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Abstract
Refractory or relapsed (R/R) AML is the most challenging form of AML to treat. Due to frequent genetic mutations, therapy 
alternatives are limited. Here, we identified the role of ritanserin and its target DGKα in AML. Several AML cell lines and 
primary patient cells were treated with ritanserin and subjected to cell proliferation, apoptosis and gene analyses with 
CCK-8 assay, Annexin V/PI assay and Western blotting, respectively. We also evaluated the function of the ritanserin 
target diacylglycerol kinase alpha (DGKα) in AML by bioinformatics. In vitro experiments have revealed that ritanserin 
inhibits AML progression in a dose- and time-dependent manner, and it shows an anti-AML effect in xenograft mouse 
models. We further demonstrated that the expression of DGKα was elevated in AML and correlated with poor survival. 
Mechanistically, ritanserin negatively regulates SphK1 expression through PLD signaling, also inhibiting the Jak-Stat 
and MAPK signaling pathways via DGKα. These findings suggest that DGKα may be an available therapeutic target and 
provide effective preclinical evidence of ritanserin as a promising treatment for AML.
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PLD  Phospholipase D
GO  Gene ontology
KEGG  Kyoto encyclopedia of genes and genomes
GSEA  Gene set enrichment analysis
PA  Phosphatidic acid
SphK1  Sphingosine kinase 1
BMMCs  Bone marrow mononuclear cells
HSCT  Hematopoietic stem cell transplantation
LSCs  Leukemia stem cells
MAPK  Mitogen-activated protein kinase
DMSO  Dimethyl sulfoxide
SD  Standard deviation
SP  Spleen
BM  Bone marrow
GBM  Glioblastoma multiforme

1 Introduction

The frequency of acute myeloid leukemia (AML) has been increasing as the population ages, and it is a biologically com-
plex and molecularly heterogeneous disease. Clinically, refractory or relapsed (R/R) AML is the most challenging form of 
AML to treat, with a very dismal prognosis [1]. It is reported that the five-year overall survival (OS) of patients with R/R AML 
is 10%, and the median overall survival (OS) is about 6 months [2]. Even in patients who meet the strict chemotherapy 
conditions, the complete remission (CR) rate and OS are not satisfactory [3]. Although there have been major advances 
in our knowledge of molecular pathogenesis, clinical trials are still the best way to determine the standard treatment for 
R/R AML [1, 4]. Therefore, there is an urgent need to find novel therapies to improve the treatment efficiency of R/R AML.

Initially developed as a serotonin receptor antagonist, ritanserin has undergone clinical trials for applications including 
schizophrenia, alcoholism, and insomnia [5–7]. Recent studies have noted its function as a particular inhibitor of dia-
cylglycerol (DAG) kinase α (DGKα), which can inhibit the progression of certain cancers and enhance immunotherapies 
[8]. Ritanserin is cytotoxic against various tumors through putative downstream targets of DGKα, including mammalian 
target of rapamycin [9], hypoxia-inducible factor 1-α [9], geranylgeranyl transferase I [10] and other kinases involved in 
mitogen-activated protein kinase (MAPK) signaling [11, 12]. Although ritanserin was never put forward for FDA approval, 
its high oral bioavailability and lack of serious side effects have caused it to gain widespread attention, and many studies 
on ritanserin are being conducted [11, 13]. Considering that AML is a complex and incurable disease with adverse clinical 
outcomes, it may be a feasible choice to reuse ritanserin as a DGKα inhibitor for tumor indications.

Here, we identified the role of ritanserin and its target DGKα in AML. In vitro experiments have revealed that ritan-
serin inhibits AML progression by inhibiting cell proliferation and inducing apoptosis, and an anti-AML effect has been 
observed in xenograft mouse models. To pinpoint the specific function and molecular mechanisms of DGKα in AML, we 
analyzed the underlying biological mechanisms and their potential as prognostic factors by bioinformatics. Interestingly, 
this study showed that ritanserin, a DGKα-targeted inhibitor, may participate in the phospholipase D (PLD) signaling 
pathway, also negatively regulating the Jak-Stat and MAPK signaling pathways and exerting anti-AML tumor activity.

2  Materials and methods

2.1  Cell lines and reagents

The human AML cell lines Kasumi-1 and KG-1α were provided by the Department of Hematology, The First Affiliated 
Hospital of Xiamen University (Fujian, China) and both cell lines were tested and identified. 10% fetal bovine serum (FBS, 
Excell Bio, Shanghai, China), 100 units/ml penicillin and 100 μg/ml streptomycin (Invitrogen, MA, USA) were added to 
RPMI-1640 medium (Basal Media, Shanghai, China) for cell culture. Both cell lines were maintained at 37° C in a 5%  CO2 
incubator. Ritanserin (T16759) was provided by TargetMol (TargetMol, MA, USA) and dissolved in dimethyl sulfoxide 
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(DMSO, Sigma, MO, USA). When administered in mice, the compounds were diluted with 0.3%(w/v) CMC-Na suspension 
and injected intraperitoneally.

2.2  Cell viability assay

AML cells (1 ×  104 per well) were seeded in 100 μl medium in 96-well plates. The cell viability was determined by cell 
counting kit -8(CCK-8, TargetMol) after 24, 48 and 72 h of treatment with DMSO or ritanserin with specific concentration. 
Three replicates were presented and the results were expressed as the percentage of living cells compared with the 
control group. GraphPad Prism 8 was used for statistical analysis and image rendering.

2.3  Analysis of apoptosis

As described above, cells were cultured and exposed to Ritanserin at the specified concentration for 24, 48 and 72 h. The 
annexin V/PI apoptosis detection kit (BD Pharmingen, USA) and NovoCyte Quanteon flow cytometry (ACEA Biosciences, 
CA, USA) were used to analyze cells. Annexin V positive cells were defined as apoptotic cells, and the results of three 
repetitions were presented as the mean ± SD.

2.4  Quantitative real‑time PCR (qRT‑PCR)

According to the manufacturer’s instructions, the total RNA was extracted by SteadyPure universal RNA extraction kit 
(AG21017, Accurate Biology, Hunan, China), and then reverse transcribed into cDNA using Evo M-MLV RT Master Mix 
(AG11706, Accurate Biology). qRT‒PCR was performed with a SYBR Green Premix Pro Taq HS qPCR Kit (AG11702, Accurate 
Biology) and then amplified and detected by a Light Cycler 480 System (Roche, Basel, Switzerland). The primer sequences 
used were as follows: DGKA forward 5’-CAC CCA CCC ACT TCT CGT CTTTG-3’, reverse 5’- CGG AGC CCT ATC TCA GGA CCATC-3’; 
β-actin forward 5’-TGT GGC ATC CAC GAA ACT AC-3’, reverse 5’-GGA GCA ATG ATC TTG ATC TTCA-3’. Three replicate experiments 
were conducted, and the results showed the relative gene expression of β -actin.

