
Abstract. Background: High-risk human papillomaviruses
(HPV) cause nearly all cases of cervical cancer, as well as
many types of oral and anogenital cancer. Alternative
splicing increases the capacity of the HPV genome to encode
the proteins necessary for successful completion of its
infectious life cycle. However, the roles of these splice
variants, including E6*, the smaller splice isoform of the E6
oncogene, in carcinogenesis are not clear. Materials and
Methods: SiHa (HPV16+) and C33A (HPV−) cells were
transfected with the E6* plasmid, and tandem mass tag-
labeled protein levels were quantified by mass spectrometry.
Proteomic analyses identified pathways affected by E6* in
both HPV+ and HPV− cells, and pathways were validated
using in vitro methods. Results: A total of 4,300 proteins
were identified and quantified in lysates of SiHa and C33A
cells with and without HPV16 E6* expression. SiHa and
C33A cells expressing E6* underwent changes in protein
expression affecting integrin signaling and mitochondrial
dysfunction pathways, respectively. Subsequent experiments
were performed to validate selected E6*-mediated
alterations in protein levels. Conclusion: E6* modifies the
expression of proteins involved in mitochondrial dysfunction
and oxidative phosphorylation in C33A cells, and β-integrin
signaling in SiHa cells. 

High-risk human papillomaviruses (HR-HPVs) cause
cervical cancer in approximately 500,000 women annually,
making it the third most common cancer in women
worldwide (1, 2). Nearly half of these women will not
survive. In addition to cervical cancer, HR-HPVs are the
cause of malignancy in 60% of oropharyngeal cancer cases;
90% of anal cancer; 40% of vaginal, vulvar, and penile
cancer; and cancer of other regions of the body such as the
skin, colon, and rectum (3, 4). Numerous studies agree that
the transformative properties of E6 and E7 are central to
HPV-induced carcinogenesis, and the oncogenic roles of E6
and E7 have been well-characterized.

Increased cellular oxidative stress has been proposed to
increase the likelihood that the virus will integrate into the
host genome (5). This event often leads to up-regulation of
E6 and E7 expression via disruption of the E2 gene, causing
increased cell survival and division through the weakening
of pro-apoptotic processes and cell-cycle regulation,
respectively. Although E6 and E7 are both considered
indispensable for transformation efficiency, E6 can, in some
instances, immortalize cells in the absence of E7, indicating
that E6-dependent mechanisms underlying cervical
carcinogenesis are of vital importance (6-8). 

Interestingly, high- but not low-risk HPVs generate
multiple transcripts of full-length E6 mRNA via alternative
splicing (9, 10). In mammalian cells, the HR-HPV E6
oncoprotein is expressed as both full-length and spliced
isoforms, with the smaller isoforms (generally referred to
as E6*) corresponding approximately to the N-terminal
third of the full-length protein. Relatively little is known
about the smaller variants as compared to the full-length
isoform, and E6 splicing patterns vary between HR-HPV
types (11-13). Alternative splicing enables the virus to
expand its proteome from a modestly-sized genome,
thereby increasing the genetic diversity and persistence of
the virus against host immunity and raising its chance of
survival (14). 
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Previously, our group demonstrated that the overexpression
of E6* reduced tumor growth by both HPV+ SiHa and HPV−
C33A cervical carcinoma cells in a nude mouse xenograft
model (13), raising the question of what changes in cellular
pathway activation might contribute to the E6*-mediated
decrease in tumor size. In the present study, proteomic
analyses of HPV+ (SiHa) and HPV– (C33A) cervical
carcinoma cells were used to demonstrate how E6* influences
protein expression, and to examine the impact such
modifications have on the activation of cellular pathways in
vitro. Additionally, we sought insight into how E6* may affect
tumor growth through its effects on these pathways.

Materials and Methods

Reagents. Monoclonal antibodies against kindlin-1 and polyclonal
β-1 integrin were obtained from Millipore Chemicon (Temecula,
CA, USA), while those to RAS homolog gene family, member A
(RHOA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were acquired from Cell Signal Technology (Beverly, MA, USA).
α-Flag agarose, α-Flag-HRP antibodies, MG132, a reversible
proteasome inhibitor, and α-β-actin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Secondary fluorescent antibodies
were obtained from LI-COR Biosciences (Lincoln, NE, USA). 

Cell culture. SiHa and C33A cells, derived from human cervical
carcinomas, were obtained from the American Type Culture
Collection (Manassas, VA, USA). All cells were cultured in
modified Eagle’s medium (MEM) (Thermo Fisher Scientific,
Hanover Park, IL, USA) and supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA, USA), penicillin (100 μg/ml), and
streptomycin (100 μg/ml) (Sigma-Aldrich, St. Louis, MO, USA). 

Plasmids, transfection, and the creation of stable cell lines. The
pFlag-E6* (pE6*) plasmid was constructed by cloning E6*I in frame
with the N-terminal Flag-tag and the C-terminal C-myc-tag into the
pFlag-Myc CMV-22 vector (Sigma-Aldrich). Stable cell lines
expressing pE6* or vector control (e.g. pFlag) were produced using
the Mirus Bio transfection kit, TransIt-LT1 Transfection reagent
(Thermo Fisher Scientific), to transfect the appropriate plasmids into
SiHa and C33A cells, as directed by the manufacturer. G418
(neomycin, which is an aminoglycoside antibiotic) (500-800 μg/ml)
was added to cells 48 h post-transfection and antibiotic selection was
carried out for 3 weeks. Subsequently, expression of E6* was
evaluated by immunoblot analysis. 

