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SKI-349 is a novel sphingosine kinases (SPHK) inhibitor with anti-tumor effects.  This study aimed to 
assess the effect of SKI-349 on cell biological behaviors, downstream pathways, and its synergistic effect 
with sorafenib in hepatocellular carcinoma (HCC).  HCC cell lines (Huh7 and Hep3B) were treated with 
SKI-349 at concentrations of 1, 2, 4, or 8 μM.  Then, SPHK1/2 activity, cell viability, proliferation, apoptosis, 
invasion, and protein expressions of phosphorylated-protein kinase B (p-AKT), AKT, phosphorylated-
mammalian target of rapamycin (p-mTOR) and mTOR were detected.  Combination index values of 
SKI-349 (0, 1, 2, 4, or 8 μM) and sorafenib (0, 2.5, 5, 10, or 20 μM) were calculated.  SKI-349 decreased 
the relative SPHK1 and SPHK2 activity compared with blank control in a dose-dependent manner in the 
Huh7 and Hep3B cell lines.  Meanwhile, SKI-349 reduced cell viability, 5-ethynyl-2′-deoxyuridine (EdU) 
positive cells, and invasive cells, while it increased apoptotic cells compared to blank control in a dose-
dependent manner in Huh7 and Hep3B cell lines.  Based on the western blot assay, SKI-349 decreased 
the ratio of p-AKT to AKT and that of p-mTOR to mTOR compared with blank control in a dose-dependent 
manner in the Huh7 and Hep3B cell lines.  Additionally, SKI-349 combined with sorafenib declined cell 
viability with concentration gradient effects compared to SKI-349 sole treatment, and they had synergistic 
cytotoxic effects in Huh7 and Hep3B cell lines.  SKI-349 suppresses SPHK1 and SPHK2 activity, cell 
viability, invasion, and AKT/mTOR signaling pathway, as well as exhibits a synergistic cytotoxic effect with 
sorafenib in HCC.

Keywords: AKT/mTOR signaling pathway; hepatocellular carcinoma; SKI-349; sorafenib; sphingosine kinases 1/2
Tohoku J. Exp. Med., 2024 March, 262 (3), 173-180.
doi: 10.1620/tjem.2023.J100

Introduction
Hepatocellular carcinoma (HCC) accounts for 75.0%-

85.0% of primary liver cancer, with over 700,000 new cases 
and more than 600,000 death cases worldwide each year 
(Sagnelli et al. 2020; Chidambaranathan-Reghupaty et al. 
2021; McGlynn et al. 2021; Sung et al. 2021).  The treat-
ment strategies for early-stage HCC are surgical resection, 

ablation therapy, and liver transplantation, while for 
advanced-stage HCC, transarterial chemoembolization and 
systemic therapy (such as sorafenib and lenvatinib) are used 
(Galle et al. 2021; Renne et al. 2021).  However, due to the 
inadequacy of current treatment options, the prognosis of 
HCC patients continues to be poor, with a global 5-year 
survival rate of 5.0%-30.0% (Sim and Knox 2018; Raees et 
al. 2021; Wang et al. 2021).  Thus, it is important to search 
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for potential new targets for the management of HCC.
Sphingosine kinases (SPHK) 1 and SPHK2 are onco-

genic kinases that phosphorylate sphingosine to sphingo-
sine-1-phosphate (S1P), and they play a key role in the pro-
gression of HCC by regulating cell proliferation, apoptosis 
and invasion (Bao et al. 2012; Diaz Escarcega et al. 2021; 
Gupta et al. 2021; Liu et al. 2022).  For example, one study 
shows that SPHK1 facilitates cell migration and invasion 
through the S1P/endothelial differentiation sphingolipid 
G-protein-coupled receptor 1 axis in HCC (Bao et al. 2012).  
Another study illustrates that the ablation of SPHK2 down-
regulates ceramide transfer protein, which suppresses hepa-
tocyte proliferation and the progression of non-alcoholic 
fatty liver disease-related HCC (Liu et al. 2022).  One study 
also suggests that the combination of SPHK inhibitor with 
sorafenib leads to synergistic eff ects to suppress cell prolif-
eration and induce cell apoptosis in HCC (Beljanski et al. 
2011).  Considering the above studies, SPHK1 and SPHK2 
may be potential therapeutic targets of HCC.

