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Sphingosine kinases (SPHKSs) are conserved lipid enzymes that catalyze the formation of
sphingosine-1-phosphate (S1P) through ATP-dependent phosphorylation of sphingosine.
Two distinct SPHK isoforms, namely SPHK1 and SPHK2, have been identified to date, and
the former has been implicated for its oncogenic roles in cancer development and
progression. While SPHK1 signaling axis has been extensively studied in non-stem
breast cancer cells, recent evidence has emerged to suggest a role of SPHK1 in
regulating cancer stem cells (CSCs). With the clinical implications of CSCs in disease
relapse and metastasis, it is believed that therapeutic approaches that can eradicate both
non-stem cancer cells and CSCs could be a key to cancer cure. In this review, we first
explore the oncogenic functions of sphingosine kinase 1 in human cancers and summarize
current research findings of SPHK1 signaling with a focus on breast cancer. We also
discuss the therapeutic potentials and perspectives of targeting SPHK1 signaling in breast
cancer and cancer stem cells. We aim to offer new insights and inspire future studies
looking further into the regulatory functions of SPHK1 in CSC-driven tumorigenesis,
uncovering novel therapeutic avenues of using SPHK1-targeted therapy in the
treatment of CSC-enriched refractory cancers.

Keywords: sphingosine kinase, sphingosine-1-phosphate, sphingosine-1-phosphate receptor, breast cancer,
cancer stem cells, sphingosine kinase inhibitor

INTRODUCTION

Sphingolipids are one of the main classes of bioactive lipid molecules found in eukaryotic cells.
Historically, sphingolipids were first isolated by Thudichum from brain tissue in the late 19th
century, at which time the term “sphingosin” was coined, likening sphingolipids to a mythical
creature of Greek called Sphinx, owing to the enigmas presented by these lipids upon discovery
(Thudichum, 1884). While sphingolipids were initially regarded as mere structural components of
eukaryotic cell membranes, compelling evidence has described the vast complexity of sphingolipid
metabolism, leading to the discovery of additional sphingolipid functions as second messengers
and as bioactive signaling molecules. Among them, the main sphingolipid molecules that have
always received researchers’ attention include ceramide, sphingosine, and sphingosine-1-phosphate
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FIGURE 1 | The sphingolipid rheostat. The sphingolipid rheostat describes the interconversion between ceramide, sphingosine, and sphingosine-1-phosphate
(S1P) for cell fate determination. Ceramide is composed of a long-chain sphingosine base containing 18 carbons and an amide-linked fatty acyl chain which can have 14
to 26 carbons in length (Ogretmen, 2018). Ceramide is deacylated by ceramidase to form sphingosine, followed by phosphorylation by sphingosine kinase (SPHK) to
produce S1P. The synthesis and accumulation of ceramide and/or sphingosine can induce cancer cell death and tumor suppression through apoptosis,
necroptosis, autophagy, and cell cycle arrest (Hannun and Obeid, 2018; Ogretmen, 2018); while the biosynthesis of S1P that is driven by SPHKSs, particularly SPHK1,
appears to exert pro-survival and anti-apoptotic effects in cancer cells via S1P receptor (S1PR)-dependent or -independent signaling pathways, leading to enhanced
cancer cell growth, therapy resistance, tumor invasion and metastasis (Hannun and Obeid, 2018; Ogretmen, 2018).
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(S1P). These bioactive sphingolipids regulate various biological
processes in cells, and the ceramide-sphingosine-S1P rheostat
has been implicated as an important mechanism balancing the
growth, survival, and cell fate of mammalian cells (Hannun and
Obeid, 2018). In brief, the sphingolipid rheostat is a concept
proposed to describe how interconversions between pro-
apoptotic ceramides and pro-survival SIP attenuate cell fate
(Figure 1). In the sphingolipid cycle, ceramide is deacylated
into sphingosine by ceramidase, and sphingosine can be further
phosphorylated to form S1P by sphingosine kinase (SPHK); in
turn, S1P can either be irreversibly degraded by S1P lyase, or
dephosphorylated to sphingosine via S1P phosphatase, followed
by re-acylation back to ceramide by ceramide synthase

(Hannun and Obeid, 2018; Ogretmen, 2018). Such
interconversions are rapid and mediated through
compartment-specific processes. The distinct roles and

downstream targets of these bioactive sphingolipids are
highly context- and cell type-dependent.

As accumulating evidence indicates that ceramide/sphingosine
and S1P have opposing functions in oncogenesis, it is becoming
increasingly clear that the dysregulation of the sphingolipid rheostat
is a key event of cancer initiation. The production and accrual of
ceramide and/or sphingosine in response to stress stimuli are
known to induce cancer cell death and tumor suppression via
apoptosis, necroptosis, autophagy, and cell cycle arrest (Hannun
and Obeid, 2018; Ogretmen, 2018). In stark contrast, the
biosynthesis of S1P that is driven by SPHKs, particularly SPHK1,
appears to exert pro-survival and anti-apoptotic effects in cancer
cells, by promoting cancer cell proliferation, therapy resistance,
tumor invasion and metastasis via S1P receptor (S1PR)-dependent
and/or -independent signaling pathways (Hannun and Obeid, 2018;
Ogretmen, 2018). Furthermore, recent studies have identified a role
of SPHKI1 in mediating survival of breast cancer stem cells (CSCs)
(Hirata et al., 2014; Wang et al., 2016; Hii et al., 2020). It is believed
that the multiple signaling nodes involved in this rheostat, including
the bioactive sphingolipids, enzymes, and receptors, are potential
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FIGURE 2 | Subcellular localization of SPHK1 and SPHK2. SPHK1 is usually found in the cytoplasm. Once it is phosphorylated at serine 225 by ERK1/2, the
activated SPHK1 undergoes translocation to the plasma membrane (Pitson et al., 2005). Such activation of SPHK1 activity can be further enhanced by CIB1 by exerting
its function as Ca®*-myristoyl switch (Zhu et al., 2017). The SPHK1-generated S1P can be exported out of the cell by specific transporters involving SPNS2 or ABC
transporters, followed by binding to S1PR1-5 and stimulate pro-oncogenic cellular responses via autocrine or paracrine signaling. As for SPHK2, it is mainly
localized in the mitochondria and nucleus. Unlike SPHK1, the functions of SPHK2 in cancer appear to be much more complicated with contradictory findings. For
instance, S1P produced in the mitochondria by SPHK2 can bind to PHB2, activate BAK/BAX and induce cytochrome c release (Strub et al., 2011; Chipuk et al., 2012);
while the SPHK2-derived nuclear S1P can inhibit HDAC1/2 and induce epigenetic modulation of CDKNTA and FOS, which encode p21 and proto-oncogene FOS,
respectively (Hait et al., 2009). However, the nuclear S1P generated by SPHK2 can also interact with TERT to stabilize telomerase, in turn inhibiting telomere damage and
senescence (Panneer Selvam et al., 2015). ABC, ATP-binding cassette; BAK, Bcl-2 antagonist/killer; BAX, Bcl-2-associated X protein; CIB1, calcium and integrin
binding protein 1; ERK1/2, extracellular signal-regulated kinases 1 and 2; HDAC1/2, histone deacetylases 1 and 2; PHB2, prohibitin 2; S1P, sphingosine-1-phosphate;
S1PR1-5, sphingosine-1-phosphate receptors 1 to 5; Sph, sphingosine; SPHK1, sphingosine kinase 1; SPHK2, sphingosine kinase 2; SPNS2, protein spinster
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In this review, we first explore the key functions of sphingosine
kinase 1 in human cancers, followed by a critical review of current
findings on SPHKI1 signaling, particularly in breast cancer. We
also discuss current therapeutics and perspectives of targeting
SPHKI signaling in breast cancer and cancer stem cells. Taken
together, this review aims to offer new insights and inspire future
studies into the regulatory functions of SPHKI1 in CSC-driven
breast tumorigenesis. It is anticipated that a better understanding
in this aspect of CSC biology will uncover novel therapeutic
avenues, adding relevant targeted strategies for the treatment of
CSC-enriched breast cancers.

