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Abstract: The precise molecular mechanism of hepatocellular carcinoma (HCC) remains ambiguous. Isocitrate dehy-
drogenase 3A (IDH3A) is known as a subunit of the IDH3 heterotetramer. To the best of our knowledge, the biologi-
cal effect of IDH3A in malignant tumors is unclear. Here, we report that IDH3A is significantly upregulated in HCC
tissues; moreover, high expression of IDH3A is strongly associated with tumor size and the clinicopathologic stage
of HCC. RNA-seq revealed that depletion of IDH3A affects the expression of metastasis associated 1 (MTA1), an on-
cogene which is related to the progression of numerous cancer types to the metastasis stage. Cell transfection was
used to upregulate and downregulate the expression of IDH3A in HCC cells. The migration activity of HCC cells was
assessed using wound healing assays. While transwell assays were carried out to detect the invasion of HCC cells.
RNA-seq, RT-gPCR and western blot were used to validate MTAL as a potential target gene. The present study sug-
gested that IDH3A can upregulate MTA1 expression and promote epithelial-mesenchymal transition (EMT) in HCC
by inducing MTA1 expression, thereby facilitating cell migration and invasion of HCC cells. Here, we demonstrated
the importance of IDH3A in HCC progression. The identification of the IDH3A axis provides novel insight into the

pathogenesis of HCC, and the IDH3A axis might represent a novel target for the treatment of HCC.
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Introduction

Hepatocellular carcinoma (HCC) has become
the fifth most common malignant tumor and
the third leading cause of cancer death world-
wide [1, 2]. The occurrence of HCC is associat-
ed with several factors, such as diabetes, met-
abolic liver diseases, non-alcoholic fatty liver
disease, viral infections and drugs [3]. Although
multiple advances have been achieved in the
diagnosis and treatment of HCC, critical factors
including the lack of effective therapeutic
options for the advanced stages of the disease,
the aggressive and heterogeneous nature,
tumor metastasis are still responsible for the
high mortality of HCC [4-6], and contribute to
the poor prognosis of HCC patients. Moreover,
increasing evidence indicates that altered met-

abolic pathways are hallmarks of cancer that
at as widespread as other cancer-associated
features [7]. Therefore, it is urgent to explore
the detailed molecular mechanisms of HCC
metastasis and investigate novel therapeutic
strategies.

Epithelial mesenchymal transition (EMT) is a
highly conserved cellular trans-differentiation
program, the main characteristics of EMT are
epithelial cells lose their polarized organization
and acquire migratory and invasive capabilities
[8]. More and more evidence has proved that
EMT contribute to tumor cell invasion and malig-
nant progression [9]. Loss of Epithelial marker
E-cadherin and gain of mesenchymal marker
N-cadherinare, key features of the EMT process
and have been implicated in tumor metastasis
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[10]. Multiple powerful evidences have support-
ed that EMT plays a pivotal role in HCC metas-
tasis [11-13].

Isocitrate dehydrogenases (IDHs) are a group of
enzymes that catalyze the oxidative decarbox-
ylation of isocitrate to a-ketoglutarate (x-KQ),
and localize to different subcellular compart-
ments, with the cooperation of different cofac-
tors, different IDHs show diverse holoenzyme
organization and enzymatic characteristics
[14]. For example, IDH1 and IDH2 can revers-
ibly convert isocitrate to a-KG in a reaction that
is dependent on nicotinamide adenine dinucle-
otide phosphate (NADP*), while IDH3 irrevers-
ibly catalyzes the conversion of isocitrate to
a-KG in a reaction that is dependent on nicotin-
amide adenine dinucleotide (NAD").

Oncogenic mutations in IDH1 and IDH2 have
been identified in glioma and acute myeloge-
nous leukemia, point-mutated IDH1 and IDH2
can catalyze o-KG to 2-hydroxyglutarate (2-HG)
[15]. 2-HG suppresses a-KG-dependent dioxy-
genase function, such as Jumonji C domain-
containing histone lysine residue demethylas-
es, leading to a global hypermethylation phe-
notype, increased tumor malignancy [16]. IDH3
is a rate-limiting step of the TCA cycle which
catalyzes an irreversible enzyme reaction [17].
In support of IDH3A protumorigenic effect,
aberrant IDH3A expression is associated with
poor postoperative overall survival of breast
and lung cancer patients, indicating that IDH3A
might be a putative cancer therapeutic target
[18].

Metastasis-associated gene 1 (MTAL), the first
identified member of the MTA family, plays a
key role in tumor growth, invasion, and metas-
tasis. Previous studies have indicated that
MTA1 is a critical regulator of carcinogenesis
and metastasis in several human cancers,
such as breast cancer [19], prostate cancer
[20] and HCC [21]. The mechanism of MTA1-
induced EMT in cancer cell dissemination is
well established [22, 23].

