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Abstract: Breast cancer MCF-7 cell-line-derived mammospheres were shown to be enriched in
cells with a CD44+/CD24– surface profile, consistent with breast cancer stem cells (BCSC). These
BCSC were previously reported to express key sphingolipid signaling effectors, including pro-
oncogenic sphingosine kinase 1 (SphK1) and sphingosine-1-phosphate receptor 3 (S1P3). In this study,
we explored intracellular trafficking and localization of SphK1 and S1P3 in parental MCF-7 cells,
and MCF-7 derived BCSC-enriched mammospheres treated with growth- or apoptosis-stimulating
agents. Intracellular trafficking and localization were assessed using confocal microscopy and cell
fractionation, while CD44+/CD24- marker status was confirmed by flow cytometry. Mammospheres
expressed significantly higher levels of S1P3 compared to parental MCF-7 cells (p < 0.01). Growth-
promoting agents (S1P and estrogen) induced SphK1 and S1P3 translocation from cytoplasm to
nuclei, which may facilitate the involvement of SphK1 and S1P3 in gene regulation. In contrast,
pro-apoptotic cytokine tumor necrosis factor α (TNFα)-treated MCF-7 cells demonstrated increased
apoptosis and no nuclear localization of SphK1 and S1P3, suggesting that TNFα can inhibit nuclear
translocation of SphK1 and S1P3. TNFα inhibited mammosphere formation and induced S1P3
internalization and degradation. No nuclear translocation of S1P3 was detected in TNFα-stimulated
mammospheres. Notably, SphK1 and S1P3 expression and localization were highly heterogenous
in mammospheres, suggesting the potential for a large variety of responses. The findings provide
further insights into the understanding of sphingolipid signaling and intracellular trafficking in BCs.
Our data indicates that the inhibition of SphK1 and S1P3 nuclear translocation represents a novel
method to prevent BCSCs proliferation.

Keywords: MCF-7 cells; breast cancer stem cells; sphingolipids; sphingosine kinase; sphingosine-1-
phosphate receptor; estrogen; TNFα

1. Introduction

Sphingolipids, their receptors, and sphingolipid-metabolizing enzymes support and
regulate the growth and survival of both normal and malignant cells. Sphingolipids are
fundamental cell components that sustain the membrane barrier function, intracellular
compartmentalization, and structural flexibility. Sphingolipids also operate as signal-
ing molecules and control numerous biological processes including cell division, dif-
ferentiation, migration, and survival; they have also been associated with malignant
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transformation [1–3]. Consequently, sphingolipid-modifying enzymes and receptors repre-
sent attractive therapeutic targets for a range of diseases, including cancer. Particularly,
blocking and/or modifying agents that regulate sphingosine kinases (SphK1 and SphK2)
and sphingosine-1-phosphate (S1P) receptor-signaling pathways have been intensively
explored in breast cancer [3–5]. Notably, SphK2 was shown to transmit antiproliferative
signals and its nuclear presence is well documented [6]. The signaling role of SphK1 is
different and considered pro-oncogenic in breast cancers [2]. The nuclear presence of SphK1
remains questionable. Therefore, this study investigated growth- or apoptosis-triggered
SphK1 trafficking in breast cancer cells.

Both SphK1 and SphK2 belong to the diacylglycerol kinase family and generate S1P
from sphingosine [7]. S1P was shown to bind a family of G-protein coupled receptors,
S1P1-5, linked to the control of cancer cell proliferation and metastasis [7,8]. Interestingly,
SphK1 and SphK2 appear to have opposite effects in cancer: SphK1 is considered pro-
oncogenic in breast cancers [2], while SphK2 was shown to facilitate antiproliferative
signaling [6]. Although SphK1 was described as an enzyme mostly localized in cytosol [9],
it was shown that SphK1 can be translocated to the plasma membrane [10] and nucleus [11].
Notably, immunohistochemical (IHC) staining of human cancer tissues indicated that the
presence of SphK1 in nuclei is associated with shorter disease-specific survival and cancer
recurrence [11]. Thus, the intracellular trafficking and localization of SphK1 may control its
oncogenic properties.

The G-protein-coupled S1P receptor 3 (S1P3) is a membrane-localized protein, al-
though the receptor is quickly internalized after ligand binding [12]. The internalized
S1P3 can either be recycled or degraded in the lysosomes [13]. Considering the high
concentration of S1P in blood plasma (approximately 1 µM), the dynamic transfer of S1P
receptors between membrane and cytoplasm is a regular and continuous process. There
is also evidence that this process can be stimulated by extracellular signals. For example,
S1P3 activation and internalization was detected in response to treatment of MCF-7 cells
with estrogen [1,12,14] and the selective estrogen receptor (ER) modulator tamoxifen [15].
However, the extent to which various growth-stimulating or -inhibiting agents control
subcellular localization of SIP-signaling components, and the importance of this process in
cancer, remains to be defined. Moreover, there are discrepant reports regarding the intra-
cellular localization of both SphK1 and S1P3 from IHC staining of cancer tissues [11,16].
It is possible that the heterogeneous findings regarding SphK1 and S1P3 localization in
cancer are reflective of underlying cellular heterogeneity. In particular, tumors generally
contain a subpopulation of relatively undifferentiated cells with progenitor-like character-
istics/markers, an intrinsic self-renewal capacity, and a remarkable resistance to apoptosis:
these are termed cancer stem cells (CSC).

Breast CSC (BCSC) were shown to employ the SphK1-S1P signaling axis to maintain
their stem-like phenotype and initiate metastasis [17,18]. S1P3 knockdown reduced the
BCSC population [18], while the activation of S1P pathway boosted the capacity of BCSCs
to form mammospheres and triggered Notch signaling, which is an important pathway for
self-renewal [17]. Recent studies demonstrated a link between the SphK1/S1P axis and
downregulation of STAT1 activity in stem-cell-enriched mammospheres [19], supporting
the existence of a sphingolipid-dependent mechanism for the control of transcription factor
activity in CSC. Given the capacity of SphK1 to localize to the nucleus, it is possible that
SphK1 directly acts as a transcriptional co-regulator.

Subcellular localization can regulate protein function by controlling the repertoire
of interaction partners; as an example, proteins that function as enzymes in one subcel-
lular compartment/organelle may have non-enzymatic functions in another organelle.
This is likely to be an important mechanism for diversifying protein functions. During
development and histogenesis, protein localization may be regulated by extrinsic signals
from the surrounding environment, and intrinsic factors including the extent of cellular
differentiation. This can be important for normal tissue physiological function. Thus,
knowledge of protein localization and transfer during signaling may contain valuable
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information related to enzyme/receptor function. Moreover, aberrant localization of pro-
teins has been linked to anomalous signaling in a variety of pathogenic contexts, including
metabolic, cardiovascular, and neurodegenerative abnormalities, as well as cancer [20].
With respect to the SphK-S1P signalling axis, it is possible that nuclear translocation of
signalling components such as SphK1 and S1P3 in cancer cells facilitates pathogenic pro-
gression. As such, blockade of SphK1 and S1P3 nuclear translocation could potentially be
a novel approach to control cancer cell proliferation through blockade of downstream gene
expression programs.

The aim of the current study was to characterize and compare the effects of specific
SphK1-activating agents on the intracellular localization of SphK1 and S1P3 in ER-positive
MCF-7 breast cancer cells and MCF-7-derived, BCSC-enriched mammospheres. We ques-
tioned whether apoptosis-inducing agents can influence the intracellular trafficking of
SphK1 and S1P3 in cancer cells. Considering that compartmentalization of the protein
defines the range of its potential signaling partners and mechanism of action, the pur-
pose of this study was to visualize the localization of SphK1 and S1P3 in cells treated
by SphK1- and S1P3-activating substances with growth- or apoptosis-promoting effects.
Protein localization was confirmed using both immunofluorescent (IF) staining [12,21] and
cell fractionation [22,23] techniques. The findings indicate that S1P and estrogen stimulate
translocation of SphK1 and S1P3 into the MCF-7 cell nuclei. Moreover, IF analysis of
MCF-7-derived BCSC-enriched mammospheres revealed the high heterogeneity of both
SphK1 and S1P3 expression and localization.

