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Abstract

Cervical cancer, the fourth most common female cancer, is one of the major global health challenges. Because of the high
prevalence rate, women are frequently screened for cervical cancer using Pap smears; however, the low sensitivity of Pap
smear results in a late-stage diagnosis of cervical cancer. This study was designed to identify candidate biomarkers of cer-
vical cancer, which can be explored for their utility as diagnostic markers and/or therapeutic targets. Cervical cancer and
healthy tissue proteins were identified by tandem mass spectrometry (LC—MS/MS) and quantified by a label-free method.
Candidate biomarkers were selected by applying stringent statistical methods. A total of 201 differentially expressed pro-
teins were identified, which displayed statistical power to classify cervical cancer and control groups. The top proteins with
higher abundance in cervical cancer included integrin beta-2, catenin alpha-1, stathmin, and tax1-binding protein 3; while
the top proteins with higher abundance in healthy tissue samples included alpha-2-HS-glycoprotein, serotransferrin, afamin,
hemopexin, plasminogen, apolipoprotein A-II, and immunoglobulin lambda variable 1-51. Stathmin and afamin expressions
were also validated by western blot analysis. Upregulated proteins in cervical cancer were mainly associated with cell adhe-
sion, protein folding, inflammatory disorders, and tumorigenesis. The KEGG pathways over-represented in cervical cancer
were antigen processing and presentation, cell adhesion, spliceosome, adherens junction, and ferroptosis. Applying stringent
statistical selection criteria, 46 DEPs were selected as candidate biomarkers of cervical cancer, which can be explored for
their utility as diagnostic markers and/or therapeutic targets of cervical cancer.
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Introduction aged 15 years and above are at risk of developing this can-

cer (Singh et al. 2022). Because of the high prevalence

With more than 600 thousand new cases and 342 thousand
deaths globally in 2020, cervical cancer is the 4th most
common female malignancy and is considered as one of the
major global health challenges (Sung et al. 2021). Of these,
almost 90% of deaths occurred in low- and middle-income
countries. Compared to developed regions of the world,
mortality rate was 18 times higher in sub-Saharan Africa
(Sung et al. 2021). In India, it is the second most common
cancer among women and more than 450 million women
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rate, women between the ages of 25 and 65 are frequently
screened for cervical cancer using Pap smears; however, the
low sensitivity of Pap smears can result in diagnosis of cer-
vical cancer at a late stage and delayed diagnosis is responsi-
ble for the poor survival rate among cervical cancer patients
(Einstein et al. 2009). Additionally, the non-availability of
screening facilities in many regions is another challenge.
Though significant advances are being made in the field,
better diagnosis and prevention strategies are needed as cer-
vical cancer can be cured if detected in the initial stages
and treated promptly. About 95% of cervical cancer cases
are associated with high-risk human papillomavirus (HPV)
infections, an extremely common virus usually transmitted
through sexual contact (Clifford et al. 2003). Among the
high-risk strains, HPV types 16 and 18 are involved in 70%
of the cases (Demarco et al. 2020). Therefore, risk factors of
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cervical cancer are primarily those associated with acquir-
ing HPV infection, severely impaired immune response to
HPV infection, or both (Grulich et al. 2007). An early age of
sex debut, having multiple sex partners, giving many births,
use of oral contraceptives for more than five years, immu-
nosuppression, history of sexually transmitted infection
or HPV-related vulvar or vaginal dysplasia, and smoking
increase the risk of HPV infection. HPV infections initi-
ate the development of high-grade cervical intraepithelial
neoplasia (CIN), categorized as CIN I, II, and III based on
cell abnormality levels, which may eventually lead to cervi-
cal cancer (Nguyen et al. 2005). Cancer treatment plans are
highly focused and precisely aided by multiple diagnostic
tests, such as CT scans, ultrasound, MRI, and biopsy along
with physical examination used for detection and monitoring
of the disease.