In the current study, we found that IDH3A was
obviously upregulated in HCC, and high expres-
sion of IDH3A was closely correlated with tumor
size and clinicopathologic stages of HCC. We
showed that IDH3A regulated the expression of
MTAL. Moreover, our work suggested that
IDH3A facilitated EMT through regulation of
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MTAL. In addition, IDH3A also promoted cell
migration and invasion of HCC cells. Our work
proposes that IDH3A might be a potential ther-
apeutic target of HCC.

Materials and methods
Immunohistochemical analysis

An HCC immunohistochemical microarray, con-
taining 41 HCC tissues and 41 adjacent normal
tissues, was purchased from OUTDO BIOTECH
Co., Ltd (Shanghai, China). Ethics approval was
approved by the Peking University Third Hospital
Medical Science Research Ethics Committee
(52019012). Antigen retrieval was performed
by incubating the samples in 0.01 M sodium
citrate buffer at high pressure. After antigen
retrieval, the samples were blocked with 10%
normal goat serum in PBS and then incubated
with anti-IDH3A (1:500, Cat. #ab58641, Ab-
cam), anti-MTA1 (1:200, Cat. #ab40084, Ab-
cam) antibodies overnight at 4°C, respectively.
Then, the sections were incubated with HRP-
labeled antirabbit secondary antibodies for 30
minutes at 37°C, and developed with DAB kit
(Solarbio, Cat. DA1010). All tumor slides were
examined randomly by three independent
pathologists. The intensity of immunopositivity
was classified as follows: O, negative; 1, weak;
2, moderate; and 3, strong. The staining per-
centage was scored as follows: O, < 5%; 1,
5%-24%; 2, 25%-49%; 3, 50%-74%; and 4, >
75%. The final score was determined by multi-
plying the intensity scores and the extent
scores, which yielded a range from O to 12.
Tumors with a final score > 4 were considered
as tumors with specific protein overexpression.

Cell culture and transfection

The HepG2 and Hep3B cell line were obtained
from the American Type Culture Collection
(ATCC) and MHCC-97H cells were obtained from
the Shanghai Institute of Cell Biology in the
Chinese Academy of Sciences. HepG2 and
Hep3B cells were maintained in DMEM supple-
mented with 10% FBS (HyClone), streptomycin
(100 mg/mL), and penicillin (100 U/mL) in a
humidified incubator equilibrated with 5% CO,
at 37°C. MHCC-97H cells were cultured in
RPMI-1640 medium supplemented with 10%
FBS (HyClone), streptomycin (100 mg/mL), and
penicillin (100 U/mL) in a humidified incubator
equilibrated with 5% CO, at 37°C. Human hepa-
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tocytes were purchased from Lonza and cul-
tured as recommended for 96 h prior to protein
and RNA extraction. Cells were transfected
with 2.5 pg plasmid or 40 nM siRNAs using
Lipofectamine 2000 or Lipofectamine RNAI-
MAX (Invitrogen) according to the manufactur-
er’'s instructions, respectively. After transfec-
tion for 48 h, cells were collected. siRNAs were
synthesized by Shanghai GenePharma Co.,
Ltd. The sequences are as follows: control
siRNA, 5-UUCUCCGAACGUGUCACGU-3’; IDH-
3A siRNA-1, 5-AAGUGUCUACCUGGUAAAUTT-
3’; IDH3A-2, 5-TTAAGTGTCTACCTGGTAAAT-3’;
SplsiRNA-1, 5-GCTGGTGGTGATGGAATACAT-3,
Sp1l siRNA-2, 5'-CCACTCCTTCAGCCCTTATTA-3’
and MTA1 siRNA, 5-CCATACCTGATCCGGAGA-
ATC-3..

Cell infection

The retroviral plasmid vector, pBABE-MTA1
together with pGag-Pol and pVSV-G were co-
transfected into the packaging 293T cells.
Viral supernatants were collected 48 h later,
clarified by filtration, and concentrated by
ultracentrifugation. Lentiviruses carrying con-
trol shRNA (shControl) and IDH3A shRNA
(shIDH3A) were purchased from Genepharma
Inc. The virus was used to infect 4x10° cells
(30%-40% confluent) in a 6 cm dish with 10
ug/ml polybrene. Infected cells were selected
by 5 ug/ml puromycin (Merck). The sequences
of shRNAs were: shIDH3A: 5'-CCGGGCTCAGA-
CTTCACAGAGGAAACTCGAGTTTCCTCTGTGAA-
GTCTGAGCTTTTT-3” and shControl: 5-CCGGG-
AATCGTCGTATGCAGTGAAACTCGAGTTTCACT-
GCATACGACGATTCTTTTTG-3".

