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Indisulam exerts anticancer effects via
modulation of transcription, translation and
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Abstract: Indisulam is a synthetic sulfonamides drug with anticancer activity in various tumors. However, the effect
and molecular mechanism of indisulam have still not been studied in human cervical cancer. We treated human
cervical cancer cell lines (HeLa and C33A) with indisulam, evaluated its efficacy, and investigated its molecular tar-
gets. Indisulam inhibited tumor growth and induced RBM39 degradation in a dose-dependent manner. RNA-seq and
proteomics analysis revealed that indisulam disrupted transcriptional regulation pathways related to mRNA splicing
and apoptosis. More importantly, indisulam caused mis-splicing of RNA transcripts including p73 isoforms ANp73
and TAp73 which have opposite roles in apoptosis regulation. Indisulam increased TAp73 expression and triggered
mitochondrial apoptosis independent of p53 status in Hela cells. In summary, our data suggests that indisulam has
therapeutic potential in cervical cancer, representing an attractive strategy in p53-disrupted cancers and should be
further investigated.

Keywords: Indisulam, RBM39, splicing, p73, apoptosis

Introduction anti-tumor screening and flow cytometry, such
as indisulam (N-(3-chloro-7-indolyl)-1,4-benze-
nedisulfonamide; E7070) (Figure 1A) [4, 5].
Indisulam has exhibited potent anti-cancer
activity against various tumor cell lines in vitro,

including colorectal cancer cells HCT116 and

Cervical cancer is one of the most common
tumors of the female reproductive system and
the fourth leading cause of death in women [1].
According to the International Center for

Research on Cancer, approximately 485,000
cases of cervical cancer were diagnosed world-
wide in 2013, resulting in 236,000 deaths [2].
Currently, the main treatment modalities for
cervical cancer include surgery, chemotherapy,
radiotherapy. However, the tolerance of radio-
therapy and chemotherapy is still presents a
major challenge, leading to poor treatment
effects or failures in cervical cancer [3].
Therefore, identifying novel therapeutic agents
is beneficial for improving the clinical manage-
ment of cervical cancer.

In recent years, some new anti-cancer drugs
have been derived from sulfonamides through

SW620, non-small cell lung cancer cells LX-1
and PC-9 [6-9]. It can down-regulate genes
involved in cell proliferation and tumor resis-
tance and synergize with other anti-cancer
drugs such as CPT-11 to exert anti-cancer
effects [10]. Similarly, indisulam has shown an
anti-tumor role in xenograft tumor models in
vivo and induced tumor regression [11].
Moreover, indisulam can induce ubiquitination-
mediated degradation of splicing factor RBM39
by recruiting it to DCAF15. This resulted in splic-
ing defects, altered gene expression, and apop-
tosis of cancer cells [11]. Although the anti-can-
cer effect of indisulam has been reported, its
role and mechanism in cervical cancer remain
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Figure 1. Indisulam efficiently inhibits the growth and clone formation of cervical cancer cells. A. Chemical-structure
of indisulam. B-D. HeLa and C33A cells were treated with increasing doses of indisulam for 24, 48, and 72 hours.
After incubation time, cell viability assay (MTS) was performed. E, F. Clonogenic survival assay of HeLa and C33A
cells after exposure to different doses of indisulam (0-5 uyM). After 10-14 days, colonies greater than 50 cells were
counted. Data represent the mean = SD of three independent experiments each conducted in triplicate. ns: no

significance difference, ***P<0.001, ****P<0.0001.

largely unexplored. Therefore, this study pri-
marily aims to investigate the effect of indi-
sulam on cervical cancer cells and its possible
mechanism.

Materials and methods
Cell culture and reagents

The human cervical adenocarcinoma cell line
Hela (HPV-18 positive) and the cervical squa-
mous cell carcinoma cell line C33A (HPV nega-
tive) were obtained from Shanghai Fuheng
Biotechnology Co., Ltd. HelLa cells have wild-
type p53, while C33A cells harbor a mutant
p53 (R273C). Both cell lines were cultured at
37°C and 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with
10% FBS (BI), penicillin (100 units/ml), and
streptomycin (100 mg/ml). Purified indiulam
(298%) (SML1225) was obtained from Sigma-
Aldrich (Shanghai) Trading Co., Ltd. The chemi-
cal structure is shown in Figure 1A. Dime-
thylsulphoxide (DMSO) purchased from Solarbio
Science & Technology Co., Ltd. was used to dis-
solve the drug into 20 mM stock solution.

