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NNMT promotes acquired EGFR-TKI resistance @
by forming EGR1 and lactate-mediated

double positive feedback loops in non-small

cell lung cancer

Jiali Dai'", Xiyi Lu'", Chang Zhang?!, Tianyu Qu'", Wei Li", Jun Su?, Renhua Guo', Dandan Yin*’, Pingping Wu*",
Liang Han® and Erbao Zhang?”"

Abstract

Background Epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) are remarkably effective for
treating EGFR-mutant non-small cell lung cancer (NSCLC). However, patients inevitably develop acquired drug
resistance, resulting in recurrence or metastasis. It is important to identify novel effective therapeutic targets to
reverse acquired TKl resistance.

Results Bioinformatics analysis revealed that nicotinamide N-methyltransferase (NNMT) was upregulated in EGFR-
TKI resistant cells and tissues via EGR1-mediated transcriptional activation. High NNMT levels were correlated with
poor prognosis in EGFR-mutated NSCLC patients, which could promote resistance to EGFR-TKIs in vitro and in vivo.
Mechanistically, NNMT catalyzed the conversion of nicotinamide to 1-methyl nicotinamide by depleting S-adenosyl
methionine (the methyl group donor), leading to a reduction in H3K9 trimethylation (H3K9me3) and H3K27
trimethylation (H3K27me3) and subsequent epigenetic activation of EGR1 and ALDH3A1. In addition, ALDH3A1
activation increased lactic acid levels, which further promoted NNMT expression via p300-mediated histone H3K18
lactylation on its promoter. Thus, NNMT mediates the formation of a double positive feedback loop via EGRT and
lactate, EGR1/NNMT/EGR1 and NNMT/ALDH3A1/lactate/NNMT. Moreover, the combination of a small-molecule
inhibitor for NNMT (NNMTi) and osimertinib exhibited promising potential for the treatment of TK resistance in an
NSCLC osimertinib-resistant xenograft model.
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Conclusions The combined contribution of these two positive feedback loops promotes EGFR-TKI resistance in
NSCLC. Our findings provide new insight into the role of histone methylation and histone lactylation in TKI resistance.
The pivotal NNMT-mediated positive feedback loop may serve as a powerful therapeutic target for overcoming EGFR-

TKI resistance in NSCLC.
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Background

Lung cancer is the leading cause of cancer-related mor-
tality worldwide [1]. Approximately 85% of lung cancers
are non-small cell lung cancer (NSCLC) [2]. EGER tyro-
sine kinase inhibitors (EGFR-TKIs) reportedly improve
outcomes in patients with advanced EGFR-mutant
NSCLC [3-6]. However, despite the initial remarkable
response, patients inevitably develop acquired drug resis-
tance to EGFR-TKI treatment, leading to recurrence or
metastasis. The underlying molecular mechanisms of
EGEFR-TKI resistance are not fully understood. Thus,
there is an urgent need to elucidate this new mechanism
and identify novel effective therapeutic targets to reverse
acquired TKI resistance.

Epigenetic modifications, including DNA methyla-
tion, histone modification and RNA modification, play
key roles in cancer progression [7-9]. Moreover, many
studies have shown that epigenetic modifications are
highly important in regulating tumor drug resistance
[10-12]. For example, METTL3-mediated RNA meth-
ylation promotes tumor development and chemotherapy
resistance [13]. Our previous studies revealed that his-
tone methylation and RNA modifications can regulate
gene expression and participate in tumorigenesis and
drug resistance [14—18]. In terms of epigenetic regula-
tion, histone modifications regulate DNA accessibility,
chromatin structure and dynamics, and gene expression.
These modifications regulate chromatin relaxation and
gene transcription or chromatin condensation and gene
repression, respectively [19]. The dysregulation of histone
modifications can shift the balance between transcription
activation and inhibition, leading to the occurrence and
development of disease as well as tumor resistance [20].
Histones can be modified via acetylation, methylation,
phosphorylation, ubiquitination, etc [19]. More recently,
lactate-derived histone lactylation was identified as an
epigenetic modification that activates gene transcription.
Lactylation of lysine residues of histones (Kla) was first
described in 2019 [21]. However, the role of histone lac-
tylation in TKI resistance remains unclear.

NNMT is an epigenetic modification enzyme that
catalyzes the transfer of the methyl group from S-ade-
nosyl-l-methionine (SAM) to nicotinamide to generate
S-adenosylhomocysteine (SAH) and 1-methylnicotin-
amide (1-MNA). Therefore, NNMT could regulate the
epigenetic state of histone methylation in target genes.
Accumulating evidence has demonstrated that NNMT

is overexpressed in various tumors and is associated with
tumorigenesis and chemotherapy resistance [22, 23].
However, little is known about the role of NNMT in TKI
resistance in lung cancer. In addition, the communication
between histone methylation and histone lactylation has
yet to be defined.

In this study, we aimed to elucidate the novel mecha-
nism by which NNMT regulates EGFR-TKI resistance in
NSCLC. We found that NNMT guides histone epigen-
etic modifications and activates EGR1 and ALDH3A1
in the context of EGFR-TKI resistance. ALDH3A1 also
increases lactic acid levels. NNMT mediates two posi-
tive feedback regulatory loops, EGR1/NNMT/EGR1 and
NNMT/ALDH3A1/lactate/NNMT, which coordinately
promote EGFR-TKI resistance. Our findings provide new
insight into the role of histone methylation and histone
lactylation in TKI resistance. The pivotal NNMT-medi-
ated regulatory loop represents a potential target for
overcoming EGFR-TKI resistance in lung cancer.

Methods

Data retrieval and analysis

Microarray datasets were accessed from the Gene
Expression Omnibus (GEO) database (https://www.ncbi
.nlm.nih.gov/geo/) using the R package “GEOquery”. Four
microarray datasets, namely, GSE193258, GSE114647
and GSE123066, were obtained. GSE193258 contained
osimertinib-sensitive H1975 cells (n=3), osimertinib-
resistant H1975 cells (n=6), osimertinib-sensitive PC9
cells (n=3), and osimertinib-resistant PC9 cells (n=6).
GSE114647 contained osimertinib-sensitive H1975 cells
(n=3) and osimertinib-resistant H1975 cells (n=3).
GSE123066 included gefitinib-sensitive HCC4006 cells
(n=3) and gefitinib-resistant HCC4006 cells (n=3). The
differentially expressed genes (DEGs) were analyzed
using the R package “limma” with a false discovery rate
(FDR) of q<0.05 and a fold change>1.5.

