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Abstract
Background Approximately 25–30% of patients with acute myeloid leukemia (AML) have FMS-like receptor tyrosine 
kinase-3 (FLT3) mutations that contribute to disease progression and poor prognosis. Prolonged exposure to FLT3 
tyrosine kinase inhibitors (TKIs) often results in limited clinical responses due to diverse compensatory survival 
signals. Therefore, there is an urgent need to elucidate the mechanisms underlying FLT3 TKI resistance. Dysregulated 
sphingolipid metabolism frequently contributes to cancer progression and a poor therapeutic response. However, its 
relationship with TKI sensitivity in FLT3-mutated AML remains unknown. Thus, we aimed to assess mechanisms of FLT3 
TKI resistance in AML.

Methods We performed lipidomics profiling, RNA-seq, qRT-PCR, and enzyme-linked immunosorbent assays to 
determine potential drivers of sorafenib resistance. FLT3 signaling was inhibited by sorafenib or quizartinib, and SPHK1 
was inhibited by using an antagonist or via knockdown. Cell growth and apoptosis were assessed in FLT3-mutated 
and wild-type AML cell lines via Cell counting kit-8, PI staining, and Annexin-V/7AAD assays. Western blotting and 
immunofluorescence assays were employed to explore the underlying molecular mechanisms through rescue 
experiments using SPHK1 overexpression and exogenous S1P, as well as inhibitors of S1P2, β-catenin, PP2A, and 
GSK3β. Xenograft murine model, patient samples, and publicly available data were analyzed to corroborate our in vitro 
results.

Results We demonstrate that long-term sorafenib treatment upregulates SPHK1/sphingosine-1-phosphate (S1P) 
signaling, which in turn positively modulates β-catenin signaling to counteract TKI-mediated suppression of FLT3-
mutated AML cells via the S1P2 receptor. Genetic or pharmacological inhibition of SPHK1 potently enhanced the TKI-
mediated inhibition of proliferation and apoptosis induction in FLT3-mutated AML cells in vitro. SPHK1 knockdown 
enhanced sorafenib efficacy and improved survival of AML-xenografted mice. Mechanistically, targeting the SPHK1/
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Background
Acute myeloid leukemia (AML) is an aggressive hema-
tological malignancy with distinct heterogeneity. Inter-
nal tandem duplication (ITD) mutations of the FMS-like 
receptor tyrosine kinase 3 (FLT3) are among the most 
frequent mutations, found in 25–30% of patients with 
AML [1]. These mutations cause ligand-independent 
phosphorylation of FLT3 and subsequent activation of 
downstream effectors, which can confer a high risk of 
relapse and an adverse prognosis [2]. Although FLT3 
tyrosine kinase inhibitors (TKIs), such as midostaurin, 
sorafenib, and gilteritinib, offer clinical benefit to patients 
with FLT3-mutated AML, their effectiveness is often 
transient owing to secondary FLT3 mutations and bone 
marrow microenvironment-mediated resistance [3, 4]. 
Several studies have suggested that prolonged exposure 
to FLT3 inhibitors leads to resistance via the activation of 
parallel pathways that provide compensatory survival sig-
nals [5–7]. Therefore, an approach combining FLT3 TKIs 
with the suppression of important downstream pathways 
may reduce the chances of developing resistance and 
ultimately sustain disease remission in FLT3-ITD+ AML 
patients.

In addition to their role as components of eukaryotic 
cell membranes, sphingolipids function as bioactive mol-
ecules that regulate intracellular physiological and patho-
logical processes [8, 9]. Sphingosine kinase 1 (SPHK1) is 
a key enzyme in sphingolipid metabolism that phosphor-
ylates sphingosine to generate sphingosine-1-phosphate 
(S1P) [10], thereby balancing the levels of pro-apoptotic 
ceramide and pro-survival S1P within cells [11]. Gener-
ally, SPHK1/S1P signaling functions through five S1P-
specific transmembrane G-protein-coupled receptors, 
namely S1P1–5 [12]. Activation of SPHK1 and the subse-
quent generation of S1P are associated with a poor thera-
peutic response and patient prognosis in various cancers 
[13–15]. However, the compensatory survival mecha-
nism of SPHK1/S1P signaling following prolonged expo-
sure to FLT3 inhibitors has not been well studied.

Wnt/β-catenin signaling plays essential roles in cell fate 
determination, tissue development, and disease patho-
genesis [16]. Aberrant β-catenin signaling contributes to 
FLT3-ITD-related leukemic signal transduction [17] and 
promotes the survival and function of leukemia stem cells 
(LSCs) [18, 19], which are potential sources of leukemia 
relapse [20]. We previously demonstrated that inhibiting 

β-catenin exhibits potential cytotoxicity in FLT3-ITD+ 
AML cells and LSCs, significantly enhancing the antileu-
kemia efficacy of FLT3 TKIs [21]. Thus, β-catenin inhibi-
tion represents a promising strategy for improving TKI 
sensitivity. In liver cancer, targeting SPHK1 was shown 
to inhibit cell proliferation by suppressing the Wnt5A/β-
catenin pathway [22]. Therefore, we aimed to explore the 
regulatory effect of SPHK1/S1P on β-catenin signaling 
and its role in protecting FLT3-ITD+ AML cells against 
TKI treatment.

In this study, we found that long-term FLT3 inhibi-
tion activates the SPHK1/S1P axis in FLT3-ITD+ AML 
cells. SPHK1 overexpression or exogenous S1P upregu-
lated β-catenin signaling via the S1P2 receptor, protect-
ing leukemia cells against FLT3 TKIs. However, targeting 
SPHK1 synergized with TKIs to suppress cell growth and 
induce apoptosis in FLT3-ITD+ AML cells and primary 
AML samples. The synergistic antileukemic efficacy of 
this drug combination was mediated via activation of 
the protein phosphatase 2  A (PP2A)-glycogen synthase 
kinase 3β (GSK3β) axis, which suppresses the nuclear 
translocation of pro-survival protein β-catenin. Taken 
together, we propose that targeting SPHK1/S1P signaling 
and modulating the PP2A-GSK3β-β-catenin axis could 
enhance the efficacy of TKIs against FLT3-ITD+ AML.

Methods
Cell lines and reagents
Human FLT3-ITD+ AML cell lines Molm13 and MV4-
11, as well as FLT3 wild-type (FLT3-WT) cell lines HL-60 
and THP-1, were routinely cultured in RPMI-1640 
medium supplemented with 10% fetal bovine serum plus 
1% penicillin/streptomycin at 37 ℃ under a humidified 
atmosphere containing 5% CO2. Cell lines were authenti-
cated via STR DNA fingerprinting using the AmpFISTR 
Identifier PCR Amplification Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) and were routinely tested for 
mycoplasma using the PCR Mycoplasma Detection Kit 
(Vazyme, Nanjing, China).

Sorafenib (Cat. No. HY-10201), quizartinib (Cat. No. 
HY-13001), S1P (Cat. No. HY-108496), SKI-II (Cat. No. 
HY-13822, SPHK inhibitor), MSAB (Cat. No. HY-120697, 
β-catenin inhibitor), JTE-013 (Cat. No. HY-100675, 
S1P2 inhibitor), okadaic acid (Cat. No. HY-N6785, PP2A 
inhibitor), and TWS-119 (Cat. No. HY-10590, GSK3β 
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Conclusions These findings establish the sphingolipid metabolic enzyme SPHK1 as a regulator of TKI sensitivity and 
suggest that combining SPHK1 inhibition with TKIs could be an effective approach for treating FLT3-mutated AML.
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inhibitor) were purchased from MedChemExpress (Mon-
mouth Junction, NJ, USA).

