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Background N6-methyladenosine (m6A) is the most common and abundant mRNA modification and it plays cru-
cial roles in many biological processes. However, as a key RNA demethylase, alkylation repair homolog protein 5
(ALKBH5) has not been well studied in human osteosarcoma. The present study sought to explore ALKBH5-medi-
ated m6A modification and the underlying mechanisms in human osteosarcoma.

Methods The expression of ALKBH5 and its correlation with clinicopathological features were examined by bioinfor-
matics analysis and tissue microarrays. Cellular proliferation was detected by CCK8 assays. Cell cycle and apoptosis
were analyzed by TUNEL and Flow cytometry assay. Finally, investigation of the regulatory mechanism of ALKBH5
in human osteosarcoma was performed by MeRIP assay, RNA-sequencing, dual luciferase reporter assay, RNA pull-
down and RNA stability assay. Tumor xenograft models were established for in vivo experiments.

Findings Our data showed that low expression of ALKBH5 was associated with worse overall survival for osteosar-
coma patients. Reducing m6A mRNA levels in human osteosarcoma cells through ALKBH5 up-regulation lead to
cell proliferation inhibition, cell apoptosis and cycle arrest. We identified SOCS3, a negative regulator of STAT3, as a
downstream target of ALKBH5-mediated m6A modification. And the m6A modified SOCS3 mRNA was recognized
by YTHDF2, which promotes the decay of SOCS3. Mechanistically, our data revealed that ALKBH5 inactivated
STAT3 pathway by increasing SOCS3 expression via an m6A-YTHDF2-dependent manner.

Interpretation M6A methylation is rising as a pathway affecting tumorigenicity and tumor progression. Our find-
ings illuminate the clinical significance of ALKBH5-mediated m6A modification in human osteosarcoma and the
regulatory mechanisms underlying tumor proliferation and growth, suggesting that ALKBH5 is a potential bio-
marker for treatment in human osteosarcoma.
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Introduction
N6-methyladenosine (m6A) is the most common and
abundant mRNA modification and it plays crucial roles
in many biological processes.1,2 This modification is reg-
ulated by different kinds of regulators, including
‘writer’, ‘eraser’ and ‘reader’ proteins.3 RNA m6A is
enriched near stop codon and 30 untranslated terminal
region (UTR) and translated near 50 UTR in a cap-inde-
pendent manner, thereby affecting RNA transcription,
processing, translation and metabolism.4 In line with
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Research in context

Evidence before this study

Many studies have revealed that ALKBH5-mediated
m6A modification plays a vital role in tumor progres-
sion. The effects of m6A mRNA methylation and its
underlying mechanisms in human osteosarcoma are
controversial. It is reported that ALKBH5-mediated m6A
demethylation suppressed osteosarcoma progression
through regulation of YAP. In another study, ALKBH5
interacted with PVT1 and increased its stability, which
contributes to osteosarcoma tumorigenesis. Which sug-
gested the significance of ALKBH5-mediated m6A on
progression of osteosarcoma.

Added value of this study

The current study combines LC-MS quantification of m6A
with RNA sequencing which show that reduced m6A
mRNA methylation mediated by ALKBH5 could suppress
cell growth by regulating STAT3 signal pathway. We iden-
tified SOCS3, a negative regulator of STAT3, as a down-
stream target of ALKBH5-mediated m6A modification in
further study. ALKBH5 could be a potential biomarker for
treatment in human osteosarcoma.

Implications of all the available evidence

This findings advise that regulation of STAT3 signal
activity through ALKBH5-mediated m6A methylation
could be a universal growth regulatory mechanism that
affects diverse other tumors. In this study the methyl-
ated SOCS3 was read by YTHDF2 alone .It should be
noted that YTHDF2-mediated mRNA degradation might
play a significant role in tumors with high m6A methyla-
tion levels.
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these roles, dysregulation of m6A methylation influen-
ces various biological processes in mammals.5�8 Grow-
ing evidence suggests that m6A methylation is rising as
a pathway affecting tumorigenicity and tumor progres-
sion.9-20 m6A mRNA methylation affects the growth
and proliferation of stem cells and tumor
cells.5,10�14,21,22 However, the underlying pathways and
mechanisms of m6A modification in tumor have yet to
be thoroughly illuminated.

Osteosarcoma is the most common primary malig-
nant bone tumor. Although the improved survival rate
of osteosarcoma have been noted in recent years, the
cure rate of patients of osteosar coma is still very low
because of the rapid progression of tumor. Currently,
the effects of m6A mRNA methylation and its underly-
ing mechanisms in human osteosarcoma are controver-
sial. Herein, we investigate this question in human
osteosarcoma, which may reveal new directions for oste-
osarcoma treatment.

To investigate the underlying mechanisms of m6A
modification in osteosarcoma, we focused on ALKBH5,
an m6A eraser, which has been shown to play an essen-
tial role in many tumors.13,23 ALKBH5 was found to be
expressed at a low level in some cancer tissues, and
depletion of ALKBH5 was markedly associated with
poorer prognosis in some kinds of tumors.23�26 It was
found that expression of ALKBH5 was positively associ-
ated with overall survival of osteosarcoma patients using
tissue microarrays assay (Figure 1). ALKBH5 may exert
a tumor-suppressor function in osteosarcoma, which
needs further experimental verification.

