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Sphingolipid metabolism has been identified as a potential therapeutic target in cancer. Sphingosine-1-phosphate
(STP) is a potent bioactive sphingolipid metabolite produced by sphingosine kinases-1 and —2 (SPHK1 and SPHK2).
Elevated SPHK1 has been found in numerous cancer types and been shown to contribute to survival, chemotherapeutic
resistance and malignancy. However, its role in large granular Natural Killer (NK) large granular lymphocyte (LGL)
leukemia has not been investigated. Here, we examine SPHK1 as a therapeutic target in LGL leukemia. We found that
SPHK1 is overexpressed in peripheral blood mononuclear cells (PBMCs) from LGL leukemia patients which results in
elevated S1P in the sera. The use of SPHK1 inhibitors, SKI-Il or SKI-178, decreased leukemic NK cell viability and induced
caspase-dependent apoptosis. SKI-Il and SKI-178 restored the sphingolipid balance by increasing ceramide and
decreasing S1P in leukemic NKL cells. SKI-Il and SKI-178 also induced apoptosis in primary NK-LGLs from leukemia
patients. Mechanistic studies in NK-LGL cell lines demonstrated that SKI-178 and SKI-Il induced cell cycle arrest at G,/M.
We found that SKI-178 induced phosphorylation of Bcl-2 at Ser70, and that this was dependent on CDK1. We further
show that SPHK1 inhibition with SKI-178 leads to decreased JAK-STAT signaling. Our data demonstrate that SPHK1
represents a novel therapeutic target for the treatment of NK-LGL leukemia.

Introduction

Large granular lymphocytes (LGLs) are cytotoxic immune cells
derived from T (CD3™") or Natural Killer (NK, CD3") lineages
and normally represent 10-15% of PBMCs. LGL leukemia is a
rare disorder characterized by clonal expansion of these cytotoxic
lymphocytes." In 2008, the World Health Organization (WHO)
distinguished 3 entities: T-cell large granular lymphocytic leuke-
mia, chronic lymphoproliferative disorder of NK cells (CLPD-NK,
provisional entity), and aggressive NK-cell leukemia. CLPD-NK
and NK-cell leukemia are rare disorders of CD3~/CD567 NK
cells. Patients with aggressive NK-LGL present with a malignant
clinical course and a median survival of only 2 months from diagno-
sis.” Immunosuppressive regiments are utilized in LGL leukemia
but such treatments are not curative.” The aggressive NK-LGL vari-
ant has no effective treatment and is refractory to conventional che-
motherapy. The lack of effective therapy and therapeutic targets
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results from an incomplete picture of survival mechanisms that con-
tribute to the pathogenesis of leukemic LGLs.?

Our lab has shown that various survival pathways are constitu-
tively active in leukemic LGLs* including STAT3 which plays a
central role in LGL leukemia pathogenesis through both constitu-
tive and mutational activation.”” The sphingolipid rheostat con-
trols cell fate through the balance between pro-apoptotic ceramide
and pro-survival sphingosine-1-phosphate (S1P). Ceramide acts as
a hub in the sphingolipid pathway and is metabolized to give diverse
bioactive products.® Ceramide accumulates during apoptosis
induced through Fas, tumor necrosis factor oo (TNF-av), various
chemotherapeutic agents and radiation, and is implicated in the
activation of several death-signaling pathways including c-Jun
NH,-terminal  kinase/stress-activated  protein  kinase  (JNK/
SAPK).”"" Sphingosine is produced through enzymatic conversion
of pro-apoptotic ceramide to sphingosine by various ceramidases,

including acid ceramidase (AC), whereas SPHK1 catalyzes the
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phosphorylation of sphingosine to produce pro-survival S1P. S1P
signals both intracellularly and through autocrine and paracrine
mechanisms.®'? Elevated AC and SPHKI are associated with
increased survival of cancer cells."!

Elevated SPHK1 levels have been found in numerous cancer
types and dysregulation of this enzyme has been linked to hemato-
logical malignancy progression.*'> SPHKI is overexpressed in
many solid tumors and hematologic cancers including acute mye-
loid leukemia."'? SPHK1 expression has been correlated with che-
motherapeutic resistance,'>'* resistance to radiation®"® and
malignant characteristics of tumors.'® This has led to SPHK1
being considered as a novel therapeutic target. Pharmacological
inhibitors of SPHK1 (e.g. SKI-II, SKI-178) or biological inhibi-
tion with SPHK1 siRNAs increase ceramide and decrease S1P lev-
els resulting in induction of apoptosis and increased radiation and
chemotherapy sensitivity in malignant cancer cells."” " Sphingo-
sine Kinase Inhibitor II (SKI-II) is a non-selective inhibitor of
SPHK1 and SPHK2 with anti-proliferative activity in a variety of
cancer cell lines.'® Tt has been shown to be 2-fold more selective
for SPHK2 than SPHKI1. SKI-178 is a SPHK1 selective, non-lipid
based inhibitor developed from the optimization of Sphingosine
Kinase Inhibitor I (SKI-I)."” SKI-178 is a novel SPHK1 inhibitor
that exhibits greater efficacy and specificity toward SPHK2."”

