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Abstract
Background and objective: E6 and E7 proteins in human papillomavirus (HPV) 16 are major oncogenes in several types of

tumors, including lung cancer. Previous studies have demonstrated that both E6 and E7 oncoproteins can upregulate GLUT1 pro-

tein and mRNA expression levels in lung cancer cells. Thus, the present study aimed to investigate the main differences in the

molecular mechanisms of GLUT1 expression regulated by E6 and E7. Methods: The double directional genetic manipulation and

immunofluorescence were performed to explore the molecular mechanism of E6 or E7 upregulating the expression of GLUT1 in

H1299 and A549 cell lines. Results: The overexpression of E6 in well-established lung cancer cell lines upregulated thioredoxin

(Trx) protein expression. Notably, plasmid transfection or small interfering RNA transfection with E7 had no regulatory effect on

Trx expression. As an important disulfide reductase of the intracellular antioxidant system, Trx plays important role in maintaining

oxidative stress balance and protecting cells from oxidative damage. The overexpression of Trx increased the activation of NF-κB
by upregulating p65 expression and promoting p65 nuclear translocation, and further upregulated GLUT1 protein and mRNA

expression levels. The results of the present study demonstrated that E6, but not E7, upregulated GLUT1 expression in lung

cancer cells by activating NF-κB due to the participation of Trx. Conclusion: These results suggest that Trx plays an important

role in the pathogenesis of HPV-associated lung cancer, and propose a novel therapeutic target for HPV-associated lung cancer.
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Introduction
Human papilloma virus (HPV) is a circular double stranded
DNA virus, and its infection is associated with different types
of human diseases. The persistent infection of high-risk HPV
is closely associated with the occurrence of cervical cancer.1,2

With the rapid development of molecular biology, several epi-
demiology studies have confirmed that high-risk HPV16 is the
most common type of infection in the occurrence of cervical
cancer.3,4 The E6 and E7 oncoproteins in HPV16 are the
main carcinogens of the occurrence and development of cervi-
cal cancer.5 E6 mRNA-expression in HPV16, but not E7, is
positively associated with the severity of cervical intraepithelial
lesions,2 whereas E7 protein expression is able to differentiate

high-grade lesions from low-grade lesions via p16 expression.6

Whether the pathogenesis of HPV-associated lung cancer is
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consistent with that of cervical cancer remains to be further
studied. Although it has not been confirmed that HPV infection
is related to the occurrence of lung cancer in other states so
far,7,8 a considerable number of infection rates (37.22%) in
Asia, especially in China and Japan, are closely related to the
occurrence of lung cancer.9,10 It has been reported that the
tumor suppressor gene, p53, is the target gene of E6 protein11

and has a regulatory association with thioredoxin (Trx).12

Thus, it was speculated that there may be upstream and down-
stream regulatory associations between E6 and Trx. There are
similar theories in the pathogenesis of HPV-related lung
cancer and cervical cancer.13,14 Recently, we found that
HPV16 E6/E7 in lung cancer cells upregulated GLUT1
protein and mRNA expression levels.15 However, the molecu-
lar mechanism underlying the regulation of GLUT1 expression
via HPV16 E6/E7 remains unclear.

