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Abstract

Introduction: High metabolic plasticity, as one of the hallmarks of multiple
cancers, usually promotes cancer growth and metastasis. Therefore, met-
abolic enzymes could be selective targets in suppressing the growth and
invasion of cancer cells. It is generally believed that hexokinase 2 (HK2)
catalysing glucose into glucose-6-phosphate is the first step in glucose me-
tabolism. It is unclear, however, if HK2 is involved in lung cancer (LC) prolif-
eration and metastasis.

Material and methods: Tumours and adjacent tissue from LC patients were
used to study the expression of HK2 by RT-PCR and western blot analysis.
Several different LC cell lines were used to explore the oncogene function of
HK2 via MTS and BrdU assay in vitro, as well as xenografts model and Lung
metastasis model in vivo.

Results: HK2 was upregulated in primary LC tissue and metastatic foci. The
expression of HK2 can be modulated by multiple mutations of oncogenes or
tumour suppressors, including Kras, p53, and Keap1. Functionally, suppression
of HK2 expression by shRNA transfection in LC cell lines hindered lactate pro-
duction and therefore suppressed cell migration and invasion. The depletion
of HK2 also sensitised the LC cells to cisplatin-induced apoptosis, suggesting
that HK2 also mediated the chemoresistance in LC. Finally, our in vivo data in-
dicated that stable knockdown of HK2 inhibited xenografted tumour growth,
sensitized the tumour response to cisplatin treatment, and decreased the in-
cidence of lung metastasis in nude mice after tail vein injection.
Conclusions: We demonstrated that HK2 is required for LC cell growth and
metastasis in vitro and in vivo, and for its relationship between multiple
mutations in LC. Our results revealed that HK2 promotes LC cell proliferation
and metastasis in various mutation backgrounds of LC cells, indicating that
HK2 is a high-potential therapy target for LC treatment. Our data provide
strong evidence that HK2 plays an important role in promoting LC disease
progression, and it may be a promising target for lung cancer therapy.
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Introduction

Lung cancer (LC), as one of the leading lethal cancers worldwide, caus-
es more than one million deaths every year [1]. Most LC patients are in an
advanced stage when diagnosed, and only 16% achieve 5-year survival
[1]. What is worse, most LC patients are in metastatic stage IV when
detected, which usually results in a higher recurrence rate and lower sur-
vival [2]. The mechanism of cancer metastasis is complicated [3], which
makes it the major lethal cause in various solid malignancies, including
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LC [4, 5]. Although several encouraging therapy
strategies and medicines have been developed in
recent years, the prognosis for LC remains poor [2].
Extensive reports showed that alteration of the
metabolic signals is one of the primary drivers for
the LC cell invasion/metastasis [3, 4]. Hence, it is
vital to explore the primary molecules and mecha-
nisms that underly LC progression and metastasis.

The metabolic reprogramming of tumours is
one of the essential drivers for cancer malignant
development and progression [6, 7]. Accelerated
uptake of glucose, as a major hallmark of cancer
cells, provides energy and biosynthetic materials
for cancer cell growth and invasion [8]. Increased
glycolysis of tumour cells by enhanced glucose
uptake makes the production of energy in cancer
cells without oxygen or glycolytic intermediates,
e.g. amino acids, nucleotides, etc. [4]. Accordingly,
the dysregulated expression of glucose transport-
ers or glycolytic enzymes is frequent oncogenic
signalling. Hexokinases (HKs), converting glucose
into glucose-6-phosphate (G-6-P), are the kinases
involved in the first step of glucose metabolism
[9]. To date, four major isoforms (HK1, HK2, HK3,
and HK4) have been characterised in mammalian
tissues [10]. However, only HK2 was found to be
highly expressed in multiple cancer cells, which
is associated with poor overall clinical outcomes
in cancer patients [11, 12]. It was reported that
the deletion of Hk2 suppressed tumour burden
and increased overall survival of Kras-driven lung
cancer and ErbB2-driven breast cancer [9]. In ad-
dition, HK2 knockdown also showed inhibitory ef-
fects on the tumour growth in glioblastoma, pros-
tate cancer, and pancreatic carcinoma [13-15].
These findings suggest that HK2 is an attractive
potential therapeutic target for cancer patients.
The results of recent studies also suggested that
HK2 expression might contribute to tumour me-
tastasis [16—18]. Therefore, HK2 is an important
therapy target for cancer treatment.

