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METTL3 mediates chemoresistance by enhancing AML homing
and engraftment via ITGA4
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Chemoresistant leukemia relapse is one of the most common causes of death for acute myeloid leukemia (AML) patients and the
homing/engraftment in bone marrow (BM) are crucial steps for AML cells to acquire chemoresistance by interacting with stromal
cell components. No crosstalk between m6A modification and homing/engraftment has been reported. Here, we performed
comprehensive high-throughput analyses, including RNA sequencing of CR (complete remission) and relapsed AML patients, and
reverse-phase protein arrays of chemoresistant cells to identify METTL3 as a key player regulating AML chemoresistance. Then,
METTL3-mediated m6A modification was proved to induce the chemoresistance in vitro and in vivo. Furthermore, AML homing/
engraftment was discovered being enhanced by upregulated-METTL3 in chemoresistant cells. And the homing/engraftment and
drug-resistance associated phenotypes of chemoresistant cells could be reversed by a METTL3 inhibitor. Mechanistically, METTL3
extended the half-life of ITGA4 mRNA by m6A methylation, and then, increased expression of ITGA4 protein to enhance homing/
engraftment of AML cells. The results provide insights into the function of m6A modification on the interaction between AML cells
and BM niches and clarify the relationship between METTL3 and AML homing/engraftment, suggesting a therapeutic strategy for
the treatment of refractory/relapsed AML with METTL3 inhibitors.
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INTRODUCTION
Acute myeloid leukemia (AML) is a hematologic malignancy
characterized by dysregulated proliferation and accumulation of
leukemic cells in the hematopoietic system [1]. Induction therapy
for AML is dependent on intensive chemotherapy. However, many
patients experience poor outcomes following traditional che-
motherapies [2]. Many factors have been reported to be involved
in the development of AML chemoresistance: ABC transporters [3],
apoptotic dysregulation [4], gene mutations [5] and the bone
marrow (BM) niche [6]. Studies on these factors have attempted to
interpret the occurrence of chemoresistance from different aspects,
but the precise mechanisms involved remain to be determined.
In mammalian cells, approximately 0.4% of all adenosines in

mRNA are modified by m6A modification, which is the most
prevalent internal chemical modification found in mRNAs [7]. m6A
modification plays a key role in many physiological and
pathological processes, such as viral infections, immune response,
tissue regeneration, development of cancer cells and specification
of hematopoietic or cancer stem cells [8–11]. Notably, m6A
modification has been shown to be involved in the pathogenesis
and development of AML by regulating the different fates of

various mRNAs [12–16]. Although m6A methylation had been
proved associating with cell adhesion [17, 18], no report about the
relationship between m6A methylation and the homing/engraft-
ment of AML cells in BM has been found.
METTL3 is the core methyltransferase of the m6A modification

system [19]. It has been identified as an oncogene for AML [12, 20]
and plays a role in regulating hematopoietic stem cell (HSC)
differentiation [21]. Many efforts have been made to target
METTL3 in the treatment of AML [22], but the relationship
between METTL3 and AML chemoresistance has not been
reported. In this study, we found that the expression of METTL3
in AML cells was related to the treatment outcome and proved
that METTL3 mediated chemoresistance of cells and homograft
and xenograft mouse models of AML. Moreover, METTL3
enhanced the AML homing/engraftment in an m6A-dependent
manner. Then, a METTL3 inhibitor, STM2457, was proven to
significantly reverse the homing/engraftment and drug-resistance
of chemoresistant cells. Mechanistically, METTL3 promoted the
development of AML chemoresistance via the METTL3-m6A-
ITGA4-homing/engraftment axis. Together, the data demonstrate
an important role of METTL3 in AML chemoresistance, showing
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potential application prospects for METTL3-mediated m6A mod-
ification in the treatment of refractory/relapsed AML.

MATERIALS AND METHODS
Cell lines, lentivirus infection, RPPA, Mouse studies and animal housing,
EdU and CFA assays, cell migration and adhesion experiments, RT-PCR,
m6A dot blot, LC-MS/MS for determination of the m6A/A ratio, RNA-seq
and m6A-seq, mRNA stability, Western blot and Dual-luciferase reporter
assays are described in the Supplementary Materials and Methods section.

Clinical samples
BMMNCs were isolated from primary and relapsed AML patients. All the
related procedures for collection of the samples of patients with AML were
performed with the approval from the Research and Ethics Committee of
Qilu Hospital of Shandong University. All patients who provided clinical
specimens signed the written informed consent form. All the procedures
were performed in accordance with the 1964 Declaration of Helsinki
principles and its later amendments or comparable ethical standards.
CD34+ cells were isolated by CD34 MicroBeads according to the
manufacturer’s instructions (Miltenyi Biotec, Germany, #130-046-702).

MeRIP qPCR
The MeRIP Kit (Bersin Bio, China, #Bes5203) was used following the
manufacturer’s instructions. Briefly, 200mg of total RNA was sheared to
approximately 300 nt in length by metal ion-induced fragmentation and
purified with 450 µL of IP buffer with RNase inhibitors. One-ninth of the
fragmented RNA was saved as an input control and then incubated with an
m6A antibody (Synaptic Systems, #202003) or rabbit IgG with Protein A/G
Magnetic Beads at 4 °C for 1 h. After washing with IP buffer, the m6A IP
portion was eluted with 200 μL of elution buffer with Proteinase K at 55 °C for
45min and purified. qPCR was performed along with the MeRIP-ed RNAs.

