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Abstract

Objective  To investigate the regulatory relationship of Protein Phosphatase 2 Regulatory Subunit
B"Alpha (PPP2R3A) and hexokinase 1 (HK1) in glycolysis of hepatocellular carcinoma (HCC).

Methods In HepG2 and Huh7 cells, PPP2R3A expression was silenced by small interfering RNA (siRNA)
and overexpression by plasmid transfection. The PPP2R3A-related genes were searched by RNA
sequencing. Glycolysis levels were measured by glucose uptake and lactate production. QRT-PCR, ELISA,
western blot and immunofluorescence assay were performed to detect the changes of PPP2R3A and
HK1. Cell proliferation, migration and invasion assay were used to study the roles of HK1 regulation by
PPP2R3A.

Results RNA sequencing data revealed that PPP2R3A siRNA significantly downregulated the
expression of HK1. PPP2R3A gene overexpression promotes, while gene silencing suppresses, the level
of HK1 and glycolysis in HCC cells. In HCC tissue samples, PPP2R3A and HK1 were colocalized in the
cytoplasm, and their expression showed a positive correlation. HK1 inhibition abrogated the promotion
of glycolysis, proliferation, migration and invasion by PPP2R3A overexpression in liver cancer cells.

Conclusion  Our findings showed the correlation of PPP2R3A and HK1 in the glycolysis of HCC, which
reveals a new mechanism for the oncogenic roles of PPP2R3A in cancer.
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INTRODUCTION million cases of HCC are diagnosed annually
worldwide™™. The clinical symptoms of early-stage

the deadliest cancers in the world and the patients with HCC are in advanced stages when

I I epatocellular carcinoma (HCC) is one of HCC are often atypical or even asymptomatic; 70% of
3rd most common cancer'™. More than 1 diagnosed with HCC in China®, and surgical
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treatments such as hepatic resection and liver
transplantation are difficult to eradicate and have a
poor prognosis[“’sl. Recently, molecular targeted
therapy has shown promising effects in the
treatment of advanced HCC®. Sorafenib and
lenvatinib are two first-line systemic targeted drugs
for advanced HCC; nevertheless, the improvement in
the overall survival rate remains unsatisfactorym. To
improve the prognosis and reduce cancer -related
death in patients with HCC, it is urgent to study the
molecular mechanism of HCC and to search for
effective therapeutic targets for HCC treatment.

Protein Phosphatase 2 Regulatory Subunit
B"Alpha (PPP2R3A) is the regulatory subunit B of the
protein phosphatase 2A  (PP2A)®°.  PPP2R3A
regulates several crucial signalling pathways
associated with cancer™® and is involved in the
occurrence and development of multiple solid
tumours™. Our previous studies using cell and
animal models found that the overexpression of
PPP2R3A can promote malignant biological
behaviours of HCC cells, such as proliferation and
invasion, while interference with PPP2R3A can
inhibit the malignant behaviour of HCC cells"**),
Further clinical validation revealed that in 108 HCC
tissues, PPP2R3A had 92.6% (100/108) positive
expression and high PPP2R3A expression was
associated with poor postoperative survival and
recurrence of HCC™. The above studies suggest that
PPP2R3A may be a potential oncogene involved in
the development of HCC. Therefore, it is important
to clarify the mechanism of PPP2R3A in HCC.

The reprogramming of energy metabolism is
considered a general hallmark of malignant
tumours™. Aerobic glycolysis, is a member of
metabolic reprogramming and is closely related to
cancer development and progression[zo'u]. Quite a
few studies have found that the proliferation,
metastasis, and invasion of HCC are associated with
enhanced aerobic glycolysis of Hcc. studies have
found that PP2A can control cellular metabolism by
regulating the activity of enzymes involved in
glycolysis[g'gl. However, the role of PPP2R3A in
tumour metabolism has not been well characterized.
In the current study, we found that PPP2R3A
regulates the glycolysis in HCC cells by targeting
hexokinase 1 (HK1).

MATERIALS AND METHODS

Cell Culture
Huh7 (RRID:CVCL_0336) and HepG2 (RRID:

CVCL_0027) cells were maintained in our lab. The
cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) with 10% foetal bovine serum (FBS,
Gibco) at 37 °C in a humidified incubator with 5%
CO, (Thermo Fisher Scientific).

Gene Transfection

The PPP2R3A overexpression vector and its empty
vector (PEX-3), as well as siRNA against PPP2R3A (si-
PPP2R3A) and its matched negative control (si-NC)
were purchased from GenePharma. Cells were
seeded in 6-well plates at a density of 1 x 10° and
incubated overnight. The transfection reagent and
overexpression plasmids or PPP2R3A siRNA were
premixed for 15 min before transfection. PPP2R3A-
overexpressing plasmids (2.5 pg) were transfected
into the cells using 4 pL of Lipo8000 transfection
reagent (Beyotime, China) in serum-free medium.
PPP2R3A siRNA was transiently transfected into
HepG2 and Huh7 cells at concentrations of 20 nmol/L
by using 5 pL of Lipo8000 transfection reagent in
serum-free medium. SiRNA against HK1 (si-HK1) were
purchased from Mijia Biotech. Twenty nmol/L si-HK1
was added to the overexpressing PPP2R3A cell line by
using 5 L of Lipo8000 transfection reagent in serum-
free medium. After 12 h, the medium was changed to
complete medium.

Real-time Polymerase Chain Reaction

Total RNA from the cultured cells was extracted
by TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
based on the instructions. Subsequently, the RNA
was reverse transcribed into first-strand cDNA with a
miScript Reverse Transcription Kit (Qiagen, Hilden,
Germany). The expression of PPP2R3A and HK1 was
quantified by real-time PCR using the miScript SYBR
Green PCR Kit according to the manufacturer’s
protocol. HACTB was used as an internal normalized
reference. Real-time PCR was carried out in the
Bio—Rad Q5 amplification system (Bio—Rad, USA),
and the results were calculated using the delta CT
method. The sequences of the PCR primers are
shown in Table 1.

