Cell Reports

Pharmacological depletion of RNA splicing factor
RBM39 by indisulam synergizes with PARP inhibitors
in high-grade serous ovarian carcinoma

Graphical abstract

Indisulam causes RBM39-
dependent RNA splicing defects

Indisulam enhances sensitivity
to PARP inhibitors

Aryl- poly-
sulfonamides RBM39 ubiquitination
— 2 — ( RBM39
indisulam Ubiquitin ligase [ Z Z g )
E7820 DCAF15
Exon skipping proteinl
interference of ~ degradation
RNA splicing
RBM39

Intron retention

RNA splicing defects in genes associated
with the adaptive response to
PARP inhibitor treatment

«* DNA damage repair: BRCA1, RAD51D
DNA replication: CHK2, FANCI

* Cell cycle checkpoints: ATM, CHK1

Increased DNA
damage

Aberrant replication
fork progression

Cell cycle arrest

S

61 G2M

PARP inhibitor
+ indisulam

PARP
inhibitor

genotoxic stress

drug concentration

Highlights
RBM39 regulates mRNA splicing of DNA damage repair

genes such as ATM and BRCA1

RBMB39 depletion through indisulam synergizes with cisplatin

and PARP inhibitors

Olaparib-induced activation of ATM, Chk2, and Chk1 is

suppressed by indisulam

Indisulam improves response to olaparib treatment in a

murine HGSC model

Xu et al., 2023, Cell Reports 42, 113307
October 31, 2023 © 2023 The Authors.

https://doi.org/10.1016/j.celrep.2023.113307

Authors

Yuewei Xu, Sarah Spear, Yurui Ma, ...,
lain McNeish, Hector C. Keun,
Anke Nijhuis

Correspondence

h.keun@imperial.ac.uk (H.C.K.),
a.nijhuis@imperial.ac.uk (A.N.)

In brief

Xu et al. show that RBM39 modulates
correct splicing of various DNA damage
repair factors in ovarian cancer cells.
Depletion of RBM39 through molecular
glues such as indisulam leads to RNA
splicing defects in these genes and
improves PARP inhibitor response in vitro
and in vivo.

¢? CellPress


mailto:h.keun@imperial.ac.uk
mailto:a.nijhuis@imperial.ac.uk
https://doi.org/10.1016/j.celrep.2023.113307
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.113307&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Pharmacological depletion of RNA splicing factor
RBM39 by indisulam synergizes with PARP
inhibitors in high-grade serous ovarian carcinoma

Yuewei Xu,! Sarah Spear,’? Yurui Ma,’ Marc P. Lorentzen,’2 Michael Gruet,’ Flora McKinney,' Yitao Xu,’
Chiharu Wickremesinghe,'-?> Madelen R. Shepherd, lain McNeish,'-2 Hector C. Keun,'->* and Anke Nijhuis™-2-3.*
'Department of Surgery & Cancer, Imperial College London, London, UK

2Qvarian Cancer Action Research Centre, Department of Surgery & Cancer, Imperial College London, London, UK

3Lead contact

*Correspondence: h.keun@imperial.ac.uk (H.C.K.), a.nijhuis@imperial.ac.uk (A.N.)

https://doi.org/10.1016/j.celrep.2023.113307

SUMMARY

Ovarian high-grade serous carcinoma (HGSC) is the most common subtype of ovarian cancer with limited
therapeutic options and a poor prognosis. In recent years, poly-ADP ribose polymerase (PARP) inhibitors
have demonstrated significant clinical benefits, especially in patients with BRCA1/2 mutations. However, ac-
quired drug resistance and relapse is a major challenge. Indisulam (E7070) has been identified as a molecular
glue that brings together splicing factor RBM39 and DCAF15 E3 ubiquitin ligase resulting in poly-
ubiquitination, degradation, and subsequent RNA splicing defects. In this work, we demonstrate that the
loss of RBM39 induces splicing defects in key DNA damage repair genes in ovarian cancer, leading to
increased sensitivity to cisplatin and various PARP inhibitors. The addition of indisulam also improved ola-
parib response in mice bearing PARP inhibitor-resistant tumors. These findings demonstrate that combining
RBM39 degraders and PARP inhibitors is a promising therapeutic approach to improve PARP inhibitor

response in ovarian HGSC.

INTRODUCTION

Ovarian cancer is the deadliest gynecological cancer, with a
5-year survival rate of less than 50%.' Approximately 70% of
ovarian cancer cases are high-grade serous carcinoma
(HGSC), which accounts for the most ovarian cancer-related
deaths.? The standard therapy for newly diagnosed ovarian can-
cer involves debulking surgery combined with carboplatin and
paclitaxel chemotherapy. However, the disease often relapses
with increased chemoresistance.®

Poly-ADP ribose polymerase (PARP) inhibitors have demon-
strated significant clinical benefits in ovarian cancer patients
with homologous recombination deficiency (HF(D).4 HRD can
arise from deleterious mutations in BRCA1/2 or loss of function
in other key HR components, rendering cells unable to repair
double-stranded DNA breaks (DSBs) accurately through HR
repair.>® By inhibiting PARP1/2-mediated repair of single-
stranded DNA breaks (SSBs), PARP inhibitors achieve synthetic
lethality in tumors with HRD.”-® Three PARP inhibitors —olaparib,
rucaparib, and niraparib —have been approved for clinical use in
subsets of ovarian cancer patients, demonstrating substantial
benefits in delaying disease recurrence and improving overall
survival.””'® However, approximately one-half of ovarian cancer
patients are HR proficient and less responsive to PARP inhibi-
tors.® Long-term administration of the drugs also leads to ac-
quired PARP inhibitor resistance and reduced therapeutic
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response (reviewed inm). Additional interventions are therefore
needed to improve PARP inhibitor response.

Splicing of precursor mRNAs (pre-mRNAs) is a critical regula-
tory step in gene expression, during which non-coding introns
are spliced out from the final transcript. This process is mediated
by the spliceosome, a dynamic protein-RNA complex consisting
of splicing factors and small nuclear RNAs.'*"'” Pre-mRNAs of
multi-exon genes can be spliced in several ways when alterna-
tive splice sites are recognized by splicing factors, generating
mRNAs with different exon combinations, and subsequently
translating to protein isoforms. Alternative RNA splicing diver-
sifies the transcriptome and proteome and is fundamental to
cell survival. However, dysregulated alternative splicing can pro-
mote tumorigenesis and chemoresistance.'®? In ovarian can-
cer, splicing factors are upregulated in at least 40% of cases,*”
and alternative splicing events have been associated with dis-
ease progression and patient prognosis.”*°

The RNA-binding protein RBM39 is a transcriptional co-regu-
lator and splicing co-factor, and a promising therapeutic targetin
cancer (reviewed in®"). Targeting RBM39 had been challenging
until the recent discovery that RBM39 is selectively degraded
by a panel of anticancer aryl sulfonamides, indisulam (E7070),
E7820, chloroquinoxaline sulphonamide, and tasisulam.®***
These drugs act as molecular glues inducing a neo-interaction
between RBM39 and DCAF15-associated E3-ubiquitin ligase
complexes, resulting in poly-ubiquitination and proteasomal
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Figure 1. DCAF15 expression correlates to indisulam sensitivity in ovarian cancer cell lines

(A) Indisulam degrades RBM39 through a neo-interaction between RBM39 and DCAF15-associated E3 ubiquitin ligase. Loss of RBM39 disrupts the spliceosome
and causes widespread splicing abnormalities. Diagram adapted from®' with permission.
(B) Copy number variation (CNV) of DCAF 15 in serous ovarian cancer showed frequent amplification (AMP, n = 44) and gain of copy number (GAIN, n = 167). Data
were extracted from The Cancer Gene Genome Atlas (TCGA) PanCancer Atlas on cBioPortal.>*>°
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degradation of RBM39.%%*% Loss of RBM39 leads to transcrip-
tome-wide splicing abnormalities and causes tumor regression
in multiple cancer types, including lung cancer,** colorectal can-
cer,*>** acute myeloid leukemia,* and neuroblastoma,*®*” but
its impact on ovarian cancer has not been studied to date.

