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Abstract 

Background  Small cell lung cancer (SCLC) is the most aggressive subtype of lung cancer. Although most patients are 
initially sensitive to first-line combination chemotherapy with cisplatin and etoposide, chemotherapy drug resistance 
easily develops and quickly leads to tumour progression. Therefore, understanding the mechanisms of chemotherapy 
drug resistance and how to reverse it is key to improving the prognosis of patients with SCLC. Moreover, N6-meth-
yladenosine (m6A) is the most abundant mRNA modification and is catalysed by the methyltransferase complex, in 
which methyltransferase-like 3 (METTL3) is the sole catalytic subunit.

Methods  The effects of METTL3 on chemoresistance in SCLC cells were determined using qRT–PCR, Western 
blotting, immunohistochemistry, cell counting kit (CCK-8) assays, flow cytometry, and tumorigenicity experiments. 
Methylated RNA immunoprecipitation sequencing (MeRIP-seq), MeRIP qPCR, immunofluorescence, and drug inhibitor 
experiments were performed to confirm the molecular mechanism of Decapping Protein 2 (DCP2), which is involved 
in the chemoresistance of SCLC.

Results  In the present study, we found that METTL3 is a marker for poor SCLC prognosis, and it is highly expressed 
in chemoresistant SCLC cells. METTL3 promotes SCLC chemoresistance by positively regulating mitophagy. METTL3 
induces m6A methylation of DCP2 and causes the degradation of DCP2, which promotes mitochondrial autophagy 
through the Pink1-Parkin pathway, leading to chemotherapy resistance. We also found that STM2457, a novel METTL3 
inhibitor, can reverse SCLC chemoresistance.

Conclusions  The m6A methyltransferase METTL3 regulates Pink1-Parkin pathway-mediated mitophagy and mito-
chondrial damage in SCLC cells by targeting DCP2, thereby promoting chemotherapy resistance in patients with 
SCLC.
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Background
Lung cancer has the highest worldwide incidence and 
mortality rates of all cancer types, and its 5-year overall 
survival rate is poor (less than 20%) [1, 2]. Lung cancer 
can be divided into two subtypes according to its path-
ological characteristics: small cell lung cancer (SCLC) 
and non-small cell lung cancer [3, 4]. SCLC has caused 
many deaths due to its strong invasiveness, high degree 
of malignancy, and potential to develop drug resist-
ance. Initially, most SCLC patients respond to first-line 
platinum-containing chemotherapy. However, patient 
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responses are often not long-lasting, and it is easy to 
develop chemotherapy resistance, resulting in disease 
recurrence [5, 6]. Therefore, exploring the chemoresist-
ance mechanisms of SCLC is crucial to identify thera-
peutic targets that can reverse it.

N6 adenylate methylation (m6A) is the most abun-
dant eukaryotic mRNA modification [7]. The m6A 
modification regulates mRNA processing, and it is 
dynamically and reversibly mediated by methyltrans-
ferases (writers), demethylases (erasers) and m6A 
binding proteins (readers). METTL3, a “writer” for 
m6A, is one of the most important m6A methyltrans-
ferases and is involved in proliferation, migration, and 
other biological processes [8, 9]. Over the past few 
years, as the understanding of m6A modification has 
advanced, it has been reported that m6A is involved 
in drug resistance in various solid tumours, including 
liver cancer, colon cancer, and gastric cancer [10–12].
However, the relationship between METTL3-mediated 
m6A methylation and chemoresistance in SCLC has 
not been explored.

All eukaryotic mRNA transcripts have a 7-methyl-
guanosine cap at the 5′ end, which is essential for pre-
cursor mRNA processing, translation initiation, and 
mass mRNA decay. Therefore, decapping is a key reg-
ulatory process in the life cycle of eukaryotic mRNAs 
because it allows for the degradation of transcripts 
and controls a number of inputs [13–15]. DCP2 is the 
major decapping enzyme during 5′ to 3′ mRNA decay. 
DCP2 cleaves the 5′-capped mRNA between the α- and 
β-phosphate moieties, releasing 7-methylguanosine 
diphosphate molecules and a 5′-monophosphorylated 
mRNA, which in turn regulate mRNA stability [16–18]. 
Although DCP2 is one of the most important decapping 
enzymes, it is not known whether DCP2 is involved in 
chemotherapy resistance. In the present study, we found 
that DCP2 is a downstream target of METTL3 and that 
DCP2 m6A methylation by METTL3 promotes SCLC 
chemotherapy resistance.

Mitophagy is a type of selective autophagy that is 
very important for mitochondrial quality control [19]. 
Under conditions such as reactive oxygen species stim-
ulation, nutrient deprivation, and cellular aging, mito-
chondria undergo membrane potential depolarization. 
Cellular proteins and depolarized mitochondria are 
sequestered in autophagosomes, which subsequently 
fuse with lysosomes and are degraded, maintaining 
the stability of the intracellular environment and mito-
chondrial fitness [20–22]. By sensing different extra-
cellular signals, mitochondrial autophagy is involved in 
a variety of biological processes, such as mitochondrial 
depolarization, hypoxia, development [23–25]. Pre-
vious studies have shown that autophagy is involved 

in SCLC resistance to chemotherapy, and autophagy 
is significantly enhanced in chemoresistant SCLC 
cell lines [26, 27]. However, there are few reports on 
whether mitochondrial autophagy specifically is asso-
ciated with SCLC resistance.

In the present study, we found that METTL3 was 
highly expressed in chemoresistant SCLC cell lines 
and promoted SCLC chemoresistance. In addition, 
high METTL3 expression was associated with poor 
SCLC patient prognosis. The results of MeRIP-seq and 
RNA-seq showed that DCP2 was the downstream tar-
get of METTL3, and METTL3 induced m6A methyla-
tion of DCP2, which further promoted mitochondrial 
autophagy and affected the chemosensitivity of SCLC 
cells. To summarize, our study reveals the relation-
ships between m6A modification, chemoresistance, 
and mitochondrial autophagy, which furthers our 
understanding of SCLC chemoresistance mechanisms. 
Our findings also suggest that METTL3 may be a ther-
apeutic target for reversing chemotherapy resistance 
in SCLC.

Materials and methods
Tissue sample collection
From September 2009 to September 2018, 58 fresh-fro-
zen tissue samples were collected from SCLC patients. 
The patients received care and follow-up at Zhujiang 
Hospital (Southern Medical University, Guangzhou, 
China), the First Affiliated Hospital of Guangzhou Med-
ical University (Guangzhou, China), the Collaborative 
Innovation Center for Cancer Medicine (Guangzhou, 
China), or the Nangfang Hospital (Southern Medical 
University, Guangzhou, China). Informed consent was 
obtained from all patients before specimen collection. 
The experiments were approved by the Ethics Com-
mittee of Southern Medical University (Guangzhou, 
China). The patient clinical information is detailed in 
Table S1.

Data set
To evaluate the effect of METTL3 expression on the survival 
prognosis of SCLC, we performed univariate Cox regression 
analysis and survival analysis on GSE60052, a dataset from 
the Gene Expression Omnibus (GEO) database (https://​
www.​ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​cgi?​acc=​GSE60​052), 
which contains whole genome sequencing data and clinical 
information from 79 patients with SCLC [28].

Cell lines
The SCLC cell lines H69, H69AR (a cell line induced by 
H69 with doxorubicin), H446, and HBE were purchased 
from ATCC (American Type Culture Collection, USA). 
Multidrug-resistant cells, H446DDP, were developed by 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60052
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incubating H446 cells with increasing doses of cisplatin 
(up to 5 μg/mL) for 6 months, as described in our pre-
vious study [29]. The chemoresistant cell lines H69AR 
and H446DDP were cultured with the concentrations 
of cisplatin and adriamycin necessary to maintain their 
chemoresistance.

RNA isolation and real‑time qRT‑PCR
Total RNA was extracted from SCLC cells using TRI-
zol reagent (Invitrogen) according to the manufacturer’s 
instructions. A Nanodrop 2000 instrument (Thermo Sci-
entific) was used to measure RNA concentrations. qRT–
PCR was performed with an ABI Illumina instrument 
(Foster, USA) using SYBR Green (Tiangen). The relative 
mRNA expression levels were obtained using the 2−ΔΔCT 
method. All primer sequences are shown in Table S2.