Trx is an important disulfide reductase in the intracellular
antioxidant system, which plays important roles in maintaining
oxidative stress balance and protecting cells from oxidative
damage.16 Increasing evidence suggests that Trx is a key mol-
ecule in the pathogenesis of different diseases, including lung
cancer, and it has the potential to be a therapeutic target for
these diseases.17–19 It has been reported that serum Trx expres-
sion is significantly increased in patients with NSCLC, and thus
may be used as a novel diagnostic and prognostic marker for
NSCLC.17–21 Another study demonstrated that Trx can activate
the NF-κB complex by regulating the subunit p65 of NF-κB in
the respiratory epithelium and initiation of the inflammatory
response.22 However, whether Trx has a regulatory effect on
p65 in lung cancer cells remains unknown. In recent studies,
we have made several findings: GLUT1 enhances NSCLC
cell proliferation, invasion, and migration but inhibits cell apo-
ptosis;23 GLUT1 is a downstream target gene of p65 in lung
cancer cells,24 and its expression is related to[18F]FDG uptake
in nonsmall cell lung cancer,25 playing an important role in
the glycolysis process of cancer cells26,27—namely, the
Warburg effect. In vitro studies have confirmed that both
GLUT1 and p16 have regulatory effects on EGFR expression,
but the effects are opposite.28 In patients with lung cancer,
p16 significantly affects the prognosis, especially in the early
stage.29 It is well known that even under aerobic conditions,
cancer cells will consume more glucose as energy supply
through glycolysis.30

The present study aimed to investigate that the molecular
mechanisms of GLUT1 expression regulated by E6 via the
HPV-Trx-NF-κB-GLUT1 axis. In particular, we explored the
difference between E6 and E7 in the regulation of Trx, and
the factors of Trx triggering the activation of p65, a subunit
of NF-κB in lung cancer cells.

Materials and Methods
This study was approved by the Ethics Committee of the First
Hospital of China Medical University.

Cell culture. Human lung adenocarcinoma cell lines (H1299
and A549), large cell carcinoma cell line (H460), and squamous

cell carcinoma cell line (SK) were purchased from the American
Type Culture Collection. H1299, A549, and H460 cells were main-
tained in RPMI-1640 medium (cat.no.12633012) supplemented
with 10% FBS (cat.no.16140071; both purchased from Gibco,
Thermo Fisher Scientific, Inc.), at 37 ˚C with 5% CO2. SK cells
were maintained in MEM medium (cat. On. SH30265.01; pur-
chased from Hyclone) supplemented with 10% FBS at 37 ˚C
with 5% CO2.

Cell transfection. The pEGFP-N1-HPV16 E6, pEGFP-N1-
HPV16 E7, and pEGFP-N1 plasmids13 were kindly provided by
Professor Xudong Tang from the Institute of Biochemistry and
Molecular Biology, Guangdong Medical College, (Guangzhou,
China). pCMV6-entry Trx was purchased from OriGene
Technologies, Inc. Empty vector and mock transfections served
as appropriate controls. HPV16 E6 small interfering (si) RNA
and HPV16 E7 siRNA were purchased from Guangzhou
RIBOBIO Co., Ltd, while Trx siRNA and p65 siRNA were pur-
chased from Santa Cruz Biotechnology, Inc. Disordered siRNA
was used as a nonspecific siRNA control.

Plasmids with the respective target sequences were transi-
ently transfected into cells using the Lipofectamine® 3000
transfection kit (Invitrogen P3000™; Thermo Fisher
Scientific, Inc.; cat.no.L3000075). Briefly, dissociated cells
that had reached 80% to 90% confluence were seeded into a
T-75 flask 24 h before transfection. Cells were counted using
standard trypan blue exclusion to guarantee cells were >90%
viable and had reached 70% confluence on the day of transfec-
tion. Cells were seeded into a 24-well plate at a density of 1.05
× 105 cells/well in 500 μL growth medium. Transfection was
performed according to the manufacturer’ protocol. A total
50 μL DNA-lipid complex with 500 ng DNA was added to
each/well. Reverse transcription-polymerase (RT-q) PCR anal-
ysis was performed 24 h post-transfection, while western blot
analysis was performed 48 h post-transfection.

For siRNA transfection, A549 cells were seeded at a density of 5
×104 cells/35-mmwell and cultured until they reached 60% to 80%
confluence. Following incubation for 24 h, siRNA was transfected
using Lipofectamine™ RNAiMAX reagent (Invitrogen; Thermo
Fisher Scientific, Inc.; cat.no.13778100). A total of 50 μL siRNA-
lipid complex with 5 pmol siRNA was added into each well,
according to the manufacturer’s protocol. Cells were further incu-
bated for 48 h and subjected to various analyses. The siRNA
sequences of HPV16 E6 small interfering (si) RNA (cat.no.
siB08523161420; RiboBio) and HPV16 E7 siRNA (cat.no.
siG1379163826; RiboBio) are GAGCTGCAAACAACTATAC
and GCTTCGGTTGTGCGTACAA, respectively.

