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High-risk human papillomavirus (HPV) infection play an important role in the
development of lung cancer. Our previously study showed that E6 and E7 in HPV16
upregulated the expression of GLUT1 in lung cancer cells. However, whether they can
promote the glucose uptake by GLUT1 and the underlying molecular mechanism has
not been identified. It has been reported that thioredoxin interacting protein (TXNIP)
regulates both the expression of GLUT1 and its glucose uptake. We speculate that high
risk HPV16 infection may be closely related to TXNIP expression. Therefore, we
associate HPV16 with TXNIP to explore the potential molecular mechanism of their
regulation of GLUT1 expression and glucose uptake. Using double directional genetic
manipulation in lung cancer cells, we showed that HPV16 E6/E7 proteins
downregulated the expression of p-PTEN in lung cancer cells, the knockdown of
PTEN further inhibited the expression of TXNIP, the inhibition of TXNIP further
promoted the accumulation of HIF-1a by inhibiting the translocation of nuclear HIF-1a
to the cytoplasm, and subsequently upregulated the expression of GLUT1 at the protein
and mRNA levels. More interestingly, we found that the knockdown of TXNIP played a
decisive role to promote the glucose uptake by GLUT1. Together, these findings
suggested that the PTEN-TXNIP-HIF-1a axis might be related to the E6/E7-mediated
expression of GLUT1 and its glucose uptake.
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INTRODUCTION

In 1980, Syrjänen first proposed the hypothesis of the role of
HPV infection in the occurrence of bronchosquamous cell
carcinoma (1). With the rapid development of molecular
biology technology and the deepening of lung cancer research,
researchers found that HPV16 is the main type of infection, in
which E6 and E7 proteins are the main oncogenes, and only
long-term persistent infection is closely related to the occurrence
of lung cancer (2–5). Although it has not been confirmed that
HPV infection is related to the occurrence of lung cancer in the
western population so far (6), a considerable number of infection
rates (37.22%) in Asia, especially in China, are closely related to
the occurrence of lung cancer (7). Lee et al., showed that oncogenic
HPV16 E6 inhibited the phosphorylation of PTEN at S380, which
resulting in loss of the activity of PTEN in cervical cancer (8).
However, the molecular mechanisms that regulate phosphorylation
of PTEN at S380—in response to the high-risk HPV16 E6/E7
oncogene—in lung cancer, are remain unclear.

Noted, phosphatase and tensin homolog (PTEN) has been
identified as a tumor suppressor gene that is mutated in a large
number of cancers at high frequency. Unlike most protein
tyrosine phosphatases, PTEN is known to preferentially
dephosphorylate phosphoinositide substrates. Activated PTEN
has been reported to be function as a tumor suppressor which
was negatively regulated in the Akt/PKB signaling pathway. Shen
et al., had suggested that PTEN might indirectly upregulate
TXNIP at the protein level by inhibiting the phosphorylation
of Akt, which triggered the activation of TXNIP in liver cancer
(9). However, the PTEN-mediated regulation of TXNIP in lung
cancer remains unknown.

Thioredoxin interacting protein (TXNIP), also known as
vitamin D3-upregulated protein (VDUP-1) (10), negatively
regulates glucose uptake of cells through a negative feedback
loop (11, 12). Wu et al. revealed that TXNIP was found both in
the nucleus and the plasma membrane (11). TXNIP located in
the nucleus may induce the nuclear export of HIF-1a by
enhancing the interaction between the von Hippel Lindau
tumor suppressor (pVHL) and HIF-1a. Subsequently, HIF-1a
was degraded by 26S proteasome complex in the cytoplasm (13).
According to our previous findings, inhibition of HIF-1a
significantly downregulated the expression of GLUT1 at both
the protein and mRNA levels in lung cancer cells (14, 15). Thus
we speculated that TXNIP eventually played the inhibition role
in glucose uptake function of GLUT1. The TXNIP located in
plasma membrane may inhibit the glucose uptake function of
GLUT1 through endocytosis (11).

The aim of current study was to elucidate the regulatory
mechanism between HPV16E6/E7, PTEN, TXNIP, HIF-1a, and
GLUT1 in lung cancer cells and provide a new strategy for the
treatment of HPV-related lung cancer. In the present study, we
revealed for the first time that both E6 and E7 proteins in lung
cancer cells induced the loss of PTEN activity and decreased the
expression of TXNIP as well. Subsequently the downregulated
TXNIP promoted the accumulation of HIF-1a in the nucleus,
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which further resulted in upregulated the expression of GLUT1
at protein and mRNA levels, and promoted the glucose uptake
of GLUT1.
MATERIALS AND METHODS

Cell Culture and Plasmids
H1299 and A549 cell lines used in this study were obtained from
ATCC (Manassas, VA, USA). Authentication of the cell lines was
verified using short tandem repeat (STR) profiling (for
certification, please refer to the supplementary information).
H1299 and A549 cells were cultured in HyClone (Logan, UT,
USA) RPMI 1640 medium containing 10% fetal bovine serum, at
37°C in a 5% CO2 humidified atmosphere. Before transfections
or interference, cells were cultured in a 6-well plate for 24 h.