In this study, decreasing m6A methylation level in
human osteosarcoma cells through ALKBH5 overex-
pression could inhibit cell proliferation, promote cell
apoptosis and cycle arrest in vitro and in vivo. We dem-
onstrate that ALKBH5 overexpression affect tumor pro-
gression by inactivating STAT3 signal pathway. We
identify SOCS3, a negative regulator of STAT3,27 as a
downstream target of ALKBH5-mediated m6A modifi-
cation. And the m6A modified SOCS3 mRNA was rec-
ognized by YTHDF2, which promotes the decay of
SOCS3. Mechanistically, our data reveal that ALKBH5
inactivate STAT3 pathway by increasing SOCS3 expres-
sion via an m6A-YTHDF2-dependent manner. Overall,
these results suggest that ALKBH5 is a potential bio-
marker for treatment in human osteosarcoma.
Materials and methods

Clinical specimens
Eighty-two tumor tissues of osteosarcoma with com-
plete follow-up were collected under the protocols
approved by the ethics committee of Tongji Hospital
(Ethics number TJ-IRB20210939). None of the patients
received antitumor treatment before surgery. Informed
consents (written in the light of the ethical guidelines)
were obtained from all of the patients. The clinical char-
acteristics of these patients were displayed in Table 1.
Fresh tissues were stored in liquid nitrogen before RNA
extraction. Clinical and histopathologic information was
recorded through a retrospective review of patient
records.
Cell culture and reagents
The human osteosarcoma cell lines U2OS (RRID:
CVCL_0042) and KHOS (RRID:CVCL_2544) cells were
purchased from the American Type Culture Collection
(ATCC). KHOS and U2OS cells were cultured with
RPMI 1640 medium (Invitrogen) supplemented with
10% fetal calf serum (Gibco). Cells lines were cultured
at 37 °C with 5% CO2. 3-deazaadenosine (DAA) (CAS
No.1338466-77-5)were purchased from Sigma Chemical
Co. (St. Louis, MO,USA). These following antibodies
were used in the experiments:anti-ALKBH5(#80283S),
anti-STAT3(#12640S), anti-p-STAT3(#9145S), anti-
CyclinD1(#2978S), anti-c-Myc (#18583S),anti-bcl-2
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Figure 1. ALKBH5 expression in osteosarcoma and its relationship to patient survival. a. High ALKBH5 tumor tissues exhibited lower
total m6A methylation levels compared to low ALKBH5 group (t-test p = 0.0035, n = 41 per group). b. Representative images show-
ing low or high expression of ALKBH5 by IHC staining. c. Kaplan-Meier survival analysis showed that the overall survival time of
patients with low ALKBH5 expression was significantly shorter than that of patients with high ALKBH5 expression (log-rank
p = 0.0283,n = 41 per group). d. Representative western blot showed the expression of ALKBH5 was markedly decreased in osteosar-
coma (OS) compared with the normal bone (N). The data represent the mean§ S.D. *P < 0.05 or **P < 0.01 indicates a significant
difference between the indicated groups.

Items ALKBH5 P-value

Low High

All cases

Age

�18
<18

Gender

Male

Female

Anatomical location

Limb bone

Axial bone

Grade of tumor

Low

High

41 41

15 18

26 23

25 28

16 13

29 27

12 14

11 27

30 14

0.4993

0.4884

0.6350

0.0004

Table 1: The relationship between ALKBH5 expression and
clinicopathological variables of osteosarcoma.
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(#4223S) and anti-GAPDH (#5174S) were from Cell Sig-
nalling Technology (Beverly, MA, USA). Anti-YTHDF2
(ab220163), and anti-SOCS3(ab236519) was from
Abcam (Cambridge, MA, USA). Orthogonal strategies
were used for validating antibody specificity. The cell
lines have been sending out for STR authentication and
mycoplasma testing. The cell identification report and
antibody product datasheets have been provided in the
supplemental data.

Three primary OS cell cultures, OS1, OS2, OS3, were
patient derived from biopsies obtained from Tongji
Hospital in accordance with the protocol approved by
the ethics committee of Tongji Hospital of Tongji Medi-
cal College, Huazhong University of Science and Tech-
nology (Ethics number TJ-IRB20210939). Informed
consents were obtained from all of the patients. Tumor
anatomic location, tumor type and personal details of
the patients of the derived OS primary cell lines (OS-1,
OS-2 and OS-3) are listed in Table 2. Tumor tissues
were mechanically dissociated with surgical scissor into
1»2mm3 pieces. Each tumor tissue was washed with
Hanks solution (Gibco) three times in the plate, then
digested with 0.25% trypsin (Invitrogen) at 37 °C for
www.thelancet.com Vol 80 Month June, 2022
30 min. Then complete medium was used to neutralize
trypsin after the digestive liquid was removed. Primary
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Name Gender Race Age Location Histological characterization

