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Abstract
Sphingosine-1-phosphate (S1P) can regulate several physiological and pathological processes. S1P signaling via its cell sur-
face receptor S1PR1 has been shown to enhance tumorigenesis and stimulate growth, expansion, angiogenesis, metastasis, 
and survival of cancer cells. S1PR1-mediated tumorigenesis is supported and amplified by activation of downstream effectors 
including STAT3, interleukin-6, and NF-κB networks. S1PR1 signaling can also trigger various other signaling pathways 
involved in carcinogenesis including activation of PI3K/AKT, MAPK/ERK1/2, Rac, and PKC/Ca, as well as suppression of 
cyclic adenosine monophosphate (cAMP). It also induces immunological tolerance in the tumor microenvironment, while the 
immunosuppressive function of S1PR1 can also lead to the generation of pre-metastatic niches. Some tumor cells upregulate 
S1PR1 signaling pathways, which leads to drug resistant cancer cells, mainly through activation of STAT3. This signaling path-
way is also implicated in some inflammatory conditions leading to the instigation of inflammation-driven cancers. Furthermore, 
it can also increase survival via induction of anti-apoptotic pathways, for instance, in breast cancer cells. Therefore, S1PR1 and 
its signaling pathways can be considered as potential anti-tumor therapeutic targets, alone or in combination therapies. Given 
the oncogenic nature of S1PR1 and its distribution in a variety of cancer cell types along with its targeting advantages over 
other molecules of this family, S1PR1 should be considered a favorable target in therapeutic approaches to cancer. This review 
describes the role of S1PR1 in cancer development and progression, specifically addressing breast cancer, glioma, and hemat-
opoietic malignancies. We also discuss the potential use of S1P signaling modulators as therapeutic targets in cancer therapy.
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Key Points 

S1PR1 expression is dysregulated in various cancer 
cells.

Oncogenesis is enhanced by S1PR1 signaling.

Targeting S1PR1 may provide an effective therapeutic 
approach in cancer treatment.

1  Introduction

The sphingosine-1-phosphate (S1P) can regulate several 
physiological functions, including differentiation, prolifera-
tion, migration, and survival of cells. Because of its wide 
variety of functions, it is considered a potent mediator of 
tumor growth. Phosphorylation of sphingosine by sphin-
gosine kinases (SPHK1 and 2) leads to generation of S1P 
at cellular membranes [1]. S1P functions via binding to its 
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receptors, S1PR1–S1PR5 [2]. S1PR1, 2, and 3 are ubiqui-
tously expressed on various cell types, whereas S1PR4 and 
5 are mainly present on immune cells and in the nervous 
system [3]. While S1PR1 and 3 facilitate cell migration, 
S1PR2 suppresses migration [4–6]. However, in a study 
on oral squamous cell carcinoma, a migratory response 
through S1PR2 was observed [7]. Moreover, S1PR1 and 3 
enhance proliferation and survival of cells, whereas S1PR2 
inhibits them [4–6]. Although, the concentration of S1P 
in normal tissues is tightly controlled by S1P lyase or S1P 
phosphatases to remain in picomolar levels, it is present in 
high levels in the tumor microenvironment were it enhances 
cancer progression.

Among the S1PRs, it seems that S1PR1 plays a key role 
in tumor development [1]. It is also involved in various pro-
cesses including neovascularization, migration of immune 
cells, survival of stem cells, and generation of cytokines 
[8]. It has recently been demonstrated that there is a close 
relationship between signaling of S1PR1 and persistent acti-
vation of STAT3 in tumor cells. There is a positive feedback 
loop in which these two factors stimulate and activate each 
other to synergistically enhance tumor growth [9]. In addi-
tion to STAT3, S1PR1 signaling can also enhance survival, 
expansion, and spreading of tumor cells through activation 
of the extracellular signal–regulated kinase (ERK), Akt, and 
Rac pathways [10]. Besides using Gi/o signaling molecules, 
S1PR1 can also instigate or inhibit various signaling path-
ways, such as stimulating Ras/ERK to enhance cell division, 
phosphoinositide 3-kinase (PI3K) and PKB/Akt to promote 
survival, PI3K and Rac to enhance migration, and PKC and 
phospholipase C (PLC) to upregulate intracellular calcium 
levels involved in multiple cellular functions, and inhibiting 
adenylyl cyclase activity to promote tumor spreading [11, 
12]. Therefore, it has been shown that S1PR1 signaling can 
promote all tumor hallmarks [13]. S1PR1-STAT3 signal-
ing also induces intravasation of myeloid cells into distant 
organs and provides a pre-metastatic microenvironment [14]. 
Hence, blockade of the S1P/S1PRs axis seems to be effective 
in cancer therapy (Table 1); however, which one is the more 
effective target, S1P or S1PR??

The answer can be be identified in studies that address 
the contrasting effects of various S1PRs’ suppression. While 
suppression of S1PR1 inhibited angiogenesis, depletion of 
S1PR2 enhanced tumor development and the angiogenesis 
process. Therefore, it is evident that suppression of cancer-
promoting S1PRs has advantages compared to S1P targeting 
[1, 15]. S1PR1 targeting not only exerts anti-tumor effects, 
but also drives higher expression level and activation of 
S1PR2, which has anti-cancer effects. Association of S1PR1 
signaling with inflammation and colitis-associated cancers 
is another reason to target this receptor in such cancers [16]. 
Therefore, given the oncogenesis-inducing signaling path-
ways of S1PR1, the fact it has a high incidence in various 

cancer cells and its targeting advantages over other mol-
ecules of this family, S1PR1 is an interesting target for the 
development cancer therapies.

2 � Structure and Signaling of S1PR1

2.1 � Fate of S1P

Generation of S1P from sphingosine is mediated through 
activation of kinases by various factors, including cytokines, 
which catalyze SPHK1 phosphorylation [17]. Tumor necro-
sis factor (TNF)α receptors activate SPHK1, which produces 
S1P that then binds to TRAF2, and via signaling pathways, 
NF-κB activation occurs. SPHK2-produced S1P binds to 
HDAC1/2 in the nucleus and activates various genes (e.g., 
p21, cfos). S1P produced by SPHK2 in mitochondria binds 
to PHB2, and together regulate assembly of complex IV of 
cytochrome C oxidase. It also modulates proteinase activity 
on the amyloid-β precursor protein by binding to BACE1 at 
the plasma membrane [18]. Following this, SPHK1 trans-
locates to the cell membrane and produces S1P, which can 
be secreted to act as a ligand for S1PRs (S1PR1–5) [17]. 
Based on the cell type, the intracellular generated S1P can 
be secreted by either spinster homolog 2 (Spns2) or ATP-
binding cassette (ABC) transporters. Following secretion, 
it transduces signaling messages through its five G-protein-
coupled receptors (GPCRs) (S1PR1–5) in an autocrine or 
paracrine manner [19]. This process is called ‘inside-out’ 
signaling [2].

2.2 � Structure of S1PRs

S1PRs are GPCRs [20]. GPCRs use heterotrimeric G-pro-
teins (GTP-binding proteins) composed of α, β, and γ subu-
nits for transducing intracellular signaling [21]. While the 
βγ subunits are similar in various GPCRs, G-proteins are 
categorized into four groups based on isoforms of α subunits 
including Gs, Gi/o, Gq/11, and G12/13 [22].

