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Abstract. Cervical cancer remains the fourth most common 
and most lethal type of cancer in women, despite the applied 
regular screening and prevention strategies, while the available 
treatment schemes still pose a threat to fertility. Substantial 
understanding of the underlying mechanisms and development 
of novel diagnostic, prognostic and therapeutic approaches 
are critical steps for improving cervical cancer management. 
Towards this goal, a comparative proteomic analysis was 
conducted between three cervical cancer cell lines (HeLa: 
HPV18+, SiHa: HPV16+, C33A: HPV‑) and normal cervical 
keratinocytes (HCK1T). The total cell extract of each cell line 
was analyzed by liquid chromatography coupled to tandem 
mass spectrometry  (LC‑MS/MS). Differential expression 
analysis revealed 919, 826 and 1,370 deregulated proteins 
in the comparisons of HeLa, SiHa and C33A with HCK1T 
cell lines, respectively. Pathway enrichment analysis of the 
differentially expressed proteins highlighted common cancer 
characteristics such as high metabolic demands and increased 
cell turnover, confirming the validity of the proteomic results. 
Extensive literature mining of the consistently differentially 
expressed proteins that resulted from the three comparisons 
was performed leading to a shortlist of 21 proteins that are 
potentially involved in cervical malignancy. The criteria for this 
shortlisting were the association of the proteins with various 
types of cancer, while there is no study as yet associating their 

expression to cervical cancer. Moreover, the expression trend 
of two of the shortlisted proteins was validated using western 
blot analysis. The proteomic datasets generated in this study 
can be utilized to enrich the current knowledge on cervical 
cancer pathology and unveil key molecular mechanisms of 
carcinogenesis. In conclusion, the shortlist of consistently 
deregulated proteins between cervical cancer cell lines and 
normal cervical keratinocytes can be used for validation in 
clinical samples and in functional investigation experiments 
that could ultimately lead to the discovery of novel disease 
biomarkers and drug targets.

Introduction

Cervical cancer remains the fourth most common and the fourth 
most fatal type of cancer in women. Based on GLOBOCAN 
estimates, there will be a total of 569,847 new cases of cervical 
cancer and 311,365 deaths due to cervical cancer in 2018 
worldwide (1). The main underlying cause of cervical cancer 
is human papillomavirus (HPV) infection. HPV infections 
may cause mild dysplasia which usually regresses spontane-
ously but some infections caused by high‑risk HPV types, 
may become persistent and progress to high grade lesions and 
eventually invasive carcinoma (2).

Although cervical cancer is not easily detected and treat-
able, the long window of time between precancerous lesions 
and invasive cancer provides the opportunity for early detection 
and prevention. Indeed, regular cytology‑based screening 
has significantly reduced but not eliminated cervical cancer 
mortality (3), while the most recent advances concerning HPV 
testing and HPV vaccines have further improved the disease 
control, mainly in high‑income countries  (4). However, a 
significant number of new cases are still diagnosed.

The treatment of cervical cancer relies on surgical inter-
ventions that are usually accompanied by chemotherapy and 
radiation. Elimination of the cancer and patient survival are 
the top priorities; however, since childbirth is often delayed 
in developed countries, preservation of fertility is a major 
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factor when considering cervical cancer treatment approaches. 
Fertility sparing techniques have been developed but they 
can only be applied after careful evaluation of the cancer 
and in early stages (5,6). Targeted pharmaceutical treatment 
approaches could be the solution to this problem, but despite 
the intensive efforts during the last decades, no novel drugs 
have been applied in clinical practice (7,8).