We showed previously that total ceramide levels are decreased in
leukemic NK cells compared to normal NK cells.”® The use of SKI-
[T selectively induced apoptosis in T-LGL leukemia patient PBMCs

but this was not further studied.*' We hypothesized that SPHK1I is
over-expressed in NK-LGL leukemia cells representing a potential
therapeutic target. Indeed, we found that there was increased
SPHKI mRNA and protein in NK-LGL patient samples. Pharma-
cologic intervention with SPHK inhibitors increased apoptosis and
decreased cell viability in leukemic NK cells. Treatment with
SPHKI1 inhibitors increased ceramide levels and decreased S1P lev-
els while inducing caspase-dependent apoptosis. Mechanistic stud-
ies showed that this occurs through a CDKI-mediated pathway
and is cell cycle dependent. This work highlights SPHK1 as a
potential therapeutic target in NK-LGL leukemia.

Results

SPHKI1 is overexpressed in NK-LGL leukemia
To determine the therapeutic potential of targeting SPHK1 in
LGL leukemia, we measured the gene expression level of SPHKT in
freshly isolated LGLs from NK-LGL leukemia patients
(n = 8) and in age and gender-matched normal donor NKs
(n = 8). Quantitative reverse transcription-polymerase chain reac-
tion (RT-PCR) results demonstrated that SPHKI mRNA levels
were increased in NK-LGL patient cells (n = 8) relative to purified
NK cells isolated from normal donors (P < 0.05) (Fig. 1A). Immu-
noblot analysis of SPHK1 protein in NK-LGL leukemia patient
cells (n = 5) or purified NK cells from normal donors (n = 2)
showed SPHKI1 protein levels were
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Pharmacologic inhibition

indicates leukemic cells versus normal NK cells (Student’s t-test).

Figure 1. SPHK1 is overexpressed in leukemic NK cells and contributes to a dysregulated sphingolipid rheo-
stat. (A) Quantitative real-time PCR was performed to measure levels of SPHKT mRNA in PBMC from NK-LGL
leukemia patients (CD3~CD56" >80%, n = 8) or purified NK cells isolated from normal donors (n = 8).
SPHK1 mRNA levels are expressed relative to 18S (Mean = SEM) *, P < 0.05 (Mann-Whitney test). (B) Immu-
noblot analysis of SPHK1 protein in NK-LGL patient cells or purified NK isolated from normal donors. Load-
ing of protein was confirmed by probing for B-actin. The vertical black line represents a break in the gel
where an empty lane was present. (C) Levels of sphingosine and S1P were determined by mass spectrome-
try in sera from NK-LGL leukemia patients (n = 8) or normal donors (n = 8) (pmol / mL of sera). ¥, P < 0.05

of SPHKI1 reduces viability and
induces apoptosis in NK-LGL
leukemia cells

To determine the role of
SPHKI in leukemic NK cell prolif-
eration and survival, we used phar-
macological inhibitors of SPHKI.
We treated 2 different LGL cell
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lines (human NKL** and rat
RNK-16%%) with various concen-
trations of SKI-178 and SKI-II
and found that both inhibitors
decreased cell viability of NKL and
RNK16 (Fig. 2A). To determine
whether SKI-II and SKI-178
induced apoptotic cell death in
LGL leukemia cells, NKL and
RNKI16 cells were treated with the
indicated doses of SKI-II or SKI-
178 and assessed for apoptotic cell
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Pharmacologic inhibition of
SPHKI1 restores the sphingolipid
balance toward a pro-apoptotic
state

SPHKI1 is a critical regulator of

Figure 2. Pharmacologic inhibition of SPHK1 inhibited cell viability and induced apoptosis in leukemic NK
cells. (A) NKL or RNK16 cells were treated with either SKI-Il or SKI-178 at varying concentrations for 24 or
48 hours and cell viability was measured by MTS assay. (B) NKL or RNK16 cells were treated with either SKI-Il
or SKI-178 at varying concentrations for 24 or 48 hours and cells were stained with Annexin V and 7-AAD
and analyzed by flow cytometry to detect apoptosis. (C) Four PBMC samples from NK-LGL leukemia patients
(CD37CD56™ cells > 80%) or 4 normal NK cell samples were treated with DMSO, 5 M of SKI-178 or 20 uM
of SKI-Il for 24 hours and assayed for apoptosis as above. * (24h) and # (48h), P < 0.05, indicate significant

the balance between pro-apoptotic
ceramide and anti-apoptotic S1P.

differences of SKI-Il or SKI-178 treated cells vs. DMSO treated cells (Student’s t test).

