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Abstract

Aims: To examine molecular and metabolic consequences of HPV-16 viral- protein E6, which
targets p53 for degradation, in A2780 (ovarian cancer) cells. Methods: Isogenic derivatives
of A2780 cells, with empty-vector (E6-) or E6 (E6+) transfection, were cultured. Intracellular
metabolites, fatty acids, and the flux of glutamine, glucose, alanine and lactate in proliferation
(Day 2) and confluence (Day 4) were determined using MRS. Western blotting confirmed
p53 status, protein expressions related to AKT, ERK and mTOR signalling, and phospholipid
metabolism. Results: Growth rate was slower in E6+ cells compared with E6-, resulting in
reduced glycolysis, amino acid uptake and fatty acid synthesis. Glutamine metabolism,
glycerophosphocholine (GPC), and protein expressions of cytosolic PLA2 (cPLA2) and p-cPLA2
increased in E6+ cells. Despite decreased ERK and AKT signalling, expression of S6RP and
p-S6RP downstream of mTOR remained unaffected in E6+ cells. E6+ cells were more invasive
and migrate faster than the E6- cells. Conclusion: E6+ had slower growth than E6- cells
with reduced metabolism, but E6+ cells maintained cellular homeostasis through glutamine
metabolism when compared with E6- at Day 2. The ability to migrate and form larger colonies
may provide the E6+ cells with a growth advantage.
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Introduction

Four out of five women will acquire human papilloma virus (HPV) infection at some
point in their lives. Of the 100 types of HPVs identified, approximately 30 to 40 infect genital
tract mucosa and are categorized as either low- or high-risk, the former being associated
primarily with benign genital warts, whereas the latter are associated with anogenital
cancers, especially cervical cancer [1]. The ability of HPV infections to cause cancer has been
attributed to the actions of the E6 and E7 proteins and their ability to manipulate cell cycle
regulators such as p53 [2]. Binding of the E6 protein to a cellular ubiquitin-ligase, the E6-
associated protein (E6-AP), which in turn binds the p53 protein [3] initiates p53 proteolysis
by the proteasome [4] through the ubiquitin complex of enzymes. The degradation of p53
results in bypassing of growth arrest signals at the G1/S and G2 /M checkpoints, which results
in the instigation of malignant transformation [2]. More recently p53 has been found to be
a key regulator of many important metabolic pathways to maintain metabolic homeostasis
and reported to play a role in glucose metabolism, mitochondrial respiration, glutaminolysis
and regulation of cell growth via interaction with the mTOR pathway [5].

In cervical cancer tissue, where the presence of HPV is common, magnetic resonance
spectroscopy (MRS) studies have demonstrated increased choline-containing compounds
and creatine, including a characteristic, intense methylene resonance at 1.3 ppm, compared
with non-cancer cervical tissue [6, 7]. Mobile lipid resonances (MLR) at 0.9 ppm and 2.0ppm
are also increased in cervical cancer compared to pre-invasive (CIN) tissue [8, 9]. However,
because of the prevalence of HPV infection in these patients, the metabolite patterns
specifically associated with the effects of viral proteins cannot be distinguished in these
tissue studies. Therefore, although it is expected that cells transfected with HPV E6 will have
reduced p53 expression and a subsequent increase of glycolysis [5, 10, 11] and activation
of signalling pathways to support increased growth rate with corresponding changes in
metabolism, the metabolic effects of HPV infection and subsequent p53 proteolysis are
poorly documented in cervical cancer. No studies documenting differences in the spectral
patterns between E6+ and E6- tissues have yet been described. Previous studies have shown
the ovarian cell line A2780 to be a suitable model for the functional changes observed due
to HPV infection, and to study the impact of E6 expression in cancer and cancer treatment
[12-15]. Therefore the purpose of this study was to examine the molecular and metabolic
consequences following transfection with the HPV-16 E6 protein in A2780 ovarian cancer
cells.

Material and Methods

Chemicals

All chemicals used were of analytical grade where applicable and purchased at the following
sources: Dulbecco’s Modified Eagle Medium (D-MEM, low and high glucose), Foetal Bovine Serum (FBS,
Heat-Inactivated) 100 X MEM non-essential amino acids (NEAA), NuPAGE® 4-12% Bis-Tris Gels, MES
Running Buffer, Transfer Buffer, 0.2pm nitrocellulose membrane and propidium iodide (1.0 mg/ml) all
from Invitrogen (now Life Technologies), Carlsbad, USA; RNase A (100 mg/ml) from Qiagen Gmbh, Hilden,
Germany; Puromycin dihydrochloride (Streptomyces alboniger) and Crystal Violet powder, both from Sigma-
Aldrich Gmbh, Steinheim, Germany; Bicinchoninic Acid (BCA) protein assay kit and SuperSignal® West Pico
Chemiluminescent Substrate from Thermo Scientific, Rockford, USA; Anti-p53 (Ab-6, Pantropic) Mouse mAb
from Calbiochem, Merck Nottingham, UK; Anti-mouse HRP-conjugate antibody from Biorad, Hertfordshire,
UK.

