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RBM15 facilitates osimertinib resistance of lung
adenocarcinoma through m6A-dependent epigenetic
silencing of SPOCK1
Hongxiang Li1,2,10, Yin Li 3,10, Xiaoxiao Zheng4, Fangqian Chen5, Shufen Zhang4, Shuguang Xu6, Yinyu Mu1, Wei Shen7,
Jingtao Tong6, Hang Chen1, Zeyang Hu1,2, Jiaheng Zhang1,2, Keyue Qiu1,2, Wei Chen 8,9✉, Xinghua Cheng 3✉ and
Guodong Xu 1,2✉

© The Author(s) 2024

Lung cancer is the leading cause of cancer-related mortality globally. N6-methyladenosine (m6A) is the most abundant
modification in mammalian mRNA and is involved in the biological regulation of tumors, including lung cancer. However, the role
of m6A-related proteins, such as RNA-binding motif protein 15 (RBM15), in lung cancer progression remains largely unknown. Our
study indicated that RBM15 is significantly overexpressed in lung adenocarcinoma, serving as an independent prognostic factor for
poor outcomes and facilitating tumor cell proliferation and migration. RBM15 was markedly elevated in patients with EGFR
mutations, correlating with a poorer prognosis, while it had negligible prognostic value in EGFR wild-type patients. As EGFR-tyrosine
kinase inhibitors (TKIs) are the standard treatment for patients with EGFR mutations, we subsequently determined that RBM15
drives osimertinib resistance via a novel mechanism: enhancing m6A modification of cwcv- and kazal-like domains proteoglycan 1
(SPOCK1) mRNA, promoting epithelial–mesenchymal transition-mediated osimertinib resistance through a bypass activation
pathway. These findings were validated in osimertinib-resistant H1975 cells and organoids from patients with osimertinib-resistant
lung adenocarcinoma. Furthermore, the RBM15–SPOCK1 axis was activated in drug-tolerant persister cells, indicating that early
targeting of RBM15 during EGFR-TKI treatment could dramatically extend the patient response and benefit from TKI therapy. Our
results emphasize the critical role of RBM15 in reversing EGFR-TKI resistance and propose it as a promising therapeutic target for
prolonging TKI treatment benefits in patients with lung adenocarcinoma.

Oncogene; https://doi.org/10.1038/s41388-024-03220-z

HIGHLIGHTS

● RBM15 regulates the sensitivity of EGFR-mutant lung adeno-
carcinoma to osimertinib.

● RBM15 binds to SPOCK1 mRNA and inhibits its expression
through an m6A-mediated mechanism.

● Knockdown of RBM15 enhances the sensitivity of resistant
cells and resistant organoids to osimertinib by upregulating
SPOCK1 expression.

● The RBM15–SPOCK1 axis promotes epithelial–mesenchymal
transition-mediated osimertinib resistance through a bypass
activation pathway.

● The RBM15–SPOCK1–EMT axis is activated early during
osimertinib treatment, rather than during the advanced stage
of tumor resistance.

INTRODUCTION
Lung cancer remains a deadly cancer globally, with a 5-year
survival rate of 10–20% in most regions, and its incidence
continues to rise [1]. Non-small cell lung cancer (NSCLC)
accounts for 85% of all cases, with lung adenocarcinoma
(LUAD) comprising 53.3% of NSCLC cases [2]. Despite diagnosis
and treatment pathway advancements, 85% of patients are
diagnosed at an advanced stage [3]. Consequently, there is a
critical need to explore the lung cancer onset and progression
mechanisms.
N6-methyladenosine (m6A) is the most abundant modification in

mammalian mRNA [4] and is dynamically regulated by “writers”,
“erasers”, and “readers” (collectively known as WERs) [5]. m6A is
involved in the biological processes of diseases such as osteosarcoma
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[6], ovarian cancer [7], bladder tumors [8], and breast cancer [9]. The
writers are part of a methyltransferase complex that catalyzes the
m6A modification, influencing mRNA stability, turnover, localization,
and translation efficiency [10]. We determined that RNA-binding
motif protein 15 (RBM15) is a key WER with significant diagnostic and
therapeutic potential in LUAD and profoundly affects cellular
behavior, proliferation, and migration capabilities in vivo. RBM15 is
a member of the SPEN (Split-end) family of proteins [11], which
function as writers and are oncogenic factors in laryngeal squamous
cell carcinoma [12] and pancreatic cancer [13]. Furthermore, RBM15 is
highly expressed in lung cancer, promoting ferroptosis by modulat-
ing the TGF-β–Smad2 pathway [14]. Our statistical results did not
confirm a correlation between RBM15 expression and tumor size or
clinical characteristics, prompting us to investigate the role of RBM15
in LUAD. We observed that RBM15 expression was significantly
increased in patients with EGFRmutations and was closely associated
with prognosis. However, no significant correlation was found
between RBM15 expression and prognosis in EGFR wild-type patients.
EGFR mutations are the most prevalent in LUAD, with exon 19

deletions (del19) and point mutations in exon 21 (L858R)
representing typical mutations accounting for ~80–85% of EGFR
mutations [15]. First- and second-generation EGFR tyrosine kinase
inhibitors (EGFR-TKIs) are the standard treatments for del19 and
L858R mutations and are widely used clinically. However,
resistance due to secondary mutations such as EGFR T790M has
limited their clinical utility. Third-generation TKIs, exemplified by
osimertinib, target the T790M mutation and offer high efficacy
and favorable outcomes, with a median progression-free survival
(PFS) and median overall survival (OS) of 18.9 and 38.6 months,
respectively, becoming the preferred first-line treatment in clinical
settings [16–19].
We determined that overexpressing RBM15 decreased drug

sensitivity in osimertinib-sensitive cells. Consequently, patients
with high-RBM15 expression had shorter PFS when treated with
osimertinib. Therefore, we hypothesized that RBM15 promotes
the development of EGFR-TKI resistance. Osimertinib treatment
resistance inevitably emerges and exhibits heterogeneity. The
mechanisms of acquired resistance primarily include EGFR-
dependent resistance (usually secondary EGFR mutations such
as the C797S mutation) and EGFR-independent resistance
(mainly MET amplification, epithelial–mesenchymal transition
[EMT], small cell transformation) [20–22]. Although combined
TKI and MET inhibitor treatment improves the efficacy against
TKI-refractory tumors when EGFR mutation coexists with MET
amplification [23], the heterogeneous resistance mechanisms
often leave many EGFR-independent resistance mechanisms
without specific treatments. Additionally, the immune check-
point inhibitor (ICI) therapy outcomes in patients with EGFR
mutations have been disappointing [20], necessitating further
exploration into resistance mechanisms to seek more effective
treatment strategies.
In this investigation, we established RBM15 overexpression in

LUAD, notably in cases with EGFR-TKI resistance. SPOCK1 (cwcv- and
kazal-like domains proteoglycan 1) acts as a downstream effector of
RBM15. RBM15 enhanced the m6A modification of SPOCK1 mRNA,
inhibiting its expression and activating EMT, inducing osimertinib
resistance through a bypass activation mechanism. Additionally, we
determined that the RBM15–SPOCK1–EMT axis is activated early in
drug-tolerant persister cells (DTPCs), indicating that targeting RBM15
could be a promising strategy to reverse EGFR-TKI resistance and
prolong the therapeutic benefits of TKIs.

