mutations in SPOP
predict for benefit from androgen receptor signaling inhibition (ARSI) therapy, outcomes for
patients with SPOP-mutant (SPOPmut) prostate cancer are heterogeneous and targeted treatments
for SPOPmut castrate-resistant prostate cancer (CRPC) are lacking.

Experimental Design: Using /n silico genomic and transcriptomic tumor data, proteomics
analysis and genetically modified cell line models we demonstrate mechanistic links between
SPOP mutations, STING signaling alterations and PARP inhibitor vulnerabilities.

Results: We demonstrate that SPOP mutations are associated with upregulation of a 29-gene
non-canonical (NC) STING (NC-STING) signature in a subset of SPOPmut, treatment-refractory
CRPC patients. We show in preclinical CRPC models that SPOP targets and destabilizes STING1
protein, and prostate cancer — associated SPOP mutations result in upregulated NC-STING-NF-
xB signaling and macrophage- and tumor microenvironment (TME)-facilitated reprogramming,
leading to tumor cell growth. Importantly, we provide in vitro and in vivo mechanism-based
evidence that PARP inhibitor (PARPi) treatment results in a shift from immunosuppressive NC-
STING-NF-xB signaling to anti-tumor, canonical cGAS-STING-IFN- signaling in SPOPmut
CRPC and results in enhanced tumor growth inhibition.

Conclusions: We provide evidence that SPOP is critical in regulating immunosuppressive
versus anti-tumor activity downstream of DNA damage-induced STING1 activation in prostate
cancer. PARPI treatment of SPOAnut CRPC alters this NC-STING signaling toward canonical,
anti-tumor cGAS-STING-IFN-B signaling, highlighting a novel biomarker-informed treatment
strategy for prostate cancer.

INTRODUCTION

Mutations in DNA damage response (DDR) genes are seen in upwards of 30% of metastatic
prostate cancers, with multiple PARP inhibitors (PARPis) having approved indications in
men with metastatic castrate-resistant prostate cancer (CRPC) with mutations in genes
involved in homologous recombination repair (HRR) (1). Speckle-type POZ protein (SPOP)
is a substrate adaptor of cullin3 (Cul3)-RING ubiquitin ligase, and somatic heterozygous
missense mutations in the SPOP substrate binding cleft are found in up to 15% of prostate
cancers (2). Prominent, recurrent prostate cancer—associated missense SPOP mutations were
shown to reduce SPOP substrate ubiquitination include Y87C/N, F102C/V, F125L, W131G,
and F133V/L, with F133V/L being the most prevalent SPOP mutation identified. These
mutations occur in the N-terminal MATH domain of SPOP, which recognizes SPOP-binding
consensus (SBC) motifs on the substrate (3,4). SPOP was shown to regulate genomic
stability through modulation of DNA double-strand break (DSB) repair in prostate cancer
(5) and by promoting expression of DNA repair and replication factors to mitigate genomic
instability (6). SPOP-mutant (SPOPmut) prostate cancer cells have been shown to be
sensitive to PARPIs /n vitro, yet clinical studies dedicated to assessing the predictive

value of SPOP mutations in precision therapy approaches are lacking (5,6) with no

formal prospective analysis of PARPI in patients with SPOP mutant mCRPC. Clinical
benefit to PARPI has been seen in prostate cancers with mutations in other DDR genes
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beyond just BRCA1/2(7,8). There are many published genomic signatures of homologous
recombination repair deficiency that rely on identifying genomic features of BRCAness (9).
A recent study of one HRD signature in a small number of prostate tumors did not show
the presence of the HRD signature in SPOP-mutant tumors; however, it is important to

note that these genomic signatures thus far have failed to identify HRR-proficient tumors
that benefit from PARPI, and certain gene mutations, such as in ATM, do not display these
BRCAness signatures but response to PARPi-based treatments can be seen (9). Although
SPOP mutations predict for prolonged benefit to ARSI in patients (10), strategies to more
specifically target SPOPmut castration-resistant prostate cancer (CRPC) are needed.

Recent studies have identified canonical STING1 signaling, integrated as the anti-tumor
canonical cGAS-STING-TBK1-IRF3 innate immune response pathway in many cancer
types including prostate cancer, as an essential mechanism that enhances the sensitivity

of cancers to DDR inhibitor (DDRi)-induced growth inhibition and cell death (11,12).
Mechanistically, this depends on the accumulation of cytosolic DNA from the chromosomal
DNA that is unrepaired due to DNA damaging treatments. The accumulated cytosolic

DNA activates cGAS for production of cGAMP to activate STING1. Our previous
publication showed that DDRis (PARPi and ATRi) induce DNA damage and cytoplasmic
double-strand DNA (dsDNA)-mediated canonical STING signaling (cGAS-STING-IFN-B),
leading to downstream intrinsic IFN-B—mediated cytotoxicity, reprogramming of the tumor
microenvironment (TME), and T cell-dependent and —independent anti-tumor activity in
DDR-wild-type CRPC models (13). Interestingly, without the cytosolic activities of cGAS/
cGAMP, etoposide-induced DNA damage and intranuclear DDR signaling (involving IFI116
and DDR factors ATM and PARP1) can directly activate STING1, resulting in activation

of pro-tumor growth, non-canonical STING (NC-STING) with downstream induction of

an NF-xB transcriptional program (14). Constitutive activation of NF-xB was observed

in many types of cancers by transcriptionally targeting the expression of multiple genes,
such as certain cytokines (e.g., IL-1, IL-2, IL-6, IL-8, IL-15) (15-18) and antiapoptotic
(prosurvival) BCL-2 family members and caspase inhibitors (e.g., BCL2 and BCL-XL)
(19,20). Specifically in prostate cancers, NF-xB activation is reportedly involved in
carcinogenesis and castration-resistant progression by inducing the expression of multiple
protein factors and pathways, including IL-6, IL-23, and other signaling pathways involving
angiogenesis, invasion, and metastasis (21,22).

Thus, STINGL1 signaling—induced NF-xB may mechanistically drive the development,
survival, and proliferation of CRPC, yet at a fundamental level the alternative regulation
of this pro- versus anti-tumor signaling downstream of STING1 activation is unclear.

In particular, the inter-regulatory interactions between NC-STING-NF-xB signaling and
canonical STINGL1 signaling within the context of DDRi treatment is unknown, yet a
mechanistic understanding of these interactions would be of paramount importance in the
stratification of patients with prostate cancer for targeted therapies. Herein, we identified
STING1 protein as an SPOP-binding substrate for degradation through SPOP-mediated
ubiquitin-proteasome pathway, and demonstrate that prostate cancer — associated SPOP
mutations stabilize STING1 to amplify NC-STING-NF-xB signaling, but also create a
therapeutic vulnerability to PARP inhibition whereby the NC-STINGL signaling is altered to
promote canonical STING-IFN-B—mediated tumor cell killing and increased apoptosis.
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Expression analysis

For RNA-seq data analysis, the raw RNA-seq sequence reads were aligned using STAR
RNA-Seq aligner (STAR, Version 2.7.10b). mRNA transcripts in each sample were
quantified, normalized and further analyzed for differential expression analysis as previously
described (13), and detailed in Supplementary Methods. Functional evaluation of the
transcriptomic data for TNF-a-NF-xB signaling pathway or a compound STING-NF-xB
signaling pathway 259-gene set was performed using a customized gene set collection
defined in relevant existing literature (Supplementary Table S1). Pre-ranked GSEA was
performed based on a test statistic obtained from differential expression between SPOPmut
and SPOPwt cohorts. NC_STING_score was computed as z-score of gene expression of
NC-STING signature derived from the Beltran cohort.