Despite significant progress in cancer screening technol-
ogy, the cervical cancer morbidity rate remains high. The
high morbidity and poor prognosis of cervical cancer tran-
spire the need for molecular investigations to achieve a bet-
ter understanding of the disease mechanism by identifying
early screening molecular markers and novel and effective
molecular targets for the treatment. In the last two decades,
high-throughput proteomics technology has evolved signifi-
cantly and applied to identify differentially expressed pro-
teins (DEPs), involved in multifaceted biological functions
associated with disease pathogenesis including tumorigen-
esis, as therapeutic targets and/or potential disease biomark-
ers. Identification of novel cancer biomarkers with high sen-
sitivity and specificity for early detection can be useful to
elucidate the underlying molecular events associated with
the progression of cancer (Suh et al. 2010). In this direction,
blood and tissue have been widely used for searching bio-
markers of different cancers (Feng et al. 2006). For example,
Annexin A2 (ANXA2) demonstrated as a factor linked to
cell transformation and oncogenesis in cervical cancer was
identified by two-dimensional gel electrophoresis (2-DE)
and MALDI-TOF mass spectrometric analysis (Bae et al.
2005). An iTRAQ-based quantitative proteomics study iden-
tified 294 DEPs in cervical cancer tissue samples, includ-
ing glucose-6-phosphate 1-dehydrogenase (G6PD), aldehyde
dehydrogenase (ALDH3A1), signal transducer and activator
of transcription 1-alpha/beta (STAT1), and heat shock pro-
tein beta-1 (HSPB1) (Ding et al. 2015). Another study by
Ramirez-Torres et al. identified 622 DEPs in cervical can-
cer tissue samples and found that exocytosis-related proteins
were the most over-represented (Ramirez-Torres et al. 2022).
Based on their findings and downstream in vitro and in vivo
analyses, they suggested reticulocalbin 3 (RAB14) and Ras-
related protein Rab-14 (RCN3) proteins as potential bio-
markers and therapeutic targets of cervical cancer. Recently,
Aljawad et al. identified 336 DEPs in cervical cancer, includ-
ing importin subunit alpha-1 (KPNA?2), DNA replication
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licensing factor MCM2 (MCM2), collagen type I alpha-1
(COL1A1), and decorin (DCN) (Aljawad et al. 2022).
Despite a plethora of ongoing studies worldwide, cervical
cancer prognosis and diagnosis remain a matter of concern
for researchers globally and thus, entails an in-depth study
of this disease at the molecular level. This study was envi-
sioned to study cervical cancer tissue proteins for searching
candidate biomarkers for cervical cancer. For this, cervical
cancer and healthy tissue proteins were identified and quanti-
fied using tandem mass spectrometry (LC-MS/MS) and can-
didate biomarkers were selected applying stringent statistical
methods. To understand the biological significance of DEPs,
gene annotations and pathway analysis were also performed.

Methods

An overview of the experimental setup is presented in Fig. 1.

Subject recruitment and sample collection

This study was approved by the Institutional Ethics Commit-
tee, All India Institute of Medical Sciences (AIIMS), New
Delhi IECPG-119/24.02.2021, RT-09/24.03.2021). Cervi-
cal cancer patients and healthy controls were recruited from
the Department of Obstetrics and Gynecology, AIIMS, New
Delhi. Tissue samples of confirmed cervical cancer patients
were collected at the time of hysterectomy, after the comple-
tion of the standard questionnaire and written informed con-
sent (Supplementary Table 1). None of the recruited cervi-
cal cancer patients received chemotherapy, radiotherapy, or
other medical treatments before surgery. Those patients who
received preoperative radiotherapy and/or chemotherapy or
had successive primary malignancies or concurrent were
excluded. Healthy cervix tissue samples with no evidence
of HPV infection and/or cervical cancer or any other type of
cancer were collected from the patients attending Obstetrics
and Gynecology OPD at AIIMS, New Delhi for the treat-
ment of cervix benign diseases.