RT-gPCR

Total RNA was isolated from HepG2 or MHCC-
97H cells using TRIzol reagent (Thermo Fisher).
A total of 2 pyg RNA was reverse-transcribed
using EasyScript® First-Strand cDNA Synthesis
SuperMix (TransGen). Quantitative real-time
PCR was performed using SYBR Green Master
(Roche) in an ABI 7500. The relative expres-
sion of target genes was calculated using the
2-84¢t method [24]. GAPDH was served as an
internal control. The sequences were as fol-
lows: IDH3A forward, 5-TGCCCAGACTGAAGA-
GACCT-3’, IDH3A reverse, 5-TTTCCCTTTTAGG-
TCCCACGA-3’; MTA1 forward: 5-CCGAGAAAC-
TAAAGCACCAG-3’, MTAL reverse: 5-AAGAAGA-
AATCCTCCCGCTC-3"; E-cadherin forward: 5'-
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GAAATCACATCCTACACTGCCC-3’, E-cadherin re-
verse: 5-GTAGCAACTGGAGAACCATTGTC-3’; N-
cadherin forward: 5-AGGCTTCTGGTGAAATCG-
CA-3’, N-cadherin reverse: 5-TGGAAAGCTTC-
TCACGGCAT-3’; Vimentin forward: 5-ATTGAGA-
TTGCCACCTACAG-3’, Vimentin reverse: 5'-ATC-
CAGATTAGTTTCCCTCAG-3’; VEGFA forward: 5'-
CTGGAGCGTGTACGTTGGT-3’, VEGF1 reverse:
5-GTTTAACTCAAGCTGCCTCGC-3’; PHF6 for-
ward: 5-AGACAGCGCAAATGTGGCTT-3, PHF6
reverse: 5-TCAGCTTCGTGCCTCTTTTAAT-3’; CA-
SP2 forward: 5’-AGCTGTTGTTGAGCGAATTGT-3’,
CASP2 reverse: 5-AGCAAGTTGAGGAGTTCCA-
CA-3’; TP53 forward: 5-TGCTCAAGACTGGCG-
CTAAA-3’, TP53 reverse: 5’-GCTCGACGCTAGGA-
TCTGAC-3’; ZNF205 forward: 5-CCTCCACCCC-
GCTCTGAAA-3’, ZNF205 reverse: 5-TCGGGCT-
CCATCTTAATGTGC-3’; SIRT7 forward: 5’-ACTTG-
GTCGTCTACACAGGC-3’, SIRT7 reverse: 5-GGT-
GATGCTCATGTGGGTGA-3’; ZNF232 forward: 5'-
CACCGCCCTTCAGGTACAAT-3’, ZNF232 reverse:
5-TTGAGCGGAGCGAGAAAGAG-3’; GAPDH for-
ward: 5-CCCACTCCTCCACCTTTGAC-3’, GAPDH
reverse: 5-CATACCAGGAAATGAGCTTGACAA-3..
Each experiment was performed at least three
times.

Western blotting analysis

Whole cells were lysed using RIPA buffer con-
taining cocktail. The total protein concentration
was measured using a BCA kit protein assay
(Pierce). 40 ug of protein was loaded per well
in 10% polyacrylamide gels and transferred
to nitrocellulose filter membranes. After block-
ing with 5% non-fat milk at room temperature
for 1 h, membranes were incubated with pri-
mary antibodies overnight at 4°C. The primary
antibodies were anti-IDH3A (1:1000, Cat.
#ab58641; Abcam), anti-MTA1 (1:1000, Cat.
#ab40084; Abcam), anti-E-cadherin (1:500
dilution; Cat. #3195; Cell Signaling Technolo-
gy), anti-N-cadherin (1:500 dilution; Cat.
#13116; Cell Signaling Technology), anti-vimen-
tin (1:1000 dilution; Cat. #5741; Cell Signaling
Technology), anti-Sp1 (1:4000, Cat. #ab13370;
Abcam) and anti-B-actin (1:5,000 dilution; cat.
no. ab179467; Abcam). After washing with
TBST for three times, the membranes were
incubated with secondary antibodies for 1 h
at room temperature. The immunoreactive
bands were visualized using enhanced chemi-
luminescence ECL (Thermo Fisher, Cat.
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#32106). Each experiment was performed at
least three times.

Wound healing analysis

The wound healing analysis was performed as
previously described [25]. Briefly, cells were
placed in 6-well plates and cultured to 95-100%
confluence. Subsequently, cells were scraped
with a 20 ul pipette tip, and plates were washed
with PBS three times (time 0), and the medium
was replaced with serum-free RPMI-1640. The
migration distances of the cells were measured
from the images that were obtained at the indi-
cated time points. Each experiment was per-
formed at least three times.

Transwell invasion assay

In vitro invasion assay was performed using
Transwell migration chambers (8 um pore
size, BD Biosciences). The filters were coated
with 100 pl Matrigel (PBS:Matrigel=8:1, BD
Biosciences) and incubated in a 5% CO, atmo-
sphere at 37°C for 1 h for gelling. A total of
3x10* transfected MHCC-97H cells were resus-
pended in 400 pl serum-free RPMI-1640 and
seeded in the upper chamber, the bottom
chambers were filled with 400 yl RPMI-1640
supplemented with 10% FBS. After incubation
at 37°C with a 5% CO, atmosphere for 24 h, the
cells on the surface of the chamber were
removed by a cotton swab, and the invaded
cells were stained with 0.5% crystal violet. The
invaded cells were photographed under an
inverted fluorescence microscope (x200 mag-
nification) and the number of invaded cells was
counted. Each experiment was performed at
least three times.