In previous studies with SKI-IT

and SKI-178, it was shown that

treatment of cancer cells with these inhibitors resulted in altered
bioactive sphingolipid levels.'>'” Here, we demonstrate that
SPHKI1 inhibition in NKL cells with either SKI-IT or SKI-178
resulted in changes in intracellular sphingolipid metabolites. Lev-
els of SIP were significantly decreased after 2h of SKI-II
(25 wM) or SKI-178 (5 wM) treatment relative to vehicle con-
trol (Fig. 3A). Sphingosine levels remained unchanged in SKI-
178 treated cells but were significantly elevated in SKI-II treated
cells (Fig. 3A). Total ceramide levels were increased 2.5 to 3-fold

1832

Cancer Biology & Therapy

after SKI-II and SKI-178 treatment. Ceramide subspecies C16:0,
C24:0 and C24:1 were increased while the low levels of C18:1
remained unchanged (Fig. 3B).

G2/M arrest is induced in SKI-178 treated cells

Ceramide has been shown to induce cell cycle arrest at the G2/
M phase in cancer cells.2*2® Therefore, NKL cells were treated
with SKI-178 or vehicle for 12 or 16h and DNA content was
analyzed using PI staining and flow cytometry. Vehicle treated
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Figure 3. Pharmacologic inhibition of SPHK1 promotes the sphingolipid
balance toward a pro-apoptotic state. NKL cells were treated in triplicate
with 5 pM of SKI-178, 20 uM of SKI-Il or DMSO vehicle control for
2 hours and lipids were extracted from 5 million cells. S1P and sphingo-
sine (A) and ceramide (B) species, were quantified by tandem mass spec-
trometry, represented as pmol / g of protein. *P < 0.05 indicates
significant differences compared to DMSO treated cells (Student's t test).

controls had equivalent distribution among G1, S and G2/M
phases at 12 and 16h (Fig. 4A). However, the majority of SKI-
178-treated cells had G2/M DNA content (Fig. 4B). These
results suggest that SKI-178 induces cell cycle arrest. Phosphory-
lation of histone H3 at Ser10 has been shown to be a marker of
chromosome condensation during both apoptosis as a result of
cell cycle arrest®”*® and mitosis.”” Phospho-histone H3 (Ser10)
reached a maximum in SKI-178 treated cells at 16h, but minimal
phosphorylation was seen in vehicle treated cells (Fig. 4C). This
suggests those cells undergoing SKI-178 treatment are entering
apoptosis or are arrested at G2/M.

SKI-178 induces caspase-cleavage dependent apoptosis,
mitochondrial depolarization and Bcl-2 phosphorylation

Caspase-3 and PARP cleavage are hallmarks of apoptosis.
Both caspase-3 and PARP are cleaved in a dose- and time-

30,31
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dependent manner in NKL cells (Figs. 5A and B respectively)
and RNKI16 cells (Supplement Fig. S1A) treated with SKI-178.
These results were also seen with SKI-II (Supplement Fig. S1B).
These effects are first detected at 16h, which is the same time
point where the maximum phosphorylation of Histone H3
occurs during G2/M arrest. Similar changes were detected in pri-
mary NK-LGL patient samples after SKI-178 treatment
(Fig. 5C). To determine if apoptosis in SKI-178 treated cells is
caspase-dependent, NKL cells were pre-treated with z-VAD-fmk,
a pan-caspase inhibitor. z-VAD-fmk partally abrogated the
decrease in cell viability (Supplement Fig. S1C) and the increase
in apoptosis (Fig. 5D) that is induced by SKI-178 treatment at
both 24 and 48h (P < 0.05). Mitochondrial depolarization is an
initial event in the induction of programmed cell death and
results in a cleavage cascade contributing to caspase-3 and PARP
cleavage. Mitochondrial depolarization can be detected using JC-
1, a dye that accumulates in the active mitochondria and exhibits
potential-dependent fluorescent emission. Both SKI-II (data not
shown) and SKI-178 induced mitochondrial depolarization in
NKL cells, as shown by the red to green shift in fluorescence in
NKL cells after 12h (Fig. 5E and Supplement Fig. S1D). Treat-
ment with SKI-178 results in phosphorylation of Bcl-2 at Ser70
at 16h and cleavage at 24h (Fig. 5F). Bcl-2 is an anti-apoptotic
protein that prevents mitochondrial dysfunction.”® The levels
of Mcl-1 and Bcl-XL, 2 other and-apoptotic Bcl-2 family
members shown to play survival roles in hematologic cancers,”
did not show significant changes following SKI-178 treatment.
Therefore, SKI-178 treatment leads to mitochondrial depolariza-
tion and apoptosis induction that correlated with elevated
p-Bcl-2.

