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ABSTRACT

The molecular processes and proteomic markers leading to tumor progression 
(TP) in cervical cancer (CC) are either unknown or only partially understood. TP 
affects metabolic and regulatory mechanisms that can be identified as proteomic 
changes. To identify which proteins are differentially expressed and to understand the 
mechanisms of cancer progression, we analyzed the dynamics of the tumor proteome 
in CC cell lines. This analysis revealed two proteins that are up-regulated during TP, 
GSTM3 and GSTP1. These proteins are involved in cell maintenance, cell survival 
and the cellular stress response via the NF-κB and MAP kinase pathways during TP. 
Furthermore, GSTM3 and GSTP1 knockdown showed that evasion of apoptosis was 
affected, and tumor proliferation was significantly reduced. Our data indicate the 
critical role of GST proteins in the regulation and progression of cervical cancer cells. 
Hence, we suggest GSTM3 and GSTP1 as novel biomarkers and potential therapeutic 
targets for treating cervical cancer.

Significance: CC is particularly hazardous in the advanced stages, and there are 
few therapeutic strategies specifically targeting these stages. We performed analyses 
on CC tumor proteome dynamics and identified GSTM3 and GSTP1 as novel potential 
therapeutic targets. Knockdown of these proteins showed that they are involved in 
cell survival, cell proliferation and cellular evasion of apoptosis.
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INTRODUCTION

Cervical cancer (CC) is still the second most 
common cancer-related death in women worldwide, 
although it is in theory a preventable disease [1]. While 
the CC incidence in many countries decreased following 
the introduction of cytology screening [2], there are 

many countries in which this cancer remains a public 
health problem [3]. Unfortunately, the current treatment 
regimens for cervical cancer have shown limited 
survival benefits when used in advanced stages. The 
most common treatment includes a concurrent cisplatin-
based chemoradiation therapy. Although, this treatment 
is regularly the only option for treating advanced stage 
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cancers, in most cases it fails to fully eradicate the 
disease [4, 5]. Moreover, approximately 30% of patients 
experience lymph node recurrence and distant metastasis 
after primary treatment [6, 7]. The resistance to drugs 
and chemotherapy is also a major problem facing current 
cancer research [8]. Target gene-based strategies in 
cervical cancer remain promising; however, the research 
efforts of these therapies are aimed at prevention or early 
stages [9, 10]. In this sense, specific target gene-based 
strategies for late-stages or tumor progression are still 
urgently needed in the clinical setting [11].

Tumor progression (TP) involves metabolic changes 
and dysregulation of cellular processes that results in the 
pathological progression of the disease [12]. The tumor 
proteome represents a particular metabolic stage and is 
a dynamic entity that varies during TP. Therefore, we 
believe that studying the proteome dynamics in CC, 
would be highly valuable to understanding TP and the 
progression of the disease [13, 14]. During TP, changes 
in the proteome of cancer cells favor growth and interrupt 
host homeostasis. Measuring these proteomic changes 
will help elucidate the interplay between pathological 
processes and early events that lead to cancer progression 
[13–15].

In several cancers, members of the glutathione 
S-transferase (GST) family have been reported as being 
overexpressed and in most cases have been linked to poor 
prognosis and chemoresistance [16–19]. The GSTs are a 
family of enzymes that exhibit diverse functions, including 
detoxification of xenobiotic compounds, immune system 
evasion and apoptosis inhibition [20]. Particularly, GSTP1 
and GSTM3 have been reported as being dysregulated 
in cancers such as: prostate cancer [21], triple-negative 
breast cancer [22], lung cancer [23], and colorectal cancer 
[17, 24]. GSTP1 plays a regulatory role by interacting 
with TRAF2 and decreasing signal transduction from 
receptors in the TNF-α and JNK kinase pathways, which 
are responsible for apoptosis activation [25, 26]. The 
protein expression of GSTM3 has been analyzed in colon 
cancer, and its overexpression is considered a marker of 
regional lymph node metastasis [17]. On the other hand, 
subexpression of GSTM3 is associated with better survival 
in urinary bladder cancer [27].

The proteome dynamics of TP in CC have been 
poorly explored and understood. In this study, we used 
xenografts of CC cell lines to analyze, through a proteomic 
approach, the protein expression differences during TP. 
We found GSTP1 and GSTM3 among the proteins that 
consistently increased their levels during tumor growth. 
We further explored the critical role of these proteins for 
cell survival and tumor progression through their knock-
down. In addition, we correlated the abundance of these 
protein levels, in CC biopsies, with patient survival. 
Therefore, we believe at least these two members of the 
GST family could be used for prognosis purposes, and 

they could potentially be excellent candidates for target 
gene-based therapies for CC. 

RESULTS

Tumor progression model

In order to create a suitable model that allowed 
us to study TP, we used cervical cancer cell lines (SiHa 
and HeLa) to generate xenotransplanted tumors in mice. 
Cancer cells were cultured to 70% of confluence and 107 
cells were inoculated into female Nu/Nu mice. The tumor 
volume was measured according to the equation described 
in experimental section, at seven different times during 
tumor progression (5, 10, 15, 20, 30, 45, 50 days post-
inoculation). The first four measurement times showed 
low progression of tumor growth. However, in the final 
points of the kinetics the tumor volume grew exponentially 
for HeLa cell tumors. From day 30 to day 45 the average 
tumor volume was duplicated, and by day 50 the average 
volume was 3-fold higher than the previous measurement. 
For SiHa cells the tumor growth rates were lower than 
those of HeLa.  From 30 to 45 days, SiHa tumors grew 
1.6-fold, while in the last five days the tumors were on 
average 1.6-fold larger (Figure 1A–1B). According to 
these findings we decided to further evaluate the dynamics 
of TP at proteome level between 30, 45 and 50 days post-
inoculation.

2DE-PAGE and protein identification analyses

Tumors from both cancer cells were collected and 
total proteins were extracted and analyzed by means of 
2DE-PAGE. Three replicates of the 2DE-PAGE analysis 
were performed for each cell type and for each time 
studied. The image analysis was carried out by using 
PDQuest software. On average, we were able to detect 
866 spots for HeLa tumors samples in each replicate. 
For SiHa tumors, the average number of detected spots 
on 2DE-PAGE images for individual replicates was 766 
entities. From the 2DE-PAGE maps, we determined the 
correlation coefficient between replicates from each tumor 
age and cell type. In all tumors, the correlation coefficient 
was greater than 0.7 for both cell types (Supplementary 
Table 1). 

In addition, 601 spots were detected in the three 
stages of the progression on HeLa tumors, while the 
number of commonly detected spots in SiHa tumors 
was 716 (Figure 1A). For protein identification, a total 
of 90 gel spots from tumors including both cell types, 
were selected based on their abundance patterns between 
the ages of the tumors. All gel spots were processed as 
described in the experimental section and were identified 
following MALDI-TOF mass spectrometry analysis. 
From HeLa tumors, we identified 46 different proteins 
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(Supplementary Table 2), including 34 with constant 
expression throughout TP, 7 proteins that were down-
regulated throughout TP, 3 proteins that were up-regulated 
during tumor growth, and 2 proteins that had oscillating 
expression pattern. In tumors from SiHa cells, a total of 
44 proteins were identified (Supplementary Table 3). 
The identified proteins were distributed according to 
their expression pattern, with 20 that had no differences 
in the three evaluated tumor ages, 8 that had decreased 
abundance during TP, and 16 that showed an increased 

abundance. Analyzing all identified proteins in tumors 
from both cell types, we found that 34 proteins were 
shared between the two tumor types, including 14 that 
showed the same expression pattern (Supplementary 
Figure 1, Supplementary Tables 2–3). Among the proteins 
with patterns showing an increasing trend, we identified 
two members of the glutathione S-transferase family 
(GSTM3 and GSTP1). GSTM3 was identified in tumors 
from HeLa cells and GSTP1was identified in tumors from 
SiHa cells (Figure 1C). The expression levels of both 

Figure 1: Proteomics analysis of tumor progression model of xenotransplanted cervical cancer cell lines revealed 
proteins involved in the tumor growth. (A) Experimental design to study the proteome dynamics of tumors xenotransplanted in a 
murine model. HeLa and SiHa cell lines were cultured to 70% of confluence and 107 were injected in female Nu/Nu mice. Tumor proteins 
were extracted and analyzed by 2D-PAGE. The spots of three independent tumors (biological replicates) were compared and analyzed. 
An analysis of common electrophoretic entities was employed. Electrophoretic entities shared between HeLa tumors, and SiHa tumors 
are represented in a Venn diagram. The proteomic profile was obtained from each time and then compared to find differentiated proteins 
during TP. (B) Kinetic curves of tumor growth HeLa tumors (yellow) and SiHa tumors (blue). (C) 2D SDS-PAGE region and expression 
analysis of GST during TP. Regions of 2D-SDS-PAGE of GST proteins shows an increase over time. Protein expression levels were 
obtained by normalized spot quantity (NSQ), and western blot values were quantified using β-actin protein as an internal control. GSTM3 
(HeLa, yellow line) and GSTP1 (SiHa, blue line). Representative results of western blotting of GSTM3, and GSTP1 show that, HeLa only 
expressed GSTM3 and SiHa tumors expressed both GSTM3 and GSTP1. Samples were mixed (1:1), cell lysates were subjected to western 
blot with 20 µg of protein per sample. All assays were performed in triplicate. The data are presented as means (± standard deviation, SD) 
of three independent experiments, P-value < 0.05 was considered statistically significant (*P-value < 0.01, with respect to 30 days).
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proteins were confirmed by western blot analysis (Figure 
1C). In addition, the western blot revealed that SiHa 
tumors showed similar expression patterns for both GSTs. 
However, the pattern was only confirmed for GSTM3 in 
HeLa tumors, while GSTP1 was not detectable in any 
tumor stage.

