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METTLS5 stabilizes c-Myc by facilitating USP5 translation to
reprogram glucose metabolism and promote hepatocellular
carcinoma progression
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1 | BACKGROUND

Methods: In the current study, quantitative real-time polymerase chain reac-
tion and Western blotting were used to detect the expression of METTLS5 in
HCC tissues and cell lines. Several different cell models and animal mod-
els were established to determine the role of METTLS5 in glucose metabolism
reprogramming and the underlying molecular mechanism of HCC. Glutathione-
S-transferase pulldown, coimmunoprecipitation, RNA sequencing, non-targeted
metabolomics, polysome profiling, and luciferase reporter assays were per-
formed to investigate the molecular mechanisms of METTLS5 in HCC cells.
Results: We discovered that METTLS drove glucose metabolic reprogramming
to promote the proliferation and metastasis of HCC. Mechanistically, upregu-
lation of METTLS5 promoted c-Myc stability and thus activated its downstream
glycolytic genes lactate dehydrogenase A (LDHA), enolase 1 (ENOI), triosephos-
phate isomerase 1 (TPII), solute carrier family 2 member 1 (SLC2AI), and
pyruvate kinase M2 (PKM2). The c-Box and ubiquitin binding domain (UBA)
regions of ubiquitin specific peptidase 5 (USP5) binded to c-Myc protein and
inhibited K48-linked polyubiquitination of c-Myc. Further study revealed that
METTLS5 controled the USP5 translation process, which in turn regulated the
ubiquitination of c-Myc. Furthermore, we identified cAMP responsive element
binding protein 1 (CREB1)/P300 as a critical transcriptional regulator of METTLS5
that promoted the transcription of METTL5 in HCC. In patient-derived tumor
xenograft (PDX) models, adenovirus-mediated knockout of METTLS5 had a good
antitumor effect and prolonged the survival of PDX-bearing mice.
Conclusions: These findings point to a novel mechanism by which
CREB1/P300-METTL5-USP5-c-Myc controls abnormal glucose metabolism
and promotes tumor growth, suggesting that METTLS5 is a potential therapeutic
target and prognostic biomarker for HCC.

KEYWORDS
METTLS5, c-Myc, USP5, P300, CREBI, deubiquitination, hepatocellular carcinoma, glucose
metabolism

predominantly observed in cancer cells wherein cells fer-
ment glucose to lactic acid using glycolysis even in the

Hepatocellular carcinoma (HCC) is a most commonly
diagnosed cancer worldwide, ranking fifth in terms of
incidence and third in terms of mortality [1, 2]. Despite
significant advances in surgery, targeted therapy, and
emerging immunotherapy strategies in recent years, the 5-
year overall survival rate for patients with HCC remains
less than 40% [3]. Novel tumor biomarkers are therefore
urgently required to enhance HCC early diagnosis and
molecular targeted therapy strategies to raise HCC patient
survival rates.

Metabolic reprogramming affects the occurrence and
developmentof cancers [4-6]. Glycolysis is the primary
energy source for tumor cell proliferation even under
aerobic conditions [7]. Warburg effect is a phenomenon

presence of oxygen [8, 9]. The Warburg effect was iden-
tified for the first time in liver cancer and is responsible
for regulating cell proliferation, immune vasion, inva-
sion, metastasis, angiogenesis, and drug resistance [10, 11].
The activation of the Warburg effect in cancer cells has
been identified as a hallmark of cancer, but the precise
molecular mechanism remains unknown.

The N6-methyladenosine (m6A) modification is one
of the most abundant internal modifications in messen-
gerRNA (mRNA), transferRNA (tRNA), and ribosomal-
RNA (rRNA). It regulates RNA splicing and influences
the stability and translation of modified RNAs [12, 13].
Methyltransferase 5, N6-adenosine (METTLS5) is an 18S
rRNA methyltransferase that increases protein translation
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activity in cancer and is essential for tumorigenesis and
the determination of cell fate [14, 15]. Previous research
has shown that mouse embryonic stem cells (mESCs)
lacking METTL5 have a low translation rates and dimin-
ished differentiation potential [16]. Furthermore, it has
been reported that METTLS5 promoted tumorigenesis in
breast and pancreatic cancer and that METTLS5 deficiency
resulted in significantly reduced global translation and
S6K activation [17, 18]. Although the aberrant expression
of METTL5 has been demonstrated to play critical roles
in regulating biological processes, its functions and molec-
ular mechanisms in regulating sophisticated metabolic
reprogramming in HCC remain poorly understood. There-
fore, to ascertain whether METTLS5 is significantly linked
to the reprogramming of glucose metabolism, we jointly
analyzed data from multiple levels of transcriptomics and
metabolomics. In this investigation, we sought to identify
the clinical relevance of METTL5 in HCC and to clar-
ify the molecular processes underlying METTL5-mediated
glucose metabolism and HCC development.

2 | MATERIALS AND METHODS

2.1 | Clinical specimens and cell culture
HCC tissues and paired nontumorous tissues were col-
lected from the sample database of Wuhan Univer-
sity Zhongnan Hospital (Wuhan, Hubei, China), and
all patients provided written informed consent. Accord-
ing to the guidelines of the Declaration of Helsinki,
this study was approved by the Ethics Committee of
Wuhan University Zhongnan Hospital (KELUN2017082
and KELUN2020100). All HCC tissues included in this
study were morphologically typical HCC. The cases
that could be classified as combined hepatocellular-
cholangiocarcinoma were excluded.

The human embryonic kidney cell line HEK-293T, HCC
celllines Huh-7, HCC-LM3, SNU-182, Hep-3B, and Hep-G2
were purchased from the Stem Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China). The human
normal liver cell line MIHA were purchased from Synth-
gene (Nanjing, Jiangsu, China). HEK-293T, MIHA, Huh-7,
HCC-LM3, SNU-182, and Hep-G2 cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
Waltham, MA, USA) supplemented with 10% foetal bovine
serum (FBS, Gibco). Hep-3B cells were cultured in Min-
imum Essential Medium (MEM; Gibco) supplemented
with 10% FBS, 1% GlutaMAX (100x, Gibco), 1% nonessen-
tial amino acids (100X, Gibco) and 1% sodium pyruvate
solution (100 mmol/L, Gibco). These cells were cultured in
a 37°C incubator with 5% CO,. The cell lines were authen-

ticated via short tandem repeat profiling and showed no
mycoplasma contamination.

2.2 | Immunofluorescence and
immunohistochemical staining

Immunofluorescence and immunohistochemical stain-
ing were performed as described previously [19]. For
immunofluorescence, sections were fixed using 4%
paraformaldehyde at room temperature (RT) for 15 min.
Then, sections were fixed in 4% donkey serum/phosphate-
buffered saline (PBS) for 30 min at RT. Afterwards, sections
were incubated in the primary antibody overnight at 4°C.
The next day, sections were stained with the secondary
antibody in 0.5% donkey serum/PBS for 1 h at RT in the
dark, and then sections were mounted with mounting
medium (with 4’,6-diamidino-2-phenylindole [DAPI,
Sigma-Aldrich, St Louis, MO, USA]). The following
primary antibodies and secondary antibodies used for
immunofluorescence were listed in Supplementary
Table S1.

For immunohistochemistry, the tissues were fixed,
embedded, and sectioned. Xylene and ethanol were used
to deparaffinize and rehydrate the paraffin-embedded tis-
sues. For antigen retrieval, slides were steamed for 15 min
in Tris- ethylenediaminetetraaceticacid (EDTA) buffer (pH
9.0; abcam, Cambridge, MA, USA). Then, slides were incu-
bated in 0.3% H,0,-methanol (Aladdin, Shanghai, China)
in the jar for 10 min. Slides were blocked with 4% donkey
serum/Tris buffer solution and Tween 20 (TBST) for 1 h.
Afterwards, slides were incubated in the primary antibody
overnight at 4°C followed by incubation with the biotiny-
lated secondary antibody for 60 min. Slides were incubated
for 30 min with VECTASTAIN Elite ABC Reagent (Vec-
torlabs, Burlingame, CA, USA) and then reacted with per-
oxidase substrate solution 3, 3’-diaminobenzidine (DAB,
Vectorlabs) until desired stain intensity develops. The
dehydrated (70% ethanol-xylene substitute) slides were air-
dried and then mounted with neutral tree gum (Solaibao,
Beijing, China). The following primary antibodies and sec-
ondary antibodies used for immunohistochemistry were
listed in Supplementary Table S1.

2.3 | RNA extraction and quantitative
real-time polymerase chain reaction
(qQRT-PCR)

Total RNA was extracted using TRIzol Reagent (Ther-
moFisher, Waltham, MA, USA). Denaturing agarose gel
electrophoresis was used to assess RNA integrity and
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purity. Reverse transcription experiments were performed
using HiScript II Q RT SuperMix (Vazyme, Nanjing,
Jiangsu, China) and then cDNA was obtained. qRT-PCR
was performed using 2x ChamQ Universal SYBR qPCR
Master Mix (Vazyme). qRT-PCR reactions were carried out
using the ABI 7500 system (Applied Biosystems; Foster
City, CA, USA). Each 20 uL reaction mixture contained
2 uL of DNA extract, 1 uL of forward and reverse of
each gene-specific primer, 10ul SYBR (Vazyme), and 6uL
ddH20. Thermal cycling conditions consisted of a first step
of denaturation at 95°C for 10 min, followed by 40 cycles
of denaturation for 10 s at 95°C, 57°C annealing for 25 s,
and 72°C extensions for 20 s. -actin was used as inter-
nal references, and the data were analyzed using 2722CT,
The sequences of the qRT-PCR primers used in the present
study were were synthesized by Tsingke Biotech (Beijing,
China) and listed in Supplementary Table S2.

2.4 | Western blotting analysis

Western blotting were performed as described previously
[19]. Briefly, total proteins were extracted using Radioim-
munoprecipitation assay buffer (RIPA) buffer (Beyotime
Biotechnology, Shanghai, China). Total protein concentra-
tions in supernatants were quantified using Bicinchoninic
Acid Assay (BCA) protein assays (Beyotime Biotechnol-
ogy). Then proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(10%, 12.5%, and 15%) and transferred onto polyvinyli-
dene fluoride (PVDF) membranes (Millipore, Billerica,
MA, USA). Then, membranes were blocked for 1-2 h
with 5% nonfat dry milk (Biosharp, Hefei, Anhui, China)
and incubated with the various primary antibodies below
overnight at 4°C. Subsequently, the membranes were
incubated with the secondary antibodies. Protein bands
were detected with enhanced chemiluminescence (ECL)
detection reagent (GE Healthcare, Amersham, Bucking-
hamshire, UK). The gray value of each band was calculated
and analyzed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA). All antibodies used in the
present study is listed in Supplementary Table S1.

