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SLC44A1 promotes AML progression and chemoresistance by regulating the 
Notch signaling pathway 
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Despite advances in treatment, acute myeloid leukemia (AML) remains a formidable therapeutic challenge, highlighting 
the urgent need for novel biomarkers and therapeutic targets. The choline transporter SLC44A1 has been implicated in 
cancer progression; however, its role in AML remains largely unexplored. Here, we investigated the clinical relevance and 
molecular mechanisms of SLC44A1 in AML. Analysis of The Cancer Genome Atlas (TCGA) datasets revealed signifi-
cant upregulation of SLC44A1 in AML patients, correlating with poor patient prognosis. Functional studies demonstrated 
that SLC44A1 knockdown markedly inhibited AML cell proliferation and enhanced chemosensitivity to cytarabine and 
venetoclax. RNA sequencing and pathway analysis identified the NOTCH signaling pathway as a key downstream target of 
SLC44A1, which was further validated by western blot. Collectively, our findings establish SLC44A1 as a crucial regulator of 
AML progression and chemoresistance, highlighting its dual potential as a prognostic biomarker and a therapeutic target. 
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Acute myeloid leukemia (AML) is a hematological malig-
nancy derived from hematopoietic stem cells and progenitor 
cells, and it represents the most prevalent type of leukemia 
in adults, with a median age of onset of 68 years [1]. Over 
recent decades, the treatment paradigm for AML has evolved 
from standard chemotherapy regimens, such as the “3+7” 
protocol, to novel targeted therapies, including venetoclax 
and sorafenib, among others [2]. Despite improvements in 
prognosis, the survival rate for patients over 65 years old 
remains low, with a persistent risk of relapse and refrac-
tory disease [3]. This underscores the urgent need for novel 
biomarkers to enhance diagnostic accuracy, predict survival 
outcomes, and guide therapeutic strategies.

The solute carrier family 44 (SLC44) proteins, also known 
as choline transporter-like proteins, are involved in choline 
metabolism and have been implicated in cancer progression 
[4]. Choline accumulation in tumors is mediated by SLC44, 
increasing the cell membrane synthesis during active cell 
proliferation in several cancer types [5–7]. Among them, 
SLC44A1 plays a crucial role in choline transport across the 

plasma and mitochondrial membranes, supporting synthesis 
pathways essential for cell growth [8]. Notably, emerging 
evidence suggests that SLC44A1 is involved in tongue 
squamous cell carcinoma, small cell lung carcinoma, pancre-
atic cancer cell proliferation, migration, and metastasis 
[9–11]. However, its role in AML remains largely unexplored.

In this study, we investigated the expression levels of 
SLC44A1 in AML and examined its association with clini-
copathological features and patient prognosis. Additionally, 
we conducted cellular experiments to elucidate the under-
lying mechanisms by which SLC44A1 contributes to AML 
progression and chemoresistance. Our study evaluates the 
potential of SLC44A1 as a diagnostic marker and therapeutic 
target in AML.

Patients and methods

Gene expression analysis. The TIMER 2.0 [12] website 
(https://compbio.cn/timer2/) and the Gene Expression 
Profiling Interactive Analysis (GEPIA) [13] platform (http://
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gepia.cancer-pku.cn/) were employed to analyze the expres-
sion of the SLC44 family in pan-cancer compared to normal 
tissues. The Gene Expression Omnibus (GEO) database [14] 
(https://www.ncbi.nlm.nih.gov/geo/) was used for external 
validation. Data from the GSE103424 dataset [15] was 
analyzed to evaluate differential SLC44A1 expression patterns 
in relation to treatment response. Data obtained from The 
Cancer Genome Atlas (TCGA) [16] (https://tcga-data.nci.
nih.gov/tcga/) and the Genotype-Tissue Expression (GTEx) 
[17] (https://gtexportal.org/home) databases were used to 
explore the correlations between SLC44A1 expression levels, 
clinicopathological parameters, and prognosis. Addition-
ally, LinkedOmics [18] (http://www.linkedomics.org/
login.php) was utilized to investigate associations between 
SLC44A1 expression and molecular features. Based on the 
GSE116256 [19] dataset, SLC44A1 levels within single-cell 
data were displayed by the “Nebulosa” R package. Differential 
SLC44A1 expression in diverse cells was analyzed with the 
“Libra” package. The relationships of SLC44A expression with 
cancerous hematopoietic cells in certain differentiation stages 
were provided by BloodSpot [20] (https://www.fobinf.com/).

Patient samples and cell lines. A total of 28 bone marrow 
specimens were collected from patients with AML and 
healthy donors at the Affiliated Hospital of Guizhou Medical 
University between 2022 and 2023 using simple random 
sampling. Clinical characteristics of patients are summarized 
in Supplementary Table S1. Bone marrow mononuclear cells 
from AML patients and healthy donors were isolated by Ficoll 
density gradient centrifugation. This study was approved by 
the Institutional Research Ethics Committee, and written 
informed consent was obtained from all participants.