S1PR1 contains 382 amino acids constituting three gen-
eral sections: (1) the seven transmembrane α-helices span-
ning the lipid bilayer (TM1–TM7); (2) three extracellular 
N-terminus loops (ECL1–ECL3); and (3) three intracellular 
C terminus loops (ICL1–ICL3). The specific amino acids of 
the α-helices that are named below participate in hydrogen 
bonding that, all together, make an interhelical network in 
the structure of S1PR1: Asn63 from TM1 connects to Asp91 
from TM2, Asn86 (TM2) to Ser134 (TM3), Asn86 (TM2) 
to Trp168 (TM4), Asp91 (TM2) to Ser304 (TM7), Ser131 
(TM3) to Ser304 (TM7), and Trp182 (TM4) to His2O1 
(TM5). In this interhelical network of hydrogen bonding, 
TM6 does not have a role [23].
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2.3 � S1PR1 Signaling

Binding of S1P with S1PR1 can lead to formation of com-
plexes composed of G-protein or β-arrestin which are 
involved in the modulation of the ERK1/2 signaling pathway 
and migration [24]. Following binding with S1P, β-arrestin 
recruits c-Src to S1PR1, which is an important molecule 
in the S1PR1 signaling process. Subsequently, βγ subunits 
of G-protein facilitate activation of c-Src, Raf, MEK and 
ERK1/2 pathways [25, 26]. It has been shown that stimu-
lation of S1PR1 can trigger various signaling pathways, 
including the RAS/ERK, PI3K/AKT, and RAC pathways. 
Moreover, it can also stimulate PLC and Ca2+ mobilization 
pathways [27, 28]. However, in one study, S1PR1 inhib-
ited Ca2+ signaling in some cell lines. In this study, it was 
observed that co-expression of S1PR1 reversed this inhibi-
tory effect [29]. Stimulation of chemotaxis by S1PR1 is done 
in part via PI3K and Rac pathways, which are associated 
with activation of intracellular small GTPases and regulation 

of the actin cytoskeleton [27, 28]. Thereby, stimulation of 
S1PR1 can lead to the process of tumor progression, in part 
through inhibitory G-protein [4].

Among the S1PRs, S1PR 1 and 3 stimulate cell migra-
tion via coupling to Gi/o and activating the Rac GTPase 
pathway. Coupling of S1PR2 and 3 to G12/13 activates 
the Rho/ROCK pathway, leading to cell migration arrest. 
Therefore, S1PR1 can enhance the cell migration process 
based on subsequent activation of Rac in different cell 
compartments [11].

S1PRs are also critical mediators in the maintenance of 
vascular permeability barriers. While S1PR1 increases the 
barrier function of endothelium, S1PR2 and 3 decrease it. 
Coupling of S1PR1 with Gi/o proteins in endothelium acti-
vates Rac and rearranges the cytoskeleton, leading to the 
generation of cortical actin rings and stabilization of cel-
lular shape. This signaling can also enhance cell adherence 
and tight junctions in order to stabilize cellular connec-
tions and enhance barrier function [11]. Following binding 

Fig. 1   S1PR1 signaling in tumor cells, leading to activation of vari-
ous downstream molecules. AC Adenylyl cyclase, AKT Protein kinase 
B, AP-1 Activator protein 1, cAMP Cyclic adenosine monophos-
phate, CREB cAMP response element binding protein, DAG diacyl-
glycerol, EGR-1 Early growth response protein 1, ERK Extracellular 
Signal-regulated Kinase, GDP guanosine diphosphate, GTP Guano-
sine triphosphate, IL-6 Interleukin 6, IP3 Inositol 1,4,5-triphosphate, 
JAK2 Janus kinase 2, JNK c-Jun N-terminal kinase, MTOR mechanis-

tic target of rapamycin, MAPK mitogen-activated protein kinase, NOS 
Nitric oxide synthases, NFAT Nuclear factor of activated T-cells, 
NF-KB Nuclear Factor kappaB, PGE2 Prostaglandin E2, PIP2 phos-
phatidylinositol (4,5)-bisphosphate, PI3K Phosphoinositide 3-kinase, 
PKA protein kinase A, PKC Protein kinase C, PLC Phospholipase 
C, S1P Sphingosine-1-phosphate, S1PR1 Sphingosine-1-phosphate 
receptor 1, STAT3 Signal transducer and activator of transcription 3
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to hyaluronan, CD44 transactivates S1PR1, which leads 
to Rac1 signaling and endothelium barrier enhancement 
[30]. In addition to CD44, it has been shown that vascular 
endothelial growth factor (VEGF) signaling in endothelial 
cells can enhance expression of S1PR1, which can poten-
tially increase endothelial nitric oxide synthase (eNOS) 
activation and barrier function (Figs. 1, 2) [11, 31]. 

3 � S1PR1 Expression and Signaling Role 
in Tumor Microenvironment

A region of tumor is composed of several cell types such 
as malignant cancerous cells, normal stromal cells, vari-
ous lymphocytes, myeloid cells, fibroblasts, mast cells, and 
endothelial cells. In addition to this complex cellular net-
work, there are multiple non-cell factors such as hypoxia, 
glucose, cytokines, and adenosine in the tumor microenvi-
ronment which provide optimum conditions for expansion 
of cancerous cells [32, 33].

3.1 � Role of S1PR1 in Cell Trafficking

It has been demonstrated that S1PR1 can affect both the 
trafficking and differentiation of lymphocytes in the tumor 
microenvironment [27]. It has been reported that S1PR1 
signaling not only regulates and suppresses anti-tumor 
immune responses, but also enhances tumor growth [34]. As 
immune cells express S1PR1 and response to S1P gradient 
in different kinds of immune responses and get orchestrated 
by its signaling in various pathological states, it is important 
to determine its exact impacts on priming of immune cells 
and clarify the effects of its downstream signaling pathways 
such as STAT3 on differentiation and function of immune 
cells in the tumor microenvironment. Since little is known 
regarding the role of S1PR1 signaling in cell trafficking in 
the tumor microenvironment and lymphocyte trafficking is 
required for immune responses and it is important for recog-
nition of cancer cells by immune cells, we suggest that future 
studies should determine the effect of S1PR1 signaling on 

Fig. 2   Fate of sphingosine-1-phosphate (S1P) produced by cancer 
cells and the impacts of S1PR1 signaling on tumor cells. Signaling 
pathways activated by S1PR1 stimulate cancer progression processes 
such as increasing proliferation, survival, angiogenesis, metastasis, 
inflammation, chemoresistance and decreasing apoptosis. AKT Pro-
tein kinase B, AP-1 Activator protein 1, E2/Era Estradiol/estrogen 
receptor, EGR-1 Early growth response protein 1, ERK Extracel-

lular Signal-regulated Kinase, HIF Hypoxia-inducible factor, IL-6 
Interleukin 6, JAK2 Janus kinase 2, NF-KB Nuclear Factor kappaB, 
NOS Nitric oxide synthases, PGE2 Prostaglandin E2, PI3K Phospho-
inositide 3-kinase, S1P Sphingosine-1-phosphate, S1PR1 Sphingo-
sine-1-phosphate receptor 1, SPHK1 Sphingosine Kinase 1, STAT3 
Signal transducer and activator of transcription 3, VEGFR Vascular 
endothelial growth factor receptor
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immune cells in the cancer microenvironment much more 
thoroughly and accurately.