SPHINGOSINE KINASE 1 AS AKEY PLAYER
OF ONCOGENESIS

Sphingosine kinases (SPHKs) are evolutionary conserved lipid
kinases that catalyze the generation of SIP from sphingosine
through ATP-dependent phosphorylation. Five conserved
regions, denoted from C1 to C5, have been found within
SPHKs, whereby C1 to C3 domains and C4 to C5 domains
are known to reside at N-termini and C-termini, respectively
(Liu et al., 2000; Pitson, 2011). The C1 to C3 domains in SPHKs
consist of the diacylglycerol (DAG) kinase catalytic region which
is commonly presented in ceramide kinase and DAG kinases,
while C4 represents a unique domain in SPHKs (Alemany et al.,

Frontiers in Molecular Biosciences | www.frontiersin.org

November 2021 | Volume 8 | Article 748470


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Hii et al. Functional Role of SPHK1 in Cancer

TABLE 1 | Current findings of SPHK1 in human cancers.

Types of Findings References
cancer
Breast cancer  Estrogen receptor (ER)-positive breast cancer Taha et al. (2004), Sarkar et al. (2005), Taha et al. (2006), Long et al. (2010a),
- High expression of SPHK1, S1PR1 and S1PR3 were associated with poor  Watson et al. (2010), Dattaet al. (2014), Hirata et al. (2014), Maitiet al. (2017),
prognosis in patients with ER-positive breast cancer Wang et al. (2018), Acharya et al. (2019), Alshaker et al. (2019), Chen and Liu

- Knockdown of SPHK1 in ER-positive breast cancer reduced cell viability — (2020), Hii et al. (2020)
and induced cell cycle arrest and apoptosis involving caspase activation,
cytochrome c release and Bax oligomerization

- Knockdown of SPHK1 in ER-positive breast cancer reduced EGF-
stimulated cell growth and improved sensitivity to doxorubicin

- Estrogen treatment stimulated translocation of SPHK1 and S1PR3 into the
ER-positive breast cancer cell nuclei

- Oncogene tolerance between SPHK1 and HER2 was reported in ER-
positive breast cancer cells with the involvement of p65 PAK1/ERK-1/2
signaling

- SPHK1 and S1PR3 expression was higher in ER-positive breast cancer
stem cells (CSCs) when compared to the respective non-CSCs

- Ectopic expression of SPHK1 in ER-positive breast cancer cells promoted
cell migration, induced epithelial-mesenchymal transition, and increased
the stemness marker expression levels of SOX2, OCT4, NANOG, and
ALDH1

- Overexpression of SPHK1 promoted the growth and tumorigenicity of ER-
positive breast CSCs via S1PR3/Notch signaling

Triple negative breast cancer (TNBC)
- Compared to other subtypes, SPHK1 expression was significantly
upregulated in TNBC patients and was associated with poor survival and
response to doxorubicin
- SPHK1 promoted metastasis by transcriptionally upregulating the
expression of FSCN1 via NF-kB activation
- Knockdown of SPHK1 suppressed EGF-mediated signaling of ERK/AKT/
p38 MAPK in metastatic TNBC cells
- Knockdown of SPHK1 in TNBC cells downregulated G3BP stress granule
assembly factors (G3BP1 and G3BP2) that known to involve in NF-kB, RAS
and Wnt signaling
- Knockdown of SPHK1 in TNBC cells and CSCs inhibited the cell
proliferation and induced apoptosis via STAT 1/interferon-dependent
mechanism
- Inhibition of SPHK1 in TNBC cells and CSCs sensitized TNBCs to
doxorubicin treatment
- Compared to the corresponding non-CSCs, SPHK1 protein expression
was higher in TNBC CSCs
- Ectopic expression of SPHK1 promoted the mammosphere formation and
survival of TNBC CSCs
Lung cancer - Significant upregulation of SPHK1 was observed in non-small cell lung Song et al. (2011), Zhu et al. (2015), Ma et al. (2021)
cancer (NSCLC) and associated with poor patient survival
- Overexpression of SPHK1 increased the proliferation and migration of
NSCLC via activation of PIBK/AKT/NF-kB and increased expression of Bcl-
x|, c-IAP1, c-IAP2, TRAF1, Bcl-2, matrix metallopeptidase 2 and cyclin D1
- Inhibition of SPHK1 potentiated NSCLC sensitivity to docetaxel or
doxorubicin treatment
Gastric cancer - Poor prognosis of patients with gastric cancer was found to be correlated  Li et al. (2009), Fuereder et al. (2011), Xiong et al. (2014)
with elevated expression of SPHK1
- Knockdown of SPHK1 induced apoptosis in gastric cancer cells and
upregulates Bim via AKT/FoxO3a pathway
- Ectopic expression of SPHK1 prevented UV irradiation-induced cell death
in gastric cancer cells
- Inhibition of SPHK1 synergized doxorubicin sensitivity in gastric cancer cells
Colon cancer - High SPHK1 expression correlated with advanced tumor stages in colon  Kohno et al. (2006), Kawamori et al. (2009), Snider et al. (2009), Tan et al.
cancer patients (2014)
- In mouse models of colon carcinogenesis, colon tumor initiation and
development occur at consistently much lower rates in Sphk1 = mice
- Inhibition of SPHK1 reduced the viability of colon cancer cells
- SPHK1 regulates COX2/STAT3-dependent cell inflammatory responses
(Continued on following page)
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TABLE 1 | (Continued) Current findings of SPHK1 in human cancers.