RNA sequencing, data processing and gene difference 
analysis of SCLC cells
RNA was extracted from SCLC cells (H69 and H69AR). 
The RNA quality was assessed with a Bioanalyzer 2100 
DNA Chip 7500 instrument (Agilent Technologies), and 
samples with an RNA integrity number (RIN) of over 7 
were further analysed by RNA-seq. All sequencing reac-
tions were performed on an Illumina HiSeq 2000 instru-
ment (Illumina, San Diego, CA, USA). We used HISAT2 
(version 2.1.0) with the default setting to map the RNA-
seq data to the human reference genome (NCBI38/
hg38). We aggregated the read counts at the gene level 
using HTSeq. The R package ‘edgeR’ was used to analyse 
the difference in gene expression data (raw count), and 
the R package ‘complexHeatmap’ was used to visualize 
the results [30, 31].

Western blot analysis
SCLC cells were collected, washed with cold PBS, and 
incubated with RIPA lysis buffer (Biyuntian) at 4 °C for 
30 minutes to extract the total protein. Protein concen-
trations were determined by a BCA protein assay, equal 
protein was loaded and run on an SDS–PAGE gel, and 
gel contents were transferred to a PVDF membrane. The 
membrane was sealed with 5% bovine serum albumin 
(BSA) powder, incubated in primary antibody solution 
at 4 °C overnight, and then incubated with horseradish 
peroxidase-coupled secondary antibody for 1-2 hours. 
Finally, proteins were detected by chemiluminescence 
(ECL). Information on the antibodies used in this study is 
shown in Table S3.

Transfection
Cells were transiently transfected with DCP2 siRNA 
(Gene Pharma, Shanghai, China) using Lipofectamine 
3000 and OPTI-MEM (Invitrogen, USA) according to 

the manufacturer’s instructions. For stable expression, 
lentivirus encoding shMETTL3, noncoding shRNA 
(shNC), overexpression METTL3 (OE-METTL3), or 
OE-NC (GeneChem) was transduced into SCLC cells. 
Forty-eight hours after infection, 2.0 μg/mL puromycin 
(Solarbio) was used to select for successfully infected 
cells. The infection efficiency was verified by qRT–PCR 
and Western blotting. The sequences of the shRNAs and 
siRNAs are shown in Tables S4 and S5.

Cell counting kit‑8 (CCK‑8) assay
A cell counting kit-8 (CCK8) assay was used to analyse 
cell proliferation and drug resistance. After transient 
transfection or stable transduction was confirmed, the 
cells were seeded into 96-well plates at approximately 
5 × 103 cells per well and then incubated with different 
concentrations of cisplatin (CDDP, Shandong, China), 
etoposide (VP16, Jiangsu, China), and STM2457 (Med-
ChemExpress, China) for 24 hours. Cells were treated for 
3 h with 10 μL CCK-8 reagent (Dojindo), and the absorb-
ance values at 450 nm were recorded. The IC50 of each 
chemotherapy drug was calculated according to the 
OD value. For each condition, five replicate wells were 
plated, and three parallel experiments were conducted.

Flow cytometry
Transfected cells were treated with chemotherapeu-
tic drugs (CDDP and VP16) and a METTL3 inhibitor 
(STM2457) for 24 hours to induce apoptosis, and cells were 
collected for experiments. The dosage of chemotherapeu-
tic drugs was equivalent to 1/2-1/3 of the IC50 of SCLC 
cells. Apoptosis was assessed using the Annexin V-FITC 
Apoptosis Detection Kit (BestBio, Shanghai, China).

In vivo study
The BALB/C nude mice used in this study were pur-
chased from the Experimental Animal Center of South-
ern Medical University (Guangzhou, China) and raised 
in a specific pathogen-free (SPF) environment. SCLC 
cells were collected, and cell suspensions were pre-
pared at a concentration of 1 × 106 cells per 100 μL PBS 
and injected subcutaneously into nude mice. When 
the tumour volume reached 60 mm3, mice were ran-
domly divided into control and treatment groups with 
five mice in each group. The mice in the treatment 
group were treated regularly, and chemotherapy drugs 
(CDDP 3 mg/kg and VP16 2 mg/kg) were administered 
via intraperitoneal injection. The health status of the 
mice and growth of the subcutaneous tumour were 
observed every 2-3 days. The tumour size was meas-
ured with callipers, and the tumour volume was cal-
culated according to the following standard formula: 
V = (Length×Width2/ 2).
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Immunohistochemistry
Tissue samples from nude mice with subcutaneous 
SCLC tumours were fixed in 4% paraformaldehyde and 
embedded in paraffin blocks. The samples were treated 
with specific antibodies against METTL3 (Abcam) and 
DCP2 (Abcam) overnight at 4 °C. Then, the samples 
were incubated with a secondary antibody for 2 hours. 
The results were visualized using the EnVision Peroxi-
dase System (Dako).

Detection of mitochondrial autophagy and mitochondrial 
membrane potential
Mitophagy in live cells was monitored by Dojindo 
Molecular Technologies. Mitochondrial autophagy was 
induced by chemotherapeutic drug treatments. The level 
of mitochondrial autophagy was defined by the Mtphagy 
dye area of each cell. The colocalization of Mtphagy and 
lysosomal dyes was also analysed. JC-1 staining (Beyo-
time Biotechnology) was used to detect mitochondrial 
membrane potential, and all samples were observed by 
laser confocal microscopy (Carl Zeiss, lsm710, Carl Zeiss, 
Oberkochen, Germany).

Immunofluorescence
Cells were seeded on a confocal dish, fixed with 4% para-
formaldehyde, permeabilized with 0.3% Triton X-100, 
sealed with 5% BSA for 2 hours, and incubated overnight 
with the appropriate primary antibody. Then, the cells 
were incubated with allogeneic secondary antibody in the 
dark for 1 hour. Finally, nuclei were stained with DAPI, 
and images were collected by confocal microscopy.

Methylated RNA immunoprecision sequencing (MeRIP‑seq) 
and MeRIP qPCR
These methods were adapted from previous literature 
[32]. Using the riboMeRip m6A Transcript Profiling 
Kit (RiboBio, China), 100 μl of poly(A) RNA was puri-
fied from total RNA, and one tenth of the total RNA 
was used as the input control. Magnetic beads A/G were 

prewashed and incubated with an anti-m6A antibody 
for 2 hours at 4 °C. After three washes, the RNA was 
collected. The eluted RNA was then purified and recov-
ered using the Magen Hipure Serum/Plasma miRNA 
Kit (Magen, China) for further MeRIP sequencing. The 
m6A modifications of individual genes were deter-
mined using the MeRIP-qPCR assay. In brief, primers 
were designed against the methylation sites of individual 
genes based on MeRIP-seq results (Table S2). The RNA 
recovered after IP purification was reverse transcribed 
and subjected to qPCR enrichment analysis, and the cor-
responding m6A enrichment in each sample was calcu-
lated by normalization to the input data.

Mitochondrial protein extraction and detection
Mitochondrial protein extraction from SCLC cells was 
performed with a Mitochondria Isolation Kit for Cul-
tured Cells (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. Then, the mitochondrial 
proteins were analysed by Western blotting.

Mitochondrial ROS (mROS) measurement
mROS were detected using a MitoSOX Red mito-
chondrial superoxide indicator (YEASEN, Shanghai, 
China) according to the manufacturer’s instructions. 
SCLC cells were added to confocal dishes. SCLC cells 
were incubated with 5 μM of MitoSOX reagent work-
ing solution for 10 min at 37 °C in the dark. After wash-
ing three times with warm PBS, mROS were observed 
by laser confocal microscopy (Carl Zeiss, Oberkochen, 
Germany).

Statistical analysis
All data in this study were statistically analysed 
using GraphPad Prism 7 and are expressed as the 
mean ± standard deviation (SD). All experiments were 
independently conducted three times. P < 0.05, P < 0.01, 
and P < 0.001 were considered statistically significant and 
are denoted by “*”, “**”, and “***”, respectively.