Cell culture

Human, ovarian cell lines kindly provided by Dr Michael I. Walton from the Institute of Cancer
Research were used. Isogenic cell line pairs were established by transfecting A2780 with either an empty
vector expressing puromycin resistance alone (plasmid F179) or a vector expressing HPV-16 E6 protein and
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puromycin resistance (plasmid F192). The success of the transfection process was assessed through p53
expression [15]. Both isogenic lines, E6- (empty-vector control) and E6+ (E6 transfected), were cultured in
D-MEM containing 10% FBS in 5% CO, and at 37°C. Construct expressing cells were selected for by using
2 pug/mL of puromycin for three days, after which the puromycin was removed and cells were given fresh
culture media and left for 48 hours to recover. For cell extract experiments, cells were trypsinized, diluted
with culture media to a total volume of 15 mL and portioned into 1-mL aliquots for cell cycle analysis (FACS)
for western blotting, a 2-mL aliquot for cell viability, and the rest used for extraction and MRS analysis.

Growth Curves

Doubling times and cell sizes were measured in E6- and E6+ cell lines atlog (Day 2) and confluent (Day
4) phases. These selected time-points reflected previous growth curve analysis which showed that at 2 days
post-seeding the cells were in the log phase of growth, whereas at 4 days they reached the confluence. To
establish the growth curves, the isogenic lines were seeded in T25 flasks with a density of 300,000 cells per
flask and harvested every day for five days with three flasks at each time point. Cells were trypsinized for 2
min at 37°C, diluted in 2.5 mL of culture media and counted on an automated system (Vi-Cell Cell Viability
Analyser, Beckman Coulter Inc, High Wycombe, UK). Once the log-phase was established, 2 million cells from
each line were seeded in T175 flasks and harvested at log phase and at confluence.

Cell cycle analysis with flow cytometry

In order to investigate the effect of E6 transfection on cell cycle, we performed fluorescence-activated
cell sorting (FACS analysis) on E6- and E6+ A2780 cells at Day 2 and 4. Harvested cells were washed 2 x 1
mL in cold PBS and centrifuged at 2000 rpm for 4 min at 4 2C. Cell pellets were resuspended in 100 pL cold
PBS and diluted to 2 mL with 70% of cold ethanol and stored at -20 °C until analysis. Cells were centrifuged
at 2000 rpm for 4 min at 4 °C, supernatant removed and pellet resuspended in 1 mL of PBS containing 100
pg/mL RNase A and 40 pg/mL propidium iodide. Cells were incubated for 30 min at 37°C and stored at 4 °C
until analysis on a BD LSR II flow cytometer with accompanying BD FACS DiVa software (version 6.1.3, from
BD Biosciences, Oxford, UK). Data were collected from 10,000 counts per sample.

Dual Phase Extraction of cells

In order to examine the metabolic consequences following the down-regulation of p53 by E6 protein,
examinations of metabolic profiles on E6- and E6+ A2780 cells were performed in the log phase (exponential
growth, Day 2), as well as the confluent state (Day 4) of the cells, as determined by the growth curves. Cells
were harvested and extracted by dual phase extraction procedures as previously described at these time
points [16].

IH-MRS of cell extracts and culture media

Water-soluble extracts were freeze-dried and reconstituted in 580 pL deuterated water (D,0, Sigma
Aldrich) and 20 pL of 0.75% sodium 3-trimethylsilyl-2,2,3,3-tetradeuteropropionate (TSP) in D,0 (Sigma
Aldrich) was added to the samples for chemical shift calibration and quantification [16]. 500 pL of the extract
solution was then placed in 5 mm NMR tubes and samples were pH to 9. Lipid extracts were reconstituted
in 450 pL deuterated chloroform (Sigma Aldrich) and 150 pL of 0.1% tetramethylsilane in deuterated
chloroform (Sigma Aldrich) was added to the samples for chemical shift calibration and quantification.
Culture media samples from the E6- and E6+ cells line at Day 2 and 4 were collected before cells were
harvested for cellular extractions. 500 pL of media sample and 50 uL of D,0 were placed in the NMR tube,
and 50 pL of 0.75% TSP in D,0 was added to the samples for chemical shift calibration and quantification.
Spectral assignments were based on literature values [17, 18].

TH-MRS was performed using a Bruker 500MHz spectrometer (Bruker Biospin, Coventry, UK) and
spectra were acquired with 7500Hz spectral width, 16K time domain points, relaxation delay 2.7s, 256
scans, temperature 298K. Spectral processing was carried out using the Bruker Topspin-2 software package
(Bruker Biospin, Coventry, UK). Metabolite levels are standardised to cell number and volume.