To date, few studies have focused on the re-
lationship between the expression of HK2 and
LC progression [19, 20]. In this study, we took ef-
forts to address whether HK2 is required for LC
cell growth and metastasis in vitro and in vivo,
and its relationship between multiple mutations
in LC. Our results revealed that HK2 promotes LC
cell proliferation and metastasis in various muta-
tion backgrounds of LC cells, indicating that HK2
is a high-potential therapy target for LC treatment.

Material and methods

Subjects and tissue samples

The 56 tumour tissues and corresponding ad-
jacent normal lung tissues were collected from LC
patients of the Third Hospital of Jilin University

from Jan 2013 to December 2018. The samples
were snap-frozen in liquid nitrogen immediately
after resection. The diagnosis of lung cancer was
confirmed by histopathology. These 56 tumour
samples included 15 small cell lung carcinoma and
41 non-small cell lung carcinoma. Once tumour
samples were harvested, they were divided into
two parts. One was paraffin-embedded, and the
other was snap-frozen with liquid nitrogen and
stored at —80°C for protein and mRNA extraction.
This study was reviewed and approved by the Eth-
ics Committee of Jilin University, and all patients
provided written informed consent.

Cell culture and reagents

Three human LC cell lines (A549, H460, and
H1299) were purchased from the Cell Bank of
Type Culture Collection of the Chinese Academy
of Science, Shanghai Institute of Cell Biology. All
cells were cultured in RPMI-1640(DMEM) medium
(Gibco, Life Technologies, California, USA) supple-
mented with 10% foetal bovine serum (Gibco) and
penicillin (100 1U/ml)/streptomycin (100 mg/ml)
(Gibco), and were maintained in an incubator at
37°C with 5% CO,,.

Metabolite analysis

Concentrations of glucose and lactate were
measured by a YSI 2700 biochemistry analyser
(YSI, Yellow Springs, OH). The ATP level was anal-
ysed by CellTiter-Glo 2.0 (Thermofisher, Shanghai,
China) as described by the manufacturer.

Plasmids, siRNA transfection, and lentiviral
transduction

All of the plasmids and the siRNA transfec-
tion were conducted using lipofectamine 2000
(Thermofisher) as described by the manufacturer.
The pcDNA-flag-WT Keapl (#28023) and pcDNA-
WT p53 (#69003) were purchased from Add-
gene (Cambridge, MA, USA). The siRNA for Kras
(5'-GUGCAAUGAAGGGACCAGUA-3") and control
(5"-GUACCUGACUAGUCGCAGAAG-3') were synthe-
sised by GenePharma (Shanghai, China). 200 pmol
of siRNA or 0.4 ug of plasmids was used to trans-
fect the A549, H460, or H1299 cells in 12-well
plates. After transfection overnight, the cells
were collected for western blot or mRNA ex-
traction. The lentiviral shRNAs for human HK2
(TRCNO000037670) was purchased from Ther-
mofisher, and the control shRNA (#10879) was
purchased from Addgene. For the lentivirus pro-
duction, shRNA-encoding plasmids were mixed
with packaging plasmids (VSVG, REV, and pMDL)
(Addgene) and co-transfected into adherent HEK-
293T cells. Thirty-six hours later, virus-containing
supernatant was collected and the target cell was
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infected with 8 pg/ml polybrene. To generate sta-
ble cell lines, cells were selected with 4 pg/ml pu-
romycin for 5 days, and knockdown efficiency was
detected by immunoblotting.

