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Phosphoproteomics guides low dose drug
combination of cisplatin and silmitasertib against
concurrent chemoradiation resistant cervical
cancerf

Irene A. George,#°® Janani Sambath,+°° R. E. Dhawale,® Manisha Singh,®
Vinita Trivedi,” R. Venkataramanan,®" Richa Chauhan*® and
Prashant Kumar () xaefan

Cisplatin-based concurrent chemoradiotherapy (CCRT) is the standard treatment for cervical patients
with locally advanced disease. Despite the improved survival rates and prognosis observed in patients
undergoing CCRT, over 30-40% do not achieve complete response and are at risk of locoregional recur-
rence. Targeting crucial molecules that confer resistance may improve the clinical outcomes of the treat-
ment resistant patient cohort. Herein, we employed a liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based phosphoproteomic approach to identify the altered phosphophorylation events,
activated kinases and dysregulated pathways involved in treatment resistance. We quantified 2531 unique
phosphopeptides mapping to 1099 proteins of which 74 proteins were differentially phosphorylated
between the cohorts. Pathway analysis revealed dysregulation of the DNA repair pathway and the
proteins involved in DNA repair in the non-responder cohort. Additionally, we identified kinase signature
associated with CCRT resistance. Kinases such as CSNK2Al, PRKDC, PLK-1, NEK2, ATM and CDK1 are
predicted to be activated in non-responders. In particular, we showed that CSNK2Al is involved in
oncogenesis of cervical cancer and pharmacological inhibition led to reduced cell proliferation, migration
and colony formation. Moreover, the combination of the CSNK2A1 inhibitor, silmitasertib with cisplatin
demonstrated synergism (combination index < 1) and yielded a beneficial reduction in dosage. The dose
reduced combination potentially reduced the proliferative, migratory and colony formation ability in vitro.
Our findings highlight the potential of phosphoproteomics to identify clinically significant targets and
pathways implicated in CCRT resistance. Our study also indicates that combination therapy could serve
as an effective treatment strategy to improve the efficacy of patients undergoing CCRT.

1. Introduction

Cervical cancer ranks as the fourth most prevalent cancer in females,
contributing to 341 831 deaths worldwide (GLOBOCAN, 2022). The
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primary risk factor for cervical cancer is persistent infection with
high-risk subtypes of the human papillomavirus (HPV). Although
HPV vaccination and screening for premalignant lesions has
reduced the cervical cancer incidence in developed countries, it is
still a major healthcare problem in low- and middle-income coun-
tries (LMICs). In India, cervical cancer stands as thesecond most
common cancer in women, making up around 10% of cases of
female cancers.” According to the 2020 report from the National
Cancer Registry Programme, 60% of cervical cancer cases were
diagnosed at an advanced local stage.” Locally advanced cervical
cancer (stages IIB-IVA) (LACC) has poor prognosis compared to
stages IA and IB.? Currently, cisplatin-based concurrent chemoradia-
tion therapy is regarded as the standard therapy for LACC patients.
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Concurrent chemoradiotherapy (CCRT) has been shown to
offer greater advantages over radiation therapy alone in LACC
patients.” CCRT leads to a 5-year overall survival of 66% and
disease-free survival of 58% by reducing the local, distant
recurrence and progression of the disease.® CCRT treatment
involves weekly administration of cisplatin with concurrent
radiation therapy. Cisplatin is the most potent chemotherapeutic
agent in treating locally advanced as well as metastatic
cancer.>”® Nevertheless, resistance to the therapy leads to
relapses in numerous instances. About 30-50% of patients fail
to respond to CCRT."® Additionally, various studies have shown
the toxicity associated with cisplatin not only affect the treatment
but also impact the prognosis of cervical cancer patients.>'" In
the case of LACC, the effectiveness of radiotherapy also depends
on the size of the tumor."” The inclusion of additional che-
motherapeutic agents along with cisplatin in CCRT clinical
settings led to acute toxicity in patients with LACC.'* Further-
more, no added advantages in terms of tumor response or
progression-free survival were observed.'® For example, concur-
rent chemoradiotherapy with cisplatin and fluorouracil (FU)
doublet therapy didn’t show any survival benefits or increase
in complete response rate."* This necessitates the identification
of potential drug targets that can be utilized either individually
or in combination with cisplatin, particularly for the treatment-
resistant patient population.

With the development of high throughput technologies,
molecular mechanisms underlying tumorigenesis, therapy resis-
tance and prognosis can be reconnoitered.’>® Increasing stu-
dies suggest that phosphoproteomics offers high-throughput and
systematic exploration of activated kinases and altered signaling
networks involved in treatment resistance.’®*® We employed
mass spectrometry-based phosphoproteomics to decipher the
molecular alterations to uncover novel biomarkers and therapeu-
tic targets. We carried out phosphoproteomic analysis of tumor
biopsy samples from treatment naive cervical cancer patients. We
employed a TMT-based quantitative approach along with IMAC-
based phosphopeptide enrichment to identify the dysregulated
phosphorylation events and kinases involved in treatment resis-
tance. Our comprehensive phosphoproteomic analysis identified
the involvement of the DNA repair pathway in CCRT resistance.
Furthermore, kinase substrate analysis identified the kinases
involved in treatment resistance. Our findings indicate the
potential for combination treatment strategies to enhance sensi-
tivity to CCRT, potentially reducing the dosage of cisplatin and
associated toxicity.