Bioinformatics analysis

We used the proteins identified in tumors from both 
cell lines to perform a functional enrichment analysis 
based on Gene Ontology (GO) biological processes 
(Figure 2, Supplementary Table 4). The proteins were 
grouped according to their expression levels and subjected 
to the enrichment analysis. Our results indicated that 
the proteins with increased levels during TP are mainly 
involved in anti-apoptotic, cell division, glycolysis, 
angiogenesis, viral reproduction and regulation of 
apoptosis processes (Figure 2A). On the other hand, 
among the proteins whose expression is down-regulated 
during TP, the enriched biological processes were the 
regulation of apoptotic processes, antigen processing 
and the presentation of peptides via MHC class I, protein 
polyubiquitination and the response to unfolded proteins 
(Figure 2C). For proteins with constant expression, we 
found that they are involved in processes related to the 
regulation of apoptosis and glycolysis among others 
(Figure 2B). In addition, including all identified proteins, 
the results suggest that during TP over-represented 
pathways are related to the cellular response to stress, 
namely the MAPK6/MAPK4 and NIK/NF-κB signaling 
pathways (Supplementary Tables 4–5). On the other hand, 
the data mining analysis revealed that GSTM3 and GSTP1 
interact with tumor necrosis factor receptor-associated 
factors (TRAFs) proteins. Specifically, the interaction of 
GSTP1 with TRAF2 was previously validated in HeLa 
cells [25], and GSTM3 was reported as interacting with  
TRAF6 [43] (Figure 3A).

GSTM3 interacts with TRAF6 in CC tumors 

 To demonstrate that this interaction occurs under 
physiological conditions, first we demonstrated the expression 
of TRAF6 in both HeLa and SiHa tumors (Figure 3B). We 
observed that TRAF6 was only expressed in HeLa tumors. 
These results are consistent with other results reported, 
indicating that GSTP1 only interacts with TRAF2 [25]. Then, 
we developed the interaction analysis, using 50 day-old HeLa 
tumor lysates subjected to coimmunoprecipitation (IP) assay. 
We found that GSTM3 coimmunoprecipitates with TRAF6 
and vice versa (Figure 3B). Therefore, GSTM3 associates 
with TRAF6 in CC tumors.

Modulation of MAPK signaling during TP 

Given the importance of TRAF proteins in over the 
downstream activation of the mitogen-activated protein 

kinase (MAPK) cascade, we performed a western blot 
analysis of CC TP. We detected phospho-NF-κB p65 
and phosphorylated-extracellular signal-regulated kinase 
(ERK), pJNK, and pp38. Our results demonstrated that 
p38 and JNK phosphorylation were down-regulated 
throughout the progression of across the time in CC 
tumors but not in pNF-κB (ser529) or pERK (Figure 3C, 
Supplementary Table 6). These finding indicate that during 
TP the apoptotic processes are repressed and therefore cell 
proliferation is being constantly activated. 

Secreted endogenous activators of toll-like 
receptor 4 in cervical cancer

It is known that the activation of the TLR4 pathway 
is not only driven by the presence of lipopolysaccharides 
(LPS) from bacterial infections [44] but also by 
endogenous activators [45, 46]. To demonstrated that CC 
cell lines can express endogenous activators of toll-like 
receptor 4 (TLR4), we performed an in vitro analysis 
of secreted proteins using both the HeLa and SiHa cell 
lines (Supplementary Figure 2A, Supplementary Table 
7-S8). The secreted proteins were analyzed by LC-MS/
MS and a total of 432 HeLa and 447 SiHa proteins were 
identified, of which 264 were common to both cell lines 
(Figure 3D). Among the reported endogenous activators 
of the TLR4 pathways, we were able to identify two 
members of the heat shock proteins family, HSP60 and 
HSP70, that were secreted by both cell lines (Figure 3E). 
To determine whether these proteins were also expressed 
during TP, we then analyzed the ex vivo secreted proteins 
in CC tumors by western blot (Figure 3F, Supplementary 
Figure 2B). Our results, were similar in in vivo and ex vivo 
experiments, indicating that the secretion of HSP60 and 
HSP70 could activate TLR4 signaling. 

GSTM3 interacts with E7 from HPV18

Mileo et al. previously demonstrated that GSTP1 
interacts with E7 from HPV16 and that this interaction 
enhances the survival of cells [36]. Here we wondered 
if GSTM3 can interact with E7 from HPV18 in cells 
positive for infection with this HPV serotype. We 
performed a structural superposition alignment between 
the GSTP1 and GSTM3 proteins using the MAMMOTH 
program [47], and the used Swiss PDB Viewer software 
(Deep View) v4.1 to visualize the results (Figure 4A, 
Supplementary Table 10) [35]. The model of the GSTP1 
protein docking with HPV16 E7, provided by the Mileo 
group, was used to perform our structural superposition. 
The alignment shows conserved and non-conserved 
regions by comparing the distances between alpha 
carbons and amino acid backbone sequences. The results 
suggest that the GSTM3 and HPV18 E7 proteins could 
interact, in a similar way to way GSTP1 interacts with E7 
from HPV16 (Figure 4A). 
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Figure 2: Gene ontology enrichment analysis of identified proteins in tumors from HeLa and SiHa cells. (A) Biological 
processes enriched in Up-regulated shared proteins. (B) Biological processes enriched in constantly shared proteins. (C) Biological 
processes enriched in Down-regulated proteins. The analysis was performed using  GeneCodis website.
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To demonstrate this interaction, we generated 
a construct to express a recombinant human GSTM3 
protein with a His-tag added at the N-terminus (N-6x His-
tag) in S. cerevisiae (Supplementary Figure 3A). GSTM3 
was identified through anti-His-tag western blotting and 
peptide mass fingerprinting (Figure 4B, Supplementary 
Figure 3A). After capturing recombinant GSTM3, it 
was incubated with a protein extract from HeLa cells 
(HPV18-positive) (Supplementary Figure 3B). The 
E7 protein from HPV18 co-eluted with GSTM3 N-6x-
his-tag and was identified using a specific antibody by 
western blotting (Figure 4B). To verify this interaction, 
we generated an HPV18 E7 construct in S. cerevisiae, 
but we could not obtain a stable strain expressing the 
protein. We then generated a plasmid construct that 
expressed a recombinant HPV18 E7 C-6x-his-tagged 
protein in HeLa cell lines and performed a pull-down 
assay (Supplementary Figure 3C). Notably, our results 
demonstrated that GSTM3 can interact with HPV18 E7 
(Figure 4C, Supplementary Figure 3D). 

GSTs and E7 from HPV18 contribute to cell 
survival

Once we had demonstrated the interaction of 
GSTM3 with E7 from HPV18 we assessed the relevance 
of this interaction for cell survival.  We developed a 
UV stress sensitivity assay in an MDA-MB-231 cell 

line that was negative for HPV18, GSTM3 and GSTP1 
[22] (Supplementary Figure 4A), using recombinant 
GST and HPV18 E7 to perform at phenotype analysis 
through exogenous protein complementation (PAEP). We 
demonstrated that, under UV stress (15 sec. UV; IC50), 
the GSTM3/HPV18 E7 cells exhibited an 84.1% survival 
rate, whereas the GSTP1/GSTM3/E7 cells exhibited a 
survival rate of 93.7% after a 24 h recovery period. These 
results could indicate that there is a synergistic effect 
between GSTs and viral proteins (Figure 4D). Given these 
observations, we performed an in vitro assay in which CC 
and negative cell lines were exposed to 6 mM cisplatin 
[37]. This concentration of cisplatin completely kills 
100% of MDA-MB-231 by the fourth day of treatment. 
All HaCaT cells were killed in six days (Figure 4E). 
Surprisingly, the cell lines that co-expressed GSTs and 
HPV E7 survived for at least eight days post-treatment 
(SiHa 17% and HeLa 24% of confluence) (Figure 
4E). To demonstrate that GST/HPV18 E7 interaction 
was responsible for this resistance, a PAEP assay was 
performed using the MDA-MB-231 cells including 
recombinant GSTM3, GSTP1, and HPV18 E7. The results 
confirmed that cell lines expressing members of the GST 
protein family and E7 from HPV have an advantage in 
terms of cell survival when treated with a xenobiotic agent 
(Figure 4E, 4F). We observed an increase in the survival 
of cells expressing any of these proteins (HPV18 E7, 
GSTM3 or GSTP1); nevertheless, the greatest increase in 

Figure 3: (A) Cytoscape interaction network representing GSTM3–prey interactions. GSTM3–prey interactions were visualized by 
network edges. This analysis was performed to obtain the protein-protein interactions reported by the SysBiomics databases, in which we 
observed that TRAF6 interact with GSTM3. (B) Co-immunoprecipitation of GSTM3 and TRAF6. (C) Western blotting was performed 
for TRAF6, ERK, p-ERK, pERK, NF-κB, pNF-κB, IKBα, pIKBα, p38, pp38, JNK, pJNK, and TLR4 in the protein extracts from tumors 
xenotransplants in female mice. (D) Proportional Venn diagram of secreted proteins of CC cell lines with 264 common proteins. (E) Two 
proteins were identified in secreted proteins that can activate the TLR4 signal-pathway expressed in vitro in HSP60 and HPS70 (F) Western 
blot of TRL4 activators HSP70 and HSP60 in the proteins secreted by CC tumors, HSP60 was expressed in SiHa and HeLa tumors at day 
50, and HSP70 protein expressed in SiHa tumors at 43 days and Hela tumors at 30 and 50 days.
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survival was observed when both GSTs and HPV18 E7 
were present (Figure 4F).