Cell proliferation, apoptosis, and clonogenic
formation assay

For cell growth assay, 1 x 10* cells/well were
seeded in 96-well plates. At different time points,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay was performed using the MTS assay
kit (Thermofisher, Shanghai, China) according to
the manufacturer’s instructions. Chemilumines-
cence was measured by using a Wallac Victor
1420 Multilabel Counter (Perkin Elmer, Waltham,
MA, USA). Each assay was conducted in triplicate
and repeated three times. In 5-Bromo-2'-deoxy-
uridine (BrdU) assay, the cells were cultured for
3 days before labelling with (3 ug/mL) BrdU (Ther-
mofisher) for 4 h. The analysis of BrdU was per-
formed as previously described [21].

The apoptosis of cells was analysed by
Hoechst-33258 (Thermofisher) nuclear staining.
Briefly, the cells with supernatant were collected
and stained with Hoechst-33258 staining medium
(0.1% Hoechst, 0.5% NP-40, 4% formaldehyde in
PBS). The fracted nuclear was counted in 400 cells
in each treatment group. The percentage of frag-
mented cells was calculated as the percentage of
apoptosis.

For clonogenic survival assay, 1 x 10* cells
per well were seeded in the six-well plates. After
2 weeks, cell colonies were fixed in 10% formalin
and stained with crystal violet (0.1% w/v).

Semiquantitative reverse-transcriptase
polymerase chain reaction

For RNA isolation, the AxyPrep™ Purification
Kit (Axygen, USA) was used according to the
manufacturer’s instructions. The concentration
of total RNA was analysed by a Nanodrop 2000
micro-volume spectrophotometer (Thermo Sci-
entific). Real-time PCR (RT-PCR) reactions were
performed on an Mx3000P real-time PCR sys-
tem (Stratagene USA). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as an
internal control. The primers used to amplify the
gene were: 5'- CAAAGTGACAGTGGGTGTGG-3" and
5’- GCCAGGTCCTTCACTGTCTC-3" for HK2; 5'-AC-
CACAGTCCATGCCATCAC-3" and 5'-TCACCACCCT-
GTTGCTGTA-3' for GAPDH.

Western blotting

The tissues and cells were lysed with ice-cold
lysis buffer (60 mM HEPES pH 7.4, 120 mM NaCl,
2 mM MgCl,, 5 mM EGTA pH 8.0, 1 mM dithioth-

reitol, 0.5% Triton X-100, 10% glycerol, and pro-
tease/phosphatase inhibitor cocktail) for 30 min
on ice, and centrifuged at 12,000 rpm for 5 min
at 4°C. The supernatants were collected and an-
alysed for protein concentrations using Bradford
protein assay (Bio-Rad, Hercules, CA, USA). A to-
tal 30 pg of protein lysates was resolved by SDS-
PAGE and transferred onto PVDF membranes.
Membranes were blocked with 5% non-fat milk in
PBS and then probed with indicated primary anti-
body overnight at 4°C. In this study, the following
antibodies were used: Kras (MABS194, Millipore),
HK2 (#2867, Cell Signaling Technology), Cleaved
Caspase-3 (human) (#9661, Cell Signaling Tech-
nology), and Beta-Actin (SC-47778, Santa Cruz
Technologies). All of the antibodies were used at
1:1000 dilution. After incubation with primary an-
tibodies, the membranes were washed with PBST
(0.5% Tween 20 in PBS) three times and incubated
with a second antibody for an additional hour at
room temperature. The mouse and rabbit source
second antibodies were purchased from Santa
Cruz and used at 1 : 2000 dilution. After washing
with PBST three more times, the western blot was
developed using ECL substrate (32106, Thermo
Fisher). The densitometry of western blot was ana-
lysed using Image J software (version 1.52).

