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High Resolution Proteomic Analysis of the Cervical Cancer Cell
Lines Secretome Documents Deregulation of Multiple Proteases
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Abstract. Background: Oncogenic infection by HPYV,
eventually leads to cervical carcinogenesis, associated by
deregulation of specific pathways and protein expression at
the intracellular and secretome level. Thus, secretome
elucidate the biological
contributing to cervical cancer. In the present study we
systematically analyzed its constitution in four cervical cell
lines employing a highly sensitive proteomic technology
coupled with bioinformatics analysis. Materials and
Methods: LC/MS-MS proteomics and bioinformatics analysis
were performed in the secretome of four informative cervical
cell lines SiHa (HPV16*), HeLa (HPV18*), C33A (HPV™)
and HCKIT (normal). Results: The proteomic pattern of
each cancer cell line compared to HCKIT was identified and
a detailed bioinformatics analysis disclosed inhibition of
matrix metalloproteases in cancer cell lines. This prediction
was further confirmed via zymography for MMP-2 and
MMP-9, western blot analysis for ADAM10 and by MRM for
TIMPI1. The differential expression of important secreted
proteins such as CATD, FUCAI and SOD2 was also
confirmed by western blot analysis. MRM-targeted
proteomics analysis confirmed the differential expression of
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CATD, CATB, SOD2, QPCT and NEUI. Conclusion: High
resolution proteomics analysis of cervical cancer secretome
revealed significantly deregulated biological processes and
proteins implicated in cervical carcinogenesis.

The vast majority of cervical cancer incidents are related to
a group of 13 high-risk oncogenic human papilloma virus
(HPV) types, classified according to sequence similarity,
based on established criteria by the International Committee
on the Taxonomy of Viruses (1). Types HPV16 and HPV18
represent the most common high-risk types causing cervical
cancer (2, 3). Microabrasions on the cervical epithelium
surface, allow the entry of HPV and the ensuing infection of
the basal membrane epithelium. The initial overexpression
of E6 and E7 HPV oncoproteins in the upper layers of the
epithelium, leads to the production of viral particles and the
establishment of productive infection, associated with the
formation of low-grade squamous intraepithelial lesions
(LSIL). Subsequent integration of the virus in the host cells,
results in progression to high-grade squamous intraepithelial
lesions (HSIL), leading eventually to cervical cancer (4-7).
Proteomics technologies offer an holistic approach through
the identification of many critical proteins, that could facilitate
the understanding of biological mechanisms underlying
cervical cancer pathogenesis. Proteomic tools have been
utilized to study the mechanisms of action of drugs and the
discovery of putative biomarkers for cervical cancer (8).
However, in the above approaches, only the two-dimensional
gel electrophoresis (2DE) coupled to MALDI-TOF has been
utilized in most studies so far, whereas the LC-MS/MS
technology, a very sensitive technology, has not been widely
used. Furthermore, in these few studies where LC-MS/MS
was applied, only the intracellular proteome was analyzed,
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whereas secreted and membrane proteins containing equally
valuable information, have not been studied yet.

Therefore, the aim of the present study was to characterize
the secretome pattern of cervical cancer cells —reflecting the
acquisition of the hallmarks of cancer, with a potential
contribution to the delineation of the distinctive stages of
cancer progression (9). Furthermore, the secretome can be a
source of putative biomarkers that can be easily detected in
biological fluids, such as serum of cancer patients (10, 11).
We have recently compared the secretome of three
representative cervical cancer cell lines (12), such as the C33A
(HPV negative), SiHa (HPV16™), and HeLa (HPV18*) cell
lines, to a normal cervical keratinocyte cell line, HCK1T (13),
by employing two-dimensional gel electrophoresis coupled to
MALDI-TOF mass spectrometry. This initial analysis revealed
aberration of several canonical pathways involving metabolic
processes and the activation of NRF2-mediated oxidative
stress response in cervical cancer cells (12).

In the present study, we further investigated in detail the
secretome of the above representative and informative cell
lines, by employing the highly sensitive proteomic technology
of liquid chromatography coupled to an Orbitrap mass
analyzer (LC-MS/MS). In addition, a systematic
bioinformatics analysis revealed significant pathways involved
in cervical cancer pathogenesis, such as the inhibition of
matrix metalloproteases. Finally, the multiple putative targets
identified, were further validated by independent methods
such as zymography, western blot analysis and the targeted
proteomic method of multiple reaction monitoring (MRM). An
overview of all the experimental procedures performed, are
summarized in Figure 1.

Materials and Methods

Cell culture and sample preparation for proteomics analysis. SiHa,
HeLa and C33A cells (ATCC, Manassas, VA, USA) were cultured
in DMEM, supplemented with 10% FBS, 1% P/S, supplied by
Gibco-Invitrogen (Waltham, MA, USA) at 37°C and 5% CO,, as
previously described (14). HCKI1T cells were a kind gift of Dr.
Tohru Kiyono (13), and were cultured as proposed (13), in Defined
Keratinocyte Serum-Free Medium (Gibco BRL, San Francisco, CA,
USA), supplemented with 5 ng/ml Epidermal Growth Factor (Gibco
BRL) and 50 pg/ml of Bovine Pituitary Extract (Gibco BRL). The
collection of secretome as well as the total cell extract was
performed as previously described by our group (12, 15).

GeLC-MS analysis. Secretome samples were solubilized in the
isoelectric focusing (IEF) sample buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 1% DTE) and 3.6% Protease inhibitors. The protein
concentration was determined by Bradford Assay. Samples were
analyzed with the GeLC-MS method as described by Lawlor et al.
(16) with minor modifications. Briefly, samples were run in 12% SDS
PAGE, and stained with Coomassie Colloidal Blue overnight. Bands
were excised from the gels and cut in small pieces (1-2 mm). Gel
pieces were destained in 40% acetonitrile, 50 mM NH,HCO;, reduced
in 10 mM DTE, 100 mM NH,4HCO3, and alkylated in 50 mM IAA,
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100 mM NH4HCOj3. Samples were dried using the Savant Speedvac™
concentrator (ThermoFisher Scientific, Waltham, MA, USA) and
trypsinized overnight with 600 ng trypsin, using a trypsin stock
solution of 10 ng/wl in 10 mM NH4HCOj;. Peptide extraction was
performed with sequential washes of the trypsinized gel pieces with
50 mM NH4HCOg3;, followed by two washes with 50% acetonitrile,
5% formic acid for 15 min at room temperature under shaking
conditions. Extracted peptides were dried using the Savant Speedvac™
concentrator (ThermoFisher Scientific) and analyzed by LC-MS/MS
analysis.

