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Resistance to chemotherapy remains a significant obstacle in the treatment of hormone-independent breast cancer.
Recent evidence suggests that altered sphingolipid signaling through increased sphingosine kinase activity may be
an important mediator of breast cancer drug resistance. Sphingosine kinase-1 (Sphk1) is a proposed key regulator of
breast cancer tumorigenesis, proliferation and resistance. There is, however, conflicting data on the role of sphingosine
kinase-2 (Sphk2) in cancer biology and resistance, with some suggesting that Sphk2 has an opposing role to that of
Sphk1. Here, we studied the effects of the novel selective Sphk2 inhibitor, ABC294640 (3-(4-chlorophenyl)-adamantane-
1-carboxylic acid (pyridin-4-ylmethyl) amide), on human breast cancer. ABC294640 blocked both viability and survival
at low micromolar IC, concentrations in the endocrine therapy-resistant MDA-MB-231 and chemoresistant MCF-7TN-R
cell systems. Treatment with the inhibitor significantly reduced proliferation, as seen in immunofluorescence staining of
Ki-67 in vitro. Interestingly, pharmacological inhibition of Sphk2 induced apoptosis through the intrinsic programmed
cell death pathway. Furthermore, ABC294640 also diminished NFkB survival signaling, through decreased activation of
the Ser536 phosphorylation site on the p65 subunit. Xenografts of MCF-7TN-R cells growing in immunocompromised
mice were utilized to validate the therapeutic efficacy of the sphingosine kinase-2 inhibitor. Treatment with 50 mg of
ABC294640/kg completely blocked tumor volume in this model. These results indicate that pharmacological inhibition of
Sphk2 with the orally bioavailable selective inhibitor, ABC294640, has therapeutic potential in the treatment of chemo-

and endocrine therapy-resistant breast cancer.

Introduction

Despite significant improvements in the diagnosis and treatment
of breast carcinoma over the past several decades, resistance and
toxicity in response to therapy remain the primary causes of breast
cancer treatment failure today. Recent studies have indicated that
aberrant sphingolipid metabolism, resulting in altered levels of
endogenous ceramides and sphingosine-1-phosphate (SIP), is an
important mediator of both chemo- and endocrine therapy-resis-
tance."? The balance between these lipids is tightly regulated by
the enzyme sphingosine kinase, which converts pro-apoptotic,
anti-proliferative ceramide into its pro-survival and mitogenic
metabolite, SIP.# In many cancers, including breast carcinoma,
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increased expression and activity of sphingosine kinase is associ-
ated with malignancy and drug resistance.” In a single pooled study
of 1,269 breast cancer tumor samples, an increase in sphingosine
kinase expression directly correlated with loss of ER expression,
increased tumor aggressiveness and poor prognosis.® Similar results
have been found in the laboratory as well. Overexpression of sphin-
gosine kinase in MCF-7 breast cancer cells results in increased
resistance to doxorubicin, tamoxifen and tumor necrosis factor.?”
The NFkB transcription factor is known to promote survival
and chemoresistance in solid tumor cancers.® While the compo-
nents of NFkB are rarely mutated in cancer, the signaling cascade
is commonly constitutively activated and the p65 and p50 subunits
are frequently overexpressed in breast cancer compared to normal
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breast tissue.”" The activity of the NFkB signaling cascade is asso-
clated with mammary carcinogenesis, especially tumors with an
aggressive and ER-negative phenotype.”? NFkB promotes malig-
nant proliferation and prevents apoptosis through regulation of
Bclx,, cFLIP and the inhibitors of apoptosis proteins, cIAP1 and
cIAP2.%5 Both the NFkB and sphingolipid signaling pathways
have been implicated as mediators of breast cancer drug resistance.
Interestingly, these two pathways are known to intersect and inter-
act with each other at various points. Xia et al. first showed in
1998 that TNF-induced adhesion molecule expression was medi-
ated through sphingosine kinase signaling, leading to speculation
on the role of sphingosine kinase in metastasis and downstream
NFkB pathway activation." It was later shown that Sphk interacts
with the TRAF2 component of the TRAF/TRADD complex on
the intracellular portion of the TNF receptor. Several studies have
utilized this interaction to target downstream NFkB activation in
inflammatory bowel disease and certain inflammatory cancers.>"
Furthermore, in A549 lung carcinoma cells siRNA knockdown
of Sphkl or treatment with the non-specific sphingosine kinase
inhibitor, N,N-Dimethylsphingosine (DMS), decreased phos-
phorylation of IkB, diminished NFkB transcriptional activity and
blocked translocation of the p65/p50 complex to the nucleus.'
These results suggest that targeting sphingosine kinase as a means
of decreasing NFkB signaling may be of therapeutic interest in the
context of inflammatory disease and drug resistant cancers.

There are two differentially expressed isoforms of sphingosine
kinase: sphingosine kinase-1 (Sphkl) and sphingosine kinase-2
(Sphk2). These two isoforms have varying substrate specificity,
intracellular localization and tissue distributions. Sphk1 is the more
extensively studied isoform and has been shown to promote tumor
formation, proliferation and resistance in a number of different tis-
sue types, including prostate and breast.”” However, there are con-
flicting reports as to the function of Sphk2, with some suggesting
that Sphk2 has an opposing role to that of Sphk1.2*?! To date, the
role of Sphk2 in breast cancer tumor proliferation is under debate.
Almost all studies, thus far, on the roles of Sphk1 and Sphk2 have
been performed using overexpression and siRNA knockdowns due
to a lack of pharmacological agents. However, some have suggested
that overexpressing Sphk isoforms may change their subcellular
localization and alter endogenous function.?"** Despite increased
understanding of the importance of sphingolipid signaling in anti-
cancer drug resistance, pharmacologically targeting this pathway
as a therapeutic has been inhibited by a lack of small molecule
inhibitors. In this study we use the recently discovered selective
sphingosine kinase-2 inhibitor, ABC294640, to elucidate the role
of Sphk2 in breast cancer biology.?*** We have recently analyzed
ABC294640 in estrogen receptor (ER)-positive cell systems and
catalogued its inhibitory effect on ER signaling.” Here, we exam-
ine and characterize the potential of pharmacological inhibition of
Sphk2 as a mechanism to overcome NF«kB mediated chemoresis-
tance in triple-negative breast cancer.