In our previous work,*® we demonstrated that exposure to in-
disulam induces many aberrant splicing events affecting multiple
DNA repair genes, suggesting that RBM39 may regulate these
pathways. We hypothesized that RBM39 has similar functions
in ovarian cancer and that targeting RBM39 may disrupt DNA
repair pathways and improve PARP inhibitor response. In this
work, we explored the therapeutic potential of RBM39 as a can-
cer target in ovarian cancer by investigating the impact of
RBM39 depletion on splicing of DNA damage repair genes and
introduce PARP inhibitor in combination with indisulam as a
promising strategy. In addition, we characterize the combination
therapy from the perspectives of DNA damage repair, replication
stress, and in vivo tumor growth.

RESULTS

Indisulam causes RBM39 degradation in ovarian cancer

Small molecular glue aryl sulfonamides generate new protein-
protein interactions between RBM39 and E3 ubiquitin ligase
DCAF15 (Figure 1A). DCAF15 expression is required for
RBM39 degradation and cytotoxicity,*>*° and thus the expres-
sion in tumors is an important factor. Copy number gain or ampli-
fication of DCAF15 was observed in 53% of HGSC in The Cancer
Gene Genome Atlas,**° which correlated with upregulated
mRNA expression (Figures 1B and 1C). Drug sensitivity from
the Cancer Target Discovery and Development® Network?
demonstrated DCAF15 expression levels in ovarian cancer cell
lines positively correlated with indisulam sensitivity (p =
0.0466), which is consistent with findings in other cancer
types®?333537 (Figure 1D). This association was confirmed
in vitro in ovarian cancer cells (except for OVSAHO): cells with
higher DCAF15 expression were more sensitive to indisulam
(Figures 1E and 1F), and indisulam caused a dose-dependent
degradation of RBM39 (Figure S1). Knockdown (via small inter-
fering RNA) or knockout (via CRISPR-Cas9) of DCAF15 in
PEO1 cells conferred resistance to indisulam and rescued indis-
ulam-mediated RBM39 degradation and (Figures 1G and 1H)
and RNA splicing (Figure S1C), implying that DCAF15-mediated
RBM39 degradation is necessary for efficacy. Interestingly, even
in the most resistant cell line, KURAMOCHI, indisulam was able
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to degrade RBM39 (Figure S1B), despite a low level of basal
DCAF15 mRNA expression relative to other ovarian cancer cells.
This indicates that cell dependency on RBM39, besides DCAF15
levels, may determine response to indisulam. Taken together,
our data demonstrate that indisulam inhibits ovarian cancer pro-
liferation by depleting RBM39, and that DCAF15 expression is
likely necessary but not sufficient to predict indisulam
cytotoxicity.

RBM39 regulates the splicing of DNA damage repair
genes

Transcriptome-wide characterization of alternative splicing
events after RBM39 depletion has been investigated in multiple
cancer types, but not in ovarian cancer. Although there could
be cancer-specific differences, we speculate that RBM39 mod-
ulates a robust RNA splicing signature across various cancer
types. To identify common alternative splicing targets of
RBM39, we analyzed 11 publicly available RNA sequencing da-
tasets with alternative splicing analysis in RBM39-depleted
cancer cells. These include five datasets in neuroblastoma cells
(BE2C and SKNAS),*” three melanoma cells (501-MEL-ES,
A375, and SK-MEL-239),”® two in acute myeloid leukemia cells
(MOLM-13 and THP-1),°° and one in MCF-7 breast cancer
cells** (Figures S2A-S1B). These datasets were analyzed in
combination with our recently published splicing analysis in
neuroblastoma.>® We found that, upon RBM39 depletion,
exon skipping events in 1,774 genes and intron retention in
629 genes were repeatedly detected in at least 6 cell lines
and where at least 2 of these lines were from different cancers
(Table S1). Pathway enrichment analysis revealed that cell-cy-
cle and DNA repair pathways are preferential splicing targets
of RBM39, indicating a consistent role of RBM39 in modulating
genes in cell-cycle and DNA damage repair response pathways
(Figure S2C).

To investigate the impact of RBM39 depletion with indisulam
in ovarian cancer, we performed RNA sequencing and alterna-
tive splicing analysis in KURAMOCHI using two commonly
used algorithms, Splicefisher®” and rMATS.*® These analyses re-
vealed that indisulam increased RNA splicing events compared
with controls, mainly generating exon skipping events and intron
retention events (Figures 2A and S2D). These genes were highly
enriched for pathways related to RNA metabolism, cell cycle,
and DNA damage repair (Figures 2B and S2F). Notably, indisu-
lam caused aberrant splicing events in many DNA repair genes,
such as ATM, ATR, Fanconi anemia genes (FANCI), HR genes

(C) Amplification (n = 20) or gain of DCAF15 (n = 85) correlates with increased mMRNA expression in serous ovarian cancer (shallow deletion, n = 40; diploid, n = 56).
Kruskal-Wallis test and Dunn’s multiple comparisons test were used for statistical analysis (***p < 0.001, ****p < 0.0001).
(D) Higher DCAF 15 expression was associated with increased sensitivity to indisulam (area under the curve [AUC]). Data were downloaded from DepMap portal

(https://depmap.org/portal/) and a total of 33 cell lines were analyzed.

(E) Human ovarian cancer cell lines were treated with increasing doses of indisulam for 72 h and cell growth was measured by SRB assay (n = 3, independent
experiments). The concentration causing 50% growth inhibition was defined as the median inhibition concentration (IC50).
(F) mRNA level of DCAF15 in ovarian cancer cell lines was quantified using real-time PCR (n = 3). ACt, the difference between cycle threshold values from real-

time PCR.

(G) PEO1 cells transfected with DCAF15 small interfering RNA (siRNA) (siDCAF15) or non-targeting control (siNTC) before measuring indisulam sensitivity using
the sulforhodamine B assay (SRB) (top) (n = 3) and RBM39 degradation (bottom) (6-h treatment) (n = 3).

(H) PEO1 cells were edited with CRISPR-Cas9 to generate DCAF15 knockout clones (PEO1-DCAF15%°) and mock editing clones (PEO1-DCAF15'T). Cell growth
(n = 3) and RBM39 degradation (48 h, n = 3) in these clones were investigated using SRB and western blot, respectively. Dashed lines in (E), (G), and (H) indicate
50% growth inhibition. All data are mean + SEM. VC, vehicle control. See also Figure S1.
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(BRCAT1 and RAD51D), and non-HR (i.e., non-homologous end-
joining) (TP53BP1 and RIF1) (Figures 2C and 2D). Alternative
splicing of these DNA repair genes is also affected in other can-
cer types (Figure 2C), suggesting a conserved role for RBM39 in
regulating the alternative splicing of key players in the response
to DNA damage.

To validate the changes in splicing at the RNA level, we used
PCR with custom-made primers flanking the affected exons of
ATM, BRCA1, RAD51D, TP53BP1, RIF1, and FANCI, which per-
mits the detection of exon skipping events. PCR analysis
showed that indisulam exposure results in aberrant splicing in
these genes (Figures 2E, 2F, and S3), potentially leading to trun-
cated variants that are unlikely to translate to functional proteins
because of frameshifts or deletions in functional domains. For
example, skipping of exons 52 and 53 in ATM mRNAs is likely
to disrupt the catalytic activity of ATM caused by deletions (aa.
2544-2642) in the kinase domain.*®*” The splicing variants of
ATM lacking exon 53 (139 bp), BRCAT lacking exon 9 (77 bp),
and TP53BP1 lacking exon 17 (484 bp) are expected to produce
frameshifts and premature stop codons, potentially leading to
nonsense-mediated decay.*®

Overall, our findings demonstrate that RBM39 depletion mod-
ulates the splicing of DNA repair genes across multiple cancer
types, including ovarian cancer. Targeting RBM39 may create
vulnerabilities in cancer cells to anticancer drugs that increase
genotoxic stress.

Indisulam synergizes with cisplatin and PARP inhibitors
in ovarian cancer
Since indisulam induces splicing errors in DNA damage repair
genes, we speculated that this may disrupt DNA damage
response and render ovarian cancer cells more susceptible to
DNA damaging agents, such as platinum-based chemotherapy,
or agents that target DNA repair, such as PARP inhibitors, both of
which are routinely used in ovarian cancer treatment.
KURAMOCHI and OVSAHO cells were tested as these lines
most closely represent ovarian HGSC,” and are intrinsically
resistant to cisplatin and PARP inhibitors compared with other
HGSC models that also present with loss of BRCA1/2 (i.e.,
PEO1) (Figures 3A, 3B, and S4). BRCA1/2 loss is generally asso-
ciated with HR deficiency and synthetic lethality with PARP
inhibitors.”°

Combination index values calculated with the Chou-Talalay
method®' demonstrated that the combination of indisulam and
cisplatin synergistically inhibited growth of KURAMOCHI and
OVSAHO cells (Figure 3C). Furthermore, we observed that indis-
ulam, even at doses not causing apoptosis, sensitized
KURAMOCHI and OVSAHO cells to cisplatin-induced cell
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apoptosis (Figure 3C), adding to the evidence of synergism be-
tween these two treatments.