(See figure on next page.)
Fig. 1  Expression of METTL3 and its clinical significance in SCLC. A Heatmap of the mRNA expression of 12 common m6A regulators in the SCLC 
chemotherapy-sensitive cell line H69 and the drug-resistant cell line H69AR based on whole-transcriptome sequencing. Cell types are indicated 
on the top of the heatmap, and m6A regulator-specific gene names are indicated on the right; the left side shows significance. If P < 0.05, the 
significance is marked as YES, and if P ≥ 0.05, the significance is marked as NO. B-C Forest plot showing the univariate Cox regression analysis 
of significant differences between m6A regulators and overall survival (OS) in the SCLC clinical cohort GSE60052 from the GEO public database 
(B) and the SCLC clinical cohort from local hospitals (C). The main part of the forest plot is composed of hazard ratios (HRs) and 95% confidence 
intervals (CIs), and the P value is also marked in the fig. HR < 1 is a predictor for favourable OS, and HR > 1 is a predictor for poor OS. D Kaplan–
Meier analysis was used to compare the effect of high and low METTL3 expression on OS in the SCLC cohort from GSE60052 (left) and from local 
hospitals (right); P values are marked in the fig. E qRT-PCR analysis of METTL3 mRNA expression in two pairs of chemosensitive and chemoresistant 
SCLC cells, H69/H69AR and H446/H446DDP. **P < 0.01; ***P < 0.001. F Western blot analysis of METTL3 expression in two pairs of chemosensitive 
and chemoresistant SCLC cells, H69/H69AR and H446/H446DDP. G Immunofluorescence analysis of METTL3 expression in H69/H69AR and H446/
H446DDP cells. Scale bars, 25 μm. Quantification of METTL3 expression detected by immunofluorescence is shown. The data originated from 3 
independent experiments. **P < 0.01; ***P < 0.001
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Results
METTL3 is highly expressed in chemoresistant SCLC cell 
lines and is associated with poor patient prognosis
Many studies have shown that m6A modification plays 

a role in the chemotherapy or targeted drug resist-
ance of various solid tumours, such as gastric cancer 
and liver cancer [10–12]. To determine whether m6A 
is involved in SCLC chemoresistance, high-throughput 

Fig. 1  (See legend on previous page.)
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Fig. 2  METTL3 induces SCLC chemoresistance in vitro. A-B CCK-8 assays showed that knockdown of METTL3 decreased the chemotherapy IC50 
values in chemoresistant H69AR and H446DDP cells. *P < 0.05, **P < 0.01. C-D Cell apoptosis and arrest were evaluated by flow cytometric analysis 
in METTL3-knockdown SCLC cells after treatment with chemotherapeutic drugs. E Apoptosis-related protein levels were measured by Western 
blotting following treatment with chemotherapeutic drugs in METTL3 knockdown cells. F-G CCK-8 assays showed that METTL3 overexpression 
increased the IC50 values of chemotherapeutic agents in chemosensitive H69 and H446 cells. *P < 0.05, **P < 0.01. H-I Cell apoptosis and arrest were 
evaluated by flow cytometry in METTL3-overexpressing SCLC cells following treatment with chemotherapeutic drugs. J Apoptosis-related proteins 
were measured by Western blotting following treatment with chemotherapeutic drugs in METTL3-overexpressing cells. K Western blot assays 
were performed to evaluate METTL3 expression after transfection with pcDNA3.1-METTL3 and pcDNA3.1-METTL3-mut in H69 cells. L CCK-8 assay 
showed that overexpression of METTL3 changed the IC50 value of chemotherapy drugs in SCLC cells. **P < 0.01; ns, not significant
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whole-transcriptome sequencing of sensitive and resist-
ant SCLC cell lines (H69 and H69AR) was performed, 
and differences in the expression of genes associated 
with m6A were analysed. We observed significant differ-
ences in the expression of seven genes associated with 
m6A modification between chemotherapy-sensitive and 
chemotherapy-resistant cell lines (Fig. 1A). The expres-
sion of these seven genes in two SCLC patient cohorts 
was analysed by univariate Cox regression analysis, and 
the relationship between the expression of m6A-associ-
ated genes and patient prognosis was further analysed. 
Cohort 1, from the public database GEO (GSE60052), 
included transcriptomic and clinical data of 79 SCLC 
patients, and cohort 2 included 58 SCLC patients 
treated in local hospitals. For the univariate Cox regres-
sion analysis of overall survival (OS), only METTL3 
was correlated with SCLC survival and prognosis in 
both cohorts (Fig. 1B-C). Survival curves in both cohort 
1 and cohort 2 showed that high METTL3 expression 
was associated with worse OS and that METTL3 was a 
marker of poor prognosis (Fig. 1D).

To further clarify whether METTL3 plays a key role 
in SCLC chemoresistance, qRT–PCR and Western blot-
ting were used to analyse METTL3 expression in two 
pairs of chemotherapy drug-sensitive and -resistant cell 
lines (H69 and H69AR; H446 and H446DDP). METTL3 
mRNA and protein expression levels were significantly 
higher in the chemoresistant H69AR and H446DDP cell 
lines than in their chemosensitive counterparts (Fig. 1E-
F). Immunofluorescence also showed that METTL3 was 
highly expressed in drug-resistant SCLC cell lines and 
that it mainly localized in the nucleus as well as a small 
part in the cytoplasm (Fig. 1G).

Overexpression of METTL3 promotes SCLC 
chemoresistance in vitro
To further evaluate whether METTL3 is involved in 
SCLC chemotherapy resistance, we constructed stable 
METTL3-knockdown H69AR and H446DDP cell lines 
using lentivirus transduction. qRT–PCR and Western 
blotting were performed 48 hours after transduction. The 
two METTL3 shRNAs substantially decreased METTL3 
expression levels in chemoresistant cells (Fig. S1A-B). 
The IC50 (half maximal inhibitory concentration) and 

cell apoptosis were examined 24 hours after exposure 
to chemotherapy, and knockdown of METTL3 in drug-
resistant cell lines significantly reduced the IC50 of the 
chemotherapeutic drugs CDDP and VP16 (Fig.  2A-B). 
The flow cytometry results also showed a higher propor-
tion of apoptotic cells in the METTL3 knockdown group 
than in the control group, and this difference was statisti-
cally significant (Figs. 2C-D and S1C-D). Western blotting 
showed that the levels of the apoptotic proteins cleaved 
PARP and BAX, which indicate the intensity of apoptosis, 
were significantly increased in the METTL3-knockdown 
group, while the expression levels of the antiapoptotic 
protein BCL-2 was significantly decreased (Fig. 2E).

To complement our findings from chemoresistant cell 
lines, we overexpressed METTL3 in the chemosensitive 
cell lines H69 and H446. qRT–PCR and Western blot 
analysis showed that METTL3 was successfully overex-
pressed in these cells (Fig. S1E-F). As expected, the chem-
otherapy IC50 values of cells overexpressing METTL3 
were significantly increased compared to those of empty 
vector controls (Fig. 2F-G). Western blot and flow cytom-
etry analysis of apoptotic proteins also showed that 
METTL3 overexpression significantly reduced the pro-
portion of apoptotic cells (Figs. 2H-J and S1G-H).

To elucidate whether METTL3-induced SCLC chem-
otherapy resistance depends on its methyltransferase 
function, we constructed METTL3 wild-type (pcDNA3.1-
METTL3) and mutant (pcDNA3.1-METTL3-mut, with 
methyltransferase domain deletion) recombination 
plasmids [33, 34] (Fig.  2K). Overexpressing METTL3 in 
SCLC cells significantly increased the IC50 of chemo-
therapy drugs, and deletion of the METTL3 methyl-
transferase domain blocked the chemotherapy resistance 
induced by METTL3 (Fig.  2L). These data indicate that 
METTL3 regulates the chemotherapy resistance process 
in SCLC through its methyltransferase domain.

METTL3 promotes SCLC chemoresistance in vivo
Since the platinum–etoposide combination regimen 
remains the first-line treatment option for SCLC, CDDP 
and VP16 were simultaneously used to study whether 
METTL3 is involved in SCLC chemoresistance in  vivo. 
Nude mice were subcutaneously injected with METTL3-
knockdown H69AR cells or METTL3-overexpressing 

(See figure on next page.)
Fig. 3  Effect of METTL3 on SCLC chemoresistance in vivo. A Tumour growth in the METTL3 knockdown groups was measured. H69AR cells were 
stably transduced with shNC or shMETTL3. Cells were subcutaneously injected into nude mice, and chemotherapeutic drugs or vehicles were 
administered intraperitoneally. ***P < 0.001. B-C Effect of METTL3 on resistance to chemotherapeutic drugs in nude mice and measurement of 
the tumour weights ***P < 0.001. D Representative IHC staining of METTL3 in subcutaneous xenografts with or without METTL3 knockdown. Scale 
bars, 50 μm. E Tumour growth in the METTL3 overexpression groups was measured. H69 cells stably overexpressing METTL3 or control cells were 
subcutaneously injected into nude mice, and chemotherapeutic drugs or vehicles were administered intraperitoneally. ***P < 0.001. F-G Effect 
of METTL3 on sensitivity to chemotherapeutic drugs in nude mice and measurement of the tumour weights of different groups. ***P < 0.001. H 
Representative IHC staining of METTL3 in subcutaneous xenografts with or without METTL3 overexpression. Scale bars, 50 μm
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H69 cells, and mice were treated with PBS or chemo-
therapeutic drugs (CDDP 3 mg/kg and VP-16 2 mg/kg). 
METTL3 knockdown significantly inhibited the growth 

of the transplanted tumour (Fig.  3A) and significantly 
reduced the volume of the transplanted tumour follow-
ing chemotherapy (Fig.  3B-C). METTL3 expression in 

Fig. 3  (See legend on previous page.)
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tumour xenografts was evaluated by IHC (Fig.  3D). In 
contrast, the growth rate and volume of the METTL3-
overexpressing H69 tumours were significantly higher 
than those of the control H69 tumours (Fig. 3E-G). The 
expression of METTL3 in the tumour xenografts was 
also evaluated by IHC (Fig.  3H). These findings suggest 
that METTL3 can promote SCLC chemotherapy resist-
ance in vivo and that METTL3 could be an effective ther-
apeutic target for reversing SCLC chemoresistance.

