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RBM10 deficiency promotes brain metastasis @
by modulating sphingolipid metabolism

in a BBB model of EGFR mutant lung
adenocarcinoma
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Abstract

Background Brain metastasis significantly contributes to the failure of targeted therapy in patients with epidermal
growth factor receptor (EGFR)-mutated lung adenocarcinoma (LUAD). Reduced expression of RNA-binding motif
protein 10 (RBM10) is associated with brain metastasis in these patients. However, the mechanism by which RBM10
affects brain metastasis in EGFR-mutated LUAD remains unclear.

Methods An in vitro blood-brain barrier (BBB) model and brain metastasis-prone cell lines (BrM3) were established
to confirm the brain metastatic potential of tumor cells following RBM10 knockdown. The roles of RBM10 and
galactosylceramidase (GALC) in LUAD brain metastases were analyzed using cellular phenotypic assays and molecular
biology techniques, including the combined analysis of Nanopore sequencing and CLIP-seq, minigene assays, and
others.

Results This study demonstrates that RBM10 plays a vital role in inhibiting brain metastasis from EGFR-mutated

LUAD by modulating sphingolipid metabolism. When RBM10 expression is low, GALC enters the nucleus to function.
RBM10 deficiency inhibits exon skipping during GALC splicing, leading to upregulated GALC expression and increased
sphingosine 1-phosphate (S1P) synthesis. STP enhances BBB permeability, thereby promoting brain metastasis.
Additionally, animal experiments show that the targeted agents Fingolimod (an S1P inhibitor) and RU-SKI-43 (a
potential drug for RBM10 mutation) suppress the growth of brain metastasis.

Conclusion This study offers insights into the potential mechanisms of brain metastasis in LUAD and suggests a
possible therapeutic target for further investigation.
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Introduction

Brain metastasis from lung cancer is a major cause of
treatment failure and mortality in patients with lung
cancer [1, 2]. Epidermal growth factor receptor (EGFR)
mutations are present in 66.3% of Asian non-smokers
with lung adenocarcinoma (LUAD) [3], and brain metas-
tasis is detected in up to 29% of these patients at initial
diagnosis [4]. A clinical trial demonstrated that combina-
tion therapy with gefitinib and radiotherapy resulted in a
50% recurrence rate of brain metastasis in patients with
EGFR mutations [5]. Moreover, the incidence of brain
metastasis has been shown to be significantly higher in
patients with EGFR mutations than in those with EGFR
wild-type, as well as higher in patients with exon 19 dele-
tion mutations (19Del) than in those with exon 21 muta-
tions in EGFR [2]. Following a 3-year course of tyrosine
kinase inhibitor (TKI) treatment in patients with lung
cancer, the prevalence of brain metastasis escalated from
25% at initial diagnosis to 45% [6]. Brain metastasis in
lung cancer has become an important reason for the fail-
ure of targeted therapy in patients with EGFR mutations.
Therefore, there is a need to understand the mechanisms
underlying brain metastasis in LUAD with EGFR muta-
tions to develop effective prevention and treatment strat-
egies for this condition.

Recent research has highlighted that brain metastasis
of breast cancer is associated with lipid metabolism [7].
Furthermore, Jin et al. published a seminal article eluci-
dating the pivotal role of brain lipid metabolism in medi-
ating the metastasis of breast cancer cells to the brain [8].
Thus, the disruption of the blood-brain barrier (BBB) is
closely related to lipid metabolism. Sphingosine (SPH),
produced under the catalysis of galactosylceramidase
(GALC) [9], can be converted to sphingosine 1-phos-
phate (S1P), a known promoter of tumor progression,
under the action of sphingosine kinase 1/2 (SK1/2) [10].
S1P signaling is a key determinant of BBB permeability
[11-13]. However, the relationship between brain metas-
tasis from lung cancer and lipid metabolism has been
largely unexplored, and the specific mechanism is not
fully elucidated.

RNA binding motif protein 10 (RBM10) is a tumor
suppressor involved in alternative splicing [14]. RBM10
exhibits a high mutation rate in various cancers, includ-
ing LUAD, colon cancer, and liver cancer [15, 16]. Nota-
bly, in the Chinese population, RBM10 mutations are
present in about 8% of all LUAD cases, making it the
fourth most common mutated gene in this cancer type
[17]. These mutations lead to reduced RBM10 expres-
sion in LUAD, and this decrease is significantly higher
in patients with stage IV LUAD than in those with stage

I-III LUAD, suggesting a role for RBM10 in tumor
metastasis [18, 19].

Our previous study revealed that RBM10 inhibits
LUAD progression by regulating the Wnt/p-catenin sig-
naling pathway, and RBM10 deficiency is associated with
lung cancer metastasis, especially brain metastasis [20].
Building on this foundation, we hypothesize that RBM10
influences BBB permeability in EGFR-mutated lung can-
cer by regulating sphingolipid metabolism. Utilising a
static 3D in vitro BBB model and the BM-prone cell lines
(PC9BrM3 and 3255BrM3), we demonstrated increased
brain metastatic potential upon RBM10 knockdown. We
found that RBM10 regulated GALC in the sphingolipid
pathway and elucidated how RBM10-mediated alterna-
tive splicing of GALC significantly impacts S1P synthesis.
Specifically, RBM10 deficiency increases S1P production,
thereby promoting brain metastasis.

Experimental section

Cell culture

Human LUAD cell lines (PC-9, H3255, H292), endothe-
lial cells (HCMEC/D3), astrocytes (SVG), and pericytes
(HBVP) were all obtained from the American Type Cul-
ture Collection (ATCC). All culture media were supple-
mented with 10% fetal bovine serum (FBS, PAN, Biotech
GmbH, Germany) and antibiotics. H3255 and H292 cell
lines were cultured in RPMI-1640 (Gibco®), while the
remaining cell lines were cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM, Gibco®, Grand Island, NY,
USA) at 37 °C in a humidified atmosphere containing 5%
CO,. Cells used in experiments were in good condition
without mycoplasma or saccharomycetes contamination.
PC9 and 3255 BrM3 cells were used between passages 3
and 8 to ensure consistency in tumorigenicity and meta-
static potential. Other cell lines were used between pas-
sages 5 and 30.

Cell transfection

All shRNAs for RBM10 were obtained from Genechem
Co., Ltd. (Shanghai, China). The used shRNA sequences
were RBM10 shRNA-1, GCATGACTATGACGACTCA;
RBM10 shRNA-2, CGACGGACATAAGGAGACA. A
negative shRNA control (sh-NC) with the sequence 5-U
UCUCCGAACGUGUCACGUTT-3 was also used. The
used GALC siRNA sequences were Forward 5-CAAGG
UGGUUGAUGUUAUATT-3 and Reverse 5-UAUAA
CAUCAACCACCUUGTT-3.! The used GALC-S siRNA
sequences were: Forward 5-UGAUUUAGCUGGAUG-
GAUULtt-3; and Reverse 5- AAUCCAUCCAGCUAAA-
UCALt-3’ The used UPF1 siRNA sequences were Forward
5-AGACAGUCCUGGAGUGCUATT-3 and Reverse
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5-UAGCACUCCAGGACUGUCUTT-3. The siRNA
(50uM, Ribobio) against GALC was reverse transfected
at a 10 pl jet-PRIME (Poly-plus Transfection, France) in
PCI9BrM3 cells. The design of the RBM10 overexpres-
sion sequence and the packaging of lentiviruses were
undertaken by Genechem Co., Ltd. (Shanghai, China).
The PC9BrM3 cell lines were infected with the lentivirus
and subsequently selected with puromycin (2 pg/ml) for
14 days to establish stable cell lines. The transfection effi-
ciencies were verified by western blot (WB).