Western blot analysis
In order to investigate the mechanism that drives the growth characteristic and cellular metabolism in
the E6 transfected cells, we used western blots to examine the expression of various proteins in the c-MYC,

1462

KARGER


http://dx.doi.org/10.1159%2F000356583

Cellular Physiology Cell Physiol Biochem 2013;32:1460-1472

. . DOL 10.1129/000326283 © 2013 S. Karger AG, Basel
and B|OChem|stry Published online: November 28, 2013 www.karger.com/cpb

Chung et al.: Metabolomics Study of E6-Transfected Cells

AKT, ERK and mTOR signalling pathways and in the phospholipid metabolism pathways. E6- and E6+ cells
were harvested at Day 2 and 4 and cells centrifuged at 2000 rpm for 4 min at 4 2C. Medium was removed
and cells were washed in 2 x 1 ml PBS and centrifuged as above. The cell pellet was dissolved in 200 pL
lysis buffer (62.5mM Tris-HCl, pH 7.4, 2% SDS, 10% Glycerol and 1mM EDTA). Protein concentration was
determined using the BCA assay, followed by normalization and denaturation with f3-mercaptoethanol
at 80 °C for 15 min. Samples (15 pg) were then loaded onto 4-12% Bis-Tris gels and separated at 130V,
subsequently transferred onto a nitrocellulose membrane at 30V for 2 h, respectively. The membrane was
blocked in 5% w/v non-fat milk dissolved in 0.2% TBS-T (Tris Buffered Saline containing 0.2% Tween-20),
then probed overnight at 4°C for FASN (#3189, 1:100), cPLA (#2832, 1:1000), p-cPLA (#2831, 1:1000),
c-MYC (#9402, 1:500), p-AKT (#2965, 1:1000), AKT (#9272, 1:4000), ERK (#4695, 1:1000), p-ERK (#4370,
1:1000), S6RP (#2217, 1:1000), and p-S6RP (#2215, 1:1000; all ten from Cell Signalling), as well as MCT-1
(#sc-14916, 1:1000) and LDH-A (#sc-27230 1:1000; both from Santa Cruz Biotechnology) in 5% w/v BSA
in 0.2% TBS-T. Additionally, p53 (#0P43, 1:2000 from Calbiochem) and loading control GAPDH (#MAB374
1:10000 from Millipore) were used in 3% milk at RT for one hour. Following secondary anti-mouse (#170-
5047, 1:10000), anti-rabbit (170-5046, 1:10000) and anti-goat (#172-1034, 1:10000, all three from Bio-
Rad) incubation for 1h at RT, the membrane was visualized through chemiluminescence (SuperSignal West
Pico, Thermo Scientific).

Colony formation in agarose

2 X D-MEM (high glucose) was supplemented with 20% FBS, 20% penicillin-streptomycin and 2 X non-
essential amino acids. Low melting point agarose was dissolved in sterile PBS in 1.5% and 0.9% solutions
and then placed in a water bath to cool down to 37 °C. The 2 X D-MEM and 1.5% agarose were mixed 1:1
and 2mL of the mix was plated in each well in a 6-well plate. When solidified, an upper layer of 0.9% agarose
was mixed with 2X D-MEM (1:1) containing either E6- or E6+ cells and plated into the wells in 2 mL volume
corresponding to 3000 cells/well. Once the upper layer solidified, the embedded cells were moved into an
incubator. Once a week, 200 pL of 1 X D-MEM was added to the cells in order to prevent gels from drying.
Cells were left to grow for three weeks, after which they were fixed with 500 pL of 10% methanol and 10%
acetic acid in water. After 30 min the solution was removed and colonies were stained for one hour with
0.05% crystal violet in 10% methanol. Experiments were done in triplicate.

Migration Assay

Cell lines were seeded in a 6-well plate each and were allowed to grow in parallel in regular growth
media D-MEM until reaching confluence. The growth medium was then removed, cells were washed twice
with PBS and with a sterile pipette tip a line was carefully drawn across the bed of cells, removing them in
a path. Great care was taken not to damage the plastic surface, which would prevent cells from attaching
during migration. New medium was added to the cells, which were continuously monitored from then on.
Images were taken from the time of “scratching” up to 72 hours, when one of the cell lines covered the
barren area anew.

Statistical Analysis

Data are expressed as mean * SD. For comparison of metabolic flux, metabolite concentrations and
ratios, unpaired Student’s standard t-tests were used and Bonferroni corrections were applied. All statistical
tests were two-sided.