Tissue collection and ethics statement

Patients harboring an EGFR exon 19 deletion (Exon 19
Del) or a point mutation in exon 21 (Exon 21 L858R) were
included in this study. All patients in this category had
histopathologically diagnosed primary lung cancer and
previously received first-line treatment with an EGFR-
TKI. Regular imaging examinations were performed reg-
ularly, usually every 6-8 weeks, to evaluate the changes
in tumors according to the Response Evaluation Criteria
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in Solid Tumors version 1.1 (RECIST1.1) standard [24],
and progressive disease (PD) was defined as EGFR-TKI
resistance. The study was approved by the Ethics Com-
mittee on Human Research of the First Affiliated Hospi-
tal of Nanjing Medical University and was performed in
compliance with the Helsinki Declaration. The written
informed consent was obtained from all patients.

Cell culture

PC9 and HCC827 cell lines were purchased from the
cell library of the Chinese Academy of Sciences (Shang-
hai, China). Gefitinib-resistant cells (PC9/GR and
HCC827/GR) and osimertinib-resistant cells (PC9/OR
and HCCB827/OR) were generated as described previ-
ously [25]. Briefly, the corresponding parental PC9 and
HCC827 cells were exposed to concentrations of gefitinib
starting at 50 nM (osimertinib starting at 10 nM) until
they could proliferate freely in the presence of a certain
concentration of gefitinib or osimertinib, which occurred
after 25 weeks of TKI drug treatment. PC9, PC9/GR, and
PC9/OR cells were cultured in DMEM, and HCCS827,
HCCB827/GR, and HCC827/OR cells were cultured in
RPMI 1640 medium. All media were supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin.
All the cells were incubated at 37 'C and 5% CO2.

Cell transfection

Specific siRNA and negative control siRNA (si-NC)
transfection was performed using Lipofectamine 2000
Transfection Reagent (Invitrogen, USA). The sequences
of the siRNAs are listed in Table S3. The plasmids were
transfected into lung cells using X-tremeGENE™ HP
DNA Transfection Reagent (Roche, USA) according to
the manufacturer’s protocol. After 48 h of transfection,
the cells were harvested for subsequent experiments.

RNA extraction and gRT-PCR analyses

The cells were collected, and total RNA was extracted
with TRIzol reagent (Invitrogen, USA). The RNA was
reverse transcribed into cDNA using a reverse transcrip-
tion kit (Takara). RT-qPCR was subsequently performed
using a TB Green RT-qPCR kit according to the manu-
facturer’s instructions. f-Actin was used as the reference
gene, and all the primers used are listed in Table S3. All
the experiments were repeated three times.

Cell proliferation assay

Cell viability was determined using an MTT assay kit
(Sigma, USA) according to the manufacturer’s instruc-
tions. For the colony formation assay, a certain number of
cells were plated into a six-well plate and maintained in
culture media supplemented with 10% FBS for 2 weeks.
At the same time, the medium was changed every four
days. After approximately 2 weeks, the clones were
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fixed with methanol, stained with 0.1% crystal violet
and photographed. Colonies were counted to evaluate
the clonogenic capabilities of the cells. The EAU assay
was performed with an EdU assay kit (RiboBio, China)
according to the manufacturer’s instructions. All the
experiments were repeated three times.

Flow cytometric analysis

After 48 h of transfection, the cells were harvested and
stained with fluorescein isothiocyanate (FITC)-annexin
V and propidium iodide according to the manufactur-
er’s instructions for the FITC Annexin V programmed
cell death detection kit (BD Biosciences). Flow cytom-
etry was used to detect apoptotic cells. Cell viability was
quantified by counting the number of viable, dead, early
apoptotic, and late apoptotic cells. The proportion of
apoptotic cells was calculated on the basis of the num-
ber of early apoptotic cells and late apoptotic cells. All the
experiments were repeated three times.

Dual-luciferase reporter assay

The cells were cotransfected with the luciferase vector
and Renilla luciferase plasmid. After 48 h of transfection,
dual-luciferase reporter assays were conducted via the
Dual-Luciferase® Reporter Assay System Kit (Promega)
according to the manufacturer’s instructions. The fire-
fly luciferase luminescence data were normalized to the
Renilla luciferase luminescence data. All the experiments
were repeated three times.

Chromatin immunoprecipitation (ChIP) assay

ChIP experiments were performed using an EZ-CHIP
Kit (Millipore) according to the manufacturer’s proto-
col. The specific antibodies for histone H3 monometh-
ylated at Lys27 (H3K27me3, Cat. # A22006) and histone
H3 monomethylated at Lys9 (H3K9me3, Cat. # A22295)
were purchased from ABclonal. The specific antibody for
H3K18la was purchased from PTM. The specific anti-
body for EGR1 (Cat. # 4154) was purchased from Cell
Signaling Technology. The ChIP primer sequences are
listed in Table S3. The immunoprecipitated DNA was
quantified via qRT-PCR. The ChIP data are expressed
as percentages of input DNA according to the following
equation: 2[nput Ct-Target Ctly 100 (%), All the experiments
were repeated three times.

ALDEFLUOR flow cytometry assay

The ALDEFLUOR assay was performed using the ALDE-
FLUOR Kit (Stem Cell Technologies, Vancouver, BC,
Canada) according to the manufacturer’s protocol. The
corresponding cells were suspended in 500 uL. ALDE-
FLUOR assay buffer containing the ALDH substrate
and then incubated at 37 °C for 30 min. The cell samples
were examined using a FACSCalibur flow cytometer (BD
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Biosciences, San Jose, CA, USA), and the data were ana-
lyzed using FlowJo software (BD Biosciences). All the
experiments were repeated three times.

SAM and SAH concentrations

The concentrations of intracellular SAM and SAH were
measured using the SAM and SAH ELISA kits (Cell Bio-
labs, USA) according to the manufacturer’s instructions.
The SAM/SAH ratios were measured and compared. All
the data were normalized to the total amount of protein.
All the experiments were repeated three times.

ATP and lactate concentrations

The ATP concentration in the cells was determined using
the ATP Determination Kit (Beyotime, China) according
to the manufacturer’s instructions. The lactate concentra-
tion was determined using a Lactate Assay Kit (Sigma).
All the data were normalized to the number of cells. All
the experiments were repeated three times.