2. Results
2.1. Responses of Parental MCF-7 Cells and MCF-7-Derived Mammospheres to TNFα

MCF-7 cells were used to generate CD44+/CD24− breast cancer stem cell (BCSC)-
enriched mammospheres (Figure 1A,B) following previously reported methods [17–19,23].
The proportion of cells with the CD44+/CD24− BCSC marker profile in mammospheres
was 18.4 ± 0.17%, which was significantly higher than that in the parental cell line
(0.31% ± 0.01) (Figure 1A). The BCSC-enriched mammosphere culture was sensitive to pro-
apoptotic cytokines (INFγ and TNFα) treatment, which decreased mammosphere growth
(Figure 2A,B). The level of S1P3 was significantly higher in mammospheres compared
to parental cells; however, this was reduced after INFγ and TNFα treatment (Figure 2C).
INFγ and TNFα also induced apoptosis in the parental MCF-7 cell line (Figure 2D).

Figure 1. Phenotypic characterization of MCF-7-cell-derived mammospheres. (A) Flow cytometry
was used to estimate the percentage of CD44+/CD24– cells (mean ± SD from three independent
experiments) in parental MCF-7 cultures (monolayer) and MCF-7-derived mammosphere cultures.
(B) Phase-contrast microscopy was used to monitor mammosphere growth over 14 days. Images are
representative of at least 3 independent experiments.
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Figure 2. Biological effects of TNFα on parental MCF-7 cells and MCF-7-derived, BCSC-enriched mammospheres. (A). TNFα
and INFγ treatments led to significant reduction in mammosphere growth. Representative images are shown (×20);
experiments were repeated at least 4 times with similar results. (B). MCF-7 cells (Ctrl; controls) are shown as an example
of parental cells line phenotype. Mammospheres were treated with TNFα and INFγ and photographed. Representative
images are shown. (C) Rt-PCR analysis of S1P3 expression in parental and MCF-7-derived mammospheres. The level of
housekeeping gene β-actin was used to estimate fold change in S1P3 expression. (D) INFγ (0.1 ng/mL), TNFα (1 ng/mL),
and ICI182780 (ICI; 10 nM) stimulated apoptosis in MCF-7 wild-type (parental) cells after 72 h treatment. Flow cytometry
was used to estimate apoptosis % of PI and Annexin V positive cells. * p-value < 0.05; # p-value < 0.01.

2.2. Regulated Internalization and Nuclear Translocation of SphK1 and S1P3 in MCF-7 Cells

To identify potential differences in sphingolipid signaling between BCSC-enriched
and parental MCF-7 cells, we first visualized the localization of SphK1 and S1P3 in parental
MCF-7 cells using IF with commercially available antibodies and confocal microscopy as
described previously [12,15]. SphK1 was localized in the cytoplasm of parental vehicle-
treated (control) cells (Figure 3A,B). Some heterogeneity of the enzyme expression level
was apparent and might be associated with different stages of cell growth and division. The
pattern of SphK1 localization was altered after treatment of cells with the SphK1-activating
estrogen and with the receptor agonist S1P. Specifically, perinuclear and nuclear localization
of SphK1 (observed as the overlap of Hoechst stain with Alexa-488-labelled endogenous
SphK1 immunofluorescence) was detected in a subpopulation of cells after treatment with
estrogen or S1P for 3 h (Figure 3). Although S1P promoted SphK1 nuclear localization,
TNFα, which is known to stimulate the production of S1P, did not induce SphK1 nuclear
translocation [24]. Instead, TNFα treatment induced MCF-7 cell rounding, anoikis, and
membrane blebbing consistent with the activation of apoptosis by this pro-inflammatory
cytokine. While the nuclear localization of SphK1 in TNFα-treated cells was not observed,
the presence of the enzyme in proximity to the plasma membrane and in cytosol was
detected. Analysis of co-localization of both Alexa-488 (green)-labelled SphK1 and S1P3
and Hoechst (blue nuclei) is shown in Figure 3B.

S1P3 localization was also examined in parental MCF-7 cells. A fraction of S1P-treated
cells demonstrated nuclear staining for S1P3, although there was a decrease in overall
endogenous S1P3 immunofluorescence during S1P treatment (Figure 4). Consistent with
our previous findings [12], S1P3 was internalized after 3 h exposure to estrogen. Moreover,
in a large subpopulation of cells, most of the internalized receptor was located in the
nuclear space (Figures 3B and 4). TNFα treatment did not stimulate the translocation
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of S1P3 into the nuclear space, although the decrease in the total immunofluorescence
suggested S1P3 degradation.

Figure 3. SphK1 intracellular localization in parental MCF-7 cells. (A) SphK1 intracellular localization
was assessed using IF and confocal microscopy in cells treated with vehicle (Ctrl), or treated with
10 nM Estrogen, 500 nM S1P, or 100 ng/mL TNFα for 3 h. The 3 h timepoint was optimized in
pilot studies to identify significant effects on trafficking. Endogenous SphK1 protein (green) was
visualized using Alexa 488-conjugated secondary antibodies. Hoechst (blue) was used to mark cell
nuclei. (B) Alexa-488 (green) and Hoechst (blue) co-localization percent was estimated in MCF-7 cells
treated as described in the Methods (* p-value < 0.05). S1P3 nuclear localization was estimated using
IF imaging as shown in Figure 4. Total Alexa-488 fluorescence intensity per analysed image area was
taken as 100%. Images are representative of at least 3 independent experiments.

Figure 4. S1P3 intracellular localization was visualized using IF and confocal microscopy (×400) in
parental MCF-7 cells treated with vehicle (control), 10 nM estrogen, 500 nM S1P, or 100 ng/mL TNFα
for 3 h. Endogenous S1P3 protein (green) was visualized using Alexa 488-conjugated secondary
antibodies. Representative images are shown; experiments were repeated three times.
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The confocal imaging analysis was confirmed using cell fractionation experiments
(Figure 5). Subcellular fractions were characterized using specific subcellular compartment
markers. Nucleostemin was used as a marker for the nuclear fraction, Na+/K+-ATPase
for the membrane fraction, and calpain-1 for the cytoplasm fraction. Results showed
(Figure 5A,B) that SphK1 and S1P3 endogenous proteins are localized to both the mem-
brane and cytosol fractions in control cells. Estrogen and S1P treatments increased S1P3
internalization and the nuclear pool of SphK1 and S1P3 (Figure 5C). In contrast to the
effects of estrogen and S1P, TNFα stimulated degradation of S1P3 but did not induce
nuclear localization of SphK1 and S1P3. These findings are consistent with the results from
imaging analysis.

Figure 5. Immunoblot analysis of SphK1 and S1P3 localization in parental MCF-7 subcellular
fractions. (A) Specific marker proteins were used to evaluate subcellular fractionation and gel
loading: nucleostemin was used as marker for nuclear fraction (N), Na+/K+-ATPase for membrane
fraction (M), and calpain-1 for cytoplasm fraction (C). Parental MCF-7 cells were treated as described
in Figure 1. (B) Semi-quantitative analysis of SphK1 and S1P3 levels using gel densitometry. The
SphK1 level in cytosol and S1P3 level in membranes of control cells were set as 100%. Results
are the means of three independent experiments ±SD. Significance of the differences (* p < 0.05)
was assessed between control and agent-induced effects. Images are representative of at least
3 independent experiments.

