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Abstract

Numerous recent studies suggest that cancer-specific splicing alteration is a

critical contributor to the pathogenesis of cancer. RNA-binding protein with

serine-rich domain 1, RNPS1, is an essential regulator of the splicing process.

However, the defined role of RNPS1 in tumorigenesis still remains elusive. We

report here that the expression of RNPS1 is higher in cervical carcinoma sam-

ples from The Cancer Genome Atlas (TCGA-cervical squamous cell carcinoma

and endocervical adenocarcinoma) compared to the normal tissues. Consis-

tently, the expression of RNPS1 was high in cervical cancer cells compared to a

normal cell line. This study shows for the first time that RNPS1 promotes cell

proliferation and colony-forming ability of cervical cancer cells. Importantly,

RNPS1 positively regulates migration-invasion of cervical cancer cells. Intrigu-

ingly, depletion of RNPS1 increases the chemosensitivity against the chemo-

therapeutic drug doxorubicin in cervical cancer cells. Further, we

characterized the genome-wide isoform switching stimulated by RNPS1 in cer-

vical cancer cell. Mechanistically, RNA-sequencing analysis showed that

RNPS1 regulates the generation of tumor-associated isoforms of key genes,

particularly Rac1b, RhoA, MDM4, and WDR1, through alternative splicing.

RNPS1 regulates the splicing of Rac1 pre-mRNA via a specific alternative splic-

ing switch and promotes the formation of its tumorigenic splice variant, Rac1b.

While the transcriptional regulation of RhoA has been well studied, the role of

alternative splicing in RhoA upregulation in cancer cells is largely unknown.

Here, we have shown that the knockdown of RNPS1 in cervical cancer cells

leads to the skipping of exons encoding the RAS domain of RhoA, conse-

quently causing decreased expression of RhoA. Collectively, we conclude that

the gain of RNPS1 expression may be associated with tumor progression in cer-

vical carcinoma. RNPS1-mediated alternative splicing favors an active Rac1b/

RhoA signaling axis that could contribute to cervical cancer cell invasion and

Abbreviations: APC/C, anaphase-promoting complex/cyclosome; AS, alternative splicing; CASP1, Caspase 1; CASP4, Caspase 4; CTSV, Cathepsin V;
Dox, doxorubicin; ECM, extracellular matrix; HDF, human dermal fibroblast; HIV, human immunodeficiency virus; HPV, human papillomavirus;
hrHPV, High-risk human papillomavirus; MMP9, matrix metalloproteinases; PAP, Papanicolaou; RNPS1, RNA-binding protein with serine-rich
domain 1; TCGA, The Cancer Genome Atlas; TIMP3, tissue inhibitors of matrix metalloproteinases; UCEC, uterine corpus endometrial carcinoma;
WDR1, WD-repeat domain 1.

Received: 19 July 2022 Accepted: 17 October 2022

DOI: 10.1002/iub.2686

IUBMB Life. 2022;1–16. wileyonlinelibrary.com/journal/iub © 2022 International Union of Biochemistry and Molecular Biology. 1

https://orcid.org/0000-0001-9121-6816
https://orcid.org/0000-0002-7054-1553
mailto:kusumsingh@iitg.ac.in
http://wileyonlinelibrary.com/journal/iub


metastasis. Thus, our work unveils a novel role of RNPS1 in the development

of cervical cancer.
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1 | INTRODUCTION

Cancer develops primarily as a result of sequential
genetic changes and genomic instability, causing consti-
tutive expression of oncogenes and repression of tumor-
suppressor genes. As a result, cancer cells gain unique
capabilities such as increased replicative potential, insen-
sitivity to growth-inhibitory signals, delayed apoptosis,
persistent angiogenesis, and tissue invasion.

Gynecological cancers are the second most diagnosed
cancer in women, following breast cancer. Cervical can-
cer is the fourth most frequent cancer globally and the
most common malignancy in developing countries.1 Cer-
vical cancer is linked to a number of risk factors, includ-
ing sexually transmitted infections such as human
papillomavirus (HPV) and human immunodeficiency
virus, smoking, alcohol consumption, prolonged use of
oral contraceptives, and a family history of cervical can-
cer.2 Long-term infection with HPV is the major risk fac-
tor for cervical cancer.3 HPV infections trigger a variety
of cellular alterations, including alternative splicing,
which leads to malignant transformation. Aberrant splic-
ing events in cancer-related genes also result in chemo-
and radioresistance.4

Interestingly, a recent systematic analysis by Kahles
et al. revealed that alternative splicing events are more
common in cancer tissues than normal tissues. Alter-
ations in splicing factor expression levels appear to be the
main drivers of abnormal splicing profiles.5 The key
transacting regulatory factors in splicing- SR proteins and
the hnRNPs are altered in cervical cancer. As a represen-
tative example, the SR protein, SRSF10, controls the
splicing of the IL1RAP gene and generates the oncogenic
splice isoform, MIL1RAP, in cervical cancer. As a result,
cancerous cells can avoid macrophage phagocytosis and
evade the immune system.6 The FAS receptor gene is
another example that undergoes alternative splicing in
cancer cells. The FAS ligand secreted by cytotoxic T cells
activates the FAS receptor, which results in apoptosis via
a death-signaling cascade. FAS receptor has three short
mRNA variants that lack the transmembrane domain. As
a result, the protein isoforms translated from these vari-
ants are probably released by the cancer cells as decoy
receptors for the FAS ligand, thus aiding cancer cells in
avoiding apoptosis.7,8