A need for deeper understanding of the underlying mecha-
nisms of cervical cancer pathology is critical. Towards this 
goal, our group has already investigated the secretome (9) 
and the membrane proteomes (10) of three cervical cancer 
cell lines in comparison to normal cervical keratinocytes with 
liquid chromatography coupled with tandem mass spectrom-
etry (LC‑MS/MS). These studies highlighted the inhibition of 
matrix metalloproteases (9) and the deregulation of HIPPO, 
PI3K/Akt, and EIF2 signaling pathways (10) in cervical cancer 
as well as many differentially expressed proteins that are 
potentially crucial for cervical malignancy. Along the same 
lines and in an attempt to elucidate the molecular mechanisms 
underlining cervical carcinogenesis, we analyzed the intracel-
lular proteome of three cervical cancer cell lines against normal 
cervical keratinocytes employing high resolution LC‑MS/MS. 
The differentially expressed proteins between the cervical 
cancer cell lines and the control cell line were integrated into 
molecular pathways that are possibly deregulated during the 
malignant transformation of the cervical epithelium. Through 
an extensive review of the existing literature, we shortlisted 
the consistent proteomic changes providing a valuable dataset 
of proteins for further investigation and functional analyses. 
These proteins could be used as molecular markers or drug 
targets. 

Materials and methods

Cell culture. HeLa (HPV 18+), SiHa (HPV 16+) and C33A 
(HPV‑) cervical cancer cell lines, were purchased from the 
American Type Culture Collection (ATCC) (Manassas, VA, 
USA) and cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) 
(Gibco/Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) and 1% penicillin‑streptomycin at 37˚C in 5% CO2 
as previously described  (11). ΗCK1T cells were a kind 
gift from Dr Tohru Kiyono of the National Cancer Center 
Research Institute (Chuo‑ku, Tokyo, Japan)  (12) and were 
cultured as proposed (13) in Defined Keratinocyte Serum‑Free 
Medium  (SFM) (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 5 ng/ml epidermal growth factor (EGF) 
(Gibco; Thermo Fisher Scientific, Inc.) and 50 µg/ml of bovine 
pituitary extract (BPE) (Gibco; Thermo Fisher Scientific, Inc.). 
When the cells reached a concentration of 106 cells per ml, 
they were trypsinized, harvested, and the pellets were washed 
in 1X phosphate‑buffered saline (PBS) 3 times before storage 
at ‑80˚C until further use. 

Sample preparation. Pellets were homogenized in homog-
enization buffer (7  M urea, 2  M thiourea, 4% CHAPS, 
1%  DTE) using mild sonication (water bath sonication). 
After centrifugation at 16,000 x g for 20 min, the total cell 
extract was obtained as a supernatant. Protein concentra-
tion was measured with the Bradford assay. The sample 

preparation was based on the GeLC‑MS protocol described 
by Makridakis  and Vlahou  (14). Briefly, 10 µg of protein 
extract from each sample were analyzed by 12% SDS PAGE 
and stained with Coomassie Colloidal Blue (Fluka; Thermo 
Fisher Scientific, Inc.) overnight. The gel bands were excised 
and cut in small pieces (1‑2 mm side squares). Gel pieces were 
destained in 40% acetonitrile (Thermo Fisher Scientific, Inc.), 
50 mM NH4HCO3 (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany), reduced in 10 mM dithioerythritol (Sigma‑Aldrich; 
Merck KGaA), 100 mM NH4HCO3, and alkylated in 50 mM 
iodoacetamide (Applichem, Inc., Omaha, NE, USA), 100 mM 
NH4HCO3. Samples were dried using the Savant Speedvac™ 
concentrator (Thermo Fisher Scientific, Inc.) and trypsinized 
overnight at room temperature with 600 ng trypsin (Roche 
Diagnostics, Basel, Switzerland) in 10 mM NH4HCO3. Peptide 
extraction was performed with a wash of the trypsinized gel 
pieces with 50 mM NH4HCO3, followed by two washes with 
50% acetonitrile (Thermo Fisher Scientific, Inc.), 5% formic 
acid (Sigma‑Aldrich; Merck KGaA) for 15  min at room 
temperature, under shaking conditions. Extracted peptides 
were dried using the Savant Speedvac™ concentrator and 
analyzed by LC‑MS/MS. 