Results

Growth curve and cell size

The doubling time of E6+ A2780 cells was similar to E6- A2780 cells on day 2 (~24
hours), but it became about 11% longer in E6+ A2780 cells (~22 hours) than E6- A2780 cells
(~19.5 h; p<0.007), leading to approximately 32% lower cell densities in E6+ cells on day 4
of the culture (Day 2, E6+ 8.0+1.0x106 cells, E6- 8.7+1.0x106 cells; Day 4, E6+ 35.7+2.9x10°
cells, E6- 52.6+1.0x10° cells) (Fig. 1A). E6+ cells were on average 1.0 um larger in diameter
(12.940.2um) compared to the E6- cells (11.9+0.3 pum) on day 2 but the E6+ cell size
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Fig. 1. (A) Growth curve of A2780 E6- and E6+ cells. *p<0.01. (B) FACS analysis of the cell cycle of E6- and
E6+ cells in log phase of growth and at confluence (n=4 for each cell line). There was a significant increase
in the proportion of E6+ cells in G, (p=0.004), and significantly decreased in both S- (p=0.009) and G,/M-
phase cells (p=0.003) on Day 4 compared with Day 2. In E6- cells, a small, but significant increase in G, phase
(p=0.002) was observed on Day 4 when compared with Day 2. ** p < 0.01.
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decreased on day 4 (11.9+0.2 um), while the size of E6- cells remained unchanged on Day
4. The viability of the E6+ cells, at Day 2 and 4 was comparable, 95.9+2.8% and 92.4+1.6%,
respectively, as was the viability of E6- cells (93.9+2.4% on Day 2 and 90.8+1.1% on day 4).
Additional differences between the cell lines were the extent of adhesion, where E6+ formed
a strongly attached monolayer along the surface, whereas E6- accumulated in clusters that
easily detached from the flask.

Cell cycle analysis by flow cytometery

There was a significant increase in the proportion of E6+ cells in G, (p=0.004), and
significantly decreased in both S- (p=0.009) and G,/M-phase cells (p=0.003) on Day 4
compared with Day 2 (Fig. 1B). In E6- cells, a small, but significant increase in G, phase
(p=0.002) was observed on Day 4 when compared with Day 2 (Fig. 1B). There were no
significant changes observed in S- or G,/M-phase cell distributions. E6+ cells showed
significant increases in the S phase (p=0.0002) and G, /G, phase (p=0.009) at Day 2 and 4,
respectively, when compared with E6- cells.
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Day 2 Day 4
Metabolite E6- E6+ p E6- E6+ p
Concentration Mean + SD Mean + SD Mean + SD Mean + SD
(fmol/1000pum3 (fmol/1000pm3 (fmol/1000um3 (fmol/1000um3
cell) cell) cell) cell)

Threonine <0.0001 0.22 +0.01+ 0.23 +0.05 NS

0.39 +0.02 0.23 +0.03
Lactate <0.0001 1.12 + 0.08+ 0.36+0.12 <0.0001

0.42 +0.02 0.13 +0.04
Alanine <0.0001 0.60 + 0.03+ 0.49 +0.09° NS

0.43 +0.05 0.16 + 0.02
Glutamate 0.94 +0.03 0.46 + 0.05 <0.0001 0.70 + 0.04+ 0.62 +0.13 NS
Glutamine 0.22 +0.02 0.11 +0.02 0.0002 0.28 +0.02 0.25 + 0.04* NS
Phosphocholine 0.33+0.01 0.14 +0.01 <0.0001 0.15+0.01+ 0.18 +0.03 NS
GPC 0.03 +0.01 0.06 +0.01 0.0002 0.007 +0.002+ 0.03 +0.01* 0.0005
Glycine 0.014 + 0.002 0.005 + 0.001 0.0005 0.01+0.01 0.02 +0.01* NS
Creatine 0.13 +0.01 0.05 +0.01 <0.0001 0.08 +0.01+ 0.08 +0.01 NS
phosphocreatine 0.03+0.01 0.02+0.01 NS 0.04 +0.01 0.08 +0.03 NS
Myo-inositol 0.22 +0.02 0.06 +0.01 <0.0001 0.14 + 0.06 0.11+0.02 NS
Fumarate 0.003 +0.001 Not detected 0.0004 0.004 + 0.001 0.004 +0.01" NS
Histidine 0.019 + 0.008 0.005 + 0.005 NS 0.016 + 0.001 0.013 +0.002 NS
Tyrosine 0.037 £ 0.004 0.023 £ 0.002 NS 0.041 +0.002 0.023 £ 0.004 0.0002
Phenylalanine 0.062 + 0.003 0.048 + 0.006 NS 0.047 + 0.004 0.031 +0.003 0.0004
ATP + ADP 0.12+0.02 0.05+0.01 0.001 0.09+0.02 0.07 +0.01 NS
NADH + NAD 0.014 +0.003 0.013 +0.003 NS 0.018 + 0.002 0.017 +0.003 NS

Table 1. Water-soluble metabolites in E6- and E6+ cells at day 2 and 4. Significant differences between E6-
and E6+ at day 2 and 4 are shown. *indicate significant differences between Day 2 and Day 4 in E6- cells.
“indicate significant changes between Day 2 and Day 4 in E6+ cells. Data are Bonferroni corrected. GPC -
glycerophosphocholine

Metabolomic study of E6+ and E6- A2780 cells

'H-MRS spectra of water-soluble metabolites in cell extracts of E6- and E6+ at Day 2
are shown in Fig. 2. The quantified levels of low molecular weight water-soluble and lipid
metabolites at Day 2 and 4 from cell extracts of the E6- and E6+ cells are shown in Tables 1
and 2 respectively.