2.5 | co-immunoprecipitation (co-IP)

The cells were lysed with lysis buffers containing 1%
NP-40 (Thermo Fisher Scientific, Waltham, MA, USA),
20mmol/L Tris-HCL (pH 7.4; Solarbio, Beijing, China),
5 mmol/L Sodium Pyrophosphate (Solarbio), and complete
protease inhibitor mixture (Sigma-Aldrich), and incubated
on ice for 1 h followed by centrifugation at 10000 rpm
for 10 min at 4°C. Whole cell extracts were added to a

fresh Eppendorf (Thermo Fisher Scientific) containing 20
uL of A/G sepharose beads (Thermo Fisher Scientific).
After 1h at 4°C, discarded the beads and keep supernatant
for immunoprecipitation. Transfered the supernatant to a
fresh Eppendorf tube containing either rabbit or mouse
IgG control antibody (2 ug) or the relevant antibody
(2 ug) plus A/G sepharose beads (40 uL). After rotated
for overnight at 4°C, collected the antibody-bound A/G
sepharose beads. Re-suspend the beads in 1 mL lysis buffer
and washed three times. The beads were boiled for 5 min
at 96°C. Analyse immediately by SDS-PAGE and west-
ern blotting or analyzed by Liquid Chromatography-Mass
Spectrometry (LC-MS/MS; Thermo Fisher Scientific). All
antibodies used in the present study is listed in Supplemen-
tary Table S1.

2.6 | Ubiquitination analysis

HCC cells or HEK293T cells grown in 10 cm dishes were
transfected with different ubiquitin plasmids (Shanghai
Sangon Biotech, Shanghai, China) and the indicated plas-
mids (Shanghai Sangon Biotech). Cells are incubated for
36 h after transfection and MG132 (Beyotime Biotechnol-
ogy, Shanghai, China) is added to the samples. Cells was
further incubated for 3 h after MG132 addition. The next
steps were the same as those used for co-IP.

2.7 | Plasmids, siRNAs, lentiviral
construction, and cell transfection

Primers and recombinant plasmids were synthesized by
Sangon Biotech (Shanghai, China). Transfection was per-
formed using a pcDNA3.1-METTL5 overexpression con-
struct or the pcDNA3.1 empty vector. Subsequently, the
cells were transfected with Lipofectamine 3000 (Invitro-
gen) and plasmids for 48 h.

METTLS5 overexpression plasmids were purchased from
Tsingke Biotech (Beijing, China). Lentivirus packag-
ing plasmids (pMD2.G, psPAX2) were purchased from
Addgene (Watertown, MA, USA). METTLS5 overexpres-
sion plasmids and lentivirus packaging plasmids were
co-transfected into HEK293T cells to generate lentivirus
particles. Lentiviral particles were added to HCC cell lines
with subsequent incubation for 48 h. Stable cell clones
were obtained through selection on 2 ug/mL puromycin.
Stable METTLS5 overexpression cell lines were confirmed
by qRT-PCR and Western blotting.

The siRNA was synthesized by GenePharma Com-
pany (Shanghai, China). siRNA transfection was per-
formed using GenMute™ siRNA Transfection Reagent for
cells (SignaGen Laboratories, Ijamsville, MD, USA). The
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sequences of the siRNA used in the present study were
listed in Supplementary Table S2.

2.8 | CRISPR/Cas9

The small guide RNA (sgRNA) sequences were designed
using the CRISPR Design Tool from the Zhang Laboratory
(http://crispr.mit.edu). Then, the sgRNA was inserted into
lentiCRISPR V2 vectors (Addgene, Watertown, MA, USA).
Lentiviruses were produced by transfecting HEK293T cells
with the packaging plasmids pMD2.G (Addgene) and
psPAX2 (Addgene) and lentiCRISPRv2-sgRNA METTL5
using the Lipofectamine 2000 reagent (Invitrogen). Virus
particles were harvested at 24 h and 48 h and then filtered
with 0.45 um syringe filters (Millipore, Burlington, MA,
USA). After adding polybrene (SantaCruz Biotech; San-
taCruz, CA, USA), the viral supernatant was used to infect
HCC cells. After selection with 2 ug/mL puromycin (Solar-
bio), the knockout efficiency was analyzed by performing
gRT-PCR and Western blotting.

2.9 | Protein expression and purification

Mutant METTLS5 was generated using a QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA).
The recombinant plasmid was transformed into compe-
tent E. coli BL21 (DE3) (Bioteke, Beijing, China), and
the positive monoclones were inoculated into LB-Amp
medium (Solarbio). The transformed bacteria were placed
on a shaker (37°C, 100 rpm) for 3-5 h until they reached
an optical density (OD) value of 0.6-0.8. Isopropyl -
D-thiogalactoside (IPTG; Solarbio) was added to induce
protein expression, and the cultures were allowed to grow
overnight at 16°C and 180 rpm. The next day, the bacteria
were collected and lysed using an EmulsiFlex B-15 high-
pressure homogenizer (Avestin, Ottawa, ON, Canada).
Then, the lysate was centrifuged at 14000 rpm for 30 min
at4°C, and the supernatant was collected. The supernatant
was mixed with Ni-NTA resin (Qiagen Inc., Valencia, CA,
USA) and incubated at 4°C for more than 40 min. After
extensive washing with buffers containing 10 mmol/L,
20 mmol/L and 50 mmol/L imidazole (Solarbio), the
protein was eluted in buffer containing 250 mmol/L imi-
dazole. The protein was purified using an AKTA system
(AKTA purifier, GE Healthcare, Northampton, MA, USA).

210 |
assay

CCK-8 assay and colony formation

CCK-8 assays were performed with a kit (HY-K0301,
Shanghai, China). A colony formation assay was per-

formed to quantify the colony-forming capacity of cells.
Briefly, 1000 cells were counted and cultured for 2 weeks.
Then, the cells were fixed with 4% paraformaldehyde for
0.5 h and stained with 0.5% crystal violet for 1 h. Pho-
tographs were obtained, and the stained colonies were
counted.

2.11 | Scratch wound-healing motility
assay and transwell invasion assay

Scratch wound-healing motility assays and Transwell inva-
sion assays were performed as described previously [20].
Briefly, for Scratch wound-healing motility assay, HCC
cells were seeded in 6-well plates (1 x 10° cells/well) and
cultured in DMEM medium without FBS supplementation
for 24 h. The artificial wound was created using a 10 uL
sterile pipette tip. Images of the scratches were captured at
0 h and 24 h. Microscopic photographs were taken, and the
ratio of the scratch area to the picture area was calculated
to determine the cell migration rate.

Transwell invasion assays were performed with
Matrigel-coated chambers (6.5 mm diameter, 8 um pore
size; Corning Life Sciences, NY, USA) in 24-well plates.
In the serum-free medium on the upper chamber, 1x10°
cells were sown, however, the medium with 10% FBS was
placed in the lower chamber. The cells holding the upper
chamber were removed after a complete incubation of
48 h. The invaded cells were stabilized and stained with
4% PFA and 0.1% crystal violet solution.

2.12 | Apoptosis and cell cycle analysis
Cells were grown to 80% confluence and then incubated in
serum-free medium for 24 h. Apoptosis was detected with
an Annexin V-FITC/PI Apoptosis Kit (Lianke, Hangzhou,
Zhejiang, China). The cell cycle analysis was performed
using a Cell Cycle Staining Kit (Lianke). After stain-
ing, the cells were analyzed using a flow cytometer
(CytoFLEX; Beckman Coulter, Inc., Fullerton, CA, USA).
The data were analyzed using FlowJo software Version
10.0.7 (FlowJo, LLC, Oregon, USA).

2.13 | Terminal
deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL)
staining

Briefly, each tissue section was dewaxed, then added
20 ug/mL DNase free protease K (Beyotime Biotechnology,
Hangzhou, Zhejiang, China), and acted at 37°C for 30 min.
PBS wash was performed 3 times. Then, 50 uL. TUNEL
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reaction mixture (Beyotime Biotechnology) was added to
the samples and incubated for 60 min at 37 °C, protected
from light. The slides were dried and sealed with anti-
fluorescence quenching sealing tablets. The tissue sections
were observed under a fluorescence confocal microscope
(Leica Biosystems, Wetzlar, Hessen, Germany).

2.14 | Mice and in vivo experiments

All mouse studies were approved by the Animal Ethics
and Welfare Committee of Wuhan University Zhongnan
Hospital (permit number: ZN2022005). The BALB/c nude
mice at 6 weeks old were purchased from Gempharmat-
ech (Guangzhou, Guangdong, China) and and maintained
under specific-pathogen-free (SPF) conditions. Mice were
euthanized when showed obvious signs of discomfort or
when maximal tumor size reached 2000 mm?. Mice were
sacrificed by CO, euthanasia.

For in vivo experiments, the animals were random-
ized. Human HCC xenograft models were established in
6-week-old female BALB/c nude mice by subcutaneously
injecting HCC-LM3 tumor cells (5 x 10° in Matrigel). At the
end of the experiment the mice were euthanized, and all
the tumors were collected. We next generated a HCC-LM3
cell line harbouring the Luc luciferase reporter (HCC-
LM3-Luc). For the construction of orthotopic HCC mouse
models, 1 X 10° HCC-LM3-Luc cells in 30 uL of PBS were
injected into the left lobe of the liver in 6-week-old female
BALB/c nude mice.

The mouse HCC lung metastasis model was injected
tail vein injection (i.v.) with 1 x 105 HCC-LM3-Luc cells.
Mouse abdominal tumor metastasis models were injected
intraperitoneal (i.p.) with 2 x 10° HCC-LM3-Luc cells.
The bioluminescence (BLI) of the tumor was measured
using an optical imaging system (IVIS spectrum CT, Perkin
Elmer, Waltham, MA, USA). For Patient derived xenografts
(PDX) models, HCC tissue was rapidly cut into 3 X 3 X
3 mm?® fragments on ice and subsequently implanted
subcutaneously in the right forelimb of an Non Obese
Diabetes/ShiLtJGpt-Prkdcem26Cd52I12rgem26Cd22/Gpt
(NCG) mouse to amplify the tumor cells (first-passage
PDX model). Then, the tumor was collected and cut into
small pieces when it grew to 800-1000 mm?* and subcu-
taneously inoculated into the right forelimb of new NCG
mice (second-passage PDX model). When those tumors
reached ~ 200 mm?, mice were randomly divided into two
groups for the antitumor study and survival assessment.