Cell viability assay

The methy-l tetrazolium salt (MTS) assay was
used to detect cell survival. HeLa and C33A
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cells were seeded at 3000 cells/well in 96-well
plates and treated with various concentrations
of indiulam. After 24 h, 48 h and 72 h of in-
cubation, the Cell Titer 96 AQueous One
Solution Cell Proliferation Assay (Promega,
Beijing, China) was added to each well and
incubated for another 60 min at 37°C. The
absorbance at 490 nm was measured by a
microplate spectrophotometer reader (Thermal
Lab System, Finland), and normalized to the
control for cell survival.

Clonogenic assay

The colony-formation assay was used to evalu-
ate cell proliferation. HeLa and C33A cells were
seeded at 1000 cells/dish in 60 mm dishes in
triplicate and treated with different concentra-
tions of indiulam. The cells were incubated at
37°C for 2 weeks and then fixed with 4% para-
formaldehyde for 15 minutes. The colonies
were stained with crystal violet, imaged and
counted.

Cell apoptosis assay

Cell death was assessed by flow cytometry
using the Annexin V-FITC Apoptosis Detection
Kit | (BD, USA). The cells were harvested and
washed twice with PBS after 24 hours of incu-
bation at 37°C. Then they were resuspended in
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75 pL of binding buffer and stained with 2.5 uL
of Annexin V and 2.5 pL of propidium iodide
(Annexin V-FITC Apoptosis Detection Kit I, BD,
USA) in the dark. The samples were analyzed
by a FlowSight flow cytometer (Amnis, Seattle,
WA, USA) with IDEAS Application v6.0 software
after 15 min of incubation in the dark.

Western blot analysis

Hela cells were treated with various concentra-
tions of indiulam at 37°C for 24 hours, and then
the protein was extracted through adding the
RIPA lysis buffer (Solarbio, China). The proteins
were separated by SDS-PAGE according to
their molecular weight and then transferred to
PVDF membranes activated by methanol. The
membranes were blocked with 5% skim milk
for 1 h and then incubated with antibodies
against RBM39 (Abcam, ab244254, 1:1000),
caspase-3 (Abcam, ab184787, 1:2000), ANp73
(Novus, 38C674.2, 1:1000), p73 (Novus, 5B-
429, 1:1000), Cytochrome C (Immunoway,
YM3402, 1:1000), Bax (Immunoway, YT0455,
1:1000), Bcl-2 (Immunoway, YT0470, 1:1000),
Cleaved Caspase-3 (Cell Signaling Technology,
9661S, 1:1000), p21 (Abcam, ab109199,
1:1000), Cyclin D1 (Abcam, ab16663, 1:200),
and B-Actin (Bioss, bs-10966R, 1:5000). The
secondary antibodies were HRP-linked anti-
mouse or anti-rabbit 1gG antibodies (Bioss,
1:10000, China). The signals were detected by
enhanced chemiluminescence.

RNA sequencing and proteome analysis

RNA sequencing: Human cervical cancer HelLa
cells were treated with or without 5 yM indi-
uslam for 24 h. The cells were trypsinized and
washed thoroughly with sterile PBS, and then
fully lysed with Trizol. Total RNA was then iso-
lated and purified. The isolated RNA has integ-
rity greater than 7.0, and a yield greater than 1
pg. Oligo dT beads were used to interact with
the ploy(A) tail of mature mRNA to eliminate
other RNA, and then the purified mRNA was
fragmented using a magnesium disruption kit.
The cDNA was synthesized from mRNA by
reverse transcriptase. Then the second strand
was synthesized and the mRNA was removed
to obtain double-stranded cDNA, which was
purified. Then PCR amplification was performed
to form a 300150 bp fragment size library.
After amplification, the library was purified and
subjected to quality inspection. Finally, paired-
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end sequencing was performed using an illu-
mina Novaseq™ 6000 following standard pro-
cedures in PE150 mode. After sequencing, the
data was processed to remove the adapter,
and the quality was evaluated. After alignment
with the reference sequence, the differential
gene expression analysis and transcript infor-
mation were further analyzed.