Types of Findings

cancer

Pancreatic - SPHK1 expression was upregulated in pancreatic adenocarcinoma ductal
cancer lesions

Functional Role of SPHK1 in Cancer

References

Guillermet-Guibert et al. (2009), Aoki et al. (2016), Yu et al. (2021)

- SPHK1 expression was higher in metastatic pancreatic cancer tissues
compared with normal pancreatic tissue and significant correlated with

HAS?2 expression

- Knockdown of SPHK1 sensitized pancreatic cancer cells to gemcitabine-

induced cell death

- SphK1 knockout mice exhibited lower tumor burden and fewer pancreatic
cancer peritoneal carcinomatosis nodules 2 weeks after implantation

AKT, protein kinase B; ALDH1, aldehyde dehydrogenase 1; Bax, Bcl-2-associated X; Bcl-2, B-cell lymphoma 2; Bcl-xi, B-cell lymphoma-extra-large; Bim, Bcl-2-like 11, FoxO3a, Forkhead
box class O 3a; c-IAP, cellular inhibitor of apoptosis protein;, ERK, extracellular signal regulated kinase; FSCN1, fascin; G3BP, Ras GTPase-activating protein-binding protein; HAS2,
hyaluronan synthases 2; MAPK, mitogen-activated protein kinase; NF-xB, nuclear factor-kB; OCT4, octamer-binding transcription factor 4; p65 PAK1, p21-activated protein kinase 1;
PISK, phosphoinositide 3-kinase; S1PR, sphingosine-1-phosphate receptor; SOX2, SRY (sex determining region Y)-box 2; STAT, signal transducer and activator of transcription; TRAF1,

tumor necrosis factor receptor associated factor.

2007). The presence of C4 domain has distinguished SPHKs from
other lipid enzymes and granted them the exclusive capability of
converting sphingosine into S1P, making SPHKs the sole
generators of S1P (Yokota et al., 2004).

Up to now, there are two main isoforms of SPHKs been
discovered in humans, namely SPHK1 and SPHK2. These two
isoforms of SPHKs have different chromosomal locations and
differ in their subcellular localization (Figure 2), developmental
expression, and tissue distribution. SPHK1 is located on
chromosome 17 and predominantly localized in the cytosol.
SPHK2 is primarily nuclear and mitochondrial and is located
on chromosome 19. Studies in mice have shown that peak Sphk1
expression can be detected at day 7 of mouse embryonic
development and decreases thereafter. In contrast, Sphk2
expression is detected from day 11 and gradually increases up
to day 17 (Liu et al., 2000). In adult mouse tissues, high levels of
Sphkl are found in the lung, spleen, kidney, and blood; while
Sphk2 is mainly expressed in the brain, heart, kidney, and liver
(Liu et al., 2000; Fukuda et al., 2003). These suggest that SPHK1
and SPHK2 may have different biological functions for creating
different compartmental-specific S1P pools. At present, SPHKs
have been reported to possess different roles in many

physiological ~and  pathological  processes,  including
autoimmune diseases, immunosuppression, inflammation,
infection, cancer, neurodevelopment, and degeneration

(Kunkel et al., 2013; Pyne et al, 2016a; Hannun and Obeid,
2018). In the context of cancer, SPHK1 is the main isoform that is
functionally associated with the hallmarks of cancer, which has
been universally recognized as a key player of oncogenesis.

A  meta-analysis of SPHKI in human cancers has
demonstrated significantly higher levels of SPHK1 in both
benign and cancerous tissues as compared to normal tissues
(Zhang et al, 2014). High expression of SPHKI has been
observed in various tumor types and is associated with poorer
clinical prognosis and shorter overall survival in cancer patients
(Zhang et al., 2014). Multiple independent studies have examined
the effects of SPHK1 overexpression or depletion via RNA
interference (RNAIi) approaches in different cancer models and
have uniformly established that SPHK1 possesses a role in

promoting cancer cell growth and inhibiting apoptosis
(Table 1). Overexpression of SPHKI has been reported to
enhance the Ras-dependent neoplastic transformation and
induce the formation of tumors which are much larger, more
vascularized and treatment resistant (Pyne et al, 2016b).
Moreover, SPHK1 has been found to control cancer cell
migration and modulate interaction of cancer cells with
cancer-associated fibroblasts, contributing to tumor invasion
and metastasis (Pyne et al., 2016b). Some have also shown
that SPHKI activity is responsible for the induction of
inflammation and maintaining the Warburg effect and cell
survival, which further enable the acquisition of cancer
hallmarks in affected cells (Liang et al., 2013; Pyne and Pyne,
2013; Watson et al.,, 2013). It is worth mentioning that Sphkl
knockout mice models have offered useful insights on the
protective role of SPHK1 depletion in oncogenesis, with colon
cancer as the pioneered context model. In view of the absence of
SPHKI1 mutations across various cancer types, it is suggested that
tumors exhibit a dependency on hyperactivation of SPHK
signaling that confers survival and growth advantages to
cancer cells, a phenomenon known as “non-oncogenic
addiction” (Vadas et al., 2008).

In fact, compelling evidence has indicated that the oncogenic
signaling cascades driven by SPHKI is highly dependent on its
activation and translocation to plasma membrane. In other words,
translocation of the cytosolic SPHKI to the plasma membrane is
required for oncogenic activity as this enhances catalytic activity.
This process can be stimulated through phosphorylation of SPHK1
on serine 225 (Ser225) by extracellular signal-regulated kinases 1
and 2 (ERK1/2). In a pioneering study, Pitson et al. (2005)
confirmed that the oncogenic activity of SPHK1 is dependent
on Ser225 phosphorylation-driven translocation (Pitson et al.,
2005). They showed that Ser225 phosphorylation-deficient
SPHKI mutant cells failed to re-localize cytosolic SPHKI to the
plasma membrane and did not exhibit the oncogenic effects of
SPHKI1 overexpression, despite the intrinsic catalytic activity was
retained in phosphorylation-deficient form of the enzyme (Pitson
et al.,, 2005). Additionally, calcium and integrin binding protein 1
(CIB1) by exerting its function as Ca®’-myristoyl switch, is
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responsible for further facilitating plasma membrane localization
of SPHKI, potentiating the membrane-associated enzymatic
activity of SPHK1, as well as stimulating its oncogenic signaling
activity (Jarman et al, 2010; Zhu et al, 2017). Although
interactions with other molecules, for instance phosphatidic
acid, filamin A, tumor necrosis factor (TNF) receptor-associated
factor 2 (TRAF2), aminoacylase 1, and protein elongation factor
1A (eEF1A), have also been implicated in the regulation of SPHK1
activity or its localization at the plasma membrane (Xia et al., 2002;
Maceyka et al., 2004; Leclercq et al., 2008), the significance of these
interactions in SPHK1-driven oncogenic signaling remains to be
validated.