2.5  Western blot

The western blot experiment was carried out according to the description [14]. After separation by SDS-PAGE, the desig-
nated proteins were transferred to the PVDF membranes, and the PVDF membranes were horizontally cut based on the 
location of the target molecule. The following antibodies were used in this research: anti-DGKA (CA60796, 1:1000, Cell 
Signaling Technology, MA, USA), anti-Jak1 (CA29261, CST), anti-Jak3 (CA8863, CST), anti-Stat5 (CA25656, CST), anti-P-Stat5 
(Tyr694) (CA72712, CST), anti-Stat3 (CA12640, CST), anti-P-Stat3 (Tyr705) (CA9145, CST), anti-PARP (CA9532, CST), anti-
cleaved PARP (CA5625, CST), anti-caspase-3 (CA9662, CST), anti-MEK (CA8727, CST), anti-P-MEK (CA3958, CST), anti-ERK 
(CA4695, CST), anti-P-ERK (CA8544, CST), anti-GAPDH (CA5174, CST), anti-SphK1 (SP5421, 1:1000, ECM Biosciences, KY, 
USA), anti-P-SphK1 (Ser-225) (SP1641, ECM Biosciences) and HRP-linked anti-rabbit IgG (CA7074, CST). Finally, all protein 
were visualized by ECL Western blotting Detection Kit (GeneFlow, Staffordshire, UK). The protein agonists applied were 
as follows: SphK1 agonist K6PC-5(HY-124042, MedChemExpress); MEK/ERK agonists C16-PAF (HY-108635, MedChemEx-
press); JAK/STAT agonists RO8191 (T22142, TargetMol).

2.6  Patients and primary AML samples

Twenty human primary AML and five normal hematopoietic stem cell specimens were collected from the First Affili-
ated Hospital of Xiamen University, Department of Hematology (Fujian, Xiamen). According to the Helsinki Declaration, 
this study was approved by the Ethics Review Committee of the First Affiliated Hospital of Xiamen University. Informed 
consent was obtained from all individual participants in this research. Ficoll-Hypaque density gradient column (Cytova, 
Uppsala, Sweden) was used to isolate monocytes.  CD34+ primary AML cells (581, Biolegend, CA, USA) were sorted by a 
NovoCyte Quanteon Flow Cytometer (ACEA Biosciences).
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2.7  Bioinformatics analyses

TCGA (https:// www. cancer. gov/), GTEx (https:// www. gtexp ortal. org/) and GSE12417 data [15] were retrieved from 
published literature. TCGA, GTEx data and GSE12417 were analyzed using R studio software (version 1.2.1335). R 
software packages "survminer" and "survival" were used to calculate the cutoff value of survival curve and plot sur-
vival curve, respectively. Volcano and heatmap are drawn by using R software packages "ggplot" and "heatmap". The 
“performance analytics” and “corrplot” R packages were used to draw the correlation plot. GO, KEGG and GSEA path-
way enrichment analyses were performed by the R package “clusterProfiler” [16, 17] and GSEA software version 4.2.3.

2.8  AML xenograft in mice

All animal experiments were approved by the Ethics Committee of Xiamen University. After 1 Gy irradiation, 2 ×  106 
Kasumi-1 cells were injected intravenously into NOD-PRKDC/IL-2RG/mice (6-week-old, female). A week later, the mice 
were randomized divided into two groups (8 animals per group) and received vehicle (0.3% sodium carboxymethyl 
cellulose) or ritanserin (5 mg/kg/day) administered by intraperitoneal injection for two successive weeks. The leu-
kemia burden was determined by intravital imaging every week. After 14 days of treatment, 3 mice were sacrificed 
from each group. The spleen (SP) and bone marrow (BM) were extracted for flow cytometry, HE staining, and immu-
nohistochemistry analysis. The leukemia infiltration level was detected according to the surface markers CD45 (HI30, 
Biolegend, CA, USA), CD34 (581, Biolegend), and mCD45 (563890, BD Biosciences, NJ, USA) by a NovoCyte Quanteon 
Flow Cytometer (ACEA Biosciences). For immunohistochemistry analysis, the tissue slices were incubated overnight 
with primary antibodies targeting CD34 (ab110643, 1:250, Abcam), CD45 (CA13917, 1:400, CST) and DGKA (CA60796, 
1:400, CST) at 4 °C. Then, DAB (DAB-2032, MXB Biotechnologies, Fujian, China) was applied for 30 s for the chromog-
enic reaction. Analysis was performed under an automatic digital slide scanner, Zeiss AxioScan7 (Zeiss, BW, Germany).

2.9  Statistical analyses

GraphPad Prism 8.0 was applied for statistical analysis. The mean ± SD was used to describe continuous variables. 
Two independent-sample t-test was used to analyze the differences between groups. Multiple group comparisons 
were made using one-way ANOVA. Results with the p-value less than 0.05 had statistical significance.

3  Results

3.1  Ritanserin impairs cell proliferation and induces apoptosis in AML

First, we assessed the cytotoxicity of ritanserin against two human AML cell lines, Kasumi-1 and KG-1α. Ritanserin 
was applied to cells at a variety of concentrations for the specified periods, and CCK-8 assay results were obtained. 
As shown in Fig. 1A, ritanserin dramatically reduced the proliferative activity in AML cells in both a dose- and time-
dependent manner. On the basis of cell viability, the  IC50 values for each cell line at 24, 48, and 72 h were also com-
puted and displayed concurrently (Table 1). In Kasumi-1 and KG-1α cells, the  IC50 decreased with longer treatment 
times, as predicted, with values at 72 h (29.75 ± 0.47 µM and 25.88 ± 0.11 µM, respectively) being significantly less 
than those at 24 h (51.01 ± 0.62 µM and 37.7 ± 0.55 µM, respectively).