Loss of GSTs inhibits proliferation and survival 
of cervical cancer cell lines 

GSTs play important roles in the regulation of 
MAP kinases and NF-κB pathways, activating cellular 
maintenance, proliferation and apoptosis evasion [20]. 
In order to evaluate the effect of GSTM3 and GSTP1 in 
CC cell lines, we inhibited the expression of both proteins 
by means of morpholino antisense oligonucleotides. 
Three morpholinos were designed, two to specifically 
knockdown the proteins and one with a random sequence 
used as a control (M-GSTM3, M-GSTP1, and M-Control). 
We first evaluated eight doses for each morpholino in two 
cell lines, HeLa and HaCaT. The doses used ranged from 
10 to 1,280 ng/mL incorporated into the culture media, 
and we evaluated cell proliferation at three different 
times, 24, 48 and 72 hours. We observed that HaCaT cells 
were not affected by treatment with M-GSTM3 during 
the period of analysis. We only noticed a slight loss of 
survival at the highest dose (1,280 ng/mL). In HeLa cells, 
we noticed losses of viability after 48 hours of treatment 
at all doses of M-GSTM3 (Figure 5A). After 72 hours, the 
highest doses of treatment (640 and 1,280 ng/mL) showed 

a survival less than 10% compared to control cells. Similar 
results were obtained for M-GSTP1 treatment in both 
cells. In order to evaluate the cellular response in other 
cell lines, we selected the dose of 640 ng/mL, because that 
was the highest dose that did not affect the unresponsive 
HaCaT cell line.  Additionally, we treated to the cervical 
cancer cell line SiHa with 640 ng/mL (Figure 5B). We 
observed highly similar response between cancer cell 
lines, indicating that both GSTs proteins are essential for 
cellular survival in cervical cancer cells, but not for the 
non-cancerous HaCaT cells. To validate the effectiveness 
of the knock-down treatment, we performed western 
blot analysis in the three cell lines for both proteins 
(Figure 5D–5E). The immunoblotting revealed that both 
proteins were indeed down-regulated during all times 
of the treatment in the three cell lines. Additionally, we 
evaluated cell viability in the three cell lines after 24 
and 48 hours of treatment at the dose of 640 ng/mL of 
the two morpholinos (Figure 5C). We carried out a live/
dead assay based on Syto9/Propidium iodide staining. The 
results confirmed that HaCaT cells were not affected by 
the treatment. Both cancer cells lines were affected in a 
similar way. Altogether, these results suggest that HaCaT 
cells possess an alternative cell maintenance mechanism 
that is compromised in cervical cancer cells.

Figure 4: (A) Superposition of GSTP1 and GSTM3 shows high structural similarities (green-orange), non-conserved structures (gray), 
and HPV18 E7 (blue). (B) The interaction of human recombinant protein ScGSTM3 N-6x his-tag with E7 of HPV 18 protein. (C) HeLa 
cells were transfected with plasmids to express HE718 C-6x his-tag as indicated in the methods. Cell lysates were subjected to Ni-6x his 
tag pull-down and western blot with anti-His-Tag and specific antibodies. GSTM3 was identified by MALDI-TOF and/or MS/MS. (D) 
PAEP assays. Cells were exposed to UV (UVB for 15 seconds), subjected to exogenous protein complementation and allowed a 24-hour 
recovery period. The MDA cell line was used as a negative control for HPV, GSTM3, and GSTP1. (E) Survival assay with 6.0 mM of 
cisplatin. MDA cell line survived, until the fourth day (red), and HaCaT cell line survived until the sixth day (orange). HeLa and SiHa CC 
cell lines survived until the eighth day, which was the last day that this trial was analyzed. (F) PAEP assays, using the MDA cell line with 
6.0 mM of cisplatin and a four days of recovery period.  M3/P1/E7 with 10.7% survival. Assays were performed in triplicate. The data are 
presented as means (SD) of three independent experiments.
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Loss of GSTs inhibits tumor progression in 
cervical cancer 

To investigate the role of GSTs during TP, we next 
examined the effects of morpholino treatments in a murine 
model (Figure 6A). To this end, we used morpholino 
antisense oligonucleotides (M-GSTM3, M-GSTP1, and 
M-Control) to treat four CC cell lines (two HPV16-
positive lines, SiHa and CaSki, and two HPV18-positive 
lines, HeLa and CaLo), as well as two negative control of 

CC cell lines, breast (MDA-MB-231), and colon (COLO 
205) cancer tumors. The results of our in vivo and in vitro 
analyses were correlated with each other, showing a drastic 
decrease in volume CC tumor cell lines (Figure 6B–6C). 
However, the results for HeLa tumors were different 
from those performed in vitro. HeLa tumors express only 
GSTM3 and not GSTP1 (Figure 5D–5E). M-GSTP1 
treatment of HeLa tumors did not affect TP, confirming 
that GSTP1 is not expressed in these tumors. Treatment 
with M-GSTM3 in HeLa tumors drastically decreased the 

Figure 5: Knock-down of GSTM3 and GSTP1 affect the viability of cervical cancer cell lines in culture. (A) Gene knock-
down experiments of GSTM3 and GSTP1 in HeLa (yellow tone lines) and HaCaT cell lines (blue tone lines, used as a control), using a 10–
1280 ng/mL gradient concentration. No changes were observed in cell proliferation 24 hours after treatment. At 48 hours and 640 ng/mL,  
minor changes in HaCaT cells (survival of 96% in GSTM3 and 95% in GSTP1), and at 72 hours and the same concentration, survival of 
91% in GSTM3 and 94% in GSTP1. A major decrease in HeLa cells (survival of 38–9%, in GSTM3, and 27–9% in GSTP1, at 48 and 
72 hours respectively) was observed. (B) Viability assay treated with M-Control or M-GSTs (at 640 ng/mL), determined by crystal violet 
staining. (C) Live/dead assays were determined by SYTO 9 staining in cells treated with M-GSTs control or M-GSTs (640 ng/mL), scale 
bar 50 µm. All assays were performed in triplicate. (D–E) Inhibition of GSTs with morpholino treatment in CC cell lines Relative protein 
expression. Western blot of morpholino assay inhibition of GSTs in CC cell lines (HaCaT used as negative control of CC). Cell lysates 
were subjected to western blot with 20 µg of protein per sample. The data are presented as means (SD) of three independent experiments 
P-value < 0.05 was considered statistically  (***P-value < 0.001 with respect to control).
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tumor volume. Compared to treatment with the random 
sequence morpholino, the volume of M-GSTM3 treated 
HeLa tumors was 14-fold lower (Figure 6B–6E).

In CaLo tumors, we found that both GSTM3 and 
GSTP1 were expressed (Figure 6D–6E). The treatment 
of these tumors with morpholinos against GSTM3 and 
GSTP1 resulted in a decrease of tumor volume by 10- and 
6-fold, respectively (Figure 6B–6C). In the case of SiHa 
tumors, which express both proteins (Figure 6D–6E), we 
observed the greatest decreases in tumor volume after 
treatment with both morpholinos, with decreases of 43- 
and 62-fold for M-GSTM3 and M-GSTP1, respectively 
(Figure 6B–6C). CaSki also expresses both proteins in 
control tumors. In treated tumors, we observed that the 
levels of GSTM3 and GSTP1 did not decrease as much 
as in other tumors that express these proteins (Figure 
6D–6E). The treatment with M-GSTP-1 resulted in a 
reduction of the tumor volume by 2.6-fold compared 
to the control.  In the case of M-GSTM3 treatment, we 

were unable to observe significant differences between 
control and M-GSTM3-treated tumors in our experimental 
conditions (Figure 6B–6C). Probably, the low efficiency of 
protein reduction the treatment, particularly for GSTM3, 
is responsible for the low response in the tumor reduction. 
In agreement with this observation, we hypothesize that 
the remaining GSTM3 is sufficient to provide at protective 
effect to tumor cells.

In addition, we explored the response to treatment 
of tumors from two cell lines of different origins, MDA-
MB-231 from breast cancer and COLO from colon cancer. 
Both tumors exhibit low expression of GSTP1 compared 
to CC tumors (Figure 6D–6E). However, treated COLO 
tumors had 1.9-fold lower levels than control (Figure 6B-
C). In the case of MDA-MB-231, the levels of GSTP1 
were barely detectable in control tumors, and as a 
consequence, the treatment with M-GSTP1 did not affect 
normal TP (Figure 6B–6C). Tumors from both cell lines 
expressed GSTM3 and in both cases, the treatment with 

Figure 6: Knock-down of GSTM3 and GSTP1 affect TP in CC tumors. (A) Nu/Nu mice were injected with 107 tumor cells 
from the four CC cell lines, HeLa, CaLo, SiHa and CaSki and two non-CC lines (MDA and COLO). After 15 days of growth, GSTP1 and 
GSTM3 were knocked down in tumors (every third day) using different morpholinos. Morpholino treatment consisted on delivery via a 
vehicle containing PBS/morpholino 400 ng/dose in the final dose of 50 µL, next to localized tissue. In the day 30, all tumors were collected 
for further analysis. (B, C) Knockdown effect over TP, showed impaired tumor xenograft growth in CC cell lines positives to GSTs with 
treatments of morpholino M-GSTM3, M-GSTP1. (D, E) Protein expressions was confirmed by IHC of GSTs. Assays were performed 
in duplicate. Scale bar 20 µm. The data are presented as means (SD) of two independent experiments (°p < 0.05; *p < 0.025; **p < 0.01;  
***p < 0.001).
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the morpholino significantly reduced the levels of the 
protein. However, we were unable to correlate this down-
regulation with TP. 