SPHK1 SIGNALING IN BREAST CANCER

The translocation of activated SPHKI1 to plasma membrane leads to
the generation of S1P, which subsequently acts as a bioactive
sphingolipid to regulate cancer cell growth and metastasis. S1P
can be secreted from cancer cells via specific transporters like
protein spinster homolog 2 (SPNS2) and ABC transporters, of
which the latter involve ABC sub-family A member 1 (ABCAL),
ABC sub-family C member 1 (ABCC1), and ABC sub-family G
member 2 (ABCG2) (Geftken and Spiegel, 2018). Once the
intracellular S1P is released through the transporter, it usually
binds to one of the G protein-coupled S1PRs (S1PRI to S1PR5)
to elicit oncogenic sphingolipid signaling in an autocrine or
paracrine manner. Of note, it is uncommon to have all SIPRs to
be expressed on the plasma membrane simultaneously, by which
their expressions are subjected to the maturation stages of the cells
and tissues (Strub et al,, 2010). The engagement of S1P with different
S1PRs will trigger context-dependent cell growth, migration, and
invasion via distinctive signal transduction pathways. Interestingly,
“criss-cross” pathway activations often occur when bindings of S1P
to S1PRs stimulate the receptor tyrosine kinases (RTKs) involved in
the cancer proliferation and angiogenesis, for instance vascular
endothelial growth factor (VEGF), epidermal growth factor
receptor (EGFR), and platelet-derived growth factor receptor
(PDGFR), and at the same time the growth factors involved in
these RTK activations can also enhance SPHK1 activity (Geffken and
Spiegel, 2018).

In the context of breast cancer, it has been shown that high
tumor expression of SPHKI is associated with poorer disease
outcomes in breast cancer patients across different subtypes
(Alshaker et al, 2020). Studies have reported that SPHK1
expression is increasing in trend along with the advancement
of breast tumor staging; while basal-like triple negative breast
cancer (TNBC) tumors exhibit the highest levels of SPHK1 when
compared to other subtypes. Notably, SPHKI expression in
cancerous cells is at least two-fold greater than adjacent
normal tissues obtained from the same patients (French et al,
2003; Datta et al., 2014; Wang et al., 2018; Acharya et al., 2019).

Also, clinical observations have shown that estrogen receptor
(ER)-positive breast cancer patients whose tumors harboring high
SPHK1 expression are generally less sensitive to tamoxifen
treatment; whereas increased levels of SPHK1 are often detected
in ER-negative breast tumors that failed chemotherapy as compared

Functional Role of SPHK1 in Cancer

to those complete respondents, suggesting SPHKI expression
confers drug resistance in breast cancer (Long et al, 2010a;
Watson et al, 2010; Datta et al., 2014). Consistent with clinical
findings, studies have demonstrated that targeting SPHK1 using
RNAi-mediated approaches or pharmacological SPHK1 inhibitors
can reduce cell proliferation, induce apoptosis, synergize chemo- and
endocrine sensitivity, impede invasion, and decrease metastasis in
breast cancer (Antoon et al., 2011; Datta et al., 2014; Sukocheva and
Wadham, 2014; Wang et al, 2018; Acharya et al, 2019).
Importantly, it is evident that specific SPHK1 inhibition does not
affect the growth and viability of non-cancerous breast epithelial cells
(Antoon et al,, 2011; Datta et al.,, 2014). Many have also attempted to
investigate the involvement of S1PRs in the signaling cascades of
SPHK1/S1P axis in human cancers, whereby substantial evidence
has highlighted the interactions between SPHKI/S1P axis with
S1PR1, S1PR3, and S1PR4 in breast cancer (Figure 3).

SPHK1/S1PR1 Signaling in Breast Cancer
Ohotski et al. (2013) have revealed that high co-expression of
SPHK1 and S1PR1 is correlated with poorer survival in patients with
ER-positive breast cancer (Ohotski et al., 2013). In fact, SIPR1 has
been found to persistently activate signal transducer and activator of
transcription 3 (STAT3), of which STAT3 has been known to trigger
various pathways that promote acquisition of cancer hallmarks (Lee
etal, 2010; Liu et al., 2012). It is worth mentioning that STAT3 also
promotes transcriptional activities of SIPR1 and the binding of S1P
to S1PR1 can reciprocally activate STAT3 (Lee et al,, 2010; Liang
et al.,, 2013; Alshaker et al., 2014; Alshaker et al.,, 2015).

In breast cancer, incessant activation of STAT3 appears to be
attributable to the upregulation of the pro-inflammatory cytokine
IL-6 and SI1PR1 (Lee et al., 2010; Alshaker et al., 2014; Alshaker
etal,, 2015). Alshaker and colleagues demonstrated that leptin as
an adipokine was able to induce upregulation of SPHK1 and in
turn SPHK1 could contribute to leptin-induced STAT3 activity in
breast cancer via transactivation of IL-6/gp130 (Alshaker et al,,
2014; Alshaker et al., 2015). Furthermore, studies have suggested
that SPHK1/S1P/S1PR1 signaling pathway also aids to mediate
treatment-induced inflammation and resistance to doxorubicin
and tamoxifen in breast cancer, which is also accompanying with
upregulation of NF-kB/IL-6/STAT3 (Katsuta et al., 2017).

Recently, Nagahashi et al. (2018) have reported a critical function
of SPHK1/S1P/S1PR signaling in connecting obesity-induced
chronic inflammation to breast oncogenesis and metastasis via
activation of NF-kB and STATS3, along with production of IL-6
and TNFa (Nagahashi et al,, 2018). Taken together, it is believed that
SPHK1/S1P/S1PR1 axis by interacting with inflammatory cytokine
amplification loops, could have prominent roles in the progression of
inflammation-driven breast cancers.

SPHK1/S1PR3 Signaling in Breast Cancer

S1PR3 is the most highly expressed SIPR in human breast cancer
cells. Indeed, clinical observations have shown that elevated
S1PR3 expression is closely associated with worse prognosis in
patients with ER-positive breast cancer (Goetzl et al,, 1999;
Watson et al.,, 2010; Hirata et al., 2014; Wang et al., 2018). The
S1PR3-driven oncogenic effects are mainly ascribed to the
activation of ERKI1/2 signaling pathways, which have been
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cytokines, calcium and protein kinase activators) and mechanisms (e.g., ERK1/2-induced phosphorylation, transactivation of EGFR, and NF-kB activation), leading to
S1P formation (Geffken and Spiegel, 2018; Alshaker et al., 2020). Once the intracellular S1P is released via specific transporters, it can bind to S1PRs and EGFR to initiate
oncogenic signaling in breast cancer through an autocrine or paracrine manner. Binding of S1P to S1PR1 can activate NF-kB and STAT3 signaling and induce

(Leeetal., 2010; Liang et al., 2013; Alshaker et al., 2014; Alshaker et al., 2015). Activation of SPHK1/S1P/S1PR3 axis is prominent in breast cancer and plays significant
roles in breast tumorigenesis by activating PI3K/AKT, Rac1/PLC/Ca**/CRP, Ras-dependent ERK1/2, MMP9 and Notch signaling pathways (Kim et al., 2011; Kim et al.,
2014; Wang et al., 2018). As for S1PR4, it is found that SPHK1/S1P/S1PR4 axis regulates EGFR (specifically HER2) and ERK1/2 activation in breast cancer (Long et al.,