ECAR assay
ECAR was determined using a Seahorse XF96 flux ana-
lyzer (Seahorse Bioscience, USA). The cells were stimu-
lated with Glu, oligomycin and 2-DG to measure the
changes in ECAR. All the experiments were repeated
three times.

Western blot analysis and antibodies

Total proteins from the cells were harvested using
RIPA buffer (Beyotime, China) and separated using
SDS-PAGE. Proteins were then transferred to PVDF
membranes (Millipore) using standard protocols and
incubated with specific antibodies. Finally, the membrane
was visualized by an imaging system (Bio-Rad, USA). An
anti-B-Actin antibody was used as a control. The anti-
NNMT antibody (dilution ratio, 1:1000; Cat. # ab119758)
was purchased from Abcam. Anti-EGR1 (dilution ratio,
1:1000; Cat. # 4154) and anti-p300 (dilution ratio, 1:1000;
Cat. #54062) antibodies were purchased from Cell Sig-
naling Technology. Anti-B-Actin (dilution ratio, 1:10000,
Cat. # 66009-1-Ig), anti-H3 (dilution ratio, 1:1000, Cat. #
17168-1-AP), and anti-ALDH3A1 (dilution ratio, 1:1000,
Cat. # 15578-1-AP) antibodies were purchased from Pro-
teintech. Anti-H3K27me3 (dilution ratio, 1:1000, Cat. #
A22006) and anti-H3K9me3 (dilution ratio, 1:1000, Cat. #
A22295) antibodies were purchased from ABclonal. Anti-
pan-Kla (dilution ratio, 1:1000, Cat. # PTM-1401RM)
and anti-H3K18la (dilution ratio, 1:1000, Cat. # PTM-
1406RM) antibodies were purchased from PTM. All the
experiments were repeated three times. All uncropped
blots are presented in the supplemental data files.
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Animal xenograft tumor model

Five-week-old male BALB/c nude mice were purchased
from the Animal Center of the Chinese Academy of Sci-
ence (Shanghai, China). The mice were housed under
specific pathogen-free (SPF) and controlled conditions
(24-26 °C, 40-70% humidity) with a 12-hour light/dark
cycle. To establish xenograft models, stably transfected
PC9/OR cells (5x 10° cells in 100 pl of PBS) were injected
subcutaneously into nude mice. After the tumor volume
reached the appropriate size, the mice were randomly
divided into control and treatment groups so that each
group had an equivalent distribution of initial tumor sizes
following the administration of osimertinib or NNMTi
(MedChemExpress, MCE). The mice were administered
osimertinib (25 mg/kg/day) orally, NNMTi (10 mg/kg/
day) intraperitoneally, osimertinib plus NNMTi or vehi-
cle control. The tumor volumes were measured daily. The
tumor volume was calculated as 0.5xlengthxwidth?. At
the end of the experiment, the nude mice were eutha-
nized, and the tumor tissues were removed and weighed.
Tumor samples were subjected to hematoxylin and eosin
(HE) staining and immunohistochemistry (IHC) analy-
sis. All the animal experiments were conducted with
the approval of the Committee on the Ethics of Animal
Experiments of Nanjing Medical University and in accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Statistical analysis

Data analysis was performed using SPSS (IBM, SPSS,
USA) and GraphPad Prism software (GraphPad Soft-
ware, USA). Student’s t test, the X2 test, or the Wilcoxon
test were used to compare the variables. Two-sided p val-
ues of 0.05 were considered statistically significant.

Results

Bioinformatics analyses of RNA expression profiling data
reveal the role of NNMT in EGFR-TKI resistance in lung
cancer

To explore the potential genes that may be involved in
TKI resistance, we searched for aberrantly expressed
genes in the GEO databases (GSE193258, GSE114647,
and GSE123066). As shown in Fig. 1A, the expression
of several genes was elevated (fold change>1.5) in TKI-
resistant cells compared with TKI-sensitive cells. Nico-
tinamide N-methyltransferase (NNMT) and calponin 1
(CNN1) were both upregulated in all four datasets. To
further validate the relationship between NNMT and
EGFR-TKI resistance, we collected 40 tissue samples
from patients with advanced NSCLC harboring an EGFR
exon 19 deletion (Exon 19 Del) or a point mutation in
exon 21 (Exon 21 L858R) (Table S1). All 40 patients had
received EGFR-TKI therapy as a first-line treatment.
qRT-PCR analysis was conducted to determine NNMT
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Fig. 1 Bioinformatics analyses of RNA expression profiling data reveal the role of NNMT in EGFR-TKI resistance in lung cancer. (A) Activated genes in
TKI-resistant cells in these GEO datasets (GSE193258, GSE114647, and GSE123066). (B) Higher NNMT expression is associated with a poorer prognosis in
patients.(C) The ROC curve suggests that NNMT expression serves as a predictive marker for EGFR-TKI resistance. (D) NNMT was expressed at higher levels
in tissues from TKl-resistant patients than in tissues from TKl-sensitive patients. (E, F) IC50 values of gefitinib in gefitinib-resistant cells (PC9/GR, HCC827/
GR) and their respective parental cells (PC9, HCC827) were examined using the MTT assay. (G, H) The IC50 values of osimertinib in osimertinib-resistant
cells (PC9/0OR, HCC827/0R) and their respective parental cells (PC9, HCC827) were examined using the MTT assay. (I) Treatment with EGFR-TKIs (gefitinib
or osimertinib) increased NNMT expression in TKl-resistant cell lines. Three independent experiments were performed. **P <0.01
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and CNN1 expression in tissues from the 40 patients.
The 40 patients were subsequently divided into a high
group and a low group on the basis of the median expres-
sion value of NNMT or CNN1. Among patients treated
with EGFR-TKIs, high NNMT expression was associated
with a poorer prognosis (Fig. 1B), whereas CNN1 expres-
sion had no impact on the prognosis of patients (Figure
S1A). Therefore, we focused on the NNMT. Moreover,
the ROC curve suggested that NNMT expression levels
predict the risk of EGFR-TKI resistance in lung cancer
(Fig. 1C). We also collected 15 paired tissue samples from
patients before (the sensitive group) and after develop-
ing resistance to TKI (the resistant group) (Table S2).
Among these patients, 6 received gefitinib, and 9 received
osimertinib as the first-line treatment. Immunohisto-
chemical analysis revealed that the TKI-resistant group
presented increased NNMT expression compared with
the sensitive group (Fig. 1D).