Immunohistochemistry staining

The immunohistochemistry (IHC) was per-
formed on 5um tissue sections using the antibod-
ies of HK2 (Cell Signaling Technology). Briefly, after
incubation with primary antibody (1 : 100 diluted
with 10 % goat serum in PBS) overnight at 4°C,
the slides were washed three times with PBS and
incubated with biotin conjugated second antibody
(1:100, #14708, Cell Signaling Technology) for an
additional hour at room temperature. The final im-
age of IHC was developed using a DAB kit (Vector,
Burlingame, CA, USA) as described by the manu-
facturer. The results of the IHC analysis were taken
with a digital slide scanning system (Panoramic
Scan, 3DHISTECH Ltd.). The results were quantified
as mean density (I0D/area) by Image J software.

The cell invasion assay

The cell invasion was analysed by the 24-well
BD BioCoat Matrigel Invasion Chambers as de-
scribed by the manufacturer guideline (BD Biosci-
ence). Briefly, 2-4 x 10° cells were added to the
upper wells with a thin layer of Matrigel base-
ment membrane matrix (for invasion). The mem-
branes were stained with crystal violet (Fisher
Scientific) after removing the non-migrated cells
from the top of the membrane. The migrated cells
were counted using a light microscope (Zeiss Axio
Observer) in five randomly selected fields (magni-
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fication; 40x). Each assay was performed in trip-
licate.

Lung metastasis models

The animal protocol was approved by the Insti-
tutional Animal Care and Use Committee of the
Third Hospital of Jilin University, and followed the
national and international guidelines. To deter-
mine the effects of HK2 on the metastasis of lung
tumours, tail vein injection experiments were per-
formed. 1 x 106 viable cells/100 pl A549 cells with
or without HK2 stable knockdown were injected
into the tail veins of six-week-old female nude
mice (n = 6 for each group). The mice were anaes-
thetised by isoflurane (Sigma-Aldrich). The health
and behaviour of mice were monitored every
2 days. Three weeks after injection, animals were
killed by CO, euthanasia to obtain the lungs. Lung
tumour formation was observed, and tumour
nodules were counted under a dissecting micro-
scope. For the survival experiment, the death of
tail-vein-injected nude mice (n = 8 for each group)
was counted when dead mice were found.

Xenograft mouse model and treatment

To further study the HK2 function on the tu-
mour growth in vivo, the nude mice were sub-
cutaneously injected with control, HK2 knock-
down A549 (1 x 10° cells suspended in 100 ul
of PBS). Ten days after tumour inoculation, two
groups of mice were treated with PBS (control) or
cisplatin (Sigma-Aldrich, 5 mg/kg in PBS) by I.P.
injection (once every 3 days for 15 days). The tu-
mour progress was monitored every 4 days, and
all mice were euthanised at 24 days after injec-
tion. Once the xenograft tumours for the study
of mice were euthanised, and tumours were
dissected and fixed in 10% formalin for histopa-
thology and TUNEL staining. The percentage of
TUNEL-positive cells was counted in more than
10 pictures in each group of tumours.

Statistical analysis

Statistical significance was determined by Stu-
dent’s t-test (paired) for bar graphs or one-way
ANOVA analysis for growth curves with Graphad
Prism (v.5). P < 0.05 was considered to be a statis-
tical difference. The survival of tail-vein-injected
mice was analysed by Kaplan Meier Survival anal-
ysis of Graphad Prism.

Results

High HK2 expression in LC tumours is
associated with poor survival of LC patients

To examine the relationship between dereg-
ulated HK2 expression and LC progression and

migration, analysis was made of HK2 expression
in tissue samples obtained from 56 pairs of LC
tumours and adjacent tissue from LC patients.
The RT-PCR and western blot analysis revealed
that the HK2 was higher in the LC tumours (Fig-
ures 1 A, B). Among these 56 patients, 21 were
found to have metastases. We then further com-
pared the HK2 expression level in the tumour from
these 21 patients to those without metastasis. We
found that the patients with tumour metastasis
had higher HK2 expression (Figure 1 C), suggest-
ing that HK2 expression might also contribute to
LC tumour metastasis. Consistently, the data from
the cancer browser (https://xena.ucsc.edu/wel-
come-to-ucsc-xena/) also suggested that the HK2
mRNA expression level is higher in the LC tumours
than in the solid normal tissues (Figure 1 D). More-
over, the Kaplan-Meier plotter analysis (http://km-
plot.com/analysis/index.php?p=service) revealed
that higher HK2 expression is correlated with poor
survival in LC patients (Figure 1 E). Therefore, our
data support that HK2 expression is higher in LC
tumours, especially in tumours with metastasis,
and that high HK2 expression leads to poor clini-
cal outcome in LC patients.