S1P, sphingosine-1-phosphate; S1PR, sphingosine-1-phosphate receptor; Sph, sphingosine; SPHK1, sphingosine kinase 1; SPNS2, protein spinster homologue 2;
STAT3, signal transducer and activator of transcription 3; TNFa, tumor necrosis factor a.
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known as key regulatory mechanisms in the cell cycle progression,
survival, and proliferation of breast cancer cells (Watson et al.,
2010; Datta et al., 2014; Wang et al,, 2016). SPHK1/S1P/S1PR3
axis has been shown to trigger the accumulation of
phosphorylated ERK1/2 and actin into membrane ruffles/
lamellipodia and inducing a refractory migratory phenotype in

ER-positive breast cancer cells (Long et al, 2010a). Notably,
knockdown of SPHKI has been found to suppress S1PR3
expression and retard S1P/SIPR3-dependent ERK1/2
activation, inferring a functional regulation between SPHK1/
S1P/S1PR3 axis and ERK1/2 signaling in ER-positive breast
cancer (Long et al, 2010a). Though not specifying which
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S1PR, findings from Datta et al. (2014) have suggested that
SPHK1/S1P/S1PR signaling pathway functions to stimulate and
sustain the activation of ERK1/2 and AKT for the growth of
TNBC cells (Datta et al., 2014).

In addition to ERK, SPHKI1/S1P/S1PR3 axis has been
implicated in potentiating the progression of breast cancer
through upregulations of C-reactive protein (CRP) and
MMP9. It has been demonstrated that coupling of SIP to
S1PR3 can induce CRP expression via CCAAT/enhancer-
binding protein p (C/EBPP), activate Racl/Nox-4/ROS/ERK
pathways, and upregulate MMP9 activity, contributing to the
aggressiveness and invasion of breast cancer (Kim et al., 2011;
Kim et al., 2014).

On the other hand, Sukocheva and colleagues have revealed
the involvement of SPHK1/S1P/S1PR3 axis in estrogen-induced
EGFR transactivation in mitogenic stimulation of ER-positive
breast cancer, by which S1P generated by the estrogen-induced
SPHK1 binds to SIPR3 and activate EGFR in a Src/MMP-
dependent manner (Sukocheva et al, 2006; Sukocheva and
Wadham, 2014). Moreover, studies have indicated that
SPHK1/S1P/S1PR3 signaling axis promotes tumorigenicity and
metastasis of breast cancer by activating p38 mitogen-activated
protein kinase (MAPK)/Notch signaling (Hirata et al, 2014;
Wang et al.,, 2018).

SPHK1/S1PR4 Signaling in Breast Cancer

As for S1PR4, a clinical study has shown that higher tumor
expressions of SPHK1 and S1PR4 are associated with shorter
disease-free survival and more advanced lymph node status in
ER-negative breast cancer patients (Ohotski et al, 2012).
Importantly, studies have demonstrated that SPHK1 and
S1PR4 are functionally linked in mediating the survival of ER-
negative breast cancer cells and SPHK1/S1P/S1PR4 axis interacts
with HER?2 to regulate ERK-1/2 pathways, implying a rationale of
targeting S1PR4 in ER-negative HER2-positive breast cancer
(Long et al., 2010b; Ohotski et al., 2012). Intriguingly, it has
been shown that SIPR4 acts to prevent nuclear translocation of
S1PR2 in ER-negative breast cancer, but this mechanism appears
to be driven by SPHK2-derived SI1P and some have suggested
S1PR2 may counteract the oncogenic function of SPHK1 (Pyne
et al., 2012; Ohotski et al., 2014). Nonetheless, the detailed
mechanisms of how SPHKs and/or S1PR4 regulate SIPR2, and
the significance of SIPR2 in breast oncogenesis, are yet to be
elucidated and warrant more investigations.

S1PR-Independent Signaling Pathways in

Breast Cancer

Aside from S1PR-dependent signaling pathways, SPHK1/S1P axis
also facilitates cancer cell signaling without involvement of S1PRs.
In pathogenesis of ER-positive breast cancer, SPHK1/S1P axis and
estrogen receptor signaling have been known to interact with one
another, leading to enhanced tumor growth and therapy resistance
(Sukocheva and Wadham, 2014). Early findings have revealed that
overexpression of SPHK1 potentiates tumorigenesis of ER-positive
breast cancer in estrogen and S1P-dependent manner, along with
ERK1/2 activation (Nava et al., 2002). Also, studies have reported

Functional Role of SPHK1 in Cancer

the ability of estrogen and EGF in upregulating SPHKI1 activity in
ER-positive breast cancer cells, as well as the capacity of estrogen
and S1P in activating EGFR at plasma membrane (Sukocheva et al,,
2003; D4l et al., 2005; Sarkar et al., 2005; Pinho et al., 2013). The
switch from estrogen/ER-mediated tumorigenesis to SPHK1/S1P/
EGFR-activated tumor growth has been regarded as important
mechanism for acquiring endocrine resistance in ER-positive
breast cancer (Sukocheva and Wadham, 2014; Maczis et al.,
2016; Maczis et al.,, 2018). Moreover, S1P has been found to act
with insulin-like growth factor binding protein 3 (IGFBP-3) to
promote EGFR signaling for the progression of TNBC (Martin
etal, 2014). On the other hand, some have proposed a link between
SPHK1/S1P axis with protein kinase C (PKC) activity in TNBC, of
which targeting SPHKI1 in TNBC can suppress cell proliferation
and survival by compromising SPHK1/S1P/PKC signaling
pathway (Kotelevets et al, 2012). Moreover, Acharya et al
(2019) have reported that SPHK1 promotes TNBC metastasis
by transcriptionally upregulating the expression of a metastasis-
promoting gene, FSCN1 via activation of NF-xB (Acharya et al,,
2019). Such activation of SPHK1/NF-kB/FSCN1 signaling pathway
is probably attributable to SPHK1-generated S1P that has been
established as a cofactor of TRAF2 to stimulate receptor-
interacting serine/threonine-protein kinase 1 (RIPK1) and NF-
kB activation (Alvarez et al., 2010).

In summary, the signaling network modulated by SPHK1/S1P
axis is interwoven with various S1PR-dependent and SIPR-
independent signaling pathways in breast cancer cells. Indeed,
these mechanisms are further complicated by the “cross-
activations” and overlapping regulators between the signaling
cascades. It is believed that these interactions could be of dynamic
along the cancer progression, whereby more studies are required
for mechanistic clarifications in the context of breast cancer.
Nevertheless, evidence to date has uniformly supported a
rationale of targeting SPHK1/S1P axis in breast cancer which
warrants further therapeutic development.