OS-1

OS-2

OS-3

Male

Female

Male

Asian

Asian

Asian

14

16

21

Humerus

Distal femur

Distal femur

High-grade osteosarcoma

High-grade osteosarcoma with chondroid differentiation

High-grade osteosarcoma

Table 2: Clinical features of the three human OS tumors from which primary cells derived.
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tumor cells were cultured in plate with 37 °C and 5%
CO2 in a professional complete culture system. And the
media was changed every 2 days. Once cells reached
70�80% confluency they were lifted using 0.25% tryp-
sin and frozen stock vials for each of the cell cultures
were stored in liquid nitrogen.
Transfection
ShSOCS3, shYTHDF2, siALKBH5 and scrambled nega-
tive control were synthesized in GenePharma (Suzhou,
China). The sequences are listed in Supplementary Table
S1. RNAs were transfected into tumor cells using Lipo-
fectamine3000 (Invitrogen). ALKBH5 stably expressed
osteosarcoma cells were infected with the lentivirus and
selected with puromycin (1 mg/ml) for 4 weeks.
CCK-8 assay
Cells were plated in 96-well plates at a density of 5000
cells in 100 mL medium per well 1 day before the experi-
ment. The cell viability was examined by CCK-8 kit
(Dojindo Laboratories, Kumamoto, Japan)according to
the manufacturer’s instruction.
Western blot analysis
Equal amounts of proteins collected from different
kinds of cell lysates were loaded on 10�15% SDS-PAGE
gels using a NuPAGE system (Invitrogen) and then
transferred onto PVDF membranes as previously
described.28
Flow cytometry experiments
Cells for cell cycle analysis were fixed in 70% ethanol,
digested with RNase A, and labeled with propidium
iodide (PI). Apoptotic cells were analyzed with Annexin
V/FITC kit (BD Biosciences, San Jose, CA, USA) accord-
ing to the manufacturers instructions and analyzed by
flow cytometry after compound treatment as previously
described.28
Immunohistochemistry and tunel assay
IHC staining was performed as previously described.29

Paraffin sections were reacted with rabbit polyclonal
anti-ALKBH5, anti-STAT3, anti-SOCS3 and anti-
YTHDF2 antibodies (1:100 dilution). Sections stained
with non-immune rabbit serum (1:200 dilution) in
phosphate-buffered saline (PBS) instead of primary
antibody served as negative controls. Cells displaying
positive staining were counted in at least 12 representa-
tive fields and the mean percentage of positive cells was
calculated. Immunostaining was assessed by two inde-
pendent pathologists blinded to clinical characteristics
and outcomes. TUNEL (terminal deoxynucleotidyl
transferase-mediated nick end labeling) assay was per-
formed on cells as described earlier.29
Quantitative RT-PCR (qRT-PCR)
The total RNA was extracted by Trizol reagent (Invitro-
gen). The reverse transcription was performed as
described previously.5 QRT-PCR Primers were pur-
chased from RiboBio, which are listed in Supplemen-
tary Table S2. GAPDH were used as endogenous
controls.
RNA-sequencing
The total RNA was extracted using TRIzol reagent
(15596018, Invitrogen), and the RNA sample quantifica-
tion, qualification, library preparation and subsequent
RNA-sequencing were conducted by Novogene Co.,
LTD (Beijing, China). Differential expression analysis of
the two conditions was performed using the edgeR R
package (3.12.1). Corrected P-values of 0.05 and absolute
fold-changes of 2 were set as the threshold for signifi-
cantly differential expression.30
LC-MS/MS quantification of m6A in poly (A)-mRNA
These assays were conducted as described previously.
Total RNA was extracted using TRIzol reagent (Invitro-
gen, CA, USA), and purified using a Dynabeads mRNA
DIRECT kit and RiboMinus Eukaryote Kit (Ambion,
CA, USA) following the manufacturer’s instruction.
The sample was diluted to a total volume of 90ml and
filtered (0.22 mm pore size, Millipore). In total, 10mL of
the solution was injected into LC-MS/MS (Agilent Tech-
nologies, CA, USA). Quantification was carried out by
comparison with a standard curve obtained from pure
nucleoside standards run with the same batch of sam-
ples. The ratio of m6A to A was calculated based on the
calibrated concentrations.5
www.thelancet.com Vol 80 Month June, 2022



Articles
MeRIP-qPCR
M6A modifications of individual genes were deter-
mined using MeRIP-qPCR assay, which was performed
as described earlier.15
RNA pull-down assay
RNA pull-down assays were performed using the Pierce
Magnetic RNA-Protein Pull-Down Kit (20,164, Thermo
Scientific). Up to 50 pmol of biotinylated RNAs was
mixed with 2 mg of protein lysates and 50 ml of strepta-
vidin beads. After incubation and three washes, the
streptavidin beads were boiled and used for the immu-
noblotting assay.15
RNA stability assays
Stable cells were incubated with actinomycin D (HY-
17,559, MedChemExpress)for 0 h, 3 h or 6 h and then
followed by RNA extraction. And the half-life of SOCS3
mRNA was analyzed by quantitative RT-PCR as previ-
ously described.31
Luciferase reporter and mutation assay
SOCS3-MUTs mutants were conducted by Mut Express
Ⅱ Fast Mutagenesis Kit (Vazyme). Osteosarcoma cells
were seeded into the 24-well plate and then were trans-
fected with 250 ng 30 UTR luciferase reporter plasmid
(Promega). The luciferase activity was tested by Dual-
Glo Luciferase Assaw kit (Promega) as previously
described.31
Generation of xenografts
Twenty-four Six-week-old BALB/c female athymic nude
mice (Vitalriver, Beijing, China) were randomly divided
into two groups. Four nude mice were fed in each cage.
Tow group nude mice were subcutaneously injected in
the right flank with osteosarcoma cells (2 £ 106 in 100
ul PBS) at the same time. The experimental group (Lv-
ALKBH5,n = 12) and control group (Lv-NC,n = 12) were
fed separately (A group of 4 nude mice were repeated
three times). All animal care and handling procedures
were performed in accordance with the National Insti-
tutes of Health guide for the care and use of Laboratory
animals, which was approved by the Laboratory Animal
Welfare & Ethics Committee of Tongji Hospital of
Tongji Medical College, Huazhong University of Sci-
ence and Technology (Ethics number TJH-201903021) .
The volume of xenografts was measured every five days
(tumor volume = (length £ width2)/2). The mice were
sacrificed 30 days later. The experiments were con-
ducted between March and June 2020. The operation
was performed on a sterile laboratory. Tumor samples
were processed for IHC.
www.thelancet.com Vol 80 Month June, 2022
Statistical analysis
The SPSS19.0 software package and GraphPad Prism 7
(GraphPad Software, La Jolla, CA,USA) were used to
perform all statistical analyses. Log-rank test was used for
Kaplan-Meier survival analysis. Data are expressed as the
mean§SD of at least 3 independent experiments, and sta-
tistical evaluation was performed using one-way analysis of
variance (ANOVA) or Student0s t-tests. Values of p < 0.05
or p< 0.01 were considered statistically significant.
Role of the funding source
The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. The authors had full access to all
the data in the study and accept responsibility to submit
for publication.
Results