RESULTS
METTL3 may play a role in AML chemoresistance
To identified targets related to chemotherapy resistance with
potential for clinical application, we firstly analyzed RNA

sequencing (RNA-seq) data from the GSE165430 dataset (Supple-
mentary Table 1), which includes pretreatment samples from 268
adults with de novo cytogenetically normal AML (CN-AML) who
were younger than 60 years of age and achieved complete
remission (CR) after induction treatment with the standard “7+ 3”
chemotherapy [23]. To narrow down the list of target genes
related to AML chemoresistance, we then used reversed-phase
protein array (RPPA) technology to obtain potential targets at the
protein expression levels for clinical application. A total of 308
protein and phosphorylated protein targets involved in many
cancer- and drug target-related cell signaling pathways were
analyzed, and 44 proteins were significant raised in the IDA-
resistant THP-1 cells (THP-1/IDA cells) were identified (Fig. 1A and
Supplementary Fig. S1C). PDGFRB, METTL3 and IGFBP2 were
identified as candidates related to AML chemoresistance at the
mRNA and protein expression levels (Fig. 1A). Notably, a variety of
FLT3 inhibitors whose potential inhibitory targets contain PDGFRB
have entered clinical trials in refractory/relapsed AML [24].
Furthermore, the high expression of IGFBP2 is associated with
AML chemoresistance and is an independent factor for the
prediction of relapse of AML [25, 26]. Therefore, METTL3 would be
with further research value to be a potential clinical treatment
target for refractory/relapsed AML.
Then, we examined the relationship between METTL3 expres-

sion and AML chemoresistance, and found that the expression of
METTL3 in most relapse AML patients was increased compared
with that at primary diagnosis (GSE83533) (Supplementary
Table 2). Furthermore, our clinical samples from pretreatment
patients and relapsed patients with de novo AML showed that
METTL3 was expressed at a significantly higher level in the
refractory/relapsed group than in the CR group (Fig. 1B). The
results confirmed that the expression of METTL3 was related to
the poor prognosis of AML patients. Then, we generated drug-
resistant AML cells, namely THP-1&THP-1/IDA cells and Kasumi-
1&Kasumi-1/IDA cells, and we proved their dose response to

Fig. 1 Up-regulation of METTL3 in chemoresistant AML cells. A Flow chart for the identification and verification strategy of differentially
expressed targets between chemotherapy-resistant AML cells and -sensitive AML cells. Graphical elements were adapted from the RNA-seq
(GSE165430, n= 268, Log2 FC ≥ 2) and RPPA screen (LogFC > 0.25) workflow. Significant: P < 0.05; nonsignificant: P ≥ 0.05. See also
Supplemental Fig. S1. B qRT-PCR analysis of METTL3 mRNA expression in CD34+ leukemia cells sorted from pretreatment patients and
relapsed patients with de novo AML. Pretreatment patients who achieved CR after induction treatment with standard “7+ 3” chemotherapy
were defined as the CR group (n= 17), and NR patients and relapsed patients were defined as the refractory/relapsed group (n= 20). Data are
mean ± SD values. P < 0.05 was considered significant, t test. C Western blot analysis and Flow cytometry analysis for the expression of
METTL3, n= 3.
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chemotherapy (Supplementary Fig. S1D). We next studied the
expression of METTL3 in the chemoresistant AML cell lines (THP-
1&THP-1/IDA, Kasumi-1&Kasumi-1/IDA and HL-60&HL-60/ADR
cells). The results showed that the METTL3 mRNA (Supplementary
Fig. S1E, G) and protein (Fig. 1C, Supplementary Fig. S1F, H) levels
in the three kinds of chemoresistant AML cell lines were actually
overexpressed. Collectively, the data demonstrated that higher
METTL3 expression correlates with AML chemoresistance.
Moreover, we enhanced the endogenous expression of

METTL3 in THP-1 and Kasumi-1 cells by using the dCas9-SAM
platform (Supplementary Fig. S2A). As expected, METTL3 over-
expression by METTL3 gRNAs caused more AML cells to enter
the cell division cycle (Supplementary Fig. S2B, C), which was
consistent with the findings in a previous report [27] and
suggested that METTL3 enhanced the proliferation of AML cells
without chemotherapy treatment. More importantly, in the
presence of IDA, a stronger ability of METTL3 to promote the
proliferation of AML cells was observed (Supplementary Fig. S2B,
C), suggesting that METTL3 conferred chemoresistance to AML
cells. Moreover, in the METTL3-overexpressing group, the rate of
decline in the number of colonies between the PBS and IDA
subgroups decreased significantly compared with that of the
cells in the NC group (Supplementary Fig. S2D, E); these results
were consistent with the EdU incorporation assay results. These
results confirmed that METTL3 promoted the proliferation of
AML cells and that this effect was more obvious after treatment
with chemotherapeutic drugs.

METTL3 induces AML chemoresistance in an m6A catalytic
activity-dependent manner
To determine whether the stimulatory effect of METTL3 on AML
chemoresistance was caused by m6A modification, we analyzed
the m6A modification levels in our clinical AML samples, as shown
in Fig. 1B. The m6A levels in the patients in the refractory/relapsed
group were significantly higher than those in the patients who
achieved CR after two cycles of induction treatment (Fig. 2A).
Moreover, m6A dot blot assays (Fig. 2B and Supplementary
Fig. S1I) and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (Fig. 2C) confirmed an increased levels of m6A in the
mRNA from THP-1/IDA and Kasumi-1/IDA cells. The results
suggested that METTL3 may regulate AML chemoresistance by
improving m6A modification of mRNA.
Subsequently, a catalytic mutant of METTL3 (METTL3-CD, D394A

and W397A, Supplementary Fig. S3A) was constructed [28].
METTL3 and METTL3-CD lentiviruses were packaged and trans-
fected into THP-1 and Kasumi-1 cells. Then, the overexpression of
METTL3 or METTL3-CD (Supplementary Fig. S3B) and their ability
to promote m6A modification (Supplementary Fig. S3C) were
verified. Furthermore, our results showed that METTL3-CD also lost
its superiority in promoting cellular growth (Fig. 2D) and
clonogenic ability (Fig. 2E) of human leukemia cells caused by
METTL3 in the presence or absence of IDA. In addition,
METTL3 significantly reduced the apoptosis of AML cells after
IDA treatment, while METTL3-CD lost this function (Supplementary
Fig. S3D). These results proved that METTL3 the enhancement of
AML chemoresistance by METTL3 was depending on its m6A
catalytic activity.