Western blotting. Western blot analysis was performed as pre-
viously described.15 The following primary antibodies were used:
HPV16 E6 (cat.no.bs-0990R; 1:100; Bioss Biotechonlogy Co.,
Ltd), HPV16 E7 (cat.no.bs-0714R; 1:100; Bioss Biotechonlogy
Co., Ltd), Trx (cat.no.ab-109385; 1:1000; Abcam), p65 (cat.no.
#8242; 1:1,000, Cell Signaling Technology), GLUT1 (cat.no.
WL03141; 1:500, Wanleibio), and GAPDH (cat.no. #5174;
1:1000; Cell Signaling Technology).

RT-qPCR. Total RNA was extracted from cells using TRIzol®
reagent (Takara, Biotechnology Co., Ltd; cat.no.9108), following
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treatment. qPCR was subsequently performed using SYBR®
Premix Ex Taq II (Takara, Biotechnology Co., Ltd;
cat.no.RR820A.), according to the manufacture’s protocol. All
subsequent steps were performed as previously described.24 The
primer sequences used for qPCR are listed in Table 1.

Immunofluorescence. Immunofluorescence was performed
as previously described.18 H1299 cells were transiently trans-
fected with pCMV6-entry Trx vector. After Trx transfection,
the nuclear translocation of p65 was detected via immunofluo-
rescence. The cover slips were observed under confocal micro-
scope (Carl Zeiss, AG,× 200).

Statistical analysis. Statistical analysis was performed using
SPSS 22.0 software (IBM Corp). All experiments were performed
in triplicate and data are presented as the mean± standard devia-
tion. Analysis of variance and least significant difference test
were used to compare differences between two groups. P< .05
was considered to indicate a statistically significant difference.

Results
Screening of lung cancer cell lines. According to our previous
screening results, H1299 cells express E6 and E7 at low levels,

while A549 cells express E6 and E7 at high levels.15 The present
study detected Trx and p65 protein expression levels in H1299,
H460, A549, and SK cells. The results demonstrated that Trx and
p65 were expressed at low levels in H1299 and H460 cells, and
at high levels in A549 and SK cells (Figure 1A and B).

Overexpression of E6 increases the expression levels of Trx,
p65 and GLUT1. Transient transfection of H1299 with pEGFP-
N1-E6 vectors significantly increased E6 expression (P< .01).
In addition, elevated E6 levels significantly upregulated
GLUT1 protein and mRNA expression levels (P < .01), and
Trx (P< .01) and p65 (P< .05) protein expression levels
(Figure 2A).

Inhibition of E6 decreases the expression levels of Trx, p65,
and GLUT1. To further verify the regulatory effects of E6 on

Trx, p65, and GLUT1, A549 cells were transfected with E6-

specific siRNA to inhibit E6 expression. The results demon-

strated that GLUT1 protein and mRNA expression levels

were decreased (P< .01), but only Trx (P< .01) and p65 (P<

.05) protein expression levels were decreased (Figure 2B).
E7 plasmid transfection or siRNA transfection have no reg-

ulatory effect on Trx expression. Trx expression remained
unchanged following the transient transfection of H1299 cells
with pEGFP-N1-E7 vectors (P > .05). Similarly, Trx expression
remained unchanged following transfected of A549 cells with
E7-specific siRNA (P> .05) (Figure 2C and D).

