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Hexokinases 2 promoted cell motility G

and distant metastasis by elevating fibronectin
through Akt1/p-Akt1 in cervical cancer cells
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Abstract

Background: Hexokinases 2 (HK2) is a member of the hexokinases, linking with malignant tumor growth and distant
metastasis. However, evidence regarding the potential role of HK2 in regulating cell motility and tumor metastasis
during the cervical cancer malignant progression remains limited.

Methods: In vitro migration and invasion assay, in vivo metastasis experiments were performed to detect the
effective of HK2 on regulating cell motility and tumor metastasis in cervical cancer cells. RNA-Seq was performed to
explore the potential molecules that participate in HK2-mediated cell motility and tumor metastasis in cervical cancer
cells. The correlation between HK2 and Akt1, p-Akt1, FN1 expression in cervical cancer cells and human squamous
cervical carcinoma (SCC) samples was verified in this study.

Results: In this study, cervical cancer cells with exogenous HK2 expression exhibited enhanced cell motility and dis-
tant metastasis. Transcriptome sequencing analysis revealed that fibronectin (FN1) was significantly increased in HK2-
overexpressing Hel a cells, and the PI3K/Akt signaling pathway was identified by KEGG pathway enrichment analysis.
Further studies demonstrated that this promotion of cell motility by HK2 was probably a result of it inducing FNT,
MMP2 and MMP9 expression by activating Akt1 in cervical cancer cells. Additionally, HK2 expression was altered with
the changing of Akt1/p-Akt1 expression, implying that HK2 expression is also modulated by Akt1/p-Akt1. Moreover,
the positive correlation between HK2 and Akt1, p-Akt1, FN1 expression in human squamous cervical carcinoma (SCC)
samples was verified by using Pearson correlation analysis.

Conclusions: This study demonstrated that HK2 could activate Akt1 in cervical cancer cells, subsequently enhanc-
ing cell motility and tumor metastasis by inducing FN1, MMP2 and MMP9 expression. There likely exists an interactive
regulatory mechanism between HK2 and Akt1 during the malignant process of cervical cancer.
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Background
Cervical cancer is the fourth most common malignant
tumor in the world. It is the most common female repro-
ductive system tumor. More than 80% of cases occur in
*Correspondence: zpsheng@mail.xjtu.edu.cn; cuin2003@xjtufh.edu.cn developing countries, and cervical cancer is the second
*Qian Chen and Lu Li contributed equally to this work and should be leading cause of cancer-related death among women in
fons‘dered co-firstauthors N . ) . developing countries; metastasis of cervical cancer is still
Department of Reproductive Medicine, The First Affiliated Hospital h . f lated death [1
of Xi'an Jiaotong University, 76 West Yanta Road, 710061 Xi'an, Shaanxi, the main cause of cancer-related death [1].
People’s Republic of China Fibronectin (FN1) is one of the most abundant extra-
Full list of author information is available at the end of the article cellular matrix (ECM) proteins, playing an important

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.



http://orcid.org/0000-0002-4821-6762
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-021-02312-0&domain=pdf

Chen et al. Cancer Cell Int (2021) 21:600

role during cell adhesion and migration processes,
including during embryogenesis, wound healing, blood
coagulation, host defense, and metastasis [2, 3]. FN1 is
an established marker for epithelial-mesenchymal tran-
sition (EMT), and stimulated FN1 expression has been
observed in various types of cancer and is associated with
enhanced cell migration, invasion and tumor metastasis
[4, 5]. EN1 expression is regulated by a variety of factors
(e.g., TGF-B, EGF) and cellular signaling pathways [6, 7].
For instance, the prosurvival effect that FN1 has on can-
cer cells is primarily mediated by FAK-dependent activa-
tion of the PI3K/AKT/mTOR pathway. In cervical cancer,
aberrant FN1 expression was confirmed to be involved in
cell viability, apoptosis, migration and invasion [8].

HK2 is a member of the hexokinases; it is a pivotal
player in the “Warburg effect’ and was reported as a key
rate-limiting regulator during glucose metabolism [9]. In
recent years, HK2 expression has been reported to be ele-
vated in various cancers, facilitating tumor initiation and
maintenance, and has been linked to tumor malignant
growth [10]. Additionally, the correlation between aber-
rant HK2 expression and altered cell motility has been
confirmed in many types of cancers, including pancreatic
cancer [9], neuroblastoma [11], tongue squamous cell
carcinoma [10], colon cancer [12], and breast cancer [13].
In cervical cancer, increased HK2 expression in patient
samples was reported as early as the 1970s and also con-
firmed in our previous study, and aberrant expression of
HK?2 was linked with radiation resistance, malignant cell
growth and poor prognosis in cervical cancer [14, 15].
However, evidence about the role of HK2 in regulating
cell motility and tumor metastasis during the cervical
cancer malignant progression remains limited. In addi-
tion, a potential role of HK2 in altering FN1 expression in
cancer cells has not been reported.

Therefore, to address these issues, exogenous HK2 was
stably overexpressed in cervical cancer cells, and HK2-
overexpressing cells exhibited increased cell motility and
distant metastasis in cervical cancer cells. Furthermore,
a transcriptome sequencing analysis was performed in
HK2-overexpressing monoclonal cell lines to screen for
potential target genes and signal transduction pathways
that are likely involved in HK2-mediated cell migration
and tumor metastasis in cervical cancer. As shown in
this study, exogenous expression of HK2 activated Aktl
(p-Aktl) in cervical cancer cells, subsequently enhanc-
ing cell motility and tumor metastasis by inducing FN1,
MMP2 and MMP?9 expression.

Methods

Cell culture and treatment

The human cervical cancer cell lines (HeLa and SiHa)
were purchased from American Type Culture Collection
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(ATCC; Manassas, VA) and were tested using RT-PCR
for mycoplasma contamination every 3 months. The
human immortalized cervix squamous cell line (Ectl/
E6E7) was purchased from Shanghai GuanDao Biologi-
cal Engineering Co., Ltd (China). The cervical cancer
cell lines HeLa and SiHa were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, St Louis, MO, USA). Ect1/E6E7 cells were cul-
tured in modified Eagle’s medium (MEM, Sigma-Aldrich,
St Louis, MO, USA). All of the culture media described
above were mixed with 10% FBS (fetal bovine serum,
HyClone, Thermo Scientific, Waltham, MA, USA). HK2-
overexpressing cells were treated with 5 uM MK2206 (an
inhibitor of Aktl, Selleck, S1078, USA), as previously
described [16]. Then, the cells were subjected to western
blot, migration and invasion assays.