Alternative splicing also plays a critical role in pro-
moting the invasion or migration capability of cancer
cells. Cell migration is a highly orchestrated multistage
process involving changes in the cytoskeleton, cell-
substrate adhesions and remodeling of the extracellular
matrix (ECM). The cancer cells acquire a pro-migratory
phenotype to invade the stroma, migrate toward blood
vessels and enter the bloodstream. Rho GTPases are one
of the vital regulators of cytoskeletal dynamics, thereby
playing pivotal roles in cell migration event. Most Rho
GTPases remain inactive when bound to GDP and get
activated by exchanging the bound GDP nucleotide for
GTP. The most highly conserved Rho family members
across eukaryotic species are Rho, Rac, and Cdc42.
Briefly, Rac and Rho regulate the formation of lamellipo-
dia, whereas Cdc42 promotes the development of filopo-
dia and the coordinated action helps the cell in
directional migration.9 Intriguingly, Rac1, RhoA, and
Cdc42 undergo alternative splicing to alter the expression
and/or functions of Rho GTPases. The Rac1 pre-mRNA
produces two splice variants, Rac1 and Rac1b. The splice
variant Rac1b, produced from the inclusion of an alterna-
tive exon 3b, encodes a constitutively active GTPase pro-
tein.10,11 Rac1b is considered a pro-tumorigenic GTPase
that promotes cellular transformation.12 Likewise, alter-
native splicing of Cdc42, resulting in the switching of the
CDC42-v2 variant to the CDC42-v1 variant, is associated
with malignant transformation.13

Similar to SR protein, RNPS1 also functions in consti-
tutive and alternative splicing.14,15 Studies have also con-
firmed the role of RNPS1 in enhancing the formation of
spliceosomal A complex and its presence in spliceosome
B and C complexes.16,17 Interestingly, the transcriptome-
wide analysis revealed that the knockdown of RNPS1 in
human cell lines leads to the mis-splicing of a large num-
ber of mRNAs due to the de-repression of cryptic splice
sites. As a result, RNPS1 is a critical effector molecule in
promoting splicing fidelity.18,19 However, the role of
RNPS1 in tumorigenesis remains elusive.

In this study, we have checked whether RNPS1 con-
tributes to the development of cervical cancer. Our
findings revealed for the first time that RNPS1 plays an
important role in regulating key hallmarks of cancer,
such as survival, migration and invasion. Interestingly,
we found that RNPS1 modulates the alternative
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splicing of cancer-specific genes to generate oncogenic
isoforms.

2 | MATERIALS AND METHODS

2.1 | Cell culture

HeLa, SiHa, and human dermal fibroblast (HDF) cell
lines were maintained in Dulbecco's Modified Eagle's
Medium with high glucose (Himedia) supplemented with
10% (v/v) fetal bovine serum (Himedia) and 1% penicil-
lin/streptomycin (Himedia) at 37�C in a humidified
atmosphere containing 5% CO2.

2.1.1 | siRNA transfection

For siRNA transfection, cells were seeded in six-well
plate at 50% confluency and reverse-transfected using
Lipofectamine RNAi MAX (Life technologies). In brief,
60 pmol siRNA and 3 μl RNAiMAX were each diluted in
100 μl OptiMEM (Life technologies). Both dilutions were
mixed, vortexed briefly, incubated for 15 min at RT and
added to the cells. Then, 24 hr after transfection, the
medium was replaced. siRNA target sequence for RNPS1
are: RNPS1_1 50-AAGGAAGACCAGTAGGAAA-30 and
RNPS1_2 50-GGATCGCTCAAAAGATAAA-30. The lucif-
erase siRNA: 50-AACGUACGCGGAAUACUUCGATT-30

served as the negative control.

2.1.2 | RNA isolation and cDNA synthesis

Total cellular RNA was extracted with TRIzol reagent
(Invitrogen) and chloroform separation. In order to
remove genomic DNA contamination from isolated RNA,
total RNA was incubated with DNase I (Promega). cDNA
was prepared by reverse transcribing DNase-treated total
RNA using the high capacity cDNA reverse transcription
kit (Applied Biosystems).

2.1.3 | End-point PCR and quantitative real-
time PCR

Then, 1 μl of diluted cDNA (1:3 dilution of the cDNA)
was used as template in end-point PCR reactions with
0.15 μM gene-specific primers and EmeraldAmp MAX
HS PCR Master Mix (Takara). The PCR products were
analyzed on 2% agarose gel. qRT-PCR was performed
using PowerUp Sybr green master mix (Invitrogen).
DNase I treated cDNA was used as a template for the

qPCR. For each reaction, 5 μl of 2X Sybr green master
mix was mixed with 0.25 μM of each primer, 1 μl of
diluted cDNA (1:3 dilution of the cDNA) and the rest
were filled with nuclease-free water. Specific primers
were used for quantifying gene expression
(Supplementary file) and normalized with β-actin expres-
sion. Relative gene expression was calculated using the
ΔΔCT method.

2.2 | Western blotting

Cell lysates were prepared by sonication in ice-cold RIPA
buffer. Total protein was estimated using Bradford
reagent (Pierce) and resolved on SDS-PAGE. The proteins
were transferred to 0.22 μm nitrocellulose membrane
(Himedia) and followed by blocking in 5% skimmed milk
in TBST for 1 hr at RT. The membrane was incubated
with the respective primary antibody (Supplementary
file) at 4�C overnight. After washing with TBST, the
membrane was incubated with HRP-conjugated second-
ary antibody anti-rabbit IgG (H + L) (CST, 7074 S) or
anti-mouse IgG (H + L) (CST, 7076 S), 1:5,000 diluted in
TBST containing 1% skimmed milk for 1 hr at room
temperature.