Construction of in vitro BBB models

Human brain microvascular endothelial cells, pericytes,
and astrocytes were used to establish six distinct in vitro
BBB models, classified according to cell type and spatial
arrangement. The pericytes (2x 10* cells/cm?) or astro-
cytes (1x10° cells/cm?) were seeded on the bottom side
of the Matrigel-coated polyester membranes in Transwell
inserts (Corning Life Sciences, USA). These cells were
left to adhere firmly overnight, following which endothe-
lial cells (2 x 10° cells/cm?) were seeded on the inside or
upper side of the inserts placed in the well of the 12-well
culture plates devoid of cells. The cultures were then
maintained for an additional 3 days. Subsequently, the
transepithelial electrical resistance (TEER) was measured
to assess barrier integrity, and the BBB was considered
successfully constructed when the resistance readings
stabilized.

Trans-BBB migration assay

PC9BrM3 sh-NC and shRBM10 cells were labeled with
5 uM of CellTracker Green CFMDA (Shanghai Maokang
Biotechnology Co., Ltd, China) in a serum-free medium
for 45 min. Subsequently, these cells were inoculated into
the upper chamber of the inserts at a density of 10,000
cells in 200 pl of DMEM medium containing 0% FBS. The
lower chamber was filled with 600 pl of DMEM medium
containing 10% FBS. Following overnight incubation, the
inserts were removed, and the number of cells that had
migrated to the lower chamber was recorded by a posi-
tive fluorescence microscope (Motic China Group Co.,
Ltd., China).

Western blot

The standard western blot (WB) experiment was con-
ducted as previously described [21], utilising 30 pg of
protein samples extracted from cells. The antibodies
employed for the WB analysis are listed in Table S1.

Immunofluorescence staining

For cell immunofluorescence staining (IF), the cells were
incubated overnight at 4 °C with rabbit polyclonal anti-
bodies against Claudin-5, Zo-1, P-gp, and GFAP, as well
as a mouse polyclonal antibody against CK-18 (Table S1).
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The following day, the corresponding secondary antibod-
ies were applied to the cells and incubated for 1 h at room
temperature. The nuclei were stained with DAPI for
5 min. The cells were then imaged using a positive fluo-
rescence microscope.

Quantitative real-time PCR (qRT-PCR) analysis

The total RNA was extracted from LUAD cells utilising
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) follow-
ing the manufacturer’s protocol. Subsequently, cDNA
synthesis was performed using the Fast Quant RT Kit
(TIANGEN, China). GAPDH was employed as the inter-
nal control. Quantitative real-time PCR (qRT-PCR) anal-
ysis was conducted on a 7500 Fast PCR System (Applied
Biosystems, Foster City, CA, USA) with Talent qPCR
Pre-Mix (SYBR Green; TIANGEN, China). The rela-
tive mRNA expression levels were quantified using the
2-AACT method. The primer sequences utilized for
qRT-PCR are listed in Table S2.

CLIPSeq

The CLIP-Seq experiment was collaboratively conducted
by our research group and IEMed Guangzhou Biomedi-
cal Technology Co., Ltd (Guangzhou, China). Crosslink-
ing-immunoprecipitation assays utilised the CLIP Kit
(IEMed, K319) and the RBM10 antibody (HPA034972,
Sigma). Detailed CLIP operation procedures are illus-
trated in [22]. Subsequently, high-throughput sequencing
of RNA fragments was conducted, followed by compre-
hensive bioinformatics analyses aligned with RNA-Seq.

Minigene splicing reporter assays

To investigate the splicing of target exons following
RBM10 overexpression (OE) or knockdown (KD), we co-
transfected minigene splicing reporters and shRNA oli-
gonucleotides targeting the RBM10 coding sequence into
PC9 or 3255 cells. For RBM10 OE, PC9 or 3255 cells were
seeded into six-well plates (4x10° cells per well), cul-
tured for 24 h, and transfected with 500 ng of minigene
reporter using jetMESSENGER® (PolyPlus-transfection).
For RBM10 KD, minigene plasmids were transfected into
the cells 24 h after shRNA transfection using jetMES-
SENGER® (PolyPlus-transfection). Cells were harvested
48 h post-shRNA transfection for total RNA extraction,
c¢DNA synthesis, and PCR analysis.

RNA Immunoprecipitation (RIP)

PC9BrM3 and 3255BrM3 cells were collected at the
logarithmic growth phase and dissociated at 4 °C for
1 h. The prepared magnetic beads were incubated with
the antibody mixture for 2 h, and the final product was
purified. RIP was performed using a RIP Kit (Geneseed,
China) according to the manufacturer’s instructions. The
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antibodies used were anti-RBM10 (HPA034972, Sigma,
Germany) and a secondary IgG antibody.

RNA pull-down assay

RNA pull-down was performed using Pierce™ Magnetic
RNA-protein pull-down kit (Thermo, USA) according to
its instructions. The RNA—protein complex was analysed
by western blot.

Chromatin immunoprecipitation (ChIP)

9003 SimpleChIP(R) Kit (Cell Signaling Technology,
USA) was used for ChIP assay. ChIP grade anti-RNA
polymerase II CTD repeat YSPTSPS antibody (ab252855,
Abcam, Britain) was used to precipitate chromatin
bound to the Pol II pSer2 protein. Subsequent qPCR
was performed as described previously, and the results
are expressed as a percentage of the input. Specific ChIP
primers used for PCR were listed in Supplementary Table
S2.

Animal experiments

Female nude mice (BALB/c, 4 weeks) were procured
from Beijing Vital Li Hua Experimental Animal Technol-
ogy Company (Beijing, China). All animal procedures
were conducted by the instructions of the Institutional
Animal Care and Use Committee (IACUC) at the Second
Affiliated Hospital of Harbin Medical University, China,
and the NIH Guide for the Care and Use of Laboratory
Animals. Tumor cells (PC9/3255) were labeled with lucif-
erase-expressing lentiviral particles. To establish the BM
model, 5x10° tumor cells suspended in 100 pl of PBS
were inoculated into the left cardiac ventricle. Brain met-
astatic cell populations (i.e.PC9-BrM1/3255-BrM1) were
isolated through one round of in vivo selection following
the initial isolation and in vitro culturing of PC9/3255
cells forming BM. Subsequently, BrM3 was established
using the same approach.