Proteome analysis: Human cervical cancer
HelLa cells were treated with or without 5 yM
indiuslam for 24 h. Then cells were washed
twice with sterile PBS, and then placed on ice.
Sterile PBS pre-cooled at 4°C was added to
the dishes. The cells were quickly scraped to
the side of the dish with a cell scraper, and the
cell lysates were collected and centrifuged.
Protein samples were extracted, quantified and
subjected to SDS-PAGE gel electrophoresis
and FASP enzyme digestion. Then 100 pg of
each group of samples were labeled with TMT,
and the labeled peptides were mixed. The
Agilent 1260 infinity Il HPLC system was used
for classification, and finally the peptides were
identified by Easy nLC chromatography and
mass spectrometry. The mass number devia-
tion of the peptides was determined by data-
base comparison, and the bioinformatics
analysis was performed. Total RNA was isolat-
ed using TRIzol reagent (Invitrogen, CA, USA).
Then, we performed paired-end sequencing on
an lllumina Hi Seq 4000 at LC-BIO Technologies
(Hangzhou) Co., LTD., following the vendor’s
recommended protocol.

Alternative splicing analysis

The predicted gene model (transcript.gtf) from
Stringtie was used to qualitatively analyze the
alternative splicing events for each sample
using ASprofile software. The analysis of alter-
native splicing events was based on the gene
structure annotation information of the spe-
cies. The main types of variable splicing events
are as follows: (A) exon skipping (SKIP) and cas-
sette exons (MSKIP); (B) retention of single (IR)
and multiple (MIR) introns; (C) alternative exon
ends (AE); (D) alternative transcription start site
(TSS); (E) alternative transcription termination
site (TTS).

Immunofluorescence staining of nuclear
speckles

HelLa cells treated with or without indisulam
were grown on U20 mm glass-bottom cell cul-
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ture dishes and fixed with 4% fixative solution.
Then they were permeabilized with 0.5% Triton
X-100 and blocked with 10% BSA in TBST. Next,
the cells were incubated overnight at 4°C with
primary antibodies against SC35 (ab11826,
1:200, Abcam) and Lamin A (ab8090, 1:1000,
Abcam). Finally, they were incubated with sec-
ondary antibody in the dark for 1 h at room
temperature. Cell images were acquired using
a Zeiss LSM-700 confocal microscope (Carl
Zeiss, Jena, Germany) (400x%). Nuclear speck-
les are characterized by punctate immunofluo-
rescence staining of the monoclonal antibody
SC35-positive [12]. Lamin A was used to label
the nuclear envelope.

Immunohistochemical (IHC)

The tumor tissues from xenograft tumors were
subjected to IHC staining. Briefly, the tissue
slides were dewaxed in xylene and rehydrated
using different ethanol concentrations. Antigen
retrieval was performed in sodium citrate buf-
fer (10 mM, pH 6.0), followed by incubation with
3% H,0, in methanol to block endogenous per-
oxidase. After incubated in blocking solution,
slides were stained with Ki67 (Immunoway,
YM3064, 1:200) primary antibodies overnight
at 4°C. Finally, tumor slides were counter-
stained using hematoxylin.

Xenograft assay

Cervical cancer Hela cells (5*107 cells in 1.25
mL serum-free medium) were injected into the
axilla of the right forelimb of Balb/c nude mice
(100 pL/each mice). After the injection, the
mice were observed and then returned to the
cage. When tumors grew to about 100 mm3,
the nude mice were randomly divided into three
groups: the control group, the vector group
(injected with the same volume of solvent) and
drug treatment group (injected with 25 mg/kg
indisulam), with 4 mice in each group. The mice
were treated by tail vein injection once a day for
8 consecutive days. The body weight and tumor
volume of nude mice were measured every 2
days and tumor volume was calculated as
(length x width?)/2. After discontinuing the
drug administration, the nude mice were anes-
thetized, and the tumor tissues were collected,
photographed, weighed.

