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Background: Human papillomavirus (HPV), the major cause of cervical cancer worldwide,

is associated with infection of HPV (Oncogenic HPV). Cancer patients who develop drug

resistance are resulted in failure of chemotherapy.

Objective: We investigated the mechanisms for the HPV E6/E7 oncoprotein-mediated 5-

fluorouracil (5-Fu) sensitivity.

Methods: HPV-16 E6/E7 was transfected into human cervical cancer cell lines. Glycolysis

rate was assessed. Xenograft model was established to examine the in vivo therapeutic

effects of E6/E7 inhibition and 5-Fu treatments.

Results: The HPV-16 E6/E7 oncoprotein induces 5-Fu resistance in cervical cancer cells.

Overexpression of E6/E7 renders CaSki and SiHa cells resistant to 5-Fu treatments. We found

E6/E7 expressions were significantly upregulated in 5-Fu-resistant cells compared with parental

cells. Moreover, the cellular glycolysis rate was significantly increased in 5-Fu-resistant cells. The

glucose uptake, lactate production, and expressions of glycolysis enzymes were upregulated in 5-

Fu-resistant cells. We report the E6/E7-mediated 5-Fu resistance was through upregulation of

glycolysis pathway. Importantly, inhibition of E6/E7 by shRNA effectively decreased cellular

glycolysis and overcame 5-Fu resistance using in vitro and in vivo xenograft model.

Conclusion: Our study contributed to understanding the molecular mechanisms for HPV E6/E7-

mediated 5-Fu resistance and development of new therapeutic strategies against cervical cancer.

Keywords: human papillomavirus, Warburg effect, chemoresistance, 5-Fu, cervical cancer,

HPV E6/E7

Introduction
The human papillomavirus (HPV) is the major cause of cervical cancer worldwide.1

Currently, the association between cervical cancer and high-risk strains of HPV

(Oncogenic HPV) is widely studied.2 A bulk of human cervical dysplasia and cancers

result from persistent infection with oncogenic HPVs.3 In addition to the infection of

HPV to cervical epithelial cells, a variety of cofactors and cellular events determine

the development of cervical cancer.4 HPVs encode two oncoproteins, E6 and E7.5 It

is known that continuous expression of the E6 and E7 oncoproteins contributes to the

development of HPV-induced cervical carcinogenesis.6 However, the detailed mole-

cular basis for HPV E6/E7 carcinogenesis is still under investigation.

5-Fu, a pyrimidine analog modified by fluorination of uracil on position 5 of the

pyrimidine ring, is currently being administrated as a widely used anticancer

chemotherapy to treat cervical cancer patients.7 The primary mechanisms of 5-Fu
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have been well studied: a) direct incorporation of fluorour-

idine triphosphate into RNA to disrupt RNA synthesis;8–10

b) incorporation of fluorodeoxyuridine triphosphate and

deoxyuridine triphosphate into DNA;8–10 and c) inhibition

of thymidylate synthase (TS).8–10 However, a part of

patients with advanced cervical cancer eventually devel-

oped 5-Fu resistance despite some patients responded

initially to 5-Fu therapy.11 Thus, identifying molecular

mechanisms of 5-Fu resistance in cervical cancer patient

contributes to develop novel therapeutic strategies.

Recently, dysregulated cellular metabolism has been

intensively studied as a new “Hallmarker” that tumors

exhibit metabolic alterations which support their malig-

nant growth.12 Cancer cells, which prefer anaerobic

glycolysis as a source of energy rather than the more

efficient mitochondrial pathway of oxidative phosphor-

ylation even in the presence of oxygen.13 This is called

“Warburg effect”.14 In addition, studies reported that

cancer cells were more sensitive to glucose deprivation

or glucose metabolism inhibitor due to the dependence

on glucose as major nutrition and energy supply.15

Therefore, targeting dysregulated cellular glucose meta-

bolism has emerged as a new therapeutic strategy

against cancer.

