L)

Check for
updates

ea

BIOMOLECULES Original Article
& THERAPEUTICS Biomol Ther 30(6), 553-561 (2022)

Growth Inhibitory and Pro-Apoptotic Effects of Hirsuteine in
Chronic Myeloid Leukemia Cells through Targeting Sphingosine
Kinase 1

Shan Gao', Tingting Guo', Shuyu Luo'?, Yan Zhang', Zehao Ren’, Xiaona Lang', Gaoyong Hu®, Duo Zuo*,
Wengqing Jia', Dexin Kong', Haiyang Yu® and Yuling Qiu"*

"Tianjin Key Laboratory on Technologies Enabling Development of Clinical Therapeutics and Diagnostics, School of Pharmacy,
Tianjin Medical University, Tianjin 300070,

2School and Hospital of Stomatology, Tianjin Medical University, Tianjin 300070,

3State Key Laboratory of Component-based Chinese Medicine, Tianjin University of Traditional Chinese Medicine, Tianjin 301617,
“Department of Clinical Laboratory, Key Laboratory of Cancer Prevention and Therapy, Tianjin’s Clinical Research Center for Cancer,
National Clinical Research Center for Cancer, Tianjin Medical University Cancer Institute and Hospital, Tianjin Medical University,
Tianjin 300060, China

Abstract

Chronic myeloid leukemia (CML) is a slowly progressing hematopoietic cell disorder. Sphingosine kinase 1 (SPHK1) plays es-
tablished roles in tumor initiation, progression, and chemotherapy resistance in a wide range of cancers, including leukemia.
However, small-molecule inhibitors targeting SPHK1 in CML still need to be developed. This study revealed the role of SPHK1 in
CML and investigated the potential anti-leukemic activity of hirsuteine (HST), an indole alkaloid obtained from the oriental plant
Uncaria rhynchophylla, in CML cells. These results suggest that SPHK1 is highly expressed in CML cells and that overexpression
of SPHK1 represents poor clinical outcomes in CML patients. HST exposure led to G2/M phase arrest, cellular apoptosis, and
downregulation of Cyclin B1 and CDC2 and cleavage of Caspase 3 and PARP in CML cells. HST shifted sphingolipid rheostat
from sphingosine 1-phosphate (S1P) towards the ceramide coupled with a marked inhibition of SPHK1. Mechanistically, HST
significantly blocked SPHK1/S1P/S1PR1 and BCR-ABL/PI3K/Akt pathways. In addition, HST can be docked with residues of
SPHK1 and shifts the SPHK1 melting curve, indicating the potential protein-ligand interactions between SPHK1 and HST in both
CML cells. SPHK1 overexpression impaired apoptosis and proliferation of CML cells induced by HST alone. These results suggest
that HST, which may serve as a novel and specific SPHK1 inhibitor, exerts anti-leukemic activity by inhibiting the SPHK1/S1P/
S1PR1 and BCR-ABL/PI3K/Akt pathways in CML cells, thus conferring HST as a promising anti-leukemic drug for CML therapy
in the future.
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INTRODUCTION nase activity, which leads to cell transformation and uncon-
trolled cell growth (Osman and Deininger, 2021). As a result,

Chronic myeloid leukemia (CML) is a slowly progressing Ph, bcr-abl and BCR-ABL proteins with a molecular weight
hematological malignancy characterized by the accumulation of 210-kDa, serve as the basis of pathology, diagnosis, and
of transformed hematopoietic progenitor cells in bone marrow monitoring in CML. Therefore, during the past decades, the
and peripheral blood. The Philadelphia chromosome (Ph), abnormal fusion protein BCR-ABL, which has tyrosine kinase

which results from [t(9;22)(q34;911.2)] reciprocal transloca- activity, represents a logical target for CML therapy (Mojtahedi
tion, and its gene product bcr-abl are present in 95% of CML et al., 2021). Tyrosine kinase inhibitors (TKIs) that selectively
patients (Lion, 2011). Mechanistically, bcr-abl encodes BCR- target BCR-ABL, such as Imatinib, nilotinib, and dasatinib,

ABL. BCR-ABL is an oncoprotein with consistent tyrosine ki- have been developed. TKlIs have led to extended lifespans
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for many patients with CML and are considered to be the most
spectacular success in the field of targeted cancer therapy
(Amir and Javed, 2021). However, a considerable number of
patients cannot benefit from TKls because of their toxicity, re-
sistance, and intolerance (Cortes and Lang, 2021). Therefore,
novel treatment options are urgently required.

