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ABSTRACT

Sphingolipid-metabolizing enzymes control the dynamic balance
of the cellular levels of important bioactive lipids, including the
apoptotic compound ceramide and the proliferative compound
sphingosine 1-phosphate (S1P). Many growth factors and inflam-
matory cytokines promote the cleavage of sphingomyelin and
ceramide leading to rapid elevation of S1P levels through the
action of sphingosine kinases (SK1 and SK2). SK1 and SK2 are
overexpressed in a variety of human cancers, making these en-
zymes potential molecular targets for cancer therapy. We have
identified an aryladamantane compound, termed ABC294640
[3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-
ylmethyl)amide], that selectively inhibits SK2 activity in vitro, acting
as a competitive inhibitor with respect to sphingosine with a K; of
9.8 uM, and attenuates S1P formation in intact cells. In tissue
culture, ABC294640 suppresses the proliferation of a broad panel

of tumor cell lines, and inhibits tumor cell migration concomitant
with loss of microfilaments. In vivo, ABC294640 has excellent oral
bioavailability, and demonstrates a plasma clearance half-time of
4.5 h in mice. Acute and chronic toxicology studies indicate that
ABC294640 induces a transient minor decrease in the hematocrit
of rats and mice; however, this normalizes by 28 days of treat-
ment. No other changes in hematology parameters, or gross or
microscopic tissue pathology, result from treatment with
ABC294640. Oral administration of ABC294640 to mice bearing
mammary adenocarcinoma xenografts results in dose-dependent
antitumor activity associated with depletion of S1P levels in the
tumors and progressive tumor cell apoptosis. Therefore, this
newly developed SK2 inhibitor provides an orally available drug
candidate for the treatment of cancer and other diseases.

Sphingolipids have become a focal point in biological re-
search, with excellent rationale for their manipulation for the
treatment of diseases, including cancer (reviewed in Ogret-
men, 2006; Cuvillier, 2007; and Huwiler and Zangemeister-
Wittke, 2007). The parent lipid sphingomyelin is a structural
component of cellular membranes, but also serves as the
precursor for potent second messengers that have profound
cellular effects. Stimulus-induced metabolism of these lipids
is critically involved in cancer cell biology and inflammatory
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diseases; hence, this metabolic pathway offers exciting new
molecular targets for drug development.

In response to stimuli, including growth factors and in-
flammatory cytokines, sphingomyelin is enzymatically hy-
drolyzed to ceramide, which can be further hydrolyzed by the
action of ceramidase to produce sphingosine. Ceramide and
sphingosine induce apoptosis in cancer cells by mechanisms
that remain to be elucidated. Sphingosine is rapidly phos-
phorylated by sphingosine kinase (SK) to produce sphin-
gosine 1-phosphate (S1P), which is mitogenic and antiapop-
totic. Through these conversions, a critical balance, i.e., a
ceramide/S1P rheostat, has been hypothesized to determine
the fate of the cell (Cuvillier et al., 1996). In this model, the
balance between the cellular concentrations of ceramide and
S1P determines whether a cell proliferates or undergoes apop-

ABBREVIATIONS: SK, sphingosine kinase; SK1, sphingosine kinase-1; SK2, sphingosine kinase-2; ABC294640, 3-(4-chlorophenyl)-adamantane-
1-carboxylic acid (pyridin-4-ylmethyl)amide; DMS, N,N-dimethylsphingosine; NBD-Sph, omega(7-nitro-2-1,3-benzoxadiazol-4-yl)(2S,3R,4E)-2-
aminooctadec-4-ene-1,3-diol; PBS, phosphate-buffered saline; PEG, polyethylene glycol; S1P, sphingosine 1-phosphate; FITC, fluorescein
isothiocyanate; HPLC, high-performance liquid chromatography; LC/MS, liquid chromatography/mass spectrometry; TUNEL, terminal deoxynu-

cleotidyl transferase dUTP nick-end labeling.
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tosis. Upon exposure to mitogens or activation of intracellular
oncoproteins, the cells experience an increase in the intracel-
lular levels of S1P and depletion of ceramide levels, and this
situation promotes cell survival and proliferation. In con-
trast, activation of sphingomyelinase in the absence of acti-
vation of ceramidase and/or SK results in the accumulation
of ceramide and subsequent apoptosis.

