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ABSTRACT

Background: Hepatocellular carcinoma (HCC) is one of the most malignant type of cancers. Leuci carboxyl
methyltransferase 1 (LCMT1) is a protein methyltransferase that plays an improtant regulatory role in both
normal and cancer cells. The aim of this study is to evaluate the expression pattern and clinical significance of
LCMT1 in HCC.

Methods: The expression pattern and clinical relevance of LCMT1 were determined using the Gene Expression
Omnibus (GEO) database, the Cancer Genome Atlas (TCGA) program, and our datasets. Gain-of-function and
loss-of-function studies were employed to investigate the cellular functions of LCMT1 in vitro and in vivo.
Quantitative real-time polymerase chain reaction (RT-PCR) analysis, western blotting, enzymatic assay, and
high-performance liquid chromatography were applied to reveal the underlying molecular functions of LCMT1.
Results: LCMT1 was upregulated in human HCC tissues, which correlated with a “poor” prognosis. The siRNA-
mediated knockdown of LCMT1 inhibited glycolysis, promoted mitochondrial dysfunction, and increased
intracellular pyruvate levels by upregulating the expression of alani-neglyoxylate and serine-pyruvate amino-
transferase (AGXT). The overexpression of LCMT1 showed the opposite results. Silencing LCMT1 inhibited the
proliferation of HCC cells in vitro and reduced the growth of tumor xenografts in mice. Mechanistically, the effect
of LCMT1 on the proliferation of HCC cells was partially dependent on PP2A.

Conclusions: Our data revealed a novel role of LCMT1 in the proliferation of HCC cells. In addition, we provided
novel insights into the effects of glycolysis-related pathways on the LCMT1regulated progression of HCC, sug-
gesting LCMT1 as a novel therapeutic target for HCC therapy.

Introduction

advanced stage. Therefore, chemical therapy is the only therapy for those
patients [1,3]. For more than a decade, targeted-therapy drugs, such as

Throughout the world, liver cancer is the sixth most common malig-
nancy and the third leading cause of deaths from cancer. Hepatocellular
carcinoma (HCC), which is the primary type of liver cancer, accounts for
90% of liver-cancer cases [1,2]. The cure rate of resecting early-stage
HCC by radical hepatectomy can reach 70-80% [3]. Unfortunately, in
most HCC patients, when it is diagnosed, the cancer has been in an
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sorafenib, have been the first-line drugs for treating advanced HCC.
However, the treatment for advanced HCC is limited by multiple targets,
single-drug use, and long-term drug resistance [4]. Hence, in recent
years, there have been fast developments in targeted-therapy drugs and
immunotherapy. Finding novel molecular targets is imperative to
improve the therapeutic outcomes of the treatments for HCC [5-7].
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Leucine carboxyl methyltransferase 1 (LCMT1) is a 38-kDa protein
methyltransferase consisted of 338 amino acids. It is found in nearly all
groups of eukaryotes and is conserved in yeast, mice, and humans.
LCMT1 is expressed in many tissues of the body, but the level of its
expression varies greatly among tissues. In humans and rodents, LCMT1
is highly expressed in the brain, testis, and placenta, but the expression
of LCMT1 in the liver is low [8]. LCMT1 belongs to the S-adeno-
syl-L-methionine (SAM)-dependent methyltransferase family, which
catalyzes the transfer of methyl groups from SAM to an acceptor mole-
cule. Three protein phosphatases have been identified as the acceptors of
the methyl groups. Protein phosphatase 2A (PP2A) was the first iden-
tified and is the most explored acceptor of the methyl groups. LCMT1 is
responsible for methylating the carboxyl group of the C-terminal leucine
of the catalytic subunit of PP2A (PP2Ac). PP2Ac regulates PP2A activity
and tissue specificity [9]. Recently, PP4 and PP6, which are the mem-
bers of the PP2A subfamily, have been identified as the other two protein
phosphatases. PP4 and PP6, which are serine/threonine protein phos-
phatases, have conserved C termini and conserved active-site residues
[10]. Therefore, it is likely that LCMT1 regulates the functions of these
phosphatases in cellular processes (such as cell growth and prolifera-
tion) by regulating the formation of the methylation-dependent com-
plexes of the phosphatases.

To date, the associations between LCMT1 and neurodegenerative
disorders (such as Alzheimer’s disease [11], Parkinson [12], and
manganese-related neurotoxicity [13]) have been proven. Neurode-
generative damage decreases the level of LCMT1 in the brain [14].
LCMT1 knockdown accelerates brain injuries, and LCMT1 over-
expression reverses the damage [15,16]. Therefore, LCMT1 may support
neurocytes to maintain the normal brain function. The associations be-
tween LCMT1 and cancers are limited and indecisive. According to the
present knowledge, the methylation of PP2Ac promotes the assembly of
substrate-specific PP2A trimeric holoenzymes. The holoenzymes, in
particular those with the PPP2R2 and PPP2R5 regulatory B-type sub-
units, possess tumor-suppressive functions by suppressing the MAP ki-
nase and Akt pathways [17]. Moreover, the methylation of PP4c is
required for the formation of the PP4R1/PP4c complex that negatively
regulates the NF-xB pathway [18]. Thus, LCMT1 is expected to be a
tumor suppressor because it blocks the oncogenic transformation of
transfected HEK cells by inactivating the Akt pathway [19]. In glio-
blastoma, the downregulation of nicotinamide N-methyltransferase
(NNMT), a methyltransferase that catalyzes the transfer of a methyl
group from SAM to nicotinamide, upregulates the expression of LCMT1
and inhibits the activity of oncogenic kinases [20]. The evidence sup-
ports the above hypothesis. However, in cervical and colon cancer cells,
the knockdown of LCMT1 induces cell death [17,21], which indicates
that LCMT1 plays a crucial role in the survival of tumor cells. These
contradictory results imply that the effects of LCMT1 on different types
of cancer are tissue specific. The role of LCMT1 in the development of
HCC is elusive and worth exploring. Therefore, this study was designed
to evaluate the clinical significance of LCMT1 in HCC.