2.3 | Wound healing assay

Control siRNA and RNPS1 knockdown cells were seeded
in six-well plate and allowed to grow until confluency
and then serum-starved for 12 hr. Confluent monolayers
were scratched with a 200 μl pipette tip. Plates were
washed with PBS to remove nonadherent cells, and fresh
medium containing 2% FBS was added. The wound was
photographed at regular intervals at �5 magnification.
The extent of wound closure was quantified using
TScratch software. The percentage of wound closure was
calculated using the formula [(A0 � At)/A0] � 100, where
A0 is the wound area at 0 hr and At is the area of the
wound at t hr.

2.4 | Transwell migration and invasion
assay

For transwell migration, 24-well cell culture inserts
(Nunc, Thermo Fischer Scientific) were used, and cells
were seeded (0.8 � 105 cells per insert) on the top cham-
ber of the inserts with the incomplete media. Cells were
allowed to migrate through the insert's membrane to the
lower side containing complete media. After 24 hr,
inserts were removed, and cells migrated on the bottom
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layer of the inserts were fixed with 100% methanol and
stained using 0.1% crystal violet. The upper side of the
membrane was wiped with cotton swabs to remove non-
migrated cells. Images of the migrated cells were taken
using a microscope. For quantification, 10% acetic acid
solution was used to destain the insert membrane, and
absorbance measurements were taken at 595 nm. Inva-
sion assays were performed as described above, but the
cells were allowed to migrate through a membrane insert
pre-coated with matrigel (Corning). The cells were photo-
graphed at �5 magnification with an inverted micro-
scope (ZEISS Axio Vert A1).

2.5 | Colony formation assay

Control siRNA and RNPS1 knockdown cells were seeded
in a six-well plate at a density of 1 � 103 cells/well. The
cells were grown for 7 days, and then colonies were fixed
with 100% methanol and stained with crystal violet. For
quantification, 10% acetic acid solution was used and
absorbance measurements were taken at 595 nm.

2.6 | Cell cycle analysis

Cells were washed with PBS and trypsinized. Fixation
and permeabilization of the cells were done with ice-cold
70% ethanol at �20�C overnight. The next day, cells were
washed with PBS, followed by centrifugation. Cell pellets
were treated with RNase solution and then stained with
propidium iodide to stain the DNA and analyzed by flow
cytometry. The data were analyzed using FCS Express
5 software.

2.7 | Flow cytometric analysis of
apoptotic cell death

Control siRNA and RNPS1 knockdown cells were treated
with 5 μM of doxorubicin for 48 hr. Dead cells in the
media were harvested and adherent cells were trypsi-
nized. Cell pellets were then washed with PBS and resus-
pended in a binding buffer (Invitrogen). The cells were
then stained with Annexin V/PI (Invitrogen) and ana-
lyzed by flow cytometry.

2.7.1 | RNA sequencing and computational
analysis

Available RNA-Seq datasets of RNPS1 knockdown in
HeLa cells were used for RNA-Seq data analysis (E-

MTAB-6564). Adaptor contamination was removed
from raw reads using cutadapt (version 3.3.0). The
reads were aligned against the human genome (version
38, GENCODE release) and Salmon (version 1.9.0) was
used to compute estimates for transcript abundance
using the -validateMappings parameters. Differential
transcript usage was calculated with IsoformSwitchA-
nalyzeR (version 1.18.0) and the DEXSeq method. Sig-
nificance thresholds were delta isoform fraction
jdIFj > 0.1 and adjusted p-value (isoform_switch_q_va-
lue) <.05.

2.7.2 | Statistical analysis

All the quantitative data are represented as mean ± SD.
Agarose gel images and chemiluminescence images were
quantified by ImageJ software. In all the statistical tests,
p < .05 was considered significant. Statistical signifi-
cances were calculated with the Student's t test using
GraphPad PRISM.

3 | RESULTS

3.1 | Effect of RNPS1 knockdown on
proliferation and clonogenic potential of
cervical cancer cells

To determine whether RNPS1 has a role in cervical can-
cer tumorigenesis and progression, we first analyzed the
expression of RNPS1 in TCGA samples using the
OncoDB web resource. The data revealed that RNPS1 is
overexpressed in cervical squamous cell carcinoma and
endocervical adenocarcinoma (TCGA) samples compared
to normal tissue (Figure 1a). We then investigated the
expression of RNPS1 in HeLa, SiHa, and HDF cell lines.
Consistent with the TCGA data, RNPS1 was highly
expressed in cervical cancer cells compared to the normal
cell line, HDF (Figure 1b).

Since RNPS1 is significantly upregulated in cervical
cancer, we hypothesized that RNPS1 might function as
an oncogene. Therefore, to understand the role of RNPS1
in cervical cancer, the expression of RNPS1 was silenced
in cervical cancer cell lines, HeLa and SiHa. RNPS1 was
knocked down efficiently using two specific siRNAs tar-
geting different regions of RNPS1 mRNA (Figure 1c).
Next, the effect of RNPS1 knockdown on the prolifera-
tion of cervical cancer cells was examined and observed a
decrease in the cell numbers of HeLa and SiHa cells
(Figure 1d). Together, these suggest that RNPS1 is
involved in the positive regulation of the proliferation of
cervical cancer cells.
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The effect of RNPS1 knockdown on the survival of cer-
vical cancer cells was determined using a colony formation
assay. This assay basically assesses the ability of a cell to
undergo “unlimited” division. The knockdown of RNPS1
decreases the number of colonies compared to the control
(Figure 1e–g). This indicates that RNPS1 promotes the clo-
nogenic ability of HeLa and SiHa cells. Thus, RNPS1 pro-
vides a survival advantage to cervical cancer cells.