METTL3-mediated m6A modification reduces the sensitivity of
AML cells to chemotherapeutics agents in vivo
To determine whether METTL3 enhances AML chemoresistance
in vivo, we established two mouse models of AML. In a
xenotransplantation mouse model, THP-1 cells overexpressing
METTL3 or METTL3-CD were intravenously injected into NOD-
Prkdcscid-Il2rgem1IDMO (NSG) mice. Forty-two days later, IDA
was injected intraperitoneally for 7 days to treat the disease
(Supplementary Fig. S4A). In a homograft model, we isolated
murine BM MLL-AF9+ AML cells from mice with established

MLL-AF9 leukemia. After transfection with lentivirus carrying
METTL3 or METTL3-CD, the MLL-AF9 leukemic cells were
intravenously injected into C57BL/6 mice to establish secondary
BM transplantation (BMT). Doxorubicin (DOX) and arabinosylcy-
tosine (Ara-C) were injected beginning on the 8th day for 5 days
(Supplementary Fig. S5A).
The in vivo results showed that, after PBS treatment, the

proportion of AML cells in BM and spleen in the METTL3 group
was dramatically higher than that in the NC or METTL3-CD group.
After IDA treatment, METTL3 also increased the proportion of AML
cells, and the rate at which this proportion decreased in the IDA-
treated group compared with the PBS-treated and METTL3-
overexpressing group was significantly slower than that of the NC
or METTL3-CD group (Fig. 3A, B; Supplementary Fig. S4C, D, Fig. S5,
B–D). Furthermore, METTL3-overexpressing AML cells markedly
increased the size of the spleen (Supplementary Figs. S4B and S5E)
and exhibited greater infiltration into the live (Supplementary
Figs. S4E and S5F) after IDA treatment than after PBS treatment,
whereas the METTL3-CD group did not exhibit these phenomena.
Finally, the survival of the animals was analyzed. In the METTL3-
overexpressing groups, decreased survival was observed in the
mice that were not treated with chemotherapy, demonstrating
that the overexpression of METTL3 significantly promoted the
progression of AML in recipients. Notably, no difference in lifespan
was observed between the untreated and IDA-treated subgroups
(Fig. 3C and Supplementary Fig. S5G), indicating that the
therapeutic effect of IDA was blocked by the overexpression of
METTL3 and strongly suggesting that METTL3 played a significant
role in enhancing AML chemoresistance in the long term. To
assess the pro-chemoresistance activity of METTL3 in a clinically
relevant setting, we established patient-derived xenografts (PDXs),
in which leukemic blast cells from the bone marrow of six AML
patients were intravenously transplanted into NSG mice. We found
that treatment of PDXs with IDA resulted in a slight decrease in
CD45+ infiltration in the high METTL3 expression group and a
significant decrease in the low METTL3 expression group
(Supplementary Fig. S4F). The results from the AML xenograft
and homograft models confirmed that METTL3 enhances che-
moresistance by improving m6A methylation in vivo.

METTL3 enhances AML cell migration/adhesion in vitro and
homing/engraftment in vivo
To comprehensively understand the regulatory role of METTL3 in
AML chemoresistance, we conducted RNA-seq and m6A sequen-
cing (m6A-seq) in THP-1 cells. Our m6A-seq data showed that 3516
genes had significantly increased levels of m6A modification after
METTL3 overexpression. Integrative analysis with the RNA-seq
data identified 564 transcriptome-wide potential targets (Supple-
mentary Fig. S6A) that were associated with significant changes in
transcription with high confidence. Using the Molecular Signature
Database (MSigDB) for gene set enrichment analysis (GSEA) [29],
we identified 10 pathways in which genes with upregulated and
downregulated expression were enriched (Fig. 4A) and found that
METTL3 overexpression notably activated migration- and
adhesion-related signaling pathways (Fig. 4A and Supplementary
Fig. S6B). In addition, the METTL3 overexpression group had a
higher m6A abundance on enriched gene transcripts involved in
the migration/adhesion-related pathways (Supplementary
Fig. S6C). Moreover, clustered growth was observed for METTL3-
overexpressing AML cells (Supplementary Fig. S7A), and we
hypothesized that METTL3 may enhance the migration and
adhesion of AML cells. For verification, transwell migration assays
and cell adhesion tests were carried out by coculturing with
HUVECs. The results confirmed that METTL3 improved the
migration and adhesion of AML cells, whereas METTL3-CD did
not (Fig. 4B), which supported our hypothesis and indicated that
METTL3 enhanced the migration and adhesion of AML cells by
m6A modification.
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In vivo, upon occupation of the hematopoietic niche and in a
manner that is dependent on migration and adhesion, AML cells
interact with BM stromal cells, maintain dormancy, increase their
self-renewal activity, and develop drug resistance [30, 31]. There-
fore, the homing and engraftment of METTL3-overexpressing AML
cells in xenograft and homograft models were explored. For
homing, the distribution of AML cells in the BM and spleen at 16 h
after tail vein injection was studied (Supplementary Fig. S7B, F).
Flow cytometry showed that METTL3 enhanced the homing of
AML cells in the BM and spleen (Fig. 4C and Supplementary
Fig. S7G), and immunohistochemistry assays of bone sections
indicated that the proportion of METTL3-overexpressing AML cells
close to the endosteum was significantly increased (Supplemen-
tary Fig. S7C). As expected, METTL3-CD had no effects on AML
homing (Fig. 4C and Supplementary Fig. S7G). In addition, the
engraftment results (42 days for xenotransplantation and 7 days

for homotransplantation) showed that the expression of METTL3,
but not METTL3-CD, increased the AML cell proportion in the BM
and spleen (Fig. 4C, Supplementary Fig. S7D, G). Together, these
results confirmed that METTL3 increased the homing and
engraftment of AML cells in BM by m6A modification.