LC-MS/MS (Liquid Chromatography coupled to tandem Mass
Spectrometry) analysis. All LC-MS/MS experiments were performed
on the Dionex Ultimate 3000 UHPLC system coupled with the high
resolution nano-ESI Orbitrap-Elite mass spectrometer (Thermo
Finnigan, Bremen, Germany), as previously described (17). Briefly,
5 ul corresponding to 5 ug of the peptide mixture were analyzed on
a Dionex Ultimate 3000 RSLS nanoflow system (Dionex™,
Camberly, UK). After loading on a Dionex 0.1x20 mm, 5 pm C18
nanotrap column at a flow rate of 5 ul/min in 98% mobile phase A
(0.1% formic acid) and 2% mobile phase B (100% acetonitrile, 0.1%
formic acid), the sample was eluted into an Acclaim PepMap C18
nanocolumn 75 pm x 50 cm (Dionex™ , Sunnyvale, CA, USA), 2 um
100 A, at a flow rate of 0.3 pl/min. The trap and the nanoflow column
were maintained at 35°C. The samples were eluted with a gradient of
solvent A:solvent B starting at 2%B for 10 min, rising to 5%B at 11
min, 15%B at 73 min and 55%B at 95 min. The column was then
washed and re-equilibrated prior to injection of the next sample. The
eluant was ionized using a Proxeon nanospray ESI source, operating
in positive ion mode into an Orbitrap Elite FTMS (Thermo Finnigan,
Bremen, Germany). lonization voltage was at 2.2 kV and the capillary
temperature was at 250°C. The mass-spectrometer was operated in
MS/MS mode scanning from 300 to 2200 amu. The resolution of ions
in MS1 was 60,000 and 15,000 for HCD MS2. The top 10 multiply-
charged ions were selected from each scan for MS/MS analysis using
HCD at 33% collision energy. Data analysis was performed with
Proteome Discoverer 1.4 software package (Thermo Finnigan), using
the Sequest search engine and the Uniprot 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 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.

Quantification and statistical analysis. Quantification analysis was
performed at the peptide level as previously described (17). Only
proteins being present in 75% of the samples in at least one group
were further processed for quantification and statistical analysis
(Mann-Whitney). As differentially expressed proteins selected for
further analysis, were considered those with a fold change of >2 or
<0.5, and a p-value of <0.05.

Classification of secreted proteins. SignalP 4.1 (18) and SecretomeP
2.0 (19) were used for the prediction of classical and non-classical
secretion of identified proteins. SignalP predicts the presence and
location of signal peptide cleavage sites in amino acid sequences.
The SecretomeP server provides predictions for non-classical, i.e.
non-signal peptide triggered protein secretion.
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Figure 1. Graphical representation of the experimental procedures that were performed. A highly sensitive proteomic technology of liquid
chromatography coupled to an Orbitrap mass analyzer (LC-MS/MS) was applied in the secretome analysis of cell lines. Furthermore, a systematic
bioinformatics analysis of the differentially expressed proteins, identified in the proteomics analysis, revealed significant pathways involved in
cervical cancer pathogenesis, such as the inhibition of matrix metalloproteases. Finally, the multiple putative targets identified, were further validated
by independent methods such as zymography, western blot analysis and the targeted proteomic method of multiple reaction monitoring (MRM).

Ingenuity® Pathway Analysis (IPA). The identified differentially
expressed proteins were subjected to IPA® analysis (IPA®,
QIAGEN, Redwood City, CA, USA; www.qiagen.com/ingenuity).
A manually annotated database of protein interactions and metabolic
reactions obtained from the scientific literature is included in IPA®.
Entry names of differentially expressed proteins were converted to
gene names after their entry in the Retrieve/ID mapping of the
Uniprot database (http://www.uniprot.org/). The processed gene
names were listed in MS Excel and imported into IPA to map the
canonical pathways and generate biological networks. Data were
submitted as fold change values, i.e. ratios, calculated against the
control group (HCK1T). Hypothetical networks were built among
the experimental proteins and the IPA® database proteins. Following
the core analysis, statistically significant (p<0.05, Fisher’s Exact
Test) canonical pathways were selected.

Zymography assays. Zymography was performed using 8%
polyacrylamide gels, containing 0.2% (w/v) gelatin. Three ug of

secretome protein was loaded. The gels were incubated with the
equilibration buffer (25 mM Tris HCI, pH 7.8, 2.5% (v/v) Triton-X
100) for about 1.5 h at 4°C for renaturation of MMPs, since SDS
was exchanged with Triton-X100. Gels were incubated with the
activation buffer (25 mM Tris HCI pH 7.8, 5 mM CaCl,) for 24h at
37°C. Gels were washed and fixed with a solution of 40% ethanol,
10% acetic acid for 1 h, and then stained overnight with Coomassie
Colloidal Blue. Finally, the gels were destained with water and
scanned with a Bio-Rad GS800 densitometer in transmission mode
(Bio-Rad, Hercules, CA, USA). The areas of digestion appeared as
clear bands against a darkly-stained background where gelatin was
degraded by the MMPs. Images were analyzed using the Quantity
One software (Bio-Rad). Four biological replicates were used for
each cell line.