To test whether indisulam improves PARP inhibitor response
in ovarian cancer cells, we combined indisulam with clinical
PARP inhibitors olaparib, rucaparib, veliparib, or niraparib in a
panel of human ovarian cancer cell lines (Figures 3D and S5).
Synergistic interactions were observed in almost all drug combi-
nations and all cell lines regardless of drug sensitivity, BRCA
mutational status, or the differential PARP trapping capacity®>~>°
of the PARP inhibitors tested (Figures 3D, S4, and S5). Subse-
quent assays validated that combination therapy of indisulam
and olaparib caused synergistic growth inhibition and cell
apoptosis in KURAMOCHI and OVSAHO cells (Figure 3E). Flow
cytometry analysis further demonstrated that the Annexin V+/
Pl + population induced by the drug combination could be
rescued by the pan-caspase inhibitor Z-VAD-FMK, confirming
apoptosis as the major form of cell death (Figures 3F and 3G).
In addition, a short-term exposure (48 or 72 h) to indisulam and
olaparib in combination was sufficient to induce a synergistic
and long-lasting inhibitory effect on HGSC colony growth
(at least 9 days after drug removal) (Figure S6), a desirable char-
acteristic for future clinical translation.

Exon skipping events of DNA repair genes, such as ATM and
TP53BP1, were also confirmed in cells treated with indisulam
alone and in combination with olaparib (Figure S7). Furthermore,
CRISPR-Cas9 knockout of DCAF15 completely abolished the
synergistic interaction between indisulam and olaparib, suggest-
ing that DCAF15-mediated RBM39 degradation and subsequent
splicing events are necessary for this interaction (Figure 3H). This
is consistent with the fact that E7820, another molecular
degrader of RBM39 via DCAF15, also acts in synergy with ola-
parib (Figure S8).

Interestingly, a synergistic interaction between indisulam and
olaparib was observed in both BRCA2-mutated PEO1 cells
and in patient-matched PEO4 cells obtained at the point of clin-
ical relapse (Figure S9A). PEO4 cells are known to possess a
reversion mutation in BRCA2 that partially restores HR capacity
and is associated with clinical resistance to platinum.®®>” This
supports our observations in other lines (Figures 3D, S4, S5,
and S9B) that BRCA status does not predict if a synergistic
benefit will occur. It also provides a potential rationale for using
the combination in HGSC patients regardless of HRD status,
including using indisulam to re-sensitize to chemotherapy
agents in tumors that have become resistant because of rever-
sion events in BRCA.

Taken together, our findings demonstrate that combining in-
disulam or other RBM39-targeting molecular glues with PARP
inhibitor treatment is a promising strategy to target HGSC

undergo multiple splicing event types. The most common event is ES. ES, exon skipping; RI, retained intron; A3SS, alternative 3’ splice site; A5SS, alternative 5

splice site; MXE, mutually exclusive exon.

(B) Pathway enrichment analysis (false discovery rate [FDR] <0.1) using Gene Ontology on intron-retained or exon-skipped genes (from rMATS analysis).

(C) Meta-analysis of 11 alternative splicing datasets in RBM39-depleted cells, including our datasets in KURAMOCHI and IMR-32.%° Common key damage repair
genes are depicted. +, genes exon skipped or intron retained; —, no exon skipping or intron retention events detected.

(D) A simplified diagram highlighting the role of ATM, BRCA1, RAD51 analogous, 53BP1, and RIF1 in DSB repair.

(E) Sashimi plots of exon skipping events in ATM (exons 52 and 53) and BRCA1 (exons 8 and 9) in KURAMOCHI following indisulam exposure. Read counts of

exon skipped splicing variants are highlighted in bold boxes.

(F) PCR validation of indisulam-induced exon skipping events in DNA repair genes (n = 4 technical replicates across four timepoints). GAPDH was included as a

control. UT, untreated. See also Figures S2 and S3.
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cells. Our observations are consistent with our hypothesis that
indisulam may render cells more vulnerable to therapies
causing DNA damage or targeting DNA repair through mis-
splicing of genes involved in DNA damage response and repair
pathways.

Indisulam treatment exacerbates genotoxic stress
caused by olaparib

PARP inhibitors increase genotoxic stress by inducing DNA
damage (SSBs and DSBs) and promote replication fork abnor-
malities.®® The ATM-Chk2-mediated DNA damage repair and
the ATR-Chk1-mediated replication stress response are two
mechanisms that promote cancer cell survival in response to
PARP inhibitor treatment.®%-52

Since indisulam-mediated RBM39 degradation induces aber-
rant splicing errors in ATM and downstream DNA repair genes,
we hypothesized that indisulam sensitizes ovarian cancer cells
to PARP inhibitors by suppressing ATM-mediated DNA damage
response. Western blot analysis in KURAMOCHI revealed that
indisulam decreased ATM protein expression and suppressed
olaparib-induced phosphorylation of ATM (pATM-S1981) and
Chk2 (pChk2-T68),°® indicating that indisulam impaired the abil-
ity to mount a DNA damage response (Figure 4A). We assessed
the level of DNA damage with phosphorylated H2AX (y-H2AX),
which increases in response to DSBs®*®° and stalled replication
forks.®>~"° While monotherapy of indisulam or olaparib had a mi-
nor impact on y-H2AX expression, combination therapy led to a
substantial increase, a consequence of DSBs or replication
stress (Figure 4A). Similarly, immunofluorescence analysis of
foci demonstrated that indisulam and olaparib potentiate
v-H2AX foci formation (Figures 4B and S10A), which was also
observed when indisulam was combined with other PARP inhib-
itors (Figure S10B-G).

Flow cytometry analysis in KURAMOCHI following treatment
with indisulam and olaparib were more likely to arrest in S phase
(mean = 53.8%, p < 0.01) compared with indisulam (mean =
38.5%) or olaparib (mean = 42.9%) alone (Figures 4C and 4D).
Interestingly, cells treated with the combination therapy had
the least nucleotide incorporation (mean = 47% of vehicle con-
trol) (Figure S11A), which suggests reduced DNA synthesis.
This is in line with a reduction in levels of total and phosphory-
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lated (S345) Chk1 (Figure 4A). Chk1 safeguards DNA replication
by restarting stalled replication forks and inhibits unscheduled
new origin firing.”"~"® Therefore, we hypothesized that the com-
bination of indisulam and olaparib might cause DNA replication
abnormalities. To this end, we examined DNA replication fork be-
haviors using DNA fiber analysis. While indisulam or olaparib
alone had minor to moderate impacts on the length of newly syn-
thesized DNA (DNA fibers), their combination led to significantly
shorter DNA fibers, indicating increased fork stalling or reduced
fork restarting (Figures 4E and 4F). Finally, combination therapy
led to a profound increase in new origin firing (Figures S11B and
S11C), which is consistent with the effect of Chk1
inhibition.”"7%""

Taken together, our data indicate that indisulam increases
PARP inhibitor response by exacerbating genotoxic stress,
with concomitant suppression of the ATM-Chk2-mediated
DNA damage repair and Chk1-modulated replication stress
response.

Combination of indisulam and olaparib demonstrates
significant survival benefits in vivo

Next, we evaluated the combination of indisulam and olaparib in
a well-characterized mouse model of ovarian HGSC (ID8).”%"°
This model recapitulates the process of peritoneal metastasis
and development of ascites, observed in ovarian HGSC patients,
and mimics the tumor immune microenvironment, which is ad-
vantageous over traditional xenografts (Figure 5A).”® Pilot
studies were conducted to determine maximal tolerable doses
and optimal dosing schedules of indisulam and olaparib; addi-
tional adverse effects were not observed when both drugs
were combined (Table S2). Daily intraperitoneal administration
of up to 15 mg/kg of indisulam and 50 mg/kg of olaparib for
11 days were well tolerated and used for survival analyses (Fig-
ure 5B). In comparison with mice receiving vehicle control (me-
dian survival = 47 days), olaparib treatment alone only offered
moderate survival benefits (median survival = 56 days; p =
0.0206) while indisulam alone improved the median survival to
65 days (p = 0.0063) (Figure 5C). Further, the combination of in-
disulam and olaparib resulted in the longest survival and was
significantly more effective than olaparib monotherapy (median
survival = 73 days; p = 0.0041). Of note, one of the mice in the

Figure 3. Indisulam improves cisplatin and PARP inhibitor response in ovarian cancer cells

(A and B) Growth assay (SRB) of four ovarian HGSC cell lines (PEO1, PEO4, KURAMOCHI, and OVSAHO) treated with increasing doses of cisplatin (A) and
olaparib (B) for 72 h (n = 3 independent experiments, PEO4; cisplatin, n = 2). Cell lines with BRCA2 mutation or deletions are underlined.