Primary AML samples
Bone marrow (BM) samples were collected from AML 
patients and healthy donors after obtaining informed 
consent following approval by the Medical Ethics Com-
mittee of Nanfang Hospital, in compliance with the Dec-
laration of Helsinki. Mononuclear blasts were purified 
via density gradient centrifugation over Lymphoprep 
(TBDsciences, Tianjin, China) and cultured in IMDM 
with 20% FBS. Table S1 summarizes patient clinical 
characteristics.

Quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR) assay
Total RNA extracted from cells was reverse-transcribed 
into cDNA using HiScript® III All-in-one RT SuperMix 
(Vazyme). qRT-PCR was conducted using Taq Pro Uni-
versal SYBR qPCR Master Mix (Vazyme) on a Quant-
Studio™ 5 Real-Time PCR System (Applied Biosystems, 
Foster City, CA, USA). The primer sequences are listed 
in Table S2.

RNA-sequencing (RNA-seq)
Molm13 cells treated with DMSO (control) or sorafenib 
for 3 months were subjected to RNA-seq.  Total RNA 
was isolated using TRIzol® Reagent (Thermo Fisher Sci-
entific). The library was generated using a NEBNext® 
UltraTM RNA Library Prep Kit for Illumina® (NEBiolabs, 
Ipswich, MA, USA) and sequenced on an Illumina Nova-
Seq6000 system (San Diego, CA, USA). Raw sequence 
reads were first processed using the FastQC (http://www.
bioinformatics.Babraham.ac.uk/projects/fastqc/) tool for 
quality control. Clean reads were obtained by removing 
adaptor sequences and low-quality reads from raw data. 
Fastq files were aligned to the human reference genome 
via HISAT2 (http://daehwankimlab.github.io/hisat2/) 
software. The R package DESeq2 v1.36.0 was utilized to 
identify differentially expressed genes. The R package 
pheatmap v1.0.12 was utilized to generate the heatmap.

Lipidomics analysis via high-performance liquid 
chromatography-mass spectrometry (HPLC-MS)
Molm3 cells collected 3 months post-sorafenib exposure 
or untreated cells were subjected to lipidomic profiling 
analysis (Table S3). Briefly, approximately one million 
cells were homogenized in 750 µL of chloroform: metha-
nol: MilliQ H2O (3:6:1, v/v/v) and incubated at 1500 rpm 
for 1 h at 4 ℃. Subsequently, 350 µL of H2O and 250 µL 
of chloroform were added, followed by centrifugation 
to separate the lipid-containing organic phase. Lipid 
extraction was repeated with 450 µL of chloroform, and 
extracts were pooled and dried in a SpeedVac (Thermo 

Fisher Scientific) for LC-MS analysis. The LC-MS analy-
sis was done using a Jasper HPLC coupled with Sciex 
TRIPLE QUAD 4500 MD (Sciex, Framingham, MA, 
USA), as previously reported [23]. Chromatographic 
separation via normal phase-HPLC was performed on a 
TUP-HB silica column (3 μm, 150 mm ×2.1 mm). Mul-
tiple reaction monitoring transitions were set up for the 
comparative analysis of various lipids. Individual lipid 
species were quantified via reference to spiked inter-
nal standards. D9-PC32:0(16:0/16:0), PE 34:0, dic8-PI, 
d31-PS, C17:0-PA, DMPG, CL-14:0, C14-BMP, C12-SL, 
C17-LPC, C17-LPE, C17:1-LPI, C17:0-LPA, C17:1-LPS, 
C17-Cer, C12-SM, d17:1-S1P, d17:1-Sph, C8-GluCer, 
C8-LacCer, Gb3-d18:1/17:0, d3-16:0 carnitine, and DAG 
(18:1/18:1)-d5 were obtained from Avanti Polar Lipids 
(Alabaster, AL, USA). GM3-d18:1/18:0-d3 was purchased 
from Matreya LLC (Ann Arbor, MI, USA). Free fatty 
acids were quantitated using d31-16:0 (Sigma-Aldrich, 
St. Louis, MO, USA). D6-CE 18:0 and TAG (16:0) 3-d5 
were obtained from CDN isotopes (Montreal, Canada).

Bioinformatic analysis of public databases and online 
search tool
Microarray and RNA-seq data from GEO databases 
(GSE74666 [24] and GSE168583 [25]) were utilized to 
plot a heatmap depicting the differential expression of 
sphingolipid metabolism genes between FLT3-ITD+ 
AML parental and TKI-resistant cell lines. Based on the 
Molecular Signatures Database (MSigDB, https://www.
gsea-msigdb.org/), gene set enrichment analysis (GSEA) 
was conducted on GSE74666 to investigate the asso-
ciation between sorafenib resistance and sphingolipid 
metabolism. RNA-seq data of AML patients were down-
loaded from The Cancer Genome Atlas (TCGA) data-
base. GSEA was performed to explore the role of SPHK1 
in AML pathogenesis. Spearman’s correlation analysis 
was performed to evaluate the relationship between 
SPHK1 and S1P1–5 expression. CRISPR screen data 
from The Cancer Dependency Map (DepMap) (https://
depmap.org/portal/) database were used to determine if 
leukemia cells were dependent on SPHK1. To investigate 
the prognostic value of 16 sphingolipid metabolic genes, 
S1P2, and β-catenin in AML patients, survival curves 
were generated and downloaded from the Kaplan–Meier 
(KM) plotter database (http://kmplot.com/analysis/).

Enzyme-linked immunosorbent assay (ELISA)
For S1P quantification, cell lysates from FLT3-ITD+ AML 
cell lines and bone marrow supernatant from FLT3-ITD+ 
AML patients were analyzed using an S1P ELISA Kit 
(Fine Test Biotech, Wuhan, China), following the manu-
facturer’s protocols.

http://www.bioinformatics.Babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.Babraham.ac.uk/projects/fastqc/
http://daehwankimlab.github.io/hisat2/
https://www.gsea-msigdb.org/
https://www.gsea-msigdb.org/
https://depmap.org/portal/
https://depmap.org/portal/
http://kmplot.com/analysis/
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Growth inhibition assay
AML cell lines (2 × 105 cells/mL) were plated in 96-well 
plates and treated with the indicated doses of SKI-II 
(SPHK inhibitor) or FLT3 TKI alone or in combination 
for 48  h. The cytotoxic effects were measured in tripli-
cate using the Cell Counting Kit-8 (CCK-8) Assay Kit 
(Dojindo, Japan). Briefly, the CCK-8 solution (10 µL/well) 
was added to 100 µL of medium containing the drug, fol-
lowed by an additional 2-h incubation at 37  °C. Absor-
bance was measured at 450 nm using a microplate reader 
(Bio-Tek, USA), and cell viability was determined for 
each group via comparison to the untreated control.

