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Prostate cancer is a leading cause of cancer-related mortality in men.
The widespread use of androgen receptor (AR) inhibitors has gen-
erated an increased incidence of AR-negative prostate cancer, trig-
gering the need for effective therapies for such patients. Here,
analysis of public genome-wide CRISPR screens in human prostate
cancer cell lines identified histone demethylase JMJD1C (KDM3C) as
an AR-negative context-specific vulnerability. Secondary validation
studies in multiple cell lines and organoids, including isogenic mod-
els, confirmed that small hairpin RNA (shRNA)-mediated depletion
of JMID1C potently inhibited growth specifically in AR-negative
prostate cancer cells. To explore the cooperative interactions of
AR and JMJD1C, we performed comparative transcriptomics of 1)
isogenic AR-positive versus AR-negative prostate cancer cells, 2) AR-
positive versus AR-negative prostate cancer tumors, and 3) isogenic
JMJD1C-expressing versus JMJD1C-depleted AR-negative prostate
cancer cells. Loss of AR or JMJD1C generates a modest tumor necro-
sis factor alpha (TNF«a) signature, whereas combined loss of AR and
JMJD1C strongly up-regulates the TNFa signature in human prostate
cancer, suggesting TNFa signaling as a point of convergence for the
combined actions of AR and JMJD1C. Correspondingly, AR-negative
prostate cancer cells showed exquisite sensitivity to TNFa treatment
and, conversely, TNFa pathway inhibition via inhibition of its down-
stream effector MAP4K4 partially reversed the growth defect of
JMJD1C-depleted AR-negative prostate cancer cells. Given the dele-
terious systemic side effects of TNFa therapy in humans and the
viability of JMJD1C-knockout mice, the identification of JMJD1C in-
hibition as a specific vulnerability in AR-negative prostate cancer
may provide an alternative drug target for prostate cancer patients
progressing on AR inhibitor therapy.
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rostate cancer is the most common cancer and the second-

leading cause of cancer death among men in the United
States (1). Androgen deprivation therapy (ADT) has improved the
treatment of prostate cancer while also fueling increased incidence
of ADT-resistant prostate cancers, a disease state termed castration-
resistant prostate cancer (CRPC) (2). ADT resistance mechanisms
center on enhanced androgen receptor (AR) signaling via
overexpression, genome amplification, and/or mutation of AR.
Targeting androgen circuits by AR signaling inhibitors such as
enzalutamide and abiraterone is now the standard of care in
CRPC and has extended patient survival, although sustained re-
mission is rare (3, 4). Notably, the effective repression of AR
signaling by these drugs has been shifting CRPC patients to a
more intractable “AR-negative state” (5). This growing population
of AR-negative prostate cancer patients with progressive disease
(5, 6) has created an urgent need for therapies targeting specific
vulnerabilities in AR-negative prostate cancer cells.

Targeting undruggable loss-of-function mutations via synthetic
lethal strategies has received increasing attention as a potential
strategy to identify context-specific molecular targeted therapies
in cancer. A celebrated proof-of-concept example for the tar-
geting of loss-of-function mutations is the clinical effectiveness of
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poly(ADP)-ribose polymerase inhibitors in BRCA-deficient
cancers (7, 8). The advent of genome-wide CRISPR-Cas9
gene-knockout screens has revolutionized the study of genetic
interactions in human cells (9, 10), facilitating the potential
discovery of additional synthetic lethal pairs and other context-
specific vulnerabilities (11).

In this study, CRISPR context dependency analysis (12) in AR-
negative prostate cancer cells identified the histone demethylase
JMIDI1C (KDM3C) as a target for AR-negative prostate cancer.
Mechanistic studies identified the repression of tumor necrosis
factor alpha (TNFa) signaling as a common point of convergence
of AR and JMJD1C in the maintenance of prostate cancer. While
TNFua elicits strong cytotoxic and immune modulatory effects on
malignant tumors, its use as a biologic therapy in cancer has been
limited by deleterious side effects, such as systemic shock and
inflammation (13-15). In several prostate cancer models, we show
that JMJD1C depletion leads to specific growth suppression of
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AR-negative cells via activation of the TNFo network, consistent
with a synthetic lethal relationship between AR and JMJDI1C.