Statistical analysis

Statistical analysis was performed using
GraphPad Prism 8. The data were obtained
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from at least three independent experiments
and presented as mean * SD. T-Test and one-
way ANOVA were used to determine the signifi-
cance of differences between groups. A p-value
<0.05 was considered statistically significant.

Results

Indisulam causes growth inhibition in a time
and dose-dependent manner

We first investigated the cytotoxicity and inhibi-
tory effects of indisulam on human cervical
cancer cells. HeLa and C33A cells were treat-
ed with increasing concentrations of indisulam
for 24-72 hours and then assessed by MTS
assay. The result showed that indisulam signifi-
cantly reduced the growth and viability of HeLa
and C33A cells in a time- and dose-dependent
manner (Figure 1B, 1C). The half-maximal
inhibitory concentration (IC50) was 287.5 pM in
Hela cells and 125.0 yM in C33A cells at 24
hours (Figure 1D). Moreover, we performed a
colony-formation assay to determine the anti-
proliferative effect of indisulam. Our data sug-
gested that indisulam treatment markedly
decreased the clonogenicity of HeLa and C33A
cells (Figure 1E, 1F), indicating that indisulam
suppressed the proliferation of cervical cancer
cells.

Indisulam treatment inhibited cervical cancer
in vivo

We further evaluated whether the same inhibi-
tion phenomenon could be observed in vivo
using a nude mice model. Our results showed
that compared with the control group, the
tumor volume of nude mice treated with 25
mg/kg indisulam was significantly reduced
(Figure 2A, 2B). The weight of tumors in the
indisulam treatment group was lower than
those in the control and vehicle group (Figure
2C). Then, we performed histological analysis
(HE, and Ki-67) staining to further assess the
anti-tumor ability of indisulam in vivo. H&E
staining of the tumor histopathology showed
that tumor cell proliferation was significantly
decreased in the indisulam treated group
(Figure 2D). Consistently, the IHC results show-
ed that the population of Ki67-positive cells
was noticeably decreased in indisulam treated
cells compared with control group (Figure 2D).
This suggests that indisulam also has an antitu-
mor effect in human cervical cancer Hela cell
xenograft tumor model.
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Figure 2. Indisulam suppressed tumorigenicity in vivo. A. Representative picture showing tumor growth after tail
vein injection once a day for 8 consecutive days. B. Tumors’ volume was measured on day O, 2, 4, 6, 8. The weight
of control, vector and indisulam-group tumors were measured respectively (n=4). C. The weight of vector-group and
indisulam-group tumors were measured respectively (n=4, one-way ANOVA). D. Representative images of H&E stain-
ing and Ki-67 expression was assessed in xenografts. All statistical data were shown as mean + SEM. *P<0.05.

Indisulam-treatment could cause a depletion
of RBM39 in HelLa cell

The precise molecular mechanism of indisulam
has been recently elucidated. Indisulam acts
as “molecular glue” that recruits splicing factor
RBM39 to the E3 ubiquitin ligase CRL4-
DCAF15, leading to rapid proteasomal degrada-
tion of RBM39 (Figure 3A) [13, 14]. Indisulam
binds to a well-defined pocket formed by
DCAF15 and establishes several direct and
water-mediated interactions with both RBM39
and DCAF15 [15] (Figure 3B). To investigate
whether indisulam could also induce RBM39
degradation in cervical cancer cells, we per-
formed transcriptome and proteomic analysis
on Hela cells treated with indisulam (5 puM)
for 24 hours. Heatmap analysis showed no
decrease in RBM39 mRNA level, but a signifi-
cant down-regulation of RBM39 protein in
indisulam-treated HelLa cells was observed
(Figures 3C, 4A), indicating that the reduction
in RBM39 expression was post-translational.
The dose-dependent degradation of RBM39
was also confirmed by western blot in HeLa and
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C33A cells treated with indisulam (Figure 3D,
Supplementary Figure 1). In addition, expres-
sion-level modification of some ubiquitin path-
way-related proteins, such as DCAF, DDB2,
UBE2D4, etc., were also detected in our
sequencing results. Together, these results
show that indisulam treatment can reduce
RBM39 protein levels in cervical cancer cells.