Longitudinal assessment of cellular metabolites in each cell line

Alongitudinalcomparisoninthe E6+cellsshowedincreasesincellularalanine (p=0.0005),
glutamine (p=0.0005), glycine (p=0.003), fumarate (p=0.0003), phosphatidylcholine
(p=0.001), saturated (p=0.002) and unsaturated fatty acids (p=0.001) and a decrease in
glycerophosphocholine (GPC, p=0.001) on Day 4 when compared with Day 2 (Table 1 and 2),
suggesting continued proliferation in these cells. In contrast, the E6- cells showed significant
increases in cellular threonine (p<0.0001), lactate (p<0.0001) and alanine (p=0.002), and
decreases in glutamate (p<0.0001), phosphocholine (p<0.0001), GPC (p<0.0001), creatine
(p=0.0002) and unsaturated fatty acids (p<0.0006) at Day 4 when compared with Day 2
(Table 1 and 2), indicating a slowing of their metabolism as they reached confluence.

Comparison of cellular metabolism and anaerobic glycolysis in E6+ vs. E6-cells at Day 2
At Day 2, cellular water-soluble metabolites (threonine (p<0.0001), glutamine
(p=0.0002), glutamate (p<0.0001), fumarate (p=0.0004), glycine (p=0.0005), phosphocholine
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Day 2 Day 4
Lipid/CDCls E6- E6+ E6- E6+
ratio Mean + SD Mean + SD Mean + SD Mean + SD
(/million of (/million of (/million of (/million of
1000pms3 cells) 1000pms cells) 1000pms3 cells) 1000ums3 cells)

CH3 FA 0.103 £ 0.016 0.048 + 0.002 0.0004 0.065 + 0.005 0.072 % 0.012 NS
(CHZ)n FA 0.74 +0.12 0.33 £ 0.02 0.0006 0.49 £ 0.05 0.55 + 0.08" NS
-CH2-CH2-CH= 0.085 + 0.012 0.038 + 0.003 0.0003 0.061 + 0.006 0.069 +0.001° NS
-02C-CH2-CH2- 0.065 +0.010 0.028 + 0.002 0.0004 (947 +0.005 0.053+0.007° NS
=CH-CH2-CH= 0.027 + 0.004 0.011 + 0.001 0.0002 4014+ 0.002¢ 0.014 + 0.003 NS
-CH2=CH2- 0.055 + 0.007 00240002 90001 443540003 0041+ 0006 NS
PtdE 0.004 + 0.001 0.002 + 0.001 NS 0.002 + 0.001 0.003 = 0.001 NS
ptdc 0.062 + 0.009 0.024 + 0.003 0.0003 0.058 + 0.007 0.056 + 0.010" NS
Triacylglycerol 0.003 +0.001 0.002 + 0.001 NS 0.004 + 0.001 0.004 + 0.001 NS
Plasmogen 0.001 + 0.001 0.001 + 0.001 NS 0.001 + 0.001 0.001+0001 NS

Table 2. Lipid metabolites in E6- and E6+ cells at day 2 and 4. Significant differences between E6- and
E6+ at day 2 and 4 are shown. *indicate significant differences between Day 2 and Day 4 in E6- cells.
indicate significant changes between Day 2 and Day 4 in E6+ cells. Data are Bonferroni corrected. PtdE -
phosphatidylethanolamine, PtdC - phosphatidylcholine

(p<0.0001), GPC (p=0.0002), creatine (p<0.0001), myo-inositol (p<0.0001) and ATP+ADP
(p=0.001), phosphatidylcholine (p=0.0003)) and lipid metabolites (saturated (p<0.0006)
and unsaturated (p<0.0005) fatty acids) were 2 to 3 fold lower in the E6+ when compared
with E6- cells (Table 1 and 2). This was accompanied by significantly lower uptakes of leucine
(p<0.0001), valine (p=0.0004), iso-leucine (p=0.0004), glutamine (p<0.0001), histidine
(p=0.0007), tyrosine (p<0.0001) and phenylalanine (p<0.0001) from culture medium in
E6+ compared to E6- cells (Fig. 3). The lower cellular metabolism is consistent with slower
cell growth and proliferation in E6+ compared to E6- cells during the log phase of growth.
At this time point E6+ cells also showed significantly lower cellular lactate (p<0.0001) and
alanine (p<0.0001), glucose uptake (p<0.0001) and lactate excretion (p<0.0001) in the
culture media compared with E6- cells indicating that E6-transfection in A2780 cells reduces
glucose metabolism and Warburg effect during the log phase of growth.