3.2 � Induction of Immunological Tolerance by S1PR1

S1PR1 signaling causes an immunological tolerance in the 
tumor microenvironment and promotes cancer progression 
by inducing differentiation of regulatory T cells (Tregs) 
via activating JAK/STAT3 signaling and also by inhibiting 
recruitment and activation of CD8+ T cells [35]. S1PR1 also 
enhances translocation of tumor antigen-specific Tregs from 
bone marrow into tumor tissue in patients with breast cancer 
[36].

S1P can drive the differentiation of T helper 17 (Th17) 
cells by inducing the formation of STAT3 and interleukin 
(IL)-6 via S1PR1 signaling. STAT3 stimulates the expres-
sion of RORγt and subsequently induces Th17 differentiation 
[9, 37, 38].

The S1PR1–STAT3 signaling in several cells of pre-
metastatic sites enhances infiltration of myeloid cells into 
distant organs. This infiltration can be disrupted by targeting 
STAT3/S1PR1 signaling in these cells [8, 14].

3.3 � Role of S1PR1 Signaling Network in Regulation 
of Angiogenesis

Interestingly, it has been suggested that S1PR1 is an effec-
tive factor in the development of the angiogenesis process, 
partly through S1P [39]. Consistently, small interfering RNA 
(siRNA)-mediated downregulation of S1PR1 led to suppres-
sion of tumor angiogenesis [40]. Similarly, functional inhibi-
tion of S1PR1 by FTY20 suppressed tumor growth and angi-
ogenesis [41]. The barrier function of endothelial cells and 
cell spreading is enhanced in part through S1PR1-Gαi-Rac1 
and S1PR1-Gαi-Cdc42 pathways. In contrast, an S1PR2-
Gα12/13-RhoA pathway attenuates this function [42, 43]. 
Moreover, related transcriptional enhancer factor-1 (RTEF-
1), another angiogenesis-promoting factor, also upregulates 
the expression of S1PR1 [44]. Since the hypoxia upregulates 
the expression of S1PR1, it can lead to the enhancement 
of endothelial cell migration and neovascularization [45]. 
In contrast, there is evidence indicating anti-angiogenic 
effects of S1PR1 in the tumor microenvironment. It has been 
demonstrated that signaling of S1PR1 prevents angiogenic 
sprouting and increases cell-to-cell adhesion, which were 
associated with VEGF-A and VE-cadherin in endothelial 
cells [46, 47]. It is unknown whether this anti-angiogenic 
effect of S1PR1 is similarly present in tumor-related angio-
genesis as well as normal development processes [2]. How-
ever, it has been reported that S1PR1 agonism decreases 
tumor growth through inhibiting adequate vascularization 
[48]. Further investigation of its exact effect on angiogenesis 

and endothelial barrier function is requisite, since there are 
some controversies regarding this matter.

3.4 � S1PR1 Role in Cell migration and Apoptosis

Migration of cancerous cells toward platelet-derived growth 
factor (PDGF) depends on S1PR1 expression. On the other 
hand, PDGF enhances the expression of sphingosine kinase 
and upregulates intracellular S1P. Accordingly, it has been 
shown that suppressing S1PR1 or sphingosine kinase pre-
vented chemotaxis toward PDGF and inhibited activation of 
Rac, leading to migration arrest of tumor cells [49]. Also in 
airway smooth muscle cells, PDGF and S1P via complexes 
of PDGF beta receptor-S1PR1 act to enhance mitogenic 
signaling and stimulate p42/p44 MAPK phosphorylation 
[50]. S1PR1 also forms a signaling complex with vascular 
endothelial growth factor receptor (VEGFR)-2 that alto-
gether evokes ERK1/2 and PKC-alpha and subsequently 
regulates cell migration of ML-1 thyroid carcinoma [51]. 
The crosstalk between growth factor receptors and S1PR1 
has yet to be elucidated.

Apoptosis and resistance to apoptosis is one of the main 
drawbacks in cancer treatment [52]. In a recent study, it was 
shown that S1P decreases apoptosis and increases prolif-
eration of rat-derived endothelial progenitor cells mainly 
through S1PR1, via the PI3K/Akt pathway. It has been 
shown that utilizing VPC23019 (a selective S1PR1/S1PR3 
antagonist) or W146 (an S1PR1 antagonist) considerably 
increased apoptosis by activation of caspase-3 [53].

3.5 � S1PR1 Role in Inflammatory Environment

The relationship of tumor progression with S1PR1 function 
has also been demonstrated using the direct correlation of 
S1PR1 and STAT3 activation in some cancers, for example 
adenocarcinoma, lymphoma, prostate cancer, melanoma, 
and breast cancer [9]. Accordingly, it has been reported 
that downregulation of S1PR1 suppressed the expression 
of STAT3 target genes, which was associated with tumor 
regression [54]. S1PR1 increases STAT3 phosphorylation 
and activation by physical interaction with JAK2. Inter-
estingly, STAT3 makes a positive feedback loop in which 
STAT3 also stimulates the expression of S1PR1 [8]. Given 
there are difficulties in targeting STAT3, it seems that sup-
pression of S1PR1 is an easier way to inhibit the feedback 
loop between these molecules [54–57]. It has also been 
shown that promotion of the SPHK1/S1P/S1PR1 axis can 
lead to increased survival, resistance to apoptosis, enhance-
ment of metastasis and chemoresistance in various cancers 
through continuous activation of STAT3 [9, 58]. Therefore, 
suppression of the S1P/S1PR1 axis can also arrest tumor 
growth in a STAT3-dependent manner [59, 60].
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It has been shown that upregulation of SPHK, S1P, and 
S1PR is associated with disease progression and endocrine 
resistance in estrogen receptor (ER)-positive breast cancers 
[61]. Moreover, SPHK1, a proproliferative oncogene kinase, 
has been shown to promote human thyroid cancer prolifera-
tion [62]. Signaling of S1PR1 and S1PR3 could also inhibit 
cell death in ovarian cancer in part through activation of the 
AKT signaling pathway [63]. In addition, binding of S1PR1 
to S1P enhances proliferation, migration, and angiogenesis 
processes in cancer cells by activating ERK1/2, Rac, and 
PI3K signaling pathways, respectively [64]. Therefore, in 
addition to STAT3, there are various downstream signaling 
pathways by which S1PR1 can enhance tumor growth [13].

Another important point is the role of the S1P/S1PR1 
axis in the promotion of an inflammatory microenvironment 
leading to generation of inflammation-derived cancers. It 
has been shown that upregulation of SPHK1 increases the 
generation of S1P in colitis, leading to overexpression of 
NF-κB and IL-6, and the subsequent induction of STAT3 
and S1PR1. This positive feedback loop provides a sustained 
inflammatory condition during colitis, which is a critical 
trigger to convert chronic inflammation into colon cancer 
[9, 16, 65]. Therefore, targeting S1P/S1PR1 can also be a 
potent therapeutic approach in colorectal cancer via inhibi-
tion of the NF-κB/IL-6/STAT3 inflammatory axis [16, 66]. 
It has been demonstrated that FTY720/fingolimod blocks the 
SPHK1/S1P/S1PR1 axis, leading to blockade of the NF-kB/
IL-6/STAT3 amplification loop and colitis-associated cancer 
[65]. There are additional similar studies in various colitis 
models using fingolimod or other S1PR1 modulators that 
further substantiate this claim [67–70].

