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Exosomal Delivery of FTOConfers Gefitinib Resistance to
Recipient Cells through ABCC10 Regulation in an
m6A-dependent Manner
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ABSTRACT
◥

Gefitinib is suitable for the treatment of locally advanced or
metastatic non–small cell lung cancer. However, the development
of acquired resistance limits its long-term efficacy in regardless of
significant clinical benefit to patients. Therefore, to elucidate the
mechanism of gefitinib resistance in addition to target gene
mutation may greatly increase its clinical efficacy. It was found
first that N6-methyladenosine RNA demethylase FTO was sig-
nificantly enriched in serum exosomes of gefitinib-resistant (GR)
patients compared with that of gefitinib-sensitive (GS) patients
through exosomal RNA sequencing. Meanwhile, the average m6A
proportion in GR patients was significantly lower when compared
with that in GS patients. Besides, GR cell–derived exosome
internalization attenuated the total m6A abundance and gefitinib
sensitivity of PC9 cells. Not only FTO knockdown enhanced the
gefitinib sensitivity of GR cells but also FTO reduction in donor

exosomes alleviated the acquired resistance of recipient PC9 cells.
GR cell–derived exosomal-FTO promoted ABCC10 of recipient
cells in a m6A-dependent manner. FTO/YTHDF2/ABCC10 axis
played a role in intercellular transmission of GR cell–derived
exosome-mediated gefitinib resistance both in vitro and in vivo. In
general, this research showed that m6Amodification was involved
in the decrease of gefitinib sensitivity. GR cell–derived exosomes
could decrease gefitinib sensitivity of recipient cells in exosomal
delivery of FTO-dependent manner. FTO/YTHDF2/ABCC10
axis played a role in intercellular transmission of GR cell–
derived exosome-mediated gefitinib resistance.

Implications: Our results elucidated another potential molecular
mechanism of gefitinib resistance in non–small cell lung cancer
besides secondary EGFR mutations.

Introduction
Lung cancer is one of the most frequent malignant tumors all over

the world with the leading mortality rate. Non–small cell lung cancer
(NSCLC) accounts for almost 85% of all lung cancer cases (1). The
EGFR gene mutation is considered as one of driving causes of NSCLC,
so the successful development of the third-generation EGFR tyrosine
kinase inhibitors (TKI) is significant milestone in the field of NSCLC
therapy (2, 3). However, the development of resistance to EGFR-TKIs
limits their long-term efficacy in regardless of their significant clinical
benefit to patients (4, 5). Although secondary EGFR mutations
including Thr790Met and MET gene amplification are the major
mechanisms of TKI resistance, the proportion of patients with NSCLC
eventually developing TKI resistance with unknown mechanisms was
almost 30% (6, 7). Therefore, to elucidate the mechanism of TKI
resistance in addition to target genemutationmay increase the clinical
efficacy of TKIs greatly.

Obtaining tissue biopsies for molecular analysis can be challeng-
ing (8), especially when acquired drug resistance are studied. Liquid

biopsies, or analysis of bodily fluids, have drawn attention. Exosomes
are small membrane vesicles (30–100 nm in diameter) secreted by cells
into extracellular space which harbor multiple materials such as
protein, DNA,mRNA,miRNA, and long noncoding RNA from donor
cells (9). As one of the important mediators of cell–cell communica-
tion, exosomes were reported to participate in drug resistance of tumor
cells which are used as a genetic exchange vector in the tumor
microenvironment through which drug-resistant tumor cells confer
resistance to sensitive cells (10–12). For NSCLC, it has been found that
tumor-derived exosomes can transfer cisplatin and gemcitabine resis-
tance to sensitive cells via delivery of key drug-sensitive regulatory
genes (13, 14). Gefitinib, also known as Iressa, is a selective EGFR TKI
suitable for the treatment of locally advanced or metastatic NSCLC
which has previously received or is not suitable for chemotherapy.
Currently, as one of themost widely used TKIs, gefitinib resistance has
become amajor obstacle for improving the clinical outcome of patients
withmetastatic and advanced-stageNSCLC (15). A few of studies have
found that exosomes are also involved in the gefitinib resistance of
NSCLC (15–17). This might provide new opportunities for liquid
biopsies in the field of drug resistance testing.

N6-methyladenosine (m6A) is the most common epigenetic mod-
ification onmammalianmRNAwhich is written bymethyltransferases
such as mettl3, mettl14, and erased by demethylase, such as FTO and
ALKBH5. In general, m6Amodification could change mRNA stability
and affect protein splicing and translation (18–21). Although m6A
modification is critical for various biological processes, whether m6A
regulates drug resistance remains largely unknown. It is worth men-
tioning that developing resistant phenotypes during TKI therapy
depends on m6A reduction resulting from FTO overexpression in
leukemia cells was found and it demonstrated that dynamic m6A
methylome is an additional epigenetic driver of reversible TKI-
tolerance state, (22) Besides, in the field of NSCLC, it was reported
that m6A methylation played roles in afatinib resistance of which the
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total abundance of m6A of the resistant cell line was much higher than
that of the sensitive cell line (23). Does m6A also play a role in the
gefitinib resistance in NSCLC?

In this study, serum-derived exosomes of gefitinib-sensitive (GS)
and gefitinib-resistant (GR) patients with NSCLC were collected and
RNA sequencing (RNA-seq) was performed. It was found that m6A
eraser FTO was significantly enriched in GR exosomes when com-
pared with exosomes from GS group. Meanwhile, the total proportion
of m6A in serummRNA of GR group was significantly lower than that
in GS group. Exosomal transfer of FTO played an important role in
exosome-mediated transmit of gefitinib resistance though ABCC10
enhancement in a m6A-dependent manner. Our discoveries establish
the feasibility to target the FTO-m6A axis for prevention/delay of
acquired gefitinib resistance.