Results

Specific Vulnerabilities Revealed by Analysis of CRISPR Screens. To
identify context-specific candidate targets, we sought to compare
CRISPR knockout fitness screens in prostate cancer cell lines
with knockouts in other backgrounds. The Cancer Dependency
Map (DepMap), the largest public resource of CRISPR knock-
out screens in cancer cell lines (16), currently contains data from
over 700 high-quality screens using the Avana CRISPR library

(Materials and Methods); however, only one prostate cancer cell

line is present in this dataset.
LNCaP, an androgen-sensit

An earlier effort (17) included both
ive prostate cancer cell line with

wild-type TP53, and PC3, an androgen-resistant, 7P53-negative
cell line, among 33 cell lines screened with the earlier-generation

GeCKO v2 CRISPR library.

To identify prostate cancer—specific essential genes, we first

applied our BAGEL (Baye:
pipeline (18, 19) to each sc

sian analysis of gene essentiality)
reen to evaluate gene essentiality.

BAGEL uses gold-standard positive and negative training sets to
train a gene essentiality classifier and returns a log Bayes factor
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Fig. 1. CRISPR screening revealed the context-specific dependency in AR/p53-negative PC3 cells. (A) Cell type-specific dependency revealed by BAGEL

analysis comparing CRISPR screening data in LNCaP (Left) and PC3 (Right) with 719 DepMap cell lines. (B and C) Growth curves of doxycycline-inducible shRNA
expressing LNCaP (B) and PC3 (C), showing specific growth defects in PC3 by JMJD1C knockdown. The mean and SEM are indicated; n = 3 biological replicates.
Dox, doxycycline; ishRNA, inducible shRNA. (D) Quantification of the growth assays in B and C. The growth inhibition by doxycycline treatment in each group

is shown. The mean and SEM are indicated. NS, not significant. ****P < 0.00
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(BF) for each gene that, in the context of a typical genome-scale
knockout screen in a cell line, represents a blend of statistical
confidence and quantitative estimate of knockout fitness.

Direct comparison of CRISPR gene-knockout fitness effects
across different experiments can be problematic. Variation in guide
RNA (gRNA) sequences, number of reagents per gene, and ex-
perimental design can modulate signal and make quantitative
comparisons error-prone. To circumvent this issue, we applied a
binary classification filter to 719 Avana-screened cell lines in the
DepMap database (Materials and Methods). We then calculated the
frequency that each gene is identified as essential across these cell
lines. Finally, we compared the BAGEL scores of the GeCKO-
screened prostate cancer cell lines with the frequency of gene essen-
tiality calculated from the Avana-screened DepMap data (Fig. 14).

To identify context-specific genes, we searched for genes with
high BF in prostate cancer cells but low background likelihood of
essentiality in Avana screens (Fig. 14). As expected, androgen-
sensitive LNCaP cells showed a high specific vulnerability to
knockout of AR as well as the transcription factors involved in
hormone signaling (TFAP2C, GATA2) (Fig. 1 A, Left). This cell
line also shows dependence on MDM2, MDM4, and PPM1D,
which are required to suppress TP53-mediated apoptotic sig-
naling in TP53 wild-type cells (20). By contrast, androgen-
insensitive, TP53-mutant PC3 cells show significant differences
in their genetic dependencies (Fig. 1 A, Right). Specifically, the
Whnt/B-catenin pathway gene FZD§ shows high BFs in PC3 cells
but not other cells, consistent with a previous report indicating
some metastatic prostate cancers are dependent on FZDS§ (21).
Interestingly, chromatin remodeling factors ARID5B and
JMIDI1C, both involved in histone demethylation, are also highly
essential in these cells.