Apoptosis and cell cycle distribution analysis via flow 
cytometry
AML cell lines (2 × 105 cells/mL) and primary samples 
(5 × 105 cells/mL) were seeded in 24-well plates with or 
without bone marrow-derived mesenchymal stem cell 
co-culture and treated with the indicated concentrations 
of different drugs for 48  h. Apoptosis was measured by 
incubating the treated cells with Annexin V-APC/7-AAD 
(KeyGen) for 10  min, as per manufacturer’s instruc-
tions. Cell cycle analysis was performed using the Cell 
Cycle Staining Kit (Multisciences, China) according to 
the manufacturer’s instructions. The cells were incubated 
with a PI staining solution containing RNase A and a per-
meabilization solution for 30  min in the dark at 25  °C. 
Apoptotic assays and cell cycle distribution were per-
formed using a BD FACSCanto instrument (BD Biosci-
ences, San Jose, CA, USA). All data were processed using 
FlowJo v10.8.1 software (FlowJo, LLC., Ashland, OR, 
USA).

Western blot analysis
After treatment with different compounds for the indi-
cated times, cell lysates were separated via 10% SDS-
PAGE. Proteins were transferred to PVDF membranes 
(Beyotime, Shanghai, China) and probed with the indi-
cated primary antibodies, followed by horseradish 
peroxidase-conjugated goat anti-rabbit or anti-mouse 
secondary antibodies. Signals were detected using an 
ECL Western Blotting Detection Kit (FudeBio, Hang-
zhou, China) and visualized on a Chemiluminescent 
Imaging System (SINSAGE, Beijing, China). Nuclear 
and cytoplasmic fractions were isolated using a Nuclear 
and Cytoplasmic Protein Extraction Kit (KeyGEN, Nan-
jing, China). Antibodies against FLT3 (#3462), phos-
pho (p)-FLT3 (Tyr589/591) (#3464), SPHK1 (#12071), 
SPHK2 (#32346), GSK3β (#9315), p-GSK3β (Ser9) 
(#9336), β-catenin (#8480), c-Myc (#5605), Survivin 
(#2808), CD44 (#5640), caspase-3 (#9662), and PARP 
(#9532) were obtained from Cell Signaling Technology 
(CST, Beverly, MA, USA). p-PP2A-Cα/β (Tyr307) (sc-
271903) was purchased from Santa Cruz Biotechnology 

(Dallas, Texas, USA), and PP2A-C subunit (#05-421) was 
obtained from Millipore (Billerica, MA, USA). GAPDH 
(#2118), β-tubulin (#2128), and Lamin B1 (#13435) (all 
from CST) were used as loading controls.

Immunofluorescence staining and confocal microscopy
A total of 1 × 105 cells were cytospun onto glass slides, 
fixed in 4% paraformaldehyde, permeabilized with 
0.2% Triton X-100, and blocked with 10% goat serum. 
The cells were then stained with rabbit anti-human 
β-catenin and mouse anti-human CD44 primary anti-
bodies (1:200 dilution; CST), followed by incubation 
with Alexa Fluor488-conjugated goat anti-rabbit and 
Alexa Fluor 594-conjugated goat anti-mouse second-
ary antibodies (1:5000 dilution; Abcam, Cambridge Bio-
medical Campus, Cambridge, UK). After the nuclei were 
counterstained with a 4′,6-diamidino-2-phenylindole 
(DAPI)-containing antifade mountant (Beyotime), nail 
polish was added to seal the coverslips. Immunofluo-
rescence images were acquired using a Zeiss LSM 980 
confocal laser-scanning microscope (Oberkochen, Ger-
many). Images of Molm13 and MV4-11 cells were cap-
tured using Plan-Apochromat 63×/1.40 Oil DIC M27 and 
40×/0.95 Korr M27 objectives, respectively. Images were 
loaded into ImageJ v1.48 (National Institutes of Health, 
Bethesda, MD, USA) software. All channels were utilized 
to generate the whole cell mask, with DAPI determin-
ing the nuclear region. Proteins co-localized with DAPI 
were regarded as located in the nucleus. The cytoplasmic 
mask was derived by subtracting the nuclear mask from 
the whole cell mask. The mean intensity for each of the 
nuclear, cytoplasmic, and whole cell masks was quanti-
fied using ImageJ.

Generation of SPHK1 overexpression or knockdown cell 
lines
Lentiviral overexpression plasmids carrying human 
SPHK1 (Accession Number: NM_182965.3) and lenti-
viral constructs of SPHK1 small hairpin RNA (shRNA) 
(listed in Table S4) were purchased from the Public Pro-
tein/Plasmid Library (Nanjing, China). The pPLK vectors 
and package plasmids (pMD2.G and psPAX2) were co-
transfected into HEK293T cells for lentiviral production, 
and the virus-containing supernatants were collected. 
In total, 2 × 105 Molm13 or MV4-11 cells were seeded in 
24-well plate in the presence of 10 µg/mL polybrene and 
centrifuged with lentivirus at MOI 100 at 2000  rpm for 
1  h at room temperature. After overnight transduction 
in the incubator, the medium was replaced, and the cells 
were cultured for further puromycin selection to achieve 
stable integration.
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AML mouse xenograft model
Animal experiments were approved by the Institutional 
Animal Ethics Committee of Nanfang Hospital. GFP/
Luciferase-labeled Molm13 cells (Molm13-GFP/Luc, 
5 × 105) stably expressing either shCtrl or shSPHK1 were 
transplanted into 6-8-wk-old female NOD/ShiLtJGpt-
Prkdcem26/IL2rgem26/Gpt (NCG) mice (GemPhar-
matech, Guangdong, China) via tail vein injection. After 
confirming engraftment through bioluminescence imag-
ing, the mice were randomly allocated to four groups 
(n = 10/group) and treated with either vehicle or sorafenib 
(4  mg/kg/day, oral gavage) for 4 weeks. Three mice per 
group were euthanized on day 14 of the treatment. 
Spleen and bone marrow samples were stained with 
human CD45 antibody and analyzed by flow cytometry 
to assess leukemia burden. The remaining seven mice per 
group were monitored for survival.

Statistical analyses
Experiments were performed in triplicate, and data 
were expressed as means ± standard error of the mean 
(SEM). Statistical analyses were performed using Graph-
Pad Prism v8.0 (Graph Pad Inc., San Diego, CA, USA). 
Combinatorial index (CI) values were calculated via the 
Chou-Talalay method using Compusyn v1.0 software 
(ComboSyn, Inc., Paramus, NJ, USA), with CI < 1 indi-
cating synergistic, = 1 indicating additive, and > 1 indi-
cating antagonistic effects. The averaged CI obtained at 
the effective doses of 50%, 75%, 90%, and 95% were used. 
Statistical significance was determined using unpaired or 
paired two-tailed Student’s t-tests for the comparison of 
two groups and one-way analysis of variance (ANOVA) 
for multiple-group comparisons. Mouse survival was 
estimated using the Kaplan–Meier method and com-
pared using the log-rank test. p < 0.05 was considered sta-
tistically significant.