RESULTS
RBM15 overexpression in LUAD enhances malignant
progression and predicts poor prognosis
We investigated the functional implications of m6A-related genes
in LUAD by examining the expression profiles of m6A-associated

genes, encompassing m6A WERs, within The Cancer Genome Atlas
(TCGA)-LUAD dataset. The analysis identified dysregulation in the
expression of 15 WER genes (Fig. 1A). The expression levels
of these genes were corroborated in the GSE43458 dataset
through the online platform Lung Cancer Explorer (https://
lce.biohpc.swmed.edu/lungcancer/), which substantiated signifi-
cant RBM15, YTHDF1, IGF2BP1, IGF2BP3, and HNRNPA2B1 upregula-
tion in LUAD samples relative to normal tissues, alongside marked
METTL14 and FTO downregulation (Fig. 1B and Fig. S1A–F).
Furthermore, we explored the association between the expression
of these genes and OS in patients with LUAD using The Human
Protein Atlas (THPA, https://www.proteinatlas.org/) data. The
results indicated that elevated RBM15 and HNRNPA2B1 expression
predicted reduced survival durations (Fig. 1C and Fig. S1G).
These observations prompted further investigation of RBM15

function in LUAD. The LUAD cell lines demonstrated elevated
RBM15 protein and mRNA levels compared to the MRC-5 cells
(Fig. 1D, E). The insights from the bioinformatics analysis and in
vitro cellular assays were substantiated using tumor and
adjacent non-tumor tissues from 40 patients. qRT-PCR con-
firmed the significantly enhanced RBM15 expression in the
tumor samples (Fig. 1F), which was validated by IHC staining of a
TMA cohort (Fig. 1G, H). The writing of m6A primarily occurs in
the nucleus, where it is incorporated into mRNA in a co-
transcriptional manner, and then exported to the cytoplasm.
Therefore, we focused our attention on the expression of RBM15
in the nucleus [24]. Despite being categorized as a nuclear
protein, the presence of RBM15 in the nuclear and cytoplasmic
fractions of the tumor and adjacent tissues prompted our
analysis of its expression separately in these compartments,
which revealed consistently elevated RBM15 levels in tumor
tissues across both compartments (Fig. 1H and Fig. S1H).
Kaplan–Meier survival analysis indicated that elevated RBM15
expression correlated with poor OS (Fig. 1I and Fig. S1I),
validating THPA analytical outcomes. Furthermore, multivariate
analysis identified cytoplasmic RBM15 protein expression as an
independent prognostic factor for patient outcomes (Table 1).
PDOs are highly faithful in vitro preclinical models [25] and were

used to construct organoids derived from LUAD and matched
adjacent tissues. Immunofluorescent semi-quantitative analysis
confirmed the RBM15 overexpression in the LUAD-derived
organoids (Fig. 1J). The receiver operating characteristic (ROC)
curves revealed that RBM15 expression demonstrated moderate
sensitivity (0.582) and high specificity (0.883) for the clinical
diagnosis of LUAD (Fig. 1K). Collectively, these results establish
that RBM15 is overexpressed in LUAD and intricately linked with
adverse prognostic implications.
The role of RBM15 in LUAD was elucidated using siRNAs and

overexpression plasmids for RBM15 knockdown in A549 and PC9
cells and RBM15 overexpression in HCC827 and NCI-H1975 cells,
respectively (Fig. S2A–D). RBM15 is key in methylation modifica-
tion [5], and we analyzed m6A methylation in cells with altered
RBM15 using a quantification kit, detecting decreased m6A levels
after RBM15 knockdown and increased levels after RBM15
overexpression (Figs. S3A and S4A). CCK-8 and EdU assays
revealed that RBM15 overexpression enhanced proliferation, while
knockdown reduced it (Figs. S3B–E and S4B–E). The Transwell
assays indicated enhanced migration and invasion with RBM15
overexpression, and opposite effects upon knockdown (Figs. S3F,
G and S4F, G). The lentiviral vectors established stable RBM15
modulation in the PDOs (Fig. S2E–H). After 7 days, the organoids
with RBM15 overexpression demonstrated more proliferation,
while knockdown reduced proliferation (Fig. S4H, I). RBM15
knockdown in H1975 cells used to create xenografts in nude
mice (Fig. S2I, J) significantly reduced tumor volumes (Fig. S4J–L).
Ki-67 staining confirmed weaker proliferation in the sh-RBM15
group (Fig. S4M, N). Accordingly, we propose that RBM15
contributes to LUAD tumorigenesis.
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RBM15 upregulation in EGFR-mutant LUAD predicts poor
prognosis and lower TKI sensitivity
We examined the relationship between RBM15 expression and the
clinical features of patients in a TMA cohort. The clinical statistical

analysis indicated that the RBM15 cytoplasmic and nuclear protein
levels did not correlate with the patient’s age, sex, or tumor stage
(Tables S5 and S6), indicating the need for further research to
interpret these results. A detailed exploration of clinical
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characteristics within the TMA cohort revealed that nuclear RBM15
expression was markedly higher in the patients with EGFR
mutations than those without (Fig. 2A, B). This observation was
confirmed using immunofluorescence assessment of RBM15
expression in the PDOs with and without EGFR mutations. As
expected, the PDOs with mutations had elevated RBM15 levels
(Fig. 2C, D), prompting speculation of a potential unique role for
RBM15 in EGFR-mutant tumors. The hypothesis was explored by
stratifying TCGA-LUAD EGFR-mutant patient samples into two
groups based on the median RBM15 expression level (high and
low). The prognostic significance of RBM15 expression levels was
assessed using Kaplan–Meier survival curves, which revealed a
statistically significant reduction in OS in the high-expression
cohort (Fig. 2E). Conversely, no statistically significant correlation
was observed between RBM15 expression and OS in the patients
without EGFR mutations (Fig. S5A). These results underscore a
potential interaction between RBM15 expression and EGFR
mutation status, which may profoundly affect LUAD clinical
outcomes. This interaction warrants a deeper exploration of the
mechanistic pathways that could mediate these effects.
As EGFR-TKIs are the frontline therapy for EGFR-mutant NSCLC

[26], we investigated whether RBM15 affected EGFR-TKI thera-
peutic efficacy. As we lacked TCGA EGFR-TKI treatment data, we
analyzed pre- and post-resistance EGFR-TKI RNA-seq data from
patient tissues collected prospectively by Roper et al. [27]. We
determined that patients with higher pre-treatment RBM15
expression had shorter PFS durations (9.53 vs. 12.63 months)
(Fig. 2F). Despite finding a P value of 0.197 through statistical
analysis, we acknowledged that this result might have been
influenced by small sample size. Nevertheless, these findings
provided valuable insights into the potential correlation between
RBM15 expression and EGFR-TKI sensitivity, prompting further
investigation. Based on these findings, we obtained TCGA EGFR-
TKI sensitivity data using oncoPredict [28], stratifying patients
according to median RBM15 expression (low and high). The
analysis demonstrated that the high-RBM15 expression group
exhibited relatively higher EGFR-TKI IC50 values (Fig. S5B, S5C). The

osimertinib-sensitive H1975 cells (harboring EGFR T790M) and
HCC827 cells (harboring EGFR L858R) were transfected with a
control vector or RBM15 overexpression plasmid. RBM15 over-
expression significantly increased the IC50 in the HCC827 cells
(IC50= 0.094 μM vs. 0.475 μM) and H1975 cells (IC50= 0.818 μM vs.
6.95 μM) (Fig. 2G, H). The results indicated that RBM15 has greater
biological significance and is associated with EGFR-TKI sensitivity
in EGFR-mutant LUAD.