2. Materials and methods

2.1. Patient tumor sample collection

For the phosphoproteomic analysis, we used the tumor biopsy
samples from 5 responders and 5 non-responders from patients
with stage IIIB cervical cancer. Representative images from the
histopathological analysis confirming squamous cell carci-
noma have been provided in Fig. S1 (ESIf). All the samples
were collected before the start of the therapy. The samples were
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collected from patients enrolled in Mahavir Cancer Sansthan,
Patna, Bihar, India. All the patients have given written consent
for participating in the study. The study was approved by the
institutional ethics committee, Mahavir Cancer Sansthan (MCS/IEC
No. 01/05/2018/413). The study was carried out as per the national
ethical guidelines for biomedical and health research involving
human participants, by the Indian Council of Medical Research
(ICMR), India. Informed consent was obtained from the patients.
The samples were stored at —80 °C until use. The clinicopathological
details of the samples used are included in Table S1 (ESIt). All the
patients underwent concurrent chemoradiation therapy and the
treatment response was recorded according to RECIST (response
evaluation criteria in solid tumors) criteria. For the immunohisto-
chemistry experiments, formalin fixed paraffin embedded samples
from 16 responders and 16 non-responders were used.

2.2. Sample preparation, protein digestion and TMT labeling

Protein extraction was carried out and was estimated using
bicinchoninic acid (BCA) protein assay (Pierce, ThermoFisher
Scientific). Equal amount of protein was reduced, and alkylated
using 100 mM dithiothreitol (DTT) and 20 mM iodoacetamide
(IAA), respectively. Ice cold acetone was added and incubated
overnight at —20 °C. Precipitated protein was then reconstituted
in TEABC and urea buffer, and digestion with trypsin (1:20,
Promega) was carried out for 12-16 h at 37 °C. The digested
peptides were then cleaned using a Sep-Pak C18 Plus Light
cartridge (Waters, Catalog # WAT023501). Peptide estimation
was carried out using a bicinchoninic acid assay (BCA) peptide
estimation kit and equal amount of the peptides was used for TMT
labeling. 10-Plex TMT (tandem mass tags) labels from Thermo-
Fisher Scientific were used according to the manufacturer’s pro-
tocol. The reaction was quenched by adding 5% hydroxylamine.
After checking the labeling efficacy, equal amount of protein from
each sample was pooled.

2.3. Fractionation and IMAC-based phosphopeptide enrichment

Labelled peptides were reconstituted in basic reverse phase liquid
chromatography (bRPLC) solvent (10 mM triethylammonium
bicarbonate buffer (TEABC) pH 8.4), and were fractionated using
high-pH, reverse-phase XBridge C18 columns (5 pm, 250 X
4.6 mm; Waters Corporation, Milford, MA, USA), with an increas-
ing gradient of bRPLC solvent B (10 mM TEABC in 90% acetoni-
trile (ACN), pH 8.4). Fractionation was carried out using an
Agilent 1100 high-pH reverse-phase liquid chromatography
(RPLC) system. 96 fractions were collected, which were then
pooled into 11 fractions. The pooled fractions were vacuum dried
and subjected to phosphopeptide enrichment. Immobilized
metal affinity chromatography (IMAC)-based enriched peptides
were eluted with 40 pL of 50% ACN and 0.1% trifluoroacetic acid
(TFA). The peptides were resuspended in 30 uL of 0.1% TFA and
desalted using C18 Stage Tips (Thermo Fisher Scientific).

2.4. Mass spectrometry analysis, data analysis and statistical
analysis

The eluted fractions were then subjected to LC-MS/MS analysis
using a QExactive HF-X Hybrid Quadrupole-Orbitrap mass