LC‑MS/MS (liquid chromatography coupled with tandem 
mass spectrometry) analysis. Analysis of the protein extracts 
was conducted with an UltiMate 3000 Nano HPLC Dionex 
Ultimate®  3000 RSLS system (Dionex™; Thermo Fisher 
Scientific, Inc.) as previously reported  (9). Dried peptides 
were solubilized in 10 µl mobile phase A (0.1% formic acid) 
and 5 µl from each sample was loaded on a 0.1x20 mm, 5‑µm 
C18 nanotrap column. The loading was performed at a flow 
rate of 5 µl/min in 98% mobile phase A [0.1% formic acid 
(Sigma‑Aldrich; Merck KGaA)] and 2%  mobile phase  B 
[100% acetonitrile (Thermo Fisher Scientific, Inc.)], 0.1% 
formic acid. Then, the sample was analyzed using an Acclaim 
PepMap C18 nanocolumn 75 µm x 50 cm (Dionex™; Thermo 
Fisher Scientific, Inc), at a flow rate of 0.3 µl/min. The trap and 
the nanoflow column were maintained at 35˚C. The samples 
were eluted with a gradient of solvent B, starting at 1% B for 
5 min, rising to 5% B at 10 min, 25% B at 180 min and 65% B 
at 240 min. The column was then washed and re‑equilibrated 
prior to injection of the next sample. The eluent was ionized 
using a Proxeon Nano Spray Electron Spray Ionization (ESI) 
source, operating in positive ion mode into an Orbitrap Elite 
FTMS (Thermo Fisher Scientific, Inc). Ionization voltage was 
at 2.6 kV and the capillary temperature was at 200˚C. The mass 
spectrometer was operated using the MS/MS mode scanning 
from 380 to 2,000 amu (atomic mass units). The resolution 
of ions in MS1 was 60,000, and 15,000 for HCD MS2. The 
top 20 multiply‑charged ions were selected from each scan for 
MS/MS analysis using HCD at 35% collision energy. Dynamic 
exclusion was set to 30 sec.

MS data analysis. Peptide identification was performed with 
Proteome Discoverer 1.4 software package (Thermo Scientific, 
Inc.), using the SEQUEST search engine and the UniProt 
(http://www.uniprot.org/) human reviewed database, updated 
on May 30, 2016, including 20,204 entries. The search was 
performed using carbamidomethylation of cysteine as static, 
and oxidation of methionine as dynamic modifications. Two 
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missed cleavage sites, a precursor mass tolerance of 10 ppm 
and fragment mass tolerance of 0.05 Da were allowed. False 
discovery rate (FDR) validation was based on q value: target 
FDR (strict), 0.01; target FDR (relaxed), 0.05. SEQUEST 
results were filtered for false‑positive identifications. Peptide 
quantification was performed as previously described (15). 
Only peptides being present in 75% of the samples in at 
least one group (cervical cancer or normal cell line) were 
considered confident identifications and were used for 
protein quantification. Statistical analysis was based on the 
Mann‑Whitney test performed in R (version 3.3.1). Differences 
with P‑value ≤0.05 were considered statistically significant 
and an expression change threshold of 2 (cancer/normal ≥2 
or cancer/normal  ≤0.5) was also applied for differential 
expression. The protein expression heatmap was created at 
http://www.heatmapper.ca/ (16).

Functional analysis. Functional analysis was performed 
with the ClueGO plug‑in  (17) in Cytoscape 3.4.0  (18). 
Ontologies were retrieved from REACTOME pathways data-
base (updated on September 4, 2017) and only statistically 
significant pathways (Bonferroni corrected P‑value ≤0.05, 
two‑sided hypergeometric test) were taken into account. For 
the remaining parameters, default settings were used. Results 
were simplified based on biological relevance and only the 
leading term from each group is presented.

