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Abstract

Sphingosine kinase | (SPHKI) regulates cell proliferation and survival by converting sphingosine to the signaling mediator
sphingosine |-phosphate (SI1P). SPHKI is widely overexpressed in most cancers, promoting tumor progression and is associated
with clinical prognosis. Numerous studies have explored SPHKI as a promising target for cancer therapy. However, due to
insufficient knowledge of SPHK | oncogenic mechanisms, its inhibitors’ therapeutic potential in preventing and treating cancer still
needs further investigation. In this review, we summarized the metabolic balance regulated by the SPHKI/SIP signaling pathway
and highlighted the oncogenic mechanisms of SPHKI via the upregulation of autophagy, proliferation, and survival, migration,
angiogenesis and inflammation, and inhibition of apoptosis. Drug candidates targeting SPHK | were also discussed at the end. This
review provides new insights into the oncogenic effect of SPHK| and sheds light on the future direction for targeting SPHKI as

cancer therapy.
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Introduction

Sphingosine kinase 1(SPHK1/SK1/SPK1) mediates the conver-
sion of sphingosine (Sph) to sphingosine-1-phosphate (S1P), a
pivotal sphingolipid signaling mediator involved in a wide vari-
ety of cellular processes, including cell growth, survival, differ-
entiation, and motility."* The activation of SPHK1 requires
2 events: phosphorylated by extracellular signal-regulated
kinase 1/2 (ERK1/2) and translocation to plasmalemma.>* Two
mammalian isoenzymes have been identified, SPHK1 and
SPHK2.>° SPHK 1 localizes predominantly in the cytosol as it
contains a functional nuclear export sequence, whereas SPHK2
locates both in the nuclei and the cytoplasm, indicating their
distinct biological roles.” Since the first human SPHK1 structure
was illustrated,® significant advances have been made in under-
standing the composition and function of SPHK1.” Human
SPHK1 gene is localized to 17q25.2, and its protein products

have 3 splice isoforms, SPHK1a, SPHK1b, and SPHKIc.
SPHK1a is primarily involved in the extracellular signaling

! Department of Biochemistry and Molecular Biology, School of Basic Medicine,
Health Science Center, Yangtze University, Jingzhou, Hubei, China

2 Laboratory of Oncology, Center for Molecular Medicine, School of Basic
Medicine, Health Science Center, Yangtze University, Jingzhou, Hubei, China

3 The Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen,
Guangdong, China

Corresponding Authors:

Xianwang Wang, Department of Biochemistry and Molecular Biology, Health
Science Center, Yangtze University, | Nanhuan Road, Jingzhou, Hubei 434023,
China.

Email: xwshine@yangtzeu.edu.cn

Yingying Lu, The Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen,
Guangdong, 518000, China.
Email: luyy39@mail.sysu.edu.cn

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0002-2112-1608
https://orcid.org/0000-0002-2112-1608
https://orcid.org/0000-0001-9443-0439
https://orcid.org/0000-0001-9443-0439
mailto:xwshine@yangtzeu.edu.cn
mailto:luyy39@mail.sysu.edu.cn
https://sagepub.com/journals-permissions
https://doi.org/10.1177/1073274820976664
http://journals.sagepub.com/home/ccx
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage

Cancer Control

NTD: C1-C3, including 9-150 aa and 357-364 aa

BT Woll B2 MW B3 TN o3 NC-TNNET O 2
| -
119 ©1 3¢ 72 c2 96 108 3119 150

CTD: C4-C5, including 150-356 aa

pe  p7 p8 Ko7l HoBR PO T B10 T p11 Wad

| —_—

151 165 C4 168 ‘:““‘\0534\ 304
S Sohk protein E 7 o-helix B-strand —— Conserved motif

Figure |. The basic structure of SPHKI. SPHKI consists of NTD and CTD, 5 conserved motifs, C1-C5. C|-C3 involved in NTD, while C4-C5
in CTD (Cl:19-36aa, C2:72-96aa, C3108-1 19aa, C4:165-198aa, C5:338-343aa). Every domain has specific motifs, 9 o helices, 17 3 strands, and a

3 1 o-heliX.

Table I. The Specific Binding Sites of SPHK.?

Sites Position(s) Description/Functions References
Active site 8l Proton donor/acceptor, as a catalytically critical residue 8
Necleotide binding 17 ~24, 54~ 58, 79~ 103 ATP and TRAf2 binding 11,12
I11~113,178,185,191,
341 ~343
Ca”’™/CaM binding* Between 134 ~153,290~303  Acting as a cellular calcium sensor for SPHKI; 13
191-206 (197 and 198 are essential) 14
Magnesium ion 143, 343 Coordinating to the y-phosphate group of ATP and the pyrophosphate 13
binding moiety
Lipid biding B8~p9, BIO~BII, BII~BI2  Binding with Sph 89,11
ol ~a8 Acting like a lipid gate controlling the in-and-out of lipid substrate and
product
ERK1/2 225 Phosphorylation to SPHKI 15
PKC* 54,181,205,371 Phosphorylation to SPHKI 13
PP2A-B’a 225 Dephosphorylation to SPHK 14

2SPHK contains multiple sites, such as active site (which is essential for the function of this enzyme), nucleotide-binding sites (bind ATP, as a substrate to
phosphorylate Sph), Ca2"/CaM binding sites (bind Ca>"/CaM or act as a cellular calcium sensor for SPHK 1), magnesium ion binding sites (coordinate to the
v-phosphate group of ATP and the pyrophosphate moiety), lipid biding sites (bind with Sph and act like a lipid gate controlling the in-and-out of lipid substrate and
product), ERK1/2 and PKC phosphorylation sites (phosphorylate SPHK 1) and PP2A-B’a dephosphorylation site (dephosphorylate SPHK1). *: Direct activation of

the enzyme by Ca2™ and PKC has not been demonstrated so far.

transduction, while SPHK 1b and SPHK 1¢ are mainly anchored
on the cell membrane.'® The structure of SPHK1 adopts a
2-domain architecture that comprises 9 o helices, 17  strands,
and a 31-helix (Figure 1).%'! Each motif has its specific binding
sites associated closely with its functions, such as active sites,
nucleotide-binding sites, calcium/calmodulin(Ca®"/CaM) cou-
pling sites, magnesium ion combining sites, lipid associating
sites, phosphorylation/dephosphorylation sites, etc. (Table 1).
Although the structure has been characterized,®® molecular
mechanisms of SPHK1 functions, such as its translocation acti-
vation, and interactions between 3 various isoforms and other
molecules, are poorly understood. SPHK1 is a perplexing kinase
with pivotal roles in various cellular processes (Figure 2).
Cumulating evidence has revealed that SPHK1 is upregulated
in cancer cells and closely correlated with tumors progres-
sion'®!? (Table 2), and high expression level or kinase activity
of SPHK1 is associated with a poor prognosis in several types of

cancers. Recently, oncogenic mechanisms of SPHK 1 have been
identified in multiple aspects, including tumor growth, tumor
migration and angiogenesis, and so on. This review introduced
the SPHK1/S1P signaling pathway and discussed the potential
mechanism of SPHK1/S1P signaling in tumor progression.
Besides, inhibitors of SPHK1 with therapeutic potentials were
also summarized.