Materials and Methods
Clinical samples

To evaluate the role of exosomes in TKI resistance, from February
2018 to February 2019, patients with NSCLC who received gefitinib
treatment in Department of Thoracic Surgery of The Second Xiangya
Hospital (Changsha, China) were divided into GR and GS group
according to the clinical criteria (shown in Supplementary Materials
and Methods). Peripheral blood from all patients and primary
tumor tissues of postoperative patients in GR and GS groups were
collected. The written informed consent from all patients was
obtained, and the study was conducted in accordance with Helsinki
declaration and the approval of the ethics committee of Xiangya
Second Hospital of Central South University (Changsha, China;
project number: 20190722).

Cell culture
GS cell line PC9 (RCB, catalog no. RCB4455, RRID: CVCL_B260,

P4) and inherent resistant cell line NCI-H1975 (RRID: CVCL_UE30,
P3)were purchased fromProcell inMarch 2018. The gefitinib obtained
resistant cell line PC9/GR was established in Yearthbio Technology
Co., Ltd. in October 2019. PC9 and NCI-H1975 cell lines were
authorized by short tandem repeat (STR) genotyping (21 STR DNA
amplification) in Yearthbio Technology Co. Ltd. Because the cells were
in good condition, Mycoplasma testing was not performed. The cell
lines used in this study were all controlled between P4 and
P7 generations. Cells were cultured using RPMI1640 medium supple-
mented with 10% FBS (Thermo Fisher Scientific) and 100 U/mL
penicillin and streptomycin under the condition of 5% CO2 at 37�C.
Gefitinib resistance of PC9/GR and NCI-H1975 was maintained using
1 mmol/L gefitinib (catalog no. ZD1839, SelleckChem).

Extraction and identification of exosomes
Exosomes were obtained from the serum of patients with NSCLC

and cell supernatant using ExoQuick Precipitation Solution (catalog
no. EXOQ20A-1, SBI) as described previously (10). Exosomes of
patient serum were designated as Exo-GS (gefitinib sensitive), Exo-
GR (gefitinib resistant) for simplicity. Exosomes from three cell lines
were labeled as PC9-Ex, PC9/GR-Ex,H1975-Ex. The exosomal protein
concentrations were quantified and standardized using a BCA protein
assay kit (catalog no. P0010, Beyotime Biotechnology). The final
exosome pellets were used immediately.

Transmission electron microscope (TEM) was used to identify
exosomes. Exosomes were precipitated then fixed in 2.5% glutaralde-
hyde at 4�C immediately for the observation. The follow-up steps were
implemented as described in the literature (13). Finally, the ultrathin

sections were observed and photographed under TEM (Tecnai G2,
FEI). In addition, Western blot detection of exosome marker proteins
CD181 and TSG101 was also used to identify exosomes.

Exosome labeling
To confirm that exosomes were absorbed by receptor cells, PKH67

mixer (catalog no. CGLDIL, Sigma, in Diluent C) was used to label
exosomes from 1.5 � 106 cells according to the description of
manufacturer’s instructions and relative reference (24). The stained
cells were observed and photographed with a fluorescence confocal
microscope (Zeiss LSM880).

RNA-seq of exosomes
Total RNAs were extracted from the serum exosomes of patients

with NSCLC, and then the RNA-seq and relative bioinformatics
analysis were performed in Kaitai Biotech and Yearth Biotech,
respectively.

The differentially expressed genes between exo-GR and exo-GS
were selected by the difference multiples (|log2 fold change|>1) and
significance (P < 0.05).

Measurement of total m6A proportion
Total RNA from patient serum, tissues, and different cells were

extracted using TRIzol reagent (catalog no. 15596018, Invitrogen) and
treated with deoxyribonuclease I (catalog no. D5025, Sigma). After
RNA quality evaluation and quantification, the commercial m6A RNA
methylation quantification kit was used to estimate the total m6A
abundance as described previously (catalog no. ab185912; Abcam;
ref. 25). Then, according to the protocol, the absorbance was read at
450 nm on a microplate reader (BioTek). Finally, the m6A abundance
was calculated according to the established formula in the protocol.

Cell survival assay
To evaluate the viability of the cells after gefitinib treatment, the Cell

Counting Kit-8 (CCK-8) method was used to assess the cell survival
ability as described previously (catalog no. K1018, APExBio; ref. 3). All
tests were performed at least in triplicate. PC9 cells in different
treatment groups were treated with 0.1–1 mmol/L gefitinib; PC9/GR
and NCI-H1975 were treated with 0.1–10 mmol/L gefitinib for
24 hours.

EdU incorporation assay
Cells were incubated with 10 mmol/L EdU (catalog no. A10044,

Thermo Fisher Scientific) for 4 hours and were then fixed with 3.7%
formaldehyde for 15minutes. EdU incorporationwas detected accord-
ing to manufacturer’s instructions. Confocal imaging was performed
on the confocal laser scanning microscope system (Nikon). PC9 cells
positive for both EdU incorporation and Hoechst 33342 staining
(catalog no. S0485, SelleckChem) were counted using Image J (Wayne
Rasband) and were used to calculate the percentage of EdU-positive
cells.

Cell apoptosis assay
An Annexin V-FITC Apoptosis Kit (catalog no. 556547, BD

Biosciences) was used to determine the cell apoptosis according to
themanufacturer’s instructions. A total of 10,000 PC9 cells of different
treatment group were collected and counted then subjected for flow
cytometric analysis. The result was analyzed using Cell Quest software
(BD Biosciences). FITC-Annexin V–positive cells were considered
apoptotic. The experiments were established in three independent
repeated tests.
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Colony formation assay
For colony formation assay, after 1 mmol/L gefitinib treatment for

24 hours, 6� 103 cells were seeded into a 6-well plate and incubated at
37�C without gefitinib. And the cells were fixed in 90% ethanol and
stained with crystal violet solution after 12 days, the colonies were
photograph first, then counted using ImageJ and statistical analysis
was performed and presented with Graphpad Prism 7.0 software.

qRT-PCR and m6A-specific qPCR
Total RNAs were extracted from the patient serum, primary tumor

tissues, and cells and total RNAwere reverse transcribed. To detect the
relative mRNA levels of genes of interest, qRT-PCR was performed in
the Real-Time PCR Detection System (Roche Light Cycler 480) based
on the manufacturer’s instructions. The relative quantification com-
parative Ct method was used to quantify the relative mRNA levels of
target genes. b-actin was used as internal reference. Gene specific m6A
qPCR was carried out as reported previously (19). The HPRT1 was
used as internal control. Relevant reagents used in this part were shown
in Supplementary Materials and Methods and primers were listed in
Supplementary Table S1.