Extraction of tissue proteins

Surgically removed tissue samples were washed three times
with phosphate buffer saline (PBS, pH 7.4). After wash-
ing, the pellet was resuspended in RIPA buffer (with added
protease inhibitors cocktail) and left at room temperature
for 45 min, followed by 5 cycles of sonication (3 s ON, 30 s
OFF, 50 Hz). Samples were then centrifuged at 12,000 g for
15 min at 4 °C and the supernatants were collected in fresh
tubes. Protein concentration in each sample was estimated
by Bradford assay, using BSA as a protein standard.
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Fig. 1 Experimental setup

Proteomic analysis by tandem mass spectrometry
(LC-MS/MS)

Label-free quantitative proteomic analysis was performed
as previously described (Chhikara et al. 2022). Briefly, pro-
tein samples (50 pg each) were reduced with 5 mM tris(2-
carboxyethyl)phosphine (TCEP) followed by alkylation with
50 mM iodoacetamide (IAA). For digestion, samples were
incubated overnight in trypsin (1:50, trypsin/sample ratio) at
37 °C. The digested peptides were then cleaned using a C18
silica cartridge, and dried in a speed vac. After drying, sam-
ples were resuspended in buffer A (5% acetonitrile, 0.1% for-
mic acid). Mass spectrometric analysis of peptide mixtures
was performed using the Ultimate 3000 RSLCnano system
coupled with a Thermo QE Plus (Thermo Fisher Scientific).
The peptides were resolved on a 3.0 pm EASY-Spray C18
column (50 cm, Thermo Fisher Scientific) and eluted at a
flow rate of 300 nL/min with a gradient of buffer B (0-40%,
80% acetonitrile, 0.1% formic acid) for 100 min. MS1 and
MS2 spectra were acquired in the Orbitrap at 70,000 and
17,500 resolution, respectively, and dynamic exclusion was
employed for 10 s. The raw files were processed and ana-
lyzed with Proteome Discoverer™ software v2.2 (Thermo
Fisher Scientific) and searched against UniProt’s human pro-
teome database, with both peptide-spectrum match (PSM)
and protein false discovery rate set to 0.01. Following param-
eters were used for Sequest and Amanda search: digesting
enzyme—trypsin; maximum missed cleavages value of
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two; precursor and fragment mass tolerances—10 ppm and
1 Da, respectively; fixed modification—carbamidomethyl on
cysteine; and variable modification—oxidation of methio-
nine and N terminal acetylation. The Minora feature detec-
tion approach of the Proteome Discoverer framework was
employed for label-free quantification of proteins. It detects
LC/MS peaks in the raw data files and maps them to identi-
fied PSMs. It determines the theoretical isotope pattern of
a PSM, identifies the LC/MS peaks that map to it, and then
creates a feature signal for a single molecule and charge state
throughout the elution profile.

Statistical and bioinformatics analysis

Statistical and bioinformatics analyses were performed as
described previously (Naglot et al. 2021). Before analysis,
protein abundance data were processed to add missing val-
ues by the k-nearest neighbor (knn) imputation method and
normalized by Pareto scaling. Statistical analyses, including
fold-change and #-test (volcano plot), principal component
analysis (PCA), partial least squares-discriminant analysis
(PLS-DA), orthogonal projections to latent structures dis-
criminant analysis (OPLS-DA), and hierarchical cluster-
ing analysis (HCA) were performed by MetaboAnalyst 5.0
(Pang et al. 2021). Enrichment analysis of GO terms and
over-represented pathways was performed by DAVID gene
enrichment tool v6.8 (Sherman et al. 2022).
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Western blot analysis

The expression of selected DEPs was validated in cervi-
cal cancer and healthy tissue samples by western blotting.
For this, 25 pg protein from each sample was resolved on
10% SDS-PAGE and transferred to a 0.20 pm PVDF mem-
brane (Pall Life Sciences, USA). After completion of pro-
tein transfer, the membrane was blocked with 5% (w/v) skim
milk in TBST buffer (50 mM Tris, pH 8.0, 150 mM NaCl,
and 0.1% Tween-20) for 2 h and incubated overnight in pri-
mary antibodies (anti-afamin, MAB8065, R & D systems;
anti-stathmin, #3352, cell signaling Technology; GAPDH,
sc-47724, Santa Cruz) at 4 °C. Next day, the membrane
was washed with TBST and incubated in HRP conjugated
secondary antibodies for 2 h. After washing, proteins were
detected by enhanced chemiluminescence (ECL, Bio-Rad
Labs, USA) and images were acquired on a Syngene G-box
(Syngene, UK).

