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Abstract: Our previous studies suggested a potential interaction between the POK erythroid myeloid ontogenic factor

ZBTB7A and glucose transporter 1 (GLUT1) in nasopharyngeal carcinoma (NPC). This study was designed to

confirm the interaction and further evaluate the precise mechanism by which ZBTB7A and GLUT1 regulate NPC

development. The binding sites between ZBTB7A and the promoter of GLUT1 were predicted by bioinformatics.

Gene expression was measured by quantitative real-time polymerase chain reaction (qPCR), western blotting, and

immunohistochemistry. The activities of key glycolysis enzymes, including hexokinase (HK), pyruvate kinase (PK),

lactate dehydrogenase (LDH), and lactate, were detected using specific enzyme-linked immunosorbent assay kits. The

connection between ZBTB7A and GLUT1 was analyzed by dual-luciferase reporter assay and chromatin

immunoprecipitation–qPCR. The vitality, proliferation, and tumorigenicity of the cells expressing different levels of

ZBTB7A were tested by adding the glycolysis inhibitor 2-deoxy-D-glucose (2-DG), followed by MTT, colorimetric

focus forming, and xenograft assays, respectively. Our results showed that high expression of GLUT1 was associated

with late-stage NPC. After constructing stably transfected cells with lentiviruses, ZBTB7A was effectively knocked

down in 5-8F cells (RNAi-5-8F) and overexpressed in 6-10B cells (ZBTB7A-6-10B). The up- or downregulation of

GLUT1 secondary to ZBTB7A changes was also limited. The vitality and proliferation of the cells expressing low

ZBTB7A were notably blocked by 2-DG. The cells expressing high ZBTB7A were not very sensitive to 2-DG. The

growth of RNAi-5-8F xenografts was strongly suppressed by 2-DG. The activities of HK, PK, and LDH were

suppressed by 2-DG in the cells expressing low ZBTB7A. RNAi-5-8F cells had the lowest 2-DG-induced lactate

production. ZBTB7A directly suppressed the promoter region of GLUT1 to regulate GLUT1 expression. Thus,

ZBTB7A controls the 2-DG-induced inhibition of glycolysis by affecting GLUT1.

Introduction

Nasopharyngeal carcinoma (NPC) is prevalent in southern
China, especially in Guangdong and Guangxi Provinces
(Xu et al., 2019; Chen et al., 2021a). The estimated number
of new cases in China was almost half of the total
cases worldwide in 2018 (Xu et al., 2019). Although
chemotherapy is an important method among NPC
therapies (Chen et al., 2021b; Liu et al., 2021c), some drugs

cannot play an effective role because of the complex
regulation of pivotal genes (Peng et al., 2019; Zhang et al.,
2019). Therefore, precise chemotherapy should be devised
by exploring resistance mechanisms (Liu et al., 2021b; Zhu
et al., 2020; Hong et al., 2020).

Zinc finger and BTB domain-containing protein 7A
ZBTB7A, also named POK erythroid myeloid ontogenic factor
(Pokemon), shows opposing functions in different cancers. As
a tumor suppressor, ZBTB7A inhibits the progression of
endometrial cancer, oral squamous cell carcinoma, gastric
cancer, melanoma, and prostate cancer (Geng et al., 2020; Yeh
et al., 2020; Sun et al., 2018; Liu et al., 2015; Wang et al.,
2013). As an oncogene, ZBTB7A promotes the deterioration of
colorectal cancer, breast cancer, osteosarcoma, and non-small-
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cell lung cancer (Wang et al., 2020; Mao et al., 2019; Zhang et al.,
2019; Zhao et al., 2017; Kong et al., 2016).