SPHK/SIPISIPR Signaling Pathway

SPHKI1 is one of the versatile kinases that catalyze the synth-
esis of S1P, and it performs an increasingly essential role in
regulating the metabolic balance of sphingolipids such as cer-
amide (Cer), sphingosine (Sph), and SI1P.>® Cer plays a vital
role in apoptosis, cell senescence, differentiation, and cellular
stress responses,* *° and Sph is an anti-growth signaling mole-
cule.®’ In contrast, SIP promotes cell proliferation, survival
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Figure 2. The schematic of the SPHK /S|P signaling pathway. SPHK catalyzes the formation of SIP from Sph and is pivotal regulators of the
balance between Cer, Sph, and SIP. The gene expression of SPHKI is regulated by a transcription factor (TF), such as transcription factor

specificity protein | (Spl), AP2, E2F transcription factor, hypoxia inducible factors (HIF), LIM-domain-only protein 2 (LMO2). After expression
in the cytoplasm, SPHK is activated by ERK1/2, resulting in its phosphorylation and translocation to the cell membrane; CIB| participates in this
process. When SPHK is fitted on the cell membrane, it will catalyze the production of SIP, and the yielded SIP is secreted to the extracellular
domain via the SIP channels (ABCAI/BI/CI, Spns2), and then the extracellular SIP engaged with the receptors (SIPRI-5) of other cells or itself
cell membrane. Owning to SIPR is a G-protein coupled receptor (GPCR) that could transmit extracellular signaling into intracellular second

message S|P, initiates the classical GPCR signaling pathway, and elicits serious effects, including cell metabolism, proliferation, migration,

angiogenesis, autophagy, apoptosis, inflammation, etc.

and inhibits apoptosis.®*** The SPHK1/S1P signaling plays a
crucial role in inflammation, cell migration, and vascular
development,'® which has been inextricably linked to tumor-
igenesis. SPHK1 also acts on D-erythro-sphingosine in vitro®
and, to a lesser extent, sphinganine®® through phosphorylation.
Moreover, SPHK1 has serine acetyltransferase activity on
cyclooxygenase 2 (COX2) in an acetyl-CoA dependent man-
ner, which contributes to pathogenesis in a model of Alzhei-
mer’s disease (AD).®

SPHK1 has been identified as an important regulator in reg-
ulating extracellular and intracellular S1P levels (Figure 2). In
normal conditions, SPHK 1 is a predominantly cytosolic enzyme.’
The expression of SPHK 1 is regulated by the transcription factors
(TF), such as transcription factor specificity protein 1 (Sp1), AP2,
E2F transcription factor, hypoxia-inducible factors (HIF),
LIM-domain-only protein 2 (LMO2)* (Figure 2). When exposure
to several stimuli, such as growth factors, cytokines, and hor-
mones, SPHK1 is activated and translocated to the cell mem-
brane, catalyzes the production of S1P, thereby raising S1P
contents.®”"%” As a second messager, S1P is a biologically active
lipid catalyzed by either SPHK 1 or SPHK2, which can be released
from cells via specific channels such as ATP-binding cassette
(ABC-A1/B1/Cl1), major facilitator superfamily transporter 2b
(Mfsd2b), and spinster homolog 2 (Spns2)’*"? to target to the

G protein-coupled receptor family (S1PR,_s) proteins.'® In the
cytoplasm, S1P can also couple with specific partners, such as
histone deacetylases (HDAC1/2), human telomerase reverse tran-
scriptase (h"TERT), TNF-receptor-associated factor(TRAF2)">7
and prohibitin 2 (PHB2),”° to trigger a variety of cellular
responses.

On the other hand, the activity of SPHKI is also crucial for the
clearance of sphingolipids. Once S1P comes into being, S1P is
hydrolyzed by S1P lyase in an irreversible reaction to yield hex-
adecenal and phosphoethanolamine (Figure 2), which is an
important exit of sphingolipid metabolic cycle.’® The oncogenic
signaling of SPHK( is dependent on its phosphorylation activa-
tion at Ser225 by ERK1/2 and shifts from the cytoplasm to the
plasma membrane.®’” ERK1/2 not only stimulates the catalytic
activity but also is necessary for SPHK1 plasma membrane traf-
ficking.”® Finally, inactivation of SPHK1 is dephosphorylated by
specific protein phosphatase, such as protein phosphatase 2A
(PP2A, Table 1). It has been demonstrated that B’a (B56a/
PR61a/PPP2R5A), a regulatory subunit of PP2A, interacts with
the c-terminus of SPHK1, then decrease SPHK1 phosphoryla-
tion."* SPHK 1 is degraded through either the proteasome or lyso-
somal pathways in response to several stimuli, such as DNA
damage, tumor protein 53 (TP53), tumor necrosis factor o
(TNF-a), and even its inhibitors.*
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Table 2. The Expression and Potential Mechanism of SPHK in Human Cancers.?