Afamin mRNA expression by quantitative PCR

Total RNA was isolated from tissue samples of cervical
cancer (n=2) and controls (n=2) by trizol method. Briefly,
samples were incubated in trizol for 15 min, and sonicated
followed by phase separation in chloroform. The clear aque-
ous phase obtained after centrifugation (12,000 x g at 4 °C
for 15 min) was transferred into a new micro-centrifuge
tube and incubated in chilled isopropanol for 10 min. After
centrifugation, RNA pellet was washed with 75% ethanol,
air-dried, and resuspended in nuclease free water, followed
by DNAse I treatment to remove DNA traces, if any. Total
RNA was estimated by calculating A260/A280 absorbance
ratio and cDNA was prepared by Script cDNA synthesis kit
(Bio-Rad) using 1 pg total RNA as the template. Primers for
afamin (AFM) and GAPDH (reference gene) were designed
using primer3Plus software, followed by optimization of
the respective gene. Primer sets used for real-time PCR are
presented in Supplementary Table 2. For real-time PCR,
20 pl reaction mixture including 10 pl SsoFast EvaGreen
supermix (Biorad), 1 pl cDNA and 10 mM final concentra-
tion of each primer was prepared. Quantitative PCR was
performed on CFX 96 thermocycler (Bio-Rad) and relative
mRNA expression of the AFM was determined by AAC
method. Experiments were performed in triplicates.

Results
Proteomics analysis
As mentioned in the methodology section, proteins

extracted from cervical cancer and healthy tissue sam-
ples (n=10, 5 of each type) were analyzed by LC-MS/
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MS and quantified by a label-free method. In total, 15,080
peptides corresponding to 2271 proteins were identified
(Supplementary File 1). All the proteins identified with
one or more unique peptides were processed for label-free
quantification, which resulted in the quantification of 2183
proteins in at least one of the samples (out of 10). Among
them, 417 and 54 proteins were exclusively quantified in
cervical cancer and healthy control tissue, respectively,
whilst 1712 proteins were quantified in both (Fig. 2).

Identification and validation of differentially
expressed proteins

To identify DEPs, protein abundance data were processed
to remove the proteins, which were quantified in less than
50% samples followed by imputation of missing values
in the remaining, if any. In this way, 1343 proteins were
sorted for statistical analysis (Supplementary File 1). To
begin with, the volcano plot identified 201 DEPs with
fold-change threshold 2 and #-test p-value threshold 0.05,
of which 188 proteins were upregulated and 13 down-
regulated in cervical cancer tissues compared to controls
(Fig. 3, Table 1, Supplementary File 2). The list of upregu-
lated proteins included cofilin-1 (CFL1), DnaJ homolog
subfamily C member 5 (DNAJCS), syntaxin-7 (STX7),
tax1-binding protein 3 (TAX1BP3), PRA1 family protein
2 (PRAF2), syntenin-1 (SDCBP), integrin beta-5 (ITGBS),
calponin-3 (CNN3), TPM4, catalase (CAT), malate
dehydrogenase, mitochondrial (MDH2), transgelin-2
(TAGLN?2), nucleoside diphosphate kinase A (NME1),
HLA class I histocompatibility antigen (HLA), transfer-
rin receptor protein 1 (TFRC), 14-3-3 protein beta/alpha
(YWHAB), integrin alpha-V (ITGAV), peroxiredoxin-2
(PRDX2), tumor protein D52 (TPD52), glutathione syn-
thetase (GSS), catenin alpha-1 (CTNNAT1), RNA-binding
protein FUS (FUS), prosaposin (PSAP), nucleobindin-1
(NUCB1), nucleobindin-2 (NUCB2), beta-2-microglobu-
lin (B2M), stathmin (STMN1), tapasin (TAPBP), glucosa-
mine-6-phosphate isomerase 1 (GNPDA1), proliferating
cell nuclear antigen (PCNA), growth factor receptor-bound
protein 2 (GRB2), tumor-associated calcium signal trans-
ducer 2 (TACSTD?2), cadherin-1 (CDH1), and prohibitin
(PHB). On the other hand, plasminogen (PLG), serum
albumin (ALB), serotransferrin (TF), hemopexin (HPX),
alpha-2-HS-glycoprotein (AHSG), AFM, apolipoprotein
A-II (APOA2), and transmembrane protease serine 13
(TMPRSS13) were found downregulated in cervical can-
cer. For orthogonal validation, two of the DEPs, STMNI,
and AFM were analyzed by western blotting. Similar to
LC-MS/MS-based label-free quantitation, STMN1 was
found upregulated, while AFM was downregulated in cer-
vical cancer tissue samples (Fig. 3 inset).
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Fig.2 Venn diagram show-