ALKBH5 expression in osteosarcoma and its
relationship to patient survival
Previous studies have indicated that ALKBH5 was dysre-
gulated in various tumors.25,26,32 Our data validated a
negative correlation between ALKBH5 and overall sur-
vival in human OS (osteosarcoma). OS group was
divided into high expression group (n = 41) and low
expression group (n = 41) according to median of rela-
tive expression of ALKBH5 mRNA. None of the patients
received antitumor treatment before surgery. As shown
in Figure 1a, total RNA was extracted and m6A levels
were determined as a percentage of all adenosine resi-
dues in RNA, high ALKBH5 tumor tissues exhibited
lower total m6A methylation levels compared to low
ALKBH5 group. The ALKBH5 expression levels were
further assessed by immunohistochemistry (IHC) stain-
ing. Representative high or low expression of ALKBH5
staining images were shown in Figure 1b. We examined
the correlation between ALKBH5 expression and osteo-
sarcoma patient prognosis. Kaplan-Meier survival analy-
sis showed that the overall survival time of patients with
low ALKBH5 expression was significantly shorter than
that of patients with high ALKBH5 expression
(Figure 1c). Furthermore, western bolt analysis was per-
formed on 15 samples taken from the normal bone and
osteosarcoma tissues. The expression of ALKBH5 was
detected in both tissues, but was markedly decreased in
osteosarcoma compared with the normal bone (Figure 1d).
Reduced m6A methylation-mediated by ALKBH5
suppresses osteosarcoma cell growth and promotes cell
apoptosis
We next examined whether the reduced m6A methyla-
tion observed in the human osteosarcoma tissue affects
functions associated with tumor progression in human
5



Figure 2. Reduced m6A methylation-mediated by ALKBH5 suppresses osteosarcoma cell growth and promotes cell apoptosis. a.
ALKBH5 overexpression was confirmed by western blot in U2OS and KHOS cell lines. b. ALKBH5 up-regulation reduced m6A mRNA
methylation. c. Cell viability was assessed by CKK-8 assay. d. The percentage of apoptosis was determined by FCM analysis. e. TUNEL
staining was detected from osteosarcoma cells with transfection of Lv-ALKBH5, positive cells were labeled with TUNEL (green)
(magnification £ 400) . f. Cell cycle analysis was performed using FCM, which revealed osteosarcoma cells were mostly arrested in
the G0/G1 phase. g. SiRNA was used to down-regulate ALKBH5, and ALKBH5 down-regulation was confirmed by western blot. h,i.
Flow cytometry (h)and TUNEL (i) assay were carried out to confirm the reduction of apoptosis. j. Cell cycle assay showed that there
was an increase in the number of dividing tumor cells following the knockdown of ALKBH5. The data represent the mean§ S.D. of
three independent experiments. ANOVA or t-tests was used for statistical analysis. *P < 0.05 or **P < 0.01 indicates a significant dif-
ference between the indicated groups.
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osteosarcoma cells. To explore the effects of ALKBH5
mediated m6A methylation in U2OS and KHOS cell
lines, we used lentiviral transfection to upregulate
ALKBH5, and ALKBH5 overexpression was confirmed
by western blot (Figure 2a).

As expected, the ALKBH5 up-regulated cells exhib-
ited reduced m6A mRNA methylation (Figure 2b).
Functionally, overexpression of ALKBH5 suppressed
cell proliferation, induced cell cycle arrest and promoted
apoptosis. Decreased cell viability was observed by a
CKK-8 assay (Figure 2c). Apoptosis assays were carried
out at 48 h post-transfection. Substantial apoptosis was
observed by flow cytometry (FCM) in these two cell lines
(Figure 2d). TUNEL staining was performed to confirm
www.thelancet.com Vol 80 Month June, 2022
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the induction of apoptosis (Figure 2e). Our analysis of
cell cycle assay revealed that osteosarcoma cells were
mostly arrested in the G0/G1 phase, implying that
there was a reduction in the number of dividing
tumor cells following the overexpression of ALKBH5
(Figure 2f). To further confirm these findings, the
above experiments were performed in three primary
cells derived from osteosarcoma. As expected, overex-
pression of ALKBH5 leads to direct growth inhibition
of primary cells through G0/G1 arrest and apoptosis
(Figure S1).