Western blot analysis. A protein amount of 10 ug of secretome from

SiHa, HeLa, C33A and HCKIT cell lines or 20 ug of total cell
extract from the same cell lines were analyzed. The following four
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primary antibodies were used. A rabbit anti-human FUCAI1
polyclonal (Proteintech Group, Inc., Chicago, IL, USA) in a dilution
1:250, Cat. No. ab13534, antigen Ag9612. A rabbit anti-human
SOD2 polyclonal (Abcam, Cambridge, MA, USA) in a dilution
1:1000, Cat. No. ab13534, antigen full length protein (Rat). A
mouse anti-human ADAMI0 monoclonal (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) in a dilution 1:500, Cat. No.
sc-28358, antigen of amino acids 1-300 of ADAMI10 of human
origin. A goat anti-human cathepsin D polyclonal, (R&D Systems,
Inc., Minneapolis, MN, USA) in a dilution 1:200, Cat. No. AF1014,
antigen mouse myeloma cell line NSO-derived recombinant human
cathepsin D. Furthermore, the following HRP-conjugated secondary
antibodies were used. A donkey anti-rabbit (GE Healthcare Bio-
Sciences, Pittsburgh, PA, USA) in a dilution 1:5,000, Cat. No.
NA9340, antigen Rabbit IgG) or goat anti-mouse (Santa Cruz
Biotechnology), in a dilution 1:2,000, Cat. No. sc-2005, antigen
mouse IgG or rabbit anti-goat (Sigma-Aldrich Corp., St. Louis, MO,
USA) in a dilution 1:10,000, Cat. No. A5420, antigen goat IgG. For
the analysis in the total cell extract, a mouse anti-human tubulin
monoclonal (Sigma-Aldrich Corp.) in a dilution 1:6,000, Cat. No.
T6199, antigen chick brain tubulin was used as a loading control
for the normalization of samples. In the case of secretome samples,
equal loading was confirmed by Ponceau S staining of the
nitrocellulose membranes. In all cases, membranes were blocked
with 5% non-fat dried milk in TBS-0.1% Tween solution and
incubated with the primary antibody overnight at 4°C. Subsequently,
membranes were washed with TBS-0.1% Tween and incubated with
the secondary antibody for 2h at room temperature. A final wash
with TBS-0.1% Tween was performed and target protein was
detected by the Enhanced Chemiluminescence (ECL) detection
system. Films were scanned and images were analyzed using
Quantity One software (Bio-Rad). Different secretome samples to
the ones used for the LC-MS/MS analysis were employed. Four
biological replicates were analyzed for each cell line. The p-values
were calculated using Student’s r-test.

Multiple reaction monitoring (MRM) LC-MS/MS. Peptides
corresponding to 40 pg of secretome protein were used for multiple
reaction monitoring (MRM) LC-MS/MS analysis as previously
described by us (12). Different secretome samples to the ones used
for the western blot analysis were employed for the validation of
six proteins (TIMP1, CATD, CATB, SOD2, QPCT and NEU1). At
least three biological replicates were analyzed for each cell line.
The MRM LC-MS/MS assay design and method development has
been described in details previously (12). In brief, 2-5 transitions
were recorded for each peptide. Optimum collision energies for
each transition were automatically calculated by the Skyline
software (20). Peptide selection for MRM LC-MS/MS has been
previously described (12). One proteotypic peptide with 2-5
transitions was selected to be tested for each target, originating
from a list of unique proteotypic peptides found in PeptideAtlas
(www.peptideatlas.org). Only the optimum MRM transition for
each protein was selected for quantification after comparing the
peak shape, intensity and specificity of the top 2-5 most intense
MRM ion transitions for each protein (21). MRM specificity was
ensured with the use of a heavy peptide standard. Data analysis was
performed using Skyline software and all chromatograms were
manually inspected to ensure the quality and accurate peak picking.
Finally, the ratio of Light/Heavy (Light: endogenous, Heavy:
synthetic) peptides was used for quantification.
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Results

Analysis of protein differential expression in the SiHa,
HeLa, C33A and HCKIT secretomes. Comparison of the
expression levels of the proteins in the secretome of the
four cell lines was conducted using a total of four samples
per category, corresponding to different biological
replicates. Each cancer cell line was compared to the
normal cell line HCKIT. Differentially expressed and
statistical significant proteins (fold change >2 or <0.05,
p<0.05, Mann-Whitney) were identified by this analysis.
Two-hundred thirty-three differentially expressed proteins
were detected in the SiHa vs. HCK1T comparison, whereas
231 were identified only in SiHa and 55 only in HCKIT.
Furthermore, one-hundred twenty differentially expressed
proteins were detected in the HeLa vs. HCK1T comparison,
whereas 49 were identified only in HeLa and 180 only in
HCKIT. Finally, two-hundred four differentially expressed
proteins were detected in the C33A vs. HCKIT
comparison, whereas 134 were identified only in C33A and
161 only in HCKIT. Comparisons between the
differentially expressed proteins among the four cell lines,
are presented by a Venn diagram (Figure 2). There were
121 common identifications that correspond to 23.3% of
proteins in the SiHa vs. HCKIT comparison, 34.7% of
proteins in the HeLa vs. HCK1T comparison and 24.2% of
proteins in the C33A vs. HCKIT comparison. Also, there
were unique differentially expressed proteins identified in
all comparisons (243 in SiHa vs. HCKI1T, 78 in HeLa vs.
HCKI1T and 221 in C33A vs. HCKI1T) corresponding to
46.8% in SiHa vs. HCKI1T, 22.3% in HelLa vs. HCK1T and
44.3% in C33A vs. HCKI1T, respectively.

To confirm putative differences to the total cell extract, a
parallel analysis of the respective cell extracts was
performed (Lygirou et al., in preparation). All identifications
from four biological replicates for each cell line were
subjected to bioinformatics analysis via the SignalP software
(18) in order to assess the enrichment of the extracellular
proteins both in the secretome and in the total cell extract
fractions. This analysis disclosed that in SiHa cell line,
23.4% of the proteins originating from the secretome
analysis were predicted to be classically secreted, in
comparison to 9.7% in the total cell extract analysis. In
HeLa cell line, 24.3% of the proteins originating from the
secretome analysis were predicted to be classically secreted,
in comparison to 10.5% in the total cell extract analysis. In
C33A cell line, 12.6% of the proteins originating from the
secretome analysis were predicted to be classically secreted,
in comparison to 8.7% in the total cell extract analysis.
Finally, in the HCKIT cell line, 20.2% of the proteins
originating from the secretome analysis were predicted to
be classically secreted, compared to 10.2% in the total cell
extract analysis. The enrichment factor, i.e. the percentage
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Figure 2. Venn diagram depicting common and unique differentially expressed proteins between the different comparisons of each cancer cell line
vs. the normal HCKIT cell line. Proteins with fold change >2 or <0.05 and a statistically significant p-value of <0.05, as well as qualitative
differences, were included. One hundred twenty one proteins were common among all comparisons corresponding to 23.3% of proteins in the SiHa
vs. HCKIT comparison, 34.7% of proteins in the HeLa vs. HCKIT comparison and 24.2% of proteins in the C33A vs. HCKIT comparison. The
number of unique identifications detected for each comparison (243 in SiHa vs. HCKIT, 78 in HeLa vs. HCKIT and 221 in C33A vs. HCKIT)

provided further validation to the proteomics analysis.