Proteomic profiling of SPOPwt and SPOPmut prostate cancer models

Cell lines an

Dox-inducible SPOPwt (EV) and SPOPmut (F102C and F133V) C4-2b prostate cancer
models were labeled with 13C6 Lys (#CNLM-2247, Cambridge Isotope Laboratories) in
RPMI1640 containing 10% dialyzed FBS and 1% penicillin/streptomycin cocktail (Gibco).
The cells were collected, lysed, sonicated and fractioned for LC-MS/MS analysis as detailed
description in Supplementary Methods. The generated MS/MS spectra were searched
against the Uniprot database (Human and Bovine, January 2017) using the X!Tandem search
engine through the Trans-Proteomic Pipeline (TPP 4.8) and processed with the Peptide and
Protein Prophet. Trypsin was specified as protein cleavage site, with the possibility of two
missed cleavages allowed. For the modifications, one fixed modification of propionamide
(71.037114) at cysteine and two variable modifications, oxidation at methionine (15.9949
Da) and SILAC 13C6 at lysine (6.0201 Da), were chosen. Addition of SILAC was used
strictly to discriminate human protein from bovine protein and was not intended to perform
relative quantitation of Heavy versus Light ratios. The mass error allowed was 10 ppm for
parent monoisotopic and 0.5 Da for MS2 fragment monoisotopic ions. The searched result
was filtered with FDR = 0.01. Ingenuity Pathway Analyses of these 81 proteins revealed
enriched representation of an NF-xB—centric protein network (Supplementary Table S2).

d cell culture reagents

Parental RM-1-BM mouse prostate cancer cell line—derived from a ras+myc—induced
mouse prostate cancer tumor described previously (13)—were obtained from Dr. Carl
Powers, NSW Australia and maintained in DMEM cell culture medium (Cat# D6046,
Sigma-Aldrich, MO) supplemented with 10% fetal bovine serum (FBS). Parental LNCaP
C4-2b cells (obtained from Dr. Gary E. Gallick, MD Anderson) were maintained in RPMI
1640 cell culture medium (Cat# R7509, Sigma-Aldrich) with 10% FBS.

RM-1-BM cells lines with stably transfected Dox-inducible lentiviral vectors plnducer-

EV plInducer-HA-tagged SPOPwt, plnducer-SPOPF102C or pIinducer-SPOPF133V were
maintained in DMEM culture medium with 10% FBS and 200 ug/mL G-418 (Cat# G-1033,
AG Scientific, CA). Dox-inducible C4-2b cell lines (pInducer-EV, pInducer-HA-tagged
SPOPwt, pInducer-HA-tagged SPOPF102C, or plnducer-HA-tagged SPOPF133V) were
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maintained in RPMI 1640 cell culture medium supplemented with 10% FBS and 200 pug/mL
G-418. Human embryo kidney 293T cells were obtained from ATCC (Cat# CRL-3216)
and maintained in DMEM culture medium containing 10% FBS. RM-1-BM or C4-2b

cell lines with stably infected pLenti-EV or pLenti-HA-tagged SPOPs (HA-SPOPwt, HA-
SPOPF102C, or HA-SPOPF133V) were cultured and maintained in DMEM or RMP11640
supplemented with 10% FBS plus 0.5 pg/mL puromycin (Cat# P9620, Sigma-Aldrich),
respectively. Cell lines are aliquoted at early passage number, aliquoted and stored in liquid
nitrogen freezers until use. Cells are passaged 4-5 times during experiments and early
passage cells are revived if needed. Cell lines are authenticated by short tandem repeat
DNA fingerprinting with the AmpF/STR Identifier PCR Amplification Kit (ThemoFisher)
and each derived cell line was tested for mycoplasma using Lonza Mycoalert Mycoplasma
Detection Kit, at MD Anderson Cytogenetics and Cell Authentication Core.

PARPIs [olaparib (AZD2281) and talazoparib (BMN 673), Cat# S1060 and S7048,
respectively] and 20S proteasome inhibitor PS-341 (bortezomib, Cat# S1013) were

obtained from Selleck Chemicals (TX). Protein synthesis inhibitor cycloheximide (for CHX
chase assays) was from Sigma-Aldrich (Cat# C7698). Virus infection reagent polybrene
(hexadimethrine bromide, Cat# H9268, Sigma-Aldrich) was dissolved in nuclease-free water
(16 mg/mL), sterilized by 0.22-um filtration, and stored at —80°C. Anti-human (Cat# mabg-
hil6-3) or anti-mouse (Cat# mabg-mil6-3) interleukin 6 (IL-6) neutralization antibodies, Rat
IgG2a Control (Cat# mabg2a-ctlrt, control 1gGs for anti-mIL-6 Abs) and Mouse Control
IgG1 (Cat# mabgl-ctlrt, control IgGs for anti-hIL-6 Abs) were from Invivogen (CA). Anti-
mouse (Cat# 32400) and anti-human (Cat# 31410) IFN-p neutralization antibodies were
purchased from PBL Assay Science, NJ. Matrigel® (Cat# 354248) purchased from Corning
Life Sciences, NY.

Coculture models

Mouse (RAW?264.7) and human (THP-1) macrophage cells were obtained from ATCC
(Cat#s TIB-71 and T1B-202, respectively) grown in 24-well cell culture plates and
cocultured with RM-1-BM (VC, SPOPF102C, and SPOPF133V) or C4-2b (VC,
SPOPF102C, and SPOPF133V) prostate cancer cell line models plated in 0.4-um TransWell
cell culture inserts (Cat# 08—770, ThermoFisher), respectively. The plates were incubated

in 37°C CO, incubator for 24 hrs before treatment with the indicated drugs for 48 hrs.

The treated cells (macrophage and prostate cancer cells with or without coculture)] were
analyzed by MTS assay. For immunoblot (IB) and RT-gPCR analysis, after the treatment,
the cells were collected and extracted for whole cell proteins or total RNA. The detailed
methods and materials are provided in Supplementary Methods.

Plasmid constructs, lentivirus packaging, infection and establishment of stably
transfected SPOP-expressing prostate cancer model cell lines

Venusl-tagged STING1 (STING1-V1) was a gift from Eric Schirmer (Addgene plasmid
#124262).

Plasmid constructs that were used in in vivo ubiquitination assay, in vitro overexpression
analysis and to establish stably transduced prostate cancer model cell lines are described in
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Supplementary Methods, together with the source of materials, cloning methods including
mutagenesis procedures and primers.

To prepare lentivirus-containing SPOP expression vectors or EV, plnducer-SPOPs, pInducer-
EV, pLenti-SPOPs, or pLenti-EV were co-transfected with packaging plasmid constructs
into 293T cells utilizing Lipofectamine 2000 (Cat# 11668019, ThermoFisher). Forty-eight
hours after transfection, the lentiviral supernatant (containing respective plnducer-EV/
SPOPs or pLenti-EV/SPOPs virus) was collected, sterile-filtered (0.45 um) and used for

cell infection as described previously (23).

To infect RM-1-BM or C4-2b parental cells, filtered viruses were added to the culture
incubation containing 8 ug/mL polybrene to infect the cells. Forty-eight hours after
infection, the cultures were changed to fresh media and incubated for another 24 hours

to expand the infected cell cultures before G418 (pInducer-EV/SPOP infected lines, 700
ug/mL for C4-2b and 1000 ug/mL for RM-1-BM) or puromycin (pLenti-EV/SPOP infected
lines, 4 ug/mL for C4-2b or RM-1-BM) was introduced to select the stably infected clones.
The resultant stably infected prostate cancer model cell lines were confirmed, characterized
[inducible capability (pInducer-SPOPS) or constitutive expression of exogenous SPOPs
(pLenti-SPOPs) carried by lentiviral vectors], and used in our designated experiments.

Immunoblotting analysis

Cells were washed with phosphate-buffered saline (PBS, pH7.4) and whole-cell proteins
were extracted by 1x RIPA lysis buffer (Cat# 9806, Cell Signaling Tech, MA)

plus proteinase inhibitor cocktail (Cat# 4693132001, Roche, MilliporeSigma, MA) and
phosphatase inhibitor cocktail (Cat# 4906837001 PHOSS-RO, MilliporeSigma). The cell
lysates were sonicated and centrifuged to remove debris. IB analysis was performed
following standard 1B protocols described in our previous publications (13,23,24). Briefly,
equal amounts of total proteins were loaded and separated by precast gels (Cat# 4561086,
Bio-Rad, CA; or Cat# M00657, GenScript, NJ) and transferred to Immun-Blot® PVDF
membranes (Cat# 1620177, Bio-Rad). The membranes were blocked by nonfat milk and
incubated with primary antibodies, followed by incubation with HRP-conjugated secondary
antibodies (goat anti-rabbit HRP, Cat# 31460 and goat anti-mouse HRP, Cat# 31430,
Thermo Fisher Scientific). The protein blotting signals were visualized by incubating the
membranes with SuperSignal™ West substrates (Cat# 34580, Cat# 37071, or Cat# 34096,
Thermo Fisher Scientific) and scanned by a VersaDoc™ MP Image System (Bio-Rad). The
protein blotting images were obtained, processed, and quantified by Image Lab™ (Ver. 6.0.1
build 34, Bio-Rad). All antibodies used in IB analysis are listed in Supplementary Table S3.