Materials and methods
Bioinformatic analysis based on public clinical databases

Gene Expression Profiling Interactive Analysis (GEPIA, http://gepia.
cancer-pku.cn/), which is an open-source genetic database, was used to
analyze the overall survival (OS) and disease-free survival (DFS) of HCC
patients and the expression levels of LCMT1 in the patients. HCC
expression datasets including RNA-seq data and the corresponding
clinical information were extracted from GEPIA. The median risk score
was used as the cut-off value for grouping into a high-risk group and a
low-risk group. Then, the relationships among the LCMT1 expression
level, clinical information, and survival status were analyzed.

Translational Oncology 27 (2023) 101572

Extraction of microarray data from the Gene expression omnibus (GEO)
database

The microarray data on HCC published from 2020 onwards were
obtained from the GEO database (http://www.ncbi.nlm.nih.gov/geo/),
which is a public repository for functional genomic datasets. The key-
words used for finding the microarray data in the GEO database were
“liver/hepatocellular/hepatic” and “cancer/tumor/carcinoma”. The
“Organism” was restricted to “Homo sapiens”, and the “Study type” was
restricted to “mRNA expression profiling by array”. The inclusion
criteria were as follows: (1) the files contained data for normal (non-
tumorous) tissues and HCC tissues, (2) each group contained more than
5 cases, and (3) the microarray data on the expression of LCMT1 were
limited to a close range and were directly available for analysis. Array-
based and sequence-based data were obtained from different platforms.
Then, a meta-analysis was performed on the GEO datasets.

Samples of human livers with HCC

HCC tissues and the adjacent nontumorous tissues were collected
from HCC patients who underwent resections on the tumor at The
Affiliated Tumor Hospital of Guangxi Medical University (Nanning,
China) between 2019 and 2020. The human study was approved by the
Ethics Committee of Guangxi Medical University (No. 20210144).

Cell lines

Human HCC cell lines (HepG2, Huh7, and Hep3B) were obtained
from the National Collection of Authenticated Cell Cultures (Shanghai,
China). The HCC cells were cultured in Minimum Essential Media
(MEM) containing 10% of fetal bovine serum and 1% of a pen-
icillin-streptomycin mixture according to the ATCC Animal Cell Culture
Guide. All cultures were maintained under a 5% CO, environment and
humidified conditions in a 37 °C cell-culture incubator.

Transfection of siRNA

Small interfering RNA (siRNA) against human LCMT1 and siRNA
against AGXT were synthesized by Gene Pharma (Suzhou, China). The
target sequences were as follows: the sense sequence of siRNA-LCMT1
(siLCMT1) was 5’-GGCAUGGAUACCACCUUCUGGAGAU-3’, the sense
sequence of siRNA-AGXT (siAGXT) was 5’-GCUACGUCAUAGACCA-
CUUTT-3’, the antisense sequence of siAGXT was 5’-AAGUGGUCUAU-
GACGUAGCTT-3’, the sense sequence of siRNA control (siCtrl) was 5’-
GCGACGAUCUGCCUAAGAUdTAT-3’, and the antisense sequence of
siCtrl was 5’-AUCUUAGGCAGAUCGUCGCATAT-3’. The siRNA was
transfected into HepG2 and Huh7 cells by the Lipofectamine 3000
RNAIMAX transfection reagent (Thermo Fisher Scientific, USA) ac-
cording to the manufacturer’s instructions. After being transfected with
the siRNA, the cells were grown for 48 h. Then, the cells were used for
follow-up studies.

Plasmid construction and genetic transfection

Recombinant plasmid LCMT1-pcDNA3.0 was constructed according
to our previous report [22]. The recombinant plasmid was transfected
into the Hep3B cell line using Lipofectamine 3000 RNAiMAX according
to the procedure recommended by the manufacturer. Stably transfected
cells were selected by incubating the transfected cells with G418 (800
mg/mL) for about 20 days. The stably transfected cells were verified
with RT-PCR and western blotting. Then, the cells were grown to
generate frozen stocks of early-passage cells. All successive experiments
were performed with the early-passage cells.
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In-vivo tumor-suppressive activity of LCMT1 siRNA treatment

Male nude mice (4-5 weeks old) were purchased from Guangxi
Medical University Laboratory Animal Center and maintained under
specific-pathogen-free (SPF) conditions. A total of 5 x 10® Huh7 cells
were injected into the subcutaneous tissue of each mouse. The length
and width of each tumor were measured with a micrometer caliper every
other day, and the volume of the tumor was calculated using the
following formula: volume = 0.5 x width? x length. When tumors
developed in the mice (the volume of the tumors was 80-100 mm3), the
mice were randomly divided into two treatment groups (five mice in
each group). For 10 days, siRNA of LCMT1 (20 pg of siRNA per injection)
was injected into the tumors directly every two days. At the end of the
experiment, the weight of the tumors was measured, and the tumors
were stored in 4% polyoxymethylene for H&E staining. All experimental
treatments were undertaken in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. The ex-
periments were approved by the Animal Care & Welfare Committee of
Guangxi Medical University (Nanning, China).