Plasmid construction and transfection

The pIRES2-AcGFP-HK2 plasmid was constructed using
the following primers: forward, 5-CCGGAATTCGCC
ACCATGATTGCCTCGCATCTGCTTGCCTACT-3/,
and reverse, 5-CGCGGATCCCTATCGCTGTCCAGC
CTCACGGATGC-3'. The primers were used to amplify
the full-length human HK2 coding sequence and cloned
into the pIRES2-AcGFP vector (Clontech, Mountain
View, CA) via the EcoRI and BamHI sites. The shRNA
for HK2 was purchased from Gene Pharma (Shanghai,
China). The pIRES2-AcGFP-HK2 and shRNA vectors
were transfected into SiHa and HeLa cells with Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA),
and then the cells were treated with G418 (Calbiochem,
La Jolla, CA, USA) for three-four weeks to generate sta-
bly overexpression and knockdown cell lines. pIRES2-
AcGFP-Aktl was a gift of Dr. Na Cai from our laboratory
[17] and was transiently transfected into cells by using
Lipofectamine 2000 reagent.

Western blotting

The western blotting analysis used in this study was per-
formed as previously described [16]. Horseradish per-
oxidase-conjugated anti-rabbit or anti-mouse IgG was
purchased from Thermo Fisher Scientific (New York,
NY, USA). The antibodies used were as follows: anti-HK2
(1:500 dilution, sc-374091, Santa Cruz, USA), anti-Aktl
(1:500 dilution, sc-5298, Santa Cruz, USA), anti-p-Aktl
(1:500 dilution, sc-293125, Santa Cruz, USA), anti-
GAPDH (1:500 dilution, sc-47724, Santa Cruz, USA),
anti-MMP2 (1:1,000 dilution, 10373-2-AP, Wuhan,
China), anti-MMP9 (1:1,000 dilution, 10375-2-AP,
Wuhan, China), and anti-FN1 (1:1,000 dilution, 15613-1-
AP, Wuhan, China). GAPDH was used as the control and
for quantification.
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In vitro migration and invasion assays

For the wound-healing assay in vitro, cervical cancer
cells stably transduced with HK2 were plated in 6-well
plates and cultured in DMEM containing 10% FBS.
When the cells grew to nearly 100% confluence, the cell
monolayers were scratched by using a pipette tip and
washed with PBS and then cultured in DMEM without
FBS at 37 °C. Then, cell monolayers were photographed
by using a digital camera mounted on an inverted
microscope at 0, 24 h and 48 h. The wound area was
measured using Image] software, and the migration
potential was calculated according to the equation:
wound scratch area=(wound scratch area at 0 h)—
(wound scratch area at 48 h or 72 h). Three independ-
ent experiments were performed for wound-healing
assay.

For the migration and invasion assays in vitro, cells
(4 x 10* cells) stably transduced with HK2 recombinant
plasmid, transiently transfected with Aktl recombi-
nant plasmid or treated with MK2206 were added to
upper transwell chambers with or without Matrigel
(BD Biosciences, San Jose, CA) and incubated for 48 h.
The medium in the upper chambers contained 1% FBS,
and the medium in the lower chambers contained 10%
FBS. The cells that migrated and invaded through the
Matrigel-uncoated or -coated membranes were per-
meabilized with 70% methanol and stained with 0.1%
crystal violet. Five fields for every chamber were pho-
tographed and counted by a scientist blinded to the
experimental conditions. Three independent experi-
ments were performed for the migration or invasion
assays.

In vivo metastasis experiments in BALB/c nude mice

The experimental protocols were evaluated and
approved by the Animal Care and Use Committee of
the Medical School of Xi’an Jiaotong University, and all
of the animals were raised in a specific pathogen-free
(SFP) room, with constant temperature (22—25 °C) and
humidity (40-50%). For the in vivo metastasis experi-
ments, twenty-four 6- to 7-week-old female BALB/c-
nude mice (purchased from SLAC Laboratory Animal
Co., Ltd., Shanghai, China) were randomly divided
into four groups, 5 x 10° HeLa-HK2 or SiHa-HK2 cells
and control cells were injected via the tail vein of each
mouse, 10 x 10° HeLa-shHK2 and HeLa-shCtr cells
were injected via the tail vein of each mouse. The mice
were observed every three days after injection, no death
was observed in the two groups. After two to three
months, the mice were euthanised with carbon dioxide,
and the lungs and livers were removed and subjected to
histologic examination.
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ELISA analysis

The cell culture media was collected, the expression
of MMP2 and MMP?9 in cell medium supernatant was
detected by the enzyme-linked immunosorbent assay
(ELISA).

The detailed procedures were conducted strictly with
the protocol in the Quantikine® ELISA human MMP2
(MMP200) and MMP9 (DMP900) immunoassay kit
(R&D system, Minneapolis, MN, USA).

Real time PCR analysis

Total RNA extraction and the protocol for real-time PCR
were performed as previously described [16]. GAPDH
was used as the housekeeping gene in this study, and all
of the results were analyzed via the AACt method. The
primer sequences that used in this study for real time
PCR were as follows: FN1 (F: 5-’"CGGTGGCTGTCA
GTCAAAG-3'R: 5-’AAACCTCGGCTTCCTCCATAA-
3’), GAPDH (F: 5-"CACCGTCAAGGCTGAGAAC-3’
and 5" TGGTGAAGACGCCAGTGGA-3').

RNA preparation and transcriptome resequencing

Total RNA of HeLa-Vec and HeLa-HK2 monoclonal cells
was extracted by using TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) for transcriptome resequencing. Samples
were analyzed using the BGISEQ-500 platform (The Bei-
jing Genomics Institute, BGI), and the average output of
each sample was 1.15 Gb. The average ratio of sample to
genome was 94.94%, and the ratio of comparison to each
gene set was 79.16%. The experimental analysis used
the NOISeq method, which is a novel nonparametric
approach for the identification of differentially expressed
genes (DEGs) based on thresholds of log2 fold change>1
and a probability >0.80. Subsequent data analysis was
performed online by Dr. Tom from the Beijing Genom-
ics Institute. The transcriptome data were uploaded on
https://www.ncbi.nlm.nih.gov/bioproject/PRINA670405.

Immunohistochemistry assay

The human squamous cervical carcinoma (SCC) samples
used in this study were collected at the First Affiliated
Hospital of Xi’an Jiaotong University from 2008 to 2016
as described in our previous study. The immunohisto-
chemical staining procedure and the evaluation standard
of immunohistochemistry (IHC) score were performed
as previously described [18]. To validate the correlation
between HK2 and Aktl, p-Aktl, FN1 expression in vivo,
serial sections of human squamous cervical carcinoma
samples (n=15) were immunostained with an anti-HK2
(1:100 dilution, sc-374091, Santa Cruz, USA), anti-Aktl
(1:100 dilution, sc-5298, Santa Cruz, USA), anti-p-Aktl
(1:100 dilution, sc-293125, Santa Cruz, USA), anti-FN1


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA670405

Chen et al. Cancer Cell Int (2021) 21:600

(1:300 dilution, 15613-1-AP, Wuhan, China). The immu-
nohistochemistry (IHC) score of HK2, Aktl, p-Aktl and
EN1 in these SCC samples was confirmed by using Pear-
son correlation analysis.