Cancer types Expression Potential mechanism Related molecules References
Breast cancer >2.0folds  Proliferation? . Angiogenesis| EGF. ERKI/2. HDAC. RAS. JAK2. 20,21,22,23,24
MigrationT . Apoptosis | RTKs Ca®" *MAPK . AKT. PI3K. ER.
Whnt . miR-515-5p = NF-kB/FSCNI . SNAI2
Lung cancer >2.0 folds InnovationT . MigrationT . AKT. miRNA. Spns2. GSK-3f  STAT3. 25,26,27
ProliferationT EMTT . LncRNA HULC
Apoptosis| Metabolism]
Uterine cancer T Apoptosis| InvasionT . MMP-2. VEGF-A. PKC. ABCCI. COX2. 28,29
Proliferation] . Migration . ERK
Angiogenesis|
Ovarian cancer >2.0 folds  Angiogenesis| . Apoptosis| _ VEGF, IL-8. IL-6. SIPRI/3. FMMP . CIB2. 30,31,32,33,34
MigrationT . InvasionT TGF-B _ p38 MAPK. HIFla and HIF2a
Liver cancer T EMTT. AutophagyT . Apoptosis| CDHI . TRAF2. BECNI . JNKI . miR-506 35,36,37
ProliferationT . Angiogenesis
Prostate cancer T Invasion and metastasis? ROS. HIF-la  VEGF. TP53. P2I 38,39,40
Proliferation? ’
Colon/colorectal cancer T EMTT . Proliferation| .Migration] . ERK/12. Ras = miRNA. AKT. NF-xB. 41,42,43,44,45
Invasion? . AutophagyT . CD44. LncRNA MEG3. FAK
Apoptosis |
Kidney cancer 2.7 folds  InnovationT . Angiogenesis| FAK. SIPRI/3. HIF-2a 46
Gastric cancer > 2.0 folds Apoptosis| AngiogenesisT . Bim AKT. FOXO3a BCL-2. ERK/I2. 47,48
InvasionT . Migration STAT3. miR-330-3p  NF-xB
Chronic myeloid leukemia T Proliferation . Apoptosis | miR-659-3p ~ PI3K. AKT2. mTOR 49,50
Glioma >1.0 folds  Angiogenesis] . Proliferation? Ca®" ~ EGFR. SIPRI/2/3/5 51,52,53
InvasionT . Migration
Multiple myelomas T Apoptosis| Proliferation? EGCG . 67LR. RTKs ~AKT. PI3K. IGF-IR 54
Osteosarcoma T Autophagy | miR-506-3p 55
Thyroid cancer T Apoptosis | miR-128 56
Proliferation
MetastasisT
Clear cell renal cell T Proliferation Akt/mTOR 19
carcinoma Migration]
Primary effusion T Apoptosis | ABC. NF-xB. MAPK 57
lymphoma

2SPHK | is elevated in many tumors, mostly more than twice that of normal cells (non-tumor cells). And lots of associated molecules participate in the process of
cancer. EMT: epithelial-mesenchymal transition; 67LR: 67-kDa laminin receptors; ER: estrogen receptor; TRAF2: TNF-receptor-associated factor.

Nevertheless, the SPHK1 membrane localization mechan-
ism is still unclear, which might be associated with the
activation of ERK1/2 or other partners like Ca2%/CaM and
PKC.”® The activation of SPHK1 and its subsequent trans-
location to the plasma membrane was observed in response to
the PKC activator, PMA (Phorbol 12-myristate 13-acetate).®”
Although SPHKI1 contains 4 putative PKC phosphorylation
sites (shown in Table 1), purified PKC does not affect
SPHK activity in vitro,®" indicating an indirect mechanism
of PKC on SPHKI1 activation. As for Ca“, chelation of
intracellular Ca®>" inhibits SIP production, whereas increas-
ing intracellular Ca*" enhances S1P formation.®? It has been
shown that Ca®>" plays an essential role for CaM in the
Ca®"-dependent translocation of SPHK1 to the plasma mem-
brane."* However, although several putative CaM-binding
sites have been identified by sequence analysis of SPHK1
(Table 1), direct activation of SPHK1 by Ca*" has not been
demonstrated so far. Besides, several pieces of evidence
demonstrated that the translocation of SPHKI to the cell
membrane is mediated by calcium and integrin-binding

protein (CIB1) through its Ca2™ myristoyl switch function,
and the SPHK1 signal transduction may be achieved through
the Ras pathway.®™ To a large extent, CIB1 is associated
with the perplexing structure of SPHK1,” while CIB2 has
opposite actions.>? Based on these findings, Ca®>" may per-
form its functions by binding their partner, especially CaM
and CIBI1 (Figure 2).

Interestingly, Adams et al. proposed that the translocation of
SPHKI1 to the plasma membrane also attributes to SPHK1
dimerization.”® Specifically, SPHK1 forms dimers and inter-
acts with plasma membranes through a single contiguous inter-
face that would elongate the interface and strengthen the
SPHK 1-phospholipids interaction.* However, the kinetics and
dynamics underlying SPHK1 dimerization and how that would
affect membrane binding and function in cells need to be fur-
ther investigated.

Of note, cytokines such as TNF-a, interleukin-1 (IL-1), or
growth factors have been reported to regulate the SPHK1/S1P
signaling pathway, affecting the formation of S1P.'®*” Simi-
larly, hormones are also fundamental stimulation signals,
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impacting SPHK1, and S1P metabolism, thus controlling cell
life activities.®® After activation, SPHK1 promotes tumorigen-
esis by modulating various processes, such as apoptosis, autop-
hagy, proliferation, migration, invasiveness, angiogenesis, and
inflammation (Table 2). As shown in Figure 2, these diversified
processes benefit from the significant position of SPHK1 in the
SPHK 1/S1P signaling pathway.>%*+%

The Potential Oncogenic Mechanism of SPHK

SPHK1/S1P axis is implicated in numerous pathophysiological
conditions and diseases, such as deafness, hepatitis, diabetes,
obesity, atherosclerosis, osteoporosis, Alzheimer’s disease,
multiple sclerosis, and even cancer.”® SPHK1 is widely upre-
gulated across a diverse range of human cancers (Table 2), such
as breast cancer, lung cancer, uterine cancer, ovarian cancer,
gastric cancer, kidney cancer, liver cancer, prostate cancer,
colorectal cancer, small bowel cancer, chronic myeloid leuke-
mia, glioblastoma, and lymphoma.'®>'*19% After being acti-
vated by phosphorylation, SPHK 1 accelerates the synthesis of
S1P on the cell membrane. Then the generated S1P as a second
messenger, in an autocrine or paracrine manner, engages with
S1PRs, to evoke a range of biological functions, such as apop-
tosis, autophagy, proliferation, migration, invasion, angiogen-
esis, and inflammation.

Effect of SPHK on autophagy and apoptosis. Recent studies have
shown that SPHK1 is involved in autophagy and apoptosis.
Dysregulation of autophagy was associated with various
human disorders, such as neurodegenerative diseases, obesity,
infectious diseases, cardiomyopathy, type 2 diabetes, and can-
cer,”>** while apoptosis also plays vital roles in the pathogen-
esis of these diseases.”” Hence, both autophagy and apoptosis
have been recognized as promising therapeutic targets. In par-
ticular, it is proposed that SPHK1 promotes tumorigenesis by
simultaneously upregulating autophagy and suppressing apop-
tosis (Figure 3).