Five-week-old female mice were anaesthetised and
secured in a stereotactic frame, with the head held firmly
in place by gentle pressure using ear bars whilst maintain-
ing deep anaesthesia. A scalp incision of one centimetre
was performed to expose the bregma, which was used as
the origin for coordinate referencing (x=0 mm, y=0 mm,
z=0 mm). Subsequently, a burr hole was drilled in the
skull on the right hemisphere at coordinates x=1.5 mm,
y=1 mm, and z=0 mm. Each animal received an injec-
tion of approximately 300,000 cells per 5 pl (z=2 mm).

Osimertinib (an EGFR inhibitor) and Fingolimod (an
S1P inhibitor) were procured from MedChemExpress.
All agents were utilised by the manufacturer’s instruc-
tions. Beginning on day 7 post-procedure, the mice were
treated with these agents via oral gavage, continuing 5
days per week for the remainder of the experiment. These
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dosages were 25 mg/kg for Osimertinib and 5 mg/kg for
Fingolimod [23, 24].

In preparation for bioluminescence imaging, the mice
received 10 pl/g of D-luciferin (15 mg/ml, Beijing Solar-
bio Science & Technology Co., Ltd., China) via intraperi-
toneal injection 10-15 min before the imaging session.
Bioluminescence signals were then recorded using the
AniView SE Imaging System (Guangzhou Biolight Bio-
technology Co., Ltd,, China), adhering strictly to the
manufacturer’s protocol.

Immunohistochemistry

Immunohistochemistry (IHC) was conducted follow-
ing the method previously described.®” For the primary
antibody incubation, RBM10 (HPA034972, Sigma,1:300)
and GALC (11991-AP, Proteintech,1:150) were employed
for THC. Eventually, an Olympus microscope (Toyo,
Japan) was utilised for the examination of the tissue
sections.

Statistical analysis

Each experiment was independently conducted 3 times.
Statistical analysis was carried out using GraphPad
Prism software, version 9.4.0 (San Diego, California,
USA). Results were presented either as the mean + stan-
dard deviation (SD) or the median, as appropriate. Data
analyses involved the application of Student’s t-test for
comparisons between two groups or one-way analysis
of variance (ANOVA) for comparisons involving three
or more groups. A P value less than 0.05 was considered
indicative of statistical significance.

Results

Development of in vitro and in vivo BBB models

To study the mechanism of lung cancer brain metastasis,
we developed in vitro and in vivo BBB models. Human
brain microvascular endothelial cells, pericytes, and
astrocytes were categorized into six distinct in vitro BBB
models based on the cells type and the location of the
cells (Fig. S1A). The results of the 4-hour liquid leakage
assay indicate that Model 6 has the highest BBB integrity
(Fig. S1B). Trypan blue was added to the upper cham-
ber of the six models, and optical density (OD) values
were recorded after a 30-minute incubation period. The
OD value was found to be the lowest for Model 6 (Fig.
S1C). Transendothelial electrical resistance (TEER) was
measured across all six BBB models, with Model 6 dem-
onstrating the highest TEER, which gradually increased
over time (Fig. S1D). Immunofluorescence (IF) analy-
sis demonstrated the strongest expression of Claudin-5
(green) and ZO-1 (red) in the microvascular endothelial
cells of Model 6, with increasing levels over time (Fig.
S1E). The expression of tight junction proteins between
cells was evident at a 40x magnification in Model 6
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(Fig. S1F). Additionally, Western blot analysis further
confirmed that the expression of functional and struc-
tural markers, namely, glucose transporter protein-1
(GLUT-1), p-glycoprotein (P-gp), Claudin-5, and zonula
occluden-1 (ZO-1), was highest in Model 6 among the six
BBB models (Fig. S1G). Consequently, Model 6, featur-
ing a three-cell full-contact co-culture configuration, was
established as the optimal in vitro BBB model.

The EGFR 19Del-harboring PC9 cell line was trans-
fected with a fluorescent viral gene and injected into
the left ventricle of nude mice. Imaging at 53 days post-
injection revealed brain metastasis formation. At 73
days, the mice were sacrificed, and primary cells were
extracted (Fig. S2A). The 3255 cell line with the EGFR
L858R mutation was established using the same method.
Two rounds of screening were performed in nude mice to
generate PC9 and 3255 BrM3 cells with a propensity for
brain metastases, followed by subsequent experiments
using the BrM3 cell lines. The BrM3 cells were identified
through morphological evaluation, fluorescent viral gene
labeling, and specific tumor markers (Fig. 2B-E). Com-
pared to their parental counterparts, the PCO9BrM3 cell
lines exhibit significant changes in proliferation, migra-
tion, and EMT, which may be linked to their increased
metastatic potential (Figures S3A-E).

Co-mutation of RBM10 and EGFR is associated with lung
cancer brain metastasis
According to the FLAURA trial [25], osimertinib is the
current standard first-line therapy for patients with
metastatic NSCLC harboring EGFR 19del and L858R
mutations. A phase II multicenter study also showed
that tumor genomic mutations TP53 and RBM10 were
the most frequently co-occurring with EGFR mutations
[26], We found from The Cancer Genome Atlas (TCGA)
that approximately 8.1% of EGFR-mutated LUAD
patients harbor RBM10 mutations (Fig. 1A). We per-
formed whole-exome sequencing (WES) on five LUAD
primary tumor—normal pairs from patients who later
developed brain metastasis (Fig. 1B). The frequency of
RBM10 mutations was 40% (2/5). According to the cBio-
Portal database, RBM10 truncating mutations are pre-
dominant (Fig. S4A). In the TCGA-LUAD database, the
RBM10 mutation leads to a reduction in RBM10 expres-
sion (Fig. S4B). In patients with stage Ib-IV disease in
TCGA-LUAD, RBM10 mutations are associated with
a worse prognosis (Fig. S4C). An analysis of data from
the HCMDB database, which included 77 lung cancer
patients, revealed that among 14 patients with lung ade-
nocarcinoma, 6 developed brain metastases with reduced
RBM10 expression (Fig. S4D).

We identified several frameshift mutations in RBM10
across different exons and transcripts (Table S3). We
selected four of these mutations for functional studies
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to construct plasmids (Table S4). These mutations intro-
duce premature termination codons (PTC), trigger-
ing nonsense-mediated mRNA decay (NMD), resulting
in the decreased expression of RBM10, as observed by
Western blot (Fig. 1C). Classical NMD, which is trans-
lation-dependent and involves core proteins like UPF1,
was examined. First, we inhibited UPF1 expression with
siRNA (Fig. 1D). To further verify whether classical trans-
lation-dependent NMD effects occurred with mutants
E1, E2, E3, and E4 did occur, we treated PCO9BrM3 and
3255BrM3 cells transfected with WT and mutant con-
structs with cycloheximide (CHX). The qRT-PCR analy-
sis showed significant changes in mRNA levels (P <0.05).
These data further confirm that the mutants E1, E2, E3
and E4 triggered NMD, leading to mRNA degradation
and inhibition of translation. When CHX was added to
transfected cells, thereby blocking the effect of NMD
[27], mRNA expression levels increased (Fig. 1E). E1,
E2, E3 and E4 plasmids and UPF1-siRNA were co-trans-
fected into PC9BrM3 and 3255BrM3 cells for 24 h, Using
the GAPDH gene was used as an internal control, we
found that, compared with control, the expression lev-
els of RBM10 normal transcripts from E1, E2, E3 and E4
mutant plasmids were significantly increased after UPF1
knockdown (Fig. 1F). RBM10 mutations are distrib-
uted throughout the gene, but they mostly result in low
expression. Therefore, to facilitate follow-up research, we
focused on the low expression caused by RBM10 muta-
tions. And then, IHC analyses were conducted on 13
paired samples of LUAD and corresponding brain metas-
tasis. RBM10 expression was low in 11 cases and high in
2 cases (Fig. S4E). Although no significant difference in
RBM10 expression was observed between primary lung
lesions and brain metastases (Fig. S4G), RBM10 expres-
sion levels in the two sites were significantly correlated
(Fig. S4H).