This journal is © The Royal Society of Chemistry 2025
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spectrometer (Thermo Scientific, Bremen, Germany) interfaced
with a Dionex Ultimate 3000 nanoflow liquid chromatography
system. Each of the fractions was then reconstituted in 0.1%
formic acid (Solvent A) and loaded in a trap column (Thermo
Fisher Scientific Acclaim PepMap100 75 pm x 2 cm nanoViper
2Pk). The peptides were then resolved on an analytical column
(Thermo Scientific PepMap RSLC C18 2 um, 100 A, 75 pm x
50 cm), at a flow rate of 300 nL min™~". A linear gradient range of
8-32% solvent B (0.1% formic acid in 80% acetonitrile) for
100 min was used and the total run time was 120 min for the
chromatographic run. The precursor scan MS scan (350-
1700 m/z) was acquired in the Orbitrap at a resolution of
120000 at 200 m/z. The most intense ions with charge state
>2 were isolated and fragmented using HCD fragmentation
with 32% normalized collision energy and detected at a mass
resolution of 45000 at 200 m/z. The automated gain control
target value for MS/MS was set as 1 x 10° and the ion filling
time was set at 100 ms, while dynamic exclusion was set for
20 s. The data-dependent acquisition was implemented where
the most intense precursor ions were detected. Following the
data acquisition, a data search was carried out against the
Human RefSeq protein database (version 81, containing 43225
experimentally validated protein entries with common con-
taminants) using the SEQUEST search algorithm through the
Proteome Discoverer platform (version 2.1, Thermo Scientific).
The search parameters employed for Proteome Discoverer ana-
lysis were as follows: two missed cleavages allowed, trypsin as
the cleavage enzyme, a tolerance of 10 ppm on the precursors,
and 0.02 Da on the fragment ions. Carbamidomethylation at
cysteine, TMT 10-plex (+229.163) modification at the N-terminus
of peptide and lysine were kept as fixed modifications and the
phosphorylations of serine, threonine, and tyrosine; the deami-
dation of asparagine and glutamine and the oxidation of
methionine were selected as dynamic modifications. Data were
also searched against a decoy database and filtered with a 1%
false discovery rate (FDR). Data are available via ProteomeX-
change with identifier PXD055164. PTM-Pro 2.0 was used to
fetch high confident post-translational modification (PTM) sites
at the peptide and protein level based on >75% site localization
probability for further analysis.>® Two samples “t-test” (p <
0.05) and fold change calculation were calculated as the ratio of
phosphorylation levels of resistant vs. sensitive cohort.

To compare the mRNA expression of the kinases identified
in our data with The Cancer Genome Atlas (TCGA), we utilized
the GEPIA tool (https://gepia.cancer-pku.cn/detail.php).

2.5. Pathway analysis, kinome map and kinase substrate
analysis

Pathway analysis was carried out using the web-based tool
WEB-based GEne SeT AnalLysis (https://www.webgestalt.org/).
The identification of enriched kinases in the data was con-
ducted using KinMap, and the kinome map was subsequently
generated through using the same tool (https://www.kinhub.
org/kinmap/index.html). Kinase substrate analysis was carried
out using kinase-substrate enrichment analysis (KSEA) (case-
cpb.shinyapps.io/ksea/).

This journal is © The Royal Society of Chemistry 2025
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2.6. Immunohistochemistry

For the immunohistochemistry (IHC) analysis, FFPE tissue sec-
tions were obtained from Mahavir Cancer Sansthan, Patna Bihar,
India. THC was carried out as previously described.”” The col-
lected tissue sections were deparaffinized and for antigen retrie-
val, the sections were incubated in antigen retrieval buffer
(0.01 M trisodium citrate buffer, pH 6) for 20 minutes. To quench
the action of endogenous peroxidases, a solution containing
methanol and chloroform (1:1) was used. Washes were carried
out using phosphate-buffered saline (PBS) plus 0.05% Tween-20.
Subsequently, to avoid non-specific binding, blocking was carried
out using 5% goat serum to avoid non-specific binding of
primary antibody for 30 minutes. Incubation with primary
phosho-SMC1A (S957) (Abcam, Cambridge, United Kingdom)
was done overnight at 4 °C in a humidified chamber. The
sections were washed with wash buffer and incubated with
appropriate horseradish peroxidase conjugated secondary anti-
bodies for 30 minutes at room temperature. The sections were
then incubated with 3,3’-diaminobenzidine (DAB) substrate. The
signal was then developed by employing DAB chromogen from
DAKO, based in Glostrup, Denmark, and counterstained with
hematoxylin. The slides were scored by an experienced patholo-
gist. Images were taken at 10x on an Olympus DP-21 microscope.

2.7. Cell culture, chemicals and cell culture assays

Cervical cancer cell line CaSki was grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM; with high glucose, HIMEDIA),
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Cells were maintained under humidi-
fied conditions at 37 °C and 5% CO,. Cisplatin and silmitaser-
tib were used in this study.

Cell viability and proliferation assays were carried out using
a (3-4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bro-
mide) (MTT) assay. For the cell viability assay, cells were seeded
in a 96 well plate (3 x 10> cells per well) and incubated for 48
hours. For determining the combination effect of cisplatin and
inhibitor, the cells were treated with varying concentrations of
cisplatin and a fixed concentration of the inhibitor (IC50). The
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) (Catalogue number: M6494) assay was carried out after
48 h of incubation at 37 °C and 5% CO,. For determining the
combination index and dose reduction index, the cells were
treated with a constant-ratio of cisplatin and the inhibitor. The
cells were then incubated at 37 °C and 5% CO, for 48 hours.
MTT reagent was added according to the manufacturer’s
instructions. The combination index and dose reduction index
were calculated using the CompuSyn software (https://compu
syn.updatestar.com/). For the proliferation assay, cells were
treated with inhibitor alone, drug alone or a combination of
both. The readings were taken at 0 hour, 24 hours, 48 and
72 hours. For migration, 15 x 10° cells were seeded in a 24 well
plate in triplicate. A wound scratch was made once the cells
reached 90-95% confluency. The cells were gently washed with
PBS and then incubated with media containing the respective
agents. The cells were imaged at 0 h and 18 h. For the colony
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formation assay, the cells were seeded in 12 or 6 well plates,
and the cells were treated with cisplatin, inhibitor or a combi-
nation. Cells were plated for 10 days.