Luciferase reporter analysis

The promoter region (-500 to +200) of MTA1
was cloned into pGL3-basic plasmid. The
QuikChange Lightning Site-Directed Mutage-
nesis kit (Agilent Technologies, USA) was used
to mutate the promoter region of MTA1. HepG2
cells were transfected with MTA1-Luc, together
with vector or Spl and Renilla. After transfec-
tion for 24 h, the luciferase activity of the cells
was detected using a luciferase assay kit
(Promega). Each experiment was performed at
least three times.
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ChlIP and qChIP

ChIP and gqChIP analyses were performed in
HepG2 cells as previous described [26]. qChIP
analysis was performed using the TransStart
Top Green gPCR supermix (TransGen Biotech).
The qChIP primers were the following: MTA1-1
forward: 5-GACCACCTGTCCAGAGATGC-3’ and
reverse: 5-TAGCTCTCCAGGGGTTCCTC-3’; and
MTA1-2 forward: 5-GGCAAAGGTTAGGCCTGG-
AA-3’ and reverse: 5-TCCTCCACAAGGGCCAT-
TTC-3'. Each independent experiment was per-
formed at least three times.

Pulmonary metastasis model

For pulmonary metastasis analysis, 5x10°
MHCC-97H cells infected with lentiviruses car-
rying control shRNA, IDH3A shRNA and/or
MTA1 were intravenously injected into SCID
mice (5 weeks, n=6) via the tail vein. After injec-
tion for 6 weeks, each mouse was first anesthe-
tized and then given 150 pg/g of D-luciferin in
PBS by intraperitoneal injection. After 15 min,
bioluminescence images were obtained with a
charge-coupled device camera (IVIS; Xenogen).
Bioluminescence was calculated manually from
the relative optical intensity, and the data was
expressed as photon flux (photons-sec*cm
Steradian®) and normalized to background
photon flux, which was defined as the relative
optical intensity of a mouse that was not inject-
ed with luciferin.

Statistical analyses

The results were reported as the mean + SD
and each independent experiment was per-
formed at least three times. All data were ana-
lyzed using SPSS 18.0. Two-tailed unpaired
Student’s t test and ANOVA with Turkey’s post-
hoc test were used to assess comparisons
between two groups or multiple groups. The
correlations between various clinicopathologi-
cal characteristics with IDH3A and MTA1
expression were examined by the chi-square
test in 41 HCC specimens of the HCC microar-
ray from patients with complete available infor-
mation on age, gender and clinicopathologic
stages. The Kaplan-Meier estimate was used to
compute survival curves, and statistical analy-
sis was performed using Log-rank (Mantel-Cox)
Test. The correlation of IDH3A and MTA1 was
examined by Pearson analysis. *P < 0.05 was
considered as statistically significant.
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Results

IDH3A is upregulated in hepatocellular car-
cinoma (HCC), and high expression of IDH3A
protein is strongly associated with tumor size
and advanced stages of HCC

To gain more mechanistic insights into the role
of IDH3A in carcinogenesis, we analyzed the
expression of IDH3A across a set of cancer
types on the cBioPortal for Cancer Genomics
website [27]. The analysis revealed that the
MRNA level of IDH3A was remarkably upregu-
lated in multiple types of cancers, such as blad-
der cancer, breast invasive cancer, colorectal
adenocarcinoma, hepatocellular carcinoma,
lung adenocarcinoma, pancreatic adenocarci-
noma, thymoma cancer and thyroid carcinoma
(Figure 1A). In addition, we also analyzed the
expression of IDH3A in tumor tissues as well as
adjacent non-tumor tissue in the GTEx data-
base [28]. The result indicated that the expres-
sion of IDH3A was higher in HCC tumor tissues
than normal tissues (Figure 1B). A previous
report supported that IDH3A expression corre-
lates with poor postoperative overall survival in
lung and breast cancer patients [18]. To further
decipher the role of IDH3A in HCC carcinogen-
esis, we first detected IDH3A expression in HCC
by a tissue array. A series of carcinoma and nor-
mal tissues from HCC patients were collected,
including 41 HCC tissues and 41 adjacent nor-
mal tissues. Immunohistochemical staining
demonstrated that IDH3A protein was mainly
detected in the cytoplasm, and partially detect-
ed in the nucleus of HCC cells, and the expres-
sion of IDH3A was markedly upregulated in
HCC tissues compared with adjacent normal
tissues (Figure 1C). Further analysis was car-
ried out in 41 HCC patients for whom complete
information on age, gender and clinicopatho-
logic stage was available. Remarkably, the level
of IDH3A protein expression was correlated
with tumor size and clinicopathologic stages
(Figure 1D), while no correlations were found
between IDH3A expression and gender or age
(Table 1). Moreover, a significant negative cor-
relation between IDH3A expression and the
survival rate of patients were observed (Figure
1E, *P < 0.05). Meanwhile, we also determined
the expression of IDH3A in HCC cell lines, such
as HepG2, MHCC-97H and Hep3B, while human
hepatocytes were used as control. IHD3A
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expression is significantly increased in HepG2,
MHCC-97H and Hep3B than in human hepato-
cytes (Figure 1F). Collectively, these findings
suggested that IDH3A plays a crucial role in the
development and progression of HCC.