Targets shared by both cells may also reflect general charac-
teristics of prostate cancer biology. Pioneer transcription factor
FOXA1 and developmental transcription factors HOXB13 and
RREBI are specific to prostate cells relative to cells of other
lineages (Dataset S1). Since Wnt-specific vulnerability in p53-
null prostate cancer has been elucidated (21), we instead fo-
cused on novel chromatin remodeling factors. Among these,
JMIDI1C possesses putative druggable enzymatic domains (22),
and thus we chose JMJD1C for validation using a doxycycline-
inducible small hairpin RNA (shRNA) system. The depletion of
JMIDI1C by two independent hairpins (S Appendix, Fig. S1 A
and B) had marginal effects on the growth of LNCaP cells
(Fig. 1 B and D) yet elicited substantial growth suppression in
PC3 cells (Fig. 1 C and D).

AR-Negative Prostate Cancer Cells Exhibit Specific Sensitivity to JMJD1C
Inhibition. Next, we explored the role of TP53 and AR status in
dictating the differential response of LNCaP and PC3 cells to
JMIDI1C depletion. To assess the relevance of intact p53, we
engineered isogenic p53-null LNCaP cells using CRISPR (S Ap-
pendix, Fig. S1C) and demonstrated marginal growth differences
upon JMJIDIC depletion relative to pS3 wild-type LNCaP controls
(Fig. 2 A-C). To assess the impact of AR status, we used an in-
ducible AR depletion model of LNCaP (LNCaP*"'*“) described
previously (5). As depletion of AR in LNCaP*"™ is achieved via a
doxycycline-inducible shRNA cassette (5), we introduced a
doxycycline-inducible shRNA cassette targeting JMJD1C to enable
contemporaneous depletion of AR and JMJD1C and afford as-
sessment of the impact of dual depletion versus AR-only depletion
(i.e., a nonsilencing control for JIMID1C). In this model, IMID1C
depletion (SI Appendix, Fig. S1D) completely suppressed the
growth of AR-depleted LNCaP cells, whereas AR depletion alone
(the nonsilencing control) had no effect (Fig. 2D). Similarly, the
interaction of AR and JIMJD1C was confirmed in a patient-derived
prostate cancer organoid model, MSKPCal, a more clinically rel-
evant model which is intrinsically AR-negative (23) (Fig. 2E and SI
Appendix, Fig. S1E). Finally, the AR antagonist enzalutamide
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sensitized wild-type LNCaP to JMJDIC depletion in both two-
dimensional growth and tumor sphere formation assays (SI Ap-
pendix, Fig. S2). Together, these results support the view that
JMIDIC depletion selectively suppresses the growth of AR-
negative prostate cancer cells.

AR Loss Confers Selective Vulnerability to the Up-Regulation of TNFo
Downstream Genes. To decipher the mechanisms governing se-
lective growth arrest in JMJD1C-silenced AR-negative prostate
cancer cells, we first analyzed the transcriptomic changes brought
about by AR loss by comparing AR-negative LNCaP (LNCaP*"'*C)
and the parental LNCaP (LNCaP*"RPATK) treated with an AR
agonist (R1881) (5). Gene set enrichment analysis (GSEA)
showed that “TNFa signaling via nuclear factor kB (NFxB)” is
the most enriched signature up-regulated in AR-negative
LNCaP (Fig. 3 4 and B). This tendency was confirmed by the
observation of clinical datasets, where TNFa signature scores
were higher in patients with a low AR signature (Fig. 3C). Next,
we conducted whole-transcriptomic analysis to assess the effects
of JMJDI1C depletion in PC3 and AR-depleted LNCaP cells.
GSEA uncovered up-regulation of TNFa signaling via NFkB as
one of the most enriched signatures in JMJD1C-depleted PC3
cells (Fig. 3 D and E). Similarly, enrichment of TNFa down-
stream genes was observed in JMJD1C-depleted AR-negative
LNCaP cells (Fig. 3 F and G), but not in the original LNCaP
cells (SI Appendix, Fig. S2 A and B). These results indicate that
JMJIDI1C depletion up-regulates TNFa downstream genes in AR-
negative prostate cancer cells. To further confirm the cooperative
regulation of TNFa circuits by JMID1C and AR, we analyzed in
clinical datasets the JMJIDIC signature defined by 117 genes
commonly down-regulated by JMJD1C depletion in PC3 and AR-
negative LNCaP (SI Appendix, Fig. S34 and Dataset S2), and ob-
served that patients with low AR or JMJD1C signatures showed a
modest TNFa signature, whereas patients with a combined low AR
and JMJDI1C signature showed strong up-regulation of the TNFa
signature in three independent cohorts (Fig. 3H and SI Appendix,
Fig. S4 B and C).