ing proteins identified and
quantified in cervical cancer and
control tissue samples. For more
details, please refer to Supple-
mentary File 1
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Table 1 Top differentially

. S.no  Accession Protein FC log2(FC)  p-value

expressed proteins (DEPs)

based on p-value iq cervical Top 10 upregulated proteins

:jf;;rezs control tissue 1 QIUNS6  Ras GTPase-activating protein-binding protein 2~ 6.3689  2.671  0.000114
2 Q8TAV4  Stomatin-like protein 3 6.081 2.6043  0.000707
3 P27105 Erythrocyte band 7 integral membrane protein 6.8884 2.7842  0.000993
4 P05107 Integrin beta-2 22.638 4.5007  0.001003
5 P35221 Catenin alpha-1 5.3918 24308 0.001533
6 P54727 UV excision repair protein RAD23 homolog B 3.4342 1.78 0.001554
7 Q02818 Nucleobindin-1 6.7969 2.7649  0.001848
8 P16949 Stathmin 11.132 3.4767  0.002621
9 014907 Tax1-binding protein 3 2.894 1.533 0.00329
10 Q15366 Poly(rC)-binding protein 2 7.5685 292 0.003499
Top 10 downregulated proteins
1 Q8WZ64  Arf-GAP with Rho-GAP domain, ANK repeat 0.27218 —-1.8774 0.002601

and PH domain-containing protein 2

2 P02765 Alpha-2-HS-glycoprotein 0.22473 —-2.1537 0.004019
3 P02787 Serotransferrin 0.30863 —1.6961 0.00872
4 P43652 Afamin 0.39678 —1.3336 0.01165
5 P02654 Apolipoprotein C-I 0.35899 —1.478  0.013124
6 P02790 Hemopexin 0.21926 -2.1893 0.014302
7 QY9BYE2  Transmembrane protease serine 13 0.25309 -1.9823 0.016523
8 P00747 Plasminogen 0.4936 —1.0186 0.018199
9 P02652 Apolipoprotein A-II 0.11581 —-3.1102 0.019564
10 P01701 Immunoglobulin lambda variable 1-51 0.32361 —-1.6277 0.023229

Statistical and bioinformatics analysis

A two-dimensional PCA, a statistical method designed to
alleviate the degree of complexity in high-dimensional
data was executed to display the abundance variation of
proteins within both groups. The PCA scores plot dis-
played an incomplete separation between cervical can-
cer and control groups when all the quantified proteins
were considered (Fig. 4A); however, separation quality
improved when only statistically significant DEPs were
considered for PCA analysis (Fig. 4B). The PLS-DA and
OPLS-DA score plots showed a clear separation between
cervical cancer and control groups (Fig. 4C-E). PLS-DA
is a supervised method that evaluates multivariate regres-
sion test statistics to assess class discrimination. For each
component, PLS-DA calculates Variable Importance in
Projection (VIP) scores as a measure of variance; a VIP
score greater than 1 denotes a DEP. A total of 218 proteins
were identified with VIP score > 1. Similar to PLS-DA,
OPLS-DA is also a supervised statistical method, but more
powerful for dimension reduction and identifying spectral
features that promote group separation. HCA, a popular
clustering method that creates clusters of data points with
similar characteristics correctly grouped the members of
cervical cancer and healthy controls in separate clusters
(Fig. 4F). Collectively, these findings signify the statistical
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power of identified DEPs to classify cervical cancer and
control groups.