Immunoblot analysis. Approximately 106 cells were lysed in ~100 μl
lysis buffer, and lysates were sonicated and separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis followed by
protein transfer onto polyvinylidene difluoride membranes (Thermo
Fisher Scientific). Membranes were blocked with 1% bovine serum
albumin, and primary antibodies (α-mouse or α-rabbit) in Tris-
buffered saline and Tween 20 (TBST) were applied overnight at 4˚C.
Membranes were washed with TBST the following day. Secondary
Immunopure Antibodies (α-mouse or α-rabbit) conjugated to
horseradish peroxidase (Thermo Fisher Scientific) were incubated
with the membrane for 1 h. Chemiluminescent SuperSignal West
Dura and Pico Maximum Sensitivity substrates were used to detect

signals. In the case of fluorescent secondary antibodies (LI-COR,
Lincoln, NE, USA), signals were detected using the Odyssey imaging
system and relative densities were quantified against standard controls
using ImageJ software analysis [v1.48; see reference (15)].

Microscopy. Morphological analysis of SiHa and C33A cells was
conducted using an Olympus IX70 inverted microscope (Olympus
America, Center Valley, PA, USA). Cells were seeded at a density of
103 per 100×20 mm tissue culture-treated dish 3-7 days prior to
imaging. Live images, using Hoffman Modulation contrast, were
captured with a digital SPOT RT3™ camera and SPOT Insight
software (SPOT Imaging, Sterling Heights, MI, USA). All images
were acquired with uniform settings and magnification (×20).

Mitochondrial membrane depolarization. The Mito-ID membrane
potential detection kit (Enzo Life Sciences, Farmingdale, NY, USA)
was used as directed by the manufacturer. Mitochondrial membrane
depolarization was estimated using the dual-emission mitochondrial
membrane potential (MMP)-sensitive dye, cationic carbocyanine.
Following treatment, cells were collected in 1X phosphate buffered
saline and analyzed on a Becton-Dickinson FACSCalibur FLOW
cytometer (Becton-Dickinson, San Francisco, CA, USA). The FL-1
channel detected depolarized mitochondria, indicated by green
fluorescence, while the FL-2 channel gathered orange fluorescence
from energized mitochondria. The data were collected and analyzed
using Flow-Jo software (Ashland, OR, USA).

Secreted embryonic alkaline phosphatase analysis. Alkaline
phosphatase activity was measured using the Great EscAPe SEAP
Detection Kit provided by BD Biosciences (Clontech, Mountain
View, CA, USA) as directed by the manufacturer. Lysates of SiHa
and C33A cells were collected and a luminometer was used to detect
signals produced by the phosphatase/substrate reaction. This
measured activity was normalized against total protein concentration,
which was acquired by a spectrophotometer plate reader.

Proteomic analysis. Protein lysates were collected from ~5×106 cells
from each of the cell lines (SiHa pFlag, SiHa E6*, C33A pFlag, and
C33A E6*). Samples were sonicated, denatured, reduced, and
alkylated as recommended by the directions provided with the TMT
Mass Tagging Kit (Thermo Fisher Scientific,). Cell lysates were
prepared, run on an LTQ-Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific) and analyzed as previously described (16). Protein
identification from each mass spectrometry raw data file was
performed against the human library using Proteome Discoverer 1.2
software (Thermo Fisher) with a signal to noise threshold of 1.5. A
false-discovery rate of less than 1% was applied and detection
included that of unique peptides only. A fold change cut-off value of
1.5, comparing one group of cells (e.g. E6* overexpressing cells) to
a control group of cells, (e.g. pFlag vector-containing cells) was
applied during Ingenuity Pathway Analyses.

Comet assay. To measure nuclear DNA damage in SiHa and C33A
cells, the Comet assay kit was obtained from Trevigen (Trevigen,
Gaithersburg, MD, USA) and used according to the manufacturer’s
instructions as previously described (17). Briefly, cells were lysed
and gel electrophoresis was carried out under alkaline conditions.
SYBR gold from Invitrogen was used to stain cells. One hundred
DNA tails were photographed and analyzed on a BIOREVO
fluorescence microscope (BZ-9000) (Keyence Corporation, Itasca,
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IL, USA) with Comet IV software (Perceptive Instruments Ltd., St
Frances House, Bury St Edmunds, UK) using uniform magnification
(×10 for counting; ×20 for photographs) and settings.

Glutathione (GSH) assay. The GSH-Glo assay from Promega
(Madison, Wisconsin) was used to quantify glutathione levels in SiHa
and C33A cells. Cell lysates were placed in 96-well plates and GSH
levels were detected by luminescence following a coupled reaction
between firefly luciferase and GSH-S-transferase. Background
luminescence was subtracted from that for GSH for each sample and
the values were converted to molar GSH concentrations based on a
standard curve. Total protein concentration was measured using a
spectrophotometer plate reader. The average GSH concentration from
each sample well was divided by the same well’s corresponding total
protein concentration to yield the reported ratio (μM/mg).

Statistics. All experiments were repeated at least three times with
results reported as mean±standard deviation. Student’s t-test was
used to analyze differences, and a p-value of less than 0.05 was
considered significant.