Statistical analysis

All of statistical analysis in this study was performed with
Graphpad Prism 8.0 software and SPSS software ver-
sion 19.0. For comparison among groups, the x> test or
one-way ANOVA was performed. Two-tailed unpaired
Student’s t-test was used to determine the statisti-
cal significance for 2-group analyses, and presented as
mean & SD. Post hoc test was performed for comparison
among groups. In all of the tests, statistical significance
was defined as p <0.05.

Results

HK2 promotes cell migration and invasion of cervical
cancer cells in vitro

Data from the GEPIA online database (http://gepia.can-
cer-pku.cn/) revealed that HK2 expression was much
higher in cervical cancer tissues than in normal tissues
(Additional file 1: Fig. S1A), and such increased HK2 was
associated with poor prognosis in cervical cancer patients
(Additional file 1: Fig. S1B). In our previous study, a rela-
tively low expression of HK2 was observed in HeLa and
SiHa cells among five cervical cancer lines (HeLa, SiHa,
C-33 A, CaSki and HT-3) [15]. Subsequently, to further
investigate the function of HK2 on regulating cell motil-
ity and tumor metastasis in human cervical cancer cells,
exogenous HK2 was stably overexpressed by transfection
of an HK2 recombinant plasmid in HeLa (HeLa-Vec and
HeLa-HK2, Fig. 1A) and SiHa (SiHa-Vec and SiHa-HK2,
Fig. 1C) cells. Endogenous HK2 was knocked down by
using two of efficiently HK2 shRNA vectors (shHK2-1962
and shHK-2207) in HeLa (HeLa-shControl and HeLa-
shHK?2, Fig. 1B) and SiHa (SiHa-shControl and SiHa-
shHK2, Fig. 1D) cells, respectively.

Wound-healing assays and transwell assays were
employed to evaluate the capacity for cell motility in HK2-
modified cervical cancer cells and control cells. After
incubation for 48 h, transwell migration analysis revealed
that the numbers of HeLa-HK2 (67.80+8.41, p<0.05,
Fig. 1E) and SiHa-HK2 (52.60+6.19, p<0.05, Fig. 1G)
cells that migrated across the uncoated membrane were
much higher than those of HeLa-Vec (35.2+5.85) and
SiHa-Vec (31.20 £ 6.27) cells. Conversely, the numbers of
cells that migrated across the uncoated membrane were
much lower in HK2-knockdown HeLa (14.80+2.28,
p<0.05, Fig. 1I) and SiHa (12.80+£2.59, p<0.05, Fig. 1K)
cells than in HeLa-shControl (26.20+4.21) and SiHa-
shControl (31.0045.34) cells. Similarly, after incuba-
tion for 48 h, a significant increase in wound closure was
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found in HeLa-HK2 (p<0.05, Fig. 1M) and SiHa-HK2
(p<0.05, Fig. 10) cells compared with that observed in
the respective control cells (HeLa-Vec and SiHa-Vec
cells, respectively). Conversely, a significant decrease
in wound closure was found in HeLa-shHK2 (p<0.05,
Fig. 1N) and SiHa-shHK2 (p<0.05, Fig. 1P) cells com-
pared with that observed in the respective control cells
(HeLa-shControl and SiHa-shControl cells, respectively).
These results demonstrate that exogenously expressed
HK2 in HeLa and SiHa cells significantly enhances cell
migratory capacity in vitro.

Furthermore, the transwell membrane was coated
with Matrigel, and of the changes in invasive capacity of
HK2-modified HeLa and SiHa cells were detected. The
numbers of HeLa-HK2 (31.00+£4.48, p<0.05, Fig. 1F)
and SiHa-HK2 (42.20+5.76, p<0.05, Fig. 1H) cells that
migrated across the coated membrane were much greater
than those of HeLa-Vec (14.40+3.85) and SiHa-Vec
(16.20£3.71) cells. Conversely, the numbers of cells that
migrated across the Matrigel-coated membrane were
much lower in HK2 knockdown HeLa (12.8043.27,
p<0.05, Fig. 1]) and SiHa (11.20+2.59, p<0.05, Fig. 1L)
cells than in HeLa-shControl (21.00+£3.05) and SiHa-
shControl (20.00 =+ 3.39) cells. These results demonstrate
that exogenously expressed HK2 in HeLa and SiHa cells
enhances the invasive capacity of HeLa and SiHa cells
in vitro.

HK2 promotes distant metastasis in cervical cancer in vivo

To further identify the effect of HK2 on distant metas-
tasis in vivo, 5x 10° HeLa-HK2 or SiHa-HK2 cells
and control cells were injected into female nude mice
via the tail vein. Organ metastases in nude mice were
observed after two to three months. The metastatic
tumor lesions in the HeLa-HK2 or SiHa-HK2 group
and control groups were counted under microscopy by
H&E staining. As shown in Fig. 2A and B, the meta-
static tumors in lung tissues derived from HeLa-HK2
cells were much more numerous and larger than those
derived from HeLa-Vec cells, and the average number
of metastatic lesions counted under microscopy was
much greater in the HeLa-HK2 group (17.50+2.81,
p<0.01, Fig. 2C) than in the HeLa-Vec group
(2.67 £1.36). Similarly, the metastatic tumors in lung
tissues derived from SiHa-HK2 cells were much more
numerous and larger than those derived from the SiHa-
Vec cells (Fig. 2D, E), and the average number of meta-
static lesions counted under microscopy was much
greater in the SiHa-HK2 group (26.17 £4.67, p<0.01,
Fig. 2F) than in the SiHa-Vec group (4.33 +1.64). Con-
versely, the metastatic tumors in lung tissues derived
from HeLa-shHK2 cells were much less numerous
and smaller than those derived from HeLa-shCtr cells
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HK2 activates FN1 and Akt1/p-Akt1 expression in cervical
cancer cells