The human AML cells (THP1 and MV4-11) were 
obtained from the ATCC (American Type Culture Collec-
tion, USA) and authenticated before use. Cells were cultured 
in a medium supplemented with 10% certified heat-inacti-
vated fetal bovine serum (FBS; SAFC Bioscience, Lenexa, 
KS, USA) and penicillin (Sigma Life Sciences, St. Louis, MO, 
USA) and incubated at 37 °C with 5% CO2.

Immunofluorescence. Cells were fixed in 4% parafor-
maldehyde (4 °C, overnight), then washed with PBS (×3). 
Permeabilization was performed with Triton X-100 (15 
min), followed by PBS washes (×3). After blocking with 
goat serum (1 h), cells were incubated with anti-SLC44A1 
primary antibody (1:200, 4 °C, 24 h) and washed (PBS, ×3). A 
CoraLite594-conjugated secondary antibody (1:100, 1 h) was 
applied. Nuclei were counterstained with DAPI, and images 
were acquired using an Olympus BX51 fluorescence micro-
scope.

Lentiviral transfection. The SLC44A1-silencing RNA 
(shSLC44A1) was acquired from Genechem Co., Ltd. 
(Shanghai, China). Following specific instructions, we 
transfected the empty vector and SLC44A1-shRNA into the 
THP-1 and MV4-11 cells. The shRNA sequence for SLC44A1 
was 5’-GAGCAGCTTCAGATAGCTGAA-3’. The sequence 
for the control shRNA was 5’-TTCTCCGAACGTGT-

CACGT-3’. A Western blot was used to determine the trans-
fection efficiency. Lentivirus-infected cells were selected with 
puromycin at a final concentration of 3 µg/ml for THP-1 cells 
and 2 µg/ml for MV4-11 cells.

Western blot. A radioimmunoprecipitation (RIPA) lysis 
buffer that contained 1% phenylmethylsulfonyl fluoride 
(PMSF) (Solarbio Science & Technology, Beijing, China) was 
added to extract the total cellular proteins under 30 min of 
agitation. After this, extracts were collected by centrifugation 
for 15 minutes at 12,000×g and 4 °C to obtain the superna-
tants. Subsequently, a bicinchoninic acid (BCA) kit (Solarbio, 
China) was used to detect the protein content. The 20 µg 
proteins were later isolated by loading on 10% SDS-PAGE 
before being transferred onto polyvinylidene difluoride 
(PVDF) membranes at 120 V/250 mA. Subsequently, the 
membrane was blocked by 5% nonfat milk for two hours. 
This was followed by another two hours of incubation with 
primary antibody SLC44A1 (#14687-1-AP 1:1000); β-actin 
(#K006153P 1:1000); NOTCH2 (#ERP26111-69 1:1000); 
APH1A (#YN6455 1:1000) at ambient temperature or 
overnight incubation at 4 °C. Moreover, the HRP-labeled 
Affinipure Goat Anti-Rabbit IgG secondary antibody (H + L) 
was utilized. An electrochemiluminescence (ECL) kit (4 A 
Biotech, China) was used to investigate the protein bands, 
and ImageJ was used for the quantification.

Cell viability assay. Cells were seeded (2×103/well) onto 
96-well plates for 1, 3, 5 days, and the cell viability was evalu-
ated using the Cell Counting Kit-8 (CCK-8, Target Molecule 
Corp, China). A microplate ultra-micro spectrophotometer 
was used to evaluate the absorbance at 450 nm.

Drug sensitivity assay. For chemosensitivity evaluation, 
cells were plated at 1×10⁴ cells/well in 96-well plates and 
exposed to gradient concentrations of venetoclax (0, 2, 4, 
8 nM for MV4-11 cells; 0, 50, 150, 200 nM for THP1 cells) and 
cytarabine (0, 0.25, 0.5, 1 μM for MV4-11 and THP1 cells) for 
24 h. Following drug treatment, cell viability was quantified 
using the CCK-8 assay described above. The proportion of 
apoptotic cells was determined using the Annexin V-APC/7-
AAD Apoptosis Kit (MultiSciences, China) according to the 
manufacturer’s protocol. Cells were plated in 6-well plates at 
a density of 1×105 cells/well and treated with drugs for 24 h, 
then analyzed on a FACSCalibur instrument (BD Biosci-
ences, San Jose, CA, USA).

EdU incorporation assay. In accordance with the 
manufacturer’s instructions, the cell-Light™ EdU Apollo567 
In Vitro Kit (#C10310-1, Ribobio, China) was used for the 
EdU incorporation assay.