Results
Sphingolipid metabolism is dynamically regulated after 
long-term FLT3 inhibitor exposure
To study the changes in lipid metabolism associated with 
prolonged exposure to FLT3 inhibitors, we performed 
lipidomic profiling of human FLT3-ITD+ Molm13 cells 
after exposure to sorafenib for 3 months using LC-MS 
(Fig.  1a). In total, 575 metabolites were identified and 
categorized into four classes based on their lipid back-
bone. Notably, sphingolipids exhibited the most signifi-
cant alterations among metabolites, with a predominant 
increase in abundance (Fig.  1b). This distinct sphingo-
lipid remodeling was further supported by RNA-seq 
analysis of TKI-treated and untreated FLT3-ITD+ AML 
cells. Sphingolipid metabolism-associated genes in the 
Gene Ontology category were differentially expressed 
between the two groups (Fig. 1c). GSEA revealed that the 

sphingolipid signaling pathway was significantly upregu-
lated in sorafenib-resistant MV4-11 cells than in paren-
tal cells (Fig.  1d). To identify the specific sphingolipids 
associated with sorafenib resistance, we utilized LC-MS-
based targeted metabolomics in Molm13 cells to quantify 
key metabolites in the sphingolipid pathway, including 
sphingomyelin, ceramide, sphingosine, and S1P (Fig. 1e). 
Our findings revealed elevated levels of sphingosine and 
sphingosine 1-phosphate following sorafenib treatment 
compared to those in parental cells (Fig.  1f–h). Collec-
tively, these results suggest that long-term FLT3 inhibi-
tion resulted in a broad reprogramming of sphingolipid 
metabolism.

SPHK1/S1P axis is activated upon prolonged exposure to 
sorafenib
To validate the clinical relevance of sphingolipid metabo-
lism, we used the KM Plotter database to assess the prog-
nostic value of 16 key sphingolipid metabolic genes in 
patients with AML. High expression of SPHK1, SPHK2, 
KDSR, SGMS1, SGPL1, and CERK correlated with 
poor overall survival (Fig.  2a and Table S5). We then 
performed qRT-PCR analysis to quantify the expres-
sion of these genes in sorafenib-exposed Molm13 and 
MV4-11 cell lines as well as in unexposed cells. SPHK1 
was the only sphingolipid metabolic gene significantly 
upregulated in both sorafenib-treated cell lines relative 
to untreated cells (Fig. 2b, c). Western blot analysis con-
firmed the upregulation of SPHK1 in the two sorafenib-
exposed cell lines (Fig. 2d). Given that SPHK1 catalyzes 
the phosphorylation of sphingosine to S1P, these results 
were consistent with the LC-MS results of sorafenib-
treated Molm13 cells (Fig.  1h). Subsequently, the asso-
ciation between SPHK1/S1P levels and prolonged 
sorafenib exposure was investigated in FLT3-ITD+ AML 
patient samples. We observed higher levels of SPHK1 
and S1P in all six relapsed/refractory FLT3-ITD+ AML 
patients who received at least 28 days of sorafenib treat-
ment relative to baseline samples collected at the time 
of diagnosis. Further analysis confirmed absence of this 
up-regulation after the first two cycles of chemotherapy 
without sorafenib treatments (Fig. 2e). These results pro-
vide evidence of an enhanced dependence on SPHK1/
S1P signaling during long-term FLT3 inhibitor exposure 
in FLT3-ITD+ AML cells.

β-catenin serves as the downstream effector of SPHK1/S1P 
to counteract FLT3 inhibition
We further explored the mechanisms underlying SPHK1-
mediated AML pathogenesis using TCGA data. Patients 
with AML were divided into high- and low-expression 
subgroups based on the median expression of SPHK1. 
GSEA revealed that gene signatures associated with 
LSCs, Wnt/β-catenin signaling, and its downstream 
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target myc were upregulated in FLT3-mutated AML 
patients with high SPHK1 expression (Fig. 3a). The activa-
tion of β-catenin has been shown to promote FLT3-ITD+ 
AML progression and reduce TKI sensitivity by support-
ing the maintenance of LSCs [17, 26, 27]. Our qRT-PCR 
results showed a positive correlation between CTNNB1 
and SPHK1 expression in AML patients (Fig. 3b), with an 
approximately 2.6-fold increase in CTNNB1 expression 
observed in patients versus healthy donors (Fig. 3c). Fur-
thermore, patients with high CTNNB1 expression were 
stratified into groups with poor OS (Fig. S1). Therefore, 
we decided to focus on β-catenin as a driver of resistance.

Treatment with the SPHK inhibitor SKI-II decreased 
intracellular S1P levels (Fig. 3d) and induced a dose- and 

time-dependent inhibition of β-catenin and its target 
genes, including c-Myc, CD44, and survivin (Fig. 3e, f and 
Fig. S2a), thereby promoting the apoptosis of Molm13 
and MV4-11 cells (Fig.  3g and Fig. S2b). However, the 
addition of exogenous S1P partially decreased SKI-II-
induced β-catenin inhibition (Fig. 3h) and reduced SKI-
II-induced apoptosis in both cell lines (Fig.  3g and Fig. 
S2b). These findings demonstrated that β-catenin serves 
as a downstream mediator of SPHK1/S1P to protect cells 
against FLT3 inhibitors.

SPHK1/S1P upregulates β-catenin via the S1P2 receptor
Activated SPHK1 can translocate from the cytoplasm 
to the plasma membrane, where the generated S1P is 

Fig. 1 FLT3-ITD+ AML cells exhibit changes in sphingolipid metabolism changes upon long-term FLT3 inhibition. (a) Experimental scheme. Exposure 
of Molm13 cells to gradually increasing concentrations of sorafenib for 3 months, followed by LC/MS and RNA-seq analysis. (b) Lipidomic profiles in 
sorafenib-exposed Molm13 cells revealed via LC-MS and expressed as fold-change (FC) compared to parental cells (n = 4 biological replicates). (c) Heat-
map showing differentially expressed genes in the Gene Ontology category associated with sphingolipid metabolism in TKI resistant FLT3-ITD+ AML cells. 
(d) GSEA of the upregulated genes signatures in sorafenib resistant MV4-11 cells (normalized enrichment score [NES] > 1; adj.P < 0.05). (e) Schematic of the 
four major sphingolipid metabolites. (f–h) Lipidomic analysis of parental and sorafenib-exposed Molm13 cells via LC-MS-based targeted metabolomics 
(n = 4 biological replicates). Data are presented as the mean ± SEM. Ctrl, control; Sor, sorafenib; ns, non-significant difference.*p < 0.05
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exported from cells and binds S1P receptors, thereby 
exerting downstream biological effects in an autocrine 
manner [28]. Among the five S1P receptors, S1P2–5 
were predominantly expressed in FLT3-ITD+ AML 
cell lines (Fig.  4a). Notably, S1P2 was the only receptor 
upregulated in both Molm13 and MV4-11 cell lines fol-
lowing prolonged sorafenib exposure (Fig.  4b). We ana-
lyzed TCGA data to explore the role of S1P1–5 receptors 
in AML. S1P2 showed the strongest correlation with 
SPHK1 expression (Fig. S3a), which we confirmed via 

qRT-PCR analysis of patient samples (Fig. 4c). Increased 
S1P2 expression was observed in newly diagnosed AML 
patients compared to that in healthy individuals, with 
further elevation in relapsed/refractory AML cases 
(Fig. 4d). Higher S1P2 levels were also found in interme-
diate and poor-risk AML cases than in those with favor-
able risk (Fig. S3b). Additionally, high S1P2 expression 
stratified FLT3-ITD+ AML patients into a group with 
poor OS (Fig. 4e), suggesting that S1P2 is a potential bio-
marker for AML prognosis.