of extracellular proteins in the secretome, divided by the
percentage of extracellular proteins in the total cell extract,
was 2.4 for SiHa, 2.3 for HeLa, 1.4 for C33A and 1.9 for
the normal HCK1T cell line (Figure 3).

Ingenuity® Pathway Analysis (IPA). To further characterize
the biological functions and pathways relevant for the
regulation of the differentially expressed proteins, we
employed the Ingenuity® Pathway Analysis (IPA®) software.
We compared each cancer cell line with the control
(HCKIT). The most interesting predicted pathways by IPA®,
as well as the molecules involved in them are presented in
Table I for SiHa vs. HCKIT, in Table II for HeLa vs.
HCKIT and in Table IIT for C33A vs. HCK1T. Among the
predicted pathways is the inhibition of matrix
metalloproteases in SiHa vs. HCKIT (p:l.lelOA), in
HeLa vs. HCKIT (p:1.15><10’3) and in C33A vs. HCKIT
(p=2.34x1072) comparisons, a biologically relevant process
that takes place in the extracellular matrix (Figure 4A). Also,
a common pathway that was predicted in all comparisons
was the remodeling of epithelial adherens junctions in SiHa
vs. HCKIT (p=132x10"7), in HeLa vs. HCKIT
(p=3.47x107%) and in C33A vs. HCKIT (p=6.31x10"12)
comparisons, as shown in Tables I, IT and III, respectively).

Zymography. Among the top pathways predicted to be
regulated in cancer cells, was the inhibition of matrix
metalloproteases pathway. The inhibitors of MMP-2 and
MMP-9 (TIMP1 and TIMP2) were up-regulated in cancer

cells vs. HCKIT. However, MMP-2 and MMP-9 were not
identified in the secretome (Figure 4A). We decided to
perform a zymography assay in order to assess their
collagenase activity and validate the Bioinformatics
prediction. The MMP-9-NGAL complex was identified at 130
kDa, the pro-MMP-9 at 92 kDa, whereas the active form of
MMP-9 at 82 kDa. In Figure 4B and C, it is apparent that the
active form of MMP-9 was increased in SiHa (5.45 activity
ratio, p<0.05), compared to HCK1T, whereas it was absent
in both HeLLa and C33A cell lines. Furthermore, the activity
of MMP-2 (66 kDa) was reduced in SiHa (0.56 activity ratio,
p>0.05), in HeLa (0.01 activity ratio, p<0.05) and in C33A
cell lines (0.01 activity ratio, p<0.05), compared to HCKIT.
These results confirm the bioinformatics prediction for MMP-
2 in all cell lines, as well as for MMP-9 in HelLLa and C33A
cell lines, since the up-regulation of MMP-2 and MMP-9
inhibitors (TIMP1 and TIMP2) results either to reduced or no
catalytic activity of MMP-2 and MMP-9, respectively in the
secretome of cancer cell lines.

Validation of putative biomarkers by western blot analysis.
Among the proteins that were found to be differentially
expressed in the secretome of cancer cell lines vs. HCKIT,
we chose to validate tissue o-L-fucosidase (FUCAL),
superoxide dismutase [Mn], mitochondrial (SOD2),
disintegrin and metalloproteinase domain-containing protein
10 (ADAM10), and cathepsin D (CTSD). FUCA1, ADAM
10, and cathepsin D are classically secreted proteins
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Figure 3. Secreted protein analysis for all identifications in each cell line via SignalP. Extracellular proteins were detected (blue colour) in the
secretome fraction and the total cell extract fraction by SignalP. The red colour corresponds to the intracellular proteins in the two fractions
(secretome and total cell extract). The percentage of extracellular proteins in the secretome was divided by the percentage of extracellular proteins
in the total cell extract for each cell line, and the enrichment factor was calculated. The enrichment factor was 2 4 for SiHa, 2.3 for HeLa, 1.4 for

C33A and 1.9 for HCKIT.

according to SignalP (18) whereas SOD2 is a non-classically
secreted protein according to SecretomeP (19).

First we wished to test the validity of our proteomic
findings, by choosing to validate a classically secreted
protein such as FUCAI1, and a non-classically secreted
protein, such as SOD2.

FUCAL1 was particularly chosen for validation as it plays
an active role in human carcinogenesis (22-25). Specifically
proteomics analysis showed significant up-regulation in SiHa
(49 .4-fold change, p<0.05), when compared to HCK1T. The
proteomics result was verified by western blot analysis as a
specific band of ~54 kDa corresponding to FUCA1, that was
present only in SiHa cell line (Figure 5). Equal loading of
secretome samples was confirmed by Ponceau S staining.

SOD2 was chosen for validation as it has been previously
linked to cervical carcinogenesis (26). Also, it has been
documented as secreted by human hepatocytes (27). In the
secretome proteomic analysis, SOD2 was down-regulated in
SiHa vs. HCKI1T (0.013-fold change, p<0.05) as well as in
C33A vs. HCKIT (0.12-fold change, p>0.05), while it was
not identified in HeLa cells. The proteomics result was
verified by western blot analysis as a specific band of 22
kDa corresponding to SOD2, thus confirming the proteomics
analysis (Figure 6). We also performed a western blot
analysis for SOD?2 in the total cell extract, since it is a non-
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classically secreted protein, as a direct comparison of the
expression trend between the secretome and the total cell
extract fractions (Figure 7). SOD2 was down-regulated in
cancer cell lines when compared to HCKIT (0.7-fold
change, p>0.05 in SiHa vs. HCKI1T, 0.3-fold change, p<0.05
in HeLa vs. HCKIT and 0.2-fold change, p<0.05 in C33A
vs. HCK1T). The results for the total cell extract western blot
analysis (Figure 7) are in agreement with those of the
secretome western blot analysis (Figure 6). Equal loading of
total cell extract samples was assessed by a tubulin western
blot analysis (Figure 7B).