(C) Cell growth and apoptosis in KURAMOCHI and OVSAHO cells treated with indicated doses of indisulam and cisplatin either alone or in combination (n = 3
independent experiments). Open circles indicate combination index (Cl) values (right y axis).

(D) Heatmap of Cl values of indisulam in combination with indicated PARP inhibitors (PARPI) in a panel of human ovarian cancer cell lines. The square with a cross
indicates no Cl value could be calculated.

(E) Cell growth and apoptosis of KURAMOCHI and OVSAHO cells after treatment of indisulam, olaparib, or combination (n = 3 independent experiments). Open
circles indicate Cl values (right y axis)

(F) KURAMOCHI cells exposed to indisulam and olaparib individually or in combination (with or without 10 uM Z-VAD-FMK) for 48 h. Apoptosis was analyzed by
flow cytometry using dual labeling of Annexin V and propidium iodide (Pl). Data from a representative experiment are shown here.

(G) Quantification of early apoptotic (Annexin V* and PI™) and late apoptotic cells (Annexin V* and PI*) from flow cytometry analysis in (F). Ordinary one-way
ANOVA analysis and Tukey’s multiple comparison tests were used for statistical analysis (n > 3).

(H) Growth assay of PEO1-DCAF15"T and PEO1-DCAF15K© cells treated with indisulam and olaparib either alone or in combination for 72 h (n = 3 independent
experiments). Open circles indicate Cl values (right y axis). Statistical significance between drug combination and individual treatment (C, E, G, and H) was
determined by two-way ANOVA and Dunnett’s multiple comparisons test. ns, not significant, *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. Cl values lower than
1 indicate synergism and Cl values larger than 1 indicate antagonism (error bars indicate +SD). Data indicate mean + SEM (A-C, E, and H) or +SD (G). VC, vehicle
control. See also Figures S4, S5, and S6.
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combination group survived until the end of the study (120 days)
and showed complete tumor regression (Figure 5C).

Western blot analysis of the omental tumor deposits exposed
to combination therapy indicated a dose-dependent degrada-
tion of Rbm39 confirming the on-target effect of indisulam
(Figures 5D and 5E). Reduction of Atm and accumulation of
v-H2AX were also observed in tumor tissues following simulta-
neous administration of indisulam and olaparib, which is consis-
tent with in vitro observations (Figures 5D and 5E). In summary,
these data demonstrate that indisulam improves olaparib
response in HR-proficient ovarian cancer in vivo, highlighting
the promising therapeutic value of indisulam to expand the clin-
ical use of PARP inhibitors in ovarian HGSC.

DISCUSSION

Ovarian HGSC is a leading cause of gynecologic cancer-related
death, with limited options for targeted therapies.?®°-®? Routine
administration of PARP inhibitors has led to the emergence of
drug resistance, despite promising benefits of delaying disease
relapse and improving the overall survival of ovarian cancer pa-
tients.®> PARP inhibitor resistance can occur in multiple ways
with reversion mutations that restore HR proficiency a common
observation in the clinic.'*

Our systematic literature and transcriptomic analysis uncov-
ered the role of RBM39 in coordinating RNA splicing of cell-cycle
and DNA damage repair genes in various cancer cells. Using a va-
riety of functional assays, we show that RBM39-degrading mo-
lecular glues such as indisulam can be repurposed as a therapeu-
tic agent to improve PARP inhibitor response in vitro and in vivo.
Importantly, a synergistic interaction between indisulam and
various PARP inhibitors was observed in multiple ovarian
HGSC cell lines in vitro, including BRCA-mutated and PARP in-
hibitor-sensitive cell lines (PEO1 and ID8-Trp53~'~;Brca2~'")
and PARP inhibitor-resistant cell lines (KURAMOCHI, OVSAHO,
PEO4, COV318, COV504, COV644, and ID8-Trp53~'7). The syn-
ergy seems to be DCAF15 dependent and can be recapitulated
when indisulam was substituted with E7820, a second RBM39
degrader. These findings suggest that previously reported off-
target effects of indisulam, such as carbonic anhydrases inhibi-
tion or DCAF15-independent metabolic changes,**%*5¢ do not
contribute to the observed synergy. Notably, in Brca1/2-wildtype
ID8 cells (ID8-Trp53~'7), the combination of indisulam and ola-
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parib offered greater survival benefits than either monotherapy,
demonstrating that indisulam improves PARP inhibitor response
in mice with PARP inhibitor-resistant ovarian tumors. Further,
our findings are consistent with a recent CRISPR-dropout
screen, where RBM39 knockout sensitized cells to olaparib treat-
ment or PARP1 knockout.®” Importantly, some of the down-
stream mis-spliced events following RBM39 loss, such as
various Fanconi anemia genes (FANCA, FANCI, FANCL, and
FANCM), are also negative determinants of response to PARP
inhibitors.®%~"

Mechanistically, indisulam disrupts RBM39-mediated splicing
of the cell cycle, DNA damage repair, and DNA replication genes,
leading to decreased protein expression and a defective adap-
tive response to genotoxic stress caused by PARP inhibitors. In-
disulam decreased ATM expression at the protein level, which is
likely due to splicing errors causing frameshifts in the open
reading frame. Indisulam-mediated ATM downregulation has
also been documented in neuroblastoma cells,®” but the authors
did not go on to investigate functional consequences. We show
that indisulam suppresses olaparib-induced activation of ATM-
Chk2-mediated DNA damage response and Chk1-mediated
replication stress response, associated yH2AX accumulation,
increased replication fork abnormalities, cell-cycle arrest in S
phase, and cell apoptosis. These phenotypes are similar to those
observed with a combination of PARP inhibitor and ATM inhibi-
tors®>°® or inhibitors targeting Chk1 or Chk2.%4%°

An intriguing observation in this study was that the combina-
tion of indisulam and olaparib, but not monotherapies,
decreased Chk1 expression. PARP1 has been implicated in
pre-mRNA splicing,””'°° and it is possible that simultaneous
disruption of PARP1- and RBMS39-mediated RNA splicing
affected the expression of genes such as Chk1. Alternatively,
RBM39 may interact directly or indirectly (through other splicing
factors) with PARP1 as PARP1 was co-immunoprecipitated with
RBM39,%° and both interact with the core splicing factor
SF3B1.9"'9" Additional transcriptomic and RNA splicing anal-
ysis of combination therapy would shed light on further pro-
cesses contributing to drug-drug interactions, including modula-
tion of RNA splicing by PARP1 inhibition.

Indisulam was discovered as a cell-cycle inhibitor in the late
1990s,"%? but its mechanism of action was only revealed by
two seminal studies in 2017.%>*® Aryl sulfonamides like indisu-
lam are now recognized as a novel class of molecular glues

Figure 4. Indisulam inhibits ATM expression and exacerbates genotoxic stress caused by PARP inhibitors

(A) Western blot analysis (top) and densitometry analysis (bottom) of proteins of KURAMOCHI cells after 48 h treatment of indicated drugs (representative blot
from n > 3 independent experiments). One-way ANOVA and Dunnett’s multiple comparison test were used to determine the statistical significance.

(B) Immunofluorescence of KURAMOCHI cells treated with indisulam or olaparib as monotherapies or in combination for 24 h (top; representative image of n =3
independent experiments). Analysis of y-H2AX foci from three independent experiments (bottom; whiskers indicate 10th and 90th percentiles). Size bar, 50 pm.
(C) Flow cytometry-based cell cycle profiling of KURAMOCHI cells after 48 h treatment of 10 uM indisulam, 30 uM olaparib, or the combination. Cellular DNA
content was labeled with propidium iodide (Pl) and replicating cells were labeled with nucleotide analogues 5-bromo-2’'deoxyuridine (BrdU) and 5-iodo-2-
deoxyuridine (IdU).