Western blot analysis. Four 30‑µg samples of cell extract 
dissolved in Laemli's buffer from each cell line were loaded 
on 10% SDS‑polyacrylamide gel after incubation at 90˚C 
for 10 min (2 gels in total with 2 replicates from each cell 
line on each gel). The gel was run at 40 V for 15 min and 
then at 120 V in Tris‑glycine‑SDS buffer. The transfer was 
performed in transfer buffer (3.03 g Tris, 14.4 g glycine, 
200 ml methanol for 1 liter total volume) for 2 h at 290 mA 
at 4˚C. Then, the membrane was stained with Ponceau‑S 
stain for 5 min, washed with ultrapure water for 5 min three 
times, followed by the addition of blocking solution (5% w/v 
non‑fat dried milk in TBS‑Tween 0.1% v/v) and incuba-
tion for 2 h. The membrane was washed with TBS‑Tween 
0.1% v/v successively for 15, 5 and 5 min, and the primary 
antibodies: LIMA1 (sc‑136399; dilution, 1:200; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA), PON2 (sc‑373981; 
dilution, 1:100; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) and α‑tubulin (T6199; dilution, 1:5000; Sigma‑Aldrich; 
Merck KGaA) were added at the respective dilutions and left 
at 4˚C overnight. The next day, the three washes were repeated 
and the secondary goat anti‑mouse antibody IgG‑HRP 
(sc‑2005; Santa Cruz Biotechnology, Inc.) was added at a 
1:2,000 dilution and left at room temperature for 2 h. The 
three washes were repeated, ECL was added and left for 
1 min; its excess was removed, followed by film exposure and 
development. The films were scanned and the quantification 
of the bands was performed with Quantity One software 4.4.1 
(Bio‑Rad Laboratories, Hercules, CA, USA). For LIMA1, 
the bands corresponding to 110 and 90 kDa were quantified. 
For PON2, the bands corresponding to 53 and 43 kDa were 
quantified. Both antibodies (LIMA1 and PON2) were blotted 
on the same membranes (since the difference in molecular 
weights allowed this) and quantification of α‑tubulin was used 

as a loading control for both antibodies. One‑way ANOVA 
and Tukey HSD tests were performed in SPSS Statistics 22.0 
(IBM, Armonk, NY, USA).

Results

Differential expression analysis. Towards a better under-
standing of the cervical cancer pathology and the molecular 
mechanisms underlying the malignant transformation of the 
cervical epithelium, a comparative proteomic analysis of 
cervical cell lines was performed, utilizing the GeLC‑MS 
protocol (14). The cell lines that were analyzed included the 
following: HCK1T (human cervical keratinocytes), a normal 
cervical epithelium cell line; HeLa, a cervical cancer cell line 
positive for HPV18 (HPV18+); SiHa, a cervical cancer cell line 
positive for HPV16 (HPV16+); and C33A, a cervical cancer 
cell line negative for HPV (HPV‑). Four biological replicates 
were processed from each cell line. A graphical representation 
of our workflow is presented in Fig. 1.

The total number of protein identifications was 2,607 for 
HCK1T; 2,859 for HeLa; 2,902 for SiHa; and 3,405 for C33A. 
Each of the three cancer cell lines (HeLa, SiHa, C33A) was 
compared to the normal cell line (HCK1T) and only peptides 
detected in at least 75% of the samples (3 out of 4 biological 
replicates) in at least one group (cervical cancer or normal cell 
line) were taken into account for the analysis. The differentially 
expressed proteins in cancer vs. normal cells were considered 
the proteins that showed a statistically significant change 
(Mann‑Whitney P‑value ≤0.05) and had an expression change 
of at least 2 (cancer/normal ≥2 or cancer/normal ≤0.5). In 
addition, proteins uniquely identified only in one cell line per 
comparison were also considered as differentially expressed 
proteins.

In the comparison between the HeLa and HCK1T cells, 919 
proteins were differentially expressed. Out of these, 321 were 
upregulated and 165 were downregulated in cancer, while 257 
proteins were uniquely identified in HeLa and 176 proteins 
were uniquely identified in HCK1T cells (Supplementary 
Table I, available at Figshare, doi: 10.6084/m9.figshare.7121540; 
https://figshare.com/articles/Supplementary_data/7121540). When  
comparing SiHa to HCK1T cells, 826 proteins were differen-
tially expressed in total, out of which 310 were upregulated in 
cancer, 138 were downregulated in cancer, 224 proteins were 
detected only in SiHa and 154 proteins were only detected 
only in HCK1T (Supplementary Table II, available at Figshare, 
doi:  10.6084/m9.figshare.7121540; https://figshare.com/arti-
cles/Supplementary_data/7121540). Finally, in regards to the 
comparison of C33A to HCK1T cells, the total number of differ-
entially expressed proteins was 1,370. Out of these proteins, 497 
were upregulated in cancer, 174 were downregulated in cancer, 
472 were identified only in C33A cells and 227 proteins were only 
identified in HCK1T cells (Supplementary Table III, available 
at Figshare, doi: 10.6084/m9.figshare.7121540; https://figshare.
com/articles/Supplementary_data/7121540).