3.2 | Downregulation of RNPS1 alters
the cell cycle progression of cervical cancer
cells

Next, to gain deeper insight into the observed altered pro-
liferation of RNPS1-KD (knockdown) cells, we evaluated

the effect of loss of RNPS1 on cell cycle progression by
flow cytometry. The cell cycle analysis showed that HeLa
cells were distributed more in G2/M-phase and less in
the S phase after the depletion of RNPS1, which suggests
that RNPS1-KD HeLa cells were arrested at the G2/M
phase (Figure 2a). Similarly, SiHa cells were distributed
less in the S-phase after the knockdown of RNPS1
(Figure 2b). Moreover, qPCR analyses of M phase-related
genes showed a significant reduction in the mRNA
expression of ANAPC5 and ANAPC7 (Figure 2c,d). In
addition, RNPS1 knockdown altered the expression of
essential cell cycle proteins, Survivin, and CDKN2B
(Figure 7c–e). Taken together, these results suggest that
RNPS1 is a regulator of the cell cycle.

In cancer, the apoptotic pathway is typically inhibited
and faulty regulation of apoptosis is an important event

FIGURE 1 Expression levels of RNPS1 in cervical cancer cell lines and tissues and the effect of its knockdown on cervical cancer cell

proliferation and survival. (a) Expression of RNPS1 in normal versus primary cervical cancer tissue from TCGA database using OncoDB web

resource. (b) qRT-PCR shows the relative expression of RNPS1 in human cervical cancer cell lines (HeLa and SiHa) and normal cell line,

human dermal fibroblast (HDF). β-actin was used as a normalization control. (c) The expression level of RNPS1 mRNA upon knockdown of

RNPS1 by siRNA in HeLa and SiHa by qRT-PCR. (d) Estimation of cell proliferation by Trypan blue staining in control and RNPS1 knockdown

cervical cancer cells. (e, f) Effect of RNPS1 knockdown on the clonogenic potential of cervical cancer cells using colony formation assay.

(g) The graphical representation of estimation of colony forming ability of RNPS1 knockdown cervical cancer cells. The average absorbance

was represented as fold change. Absorbance from control cells was normalized to 1, whereas clonogenic potential in RNPS1-depleted cells was

measured as a fold change. Values are depicted as mean ± SD (n = 3) and p-values are depicted as ***p ≤ .001, ****p ≤ .0001
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FIGURE 2 Effect of RNPS1 knockdown on cell cycle progression and apoptosis. (a, b) Cell cycle analysis was performed using flow

cytometry in (a) HeLa and (b) SiHa cells transfected with siRNA-RNPS1 and its graphical representation in terms of the % distribution of

cells. (c, d) qRT-PCR of genes related to cell cycle and caspase family in RNPS1 knockdown (c) HeLa and (d) SiHa cells normalized to

β-actin. (e) Apoptosis rate was quantified using flow cytometry in HeLa cells transfected with the indicated siRNA and its graphical

representation in terms of % distribution of cells (right panel). (f) Apoptosis rate was quantified using flow cytometry in RNPS1 knockdown

SiHa cells. Values are depicted as mean ± SD (n = 3) and p-values are depicted as *p ≤ .05, **p ≤ .01, ***p ≤ .001, ****p ≤ .0001
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in the development of cancer. Therefore, the effect of
RNPS1 depletion on the apoptosis of HeLa and SiHa cells
was assessed. Flow cytometry analysis with Annexin V
and PI staining revealed that the apoptotic rates of
knockdown HeLa cells were higher than those of the
control group cells (Figure 2e). In line with previous
reports, the data suggest that RNPS1 regulates apoptosis
in HeLa cells.20,21 On the contrary, the depletion of
RNPS1 in SiHa cells did not trigger apoptosis (Figure 2f).
Hence, RNPS1 probably regulates apoptosis in a cancer
cell-specific manner. Nevertheless, the levels of Caspase
family members, particularly CASP1 (Caspase 1) and
CASP4 (Caspase 4) (Figure 2c,d), were increased upon
knockdown of RNPS1 in both HeLa and SiHa cells.

3.3 | Silencing of RNPS1 decreases
migration and invasion of cervical cancer
cells

Migration is a critical event during the malignant trans-
formation of cancer cells. To assess the functional effect
of RNPS1 knockdown on the migration of cervical cancer
cells, HeLa and SiHa, wound healing and transwell
migration assays were performed. In the wound healing
assay, we found that migration was inhibited in cervical
cancer cells upon RNPS1 knockdown (Figure 3a,b). The
migration potential of RNPS1-KD cervical cancer cells
was further assessed using serum as a chemoattractant by
transwell migration assay. Crystal violet staining of the
membrane showed that the number of migrated cells in
RNPS1-KD cells was less compared to the control cells
(Figure 3c,d). This suggests that RNPS1-KD cells have
lower migration potential compared to the control cells.

Besides migration, invasion of neighboring tissues is
another essential hallmark of metastatic cancer cells. In
this regard, RNPS1 knockdown cells exhibited markedly
decreased invasive ability than the negative control cells.
The number of cells that invaded the lower part of the
matrigel-coated transwell insert was substantially
reduced in RNPS1 KD cells compared to the control cells
(Figure 3d,e). Hence, our data indicate that RNPS1 facili-
tates the invasion of cervical cancer cells.