Transcription perturbations following indi-
sulam treatment in HelLa cells

We performed total RNA-seq on Hela cells to
identify transcriptional changes caused by
RBM39 degradation induced by indisulam
treatment. RBM39 selectively coactivates
components of well-known transcription factor
involved in multiple cellular activities, such as
AP-1, steroid hormone receptors including ERq,
ERB and PR, and NF-kB et al. [16]. However,
RBM39 also appears to act as a transcription
corepressor. Kumar et al. revealed that RBM39
could interact with TBX3 to suppress the
expression of the IncRNA UCA1 and prevent
cell senescence [17]. RBM39-knockdown has
been shown to result in the up- or down-regula-
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Figure 3. Indisulam treatment induces RBM39 degradation of HelLa cells. A. Indisulam act as a molecular glue re-
cruiting RBM39 to E3 ubiquitin ligase CRL4-DCAF15 resulting in proteasomal degradation of RBM39. B. Structural
of indisulam-mediated RBM39 recruitment to DCAF15 E3 ligase complex. C. Heatmap analysis following indisulam
treatment in Hela cells after 24 h treatment (5 uM). D. Western blot of Hela cells treated with O, 5 nM, 0.5 uM
or 5 uM indisulam for 24 h. Data represent the mean + SD of three independent experiments each conducted in
triplicate. **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA).

tion of transcript levels of various genes [18].
We filtered the differentially expressed genes
(DEGs) with a fold change (FC) >2 or <0.5 and
p value <0.05. FPKM was used to evaluate
gene expression level across different sampl-
es. The result showed that indisulam treatment
significantly perturbed 256 DEGs: 180 were
up-regulated and 76 were down-regulated
(Figure 4A, 4B), suggesting that indisulam
treatment can both increase and decrease the
transcript levels. These DEGs participate in
various cellular processes such as transcrip-
tion regulation, mRNA splicing, post-transla-
tional protein modification, cell cycle arrest
and apoptosis (Figure 4C). KEGG pathway
analysis showed that the DEGs were predomi-
nately enriched in transcriptional mis-regula-
tion and cancer-associated pathways (Figure
4D). Collectively, these results indicate that
indisulam-induced RBM39 degradation results
in transcription perturbations of HelLa cells in
multiple cellular processes.
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Translation perturbations following indisulam
treatment in Hela cells

RBM39 has been demonstrated to regulate
protein translation and bind to mRNAs encod-
ing translation-related proteins [18]. In addi-
tion, Mai et al. found that RBM39 binds to
5'UTR, affecting protein translation [4]. To
investigate how indisulam affects protein
expression in HelLa cells, we performed a pro-
teomic analysis following RBM39 depletion by
indisulam. Quantification of SDS-PAGE results
confirmed protein quality, quantity, and sample
repeatability. Peptide labeling efficiency was
99.2%, enabling subsequent analysis. We used
a fold change (FC) of >1.2 and a p value of
<0.05 as criteria for selecting differential pro-
teins. Interestingly, we identified 479 differen-
tial proteins, of which 340 were up-regulated
and 139 were down-regulated. Notably, RBM39
levels were significantly down-regulated (Figure
5A, 5B). According to the subcellular localiza-
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tion analysis, we found that most differential
proteins were located in the nucleus and cyto-
plasm, while about 22.5% were located in the
mitochondria (Figure 5C). Gene ontology (GO)
enrichment analysis highlighted the involve-
ment of differential proteins in mitochondrial
matrix functions (Figure 5D), suggesting that
mitochondrial pathways may be important for
Hela cells’ response to indisulam. Further-
more, we integrated transcriptomic and pro-
teomic analyses and found about 68 genes
that showed consistent changes at both
MRNA and protein levels (Figure 5E). Enrich-
ment analysis revealed that processes associ-
ated with transcription regulation, mRNA splic-
ing, protein modification and cell proliferation
or differentiation were particularly impacted
(Figure 5F). These processes are crucial for
events occurring in the nucleus, cytoplasm,
and mitochondria, implying that Hela cells
undergo multiple changes following indisulam
treatment.