Although the expression levels of ZBTB7A in NPC
tissues and cell lines were higher than in their respective
controls (Jiao et al., 2013; Liu et al., 2019), ZBTB7A has
shown complex roles in NPC. Stable overexpression and
transient knockdown of ZBTB7A promoted and suppressed
the progression of NPC cells, respectively (Liu et al., 2019;
Liu et al., 2017; Liu et al., 2018). Notably, stable knockdown
of ZBTB7A also promoted NPC development (Liu et al.,
2018). Expression profiles of long noncoding RNA and
messenger RNAs have indicated that some suppressed
oncogenes can vicariously maintain the development of
NPC cells with a decrease in ZBTB7A (Liu et al., 2019). The
differentially expressed mRNAs are mainly involved in
carbohydrate and lipid metabolism. We have found that key
genes of lipid pathways, such as sterol regulatory element-
binding transcription factor 1 (SREBF1) and fatty acid
synthase (Liu et al., 2019; Liu et al., 2021a), are involved,
but a role for glucose transporter 1 (GLUT1) in NPC was
not validated in our study (Liu et al., 2019).

GLUT1 is also called solute carrier family member 1
(SLC2A1). GLUT1 expression was higher in head and neck
squamous cell carcinoma (HNSCC) than in normal tissues
(Fig. S1). Its expression in the T1 stage of HNSCC was
lower than in the T4 stage (Fig. S2). Survival analyses did
not show a difference (Figs. S3–S5). The correlation between
ZBTB7A and GLUT1 was seen in HNSCC (Fig. S6). No
statistical differences were found between gene set
enrichment (GSE)12452 and GSE64634, which included
NPC and normal tissues (Figs. S7A and S7B). Although a
significant difference was observed in GSE13597, three
normal tissues were not sufficient to support any firm
conclusion (Fig. S7C).

Although NPC is a kind of HNSCC, it shows evident
differences from other HNSCCs. For example, most tissues
of NPC have unique characteristics of undifferentiated
nonkeratinizing in endemic regions (Badoual, 2022).
According to the National Comprehensive Cancer Network
guidelines, NPC definitely differs from HNSCC. Therefore,
there are probably gene expression differences between NPC
and HNSCC. Bioinformatic analysis of GLUT1 in HNSCC
also did not directly reveal the role of GLUT1 in NPC.

To further explore the role of GLUT1 in NPC and the
relationship between ZBTB7A and GLUT1, we continued to
explore the target gene as a continuous collection of NPC
and control tissues.

Materials and Methods

Bioinformatic analysis
In HNSCC, the assessments of GLUT1 expression, clinical
correlates, and the association between ZBTB7A and
GLUT1 were performed using Gene Expression Profiling
Interactive Analysis (http://gepia.cancer-pku.cn/) and The
Cancer Genome Atlas (TCGA) databases (https://www.
cancer.gov/about-nci/organization/ccg/research/structural-
genomics/tcga). GLUT1 expression was detected by RNA
sequencing (RNA-seq) on 502 HNSCC and 44 normal
tissues (Figs. S1–S6). In NPC, GLUT1 expression from

GSE12452, GSE13597, and GSE64634 was assessed using the
Gene Expression Omnibus (GEO) database (https://www.
ncbi.nlm.nih.gov/geo/). In total, 68 (respectively, 31, 25, 12)
NPC and 17 (10, 3, 4) normal nasopharyngeal tissues were
detected by mRNA expression profiling arrays (Fig. S7).
Potential connections between ZBTB7A and the promoter
region of GLUT1 were predicted by JASPAR (https://jaspar.
genereg.net/).

Clinical samples
Eighty NPC and 40 chronic rhinitis tissues were collected
from July 2016 to July 2019 for quantitative PCR. GLUT1 is
expressed in some tissues (Liu et al., 2019). Twenty-four
tissues samples were collected from patients with NPC for
immunohistochemistry (IHC). Ten tissue samples were
acquired from patients with early-stage (I + II) NPC.
Fourteen tissue samples were acquired from patients with
late-stage (III + IV) NPC. The tumors were staged
according to the Union for International Cancer Control
(2010, 7th edition) for NPC. The clinical samples were
approved by the Ethics Committee of The People’s Hospital
of Guangxi Zhuang Autonomous Region, Guangxi Academy
of Medical Sciences (Ethical Application Ref: Keyan-
Guangxi-Keji-2016-20). We received written consent from
all participants in our study. They volunteered to participate
in the study, and their information was not published here.