To further explore the potential molecular mechanism by
which HK2 promotes the migratory and invasive abilities
of cervical cancer cells, transcriptome sequencing analy-
sis was performed in HeLa-HK2 and HeLa-Vec monoclo-
nal cell lines. A total of 210,503 transcripts were detected,
and 258 upregulated and 152 downregulated genes were
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identified between the HeLa-HK2 and HeLa-Vec groups.
The PI3K/Akt signaling pathway was identified by KEGG
pathway enrichment analysis and included 12 identified
genes (Fig. 3A). Unexpectedly, fibronectin (FNI), a key
factor associated with cancer cell differentiation, growth,
adhesion, migration, and invasion [19-21], was one of
the 12 identified genes and was significantly increased
in the HeLa-HK2 group. Therefore, the mRNA level of
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PI3K/Akt signaling pathway identified by GO enrichment analysis of RNA transcriptome sequencing data from Hela-HK2 and Hela-Vec cells;
data were log'® normalized. B The mRNA expression of FN1 was detected by real-time quantitative PCR, and the quantitative analysis is shown: B
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protein levels of HK2, Akt1, p-Akt1, FN1, MMP2 and MMP9 were detected by western blotting, and the quantitative analysis is shown: F HeLa-Vec
and Hela-HK2 cells; G SiHa-Vec and SiHa-HK2 cells; H HelLa-shControl and HelLa-shHK2 cells; I SiHa-shControl and SiHa-shHK2 cells. The data are
shown as the mean = SD of three independent experiments. *p <0.05, **p <0.01 vs. control using one-way ANOVA
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fibronectin (FNI) in HK2-modified cells was confirmed
by real-time PCR. As shown in Fig. 3B and C, the mRNA
level of FN1 was increased in both HK2-overexpressing
cells (HeLa-HK2 and SiHa-HK2) and decreased in HK2-
knockdown cells (SiHa-shHK2 and HeLa-shHK2, Fig. 3D
and E, p < 0.05). Consistent with the mRNA results, the
protein level of FN1 was also increased in both HK2-
overexpressing cells (SiHa-HK2 and HeLa-HK2, Fig. 3F
and G, p < 0.05) and decreased in HK2-knockdown cells
(SiHa-shHK?2 and HeLa-shHK2, Fig. 3H and [, p < 0.05).
Although the pivotal role of FN1 in regulating cell
motility and tumor metastasis has been reported in
numerous studies, there are still few reports about the
relationship between HK2 and FN1 in cancer cells.
According to current research, both HK2 and FN1 are
linked with the PI3K/Akt signaling pathway [22, 23], and
the KEGG pathway enrichment analysis in this study
also indicated that the PI3K/Akt signaling pathway was
altered in HK2-overexpressing HeLa cells. Therefore,
Aktl and p-Aktl [24], the key factors in the PI3K/Akt
signaling pathway regulating cellular processes (e.g., cell
proliferation, differentiation, migration and survival),
were detected by western blot in HK2-modified cells.
As shown in Fig. 3, the protein levels of both Aktl and
p-Aktl were upregulated in HeLa-HK2 cells (Fig. 3F,
p<0.01) and SiHa-HK2 cells (Fig. 3G, p<0.01) and
downregulated in HK2-knockdown cells (HeLa-shHK?2,
Fig. 3H, p<0.01 and SiHa-shHK2, Fig. 3I, p<0.01).
Additionally, the mRNA level of Aktl was increased in
both HK2-overexpressing cells (HeLa-HK2 and SiHa-
HK?2, Additional file 1: Fig. S1C, p<0.05). Moreover, the
p-Aktl/Aktl ratio was increased in HK2-overexpressing
cells (HeLa-HK2 and SiHa-HK2, p<0.05, Additional
file 1: Table S1) and decreased in HK2 knocked down
cells (HeLa-shHK2 and SiHa-shHK2, p <0.05, Additional
file 1: Table S1), comparing with their control cells. These
results suggest that HK2 induces FN1 expression and
activates Aktl (p-Aktl) in cervical cancer cells.
Additionally, FN1 was shown to induce MMP2 [25, 26]
and MMP9 [27] expression during the malignant pro-
gression of human cancers in previous studies, which
was conducive to tumor migration, invasion, angiogen-
esis, and intravasation [28]. As shown in Fig. 3, the pro-
tein levels of both MMP2 and MMP9 were upregulated
in HK2-overexpressing cells (HeLa-HK2, Fig. 3F, p<0.01;
and SiHa-HK2, Fig. 3G, p<0.01) and downregulated in
HK2-knockdown cells (HeLa-shHK2, Fig. 3H, p<0.01;
and SiHa-shHK2, Fig. 31, p<0.01). Moreover. the expres-
sion of MMP2 and MMP9 in cell medium supernatant
was detected by the enzyme-linked immunosorbent
assay (ELISA). As shown in Additional file 1: Fig. S1G,
the protein levels of MMP2 and MMP9 in cell medium
supernatant were increased in both HeLa-HK2 and
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SiHa-HK2 cells, comparing with their control cells (Addi-
tional file 1: Fig. S1G, p<0.05). Conversely, the protein
levels of MMP2 and MMP9 in cell medium supernatant
were decreased in HK2-knockdown cells (HeLa-shHK2
and SiHa-shHK2, Additional file 1: Fig. S1G, p <0.05).

Additionally, an HK2 recombinant plasmid was tran-
sient transfected in Etcl/E6E7 cells (an immortalized
human cervix squamous cell line). As shown in Addi-
tional file 1: Fig. S1H, increased HK2, Aktl, p-Aktl,
FN1, MMP2 and MMP9 expression was observed in
Etc1/E6E7-HK2 cells (p<0.05), and these was accompa-
nied with enhanced cell migratory and invasive capaci-
ties in Etc1/E6E7-HK2 cells (Additional file 1: Fig. S1I,
p<0.05). All of these results demonstrate that stimulated
HK2 expression induces Aktl (p-Aktl), FN1, MMP2 and
MMP?9 expression in cervical cancer cells.

Blocking Akt1/p-Akt1 in HK2-overexpressing cells inhibits
the stimulation of cell motility

To further confirm that the stimulation of Aktl (p-Akt1)
in HK2-overexpressing cells was responsible for the
induced FN1 expression in this study, a pan Akt kinase
inhibitor (MK2206) was used to block induced Aktl/p-
Aktl expression in HeLa-Vec, HeLa-HK2, SiHa-Vec and
SiHa-HK2 cells. As shown in Fig. 4 and Additional file 1:
Fig. S1, reduced Aktl, p-Aktl, FN1, MMP2 and MMP9
expression was observed in MK2206-treated HeLa-HK2
(Fig. 4A, p<0.05), HeLa-Vec (Additional file 1: Fig. S1D,
p<0.05), SiHa-HK?2 (Fig. 4B, p<0.05) and SiHa-Vec cells
(Additional file 1: Fig. S1E, p<0.05) and this was accom-
panied by inhibited cell migratory and invasive capaci-
ties in HeLa-HK2 (Fig. 4D, p<0.05) and SiHa-HK2 cells
(Fig. 4E, p<0.05). Additionally, Aktl/p-Aktl expres-
sion was rescued in HK2-knockdown HeLa-shHK2 cells
(Fig. 4C, p<0.05) and control cells (Additional file 1: Fig.
S1F) via transient transfection of an Aktl recombinant
plasmid (pIRES2-AcGFP-Aktl). As shown in Fig. 4C,
Aktl/p-Aktl expression was recovered, FN1, MMP2, and
MMP9 expression was increased (p<0.05); cells exhib-
ited enhanced migration and invasion (Fig. 4F, p<0.05).
All of these results further confirm that HK2 induces
FN1, MMP2, and MMP9 expression by stimulating Akt1
(p-Aktl) in cervical cancer cells, subsequently enhancing
cell motility.