IDH3A promotes EMT and cell migration as
well as invasion in HCC

EMT has been found to play a key role in HCC
metastasis [11-13]. To decipher the potential
role of IDH3A in the regulation of EMT, IDH3A
was overexpressed or knocked down in HepG2
cells. The expression of IDH3A and EMT mark-
ers was determined by RT-qPCR and western
blotting assays (Figure 2A and 2B). The results
suggested that ectopic expression of IDH3A led
to elevated expression of mesenchymal mark-
ers and reduced expression of epithelial mark-
ers at both the mRNA and protein levels. On the
contrary, inhibition of IDH3A resulted in reduced
expression of mesenchymal markers and more
evident induction of epithelial markers at both
the mRNA and protein levels (Figure 2B).

Itis believed that EMT promotes tumor progres-
sion under malignant conditions [29]. To
explore whether the regulation of EMT by IDH3A
promotes HCC cell migration and invasion,
IDH3A was overexpressed or knocked down in
MHCC-97H cells. The expression of IDH3A was
determined by RT-qPCR and western blotting
assays (Figure 2C). Subsequently, wound heal-
ing assay and transwell invasion assay were
performed to explore the effect of IDH3A in
HCC cells migration and invasion. The results of
the wound healing assay revealed that ectopic
expression of IDH3A significantly increased the
area of wound healing, whereas inhibition of
IDH3A reduced the area of wound healing
(Figure 2D). In addition, the transwell invasion
assay demonstrated that overexpression of
IDH3A obviously increased the number of
invaded cells, whereas depletion of IDH3A
remarkably reduced the number of invaded
cells (Figure 2E). Together, the above data sug-
gest that IDH3A promotes EMT and cell migra-
tion as well invasion in HCC.

IDH3A regulates MTA1 expression in HCC

To identify the potential gene expression regu-
lated by IDH3A in HCC, IDH3A was knocked
down in HepG2 cells using IDH3A siRNAs, and
the influence of IDH3A loss-of-function on the
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Figure 1. IDH3A is upregulated in hepatocellular carcinoma (HCC), and high expression of IDH3A protein is strongly
associated with tumor size and advanced stage in HCC. A. The mRNA level of IDH3A in a variety of cancers by
online analysis (www.chioportal.org/public-portal/). B. The expression of IDH3A in HCC by GTEx database (http://
gepia.cancer-pku.cn/index.html). C. Representative sections of normal liver tissues and primary and metastatic
HCC tissues that were stained with IDH3A antibody are presented. Scale bar=100 uym. The scores were assessed by
evaluating the intensity and extent of immunopositivity. Two-tailed unpaired Student’s t test was utilized to analyze
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the results (*P < 0.05). D. Representative images of samples of clinicopathologic stage I, Il and Ill HCC that were
stained with IDH3A antibody are shown. The scores were assessed by evaluating the intensity and extent of immu-
nopositivity. A two-tailed unpaired Student’s t test was utilized to analyze the results (*P < 0.05). E. The survival rate
of HCC patients with high or low IDH3A expression was analyzed by the Kaplan-Meier analysis (*P < 0.05). F. The
expression of IDH3A in HCC cell lines and human hepatocytes was determined using western blotting and RT-qgPCR

analyses (*P < 0.05).

Table 1. Clinic pathologic variables in 41 HCC patients

showed that MTA1 was also upregu-

lated in HCC tissues compared with

Variables No. IDH3A expression P ) : !
(n=41) Low (n=18) High (n=23) value adjacent normal. tissues (Figure 4A).
Age Further analysis was performed
in 41 HCC patients for whom com-

<50 15 6 0.702 . .

- plete information on age, gender
=50 26 12 14 and pathological characteristics was
Gender available. Remarkably, high expres-
Male 34 16 18 0.369 sion of MTAL was strongly associat-
Female 7 2 ed with pathological characteristics
Tumor size (Figure 4B), while no correlations
Small (< 5 cm) 18 11 0.050 were found between MTAL expres-
Large (=5 cm) 23 7 16 sion and gender, age as well as
clinicopathologic stage tumor size (Table 2). Moreover,
-1l 26 15 11 0.019 Kaplan-Meier analysis also revealed
m 15 3 12 that high expression of MTA1 pre-

global profile of gene expression was analyzed
by RNA deep-sequencing (RNA-seq). Several
genes were significantly downregulated or
upregulated with IDH3A knockdown, such as
MTA1 and VEGFA (Figure 3A). Subsequently, we
found that IDH3A regulated the different
expression genes that are related to several
KEGG signaling pathways, including focal adhe-
sion, MAPK signaling pathway, cell cycle and
cell adhesion molecules (Figure 3B). Previous
reports have been shown that the MAPK signal-
ing pathway and focal adhesion could regulate
EMT [30, 31], which was consistent with our
present work. We next verified whether IDH3A
regulates those genes through RT-qPCR assay.
Interestingly, we found that MTA1, VEGFA and
CASP2 expression were significantly regulated
by IDH3A (Figure 3C). To verify that the expres-
sion of MTA1 is modulated by IDH3A, IDH3A
expression was knocked down in HepG2 cells.
Measurement by RT-gPCR and western blotting
suggested that inhibition of IDH3A led to a
reduced expression of MTAL, which could be
rescued by reconstituting the expression of
siRNA resistance IDH3A (Figure 3D).