Immunostaining analysis and quantitation

For immune- and immunofluorescence stain analysis, paraffin tissue sections were de-
paraffinized, dehydrated and subjected to antigen retrieval as previously described and
detailed in Supplementary Methods.

For immunostaining, slides were stained with protein specific antibodies (Supplementary
Table S3) as described in Supplementary Methods, and mounted with Permount Mounting
Media (Cat# SP15-500, ThermoFisher) and were then observed and images taken with
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a light microscope (Nikon Eclipse 90i).The antibody specific DAB staining intensity was
quantitated by using ImageJ from 5 random hot areas in one representative well white-
balanced image of, at least, three different fields of one tumor sample. Two to three tumors
from each group were analyzed. The DAB specific staining intensity was calculated with
the following formula: DAB specific staining intensity=Log (max intensity/mean intensity)
where max intensity = 255 for 8-bit images.

For immunofluorescence and double immunofluorescence analysis, slides were incubated
with protein specific antibodies followed by fluorescent dye-labeled secondary antibodies as
described in Supplementary Methods. The slides were mounted with Prolong antifade with
DAPI (Cat#P36931, ThermoFisher) and immunofluorescence was visualized and images
captured utilizing a Leica SP8 fluorescent microscope. Slides from representative tumor
from each group was used and one representative image from, at least, five different fields
with tumor cells from one slide was presented. Total number of cells were assessed with
ImageJ. For double immunofluorescence analysis, numbers of cells with clear cleaved
caspase-3, PARP1 cytoplasmic accumulation, and both were counted manually. All primary
antibodies used in immunostaining analysis are listed in Supplementary Table S3 and
Supplementary Methods.

RT-gPCR analysis

Total RNA in cells was isolated by TRIzol Reagent (Cat# 15596026, ThermoFisher)

and reverse transcribed to cDNA using High-Capacity cDNA Reverse Transcription

Kit (Cat# 4368813, ThermoFisher). RT-gPCR was conducted with Fast SYBR Green
Master Mix (Cat# 4385610, ThermoFisher) on a StepOnePlus™ Real-Time PCR System
(ThermoFisher). 2-AACt method was used to measure relative mRNA expression compared
to different treatment conditions or controls. The gPCR primers to detect specific gene
transcripts are designed and synthesized by custom DNA oligos synthesis services
(ThermoFisher), and the primer sequences are listed in Supplementary Table S4.

Cycloheximide chase assay to determine protein half-life

Briefly, CHX was added to the cell incubation at the final concentration of 100 ug/mL.
The cells were lysed, and cell lysates collected at each elapsed time point, designated at 0,
0.5, 1, 2.5, 5, and 10 hours, following the introduction of CHX incubation. The proteins

in the cell lysates were separated by PAGE, transferred to membranes immunoblotted with
protein-specific antibodies, visualized, and imaged as we described in “Immunaoblotting
analysis” above. The quantified protein blot signals were normalized to the blot signal of
vinculin within each sample (as internal protein loading control). The normalized protein
blot signal from each time point (0.5, 1, 2.5, 5, and 10 hours) was then calculated as folds
of the normalized protein blot signal at 0 hours (initiation control, as 1 fold) and plotted to
display the time-elapsed presentation of proteins (folds of the 0 hour time point) following
CHX treatment to block the initiation of new protein synthesis. Half-life of the protein is
read as the approximate hour when 0.5 fold of protein is observed compared to 0 hour in the
plotted figure.
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Plasmid DNA transfection in mammalian cells

293T cells were transfected with expression vectors using Lipofectamine 2000 transfection
reagent (Cat# 11668019, ThermoFisher) following the manufacturer’s instructions.
Typically, for a 6-well plate, 3 ug total plasmid DNA per well was transfected, and for

a 10-cm plate, 10 pg of total plasmid DNA was optimized for the transfection. Forty-eight
hours post transfection, the cells were harvested and washed with PBS. Total cell lysates
or total RNAs were extracted and used for Co-IP, immunoblot, or RT-gPCR analysis as
described above in “Immunoblotting analysis” and “RT-qPCR analysis” for the indicated
experiments.

Co-Immunoprecipitation (Co-IP) analysis

For in vitro analysis of protein-protein interactions, protein expression vectors (HA-tagged
SPOP, pcDNA3.1-HA-SPOP; Venus-tagged STING1, STING1-V1) or empty plasmid DNA
vectors (total DNA transfection control) were mono- or co-transfected (as indicated) into
293T cells. Forty hours after the transfection, the cells were collected, washed by PBS, and
lysed in NP-40 lysis buffer [50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.5% NP-40, 50 mM
NaF, 1 mM sodium orthovanadate, 1 mM DTT, 1 mM PMSF] containing protease inhibitor
cocktail (Cat# 4693132001 Roche, MilliporeSigma) and phosphatase inhibitor cocktail
(Cat# 4906837001 PHOSS-RO, MilliporeSigma). Cell lysates were cleared by centrifuge
and quantified. The same amount of total proteins from each sample was incubated

with protein-specific antibodies, and immunocomplexes were collected by incubating the
lysate-antibody mix with protein G Dynabeads (Cat# 10004D, ThermoFisher) at 4°C
overnight on a rotator. The beads were extensively washed with NP-40 lysis buffer. The
immunocomplexes captured by protein G beads were eluted by 1x SDS loading buffer, and
the eluted immunocomplex protein content was examined by protein-specific antibodies and
IB methods as described above in “Immunoblotting analysis.”

In vivo ubiquitination assay

For /n vivo ubiquitination assay, 293T cells were co-transfected with mammalian
expression vectors for Flag-tagged STING1 (PCMV3-STING1-Flag), ubiquitin (PCI-His-
hUbiquitin), RBX1 (pCDNA3-myc3-ROC1), and Cullin 3 (pcDNA3-myc-CUL3) together
with SPOPwt (pcDNA3.1-HA-SPOPwt), SPOPF102C (pcDNA3.1-HA-SPOPF102C),
SPOPF133V (pcDNA3.1-HA-SPOPF133V), or pcDNA3.1 vector (control). Thirty-six hours
after transfection, PS-341 (250 nM final concentration) was added to the incubation for
another 6 hours. The cells were harvested and washed in ice cold PBS and lysed in RIPA
buffer. The cell lysates were sonicated and cleared by centrifugation. The supernatants
were incubated with PureProteome™ Nickel Magnetic Beads (Cat# LSKMAGH10,
MilliporeSigma) to capture ubiquitinated proteins. The beads were extensively washed

in RIPA buffer and proteins were eluted by 2x SDS loading buffer containing 500 mM
imidazole (Cat# 12399, Sigma-Aldrich). The eluted proteins were resolved by SDS-PAGE
for immunoblotting analysis as described above, with anti-Flag antibody to determine the
ubiquitination of Flag-tagged STING1 protein. In addition, the RIPA cell lysates from

the /n vivo ubiquitination experiments were incubated with anti-Flag magnetic beads
(Cat# HY-K0207, MedChemExpress LLC, NJ) to capture Flag-tagged STING1 proteins.
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The beads were extensively washed with RIPA buffer and proteins were eluted by 2x

SDS loading buffer. The eluents were examined using a mass spectrometry-based post-
translational modifications (PTM) service provided by Poochon Scientific LLC (Frederick,
MD) to determine the ubiquitination conjugation motif recognized by SPOP-Cul3 E3 ligase
complex.