Despite the high level of interest in sphingolipid-mediated
signaling, there are very few known inhibitors of the enzymes of
this pathway. In particular, the field suffers from a lack of
potent and selective inhibitors of SK. Most pharmacological
studies to date have used three compounds to inhibit SK activ-
ity: N,N-dimethylsphingosine (DMS), pL-threo-dihydrosphin-
gosine, and N,N,N-trimethylsphingosine. However, these com-
pounds are not specific inhibitors of SK because they have been
shown to affect protein kinase C (Igarashi et al., 1989), 3-phos-
phoinositide-dependent kinase (King et al., 2000), and casein
kinase II (McDonald et al., 1991). In addition, the compound
phenoxodiol has been described as an SK inhibitor (Gamble et
al., 2006); however, this isoflavone also inhibits several other
enzymes. A few natural product inhibitors of SK have been
isolated (Kono et al., 2001), but their selectivities remain
unknown and their amenability to large-scale production
is doubtful.

Inhibitors of SK that can be easily synthesized would
clearly be highly desirable for evaluating this enzyme as a
therapeutic target. To address this problem, we previously
identified and characterized structurally novel inhibitors of
SK (French et al., 2003, 2006). These compounds, called
SKI-I, SKI-II, and SKI-V, inhibited S1P formation in intact
cells, induced apoptosis, and demonstrated antitumor activ-
ity upon intraperitoneal administration (French et al., 2006),
reinforcing the approach of targeting SK in cancer. We report
here the pharmacological characterization of a new orally
available SK inhibitor with in vivo activity. It is noteworthy
that this compound is selective for SK2, thereby providing
the first pharmacological probe to evaluate the biological
roles of this SK isozyme.

Materials and Methods

Materials. Unless otherwise noted, all chemicals and reagents were
purchased from Sigma-Aldrich (St. Louis, MO). Phalloidin-FITC were
purchased from Invitrogen (Carlsbad, CA). Fibronectin and cell culture
inserts were purchased from BD Biosciences (San Jose, CA). Recombi-
nant human SK1 and SK2 were purchased from BPS Biosciences (San
Diego, CA). C;,-sphingosine and C,,-S1P were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). All cell lines were obtained from the
American Type Culture Collection and grown in either Dulbecco’s mod-
ified Eagle’s medium or RPMI 1640 medium containing 10% fetal
bovine serum and 50 pg/ml gentamycin sulfate. ABC294640 (Fig. 1)
was synthesized as described previously (Maines et al., 2008). The
hydrochloride salt, ABC294640 - HC], was prepared by dissolving 9.6 g
of ABC294640 in 50 ml of CH,Cl,, and slowly adding an equimolar
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Fig. 1. Structure of ABC294640 (CAS 915385-81-8).

amount of 1M HCl in ether. After filtration and washing, 9.6 g (93%) of
ABC294640 - HCI was recovered as fine crystals with a melting point of
204 to 206°C.