SKI-349 is a novel SPHK1 and SPHK2 dual inhibitor, 
whose eff ects on inhibiting SPHK and inducing cytotoxic-
ity exhibit log-fold enhancements compared with previ-
ously-discovered and widely-studied SPHK inhibitor SKI-
178 (Hengst et al. 2020).  Notably, SKI-349 is considered 
an eff ective therapeutic strategy for malignant tumors by 
targeting SPHK (Hengst et al. 2020).  One previous 
research observes that SKI-349 suppresses non-small cell 
lung cancer cell proliferation, migration, and viability, as 
well as promotes apoptosis, with non-cytotoxicity to lung 

epithelial cells (Xue et al. 2022).  Nevertheless, there is no 
study to investigate the role of SKI-349 on the progression 
of HCC up to now.

Therefore, this study aimed to explore the eff ect of 
SKI-349 on cell biological behaviors and potential path-
ways, as well as its synergistic anti-tumor effect with 
sorafenib in HCC.

Methods
Cell lines

The immortalized HCC cell lines, including p53 muta-
tion (Huh7) and p53 deletion (Hep3B), were obtained from 
the iCell Bioscience (Shanghai, China).  Huh7 cells were 
grown in Dulbecco’s modifi ed Eagle’s medium (DMEM) 
(iCell), and Hep3B cells were maintained in modified 
Eagle’s medium (MEM) (iCell).  All cells were grown with 
medium plus 10% fetal bovine serum (FBS) (iCell) and 
100 U/mL penicillin/streptomycin (iCell).

SKI-349 treatment
Huh7 and Hep3B cells were seeded and treated with 

gradient concentration (1, 2, 4, or 8 μM) of SKI-349 (MCE, 
Beijing, China), and the blank group (BLK) was cultured 
without SKI-349.  The doses of SKI-349 were determined 
referring to one previous literature (Xue et al. 2022).  
Following 24 h of treatment, cells were collected for SPHK1 
and SPHK2 enzyme activity, cell viability, 5-ethynyl-2´-
deoxyuridine (EdU) staining, annexin V/propidium-iodide 
(AV/PI) staining, transwell, and western blot assays.

Fig. 1.  Eff ect of SKI-349 on SPHK1 and SPHK2 activity in HCC cell lines.  
 SKI-349 reduced relative SPHK1 (A) and SPHK2 (B) activity in the Huh7 cell line.   SKI-349 declined relative SPHK1 

(C) and SPHK2 (D) activity in the Hep3B cell line.  ns, no signifi cance; *P < 0.05; **P < 0.01; ***P < 0.001; ns, *, **, 
and *** meant vs. blank control (BLK); n = 3.  
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SPHK1 and SPHK2 enzyme activity assay
The enzyme activity of SPHK1 and SPHK2 was 

detected using Sphingosine Kinase Activity Assay (Echelon 
Biosciences, Salt Lake City, UT, USA) referring to the kit’s 
protocol.  In brief, Huh7 and Hep3B cells were lysed by 
reaction buff er.  Then, 10 μL of cell lysis buff er, 20 μL of 
adenosine 5´-triphosphate (ATP) and 10 μL of sphingosine 
solution was added into 96-well plate, and cells were 
treated for 1 h at room temperature (RT).  The luminescence 
(550 nm) was assessed after being treated with 40 μL of 
ATP Detector (Echelon Biosciences) for 10 min at RT.

Cell viability assay
Cell Counting Kit-8 (CCK-8; Selleck, Shanghai, 

China) was utilized to assess cell viability.  Shortly, Huh7 
and Hep3B cells were washed and treated with 10 μL of 
CCK-8 solution for 2 h at 37°C, followed by absorbance 
measurement at 450 nm using BioTek microplate reader 
(Agilent, Santa Clara, CA, USA).

EdU staining assay
The EdU staining kit (Beyotime, Shanghai, China) was 

adopted for detection of cell proliferation.  In brief, Huh7 
and Hep3B cells were washed and fi xed with 4% parafor-
maldehyde (Sangon, Shanghai, China).  Then, cells were 
treated with 10 μM of EdU reagent for 2 h at 37°C.  The 
cell nuclei were stained by Hoechst 33342 (Beyotime).