RBM15 is critical in mediating osimertinib resistance
TCGA drug sensitivity data were validated by establishing H1975-
OR cells. The H1975-OR cells exhibited an IC50 of 13.92 μM
compared to 0.66 μM in the parental cells (Fig. 3A), demonstrating
stable osimertinib resistance. Proliferation, migration, and invasion
signaling pathway activation in EGFR-mutant NSCLC depends on
EGFR dimerization and tyrosine kinase activation within the
intracellular domains, which phosphorylates intracellular mole-
cules [29]. EGFR phosphorylation and changes in downstream
oncogenic pathways in H1975-OR cells treated for 48 h with 10 μM
osimertinib were compared using western blotting. The results
confirmed that osimertinib significantly reduced phosphorylated
(p)-EGFR levels. While the p-ERK results indicated that the ERK
pathway was notably inhibited, osimertinib did not suppress the
protein kinase B (AKT) signaling pathway (Fig. 3B). This result
suggested that the H1975-OR cells might have EGFR-independent
resistance mechanisms, potentially using alternate inputs from the
phosphatidylinositol 3-kinase (PI3K)–AKT signaling pathway for
survival. Considering TCGA drug sensitivity results (Fig. S5B, C),
RBM15 expression levels in the H1975-OR cells were assessed
using western blotting and qRT-PCR, which demonstrated higher
RBM15 mRNA and protein expression levels in the H1975-OR cells
than the parental H1975 cells (Fig. 3B), corroborating our
conclusions.
Knocking down RBM15 expression in H1975-OR cells (Fig. S2K, L)

significantly enhanced osimertinib sensitivity (IC50= 9.51 μM vs.
1.545 μM and 1.34 μM) (Fig. 3E). Results more closely aligned with
clinical patient outcomes were obtained by collecting lung biopsy

Fig. 1 RBM15 expression in LUAD highlights its potential as a prognostic indicator. A Expression heatmap of TCGA-LUAD dataset m6A
WERs. B Comparison of RBM15 mRNA levels between GSE43458 LUAD tissues (n= 80) and normal lung tissues (n= 30). Mann–Whitney test.
C Kaplan–Meier survival curves showing OS in patients with LUAD stratified by RBM15 expression using TCGA data. D Western blot analysis
quantifying RBM15 protein levels. E qRT-PCR assessment of RBM15 mRNA in cell lines. T test. F qRT-PCR detection of RBM15 mRNA expression
in paired LUAD tissues (n= 40). Based on the aforementioned big data analysis, we believe that 40 paired samples are sufficient to ensure the
reproducibility of the experiment. Wilcoxon test. G, H IHC staining of RBM15 in LUAD tissue sections (n= 97) and adjacent non-tumor lung
tissue (n= 82) from a TMA cohort. Representative images and IHC scoring are shown (scale bar: 100 μm). χ2 test. I Kaplan–Meier analysis
correlating RBM15 expression with OS in the LUAD TMA cohort. J Immunofluorescence staining of RBM15 in patient-derived LUAD organoids
vs. normal tissue organoids (scale bar: 50 μm). T test. K ROC curve analysis evaluating the diagnostic performance of RBM15 with a sensitivity
of 0.582 and specificity of 0.883, derived from TCGA data. Error bars represent the means ± SDs. **P < 0.01, ***P < 0.001, ****P < 0.0001.

Table 1. Univariate and multivariate analyses of the factors correlated with overall survival of lung adenocarcinoma patients.

Variables Univariate analysis Multivariate analysis

HR 95% CI p value HR 95% CI p value

RBM15 expression (cytoplasm) 1.937 1.1050–3.396 0.021* 2.222 1.054–4.682 0.036*

RBM15 expression (nucleus) 1.925 1.113–3.328 0.019* 0.710 0.562–2.328 0.710

Sex 1.112 0.654–1.891 0.695

Grade 1.090 0.637–1.863 0.753

Age 1.653 0.979–2.792 0.060

T stage 1.692 1.127–2.539 0.011* 1.053 0.529–2.096 0.884

N stage 1.956 1.503–2.546 <0.001* 1.584 0.943–2.660 0.082

TNM stage 1.993 1.448–2.744 <0.001* 1.268 0.587–2.739 0.545

*Statistically significant (p < 0.05).
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tumor samples from patients with LUAD with EGFR-TKI-refractory
disease and successfully establishing a patient-derived LUAD
organoid, PDO1-OR (Fig. 3F). Hematoxylin–eosin (H&E) and IHC
staining confirmed that PDO1-OR demonstrated typical adeno-
carcinoma characteristics (Fig. S5D, E). Following osimertinib
selection and validation, PDO1-OR demonstrated greater resis-
tance than EGFR-TKI-naïve organoids (IC50= 2.747 μM vs.
13.86 μM) (Fig. 3G and Fig. S5F). Additionally, stable knockdown
of RBM15 in PDO1-OR (Fig. S2M, N) suggested that lower RBM15
expression indicated increased osimertinib sensitivity
(IC50= 6.064 μM vs. 1.947 μM) (Fig. 3H). Flow cytometry assess-
ment of apoptosis post-RBM15 silencing revealed that RBM15
knockdown had a negligible impact on apoptosis in the absence
of osimertinib. However, 48-h osimertinib treatment significantly
increased apoptosis in the knockdown group (Fig. 3I, J) and
markedly suppressed p-AKT levels (Fig. 3K). These results indicated
that downregulating RBM15 expression did not directly trigger
apoptosis; instead, it increased the sensitivity to osimertinib,
enhancing cell death.
Subsequently, we injected H1975-OR cells stably transfected

with sh-NC or sh-RBM15 subcutaneously into nude mice. The mice
were treated orally with osimertinib mesylate once the tumors
reached ~5mm in diameter. While osimertinib alone did not
significantly reduce tumor volumes, combining osimertinib with

sh-RBM15 substantially suppressed tumor growth (Fig. 3L–N). Ki-
67 staining highlighted significantly reduced xenograft tumor
proliferation following the combined treatment (Fig. 3O). Accord-
ingly, these results indicated that RBM15 is critical in sustaining
the survival of EGFR-TKI-resistant cells during osimertinib
treatment.