Sphingolipids, ubiquitous cell membrane constituents, are
involved in various diseases, including cancer (Codini et al.,
2021). Metabolites of sphingolipids, such as ceramide (Cer),
sphingosine (Sph), and sphingosine 1-phosphate (S1P), are
viewed as important signaling effectors that regulate many
cellular processes, ranging from cell growth to cell apoptosis
and cellular responses to stress (Velazquez et al., 2021). Cer
can be deacylated to form Sph, which can be further phos-
phorylated to produce S1P. Evidence has identified that Cer/
Sph induces cell apoptosis, whereas S1P promotes cell sur-
vival and migration. These oppositely acting molecules are
interconvertible within cells, and their balance has been re-
garded as cellular “sphingolipid rheostat,” which determines
cell fate (Green et al., 2021). Sphingosine kinases (SPHKs)
catalyze the conversion of Sph to S1P and are considered to
be the particular enzymes regulating the sphingolipid rheostat.
SPHKSs are evolutionarily conserved lipid kinases. There are
two isoforms in mammalian cells, SPHK1 and SPHK2, of which
SPHK1 is widely reported to have established roles in can-
cer initiation, progression, and drug resistance in numerous
cancers, including leukemia (Green et al., 2021; Velazquez et
al., 2021). Moreover, elevated SPHK1 levels have also been
found in several cancers, such as breast, lung, colorectal, kid-
ney and brain cancers (Lupino et al., 2019). Thus, SPHK1 is
considered a druggable target for cancer therapy. However,
targeting SPHK1 with small-molecule inhibitors in CML has
rarely been reported.

Bioactive natural products are important sources of many
current therapeutic agents, either in their original form or as
derivatives. Due to their diverse mechanisms of action, vari-
ous natural compounds derived from medicinal plants have
been extensively studied to treat cancer (Wilson et al., 2020).
Hirsuteine (HST) is an indole alkaloid obtained primarily from
the hooks or hook-bearing branches of the oriental plant Un-
caria rhynchophylla and is used in the treatment of cerebro-
vascular disorders and neurodegeneration (Mohd Sairazi and
Sirajudeen, 2020). Qi et al. (2014) reported that HST protected
normal neuronal cells from glutamate-induced cell death, thus
exhibiting neuroprotective efficacy. Earlier pharmacological
studies with HST have demonstrated that it possesses antihy-
pertensive, anti-inflammatory, neuromodulatory, and protec-
tive effects, and exerts cytotoxicity and MDR-reversal activity
in human hepatocellular carcinoma cells (Huang et al., 2017;
Kushida et al., 2021). However, the anti-leukemic activity of
HST against CML and its underlying mechanisms are not well
understood.

This study aims to explore the potential anti-leukemic ef-
ficacy of HST in CML cells and the underlined mechanism.