The apoptosis of cells was detected to further evaluate the cytotoxic effect of ritanserin on AML. The degree of 
cell apoptosis was steadily increased in conjunction with the dose and duration of ritanserin treatment (Fig. 1B and 
Fig. S1). Combining the  IC50 values of the cell proliferation assays, KG-1α cells were found to be more susceptible to 
ritanserin than Kasumi-1 cells. Given the crucial role that caspases play in the apoptosis execution mechanism, we 
wondered whether the activation of caspases was necessary for ritanserin-induced cell death. We examined the pro-
tein expression of caspase-3, PARP, and anti-apoptosis markers (Mcl-1 and Bcl-xL) through western blotting. Cleaved 
PARP was substantially increased after receiving ritanserin therapy after 48 h, indicating an apoptotic execution state. 
Moreover, there was a noticeable downregulation in the expression of total caspase-3, MCL1, and Bcl-xL (Fig. 1C). 

https://www.cancer.gov/
https://www.gtexportal.org/
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Fig. 1  Ritanserin displays 
cytotoxic effects in AML cells. 
A The cell viability of Kasumi-1 
and KG-1α cells were detected 
by CCK-8 assay after treating 
with increasing concentra-
tions of ritanserin for 24, 48 
and 72 h. B Kasumi-1 and 
KG-1α cells were exposed to 
Annexin V/PI double staining 
to detect the apoptosis ratio 
by ritanserin for 48 h. Data are 
presented as the mean ± S.D. 
of triplicate experiments. 
(**p < 0.01; ****p < 0.0001). 
C Western blotting was 
examined after exposure to 
ritanserin for 48 h in Kasumi-1 
and KG-1α cells

Table 1  IC50 of the AML cell 
treated with Ritanserin

Cell lines IC50(μM)

24 h 48 h 72 h

Kasumi-1 50.01 ± 0.62 35.34 ± 2.17 29.75 ± 0.47
KG-1α 37.7 ± 0.55 23.57 ± 2.00 25.88 ± 0.11
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These results demonstrated that ritanserin effectively inhibited cell proliferation, and causes AML cells to undergo 
caspase-dependent apoptosis.

3.2  Highly expressed DGKα reveals a poor prognosis for AML

Since ritanserin has recently been shown to exert powerful antitumor effects as a DGKα specific inhibitor, we sought 
to explore the role of DGKα in AML. In the TCGA and GTEx datasets, we examined the expression of DGKα in normal 

Fig. 2  High DGKα expression in AML samples was associated with a worse prognosis. A The mRNA expression levels of DGKα from TCGA 
(n = 173) and GTEx datasets (n = 337). B DGKα mRNA levels in 20 AML samples and 5 normal peripheral blood samples were measured by 
RT‒qPCR analysis. Risk stratification of DGKα expression in C TCGA AML samples and H GSE12417. The overall survival of the high- and low-
risk groups in D TCGA and I GSE12417. E The volcano plot shows 2273 and 70 genes upregulated and downregulated significantly in the 
high-risk group compared to the low-risk group, respectively. F Heatmap of different genes in the high-risk and low-risk groups. G Correla-
tion between DGKα and CD34 in AML samples in TCGA. (**p < 0.01; ***p < 0.001)
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peripheral blood samples (n = 337) and AML samples (n = 173). DGKα expression was markedly elevated in AML 
samples compared to normal samples (Fig. 2A). We obtained blood samples of bone marrow from AML patients and 
analyzed the mRNA expression level of DGKα, and the results were found to be compatible with the public datasets 
(Fig. 2B), thus confirming the upregulation of DGKα in AML.

We further divided 173 AML samples into high-risk and low-risk groups according to the expression level of DGKα 
and discovered that the high-risk group had worse outcomes (Fig. 2C, D). Additionally, we discovered the differen-
tially expressed genes (DEGs) in the two groups. In total, 2273 and 70 genes were substantially upregulated and 
downregulated in the high-risk group, respectively (Fig. 2E, logFC ≥ 0.5, P < 0.05). Interestingly, we discovered that the 
high-risk group had higher levels of CD34 expression (Fig. 2F). In the AML samples, correlation analysis revealed that 
DGKα expression was positively correlated with CD34 (Fig. 2G). To verify the significance of DGKα in TCGA, we also 
investigated the survival function of DGKα in GSE12417 (n = 150). The high-risk group was associated with unfavorable 
survival (Fig. 2H, I). Collectively, these data indicated that high expression of DGKα in AML was related to the poor 
prognosis, which also suggested that the anti-leukemia effect of ritanserin is partly due to the inhibition of DGKα.

3.3  Biological function and pathway analysis in AML

As a pro-oncogene, DGKα promotes proliferation and anti-apoptosis in leukemia [18, 19]. To elucidate the molecular 
mechanism of ritanserin in AML, we continued to explore the potential biological function of DGKα. Through Gene 
Ontology (GO) analysis of AML samples, the DEGs in the high-risk group (high DGKα expression) in AML were found 
to be primarily involved in phospholipid binding, DAG kinase activity, and  NAD+ kinase activity and to promote 
phospholipid, DAG, and glycerophospholipid metabolic processes (Fig. S2A). According to the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis, AML, phospholipase D (PLD), MAPK and Jak-Stat signaling pathways 
were the major biological processes affected by DEGs in the two groups (Fig. S2B). Additionally, Gene Set Enrichment 
Analysis (GSEA) enrichment demonstrated that the high-risk group was implicated in the development of leukemia 
and the metabolic pathways connected to PLD signaling (Fig. S2C–F). Consistent with the KEGG results, two crucial 
pathways, the MAPK and Jak-Stat signaling pathways, were enriched in the high-risk group (Fig. S2G, H). Altogether, 
our findings showed that in the high-risk group (high DGKα expression), DGKα regulated the PLD and Jak-Stat/MAPK 
signaling pathways, which are highly linked with a worse prognosis, to impact the carcinogenesis of AML.

3.4  Ritanserin affects PLD signaling and regulates SphK1 expression via DGKα

The main form of DAG metabolism is to convert DAG into phosphatidic acid (PA) through DGKα, and both DAG and 
PA are critical lipid second messengers in the plasma membrane [20]. Several human disorders, including cancer, 
have been linked to deregulated PLD-PA lipid signaling [21–23]. Pertaining to previous research and our findings, 
we next investigated the downstream targets of DGKα-mediated PLD signaling regulation. Indeed, DGKα and sphin-
gosine kinase 1 (SphK1) are jointly involved in signal transduction of the PLD signaling pathway (Fig. 3A). Following 
ritanserin administration, we observed that the protein levels of DGKα, SphK1 and phospho-SphK1 (Ser225) were 
markedly diminished (Fig. 3B), which is consistent with the results of our bioinformatics analysis. These findings imply 
that ritanserin suppresses SphK1 expression and acts as an anti-AML agent via DGKα.