The S1P/S1PR1 axis is also involved in another inflam-
matory condition in the lung through the COX-2/PGE2/
IL-6 axis. It has been shown that binding of S1PR1 or 3 to 
S1P can enhance secretion of prostaglandin E2 (PGE2) and 
IL-6 in a c-Src-dependent manner in human tracheal smooth 
muscle cells, which can instigate pulmonary carcinogenesis 
[71–73]. In the next section, we will review the role of the 
S1P/S1PR1 axis in the promotion of various cancers.

4 � The Role of S1PR1 in Different Cancers

4.1 � Breast Cancer

It has been demonstrated that there is a close relationship 
between S1P/S1PR, estrogen, and growth factors in breast 
cancer cells. First, estrogen activates SPHK1, leading to 
an enhanced level of S1P, which consequently stimulates 
S1PRs and transactivates growth factor receptors [74]. There 
is also a complex relation between SPHK/S1P signaling and 
the growth factor network, as well as between estrogen sign-
aling and the growth factor receptor network in breast cancer 

cells. Similarly, epidermal growth factor receptors (EGFRs) 
can affect both the estrogen pathway and the SPHK1 net-
work [74].

Binding of ER with 7β-estradiol (E2) activates SPHK1, 
which leads to increased S1P levels [75]. Subsequent acti-
vation of S1PR1 with S1P triggers activation of Akt/eNOS, 
leading to migration of endothelial cells [76]. It has been 
consistently demonstrated that silencing S1PR1 in endothe-
lial cells could potently suppress the E2-mediated induction 
of Akt/eNOS and migration of endothelial cells [76]. There-
fore, it seems that the SPHK1/S1PR1 axis is an important 
mediator of the estrogen effect on angiogenesis and meta-
static processes [76]. In an in vitro study, the relationship 
between S1PR1/S1PR3 and estrogen signaling in the prolif-
eration, adhesion, viability and lateral motility of breast can-
cer cells was confirmed using ER-negative (MDA-MB-231) 
and ER-positive (MCF-7) cells. Silencing both receptors in 
the ER-negative cell line decreased proliferation, but this 
reduction was not observed in the ER-positive cell line. Calis 
et al. proposed that the difference in treatment result can be 
related to ERs, but they did not determine the exact mecha-
nism [4].

S1PR1 signaling can also modulate survival of breast 
cancer cells. S1PR1 increases cancer cell survival via 
downregulation of Bim (pro-apoptotic protein) and upreg-
ulation of Mcl-1 (anti-apoptotic protein) in an ERK- and 
PKC-dependent manner, respectively. Signaling of S1PR1 
in CCL39 lung fibroblasts was also associated with down-
regulation of Bim and resistance to apoptosis, which could 
be reversed by blockade of ERK activation [77]. Moreover, 
treatment of human umbilical vein endothelial cells with 
the S1PR agonist FTY720-phosphate (FTY720-P) led to 
the induction of pro-survival signals through upregulation 
of Mcl-1 and a delayed onset of caspase-3 cleavage upon 
growth factor withdrawal [77]. The expression of S1PR1 
was consistently correlated with cancer cell survival in ER  ‏
breast cancer patients and was associated with increased 
activation of ERK [77]. Therefore, it seems that signaling 
of S1PR1 can stimulate breast cancer cell survival in part 
via downregulation of pro-apoptotic BH3-only protein (Bim) 
through the MEK/ERK1/2 pathway, and upregulation of the 
anti-apoptotic protein Mcl-1 through a PI3K/PKC-mediated 
pathway [77].

In a recent preclinical study on human breast cancer 
cells, the S1PR1 antibody showed an augmented cytotoxic 
effect against carboplatin-treated MDA-MB-231 cells and 
an anti-proliferative impact on SK-BR-3 (HER2 subtype) 
cells [78]. In contrast, Lei et al. reported a contradictory 
result on the impact of the S1P/S1PR1 signaling pathway 
in cancer development. They found a tumor suppressive 
effect and survival benefit of S1PR1 signaling in breast can-
cer patients [79]. In conclusion, the relationship between 
S1PR1 and different factors such as estrogen has been well 
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documented, and it appears to result in enhanced migration; 
however, the exact pathway remains to be identified. It is 
also important to discover the correlation of S1PR1 with 
molecules like HER2neu and other receptors in breast cancer 
much more precisely. S1PR1 also promotes survival rate 
of breast cancer cells via maintaining the balance of Bim 
and MCL-1. The data suggest that S1PR1 promotes breast 
cancer; however, in a recent study by Lei et al., a suppres-
sive effect of S1PR1 was reported [79]. This report suggests 
further work is required to confirm the role of S1PR1 in 
breast cancer, as alternative pathways may be involved. This 
result might be due to inappropriate S1P concentration or 
a short follow-up duration, and it is better to examine block-
ing S1PR1 with other S1PR1 modulators and antagonists 
rather than only using short hairpin RNA (shRNA). It is 
also suggested to test them on various breast cancer (BCA) 
subtypes and stages. Also, we cannot rely on the results of 
colony formation assays after the addition of S1P to the cell 
lines to confirm S1PR1’s effect because of the interactional 
effects of all S1PRs.

4.2 � Glioma

It has been demonstrated that S1P can affect a wide variety 
of glioblastoma multiforme’s (GBM’s) pathogenic features, 
including proliferation, survival, migration, invasion, tumor 
growth, and the development of microvascular networks 
[80]. Increased levels of S1PR1, S1PR2, and S1PR3 were 
observed in GBM tissue specimens; however, only signal-
ing of S1PR1 and S1PR2 were markedly correlated with 
patients’ survival rate [81, 82]. It has been suggested that the 
higher S1P to ceramide ratio contributes to a nearly 100% 
recurrence rate, implying the S1P/S1PR1 axis is a potent 
therapeutic target for the treatment of GBM [83]. GBM cells 
can express S1PR1, S1PR2, S1PR3, and S1PR5, and their 
effects have been reported on the proliferation of U87-MG 
GBM cells [81, 82, 84]. The shape change induced by S1P 
in rat C6 glioma cells was via S1PR2 and S1PR1/S1PR3 
together [85]. On the other hand, it has been reported that 
stimulation of S1PR1 activates Gi and induces the ERK/
Egr-1/FGF-2 signaling pathway in C6 glioma cells [85]. 
Activation of this pathway can also lead to upregulation of 
urokinase plasminogen activator (uPA), which is implicated 
in the invasiveness of cancer cells in human U118 cells [86].