Autophagy is regulated by more than 30 autophagy-related
genes (ATG) and requires functional late endosomes and lyso-
somes to participate.”®"” It is unraveled that SK1-I (a specific
SPHK1 inhibitor, Table 3) inhibits SPHK1 activity, promotes
the fusion of endosomal membranes to accumulate dysfunc-
tional enlarged late endosomes, and blocks autophagy flux.”®
Whereas inhibition of SPHK1 by SKI1-I greatly increases
autophagic flux and induces TP53-dependent cell death
mediated by the autophagic regulators BECN1 and ATGS5."”
In neuronal cells, overexpression of SPHK1 enhances the for-
mation of the pre-autophagocytic Beclinl-positive structure
and strengthens autophagy flux, whereas S1PPase and S1PLase
have opposite effects on regulating neuronal autophagy.”’
Interestingly, it has been reported that SPHK 1 accelerates lyso-
somal degradation of CDH1 (cadherin family members) to
induce epithelial-mesenchymal transition (EMT), which
depended on TRAF2-mediated autophagy activation.'®” These
findings have revealed a novel mechanism responsible for reg-
ulating the EMT via SPHK1/TRAF2/BECN1/CDHI1 signal

cascades in hepatocellular carcinoma (HCC) cells.'®
MiR506-3p has been demonstrated to act as a tumor suppressor
through MET initiation and autophagy inhibition, which can be
reversed by SPHK loverexprssion.”> SPHK1 expression and
activity were significantly augmented by TGF-B1 stimulation,
resulted in increased expression of autophagy-related genes
ATG5/12 and Beclin 1 and subsequent autophagy induction.'®!
Moreover, SPHK1 could activate the ERK pathway in colon
cancer,* which also elicits autophagy. In MDCK cells with high
expression of K-Ras, S1P and S1PR2 receptors are
down-regulated by K-Ras, while SPHK1 and S1PPase were not
affected. The lack of S1P was linked with increased autophagy.' >
It is noteworthy that SPHK1 may also interact with other biolo-
gically active substances such as Cer and S1P.'* It is, therefore, a
promising approach to investigate the regulation of sphingolipids
(S1P, Cer, and SPHK1 were included) on autophagy and cell
death (Figure 3C).

Interestingly, the correlation between autophagy and
SPHK1 varies in different tumor types and stages. Overexpres-
sion of SPHK1 induces autophagy in neurons and protects
against starvation in star glial cells.'® SPHK1 promotes autop-
hagy in neurons by translocating to endocytic and autophagic
vesicles, while in SH-SYS5Y neuroblastoma cells, SPHK1
exclusively locates on the endosomal membrane.'®> Autop-
hagy is a double-edged sword in tumor biology. Previous stud-
ies demonstrated that autophagy inhibits tumorigenesis in the
early stage, while more advanced cancer cells utilize autophagy
as a pro-survival tool to enhance tumor growth.'°1® SPHK ]
knock-out protects 7P53” and TP53"~ mice from developing
thymic lymphoma,'®® suggesting that SPHK1 is required for
spontaneous tumorigenesis in 7 P53 mice. Thus, p53 is func-
tionally associated with SPHK 1, and SPHK1 could be a down-
stream target of p53. Furthermore, SPHK 1-induced autophagy
promotes tumor cell survival, induces EMT, and protects
against starvation. These processes are strongly associated with
tumorigenesis. Besides, SPHK1 inhibition could induce autop-
hagic cell death, a novel anti-cancer strategy (Figure 3A/C).

SPHKI1 also plays a vital role in apoptosis. Inhibition of
SPHKI1 results in lower S1P levels and apoptosis of prostate
cancer cells.'” Similar results have been reproduced in other
types of cancer (Table 2). Recent reports show that
p53-mediated caspase-2 activation is required for SPHK1 pro-
teolysis. Caspase-2 activation is downstream of the checkpoint
kinase 1 (CHK1, a serine/threonine-protein kinase) inhibitory
pathway in 7P53-mutated cells, and inhibition of CHK1 leads
to caspase-2 activation and apoptosis.''' The aforementioned
p53 activation by inhibition of SPHK1 leads to pro-apoptotic
BCL2 family members’ upregulation, including BAD, BAKI,
and BID.'” CIB2 blocks the translocation of SPHK1 to the
plasma membrane and impairs its subsequent signaling, includ-
ing induction of apoptosis by TNF-ao and limiting Ras-induced
tumorigenesis.’” In contrast, CIB1 mediates the translocation
of SPHKI to cell membranes.®** but whether CIB1 partici-
pates in apoptosis is unclear.

A recent study in non-small cell lung cancer (NSCLC) has
revealed that the upregulation of SPHK 1 boosts the PI3K/AKT/
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Figure 3. SPHKI coordinates autophagy and apoptosis. A, The relationship between SPHK and autophagy. On the one hand, autophagy is a
self-protection process that provides sufficient energy supply for cell growth by recycling useless raw materials; on the other hand, cancer cell
takes advantage of autophagy for tumorigenesis by some mechanisms, such as cell survival, EMT and protecting cell under starvation. SPHKI is a
potential target that inhibiting SPHK can induce autophagy-induced death via some special mechanism, for example, TP53. B, The role of SPHKI
in apoptosis. SPHK | performs an anti-apoptosis effect through PI3K/Akt/NF-xB(or only PI3K/Akt), Akt/FoxO3a/Bim, or RTKs. Targeting SPHK
to inducing apoptosis has been a focus on cancer therapy. Many inhibitors can induce apoptosis, including SKI-I/Il . Ski/ DHS. FTY720.
CB5468139. PF-543. Safingol, and so on (Table 3). To sum up, there are 4 ways to induce apoptosis by inhibiting SPHK |: promoting hydrolysis,
inhibiting translocation to plasmalemma, regulatory RNA, and even a direct inhibition of inhibitor. C, The role of SPHK | between autophagy and
apoptosis; cancer therapy targeting SPHKI. In principle, the relationship between autophagy and apoptosis is antagonistic. But SPHK| correlates
autophagy and apoptosis, and targeting SPHK | could induce cell death via autophagy and apoptosis.

NF-kB pathway, and suppressing this pathway abolishes the tumor growth. SK1-I specifically restrains phosphorylation and
anti-apoptotic effect of SPHK1."'? However, neither SPHK1 activation of AKT in an S1P-dependent manner, while inhibi-
nor SPHK?2 regulates NF-kB activation.''? Suppression of tion of INK attenuates SK1-I-mediated cell death,''* implying
SPHK1 induces apoptosis in glioblastoma cells and limits that targeting SPHK1 to induce cancer cells apoptosis requires
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cooperation with the JNK pathway. In gastric cancer cells,
SPHK1 inhibits apoptosis by downregulation of Bim via sti-
mulating Akt/FoxO3a signaling.*” Through inhibiting SPHK 1
by Ski (also SKI-II), SPHK1 protects multiple myeloma (MM)
cells against apoptosis by inhibition of cancer-specific RTKs.>*
Interestingly, inhibition of SPHK1 also promotes the synthesis
of a novel pro-apoptotic molecule diadenosine 5',5"-P1,
P3-triphosphate (Ap3A), which is associated with tumor sup-
pressor of fragile histidine triad (FHIT), then triggering
apoptosis.''°

Some non-coding RNA is associated with apoptosis, such as
miRNA and LncRNA, and their mechanisms may be different.
Overexpression of miR-515-5p in breast cancer cells could
weaken SPHK1 activity, decreased cell proliferation, and ele-
vated caspase-dependent apoptosis.”' It has been shown that
SPHK-siRNA not only accelerates apoptosis but also restricts
proliferation in ovarian cancer cells,''> which could be a poten-
tial targeted therapy.''® LncRNA HULC inhibits apoptosis by
upregulating SPHK 1 and its downstream PI3K/Akt pathway.*>
Downregulating IncRNA MEG3 inhibits apoptosis by upregu-
lating TGF-B1 and its downstream SPHK1,*' suggesting that
the SPHK1-dependent inhibition of apoptosis in cancer cells
could be a therapeutic target by different approaches, such as
promoting hydrolysis, inhibiting translocation to plasma-
lemma, regulatory RNA, and chemical inhibition (Figure 3B).