The sphingosine kinase SphK1 has been identified as a crucial signaling molecule in various growth-related cellular 
events, such as cell migration, proliferation, and transformation [24]. Although it has been previously established that 
PA can control the intracellular effector SphK1 [25], it is still unclear whether DGKα facilitates PLD-PA lipid signaling 
and regulates the expression of SphK1. Although ritanserin monotherapy inhibited cell proliferation and promotes 
apoptosis in AML cells, we discovered that exogenous PA added could rescue the suppression of AML cell growth 
(Fig. 3C), as well as the protein levels of SphK1 and phospho-SphK1 (Ser225) were elevated (Fig. 3E). Besides, we also 
introduced SphK1 agonists K6PC [26], and further confirmed that replenishment of SphK1 may increase cell viability 
and inhibit apoptosis (Fig. 3D). Compared with the ritanserin therapy, the expression of SphK1, phospho-SphK1 
(Ser225) were also increased after K6PC treatment together (Fig. 3E). These results supported the hypothesis that 
ritanserin inhibits DGKα and then regulates SphK1 expression via PLD-PA lipid signaling, therefore preventing the 
growth of AML cells.
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3.5  Ritanserin negatively regulates the Jak‑Stat and MAPK signaling pathways

Thus far, the results have demonstrated that DGKα is essential for negative regulation of the Jak-Stat and MAPK 
signaling pathways, which leads to the carcinogenesis of AML (Fig. S2G, H). We further performed western blotting 
to discover the critical proteins for two pathways to assess the results of the transcriptome profile in TCGA. As shown 
in Fig. 4, the expression of total protein and the phosphorylation levels of several genes, including JAK1, JAK3, STAT3, 
STAT5, MEK1/2, and ERK1/2, were considerably downregulated in ritanserin-treated Kasumi-1 and KG-1α cells.

Fig. 3  Ritanserin suppresses the phospholipase D (PLD) signaling pathway in AML cells. A The PLD signaling pathway is enriched in the 
high-risk group, of which DGKα and SphK1 are jointly involved in signal transduction of the PLD signaling pathway. B The protein expres-
sion levels of DGKα, SphK1 and p-SphK1(Ser225) after ritanserin treatment for 48 h. The histograms of cell viability and apoptosis cell ratio 
after ritanserin combined with exogenous C phosphatidic acid or D SphK1 agonist (K6PC) for 48 h. Data are presented as the mean ± S.D. of 
triplicate experiments. (*p < 0.05; **p < 0.01; ***p < 0.001.) E Western blotting indicated the expression of SphK1 and p-SphK1(Ser225) after 
ritanserin combined with exogenous phosphatidic acid or K6PC for 48 h
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To better confirm the potential signaling pathway after ritanserin treatment, we performed rescue experiments 
through the potent MAPK, MEK/ERK agonists C16-PAF [27], and the JAK/STAT agonists RO8191 [28]. Compared with 
the ritanserin monotherapy, C16-PAF or RO8191 combined with ritanserin were revealed to increase cell prolifera-
tion and inhibit apoptosis in AML cells, accompanied by statistical differences (Fig. 5A, B). Notably, phosphoryla-
tion levels of ERK1/2 (Thr202/Tyr204) were increased after C16-PAF was added with ritanserin (Fig. 5C). The protein 
expression of JAK1, STAT3, STAT5, phospho-STAT3(Tyr705) and phospho-STAT5(Tyr694) were observed to elevated 
by co-treatment with RO8191(Fig. 5D). Thus, we deduced that the anti-leukemia efficacy of ritanserin might be 
influenced by DGKα-induced Jak-Stat/MAPK pathways. Together, we concluded that the anti-leukemia efficacy of 
ritanserin is due to its inhibition of DGKα, mainly through negative regulation of the Jak-Stat and MAPK signaling 
pathways.

3.6  Ritanserin exerts an anti‑AML effect in vivo

To evaluate whether ritanserin functioned in carcinogenesis in vivo, Kasumi-1 cells were injected intravenously into 
NSG mice. We randomly assigned these mice to the vehicle and ritanserin groups (5 mg/kg/day) and subjected them 
to 14 consecutive days of intraperitoneal treatment (Fig. 6A). On the fourteenth day following treatment, three mice 
were sacrificed for examination. The ritanserin-treated group exhibited considerably ameliorated AML-associated 
splenomegaly in comparison to the vehicle group without experiencing lethal effects (Fig. 6B, Fig. S3A). The expres-
sion of CD34 and CD45 was assessed using flow cytometry to further pinpoint leukemia infiltration in vivo. The 
leukemia burden in the mouse spleen (SP) and bone marrow (BM) was potently attenuated by ritanserin (Fig. 6D, 
Fig. S3B). Most importantly, ritanserin substantially decreased leukemia carcinogenesis in vivo and along with sig-
nificant statistical differences (Fig. 6C). Ritanserin was also determined to effectively prolonged survival (Fig. 6E). 
Additionally, immunohistochemical staining also revealed that ritanserin significantly reduced the expression of 
CD34, CD45, and DGKα (Fig. 6F, G). In general, ritanserin hindered AML carcinogenesis in vivo.

Fig. 4  Ritanserin negatively regulates the Jak-Stat/MAPK signaling pathway. After being exposed to ritanserin for 48 h, the different proteins 
involving Jak-Stat/MAPK signaling pathway were detected by western blotting in Kasumi-1 and KG-1α cells
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3.7  Ritanserin promotes primary cell apoptosis in AML

Finally, we collected bone marrow mononuclear cells (BMMCs) from 12 primary AML samples to investigate the clinical 
application of ritanserin. The clinical characteristics of all samples are summarized in Table 2. After treating primary 
samples for 24 h, ritanserin induced primary cell apoptosis and exhibited substantial toxicity in AML (Fig. 7A). These 
results are in agreement with the in vitro data from experiments in cell lines. In contrast, ritanserin showed minimal 
toxicity to samples of normal hematopoietic stem cells (Fig. 7B), suggesting that ritanserin could be prescribed for 
targeted therapy of AML. Overall, these results confirmed that ritanserin has preclinical anti-leukemia capability.