Our previous results showed that H1299 is a low-E6- and E7-
expressing cell line, whereas A549 is a high-E6- and E7-expressing
cell line (13). The pEGFP-N1-HPV16 E6, pEGFP-N1-HPV16 E7,
and pEGFP-N1 plasmids were gifted by Professor Xudong Tang,
from the Department of Biochemistry and Molecular Biology,
Guangdong Medical College, China. HPV16 E6 siRNA (Si-h-
E6_001), HPV16 E7 siRNA (Si-h-E7_002), TXNIP siRNA (St-h-
TXNIP_001), and PTEN siRNA (St-h-PTEN_001) were
purchased from RiboBio (Guangzhou, China). Scrambled siRNA
was used as a non-specific siRNA control.

Transfection
Plasmids with the respective target sequence were transiently
transfected into cells using the Lipofectamine 3000 Transfection
Kit (Invitrogen, Carlsbad, CA, USA). Transfections with empty
vector, as well as mock transfections were served as appropriate
controls. Transfection efficiency was evaluated by directly
visualizing cells expressing the green fluorescent protein (GFP)
under fluorescence microscope. Protein content was assessed 48
h after transfection using western blotting. mRNA analysis was
performed 24 h after transfection using quantitative real-time
reverse transcription-polymerase chain reaction (qRT-PCR).

Western-Blot Assays
The Western-blot assays described in reference with PMID
3183982514. HPV16 E6 (1:200, Bioss Biotechnology Co., Ltd,
Beijing, China), HPV16 E7 (1:200, Bioss Biotechnology), PTEN
(total protein, 1:500, Wanleibio Co., Ltd, Shenyang, China),
p-PTEN-S380 (serine 380 phosphorylated protein, 1:1000,
Zenbio Co., Ltd., Chengdu, China), TXNIP (1:500; Proteintech
Co., Ltd, Wuhan, China), HIF-1a (1:1000; Wanleibio), GLUT1
(1:500; Wanleibio), and GAPDH (1:1000, Cell Signaling
Technology, Danvers, MA, USA). Membranes were further
incubated with peroxidase-coupled anti-mouse or anti-rabbit
IgG (1:5000; Proteintech) at 37°C for 2 h. Bound proteins were
visualized using the ECL Western blot kit (advansta, USA), and
their densities were measured using a BioImaging systems (UVP
Inc., Upland, CA, USA). Protein bands were visualized using
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electrochemiluminescence substrate (Pierce) and detected by
using BioImaging Systems (DNR, Jerusalem, Israel). GAPDH
protein levels were used as the control group to calculate relative
protein levels.

Quantitative Real-Time PCR Assays
The Quantitative real-time PCR assays described in reference
with PMID 31839825 (14).

Detailed information of the primers is given in Table 1. The
amplified products of E6, E7, PTEN, TXNIP, HIF-1a, GLUT1,
and GAPDHwere confirmed by correct sizes on an agarose DNA
gel. Products were extracted and purified from the gel, and sent
for DNA sequencing, respectively. The sequencing results were
100% correct.

Analysis of HIF-1a Nuclear Export
A549 cells were interfered with siTXNIP. Nuclear isolation was
performed using the Nuclear and Cytoplasmic Protein
Extraction Kit (P0028, Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instructions. Extracted
nuclear levels of HIF-1a were measured by western blot assays
using anti-HIF-1a (1:1,000; Wanleibio). Levels of nuclear
histone protein, used as an internal standard, were measured
using an anti-histone antibody (Sangon Biotech).

Glucose Uptake Assay
Cells (2–5 × 104 cells/well) were seeded 1day before starting the
assay. After 12 h, the regular culture medium (with 10% FBS)
was removed, and cells were either transfected with siTXNIP or
left untransfected in 400-µL cell culture medium supplemented
with 0.5% FBS, and incubated at 37°C with 5% CO2 for 3 h.
Then, 4 mL of the 2-NBDG (2-N-[(7-nitro-2,1,3-benzoxadiazol-
4-yl) amino]-D-glucose) fluorescent glucose analogue
(BioVision, CA, USA) was added to each sample and
incubated at 37°C with 5% CO2 for 30 min. After the
incubation, cells from the plate were kept on ice and washed
once with 1 mL ice-cold 1× Analysis Buffer. Fluorescent
Frontiers in Oncology | www.frontiersin.org 3
microscopy (BX-51, Olympus Corporation, Tokyo, Japan) was
used for measuring the levels of 2-NBDG. The relative level of
2-NBDG was measured using the Image J software.