The increased TNFa signature associated with AR loss raised
the possibility that prostate cancer cells with AR loss may exhibit
increased sensitivity to further up-regulation of the TNFa net-
work. To test this possibility, we treated parental AR-positive
LNCaP and AR-negative LNCaP cells with TNFa. We observed
dose-dependent killing of AR-negative LNCaP cells with TNFa
treatment and no impact on parental AR-positive LNCaP cells
(Fig. 3I). Correspondingly, survival analysis for metastatic prostate
cancer patients showed that low JMJD1C signature scores corre-
lated with better prognosis only in patients harboring low AR
signature scores (Fig. 3/). Together, these findings support the
view that activation of the TNFa network may underlie the sup-
pressive growth impact of JMJDIC depletion in AR-negative
prostate cancer cells. As such, targeting JMJID1C may confer a
selective vulnerability for AR-negative prostate cancers.

Blockade of TNFo Downstream Signaling Attenuates Growth Suppression
Induced by JMJD1C Depletion in AR-Negative Prostate Cancer Cells.
Given that both AR loss and JMJD1C knockdown up-regulate
the TNFa network, we hypothesized that genes commonly sup-
pressed by AR and JMJDI1C are responsible for the cooperative
phenotype. To identify such genes, we intersected genes suppressed
by AR agonist treatment (5) and genes up-regulated by IMJID1C
depletion in PC3 and AR-negative LNCaP cells (Fig. 44). Among
42 shared genes, we focused on MAP4K4 as it is a well-established
key downstream kinase of TNFa signaling (24, 25) and its up-
regulation elicits increased cell death in lung cancer (26)
(Fig. 4B). To assess the potential clinical relevance of MAP4K4 in
relation to AR status, we interrogated publicly available human prostate
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cancer datasets, revealing that AR signature correlated negatively with
MAP4K4 expression (Fig. 4C). To further test the functional TNFa
activation in the AR-negative JMJD1C-depleted context, we
assessed the impact of a MAP4K4 selective inhibitor, PF-06260933
(27), revealing partial rescue of the growth suppression induced by
JMIDI1C depletion (Fig. 4 D and E). Together, these results rein-
force the finding that TNFo activation plays a role in the selective
sensitivity of AR-negative cells to JMJD1C depletion (Fig. 4F).

Discussion

In this study, we identified a JMID1C dependency driven by AR
loss and accompanied by TNFa signaling activation. We showed
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that IMJD1C depletion specifically suppresses the growth of AR-
negative prostate cancer cells using multiple models including
isogeneic cell lines and a patient-derived prostate cancer organoid.
Whole-transcriptomic analysis revealed that both AR depletion
and JMJDI1C depletion independently, and in combination, up-
regulate the TNFo network. Furthermore, expression signature
analysis using prostate cancer patient datasets aligned with the
cooperative suppressive function of AR and JMJD1C in TNFa
regulation. Isogeneic AR-null models highlighted the specific
vulnerability of AR-negative cells to TNFa treatment and, con-
versely, blocking TNFoa downstream signaling with a MAP4K4
inhibitor partially rescued the growth defect of IMJD1C depletion
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in AR-negative prostate cancer cells. Patients with low AR and
JMIDI1C signature scores presented the most favorable prognosis.
Together, these results show that AR loss confers sensitivity to
JMIJDIC inhibition, a sensitivity involving TNFa activation.