Fig. 5  Agonists of Jak-Stat/
MAPK signaling rescued the 
ritanserin-mediated anti-
cancer effect and activates 
underlying pathways. The 
histograms of cell viability and 
apoptosis cell ratio after ritan-
serin combined with A the 
MAPK, MEK/ERK agonist C16-
PAF or B the JAK/STAT ago-
nists RO8191 for 48 h. Data are 
presented as the mean ± S.D. 
of triplicate experiments. 
(*p < 0.05; ***p < 0.001.) C 
The protein expression levels 
of p-MEK1/2(Ser217/221), 
MEK1/2, p-ERK1/2(Thr202/
Tyr204) and ERK1/2 were 
assessed after treatment 
with ritanserin, C16-PAF or 
both for 48 h. D The protein 
expression levels of JAK1, 
JAK3, p-STAT5(Typ694), STAT5, 
p-STAT3(Tyr705) and STAT3 
were assessed after treatment 
with ritanserin, RO8191 or 
both for 48 h
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4  Discussion

The refractory and relapsed forms of AML usually result in death; nevertheless, there are few effective treatment 
options for R/R AML [29]. Allogeneic hematopoietic stem cell transplantation (HSCT) is only used for the treatment 
of AML patients. However, due to being unfit or other factors, only a small number of patients are eligible to receive 
allo-HSCT [1]. Beyond this guiding principle, for most patients R/R AML patients, both older and younger, a consist-
ent course of therapy is lacking. New insights into several novel small molecule inhibitors provide the opportunity 
to revisit the treatment approach for R/R AML. In this study, for the first time, we evaluated the cytotoxicity and 
underlying mechanisms of the DGKα inhibitor ritanserin in AML preclinical models.

Fig. 6  Ritanserin exerts an 
anti-leukemia effect in vivo. A 
Experimental protocol for the 
xenograft model of Kasumi-1 
AML cells. B The spleen 
weight and D ratio of  hCD45+ 
to  hCD34+ in the spleen and 
bone marrow after two weeks 
of treatment with ritanserin 
(5 mg/kg/day). C Intravital 
imaging of mice treated with 
vehicle or ritanserin (5 mg/
kg/day). The statistical graphs 
of Average Radiance were 
exhibited on the right. E The 
survival curve of leukemia 
xenograft mice. F, G Spleen 
and bone marrow were 
collected and stained with 
H&E. Immunohistochemical 
staining was used to detect 
the expression of CD45, CD34, 
and DGKα. Three replicates are 
presented as the mean ± S.D. 
(*p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001)
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The discovery of ritanserin as a DGKα inhibitor highlights the value of repurposing medications, as previous clinical 
trial data established its safety and tolerability in human subjects [30]. Studies have shown that ritanserin inhibits C-RAF 
to cause apoptosis in lung cancer cells and prevents glioblastoma multiforme (GBM) and pancreatic cancer spread by 
modifying DGKα, which promotes the mesenchymal phenotype [10, 12]. Herein, we provide evidence that ritanserin 
inhibited AML tumor growth. Ritanserin exhibited dose-dependent cytotoxicity at therapeutically feasible doses, and 
different cells had varied responses to ritanserin. Ritanserin generated a higher level of apoptosis in KG-1α cells than in 
Kasumi-1 cells. This is supported by the stimulation of caspase-3 and PARP, which may be due to unknown mutations 
in cell origin or gene development. We also determined the clinical value of ritanserin: it effectively suppresses primary 
leukemia cells and considerably prolongs survival in mouse xenograft models. Overall, ritanserin provides a potent 
anti-leukemia effect.

The expression of DGKα is increased in several cancer cells with poor prognosis, such as hepatocellular carcinoma, 
melanoma and glioblastoma [9, 31, 32]. It is widely known that DGKα phosphorylates DAG to produce PA and that 
PA generated by DGKα is essential for the growth and anti-apoptotic properties of cancer cells [20, 33]. Meanwhile, 
studies have shown that DGKα is highly expressed in the nucleus of human erythroleukemia K562 and promotes 
cell proliferation and cell cycle progression [19]. After knocking down DGKα, it was found that the proliferation of 
K562 cells was inhibited [19], and similar effects were observed in lymphocytes treated with DGKα inhibitors [34]. 
We discovered that DGKα expression is elevated in AML using the TCGA and GTEx datasets and verified its function 
in our cohort. Our results also showed that a poorer prognosis is predicted by high DGKα expression. All of these 
findings are in line with other studies and clearly imply that DGKα may be a therapeutic target of broad interest 
and promise in the hematological system, particularly in AML. Additionally, we discovered that CD34 was highly 
expressed in high-risk groups and positively correlated with DGKα expression. The recurrence of AML shows that 

Table 2  Clinical characteristics 
of AML patients

Patient No Gender Age FAB WBC (×  109 /L) Molecular mutations

1 M 44 M5 62.39 WT1,FLT-ITD,NPM1,DNMT3A
2 M 64 M2 28.67 WT1/ABL, ASXL1,DNMT3A,

RUNX1, SRSF2,TP53
3 M 50 M4E0 65.37 CBFbeta-MYH11, c-kit,RAD21
4 F 75 M5 29.03 WT1, DNMT3A,IDH1,NPM1
5 F 57 M3 11.46 BCOR, TET2,PML-RARa
6 M 69 M5 23.42 WT1, EVI1,FLT3-TKD,RUNX1,SF3B1
7 M 65 M4E0 53.27 –
8 M 18 Unclassified 38.09 BCR-ABL
9 M 42 M5 53.27 MLL-AF6, EV11
10 M 28 Unclassified 38.09 –
11 F 38 M5 0.34 DNMT3A, IDH1,NPM1
12 M 18 M2 25.79 –

Fig. 7  Ritanserin induces cell 
apoptosis in primary AML 
samples. After treatment with 
ritanserin for 24 h, Annexin 
V/PI double staining was 
employed to detect the apop-
tosis ratio in A primary AML 
cells and B normal PBMCs
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targeted leukemia stem cells (LSCs) therapy is still flawed. This rare drug-resistant cell is responsible for maintaining 
leukemia and is usually enriched in  CD34+CD38−cells [35, 36]. Consequently, high expression of DGKα may indicate 
a high CD34 level, consistent with a poor prognosis for AML.