Apoptosis induced by SKI-178 is associated with
inactivation of ERK1/2 and activation of p38 and JNK

Abundant evidence suggests a role for mitogen-activated pro-
tein kinases (ERK1/2, JNK, p38 MAPK) in determining leuke-
mic cell fate.*® The treatment of NKL cells with SKI-178
resulted in a rapid decrease in phosphorylation of ERK1/2. This
deactivation of ERKI1/2 was sustained for up to 24 hours
(Fig. 6A). An increase in phosphorylation of p38 MAPK was
detected at 16 and 24 hours. Additionally, JNK phosphorylation
and c-JUN phosphorylation occurred in parallel and were ele-
vated with SKI-178 treatment at all-time points (Fig. 6A). These
effects were dose-dependent in both NKL and RNK-16 cells
(Fig. 6B)

To elucidate the functional significance of these pathways, we
pre-treated NKL cells with inhibitors of these pathways followed
by SKI-178 treatment and assessed cell viability and apoptosis.
Inhibition of p38 with SB203580 had no effect on SKI-178
treatment (data not shown). Pre-treatment with the non-specific
JNK inhibitor SP600125 provided modest resistance to the
decreased cell viability observed with SKI-178 (Fig. 6C) and did
not inhibit the apoprotic effects (Fig. 6D). SP600125 has been
shown to also block CDKI1 in addition to JNK.?> Pre-treatment
with a CDKI1 inhibitor, Ro3306, significantly attenuated the
effects of SKI-178 on both cell viability (Fig. 6C) and apoptosis
(Fig. 6D). To determine if the effects of SKI-178 were JNK or
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Figure 4. Leukemic NK cells exhibit G,/(M)arrest after inhibition of SPHK1. NKL cells were treated with SKI-178 for the indicated time and cell cycle analy-
sis performed. (A) Flow cytometry analysis of cell cycle distribution in NKL cells treated with SKI-178 (5 M) or DMSO control for indicated time intervals.
The histograms are representative of 3 independent experiments. (B) Percentage of NKL cells in each stage of the cell cycle after 12 or 16h treatment
with SKI-178 (5 uM) or vehicle (DMSO). *P < 0.05 indicates significant differences compared to DMSO treated cells (Student’s t test). (C) Immunoblot
analysis of phospho-histone H3 and histone H3 at the indicated time intervals after treatment with SKI-178 (5 M) or vehicle (DMSO).

CDKI specific, a second JNK inhibitor, JNK inhibitor XVI, was
used. Treatment with this highly specific NK inhibitor®® had no
significant effects on the impact of SKI-178 on cell viability or
apoptosis (Fig. 6C and Fig. 6D). Taken together, these data sug-
gest a key role for CDK1 in SKI-178 mediated viability reduc-
tion and increased apoptosis induction in NKL cells.

The kinase that phosphorylates Bcl-2 at Serine70 is debated in
the literature. It has been suggested that CDK1°” or JNK® medi-
ate this event. Using the inhibitors previously mentioned, we
determined that CDKI1 inhibition before SKI-178 treatment
fully inhibited Bcl-2 phosphorylation and cleavage (Fig. GE).
The effects of JNK inhibition with SP600125 or JNK Inhibitor
XVI did not reverse the phosphorylation of Bcl-2. Taken
together, these data indicate that CDK1 inhibition blocks Bcl-2
phosphorylation and has the ability to rescue cells from SKI-178-
induced effects.
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SKI-178 targets JAK-STAT signaling