To better understand the role of ALKBH5 in osteo-
sarcoma, we also performed knockdown experiments in
KHOS cell lines. SiRNA was used to down-regulate
ALKBH5, and ALKBH5 down-regulation was confirmed
by western blot (Figures 2g and S2a). Flow cytometry
(Figure 2h) and TUNEL (Figure 2i) assay were carried
out to confirm the reduction of apoptosis caused by
ALKBH5 down-regulation (siALKBH5-1). Cell cycle
assay (Figure 2j) implied that there was an increase in
the number of dividing tumor cells following the knock-
down of ALKBH5 (siALKBH5-1). Functional experi-
ments of different siALKBH5 (siALKBH5-2) were
performed to exclude the off-target effect of siRNA
sequences (Figure S2b,c).
RNA sequencing identifies transcripts with altered
methylation in osteosarcoma
We performed RNA sequencing (RNA-seq) of ALKBH5
overexpression KHOS cells which showed altered
expression of transcripts relative to conrtols, both upre-
gulated (n = 41) and downregulated (n = 114)
(Figure 3a). Gene Set Enrichment Analysis (GSEA)
demonstrated those differentially expressed genes
(DEGs) have a strong relationship with cell prolifera-
tion, cell cycle and apoptosis. We also found the STAT3
signalling pathway was significantly altered by reduced
m6A methylation in the osteosarcoma cell lines
(Figure 3b,c). Because the STAT3 signalling pathway
plays a vital role in cell survival and growth and is gener-
ally activated in various tumors,33,34 we supposed that
reduced m6A methylation might suppress tumor
growth through inactivation of STAT3 pathway.

We next determined if reduced m6A methylation
in osteosarcoma cells affects STAT3 signalling by
investigating the phosphorylation status of STAT3.
The ALKBH5 overexpression cell lines showed
decreased phosphorylation levels of STAT3 when
compared with the relevant control cell lines
(Figure 3d). To figure out whether these changes in
STAT3 phosphorylation stimulate STAT3 signalling,
we assessed the expression levels of downstream tar-
gets of STAT3. CyclinD1,c-Myc and bcl-2 showed
decreased activation in the cells relative to control.
These results suggest that reducing m6A methyla-
tion inactivates the STAT3 pathway.
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m6A methylation regulates the expression of regulator
of STAT3 activation
Interestingly, there was no distinct effect on the STAT3
m6A modification after ALKBH5 overexpression
(Figure 4a),suggesting that STAT3 may not be a direct
target of ALKBH5 in osteosarcoma. To determine the
mechanisms underlying inhibition of STAT3 upon
reduced m6A methylation, we examined SOCS3, a neg-
ative regulator of STAT3.

We overexpressed ALKBH5 in U2OS and KHOS cells.
As expected, the SOCS3 m6A modification decreased
after ALKBH5 overexpression (Figure 4b). Through analy-
sis of published m6A-seq data set (GSE37005),we found
that SOCS3 mRNA 30 UTRs have highly enriched and
specific m6A peaks and identified four m6A sites of
SOCS3-30 UTR in RMBase v2.0 (rna.sysu.edu.cn)(Figure
S3). We performed mutations at the four putative m6A
sites in SOCS3 (A to T), which indicated as SOCS3-
MUTs: SOCS3-MUT1, SOCS3-MUT2, SOCS3-MUT3,
SOCS3-MUT4 (which contains only one potential m6A
site) and SOCS3-MUT1-4 (which contains all four poten-
tial m6A sites) (Figure 4c). We then tested the m6A
modification levels in SOCS3-WT and SOCS3-MUTs by
using MeRIP-qPCR.ALKBH5 decreased the m6A modifi-
cations of SOCS3-WT, SOCS3-MUT1, SOCS3-MUT2,
SOCS3-MUT3 and SOCS3-MUT4 in osteosarcoma cells
compared to the control vector of ALKBH5. And yet, the
decrease degree of m6A modification was suppressed in
SOCS3-MUTs (which contains only one potential m6A
site) compared to SOCS3-WT because of the presence of
m6A site mutation. Importantly, the m6A modification
of SOCS3-MUT1-4 (which contains all four potential
m6A sites mutation) was not decreased in U2OS and
KHOS cells with overexpression of ALKBH5 (Figure 4d).

Based on RT-qPCR, SOCS3 expression was elevated
when ALKBH5 was overexpressed both in U2OS and
KHOS cells (Figure 4e). In addition, we showed the
SOCS3 m6A modification level of osteosarcoma cells
was decreased when treated with 3-deazaadenosine
(DAA), a global methylation inhibitor (Figure 4f). Mean-
while, the SOCS3 expression was augmented strongly
(Figure 4g). But this decrease of m6A modification
caused by DAA was not detected in SOCS3-MUT1�4
cells (Figure 4h). We also detected a linear correlation
between m6A methylation and SOCS3 expression in
osteosarcoma tissues (Figure 4i). DAA is a nonselective
drug, which can globally alter methylation of tran-
scripts. This methylation inhibitor was used here to ver-
ify the influence of ALKBH5-mediated m6A on SOCS3
mRNA stability.
Overexpression of ALKBH5 enhances SOCS3 mRNA
stability via an m6A-YTHDF2-dependent mechanism
Next, the effects of m6A-mediated regulation on SOCS3
were examined. Epigenetic m6A modification is recog-
nized largely by reader proteins, such as YTHDF1,
7