Colony formation assay

Colony formation assay was used to examine response sensitivity of prostate cancer to
PARPI treatment /in vitro. Briefly, cells were seeded into 6-well plates at 5,000 cells/well,
and drugs were introduced 48 hours after plating. Up to 2 weeks were allowed for colony
formation. The cell culture was refreshed every 3 days with fresh culture medium containing
the indicated drugs or vehicle control. At the end of the experiments, culture medium was
removed and the colonies formed on the plate were fixed by cold methanol and stained

with 0.5% crystal violet. The plates were scanned and imaged on a camera-equipped Eclipse
TE2000 U microscope (Nikon Instruments, Inc., NY), and the number of colonies was
counted using NIS-Elements AR 2.30 software (Nikon Instruments, Inc.). The quantitative
results were plotted and displayed as the percentage number of control (vehicle treatment).

MTS cell viability assay

Cells were plated in 96-well plates and treated as indicated for 48 hours. Following the
product manual, MTS assay was performed using CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Cat# G3581, Promega, WI) and a Biotek Synergy 2 microplate reader
(BioTek, CA).

SiRNA transfection

Cells were seeded (in 96- or 6-well plates) one day before siRNA transfection. Following
the product manual instruction, the cells were transfected with 20 nM (final concentration)
gene-specific sSiIRNA or non-targeting control siRNA (siNC) utilizing the Lipofectamine
RNAiMax transfection reagent (Cat# 13778075, ThermoFisher). Forty-eight hours after
transfection, the transfected cells were analyzed by MTS, or protein expression as indicated
by the designated experiments, following the protocols described above in “Immunoblotting
analysis” and “MTS cell viability assay.” The sequences of gene-specific SiRNA and siNC
are listed in Supplementary Table S5.

Xenograft tumor models

Aliquots of 5 x 108 human C4-2b-pLenti-HA-SPOPF133V or C4-2b-pLenti-EV (SPOPwt
control) prostate cancer cells in 100 pL (1:1, PBS:Matrigel®) were subcutaneously injected
into the right flanks of 5-week-old male SCID mice (Charles River Lab, Wilmington, MA).
Tumors were allowed to grow until they reached 60 to 70 mm? before they were randomly
distributed to receive one of the following treatments orally for 18 days: talazoparib (0.33
mg/kg 5 days/week) or vehicle control buffer [10% dimethyacetamide (Sigma), 6% solutol
HS (Sigma), 84% PBS]. Tumor volume was measured twice/week using calipers and
calculated on the basis of (width x width x length)/2, as previously described (13,23,24).
Eighteen days after the initial treatment, the tumors were harvested. All animal experiments
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were conducted in accordance with accepted standards of humane animal care approved by
the MDACC Institutional Animal Care and Use Committee.

Statistical analysis

Data from at least 3 biological repeats were presented as the mean + SEM. Two-tailed #tests
were used to compare and determine the statistical significance of two individual treatments
or combinations in RT-gPCR analyses, colony formation assay, and MTS assay. Two way

or three way ANOVA was used for analysis of the significance of tumor growth profiles
between each model line and treatment groups. 2P values <0.05 were considered statistically
significant.

Data availability statement

RNA-seq data for RM-1-BM cell lines and RAW?264.7 cells used in coculture model
experiments were deposited to The Gene Expression Omnibus (GSE240199).

RESULTS

SPOPmMut prostate cancer demonstrates increased STING signaling and NF-xB pathway
gene expression

Gene set enrichment analysis (GSEA) of an annotated dataset of CRPC patient tumors
(dbGap Accession: phs000909.v1pl) revealed significant enrichment of TNF-a-NF-xB
signaling genes in SPOPmut [versus SPOP-wild-type (SPOPwt)] CRPC (Fig. 1A,
Supplementary Methods). Further expression analysis of the CRPC dataset using a 259-gene
set comprising a comprehensive list of canonical cGAS-STING-TBK1 and NC-STING-NF-
B signaling genes (Supplementary Methods and Supplementary Table S1) identified 35
significantly differentially regulated genes, including 29 upregulated genes in SPOPmut
CRPC compared to SPOPwt (Fig. 1B). Importantly, all significant upregulated genes

were derived from gene sets comprised, in part, from the NC-STING-NF-xB signaling
genes included in the 259-gene set used in the analysis, showing the dominance of NC-
STING-NF-xB activity (NC-STING) over canonical STING-IFN-B in SPOPmut CRPC
(Supplementary Table S1).

We next analyzed the intratumoral “immunome” of this CRPC patient cohort using

a compendium of publicly available data from purified immune subsets as previously
described (25). Interestingly, macrophages, neutrophils, and memory T cells were enriched
in the SPOPmut TME compared to the SPOPwt TME, including a moderately significant
increase in M1-like macrophages compared to M2-like macrophages (Fig. 1C and
Supplementary Fig. S1) (26). These results are consistent with SPOP mutant CRPC resulting
in upregulation of NC-STING activity and an immunosuppressive TME, dominated by
macrophages and neutrophils, amongst other immune cell populations.

Lastly, we evaluated for enrichment of the NC-STING signature by developing an
“NC-STING Score” based on aggregation of SPOPmut-upregulated signature genes and
analyzing primary, hormone-naive prostate cancer from TCGA (Supplementary Methods).
The results of supervised clustering analysis identified a subset of SPOPmut, castrate-
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sensitive primary prostate cancers that were enriched for the same NC-STING-NF-xB
pathway as the androgen-indifferent SPOP mutants from the aforementioned CRPC dataset
(Fig. 1D).

Stably transduced SPOPF102C and SPOPF133V prostate cancer cell models demonstrate
increased STING signaling

We conducted shotgun proteomics analyses of doxycycline (Dox)-inducible SPOPwt and
SPOPmut prostate cancer models to evaluate the changes in the proteome attributed to
SPOPmut prostate cancer cells. These analyses yielded 81 differentially expressed proteins
between SPOPmut (F102C and F133V) C4-2b prostate cancer models compared to SPOPwt
or vector control (VC) (Fig. 2A, upper panel). Ingenuity Pathway Analyses of these 81
proteins revealed enriched representation of an NF-xB—centric protein network (Fig. 2A,
lower panel). We generated and analyzed lentivirus-transduced human C4-2b and mouse
RM-1-BM CRPC cells that stably express: 1) SPOPwt, 2) SPOPF102C, and 3) SPOPF133V,
versus empty lentiviral vector-transduced control cell lines [empty vector (EV) or VC]

(Fig. 2B, C and Supplementary Fig. S2). Analysis of these cell lines by immunaoblotting
(1B) showed upregulation of PARP1, ATM and selected NC-STING-NF-xB-IL-6 signaling
pathway proteins HMG proteins that are involved in promoting secretory pathway activities
including extracellular vesicle production, compared to VC or SPOPwt isogenic lines (Fig.
2B, C, Supplementary Fig. S2 and Supplementary Tables S6, S7). Notably, upregulation

of PARP1 and ATM is consistent with the previously recognized DNA repair activities of
SPOP (5). In addition, PARP1 and ATM are critical components of an alternative STING
signaling complex involved in the activation of the transcription factor NF-xB and induction
of an alternative STING-dependent gene expression program (14). This upregulation was
particularly notable in human and mouse prostate cancer-SPOPF133V lines (Fig. 2B, C and
Supplementary Fig. S2).