Overexpression of Trx increases the expression levels of p65
and GLUT1. Trx expression significantly increased following
the transient transfection of H1299 cell with pCMV6-entry
Trx vectors (P< .01). In addition, elevated Trx levels signifi-
cantly increased GLUT1 protein and mRNA expression levels
(P< .01) as well as p65 protein expression levels (P< .05)
(Figure 3A).

Inhibition of Trx decreases the expression levels of p65 and
GLUT1. To further verify the regulatory effects of Trx on p65
and GLUT1, A549 cells were transfected with Trx-specific
siRNA. The resulted demonstrated that GLUT1 protein and
mRNA expression levels were decreased (P< .01), as well as
p65 protein expression levels (P< .05) (Figure 3B).

Table 1. Sequences and Features of Primers Used for RT-qPCR.

Gene Forward/Reverse Sequence Size(bp) mRNA

E6 270 GTATGGAACAACATTAGAACAGCAA 81 NC_001526.4
350 AGTGGCTTTTGACAGTTAATACAC

E7 482 GCATGGAGATACACCTACATTG 273 KX545363
754 TGGTTTCTGAGAACAGATGG

Trx 350 CCACCTTTTGCGTCTTTCGG 83 XM_005758078.1
432 CTCCACCAACGCCATAAGCG

P65 870 GCAGGCTCCTGTGCGTGTCT 286 NM_021975.3
1155 GGTGCTCAGGGATGACGTAAA

GLUT1 1071 CTGGCATCAACGCTGTCTTC 167 NM_006516.3
1237 GCCTATGAGGTGCAGGGTC

GAPDH 50 TTCTTTTGCGTCGCCAGCCGAG 71 XM_019023188.1
120 CCAGGCGCCCAATACGACCAAA

Abbreviations: mRNA, messenger RNA; qRT-PCR, quantitative reverse transcriptase-polymerase chain reaction.

Figure 1. Expression levels of Trx and p65. Western blot analysis was
performed to detect Trx and p65 expression levels in H1299, H460,
A549, and SK lung cancer cell lines. GAPDH was used as the internal
control. Trx, thioredoxin.
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Inhibition of p65 decreases GLUT1 expression. To further
verify the regulatory effects of p65 on GLUT1, A549 cells
were transfected with p65-specific siRNA. The resulted demon-
strated that GLUT1 protein and mRNA expression levels were
decreased (P< .01) (Figure 3C).

Overexpression of Trx promotes p65 nuclear translocation.
To further verify the regulatory effects of Trx on p65, H1299
cells were transiently transfected with pCMV6-entry Trx, and
the empty vectors served as controls. The results demonstrated
that the overexpression of Trx significantly promoted p65
nuclear translocation (Figure 4).

Discussion
In recent studies, we found that the overexpression of E6 or E7
in HPV 16 upregulated the expression levels of both hypoxia
inducible factor-1α and GLUT1 by inhibiting the activation

of RRAD and NF-κB in lung cancer cells.24 Hypoxia inducible
factor-1α is a helix transcription factor that participates in car-
cinogenesis and tumor growth through the regulation of glyco-
lytic metabolism and other biological mechanisms.31 The
mRNA expression levels of E6 or E7 are significantly higher
in lung squamous cell carcinoma cells compared with pneumo-
nia and tuberculosis cells.32 We also have reported that HPV 16
E6/E7 promote the glucose uptake of GLUT1 in lung cancer
through downregulation of TXNIP due to inhibition of PTEN
phosphorylation33 and that GLUT1 promotes the malignant
phenotype of NSCLC via the integrin β1/Src/ focal adhesion
kinase signaling pathway.23 However, whether E6 or E7 upre-
gulate GLUT1 expression through activation of NF-κB due to
upregulate Trx expression remains unclear.