METTL3 promotes the m6A methylation of DCP2 
and regulates the expression of DCP2
To further clarify METTL3’s target gene and the mech-
anisms by which METTL3 contributes to SCLC chem-
oresistance, we performed MeRIP-seq on METTL3 
knockdown and control H69AR cells, and the GGAC 
motif was highly enriched in the m6A site of both 
knockdown and control cells (Fig. 4A). Since METTL3 
is a m6A methyltransferase, we focused on genes with 
significantly decreased m6A methylation levels follow-
ing METTL3 knockdown and selected the top 20 genes 
by fold difference. Simultaneously, RNA-seq was per-
formed on H446DDP and parental H446 cells in which 
METTL3 was successfully knocked down or overex-
pressed. Then, the MeRIP-seq gene set was intersected 
with the RNA-seq genes with P < 0.01 after differential 
analysis, and three genes were identified as signifi-
cantly different between the three cohorts (Fig.  4B). 
To identify downstream target genes of METTL3, we 
performed fluorescence qPCR on the three distinct 
intersecting genes and found that DCP2 is a METTL3 
target gene in SCLC (Fig.  4C-D). The IGV map from 
MeRIP-seq also showed that after METTL3 knock-
down, m6A methylation levels in the coding region 
(CDS) of DCP2 was significantly decreased (Fig.  4E). 
These findings were confirmed by MeRIP-qPCR. In 
H69AR and H446DDP cells, METTL3 knockdown 
resulted in significantly decreased DCP2 m6A meth-
ylation levels, and in H69 and H446 cells, METTL3 
overexpression significantly increased DCP2 m6A 
methylation levels (Fig. 4F-G).

Western blotting and immunofluorescence showed 
that DCP2 was highly expressed in H69 and H446 cells 
(Fig. S2A), mainly in the cytoplasm and in a small area of 
the nucleus (Fig. S2B-C). METTL3 knockdown resulted 
in significantly increased DCP2 protein levels, whereas 
METTL3 overexpression significantly decreased DCP2 
protein levels (Fig.  4H-I). Overall, these findings indi-
cate that DCP2 is the target gene of METTL3 and that 
METTL3 downregulates DCP2 expression by inducing 
m6A methylation of DCP2.

DCP2 affects SCLC chemoresistance by regulating 
mitophagy
To determine whether regulation of DCP2 levels by 
METTL3 contributes to SCLC chemoresistance, we con-
structed DCP2-overexpressing and DCP2-knockdown 
cells in chemoresistant and chemosensitive cell lines, 
respectively (Fig. S3A-B). The IC50 of chemotherapeu-
tic drugs, including CDDP and VP16, was determined 
following 24 hours of treatment. Knockdown of DCP2 
in chemosensitive cells significantly increased the IC50 
values of chemotherapeutic drugs (Fig.  5A), while over-
expression of DCP2 in chemoresistant cells significantly 
decreased the IC50 values (Fig.  5B). Further rescue 
experiments showed that when METTL3 was knocked 
down, the sensitivity of cells to chemotherapeutic drugs 
was increased, and the IC50 values decreased.However, 
when both METTL3 and DCP2 were knocked down 
simultaneously, chemoresistance caused by METTL3 was 
restored (Fig. 5C-D). We also analysed DCP2 expression 
in subcutaneously transplanted nude mouse tumours 
in which we knocked down or overexpressed METTL3. 
Again, we found that DCP2 expression decreased with 
increasing METTL3 expression (Fig. S3C). These results 
suggest that DCP2 is involved in the METTL3-mediated 
chemoresistance of SCLC.

To further explore possible downstream mecha-
nisms by which METTL3 mediates chemoresistance, 
we performed GO pathway enrichment analysis of the 
MeRIP-seq data. GO analysis showed that autophagy-
related pathways were highly enriched, and among the 

Fig. 4  DCP2 is a downstream target of METTL3. A Consensus motif map with MeRIP-seq peaks identified by HOMER in the SCLC drug-resistant cell 
line H69AR after METTL3 knockdown. B Venn diagram showing the gene set with significantly decreased m6A levels following METTL3 knockdown 
as measured by MeRIP-seq and the two gene sets with significant differences in RNA-seq differential expression analysis. The intersection of these 
gene sets yielded three significantly different genes (DCP2, DAAM1, and KPNB1). C qRT-PCR analysis: mRNA expression of DCP2, DAAM1 and KPNB1 
in sensitive and resistant cell lines was detected by qRT–PCR. **P < 0.01; ***P < 0.001; ns, not significant. D qRT-PCR analysis: mRNA expression of 
DCP2 and KPNB1 after METTL3 knockdown in the drug-resistant cell lines H69AR and H446DDP. **P < 0.01; ***P < 0.001; ns, not significant. E IGV map 
from MeRIP-seq shows that DCP2 m6A methylation levels were significantly decreased in METTL3-knockdown H69AR cells. F MeRIP-qPCR analysis 
of DCP2 m6A methylation levels in drug-resistant cell lines and their METTL3-knockdown stably transduced counterparts. **P < 0.01. G MeRIP-qPCR 
analysis of DCP2 m6A methylation levels in chemosensitive cell lines and their counterparts that stably overexpress METTL3. *P < 0.05, **P < 0.01. H 
Western blot analysis of DCP2 expression in H69AR and H446DDP cells transfected with shRNA-METTL3. I Western blot analysis of DCP2 expression 
in H69 and H446 cells transfected with METTL3

(See figure on next page.)
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12 autophagy-related pathways with significant differ-
ences, five pathways belonged to the “mitochondrial 
autophagy with selective autophagy” category (Fig.  5E). 
To confirm whether mitochondrial autophagy is involved 
in SCLC chemotherapy resistance, confocal micros-
copy was used to evaluate mitochondrial autophagy in 

chemosensitive and drug-resistant cells. When the same 
concentration of chemotherapeutic drugs was used to 
induce mitochondrial autophagy in chemosensitive and 
chemoresistant cells, the Mtphagy fluorescence intensity, 
representing mitochondrial autophagy, was significantly 
higher in chemoresistant cells than in chemosensitive 

Fig. 4  (See legend on previous page.)
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cells (Fig. S3D). However, after overexpression of DCP2 
in chemoresistant cells, Mtphagy fluorescence intensity 
was significantly decreased, and this finding was con-
sistent across the two cell lines analysed (Figs.  5F and 
S3E-F). After knockdown of DCP2 in chemosensitive 
cells, Mtphagy fluorescence intensity was significantly 
increased (Fig.  5G-H and S3G-H). Further experiments 
showed that when METTL3 was knocked down in chem-
oresistant cell lines, decreased mitochondrial autophagy 
was observed, and this decreased mitochondrial 
autophagy was rescued by simultaneous knockdown of 
METTL3 and DCP2 (Figs.  5I-J and S3I-J). To summa-
rize, we found that DCP2, a METTL3 target gene, was 
involved in the chemoresistance process of SCLC by 
affecting the level of mitophagy.

DCP2 regulates Pink1‑Parkin pathway‑mediated 
mitophagy
In previous studies, it has been stated that mitochondrial 
autophagy occurs through two classical pathways: the 
Pink1-Parkin-mediated ubiquitin-dependent pathway, 
which is triggered by membrane depolarization, and recep-
tor-mediated pathways, the core components of which 
include BNIP3 (BCL2-interacting protein 3), BNIP3L/NIX 
(BCL2-interacting protein 3-like), and PHB2 [35, 36]. To 
explore whether DCP2 regulates mitochondrial autophagy 
in SCLC through either of these known pathways, changes 
in the expression of mitophagy genes were analysed in 
DCP2 knockdown chemosensitive cells. DCP2 knock-
down resulted in increased Pink1 and Parkin mRNA levels, 
whereas there were no significant changes in the mRNA 
levels of BNIP3, BNIP3L or PHB2 (Fig.  6A-B). Likewise, 
Pink1 and Parkin mRNA levels decreased in chemoresist-
ant cells overexpressing DCP2 (Fig.  6C). 7-Methylguano-
sine diphosphate (m7GDP) is a drug that has been shown 
to inhibit the activity of Decapping Scavenger (DcpS) [37, 
38]. Chemosensitive cells were treated with varying con-
centrations of m7GDP, and Pink1 and Parkin mRNA levels 
were analysed. We found that Pink1 and Parkin expression 
changed with increasing m7GDP concentrations (Fig. S4A-
B). These results indicate that the mRNA stability of Pink1 

and Parkin is affected by DCP2 and that DCP2 can induce 
the degradation of Pink1 and Parkin.