RNA-seq

Total RNA from the HepG2 cells was extracted by
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) based
on the instructions. RNA samples were treated with 20
units of RNase-Free DNase (Ambion, Shanghai, China)
to remove residual genomic DNA, according to the
manufacturer’s recommendations. The integrity and
quantity of RNA samples were confirmed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
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Clara, CA, USA) and Nanodrop 2000 (Thermo Scientific,
Wilmington, DE, USA), respectively. Five micrograms
of RNA from each sample were to construct
transcriptome libraries using an IlluminaTruSeq™ RNA
Sample Preparation Kit (lllumina, San Diego, CA, USA)
and sequenced using the IlluminaHiSeq™ 2500,
according to the manufactures’ instructions. Raw
reads were filtered with Q20 quality trimming,
adaptors were removed, and clean reads were aligned
to the human genome (GRCh38) using an HISAT2 and
GTF annotation data file. Two or fewer mismatches
were allowed in the alignment.

Western Blotting Analysis

Total protein from cultured cells was obtained by
using radio -immunoprecipitation assay (RIPA,
Beyotime, China):proteinase inhibitor (Beyotime,
China):phosphatase inhibitor (Beyotime, China) =
100:1:1. Total protein from cells was subjected to
10% SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes (Sigma-Aldrich),
followed by blocking with 5% nonfat milk for 1 h. The
blots were probed with the primary antibody anti-
HK1 (Abnova Cat# MAB10683, RRID:AB_11188071,
1:1,000 dilution, mouse source) and anti- PPP2R3A
(Sigma-Aldrich Cat# HPA035829, RRID:AB_10696513,
1:1,000 dilution, rabbit source) overnight at 4 °C.
After washing, the sections were incubated with
secondary antibody (1:5,000 dilution) for 1 h. The
chemiluminescent signals were visualized using ECL-
Spray (Santa Cruz) and a chemiluminescence imaging
analysis system (GE A1680).

Enzyme-linked Immunosorbent Assay (ELISA)

A total of 1 x 10" cells were taken from each
group for protein extraction and measured with an
ELISA kit (Cloud-Clone, China) according to the
protocol provided by the supplier.

Immunofluorescence Assay

Sterile cover slips were added to 24-well plates.

HepG2 and Huh7 cells digestion counts were seeded
in 24-well plates (3 x 10°) and gently shaken
overnight. The supernatant was discarded 72 h after
transfection, and the cells were washed three times
with PBS. Cells were fixed with freshly prepared 4%
paraformaldehyde for 15 min and lysed with 0.1%
Triton-X-100-PBS for 15 min. The proteins were
probed with the primary antibody anti-HK1 (Abnova
Cat# MAB10683, RRID:AB_11188071, 1:500 dilution,
mouse source) overnight at 4 °C. After washing,
1:400 proportion-diluted donkey anti-mouse
fluorescent secondary antibody was added. Finally,
nuclei were stained with 4,6-diacetyl-acetyl-2-
phenylindindex (4,6-diamidino-2-phenylindole, DAPI)
in a 1:500 ratio added for 3 min. Analysis was
performed after sheet sealing with a fluorescent
sealer.

Dual Immunofluorescence Staining

Liver cancer tissue samples were obtained from
the Department of Organ Transplantation, The Third
Medical Center of PLA General Hospital. Briefly, HCC
tissues were formalin-fixed, paraffin embedded, and
serially sectioned to 4-um thickness. After 1 h of
dewaxing, the sections were repaired with an
antigen repair solution of pH = 9 for 20 min. The
primary antibodies against PPP2R3A (Sigma-Aldrich
Cat# HPA035829, RRID:AB_10696513, 1:500 dilution,
rabbit source) and HK1 (Abnova Cat# MAB10683,
RRID:AB_11188071, 1:500 dilution, mouse source)
were incubated at 4 °C overnight. After washing, the
plate was incubated with HRP-conjugated secondary
antibodies. Analysis was performed after sheet
sealing with a fluorescent sealer.

Glucose Uptake and Lactate Production

The Glucose Assay Kit (Jiancheng Bioengineering
Institute, Nanjing, China) and Lactate Assay Kit
(Jiancheng Bioengineering Institute, Nanjing, China)
were used according to the manufacturer's protocols
to detect glucose uptake and lactate production HCC

Table 1. The Sequences of the PCR Primers

Genes Primer Sequence (5'-3’)
HACTB Forward CGTGGACATCCGCAAAGA
Reverse GAAGGTGGACAGCGAGGC
PPP2R3A Forward AGAGAAGACAGGATTTGTGACAGCA
Reverse CAGTTGGGCTTTGCTAGAAGACAG
HK1 Forward TGCCATGCGGCTCTCTGATG
Reverse CTTGACGGAGGCCGTTGGGTT
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cells. All values were normalized to cell number (1 x
6
10° cells).

Transwell Migration Assay

A sterile 8-um perforated chamber was placed in
6-well plates, 3 mL of DMEM with 10% FBS was
added to the lower chamber, and the transfected
cells were plated into the upper chamber at a
density of 1 x 10° cells/well in 1.5 mL of serum-free
medium. Cells were cultured in a 37 °C humidified
incubator with 5% CO, for 48 h. The upper chamber
residual cells were wiped off with a wet cotton stick.
The cells that migrated through the 8-um pores and
adhered to the lower surface of the membranes
were stained with 4% crystal violet dye solution
containing paraformaldehyde for 30 min. PBS was
used to wash the cells three times, and cell
migration was recorded in each group under a light
microscope.