RNA-sequencing analysis. Total cellular RNA was 
extracted using the TRIzol reagent kit (Invitrogen, Carlsbad, 
CA, USA). RNA quality was evaluated with the Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). 
Sequencing libraries were prepared using the NEBNext 
Ultra RNA Library Prep Kit for Illumina (#E7770, New 
England Biolabs, Ipswich, MA, USA). RNA sequencing 
was performed on the Illumina NovaSeq 6000 platform by 
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Gene Denovo Biotechnology Co. (Guangzhou, China). Read 
quality was assessed using FastQC, and gene expression 
levels were quantified with RSEM. Differentially expressed 
genes were identified based on thresholds of FDR <0.05 and 
|log2 fold change (FC)| >2. The raw sequencing data have 
been deposited in the National Center for Biotechnology 
Information (NCBI) repository under the accession number 
PRJNA1223631.

Statistical analyses. The Shapiro-Wilk test was used 
to check whether the continuous variables of the different 
groups conformed to normal distributions. Non-normally 
distributed data were explored using the Wilcoxon rank-sum 
test, or they were compared using the Mann-Whitney U test 
or Student’s t-test. A chi-square test or Fisher’s exact test was 
utilized to compare the categorical variables. A one-way 
analysis of variance (ANOVA) was employed to evaluate 
statistical differences among multiple groups. R software 
(version 4.3.1) was used for the analyses. A p-value <0.05 
(two-tailed) was statistically significant.

Results

SLC44A1 expression in pan-cancer. We initiated our 
investigation with a comprehensive pan-cancer analysis 
of the SLC44 protein family, which revealed that SLC44A1 
exhibited the most prominent upregulation across multiple 
malignancies (Supplementary Figures S1A, S1B). This 
finding prompted us to focus specifically on SLC44A1 
for subsequent analyses. Through systematic evaluation 
using the TIMER 2.0 platform and the GEPIA database, 
we compared SLC44A1 expression profiles between tumor 
and adjacent normal tissues across 33 cancer types derived 
from TCGA. Notably, among all SLC44 family members, 
SLC44A1 demonstrated significantly elevated expression in 
14 distinct cancer types, including bladder urothelial carci-
noma (BLCA), breast invasive carcinoma (BRCA), cervical 
squamous cell carcinoma (CESC), cholangiocarcinoma 
(CHOL), colon adenocarcinoma (COAD), esophageal carci-
noma (ESCA), head and neck squamous cell carcinoma 
(HNSC), lung adenocarcinoma (LUAD), lung squamous 
cell carcinoma (LUSC), stomach adenocarcinoma (STAD), 
diffuse large B-cell lymphoma (DLBC), acute myeloid 
leukemia (AML), lower-grade glioma (LGG), and testicular 
germ cell tumors (TGCT). SLC44A1 protein levels were 
elevated in solid tumors, including BRCA, CCRCC, UCEC, 
PAAD, and HNSC. In contrast, its expression was reduced in 
COAD, OV, RCC, GBM, liver cancer (LC), and lung cancer 
(Supplementary Figure S1C).

Comprehensive evaluation of SLC44A1 expression in 
AML. A comprehensive pan-cancer analysis revealed that 
SLC44A1 exhibited the most pronounced overexpression in 
AML relative to normal controls, prompting our subsequent 
evaluation of its clinical relevance in AML patients. The 
cohort consisted of 173 adult patients from TCGA dataset, 
categorized into two groups based on the median SLC44A1 

expression level, with their clinicopathological character-
istics summarized in Table 1. Patients in the SLC44A1high 
group exhibited elevated white blood cell (WBC) counts 
and were more frequently associated with non-M3 subtypes, 
particularly M4 and M5, according to the FAB classification. 
Additionally, the SLC44A1high group exhibited a higher 
prevalence of NPM1 and FLT3 mutations, as well as a poorer 
cytogenetic risk profile (Table 1).

SLC44A1 expression was significantly elevated in patients 
with high tumor burden (WBC≥10×10⁹/l) compared to 
those with lower WBC counts (Supplementary Figure S2A). 
Furthermore, SLC44A1 was markedly upregulated in the 
poor cytogenetic risk group versus the favorable-risk cohort 
(Supplementary Figure S2B). Notably, acute promyelocytic 
leukemia (APL) subtypes displayed higher SLC44A1 expres-
sion than non-APL cases (Supplementary Figure  S2C). 
Further classification of patients based on the FAB subtypes 
revealed that SLC44A1 expression was highest in the M5 
subtype, followed by the M4 subtype (Supplementary 
Figure  S2D). FLT3 and DNMT3A mutations are known 
to be associated with poor prognosis in AML patients 
[21], data from the LinkedOmics database indicated that 
SLC44A1 expression was markedly elevated in patients with 
DNMT3A mutation (R882H) (Supplementary Figure S2E), 
FLT3 mutation (D835Y) (Supplementary Figure S2F), and 
NPM1 mutation (W288F) (Supplementary Figure S2G) 
at the mRNA level. It should be noted that the prognostic 
significance of isolated NPM1 mutations in favorable-risk 
AML patients remains limited. According to a previous study 
[22], a comprehensive prognostic evaluation must incorpo-
rate both FLT3 mutational analysis and contemporary risk 
stratification criteria. Furthermore, ROC analysis of TCGA 
cohort revealed perfect diagnostic discrimination (AUC=1.0) 
for SLC44A1 in AML (Supplementary Figure S2H). To 
evaluate differential SLC44A1 expression patterns associ-
ated with treatment response, we analyzed the GSE103424 
dataset comprising 36 de novo AML samples, stratified 
into complete remission (CR) and non-complete remission 
(non-CR) groups based on their response to the standard 
“7+3” induction regimen (cytarabine plus daunorubicin). 
Notably, our analysis revealed significantly higher SLC44A1 
expression levels in the non-CR group compared to the CR 
group (Supplementary Figure S2I) in our center. These results 
indicate that SLC44A1 could be a promising candidate for 
further investigation as a diagnostic biomarker in AML.