Sphingosine Kinase Assays. The IC;, values (the concentration
that inhibits by 50%) for ABC294640 and DMS were determined by
a newly developed HPLC-based SK activity assay. In brief, the test
compounds were incubated with recombinant SK1 or SK2 and NBD-
Sph in the isozyme-selective assay buffers detailed below with 1
mg/ml fatty acid-free bovine serum albumin, 100 pM ATP, and 400
wM MgCl,. The product, i.e., NBD-S1P, was separated from NBD-
Sph by HPLC as follows: Waters 2795 HPLC system with a Waters
2495 fluorescence detector, C8 Chromolith RP-8e column (100 X 4.6
mm; Merck KGaA, Darmstadt, Germany), 1 ml/min mobile phase
(acetonitrile/20 mM sodium phosphate buffer, pH2.5, at 45:55). Fluo-
rescence was monitored with excitation at 465 nm and emission at
531 nm. The ratio of NBD-S1P/(NBD-Sph + NBD-S1P) was used as
a measure of SK activity. SK-isozyme selective assay buffers each
contained 20 mM Tris, pH7.4, 5 mM EDTA, 5 mM EGTA, 3 mM
B-mercaptoethanol, 5% glycerol, 1X protease inhibitors (Sigma-Al-
drich) and 1X phosphatase inhibitors (Roche Diagnostics, Indianap-
olis, IN). For the SK1 assay buffer, 0.25% (final) Triton X-100 was
added; and for the SK2 buffer, 1 M (final) KCI was added. Assays
were run for 2 h at room temperature, and then a 1.5 volume of
methanol was added to terminate the kinase reaction. After 10 min,
the samples were centrifuged at 20,000g to pellet the precipitated
protein, and the supernatants were analyzed by HPLC. In experi-
ments to determine the K; for inhibition of SK2 by ABC294640, the
ADP Quest assay system (DiscoveRx Corporation, Fremont CA) was
used to measure kinase activity in the presence of varying concen-
trations of sphingosine and ABC294640.

To determine the effects of ABC294640 on cellular SK activity,
near-confluent MDA-MB-231 cells were serum-starved overnight,
and then treated with varying concentrations of ABC294640. The
cells were then incubated with [*H]sphingosine at a final concentra-
tion of 1 uM as described previously (French et al., 2006). The cells
take up the exogenous sphingosine, which is converted to S1P via SK
activity, and [PH]S1P is separated from [*H]sphingosine by extrac-
tion and quantified by scintillation counting.

Sphingolipid Analyses. Biochemical analyses of ceramide spe-
cies, sphingoid bases, and their phosphates were performed by the
Lipidomics Shared Resource at the Medical University of South
Carolina on a Thermo Finnigan TSQ 7000 triple-stage quadruple
mass spectrometer (Thermo Fisher Scientific, Waltham, MA) oper-
ating in a Multiple Reaction Monitoring positive ionization mode.
Quantitative analyses of the cellular sphingolipids were based on the
calibration curves generated by spiking an artificial matrix with
known amounts of target standards and an equal amount of the
internal standard. The target analyte to internal standard peak area
ratios from the samples were similarly normalized to their respective
internal standards and compared with the calibration curves by
linear regression. Final results were expressed as the level of the
particular sphingolipid normalized the total phospholipid phosphate
levels determined from the Bligh and Dyer lipid extract (Bielawski
et al., 2006).

Cytotoxicity Assays. To determine the effects of the test com-
pounds on proliferation, cells were plated into 96-well microtiter
plates and allowed to attach for 24 h. Varying concentrations of
ABC294640 were added to individual wells and the cells were incu-
bated for an additional 72 h. At the end of this period, the number of
viable cells was determined by use of the sulforhodamine-binding
assay. The percentage of cells killed was calculated as the percentage
decrease in sulforhodamine-binding compared with control cultures.
Regression analyses of inhibition curves were performed by use of
GraphPad Prism (GraphPad Software Inc., San Diego, CA).

Chemotaxis and Cytoskeletal Assays. Chemotaxis assays
were performed as follows. Transwell inserts (8-pm pore size) were
precoated with fibronectin (5 pg/ml) for 1 h at room temperature.
A-498 cells were trypsinized and resuspended in serum-free media at



a concentration of 10° cells/ml. A total volume of 500 wl of this cell
suspension was added to the top of the insert, and medium contain-
ing 10% fetal bovine serum was placed at the bottom to act as a
chemoattractant. Equal concentrations of ABC294640 were added to
the top and the bottom of the chamber. After 4 h at 37°C, cells that
migrated through the membrane were fixed in 4% formaldehyde and
stained with crystal violet. The number of migrating cells was es-
tablished by counting ten random microscope fields. Experiments
were performed in duplicate and repeated three times.