Matrigel Invasion Assay

The Matrigel was diluted with serum-free
medium (1:7). A sterile 8-um perforated chamber
was placed in 6-well plates, and 400 uL of diluted
Matrigel was added to the upper chamber overnight
at 37 °C. The transfected cells were plated into the
upper chamber at a density of 1 x 10° cells/well and
cultured in a 37 °C humidified incubator with 5% CO,
for 72 h. The upper chamber residual cells were
wiped off with a wet cotton stick. The lower surface
of the membranes was stained with 4% crystal violet
dye solution containing paraformaldehyde for
30 min. PBS was used to wash the cells three times,
and cell invasion was recorded in each group under a
light microscope.

Cell Proliferative Capacity

Cell proliferative capacity was determined by the
Cell Counting Kit-8 reagent (CCK-8, Engreen). Cells
were seeded (1 x 10° cells/well in 100 pL of medium)
in 96 -well plates containing DMEM with 10% FBS.
The proliferative activity of cells was measured by
CCK-8 at 0 h, 24 h, 48 h, 72 h, and 96 h. Briefly,
100 uL of CCK-8 dilution (CCK-8 to complete medium
ratio = 1:10) was added, the plates were reacted at
37 °C for 120 min, and an M5 multifunctional
microplate reader (Bio-Rad) was used to detect the
absorbance value at 450 nm.

Statistical Analysis

Statistical graphs were generated by GraphPad
Prism 9 (GraphPad Prism, RRID:SCR_002798). The
correlation between PPP2R3A expression and HK1

was determined by Fishers exact test. The statistical
significance of differences between two groups was
determined by the t test. Measurement data are
expressed as the mean + SE. Significance was
assumed at P < 0.05.

RESULTS

PPP2R3A Regulates the Expression of HK1 Genes in
Liver Cancer Cells

Our previous studies found that high expression
of PPP2R3A can promote malignant biological
behaviours such as the proliferation and invasion of
HCC cells and is associated with the poor prognosis
of HCC™™. To further explore the underlying
molecular mechanisms by which PPP2R3A promotes
the malignant behaviour of liver cancer cells, we
performed transcriptome sequencing analysis in the
control group and PPP2R3A knockdown group.
Differentially expressed genes (DEGs) with a P value
< 0.05 and |log2 fold-change (FC)| > 1 were selected.
Because aerobic glycolysis plays an important role in
the treatment and malignant behaviour of cancer®,
we focused on the glycolytic signalling pathway and
obtained the differentially expressed gene HK1
(|log2 FC| = 1.215,604,502; P < 0.001), which is the
first rate-limiting enzyme in the glycolytic path
way”. The GEPIA (http://gepia.cancer-pku.cn/)
(r = 0.28, P < 0.05; Figure 1A) and TCGA online
(https://xenabrowser.net) (r = 0.26, P < 0.05; Figure
1B) databases revealed a positive correlation
between PPP2R3A and HK1 expression in HCC.

Then, we overexpressed PPP2R3A in HepG2 and
Huh7 cells by plasmid transfection and knocked
down PPP2R3A by siRNA to observe the changes
in HK1 expression. Overexpression of PPP2R3A
increased the gene and protein expression levels of
HK1 in HepG2 and Huh7 cells (both P < 0.05; Figure
2A, B). In contrast, PPP2R3A knockdown reduced the
gene and protein expression levels of HK1 (both P <
0.05; Figure 2C, D). These results indicate that
PPP2R3A positively regulates HK1 expression in liver
cancer cells.

PPP2R3A Positively Correlates with HK1 in HCC
Tumour Tissues

PPP2R3A positively regulates HK1 at the protein
level in 9 primary HCC samples (r = 0.906, P = 0.001;
Figure 3A), and representative colocalized dual
immunofluorescence staining images are shown in
Figure 3B. The red fluorescence represents the
PPP2R3A protein (the secondary antibody is rabbit),
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and green fluorescence represents the HK1 protein
(the secondary antibody is mouse). The results
showed that both PPP2R3A and HK1 were expressed
in the cytoplasm and showed significant yellow
overlap, indicating that the PPP2R3A and HK1
protein colocalized in the cytoplasm in liver cancer.
This finding further confirmed the close correlation
of the two proteins in HCC.

PPP2R3A Regulates Glycolysis in Liver Cancer Cells

Considering that HK1 is a key protein that
regulates glycolysis, we further explored the effects of
the PPP2R3A overexpression vector group, empty
vector (PEX-3) group, PPP2R3A knockdown group and
matched negative control (si-NC) group on glycolysis
in liver cancer cells. As shown in Figure 4A the
PPP2R3A overexpression vector increased glucose
uptake and lactate production in HepG2 and Huh7
cells (both P < 0.05). In contrast, PPP2R3A knockdown
decreased glucose uptake and lactate production in
HepG2 and Huh7 cells (both P < 0.05; Figure 4B).
Taken together, these findings indicate that PPP2R3A
regulates glycolysis in liver cancer cells.

HK1 Inhibition Attenuated the Induction of
Glycolysis by PPP2R3A Overexpression in Liver
Cancer Cells

To further confirm that PPP2R3A-regulated HK1
affects glycolysis in HCC, we added the si-HK1 to the
overexpression of PPP2R3A to observe the changes in
glycolysis. After si-HK1 addition, the gene and protein
expression of HK1 was decreased compared with that
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in the PPP2R3A-overexpressing group (Figure 5).
When PPP2R3A was overexpressed, glucose uptake
and lactate production were increased, and based on
the addition of the si-HK1, glucose uptake and lactate
production were decreased compared with the
PPP2R3A overexpression group alone (Figure 6A, B).
This result illustrates that the upregulation of
glycolysis by PPP2R3A was reversed by si-HK1. These
results showed that HKI inhibition abolished the
promoting effect of PPP2R3A on glycolysis in liver
cancer cells.