The expression of MTAL is increased in HCC
and associated with IDH3A expression

We next detected the expression of MTAL in
HCC tissues, and the results of the tissue array
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dicted a poor prognosis (Figure 4C,
*P < 0.05). In addition, the results of
the Pearson analysis strongly indicated that the
expression of MTA1 was correlated with IDH3A
expression (Figure 4D, Pearson r=0.6456, *P <
0.05).

IDH3A regulates MTA1 expression through Sp1

To better characterize function of IDH3A in
HCC, we performed ATAC-seq followed by
HOMER motif discovery algorithm in IDH3A-
depled HepG2 cells. The argument is because
IDH3A is not a sequence-specific DNA-binding
protein; it probably is recruited to specific sites
through association with transcription factors.
Among the list of enriched motifs (Figure 5A),
the most highly enriched motif was the binding
site for the bZIP family of DNA binding factors
(Figure 5A). De novo motif enrichment also
assembled the JunB and AP-2a motif (Figure
5A). These data suggest that AP-1, KLF3, speci-
ficity protein 1 (SP1) and NYF transcription
factors might play an important role in sil-
DH3A-regulated chromatin accessible region.
Previously report has been found that Sp-1
could transcriptionally regulate MTA1 expres-
sion [32]. To verify whether Sp-1 transcription-
ally regulated MTA1 expression, we analyzed
the putative consensus binding sequences for
Sp-1 on the promoter region of MTA1 using the
Alggen database. The result revealed the pres-
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Figure 2. IDH3A promotes EMT and cell migration as well as invasion in HCC. A and B. IDH3A was overexpressed or
knocked down in HepG2 cells. The expression of IDH3A and EMT markers were determined by RT-gPCR and western
blotting analyses (*P < 0.05). C. IDH3A was overexpressed or knocked down in MHCC-97H cells. The expression of
MTA1 was determined by RT-gPCR and western blotting analyses (*P < 0.05). D. MHCC-97H cells were transfected
with IDH3A siRNA and/or IDH3A for the wound healing assay (*P < 0.05). E. MHCC-97H cells were transfected with
IDH3A siRNA and/or IDH3A for the transwell invasion assay (*P < 0.05).

ence of several putative consensus binding sible contribution of SP1 to the transcriptional
sequences for the transcription factor specific- regulation of MTAL1. We thus cloned a 700 bp
ity protein 1 (SP1) (Figure 5B), indicating a pos- fragment (-500 to +200) from the MTA1 pro-
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IDH3A. The expression of MTA1 was determined by RT-gPCR and western blotting analyses (*P < 0.05).

moter region in the upstream of a luciferase
reporter gene (MTA1-Luc) and co-transfected
these constructs into HepG2 cells with vector
or Spl and Renilla. The dual luciferase reporter
assays revealed that Sp-1 significantly stimu-
lated the luciferase activity of MTA1-Luc (Figure
5C). Moreover, we used anti-Sp1 antibody to
performed qChIP assay, the result demonstrat-
ed that the fold of enrichment of Sp1 on MTA1
promoter was significantly increased upon
IDH3A overexpression; however, inhibition of
IDH3A decreased the fold of enrichment of Sp1
on MTA1 promoter (Figure 5D). Furthermore,
analyses by RT-gPCR and Western blotting in
HepG2 cells transfected with vector or Sp1 or

3220

treated with control siRNA or Sp-1 siRNAs
showed that ectopic expression of Spl resulted
in an increase of MTA1 and knockdown of Sp1
resulted in a decrease of MTA1 at both mRNA
and protein levels (Figure 5E).

IDH3A promotes cell migration and invasion
through regulating MTA1 expression in HCC

To further investigate whether IDH3A promotes
EMT through regulation of MTAL, HepG2 cells
were transfected with IDH3A and/or MTAL1
siRNA, IDH3A siRNA and/or MTAL. The expres-
sion of EMT markers was determined by
RT-gPCR and western blotting analyses. The

Am J Cancer Res 2020;10(10):3212-3229
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Kaplan-Meier analysis (*P < 0.05). D. The correlation between IDH3A expression and MTA1 expression was ana-
lyzed by Pearson analysis.