To further investigate the role of RBM10 in brain metas-
tases, we collected clinicopathological data from 23 lung
adenocarcinoma patients with EGFR mutations. Among
them, 7 patients were diagnosed with brain metastases
at initial presentation, while the remaining 16 patients
were followed up to generate brain metastasis-free sur-
vival (BMES) curves. IHC analysis showed that RBM10
expression was associated with brain metastasis in lung
cancer patients with EGFR mutations; the low expres-
sion group had a higher rate of brain metastasis (Fig. 1G).
Patients with high RBM10 expression demonstrated lon-
ger BMES than those with low expression (23 months vs.
11 months, p=0.0139; Fig. 1H). Experiments using Cell-
Tracker Green (CFMDA)-labeled cells suggested that
co-mutation of EGFR and RBM10 could promote brain
metastasis in lung cancer cells (Fig. 1I). Futhermore, the
number of glial fibrillary acidic protein (GFAP)—positive
astrocytes, a marker of brain metastasis, also increased,
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Fig. 1 RBM10 mutations lead to decreased expression and are associated with lung cancer brain metastasis. (A) EGFR and RBM10 co-mutations in the
TCGA database. (B) WES results of five lung adenocarcinoma and paracancerous samples. (C) Western blot (WB) was used to detect RBM10 expression
after RBM10 mutations. (D) RT-gPCR was used to detect UPF1 expression after UPF1 knockdown. (E) RT-gPCR was used to detect RBM10 expression after
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(H) Brain metastasis-free survival curves for patients with high and low RBM10 expression, respectively (p=0.0139). (I) Trans-BBB migration assay was used
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suggesting mutual stimulation between tumor cells and
astrocytes. The interaction between astrocytes and can-
cer cells significantly impacts the treatment outcomes
and prognosis of lung cancer patients with brain metas-
tases, while also creating a microenvironment condu-
cive to tumor growth [28, 29]. IF of paraffin sections of
brain metastatic tumors in patients with LUAD fur-
ther showed increased GFAP-positive astrocytes in the
lesions of patients with low RBM10 expression (Fig. 1J).
The Kaplan—Meier plotter (KMplotter) database revealed
poorer prognosis in patients with LUAD exhibiting high
GFAP expression(Fig. 1K).

in vitro and in vivo BBB model verifies that RBM10
knockdown promotes brain metastasis in PC9BrM3 and
3255BrM3 cells
RBM10 knockdown increased the number of cells cross-
ing the BBB (Fig. 2A) and decreased the expression of
GLUT-1, P-gp, Claudin-5, and ZO-1 in vascular endo-
thelial cells (Fig. 2B), leading to enlarged junctional gaps
between vascular endothelial cells (Fig. 2C). To verify
the role of RBM10 in cancer-astrocyte interactions, we
cocultured PC9BrM3 and 3255BrM3 sh-NC, shRBM10-
1, and shRBM10-2 cells with Model 6. After 48 h, IF
revealed an increased number of tumor cells and GFAP-
positive astrocytes and decreased TEER in the sSARBM10
group (Fig. 2D-E). A cell adhesion assay showed an
increased number of cells in the shRBM10 group, sug-
gesting enhanced adhesion between tumor cells and both
endothelial cells and astrocytes (Fig. 2F). Conversely,
RBM10 overexpression reduced the number of tumor
cells crossing the BBB in the in vitro BBB model (Fig. S5).
Taken together, these findings demonstrate that RBM10
knockdown promotes the brain metastatic capacity of
PC9BrM3 and 3255BrM3 cells in in vitro BBB models.
To investigate the role of RBM10 in vivo, brain metas-
tasis animal models were established using intracardiac
injection and intracranial orthotopic injection methods.
After RBM10 knockdown, the expression of RBM10 pro-
tein was reduced (Fig. 3A), and the incidence of brain
metastases increased accordingly (Fig. 3B-C). The fluo-
rescence intensity in the brain metastasis group was 3.1
times higher than that in the non-knockdown group
(Fig. 3D). Additionally, the brain metastasis-free survival
(BMES) in the shRBM10 group was significantly shorter
(Fig. 3E). The expression of RBM10 was confirmed by
IHC, RBM10 is localized in the nucleus. (Fig. 3F). Intra-
cranial injection further demonstrated that RBMI10
knockdown significantly increased the incidence of intra-
cranial tumors (Fig. 3G).
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RBM10 regulates the expression of key enzymes in the
sphingolipid metabolic pathway and the production of
sphingolipid metabolites SPH and ceramide (Cer)

The RNA-seq experiment was conducted collabora-
tively by BGI-Tech Co., Ltd. (Shenzhen, China). Com-
parative RNA-seq of PC9sh-NC and PC9shRBM10 cells
revealed that RBM10 is associated with sphingolipid
metabolism and signaling pathways (Fig. 4A). Differential
gene expression analysis identified eight genes associ-
ated with lipid metabolism (Fig. 4B and S7A), including
GALC, ASAHI, PLD1, CYP1BI1, GPDLI, SCP2, HSD17B4
and SPTLC3. GALC, ASAHI and SPTLC3 were associ-
ated with sphingolipid metabolism. GALC exhibited the
most significant fold change (p <0.05,|log2| > 1). Protein-
protein docking calculations were performed using the
HDOCK online tool, which revealed a docking score of
-356.57 kcal/mol and a confidence score of 0.9842, indi-
cating a high likelihood of interaction between GALC
and RBM10 proteins (Fig. 4C).