SPOP mutants mediate stabilization of STING signaling proteins in prostate cancer models

Based on the alignment of published SPOP substrates for SBC motifs, we searched SPOP
binding sites in human and mouse non-canonical and canonical STING pathway signaling
proteins (4,27). Among the proteins that contained putative SBCs was STING, suggesting
that STINGL1 is an SPOP binding candidate potentially degraded by the E3 ubiquitin ligase
activity of the SPOP-Cul3 complex. To test this, we established human (C4-2b) and mouse
(RM-1-BM) prostate cancer cell lines that conditionally express Dox-induced SPOPwt or
SPOP mutants. Our dose-response characterization studies demonstrated that SPOPmut
expression (inducing less than 5-10x compared to controls with no Dox induction) was
achieved using 10 to 20 ng/mL Dox. Overexpression of SPOP was achieved using 200
ng/mL Dox. Significantly, the predicted SPOP substrate STING protein was decreased by
induced SPOPwt expression, but upregulated by SPOPF102C or SPOPF133V in both cell
lines (Fig. 3A and Supplementary Fig. S3). Proteasome inhibitor (PS341) rescued STING1
destabilization in Dox-induced or stably transfected SPOPwt prostate cancer models,
suggesting SPOP-dependent ubiquitination and proteasomal degradation of STING1 protein
(Fig. 3B, Supplementary Fig. S4 and Supplementary Table S8). Co-IP analysis demonstrated
protein—protein interactions of SPOP and STING1 (Fig. 3C and Supplementary Fig. S5).
Utilizing 293T cell-expressed SPOPwt and SPOPF102C/SPOPF133V (substrate-binding
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deficient) as the “prey” and purified STING protein as the “bait”, far western blot assay
suggested direct interaction of STING protein with only SPOPwt, which contains an intact
substrate-binding motif (Supplementary Figs. S6, S7). Furthermore, /n vivo ubiquitination
analysis showed that, while co-transfection of SPOPwt increases the ubiquitination of
STING1, overexpression of SPOPF102C and especially of SPOPF133V effectively inhibits
the ubiquitination of STING1 in 293T cells (Fig. 3D and Supplementary Fig. S8).
MALDI-TOF mass spectrometry analysis of ubiquitinated STING1 protein from /n vivo
ubiquitination samples co-transfected with SPOPwt identified SPOPwt-dependent (i.e.,
substantially reduced in SPOPF133V co-transfected samples) ubiquitination conjugation
site K347 of STINGL1 protein (Supplementary Fig. S9). In addition, 293T cells were
co-transfected with expression vectors to generate constitutive levels of STING1 protein
and increased amounts of SPOPwt, SPOPF102C, or SPOPF133V. The results showed that
co-expression of SPOPwt, but not SPOPF102C or SPOPF133V, destabilizes and promotes
degradation of STINGL1 in a dose-dependent manner (Fig. 3E and Supplementary Fig.
S10). Cyclohexamide (CHX) chase protein half-life assays confirmed the substantially
reduced half-life of STING1 by SPOPwt co-expression and increased half-life of STING1
by SPOPF102C or SPOPF133V co-expression in 293T cells (Fig. 3F and Supplementary
Fig. S11). Together, these data suggest that STING1 is a bona fide substrate of SPOP

and that expression of substrate-binding—deficient prostate cancer—associated SPOP mutants
effectively stabilize and elevate the expression of STING1 protein in prostate cancer.

SPOP mutants potentiate PARPi-induced growth inhibition through enhanced induction of
CGAS-STING and suppression of NC-STING- NF-xB signaling in prostate cancer models

Based on a previous publication showing that SPOPmut prostate cancer cells are more
sensitive to PARPIs than SPOAWwt prostate cancer cells /in vitro (5), as well as our

own analysis demonstrating that STINGL1 is a bona-fide SPOP target and that SPOPmut
models manifest a dominant NC-STING signaling phenotype, we tested the effects of
STING1 siRNA (siSTING) on response to PARPI olaparib (OLA) in stably transduced
SPOPmut prostate cancer models and SPOPwt VCs. Analysis of siSTING- and siNC-
transfected, stably transduced human (upper panel) and mouse (lower panel) SPOPmut
models confirmed enhanced growth suppression in SPOPmut prostate cancer cells compared
to VCs (OLA did not substantially suppress RM-1-BM SPOPwt VCs). STING1 siRNA
similarly suppressed growth in VC and SPOPmut prostate cancer cells compared to siNC

in the absence and presence of OLA and enhanced OLA-mediated growth suppression

(Fig. 4A and Supplementary Figs. S12, S13). To further analyze the effects of PARPI

on cell growth—independent of selection for SPOPmut-altered phenotypic properties—we
treated Dox-inducible, dose-regulated expression—controlled, SPOPF102C- or SPOPF133V-
expressing C4-2b and RM-1-BM prostate cancer models with OLA. Colony formation (Fig.
4B) and MTS (Fig. 4C) assays using these models showed significantly enhanced inhibition
of colony formation and cell proliferation in SPOPmut (F102C or F133V)-expressing
C4-2b and RM-1-BM cells treated with OLA (MTS) (Fig. 4C). IB analysis of these

cells showed that, compared to VCs (SPOPwt expression), Dox-induced, dose-dependent
SPOPmut expression enhanced OLA-induced DNA damage and cGAS-STING signaling
pathway activities (phosphorylation of STING1 and IRF3), resulting in enhanced IFN-f
protein expression (Fig. 4D, Supplementary Figs. S14, S15 and Supplementary Tables
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S9, S10). This response is consistent with DDRi-induced, cGAS-STING-IFN-B—mediated
growth suppression for prostate cancer cells (13) and with enhanced OLA-induced growth
inhibitory activity in Dox-inducible human (C4-2b) and mouse (RM-1-BM) prostate cancer
models (Fig. 4B and 4C, respectively) and stably transduced, SPOPmut-expressing prostate
cancer models (Fig. 4A). Taken together, the results of these experiments indicate that
SPOPmut-mediated STING stabilization allows for OLA-driven maintenance of canonical
c-GAS-STING signaling, which can override the dominant NC-STING-NF-«xB survival
signaling in SPOPmut prostate cancer.

To define the molecular mechanism by which PARPI leads to inhibition of NC-STING-
NF-xB-IL-6/STAT3 signaling and induction of canonical cGAS-STING-IFN- in prostate
cancer epithelial cells, we treated SPOPmut (F102C, F133V) and VC C4-2b and RM-1-BM
cells with OLA, talazoparib (TALA), or vehicle control. As expected, PARPi (OLA and
talazoparib, TALA) resulted in increased DNA damage (yH2AX), and SPOPmut (F102C
and F133V) expression in prostate cancer cells led to enhanced activation of STING1
(p-S366-STING1) (Fig. 4E, Supplementary Figs. S16, S17 and Supplementary Tables

S11, S12) (28). Notably, the differential responses in SPOPmut compared to VC models
following OLA or TALA were similar. Interestingly, SPOPF133V showed increased cGAS-
STING activation compared to SPOPF102C, which correlated with increased induction of
DNA damage following PARPI treatment (Fig. 4E). Notably, PARPI led to cleavage of
caspase (Cas) 3, which was enhanced in both human and mouse SPOPF133V prostate
cancer models, suggesting that these PARPis induce Cas3 cleavage—dependent cell death.
More importantly, increased cleavage of Cas7 was observed only in the SPOPF102C or
SPOPF133V prostate cancer models in which enhanced cGAS-STING-TBK1 signaling and
substantially increased expression of IFN-p was observed following PARPI treatment, and
not in the prostate cancer models without SPOPmut expression (VC) (Fig. 4E). While
IFN-p-induced cell death reportedly depends on Cas7 cleavage (29), these observations
suggest the involvement of PARPi-activated cGAS-STING1-TBK1-1FN-B-Cas7, in addition
to PARPi-induced Cas3—dependent cell death, as an important mechanism contributing

to the enhanced cell death/growth inhibition of the SPOPmut prostate cancer models.
Autocrine and paracrine positive feedback upregulation of the IL6-STAT3 pathway and
elevated activation of STAT3 are critical for the growth of many advanced cancers, including
CRPC (30,31). We examined the potential link between cGAS-STING1-TBK1 and STAT3
activation through IB analysis of TBK1-dependent STAT3-inhibitory phosphorylation (p-
S754-STAT3) (32). The results demonstrated markedly increased p-S754-STAT3 in PARPi-
treated human and mouse SPOPmut models compared to control cells (Fig. 4E). Inhibition
of STAT3 by TBK-mediated S754 phosphorylation can suppress transcriptional activation
and secretion of IL6, which in turn could translate into suppression of adaptive feedback
resistance signaling pathways based on IL6 autocrine and paracrine mechanisms (33). This
mechanistic concept is supported by the results of additional IB analysis demonstrating
PARPi-mediated downregulation of p-IKKa/R and p-1KBa (Fig. 4E).
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SPOP mutants promote PARPiI-induced macrophage reprogramming through soluble

factors

As shown in Figure 1 and Supplementary Fig. S1, macrophages are enriched in

SPOPmut CRPC. Thus, to analyze the effects of PARPi in monoculture compared to
coculture conditions, we used a transwell coculture system (tumor cells in upper chamber,
macrophages in lower chamber). The results of these experiments showed that while
expression of SPOP mutants (F102C or F133V) sensitizes both C4-2b and RM-1-BM
prostate cancer cells to OLA, when cocultured with differentiated (phorbol-12-myristate-13-
acetate, PMA) THP-1 (for C4-2b) or RAW264.7 (for RM-1-BM) macrophages, OLA-
induced growth inhibition was enhanced [~-20% (C4-2b) and ~-40% (RM-1-BM)]
compared to VCs (Fig. 5A, B, respectively). OLA-induced growth suppression was partially
inhibited by incubation with anti-IFN-B neutralization antibodies and restored by anti-1L-6
neutralization antibodies; these effects were more pronounced in SPOPF133V-expressing
C4-2b and RM-1-BM prostate cancer cells (compared to SPOPF102C cells) (Fig. 5A,