Cell culture and transfection
Considering the high efficiency and low toxicity of lentivirus
in cell transfection assays (Sena-Esteves and Gao, 2018;
Stepanenko and Heng, 2017), we reconstructed lentivirus
vectors of ZBTB7A and retained the effective sequences for
RNA interference (RNAi) and overexpression from old
plasmids (Liu et al., 2019; Liu et al., 2018). Following the
instructions from Genechem (Shanghai, China), the
lentiviruses were stably transfected into 5-8F and 6-10B
cells. The cells stably transfected with empty lentiviruses
were used as negative controls (NCs). The sublines were
named RNAi-5-8F, NC-5-8F, ZBTB7A-6-10B, and NC-6-
10B and cultured in Roswell Park Memorial Institute 1640
medium supplemented with 10% fetal bovine serum (Gibco,
Thermo Fisher Scientific, Waltham, USA). The
immortalized nasopharyngeal epithelial cell line NP69 was
cultured in a keratinocyte serum-free medium with 5%
bovine pituitary extract and recombinant epidermal growth
factor (Gibco).

Quantitative real-time polymerase chain reaction (qPCR)
Total RNA of the tissues and cells was extracted using TRIzol
reagent (Invitrogen, Carlsbad, USA). Reverse transcription
and qPCR were performed on 80 tissues (60 NPC tissues
and 20 controls) (Liu et al., 2019). The RNAs extracted
from cell lines and 40 additional tissues (20 NPC tissues and
20 controls) were reverse transcribed by a SuperScript TM
III Reverse Transcriptase Kit (Invitrogen). The primer
sequences of GLUT1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) have been described previously
(Liu et al., 2019). GAPDH was used as the internal control.
The reaction program and analysis of the results were also
performed as described previously (Liu et al., 2019).
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Western blotting (WB)
The cell lines were lysed with radioimmunoprecipitation
buffer (Beyotime, Shanghai, China) and the protease
inhibitor phenylmethanesulfonyl fluoride (Beyotime). Total
protein (20 μg) was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto
0.22 μm nitrocellulose membranes (Millipore, Billerica,
USA). Membranes were incubated with primary antibodies
(1:500 dilution; catalog no. ab70208, anti-ZBTB7A antibody
from Abcam [Cambridge, UK]; 1:500 dilution, catalog no.
SAB2700223, anti-GLUT1 antibody from Sigma-Aldrich
[Saint Louis, USA]; 1:1000 dilution, catalog no. AA128, anti-
human beta-actin [ACTB] antibody from Beyotime). Then
they were incubated with anti-rabbit or anti-mouse
antibodies as described previously (Liu et al., 2021a). ACTB
was used as a loading control.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay
5-8F and 6-10B stably transfected cells were seeded in 96-well
plates at a density of 1500 cells/well and cultured with
300 μg/mL 2-deoxy-D-glucose (2-DG) or phosphate-
buffered saline (PBS) for 24, 48, 72 or 96 h. The cells were
then incubated with 0.5% MTT (Sigma-Aldrich) and lysed
with dimethyl sulfoxide (Sigma-Aldrich). The absorbance
was detected by a Synergy H1 microplate reader (BioTek
Instruments, Winooski, USA).

Colorimetric focus forming assay
Stably transfected 5-8F and 6-10B cells were seeded in 6-well
plates at 100 cells/well and cultured with 300 μg/mL 2-DG and
PBS for 2 weeks. The cells were fixed with 100% methanol and
dyed with 5% crystal violate (Dama Chemical Reagent
Factory, Tianjing, China).

Measurements of hexokinase (HK), pyruvate kinase (PK),
lactate dehydrogenase (LDH), and lactate production
Stably transfected 5-8F and 6-10B cells were seeded in 6-well
plates (2 × 105 cells). During incubation at 37°C for 3 days, we
added 300 μg/mL of the inhibitor of glycolysis, 2-DG
(Solarbio, Beijing, China), to the medium (negative control:
PBS). Then the cells were digested with 0.25% trypsin,
washed with PBS, and sonicated by ultrasound (Vibra-Cell™
processor, Sonics, Newtown, USA) on ice. According to the
manufacturer’s instructions (Solarbio, Beijing, China), the
extracts were processed and measured by a Synergy H1
microplate reader. To assess HK, PK, LDH, and lactate
production, the absorbances were measured at 340 nm,
340 nm, 450 nm, and 570 nm, respectively. The activities of
HK, PK, and LDH and the concentration of lactate were
calculated as instructed by the kits. The activities of HK, PK,
and LDH in the control group were normalized to 1.0.