2.3. Localization of SphK1 and S1P3 in BCSC-Enriched Mammospheres

Hirata and colleagues [17] detected enhanced S1P3 expression and progenitor cell-
related functioning in BCSCs derived from MCF-7 cells. However, S1P3 subcellular lo-
calization was not examined in this context. We assessed SphK1 and S1P3 localization in
mammospheres using IF and confocal microscopy (Figure 6). BCSC-enriched mammo-
spheres demonstrated highly heterogenous SphK1 and S1P3 expression and localization in
the absence of any treatment (control cultures). Hence, it was not possible to conclusively
determine the effects of S1P or estrogen on these factors in mammospheres (data not
shown). Live cell fluorescent monitoring of single-cell-based changes may help to spot the
difference in future experiments. There were no differences in S1P3 trafficking in mammo-
sphere cells, although the level of S1P3 expression was higher compared to parental MCF-7
wild-type cells. The increased expression was supported by RT-PCR analysis of S1P3
mRNA levels, suggesting that it occurs, at least in part, via a transcriptional mechanism
(Figure 2C). S1P3 degradation with no nuclear translocation was commonly observed in
the majority of TNFα-treated mammospheres (Figure 6). Interestingly, TNFα stimulated
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SphK1 nuclear translocation in a sub-population of mammosphere cells (Figure 6), which
contrasted with its effects on parental MCF-7 cells.

Figure 6. Localization of SphK1 (A) and S1P3 (B) was visualized in BCSC-enriched mammospheres
using confocal microscopy (×400). (A). Heterogeneous SphK1 expression and localization (in cyto-
plasm) was observed in vehicle-treated mammosphere cells (Ctrl). Nuclear SphK1 localization was
observed in TNFα-treated cells, although the response was heterogenous. (B). No nuclear localization
of S1P3 was observed in TNFα-treated cells. TNFα reduced S1P3 membrane localization and overall
fluorescence compared to Ctrl. Images are representative of at least 3 independent experiments.

3. Discussion

In this study, we demonstrated that SphK1, located mostly in the cytoplasm of un-
treated parental MCF-7 cells, translocates to perinuclear and nuclear spaces in a subpop-
ulation of cells after treatment with pro-proliferative agents that directly or indirectly
activate the S1P signaling pathway (i.e., S1P or estrogen). In contrast, treatment with pro-
apoptotic agent (TNFα) did not lead to SphK1 nuclear accumulation in parental MCF-7 cells.
However, in BCSC-enriched mammospheres, TNFα stimulated the cytoplasm-to-nucleus
translocation of SphK1 in a subset of cells. Mammosphere cells demonstrated enhanced
expression of S1P3 as compared to MCF-7 parental cells. TNFα induced apoptosis and
S1P3 degradation with no nuclear translocation of the receptor in both parental MCF-7 and
mammosphere cells. Similar to their effects on SphK1, S1P and estrogen stimulated nuclear
translocation of S1P3. A summary of our findings is depicted in Figure 7.

The level of SphK1 nuclear localization was similar between S1P- and estrogen-treated
cells, where the enzyme was mainly observed in the nuclei of smaller cells which may
have recently undergone division. Activation of the SphK1/S1P signaling axis was pre-
viously associated with intracellular trafficking of SphK1 and S1P3 proteins, followed
by diverse biological responses. Previous immunohistochemical analysis of paraffin-
embedded breast cancer tissues and cells indicated heterogeneous SphK1 and S1P3 nu-
clear localization [11,16]. S1P/estrogen-induced cancer cell proliferation was reported
previously [3,5,14,25]. Estrogen, a critical growth-stimulating and pro-survival agent in
ER-positive breast cancer cells, is known to activate proliferation-related intracellular ef-
fectors including Erk1/2 [26], PI3K/Akt [27], and SphK1 [1,28]. S1P was also shown to
stimulate proliferation in different cancer cell contexts [2,3]. Both S1P and estrogen can
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stimulate cell division via transactivation of the EGF receptor and internalization of S1P3 in
MCF-7 cells [1,2,12], although other mechanisms were also reported [25]. Erk1/2 activation
increases the overall level of protein phosphorylation, and the phosphorylation of SphK1
can promote its trafficking from cytosol to the plasma membrane [10]. However, our study
did not detect trafficking of SphK1 to the plasma membrane in estrogen- or S1P-treated
MCF-7 cells. One limitation of the current study is that SphK1 phosphorylation was not
examined. Co-staining of plasma-membrane-localized and phosphorylated SphK1 and
live cell imaging might help to clarify the effects of S1P signaling activators on plasma
membrane trafficking of SphK1 in future studies. However, previous work indicates that
membrane-associated SphK1 has a short half-life (and, hence, low steady-state abundance),
leading to technical difficulties with quantitative analysis [29–32].

Figure 7. Schematic presentation of SphK1 and S1P3 trafficking in parental MCF-7 cells (A) and MCF-7 derived BCSC-
enriched mammospheres (B). Increased S1P3 expression and transformed TNFα signaling was detected in BCSC-enriched
mammospheres (B).

In this study, we examined the localization of SphK1 but not SphK2 in MCF-7 cells.
This was, in part, because the functional roles of nuclear SphK2, including generation of
nuclear S1P [33,34], and the mechanisms controlling its nuclear import and export have
already been extensively studied [34–36]. In contrast, the function of nuclear SphK1, and
the mechanisms controlling its nuclear translocation, remain less well-defined. Nuclear
localization of SphK1 has been observed in breast cancer cells, and greater nuclear SphK1
levels have been linked to advanced cancer prognosis, significantly shorter disease-specific
survival, and faster cancer recurrence [11]. Immunohistochemical analysis of mammary
tumors indicated that nuclear SphK1 can co-localize with Erk1/2, Lck/Yes novel tyrosine
kinase (LYN), V-akt murine thymoma viral oncogene homolog (AKT), or Nuclear Factor κB
(NF-κB). Moreover, the SphK1/SphK2 product, S1P was shown to target histone deacety-
lases (HDAC1/2), tumor necrosis factor receptor associated factor 2 (TRAF2), human
telomerase reverse transcriptase (hTERT), and NF-κB nuclear activities linked to cancer
initiation and progression [24,33,34,37–39]. SphK1 activation was also recently observed
to suppress the expression and phosphorylation of signal transducer and activator of
transcription 1 (STAT1), which is an INFγ signaling-linked transcription factor [19,40]. Our
demonstration that pro-proliferative signaling promotes SphK1 nuclear-localization in
MCF-7 cells prompts further analysis of its cell-type-specific functions in breast cancer.

SphK1 contains two functional nuclear export signal (NES) sequences, proposed to con-
trol shuttling between the cytoplasm and nucleus [41]. The process is leptomycin B-sensitive,
indicating that it is dependent on chromosome region maintenance 1 (CRM1) [41,42].
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However, the detailed mechanisms regulating nuclear translocation of SphK1 remain
to be defined [30]. Previous studies indicated a striking co-localization of endogenous
SphK1 with centrosomes in HEK293 cells [31]. However, in general, where SphK1 locates
within the nucleus and the identity of its nuclear interactors are also poorly defined. While
our studies support extrinsic signal-regulated translocation of SphK1 to the nucleus in
MCF-7 cells, differential mechanisms controlling this process in non-stem breast cancer
cells and BCSCs require further investigation. Similarly, the mechanisms by which SphK1
may control gene expression in these different contexts requires more study. It is possi-
ble that the generation of S1P and S1P-derived long-chain fatty aldehydes is involved in
epigenetic gene regulation during the adaptation of cancer cells to a cytokine-mediated
hostile microenvironment, as was shown during lung inflammation [43]. However, this
idea requires testing. The apparent enhancement of nuclear SphK1 in recently divided cells
requires further confirmation using specific cell-cycle markers.