(D) Analysis of cell cycle analysis (n = 3 independent experiments). Two-way ANOVA and Tukey’s multiple comparisons test were used to determine statistical
significance among groups.

(E) DNA fiber analysis quantifying replication fork behaviors in KURAMOCHI cells after 48 h exposure to indisulam, olaparib, or combination. Representative fields
are shown. Scale bar, 20 um.

(F) Violin plots (with median and interquartile range) of DNA fiber length measurements (at least 300 fibers from 2 independent experiments). Kruskal-Wallis test
and Dunn’s multiple comparisons test were used to determine statistical significance. Ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. All data
are mean + SD. See also Figures S10 and S11.
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Figure 5. Indisulam improves olaparib response in vivo

(A and B) Schematic of ID8 murine HGSC model with the formation of peritoneal metastasis and ascites and study design.
(C) Kaplan-Meier survival curves of mice bearing ID8 tumors after indicated treatments (n = 11 for vehicle control, n = 11 for indisulam, n = 12 for olaparib, and n =
10 for drug combination). Statistical significance was calculated using the log rank (Mantel-Cox) test and Bonferroni multiple comparisons test. “p < 0.0083

(Bonferroni-corrected threshold).

(D) Western blot assessment of omental tumor samples collected from mice with indicated drug doses daily for 7 days (or 5 days in the case of the highest dose).
(E) Densitometry analysis of Rbm39, Atm, and y-H2AX bands intensities in (d). Error bar = SD. One-way ANOVA and Dunnett’s multiple comparisons test were

used for statistical analysis. *p < 0.05. I.P., intraperitoneal.

that induces rapid depletion of RBM39 through DCAF15-medi-
ated proteasomal degradation, resulting in splicing de-
fects®2:9%:35:36.103 and tumor regression in multiple animal
models.®*** ¢ Indisulam and 3 other anticancer aryl sulfon-
amides have been tested in at least 47 clinical trials, but only 1
clinical trial involved patients with ovarian cancer (reviewed

31). Monotherapy of aryl sulfonamides demonstrated minor to
moderate clinical benefits and most of them failed to progress
beyond a phase Il trial.®" Although some tumors may be sensitive
to RBM39 depletion alone (e.g., neuroblastoma®®*"), here we
demonstrate a rational case for the combination therapy of aryl
sulfonamides and DNA damaging agents like platinum and
PARP inhibitors in ovarian HGSC. Although DCAF15 is neces-
sary for RBM39-mediated cytotoxicity and mRNA levels of
DCAF15 correlate with sensitivity in vitro, expression of
DCAF15 did not predict sensitivity to indisulam in AML patient
samples.”® This highlights the need for careful consideration

10 Cell Reports 42, 113307, October 31, 2023

for the use of DCAF15 as a clinical biomarker and the potential
importance of additional biomarkers in future development.
Nonetheless, the availability of drug pharmacodynamic, phar-
macokinetic, and safety data in patients for both aryl sulfon-
amides and PARP inhibitors should aid rapid translation of
such combinations to clinical studies.

In summary, this study provides strong evidence that
combining RBM39 protein degraders and PARP inhibitors could
be an effective therapeutic strategy for ovarian HGSC. As dosing
schedules of indisulam and olaparib have been optimized in the
clinic, a clinical trial could be readily designed and conducted to
evaluate the safety and efficacy of such combination therapy in
patients. Future studies on RBM39 function and its involvement
in DNA damage repair pathways and replication stress may
reveal novel biomarkers besides DCAF15 that can predict pa-
tient response to RBM39-targeted therapies. We expect that
the benefit of this combination therapy could extend to other
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cancers where DNA damaging agents and PARP inhibitors are
approved clinically, such as breast cancer and prostate cancer.

Limitations of the study

Despite our best efforts, we were unable to confirm the loss of
DCAF15 protein expression in our knockdown or knockout cells,
because commercially available antibodies showed poor speci-
ficity.'® Future analysis using a selective DCAF15 antibody
would be desirable to ascertain our findings. A further caveat
in our study is that the epithelial origin of ID8 cells does not repre-
sent the fallopian tube origin of most HGSC.”®'%>% Future
studies using alternative HGSC models, such as genetically en-
gineered murine models'®” and patient-derived models,'%®
would be important to validate our findings.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-RBM39 Sigma-Aldrich Cat# HPA001591; RRID:AB_1079749
Mouse anti-f-actin Abcam Cat# ab6276; RRID:AB_2223210
Mouse anti-phospho-Histone Sigma-Aldrich Cat# 05-636; RRID:AB_309864
H2A.X (ser139) yH2AX

Rabbit anti-human pChk2 (T68) R&D system Cat# AF1626; RRID:AB_2291844
Rabbit anti-human Chk2 R&D system Cat# MAB1358; RRID:AB_2941307
Rabbit anti-pATM-S1981 Abcam Cat# ab81292; RRID:AB_1640207
Mouse anti-ATM GenTex Cat# GTX70103; RRID:AB_368161

Rabbit anti-pChk1-S345
Mouse anti-Chk1
Mouse-anti-BrdU

Cell Signaling Technology
Cell Signaling Technology

BD Biosciences

Cat# 2348; RRID:AB_331212
Cat# 2360; RRID:AB_2080320
Cat# BD347580; RRID:AB_10015219

Rat anti-BrdU Abcam Cat# ab6326; RRID:AB_305426
HRP-conjugated goat anti-rabbit polyclonal Invitrogen Cat# 31460; RRID:AB_228341
HRP-conjugated goat anti-mouse polyclonal Invitrogen Cat# 31340; RRID:AB_228339
AF488-conjugated goat anti-mouse Invitrogen Cat# A11001; RRID:AB_2534069
AF647-conjugated goat anti-rat Invitrogen Cat# A21247; RRID:AB_141778
Bacterial and virus strains

Edit-R CRISPR-Cas9-TurboGFP Dharmacon Cat# VCAS11864

lentiviral particles

Chemicals, peptides, and recombinant proteins

Indisulam Sigma-Aldrich Cat# SML1225

E7820 Sigma-Aldrich Cat# SML2950

Olaparib Selleckchem Cat# S1060

Rucaparib phosphate Selleckchem Cat# S1098

Veliparib Selleckchem Cat# S1004

Niraparib Selleckchem Cat# S2741

IdU Sigma-Aldrich Cat# 17125

BrdU Sigma-Aldrich Cat# B5002

Z-VAD-FMK APExBIO Cat# A1902

Agarose Sigma-Aldrich Cat# A9539

HALT protease and phosphatase Thermo Scientific Cat# 78442

inhibitor cocktail

Sulforhodamine B Sigma-Aldrich Cat# S1402

Cy5.5-conjugated Annexin V BD Biosciences Cat# 559925

Propidium lodide staining solution
Formaldehyde, Methanol-free

Invitrogen

Thermo Scientific

Cat# 00-6990-50
Cat# 11586711

Triton X-100 Sigma-Aldrich Cat# T8787
DAPI Sigma-Aldrich Cat# D9542
Critical commercial assays

miRNeasy Mini Kit Qiagen Cat# 217084
RNeasy Mini Kit Qiagen Cat# 74106
High-Capacity RNA-to-cDNA kit Applied Biosystems Cat# 4387406
Q5 High-Fidelity PCR kit New England Biolabs Cat# E0555
Restore WB stripping buffer Thermo Scientific Cat# 21059
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Caspase-Glo 3/7 Assay System Promega Cat# G8093

Deposited data

RNA sequencing data This paper Data available through the NCBI GEO

Series accession number GSE223011

Experimental models: Cell lines

KURAMOCHI cell line

OVSAHO cell line

OVISE cell line
COV318 cell line

COV504 cell line
COV644 cell line
PEO1 parental cell line for CRISPR editing

Gift from Dr Haonan Lu (Imperial
College London)

Japanese Collection of Research
Bioresources (JCRB)

JCRB

European Collection of Authenticated
Cell Culture (ECACC)

ECACC
ECACC

Gift from Professor Bob Brown lab
(Imperial College London)

