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Abstract
Background: HPV16 is the most common infection subtype, among which E6 and E7 proteins are the
most common carcinogenic proteins. Our previous studies found that E6 and E7 proteins regulated the
expression of GLUT1 through multiple molecular signaling pathways in lung cancer. However, whether
they can regulate the glucose uptake of GLUT1 and the underlying molecular mechanism has not been
identi�ed.

Methods: The modulating effects of E6 or E7, NDRG2, β-catenin, and GLUT1 were detected by double
directional genetic manipulations in lung cancer cell lines; The immuno�uorescence was used to detect
the effect of NDRG2 on the nuclear translocation of β-catenin; The glucose uptake level of GLUT1 was
observed under the confocal microscope.

Results: We demonstrated for the �rst time that E6 and E7 had inhibitory effects of NDRG2 which further
resulted in increased β-catenin expression and promoted β-catenin nuclear translocation, furthermore
promoted the expression and glucose uptake of GLUT1. Therefore, we hypothesized both E6 and E7 in
HPV16 promoted the expression and glucose uptake of GLUT1 through HPV-NDRG2- β-catenin-GLUT1
axis.

Conclusion: Our �ndings con�rmed the regulatory role of tumor suppressor NDRG2 in the pathogenesis
of lung cancer, and we further demonstrate the detail relationships among E6 and E7, NDRG2, β-catenin,
and GLUT1; which provided a novel therapeutic target for tumor treatment.

Background
In 1980, Syrjänen �rst proposed the hypothesis of the role of HPV infection in the occurrence of
bronchosquamous cell carcinoma1. After that, more and more investigative studies found that high-risk
HPVs, especially type 16, were associated with a subset of lung cancers in individuals without a history
of tobacco exposure in Asians2, 3. Persistent infection with HPV is a necessary factor for lung cancer
development4. Furthermore, both E6 and E7 proteins in HPV16 are the main oncogenes during the
process5. Chlon et al demonstrated that E6 protein inhibited cell apoptosis mainly by binding and
degrading p53 gene6. While Todorovic et al showed that E7 protein promoted cell proliferation mainly by
inhibiting retinoblastoma protein (pRb) 7.

N-myc downstream-regulated gene 2 (NDRG2), a member of the NDRG family, was expressed widely in
normal tissues, but was downregulated in some types of tumor tissues8, 9. Also, NDRG2 inhibited the
growth, proliferation and invasion of tumor cells10. Thus, NDRG2 was considered as the tumor
suppressor gene11, 12. It has been reported that NDRG2 is a direct target gene of p5313–15. Therefore, we
hypothesized that E6 protein inactivate NDRG2 by degrading p53 gene. However, the association of E7
protein and NDRG2 has not been reported. In colon cancer cells, NDRG2 inhibited glycolysis and
glutaminolysis by repressing c-Myc expression16. Shi et al proved that glycolysis in clear cell renal
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carcinoma was also signi�cantly suppressed by NDRG217. Taken together, these �ndings strongly
indicated that NDRG2 played a key point in aerobic glycolysis to fuel the bioenergy for cancer.

Kim et al con�rmed that NDRG2 modulated β-catenin via the regulation of GSK-3β phosphorylation in
human colon carcinoma18. β-catenin was the central downstream effector of Wnt signaling pathway and
played an important role in cancer cell proliferation and growth19. The intracellular concentration of β-
catenin was regulated by interaction with GSK-3β and phosphorylation at its N-terminus, which resulted in
β-catenin degradation. Intracellular β-catenin accumulated and resulted in itself translocation from
cytoplasm to nuclear when phosphorylated20–22. However, the NDRG2-mediated regulation of β-catenin
in lung cancer remained unknown. Some studies showed that GLUT1 was a downstream gene of β-
catenin23, 24. Therefore, we sought to determine the role of β-catenin in NDRG2 regulating GLUT1
expression and glucose uptake in lung cancer cells.