Western blot assay
For the sake of detecting the expression of m6A relative proteins

FTO and YTHDF2, exosome markers TSG101 and CD81, high-
affinity gefitinib transporters ABCG2 and ABCC10, and apoptosis
proteins Bcl-2 and Bax, Western blot analysis was carried out as
described previously (26). Amount of the protein of interest was
normalized to the densitometric units of b-actin. Antibodies used
were shown in Supplementary Materials and Methods.

Xenograft mouse models
Four-week-old male BALB/c nude mice were purchased from the

Shrek Jingda Experimental Animal Co., Ltd and maintained in an
environment with a standardized barrier system in the Experimental
Animal Center of Promab Biotech. These manipulations were
approved by the Animal Care and Use Committee in Xiangya Second
Hospital of Central South University (Changsha, China; project
number: 20190722). Mice were randomized into three groups (n ¼
7/group), 1 � 107 PC9 cells absorbed exosomes were subcutaneously
injected into the Bilateral groin of mice. Treatment began 1 week
following injection, the mice were intraperitoneally injected with
gefitinib (30 mg/kg/day). Thirty days later, the xenografts from each
group were collected for further tumor volume calculation and body
weight assessment. The Ki67-positive cells were quantified in ran-
domly selected fields from each tissue section using Image J (Image J
RRID:SCR_003070).

Statistical analysis
Three independent tests were set up in all experiments. Statistical

analysis was performed and presented with Graphpad Prism 7.0
software (Graphpad Prism, RRID:SCR_002798). Differences between
two independent groups were evaluated by Student t tests. Differences
for multiple comparisons were evaluated using one-way ANOVA.
Overall survival was calculated using the Kaplan–Meier method; P <
0.05was considered significant differences. Data are presented asmean
� SD.

Results
FTO enrichment in serum exosomes of GR patients

A growing number of researchers found exosomes are involved in
the intercellular transmission of drug resistance between tumor
cells (13, 14). To evaluate the role of exosomes in TKI resistance, the
EDTA blood samples were collected from 18 individuals with lung
adenocarcinoma who were sensitive to gefitinib, and 15 individuals
who had acquired resistance to gefitinib. There were no significant
differences in the clinical characteristics between the GS and GR
patients (Table 1). RNA-seq on serum-derived exosomes from
patients with clinically significant differences in gefitinib sensitivity
was performed to explore the differences in serum exosomal RNA
expression profiles between the two groups. The exosomes were
isolated and the saucer-shaped round vesicles of 40–200 nm in
diameter were observed with TEM and nanoparticle tracing system
(Fig. 1A and B). Then, RNA-seq was performed on serum-derived
exosomal RNAs and bioinformatics analysis was performed to analyze
the differentially expressed RNAs between GS and GR group. The
relevant sequencing results have been uploaded to Gene Expression
Omnibus (GEO) repository (GSE 163597) and the results demon-
strated that there were 289 mRNAs with significant differences
between the two groups, 252 of which were significantly upregulated
and 37 significantly downregulated (GR vs. GS; Fig. 1C). In particular,
an interesting result was that N6-methyladenosine RNA demethylase
FTO was upregulated (log2 fold change ¼ 8.65, P ¼ 0.007) in GR-Exo
(R) compared with that in GS-Exo (S; Fig. 1D).

FTO as a classical eraser protein in m6A RNAmodification aroused
our strong interest. To further verify the result, FTO was assessed by
qPCR using serum exosomal RNA. The results showed the average
abundance of FTO transcripts in serum exosomes of GR group (N ¼
15) was significantly higher than that of GS group (N ¼ 18; Fig. 1E).
Differences in FTO abundance in serum exosomes suggested thatm6A
modification would play a role in gefitinib resistance in lung adeno-
carcinoma. On the basis of this hypothesis, mRNA from peripheral
blood of patients with gefitinib treatment was used to evaluate the total

Table 1. The clinical characteristics of gefitinib-sensitive and gefitinib-resistant patients with lung adenocarcinoma.

Patient no. Gefitinib-sensitive Gefitinib-resistant P

Total no. 33 18 15
Age, median years 58.70 58.13 59.13 0.79
Sex 0.722

Female 18 10 8
Male 15 8 7

Smoking
Non-smokers 20 10 10 0.816
Smokers 13 8 5

Tumor stage
IV 33 18 15 1
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m6A abundance. As expected, the average proportion of m6A in GR
group (N¼ 10) was significantly lower when compared with that inGS
group (N ¼ 10; Fig. 1F). The above results illustrated that FTO
enrichment in serum exosomes of GR patients.

FTO knockdown could enhance the gefitinib sensitivity of lung
cancer cells with GR property to some extent

On the basis of the above results, it was speculated that FTO play a
role in gefitinib resistance of lung adenocarcinoma. Then FTOwas also
detected using qPCR in the corresponding resected tumor tissues
which showed FTO was increased in primary tissue of GR patients

than that in GS patients (Fig. 2A). However, when the total m6A
abundance was measured of the corresponding tissues, there was no
significant difference between GR and GS groups (Fig. 2B). Then,
endogenous expression of FTO was evaluated using Western blot
analysis in PC9 (GS), PC9/GR (acquired GR), and NCI-H1975
(intrinsic GR) cell lines. As expected, FTO obviously enhanced in
PC9/GR andH1975 cells comparedwith that in PC9 cells (Fig. 2C). To
explore whether the enhancement of FTO in GR cell lines was related
to the decreased gefitinib sensitivity, we planned to build loss-of-
functional cell models in GR cells. siRNA screening experiment was
carried out in PC9 and H1975 cells, respectively, and siRNA-FTO-

Figure 1.