A METTL3 inhibitor reverses AML chemoresistance and
homing/engraftment capacity
To explore the application prospect of STM2457 to treat AML
chemoresistance, we treated chemoresistant AML cells with 10 μM
STM2457 for 48 h and demonstrated its ability to reverse the
increase in m6A modification (Supplementary Fig. S8A). In
addition, we found that the migration and adhesion of
chemoresistant AML cells were enhanced, but STM2457 inhibited
these effects (Fig. 5A). Furthermore, STM2457-pretreatment
significantly inhibited the proliferation of chemoresistant AML

Fig. 2 METTL3-meditated m6A enhances the chemoresistance of AML cells. A AML CD34+ cells from the patients shown in Fig. 1B were
subjected to an m6A methylation quantification kit to assess global m6A changes (n= 13 for CR group and n= 20 for Refractory/Relapsed
group). P < 0.05 was considered significant, t test. B, C m6A dot blot assays (B) and LC-MS/MS (C) for the detection of global m6A changes. MB,
methylene blue staining (as a loading control). P < 0.05 was considered significant, t test. D EdU incorporation assay (upper) showing the
percentage of AML cells that entered the proliferation cycle (EdU positive cells) with or without IDA pressure. Percentages after PBS treatment
are shown in bold, and percentages after IDA treatment are shown in regular. Statistical analysis is shown in (lower). *P < 0.05, vs. the NC group
with PBS treatment; ####P < 0.0001, vs. the NC group with IDA treatment; &, significant interaction effect; two-way ANOVA. E Colony-forming
assays (upper). Bar, 500 μm. Statistical analysis is shown in (lower). ***P < 0.001, ****P < 0.0001, vs. the NC group with PBS treatment;
####P < 0.0001, vs. the NC group with IDA treatment; &, significant interaction effect; two-way ANOVA. n ≥ 3, mean ± SD values are shown for
(A) and (C–E).
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cells and promoted their apoptosis (Fig. 5B; Supplementary Fig. S8,
B, C). Moreover, the corresponding inhibitory effect of STM2457
was observed, and the enhanced homing and engraftment (Fig. 5C
and Supplementary Fig. S8, D–F) of chemoresistant AML cells were
also reversed by STM2457-pretreatment before tail vein injection.
Finally, we found STM2457-pretreated THP-1/IDA xenograft mice
exhibited less AML cell infiltration in the BM and spleen after IDA
treatment than controls (Supplementary Fig. S8G), suggesting that
the inhibition of AML homing and engraftment caused by
STM2457 pretreatment may rescue the sensitivity to IDA. These
results confirmed that STM2457 could reverse the adhesion and
homing of chemoresistant AML cells, thereby reducing the
chemoresistance of AML cells. The METTL3 inhibitor would be a
potential agent for chemoresistant AML patients.

ITGA4 is the direct target of METTL3 in AML chemoresistance
To explore the key targets and elucidate the mechanisms
underlying METTL3-mediated AML chemoresistance via m6A
modification, we deeply analyzed and summarized the potential
target genes in all migration- and adhesion-related pathways
(Supplementary Table 3), identifying 7 potential targets that were
common between these datasets. We further narrowed the
intersection to 2 targets, ANXA1 and ITGA4, by considering
the targets involved in the proliferation-related pathways that
were among the 10 enriched pathways (Fig. 6A). ANXA1 is a
macrophage-specific gene that related to inflammation-related
migration [32], while ITGA4 is a classical molecule involved in AML
homing [33, 34]. As an integrin, ITGA4 has been proven to be a
central molecule by which AML cells binding to bone marrow
stromal elements and that mediates cellular migration; ITGA4 may
mediate anti-apoptotic signals and confer chemoresistance [35].
Thus, we decided to focus on ITGA4 for further studies. Then, the
relationship between the expression of METTL3 and ITGA4 mRNA
was analyzed using data from the TCGA database and our clinical

samples. A positive correlation was observed (Supplementary
Fig. S9A, B), suggesting that METTL3 is involved in promoting the
expression of ITGA4. Therefore, the mRNA or protein expression of
ITGA4 and its membrane surface distribution were further
investigated (Supplementary Fig. S9C–F), and the results of ITGA4
expression was significantly increased when METTL3 was over-
expressed in AML cells, which supported our hypothesis. Then, we
found that ITGA4 expression in chemoresistant AML cells was
increased compared with that in normal AML cells and that this
change could be reversed by STM2457 (Supplementary Fig. S9G).
Overall, these data indicated that METTL3 enhanced the expres-
sion of ITGA4. Then, we proved that the effects of METTL3 on
promoting the migration and adhesion (Fig. 6B and Supplemen-
tary Fig. S9I) and chemoresistance of AML cells (Fig. 6C and
Supplementary Fig. S9H) could be reduced by an ITGA4 inhibitor
(TR-14035) [36, 37]. Notably, TR-14035 also reduced chemoresis-
tance in the NC group, indicating that ITGA4 inhibitors further
sensitized the cells to chemotherapy. Furthermore, we found that
ITGA4 overexpression led to AML chemoresistance, which was
similarly observed in the METTL3-CD group (Supplementary
Fig. S9J). All the above results revealed the METTL3-m6A-ITGA4-
homing/engraftment axis that contributes to the protection of
bone marrow niches for AML cells

METTL3 increases ITGA4 mRNA stability
Subsequently, the mechanisms by which METTL3 regulates the
expression of ITGA4 were studied. The m6A-seq revealed that the
vast majority of m6A peaks were distributed in the protein-coding
region (CDS) and the 3’ untranslated region (3’ UTR) of mRNA
transcripts in AML cells (Supplementary Fig. S10A–C). Notably, the
m6A modification in the 3’ UTR of ITGA4 mRNA was significantly
increased when METTL3 was overexpressed (Fig. 7A). Then, based
on the sequence characteristics of ITGA4 mRNA given by m6A
sequencing (Supplementary Fig. S10D), three pairs of primers for