3. Results

3.1. Discovery of the patient sample cohort used for
phosphoproteomic analysis

For the phosphoproteomic analysis, we collected tissue biopsy
samples from treatment naive cervical cancer patients. The
patients were clinically confirmed for stage IIIB disease and
later underwent cisplatin-based concurrent chemoradiation
therapy. All patients underwent a treatment protocol compris-
ing external beam radiotherapy (EBRT) concurrent with weekly
cisplatin (40 mg m™?), succeeded by intracavitary radiotherapy
(ICRT). A dose of 50 Gy in 25 fractions@2 Gy per fraction was
delivered daily from Monday to Friday for 5 weeks using the 3D
conformal radiotherapy technique (3DCRT). This was followed by
intracavitary irradiation after a gap of 3-5 days. Three applica-
tions of high dose rate (HDR) brachytherapy were done with a
dose of 7 Gy per fraction weekly. The patients were followed up
monthly for the first three months, trimonthly for the next 2 years,
biannually for the next 3 years and then annually if required.
Clinical responses were evaluated using the response evaluation
criteria in solid tumors (RECIST 1.1).>* The responses were
classified as complete responders (CR), when there was disap-
pearance of all signs of cancer in response to treatment, and as
non-responders (NR), if they had a partial response, progressive,
or stable disease after treatment. We included 5 responders and 5
non-responders for the phosphoproteomic analysis. The treat-
ment timeline and sample collection points are depicted in
Fig. 1A. In this pilot study, we utilized baseline tissue samples
to understand the correlation with CCRT resistance.

To explore the phosphoproteome of CCRT resistant cervical
cancer, we carried out multiplexed TMT and LC-MS/MS analysis.
The tissue samples were digested, and labelled with 10 plex TMT
tags. The labelled samples were then pooled, fractionated and
enriched for the phosphopeptides. The detailed methodology
followed in the experiment is explained in the methodology
section. Fig. 1B depicts the phosphoproteomic workflow and
validation experiments conducted in the study. The phosphopro-
teomic analysis led to the identification of 5524 (Table S2, ESIY)
and quantification of 2531 unique phosphopeptides mapping to
1099 proteins among the samples (Table S3 and Fig. S2, ESIY).
Among the quantified phosphosites, 5005 correspond to serine,
367 to threonine, and 7 are tyrosine phosphorylation (Fig. 1C).

3.2. Altered phosphorylation involved in CCRT resistance

Analyzing dysregulated phosphoproteins between responders
and non-responders provided key insights into altered phos-
phorylation events predisposed in treatment evasion. We
further compared the phosphoprofiles between the CCRT-
resistant and the sensitive cohort. Our statistical analysis of
the quantified phosphopeptides revealed significantly phos-
phorylated peptides in responders and non-responders
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(Table S4, ESIt). Fig. 2A represents the volcano plot of
the quantified phosphopeptides in responders and non-
responders. We observed significant phosphorylation of 144
phosphopeptides corresponding to 123 proteins. The hierarch-
ical clustering with significantly phosphorylated phosphopep-
tides resulted in distinct phosphoprofiles between the
responders and non-responder cohorts (p-value < 0.05)
(Fig. 2B). Furthermore the fold change cut off resulted in
identification of dysregulation of 88 phosphopeptides corres-
ponding to 74 proteins, of which 40 phosphopeptides (mapping
to 40 proteins) are hyperphosphorylated (> 1.5-fold, p-value <
0.05) and 48 phosphopeptides (mapping to 36 proteins) are
hypophosphorylated (<1.5-fold, p-value < 0.05). We observed
hyperphosphorylation (>1.5-fold, p-value < 0.05) of proteins
such as structural maintenance of chromosomes 1A (SMC1A),
integrin subunit alpha 3 (ITGA3), LEM domain containing 3
(LEMD3), O-6-methylguanine-DNA methyltransferase (MGMT),
and high mobility group nucleosome binding domain 1
(HMGN1) in the non-responder cohort. The phosphopeptides
corresponding to proteins such as keratin, secreted phospho-
protein 1 (SPP1), Rab11 family-interacting protein 1 (Rab11-
FIP1), tight junction protein 2 (TJP2), and phosphoglycerate
mutase 1 (PGAM1) were downregulated (<1.5-fold, p-value <
0.05) in non-responders compared to responders.

3.3. Molecular pathways in CCRT resistance

The pathway analysis of significantly regulated phosphopro-
teins was carried out to understand the mechanism involved
driving treatment resistance in cervical cancer patients. The
analysis revealed enrichment of pathways such as DNA repair
(p-value = 0.011), clathrin-mediated endocytosis (p-value =
0.015), Cargo recognition for clathrin-mediated endocytosis (p-
value = 0.032), Rho GTPase activated PAKs (p-value = 0.047) and
tRNA modification in the nucleus and cytosol (p-value = 0.047) as
significantly enriched (Fig. 2C) (Table S5, ESIT). We proceeded to
assess the enrichment of phosphoproteins that were previously
identified as associated with DNA repair. Fig. 2D represents the
significantly phosphorylated proteins associated with the DNA
repair. SMC1A, MGMT, HMGN1, Matrin 3 (MATR3) and Filamin
A (FLNA) are the top 5 hyperphosphorylated proteins involved in
the pathway. The immunohistochemistry staining showed high
expression of phosphorylated SMC1A in non-responders com-
pared to responders (Fig. S3, ESIf). We further checked the
phosphorylation of DNA hallmark genes from the molecular
signatures database (MSigDB) and identified differential expres-
sion of 26 phosphopeptides corresponding to 22 proteins (Fig. 2E).