Results

Sphingosine kinase is overexpressed in drug resistant breast
cancer cells. Numerous studies have catalogued variations in
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the expression of certain sphingolipid metabolizing enzymes and
sphingolipid protein levels in human cancers. Here, we compared
levels of various enzymes regulating the expression of ceramide
and SIP in normal breast epithelium and breast cancers with
either de novo or acquired drug resistance. As seen in Figure 1A,
both Sphk1 and Sphk2 are overexpressed in drug resistant breast
cancers. Sphkl is overexpressed by 4.49 + 1.19 fold (p < 0.05) in
MDA-MB-231 cells. Both Sphkl and Sphk2 are overexpressed
by 6.22 + 1.38 fold (p < 0.05) and 3.94 + 1.28 fold (p < 0.05),
respectively, in MCF-7TN-R cells. Furthermore, this altera-
tion in metabolism correlates with increased S1P levels in both
drug resistant cancers compared to the drug sensitive MCEF-7
cell line, with a 5.19 + 0.58 (p < 0.05) and 1.33 + 0.31 fold (p
< 0.05) increase in MDA-MB-231 and MCF-7TN-R, respec-
tively (Fig. 1B). Along with an increase in SIP, the changes in
sphingolipid metabolizing enzyme expression resulted in altered
levels of various endogenous ceramides, with notable increases
in C24-ceramide and decreases in C26-Cer (data not shown).
These results suggest that altered sphingolipid metabolism may
contribute to the increased aggressiveness seen in drug resistant
breast cancers.

Pharmacological inhibition of sphingosine kinase-2 blocks
ER-negative breast cancer viability, proliferation and sur-
vival. As mentioned previously, the role of Sphk2 in cancer
biology is under debate. There is conflicting data in breast can-
cer, in particular, with some showing that Sphk2 has similar
proliferation and apoptotic effects to that of Sphkl while oth-
ers have shown the opposite.?*?"** However, previous studies
were performed using overexpression and siRNA knockdown
models without using small molecule inhibitors. Therefore, we
determined for ourselves the effect of pharmacological inhibi-
tion of Sphk2 on endocrine and chemoresistant ER-negative
breast cancers. Utilizing MTT assays, the viability IC,  val-
ues were determined in MDA-MB-231 and MCF-7TN-R cell
lines. ABC294640 displayed an IC,; value of 22.39 + 5.11 M
(p < 0.001) in MDA-MB-231 cells and 8.83 =+ 1.13 uM
(p < 0.001) in MCF-7TN-R cells (Fig. 1C). Selective toxicity
for cancer, as opposed to normal cells, is an important charac-
teristic in developing novel experimental therapeutics. Here, we
compared the effect of ABC294640 on MCF10A and MCE-7
cell viability. MCF10A are breast epithelial cells that represent
an ER-negative, non-cancerous breast cell line.” Interestingly,
while ABC294640 diminished breast cancer viability, there was
lictle effect on MCF10A breast epithelial cell viability. Treatment
at the highest concentration of ABC294640 tested, 100 wM, in
MCFI10A cells did not decrease viability below 50%. These data
suggest that ABC294640 targets cancerous breast cells, with lit-
tle effect on noncancerous breast epithelial cell viability.

The validity of short-term cytotoxicity assays, such as MTT
assays, in predicting therapeutic responses in the clinical patients
has been a topic of significant debate in the literature.?® Therefore,
we further examined the ability of these compounds to block
long-term colony formation in drug resistant breast cancers. As
seen in Figure 1D, ABC294640 decreased both endocrine resis-
tant and chemo resistant breast cancer clonogenic survival, with
IC, values in the low micromolar range. ABC294640 exhibited
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Figure 1. Dysregulation of sphingolipid signaling in drug resistant breast cancer cells. (A) PCR analysis for endogenous expression of sphingosine ki-
nase isoforms in drug resistant breast cancer cells. Data are expressed as fold-change relative to MCF10A cell control as normalized to internal B-actin
+SEM. Data points and error bars represent the mean + SEM of three independent experiments. (B) MCF-7, MDA-MB-231 and MCF-7TN-R cells were
measured for cellular levels of various sphingolipid species using ESI/MS/MS. Data points and error bars represent the mean + SEM of three indepen-
dent experiments. (C) MCF10A, MDA-MB-231 and MCF-7TN-R cells were plated at 7.5 x 10° cells per 96 well plate. The following day cells were treated
with indicated concentrations of ABC294640 for 24 h. Data are presented as percent of vehicle treated samples. Mean values of +SEM of five different
experiments in quadruplicate are reported. (D) MCF10A, MDA-MB-231 and MCF-7TN-R cells were plated at 500 cells per 60 mm?2. The following day,
cells were treated with ABC294640 for 10-14 days. Colonies =50 cells were scored as positive for colony formation. Data are presented as percent of
vehicle treated samples. Mean values of +SEM of three different experiments in duplicate are reported.