2.15 | RNA-sequencing (RNA-seq)

Briefly, total RNA was extracted from METTL5-WT and
METTL5-KO HCC cell samples, and the concentration and

purity of the extracted RNA were detected with a Nan-
oDrop 2000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). RNA integrity was detected using
agarose gel electrophoresis, and the RNA integrity num-
ber (RIN) was determined with an Agilent 2100 (Agilent
Technologies, Palo Alto, CA, USA). For the transcriptome
analysis, mRNA was isolated from total RNA via A-T
base pairing of Oligo(dT) magnetic beads with poly(A)
tails. Fragmentation buffer was added to randomly frag-
ment the mRNA, and small fragments of approximately
300 bp were isolated with magnetic beads. The libraries
were sequenced using the Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA, USA). Differentially expressed
genes (DEGs) were defined as genes with a P value < 0.05
and an absolute log2 (fold change) > 1.

2.16 |
analysis

Mitochondrial morphology

A mitochondrial morphological analysis was conducted to
evaluate changes in oxidative phosphorylation (OXPHOS)
levels in HCC cells. Briefly, cells were incubated with
the specific fluorescent mitochondrial probe MitoScene™
Green I (US Everbright, Suzhou, Jiangsu, China) or
MitoTracker™ Red (Beyotime Biotechnology, Shanghai,
China) at 37°C for 30 min. Images were captured using
a laser scanning confocal microscope (Leica Biosystems,
Wetzlar, Hessen, Germany). The length of the mitochon-
dria was measured using ImagelJ analysis software.

2.17 | Measurement of glucose
consumption and lactate production

Glucose and lactate levels in the culture medium were
measured using a colorimetric glucose uptake assay kit
(AAT Bioquest, Sunnyvale, CA, USA) and an L-lactate
assay kit (AAT Bioquest), respectively. Briefly, for glucose
uptake assay, HCC cells were seeded at 5000 cells/well in
a 96-well culture plate and incubated in 90 ul/well of Glu-
cose Uptake Buffer (AAT Bioquest) for 1 h. Subsequently,
cells were exposed to 10 uL/well of 2-deoxyglucose (2-DG;
AAT Bioquest) for 40 min. Lastly, 50 uL of the Uptake
Assay Mixture (AAT Bioquest) was added to each sam-
ple. The sample was detected using a TECAN SPARK 10M
Microplate Reader (Tecan Group Ltd., Médnnedorf, Ziirich,
Switzerland) at Ex/Em = 570/610 nm.

For L-lactate assay, 50 uL. L-Lactate working solution
(AAT Bioquest) was added to each sample. The sam-
ples were incubated at room temperature for 2h and
absorbance was measured using a TECAN SPARK 10M
Microplate Reader (Tecan Group Ltd.) at 575 nm/605 nm.
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The standard curve was used to determine lactate concen-
trations in the samples.

2.18 | Measurement of extracellular
acidification rate (ECAR)

The ECAR and oxygen consumption rate (OCR) in HCC
cells were analyzed using an XFe96 Extracellular Flux
Analyser (Agilent Tech, Santa Clara, CA, USA). Briefly,
cells were seeded at a density of 4 x 10* cells per well
in medium supplemented with 2 mmol/L glutamine (for
ECAR) or 2 mmol/L glutamine, 10 mmol/L glucose and
1 mmol/L pyruvate (for OCR). After equilibration of the
temperature and pH, measurements were recorded with
the analyser according to the manufacturer’s protocol.

2.19 | Untargeted metabolomics

The samples were separated using an Agilent 1290 Infinity
LC ultrahigh-performance liquid chromatography HILIC
column (Agilent Technologies, Santa Clara, CA, USA).
The column temperature was 25°C; the flow rate was
0.3 mL/min; the injection volume was 2 4L; and the mobile
phase composition was A: water + 25 mmol/L ammonium
acetate + 25 mmol/L ammonia water; B: acetonitrile. The
gradient elution program was as follows: 0-1 min, 95% B;
1-14 min, B linearly changed from 95% to 65%; 14-16 min, B
linearly changed from 65% to 40%; 16-18 min, B maintained
at 40%; 18-18.1 min, B linearly changed from 40% to 95%;
and 18.1-23 min, B maintained at 95%. MassHunter Quan-
titative Analysis Software (Agilent, version 6.0) was used
to analyse the data.

2.20 | Liquid chromatography-Mass
spectrometry (LC/MS)

Briefly, adding buffer SI nuclease (Takara Biotechnology,
Dalian, Liaoning, China), Alkaline Phosphatase (Takara
Biotechnology) and Phosphodiesterase I (Sigma-Aldrich)
into 1 ug RNA, then the mixture was incubated at
37°C. After the RNA was digested into nucleosides com-
pletely, the mixture was extracted with chloroform (Sigma-
Aldrich). The resulting aqueous layer was collected for
analysis with LC-MS/MS. The sample extracts were ana-
lyzed using an UltraPerformanceLiquid (UPLC)-MS/MS
system (UPLC, ExionLC™ AD, Applied Biosystems 6500
Triple Quadrupole; oster City, CA, USA). The analytical
conditions were as follows, LC: column, Waters ACQUITY
UPLC HSS T3 C18 (1.8 um; Waters, Milford, MA, USA);

solvent system, water (2 mmol/L NH,HCOj3): methanol
(2 mmol/L NH4HCO3;); gradient program, 95:5V/V at
0 min, 95:5V/V at 1 min, 5:95 V/V at 9 min, 5:95 V/V
at 11 min, 95:5 V/V at 11.1 min, 95:5 V/V at 14 min;
flow rate, 0.30 mL/min; temperature, 40°C; injection vol-
ume: 10 uL. The effluent was alternatively connected to
an Electrospray Ionization-triple quadrupole-linear ion
trap. A specific set of multiple reaction monitoring tran-
sitions were monitored for each period according to the
metabolites eluted within this period.

2.21 | Dual-luciferase assay

Luciferase reporter assay was performed using a Dual
Luciferase Assay Kit (Promega, Madison, WI, USA). The
wild type (WT) and mutant METTL5 were inserted into
the pGL3- plasmid. Transient transfection was performed
using Lipofectamine 3000 (Thermo Fisher, Carlsbad, CA,
USA) according to the manufacturer’s instructions. One
or 2 days later, luciferase activity was measured with
a Dual-Glo Luciferase Assay System (Promega), and
Renilla luciferase activity was used to normalize the firefly
luciferase activity.

2.22 | Chromatin immunoprecipitation
(ChIP) assay

ChIP assays were performed using a ChIP assay kit (Merck
Millipore, Darmstadt, Germany). The samples were fixed
with 1% formaldehyde in PBS and sonicated to obtain
200-500 bp DNA fragments. The sonicated samples were
immunoprecipitated using 5 ug of anti-METTLS or anti-
IgG antibodies. A qRT-PCR analysis was performed after
the elution of the immune complexes and reversal of
crosslinks. The sequences of the qRT-PCR primers used in
the present study are listed in Supplementary Table S2.

2.23 | Polysome profiling

Briefly, cells were incubated with Cycloheximide (CHX;
Sigma-Aldrich) for 5 min at 37°C. The medium was
removed, and the cells were washed with PBS containing
100 pg/mL CHX. Next, 300 uL of Triton X-100-containing
lysis buffer (Sigma-Aldrich) were added and incubated
with the cells for 15 min. Each cell suspension was cen-
trifuged at 13000 g for 15 min, and the supernatant was
collected. Subsequently, a 10%-50% sucrose gradient was
prepared in lysis buffer without Triton X-100. Cell lysates
were loaded onto a sucrose gradient and centrifuged at
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27500 rpm for 4 h at 4°C. The samples were then fraction-
ated and analyzed with a Gradient Station (BioCamp, New
Brunswick, Canada).

2.24 | AAV production

For AAV-mediated CRISPR delivery, we used the pAAV-
U6sgRNA(SapI)_hSyn-GFP-KASH-bGH (pX552) vector
(Addgene) and pX551-CMV-SpCas9 vector (Addgene).
The gRNA-coding sequences were cloned into pX552
using Sapl (Thermo Scientific). Transgene plasmids were
introduced using rep/cap plasmid and adenovirus helper
plasmid (pAdAF635; Applied Viromics, Fremont, CA,
USA). We isolated associated AAV from the cell culture
media of virus-producing HEK293T cells.

2.25 |
(TEM)

Transmission electron microscopy

The morphology of samples was observed by TEM (JEOL
JEM-1400 Plus, JEOL, Tokyo, Japan). Briefly, about 30 uL
sample was pipetted onto a carbon-coated copper grid
(Xinxing Braim, Beijing, China). At 5 min later, the sam-
ple was deposited, and a drop of 4% uranium acetate stain
was added to the copper grid. After air-drying, the samples
were observed by TEM.

2.26 | Bioinformatic analyses

The mRNA expression and clinicopathological data were
downloaded from the Cancer Genome Atlas Liver Hepato-
cellular Carcinoma (TCGA-LIHC) dataset. The Genotype-
Tissue Expression (GTEx) data of normal liver tissues were
downloaded from the GTEx website. The microarrays that
contain gene expression data of HCC tissues and adjacent
normal liver tissues were searched and downloaded from
the Gene Expression Omnibus (GEO) database (GSE14520,
GSE76427, GSE138178, GSE105130, GSE104310). METTL5
expression associations with tumor grade and individual
cancer stages were analyzed in the TCGA analysis mod-
ule of University of Alabama at Birmingham CANcer Data
Analysis Portal (UALCAN). Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis was performed using the
KEGG pathway database. Gene set enrichment analysis
(GSEA)was employed for the characterization of the DEGs
identified by RNA-seq and performed by using GSEA soft-
ware v3.0 with the default settings. Principal component
analysis (PCA) was performed to examine intrinsic clus-
ters of metabolomics data. The human METTLS promoter
sequence was predicted using the University of Califor-

nia, Santa Cruz (UCSC) genome bioinformatics program.
Transcription factor binding sites were predicted using
GeneCards, TFtarget, and JASPAR database.