Fig. 3 METTL3-meditated m6A reduces the sensitivity of AML cells to chemotherapeutics in vivo. A Representative in vivo pseudocolor
bioluminescence images of NSG mice transplanted with control or METTL3/METTL3-CD THP-1 cells by detecting up the GFP signal. Unit of
radiance is photons/second/cm2/steradian. B The distribution of THP-1 cells in BM and spleen of the NSG mice with or without IDA treatment
was measured by flow cytometry at the end point. *P < 0.05, **P < 0.01, ***P < 0.001, vs. the NC group with PBS treatment; ###P < 0.001,
####P < 0.0001, vs. the NC group with IDA treatment; &, significant interaction effect; two-way ANOVA. C Kaplan–Meier survival curves (n= 10
for each group) showing the effects of forced METTL3 and METTL3-CD expression on the progression of human AML cells in NSG mice with or
without IDA treatment. ***P < 0.001, ****P < 0.0001; NS nonsignificant. n ≥ 5, mean ± SD values are shown for (B).
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the 3’ UTR of ITGA4 mRNA were designed, and MeRIP-qPCR was
carried out. The results showed that the amount of the 3’ UTR of
ITGA4 mRNA that was pulled down by the m6A antibody was
significantly increased when METTL3 was overexpressed (Fig. 7B),
indicating that METTL3 methylated the 3’ UTR of ITGA4 mRNA.
Finally, we found that the enhancement of ITGA4 mRNA
expression by METTL3 was significantly weakened when the
potential target sites in the 3’ UTR of ITGA4 mRNA were mutated
(Fig. 7C and Supplementary Fig. S10E). Moreover, METTL3-CD had
no similar regulatory effects. The results confirmed that METTL3
regulated the expression of ITGA4 mRNA by methylating specific
3’ UTR sites. Finally, we demonstrated that METTL3 overexpression
significantly slowed the rate of ITGA4 mRNA degradation, whereas
METTL3 knockdown or STM2457 pretreatment significantly
accelerated the rate of ITGA4 mRNA degradation (Supplementary
Fig. S10F). All the results confirmed that METTL3 increased the
half-life of ITGA4 mRNA by m6A modification, then promoted the
expression of ITGA4 on the cell surface and helped the cells access
the BM niche.

DISCUSSION
Primary resistance to initial treatment and disease relapse are
major limitations that have not been addressed for the treatment
of AML [2]. Many efforts have been made to target primary and
secondary AML chemoresistance, with limited success. METTL3-
regulated m6A modification has been proven to be involved in the
carcinogenesis of AML [12, 20], and a selective catalytic inhibitor of
METTL3 has shown potential for AML treatment [22]. Notably, this
study showed that the expression of METTL3 in AML patients was
associated with adverse treatment outcomes and further con-
firmed that METTL3 regulated AML chemoresistance by mediating

homing/engraftment and m6A methylation of ITGA4 mRNA, which
might guide the clinical application of METTL3 inhibitors in the
treatment of AML.
First, we found that METTL3-mediated m6A modification was an

effective treatment target for AML chemoresistance. METTL3 has
been proven to be involved in drug resistance in many cancers,
but opposite roles have also been found in various cancer
treatment models [38–41]. Specific to blood tumors, one report
showed the regulation of FTO-dependent m6A demethylation on
the targeted drug resistance of TKIs [16], but no evidence about
the association between blood tumors’ METTL3 expression and
BM-related chemoresistance has been reported. In addition,
previous studies have confirmed that METTL3 is precisely and
differentially regulated in different tumors and organs [42–47],
elucidating the mechanism underlying the abnormal overexpres-
sion of METTL3 increase during relapse or primary resistance may
be a key option for targeted intervention in AML. Regarding the
relationships between METTL3 and AML, as early as 2017, Vu et al.
found that depletion of METTL3 induced AML cell differentiation
and apoptosis and delayed leukemia progression by mediating
m6A methylation [12]. In the same year, Barbieri et al. proved that
promoter-bound METTL3 introduced m6A methylation within the
coding region of SP1 and SP2 transcripts to promote AML
maintenance [20]. These reports led to increased interest in the
use of METTL3 for the treatment of AML. Recently, Yankova et al.
screened out a highly potent and selective catalytic inhibitor of
METTL3 that exerted a significant therapeutic effect on AML
in vitro and in vivo [22]. The discovery of STM2457 showed the
therapeutic importance of METTL3 in AML and is an important
step for the use of METTL3 as an AML treatment target. In our
study, we found that METTL3 enhanced the IDA tolerance of AML
cells in vitro and in vivo, and STM2457 exerted a notable inhibitory

Fig. 4 METTL3 enhances AML cell adhesion/migration in vitro and homing/engraftment in vivo. A GSEA analyses of changed genes from
RNA-seq and m6A-seq analysis of METTL3-overexpressing and control THP-1 cells (n= 3). B Images (left) and corresponding statistical results
(right) showing that METTL3-overexpressing AML cells significantly improved the migration (upper panel) and adhesion (lower panel) of AML
cells. P < 0.05 was considered significant, vs. the NC group, t test. Bar, 250 μm. C Flow cytometry was carried out on the BM and spleen of the
xenograft recipient mice 16 h (homing) or 42 days (engraftment) after tail vein injection. P < 0.05 was considered significant, vs. the NC group,
t test. n ≥ 3, mean ± SD values are shown for (B) and (C).
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effect on the homing and engraftment of AML cells in mouse
models. The treatment of chemoresistant AML patients with
METTL3 inhibitors shows promise.
Second, we showed for the first time that METTL3 enhanced

AML chemoresistance by regulating the homing and engraftment

of AML cells, which provided a new strategy for targeting AML
chemoresistance. AML cell homing to and engraftment in the BM
are important for chemoresistance [48, 49]. Many molecules in
AML cells and the BM microenvironment have been proven to
mediate the homing and engraftment of cells [50, 51]. However,

Fig. 6 METTL3 mediates AML chemoresistance by regulating ITGA4. A ITGA4 appears at a high frequency in multiple migration and adhesion
pathways. B The improvement of migration and adhesion in METTL3-overexpressing AML cells can be partly reversed by an ITGA4 inhibitor (TR-
14035). ***P < 0.001, ****P < 0.0001, vs. the NC group under DMSO treatment; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. the NC group under TR-14035
treatment; Ω, significant TR-14035 treatment effect; &, significant interaction effect; two-way ANOVA. Bar, 200 μm. C EdU incorporation assay
showing that the improvement in the percentage of METTL3-overexpressing AML cells entering the proliferation cycle with IDA pressure can be
partly reversed by TR-14035. *P < 0.05, **P < 0.01; ***P < 0.001; t test. n ≥ 3, mean ± SD values are shown for (B) and (C).