MATERIALS AND METHODS

Reagents, antibodies and plasmids

Hirsuteine was purchased from Abphyto biotech (Chengdu,
Sichuan, China). 3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-
2Htetrazolium bromide (MTT) reagent was from Amresco (So-
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lon, OH, USA). Propidium iodide (Pl) was from Sigma-Aldrich
(St. Louis, MO, USA). The Annexin V-FITC/PI Apoptosis De-
tection Kit was purchased from Dalian Meilun Biological Prod-
uct Factory (Dalian, Liaoning, China). TRIzol reagent was pur-
chased from Absin (Shanghai, China). Human S1P ELISA kit
(ELS11663), Human Cer ELISA kit (ELS11665) and Human
SPHK1 ELISA Kit (ELS11669) were bought from Tianjin Ding-
guo Biotechnology (Tianjin, China). Fetal bovine serum (FBS)
was from Biological Industries (Kibbutz Beit-Haemek, Israel).
Antibodies against Cyclin B1 (1:1,000, #4135), CDC2 (1:1,000,
#9116), Cyclin D1 (1:1,000, #55506), Caspase 3 (1:1,000,
#9662), PARP (1:1,000, #9532), Caspase-8 (1:1,000, #9746),
Caspase-9 (1:1,000, #9502), Cytochrome ¢ (1:1,000, #4272),
BCR-ABL (1:1,000, #2862), p-BCR-ABL (Y412) (1:1,000,
#2865), PI3K-p110a (1:1,000, #4249), p-Akt (Ser473) (1:1,000,
#3787), Akt (1:1,000, #9272), B-actin (1:1,000, #8457), anti-
rabbit and anti-mouse HRP-conjugated secondary antibod-
ies (1:2,000) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibody against Bcl-2 (1:1,000, #SC-
7382) was from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibody against p-SPHK1 (Ser225) (1:1,000, #19561-
1-AP) was from Proteintech (Wuhan, Hubei, China). Antibody
against SPHK1 (1:1,000, #A0139) was from ABclonal (Wuhan,
Hubei, China), Human SPHK1 overexpression plasmid was
purchased from Genechem (Shanghai, China).

Cell culture and transient transfection

Human CML cell line K562 was obtained from the National
Collection of Authenticated Cell Cultures (Shanghai, China),
K562/G01, an Imatinib-selected multidrug resistance (MDR)
cell subline, was obtained from the Institute of Hematology,
Chinese Academy of Medical Sciences (Tianjin, China). Hu-
man peripheral blood mononuclear cells (PBMCs) were iso-
lated from the blood samples of healthy volunteers with the
approval of the Ethics Committee of Tianjin Medical Univer-
sity Cancer Institute and Hospital using Dakewei Human
Lymphocyte Separation Medium (Beijing, China). All cells
were cultured in RPMI-1640 containing 10% FBS, 10 pg/mL
streptomycin, and 100 U/mL penicillin, in a humidified incuba-
tor at 37°C with 5% CO,. Cells were authenticated by short
tandem repeat (STR) analysis. For K562/G01 cell culture, 1
ug/mL of Imatinib was added to the culture medium to main-
tain the MDR characteristics. K662/G01 was further grown in a
drug-free culture medium for 10 days before assay. Cells were
seeded onto twelve-well plates and transfected with 1 pg of
SPHK1 or empty vector control plasmid using Lipofectamine®
2000 (Invitrogen Corp., Carlsbad, CA, USA) in a condition of
37°C, 5% CO; for 6 h. The culture medium was then replaced
by fresh RPMI-1640 medium containing antibiotics and FBS
before subsequent experiments.

MTT assay

MTT assay was performed as we previously reported (Yin
et al., 2019). Cells were harvested and seeded at a density of
4x10* cells/well onto a 96-well plate, then treated with HST at
various concentrations for 48 h or at different time for 32 uM.
After further incubation with 5 mg/mL MTT at 37°C for 4 h, the
medium was discarded, and the produced formazan blue was
dissolved with 100 uL DMSO. The absorbance value at 490
nm was measured by using a microplate reader iMark (BIO-
RAD, Hercules, CA, USA).



Flow cytometry

Cell cycle analysis and cell apoptosis were detected by flow
cytometry as we reported before (Zhang et al., 2019). In brief,
for cell cycle analysis, cells under detection were harvested
and fixed in 75% ethanol overnight, washed with PBS, and
stained with propidium iodide (PI) staining (50 ug/mL PI, 100
ng/mL RNase A and 0.5% Triton X-100) at 4°C for 30 min in
the dark. For cell apoptosis, cells under detection were har-
vested and stained with Annexin V-FITC/PI double staining.
The samples were immediately analyzed by BD Accuri C6
flow cytometer (BD Biosciences, San Jose, CA, USA).

RNA isolation and qRT-PCR

gRT-PCR was conducted as previously described (Zhou et
al., 2016). Total RNA was extracted using TRIzol reagent (Life
Technologies, Carlsbad, CA, USA). 500 ng of total RNA was
reverse transcribed into cDNA using PrimeScript RT Master
Mix Reagent Kit (TaKaRa, Tokyo, Japan). gPCR was con-
ducted using TB Green Premix Ex Tag Reagent Kit (TaKaRa)
according to the manufacturer’s instructions, and detected
by a CFX96™ Real-Time PCR Detection System (BIO-RAD).
The sequences of primers were listed in Supplementary Table
1. The relative gene expression was determined by the com-
parative C; (AAC;) method. GAPDH was used as the reference
gene for normalization.