To validate positive correlation between the expres-
sion of HK2 and Aktl, p-Aktl, FN1 in cervical cancer
in vivo, serial sections of human squamous cervical car-
cinoma (SCC) samples (n=15) were immunostained
with antibodies specific for HK2, Aktl, p-Aktl, and
FN1 (Fig. 4G). Furthermore, the positive correlation
between HK2 and Aktl (Fig. 4H, r=0.2908, p =0.0380),
p-Aktl (Fig. 41, r=0.2713, p=0.0465), FN1 (Fig. 4],
r=0.3214, p=0.0275) expression in these SCC samples
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Fig. 4 Alteration of Akt1/p-Akt1 expression in HK2-modified cells. The protein levels of Akt1 and p-Akt1 in HeLa-HK2 and SiHa-HK2 cells were
inhibited by the Akt1 inhibitor MK2206. The protein levels of Akt1, p-Akt1, HK2, FN1, MMP2 and MMP9 were detected by western blotting in
Hela-HK2 (A) and SiHa-HK2 (B) cells, and quantitative analysis is shown. C The protein levels of Akt1, p-Akt1, HK2, FN1, MMP2 and MMP9 in
HelLa-shHK2 cells transiently transfected with an Akt1 recombinant plasmid were detected by western blotting, and quantitative analysis is shown.
The migratory and invasive capacities of MK2206-treated Hela-HK2 (D) and SiHa-HK2 (E) cells were analyzed by the transwell assay, and the number
of cells is shown (scale bar, 100 um). F An Akt1 recombinant plasmid was transiently transfected into HeLa-shHK2 cells, the migratory and invasive
capacities were analyzed by the transwell assay. G The expression of HK2, Akt1, p-Akt1 and FN1 was detected in serial sections of SCC samples by
using immunocytochemistry analysis (scale bar, 50 and 10 um). The correlation between Slug and Akt1(H), p-Akt1 (), FN1 (J), in SCC samples was
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which HK2 promotes motility and distant metastasis in cervical cancer. The data are shown as the mean £ SD of three independent experiments.
*p<0.05, **p <0.01 vs. control using one-way ANOVA

was confirmed by using Pearson correlation analysis.
Additionally, the positive correlation between HK2 and
Akt expression in cervical squamous cell carcinoma and
endocervical adenocarcinoma (CESC) was confirmed
from the GEPIA online database (Fig. 4K).

Interestingly, when the induction of Aktl (p-Aktl) was
blocked by MK2206 in HK2-overexpressing HeLa-HK2
(Fig. 4A, p<0.05) and SiHa-HK?2 cells (Fig. 4B, p<0.05)),
the protein level of HK2 was also significantly decreased.
Conversely, when Aktl (p-Aktl) expression was rescued
via transfection of an Aktl recombinant plasmid, HK2
expression was recovered and significantly increased
in HeLa-shHK2 cells (Fig. 4C, p<0.05). These results

implied that there is likely crosstalk between HK2 and
Aktl (p-Aktl) regulating their expression during malig-
nant progression in cervical cancer (Fig. 4L).

Discussion

The data from the GEPIA online database (http://gepia.
cancer-pku.cn/) revealed that HK2 expression was much
higher in cervical cancer tissues than in normal tissues,
and high expression of HK2 was associated with poor
outcome in cervical cancer patients. Consistent with
previous studies that confirmed increased HK2 expres-
sion in cervical cancer specimens [29], our previously
study demonstrated that the positive rate of HK2 was
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much higher in cervical cancer samples than normal cer-
vix samples [15]. Although the promoting effect of HK2
on malignant cell growth and tumor metastasis has been
reported in many types of cancers [30—32], the potential
role of HK2 in regulating cell motility and tumor metas-
tasis in cervical cancer cells remains unclear. In this
study, exogenously expressed HK2 in HeLa and SiHa cells
significantly enhanced cell motility in vitro and promoted
distant metastasis in vivo. When HK2-overexpressing
HeLa and SiHa cells were injected into female nude mice
via the tail vein, the metastatic tumors in lung tissues
were much larger than those in the control group. All
of these results demonstrate that exogenously expressed
HK?2 enhances cell motility in vitro and promotes distant
metastasis in vivo. This promoting effect of HK2 on cell
motility and distant metastasis in cervical cancer cells
was consistent with that found in other cancers [9-11].

To explore the potential regulatory mechanism by which
HK2 regulates cell motility and invasion in cervical cancer
cells, transcriptome sequencing analysis was performed in
HeLa cells to screen for potential target genes or signaling
pathways mediated by HK2. Accumulated evidence has
confirmed a close connection between HK2 and the PI3K/
Akt signaling pathway during abnormal glycometabolic
processes and tumor malignant development [33, 34]. As
expected, the PI3K/Akt signaling pathway was identified
by KEGG pathway enrichment analysis in HeLa-HK2 cells,
including 12 significantly different genes. Unexpectedly,
fibronectin (FN1), a key factor involved in cell motility and
tumor metastasis [35], was one of these 12 identified genes
and was significantly increased in HeLa-HK2 cells. Moreo-
ver, the increased mRNA and protein levels of fibronectin
(FN1) were confirmed in HK2-overexpressing HeLa and
SiHa cells. However, the molecular mechanism of inter-
action between HK2 and FN1 in cervical cancer remains
unknown. Therefore, we supposed that such stimulation of
EN1 in HK2-overexpressing cells was probably responsible
for the promoting effect of HK2 on cell motility and tumor
metastasis in cervical cancer.