Indisulam treatment is associated with defects
in RNA splicing in HelLa cells

Han T et al. demonstrated that indisulam toxic-
ity is caused by RBM39-dependent splicing dis-
turbance and aberrant splicing events [13]. In
our study, we performed alternative splicing
analysis using reads uniquely mapped to the
human genome and identified 6063 RBM39-
regulated events. The most common event
was exon skipping (2054/6063, 33.9%), fol-
lowed by alternative transcription start site
(1448/6063, 23.9%) and alternative trans-
cription termination site (756/6063, 12.5%)
(Figure 6A). We additionally observed intron
retention (543/6063, 8.9%) and alternative
3/5’ splicing sites (750/6063, 12.4%). By inter-
secting a dataset of splicing factors (SFs) [19]
with differentially expressed genes (DEGs), we
identified 7 SFs that were differentially ex-
pressed at the proteome level, with six of them
having direct or indirect interaction with RBM-
39 (Figure 6B). We also found a strong correla-
tion between RBM39 expression and other
DSFs in CESC samples (TIMER2.0) (Figure 6C),
suggesting RBM39 may regulate multiple splic-
ing factors and splicing events in CESC.

To investigate the impact of splicing disruption
on nuclear speckle organization after indisulam
treatment, we used an antibody against splic-
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ing factor SC35 to label nuclear speckles in
Hela cells. SC35 is a marker of nuclear speck-
les where splicing and transcription factors
are abundant [19, 20]. As expected, indisulam
treatment resulted in larger, rounder, fewer and
brighter speckles compared to control group
(Figure 6D), which are referred to as mega-
speckles. We observed minimal colocalization
of RBM39 and SC35, indicating a negative
correlation between RBM39 levels and the for-
mation of SC35 speckles (Figure 6E). The re-
sults suggested that indisulam treatment dis-
rupts the alternative splicing leading to the
reorganization of splicing factors into larger
and rounder granule clusters within the nucle-
us of Hela cells.

Indisulam induces mitochondrial apoptosis
independently of p53 in HeLa cells by redirect-
ing p73 alternative splicing

We performed an Annexin V-FITC dual staining
assay by flow cytometry to investigate the
effect of indisulam on apoptosis in HelLa cells.
Our findings revealed an increase in apoptotic
cells with higher concentrations of indisulam
(Figure 7A), suggesting that indisulam might
inhibit cancer growth by inducing cell apopto-
sis. Since p53 is inactivated in HPV-18 positive
Hela cells, and p73 can induce apoptosis inde-
pendently of p53 by regulating genes involved
in apoptosis in many cancers, we examined
whether p73 mediates indisulam-induced
apoptosis in HelLa cells. p73 has two splicing
isomers with opposite functions: anti-apoptotic
factor ANp73 and pro-apoptotic factor TAp73.
The regulation of p53 responsive genes in the
absence of p53 relies on a critical balance
between different p73 gene-derived proteins
[24]. Our results showed that indisulam treat-
ment reduced ANp73 expression but increased
TAp73 expression, indicating that indisulam
might modulate apoptosis in HelLa cells by
altering the alternative splicing of apoptotic
factors and changing the ANp73/TAp73 ratio
(Figure 7B, 7C). To further confirm intrinsic
apoptosis induced by indisulam treatment in
Hela cells, we performed western blot assay to
detect the mitochondrial pathway-related pro-
teins. As shown in Figure 7D and 7E, indisulam
treatment upregulated the expression of pro-
apoptotic Bax and decreased the anti-apoptot-
ic Bcl-2 expression, resulting in an increase in
the ratio of Bax/Bcl-2, promoting cell apopto-
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Figure 7. Indisulam treatment induce p73-dependent mitochondrial pathway of apoptosis in HelLa cells. A. HelLa
cells treated with different concentration of indisulam for 24 h were subsequently detected using co-staining with
Annexin V-FITC and PI flow cytometry. B. Expression of p73 splicing isoforms ANp73 and TAp73 were analysed
by western blot assay. B-Actin protein was used as an internal control. C. Quantitative analysis of the ANp73 and
TAp73 is represented by column graphs. D. Expression of apoptosis-associated proteins, including Bcl-2, Bax, pro-
caspase-3, cleaved caspase 3 and cytochrome ¢ were analysed by western blot assay. B-Actin protein was used as
an internal control. E. Quantitative analysis of the Bcl-2, Bax, procaspase-3, cleaved caspase 3 and cytochrome ¢
proteins were represented by column graphs. Data represent the mean * SD of three independent experiments
each conducted in triplicate. ns: no significant difference, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-

way ANOVA).