B). Importantly, OLA combined with GW4869, a neutral sphingomyelinase inhibitor that
blocks exosome generation and secretion, abrogated these SPOPmut-sensitized responses of
macrophage-cocultured prostate cancer cells to OLA treatment (Fig. 5A, B). In addition,
quantitative real-time PCR (RT-gPCR) (Fig. 5C, D) and IB (Fig. 5E, Supplementary Fig.
S18 and Supplementary Table S13) analyses demonstrated marked activation of cGAS-
STING signaling, including IFN-B production, selectively in the macrophages (THP-1 or
RAW264.7) cocultured with OLA-treated SPOPmut (F102C or F133V) C4-2b or RM-1-
BM cells, but not in monocultured macrophages or macrophages cocultured with SPOPwt
VC C4-2b or RM-1-BM cells (Fig. 5C, D, E). Taken together, these results suggest that
OLA treatment directs SPOPmut prostate cancer cell-mediated phenotypic reprogramming,
leading to induction of cGAS-STING-IFN- signaling in tumor-associated macrophages
(TAMs) through SPOPmut-activated secretory activity, such as soluble immunoregulatory
protein effectors (34). We also showed that PARPIs induced TBK1-dependent STAT3-
inhibitory phosphorylation (p-S754-STAT3), and downregulation of STAT3-regulated HMG
proteins that are involved in promoting secretory pathway activities (Figs. 2B, C and 4E).
To show interaction between SPOPF133V genotype and PARP inhibition we used bulk
RNA-sequencing analysis of RM-1-BM-SPOPF133V versus empty vector control cells,
which were monocultured or cocultured with RAW264.7 macrophages and treated with
OLA or control DMSO. The results depicted on heatmaps from RM-1-BM-SPOPF133V
and RAW?264.7 macrophages cocultured cells revealed 42 common differentially expressed
genes demonstrating significant interaction between expression of the SPOP mutation

and OLA treatment in cocultured RM-1-BM-SPOPF133V mutant-expressing prostate
cancer cells and RAW?264.7 cells (Fig. 5F), and 11 common differentially expressed

genes demonstrating significant interaction between expression of the SPOP mutation and
OLA treatment in cocultured and monocultured RM-1-BM-SPOPF133V mutant—expressing
prostate cancer cells (Supplementary Fig. S19). These data reveal SPOPmut-driven,
concurrent changes in gene expression in prostate cancer epithelial cells and macrophages,
that likely contribute functionally to an SPOPmut prostate cancer phenotype in this model.
Importantly, OLA treatment substantially altered these gene expressions and appears to
mitigate many of the gene activities in both cell types. Notably, one of the upregulated
SPOPmut and PARPI interactive genes, i.e., SGK1 corresponds to a pathway previously
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shown to represent potentially targetable SGK1-regulated pathways that contribute to human
prostate cancer cell survival and potential drug resistance in response to PARP inhibition
(35). In addition, multiple interactive genes were identified that were responsive to TNF-a
(7nfrsf9), (36) and IFN-B (/rf7and /fih1) (37,38), which is consistent with the paracrine
role of these factors demonstrated in our coculture experiments (Fig. 5 and Supplementary
Table S13). Thus, given the critical roles of IL-6 in modulating macrophage polarization
and regulating differentiation of other immune cells including T cells (39,40), these findings
point to the possibility that PARPI treatment of SPOPmut prostate cancer may functionally
modulate the TME through alteration of non-canonical to canonical STING signaling to
promote therapeutic efficacy /n vivo.

SPOP mutation (F133V) enhances PARPi-induced growth suppression in human prostate
cancer xenograft models

To test the efficacy of PARP inhibition in suppressing the growth of human prostate
cancer cells in vivo within the context of SPOP mutation, we generated SPOPF133V

and VC C4-2b xenograft models and treated them with TALA or vehicle control. The
results showed greater PARPi-induced growth suppression in SPOPF133 tumor compared
to VC tumor (Fig. 6A, B). Immunostaining analysis from representative tumor samples
demonstrated substantially increased p-STING1 (Fig. 6C) and p-S754-STAT3 (Fig. 6D)
selectively in SPOPF133V tumors following TALA treatment. These results indicate
enhancement of activation of cGAS-STING signaling in SPOPF133V C4-2b tumor cells
compared to C4-2b VC control tumor cells and are in agreement with the results

of 1B analysis (Fig. 4E). Further analysis of SPOPF133V and VC C4-2b xenograft
tumors using immunofluorescence staining revealed marked alterations in PARP1-associated
nuclear size and PARPL1 intracellular distribution in SPOPF133V-expressing C4-2b tumor
cells compared to C4-2b VVC tumor cells (Supplementary Fig. S20). In addition, double-
labeling immunofluorescence staining revealed associations of PARP1 and cleaved Cas3
in association with the appearance of micronuclei in SPOPF133V-expressing tumor cells
compared to C4-2b VC control tumor cells (Supplementary Fig. S21). Activation of
p-STING1 and immune response may be enhanced as well in part due to a greater

degree of dying cells in the SPOPmutant cancer treated with PARPi. Consistent with these
observation, immunfluorescence staining demonstrated significantly higher DNA damage
(indicated by y-H2AX), IFN-B expression and cleaved caspase 7 in C4-2b-SPOPF133V
prostate cancer tumors compared to VC control tumors in vivo (Fig. 6E, F and G).
Importantly, while cleavage of caspase 7 has been reported as the proapoptotic markers by
cytotoxic activity of IFN-B (13,29) these observation suggest the significant and functional
role of IFN-B that was potentially from interaction of tumor-host macrophages during the
TALA treatment in vivo, to mediate enhanced growth inhibition of C4-2b SPOPF133V
tumor compared to VVC control (Fig. 6A, B).

Overall, our results reveal NF-xB-STAT3/IL-6 signaling that is induced and selected for
survival in SPOPmut prostate cancer; and this immunosuppressive, pro-survival NC-STING
pathway is suppressed by PARP inhibition. Mechanistically, our results show that this
suppression is driven in part by SPOPmut-mediated stabilization of STING1, enhanced
DNA damage and activation of canonical STING-TBK1 signaling and production of
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IFNB, direct inhibition of STAT3 (increased p-S754-STAT3) and activation of proapoptotic
pathways (Fig. 6C, D, E, F, G and Supplementary Figs. S20, S21). In addition, the results of
SPOPmut and macrophage coculture models and /n vivo xenograft experiments indicate that
SPOPmut prostate cancer cells can reprogram TAMs that may lead to further suppression of
prostate cancer growth (Figs. 5, 6 and Supplementary Fig. S19, S20, S21).