Microfilaments were stained with FITC-conjugated phalloidin (In-
vitrogen), according to the manufacturer’s directions. In brief, cells
in chamber slides were exposed to the vehicle, ABC294640 or cy-
tochalasin B for various times, fixed in 3.7% paraformaldehide, per-
meabilized with 0.1% Triton X-100, blocked with 2% bovine serum
albumin in Tris-buffered saline/Tween 20, and stained with 20 pl of
phalloidin methanol solution per ml of blocking solution. After 12 to
16 h at 4°C, the excess phalloidin was removed by washing in
Tris-buffered saline/Tween 20; cells were mounted and observed
with a Zeiss LSM 510 laser scanning confocal microscope (Carl Zeiss
GmbH, Jena, Germany). Cells were randomly selected, and at least
five different images with multiple cells were taken per experimental
point.

The G (globular) to F (fibrous) actin ratio was quantified to assess
the status of microfilaments. In brief, cells were exposed to the drug
for various times, and actin was extracted by washing the cells with
1% Triton X-100 solution in PBS. The two forms of actin were
separated by centrifugation at 14,000g. The supernatant (containing
G actin) was mixed 1:1 with Laemmli buffer, and the pellet (contain-
ing F actin) was dissolved in Laemmli buffer. Samples were sub-
jected to SDS-polyacrylamide gel electrophoresis and the actin con-
tent of each fraction was quantified by immunoblotting with
antiactin antibody and analyses using the ImagedJ (National Insti-
tutes of Health) program.

Quantification of ABC294640 in Plasma and Tumors.
Plasma samples were prepared by centrifugation (5000g, 5 min at
4°C) of whole blood that was collected into syringes containing EDTA
as an anticoagulant. Samples were spiked with 10 pg of an internal
standard {3-(4-chlorophenyl)adamantane-1-carboxylic acid [2-(3,4-
dihydroxyphenyl)ethyllamide}, brought to 1 ml with water and ex-
tracted three times with 2 ml of ethyl acetate. Extracts were dried
over nitrogen at 35°C, reconstituted in 0.2 ml of 0.1% formic acid in
water/methanol (50:50, phase A), filtered, and transferred to vials.
Analyses were performed by use of an Agilent 1100 binary pump
HPLC system coupled to a Finnigan LCQ Classic ion trap quadru-
pole mass spectrometer running in electrospray ionization positive
ion mode. Sample (10 pl) was injected and resolved by use of a
Supelco Discovery C18 column (2.1 X 20 mm, 5-mm particle size)
connected to a Zorbax precolumn (Agilent Technologies, Santa Clara,
CA) with a mobile phase consisting of 0.1% formic acid in water/
methanol (50:50). The flow rate was 0.3 ml/min, and samples were
eluted by a linear gradient increasing from 50 to 100% methanol over
3 min. ABC294640 and the internal standard were detected at 5.1
min and 5.5 min, respectively, by use of a selected ion monitoring
mode (m/z = 381 and 426, respectively). Peak areas were integrated
by use of Xcalibur software, and ABC294640 concentrations were
determined from a standard curve, which was linear in range of all
plasma levels observed in these studies.

Oral Bioavailability and Pharmacokinetic Studies. Formu-
lations of ABC294640-HCl were administered orally or intrave-
nously to fasted female Swiss-Webster mice at a dose of 100 mg/kg in
0.1 ml of the indicated solvents. Blood samples were removed at 1
and 7 h after dosing, and the plasma concentration of ABC294640
was determined by reverse-phase LC/MS running in SIM mode as
described above. For pharmacokinetic studies, female Swiss-Webster
mice (6—8 weeks old) were fasted overnight and administered a bolus
dose of 0.1 ml of ABC294640 - HC1 either orally or intravenously.
After dosing, mice were anesthetized with halothane, and blood was
removed via intracardiac puncture at the indicated times. Plasma
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samples were processed, and ABC294640 levels were determined as
described above. Noncompartmental pharmacokinetic analyses were
performed with use of WinNolin software package (Pharsight, Moun-
tain View, CA).