Comparison of cellular metabolism and glycolysis in E6+ vs. E6- cells at day 4

At Day 4, higher cellular GPC (p=0.0005) and lower cellular lactate (p<0.0001), tyrosine
(p=0.0002) and phenylalanine (p=0.0004) were observed in E6+ cells when compared
to E6- cells, while other cellular metabolites were not significantly different between the
two cell lines (Table 1). From the measurements of the culture medium, uptake of glucose
(p<0.0001), leucine (p<0.0001), valine (p=0.0002), iso-leucine (p=0.0001), glutamine
(p<0.0001), histidine (p<0.0001), tyrosine (p<0.0001), phenylalanine (p<0.0001) was
significantly greater and lactate (p=0.0002) and alanine (p<0.0001) excretion was higher
in E6+ cells compared with E6- cells at Day 4 (Fig. 3). No difference in cellular lipids was
observed between the two cell lines (Table 2). This indicates higher cellular metabolism in
E6+ than E6- cells at Day 4, likely due to the continued proliferation of E6+ cells whereas
cellular metabolism slowed in E6- cells as they reached confluence.
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Protein expression analysis

To investigate the mechanisms
responsible for the observed metabolic
changes, we examined the c-MYC and PI3K/
mTOR pathways, as well as expression of
LDH-A, MCT-1, cPLA2, p-cPLAZ2, and FASN. In
addition, E6- cells constitutively expressed
p53, whereas it was absent in the E6+ cells
at both Day 2 and 4, confirming reduced
level of p53 by the presence of E6 protein
(Fig. 4). Western blots for the expressions of
p53, c-MYC, AKT, p-AKT, ERK, p-ERK, S6RP,
pS6RP, LDH-A, MCT-1, cPLA2, p-cPLA2, and
FASN in E6+ and E6- cells at Day 2 and 4 are
illustrated in Fig. 4.

Assessment of mTOR c-MYC, AKT and

ERK pathways

Expression of c-MYC, p-AKT, ERK and
p-ERK was lower in the E6+ cells at Day 2
and 4 when compared with E6- cells at Day
2, indicating down-regulation of c-MYC, AKT
and ERK pathways in the E6+ cells with
no differences observed in the pS6RP and
S6RP expression. This indicates that the
downstream mTOR pathway is unaffected
(Fig. 4), and suggesting that mTOR activation
in the E6+ cells is independent of the AKT
and ERK pathways.

Decreased levels of p-AKT, p-ERK and
p-S6RP in the E6- cells at Day 4 compared
with Day 2, were consistent with the AKT,
ERK and mTOR pathways being down-
regulated as proliferation reduced and cells
reached confluence.

Anaerobic glycolytic enzyme expression

The expression of LDH-A was lower in
E6+ cells at both time-points when compared
with the control (Fig. 4). This was consistent
with the down-regulated c-MYC, AKT and
ERK pathways. The monocarboxylate
transporter-1 (MCT-1) expression was lower
in the E6+ cells at Day 2 but increased to
control levels by Day 4 (Fig. 4), consistent
with reduced lactate excretion at Day 2 and
enhanced excretion at day 4 in E6+ compared
with E6- cells. These findings together with
the metabolomic data indicate that the E6+
A2780 cells, with decreased level of p53, have
a reduced glucose metabolism and Warburg
effect at Day 2 compared with the E6- cells,
but that these metabolic effects increase at
Day 4.

IS
[]

*

[ Day 2 E3 Day 4

Metabolite ratios (E6+/E6-)

Uptake Excretion

Metabolites

Fig. 3. Metabolite uptake and excretion in the media
of E6- and E6+ A2780 cells at Day 2 and 4. Keys-
leucine (Leu); isoleucine (Iso-leu); valine (Val);
histidine (His); tyrosine (Tyr); glutamine (GIn);
alanine (Ala).

E6 - E6 +
20 4D 2D 4D
273 kDa — s FASN
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95 kDa — s  p-CPLA2
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Fig. 4. Westernblotanalysis of FASN, cPLA2, p-cPLA2,
c-MYC, AKT, p-AKT, p53, MCT-1, ERK, p-ERK, LDH-A,
p-S6RP and S6RP expressions in the cell lysates of
the E6- and E6+ A2780 isogenic cells collected at Day
2 and 4. GAPDH was used as a loading control.

.

Fig. 5. Representative images of colony formation
in agarose of E6- and E6+ cells with different
size-range.
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Fig. 6. Images of E6- (A) and E6+ (B) cells migrated through a 500um and 400um gap, respectively, at 0, 3,
8, 24 and 72 hours. The enlarged images showed the migration of E6- and E6+ cells at 72 hours.