Western blotting

Western blotting was conducted as previously described
(Zhou et al., 2016; Yu et al., 2018). Briefly, cells were lysed
by RIPA lysis buffer, quantified, and resolved by SDS-PAGE
followed by immunoblotting using specified primary antibodies
and HRP-conjugated secondary antibodies, respectively. The
signals were visualized using ECL reagents and quantified by
Image J (Rawak Software Inc., Stuttgart, Germany). pB-actin
was the internal reference.
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Fig. 1. SPHK1 is highly expressed in CML cells and predicts clini-
cal outcomes. (A) Kaplan-Meier representation of the relapse-free
survival (RFS) of the two groups of CML patients with different
SPHK1 expression levels (GSE71014). p-value was obtained us-
ing Kaplan-Meier analysis and compared with a long-rank test. (B)
The protein expression of SPHK1 in PBMCs and various cancer
cell lines (n=3).
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ELISA

SPHK1 activity, S1P concentration, and Cer concentration
were determined by ELISA. Cells were seeded at a density
of 4x10° cells/well in 6-well plates. After stepwise increasing
concentrations of HST treatment for 48 h, the cells were har-
vested. The supernatant was taken for examination of S1P
concentration using ELISA kit according to the manufacturer’s
instructions. The cell precipitation was repeatedly freeze-thaw
lysed and cell lysates were used to determine SPHK1 activity
and Cer concentration by using Human SPHK1 ELISA Kit and
Human Cer ELISA Kit, respectively, according to the manufac-
turer’s instructions.

Cellular Thermal Shift Assays (CETSAs)

Target engagement assay of SPHK1 was performed by
CETSAs, as reported previously (Liu et al., 2020; Yin et al.,
2021). Briefly, cells were treated with DMSO or 32 uM HST for
4 h. Cells were then collected, washed with PBS, and resus-
pended in 600 pL PBS containing protease inhibitor cocktail.
Each cell suspension was divided and 100 uL aliquots were
transferred into PCR tubes, heated at different temperatures
for 3 min followed by cooling for 3 min at room temperature.
The cells were then repeatedly freeze-thawed using liquid ni-
trogen. Subsequently, after centrifugation, cell lysates were
separated and quantification of the remaining soluble protein
was achieved by western blot analysis.

Docking simulation protocol

Docking simulation was operated using the Discovery-
Studio 2017 R2 molecular modeling software (Dassault Sys-
temes Information Technology Co., Ltd., Shanghai, China).
The three-dimensional (3D) structures of HST were gener-
ated with ChemDraw (PerkinElmer Inc., MA, USA) and were
energy minimized with CHARMm force field. The initial 3D
geometric coordinates of SPHK1 (PDB code: 3vzb) were ob-
tained from the Protein Databank (PDB) (https://www.rcsb.
org/structure/3VZB/). Then, the protein structure was pre-
pared by removing water molecules and adding hydrogen.
CDOCKER protocols were employed as docking approaches
and calculated the predicted binding energy (kcal/mol). The
complex structure with the most favorable binding-free ener-
gies was selected as the optimal docked conformation for late
experimental verification.

Database of chronic myeloid leukemia patients

Clinical data can be obtained via GEO (https://www.
ncbi.nim.nih.gov/geo/) with the publically available dataset
(GSE71014). The SPHK1 expression in CML patients was
analyzed by the Kaplan-Meier estimate.