Fig. 5 A METTL3 inhibitor reverses AML chemoresistance and homing/engraftment capacity. A Statistical results showing the improvement
of migration (upper) and adhesion (lower) in THP-1/IDA and Kasumi-1/IDA cells can be reversed by STM2457 treatment of 48 h. *P < 0.05,
**P < 0.01; ***P < 0.001, NS nonsignificant; t test. B The Statistical analysis of EdU incorporation assay showing the improvement of AML
chemoresistance can be reversed by the pretreatment of STM2457. *P < 0.05, **P < 0.01; ***P < 0.001, NS nonsignificant. C The homing and
engraftment of THP-1&THP-1/IDA cells with or without STM2457 treatment in the BM and spleen measured by flow cytometry 16 h and 42 days
after tail vein injection. *P < 0.05, **P < 0.01; ***P < 0.001, ****P < 0.0001, NS nonsignificant; t test. n ≥ 3, mean ± SD values are shown for (A–C).
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no report about the relationship between the m6A modification
system and AML homing/engraftment has been found. A recent
report on STM2457 found that, compared with the initial
STM2457-treated mice, the mice after retransplantation of the
AML cells that had been treated with STM2457 had a significant
increase in lifespan and a marked decrease in the presence of AML
cells in peripheral blood [22]. These results suggested that METTL3
might play an important role in the implantation of AML cells. Our
results also showed that the enhancement of ITGA4 mRNA
expression by METTL3 was significantly weakened when the
potential m6A methylated target sites were mutated. In addition,
METTL3 significantly affected the rate of ITGA4 mRNA degrada-
tion. All the results confirmed that METTL3 can increase the
stability of ITGA4 mRNA transcript by m6A modification, then
promoted the expression of ITGA4 on the cell surface and helped
the cells access the BM niche. The study linked the m6A
modification system with the BM microenvironment and showed
that METTL3-mediated m6A modification affected the commu-
nication between cells and other cells or the microenvironment by
regulating ITGA4. Why ITGA4 is selected as a key “signal detector”
for METTL3-mediated homing of AML cells should be further
studied.
Overall, our studies have identified a novel AML chemotherapy

drug-resistant protein, METTL3, which can mediate AML cell
homing and engraftment by m6A modification of ITGA4 mRNA.
These findings provide insight into the mechanisms underlying
AML chemoresistance and develop a novel chemoresistance
regulatory system based on METTL3-mediated m6A modification.
These findings will help further elucidate the precise regulatory
mechanisms of AML chemoresistance and provide a new
perspective for METTL3 as a novel treatment target of AML.
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The data that support the findings of this study are available from the corresponding
author upon reasonable request. RNA-Seq and m6A-Seq raw data have been
deposited in the National Center for Biotechnology Information Gene Expression
Omnibus database (accession GSE212125).

REFERENCES
1. Izadirad M, Jafari L, James AR, Unfried JP, Wu ZX, Chen ZS. Long noncoding RNAs

have pivotal roles in chemoresistance of acute myeloid leukemia. Drug Disco
Today. 2021;26:1735–43.

2. Liu H. Emerging agents and regimens for AML. J Hematol Oncol. 2021;14:49.
3. Tsuji K, Wang YH, Takanashi M, Odajima T, Lee GA, Sugimori H, et al.

Overexpression of lung resistance-related protein and P-glycoprotein and
response to induction chemotherapy in acute myelogenous leukemia. Hematol
Rep. 2012;4:e18.

4. Reed JC. Bcl-2-family proteins and hematologic malignancies: history and future
prospects. Blood. 2008;111:3322–30.

5. Ding L, Ley TJ, Larson DE, Miller CA, Koboldt DC, Welch JS, et al. Clonal evolution
in relapsed acute myeloid leukaemia revealed by whole-genome sequencing.
Nature. 2012;481:506–10.

6. Wang A, Zhong H. Roles of the bone marrow niche in hematopoiesis, leuke-
mogenesis, and chemotherapy resistance in acute myeloid leukemia. Hematol-
ogy. 2018;23:729–39.

7. Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mRNA
modifications. Nat Rev Mol Cell Biol. 2017;18:31–42.

8. Cui Q, Shi H, Ye P, Li L, Qu Q, Sun G, et al. m(6)A RNA methylation regulates
the self-renewal and tumorigenesis of glioblastoma stem cells. Cell Rep. 2017;18:
2622–34.

9. Orouji E, Peitsch WK, Orouji A, Houben R, Utikal J. Oncogenic role of an epige-
netic reader of m(6)A RNA modification: YTHDF1 in merkel cell Carcinoma.
Cancers (Basel). 2020;12:202.

10. Tang B, Yang Y, Kang M, Wang Y, Wang Y, Bi Y, et al. m(6)A demethylase ALKBH5
inhibits pancreatic cancer tumorigenesis by decreasing WIF-1 RNA methylation
and mediating Wnt signaling. Mol Cancer. 2020;19:3.

11. Tong J, Cao G, Zhang T, Sefik E, Amezcua Vesely MC, Broughton JP, et al. m(6)A
mRNA methylation sustains Treg suppressive functions. Cell Res. 2018;28:253–6.

12. Vu LP, Pickering BF, Cheng Y, Zaccara S, Nguyen D, Minuesa G, et al. The N(6)-
methyladenosine (m(6)A)-forming enzyme METTL3 controls myeloid differentia-
tion of normal hematopoietic and leukemia cells. Nat Med. 2017;23:1369–76.

13. Weng H, Huang H, Wu H, Qin X, Zhao BS, Dong L, et al. METTL14 inhibits
hematopoietic stem/progenitor differentiation and promotes leukemogenesis via
mRNA m(6)A modification. Cell Stem Cell. 2018;22:191–205 e199.

14. Li Z, Weng H, Su R, Weng X, Zuo Z, Li C, et al. FTO plays an oncogenic role in
acute myeloid leukemia as a N(6)-Methyladenosine RNA demethylase. Cancer
Cell. 2017;31:127–41.

15. Paris J, Morgan M, Campos J, Spencer GJ, Shmakova A, Ivanova I, et al. Targeting
the RNA m(6)A reader YTHDF2 selectively compromises cancer stem cells in
acute myeloid leukemia. Cell Stem Cell. 2019;25:137–48 e136.