Fig. 2 Long-term sorafenib treatment upregulates the SPHK1/S1P axis in FLT3-ITD+ AML cells. (a) Volcano plot illustrating the hazard ratio (Log2) and P 
value (-Log10) between overall survival and the expression of 16 sphingolipid metabolic genes in AML (KM Plotter database). Genes linked to poor prog-
nosis are highlighted in red. (b) Metabolic network of the sphingolipid metabolic reactions, together with main metabolites and 16 selected sphingolipid 
metabolic genes. Expression heatmap of the 16 selected sphingolipid genes in sorafenib-exposed Molm13 and MV4-11 cells compared to in their pa-
rental cells. (c) Average fold change and statistical analysis of the expression of 16 sphingolipid metabolism genes between sorafenib-exposed cell lines 
and their parental cells. (d) Western blot analysis of SPHK1 expression in both sorafenib-treated (3 months) cell lines as compared to their parental cells. 
(e) qRT-PCR analysis of SPHK1 expression in BM mononuclear blasts and ELISA detection of S1P levels in BM supernatant (n = 6, our cohort) from paired 
primary diagnosis, post 2-cycle of chemotherapy, and relapsed/refractory FLT3-ITD+ AML patients. Data are presented as the mean ± SEM. Ctrl, control; 
Sor, sorafenib; N.S., non-significant difference.*p < 0.05, **p < 0.01
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Fig. 3 SPHK1/S1P axis upregulates β-catenin signaling and maintains leukemia cell survival. (a) GSEA of the upregulated genes signatures in FLT3-mutat-
ed AML patients with high SPHK1 expression (NES > 1; adj.P < 0.05) from the TCGA cohort. (b) Pearson correlation between SPHK1 and CTNNB1 expression 
in AML patient samples determined via qRT-PCR (n = 66, our cohort). (c) qRT-PCR analysis of relative CTNNB1 expression in healthy donors (n = 10) and 
AML patients (n = 66) from our cohort. Values are shown as log2 fold-change relative to healthy donors. (d) ELISA detection of S1P levels in lysates from 
Molm13 and MV4-11 cells treated with SKI-II (20 µM) for 24 h. (e) Western blot analysis of Molm13 cells after treatment with the indicated concentrations 
of SKI-II for 24, 48, and 72 h. (f) Western blot analysis of primary FLT3-ITD+ AML blasts treated with the indicated concentrations of SKI-II (48 h). (g) Apop-
tosis in Molm13 and MV4-11 cells pretreated with or without exogenous BSA-conjugated S1P (1 µM, added once every 3 h for 24 h) for 2 h, followed by 
treatment with SKI-II (25 µM) for 24 h. (h) Western blot analysis of Molm13 and MV4-11 cells treated with SKI-II (20 µM), S1P (1 µM), or both for 24 h. Data 
are presented as the mean ± SEM. Ctrl, control. *p < 0.05, **p < 0.01
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Fig. 4 SPHK1/S1P enhances β-catenin signaling via the S1P2 receptor. (a) qRT-PCR analysis of S1P1-5 expression in Molm13 and MV4-11 cells. (b) qRT-PCR 
analysis of S1P receptor expression in sorafenib-exposed cell lines and their parental cells. (c) Pearson correlation between S1P2 and SPHK1 expression 
in AML patient samples determined via qRT-PCR (n = 66, our cohort). (d) qRT-PCR analysis of relative S1P2 expression in healthy donors (n = 10), newly 
diagnosed AML patients (n = 43), and relapsed/refractory AML patients (n = 23) from our cohort. Values are shown as log2 fold-change relative to healthy 
donors. (e) Overall survival of FLT3-ITD+ AML patients with high or low S1P2 expression (n = 190, KM plotter database). (f) Molm13 and MV4-11 cells, trans-
duced with empty vectors (Vector) or SPHK1-expressing vectors (SPHK1 OE), were treated with sorafenib (15 or 30 nM) for 24 h and subjected to western 
blot to detect the indicated proteins. (g) Molm13 and MV4-11 cells were transduced with Vector or SPHK1 OE and then treated with either the vehicle 
(dimethyl sulfoxide), JTE-013 (S1P2 inhibitor, 20 µM), or MSAB (β-catenin inhibitor, 3 µM), followed by culture with increasing doses of sorafenib for 24 h. 
Cell viability was measured using a CCK-8 assay. Median inhibitory concentration (IC50) values for sorafenib are shown at bottom. (h) Western blot analysis 
in Molm13 and MV4-11 cells treated with JTE-013 (20 µM), S1P (1 µM), or both for 24 h. Data are presented as the mean ± SEM. Ctrl, control; Sor, sorafenib; 
ns, non-significant difference. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Overexpression of SPHK1 increased β-catenin expres-
sion and protected Molm13 and MV4-11 cells from 
sorafenib-induced growth inhibition, which could be par-
tially attenuated by the β-catenin inhibitor MSAB and the 
S1P2 inhibitor JTE-013 (Fig. 4f, g). Western blot analysis 
showed that JTE-013 treatment decreased β-catenin in 
both cell lines, while exogenous S1P increased β-catenin 
expression compared to that in controls and prevented 
S1P-induced β-catenin upregulation (Fig.  4h). Collec-
tively, these findings suggest that SPHK1/S1P axis acti-
vates β-catenin to counteract FLT3 inhibitors via the 
S1P2 receptor.

Synergistic cytotoxicity of SPHK1 inhibition with FLT3 
inhibitors in FLT3-ITD+ AML cells
Using CRISPR screening data from the DepMap data-
base, we identified SPHK1 as playing a crucial role in 
the survival of myeloid malignancies, as indicated by its 
notably low median chronos score (-0.197) across various 
cancer types (Fig. 5a). Subsequently, we investigated the 
synergistic effects of SPHK1 inhibition and FLT3 TKIs in 
FLT3-ITD+ AML cells. CompuSyn analysis revealed sig-
nificant synergistic cytotoxicity between sorafenib and 
SKI-II in Molm13 and MV4-11 cells (CI = 0.55 and 0.29, 
respectively) (Fig.  5b, c). Similar results were observed 
in Molm13 and MV4-11 cells treated with quizartinib 
and SKI-II (CI = 0.52 and 0.33, respectively) (Fig.  5d, e). 

Fig. 5 Targeting SPHK1 impairs AML survival and synergizes with TKIs to suppress FLT3-ITD+ AML cell proliferation. (a) Box plots visualize the cancer de-
pendency on SPHK1 in different cancer lines (shown in the parenthesis) across different cancer types in the DepMap database. Cell lines with a chronos 
score < 0 (red line) exhibit SPHK1 dependency. Molm13 (b, d) and MV4-11 (c, e) cells were treated with FLT3 TKI (sorafenib or quizartinib), SKI-II, or both for 
48 h. Cell viability was measured using an CCK-8 assay. Combinatorial Index (CI) blots are shown on the right. CI < 1 indicates a synergistic effect. Data are 
presented as the mean ± SEM. Ctrl, control; Sor, sorafenib; Comb, combination
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Fig. 6 (See legend on next page.)
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Conversely, no synergistic effects were observed in FLT3-
WT AML HL60 and THP-1 cells (CI > 1) (Fig. S4). Col-
lectively, these findings indicate that targeting SPHK1 
could significantly enhance the leukemia-killing efficacy 
of TKIs in FLT3-ITD+ AML.