The intracellular localization patterns of the S1P receptors were recently assessed in
human tissues. Employing tissue IHC microarrays, Wang and colleagues [16] analysed
384 formalin-fixed paraffin-embedded samples containing benign and malignant tissues.
It was found that all five S1P (1–5) receptors are widely distributed in multiple human
tissues/cell types (albeit with varying abundance) and are located in both the cytoplasm
and nucleus. In the present study, only S1P3 trafficking was studied in MCF-7 cells, largely
because other SIP receptors show very low expression in this model (often below detection),
and also because they have not been directly associated with breast cancer progression. We
observed S1P3 internalization and nuclear localization in subpopulations of cells treated
with S1P or estrogen. Supporting our findings, another group observed S1P3 localization
only in the nucleus [11]. A decrease in total fluorescence indicated degradation of the S1P3
receptor after treatment with TNFα, which did not induce translocation of S1P3 to the
nuclear space. How S1P3 is translocated to the nucleus and what its nuclear function is
remain to be understood. A possibility of intracellular trafficking of other S1P receptors
cannot be excluded.

It is somewhat surprising that S1P receptors are hard to observe at the cellular mem-
branes, given that S1P receptors belong to the transmembrane G-protein-coupled receptor
(GPCR) class [4,8]. However, along with S1P3 [11], several other GPCRs were recently
found in the nuclear space, suggesting novel roles for this type of receptor beyond those
traditionally established [44]. Distinct F2rl1 (formerly known as PAR2) roles were shown
to be dependent on the receptor subcellular localization at the plasma membrane or at
the nucleus [44]. Several mechanisms of nuclear GPCR translocation have been reviewed
recently [45]. However, specific physiological functions of nuclear S1P receptors remain
to be discovered. Contrary to the effect of S1P/estrogen, TNFα did not induce nuclear
localization of SphK1, although pro-inflammatory cytokine TNFα was shown to stimulate
the production of S1P by SphK1 in other immortalized cells [24,46,47]. The effect of TNFα
on the enzymatic activity of SphK1/2 in MCF-7 breast cancer cells was never tested compre-
hensively. However, it was shown that TNFα can downregulate the expression of SphK1
via the lysosomal release of cathepsin B and degradation of the enzyme in MCF-7 cells [48].
Furthermore, S1P/estrogen and TNFα induced the opposite biological effects in MCF-7
breast cancer cells. While S1P stimulates proliferation [1,3,10], the cytokine treatment
induces apoptosis in breast cancer cells [49]. Accordingly, MCF-7 cell rounding, apoptosis,
anoikis, and membrane blebbing were observed in our experiments with TNFα. Secreted
by tumor infiltrating macrophages (tumor microenvironment), TNFα was suggested to
activate SphK1, stimulate the expression of S1P3, and promote the development of cancer
cell resistance and metastasis in a subset of TNFα-resistant cells [17,50]. However, our
study is the first to report intracellular trafficking of SphK1 in MCF-7 wild-type cells and
BCSCs exposed to TNFα. Given that BCSCs are generally apoptosis-resistant, this finding
warrants further investigation, as it may suggest that BCSC have unique mechanisms that
allow nuclear translocation of SphK1 in the face of pro-apoptotic signaling.
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Enhanced S1P3 expression was reported in BCSC-enriched mammospheres previ-
ously [17,18] and confirmed in our experiments. Furthermore, MCF-7-derived mammo-
sphere cells demonstrated high levels of heterogeneity of SphK1 expression and localization
in our experiments. Mammospheres form from single cells that have the capacity to self-
renew in anchorage-independent, serum-derived conditions (i.e., show a tumor initiating
capacity). However, as spheres expand the progeny of these tumor-initiating cells, they typ-
ically manifest varying degrees of stemness/differentiation, which can potentially generate
a large variety of responses. The cellular heterogeneity of mammospheres is an inherent
limitation and was underscored by our detection of the CD44+/CD24- marker profile in
less than 20% of the mammosphere cells. High levels of phenotypic and genetic hetero-
geneity in breast tumors, including varying abundance of stem-like cells, were reported
in numerous studies [51–54]. Accordingly, it is not unexpected that heterogeneity will be
observed in SphK1 localization in mammospheres. Future work could use live cell imaging
and/or cell sorting of mammosphere subpopulations, to characterize SphK1 and S1P recep-
tor expression and localization within different cell sub-populations. This approach could
also permit the analysis of time- and dose-dependent responses of SphK1 localization in
progenitor/BCSCs cells exposed to various SphK1 activating or inhibiting agents.

The specific localization and compartmentalization of proteins facilitates interactions
with effectors and downstream targets, thus directing signaling outcomes. It has been
suggested that disease-related subcellular mis-localization of proteins is an attractive target
for therapeutic interventions and a strategy to inactivate disease-causing proteins [20].
Recent evidence indicates that the functionality of key growth-regulating proteins can
depend on subcellular location. For instance, the EGF receptor undergoes translocation
into different organelles, eliciting distinct functions in response to different stimuli, in-
cluding endogenous ligands, radiation, and targeted anticancer therapy [53]. A classic
example of the therapeutic relevance of protein localization is estrogen receptor nuclear
localization, which is a biomarker of response to anti-hormonal therapy in breast cancer
patients worldwide [54]. Whether nuclear localization/mis-localization of S1P signaling
components in cancer can serve as a prognostic or predictive biomarker, or a novel target
for drug development, is an important question for future research.

In conclusion, the current study detected differences in SphK1 and S1P3 localization
in parental and MCF-7-derived, BCSC-enriched mammosphere cells treated with growth-
and apoptosis-inducing agents. Both parental and BCSC-enriched MCF-7 cultures were
sensitive to the pro-apoptotic effects of TNFα, which prevented the nuclear translocation
of S1P3. This observation might serve as a diagnostic marker of sensitivity to apoptosis in
breast cancer cells. It also suggests a testable hypothesis that apoptosis-resistant cells may
develop mechanisms to facilitate nuclear translocation of SphK1, despite the activation of
pro-apoptotic signaling. Moreover, our findings provide the groundwork for investigation
into SphK1 and/or S1P3 nuclear translocation as a novel therapeutic target in BCSC.

4. Materials and Methods
4.1. Chemicals, Cell Culture, and Antibodies

Sphingosine-1-phosphate (S1P) was purchased from Biomol Research Laboratories
Inc. (Plymouth Meeting, PA, USA). S1P was dissolved in 10 mM NaOH at 3 mM as
described previously [1,12,14]. Estrogen (17β-estradiol) and TNFα were bought from
Merck (Bayswater, VIC, Australia). The human breast cancer cells MCF-7 cells were
purchased from ATCC® (Manassas, VA, USA) and cultured in phenol red-free Dulbecco’s
modified Eagle’s medium (CSL Biosciences, Parkville, Australia) supplemented with 10%
fetal bovine serum. Culture medium contained L-glutamine (2 mM), nonessential amino
acids, penicillin (100 U/mL), and streptomycin (100 mg/mL) as described [12,14,15].

Fluorescein isothiocyanate (FITC)-conjugated monoclonal anti-CD24 (cat. #555427) or
phycoerythrin (PE)-conjugated anti-CD44 (cat. #550989) reagents were purchased from BD
Biosciences (Franklin Lakes, NJ, USA).
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4.2. Generation and Maintenance of MCF-7 Cancer Stem Cell-Enriched Mammospheres

It was reported that CD44+/CD24– breast cancer cell fraction is enriched with cells
with stem-cell-like properties (BCSCs) [55]. The mammosphere growth assay is a method to
enrich and propagate CD44+/CD24- BCSCs in three-dimensional (3D) culture, as described
previously [17,56,57]. Following this technique, MCF-7 cells were grown as mammo-
spheres in serum-free medium containing 10 ng/mL basic fibroblast proliferation factor,
20 ng/mL epidermal growth factor (EGF), and 2% B-27 to induce the mammosphere for-
mation for 14 days [17,57]. Mammospheres were enriched in cells with the CD44+/CD24+
marker profile, reaching nearly 20% (Figure 1), as verified by flow cytometry as described
previously [58,59]. Mammospheres images were captured and counted using an IX71
microscope at ×400 (Olympus, Notting Hill, VIC, Australia).