In recent studies, the activation of the PI3K/Akt signal-
ing pathway has been shown to be instrumental for FN1
transcription and alternative splicing, modulating cell
behavior in various cancers [8]. The interactive relation-
ship between the PI3K/Akt signaling pathway and HK2
has also been confirmed in various cancers [36]. There-
fore, we hypothesized that the PI3K/Akt signaling path-
way served as a mediator between HK2 and FN1 in this
study. As previous studies reported, Aktl is a crucial
downstream effector of the PI3K/Akt signaling pathway
and is involved in the regulation of cellular activities [8,
37, 38]. In this study, the protein levels of both Aktl and
p-Aktl were significantly increased in HK2-overexpress-
ing cells but reduced in HK2-knockdown cells, suggesting
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that the protein level of Aktl (p-Aktl) was positively
correlated with HK2 in cervical cancer cells. When
Aktl/p-Aktl expression was blocked in SiHa-HK2 and
HeLa-HK2 cells by using an Akt inhibitor (MK2206), the
increased FN1 expression was inhibited, and impaired
cell motility resulted. Conversely, FN1 expression was
recovered when Aktl/p-Aktl expression was rescued by
transient transfection of an Aktl recombinant plasmid in
HeLa-shHK2 cells, which then exhibited enhanced motil-
ity. These results suggest that the induction of FN1 in
HK2-overexpressing cervical cancer cells must be a result
of the activation of Aktl (p-Aktl). However, as a pan
Akt kinase inhibitor, when the MK2206 used to inhibit
the expression of Aktl (p-Aktl), it could not exclude the
potential effect of Akt2 and Akt3 on regulating FN1. The
specific isoform of Akt (potential effect of Akt2 or Akt3)
that involved in this process still need more experiments
to conform in future study.

EN1 was previously shown to be able to activate MMP2
[25, 26] and MMP9 [27] expression during malignant
tumor progression, facilitating cell migration, invasion,
and distant metastasis [28]. Consistently, the protein lev-
els of MMP2 and MMP9 were increased in HK2-over-
expressing cells but reduced in HK2-knockdown cells.
When the increased FN1 expression was inhibited by
treatment with MK2206 in HK2-overexpressing cells,
MMP2 and MMP9 expression was also reduced, and
diminished cell motility resulted. Conversely, the protein
level of MMP2/MMP9 and cell motility were recovered
when EN1 expression was rescued by transient transfec-
tion of an Aktl recombinant plasmid in HK2-knockdown
cells, suggesting that there is probably an HK2-Akt1-FN1-
MMP2/MMP9 signaling axis promoting cell motility in
cervical cancer cells. All of these results demonstrate that
HK2 promotes cell motility, suggesting that HK2 probably
facilitates tumor malignant growth of metastases.

Interestingly, although a significantly increased pro-
tein level of Aktl/p-Aktl was observed in HK2-over-
expressing cervical cancer cells, when such elevated
Aktl/p-Aktl expression was inhibited by using MK2206,
the protein level of HK2 was also significantly diminished
in HK2-overexpressing cells. The protein level of HK2
was rescued in HK2-knockdown cells when Aktl/p-Aktl
expression was recovered by transient transfection of
an Aktl recombinant plasmid. These results imply that
HK2 expression can be mediated through the activation
of Aktl (p-Aktl), and there is probably a potential inter-
active regulatory mechanism between HK2 and Aktl
(p-Aktl) in cervical cancer cells. HK2 and Aktl (p-Aktl)
probably act as regulators of each other in cervical can-
cer cells and synergistically promote malignant growth
and distant metastasis during the development of cervi-
cal cancer.
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However, further research is still necessary to investi-
gate the potential molecular mechanism through which
HK2 upregulates Aktl mRNA expression and stimulates
p-Aktl expression in cervical cancer cells. Numerous
studies have demonstrated that the expression of MMP2
and MMP9 in cancer cells could be directly mediated
by activation of the PI3K/AKT/mTOR pathway [39, 40].
Therefore, further research still needs to clarify whether
the alteration of MMP2 and MMP9 expression in this
study was directly regulated by FN1 stimulation or a result
of Aktl activation. Moreover, although the increased FN1
expression which followed with the activite of p-Aktl
had observed in this study, however, the opposite role
of p-Aktl on regulating FN1 expression also reported in
breast cancer cells [41], the interaction between FN1 and
p-Aktl may be have a more complex manner. Finally, this
study could not exclude the potential effect of Akt2 or
Akt3 on regulating FN1 expression in HK2-modified cells,
it still needs more experiments to conform in future study.

In conclusion, this study demonstrated that HK2 could
activate Aktl (p-Aktl) in cervical cancer cells, subsequently
enhancing cell motility and tumor metastasis by inducing
EN1, MMP2, and MMP9 expression. Furthermore, when
the protein level of Aktl (p-Aktl) was altered by using Aktl
recombinant plasmid or Akt1 inhibitor, the changing of HK2
expression was positive correlated with the Aktl (p-Aktl)
expression. Thereby, there is probably an interactive regula-
tory mechanism between HK2 and Akt1 (p-Aktl) during the
malignant progression of cervical cancer (Fig. 4L).
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Additional file 1: Fig. S1. (A) The expression of HK2 between CESE (Cervi-
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cn/). (C) The mRNA expression of Akt1 was detected in HelLa-Vec, Hela-
HK2, SiHa-Vec and SiHa-HK2 cells by real-time quantitative PCR, and the
quantitative analysis is shown; (D) The protein levels of Akt1 and p-Akt1 in
Hela-Vec cells were inhibited by the Akt1 inhibitor MK2206. The protein
levels of Akt1, p-Akt1, HK2, FN1, MMP2 and MMP9 were detected by
western blotting, and quantitative analysis is shown. (E) The protein levels
of Akt1 and p-Akt1 in SiHa-Vec cells were inhibited by the Akt1 inhibitor
MK2206. The protein levels of Akt1, p-Akt1, HK2, FN1, MMP2 and MMP9
were detected by western blotting, and quantitative analysis is shown. (F)
The protein levels of Akt1, p-Akt1, HK2, FNT, MMP2 and MMP9 in Hel.a-
shCtr cells transiently transfected with an Akt1 recombinant plasmid were
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detected by western blotting, and quantitative analysis is shown. (G) The
expression of MMP2 and MMP9 in cell medium supernatant was detected
by the enzyme-linked immunosorbent assay (ELISA). (H) The protein levels
of HK2, Akt1, p-Akt1, FNT, MMP2 and MMP9 in Ect-1/E6E7 cells transiently
transfected with an HK2 recombinant plasmid were detected by western
blotting, and quantitative analysis is shown. (I) An HK2 recombinant
plasmid was transiently transfected into Ect-1/EGE7 cells, the migratory
and invasive capacities were analyzed by the transwell assay. The data are
shown as the mean =+ SD of three independent experiments. * p <0.05, **
p<0.01 vs. control using one-way ANOVA. Table S1.The p-Akt1/Akt1 ratio
in HK2-modified cells in this study.

Acknowledgements
All supports from participants in this research were undeniable.

Authors’ contributions

NC and PSZ designed research and wrote the paper; QC, LL, XL, QF and YRZ
performed research, analyzed data, developed software necessary to perform
and record experiments. All authors read and approved the final manuscript.

Funding

This work was supported by grants to Dr. Nan Cui from the National Natural
Science Foundation of China (No. 81903042), to Prof. Peng-Sheng Zheng from
the National Natural Science Foundation of China (No. 81672910) and to Dr. Lu
Li from the Hebei Natural Science Foundation (No. H2019206551).