SLC44A1 correlates with poor prognosis in AML 
patients. In TCGA cohort, high SLC44A1 expression 
was associated with poorer overall survival (OS; p<0.001, 
Supplementary Figure S3A) and event-free survival (EFS; 
p<0.001, Supplementary Figure S3B). Even within the good/
intermediate-risk groups, the SLC44A1high group demon-
strated significantly worse OS (p=0.00373, Supplementary 
Figure S3C) and EFS (p=0.0168, Supplementary Figure S3D).

Using univariate analysis (Table 2), age ≥60 years 
(p<0.001), FLT3 mutation (p=0.039), DNMT3A mutation 
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the curve (AUC) values for the nomogram were 0.799, 0.823, 
and 0.878 for 1-, 3-, and 5-year OS, respectively (Supple-
mentary Figure S3E), and 0.773, 0.732, and 0.894 for 1-, 3-, 
and 5-year EFS, respectively (Supplementary Figure S3F), 
demonstrating robust predictive specificity and sensitivity.

Stage-specific expression pattern of SLC44A1 in 
hematopoietic differentiation and validation in single-cell 
data. BloodSpot analysis revealed stage-specific SLC44A1 
expression patterns in hematopoietic differentiation, 
showing predominant expression in promonocytes (Supple-
mentary Figure S4A). This observation was validated by the 

(p=0.012), RUNX1 mutation (p=0.047), intermediate/poor 
risk level (p<0.001), and high SLC44A1 expression (p=0.011) 
were associated with inferior OS. Consistently, WBC count 
≥10×109/l (p=0.004), FLT3 mutation (p=0.035), interme-
diate/poor risk level (p<0.001), and high SLC44A1 expres-
sion (p=0.047) were associated with inferior EFS (Table 2). 
However, multivariate analysis revealed that age ≥60 was the 
only independent risk factor for both OS and EFS (p<0.001).

Based on the multivariate Cox analysis, a predictive 
nomogram was constructed to estimate 1-, 3-, and 5-year OS 
and EFS (Supplementary Figures S2G, S2H). The area under 

Table 1. Clinicopathological features of the AML patients in TCGA cohort.

Characteristics Overall
(n=173)

SLC44A1low

(n=86)
SLC44A1high

(n= 87) p-value

Sex (%) 0.197
Male 93 (53.8%) 42 (48.8%) 51 (58.6%)
Female 80 (46.2%) 44 (51.2%) 36 (41.4%)

Age (median [IQR]) 58 [46–68] 59 [41–67] 58 [44–67] 0.787
WBC count (×109/l) (median [IQR]) 18.5 [3.25–58.5] 10 [2–42.5] 30 [8–73] 0.001
BM blasts (%) (median [IQR]) 48 [16–48] 53 [18–80] 47 [11–66] 0.201
PB blasts (%) (median [IQR]) 71.5 [51–85.75] 69 [48–85] 72 [52–86] 0.525
FAB classifications (%) 0.002

M0 16 (9.2%) 12 (14.1%) 4 (4.7%)
M1 42 (24.3%) 21 (24.7%) 21 (24.4%)
M2 39 (22.5%) 20 (23.5%) 19 (22.1%)
M3 16 (9.2%) 12 (14.1%) 4 (4.7%)
M4 35 (20.2%) 14 (16.5%) 21 (24.4%)
M5 18 (10.4%) 2 (2.4%) 16 (18.6%)
M6 2 (1.2%) 2 (2.4%) 0 (0.00%)
M7 3 (1.7%) 2 (2.4%) 1 (1.2%)

FLT3 mutation (%) 0.032
Wild 124 (71.7%) 68 (79.1%) 56 (64.4%)
Mutated 49 (28.3%) 18 (20.9%) 31 (35.6%)