In the present study, we sought to assess the effects

of human HPV-16 E6/E7 oncoprotein on the 5-Fu sen-

sitivity of cervical cancer cells. CaSki 5-Fu-resistant cell

line was established to investigate the molecular

mechanisms of 5-Fu resistance and the correlation

between HPV-16 E6/E7, cellular glycolysis, and 5-Fu

sensitivity using in vitro and in vivo xenograft model.

Our study will contribute to understand the molecular

mechanisms for HPV E6/E7-mediated 5-Fu resistance

and development of new therapeutic strategies against

cervical cancer.

Materials and methods
Cell culture
Human HPV16-positive (SiHa, CaSki) cervical cancer

cells were obtained from the American Tissue Culture

Collection (ATCC). Cells were cultured separately in

RPMI 1640 medium (Gibco, Carlsbad, CA, USA) with

10% fetal bovine serum and 100 IU/mL penicillin G and

100 μg/mL streptomycin (Sigma-Aldrich, Saint Louis,

MO, USA) at 37°C in a humidified atmosphere with

5% CO2.

Antibodies and reagents
Goat polyclonal anti-HPV16 E6 (sc-1584) and mouse

monoclonal anti-HPV16 E7 (sc-6981) were purchased

from Santa Cruz (Dallas, TXs, USA). Mouse monoclonal

anti-β-actin (A2228) was purchased from Sigma Aldrich

(St. Louis, MO, USA). Rabbit monoclonal anti-LDHA

(#3582), anti-HK2 (#2867), anti-Glut1 (#12,939), anti-

Akt (#9272), and anti-p-Akt S473 (#4060) were purchased

from Cell Signaling Technology Inc. (Danvers, MA,

USA). Akt inhibitor, LY294002 (#9901) was purchased

from Cell Signaling Technology Inc. (Danvers, MA,

USA). 5-FU was purchased from Sigma Aldrich (St.

Louis, MO, USA). Transfection reagents were purchased

from Invitrogen (Carlsbad, CA, USA).

Plasmid and siRNA transfection
Plasmid transfection was performed using the Lipofectamine

3000 reagent (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s protocol. The HPV16 E6, E7 were cloned

into pEF1a lentiviral vector and packaged in 293 LTV cells

according to previous report (16). siRNA transfection was

performed using the Lipofectamine™ RNAiMAX

(Invitrogen, Carlsbad, CA, USA) according to the manufac-

turer’s protocol. Three E6/E7 si/shRNA target sequences

were pooled for transfection. Individual sequences were as

follows: HPV16 E6/E7 #1, 5ʹ-CCGGACAGAGCCCAU

UACA-3ʹ; #2, 5ʹ-CACCUACAUUGCAUGAAUA-3ʹ; #3,

5ʹ-CAACUGAUCUCUACUGUUA-3ʹ. Seventy-two hours

post-transfection, cells were collected for downstream

experiments.

Total RNA isolation and qRT-PCR
RNA was isolated using TRIZOL methods according to

the manufacturer’s protocols. For cDNA synthesis, reverse

transcription of 1 μg RNA was carried out by the

PrimeScript RT Reagent Kit (TaKaRa Biotechnology,

Dalian, China). qRT-PCR reactions were performed using

the SYBR Green PCR Master Mix (Bio-Rad, Hercules,

CA, USA) according to the manufacturer’s protocols. The

thermal cycling conditions were as follows: 95°C for 30 s;

40 cycles at 95°C for 5 s, 60°C for 31 s; and a final

dissociation stage. All of the reactions were performed in

triplicate in an ABI PRISM 7300 real-time PCR system.

Primers used were as follows: Glut1: forward: 5ʹ-

AACTCTTCAGCCAGGGTCCAC-3ʹ and reverse: 5ʹ-CA

CAGTGAAGATGATGAAGAC-3ʹ; HK2: forward: 5ʹ-AT

TGTCCAGTGCATCGCGGA-3ʹ and reverse: 5ʹ-AGG
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TCAAACTCCTCTCGCCG-3ʹ; LDHA: forward primer,

5ʹ-AGCCCGATTCCGTTACCT-3ʹ and reverse primer: 5ʹ-

CACCAGCAACATTCATTCCA-3ʹ; β-actin: forward: 5ʹ-

CCAAAGCAACCGTGAGGA-3ʹ and reverse 5ʹ-CCA

GAGGCGTACAGGACA-3ʹ. β-actin was used as an inter-

nal standard. Relative mRNA expressions were calculated

by 2−ΔΔCt method. All experiments were performed in

triplicate and repeated three times.