Since RNPS1 influences the metastatic potential of
cervical cancer cells, we next investigated the effect of
RNPS1 knockdown on the expression of genes related to
migration and invasion. Interestingly, we observed a sig-
nificant decrease in the expression of genes such as CTSV
(Cathepsin V) mRNA (Figure 3f,g) and N-Cadherin pro-
tein (Figure 7c–e) upon knockdown of RNPS1. The
knockdown of RNPS1 also decreased the active form of
MMP9 (matrix metalloproteinases) in HeLa
(Figure 7c–e). MMPs and cathepsins are proteolytic

enzymes that degrade the ECM and help the cancer cell
migrate and invade secondary sites.22 However, no
change in the mRNA level of TIMP3 (tissue inhibitors of
matrix metalloproteinases) (Figure 3f,g), an inhibitor of
MMPs, was detected. These data indicate that RNPS1
facilitates cell migration and invasion in cervical cancer
cells. In summary, these results demonstrate that RNPS1
promotes cell proliferation, colony-forming ability,
migration and invasion potential, thereby supporting the
notion that RNPS1 exerts an oncogenic role in human
cervical cancer cells.

3.4 | Silencing of RNPS1 enhances
chemosensitivity against the drug
doxorubicin

Growing evidence suggests that drug resistance is one of
the main obstacles to the successful treatment of cancer.
In this regard, we determined the role of RNPS1 in the
chemoresistance of cervical cancer cells. RNPS1 knock-
down HeLa and SiHa cells were treated with doxorubicin
(Dox). Dox is an anthracycline and a widely used antican-
cer drug in chemotherapy to treat various types of cancer.
Notably, Dox treatment dramatically reduced the viabil-
ity and concomitantly increased the apoptosis of
RNPS1-KD cervical cancer cells compared to the control
cells (Figure 4a,b). Taken together, the data suggest that
depletion of RNPS1 enhances the chemosensitivity
against the drug doxorubicin in cervical cancer cells.

3.4.1 | RNPS1 regulates the generation of
cancer-specific splice isoforms

RNPS1 is known to regulate alternative splicing in D.
melanogaster and human cells. In this regard, overexpres-
sion of RNPS1 in cervical cancer cells might deregulate
splicing and probably leads to differential usage of tran-
script isoforms (isoform switching) of the same gene. To
investigate the role of RNPS1 in modulating the splicing
events of cancer-specific splice isoforms, the existing
RNA-Seq dataset of RNPS1-KD in HeLa cells was ana-
lyzed. Differential transcript usage analysis was per-
formed using the IsoformSwitchAnalyzeR package. The
result revealed 219 isoform switching after RNPS1 knock-
down (Supplementary Table S1).

Intriguingly, RNA-Seq analysis revealed that the
knockdown of RNPS1 leads to the downregulation of the
tumor-associated isoform of Rac1, Rac1b (Figure 5b).
Rac1b is a hyperactive variant of the small GTPase
Rac1.23 Rac1 is a member of the Rho family of GTPases
that acts as a molecular switch during signal
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FIGURE 3 Legend on next page.
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transduction. Rho GTPases play a central role in regulat-
ing cell protrusions, adhesion, and polarization and are,
therefore, involved in cell migration processes.24 Rac1b
differs from Rac1 by the inclusion of an additional exon
(exon 3b) that results in an impaired GTP-hydrolysis and
increased GDP to GTP exchange rates (Figure 5a). In line
with RNA-Seq analysis, qPCR and RT-PCR analysis dem-
onstrated that RNPS1 knockdown results in the skipping
of exon 3b in Rac1 mRNA and consequently repressed
the expression of Rac1b in cervical cancer cells
(Figure 5c,d). Consistently, Western blot analysis showed
downregulation of Rac1b protein level in RNPS1 depleted
cervical cancer cells, HeLa and SiHa (Figure 7c–e).
Importantly, RNPS1 knockdown did not alter the

expression of Rac1 mRNA in cervical cancer cells
(Figure 5e). Taken together, these suggest that RNPS1
modulates the alternative splicing of Rac1b, a cancer-
specific splice variant of Rac1.

Another essential member of the Rho family of
GTPases is RhoA. Remarkably, Isoform-Switch analysis
showed that RhoA is also a target of RNPS1 (Figure 5g).
RhoA controls the cytoskeletal organization, cell migra-
tion, cytokinesis, and cell cycle through interaction with
downstream effectors.24 RhoA controls the contractility
of actomyosin, which is necessary to produce the traction
forces that pull the cell body in the direction of migra-
tion. Depletion of RNPS1 leads to a switch of the RhoA
splice variant from a coding variant to a noncoding

FIGURE 3 Effect of RNPS1 knockdown on migration and invasion potential of cervical cancer cells. (a) Wound healing assay to

determine the migration of HeLa and SiHa cells upon knockdown of RNPS1. (b) Graphical representation of the migration potential of

RNPS1 knockdown cervical cancer cells in comparison to control cells. (c) Graphical representation of the migration potential of RNPS1

knockdown cervical cancer cells in comparison to control cells using Boyden chamber assay. The average absorbance was represented as

fold change. Absorbance from control cells was normalized to 1, whereas migration in RNPS1-depleted cells was measured as a fold change.