To further characterize changes in mitochondrial 
autophagy in SCLC cells, we analysed the protein levels of 
Pink1, Parkin, LC3, and P62. Compared to chemosensitive 
cells, chemoresistant cells showed significantly increased 
expression levels of mitochondrial autophagy proteins (Fig. 
S4C), which was consistent with the results of the mito-
chondrial autophagy fluorescence experiments. When 
DCP2 was knocked down or METTL3 was overexpressed 
in chemosensitive cells, the expression levels of mito-
chondrial autophagy proteins were significantly increased 
(Fig.  6D-E). Moreover, when DCP2 was overexpressed 
or METTL3 was knocked down in chemoresistant cells, 
mitochondrial autophagy protein levels were decreased 
(Fig.  6F-G). When we extracted the mitochondria and 
detected the expression of Parkin and Pink1 protein in 
them separately, we obtained the same conclusion as in 
the whole cell lysate (Fig. S4D-G). To further character-
ize mitochondrial autophagy, we also detected the impor-
tant autophagic proteins Beclin 1 and Vps34. The results 
showed that overexpression of METTL3 or knockdown of 
DCP2 in chemotherapy-sensitive SCLC cells increased the 
expression levels of Beclin 1 and Vps34, while knockdown 
of METTL3 or overexpression of DCP2 in chemotherapy-
resistant SCLC cells significantly decreased the expression 
levels of Beclin 1 and Vps34 (Fig. S5A-D).

Further rescue experiments showed that when 
METTL3 and DCP2 were knocked down simultane-
ously in chemoresistant cells, the changes in autophagy 
protein levels caused by METTL3 knockdown were 
restored (Fig.  6H). These results suggest that METTL3 
regulation of DCP2 levels contributes to SCLC chemo-
therapy resistance by regulating Pink1-Parkin-mediated 
mitochondrial autophagy.

DCP2 regulates mitochondrial damage in SCLC
Numerous studies have confirmed that chemoresistance 
is related to mitochondrial dysfunction. Mitochondrial 
autophagy is the targeted phagocytosis and destruc-
tion of mitochondria by autophagy and is considered the 

(See figure on next page.)
Fig. 5  DCP2 prevents SCLC chemoresistance by regulating mitophagy. A CCK-8 assays show that knockdown of DCP2 increased the IC50 
values of chemotherapeutic drugs for the chemosensitive H69 and H446 cell lines. *P < 0.05; **P < 0.01; ***P < 0.001. B CCK-8 assays show that 
DCP2 overexpression decreased the IC50 values of chemotherapeutic agents for the chemoresistant H69AR and H446DDP cell lines. *P < 0.05; 
**P < 0.01. C-D CCK-8 assays showing the effect of simultaneous METTL3 and DCP2 knockdown on the IC50 of chemotherapeutic drugs for 
H69AR and H446DDP cells. *P < 0.05; **P < 0.01; ***P < 0.001. E Histogram showing the significantly enriched autophagy-related pathways after 
GO pathway enrichment analysis of MeRIP-seq data. F Mtphagy images show mitophagy fluorescence, and merged images show colocalization 
between mitochondrial and lysosomal dyes in SCLC cells overexpressing DCP2 following chemotherapeutic drug treatment. Scale bar represents 
25 μm. G-H Mtphagy images show mitophagy fluorescence, and merged images show colocalization between mitochondrial and lysosomal 
dyes in DCP2-knockdown SCLC cells after chemotherapeutic drug treatment. Scale bar represents 25 μm. I-J Mtphagy images show mitophagy 
fluorescence, and merged images show colocalization between mitochondrial and lysosomal dyes in SCLC cells with simultaneous knockdown of 
METTL3 and DCP2 following chemotherapeutic drug exposure. Scale bar represents 25 μm
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main mechanism of mitochondrial quality control [39, 
40]. Therefore, we speculated that there were changes in 
the level of mitochondrial damage during SCLC chemo-
therapy resistance. Mitochondrial membrane potential 

(MMP) and mitochondrial reactive oxygen species 
(mtROS) are key indicators of mitochondrial activity 
because they reflect the processes of electron transport 
and oxidative phosphorylation, which are the driving 

Fig. 5  (See legend on previous page.)
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forces behind ATP production in both biological pro-
cesses and human cancer pathogenesis [41]. We found 
that knockdown of DCP2 in SCLC chemotherapy-sensi-
tive cells significantly decreased the production of mito-
chondrial ROS (Fig. S6A) and significantly increased 
MMP (Fig.  7A-B), indicating that knockdown of DCP2 
can reduce mitochondrial damage induced by chemother-
apy drugs. Similarly, after DCP2 overexpression in chem-
otherapy-resistant cells, the DCP2 overexpression group 
had increased mitochondrial damage induced by chemo-
therapy drugs (mtROS fluorescence intensity increased, 
MMP fluorescence intensity decreased) (Figs.  7C-D and 
S6B). Further rescue experiments showed that when 
METTL3 and DCP2 were knocked down simultane-
ously in chemoresistant cells, the mitochondrial damage 
induced by chemotherapy drugs caused by METTL3 was 
restored (Figs. 7E-F and S6C). In conclusion, regulation of 
DCP2 by METTL3 in SCLC alters the level of mitochon-
drial damage induced by chemotherapeutic drugs.

METTL3 inhibitor STM2457 reverses chemoresistance 
of SCLC cells in vitro and in vivo
STM2457 is a novel, highly selective, orally active 
METTL3 inhibitor, that has been previously reported in 
a study of acute leukemia [42]. To determine a suitable 
concentration of STM2457 that can inhibit METTL3 
expression in SCLC cells without affecting the prolif-
eration of normal lung epithelial cells, we treated normal 
lung epithelial cells(HBE) with different concentrations 
of STM2457. When the concentration of STM2457 was 
6.25 μM, there was no effect on the proliferation of nor-
mal HBE lung epithelial cells (Fig. S7A). Western blot-
ting showed that treatment with this concentration of 
STM2457 increased the expression levels of DCP2 and 
decreased the expression levels of Pink1 and Parkin in 
H69AR and H446DDP cells (Fig. S7B). After 24 hours 
of treatment with CDDP or VP16, we determined the 
IC50 and cell apoptosis. The IC50 values of CDDP and 
VP16 were significantly decreased after treatment with 
STM2457 (Fig.  8A-B). The flow cytometry results also 
showed that the proportion of apoptotic cells was higher 
in the STM2457 treatment group than the control group 
(Figs. 8C-D and S7C-D).

To observe whether STM2457 affected SCLC drug 
resistance in  vivo, H69AR cells treated with 6.25 μM 
STM2457 for 24 hours were subcutaneously injected 
into nude mice. When combined with chemotherapy 
drugs, STM2457 significantly inhibited the growth rate 
of the xenografts (Fig. S7E) and significantly reduced the 
volume of xenografts after chemotherapy (Fig.  8E-F). 
In conclusion, the METTL3 inhibitor STM2457 could 
reverse SCLC chemoresistance and has the potential to 
treat chemoresistance in SCLC patients.

Discussion
The mechanisms of chemotherapy resistance in malig-
nant tumours are very complex, and most result in 
multidrug resistance [26, 43]. m6A methylation is an epi-
genetic modification of RNA that mainly affects mRNA 
stability, nuclear output, and translation [44]. Many stud-
ies have shown that m6A plays an important role in vari-
ous biological processes and is especially important in 
drug resistance [45].

Few studies have examined the role of the m6A modifi-
cation in SCLC chemotherapy resistance. The present study 
demonstrated for the first time that METTL3, an impor-
tant m6A methyltransferase, induces SCLC chemoresist-
ance. By transcriptome sequencing analysis and in vivo and 
in  vitro experiments, we found that METTL3 was highly 
expressed in chemoresistant cells and promoted chemore-
sistance. METTL3 interacts with METTL14 in the heterodi-
mer formed, which deposits m6A on mRNAs [46]. Previous 
studies suggested that METTL14 was an inactive meth-
yltransferase for the disruption of its active site motif [47]. 
Biochemical and structural evidence also indicated that 
METTL14 has no detectable activity [34, 48, 49]. METTL14 
primarily serves as a platform for substrate interaction in 
the binary complex. When METTL3 and METTL14 form 
a heterodimeric complex, the catalytic activity of METTL3 
is dramatically stimulated [48]. in our study, the heatmap of 
mRNA expression based on whole-transcriptome sequenc-
ing revealed the high relative abundance of METTL14 in 
chemotherapy-sensitive and chemotherapy-resistant cells, 
and METTL14 expression was not significantly different in 
SCLC. This result implied the significant effect of METTL3 
with differential expression on methyltransferase activity in 
SCLC.