2.27 | Statistical analyses

All statistical analyses were performed using SPSS soft-
ware (SPSS Standard, version 17.0, Chicago, IL, USA)
or Prism software version 7.0 (GraphPad Prism version
8.3.1; GraphPad Software, www.graphpad.com). Student’s
t test was used to compare data from two groups. Sur-
vival analysis was performed using the Kaplan-Meier
method. Spearman’s rank coefficient was calculated to
assess correlations. The independent prognostic factors in
HCC were determined using univariate proportional haz-
ards (Cox) regression and multivariate Cox regression. All
experiments were repeated three times, unless specified
otherwise, and P values of 0.05 were considered to indicate
statistically significant differences.

3 | RESULTS

3.1 | METTL5 was upregulated in HCC
and associated with poor prognosis

Analyses of TCGA-LIHC database and GTEx database
revealed that METTLS5 transcript levels were significantly
upregulated in HCC (Figure 1A). Microarray data down-
loaded from the GEO database similarly showed that
METTLS was overexpressed in HCC (Figure 1B). Further-
more, we discovered that METTLS5 transcript levels were
significantly elevated in a wide range of cancers, par-
ticularly HCC (Supplementary Figure S1). According to
Kaplan-Meier survival curves, HCC patients with high
METTLS expression had a poor prognosis (Figure 1C).
Analysis of the UALCAN database revealed significant
associations between METTLS5 transcript levels and the
tumor grade and stage (Figure 1D). A qRT-PCR analy-
sis of METTLS5 expression in 80 pairs of HCC tissues and
adjacent normal tissues randomly extracted from the sam-
ple database of the Wuhan University Zhongnan Hospital
showed significantly upregulated levels of the METTL5
transcript in HCC, and METTLS5 expression was associ-
ated with the tumor size and TNM stage (Figure 1E and
Supplementary Table S3). Multivariate Cox proportional
hazard regression analysis revealed that patients with HCC
presenting METTLS5 overexpression experienced shorter
overall survival, and METTL5 was an independent risk fac-
tor for shorter survival in HCC patients (Figure 1F and
Supplementary Table S4). After dividing the patients with
HCC into low- and high-METTL5-expression subgroups
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according to the median value, Kaplan-Meier analysis
revealed that high METTLS expression was closely asso-
ciated with a poor prognosis for HCC patients (Figure 1G).
Western blotting analysis and immunohistochemistry con-
firmed the upregulation of METTLS5 protein levels in HCC
tissues (Figure 1H-I). METTL5 mRNA and protein levels
were increased in 5 HCC cell lines compared to the expres-
sion in MIHA human hepatocytes (Figure 1J-K). Confocal
laser scanning microscopy uncovered that the METTLS5
protein (red fluorescence) in HCC cells was predomi-
nantly cytoplasmic (Figure 1L). These findings suggested
that METTLS5 may serve as a potential biomarker for the
diagnosis and treatment of HCC.

3.2 | METTL5 enhanced the Warburg
effect in HCC cells

We first constructed stable METTL5-knockout (KO) HCC
cell lines (Huh-7 and HCC-LM3) using CRISPR/Cas9
technology to investigate the potential molecular mech-
anism of METTLS5 in HCC (Figure 2A and Supplemen-
tary Figure S2A-B). Then, we constructed a Hep-G2
cell model that stably overexpresses METTLS5 via lentivi-
ral transduction (Supplementary Figure S2C). RNA-seq
was performed to screen the genes that were expressed
differentially in HCC cell lines after METTL5 knock-
out (Supplementary Figure S2D-E). The KEGG path-
way analysis of differentially expressed mRNAs revealed
a considerable enrichment of glycolysis (Figure 2B).
GSEA performed on the transcriptome data revealed
that METTLS5 greatly increased the MYC signaling path-
way and glycolytic signaling pathway (Supplementary
Figure S2F). Consequently, a GSEA analysis of the
TCGA database revealed a positive correlation between
METTL5 and the MYC signaling pathway (Supplemen-
tary Figure S2G). Furthermore, we detected metabolites
with a non-targeted metabolomics approach based on

high-performance liquid chromatography-tandem mass
spectrometry. The metabolomes of METTLS5-KO cells dif-
fered significantly from those of METTL5-WT cells, as
seen by the heatmap of metabolite abundance and PCA
(Supplementary Figure S3A-B). According to metabolomic
profiling, METTL5-KO generated significant changes in
metabolism, including higher levels of tricarboxylic acid
(TCA) cycle metabolites and lower levels of lactate
(Figure 2C). Subsequently, we detected differentially
expressed genes related to glycolysis in the RNA-seq data.
METTLS knockout in HCC cells significantly inhibited the
expression of the glycolytic genes lactate dehydrogenase
A (LDHA), enolase 1 (ENOI), triosephosphate isomerase
1 (TPI1), solute carrier family 2 member 1 (SLC2AI), and
pyruvate kinase M2 (PKM?2) at the mRNA and protein lev-
els, while METTLS5 overexpression exerted opposite effects
(Figure 2D and Supplementary Figure S3C). In addition,
analyses of the TCGA-LIHC database and 80 pairs of HCC
tissues revealed a substantial positive correlation between
METTLS5 transcript levels and glycolytic gene expression
levels (Supplementary Figure S4).

We subsequently measured glucose uptake and lactate
production after knocking out METTL5 to systemati-
cally study whether METTLS5 activation promoted aerobic
glycolysis (the Warburg effect) in HCC. This glycolytic phe-
notype is inhibited by decreased glucose absorption and
lactate generation. As expected, silencing METTLS5 sig-
nificantly reduced glucose uptake and lactate generation.
It has been observed that the acidic tumor microenvi-
ronment (lower pH) is caused by lactate overproduction,
which encourages tumor cells to metastasize [21]. Thus,
decreased lactate synthesis limits the formation of acidic
tumor microenvironments, as seen by increased medium
pH. Additionally, the downregulation of glycolytic genes
inhibited the conversion of mitochondrial OXPHOS to
glycolysis in tumor cells. Enhanced OXPHOS leads to
increased oxygen consumption [22]. Our results showed
that METTLS5 knockout suppressed glucose uptake and

FIGURE 1

Upregulation of METTLS5 in HCC. (A) METTLS expression in normal tissues from GTEx and TCGA databases and HCC

tissues from TCGA. (B) METTLS5 expression in samples from the GEO database. (C) Analysis of overall and relapse-free survival of patients in
TCGA dataset. (D) Correlations of METTLS5 levels with the tumor stage and tumor grade of HCC from TCGA database. Cancer stage
information is not available for 31 samples. Tumor grade information is not available for 14 samples. (E) METTL5 mRNA expression in liver
tissues and HCC tissues. (F-G) Correlations between METTL5 mRNA expression and HCC clinical pathological parameters and prognosis.

(H) Western blotting showing METTLS5 protein expression in liver tissues and HCC tissues. The arrow denotes METTLS5 protein and the black

asterisk is a nonspecific band. (I) Immunohistochemistry staining showing METTLS5 protein expression in liver tissues and HCC tissues.

Arrows point at METTLS5 positive staining. Scale bars (left), 50 um. scale bars (right), 10 um. (J-K) METTLS5 expression in immortalized

hepatocytes and HCC cells. The arrow denotes METTLS protein and the black asterisk is a nonspecific band. (L) Confocal microscopy and
immunofluorescence staining revealed that the METTLS5 protein was localized in nucleoli and the cytosol. Scale bars, 5 um. n = 3 independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates no significant difference. Abbreviations: HCC, hepatocellular carcinoma;

TCGA, the cancer genome atla; LIHC, liver hepatocellular carcinoma; T, tumor; N, normal; DAPI, 4',6-diamidino-2-phenylindole, GEO, gene

expression omnibus; HBV, hepatitis B virus; AFP, alpha fetoprotein; TNM, tumor node metastasis; BCLC, barcelona clinic liver cancer; PVTT,

portal vein tumor thrombus; METTLS5, methyltransferase 5, N6-adenosine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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lactate generation, and increased the pH value and oxygen
consumption of HCC cells, whereas METTLS5 overexpres-
sion exerted the opposite effect (Figure 2E-H). We next
measured the ECAR in HCC cells. METTL5 knockout sig-
nificantly impaired glycolysis in HCC cell lines, whereas
METTLS5 overexpression produced the opposite results
(Figure 2I). Furthermore, we monitored mitochondrial
mass to assess the metabolic response; METTL5 knockout
significantly increased the mitochondrial DNA (mtDNA)
content in HCC cells, whereas METTL5 overexpres-
sion exerted the opposite effect (Figure 2J). Additionally,
MitoScene™ Green I and MitoTracker™ Red staining
showed that METTL5 knockout potentiated mitochon-
drial function in HCC cells, while METTLS5 overexpression
inhibited mitochondrial function (Figure 2K). It has been
reported that reactive oxygen-nitrogen species (RONS)
production and a hypoxic and acidic tumor microenvi-
ronment trigger mitochondrial dysfunction and enhanced
mitophagy by the Warburg effect [23]. Mitophagy, a form of
macroautophagy that degrades damaged mitochondria, is
an adaptive response of mitochondria to various stresses
and metabolic disturbances [24]. We further explored
whether METTLS5 regulates mtDNA and mitochondrial
function through mitophagy. First, we analyzed the pro-
tein levels of autophagosome markers, such as P62, Parkin,
microtubule associated protein 1 light chain 3 beta-1
(LC3B-I), and LC3B-II. P62 is a mitophagy adaptor pro-
tein, and its reduction indicates mitophagy [25]. Western
blotting results showed that METTL5 knockout downregu-
lated the expression of Parkin and LC3B-II but upregulated
the expression of P62 (Figure 2L). After METTL5 knock-
out, TEM revealed a reduction in autophagosomes and
mitophagosomes (Supplementary Figure S5). According
to these findings, METTLS5 increased glycolysis while
decreasing mitochondrial OXPHOS in HCC cells, which
was consistent with the Warburg effect.