Results

E6* expression alters pathway activation in both HPV+ and
HPV− contexts. Our first task in determining how E6* affects
the cellular proteome was to overexpress E6* in both HPV+

and HPV− systems. Therefore, HPV+ SiHa and HPV− C33A
cervical cancer cells were stably transfected with either the
empty vector pFlag, or with pE6* to create clones with either
very low/lack of (SiHa pFlag and C33A pFlag, respectively)
or high (SiHa pE6* and C33A pE6*, respectively) E6*
expression. Following selection of the E6* cells using G418,
equal numbers of cells from the three clones with the highest
levels of E6* expression were combined (SiHa pE6*; C33A
pE6*) (Figure 1A and B, respectively). 

To determine the effect of HPV16 E6* on the levels of
cellular proteins, and to thereby gain insight into how this small
viral protein orchestrates cellular activities in the presence and
absence of full-length E6, protein expression in SiHa pFlag,
SiHa pE6*, C33A pFlag and C33A pE6* cells was evaluated
using mass spectrometry followed by pathway analysis as
indicated by the scheme shown in Figure 2. Data were
analyzed through the use of QIAGEN’s Ingenuity Pathway
Analysis (IPA), (Redwood City, www.qiagen.com/ingenuity).
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Figure 1. Expression of E6*I (E6*) in HPV+ SiHa (A) and HPV– C33A
(B) cells. Cells were stably transfected with Flag-E6*I or empty pFlag
vector, and E6*-expressing clones were selected by resistance to G418.
E6* expression of cells in pooled clones was analyzed by
immunoprecipitation with α-Flag agarose, followed by detection using
antibodies directed against Flag-Horseradish peroxidase. α-β-Actin
antibodies were used to normalize for immunoprecipitation input.

Figure 2. Workflow for the relative quantitative analysis of SiHa and
C33A cell lysates by mass spectrometry and Ingenuity Pathway Analysis.
Proteins from cell lysates were reduced and alkylated for subsequent
trypsinization, and the resulting peptides were labeled using multi-plex
tandem mass tags (TMT) for quantitation of proteins from each sample.
Labeled peptides were combined and fractionated using strong cation
exchange in increasing concentrations of KCl solution. Sample
enrichment was performed using Pierce C18 tips. Identical proteins from
the different samples were separated and quantified according to
isobaric tag labeling. Proteins identified by mass spectrometry were
compared against the Proteome Discoverer human library. Raw Data
files were uploaded to IPA and a fold-change of 1.5 was applied to filter
insignificant changes in protein levels between cells expressing E6* and
those not expressing E6*. Core analysis revealed that the levels of 581
proteins from SiHa and C33A cells were affected by E6* expression and
that 75 pathways were involved in these cellular proteomic changes.



Mass spectroscopy identified a total of 4,300 proteins.
Based on a 1.5-fold change as the cut-off value, 253 proteins
for SiHa cells and 328 proteins for C33A cells were selected
for further IPA investigation. Together, the analyses for SiHa
and C33A cells revealed a total of 75 pathways whose
proteins exhibited statistically significant changes in
expression (using a fold change cut-off value of
1.30=negative log of 0.05 as the p-value) in the presence of
E6*. The top 10 cellular pathways affected by E6* for SiHa
and C33A cells are presented in Tables I and II, respectively.
IPA revealed that integrin-linked kinase (ILK) signaling was
the pathway most altered by E6* overexpression in SiHa
cells, while oxidative phosphorylation (OXPHOS) and
mitochondrial dysfunction pathways were influenced the
most in C33A pE6* cells. 

E6* expression in SiHa cells affects the β-integrin pathway
and cell morphology. IPA analysis suggested involvement of
β-integrin signaling, via ILK, in response to E6*
overexpression in SiHa cells (Figure 3A). ILK is known to
bind the cytoplasmic domain of β1-integrin (18). To verify
the biological effect of E6* on β-integrin pathways in SiHa
cells, immunoblot and phase-contrast microscopy analyses
were conducted. Immunoblot data suggest that
overexpression of E6* in SiHa cells increased cellular levels
of β1-integrin (Figure 3B), a finding consistent with the
proteomic data. To confirm activation of β1-integrin, we
probed for the expression of kindlin-1, a co-stimulatory
molecule of β1-integrin. We found that kindlin-1 expression
in SiHa pE6* cells was significantly (p<0.05) increased
(Figure 3C), reinforcing the notion that E6* stimulates the β-
integrin signal cascade in SiHa cells, but not in C33A cells,
consistent with the mass spectroscopic analysis. 

Notably, kindlin-1 regulates cytoskeleton components by
targeting Rho family GTPases (19). Therefore, E6*-
expressing SiHa and C33A cells were evaluated for RhoA
GTPase (RhoA) expression to further investigate the possible
downstream effects of β-integrin signaling. Figure 3D shows
that SiHa E6* cells express reduced levels of RhoA as
compared to SiHa pFlag cells (p<0.05). C33A pE6* cells
also exhibited a slight decrease in RhoA levels compared to
C33A pFlag cells, although statistical significance was not
achieved. Interestingly, RhoA is implicated in cell motility
(20) and cytoskeletal reorganization (21), suggesting that
E6* might operate through kindlin-mediated RhoA
expression to regulate cell shape (22) in SiHa cells. 