Availability of data and materials
The transcriptomic dataset generated and analyzed during the current study
are uploaded on https.//www.ncbi.nlm.nih.gov/bioproject/PRINA670405.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Animal Care and
Use Committee of the Medical School of Xi'an Jiaotong University and the
Ethics Committee of the First Affiliated Hospital of the Medical School of Xi
‘an Jiaotong University, all animal experiments were performed in accord-
ance with animal protocols approved by the Medical School of Xi'an Jiaotong
University (G-222).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Reproductive Medicine, The First Affiliated Hospital of Xi'an
Jiaotong University, 76 West Yanta Road, 710061 Xi‘an, Shaanxi, People’s
Republic of China. “Department of Social Medicine and Health Care Manage-
ment, School of Public Health, Hebei Medical University, 050017 Shijiazhuang,
Hebei, People’s Republic of China. *Hebei Key Laboratory of Environment

and Human Health, Hebei Medical University, 050017 Shijiazhuang, Hebei,
People’s Republic of China. “Section of Cancer Stem Cell Research, Key Labora-
tory of Environment and Genes Related to Diseases, Ministry of Education

of the People’s Republic of China, 710061 Xi'an, Shaanxi, People’s Republic

of China.

Received: 14 June 2021 Accepted: 1 November 2021
Published online: 10 November 2021

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray
F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021,71(3):209-49.


https://doi.org/10.1186/s12935-021-02312-0
https://doi.org/10.1186/s12935-021-02312-0
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA670405

Chen et al. Cancer Cell Int

20.

21.

22.

(2021) 21:600

Kubow KE, Vukmirovic R, Zhe L, Klotzsch E, Smith ML, Gourdon D, Luna
S, Vogel V. Mechanical forces regulate the interactions of fibronectin and
collagen |in extracellular matrix. Nat Commun. 2015;6:8026.

Kumra H, Reinhardt DP. Fibronectin-targeted drug delivery in cancer. Adv
Drug Deliv Rev. 2016;97:101-10.

Liu J, Huang Y, Cheng Q Wang J, Zuo J, Liang Y, Yuan G. miR-1-3p
suppresses the epithelial-mesenchymal transition property in renal

cell cancer by downregulating Fibronectin 1. Cancer Manag Res.
2019;11:5573-87.

ChenY, Chen L, Hong D, Chen Z, Zhang J, Fu L, Pan D, Zhang Y, Xu Y, Gan
S, et al. Baicalein inhibits fibronectin-induced epithelial-mesenchymal
transition by decreasing activation and upregulation of calpain-2. Cell
Death Dis. 2019;10(5):341.

Park J, Schwarzbauer JE. Mammary epithelial cell interactions with
fibronectin stimulate epithelial-mesenchymal transition. Oncogene.
2014,33(13):1649-57.

Yeh HW, Hsu EC, Lee SS, Lang YD, Lin YC, Chang CY, Lee SY, Gu DL, Shih
JH, Ho CM, et al. PSPC1 mediates TGF-betal autocrine signalling and
Smad2/3 target switching to promote EMT, stemness and metastasis. Nat
Cell Biol. 2018;20(4):479-91.

Xin X, Chen S, Khan ZA, Chakrabarti S. Akt activation and augmented
fibronectin production in hyperhexosemia. Am J Physiol Endocrinol
Metab. 2007;293(4):E1036-1044.

Anderson M, Marayati R, Moffitt R, Yeh JJ. Hexokinase 2 promotes tumor
growth and metastasis by regulating lactate production in pancreatic
cancer. Oncotarget. 2017,8(34):56081-94.

Wang W, Liu Z, Zhao L, Sun J,He Q, Yan W, Lu Z, Wang A. Hexokinase 2
enhances the metastatic potential of tongue squamous cell carcinoma
via the SOD2-H202 pathway. Oncotarget. 2017;8(2):3344-54.

. Botzer LE, Maman S, Sagi-Assif O, Meshel T, Nevo |, Yron |, Witz IP.

Hexokinase 2 is a determinant of neuroblastoma metastasis. Br J Cancer.
2016;114(7):759-66.

LiH, LuS, ChenY, Zheng L, Chen L, Ding H, Ding J, Lou D, Liu F, Zheng B.
AKT2 phosphorylation of hexokinase 2 at T473 promotes tumorigenesis
and metastasis in colon cancer cells via NF-kappaB, HIF 1alpha, MMP2,
and MMP9 upregulation. Cell Signal. 2019;58:99-110.

Coelho RG, Calaca IC, Celestrini DM, Correia-Carneiro AH, Costa MM, Zan-
can P, Sola-Penna M. Hexokinase and phosphofructokinase activity and
intracellular distribution correlate with aggressiveness and invasiveness
of human breast carcinoma. Oncotarget. 2015;6(30):29375-87.

Wu F, Zhou D, CuiY, Shen G, Li Y, Wei F. Long non-coding RNA UCA1
modulates the glycolysis of cervical cancer cells by miR-493-5p/HK2. Int J
Clin Exp Pathol. 2018;11(8):3943-51.

CuiN, LiL, Feng Q, Ma HM, Lei D, Zheng PS. Hexokinase 2 promotes cell
growth and tumor formation through the Raf/MEK/ERK signaling path-
way in cervical cancer. Front Oncol. 2020;10: 581208.

Cui N, Yang WT, Zheng PS. Slug inhibits the proliferation and tumor
formation of human cervical cancer cells by up-regulating the p21/

p27 proteins and down-regulating the activity of the Wnt/beta-catenin
signaling pathway via the trans-suppression Akt1/p-Akt1 expression.
Oncotarget. 2016;7(18):26152-67.

Cai N, Wang YD, Zheng PS. The microRNA-302-367 cluster suppresses the
proliferation of cervical carcinoma cells through the novel target AKT1.
RNA. 2013;19(1):85-95.

Liu X, Feng Q, Zhang Y, Zheng P, Cui N. Absence of EpCAM in cervical
cancer cells is involved in sluginduced epithelial-mesenchymal transition.
Cancer Cell Int. 2021;21(1):163.

Williams CM, Engler AJ, Slone RD, Galante LL, Schwarzbauer JE. Fibronec-
tin expression modulates mammary epithelial cell proliferation during
acinar differentiation. Cancer Res. 2008;68(9):3185-92.

SudoT, Iwaya T, Nishida N, Sawada G, Takahashi Y, Ishibashi M, Shibata K,
Fujita H, Shirouzu K, Mori M, et al. Expression of mesenchymal markers
vimentin and fibronectin: the clinical significance in esophageal squa-
mous cell carcinoma. Ann Surg Oncol. 2013;20(Suppl 3):5324-335.