To explore other potential molecular mediators of SKI-178
effects in an unbiased manner, we used a high-throughput
Reverse Phase Protein Microarry (RPMA) to analyze signaling
pathways that are altered upon SKI-178 treatment of NKL cells.
This verified the above mentioned changes in P-Bcl-2, P-JNK, P-
p38 MAPK and P-ERK (Supplement Fig. S2). Interestingly,
treatment of NKL cells with SKI-178 led to decreased phosphor-
ylation of both JAK and STAT proteins (Fig. 7A and B). The
JAK/STAT pathway is dysregulated in both T- and NK-LGL
leukemia.” The RPMA targeting of JAK/STAT signaling was
verified by immunoblotting analysis and illustrates that P-
STAT3, P-STATS, P-JAKI and P-JAK2 decrease dose-depen-
dently with SKI-178 treatment (Fig. 7C and D). The impor-
tance of JAK/STAT signaling in LGL leukemia survival and
pathogenesis and the integration of JAK/STAT signaling
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Figure 5. Apoptosis induced through pharmacologic inhibition of SPHK1 is caspase-dependent and targets
the mitochondria. (A) Dose-dependent treatment of NKL cells with SKI-178 for 24 hours. Immunoblot analysis
shows caspase-3 and PARP cleavage. Equal loading of protein was confirmed by probing for B-actin. (B)
Time-dependent treatment of NKL with 5 M of SKI-178. Immunoblot analysis shows caspase-3 and PARP
cleavage. Equal loading of protein was confirmed by probing for B-actin. (C) Primary PBMCs from an NK-LGL
patient were treated with DMSO or SKI-178 (5 M) for 24 hours. Inmunoblot analysis shows caspase-3 cleav-
age. (D) NKL cells were pre-treated with the pan-caspase inhibitor z-VAD-fmk (25 wM) for 30 minutes and
then treated with SKI-178 (5 M). Cells were assayed for apoptosis at 24 or 48 hours with Annexin V and
7-AAD staining and analyzed by flow cytometry. Mean + SEM shown. *, P < 0.05, indicates significant differ-
ence between z-VAD-fmk pre-treatment along with SKI-178 versus SKI-178-only treated cells. (E) NKL cells
were treated with DMSO or SKI-178 (5 M) for 16 hours and then harvested. The mitochondrial membrane
potential, AWM, was investigated using JC-1 dye and analyzed using flow cytometry. Bar graph illustrates
percentage of cells with high mitochondrial polarization (JC-1 red) and percentage cells with mitochondrial
depolarization (JC-1 green). *, P < 0.05, indicate significant differences between DMSO and SKI-178 treated
cells (Student’s t-test). Mean £ SEM shown. (F) Immunoblot analysis of each of the pro-survival Bcl-2 family
members. NKL cells were treated with DMSO or SKI-178 (5 M) for the indicated time.

induced apoptosis in two NK-
LGL leukemia cell lines and pri-
mary LGLs from patients. The
mechanisms by which SPHKI
inhibitors induce apoptosis and
decrease the proliferative ability of
leukemic NKs appear to be the
result of muldple connected
actions. SPHKI1 inhibitor treat-
ment in leukemic cell lines was
sufficient to activate executioner
caspases and the cleavage of
PARP."? We also observed depo-
larization of the mitochondria,

inhibition with a sphingosine kinase inhibitor provides further
evidence of the promising potential of SPHK1 as a therapeutic
target.

Discussion
Our results show that SPHKI is a novel therapeutic target in
NK-LGL leukemia. The sphingolipid rheostat has been shown to

be dysregulated in many types of cancers, with SI1P production
leading to abnormal cell growth and survival signaling.40 Here,
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caspase-3 and PARP cleavage, all
hallmarks of apoptosis. Pharma-
cologic targeting of SPHK1 by SKI-II or SKI-178 inhibited pro-
duction of pro-survival SIP. S1P can act intracellularly and can
be released from cells to act through its cell surface receptors,
S1PR1-5, of which SIPR5 was discovered in our lab as an over-
expressed EST in LGL leukemia.*”%*** S1P binding to S1PRs is
associated with activation of survival pathways including ERK1/
2.1%% We observed rapid decreases in ERK1/2 phosphorylation
after treatment with SPHK1 inhibitors. ERK1/2 can phosphory-
late SPHK1, leading to increased production of S1P, which in
turn further activates ERK1/2 resulting in a positive feedback
loop.*> Ceramide accumulation has been shown to be a precursor
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Figure 6. Inhibition of SPHK1 alters multiple survival pathways in leukemic NKL cells. (A) NKL cells were treated for the indicated time with either DMSO
or SKI-178 (5 M) and then harvested for protein. Equal amounts of protein lysate were analyzed by western blotting with antibodies against P-JNK, JNK,
P-c-JUN, P-p38 MAPK, p38 MAPK, P-ERK1/2 and ERK1/2. Equal loading confirmed by total JNK, p38 and ERK1/2 levels and B-Actin. (B) Dose-dependent
treatment of NKL or RNK-16 cells with SKI-178 for 24 hours. Equal amounts of protein lysate were analyzed by protein gel blotting with antibodies
against P-JNK, JNK, P-p38 MAPK, p38 MAPK, P-ERK1/2 and ERK1/2. Equal loading of protein was confirmed by probing for B-actin. C and D) NKL cells
were pretreated for 1 hour with a JNK inhibitor, SP600125 (SP) at 10 M, a CDK1 inhibitor, Ro3306 at 10 M, or a second JNK inhibitor, JNK inhibitor XVI
at 10 wM. The cells were then incubated with SKI-178 (5 M) or DMSO for 48h and cell viability assessed by MTS assay (C) or Annexin V/7-AAD apoptosis
by flow cytometry (D E) NKL cells were pretreated with SP (10 wM), Ro3306 (10 wM) or JNK inhibitor XVI (10 wM) for 1 hour and then incubated with
SKI-178 (5 M) or DMSO for 24 hours. Cells were harvested for protein lysate and equal amounts of protein were analyzed by western blotting with anti-
bodies against P-Bcl-2 (Ser70) and Bcl-2. Equal loading was confirmed by B-actin. *P < 0.05 indicates significant differences as shown (Student’s t test).