IC,, values of 2.90 + 1.16 M (p < 0.001) in MDA-MB-231
cells and 5.21 = 1.10 pM (p < 0.001) in MCF-7TN-R cells.
The ability of a drug to block both survival and proliferation
in a resistant cancer is an important characteristic of any new
potential chemotherapeutic. Therefore, utilizing Ki-67 immuno-
fluorescence staining we next characterized the anti-proliferative
effects of this sphingosine kinase inhibitors. The Ki-67 protein
is only expressed during active phases of the cell cycle and is a
known proliferative and prognostic marker both in the labora-
tory and the clinic. Interestingly, ABC294640 had a greater anti-
proliferative effect in endocrine resistant breast cancer than in
chemoresistant systems. Pharmacological inhibition of Sphk2
decreased Ki-67 staining in MDA-MB-231 by 7991 + 9.29%
(p < 0.001) (Fig. 2). In the MCF-7TN-R cell line, however,
this drug exhibited a much smaller anti-proliferative effect, only
decreasing proliferation by 19.54 + 3.71% (p < 0.001) in this che-
moresistant cell line. It should be noted that while the percent of
Ki-67 staining was not as significant in MCF-7TN-R compared
to control, there were far less total cells following treatment with
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the sphingosine kinase inhibitor. These results suggest that there
is another mechanism other than decreased proliferation that is
blocking cell growth in this cell line, consistent with the recent
report that ABC294640 can induce autophagy in at least some
cancer cell lines.”

Pharmacological inhibition of sphingosine kinase-2 induces
intrinsic apoptosis in chemoresistant breast cancer. There are
conflicting results in the literature as to the function of Sphk2
in regulating programmed cell death, with some suggesting that
this isoform is pro-apoptotic while others argue the opposite.
Therefore, we determined whether pharmacological inhibition of
Sphk2 could induce apoptosis in chemoresistant breast cancer
cells. Breast cancer cells were treated for 24 h with a high dose
of 50 uM of ABC294640 and analyzed for histone complexed
DNA fragmented oligonucleosomes as a measure of apoptosis
(Fig. 3A). Interestingly, treatment with ABC294640 increased
apoptosis by 20.06 + 5.75 fold (p < 0.001). This is of particular
interest because the MCF-7TN-R cell line is resistant to TNF-
induced apoptosis and TNF-induced ceramide accumulation.?
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Figure 2 (See previous page). Anti-proliferative effects of ABC294640 on drug resistant breast cancer cells. (A) MDA-MB-231 cells and (B) MCF-7TN-

R cells were treated with vehicle or ABC294640 (10 M) for 48 h. Following treatment, cells were fixed and stained with anti-Ki-67 (red) and nuclei
counter stained with DAPI (blue). (A) Representative images of cells at x250. (B) Quantification of cells positive for Ki-67 staining from ten fields of view
per treatment. Data is represented as percent positive cells as compared to total cells normalized to vehicle control. Bars represent mean values + SEM,

(**p < 0.01, ***p < 0.001).

The induction of apoptosis corresponded with a significant
decrease in viability, suggesting that programmed cell death may
be a primary mechanism for the anti-viability property of this
drug (Fig. 3C).

Sphingolipids, particularly ceramide, can mediate both the
intrinsic and extrinsic apoptosis pathways, though ceramide
is primarily involved in mitochondrial-initiated intrinsic pro-
grammed cell death. Therefore, we investigated whether sphin-
gosine kinase inhibitor-induced apoptosis in MCF-7TN-R cells
functioned via the intrinsic pathway through measurement of
caspase-9 activity. Caspase-9 is known to be downstream of cyto-
chrome c release from the mitochondria in the intrinsic apoptosis
pathway and is commonly used as a measure of intrinsic apopto-
sis. As seen in Figure 3B, treatment with ABC294640 increased
caspase activation by 10.41 + 2.41 fold (p < 0.05), suggesting
that ABC294640 induced apoptosis, at least in part, through the
mitochondrial pathway.

Pharmacologic inhibition of sphingosine kinase-2 enhances
the effect of clinical chemotherapeutics in chemoresistant
breast cancer. Recent studies suggest that inhibition of sphingo-
sine kinase may sensitize cancer cells to chemotherapeutic treat-
ment. Though few studies have used pharmacological inhibitors,
recent reports have shown that using siRNA specific to sphingo-
sine kinase can increase the anti-cancer effects of certain breast
cancer therapies, such as tamoxifen and doxorubicin.?” Therefore,
we determined whether inhibition of Sphk2 could increase the
apoptotic and anti-viability effects of the current clinical chemo-
therapeutics, doxorubicin and etoposide. MCF-7TN-R breast
cancer cells were pretreated for 1 h with 10 wM ABC294640
followed by 23 h treatment with a chemotherapeutic agent and
compared to isolated treatment with each drug. Following treat-
ment, cells were measured for apoptosis, caspases-9 activity and
cell viability. As expected, etoposide and doxorubicin induced
apoptosis through the intrinsic pathway (Fig. 4). Treatment
with ABC294640 alone showed modest induction of apoptosis
and caspase-9 compared to etoposide and doxorubicin alone.
However, pretreatment with ABC294640 enhanced the apop-
totic effect of both etoposide and doxorubicin in MCF-7TN-R
cells. Treatment with ABC294640 and etoposide increased apop-
tosis and caspase-9 activation by 21.55 + 5.04 (p < 0.05) fold (p <
0.05) and 6.48 + 1.47 (p < 0.05), respectively, compared to vehicle
control. ABC294640 and doxorubicin treatment also increased
apoptosis and caspase-9 activity, with 28.11 + 6.41 (p < 0.05)
fold and 10.25 + 3.773 (p < 0.05) inductions, respectively (Figs.
4A and 5B). The increase in apoptosis with combination therapy
correlates with a greater decrease in viability of MCF-7TN-R
cells compared to monotherapy (Fig. 4C). Interestingly, the
induction of apoptosis and caspase activity of combination ther-
apy is greater than the additive effect of monotherapy with each
drug. As seen in the combination treatment with ABC294640
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Figure 3. ABC294640 induces intrinsic apoptosis in drug resistant
breast cancer cells. MCF-7TN-R cells were plated at 7.5 x 10° cells per