results demonstrated that the effect of IDH3A IDH3A-overexpressed cells. Meanwhile, the
on EMT was offset by inhibition of MTAL in inhibitory effect of IDH3A inhibition on EMT was
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Table 2. Clinic pathologic variables in 41 HCC patients

could be reversed by ectopic expres-

Varian, No. MTA1 expression p sion of MTAll (Figure 6E). Altogether,
anaples (n=41) Low (n=16) High (n=25) value these exp_erlments _supportec_i a rple
Age for IDH3A in regulating cell migration
<50 15 4 11 0.218 and |nvaS|on- through regulating
MTA1 expression.
>50 26 12 14
Gender Discussion
Male 34 15 19 0.141
Female 7 1 6 HCC is the fifth Ieaqling cause of can-
Tumor size cher dﬁath whorIdW|de [1,h2]. ICEven
Small (< 5 cm) 18 10 8 0.055  though much progress has been
Large (> 5 cm 23 6 17 made in the treatment of HCC, tumor
_ gge @5c¢ _) metastasis and advanced stages
clinicopathologic stage of the disease are responsible
HI 26 14 12 0010 for the high mortality of HCC [4-6].
1 15 2 13

Therefore, new therapeutic strate-

offset by overexpression of MTA1 in IDH3A-
depleted cells (Figure 6A). Subsequently, we
investigated whether IDH3A facilitates cell
migration and invasion by regulation of MTAL in
MHCC-97H cells. The expression of MTA1 was
established by RT-gPCR and western blotting
analyses (Figure 6B). The results of the wound
healing assay suggested that ectopic expres-
sion of IDH3A or MTA1 significantly facilitated
wound healing, inhibition of MTA1 in IDH3A-
overexpressed cells could offset the effect of
IDH3A on wound healing. Meanwhile, inhibition
of IDH3A or MTA1 were associated with a
decreased wound healing, moreover, ectopic
expression of MTA1 in IDH3A-depleted cells
could reversed the effect of IDH3A inhibition
(Figure 6C). Moreover, transwell assays with
MHCC-97H cells showed that ectopic expres-
sion of IDH3A or MTA1 significantly promoted
cell invasion, the effect of IDH3A on cell inva-
sion was offset by inhibition of MTAL in IDH3A-
overexpressed cells. Meanwhile, inhibition of
IDH3A or MTA1 suppressed cell invasion, simul-
taneous overexpression of MTA1l in IDH3A-
depleted cells could offset the effect of IDH3A
inhibition (Figure 6D). To further explore the
role of IDH3A in metastasis in vivo, MHCC-97H
cells stably expressing firefly luciferase were
infected with lentiviruses carrying control
shRNA or IDH3A shRNA and/or infected with
retroviruses carrying MTAL. These cells were
injected intravenously into SCID mice. The
result of bioluminescence imaging showed that
IDH3A depletion was associated with a marked
suppression of the lung metastasis, which
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gies are emergency required. Me-

tabolic reprogramming is emerging
as an essential process which plays a role in
improved tumor proliferation and survival.
Among the metabolic pathways, the tricarbox-
ylic acid (TCA) cycle is a primary route for the
biosynthetic, bioenergetic and redox balance
requirements of cells.

Metabolic reprogramming is a critical essential
hallmark of cancers, including HCC, as meta-
bolic shifts represent a selective advantage for
tumor proliferation, growth as well as survival
by maintaining redox balance, the increased
synthesis of macromolecules and energy pro-
duction. Elevated aerobic glycolysis, which also
known as the Warburg effect, is a well-known
metabolic alteration in cancer cells [33].
Positron emission tomography (PET) based on
18F-fluorodeoxyglucose (18F-FDG) uptake has
confirmed that the uptake of glucose is signifi-
cantly increased in cancer compared to non-
proliferating normal tissues [34]. Growing evi-
dence have supported that TCA cycle rewiring
plays a crucial role in cancer. Altered gene
expression of TCA cycle components resulted
in cancer metabolic reprogramming [35, 36].
Multiple potential anticancer protein targets of
the TCA cycle have been found, such as SDH,
FH and MDH2 [37-42]. Deficiency of SDH
results in accumulation of succinate, thereby
promoting exert pro-inflammatory effects
through the generation of mtROS. Especially,
upregulation of MDH2 in prostate cancer is
associated with chemoresistance and predicts
a shorter survival [42].
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Figure 5. IDH3A Regulates MTA1 Expression through Spl. A. TF motifs identified from ATAC-seq peaks. Top known
and de novo motif enrichments. B. Spl recognized consensus site was identified in the promoter region of MTA1
using a bioinformatics website (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3).
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The isocitrate dehydrogenase (IDH) family con- in glioma [44, 45]. These mutations led to the
tains three isoforms, IDH1, IDH2, and IDH3. gained function of producing the oncometabo-
These three isoforms catalyze the oxidative lite 2-HG, resulting in reduced levels of
decarboxylation of isocitrate to a-KG, but the 5-hydroxymethylcytosine (5-HmC) through sup-
enzymatic ability of IDH1 and IDH2 depends on pressing the a-KG dependent-ten-eleven trans-
NADP*, while the enzymatic ability of IDH3 location (TET) family [46]. IDH3 is a rate-limiting
depends on NAD* [43]. Previous studies have step of the TCA cycle which catalyzes an irre-
shown that IDH1 and/or IDH2 mutations occur versible enzyme reaction [17]. Moreover, aber-
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Figure 6. IDH3A promotes cell migration and invasion through regulating MTAL expression in HCC. A. HepG2 cells
were transfected with MTA1, IDH3A and/or MTA1 siRNA, MTA1 siRNA, IDH3A siRNA and/or MTAL. The expression of
MTA1 and EMT markers were determined by RT-gPCR and western blotting analyses (*P < 0.05). B. MHCC-97H cells
were transfected with MTAL, IDH3A and/or MTA1 siRNA, MTA1 siRNA, IDH3A siRNA and/or MTAL. The expression of
MTA1 was determined by RT-qPCR and western blotting analyses (*P < 0.05). C. MHCC-97H cells were transfected
with MTA1, IDH3A and/or MTA1 siRNA, MTA1 siRNA, IDH3A siRNA and/or MTA1 for wound-healing assay (*P <
0.05). D. MHCC-97H cells were transfected with MTA1, IDH3A and/or MTA1 siRNA, siMTA1, IDH3A siRNA and/or
MTA1 for transwell invasion assay (*P < 0.05). E. MHCC-97H cells that were infected with lentiviruses carrying con-
trol shRNA, IDH3A shRNA and/or infected with retroviruses carrying MTA1 were injected intravenously through the