Functional analysis. Functional annotation and pathway enrich-
ment of the differentially expressed proteins per comparison 
was performed using the ClueGO plug‑in of Cytoscape. The 
functional analysis results for the comparisons HeLa vs. HCK1T, 
SiHa vs. HCK1T, and C33A vs. HCK1T are presented in 
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Figs. 2‑4, respectively, and Supplementary Table IV (available 
at Figshare, doi: 10.6084/m9.figshare.7121540; https://figshare.
com/articles/Supplementary_data/7121540). Some of the 
prominent and significant pathways that appear to be deregu-
lated between the cervical cancer and the normal cell lines are 
metabolism of proteins, metabolism of nucleotides, unwinding 
of DNA, glycolysis, gluconeogenesis apoptosis and oxidative 
stress induced senescence. These pathways reflect the malignant 
phenotype of the cancer cells with high metabolic requirements, 
increased cell turnover and damage control mechanisms, as 
expected.

Focusing on the consistent proteomic changes. In order to focus 
on the common most prominent proteomic changes between 
cervical cancer and normal cervical keratinocytes, regardless 
of the cancer origin (presence of HPV infection, HPV type), 
a shortlisting of the differentially expressed proteins that 
emerged from the three comparisons (HeLa vs. HCK1T, SiHa 
vs. HCK1T and C33A vs. HCK1T) was performed. As a first 
step, only proteins that followed the same expression trend 
in cancer vs. normal cells were selected. Proteins that were 
uniquely identified in only one cell line per comparison were 
excluded at this point due to probable technical limitations 
such as protein quantity being below the limit of detection of 
the method used but not completely absent, and challenging 
reproducibility, i.e. its absence might not be confirmed with a 
different method. This first shortlisting resulted in 105 consis-
tent proteomic changes between the cervical cancer cell lines 

and the normal cervical keratinocytes, which are represented 
by a heatmap in Fig. 5. Following this, an extensive litera-
ture mining for all the consistently differentially expressed 
proteins was performed (Supplementary Table V, available at 
Figshare, doi: 10.6084/m9.figshare.7121540; https://figshare.
com/articles/Supplementary_data/7121540). The aim of this 
bibliographic investigation was to reveal proteins that are 
potential key regulators of cervical carcinogenesis but have not 
yet been investigated. This search led to a list of 21 proteins 
(Table I) that are implicated in cancer but there is no study 
associating their expression to cervical cancer, at least to our 
knowledge, and could be the basis of further investigations in 
the context of cervical cancer.

Validation of the expression trend for two of the shortlisted 
proteins. LIM domain and actin‑binding protein 1 (LIMA1) 
and serum paraoxonase/arylesterase  2 (PON2) were also 
assessed with western blot analysis in four new biological 
replicates from each of the four cervical cell lines. Their 
expression trend based on western blot analysis was similar to 
the proteomics results, as shown in Fig. 6, validating the cred-
ibility of the method. Specifically, both isoforms of LIMA1 
(bands of 90 and 110 kDa in the western blot analysis) are 
shown to be downregulated in the cervical cancer cell lines 
compared to HCK1T, according to both methodologies. In a 
similar way, PON2 is shown to be upregulated in all cervical 
cancer cell lines, by both approaches [the double band of 
PON2 in the Western blot is a common observation (19)]. 