to apoptosis induction in leukemic cells.**® We observed
impressive increases in ceramide accumulation after inhibition of
SPHKI1, which suggests that elevated SPHK1 activity is a key cer-
amide detoxification pathway in NK-LGL. Ceramide can execute
its apoptotic effects through multiple molecular pathways.”'
Important immediate downstream effectors of ceramide accumu-
lation include serine/threonine protein phosphatases PP1 and
PP2A,"” which can also negatively regulate the ERK signaling
pathway.” The disruption of this loop, coupled with the
observed increases in ceramide production that result from tar-
geting of SPHK1 with pharmacologic inhibitors, demonstrates
that SPHK1 inhibition can integrate multiple molecular targets
to reduce survival of leukemic LGLs.

Whereas S1P promotes cell growth and proliferation and sur-
vival, ceramide and sphingosine can mediate cell cycle arrest and
induce apoptosis. The downregulation of SPHK1 has previously
been shown to induce cell cycle arrest and apoptosis through the
activation of the mitochondrial cell death pathway.'®>® We
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observed arrest of leukemic NK cells at the G2/M stage of the
cell cycle following treatment with SKI-178. This effect is com-
parable to what we have observed in SKI-178 treated AML cells
lines.”! We found that Bcl-2 phosphorylation at Ser70 increased
following inhibition of SPHKI, as well as Bcl-2 cleavage. The
phosphorylation of Bcl-2 and subsequent cleavage were associ-
ated with mitochondria-dependent apoptosis.”®* Interestingly,
the phosphorylation of Bcl-2 at Ser70 occurs under normal cell
cycle conditions at the G2/M stage.”® The extended time spent
in G2/M has been suggested to result in even further increases of
Bcl-2 phosphorylation, leading to the dissociation of Bax from
Bcl-2 and its ensuing entry into the mitochondria leading to
depolarization.”®?” Interestingly, we found that it was CDKI,
but not JNK, that contributes to the phosphorylation of Bcl-2.
Additionally, phosphorylation of histone H3 increases after
SPHK1 inhibition. This is similar to what we have recenty
observed in AML cells.”" Normally, this occurs during mitosis and
chromosome However, during

accompanies condensation.
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sion levels were determined compared to vehicle control (DMSO).

Figure 7. SKI-178 targets JAK-STAT signaling. (A) NKL cells were treated for 16 hours with the indicated doses
of SKI-178 and analyzed using a reverse phase protein array. The heat map shown illustrates the phosphory-
lation states of JAK/STAT family members. Data is represented as Log2 of the fold change relative to vehicle
control (DMSO) (B) Representative bar graph illustrating relative fold change of SKI-178 treated NKL cells to
vehicle control (DMSO) (C) The reverse phase protein array data was verified by immunoblotting for the indi-
cated proteins. NKL cells were treated for 16 hours with the indicated doses of SKI-178. Equal amounts of
protein lysate were analyzed by immunoblotting with antibodies against P-STAT5 (Y694), STAT5, P-STAT3
(Y705), STAT3, P-JAK1 (Y1022/23), JAK1, P-JAK2 (Y1007) and JAK2. Equal loading was confirmed by B-actin.
(D) Quantification of immunoblots in Figure 7C. Protein was normalized to B-actin and then relative expres-

from Cell Signaling Technology
Inc.. Human NKL cells (kindly
provided by Dr. Howard Young
at National Cancer Institute) were
grown in RPMI-1640 medium
supplemented with 10% fetal
bovine serum (FBS) plus 100 U/
ml IL-2 (NIH AIDS Reagent Pro-

apoptotic cell death, chromosome condensation is one of the first
changes and this suggests a similar role for histone H3 phosphoryla-
tion during apoptosis.”® These molecular events may represent use-
ful biomarkers of response for future clinical application of SKI-
178.