To understand the biological significance of DEPs, an
enrichment analysis of GO terms and pathways was per-
formed. Among the proteins with higher abundance in cervi-
cal cancer tissue, a total of 94 GO terms were enriched that
included 17 biological processes, 59 cellular components,
and 18 molecular functions (Supplementary File 3). Also, 19
KEGG pathways were over-represented in cervical cancer.

Afamin mRNA expression analysis

Relative expression of AFM mRNA was determined in tissue
samples of cervical cancer with respect to controls after nor-
malization with the reference gene. Similar to protein profile,
AFM mRNA expression was found downregulated in cervical
cancer compared to controls (Supplementary Fig. 1). Fold-
change (FC) analysis revealed that AFM mRNA expression
was downregulated by ~fourfold in cervical cancer tissue sam-
ples (log, FC=—2.02).
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Fig.4 Statistical analysis of differentially expressed proteins (DEPs).
A, B Principal component analysis (PCA) scores plot; C PLS-DA
scores plot; D Top 20 DEPs identified by PLS-DA, colored boxes on

Discussion

The prognosis of cervical cancer is greatly associated with
its grade/stage. If detected in the early stage, treatment
strategies are capable of eliminating the disease resulting
in a high survival rate among the patients; however, with
detection in advanced stages chances of survival reduce sig-
nificantly. Despite significant advancements in the detection
methods for cervical cancer and multimodality management
strategies, treatment response in high-grade cervical cancer
patients is still unremarkable. This highlights an essential
need to discover novel diagnostic markers and therapeutic
targets of cervical cancer. This study is another step in our
quest to enhance our molecular understanding of cervical
cancer and for searching prospective diagnostic markers and
therapeutic targets. The study of protein changes becomes
important due to their dynamic nature in various stages of
cancer progression. Proteins are the main functional biomol-
ecules that participate in all kinds of biological processes

D

the right indicate the relative abundance of the corresponding pro-
teins; E OPLS-DA scores plot; F Hierarchical clustering analysis

and regulate many physiological activities including receiv-
ing and sending chemical signals, synthesizing and repairing
DNA, etc. (Pan et al. 2013). Failure of the quality control
mechanisms that maintain the cellular interplay of biomol-
ecules causes disturbance in proteostasis leading to dysregu-
lation in protein synthesis, folding, trafficking, and degrada-
tion of proteins. These abnormalities, in turn, cause several
diseases including cancers (Powers et al. 2009).

Identification and validation of differentially
expressed proteins

A total of 2271 proteins were identified and 2183 proteins
were quantified by high-throughput proteomics analysis.
Further, 201 proteins were differentially expressed, of
which 188 and 13 proteins were found upregulated and
downregulated, respectively in cervical cancer tissue sam-
ples. CFL1, DNAJCS, STX7, TAX1BP3, PRAF2, SDCBP,
ITGBS5, CNN3, TPM4, CAT, MDH2, TAGLN2, NMEI,
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HLA, TFRC, ITGAV, PRDX2, TPD52, GSS, CTNNAI,
FUS, PSAP, NUCB1, B2M, STMN1, TAPBP, GNPDAI,
PCNA, GRB2, CDH1, and PHB were identified as key
upregulated proteins, whilst PLG, ALB, TF, HPX, AHSG,
AFM, APOA2, and TMPRSS13 were found downregulated
in cervical cancer. Many of these upregulated proteins have
previously been shown to possess tumor-promoting proper-
ties. For example, CFL1 plays a key role in the invasion
and metastasis of solid tumors (Wang et al. 2006). It is a
member of cofilin family and is involved in normal cell func-
tions, particularly the mechanisms that promote cell motility
(Sequeda-JuArez et al. 2020). The overexpression of CFL1
in pancreatic cancer has recently been associated with higher
invasiveness and poor survival (Werle et al. 2021). Similarly,
STX7 also aids in cancer cell invasion (Parveen et al. 2022).
TAX1BP3 has also been found overexpressed in cancer and
its overexpression was linked to cancer cell adhesion, migra-
tion, and metastasis (Wang et al. 2014, 2023). PRAF2 is
an oncogene that helps in the proliferation and invasion of
breast cancer cells (Wang et al. 2022). In esophageal squa-
mous cell carcinoma, PRAF2 overexpression predicts a poor
prognosis and encourages carcinogenesis (Qian et al. 2019).
Similarly, overexpression of SDCBP and other upregulated
proteins has been reported to be associated with cancer pro-
gression, metastasis, and poor survival (Ban et al. 2016;
Talukdar et al. 2019; Li et al. 2021; Liu et al. 2021; Mir
et al. 2021). Upregulated expression of few proteins, such
as CNN3, ITGBS, and TDP52 has also been reported to
promote cervical cancer (Shi et al. 2020; Xia et al. 2020).
In our study, similar expression trends in cervical cancer
highlight tumor-promoting nature of these proteins. On the
other hand, downregulated proteins identified in this study
are known to play crucial roles in inhibiting tumor growth
(Ahmed et al. 2005; Nojiri and Joh 2014; Garcia-Martinez
et al. 2015; Zhang et al. 2019).