Cell viability
MTT assay representing the percentage of cell viability

induced by increasing drug concentrations was per-

formed to assess cell viability according to the previous

report.16 SiHa and CaSki cells were seeded into 96-well

plates (1000 cells/well) for 24 hrs before MTT assay.

The 3-(4,5-dimethylthiazol-2-yl)−2, 5-diphenyltetrazo-

lium bromide reagent (Sigma, St. Louis, MO) (20 mg/

mL) was added into cell culture medium, which was

removed 4 hrs later and 100 µL DMSO was added.

After incubating at room temperature with light preven-

tion for 2 hrs, the absorbance values were measured at

570 nm. Experiments were performed in triplicate and

repeated three times.

Measurements of glycolysis rate
The glucose uptake and lactate production were deter-

mined using the Glucose Uptake Colorimetric Assay

kit (cat. no. K676-100; BioVision, Inc., Milpitas, CA,

USA) and the Lactate Colorimetric/Fluorometric Assay

kit (cat. no. K607-100; BioVision, Inc.) following the

manufacturer’s protocols. The relative of glucose and

lactate were normalized by cell numbers of each well.

The Extracellular Acidification Rate (ECAR) was mea-

sured using the XF24 Extracellular Flux Analyzer

(Seahorse Bioscience, North Billerica, MA, USA).

Cells (3.5×104/well) were plated in XF24 cell-culture

microplate and incubated 24 hrs. Culture medium was

replaced with XF assay medium containing 2 mM L-

glutamine. ECAR was measured by sequential addition

of glucose, oligomycin (2.5 μM) and 2-deoxyglucose

(100 mM) in an XF24 flux analyzer. Reading from

each well was normalized by protein concentrations.

Each experiment was performed in triplicates and

repeated three times.

Western blot
Cells were collected and directly lysed with RIPA buffer

containing protease inhibitors cocktail from Sigma Aldrich

(St. Louis, MO, USA). After 30-min incubation on ice, cell

lysates were centrifuged at 12,000 g for 15 mins at 4°C and

the supernatants were collected. Protein concentration was

determined by Bradford assay. Equal amounts of protein

samples were separated by SDS-PAGE (15%) and then

transferred onto the nitrocellulose membrane (BioRad).

Following blocking with 5% BSA in TBS-T (TBS contain-

ing 0.1% Tween 20) at room temperature for 1 hr, mem-

branes were incubated with primary antibodies at 1:1000

dilutions at 4°C for overnight. Membranes were washed

three times and incubated with secondary antibody

(IRDye conjugated IgG, LI-COR) with 1:5000 dilutions in

TBS-T containing 5% BSA for 1 hr. The signals were then

detected with Odyssey Imaging System (LI-COR).

Tumor xenograft experiment
The BALB/c-nude mice (6–7 weeks old) were pur-

chased from Beijing Huafukang Bioscience Co. Inc.

(Beijing, China). Mice were housed in a barrier facility

on a 12-hr light-dark cycle with a constant temperature

(23–25°C) and humidity (40–50%). Animal protocols

were approved by the Institutional Animal Care and

Use Committee animal facility at the Tianjin Third

Central Hospital and were performed in accordance

with the guidelines of the “UK Animals (Scientific

Procedures) Act 1986”. Mice were injected subcuta-

neously into a mouse mammary fat pad with 0.2-mL,

0.5×107 CaSki 5-Fu-resistant cells. When the tumor

reached a size of greater than 150 mm3, mice were

randomly divided into four groups (each group, n=9)

as follows: PBS control; 5-Fu alone [10 mg/kg intraper-

itoneal (i.p.), 2 times/week], E6/E7 shRNA [intratu-

moral, 2 times/week] and 5-Fu plus E6/E7 shRNA.