96 well plate and treated with 50 uM of ABC294640 for 24 h. Following
incubation, cells were (A) measured for fragmented DNA oligonucle-
otides using ELIZA assays, (B) analyzed for caspase-9 activation and (C)
measured for viability using MTT analyses. Mean values of £SEM of four
different experiments in duplicate are reported.

and doxorubicin, induction of apoptosis is greater than the addi-
tion of ABC294640 alone. Taken together, these results suggest
that pretreatment with sphingosine kinase inhibitors sensitizes
chemoresistant breast cancer cells to chemotherapy-induced
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Figure 4. ABC294640 increases doxorubicin and etoposide-induced
intrinsic apoptosis. MCF-7TN-R cells were plated at 15,000 cells per well
in a 96 well plate in phenol-free DMEM. The following day cells were
treated with ABC294640 (10 M), chemotherapeutic (etoposide 15 uM,
doxorubicin, 0.1 wM) or ABC294640 + chemotherapeutic for 24 h.
Following incubation, cells were (A) measured for fragmented DNA oli-
gonucleotides using ELIZA assays, (B) analyzed for caspase-9 activation
and (C) measured for viability using MTT analyses. Mean values of +SEM
of four different experiments in duplicate are reported.

apoptosis, and combination therapy with these drugs may result
in a synergistic biological effect.

Modulation of the NFkB signaling by sphingosine kinase
inhibitors in vitro. The ability of ABC294640 to induce
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apoptosis in chemoresistant breast cancer cells led us to exam-
ine possible apoptotic and survival pathways that may be tar-
geted by this drug. The MCF-7TN-R cell line was derived from
parental MCF-7 cells through prolonged exposure to TNFa
until resistance was established. TNF is a potent inducer of the
survival transcription factor NFkB. Our laboratory and others
have previously established NFkB to be an important mediator
of chemoresistance in breast cancer."?"* We have previously
shown that blocking NFkB activity in MCF-7TN-R cells can
partially restore sensitivity to TNF in these cells. Both the NFkB
and sphingolipid signaling pathways have been implicated as
mediators of cancer drug resistance. Although ABC294640 has
been previously shown to block TNFa-stimulation of NFkB-
induced gene transcription in the context of ulcerative colitis, the
role of Sphk2 in NFkB signaling in human cancer is not well
established.?

In order to analyze the effect of sphingosine kinase inhibitors
on NFkB signaling, MCF-7TN-R cells were transiently trans-
fected with a p65-luciferase promoter and treated with increas-
ing concentrations of ABC294640 or TNF and ABC294640.
Interestingly, treatment with ABC294640 dose-dependently
decreased TNF-induced p65 transcriptional activity (Fig. 5A).
To further validate these results, we examined whether pharma-
cological inhibition of Sphk2 could affect downstream NFkB-
mediated gene transcription. NFkB is known to regulate the
expression of over 150 different genes, such as inhibitors of apop-
tosis proteins, IAP1 and IAP2, and the epithelial to mesenchy-
mal transition (EMT) marker Zebl. IAP1 and IAP2 are coded
for by the genes BIRC2 and BIRC3, respectively. Therefore,
using RT-PCR analysis, we measured the expression levels of
Zebl, BIRC2 and BIRC3 in MCF-7TN-R cells with and without
exposure to ABC294640. As seen in Figure 5B, treatment with
ABC294640 decreased mRNA expression of all three of these
NFkB-mediated genes. The greatest effect was on Zebl, with
ABC294640 decreasing expression by -1.38 + 0.14 (p < 0.01)
fold. Similarly, expression of IAP1 and IAP2 decreased by -0.77 +
0.30 (p < 0.05)-fold and -1.24 + 0.08 (p < 0.01)-fold, respectively.
Together, these results suggest that pharmacological inhibition of
Sphk2 decreases NFkB transcription activity in vitro.

Though the Sphkl and NFkB interactions have been previ-
ously explored in both epithelial and endothelial cells, to date
there are few published studies on the role of Sphk2 in NF«kB
signaling. It is known that SIP can activate PI3k/Akt signaling
and that Akt can phosphorylate the p65 subunit at Ser536 and
alter its transcriptional activity. Given these data, we analyzed
the ability of ABC294640 to affect phosphorylation of p65
as a means of regulating this NFkB subunit. Treatment with
ABC294640 decreased phosphorylation of p65 following a 6 h
incubation. This decrease in p65 activity is downstream of IkB
activity, as there is no change in phosphorylated levels of Ik B fol-
lowing incubation with ABC294640 (Fig. 5C). Taken together,
these results suggest that pharmacological inhibition of Sphk2
can alter the NFkB signaling cascade in chemoresistant breast
cancer cells.