ADAMI10 was chosen for validation as it is involved in
the inhibition of matrix metalloproteases pathway. The LC-
MS/MS analysis identified it in the secretome of SiHa and
HeLa, whereas it was absent in C33A and HCKI1T. The
western blot analysis results were in agreement, since a
specific band of ~80 kDa corresponding to ADAM 10 was
identified, which was present only in SiHa and HeLa cell
lines (Figure 8).

Cathepsin D was chosen for validation as it performs an
active role in extracellular matrix remodeling (28).
Proteomic analysis showed up-regulation in SiHa (2.9-fold
change, p<0.05), down-regulation in C33A (0.4-fold
change, p<0.05), and a pattern of down-regulation in HeLa
(0.5-fold change, p>0.05) when each cell line was compared
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Table 1. Canonical pathways and involved molecules as predicted by Ingenuity® Pathway Analysis. Canonical pathways were classified according
to the p-value and the Ratio of the SiHa vs. HCKIT comparison.

Canonical pathways p-Value? Ratio® Molecules (Gene Names)

Remodeling of Epithelial Adherens Junctions 1.32x1079 26.4% MET, TUBA1B, TUBB3, ACTR3, RAB5C, ACTA2, TUBB4B,
ARPC2, ARPCS5, RAB7A, ARPC3, TUBAI1C, IQGAP1, ACTN1

Unfolded protein response 6.46x10-5 19% CALR, P4HB, HSP90B1, MBTPS1, HSPA9, VCP, OS9, HSPAS

Inhibition of Matrix Metalloproteases 1.1x10-4 20.6% HSPG2, TIMP3, TIMP1, MMP14, ADAM10, MMP10, TIMP2

Gluconeogenesis I 3.24x10-3 21.1% PGAMI1, ME1, MDH2, ALDOC

ILK Signaling 3.63x10-3 8.22% ITGB1, VEGFA, FLNB, PPP2R1A, FN1, MYH9, CFL2,

ACTA2, GRB2, FLNA, VIM, ACTN1

aFisher’s exact test was used to calculate a p-value for each protein of the data set identified in the biological function studied, indicating the
probability that each biological function assigned to the data set is not assigned by chance. PThe Ratio of the Canonical Pathways was calculated
based on the number of molecules from the input dataset divided by the total number of the molecules in the pathway that was predicted by the
IPA®. Molecules participating in the important Canonical Pathways according to IPA® analysis, were listed by their gene names.

Table I1. Canonical pathways and involved molecules as predicted by Ingenuity® Pathway Analysis. Canonical pathways were classified according
to the p-value and the Ratio of the HeLa vs. HCKIT comparison.

Canonical pathways p-Value? Ratiob Molecules (Gene Names)

Remodeling of Epithelial Adherens Junctions 3.47x10-8 20.8% MET, CDH1, ACTR3, TUBB6, ARPC1B, ARPC5L,
ARPC2, ARPCS5, VCL, TUBB, IQGAPI

Inhibition of Matrix Metalloproteases 1.15%10-3 14.7% HSPG2, TIMP1, MMP14, ADAM10, MMP10

Glycogen Degradation II 1.10x10-2 28.6% TYMP, MTAP

Unfolded protein response 1.7x10-2 9.52% P4HB, MBTPS1, HSPH1, HSPAS

Glycogen Degradation III 1.82x10-2 2.22% TYMP, MTAP

4Fisher’s exact test was used to calculate a p-value for each protein of the data set identified in the biological function studied, indicating the
probability that each biological function assigned to the data set is not assigned by chance. PThe Ratio of the Canonical Pathways was calculated
based on the number of molecules from the input dataset divided by the total number of the molecules in the pathway that was predicted by the
IPA®. Molecules participating in the important Canonical Pathways according to IPA® analysis, were listed by their gene names.

Table III. Canonical pathways and involved molecules as predicted by Ingenuity® Pathway Analysis. Canonical pathways were classified according
to the p-value and the Ratio of the C33A vs. HCKIT comparison.

Canonical pathways p-Value? Ratio® Molecules (Gene Names)

Remodeling of Epithelial Adherens Junctions 6.31x10-12 30.2% MET, TUBA1B, CDHI1, TUBB3, ACTR3, TUBB6,
ARPCI1B, ARPC2, MAPREI, ZYX, TUBAIC,
ACTN4, TUBB, IQGAP1, ACTA1, TUBB2B

Unfolded protein response 2.19x10-3 14.3% P4HB, HSP90B1, HSPA9, VCP, DNAJA2, HSPAS

ILK Signaling 2.09x10-2 6.85% FLNB, CDH1, FN1, MYH9, PPP1R12A, FLNA,
ILKAP, ACTN4, ACTA1, NACA

Gluconeogenesis I 2.24x10-2 15.8% GAPDH, MDH2, ALDOC

Inhibition of Matrix Metalloproteases 2.34%x10-2 11.8% HSPG2, TIMP1, MMP14, MMP10

4Fisher’s exact test was used to calculate a p-value for each protein of the data set identified in the biological function studied, indicating the
probability that each biological function assigned to the data set is not assigned by chance. PThe Ratio of the Canonical Pathways was calculated
based on the number of molecules from the input dataset divided by the total number of the molecules in the pathway that was predicted by the
IPA®. Molecules participating in the important Canonical Pathways according to IPA® analysis, were listed by their gene names.