Our finding that AR loss enhances TNFa signaling is consistent
with recent clinical observations where patients refractory to
enzalutamide treatment show low AR activity and an activated
TNFa signature (28). Furthermore, the ability for JMJDIC to act
as a suppressor of TNFa and the NFxB pathways is supported by
similar observations in JMJD1C-knockout mice and JMJD1C
knockdown in THP-1 cells (29), suggesting that JMJD1C and AR
could cooperatively function in the suppression of TNFo down-
stream genes to prevent overactivation in prostate cancer cells.
Cooperation of JMJD1C and AR is further supported by the fact
that JMJD1C was originally discovered as a coactivator of AR (30).
Partial growth rescue via MAP4K4 blockade in JMJD1C-depleted
PC3 cells (Fig. 4E) could be explained by the observation that there
are several other TNFa-related genes up-regulated by JMJD1C
knockdown, such as CDKNI1A, TNFRSF21, a TNF receptor (31),
and MAP3K?2, which is important in delayed activation of NFxB
(32) (Fig. 3B). 1t is tempting to speculate that targeting MAP4K4
in combination with other targets downstream may fully rescue
JMJD1C-dependent growth arrest in AR-negative prostate cancer.
Nevertheless, on the basis of alteration of other pathways in
JMJD1C-depleted cells (Fig. 3), we cannot exclude the possibility
that signaling pathways, beyond the TNFo network, might also
contribute to the specific growth defect by JIMJD1C blockade in
AR-negative prostate cancer cells.

JMIDIC is a member of the KDM3 family of histone deme-
thylases that also includes KDM3A and KDM3B. Previous work
has established a role for KDM3A and KDM3B in advanced
prostate cancer in the AR-positive state which stands in contra-
distinction to the specific role of IMID1C in AR-negative disease.
Specifically, KDM3A has been shown to activate AR downstream
genes via direct histone modification of AR downstream genes
(33), promoting alternative splicing of AR variant 7 (34) and en-
hancing AR-dependent c-Myc expression (35). KDM3B is re-
quired for the growth in AR-expressing androgen-independent
prostate cancer cells through regulating the expression of meta-
bolic enzymes such as ARG2 and RDH11 (36). These studies,
together with this report, suggest that KDM3 family members play
distinctive and critical roles in promoting prostate cancer. Thus, a
pan-KDM3 inhibitor may be useful in combating various forms of
prostate cancer.

A key finding of this study is the synthetic lethal relationship
between AR and JMJIDI1C. JMIDI1C has been identified as a
promising target in other cancer types, such as leukemia (37, 38),
colorectal cancer (39, 40), and esophageal cancer (41); our find-
ings here expand the potential utility of JMJDI1C blockade spe-
cifically in AR-negative prostate cancer, which currently has
limited treatment options. TNFa treatment has been shown to
exhibit efficacy in locally advanced hormone-resistant prostate
cancer disease, although its use is limited to local and intratumoral
administration due to its significant systemic toxicity (42). Most
CRPC cases present with widespread metastatic disease, thus
limiting the utility of local TNFa treatment. It is notable that
JMJD1C-knockout mice are viable with only male infertility (43),
suggesting that JMJD1C blockade may prove to be a safer alter-
native to TNFa therapy for the treatment of AR-negative meta-
static CRPC. In conclusion, the synthetic lethal relationship
between AR and JMJD1C may provide a much needed thera-
peutic option for the growing number of patients suffering from
AR-negative prostate cancer.

Materials and Methods

CRISPR Screen Analysis. Read count data from the Cancer Dependency Map
(16) and Aguirre et al. (17) were processed with CRISPRcleanR (44) and BA-
GEL2 (19) to generate copy-number corrected Bayes factors for each cell line,

Yoshihama et al.
AR-negative prostate cancer is vulnerable to loss of JMJD1C demethylase

using the Hart essentials (45, 46) to train the algorithm. For the DepMap
data, screens with F1 score <0.8 at BF =3 were discarded as low-quality (n =
719 screens passed the filter). BFs for each gene were then normalized by
the number of gRNAs targeting the gene, and genes were classified as es-
sential where normalized BF >3 (corresponding to a posterior probability of
gene essentiality >90%), and nonessential otherwise.