To verify the hypothesis that RBMI10 influences
BBB permeability by regulating sphingolipid metabo-
lism, high-resolution, broad-spectrum, non-targeted
lipidomic absolute quantification was performed on
RBM10-depleted PC9BrM3 cells. The analysis revealed
downregulation of various sphingolipid metabolites,
including ganglioside (GM3) (d47:5), Cer (d45:1), Cer
(d33:2), Cer (d18:1_24:0), Hex2Cer (m42:3), and Hex1Cer
(m44:0 + O), and upregulation of the downstream metab-
olites of GALC-SPH(m18:1) and SPH(d20:2) (Fig. 4D-E).
Lipidomic results also indicated a negative correlation
between SPH and Cer (Fig. 4F), which are key metabo-
lites in the sphingolipid metabolic pathway [10, 30].
Cer is a pro-apoptotic signal [31, 32], and SPH is phos-
phorylated by SK1/2 to generate S1P [33]. S1P is a bio-
active lipid mediator, and S1P signaling plays a key role
in determining BBB permeability; thus, S1P is a potential
therapeutic target in diseases characterized by BBB dys-
function [34]. Cer and S1P constitute sphingolipid rheo-
stats through various sphingolipid metabolic enzymes,
which play a key regulatory role in cell signal transduc-
tion within the tumor microenvironment [10]. Therefore,
RBM10 downregulation may promote brain metastasis
by regulating the S1P signaling pathway.

To demonstrate the role of GALC in brain metastases
of lung cancer, we conducted a series of experiments.
First, data from the Kaplan—Meier plotter (KMplot-
ter) database revealed poorer prognosis in patients with
LUAD exhibiting high GALC expression (Fig. S6A-C).
GALC knockdown decreased the number of cells cross-
ing the BBB (Fig. S6D-E) and increased TEER (Fig.
S6F). ELISA results also indicated a positive correlation
between GALC and S1P (Fig. S6G). In the in vitro model,
increased S1P concentration correlated with increased
BBB permeability, particularly at 2 umol/L, where the
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fluorescence intensity of claudin-5 was the lowest, and
the gap between microvascular endothelial cells was the
largest (Fig. S6H-I). Based on these findings, GALC was
selected as the target of RBM10 for further exploration.

Given that GALC plays an important role in brain
metastasis of lung cancer, we next investigated whether
RBM10 has a pro-brain metastasis function through its
influence on the sphingolipid metabolic pathway. West-
ern blot confirmed that RBM10 regulates GALC (Fig.
S7B). ELISA of PC9BrM3 and 3255BrM3 shRBM10
cells revealed increased intracellular GALC expression
(Fig. S7C). Moerover, RBM10 knockdown increased the
expression of GALC, SPHK1 (SK1), SPHK2 (SK2), and
S1PR1-4 (Fig. S7D). Changes in local S1P concentra-
tion altered the characteristics of cell membrane recep-
tors and further regulated downstream signaling events.
Many effects of S1P in the tumor microenvironment
are mediated by its binding to its five G protein-coupled
receptors, primarily S1PR1-3, thereby inducing migration
and metastasis in various cell types [35]. Psychosine can
produce SPH under the catalysis of GALC [9], and SPH
can subsequently generate S1P via SK1/2. RBM10 knock-
down led to elevated extracellular SIP concentration
(Fig. S7E). Moreover, RBM10 knockdown significantly
increased S1P concentration in the upper compartment
of the BBB model (Fig. S7F). Conversely, RBM10 overex-
pression decreased S1P concentration (Fig. S7G). There-
fore, RBM10 may regulate the production of S1P through
the GALC-SPH-SK1/2 signaling axis.

Revealing the underlying mechanism of brain metastasis
induced by RBM10 knockdown in PC9BrM3 and 3255BrM3
cells

RBM10 has been reported to function as a splicing reg-
ulator. Does it also regulate GALC through splicing,
thereby contributing to the promotion of brain metasta-
ses in lung cancer?

To further clarify the impact of RBM10 deficiency on
GALC alternative splicing, we treated PC9BrM3 and
3255BrM3 cells with the splicing inhibitor madrasin.
Western blot analysis revealed that GALC expression
was upregulated (Fig. 5A), this effect is similar to that
observed with RBM10 deficiency. In addition, nascent
RNA was markedly decreased after madrasin treat-
ment, as shown by the EU incorporation assay (Fig. 5B).
To further confirm the general role of RBM10 in splic-
ing, we performed an in vitro splicing assay using the Ftz
reporter system with nuclear extracts from cells deficient
in RBM10. As shown in Fig. 5C, transcripts were spliced
even with a deficiency of RBM10. However, the splicing
function was significantly reduced. These findings sug-
gest that RBM10 plays a critical role in splicing and that
the upregulation of GALC following RBM10 deficiency is
primarily due to severe splicing defects in GALC. These
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data collectively support that splicing defects in GALC,
caused by RBM10 deficiency, are the primary mechanism
driving the increased expression of GALC at the RNA
level. Nanopore Sequencing analysis suggested that exon
skipping was the most frequent splicing event (Fig. 5D).
Exon 6 skipping in RBM10-mediated alternative splic-
ing of GALC was most significant (Fig. 5E-F). CLIP-Seq
analysis showed the RBM10 binding motif (Fig. 5G). Fur-
thermore, KEGG enrichment analysis of both CLIP-Seq
and Nanopore sequencing data was performed, and lung
cancer pathways were significantly enriched (Fig. 5H).

To further investigate the functions of different GALC
splicing variants, we conducted minigene experiments.
The primer sequences were obtained from sequenc-
ing data (Table S5). Polyacrylamide gel electrophore-
sis revealed decreased exon 6 skipping upon RBM10
deficiency (Fig. 6A-D). In addition, selective silencing
of GALC splicing variants containing or lacking exon 6
(GALC-L and GALC-S, respectively) was performed in
PC9BrM3 and 3255BrM3 cells using siRNA.We found
that the RBM10 deficiency increased the expression of
GALC-L and subsequently increased the overall expres-
sion of GALC (Fig. 6E). Knockdown of GALC-L signifi-
cantly suppressed the number of cells crossing the BBB
compared with the RBM10 deficiency group, whereas
silencing of GALC-S had a promoting effect compared
to cells transfected with RBM10 (Fig. 6F-G). The above
results were consistent with the changes in S1P levels
observed between different groups (Fig. 6H-I). These
results suggest that GALC-L, but not GALC-S, plays a
critical role in brain metastasis.

RBM10 deficiency promotes nuclear translocation of GALC
Phosphorylation of RNA polymerase II CTD repeat
YSPTSPS antibody (RNA Pol II Ser2) at the GALC pro-
moter validated that RBM10 exerts splicing regulation
through RNA polymerase II (Fig. 7A). RBM10 func-
tions as a splicosome in the nucleus. Through cytoplas-
mic and nucleus isolation experiments, we found that
RBM10 deficiency promotes GALC to enter the nucleus
(Fig. 7B). Finally, IF was performed after RBM10 knock-
down, which also confirmed this finding (Fig. 7C). The
co-localization of RBM10 and GALC was found on IHC
and IF (Fig. 7D-E), which further validated the in vitro
test. This would provide important evidence for their
interaction in vivo. CLIP-seq analysis showed that the
RNA binding regions of RBM10 interacting with GALC
are mainly within amino acid residues 130 to 205 and
301 to 380, which are RNA recognition motifs and func-
tion in binding single-stranded RNAs. We truncated
RBM10 in the middle. Using RNA RIP, we found that
full-length RBM10, as well as the 1-465 aa and 466-
930 aa fragments, associate with GALC (Fig. 7F). This
result is highly consistent with the CLIP-Seq assays and