FTO enrichment in serum exosomes of GR patients. A, Representative TEM image of exosomes isolated from the patient serum. the scale bar was 100 nm.
B, Nanoparticle tracing analysis of samples. C, Volcano plot of differential expression genes from exosomal RNA-Seq. D, Cluster by samples (right) and cluster by
groups (left) to show significantly upregulated exosomalmRNAsupongefitinib resistant (GR, R) versus gefitinib sensitive (GS, S) group (absolute value of log2fc> 1.0
andP<0.05).E,RelativemRNA level of FTO in serumexosomesweredetected usingqPCR, � ,P<0.05 versusGSgroup.F,Totalm6Aabundance reducedobviously in
GR versus GS group. �� , P < 0.01 versus GS group.
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1396 became the selected one which was used to construct the
lentivirus plasmid and lentivirus particle packaging (Fig. 2D). Sub-
sequently, the FTO was successfully silenced in PC9/GR and H1975
cells (Fig. 2E) and CCK8 assay showed that FTO silence was not
enough to improve the gefitinib sensitivity of GR cells at a relative
lower concentration. However, when the concentration of gefitinib
reached 10 mmol/L, the relative survival rate of FTO-silenced cells
began to be significantly lower than that of the designated negative
control (siRNA-NC) cell lines (Fig. 2F).

GR cell–derived exosome internalization attenuate the
sensitivity of PC9 cells to gefitinib to some extent

To explore whether GR cell–derived exosomes (GR-Exo) could
transfer the gefitinib resistance of GR cells to PC9 cells, first, a series of
gefitinib concentrations were used to treat PC9, PC9/GR, and NCI-
H1975 cells. Then CCK8 assay was performed to evaluate the cell
viability and the IC50 was calculated. The results showed that there was
indeed significant difference in cell viability between PC9 and GR cells
(PC9/GR andH1975) from the concentration of 0.01–5.0 mmol/L. The
IC50 of PC9 was about 0.0275 mmol/L, the IC50 values of PC9/GR and

H1975 were about 3.26 and 5.38 mmol/L, respectively (Fig. 3A) which
confirmed the diversity response to gefitinib of the three cells. Sub-
sequently, the exosomes of two GR cell lines were obtained and
cocultured with PC9 cells. The exosome markers TSG101 and CD81
were detected using Western blot analysis in obtained exosomes
(Fig. 3B). Then GR-derived exosomes (PC9/GR-Ex, H1975-Ex) were
dyed with PKH67 (green) and incubated with PC9 cells for 5 hours
before exosome uptake was viewed under confocal microscopy which
showed exosomes secreted byGR cells were take up and internalized by
PC9 cells (Fig. 3C). It was demonstrated that the m6A abundance in
total RNA of PC9 cells taking up GR-Exo significantly lower when
compared with PC9 cells taking up itself-derived exosomes (Fig. 3D).

Then, experiments were performed to evaluate the gefitinib sensi-
tivity of PC9 cells absorbing GR-Ex. First, CCK8 assay was performed
to evaluate the cell viability under gefitinib treatment again and the
result showed that at concentrations of 0.1 and 1.0 mmol/L, the cell
viability elevated obviously in PC9 cells taking up GR-Exo when
compared with PC9 cells taking up itself-derived exosomes
(Fig. 3E). There were also visual differences of Edu incorporation
and clone formation ability after gefitinib treatment that higher

Figure 2.

FTO knockdown could enhance the gefitinib sensitivity of lung cancer cells with GR property to some extent. A, qPCR was used to detect the FTO mRNA levels in
primary tumor tissues resected surgically. � , P < 0.05 versus GS group. B,m6A abundance in total RNA of primary tumor tissues resected surgically was evaluated
using colorimetry. C, Western blot assay was used to evaluate the expression of FTO in lung adenocarcinoma cell line PC9 (GS), PC9/GR (acquired GR), and
NCI-H1975 (intrinsic GR). D, The interference efficiency of different siRNA sequences was verified by qPCR in PC9 and H1975 cells. �� , P < 0.01 versus siRNA-NC
group. E,Western blot analysis was used to confirm the successful interference of FTO in PC9/GR and H1975 cells. F, The relative survival rate of cells with FTO
silence was evaluated using CCK8 assay. �� , P < 0.01 vs. siRNA-NC group.
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Figure 3.

GR-Exo internalization attenuate the sensitivity of PC9 cells to gefitinib to some extent. A, The viability of three cells under gefitinib treatment of different
concentration for 24 hours was measured using MTT. � , P < 0.05; �� , P < 0.01 versus PC9 cells. B, Exosome markers CD81 and TSG101 were detected
using Western blot analysis in exosomes derived from H1975 and PC9/GR cells. C, PKH67 staining was performed to evaluated the exosome uptake of
recipient PC9 cells. The magnification was 400 times. D, m6A abundance in total RNA of PC9 cells taking up GR cell–derived exosomes was evaluated
using colorimetry. � , P < 0.05; ��, P < 0.01 versus PC9 cells taking exosomes from themselves (PC9-Ex). E, The viability of PC9 cells absorbed exosomes derived
from different donor cells. ��, P < 0.01; ��� , P < 0.001 versus PC9 cells absorbing exosomes from themselves (PC9-Ex). F, Edu in PC9 cells treated with 1 mmol/L
gefitinib and quantification of Edu-positive cells (%). G, Clone formation of PC9 cells internalized exosomes from different GR cells or PC9 itself. H, Cell
apoptosis was detected by flow cytometry in PC9 cells internalized exosomes from different GR cells or PC9 itself with or without gefitinib treatment for
48 hours. �� , P < 0.01 versus PC9 cells taking exosomes from themselves (PC9-Ex).
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percentage of EdU-positive cells were presented (Fig. 3F) and more
clones could be formed of PC9 cells taking up GR-Exo at the same
inoculation density (Fig. 3G). Finally, the results of apoptosis assay
also showed that in the same background of gefitinib treatment. The
apoptosis of PC9 cells taking up FR-Exo were significantly lower than
that of PC9 cells taking up itself-derived exosomes (Fig. 3H). To some
extent, these results suggested that GR-Exo internalization attenuate
the sensitivity of PC9 cells.