AV/PI staining assay
The AV-fluorescein 5-isothiocyanate (FITC)/PI 

Apoptosis Kit (Vazyme, Nanjing, China) was utilized to 
evaluate cell apoptosis.  Concisely, Huh7 and Hep3B cells 
were resuspended with AV solution.  Subsequently, cells 
were treated by AV-FITC and PI solution for 30 min at 
37°C.  The fl ow cytometry was carried out with FACSCanto 
II (BD, Tempe, AZ, USA).

Transwell assay
The transwell assay was adopted to estimate the inva-

sive potential of Huh7 and Hep3B cells.  In brief, cells were 
resuspended with serum-free medium, and then added to 
top chamber of matrigel-coated insert (BD).  Meanwhile, 
the complete medium was added into the bottom chamber.  
The crystal violet staining (Solarbio, Beijing, China) was 
carried out after 24 h of cultivation, and the invasive cells 
were counted under a microscope (Leica, Wetzlar, 
Germany).

Western blot assay
Huh7 and Hep3B cells were lysed in radio immuno-

precipitation assay (RIPA) buff er plus protease inhibitors 
(Solarbio).  The concentration of protein was measured 
with bicinchoninic acid (BCA) kit (Yeason, Shanghai, 
China).  The protein was separated with sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
then electro-transferred from the gels to polyvinylidene fl u-

Fig. 2.  Eff ect of SKI-349 on viability and proliferation in HCC cell lines.  
 SKI-349 reduced cell viability (A) and EdU positive cells (B) in the Huh7 cell line.   SKI-349 decreased cell viability (C) 

and EdU positive cells (D) in the Hep3B cell line.   ns, no signifi cance; *P < 0.05; **P < 0.01; ***P < 0.001; ns, *, **, 
and *** meant vs. blank control (BLK); n = 3.
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oride (PVDF) membrane (Bio-rad, Shanghai, China).  The 
membranes were incubated with Fast Blocking Western 
(Yeason), primary antibodies and secondary antibodies, 
successively.  The primary antibodies (Affi  nity, Changzhou, 
China) were used, including phosphorylated-protein kinase 
B (p-AKT) (#AF0016, 1:200), protein kinase B (AKT) 
(#AF6261, 1:500), phosphorylated-mammalian target of 
rapamycin (p-mTOR) (#AF3308, 1:200), mammalian target 
of rapamycin (mTOR) (#AF6308, 1:500), and GAPDH 
(#AF7021, 1:4,000).  The High Sensitivity ECL Substrate 
Kit (Abcam, Cambridge, UK) were utilized for visualizing 
the blots.

Combination index (CI) of SKI-349 and sorafenib
Huh7 and Hep3B cells were cultured and incubated 

with gradient concentration of SKI-349 (0, 1, 2, 4, or 8 μM) 
and sorafenib (0, 2.5, 5, 10, or 20 μM) (Selleck) in combi-
nation.  The doses of sorafenib were determined referring to 
the previous literatures (Martin del Campo et al. 2015; 
Michel et al. 2019).  The cell viability assay was performed 
after 24 h of treatment as indicated above.  The CI values of 
SKI-349 and sorafenib were calculated using CalcuSyn2.0 

software (Reachsoft, Beijing, China).  The CI values > 1 
were antagonistic, and CI values < 1 were considered syn-
ergistic (Li et al. 2023).

Statistical analysis
The statistical analysis was accomplished with SPSS 

22.0 software (SPSS Inc., Chicago, IL, USA).  The results 
were analyzed by one-way ANOVA with Dunnett’s test.  
P-value < 0.05 was considered statistically signifi cant.

Results
SKI-349 inhibited relative SPHK1 and SPHK2 activity in 
HCC cell lines

SKI-349 at concentrations of 1-8 μM decreased the 
relative SPHK1 activity in a concentration-dependent man-
ner compared with blank control in the Huh7 cell line (all P 
< 0.05) (Fig. 1A).  Meanwhile, SKI-349 at concentrations 
of 2-8 μM dose-dependently reduced the relative SPHK2 
activity vs. blank control in the Huh7 cell line (all P < 0.05) 
(Fig. 1B).  The SPHK1 and SPHK2 enzyme activity assay 
results exhibited that SKI-349 at concentrations of 2-8 μM 
dose-dependently declined the relative SPHK1 and SPHK2 

Fig. 3.  Eff ect of SKI-349 on apoptosis in HCC cell lines.  
 SKI-349 increased apoptotic cells in the Huh7 (A) and Hep3B (B) cell lines; ns: no signifi cance; *P < 0.05; **P < 0.01; 

***P < 0.001; ns, *, **, and *** meant vs. blank control (BLK); n = 3.
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activity in comparison with blank control in the Hep3B cell 
line (all P < 0.05) (Fig. 1C, D).