HK1 Inhibition Attenuates the Promotion of Liver
Cancer Cell Proliferation, Migration and Invasion by
PPP2R3A Overexpression

Our previous studies found that the
overexpression of PPP2R3A can promote malignant
biological behaviours such as the proliferation and
invasion of HCC cells. Therefore, we wanted to
determine whether HK1 is related to the malignant
behaviour of PPP2R3A. We overexpressed PPP2R3A
in the presence or absence of si-HK1. We found that
overexpression of PPP2R3A enhanced the
proliferation, migration and invasion of liver cancer
cells, which was attenuated upon inhibition of HK1
expression (Figure 7A, B, C, D).

DISCUSSION
Our previous studies showed that PPP2R3A

promotes proliferation and invasion in Hcc™ ™ put
the molecular mechanism by which PPP2R3A affects
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Figure 1. The positive correlation between PPP2R3A and HK1 expression in hepatocellular carcinoma
(HCC) was confirmed from the online database. (A) The GEPIA (http://gepia.cancer-pku.cn/) databases
revealed a positive correlation between PPP2R3A and HK1 expression in HCC. (B) The TCGA online
(https://xenabrowser.net) databases revealed a positive correlation between PPP2R3A and HK1

expression in HCC.
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HCC progression is still unclear. In the present study,
we found that PPP2R3A positively regulates the
expression levels of HK1 in HCC and that PPP2R3A
and HK1 colocalize in the cytoplasm. Further studies
found that PPP2R3A promoted the glycolysis in liver
cancer cells by affecting the expression of HK1 and
that the PPP2R3A/HK1 axis may be related to HCC
proliferation, invasion and migration, which have
seldom been discussed before.

HK1 is an isoform of hexosekinase. Hexokinase
enzymes have five isoforms, namely, HK1, HK2, HK3,
HK4 and hexokinase domain containing 1, in
mammals® . In contrast to normal tissues, many
tumours express both HK1 and HK2". The role of
HK2 in liver cancer has been fully described; high
HK2 expression promotes the malignant biological

behaviour of HCC and is associated with poor
prognosis of HCC? ™ but there are few studies on
HK1 in HCC. Competitive assays suggest that HK1
and HK2 bind to the same site on the mitochondria
but that HK1 binds with greater affinity®. Tumour
growth was unaffected after knockdown of HK2 in
HK1+HK2+ tumour cells, indicating that HK1I may be
sufficient to maintain cancer cell proliferation and
tumour growth and that the clinical efficacy of
targeting HK2 may be limited to HKI-deficient
cancers”®. Recent studies have found that HK1 plays
a pro-cancer role in solid tumours such as liver
cancer, colorectal adenocarcinoma, gastric cancer,
ovarian cancer, lung cancer, breast cancer, and
pancreatic cancer and has become a metabolic
marker for poor prognosis in ovarian cancer and
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Figure 2. PPP2R3A regulates the expression of the HK1 gene in liver cancer cells. (A) The expression levels
of PPP2R3A and HK1 in the control group and PPP2R3A overexpression group of HepG2 cells. (B) The
expression levels of PP2R3A and HK1 in the control group and PPP2R3A overexpression group of Huh7
cells. (C) The expression levels of PPP2R3A and HK1 in the control group and PPP2R3A knockdown group
of HepG2 cells. (D) The expression levels of PPP2R3A and HK1 in the control group and PPP2R3A
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gastric cancer® 7% Inhibition of HK1 inhibited the

viability and proliferation ability of HCC, as well as
tumorigenesis[3”' Therefore, the role of HK1 in HCC
tumours cannot be ignored. In this study, we
confirmed that PPP2R3A positively regulates HK1
gene expression by in vitro experiments and in
clinical specimens of HCC, with the presence of
colocalization in the cytoplasm. Moreover, we found
that the expression levels of PPP2R3A and HK1
varied in different parts of liver cancer tissue, which
can be explained by the high heterogeneity of
Hcc®7,

The first step in the glycolysis is catalysed by
HK™. Aerobic glycolysis was first identified in rat
liver cancer and became a marker of liver cancer’”.
Therefore, it is particularly important to explore
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whether PPP2R3A affects glycolysis in HCC by
regulating HKI1. Aerobic glycolysis means that
tumour cells tend to convert glucose to lactate even
under sufficient oxygen conditions””, allowing
cancer cells to consume more glucose and produce
more lactate than normal cells®®. Hence, we
represent changes in glycolysis levels by the amount
of glucose consumption and lactate production. As a
result, glucose consumption and lactate production
in HCC increased with PPP2R3A upregulation. Then,
we suppressed HK1 expression by si-HKI on the
basis of PPP2R3A overexpression. The results
showed that inhibition of HK1 reversed the pro-
glycolysis effects of PPP2R3A. The above results
suggested that PPP2R3A regulates glycolysis in liver
cancer cells via HK1.
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Figure 5. The expression levels of HK1 in PPP2R3A-overexpressing cells with or without si-HK1. (A) The
gene expression levels of HK1 in PPP2R3A-overexpressing HepG2 cells with or without si-HK1 by RT-PCR.
(B) The protein expression levels of HK1 in PPP2R3A-overexpressing HepG2 cells with or without si-HK1
by western blotting analysis. (C) The protein expression levels of HK1 in PPP2R3A-overexpressing HepG2
cells with or without si-HK1 by immunofluorescence assay. (D) The gene expression levels of HK1 in
PPP2R3A-overexpressing Huh7 cells with or without si-HK1 by RT-PCR. (E) The protein expression levels of
HK1 in PPP2R3A-overexpressing Huh7 cells with or without si-HK1 by western blotting analysis. (F) The
protein expression levels of HK1 in PPP2R3A-overexpressing Huh7 cells with or without si-HK1 by
immunofluorescence assay. Data are presented as mean + SEM (n = 3); 'P<0.05 'P<0.01,  P<0.001.
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In tumour cells, glycolysis is enhanced, and its
increased metabolic intermediates can be used for
the biosynthesis of nucleotides, lipids and proteins
to meet the needs of rapid tumour growth and to
promote cancer cell proliferation[39’4°]. In addition,
lactate produced by glycolysis can lead to
acidification of the extracellular environment,
degrade the extracellular matrix and inhibit the
function of immunosuppressive cells, making it easy
for cancer cells to metastasize and invade™ ™.
Therefore, we hypothesized that PPP2R3A may
affect the malignant biological behaviour of HCC by
regulating HK1 which plays a crucial role in glycolysis.
The results showed that inhibiting HK1 could reverse
the prometastatic, proproliferative, and proinvasive
effects of PPP2R3A in vitro, which is consistent with
our hypothesis. Our preliminary findings suggested
that PPP2R3A may affect the proliferation,
metastasis and invasion of HCC by affecting HK1
expression, but further experimental validation in
vivo is required.