JAK/STAT signaling plays an integral role in LGL leukemia.
The identification of both constitutive activation of STAT3 in all
LGL leukemia patient cells, as well as up to 40% of patients har-
boring activating mutations in STAT3 suggests a central role for
STAT signaling in LGL leukemia pathogenesis.””>>* Our identi-
fication of JAK/STAT inhibition through the use of RPMA anal-
ysis of SKI-178 treated NKL cells suggests that SPHKI
inhibition can integrate multiple molecular signaling pathways in
LGL leukemia. SIP and the S1P receptors have been shown
to be critical for persistent STAT3 activation in tumors.”*>
Our finding that SPHK1 inhibition leads to decreased phosphor-
ylation of JAK1/JAK2/STAT3/STATS suggests that a SPHK1/
S1P/S1PR axis is central to the persistent activation of STAT sig-
naling in LGL leukemia.

www.tandfonline.com

Cancer Biology & Therapy

gram, Division of AIDS, NIAID,
NIH: Human rIL-2 from Dr.
Maurice Gately, Hoffmann — La
Roche Inc.).’® Rat RNK-16 cells (kindly provided by Dr. Craig
Reynolds at National Cancer Institute) were cultured in RPMI-
1640 supplemented with 10% FBS, non-essential amino acids
(Sigma), 1% sodium pyruvate (Sigma) and 25 wM 2-mercaptoe-
thanol. All cells were maintained in a 37°C humidified 5% CO,
atmosphere incubator. Cell lines were authenticated by Genetica

using STR profiling.

Patient characteristics and preparation of peripheral blood
mononuclear cells (PBMC)

All patients met the criteria of chronic NK leukemia with
increased numbers (>80 %) of CD3 CD56" or CD3 CD16"
NK cells in the peripheral blood. Peripheral blood samples were
obtained and informed consents signed for all LGL leukemia
patients according to protocols approved by the Institutional
Review Boards of Penn State Hershey Medical Center and the
University of Virginia Medical Center. Normal NK cells from
age- and gender-matched healthy donors were obtained from the
Blood Bank of the Milton S. Hershey Medical Center and were
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isolated by selection using StemCell Technologies, Inc. EasySep
Human NK cell Enrichment Kit. PBMC were isolated by Ficoll-
Hypaque gradient separation as described previously.”® Cell via-
bility was determined by trypan blue exclusion assay with more

than 95% viability in all samples.

Real-time quantitative PCR

Quantitative real-time PCR was performed using primer sets
specific for human SPHKT and an internal standard 18S rRNA
in an ABI PRISM 7900 sequence detector (Foster City, CA).
Five x 10° PBMC from three aggressive NK-LGL leukemia
patients or five chronic NK-LGL leukemia patients
(CD37CD56" NK cells >80%) and freshly purified
CD37CD56" NK cells from 8 age- and gender- matched nor-
mal healthy controls were subjected to total RNA extraction
using TRIzoL Reagent. First strand cDNA was synthesized from
2 pg purified total RNA using random hexamers and MMLV
reverse transcription reagents in a total volume of 20 uL. One pg
cDNA was applied in a 10 pL PCR mix using a QuantiTest
SYBR Green PCR kit (QIAgen). Amplification of triplicate
cDNA template samples was then performed with denaturation
for 15 min at 95°C, followed by 40 cycles of denaturation at
94°C for 15 s, annealing at 55°C for 30 s and extension at 72°C
for 30s. Values were normalized to the relative amount of 18S
mRNA, which were obtained from a similar standard curve. The
changes in fluorescence of SYBR green dye in every cycle were
monitored by the ABI 7900 system software and threshold cycle
(AACt) for each reaction was calculated. The relative amount of
PCR products generated from each primer set was determined
based on the Ct value. The following primers were used in the
detection of SPHKI1: human SPHKI1 sense, 5-ATGCAC-
GAGGTGGTGAAC-3, 5'-TAGCCAGCA-
TAATGGTTCAAG-3'.

antisense

Western blot analysis

Protein expression levels were determined as previously
described.”® Briefly, whole cell lysates were harvested using 1X
RIPA buffer. Lysates were centrifuged for 15 minutes at 14400 g
at 4°C to pellet cell debris. Protein concentrations were deter-
mined using a BCA assay. Equal amounts of protein were loaded
onto Bolt 4-12% Bis-Tris gels, separated by electrophoresis and
transferred to PVDF membranes. Membranes were blocked in
5% BSA/TBS-T and incubated overnight at 4°C with primary
antibody (1:1000). Immunodetection was performed with IgG
HRP-linked antibodies (1:3000) and ECL reagent on a Bio-Rad
ChemiDOC XP or ChemiDOC MP.