Cancer cells rewire their metabolism by Warburg Effect to promote malignant growth, proliferation, and
long-term maintenance. Compared with normal cells, cancer cells consume a great quantity of glucose
through glycolysis to ful�ll energetic demands even in aerobic conditions25–27. The glucose transporter
GLUT1, a main carrier of glucose uptake, played a critical role in Warburg Effect28. During cancer
development, the activation of oncogene and inactivation of tumor suppressor gene resulted in the
alterations of multiple intracellular signaling molecules, which further had effects on tumor cell glycolytic
�ux29–31. Our previous research showed that E6 and E7 proteins regulated the GLUT1 expression through
multiple molecular signaling pathways32, 33. However, recent research showed that the ability of GLUT1 to
transport glucose is not directly related to the GLUT1 expression level, and most of the overexpressed
GLUT1 proteins were in a non-functional state in the cytoplasm. One way to activate GLUT1 was
translocation of GLUT1 from the cytoplasm to the plasma membrane. By doing this, cancer cells
transported more extracellular glucose into the cells34, 35. Thus it is necessary to further detect the level of
glucose absorption to determine the effects of E6 or E7, NDRG2, and β-catenin on lung cancer cell
metabolism.

The aim of this study was to examine relationship among E6 or E7, NDRG2, β-catenin, GLUT1. We
hypothesized that HPV16 E6/E7 promoted glucose uptake of GLUT1 through HPV-NDRG2-β-catenin-
GLUT1 axis. Our results demonstrated for the �rst time that both E6 and E7 proteins in lung cancer cells
inhibited NDRG2 expression. The repression of NDRG2 promoted the overexpression and nuclear
translocation of β-catenin, β-catenin further upregulated the expression of GLUT1 at both protein and
mRNA levels, as well as promoted glucose uptake of GLUT1.

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

Cell culture and plasmids
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Lung cancer cell lines NCI-H460 and A549 were purchased from the cell bank of Chinese Academy of
Science (Shanghai, China), cultured in HyClone (Logan, UT, USA) RPMI 1640 medium, containing 10%
fetal bovine serum at 37°C with 5% CO2. The cells were cultured in 6-well plates for 24 hours before
transfection or interference.

The plasmid of pEGFP-N1-HPV16 E6, pEGFP-N1-HPV16 E7, and pEGFP-N1 were kind gifts from Prof
Xudong Tang (Institute of Biochemistry and Molecular Biology, Guangdong Medical College, China).
Small-interfering RNA (siRNA) was performed to silence the expression of speci�c genes. HPV16 E6
siRNA and HPV16 E7 siRNA were purchased from RIBOBIO (Guangzhou, China). NDRG2 siRNA and β-
catenin siRNA were purchased from Proteintech (Wuhan, China). Scrambled siRNA was used as a non-
speci�c siRNA control.

Transfection

Cells were transiently transfected with plasmids using the Lipofectamine 3000 Transfection Kit
(Invitrogen, Carlsbad, CA, USA) following the manufacture’s instruction. Transfection with empty vector
and mock transfection were served as the controls. The cells were harvested 48 hours after transfection
to measure the protein levels by western blotting and 24 hours to measure the mRNA levels by
quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR).

Western blotting

The Western-blot assay was described in reference with PMID 3183982533. Mouse anti-human HPV16 E6
monoclonal antibody (1:700; Abcam, Boston, MA, USA), rabbit anti-human HPV16 E7 polyclonal antibody
(1:200; Bioss Biotechnology Co., Ltd, Beijing, China), NDRG2 antibody (1:2000; Proteintech Group, Wuhan,
China), β-catenin antibody (1:500; Wanleibio, China), GLUT1 antibody (1:500; Wanleibio, China), β-tubulin
antibody (1:1000; Sino Biological, Beijing, China). After incubation with appropriate secondary antibodies
anti-mouse or anti-rabbit IgG (Cell Signaling Technology, Beverly, MA) at 37˚C for 2 hours, protein bands
were visualized using ECL Western blot kit (advansta, USA) and detected using Bio Imaging System (UVP
Inc., Upland, CA, USA). Protein bands were visualized using electrochemiluminescence substrate (Pierce)
and detected by using BioImaging Systems (DNR, Jerusalem, Israel). β-tubulin protein levels were used as
the control group to calculate relative protein levels.