The regulation of HK1 by PPP2R3A is only an
element of the complex regulatory network where
the malignant behaviour of PPP2R3A affects HCC,
and it remains to be investigated whether there are
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other genes involved in the regulation of both
PPP2R3A and HK1.

In summary, our study identified a novel
PPP2R3A/HK1 axis in the regulation of the liver
cancer cell glycolysis that may be related to the
proliferation, invasion, and migration of HCC, which
provides a new research direction for the treatment
of HCC. PPP2R3A may be a promising drug target for
the treatment of HCC.

ACKNOWLEDGEMENTS
We thank Stem Cell and Regenerative Medicine
Lab of Institute of Health Service for providing the
experimental platform and technical support. We
thank GenePharma provided the technical support.

CONFLICT OF INTEREST

The authors declare that they have no conflict of
interest.

ETHICAL APPROVAL

This study was performed in compliance with the

25 5 mmPEX-3
I PPP2R3A
B PPP2R3A + si-HK1

g
(=]
1

%%k %k

=
o
1

Lactate prodution (fold)
=
(9]
1

0.5 =
HepG2

3.0 W PEX-3
I PPP2R3A

2.5 B PPP2R3A + si-HK1

* ¥ %k %

209 I |

1.54

Lactate prodution (fold)

1.04

0.5
Huh7

Figure 6. HK1 inhibition attenuated the induction of glycolysis by PPP2R3A overexpression in liver cancer
cells. (A) Glucose uptake an lactate production in PPP2R3A-overexpressing HepG2 cells with or without
si-HK1. (B) Glucose uptake and lactate production in PPP2R3A-overexpressing Huh7 cells with or without
si-HK1. Data are presented as mean + SEM (n = 3); P< 0.05, “p< 0.01, "P<0.001.



PPP2R3A regulates glycolysis via HK1 in HCC 631

A PPP2R3A PPP2R3A + si-HK1 c
e o B 1.5 o @ PEX-3
s ; ®PPP2R3A
2 £ 4PPP2R3A + si-HK1
©
) 2 i
S @ 1.0 4 e
z =
B 5/:;!.<
S P A
S 0.5 8% i HiH
©
5 &
2 o
é i e T T T T 1
= 200 um 0 24 48 72 9 120
LB Time (h)
B PPP2R3A + si-HK1 D
. 157 o pex3
S S = PPP2R3A
8 E 4 PPP2R3A +si-HK1 g
= 8
S <
z
2
[
©
g
[ B
o o
? o
e
E T T

T T 1
0 24 48 72 96 120
Time (h)

Figure 7. HK1 inhibition attenuates the promotion of liver cancer cell proliferation, migration and
invasion by PPP2R3A overexpression. (A) Cell migration and invasion assays of PPP2R3A-overexpressing
HepG2 cells with or without si-HK1. (B) Cell migration and invasion assays of PPP2R3A-overexpressing
Huh7 cells with or without si-HK1. (C) Cell proliferation of PPP2R3A-overexpressing HepG2 cells with or
without si-HK1. (D) Cell proliferation of PPP2R3A-overexpressing Huh7 cells with or without si-HK1. Data

are presented as mean * SE (n = 3); P< 0.05, “p< 0.01, p< 0.001; *p< 0.05, "p < 0.01,

principles of the Declaration of Helsinki. The protocol
was approved by the Ethics Committee of the Third
Medical Center of Chinese PLA General Hospital.

CONSSENT TO PARTICIPATE

Written informed consent was provided from
each participant.

AUTHOR CONTRIBUTIONS

All authors contributed to the study conception
and design. JIAO Ning contributed to the design of
the work, the implementation of the experiment,
and the writing of the manuscript; J| Wan Sheng
contributed to the acquisition, analysis and
interpretation of data; ZHANG Biao contributed to
revised it critically for important intellectual content;
SHANG Yu Kui, ZHANG Yu Chen, YU Wei Qun, JIN Hai
Long, LI Chao, ZHANG Cheng Ying, and YAN Cheng
were involved in the implementation of the
experiment. All authors read and approved the final
manuscript.

*¥p < 0.001.
Received: February 22, 2022;

Accepted: April 14, 2022

REFERENCES

Heimbach JK, Kulik LM, Finn RS, et al. AASLD guidelines for the
treatment of hepatocellular carcinoma. Hepatology, 2018; 67,
358-80.