The GO-term analysis further revealed enrichment in the
nucleus, membrane and membrane enclosed lumen as the top
three. Additionally, the protein binding, nucleic acid binding
and ion binding were active in non-responders (Fig. S4, ESIt).

3.4. Kinases driving the phosphoprofiles of CCRT resistant
patients

Kinases play a pivotal role in driving signaling mechanisms
that contribute to the initiation of malignant transformation,
relapse and resistance.>* We sought to identify the kinases that

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Treatment timeline and workflow carried out in phosphoproteomic analysis of CCRT resistant cervical cancer patients. (A) Sample collection and
treatment time line. Tissue samples were collected before the start of the therapy. All the patients underwent concurrent chemoradiotherapy (CCRT), and
their response was evaluated at the end of the treatment cycle through subsequent follow-ups. For the study, 5 samples from responders and 5 samples
from the non-responders were used. (B) Workflow for the phosphoproteomic analysis of CCRT resistant and sensitive cervical cancer patients. Proteins
were extracted and digested using trypsin, and digested peptides were then labelled with a 10-plex tandem mass tags (TMT) labelling kit. Labelled
samples were then enriched for phosphopeptides using IMAC and analysed in a Q Exactive HF-X Hybrid Quadrupole—Orbitrap mass spectrometer.
(C) Phosphoproteomic data analysis led to the identification of serine, threonine and tyrosine phosphorylation sites. Pie chart representing the number of

serine, threonine and tyrosine phosphorylation sites identified in our study.

were enriched in our data set. We identified enrichment of 50
kinases in our data set (Fig. S5A, ESIt). Out of the 50 kinases, two
kinases, receptor-interacting protein kinase 3 (RIPK3) and adaptor-
associated protein kinase 1 (AAK1), were hyperphosphorylated in

This journal is © The Royal Society of Chemistry 2025

responders. Downregulation of RIPK3 was previously reported
to be involved in cisplatin resistance via the DNA repair
pathway.”® Additionally, we examined the expression of RIPK3
and AAK1 in normal and tumor samples using TCGA data. We
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sensitive cohorts. Log fold change of phosphorylation of the proteins plotted against the t-test p-values (—log 10). Significant levels are represented with
dashed lines. Fold change was calculated as the ratio of resistant versus sensitive samples. Data points in blue color are significantly hypophosphorylated
phosphopeptides and data points in red are hyperphosphorylated phosphopeptides in the CCRT resistant cohort (fold change cut off > 1.5; p-value <
0.05). (B) Unsupervised clustering of significantly phosphorylated phosphopeptides in responders and non-responders. Abundance values of significantly
phosphorylated phosphopeptides are represented in the heatmap. (C) Top five pathways enriched in non-responders. WEB-based GEne SeT Analysis
Toolkit (webgestalt) based pathway analysis revealed pathways enriched in the cohort. (D) Proteins involved in the DNA repair pathway which are
enriched in our data. The X-axis represents the proteins and Y-axis represents the log fold change of the phosphorylation. (E) Heatmap representing the
phosphorylation of (MSigDB) hallmark genes identified in our data. Rows represent the hallmark genes enriched and the columns correspond to the

individual samples.
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observed high expression of both the kinases in tumor samples
compared to normal (Fig. S5B and C, ESIf).

Kinase substrate enrichment analysis (KSEA) was used to
map the phosphorylated proteins to the corresponding kinases.
The enrichment of kinases such as casein kinase II subunit
alpha (CSNK2A1), DNA-dependent protein kinase, catalytic
subunit (PRKDC), polo-like kinase 1 (PLK-1), NIMA related
kinase 2 (NEK2), ataxia-telangiectasia mutated (ATM) and
cyclin-dependent kinase 1 (CDK1) in the non-responder cohort
(Fig. 3A). Most of these kinases actively involved in DNA
damage repair and their role in therapy resistance are pre-
viously reported in different cancers.”*' CSNK2A1, the top
most enriched kinase is reported to be involved in tumorigen-
esis in several cancers.’> The mRNA expression of CSNK2A1 in
cervical cancer was significantly high in tumor samples com-
pared to the normal tissues of TCGA and GTEx data (Fig. 3B).
CSNK2A1 interacts with several proteins and phosphorylates
several substrates. We further sought to identify the interacting
hub proteins, and substrates enriched in our data using Har-
monizome 3.0 and kinase enrichment analysis 3 (KEA3), respec-
tively (Fig. 3C) (Table S6, ESIt). In the non-responder cohort we
observed hypophosphorylation of key hub proteins, including
replication protein A2 (RPA2), serine/arginine repetitive matrix
protein 2 (SRRM2), tight junction protein 2 (TJP2), among
others, and hyperphosphorylation of hub proteins such as
transformer-2 alpha (TRA2A), interleukin enhancer binding
factor 3 (ILF3), and heat shock protein 90 alpha family class A
member 1 (HSP90AA1), among others. Additionally, the pro-
teins such as SMC1A, HMGN1, MGMT, and several other
substrates of CSNK2A1 were hyperphosphorylated in the non-
responders.