RBM15 silences SPOCK1 expression in an m6A-
dependent manner
The molecular mechanisms by which RBM15 functions were
examined using RNA-seq to identify transcriptional changes
following RBM15 knockdown, which identified 97 potential
downstream targets (|log2 fold change| ≥ 1.2, P ≤ 0.01, Table S7).
The investigation progressed using MeRIP-seq to examine m6A
enrichment on RNA post-RBM15 overexpression, which revealed
6577 new m6A peaks predominantly near stop codons (Fig. 4B
and Table S8), with GGACH as the most frequent motif (Fig. 4C).
Intersecting both datasets yielded 16 candidate genes (Fig. 4A),
which we validated using qRT-PCR. The analysis confirmed a
significant correlation consistent with the sequencing results for
SPOCK1 and IL4I1 under RBM15 silencing and overexpression
scenarios (Fig. 4D, E and Fig. S6A, B). Given its pronounced
correlation, we conducted an in-depth investigation into the
function of SPOCK1. The western blotting revealed that

Fig. 2 Elevated RBM15 expression in patients with LUAD with EGFR mutations correlates with adverse outcomes. A, B Representative
image of IHC staining and IHC scores of RBM15 from EGFR wild-type (WT) or mutant patients. Mann–Whitney test. C, D Immunofluorescence
of RBM15 protein expression in LUAD PDO with or without EGFR mutations (scale bar: 50 μm). T test. E OS in TCGA LUAD cases with EGFR
mutation according to RBM15 expression. F PFS after initiation of osimertinib treatment in patients with EGFR mutations expressing high vs.
low RBM15mRNA levels. G, H Osimertinib IC50 value of HCC827 and H1975 cells transfected with NC and RBM15-OE. T test. Error bars represent
the means ± SDs. *P < 0.05, ****P < 0.0001.
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manipulating RBM15 in HCC827 and H1975 cells significantly
affected SPOCK1 protein levels (Fig. 4F, G).
Potential protein-level direct interactions between RBM15 and

SPOCK1 were investigated using an IP experiment, which revealed
no substantive evidence of protein–protein interaction (Fig. S6C).
Subsequently, the interaction between RBM15 protein and
SPOCK1 mRNA was examined using RIP assays utilizing antibodies
against RBM15 and m6A. The qRT-PCR results indicated significant

enrichment of SPOCK1 mRNA bound to both antibodies compared
to the IgG control. Notably, RBM15 overexpression enhanced m6A
accumulation on SPOCK1 mRNA (Fig. 4H, I). This interaction
suggested a regulatory effect of RBM15 on SPOCK1 mRNA through
m6A modification. The effects of m6A modification on SPOCK1
mRNA regulation were validated by suppressing methylation
modifications of cellular RNA using the methylation inhibitor DAA
(Fig. 4J). The analysis demonstrated that reducing m6A levels
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substantially increased SPOCK1 mRNA expression (Fig. 4K), high-
lighting the critical role of m6A in modulating mRNA stability and
expression.
The data suggested that RBM15 silences SPOCK1 expression

through an m6A-dependent mechanism.

SPOCK1 acts as a downstream factor and reverses the RBM15
knockdown-induced osimertinib sensitivity
Considering these experimental outcomes, we posited that
RBM15-induced osimertinib resistance might be mediated
through its interaction with SPOCK1. The hypothesis was
examined using western blotting and qRT-PCR to measure the
SPOCK1 protein and mRNA levels in H1975-OR cells compared to
the parental cell line. The analyses demonstrated significantly
reduced SPOCK1 in the H1975-OR cells (Fig. 4L, M). Subse-
quently, RBM15 was stably knocked down in H1975-OR cells and
PDO1-OR using lentiviral vectors (Fig. S2I, J, M, N), which
increased SPOCK1 protein and mRNA levels (Fig. S2Q, R),
confirming a linked expression pattern in the resistant cells
and organoid models. The IC50 assays revealed that inhibiting
RBM15 in H1975-OR cells substantially increased their suscept-
ibility to osimertinib (IC50= 6.404 μM vs. 3.439 μM). Further-
more, concurrent knockdown of SPOCK1 under these conditions
reversed osimertinib resistance (IC50= 3.439 μM vs. 7.306 μM)
(Fig. 4N). Parallel findings were documented in PDO1-OR
(Fig. 4O). Furthermore, knocking down SPOCK1 mitigated the
RBM15 knockdown-augmented apoptotic activity following
osimertinib treatment (Fig. 4P, Q). These results strongly
supported the notion that SPOCK1 is a critical downstream
mediator that reverses the osimertinib resistance attributed
to RBM15.

RBM15 confers osimertinib resistance by EMT phenotype
The mechanisms of osimertinib resistance have been extensively
investigated and include EGFR-dependent (on-target) and EGFR-
independent (off-target) resistance pathways [29]. The resis-
tance mechanisms in H1975-OR cells were examined using
whole-exome sequencing (WES), which did not detect muta-
tions associated with third-generation EGFR-TKI resistance
(Table S9). Despite harboring the EGFR T790M mutation, our
analysis integrating WES data with drug sensitivity assays
revealed that the H1975-OR cells exhibited insensitivity to
osimertinib, suggesting the presence of EGFR-independent
resistance mechanisms.
The underlying mechanisms were further examined using

RNA-seq to analyze gene expression profiles and enrichment in
H1975-OR cells. The control was the parental cells. Differentially
expressed genes (DEGs) between the two cell populations
underwent enrichment analysis (Fig. S6F). The gene set
enrichment analysis (GSEA) results were visualized using ridge-
line plots, which indicated significant enrichment of EMT
pathways in the H1975-OR cells (Fig. 5A, B). A volcano plot
revealed upregulated mesenchymal markers (VIM, AXL), down-
regulation of the epithelial marker CDH1, and markedly

increased expression of the genes encoding EMT transcriptional
regulators (ZEB1, ZEB2) (Fig. 5C).
As EMT is a key pathway in EGFR-TKI resistance [30], and

notably, the overexpression of the EMT transcriptional regulator
ZEB1 induces resistance in EGFR-mutant NSCLC [31], we investi-
gated the cellular morphology of H1975-OR cells. Compared to the
parental H1975 cells, the H1975-OR cells appeared larger and
more mesenchymal, typified by a spindle-shaped EMT phenotype
(Fig. S6D). Additionally, Transwell assays demonstrated that the
H1975-OR cells had significantly enhanced migration and invasion
capabilities compared to the parental cells (Fig. S6E), providing
functional evidence of altered cell behavior. The western blotting
and immunofluorescence studies yielded similar results (Fig. 5D, E).
Therefore, we concluded that EMT contributed to the acquired
osimertinib resistance in these cells. The PDO1-OR model also
exhibited significant EMT activation, which was confirmed through
immunofluorescence experiments demonstrating downregulated
E-cadherin and upregulated vimentin (Fig. 5F).
Whether RBM15 contributes to osimertinib resistance via the

EMT mechanism was examined using paired RNA-seq data from
eight patients who developed EGFR-TKI resistance [27]. We
assessed the RBM15, CDH1, ZEB1, and AXL expression levels
before treatment and at disease progression onset, and observed
that increased RBM15 expression typically coincided with reduced
CDH1 and increased ZEB1 and AXL (Fig. 5G–J). A comprehensive
dataset evaluation to explore the relationships between RBM15
and these markers demonstrated that RBM15 expression nega-
tively correlated with CDH1 and positively correlated with ZEB1
and AXL (Fig. S6G–I). Further investigations demonstrated that
silencing RBM15 in the H1975-OR and PDO1-OR cells decreased
ZEB1 and TWIST1 and increased E-cadherin. The simultaneous
knockdown of SPOCK1 reversed these changes (Fig. 5K–M). These
results proved that RBM15 facilitates osimertinib resistance
through SPOCK1-mediated EMT-related mechanisms, highlighting
the intricate molecular interplay in drug resistance development.