HK2 expression is mediated by frequently
mutated genes in LC

The Kras mutations, loss of function muta-
tions in p53 (50-70%), and Keapl mutation
(~11%) are the most common mutations identi-
fied in human NSCLC [22]. We, therefore, investi-
gated whether the expression of HK2 is correlat-
ed with the mutation of these several genes. To
address this question, several different LC cell
lines were used, including Kras and Keapl dou-
ble mutant cells, A549 and H460, and p53 null
cell, H1299. We found that the depletion of Kras
in A549 and H460 suppressed the HK2 expres-
sion in protein and mRNA levels (Figures 2 A, B).
Similarly, overexpression of WT KEAP1 in A549
and H460 cells also inhibited the protein and
mRNA level of HK2 (Figures 2 C, D). Furthermore,
overexpression of WT p53 in H1299 had a sup-
pressive effect on HK2 expression (Figures 2 E, F).
Therefore, our results suggest that mutations
of oncogene or tumour suppressor in LC lead to
higher expression of HK2.

HK2 expression promotes LC cells
proliferation and invasion

In the next step, we further investigated wheth-
er the level of HK2 expression contributes to the
LC progression. We knocked down HK2 with
shRNA by lentivirus transfection in LC cells with
different genomic mutation background, including
A549, H1299, and H460 cells. Depletion of HK2
in these three LC cells significantly inhibited cell
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Figure 1. HK2 was highly expressed in LC tumours and correlated with poor survival. A — The mRNA level of HK2
in 56 pairs of adjacent tissues and primary tumours in LC patients. B — The representative western blot for HK2
expression in adjacent tissues and primary tumours (upper panel). The statistical calculation of HK2 expression
was analysed (lower panel). C — The representative expression of HK2 in tumours of LC patients with or without
metastasis (21 vs. 35, left panel). The statistical calculation of HK2 expression was analysed (right panel). D — The
mRNA level of HK2 expression from database of cancer browser. E — The survival of LC patients with high and low

HK2 expression from Kaplan-Meier plotter database
*p < 0.05, **p < 0.001.

growth when compared with the cells transfected
with control shRNA (Figure 3 A). Brdu assay and
colony formation assay further indicated that the
proliferation of LC cells was compromised by HK2

knockdown (Figures 3 B, C). Furthermore, we also
investigated the effect of HK2 on the migratory/
invasive capacity of LC cells. The trans-well assay
revealed the absence of HK2 suppressed invasion
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Figure 2. The HK2 expression is mediated by the mutation of Kras, p53, and Keapl. A — The expression of Kras
and HK2 in A549 and H460 cells with control and Kras siRNA transfection. B—The mRNA level of HK2 in A549 and
H460 cells with control and Kras siRNA transfection. C — The expression of Keapl and HK2 in A549 and H460 cells
transfected with control (pcDNA3) and WT Keap1 (pcDNA3 flag-Keap1). D — The mRNA level of HK2 in A549 and
H460 cells transfected with control (pcDNA3) and WT Keap1 (pcDNA3 flag-Keap1). E — The expression of p53 and
HK2 in H1299 cells transfected with control (pcDNA3) and WT p53 (pcDNA3 p53). F — The mRNA level of HK2 in
H1299 cells transfected with control (pcDNA3) and WT p53 (pcDNA3 p53). Each experiment was performed 3 times

“p < 0.01, ***p < 0.001.