To evaluate the oncogenic potential of the top most enriched
kinase CSNK2A1, we further treated the cervical cancer cell line,
CaSki, with varying doses of CSNK2A1 inhibitor, silmitasertib
(CX4945). We observed a dose-dependent impact of the inhibitor
on the viability of the cell line (Fig. 3D). Furthermore, we evaluated
the effect of inhibition of CSNK2A1 on the migration, proliferation
and colony formation ability. Inhibition of CSNK2A1 further
resulted in significant reduction in proliferation, migration and
colony formation of the cell line (Fig. 3E-G).

3.5. CSNK2A1 inhibition sensitizes cells to cisplatin

We sought to understand the role of CSNK2A1 in mediating
cisplatin (CDDP) sensitivity and the feasibility of the CSNK2A1
inhibitor silmitasertib (CX4945) in combination treatment
approaches. We treated the CaSki cell line with varying con-
centrations of cisplatin alone or in combination with a constant
dosage of CX4945. A significant decrease in viability of the cells
was observed upon the addition of CX4945 along with cisplatin
compared to cisplatin alone (Fig. S7, ESI{). Furthermore, to
determine the combination index (CI) and the dose reduction
(DRI) of cisplatin and CX4945, the cells were further treated
with a constant ratio of both the drugs at their IC50 (Fig. 4A).
The DRI and CI for the drug combination were calculated using
the software CompuSyn. The combination showed a synergistic
effect for the fractional inhibition range of 0.45 to 0.97 with CI

This journal is © The Royal Society of Chemistry 2025
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ranging from 0.89 to 0.49 (Table S6, ESIt). Additionally, we
computed the dose reduction index (DRI) required to achieve a
fraction of affected (F,) = 0.5. In the subsequent experiments we
utilized lower concentrations of cisplatin and the inhibitor as
determined using the DRI.

3.6. Combination treatment with reduced dose of the agents
gave decreased proliferation and migration

We further extended our experiments to assess the impact of
the dose-reduced combination of cisplatin and the inhibitor on
migration, proliferation and colony formation. Cell migration
was assessed using a scratch wound assay. The CasSki cells were
treated with single agents or in combination for 18 hours.
Monotherapy with reduced dose of cisplatin and the inhibitor
significantly reduced the migration of CaSki compared to the
DMSO control. However, the dose-reduced combination of
cisplatin and the inhibitor exhibited the most significant effect
on CaSki migration (Fig. 4B).

Treatment with reduced dose of cisplatin and CX4945 caused a
significant decrease in cell proliferation compared to single agent
treatment. CaSki was treated with reduced concentration of
CX4945, cisplatin or in combination. The combination treatment
yielded a significant reduction in cell proliferation at 24 h,
compared to both the single agent treatments and the control,
with no significant difference between the single agent treatments
and the control. Furthermore, at 48 h also the dose-reduced
combination treatment exhibited the most significant effect on
proliferation. However, at 72 h there was no significant difference
between the CX4945 alone or dose-reduced combination. Our
results suggest combination treatment results in an early and
significant effect on proliferation compared to the single agent
treatment. Moreover, prolonged exposure to a low dose of CX4945
resulted in a significant reduction in cell proliferation (Fig. 4C).

Furthermore, we evaluated the impact of both single-agent
monotherapy and combination therapy on the colony formation
of CaSki cells. We observed significant reduction in clone
formation in single agent treatment with cisplatin and the
inhibitor compared to the DMSO control. Interestingly, we
observed that cisplatin had a greater impact on clone formation
than the inhibitor. Furthermore, the dose-reduced combination
treatment led to the absence of colony formation (Fig. 4D).