Statistical analysis

All experiments were repeated at least in triplicate. Results
are presented as mean + SD. Statistical analyses were deter-
mined by Student’s f-test and one-way ANOVA using Graph-
Pad software. Relapse-free survival (RFS) rates were plotted
using Kaplan-Meier analysis and compared with the long-rank
test. Differences at p-value<0.05 were considered statistically
significant.
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Fig. 2. HST inhibits proliferation and induces apoptosis in CML cells. (A) The chemical structure of HST. (B, C) Cells were treated with indi-
cated doses of HST for 48 h (B) or with 32 yM HST at indicated time point (C), cell viability was determined by MTT assay. (D, E) Cell cycle
distribution (D) was detected by flow cytometry after 48 h-treatment of increasing HST, percentages of cell population in each phase were
shown (E). (F, G) Cell apoptosis was analyzed by flow cytometry after 48 h-treatment of increasing HST, percentages of apoptotic cells were
shown (G). (H) Western blot was performed to determine cell cycle regulators, CDC 2, Cyclin B1. (I) Western blot was performed to deter-
mine cell apoptosis effectors, Caspase 3, PARP. Data represent mean value + SD. *p<0.05, **p<0.01, ***p<0.001.
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RESULTS

SPHK1 is upregulated in CML cells and overexpression of
SPHK1 represents poor clinical outcomes in CML patients

First, to evaluate the clinical correlation of SPHK1 in CML
patients, a Kaplan-Meier estimate was conducted. Fig. 1A
showed that CML patients with higher SPHK1 expression usu-
ally displayed poorer relapse-free survival (RFS) rates than
those with lower SPHK1 expressions (GSE71014, p=0.0263).
The expression of SPHK1 in human PBMCs and a panel of
human cancer cell lines representing various cancers includ-
ing colon, lung, breast, and brain cancers, and leukemia, was
analyzed by western blotting. As shown in Fig. 1B, extremely
high levels of SPHK1 protein were found in various human
cancer cell lines, and SPHK1 expression in K562 and K562/
GO01 cells was significantly higher than that in PBMCs. These
results demonstrate that SPHK1 is upregulated in CML cells
and that SPHK1 overexpression correlates with poor clinical
outcomes in CML patients.

HST inhibits proliferation and induces apoptosis in CML
cells

The structure of HST is shown in Fig. 2A. The MDR charac-
teristics of K562/G01 were first determined by the MTT assay.
K562/G01 cells showed obvious resistance to Imatinib (Sup-
plementary Fig. 1). The cell growth inhibitory effect of HST
on K562 and K562/G01 was assessed by the MTT assay. As
shown in Fig 2B and 2C, HST potently reduced cell growth in a
time-dependent (32 uM, 12-48 h) and dose-dependent (4-100
uM, 48 h) manner in both cell lines. The ICs, values of HST
in K562 and K562/G01 cells were 12.33 uM and 12.77 uM,
respectively. To explore the mechanism of growth inhibition of
CML cells by HST, cell cycle distribution and cell apoptosis
were further assessed by flow cytometry analysis after HST
exposure. As shown in Fig. 2D and 2E, HST (32 uM, 48 h)
increased the G2/M phase cell population to 45.9% in K562
cells and 41.6% in K562/G01 cells compared with the cells
treated with vehicle, which was 27.8% in K562 cells and 17.8%
in K562/G01 cells, suggesting that HST arrested the G2/M cell
cycle in both CML cell lines. The results of apoptosis indicated
that HST (32 uM, 48 h) exposure led to a potent increase in
the apoptotic population in both K562 and K562/G01 cells (Fig.
2F, 2G, Supplementary Fig. 3), suggesting that HST promoted
CML cell apoptosis. Consistently, similar results were obtained
using western blotting. As shown in Fig. 2H and Supplemen-
tary Fig. 2A, HST led to the downregulation of Cyclin B1 and
CDC2, and upregulation of Cyclin D1 in both cell lines. These
apoptosis results were further reinforced by western blotting,
in which HST induced the cleavage of PARP, Caspase 3, Cas-
pase 8, and Caspase 9. Moreover, HST treatment led to an in-
crease in Cytochrome c release and a decrease of Bcl-2 (Fig.
21, Supplementary Fig. 2B). These results indicated that HST
inhibits proliferation and induces apoptosis in CML cells.