Tumors developed in mice were measured 2 times a

week with calipers. The volume was calculated with

the following formula: V = (length×width2)/2.

Statistical analysis
Statistical analysis was performed by GraphPad Prism 6.0

(GraphPad Software, La Jolla, CA, USA). The Student’s t-

test was used to analyze the statistical significance

between two groups. The comparison of variance in multi-

ple groups was analyzed by one-way ANOVA. p-values of

p<0.05 (*), p<0.01 (**), and p<0.001 (***) were consid-

ered statistically significant.
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Results
HPV16 E6/E7 oncoproteins contribute to

5-Fu resistance in cervical cancer cells
We started to exam the potential roles of HPV E6/E7 in

chemosensitivity. Two HPV16-positive human cervical can-

cer cell lines, SiHa cells were treated with 5-Fu at 0, 25, 50,

100, and 150 µM and CaSki cells were treated with 5-Fu at 0,

0.5, 1, 2, and 4 µM for 24 hrs, respectively. Notably, viral E6/

E7 expressions detected by qPCR were efficiently sup-

pressed by 5-Fu treatments in both cells (Figure 1A, B),

suggesting the HPV E6/E7 might be targets of anti-cancer

agents. To investigate the effects of E6/E7 oncoprotein on 5-

Fu sensitivity, we induced the E6/E7 expressions in CaSki

and SiHa cervical cancer cell lines by transient transfection

of E6/E7 overexpression plasmid (Figure 1C). Cells with or

without E6/E7 oncoprotein overexpression were treated with

elevated 5-Fu concentrations for 48 hrs. As we expected,

ectopic overexpression of E6/E7 significantly decreased

5-Fu sensitivity of cervical cancer cells (Figure 1D). Taken

together, the above results demonstrated overexpression of

oncoproteins E6/E7 contributed to 5-Fu resistance of cervical

cancer cells.

5-Fu-resistant cervical cancer cells display

upregulated E6/E7 expressions and

glycolysis rate
In line with the above findings that ectopic E6/E7 promoted

5-Fu resistance, we asked questions that whether endogenous

E6/E7 expressions were correlated with 5-Fu resistance. To

test this, CaSki cells were treated with gradually elevated

concentrations of 5-Fu to select cervical cells which devel-

oped 5-Fu resistance.17 Results in Figure 2A showed CaSki

5-Fu-resistant cells were less sensitive to 5-Fu treatments at

4, 8, 16, and 32 µM, compared with their parental cells. The

5-Fu-resistant cells obtained a higher IC50 (52.05 µM) than

parental cells (5.21 µM). As we expected, the E6/E7 protein

expressions were significantly upregulated in 5-Fu-resistant

cells compared with their parental cells (Figure 2B),
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suggesting E6/E7 might be targets of 5-Fu against 5-Fu

resistance. It was known that dysregulated cellular glucose

metabolism was a hallmarker of cancer cells and correlated

to chemosensitivity (12–15).12–15 To further investigate the

underline mechanisms of the E6/E7-mediated 5-Fu sensitiv-

ity, we assessed the cellular glucose metabolism of 5-Fu-

resistant cells. Compared with their parental cells, 5-Fu-

resistant cells showed increased extracellular glycolysis

rates: the glucose uptake and lactate production were signifi-

cantly higher in 5-Fu-resistant cells (Figure 3A). To further

document the dynamic glycolysis capacity of CaSki parental

and 5-Fu-resistant cells, we measured extracellular acidifica-

tion rate (ECAR) using Seahorse XF24 Extracellular Flux

analyzer. As shown in Figure 3B, the ECAR was signifi-

cantly higher in 5-Fu-resistant cells compared to parental

cells, consistent with the glucose uptake and lactate produc-

tion results. Moreover, we observed that the 5-Fu-resistant

cells had upregulated glycolytic speed-limit enzymes (Glut1,

HK2, and LDHA) (Figure 3C, D). Taken together, the above

results demonstrated a positive correlation between 5-Fu-

resistant, E6/E7 expressions, and cellular glycolysis rate.