Quantitative reverse transcription PCR

The Quantitative reverse transcription PCR assays described in reference with PMID 3183982533.
Experiments were repeated in triplicate. The primers used are shown in Table 1. The ampli�ed products of
E6, E7, NDRG2, β-catenin, GLUT1, and GAPDH were con�rmed by correct sizes on an agarose DNA gel.
Products were extracted and puri�ed from the gel, and sent for DNA sequencing, respectively. The
sequencing results were 100% correct.
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Table 1
Sequencesand features of primers used for qRT-PCR

Gene Forward/
Reverse

Sequence Size(bp) mRNA

E6 270 GTATGGAACAACATTAGAACAGCAA 81 KX545363

  350 AGTGGCTTTTGACAGTTAATACAC    

E7 482 GCATGGAGATACACCTACATTG 273 KX545363

  754 TGGTTTCTGAGAACAGATGG    

NDRG2 1786 GAGAGGAGATCGGAAAGCCG 339 NC_000014.9

  2124 AAGATGGTTACCGGGGCTTG    

β-
catenin

26331 CTGGTGGGCTGCAGAAAATG 175 NC_000003.12

  26505 GGAATGACATGACACTGGAGGT    

GLUT1 1071 CTGGCATCAACGCTGTCTTC 167 NM_006516.3

  1237 GCCTATGAGGTGCAGGGTC    

GAPDH 50

120

TTCTTTTGCGTCGCCAGCCGAG

CCAGGCGCCCAATACGACCAAA

71 XM_019023188.1

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

Immuno�uorescence

The immuno�uorescence assays described in reference with PMID 3183982533. β-catenin antibody (1:50;
Cell Signaling Technology, Danvers, MA, USA) was used in the assay. Images were obtained on a
�uorescent microscopy (BX-51, Olympus Corporation, Tokyo, Japan).

Glucose uptake assay

The level of glucose absorption was measured using the glucose analog 2-NBDG (BioVision, CA, USA) as
a �uorescent probe. Cells were seeded in 24-well tissue culture plates at a density of 2–5×104 cells per
well. After 10 hours, removed regular culture medium (10% FBS). Cells were transfected with E6, E7, siE6,
siE7, siNDRG2, siβ-catenin or untransfected in 400 µl cell culture medium with 0.5% FBS. After incubated
cells for 3 hours, 4ul 2-NBDG was added to each well and incubated for 30 minutes at 37°C with 5% CO2.
To measure the level of 2-NBDG, the stained cells were observed under the �uorescent microscopy (BX-51,
Olympus Corporation, Tokyo, Japan).

Statistical analysis
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Statistical analyses were completed using SPSS 22.0 software (IBM) for Windows in this study. All data
shown were mean ± standard deviation (SD) of at least three separate experiments. Independent Student
t-test or one-way ANOVA were used to compare the continuous variables between the two groups or more
than two groups. P < 0.05 was considered to be statistically signi�cant.

Results
The screening of lung cancer cell lines

Based on our previous results, H460 cell line was low E6 and E7 expression cell line, and A549 cell was
high E6 and E7 expression cell line.32 In order to examine the expression of NDRG2 and β-catenin, we
screened in four lung cancer cell lines, A549, H1299, H460 and LK2, using western blot (S1 FigA). As is
illustrated, the high expression level of NDRG2 was observed in H460 but low in A549. The expression
level of β-catenin was high in A549. Therefore, we selected A549 and H460 cell lines to investigate the
function of NDRG2 and β-catenin on regulating GLUT1 in vitro.