HST regulates the sphingolipid rheostat and represses
SPHK1/S1P/S1PR1 and BCR-ABL/PI3K/Akt in CML cells

It has been known that sphingolipid rheostat play key roles
in regulating many cellular processes in cancer (Zheng et
al., 2019). To characterize the effects of HST on sphingolipid
rheostat, K562 and K562/G01 cells were treated with HST or
vehicle, and the level of S1P and Cer was determined by ELI-
SA. As shown in Fig. 3A and 3B, in K562 and K562/G01 cells,

Gaoetal. Anti-Leukemic Effect of Hirsuteine in CML Cells

Cer were significantly increased by HST treatment, whereas
S1P were decreased, suggesting that HST shifts the sphingo-
lipid rheostat from S1P towards Cer in CML cells. As SPHK1
is the rate-limiting enzyme governing sphingolipid rheostat
activity, we hypothesized that HST might inhibit SPHK1. To
test this possibility, cellular SPHK1 activity was detected by
ELISA. The result in Fig. 3C showed that cellular SPHK1 ac-
tivity was markedly reduced by HST in K562 and K562/G01
cells. Furthermore, it has been demonstrated that S1P regu-
lates diverse cellular functions through extracellular ligation
to S1P receptors (S1PRs). Therefore, STPR1 expression in
response to HST was examined by qRT-PCR. The results in
Fig. 3D show that HST sharply repressed S1PR1 expression
in both CML cell lines. As shown in Fig. 3E, HST repressed
p-SPHK1 (Ser225), SPHK1, p-BCR-ABL (Tyr412), BCR-ABL,
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Fig. 3. HST regulates the sphingolipid rheostat, represses SPHK1/
S1P/S1PR1 and BCR-ABL/PI3K/Akt in CML cells. (A, B) K562
cells and K562/G01 cells were exposed with HST for 48 h. Cer
concentration (A) and extracellular S1P level (B) were detected by
ELISA. (C) SPHK1 activity was detected by ELISA. (D) S1PR1 lev-
el was analyzed by qRT-PCR. (E) SPHK1 and BCR-ABL/PI3K/Akt
signaling were detected by western blot. Data represent mean val-
ue + SD. *p<0.05, **p<0.01, ***p<0.001.
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PI3K-p110a, and p-Akt (Serd73) in K562 and K562/G01 cells.
In summary, the above results suggest that HST modulates
sphingolipid rheostat and represses the SPHK1/S1P/S1PR1
and BCR-ABL/PI3K/Akt signaling pathways in CML cells.

HST targets at SPHK1

To examine whether HST potentially targets SPHK1 and
to gain insights into the detailed interactions of HST with
SPHK1, a molecular docking simulation was first performed.
The CDOCKER docking results in Fig. 4A and 4B show that
HST can be docked with the Arg57, Glu343, Glu86, Leu83 and
Arg191 residues of SPHK1 (binding energy: —6.6 kcal/mol).
Based on the interactions of HST with SPHK1 at the Arg191
residue, which is an ATP-binding site residue of the enzyme
(Jairajpuri et al., 2020), we deduced that HST may serve as
an ATP-competitive inhibitor of SPHK1. CETSAs have been
widely used to investigate interactions between proteins and
their ligands. To confirm these results, CETSAs were further
performed. As shown in Fig. 4C and 4D, HST (32 uM) induced
SPHK1 thermal stability at the indicated temperatures com-
pared to the vehicle in K562 and K562/G01 cells, indicating
potential protein-ligand interactions between SPHK1 and HST
in CML cells.