Figure 3. RNA sequencing identifies transcripts with altered methylation in osteosarcoma. a. Volcano plots
for ALKBH5 overexpression KHOS cells versus controls. Significantly upregulated (red) and downregulated (green) transcripts are
shown (|logFC|> 1, P < 0.001, FDR < 0.01). b. Gene set enrichment analysis (GSEA) validated enrichment of cell cycle, apoptosis,
and tumor-related pathway. c. A heatmap showing changes in representative cell proliferation, cell cycle and apoptosis related
genes and pathways, including STAT3. d. By western blot, it was found that downstream targets of STAT3 (CyclinD1,c-Myc and bcl-
2)showed decreased activation in the cells relative to control.
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YTHDF2, or YTHDF33. YTHDF1 and YTHDF3 function
in translation regulation, while YTHDF2 mainly
increases the decay of m6A methylated transcripts.35

Another point view is that three YTHDF proteins all
work together to mediate methylated mRNA
degradation.36

Since reduction of m6A methylation seemed to
increase the expression of SOCS3, we speculated that
SOCS3 transcripts are targets of YTHDF2, which
increases the decay of m6A-modified transcripts.17,31 To
test whether YTHDF2 directly binds the m6A modifica-
tion sites of SOCS3 mRNA, dual-luciferase reporter was
performed. As shown in Figure 5a, knockdown of
YTHDF2 increased luciferase activity of reporter carry-
ing wild-type 30 UTR fragment of SOCS3, while these
changes were abolished when the m6A sites were
www.thelancet.com Vol 80 Month June, 2022



Figure 4. m6A methylation regulates the expression of regulators of STAT3 activation. a. There was no distinct effect on the STAT3
m6A modification after ALKBH5 overexpression. b. SOCS3 m6A methylation decreased after ALKBH5 overexpression. c. Mutations at
the four putative m6A sites in SOCS3 (A to T) were generated. d. ALKBH5 decreased the m6A modifications of SOCS3-WTand
SOCS3-MUTs (which contains only one potential m6A site) in osteosarcoma cells. And the decrease degree of m6A modification
was suppressed in SOCS3-MUTs compared to SOCS3-WT.While the m6A modification of SOCS3-MUT1�4 (which contains all four
potential m6A sites mutation) was not decreased in osteosarcoma cells with overexpression of ALKBH5. e. SOCS3 expression was
elevated when ALKBH5 was overexpressed both in U2OS and KHOS cells. f. SOCS3 m6A modification level of osteosarcoma cells
was decreased when treated with DAA. g. SOCS3 expression was augmented strongly when treated with DAA. h. The decrease of
m6A modification caused by DAA was not detected in SOCS3-MUT1�4 cells. i. SOCS3 expression negatively correlated with m6A
methylation in osteosarcoma tissues. The data represent the mean§ S.D. of three independent experiments. ANOVA or t-tests was
used for statistical analysis. *P<0.05 or **P<0.01 indicates a significant difference between the indicated groups.
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mutated. In bioinformatics analysis of osteosarcoma
(http://hgserver1.amc.nl), a negative correlation
between YTHDF2 and SOCS3 was observed (Figure 5b).
In line with the above hypothesis, inhibition of
YTHDF2 in osteosarcoma cells improved the expression
of SOCS3 to a similar degree to overexpression of
www.thelancet.com Vol 80 Month June, 2022
ALKBH5 (Figure 5c). The YTHDF2 knock down effi-
ciency was confirmed by western blot (Figures 5c and
S4). We also knocked down three YTHDF paralogs
(YTHDF1, YTHDF2, YTHDF3) to figure out whether
three YTHDF proteins work together to enhance the
degradation of m6A-modified SOCS3. Interestingly, a
9
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Figure 5. Overexpression of ALKBH5 enhances SOCS3 mRNA stability via an m6A-YTHDF2-dependent mechanism. a. Dual-luciferase
reporter showed that knockdown of YTHDF2 increased luciferase activity of reporter carrying wild-type 30 UTR fragment of SOCS3,
while these changes were abolished when the m6A sites were mutated. b. Bioinformatics analysis of osteosarcoma showed a nega-
tive correlation between YTHDF2 and SOCS3 (http://hgserver1.amc.nl)(n = 88). c. inhibition of YTHDF2 in osteosarcoma cells
improved the expression of SOCS3 to a similar degree to overexpression of ALKBH5. d. Streptavidin RNA pull-down assay demon-
strated that YTHDF2 bound the SOCS3 full-length transcripts in osteosarcoma cells. e. The SOCS3 mRNA half-lives were significantly
increased upon ALKBH5 overexpression and YTHDF2 inhibition in osteosarcoma cells. f. There was no significant difference in
SOCS3 mRNA half-lives between ALKBH5 overexpression and control cells with YTHDF2 deficiency. g. Representative images show-
ing high or low expression of SOCS3,ALKBH5 and YTHDF2 in osteosarcoma tissues. h. Correlation between SOCS3 and ALKBH5 or
YTHDF2 in osteosarcoma microarray specimens. The data represent the mean§ S.D. of three independent experiments. ANOVA or
t-tests was used for statistical analysis. **P<0.01 indicates a significant difference between the indicated groups.
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significantly increase in SOCS3 expression is seen with
triple knockdown. However, comparing with downregu-
lation of YTHDF2 alone, a small increase is seen when
these three are down-regulated together. In this study,
triple knockdown did not show a significantly larger
effect compared to knockdown of YTHDF2 alone
(Figure S5a). Meanwhile, YTHDF1 and YTHDF3 had no
significant correlation with SOCS3 in bioinformatics
analysis of osteosarcoma (http://hgserver1.amc.nl)
(Figure S5b).
www.thelancet.com Vol 80 Month June, 2022
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Streptavidin RNA pull-down assay was performed to
demonstrate that YTHDF2 bound the SOCS3 full-
length transcripts in osteosarcoma cells (Figure 5d).
Additionally, we examined the RNA decay rate in
ALKBH5 overexpressed or YTHDF2 inhibited osteosar-
coma cells and the comparable control cells. The SOCS3
mRNA half-lives were significantly increased upon
ALKBH5 overexpression and YTHDF2 inhibition in
osteosarcoma cells (Figure 5e). To confirm the involve-
ment of m6A reader YTHDF2 in regulation of SOCS3
by ALKBH5, we modulated ALKBH5 expression in cells
with YTHDF2 deficiency and examined the SOCS3
RNA decay rate (Figure 5f).