GSTM3 and GSTP1 regulate the MAP kinase 
proteins pJNK and pp38

Previous research has demonstrated that GSTP1 
protein expression can affect MAP kinases, leading 
to decreases in pJNK and pp38 phosphorylation and 
activation [25, 36, 48, 49]. Hence, we sought to examine 
the effects of GSTM3 and GSTP1 knockdown on pJNK 
and pp38 activation and the phosphorylation of p65 and 
pERK (from the NF-κB pathway) during CC TP (Figure 
7). To this end, we analyzed the protein expression through 
immunohistochemical assays in all CC tumors treated with 
morpholinos (M-GSTM3, M-GSTP1, and M-control). 
M-GST treatments resulted in the phosphorylation and 
activation of pJNK and pp38 MAP Kinases. HeLa tumors 
only expressed GSTM3 and therefore only responded 
to treatment with the M-GSTM3 morpholino, showing 
increased phosphorylation of JNK and p38 (Figure 7A–
7B). Both tumors from CaLo and SiHa, only showed 
phosphorylation of p38 alone, following both treatments 
with M-GSTM3 and M-GSTP1, CaLo (Figure 7C–7D); 
and SiHa (Figure 7E–7F). For CaSki tumors, both MAPKs 
were up-regulated upon treatment with M-GST (Figure 
7G–7H). 

GSTM3 and GSTP1 regulate cell survival by 
inactivating NF-κB and pERK 

To investigate the role of GTSs in programmed cell 
death and cell survival, we also examined the inactivation 
of ERK or NF-κB protein p65 (Figure 7). HeLa tumors 
treated with M-GSTM3 showed inactivation of both 
proteins (Figure 7A–7B). Only pERK was inactivated 
in CaLo tumors following treatment with either of the 
GST oligonucleotides (Figure 7C–7D). For SiHa tumors 
only NF-κB was inactivated by either of the treatments 
(Figure 7E–7F). In CaSki tumors, both proteins became 
inactivated following either treatment (Figure 7G–7H). 
We suggest that inhibition of GSTM3 and GSTP1 proteins 
induced apoptosis and decreased cell survival via the 
NFκB and MAP-kinase pathways.

GST expression analysis in CC patient tissue 
specimens

It is known that the expression of GSTs in some 
types of cancer is considered to be a sign of a poor 
prognosis, [16–19] and that these proteins can be 
responsible for the chemoresistance observed in many CC 
patients. To understand the role of GST protein expression 
in chemoresistance in patients with CC, we performed a 
follow-up study of 13 patients suffering from CC who 

had undergone chemotherapy (Supplementary Figure 
5A–5B). Protein expression analyses were performed 
for GSTM3 and GSTP1 using immunohistochemistry 
(IHC). In this study, we analyzed the percentage of 
the region of interest (ROI) that was immunopositive. 
Remarkably, all patients expressed both proteins, but 
with great variability regarding the percentage of the 
ROI (Figure 8A, Supplementary Figure 5A–5B). We 
categorized the patients into three arbitrary groups based 
on the percentage of involvement: weak, moderate and 
high for GSTM3 and GSTP1 (Figure 8B–8C). Then, we 
performed an association analysis of GST expression and 
patient survival and generated two groups: weak-moderate 
for GSTM3 and moderate for GSTP1 (WM-M), and 
another group with moderate-high values for GSTM3 and 
high values for GSTP1 (MH-H) (Figure 8D). The results 
showed that the expression of GSTM3 and GSTP1 might 
significantly influence the survival of patients with CC. 
There was a clear correlation between patient survival 
and the expression of GST proteins, with the patients who 
exhibited weak-to-moderate (WM-M) expression showing 
a significantly higher survival rate than patients exhibiting 
moderate-to-high (MH-H) GST expression (Figure 8D, 
Supplementary Table 12). 

DISCUSSION

In this study, we developed a tumor progression 
model by using two cervical cancer cell lines (SiHa and 
HeLa) xenotransplanted in athymic nude mice. To analyze 
the TP proteome, we performed a 2D-PAGE analysis 
comparing three different ages of tumors from the two 
CC cell lines. We observed that two members of the GST 
(GSTM3 and GSTP1) family had increased expression 
throughout the time period. HeLa tumors expressed 
GSTM3, and SiHa tumors expressed both GSTs. Previous 
studies indicated that GSTP1 plays a regulatory role 
through its interaction with TRAF2, affecting apoptotic 
signal activation [25, 26]. Based on these findings, we 
wondered if GSTM3 plays a similar role to GSTP1. For 
this purpose, we performed a bioinformatic analysis 
using a protein-protein interaction network. The analysis 
suggested that GSTM3 interacts with TRAF6, and we 
confirmed this interaction by means of a co-IP assay 
involving GSTM3 and TRAF6 proteins in HeLa tumors.

On the other hand, it has been reported that TRAF6 
stimulates the JNK pathway [25, 50], and is selectively 
required the for induced activation of p38 via the TRAF6-
ASK1 axis [51]. TRAF6 and TRAF2, in turn, recruit the 
TAK1 and IKK complexes, leading to the activation of NF-
κB [52]. TRAF2 and TRAF6 have also been demonstrated 
to bind and activate ASK1 [51, 53]. In consequence, if 
GST proteins are interacting with TRAF2/6, they would 
be regulating JNK, p38, and NF-κB during TP. Therefore, 
we analyzed the proteins related to NF-κB, JNK, and p38 
in all three stages of TP. The results showed that during 



Oncotarget21706www.oncotarget.com

TP of CC tumors, GST could be interacting with TRAF2 
and TRAF6 and hence, could regulate cell survival, cell 
proliferation and apoptosis evasion (Figure 3B). These 
results were consistent with those of a previous study, 
which reported that the interaction of TRAF2 and GSTP1 
can block apoptosis and stimulate cell survival [25]. In 
a similar, way our results suggest that the interaction of 
GSTM3 and TRAF6 plays an anti-apoptotic role based on 
interactions with c-Jun N-terminal kinase (JNK) [26]. 

On the other hand, it is known that the activation 
of the TLR4 pathway is not only driven by the presence 
of lipopolysaccharide (LPS) from bacterial infections [44] 
but also by endogenous activators as HSP60 and HSP70 
[45, 46]. Here we performed an identification analysis 
of secreted proteins from both SiHa and HeLa CC cell 
lines, in culture and in tumors. In both experiments, we 
were able to identify HSP60 and HSP70 as part of the 
secretome in both cells. These results indicate that the 
secretion of HSP60 and HSP70 could potentially activate 
TLR4 signaling and therefore induce cell survival and 
apoptosis evasion during TP. 

Previous reports indicated that the interaction 
of GSTP1 with the viral oncoprotein E7 from HPV16 
provides the cancer cells with a better adaptation 
capacity under stress [36]. Here we demonstrated that 
GSTM3 interacts with E7 from HPV18. In order to 
clarify whether this interaction can provide cells with 
an advantage in terms of cell survival under stressful 
conditions, we performed survival experiments in the 
presence of GSTM3, GSTP1, and E7 from HPV18. The 
results indicated that incorporation of any of these proteins 
provided a survival advantage and the incorporation of all 
three proteins slightly increased the survival, compared to 
individual proteins, in cells treated with UV and cisplatin. 
Considering these findings, we concluded that even 
when GSTs and E7 oncoproteins from HPVs interact, the 
presence of each of these proteins individually increases 
the survival of the cells, indicating that the interaction is 
not crucial in the response to stressful conditions.

In many CC patients with observed drug and 
chemotherapy resistance, the expression of GSTs proteins 
contributes to cancer cells survival and can be responsible 

Figure 7: Knock-down of GSTM3 and GSTP1 affect the activation of pJNK, pp38, pNF-κB, pERK in CC tumors. 
(A–B) HeLa tumors knockdown with effect on pJNK, pp38, pNF-κB and pERK. (C–D) CaLo tumors knockdown with effect on pJNK with 
M-GSTP1, pp38 and pERK in both treatment. (E–F) SiHa tumors knockdown with effect on pp38 and pNF-κB in in both treatment. (G–H) 
CaSki tumors knockdown pJNK, pp38, pNF-κB and pERK. Assays were performed in duplicate. Scale bar 20 µm. The data are presented 
as Means (SD) of two independent experiments (*p < 0.01, **p < 0.005, ***p < 0.001).
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for this observation [18, 19]. In addition, GSTs expression 
in some types of cancer is already considered to be a sign 
of a poor prognosis [16, 17]. Considering this, we inhibited 
the expression of GSTM3 or GSTP1 in both cell cultures 
and xenotransplanted tumors. In culture, cancerous SiHa 
and HeLa cells were drastically affected by the knock-
down of both GSTs, while the non-cancerous HaCaT cells 
were not affected by the inhibition of these proteins. These 
findings point to GSTM3 and GSTP1 as being crucial 
for the survival and proliferation of cancerous cells. In 
xenotransplanted tumors, we observed that in those from 
cervical cancer cell lines that expressed at least one of 
these proteins, the tumor volume was drastically decreased 
after treatment with morpholinos. 