FTO reduction in donor exosomes can alleviate acquired drug
resistance of recipient cells

Because FTO was enriched in GR cells and PC9 cells with signif-
icantly lower m6A abundance when cells absorbed GR-Exo, it was
speculated that exomosomal transported FTO could play an important
role in the drug resistance delivery between GR cells (PC9/GR and
NCI-H1975) andGS cells (just like PC9 cells). To prove this conjecture,
FTO was silenced using FTO short hairpin RNA lentivirus particles in
exosome donor cells (PC9/GR and NCI-H1975). It was shown that
when FTO was silenced in GR cells, both GR cells and exosomes
secreted by them showed apparent decrease in FTO expression
(Fig. 4A). Then, exosomes secreted by FTO knocked-down GR
cells were coincubated with PC9 cells. First of all, CCK8 assay was
performed to evaluate the cell viability under gefitinib treatment and
the result showed that PC9-absorbed FTO-silenced PC9/GR-derived
exosomes (Lv-FTOsi-Ex) emerged lower survival than PC9-absorbed
NC-silenced PC9/GR-derived exosomes (Lv-NCsi-Ex) at both
concentrations of 0.1 and 1.0 mmol/L gefitinib. But for PC9 which
absorbed H1975 exosomes, PC9-absorbed FTO-silenced exosomes
(Lv-FTOsi-Ex) emerged reduced survival than PC9-absorbed NC-
silenced exosomes Lv-NCsi-Ex only at 1.0 mmol/L gefitinib (Fig. 4B).
Then the total abundance of m6A in receptor cells was measured and
the results showed that PC9-absorbed FTO-silenced GR cell–derived
exosomes (Lv-FTOsi-Ex) emerged significantly higher m6A propor-
tion than PC9-absorbed NC-silenced GR cell–derived exosomes (Lv-
NCsi-Ex; Fig. 4C). We analyzed the apoptosis and the results showed
that PC9-absorbed FTO-silenced GR-derived exosomes (Lv-FTOsi-
Ex) emerged upregulated apoptosis than that of PC9-absorbed NC-
silenced GR-derived exosomes (Lv-NCsi-Ex) under gefitinib treat-
ment (Fig. 4D and F). The fraction of EdU-positive cells was signif-
icantly lower in PC9-absorbed FTO-silenced GR cell–derived exo-
somes (Lv-FTOsi-Ex compared with PC9-absorbed NC-silenced GR
cell–derived exosomes (Lv-NCsi-Ex), indicating a lower rate of cell
proliferation (Fig. 4E and G). There were also visual differences of
clone formation ability after gefitinib treatment that less clones could
be formed of PC9 cells taking up FTO-silenced GR cell–derived
exosomes (Lv-FTOsi-Ex) at the same inoculation density when com-
pared with Lv-NCsi-Ex; Fig. 4H and I). Finally, the expression of
several key proteins was confirmed by Western blot again. In partic-
ular, it is worth mentioning that ABCG2 and ABCC10 which were
shown to be high-affinity gefitinib transporters were detected. ABCG2
and ABCC10 expression was obviously weaker in Lv-FTOsi-Ex than
that of Lv-NCsi-Ex. Besides, the expression of Bax was also weaker in
Lv-FTOsi-Ex than that of Lv-NCsi-Ex, but that of Bcl-2 Showed
opposite expression results (Fig. 4J). The above results proved that
to some extent FTO reduction in donor exosomes can alleviate
acquired drug resistance of recipient.

GR cell–derived exosomal-FTO promoted ABCC10 of recipient
PC9 cells in a m6A-dependent manner

ABCG2 and ABCC10 were reported to be high-affinity gefitinib
transporters andABCC10 has an important role in acquired resistance

to gefitinib in NSCLC, which can serve as a novel predictive marker
and a potential therapeutic target in gefitinib treatment (27). Accord-
ing to the results of this study, reducing the FTO content in GR donor
exosomes could significantly attenuate the ABCC10 expression of in
receptor PC9 cells. In addition, FTO is the classic eraser of m6A
modification, so does FTO regulate ABCC10 expression throughm6A-
dependent way?

To answer the question, it was plan to search and reanalyze GSE
datasets to explore whether FTO silence will modify the m6A abun-
dance of ABCC10. Unfortunately, up to now, there is no data about
m6A-seq in NSCLC comparing before and after FTO knocking down.
Therefore, we can only analyze the relevant m6A-seq data of the other
two human-derived cells with complete accessories. It was found that
there was significant enrichment of m6A peaks in ABCC10 when FTO
was silenced in both human leukemia cell lines MA9.3ITD and NB4
through cross-analyzing the original data of GSE87190, GSE112902,
GSE128961, and GSE103494. Especially in the exon1 region of
ABCC10 (Fig. 5A). This result suggested that FTO would regulate
m6A modification of ABCC10. Then, it was explored the regulation of
FTO on ABCC10 expression in PC9 cells again. The results demon-
strated that when FTO was silenced, the ABCC10 expression was also
decreased in PC9 cells, nevertheless, when FTO was overexpressed in
PC9 cells, the ABCC10 expression was obviously enhanced corre-
spondingly both at mRNA and protein levels (Fig. 5B and C).

Then, it was planned to clarify that if FTO-regulated ABCC10
expression was in m6A-dependent manner in PC9 cells. The m6A-
specific qPCR was performed to detect the relative m6A level of
ABCC10 exon1 in FTO overexpressed and silenced PC9 cells, respec-
tively. The results showed that when FTO was overexpressed in PC9
cells, the m6A level of ABCC10 was obviously reduced but when FTO
was knockdown, the m6A level of ABCC10 was significantly upregu-
lated (Fig. 5D). To study whether GR cell–derived exosomes with
different FTO contents could change the m6A proportion of ABCC10
of recipient PC9 cells, the relative m6A level of ABCC10 exon1 in
recipient PC9 cells absorbed FTO-silenced exosomes (Lv-FTOsi-Ex)
and NC-silenced GR-dervied exosomes (Lv-NCsi-Ex) were detected
using m6A-specific qPCR also. The results demonstrated that relative
m6A level of ABCC10 was obviously enhanced in PC9-absorbed FTO-
silenced exosomes (Lv-FTOsi-Ex than that of PC9-absorbed NC-
silenced exosomes (Lv-NCsi-Ex), no matter exosomes were secreted
by H1975 or PC9/GR (Fig. 5E).