We then constructed PC9 and HCC827 TKI-resistant
cell lines, including gefitinib-resistant cell lines (PC9/
GR and HCC827/GR) and osimertinib-resistant cell lines
(PC9/OR and HCC827/0R) (Fig. 1E - H) (detailed infor-
mation is included in the methods section). As shown
in Fig. 1I, compared with TKI-sensitive cell lines, TKI-
resistant cell lines treated with EGFR-TKIs presented
increased NNMT expression.

NNMT regulates EGFR-TKI resistance in NSCLC cells

To further explore the biological characteristics of
NNMT in EGFR-TKI resistant cells, small interfering
RNA (siRNA)-mediated knockdown and plasmid-medi-
ated overexpression were used to manipulate NNMT
expression (Figure S1B-S1D). MTT assays revealed that
NNMT knockdown significantly decreased the 50%
inhibitory concentration (IC50) in TKI-resistant cells
(Fig. 2A, Figure S1E), whereas NNMT overexpression
significantly increased resistance to EGFR-TKIs in PC9
and HCC827 cells (Fig. 2A, Figure S1E). The MTT assay
results also revealed that NNMT knockdown reduced
resistance to EGFR-TKIs and cell proliferation in TKI-
resistant cells (Fig. 2B, Figure S1F), whereas NNMT
overexpression in sensitive cells increased cell prolif-
eration (Fig. 2B, Figure S1F). Compared with that of
the control cells, the colony formation capacity of the
NNMT-knockdown cells was significantly lower (Fig. 2C,
Figure S1G). Regardless of EGFR-TKI treatment, NNMT
overexpression increased the capacity for colony forma-
tion (Fig. 2C, Figure S1G). Furthermore, the EdU assay
results demonstrated that the percentage of EdU-positive
cells was lower in the NNMT-knockdown group than in
the NNMT-overexpressing group (Fig. 2D). Moreover,
NNMT knockdown significantly increased apoptosis in
TKI-resistant cells compared with control cells (Fig. 2E).
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Direct transcriptional activation of EGR1 contributes to the
high NNMT expression in TKI resistance

To gain insight into the mechanism underlying the tran-
scriptional regulation of NNMT, we searched for a tran-
scription factor in the NNMT promoter and identified a
potential conserved binding site, early growth response
1 (EGR1), in the NNMT promoter region (Fig. 3A). Pre-
vious studies have reported that EGR1 plays a vital role
in tumorigenesis and drug resistance [26—28]. We found
that EGR1 significantly promotes resistance to EGFR-
TKIs and cell proliferation using MTT and colony for-
mation assays (Figure S2A-S2C). Our Western blot
analysis revealed that EGR1 knockdown in TKI-resistant
cells (PC9/OR, HCC827/OR and HCCB827/GR cells)
decreased NNMT expression, whereas EGR1 overexpres-
sion upregulated NNMT expression (Fig. 3B and Figure
S2D). A dual-luciferase reporter assay revealed that dele-
tion of the EGR1 binding site in the NNMT promoter
significantly decreased luciferase activity compared with
the full-length promoter in PC9/OR, HCC827/OR and
HCC827/GR cells (Fig. 3C and Figure S2E). Cotransfec-
tion of wild-type binding sites of EGR1 and si-EGR1 in
PC9/OR, HCC827/OR and HCCB827/GR cells signifi-
cantly decreased luciferase activity, but cotransfection of
mutant binding sites of EGR1 and si-EGR1 had no effect
on luciferase activity (Fig. 3D and Figure S2F). Moreover,
EGRI1 overexpression increased the luciferase activity of
the wild-type promoter of EGR1 but had no effect on the
mutant type (Fig. 3E and Figure S2F). A ChIP assay also
confirmed that EGR1 could directly bind to the NNMT
promoter region. EGR1 knockdown reduced the bind-
ing enrichment in the NNMT promoter region, whereas
EGR1 overexpression increased the enrichment (Fig. 3F
and Figure S2G-S2H). In addition, NNMT knockdown
partially reversed the effect of EGR1-mediated resistance
to TKIs and promoted the proliferation of NSCLC cells,
including PC9/OR, HCC827/OR and HCC827/GR cells
(Fig. 3G - I and Figure S2I-S2K).

NNMT reduces H3K9me3 and H3K27me3, leading

to epigenetic activation of EGR1 and ALDH3A1 and
promoting the resistance of NSCLC to EGFR-TKIs

To further analyze the mechanism by which NNMT
regulates TKI resistance, RNA sequencing was per-
formed to identify potential targets that might be reg-
ulated by NNMT (Fig. 4A and B and Table S4). GO
analysis revealed enrichment of metabolic processes,
cell proliferation and cell apoptosis (Fig. 4C). Some of
these representative genes were verified using qRT-
PCR analysis (Fig. 4D). Specifically, NNMT knockdown
downregulated the gene expression of EGR1 and alde-
hyde dehydrogenase 3A1 (ALDH3A1), which are closely
related to cell proliferation and metabolism (Fig. 4D).
We next conducted Western blot assays and found that
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Fig.2 NNMT regulates EGFR-TKI resistance in NSCLC cells. (A) The IC50 values of NNMT in cells after its knockdown or overexpression. (B) MTT assays were
performed to determine cell viability and drug resistance after NNMT knockdown or overexpression. (C) Colony formation assays were used to evaluate
the colony formation capacity after NNMT knockdown or overexpression. (D) Cell proliferation was analyzed using EdU after NNMT knockdown or over-
expression. (E) Cell apoptosis was determined in TKl-resistant cells after NNMT knockdown. Three independent experiments were performed. **P <0.01
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Fig. 3 EGRI1 directly transcriptionally activates NNMT in TKI resistance. (A) Schematic diagram of the EGR1 binding site in the NNMT promoter. (B) NNMT
expression was determined after EGR1 was knocked down or overexpressed. (C-E) NNMT promoter activity was tested using a dual-luciferase reporter
assay after the corresponding treatments. (F) ChIP assays were performed to detect the enrichment of EGR1 in the NNMT promoter. (G-1) IC50, MTT and
colony formation assays were used to determine cell proliferation and resistance to TKIs after the corresponding treatments. Three independent experi-
ments were performed. **P<0.01, n.s,, not significant
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Fig.4 NNMT regulates EGR1 and ALDH3A1, leading to the resistance of NSCLC to EGFR-TKIs. (A) RNA sequencing was performed to identify downstream
genes after the inhibition of NNMT. (B) Differential gene expression was analyzed using a volcano plot. (C) GO analysis after NNMT knockdown. (D)
gRT-PCR was used to verify representative genes. (E) Western blotting was used to detect the expression of EGR1 and ALDH3A1 after NNMT knockdown
or overexpression. (F) EGR1 and ALDH3A1 expression was analyzed in paired tissues from TKl-sensitive and TKl-resistant patients with lung cancer. (G)
A positive correlation between NNMT and EGR1 or ALDH3A1 in tissues from TKl-resistant patients. (H) EGR1 and ALDH3AT1 protein expression in TKI-
resistant cells and sensitive cells. (I-K) IC50, MTT and colony formation assays were used to determine cell proliferation and resistance to TKls after the
corresponding treatments. (L-N) Tumor volumes and weights were measured after the corresponding treatments. (O) Immunohistochemistry analysis
was performed to analyze the tumor tissue. Three independent experiments were performed. *P <0.05, **P < 0.01