In summary, SPHK1 serves as both a stimulant of autophagy
and an inhibitor of apoptosis (Figure 3A/B/C). Autophagy pro-
tects cells from accumulating toxins, improper molecules, and
damaged organelles and facilitates tissue development and cell
differentiation.""” Autophagy also supplies nutrition for cell
metabolism by recycling the materials mentioned above. Under
adverse conditions such as severe inflammation, hypoxia, or
malnutrition, autophagy may become excessive and cause
autophagic cell death.'®® SPHK1 may regulate autophagy and
related signaling pathways in response to changes in the envi-
ronment, leading to cell survival or death. Thus, targeting
SPHK1-mediated autophagic cell death could be a promising
therapeutic approach for cancer treatment.

Since SPHK1 also exerts anti-apoptosis effects, inhibitors
targeting SPHK1 have been tested in various cancer models
(Table 3). Furthermore, SPHK1-mediated autophagy may
directly affect apoptotic signals (Figure 3C). It is widely
believed that SPHK1-mediated autophagy and apoptosis are
mutually exclusive.''® For example, SPHK 1-induced autop-
hagy protects against apoptosis during nutrient starvation,
while Cer-induced autophagy does not."''” Autophagy usually
precedes apoptosis and activates apoptosis via various mechan-
isms, but autophagy can also protect cells from apoptosis.
Apoptosis and autophagy have distinct signaling pathways and
cellular processes but also share some functions.'?*!?! These 2
processes can occur simultaneously or independently, and the
result depends on the environment and cellular response.'*%'*?
Altogether, either SPHK1-mediated autophagy or apoptosis
can be targeted in cancer therapy to induce autophagic or apop-
totic cell death (Figure 3C).

SPHK I inducing tumor proliferation and survival. The proliferation
of tumor cells is regulated by numerous cellular factors.'??
Cumulating studies have shown that SPHK1 promotes cell
proliferation and tumor growth'**® (Figure 4).

SPHK1 is a positive regulator of cell proliferation and sur-
vival. Knocked-out of SPHK1 suppresses AKT signaling path-
way and inhibits cell proliferation.’** SPHK1 regulates
tumorigenesis and tumor growth in early colon cancer,'®’
glioma,'® breast cancer, and chronic lymphocyte by modulat-
ing calcium signaling.'*”"'?®'%* Overexpression of SPHK1
enhances triple-negative breast cancer proliferation via PI3K/
AKT signaling,'*® whereas TNF-o. regulates breast cancer cell
proliferation by modulating Cer.'*' Elevated SPHK 1 also aug-
ments colon cancer cell proliferation by regulating the MAPK/
MMP-2/9 pathway.”' Gene expression array has shown that
SPHK1 regulates cell survival, proliferation, and tumor trans-
formation by upregulation of transferrin receptor 1 (TFR1).2
TFR1 is a novel target of SPHK 1, which provides new insights
into the regulatory mechanism of SPHK1-dependent tumori-
genesis. Epoxyeicosatrienoic acid (EET) is a product of cyto-
chrome P450 (CYP) peroxidase. Studies have shown that
SPHK 1 augments EET-stimulated endothelial cell proliferation,
which requires SIPR1 and S1PR3.'*? Vascular endothelial
growth factor (VEGF) can induce endothelial cell proliferation
through its receptors.'** Activated SPHK 1 in breast cancer upre-
gulates VEGF expression, and both VEGF and SPHK1 are inde-
pendently regulated by the mammalian target of rapamycin C1
(mTORC1)."** VEGF and follicle-stimulating hormone (FSH)
could upregulate S1P synthesis through phosphorylation of
SPHK 1, accelerating cell proliferation.'*> Recent studies have
revealed that inhibition of SPHK1 attenuates proliferation and
survival in cancer cells by impairing PKC activity and cytokin-
esis.®? Leptin is an essential adipokine that plays a key role in
regulating energy balance, body weight, metabolism, and endo-
crine function.'*® Studies have shown that leptin can escalate the
proliferation and activation of SPHK1 via ERK1/2 and Src fam-
ily kinase (SFK) pathways.'*’

MiRNAs such as miR-515-5p and miR-124 can inhibit apop-
tosis in tumor cells, and miRNAs can control the activity and
expression of SPHK1 to suppress proliferation, which is closely
related to WNT pathway.?'"!*® In bladder cancer, miR-613
inhibits bladder cancer cells’ proliferation by targeting SPHK1
expression and function.”"'*° MiR-128 also suppresses the
growth of thyroid carcinoma by downregulating SPHK1.°
Thus, SPHK 1 is a target for miRNA with anti-cancer potential,**
but further investigation of the miRNA-dependent regulation
mechanism of SPHK 1 is needed. Apart from miRNAs, IncRNAs
with distinct functions significantly contribute to SPHK1 signal-
ing as well. Particularly, IncRNAs HULC induces NSCLC pro-
liferation and inhibits apoptosis by enhancing SPHK 1 and PI3K/
Akt signaling.?® In contrast, suppression of IncRNA MEG3
accelerates colorectal adenocarcinoma cell proliferation and
abolishes apoptosis by upregulating TGF-B1/ SPHKI
pathway.*!

Cancerous proliferation is often caused by cell cycle regu-
lation abnormalities and genetic changes.'?*'*° However,
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Figure 4. The mechanism of SPHKI in proliferation, migration, invasion, angiogenesis, and inflammation.

SPHK1 and SPHK2 activity are not required for tumor cell
viability.'*! Altogether, it still needs to explore further the
contribution of SPHK to tumor proliferation and cell survival.
In summary, SPHK 1 promotes cell proliferation and survival in
cancer, whereas its inhibitors such as miRNA and chemical
inhibitors suppress proliferation. These data provide a strategy
to inhibit tumor proliferation by targeting SPHK1.