Wu J, Wang Y, Xu X, Cao H, Sahengbieke S, Sheng H, Huang Q, Lai M. Tran-
scriptional activation of FN1 and IL11 by HMGA2 promotes the malignant
behavior of colorectal cancer. Carcinogenesis. 2016;37(5):511-21.

Liu CC, Chou KT, Hsu JW, Lin JH, Hsu TW, Yen DH, Hung SC, Hsu HS.

High metabolic rate and stem cell characteristics of esophageal cancer
stem-like cells depend on the Hsp27-AKT-HK2 pathway. Int J Cancer.
2019;145(8):2144-56.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 12 of 12

Madne TH, Dockrell MEC. TGFbetal-mediated PI3K/Akt and p38 MAP
kinase dependent alternative splicing of fibronectin extra domain A

in human podocyte culture. Cell Mol Biol (Noisy-le-Grand, France).
2018;64(5):127-35.

Hoxhaj G, Manning BD. The PI3K-AKT network at the interface of
oncogenic signalling and cancer metabolism. Nat Rev Cancer.
2020;20(2):74-88.

Moroz A, Delella FK, Lacorte LM, Deffune E, Felisbino SL. Fibronectin
induces MMP2 expression in human prostate cancer cells. Biochem
Biophys Res Commun. 2013;430(4):1319-21.

Yan C, Li C, Tian F. Fibronectin induces matrix metalloproteinase-2
expression in ovarian cancer cells. Zhonghua Zhong Liu Za Zhi.
2000;22(2):109-12.

SenT, Dutta A, Maity G, Chatterjee A. Fibronectin induces matrix metal-
loproteinase-9 (MMP-9) in human laryngeal carcinoma cells by involving
multiple signaling pathways. Biochimie. 2010,92(10):1422-34.

Wang K, Seo BR, Fischbach C, Gourdon D. Fibronectin mechanobiology
regulates tumorigenesis. Cell Mol Bioeng. 2016;9:1-11.

LiuY, Murray-Stewart T, Casero RA Jr, Kagiampakis I, Jin L, Zhang J, Wang
H, Che Q,Tong H, Ke J, et al. Targeting hexokinase 2 inhibition promotes
radiosensitization in HPV16 E7-induced cervical cancer and suppresses
tumor growth. Int J Oncol. 2017;50(6):2011-23.

Xu F,Yan JJ, Gan Y, Chang Y, Wang HL, He XX, Zhao Q. miR-885-5p nega-
tively regulates warburg effect by silencing hexokinase 2 in liver cancer.
Mol Therapy Nucleic Acids. 2019;18:308-19.

Mukherjee A, MaY, Yuan F, Gong Y, Fang Z, Mohamed EM, Berrios E, Shao
H, Fang X. Lysophosphatidic acid up-regulates hexokinase Il and glycoly-
sis to promote proliferation of ovarian cancer cells. Neoplasia (New York,
NY). 2015;17(9):723-34.

Martin PL, Yin JJ, Seng V, Casey O, Corey E, Morrissey C, Simpson RM, Kelly
K. Androgen deprivation leads to increased carbohydrate metabolism
and hexokinase 2-mediated survival in Pten/Tp53-deficient prostate
cancer. Oncogene. 2017;36(4):525-33.

Wang L, Xiong H, Wu F, Zhang Y, Wang J, Zhao L, Guo X, Chang LJ, Zhang
Y, You MJ, et al. Hexokinase 2-mediated Warburg effect is required for
PTEN- and p53-deficiency-driven prostate cancer growth. Cell Rep.
2014,8(5):1461-74.

Majewski N, Nogueira V, Bhaskar P, Coy PE, Skeen JE, Gottlob K, Chandel
NS, Thompson CB, Robey RB, Hay N. Hexokinase-mitochondria interac-
tion mediated by Akt is required to inhibit apoptosis in the presence or
absence of Bax and Bak. Mol Cell. 2004;16(5):819-30.

Lin TC, Yang CH, Cheng LH, Chang WT, Lin YR, Cheng HC. Fibronectin in
cancer: friend or foe. Cells. 2019. https://doi.org/10.3390/cells9010027.
Roberts DJ, Miyamoto S. Hexokinase Il integrates energy metabolism and
cellular protection: Akting on mitochondria and TORCing to autophagy.
Cell Death Differ. 2015;22(2):248-57.

You D, Jung SP, Jeong Y, Bae SY, Lee JE, Kim S. Fibronectin expression is
upregulated by PI-3K/Akt activation in tamoxifen-resistant breast cancer
cells. BMB Rep. 2017;50(12):615-20.

Pan HC, Jiang Q, Yu'Y, Mei JP, Cui YK, Zhao WJ. Quercetin promotes cell
apoptosis and inhibits the expression of MMP-9 and fibronectin via the
AKT and ERK signalling pathways in human glioma cells. Neurochem Int.
2015;80:60-71.

Dilly AK, Ekambaram P, Guo Y, Cai Y, Tucker SC, Fridman R, Kandouz M,
Honn KV. Platelet-type 12-lipoxygenase induces MMP9 expression and
cellular invasion via activation of PI3K/Akt/NF-kappaB. Int J Cancer.
2013;133(8):1784-91.

LiH, Zhang Y, Hai J, Wang J, Zhao B, Du L, Geng X. Knockdown of TRIM31
suppresses proliferation and invasion of gallbladder cancer cells by
down-regulating MMP2/9 through the PI3K/Akt signaling pathway.
Biomed Pharmacotherapy. 2018;103:1272-8.

Wang YJ, Lin JF, Cheng LH, Chang WT, Kao YH, Chang MM, Wang BJ,
Cheng HC. Pterostilbene prevents AKT-ERK axis-mediated polymerization
of surface fibronectin on suspended lung cancer cells independently of
apoptosis and suppresses metastasis. J Hematol Oncol. 2017;10(1):72.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3390/cells9010027

	Hexokinases 2 promoted cell motility and distant metastasis by elevating fibronectin through Akt1p-Akt1 in cervical cancer cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture and treatment
	Plasmid construction and transfection
	Western blotting
	In vitro migration and invasion assays
	In vivo metastasis experiments in BALBc nude mice
	ELISA analysis
	Real time PCR analysis
	RNA preparation and transcriptome resequencing
	Immunohistochemistry assay
	Statistical analysis

	Results
	HK2 promotes cell migration and invasion of cervical cancer cells in vitro
	HK2 promotes distant metastasis in cervical cancer in vivo
	HK2 activates FN1 and Akt1p-Akt1 expression in cervical cancer cells
	Blocking Akt1p-Akt1 in HK2-overexpressing cells inhibits the stimulation of cell motility

	Discussion
	Acknowledgements
	References