Figure 1. Graphical representation of the experimental workflow and analysis followed. The total cell extract from three cervical cancer cell lines [HeLa 
(HPV18+), SiHa (HPV16+), C33A (HPV‑)] and normal cervical keratinocytes (HCK1T) was collected and analyzed by SDS‑PAGE, following the GeLC‑MS/MS 
protocol. The bands were excised from the gel and cut into small pieces where in‑gel trypsinization was performed. The extracted peptides were then analyzed 
by LC‑MS/MS and the resulting spectra were translated into protein lists. After differential expression analysis, an extensive literature mining was performed 
in order to shortlist the proteins based on existing studies on cancer and cervical cancer, in particular. The datasets and shortlisted proteins from this study 
can be used for clinical validation (e.g. immunohistochemistry, multiple reaction monitoring mass spectrometry) and functional investigation with the aim to 
develop novel biomarkers and drug targets. LC‑MS/MS, liquid chromatography‑tandem mass spectrometry.
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Figure 2. Reactome pathways enriched by the differentially expressed proteins between the HeLa and HCK1T cell lines. Results were simplified based on 
biological relevance and only the leading term from each group is presented (Bonferroni corrected P‑value ≤0.05, two‑sided hypergeometric test).

Figure 3. Reactome pathways enriched by the differentially expressed proteins between the SiHa and HCK1T cell lines. Results were simplified based on 
biological relevance and only the leading term from each group is presented (Bonferroni corrected P‑value ≤0.05, two‑sided hypergeometric test).
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Discussion

The comprehensive proteomic analysis of cervical cancer cell 
lines and normal cervical keratinocytes, performed utilizing 
the LC‑MS/MS platform, revealed the proteomic changes 
occurring during the malignant transformation of the cervical 
epithelium in three subtypes of cervical cancer: HPV18+ 
(HeLa cells), HPV16+ (SiHa cells) and HPV‑ (C33A cells). The 
cell lines analyzed were chosen carefully for this study, as they 
represent the most common high‑risk HPV‑infected cervical 
cancers and HPV‑free cervical cancer that, together, constitute 
a great percentage of the cervical cancer incidents. The cancer 
cell lines were compared to normal cervical keratinocytes 
and not keratinocytes of another origin (e.g. skin) to eliminate 
differences due to tissue‑specific characteristics.

The differentially expressed proteins in each comparison 
(HeLa vs. HCK1T, SiHa vs. HCK1T, and C33A vs. HCK1T) 
can be utilized for further analysis and can be the basis for 

systems biology approaches. The pathway enrichment analysis 
of the differentially expressed proteins from each comparison 
revealed that the deregulation processes are associated with the 
elevated metabolic demands and increased cell turnover that are 
common characteristics of cancer (20). These findings confirm 
the biological relevance of our proteomics results and add to the 
integrity of the study. Furthermore, the shortlisting of the differ-
entially expressed proteins performed based on the existing 
literature, paves the way for further investigation of promising 
candidates, clinical validation and functional exploration in the 
context of cervical cancer. Validation of the expression trend 
of two of the shortlisted proteins using an immuno‑based tech-
nique (western blot analysis) further confirmed the robustness 
and accuracy of the proteomics methodology.

The 21 shortlisted proteins (Table I) have been associated 
with other types of cancer in the literature, such as breast, 
prostate, ovarian and lung cancer, but have not yet been studied 
within the context of cervical cancer, as far as we know. These 

Figure 4. Reactome pathways enriched by the differentially expressed proteins between the C33A and HCK1T cell lines. Results were simplified based on 
biological relevance and only the leading term from each group is presented (Bonferroni corrected p‑value ≤0.05, two‑sided hypergeometric test).
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proteins could be of great interest for further investigations 
and could potentially play pivotal roles in cervical carcinogen-
esis. Few of the proteins with functional relevance to cancer 
are discussed below.