Lipid metabolism

The decreased expression of fatty acid synthase (FASN) at Day 2 (which later increased
at Day 4) in E6+ cells compared with E6- cells (Fig. 4), was consistent with the levels of
saturated and unsaturated fatty acids observed at the two time points (Table 2). These
differences even out over time and become equivalent to what was observed in E6- cells at
Day 4, supporting the lower proliferation rates in the E6+ cells at Day 2 and the continued
proliferation at Day 4 when compared with E6- cells.

Protein expression of total cPLA2 and p-cPLA2 in both isogenic lines and time points,
was performed to investigate the reason for the persistently elevated levels of GPC in E6+
cells. The results confirmed a higher expression of total cPLA2 and p-cPLA2 at both time-
points in E6+ cells (Fig. 4), supporting that GPC synthesis from phosphatidylcholine in E6+
cells is catalysed by cPLA2.

Colony formation

Colony formation (Fig. 5) in agarose over a period of three weeks, revealed no statistical
difference between the two isogenic lines with 85 + 16 and 71 # 15 for E6+ and E6-,
respectively. The colonies were defined as below 30 nm, between 30-70 nm and above 70
nm. Colonies above 70 nm were also similar in numbers with a total of seven in E6+ and five
in E6- in all three cultures. However, the largest colonies, ranging between 100-180nm were
found in E6+, whereas the largest colony in E6- was 120 nm.

Migration Assay

Both cell lines reached confluence at the same day and were “scratched” at the same
time and monitored in parallel. Photographs were taken up to 72 hours post-scraping.
Neither of the cell lines had the ability to migrate to the barren area within the first 24 hours
(Fig. 6A and B) although they continued proliferating. The width of the line, which was 500
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pum in the case of the E6- cells, was reduced to about 300 um after 72 hours. Although small
islands of clustered cells had attached along the path, the contrast to the thickness of the
over-confluent surrounding suggests that virtually no, or very limited, re-growth has taken
place (Fig. 6A).

The more adherent cells (E6+) started attaching to the clear area after 24 hours and by
72 hours the line was re-grown, although only as a monolayer. Due to being more adherent,
the initial line width was 400 pm wide, compared to that of the E6- cells (Fig. 6B). Nonetheless,
even the E6+ cells continued to cluster in “patches”, not evenly as in the case of the E6- cells,
before migrating to the barren area.

Discussion

Our data indicate that despite the down-regulation of p53, E6+ cells grow more slowly
than the E6- cells at Day 2 and that this is accompanied by corresponding metabolic changes
associated with slower growth. Lower cellular metabolites along with reduced amino acid
and glucose uptake in E6+ cells compared to empty vector controls were seen during the
log phase of growth and became comparable with levels in the controls only when the latter
reached confluence. The decreases in growth rate and cellular metabolism in the p53 absent
E6+ A2780 cells were therefore surprising and unexpected. E6 and E7 in HPV type 16 are
reported to induce invasive and metastatic abilities of MCF7 and BT20 (non-invasive breast
cancer cell lines) in vitro and in vivo, respectively, in comparison with the wild type cells
[19]. E6 and E7 expressing cells also exhibit a significant metastatic activity compared with
the parental population cell lines [19]. In a clinical study of cervical cancer, E6 variants were
more prevalent in invasive cervical carcinoma, indicating that the E6 variants may be more
oncogenic than other variants and thus carry a higher risk for the development of invasive
cervical disease [20]. However, it may be that the effects on growth rate are dissociated from
the effects on ability to invade and metastasize.

The reduced glucose metabolism and Warburg effect in the E6+ cells as evidenced by
lower cellular lactate, lactate excretion and glucose uptake together with reduced LDH-A
expression at Day 2 are surprising following the down-regulation of p53 expression. Previous
studies have shown that the tumour suppressor p53 can reduce the glycolytic flux via various
routes [5, 10], such as down-regulation of glucose transporter expressions [21], inhibition of
NF-kB [11] and direct inhibition of glucose-6-phosphate dehydrogenase [22]. Despite lower
intracellular lactate, more lactate was excreted from the E6+ cells into the culture media than
the E6- cells on Day 4. This may be explained by the effects of the down-regulation of p53
increasing MCT-1 expression and enhancing lactate export [23].

mTOR signalling is a key pathway for protein synthesis and cell growth. This study
indicates that proliferation in the E6+ cells was maintained by an up-regulated mTOR
signalling pathway independent of the AKT and ERK pathways. This suggests that upstream
signalling pathways other than the PI3K cascade may activate/control the mTOR signalling.
Although outside the scope of this study, observations in the literature suggest a likely
candidate to be the Wnt pathway. Previous reports have shown that the E6 protein can
activate the Wnt pathway in the epidermis of transgenic mouse expressing full-length E6
oncoprotein [24], and in HPV16-positive oropharyngeal squamous carcinoma cells [25]. The
activation of the Wnt signalling pathway and of mTOR signalling has also been observed in
tumour samples from the E6 variants non-European cervical cancer patients [26].