From our results, the abatement of FTO in PC9 could increase the
m6A abundance of ABCC10 but decrease the ABCC10 expression.
This trend is similar to the pattern of transcripts which exhibits a
shorter half-life than nonmethylated ones recognized by m6A reader
YTHDF2 (19). YTHDF2 is recognized as a m6A reader promoting
targetedmRNAdecay (28). It is as expected, when FTOwas silenced in
YTHDF2 knockdown PC9 cells (YTHDF2KD) successfully (Fig. 5H),
the mRNA and protein of ABCC10 would not decrease so much along
with FTO silence compared with FTO-silenced PC9 cells without
YTHDF2 KD (NC KD; Fig. 5F and I). On the other hand, to study the
expression of ABCC10 mediated by PC9/GR-derived FTO enriched
exosomes in PC9 cells, the FTO-silenced PC9/GR cell–secreted exo-
somes (Lv-FTOsi-Ex) were used to incubated with YTHDF2 KD. The
results demonstrated that the ABCC10 was attenuated in PC9-
absorbed FTO-silenced GR cell–secreted exosomes, but in YTHDF2
KD-PC9 recipient cell, the expression change of ABCC10mediated by
GR cell–derived exosomes became much less obviously when com-
pared with NC KD (Fig. 5G and J). These results suggested that, to a
certain extent at least, the m6A abundance of ABCC10 could be erased
by FTO and recognized by YTHDF2 in PC9 cells.
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Figure 4.

FTO reduction in donor exosomes can alleviate acquired drug resistance of recipient. A,Western blot analysis was used to detect the expression of FTO in PC9 and
H1975 cells aswell as in exosomes released by them.B,Cell viability was evaluated after gefitinib treatment usingMTT assay in PC9 recipient cells taking-up exsomes
derived fromFTO-silencedGRcells (Lv-FTOsi-Ex) or fromNCGRcells (Lv-NCsi-Ex). �� ,P<0.01; ��� ,P<0.001 versus PC9 cells taking exosomes fromnegative control
exosomes (Lv-NCsi-Ex). C, The total m6A abundance was measured using colorimetry in PC9 recipient cells taking-up exsomes derived from FTO-silenced GR
cells (Lv-FTOsi-Ex) or from NC GR cells (Lv-NCsi-Ex). �, P < 0.05; �� , P < 0.01 versus PC9 cells taking exosomes from negative control exosomes (Lv-NCsi-Ex).
D, Cell apoptosis was evaluated after gefitinib treatment using AnnexinV/PI staining in PC9 recipient cells taking-up exsomes derived from FTO-silenced GR
cells (Lv-FTOsi-Ex) or from NC GR cells (Lv-NCsi-Ex). The apoptosis rate of different groups was statistically analyzed (F). �� , P < 0.01 versus PC9 cells taking
exosomes from negative control exosomes (Lv-NCsi-Ex). E, Edu in PC9 recipient cells taking-up exosomes derived from FTO-silenced GR cells (Lv-FTOsi-Ex)
or from NC GR cells (Lv-NCsi-Ex) treated with 1 mmol/L gefitinib and quantification of Edu-positive cells (%; G). H, Clone formation ability after gefitinib
treatment was measured in PC9 recipient cells taking-up exosomes derived from FTO-silenced GR cells (Lv-FTOsi-Ex) or from NC GR cells (Lv-NCsi-Ex).
I, Statistical results of clonal formation assay, �� , P < 0.01; ��� , P < 0.001 versus Lv-NCsi. J,Western blot analysis was performed to evaluated the expression of
key proteins in PC9 recipient cells taking-up exsomes derived from FTO silenced GR cells (Lv-FTOsi-Ex) or from NC GR cells (Lv-NCsi-Ex).
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FTO/YTHDF2 axis played a role in intercellular transmission of
GR cell–derived exosome-mediated drug resistance

On the basis of the above results, the regulatory relationship among
FTO/YTHDF2/ABCC10 has been basically clarified. Therefore, val-
idation experiments were set up again in vitro and in vivo to support
the research conclusion. First, in vitro, the exosomes derived from GR
cells with FTO silence were used to incubate with recipient YTHDF2
KD PC9 cells. Then the exosome recipient PC9 cells was used to
evaluate cell apoptosis and viability. It was as expected that although

the amount of FTO delivered by GR exosomes to the receptor cells
decreased, which could increase them6A abundance of ABCC10 in the
receptor PC9 cells, due to the absence of m6A reader YTHDF2, the
apoptosis which had been improved via FTO silenced inGR exosomes,
decreased again (Fig. 6A and B) and cell viability (Fig. 6C) which had
been significantly reduced via FTO silenced inGR exosomes rose again
under gefitinib treatment.

In vivo experiment, 15 nude mice were randomly divided into three
groups (n¼ 7). The first group of nude mice were inoculated with PC9

Figure 5.