Dual-luciferase reporter assay
GLUT1 wild-type (WT) or mutant (Mut) was cotransfected
with the ZBTB7A overexpression plasmid or NC plasmid
into NPC cells. Following the instructions of the Dual-
Luciferase� Reporter Assay System (Promega, Madison,
USA), relative luciferase activity was screened by a Synergy
H1 microplate reader.

Chromatin immunoprecipitation- quantitative real-time
polymerase chain reaction (ChIP–qPCR)
ChIP was performed based on a previously described method
(DeCaprio and Kohl, 2020). A total of 7 × 106 NPC cells were
subjected to two-step dual crosslinking. Immunoprecipitated
protein–DNA complexes were obtained with anti-ZBTB7A
antibody (1:200 dilution; Abcam, ab175918). Purified DNA
was analyzed by qPCR with CFX Connect (Bio-Rad,
Hercules, USA) and SYBR Green Mix (Vazyme, Nanjing,
China). The following primer pairs (forward and reverse)
were used: GLUT1, 5’-TGTAAGGCAAGCTGGGATG-3’
and 5’-GGTCTTTCTACAACCCTACGAG-3’; ACTB, 5’-
TCCTTCCTGGGCATGGAGT-3’ and 5’-CAGGAGGAG-
CAATGATCTTGAT-3’.

Xenografts
A total of 5 × 106 RNAi-5-8F and NC-5-8F cells were
subcutaneously injected into the left and right flanks of
BALB/c nude mice (female, 4 weeks old; average weight,
16.104 ± 0.798 g; Guangxi Medical University Laboratory
Animal Centre) because of their stronger vitality and
proliferation abilities than those of the 6-10B sublines. Based
on the table of random numbers, our team members
randomly divided 24 mice into four groups (6 mice/group/
cage) and injected 2 g/kg 2-DG (dissolved in PBS) or PBS
into the abdomen of mice every other day starting 3 days
after the injection of the cells. The sample size of 24 mice
was determined by calculating statistical differences and the
maximum number of mice in a cage. RNAi-5-8F- and NC-
5-8F-injected PBS were used as the control groups. We
gently touched the mouse’s back to alleviate their tenseness
before injection of cells, 2-DG, or PBS. When they were 8
weeks old, the anesthetized mice were sacrificed through
cervical dislocation. To alleviate pain, the mice were
anesthetized with 10% chloral hydrate at a concentration of
4 mL/100 g before sacrifice. The volumes and weights of
tumor tissues were measured. Tumor volume was calculated
using the formula V = (π/6) (d1 × d2)3/2. The volumes were
not too large to influence the survival of mice. All animal
procedures were conducted based on the Guidelines for the
Care and Use of Laboratory Animals and were approved by
the Ethics Committee of Guangxi Medical University
Laboratory Animal Centre (202007059). The BALB/c mice
used in this study were specific pathogen-free (SPF) animals.
They were raised in independent ventilation cages (IVC,
Tecniplast, Via I Maggio, 6-21020 BUGUGGIATE (VA),
Italia). The temperature was 20–25°C, and the atmosphere
was 20–50 Pa. The light/dark cycle was 10/14 h. The food
was sterilized by autoclaving. The water was purified and
sterilized. BALB/c nude mice were used because they are an
ideal animal model simulating neoplasia because of their
immune deficiency.