N/A

RRID:CVCL_3114

RRID:CVCL_3116
Cat# 07071903; RRID:CVCL_2419

Cat# 07071902; RRID:CVCL_2424
Cat# 07071908; RRID:CVCL_2425
N/A

PEO1 Public Health England Cat# 10032308; RRID:CVCL_2686
PEO4 Public Health England Cat# 10032309; RRID:CVCL_2690
ID8-Trp53~/~ murine cell line Gift from Professor I. McNeish lab N/A
(Imperial College London)
ID8-Trp53” ~:Brca2~/~murine cell line Gift from Professor |. McNeish lab N/A
(Imperial College London)
Experimental models: Organisms/strains
Mouse (female) Charles River Laboratory (UK) C57BL/6J
Oligonucleotides
Edit-R CRISPR-Cas9 synthetic tracrRNA Horizon U-002005
Edit-R crRNA Non-Targeting Control Horizon U-007501-01
Edit-R crRNA custom sequence (DCAF15) Horizon N/A

DCAF15 TagMan gene expression probe
BACT TagMan gene expression probe

Thermo Scientific
Thermo Scientific

Hs00384913_m1
Hs01060665_g1

Software and algorithms

STAR (Spliced Transcripts Alignment to
a Reference) (v2.5.2b)

SpliceFisher
rMATS

The Database for Annotation, Visualization and

Integrated Discovery (DAVID)

Integrative Genomics Viewer (version 2.15.2)
GRCh38 human reference genome
Annealing temperature calculator

Imaged Fiji V2.0.0

(Dobin et al.)'®®

GitHub
(Shen et al.)*®

Laboratory of Human Retrovirology
and Immunoinformatics

Broad Institute
Ensembl

New England Biolabs
(Schindelin et al.)'"™®

https://github.com/alexdobin/STAR

https://github.com/jiwoongbio/SpliceFisher
https://rnaseq-mats.sourceforge.io/
https://david.ncifcrf.gov/summary.jsp

https://software.broadinstitute.org/software/igv/
https://useast.ensembl.org/Homo_sapiens/Info/Index
https://tmcalculator.neb.com/#!/main
https://imagej.net/software/fiji/

CompuSyn (Chou et al))*" https://www.combosyn.com

Prism 9 GraphPad https://www.graphpad.com/features
CellProfiler (V3.1.8.) Broad Institute https://cellprofiler.org

Other

Lipofectamine 2000 Life Technologies Cat# 11668019

SYBR™ Safe DNA Gel Stain
Mini-PROTEAN precast gels

Supersignal West Pico PLUS chemiluminescent

substrate
Amersham Hyperfilm ECL
Fluoromount-G

Invitrogen
Bio-Rad
Thermo Scientific

Cytiva Life Sciences
Invitrogen

Cat# 33102
Cat# 4561033
Cat# 34580

Cat# 28906839
Cat# 00-4958-02
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Anke Nij-
huis (a.nijhuis@imperial.ac.uk).

Materials availability
All materials generated in this study are available upon request.

Data and code availability

RNA-seq data have been deposited at GEO under the accession number GEO:GSE223011 and are publicly available as of the date of
publication. This paper does not report original codes. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture

KURAMOCHI was acquired from Dr. Haonan Lu, Imperial College London. OVSAHO and OVISE were purchased from the Japanese
Collection of Research Bioresources (JCRB) cell bank. COV318, COV504, and COV644 were obtained from the European Collection
of Authenticated Cell Culture (ECACC). The PEO1 cells for DCAF15 knockdown or knockout experiments had a missense reversion
mutation 5192A>T in BRCA2, and it was a kind gift from Professor Bob Brown'’s laboratory, Imperial College London. An independent
stock of PEO1 (without the reversion mutation) was purchased from the Public Health England and used for dose-response curves
and synergy analysis without CRISPR-Cas9 editing. PEO4 was purchased from Public Health England. Mouse ovarian cancer cell
line ID8-Trp53~'~ and ID8-Trp53~'~;Brca2~'~ lines were directly obtained from Professor lain McNeish’s laboratory.”® All cell lines
were tested regularly for mycoplasma contamination and authenticated in 2018-2019 (case #11232) and 2023 (Case #.

OVSAHO and OVISE cells were cultured in RPMI-1640 media (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco, or
FirstLink), 2 mM of L-glutamine (Gibco), and 100 units/mL of penicillin-streptomycin (Gibco). PEO1-derived cells and PEO4
were cultured in RPMI-1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 units/mL of penicillin-streptomycin, and 2 mM
sodium pyruvate (Gibco). COV318, COV504, COV644, and KURAMOCHI cells were cultured in DMEM media (Gibco, without
glucose or phenol red) supplemented with 10% FBS, 2 mM L-glutamine, 100 units/mL of penicillin-streptomycin, and 5.6 mM
glucose (Gibco). ID8 clones were cultured in DMEM media (without glucose or phenol red) supplemented with 4% FBS, 2 mM
L-glutamine, 100 units/mL of penicillin-streptomycin, 25 mM glucose, and 1x Insulin-Transferrin-Selenium solution (Gibco).”® All cells
were cultured at 37°C with 5% CO..

CRISPR-Cas9 knockout of DCAF15

PEO1 cells were seeded in 96-well plates and transduced with Edit-R CRISPR-Cas9-TurboGFP lentiviral particles (Dharmacon
#VCAS11864). Transduced cells with GFP expression were sorted via FACS. PEO1-Cas9 cells were then expanded and transfected
with 50nM DCAF15 targeting crRNA (5'-GCAGCTTCCGGAAGAGGCGA-3)*? and 50nM Edit-R CRISPR-Cas9 synthetic tracrRNA
(Dharmacon #U-002005) using lipofectamine 2000 (Life Technologies). Edit-R crRNA Non-Targeting Control (Dharmacon #U-
007501-01) was used alongside as a negative control. Following transfection, single-cell clones were expanded and sequenced
for DCAF15 editing. Loss of DCAF15 function was validated using indisulam dose response studies. Disruption of genomic
DCAF15 was confirmed by DNA sequencing (Figure S12). Unfortunately, DCAF15 expression at protein levels were not confirmed
by Western blot due to a lack of DCAF15-specific antibodies'%*.7%%,

In vivo experiments

Animal studies were designed and conducted in accordance with the UK Animals (Scientific Procedures) Act 1986. Mice were kept at
the Central Biomedical Services (CBS), Imperial College London. All individuals involved were Home Office Personal License holders
working under the Project License (PA780D61A). C57BL/6J female mice aged between 6 and 7 weeks were purchased from the
Charles River Laboratory (UK). Newly arrived mice were acclimatized for seven days before regulated procedures. Then, five million
ID8-Trp53~'~ cells were injected intraperitoneally (I.P.) into each mouse and allowed to proliferate for at least 21 days before drug
treatments.

Drug solutions of vehicle control (3.5% DMSO and 6.5% Tween-80 in saline) indisulam (Sigma-Aldrich, #SML1225), or olaparib
(Selleckchem, #51060) were prepared for in vivo administration.®**% |eft and right abdomen were alternated for I.P. injections
(11 days) to minimize animal discomfort. For pharmacodynamic experiments, mice were randomly enrolled into 4 treatment groups
(n=3 mice per group) and were culled within 48 h after the last dosing. For survival studies, mice (n = 11 for vehicle control, n = 11 for
indisulam, n = 12 for olaparib, and n = 10 for drug combination) were monitored until end of study (day 120) or when humane endpoint
(as per project license) was reached. At endpoint, omental tumor deposits were collected and snap-frozen in liquid nitrogen and
stored at —80°C until further analysis. Five mice survived to day 120. In four of the five mice, we could not guarantee successful tumor
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implantation (such as developing subcutaneous tumor deposits after injection of ID8 cells) and were excluded from the Kaplan-Meier
survival analysis.

METHOD DETAILS

Chemicals for in vitro use

Indisulam (SML1225) and E7820 (SML2950) were purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide (DMSO) for
in vitro use. Olaparib (S1060), rucaparib phosphate (S1098), veliparib (S1004), and niraparib (S2741) were supplied by Selleckchem
and reconstituted in DMSO for in vitro use. The IdU (I7125) and BrdU (B5002) were purchased from Sigma-Aldrich and dissolved in
1M NH4OH and DMSO, respectively. Z-VAD-FMK (APExBIO, #A1902) was dissolved in DMSO. All drugs were prepared and stored
according to manufacturers’ instructions.