Interestingly, it has been demonstrated that reduced 
expression of S1PR1 was associated with poor survival in 
patients with glioblastoma. Silencing of S1PR1 in high-
expressing glioma cell lines enhanced cell proliferation. 
On the other hand, induction of S1PR1 expression in these 
cell lines led to decreased growth and tumor regression. It 
is well known that induction of ERK signaling following 
stimulation of S1PR1 enhances proliferation of glioma cells. 
However, in this study, it was reported that downregulation 

of S1PR1 suppressed an increase in cell proliferation. This 
controversy is related to the role of the Egr-1 transcription 
factor, which plays an important role in cancer cell prolif-
eration and PTEN in glioblastoma. Expression of PTEN 
and reduced Akt phosphorylation are also associated with 
expression of S1PR1. Expression of Egr-1 correlates with 
S1PR1 and survival rate in glioblastoma patients, and both 
are downregulated in patients with poor survival. Therefore, 
it seems that dysregulated expression of Egr-1 by signaling 
of S1PR1 and PTEN is the mechanism behind the glioma 
proliferation regardless of ERK inactivation [82]. Accord-
ingly, it has been reported that low expression of S1PR1 is 
associated with high MIB-1 labeling index (a measure of 
proliferative activity in astrocytomas) and poor survival in 
glioblastoma [87]. Thus, it seems that downregulation of 
S1PR1 in glioblastoma enhances disease progression, and 
we need to use its agonists in order to attenuate disease pro-
gression. However, this issue requires further investigation 
to determine the exact overall effect of S1PR1 in glioma and 
precisely identify the details of S1PR1 in various glioblas-
toma stages and subtypes.

4.3 � Hematopoietic Malignancies

Expression of S1PR1 has a pivotal role in the retention of 
lymphocytes in secondary lymphoid organs and facilitates 
their exit [88, 89]. High levels of S1PR1 expression are also 
detected in endothelial cells and pericytes, which is impor-
tant for tumor angiogenesis and metastasis [40, 90]. It seems 
that blockade of S1PR1 may lead to retention of lymphoma 
cells in lymphoid organs, which can lead to the suppression 
of the invasive potential of these cells [54, 91].

4.3.1 � Diffuse Large B‑Cell Lymphoma

Overexpression of S1PR1 and STAT3 has been detected 
in patients with diffuse large B-cell lymphoma (DLBCL), 
which was associated with poor prognosis, implying 
S1PR1’s prognostic biomarker and therapeutic target poten-
tial in these patients [10]. Similarly, the prognostic and ther-
apeutic target potency of S1PR1 has also been demonstrated 
in patients with primary testicular diffuse large B-cell lym-
phoma (PT-DLBCL) [92]. It has been suggested that target-
ing of S1PR1 can be an effective tool to suppress STAT3 
signaling in activated B-cell–like DLBCL, which is resistant 
to chemotherapy and rituximab [54]. Regarding the success-
ful use of CpG-S1PR1 siRNA in the treatment of B16 or 
CT26 tumor-bearing mice [9, 93], it is possible to utilize 
this approach for treatment of DLBCL. This strategy not 
only targets Toll-like receptor 9-expressing malignant cells, 
but also improves anti-tumor responses by TLR9-expressing 
immune cells [54].



477S1PR1 in Cancer

4.3.2 � Chronic Lymphocytic Leukemia

Increased expression of the homing receptors CXCR4/CCR7 
and decreased levels of S1PR1 are observed in both the cir-
culating leukemic cells and secondary lymphoid organs of 
chronic lymphocytic leukemia (CLL) patients. Treatment 
of these patients with ibrutinib, a Btk inhibitor, could nor-
malize this imbalance and attenuate disease progress [94]. 
This study suggests the importance of S1PR1 in the patho-
genesis of CLL. It seems that upregulation of S1PR1 can 
be associated with ameliorative effects in these patients. 
Therefore, increased expression of S1PR1 on CLL cells 
can augment leukemic cells’ egress into the bloodstream 
to decrease the reservoir of leukemic cells within survival 
niches [95]. While the signaling of S1PR1 enhances B-cell 
circulation in CLL patients, S1PR4 regulates and S1PR2 
suppresses S1PR1-mediated signals. Binding of S1PR1 with 
S1P facilitates egress of all B-cell subsets from bone marrow 
and secondary lymphoid tissues. Interestingly, it has been 
shown that β-arrestin 2 enhances S1PR1-mediated migration 
and increases dissemination of leukemic cells [96]. Lack of 
S1PR1 expression enhances the survival time of leukemic 
B cells via increasing B CLL cells’ residency in the niche of 
secondary lymphoid organs [97].

Expression of S1PR1 has also been demonstrated in both 
the normal mantle zone B cells and mantle cell lymphoma 
(MCL) cells. S1PR1 mutations have recently been shown 
to be recurrent in MCLs [98]. It is suggested that reduced 
or dysfunctional expression of S1PR1 leads to malignant 
cells’ retention in the surrounding tissue, which is responsi-
ble for a minimal residual disease reservoir causing disease 
relapse. There are no reports regarding possible mutations 
of S1PR1 in DLBCLs; however, it is not expressed in the 
early stages of DLBCL, which is associated with a better 
outcome [10, 92]. Although the treatment of MCL patients 
with ibrutinib leads to the entrance of lymphoma cells from 
the tumor region into the bloodstream [99], about half of 
the patients show resistance to ibrutinib [100]. Treatment of 
CLL patients with ibrutinib was also associated with upregu-
lation of S1PR1 [94]. However, the relevance between the 
effect of S1PR1 mutations and outcome of ibrutinib therapy 
needs to be further investigated [98].

4.3.3 � Classical Hodgkin Lymphoma

With regard to the expression of S1PR1 in a subset of clas-
sical Hodgkin lymphoma (CHL) cases, the modulation 
of this receptor has also been suggested for treatment of 
S1PR1-positive, refractory/recurrent CHL [101]. It seems 
that S1PR1 can modulate the expression profile of transcrip-
tions such as ATF-like 3 (BATF3) in Hodgkin lymphoma 
(HL) cells. S1P induces PI3K in HL cells, in part, through 
upregulation of S1PR1 and downregulation of S1PR2. PI3K 

induces the expression of BATF3, and BATF3 upregulates 
S1PR1 in an oncogenic feed-forward signaling loop [102].

4.3.4 � T‑Lymphoblastic Lymphoma Cells

High levels of expression of S1PR1, ICAM1 and BCL2 in 
T-lymphoblastic lymphoma cells also leads to the suppres-
sion of tumor cell intravasation. Accordingly, blockade of 
S1PR1 reduced homotypic adhesion and enhanced tumor 
cell intravasation, which is done via PI3K-AKT activation. 
The increased levels of these molecules were detected by 
clinical biopsy of specimens. The aim of this study was to 
determine the distinguishing molecular pattern of T-lymph-
oblastic lymphoma and acute T-lymphoblastic leukemia. 
In order to compare the molecular alterations between two 
forms of the disease, a transgenic zebrafish model was exam-
ined [103].