Cell proliferation assays and cell growth curves

After transfection for 48 h, transfected HepG2 and transfected Huh7
cells (1 x 10* cells/well) were seeded in 96-well plates, and the prolif-
eration rates of the cells were detected by Cell Counting Kit-8 (CCK-8)
from Dojindo Molecular Technologies, Inc. Hep3B cells were grown for 2
days, and the viability of the cells was detected on the second day.
Thereafter, the viability of the cells was detected every other day for 10
days (a total of five cell-viability measurements). Growth media were
replaced every two days to prevent nutrient depletion. The cell prolif-
eration rate and cell proliferation curve were determined by measuring
the optical density (OD) at 450 nm.

Measurement of the level of EAU incorporated into cells

EdU staining was performed using EAU Assay Kits (APEXBIO, USA).
Cells and 20 pM of 5-ethynyl-2’-deoxyuridine (EdU) were incubated for
8 h according to the manufacturer’s instructions. Then, the staining
reagent was captured using fluorescence microscopy.

RNA isolation and quantitative real-time PCR (RT-PCR) analysis

Total RNA was isolated from cells and tissues using the TRIzol Re-
agent (Tiangen, China). The quality and concentration of the RNA were
determined by spectrophotometry. cDNA was prepared using M-MLV
reverse transcriptase (Takara, Japan). RT-PCR was performed using a
LightCycler 480 Real-Time PCR System (Roche, Switzerland) and SYBR
Premix Dimer Eraser ™ (TakaraBio, Japan). The sequences of the target
genes are shown in Supplementary Table. The relative abundance of the
target genes was normalized to the abundance of p-actin and was esti-
mated using the 2727 formula.

Protein extraction and western blotting

Western blotting was performed according to standard protocols.
Briefly, cells and tissues were lysed in RIPA Buffer (Beyotime, China),
and the protein concentration was determined by the BCA Protein Assay
Kit (Takara, Japan). The protein lysates were subjected to SDS-PAGE
analysis using 10% SDS-PAGE gels, followed by the transfer of the
proteins to PVDF membranes (Millipore, USA). For 30 min, the mem-
branes were placed in TBST containing 5% dry milk. Then, the mem-
branes and the specific primary antibodies were incubated at 4 °C
overnight. Afterwards, the membranes and the secondary antibody were
incubated at 37 °C for 2 h. The protein signals were detected by the
enhanced chemiluminescence reagent (Thermo Fisher Scientific, USA)
and quantified using iBright Analysis Software. The profiles and
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manufacturers of the primary antibodies tested in this study were as
follows: 1:500 LCMT1 (D-10) from Santa Cruz Biotechnology, 1:1000
PME-1 (A10) from Santa Cruz Biotechnology, 1:500 anti-demethylated-
PP2A-C from Santa Cruz Biotechnology, 1:500 anti-PP2A alpha + beta
from Abcam, and 1:4000 a-tubulin from Beyotime.

Measurement of the uptake of glucose

HepG2 and Huh?7 cells transfected with siLCMT1 were cultured for
48 h in wells, and Hep3B cells in which LCMT1 was overexpressed were
cultured for 24 h. The media were collected, and the cells were removed
from the media by centrifugation. Then, the glucose content was
measured by the Glucose Uptake Assay Kit (Solarbio, China) according
to the manufacturer’s instructions. The level of glucose in each medium
was determined by measuring the OD at 525 nm.

Measurement of the level of lactate, level of pyruvate, activity of pyruvate
kinase, and activity of lactate dehydrogenase

The medium was removed, and the transfected cells were washed
three times with phosphate-buffered saline (PBS). Then, a lysis buffer
was added to the cells, and the cells were scraped on ice using a cell
scraper. Every 3 seconds, the cells were lysed by ultrasonic degradation
(a 30% amplitude). The ultrasonic degradation was repeated 30 times.
Each extract was centrifuged at 8000 x g and 4 °C for 10 min. The
lactate (LA) content and the pyruvate (PA) content were detected by the
Lactate Assay Kit (Solarbio, China) and the Pyruvic Acid Assay Kit
(Solarbio, China), respectively, according to the manufacturer’s in-
structions. The activity of pyruvate kinase (PK) and the activity of
lactate dehydrogenase (LDH) were detected by the Pyruvate Kinase
Activity Assay Kit (Solarbio, China) and the Lactate Dehydrogenase
Activity Assay Kit (Solarbio, China), respectively, according to the
manufacturer’s instructions.

Measurement of intracellular levels of reactive oxygen species (ROS)

Intracellular ROS levels were quantified with 2’,7’-dichloro-
fluorescein-diacetate (DCFH-DA) from Beyotime (China). DCFH-DA is
easily oxidized by intracellular ROS to fluorescent dichlorofluorescein
(DCF). The cells in the wells were gently washed twice with PBS. Then,
the cells and 20 pM of DCFH-DA were incubated at 37 °C for 20 min. The
dye was removed and replaced with fresh PBS. The fluorescence emitted
by the cells was measured immediately by a fluorescence spectropho-
tometer (Spark 10M, Tecan, Switzerland). The Aex was 488 nm, and the
Aem Was 525 nm.