LIM domain and actin‑binding protein 1 (LIMA1), which 
is involved in the regulation of actin dynamics, has been found 
to be downregulated in various cancer types when compared 
to healthy tissue (21). In the present study, LIMA1 was found to 
be consistently downregulated in all three cervical cancer cell 
lines compared to HCK1T cells in the proteomic analysis. This 
downregulation was also confirmed using western blot anal-
ysis. In the literature, it has been shown that LIMA1 expression 
significantly decreases concomitantly with cancer progression 
and this loss promotes cancer cell migration and invasion while 
it is associated with poor prognosis (22). Moreover, induced 
overexpression of LIMA1 in cancer cells appears to reverse 
their invasive phenotype and to reduce the metastatic poten-
tial, indicating that LIMA1 could be an excellent drug target 
for cancer treatment (21). In addition, immunohistochemical 
staining of LIMA1 in ovarian cancer showed that few cancer 
samples expressed the protein while downregulation of LIMA1 
in ovarian cancer cells resulted in increased growth, invasion, 
adhesion and migration in vitro (23). Notably, LIMA1 was 
identified as a target of the p53 family and the downregula-
tion of the gene can be a result of p53 mutation resulting in 
decreased survival of cancer patients (22).

Importin subunit α‑1 (KPNA2) was found to be significantly 
upregulated in cervical cancer cell lines when compared to the 
normal keratinocytes in our proteomic study. KPNA2, which 
is involved in nucleocytoplasmic trafficking, has prognostic 
potential in various types of cancer. Specifically, increased 
expression of KPNA2 has been associated with poor prog-
nosis in astrocytic gliomas (24), gastric adenocarcinoma (25), 
prostate cancer (26), cholangiocarcinoma (27) and colorectal 
cancer (28). Furthermore, in the most recent studies, KPNA2 
was suggested to be a predictive marker of gemcitabine sensi-
tivity and survival in cholangiocarcinoma (27) and a predictor 
of survival following radical surgery for colorectal cancer (28).

Serum paraoxonase/arylesterase 2  (PON2) is a ubiqui-
tously expressed cellular antioxidant and was found to be 
upregulated in cervical cancer in all three of our comparisons, 
by both proteomics and western blot analysis. PON2 has been 
reported to play a protective role in oral squamous cell cancer 
cells against irradiation‑induced apoptosis (29) and higher 
levels of the protein are associated with a higher relapse rate 
in oral squamous cell cancer patients after either surgery, 
radiotherapy or chemotherapy (30). Importantly, the regula-
tion of PON2‑induced therapy resistance is regulated through 
the Wnt/glycogen synthase kinase  3β  (GSK3β)/β‑catenin 
pathway (30). Increased expression of PON2 has also been 
detected in bladder cancer tissues compared to that in normal 
tissues, and induced overexpression of the gene in bladder 
cancer cells led to higher cell proliferation and oxidative stress 
resistance (31). However, a recent study showed that PON2 can 
be a tumor suppressor as well (32). Particularly, PON2 expres-
sion was elevated in early stages of ovarian cancer compared to 
normal tissue but not in late stages of the disease. In addition, 
induced overexpression of PON2 in a mouse xenograft model 
of ovarian cancer resulted in reduced cell proliferation (32). 
Although the findings concerning the role of PON2 in cancers 

Figure 5. Expression heatmap of the 105 consistent proteomic changes 
between the cervical cancer lines and the normal cervical keratinocytes. 
Levels of expression are represented with color intensity (green for high 
and red for low) for each cell line. Protein levels noted in the HCK1T cell 
line exhibited variations when compared to each of the three cervical cancer 
cell lines due to the peptide frequency threshold applied (see Materials and 
methods).
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Figure 6. The proteomic expression trend of LIMA1 and PON2 is confirmed by Western blot analysis. The expression change of each protein is expressed 
as a ratio to the levels in HCK1T (normal keratinocytes) for both approaches. Tukey's HSD, *P≤0.05. LIMA1, LIM domain and actin‑binding protein 1; 
PON2, serum paraoxonase/arylesterase 2.

Table I. Shortlist of 21 proteins consistently deregulated in cervical cancer cell lines compared to normal cervical keratinocytes 
that are novel findings based on existing literature.