To test whether E6* causes changes in morphology of
cervical cancer cells with active β-integrin signaling, we
analyzed SiHa and C33A cells by microscopic imaging using
Hoffman Modulation contrast, which showed conspicuous
morphological changes resembling cell spreading and
outward membrane protrusion of SiHa E6* cells as
compared to SiHa pFlag cells (Figure 4A), although these

changes were not seen in C33A cells (Figure 4B).
Collectively, the data presented here suggest that E6* may
directly or indirectly affect key components of the integrin
signaling pathway in SiHa, but not C33A cells. 

Alkaline phosphatase (ALPP) activity is significantly reduced
in SiHa, but not in C33A cells following E6* overexpression.
In addition to the β-integrin pathway analysis, several
individual SiHa cellular proteins affected by the
overexpression of E6* were noted; placental ALPP was one
of these proteins. ALPP was of particular interest because
this was one of the proteins with the highest fold-change;
moreover, high ALPP is correlated with pluripotency and
undifferentiated cell phenotypes, while low ALPP implies
differentiation (23). Furthermore, the tumors of patients with
decreased ALPP levels tend to progress more slowly than
those with higher ALPP levels (24, 25). The secreted
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Table I. Top 10 canonical pathways affected by E6* overexpression in
SiHa cells. Ingenuity Pathway Analysis revealed that E6* expression in
SiHa cells significantly influences multiple pathways including the
Integrin-linked kinase (ILK) pathway.

Ingenuity Canonical Pathways - SiHa E6*/SiHa pFlag p-Value

ILK signaling 9.77×10–7
Role of BRCA1 in DNA damage response 8.51×10–6
Virus entry via endocytic pathways 2.29×10–5
Caveolar-mediated endocytosis signaling 4.46×10–5
Agranulocyte adhesion and diapedesis 1.07×10–4
Clathrin-mediated endocytosis signaling 1.70×10–4
Hereditary breast cancer signaling 2.75×10–4
Purine nucleotides de novo biosynthesis II 3.55×10–4
5-aminoimidazole ribonucleotide biosynthesis 1 5.25×10–4
AMPK signaling 7.41×10–4

*AMPK: AMP-activated protein kinase; *BRCA: breast cancer gene 1.

Table II. Top 10 canonical pathways affected by E6* expression in
C33A cells. Overexpression of E6* in C33A resulted in significant
changes to several pathways, including the oxidative phosphorylation
(OXPHOS) and mitochondrial dysfunction pathways.

Ingenuity Canonical pathways - C33A E6*/C33A pFlag p-Value

Oxidative phosphorylation 1.26×10–19
Mitochondrial dysfunction 3.16×10–19
TCA cycle II (eukaryotic) 6.61×10–8
Proline biosynthesis 1 7.59×10–8
2-ketoglutarate dehydrogenase complex 1.82×1–5
Proline biosynthesis II (from arginine) 8.91×10–5
Arginine degradation VI (arginase 2 pathway) 8.91×10–5
Granzyme A signaling 1.51×10–4
Valine degradation 1 1.95×10–4
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Figure 3. Activation of β-integrin signaling by overexpression of E6* in SiHa cells. A: Increased expression of several members of the β-integrin
signaling pathway in SiHa cells overexpressing E6* (pE6*) compared to SiHa pFlag cells; red color tones suggest an up-regulation of molecules
compared to control cells. B: Immunoblot of SiHa cells showed increased expression of β1-integrin in cells overexpressing E6* compared to controls.
C33A cells expressing and not expressing E6* displayed no discernible difference in β1-integrin levels. C: Increased expression of an upstream
regulator of β-integrin signaling, kindlin-1, was detected in SiHa pE6* cells compared to SiHa pFlag cells. C33A cells exhibited no measurable
difference in kindlin-1 expression. D: A decrease in Ras homolog gene family, member A (RhoA) expression, which is downstream of β1-integrin and
kindlin-1 regulation, was also detected in SiHa pE6* cells, with the same trend observed in C33A pE6* cells. The relative density of three repeats
is presented in the graphs, and error bars represent the standard deviations. *Significantly different at p<0.05. 
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Figure 4. Morphological analysis of SiHa pFlag and SiHa pE6* cells by microscopy. A: Images of SiHa cells captured using Hoffman modulation
contrast (×20) show differences in cell appearance between cells overexpressing E6* and those transfected with the empty vector. Top panels show
SiHa pFlag cells approximately 3-6 days following seeding at a cell density of 103 while the bottom panels show images of SiHa pE6* cells acquired
at the same time. SiHa pE6* cells can be described as exhibiting more cell spreading and membrane protrusion (black arrows) as compared to the
more closely positioned SiHa pFlag cells. B: Images of C33A pFlag and C33A pE6* cell obtained under the same conditions (Hoffman modulation
contrast at 3-7 days; (×20) as SiHa cells did not demonstrate cell spreading behavior.



embryonic AP assay was utilized to investigate the effect of
E6* on ALPP activity in SiHa cells, since embryonic AP is a
truncated form of ALPP. Our data demonstrate that E6*
reduces the activity of ALPP in HPV+ SiHa cervical cancer
cells (p<0.05; Figure 5), which is consistent with a predicted
association between lower serum ALPP levels and better
clinical outcomes in certain cancers (26). However, ALPP
activity was not greatly affected in HPV− C33A cervical
cancer cells expressing E6*. 