in A549, H1299, and H460 cells (Figure 3 D). To
further confirm the effect of HK2 on LC prolifera-
tion and invasion, the expression of proliferation
marker, Ki-67, and invasion marker, E-cadherin,
and Vimentin, was analysed by western blot. Con-
sistently, the silence of HK2 in A549 and H1299

cells suppressed the expression of Ki-67 and vi-
mentin but enhanced the expression of E-cadher-
in (Figure 3 E). Therefore, these results indicate
that HK2 expression is correlated to the prolifera-
tion and invasion of LC cells with different genom-
ic mutations.
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HK2 promotes LC proliferation and invasion
by regulating lactate production

Because HK2 is an important regulator of gly-
colysis, which has previously been reported to
promote cancer progression [4, 23], we hypothe-
sised that the LC proliferation and invasion driven
by HK2 was due to changes in glycolysis. Firstly,

we measured several glycolysis productions in cell
lines with a stable knockdown of HK2, including
lactate, glucose, and ATP. To ensure that changes
in metabolic production were the consequence
of changes in the levels of HK2 but not a change
in growth rate, we normalised the value of these
product assay to the growth rate of cells as an-
alysed by MTT assay. Consistent with the previ-
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and H1299 cells (Figures 4 A, B). However, HK2 de-
pletion did not affect glucose uptake (Figure 4 C).
Because lactate is a critical regulator of cancer
development [4, 24], we next determined if the
addition of extracellular lactate was sufficient to
reverse the effect of HK2 depletion. Cells were
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Figure 3. Cont. D — The cell invasion of A549 (up-
per), H460 (middle), and H1299 (lower) with or
without HK2 shRNA transfection was analysed by
Transwell assay. E — The expression of indicated
proteins in A549 and H460 with or without HK2
shRNA transfection. Each experiment was per-
formed 3 times

*p < 0.05, **p < 0.01.

tate (40 mM) for 24 h as previously reported [15].
The addition of lactate rescued the proliferation
in A549 cells, which was compromised by HK2
knockdown (Figures 4 D, E). Similarly, the supple-
ment of lactate also enhanced the cell invasion
in A549 cells with HK2 silence (Figure 4 F). There-
fore, our results indicate that lactate production
by HK2 contributes to LC cell proliferation and
invasion.
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Figure 4. HK2 promotes LC cell proliferation and invasion by production of lactate. A-C — The lactate (A), ATP (B),
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Knocking down HK2 expression inhibits
LC tumour growth and sensitised to
chemotherapy

Because the loss of HK2 led to a reduction in
glycolysis and suppression of tumour growth, we
hypothesised that it might enhance the kill effect
of chemotherapy drugs in LC. Therefore, cisplatin,
one of the commonly used chemotherapy drugs

in LC treatment, was used to treat A549 cells with
or without HK2 stably knockdown. As predicted,
the absence of HK2 sensitised the A549 cells to
cisplatin-induced apoptosis, and dramatically sup-
pressed the cell proliferation (Figures 5 A-C). To
confirm that HK2 plays a role in the growth and
chemosensitivity in LC in vivo, the growth and
A549 xenografts in nude mice were examined.
A549 cells with or without stable HK2 knockdown
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Figure 5. HK2 depletion suppressed tumour proliferation and enhanced the killing effect of cisplatin in vitro and
invivo. A—The A549 cells with or without HK2 shRNA transfection were treated with low lethal dosage of cisplatin
(5 uM). The growth of was analysed by MTS assay at the indicated time points. B — The A549 cells with or without
HK2 shRNA transfection were treated with 5 uM cisplatin for 48 h. The apoptosis was analysed by Hoechst-33258
nuclear staining. C — The A549 cells were treated as in (B), the expression of cleaved caspase-3 (cas-3) and Ki-67
was analysed by western blot. D — The growth of tumours in nude mice xenografted with A549 cells stably trans-
fected with or without HK2 shRNA, and treated with 5 mg/kg cisplatin. E—The immunochemistry staining of TUNEL
in different groups of tumours. Left, the representative pictures, scale bar, 20 pm; right, the statistic calculation of

the percentage of TUNEL positive signals
*p < 0.05, **p < 0.01.