the knockdown of NNMT in PC9/OR, HCC827/OR
and HCCB827/GR cells decreased EGR1 and ALDH3A1
expression, whereas NNMT overexpression increased
EGR1 and ALDH3A1 expression (Fig. 4E and Figure
S3A). Immunohistochemical analysis revealed that tis-
sues from TKI-resistant lung cancer patients had higher
EGRI1 and ALDH3A1 levels compared with those from
TKI-sensitive lung cancer patients (Fig. 4F). A positive
correlation between NNMT expression and EGR1 or
ALDH3AL1 expression was detected in TKI-resistant tis-
sues (Fig. 4G). Moreover, as shown in Fig. 4H and Figure
S3B, EGR1 and ALDH3A1 expression levels were indeed
elevated in TKI-resistant cells compared with sensitive
cells. In addition, ALDEFLUOR flow cytometry revealed
that TKI-resistant PC9/OR cells had higher ALDH
enzyme activity than TKI-sensitive cells (Figure S3C).
Moreover, treatment of PC9/OR cells with the ALDH
inhibitor N, N-Diethylaminobenzaldehyde (DEAB)
reduced ALDH enzymatic activity and the IC50 value of
osimertinib in PC9/OR cells (Figure S3D and S3E). MTT
and colony formation assays further showed that DEAB
reduced the proliferation capacity of PC9/OR compared
to the control group or treatment with osimertinib alone.
Particularly, the combination of DEAB and osimertinib
had a more pronounced effect (Figure S3F and S3G).
In addition, NNMT or ALDH3A1 knockdown in PC9/
OR cells decreased the proportion of ALDH" cells, as
measured using an ALDEFLUOR flow cytometry assay
(Figure S3H). We also found that ALDH3A1 promoted
cell proliferation and resistance to EGFR-TKIs using
MTT and colony formation assays (Figure S3I-S3K).
Furthermore, EGR1 or ALDH3A1 knockdown in PC9/
OR, HCC827/OR and HCCB827/GR cells reversed the
enhanced resistance to TKIs and the promotion of cell
proliferation mediated by NNMT overexpression (Fig. 41
- K and Figure S3L-S3N). EGR1 or ALDH3A1 knock-
down also reversed NNMT overexpression-mediated
proliferation in vivo (Fig. 4L - O).

NNMT is involved in methyl metabolism. NNMT
catalyzes the conversion of nicotinamide to 1-methyl
nicotinamide by depleting S-adenosyl methionine (the
methyl group donor) to generate S-adenosylhomocys-
teine (SAH), altering histone methylation levels [22, 29].
As shown in Fig. 5A and Figure S4A, NNMT knock-
down in PC9/OR and HCCB827/GR cells significantly
increased SAM and SAM/SAH. Previous studies have

shown that NNMT transcriptionally regulates gene
expression by affecting H3K9me3 and H3K27me3 in
the promoter regions of genes [22, 30]. Our Western
blot analysis revealed that the knockdown of NNMT in
PC9/OR, HCC827/OR and HCC827/GR cells increased
H3K9me3 and H3K27me3 expression, whereas NNMT
overexpression reduced H3K9me3 and H3K27me3 lev-
els (Fig. 5B and Figure S4B). NNMT knockdown in
PC9/OR, HCC827/OR and HCCB827/GR cells signifi-
cantly increased H3K9me3 and H3K27me3 levels and
decreased EGR1 and ALDH3A1l expression (Fig. 5C
and D and Figure S4C-S4D), whereas treatment with
the H3K9me3 and H3K27me3 inhibitors BIX-01294
and GSK-J1 [31, 32] reversed these effects (Fig. 5C and
D and Figure S4C-S4D). To further explore the regula-
tory mechanism of NNMT-mediated histone methyla-
tion, SAM or methionine was added to the cell culture
medium to restore the intracellular methylation levels
(Fig. 5E and Figure S4E). We found that NNMT overex-
pression repressed H3K9me3 and H3K27me3 levels and
induced the expression of EGR1 or ALDH3A1. Treat-
ment with SAM or methionine reversed the increase in
H3K9me3 and H3K27me3 levels and inhibited EGR1
and ALDH3A1 expression in PC9/OR, HCC827/OR and
HCCB827/GR cells (Fig. 5E and Figure S4E). Furthermore,
a ChIP experiment revealed that NNMT knockdown
significantly increased H3K9me3 and H3K27me3 levels
in the promoters of EGR1 and ALDH3A1, whereas the
overexpression of NNMT had the opposite effect in both
PC9/OR and HCC827/GR cells (Fig. 5F and G and Fig-
ure S4F-S41). These data indicate that NNMT promotes
EGR1 and ALDH3A1 expression via H3K9me3 and
H3K27me3.