IHC
The clinical NPC and mouse xenograft tissues were dissected
and fixed in 4% paraformaldehyde overnight. A 3 μm section
was deparaffinized in xylene and rehydrated through
descending graded concentrations of ethanol. After antigen
retrieval, nonspecific binding sites were blocked with bovine
serum albumin (BSA, Servicebio) for 30 min at room
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temperature. The sections were incubated with GLUT1 primary
antibody (1:300 dilution, catalog No. GB11215; Servicebio,
Wuhan, China) overnight at 4°C. After being washed with
PBS (pH 7.4), they were incubated with a secondary antibody
(1:200 dilution, catalog No. GB23303; Servicebio) for 50 min
at room temperature. DAB was added to the circle after the
sections were washed and slightly dried. The nucleus stained
with hematoxylin was blue, and those with DAB showed up
brownish-yellow. The sections were observed under a BX51
fluorescence microscope (Olympus, Tokyo, Japan). The
average staining intensity (average optical density, AOD),
reflecting the average level of positive signal, was analyzed
by ImageJ (National Institutes of Health, Bethesda, USA)
(Zhang et al., 2021).

Statistical analysis
Experimental data were analyzed by SPSS 13.0 (IBM, Armonk,
USA), Prism 5 (GraphPad, San Diego, USA), and SigmaPlot
12.5 (Systat Software, San Jose, USA). Statistical differences
between the two groups were estimated by the two-tailed
Student’s t-test. To analyze the scatter plot of tissue qPCR
data, the Mann–Whitney U test was used if the variances
were significantly different by the F test. P < 0.05 was
considered to be statistically significant.

Results

High expression of GLUT1 is associated with NPC tissues,
especially late-stage NPC
Although a difference was not seen between 60 NPC and 20
control tissues (Liu et al., 2019), we continued to collect samples
and detected the expression of GLUT1 via qPCR. Analysis by
qPCR revealed that GLUT1 expression in 80 NPC tissues was
higher than in 40 control (Fig. 1A). GLUT1 expressions of 14
late-stage NPC tissues were higher than those of 10 early-stage
tissues, as shown by IHC (Figs. 1B and 1C).

ZBTB7A and GLUT1 expression are negatively associated in
NPC cells
ZBTB7A was effectively knocked down or overexpressed in
cells stably transfected with lentiviruses, as intended. WB
results reveal that the stable knockdown and overexpression
of ZBTB7A upregulated and downregulated the expression
of GLUT1, respectively, as shown by WB (Figs. 2A–2C).

The vitality and proliferation of NPC cells expressing low
ZBTB7A are markedly blocked by 2-deoxy-d-glucose in vitro
The vitality and proliferation of RNAi-5-8F and ZBTB7A-6-10B
cells were, respectively, stronger than those of NC-5-8F and
NC-6-10B cells. These results were similar to those reported in
prior studies (Liu et al., 2019; Liu et al., 2018). The vitality and
proliferation capabilities of the cells were weakened by 2-DG;
interestingly, these capabilities of RNAi-5-8F with 2-DG were
weaker than those of other cells with 2-DG or PBS (Figs. 3A–3D).

The activities of key glycolysis enzymes are notably blocked by 2-DG
To clarify whether glycolysis in the cells was inhibited by 2-
DG, we measured the relative activities of HK, PK, LDH,
and lactate production in the cells treated with 2-DG or
PBS. Compared to the control groups, the relative activities
of the cells expressing high and low ZBTB7A were
suppressed by 2-DG. In particular, the relative activities of
RNAi-5-8F with 2-DG were suppressed (Figs. 4A–4H).

ZBTB7A directly suppresses GLUT1 expression
Using bioinformatic tools, the GLUT1 sequence from −857 to
−845 (GCCAGGAACTCGC) was predicted (Fig. 5A). Dual-
luciferase reporter assays and ChIP–qPCR were used to
confirm the interaction between ZBTB7A and GLUT1 in
vitro. The former assay suggested that ZBTB7A suppressed
the expression of GLUT1 (Fig. 5B). The latter revealed the
direct binding of ZBTB7A to the GLUT1 promoter (Fig. 5C).

ZBTB7A knockdown enhances 2-deoxy-d-glucose-mediated
suppression of glycolysis in vivo
Compared to the control groups, the xenograft model of RNAi-
5-8F suppressed by 2-DG exhibited reduced a level of glycolysis;
in the group, the volumes and weights of the tumors were
smaller and lighter, respectively, than those of the other
groups (Figs. 6A and 6B). The expression of GLUT1 protein
was suppressed in the RNAi-5-8F cells treated with 2-DG
(Fig. 6C). The results indicated an enhanced dependency of
ZBTB7A-knockdown tumors, which were more vulnerable to
2-DG than ZBTB7A overexpressing tumors (Fig. 6D).