4. Discussion

Navigating the patient heterogeneity is crucial in clinical oncology,
as making treatment decisions based on the molecular character-
istics yields optimal clinical outcomes. Predictive biomarker-based
patient selection and identification of druggable targets prior to
the therapy can combat resistance, toxicities and side effects that
are commonly associated with conventional therapeutics. In locally
advanced cervical cancer, CCRT is the standard treatment option
as it improves local disease control and survival of the patients.*?
Cisplatin based chemoradiation therapy showed superior disease-
free survival in cervical cancer patients compared to neoadjuvant
chemotherapy followed by radical surgery.** However, treatment
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Fig. 3 Kinases enriched in the CCRT resistant patient cohort. (A) The kinase substrate analysis predicted the enriched kinases in the CCRT resistant patients. Bar chart
representing the kinases predicted to be activated in the CCRT resistant cohort. (B) Expression level of CSNK2AL1 in cervical cancer and normal tissue samples in The
Cancer Genome Atlas database. The expression of CSNK2A1 is higher than in the normal tissues. (C) Heat map showing the phosphorylation intensities of the
substrates and hub proteins of CSNK2AL. This figure shows hyperphosphorylated peptides and hypophosphorylated peptides in yellow and blue, respectively. (D)
Graph representing the cell viability and IC50 of the CaSki cell line following treatment with CX4945. An MTT assay was carried out after 48 h of treatment with
various concentrations of CX4945. The X-axis represents the concentration of CX4945 and y-axis shows the percentage of cell viability. The data highlights the
sensitivity of the cell line to the treatment and the IC50 was calculated from the dose response curve. (E) Line graph showing the proliferation of CaSki with and
without CX4945. CX4945 was added after 24 h of cell seeding. OD values at different time points are plotted for the growth curve. (F) Cell migration (wound healing
assay) of CaSki in the presence and absence of CX4945. Representative images of cell migration of CaSki at O h and 18 h. Bar diagram representing the wound
closure of untreated and treated cell lines. Wound closure percentage was calculated as the ratio of final cell free area to initial cell free area. (G) Colony formation
assay of cells treated with or without CX4945. Cells were seeded in a 24 well plate. The cells were treated with DMSO or CX4945. Colonies were visualized upon
staining with crystal violet. Bar graph representing the relative colony formation upon treatment with CX4945.
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cisplatin. CaSki cells were treated with a constant ratio of CX4945 and cisplatin at their IC50 value for 48 h. Absorbance was taken and percentage cell
viability was calculated. Combination index (Cl) and dose reduction index (DRI) of the combination were calculated using CompuSyn software. The ClI
and DRI for F, = 0.5 are represented in the table. (B) Migration assay of CaSki cells followed by treatment with DMSO, CX4945 (dose reduced), cisplatin
(dose reduced) and the combination. Graphical representation comparing the single agent treatments, combination and the untreated samples. (C)
Proliferation of CaSki cells at different time points upon treatment with DMSO, CX4945 (dose reduced), cisplatin (dose reduced) and the combination. (D)
Graphical representation of the colony formation assay of CaSki cells at different time points upon treatment with DMSO, CX4945 (dose reduced),
cisplatin (dose reduced) and the combination.

failure and acute toxicities in the patients treated with CCRT
remain a major challenge in managing the locally advanced
diseases.®® Therefore, alternative approaches to improve the
clinical outcome of these patients have to be explored. Integra-
tion of targeted agents could potentially improve the efficacy of
chemoradiotherapy without excessive toxicity. In this study we
performed mass spectrometry based phosphoproteomics to
assess the altered phosphorylation events, activated kinases
and pathways associated with CCRT resistance in cervical

This journal is © The Royal Society of Chemistry 2025

cancer patients. Our phosphoproteomics analysis of treatment
naive tissue samples provided several insights about the innate
mechanisms involved in CCRT response.

An aberrant phosphorylation process has been observed to
play a significant role in conferring resistance to therapeutic
interventions in cancer.*®*” Comparison of the phosphopro-
teome of treatment sensitive and resistant cohorts revealed
distinct phosphorylation signature between the cohorts. Our
study identified 2531 phosphopeptides corresponding to 1099
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proteins in cervical cancer patients. Our statistical analysis led
to the identification of 77 differentially phosphorylated proteins
between the cohorts providing potential predictive candidate
biomarkers. SMC1A is the top most phosphorylated protein in
the non-responder cohort and is correlated with worse prog-
nostic outcome in hepatocellular carcinoma.*® Phosphorylation
of SMC1A (pSMC1A) on serine 957 by ataxia-telangiectasia
mutated (ATM) kinase after ionization radiation is reported as
a crucial event for maintaining chromosomal stability and cell
survival after DNA damage.’®*° The kinase substrate enrich-
ment analysis also predicted the activation of ATM kinase
among the identified kinases. Previously, it has been reported
that high levels of ATM prior to irradiance correlated with
radioresistance in cervical cancer.*’ Immunohistochemistry-
based validation experiments further supported the high expres-
sion of pSMC1A in non-responder cohorts. The stratification of
patients prior to treatment can be achieved through assessment
of expression of the pSMC1A.

To understand the mechanisms involved in treatment resis-
tance, we further carried out pathway analysis with significantly
phosphorylated proteins. The pathway analysis revealed invol-
vement of the DNA repair pathway in driving treatment resis-
tance of cervical cancer. DNA repair proteins were reported to
be strongly involved in resistance to various treatment mod-
alities. In cisplatin-based chemoradiotherapy, the cisplatin—-