NNMT mediates histone lactylation to generate a lactate-

mediated positive feedback loop leading to TKI resistance

ALDH3ALI is an NAD"-dependent enzyme that oxidizes
various endogenous and exogenous aldehydes to car-
boxylic acids [33, 34]. ALDH3A1 enhances the uptake of
glucose and glycolytic processes by activating the LDHA
pathway, causing lactic acid secretion and thus promoting
cancer cell proliferation [33]. To test whether NNMT reg-
ulates glycolysis via ALDH3A1, we conducted an ECAR
assay to detect the glycolytic capacity of PC9/OR and
HCC827/GR cells. As shown in Fig. 6A and Figure S5A,
the knockdown of NNMT in TKI-resistant cells inhibited
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Fig. 5 NNMT reduces H3K9me3 and H3K27me3, leading to epigenetic activation of EGR1 and ALDH3A1 and resistance of NSCLC to EGFR-TKIs. (A) SAM
and SAM/SAH were increased after NNMT knockdown in PC9/OR cells. (B) Western blot assays were used to detect the expression of H3K9me3 and
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*P<0.05,**P<0.01

glycolysis. The overexpression of ALDH3A1 reversed the
inhibition of glycolysis caused by NNMT knockdown
(Fig. 6A and Figure S5A). Moreover, NNMT knockdown
in PC9/OR and HCC827/GR cells significantly decreased
lactate and ATP levels compared with those in the con-
trol cells (Fig. 6B and C and Figure S5B-S5C). ALDH3A1
overexpression reversed the reduced lactate and ATP
levels caused by NNMT knockdown (Fig. 6B and C and
Figure S5B-S5C). Recently, lactate-derived histone lysine
lactylation was identified as a newly discovered epi-
genetic modification that activates gene transcription
from chromatin [35, 36]. Lactylation can affect various
pathophysiological processes, including tumorigenesis
[35-37]. Interestingly, our Western Blot analysis revealed
that NNMT expression in PC9/OR, HCC827/OR and
HCCB827/GR cells was significantly increased after treat-
ment with 5-20 uM lactic acid (Fig. 6D and Figure S5D).
Because NNMT promotes lactate production, we infer
that increased lactic acid levels could induce histone
lysine lactylation, thereby altering NNMT expression.

Our Western blot assays revealed that the predominant
band of lactylated proteins was approximately 17 kDa
(Fig. 6E). Therefore, we investigated whether the induc-
tion of NNMT could be caused by H3K18la. We found
that lactic acid increased H3K18la and pan-Kla expres-
sion in PC9/OR, HCCB827/OR and HCC827/GR cells,
suggesting that histone lactylation plays a regulatory
role in TKI resistance (Fig. 6E and Figure S5E). Indeed,
immunofluorescence and immunohistochemistry assays
revealed that tissues from TKI-resistant patients pre-
sented higher levels of global lactylation than those from
TKI-sensitive patients did, and the lactylated proteins
(red) were located mainly in the nucleus (Fig. 6F and
G). Moreover, pan-Kla expression levels were positively
correlated with NNMT expression (Fig. 6H). H3K18la
levels were similar to those in TKI-sensitive patients in
terms of global lactylation in tissues from TKI-resistant
patients (Fig. 61 - K). In addition, TKI-resistant cells pre-
sented increased pan-Kla and H3K18la expression com-
pared with TKI-sensitive cells (Fig. 6L and Figure S5F).
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Fig. 6 (See legend on next page.)

Furthermore, glycolysis inhibitors (2-DG or oxamate)
decreased lactate production in a dose-dependent man-
ner (Fig. 6M and N and S5G-S5H). Moreover, the expres-
sion levels of pan-Kla, H3K18la and NNMT markedly
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decreased with increasing concentrations of glycolysis
inhibitors (Fig. 60 and P and Figure S5I-S5]). The acetyl-
transferase p300 has been identified as a potential histone
Kla “writer” enzyme, and histone deacetylase (HDAC)
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Fig. 6 ALDH3A1 mediates histone lactylation by targeting NNMT to promote EGFR-TKI resistance. (A) Glycolysis capacity was measured in resistant cells
after the corresponding treatments. (B, C) The levels of lactate and ATP were detected in resistant cells after the corresponding treatments. (D) Western
blot analysis of lactic acid-treated cells. (E) Expression of pan-Kla and H3K18la following lactic acid treatment. (F, G) Increased level of global lactylation in
tissues from TKl-resistant patients and lactated proteins (red) located in the nucleus. (H) The expression of pan-Kla was positively correlated with NNMT. (I,
J) H3K18la levels were greater in tissues from TKl-resistant patients than in those from TKl-sensitive patients. (K) H3K18la expression was positively corre-
lated with NNMT. (L) Pan-Kla and H3K18la levels were increased in TKl-resistant cells. (M, N) Glycolysis inhibitors (2-DG or oxamate) decreased lactate levels
in a dose—dependent manner. (O, P) The expression of pan-Kla, H3K18la and NNMT was determined after the corresponding treatments. (Q) Western
blot assays were used to detect H3K18la, NNMT and p300 expression after p300 was knocked down. (R) Western blot assays detected H3K18la and NNMT
expression after treatment with the HDAC inhibitor trichostatin A (TSA). (S) Luciferase reporter assays after p300 knockdown. (T) ChiP assay after p300
knockdown. (U) Luciferase reporter assay after treatment with lactic acid. (V) ChiP assay after treatment with lactic acid. Three independent experiments

were performed. *P < 0.05, **P<0.01

1-3 are regarded as histone lysine delactylases [37, 38].
We found that p300 knockdown markedly decreased the
expression of NNMT and H3K18la (Fig. 6Q and Figure
S5K). In addition, the HDAC inhibitor trichostatin A
(TSA) increased histone lactylation and NNMT expres-
sion (Fig. 6R and Figure S5L). A luciferase reporter assay
revealed that the NNMT promoter activity decreased
after p300 was knocked down (Fig. 6S and Figure S5M).
Chromatin immunoprecipitation (ChIP) further demon-
strated that the knockdown of p300 inhibited the binding
of H3K18la to the NNMT promoter (Fig. 6T and Figure
S5N). Furthermore, a luciferase reporter assay revealed
that lactic acid increased NNMT promoter activity
(Fig. 6U and Figure S50), and a ChIP assay revealed that
H3K18la directly bound to the NNMT promoter. Lac-
tate treatment significantly increased the enrichment
of H3K18la in the NNMT promoter (Fig. 6V and Figure
S5P). These data indicate that histone lysine lactylation
represents a novel mechanism underlying the activation
of NNMT in TKI resistance in lung cancer.