SPHK promoting tumor migration and invasion. SPHK1 has been
implicated in tumor metastasis as well as invasiveness.’®
SPHK1 is overexpressed in many tumor types (Table 2) and
plays an important role in tumor migration and invasion. Pre-
vious studies have found that SPHK1 is overexpressed in
NSCLC and enhances the migratory and invasive ability of
NSCLC through the AKT pathway.”® SPHK1 is also overex-
pressed in triple-negative breast cancer (TNBC).*> SPHK]
knock-out attenuates migration and invasion of TNBC by con-
trolling PI3K/AKT signaling pathway.'*® Tumorigenesis is not
only triggered by intracellular factors but also closely related to
the extracellular environment.'** Hormones and growth factors
can regulate SPHK1 and SIP production and facilitate the
migration of endothelial cells.'"*® Hepatocyte growth factor
(HGF) could induce the phosphorylation of SPHK1 and drive
the production of S1P, thereby promoting the migration of lung
endothelial cells."** SPHK1/S1P regulates sirtuin 1 (SIRT1)

expression through P38 MAPK, ERK, and AKT signals, and
SIRTI knock-out blocks the migration of human umbilical vein
endothelial cells (HUVEC).'* Death receptor 5 (DR5) is another
SPHK1 functional partner. When DRS is suppressed, SPHK 1/
S1P may be involved in TRAF2-mediated activation of JNK/
AP-1 to stimulate tumor invasiveness.'*® SPHK 1-dependent
migration may also be associated with myristoylated
alanine-rich C-kinase substrate (MARCKS)-related proteins.147
These results show that SPHK1 promotes tumor migration and
invasion in cooperation with other proteins. In response to irra-
diation, head and neck squamous cell carcinoma (HNSCC)
migration may be associated with EGFR.'** SPHK1 is also
strongly linked to colon cancer cells (CRC), which advances CRC
migration and invasion, and may be connected to E-cadherin and
vimentin to induce EMT."*® Similarly, SPHK 1 can promote CRC
migration and EMT by regulating the expression of p-FAK."** It
was unveiled that SPHK1 facilitates colorectal cancer’s metasta-
sis facilitates the metastasis of colorectal cancer by stimulating
EMT via the FAK/AKT/MMPs axis.*

The production of S1P and its receptor S1PR are also asso-
ciated with migration and invasion regulated by SPHK1. When
S1P is produced in a large amount, it also provokes migration
of oral squamous cell carcinoma (OSCC), at least through
targeting SIPR2.'*! SPHK I-mediated renal clear cell carci-
noma (ccRCC) invasion occurs by SI1PR2-dependent FAK
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phosphorylation and a FAK-independent mechanism through
S1PR1/3.* And HNSCC invasion possibly associates with
S1PR1.'%? By the cancer genome atlas (TCGA) RNA database
analysis, SPHK1 stimulates invasion in von Hippel-Lindau
(VHL) mutant ccRCC via S1PR2-dependent FAK phosphory-
lation and FAK-dependent SIPR1/3 mechanism.*®

Viruses are also implicated in SPHK 1-mediated tumor inva-
sion.'”® Hepatitis B virus (HBV) contributes to tumor growth
by upregulating AP2o and SPHK1,"** and SPHK1 can trigger
the proliferation, growth, and migration of HCC through S1P/
endothelial differentiation G-protein coupled receptor 1
(EDG1) and nuclear factor Kappa B subunit 1 (NF-xB) path-
ways.'>> Moreover, Epstein-Barr virus (EBV) activates AKT
via the SPHK1/S1P pathway to promote the migration of undif-
ferentiated nasopharyngeal carcinoma (NPC).'*® These find-
ings suggest that pathogenic microorganisms should be
considered as a novel regulator of SPHK1 in tumorigenesis.

SPHK1-related miRNAs also are associated with tumor
migration and invasion. Overexpression of SPHK1 upregulates
miRNAs that play different roles in tumorigenesis. In particular,
the miR-144-3p/fibronectin 1 (FN1) pathway may be involved
in the pro-invasive role of SPHK1 in thyroid papillary cancer
cells (PTC).">” Of interest, some miRNAs show distinct effects.
For example, miR-613 protect against migration by targeting
SPHKI1 in bladder cancer' and PTC,'*® while miRNA-124
targets SPHK 1 and down-regulates SPHK 1 expression to arrest
tumor proliferation and migration.'*®

SPHK1 is currently explored as a therapeutic target to
restrain tumor growth and migration. Dimethylsphingosine
(DMS, SPHK inhibitor) can govern tumor invasiveness
through NF-kB, alleviating tumor permeation.'> CB5468139
also inhibits migration by targeting SPHK1 (Table 3). These
results provide an anti-metastasis therapeutic strategy by tar-
geting SPHK1. In conclusion, SPHK1 promotes tumor migra-
tion and invasion with viral infection as an important factor,
which calls for further study into the detailed regulatory
mechanism.

SPHK I prompting tumor angiogenesis. To ensure tumor growth,
the tumor tissue will establish a vascular system, in which the
tumor or other cells secrete pro-angiogenic factors and facil-
itate angiogenesis.'®® SPHK 1 promotes tumor angiogenesis by
several mechanisms (Figure 4).

SPHK1 and its metabolite SI1P significantly contribute to
tumor angiogenesis and survival.”' In epithelial ovarian cancer,
inhibition of SPHK1 or SIPR1/3 attenuates angiogenic poten-
tial and angiogenic factor secretion.'®’ When SIP is added,
angiogenic potential and angiogenic factor secretion can be
restored, suggesting that the SPHK1/S1P/S1PR1/3 pathway
plays an essential role in angiogenesis.*® The identical mechan-
ism was also characterized in clear cell renal cell carcinoma
(ccRCC).*® Angiogenesis is associated with cancer metastasis
and invasion, while the molecular mechanism is not yet
clear.'®® Enhancing the activity of SPHKI triggers angiogen-
esis and facilitates invasion and metastasis of cervical can-
cer.'®® Increased SPHK1 leads to upgraded SIP production,

resulting in angiogenesis and metastasis in triple-negative
breast cancer”'?® and undermine breast cancer migration and
survival.'®* SIP targets corresponding receptors in hematolo-
gic malignancies, activates Ras/MEK/ERK1/2, PI3K/AKT/
mTOR, Rac, Rho, and PLC to govern angiogenesis.165 Besides,
SPHK1 promotes angiogenesis, metastasis, and invasiveness in
head and neck squamous cell carcinoma (HNSCC).'®

Besides, non-coding RNAs, such as miRNAs and IncRNAs,
are also involved in SPHK1-mediated angiogenesis. As an
example, miR-506 can suppress the expression of SPHKI in
hepatocellular carcinoma HepG2 cells through binding to the
3’-UTR of SPHKI-mRNA and reduce S1P production to
impair angiogenesis.’” Another IncRNA has also been demon-
strated to promote tumor angiogenesis in liver cancer by upre-
gulating SPHK1.'%

In summary, SPHK1 prompts tumor angiogenesis, which
provides new capillaries to deliver oxygen and nutrients to the
tumor (Figure 4) and facilitates metastasis.