SKI-349 inhibited viability and proliferation in HCC cell lines
SKI-349 at concentrations of 1-8 μM dose-dependently 

decreased cell viability compared to blank control in the 
Huh7 cell line (all P < 0.05) (Fig. 2A).  Based on the EdU 
staining assays, SKI-349 at concentrations of 2-8 μM 
descended EdU positive cells in a dose-dependent manner 
vs. blank control in the Huh7 cell line (all P < 0.05) (Fig. 
2B).  Additionally, SKI-349 at concentrations of 2-8 μM 
dose-dependently reduced cell viability and EdU positive 
cells compared with blank control in the Hep3B cell line (all 
P < 0.05) (Fig. 2C, D).

SKI-349 promoted apoptosis and suppressed invasion in 
HCC cell lines

AV/PI staining assays were conducted to test cell apop-
tosis, which showed that apoptotic cells were increased with 
concentration gradient eff ects by treatment with SKI-349 at 
concentrations of 2-8 μM compared to blank treatment in the 
Huh7 and Hep3B cell lines (all P < 0.05) (Fig. 3A, B).

In addition, Transwell assay revealed that SKI-349 at 

concentrations of 1-8 μM dose-dependently reduced inva-
sive cells compared to blank control in the Huh7 cell line (all 
P < 0.05) (Fig. 4A).  SKI-349 at concentrations of 2-8 μM 
reduced invasive cells in a dose-dependent manner vs. blank 
control in the Hep3B cell lines (all P < 0.05) (Fig. 4B).

SKI-349 inhibited AKT/mTOR signaling pathway in HCC 
cell lines

The downstream signaling pathway of SKI-349 was 
assessed by the western blot assay.  The results showed that 
SKI-349 at concentrations of 1-8 μM reduced the ratio of 
p-AKT to AKT, and SKI-349 at concentrations of 2-8 μM 
decreased the ratio of p-mTOR to mTOR vs. blank control 
in a concentration-dependent manner in the Huh7 cell line 
(all P < 0.05) (Fig. 5A).  Moreover, SKI-349 at concentra-
tions of 2-8 μM also revealed the same results in the Hep3B 
cell line (all P < 0.05) (Fig. 5B).

SKI-349 synergizes with sorafenib to kill HCC cells
Sorafenib at concentrations of 2.5-20 μM dose-depend-

ently reduced cell viability compared to blank control in the 
Huh7 cell line (all P < 0.05).  Meanwhile, SKI-349 at con-
centrations of 1-8 μM combined with sorafenib at concentra-

Fig. 4.  Eff ect of SKI-349 on invasion in HCC cell lines.  
 SKI-349 reduced invasive cells in the Huh7 (A) and Hep3B (B) cell lines.  ns, no signifi cance; *P < 0.05; **P < 0.01; 

***P < 0.001; ns, *, **, and *** meant vs. blank control (BLK); n = 3.



L. Chen et al.178

Fig. 5.  Eff ect of SKI-349 on AKT/mTOR signaling in HCC cell lines.  
 SKI-349 reduced the ratio of p-AKT to AKT and that of p-mTOR to mTOR in the Huh7 (A) and Hep3B (B) cell lines.  

ns: no signifi cance; *P < 0.05; **P < 0.01; ***P < 0.001; ns, *, **, and *** meant vs. blank control (BLK); n = 3.

Fig. 6.  Synergistic eff ect between SKI-349 and sorafenib in HCC cell lines.  
 The combination of SKI-349 and sorafenib reduced cell viability (A) and exhibited synergistic cytotoxic eff ects (B) in 

the Huh7 cell line.  The combination of SKI-349 and sorafenib reduced cell viability (C) and showed synergistic 
cytotoxic eff ects (D) in the Hep3B cell line.  ns, no signifi cance; *P < 0.05; **P < 0.01; ***P < 0.001; ns, *, **, and 
*** meant vs. 0 μM sorafenib-treated-cells in each group; n = 3.  The CI values > 1 were antagonistic, and CI values < 1 
were considered synergistic.
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tions of 2.5-20 μM reduced cell viability in a concentration-
dependent manner vs. SKI-349 sole treatment in the Huh7 
cell line (all P < 0.05) (Fig. 6A).  SKI-349 had a synergistic 
effect with sorafenib in the Huh7 cell line (Fig. 6B).