DNMT3A mutation (%)
Wild 130 (75.1%) 70 (81.4%) 60 (69.0%) 0.059
Mutated 43 (24.9%) 16 (18.6%) 27 (31.0%)

RUNX1 mutation (%) 0.583
Wild 157 (90.8%) 77 (89.5%) 80 (92.0%)
Mutated 16 (9.2%) 9 (10.5%) 7 (8.0%)

NPM1 mutation (%) 0.008
Wild 125 (72.3%) 70 (81.4%) 55 (63.2%)
Mutated 48 (27.7%) 16 (18.6%) 32 (36.8%)

IDH1 mutation (%) 0.583
Wild 157 (90.8%) 77 (89.5%) 80 (92.0%)
Mutated 16 (9.2%) 9 (10.5%) 7 (8.0%)

RAS mutation (%) 0.234
Wild 154 (89.0%) 79 (91.9%) 75 (86.2%)
Mutated 19 (11.0%) 7 (8.1%) 12 (13.8%)

Risk level (%)
Good 32 (18.7%) 26 (30.6%) 6 (7.0%) <0.001
Intermediate 103 (60.2%) 38 (44.7%) 65 (75.6%)
Poor 36 (21.1%) 21 (24.7%) 15 (17.4%)
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single-cell RNA sequencing data analysis (Supplementary 
Figures  S4B, S4C), consistent with our previous finding of 
SLC44A1 overexpression in FAB-M4/M5 AML subtypes.

Knockdown of SLC44A1 decreased AML cell prolifera-
tion. Immunofluorescence staining confirmed the expres-
sion of SLC44A1 in M4/M5-representative cell lines (THP-1 
and MV4-11) and primary AML samples, revealing its dual 
nuclear and cytoplasmic localization (Figure 1A). Consis-
tent with this, an initial analysis of our institutional cohort 
revealed that SLC44A1 expression was significantly elevated 
in AML patients compared to healthy controls, at both the 
protein (Figures 1B and 1C) and mRNA levels (Figure 1D). To 
further investigate the functional role of SLC44A1 in AML, 
we knock down SLC44A1 by lentivirus infection (Figure 1E). 
CCK-8 and the EdU incorporation assays were performed 
to evaluate the effect of SLC44A1 on AML cell prolifera-
tion. CCK-8 assay was performed to evaluate the effect of 
SLC44A1 on AML cell viability (Figures 1F, 1G). In parallel, 
the EdU incorporation assays were utilized to assess the effect 
of SLC44A1 on AML cell proliferation (Figures 1H–1K). The 
results demonstrated that the knockdown of SLC44A1 signif-
icantly suppressed the proliferation of MV4-11 and THP1 
cells. These findings suggested that SLC44A1 plays a critical 
role in promoting AML cell proliferation.

SLC44A1 regulated the therapeutic efficacy of AML. 
Bioinformatics analysis revealed elevated SLC44A1 expres-
sion in AML patients who failed to achieve CR following 
conventional chemotherapy regimens, suggesting a poten-
tial association between SLC44A1 and chemoresistance. To 
further investigate this association, we systematically evalu-
ated the role of SLC44A1 in modulating drug sensitivity 
using two clinically relevant agents: cytarabine (a conven-
tional chemotherapeutic drug) and venetoclax (a novel 
targeted therapy and one of the most frequently prescribed 

agents in AML treatment). Functional assays demonstrated 
that SLC44A1 downregulation significantly enhanced the 
sensitivity of both THP1 and MV4-11 cells to these thera-
peutic agents (Figures 2A–2D). Consistently, apoptosis assays 
further confirmed that SLC44A1 downregulation enhanced 
the sensitivity of THP-1 and MV4-11 cells to both cytara-
bine and venetoclax, further validating its role in therapeutic 
resistance (Figures 2E, 2F). These findings indicated that 
SLC44A1 plays a critical role in modulating therapeutic 
resistance in AML.

SLC44A1 affects AML progression through the NOTCH 
signaling pathway. To explore the underlying mecha-
nisms by which SLC44A1 influences AML malignancy, we 
analyzed the gene expression profile of SLC44A1 knock-
down cells using RNA-seq. Based on the RNA-sequencing 
data, we found that 573 genes were upregulated and 1,251 
genes were downregulated in SLC44A1 MV4-11 cell lines 
(Figure 3A). The list of the top 100 significantly upregulated 
and downregulated genes has been provided in Supple-
mentary data 1. Gene Ontology (GO) enrichment analysis 
demonstrated that SLC44A1 is significantly enriched in 
cellular response to chemical stimulus (Figure 3B), providing 
a potential mechanistic explanation for its role in chemore-
sistance. Furthermore, SLC44A1 was found to be involved 
in critical cellular signaling transduction processes, particu-
larly in cell surface receptor signaling pathways and regula-
tion of signaling (Figure 3B). These findings prompted us 
to perform KEGG pathway enrichment analysis, which 
identified the NOTCH signaling pathway as a critical 
mediator of SLC44A1-driven AML pathogenesis. Subse-
quent experimental validation revealed that this pathway 
is associated with the anti-leukemic effects of SLC44A1 
knockdown (Figure 3C). Previous studies have shown that 
activation of the NOTCH pathway induces tumorigenesis 

Table 2. Univariate analysis for OS and EFS.