We suggest that GSTs expression (GSTM3 or 
GSTP1) could be involved in modulating detoxification 
processes in cancer cells, and therefore, may participate 
in the survival response to conventional chemotherapy 
in patients. GSTs have been proven to regulate kinase 
signaling pathways, and it has been shown that GSTM3 and 
GSTP1 inhibit JNK signaling and prevent transcriptional 
activation of downstream cell stress pathways [20]. These 
proteins might co-evolve during tumorigenesis to allow 
the cells to adapt to stressful conditions associated with 

the tumor microenvironment. This adaptation mechanism 
would further allow the cancer cells to respond to 
xenobiotic agents, such as chemotherapy [48, 49, 54]. 
Here we demonstrated that the inhibition of GSTM3 or 
GSTP1 activates JNK and p38 signaling leading cells to 
apoptosis and therefore decreasing the tumor volume. 
On the other hand, we observed that inactivation of NF-
κB and/or ERK following inhibition of GSTs inhibited 
cell survival. We analyzed tumors from MDA-MB-
231cells a triple negative breast cancer (TNBC), and we 
did not observe GSTP1 protein expression during TP or 
changes in tumor growth after treatment with anti-GSTP1 
morpholine under our experimental conditions. Here we 
proposed a mechanism by means of which the cervical 
cancer cells use GSTs to avoid apoptosis and to activate 
cell survival and proliferation. In addition, this response is 
affected by the knock-down of these proteins (Figure 9). 
These findings illustrate the crucial roles of at least these 
two GST proteins in the progression of cervical cancer and 
its resistance to stressful conditions.

It has been demonstrated that GSTM3 is associated 
with cancer risk at a genetic level, where the association 
of certain polymorphisms and/or mutations increases the 
risk of different types of cancer, such as lung cancer [23], 

Figure 8: Correlation between expression of GSTs proteins and survival of CC patients. (A) ROI of GSTM3 and GSTP1 in 
13 CC patients. ROI Percentage of GSTM3 was classified as weak (≤10%), moderate (10–20%), and high (21–50%). (B) ROI Percentage 
of GSTP1 was classified as weak (≤10%), moderate (20–50%) and high (51–100%). (C) Representative specimens of invasive CC with 
different GST expressions (weak, moderate and high). Scale bar 100 µm. (D) Kaplan–Meier survival plot, for the advanced stage of cervical 
cancer according to the protein expression levels of GSTM3 and GSTP1 (log-rank test, p < 0.05). Group 1 (WM-M): weak-moderate ROI 
of GSTM3 and moderate of GSTP1; and group 2 (MH-H): moderate-high ROI of GSTM3 and high ROI of GSP1.
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prostate cancer [21], and colorectal cancer [17, 24]. The 
protein expression of GSTM3 has been analyzed in colon 
cancer, and its  overexpression is considered a marker of 
regional lymph node metastasis [17]. On the other hand, 
subexpression of GSTM3 is associated with better survival 
in urinary bladder cancer [27]. Genetic studies of CC 
have demonstrated that polymorphisms in the GSTM3 
gene are associated with a greater risk of developing 
this cancer [55]. However, there have not been sufficient 
studies addressing the correlations with clinical endpoints. 
In the present study, we showed that there is a strong 
association of GSTM3 and GSTP1 protein expression 
and survival of patients. Our results agree with clinical 
data, in which the survival of CC patients was associated 
with high levels of GST protein (Figure 7C). These data 
were also in agreement with studies on bladder [27] and 
colon cancer [17] in which overexpression of the GSTM3 
protein was found to be associated with a reduced survival 
rate of patients. Accordingly, here we propose that both 
GSTM3 and GSTP1 can be added to the list of novel and 
promising therapeutic targets and/or prognostic factors for 
CC patients.

MATERIALS AND METHODS

All animal experiments were performed 
with approval from the institutional research 
bioethics committee of the Instituto de Biotecnología at 
Universidad Nacional Autónoma de México (UNAM), 
Cuernavaca, Morelos and the Instituto Nacional 
de Ciencias Médicas y Nutrición Salvador Zubirán 
(INCMSZ). The institutional review board approved 
all studies involving human tissues for human subject 
research of the Instituto Nacional de Cancerología, 
Mexico City (INCan). Informed consent was obtained 
from all patients before the biopsy.

Cell culture

Cervical cancer cell lines (SiHa and CaSki, HPV16-
positive, and HeLa and CaLo, HPV18-positive) were 
provided by Dr. Jorge Flavio Rincon and M.S. Rosalva 
Rangel Corona at the Laboratorio de Oncología Molecular, 
Unidad de Diferenciación Celular y Cáncer, FES-
Zaragoza, UNAM. Dr. Alejandro Zentella Dehesa at the 

Figure 9: Schematic representation of the role of GSTs proteins in CC tumors. During the progression of cervical cancer, 
several processes such as cell survival, proliferation, and apoptosis evasion via MAPK and NF-kB are stimulated by the presence of 
GSTM3 and/or GSTP1. Knock-down of GSTM3 and GSTP1 affect the activation of MAPK and activated apoptosis through activation of 
MAPK or phosphorylated inhibition of NF-kB and ERK.
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Unidad de Bioquímica del Instituto Nacional de Ciencias 
Médicas y de Nutrición Salvador Zubirán, provided the 
MDA-MB-231(breast cancer) and COLO 205 (colon 
cancer) cell lines. The HaCaT cell line was provided by 
Dr. Alejandro García Carrancá at the Instituto Nacional 
de Cancerología, Mexico City, México. All cells were 
tested for Mycoplasma sp. by PCR and then maintained 
in FBS-free advanced RPMI 1640 medium (Gibco, 
Invitrogen) and supplemented with 2 mM L-glutamine 
and 1% v/v antibiotic-antimycotic (Gibco, Invitrogen) 
and maintained at 37° C in a humidified incubator with 
5% CO2.

Mice tumor xenografts 

4-6-week-old female athymic nude mice (BALB/c 
nu/nu) were injected subcutaneously with 107 tumor cells 
in 500 μL FBS-free RPMI 1640 medium and collected in 
30, 45 and 50 days. Tumors were measured using a Vernier 
caliper, calculating ellipsoid [28] volumes as  where L: 
long, W: wide, and H: high.

Tumor protein extraction, proteomic analysis, 
and mass spectrometry 

Tumor samples were macerated in liquid nitrogen, 
and a protease inhibitor cocktail (Complete tablets, Roche) 
followed by sonication on ice 3-5 times for 5 seconds. We 
subsequently conducted phenolic protein extraction [29]. 
The protocols followed for sample preparation, preparative 
two-dimensional gel electrophoresis (2D-PAGE), image 
analysis and protein identification through MALDI mass 
spectrometry have been previously reported [30, 31] 
(more details see: MIAPE ID: 821 2D-PAGE). Briefly, for 
2D-PAGE 500 μg of total proteins were isoelectric focused 
along a linear pH range of 3–10 and the second dimension 
was performed in a 12% acrylamide SDS-PAGE. Digital 
images of the 2D-PAGE were acquired using a GS-800 
Calibrated Densitometer (BioRad). Three gels obtained 
from three different assays were analyzed, and image 
comparison was performed with PDQuest software 
(BioRad) (more details see MIAPE ID: 10290, MALDI-
TOF; MIAPE ID: 9905 MASCOT). 

In vitro and ex vivo extracellular protein 
extraction

Cell lines were cultured with advanced RPMI 1640 
serum-free until 70–80% of confluence. The medium was 
removed and were rinsed three times with saline solution 
sterile: NaCl 0.9% (w/v). After washings, FBS-free RPMI 
1640 medium without phenol red fresh (Gibco), was added 
and incubated for 20 h. Later the medium was recovered 
and centrifuged at 2,000 g for 5 min. The supernatant was 
passed through a 0.22 μm pore-size membrane PVDF 
(Millex, Millipore) and stored –70° C until further use. 

For extracellular proteins from xenograft tumors, 
HeLa and SiHa tumors were inoculated with 107 cells. 
After 30, 45 and 50 days post-inoculation tumors were 
collected and washed 3 times with saline solution. The 
followed procedure to extract secreted proteins from 
tumors was performed as previously described for the 
cells in culture and the supernatant was stored –70° C until 
further use.

Identification of secreted proteins via LC-MS/
MS

Secreted proteins from cell lines separated in 
SDS-PAGE and stained with Coomassie brilliant blue 
stain (more details see: Supplementary Figure 3). Each 
lane containing 30 μg of proteins was cut into 20 slices 
and digested with trypsin. Generated peptides were 
analyzed in a nanoLC-MS/MS system (Q-TOF Synapt 
G2 MS; Waters). The peptide and protein identification 
was performed using MASCOT search engine through 
the MASCOT Distiller interface (Matrix Science). 
The queried database was the Swiss-Prot. The mass 
spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE [32] partner 
repository with the dataset identifier PXD005466.

Western blot

The following commercial antibodies were used: 
anti-GSTM3 (Abcam, ab67530, 1:10,000), anti-GSTP1 
(Abcam, ab53943, 1:10,000), anti-TLR4 (Biolegen, 
312804, 1:10,000), anti-TRAF6 (Abcam, ab13853,  
1:10,000), anti NF-kB p65  (sc-378,1:1,000), anti IKB-α 
(sc-371, 1:1,000), anti-JNK (sc-1648, 1:1,000), anti-ERK 
(sc-94, 1:1,000), anti-p38 (sc-535, 1:1,000), anti-NF-κB 
phospho p65 (sc-101752, 1:1,000), anti-phospho-JNK 
(sc-6254, 1:1,000), anti-phospho-ERK (sc-7383, 1:1,000),  
phosho-p38 (sc-7973, 1:1,000), anti-phospho-IKB-α (Cell 
signaling, 1;1000), anti-HSP70 and HSP60 (Biolegen, 
648005 and 681502, 1:10,000), HPV18 E7 (Abcam, 
ab38743, 1:1,000), anti-His tag antibody (Invitrogen, 
372900, 1:5,000). Cells were lysed in a buffer containing 
100 mM Tris pH 8.6, 4% SDS, 100 mM DTT, protease 
inhibitor cocktail (Complete tablet, Roche) and 20 
sonication pulses for 1 second for DNA fragmentation. 
Proteins were resolved by electrophoresis on 12% or 15% 
SDS-PAGE and transferred to nitrocellulose membranes 
using semi-dry system. Blots were blocked with 5% 
non-fat milk in Tris-buffered saline containing Tween 20 
(TBST) for 15 min at 4° C, washed tree times in TBST, 
and probed with primary antibody diluted and incubated 
at 4° C overnight, membranes were incubated with 
peroxidase-conjugated secondary antibody for 2 h and 
then membranes were incubated with Carbazole solution 
(27.2% Stock Carbazole, 72.6% Acetate buffer, 0.2% 
H2O2), Carbazole Stock: N, N-Dimethylformamide ≥98% 
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and 3-Amino-9-ethylcarbazole (Sigma-Aldrich) 1:8 (w/v) 
for generate colored stain. Relative quantifications were 
performed using ImageJ software.