	 HeLa vs. HCK1T	 SiHa vs. HCK1T	 C33A vs. HCK1T
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑  
		  Nο. of		  Nο. of		  Nο. of
Symbol	 Name	 peptides	 Ratio	 peptides	 Ratio	 peptides	 Ratio

LIMA1	 LIM domain and actin‑binding protein 1	 6	 0.20	 7	 0.24	 6	 0.09
KPNA2	 Importin subunit α‑1	 9	 124.09	 6	 46.84	 13	 351.64
PON2	 Serum paraoxonase/arylesterase 2	 4	 12.93	 2	 4.80	 3	 11.99
DNAJA1	 DnaJ homolog subfamily A member 1	 4	 7.70	 7	 6.70	 6	 7.44
NSUN2	 tRNA [cytosine (34)‑C (5)]‑methyltransferase	 8	 6.63	 11	 9.60	 7	 4.20
FUS	 RNA‑binding protein FUS	 4	 5.22	 4	 5.08	 3	 6.45
EEF1A2	 Elongation factor 1‑α2	 12	 5.75	 6	 4.03	 11	 5.41
RANGAP1	 Ran GTPase‑activating protein 1	 5	 3.18	 7	 4.65	 7	 7.30
PSMB4	 Proteasome subunit β type‑4	 3	 5.10	 2	 3.88	 3	 5.74
AHSA1	 Activator of 90 kDa heat shock protein ATPase 1	 2	 2.84	 4	 3.25	 5	 8.02
	 homolog							     
GMPS	 GMP synthase (glutamine‑hydrolyzing)	 12	 5.73	 6	 2.40	 13	 5.93
PSMB7	 Proteasome subunit β type‑7	 3	 4.76	 2	 4.36	 3	 4.60
CAPRIN1	 Caprin‑1	 4	 4.52	 4	 3.70	 4	 4.44
SSRP1	 FACT complex subunit SSRP1	 12	 3.01	 12	 3.15	 14	 6.34
TOMM34	 Mitochondrial import receptor subunit TOM34	 6	 4.02	 4	 2.48	 7	 5.56
DHX9	 ATP‑dependent RNA helicase A	 8	 3.73	 5	 2.36	 10	 5.50
MAT2A	 S‑adenosylmethionine synthase isoform type‑2	 4	 2.55	 5	 2.89	 8	 6.13
PABPC1	 Polyadenylate‑binding protein 1	 8	 3.40	 9	 3.31	 8	 4.19
KHSRP	 Far upstream element‑binding protein 2	 6	 2.29	 9	 3.63	 9	 4.93
G3BP1	 Ras GTPase‑activating protein‑binding protein 1	 5	 2.65	 5	 2.57	 9	 5.39
ACAT1	 Acetyl‑CoA acetyltransferase, mitochondrial	 6	 2.26	 8	 3.32	 8	 3.68

For all proteins, Mann‑Whitney P≤0.05. Cervical cancer cell lines: HeLa (HPV18+), SiHa (HPV16+), C33A (HPV‑) and normal cervical 
keratinocytes (HCK1T).
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of different origin vary, it could certainly be a promising drug 
target and further investigation is warranted.

Caprin‑1 (CAPRIN1) was also found to be upregulated in 
our analysis in cervical cancer cell lines when compared to 
the expression level in normal cervical keratinocytes. Caprin‑1 
protein is considered to enhance osteosarcoma tumor growth 
and lung metastasis in mice via the Akt and ERK1/2 path-
ways (33). CAPRIN1 was also found to be overexpressed in 
breast cancer cells compared to normal breast cells, and induced 
overexpression of the gene promoted cell proliferation and inva-
sion while this phenotype was reversed by miRNA‑223 (34). 
Finally, based on immunohistochemical data, CAPRIN1 expres-
sion was upregulated in hepatocellular carcinoma compared to 
peritumoral tissue and was significantly associated with worse 
hepatocellular carcinoma patient survival (35).

The high resolution proteomic analysis performed in this 
study, comparing three different cervical cancer cell lines 
to normal cervical keratinocytes, provides a comprehensive 
dataset of proteins deregulated in cervical cancer. The gener-
ated data provide new insights into the molecular mechanisms 
and key regulators of cervical carcinogenesis and can be the 
basis for further investigations and system biology approaches. 
In particular, the indicated proteins with potential critical 
involvement in cervical malignancy can be used for clinical 
validation studies and functional analyses. Overall, our 
research contributes to a better understanding of the under-
lying mechanisms important for cervical cancer and opens the 
way for biomarker discovery and drug target identification.
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