Fig. 7 METTL3 regulates stability of ITGA4 mRNA. A The m6A abundances of ITGA4 mRNA transcripts in METTL3-overexpressing and control
THP-1 cells as detected by m6A-seq (n= 3). Dotted boxes indicate regions for qPCR in (B). B Increasing m6A modification in specific regions of
ITGA4 transcripts uponMETTL3 overexpression as tested by gene-specific m6A-qPCR assays of THP-1 and Kasumi-1 cells. CDual-luciferase reporter
assays showing the effect of METTL3 and METTL3-CD on ITGA4 reporters with either wild-type or mutated m6A sites. *P < 0.05, **P < 0.01; t test.
n ≥ 3, mean ± SD values are shown for (B) and (C).

M. Li et al.

8

Leukemia



16. Yan F, Al-Kali A, Zhang Z, Liu J, Pang J, Zhao N, et al. A dynamic N(6)-methyla-
denosine methylome regulates intrinsic and acquired resistance to tyrosine
kinase inhibitors. Cell Res. 2018;28:1062–76.

17. Jin H, Ying X, Que B, Wang X, Chao Y, Zhang H, et al. N(6)-methyladenosine
modification of ITGA6 mRNA promotes the development and progression of
bladder cancer. EBioMedicine. 2019;47:195–207.

18. Shi Y, Zheng C, Jin Y, Bao B, Wang D, Hou K, et al. Reduced expression of METTL3
promotes metastasis of triple-negative breast cancer by m6A methylation-
mediated COL3A1 up-regulation. Front Oncol. 2020;10:1126.

19. Wang X, Feng J, Xue Y, Guan Z, Zhang D, Liu Z, et al. Structural basis of N(6)-
adenosine methylation by the METTL3-METTL14 complex. Nature. 2016;534:
575–8.

20. Barbieri I, Tzelepis K, Pandolfini L, Shi J, Millan-Zambrano G, Robson SC, et al.
Promoter-bound METTL3 maintains myeloid leukaemia by m(6)A-dependent
translation control. Nature. 2017;552:126–31.

21. Lee H, Bao S, Qian Y, Geula S, Leslie J, Zhang C, et al. Stage-specific requirement
for Mettl3-dependent m(6)A mRNA methylation during haematopoietic stem cell
differentiation. Nat Cell Biol. 2019;21:700–9.

22. Yankova E, Blackaby W, Albertella M, Rak J, De Braekeleer E, Tsagkogeorga G,
et al. Small-molecule inhibition of METTL3 as a strategy against myeloid leu-
kaemia. Nature. 2021;593:597–601.

23. Walker CJ, Mrozek K, Ozer HG, Nicolet D, Kohlschmidt J, Papaioannou D, et al.
Gene expression signature predicts relapse in adult patients with cytogenetically
normal acute myeloid leukemia. Blood Adv. 2021;5:1474–82.

24. Antar AI, Otrock ZK, Jabbour E, Mohty M, Bazarbachi A. FLT3 inhibitors in acute
myeloid leukemia: ten frequently asked questions. Leukemia. 2020;34:682–96.

25. Kuhnl A, Kaiser M, Neumann M, Fransecky L, Heesch S, Radmacher M, et al. High
expression of IGFBP2 is associated with chemoresistance in adult acute myeloid
leukemia. Leuk Res. 2011;35:1585–90.

26. Chen X, Zheng J, Zou Y, Song C, Hu X, Zhang CC. IGF binding protein 2 is a cell-
autonomous factor supporting survival and migration of acute leukemia cells. J
Hematol Oncol. 2013;6:72.

27. Vu LP, Pickering BF, Cheng Y, Zaccara S, Nguyen D, Minuesa G, et al. The N6-
methyladenosine (m6A)-forming enzyme METTL3 controls myeloid differentia-
tion of normal hematopoietic and leukemia cells. Nat Med. 2017;23:1369–76.

28. Lin S, Choe J, Du P, Triboulet R, Gregory RI. The m(6)A methyltransferase METTL3
promotes translation in human cancer cells. Mol Cell. 2016;62:335–45.

29. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles. Proc Natl Acad Sci USA. 2005;102:
15545–50.

30. Yokoyama T, Nakatake M, Kuwata T, Couzinet A, Goitsuka R, Tsutsumi S, et al.
MEIS1-mediated transactivation of synaptotagmin-like 1 promotes CXCL12/
CXCR4 signaling and leukemogenesis. J Clin Invest. 2016;126:1664–78.

31. Lane SW, Scadden DT, Gilliland DG. The leukemic stem cell niche: current con-
cepts and therapeutic opportunities. Blood. 2009;114:1150–7.

32. De Luca L, Trino S, Laurenzana I, Tagliaferri D, Falco G, Grieco V, et al. Knockdown
of miR-128a induces Lin28a expression and reverts myeloid differentiation
blockage in acute myeloid leukemia. Cell Death Dis. 2017;8:e2849.

33. Bradstock KF, Gottlieb DJ. Interaction of acute leukemia cells with the bone
marrow microenvironment: implications for control of minimal residual disease.
Leuk Lymphoma. 1995;18:1–16.

34. Burger JA, Spoo A, Dwenger A, Burger M, Behringer D. CXCR4 chemokine
receptors (CD184) and alpha4beta1 integrins mediate spontaneous migration of
human CD34+ progenitors and acute myeloid leukaemia cells beneath marrow
stromal cells (pseudoemperipolesis). Br J Haematol. 2003;122:579–89.

35. Matsunaga T, Takemoto N, Sato T, Takimoto R, Tanaka I, Fujimi A, et al.
Interaction between leukemic-cell VLA-4 and stromal fibronectin is a decisive
factor for minimal residual disease of acute myelogenous leukemia. Nat Med.
2003;9:1158–65.

36. Cortijo J, Sanz M, Iranzo A, Montesinos J, Nabah Y, Alfón J. et al. A small Mol, orally
Act, alpha4beta1/alpha4beta7 dual Antagon reduces Leukoc infiltration Airw
hyper-responsiveness Exp model Allerg asthma Brown Nor rats. Br J Pharmacol.
2006;147:661–70.