EMT and RBM15 upregulation are early events in the
evolution of osimertinib resistance
The importance of EMT and RBM15 in the evolution of osimertinib
resistance was explored by continuously treating H1975 cells with
1 μM osimertinib for 20 days. This regimen enabled the isolation of
H1975-DTPCs, which demonstrated enduring osimertinib resis-
tance through multiple passages. The CCK-8 assay results revealed
that the H1975-DTPCs had an IC50 of 3.84 μM, significantly higher
than the IC50 of 0.74 μM in the parental cells (Fig. 6A), signaling a
shift from sensitivity to resistance. In the parental H1975 cells,
osimertinib inhibited EGFR phosphorylation and suppressed
p-AKT. Contrastingly, p-EGFR was inhibited in the H1975-DTPCs,
but p-AKT was not notably altered (Fig. 6B). Western blotting
revealed that H1975-DTPCs expressed higher RBM15 levels and
lower SPOCK1 levels compared to their parental counterparts
(Fig. 6C). Western blotting and immunofluorescence confirmed
increased ZEB1 and vimentin expression and decreased
E-cadherin in the H1975-DTPCs (Fig. 6D, E). These results indicated

Fig. 3 RBM15 suppression augments osimertinib sensitivity in resistant LUAD models. A H1975 cells were exposed to increasing
concentrations of osimertinib and cultured for 24 weeks to select H1975-OR cells (top panel). H1975 and H1975-OR cells were incubated with
osimertinib for 48 h, cell viability was measured using the CCK-8 assay, and the IC50 was calculated (bottom panel). T test. B Western blot
investigation of EGFR, ERK, and AKT protein levels and their phosphorylation. C, D RBM15 protein and mRNA expression levels in H1975 and
H1975-OR were assessed using western blot and qRT-PCR. T test. E Osimertinib IC50 of H1975-OR cells transfected with si-NC, si-RBM15#1, or
si-RBM15#2. T test. F A schematic diagram for the construction of drug-resistant organoids. G PDO1-OR and osimertinib-sensitive organoids
were incubated with osimertinib for 48 h, cell viability was measured using the CCK-8 assay, and the IC50 was calculated. T test. H Osimertinib
IC50 value of PDO1-OR transfected with sh-NC or sh-RBM15. T test. I, J Effects of RBM15 knockdown on H1975-OR and PDO1-OR apoptosis
assessed using flow cytometry and TUNEL staining. T test. K Western blot analysis of EGFR and AKT proteins and their phosphorylation levels
after knockdown of RBM15 and 48-h osimertinib treatment. L Representative images of xenograft tumors from sh-NC, sh-NC+Osi, and sh-
RBM15+Osi groups. M, N Tumor growth curve and tumor weights. T test. O Representative images of Ki-67 positive staining in xenografted
tumors. T test. Error bars represent the means ± SDs. *P < 0.05, **P < 0.01, ****P < 0.0001.
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that increased RBM15 expression, decreased SPOCK1 expression,
and the emergence of EMT traits in DTPCs are early markers in the
development of osimertinib resistance. Targeting RBM15 could
potentially be used with osimertinib at the early treatment stages
to extend the duration of TKI benefits.

DISCUSSION
The array of RNA modifications is vast, and extensive research has
established that m6A is the most prevalent modification within
mRNA and non-coding RNA (ncRNA) [32–34]. m6A is implicated in
various pre-translational regulatory mechanisms, including mRNA
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stabilization, pre-mRNA splicing, and protein translation modifica-
tion [35, 36]. A growing body of evidence supports the role of m6A
in the etiology of various malignancies, including lung cancer,
where alterations in WER expression alter m6A abundance [33, 37].
RBM15 is a writer that engages the methyltransferase complex
and recruits WTAP–METTL3, directing the complex to target RNA
and facilitate methylation [38]. RBM15 advances laryngeal
squamous cell carcinoma progression through IGF2BP3-
dependent modulation of TMBIM6 [12]. In castration-resistant
prostate cancer, UBA1/RBM15-mediated attenuation of TPM1
mRNA degradation promotes tumor proliferation and metastasis,
enhancing the efficacy of docetaxel treatment [39]. Furthermore,
RBM15 interacts with Circ-CTNNB1 to orchestrate m6A modifica-
tion of hexokinase 2 (HK2), glucose-6-phosphate isomerase (GPI),
and phosphoglycerate kinase 1 (PGK1), facilitating the glycolytic
pathway and activating osteosarcoma [40].
Despite fewer studies in lung cancer, elevated RBM15 expres-

sion in lung cancer cells fosters cell proliferation, migration, and
invasion [14, 41], while suppressing RBM15 induces ferroptosis via
the TGF-β–Smad2 pathway in these cells [14]. Our investigation
used TCGA and THPA data and identified RBM15 as a m6A-WER
with significant clinical potential in LUAD. Subsequent analyses
using cell lines, tissue specimens, TMA cohorts, and PDOs
confirmed that RBM15 is highly expressed in LUAD, highlighting
its correlation with poor prognosis. Furthermore, we determined
that inhibiting RBM15 decreased LUAD cell proliferation, migra-
tion, and invasion in vitro and in vivo, while overexpressing RBM15
yielded opposite effects. These results confirmed the indispen-
sable role of RBM15 in LUAD and underscored its potential
usefulness as a biomarker.
Examination of the correlation between RBM15 expression and

clinical data from a TMA cohort revealed that patients harboring
EGFR mutations exhibited elevated RBM15 expression levels,
which was corroborated using PDO analyses. Furthermore, these
patients, characterized by heightened RBM15 expression coupled
with EGFR mutations, displayed reduced OS and PFS durations.
However, no statistically significant association was observed
between RBM15 expression and OS in patients without EGFR
mutations. This suggested that RBM15 might have a particularly
significant and pronounced role in EGFR mutations. Standard
therapeutic regimens for patients with activating EGFR mutations,
specifically exon 19 deletions (del19) and the L858R mutation,
predominantly involve administering EGFR-TKIs [42]. Nonetheless,
resistance invariably develops, mediated through EGFR-dependent
and -independent mechanisms [43]. Building on these insights, we
overexpressed RBM15 in HCC827 and NCI-H1975 cell lines, which
substantially decreased osimertinib sensitivity. Subsequently, we
established H1975-OR cells, in which RBM15 upregulation was
identified as critical for AKT signaling activation and as an
independent pathway activation apart from EGFR. Subsequent
RBM15 knockdown in these cells increased drug responsiveness
and intensified apoptotic responses following pharmacological
intervention. The findings were aligned more closely with clinical
outcomes by extending the study to include PDO1-OR and in vivo
murine models, yielding consistent results. While the resistant

tumor microenvironment is significant in the evolution of TKI
resistance, the aberrant upregulation of RBM15 observed in the
resistant cell and organoid models underscores a pronounced cell-
autonomous effect.
Subsequently, candidate genes that exhibited pronounced m6A

modifications were identified using MeRIP-seq. Integrating these
findings with RNA-seq and qRT-PCR analyses identified SPOCK1 as
a putative downstream target of RBM15. RIP experiments coupled
with rescue assays determined that RBM15 modulates the m6A
landscape of SPOCK1 mRNA, suppressing SPOCK1 expression and
implicating it in the cellular mechanisms underlying osimertinib
resistance. The SPOCK1 gene encodes the core protein of a
seminal plasma proteoglycan, which features chondroitin and
heparan sulfate chains. While earlier research reported that
SPOCK1 expression is elevated in osimertinib-resistant HCC827
and PC9 cell lines, fostering resistance to the drug [44], our studies
revealed a contrary scenario where SPOCK1 expression was
attenuated in resistant cells, displaying an inverse relationship
with RBM15 levels. Intriguingly, depleting SPOCK1 expression
reversed the enhanced osimertinib sensitivity triggered by RBM15
depletion. We conjecture that the discrepancies with previous
findings may be attributed to: (1) genetic and phenotypic profile
variability of the resistant cell lines used, notably the H1975-OR
and PDO1-OR cells, which might differ from those in previous
investigations; (2) the distinct immunological environments these
resistant cells inhabit; (3) the particular resistance phenotypes
these cells manifest. Such elements likely induce shifts in the gene
regulatory networks, leading to varied outcomes. As earlier studies
did not thoroughly explore the resistance mechanisms at the
cellular level, identifying the precise origins of these discrepancies
remains challenging.
Diverse mechanisms confer acquired osimertinib resistance,