Arch Med Sci 1, February / 2026

465



Yongjuan Zhao, Ning Li, Jianjun Zhao, Shaomin Shi*

sh Control

15 1 T

10 1

Metastasis No./lobe

0 T T
sh Control sh HK2

APy

e

100
g
]
>
S 50+
=]
wv
p=0.023
0 T T
0 20 40 60
Time [days]
sh Control —1sh HK2

Figure 6. HK2 depletion suppressed the tumour metastasis in vivo. The nude mice (n = 5 for each group) were
injected with (1 x 10 A549 cells with or without HK2 shRNA transfection. Four weeks later, mice were sacrificed
for tumour metastasis analysis. A — The representative of metastatic tumours in lung. Scale bar, 100 um. B — The
quantification of tumour number in different groups. C — The survival of nude mice (n = 8) injected with (1 x 10°)

A549 cells with or without HK2 shRNA transfection
“*p < 0.01.

were inoculated subcutaneously into nude mice
and treated with cisplatin by I.P injection. The tu-
mours with HK2 knockdown had a slower growth
rate and smaller tumour size, when compared
with the tumours with control shRNA transfection
(Figure 5 D). In terms of chemosensitivity, absence
of HK2 also enhanced the tumour-suppressive ef-
fect of cisplatin (Figure 5 D). Furthermore, TUNEL
staining revealed that depletion of HK2 enhanced
the cisplatin-induced apoptosis in xenografted
tumours (Figure 5 E). Collectively, these results
indicate that HK2 expression mediates tumour
growth and chemosensitivity in vivo.

HK?2 is required for LC metastasis in vivo

To examine the requirement of HK2 for the LC
metastasis, a tail vein tumour metastasis model
was used. A549 cells with or without HK2 stable

knockdown were injected into nude mice by tail
vein injection. Six weeks after injection, mice were
sacrificed to observe lung tumour formation. The
presence of metastatic tumours was analysed us-
ing haematoxylin and eosin (H&E) staining of sec-
tioned lung tissue obtained from mice. We found
that the tumour size and number were smaller in
the mice with HK2 stable knockdown A549 cells
injection (Figures 6 A, B). Without HK2 in tumour
cells, the mice had better survival (Figure 6 C).
These results show that HK2 expression is also
involved in LC metastasis.

Discussion

LC is a highly lethal disease with an increased
incidence of metastasis and reduced overall sur-
vival [25]. It was reported that genes regulating
glucose metabolism were upregulated in LC tu-
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mours relative to normal lung tissue, suggesting
metabolic dysregulation in human tumourigene-
sis and metastasis [4, 24]. In this study, we also
showed that HK2 was upregulated in both LC pa-
tients and LC cell lines. The depletion of HK2 re-
sults in decreased LC growth in vitro and in vivo, in
agreement with previous reports [15, 18, 19]. The
absence of HK2 also suppressed the LC tumour
metastasis and sensitised the LC cells to che-
motherapy-induced apoptosis both in vitro and
in vivo. Importantly, high HK2 expression is cor-
related to multiple frequent mutations, including
p53, Kras, and Keap1, and the tumour-suppressive
effect of HK2 depletion commonly happens in LC
cells with different genomic backgrounds, includ-
ing Kras, p53, and keap1 mutation. Therefore, our
data suggest that targeting HK2 might be widely
used in therapy for LC patients with different ge-
nomic mutations.