Fig. 6  DCP2 regulates mitophagy mediated by the Pink1-Parkin pathway. A-B qRT–PCR analysis of the mRNA expression of mitophagy-related 
proteins after knockdown of DCP2 in the drug-sensitive cell lines H69 and H446. **P < 0.01; ***P < 0.001; ns, not significant. C qRT–PCR analysis of the 
mRNA expression of mitophagy-related proteins after overexpression of DCP2 in the drug-resistant cell lines H69AR and H446DDP. **P < 0.01. D-E 
Western blot analysis of mitophagy-related protein expression after knockdown of DCP2 (D) and overexpression of METTL3 (E) in the drug-sensitive 
cell lines H69 and H446. F-G Western blot analysis of mitophagy-related protein expression after knockdown of METTL3 (F) and overexpression of 
DCP2 (G) in the drug-resistant cell lines H69AR and H446DDP. H Western blot analysis of mitophagy-related protein expression after simultaneous 
METTL3 and DCP2 knockdown in the drug-resistant cell lines H69AR and H446DDP

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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Transcriptome sequencing analysis of surgical speci-
mens from local SCLC patients also showed that METTL3 
expression was significantly associated with poor progno-
sis. Previous studies have confirmed that METTL3-medi-
ated m6A methylation is associated with chemotherapy 
resistance in various solid tumours. For example, in non-
small cell lung cancer, METTL3-mediated m6A methyla-
tion increased the stability of YAP mRNA by regulating 
Malat1-miR-1914-3p-Yap axis-induced chemotherapy 
resistance [50]. In breast cancer and colorectal cancer, 
METTL3-mediated m6A methylation has been repeat-
edly linked to doxorubicin and oxaliplatin resistance [51, 
52]. In this study, we observed that differential expression 
of METTL3 expression influenced the IC50 of CDDP and 
VP16 treatment in SCLC cells, and regulating METTL3 
expression alone cannot completely reverse the IC50 
of chemically resistant cells to the same level as that of 
chemically sensitive parent cells, which may be related to 
the unclear mechanism of SCLC chemotherapy resistance 
and the complex process of SCLC biological behaviour 
regulated by multiple factors. Notably, it was reported that 
platinum drugs could increase the overall cellular m6A 
level via the SNHG3/miR-186-5p/METTL3 axis, and that 
it was involved in platinum resistance [53]. This finding 
may be explained by the fact that, compared to VP16 sus-
ceptibility, CDDP susceptibility seems to be more depend-
ent on METTL3 expression.

To explore possible downstream mechanisms by 
which METTL3 promotes SCLC chemoresistance, 
we applied RNA-seq and MeRIP-Seq to jointly iden-
tify downstream targets of METTL3-mediated m6A 
methylation. Based on the comprehensive analysis of 
sequencing data and in  vitro experiments, we deter-
mined that DCP2 m6A methylation levels in SCLC 
were regulated by METTL3, and highly m6A-modified 
DCP2 mRNA was degraded, resulting in decreased 
DCP2 protein expression. Transcripts with high m6A 
levels may experience aggregation and degradation, 
depending on subsequent recognition by m6A readers. 
Degradation after m6A methylation has been confirmed 
in many studies, and it primarily involves selective rec-
ognition by the m6A reading protein YTH domain 
family 2 (YTHDF2). The carboxy-terminal domain of 
YTHDF2 selectively binds to m6A-containing mRNA, 

while the N-terminal domain is responsible for local-
izing the YTHDF2-mRNA complex to sites of cellular 
RNA decay to regulate mRNA degradation [54, 55]. 
DCP2 is a major decapping enzyme during 5′ to 3′ 
mRNA decay, and the 5′ mRNA cap determines nuclear 
and cytoplasmic fate by interacting with a number of 
specialized cap-binding proteins that mediate impor-
tant cellular functions, including pre-mRNA process-
ing, nuclear export, translation initiation, and bulk 
mRNA decay [13, 15, 56]. There are no prior reports on 
whether DCP2 is involved in tumour drug resistance. 
In the present study, we found that DCP2, a METTL3 
target gene, negatively regulates SCLC chemotherapy 
resistance. This finding has important implications for 
the future development of drugs that can reverse SCLC 
chemoresistance.

To further characterize the molecular mechanism 
by which DCP2 negatively regulates SCLC chemo-
therapy resistance, we performed GO pathway enrich-
ment analysis on our m6A-seq data and found that the 
mitochondrial autophagy pathway was highly enriched. 
Furthermore, by analysing mitophagy fluorescence and 
the expression of autophagy-related proteins, we found 
that DCP2 regulates mitophagy and mitochondrial 
damage levels by controlling Pink1 and Parkin expres-
sion. Mitochondrial autophagy is a selective autophagy 
process that aims to eliminate dysfunctional or nones-
sential mitochondria to maintain cell homeostasis [22]. 
The Pink1-Parkin pathway is a classic pathway for the 
activation of mitochondrial autophagy. When mito-
chondria are damaged and depolarized, Pink1 accu-
mulates on the outer membrane and recruits Parkin. 
Pink1 activates Parkin by phosphorylating Parkin on 
Thr175, Thr217 and Ser65, thus initiating mitochon-
drial autophagy [57]. Our results indicate that DCP2 
can regulate the expression of Pink1 and Parkin, which 
connects METTL3-mediated m6A methylation and 
mitochondrial autophagy. Mitochondrial autophagy 
has been repeatedly shown to play a role in chemore-
sistance in various cancer types, including adriamycin 
resistance in colorectal cancer and cisplatin resistance 
in non-small cell lung cancer [58, 59]. However, there 
are few reports on the role of mitochondrial autophagy 
in SCLC chemotherapy resistance. In the present 

(See figure on next page.)
Fig. 7  DCP2 regulates mitochondrial damage levels in SCLC cells. A-B The mitochondrial membrane potential detection kit (JC-1) was used to 
detect differences in mitochondrial damage levels in DCP2 knockdown SCLC cells following treatment with the chemotherapeutic drugs CDDP 
and VP16 (when the mitochondrial membrane potential is high, JC-1 aggregates in the mitochondrial matrix to form polymers and produces 
red fluorescence; when the mitochondrial membrane potential is low, JC-1 exists in monomer form and cannot aggregate in the mitochondria 
in the matrix, which produces green fluorescence). C-D A mitochondrial membrane potential detection kit (JC-1) was used to detect differences 
in mitochondrial damage levels in DCP2-overexpressing SCLC cells following treatment with chemotherapeutic drugs. E-F A mitochondrial 
membrane potential detection kit (JC-1) was used to detect differences in mitochondrial damage levels in SCLC cells with simultaneous 
knockdown of METTL3 and DCP2 following treatment with chemotherapeutic drugs
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Fig. 7  (See legend on previous page.)
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Fig. 8  The METTL3 inhibitor STM2457 reverses chemoresistance in SCLC cells in vitro and in vivo. A-B CCK-8 assay shows that STM2457 (6.25 μM) 
decreased the IC50 values of chemotherapeutic agents for chemoresistant H69AR and H446DDP cells. *P < 0.05; **P < 0.01; ***P < 0.001. C-D Cell 
apoptosis and arrest were evaluated by flow cytometry in STM2457-treated (6.25 μM) SCLC cells after chemotherapeutic drug treatment. E-F Effect 
of STM2457 (6.25 μM) on resistance to chemotherapeutic drugs in nude mice with implanted tumours and measurement of tumour weights for 
different treatment groups. ***P < 0.001. G Mechanism diagram: The m6A methyltransferase METTL3 promotes SCLC chemoresistance by targeting 
DCP2, which regulates mitophagy and mitochondrial damage via the Pink1-Parkin pathway
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study, we found that mitochondrial autophagy pro-
moted SCLC chemotherapy resistance. Mitochondrial 
autophagy was increased in chemotherapy-resistant 
cells compared to chemosensitive cells, and the level 
of mitochondrial autophagy was altered by changes in 
METTL3 and DCP2 expression.

Mechanistically, in chemoresistant cells, increased 
METTL3 expression led to increased m6A methyla-
tion of DCP2 transcripts, and transcripts with high 
m6A methylation levels were degraded, resulting 
in decreased DCP2 mRNA and protein levels. The 
decreased DCP2 expression further regulated Pink1 
and Parkin mRNA stability, increasing mitophagy 
and decreasing mitochondrial damage. Ultimately, 
these events contribute to SCLC chemotherapeutic 
drug resistance (Fig.  8G). These findings suggest that 
METTL3 could become a promising clinical target for 
reversing SCLC chemoresistance.