HST exerts anti-leukemic effect in CML cells through
SPHK1 suppression

To explore the involvement of SPHK1 in the anti-leuke-
mic properties of HST in CML cells, cell growth, apoptosis,
sphingolipid rheostat, and related signaling cascades in K562
and K562/G01 cells in response to HST were examined af-
ter SPHK1 overexpression. Fig. 5A shows that SPHK1 was
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overexpressed in K562 and K562/G01 cells when the cells
were transfected with SPHK1 vector or empty vector for 6 h.
MTT assays showed that SPHK1 overexpression significantly
prevented the proliferation inhibition induced by HST in K562
and K562/G01 cells (Fig. 5B, 5C). The results of apoptosis
showed that HST promoted apoptosis in K562 and K562/
GO01 cells, whereas these effects were attenuated by SPHK1
overexpression in both cell lines (Fig. 5D-5F). Similar results
were also found after treatment with PF543, a known SPHK1
inhibitor. ELISA experiments examining Cer and S1P concen-
trations showed that SPHK1 overexpression antagonized the
effect of HST on sphingolipid rheostat in both cell lines (Fig.
5G, 5H). Protein expression indicated that p-SPHK1 (Ser225),
SPHK1, p-BCR-ABL (Tyr412), BCR-ABL, PI3K-p110c, and
p-Akt (Serd473) were downregulated by HST, whereas this
inhibitory effect of HST was reversed by SPHK1 overexpres-
sion in both cell lines (Fig. 51). gRT-PCR results showed that
the downregulation of STPR1 caused by HST treatment was
also counteracted by SPHK1 overexpression (Fig. 5J). In
summary, these data indicate that overexpression of SPHK1
attenuates the growth inhibitory and pro-apoptotic activities of
HST in K562 and K562/G01 cells, suggesting that HST exerts
anti-leukemic effects on CML cells probably through SPHK1
suppression.

DISCUSSION

Although studies have already demonstrated the anticancer
potential of HST, the anti-leukemic effect of HST and its under-
lying mechanisms remain to be explored. This study showed
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Fig. 4. HST targets at SPHK1. (A, B) Molecular docking study of HST with SPHK1. (A) Two-dimensional interaction diagram of HST and
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K562 cells and K562/G01 cells, the SPHK1 expression was determined by western blot (C). Relative band intensity of SPHK1 (D). Experi-
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that HST inhibited cell proliferation, promoted cell apoptosis,
and arrested the cell cycle at the G2/M phase, thus exerting
potential anti-leukemic efficacy in K562 and K562/G01 cells.

Recent evidence has demonstrated the oncogenic charac-
terization of SPHK1 in various types of cancer because of its
association with many cellular activities important for cancer
including growth, transformation, metastasis, and chemother-
apy resistance (Pitman and Pitson, 2010; Zheng et al., 2019;
Velazquez et al., 2021). Researchers have also reported over-
expression of SPHK1 in a diverse array of cancers and its
relationship with poor prognosis (Pitman and Pitson, 2010; Lu-
pino et al., 2019; Velazquez et al., 2021). Therefore, SPHK1
has gained increasing attention over the past few decades
as a potential drug target against cancer, including leukemia.
This study showed that SPHK1 is upregulated in K562 and
K562/G01 cells and overexpression of SPHK1 is closely asso-
ciated with unfavorable prognosis in CML patients, consistent
with the important role of SPHK1 as a novel molecular target
in CML therapy.

Owing to the high level of interest in SPHK1 signaling,
several SPHK1 inhibitors are currently undergoing preclinical
research, and only a few agents have entered clinical trials
as chemotherapeutics against cancers (Pitman and Pitson,
2010; Companioni et al., 2021). Potent and selective SPHK1
inhibitors with low toxicity obtained from natural sources are
needed. Therefore, we propose that HST may be an ATP-
competitive inhibitor of SPHK1. It has been reported that
SPHK inhibitors mainly target three binding sites of SPHKs,
namely, the Sph binding pocket, ATP binding pocket, and di-
merization site (Ding et al., 2021). In our study, HST formed
a close association with Arg57, Glu343, Glu86, Leu83, and
Arg191 residues, in which Arg191 is an ATP-binding site resi-
due of SPHK1 and the others are key residues for enzyme
activity of SPHK1 (Jairajpuri et al., 2020; Ding et al., 2021),
suggesting that HST targets the ATP-binding pocket of SPHK1
and inhibits SPHK1. Further studies may involve an experi-
ment to show whether mutation on the residues of SPHK1
could change the current results or not, which may act as
strong evidence to support the in silico study.