ABC294640 decreases chemoresistant breast cancer tumor
growth in vivo. Given the promising therapeutic characteristics
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of ABC294640 in vitro, we further examined the
ability of this drug to block chemoresistant breast
cancer tumor growth. Using well-established
immunocompromised mouse xenograft models
for tumor growth, MCF-7N-R cells were injected
subcutaneously into female overiectomized mice
and tumor formation and size were documented
over the course of 18 days. During the study, mice
were treated with either 50 mg/kg of ABC294640
or PBS/DMSO vehicle control. Whereas tumors
in vehicle-treated control mice increased in size
by approximately 200% in this time, tumors
in ABC294640-treated mice did not increase
in size during the treatment period (Fig. 6A).
Furthermore, ABC294640 treated mice exhib-
ited no obvious toxicity in either internal organs
or systemic weight. We previously showed that
ABC294640 can diminish proliferation of MCE-
7TN-R cells in vitro. Therefore, we next exam-
ined whether inhibition of Sphk2 could decrease
tumor proliferation in vivo. Tumors excised at
endpoint exhibited 43.66 + 4.98% (p < 0.05)
decrease in Ki-67 staining compared than vehicle
treated tumors, suggesting that the decrease in
proliferation seen in vitro translates into a decrease
in tumor proliferation in vivo (Fig. 6B and C).

Taken together, these results suggest that
ABC294640 is a viable antitumor therapeutic in
the treatment of chemoresistant and endocrine
therapy-resistant breast cancers.

Discussion

Over the past several years, the SK/SIP signaling
pathway has been increasingly implicated in both
chemo and endocrine therapy resistance. We show
here that sphingosine kinase is overexpressed in
drug resistant cancer cells, resulting in increased
protein levels of SIP in ER-negative, drug resis-
tant breast cancer cells compared to ER-positive,
drug sensitive cancer cells. Cross-talk between the
sphingosine kinase pathway and the pro-survival
transcription factor, NFkB, has been suggested as
another possible resistance mechanism.'® With
resistance to current chemotherapy agents on the
rise, there is a growing need for novel therapeu-
tics targeting specific survival and proliferative
pathways.

The role of Sphkl in cancer biology has been

well studied in the literature, however the mecha-
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Figure 5. ABC294640 blocks NFkB transcriptional activity in vitro. (A) MCF-7TN-R cells
were transiently transfected with pFC-NFkB-luciferase plasmid. Following transfection,
cells were treated with vehicle, TNFa, SKI or SKI + TNFa. Cells treated with TNFa were

set to 1. Data points and error bars represent the mean + SEM of three independent
experiments. (B) MCF-7TN-R cells were treated with vehicle or ABC294640 for 18 h and
analyzed for mRNA levels of ZEB1, BIRC2 and BIRC3 using qRT-PCR. Data are expressed
as fold-change relative to vehicle control as normalized to internal B-actin £SEM (*p <
0.05). Data points and error bars represent the mean + SEM of three independent experi-
ments. (C) MCF-7TN-R cells were treated with vehicle or ABC294640 (10 uM) for 6 h and
analyzed by western blot for phosphorylated and total kK, kB and p65 proteins with
densitometry analysis. Phosphorylated protein levels were normalized to corresponding
tubulin and vehicle control set to 1. Data shown are representative of three independent
experiments.

nism and function of Sphk?2 is currently under debate. The litera-
ture suggests that multiple post-transcriptional factors regulate
the functional influence of Sphk2 on the cell. For example, the
catalytic activity of sphingosine kinase isoforms is markedly
increased in cancers. The subcellular location of Sphk2 is tissue
type dependent and it has been suggested that altering the nuclear
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location of Sphk2 (from nucleus to the cytoplasm or vice versa)
can change its functional activity and enhance the physiological
role of Sphk2. Furthermore, the Spiegel laboratory has shown
that the effects of Sphk2 are not solely dependent on its catalytic
activity, but also on its BH3 domain. Taken together with our
findings here that Sphk2 mRNA is moderately overexpressed in
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ature. Some have reported in stud-
ies overexpressing Sphk2, that this
isoform induces apoptosis in epi-
thelial cells. However, this may be
an artificial finding due to excess
Sphk2 undergoing proteolysis in
non-endogenous subcellular com-
partments, releasing BH3 peptides
that act in a pro-apoptotic man-
ner. We report that pharmacologi-
cal inhibition of Sphk2 can induce
apoptosis through the intrinsic
pathway, killing
through extrinsic pathway and/or

however, cell

autophagy cannot be excluded at
this time. With current FDA and
NIH standards, the most com-
mon path of an anticancer thera-
peutic from bench to bedside is in
combination with FDA approved
drugs. Combination therapy has
an advantage over monotherapy
through dual targeting of can-
cer cells, resulting in increased
response rates and decreased resis-
tance. Therefore, we used combi-

nation therapy with ABC294640

view (***p < 0.001, **p < 0.01, *p < 0.05).

Figure 6. ABC294640 decreases chemoresistant breast cancer growth. 5 x 10¢ MCF-7TN-R cells were
injected in the mammary fat pads of female overiectomized mice with exogenous estrogen pellets.
Tumors were allowed to form over 7 days. Mice were treated i.p with 50 mg/kg of ABC294640 for 14 days.
Tumor volume was measured every 3 days. Diminished volume of treatment tumors at endpoint were
statistically significant from vehicle (**p < 0.01). (B) Tumors from vehicle and ABC294640 treated mice
were processed stained Ki-67. Representative images of Ki-67 staining in tumor sections are shown.

(C) Quantitation of Ki-67 staining is expressed as percent positive of total number of cells per field of

and the clinical chemotherapeu-
tics, doxorubicin and etoposide.
ABC2946400 can enhance doxo-
rubicin  and  etoposide-induced
programmed cell death through
the intrinsic pathway in chemo-

resistant breast cancer cells. The

certain breast cancers and not others, it is likely that a combi-
nation of post-transcriptional changes in the activity of Sphk2,
functional involvement of the BH3 domain, as well as alterations
in the subcellular localization of Sphk2, are involved in the pro-
liferative and chemoresistant mechanisms of Sphk2 in cancer.