Finally, we examined the effect of a novel METTL3 
inhibitor, STM2457, on SCLC chemoresistance. 
STM2457 can inhibit the catalytic activity of METTL3 
and has been previously shown to affect the proliferation 
of leukaemia and bile duct tumour cells [42, 54]. In the 
present study, STM2457 significantly changed the sensi-
tivity of SCLC cells to chemotherapeutic drugs in  vitro 
and in  vivo and reversed SCLC chemoresistance. These 
findings provide useful insight for the development of 
clinical antitumour drugs and the future application of 
STM2457 to overcome SCLC drug resistance.

Conclusions
Our study confirmed that the m6A methyltransferase 
METTL3 participates in the chemoresistance process 
of SCLC by promoting m6A of DCP2, inducing Pink1-
Parkin pathway mediated mitophagy and reducing mito-
chondrial damage. At the same time, the new METTL3 
inhibitor STM2457 has also been proved to have the 
effect of regulating the chemotherapy resistance of 
SCLC. Therefore, METTL3 is a promising new therapeu-
tic target for reversing chemotherapy resistance in SCLC.

Abbreviations
SCLC	� Small cell lung cancer
GEO	� Gene Expression Omnibus
IC50	� Half maximal inhibitory concentration
OS	� Overall survival
GO	� Gene Ontology
METTL3	� Methyltransferase-like 3
m6A	� N6-methyladenosine
DCP2	� Decapping Protein 2
m7GDP	� 7-methylguanosine diphosphate
CCK8	� Cell counting kit-8
CDDP	� Cisplatin
VP16	� Etoposide
MeRIP-seq	� Methylated RNA immunoprecision sequencing
DcpS	� Decapping Scavenger

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13046-​023-​02638-9.

Additional file 1. 

Authors’ contributions
JZ, WZ and YS designed the study. YS, WS and SH performed the experiments.
TW, QL, YS and QW analyzed the experimental data. YS, WS, SH and QL wrote 
the manuscript. JZ, WZ and TW revised the manuscript. The author(s) read and 
approved the final manuscript.

Funding
This work was supported by grant from the Natural Science Foundation of 
Guangdong Province (2018A030313846); grant from the Science and Technol-
ogy Program of Guangzhou, China (202002030359); grant from the National 
Natural Science Foundation of China (81871859); grant from the National 
Natural Science Foundation of China (82172750); grant from the National 
Natural Science Foundation of China (82172811).

Availability of data and materials
The data sets generated during and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Under the protocol approved by the Institutional Review Board, informed 
consent was obtained from the patients or their guardians. All animal experi-
ments were performed with the approval of the Ethics Committee for Animal 
Experimentation of Southern Medical University.

Consent for publication
No conflict of interest exits in the submission of this manuscript, and manu-
script is approved by all authors for publication.

Competing interests
There is no conflict of interest between all authors.

Received: 10 October 2022   Accepted: 5 March 2023

References
	1.	 Pakzad R, Mohammadian-Hafshejani A, Ghoncheh M, et al. The incidence 

and mortality of lung cancer and their relationship to development in 
Asia. Transl Lung Cancer Res. 2015;4(6):763–74.

	2.	 Amini A, Byers LA, Welsh JW, et al. Progress in the management of 
limited-stage small cell lung cancer. Cancer. 2014;120(6):790–8.

	3.	 Liu Y, Ao X, Yu W, et al. Biogenesis, functions, and clinical implications 
of circular RNAs in non-small cell lung cancer. Mol Ther Nucleic Acids. 
2022;27:50–72.

	4.	 Bray F, Ferlay J, Soerjomataram I, et al. Global cancer statistics 2018: GLO-
BOCAN estimates of incidence and mortality worldwide for 36 cancers in 
185 countries. CA Cancer J Clin. 2018;68(6):394–424.

	5.	 Farago AF, Keane FK. Current standards for clinical management of small 
cell lung cancer. Transl Lung Cancer Res. 2018;7(1):69–79.

	6.	 Gazdar AF, Bunn PA, Minna JD. Small-cell lung cancer: what we know, what 
we need to know and the path forward. Nat Rev Cancer. 2017;17(12):725–37.

	7.	 Chen XY, Zhang J, Zhu JS. The role of m(6)A RNA methylation in human 
cancer. Mol Cancer. 2019;18(1):103.

	8.	 Zaccara S, Ries RJ, Jaffrey SR. Reading, writing and erasing mRNA meth-
ylation. Nat Rev Mol Cell Biol. 2019;20(10):608–24.

	9.	 Yang Y, Hsu PJ, Chen YS, et al. Dynamic transcriptomic m(6)a decora-
tion: writers, erasers, readers and functions in RNA metabolism. Cell Res. 
2018;28(6):616–24.

https://doi.org/10.1186/s13046-023-02638-9
https://doi.org/10.1186/s13046-023-02638-9


Page 19 of 19Sun et al. J Exp Clin Cancer Res           (2023) 42:65 	

	10.	 Kong H, Sun J, Zhang W, et al. Long intergenic non-protein coding RNA 
1273 confers sorafenib resistance in hepatocellular carcinoma via regulation 
of methyltransferase 3. Bioengineered. 2022;13(2):3108–21.

	11.	 Lin Z, Niu Y, Wan A, et al. RNA m(6) a methylation regulates sorafenib 
resistance in liver cancer through FOXO3-mediated autophagy. EMBO J. 
2020;39(12):e103181.

	12.	 Xu K, Zhang Q, Chen M, et al. N(6)-methyladenosine modification 
regulates imatinib resistance of gastrointestinal stromal tumor by 
enhancing the expression of multidrug transporter MRP1. Cancer Lett. 
2022;530:85–99.

	13.	 Galloway A, Cowling VH. mRNA cap regulation in mammalian 
cell function and fate. Biochim Biophys Acta Gene Regul Mech. 
2019;1862(3):270–9.

	14.	 Mugridge JS, Ziemniak M, Jemielity J, et al. Structural basis of mRNA-cap 
recognition by Dcp1-Dcp2. Nat Struct Mol Biol. 2016;23(11):987–94.

	15.	 Ramanathan A, Robb GB, Chan SH. mRNA capping: biological functions and 
applications. Nucleic Acids Res. 2016;44(16):7511–26.

	16.	 de la Croix A, Barrett A, Stenfors T. How to...Do research interviews in differ-
ent ways. Clin Teach. 2018;15(6):451–6.

	17.	 Li Y, Kiledjian M. Regulation of mRNA decapping. Wiley Interdiscip Rev RNA. 
2010;1(2):253–65.

	18.	 Dunckley T, Parker R. The DCP2 protein is required for mRNA decapping in 
Saccharomyces cerevisiae and contains a functional MutT motif. EMBO J. 
1999;18(19):5411–22.

	19.	 Chang JY, Yi HS, Kim HW, et al. Dysregulation of mitophagy in car-
cinogenesis and tumor progression. Biochim Biophys Acta Bioenerg. 
2017;1858(8):633–40.

	20.	 Livingston MJ, Wang J, Zhou J, et al. Clearance of damaged mitochondria via 
mitophagy is important to the protective effect of ischemic precondition-
ing in kidneys. Autophagy. 2019;15(12):2142–62.

	21.	 Yoo SM, Jung YK. A molecular approach to Mitophagy and mitochondrial 
dynamics. Mol Cells. 2018;41(1):18–26.

	22.	 Lemasters JJ. Selective mitochondrial autophagy, or mitophagy, as a 
targeted defense against oxidative stress, mitochondrial dysfunction, and 
aging. Rejuvenation Res. 2005;8(1):3–5.

	23.	 Limagne E, Nuttin L, Thibaudin M, et al. MEK inhibition overcomes chemo-
immunotherapy resistance by inducing CXCL10 in cancer cells. Cancer Cell. 
2022;40(2):136–52.

	24.	 Yao J, Wang J, Xu Y, et al. CDK9 inhibition blocks the initiation of PINK1-
PRKN-mediated mitophagy by regulating the SIRT1-FOXO3-BNIP3 axis and 
enhances the therapeutic effects involving mitochondrial dysfunction in 
hepatocellular carcinoma. Autophagy.2022;18(8):1879–97.

	25.	 Ferro F, Servais S, Besson P, et al. Autophagy and mitophagy in cancer meta-
bolic remodelling. Semin Cell Dev Biol. 2020;98:129–38.