Discussion

ZBTB7A, or Pokemon, showed complex characteristics and
was expressed at different levels in NPC cells. 5-8F and

FIGURE 1. The expression of GLUT1 in NPC tissues. (A) GLUT1 expression in 80 NPC tissues and 40 controls was detected by quantitative
real-time polymerase chain reaction. (B) GLUT1 expression in 14 late-stage and 10 early-stage NPC tissues was detected by
immunohistochemistry (upper: 40×; lower: 400×). (C) The bar charts represent AOD values of GLUT1 in the early and late stages of NPC.
* P < 0.05 and ** P < 0.01.
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6-10B cells were used as the research objects because of their
high and low metastatic potential, respectively (Li et al., 2021).
WB assays showed that ZBTB7A expression in 5-8F was
higher than in 6-10B cells (Liu et al., 2019). Cells were
stably transfected with lentiviruses, and ZBTB7A was
effectively knocked down in 5-8F cells and overexpressed in

6-10B cells. The induction or reduction of GLUT1
secondary to the ZBTB7A intervention was also limited.

Compared to earlier published results (Liu et al., 2019;
Liu et al., 2018), the vitalities of RNAi-5-8F and ZBTB7A-6-
10B were still stronger than those of NC-5-8F and NC-6-
10B, respectively. These contradictory characteristics

FIGURE 2. The expression of ZBTB7A and GLUT1 in NPC cells stably transfected with lentiviruses. (A) The bands represent the expression of
ZBTB7A, GLUT1, and ACTB proteins in the cells. (B) and (C) The bar charts represent the expression levels of ZBTB7A and GLUT1 in the
cells, respectively. * P < 0.05 and ** P < 0.01.

FIGURE 3. The vitality and proliferation of NPC cells stably transfected with lentiviruses were tested by 2-DG. (A) and (B) The vitality of the
cells was detected by MTT assay. The different groups were compared at 96 h. (C) and (D) The proliferation of the cells was detected by
colorimetric focus forming assay. * P < 0.05, ** P < 0.01 and *** P < 0.001; ns: nonsense.
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indicate that different expression levels of ZBTB7A influence
complex regulatory networks to maintain the growth of NPC
cells. The idea of blocking NPC cells was probably
unsuccessful because ZBTB7A could only be knocked down.
Some genes do not simply promote or suppress cancer
progression. Although overexpression of solute carrier
family 27 member 6 inhibits NPC growth in vitro and in
vivo, it enhances the metastatic ability of NPC cells (Zhong
et al., 2022). Cyclin-dependent kinase 12 promotes
tumorigenesis but induces vulnerability for breast cancer
therapy via inhibiting folate one-carbon metabolism
(Filippone et al., 2022).

In this study, the knockdown and overexpression of
ZBTB7A in different cells led to identical phenotypes and

metabolic profiles. Surprisingly, the vitality and proliferation
of the cells expressing low levels of ZBTB7A were
dramatically suppressed by 2-DG. The cells expressing high
levels of ZBTB7A were not very sensitive to 2-DG.
Moreover, the growth of RNAi-5-8F xenografts was
effectively suppressed by 2-DG. This result was similar to
that in human colon carcinoma shZBTB7A-HCT116 cells
treated with 2-DG in vivo (Liu et al., 2014).

HK, PK, and LDH are the key enzymes of glycolysis. 2-
DG acts as a D-glucose mimic and inhibits glycolysis due to
the formation and intracellular accumulation of 2-deoxy-d-
glucose-6-phosphate, and hampers the function of HK and
glucose-6-phosphate isomerase (Pajak et al., 2019; Raman et
al., 2022). The definite mechanisms by which 2-DG inhibits

FIGURE 4. The activities of key glycolysis enzymes and lactate production in NPC cells stably transfected with lentiviruses were measured by
2-deoxy-d-glucose (2-DG). (A) and (B) The HK activity of the cells. (C) and (D) The PK activity of the cells. (E) and (F) The LDH activity of
the cells. (G) and (H) The lactate production in the cells. * P < 0.05, ** P < 0.01 and *** P < 0.001.