The expression of two proteins, STMNI1 and AFM was
also validated by western blotting. STMN1, also known as
oncoprotein 18 is a cytosolic phosphoprotein that plays an
important role in microtubule dynamics that regulate mitosis
and is essential for cell division and proliferation. Higher
expression of STMN1 has been marked in cancer tissue sam-
ples of the ovary, endometrium, breast, and cervix (Curmi
et al. 2000; Wei et al. 2008; Su et al. 2009Trovik et al. 2011).
It is known to cause mitotic arrest enough to persuade tumo-
rigenesis, tumor invasion, metastasis, and chemoresistance
(Howitt et al. 2013). Associated with poor outcomes, over-
expression of STMNI in high-grade cervical cancer has
been correlated with its involvement in the progression of
disease with more aggressive behavior due to its oncogenic
properties (Xi et al. 2009; Howitt et al. 2013). Thus, it can
be explored further as a potential diagnostic marker as well
as a therapeutic target for cervical cancer, specifically in
high-grade malignancies. Other protein, AFM is a highly
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glycosylated member of the albumin gene family abundantly
present in human plasma and other biological fluids (Die-
plinger and Dieplinger 2015). It is a multi-functional vitamin
E transporter that interacts with fatty-acylated Wnt proteins
and helps them in retaining their biological activity during
intracellular trafficking (Nusse and Varmus 2012; Wilson
2017). Wnt proteins are signaling molecules involved in the
regulation of various cell development processes like prolif-
eration, differentiation, migration, invasion, apoptosis, and
tissue homeostasis (Wilson 2017). AFM expression has been
reported in different cancers like gastric, bladder, colorectal,
breast, and thyroid cancer and found significantly downregu-
lated in ovarian cancer (Jackson et al. 2007; Dieplinger and
Dieplinger 2015). A reduced expression of AFM in cervical
cancer tissue samples correlates with previous reports of a
negative correlation between AFM expression and cancer
progression. However, not much information is available
about the functional aspects of AFM. The targeted studies
exploring the physiological role of this protein can uncover
several unknown facets of cervical cancer pathogenesis,
which can help us in designing improved therapeutics.