	26.	 Shen W, Zhang W, Ye W, et al. SR9009 induces a REV-ERB dependent anti-
small-cell lung cancer effect through inhibition of autophagy. Theranostics. 
2020;10(10):4466–80.

	27.	 Wang Q, Zeng F, Sun Y, et al. Etk interaction with PFKFB4 modulates Chem-
oresistance of small-cell lung Cancer by regulating autophagy. Clin Cancer 
Res. 2018;24(4):950–62.

	28.	 Jiang L, Huang J, Higgs BW, et al. Genomic landscape survey identi-
fies SRSF1 as a key Oncodriver in small cell lung Cancer. PLoS Genet. 
2016;12(4):e1005895.

	29.	 Niu Y, Ma F, Huang W, et al. Long non-coding RNA TUG1 is involved in cell 
growth and chemoresistance of small cell lung cancer by regulating LIMK2b 
via EZH2. Mol Cancer. 2017;16(1):5.

	30.	 Huang W, Yang Y, Wu J, et al. Circular RNA cESRP1 sensitises small cell lung 
cancer cells to chemotherapy by sponging miR-93-5p to inhibit TGF-beta 
signalling. Cell Death Differ. 2020;27(5):1709–27.

	31.	 Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correla-
tions in multidimensional genomic data. Bioinformatics. 2016;32(18):2847–9.

	32.	 Dominissini D, Moshitch-Moshkovitz S, Salmon-Divon M, et al. Transcriptome-
wide mapping of N(6)-methyladenosine by m(6)A-seq based on immuno-
capturing and massively parallel sequencing. Nat Protoc. 2013;8(1):176–89.

	33.	 Shen C, Xuan B, Yan T, et al. m(6)A-dependent glycolysis enhances colorectal 
cancer progression. Mol Cancer. 2020;19(1):72.

	34.	 Wang X, Feng J, Xue Y, et al. Structural basis of N(6)-adenosine methylation 
by the METTL3-METTL14 complex. Nature. 2016;534(7608):575–8.

	35.	 Yamano K, Kojima W. Molecular functions of autophagy adaptors 
upon ubiquitin-driven mitophagy. Biochim Biophys Acta Gen Subj. 
2021;1865(10):129972.

	36.	 Xie Y, Liu J, Kang R, et al. Mitophagy receptors in tumor biology. Front Cell 
Dev Biol. 2020;8:594203.

	37.	 Wypijewska A, Bojarska E, Lukaszewicz M, et al. 7-methylguanosine 
diphosphate (m(7)GDP) is not hydrolyzed but strongly bound by decapping 
scavenger (DcpS) enzymes and potently inhibits their activity. Biochemistry. 
2012;51(40):8003–13.

	38.	 Gunawardana D, Cheng HC, Gayler KR. Identification of functional domains 
in Arabidopsis thaliana mRNA decapping enzyme (AtDcp2). Nucleic Acids 
Res. 2008;36(1):203–16.

	39.	 Villa E, Proics E, Rubio-Patino C, et al. Parkin-independent Mitophagy 
controls chemotherapeutic response in Cancer cells. Cell Rep. 
2017;20(12):2846–59.

	40.	 Galluzzi L, Senovilla L, Vitale I, et al. Molecular mechanisms of cisplatin resist-
ance. Oncogene. 2012;31(15):1869–83.

	41.	 Ma X, Mckeen T, Zhang J, et al. Role and mechanisms of Mitophagy in liver 
diseases. Cells. 2020;9(4):837.

	42.	 Yankova E, Blackaby W, Albertella M, et al. Small-molecule inhibi-
tion of METTL3 as a strategy against myeloid leukaemia. Nature. 
2021;593(7860):597–601.

	43.	 Kalemkerian GP, Schneider BJ. Advances in small cell lung Cancer. Hematol 
Oncol Clin North Am. 2017;31(1):143–56.

	44.	 Jiang X, Liu B, Nie Z, et al. The role of m6A modification in the biological 
functions and diseases. Signal Transduct Target Ther. 2021;6(1):74.

	45.	 Li B, Jiang J, Assaraf YG, et al. Surmounting cancer drug resistance: new 
insights from the perspective of N(6)-methyladenosine RNA modification. 
Drug Resist Updat. 2020;53:100720.

	46.	 Huang J, Yin P. Structural insights into N(6)-methyladenosine (m(6)a) 
modification in the transcriptome. Genomics Proteomics Bioinformatics. 
2018;16(2):85–98.

	47.	 Iyer LM, Zhang D, Aravind L. Adenine methylation in eukaryotes: appre-
hending the complex evolutionary history and functional potential of an 
epigenetic modification. Bioessays. 2016;38(1):27–40.

	48.	 Wang P, Doxtader KA, Nam Y. Structural basis for cooperative function of 
Mettl3 and Mettl14 methyltransferases. Mol Cell. 2016;63(2):306–17.

	49.	 Sledz P, Jinek M. Structural insights into the molecular mechanism of the 
m(6)a writer complex. Elife. 2016:5:e18434.

	50.	 Jin D, Guo J, Wu Y, et al. M(6)a mRNA methylation initiated by METTL3 
directly promotes YAP translation and increases YAP activity by regulating 
the MALAT1-miR-1914-3p-YAP axis to induce NSCLC drug resistance and 
metastasis. J Hematol Oncol. 2019;12(1):135.

	51.	 Pan X, Hong X, Li S, et al. 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(1):91–102.

	52.	 Lan H, Liu Y, Liu J, et al. Tumor-associated macrophages promote Oxaliplatin 
resistance via METTL3-mediated m(6)a of TRAF5 and necroptosis in colorec-
tal Cancer. Mol Pharm. 2021;18(3):1026–37.

	53.	 Zhang M, Bai M, Wang L, et al. Targeting SNHG3/miR-186-5p reverses the 
increased m6A level caused by platinum treatment through regulating 
METTL3 in esophageal cancer. Cancer Cell Int. 2021;21(1):114.

	54.	 Xu QC, Tien YC, Shi YH, et al. METTL3 promotes intrahepatic cholangiocar-
cinoma progression by regulating IFIT2 expression in an m(6)A-YTHDF2-
dependent manner. Oncogene. 2022;41(11):1622–33.

	55.	 Wang X, Lu Z, Gomez A, et al. N6-methyladenosine-dependent regulation 
of messenger RNA stability. Nature. 2014;505(7481):117–20.

	56.	 Mullen TE, Marzluff WF. Degradation of histone mRNA requires oligouridyla-
tion followed by decapping and simultaneous degradation of the mRNA 
both 5′ to 3′ and 3′ to 5′. Genes Dev. 2008;22(1):50–65.

	57.	 Nguyen TN, Padman BS, Lazarou M. Deciphering the molecular signals of 
PINK1/Parkin Mitophagy. Trends Cell Biol. 2016;26(10):733–44.

	58.	 Liu Y, Fu Y, Hu X, et al. Caveolin-1 knockdown increases the therapeutic 
sensitivity of lung cancer to cisplatin-induced apoptosis by repressing 
Parkin-related mitophagy and activating the ROCK1 pathway. J Cell Physiol. 
2020;235(2):1197–208.

	59.	 Li Z, Wang Y, Wu L, et al. Apurinic endonuclease 1 promotes the cisplatin 
resistance of lung cancer cells by inducing Parkinmediated mitophagy. 
Oncol Rep. 2019;42(6):2245–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	METTL3 promotes chemoresistance in small cell lung cancer by inducing mitophagy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Tissue sample collection
	Data set
	Cell lines
	RNA isolation and real-time qRT-PCR
	RNA sequencing, data processing and gene difference analysis of SCLC cells
	Western blot analysis
	Transfection
	Cell counting kit-8 (CCK-8) assay
	Flow cytometry
	In vivo study
	Immunohistochemistry
	Detection of mitochondrial autophagy and mitochondrial membrane potential
	Immunofluorescence
	Methylated RNA immunoprecision sequencing (MeRIP-seq) and MeRIP qPCR
	Mitochondrial protein extraction and detection
	Mitochondrial ROS (mROS) measurement
	Statistical analysis

	Results
	METTL3 is highly expressed in chemoresistant SCLC cell lines and is associated with poor patient prognosis
	Overexpression of METTL3 promotes SCLC chemoresistance in vitro
	METTL3 promotes SCLC chemoresistance in vivo
	METTL3 promotes the m6A methylation of DCP2 and regulates the expression of DCP2
	DCP2 affects SCLC chemoresistance by regulating mitophagy
	DCP2 regulates Pink1-Parkin pathway-mediated mitophagy
	DCP2 regulates mitochondrial damage in SCLC
	METTL3 inhibitor STM2457 reverses chemoresistance of SCLC cells in vitro and in vivo

	Discussion
	Conclusions
	Anchor 37
	References