We made further exploration of the clinical correla-
tion between ALKBH5, YTHDF2, and SOCS3 in our
study. IHC assay of SOCS3, ALKBH5 and YTHDF2 was
performed using the human osteosarcoma tissue micro-
array. Markedly, SOCS3 expression positively correlated
with ALKBH5. However, YTHDF2 expression nega-
tively correlated with SOCS3 in human osteosarcoma
tissues (Figure 5g,h).

Our study indicated that the methylated SOCS3 tran-
scripts were directly identified by YTHDF2, which pro-
motes the degradation of methylated SOCS3 mRNA in
human osteosarcoma cells via an ALKBH5-m6A-
YTHDF2-dependent mechanism.
Inhibition of STAT3 signal mediates the effects of
reduced m6A methylation on osteosarcoma cell
proliferation and apoptosis
To figure out if inactivation of STAT3 underlies the sup-
pressed proliferation, increased apoptosis and cycle
arrest observed upon decreasing m6A methylation in
osteosarcoma cells, we attempted to rescue these pheno-
type by knockdown of SOCS3. The SOCS3 knock down
efficiency was confirmed by western blot (Figure S6a).
As expected, down-regulation of SOCS3 increased the
expression of p-STAT3 in ALKBH5 overexpression cells
(Figure 6a,b). Functionally, SOCS3 knockdown
(shSOCS3-1) rescued the proliferation inhibition
(Figure 6c), apoptosis elevation (Figure 6d,e) and cycle
arrest promotion (Figure 6f) caused by up-regulation of
ALKBH5. To exclude the off-target effect of shSOCS3,
another shSOCS3 sequence (shSOCS3-3) was used to
validate functional experiments in flow cytometry assay
(Figure S6b) and cell cycle assay (Figure S6c).
Overexpression of ALKBH5 suppresses human
osteosarcoma growth in vivo
To further investigate the function of ALKBH5 in
human osteosarcoma, we performed a subcutaneous
transplantation assay in nude mice to test whether
ALKBH5 exert a crucial influence on osteosarcoma
tumorigenicity. As expected, the growth of tumor was
effectively inhibited, when implanted with U2OS cells
www.thelancet.com Vol 80 Month June, 2022
stably expressing ALKBH5 compared to the control
group (Figure 7a,b). Moreover, the tumor samples were
analyzed by IHC staining, which showed increased
staining of SOCS3 and reduced staining of STAT3
expression in the ALKBH5 overexpressed group
(Figure 7c). To confirm the involvement of m6A reader
YTHDF2 in regulation of SOCS3 in vivo, tumor xeno-
graft models with YTHDF2 down-regulated U2OS cells
were constructed. As expected, the tumor growth was
effectively inhibited in YTHDF2 down-regulated group.
However, ALKBH5 had no significant effect on tumor
growth in YTHDF2 deficiency group (Figure 7d). In
general, our data suggest that ALKBH5 acts as a tumor
suppressor via an m6A-YTHDF2-dependent manner in
human osteosarcoma.

In addition, the expression of differentiation-related
genes (COLL1,ALP, OSTEONECTIN and OPG) in osteo-
sarcoma cell lines derived tumor xenograft models were
examined (Figure S7). The relative expression of
selected genes in subcutaneous tumor models mea-
sured using RT-qPCR. The levels of relative gene
expression are presented as fold changes compared to
the levels detected in control group. Expression of
COLL1,OSTEONECTIN and OPG increased slightly.
While ALP decreased slightly. However, there were no
statistically significant differences in the expression of
these differentiation-related genes. Mineralization in
osteosarcoma cell lines derived tumor xenograft models
was detected by Nanoscale observation (Figure S8).
These suggest that osteosarcoma cells maintained
tumor cell characteristics throughout the experiment,
but did not differentiate.
Discussion
It is a proven fact that m6A mRNA methylation affects
the growth and proliferation of tumor cells.21,22 How-
ever, the functions of m6A mRNA methylation and
underlying mechanisms in human osteosarcoma
remain largely obscure. In the present study, we
revealed that m6A mRNA methylation modulates the
STAT3 pathway to affect cell proliferation and growth in
human osteosarcoma. The STAT3 signal pathway plays
significant roles in diverse biological processes, and
abnormal activation of STAT3 signalling conduces to
various tumors.37,38 In our previous study, STAT3 func-
tions as an oncogene in chondrosarcoma.28

In a precious study on osteosarcoma, METTL3-based
m6A methylation promotes tumor cell progression by
regulation of LEF1.39 However, METTL3 expression
level was not significantly correlated with prognosis in
our preliminary experiment. Many studies have
revealed that ALKBH5-mediated m6A modification
plays a vital role in tumor progression.13,23 It is reported
that ALKBH5-mediated m6A demethylation suppressed
osteosarcoma progression through regulation of YAP.40