Additionally, sorafenib at concentrations of 5-20 μM 
decreased cell viability with concentration gradient effects 
compared to blank control in the Hep3B cell line (all P < 
0.05).  SKI-349 at concentrations of 1-8 μM combined with 
sorafenib at concentrations of 2.5-20 μM dose-dependently 
reduced cell viability vs. SKI-349 sole treatment in the 
Hep3B cell line (all P < 0.05) (Fig. 6C).  The CI values of 
SKI-349 and sorafenib exhibited that they had synergistic 
cytotoxic effects in the Hep3B cell line (Fig. 6D).

Discussion
SPHK1 and SPHK2 have been deemed to be involved 

in the progression of HCC, and their inhibitors may be an 
important treatment strategy to manage HCC (Liu et al. 
2016; Cai et al. 2017; Satyananda et al. 2021; Liu et al. 
2022).  Notably, SKI-349 is a new-disclosed dual SPHK1/2 
inhibitor developed by the modification of the linker region 
between the substituted phenyl rings of the SKI-178 che-
motype, which has an enhanced inhibitory effect on 
SPHK1/2 and higher cytotoxic potency vs. SKI-178 
(Hengst et al. 2020).  However, the role of SKI-349 in HCC 
remains unknown.  In our study, SKI-349 inhibited SPHK1 
and SPHK2 activity in HCC cell lines.  Meanwhile, SKI-
349 suppressed cell viability, proliferation, and invasion, 
and promoted apoptosis in HCC cell lines.  The possible 
reasons were as follows: (1) SKI-349 might perform similar 
functions as SKI-178, which competed for the SPH binding 
site in SPHK1/2, thus suppressing SPHK1 and SPHK2 
activity in HCC cell lines (Hengst et al. 2017).  (2) SKI-349 
inhibited the production of S1P by suppressing SPHK1 and 
SPHK2 activity, which reduced HCC cell viability, prolifer-
ation, and invasion (Nagahashi et al. 2014; Hengst et al. 
2020; Satyananda et al. 2021; Yokota et al. 2021).  (3) SKI-
349 might induce HCC cell apoptosis by elevating ceramide 
levels and declining S1P levels (LeBlanc et al. 2015).

The AKT/mTOR signaling pathway is considered to 
be an oncogenic signal transduction pathway that partici-
pates in the progression of various cancers (Tewari et al. 
2022; Yu et al. 2022).  Notably, one study illustrates that 
S1P receptor 2 activates the AKT/mTOR signaling pathway 
to increase HCC cell proliferation (Wang et al. 2023).  
Another study also observes that the overexpression of 
SPHK1 promotes renal cell carcinoma progression via acti-
vating the AKT/mTOR signaling pathway (Xu et al. 2018).  
Therefore, it is hypothesized that the AKT/mTOR signaling 
pathway may be the downstream pathway of SKI-349 in 
HCC cell lines.  Our study found that SKI-349 inhibited the 
AKT/mTOR signaling pathway in HCC cell lines, which 
might be due to the fact that: (1) SKI-349 inhibited SPHK, 
which led to ceramide accumulation in HCC cells and acti-
vated phosphatases (including protein phosphatase 1 and 
protein phosphatase 2A), thus inactivating the AKT/mTOR 

cascade (Lin et al. 2006).  (2) As mentioned above, SKI-
349 inhibited SPHK1 and SPHK2 activity (Hengst et al. 
2020); meanwhile, the decrease of SPHK1 and SPHK2 
activity reduced S1P and further inhibit AKT/mTOR cas-
cade reaction in HCC cell lines (Yuan et al. 2022).  Thus, 
SKI-349 was hypothesized to inhibit the AKT/mTOR sig-
naling pathway by suppressing SPHK1- and SPHK2-
regulated S1P.  However, this hypothesis was required to be 
further verified by future studies.