FTO promoted ABCC10 of recipient PC9 cells in a
m6A-dependent manner. A, The m6A peaks (P <
0.05) upon FTO knockdown (shFTO, red peaks)
versus negative control knockdown (shNC, blue
peaks) of ABCC10 in MA9.3ITD (above) and NB4
(below) by analyzing the original data of GSE87190
and GSE103494. The dark red boxes indicated the
exon 1 region of ABCC10. B, qPCR was performed to
evaluate the relativemRNA level of ABCC10 exon 1 in
FTO-silenced or overexpressed PC9 cells. �� , P <0.01
versus corresponding negative control group (NC-
siRNA or Lv-NC, respectively). C, Western blot
analysis was performed to evaluate the protein
expression of ABCC10 in FTO-silenced or overex-
pressed PC9 cells.D, Them6A abundance of ABCC10
exon1was evaluatedusingm6A-specific qPCR inFTO
loss-of-functional and gain-of-functional PC9 cells.
��, P < 0.01 between indicated two groups. E, The
m6A abundance of ABCC10 exon1 was evaluated
using m6A-specific qPCR in exosome-absorbed PC9
cells. Con: exosomes from GR cells without any
treatment,�� , ##, P < 0.01 between indicated two
groups. qPCR (F) andWestern blot analysis (I) were
performed to detect the relative mRNA level
and protein expression of ABCC10 in FTO-silenced
PC9 cells with or without YTHDF2 knockdown.
��, ##, P < 0.01 between indicated two groups. qPCR
(G) and Western blot analysis were performed
to detect the relative mRNA level and protein
expression of ABCC10 in PC9/GR-derived exo-
some-absorbed PC9 cells with or without YTHDF2
knockdown. �� , P < 0.05; ��, ## P < 0.01 between
indicated two groups. H, YTHDF2 was successfully
knocked-down in PC9 cells verified by Western blot
analysis. I, Western blot analysis was performed to
detect ABCC10 expression along with FTO silence in
cells. J, ABCC10 expression mediated by GR cell–
derived exosomes (with FTO silence) in YTHDF2 KD
PC9 cells.
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cells (1 � 107) which absorbed PC9/GR-derived exosomes (GR-ex).
The second group of nude mice were inoculated with PC9 cells
(1� 107) which absorbed PC9/GR-derived exosomeswith FTO silence
(GR-FTOsi-ex). The third group of nude mice were inoculated with
YTHDF2 KD PC9 cells (1 � 107) which absorbed PC9/GR-derived
exosomes with FTO silence (GR-FTOsi-ex). Treatment began 1 week
following injection, the mice were intraperitoneally injected with
gefitinib (30 mg/kg/day). Approximately 30 days later, the results
demonstrated that, nude mice inoculated with PC9 cells absorbed
PC9/GR-derived exosomes (GR-ex) harbored the most obvious
tumors. The nude mice inoculated with PC9 cells absorbed PC9/
GR-derived exosomes with FTO silence (GR-FTOsi-ex) harbored the
tumors with obvious smaller volume and lighter weight which sug-
gested a significant reduction in drug resistance. But when the nude

mice were inoculated with YTHDF2 KD PC9 cells absorbed PC9/GR
-derived exosomes with FTO silence (GR-FTOsi-ex), both the tumor
volume and tumor weight recovered to some extent, and the sensitivity
to gefitinib weakened again (Fig. 6D–G). To assess the effects of
FTO/YTHDF2 axis on cell proliferation, Ki67 expression in sections
of tumors was detected by IHC. The percentage of Ki67-positive
cells decreased in tumors derived from PC9 cells absorbed
PC9/GR-derived exosomes with FTO silence (GR-FTOsi-ex) cells
compared with tumors from GR-ex cells; But the Ki67 staining
raised again obviously in tumors derived from YTHDF2 KD PC9
cells absorbed PC9/GR-derived exosomes with FTO silence
(GR-FTOsi-ex) (Fig. 6H). The results suggested that FTO/YTHDF2
axis played a role in intercellular transmission of GR cell–derived
exosome-mediated drug resistance.

Figure 6.

FTO/YTHDF2/ABCC10 axis played a role in intercellular transmission of GR cell–derived exosome-mediated drug resistance. FTOwas silenced inGR cells aswell as in
the exosomes they secrete, then the Lv-FTOsi-Ex was absorbed by PC9 cells with YTHDF2 KD. After 48 hours of gefinitib treatment, cell apoptosis and cell viability
were measured using Annexin V-FITC/PI staining (A and B) and MTT assay, respectively (C). � , P < 0.05; �� , P < 0.01 versus NC-siRNA group. Efficacy of gefitinib in
PC9/GR tumor xenograft models was evaluated. Gefitinib (50 mg/kg/day). D, Representative pictures of the in nude mice loading tumors. E, Typical picture of the
stripped tumors. The volume (F) and weight (G) of the stripped tumors were measured and the data were statistically analyzed. H, Ki67 expression in xenograft
tumors and quantitative analysis of Ki67-positive cells. �� , P < 0.01; ��� , P < 0.001 between the specified two groups.
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Discussion
EGFR mutation is thought to be one of the most important drivers

of NSCLC. EGFR-TKIs have become the first-line treatment for
advanced NSCLC carrying EGFR mutations. However, clinical statis-
tics showed that about 20% of patients harboring EGFRmutation have
low sensitivity to TKIs, besides, most patients who initially benefited
from TKIs eventually developed resistance (29, 30). These suggested
that patients with NSCLC also had inherent and acquired resistance to
TKIs which was not directly related to the mutation of EGFR. Thus,
clarifying novel therapeutic targets associated with TKI resistance is of
great importance.

N6-methyladenosine (m6A) is the most common transcription
modification onmammalian mRNAwhich could impact gene expres-
sion thereby playing a regulatory role in various biological processes.
However, whether m6A modification is involved in the regulation of
NSCLC, TKI resistance has not been studied with experimental
research but just using the bioinformatics analysis without experi-
mental confirmation until we designed this project. In a previous
bioinformatics study of afatinib resistance in NSCLC, the sum m6A
enrichment score of afatinib-resistant cell line H1299 was found to be
much higher than that of the sensitive cell line A549 (23). But in our
study, the total m6A proportion of GR patient serum mRNA was
significantly higher than that of GS patients. The reasons for these two
different conclusions may be as follows: first, the objects are different,
our research objects are clinical collection patient serum samples,
while the other side are two cell lines. Second, the researchmethods are
different. Our results based on the conclusion of specific biological
experiments, while the other’s conclusion was obtained through
bioinformatics analysis of GEO data without experiment. Finally, the
drugs are not the same. Besides, a study on relationship between
dynamic m6A and TKI tolerance in leukemia cells found mRNAm6A
hypomethylation and FTO upregulation lead to more TKI tolerance
and higher growth rates in mice. Either genetic or pharmacologic
restoration of m6A methylation through FTO deactivation renders
resistant cells sensitive to TKIs again (22). The experimental results are
consistent with our results to a certain extent. To sum up, although
there are controversies, on the one hand, this is due to the differences in
research context and experimental methods, on the other hand, it is
also due to the lack of thorough research in this field.