sis. Caspase-3, a crucial cysteine-aspartic acid
protease involved in cell apoptosis, is cleaved
by initiator caspases such as caspase-8 or
caspase-9 at the Asp175 residue. This cleav-
age leads to the removal of the prodomain and
the formation of two heterodimers, p20 and
pl2 (cleaved caspase-3) [22-24]. In our study,
we observed downregulation of procaspase-3
expression and upregulation of cleaved cas-
pase-3 following 24 hours of indisulam treat-
ment. Furthermore, the level of cytochrome ¢
increased, indicating the occurrence of apopto-
sis. Therefore, our findings confirm that indi-
sulam affects p73 splicing independently of
p53 and induces intrinsic apoptosis by upregu-
lating Bax/Bcl-2 ratio, cytochrome c release
and activated-caspase-3.

Discussion

Indisulam is an aryl sulfonamide drug originally
discovered by Eisai in a phenotypic screen for
small molecules with anticancer activity [4,
25]. A number of studies have shown that mul-
tiple cancer cell lines and xenograft models
are sensitive to indisulam treatment [26-29].
However, the efficacy of indisulam has not
been tested in human cervical cancer cells. In
this study, we have shown that indisulam is an
extremely effective anti-cancer drug in human
cervical cancer cells, reducing cellular growth
in a time and dose-dependent manner. In addi-
tion, although both HelLa and C33A cell lines
responded to indisulam treatment, the IC50
concentrations were quite different, leading us
to hypothesize that differences in p53 status
might lead to the different degree of response.
Recent studies have shed light on the precise
molecular mechanism of indisulam’s action
and selectivity [13, 14]. It has been reported
that the anti-tumor effect of indisulam is depen-
dent on RBM39, also known as HCC1 and
CAPER or CAPERq, and that RBM39 mutations
can induce resistance to indisulam, preventing
the formation of the complex [13]. Indisulam

2933

induces the recruitment of RBM39 to the CUL4-
DCAF15 E3 ubiquitin ligase, resulting in poly-
ubiquitination and rapid proteasomal degrada-
tion [13, 14]. In our study, we observed a signifi-
cant decrease in RBM39 expression through
Western blot and proteomic analysis, indicating
that the efficacy of indisulam in HelLa cells
may depend on RBM39 degradation. It has
been demonstrated that RBM39 is involved in
the coactivation of well-known transcription
factors involved in multiple cellular activities,
such as oestrogen receptor-a, ERB, progester-
one receptor, activating protein-1, oestrogen-
related receptor-a and NF-kB [16]. RBM39-
knockdown has been shown to be involved in
the up- or down-regulation of transcript levels
of various genes, potentially impacting transla-
tion [18]. Here, we have shown that indisulam
treatment caused broad perturbations in HelLa
cells both at the transcript and translation
level, particularly in the regulation of transcrip-
tion, mRNA splicing, apoptosis, ubiquitin-medi-
ated proteolysis, and mitochondrial-associated
GO terms (Figure 8). These results underline
the broad regulatory actions of indisulam on
Hela cells which may be mediated by RBM39
degradation.

It is now widely accepted that defects in alter-
native splicing represents an actionable cancer
hallmark [30, 31]. Carcinogenic splicing results
from either mutations in splicing-regulatory ele-
ments of cancer-related genes or from abnor-
mal expression of SF [32, 33]. Using small mol-
ecules to block or degrade the SF and modu-
late cancer-specific splicing have provided
novel therapeutic targets for oncology [33, 34].
At present, the mechanism of action of small
molecule splicing regulators has been gradu-
ally elucidated. The first class, including E7107
and pladienolide B act directly on the spliceoso-
mal component SF3B1. In addition, several
small molecules, for example NB-506, inhibit
the activity of splicing factors by targeting the
regulatory kinases of SFs. Finally, a class of aryl
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sulfonamides drug such as indisulam has been
reported to achieve anti-cancer effect in multi-
ple cancer types by decreasing the expression
of RBM39 [13, 33]. RBM39 is associated with
spliceosome component U2AF2 and multiple
splicing factors. Ting Han et al. demonstrated
that indisulam disrupts RBM39-dependent
MRNA splicing, resulting in exon skipping and
intron retention [13]. Recently, a study on neu-
roblastoma also reported that indisulam abro-
gates proteins involved in cell cycle and metab-
olism through RBM39-mediated alternative
splicing. In our study, we also observed errone-
ous splicing of RNA and dysregulated expres-
sion and reorganization of splicing factor
following indisulam treatment in Hela cells.
Aberrantly spliced genes and disregulated
splicing factors might play an important role in
cell apoptosis induction regulated by indisulam
in human cervical cancer cells, which needs
further exploration.