Despite the progress in linking the function of DGKα with the development of cancer and other diseases, it is still 
challenging to study their biology. After determining the crucial function of DGKα in AML, we carried out a pathway 
enrichment study. Notably, DGKα mostly activates the PLD pathway and associated pathways in AML samples. PA 
functions as a second signal to control SphK1 expression [25], and DGKα and SphK1 overexpression in AML are posi-
tively correlated. We discovered that ritanserin inhibits DGKα and further reduces the phosphorylation of SphK1. 
Replenishment of exogenous PA and SphK1 agonists K6PC rescued cell proliferation and apoptosis, which is in line 
with previous research showing that decreased SphK1 expression facilitates Mcl-1 degradation and increases apop-
tosis [37]. In addition, the DEGs in the DGKα high-risk group were enriched in the Jak-Stat/MAPK signaling pathway, 
whose activation induces partial AML production [38] and promotes tumor growth [39], and some AML patients are 
resistant to conventional treatment due to MAPK pathway activation [40]. This study confirmed that these pathways 
were inactivated after treatment with the DGKα inhibitor ritanserin, and rescued by the MAPK, MEK/ERK agonists 
C16-PAF, and the JAK/STAT agonists RO8191. Taken together, our results, although preliminary, indicate that ritanserin 
can regulate PLD-related pathways and the Jak-Stat/MAPK signaling pathway to prevent the progression of AML.

5  Conclusion

In conclusion, we found that selective inhibition of DGKα by ritanserin inhibits AML cell lines and primary patient 
cells both ex vivo and in in vivo mouse xenografts as a single agent in the clinically achievable range. Moreover, we 
determined that DGKα may be a promising therapeutic target in AML, and ritanserin not only negatively regulates 
SphK1 expression through PLD signaling but also inhibits the Jak-Stat and MAPK signaling pathways via DGKα, pro-
viding effective preclinical evidence for ritanserin in the treatment of AML.

Acknowledgements Not applicable.

Author contributions Conceptualization, JST, MYZ and BX; Data curation, YYH, GCP, YFT and JWY; Formal analysis, JST, WHS and YTL; Fund-
ing acquisition, JZ and BX; Methodology, JST, HPD and YLJ; Resources, JZ and BX; Software, WHS, JQL, ZFL and JWH; Supervision, JZ and BX; 
Validation, HJZ, YZ and GF; Writing the original draft, MYZ and JWY; Reviewing and editing the manuscript, MYZ and JWY.

Funding This work was financially supported by the National Natural Science Foundation of China (No. U22A20290. 82170180, 81800163), 
Natural Science Foundation of Fujian Province, China (No. 2019J0105, 2020J011246, 2020GGB054, 2021J011359) and the Xiamen Municipal 
Bureau of Science and Technology (3502Z20209003, 3502Z20209008).

Data availability The data presented in this study are available on request from the corresponding author.

Declarations 

Ethics approval and consent to participate All patients provided written informed consent for the use of their specimens and disease informa-
tion for future research following the Ethics Review Committee of the First Affiliated Hospital of Xiamen University, and under the tenets of the 
Declaration of Helsinki. Animal procedures were approved by the Laboratory Animal Ethics and Management Committee of Xiamen University 
following the principles and procedures of the NIH Guidelines for Endpoints in Animal Study Proposals (Approval Code: XMULAC20170065, 
28 February 2017). The weight loss of mice in all animal experiments should be less than 20% of the body weight, not exceeding the limits 
specified in the NIH Guidelines for Endpoints in Animal Study Proposals.

Competing interests The authors declare that they have no competing interests.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

http://creativecommons.org/licenses/by/4.0/


Vol:.(1234567890)

Research Discover Oncology          (2023) 14:118  | https://doi.org/10.1007/s12672-023-00737-9

1 3

References

 1. Thol F, Ganser A. Treatment of relapsed acute myeloid leukemia. Curr Treat Options Oncol. 2020;8:66. https:// doi. org/ 10. 1007/ 
s11864- 020- 00765-5.

 2. Ganzel C, Sun Z, Cripe LD, Fernandez HF, Douer D, Rowe JM, et al. Very poor long-term survival in past and more recent studies for 
relapsed AML patients: the ECOG-ACRIN experience. Am J Hematol. 2018;8:1074–81. https:// doi. org/ 10. 1002/ ajh. 25162.

 3. Megias-Vericat JE, Martinez-Cuadron D, Sanz MA, Montesinos P. Salvage regimens using conventional chemotherapy agents for 
relapsed/refractory adult AML patients: a systematic literature review. Ann Hematol. 2018;7:1115–53. https:// doi. org/ 10. 1007/ 
s00277- 018- 3304-y.

 4. Ma J, Ge Z. Recent advances of targeted therapy in relapsed/refractory acute myeloid leukemia. Bosn J Basic Med Sci. 2021;4:409–21. 
https:// doi. org/ 10. 17305/ bjbms. 2020. 5485.

 5. Leysen JE, Gommeren W, Van Gompel P, Wynants J, Janssen PF, Laduron PM. Receptor-binding properties in vitro and in vivo of 
ritanserin: a very potent and long acting serotonin-S2 antagonist. Mol Pharmacol. 1985;6:600–11.

 6. Wiesel FA, Nordstrom AL, Farde L, Eriksson B. An open clinical and biochemical study of ritanserin in acute patients with schizophrenia. 
Psychopharmacology. 1994;1:31–8. https:// doi. org/ 10. 1007/ BF022 45441.

 7. Johnson BA, Jasinski DR, Galloway GP, Kranzler H, Weinreib R, Anton RF, et al. Ritanserin in the treatment of alcohol dependence–a multi-
center clinical trial. Ritanserin Study Group Psychopharmacology (Berl). 1996;2:206–15. https:// doi. org/ 10. 1007/ s0021 30050 126.

 8. Yamaki A, Akiyama R, Murakami C, Takao S, Murakami Y, Mizuno S, et al. Diacylglycerol kinase alpha-selective inhibitors induce apoptosis 
and reduce viability of melanoma and several other cancer cell lines. J Cell Biochem. 2019;6:10043–56. https:// doi. org/ 10. 1002/ jcb. 28288.

 9. Dominguez CL, Floyd DH, Xiao A, Mullins GR, Kefas BA, Xin W, et al. Diacylglycerol kinase alpha is a critical signaling node and novel 
therapeutic target in glioblastoma and other cancers. Cancer Discov. 2013;7:782–97. https:// doi. org/ 10. 1158/ 2159- 8290. CD- 12- 0215.

 10. Olmez I, Love S, Xiao A, Manigat L, Randolph P, McKenna BD, et al. Targeting the mesenchymal subtype in glioblastoma and other 
cancers via inhibition of diacylglycerol kinase alpha. Neuro Oncol. 2018;2:192–202. https:// doi. org/ 10. 1093/ neuonc/ nox119.