4.4 � Cancers with Limited Information

4.4.1 � Urothelial Carcinoma

Expression of S1PR1 is highly correlated with expression 
of p53 in non-muscle invasive urothelial carcinoma. This is 
due to the fact that SPHK1/S1P signaling is a downstream 
target of p53 function. Therefore, concomitant expression of 
S1PR1 and p53 has been considered as a prognostic marker 
in urothelial carcinomas. Accordingly, overexpression of 
S1PR1 was associated with poor clinicopathological charac-
teristics, upregulation of survival and proliferation promot-
ing factors, p53 expression and STAT3 activation in urothe-
lial carcinoma. Difficulties in targeting p53 and STAT3 
make S1PR1 a worthy therapeutic target in the treatment 
of urothelial carcinoma [13]. However, a recent paper dem-
onstrated that S1PR1 expression did not have any prognos-
tic significance in upper urinary tract urothelial carcinoma, 
but elevated expression level of STAT3 contributes to low 
survival and a higher rate of tumor progression [104]. This 
discrepancy may be in part related to use of different evalu-
ating techniques, ethnicity, sample size or cancer stage and 
subtype; therefore further investigation is required.

4.4.2 � Ovarian Cancer

High expression levels of S1PR1 have been demonstrated in 
hypoxic ovarian cancer cells (HOCCs). Silencing of S1PR1 
in these cells led to reduced cell survival. While this sup-
pression decreased pSTAT3, JAK1 and JAK2 levels, it did 
not affect total STAT3, TYK2 and AKT expression, imply-
ing that S1PR1 enhances STAT3 persistent activation in 
a positive feedback loop via the induction of JAK signal-
ing in HOCCs [105]. There is evidence indicating that the 
SPHK1/S1P/S1PR1 axis and also S1PR2, but not S1PR3, 
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are involved in enhancing the angiogenesis process in ovar-
ian cancer [106]. Therefore, it is shown that suppressing the 
S1P/S1PR axis in ovarian cancer could be beneficial in the 
treatment of these patients.

4.4.3 � Melanoma

Stimulation of S1PR1 and S1PR2 by S1P activates NF-κB 
through induction of the Akt/PI3K signaling pathway in 
melanoma cells that lack filamin A (FLNA). It has been 
reported that FLNA can inhibit S1P-mediated NF-κB acti-
vation in melanoma cells, in part through blockade of Akt 
[107].

4.4.4 � Oral Squamous Cell Carcinoma

Little is known regarding the role of the S1P/S1PR axis in 
the immunopathogenesis of oral squamous cell carcinoma. 
In a recent report, S1P signaling was shown to enhance 
tumor aggressiveness in oral squamous cell carcinoma, and 
targeting the S1P axis was proposed to have therapeutic 
potential [7]. Another recent study, in 2017, showed that 
the expression of S1PR1, in association with inflammatory 
molecules, is increased in late-stage surgical margin samples 
[108]. It is evident that further investigations are required to 
explore the role of S1P/S1PR1 in the development of this 
disease.

4.4.5 � Colorectal Cancer

It has been reported that upregulation of S1PR1 in colorectal 
cancer is associated with poor survival and metachronous 
liver metastasis. It has been suggested that expression level 
of S1PR1 can be considered an independent prognostic fac-
tor for this disease [109]. Further investigation is needed 
before a precise view regarding the role of S1PR1 in colo-
rectal cancer can be postulated.

4.4.6 � Wilms Tumor

Activation of S1PR1 signaling by S1P can enhance migra-
tion and invasion of cancerous cells in Wilms tumor. Activa-
tion of S1PR1 induces induction of PI3K and Rac1 through 
Gi coupling. Therefore, it has been suggested that target-
ing S1PR1 may be a potent therapeutic approach in Wilms 
tumor [93].

4.4.7 � Thyroid Carcinoma

Little is known regarding the role of S1PR1 signaling in 
the immunopathogenesis of thyroid carcinoma. It has 
been reported that S1PR1 in association with VEGFR-2 

generates a complex with ERK1/2 and PKC-alpha mole-
cules to regulate migration of ML-1 thyroid carcinoma cells. 
Accordingly, it has been shown that while the inhibition of 
VEGFR-2 can prevent the S1P-induced ERK1/2 phospho-
rylation, silencing of S1PR1 can suppress VEGF-A–induced 
ERK1/2 phosphorylation [51].

4.4.8 � Non‑small Cell Lung Cancers

In a recent study, it was shown that apolipoprotein M 
(ApoM) as an S1P carrier has a role in non-small cell lung 
cancer oncogenesis. It increases the invasion and prolifera-
tion of cancer cells via upregulation of S1PR1 and activation 
of ERK1/2 and PI3K/AKT pathways [110]. The inflamma-
tion inducing property of ApoM has been documented in 
various studies, but its cancer-driving effect in an S1PR1-
dependent manner has not yet been explored thoroughly; 
therefore further studies on this issue are recommended.

4.4.9 � Pancreatic Cancer

In a recent study, it was demonstrated that FTY720, by sup-
pressing the S1PR1/STAT3 loop, inhibited tumor growth 
and desmoplasia and suppressed resistance to the chemo-
therapy drug gemcitabine [111].

5 � S1PR1 and Drug Resistance

Increased expression of S1PR1 has been detected in drug-
resistant neuroblastoma cells, implying that the S1P/S1PR1 
axis can be involved in inducing chemoresistance. The coop-
erative functioning of S1PR1 and STAT3 in the tumor 
microenvironment of neuroblastoma plays an important 
role in induction of chemoresistance. Accordingly, silenc-
ing S1PR1 in neuroblastoma cells could markedly sensitize 
cancerous cells to etoposide chemotherapy [112]. Moreover, 
induction of tamoxifen resistance and reduced disease-spe-
cific survival by stimulation of S1PR1, S1PR3, SPHK1, and 
ERK1/2 has also been detected in ER-positive breast cancer 
patients. Therefore, it is suggested that expression levels 
of SPHK1, S1PRs, and ERK1/2 can be considered as bio-
markers to anticipate resistance to tamoxifen in ER-positive 
breast cancer patients [113]. Similarly, evaluation of drug 
resistance in camptothecin-resistant PC3 (a human prostate 
cancer) or sensitive LNCaP cells further substantiated the 
role of SPHK/S1P/S1PR1 in induction of drug resistance. 
PC3 cells significantly had higher levels of SPHK1, S1P and 
S1PR1 and S1PR3 compared to LNCaP cells. Moreover, 
camptothecin-treated PC3 cells showed increased expres-
sion and function of SPHK/S1P/S1PR1/3 in vitro. Consist-
ently, silencing SPHK1 and blockade of S1PR1 significantly 
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inhibited cancer cells’ proliferation [114]. Also, in a recent 
study, it was demonstrated that targeting the loop of S1PR1/
STAT3 helps to sensitize pancreatic cancer to the chemo-
therapy agent gemcitabine [111]. Therefore, it seems that 
signaling of S1PR1 plays a crucial role in induction of 
chemoresistance.

6 � Targeting S1PR1 for Cancer Therapy

As discussed in the previous sections on the role of S1PR1 
in cancer progression, it seems that modulation of this recep-
tor with other cancer-modifying drugs or chemotherapeu-
tics may be considered as a potent anti-cancer therapeutic 
approach [2, 115].