Characteristics 
Overall survival (OS) Event-free survival (EFS)

HR 95% CI p-value HR 95% CI p-value
Age (≥60 vs. <60) 3.221 2.146–4.832 <0.001 1.834 1.729–3.647 <0.001
Sex (female vs. male) 1.008 0.676–1.503 0.97 0.912 0.674–1.422 0.912
WBC count (≥15 vs. < 15×109/l) 1.434 0.959–2.145 0.079 1.745 1.194–2.55 0.004
BM blasts (≥70% vs.<70%) 1.187 0.795–1.772 0.403 1.14 0.785–1.653 0.492
PB blasts (≥30% vs. <30%) 1.135 0.755–1.707 0.542 1.448 0.984–2.131 0.06
FLT3 (mutated vs. wild) 1.574 1.024–2.422 0.039 1.537 1.031–2.292 0.035
NPM1 (mutated vs. wild) 1.142 0.728–1.79 0.564 1.106 0.728–1.628 0.636
DNMT3A (mutated vs. wild) 1.775 1.133–2.781 0.012 1.469 0.962–2.242 0.075
IDH1 (mutated vs. wild) 0.785 0.38–1.619 0.511 0.827 0.431–1.584 0.566
RUNX1 (mutated vs. wild) 1.464 1.005–2.133 0.047 1.427 0.782–2.605 0.247
NRAS (mutated vs. wild) 0.526 0.166–1.665 0.275 0.918 0.374–2.254 0.853
KRAS (mutated vs. wild) 1.745 0.763–3.991 0.187 1.979 0.919–4.264 0.081
Risk (intermediate/poor vs. good) 1.745 1.834–6.884 <0.001 2.88 1.638–5.063 <0.001
SLC44A1 (high vs. low) 1.7 1.131–2.554 0.011 1.834 1.834–2.133 0.047
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Figure 1. Effects of SLC44A1 knockdown on the proliferation of AML cells. A) Immunofluorescence staining confirmed the subcellular localization 
of SLC44A1 in AML cell lines (THP-1 and MV4-11) and primary AML samples. B) The expression of SLC44A1 was validated in the AML patients and 
normal subjects by western blot, and the relative protein level of SLC44A1 was analyzed by ImageJ (C). D) The mRNA level of SLC44A1 in the AML 
patients and healthy donors was detected by qRT-PCR. E) Knockdown efficiency of SLC44A1 by shSLC44A1 in MV4-11 and THP1 cells. The CCK-8 
analyses revealed that the SLC44A1 knockdown caused a significant reduction in MV4-11 (F) and THP1 (G) cell proliferation (the initial number of 
cultured cells was 2×103/well). H–K) The EdU incorporation test suggested that the inhibition of SLC44A1 weakened MV4-11 (H, I) and THP1 (J, K) 
cell growth (scale bar 200 μm). All experiments were repeated three times independently. Data were analyzed using a two-tailed Student’s t-test (F, G, 
I, K). *p<0.05; **p<0.01; ***p<0.001
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Figure 2. SLC44A1 knockdown enhanced chemosensitivity of AML cells. A, B) The proliferation of SLC44A1-knockdown THP-1 (A) and MV4-11(B) 
cell lines was assessed following the treatment with cytarabine. C, D) The proliferation of SLC44A1-knockdown THP-1 (C) and MV4-11 (D) cell 
lines was assessed following treatment with venetoclax. E, F) Cell apoptosis was detected by 7-ADD/Annexin V staining after 24 h of treatment with 
cytarabine (0.1 μM for MV4-11, 0.2 μM for THP1) and venetoclax (2 nM for MV4-11, 50 nM for THP1). All experiments were repeated three times 
independently. Data were analyzed using a two-tailed Student’s t-test (A–F). *p<0.05; **p<0.01; ***p<0.001
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and progression in AML [23]. Subsequently, we compared 
the expression levels of NOTCH pathway-related proteins 
between SLC44A1-knockdown AML cells and the control, as 
NOTCH2 and APH1A were the most significantly affected 
targets identified in the RNA-seq analysis. Both NOTCH2 
and APH1A were significantly downregulated in SLC44A1 
knockdown cells (Figures 3D–3F). These results suggested 
that SCL44A1 promotes AML cell proliferation and drug 
resistance by regulating the NOTCH signaling pathway, 
highlighting a potential mechanism underlying SLC44A1-
mediated AML malignancy.