incorporating secondary EGFR mutations (e.g., C797S), MET
amplification, and phenotypic cellular variations such as EMT
and small cell transformation. Combined therapeutic strategies
using osimertinib with MET or MEK inhibitors have been
delineated to address MET amplification [45, 46]. However,
resistance from EMT lacks specific therapeutic strategies; there-
fore, evading these resistant phenotypes is a critical challenge
[47, 48]. In our study, H1975-OR cell WES identified EGFR L858R
and T790M mutations, with no additional resistance-associated
mutations detected. Subsequent RNA-seq and GSEA underscored
the pronounced enrichment of EMT characteristics, including the
dysregulated expression of EMT-associated genes. These results
were validated using rigorous experimental evaluations in
resistant cells, highlighting profound EMT-related alterations
congruent with earlier observations of EMT in preclinical
resistance models and clinical cases [49].
The results were extended to a clinical setting using paired

analyses of genomic data from pre-treatment and initial post-
progression tumor samples in eight patients with EGFR-mutant
NSCLC. We focused on the dynamics of the EMT markers CDH1,
ZEB1, and AXL, and the RBM15 expression shifts. The analysis
revealed that tumors with significant EMT marker expression
variability were strongly correlated with markedly altered RBM15

Fig. 4 SPOCK1 is a downstream target of RBM15, and reverses RBM15-induced osimertinib resistance. A Venn diagrams were generated
from the set of genes enriched for transcripts substantially altered after RBM15 silencing (RNA-seq) and the set of genes enriched for m6A-
modified transcripts (m6A-seq). Sixteen genes were chosen based on overlap. B Top motif identified by HOMER with m6A-seq peaks. C Peak
regions of m6A modifications detected by MeRIP-seq. D, E qRT-PCR was conducted to assess the differences in mRNA expression of the above
16 genes after RBM15 knockdown in H1975 and HCC827 cells. T test. F, G Western blot assessment of the correlation between RBM15 and
SPOCK1 protein expression. H, I RIP-PCR validated RBM15 and m6A binding to SPOCK1mRNA. T test. J Changes in total RNA m6A modification
levels after 48-h DAA treatment. T test. K Alteration of SPOCK1 mRNA levels in H1975 cells and HCC827 cells after DAA treatment. T test.
L, MWestern blot and qRT-PCR demonstrated reduced SPOCK1 expression in H1975-OR cells and PDO1-OR. T test. N Osimertinib IC50 value of
H1975-OR cells transfected with si-NC, si-RBM15, or si-SPOCK1. T test. O Osimertinib IC50 value of PDO1-OR transfected with sh-NC, sh-RBM15,
or sh-SPOCK1. T test. P, Q Effects of RBM15 and SPOCK1 knockdown on H1975-OR and PDO1-OR apoptosis assessed using flow cytometry and
TUNEL staining. T test. Error bars represent the means ± SDs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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expression, providing clinical corroboration with our preclinical
insights. Experimental validation demonstrated that knocking
down RBM15 suppressed ZEB1 and TWIST1 and activated
E-cadherin, which were reversed upon additional knockdown of

SPOCK1. These insights were corroborated in PDO1-OR that
exhibited EMT phenotypes. However, previous studies have
confirmed that SPOCK1 promotes the metastasis of pancreatic
cancer through NF-κB-dependent epithelial–mesenchymal
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transition [50], and the activation of the SPOCK1-snail/slug axis in
EMT also plays a role in facilitating the metastasis of prostate
cancer [51]. These findings appear to contradict our conclusions.
Nevertheless, the functions and mechanisms of SPOCK1 have not
been fully explored, and it is not uncommon for the same
molecule to exhibit opposing functions in different studies
[52, 53], particularly when there are significant differences in
tumor types and stages of development. Our experimental results
provide strong evidence to support our conclusions. Overall, our
results supported the strategic targeting of the RBM15–SPOCK1
axis in managing EMT-associated osimertinib resistance.
DTPCs are cells that endure beyond day 14 of pharmacolo-

gical intervention. DTPCs might enter a reversible state of drug
tolerance in response to therapeutic exposure and can re-
initiate the cell cycle during ongoing drug treatment, forming a
transiently drug-tolerant persistent cohort [54, 55]. Further-
more, clinically pertinent drug-resistant cancer cells might
preexist or evolve from these drug-tolerant progenitors [56].
Following a 20-day osimertinib regimen, we successfully
isolated the surviving H1975 cells and established the H1975-
DTPCs. Notably, these cells demonstrated pronounced RBM15
upregulation coupled with significantly downregulated
SPOCK1, increased ZEB1 and vimentin expression, and
decreased E-cadherin expression. These alterations signify an
early manifestation of resistance development post-osimertinib
therapy initiation, underscored by the upregulated RBM15 and
EMT markers and the downregulated SPOCK1. These observa-
tions supported the potential clinical efficacy of early interven-
tion targeting the RBM15–SPOCK1 axis in managing osimertinib
resistance.
Acquired EGFR-TKI resistance is often characterized by a

pervasive resilience extending across a wide array of kinase
inhibitors and demonstrating widespread acquired resistance [31].
Furthermore, the unsatisfactory outcomes associated with ICI
treatment [20] underscore the urgent necessity for more effective
therapeutic strategies. The substantial heterogeneity of tumors
and the diverse mechanisms underlying resistance are the primary
challenges in the management of osimertinib-resistant lung
cancer [57]. Our result demonstrated that RBM15–SPOCK1 axis
dysregulation precipitates the evolution of EMT-associated osi-
mertinib resistance. Consequently, targeting the RBM15–SPOCK1
axis could be an effective early intervention strategy to overcome
EGFR-TKI resistance (Fig. 6F).
Some key issues limit the translational applicability of our

results. Primarily, the development and clinical deployment of
RBM15-specific therapeutics necessitates further research. Further-
more, the absence of routine assessments of EMT and RBM15
expression before the emergence of resistance or at an earlier
stage significantly restricts the potential for clinical verification of
the mechanisms that foster EGFR-TKI resistance outlined in this
study. Additionally, the intrinsic nature of EMT as a cellular
phenotype alteration potentially modulated by the patient’s
tumor microenvironment and a spectrum of epigenetic controls
adds substantial complexity to using EMT inhibition as a
therapeutic strategy [58]. These factors highlight the intricate
challenges in effectively translating these research insights into
clinical practice.

MATERIALS AND METHODS
Patient samples
Forty LUAD samples and adjacent non-tumorous lung tissues were
collected from the Department of Thoracic Surgery at Lihuili Hospital,
Ningbo Medical Center. All patients had not received treatment prior to
surgery and were histopathologically diagnosed with LUAD postopera-
tively. The Ethics Committee of Lihuili Hospital, Ningbo Medical Center,
approved this study and all patients provided informed consent
(KY2022PJ140). This study does not involve the extent of blinding.