Inhibition of the E6/E7-mediated

glycolysis sensitizes 5-Fu-resistant cells
To assess the potential synergistic effects of glycolysis and 5-

Fu in cervical cancer cells, we asked whether inhibiting the

E6/E7-regulated glycolysis could counteract 5-Fu resistance

of cervical cancer cells. CaSki 5-Fu-resistant cells

were transfected with E6/E7 shRNA or glycolysis inhibitor,

2-deoxy-D-glucose (2-DG) at 1mMand 5-Fu at 0, 2, 4, 8, 16,

or 32 µM for 48 hrs. Resistant cells with E6/E7 shRNA or 2-

DG treatments showed significantly increased 5-Fu sensitiv-

ity (Figure 4A, B). Obviously, we detected glucose uptake

and lactate production of 5-Fu-resistant cells were signifi-

cantly attenuated by E6/E7 knockdown or glycolysis inhibi-

tor treatment (Figure 4C, D). Furthermore, expressions of

glycolysis enzymes were significantly decreased in CaSki 5-

Fu-resistant cells with E6/E7 shRNA or 2-DG treatments

compared with control cells (Figure 4E, F). Taken together,

these results directly support the oncoprotein E6/E7-pro-

moted cellular glycolysis is a therapeutic target against 5-

Fu resistance in cervical cancer.

E6/E7 promotes 5-Fu resistance through

upregulation of Akt-glycolysis axis
To investigate the molecular mechanisms for the E6/E7-pro-

moted cellular glycolysis, we assessed the Akt pathway of

cervical cancer cells with or without E6/E7 overexpression.

Results from Figure 5A–D demonstrated significantly

increased phosphorylation of Akt and upregulation of Glut-1,

HK2, and LDHA by E6/E7 overexpression in CaSki and SiHa

cells. Moreover, this stimulation by E6/E7 was blocked by
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specific Akt inhibitor-LY294002 (Figure 5A and B). These

results suggested E6/E6 upregulated Akt pathway, led to

increased glycolysis rate of cervical cancer cells. We next

addressed the question whether the E6/E7-mediated 5-Fu

resistant is through the upregulation of cellular glycolysis. In

this case, we analyzed the glycolysis rate between control and

E6/E7 overexpressed cervical cancer cells. CaSki and SiHa

cells with E6/E7 overexpression displayed increased glucose
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uptake and lactate production rate (Figure 5E, F). To investi-

gate whether the E6/E7-mediated Akt-glycolysis upregulation

results in 5-Fu resistance, we assessed the 5-Fu sensitivity of

CaSki and SiHa cells with or without E6/E7 overexpression

co-treated with Akt inhibitor or glycolysis inhibitor, 2DG. As

we expected, inhibition of Akt or glycolysis apparently
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sensitized CaSki and SiHa cells to 5-Fu treatments

(Figure 6A–D). Importantly, although E6/E7 overexpression

rendered cervical cancer cells resistant to 5-Fu, Akt or glyco-

lysis inhibitor treatment overcame 5-Fu resistance of E6/E7

overexpressing cells (Figure 6A–D). The 5-Fu IC50 of E6/E7

overexpressed cells with Akt inhibitor or 2-DG treatment

was lower than that of parental cells with 5-Fu treatments

alone. These results strongly demonstrated that the

E6/E7-promoted 5-Fu resistance was through upregulation of

Akt-glycolysis axis.