Co-immunoprecipitation and immunoblotting

HeLa tumor was collected at 50-day and stored 
at 80° C until use. Following the tumor sample was 
macerated in liquid nitrogen, and lysed with 500 μL 
of RIPA buffer (10 mM Tris, 1 mM EDTA, 1% NP40, 
0.1% Sodium deoxycholate, 140 mM NaCl) and 
supplemented with protease and phosphatase inhibitors 
(10 mM β-glycerolphosphate, 10 mM Na3VO4, 10 mM 
Sodium Fluoride). The total cell lysates were centrifuged 
at 13,000 g for 5 min to pellet the insoluble material. 
The lysates were precleared 2-hour incubation with 
protein A sepharose and normalized for total protein 
concentration (10 μg of protein) using SDS-PAGE. The 
proteins candidate antibodies (GSTM3 and TRAF6) were 
immunoprecipitated by incubating lysates with 6 μl of 
antibody-conjugated sepharose overnight at 4° C. The 
beads were washed 3 times with 500 µL of lysis buffer. 
Co-immunoprecipitating proteins were resolved on 12% 
SDS-PAGE. Levels of GSTM3 and TRAF6 were detected 
by immunoblotting using anti-antibodies previously 
described above.

Bioinformatics analysis and structural 
superposition

A gene ontology (GO) analysis of the 39 common 
proteins identified was performed using the GeneCodis 
website [33]. A protein-protein interaction network model 
using Cytoscape 2.5.1 (www.cytoscape.org) and bisogenet 
plug-in was employed to obtain the protein-protein 
interactions information about GSTM3 and GSTP1 [34]. 
The structural superposition of GSTP1 and GSTM3 was 
performed with MAMMOTH (https://ub.cbm.uam.es/
software/online/mamothmult.php) and was validated and 
visualized with Swiss PDB viewer software (DeepView) 
v4.1 [35]. We obtained the GSTP1 model docked with 
the HPV16 E7 CR3 dimer model from the Mileo group 
[36], and the GSTM3 model was obtained from the PDB 
database. We generated a structural alignment to improve 
the fit between GSTP1 (known structure) and GSTM3 
and between HPV16 E7 (known structure) and HPV 18 
E7. The server built the models based on the provided 
alignments [35].

UV assay

Radiation was delivered from UV-lamps at 100% 
power (450 µW/cm2, at 27 mm) according to the supplier’s 
specifications (InGeniuous LHR equipment; Syngene). 
The MDA-MB-231 cells were exposed to radiation over 
the surface of a transilluminator for 0, 10, 15, 30 or 60 

seconds. A total of 104 cells were cultured in 24-well 
plates (Nunclon). For the subsequent experiments and 
treatments, the cells were exposed to UV light for 15 
seconds.

Cisplatin assay

Cell lines were cultured in FBS-free advance RPMI 
1640 (Sigma) medium at 37° C in a humidified 5% CO2 
atmosphere. Drug sensitivity was evaluated at the 6 mM 
concentration of cisplatin according to previous studies 
[37]. To measure cell viability, a culture was initiated at 
104 cells/mL and was analyzed every day until the eighth 
day. The number of cells was determined by crystal violet 
staining [38]. The O.D. was measured at 550 nm using a 
microplate reader (Bioteck).

Phenotypic analysis through exogenous 
complementation of recombinant proteins

Stress sensitivity (UV radiation and drug 
treatments) was evaluated through exogenous 
complementation with human recombinant protein and 
the Lipofectamine 3000 transfection reagent (Invitrogen). 
A 10 µL aliquot of the Lipofectamine 3000 and P3000 
reagents (Invitrogen) was mixed with 1 µg of human 
recombinant GSTM3 (Abcam), GSTP1 (Abcam), HPV18 
E7 (ProteinX) or a mixture of these proteins in 250 µL 
of serum-free advanced RPMI 1640 medium, which was 
then incubated for 5 min at room temperature and added 
to 104 MDA-MB-231 cells cultured in 24-well plates 
(Nunclon), followed by another 5 min incubation [39]. 
After incubation with the Lipofectamine/recombinant 
protein mixture, the cells were exposed to UV radiation 
or drug treatments under FBS-free conditions. Cell 
viability was analyzed until the end of the recovery period 
(24 hours after UV, four days after cisplatin). The cell 
number was determined by crystal violet staining [38]. 
The O.D. was measured at 550 nm, using a microplate 
reader (Bioteck).

Yeast plasmid construction, transformation, and 
recombinant protein expression

A gene expression of GSTM3 was inserted into the 
pYES2 plasmid in S. cerevisiae, and additional histidine 
(N-6x his) codons were introduced (more details, see 
Supplementary Table 10 and Supplementary Figure 3). 
The total protein was obtained through cell lysis using 
Lyticase as described by the supplier (Sigma-Aldrich), 
and maceration with liquid nitrogen. The cell lysates were 
centrifuged at 5,520 g for 5 min, and the supernatant was 
stored at –20° C. The recombinant protein was purified 
by metal chelate chromatography using nickel beads 
as described by the supplier (PureProteome, Merck 
Millipore). Eluted proteins were visualized in 12% SDS-
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PAGE gels through Coomassie brilliant blue staining. The 
band corresponding to GSTM3 was confirmed by mass 
spectrometry (MALDI-TOF, Bruker Daltonics). 

Human cell line transformation, protein 
purification, and pull-down

The gene sequence of HPV18 E7 was obtained 
using the pBR322HPV18 plasmid (ATCC, 45152D) 
and transfected with CMV-pcDNA3.1 plasmid using 
Lipofectamine 3000 (Life Technologies) in HeLa cells. 
The 18 to 26 nt oligos were designed with SnapGene 
Viewer 2.2.2 (GSL Biotech LLC), with the addition of 
HindIII and BamHI sites and C-6x His-tag (Supplementary 
Table 11). The recombinant protein HPV18 E7 was 
purified by metal chelate nickel beads as described by the 
supplier (PureProteome, Merck Millipore). Eluted proteins 
were visualized in 12 and 15% SDS–PAGE gels through 
Coomassie brilliant blue staining. The band corresponding 
to HPV18 E7 was confirmed by western blotting using 
HPV18 E7 (Abcam, ab38743, 1: 1,000) and an Anti-His 
tag antibody (Invitrogen, 372900, 1: 5,000). 

In vitro and in vivo knockdown using morpholino 
oligonucleotides

Morpholino constructs were designed to target 
human GSTM3 and GSTP1 transcripts at the 5’UTR 
region and included 25 nucleotides, with the ATG start 
codon. For in vitro use, both GSTM3 and GSTP1 were 
dissolved in sterile PBS at pH 7.5 and employed at 640 ng/
mL. For in vivo assays, 15 days post-inoculation of tumors 
in mice, six doses of 400 ng were intra-tumoral injected, 
one every three days [40]. In the day 30, all tumors were 
collected for further analysis. A scrambled morpholino 
was used as a control in both assays in vitro and in vivo, 
at the same concentration. The morpholino sequences 
employed in these assays were as follows: Morpholino 
anti-GSTM3 5′-TAG ACG ACT CGC ACG ACA TGG 
TGA C-3′; Morpholino anti-GSTP1 5′-AAT AGA CCA 
CGG TGT AGG GCG GCA T-3′; Morpholino Control 5′-
TAC GGC GGT ACA GCA CTC AGT TGA T-3′.

Immunohistochemical staining of tumors 
generated from CC cell lines

For immunohistochemistry (IHC) analyses; tumors 
were cut (4 μm thickness) with a cryostat and fixed with 
4% paraformaldehyde (Sigma -Aldrich) for 1 h at 37° 
C. Tissue slides were washed three times with PBS and 
then blocked with 10% adult bovine serum (Microlab) 
for 1 h The samples were permeabilized with 0.2% 
Triton X-100, and tissue sections were individually 
incubated overnight at 4° C with the following primary 
antibodies, as described above: anti-NF-κB p65 
(phospho-Ser 536), anti-p-JNK, anti-p-ERK and p-p38 
from Santa Cruz Biotechnology; anti-GSTM3 and anti-

GSTP1 (1:100, Abcam). After several washes with 
PBS, the tissue sections were then incubated for 1 h at 
37° C with the appropriate secondary antibodies; anti-
mouse TRITC (1:50, Jackson Immunoresearch), anti-
rabbit-FITC (1:100, ThermoFisher), anti-goat Alexa 647 
(1:100, ThermoFisher), and anti-mouse-FITC (1:100, 
ThermoScientific). The negative controls included tissue 
sections incubated without antibodies as a control for 
autofluorescence and tissue sections incubated with only 
the respective secondary antibodies for each condition. 
The tissue sections were subsequently stained with DAPI 
(1:50,000) for 5 min. Finally, tumor tissues were mounted 
with VectaShield mounting medium (H-1000, Vector 
Laboratories) to preserve immunofluorescence. The 
immunofluorescence analysis was performed using an 
LMS 700 Microscope and the accompanying microscope 
software (ZEN 2012, Carl Zeiss). The presence or absence 
of the label corresponding to proteins was determined 
through tile scan analysis (5 × 5 wides in the X, Y planes), 
combined with Z-stack analysis of three optical slides 0.9 
μm apart.