Measurement of mitochondrial membrane potential (MMP)

Changes in MMP were captured by the JC-1 fluorescent probe
(Beyotime, China). JC-1 has unique labeling features. Under a high
MMP, JC-1 forms multimeric aggregates and emits red fluorescence with
a wavelength of 525-590 nm. Under a low MMP, JC-1 is a monomer that
emits green fluorescence with a wavelength of 490-530 nm. Briefly, in
the culture medium, cells and JC-1 (10 pM) were incubated at 37 °C for
20 min. Then, the cells were washed and suspended in JC-1 staining
buffer (1 x) two to three times. After the fluorescent labelling, the cells
were viewed by an inverted fluorescence microscope, and the intensity
of the fluorescence was measured with a multimode reader (Spark 10M,
Tecan, Switzerland). The ratio of the intensity of the green fluorescence
to the intensity of the red fluorescence revealed the change in MMP.

Measurement of the mitochondrial redox capacity
The resazurin sodium salt (RSS) is a redox indicator that can be used

to evaluate metabolic function. RSS can be reduced by cytochromes,
FMNH2, FADH, NADH, and NADPH, which are involved in the electron
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transport chain [23]. Cells and 1% of RSS, which diluted with serum-free
MEM, were incubated for 2 h. The OD at 560 nm and OD at 590 nm were
measured with a multifunctional microplate reader.

Quantification of amino acids by high-performance liquid chromatography

The amino acids secreted in the culture medium were determined by
high-performance liquid chromatography (HPLC) with an ultraviolet
(UV) detector. The medium was diluted with a 10% solution of 5-sulfo-
salicylic acid dihydrate. The volume of the solution added to the me-
dium was equal to the volume of the medium. Then, all samples were
clarified by centrifugation at 10,000 g and 4 °C for 10 min. The super-
natant was removed with an automatic injection bottle and passed
through an organic phase filter (the pore size of the filter was 0.22 pm,
and the diameter of the filter was 13 mm). The supernatant was tested
within 24 h after obtainment. The content of each amino acid was
quantified with an external standard method and calculated using an
$433D UPLC amino acid analyzer (Sykam, Germany). The area under
each peak was quantified using Clarity Software.

Detection of cellular ATP levels

Cellular ATP levels were measured using an ATP assay kit based on
firefly luciferase (Beyotime, China) according to the manufacturer’s
instructions. Briefly, cells were lysed and centrifuged at 12,000 g for 5
min. In a 96-well plate, 50 pL of each supernatant was mixed with 50 pL
of the ATP working solution. The luminescence intensity was linearly
related to the ATP concentration and was measured using a
monochromator-based microplate reader (Spark 10M, Tecan,
Switzerland).

Statistical analysis

Each molecular study and each in-vivo experiment were repeated
independently at least three times. All continuous variables were re-
ported in terms of means + standard deviations and were analyzed using
the student’s t-test. Chi-square test was used for evaluating the rela-
tionship between two groups. All analyses were performed by SPSS 17.0
statistical software (Chicago, USA). The statistical significance was
defined as p < 0.05. *, **, and *** stood for p < 0.05,p < 0.01, andp <
0.001, respectively.

Results

LCMT1 was upregulated in human HCC tissue and was a “poor”
prognostic factor

To explore the role of LCMT1 in the progression of human HCC,
firstly we examined the levels of LCMT1 expression in 34 pairs of human
primary liver tumors and adjacent normal liver tissues. The results ob-
tained by western blotting and RT-PCR showed that the levels of LCMT1
expression in HCC tissues were higher than those of LCMT1 expression
in adjacent nontumorous liver tissues (Fig. 1A and B). These results were
supported by the RNA-seq data on the expression levels of LCMT1 in 50
normal liver specimens and 369 HCC (known as LIHC) patients (Fig. 1C).
The data were extracted from The Cancer Genome Atlas (TGCA). Sec-
ondly, to confirm the level of LCMT1 expression in HCC, we included six
GEO datasets (GSE29721, GSE50579, GSE57555, GSE101685,
GSE101728, and GSE121248) in our study. The normalized expression
levels of LCMT1 in nontumorous tissues and HCC tissues are shown in
Fig. 1D and Table 1. The data were obtained from the GEO datasets.
Furthermore, to draw a credible conclusion and to reduce the effect of
the small sample size of each dataset, a meta-analysis was carried out
under the fixed-effect model (Fig. 1E). No significant heterogeneity
existed among six trials (p = 0.14, I2 = 39%). The combined effect
indicated that the expression levels of LCMT1 in HCC tissues were higher
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than those of LCMT1 in normal tissues (SMD = 1.21, 95% CI [0.91,
1.50]). No significant publication bias was observed (Begg’s test, p =
0.602; Fig. 1F) among the datasets. In addition, we investigated the
relationships between the expression of LCMT1 and clinical features of
HCC patients. High levels of LCMT1 expression were noticed in high
stages of the tumor (Fig. 1G). And, The results showed that the expres-
sion level of LCMT1 was significantly associated with the Asian race (p
= 0.008), tumor histologic grade (p = 0.006), tumor size (p = 0.016),
and family history (p = 0.010). However, the expression level of LCMT1
was not significantly associated with other clinicopathological charac-
teristics such as age, gender, alcohol consumption, HBV infection, and
vascular invasion (p > 0.050, Table 2), Finally, Kaplan-Meier survival
curves showed that high LCMT1 expression was significantly associated
with the low OS and DFS of the HCC patients (Fig. 1H). Together, these
results indicate that LCMT1 is upregulated in HCC patients and is a
predictor for a poor prognosis.