Both E6 and E7 inhibited the expression of NDRG2 but promoted the expression of β-catenin and GLUT1

We �rst detected the expression level of E6 or E7 after transfection or siRNA interference, and then
conducted the subsequent experiments. Western blot and qRT-PCR analysis revealed that the
overexpression of E6 or E7 notably inhibited the NDRG2 expression at both protein and mRNA levels but
promoted the β-catenin expression only at the protein level and GLUT1 expression at both protein and
mRNA levels. The results were shown in Fig. 1A and B. In addition, the knockdown of E6 or E7 in A549 cell
line, a complete reverse result was obtained. They were shown in Fig. 1C and D.

The repression of NDRG2 led to upregulate the expression of β-catenin and GLUT1

We further examined the function of NDRG2 on the regulation of β-catenin and GLUT1 expression. Then,
high NDRG2 expression cell line H460 was selected. NDRG2 repression in H460 cell line was achieved by
the NDRG2-speci�c siRNA. NDRG2-nonspeci�c siRNA and mock speci�c siRNA were used to serve as the
controls. As shown in Fig. 2A, the repression of NDRG2 led to upregulate the β-catenin expression only at
the protein level and GLUT1 expression at both protein and mRNA levels. There was little or no change in
NDRG2 mock siRNA and nonspeci�c siRNA.

Knocked NDRG2 promoted β-catenin nuclear translocation

In order to further con�rm the regulatory effect of NDRG2 on β-catenin, we used NDRG2-speci�c siRNA to
inhibit the expression of NDRG2 in H460 cell line. Then the test was performed by immuno�uorescence
techniques. As shown in Fig. 2B, the knocked of NDRG2 signi�cantly promoted β-catenin nuclear
translocation..

The knockdown of β-catenin inhibited the expression of GLUT1
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To determine the consequence of inhibiting β-catenin, we used β-catenin-speci�c siRNA to knock down
the expression of β-catenin in A549 cell line. Besides, β-catenin-nonspeci�c siRNA and mock speci�c
siRNA were used to serve as the controls. As shown in Fig. 2C, GLUT1 was markedly decreased at both
protein and mRNA levels after knocked β-catenin. In addition, β-catenin-nonspeci�c siRNA and mock
speci�c siRNA showed minimal or no change.

The overexpression of E6/E7 and the knockdown of NDRG2 signi�cantly promoted the glucose uptake of
GLUT1, whereas the knockdown of E6/E7 and β-catenin obviously inhibited the glucose uptake of GLUT1

To investigate the functional roles of E6, E7, NDRG2 and β-catenin on the glucose uptake of GLUT1, we
transfected E6 or E7 vectors and siNDRG2 in H460 cell line, and knocked down E6, E7 and β-catenin in
A549 cell line. Our results showed that overexpression of both E6 and E7, as well as knockdown of
NDRG2 signi�cantly promoted the glucose uptake of GLUT1 in H460. On the contrary, knockdown of E6,
E7 and β-catenin inhibited the glucose uptake of GLUT1 in A549. More speci�cally, the levels of glucose
uptake were signi�cantly higher than those of the control group by �uorescence microscopy in lung
cancer cells. Results were presented in Figure.3A-D.

Discussion
Our previous work found that the overexpression of HPV16 E6/E7 upregulated the expression of GLUT1
at protein and mRNA levels in lung cancer cells32, 33. However, the underline molecular mechanisms were
still need investigation. It was reported that the tumor suppressor NDRG2 inhibited tumor glycolysis in
some cancer cells by suppressing GLUT116, 17. In our current study, �rst we demonstrated the
overexpression of E6 or E7 protein inhibited NDRG2 expression at both protein and mRNA levels in lung
cancer cells. Further E6 or E7 and NDRG2 regulatory mechanism studies were conducted.