We further found that ALDH3A1 knockdown reduced
the expression of pan-Kla, H3K18la and NNMT, whereas
ALDH3A1 overexpression had the opposite effect
(Fig. 7A and Figure S6A). Moreover, an ECAR assay
revealed that the knockdown of ALDH3A1 reduced gly-
colytic ability in TKI-resistant cells and that the over-
expression of NNMT partially reversed this inhibitory
effect (Fig. 7B and Figure S6B). Similarly, the overexpres-
sion of NNMT reversed the decreased levels of lactate
and ATP caused by the knockdown of ALDH3A1 (Fig. 7C
and D and Figure S6C-S6D). Importantly, NNMT pro-
moter activity decreased or increased after knockdown
or overexpression ALDH3A1, respectively, and NNMT
promoter activity was also repressed or enhanced by the
knockdown or overexpression of NNMT itself, respec-
tively (Fig. 7E - H and Figure S6E). Moreover, ALDH3A1
knockdown partially reversed the increase in the pro-
moter activity of NNMT caused by the overexpression of
NNMT (Fig. 71 and ] and Figure S6F). In addition, ChIP
assays revealed that ALDH3A1 knockdown inhibited the
binding of H3K18la to the NNMT promoter and that
NNMT overexpression reversed this inhibitory effect
(Fig. 7K and Figure S6G).

IC50, MTT and colony formation assays revealed
that the knockdown of NNMT in PC9/OR, HCC827/
OR and HCCB827/GR cells partially reversed the TKI
resistance and cell proliferation mediated by ALDH3A1
overexpression (Fig. 7L - N and Figure S6H-S6]). More-
over, treatment with lactic acid reversed the increased
TKI sensitivity and inhibited cell proliferation mediated
by ALDH3A1 knockdown (Fig. 70 - Q and Figure S6K-
S6M). These data suggest that NNMT and ALDH3A1
constitute a lactate-mediated positive lactylation regula-
tory loop in TKI resistance. Moreover, the dual-luciferase
reporter gene assay results indicated that EGR1 knock-
down reversed the increase in NNMT promoter activity,
which was induced by NNMT overexpression (Fig. 7R
and Figure S6N). In addition, a ChIP assay demonstrated
that NNMT overexpression increased the binding abun-
dance of EGR1 to the NNMT promoter, whereas knock-
down of EGR1 reversed this promoting effect (Fig. 7S and
Figure S60).

NNMT regulates EGFR-TKI resistance in lung cancer in vivo
To elucidate the role of NNMT in EGFR-TKI resistance
in vivo, PC9/OR cells stably transfected with sh-NNMT
were injected into nude mice. When palpable tumors
were detected, the mice were treated daily with osimer-
tinib (25 mg/kg) or saline (control) via oral gavage. As
shown in Fig. 8A - D, NNMT knockdown reduced the
tumor growth rate, tumor volume, and tumor weight.
Immunohistochemical staining of xenograft tumor tis-
sues revealed that NNMT knockdown led to decreased
Ki67, NNMT, EGR1 and ALDH3A1 expression (Fig. 8E).
To further evaluate the therapeutic potential of NNMT
in TKI resistance, we used NNMTi, a small-molecule
NNMT inhibitor [22], and found that NNMTi sup-
pressed tumor growth in a osimertinib-resistant xeno-
graft model, suggesting its therapeutic potential (Figure
S7A-S7C). PC9/OR cells were subcutaneously injected
into nude mice, which were randomly divided into four
groups: control, osimertinib, NNMTi, and osimertinib
plus NNMTi. Compared with the control group or treat-
ment with osimertinib alone, treatment with NNMTi
reduced tumor size, and combination treatment with
osimertinib and NNMTi was more effective (Fig. 8F - I).
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Fig. 7 NNMT promotes TKI resistance by mediating histone lactylation to generate a lactate-mediated positive feedback loop. (A) Western blot assays
after knockdown or overexpression of ALDH3AT1. (B) Glycolysis capacity was measured in resistant cells after the corresponding treatments. (C, D) Lac-
tate and ATP levels were detected in resistant cells after the corresponding treatments. (E-J) NNMT promoter activity was tested using a dual-luciferase
reporter gene assay after the corresponding treatments. (K) ChIP assay after the corresponding treatments. (L-N) IC50, MTT and colony formation assays
were used to determine cell proliferation and resistance to TKls after the corresponding treatments. (0-Q) IC50, MTT and colony formation assays were
used to determine cell proliferation and resistance to TKls after the corresponding treatments. (R) Dual-luciferase reporter assays after the corresponding
treatments. (S) ChiP assays after the corresponding treatments. Three independent experiments were performed. **P <0.01

Immunohistochemical analysis revealed that compared
with control treatment, combination treatment with
osimertinib and NNMTi decreased Ki67, NNMT, EGR1
and ALDH3A1 expression (Fig. 8]). Moreover, in vitro
cell viability assays also supported the above findings in
vivo (Figure S7D-S7F).

To further evaluate the therapeutic potential of target-
ing NNMT in the NNMT/EGR1/ALDH3A1 regulatory
axis in TKI resistance, we performed in vitro and in vivo
experiments. Compared with the control, overexpres-
sion of EGR1 or ALDH3A1l promoted tumor growth
in vivo. Furthermore, EGR1 or ALDH3A1 overexpres-
sion-promoted tumor growth was reversed by treat-
ment with NNMTi (Fig. 8K - N). Immunohistochemical
results revealed that EGR1 or ALDH3A1 overexpression
increased Ki67 expression (Fig. 80). NNMTi reversed
the expression of Ki67 induced by the overexpression of
EGR1 or ALDH3A1 (Fig. 80). Our in vitro MTT and col-
ony formation assays revealed similar blocking effects of
NNMTi (Figure S7G-S7]). Taken together, our data imply
that NNMT is a potentially effective therapeutic target
for TKI resistance in lung cancer.