Co-inhibition of SPHK1 and FLT3 synergistically induces 
apoptosis in FLT3-ITD+ AML and CD34+ cells
We treated FLT3-ITD+ AML cells with sorafenib, SKI-
II, or both and observed a marked synergistic induction 
of apoptosis in Molm13 and MV4-11 cells (CI = 0.11 and 
0.33, respectively) (Fig.  6a), even when they were pro-
tected by co-culture with human bone marrow-derived 
mesenchymal stem cells (CI = 0.04 and 0.33, respectively) 
(Fig.  6b and Fig. S5). Similar results were obtained in 
Molm13 and MV4-11 cells upon treatment with quizar-
tinib and SKI-II (CI = 0.33 and 0.25, respectively) (Fig. 
S6a). No synergy was detected in FLT3-WT AML cells 
following the combination treatment (CI > 1) (Fig. S6b). 
Molm13 and MV4-11 cells were transduced with lenti-
viral vectors expressing SPHK1 shRNA and then treated 
with sorafenib. SPHK1 knockdown enhanced sorafenib-
induced apoptosis in these cells (Fig.  6c). Moreover, 
synergy was observed in CD34+ and CD45+ cells from 
FLT3-ITD+ AML patients treated with sorafenib and 
SKI-II, whereas cells from FLT3-WT AML patients 
exhibited resistance to sorafenib, with no synergy 
observed upon combination treatment (Fig.  6d and Fig. 
S6c, d). Notably, SKI-II induced dose-dependent apopto-
sis in primary AML bulk cells. In contrast, either the drug 
alone or in combination therapy, as well as high concen-
trations of SKI-II, exhibited minimal effects on normal 
CD34+ and CD45+ cells from healthy donors (Fig. 6e and 
Fig. S6e).

Cell cycle analysis showed that the drug combina-
tion decreased the number of S and G2/M phase cells, 
while increasing that of cells in the sub-G1 phase (Fig. 6f 
and Fig. S6f ), consistent with the growth inhibition and 
apoptosis induction described above. Accordingly, west-
ern blot analysis revealed elevated cleavage of apoptosis 
markers, including caspase 3 and PARP, following treat-
ment with sorafenib and SKI-II in Molm13 and MV4-11 
cells (Fig. 6g).

SPHK1 knockdown enhances the antileukemic activity of 
sorafenib against FLT3-mutated AML xenografts
To assess the impact of SPHK1 knockdown on sorafenib 
efficacy in FLT3-mutated AML in vivo, we transduced 
Molm13-GFP/Luc cells with lentiviral vectors express-
ing shCtrl or shSPHK1 and intravenously injected them 
into NCG mice (Fig.  7a). Administration of sorafenib 
modestly reduced the leukemia burden in mice grafted 
with cells expressing shSPHK1 compared to shCtrl, with 
significant effects observed on day 21, as demonstrated 
by in vivo imaging analysis (Fig. 7b, c). On day 14 post-
treatment, BM and spleen samples were collected (n = 3/
group). Sorafenib modestly decreased leukemia cell infil-
tration in the shSPHK1 group compared to the shCtrl 
group, as evidenced by reduced spleen sizes (Fig. 7d) and 
flow cytometric measurement of human CD45+ cells in 
the tissues (Fig. 7e). Survival analysis revealed that mice 
treated with sorafenib had significantly improved median 
survival compared to controls (25 d vs. 17 d; P < 0.001), 
and SPHK1 knockdown further extended the survival 
benefit conferred by sorafenib (27 d; P < 0.01 vs. sorafenib 
alone; P < 0.001 vs. control) (Fig. 7f ). These experiments 
suggest that SPHK1 knockdown enhances the antileu-
kemic activity of sorafenib in vivo against FLT3-mutated 
AML.

Targeting β-catenin signaling via combination treatment
Next, we explored the effects of combined treatment 
on β-catenin and its downstream genes. Western blot-
ting showed that SKI-II plus an FLT3 TKI (sorafenib or 
quizartinib) disrupted the expression of β-catenin and 
its downstream targets to a greater extent than mono-
therapy in Molm13, MV4-11 (Fig.  8a and Fig. S7a, b), 
and FLT3-ITD+ AML samples (Fig. 8b). Similarly, while 
SPHK1 knockdown only modestly decreased the expres-
sion of β-catenin signaling factors, sorafenib treatment 
in combination further suppressed β-catenin expression 
(Fig.  8c). Immunofluorescence staining revealed that 
sorafenib and SKI-II in combination reduced the expres-
sion of total β-catenin and CD44 as well as β-catenin 
nuclear localization in Molm13 and MV4-11 cells (Fig. 8d 
and Fig. S7c), with the latter effect further confirmed 
via western blot (Fig.  8e). Taken together, these results 
indicate that co-inhibition of SPHK1 and FLT3 potently 

(See figure on previous page.)
Fig. 6 SPHK1 inhibition synergistically enhances the TKI-induced apoptosis of FLT3-ITD+ AML cells and CD34+ AML stem cells. Apoptosis in Molm13 
and MV4-11 cells without (a) or with (b) mesenchymal stem cells (MSCs) co-culture, following treatment with sorafenib, SKI-II, or both for 48 h. CI blots 
are shown at bottom. CI < 1 indicates a synergistic effect. (c) Apoptosis in Molm13 and MV4-11 cells expressing control shRNA (shCtrl) or SPHK1 shRNA 
(shSPHK1) upon sorafenib treatment for 48 h. SPHK1 depletion was confirmed via western blot. (d) Apoptosis of CD34+ cells among FLT3-ITD+ and FLT3-
WT AML blasts treated with sorafenib (2 µM), SKI-II (30 µM), or both for 48 h. (e) Apoptosis of CD45+ cells among AML and normal bone marrow (NBM) 
blasts treated with increasing doses of SKI-II, as indicated, for 48 h. (f) Cell cycle analysis of Molm13 or MV4-11 cells treated with sorafenib (15 or 30 nM), 
SKI-II (20 µM), or both for 24 h. (g) Levels of cleaved caspase 3 and PARP were analyzed by western blot in Molm13 and MV4-11 cells treated with sorafenib 
(15 or 30 nM), SKI-II (20 µM), or both for 24 and 48 h. Data are presented as the mean ± SEM. Ctrl, control; Sor, sorafenib; Comb, combination. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 7 SPHK1 knockdown enhances sorafenib activity in Molm13-GFP/Luc xenograft NCG mice. (a) Experimental scheme. NCG mice were injected in-
travenously with 5 × 105 Molm13-GFP/Luc cells expressing shCtrl or shSPHK1. After engraftment was confirmed, mice were treated daily with vehicle or 
sorafenib for 4 weeks. (b–c) Bioluminescent imaging (b) and quantification (c) at designated time points. (d) Spleen sizes of mice (n = 3/group). (e) Flow 
cytometric analysis of human CD45+ leukemia cells in mouse BM and spleen after a 14-day treatment (n = 3/group). (f) Kaplan–Meier survival curve of 
mice (n = 7/group). Data are presented as the mean ± SEM. Sor, sorafenib; *p < 0.05, **p < 0.01, ****p < 0.0001
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inhibits β-catenin and its downstream targets, thereby 
inducing cell death in FLT3-ITD+ AML cells.