Cell Lines and Plasmids. LNCaP and PC3 cell lines were purchased from the
ATCC. Control or p53-knockout LNCaP cells were established using Control
CRISPR/Cas9 Plasmid (Santa Cruz Biotechnology; sc-418922) and p53 CRISPR/
Cas9 Plasmid (Santa Cruz Biotechnology; sc-416). Briefly, LNCaP cells were
transfected with Lipofectamine 3000 (Invitrogen), and green fluorescent
protein—positive cells were sorted 48 h after transfection. The bulk population
of sorted cells was used for subsequent experiments. LNCaP*""C is a kind gift
from Peter S. Nelson, Fred Hutchinson Cancer Research Center, Seattle, WA.
SMARTvector inducible lentiviral shRNA vectors were purchased from Dhar-
macon. Target sequences are as follows: nonsilencing, 5'-CAC ACA ACA TGT
AAA CCA GGG A-3'; IMID1Ci#1, 5'-ACT TCG AACTGA CAATGT T-3'; JMID1C#2,
5-GGG TCA GTG ATG TAG TTA A-3'. Lentiviruses were packaged in 293T cells
using second-generation packaging vectors psPAX2 (Addgene plasmid 12260)
and pMD2.G (Addgene plasmid 12259). PC3 and LNCaP cells transduced with
lentivirus were selected with 2 pg/mL puromycin.

Tumor Sphere Culture. LNCaP cells were collected and washed to remove serum,
and then suspended in serum-free Dulbecco’s modified Eagle’s medium/F12
supplemented with 20 ng/mL human epidermal growth factor (R&D Systems;
236-EG), 10 ng/mL human basic fibroblast growth factor (Gibco; PHG0261), 2%
B27 (Gibco; 17504-044), and 1% N2 supplement (Gibco; 17502-048). The cells
were plated in 96-well ultra-low-attachment plates (Corning) at a density of
500 cells per well. Ten days later, solid tumor spheres were counted and
quantified using an inverted microscope.

Organoid Culture. MDKPCa1, a prostate cancer patient-derived organoid, was
provided by Yu Chen, Memorial Sloan Kettering Cancer Center, New York,
NY, and maintained as described previously (23, 47). Lentiviral transduction
was conducted with the modified protocol described previously (48). Briefly,
lentivirus vectors were concentrated using a Lenti-X Concentrator (Clontech;
PT4421-2) and then the pellet was resuspended in organoid media con-
taining 8 pg/mL polybrene (Millipore; TR1003-G). Organoids were trypsi-
nized, suspended in lentivirus-containing media, and then incubated for 1 h
at 37 °C. Organoids were resuspended in Matrigel and plated as described.
After transduction (2 to 3 d), the organoids were selected with 1 pg/mL
puromycin. Images for organoids were captured using a Leica DFC295 mi-
croscope with an HI Plan 20x/0.30 numerical aperture Ph1 objective and LAS
v4.13 software. Organoid size was analyzed with Image) software.

Western Blot Analyses. Samples were lysed in 1% LDS buffer (10 mM Tris-HCl,
pH 8.0, 1% lithium dodecyl sulfate, 10% glycerol) and the protein concen-
tration was quantified with a detergent-compatible protein assay. Lysates (10
to 20 pg per lane) were resolved by sodium dodecyl sulfate-polyacrylamide-gel
electrophoresis and transferred onto polyvinylidene fluoride membranes. The
antibodies used were rabbit anti-p53 (DO-1 CST18032; Cell Signaling Tech-
nology) and mouse anti-g-actin (A2228; Sigma-Aldrich).

RNA Isolation and qRT-PCR. RNA was isolated by the RNeasy Mini Kit (Qiagen).
DNA was removed by treating with DNase from the kit (Qiagen). Comple-
mentary DNA was generated using All-in-One RT MasterMix (ABM; G490).
qRT-PCR was performed with 1x SYBR Green PCR Master Mix (Thermo Fisher
Scientific; 4309155) using primers that had been optimized for their melting
curve. Human beta-actin (ACTB) expression was used as an internal control.
Primer sets used were as follows. JIMJD1C, 5-AGCAGTATACCAGATGAAGAG-
3’ and 5-TGAATTTTCTGAGTCACTGC-3'; ACTB, 5-GACGACATGGAGAAAATC-
TG-3’ and 5-ATGATCTGGGTCATCTTCTC-3".