Discussion

EGFR-TKIs significantly improve the survival of patients
with EGFR-TKI sensitive mutations. The mechanism
of acquired resistance to EGFR-TKIs is complex and
requires further in-depth investigation. To date, the key
genes involved in cancer development have been identi-
fied with distinct histone modification patterns due to
abnormal transcriptome features in tumorigenesis and
drug resistance [12]. NNMT belongs to the N-methyl-
transferase family, which can regulate the epigenetic state
of histone methylation of target genes. Many studies have
shown that NNMT is closely related to the progression
and drug resistance of cancers and is overexpressed in a
variety of tumors, and NNMT has been shown to pro-
mote the survival of cancer cells [22, 23, 39]. However,
the activation and detailed functional mechanisms of
NNMT in TKI resistance in lung cancer remain largely
unknown. In this study, we revealed the critical role of the
NNMT-mediated dual positive feedback loop in driving
acquired EGFR-TKI resistance in NSCLC. We discovered
that EGR1-mediated transcriptional activation contrib-
uted to NNMT upregulation in TKI resistance. EGR1 is
a well-known transcription factor involved in tumori-
genesis and drug resistance [26, 27, 40]. For example,

EGR1-mediated metabolic reprogramming contributes
to ibrutinib resistance in B-cell lymphoma [27]. In addi-
tion, we revealed a novel mechanism of NNMT activa-
tion at the epigenetic level. Our study revealed that lactic
acid increases H3K18la levels in the NNMT promoter to
promote NNMT expression. The increase in histone lac-
tylation in promoter regions induces the expression of
genes associated with tumorigenesis and drug resistance
[36, 37, 41]. For example, histone lactylation activated
RUBCNL expression, thereby promoting the resistance
of colorectal cancer to bevacizumab [41]. Here, we report
for the first time that histone lactylation drives NNMT
expression and accelerates TKI resistance. A previous
study revealed that NNMT promotes EGFR-TKI resis-
tance in lung cancer by increasing c-Myc expression [42].
Yao et al. revealed that c-Myc directly binds the EGR1
promoter and transcriptionally activates EGR1 [43].
These studies indicate that c-Myc is potentially involved
in the EGR1/NNMT/EGRI1 loop by transcriptionally acti-
vating EGR1 to promote TKI resistance in lung cancer.
In addition, Bach DH et al. reported that NNMT pro-
motes TKI resistance by activating AKT in lung cancer
[44]. ALDH3A1 may be involved in activating the AKT
oncogenic signaling pathway in lung cancer [45]. AKT
pathway activation facilitates lactate production in lung
cancer [46, 47]. These findings indicate that AKT might
be involved in lactate production by communicating
with ALDH3A1 and thereby participating in the NNMT/
ALDH3A1/lactate/NNMT loop to promote TKI resis-
tance in lung cancer.

NNMT, a methyltransferase, participates in histone
methylation by regulating SAM methylation metabolism
[22, 29, 30]. For example, NNMT promotes cholangio-
carcinoma progression by inhibiting the level of histone
lysine methylation to activate the EGFR/STAT3 pathway
[30]. NNMT decreases H3K27me3 levels and then acti-
vates WNT signaling to promote the progression of early
gastric cardia adenocarcinoma [22]. Our present study
revealed that NNMT could be a powerful modifier of his-
tone methylation in TKI resistance in lung cancer. High
NNMT expression epigenetically activates EGR1 and
ALDH3A1 by reducing H3K27me3 and H3K9me3 lev-
els in the promoters of EGR1 and ALDH3A1. Given that
EGRI1 transcriptionally activates NNMT, a positive feed-
back loop of EGR1/NNMT/EGR1 could promote TKI
resistance in lung cancer.
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Lactate is an important intermediary product in meta-  serves as a substrate to generate lactyl-CoA for lysine lac-
bolic processes and plays critical roles in various diseases,  tylation on histones to regulate gene expression in diverse
including cancer [35-37, 48]. Lactate accumulated in  pathophysiological conditions, including cancer. In addi-
tumor cells can bind to lysine residues in proteins to pro-  tion, lactic acid levels are closely related to tumor resis-
mote lactate modification. An increasing amount of evi-  tance. Previous studies have confirmed that compared
dence suggests that lactylation has important functions  with sensitive cells, drug-resistant cells present higher
in gene expression, especially in histone lactylation [21, basal metabolic levels and lactic acid contents [49]. Our
41]. Histone lysine lactylation is a newly characterized data also revealed elevated lactate levels in TKI-resis-
epigenetic modification that can directly interact with  tant lung cancer cells. NNMT is widely regarded as an
chromatin to regulate transcription [35]. Here, lactate  important metabolic-epigenetic enzyme. Many studies
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have revealed that NNMT serves as a master metabolic
regulator in tumorigenesis [29, 50]. For example, NNMT
depletion leads to intracellular glutamine accumulation,
which has negative effects on mitochondrial function and
survival in clear cell renal cell carcinoma [50]. Xie et al.
reported that 1-MNA decreases ROS levels, alters the
NAD*/NADH ratio, and increases intracellular ATP lev-
els, suggesting that NNMT maintains cancer cell growth
by affecting energy metabolism [51]. However, the role
of NNMT in lactylation remains unclear. In addition, the
role of lactylation modification in the TKI resistance of
lung cancer also needs to be clarified. We first revealed
that NNMT activates ALDH3A1 through histone meth-
ylation to promote lactate production and that high levels
of lactate, in turn, epigenetically activate NNMT expres-
sion through histone lactylation (H3K18la) to generate
a lactate-mediated positive regulatory loop (NNMT/
ALDH3A1/lactate/NNMT) that is dependent on NNMT
in the context of TKI resistance in lung cancer. Previous
studies also revealed that ALDH3A1 promotes the gly-
colytic process by activating the LDHA pathway, causing
lactic acid secretion and thus accelerating cell prolifera-
tion. This mechanism is involved in tumorigenesis and
drug resistance [33, 34, 52]. In addition, the expression
of p300, a “writer” of lactylation in the NNMT promoter,
is activated in this lactylation modification process. Our
study is recognized as an important contribution to the
current body of knowledge on the relationship between
metabolism-epigenetics and drug resistance in tumors.
This highly efficient NNMT-mediated histone lacty-
lation provides a novel perspective for understanding the
molecular mechanism of TKI resistance in lung cancer.

We also investigated the therapeutic potential of
NNMT in vivo. We found that combination treatment
with a small-molecule inhibitor (NNMTi) and osimer-
tinib exhibited excellent antitumor efficacy. These results
suggest that targeting NNMT may represent an effec-
tive therapeutic strategy to overcome TKI resistance in
NSCLC.

Conclusions

Our findings clarify the NNMT-mediated dialog between
histone methylation and histone lactylation, providing
new insights into epigenetic regulation in the TKI resis-
tance of NSCLC (Fig. 8P). More importantly, our study
indicates that the epigenetic modification of histones
plays a crucial role in TKI-resistant NSCLC and that
NNMT inhibitors are potential therapeutic agents for
overcoming TKI resistance in NSCLC.
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