Xu et al. Journal of Experimental & Clinical Cancer Research (2025) 44:95

Page 12 of 20

A B DAPI EU Merge Magnification e DMSO
° ‘}o é& 8 B madrasin
7 O @ =
o S
N N koa o[B8 104 % Fokk
HE — -
120 & g s 0.8
ol s =
GALC —30 £ S 0.6
) o 2
g8 2
PC9BrM3 3255BrM3 &l £ w 0.2+
S B 0.0 T T
£ PC9 BrM3 3255 BrM3
C T7-Ftz reporter minigene D Numbers of AS events
. MEE SN wee
*% mm shRBM10
1594 1
- * e sh-NC Hm shNC
H — . = sht
o
5 1.0 % v sh2
)
o
=
® 0.5
)
14
I T T 1
0.0- 0 5000 10000 15000
PC9BrmM3 3255BrM3
E Scatter Plot
s [exon6 | o F = = I i
" GALC
1.44 [ ] [0-11]
1.33
0oy |, | L1
1.32 o N/ N NN AN A AV NI
113 L] (] [0-17]
8 1.07 L] [ ] v
g . . il | | [ Skipped|exon
(=% 1\ | 1 |\ I\
090 1 @ v\/v\/vv &//\va @@vv.v
0.89 ]
0.76 [ H
Pathways of neurodegeneration - multiple diseases
0.74 [ ]
0.73 _ o [ ] . o 0.064 Amyotrophic lateraliselerosis Alzheimer disease
0.94 1.00 1.02 1.11 1.18 1.19 1.23 1.25 1.26 1.291.29 1.32 1.44 1.51 1.68 Human papillomavirus infection
control vs HA . X X PI3K=Akt signaling pathway
G Endocytosis Huntington disease
MAPK signaling pathway
-% Focal adhesion-Saimeneliainfection Parkinson diseasePrion disease
14 0.04 . Shigellosis
© Proteoglycans in,cancer
NS S
©
GALC
0.024
20,000! 40,000! 60,000!
|l L1l | L.l W1l Ll m
] L I LI LU | LI
GALC mRNA RBM10
0.00 4
15 -10 5 0

log10(pvalue)

Fig. 5 RBM10 regulates GALC, a key enzyme in the sphingolipid metabolic pathway, through alternative splicing. (A) WB was used to detect RBM10 and
GALC expression after treatment with madrasin. (B) New transcripts were detected by EU incorporation assay. (C) T7-Ftz reporter minigene assay. (D)
Nanopore sequencing analysis showed the numbers of altered splicing events in each AS category. (E-F) Exon 6 skipping in GALC was identified through

a comprehensive analysis. (G) The RBM10 binding motif was obtained from MACS2. (H

**P<0.01

) Bubble map annotated by KEGG pathway analysis. *P<0.05,



Xu et al. Journal of Experimental & Clinical Cancer Research

(2025) 44:95 Page 13 of 20

A Minigene assay Minigene assay B ® shNC C
hRBM10-1
ShRBM10 ShRBM10 s S 9
_ShRBW19 _ShRBM10 S\ X 0N
sh-NC #1 shNC #1 # —— ° ShReMieZ \‘ed@?&\&\ RPN
*okk *okk
i GALC-S
GALC-S 0.
0- PC9BrmM3 3255BrM3
D PC9BrmM3 3255BrM3 BrM3 PCo 3255
N N 2 2
skokkok skokokok E o < G
80 ' & M N
1 1 e NC NP R & .F &K
e RBM10-OE % o® 8 o0 2 5 <2 &
60 @ @'\ é\ @'\ @Nﬁ ®\° N N \Q QO \Q N
SSEEE NP EE R ST S
gm . 5&\‘—,‘0 ;}\;}\ o & ¥ & Kba
= 40
m e [ | (ML | [mm =] [mm—m]w
20
B-actin |---._| ‘.--. ‘ ‘----‘ |--‘—— |»43
0
B3 PC9 3255 PC9BrmMm3 3255Brm3 PC9BrM3 3255BrmM3
F Aok
sh-NC shRBM10 shRBM10+siNC shRBM10+siGALC-L i *
sFdkokk shNC
T 200 [
& sokkok 1 shRBM10
10x 2 150 i shRBM10+siNC
o shRBM10+siGALC-L
S 100
3
E s0
=z
0 T T
PC9 BrM3 3255 BrM3
150
G Vector RBM10 RBM10+siNC  RBM10+siGALC-S Vector
2 dokokok sokokk RBM10
% 100 skkk s *%k%k%k . RBM10+siNC
S 1 ™1 . RBM10+siGALC-S
0x 8 s0 |':|'|
€ T
=]
2 [ []
(] T T
H I PC9 BrM3 3255 BrM3
* *
1 —
= 2400~ % — = 2000 uk *
° *% * + shNC s lil * [ B | Vector
£ 2200 1 — shRBM10 £ 1500 ] - RBM10
5 2000 il shRBM10+siNC :t_g' RBM10+siNC
8 ShRBM10+siGALC-L & ;000 RBM10+siGALC-S
< 1800 €
g (%]
8 1600 |;| g 500
o
& 0 o
o 1400 » 0 T T
PC9 BrM3 3255 BrM3 PC9 BrM3 3255 BrM3

Fig. 6 RBM10 inhibits GALC-L and promotes GALC-S to exert tumor-suppressor function. (A, C) Minigene assays showing the splicing status. (B, D)
Quantification of exon 6 inclusion levels is shown. PSI: percent-spliced-in. (E) Expression of GALC proteins after transfection with siGALC-L and siGALC-S
were examined by WB. (F-G) Trans-BBB migration assay was used to test the transfer capacity under siGALC-L and siGALC-S conditions. (H-1) The S1P con-
centration in tumor cells was quantified using the enzyme-linked immunosorbent assay (ELISA). Scale bar: 10x:50 um. *P < 0.05, **P< 0.01, **** P<0.0001



(2025) 44:95 Page 14 of 20

Xu et al. Journal of Experimental & Clinical Cancer Research

e IgG B

A . PCOBrM3 3255BrM3
* Pol Il pSer2 ° PolllpSer2
*hkk Sk Cytoplasm Nuclear Cytoplasm Nuclear
T TR B AT N Non @ o
- g‘(\' 9‘\ g‘\’L 5‘\' g‘\ g‘\q' g‘\' g‘\ g‘\q' g‘(\' 9‘\ g‘\’L KDa
gios 2350 _
E 1 N T
Se 0.6 i)
=% £y 04 5
§304 58 GALC  |j aw o e D e )
TS =8
2302 r;| ﬁ peo2
Mial , 00 ﬁ . LaminB1 | sk | R
\“;C- W “‘\G “\»\Q
B & B 2
?096( @ o m‘f’e‘ 2 o5 B-actin ‘ monee ‘ ’ e }‘43
C RBM10  GALC DAPI  Merge D RBM10 GALC DAPI Merge
60x
$)
2 2
L 1]
n ?
8
[}
(22}
= f
&% 5
O )
a
0x
1]
£
5}
[
°
]
Q
o
c
[
-]
<
[o)]
c
3
-
2 il * A G RNA pull-down
-
T > W
4RR‘ 1 J - - ‘- -"E ‘IG Eo ° FL 0* \’0 '@“ G* \,G‘@
B 4-f-H-+HH-HE 25 10 WO W0 e
© 100 200 300 400 500 600 700 800 900 E o ;
Full length (FL) €8 mput\Zl E’
¢ %
1-465 (A) 2 3051
g% P [=S][-=]
466-930 (B |
® 0.0- PC9BrM3 3255BrM3