In this study, we explored the biological effects of the novel
Sphk2 inhibitor, ABC294640, on drug resistant breast cancers.
Importantly, ABC294640 decreased chemoresistant breast
cancer tumor growth in vivo, with no observable toxicity at
50 mg/kg dosage. This inhibitor diminished breast cancer cell
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increase in combination apoptosis
appears to be synergistic and corre-
lates with a reduction in cell viability, suggesting that apoptosis
may be a primary mechanism of the anti-viability nature of the
combination therapies present here.

Previous work in our laboratory demonstrated that the NFkB
transcription factor promotes survival and chemoresistance in
human breast cancer.’#% Unpublished data also indicates
that breast cancer cells with an acquired resistance phenotype
have increased p50 and decreased IkB protein levels, as well as
increased p65 transcriptional activity. Clinical data supports these
findings that increased NFkB signaling may be a key mechanism
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of chemoresistance in breast cancer.!"'>¥ We confirm here the
ability of ABC294640 to block the NFkB signaling cascade. Our
data reveal that this inhibitor can block p65 transcriptional activ-
ity through decreased activation of the Ser536 phosphorylation
site. This decrease in p65 activity results in diminished NF«kB
mediated gene transcription. We propose that this decreased
phosphorylation occurs due to SKI blockade of the PI3K/Akt
signaling cascade, which is known to phosphorylate Ser536 on
p65. Therefore, in both drug sensitive and drug resistant breast
cancer, pharmacological inhibition of Sphk2 may have advan-
tageous “off-target” effects that further abrogates survival sig-
naling in addition to SK/SIP blockade. Our data suggest that
pharmacological inhibition of Sphk2 can diminish this increased
p65 activity and sensitize chemoresistant breast cancer cells to
chemotherapy-induced intrinsic apoptosis. This decrease in p65
inactivity is, at least in part, due to decreased phosphorylation
at the Ser536 site of p65 following treatment with sphingosine
kinase inhibitors. Given that there are nine phosphorylation sites
in p65, it is possible other phosphorylation sites are also affected.
For example, we know that protein kinase C (PKC) protein lev-
els are upregulated in chemoresistant breast cancer cells and that
PKC can activate p65 at Ser311.>® PKC is downstream of both
S1P and ceramide and future studies should examine the role of
PKC on sphingosine kinase inhibitor function.

Given that all current clinical anti-cancer drugs have reported
incidences of drug resistance, development of experimental
therapeutic aimed at new proliferative targets are of increas-
ing importance. In conclusion, our studies demonstrate that
pharmacological targeting of Sphk2 using orally bioavailable
inhibitors has promising potential as drug resistant breast cancer
therapeutics.

Materials and Methods
Reagents. ABC294640  [3-(4-chlorophenyl)-adamantane-
1-carboxylic acid (pyridin-4-ylmethyl)-amide] was provided
by Apogee Biotechnology Corporation (Hummelstown, PA).#
Dimethyl sulfoxide (DMSO) and estradiol were purchased from
Fisher Scientific.

Cell culture. ER-negative MCF-7TN-R and MDA-MB-231
cells were cultured as previously described in reference 39 and
40. Briefly, the MCF-7 cell line used is a subclone of MCEF-7 cells
obtained from the American Type Culture Collection (ATCC,
Manassas, VA) generously provided by Louise Nutter (University
of Minnesota, MN).“" The MDA-MB-231 and MCF10A cell
lines were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). The MCF-7TN-R cell line is a MCF-7
derived, ER/PR/HER2 negative, chemoresistant breast cancer
cell line generated in the laboratory.?*3"%? These cells were derived
by growing MCEF-7 cells in increasing concentrations of TNFa
until resistance was established. The culture flasks were main-
tained in a tissue culture incubator in a humidified atmosphere
of 5% CO, and 95% air at 37°C. MCF10A cells were obtained
from Clontech Corp. (Palo Alto, CA) and cultured in mammary
epithelial cell medium (Cambrex, San Diego, CA) supplemented
with bovine pituitary extract.
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Real time RT-PCR. Real time RT-PCR was performed as
described in previous studies in reference 42 and 43. In brief,
total cellular RNA was extracted using the RNeasy® mini col-
umn (Qiagen, Valencia, CA), following the manufacturer’s
instructions. The concentration of RNA was determined using
an ultraviolet spectrophotometer. Reverse transcription (RT) was
performed using the SuperScript First-Strand Synthesis System
for RT-PCR (Invitrogen, Carlsbad, CA). The level of Sphkl
and Sphk2 transcripts was determined using the iQ5 real-time
quantitative PCR detection system (BioRad Inc., Hercules, CA).
Quantification was performed using delta-delta Ct method.
RNA was reversed transcribed. The PCR reaction was carried
out as follows: step 1: 95°C 3 min, step 2: for 40 cycles 95°C
20 seconds, 60°C 1 min, step 3: 70°C 10 seconds, hold at 4°C.
Each reaction tube contained 12.5 pl 2x SYBR Green supermix
+ 6.5 pl nuclease-free water + 1 wl 0.1 pg/pl primer (pair) + 5 .l
cDNA (0.2 pg/pl). Genes were amplified in triplicate. Data was
analyzed by comparing relative target gene expression to 3-actin
control. Relative gene expression was analyzed using the 244
method. Primers for PCR were designed to span intron/exon
junctions to minimize amplification of residual genomic DNA.
The primer sequences for Beta-Actin, Sphkl and Sphk2 are
(sense and anti-sense, respectively): Beta-Actin (5-TGA GCG
CGG CTA CAG CTT-3; 5-CCT TAA TGT CAC ACA CGA
TT-3") Sphkl (5-GTC AGC GGT TGC GTG GAG-3; 5-GGG
TCT CAG AAC AAA CTA GAA GGC-3"), Sphk2 (5-GCC
ACC TAC GAA GAG AAC-3', 5"TGA CCA ATA GAA GCA
ACC G-3).