E6* impairs mitochondrial function in SiHa pE6* cells and
affects the mitochondrial dysfunction pathway in C33A cells.
Proteomic analysis revealed that expression of E6* in C33A
cells interferes with the overlapping mitochondrial dysfunction
and OXPHOS pathways. Figures 6A and B illustrate that the
proteins most perturbed due to E6* expression in C33A cells
are involved in the electron transport chain (27), located in the
inner mitochondrial membrane, and that these proteins play
roles in both the mitochondrial dysfunction and OXPHOS
pathways. Since mitochondrial function is linked to the
maintenance of mitochondrial membrane depolarization
(MMP) (28), we measured MMP in SiHa and C33A cells by
the Mito ID assay and flow cytometry.

Mito ID analysis demonstrated a modest increase in
mitochondrial membrane depolarization in C33A pE6* cells
compared to C33A control cells. Mitochondrial membrane
depolarization was detected by the FL-1 channel and is
indicated by the migration of carbocyanine dye out of the
organelle (Figure 7A, left bars and histogram). Additionally,
our data suggest an increase in energized mitochondria in
C33A pE6* cells compared to controls, as shown by the FL-
2 channel (Figure 7A, right bars and histogram). The FL-2
channel detects orange fluorescence caused by dye
aggregation in mitochondria with an intact membrane
potential, therefore implying an increase in energized
mitochondria. Surprisingly, although proteomic analysis did
not detect changes in the expression of proteins involved in
mitochondrial dysfunction in SiHa pE6* cells as compared
to SiHa controls, Mito ID analysis of the MMP in SiHa cells
demonstrated that mitochondrial membrane depolarization
was modestly more pronounced in SiHa pE6* cells
compared to SiHa pFlag cells (Figures 7B, left bars and
histogram). This finding is indicated by an increase in
membrane permeability and a reduction in dye aggregation
in the organelle (FL-1 channel). Furthermore, SiHa pE6*
cells exhibited decreased orange fluorescence (FL-2 channel,
right bars and histogram), implying a less energized
population of mitochondria compared to SiHa pFlag cells. 

Increased DNA damage in C33A E6* and SiHa E6* cells
accompanies a reduction in GSH level. Increased reactive
oxygen species (ROS) due to mitochondrial dysfunction
causes cellular oxidative stress and DNA damage (17, 29).

Therefore, markers of oxidative stress, such as a decrease in
expression of antioxidant enzymes, or the presence of DNA
damage, can be harbingers of a cell population’s inability to
manage oxidative stress that surpasses the tolerance
threshold. We, therefore, employed the comet assay to
measure DNA damage and assessed GSH levels to estimate
antioxidant defense in E6*-expressing SiHa and C33A cells. 

Figure 8A shows representative images from the comet
assays performed on SiHa and C33A cells transfected with
pFlag or pE6*. We found that SiHa and C33A pFlag cells
had approximately the same amount of DNA damage and an
equivalent distribution of cells with minimal to medium
migration patterns (scores of 50-100 or 100-150,
respectively) (Figure 8B). However, when the E6*-
expressing cells were compared with each other and to their
pFlag controls, different trends emerge. SiHa pE6* cells
displayed the most severe DNA damage among the four
lines tested, with greater than ~60% of the cell population
displaying medium DNA damage (score of 100-150), and
the remaining 40% divided between undamaged and
minimal damage (scores of 0-50 or 50-100, respectively). In
contrast, the DNA damage observed in SiHa pFlag cells was
divided evenly into thirds between the varying levels of
comet tail lengths. Surprisingly, C33A pE6* cells displayed
slightly less medium DNA damage than did the C33A
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Figure 5. E6* overexpression reduces alkaline phosphatase (AP) levels
in SiHa but not C33A cells. Cell lysates were collected to measure AP
levels in triplicate, and the Great EscAPe SEAP Detection Kit by BD
Biosciences was used to detect E6*-mediated changes in AP expression
in cells. When AP was normalized against protein concentration, we
found that AP levels in SiHa pE6* cells were greatly reduced compared
to SiHa pFlag cells. No decrease in AP was detected in C33A cells. The
relative light units of triplicate measurements are presented in the
graphs, and error bars represent the standard deviations. *Significantly
different at p<0.05. 
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Figure 6. Expression of E6* in C33A cells affects mitochondria. A: Pathway analysis comparing over-/underexpression of proteins in C33A pE6*
cells compared to C33A pFlag cells indicates considerable involvement of the mitochondrial dysfunction pathway in E6*-expressing C33A cells.
Molecules affected by E6* in C33A pE6* cells include those associated with the protein complexes of the electron transport chain within
mitochondria, with the red color tones denoting increased expression in C33A pE6* cells. B: The oxidative phosphorylation canonical pathway,
which is closely related to the mitochondrial dysfunction pathway, also experienced changes in protein expression due to E6* expression in C33A
cells. Consistent with mitochondrial dysfunction pathway analysis, the oxidative phosphorylation pathway demonstrated increased levels of molecules
involved in the electron transport chain of mitochondria.



control cells, although C33A pE6* cells overall suffered
more minimal to medium DNA injury than did the C33A
pFlag cells. 