(d) Effect of RNPS1 knockdown on migration and invasion of cervical cancer cells using Boyden chamber assay. (e) Graphical representation

of the invasive potential of RNPS1 knockdown cervical cancer cells in comparison to control cells. (f, g) qRT-PCR of genes related to

migration and invasion in RNPS1 knockdown (f) HeLa and (g) SiHa cells normalized to β-actin. Values are depicted as mean ± SD (n = 3)

and p-values are depicted as **p ≤ .01, ***p ≤ .001, ****p ≤ .0001

FIGURE 4 Silencing of RNPS1 enhances chemosensitivity against doxorubicin. RNPS1 knockdown cells were treated with 5 μM of

doxorubicin for 48 hr. The apoptosis rate was quantified using flow cytometry (left panel) and its graphical representation in terms of %

distribution of cells (right panel). (a) HeLa cells and (b) SiHa cells. Values are depicted as mean ± SD (n = 3) and p-values are depicted as

**p ≤ .01, ***p ≤ .001
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variant lacking exons 3 and 4 (Figure 5f). The skipping of
exons 3 and 4 leads to a loss of the Ras domain in the
noncoding variant of RhoA. In accordance with the RNA-
Seq analysis, the qPCR and RT-PCR analysis showed that

the knockdown of RNPS1 results in the downregulation
of the RhoA coding isoform (Figure 5h,i). Further, West-
ern blot analysis showed downregulation of RhoA pro-
tein level in RNPS1 depleted cervical cancer cells, HeLa

FIGURE 5 Legend on next page.
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and SiHa (Figure 7c–e). Together, these findings con-
firmed that RNPS1 controls the activation of the Rho-
GTPase signaling cascade in cervical cancer cells by regu-
lating the alternative splicing of Rac1b and RhoA.

Furthermore, we explored the isoform switching on
MDM4, a negative regulator of p53. We found that
RNPS1 knockdown leads to a switch of the MDM4 splic-
ing isoform from stable full-length MDM4-FL (coding) to
unstableMDM4-S (noncoding) lacking exon 6 (Figure 6a,-
b). Next, RT-PCR and qPCR analysis were performed to
validate the splicing event of MDM4 mRNA in
RNPS1-KD cervical cancer cell lines. Consistent with the
RNA-Seq analysis, RT-PCR analysis showed that deple-
tion of RNPS1 leads to the skipping of exon 6 in the
MDM4 mRNA (Figure 6c). Similarly, the qPCR analysis
revealed that the knockdown of RNPS1 caused a marked
reduction of the stable MDM4-FL isoform and upregula-
tion of the unstable MDM4-S isoform in HeLa and SiHa
cells (Figure 6d). Interestingly, we observed that total
MDM4 mRNA levels remained unaffected in RNPS1-KD
cervical cancer cells (Figure 6e), indicating that
RNPS1-mediated posttranscriptional event probably regu-
lates MDM4 abundance in cervical cancer cells.

Another essential target of RNPS1 is WDR1 (WD-
repeat domain 1), which is required for actin dynamics in
processes such as cell migration and cytokinesis.25 RNA-
Seq data showed that depletion of RNPS1 in cervical can-
cer cells results in the skipping of exons three, four and
five in WDR1 mRNA, yielding a truncated isoform of
WDR1 named WDRΔ35 (Figure 6f,g). This finding was
further validated by qPCR analyses (Figure 6h).

Additionally, RNPS1 mediates isoform switching of
CDKN2C, KIFC1, and CEP72 transcripts, as evidenced by
differential usage of isoforms of the target genes upon
RNPS1 knockdown (Supplementary Figure S1). Conclu-
sively, these results imply that RNPS1 regulates the splic-
ing events of cancer-associated genes and enables
cervical cancer cells to generate protein isoforms favoring
tumorigenesis.

3.4.2 | Knockdown of RNPS1 modulates
Notch1 and JNK signaling molecules

Several signaling pathways contribute to the develop-
ment of cancer. Therefore, we further explored the down-
stream targets of RNPS1 by analyzing the expression of
genes involved in diverse signaling pathways in cancer
cells. We found that the knockdown of RNPS1 upregu-
lates the expression of Notch1 (Figure 7a,b). In line with
this, it has been previously reported that downregulation
of Notch1 expression is a crucial event in HPV-induced
carcinogenesis of aggressive cervical cancers as well as
cervical carcinoma cells such as HeLa and SiHa.26 Thus,
RNPS1 negatively modulates the expression of Notch1
and likely aids in the tumorigenesis of cervical
carcinoma.

Aberrant activation of JNK signaling contributes to
cervical cancer progression and malignancy. Intriguingly,
RNPS1 substantially controls the expression of key genes
of the JNK signaling pathway, such as MAPK8, JAK3,
and FGF2 (Figure 7a,b). Of note, JAK3 mRNA in SiHa
cells fell below the detection limit of our qPCR assay.
However, further investigation showed that depletion of
RNPS1 has no effect on the expression of downstream
transcription factor STAT3 and its phosphorylated form
phospho STAT3 (p-STAT3) (Figure 7c–e). Collectively,
RNPS1 probably regulates the expression of various sig-
naling molecules and contributes to cervical cancer
development.

4 | DISCUSSION

The primary screening methods for patients with cervical
cancer are Papanicolaou smear and colposcopy, which
assess the morphology of cervical epithelial cells.27,28

However, these tests occasionally suffer interviewer and
intraviewer variability. Similarly, high-risk HPV testing
has high sensitivity but low specificity, thereby leading to

FIGURE 5 Silencing of RNPS1 modulates alternative splicing of cancer-specific genes, Rac1b and RhoA. (a) The schematic

representation of Rac1 and Rac1b isoforms showing the alternate exon 3b. (b) Quantification of isoform fraction of Rac1b in wild type (Luc

siRNA) and RNPS1 knockdown HeLa cells using IsoformSwitchAnalyzeR. Knockdown of RNPS1 leads to downregulation of tumor-

associated isoform of Rac1, Rac1b (ENST00000356142.4). (c) RT-PCR analysis of Rac1 exon 3b skipping with RNA from cervical cancer cells

transfected with the indicated siRNA. (d) The expression level of Rac1b mRNA upon knockdown of RNPS1 in HeLa and SiHa was measured

by qRT-PCR. (e) The expression level of Rac1 mRNA upon knockdown of RNPS1 in cervical cancer cells by qRT-PCR. (f) Schematic

representation of isoform switching in RhoA mRNA showing the alternate exons 3 and 4. (g) Quantification of isoform fraction of RhoA

using IsoformSwitchAnalyzeR. Knockdown of RNPS1 in HeLa cells leads to downregulation of the coding isoform of RhoA