tail vein of SCID mice (n=6). Lung metastasis was quantified by bioluminescence imaging.

rant IDH3A expression associates with poor
postoperative overall survival of breast and
lung cancer patients [18]. Many repots focus
on IDH1 and IDH2; however, the detailed roles
of IDH3 in HCC is still unknown.

In our present work, we identified that the
expression of IDH3A was significantly higher in
HCC than in normal tissues. Moreover, high
level of IDH3A was associated with tumor size
and clinicopathological stage in HCC. To under-
stand the mechanistic role of IDH3A in HCC, we
performed RNA-seq in HepG2 cells and found
that IDH3A regulated the expression of MTAL.
The levels of MTA1 in HCC tumor samples were
significantly higher than those in nontumor tis-
sues. The overexpression of MTA1 was associ-
ated with higher-grade tumors and poor prog-
nosis [47, 48], which are consistent with our
observations. Multiple research have shown
that MTA1 promotes EMT and metastasis in
cancers, such as non-small-cell lung cancer,
colorectal cancer and malignant pleural meso-
thelioma [49-51]. In addition, several in vitro
and in vivo assays suggested that that IDH3A
promoted EMT, migration and invasion in HCC
through regulation of MTAL.

3225

To further decipher the detailed mechanism for
IDH3A regulation of MTAL expression, we per-
formed ATAC-seq followed by HOMER motif dis-
covery algorithm in IDH3A-depleted HepG2
cells. The result indicated that IDH3A influ-
enced chromatin accessibility, and transcrip-
tion factors Sp1 might play an important role in
IDH3A-regulated chromatin accessible region.
Spl was first identified as a general transcrip-
tion factor that is required for transcription of
‘housekeeping genes’ [52]. However, increas-
ing evidence demonstrated that high levels of
Spl is correlate with cancer cell migration and
metastasis in several type of cancers, such as
breast cancer, pancreatic cancer and gastric
cancer [53-55]. These studies underscore the
importance of Spl in the regulation of a num-
ber of pro-invasive factors, such as membrane
type 1 matrix metalloproteinase (MT1-MMP),
matrix metalloproteinases (MMPs) and MTA1
[32, 56, 57]. Our finding revealed that IDH3A
influenced the chromatin accessibility, Spl
bound the promoter region of MTA1 and tran-
scriptionally promoted MTA1 expression in
HCC.

Here, we found that IDH3A promoted EMT in
HCC cells through regulation of MTA1 expres-

Am J Cancer Res 2020;10(10):3212-3229



IDH3A promotes hepatocellular carcinoma migration and invasion
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Figure 7. Proposed model for the role of IDH3A in HCC cells. The mechanism of IDH3A-mediated HCC cancer cell
migration and invasion as well as EMT is mediated by the regulation of MTA1.

sion, thereby increasing the migration and inva-
sion of HCC cells (Figure 7). However, there are
still several limitations in our work. The detailed
mechanism underlying IDH3A regulated MTA1
expression in HCC still need further investiga-
tion. IDH3A catalyzes the oxidative decarboxyl-
ation of isocitrate to a-KG, a key coenzyme fac-
tor of Jumonji C domain-containing histone
lysine residue demethylases and TET family of
5-methylcytosine (5-mC) hydroxylases [16, 46].
More details about whether IDH3A influences
histone or DNA methylation through catalyzing
the oxidative decarboxylation of isocitrate to
o-KG also raised the question. Moreover, IDH3A
is a rate-limiting enzyme of TCA cycle, and aber-
rant expression of IDH3A in HCC might modu-
late metabolic reprogramming through the TCA
cycle. It is interesting to further explore the
effect of IDH3A upregulation in HCC on the flux
of various metabolites, such as glucose, ATP,
citrate, fumarate and malate. However, our
work uncovers the potential of metabolic tar-
gets for new HCC treatments.
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