The relationship between SPHK/I and inflammation. SPHK1 and
S1P are closely associated with inflammation and inflamma-
tory factors.'®*!'%" Especially, inflammatory factors such as
cytokines trigger inflammation and tumorigenesis by activating
SPHK 1.%® Therefore, SPHK 1 could be viewed as a mediator of
inflammation in the tumor microenvironment.

The SPHK1/S1P pathway is involved in inflammatory
responses to cytokines, such as TNF-o and IL-1."® SPHK1 can
also be activated by inflammatory signaling molecules such as
IL-1b, IFN-g, and IgE."”® However, SPHKI knock-out mice
lack systemic inflammatory response.'”’ TNF-a activates
SPHK1 via a TRAF2-dependent mechanism and affects cell
inflammation and survival through AKT and NF-kB signal-
ing."® In a mouse model, SPHK1 and TRAF2 regulate TNF
signaling, and inhibition of NF-kB and TNF signaling may be
beneficial to certain diseases.''® Prior research suggests that
SPHKI1 functions through the p38MAPK pathway and was not
required to activate the canonical NF-kB pathway.'’* There-
fore, the molecular mechanism of SPHK1 in inflammation and
tumors needs further investigation. Of course, SPHK1 can pro-
mote the release of pro-inflammatory cytokines such as IL-6 in
turn."®!'73 1t is reported that SPHK1 mediated inflammation
and colon cancer by modulating various molecules, including
cyclooxygenase 2 (COX2), prostaglandin E2 (PGE2), NF-«xB,
IL-6, and signal transducer and activator of transcription 3
(STAT3).'” For COX2, it suppresses the anti-tumor response
by CTL-, Thl-, and NK cell-mediated type-1 immunity.'”> But
whether the role of COX2 in inflammation is caused by SPHK1
phosphorylation or acetylation is not clear since SPHK1 acet-
ylates COX2 in an acetyl-CoA dependent manner.®® STAT3 is
a key transcription factor of inflammation and cancer.'®®
SPHK1/S1P is implicated in the regulation of STAT3 and the
development of intestinal inflammation and relevant can-
cers,'’® and it upregulates CD44 in human colon cancer cells
through ERK signaling.*® Targeting S1P signaling and meta-
bolism might be a new strategy for treating inflammatory
bowel disease (IBD), which may lower colon cancer risk.'”’
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In the mouse intestinal cancer model, the upregulation of
SPHK1 and S1P production is beneficial to developing inflam-
mation and colon cancer via the signaling network of S1P/
S1PR1/STAT3/NF-kB/IL-6/TNF-o..'”® SPHK1 is also associ-
ated with the development and progression of inflammatory
gastrointestinal (GI) diseases, leading to GI cancer through
immunologic mechanisms,'”” suggesting SPHK1 as a pivotal
regulator of inflammation-induced tumorigenesis (Figure 4).

SPHK1 is originally recognized as a pro-inflammatory
enzyme capable of activating TNF-o. and NF-kB,'**'®! but
later studies have identified that in the mouse bone marrow
macrophage (BMDM) model, SPHKI1 is not essential for
inflammatory response.'®? Aquaporin 4 (AQP4) is functionally
associated with SPHK1 directly or indirectly. AQP4 deficiency
was associated with the SPHK1/MAPK/AKT pathway and
could alleviate the release of pro-inflammatory cytokines from
astrocytes.'®® Targeting the SPHK1/SI1P/SIPR1 pathway,
which influences the progression of inflammation and breast
cancer, is dependent on the activation of STAT3 and upregula-
tion of IL-6."84

In conclusion, SPHK1 strongly correlates with inflamma-
tion. In general, pro-inflammatory molecules activate the
SPHK1/S1P signaling pathway that upregulates STAT3,
NF-xB, IL, TNF-a, MAPK, AKT, ERK, COX2, etc. which in
turn promote cytokines production and release. Last, the ampli-
fication loop promotes prolonged and excessive inflammation
that facilitates tumorigenesis. Here we speculate positive feed-
back between SPHK1 and inflammation. Inflammatory signals
activate SPHK1 that subsequently promotes the synthesis and
release of inflammatory molecules to the tumor microenviron-
ment, which could promote tumorigenesis and cancer cell sur-
vival (Figure 4).

The Recent Development of Potential SPHK | Inhibitors

Due to the association of SPHK1 with various processes of
tumorigenesis, inhibition of SPHK1 is an attractive approach
to limit tumor growth and metastasis. A wide variety of potent
agents targeting SPHK1 have been developed, including
SK1-I, SKI-I~V, DMS, FTY720, Safingol, SKI-178, SK-F,
B-5354c, F-12509a, CB5468139, SLP7111228, Compound
23/51/82, and PF-543 (Table 3, Figure 5). The summary of
these drug candidates is described below.
Dimethylsphingosine (DMS), the first direct SPHK inhibitor,
suppresses cancer cell growth, and induces apoptosis while also
potently blocks PKC signaling.'®> Meanwhile, DMS has been
shown to inhibit both SPHK?2 and ceramide kinase (CERK),
making it unable to decipher the role of SPHK1.'"' 2 R, 3 S,
4E)-N-methyl-5-(4-pentylphenyl)-2-aminopent-4-ene-1, 3-diol
(SK1-I), an Sph-competitive SPHK1 inhibitor, has been widely
implemented in vivo to elucidate the role of SPHK 1 in cancer.'®®
SK1-I decreases serum S1P levels, stimulates cancer cell apop-
tosis, and prevents lymph node and lung metastasis in a murine
breast cancer model."®” SK1-1 is regarded as a selective SPHK 1
inhibitor that does not suppress SPHK2,'®® but it is also reported
to restrain SPHK2 with a similar affinity.'® Although SKI-I

(N-[(2-hydroxy-1-naphthyl)methylene]-3(2naphthyl)-1Hpyra-
zole-5-carbohydrazide) is also an Sph-competitive inhibitor of
SPHK1, it targets SPHK2 and cross-reacts with ERK2, PKC,
and PI3 K.'®® Similar to SKI-I, 2-(p-hydroxyanilino)-4-(p-
chlorophenyl) thiazole (SKI-II, also SKi) was revealed to
attenuate SPHK1 signaling by triggering the lysosomal degra-
dation of SPHK1 in various cell types rather than direct inhibi-
tion.'”® However, SKI-II targets not only SPHK1 but also
impairs SPHK?2 activation.'® Certainly, it was more effective
to suppress SPHK1 than SPHK2 based on their K; (K;
_spuk1 = 16, K;_spuk2 = 8). Moreover, SKI-II decreases cellular
S1P levels and increases cellular Cer and Sph, leading to apop-
tosis and suppression of proliferation and migration.'*' Another
pharmacologic inhibitor, SKI-III ~ V, an analog of SKI-I/II, has
been unveiled by a series of modifications of Sph.'*