Interestingly, SiHa and C33A pE6* cells, with more DNA
damage compared to their controls, displayed significantly
lower GSH levels (Figure 8C; p<0.05). Therefore, the
findings presented herein further endorse the inverse

relationship between cellular DNA damage and antioxidant
capacity. Of note, GSH levels in C33A pE6* cells were the
lowest of all four groups of cells. This observation is
congruent with the fact that C33A pE6* cells are the most
likely to display DNA damage (9B), although the extent of
this DNA damage is less severe in these cells compared to
the other three cell lines. 
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Figure 7. Mitochondrial changes following E6* expression. Analysis of mitochondrial dysfunction by Mito ID assay and flow cytometry. Mito ID
detects changes in mitochondrial activity. A: E6* caused greater depolarization of mitochondria in C33A pE6* cells compared to those in C33A
pFlag cells. The FL2 channel, on the other hand, detected a substantial shift in orange fluorescence, inferring increased dye aggregation and
suggesting that a large population of mitochondria in C33A pE6* cells were energized. Mean Fluorescence Intensity (MFI). B: Mitochondrial
membrane depolarization in SiHa pE6* cells was augmented compared to SiHa pFlag cells, which is demonstrated by the detection of increased
green fluorescence in the FL1 channel. The increased mitochondrial membrane depolarization in SiHa pE6* cells was accompanied by a decrease
in energized mitochondria, as indicated by a decrease in the orange fluorescence signal detected by the FL2 channel. Triplicate measurements of
the mean fluorescence intensity of carbocyanine were performed to generate the bar graph. The mean fluorescence intensity of C33A pFlag and SiHa
pFlag cells was set at 100%. Error bars represent the standard deviations. *Significantly different at p<0.05. MFI: Mean fluorescence intensity.



Discussion

Over the years, major discoveries in virology and oncology
have allowed us to grasp the transformative impact of the E6
oncoprotein. Although a wealth of information exists
regarding the roles of full-length HPV16 E6 in pathways
involving apoptosis (30-34) and the mechanisms used by this
virus to evade the immune system (35), much less is known
of the activities of its splice variants that are present only in
HR-HPVs, collectively known as E6*. 

In this report, we analyzed the proteomes and cellular
pathways of HPV+ and HPV− cervical carcinoma cells
expressing HPV16 E6* to gain a better understanding of
the anti-oncogenic mechanisms by which E6* reduces
tumor formation, as previously reported (13). SiHa and
C33A cells were selected as models to determine how E6*
interacts with its cellular host in the presence and absence
of other HPV proteins. Because these two cell lines are
derived from very different patients with cervical
carcinoma and differ in both HPV status and p53 level
(C33A has mutant p53 and other structural abnormalities)
(36), we expected to see variations in the changes to the
cellular proteome observed following expression of E6*.
Indeed, proteomic analysis revealed that E6* produces
unique effects in different cellular environments. For
example, the top canonical pathways affected by E6* in
SiHa cells included the ILK pathway, whereas
mitochondrial dysfunction and OXPHOS pathways were
most affected in C33A cells (Tables I and II). 

Proteomic analysis demonstrated that the β-integrin
pathway via ILK was activated in SiHa cells (Table I, Figure
3A), but not in C33A cells that expressed E6* (Table II), and
immunoblotting analysis suggested that the level of β1-
integrin in SiHa cells was increased (Figure 3B). The
integrin family, in general, mediates interactions between the
extracellular matrix (ECM) and cells, as well as cell-to-cell
communications. Kindlin-1, a co-stimulatory molecule of
β1-integrin inside-out signaling (as well as a mediator for
outside-in communication) (37), was also up-regulated
(Figure 3C), and the increase in its expression is consistent
with the amplification of β1-integrin expression. Kindlin-1
is known to regulate actin cytoskeleton remodeling during
cell translocation, circumferential actin assembly and cell
spreading via Rho GTPase signaling (19). Therefore, we
probed further downstream of the β-integrin pathway and
found that E6* expression in SiHa cells reduced RhoA
GTPase expression, although this change was not as
prominent in C33A pE6* cells (Figure 3D). Importantly,
RhoA operates under the regulation of numerous molecules
to execute cellular changes. Changes in RhoA expression
mediated by kindlin-1 are reported to assist in actin
cytoskeleton remodeling and the formation of stress fibers
(19). Of note, RhoA is capable of integrating and transducing

cell-shape and soluble growth-factor cues into regulatory
signals that influence cell lineage (22), which may induce
the expression of early differentiation markers (19).
Interestingly, our data suggested that E6* may also slightly
increase RhoA levels in C33A pE6* cells, although direct
stimulation of RhoA by kindlin-1 in these cells was lacking
(Figure 3C). This may reflect subtle, yet significant,
differences in the upstream molecules controlling RhoA
activity and subsequent cellular behavior. For example, it has
been shown that changes in Rho activity mediated by kindlin
are distinct from Rho activity mediated by G protein-coupled
receptor or tumor necrosis factor (38-40). Such complexity
may be necessary for ubiquitous, downstream molecules.
Clearly, an E6*-mediated increase, via ILK, in ECM
interactions and in cell–cell communication would have the
potential to reduce tumor growth in SiHa cells.

The involvement of these particular proteins from the β-
integrin signaling pathway in our system inferred that cell
shape could be affected by the expression of E6*. Indeed,
morphological analysis allowed the detection of a visible
difference between SiHa pE6* cells, with reduced RhoA and
increased β1-integrin expression, and SiHa pFlag cells
(Figure 4A). These morphological observations are
harmonious with previous research linking cell spreading and
outward membrane protrusion to reduced RhoA activity and
cell migration (27), and these observed differences might be
attributed to changes in expression of β-integrin pathway
components mediated by E6*.