(ENST00000418115.6) and upregulation of the noncoding isoform (ENST00000676712.2). (h) The expression level of RhoA mRNA upon

knockdown of RNPS1 in cervical cancer cells was measured by qRT-PCR. (i) RT-PCR analysis of RhoA exons 3 and 4 skipping with RNA

from cervical cancer cells transfected with the indicated siRNA. Values are depicted as mean ± SD (n = 3) and p-values are depicted as

***p ≤ .001, ****p ≤ .0001
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FIGURE 6 Silencing of RNPS1 modulates alternative splicing of cancer-specific genes, MDM4 and WDR1. (a) Schematic representation

of MDM4_FL and MDM4_S isoforms showing the alternate exon 6. (b) Quantification of isoform fraction of MDM4 in wild type (Luc siRNA)

and RNPS1 knockdown HeLa cells using IsoformSwitchAnalyzeR. Knockdown of RNPS1 leads to downregulation of MDM4_FL

(ENST00000367182.8) and upregulation of MDM4_S (ENST00000391947.6). (c) RT-PCR analysis of MDM4 exon 6 skipping with RNA from

HeLa and SiHa cells transfected with the indicated siRNA. (d) A relative inclusion/skipping ratio (Incl/Skip) is plotted indicating that Incl/

Skip ratio of MDM4 decreases when RNPS1 is depleted. (e) The expression level of total MDM4 mRNA upon knockdown of RNPS1 in

cervical cancer cells was measured by qRT-PCR. (f) Schematic representation of WDR1 isoform switching showing the alternate exons 3, 4,

and 5. (g) Quantification of isoform fraction of WDR1 using IsoformSwitchAnalyzeR. Knockdown of RNPS1 in HeLa cells leads to

downregulation of WDR1 (ENST00000499869.7) and upregulation of WDRΔ35 (ENST00000502702.5). (h) A relative inclusion/skipping ratio

(Incl/Skip) is plotted indicating that Incl/Skip ratio of WDR1 decreases when RNPS1 is depleted. Values are depicted as mean ± SD (n = 3)

and p-values are depicted as *p ≤ .05, **p ≤ .01, ***p ≤ .001
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many unnecessary medical interventions. Hence, more
assays are required to improve the routine screening
approach and protein biomarker-based alternative

screening is currently under investigation in cervical can-
cer research.29 Emerging reports revealed that the expres-
sions of splicing factors are frequently deregulated in

FIGURE 7 Effect of RNPS1 knockdown on various signaling molecules and markers of epithelial–mesenchymal transition (EPT). (a, b)

qRT-PCR of genes related to Notch1 and JNK signaling in RNPS1 knockdown (a) HeLa and (b) SiHa cells normalized to β-actin. (c, d) Graph
showing fold changes in protein levels of EMT markers and signaling molecules by western blotting with cell lysates from (c) HeLa and

(d) SiHa cells transfected with the indicated siRNA. (e) Effect of RNPS1 knockdown on EMT markers and signaling molecules by Western

blotting in HeLa and SiHa cells. Tubulin was used as a normalization control. Values are depicted as mean ± SD (n = 3) and p-values are

depicted as *p ≤ .05, **p ≤ .01, ***p ≤ .001, ****p ≤ .0001. A band corresponding to non-specific protein is labeled with #
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multiple types of cancer. The aberrant expression and/or
function of splicing regulators in tumorigenesis have
become an important scientific discovery. Therefore, a
study on the expression and function of RNPS1 in the
development of cervical cancer would comprehend
whether RNPS1 can be used as a screening biomarker for
cervical cancer.

In the current study, we found that RNPS1 is signifi-
cantly upregulated in cervical cancer tissues compared to
the normal tissue in the TCGA dataset. The goal of this
study was to comprehensively characterize the functions
of RNPS1 in cervical carcinoma and dissect the mecha-
nisms involved. Functionally, we found that the knock-
down of RNPS1 could significantly repress the
proliferation and survival of cervical cancer cells. Similar
to our findings, RNPS1 was recently reported to promote
the proliferation of UCEC (uterine corpus endometrial
carcinoma) tumor cells.30 In addition, our results suggest
RNPS1 promotes the clonogenic potential of cervical can-
cer cells. Further, we found that the downregulation of
RNPS1 resulted in G2/M phase cell cycle arrest in HeLa
cells. The anaphase-promoting complex/cyclosome
(APC/C) is one of the key regulators of cell cycle progres-
sion. The APC/C mediates ubiquitin-dependent degrada-
tion of cell cycle regulatory proteins to control sister
chromatid segregation and cytokinesis, hence crucial for
the transition from prophase to telophase in mitosis.31

Our data suggest that RNPS1 knockdown inhibits the
expression of APC/C subunits ANAPC5 and ANAPC7,
presumably leading to cell cycle alteration upon deple-
tion of RNPS1.