SPHK1/S1P SIGNALING IN CANCER STEM
CELLS

Despite extensive efforts have been put in mapping out the
signaling network of sphingolipid rheostat in non-stem cancer
cells, the specific roles of SPHK1/S1P axis in both normal and
CSC biology are just started to emerge. To date, most of the
understanding on the function of sphingolipids in human stem
cells is derived from the attempts that evaluated their
involvement in normal tissue homeostasis.

As for SIP, it has been shown to mediate proliferation and
maintain the multipotency of different types of human stem cells,
including human embryonic stem cells, neural progenitor cells and
bone marrow-derived stem cells, via mechanisms involved platelet-
derived growth factor (PDGF) and ERK signaling (Pébay et al.,
2005; Inniss and Moore, 2006; Wong et al., 2007; Avery et al., 2008;
Rodgers et al., 2009; He et al., 2010). In addition to ERK activation,
treatment of SIP in neural progenitor cells obtained from rat
embryos has been found to induce telomerase activity, implying
S1P might possess parallel role in maintaining stem cells across
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different species (Harada et al, 2004). Moreover, it has been
demonstrated that S1P promotes proliferation of mouse
embryonic stem cells by eliciting transactivation of fetal liver
kinase-1 (FLK-1) through stimulation of S1PR1/S1PR3-
dependent B-arrestin/c-Src pathways and ERK/c-Jun N-terminal
kinase (JNK) activation (Ryu et al, 2014). Interestingly, studies
have revealed that S1PR2 functions to inhibit clonogenicity,
migration, and proliferation of mesenchymal stem cells (MSCs)
by suppressing ERK phosphorylation; whereas inhibition of SIPR2
triggers PDGF-induced migratory response of mouse embryonic
fibroblasts and knockdown of S1PRI can abrogate the migration
induced by knockout of S1IPR2 in mouse embryonic fibroblasts
(Goparaju et al., 2005; Price et al,, 2015). Although it has been
reported that many stem cell types are expressing S1PRs, their
functions in these cells remain largely unknown at present and
warrant further investigations (Pébay et al., 2007). Nonetheless,
based on current evidence available, it is generally believed that
SIPR1 and S1PR3 play roles in promoting self-renewal and
proliferation of normal stem cells.

Compared to the regulatory roles of sphingolipid rheostat in
normal stem cell biology, little is known about its functions in
CSCs. Since CSCs exhibit stem-like traits akin to normal stem
cells, it is not uncommon that those pathways which have been
well-characterized in normal stem cell maintenance are hijacked
during oncogenesis, notably Wnt/p-Catenin, Notch, Hedgehog,
and Hippo pathways. Whilst the signaling axis of SPHK1/S1P has
been implicated in the maintenance of normal stem cells, several
pieces of evidence have also indicated the involvement of SPHK1/
S1P axis in CSC-driven tumorigenesis. In the context of breast
cancer, Nava et al. (2002) first suggested a role of SPHK1 in ER-
positive breast tumorigenesis when they observed that ER-
positive breast cancer cells with SPHKI1 overexpression were
highly tumorigenic with enhanced capability to induce larger
breast tumors in mice (Nava et al., 2002). This finding could be
indicative of the association between SPHK expression and the
emergence of highly tumorigenic cells that capable of initiating
and sustaining tumor growth in vivo, which are key
characteristics of breast CSCs. Multiple clinical observations
have subsequently reported the contribution of high SPHKI1
expression to therapy resistance, disease recurrence and
metastasis in breast cancer patients (Long et al, 2010a;
Watson et al.,, 2010; Ohotski et al., 2012; Do et al., 2017;
Acharya et al, 2019), all of which are similar to the clinical
implications of breast CSCs. As none of these studies further
stratified these SPHK1-expressing breast tumors based on CSC
markers, the contribution of SPHK1 towards breast CSCs could
be largely overlooked. It is conceivable that SPHK1 may exert
roles in the enrichment and/or maintenance of breast CSC
subpopulation, conferring the breast tumor with enhanced
tumorigenicity and resistance towards oncology treatment, and
thus leading to relapse and metastasis.

On the other hand, some pre-clinical studies of breast cancer
have described the interactions between SPHK1 and numerous
signaling targets which have been known as pivotal players in the
regulation of breast CSCs, such as Notch, NF-kB, STAT3, EGFR,
and MMPs (Lee et al., 2010; Kim et al., 2011; Marotta et al., 2011;
Hirata et al., 2014; Nagahashi et al., 2018), suggesting that SPHK1
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is as a potential functional target in breast CSCs. While most of
them are yet to be validated using CSC models, this notion has
begun to gain support from recent findings that have indicated a
role of SPHK1/S1P/S1PR3 axis in regulating ER-positive breast
CSC:s via Notch signaling. In this regard, Hirata et al. (2014) have
pioneered to demonstrate that SPHK1/S1P axis acts to promote
CSC formation via activation of SIPR3/Notch signaling axis in
ER-positive breast cancer, and most importantly, they have found
that the tumorigenicity of ALDH" breast CSCs can be enhanced
by increased expression of SPHK1 in a SIPR3-dependent manner
(Hirata et al., 2014). Likewise, a separate study by Wang et al.
(2016) have also revealed a stimulatory function of S1P on breast
CSCs in ER-positive breast cancer, whereby they showed that
phthalates as environmental carcinogens, could augment CSC-
driven metastasis in ER-positive breast cancer model by
activating SPHK1/SI1P/S1PR3 signaling (Wang et al., 2016).
More recently, Sukocheva et al. (2021) reported the increased
expression of SIPR3 in ER-positive breast CSCs and further
suggested the involvement of TNFa signaling in regulating the
intracellular trafficking of SPHK1 and SIPR3 in these CSCs
(Sukocheva et al., 2021). Moreover, another study showed that
ectopic expression of SPHK1 contributed to the maintenance of
mammary stem cell-like characteristics in ER-positive breast
cancer (Chen and Liu, 2020).

While earlier reports have inferred the functions of SPHK1/
S1P axis in promoting the growth, tumorigenicity and metastasis
of ER-positive breast CSCs, recent evidence has further
highlighted that the activation of SPHKI1/S1P axis is greater in
CSCs than non-stem cancer cells across different subtypes of
breast cancers (Hii et al., 2020). For TNBC, which lack of
expression, it is reported that SPHKI acts to promote TNBC
CSC survival by attenuating interferon/STAT1 signaling (Hii
et al, 2020). Notably, selective SPHK1 inhibition, but not
SPHK2, has been shown to synergize doxorubicin sensitivity
in breast CSCs derived from TNBC (Hii et al, 2020).
Collectively, these findings indicate that SPHK1 plays a
functional role in regulating breast CSCs derived from
different subtypes, regardless of ER expression. Nevertheless, it
is anticipated that SPHK1 would act via different signalling
pathways to regulate the survival of CSCs derived from
different subtypes of breast cancer. The dependency of breast
CSCs on SPHKI1 underscores the great promise of targeting
SPHKI1 in the treatment of refractory breast cancer.