LCMT1 drove metabolic reprogramming of glycolysis in HCC cells

Metabolic reprogramming is a hallmark of malignancy. Cancer cell
proliferation is a metabolically demanding process. It requires a high
rate of glycolysis to generate a large amount of ATP and to support the
Warburg effect [24,25]. ATP is an energy source that connects catabo-
lism and anabolism. It is required to support cellular processes such as
growth, proliferation, protein transport, and post-translational modifi-
cation. ATP is especially required by cancer cells. We measured a series
of metabolic parameters in HepG2 and Huh7 cells in which LCMT1 was
knocked down and in Hep3B cells in which LCMT1 was overexpressed.
The transfection rates of siRNA into HepG2 and Huh7 cells were
demonstrated by florescence intensities, which constantly showed
transfection rates above 80%. Results of western blotting showed 80%
and 70% reductions in the expression levels of LCMT1 in HepG2 cells
and Huh?7 cells, respectively (Supplementary Fig. 2A and Supplementary
Fig. 2B). In Hep3B cells, the expression of LCMT1 increased by 60%
(Supplementary Fig. 2C). Using these models, firstly, we examined the
levels of ATP at different expression levels of LCMT1. The results showed
that the production of ATP in LCMTl-silenced HepG2 and
LCMT1-silenced Huh7 cells reduced significantly, and the production of
ATP in LCMT1-overexpressed Hep3B cells increased (Fig. 2A). Secondly,
we explored the glycolysis-associated metabolites and enzymatic activ-
ity. As shown in Fig. 2B, in HepG2 and Huh7 cells, silencing LCMT1
reduces the uptake of glucose, production of intracellular lactate, ac-
tivity of PK, and activity of LDH. As expected, in Hep3B cells, the
overexpression of LCMT1 increased the uptake of glucose, production of
lactate, activity of PK, and activity of LDH (Fig. 2C). Thirdly, the
expression levels of some key glycolytic genes in LCMT1-silenced cells
and LCMT1-overexpressed cells were detected. In Huh7 and HepG2
cells, silencing LCMT1 reduced the mRNA levels of GLUT1, HK2, PFK2,
and MCT4 (Fig. 2D). In Hep3B cells, the overexpression of LCMT1
increased the mRNA levels of GLUT1, HK2, PFK2, and MCT4 (Fig. 2E).
Finally, to verify the relationships between LCMT1 and the glycolytic
genes, we used GEPIA to analyze the correlations between the expres-
sion levels of LCMT1 in HCC specimens and the expression levels of the
glycolytic genes in the specimens. As shown in Fig. 2F, in HCC samples,
the expression levels of LCMT1 are positively associated with the
expression levels of GLUT1, HK2, PKF2, PKM, LDHA, and MCT4. These
results strongly support the results shown above. All these results indi-
cate that LCMT1 drives the metabolic reprogramming of glycolysis in
HCC cells.

Silencing LCMT1 promoted mitochondrial dysfunction

Some studies have reported that the suppression of glycolysis in
cancer cells may restore mitochondrial oxidative phosphorylation
(OXPHOS). The restoration of OXPHOS can be a hot spot for tumor
therapy [26]. Therefore, it is interesting to know whether the inhibition
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Fig. 1. LCMT1 was upregulated in HCC patients and was a poor prognostic factor. (A) The protein expression levels of LCMT1 in HCC tissues and adjacent non-
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HCC patients.
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Table 1
Basic information and LCMT1 expression levels in Gene expression omnibus (GEO) datasets.
GEO datesets Year Platform Country Tissues type N LCMT1 expression (X+SD) t P
GSE29721 2011 GPL570 Canada Normal tissue 10 7.00£0.27 -2.12 0.045
HCC tissue 10 7.41+0.56
GSE50579 2013 GPL14550 Germany Normal tissue 7 8.924+0.10 3.52 <0.001
HCC tissue 60 9.19+0.46
GSE57555 2014 GPL16699 Japan Normal tissue 16 -0.09+0.02 -3.08 0.004
HCC tissue 16 -0.06+0.03
GSE101685 2017 GPL570 China Taiwan Normal tissue 8 6.261+0.3 -1.49 0.146
HCC tissue 24 6.77+0.98
GSE101728 2017 GPL21047 China Normal tissue 7 6.794+0.16 5.69 <0.001
HCC tissue 7 7.43+0.21
GSE121248 2018 GPL570 Singapore Normal tissue 37 8.114+0.24 6.68 <0.001
HCC tissue 70 8.55+0.36
Table 2 RSS decreases significantly, which suggests that the mitochondrial redox
able

Relationship between LCMT1 expression level and clinical characteristics fea-
tures in TCGA data set.

Clinical characteristics N Expression 12 P
level of
LCMT1
Low  High
Diagnosis Age <50 77 32 45 2.868  0.09
>50 290 152 138
Gender Male 249 124 125 0.035  0.852
Female 120 61 59
Race Asian 158 67 91 6.981 0.008
Non-Asian 202 114 88
Alcohol Consumption  YES 118 53 65 2.39 0.112
NO 233 125 108
HBYV Infection YES 103 53 50 0.014  0.907
NO 184 96 88
Histologic Grade 1-2 230 127 103 7.538  0.006
3-4 134 54 80
Tumor Size <3cm 181 102 79 6.254  0.012
>3cm 187 81 106
Vascular Invasion None 206 111 95 3.304 0.069
Micro/Macro 109 47 62
Family History YES 111 67 44 6.639  0.01
NO 258 118 140