3.3 | c-Myc played an essential role in the
reprogramming of glucose metabolism

According to a previous study, transcription factors play a
crucial role in regulating glycolytic metabolism [26]. We
hypothesized that METTLS5 promotes the transcription of
glycolytic genes by inducing the expression of transcrip-
tion factors. We used the UCSC and JASPAR databases
to predict transcription factors that bind to the glycolytic
genes LDHA, ENOI, TPIl, SLC2AI and PKM2. Probably,
c-Myc, hypoxia inducible factor 1 subunit alpha (HIF-1a)
and MYC associated zinc finger protein (MAZ) were tran-
scription factors for these glycolytic genes. Our results
showed that METTL5 knockout reduced c-Myc protein
expression but did not affect c-Myc, HIF-la, or MAZ
mRNA expression or HIF-1oe and MAZ protein expression,
which was consistent with the GSEA results (Figure 3A
and Supplementary Figure S6A-B). Therefore, we suspect
that c-Myc might be the hinge that links METTLS5 to
glycolysis. c-Myc overexpression attenuated the METTLS5
knockout-mediated downregulation of glycolytic genes
(Figure 3B-C), downregulation of glucose uptake and lac-
tic acid production (Figure 3D-E), upregulation of pH and
oxygen consumption (Figure 3F-G), and downregulation
of the ECAR (Figure 3H). Additionally, c-Myc overexpres-
sion attenuated the METTLS5 knockout-mediated increases
in mitochondrial respiration and mass (Figure 31-K). These
results supported the hypothesis that METTL5 modulated
c-Myc expression to regulate glycolytic activity.

3.4 | METTLS5 promoted
ubiquitin-specific peptidase 5 (USP5)
translation in an m6A-dependent manner

Based on our results, METTL5 knockout significantly
reduced c-Myc protein expression. Moreover, the polysome

FIGURE 2 METTLS enhances the Warburg effect on HCC cells. (A) Knockout of METTLS expression in HCC cells with the

CRISPR/Cas9 system. (B) KEGG pathway analysis of RNA-seq data. (C) Non-targeted metabolomics GC-MS analysis of glycolysis and TCA
cycle metabolites in HCC-LM3 cells. A heatmap shows changes in metabolites of glycolysis or OXPHOS. Rows indicate different metabolites,
and columns indicate different cells. (D) Relative expression levels of proteins related to glycolysis in three different cell lines. (E-H) Glucose
uptake (E), lactate production (F), pH of the culture medium (G) and OCR (H) were tested in three different cell lines. (I) The ECAR was
measured in three different cell lines using an XF Extracellular Flux Analyzer. (J) The relative mtDNA content was estimated using qRT-PCR.
(K) Representative confocal microscopy images showing mitochondrial function in HCC cells treated with MitoScene™ Green I (green) and
MitoTracker™ Red (red). The quantified MitoScene™ Green I and MitoTracker™ Red signals are shown on the right. Scale bars, 5 um. (L)
Relative expression levels of proteins related to mitophagy in three different cell lines. n = 3 independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001, and ns indicates no significant difference. Abbreviations: HCC, Hepatocellular carcinoma; WT, wild type; KO, knockout; OE,
overexpression; METTLS5, methyltransferase 5, N6-adenosine; LDHA, lactate dehydrogenase A; ENOI, enolase 1; TPI1, triosephosphate
isomerase 1; PKM, pyruvate kinase M1/2; SLC2A1, solute carrier family 2 member 1; LC3B, microtubule associated protein 1 light chain 3 beta;
KEGG, kyoto encyclopedia of genes and genomes; CRISPR, clustered regularly interspaced short palindromic repeats; GC-MS, gas
chromatography-mass spectrometer; ATP, adenosine triphosphate; OCR, oxygen comsumption rate; TCA, tricarboxylic acid cycle; OXPHOS,
oxidative phosphorylation; ECAR, extracellular acidification rate; qRT-PCR, quantitative real time-polymerase chain reaction; PH, potential
of hydrogen.
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fractionation analysis showed that the translation of c-Myc
was not significantly altered in METTL5-KO cells (Sup-
plementary Figure S6C). According to previous reports,
multiple ubiquitin-conjugating enzymes (ubiquitin lig-
ases) and deubiquitinating enzymes interact and regulate
c-Myc degradation via the proteasome system [27, 28].
We evaluated c-Myc protein stability using the translation
inhibitor CHX and confirmed that METTLS5 extended the
half-life of the c-Myc protein (Figure 4A). Pretreatment
with the proteasome inhibitor MG132 prevented the ease
in c-Myc stability (Figure 4B), indicating that METTL5
knockout destabilized c-Myc, leading to its degradation by
the proteasome. Subsequent ubiquitination assays showed
that METTLS5 overexpression decreased the ubiquitination
and degradation of c-Myc (Figure 4C).

We performed co-IP and MS to identify potential pro-
teins that interact with c-Myc in HCC and to investigate
how METTL5 knockout promotes c-Myc ubiquitination
and degradation (Figure 4D). We were unable to identify
any METTLS5 peptides that interacted with c-Myc. Interest-
ingly, however, we found that USP5, F-box and WD repeat
domain containing 7 (FBW7), F-box protein 32 (FBX032),
S-phase kinase associated protein 2 (SKP2), USP7, USP37,
USP28, USP36, and tripartite motif containing 32 (TRIM32)
strongly interacted with c-Myc (Supplementary Figure
S6D-E). Moreover, METTL5 knockout reduced USP5 pro-
tein expression but did not significantly alter the expres-
sion and translation levels of other deubiquitination- and
ubiquitination-related proteins (Figure 4E and Supple-
mentary Figure S6E-F).

METTLS regulates ribosome function by methylating
18S rRNA, and METTL5-KO cells have about 30% fewer
proteins than parental control cells [17]. We used extracts
from METTL5-WT and METTL5-KO cells to perform
polysome fractionation analysis to determine whether
METTLS5 has an impact on USP5 translation. The results
demonstrated that METTLS5 knockout had no effect on
the profile of GAPDH mRNA, whereas USP5 mRNA was
transferred from the heavier polysomal fractions to the
lighter fractions (Figure 4F). This result suggested that

METTL5 knockout inhibited USP5 mRNA translation.
Consequently, we investigated whether USP5 translational
activity is dependent on METTLS5 methylase activity. After
METTLS5 knockout, the m6A level of total RNA decreased
significantly, as demonstrated by dot blots (Figure 4G).
After separation of rRNA and mRNA, LC/MS showed that
METTLS5 knockout significantly reduced the m6A level of
18S rRNA but had no effect on the m6A level of mRNA
(Figure 4H and Supplementary Figure S7A). Moreover, the
m6A methylation level of c-Myc did not differ between
METTL5-KO cells and METTL5-WT cells (Supplementary
Figure S7B). Then, we constructed a METTL5 mutant
without enzymatic activity (“NPPF” to “APPA”, Mut; Sup-
plementary Figure S7C-D). Intriguingly, overexpression of
hemagglutinin (HA)-METTL5-WT attenuated the effect
of METTL5 knockout on USP5, but overexpression of
HA-METTL5-Mut did not rescue USP5 protein expression
(Figure 41). Thus, the translation of USP5 is directly depen-
dent on METTLS5 18S rRNA methyltransferase activities. It
has been reported that the METTL3-METTLI14 complex,
a well-known mRNA m6A methyltransferase complex,
also mediates DNA m6A methylation (m6dA) in vitro
[29]. However, no report has indicated whether METTLS5
is involved in DNA methylation. In both METTL5-WT
and METTL5-KO cells, we detected modifications in the
mé6da region of genomic DNA. We were unable to detect
m6dA changes following METTLS5 knockout (Supplemen-
tary Figure S8A). Using a dual luciferase reporter assay, we
subsequently determined that METTLS5 had no effect on
USP5 promoter activity (Supplementary Figure S8B). Our
results indicated that METTLS5 was a pure RNA methylase
and exhibitd no regulatory effect on DNA methylation.

3.5 | METTL5-mediated c-Myc
stabilization required USP5-dependent
deubiquitination

We hypothesized that METTLS stabilizes c-Myc through
USP5. USP5 is a deubiquitinating enzyme that is essential

FIGURE 3

c-Myc plays an essential role in reprogramming glucose metabolism. (A) Representative immunoblot analysis of c-Myc levels

in METTL5-KO and METTL5-WT cells. (B-C) Representative mRNA and protein expression levels of glycolysis-related genes in HCC cells
subjected to different treatments. (D-G) Glucose uptake (D), lactate production (E), the pH of the culture medium (F) and OCR (G) were
measured in HCC cells subjected to different treatments. (H) The ECAR was measured in HCC cells subjected to different treatments. (I) The

relative mtDNA content was estimated using qRT-PCR. (J) Representative confocal microscopy images showing the mitochondrial function

in HCC cells. The quantified MitoScene™ Green I and MitoTracker™ Red signals are shown on the right. Scale bars, 5 um. (K) Relative

expression levels of proteins related to mitophagy in HCC cells. n = 3 independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
Abbreviations: HCC, Hepatocellular carcinoma; WT, wild type; KO, knockout; OE, overexpression; METTLS, methyltransferase 5,
N6-adenosine; LDHA, lactate dehydrogenase A; ENOI, enolase 1; TPI1, triosephosphate isomerase 1; PKM, pyruvate kinase M1/2; SLC2A1,
solute carrier family 2 member 1; LC3B, microtubule associated protein 1 light chain 3 beta; ATP, adenosine triphosphate; OCR, oxygen

comsumption rate; ECAR, extracellular acidification rate; qRT-PCR, quantitative real time-polymerase chain reaction; PH, potential of

hydrogen.