to HCK1T. The proteomics result was verified by western  analysis for cathepsin D in total cell extract was also
blot analysis in C33A (0.3-fold change, p<0.05), when conducted, as cathepsin D can also be found in lysosomes
compared to HCKI1T, and in HeLa vs. HCKIT (0.3-fold (Figure 10). Direct comparison of the expression trend
change, p<0.05), whereas there was a 0.6-fold change, between the secretome and the total cell extract fractions,
p<0.05 in SiHa vs. HCKIT (Figure 9). A western blot revealed that cathepsin D was down-regulated in all cancer
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Figure 4. Deregulation of the matrix metalloproteases. A. The pathway of inhibition of matrix metalloproteases was predicted by IPA® in cancer
cell lines vs. HCKIT. The inhibitors of MMP-2 and MMP-9, TIMPI and TIMP2, were up-regulated in the cervical cancer cells vs. HCKIT. B. A
collagen zymography assay for the validation of the deregulated pathway, since MMP-2 and MMP-9 were not detected in the secretome. MMP9
catalytic activity was reduced in cancer cell lines in comparison to HCKIT. The active form of MMP-9 was increased in SiHa (5.45 activity ratio,
p<0.05) in comparison to HCKIT, whereas the active form of MMP-9 was not present in HeLa and C33A cell lines. MMP-2 activity was reduced
in SiHa, in HeLa and in C33A compared to HCKIT, confirming the bioinformatics analysis. A representative zymography of two biological replicates
for each cell line is presented. C. Graphical representation of zymography results for MMP-9 and MMP-2 (fold change vs. HCKIT; mean+SD,

*p<0.05, Student’s t-test), is presented for each cell line.

cell lines when compared to HCKI1T (fold change 0.08,
p>0.05 in SiHa vs. HCKIT; 0.10, p>0.05 in HeLa vs.
HCKIT and 0.06, p>0.05 in C33A vs. HCK1T). The results
for the total cell extract by western blot analysis were in
agreement with those of the secretome, as far as the HeLa
vs. HCKIT and C33A vs. HCKIT comparisons are
concerned. In the total cell extract, two bands were detected,
a heavy one of 46 kDa and a light one of 28 kDa, whereas
in the secretome a single band was detected (Figure 9),
probably corresponding to the secreted form of pro-
cathepsin D, which is approximately 50 kDa (28).

Validation of putative biomarkers by MRM. In order to
further increase the validity of our proteomic findings from
the secretome analysis, we decided to validate six proteins
by MRM assays. First, we focused on the validation of
bioinformatics analysis where the pathway inhibition of
matrix metalloproteases is predicted to be activated (Figure
4). In the above pathway, metalloproteases inhibitors of
MMP-2 and MMP-9, like TIMP1 were up-regulated. The
above up-regulation was confirmed, since TIMP1 was up-
regulated in all cancer cell lines compared to HCKI1T (fold
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change 22.92, p<0.05 in SiHa vs. HCKIT; 6.91, p<0.05 in
HeLa vs. HCK1T and 2.07, p<0.05 in C33A vs. HCKI1T, as
shown in Table IV.

Following this, we next validated another interesting
protein, cathepsin D, as it has an active role in extracellular
matrix remodeling (28). Cathepsin D was down-regulated in
the two cancer cell lines, HeLLa and C33A vs. HCK1T in LC-
MS/MS analysis. The above down-regulation was confirmed
in MRM analysis (fold change 0.14, p<0.05 in HeLa vs.
HCKIT and 0.11, p<0.05 in C33A vs. HCK1T) as shown in
Table IV. There was also a down-regulation in SiHa cell line
compared to HCKI1T (fold change 0.51, p<0.05) shown in
Table IV, which is consistent with the western blot analysis
data of the cathepsin D in the secretome (Figure 9).

Besides cathepsin D, by employing MRM analysis, we have
also confirmed the expression of another form of cathepsin,
cathepsin B (CATB) which has an active role in the
development of cancer and metastasis (29) and is classically
secreted according to SignalP. CATB was down-regulated in
all cancer cell lines vs. HCK1T in the LC-MS/MS analysis, and
MRM confirmed the above down-regulation (fold change 0.15,
p<0.05 in SiHa vs. HCK1T; 0.10, p<0.05 in HeLa vs. HCK1T
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Table IV. Data from six proteins chosen for validation by MRM. The differential expression for each comparison (SiHa vs. HCKIT, HeLa vs. HCKIT
and C33A vs. HCKIT) is presented for both the LC-MS/MS analysis and MRM analysis (mean+SD; *p<0.05, Student’s t-test).

Comparisons by LC-MS/MS
(fold change)

Comparisons by MRM (fold change)
(mean+SD)

Protein SiHa vs. HCKIT HeLa vs. HCKI1T C33A vs. HCKIT SiHa vs. HCKIT HeLa vs. HCKI1T C33A vs. HCKIT
TIMPI 30* 6.5% 4.8% 22.92%+4.79 6.91%+1.16 2.07%+0.55
CATD 2.9% 0.5 0.4%* 0.51*+0.15 0.14*£0.07 0.11*¥+0.03
CATB 04 0.04* 0.009* 0.15%+0.04 0.10*+0.06 0.06%+0.02
SOD2 0.013* Only in HCKIT 0.122 0.39%+0.13 0.42+0.07 0.50+0.24
QPCT Only in SiHa Not detected Not detected 1.55+0.45 1.19 + 0.63 0.85+0.14
NEU1 14.25% Not detected 3.30 4.45%+1.13 2.55%+0.22 1.54%+0.19

and 0.06, p<0.05 in C33A vs. HCK1T) as shown in Table IV.

Superoxide dismutase 2 (SOD2) was further confirmed by
MRM, besides western blot analysis. SOD2 was down-
regulated in cancer cell lines SiHa and C33A vs. HCKIT;
however, it was not detected in HeLa at all, by LC-MS/MS
analysis. The above trend of down-regulation was confirmed
in MRM analysis (fold change 0.39, p<0.05 in SiHa vs.
HCKI1T; 042, p>0.05 in HeLa vs. HCK1T and 0.50, p>0.05
in C33A vs. HCKI1T, as shown in Table IV.