on glycolysis restores OXPHOS in LCMT1-silenced HCC cells. We
detected the changes in mitochondrial function in LCMT1-silenced
HepG2 cells and LCMT1-silenced Huh7 cells. The mitochondrial con-
tent was examined by MitoTracker Green. After LCMT1 silencing, the
fluorescence intensity of Mito-Tracker Green decreased (Fig. 3A), which
indicates that LCMT1 silencing results in low mitochondrial mass. MMP
was analyzed by JC-1 staining. In LCMT1-silenced cells, J-aggregates
changed into their monomers, and the emitted fluorescence switched
from red to green (Fig. 3B), which indicates that MMP declines markedly
in LCMT1-silenced cells, and the cells are in a mitochondrial-dysfunction
state. Mitochondria produce ATP through the tricarboxylic acid (TCA)
cycle. This cycle is initiated by the oxidation of pyruvate to acetyl CoA.
The acetyl CoA is oxidized to produce ATP. In response to the oxidation
of acetyl CoA, mitochondrial pyruvate carrier 1 (MPC1), which is a
specific carrier in the inner mitochondrial membrane, imports pyruvate
from cytoplasm into the mitochondrial matrix, where pyruvate can be
oxidized to fuel the TCA cycle and ATP production [27,28]. We detected
that the expression of MPC1 in LCMT1-silenced cells reduced signifi-
cantly (Fig. 3C). Mitochondria also produce ROS, which are intrinsic
by-products of ATP production. Cancer cells are characterized by ROS
overproduction, which promotes cancer development [29,30]. We
quantified intracellular ROS levels by DCFH-DA and found that the ROS
levels in LCMT1-silenced cells were significantly lower than the ROS
levels in control cells (Fig. 3D). RSS is a redox-sensitive dye that can be
reduced to resorufin by the mitochondrial respiratory chain. RSS acts as
an intermediate electron acceptor in the electron transport chain. As
shown in Fig. 3E, in LCMT1-silenced cells, the fluorescence intensity of

capacity of the cells reduces. All these results indicate that LCMT1
silencing promotes mitochondrial dysfunction, and OXPHOS is not
restored in LCMT1-silenced cells, in which glycolysis is inhibited.

LCMT1 silencing upregulated the expression of AGXT and promoted the
biosynthesis of pyruvate

Pyruvate, which is produced by glycolysis, is a raw material for
aerobic and anaerobic respiration of cells. The metabolism of pyruvate is
altered during cancer progression [31,32]. We detected the intracellular
pyruvate level and found that silencing LCMT1 increased the intracel-
lular pyruvate level (Fig. 4A). Since glycolysis and OXPHOS were
downregulated in LCMT1-silenced HCC cells, from a point of view of
energy metabolism, it is hard to explain why the intracellular pyruvate
level increased. However, pyruvate is produced in protein metabolism,
which produces amino acids, and in carbohydrate metabolism, which
produces monosaccharides. Some amino acids, such as alanine, glycine
and serine can be converted to pyruvate by transamination. Therefore,
we analyzed whether amino acid metabolism contributes to the increase
in the intracellular pyruvate level. We quantified the levels of free amino
acids in the culture medium of LCMT1-silenced cells. Twenty-two amino
acids were detected, and the levels of alanine, glycine and serine were
observed to increase significantly (Fig. 4B). Using search tool for in-
teractions of chemicals (STITCH), we constructed a gene-metabolite
interaction network. The database integrates information about in-
teractions from metabolic pathways, crystal structures, binding experi-
ments, and drug-target relationships [33-35]. The AGXT node was the
node with the highest degree and the highest betweenness (Fig. 4C).
Then, we used the gene module of ( National Center for Biotechnology
Information) NCBI to explore the pathways related to AGXT. The “py-
ruvate biosynthetic process” was enriched. In addition, in the TCGA
dataset, LCMT1 was negatively associated with AGXT

(Fig. 4D). Further, we detected that AGXT was upregulated in
LCMT1-silenced cells (Fig. 4E). To confirm whether LCMT1 increased
the intracellular pyruvate level by upregulating the expression of AGXT,
in HepG2 and Huh?7 cells, we silenced both AGXT and LCMT1. We found
that silencing both AGXT and LCMT1 reduced the intracellular pyruvate
level, which increased after LCMT1 silencing (Fig. 4F). The result in-
dicates that LCMT1 silencing increases the intracellular pyruvate level
by upregulating the expression of AGXT.

LCMT1 promoted the proliferation of HCC cells

Changes to pyruvate metabolism play an important regulatory role in
the development of cancer [36]. It has been reported that pyruvate
supplementation can affect the proliferation of tumor cells [37].
Therefore, we analyzed whether the increase in the intracellular pyru-
vate level affects the proliferation of HCC. The CCK-8 assay and EAU
assay were used to determine the proliferation of LCMT1-silenced and
LCMT1-overexpressed cells. In LCMT1-silenced cells, the number of
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Fig. 2. LCMT1 drove metabolic reprogramming of glycolysis in HCC cells. (A) The levels of ATP in LCMT1 silenced HepG2 and Huh?7 cells, or overexpressed Hep3B
cell. (B) The uptake of glucose, production of lactate, activity of PK, and activity of LDH in HepG2 and Huh?7 cells in which LCMT1 was silenced. (C) The uptake of
glucose, production of lactate, activity of PK, and activity of LDH in Hep3B cells in which LCMT1 was overexpressed. (D) The expression levels of the mRNA for
GLUT1, mRNA for HK2, mRNA for PFK2, and mRNA for MCT4 in HepG2 and Huh?7 cells in which LCMT1 was silenced. The mRNA expression levels were determined
by RT-PCR. (E) The expression levels of the mRNA for GLUT1, mRNA for HK2, mRNA for PFK2, and mRNA for MCT4 in Hep3B cells in which LCMT1 was over-
expressed. The mRNA expression levels were determined by RT-PCR. (F) The relationships between LCMT1 and the key glycolytic genes. The regression analyses
were performed by GEPIA.
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S-phase cells, which was indicated by the EdU assay, diminished assay and the EdU assay showed opposite results (Fig. 5E and F),

significantly which indicates that the overexpression of LCMT1 promotes cell pro-