35US017 SUOWIWIOYD) BAIIERID) 3|eat|dde ayy Aqg pausenob ale sajonte YO ‘esn Jo Sa|ni oy Areiqi]auluQ A3[IAA UO (SUONIPUOD-PUR-SWIBILIOD A3 1M Afeiq 1 U1 |UO//SANY) SUORIPUOD pUe SWB | 81 39S *[£202/T0/82] U0 ARligiauluQ A31IM BuIyDRURIY0D A E0¥ZT 2989/200T 0T/I0p/Wod A Im Afeiq1pul|uo//sdny wolj papeojumo( ‘0 ‘8YSEEZSE



XIA ET AL. ANCER 15
COMMUNICATIONS
(A) Vector METTL5-OE
= Huh-7 = HCC-LM3
CHX(h) 0 05 1 2 0 05 1 2 kba 2 2
< 15 - Vector = 5 - Vector
C-Myc |[S——— T G S— 50 ~ _,g —~ METTL5-OE % - METTL5-OE
< s s 1.0
o o
B-aCtin | se— ——— |-—_-|42 T = 2
) & 0.5
(3 1]
N S— — — — — —| B § E ;
c-Myc S S 0.0+ T T T 1 S 0.0 T T T 1
&) ¢ 0.0 0.5 1.0 15 2.0 x 00 0.5 1.0 1.5 2.0
B-actin — — — — r — C— C— — | 42 <i) Time after CHX treatment (hours) Time after CHX treatment (hours)
- Huh-7 HCC-LM3
(B) (C)
[ Huh-7
[ HCC-LM3 - a = =
METTLTS - + - + - + - + = e 23 32 3
+ o+ + o+ kDa £ = ns £ |up Eg'; % < oL
MG132 M s, UL s Q@
- - ©g . -
chyc | ———”—.-—-l 50 g§2
= a
® X
cMyc + + + + c-Myc + + + +
Huh-7 HCC-LM3 METTLS - + - + HA-Ub + + + + HA-Ub + + + +
MG1s2 - -+ MG132 + + + + MG132 + + + +
(D) c-Myc (E)
T = METTL5-WT § DCIMETTLS-WT &3 Vector
Q .-.': O METTL5-KO 2 8 METTL5-KO © METTL5-OE
) Vector o 4
O METTL5-OE &
s3
l =4 12 ns ns £ 2
) w21 ns 1 2
?& lysis f*}_’, G844 L &,
“c o8
° £10 2
= 2 c0
3509 ) T AW et W
2z, pacin [S e | [ ] ;2 W e e
£ 08— T T T N N
19G P g g . Huh-7 HCC-LM3 Hep-G2
IP-MS  Ubiquitination Huh-7 HCC-LMS3 Hep-G2 METTL5 USP5
(F)
257 -~ METTL5-WT Huh.? 507 - mETTLSWT o 257 - METTLS-WT  jcc.ms 409 - METTLSWT Locivs
uh- -
_ 20- - METTL5-KO + 40 - METTL5-KO . 20-| = METTL5-KO ” -~ METTL5-KO
i g Z 2%
£ 15 T 30 £ 15 b=
-4 [a) 4 o 204
3 10- & 20- 3 104 g
= ° = % 10
5 = 10+ 5+ =
0 LI I B N N R [N B R B B | 0+ 0 0
012345678 9101112 012345678 9101112 012345867 89101112 0123458678 9101112
2 & @ < £ o J & @ < £ g & @ < £ @ & @ < 5
S ¢ &£ W & o ¥ & & P WP $ NSRRI IR - & ¥ & & P WP
& & & \c;‘§ s & s ,00‘90 & \>‘o‘>° & qp& &8 & S £ \)‘o\§\ & 00"\ 8 & S ,Qoeo & 30"0 & e,c}’\ & & o
0(\ o(\o o2 o ((\0 0\\\9 ,((\0 N 0‘\ OQQ &2 @00 6\0\ 0\4‘% '@0 0\* 0‘\ 006 ) @00 O ¥ 6\0 0\* 0‘\ @ &2 @00 6\0\ 0\\\6 <<\0 0\*
O RIS ‘\\Q" W & RO ¥ & s ISR I ® & M &
S SR & W S € & AU B & F O S
<& & & © < & R < & © N
Fractions Fractions Fractions Fractions
3 ) o o & o S @ & P
«° \9‘06‘09 0“}?0 & S @“&0 « o&@o‘(\e @ 0°®é s &006\ © e,"o\%éoe 003‘ 0@0
e e O f S e I O S L e I O s FF S sF
Lo S £ FELe & &L L F € Lo &S FE e &L S
) Q°Qp° & & é'\“ ) (‘b(“ &® QOQ) & &£ Q’\‘\ @Q‘é\\ ‘\o(\ LS <\o"’ o*“é’\‘ Q‘\é\ é\\ & @Qoq'.@o RS \9\‘\'\&\ s
S S Ve RS & TP o & T T & VS & MR IR ) @
123456 789101112 1 345 7 8 9 1011 12 1 4 6 7 8 91011 12 123456 789101112
O 0 O ---==- B - -_---B - - - - B eeeeeeee |
S oo & oo W ---------“""BENE -----------Jg - ——— ——__ |
USP5 GAPDH USP5 GAPDH
R NS
S ) 2 )
\% \% \% \%
(G) H) 1 METTL5-WT =1 METTL5-WT U L L SIS
< O METTL5-KO = 2 2 SR\
WT KO g o g I METTL5-KO o & & 0
<12 i [} s ns ns 8 = &8 = kDa
400ng £ < 1.2 s M
meA 2.0 = - USP5 |—-— --ol |--—-—-—| 110
200ng ﬁ : 2 1.0 +
© K]
400ng 19 B Eos <08 HA-METTL5 | _— "‘l | ey ""l 25
Methylene blue z €
200ng & © o 0.6 % 0.6 | B-actin |P — Al |P -~ Al 42
@ Huh-7 HCC-LM3 N Huh-7 HCC-LM3

Huh-7 HCC-LM3

85U8017 SUOWWIOD 3AIER.D 3|qeoljdde au Aq pausenob a1e Sajolie VO ‘SN 0 Sa|NnJ 104 Akeiq 1 8UIIUO AB]IA UO (SUORIPUOD-PU-SWLBH LD A8 |IM"Ale1q 1[BUI|UO//SHRY) SUORIPUOD PUe SWiie | U1 88S *[£202/T0/82] U0 AriqiTauluO A8|IM BulyD8URIL0D A E01ZT 2980/200T OT/I0p/LI0D" A8 |1M Aleid 1 BuI|UO//SANY WO PaPeo|uMoq ‘0 ‘8SEEZST



CANCER
6 | COMMUNICATIONS

XIA ET AL.

for the stability and function of proteins. The substrates
of the deubiquitinating enzyme USP5 mediate essential
biological functions, including cell survival, proliferation,
and death. However, no reports have described how USP5
deubiquitinates c-Myc. USP5 knockdown significantly
reduced c-Myc protein levels in HCC cell lines (Supple-
mentary Figure SOA). We then investigated whether USP5
stabilizes c-Myc through deubiquitination. Immunoflu-
orescence colocalization and nucleoplasmic separation
demonstrated that c-Myc is localized in the nucleoplasm
and USP5 is present in both the cytoplasm and nucle-
oplasm (Figure 5A-B), indicating that c-Myc and USP5
are mostly colocalized in the nucleus. Subsequently, the
interaction between USP5 and c-Myc was shown using
endogenous and exogenous co-IP assays (Figure 5C-D).
Glutathione-S-transferase (GST) pulldown assays further
confirmed that GST-c-Myc purified from bacteria, but
not GST, pulled down recombinant His-USP5 (Figure 5E
and Supplementary Figure S9B). Importantly, USP5 over-
expression significantly increased c-Myc protein stability
while decreasing c-Myc ubiquitination (Figure 5F-G). Pre-
treatment with the proteasome inhibitor MG132 inhibited
this increase in c-Myc levels (Supplementary Figure S9C).
USP5 is an ~120 kDa protein with five distinct domains:
two ZnF domains (1-168; 169-289), a C Box domain (290-
624), a UBA1/UBA2 domain (625-749), and a H box domain
(750-835). To investigate which domain of USP5 interacted
with c-Myc, 293T cells were cotransfected with different
domains of Flag-USP5 and HA-c-Myc, and our results
showed that only U3 and U4 directly bonded to the c-
Myc protein (Figure 5H). Moreover, USP5 inhibited c-Myc
polyubiquitination at the K48 linkage but not at other
linkages (Figure 5I). When K48 ubiquitination sites were
mutated (K48R), USP5-mediated ubiquitination of c-Myc
was abolished (Figure 5J). These results indicated that
USP5 specifically binds to c-Myc and protects c-Myc from
polyubiquitination-mediated degradation. Finally, overex-
pression of USP5 in the presence of METTLS5 knockout
abrogated the effect of METTLS5 on c-Myc (Supplementary

Figure S9D). These data suggest that METTL5-mediated c-
Myc stabilization necessitates USP5-dependent deubiquiti-
nation. Furthermore, we used immunohistochemistry and
Western blotting to determine the amounts of METTLS5,
c-Myec, and USP5 protein in HCC tissue samples. Accord-
ing to the correlation study, METTL5 protein levels were
positively linked with USP5 and c-Myc protein levels (Sup-
plementary Figure S10A). METTLS5, USP5, and c-Myc were
shown to be strongly expressed in HCC tissues when
compared to nearby normal liver tissues (Supplemen-
tary Figure S10B). Finally, analyses of the TCGA-LIHC
database and 20 pairs of HCC tissues showed that USP5
and c-Myc transcript levels were positively correlated with
glycolytic gene expression levels (Supplementary Figure
S11, Supplementary Figure S12).

3.6 | METTLS5 promoted HCC growth and
metastasis

We next examined the effects of METTL5 knockdown
and overexpression on HCC cell proliferation and migra-
tion to further explore the function of METTLS5 in HCC.
CCK-8, EdU, and colony formation assays revealed that
METTLS knockout significantly reduced cell proliferation
and that METTLS5 overexpression increased proliferation
(Figure 6A-C and Supplementary Figure S13A-B). Tran-
swell and scratch healing assays revealed that METTL5
knockout inhibited cell invasion and migration and that
METTLS5 overexpression increased invasion and migration
(Figure 6D-E and Supplementary Figure S13C-D). Cancer
cells must undergo epithelial-to-mesenchymal transition
(EMT) in order to commence metastasis. We therefore
investigated if METTLS5 had an effect on EMT in HCC
cells. gqRT-PCR and Western blotting results revealed
that METTL5 knockout downregulated the expression
of mesenchymal markers (N-cadherin, fibronectin, and
vimentin) but upregulated the expression of E-cadherin.
In contrast, its overexpression showed the opposite effects

FIGURE 4

METTLS5 promotes USP5 translation in an m6A-dependent manner. (A) Western blotting analysis of c-Myc protein levels in

HCC cells transfected with METTLS plasmids or empty vectors. The transfected cells were treated with 100 ug/mL CHX for the indicated
times. (B) Western blotting analysis of c-Myc levels in HCC cells transfected with METTLS or vector and treated with MG132 (10 umol/L).