RNA Sequencing and Transcriptomic Analysis. RNA was isolated by directly
adding RLT buffer of the RNeasy Mini Kit (Qiagen). RNA sequencing (RNA-seq)
was performed by the Sequencing and ncRNA Program of the Advanced
Technology Genomics Core at MD Anderson. Libraries were generated using
lllumina’s TruSeq Kit and were sequenced using the Illumina HiSeq 2000 or
NextSeq 500 Sequencer. Raw sequencing data (BCL format) were converted to
Fastq files using lllumina Casava software (v1.8.2) and aligned to the human
reference genome (hg19) using STAR software. The HTSeg-count program was
used to generate raw read counts for each gene. The R package DESeq2 was
used for data normalization and differential expression analysis. Pathway
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enrichment analysis was performed using GSEA software based on the nor-
malized counts by DESeq2. The gene expression signature activity scores were
calculated in R using the gene set variation analysis (gsva) method of the GSVA
v1.24.0 Bioconductor package, taking log2-transformed DESeqg2-normalized
counts as input (49). The AR signature score, TNFa signature score, and
JMJD1C signature score were calculated by using 10 AR activity genes (KLK3,
KLK2, TMPRSS2, FKBP5, NKX3-1, PLPP1, PMEPA1, PART1, ALDH1A3, STEAP4),
hallmark gene sets (HALLMARK_TNFA_SIGNALING_VIA_NFKB from MSigDB
v5.0) (50, 51), and 117 genes commonly down-regulated by JMJD1C depletion
in PC3 and LNCaPAPP€,

Proliferation Assay. The cell growth of the cell lines was assayed by measuring
confluence with IncuCyte (Essen BioScience). Growth curves using IncuCyte
were generated by imaging every 6 h with triplicate or quadruplicate rep-
licates. Growth was calculated for each well by subtracting the starting
confluence from the final confluence. Growth inhibition was calculated by
comparing doxycycline-treated and untreated samples.

TNFa Sensitivity Assay. Recombinant human TNFa was purchased from Gibco
(PHC3015). Cells (1 x 10* per well) were seeded in 96-well plates and treated
with TNFa on the following day. After a 3-d incubation, the live cell number
was evaluated with the CellTiter-Glo Luminescent Cell Viability Assay (Prom-
ega; G7572). Luminescence was counted by CLARIOstar (BMG Labtech).

Clinical Data and Patient Survival Analysis. RNA-seq gene expression profiles
and overall survival data of three clinical prostate cancer datasets were used
in the current analysis: the PRAD cohort of The Cancer Genome Atlas (TCGA)
(provision 2016-01 from http:/gdac.broadinstitute.org/) and MCTP cohort
(52) and SU2C cohort (53) from https:/www.cbioportal.org/. For TCGA ex-
pression analysis, log2-transformed gene-level normalized counts were used.
For MCTP and SU2C expression analysis, gene-level z scores were used. AR,
JMID1C, and TNFa signature scores were calculated with gsva as described
above. Tumors with negative signature scores (<0) of a pathway were
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considered as low-activity and those with positive signature scores (>0) were
considered as high-activity. Survival analysis with the log-rank test and the
generation of Kaplan-Meier curves were done in R.

Statistical Analysis. GraphPad Prism 8 software was used to conduct statistical
analysis of all the data. Two-way ANOVA was used to calculate P values for
the comparison of the growth inhibition data obtained by IncuCyte. P values
for the organoid size comparison were calculated with the one-way ANOVA
Kruskal-Wallis test. P values for comparison of gene signatures in patients
were calculated by Student’s t test. The Pearson correlation coefficient was
used to study the relationships between variables shown in scatterplots us-
ing the cor.test function in R. GSEA was implemented with java web start
v2.2.1 from the Broad Institute (50, 54).

Data Availability. The RNA-seq data reported in this article have been de-
posited in the National Center for Biotechnology Information Gene Ex-
pression Omnibus (accession no. GSE166657). All study data are included in
the article and/or supporting information. Previously published data were
used for this work (5).
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