Activation of the PP2A-GSK3β axis enhances β-catenin 
degradation
Protein phosphatase 2  A (PP2A) is a serine-threonine 
phosphatase that acts as a tumor suppressor [29]. PP2A 
has been shown to stimulate GSK3β activity by dephos-
phorylating it at Ser9 [30, 31]. Activated GSK3β functions 

as a protein kinase to promote β-catenin degradation via 
the proteasomal pathway [32]. Consequently, we investi-
gated the impact of the PP2A-GSK3β axis on β-catenin 
signaling in the context of combination treatment.

PP2A is a heterotrimeric protein complex, with the 
C subunit regulating its catalytic activity. In FLT3-
ITD+ AML, impaired PP2A activity is associated with 
increased phosphorylation of Tyr307 on the PP2A-C 
subunit (p-PP2A-C) and increased expression of the 

Fig. 8 Combined SPHK1 inhibitor and TKI treatment suppresses β-catenin signaling, reducing β-catenin nuclear localization. (a) Western blot analysis 
of Molm13 cells after treatment with sorafenib (15 nM), SKI-II (20 µM), or both for 24 and 48 h. (b) Western blot analysis of primary FLT3-ITD+ AML blasts 
treated with sorafenib (2 µM), SKI-II (20 µM), or both for 48 h. (c) Western blot analysis of Molm13 and MV4-11 cells expressing shCtrl or shSPHK1 following 
sorafenib (15 or 30 nM) treatment for 24 h. (d) Confocal images and quantification of total CD44, total β-catenin, and nuclear β-catenin levels in Molm13 
or MV4-11 cells treated with sorafenib (15 or 30 nM), SKI-II (20 µM), or both for 48 h. Scale bars indicate 10 μm. (e) β-catenin expression in total, cytoplas-
mic, and nuclear fractions was analyzed by western blot in Molm13 or MV4-11 cells treated with sorafenib (15 or 30 nM), SKI-II (20 µM), or both for 48 h, 
as determined via western blot. Data are presented as the mean ± SEM. Ctrl, control; Sor, sorafenib; Comb, combination. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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endogenous cancerous inhibitor of PP2A (CIP2A) 
[33]. Western blot revealed that co-inhibition of FLT3 
(sorafenib or quizartinib) and SPHK1 (SKI-II or shRNA) 
synergistically reduced the expression of p-PP2A-C 
(Tyr307) and CIP2A, leading to almost complete sup-
pression of p-GSK3β (Ser9) in Molm13 and MV4-11 cells 
(Fig. 9a–c). This reduction was correlated with the inhibi-
tion of β-catenin signaling, as previously described. Our 
results suggest that targeting SPHK1 activates PP2A by 
inhibiting p-PP2A-C and CIP2A, consequently promot-
ing GSK3β dephosphorylation and leading to β-catenin 
downregulation.

To test this hypothesis, cells were pre-treated with the 
PP2A inhibitor okadaic acid. The inhibitory effects on 
p-GSK3β (Ser9) and β-catenin induced by SKI-II were 
effectively reversed (Fig.  9d). Furthermore, the SKI-II-
induced β-catenin inhibition was completely reversed 
in cells pre-treated with GSK3β inhibitor TWS-119 
(Fig.  9e), indicating that β-catenin inhibition is indeed 
mediated via PP2A-GSK3β activation. In summary, these 
results demonstrate that targeting SPHK1 activates PP2A 
to enhance GSK3β-mediated β-catenin inhibition.

Discussion
FLT3-ITD mutations induce constitutive tyrosine 
kinase activity and are associated with a poor prognosis. 
Although FLT3 TKIs show promise for the treatment of 
FLT3-ITD+ AML, their clinical efficacy is transient [34, 
35]. The inability of FLT3 TKIs to sustain the suppression 
of leukemic blasts suggests that compensatory survival 
signals are activated during prolonged FLT3 inhibition 
5,7]. Therefore, it is imperative to elucidate the under-
lying mechanisms and identify novel targets for better 
treatment of FLT3-ITD+ AML. In this study, we discov-
ered that long-term sorafenib treatment induces robust 
sphingolipid metabolism dynamics and activates the 
SPHK1/S1P axis in FLT3-ITD+ AML cells. SPHK1/S1P 
upregulates β-catenin via the S1P2 receptor to confer 
resistance against FLT3 inhibitors (Fig.  10). We further 
demonstrated that pharmacological or genetic inhibi-
tion of SPHK1 synergized with FLT3 inhibitors to sup-
press growth and induce apoptosis in FLT3-ITD+ AML 
and CD34+ blast cells in vitro, while also prolonging ani-
mal survival in vivo. The synergistic antileukemia activ-
ity of the combination was mediated via the inhibition 

Fig. 9 Co-targeting SPHK1 and FLT3 stimulates β-catenin degradation via PP2A-GSK3β axis. (a–b) Western blot analysis of Molm13 and MV4-11 cells after 
treatment with (a) sorafenib (15 or 30 nM) or (b) quizartinib (1.2 or 2.4 nM) either alone or in combination with SKI-II (20 µM) for 24 and 48 h. (c) Western 
blot analysis of Molm13 and MV4-11 cells expressing shCtrl or shSPHK1 upon sorafenib (15 or 30 nM) treatment for 24 h. (d–e) Western blot analysis of 
Molm13 and MV4-11 cells after treatment with SKI-II (20 µM) in the absence/presence of (d) okadaic acid (OA, PP2A inhibitor; 10 nM) or (e) TWS119 (GSK3β 
inhibitor; 10 µM) for 24 h
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of β-catenin through the activation of the PP2A-GSK3β 
pathway.

Studies have shown that S1P is upregulated in leukemia 
cells upon acquisition of gilteritinib resistance [25]. How-
ever, the association between dysregulated sphingolipid 
metabolism and FLT3 TKI resistance remains unclear. 
Based on lipidomic profiles and RNA-seq analysis, we 
demonstrated a notable enrichment of sphingolipid 
metabolism following prolonged exposure to sorafenib in 
FLT3-ITD+ AML cells. SPHK1, a key enzyme catalyzing 
the synthesis of S1P, was the only sphingolipid metabo-
lism-associated enzyme upregulated in both sorafenib-
treated cell lines compared to untreated ones. Consistent 
with prior research demonstrating the potential of target-
ing SPHK1 to suppress AML cell proliferation [36–38], 
our findings confirmed that SPHK1 is essential for sus-
taining leukemia survival. SPHK1 inhibition potently 
enhanced the antileukemic activity of FLT3 inhibitors in 
FLT3-ITD+ AML and CD34+ blast cells in vitro, as well 
as facilitated superior animal survival in vivo.