. Tong JH, Liu PM, Ji MH, et al. Machine learning can predict

total death after radiofrequency ablation in liver cancer
patients. Clin Med Insights ~ Oncol, 2021; 15,
11795549211000017.

. Chen WQ, Zheng RS, Baade PD, et al. Cancer statistics in China,

2015. CA Cancer J Clin, 2016; 66, 115-32.
Liu CY, Chen KF, Chen PJ. Treatment of liver cancer. Cold

Spring Harb Perspect Med, 2015; 5, a021535.

Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet,

2018; 391, 1301-14.
. Chen C, Wang G. Mechanisms of hepatocellular carcinoma and

challenges and opportunities for molecular targeted therapy.
World J Hepatol, 2015; 7, 1964-70.

Liu XF, Qin SK. Immune checkpoint inhibitors in hepatocellular
carcinoma: opportunities and challenges. Oncologist, 2019;
24, 53-10.

. Tung HY, Alemany S, Cohen P. The protein phosphatases

involved in cellular regulation. 2. Purification, subunit
structure and properties of protein phosphatases-2A0, 2A1,
and 2A2 from rabbit skeletal muscle. Eur J Biochem, 1985;


http://dx.doi.org/10.1002/hep.29086
http://dx.doi.org/10.3322/caac.21338
http://dx.doi.org/10.1101/cshperspect.a021535
http://dx.doi.org/10.1101/cshperspect.a021535
http://dx.doi.org/10.1016/S0140-6736(18)30010-2
http://dx.doi.org/10.4254/wjh.v7.i15.1964
http://dx.doi.org/10.1634/theoncologist.2019-IO-S1-s01
http://dx.doi.org/10.1002/hep.29086
http://dx.doi.org/10.3322/caac.21338
http://dx.doi.org/10.1101/cshperspect.a021535
http://dx.doi.org/10.1101/cshperspect.a021535
http://dx.doi.org/10.1016/S0140-6736(18)30010-2
http://dx.doi.org/10.4254/wjh.v7.i15.1964
http://dx.doi.org/10.1634/theoncologist.2019-IO-S1-s01

632 Biomed Environ Sci, 2022; 35(7): 622-632
148, 253-63. 25.Smith  TA. Mammalian hexokinases and their abnormal
9. Seshacharyulu P, Pandey P, Datta K, et al. Phosphatase: PP2A expression in cancer. Br J Biomed Sci, 2000; 57, 170-8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

structural importance, regulation and its aberrant expression
in cancer. Cancer Lett, 2013; 335, 9-18.

Fowle H, Zhao ZR, Grafia X. PP2A holoenzymes, substrate
specificity driving cellular functions and deregulation in
cancer. Adv Cancer Res, 2019; 144, 55-93.

Zwaenepoel K, Goris J, Erneux C, et al. Protein phosphatase 2A
PR130/B" a: 1 subunit binds to the SH2 domain-containing
inositol polyphosphate 5-phosphatase 2 and prevents
epidermal growth factor (EGF)-induced EGF receptor
degradation sustaining EGF-mediated signaling. FASEB J, 2010;
24, 538-47.

Creyghton MP, Roél G, Eichhorn PJA, et al. PR130 is a
modulator of the Wnt-signaling cascade that counters
repression of the antagonist Naked cuticle. Proc Natl Acad Sci
US A, 2006; 103, 5397-402.

Creyghton MP, Roél G, Eichhorn PJA, et al. PR72, a novel
regulator of Wnt signaling required for Naked cuticle function.
Genes Dev, 2005; 19, 376-86.

Park S, Scheffler TL, Rossie SS, et al. AMPK activity is regulated
by calcium-mediated protein phosphatase 2A activity. Cell
Calcium, 2013; 53, 217-23.

Dzulko M, Pons M, Henke A, et al. The PP2A subunit PR130 is a
key regulator of cell development and oncogenic
transformation. Biochim Biophys Acta Rev Cancer, 2020; 1874,
188453.

Chen HJ, Xu J, Wang PX, et al. Protein phosphatase 2
regulatory subunit B"Alpha silencing inhibits tumor cell
proliferation in liver cancer. Cancer Med, 2019; 8, 7741-53.
Chen HJ, Wang PX, Huang LL, et al. Overexpression of protein
phosphatase 2 regulatory subunit B"a gene effect on
proliferation and invasion of hepatoma cells. Chin J Hepatol,
2019; 27, 872-8. (In Chinese)

He JJ, Shang L, Yu QW, et al. High expression of protein
phosphatase 2 regulatory subunit B" alpha predicts poor
outcome in hepatocellular carcinoma patients after liver
transplantation. World J Gastrointest Oncol, 2021; 13, 716-31.
Zhang Z, Li TE, Chen M, et al. MFN1-dependent alteration of
mitochondrial dynamics drives hepatocellular carcinoma
metastasis by glucose metabolic reprogramming. Br J Cancer,
2020; 122, 209-20.

Hasanpourghadi M, Looi CY, Pandurangan AK, et al.
Phytometabolites targeting the warburg effect in cancer cells:
a mechanistic review. Curr Drug Targets, 2017; 18, 1086-94.
Poff A, Koutnik AP, Egan KM, et al. Targeting the Warburg
effect for cancer treatment: Ketogenic diets for management
of glioma. Semin Cancer Biol, 2019; 56, 135-48.

FengJ, Li JJ, Wu LW, et al. Emerging roles and the regulation of
aerobic glycolysis in hepatocellular carcinoma. J Exp Clin
Cancer Res, 2020; 39, 126.

Board M, Colquhoun A, Newsholme EA. High Km glucose-
phosphorylating (glucokinase) activities in a range of tumor
cell lines and inhibition of rates of tumor growth by the
specific enzyme inhibitor mannoheptulose. Cancer Res, 1995;
55, 3278-85.