Another classically secreted protein (SignalP) is glutaminyl-
peptide cyclotransferase (QPCT) exhibiting up-regulated
expression in several types of cancers like thyroid cancer (30).
According to LC-MS/MS analysis, QPCT displayed a
qualitative difference in SiHa cells, which was confirmed by
MRM (fold change 1.55, p>0.05 in SiHa vs. HCKI1T).

Sialidase-1 (NEUI1) a classically secreted protein
(SignalP) appears to have a role in multistage oncogenesis
when if forms complexes with matrix metalloproteinase-9
(MMP-9) and G protein-coupled receptor (31). According to
LC-MS/MS analysis, NEU1 was overexpressed in SiHa and
C33A compared to HCKIT, and this was confirmed by
MRM, where it was overexpressed in all cancer cell lines
compared to HCKI1T (fold change 4.45, p<0.05 in SiHa vs.
HCKIT; 2.55, p<0.05 in HeLa vs. HCK1T and 1.54, p<0.05
in C33A vs. HCKIT).

The comparisons of each cancer cell line vs. HCKIT for
both LC-MS/MS and MRM analyses are presented in Table IV.

Discussion

The current study confirmed the deregulation of biological
pathways that characterize cancer cells, namely glucose
metabolism and unfolded protein response. These pathways
and the corresponding proteins were also identified in our
previous proteomic analysis (12). In the initial study, the
tissue inhibitors of metalloproteases TIMP1 and TIMP2 were
also identified as up-regulated in the secretome of the
cervical cancer cells.

The high resolution proteomics analysis of the secretome
and the subsequent prediction of deregulated biological
pathways performed in the present study, indicated that
proteolytic events are key processes in cervical cancer. The
pathway of inhibition of matrix metalloproteases (MMPs) was
predicted to be activated in cancer cell lines (Figure 4). In this
pathway, TIMPs, which serve as inhibitors of MMP-2 and
MMP-9, as well as ADAMI10, were up-regulated in cancer cell
lines compared to HCK1T. Metalloproteases constitute a sub-
category of proteases that cleave peptide bonds of proteins.
The role of matrix metalloproteases has been also studied in
several types of cancers such as oral and cervical cancer (32,
33). Proteases are classified as extracellular matrix
metalloproteases (MMPs), cysteine proteases, serine protease,
aspartic acid proteases and threonine proteases (34).
Particularly, matrix metalloproteases or MMPs, represent
enzymes which contribute to extracellular matrix degradation.
MMP-2 and MMP-9 types degrade proteoglycan and non-
proteoglycan components of extracellular matrix, like collagen
IV and laminin-5. Extracellular matrix degradation facilitates
the detachment of cancer cells from the primary tumor and the
initiation of metastasis (35, 36). MMPs regulated by their
inhibitors TIMPs (37) are generally up-regulated in cancer
tissues and contribute to oncogenesis (35). As far as cervical
cancer is concerned, there are conflicting data in the literature.
Increased expression and activity of MMP-2 and MMP-9 has
been reported in cervical cancer tissues (38). In a study that
included primary tumors with stages of increasing severity,
MMP-2 expression was up-regulated in advanced stage
tumors, whereas MMP-9 displayed the highest expression in
tumors of early stages. The above observation probably
reflects the differential roles of MMP-2 and MMP-9 in
oncogenesis, where basically MMP-2 is up-regulated during
oncogenesis, while MMP-9 has been shown to be down-
regulated after stage I (35).

To further elucidate the role of MMPs in cervical cancer,
we focused in the analysis and validation of the pathway
inhibition of matrix metalloproteases. TIMPs, the cognate
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Figure 6. Western blot analysis of the secretome for SOD2. A. A specific band of 22 kDa was detected. B. Graphical representation of western blot
analysis for each cell line (mean+SD; *p<0.05, Student’s t-test). C. LC/MS-MS results confirmed by western blot analysis. The results of LC/MS-MS
are presented by fold change compared to HCKIT (mean+SD; *p<0.05, Mann Whitney) as well as the western blot analysis data (mean+SD; *p<0.05,
Student’s t-test). Representative images of two biological replicates are shown for each cell line. Equal loading of the secretome was confirmed by
Coomassie Colloidal Blue-stained gels, or by Ponceau S- stained membranes.

inhibitors of MMP-2 and MMP-9 were found to be up- validated the bioinformatics prediction, as the up-regulation
regulated in all three cancer cell lines compared to HCKIT,  of MMP-2 and MMP-9 inhibitors led either to decreased or to
and MMP-2 and MMP-9 were not identified in the secretome  the absence of catalytic activity of MMP-2 and MMP-9
of the cell lines. A zymography experiment was performed and  respectively, in the secretome of cancer cell lines. It was
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confirmed that MMP-9 activity did not exist in the secretome
of cancer cell lines HeLLa and C33A, and MMP-2 activity was
reduced in all cancer cell lines compared to HCKI1T (Figure
4B and C). Also, the up-regulation of TIMP1 inhibitor was
further confirmed by MRM, as TIMP1 was up-regulated in all
cancer cell lines compared to HCK1T (Table IV).

was confirmed by Coomassie Colloidal Blue-stained gels, or by Ponceau S-

Furthermore, in the same pathway of inhibition of matrix
metalloproteases, ADAM10 was up-regulated. ADAMI10
belongs to the ADAM family that cleaves extracellular
matrix components. ADAMI10 attenuates cell signaling by
cleaving proteins like TNFa and growth factors like TGFa..
TIMPs inhibit the proteolytic potential of ADAMs, following
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binding to the active catalytic site (39). ADAMIO is
significantly overexpressed in breast cancer and colorectal
cancer (40). Furthermore, ADAM10 has been reported to be
secreted from pancreatic cancer cells (41) and is up-regulated
in human hepatocellular carcinoma with an additional role
in cancer cell migration and malignant transformation (42).
In our study, ADAMI10 displayed a qualitative difference in
SiHa and HeLla cell lines and this pattern was actually
validated by western blot analysis (Figure 8).