Drug resistance inevitably develops in the application process.
Actually, patients with acquired drug resistancewill not choose surgery
after recurrence. In this case, the tumor tissues were difficult to obtain
again. So, the real-time resistance surveillance is particularly impor-
tant, and liquid biopsy is one of themost potential inspectionmethods.
Exosome in body fluid is used as one of the main detection biomarkers
to reflect the occurrence of resistance in real time through sequencing
or counting and then to guide the follow-up treatment (8, 31, 32).

Exosomes are one of the hotspots of drug resistance research in
recent years, and are generally considered as one of the important
mediators of cross-talk between cells with acquired drug resis-
tance (9, 17). Evidence has suggested that exosomes derived from
drug-resistant tumor cells could transmit drug-resistant phenotype to
sensitive cells horizontally. Recently, a relative study has even found
that exosomes shed by EGFR T790M-mutant–resistant NSCLC cells
could transfer drug resistance to sensitive cells (16). Therefore, RNA-
seq and bioinformatics analysis were carried out for exosome RNA of
GRpatients andGSpatients, respectively. The results showed that FTO
in exosomes of GR patients was obviously enhanced than that in GS
patients. These results were in accordance with that in leukemia cells, a
dynamic N6-methyladenosine methylome regulates intrinsic and
acquired resistance to TKIs depends on m6A reduction resulting from

FTO overexpression (22). Subsequently, we attempted to validate this
result in parallel in tumor tissues resected from the same volunteers
who provided serum samples. qPCR results showed that FTO was
upregulated in primary tumor tissues of GR group than that of GS
group. But there was no significance of total m6A abundance between
the two groups. This may be because of so limited tumor tissues that it
cannot reflect the actual result (15 GR and 18 GS patients we recruited
to provide peripheral blood, only 12 patients underwent surgery and
left tumor tissues before gefitinib treatment). On the basis of the above,
it was supposed that exosomal transfer of FTO derived from GR
NSCLC cells could confer resistance to its recipient cells through m6A
modification or to some extent, in a m6A-depedent manner.

To confirm the hypothesis, it is important to construct suitable cell
models. The selection of cell lines in this study was also based on the
inherent and acquired drug resistance of gefitinib. The GR cell line
PC9/GRwas obtained by the repeated screening ofGS parental cell line
PC9 (EGFR-mutant NSCLC cell line), which was the representative
cell line of acquired drug resistance. On the other hand, NCI-H1975
(H1975, intrinsically harbor EGFRL858R/T790M)were selected as the
representative inherent resistance of gefitinib (3). At the same time, the
low sensitivity of these two cells was confirmed by CCK8 experiment
under different gefitinib concentration. In addition, the results also
showed that the expression of FTO was obviously higher than that of
GS cell line PC9 in both acquired and inherent GR cell lines.

Knockdown of genes in exosome-donor cells is one of the most
commonly used methods to reduce exosomal transportation of
mRNAs (15, 17). Therefore, in this study, the FTO-silence models in
PC9/GR and H1975 cells were established, and it was confirmed that
the FTO in exosomes secreted by these two GR cells was significantly
decreased compared with that in exosomes without donor interfer-
ence. Subsequent experiments confirmed that the gefitinib sensitivity
reduction of PC9 cells which absorbed the GR exosomes abated
significantly after FTO was knocked down in exosome donor GR
cells. These results confirmed thatm6A eraser FTOmight be one of the
key factors in the regulation of TKI resistance once again (19).

Because FTO is the classical m6A eraser, how does the FTO
transported by GR cell–derived exosomes regulate the gefitinib sen-
sitivity of receptor cells? There are many mechanisms of acquired
resistance to gefitinib have been defined, which can be classified into
three categories: secondary EGFR mutations, phenotypic transforma-
tion, and activation of alternative pathway (33). ATP-binding cassette
(ABC) transporters family proteins were considered to play essential
roles in multidrug resistance in cancer therapy (34). Such a research
result has attracted our attention-ABCC10 has an important role in
acquired resistance to gefitinib in NSCLC (27). In our study, we also
focused on the expression of ABCC10 andABCG2, both of whichwere
high affinity gefitinib transporters (27, 35). It was found that when PC9
absorbed exosomes secreted by GR cells with FTO knockdown, the
expression of ABCC10 and ABCG2 were both significantly decreased.
These results suggested that FTO regulated the expression of ABCC10
and ABCG2. However, whether the regulation was in a m6A-
dependent manner was another question to be answered.

Because of the limitation of experimental funds, the m6A-seq of our
own experimental samples had to be abandoned. However, the data of
m6A-seq and RNA-seq of FTO-knockdown cells (homo) which has
been shared by other researchers, was still utilized for preliminary
bioinformatics analysis. The results showed that the decrease of FTO
increased the m6A abundance of ABCC10 mRNA but not ABCG2. At
the same time, our results also showed that the m6A abundances of
ABCC10 in PC9 cells increased with the decrease of FTO, but the
mRNA level reducedwith the decrease of FTO. This result reminded us
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of m6A reader YTHDF2 which recognized m6A-modified transcripts
and promoted mRNA degradation (36). For the sake of confirming
that the upregulation of m6A abundance of ABCC10 induced by FTO
knockdown could be recognized by YTHDF2, the YTHDF2 loss-of-
function PC9 cellmodels (YTHDF2-KDPC9)were established and the
results demonstrated that in YTHDF2-KD PC9 cells, the inhibition of
ABCC10 induced by FTO silence was significantly alleviated when
compared with that in PC9 cells without YTHDF2 knockdown which
were in line with our expectations.
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