Statistical Analysis
All statistical analyses were performed using SPSS for Windows
13.0 (SPSS Inc., Chicago, IL, USA). Data represented results
from 3 or more experiments. Statistical significance was
determined by Student’s t-test, and a p value of <0.05 was
considered significant.
RESULTS

Both E6 and E7 Downregulated the
Expression of p-PTEN and TXNIP but
Upregulated the Expression of HIF-1a and
GLUT1
To investigate the role of E6 and E7, pEGFP-N1-E6 or -E7
vectors were transiently transfected into the H1299 low-
expressing cell line, with the E6 or E7 empty vectors and mock
transfections serving as controls. Results showed that the
overexpression of E6 or E7 significantly downregulated the
expression of p-PTEN and TXNIP at both protein and mRNA
levels but upregulated the expression of HIF-1a at the protein
level only and of GLUT1 at both the protein and mRNA levels.
The expression of PTEN had little or no change. The results were
presented in Figures 1A, B. On the other hand, the inhibition of
both E6 and E7 received the opposite results in A549 cells, and
they were presented in Figures 1C, D.

The Knockdown of PTEN Downregulated
the Expression of TXNIP but Upregulated
the Expression of HIF-1a and GLUT1
PTEN-specific siRNA was used to knockdown the expression
of PTEN in A549 and H1299 cells. PTEN-nonspecific siRNA
TABLE 1 | Sequences and features of primers used for qRT-PCR.

Gene Forward/Reverse Sequence Size (bp) mRNA

E6 270 GTATGGAACAACATTAGAACAGCAA 79 KX545363
349 GTGGCTTTTGACAGTTAATACACC

E7 482 GCATGGAGATACACCTACATTG 273 KX545363
754 TGGTTTCTGAGAACAGATGG

PTEN 1113 TTTGAAGACCATAACCCACCAC 134 NM_000314.8
1246 ATTACACCAGTTCGTCCCTTTC

TXNIP 545 GGCGGGTGTCTGTCTCTGCT 143 NM_001313972.2
687 GGCAAGGTAAGTGTGGCGGG

HIF-1a 1811 AGACAAAGTTCACCTGAGCC 174 NM_001530.4
1984 GGGAGCTAACATCTCCAAGTCT

GLUT1 1071 CTGGCATCAACGCTGTCTTC 167 NM_006516.3
1237 GCCTATGAGGTGCAGGGTC

GAPDH 50
120

TTCTTTTGCGTCGCCAGCCGAG
CCAGGCGCCCAATACGACCAAA

71 XM_019023188.1
November 2020 | Volume 1
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and mock specific siRNA served as controls. As showed in
Figures 2A, B, use of the PTEN-specific siRNA led to
downregulation the expression of p-PTEN and TXNIP at
both the protein and mRNA levels, but upregulated the
Frontiers in Oncology | www.frontiersin.org 4
expression of HIF-1a at the protein level only and GLUT1
at both the protein and mRNA levels. There was no significant
change observed in the PTEN-nonspecific siRNA and mock
specific siRNA groups.
A

B

D

C

FIGURE 1 | The effects of E6 and E7 on the regulation the expression levels of PTEN, p-PTEN, TXNIP, HIF-1a, and GLUT1 in lung cancer cell lines. (A) The expression
levels of E6, PTEN, p-PTEN, TXNIP, HIF-1a, GLUT1 and GAPDH were demonstrated by western blotting and qRT-PCR in H1299 cells. (B) The expression levels of E7,
PTEN, p-PTEN, TXNIP, HIF-1a, GLUT1 and GAPDH were demonstrated by western blotting and qRT-PCR in H1299 cells. (C) The expression levels of E6, PTEN,
p-PTEN, TXNIP, HIF-1a, GLUT1 and GAPDH were demonstrated by western blotting and qRT-PCR in A549 cells. (D) The expression levels of E7, PTEN, p-PTEN,
TXNIP, HIF-1a, GLUT1 and GAPDH were demonstrated by western blotting and qRT-PCR in A549 cells. Mock: mock transfection; vector: empty vector; ns: no
significance (*p < 0.05; **p < 0.0l).
November 2020 | Volume 10 | Article 559543
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The Knockdown of TXNIP Upregulated the
Expression of HIF-1a and GLUT1
TXNIP-specific siRNA was used to knockdown the expression of
TXNIP in the A549 cell lines, and TXNIP-nonspecific siRNA
and mock specific siRNA were used as controls. The results were
Frontiers in Oncology | www.frontiersin.org 5
showed in Figure 2C, TXNIP-specific siRNA upregulation the
expression of HIF-1a at the protein level only, whereas that of
GLUT1 was elevated at both the protein and mRNA levels. There
was no significant change noted in the TXNIP-nonspecific
siRNA and mock specific siRNA groups.
A