Our findings also highlight the ability of indi-
sulam to induce apoptosis in HelLa cells in a
time and dose-dependent manner. Apoptosis
is a major mechanism of cancer cell death.
Abnormalities in apoptosis play a crucial role in
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the progression and development of human
cancer and targeting apoptosis has been a
mainstay in cancer therapy [35]. There are two
main established apoptotic signaling pathways
in mammals: the extrinsic pathway of apoptosis
mediated by death receptor and the intrinsic
pathway of apoptosis mediated by mitochon-
dria, also called mitochondrial apoptosis [36].
The extrinsic apoptotic signal is activated when
extracellular death-inducing factors bind to
cell receptors (TNFR, TRAIL, FasL), leading to
the formation of death inducing signaling com-
plexes. Diverse cellular stimuli including DNA
damage, hypoxia and oxidative stress, activate
the mitochondrial pathway of apoptosis by
inducing oligomerization of Bax/Bak located in
the mitochondrial outer membrane, promoting
mitochondrial outer membrane permeability,
the release of cytochrome c, and caspase
activation [37]. All of these intrinsic apoptosis
events are primarily controlled by Bcl-2 family
proteins and p53 [38]. However, p53 is inacti-
vated in Hela cells because it is HPV-18 posi-
tive. It has been reported that p73, a homo-
logue of the tumor suppressor factor p53, is a
highly appealing therapeutic target towards
cancers with a null or disrupted p53 pathway
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[39]. Our previous study also found that p73
gene involved in the induction of mitochondrial
apoptosis in HelLa cells by SF3B1 inhibition
[40]. Due to the use of two alternative promot-
ers, the TP73 gene results in the generation of
TAp73 and ANp73 through alternative splicing
[41]. The TAp73 isoforms act as tumor suppres-
sors and have pro-apoptotic effects, whereas
the ANp73 isoforms lack the N-terminus trans-
activation domain and act as oncogenes [42].
Herein, we showed that indisulam treatment
could induce human cervical cancer cell apop-
tosis through regulating the alternative splicing
of p73, favoring the splicing of pro-apoptotic
splice variants TAp73 and further causing in-
creased Bax expression and decreased Bcl-2.
Additionally, activation of procaspase-3 and up-
regulation of cytochrome ¢ was also observed,
indicating that the apoptotic effects of indi-
sulam against Hela cells was modulated by
p73/Bcl-2 protein-mediated regulation of mito-
chondrial apoptosis (Figure 8). However, wheth-
er indisulam treatment could also lead to other
pathways of apoptosis through coordinating
transcription, translation and alternative splic-
ing is still unclear and needs to be explored in
depth.

Altogether, this research indicates that indi-
sulam treatment shows significant therapeutic
potential as demonstrated by our results in
Hela cells by inducing proteasomal degrada-
tion of RBM39, transcription perturbations,
mis-splicing, and p73-mediated mitochondrial
apoptosis. With additional studies on the es-
sential role of RBM39 as a target for cancer
treatment, the efficacy of indisulam could be
further optimized and could emerge as a prom-
ising drug candidate for the treatment of cervi-
cal cancer.
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Supplementary Figure 1. Indisulam treatment induces RBM39 degradation of C33A cells. Western blot of C33A
cells treated with O, 5 nM, 0.5 uM or 5 uM indisulam for 24 h. Data represent the mean + SD of three independent
experiments each conducted in triplicate. ns: no significant difference, *P<0.05 (one-way ANOVA).