CURRENT THERAPEUTICS TARGETING
SPHK1

As compelling evidence has implicated of SPHK/S1P rheostat in
oncogenesis, there is growing interest to develop and exploit the
therapeutics targeting this signaling axis as anti-cancer
therapies. Numerous bioactive small molecules have been
developed to modulate SPHK/S1P/S1PR signaling, including
SPHK inhibitors, anti-S1P antibody, and S1PR modulators
(Figure 4) (Alshaker et al, 2020). Of all SPHK1 inhibitors
developed to date, only safingol has entered oncology-related
clinical trials (Table 2).
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TABLE 2 | Current clinical status of therapeutics targeting SPHK1.

Agent Mechanism of action Highest stage of Notes References
development
FTY720  SPHK1 inhibitorand SIPR  Phase IV - FDA-approved for relapsing multiple sclerosis Strader et al. (2011)
modulator - No clinical trials available to evaluate it as anti-cancer drug
Safingol  SPHK1 and SPHK2 Phase | - Also well-known as a PKC inhibitor Dickson et al. (2011)
inhibitor - Its phase | study in patients with advanced stages of solid malignancies

reported that it can be given as combination therapy with cisplatin with
reversible and manageable dose-dependent hepatotoxicity
(ClinicalTrials.gov Identifier: NCT0O0084812)

- Another phase | clinical trial is underway to evaluate safingol as
combination therapy with fenretinide in patients with relapsed
malignancies (ClinicalTrials.gov Identifier: NCT01553071)

SKI-II SPHK1 and SPHK2 Pre-clinical - Non-selective inhibitor of SPHK1 (Ki = 16 uM) and SPHK2 (Ki French et al. (2003), Quinn
inhibitor = 7.9 uM) and Wang (2008)
- Failed to advance into clinical trials due to poor bioavailability
PF-543  SPHK1 inhibitor Pre-clinical - Most potent selective SPHK1 inhibitor with Ki = 3.6 nM with >100-fold ~ Schnute et al. (2012), Lynch
selective towards SPHK1 over the SPHK2 (2012)

- Serves as a useful agent for studying the specific roles of targeting
SPHK1/S1P axis in pre-clinical disease models

FDA, food and drug administration; mAb, monoclonal antibody; PKC, protein kinase C; SPHK, sphingosine kinase; S1P, sphingosine-1-phosphate; S1PR, sphingosine-1-phosphate
receptor; VEGF, vascular endothelial growth factor.

FTY720 2010; Haddadi et al, 2017). It is an orally available
FTY720 (also known as fingolimod) is a sphingosine analog that ~ immunomodulatory drug that has received FDA approval for
is known to inhibit SPHK1 and modulate S1IPR (Tonelli et al., the treatment of relapsing multiple sclerosis (Strader et al., 2011).
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While being actively involved in clinical trials for expanding its
indications in autoimmune and neuro-degenerative disorders,
FTY720 also exhibits promising anti-cancer properties in various
in vitro and in vivo cancer models, implying a potential of
repurposing FTY720 for cancer treatment (Zhang et al., 2013;
White et al., 2016).

In the context of breast cancer, pre-clinical studies have
demonstrated the efficacy of FTY720 in suppressing the
development and progression of breast cancer when given as
monotherapy or as adjuvant therapy (Azuma et al., 2002; Tonelli
et al., 2010; Lim et al., 2011; Hait et al., 2015; Rincon et al., 2015).
In addition, FTY720 has been reported as chemo-sensitizer in
non-stem cancer cells and CSCs (Rincon et al., 2015; White et al.,
2016). It has been found that FTY720 can potentiate the
chemotherapeutic effects of doxorubicin in breast cancer
xenograft models, especially those with acquired resistance to
doxorubicin (Rincon et al,, 2015). Another study has revealed that
FTY720 can enhance doxorubicin sensitivity in breast CSCs of
TNBC (Hii et al, 2020). FTY720, by synergizing with TNEF-
related apoptosis inducer ligand (TRAIL), has also been shown to
reduce tumor burden and induce tumor-specific apoptosis in
xenograft breast cancer models without affecting normal cells
(Woo et al., 2015).

In addition to its function against sphingolipid signaling, some
have reported that part of anti-cancer effects of FTY720 can be
attributed to its ability to induce re-activation of protein
phosphatase 2A (PP2A), which is a tumor suppressor that is
commonly repressed in breast cancer (Perrotti and Neviani, 2013;
Saddoughi et al,, 2013). Although currently there is no active
clinical trial being designed to directly evaluate FTY720 as anti-
cancer drug, it is anticipated that an ongoing pharmacovigilance
study that aims to assess whether there is any association between
the use of FTY720 and incidence of breast cancer development in
patients with multiple sclerosis (ClinicalTrials.gov Identifier:
NCT04237337), as well as a phase I trial investigating the
clinical use of FTY720 as preventive measure for paclitaxel-
associated neuropathy in patients with breast cancer
(ClinicalTrials.gov  Identifier: NCT03941743), will offer
valuable insights on the roles of FT'Y720 in oncology settings
in the near future.

Safingol

The SPHK inhibitors that were developed in the early stages are
simple analogues of sphingosine which are generally low-potency
and not selective, of which safingol (also known as
dihydroxysphingosine or DHS) is one of them (Santos and
Lynch, 2015). Safingol is a sphingosine-competitive SPHK1
inhibitor (Olivera et al., 1998). Pre-clinical studies have
demonstrated that the anti-tumor activities of safingol and its
prominent efficacy in synergizing the killing effects of
chemotherapeutic agents such as cisplatin, doxorubicin and
irinotecan (Kedderis et al., 1995; Schwartz et al, 1995;
Schwartz et al, 1997; Coward et al, 2009; Ling et al, 2009;
Ling et al., 2011). However, it is important to note that the anti-
cancer effects induced by safingol can also be attributable to its
role as PKC inhibitor (Kedderis et al., 1995; Schwartz et al., 1995;
Schwartz et al.,, 1997; Coward et al., 2009; Ling et al, 2009).

Functional Role of SPHK1 in Cancer

Nevertheless, safingol is the first putative SPHK inhibitor that
entered clinical trial as oncology therapeutic agent and it has
completed its phase I trial as a combination therapy with cisplatin
in patients with advanced stages of solid malignancies
(ClinicalTrials.gov Identifier: NCT00084812) (Dickson et al,
2011). This trial has reported that it is safe to combine
safingol with cisplatin and this combinatorial approach is able
to achieve target inhibition with reduction in plasma S1P levels in
a dose-dependent manner (Dickson et al., 2011). Though dose-
dependent hepatotoxicity was observed in the trial, such hepatic
toxicity events were reversible and manageable (Dickson et al.,
2011). At present, safingol is being tested in another phase I
clinical trial as combination therapy with fenretinide in patients
experiencing cancer relapse (ClinicalTrials.gov Identifier:
NCT01553071).