Kras mutations and loss of function point mu-
tations in p53 are the top mutations identified
in human LC, which accounts for 10-30% and
50-70%, respectively [25]. The oncogene Kras is
the best potential target of oncogenes because it
modulates multiple growth regulatory cascades.
What is worse, most Kras overexpression patients
also show a loss function of p53 [25, 26]. The
Kras gene, encoding a small GTP-binding protein,
plays critical roles in mediating multiple signal
pathways involved in cell growth, differentiation,
apoptosis, and cell metabolism. As its function in
cellular metabolism, Kras mediates glucose up-
take and drives glucose intermediates into pen-
tose phosphate pathways (PPP) [27, 28]. Recently,
WT p53, as a tumour suppressor, was reported to
negatively regulated glycolysis [29]. However, as
a frequently mutated gene, mutant p53 proteins
were reported to mediate metabolic changes as
a novel gain of function to promote tumour devel-
opment [30]. Therefore, the strategy to target gly-
colysis can be an effective therapeutic method to
overcome Kras and p53 mutation in LC patients.
In this study, we found that depletion of mutant
Kras or overexpression of WT p53 can suppress
the expression of HK2, which is supported by pre-
vious studies [19, 31]. Accordingly, our results also
show that depletion of HK2 suppressed the LC cell
proliferation and invasion in different LC cells with
or without Kras and p53 mutation.

Other than mutation of Kras and p53, Keapl
mutation also frequently occurs in LC patients
(~11%) [32]. In the process of lung tumourigen-
esis, cancer cells enhance their metabolic output,
which leads to the production of reactive oxygen
species (ROS) [33]. To maintain homeostasis of ox-
idative stress, about 30% of NSCLCs change the
transcription of antioxidant related genes, such as
mutations of Nfe2L2 (encoding Nrf2), mutations
of Keapl, a negative regulator of Nrf2 [34]. A re-

cent study showed that Keap1 mutation protected
the BACH1 from degradation by FBX022 via the
stabilisation of Nrf2, which led to LC metastasis
[35]. Another study published at the same time
reported that the stabilisation of BACH1 by Nrf2
promoted LC progression via transcription of HK2,
and increased glycolysis [36]. In accordance with
these studies, we also found that overexpression
of WT Keap1 in A549 and H460 cells suppressed
the transcription of HK2, and silence of HK2 also
reduced the LC growth and invasion in Keap1 mu-
tant LC cells. Therefore, targeting HK2 to suppress
the tumour glycolysis can be widely implied in LC
patients with Kras, p53, or Keapl mutations. It will
be interesting to study further the function of HK2
in other mutations, such as Braf, EGFR, etc.

HK2 plays an important role in regulating glu-
cose uptake, the upstream of metabolic pathways
[9]. Direct targeting of HK2, therefore, can hinder
the transportation of glucose, which is necessary
for tumour progression [23]. Here, we also show
that the upregulation of HK2 in primary tumours
is associated with worse overall survival in LC pa-
tients. Mechanically, we found that HK2 expres-
sion promotes LC cell proliferation, metastasis,
and chemoresistance. Along with the observation
that HK2 is upregulated in LC primary tumours,
these data supported a role for HK2 in the LC tu-
mour progression. The aggressive tumour showed
increased rates of glycolysis, indicating that glycol-
ysis may be important for tumour progression and
metastasis [37]. We found that HK2 directly pro-
motes LC tumour proliferation and metastasis via
regulation of glycolysis, because the supplement
of lactate production is sufficient to promote LC
cell growth and invasion, even in HK2-absent cells.
This result is in agreement with previous studies
showing that extracellular lactate promotes mi-
gration of LC cell lines [4] and enhances the growth
of glioblastoma cell lines [38]. It was also reported
that increased lactate production led to poor pa-
tient outcomes [4, 24]. Therefore, our results sug-
gest that direct targeting of HK2 or inhibition of
glycolysis may improve patient outcomes.

In conclusion, the present study demonstrated
that HK2 expression is involved in LC tumourigen-
esis and metastasis. Our data suggest that the
targeting of HK2 may be a promising approach
for LC patients with various genomic mutation
backgrounds. In the future, it will be interesting
to study the mechanism of HK2 abnormal expres-
sion in LC, as well as its downstream signal path-
way in mediating LC progression.
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