Besides metalloproteases, cathepsins represent a category
of proteases that contribute to tumor aggressiveness and
metastasis and thus may be considered as prognostic markers
(43). Cathepsins constitute a superfamily of proteins with
specific roles in oncogenesis, such as proliferation,
angiogenesis, metastasis and aggressiveness (44). Cathepsin
D is an aspartic acid protease which has been studied as a
potential biomarker with increased expression in colorectal
cancer, while its high levels have been linked to metastatic
events (45). Furthermore, it has been reported to be highly
secreted from lung cancer cell lines (46) and up-regulated in
vaginal cancer compared to cervical cancer (47), playing also
a role as a biomarker in breast cancer (48). Pro-cathepsin D
has been found to be secreted from cancer cells and bound
either by stromal cells inducing the proliferation of fibroblasts
and further promoting carcinogenesis or by endothelial cells,
and promoting angiogenesis. The ratio of pro-cathepsin
D/cathepsin D, could be utilized as a prognostic factor in
several types of cancers and also as a putative pharmaceutical
target (28). Our goal was to study the role of the secreted
form of cathepsin D that was down-regulated in the cell lines
of HeLa and C33A compared to HCKI1T, according to our
LC-MS/MS analysis. The above down-regulation was further
confirmed in all cancer cell lines vs. HCK1T both by western
blot analysis, as well as with MRM. 1t is interesting that there
was a band of ~50 kDa that corresponds to the secreted form
of pro-cathepsin D (28). Based on this finding, we next
investigated its pattern of expression in the total cell extract,
since cathepsin D acts mainly in the lysosome under acidic
conditions (28). Although the same expression pattern of
down-regulation in cancer cell lines vs. HCKIT was
documented in the total cell extract, two bands of lower
molecular weight were identified. The first was identified at
~46 kDa, corresponding to the heavy chain and a second one
corresponding at ~28 kDa, corresponding to the light chain
of cathepsin D. The above experimental observations deriving
both from secretome as well as from total cell extract,
confirm the following proposed model described in the
literature. Specifically, cathepsin D is synthesized in the
rough endoplasmic reticulum as pre-procathepsin D. Upon its
entrance to the Golgi complex, the signal peptide sequence is
cleaved and pro-cathepsin D is glycosylated. Following this
step, pro-Cathepsin D enters the lysosomes or the endosomes,
where the pro-peptide AP is cleaved, and the enzymatic active
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form is generated. The subsequent proteolytic cleavage leads
to the formation of mature cathepsin D, composed of a heavy
and a light chain, as detected in the total cell extract analysis.
The non-enzymatic form of pro-cathepsin D is secreted from
cancer cells to the extracellular space (28), and this form was
actually detected in the secretome analysis.

Cathepsin B is also a cysteine protease with extracellular
matrix degradation potential. Cathepsin B is found in
macrophages, hepatocytes and in endocrine organs,
participating in the catabolism of proteins and in hormone
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processing (44). Cathepsin B may act synergistically with other
cathepsins such as cathepsin Z, as their simultaneous silencing
reduced the tumor size and led to inhibition of metastasis in
mice models with breast cancer (49). In our study, cathepsin B
proteomics exhibited down-regulation in cancer cell lines vs.
HCKI1T, a finding which was confirmed by MRM analysis.
The differential expression of two additional proteins was
also confirmed by western blot analysis. FUCAL1 is classically
secreted, whereas SOD?2 is non-classically secreted. FUCAL is
an enzyme which cleaves terminal fucose in glycan chains. It
is involved in several cancers like breast cancer (22), colorectal
cancer (23) and gastric cancer, exhibiting down-regulation (25).
The up-regulation of FUCAL in SiHa vs. HCK1T was also
confirmed with western blot analysis. On the other hand,
Superoxide dismutases (SOD) constitute metalloenzymes that
act in the context of a cellular antioxidant system and are
expressed both in prokaryotic and eukaryotic cells. These
proteins protect cellular mechanisms from oxidative stress by
converting superoxide radicals into hydrogen peroxide and
oxygen (50). There are three members of the family in
mammalians. SOD1 (Cu/ZnSOD), SOD2 (MnSOD) and SOD3
(ecSOD). SOD1 is mostly cytoplasmic, SOD2 is
mitochondrial, whereas SOD3 is secreted (51). SOD2 has a
very interesting role in oncogenesis, since in some cases its up-

regulation acts as a protective mechanism, whereas in other
cases its down-regulation contributes to the accumulation of
reactive oxygen species (ROS), inhibiting cell death and
favoring oncogenesis. Also, SOD2 expression levels depend on
the stage of oncogenesis, since reduced levels of SOD2 are
observed in the initial stages, whereas increased levels are
observed in the late stages and particularly in metastatic tumors
(51). Our goal was to study the SOD2 expression pattern as a
secreted protein. SOD2 was down-regulated in cancer cell lines
compared to HCKI1T and this down-regulation was confirmed
both in the secretome and in total cell extract. Furthermore,
there was a down-regulation trend for SOD2 in all cancer cell
lines vs. HCKI1T as observed with MRM.

Glutaminyl-peptide cyclotransferase (QPCT) is a secreted
protein implicated in biosynthesis of pyroglutamyl peptides.
Its role is extensively studied in carcinogenesis. Recently,
both QPCT mRNA and protein levels have been documented
to be increased in thyroid carcinoma (30). In our model,
QPCT was found to represent a qualitative difference in
SiHa cell line and its overexpression was confirmed via
MRM analysis.

Finally, sialidase-1 (NEU1) represents a secreted protein
that catalyzes the removal of sialic acid from glycoproteins
and glycolipids. NEU1 forms a complex with MMP9 and the
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receptor of GPCR that modulates tyrosine kinases RTK, and
constituting a therapeutic target for multistage oncogenesis
(31). Similar interactions of NEU1, GPCR and EGFR have
been studied in a pancreatic cancer model and it appears that
NEU1 is a putative pharmaceutical target (52). NEU1
overexpression observed in our study in the comparisons of
SiHa vs. HCKI1T and of C33A vs. HCKIT, and was again
confirmed via the MRM method.

In conclusion, the high resolution proteomics study of
cervical cell lines secretome employed in the present study,
confirmed previous findings and revealed a series of novel
differentially expressed proteins, as well as deregulated
pathways, —such as the inhibition of matrix metalloproteases,
with significant and critical roles in cervical cancer.
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