(C) Western blotting analysis of the ubiquitination of c-Myc in HCC cells. (D) Flow diagram showing the IP of METTL5 and subsequent
LC-MS/MS analysis. (E) Relative USP5 mRNA and protein expression levels in HCC cells. (F) The polysomes of METTL5-WT and
METTLS5-KO cells were extracted and subjected to a 10% to 50% sucrose gradient ultracentrifugation. The mRNA expression level in each
fraction was determined by qRT-PCR (upper) and visualized by DNA agarose gel (lower). (G-H) Isolated RNA was used in a dot blot assay
(methylene blue staining served as a loading control), and LC/MS was performed with an m6A antibody. (I) Western blotting analysis of USP5
protein levels in HCC cells subjected to different treatments. n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ns
indicates no significant difference. Abbreviations: HCC, Hepatocellular carcinoma; WT, wild type; KO, knockout; OE, overexpression;

METTLS, methyltransferase 5, N6-adenosine; IP, immunoprecipitation; MS, mass spectrometry; Ub, ubiquitin; HA, hemagglutinin; CHX,

cycloheximide; USP5, ubiquitin-specific peptidase 5.
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FIGURE 5 USP5is the deubiquitinating enzyme for c-Myc. (A) Confocal microscopy analysis showing the colocalization of USP5 and

c-Myc in HCC cells. Scale bars, 5 um. (B) Cells were fractionated, and the nuclear and cytoplasmic extracts were subjected to IB.
(C-D) Endogenous co-IP (C) and exogenous co-IP (D) assays confirmed the interaction of USP5 and c-Myc in HCC cells. (E) GST pulldown
assays showing the direct binding of His-USP5 to GST-c-Myc. Purified GST protein was used as a control. (F) Western blotting analysis of

c-Myc protein levels in HCC cells treated with MG132. (G) Western blotting analysis of the ubiquitination of c-Myc in HCC cells.
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(Supplementary Figure S14). These results indicated that
METTL5 promoted EMT. Additionally, METTL5 dele-
tion greatly enhanced apoptosis rates but had no effect
on the cell cycle (Figure 6F and Supplementary Figure
S15). We constructed HCC subcutaneous xenograft mod-
els, orthotopic HCC mouse models, tail vein injection
lung metastasis models and abdominal metastasis mod-
els to further study the effect of METTLS in vivo.
Tumor growth and weight in the METTL5-KO group
were significantly lower than those in the METTLS5-
WT group (Figure 6G). Immunohistochemistry analysis
showed that the METTL5-KO group had lower Ki-67 and
glycolytic genes expression than the METTL5-WT group
(Figure 6H and Supplementary Figure S16A). TUNEL
labeling revealed that the METTL5-KO group had a con-
siderably higher apoptosis rate than the METTL5-WT
group (Figure 61). In orthotopic HCC mouse models, the
METTL5-KO group exhibited considerably slower tumor
growth and lower glycolytic genes expression than the
METTLS5-WT group (Figure 6] and Supplementary Figure
S16B). The lung metastasis tumor models and abdominal
tumor metastasis models showed that METTL5 knockout
significantly reduced the mean bioluminescence intensity
of metastatic foci and the number of metastatic nodules
(Figure 6K-L). Based on these results, METTL5 promoted
the proliferation and invasion of HCC cells in vitro and in
vivo.

3.7 | The tumor-promoting function of
METTLS5 depended on c-Myc-mediated
reprogramming of glucose metabolism

Because abnormal glucose metabolism is related to the
progression of HCC, we sought to further determine
whether c-Myc is a downstream effector of METTLS5-
mediated HCC progression. We overexpressed c-Myc in
the METTL5-KO cell line to test this hypothesis. A series
of phenotypic tests revealed that c-Myc overexpression
reduced the suppression of Huh-7 and HCC-LM3 cell
proliferation and invasion in the absence of METTL5
(Figure 7A-E). We further verified the role of c-Myc in
METTL5-mediated HCC progression in nude mice and
found that the effects of METTLS5 knockout were indeed

reversed by c-Myc overexpression (Figure 7F-I). These
results demonstrated that c-Myc was important for the
in vitro development and metastasis of HCC mediated by
METTLS.

Finally, we overexpressed USP5 in the METTL5-KO cell
line to determine the pivotal role of UPS5. A series of
phenotypic experiments showed that USP5 overexpression
attenuated the inhibition of proliferation and invasion of
Huh-7 and HCC-LM3 cells in the absence of METTL5
(Supplementary Figure S17). Furthermore, we verified the
involvement of USP5 in METTL5-mediated HCC progres-
sion in vivo and discovered that USP5 overexpression
reversed the inhibitory effects of METTL5 knockdown on
c-Myc expression and proliferation (Figure 7J-K). These
data suggested that USP5 was essential for METTLS5-
mediated cancer-promoting function in HCC.

3.8 | cAMP responsive element binding
protein 1 (CREB1)/P300 promoted METTLS5
transcription

An in silico investigation was carried out using the
GeneCards, UCSC, and JASPAR databases to identify
potential upstream transcription factors associated with
METTLS upregulation in HCC (Supplementary Figure
S18A). CREBL1, E74 like ETS transcription factor 1 (ELF1),
and CCAAT enhancer binding protein beta (CEBPB) were
the major transcription factors for METTL5, and CREBI1
was chosen for further study because CREB1 knock-
down reduced METTL5 mRNA and protein expression
(Figure 8A-B), but ELF1 or CEBPB knockdown did not
(Supplementary Figure S18B). The DNA-binding motif of
the CREBI transcription factor was obtained from JASPAR
(Figure 8C and Supplementary Figure S18C). We gener-
ated a series of truncated METTLS5 promoter-luciferase
constructs to clarify the CREB1-mediated transcription
of METTL5. The luciferase reporter assay showed that
the promoter region from base pairs 1400 to 2100 in
the METTL5 gene contained a CREBI-responsive site
(Figure 8C). Therefore, we constructed METTL5-WT
and METTL5-Mut promoter luciferase reporter vectors
by sequentially mutating the predicted METTLS5 pro-
moter sequence between bases 1554 and 1565. CREBI1

(H) HA-tagged full-length USP5 and five truncation mutants. c-Myc and USP5 domains were cotransfected into HEK293T cells for 48 h before
cell lysate preparation and IP and IB with specific antibodies, as indicated. (I) Analysis of the ubiquitination of c-Myc by USP5 with the

indicated types of ubiquitin. (J) Mutant K48 ubiquitin did not decrease the extent of c-Myc ubiquitination. n = 3 independent experiments.
*P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates no significant difference. Abbreviations: HCC, Hepatocellular carcinoma; WT, wild type;
KO, knockout; OE, overexpression; METTL5, methyltransferase 5, N6-adenosine; co-IP, co-immunoprecipitation; IP, immunoprecipitation;
IB, immunoblotting; Ub, ubiquitin; HA, hemagglutinin; CHX, cycloheximide; GST, glutathione-s-transferase; USP5, ubiquitin-specific

peptidase 5.
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overexpression increased the relative luciferase activity
of the METTL5-WT vector but minimally affected the
luciferase activity of the METTL5-MUT vector (Figure 8D).
In addition, ChIP studies demonstrated that the METTL5
promoter region interacted with CREB1 (Figure SE).
CREBI1 enhances METTL5 expression in HCC via bind-
ing to the METTLS5 promoter region, as indicated by these
results.

In addition, we investigated the crucial regulatory role
of CREBI in HCC aerobic glycolysis. Analyses of the
TCGA-LIHC database revealed that CREBI transcript lev-
els were significantly upregulated in HCC (Supplementary
Figure S19A). qRT-PCR and Western blotting analysis ver-
ified the upregulation of CREB1 mRNA and protein levels
in HCC tissues (Supplementary Figure S19B-C). In addi-
tion, studies of the TCGA-LIHC database showed that
CREBI transcript levels were positively correlated with
glycolytic gene expression levels (Supplementary Figure
S19D). CREB1 knockdown in HCC cells significantly inhib-
ited the expression of the glycolytic genes LDHA, ENOI,
TPI1, SLC2A1, and PKM2 at the mRNA and protein lev-
els (Supplementary Figure S19E-F). Correlation analysis
of results from the TCGA database and eighty pairs
of HCC tissues from Zhongnan Hospital showed that
METTLS5 expression was positively correlated with CREB1
expression (Figure 8F-G).

It has been reported that E1A-binding protein p300
(p300) functions as a coactivator of the CREBI transcrip-
tion factors and directly interacts with CREBI1 to enhance
its activity [30]. The luciferase reporter test demonstrated
that p300 might work independently to stimulate METTLS5
transcription and CREBI activity on the METTLS5 promoter
(Figure 8H). Notably, when coexpression of CREB1 and
p300, METTL5 transcription was boosted up to 30-fold
compared to the basal promoter alone. This amount is sig-
nificantly more than additive, implying CREB1 and P300
have a functional synergy. This effect disappeared due to
mutations in the binding sites of the METTL5 promoter.
Additionally, the results of ChIP analysis showed that p300
was not able to bind to the METTLS5 promoter region

(Supplementary Figure S19G). Collectively, these results
demonstrated that p300 functions as a CREBI coactivator
at the METTLS5 promoter.

3.9 | METTLS5 knockout inhibited liver
tumor growth in PDX models

Because of the striking likeness to the actual clinical spec-
imens from patients, PDXs are quickly becoming the gold
standard for clinical drug research [31]. Hepatoma tis-
sues dissected from a second-passage PDX model were
implanted into NCG mice to assess whether METTL5
knockout exerted a similar effect on the PDX model
(Figure 9A-B). Adenovirus-mediated knockout of METTL5
exerted a good antitumor effect (Figure 9C-D). METTL5
knockout efficiency was testified by Western blotting
(Figure 9E).The body weights of all mice remained sim-
ilar during the treatment period (Figure 9F). The AAV-
METTL5-KO group exhibited lower Ki-67 expression and a
higher apoptosis rate (Figure 9G). METTL5 knockout sig-
nificantly increased the survival time (Figure 9H). When
taken in context with the other results, the remarkable
tumor-suppressive effect of METTL5 knockout in PDX
models provides strong evidence for the enormous poten-
tial of METTLS5 knockout for clinical development. Based
on the collective data, we concluded that METTL5 was
activated by CREB1/P300, which reduced c-Myc ubiqui-
tination by facilitating USP5 translation, thus leading to
HCC malignant progression (Figure 91).

4 | DISCUSSION

Since cancer cells proliferate and divide at an uncontrolled
rate, their energy needs are higher [32]. The Warburg
effect, which occurs during the development of cancer
cells, causes an increase in glycolysis, which in turn
maintains cell proliferation, doubles the energy supply,
and creates an acidic milieu necessary for tumor cell

FIGURE 6 METTL5 promotes HCC growth and metastasis. (A-C) Cell proliferation was assessed by performing CCK-8 (OD 450 nm; A),
and EdU staining assays (B), and colony formation (C). Scale bars for EAU staining, 50 um. (D-E) Cell invasion and migration were evaluated
using transwell invasion (D) and wound-healing migration assays (E). Scale bars for transwell invasion assays, 50 um. Scale bars for
wound-healing migration assays, 200 um. (F) Apoptotic cells were measured using flow cytometry. (G) Curves show the volume and growth
of subcutaneous xenografts of HCC cells. (H) Tumor nodules were subjected to immunohistochemistry staining for Ki-67, METTLS5, and
c-Myec. Scale bars, 50 um. (I) Tumor nodules were subjected to immunofluorescence (IF) staining for TUNEL assays. Scale bars, 50 um.