View Article Online

Molecular Omics

DNA adducts enhance the radiation induced double stranded
breaks (DSBs) and/or prevent repair.*> Our data suggests that
activation of the DNA repair pathway in non-responder cohorts
might be conferring chemoradiation resistance in non-
responder cohorts. We observed dysregulated phosphorylation
of several proteins involved in the DNA repair pathway. For
example, hyperphosphorylation of DDB2 is observed in non-
responder cohorts compared to the responder cohorts. Phos-
phorylation of DDB2 is reported to be essential to facilitate the
initiation of nuclear excision repair.** O6-methylguanine-DNA
methyltransferase (MGMT) promotes resistance to radiation
therapy as well as cisplatin-based chemotherapy.** Elevated
PNKP phosphorylation results in stabilization of the protein
and mediates DNA repair.*’ Increased phosphorylation of
PNKP was observed in non-responders. In esophageal cancers,
downregulation of RIPK3 is associated with cisplatin resistance
primarily through the activation of the DNA repair pathway.>®
In the non-responder cohort, we identified decreased phos-
phorylation of RIPK3, and it was reported that the activity of
RIPK3 is correlated with its phosphorylation.*® Our data sug-
gest that targeting the DNA repair pathway could potentially
improve the efficacy of CCRT. Fig. 5 represents a data driven
pathway involved in CCRT resistance in cervical cancer.
Incorporating small molecule inhibitors that target kinases
may enhance the treatment’s effectiveness while reducing toxicity,
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Fig. 5 Data driven pathway of CCRT resistance in cervical cancer patients. Pathway analysis revealed enrichment of the DNA repair pathway in CCRT
resistant patients. Activation of kinases, and dysregulation of phosphorylation in substrates involved in the DNA repair pathway were observed in our data.
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compared to adding chemotherapy in combination with CCRT.
Our kinase substrate analysis predicted the activation of several
kinases that could be investigated as potential drug targets.
Kinases such as CSNK2A1, PRKDC, PLK-1, NEK2, ATM and
CDK1 were predicted to be enriched in non-responders. Involve-
ment of these kinases was previously reported in treatment
resistance in several cancers. These kinases are also involved in
the DNA repair pathway at different levels. CSNK2A1 mediates
tumorigenesis and is regarded as a prognostic as well as thera-
peutic target in several cancers.”” HMGA1 a downstream substrate
of CSNK2A1 was reported to be hyperphosphorylated and was
reported to be involved in cisplatin resistance.*® Our data suggests
that the enrichment of CSNK2A1 in the CCRT resistant cohort
mediates resistance. We further inhibited CSNK2A1 in CaSki with
small molecule inhibitor CX4945. CX4945 is an ATP-competitive
inhibitor currently under clinical trial for various cancers.*® Inhibi-
tion of CSNK2A1 significantly reduced the proliferation, migration
and colony formation ability. Our preclinical data on a cervical
cancer cell line indicate the oncogenic role of CSNK2A1 in cervical
cancer.

Several pieces of evidence suggest enhanced efficacy of
combination treatment compared to monotherapy. The syner-
gistic or addictive action of the therapeutic agents increases the
efficacy by targeting multiple pathways and potentially redu-
cing the drug resistance. Recently, the FDA approved the usage
of pembrolizumab with chemoradiotherapy in patients with
stage III-IVA cervical cancer.’® Patients treated with pembroli-
zumab plus chemoradiotherapy showed 41% lower chance of
disease progression or mortality.’® Integration of targeted
therapeutic agents could also reduce the dosage of the che-
motherapeutic agent and thereby the toxicity associated with a
high dosage. Here, we further investigated the potential of
combining the CSNK2A1 inhibitor along with cisplatin in a
preclinical model. Combining the inhibitor along with cisplatin
reduced the viability of cells compared to cisplatin treatment
alone. Additionally, the combination index (CI) of cisplatin and
CX4945 was calculated using CompuSyn software indicating
synergism with CI values ranging from 0.77 to 0.49 for F, = 0.5
~ 0.9. Moreover, our results also indicated favorable dose
reduction for the combination treatment. We sought to inves-
tigate the effect of dose-reduced combination of cisplatin and
the inhibitor on the proliferation, migration and colony for-
mation ability of the cell line. Cisplatin along with the inhibitor
resulted in better effect on cell proliferation, migration and
colony formation, which further confirmed the effectiveness of
this combination therapy in treating cervical cancer.

Our results reveal the differential phosphoprofiles in CCRT
resistant and sensitive cervical cancer patients. Activation of
the DNA repair pathway and differential phosphorylation of the
proteins involved in the pathway might be conferring resistance
in the non-responder cohort. Our IHC-based validation of
PSMC1A between the responder and non-responders suggests
the potential of pSMC1A in predicting the treatment response.
Furthermore, we confirmed the role of activated kinase
CSNK2A1 in oncogenesis of cervical cancer and the synergistic
effects of the CSNK2A1 inhibitor in combination with cisplatin.

This journal is © The Royal Society of Chemistry 2025
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Our results suggest that combination of CX4945 along with
cisplatin could potentially be implemented to treat CCRT
resistant cervical cancer patients. However, further multicentric
validation studies have to be carried out.

5. Conclusions

In this study, we employed phosphoproteomics to explore the
treatment resistance signature in cervical cancer patients. Our
results suggest the preconditioned differences in phosphoryla-
tion events and activated kinases in treatment naive patients
contribute to therapy evasion in the resistant cohort. Our
results reveal the potential of pSMC1A as a predictive biomar-
ker for CCRT resistance. Further validation experiments on
samples collected from multiple centers should be carried out
to consolidate the results. Our study also indicates the activa-
tion of the DNA repair pathway and dysregulated phosphoryla-
tion of several proteins involved in the pathway in the non-
responder cohort. Our results suggest that targeting CSNK2A1
along with cisplatin could be an effective strategy to improve
the efficacy of CCRT in cervical cancer.
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