Cellular homeostasis appeared to be maintained initially by glutamine metabolism
rather than glycolysis in E6+ cells. This is indicated by the significantly lower lactate excretion
(~33%), glucose uptake (~70%), and decreased levels of cellular glutamine and glutamate
(~50%), compared with the E6- cells. In addition, although glutamine uptake was only 10%
lower in the E6+ cells than in the E6- cells, the alanine excretion was quite similar (Fig. 3).
This suggests that cellular homeostasis in the cells with reduced p53 level, may be sustained
by glutamine metabolism rather than glycolysis at Day 2. When comparing the two cell lines
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at Day 4, on the other hand, glucose and glutamine uptake increases in E6+ (134% and 182%,
respectively) along with elevated excretion of lactate (124%) and alanine (325%), indicating
a switch in cellular homeostasis maintained by both glutamine metabolism and glycolysis in
E6+ cells at this time point. This is in line with previous reports showing that glutamine is
used for biosynthesis and mitochondrial metabolism in cancer cells, whereas lactate, alanine
and ammonia are produced following glutaminolysis [27-29].

GPC was higher in E6+ cells at both time points together with increased cPLA2 and
p-cPLA2 expression. GPC is synthesised from phosphatidylcholine and cPLA2 is the first
enzyme in this pathway. Cytosolic PLA2 was found to promote proliferation of vascular
endothelial cells and formation of a functional tumour vascular network [30, 31]. Decreased
cPLA2 has been shown to be associated with reduced proliferation and invasive migration in
lung and brain cancer. Itisrequired for pericyte recruitment and vessel maturation, thus plays
an important regulatory role in tumour angiogenesis [32]. Reduction in GPC was also found
in tumours following treatment with the vascular disruption agent, 5,6-dimethylxanthenone-
4-acetic acid [33] and the HDAC inhibitor, LAQ824, that caused a decrease in microvessel
density [34]. The consistently elevated levels of cPLA2, p-cPLA2 and GPC observed in the
E6+ cells suggests that either reduced level of p53, or the influence of the viral-protein E6
may be involved in the up-regulation of cPLA2 and p-cPLA2. The E6+ transfects may have
a growth advantage by its ability to migrate and formation of larger colonies compared to
the E6- cells. Further studies are required to investigate whether the increased expression
of cPLA2 and p-cPLAZ2 play a role in tumour genesis, invasion and migration of the E6+ cells
when compared to E6-.

Both these isogenic cell lines are already cancer cells with altered mechanisms that
give them growth advantages compared to normal cells, but it may also explain why the
observed differences between them are not so great. Even so, our results suggest that
additional alterations in cellular mechanisms as those attributed to the functions of the E6
viral protein, which targets p53 for degradation, seem to further enable cells into developing
a more aggressive and invasive characteristic.

Although several interesting observations were made, the present study has some
limitations. Firstly, we examined two time-points only and due to the slightly different
growth rate of the cells, the stage of confluence was not reached at the same time. The
confluent stage in the E6+ cells was closer to day five and thus the observed changes in cell
size were much smaller than those of the E6- cells, which had reached confluence at Day 4.
However, we did not want to confound results with the effects of apoptosis and necrosis that
inevitably occur post-confluence, so time points for measuring metabolic alterations were
therefore selected as Day 2 and Day 4. Secondly, we used only a single isogenic pair from a
cell line that is not normally associated with HPV infection. However, because cervical cancer
is almost always associated with HPV infection, the vast majority of cervical cancer cell lines
available already contain this virus incorporated into the genome with expression of the E6
protein. Existing HPV-negative cervical cancer cell lines have other genetic transformations
and altered metabolism compared with HPV-positive lines, hence a direct comparison
between them would not account for non-HPV related genomic and metabolic modifications.
In our isogenic model, the major difference was the presence of E6 protein making observed
differences mainly ascribable to the effects of the E6 oncogene. In addition, these cells
have previously been used in related studies as an acceptable model for the assessment of
HPV-infection in cervical cancer [12, 14]. However, viral oncogenesis in the presence of the
complete HPV genome would present much more complex effects on metabolism, as other
HPV oncogenes, such as E7 and E5, would also be expressed and they are known to affect
cellular proliferation and differentiation through diverse mechanisms [35].

Conclusion

Down-regulation of p53 rendered the E6+ cells somewhat slower in growth during a
proliferative state than their empty vector counterparts with a corresponding reduction
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in fatty acid and glucose metabolism. Cellular homeostasis was maintained through
glutaminolysis. However, despite their reduced growth rate, the ability to migrate, form
larger colonies and at slightly higher numbers given sufficient amount of time, suggests
that the E6+ cells may have a growth advantage and perhaps be more invasive than un-
transformed cells.
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