In another study, ALKBH5 interacted with PVT1 and
11



Figure 6. Inhibition of STAT3 signalling mediates the effects of reduced m6A methylation on osteosarcoma cell proliferation and
apoptosis. a. The efficiency of SOCS3 down-regulation was validated by qRT-PCR. b. Down-regulation of SOCS3 increased the
expression of p-STAT3 in ALKBH5 overexpression cells. c. SOCS3 knockdown rescued the proliferation inhibition. d and e Elevation
of cell apoptosis was reversed by SOCS3 knockdown. f. SOCS3 knockdown rescued the cycle arrest promotion caused by up-regula-
tion of ALKBH5. The data represent the mean§ S.D. of three independent experiments. ANOVA or t-tests was used for statistical
analysis. *P<0.05 or **P<0.01 indicates a significant difference between the indicated groups.
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increased its stability, which contributes to osteosar-
coma tumorigenesis.41 According to our study, reducing
m6A methylation levels in human osteosarcoma cells
through ALKBH5 up-regulation lead to cell proliferation
inhibition, cell apoptosis and cycle arrest. To make the
effect of ALKBH5 more visible, a very high level of
overexpression is used. What is important is that we
have demonstrated this finding in primary osteosar-
coma cells. RNA sequencing characterization
of ALKBH5 overexpressed cell lines showed that
reduced m6A mRNA methylation could suppress cell
growth by regulating STAT3 signal pathway. Interest-
ingly, there was no distinct effect on the STAT3 m6A
modification after ALKBH5 overexpression, suggesting
that STAT3 may not be a direct target of ALKBH5 in
osteosarcoma. We identified SOCS3, a negative regula-
tor of STAT3, as a downstream target of ALKBH5-medi-
ated m6A modification in further study.

M6A readers have been reported to affect the transla-
tion, stability or splicing of target mRNAs.31,42
www.thelancet.com Vol 80 Month June, 2022



Figure 7. Overexpression of ALKBH5 suppresses human osteosarcoma growth in vivo. a. Overexpression of ALKBH5 effectively inhib-
ited human osteosarcoma subcutaneous tumor growth in nude mice (n = 12 per group). b. The size of tumor was monitored every
5 days. c. Representative images of IHC staining, showing ALKBH5, SOCS3, and STAT3 in two subcutaneous tumor models. d. The
tumor growth was effectively inhibited in YTHDF2 down-regulated group. However, ALKBH5 had no significant effect on tumor
growth in YTHDF2 deficiency group (n = 4 per group). The data represent the mean§ S.D. of three independent experiments.
ANOVA test was used for statistical analysis. *P<0.05 or **P<0.01 indicates a significant difference between the indicated groups.
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Epigenetic m6A modification is recognized largely by
reader proteins, such as YTHDF1, YTHDF2, or
YTHDF33. YTHDF1 and YTHDF3 function in transla-
tion regulation, while YTHDF2 mainly increases the
decay of m6A methylated transcripts.35 A new point
view is that three YTHDF proteins all work together to
mediate methylated mRNA degradation.36 Another
study shows that METTL3 regulates STAT3 pathway by
mediating the expression SOCS3 in an m6A-YTHDF1/
YTHDF2-dependent manner.43 Here, we coincidentally
demonstrated the methylated SOCS3 was read by
YTHDF2 alone, which increases the decay of m6A-
methylated transcripts. These results revealed that
ALKBH5 inactivated STAT3 pathway by increasing
SOCS3 expression via an m6A-YTHDF2-dependent
mechanism (Figure 8). It should be noted that
YTHDF2-mediated mRNA degradation might play a
www.thelancet.com Vol 80 Month June, 2022
significant role in tumors with high m6A methylation
levels.

A variety of signalling pathways mediated by m6A
are associated with tumor prognosis.44 M6A can affect
the expression of various of transcripts to regulate the
STAT3 signalling pathway, which leads to methylation
mediated by different m6A-related enzymes can activate
or inhibit the STAT3 signalling pathway in different
tumors. Decreased STAT3 activation is possibly one of
the major factors of declined proliferation in cells with
decreased m6A methylation, as up-regulation of STAT3
is sufficient to reverse the influence on cell growth.
Because STAT3 is known to play an important role in
regulation of cell proliferation and survival in multiple
tumors,28 these discoveries may be suitable beyond
osteosarcoma to other malignant tumors mediated by
aberrant activated STAT3 signal pathway. Some other
13



Figure 8. Proposed working model summarizing the mechanism of this study. m6A demethylase ALKBH5 decreases the m6A modi-
fication of SOCS3 mRNA, leading to inhibiting YTHDF2-dependent degradation of SOCS3, resulting in up-regulation of SOCS3
expression, thereby inactivates STAT3 pathway and suppresses the tumor proliferation and growth.
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tumors could achieve rapid growth via m6A-mediated
abnormal STAT3 activation. Nonetheless, we cannot
exclude the possible involvement of other signal path-
ways that could be regulated directly or indirectly by
fluctuation in m6A methylation. Our findings advise
that regulation of STAT3 signal activity through
ALKBH5-mediated m6A methylation could be a univer-
sal growth regulatory mechanism that affects diverse
other tumors. Although our results reveal that reduced
m6A methylation inhibits tumorigenesis in osteosar-
coma, decreased m6A methylation could promote cell
proliferation and growth in some other tumors.45�47 A
growing number of studies indicated varied mecha-
nisms underlying the effect of m6A methylation in dif-
ferent tumors.48�50 And further investigations will be
necessary.
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