DISCUSSION

We report here that prostate cancer — associated SPOP mutations (in particular the

most commonly found variant, F133V) stabilize STING1, leading to activation of

both non-canonical and enhanced canonical STINGL1 signaling in prostate cancer cells.
Importantly, analysis of a 259-gene set that contained both non-canonical and canonical
STING1 pathway components revealed the non-canonical NC-STING-NF-xB pathway was
significantly enriched in SPOPmut, lethal androgen indifferent prostate cancer patients
versus SPOP wildtype. The same pattern was demonstrated in models that expressed SPOP
mutations (Figs. 1, 2). Deregulated STING1 activities have previously been associated with
increased tumorigenesis and poor prognosis (41,42). However, to our knowledge, association
of STING stabilization and induction of STING-regulated signaling with a specific DDR-
associated mutation, i.e., SPOP, has not been reported. Furthermore, supervised clustering
analysis showed a portion of SPOPmut hormone naive primary prostate cancers were
enriched for this immunosuppressive, pro-survival NC-STING pathway (Fig. 1D).

Consistent with previous studies (5), we showed that this SPOPmut phenotype generated a
therapeutic vulnerability to PARPIs that was associated with increased DNA damage, and in
addition, demonstrated a shift from predominant NC-STING-NF-xB signaling to canonical
cGAS-STING that promoted growth suppression and proapoptotic signaling (/n vitroand
in vivo) (Figs. 4-6). Importantly, our results show mechanistically that in addition to DNA
damage-associated canonical cGAS-STING-IFN- induction, PARP inhibition was also
associated with TBK1-mediated suppression of STAT3 through induction of p-S754-STAT3
in human and mouse SPOPmut models, which effectively led to inhibition of the STAT3/
IL-6 adaptive feedback resistance signaling loop and suppression of NF-xB activation
(Figs. 4E, 5, 6 and Supplementary Fig. S19). Previous publications demonstrated that
PARP1 is essential and directly interacts, either through or independently of its PARylation
enzymatic activity, with NF-xB subunits (p50, p65, or both) to promote NF-xB target

gene transcription and production of NF-xB-inducible cytokines (43). Together with our
findings, the results of these publications indicate that PARPis regulate STING-dependent
and -independent NF-xB activities, and novel biomarkers and therapeutic targets that center
on these switches warrant further investigation. More recently, PARP1 was reportedly found
in cytoplasm to suppress the cGAS-STING innate immune signaling pathway (“canonical
STING” signaling pathway) through PARylating cGAS on D191 (human) or E176 (mouse),
inactivating cGAS protein for DNA binding, which depends on DNA damage signaling
activation of DNA-PK to phosphorylate T594 on PARP1 for its cytosolic translocation (44).
In agreement with our results, these observations provide additional, supportive mechanistic
evidence for PARPi-induced, altered NC-STING-NF-xB-I1L-6/STAT3 survival signaling to
canonical cGAS-STING-TBK1-IRF3-1FN-p signaling in prostate cancer.
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The phenotypic alterations associated with CRPC include changes in the TME. It has

long been understood that TAMSs can either facilitate or antagonize anticancer therapy
(45-47). Prostate cancer TAMs can substantially regulate tumor progression, and a recent
report showed an increase in CD206-positive macrophages in mCRPC compared to normal
prostate (48). Our results demonstrated that PARPi-mediated growth inhibition was, in part,
mediated by IFN-R3, whereas IL-6 antagonized these effects in SPOPmut C4-2b and RM-1-
BM cells cocultured with macrophages compared to monoculture (Fig. 5A, B). RNA-seq
analysis revealed interaction between PARP inhibition and SPOP mutation in reprogrammed
RM-1-BM-SPOPF133V cell and macrophage gene expression through soluble factors in
RM-1-BM-SPOPF133V and macrophage cocultures. Specifically, our results demonstrated
that PARPI interaction with RM-1-BM-SPOPF133V (compared to RM-1-BM empty vector
controls) led to regulation of a subset of common differentially expressed genes that were
specifically modulated by the coculture conditions (Fig. 5F and Supplementary Fig. S19).
These results suggest the development of similar approaches for identification of novel gene
mutation-based resistance pathways and therapy targets.

DDR mutations are seen in upwards of 25% of metastatic prostate cancers, with BRCAZ2
loss serving as the archetype of synthetic lethality with PARPI, though clinical benefit

is heterogeneous. Interestingly, a recent publication showed that micronuclei induced by
loss of BRCAZinitiate a canonical cGAS-STING response, which involves rewired TNF-
a signaling and enhances TNF-a sensitivity (49). Cancers with deleterious mutations in
BRCAZ have also been shown to upregulate the NF-xB survival pathway (50). Given this
data and our data herein, it is possible that pro-tumorigenic TME alterations resulting
from defects in specific DDR genes other than just SPOPmut may support DNA damage-
induced cGAS-STING signaling. Our results establish the foundation for application of a
novel paradigm for gene-based prognostication and prediction of benefit from PARPi-based
therapies in prostate cancer beyond just BRCA gene mutations.

In summary, we show that prostate cancer-associated SPOP mutations stabilize STING1 and
effectively lead to predominant activation of pro-tumor, immunosuppressive non-canonical
STING1 signaling in CRPC. Non-canonical STING-NF-xB signaling was the predominant
pathway that emerged in a gene expression signature derived from SPOPmut CRPC. In
addition, a portion of patients with primary, hormone-naive prostate cancer are enriched

for this NC-STING signature; and further studies assessing the prognostic and predictive
value of this signature are ongoing in longitudinal, correlative rich clinical trials for patients
with castrate sensitive prostate cancer (e.g., NCT04947254). It is possible that this balance
favoring non-canonical over canonical STING pathways downstream of DNA damage may
in part explain heterogeneity in clinical outcomes seen within DDR mutant subgroups,
including SPOP. The ability to identify patients from these heterogeneous subgroups with
prostate cancers that are enriched for immunosuppressive non-canonical STING signaling
and at greatest risk for developing lethal, androgen indifferent disease will guide biomarker-
directed combination treatment strategies such as the use of PARP inhibition and AR
signaling inhibition earlier in the treatment course for advanced prostate cancer.

Although the mechanistic studies herein point to a potential paradigm shift in gene-based
prognostication and prediction of benefit from PARPi-based therapies in prostate cancer, the
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results are limited by the use of immunodeficient mice, thus important questions on central
immune pathways affected in this context are crucial to answer in subsequent preclinical and
clinical studies. In addition, patient-based, biomarker-rich studies that test the interactions
between certain gene mutations and PARPis will be necessary to place our results in clinical
context. In this regard our ongoing clinical trials for patients with castrate sensitive prostate
cancer (NCT04947254) will contribute to this contingency.

Our studies mechanistically link the most prevalent point gene mutations in prostate cancer
—SPOP mutations—to NC-STING-NF-xB signaling and show that PARPis can shift NC-
STING signaling to anti-tumor canonical cGAS-STING signaling in both the tumor cells
and TAMs to enhance the therapeutic activity of this targeted therapy. Further studies into
the intersection of STING pathway signaling and PARP1’s role in TME remodeling within
the context of the androgen sensitivity spectrum in prostate cancer are warranted, and

will be imperative to guide subsequent biomarker-directed combination therapies, including
potential immune therapy and DDRi combinations for patients with advanced prostate
cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Somatic heterozygous missense mutations in the SPOP substrate-binding cleft are

found in up to 15% of prostate cancers. While mutations in SPOP predict for benefit
from androgen receptor signaling inhibition (ARSI) therapy, outcomes for patients with
SPOP-mutant (SPOPmut) prostate cancer are heterogeneous and targeted treatments for
SPOPmuLt castrate-resistant prostate cancer (CRPC) are lacking. We show in preclinical
CRPC models that SPOP targets and destabilizes STING1 protein, and prostate cancer
— associated SPOP mutations result in upregulated NC-STING-NF-xB signaling and
macrophage- and tumor microenvironment (TME)-facilitated reprogramming, leading to
tumor cell growth. We provide mechanism-based evidence that PARP inhibitor treatment
results in a shift from immunosuppressive NC-STING-NF-«xB signaling to anti-tumor,
canonical cGAS-STING-IFN-B signaling in SPOPmut CRPC and results in enhanced
tumor growth inhibition. These results define novel underlying mechanisms and clinical
markers to guide subsequent biomarker-directed combination therapies for patients with
advanced prostate cancer.
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Fig. 1. Upregulation of TNF-a-STING-NF-xB and non-canonical STING-NF-xB gene expression
in SPOP mutant prostate cancer patients.