Sorafenib is an effective first-line drug that promotes 
apoptosis, inhibits angiogenesis and suppresses tumor cell 
proliferation in HCC (Tang et al. 2020).  Notably, one pre-
vious study reveals that SPHK inhibitor ABC294640 in 
combination with sorafenib produces synergistic anti-HCC 
effects (Beljanski et al. 2011).  Thus, our study explored the 
effect of SKI-349 combined with sorafenib in HCC cell 
lines, which suggested that SKI-349 had a synergistic effect 
with sorafenib to kill HCC cells.  The possible explanation 
for the result might include that: (1) According to the 
above-mentioned content, SKI-349 suppressed the AKT/
mTOR signaling pathway in HCC cell lines, which might 
increase the sensitivity of tumor cells to sorafenib (Sun et 
al. 2022).  (2) SKI-349 might lead to the increase in the 
activity of caspase 3/7 (Beljanski et al. 2011); meanwhile, 
sorafenib induced cell apoptosis by the cleavage of caspases 
3/7 (Schult et al. 2010).  Thus, the synergistic effects 
between SKI-349 and sorafenib might be related to the ele-
vation in caspase 3/7 activation, while further studies were 
required for verification (Beljanski et al. 2011).  Notably, 
although our study revealed the synergistic anti-tumor effect 
of SKI-349 combined with sorafenib in HCC cell lines, 
future studies were required to validate this effect in animal 
experiments.

In conclusion, SKI-349 inhibits cell viability, invasion, 
and the AKT/mTOR signaling pathway; moreover, it syner-
gizes with sorafenib to kill tumor cells in HCC cell lines, 
which is a potential therapeutic choice for HCC.  However, 
the underlying mechanisms by which SKI-349 and 
sorafenib produce a synergistic cytotoxic effect needs to be 
further explored in future studies.

Conflict of Interest
The authors declare no conflict of interest.

References
Bao, M., Chen, Z., Xu, Y., Zhao, Y., Zha, R., Huang, S., Liu, L., 

Chen, T., Li, J., Tu, H. & He, X. (2012)  Sphingosine kinase 1 
promotes tumour cell migration and invasion via the S1P/
EDG1 axis in hepatocellular carcinoma.  Liver Int., 32, 
331-338.

Beljanski, V., Lewis, C.S. & Smith, C.D. (2011)  Antitumor activity 
of sphingosine kinase 2 inhibitor ABC294640 and sorafenib in 
hepatocellular carcinoma xenografts.  Cancer Biol. Ther., 11, 
524-534.

Cai, H., Xie, X., Ji, L., Ruan, X. & Zheng, Z. (2017)  Sphingosine 
kinase 1: a novel independent prognosis biomarker in hepato-
cellular carcinoma.  Oncol. Lett., 13, 2316-2322.

Chidambaranathan-Reghupaty, S., Fisher, P.B. & Sarkar, D. (2021)  



L. Chen et al.180

Hepatocellular carcinoma (HCC): epidemiology, etiology and 
molecular classification.  Adv. Cancer Res., 149, 1-61.

Diaz Escarcega, R., McCullough, L.D. & Tsvetkov, A.S. (2021)  
The functional role of sphingosine kinase 2.  Front. Mol. 
Biosci., 8, 683767.

Galle, P.R., Dufour, J.F., Peck-Radosavljevic, M., Trojan, J. & 
Vogel, A. (2021)  Systemic therapy of advanced hepatocellular 
carcinoma.  Future Oncol., 17, 1237-1251.

Gupta, P., Taiyab, A., Hussain, A., Alajmi, M.F., Islam, A. & 
Hassan, M.I. (2021)  Targeting the sphingosine kinase/sphingo-
sine-1-phosphate signaling axis in drug discovery for cancer 
therapy.  Cancers (Basel), 13, 1898.

Hengst, J.A., Dick, T.E., Sharma, A., Doi, K., Hegde, S., Tan, S.F., 
Geffert, L.M., Fox, T.E., Sharma, A.K., Desai, D., Amin, S., 
Kester, M., Loughran, T.P., Paulson, R.F., Claxton, D.F., et al. 
(2017)  SKI-178: a multitargeted inhibitor of sphingosine 
kinase and microtubule dynamics demonstrating therapeutic 
efficacy in acute myeloid leukemia models.  Cancer Transl. 
Med., 3, 109-121.

Hengst, J.A., Hegde, S., Paulson, R.F. & Yun, J.K. (2020)  Develop-
ment of SKI-349, a dual-targeted inhibitor of sphingosine 
kinase and microtubule polymerization.  Bioorg. Med. Chem. 
Lett., 30, 127453.