Li GH, Huang JF. Inferring therapeutic targets from
heterogeneous data: HKDC1 is a novel potential therapeutic
target for cancer. Bioinformatics, 2014; 30, 748-52.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

Xu SL, Herschman HR. A tumor agnostic therapeutic strategy
for hexokinase 1-null/hexokinase 2-positive cancers. Cancer
Res, 2019; 79, 5907-14.

Ye J, Xiao X, Han Y, et al. MiR-3662 suppresses cell growth,
invasion and glucose metabolism by targeting HK2 in
hepatocellular carcinoma cells. Neoplasma, 2020; 67, 773-81.
Ding ZH, Guo L, Deng ZM, et al. Circ-PRMT5 enhances the
proliferation, migration and glycolysis of hepatoma cells by
targeting miR-188-5p/HK2 axis. Ann Hepatol, 2020; 19,
269-79.

DeWaal D, Nogueira V, Terry AR, et al. Hexokinase-2 depletion
inhibits glycolysis and induces oxidative phosphorylation in
hepatocellular carcinoma and sensitizes to metformin. Nat
Commun, 2018; 9, 446.

Imai N, Akimoto H, Oda M, et al. Interactions between cations
in modifying the binding of hexokinases | and Il to
mitochondria. Mol Cell Biochem, 1988; 81, 37-41.

Zhou YT, Liu K, Liu YH, et al. Retraction: MicroRNA-34a inhibit
hepatocellular  carcinoma progression by repressing
hexokinase-1. J Cell Biochem, 2022; 123, 494.

Li S, Zzhu KX, Liu L, et al. IncARSR sponges miR-34a-5p to
promote colorectal cancer invasion and metastasis via
hexokinase-1-mediated glycolysis. Cancer Sci, 2020; 111,
3938-52.

He XS, Lin XT, Cai MY, et al. Overexpression of Hexokinase 1 as
a poor prognosticator in human colorectal cancer. Tumour
Biol, 2016; 37, 3887-95.

Gao YS, Xu DY, Yu GZ, et al. Overexpression of metabolic
markers HK1 and PKM2 contributes to lymphatic metastasis
and adverse prognosis in Chinese gastric cancer. Int J Clin Exp
Pathol, 2015; 8, 9264-71.

.Li YQ, Tian HN, Luo HG, et al. Prognostic significance and

related mechanisms of hexokinase 1 in ovarian cancer. Onco
Targets Ther, 2020; 13, 11583-94.

Amendola CR, Mahaffey JP, Parker SJ, et al. KRAS4A directly
regulates hexokinase 1. Nature, 2019; 576, 482-6.

Qiu ZX, Li H, Zhang ZT, et al. A pharmacogenomic landscape in
human liver cancers. Cancer Cell, 2019; 36, 179-93.e11.

Yang DQ, Freund DM, Harris BRE, et al. Measuring relative
utilization of aerobic glycolysis in breast cancer cells by
positional isotopic discrimination. FEBS Lett, 2016; 590,
3179-87.

Vaupel P, Schmidberger H, Mayer A. The Warburg effect:
essential part of metabolic reprogramming and central
contributor to cancer progression. Int J Radiat Biol, 2019; 95,
912-9.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding
the Warburg effect: the metabolic requirements of cell
proliferation. Science, 2009; 324, 1029-33.
Ganapathy-Kanniappan S. Linking tumor glycolysis and
immune evasion in cancer: Emerging concepts and therapeutic
opportunities. Biochim Biophys Acta Rev Cancer, 2017; 1868,
212-20.

Gatenby RA, Gillies RJ). Why do cancers have high aerobic
glycolysis? Nat Rev Cancer, 2004; 4, 891-9.

Lardner A. The effects of extracellular pH on immune function.
J Leukoc Biol, 2001; 69, 522-30.