The Wnt signaling pathway had been shown to participate in the reprogramming of cancer cell
metabolism36, and the activation of which enhances the glucose metabolism through glycolysis37. While
β-catenin was the central downstream effector of Wnt signaling pathway19. It was reported that NDRG2
modulates β-catenin signaling in human colon carcinoma18. A recent study con�rmed that NDRG2
inhibited the proliferation of colorectal cancer cells by suppressing the expression of β-catenin16. Another
investigative group further demonstrated that NDRG2 inhibited the proliferation of breast cancer cells via
regulating β-catenin expression and nuclear translocation22. Based on these �ndings, we hypothesized
that NDRG2 regulated the expression and glucose uptake of GLUT1 through β-catenin. Knockdown
endogenous NDRG2 in H460 cell line, we found that it only enhanced the expression of β-catenin at the
protein level, but almost no change at the mRNA level. The GLUT1 expression was signi�cantly increased
both at the protein and mRNA levels. Meanwhile, the glucose uptake of GLUT1 obviously increased as
well. We also demonstrated that the loss of NDRG2 promoted β-catenin nuclear translocation by
Immuno�uorescence staining.
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Glucose uptake, a critical metabolic control point in Warburg effect, is mainly mediated by the integral
membrane transporter GLUT1. Cell surface expression of GLUT1 is increased in diverse cancers. It is the
activated GLUT1 on the plasma membrane to transport a large quantity of extracellular glucose into the
cell for glycolysis. Remarkably, the activated GLUT1 is not directly relevant to the expression level of
GLUT1 in cytoplasm. The majority of the overexpressed GLUT1 proteins in the cytoplasm are in a
nonfunctional state, because they are unable to transport the extracellular glucose. The translocation of
intracellular GLUT1 to the plasma membrane determines the GLUT1 activation34, 35. Thus, we conducted
glucose uptake assay. In our present study, we validated that E6, E7 and β-catenin had enhanced effects
on the glucose uptake of GLUT1, and on the hand, NDRG2 inhibited the glucose absorption of lung
cancer cells.

Conclusions
Our study demonstrated for the �rst time that both E6 and E7 proteins had inhibitory effects on NDRG2,
which resulted in increased β-catenin expression and nuclear translocation, and increased β-catenin
further promoted GLUT1 expression and its glucose uptake. Therefore, E6 and E7 regulated GLUT1
through HPV-NDRG2- β-catenin-GLUT1 axis. Our �ndings demonstrated the regulatory role of tumor
suppressor NDRG2 in the pathogenesis of lung cancer, and provided a novel therapeutic target for tumor
treatment.

Abbreviations
HPV: Human papillomavirus; pRb: retinoblastoma protein; NDRG2: N-myc downstream-regulated gene 2;
GLUT1: Glucose transporter 1
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Figures

Figure 1

The effects of E6 or E7 on regulation the expression levels of NDRG2, β-catenin, and GLUT1 by
transfection (A) or (B) in H460 cells. The effects of E6 or E7 on regulation the expression levels of NDRG2,
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β-catenin, and GLUT1 by siRNA transfection (C) or (D) in A549 cells. Mock: mock transfection or mock
siRNA; vector: empty vector; NS: nonspeci�c siRNA (*p<0.05; **p<0.0l).

Figure 2

(A) The effects of repressing NDRG2 on the expression levels of β-catenin and GLUT1 by siRNA
transfection in H460 cells. (B) Immuno�uorescence revealed that repressing NDRG2 promoted the
nuclear translocation of β-catenin obviously by siRNA transfection in H460 cells. Scale bar, 50μm. (C)
Knocked β-catenin downregulated the GLUT1 expression obviously by siRNA transfection in A549 cells.
Mock: mock siRNA; NS: nonspeci�c siRNA (*p<0.05; **p<0.0l).
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Figure 3

The effects of E6, E7, NDRG2 and β-catenin 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 NDRG2 by (C), and interference with β-catenin by (D), respectively. The relative levels of
2-NBDG were measured by �uorescence microscopy and ImageJ software respectively. (*p<0.05 versus
NS group; **p<0.0l versus NS group)
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