LeBlanc, F.R., Liu, X., Hengst, J., Fox, T., Calvert, V., Petricoin, 
E.F.  3rd, Yun, J., Feith, D.J. & Loughran, T.P.  Jr. (2015)  
Sphingosine kinase inhibitors decrease viability and induce cell 
death in natural killer-large granular lymphocyte leukemia.  
Cancer Biol. Ther., 16, 1830-1840.

Li, Y., Yang, W., Zheng, Y., Dai, W., Ji, J., Wu, L., Cheng, Z., 
Zhang, J., Li, J., Xu, X., Wu, J., Yang, M., Feng, J. & Guo, C. 
(2023)  Targeting fatty acid synthase modulates sensitivity of 
hepatocellular carcinoma to sorafenib via ferroptosis.  J. Exp. 
Clin. Cancer Res., 42, 6.

Lin, C.F., Chen, C.L. & Lin, Y.S. (2006)  Ceramide in apoptotic 
signaling and anticancer therapy.  Curr. Med. Chem., 13, 1609-
1616.

Liu, H., Zhang, C.X., Ma, Y., He, H.W., Wang, J.P. & Shao, R.G. 
(2016)  SphK1 inhibitor SKI II inhibits the proliferation of 
human hepatoma HepG2 cells via the Wnt5A/beta-catenin 
signaling pathway.  Life Sci., 151, 23-29.

Liu, X.T., Chung, L.H., Liu, D., Chen, J., Huang, Y., Teo, J.D., Han, 
X.D., Zhao, Y., Guan, F.H.X., Tran, C., Lee, J.Y., Couttas, T.A., 
Liu, K., McCaughan, G.W., Gorrell, M.D., et al. (2022)  Abla-
tion of sphingosine kinase 2 suppresses fatty liver-associated 
hepatocellular carcinoma via downregulation of ceramide 
transfer protein.  Oncogenesis, 11, 67.

Martin del Campo, S.E., Levine, K.M., Mundy-Bosse, B.L., 
Grignol, V.P., Fairchild, E.T., Campbell, A.R., Trikha, P., Mace, 
T.A., Paul, B.K., Jaime-Ramirez, A.C., Markowitz, J., Konda-
dasula, S.V., Guenterberg, K.D., McClory, S., Karpa, V.I., et al. 
(2015)  The raf kinase inhibitor sorafenib inhibits JAK-STAT 
signal transduction in human immune cells.  J. Immunol., 195, 
1995-2005.

McGlynn, K.A., Petrick, J.L. & El-Serag, H.B. (2021)  Epidemi-
ology of hepatocellular carcinoma.  Hepatology, 73 Suppl 1, 
4-13.

Michel, M., Hollenbach, M., Pohl, S., Ripoll, C. & Zipprich, A. 
(2019)  Inhibition of Glyoxalase-I leads to reduced prolifera-
tion, migration and colony formation, and enhanced suscepti-
bility to sorafenib in hepatocellular carcinoma.  Front. Oncol., 
9, 785.

Nagahashi, M., Takabe, K., Terracina, K.P., Soma, D., Hirose, Y., 
Kobayashi, T., Matsuda, Y. & Wakai, T. (2014)  Sphingosine-
1-phosphate transporters as targets for cancer therapy.  Biomed 
Res. Int., 2014, 651727.

Raees, A., Kamran, M., Ozkan, H. & Jafri, W. (2021)  Updates on 
the diagnosis and management of hepatocellular carcinoma.  

Euroasian J. Hepatogastroenterol., 11, 32-40.
Renne, S.L., Sarcognato, S., Sacchi, D., Guido, M., Roncalli, M., 

Terracciano, L. & Di Tommaso, L. (2021)  Hepatocellular 
carcinoma: a clinical and pathological overview.  Pathologica, 
113, 203-217.

Sagnelli, E., Macera, M., Russo, A., Coppola, N. & Sagnelli, C. 
(2020)  Epidemiological and etiological variations in hepato-
cellular carcinoma.  Infection, 48, 7-17.

Satyananda, V., Oshi, M., Tokumaru, Y., Maiti, A., Hait, N., 
Matsuyama, R., Endo, I. & Takabe, K. (2021)  Sphingosine 
1-phosphate (S1P)  produced by sphingosine kinase 1 (SphK1)  
and exported via ABCC1 is related to hepatocellular carcinoma 
(HCC)  progression.  Am. J. Cancer Res., 11, 4394-4407.