Discussion

Despite the development of novel therapies over the past 
decades, the prognosis for adult AML patients remains poor, 
especially for those over 65 years old, with a 5-year OS rate of 
only 30% [24]. Thus, a deeper understanding of the molecular 
mechanisms underlying AML pathogenesis and the identifi-
cation of novel therapeutic targets are essential for advancing 
targeted therapies. This study found that SLC44A1 is highly 
expressed in adult AML patients compared to healthy donors 
and is associated with poor clinicopathological features. 
Furthermore, SLC44A1 exhibited excellent diagnostic value 

and was linked to an unfavorable prognosis. Based on the 
functional analysis for SLC44A1, we found that SLC44A1 
knockdown inhibited the proliferation of AML cells and 
enhanced chemosensitivity, highlighting its potential as a 
therapeutic target in AML.

While SLC44A2 has been documented as a prognostic 
marker in AML based on the UALCAN [25] database 
(https://ualcan.path.uab.edu/), the clinical relevance of 
SLC44A1 in AML remains largely undefined. To address this 
gap, we systematically evaluated the relationship between 
SLC44A1 expression and disease outcomes in AML. Our 
results reveal that high SLC44A1 expression is significantly 
associated with adverse risk stratification, co‑occurrence 
of poor-prognosis genetic alterations, and shorter OS and 
EFS. Collectively, these data support the potential utility 
of SLC44A1 as a prognostic biomarker in AML. Consis-
tently, in BC, SLC44A1 was significantly linked to OS, PFS, 
and an increased risk of bone metastasis [26]. Addition-
ally, in HNC, SLC44A1 showed higher expression in high-
grade (III/IV) tumors compared to low-grade (I/II) tumors 
[27]. Expression of SLC44A1 was significantly correlated 
with disease-specific survival (DSS) and PFS. A large-scale 
analysis involving approximately 2,000 multiple myeloma 
patients confirmed its correlation with poor prognosis [28], 

Figure 3. Transcriptomic profiling and pathway analysis in MV4-11 cells after SLC44A1 knockdown. A) The illustration of the Volcano plot showed 
the change in the gene expression profile in SLC44A1 knockdown AML cells. B) Gene Ontology (GO) enrichment analysis of SLC44A1 targets. C) 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of identified targets. D) The protein expression level of the NOTCH signaling pathway 
was detected by western blot. All experiments were repeated three times independently. Data were analyzed using a two-tailed Student’s t-test (E, F). 
*p<0.05; **p<0.01
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suggesting that SLC44A1 may serve as a potential biomarker 
for disease progression and unfavorable clinical outcomes 
in MM patients. To further establish the prognostic value of 
SLC44A1 in AML, studies involving large clinical cohorts are 
required.

In this study, we investigated the role of SLC44A1 in 
AML cell proliferation and chemosensitivity. Choline is an 
essential nutrient involved in multiple biological processes, 
including the synthesis of the membrane lipid phosphatidyl-
choline (PtdCho) [29]. Dysregulated choline metabolism is 
a well-established hallmark of proliferation drug resistance 
and has been implicated in various cancer types [30, 31]. 
Notably, as a choline transporter, SLC44A1 has been impli-
cated in the increased synthesis of the membrane PtdCho, 
which is associated with drug resistance in both rectal and 
pancreatic cancers [32, 33]. Therefore, SLC44A1-mediated 
AML malignant progression may be regulated by choline 
metabolism. Resistance to cytarabine and venetoclax in AML 
involves complex and multifactorial mechanisms. Cytara-
bine resistance may arise not only from impaired cellular 
uptake due to reduced expression of nucleoside transporters 
such as hENT1 and hCNT1, altered mitochondrial metabo-
lism characterized by decreased oxidative phosphorylation, 
or enhanced DNA repair capacity, but also from dysregulated 
signaling pathways and adaptations within the tumor micro-
environment [34–37]. In contrast, resistance to venetoclax 
is frequently driven by the upregulation of anti-apoptotic 
proteins (e.g., MCL-1, BCL-XL), mutations in BAX, or activa-
tion of oncogenic pathways such as N/KRAS, FLT3-ITD, 
and TP53 [38–40]. To our knowledge, this is the first study 
to demonstrate that downregulation of SLC44A1 enhances 
the chemosensitivity of AML cells, addressing a critical gap 
in the current literature. Our findings suggest that SLC44A1 
may represent one of the contributing factors to such resis-
tance; however, its precise mechanistic role and significance 
within the broader resistance network warrant further eluci-
dation through additional in vitro and in vivo studies.