Fingolimod (FTY720), identified by Billich et al. in
2003,'"* is an FDA-approved immunomodulating drug for
multiple sclerosis by antagonizing SIPR1.'**!'**> FTY720 inhi-
bits S1P generation by competition with Sph as a substrate for
both SPHK1 and SPHK2,%*’ with a lower efficiency with
SPHK1 than SPHK2.'”® FTY720 also promotes the degrada-
tion of SPHK via ubiquitination and proteasomal pathway in
cell lines.'®!'?° In vitro and in vivo studies demonstrate the
anti-growth and pro-apoptosis ability of FTY720 in various
normal and cancer cells.'”® In a model of human ALL xeno-
grafts in mice, FTY720 remarkably reduces the incidence of
leukemia, which may be a potential treatment for Ph™ ALL but
not Ph™ B-ALL."”” L-threo-dihydrosphingosine (Safingol, also
DHS) showed potent SPHK-inhibiting properties'®® and was a
promising anti-cancer agent, but it lacks specificity, with
SPHK 1, SPHK2, and PKC as targets.'”

More novel and potent inhibitors of SPHK1 are in the pipe-
line (Figure 5). It is reported that SKI-178 suppresses the func-
tions of SPHK1 in tumorigenesis and cancer progression in
vitro and in vivo.'"® It is SPHK 1-selective and has low toxicity
(Table 3). SK-F is another selective inhibitor of SPHK1, which
potently decreases cancer cell viability in vitro and sensitized
mouse breast tumors to docetaxel (DTX) in vivo without sig-
nificant whole-body toxicity.'*® F-12509a, a new sphingosine
kinase inhibitor, led to ceramide accumulation, reduction in
S1P content, and apoptosis.”’® F-12509a functions by mimick-
ing the conformation of Sph to bind to the active site of
SPHKI. In contrast, B-5354c, a non-competitive inhibitor for
Sph, maybe interact with domains distinct from the Sph asso-
ciating sites to regulate SPHK1 activity.'®> Of note, B-5354c¢
and F-12509a are isolated from a marine bacterium and dis-
comycete Trichopezizella barbata, respectively.?’!

The ATP-competitive SPHKI1 selective inhibitor,
CB5468139, was identified from a small molecule library.'®"
Unfortunately, CB5468139 blocks various protein kinases such
as CDC like kinase 1 (CLK1), Src family tyrosine kinase
(FYN), Met (tyrosine kinase), MST2 (histone acetyltransfer-
ase), PIM2 (serine/threonine kinase), SYK (spleen associated
tyrosine kinase) and tyrosine kinase non-receptor 2 (TNK2)
(with IC50 values<2 pM).'® Thus, the phenotypes observed
after treatment may be due to off-target effects. Compound 23



14 Cancer Control
A . / s AN .\\/. .;:._.“-"--«/:\)/ ’\,/\_/’ ‘_’Avﬂ'\/""\-"\‘v"
Sph S1P
DMS DHS & s . o SKH-
8 , —
' A\ L
SKI-li F-12500a FTY720
| I ¥ \ : '-\f\/‘u\)\/
SKA-1I SKI-178 SK-F
| = T
CI 1 08 (“*)‘f(\))*
Rl i S
B-5354c¢ CB5468139 SLP7111228
A ' s N SN S
Y —— ¥ A ~ ] ( ]
\ | - . x »
; o R ¢
: \
PF-543 4 Compound 23 Compound 51
Compound 82

Figure 5. The structure of Sph, SIP, and SPHKI inhibitors. A, The structure of Sph, SIP. Both Sph and S|P are sphingolipids. The former is the
substrate of the SPHK| enzyme, and the latter is the production of SPHKI. B, The structure of dual SPHK I/SPHK?2 inhibitors. C, The structure

of SPHK I -selective inhibitors.

was identified from a series of structure-based SPHK1 and
SPHK?2 inhibitors. It has a lower IC50 of 20 nM to SPHK1
than other compounds and makes key hydrogen bonding inter-
actions with D81 and D178 of SPHK1.2°? Similar with com-
pound 23, compound 82 has the same IC50 to SPHK1 and
reduces plasma S1P levels by approximately 3.5 fold.?*?
Unfortunately, its effects on endogenous lipids or protein
kinases have not been evaluated.'®® SLP7111228 (compound
36a, Ki = 48 nM) is a potent and selective SPHK1 inhibitor,
which decreases S1P levels in U937 cells. Administration of
SLP7111228 in rats also reduces blood S1P levels.?%?

Compound 51 is an SPHK 1-selective inhibitor with improved
aqueous solubility and ADME properties while maintain or
enhance enzyme potency.'”* Notably, a novel cell-permeant
inhibitor of SPHK1, PF-543, is the most potent inhibitor of
SPHK1 with 130-fold selectivity over SPHK2.24**> PF-543
has been co-crystallized with SPHK 1, which gives structural
insights into the Sph pocket and suggests that Phe302 in the
SPHK1b isoform is not conserved in SPHK?2, confers selectiv-
ity for SPHK1.2%° The development of PF-543 has shown that
even if S1P is strongly reduced, there is no effect on cancer cell
proliferation.
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Altogether, most SPHK inhibitors lack specificity to SPHK1
(Table 3, Figure 5). Recently, novel molecules such as
SKI-178, B-5335¢, PF-543, and compound 51/82 are designed
to target SPHK1 (Table 3) selectively. However, these
second-generation inhibitors would need validation in tumor
growth and metastasis models first.

Currently, there are no FDA-approved drugs that target
SPHK1. Most SPHK1 inhibitors remain at the pre-clinical
stage, except Safingol (Table 3). Safingol has concluded Phase
I trial with non-toxic and a maximally tolerated dose.'®> Of
note, SIPR1 antagonist FTY720 was approved by the FDA
in 2010 for treating multiple sclerosis.'**

Conclusion

In summary, SPHK1 is a crucial sphingolipid metabolic kinase
with versatile functions, especially in tumor biology. SPHK1
regulates tumorigenesis and cancer progression by modulating
various cellular processes, including apoptosis, autophagy, pro-
liferation, migration, invasion, angiogenesis, and inflamma-
tion, suggesting SPHK1 as a promising target for cancer
therapy. Further investigation into the detailed oncogenic
mechanism of SPHK1 and the development of potent SPHK1
inhibitors with improved specificity may offer a novel direction
in cancer therapy.
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