37. Egger L, Cao J, McCallum C, Kidambi U, Van Riper G, McCauley E. et al.
A small Mol alpha4beta1/alpha4beta7 Antagon differentiates low-affinity S
alpha4beta1 alpha4beta7: Charact divalent cation Depend. J Pharmacol Exp Ther.
2003;306:903–13.

38. Zhu L, Zhu Y, Han S, Chen M, Song P, Dai D, et al. Impaired autophagic degra-
dation of lncRNA ARHGAP5-AS1 promotes chemoresistance in gastric cancer. Cell
Death Dis. 2019;10:383.

39. Pan X, Hong X, Li S, Meng P, Xiao F. METTL3 promotes adriamycin resistance in
MCF-7 breast cancer cells by accelerating pri-microRNA-221-3p maturation in a
m6A-dependent manner. Exp Mol Med. 2021;53:91–102.

40. Lin Z, Niu Y, Wan A, Chen D, Liang H, Chen X, et al. RNA m(6) A methylation
regulates sorafenib resistance in liver cancer through FOXO3-mediated autop-
hagy. EMBO J. 2020;39:e103181.

41. Liu S, Li Q, Li G, Zhang Q, Zhuo L, Han X, et al. The mechanism of m(6)A
methyltransferase METTL3-mediated autophagy in reversing gefitinib resistance
in NSCLC cells by beta-elemene. Cell Death Dis. 2020;11:969.

42. Chen S, Zhang L, Li M, Zhang Y, Sun M, Wang L, et al. Fusobacterium nucleatum
reduces METTL3-mediated m(6)A modification and contributes to colorectal
cancer metastasis. Nat Commun. 2022;13:1248.

43. Zhang J, Bai R, Li M, Ye H, Wu C, Wang C, et al. Excessive miR-25-3p maturation
via N(6)-methyladenosine stimulated by cigarette smoke promotes pancreatic
cancer progression. Nat Commun. 2019;10:1858.

44. Du Y, Hou G, Zhang H, Dou J, He J, Guo Y, et al. SUMOylation of the m6A-RNA
methyltransferase METTL3 modulates its function. Nucleic Acids Res. 2018;46:
5195–208.

45. Wang Q, Chen C, Ding Q, Zhao Y, Wang Z, Chen J, et al. METTL3-mediated m(6)A
modification of HDGF mRNA promotes gastric cancer progression and has
prognostic significance. Gut. 2020;69:1193–205.

46. Yang F, Jin H, Que B, Chao Y, Zhang H, Ying X, et al. Dynamic m(6)A mRNA
methylation reveals the role of METTL3-m(6)A-CDCP1 signaling axis in chemical
carcinogenesis. Oncogene. 2019;38:4755–72.

47. Yue B, Song C, Yang L, Cui R, Cheng X, Zhang Z, et al. METTL3-mediated N6-
methyladenosine modification is critical for epithelial-mesenchymal transition
and metastasis of gastric cancer. Mol Cancer. 2019;18:142.

48. Salvestrini V, Zini R, Rossi L, Gulinelli S, Manfredini R, Bianchi E, et al. Purinergic
signaling inhibits human acute myeloblastic leukemia cell proliferation, migra-
tion, and engraftment in immunodeficient mice. Blood. 2012;119:217–26.

49. Passegue E, Jamieson CH, Ailles LE, Weissman IL. Normal and leukemic hema-
topoiesis: are leukemias a stem cell disorder or a reacquisition of stem cell
characteristics? Proc Natl Acad Sci USA. 2003;100:11842–9.

50. He X, Wan J, Yang X, Zhang X, Huang D, Li X, et al. Bone marrow niche ATP levels
determine leukemia-initiating cell activity via P2X7 in leukemic models. J Clin
Invest. 2021;131:e140242.

51. Gruszka AM, Valli D, Restelli C, Alcalay M. Adhesion deregulation in acute myeloid
leukaemia. Cells. 2019;8:66.

AUTHOR CONTRIBUTIONS
Conceptualization: JY, TS, and CJ; Supervision: JY, TS, and JC; Formal analysis: ML, YX,
and ML; Investigation: ML, JY, YX, ML, XH, GL, XS, DW, XZ, FL, JL, DM, TS, and CJ;
Resources: ML, JY, YX, ML, XH, and GL; Funding acquisition: JY, TS, and CJ; Writing—
Original draft: ML and TS; Writing—Review and Editing: ML, JY, TS, and CJ.

FUNDING
This work was supported by grants from the Distinguished Taishan Scholars in Climbing
Plan (tspd20210321), the Young Taishan Scholars (tsqn201812132), the National Natural
Science Foundation of China (81873425, 82070160, 82170182), the Major Research Plan
of the National Natural Science Foundation of China (91942306), the Key Program of
Natural Science Foundation of Shandong Province (ZR2020KH016), the Fundamental
Research Funds for the Central Universities (2022JC012), the Independently Cultivate
Innovative Teams of Jinan, Shandong Province (2021GXRC050), the Multidisciplinary
Research and Innovation Team of Young Scholars of Shandong University
(2020QNQT007) and the Clinical Practical New Technology and Development Fund of
Qilu Hospital, Shandong University (2019-5).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-022-01696-w.

Correspondence and requests for materials should be addressed to Tao Sun or
Chunyan Ji.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

M. Li et al.

9

Leukemia

https://doi.org/10.1038/s41375-022-01696-w
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

M. Li et al.

10

Leukemia

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	METTL3 mediates chemoresistance by enhancing AML homing and engraftment via ITGA4
	Introduction
	Materials and methods
	Clinical samples
	MeRIP qPCR

	Results
	METTL3 may play a role in AML chemoresistance
	METTL3 induces AML chemoresistance in an m6A catalytic activity-dependent manner
	METTL3-mediated m6A modification reduces the sensitivity of AML cells to chemotherapeutics agents in�vivo
	METTL3 enhances AML cell migration/adhesion in�vitro and homing/engraftment in�vivo
	A METTL3 inhibitor reverses AML chemoresistance and homing/engraftment capacity
	ITGA4 is the direct target of METTL3 in AML chemoresistance
	METTL3 increases ITGA4 mRNA stability

	Discussion
	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