B

D

C

FIGURE 2 | The effect of PTEN knockdown on the expression levels of TXNIP, HIF-1a, and GLUT1. TXNIP knockdown on the expression levels of HIF-1a and
GLUT1, nuclear and cytoplasmic HIF-1a. The relative PTEN, p-PTEN, TXNIP, HIF-1a, GLUT1, and GAPDH levels were detected by western blotting and qRT-PCR in
A549 and H1299 cells (A, B). The relative expression levels of TXNIP, HIF-1a, GLUT1, and GAPDH were detected by western blotting and qRT-PCR in A549 cells
(C). Nuclear plasma separation technique was used to separate the proteins in nucleus and in cytoplasm. The relative levels of TXNIP, HIF-1a, GAPDH, and Histone
were measured by western blotting (D). Mock: mock transfection; ns: no significance (*p < 0.05; **p < 0.0l).
November 2020 | Volume 10 | Article 559543
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The Knockdown of TXNIP Upregulated the
Level of HIF-1a in the Nucleus but
Downregulated the Level of HIF-1a in the
Cytoplasm
To further verify the regulatory role of TXNIP on HIF-1a, we
knocked down the expression of TXNIP in A549 cells and
separated the proteins in the nucleus from those in the cytoplasm
using a nuclear plasma separation technique. The results showed
that the expression level of HIF-1a was upregulated in nucleus but
downregulated in cytoplasm. Results were presented in Figure 2D.

The Overexpression of Both E6 and E7
and the Knockdown of Both PTEN and
TXNIP Significantly Promoted the Glucose
Uptake of GLUT1, Whereas the
Knockdown of Both E6 and E7 Obviously
Inhibited the Glucose Uptake of GLUT1
To investigate the functional roles of E6, E7, PTEN, and TXNIP
on GLUT1, we transfected E6 or -E7 vectors in H1299 and
Frontiers in Oncology | www.frontiersin.org 6
knocked down PTEN and TXNIP in A549 and H1299 cells. Our
results showed that the overexpression of both E6 and E7 and
knockdown of both PTEN and TXNIP significantly promoted
the glucose uptake of GLUT1 in H1299 cells. A similar but not
equally intense effect was noted in the A549 cell line. More
specifically, the levels of glucose uptake were significantly
higher than those of the control group by fluorescence
microscopy in lung cancer cells. Results were presented in
Figures 3A–D.
DISCUSSION

In our previous studies, we had reported that the overexpression
of HPV16 E6/E7 resulted in the upregulation of GLUT1 at
protein and mRNA levels in lung cancer cells (14, 15). The
mRNA expression levels of E6 and E7 in squamous cell
carcinoma of the lungs were statistically higher than that in
the lungs of pneumonia and tuberculosis (16). We also reported
that GLUT1 promoted the malignant phenotype of non-small
A B

DC

FIGURE 3 | The effects of E6, E7, PTEN, and TXNIP on the amount of glucose uptake by GLUT1. Glucose uptake assay was conducted to measure the cellular
uptake of glucose. The changes of glucose uptake by GLUT1 after transfection with E6 or E7 were presented by (A), interference with E6 or E7 by (B), interference
with PTEN by (C), and interference with TXNIP by (D), respectively. The relative levels of 2-NBDG were measured by fluorescence microscopy and Image J software
respectively. (*p < 0.05 versus NS group; **p < 0.0l versus NS group).
November 2020 | Volume 10 | Article 559543
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cell lung cancer through Integrin b1/Src/FAK signaling (17). A
meta-analysis showed the high expression levels of GLUT1
accompanied with poor prognosis in lung cancer patients.
Thus, GLUT1 may server as a biomarker and a potential
target for selection of the treatment strategies of lung
cancer (18). However, it is remained unclear whether E6
and E7 proteins promote the glucose uptake by GLUT1 in
lung cancer cells. In this study, we provided evidences that the
overexpression of E6 or E7 in lung cancer cells downregulated
the expression level of p-PTEN. When knockdown of PTEN,
the expression of TXNIP at both protein and mRNA levels were
also significantly decreased. The inhibition of TXNIP further
upregulated the protein expression of HIF-1a and promoted its
accumulation in the nucleus. Consequently, HIF-1a
upregulated the expression of GLUT1 at both protein and
mRNA levels. The inhibition of TXNIP also promoted the
glucose uptake by GLUT1 in lung cancer cells. Thus we
demonstrated that TXNIP acted as a safeguard against HPV-
stimulated aerobic glycolysis and tumorigenesis by inhibited its
two down-stream effectors HIF-1a and GLUT1. These findings
were consistent with the effects of TXNIP on HIF-1 and glucose
metabolism pathways reported by Zhu et al. (19) and Sullivan
et al. (20). Our results provided new molecular mechanisms
in HPV16 E6/E7 promoted the glucose uptake by relieving
TXNIP inhibitory effect on HIF-1a and GLUT1 in lung
cancer cells.