The results of the present study demonstrated that the over-
expression of E6 upregulated GLUT1 expression through acti-
vation of NF-κB due to upregulated Trx expression. Notably,

Figure 2. Effects of E6 on the regulation of Trx, p65 and GLUT1 expression via (A) transfection and (B) siRNA transfection. Effect of E7 on the
regulation of Trx expression via (C) transfection and (D) siRNA transfection. Western blot and reverse transcription-quantitative PCR analyses
were performed to detect E6, Trx, p65, and GLUT1 expression levels in the lung cancer cell lines. *P < .05, **P< .01. Trx, thioredoxin; si, small
interfering; NS: nonspecific siRNA.
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E7 had no regulatory effect on Trx expression. To the best of
our knowledge, the present study was the first to demonstrate
that Trx is involved in HPV16 E6 in lung cancer cells, but
not E7, by upregulating GLUT1 expression through the activa-
tion of NF-κB. However, further studies are required to deter-
mine the specific regulatory effects of E6 on Trx. In addition,
since GLUT1 overexpression is the main determinant of the
Warburg effect, we will further investigate GLUT1 through
the study of the genes encoding lactate dehydrogenase unit
(LDHA or LDHB), and the genes encoding the main lactic
acid exporters (SLC16A1 or SLC16A3) in order to solve the
limitations of this study.

Recently, it has been reported that pyruvate kinase isozyme
type M2 regulates the activity of p65 subunit in the NF-κB
complex by promoting p65 to enter the nucleus.34,35 Another
study reported that PKM2 promotes glucose metabolism
through a let-7a-5p/Stat3/hnRNP-A1 regulatory feedback loop
in breast cancer cells.36 Trx can activate the NF-κB complex
by regulating the subunit p65 of NF-κB in the respiratory epi-
thelium and initiation of the inflammatory response.22 The

results of two-way regulation in the present study showed
that the overexpression of Trx only significantly increased the
level of p65 protein in lung cancer cells, this conclusion sug-
gests that the oncoproteins of Trx regulate HIF-1α protein
expression possibly through translational or posttranslational
mechanisms. Immunofluorescence analysis indicated that the
overexpression of Trx notably promoted p65 nuclear transloca-
tion in H1299 cells. Taken together, these results suggest that
the activation of p65 is triggered by two factors, increasing
p65 expression and promoting p65 nuclear translocation. In pre-
vious studies, we found that the expression level of p-p65
(serine 536) was closely related to the activity of p65.
However, there are some other sites of phosphorylation, we
do not have a comprehensive detection. Next, if we can
obtain all the phosphorylated antibodies of p65, we will make
a comprehensive evaluation of the expression levels of p-p65
to make up for the limitations of this study. Notably, the inhibi-
tion of p65 expression in A549 cells, downregulated GLUT1
protein and mRNA expression levels. These results were con-
sistent with previous findings in lung cancer cells.24

Figure 3. Effects of Trx on the regulation of p65 and GLUT1 expression via (A) transfection and (B) siRNA transfection. Effect of p65 on the
regulation of GLUT1 expression via (C) siRNA transfection. Western blot and reverse transcription-quantitative PCR analyses were performed to
detect Trx, p65, and GLUT1 expression levels in lung cancer cell lines. *P< .05, **P < 0.01. Trx, thioredoxin; si, small interfering; NS,
nonspecific siRNA.
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In conclusion, E6 and E7 are the two main oncoproteins in
HPV16. E6 is closely associated with the inhibition of cell apo-
ptosis, while E7 plays an important role in promoting cell pro-
liferation.37,38 Previous studies have failed to exhibit
differences in the regulatory effects of E6 and E7 proteins on
the occurrence of lung cancer.15,24,39 The results of the
present study demonstrated that HPV16 E6, but not E7, upregu-
lated GLUT1 expression in lung cancer cells through the activa-
tion of NF-κB due to upregulated Trx expression. Thus, E6
regulates of GLUT1 expression in lung cancer cells via the
HPV-Trx-p65-GLUT1 axis. Taken together, these results
suggest that Trx plays an important role in the pathogenesis
of HPV-associated lung cancer, and propose a novel therapeutic
target for HPV-associated lung cancer.
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