PC9 3255

Fig. 7 RBM10 deficiency promotes GALC migration to the nucleus. (A) ChIP analysis of Pol ll-pSer2 binding to the GALC promoter during RBM10 deple-
tion (Pol ll-pSer2: RNA polymerase Il CTD repeat YSPTSPS antibody). (B) WB assay of nuclear and cytoplasmic cellular fractions used to detect the nuclear
translocation of GALC. -actin was used as the cytoplasmic control, and Lamin B1 as the nuclear control. (C) Expression of GALC (green) in PC9BrM3 and
3255BrM3 cells when RBM10 was down-regulated. Nuclei counterstained with DAPI (blue). (D-E) In vivo co-localization of the RBM10 and GALC. (F) RIP
assay to verify the binding between RBM10 and GALC. (G) RNA pull-down assay showing that RBM10 binds to GALC exon 6 in vitro. Scale bar: 20x:40 pum,
40x:20 um, 60x:10 pm. **P < 0.01, ***/****p < 0,001

supports that the 1-465 aa fragment of RBM10 interacts
with GALC to promote GALC splicing. Subsequent RNA
pulldown assays demonstrated an interaction between
RBM10 and GALC exon 6 RNA (Fig. 7G), further con-
firming that RBM10 regulates the alternative splicing of
GALC exon 6.

RBM10 plays a crucial role in EGFR-TKI resistance

Pathway analyses of CLIP-Seq, RNA-seq, and Nanopore
sequencing data also showed that RBM10 participates in
EGFR-TKI resistance (Fig. 8A). Knockdown of RBM10
promoted the expression of P-gp (Fig. 8B), which is one
of the resistance markers [36]. In addition, the SK1/S1P/
S1PR?2 signaling pathway leads to imatinib resistance in
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chronic myeloid leukemia (CML) [37], and the SK2/S1P/
S1PR1/S1PR3 signaling pathway renders the A549 lung
cancer cell line resistant to etoposide [38]. This suggests
that RBM10 may play an important role in EGFR-TKI
resistance via the S1P signaling pathway. In the shRBM10
group, the IC50 values for fingolimod (an S1P inhibitor)

and osimertinib (an EGFR-TKI) were higher than those
in the control group (Fig. S8A-D). In the in vitro model,
TEER was reduced in the combination group (Fig. S8E).
Moreover, fingolimod combined with osimertinib sig-
nificantly reduced brain metastatic capacity (Fig. S8F).
Animal experiments demonstrated that the combination
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Fig. 9 A schematic diagram of RBM10 deficiency promoting the development of brain metastases through regulation of sphingolipid metabolism

therapy significantly reduced brain metastasis, with a
marked decrease in lesion fluorescence intensity com-
pared with osimertinib alone (Fig. S8G-H).

Similarly, in the shRBM10 group, the IC50 values for
RU-SKI-43 (a potential drug for RBM10 mutation) were
lower than those in the control group (Fig. S9A-B). In
the in vitro model, TEER was reduced in the combina-
tion group (Fig. S9C). Moreover, RU-SKI-43 combined
with osimertinib significantly reduced brain metastatic
capacity (Fig. S9D). Animal experiments demonstrated
that the combination therapy significantly reduced brain
metastasis, with a marked decrease in lesion fluorescence
intensity compared with osimertinib alone (Fig. S9E). In
the Osi+RU-SKI43 combination treatment group, the
Ki-67 index was lower (55.38%) compared to the osimer-
tinib-only group (67%) (Fig. SI0A). Additionally, the Bax
index was higher in the Osi+RU-SKI43 treatment group
(53.54%), whereas it was significantly lower (15.6%) in the
osimertinib-only group (Fig. S10B). These results suggest
that the expression levels of Ki-67 and Bax can serve as
indicators for evaluating treatment efficacy in drug-resis-
tant mouse models. The combination treatment group
showed more pronounced effects in inhibiting tumor
proliferation and promoting cell apoptosis, providing
theoretical support for the clinical use of a combination
therapy involving RU-SKI43 and osimertinib.

Subsequently, we collected a total of 47 clinical sam-
ples. The pathological type was identified as LUAD, stage

IIIB/IV, and the molecular detection results were con-
firmed. The mutation status and brain metastasis of the
patients are presented in Table S6. In patients with EGFR
mutations, the concentration of S1P in the brain metas-
tasis group was found to be elevated. In 6 of 7 patients
with brain metastasis, the serum S1P concentration
exceeded 1 umol/L (Fig. 8C). Moreover, Case 1 involved
a patient harboring an EGFR 21-L858R mutation and
exhibiting low RBMI10 expression before osimertinib
treatment. This patient had a partial response (PR) for
3 months, followed by early progression. In Case 2, the
patient carried an EGFR 19Del mutation and exhibited
high RBM10 expression, achieving complete remission
(CR) after 4 months of osimertinib treatment (Fig. 8D).
The remaining 5 brain metastasis patients showed partial
response (PR) during the initial evaluation of osimertinib
treatment but experienced brain metastasis recurrence
or developed new metastatic lesions within 8 to 13
months. The above results demonstrate that RBM10 defi-
ciency reduces the efficacy of TKI treatment and posi-
tions tumor cells within a favorable niche in the brain
microenvironment.

Collectively, these findings demonstrate that RBM10
deficiency impacts the GALC-SPH-SK2-S1P signaling
axis in the sphingolipid metabolism pathway, leading to
elevated S1P concentration and increased BBB perme-
ability (Fig. 9).
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Discussion

RBM10 expression is downregulated in lung adenocarci-
noma (LUAD) and is significantly associated with tumor
cell proliferation and apoptosis [18, 19]. Our previous
research demonstrated a link between RBM10 deficiency
and lung cancer metastasis [20]. Foggetti et al. reported
that the RBMI0 mutation promoted tumor growth in
mice with EGFR mutations and Trp53 deficiency [39].
Nanjo et al. discovered that such co-mutations affect
the selective splicing of Bcl-x, an apoptosis regulator,
and are more likely to lead to the development of resis-
tance to EGFR-TKI [40]. Zhang et al. found that RBM10
can regulate alternative splicing of EIF4H, influencing
proliferation and metastasis [41]. These results explore
the relationship between co-mutation of RBMI0 and
EGFR and tumor progression, drug resistance, and their
underlying mechanisms. However, the specific role of co-
mutation of RBM10 and EGFR in brain metastasis among
patients remains unexplored.