A. GSEA analysis of castration-resistant prostate cancer data sets (Beltran, CRPC-Adeno
and CRPC-Neuro; Robinson-total RNA; Robinson- polyA RNA) with a curated gene set
(Hallmark) shows enrichment of TNF-a-NFxB signaling genes. B. Heatmap of significantly
differentially regulated genes from unsupervised analysis of the same data set using a

259 gene set comprised of canonical cGAS-STING-TBK1 and NF-xB signaling genes
identified a cluster of differentially expressed genes in SPOPmut prostate cancer patients
compared to SPOP wild-type patients. C. “Immunome” analysis of Beltran CRPC cohort
using a compendium of publicly available data from purified immune subsets. D. Heatmap
of significantly upregulated genes in SPOPmut prostate cancer from Beltran dataset in B
(NC-STING signature genes) using TCGA SPOPmut data set ordered by the z-score of
NC-STING signature (NC-STING Score).
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Fig. 2. Upregulation of non-canonical STING-NF-xB/STAT 3, canonical cGAS-STING and
activation STAT3-HM G secretory pathwaysin SPOP mutant (SPOPF102C/SPOPF133V)-
expressing prostate cancer cells.

A. Targeted proteomics analysis of Dox-inducible SPOPwt and SPOPmut C4-2b and
RM-1-BM prostate cancer models yielded 81 protein features that were differentially
expressed between SPOPmut (F102C and F133V) C4-2b prostate cancer cells compared

to SPOPwt or empty vector controls (upper panel). Ingenuity Pathway Analyses of these 81
proteins revealed enriched representation of NF-xB-centric protein network features (lower
panel). B, C. Immunoblot analysis of proteins involved in non-canonical STING-NF-xB
signaling, cCGAS-STING signaling and STAT3-HMG secretory regulation pathways in stably
transduced SPOPwt- and SPOPmut-(F102C, F133V) expressing or empty vector control
C4-2b and RM-1-BM prostate cancer cells.
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Fig. 3. STINGL1 isa putative SPOP-interacting substrate and is functionally regulated by
expression of substrate-binding deficient SPOP mutation (SPOPF102C, SPOPF133V).

A. Analysis of STING1 protein following induced expression of SPOPwt, SPOPF102C

or SPOPF133V in doxycycline-inducible C4-2b and RM-1-BM cells (induced with the
dose of doxycycline at 0, 10 or 200 for C4-2b-SPOPs and 0, 20 or 200 for RM-1-BM-
SPOPs, respectively). B. Analysis of STINGL1 protein in proteosome inhibitor (PS-341)
treated, Dox-induced and stably transfected SPOPwt models. C. Co-IP analysis of protein-
protein interactions of SPOP and STINGL. D. In vivo ubiquitination assay to examine

the polyubiquitination of STING1 protein by SPOP E3 ligase complex (SPOP-Culin3-
RBX1) or SPOPmuts (SPOPF102C, SPOPF133V) cotranfected in 293T cells. E. Analysis
of SPOPwt and STING1 following cotransfection in 293T cells. F. Cycloheximide (CHX)
chase protein half-life assay of STING1 following SPOPwt, SPOPF102C or SPOPF133V
co-expression.
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Fig. 4. SPOP mutants potentiate growth inhibition and induction of cGAS-STING by

PARP inhibitor treatment, associated with increased inhibitory STAT3 phosphorylation and
suppression of secretory signaling targets and non-canonical STING-NF-xB signaling in prostate
cancer models.

A. MTS analysis of C4-2b and RM-1-BM (SPOPF102C or SPOPF133V) treated with

siSTING or siNC in the presence and absence of olaparib (OLA), *, P<0.05, and **, P<0.01.
B. Colony formation and C. MTS analysis of cell proliferation in doxycycline (Dox)-
induced SPOP mutant-expressing C4-2b and RM-1-BM (SPOPF102C or SPOPF133V)

in the presence and absence of OLA. T-test was used for statistical analysis, *, P<0.05,

and **, P<0.01. D. Immunoblot analysis of OLA-induced DNA damage and canonical
STING1 signaling activities (phosphorylation of STING1 and IRF3, and IFN-B) in Dox-
induced C4-2b and RM-1-BM SPOP mutants compared to empty vector controls in a
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dose-dependent manner (Dox 10 and 200 ng/mL for C4-2b-SPOP models, or 20 and 200
ng/mL for RM-1-BM-SPOP models). E. Analysis of the effects of PARP inhibitor (OLA
and talazoparib, TALA) on DNA damage (yH2AX), cGAS-STING-TBK1 signaling, IFN-f
protein expression, p-S754-STAT3 expression, HMGA1/HMGBs secretory signaling protein
expression, NF-xB signaling, IL-6 expression and expression of proapoptotic signaling
proteins (cleaved caspases 3 and 7) in human and mouse SPOPmut models compared to
empty vector control cells.
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Fig. 5. Expression of SPOP mutationsin prostate cancer cells enhance PARP inhibitor-mediated
growth inhibition through paracrine activitiesin prostate cancer-macrophage coculture models.

A, B. Expression of SPOP mutant (F102C or F133V) sensitized C4-2b and RM-1-BM
prostate cancer models to OLA-mediated growth inhibition. Data were normalized to
monocultures of the designated cells following DMSO (control) and OLA treatment. C,

D. RT-gPCR analysis of cGAS-STING signaling and IFN- production specifically in
macrophages (THP-1 or RAW264.7) that were cocultured with OLA-treated C4-2b and
RM-1-BM cells expressing SPOP mutants (SPOPF102C or SPOPF133V) or vector controls.

Clin Cancer Res. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Geng et al.

Page 29

E. IB analysis of p-Sting-p-Tbk1-1FN-B signaling in RAW264.7 cells in monoculture and
coculture [with RM-1-BM prostate cancer models expressing SPOPmuts (SPOPF102C and
SPOPF133V) or empty Vector Control (VC)]. A-D. * One-way ANOVA was used to
compare the differences in one group, # T test for compare the differences between OLA
and other OLA combination treatments, respectively. *or # £<0.05, **or # p<0.01, ***or
## P<0.005. Bar legend for panels A-D is shown in panel C. F. Heatmaps of common
differentially expressed genes in cocultured RM-1-BM-SPOPF133V prostate cancer cells
and macrophages to show significant (FDR < 0.05) interaction between treatment [OLA or
vehicle control (DMSO)] and SPOP phenotype.
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Fig. 6. SPOPmut prostate cancer demonstrates enhanced sensitivity to PARP inhibitor therapy.
A. Tumor growth during vehicle or talazoparib (TALA) treatment in C4-2b vector controls

and C4-2b-SPOP-F133V mutant expressing xenograft models. Two-way ANOVA was used
to analyze the statistical significance of control vehicle vs TALA-treated C4-2b-empty
vector tumor growth or C4-2b-SPOPF133V tumor growth, respectively, **** P<0.0001.
In addition, three-way ANOVA test was used to analyze TALA treatment affected growth
of C4-2b-SPOPF133V tumors (-/+TALA) vs C4-2b-empty vector tumors (—/+TALA), *,
P=0.0105. B. Tumor growth inhibition (TGI) index analysis of talazoparib-induced growth
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suppression in C4-2b-SPOP-F133V mutant expressing xenograft models compared to vector
controls. For each individual day point, t-test is used to determine the significance of
C4-2b-SPOPF133V vs C4-2b-empty vector tumor TGI %, **, P<0.01 and *, P<0.05. C,
D. Immunostaining analysis shows significantly increased p-S366-STING1 and inhibitory
p-S754-STAT3 in tumors from A and B, respectively (Bar inset=200 um). E, F, G.
Immunofluorescence (IF) analysis to examine y-H2AX (E), Interferon-p (F), and cleaved
caspase 7 (G) in tumors from A and B, respectively (Bar inset=25 um). Quantitative data
of immune staining or IF signals shown in C-G are MEAN % SD (n=5), ***p<0.001,
****n<0.0005, two-way ANOVA. H. Mechanistic interactions that underlie the “switch”
from non-canonical STING signaling to canonical STING signaling shown before and after
PARP inhibitor treatment in SPOPmut prostate cancer.
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