4.3. Flow Cytometry Assays: Apoptosis and CD44+/CD24- Marker Analysis

Annexin V/propidium iodide (PI) (Cayman Chemicals, Ann Arbour, MI, USA) flow
cytometry analysis was used to assess the level of apoptosis in parental MCF-7 cells
as described previously [1]. Flow cytometry was also used to estimate percentages of
CD44+/CD24- cells in parental and disaggregated MCF-7-derived mammospheres, [17,19].
Briefly, single cell suspensions (1 × 106 cells/mL) were incubated in the dark at 4 ◦C for
30 min with FITC-conjugated anti-CD24 (1:400) followed by PE-conjugated anti-CD44
(1:400) in staining buffer (3% FBS + 0.01% sodium azide). Following staining, the cells were
washed twice with PBS (Sigma-Aldrich, Castle Hill, NSW, Australia) and analysed on a BD
FACS Calibur flow cytometer (BD Biosciences, North Ryde, NSW, Australia).

4.4. Subcellular Fractionation and Immunoblotting

After incubation with specified agents (10 nM E2, or 500 nM S1P, or 100 ng/mL TNFα
for 3 h), cells were harvested, washed with PBS, and lysed in buffer containing protease
inhibitors (Sigma-Aldrich, Castle Hill, NSW, Australia). Membrane, cytoplasm, and nuclear
fractions were extracted using the Qproteome cell compartment kit, corresponding to
the manufacturer’s instructions (Qiagen, Chadstone Centre VIC, Australia) that were
developed according to the previously described technique [22]. The membrane fraction
contains endosomes and membrane-compartmented organelles and cell surface plasma
membrane [23]. The protein concentrations of each fraction were determined using the BCA
protein assay kit (Pierce Biotechnology, Rockford, IL, USA). Aliquots of total cell fractions
with equal amounts of total protein (50 µg) were resolved on 10% SDS-polyacrylamide gel
and transferred to Hybond-P membranes (Sigma-Aldrich, Castle Hill, NSW, Australia). The
membranes were probed with the following antibodies: anti-SphK1 (1:1000; polyclonal Abs
cat# 12071, Cell Signaling Technologies, Arundel, QLD, Australia) [60], anti-S1P3 (1:500,
Sapphire Biosciences Pty Ltd., Redfern NSW, Australia; Cayman Chemical (Ann Arbour
MI, USA) polyclonal Abs cat #10006373) [15], anti-Na+/K+-ATPase (sc-48345, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) (plasma membrane marker), anti-calpain-1 (ab28258,
Abcam, Cambridge, MA, USA) (cytoplasmic marker), and anti-nucleostemin (ab70346,
Abcam, Cambridge, MA, USA) (nuclear marker). Signals were revealed by enhanced
chemiluminescence (ECL Plus kit (GE Healthcare, Parramatta, Australia)). ImageQuant
350 software (Molecular Dynamics, Sunnyvale, CA, USA) was used to analyse the relative
amount of protein.

4.5. Immunofluorescent (IF) Analysis Using Confocal Microscopy

SphK1 and S1P3 expression and cellular localization were visualized using confocal
microscopy. MCF-7 parental cells were seeded onto Fibronectin (Invitrogen, Carlsbad, CA,
USA) coated glass slides (Lab-Tech, Naperville, IL, USA) [12] and cultured with indicated
agents (10 nM E2, or 500 nM S1P, or 100 ng/mL TNFα for 3 h). CSC-enriched MCF-7
mammospheres were collected by centrifugation in a Cytospin (Thermo, Waltham, MA,
USA), and seeded on the coated glass slides prior to fixation. After stimulation with agents
or vehicle controls, cells were washed twice and fixed with 4% paraformaldehyde and
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permeabilized in 0.1% Triton X-100. After washing with PBS, blocking buffer (10% normal
serum/PBS) was applied to prevent nonspecific staining. The samples were incubated
with specific antibodies, as described previously [12,15], or according to manufacturer
instructions. Slides were then washed three times with PBS and incubated for 1 h at room
temperature with secondary antibodies conjugated to fluorescent fluorophores (Alexa Fluor
488, Molecular Probes, Eugene OR, USA) as described previously [12,21]. Nuclei were
stained with Hoechst dye according to the protocol recommended by the manufacturer.
Fluorescence images were analysed using a Leica TCS SP5 Scanning Confocal microscope
and Leica LAS AF software.

4.6. RT-PCR Analysis

Total RNA was extracted from cell cultures using TRIzol according to the manu-
facturer instructions (Invitrogen, Carlsbad, CA, USA), and then reversely transcribed
to prepare cDNA using the PrimeScript RT Reagent kit (TakaRa, Otsu, Shiga, Japan).
The mRNA levels of SphK1 and S1P3 were subsequently detected by PCR with an in-
ternal β-actin control. The primers used to amplify were as follows: SphK1 sense 5′-
TTGAACCATTATGCTGGCTATGA and antisense 5′-GCAGGTGTCTTGGAACCC; S1P3
sense 5′-GCCCTCTCGTGGATTTTGG and antisense 5′-CGCATGGAGACGATCAGTTG.

4.7. Statistical Analysis

Results from three to four independent experiments were pooled and presented as
mean values ± standard deviation (SD). The significance of differences was determined
using Student’s t-test or one-way analysis of variance (ANOVA) tests using SigmaPlot 12.0
software package (Systat Software Inc, San Jose, CA, USA). Quantification of the mean
fluorescence intensity and co-localization in selected image regions was performed by
using the ImageJ software (http://rsb.info.nih.gov/ij/, accessed on 1 November 2015).
Localization of SphK1 and S1P3 in the nuclei is presented as a percentage of the overlapping
green and blue fluorescence compared to the total green fluorescence per selected area of
an image (Figure 3B). Five random fields per one image, from at least three independent
experiments, were examined. Differences were considered statistically significant at a level
of p < 0.05 or <0.01.

Author Contributions: O.A.S., D.G.H. and R.M. carried out most of the experiments and analyzed the
data. O.A.S. and A.B. conceptualized the study and prepared the draft manuscript. R.M. contributed
to the experimental design and supervised D.G.H., A.B. and R.M. critically revised and edited the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Flinders University of South Australia and grants from C.M.E.
Kelly Cancer Research Foundation and Lyn Wrigley Breast Cancer Research and Development Fund
(Flinders Medical Centre, Australia, 2015) (to O.S.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest. The funding body had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References
1. Sukocheva, O.; Wadham, C.; Holmes, A.; Albanese, N.; Verrier, E.; Feng, F.; Bernal, A.; Derian, C.K.; Ullrich, A.; Vadas, M.A.; et al.