Reverse phase protein microarray construction and analysis

Pathway activation mapping was performed by reverse phase
protein microarray (RPMA) as previously described.””>? Briefly,
cells were subjected to lysis with 2.5% solution of 2-mercaptoe-
thanol in Tissue Protein Extraction Reagent (t-PER™ Pierce)
12X SDS Tris-Glycine 2X SDS buffe. The lysates were printed
on glass-backed nitrocellulose array slides using an Aushon 2470
arrayer (Aushon BioSystems, Burlington, MA USA) equipped
with 185 wm pins. Each sample was printed in triplicate. Arrays
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were blocked (I-Block) for 1h and subsequently probed with
phosphorylated, cleaved or total protein antibodies. Detection
was performed using a fluorescence-based tyramide signal ampli-
fication strategy using Streptavidin-conjugated IRDye680 (LI-
COR Biosciences) was used as detection reagent. All antibodies
were validated for single band specificity as well as for ligand-
induction (for phospho-specific antibodies) by Western Blotting
prior to use on the arrays as described previously.””>” Each array
was scanned using a TECAN LS laser scanner. After scanning,
spot intensity was analyzed, data were normalized to total protein
and a standardized, single data value was generated for each sam-
ple on the array by MicroVigene software V2.999 (VigeneTech,
North Billerica, MA USA) as previously described.””

Apoptosis and cell viability assays

Apoptosis induced by SKI-II or SKI-178 in NKL, RNK16,
normal NKs from health donors or NK cells from LGL patients
was detected by flow cytometry with Annexin V -PE (BD Phar-
Mingen) and 7-amino-actinomycin D (7-AAD) staining using
5 x 10° cells per sample in triplicate. The percentage specific
apoptosis was calculated using the follow formula: Apoptosis (%)
= [(% Annexin V-PE positive cells) in treatment wells] - [(%
Annexin V-PE positive cells) in control wells] x 100/ [(%
Annexin V-PE positive cells) in control wells]. Cell viability was
determined using CellTiter 96 Aqueous One Solution assay kit
(Promega). The relative viable cell number was determined using
a Cytation HT Mult-Detection Microplate Reader (Bio-TEK).

Cell cycle analysis

DNA content was analyzed using propidium iodide (PI) stain-
ing and flow cytometry. Briefly, cells were treated for the indi-
cated time intervals with SKI-178 (5 wM) or DMSO and fixed
in cold 70% EtOH and incubated for 3 hours at —20°C. Cells
were then resuspended in 1X PBS with 100 wg/mL PI and
200 pg/mL Ribonuclease A (Abcam) for 30 minutes and ana-
lyzed with a FACS Calibur analyzer. Data was processed and ana-
lyzed with FlowJo V10 software.

Mitochondrial depolarization assay

JC-1 is a cationic dye that permeates mitochondrial mem-
branes and fluoresces red when it aggregates in healthy, high
potential mitochondria, but fluoresces green when there are dam-
aged, low potential mitochondria. JC-1 can therefore be used to
indicate mitochondrial matrix potential (AWM). Briefly, we
treated NKL cells for 16h with SKI-178. Cells were incubated
with 2 pg/mL JC-1 dye for 30 minutes at 37°C and immediately
analyzed on a BD FACS-Calibur at 488 nM excitation. Data
were collected at 529 nm for green fluorescence and 590 nm for
red fluorescence. Results are expressed as percent of JC-1
fluorescence.

Lipid quantification by mass spectroscopy

Briefly, 5 x 10° of cells were homogenized by sonication in a
10mM Tris/HCl(pH 7.2). These samples then were subjected to
lipid extraction in chloroform/methanol/water as originally
described by Bligh and Dyer® after internal standards had been
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added (C,;-sphingosine-1-phosphate, C;;-sphingosine, C;7-
sphinganine,  C;;-sphinganine-1-phosphate,  Cj,-ceramide).
Sphingoid bases and 1-phosphates was separated by HPLC (Agi-
lent 1100) with a Luna 2.1mm X 50mm Cg-reverse phase col-
umn (Phenomenex) and ceramide was separated on a LC-NH,-
amino column (Sigma-Aldrich) before detection via multiple
reaction monitoring (MRM) and quantification with an
4000QTrap mass spectrometer (a hybrid quadrupole-ion trap
mass spectrometer, Sciex, Redwood City, CA USA). The peak
areas for the sphingolipid subspecies were quantified according
to the internal standards and normalized to total protein content
as determined by BCA assay.
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