Furthermore, RNPS1 knockdown suppressed the
migration and invasive potential of cervical cancer cells,
as evinced by the decrease in the number of cells that
migrated or invaded the lower part of the transwell
insert. These findings were further supported by the
decreased expression of CTSV mRNA and N-Cadherin
protein upon RNPS1 knockdown. These proteins play a
critical role in the proteolytic degradation of ECM, alter-
ation of cell–ECM, and cell–cell interactions, resulting in
ECM remodeling. This remodeling is essential during
tumor invasion, metastasis, and modulation of the tumor
microenvironment.32 The knockdown of RNPS1 also
decreased the expression of MAPK8, JAK3, and FGF2.
The JNK pathway is involved in essential cellular pro-
cesses, including proliferation and survival. This pathway
is constitutively expressed in many cancers and results in
enhanced proliferation, malignant transformation and
drug resistance.33,34 Accordingly, the knockdown of
RNPS1 plausibly modulates JNK signaling pathway,
resulting in enhanced chemosensitivity of RNPS1 KD cer-
vical cancer cells.

Importantly, this study has shown for the first time
that RNPS1 participates in the regulation of several onco-
genic AS (alternative splicing) events. We found that
RNPS1 is involved in the regulation of Rac1 alternative
splicing. RNPS1 knockdown caused the skipping of exon
3b in the Rac1 mRNA, resulting in the downregulation of
its active isoform, Rac1b. Rac1b exists primarily in the
active GTP-bound state, rendering it constitutively active.
Rac1b is overexpressed in multiple types of cancer as
compared to normal tissues. Several studies documented
that overexpression of Rac1b plays a pivotal role in tumor
cell survival and malignant transformation.12,23,35 Our
findings indicate that RNPS1 is a critical regulator of the
abundance of Rac1b in cervical cancer cells. In line with
our study, a previous report has shown that the expres-
sion of Rac1b in colorectal cancer cells is based on an
alternative splicing event by the SR proteins SRSF1 and
SRSF3. Notably, Rac1b also confers chemoresistance in
colorectal cancer cells against chemotherapeutic drugs
5-FU and OXA.36 Hence, it is tempting to speculate that
the chemosensitivity of cervical cancer cells in the
absence of RNPS1 is also partly due to the depletion of
the Rac1b protein.

Additionally, we demonstrate for the first time the
role of a splicing factor in driving RhoA expression
through an AS-based mechanism. We show that RNPS1
mediates the inclusion of exons 3 and 4 in the RhoA tran-
script giving rise to the coding splice isoform. In contrast,
the absence of RNPS1 leads to the skipping of exons
3 and 4, resulting in a noncoding variant and a decrease
in RhoA expression. Importantly, RhoA is one of the
master regulators of cytoskeletal dynamics.24 Cytoskeletal
dynamic is required for invasive cancer metastasis and
migration of cancer cells. Therefore, it is perceivable that
RNPS1 promotes migration and invasion through modu-
lation of the Rac1b/RhoA signaling axis.

Evidence suggests that the MDM4 protein is fre-
quently overexpressed in melanoma cells. However, sur-
prisingly, no correlation exists between MDM4 protein
levels and total MDM4 mRNA levels.37 The MDM4 gene
produces two alternative transcripts, MDM4-FL and
MDM4-S. MDM4-FL harbors exon 6 and encodes the full-
length MDM4 protein, whereas the skipping of exon
6 causes the insertion of a premature stop codon and the
generation of an unstable MDM4-S protein. A major con-
sequence of skipping exon 6 in MDM4 mRNA is a reduc-
tion in full-length MDM4 protein. This implies that the
synthesis of MDM4-FL is majorly regulated at the post-
transcriptional stage.38 As a result, it has been suggested
that MDM4 overexpression in many cancer cells is medi-
ated by an alternative splicing switch that promotes exon
6 inclusion.39 Consistent with previous reports, we
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demonstrate that RNPS1 influences the inclusion of
MDM4 exon 6, generating the MDM4-FL transcript in
cervical cancer cells. Of note, depletion of RNPS1 does
not change the level of total MDM4 mRNA. Taken
together, these indicate that the alternative splicing of
MDM4 is regulated by multiple splicing factors, including
RNPS1.

Furthermore, WDR1 is a highly conserved protein
across all eukaryotes and is known to promote actin
dynamics in cellular processes, including cytokinesis and
cell migration.25 Interestingly, WDR1 was found to be
upregulated in the high metastatic cell line in gallbladder
carcinoma compared to the low metastatic cell line.40

Accordingly, the expression of WDR1 increased in inva-
sive ductal carcinoma and high WDR1 levels correlated
with poor survival in breast cancer and lung cancer
patients.41,42 Here, we show that the knockdown of
RNPS1 decreased the expression of WDR1 in cervical can-
cer cells and triggered an isoform switch from WDR1 to
WDRΔ35. We found out that WDR1 and WDRΔ35 are
products of alternative splicing events mediated by
RNPS1. WDRΔ35 is a recently discovered truncated iso-
form of human WDR1. Nevertheless, the functional role
of WDRΔ35 remains poorly characterized, which war-
rants future investigation.

In conclusion, our study uncovers an unknown func-
tional role of RNPS1 in cervical cancer progression. The
results suggest that RNPS1 promotes cell survival, inva-
sion and migration of cervical cancer cells plausibly by
activating the Rac1b/RhoA signaling axis. Our findings
indicate that RNPS1 may function as an oncogene in cer-
vical carcinoma and shed new light on the
RNPS1-mediated RNA splicing mechanism that is har-
nessed by the cervical cancer cells to promote its progres-
sion. It would be interesting in future to evaluate the
interplay between splicing factors during malignant
transformation. Taken together, this study showed for
the first time that RNPS1 might play a crucial role in the
development of cervical cancer and therefore, targeting
splicing factors could provide a new promising approach
in therapeutic intervention for cervical cancer. However,
to fully establish the clinical significance of these find-
ings, further in-depth in vivo and clinical research are
required.
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