Suppression of S1PR1 using RNA-based modulators was 
associated with blockade of STAT3 persistent activation 
and tumor regression, in vivo [14, 16]. On the other hand, 
in another study, it was demonstrated that administration 
of S1PR1 antagonist enhances lymphocyte egress and the 
cancer angiogenesis process in part through inducing capil-
lary leakage [43]. Although both S1PR1 antagonists and 
S1PR1 agonists exert different effects on receptor expres-
sion, both induce lymphopenia in vivo in a similar manner 
[116]. It should be noted that the appearance of lymphope-
nia following treatment with S1PR1 agonists is mainly due 
to receptor internalization, and maybe degradation, which 
is known as functional antagonism. However, there is evi-
dence that may lead to the rejection of this hypothesis: sys-
temic administration of an S1PR1 antagonist, VPC44116 or 
W146, in vivo inhibited S1P receptor agonist and stimulated 
lymphopenia by inducing capillary leakage [43, 116, 117]. 
There is another hypothesis, known as the “stromal gate,” 
which implies that the endothelium is the key cellular target 
of S1PR1 agonist-mediated lymphopenia [116]. Therefore, 
S1PR1 antagonists or S1PR1 structural agonists, which 
result in internalization and degradation, can be considered 
as potent therapeutic drugs alone or in combination with 
other anti-cancer therapeutics (Table 1). In the following 
section, we will discuss the efficacy of various S1PR1-tar-
geting drugs for cancer therapy.

6.1 � Fingolimod

The impressive effects and good tolerability of fingolimod 
(FTY720, Gilenya®) led to Food and Drug Administra-
tion (FDA) approval for its use in the treatment of relaps-
ing-remitting multiple sclerosis [118, 119]. However, its 
apoptosis-inducing effects on cancer cells and apparent 
prevention of metastasis led to consideration of this drug 
as a potent anti-cancer therapeutic agent [120]. Due to 
its resemblance to sphingosine in chemical structure, fin-
golimod can act as a sphingosine kinase substrate and it is 

phosphorylated by these kinases and turned into active 
fingolimod-P. Evidence shows that only SPHK2 phos-
phorylates fingolimod in vivo. Fingolimod-P structurally 
resembles S1P and therefore binds to its receptors [118]. 
It is a non-selective agonist of S1PRs that pharmacologi-
cally acts as a functional antagonist by enhancing recep-
tor internalization and degradation [118]. Although it can 
bind to various S1PRs, including S1PR1, 2, 3, and 5, its 
effective functions are mediated mainly through S1PR1 
[121, 122]. Therefore, its affinity for S1PR1 is significantly 
higher than for other receptors, and it mainly antagonizes 
the effects of S1PR1 [91, 123]. It should be noted that fin-
golimod’s anti-cancer effects can also be exerted through 
modulation of other targets such as blocking VEGF- and 
S1P-induced angiogenesis [17, 41]. It has been reported 
that it can suppress PDGF-B–mediated migration of vas-
cular smooth muscle cells (VSMCs) via downregulation 
of the S1PR1 and S1PR3 signaling pathways. The combi-
nation of fingolimod with an S1PR1-specific siRNA may 
potently inhibit the growth of VSMCs [124]. With regard 
to the cross-talk between S1P signaling with tyrosine 
kinase pathways, a combination of fingolimod with tyros-
ine kinase inhibitors may also be a promising anti-cancer 
therapeutic approach [124].

It has been reported that treatment with fingolimod can 
induce apoptosis in non-muscle invasive urothelial carci-
noma cells [13], suppress development of diffuse large B 
cell lymphoma (DLBCL) cells [54], and prevent resistance 
to cetuximab in colorectal carcinoma cells [125]. Admin-
istration of fingolimod into a T-cell lymphoma model sig-
nificantly decreased Graft versus host disease (GVHD), 
enhanced anti-tumor responses and trapped T cells in lymph 
nodes, whereas it had no effect on their activation [126]. 
It also decreased the expression of S1PR1 in hepatocellu-
lar carcinoma [127]. Treatment with fingolimod potently 
suppressed phosphorylation and activation of STAT3 in 
cholangiocarcinoma cells, which was associated with 
decreased proliferation of cancerous cells [128]. In addi-
tion, fingolimod can also affect the migration of HL cells 
via antagonization of S1PR1, whereas it was enhanced by 
an S1PR2-specific antagonist [101]. As mentioned above, 
it also chemosensitized pancreatic cancer to treatment with 
gemcitabine by targeting the S1PR1-STAT3 pathway [111].

One of the problems in the treatment of breast cancer 
patients is the lack of ERα expression, which leads to resist-
ance against conventional hormonal therapies. Interestingly, 
it has been demonstrated that treatment with fingolimod can 
induce re-expression of this receptor in murine and human 
breast cancer cells and enhance response to tamoxifen-ther-
apy in ERα-negative syngeneic breast tumors [129].

In spite of the promising anti-cancer effects of fingoli-
mod, the systemic lymphopenia induced with its use potently 
confines its utilization in cancer therapy [115]. Treatment of 
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patients with multiple sclerosis with fingolimod is associated 
with various side effects, which include bradycardia, relapse, 
basal-cell carcinoma and macular edema [130]. Since the 
treatment of cancer with fingolimod requires higher doses 
than those used for multiple sclerosis severe side effects in 
cancer patients following treatment are expected; however, 
studies regarding the side effects of fingolimod on cancer are 
limited to mice. Intriguingly, fingolimod did not exert severe 
adverse effects at a dosage of ≤ 10 mg/kg/day in mouse 
renal cancer [131]. Accordingly, fingolimod arrested tumor 
growth and metastasis in mouse breast [120] and bladder 
[132] xenografts without any side effects. Therefore, targeted 
delivery of fingolimod or S1PR1 antagonists may solve this 
limitation [133]. Biocompatible nanocarriers could be a 
good option for targeted drug delivery [134, 135]. It has 
been shown that liposome-encapsulated fingolimod allowed 
for significantly lower doses of fingolimod in the treatment 
of CLL in mice [136]. Similarly, treatment of triple-nega-
tive breast cancer–bearing mice with fingolimod-docetaxel 
loaded nanoparticles exhibited enhanced anti-tumor effects 
of both drugs using significantly lower doses, which reduced 
docetaxel-related side effects and fingolimod-induced lym-
phopenia [115].

Therefore, nanoparticle-based targeted delivery of fin-
golimod in combination with other potent therapeutics may 
lead to the appearance of promising outcomes together with 

good safety and non-toxicity, which may trigger its fast 
translation into the clinic [17].

6.2 � Other S1PR1 Modulators

As mentioned, side effects associated with administration 
of fingolimod have limited its usage in cancer therapy. 
Therefore, in addition to fingolimod, which can bind with 
various S1PRs, several other S1PR1-specific agonists and 
antagonists have been developed and evaluated for can-
cer therapy [2, 137] (Tables 2, 3). However, the same side 
effects have been observed following administration of these 
S1PR1 modulators [2]. It is thought that the macular edema 
observed as one of these side effects is in part due to vas-
cular leakage induced by S1PR1 binding [2, 138]. There is 
no difference between various S1PR1 agonists (which are 
functional antagonists) concerning the downregulation and 
degradation of the receptor. Almost all the evaluated small-
molecule modulators downregulate and degrade S1PR1. 
With regards to  the application of various therapeutic strat-
egies and the use of various chemical modulators in cancer 
immunotherapy, comparison of the effects of these modula-
tors on S1PR1 is difficult, but the possible effects on other 
receptors may help in this comparison. Here, we introduce 
various modulators of S1PR1 evaluated in respected stud-
ies [121]. 