Lipidomics analysis. Endogenous lipid levels were quantified
by mass spectrometry (Lipidomics Core, Medical University of
South Carolina, SC) according to published methods.? Briefly,
cells were collected, fortified with internal standards and extracted
with ethyl acetate/isopropyl alcohol. Electrospray ionization fol-
lowed by tandem mass spectrometry (ESI/MS/MS) analyses of
sphingoid bases, sphingoid base 1-phosphates, ceramides and
sphingomyelins were performed on a Thermo Finnigan TSQ
7000 triple quadrupole mass spectrometer.

Western blot analysis. Protein analysis was performed as
described in reference 41. Cells were plated at 50-60% conflu-
ency in 10 cm? culture flasks in 10% DMEM for 48 h. They
were then treated with DMSO or ABC294640 for 1 h. Following
treatment, cells were detached with PBS-EDTA and centrifuged.
After removing supernatant, cells were lysed in 60-100 pL lysis
buffer Mammalian Protein Extraction Reagent, MPER and Halt
protease inhibitor (Pierce, Rockford, IL); and PhoSTOP phos-
phatase inhibitor (Roche, Boulder, CO). Lysed cells were cen-
trifuged for 10 min at 12,000 G at 4°C to separate protein from
cell debris. The supernatants were combined with loading buffer
5% 2-mercaptoethanol in 4x LDS Loading Buffer, (Invitrogen),
boiled for 5 min and loaded onto a 4—12% Bis Tris Polyacrilamide
Gel (Invitrogen) followed by polyacrylamide gel electrophoresis at
150 V for 1.25 h. Protein was transferred to nitrocellulose mem-
branes using the iBlot (Invitrogen) transfer unit. Nitrocellulose
membranes were blocked in 5% milk (BioRad Lab) Tris Buffered
Saline-Tween 20 (TBS-T) for 1 h at room temperature. Cells
were washed briefly with 1x TBS-T (USB, Cleveland, OH) and
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primary antibodies were diluted in 5% BSA (Bovine Serum
Albumin, Sigma-Aldrich, St. Louis, MO) TBS-T according to
manufacturer’s recommended dilutions. Antibodies for tubulin,
p65 (C22B4), phospho-p65 (93H1), IkB (polyclonal), phospho-
I IkB (14D4), IkK (L570) and phospho-IkK (16A6) (1:1,000)
were purchased from Cell Signaling Technology, Inc. (Beverly,
MA). Membranes were incubated in primary antibody overnight
at 4°C with gentle agitation. Secondary infrared conjugated anti-
bodies (LI-Cor Biosciences, Lincoln, NE) were diluted in 5%
milk-TBST solution at 1:10,000 and membranes were incubated
for 1 h under gentle agitation at room temperature. Membranes
were scanned using the LI-COR Odyssey imager and software
(LI-COR Biosciences, Lincoln, NE) to detect total and phos-
phorylated protein levels in cell lysates. Western blots and pro-
tein quantification were performed following three independent
experiments, with representative blots shown. Protein levels were
quantified using densitometry analyses.

Clonogenic survival assay. Colony assays were performed as
described in previously published methods in reference 30 and
39. MCE-7 cells were plated in 6-well plates at a density of 1,000
cells per well in full DMEM media. Twenty-four hours later cells
were treated with ABC294640 (0.1-10 wM) and then monitored
for colony growth. Ten days later the cells were fixed with 3%
glutaraldehyde. Following fixation for 15 min, the plates were
washed and stained with a 0.4% solution of crystal violet in 20%
methanol for 30 min, washed with PBS and dried. Colonies of
230 cells were counted as positive. Results were normalized to
DMSO vehicle treated control cells. Statistical analysis of IC, |
values were calculated from concentration-response curves
using GraphPad Prism 5.0 (Graphpad Software, San Diego,
CA), using with the equation: Y = Bottom + (Top-bottom)/1 +
10LogEC, -X.

Cell proliferation immunofluorescence assay. Cells were
plated at a density of 10,000 cells per well in a 96 well plate in
10% DMEM media and allowed to attach over night. The fol-
lowing day, cells were treated with DMSO or ABC294640 for
24 h. At endpoint, cells were fixed using 100 pL of 3.7% form-
aldehyde in PBS for 10 min. Formaldehyde was removed and
cells were permeabilized using cold methanol for 5 min at room
temperature and washed twice with PBS. 100 wL of 3% FBS
in PBS blocking buffer was then added. After 30 min, block-
ing buffer was removed and cells were incubated for 1 h with
Ki-67 (BD Pharmingen, San Diego, CA) antibody. Cells were
then washed with PBS and stained with DAPI nuclear stain for
5 min before imaging. For staining quantification, numbers of
positively stained cells were expressed as a percentage of the total
number of cells per field of view/image. The vehicle control was
then set to 1 for comparison with ABC294640 treatment.

Cell viability assay. Viability assays were performed as previ-
ously described in reference 30 and 40. Briefly, cells were plated
at a density of 7.5 x 10° cells per well in a 96-well plate in phenol-
free DMEM supplemented with 5% FBS and allowed to attach
overnight. Cells were then treated with ABC294640 (ranging
from 10 nM to 100 wM) for 24 h. Following treatment, 20 pL of
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 5 mg/ml) reagent was incubated in each well for 4 h.
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Cells were lysed with 20% SDS in 50% dimethylformamide.
The pH and absorbances were read on an ELx808 Microtek plate
reader (Bio-Tek Instruments, Winooski, VT) at 550 nm, with a
reference wavelength of 630 nm.