Development of TKI resistance and subsequent disease 
relapse in FLT3-ITD+ AML are driven by a small reser-
voir of quiescent LSCs [35]. Moreover, FLT3 signaling is 

known to stimulate the nuclear translocation and tran-
scriptional activity of β-catenin [39]. Given the pivotal 
role of β-catenin in regulating both TKI sensitivity and 
LSC maintenance [20, 21, 26, 27], it represents a promis-
ing therapeutic target in FLT3-ITD+ AML. In this study, 
we found that overactivated SPHK1/S1P signaling upreg-
ulated β-catenin expression and protected FLT3-ITD+ 
AML cells from sorafenib treatment, while combination 
treatment with a β-catenin inhibitor resensitized leuke-
mia cells to FLT3 TKIs.

The S1P2 receptor has emerged as a potential target 
for treating bone loss [40], inflammatory syndromes [41], 
brain disease [42], and various types of cancer [13, 43]. 
Reportedly, SPHK/S1P signaling promotes osteoblas-
togenesis by activating the p38-GSK3β-β-catenin path-
way through the S1P2 receptor [40]. The elevated S1P2 
expression we observed in relapsed/refractory AML 
patients compared to that in newly diagnosed patients 
suggests an important role for S1P2 in leukemia drug 
resistance. Furthermore, S1P2 was the only receptor 
upregulated in both FLT3-mutated AML cell lines after 
prolonged exposure to FLT3 inhibitors. Targeting S1P2 
led to a reduction in the S1P-induced upregulation of 

Fig. 10 Schematic model illustrating the mechanism of combined inhibition of FLT3 and SPHK1. When FLT3-ITD+ AML cells are exposed to long-term 
FLT3 inhibitors, the SPHK1/S1P/S1P2 signaling is upregulated, leading to the inactivation of the PP2A-GSK3β axis. Subsequently, activated β-catenin 
translocates to the nucleus, facilitating the transcription of its target genes, thereby promoting the maintenance of FLT3-ITD+ AML upon TKI treatment 
(left panel). However, concomitant targeting of SPHK1 and FLT3 signaling disrupts the inhibitory effect of SPHK1 on the PP2A-GSK3β axis and facilitates 
β-catenin degradation, thus significantly enhances FLT3 inhibitor-induced killing of leukemic cells (right panel)
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β-catenin, effectively counteracting the SPHK1 over-
expression-induced resistance to sorafenib in FLT3-
ITD+ AML cells. Our results establish a crucial role for 
the S1P2 receptor in mediating SPHK1/S1P-induced 
β-catenin expression, thereby protecting FLT3-ITD+ 
AML cells from TKI treatment.

However, the signaling pathways that mediate 
β-catenin degradation downstream of S1P2 remain 
unclear. Studies on chronic myeloid leukemia (CML) 
demonstrated that SPHK1/S1P/S1P2 activation increases 
BCR-ABL1 stability and induces resistance to imatinib 
through a PP2A-SHP1-dependent pathway [13]. Our 
mechanistic investigation showed that disruption of 
SPHK1/S1P and FLT3 signalings cooperatively abrogated 
the activity of β-catenin via activating the PP2A-GSK3β 
axis. PP2A is a tumor suppressor that inhibits kinase-
driven intracellular survival pathways [29]. Phosphory-
lated PP2A-C (p-PP2A-C), the inactive form of PP2A, 
was overexpressed in FLT3-ITD+ AML blasts compared 
to FLT3-WT blasts [44]. PP2A activation has been pro-
posed as a novel approach for treating patients with 
FLT3-mutated AML [44–46]. Our results showed that 
the disruption of SPHK1 synergized with FLT3 TKIs 
to increase PP2A activity by reducing the expression of 
p-PP2A-C in FLT3-ITD+ AML cells and patient samples. 
The activity of PP2A is also regulated by its endogenous 
inhibitor CIP2A [47]. Overexpression of CIP2A resulted 
in increased BCR-ABL1 activity and contributed to 
imatinib resistance by inhibiting PP2A in CML [48, 49]. 
Furthermore, high CIP2A expression correlates with 
FLT3-ITD mutations and indicates poor prognosis in 
AML with normal cytogenetics [50]. Therefore, CIP2A 
holds promise as a therapeutic target for enhancing TKI 
sensitivity in FLT3-ITD+ AML cells. Consistently, our 
results suggest that the concurrent targeting of FLT3 
and SPHK1 activates PP2A by inhibiting its suppressor 
CIP2A.

GSK-3β, a substrate for PP2A [30, 31], plays a signifi-
cant role by phosphorylating β-catenin, facilitating its 
subsequent deactivation and proteasomal degradation. In 
contrast, non-phosphorylated β-catenin translocates into 
the nucleus and interacts with co-transcriptional regula-
tor T-cell factor/lymphoid enhancer factor, subsequently 
activating the transcription of Wnt-targeted genes [32].

Recent evidence supports midostaurin and quizartinib 
as category 1 treatments according to NCCN guide-
lines for FLT3-positive AML [51]. Both agents affect the 
PP2A, GSK3β, and β-catenin pathways in FLT3-ITD+ 
AML [39, 45, 52, 53]. Specifically, midostaurin inhibits 
nuclear β-catenin localization and reduces c-Myc and 
cyclin D1 levels [39], while loss-of-function mutations 
in GSK3 activate the Wnt/β-catenin pathway, contrib-
uting to quizartinib resistance [52, 53]. PP2A-activating 
drugs enhance quizartinib efficacy by inhibiting AKT 

and promoting GSK3β-mediated proteasomal degrada-
tion of c-Myc and Pim-1 [45]. Our study demonstrated 
that SPHK1 inhibition synergistically enhances sorafenib 
or quizartinib efficacy via PP2A-GSK3β activation and 
β-catenin degradation in FLT3-ITD+ AML cells. Further-
more, sorafenib, midostaurin, and quizartinib exhibit dis-
tinct kinase inhibition profiles and modes of interaction 
with FLT3, leading to a spectrum of both distinct and 
overlapping resistance mechanisms [54]. FLT3 second-
ary mutations (TKD-D835/Y842/F691), compensatory 
pro-survival pathways, and epigenetic modifications are 
commonly observed in sorafenib and quizartinib resis-
tance, whereas quizartinib resistance also involves cellu-
lar energetic and metabolic adaptations [54]. In contrast, 
midostaurin resistance primarily results from mutations 
linked to the RAS/MAPK pathway, alongside pro-survival 
mechanisms [54]. Our findings underscore dysregulated 
sphingolipid metabolism and an upregulated SPHK1/S1P 
axis following prolonged sorafenib exposure, a mecha-
nism not yet reported for quizartinib or midostaurin. 
These findings provide a mechanistic rationale for tar-
geting SPHK1/S1P/S1P2 signaling, particularly through 
downstream pro-survival factor β-catenin, as a promising 
strategy for AML treatment.

Conclusions
Our study revealed that prolonged exposure to sorafenib 
activates the SPHK1/S1P axis, leading to the upregula-
tion of the pro-survival protein β-catenin. Furthermore, 
we showed synergistic effects of SPHK1 inhibition com-
bined with FLT3 inhibitors on cell proliferation suppres-
sion and apoptosis by targeting PP2A/GSK3β/β-catenin 
signaling in FLT3-ITD+ AML cells. Our results suggest 
that combination therapy targeting both SPHK1 and 
FLT3 holds promise for the treatment of FLT3-mutated 
AML.
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