 11. Purow B. Molecular pathways: targeting diacylglycerol kinase alpha in cancer. Clin Cancer Res. 2015;22:5008–12. https:// doi. org/ 10. 
1158/ 1078- 0432. CCR- 15- 0413.

 12. Campbell ST, Franks CE, Borne AL, Shin M, Zhang L, Hsu KL. Chemoproteomic discovery of a ritanserin-targeted kinase network 
mediating apoptotic cell death of lung tumor cells. Mol Pharmacol. 2018;5:1246–55. https:// doi. org/ 10. 1124/ mol. 118. 113001.

 13. Boroda S, Niccum M, Raje V, Purow BW, Harris TE. Dual activities of ritanserin and R59022 as DGKalpha inhibitors and serotonin recep-
tor antagonists. Biochem Pharmacol. 2017. https:// doi. org/ 10. 1016/j. bcp. 2016. 10. 011.

 14. Zhong M, Tan J, Pan G, Jiang Y, Zhou H, Lai Q, et al. Preclinical evaluation of the HDAC inhibitor chidamide in transformed follicular 
lymphoma. Front Oncol. 2021. https:// doi. org/ 10. 3389/ fonc. 2021. 780118.

 15. Metzeler KH, Hummel M, Bloomfield CD, Spiekermann K, Braess J, Sauerland MC, et al. An 86-probe-set gene-expression signature predicts 
survival in cytogenetically normal acute myeloid leukemia. Blood. 2008;10:4193–201. https:// doi. org/ 10. 1182/ blood- 2008- 02- 134411.

 16. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 40: a universal enrichment tool for interpreting omics data. Innovation 
(Cambridge (Mass)). 2021;3:100141. https:// doi. org/ 10. 1016/j. xinn. 2021. 100141.

 17. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS. 2012;5:284–7. 
https:// doi. org/ 10. 1089/ omi. 2011. 0118.

 18. Bacchiocchi R, Baldanzi G, Carbonari D, Capomagi C, Colombo E, van Blitterswijk WJ, et al. Activation of alpha-diacylglycerol kinase is 
critical for the mitogenic properties of anaplastic lymphoma kinase. Blood. 2005;6:2175–82. https:// doi. org/ 10. 1182/ blood- 2005- 01- 0316.

 19. Poli A, Fiume R, Baldanzi G, Capello D, Ratti S, Gesi M, et al. Nuclear localization of diacylglycerol kinase alpha in K562 cells is involved 
in cell cycle progression. J Cell Physiol. 2017;9:2550–7. https:// doi. org/ 10. 1002/ jcp. 25642.

 20. Merida I, Avila-Flores A, Merino E. Diacylglycerol kinases: at the hub of cell signalling. Biochem J. 2008;1:1–18. https:// doi. org/ 10. 
1042/ BJ200 71040.

 21. Henkels KM, Boivin GP, Dudley ES, Berberich SJ, Gomez-Cambronero J. Phospholipase D (PLD) drives cell invasion, tumor growth and 
metastasis in a human breast cancer xenograph model. Oncogene. 2013;49:5551–62. https:// doi. org/ 10. 1038/ onc. 2013. 207.

 22. Bruntz RC, Lindsley CW, Brown HA. Phospholipase D signaling pathways and phosphatidic acid as therapeutic targets in cancer. 
Pharmacol Rev. 2014;4:1033–79. https:// doi. org/ 10. 1124/ pr. 114. 009217.

 23. Kattan RE, Han H, Seo G, Yang B, Lin Y, Dotson M, et al. Interactome analysis of human phospholipase D and phosphatidic acid-
associated protein network. Mol Cell Proteomics. 2022;2:100195. https:// doi. org/ 10. 1016/j. mcpro. 2022. 100195.

 24. Olivera A, Spiegel S. Sphingosine-1-phosphate as second messenger in cell proliferation induced by PDGF and FCS mitogens. Nature. 
1993;6446:557–60. https:// doi. org/ 10. 1038/ 36555 7a0.

 25. Delon C, Manifava M, Wood E, Thompson D, Krugmann S, Pyne S, et al. Sphingosine kinase 1 is an intracellular effector of phosphatidic 
acid. J Biol Chem. 2004;43:44763–74. https:// doi. org/ 10. 1074/ jbc. M4057 71200.

 26. Youm JK, Jo H, Hong JH, Shin DM, Kwon MJ, Jeong SK, et al. K6PC-5, a sphingosine kinase activator, induces anti-aging effects in intrinsi-
cally aged skin through intracellular Ca2+ signaling. J Dermatol Sci. 2008;2:89–102. https:// doi. org/ 10. 1016/j. jderm sci. 2008. 03. 002.

 27. Zheng Z, Xie J, Ma L, Hao Z, Zhang W, Li L. Vitamin D receptor activation targets ROS-mediated crosstalk between autophagy and apoptosis 
in hepatocytes in cholestasic mice. Cell Mol Gastroenterol Hepatol. 2023;4:887–901. https:// doi. org/ 10. 1016/j. jcmgh. 2022. 10. 011.

 28. Zheng X, Zhu Y, Wang X, Hou Y, Fang Y. Silencing of ITGB6 inhibits the progression of cervical carcinoma via regulating JAK/STAT3 
signaling pathway. Ann Transl Med. 2021;9:803. https:// doi. org/ 10. 21037/ atm- 21- 1669.

 29. Estey EH. Acute myeloid leukemia: 2021 update on risk-stratification and management. Am J Hematol. 2020;11:1368–98. https:// doi. 
org/ 10. 1002/ ajh. 25975.

 30. Granade ME, Manigat LC, Lemke MC, Purow BW, Harris TE. Identification of ritanserin analogs that display DGK isoform specificity. 
Biochem Pharmacol. 2022. https:// doi. org/ 10. 1016/j. bcp. 2022. 114908.