It had been reported that the knockdown of HPV16 E6
promoted the phosphorylation of PTEN at S380 in cervical
cancer (8). E6 protein through downregulation of PTEN to
promote the proliferation of lung adenocarcinoma cells (21).
PTEN triggered the activation of TXNIP protein by inhibiting
the phosphorylation of Akt in hepatocytes (9). Our results
demonstrated that the overexpression of both E6 and E7
significantly downregulated the expression of p-PTEN at S380
and the knockdown of PTEN decreased the expression of
TXNIP in lung cancer cells. Wu et al. had reported that a
fraction of TXNIP in the nucleus and also observed a significant
fraction of TXNIP on the plasma membrane (11). The nuclear
localized TXNIP was reported to mediate the nuclear export of
HIF-1a and its degradation by forming a complex with HIF1a
(19). Shin et al. had also shown that TXNIP promoted the
nuclear export of HIF-1a by enhancing the interaction between
pVHL and HIF-1a, which was subsequently degraded by the
26S proteasome complex in the cytoplasm (13). In the present
study, we also found that the inhibition of TXNIP significantly
upregulated the protein expression of HIF-1a in the nucleus
and down regulated the protein expression of HIF-1a in the
cytoplasm by nuclear cytoplasmic protein separation.
Therefore, our findings confirmed that the accumulation of
HIF-1a in the nucleus resulted in the upregulation of
GLUT1 expression.

It is well known that cancer cells consume more glucose to
gain energy through glycolysis even in aerobic conditions. This
unique metabolic mode is called Warburg effect (22). GLUT1 is
the main gene for cancer cells to achieve Warburg effect
through glycolysis. GLUT1 is also the main transporter to
Frontiers in Oncology | www.frontiersin.org 7
transport extracellular glucose into cells. However, the
expression level of GLUT1 in cytoplasm is not directly related
to the activation of GLUT1. Most of the overexpressed GLUT1
are in the cytoplasm with a nonfunctional state, and they are
not able to play the role of the “Porter” of glucose (23). The
activation of GLUT1 is determined by two factors: one is the
translocation of GLUT1 from the cytoplasm to the plasma
membrane to participate in the glucose uptake (24, 25); the
other is to activate the intrinsic GLUT1 on the plasma
membrane to play the role of glucose uptake (26, 27).
Phadngam et al showed that PTEN dephosphorylates AKT to
prevent the expression of GLUT1 on plasma membrane and to
limit glucose consumption in cancer cells (28). And Wu et al
showed that TXNIP located in the plasma membrane mediated
the inhibition of GLUT1 function through endocytosis (11). In
the present study, we validated that the inhibition of TXNIP
significantly promoted the glucose uptake by GLUT1 in lung
cancer cells. However, it is not clear whether the knockdown of
TXNIP promoted the glucose uptake by GLUT1 through HIF-
1a/GLUT1 axis or through endocytosis. The detailed molecular
mechanism will be further studied in the future.

In conclusion, we demonstrated that HPV16 E6/E7 proteins
downregulated the expression of p-PTEN in lung cancer cells,
the knockdown of PTEN further decreased the expression of
TXNIP, the inhibition of TXNIP further promoted the
accumulation of HIF-1a by inhibiting the translocation of
nuclear HIF-1a to the cytoplasm, and consequently
upregulated the expression of GLUT1 at the protein and
mRNA levels. More interestingly, we confirmed that the
inhibition of TXNIP played a decisive role to promote the
glucose uptake by GLUT1 (29). Our findings provided new
evidence in support of the critical role of TXNIP in the
pathogenesis of HPV-related lung cancer, and might also
suggest novel therapeutic targets.
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