The expression of E6* in SiHa cells may, indeed, affect
cell differentiation factors by modifying the expression
pattern of β-integrin signaling molecules. According to our
proteomic data and supporting experiments, ALPP levels and
activity were significantly reduced in SiHa pE6* cells due to
the increased expression of E6* (Figure 5). ALPP is a
ubiquitous membrane-bound enzyme and is categorized into
a family of four isoenzymes, each with different functions
and biochemical properties. Some ALPPs can be found in
normal, as well as cancerous tissues (23). High ALPP is
correlated with pluripotency and undifferentiated cell
phenotypes, whereas low ALPP activity implies
differentiation (23). Moreover, ALPP is currently most
recognized and valued as a prognostic factor in cancer (such
as ovarian and colorectal carcinomas) (24, 25), with a
decrease in ALPP being defined as a positive indicator of
patient survival. A reduction in ALPP activity is reported to
accompany overexpression of the tumor suppressor protein
phosphatase 2 (PP2A) (41). Although our investigation did
not include validation of an E6*-mediated increase in PP2A,
a previous study reported the co-localization of β1-integrin
and PP2A (42). Furthermore, one investigation reported that
the up-regulation of colonic ALPP in response to
inflammation might serve as a protective mechanism against
oxidative stress (43), implying that the down-regulation of
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ALPP might render cells more susceptible to insult. Together,
these observations, as well as those studies classifying
certain forms of ALPP as stem cell markers and a target of
developmental and differentiation processes (23, 41), make

it a fascinating subject of study in the context of cancer
research. Therefore, the investigation of their expression in
diverse conditions could prove important, and this study may
assist in such efforts. 
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Figure 8. E6*-mediated changes in DNA damage and glutathione (GSH) levels. A: Measurement of DNA damage in SiHa and C33A cells by the
comet assay. Representative images from comet assay showing variations in tail length between E6*-expressing cells and control cells. SiHa pE6*
cells displayed the most severe DNA damage of all the groups. B: Percentage of cells with different degrees of DNA damage. SiHa pE6* and C33A
pE6* cells exhibited comparable levels of DNA damage overall. However, a greater percentage of SiHa pE6* cells had more severe DNA damage
than did SiHa pFlag, C33A pFlag, and C33A pE6* cells. C33A pE6* cells suffered more DNA injury compared to C33A pFlag cells, although the
distribution of the extent of DNA damage was different. C: Measurement of GSH level in SiHa and C33A cells by GSH-Glo assay. Although SiHa
pFlag cells displayed more glutathione than C33A pFlag cells, E6* appeared to reduce the amount of GSH in both SiHa and C33A cells proportional
to their initial levels of GSH. Triplicate measurements of GSH concentration were performed to generate the graph, and error bars represent the
standard deviations. *Significantly different at p<0.05. 



The mitochondrial dysfunction and OXPHOS pathways
are closely related and are profoundly affected by the
overexpression of E6*, particularly in C33A cells (Figure 6A
and B). The study of both pathways led to the conclusion
that electron transport chain complex molecules are highly
activated in E6*-expressing C33A cells compared to control
C33A cells. Our data showed that mitochondria in C33A
pE6* cells experienced more depolarization, and were more
energized compared to those in C33A pFlag cells (Figure
7A). It is possible that the up-regulation of electron transport
chain molecules, as seen in C33A pE6* cells, could reflect
the mitochondria’s attempt to adapt to the stresses imposed
by E6*-mediated increases in ROS production (17). Some
researchers speculate that certain conditions in the
mitochondria (such as alkalization) can cause transient
depolarization, which is repetitive and reversible (44),
leading to suppression of ROS generation (45). In fact,
protective mechanisms engaging the mitochondria have been
described in other types of epithelial-derived cancer (46).

We were somewhat surprised to find that mitochondrial
injury was greatest in SiHa pE6* cells, as determined by
Mito ID analysis (Figure 7B), since significant changes in
the associated protein levels were not detected by our
proteomic data when SiHa pE6* cells were compared to
SiHa controls. It is possible that the expression of E6* might
stress SiHa cells enough, through increased ROS (17), to
cause harm to mitochondria that is beyond repair. Therefore,

it is reasonable to suppose that such cells, experiencing
oxidative stress and continued ROS production, could
undergo sustained MMP (44), rather than less-damaging
transient depolarization. Therefore, these two mitochondrial
mechanisms might contribute to the different effects E6* has
on MMP in SiHa and C33A cells. 

The mechanisms regulating MMP fluctuations in
mitochondria have not been fully elucidated because the
dynamics controlling the depolarized and energized states are
highly complex. According to the mitochondrial life-cycle
model summarized in Figure 9 [see (47, 48)], our data may
suggest that mitochondria in C33A pE6* experience transient,
reversible depolarization, resulting in a larger population of
re-energized mitochondria, whereas those in SiHa pE6* cells
may suffer more harm by sustained depolarization. 

The differences detected in mitochondrial depolarization
between the SiHa and C33A cell lines may help explain cell
type-specific vulnerabilities to E6*-mediated increases in
oxidative stress. Our studies suggest that understanding the
role of mitochondrial dysfunction in cancer is essential to the
study of cancer cell behavior and possibly overcoming
therapy resistance (49). 