Selection of biomarker candidates for cervical
cancer

For the selection of cervical cancer biomarker candidates,
the previously described two-step selection method was
employed (Saraswat et al. 2020; Naglot et al. 2021). The first
step was course selection, which included the identification
of DEPs by volcano plot, PLS-DA, and OPLS-DA. In the
second step, regarded as fine selection, overlapping DEPs
with a p-value threshold of 0.05 were selected. This resulted
in the selection of 46 DEPs as candidate biomarkers of cer-
vical cancer, including stomatin-like protein 3 (STOML 3),
ITGB2, STMNI1, CAT, TF, HLA class II histocompatibility
antigen (HLA-DRA), HPX, tropomyosin (TMP3/TMP4),
ras GTPase-activating-like protein IQGAP1 (IQGAP1),
YWHAB, ALB, putative heat shock 70 kDa protein 7
(HAPA7), FUS, PRDX2, CFL1, MDH2, NME1, TFRC,
lysosome-associated membrane glycoprotein 1 (LAMP1),
and TAGLN?2 (Supplementary File 4). Many of these pro-
teins have been studied previously for their role in cancers
and their altered expressions were found in conjunction with
cancer progression and/or therapy resistance. For example,
ITGB2, which is a cell surface adhesion glycoprotein asso-
ciated with autophagy and PI3K—Akt signaling pathways
overexpresses in various cancers, including cervical cancer,
and is involved in cell adhesion and migration (Peng et al.
2020; Sun et al. 2021). CAT, which is a key enzyme of H,0,
metabolism was found upregulated in many cancers and cor-
related with resistance to therapy (Sander et al. 2003; Hwang
et al. 2007; Rainis et al. 2007; Oliva et al. 2015; Flor et al.
2021). Similarly, overexpression of TMP3 in cancers such
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as glioma, colon cancer, and liver cancer has been linked
with the development of tumors and statistically correlated
with tumor prognosis (Tao et al. 2014; Chen et al. 2021).
IQGAP1, a PI3K scaffolding protein, is required for optimal
induction of the PI3K/AKT/mTOR pathway and promotes
the progression of papillomavirus-induced carcinogenesis
(Wei et al. 2021). ALB plays a vital role in tumorigene-
sis by exerting antioxidant effect against carcinogens and
modulating the immune response, and a low level of ALB
might correlate with reduced immune competency, and poor
anti-cancer response (Nojiri and Joh 2014; Garcia-Martinez
et al. 2015). It has shown significant potential as a prognostic
marker of cervical cancer (Zheng et al. 2016; Zhang et al.
2019). Conclusively, altered expression of these proteins, in
coherence with previous studies, highlights their potential
to serve as prognostic markers of cervical cancer. However,
further studies are required in a large cohort to validate them
as potential markers.

Bioinformatics analysis

The biological processes enriched among overexpressed
proteins in cervical cancer were cell cycle, cell adhesion,
protein folding, small GTPase mediated signal transduction,
inflammatory disorders, post-translational protein modifica-
tion, and tumorigenesis. Interestingly, the ferroptosis path-
way was over-represented in cervical cancer, in addition to
several other KEGG pathways, such as antigen processing
and presentation, cell adhesion molecules, spliceosome,
and adherens junction. The DEPs associated with ferropto-
sis were voltage-dependent anion-selective channel proteins
2 and 3 (VDAC2/VDAC3), GSS, TFRC, and PCBP2. Fer-
roptosis is a non-apoptotic, iron-dependent regulated cell
death due to the accumulation of lipid-based reactive oxygen
species (ROS). It is an adaptive process to eliminate the
nutrient-deficient cancer cells, which helps in maintaining
the death balance and plays an important role in inhibiting
tumor growth (Zhao et al. 2022). Thus, ferroptosis is tar-
geted for developing strategies for promising cancer therapy
(Dixon and Stockwell 2019; Li et al. 2020). During chronic
inflammation and tissue injury transferrin, an iron-binding
serum protein is transported into the cells via TFRC-medi-
ated endocytosis and induces ferroptotic cell death (Lu et al.
2017). In agreement with previous reports, TFRC was also
found elevated in cervical cancer in our study (Shen et al.
2018; Xu et al. 2019; Huang et al. 2022). However, TF was
found downregulated in cervical cancer samples. TF also
helps in stimulating cell proliferation and has been found
downregulated in ovarian cancer and other chronic inflam-
mations (Baumann and Gauldie 1994; Ahmed et al. 2005).
This emphasizes on exploring the interplay between these
proteins to determine their precise involvement in ferrop-
tosis and consequently, in the regulation of cervical cancer

progression. In line with a number of earlier research stud-
ies, these biomolecules can be targeted for developing effec-
tive anti-cancer strategies for cervical cancer.

Conclusively, this quantitative proteomics study identified
a number of candidate biomarkers of cervical cancer. The
DEPs, specifically STMNI1, AFM, TF, and those associated
with the ferroptosis pathway, such as TFRC can further be
explored to validate the possibility to use these proteins as
diagnostic markers and/or therapeutic targets.
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