(J) Tumor volume and fluorescence intensity values of the orthotopic HCC xenograft model. (K-L) The fluorescence intensity values and the
number of lung (K) and abdominal (L) metastatic foci are shown. Scale bars, 50 um. For cell experiments, n = 3 independent experiments; for
animal experiments, n = 5 independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations: HCC, Hepatocellular carcinoma;
WT, wild type; KO, knockout; OE, overexpression; METTLS5, methyltransferase 5, N6-adenosine; EdU, 5-Ethynyl-2’-deoxyuridine; DAPI,

4’ ,6-diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling; CCK-8, cell counting
kit-8.
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dissemination and invasion [8, 9]. This pathological alter-
ation in energy metabolism leads to epigenetic and genetic
changes and produces a variety of severely impaired
phenotypes, further enhancing the proliferation and inva-
siveness of cancer cells. In the present study, we found
that METTL5 expression is upregulated in HCC and is
associated with a poor prognosis. By reprogramming glu-
cose metabolism, METTL5 upregulation promotes cell
proliferation, metastasis, and EMT in HCC.

In recent years, a growing number of studies have
revealed that RNA methylation alterations are aberrant
in a variety of malignancies and that they play crucial
roles in regulating tumor immunosuppression, migra-
tion, invasion, metastasis, proliferation, and chemotherapy
resistance [12, 33]. METTLS5, one of the best-studied 18S
rRNA methyltransferases, is essential for embryonic devel-
opment and plays critical roles in protein translation and
polysome formation [14, 16]. Interestingly, in addition to
m6A methyltransferase activity, METTL5 enhances pro-
tein translation in cancer, reduces apoptosis, and promotes
cell cycle progression [17]. As shown in the present study,
METTLS5 is an rRNA m6A methyltransferase and is not
responsible for the m6A modification of mRNA. These
results were consistent with previously reported results.
Then, we report here that METTLS5 regulates glycolysis
and cell proliferation in HCC through c-Myc. Our results
showed that METTLS5 enhances glycolysis in HCC cells
and reduces mitochondrial OXPHOS by promoting c-Myc
expression. Moreover, our investigation of clinical HCC
specimens revealed that METTLS5 and c-Myc levels were
strongly positively associated among HCC samples, indi-
cating that the combination of METTL5 and c-Myc may
have genuine predictive value.

In numerous malignancies, c-Myc is highly activated
and contributes to the regulation of the cell cycle, cell
survival, glucose metabolism, proliferation, and metabolic
reprogramming [34, 35]. As a protooncogene and a tran-
scription factor, c-Myc regulates the transcription of more
than 80 essential genes, thereby increasing glucose uptake
or the expression of genes involved in the glycolytic

pathway [36]. According to previous research, METTL5
promotes c-Myc expression in cancer but inhibits c-Myc
expression in embryonic development [16, 18]. This contra-
diction could be due to differences in cell or tissue types.
Additionally, the functions of METTLS5 in the translation
of specific mRNAs might provide additional explanations
for the contradictory biological functions. The c-Myc pro-
tein is typically unstable with a very short half-life in
cells [37, 38]. According to our findings, METTLS5 pre-
vented the proteasome-mediated degradation of c-Myc
by increasing the translation of USP5. METTL5 rRNA
methyltransferase activities are directly required for the
translational regulation of USP5.

By controlling ubiquitination levels, USP5 regulates the
stability, function, or location of various proteins involved
in different cellular processes, such as DNA repair, tran-
scription, epigenetic regulation, immune responses, the
cell cycle, and mitosis [39-41]. Our results identified USP5
as a novel deubiquitinating enzyme for c-Myc, providing a
potential mechanism governing the fate of c-Myc in HCC.
Using a series of truncated USP5 fragments, we found
that the C-Box and UBA regions of USP5 bind to the c-
Myc protein. Further analyses indicated that USP5 inhibits
K48-linked polyubiquitination of c-Myc.

Transcriptional regulation, including transcriptional
activation/repression, occurs at the level of the gene
promoter and is stringently controlled by stage-specific
transcription factors. We aimed to identify the positive
transcription factor regulating METTLS5 expression in light
of the discovery of METTLS5 overexpression and its crucial
carcinogenic consequences on HCC. Our findings show
that CREBI stimulates the transcription of METTLS5, a key
transcription factor involved in tumor growth.

Because the Warburg effect is the primary distin-
guishing feature of cancer cells, addressing the Warburg
effect and its signaling cascade is emerging as a possible
cancer treatment strategy. The tumor-suppressive activ-
ity of METTL5 knockout in PDX models indicated that
adenoviral-mediated METTL5 knockout is a promising
cancer therapeutic strategy.

FIGURE 7

The tumor-promoting function of METTL5 depends on c-Myc. (A-B) Cell proliferation was assessed using CCK-8 (OD

450 nm; A) and colony formation (B) assays. (C) Apoptotic cells were measured using flow cytometry. (D-E) Cell migration and invasion
ability were evaluated using wound-healing migration (D) and transwell invasion (E) assays. Scale bars for Transwell, 50 um. Scale bars for
wound-healing migration, 200 um. (F) Curves show the volume and growth of subcutaneous xenografts of HCC cells. (G) Tumor nodules

were subjected to immunohistochemistry staining for Ki-67, METTLS5, and c-Myc. Scale bars, 50 um. (H) Tumor nodules were subjected to

immunohistochemistry and IF staining for METTLS5, c-Myc, Ki-67 and TUNEL assays. Scale bars, 50 um. (I) The incidence of tail vein-lung

metastasis and the number of metastatic foci in the different experimental groups are shown. Scale bars, 50 um. (J) Curves show the volume
and growth of subcutaneous xenografts of HCC cells. (K) Tumor nodules were subjected to immunohistochemistry staining for c-Myc and
Ki-67. Scale bars, 50 um. For cell experiments, n = 3 independent experiments; for animal experiments, n = 5 independent experiments;

*P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations: HCC, Hepatocellular carcinoma; WT, wild type; KO, knockout; OE, overexpression;
METTLS5, methyltransferase 5, N6-adenosine; DAPI, 4’,6-diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyltransferase-mediated

dUTP-biotin nick end labeling; CCK-8, cell counting kit-8.
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FIGURE 8 CREBI promotes METTLS transcription. (A) Venn diagram showing transcription factors that bind the promoter region of

METTLS identified in the GeneCards, JASPAR and TFtarget databases. (B) Effect of CREBI knockdown on METTLS5 protein expression.

(C) Schematic of the putative CREB1 binding motif and relative score determined using JASPAR. Cells were transfected with the full-length
METTLS promoter or one of three truncation mutants, and the luciferase activity was analyzed after transfection. (D) Cells were transfected
with METTL5-WT or METTL5-MUT promoter constructs, and luciferase activity was analyzed after transfection. (E) ChIP analysis of CREB1
binding to the METTLS5 promoter. The input and IgG served as positive and negative controls, respectively. (F-G) Correlation analysis of
METTLS5 and CREBI expression in HCC tissues from TCGA database and our collected samples (n = 80). Scale bars, 20 um. (H) Cells were
transfected with METTL5-WT or METTL5-MUT promoter constructs, and luciferase activity was analyzed after transfection. n =3
independent experiments; *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations: HCC, hepatocellular carcinoma; Chip, chromatin
immunoprecipitation; METTLS5, methyltransferase 5, N6-adenosine; CREB1, cAMP responsive element binding protein 1; EIF1, E74 like ETS
transcription factor 1; CEBPB, CCAAT enhancer binding protein beta; TPM, transcripts per million; TCGA, The Cancer Genome Atla.
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FIGURE 9

Significant anti-tumor effects of METTL5-KO in a HCC PDX model. (A) Schematic representation of the treatment course.

Following the intratumoral injections with either the indicated adenoviruses (a total dosage of 1 x 10° PFU/mouse), the tumor volume was
observed for 20 days. (B) HE staining of tumors in A revealed the tumor cell morphology. Scale bars, 100 um. (C-D) Tumor volume and
growth curves of PDX model of A. (E) Validation of knockout efficiency of METTL5-KO in the PDX model of A. (F) Mice of A were monitored
for weight-change. (G) Tumor nodules of A were subjected to immunohistochemistry for Ki-67, IF staining for TUNEL. Scale bars, 50 um.
(H) Survival curves of PDX mice treated in AAV-WT or AAV-METTLS5-KO. (I) Schematic diagram showing that METTLS stabilizes c-Myc by
promoting the translation of USP5. n = 5 independent experiments; *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations: AAV, adeno
associated virus; PFU, plaque formation unit; WT, wild type; KO, knockout; HCC, hepatocellular carcinoma; PDX, patient derived tumor

xenograft; HE, hematoxylin eosin; DAPI, 4’,6-diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling; Ub, ubiquitin; METTLS5, methyltransferase 5, N6-adenosine; CREB1, cAMP responsive element binding

protein 1; USP5, ubiquitin-specific peptidase 5.

This study has some limitations. First, the mechanism
of METTLS5 stabilized c-Myc might be cell or tissue-
dependent and varies under certain circumstances differ-
entiation because different tumors or stem cells have dif-
ferent gene expression levels. It is probable that METTLS5
regulates c-Myc expression by several different mecha-
nisms. Thus, further studies are required to obtain a more
comprehensive understanding. Second, we utilized AAV
vector-based gene therapy to inhibit METTL5 in the PDX
model. However, the safety and efficacy of this therapeutic
model should be more carefully evaluated before further
clinical translation.

5 | CONLUSIONS

Our findings provide new light on the cell-intrinsic effect
of METTLS5 overexpression on HCC, implying that, in addi-
tion to its well-known role in RNA methylation, METTL5
regulated the proliferation and migration of HCC cells via
numerous pro-oncogenic USP5-c-Myc signaling cascades.
Our findings provide novel insights into targets implicated
in tumor metabolism and open the door for the future
development of new treatment methods for HCC.
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