Efficacy of combined E6/E7 inhibition and

5-Fu treatment on subcutaneous cervical

tumors
Given that E6/E7-mediated cellular glucose metabolism is

crucial in cervical cancer 5-Fu resistance, we explored the

therapeutic efficacy of the combination of E6/E7 inhibition

and 5-Fu using xenograft mouse models. E6/E7 shRNA

from retrovirus alone, 5-Fu alone, or the combination of

E6/E7 shRNA and 5-Fu were intravenously injected into

nude mice bearing established subcutaneous tumors from

CaSki 5-Fu-resistant cells. The effects on tumor growth

were monitored. Results showed that systemic delivery of

E6/E7 shRNA alone or 5-Fu alone resulted in a moderate

decrease in tumor burden compared with treatment with

control vehicle (Figure 7A). As we expected, the anti-

tumor effect of treatments with E6/E7 shRNA plus 5-Fu

was more pronounced than other therapeutic options

(Figure 7B). The tumor volumes were smaller with the

combined treatments than E6/E7 shRNA or 5-Fu alone,

consistent with our in vitro results (Figure 7C). In addi-

tion, significant reduction in glycolysis enzymes was

observed in the tumor xenografts of E6/E7 shRNA plus

5-Fu treatment mice (Figure 7D, E, F). Taken together,

these in vivo results strongly supported that inhibiting the

E6/E7-mediated glycolysis contributes anti-5-Fu resistance

in cervical cancers.

Discussion
Cervical cancer, one of the most common women cancers

in the world, is tightly associated with infection by human

papillomavirus.1–5 The continuous expression of the viral
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E6/E7 oncogenes is essential for HPV-positive cervical

cancer cells growth.6 Thus, identification of the cellular

targets attacked by the viral oncogenes is of high interest

to explore new molecular pathways for therapeutic inter-

vention. This study investigated the roles of HPV E6/E7 in

regulating cellular metabolism and 5-Fu sensitivity of cer-

vical cancer cell.

Strong evidence suggests that cancer cells depend on

anaerobic glycolysis for energy source as well as meta-

bolic intermediates to develop tumors.12–14 Studies have

reported association of cellular glucose metabolism altera-

tions and cervical carcinoma with an increase in lactate

dehydrogenase activity.18 It was known that HPV E6/E7

activated cancer oncogenic signals, such as the AKT-

mTOR-associated pathways,16 while inactivated the p53

and pRb tumor-suppressive pathways,19 suggesting HPV

E6/E7 might regulate cellular glucose metabolism of cer-

vical cancers. Recent studies revealed cervical cancer cells

with HPV infection were more glycolytic with elevated

HK2, LDH, and PKM2.20 We found overexpression of

HPV-16 E6/E7 promoted glycolysis and knockdown E6/

E7 significantly suppressed glycolysis rate of cervical

cancer cells, those results were consistent with previous

report.

5-Fu, a pyrimidine analog modified by fluorination of

uracil on position 5 of the pyrimidine ring, is currently

being administrated as a widely used anti-cervical cancer

chemotherapy to achieve optimal response and postopera-

tive survival.8–10 However, in many cases, the HPV carry-

ing cervical cancer cells generated 5-Fu resistance and the

molecular mechanism of 5-Fu resistance remains unclear.11

Multiple groups reported elevated glycolysis of cancer cells

contributes to the acquired 5-Fu resistance,21–23 indicating

targeting glycolysis pathway might be an effective strategy

against chemo-resistance. We demonstrated an HPV E6/E7-

glycolysis-5-Fu resistance pathway, presenting a new mole-

cular mechanism responsible for the chemosensitivity of

cervical cancer. From the established 5-Fu-resistant cervical

cancer cell line, we showed 5-Fu-resistant cells displayed

upregulated E6/E7 expressions and increased glycolysis

rate. In addition, inhibiting glycolysis overcame the

obtained 5-Fu resistance in E6/E7 ectopic overexpressing

cervical cancer cells, suggesting that dysregulated glycoly-

sis acts as a downstream cellular process of E6/E7 onco-

protein, leading to develop E6/E7 inhibition as a new

strategy against elevated glycolytic pathway for sensitiza-

tion of cervical cancer cells to 5-Fu.

In summary, this study revealed the elevated glycolysis

in HPV E6/E7 overexpressed cervical cancer cell, leading

to 5-Fu resistance. From in vitro and in vivo experiments,

we demonstrated inhibition of the E6/E7-mediated glyco-

lysis facilitated overcoming 5-Fu resistance. Thus, target-

ing cellular glucose metabolism may be a valid therapeutic

strategy to reduce or eliminate chemoresistant tumors.
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