S1P and Cer are bioactive lipid mediators involved in vari-
ous pathophysiological processes (Green et al., 2021). Our
results showed that in both K562 and K562/G01 cells, HST
shifted the rheostat from S1P towards Cer, manifesting pro-
apoptotic functions, and finally exhibiting anti-leukemic effi-
cacy in CML cells. SPHK1 is the rate-limiting enzyme in sphin-
golipid rheostat. Stimulation of SPHK1 in response to diverse
growth factors or other stimuli mediates the intracellular con-
version of Cer and Sph to S1P (Sukocheva et al., 2020; Green
et al., 2021). S1P, in turn, acts either as an intracellular sec-
ondary messenger or as an extracellular ligand that activates
S1PRs in an autocrine and/or paracrine manner. Extracellular
S1P transported by several ATP-binding cassette (ABC) trans-
porters accesses and activates S1PRs, and the latter, through
binding with different G-proteins, such as Go, Gi, G12/13 and
Rho, initiates intracellular signaling cascades such as PI3K,
Akt, and MAPK, thereby participating in diverse cellular func-
tions (Hannun and Obeid, 2018). The SPHK1/S1P/S1PR1
pathway has become a point of interest in cancer therapy, as
it plays a key role in maintaining cancer survival signals and
leading to cancer progression, including leukemia.

S1PRs are a family of S1P-specific G protein-coupled re-
ceptors. To date, five subtypes of S1PRs (S1PR1-5) have
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been reported. S1PR1-3 are ubiquitously expressed in most
cells, whereas S1PR4 and S1PR5 are less abundant and
are restricted to distinct cells (Blaho and Hla, 2014). In the
present study, we found that, in K562 and K562/G01 cells,
S1PR1-3 were commonly expressed subtypes, while S1PR4
expression was relatively low and S1PR5 was almost unde-
tectable (Supplementary Fig. 4). Because S1PR1 was highly
expressed in K562 and K562/G01 cells as well as the involve-
ment of S1PR1 in cancer progression (Patmanathan et al.,
2017), S1PR1 was selected for subsequent experiments.

Previous findings have demonstrated that SPHK1 has in-
trinsic catalytic activity, and phosphorylation of SPHK1 at Ser-
225 increases its catalytic activity and induces its translocation
to the cell membrane, which is important for the oncogenic
signaling of SPHK1 (Pitson et al., 2003). In this study, HST
inhibited cellular SPHK1 activity, decreased S1P and S1PR1,
and downregulated p-SPHK1 (Ser225), p-BCR-ABL (Tyr412),
PI3K-p110a, and p-Akt (Ser473), thereby blocking SPHK1/
S1P/S1PR1 and BCR-ABL/PI3K/Akt signaling in K562 and
K562/G01 cells (Fig. 6). However, SPHK1 overexpression
reversed the inhibitory effect of HST on these signaling cas-
cades in both cell lines. Notably, a previous study has reported
that BCR-ABL can increase the expression and cellular activ-
ity of SPHK1 in CML cells (Li et al., 2007). There may be con-
troversial issues regarding the relationship between SPHK1
and BCR-ABL in the cell-signaling cascade. Further studies,
including whether SPHK1 is located upstream or downstream
of BCR-ABL, and whether SPHK1 signals directly to BCR-
ABL through S1PR1, are required to address these questions.
However, our present results are consistent with the emerging
oncogenic role of SPHK1 in CML and demonstrate the poten-
tial of SPHK1 inhibitors in CML therapeutics.

Furthermore, we also found that the protein expression
of SPHK1 and BCR-ABL was decreased by HST in both cell
lines. It seems difficult to explain the mechanism based on
our present results. However, it is known that Cer can bind to
and activate lysosomal cathepsin D, which can degrade vari-
ous proteins and enzymes (Ren et al., 2010). Furthermore, it
has been reported that many apoptotic stimuli can increase
lysosomal permeability and induce the release of cathepsins,
resulting in the degradation of various cytosolic proteins (Ren
etal., 2010). As a result, it may be speculated the downregula-
tion of SPHK1 and BCR-ABL protein expression by HST might
be mediated by Cer accumulation, which could activate ca-
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Fig. 6. Scheme representing the mechanism by which HST exerts
anti-leukemic activity in CML cells.



thepsins and induce protein degradation. Further studies are
required to address the details.

This study shows that, in K562 and K562/G01 cells, HST
inhibits cell proliferation, arrests the cell cycle, and promotes
cell apoptosis, possibly resulting from inhibition of SPHK1,
thereby conferring HST as a potential anti-leukemic drug can-
didate against CML.
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