Estrogen transactivates EGFR via the sphingosine 1-phosphate receptor Edg-3, the role of sphingosine kinase-1. J. Cell Biol. 2006,
173, 301–310. [CrossRef] [PubMed]

2. Vadas, M.; Xia, P.; McCaughan, G.; Gamble, J. The role of sphingosine kinase 1 in cancer: Oncogene or non-oncogene addiction?
Biochim. Biophys. Acta 2008, 1781, 442–447. [CrossRef] [PubMed]

http://rsb.info.nih.gov/ij/
http://doi.org/10.1083/jcb.200506033
http://www.ncbi.nlm.nih.gov/pubmed/16636149
http://doi.org/10.1016/j.bbalip.2008.06.007
http://www.ncbi.nlm.nih.gov/pubmed/18638570


Int. J. Mol. Sci. 2021, 22, 4314 13 of 15

3. Proia, R.L.; Hla, T. Emerging biology of sphingosine-1-phosphate: Its role in pathogenesis and therapy. J. Clin. Investig. 2015, 125,
1379–1387. [CrossRef] [PubMed]

4. Spiegel SMilstien, S. The outs and the ins of sphingosine-1-phosphate in immunity. Nat. Rev. Immunol. 2011, 11, 403–415.
[CrossRef]

5. Shida, D.; Takabe, K.; Kapitonov, D.; Milstien, S.; Spiegel, S. Targeting SphK1 as a new strategy against cancer. Curr. Drug Targets
2008, 9, 662–673. [CrossRef]

6. Song, D.D.; Zhou, J.H.; Sheng, R. Regulation and function of sphingosine kinase 2 in diseases. Histol. Histopathol. 2018, 33,
433–445. [CrossRef]

7. Yatomi, Y.; Ozaki, Y.; Ohmori, T.; Igarashi, Y. Sphingosine 1-phosphate: Synthesis and release. Prostaglandins 2001, 64, 107–122.
[CrossRef]

8. Zondag, G.; Postma, F.; Etten, I.; Verlaan, I.; Moolenaar, W. Sphingosine-1-phosphate signaling through the G-protein-coupled
receptor Edg-1. Biochem. J. 1998, 330, 605–609. [CrossRef]

9. Kobayashi, N.; Nishi, T.; Hirata, T.; Kihara, A.; Sano, T.; Igarashi, Y.; Yamaguchi, A. Sphingosine 1-phosphate is released from the
cytosol of rat platelets in a carrier-mediated manner. J. Lipid Res. 2006, 47, 614–621. [CrossRef]

10. Pitson, S.M.; Moretti, P.A.; Zebol, J.R.; Lynn, H.E.; Xia, P.; Vadas, M.A.; Wattenberg, B.W. Activation of sphingosine kinase 1 by
ERK1/2-mediated phosphorylation. EMBO J. 2003, 22, 5491–5500. [CrossRef]

11. Ohotski, J.; Edwards, J.; Elsberger, B.; Watson, C.; Orange, C.; Mallon, E.; Pyne, S.; Pyne, N.J. Identification of novel functional
and spatial associations between sphingosine kinase 1, sphingosine 1-phosphate receptors and other signaling proteins that affect
prognostic outcome in estrogen receptor-positive breast cancer. Int. J. Cancer 2013, 132, 605–616. [CrossRef]

12. Sukocheva, O.; Wadham, C.; Xia, P. Estrogen defines the dynamics and destination of transactivated EGF receptor in breast cancer
cells: Role of S1P3 receptor and Cdc42. Exp. Cell Res. 2013, 319, 455–465. [CrossRef]

13. Gonzalez-Cabrera, P.J.; Hla, T.; Rosen, H. Mapping pathways downstream of sphingosine 1-phosphate subtype 1 by differential
chemical perturbation and proteomics. J. Biol. Chem. 2007, 282, 7254–7264. [CrossRef]

14. Sukocheva, O.A. Expansion of Sphingosine Kinase and Sphingosine-1-Phosphate Receptor Function in Normal and Cancer Cells:
From Membrane Restructuring to Mediation of Estrogen Signaling and Stem Cell Programming. Int. J. Mol. Sci. 2018, 19, 420.
[CrossRef]

15. Ghosal, P.; Sukocheva, O.A.; Wang, T.; Mayne, G.C.; Watson, D.I.; Hussey, D.J. Effects of chemotherapy agents on Sphingosine-1-
Phosphate receptors expression in MCF-7 mammary cancer cells. Biomed Pharm. 2016, 81, 218–224. [CrossRef]

16. Wang, C.; Mao, J.; Redfield, S.; Mo, Y.; Lage, J.M.; Zhou, X. Systemic distribution, subcellular localization and differential
expression of sphingosine-1-phosphate receptors in benign and malignant human tissues. Exp. Mol. Pathol. 2014, 97, 259–265.
[CrossRef]

17. Hirata, N.; Yamada, S.; Shoda, T.; Kurihara, M.; Sekino, Y.; Kanda, Y. Sphingosine-1-phosphate promotes expansion of cancer
stem cells via S1PR3 by a ligand-independent Notch activation. Nat. Commun. 2014, 5, 4806. [CrossRef]

18. Wang, Y.C.; Tsai, C.F.; Chuang, H.L.; Chang, Y.C.; Chen, H.S.; Lee, J.N.; Tsai, E.M. Benzyl butyl phthalate promotes breast cancer
stem cell expansion via SPHK1/S1P/S1PR3 signaling. Oncotarget 2016, 7, 29563–29576. [CrossRef]

19. Hii, L.W.; Chung, F.F.; Mai, C.W.; Yee, Z.Y.; Chan, H.H.; Raja, V.J.; Dephoure, N.E.; Pyne, N.J.; Pyne, S.; Leong, C.O. Sphingosine
Kinase 1 Regulates the Survival of Breast Cancer Stem Cells and Non-stem Breast Cancer Cells by Suppression of STAT1. Cells
2020, 9, 886. [CrossRef]

20. Hung, M.C.; Link, W. Protein localization in disease and therapy. J. Cell Sci. 2011, 124 Pt 20, 3381–3392. [CrossRef]
21. Labouba, I.; Le Page, C.; Communal, L.; Kristessen, T.; You, X.; Péant, B.; Barrès, V.; Gannon, P.O.; Mes-Masson, A.M.; Saad, F.

Potential Cross-Talk between Alternative and Classical NF-κB Pathways in Prostate Cancer Tissues as Measured by a Multi-
Staining Immunofluorescence Co-Localization Assay. PLoS ONE 2015, 10, e0131024. [CrossRef]

22. Coda, L.; Salcini, A.E.; Confalonieri, S.; Pelicci, G.; Sorkina, T.; Sorkin, A.; Pelicci, P.G.; Di Fiore, P.P. Eps15R is a tyrosine kinase
substrate with characteristics of a docking protein possibly involved in coated pits-mediated internalization. J. Biol. Chem. 1998,
273, 3003–3012. [CrossRef]

23. Ponti, D.; Costa, A.; Zaffaroni, N.; Pratesi, G.; Petrangolini, G.; Coradini, D.; Pilotti, S.; Pierotti, M.A.; Daidone, M.G. Isolation and
in vitro propagation of tumorigenic breast cancer cells with stem/progenitor cell properties. Cancer Res. 2005, 65, 5506–5511.
[CrossRef]

24. Xia, P.; Wang, L.; Moretti, P.A.B.; Albanese, N.; Chai, F.; Pitson, S.M.; D’Andrea, R.J.; Gamble, J.R.; Vadas, M.A. Sphingosine
kinase interacts with TRAF2 and dissects tumor necrosis factor-alpha signaling. J. Biol. Chem. 2002, 277, 7996–8003. [CrossRef]

25. Wu, C.H.; Chuang, H.Y.; Wang, C.L.; Hsu, C.Y.; Long, C.Y.; Hsieh, T.H.; Tsai, E.M. Estradiol induces cell proliferation in MCF-7
mammospheres through HER2/COX-2. Mol. Med. Rep. 2019, 19, 2341–2349. [CrossRef]

26. Thomas, W.; Coen, N.; Faherty, S.; Flatharta, C.O.; Harvey, B.J. Estrogen induces phospholipase A2 activation through ERK1/2 to
mobilize intracellular calcium in MCF-7 cells. Steroids 2006, 71, 256–265. [CrossRef]

27. Sun, M.; Paciga, J.E.; Feldman, R.I.; Yuan, Z.; Coppola, D.; Lu, Y.Y.; Shelley, S.A.; Nicosia, S.V.; Cheng, J.Q. Phosphatidylinositol-3-
OH Kinase (PI3K)/AKT2, activated in breast cancer, regulates and is induced by estrogen receptor alpha (ERalpha) via interaction
between ERalpha and PI3K. Cancer Res. 2001, 61, 5985–5991.