http://dx.doi.org/10.1016/j.canlet.2013.02.036
http://dx.doi.org/10.1096/fj.09-140228
http://dx.doi.org/10.1073/pnas.0507237103
http://dx.doi.org/10.1073/pnas.0507237103
http://dx.doi.org/10.1101/gad.328905
http://dx.doi.org/10.1016/j.ceca.2012.12.001
http://dx.doi.org/10.1016/j.ceca.2012.12.001
http://dx.doi.org/10.1016/j.bbcan.2020.188453
http://dx.doi.org/10.1002/cam4.2620
http://dx.doi.org/10.4251/wjgo.v13.i7.716
http://dx.doi.org/10.1038/s41416-019-0658-4
http://dx.doi.org/10.1016/j.semcancer.2017.12.011
http://dx.doi.org/10.1186/s13046-020-01629-4
http://dx.doi.org/10.1186/s13046-020-01629-4
http://dx.doi.org/10.1093/bioinformatics/btt606
http://dx.doi.org/10.1158/0008-5472.CAN-19-1789
http://dx.doi.org/10.1158/0008-5472.CAN-19-1789
http://dx.doi.org/10.4149/neo_2020_190730N689
http://dx.doi.org/10.1016/j.aohep.2020.01.002
http://dx.doi.org/10.1038/s41467-017-02733-4
http://dx.doi.org/10.1038/s41467-017-02733-4
http://dx.doi.org/10.1002/jcb.30200
http://dx.doi.org/10.1111/cas.14617
http://dx.doi.org/10.1007/s13277-015-4255-8
http://dx.doi.org/10.1007/s13277-015-4255-8
http://dx.doi.org/10.2147/OTT.S270688
http://dx.doi.org/10.2147/OTT.S270688
http://dx.doi.org/10.1038/s41586-019-1832-9
http://dx.doi.org/10.1016/j.ccell.2019.07.001
http://dx.doi.org/10.1002/1873-3468.12360
http://dx.doi.org/10.1080/09553002.2019.1589653
http://dx.doi.org/10.1126/science.1160809
http://dx.doi.org/10.1016/j.bbcan.2017.04.002
http://dx.doi.org/10.1038/nrc1478
http://dx.doi.org/10.1016/j.canlet.2013.02.036
http://dx.doi.org/10.1096/fj.09-140228
http://dx.doi.org/10.1073/pnas.0507237103
http://dx.doi.org/10.1073/pnas.0507237103
http://dx.doi.org/10.1101/gad.328905
http://dx.doi.org/10.1016/j.ceca.2012.12.001
http://dx.doi.org/10.1016/j.ceca.2012.12.001
http://dx.doi.org/10.1016/j.bbcan.2020.188453
http://dx.doi.org/10.1002/cam4.2620
http://dx.doi.org/10.4251/wjgo.v13.i7.716
http://dx.doi.org/10.1038/s41416-019-0658-4
http://dx.doi.org/10.1016/j.semcancer.2017.12.011
http://dx.doi.org/10.1186/s13046-020-01629-4
http://dx.doi.org/10.1186/s13046-020-01629-4
http://dx.doi.org/10.1093/bioinformatics/btt606
http://dx.doi.org/10.1158/0008-5472.CAN-19-1789
http://dx.doi.org/10.1158/0008-5472.CAN-19-1789
http://dx.doi.org/10.4149/neo_2020_190730N689
http://dx.doi.org/10.1016/j.aohep.2020.01.002
http://dx.doi.org/10.1038/s41467-017-02733-4
http://dx.doi.org/10.1038/s41467-017-02733-4
http://dx.doi.org/10.1002/jcb.30200
http://dx.doi.org/10.1111/cas.14617
http://dx.doi.org/10.1007/s13277-015-4255-8
http://dx.doi.org/10.1007/s13277-015-4255-8
http://dx.doi.org/10.2147/OTT.S270688
http://dx.doi.org/10.2147/OTT.S270688
http://dx.doi.org/10.1038/s41586-019-1832-9
http://dx.doi.org/10.1016/j.ccell.2019.07.001
http://dx.doi.org/10.1002/1873-3468.12360
http://dx.doi.org/10.1080/09553002.2019.1589653
http://dx.doi.org/10.1126/science.1160809
http://dx.doi.org/10.1016/j.bbcan.2017.04.002
http://dx.doi.org/10.1038/nrc1478
http://dx.doi.org/10.1016/j.canlet.2013.02.036
http://dx.doi.org/10.1096/fj.09-140228
http://dx.doi.org/10.1073/pnas.0507237103
http://dx.doi.org/10.1073/pnas.0507237103
http://dx.doi.org/10.1101/gad.328905
http://dx.doi.org/10.1016/j.ceca.2012.12.001
http://dx.doi.org/10.1016/j.ceca.2012.12.001
http://dx.doi.org/10.1016/j.bbcan.2020.188453
http://dx.doi.org/10.1002/cam4.2620
http://dx.doi.org/10.4251/wjgo.v13.i7.716
http://dx.doi.org/10.1038/s41416-019-0658-4
http://dx.doi.org/10.1016/j.semcancer.2017.12.011
http://dx.doi.org/10.1186/s13046-020-01629-4
http://dx.doi.org/10.1186/s13046-020-01629-4
http://dx.doi.org/10.1093/bioinformatics/btt606
http://dx.doi.org/10.1158/0008-5472.CAN-19-1789
http://dx.doi.org/10.1158/0008-5472.CAN-19-1789
http://dx.doi.org/10.4149/neo_2020_190730N689
http://dx.doi.org/10.1016/j.aohep.2020.01.002
http://dx.doi.org/10.1038/s41467-017-02733-4
http://dx.doi.org/10.1038/s41467-017-02733-4
http://dx.doi.org/10.1002/jcb.30200
http://dx.doi.org/10.1111/cas.14617
http://dx.doi.org/10.1007/s13277-015-4255-8
http://dx.doi.org/10.1007/s13277-015-4255-8
http://dx.doi.org/10.2147/OTT.S270688
http://dx.doi.org/10.2147/OTT.S270688
http://dx.doi.org/10.1038/s41586-019-1832-9
http://dx.doi.org/10.1016/j.ccell.2019.07.001
http://dx.doi.org/10.1002/1873-3468.12360
http://dx.doi.org/10.1080/09553002.2019.1589653
http://dx.doi.org/10.1126/science.1160809
http://dx.doi.org/10.1016/j.bbcan.2017.04.002
http://dx.doi.org/10.1038/nrc1478

	INTRODUCTION
	MATERIALS AND METHODS
	Cell Culture
	Gene Transfection
	Real‐time Polymerase Chain Reaction
	RNA-seq
	Western Blotting Analysis
	Enzyme-linked Immunosorbent Assay (ELISA)
	Immunofluorescence Assay
	Dual Immunofluorescence Staining
	Glucose Uptake and Lactate Production
	Transwell Migration Assay
	Matrigel Invasion Assay
	Cell Proliferative Capacity
	Statistical Analysis

	RESULTS
	PPP2R3A Regulates the Expression of HK1 Genes in Liver Cancer Cells
	PPP2R3A Positively Correlates with HK1 in HCC Tumour Tissues
	PPP2R3A Regulates Glycolysis in Liver Cancer Cells
	HK1 Inhibition Attenuated the Induction of Glycolysis by PPP2R3A Overexpression in Liver Cancer Cells
	HK1 Inhibition Attenuates the Promotion of Liver Cancer Cell Proliferation, Migration and Invasion by PPP2R3A Overexpression

	DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ETHICAL APPROVAL
	CONSSENT TO PARTICIPATE
	AUTHOR CONTRIBUTIONS