(Fig. 5A), and the proliferation of the LCMT1-silenced cells, which liferation. Furthermore, gene ontology (GO) enrichment analysis
was indicated by the CCK-8 assay, weakened distinctly (Fig. 5B). MKI67, showed that the GO terms related to cell growth and proliferation, such
which is a nucleoprotein expressed in all phases of the cell cycle except as “spindle checkpoint”, “positive regulation of microtubule depoly-
the Go phase, was significantly downregulated in LCMT1-silenced merization”, and “regulation of cell growth”, were significantly enriched

HepG2 cells (Fig. 5C). Compared to the expression of MK167 in (Fig. 5G), which further supports the experimental results shown above.
Hep3B cells transfected with the blank vector, the expression of MKI67 To confirm whether the upregulation of AGXT, which was induced by
in LCMT1-overexpressed Hep3B cells increased (Fig. 5D). The CCK-8 LCMT1 silencing, inhibits cell proliferation, we examined the
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the cells was determined by the CCK8 assay.

proliferation of cells in which both AGXT and LCMT1 were silenced.
Silencing AGXT reversed the inhibitory effect of LCMT1 silencing on cell
proliferation almost completely (Fig. 5H), which indicates that LCMT1
silencing suppresses HCC proliferation by upregulating AGXT
expression.

Downregulation of LCMT1 expression inhibited the growth of the tumor in
the mouse subcutaneous tumor model

To confirm the impact of LCMT1 on HCC in vivo, we examined
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whether an intratumoral injection of siLCMT1 affects tumor growth in a
subcutaneous Huh7 xenograft model. After four weeks of Huh7 inocu-
lation, measurable tumor growth was achieved in > 98% of nude mice.
After the injection of siLCMT1, tumor growth was remarkably sup-
pressed. The changes in the volume of the tumor after siRNA delivery are
shown in Fig. 6A. Compared to the size of the tumors in mice injected
with control siRNA, the size of the tumors in mice treated with siLCMT1
declined by about 50% (Fig. 6B). H&E staining analysis showed that
tumors treated with siLCMT1 had markedly less necrosis compared to
tumors treated with siCtrl (Fig. 6C). Moreover, the treatment with

siCtrl

siLCMT1

Fig. 6. The downregulation of LCMT1 inhibited the growth of the tumor in the mouse subcutaneous tumor model. (A and B) The growth of the tumor was rep-
resented by the volume and weight of the tumor, which were measured for the duration of the experiment. (C) Representative images of the tumor after

H&E staining.
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siLCMT1 reduced the number of stained tumor cells.
Regulation of HCC proliferation by LCMT1 was related to PP2A

LCMT1 is the only methylase known to catalyze the transfer of
methyl groups from SAM to PP2Ac. Fig. 7A shows that LCMT1 silencing
increases the expression level of demethylated-PP2Ac (dem-PP2Ac), but
it has no significant effect on the expression levels of total PP2Ac and its
phosphatase methylesterase (PME). To further explore whether LCMT1
regulates HCC proliferation by regulating the function of PP2A, we used
a PP2A inhibitor and a PP2A activator to determine the impact of PP2A
inhibition or activation on the proliferation of LCMT1-silenced cells or
LCMT-overexpressed HCC cells. Forskolin (FSK), which is a PP2A
agonist, was used in LCMT1-silenced Huh7 and HepG2 cells. Okadaic
acid (OA), which is an inhibitor of PP2A, was used in LCMT1-
overexpressed Hep3B cells. OA treatment alone inhibited the prolifera-
tion of HCC, and FSK treatment alone promoted the proliferation of HCC
(Fig. 7B andC). In LCMT1-silenced cells, FSK reversed the inhibited cell
proliferation induced by LCMT1 silencing (Fig. 7D). As expected, OA
decreased the high proliferation of LCMT1-overexpressed cells (Fig. 7E).
These results indicate that LCMT1 regulates the proliferation of HCC
cells by regulating the function of PP2A.
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Discussion

Pyruvate is an important metabolic intermediate. It is key to the
intersection between glycolysis and oxidative phosphorylation and is
important to the homeostasis of carbohydrates, fats, and amino acids
[36]. Metabolic plasticity allows cancer cells to adapt their pyruvate
metabolism. Pyruvate, which has antioxidant properties [38], is a pre-
cursor for the biosynthesis of glutathione. Therefore, tumor cells main-
tain a certain level of pyruvate to sustain their growth during hypoxia. It
has been reported that pyruvate promotes the production of
hypoxia-inducible factor 1 (HIF-1) to support the survival of cancer cells
[371. However, high levels of pyruvate have been reported to suppress
the expression of histone genes and inhibit the proliferation of tumor
cells [37]. In LCMT1-silenced HepG2 cells and LCMT1-silenced Huh7
cells, the metabolism (production and consumption) of pyruvate was
altered. The cellular production of pyruvate through glycolysis was
reduced, which was indicated by the downregulation of GLUT1, HK2,
PFK2, and MCT4. In the tumor cells, the dominant consumption of py-
ruvate was diverted to lactate fermentation mediated by LDHA. The
lactate fermentation was inhibited, and the TCA cycle was suppressed,
which was indicated by the downregulation of MPC-1. The inhibition on
glycolysis and the inhibition on the TCA cycle decreased the production
of ATP after LCMT1 silencing. However, we detected an increase in the
pyruvate biosynthetic process, which was mediated by the upregulation
of AGXT expression. Silencing both LCMT1 and AGXT reversed the
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Fig. 7. The regulation of HCC proliferation by LCMT1 was partly related to PP2Ac. (A) A western blotting analysis of the levels of LCMT1, PME, total PP2Ac, and
Dem-PP2Ac in HepG2 cells in which LCMT1 was silenced. (B) The effect of OA on Hep3B cells and (C) the effect of FSK on Huh?7 cells. (D) The effects of FSK on the
proliferation of HepG2 and Huh?7 cells in which LCMT1 was silenced. The proliferation of the cells was determined by the CCK8 assay. (E) The effect of OA on the
proliferation of Hep3B cells in which LCMT1 was overexpressed. The proliferation of the cells was determined by the CCK8 assay.
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increase in the intracellular pyruvate level and the decrease in HCC
proliferation, which suggests that LCMT1 silencing increases the intra-
cellular pyruvate level and inhibits HCC proliferation by upregulating
the expression of AGXT.