FIGURE 5. ZBTB7A directly suppressed GLUT1 expression by binding to the promoter region of GLUT1. (A) A potential interaction between
ZBTB7A and the promoter region of GLUT1 was predicted by JASPAR software. To generate luciferase reporter constructs, the forward
primers (F: 5’-TGTAAGGCAAGCTGGGATG-3’) and reverese primer (R: 5’-GGTCTTTCTACAACCCTACGAG-3’) were used to amplify
part of the GLUT1 promoter region. (B) A dual-luciferase reporter assay was used to analyze the potential interaction between ZBTB7A
and GLUT1. (C) Chromatin immunoprecipitation-quantitative real-time polymerase chain reaction was used to analyze whether ZBTB7A
is directly bound to the GLUT1 promoter. * P < 0.05 and *** P < 0.001.
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PK and LDH have not been determined. While 2-DG had no
obvious effects on the total level of PK muscle isoenzyme M2
(PKM2) in a mouse model of inflammatory lung injury (Hu et
al., 2018), it inhibited the release of LDH in the rat tubular cell
line NRK‑52E (Ouyang et al., 2015). The activities of HK, PK,
and LDH were suppressed by 2-DG in cells expressing low
levels of ZBTB7A. Among all cells used in this study, RNAi-
5-8F cells had lactate production that was reduced to its
lowest level by 2-DG the most.

Furthermore, the potential connection between ZBTB7A
and GLUT1 provides a possible pathway for inhibiting NPC
(Liu et al., 2019). Reprogramming cellular metabolism has
been demonstrated to facilitate tumorigenesis (Hanahan,
2022). GLUT1, a key enzyme of metabolic reprogramming,
is closely associated with glycolysis (Wang et al., 2022). In
this study, we confirmed via a dual-luciferase reporter assay
and ChIP–qPCR that high expression of GLUT1 was
associated with late-stage NPC and that ZBTB7A directly
suppressed GLUT1 expression. The regulatory mechanism
warrants studying and developing trial therapies.

Conclusion

In tumors of highly metastatic cells, we consider that targeted
therapy of key genes related to NPC progression is not simple.
NPC cells can be weakened through overexpression or
knockdown of targeted genes. This study revealed that
ZBTB7A controls the 2-DG-induced inhibition of glycolysis

by affecting GLUT1 expression. This conclusion suggests
that the combination of targeted therapy and metabolic
chemotherapy could halt NPC progression.
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arranged into four groups (raw/group), named NC-5-8F+PBS, RNAi-5-8F+PBS, NC-5-8F+2-DG, and RNAi-5-8F+2-DG (right). (B) The
volumes and weights of the tumors were measured and compared on day 27. (C) GLUT1 expression in the tumor masses was detected by
IHC (400×). (D) The regulatory mechanism of the cells with stable knockdown of ZBTB7A with glycolysis is shown. * P < 0.05,
** P < 0.01 and *** P < 0.001; ns: nonsense.
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SUPPLEMENTARY FIGURE S1. The RNA expression of SLC2A1 (GLUT1) in HNSCC.

SUPPLEMENTARY FIGURE S2. SLC2A1 expression in HNSCC patients in early or late
clinical stages.
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SUPPLEMENTARY FIGURE S3. Overall survival among HNSCC patients with high or low
SLC2A1 expression.

SUPPLEMENTARY FIGURE S4. Disease-specific survival among HNSCC patients with high
or low SLC2A1 expression.

SUPPLEMENTARY FIGURE S5. Progression-free interval among HNSCC patients with high
or low SLC2A1 expression.

SUPPLEMENTARY FIGURE S6. The correlation between ZBTB7A and SLC2A1 expression
in HNSCC.
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SUPPLEMENTARY FIGURE S7. The relative
expression of SLC2A1 in NPC.
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