Table 2   List of various S1PR1 modulators which antagonize its stimulated signaling pathways and have been utilized in cancer treatment

Drugs Mechanism of action and effects Cancer treatment References

FTY720 Agonist and functional antagonist → anti-growth, 
anti-migration, anti-angiogenesis, and pro-
apoptosis

Non-muscle invasive urothelial carcinoma cells, diffuse 
large B-cell lymphoma cells, colorectal cancer, hepa-
tocellular carcinoma, cholangiocarcinoma, Hodgkin 
lymphoma, renal cancer, breast cancer, bladder cancer

[13, 54, 101, 120, 
125, 127–129, 
131, 132]

VPC44116 Antagonist → anti-migration/inhibition of 
proinflammatory cytokine secretion from 
macrophages

Hodgkin lymphoma and Wilms tumor/effects on mac-
rophage phenotype

[101, 146, 158]

VPC23019 Antagonist → anti-migration/increasing apoptosis Bladder and thyroid cancer/effects on endothelial pro-
genitor cells proliferation

[139–142]

Table 3   List of various S1PR1 modulators that have not been tested yet, but are potential therapeutics for utilization in cancer treatment and are 
recommended to be tested because of their structural S1PR1 antagonism or functional antagonism

Drugs Mechanism of action Studies References

NIBR-0213 Antagonist Homeostasis of vascular barriers [138]
KRP203 Agonist and functional antagonist Pancreatic islet allografts [148]
AUY954 Agonist and functional antagonist Heart transplantation model [149]
CS-0777 Agonist and functional antagonist Experimental autoimmune encephalomyelitis [150]
TASP0277308 Antagonist Collagen-induced arthritis [151]
W123/W146 Antagonist Effects on lymphocyte migration [70, 116, 141] [147]
Chemical lead 2 (CL2) Antagonist Angiogenesis [39]
Syl930 and SYL927 Agonist and functional antagonist Autoimmune encephalitis/lymphocyte migration [152, 153]
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VPC23019 is a competitive antagonist of S1PR1 and 
S1PR3 [139], that blocks agonistic activity. This blockade 
influences calcium mobilization and cell migration [139]. 
This suppression effect was observed in agonist-mediated 
cell migration in bladder and thyroid cancer cells [139, 
140]. It also reversed agonist-induced MAPK activation, 
migration, and ligand-induced receptor internalization in T 
cells [141]. In a study performed in 2018, treatment with 
VPC23019 inhibited proliferation of endothelial progenitor 
cells and enhanced caspase-3 activation and apoptosis [142]. 
In another study in 2018, the anti-inflammatory impact of 
VPC23019 was examined, and reduction of eosinophilic 
inflammation was exhibited following treatment in bronchial 
asthma [143]. VPC23019 also inhibited apoM-induced prop-
erties, such as phosphorylation of Akt, and its anti-apop-
tosis effects [144]. According to a report, this suppressed 
the attenuating effect of S1P on immune cells’ adhesion to 
endothelial cells during the inflammation process [145].

VPC44116 is a selective S1PR1 antagonist that prevents 
S1P-mediated migration and suppresses the development of 
HL and Wilms tumor [93, 101]. Utilizing VPC44116, an 
SIPR1-specific antagonist, in macrophages also inhibited 
Lipopolysaccharide-induced secretion of pro-inflammatory 
cytokines [146].

There are also other S1PR1 antagonists that are being 
developed and require examination in cancer models, such 
as W123 [141, 147], W146 [70, 116], chemical lead 2 (CL2) 
[39], NIBR-0213 [138], KRP203 [148], AUY954 [149], 
CS-0777 [150], TASP0277308 [151], Syl930 and SYL927 
[152, 153], as well as SEW2871, which is a selective S1PR1 
agonist that cannot decrease the expression of S1PR1 and 
activates S1PR1 signaling pathways [141, 147]. Although, 
SEW2871 internalizes the receptor, it does not induce recep-
tor degradation [141]. The efficacy of this drug has been 
evaluated in the treatment of inflammatory autoimmune 
diseases [154]. Since this triggers the same effects exerted 
by S1P, it seems unlikely that it will be a good candidate for 
cancer therapy. Intriguingly, Rolin et al. have demonstrated 
that SEW2871 can act as an S1PR1 antagonist and enhances 
natural killer cell-mediated lysis of K562 cells and dendritic 
cells, implying the anti-cancer potential of SEW2871 and 
maybe S1P [155]. We propose work is needed to the inves-
tigate the efficacy and side effects of the S1PR1 modula-
tors that are capable of antagonizing S1PR1 signaling, but 
which have not yet been examined in cancer treatment. Fur-
thermore, studying the exact function of SEW2871 at the 
tumor site is highly recommended, as it is an agonist, but has 
played an effective role in treating cancer [155].

7 � Conclusion

S1PR1 signaling appears to play an important role in can-
cer development via the stimulation of growth, migration, 
angiogenesis, and anti-apoptotic effects in breast, renal, and 
bladder cancers; therefore the modulation of this receptor 
can be a promising and novel approach in cancer therapy. 
Although several S1PR1 modulators, including FTY720, 
have been developed, few studies have evaluated the effi-
cacy of these drugs in the treatment of human cancer, as 
preference has been given to other molecules involved in the 
S1PR1 cycle. Moreover, it is pivotal to design and develop 
more effective S1PR1 modulators with higher affinity and 
specificity. This point should be addressed in the design of 
new modulators that lack the lymphopenia-inducing effect 
and angiogenic potential of some of the current therapeutic 
options, as this is the reason why so little work has been 
undertaken in this field with these agents. Due to the ability 
of S1PR1 modulators to sensitize cancer cells to chemother-
apeutics, which consequently leads to immediate regression 
of different types of cancer burden, using a combination of 
these drugs with chemotherapy might be a potent anti-cancer 
therapeutic approach for future studies. Moreover, the best 
combination for each cancer type should be investigated. 
S1PR1 drugs probably can be considered in combination 
with other treatment approaches, such as radiotherapy. We 
recommend more research to evaluate and devise more com-
bination-focused approaches along with S1PR1 blockade. 
Our suggestion is combined targeting of CD44, growth fac-
tor receptors or immune checkpoint blockers as an emerg-
ing field of study. The possible potential of this receptor in 
cancer therapy is just beginning to be elucidated, and as 
S1PR1 modulators have not yet been used in clinical trials, 
its capacity as a significant target for human cancer therapy 
should be explored. It may also be important to compare 
the potency of each S1PR1 blocking agent, such as siRNA, 
antibodies, and other chemical modulators, with each other 
in identical states.

Moreover, nano-based anti-cancer therapy is an emerg-
ing treatment approach that can efficiently decrease sys-
temic side effects [134, 156]; therefore it is worth exploring  
a combination of this method with S1PR1 blockage, as this 
may surmount one of the drawbacks of S1PR1 modula-
tors, the induction  of lymphopenia. In order to inhibit drug 
resistance to chemotherapeutics in cancers with enhanced 
expression of S1PR1 or its downstream molecules, research-
ers could examine blocking this pathway’s effect on chemo-
sensitization in different types and stages of cancer [157].
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