NF«B-luciferase assay. As previously described, the cells
were seeded in 24-well plates at a density of 5 x 10° cells/well
in the same media and allowed to attach overnight.®* After
18 h, cells were transfected for 5 h in serum-free DMEM with
10 ng of pFC-NFkB-luciferase plasmid, using 6 wl of Effectene
(Qiagen) per g of DNA, using 6 pl of Effectene (Qiagen) per
g of DNA. After 5 h the transfection medium was removed and
replaced with phenol red-free DMEM supplemented with 5%
CS-FBS containing vehicle, TNF, SKI or TNF + SKI and incu-
bated at 37°C. After 18 h the medium was removed and 100 .l
of lysis buffer was added per well and then incubated for 15 min
at room temperature. Cell debris was pelleted by centrifugation
at 15,000x g for 5 min. Cell extracts were normalized for pro-
tein concentration using reagent according to the manufacturers
protocol (BioRad Lab.). Luciferase activity for the cell extracts
was determined using luciferase substrate (Promega Corp.,
Madison, WI) in an Autoluminat Plus luminometer (Berthhold
Technologies, Bad Wildbad, Germany).

Animal studies. Xenograft models were performed in a simi-
lar manner to previously reported studies in reference 45. In brief,
SCID/Beige immunocompromised female ovariectomized mice
(29-32 days old) were obtained from Charles River Laboratories
(Wilmington, MA). The animals were allowed a period of adap-
tation in a sterile and pathogen-free environment ad libitum.
MCEF-7TN-R cells in the exponential phase of growth were
harvested using PBS/EDTA solution and washed. Viable cells
(5 x10° in a 50 nL sterile PBS suspension were mixed with 100
L Matrigel Reduced Factors (BD Biosciences, Bedford, MA).
MCEF-7TN-R cells were injected subcutaneously and the incision
was closed using staples. All the procedures in animals were per-
formed under anesthesia using a mix of isofluorane and oxygen
delivered by mask. Tumors were allowed to form over 10 days
and mice were randomized to two treatment groups with 5 mice
per group: vehicle control and ABC294640. The ABC294640
mixture was suspended in a solution of DMSO and PBS and was
given i.p. at 50 mg/kg/mouse/d for 7 days starting after tumors
were measureable. Control mice were injected with vehicle daily
for 14 days. Tumor size was measured every 3 days using a digital
caliper. The volume of the tumor was calculated using the follow-
ing formula: 4/3m LS? (L = larger radius; S = shorter radius). At
necropsy, animals were euthanized by cervical dislocation after
exposure to a CO, chamber. Tumors, uteri, livers and lungs were
removed and either frozen in liquid nitrogen or fixed in 10%
formalin for further analysis. All procedures involving these ani-
mals were conducted in compliance with State and Federal laws,
standards of the US Department of Health and Human Services
and guidelines established by the Tulane University Animal Care
and Use Committee. The facilities and laboratory animal pro-
gram of Tulane University are accredited by the Association for
the Assessment and Accreditation of Laboratory Animal Care.

Immunohistochemistry. Immunohistochemistry was per-
formed as described in previously published methods in reference
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25 and 42. Tumor explants were collected at necropsy and fixed
in 10% buffered formalin phosphate. FFPE 4-IM-thick tumor
sections were analyzed by immunohistochemistry using pri-
mary monoclonal antibodies against human Ki-67 (DAKO
North America, Inc., Carpinteria, CA). The mouse antibodies
on mouse tissue polymer detection kit (Biocare Medical, LLC,
Concord, CA) were used to perform IHC. Briefly, FFPE sections
were deparaffinized and hydrated in a graded series of ethanol
solutions followed by 3% H,O, for 5 min to inactivate endog-
enous peroxides then rinsed. Slides were subjected to 10 min
incubation in Avidin followed by 10 min incubation in Biotin.
For antigen retrieval, sections were exposed to Rodent Decloaker
(Biocare Med.) at 95°C for 25 min, rinsed and allowed to cool to
room temperature for 20 min. Slides were incubated with Rodent
Block for 30 min and then with primary antibodies or serum alone
(negative control) for 75 min. Mouse-on-mouse HRP-polymer
secondary antibody was added to the sections and incubated for
15 min. After rinsing, DAB solution (Biocare Med.) was applied
and incubated for 1 min and sections were counterstained with
hematoxylin (Biocare Med.) followed by Tacha Blueing reagent
(Biocare Med.) for 30 s each. Slides were then allowed to air dry
and then cover slipped using Acrymount (Fisher Scientific Inc.,
Waltham, MA). Sections were viewed and photographed using
the Leica DM IRB Inverted Research microscope and SPOT RT
color camera. Five images at x40 were taken of each tumor with

care to avoid areas of necrosis. For Ki-67 staining quantification,
numbers of positively stained cells were expressed as a percentage
of the total number of cells per field of view/image.

Statistical analysis. Statistical analysis of IC, values were
calculated from concentration-response curves using GraphPad
Prism 5.0 (GraphPad Software), using with the equation:

Y = Bottom + (Top-bottom)/1 + 10LogEC, -X.

Assuming a standard slope, where the response goes from 10%
to 90% of maximal as X increases over two log units. Differences
in IC,  were compared using Student’s unpaired t-test with p <
0.05 as the limit of statistical significance. Experiments compar-
ing multiple concentrations to the control were tested with one-
way ANOVA with Bonferroni post-test to compare individual
concentrations. Combination effects were calculated using the
formula; (X1a + X2b)/(X1a + X2b), wherein X1 is the effect of
drug 1 at concentration a, X2 is the effect of drug 2 at concentra-
tion b and (X1a + X2b) is the effect of the combination of both
drugs at concentrations a and b, respectively.“® All statistical anal-
yses were done using GraphPad Prism 5.0 (GraphPad Software).
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