28. Sukocheva, O.A.; Wang, L.; Albanese, N.; Pitson, S.M.; Vadas, M.A.; Xia, P. Sphingosine kinase transmits estrogen signaling in
human breast cancer cells. Mol. Endocrinol. 2003, 17, 2002–2012. [CrossRef]

http://doi.org/10.1172/JCI76369
http://www.ncbi.nlm.nih.gov/pubmed/25831442
http://doi.org/10.1038/nri2974
http://doi.org/10.2174/138945008785132402
http://doi.org/10.14670/HH-11-939
http://doi.org/10.1016/S0090-6980(01)00103-4
http://doi.org/10.1042/bj3300605
http://doi.org/10.1194/jlr.M500468-JLR200
http://doi.org/10.1093/emboj/cdg540
http://doi.org/10.1002/ijc.27692
http://doi.org/10.1016/j.yexcr.2012.10.014
http://doi.org/10.1074/jbc.M610581200
http://doi.org/10.3390/ijms19020420
http://doi.org/10.1016/j.biopha.2016.04.016
http://doi.org/10.1016/j.yexmp.2014.07.013
http://doi.org/10.1038/ncomms5806
http://doi.org/10.18632/oncotarget.9007
http://doi.org/10.3390/cells9040886
http://doi.org/10.1242/jcs.089110
http://doi.org/10.1371/journal.pone.0131024
http://doi.org/10.1074/jbc.273.5.3003
http://doi.org/10.1158/0008-5472.CAN-05-0626
http://doi.org/10.1074/jbc.M111423200
http://doi.org/10.3892/mmr.2019.9879
http://doi.org/10.1016/j.steroids.2005.10.010
http://doi.org/10.1210/me.2003-0119


Int. J. Mol. Sci. 2021, 22, 4314 14 of 15

29. Kihara, A.; Anada, Y.; Igarashi, Y. Mouse sphingosine kinase isoforms SPHK1a and SPHK1b differ in enzymatic traits including
stability, localization, modification, and oligomerization. J. Biol. Chem. 2006, 281, 4532–4539. [CrossRef]

30. Siow, D.; Wattenberg, B. The compartmentalization and translocation of the sphingosine kinases: Mechanisms and functions in
cell signaling and sphingolipid metabolism. Crit. Rev. Biochem. Mol. Biol. 2011, 46, 365–375. [CrossRef]

31. Gillies, L.; Lee, S.C.; Long, J.S.; Ktistakis, N.; Pyne, N.J.; Pyne, S. The sphingosine 1-phosphate receptor 5 and sphingosine kinases
1 and 2 are localised in centrosomes: Possible role in regulating cell division. Cell Signal. 2009, 21, 675–684. [CrossRef] [PubMed]

32. Qiao, H.; Jiang, T.; Mu, P.; Chen, X.; Wen, X.; Hu, Z.; Tang, S.; Wen, J.; Deng, Y. Cell fate determined by the activation balance
between PKR and SPHK1. Cell Death Differ. 2021, 28, 401–418. [CrossRef]

33. Hait, N.C.; Avni, D.; Yamada, A.; Nagahashi, M.; Aoyagi, T.; Aoki, H.; Dumur, C.I.; Zelenko, Z.; Gallagher, E.J.; Leroith, D.; et al.
The phosphorylated prodrug FTY720 is a histone deacetylase inhibitor that reactivates ERα expression and enhances hormonal
therapy for breast cancer. Oncogenesis 2015, 4, e156. [CrossRef] [PubMed]

34. Hait, N.C.; Allegood, J.; Maceyka, M.; Strub, G.M.; Harikumar, K.B.; Singh, S.K.; Luo, C.; Marmorstein, R.; Kordula, T.;
Milstien, S.; et al. Regulation of histone acetylation in the nucleus by sphingosine-1-phosphate. Science 2009, 325, 1254–1257.
[CrossRef]

35. Ding, G.; Sonoda, H.; Yu, H.; Kajimoto, T.; Goparaju, S.K.; Jahangeer, S.; Okada, T.; Nakamura, S.I. Protein kinase D-mediated
phosphorylation and nuclear export of sphingosine kinase 2. J. Biol. Chem. 2007, 282, 27493–27502. [CrossRef]

36. Igarashi, N.; Okada, T.; Hayashi, S.; Fujita, T.; Jahangeer, S.; Nakamura, S. Sphingosine kinase 2 is a nuclear protein and inhibits
DNA synthesis. J. Biol. Chem. 2003, 278, 46832–46839. [CrossRef]

37. Strub, G.M.; Paillard, M.; Liang, J.; Gomez, L.; Allegood, J.C.; Hait, N.C.; Maceyka, M.; Price, M.M.; Chen, Q.; Simpson, D.C.; et al.
Sphingosine-1-phosphate produced by sphingosine kinase 2 in mitochondria interacts with prohibitin 2 to regulate complex IV
assembly and respiration. FASEB J. 2011, 25, 600–612. [CrossRef]

38. Selvam, S.P.; De Palma, R.M.; Oaks, J.J.; Oleinik, N.V.; Peterson, Y.K.; Stahelin, R.V.; Skordalakes, E.; Ponnusamy, S.; Garrett-Mayer,
E.; Smith, C.D.; et al. Binding of the sphingolipid S1P to hTERT stabilizes telomerase at the nuclear periphery by allosterically
mimicking protein phosphorylation. Sci. Signal. 2015, 8, ra58. [CrossRef]

39. Alvarez, S.E.; Harikumar, K.B.; Hait, N.C.; Allegood, J.; Strub, G.M.; Kim, E.Y.; Maceyka, M.; Jiang, H.; Luo, C.; Kordula, T.; et al.
Sphingosine-1-phosphate is a missing cofactor for the E3 ubiquitin ligase TRAF2. Nature 2010, 465, 1084–1088. [CrossRef]

40. Yester, J.W.; Bryan, L.; Waters, M.R.; Mierzenski, B.; Biswas, D.D.; Gupta, A.S.; Bhardwaj, R.; Surace, M.J.; Eltit, J.M.;
Milstien, S.; et al. Sphingosine-1-phosphate inhibits IL-1-induced expression of C-C motif ligand 5 via c-Fos-dependent suppres-
sion of IFN-beta amplification loop. FASEB J. 2015, 29, 4853–4865. [CrossRef]

41. Inagaki, Y.; Li, P.Y.; Wada, A.; Mitsutake, S.; Igarashi, Y. Identification of functional nuclear export sequences in human sphingosine
kinase 1. Biochem. Biophys. Res. Commun. 2003, 311, 168–173. [CrossRef] [PubMed]

42. Ishizawa, J.; Kojima, K.; Hail, N., Jr.; Tabe, Y.; Andreeff, M. Expression, function, and targeting of the nuclear exporter chromosome
region maintenance 1 (CRM1) protein. Pharm. Ther. 2015, 153, 25–35. [CrossRef]

43. Ebenezer, D.L.; Fu, P.; Suryadevara, V.; Zhao, Y.; Natarajan, V. Epigenetic regulation of pro-inflammatory cytokine secretion by
sphingosine 1-phosphate (S1P) in acute lung injury: Role of S1P lyase. Adv. Biol. Regul. 2017, 63, 156–166. [CrossRef]

44. Joyal, J.S.; Bhosle, V.K.; Chemtob, S. Subcellular G-protein coupled receptor signaling hints at greater therapeutic selectivity.
Expert. Opin. Ther. Targets 2015, 19, 717–721. [CrossRef]