Immunohistochemical staining of CC tumors

All cases were reviewed by three pathologists, 
two from of Department of Pathology of INCan and 
one from the Department of Pathology at INCMSZ. The 
medical records were reviewed, considering the patients 
previous medical history. All cases were subjected an 
immunohistochemical analysis using anti-GSTM3 
(Abcam, ab67530, 1: 1,000) and, anti-GSTP1 (Abcam, 
ab53943, 1: 1,000) antibodies. The paraffin blocks were 
sampled at a 5 µm tissue thickness and were produced in 
duplicate for each slide. The analysis was performed on 
an automated immunostainer (Ventana Medical Systems) 
according to the supplier’s specifications. Three parts of 
the tumor were assessed separately in each sample, as was 
the presence of staining in tumor cells. In this study, we 
analyzed the percentage of the region of interest (ROI) 
stained by the antibodies, as estimated using the CellSens 
software (Olympus). The samples were separated into two 
groups to assess the association of protein expression with 
patient survival: weak (ROI) for GSTM3 and moderate 
(ROI) for GSTP1 (W-M); and (MH-H) moderate/high 
(ROI) for GSTM3 and high (ROI) for GSTP1 [41, 42]. 
Kaplan-Meier survival curves were employed for this 
analysis using XLSTAT, with the Greenwood CI and a 
significance level of 95%.

Statistical analysis

The experiments were repeated three times, and 
the results were represented as the mean and standard 
deviation (SD). Statistical analysis was made using two-
tailed Student’s t-test. A p-value < 0.05 was considered 
statistically significant.



Oncotarget21712www.oncotarget.com

ACKNOWLEDGMENTS 

Alberto Checa-Rojas is a doctoral student at 
Programa de Doctorado en Ciencias Biomédicas - 
Universidad Nacional Autónoma de México and received 
fellowship 215676 from Consejo Nacional de Ciencia y 
Tecnología, México. Part of this work was supported by 
CONACyT grant 220790 and DGAPA-PAPIIT grant IN-
213216. Authors wish to thank Alejandro Zentella, José 
Luis Ventura-Gallegos of INMNSZ and Alejandro García 
Carrancá and Department of Pathology of INCan for 
technical support. We also thank Marcela Ramírez Yarza 
from IBt-UNAM for animal care and maintenance, and 
Sandra Contreras, Magdalena Hernández Ortíz, Gabriel 
Martínez Batallar, and Dr. Guillermo Mendoza Hernández, 
for technical assistance in mass spectrometry. The authors 
would like to thank the anonymous reviewers for their 
valuable comments and suggestions to improve the quality 
of the review.

CONFLICTS OF INTEREST 

The authors declare no potential conflicts of interest. 

REFERENCES 

1. Bosch FX, Lorincz A, Muñoz N, Meijer CJ, Shah KV. The 
causal relation between human papillomavirus and cervical 
cancer. J Clin Pathol. 2002; 55:244–65. https://doi.org/1136/
jcp.55.4.244.

2. Moyer VA, and U.S. Preventive Services Task Force. 
Screening for cervical cancer: U.S. Preventive 
Services Task Force recommendation statement. Ann 
Intern Med. 2012; 156:880–91, W312. https://doi.
org/1059/0003-4819-156-12-201206190-00424.

3. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers 
C, Rebelo M, Parkin DM, Forman D, Bray F. Cancer 
incidence and mortality worldwide: Sources, methods and 
major patterns in GLOBOCAN 2012. Int J Cancer. 2015; 
136:E359–86.

4. Rose PG, Bundy BN, Watkins EB, Thigpen JT, Deppe G, 
Maiman MA, Clarke-Pearson DL, Insalaco S. Concurrent 
cisplatin-based radiotherapy and chemotherapy for locally 
advanced cervical cancer. N Engl J Med. 1999; 340:1144–53. 
https://doi.org/1056/NEJM199904153401502.

5. Green JA, Kirwan JM, Tierney JF, Symonds P, Fresco L, 
Collingwood M, Williams CJ. Survival and recurrence 
after concomitant chemotherapy and radiotherapy for 
cancer of the uterine cervix: a systematic review and meta-
analysis. Lancet. 2001; 358:781–86. https://doi.org/1016/
S0140-6736(01)05965-7.

6. Waggoner SE. Cervical cancer. Lancet. 2003; 361:2217–25. 
https://doi.org/1016/S0140-6736(03)13778-6.

7. Kogo R, How C, Chaudary N, Bruce J, Shi W, Hill RP, 
Zahedi P, Yip KW, Liu FF. The microRNA-218~Survivin 

axis regulates migration, invasion, and lymph node 
metastasis in cervical cancer. Oncotarget. 2015; 6:1090–
100. https://doi.org/10.18632/oncotarget.2836.

 8. Holohan C, Van Schaeybroeck S, Longley DB, Johnston 
PG. Cancer drug resistance: an evolving paradigm. Nat Rev 
Cancer. 2013; 13:714–26. https://doi.org/1038/nrc3599.

 9. Peralta-Zaragoza O, Bermúdez-Morales VH, Pérez-
Plasencia C, Salazar-León J, Gómez-Cerón C, Madrid-
Marina V. Targeted treatments for cervical cancer: a review. 
OncoTargets Ther. 2012; 5:315–28. https://doi.org/2147/
OTT.S25123.

10. Dueñas-González A, Lizano M, Candelaria M, Cetina L, Arce 
C, Cervera E. Epigenetics of cervical cancer. An overview 
and therapeutic perspectives. Mol Cancer. 2005; 4:38.

11. Zagouri F, Sergentanis TN, Chrysikos D, Filipits M, Bartsch 
R. Molecularly targeted therapies in cervical cancer. A 
systematic review. Gynecol Oncol. 2012; 126:291–303. 
https://doi.org/1016/j.ygyno.2012.04.007.

12. Price JC, Guan S, Burlingame A, Prusiner SB, 
Ghaemmaghami S. Analysis of proteome dynamics in the 
mouse brain. Proc Natl Acad Sci USA. 2010; 107:14508–
13. https://doi.org/1073/pnas.1006551107.

13. Wulfkuhle JD, Liotta LA, Petricoin EF. Proteomic 
applications for the early detection of cancer. Nat Rev 
Cancer. 2003; 3:267–75. https://doi.org/1038/nrc1043.

14. Hanash S, Taguchi A. The grand challenge to decipher the 
cancer proteome. Nat Rev Cancer. 2010; 10:652–60. https://
doi.org/1038/nrc2918.

15. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril 
JF, Agarwal P, Agarwala R, Ainscough R, Alexandersson 
M, An P, Antonarakis SE, Attwood J, Baertsch R, et al, and 
Mouse Genome Sequencing Consortium. Initial sequencing 
and comparative analysis of the mouse genome. Nature. 
2002; 420:520–62. https://doi.org/1038/nature01262.

16. Huang J, Tan PH, Thiyagarajan J, Bay BH. Prognostic 
significance of glutathione S-transferase-pi in invasive 
breast cancer. Mod Pathol. 2003; 16:558–65. https://doi.
org/1097/01.MP.0000071842.83169.5A.

17. Meding S, Balluff B, Elsner M, Schöne C, Rauser S, Nitsche 
U, Maak M, Schäfer A, Hauck SM, Ueffing M, Langer R, 
Höfler H, Friess H, et al. Tissue-based proteomics reveals 
FXYD3, S100A11 and GSTM3 as novel markers for 
regional lymph node metastasis in colon cancer. J Pathol. 
2012; 228:459–70. https://doi.org/1002/path.4021.

18. Cabelguenne A, Loriot MA, Stucker I, Blons H, Koum-
Besson E, Brasnu D, Beaune P, Laccourreye O, Laurent-
Puig P, De Waziers I. Glutathione-associated enzymes in 
head and neck squamous cell carcinoma and response to 
cisplatin-based neoadjuvant chemotherapy. Int J Cancer. 
2001; 93:725–30. https://doi.org/1002/ijc.1392.

19. Pectasides D, Kamposioras K, Papaxoinis G, Pectasides 
E. Chemotherapy for recurrent cervical cancer. Cancer 
Treat Rev. 2008; 34:603–13. https://doi.org/1016/j.
ctrv.2008.05.006.



Oncotarget21713www.oncotarget.com

20. Hayes JD, Flanagan JU, Jowsey IR. Glutathione 
transferases. Annu Rev Pharmacol Toxicol. 2005; 45:51–88. 
https://doi.org/1146/annurev.pharmtox.45.120403.095857.

21. Medeiros R, Vasconcelos A, Costa S, Pinto D, Ferreira 
P, Lobo F, Morais A, Oliveira J, Lopes C. Metabolic 
susceptibility genes and prostate cancer risk in a southern 
European population: the role of glutathione S-transferases 
GSTM1, GSTM3, and GSTT1 genetic polymorphisms. 
Prostate. 2004; 58:414–20. https://doi.org/1002/pros.10348.

22. Louie SM, Grossman EA, Crawford LA, Ding L, Camarda 
R, Huffman TR, Miyamoto DK, Goga A, Weerapana E, 
Nomura DK. GSTP1 Is a Driver of Triple-Negative Breast 
Cancer Cell Metabolism and Pathogenicity. Cell Chem Biol. 
2016; 23:567-578.

23. Ye Z, Song H, Higgins JP, Pharoah P, Danesh J. Five 
glutathione s-transferase gene variants in 23,452 cases 
of lung cancer and 30,397 controls: meta-analysis of 130 
studies. PLoS Med. 2006; 3:e91. https://doi.org/1371/
journal.pmed.0030091.