Schult, C., Dahlhaus, M., Ruck, S., Sawitzky, M., Amoroso, F., 
Lange, S., Etro, D., Glass, A., Fuellen, G., Boldt, S., Wolken-
hauer, O., Neri, L.M., Freund, M. & Junghanss, C. (2010)  The 
multikinase inhibitor Sorafenib displays significant antiprolif-
erative effects and induces apoptosis via caspase 3, 7 and PARP 
in B- and T-lymphoblastic cells.  BMC Cancer, 10, 560.

Sim, H.W. & Knox, J. (2018)  Hepatocellular carcinoma in the era 
of immunotherapy.  Curr. Probl. Cancer, 42, 40-48.

Sun, Y., Zhang, H., Meng, J., Guo, F., Ren, D., Wu, H. & Jin, X. 
(2022)  S-palmitoylation of PCSK9 induces sorafenib resis-
tance in liver cancer by activating the PI3K/AKT pathway.  
Cell Rep., 40, 111194.

Sung, H., Ferlay, J., Siegel, R.L., Laversanne, M., Soerjomataram, 
I., Jemal, A. & Bray, F. (2021)  Global cancer statistics 2020: 
GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries.  CA Cancer J. Clin., 71, 
209-249.

Tang, W., Chen, Z., Zhang, W., Cheng, Y., Zhang, B., Wu, F., Wang, 
Q., Wang, S., Rong, D., Reiter, F.P., De Toni, E.N. & Wang, X. 
(2020)  The mechanisms of sorafenib resistance in hepatocel-
lular carcinoma: theoretical basis and therapeutic aspects.  
Signal Transduct. Target. Ther., 5, 87.

Tewari, D., Patni, P., Bishayee, A., Sah, A.N. & Bishayee, A. (2022)  
Natural products targeting the PI3K-Akt-mTOR signaling 
pathway in cancer: a novel therapeutic strategy.  Semin. Cancer 
Biol., 80, 1-17.

Wang, G., Zhang, X., Zhou, Z., Song, C., Jin, W., Zhang, H., Wu, 
W., Yi, Y., Cui, H., Zhang, P., Liu, X., Xu, W., Shen, X., Shen, 
W. & Wang, X. (2023)  Sphingosine 1-phosphate receptor 2 
promotes the onset and progression of non-alcoholic fatty liver 
disease-related hepatocellular carcinoma through the PI3K/
AKT/mTOR pathway.  Discov. Oncol., 14, 4.

Wang, J., Li, J., Tang, G., Tian, Y., Su, S. & Li, Y. (2021)  Clinical 
outcomes and influencing factors of PD-1/PD-L1 in hepatocel-
lular carcinoma.  Oncol. Lett., 21, 279.

Xu, Y., Dong, B., Wang, J., Zhang, J., Xue, W. & Huang, Y. (2018)  
Sphingosine kinase 1 overexpression contributes to sunitinib 
resistance in clear cell renal cell carcinoma.  Oncoimmunology, 
7, e1502130.

Xue, Y., Jiang, K., Ou, L., Shen, M., Yang, Y., Lu, J. & Xu, W. 
(2022)  Targeting sphingosine kinase 1/2 by a novel dual inhib-
itor SKI-349 suppresses non-small cell lung cancer cell growth.  
Cell Death Dis., 13, 602.

Yokota, T., Nojima, H., Kuboki, S., Yoshitomi, H., Furukawa, K., 
Takayashiki, T., Takano, S. & Ohtsuka, M. (2021)  Sphingo-
sine-1-phosphate receptor-1 promotes vascular invasion and 
EMT in hepatocellular carcinoma.  J. Surg. Res., 259, 200-210.

Yu, L., Wei, J. & Liu, P. (2022)  Attacking the PI3K/Akt/mTOR 
signaling pathway for targeted therapeutic treatment in human 
cancer.  Semin. Cancer Biol., 85, 69-94.

Yuan, F., Hao, X., Cui, Y., Huang, F., Zhang, X., Sun, Y., Hao, T., 
Wang, Z., Xia, W., Su, Y. & Zhang, M. (2022)  SphK-produced 
S1P in somatic cells is indispensable for LH-EGFR signaling-
induced mouse oocyte maturation.  Cell Death Dis., 13, 963.