45. Jong, Y.I.; Harmon, S.K.; O’Malley, K.L. GPCR signalling from within the cell. Br. J. Pharmacol. 2018, 175, 4026–4035. [CrossRef]
46. Pitson, S.M.; Moretti, P.A.; Zebol, J.R.; Xia, P.; Gamble, J.R.; Vadas, M.A.; D’Andrea, R.J.; Wattenberg, B.W. Expression of a

catalytically inactive sphingosine kinase mutant blocks agonist-induced sphingosine kinase activation. A dominant-negative
sphingosine kinase. J. Biol. Chem. 2000, 275, 33945–33950. [CrossRef]

47. De Palma, C.; Meacci, E.; Perrotta, C.; Bruni, P.; Clementi, E. Endothelial nitric oxide synthase activation by tumor necrosis factor
alpha through neutral sphingomyelinase 2, sphingosine kinase 1, and sphingosine 1 phosphate receptors: A novel pathway
relevant to the pathophysiology of endothelium. Arter. Thromb. Vasc. Biol. 2006, 26, 99–105. [CrossRef]

48. Taha, T.A.; Kitatani, K.; Bielawski, J.; Cho, W.; Hannun, Y.A.; Obeid, L.M. Tumor necrosis factor induces the loss of sphingosine
kinase-1 by a cathepsin B-dependent mechanism. J. Biol. Chem. 2005, 280, 17196–17202. [CrossRef]

49. Pirianov, G.; Danielsson, C.; Carlberg, C.; James, S.Y.; Colston, K.W. Potentiation by vitamin D analogs of TNFalpha and
ceramide-induced apoptosis in MCF-7 cells is associated with activation of cytosolic phospholipase A2. Cell Death Differ. 1999, 6,
890–901. [CrossRef]

50. Riboni, L.; Abdel Hadi, L.; Navone, S.E.; Guarnaccia, L.; Campanella, R.; Marfia, G. Sphingosine-1-Phosphate in the Tumor
Microenvironment: A Signaling Hub Regulating Cancer Hallmarks. Cells 2020, 9, 337. [CrossRef]

51. Yeo, S.K.; Guan, J.L. Breast Cancer: Multiple Subtypes within a Tumor? Trends Cancer 2017, 3, 753–760. [CrossRef]
52. Sousa, B.; Ribeiro, A.S.; Paredes, J. Heterogeneity and Plasticity of Breast Cancer Stem Cells. Adv. Exp. Med. Biol. 2019, 1139,

83–103. [CrossRef]
53. Han, W.; Lo, H.W. Landscape of EGFR signaling network in human cancers: Biology and therapeutic response in relation to

receptor subcellular locations. Cancer Lett. 2012, 318, 124–134. [CrossRef]
54. Sukocheva, O.A.; Lukina, E.; Friedemann, M.; Menschikowski, M.; Hagelgans, A.; Aliev, G. The crucial role of epigenetic

regulation in breast cancer anti-estrogen resistance: Current findings and future perspectives. Semin. Cancer Biol. 2020. [CrossRef]

http://doi.org/10.1074/jbc.M510308200
http://doi.org/10.3109/10409238.2011.580097
http://doi.org/10.1016/j.cellsig.2009.01.023
http://www.ncbi.nlm.nih.gov/pubmed/19211033
http://doi.org/10.1038/s41418-020-00608-8
http://doi.org/10.1038/oncsis.2015.16
http://www.ncbi.nlm.nih.gov/pubmed/26053034
http://doi.org/10.1126/science.1176709
http://doi.org/10.1074/jbc.M701641200
http://doi.org/10.1074/jbc.M306577200
http://doi.org/10.1096/fj.10-167502
http://doi.org/10.1126/scisignal.aaa4998
http://doi.org/10.1038/nature09128
http://doi.org/10.1096/fj.15-275180
http://doi.org/10.1016/j.bbrc.2003.09.194
http://www.ncbi.nlm.nih.gov/pubmed/14575709
http://doi.org/10.1016/j.pharmthera.2015.06.001
http://doi.org/10.1016/j.jbior.2016.09.007
http://doi.org/10.1517/14728222.2015.1042365
http://doi.org/10.1111/bph.14023
http://doi.org/10.1074/jbc.M006176200
http://doi.org/10.1161/01.ATV.0000194074.59584.42
http://doi.org/10.1074/jbc.M413744200
http://doi.org/10.1038/sj.cdd.4400563
http://doi.org/10.3390/cells9020337
http://doi.org/10.1016/j.trecan.2017.09.001
http://doi.org/10.1007/978-3-030-14366-4_5
http://doi.org/10.1016/j.canlet.2012.01.011
http://doi.org/10.1016/j.semcancer.2020.12.004


Int. J. Mol. Sci. 2021, 22, 4314 15 of 15

55. Yamada, K.; Hayashi, M.; Du, W.; Ohnuma, K.; Sakamoto, M.; Morimoto, C.; Yamada, T. Localization of CD26/DPPIV in nucleus
and its nuclear translocation enhanced by anti-CD26 monoclonal antibody with anti-tumor effect. Cancer Cell Int. 2009, 9, 17.
[CrossRef] [PubMed]

56. Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of tumorigenic breast
cancer cells. Proc. Natl. Acad. Sci. USA 2003, 4, 3983–3988. [CrossRef]

57. Dontu, G.; Abdallah, W.M.; Foley, J.M.; Jackson, K.W.; Clarke, M.F.; Kawamura, M.J.; Wicha, M.S. In vitro propagation and
transcriptional profiling of human mammary stem/progenitor cells. Genes Dev. 2003, 17, 1253–1270. [CrossRef] [PubMed]

58. Manuel Iglesias, J.; Beloqui, I.; Garcia-Garcia, F.; Leis, O.; Vazquez-Martin, A.; Eguiara, A.; Cufi, S.; Pavon, A.; Menendez, J.A.;
Dopazo, J.; et al. Mammosphere formation in breast carcinoma cell lines depends upon expression of E-cadherin. PLoS ONE 2013,
8, e77281. [CrossRef] [PubMed]

59. Seo, E.J.; Wiench, B.; Hamm, R.; Paulsen, M.; Zu, Y.; Fu, Y.; Efferth, T. Cytotoxicity of natural products and derivatives toward
MCF-7 cell monolayers and cancer stem-like mammospheres. Phytomedicine 2015, 22, 438–443. [CrossRef] [PubMed]

60. Sukocheva, O.A.; Wee, C.; Ansar, A.; Hussey, D.J.; Watson, D.I. Effect of estrogen on growth and apoptosis in esophageal
adenocarcinoma cells. Dis. Esophagus 2013, 26, 628–635. [CrossRef]

http://doi.org/10.1186/1475-2867-9-17
http://www.ncbi.nlm.nih.gov/pubmed/19555512
http://doi.org/10.1073/pnas.0530291100
http://doi.org/10.1101/gad.1061803
http://www.ncbi.nlm.nih.gov/pubmed/12756227
http://doi.org/10.1371/journal.pone.0077281
http://www.ncbi.nlm.nih.gov/pubmed/24124614
http://doi.org/10.1016/j.phymed.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25925965
http://doi.org/10.1111/dote.12000

	Introduction 
	Results 
	Responses of Parental MCF-7 Cells and MCF-7-Derived Mammospheres to TNF 
	Regulated Internalization and Nuclear Translocation of SphK1 and S1P3 in MCF-7 Cells 
	Localization of SphK1 and S1P3 in BCSC-Enriched Mammospheres 

	Discussion 
	Materials and Methods 
	Chemicals, Cell Culture, and Antibodies 
	Generation and Maintenance of MCF-7 Cancer Stem Cell-Enriched Mammospheres 
	Flow Cytometry Assays: Apoptosis and CD44+/CD24- Marker Analysis 
	Subcellular Fractionation and Immunoblotting 
	Immunofluorescent (IF) Analysis Using Confocal Microscopy 
	RT-PCR Analysis 
	Statistical Analysis 

	References