The AGXT gene is expressed mainly in the liver, and its encoded
protein is localized mostly in peroxisomes. The mutation or dysfunction
of the AGXT gene contributes to the accumulation of glyoxylate, which
results in the overproduction of oxalate and development of primary
hyperoxaluria type I [39]. In the peroxisomal matrix, AGXT catalyzes
the transamination of L-alanine to pyruvate and transamination of
glyoxylate to glycine. It is an enzyme dependent on pyridoxal 5'-phos-
phate (PLP). In the first step, in its PLP form (AGXT-PLP), the enzyme
reacts with L-alanine and generates pyruvate and the pyridoxamine
5’-phosphate form of the enzyme (AGXT-PMP). Then, AGXT-PMP binds
to glyoxylate and converts it to glycine and regenerates AGXT-PLP.
Since the binding affinity of AGXT for PMP is greatly higher than that of
AGXT for PLP, the rate of the catalytic transamination of glyoxylate to
glycine is higher than that of the catalytic transamination of L-alanine to
pyruvate. Therefore, the primary role of AGXT is the
glyoxylate-to-glycine conversion [40]. For that reason, most AGXT
studies have focused on glyoxylate detoxification instead of pyruvate
biosynthesis. The relationships between AGXT and tumors were initially
found through screenings for differential gene expression in tumorous
and normal tissues. The AGXT gene was identified as a hub gene in
studies on clear cell renal cell carcinoma [41] and HCC [42]. Afterwards,
correlations between poor prognoses and low expression levels of AGXT
in tumors were found. Moreover, AGXT was proposed as a novel marker
for HCC, and the potential role of AGXT in tumorigenesis was indicated
[42,43]. However, the role of AGXT in the proliferation of tumor cells is
unknown. Our results showed that the expression of AGXT regulated the
cellular metabolism of pyruvate, which plays a vital role in the prolif-
eration of tumor cells. However, no published documents have reported
a direct relationship between LCMT1 and AGXT. Nonetheless, there
have been reports on the crosstalk between liver kinase B1 (LKB1),
which is a dual (serine/threonine and tyrosine) protein kinase, and
PP2A [44,45] to phosphorylate/dephosphorylate adenosine 5‘-mono-
phosphate (AMP)-activated protein kinase (AMPK) and to regulate en-
ergy balance. Recently, AGXT has been found to be the substrate of LKB1
to regulate amino-acid-driven gluconeogenesis in the liver [46].
Therefore, LCMT1 may regulate the expression of AGXT by regulating
the PP2A/LKB1 signaling pathway. Further studies are needed to prove
this hypothesis.

Even though LCMT1 methylates the terminal carboxyl groups of the
leucine-309 residues of PP2A, PP4, and PP6, undisputedly, PP2A is the
most studied substrate of LCMT1. PP2A is generally accepted as a tumor
suppressor that reverses the phosphorylation of oncoproteins [47].
However, the PPP2CA gene has shown similar characteristics to a
proto-oncogene [48]. The results obtained from HCC patients are
consistent with the results reported in our previous paper [49] and
several other papers [50,51]. The expression of PP2A in HCC tissue was
significantly higher than that of PP2A in nontumorous liver tissue. The
HCC tissue and nontumorous liver tissue were obtained from the same
patients. Multivariate analysis revealed that the upregulation of PP2A
predicts a poor prognosis and is associated with shorter overall survival,
shorter progression-free survival, and shorter disease-free survival [49,
51]. Invitro and in vivo, the inhibition of PP2A enhances the cytotoxicity
of chemotherapy to HCC [52] and restricts the growth and metastasis of
HCC [53]. The evidence supports the hypothesis that the PPP2CA gene
acts like an oncogene in HCC patients. Therefore, in HCC patients,
regulating the function of PP2A, the LCMT1 gene may act as an onco-
gene necessary to the proliferation of HCC cells.

Our study has several limitations. Firstly, we only explored the data
in public datasets to demonstrate that a high level of LCMT1 predicted a
poor prognosis and to detect the expression levels of LCMT1 in a small
group of patients from a single geographical region. Therefore, the re-
sults need to be validated by using large high-quality prospective
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cohorts. Secondly, we did not detect how LCMT1 regulated the expres-
sion of AGXT. Thirdly, the potential impact of LCMT1 on glycolytic
genes should be confirmed by western blotting.

In summary, our results showed that LCMT1 silencing drove the
metabolic reprogramming of glycolysis and induced the cellular accu-
mulation of pyruvate to inhibit the proliferation of HCC cells. The results
indicate that LCMT1 may be a novel biomarker for HCC and a potential
target for tumor therapy.
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