Cell culture
Human embryonic lung fibroblasts (MRC-5) were cultured in minimum
essential medium (MEM; Gibco, MA, USA). The LUAD cell lines (HCC827,
PC9, NCI-H1650, A549, NCI-H1975) were cultured in RPMI 1640 medium
(Gibco). Both media were supplemented with 10% FBS (Pricella, Wuhan,
China) and 1% penicillin/streptomycin (Beyotime, Shanghai, China).
Routine mycoplasma detection and elimination were performed. Cell
authentication was verified using short tandem repeat profiling.

Construction of osimertinib-resistant cell lines
The osimertinib-resistant cell line (H1975-OR) derived from NCI-H1975 cells
was acquired from MeisenCTCC (Zhejiang, China). Resistance in the
parental NCI-H1975 cell line was induced by gradually increasing
osimertinib concentrations. Briefly, log-phase cells underwent shock
induction using a gradient concentration increase method, starting with
500 nM osimertinib. The drug was removed after 24-h treatment, and the
drug shock was repeated once the cells resumed growth. The drug
concentration was increased by 500 nM every 15 days. The cells were
continuously cultured for 6–9 months. The resistance index (RI) was
calculated as the IC50 of the resistant cells divided by the parental cell IC50.
An RI of 1–5 indicated low resistance, 5–15 indicated moderate resistance,
and >15 indicated high resistance.

Construction of osimertinib-tolerant cells
H1975 osimertinib DTPCs (H1975-DTPCs) were generated by continuously
exposing the parental H1975 cells to 1 µM osimertinib for 20 days.
Subsequently, the cells were harvested, and their RNA and protein
expression was analyzed using immunofluorescence, quantitative real-time
PCR (qRT-PCR), and western blotting. The collected cells were then plated
in 96-well plates for drug sensitivity testing.

Patient-derived organoid (PDO) construction and culture
LUAD organoids were derived from biopsy samples collected from patients
at their initial diagnosis, prior to treatment. Additionally, osimertinib-
resistant organoids were established from lung puncture tissues obtained
from patients whose tumors had progressed despite osimertinib
treatment. Upon excision, the tissues were immediately transported to a
level 2 biosafety laboratory (BSL-2) for the primary organoid construction.
The tissues were minced, digested with enzymatic solutions, and filtered to
collect single cells, which were cultured in Matrigel (Corning, NY, USA). The
organoid density and morphology were monitored daily, with fresh culture
medium replaced every 2–3 days. The primary organoids typically formed
solid or cystic structures measuring 50–100 µm within 2 weeks. The
organoids could sustain ex vivo expansion and maintained stable
morphology throughout the culture.

Lentiviral construction and infection and small interfering
RNA (siRNA)
Lentiviral systems for gene overexpression or knockdown were purchased
from GeneChem (Shanghai, China), with the lentiviral vectors carrying

Fig. 5 RBM15 confers osimertinib resistance in H1975-OR and PDO1-OR with the EMT phenotype. A, B GSEA pathway enrichment was
performed using DEGs. C Volcano plot of RNA-seq results displaying DEGs in H1975 and H1975-OR. D, E Western blot and
immunofluorescence detection of protein expression of EMT-related indicators (scale bar: 50 μm). T test. F Immunofluorescence detection
of protein expression of EMT-related indicators in PDO-OS and PDO1-OR (scale bar: 25 μm). T test. G Change in CDH1, ZEB1, AXL, and RBM15
expression in osimertinib refractory tissues and matched pre-treatment tissues. H–J Spearman’s correlation of change in CDH1, ZEB1, AXL, and
RBM15 expression in eight patients with matched pre- and post-osimertinib treatment. Pearson test. K, L Western blot and
immunofluorescence assays reveal changes in protein expression of EMT indicators in H1975-OR and PDO1-OR after RBM15 knockdown.
M Immunofluorescence assays reveal changes in protein expression of EMT indicators in PDO1-OR after RBM15 and SPOCK1 knockdown
(scale bar: 50 μm). T test. Error bars represent the means ± SDs. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6 EMT induction and RBM15 upregulation as precursors to osimertinib resistance development. A H1975 cells were exposed to 1 μm
osimertinib and cultured for 20 days to select H1975-DTP cells (top panel). H1975 and H1975-DTP cells were incubated with osimertinib
for 48 h, cell viability was measured using the CCK-8 assay, and the IC50 was calculated (bottom panel). T test. B Western blot investigation
of EGFR, ERK, and AKT protein levels and their phosphorylation. C Western blot assessment of RBM15 protein expression levels in H1975
and H1975-DTPCs. D, E Western blot and immunofluorescence assessment of EMT marker proteins in H1975 and H1975-DTP cells (scale
bar: 50 μm). T test. F A model diagram demonstrating that RBM15 suppresses SPOCK1 mRNA expression through m6A modification,
enhancing EMT-mediated osimertinib resistance in refractory tumors. This figure was created using the BioRender website (https://
biorender.com). Error bars represent the means ± SDs. ***P < 0.001, ****P < 0.0001.
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puromycin or geneticin resistance markers. Before infection, the cells were
seeded in 6-well plates. The negative controls were the corresponding
empty lentiviral vectors. After 48-h infection, the cells were selected using
puromycin or geneticin, and gene expression was validated using qRT-PCR
and western blotting. The siRNAs were synthesized by GenePharma
(Shanghai, China) and transfected into cells using Lipofectamine 2000
(Invitrogen, MA, USA). The cells were collected 48 h post-transfection for
further experimentation. Tables S1 and S2 list the oligonucleotide
sequences.

Protein extraction and western blotting
The cells were lysed in radioimmunoprecipitation assay buffer (Beyotime) and
centrifuged at 12,000 rpm for 15min at 4 °C. The supernatant proteins were
quantified using the bicinchoninic acid (BCA) method (Beyotime). An
appropriate volume of SDS buffer was added according to the protein
concentration, and the samples were heated in a 100 °C bath for 5min, then
cooled on ice for electrophoresis. Proteins were separated using SDS–PAGE
and transferred to PVDF membranes. The membranes were blocked with 5%
skimmed milk or 1% bovine serum albumin (BSA) and sequentially incubated
with primary antibodies and horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology, MA, USA). Protein bands were detected
using enhanced chemiluminescence reagents (Advansta, CA, USA) under dark
conditions. Table S3 lists the antibodies used.

qRT-PCR
RNA was extracted using TRIzol (Takara, Japan). A PrimeScript RT reagent
kit and TB GREEN PriMix (Takara) were used for the reverse transcription
and qRT-PCR, respectively. mRNA expression was quantified using a
LightCycler 480II system (Roche, Switzerland). The expression data were
analyzed using the comparative threshold cycle (2−ΔΔCt) method. Table S4
lists the primer sequences used.

Tissue microarray (TMA), immunohistochemistry (IHC), and
TUNEL assay
A LUAD tissue microarray chip containing 98 LUAD tissues and 82 adjacent
non-cancerous tissues collected from patients between July 2004 and June
2009 was obtained from Shanghai Outdo Biotech Company (Shanghai,
China). The samples were sourced from the National Human Genetic
Resources Sharing Service Platform and ethically reviewed by the Shanghai
Outdo Biotech Company Ethics Committee (SHYJS-CP-1904014). All
experiments were conducted in compliance with relevant guidelines.
Informed consent was obtained from all patients.
For the IHC experiments and TMA, animal tissue sections and organoid

sections were dewaxed and underwent antigen retrieval, followed by
incubation with the appropriate antibodies or TUNEL staining using a cell
death detection fluorescein kit (Invitrogen). Imaging was performed using
an Aperio scanner for microarrays or an inverted fluorescence microscope
(Nikon, Japan). A semi-quantitative evaluation was conducted based on
staining intensity and the positive staining percentage. Staining intensity
was categorized into 1 (weak positive), 2 (moderate positive), and 3 (strong
positive). The percentage of positive cells was classified into 1 (0–10%), 2
(11–50%), 3 (51–80%), or 4 (81–100%). The final score was the product of
the staining intensity and percentage of positive cells.