The observed suppression of AML cell proliferation and 
enhanced chemosensitivity following SLC44A1 knockdown 
merit a mechanistic investigation. Our data suggest that 
this phenotype may be mediated through inhibition of the 
NOTCH signaling pathway, as evidenced by the concomitant 
downregulation of key NOTCH-related proteins. Further-
more, SLC44A1 knockdown in AML cells significantly 
reduced the expression of NOTCH pathway components 
(NOTCH2 and APH1A), while NOTCH agonist treatment 
partially reversed the phenotypic effects of SLC44A1 knock-
down. NOTCH is an important signaling pathway in cancer, 
playing a vital role in tumor initiation and progression 
[41, 42]. Importantly, activation of the NOTCH signaling 
pathway triggered abnormal leukemic stem cell activation, 
promoting tumor proliferation and drug resistance [43–45], 
while downregulation of NOTCH2 has been shown to inhibit 
AML proliferation [46]. Furthermore, NOTCH activa-
tion stimulates bone marrow mesenchymal stromal cells to 

facilitate AML progression and confer resistance to chemo-
therapy [47]. As a component of the plasma membrane, 
the Notch receptor plays a crucial role in activating the 
NOTCH signaling pathway [48]. Intriguingly, SLC44A1, 
which our GO analysis identified as being enriched in cell 
surface receptor signaling pathways, has been implicated in 
plasma membrane biosynthesis [49]. These findings collec-
tively suggest that SLC44A1 may regulate AML proliferation 
and drug resistance by modulating the NOTCH receptor 
or membrane integration, thereby influencing NOTCH 
signaling activation.

In conclusion, this study identifies SLC44A1 as a key 
driver of AML pathogenesis and highlights its potential as 
both a prognostic biomarker and a therapeutic target. Future 
research should focus on deciphering the downstream 
signaling pathways regulated by SLC44A1 and its interac-
tions with other oncogenic drivers in AML. Additionally, 
investigating the therapeutic efficacy of SLC44A1 inhibitors 
in preclinical AML models will be essential for advancing 
targeted treatment strategies.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. SLC44A1 expression in Pan-Cancer. A) SLC44A1 expression levels in 33 tumor types and normal tissues from the TCGA 
database. B) For tumors lacking normal tissue data in TCGA, SLC44A1 expression was compared between tumor tissues and matched normal tissues 
from the GTEx database using GEPIA. C) The UALCAN database was applied to compare SLC44A1 protein expression between tumor and respective 
normal tissues. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001
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Supplementary Figure S2. Clinical Relevance of SLC44A1 in AML. A–D) Association of SLC44A1 expression with WBC count (A), risk level (B), APL 
subtype (C), and FAB classification (M0, M1, M2, M4, M5) (D) was analyzed in the TCGA cohort. E–G) The expression level of SLC44A1 was detected 
in the AML patients with DNMT3A mutation (R882H) (E), FLT3 mutation (D835Y) (F), and NPM1 mutation (W288F) (G) by LinkedOmics. H) The 
ROC curve for SLC44A1 in the AML and normal subjects from TCGA. (I) SLC44A1 expression in GSE103424. Data were analyzed using the Mann-
Whitney U test (A–C, E–G, I), and one-way ANOVA (D). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001
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Supplementary Figure S3. SLC44A1 predicts poor prognosis in AML. A, B) Kaplan-Meier survival analysis for overall survival (OS) (A) and event-free 
survival (EFS) (B) based on the TCGA cohort. C, D) Kaplan-Meier curves for OS (C) and EFS (D) in good/intermediate-risk subsets from the TCGA 
cohort. E, F) The ROC curve and AUC value of a nomogram for OS (E) and EFS (F). G, H) Calibration plots of the nomogram for 1-, 3-, and 5-years OS 
(G), calibration plots of the nomogram for 1-,3-, and 5-years EFS (H). Data were analyzed using Kaplan-Meier (KM) analysis (A–D).
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Supplementary Table S1. Characteristics of patient samples.

Patients no. Age (years) Gender FAB subtype
Cell count (×109)

BM Blast (%) Karyotype
WBC Hb PLT

1 55 M M2 28.28 111 7 40 46, XX
2 61 M M2 39.02 59 87 57 46, XX
3 37 F M2 22.4 50 5 74 46, XY t(8:21)
4 50 F M2 28.92 75 6 48 Complex karyotype
5 76 F M4 77.79 84 16 56 46, XY del(4)
6 51 M M5 168.25 84 21 87 46, XX
7 76 F M5 284.06 96 33 95 46, XY
8 79 M M4/M5 147.07 113 38 78 46, XX
9 69 M M2 72.28 114 66 89 46, XX
10 55 F M2 8.57 47 14 21 46, XY t(8:21)
11 70 F M5 234.85 79 27 77 46, XY
12 20 M M4 142.94 85 37 92 46, XX der(11)
13 82 F M2 2.33 70 25 27 46, XY
14 78 M M4 26.68 89 344 72 46, XX

Supplementary Figure S4. Integrated Single-cell and Immunofluorescence Mapping of SLC44A1 in AML. A) Expression of SLC44A1 during hema-
topoietic differentiation. B, C) Single-cell RNA sequencing analysis revealed distinct SLC44A1 expression patterns across immune cell populations.