24. Loktionov A, Watson MA, Gunter M, Stebbings WS, 
Speakman CT, Bingham SA. Glutathione-S-transferase 
gene polymorphisms in colorectal cancer patients: 
interaction between GSTM1 and GSTM3 allele variants as a 
risk-modulating factor. Carcinogenesis. 2001; 22:1053–60. 

25. Wu Y, Fan Y, Xue B, Luo L, Shen J, Zhang S, Jiang Y, 
Yin Z. Human glutathione S-transferase P1-1 interacts with 
TRAF2 and regulates TRAF2-ASK1 signals. Oncogene. 
2006; 25:5787–800. https://doi.org/1038/sj.onc.1209576.

26. Adler V, Yin Z, Fuchs SY, Benezra M, Rosario L, Tew KD, 
Pincus MR, Sardana M, Henderson CJ, Wolf CR, Davis RJ, 
Ronai Z. Regulation of JNK signaling by GSTp. EMBO J. 
1999; 18:1321–34. https://doi.org/1093/emboj/18.5.1321.

27. Mitra AP, Pagliarulo V, Yang D, Waldman FM, Datar RH, 
Skinner DG, Groshen S, Cote RJ. Generation of a concise 
gene panel for outcome prediction in urinary bladder cancer. 
J Clin Oncol. 2009; 27:3929–37. https://doi.org/1200/
JCO.2008.18.5744.

28. Tomayko MM, Reynolds CP. Determination of 
subcutaneous tumor size in athymic (nude) mice. Cancer 
Chemother Pharmacol. 1989; 24:148–54. https://doi.
org/1007/BF00300234.

29. Hurkman WJ, Tanaka CK. Solubilization of plant 
membrane proteins for analysis by two-dimensional gel 
electrophoresis. Plant Physiol. 1986; 81:802–06. https://
doi.org/1104/pp.81.3.802.

30. Klose J, Kobalz U. Two-dimensional electrophoresis 
of proteins: an updated protocol and implications for a 
functional analysis of the genome. Electrophoresis. 1995; 
16:1034–59. https://doi.org/1002/elps.11501601175.

31. Encarnación S, Guzmán Y, Dunn MF, Hernández M, del 
Carmen Vargas M, Mora J. Proteome analysis of aerobic 
and fermentative metabolism in Rhizobium etli CE3. 
Proteomics. 2003; 3:1077–85. https://doi.org/1002/
pmic.200300427.

32. Vizcaíno JA, Csordas A, del-Toro N, Dianes JA, Griss J, 
Lavidas I, Mayer G, Perez-Riverol Y, Reisinger F, Ternent 
T, Xu QW, Wang R, Hermjakob H. 2016 update of the 
PRIDE database and its related tools. Nucleic Acids Res. 
2016; 44:D447–56. https://doi.org/1093/nar/gkv1145.

33. Tabas-Madrid D, Nogales-Cadenas R, Pascual-Montano 
A. GeneCodis3: a non-redundant and modular enrichment 
analysis tool for functional genomics. Nucleic Acids Res. 
2012; 40:W478-83. https://doi.org/1093/nar/gks402.

34. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, 
Ramage D, Amin N, Schwikowski B, Ideker T. Cytoscape: a 
software environment for integrated models of biomolecular 
interaction networks. Genome Res. 2003; 13:2498–504. 
https://doi.org/1101/gr.1239303.

35. Schwede T, Kopp J, Guex N, Peitsch MC. SWISS-MODEL: 
an automated protein homology-modeling server. Nucleic 
Acids Res. 2003; 31:3381–85. https://doi.org/1093/nar/
gkg520.

36. Mileo AM, Abbruzzese C, Mattarocci S, Bellacchio E, 
Pisano P, Federico A, Maresca V, Picardo M, Giorgi A, Maras 
B, Schininà ME, Paggi MG. Human papillomavirus-16 E7 
interacts with glutathione S-transferase P1 and enhances its 
role in cell survival. PLoS One. 2009; 4:e7254. https://doi.
org/1371/journal.pone.0007254.

37. Chang J, Jung HH, Yang JY, Lee S, Choi J, Im GJ, Chae SW. 
Protective effect of metformin against cisplatin-induced 
ototoxicity in an auditory cell line. J Assoc Res Otolaryngol. 
2014; 15:149–58. https://doi.org/1007/s10162-013-0431-y.

38. Kueng W, Silber E, Eppenberger U. Quantification of cells 
cultured on 96-well plates. Anal Biochem. 1989; 182:16–
19. https://doi.org/1016/0003-2697(89)90710-0.

39. Zuris JA, Thompson DB, Shu Y, Guilinger JP, Bessen JL, 
Hu JH, Maeder ML, Joung JK, Chen ZY, Liu DR. Cationic 
lipid-mediated delivery of proteins enables efficient protein-
based genome editing in vitro and in vivo. Nat Biotechnol. 
2015; 33:73–80. https://doi.org/1038/nbt.3081.

40. Owen LA, Uehara H, Cahoon J, Huang W, Simonis J, 
Ambati BK. Morpholino-mediated increase in soluble 
Flt-1 expression results in decreased ocular and tumor 
neovascularization. PLoS One. 2012; 7:e33576. https://doi.
org/1371/journal.pone.0033576.

41. Jankova L, Robertson G, Chan C, Tan KL, Kohonen-
Corish M, Fung CL, Clarke C, Lin BP, Molloy M, 
Chapuis PH, Bokey L, Dent OF, Clarke SJ. Glutathione 
S-transferase Pi expression predicts response to adjuvant 
chemotherapy for stage C colon cancer: a matched historical 
control study. BMC Cancer. 2012; 12:196. https://doi.
org/1186/1471-2407-12-196.

42. Kawano M, Mabuchi S, Matsumoto Y, Sasano T, Takahashi 
R, Kuroda H, Kozasa K, Hashimoto K, Isobe A, Sawada 
K, Hamasaki T, Morii E, Kimura T. The significance of 
G-CSF expression and myeloid-derived suppressor cells 
in the chemoresistance of uterine cervical cancer. Sci Rep. 
2015; 5:18217. https://doi.org/1038/srep18217.



Oncotarget21714www.oncotarget.com

43. Rouillard AD, Gundersen GW, Fernandez NF, Wang 
Z, Monteiro CD, McDermott MG, Ma’ayan A. The 
harmonizome: a collection of processed datasets gathered 
to serve and mine knowledge about genes and proteins. 
Database (Oxford). 2016; 2016:baw100. https://doi.
org/1093/database/baw100.

44. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev 
Immunol. 2004; 4:499–511. https://doi.org/1038/nri1391.

45. Vabulas RM, Ahmad-Nejad P, da Costa C, Miethke T, 
Kirschning CJ, Häcker H, Wagner H. Endocytosed HSP60s 
use TLR2 and TLR4 to activate the TIR signaling pathway 
in innate immune cells. J Biol Chem. 2001; 276:31332–39. 
https://doi.org/1074/jbc.M103217200.

46. Asea A, Rehli M, Kabingu E, Boch JA, Baré O, Auron 
PE, Stevenson MA, Calderwood SK. Novel signal 
transduction pathway utilized by extracellular HSP70: role 
of toll-like receptor (TLR) 2 and TLR4. J Biol Chem. 2002; 
277:15028–34. https://doi.org/1074/jbc.M200497200.

47. Ortiz AR, Strauss CE, Olmea O. MAMMOTH (matching 
molecular models obtained from theory): an automated 
method for model comparison. Protein Sci. 2002; 11:2606–
21. https://doi.org/1110/ps.0215902.

48. Tew KD, Townsend DM. Regulatory functions of 
glutathione S-transferase P1-1 unrelated to detoxification. 
Drug Metab Rev. 2011; 43:179–93. https://doi.
org/3109/03602532.2011.552912.

49. Townsend DM, Tew KD. The role of glutathione-S-
transferase in anti-cancer drug resistance. Oncogene. 2003; 
22:7369–75. https://doi.org/1038/sj.onc.1206940.

50. Walsh MC, Kim GK, Maurizio PL, Molnar EE, Choi Y. 
TRAF6 autoubiquitination-independent activation of the 
NFkappaB and MAPK pathways in response to IL-1 and 
RANKL. PLoS One. 2008; 3:e4064. https://doi.org/1371/
journal.pone.0004064.

51. Matsuzawa A, Saegusa K, Noguchi T, Sadamitsu C, 
Nishitoh H, Nagai S, Koyasu S, Matsumoto K, Takeda 
K, Ichijo H. ROS-dependent activation of the TRAF6-
ASK1-p38 pathway is selectively required for TLR4-
mediated innate immunity. Nat Immunol. 2005; 6:587–92. 
https://doi.org/1038/ni1200.

52. Hayden MS, Ghosh S. NF-κB, the first quarter-century: 
remarkable progress and outstanding questions. Genes Dev. 
2012; 26:203–34. https://doi.org/1101/gad.183434.111.

53. Nishitoh H, Saitoh M, Mochida Y, Takeda K, Nakano H, 
Rothe M, Miyazono K, Ichijo H. ASK1 is essential for JNK/
SAPK activation by TRAF2. Mol Cell. 1998; 2:389–95. 
https://doi.org/1016/S1097-2765(00)80283-X.

54. Siddik ZH. Cisplatin: mode of cytotoxic action and 
molecular basis of resistance. Oncogene. 2003; 22:7265–79. 
https://doi.org/1038/sj.onc.1206933.

55. Singh H, Sachan R, Devi S, Pandey SN, Mittal B. 
Association of GSTM1, GSTT1, and GSTM3 gene 
polymorphisms and susceptibility to cervical cancer in 
a North Indian population. Am J Obstet Gynecol. 2008; 
198:303.e1–6. https://doi.org/1016/j.ajog.2007.09.046.