Immunofluorescence
The cells were fixed for 20min in 4% paraformaldehyde, washed three times
with PBS, and permeabilized with 0.2% Triton X-100 for 15min. After blocking
with BSA, the cells were sequentially incubated with primary and secondary
antibodies (Invitrogen). Subsequently, the nuclei were stained for 5min using
DAPI. Fluorescent imaging was conducted using a laser scanning confocal
microscope (Zeiss, Germany). Table S3 details the antibodies used.

m6A RNA methylation quantification
m6A levels were quantitatively analyzed using an Abcam m6A RNA
Methylation Assay Kit (Abcam, ab185912, UK) according to the manufac-
turer’s instructions. The RNA was bound, capturing m6A RNA, and the
signal was detected. Absorbance was measured at 450 nm. The m6A levels
were calculated based on the negative and positive controls.

Cell proliferation and drug sensitivity assays
For the cell proliferation assay, 5000 cells per well were seeded in a 96-well
plate. A 1:9 dilution of Cell Counting Kit-8 (CCK-8, APExBIO, Houston, USA)

solution was added at 0, 24, 48, and 72 h, and the absorbance at 450 nm
was measured after incubation at 37 °C. For the drug sensitivity assay, 5000
cells per well were seeded in a 96-well plate and treated for 48 h with
osimertinib before a 1:9 diluted CCK-8 solution was added. Absorbance at
450 nm was measured following incubation at 37 °C. The IC50, representing
(the osimertinib concentration required to inhibit cell growth by 50%), was
calculated using non-linear regression analysis of dose–response data
using GraphPad Prism 9.0 (CA, USA).

EdU assay
Cells were seeded at a density of 5000 cells per well in a 96-well plate and,
upon reaching 80% confluence, were fixed with 4% paraformaldehyde for
20min. After three PBS washes, the proliferating cells were labeled using a
Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen, C10337). Subse-
quently, the nuclei were stained for 5 min using DAPI, and the cells were
imaged under a fluorescence microscope (EVOS M7000, Invitrogen).

Transwell assay
Cell proliferation and migration were assessed by seeding 200 µl single-cell
suspension containing 50,000 cells in serum-free medium into the upper
Transwell chamber, while 700 µl medium containing 10% FBS was added
to the lower chamber. The cells were allowed to migrate for a specified
duration in an incubator, then fixed in 4% paraformaldehyde. Following
PBS washing, the cells were stained for 15min with crystal violet. Non-
migrating/non-invading cells in the upper chamber were wiped away
before imaging under a microscope.

Flow cytometry
Apoptosis was assessed using an Annexin V/fluorescein isothiocyanate
(FITC) and propidium iodide (PI) assay kit (Multisciences, Zhejiang, China)
according to the manufacturer’s protocol. The apoptosis rates in the cell
groups were determined using flow cytometry (BD FACSCanto, NJ, USA).
The data were analyzed using FlowJo 10.8.1 (Tree Star, OR, USA).

Methylated RNA immunoprecipitation sequencing (MeRIP-seq)
RNA was extracted, purified, and fragmented into ~100 nucleotide segments
using a Magna MeRIP m6A Kit (Millipore, 17-10499, MA, USA). m6A-modified
mRNA fragments were enriched using m6A antibody-coated immunomag-
netic beads. The complexes were separated, and the enriched RNA was
reverse-transcribed into cDNA, which was used for library construction.
Sequencing was performed on the Illumina NovaSeq™ 6000 platform with the
PE150 sequencing mode. The sequencing services and data analysis were by
Hangzhou Kaitai Biotechnology Co., Ltd. (Hangzhou, China).

RNA sequencing (RNA-seq)
The extracted total RNA underwent RNA sample testing, library construc-
tion, and library quality control, followed by PE150 sequencing on the
Illumina NovaSeq 6000. The sequencing services and data analysis were by
Hangzhou Kaitai Biotechnology Co., Ltd.

Immunoprecipitation (IP)
The cells were lysed for 2 h on ice using IP lysis buffer (Beyotime). The protein
lysate was centrifuged at 12,000 rpm for 15min and divided into Input, IP, and
IgG aliquots. The protein lysates were incubated with Protein A/G agarose
beads pre-bound with antibodies. After washing, the immunoprecipitated
protein complexes were separated from the agarose beads, and the RBM15-
associated proteins were detected using immunoblots.

RNA immunoprecipitation (RIP)
The RIP assay was conducted using a Magna RIP Kit (17-700, Millipore)
according to the kit protocol. Briefly, magnetic beads pre-bound with anti-
RBM15 antibody (Proteintech, 66059-1-Ig, IL, USA) or mouse IgG were
added to an adequate amount of cell lysate and incubated overnight at
4 °C with rotation. The proteins were digested using protease, and RNA
was extracted and purified using TRIzol, followed by reverse transcription
into cDNA. The cDNA was analyzed using qRT-PCR.

Methylation inhibitor treatment
The cells were treated for 48 h with 0, 100, or 200 μM 3-deazaadenosine
(DAA, APE×BIO, B8470). Subsequently, RNA was harvested and extracted
for qRT-PCR analysis.
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In vivo tumorigenesis assay
Xenograft models were established using stably transfected H1975 cells
and H1975-OR cells with short hairpin RNA negative control (sh-NC), sh-
RBM15, and sh-SPOCK1. Male nude mice (4 weeks old) were injected
subcutaneously on the right flank with 2 × 106 cells. When the tumors
reached a longitudinal diameter of 5 mm, the mice were randomly
assigned to each group and subsequently treated orally with an equal
volume of osimertinib mesylate (Selleck, S5078, TX, 20 mg/kg/day) or corn
oil by gavage every 2 days. The tumor dimensions were measured twice
daily. The tumor volume was calculated as follows: (length × width2)/2. The
First Affiliated Hospital of Zhejiang University Ethics Committee approved
the animal study protocol (2024-1219). All mice were housed in a
pathogen-free environment with controlled temperature, maintained on a
12-h light/dark cycle, and had ad libitum access to food and water. Each
group comprised at least six animals. Mice that did not develop tumors by
30 days post-subcutaneous injection were excluded from the study. This
study does not involve the extent of blinding.

Statistical analysis
All experiments were independently repeated three times. The statistical
methods for analyzing database data and clinical samples were
determined based on the underlying assumptions and variability. When
the variances between the two groups were similar, the Student’s t-test
was used; otherwise, the Mann–Whitney test was employed. Data from cell
cultures, organoids, and in vivo experiments were analyzed using Student’s
t-test. The results are presented as the mean ± SD. Survival analysis was
conducted using the Kaplan–Meier method; significance was tested using
the log-rank test. All statistical analyses were performed using SPSS 21.0
(IBM, NY, USA). Graphs were created using SPSS 21.0 and GraphPad Prism
9.0. P < 0.05 was considered statistically significant.

DATA AVAILABILITY
The data generated in this study are available upon request from the corresponding
author.
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