Systematic literature analysis

A PubMed search using the keyword “RBM39” was performed on 10 August 2022. Inclusion criteria were defined as research articles
conducted RNA sequencing in RBM39-depleted human cancer cell lines, and the list of alternatively spliced genes is publicly avail-
able. Exclusion criteria were non-research articles, non-human cancer cell lines, and non-publicly available alternative splicing data.
After full-text reading, five articles containing 11 lists of alternatively spliced genes were included for analysig®®—3743111 35-37.43.111
Exon-skipped genes and intron-retained genes were extracted from each list. The occurrence of unique genes (exon-skipped or
intron-retained) in was counted across 11 lists. The common splicing targets of RBM39 were defined as exon-skipped genes
occurred at least six times, or intron-retained genes occurred at least six times. Duplicates were removed for enrichment analysis.

RNA sequencing and data analysis

KURAMOCHII cells were treated with 0.1% DMSO or 10 uM indisulam for 24 h. The total RNA was extracted using the miRNeasy Mini
Kit (Qiagen, #217084) following manufacturer’s protocol. RNA samples of three biological repeats were sent for sequencing at the
National Institute for Health and Care Research-funded Imperial Biomedical Research Center (BRC) Genomics Facility. All samples
passed Quality Control assessment using a Tapestation. Samples were sequenced using a Nextseq2000 P2 (200 cycles) sequencer,
and 100 bp paired-end reads were generated. Quality control checks were performed using FastQC. The GRCh38 reference genome
(unmasked primary assembly) and GTF file (release 107) were downloaded from Ensembl (http://www.ensembl.org/info/data/ftp/
index.html). STAR was used to align reads to the reference genome and read counts per gene were determined using featureCounts
109. The alternative splicing analysis was performed SpliceFisher®” and rMATS algorithms.“> Sashimi plots were generated using
Integrative Genomics Viewer (IGV, version 2.15.2, Broad Institute). Exon annotations were based on the GRCh38 human reference
genome (http://uswest.ensembl.org/index.html). RNAseq data has been uploaded to the NCBI Gene Expression Omnibus and are
accessible through GEO Series accession number GSE223011.

Functional annotation and enrichment analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/summary.jsp, was used
for functional annotation and enrichment analysis with four databases selected: Gene ontology biological processes (DIRECT), Kyoto
Encyclopedia of Genes and Genomes (KEGG), REACTOME, and WIKIPATHWAY. A query-specific background gene list was used
whenever possible. Significant enrichment was defined as terms or pathways with FDR less than 0.1.

)112,113

PCR-based alternative splicing analysis

Total RNA from cells was extracted using the RNeasy Mini Kit (Qiagen, #74106) or miRNeasy Mini Kit (Qiagen, #217084) following the
supplier’s instructions with on-column DNase digestion. Equal quantities of RNA were reverse transcribed to cDNA using the High-
Capacity RNA-to-cDNA kit (Applied Biosystems). To detect alternative splicing variants, we designed primers flanking the regions of
interest (sequence provided below) and amplified them using the Q5 High-Fidelity PCR kit (New England Biolabs). PCR reactions
included 35 cycles, and annealing temperatures were calculated using the annealing temperature calculator (https://tmcalculator.
neb.com/#!/main). PCR products were electrophoresed using 2-3% agarose (Sigma-Aldrich) gels mixed with 1:10,000 SYBRsafe
DNA gel stain (Invitrogen). Gels were visualized with a GelDoc.

Primers used in this study included ATM (exon 51 to 54) forward 5'- TGCCTCTTATGTACCAATTGGCT-3', reverse
5-AATTGGCTGGTCTGCTGGAA-3’; BRCA1 (exon 7 to 10) forward 5-AACTCTGAGGACAAAGCAGC-3', reverse 5-CTGTAAT
GAGCTGGCATGAGT-3’; RAD51D (exon 3 to 6) forward 5-TGGCTCAGTTCTCGGCTTT-3’, reverse 5'- AGATGTCAAATG
CATGCACCA-3’; TP53BP1 (exon 15 to 18) forward 5- GCTGTTGCTGAGTCTGTTGC-3', reverse 5'-TGCGTACTTCCCG
GATTGTT-3’; RIF1 (exon 21 to 23) forward 5'-AGGTGGGCAAAACTGGTCAT -3/, reverse 5'-TGGGTGCTCCACTACGAAAT-3’;
FANCI (exon 31 to 35) forward 5'- GAGTCAGGCCGAGAAGGTTC-3/, reverse 5'- CAACGGCAGCAGGTTTCTC-3’; and GAPDH for-
ward 5'-GGCTGCTTTTAACTCTGG-3/, reverse 5'-GGAGGGATCTCGCTCC-3'.
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Quantitative real-time PCR

Total RNA from cell lines was extracted directly from culture flasks using the RNeasy Mini Kit (Qiagen, #74106) following the supplier’s
instructions. Equal quantities of RNA were reverse transcribed to cDNA using the High-Capacity RNA-to-cDNA kit (Applied Bio-
systems). DCAF15 gene expression was measured using TagMan gene expression probes (Hs00384913_m1) normalized to
BACT (Hs01060665_g1) according to manufacturer’s guidelines (ThermoFisher). Analysis was conducted using the comparative
CT method.""*

Protein extraction

Total proteins of cultured cells were extracted using RIPA lysis buffer (Sigma-Aldrich, #R0278) supplemented with at least 1% HALT
protease and phosphatase inhibitor cocktail (ThermoFisher, #78442). Proteins from tumor tissues were extracted in RIPA buffer sup-
plemented with 3% protease and phosphatase inhibitor cocktail at a rate of 50-100pL lysis buffer per 10 mg tissue. To facilitate pro-
tein extraction, tissues were mixed with glass grinding beads and homogenized by the Cryolys Evolution homogenizer, followed by
sonication in an ice bath for 10-20 min. Protein supernatants were collected after centrifugation at 20,000xg at 4°C for 20 min and
stored at —80°C until analysis.

Western blotting
An equal amount of protein was loaded onto triglycine Mini-PROTEAN precast gels (Bio-Rad) for electrophoresis (200V for 35 to
50 min), followed by wet transfer (100V for 60 min) to nitrocellulose membrane via wet transfer. Membranes were blocked in 5%
skimmed milk in tris-buffered saline containing 0.1% of Tween 20 (TBST) or 5% bovine serum albumin (in TBST, for phosphorylated
targets) for 60 min at room temperature. Primary antibodies were diluted in 5% skimmed milk and incubated overnight at 4°C. Horse-
radish peroxidase (HRP)-conjugated secondary antibodies were diluted in 5% skimmed milk and incubated for 60 min at room tem-
perature. Before and after each antibody incubation, membranes were washed three times with TBST. Proteins of interest were de-
tected with the SuperSignal West Pico PLUS chemiluminescent substrate (Thermo Scientific) and Amersham Hyperfilm ECL (GE
Healthcare). ImageJ Fiji V2.0.0 was used for protein bands densitometry analysis. Membranes might be stripped once with the
Restore WB stripping buffer (Thermo Scientific, #21059) and re-probed with a different pair of primary and secondary antibodies.
Primary antibodies used in this studies were rabbit anti-RBM39 (1:500, Sigma-Aldrich, #HPA001591), mouse-anti-p-actin
(1:10,000 - 1:50,000, Abcam, #ab6276), mouse anti-phospho-Histone H2A.X (ser139) yH2AX (1:1000, Sigma-Aldrich, #05-636), rab-
bit anti-human pChk2 (T68) (1:300, R&D system, AF1626), rabbit anti-human Chk2 (1:500, R&D system, MAB1358), rabbit anti-
pATM-S1981 (1:2000, Abcam, #ab81292), mouse anti-ATM (1:1000, GenTex, GTX70103), rabbit anti-pChk1-S345 (Cell Signaling
Technology, CST2348, 1:1000), and mouse anti-Chk1 (Cell Signaling Technology, CST2360). HRP-conjugated secondary antibodies
included goat anti-rabbit polyclonal antibody (1:2500 - 1:5000, Invitrogen, #31460), and goat anti-mouse polyclonal antibody
(1:2500-1:5000, Invitrogen, #31340).