 31. Takeishi K, Taketomi A, Shirabe K, Toshima T, Motomura T, Ikegami T, et al. Diacylglycerol kinase alpha enhances hepatocellular car-
cinoma progression by activation of Ras-Raf-MEK-ERK pathway. J Hepatol. 2012;1:77–83. https:// doi. org/ 10. 1016/j. jhep. 2012. 02. 026.

https://doi.org/10.1007/s11864-020-00765-5
https://doi.org/10.1007/s11864-020-00765-5
https://doi.org/10.1002/ajh.25162
https://doi.org/10.1007/s00277-018-3304-y
https://doi.org/10.1007/s00277-018-3304-y
https://doi.org/10.17305/bjbms.2020.5485
https://doi.org/10.1007/BF02245441
https://doi.org/10.1007/s002130050126
https://doi.org/10.1002/jcb.28288
https://doi.org/10.1158/2159-8290.CD-12-0215
https://doi.org/10.1093/neuonc/nox119
https://doi.org/10.1158/1078-0432.CCR-15-0413
https://doi.org/10.1158/1078-0432.CCR-15-0413
https://doi.org/10.1124/mol.118.113001
https://doi.org/10.1016/j.bcp.2016.10.011
https://doi.org/10.3389/fonc.2021.780118
https://doi.org/10.1182/blood-2008-02-134411
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1182/blood-2005-01-0316
https://doi.org/10.1002/jcp.25642
https://doi.org/10.1042/BJ20071040
https://doi.org/10.1042/BJ20071040
https://doi.org/10.1038/onc.2013.207
https://doi.org/10.1124/pr.114.009217
https://doi.org/10.1016/j.mcpro.2022.100195
https://doi.org/10.1038/365557a0
https://doi.org/10.1074/jbc.M405771200
https://doi.org/10.1016/j.jdermsci.2008.03.002
https://doi.org/10.1016/j.jcmgh.2022.10.011
https://doi.org/10.21037/atm-21-1669
https://doi.org/10.1002/ajh.25975
https://doi.org/10.1002/ajh.25975
https://doi.org/10.1016/j.bcp.2022.114908
https://doi.org/10.1016/j.jhep.2012.02.026


Vol.:(0123456789)

Discover Oncology          (2023) 14:118  | https://doi.org/10.1007/s12672-023-00737-9 Research

1 3

 32. Yanagisawa K, Yasuda S, Kai M, Imai S, Yamada K, Yamashita T, et al. Diacylglycerol kinase alpha suppresses tumor necrosis factor-alpha-
induced apoptosis of human melanoma cells through NF-kappaB activation. Biochim Biophys Acta. 2007;4:462–74. https:// doi. org/ 10. 
1016/j. bbalip. 2006. 12. 008.

 33. Sakane F, Hoshino F, Ebina M, Sakai H, Takahashi D. The roles of diacylglycerol kinase alpha in cancer cell proliferation and apoptosis. 
Cancers (Basel). 2021. https:// doi. org/ 10. 3390/ cance rs132 05190.

 34. Baldanzi G. Inhibition of diacylglycerol kinases as a physiological way to promote diacylglycerol signaling. Adv Biol Regul. 2014. https:// 
doi. org/ 10. 1016/j. jbior. 2014. 02. 001.

 35. Martelli MP, Pettirossi V, Thiede C, Bonifacio E, Mezzasoma F, Cecchini D, et al. CD34+ cells from AML with mutated NPM1 harbor cytoplas-
mic mutated nucleophosmin and generate leukemia in immunocompromised mice. Blood. 2010;19:3907–22. https:// doi. org/ 10. 1182/ 
blood- 2009- 08- 238899.

 36. Gerber JM, Smith BD, Ngwang B, Zhang H, Vala MS, Morsberger L, et al. A clinically relevant population of leukemic CD34(+)CD38(-) cells 
in acute myeloid leukemia. Blood. 2012;15:3571–7. https:// doi. org/ 10. 1182/ blood- 2011- 06- 364182.

 37. Bonhoure E, Lauret A, Barnes DJ, Martin C, Malavaud B, Kohama T, et al. Sphingosine kinase-1 is a downstream regulator of imatinib-
induced apoptosis in chronic myeloid leukemia cells. Leukemia. 2008;5:971–9. https:// doi. org/ 10. 1038/ leu. 2008. 95.

 38. Chen BR, Deshpande A, Barbosa K, Kleppe M, Lei X, Yeddula N, et al. A JAK/STAT-mediated inflammatory signaling cascade drives onco-
genesis in AF10-rearranged AML. Blood. 2021;24:3403–15. https:// doi. org/ 10. 1182/ blood. 20200 09023.

 39. Hu X, Li J, Fu M, Zhao X, Wang W. The JAK/STAT signaling pathway: from bench to clinic. Signal Transduct Target Ther. 2021;1:402. https:// 
doi. org/ 10. 1038/ s41392- 021- 00791-1.

 40. Zhang Q, Riley-Gillis B, Han L, Jia Y, Lodi A, Zhang H, et al. Activation of RAS/MAPK pathway confers MCL-1 mediated acquired resist-
ance to BCL-2 inhibitor venetoclax in acute myeloid leukemia. Signal Transduct Target Ther. 2022;1:51. https:// doi. org/ 10. 1038/ 
s41392- 021- 00870-3.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.bbalip.2006.12.008
https://doi.org/10.1016/j.bbalip.2006.12.008
https://doi.org/10.3390/cancers13205190
https://doi.org/10.1016/j.jbior.2014.02.001
https://doi.org/10.1016/j.jbior.2014.02.001
https://doi.org/10.1182/blood-2009-08-238899
https://doi.org/10.1182/blood-2009-08-238899
https://doi.org/10.1182/blood-2011-06-364182
https://doi.org/10.1038/leu.2008.95
https://doi.org/10.1182/blood.2020009023
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1038/s41392-021-00870-3
https://doi.org/10.1038/s41392-021-00870-3

	Ritanserin suppresses acute myeloid leukemia by inhibiting DGKα to downregulate phospholipase D and the Jak-StatMAPK pathway
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Cell lines and reagents
	2.2 Cell viability assay
	2.3 Analysis of apoptosis
	2.4 Quantitative real-time PCR (qRT-PCR)
	2.5 Western blot
	2.6 Patients and primary AML samples
	2.7 Bioinformatics analyses
	2.8 AML xenograft in mice
	2.9 Statistical analyses

	3 Results
	3.1 Ritanserin impairs cell proliferation and induces apoptosis in AML
	3.2 Highly expressed DGKα reveals a poor prognosis for AML
	3.3 Biological function and pathway analysis in AML
	3.4 Ritanserin affects PLD signaling and regulates SphK1 expression via DGKα
	3.5 Ritanserin negatively regulates the Jak-Stat and MAPK signaling pathways
	3.6 Ritanserin exerts an anti-AML effect in vivo
	3.7 Ritanserin promotes primary cell apoptosis in AML

	4 Discussion
	5 Conclusion
	Acknowledgements 
	Anchor 25
	References