Boland et al. describe several types of mitochondrial
dysfunction that can occur in response to cell stress: i) loss
of MMP leading to membrane depolarization, ii) opening of
mitochondrial membrane pores causing mitochondrial
membrane permeability; iii) altered expression of molecules
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Figure 9. The mitochondrial life cycle. This schematic of the mitochondrial life cycle was adapted from Hyde and Twig et al. (30). E6*-mediated
changes in mitochondrial function may be cell-specific and may activate different mechanisms affecting cell survival and cell death in SiHa and C33A
cells. Mitochondrial dynamics are highly complex and determine the condition and fate of mitochondria within a cell. Mitochondria in the same cell
can be at different stages of the mitochondrial life cycle. Among the multiple states mitochondria can assume, mitochondrial membrane
depolarization is key and may be reversible. MMP: Mitohondrial membrane polarization. 



in the ETC (27), resulting in defective respiration and
oxygen consumption; iv) an imbalance in the expression of
mitochondrial versus nuclear proteins, leading to initiation
of the unfolded mitochondrial protein response; v) oxidative
damage of the mitochondrial genome; and vi) inappropriate
release of cytochrome c, causing pre-mature apoptosis (49).
Our proteomic studies, and the subsequent experiments
performed to validate those results, detected the first three
out of these six mechanisms of mitochondrial dysfunction,
although many of them overlap. For example, defective
respiration might be associated with mitochondrial
membrane depolarization, since the proton gradient is
coupled to the redox reactions occurring along the ETC and
is dependent on the MMP. This premise is further illustrated
by our own data, that show involvement of both the
OXPHOS and mitochondrial dysfunction pathways in C33A
cells under the stresses of E6* expression. 

While our study did not test the possibility that oxidative
stress caused by E6* induces mitochondrial DNA damage (see
mechanism v above), our data do show that E6*
overexpression increases nuclear DNA damage in both SiHa
and C33A cells, with the damage more severe in SiHa E6*
cells (Figure 9A and B). Intriguingly, nuclear DNA damage
has been linked to mitochondrial dysfunction in chronic
disease (50). Thus, we could speculate that the mitochondrial
dysfunction detected by Mito ID in SiHa pE6* cells (Figure
7B) may correspond to the increased severity of DNA damage. 

Because the cell is dependent on antioxidants for protection
from oxidative stress, GSH is essential for cell survival. Not
surprisingly, GSH levels were affected by E6* expression in
both SiHa and C33A cells (Figure 9C), as cellular oxidative
stress is well known to deplete the GSH level. However,
researchers are now realizing that a reduced GSH level may
also be an early marker of cell death and essential to apoptosis
(51). The same reports also state that GSH is accompanied by
cytochrome c release, suggesting the presence of a more
permeable mitochondrial membrane. Furthermore, studies
reveal that GSH interacts with the cytoskeleton through
glutathionylation, causing changes in organization and
function (52, 53). However, more research is required to
investigate whether E6* facilitates interactions between
antioxidant and cytoskeleton components. In any case, the
reduction in GSH seen following E6* overexpression in both
SiHa and C33A cells has the potential to predispose the
expressing cells to DNA damage and to apoptosis, thereby
potentially contributing to reduced tumor growth.

Additionally, it might be the fact that the increased level
of DNA damage in C33A pE6* cells, in particular, reaches
a degree of chronic oxidative stress that depletes GSH stores
to a greater extent (54). Because the GSH level in C33A
cells is lower than that in SiHa cells this observation may
highlight the influence and efficacy of additional intact
compensatory antioxidative stress mechanisms in C33A cells

other than those involving GSH (55). These mechanisms
may be more intrinsically linked to mitochondria, as
discussed earlier, evoking mitohormetic responses (56). 

Overall, our pathway analysis suggests that the mechanisms
by which E6* reduces tumor growth in SiHa cells may include
an increase in the activation of β1-integrin-mediated pathways,
thereby increasing ECM and cell–cell communication; reduction
of ALPP expression, thus enhancing differentiation and
sensitivity of expressing cells to insults; changes in
mitochondrial function and an increase in more severe DNA
damage, thereby compromising cell viability; and a decrease in
the protective molecule, GSH. E6* may reduce tumor growth in
C33A cells by increasing the amount of moderate DNA damage,
consequently forfeiting cell viability (but to a lesser extent than
the impact of DNA damage to SiHa cells). Overexpression of
E6* in C33A cells also reduces the level of GSH, which might
activate other protective responses not triggered in SiHa cells,
and involve mitochondrial dysfunction pathways. Differences in
the cellular response to E6*, as exemplified here, may also help
explain why SiHa pE6* tumors exhibited a greater growth
reduction than did C33A pE6* tumors, as previously reported
(13). This investigation has, therefore, added to our knowledge
of the cellular pathways through which HPV16 E6* influences
cell behavior, while suggesting possible avenues for explanation
into novel and effective therapeutic options. 

Conclusion

Among virus-associated malignancies, HPV-mediated
cervical cancer represents one of the best-defined models of
virus-mediated carcinogenesis. As such, the data presented
here reveal novel E6*-mediated changes to the cellular
proteome in HPV+ and HPV− milieus, allowing us to
compare and contrast the biological effects of E6* in
different cancer settings. We report that the overexpression
of E6* is capable of influencing components of the  
β-integrin and mitochondrial dysfunction signaling pathways
in SiHa and C33A cells, respectively. This investigation has
added to our knowledge of the cellular pathways through
which HPV16 E6* affects cell behavior. Furthermore, the
insights conveyed in this study could lead to new and
exciting directions for the role of E6* in cancer research.
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