Sulforhodamine B (SRB) cell growth assay

SRB dye was supplied by Sigma-Aldrich. For a 48 or 72-h growth assay, cells were counted using a hemocytometer (Hawksley) and
seeded in 96-well plates at the following densities: 500 cells per well (ID8 cells), 2000 cells per well (OVISE, COV318, and COV504),
2500 cells per well (PEO1-derived cells), 4000 cells per well (PEO4, COV644, and KURAMOCHI), and 5000 per well (OVSAHO). Cells
were allowed to attach overnight before drug treatment the next day. At the end of drug treatment, cells were fixed with 10% (w/v) of
trichloroacetic acid (TCA) solution at 4°C for 60 min and rinsed gently under tap water. Plates were left on the bench to dry before
staining with 0.4% SRB solution (in 1% acetic acid) for 30 min. Excess SRB dye was washed away with 1% acetic acid. After drying
on the bench, 10 mM Tris-base was added to each well to solubilize the protein-bound dye. Cell growth was measured using absor-
bance at 565 nm or 510 nm with a plate reader (OPTImax Molecular Devices or BMG Labtech ClarioStar). A blank control without cells
was included for background subtraction. Cell growth values under drug treatment were normalized to vehicle control (0.1%-
0.2% DMSO).

Drug combination and synergy analysis

Drug-drug interactions were assessed using the Chou-Talalay method®""">"'% A fixed combination ratio for each drug pairs was
experimentally determined by concentrations that caused similar cytotoxicity (30%-50% growth inhibition). Cl values were calcu-
lated using the CompuSyn.°" Cl < 1 indicates synergism, Cl = 1 indicates additive, and Cl > 1 indicates antagonism.

Caspase 3/7 activation apoptosis assay

Cells were seeded and treated in the same way as SRB assays. After 48-h treatment, the conditioned media was aspirated and re-
placed with 30-50 pL of fresh media. An equal volume of the Caspase-Glo 3/7 reagent (Promega, G8093) was added and incubated
on a shaker for at least 45 min. The reaction mixture from each well was then transferred to an opaque-walled 96-well plate for mea-
surement by a ClarioStar plate reader (BMG Labtech). A cell-free control was involved for background correction. A parallel plate was
always included to quantify cell mass by SRB assay, which was used to normalize caspase 3/7 levels.
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Annexin V cell apoptosis analysis

After drug treatment, adhering cells were detached from plates by trypsinization (TrypLE Express, Gibco, #12604013) and combined
with floating cells from the conditioned media. After two washes with cold phosphate-buffered saline (PBS), cells were resuspended
in Annexin V binding buffer (0.01M HEPES, 0.14M NaCl, 2.5 mM CaCl,) and passed through a 30 um cell strainer to generate single-
cell suspensions. A staining solution containing Cy5.5-conjugated Annexin V (2.5uL per test, BD Biosciences, #559925) and Pl so-
lution (2.5 uL per test, Invitrogen, #00-6990-50) was used to stain cells. After a 15-min incubation in the dark, stained cells were
analyzed with a BD FACS Canto analyser. Positive controls for each staining were included in each repeat for color compensation.
Flowdo V10.6.2 was used for gating and analysis.

Colony formation assay

Suspensions of OVSAHO cells were passed through a 40um cell strainer (Corning) to generate single-cell suspensions and seeded in
6-well plates at a density of 3000 cells per well. Cells were allowed to grow for five days to form small colonies before drug treatment
for 48 or 72 h. Culture media was refreshed every 2-3 days until 16 days post-seeding. On day 16, colonies were fixed in ice-cold
methanol for 10 min and stained with 0.5% crystal violet (in 20% methanol) for another 10 min, washed and dried overnight. Plates
were imaged using a scanner, and the Fiji V2.0.0 was used to count colonies.

Cell cycle analysis

Inthe last 60 min of drug treatment, cells were incubated with 10 uM BrdU and 200 uM IdU sequentially for 30 min each. Three washes
with lukewarm PBS were included between BrdU and IdU labeling. Cells were detached by trypsinization and washed twice with
PBS, and fixed in 70% ethanol at 4°C overnight. The next day, 2M HCI with 0.5% Tx-100 was added for 30 min with agitation to dena-
ture chromosomes. Then, cells were washed with 0.1M NaB4O (pH 8.5) for 5 min to neutralize residue HCI, followed by blocking with
1% BSA in PBS with 0.2% Tween 20 for 30 min. Incorporated BrdU and IdU were probed with mouse anti-BrdU (1:25 in blocking
buffer, BD347580) and AF488-conjugated goat-anti-mouse antibody (1:100 in blocking buffer, Invitrogen, #A11001) for 60 min
each at room temperature. Two washes with blocking buffer were included between primary and secondary antibody incubations.
Afterward, cells were incubated with FxCycle PI/RNase staining solution (Invitrogen, #F10797) for 15 min in the dark. Finally, stained
cells were analyzed on a BD FACS Canto analyser, and data were analyzed using Flowjo V10.6.2.

DNA fiber analysis

Cells were pulse-labeled with 10 uM BrdU and 200 mM IdU in the same way as the cell cycle analysis. Approximately 2000 cells were
spotted on a SuperFrost slide (2000/2 pL/spot, 2 spots/slide). The drop was allowed to dry for 5 min and immediately mixed with 7 pL
of lysis buffer (200 mM Tris-HCI, pH 7.5, 50 mM EDTA, and 0.5% SDS) to release DNA from cells. After airdrying for five to 7 min, slides
were tilted at 15°-30°, enabling the DNA mixture to run down the slide slowly. Next, slides were dried for 30 min, fixed (in 75% meth-
anol and 25% acetic acid) and dried for another 30 min. Dried DNA spreads were briefly rinsed with distilled water and immersed in
2.5M HCI for 1 h to denature DNA. After two PBS washes, slides were blocked in the blocking buffer (1% BSA in PBS with 0.1%
Tween 20) for 1 h. BrdU was probed by incubating slides with rat anti-BrdU antibody (1:50, Abcam, #ab6326) for 90 min, followed
by two PBS washes, one wash with blocking buffer, and then 1-h incubation with AF647-conjugated goat anti-rat antibody
(1:100, Invitrogen, #A21247) in the dark. Slides were washed and left in PBS overnight before IdU labeling. The next day, IdU was
detected by 1-h incubation of mouse anti-BrdU antibody (for IdU detection, 1:50, #BD347580) and 1-h incubation of AF488-conju-
gated goat anti-mouse antibody (1:100, Invitrogen, #A11001). After rinsing away excess antibodies, slides were mounted with
Fluoromount-G (Invitrogen, #00-4958-02). Slides were imaged using the Aurox laser-free confocal microscope within 48 h. DNA track
length was manually measured using Fiji V2.0.0.

Immunofluorescence analysis

Experiments in 96 well plates were washed once with PBS and fixed with 4% formaldehyde (Fisher Scientific, #11586711) for 15 min.
After removing formaldehyde and two PBS washes, cells were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, #T8787) in PBS
for 20 min, before blocking in 1% BSA and 2% FBS in PBS for 60 min. Cells were incubated with mouse anti-yH2AX antibody (1:500,
Sigma-Aldrich, #05-636) overnight at 4°C, followed by three PBS washes. Next, cells were incubated with AF488-conjugated goat
anti-mouse antibody (1:500, Invitrogen, #A11001) and DAPI (1:1000 in blocking buffer, Sigma-Aldrich, #D9542) for 2 h at room tem-
perature. Stained cells were washed with PBS three times and 200 uL and imaged in 200 uL PBS. IN Cell Analyzer 1000 (GE Health-
care, UK) was used for imaging using a 20X objective. A minimum of 16 fields per well were acquired and CellProfiler (V3.1.8.) was
used for image analysis.

Data availability

The DCAF15 copy number variation and mRNA expression data in serous ovarian cancer patients were generated by the TCGA
Research Network (PanCancer Atlas) and downloaded from the cBioPortal (https://www.cbioportal.org). The CTD? Drug sensitivity
data in ovarian cancer cell lines and DCAF15 expression data were downloaded from the DepMap (https://depmap.org/portal/). The
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alternative splicing data included for systematic literature analysis were downloaded from online versions of the original publications.
RNAseq data generated in this manuscript has been uploaded to the NCBI Gene Expression Omnibus and are accessible through
GEO Series accession number GSE223011.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed by GraphPad Prism 9. For data with normal distribution, the Student’s t-test was used for sta-
tistical analysis between two groups. One-way ANOVA and multiple comparisons test were used for analysis among three or more
groups. Two-way ANOVA and multiple comparisons test were used when there were three or more groups with two factors. For non-
parametric data, Kruskal-Wallis test and multiple comparisons test were used. Statistical significance for in vitro data were defined as
ns = not significant, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. The Log rank (Mantel-Cox) test with Bonferroni-corrected sig-
nificance threshold (0.0083) was used to calculate statistical differences between surviving proportions in the animal studies. Statis-
tical details are specified in the figure legends.
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