SKI-II

Early screenings by French and colleagues have identified four
SPHK inhibitors, namely SKI-I, SKI-II, SKI-III, and SKI-IV, of
which SKI-II (also known as SKi) is the most studied compound
than the other three (French et al., 2003; French et al., 2010). SKI-
IT is a sphingosine-competitive, non-selective inhibitor of SPHK1
(Ki = 16 uM) and SPHK2 (Ki = 7.9 uM) (French et al., 2003). It
has been documented to suppress in vitro cell proliferation in
different types of cancers, including breast cancer, pancreatic
cancer, bladder cancer, and prostate cancer (French et al., 2010;
Loveridge et al., 2010; Haddadi et al., 2017). Some have linked
such anti-cancer effects to its abilities in inducing proteasomal
and lysosomal degradation of SPHK1 (Loveridge et al., 2010; Ren
etal., 2010). Besides, SKI-II was found to target dihydroceramide
desaturase (Degs) in the de novo synthesis of ceramide, regulating
the levels of dihydroceramide and ceramide as well as the
downstream SI1P (Cingolani et al., 2014). However, its
mechanism of actions have been further complicated when
recent studies reported that SKI-II also acts to promote the
polyubiquitination of Degs, in which such polyubiquitinated
forms of Degs are known to activate pro-survival pathways,
including p38 MAPK, JNK, and X-box protein 1s (XBP-1s)
(Alsanafi et al., 2018; Alsanafi et al., 2020). Although the poor
bioavailability of SKI-II has halted its further clinical
investigations, it is still actively being used in pre-clinical
studies as a pharmacological modality for interrogating the
biological roles of dual SPHK1/SPHK2 inhibition (Quinn and
Wang, 2008). Moreover, its co-crystal structure with SPHK1
plays important role in guiding the structural based drug
design and development for SPHK inhibitors (Santos and
Lynch, 2015).

PF-543

Among the inhibitors targeting SPHK1 available to date, PF-543
is the most potent selective SPHK1 inhibitor with Ki at 3.6 nM
(Schnute et al, 2012). It is known to act as a reversible
sphingosine-competitive inhibitor which possesses more than
100-fold selectivity towards SPHK1 than SPHK2 (Schnute
et al, 2012). Despite having nanomolar potency against
SPHKI1, it did not show promising anti-cancer effects in early
study by Schnute et al. (2012) who demonstrated that PF-543 had
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insignificant effect on the cancer cell growth, when they tested it
in cancer cell lines at single concentration of 1 uM (Schnute et al.,
2012). Recent studies have demonstrated that PF-543 exerts anti-
cancer activities in models of colorectal cancer, head and neck
squamous cell carcinoma (HNSCC), and metastatic breast cancer
when given at higher concentrations (Ju et al., 2016; Hamada
et al., 2017; Maiti et al., 2017). PF-543 has been found to induce
apoptosis, necrosis, and autophagy in HNSCC cell lines at
treatment dose of 25 uM (Hamada et al.,, 2017). According to
Maiti et al. (2017), treatment of PF-543 (up to 10 uM) attenuated
EGF-mediated cell growth, survival and migration in metastatic
breast cancer cells via inhibition of AKT, ERK, and p38 MAPK
pathways (Maiti et al., 2017). When treated across colorectal
cancer cell panel at 2.5 or 10 uM, PF-543 significantly inhibited
cell proliferation and induced necrotic cell death (Ju et al., 2016).
A subsequent in vivo study revealed that PF-543 intravenous
injection remarkably suppressed tumor growth and improved the
mice survival without any signs of other apparent toxicities in the
animals (Ju et al., 2016). In addition, PF-543 has been shown to
act synergistically with doxorubicin to kill breast CSCs (Hii et al.,
2020). At present, PF-543 has yet to be advanced into clinical
testing, efforts are ongoing to modify and synthesize PF-543
derivatives for better therapeutic efficiency in oncology models.
Nevertheless, PF-543 has been regarded as a useful drug for
studying the specific roles of targeting SPHK1/S1P axis in pre-
clinical disease models (Lynch, 2012).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Overall, the potential roles of sphingolipid rheostat in breast CSC
biology are relatively underappreciated, as compared to non-stem
breast cancer cells. Despite some eagerly highlight the oncogenic
roles of SPHKI/S1P axis in breast CSCs based on existing
mechanisms established from non-stem cancer cells, specific
investigations in the context of breast CSCs, are generally
lacking nowadays. As such, it is necessary to design and
conduct proper studies for functional evaluation, mechanistic
exploration, and validation on SPHK1/S1P signaling pathways in
suitable models of breast CSCs. Further clinical studies should
have careful patient stratification for more meaningful clinical
correlation of SPHK1/S1P axis with CSC expression. Besides,
with the chemotactic functions of S1P in the immunomodulation
and microenvironmental regulation, it is also tempting to
speculate that SPHK1/S1P axis may aid to regulate the anti-
tumor functions of various immune cells, assist
immunosurveillance of breast CSCs, and create a conducive
tumor microenvironment (TME) for CSC propagation and
maintenance. In addition, inhibition of interferon/STAT1
signaling have been shown to regulate a multigenic program
in breast cancer cell autonomous function and resistance against
immune checkpoint blockade (Dunn et al., 2006; Khodarev et al.,
2012; Benci et al,, 2016; Legrier et al., 2016; Ahn et al., 2017;
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Dobherty et al., 2017; Budhwani et al., 2018; Castiello et al., 2018).
Taken together with the reported role of SPHK1 in mediating
breast CSC survival through suppression of interferon/STAT1
signaling (Hii et al., 2020), these findings suggest that SPHK1
might also contribute to CSC resistance against immune
checkpoint blockade, though this warrants further validation.
In light of emerging rationales of targeting TME and immunology
of breast CSCs, future works should consider assessing whether
SPHK1/S1P axis plays significant roles in mediating CSC niche
and anti-tumor immune response of breast CSCs. To this end,
deeper understanding on how SPHK1/S1P-mediated signaling
cascades work as a whole in the regulation of breast CSCs will
assist the development of synergistic treatment modalities for
effective eradication of CSCs.

Given the known functional roles of SPHK/SIP rheostat in
human breast cancers, it is undeniable that targeting SPHK/S1P
signaling axis represents another novel and innovative avenue in
cancer treatment that warrants more research attention. While
the majority of the SPHK inhibitors, particularly selective SPHK1
inhibitor, have yet to advance into oncology clinical trials, more
efforts are indeed required to develop and optimize the
therapeutics that act against SPHK/SIP axis for anti-cancer
applications. In view of the complexity of sphingolipid
metabolism and context-dependent functions, it is imperative
to continue elucidating the specific roles of the enzymes and
receptors involved in sphingolipid signaling in both non-stem
cancer cells and CSCs from different cancer cell types. A better
understanding of sphingolipid signaling, and its structure-
function relationships will be fundamental to enabling the
improvement of drug design for effective clinical translation.
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