WES on five LUAD primary tumor—normal pairs from
patients who later developed brain metastasis showed
that truncating mutations in RBM10 occur in patients
with lung cancer brain metastases. RBM10 truncating
mutations lead to low expression of RBM10. NMD is
probably the best-characterised eukaryotic RNA degra-
dation pathway. Through intricate steps, NMD factors
recognise and degrade mRNAs with translation termina-
tion codons positioned in abnormal contexts [42]. UPF1
is considered the principal NMD factor because it is
central to most (if not all) steps, from recognition of the
PTC-containing mRNAs to their degradation. RBM10
truncating mutations lead to low expression and func-
tionality via the NMD pathway and affect prognosis.

To investigate the mechanisms underlying brain metas-
tasis in lung cancer, we established both in vivo and in
vitro blood-brain barrier (BBB) models. First, we devel-
oped six in vitro BBB models using three cell types with
different co-culture contact methods. Among these,
we selected the model with low permeability and high
tightness for subsequent experiments, making it highly
suitable for studying brain metastases. Additionally, we
screened cell lines with a propensity for brain metasta-
sis from animal models. Both in vivo and in vitro models
demonstrated that RBM10 knockdown enhances trans-
migration of tumor cells across the BBB and increases
brain metastasis frequency in nude mice.

Our previous RNA-seq analysis revealed the potential
regulatory role of RBM10 in modulating GALC expres-
sion within the sphingolipid metabolism pathway. GALC
expression in circulating tumor cells is significantly asso-
ciated with distant metastasis, tumor burden, and treat-
ment-related adverse events in non-small cell lung cancer
[43]. In lung cancer brain metastasis model, GALC can
also promote the cancer cells to penetrate the BBB. The
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lipidomic analysis further showed that RBM10 knock-
down decreased Cer levels and increased SPH. It has
been proposed that modulation of GALC expression
can regulate Cer levels, with its upregulation decreasing
Cer levels and promoting tumor cell proliferation [44].
Therefore, we hypothesised that RBM10 might influence
sphingolipid metabolism by interacting with GALC. SPH
is the precursor for S1P production. The balance between
Cer and S1P, known as the sphingolipid rheostat, is cru-
cial in cell signaling [45]. Mover, higher plasma levels of
S1P activate S1P2, causing cytoskeletal rearrangement
and consequently BBB disruption [12]. Thus, a balance of
S1P receptor signaling is important for the modulation of
BBB integrity. Our results suggested that RBM10 affects
the levels of S1P by regulating GALC by influencing a
series of key enzymes downstream in sphingolipid regu-
lation. S1P exerts a potent stimulatory effect on sustained
cell proliferation, whereas Cer can induce programmed
cell death (apoptosis) [45, 46]. Our in vitro experiments
confirmed that S1P enhances BBB permeability, consis-
tent with previous reports [11, 12]. Moreover, Increased
expression of S1P receptors and elevated SI1P concen-
trations in tumor cells enhance their metastatic capac-
ity [35]. With the addition of S1P inhibitors to the in
vitro BBB model, the number of tumors crossing the
BBB decreased, and TEER values increased, indicating a
reduction in BBB permeability (Fig. S8E-F). The results of
the above experiments indicate that S1P plays a crucial
role in maintaining BBB permeability.

Our study is the first to elucidate the mechanism of
RBM10 in brain metastasis of EGFR 19Del and L858R
LUAD. Combined Nanopore sequencing (third-gener-
ation sequencing) and CLIP-Seq analysis revealed that
RBM10 deficiency inhibits exon 6 skipping during GALC
splicing, leading to upregulated GALC-L expression
(GALC) and increased S1P synthesis. Through alterna-
tive splicing of GALC, RBM10, as a splicing factor, down-
regulates GALC expression, leading to decreased S1P
concentration and subsequent inhibition of brain metas-
tasis formation in lung cancer.

RNA polymerase II plays a critical role in regulat-
ing alternative splicing [47, 48]. Based on the results of
this experiment, RBM10 directly impacts the alternative
splicing of GALC by interacting with RNA polymerase II.
RBM10 is located in the nucleus, while GALC is located
in the cytoplasm. How does RBM10 regulate GALC?
We found that GALC enters the nucleus to function
when RBM10 expression is low. RBM10 controls GALC
nucleocytoplasmic shuttling. RIP showed that the RNA
binding regions between RBM10 and GALC are mainly
in the ranges of 301 to 380 aa and 130 to 205 aa, which
are RNA recognition motifs and have the function of
binding single-stranded RNAs as predicted by CLIP-
Seq. Then, RNA pulldown further confirmed that RBM10
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bound to GALC exon 6 RNA. Overall, these findings
highlight a pivotal role for RBM10 in brain metastasis,
demonstrating that RBM10 deficiency upregulates the
GALC-SPH-SK2-S1P signaling pathway, thereby promot-
ing brain metastasis.

We further validated the inhibitory effect of fingoli-
mod, an S1P inhibitor, and RUSKI-43, a potential drug for
RBM10 mutation, on brain metastasis and demonstrated
the synergistic efficacy when combined with osimertinib
in suppressing brain metastasis. The findings of this study
suggest that targeting S1P, which is regulated by RBM10,
could be a promising therapeutic strategy for patients
with lung cancer associated with RBM10 deficiency. In
patients with EGFR mutations, S1P concentration was
significantly higher in the peripheral blood of those with
brain metastasis. Patients with low RBM10 expression
and high S1P levels had a poor response to osimertinib.
The results of the above studies suggest that RBM10
deficiency may impair the response to EGFR inhibitor
treatment in EGFR-mutant LUAD. These findings are
consistent with previously reported literature [40]. How-
ever, additional clinical samples are needed for further
validation.

One of the limitations of this study is the potential
variability in intracardiac injection, which may have
influenced the efficiency of brain metastasis formation.
Although we aimed for precise left ventricular injections
by observing the blood reflux velocity before injection,
occasional misplacements into the right ventricle could
have contributed to higher lung signals and reduced
brain metastases. This technical variability highlights the
need for improved methodologies in future studies. To
enhance the accuracy of intracardiac injections, we plan
to incorporate real-time ultrasound guidance or fluo-
rescence-assisted techniques to ensure consistent deliv-
ery into the left ventricle. These refinements will help
minimize injection-related inconsistencies and improve
the reliability of brain metastasis models. Moreover, the
PC9BrM3 shRBM10 cell line exhibited a 100% success
rate in the brain metastasis model established through
intracranial orthotopic injection, making it a reliable tool
for developing and screening anticancer agents. However,
the low tumor formation rate of PC9BrM3 hinders its
suitability for subsequent drug treatment experiments,
necessitating further screening for cell lines with a higher
propensity for brain metastasis in nude mice.

Conclusion

In summary, we have successfully established an EGFR
19Del and L858R LUAD brain metastasis model and elu-
cidated the role and mechanism of RBM10 deficiency in
brain metastasis formation. Our findings contribute to a
better understanding of the underlying mechanisms and
may provide insights for future research on strategies

(2025) 44:95

Page 18 of 20

to mitigate brain metastasis in LUAD. Additionally, this
study suggests a potential therapeutic target that war-
rants further investigation.
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