Toxicology Studies. Acute (7-day) and chronic (28-day) toxicol-
ogy studies were conducted with ABC294640-HCI. In the first study
(which was conducted by Eurofins Product Safety Laboratories, Day-
ton, NJ), Sprague-Dawley male rats (7-8 weeks old) were orally
dosed with 0, 100, or 250 mg of ABC294640-HCl/kg in 0.375%
Polysorbate-80 in PBS daily for 7 days. The animals were observed
daily for viability, signs of gross toxicity, and behavioral changes,
and a battery of detailed observations were performed on study days
1 and 7. Blood was sampled from all animals on day 8 of the study for
hematology, clinical biochemistry, and serology assessments, and
the animals were sacrificed. Gross necropsies were performed on all
study rats, and selected organs and tissues were evaluated in the
control and high-dose level groups. In the second study, C57BL/6
mice were orally dosed with 0, 100, or 250 mg of ABC294640-HCl/kg
daily exactly as indicated above, and sacrificed at either day 7 or day
28 for hematology studies.

Antitumor Evaluation. A syngeneic mouse tumor model that
uses a transformed murine mammary adenocarcinoma cell line (JC,
American Type Culture Collection number CRL-2116) and BALB/c
mice (Charles River, Wilmington, MA) was performed as described
previously (Lee et al., 2003). Animal care and procedures were in
accordance with guidelines and regulations of the Institutional An-
imal Care and Use Committee of the Penn State College of Medicine.
Animals were housed under 12-h light/dark cycles, with food and
water provided ad libitum. Tumor cells (1 X 10%) were implanted
subcutaneously, and tumor volume was calculated by use of the
equation: (L. X W?)/2. On detection of tumors, mice were randomly
assigned to treatment groups. Treatment was then administered
every other day thereafter, consisting of oral doses of 3.5, 10, 35, or
100 mg of ABC294640-HCl/kg body weight or vehicle (0.375% Poly-
sorbate-80). Whole body weights and tumor volume measurements
were performed each day of treatment. On day 15, mice were dosed
and euthanized 1 h later; tumors were excised and immediately
frozen. p values were determined by use of one-way analysis of
variance using GraphPad InStat.

Pharmacodynamic Studies and Tumor Accumulation of
ABC294640. Apoptosis was measured in sections from tumors
treated with ABC294640-HCI using a TUNEL detection kit accord-
ing to the manufacturer’s instructions (In situ cell death detection
kit; Roche Diagnostics). In brief, tumor sections were incubated with
permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate,
freshly prepared) for 8 min at room temperature and then washed
twice with PBS. Sections were incubated with TUNEL reaction mix-
ture in a humid atmosphere at 37°C for 60 min and mounted with
crystal mounting medium. The amount of apoptosis was calculated
for an average of 10 microscopic fields in each sample (magnification,
100X) and expressed as the percentage of cells that were TUNEL-
positive. For the analyses of sphingolipids, frozen tumor slices were
homogenized in ice-cold PBS to a final concentration of 10 mg/ml. A
0.5-ml aliquot of the homogenate was combined with 0.5 ml of meth-
anol, 0.25 ml of chloroform, and 375 pmol each of internal standards
C;7-sphingosine and C;,-S1P. Blank samples spiked with known
amounts of sphingosine, S1P, and the internal standards were pro-
cessed in parallel to provide a standard curve for quantification.
After sonication, samples were incubated overnight at 48°C, followed
by addition of 75 pl of 1 N potassium hydroxide in methanol. The
samples were then sonicated and incubated at 37°C for 2 h. A portion
(0.4 ml) of each sample was then transferred to a new tube, dried,
reconstituted in 0.25 ml of phase A, filtered, and transferred to a vial.
HPLC was performed as described above. Elution was performed at
0.45 ml/min with 65% phase B for 2 min followed by a linear gradient
to 100% phase B over 5 min. Ions for C,,-sphingosine, sphingosine,
C,7,-S1P, and S1P were monitored at m/z 286 (parent ion) — 268
(daughter ion), 300 — 282, 366 — 250, and 380 — 264, respectively.
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Likewise, extracts of tumors from ABC294640-treated mice were
prepared and levels of ABC294640 were quantified by LC/MS as
described above.

Results

Inhibition of Sphingosine Kinase Activity by ABC294640.
Screening of a chemical library identified SK inhibitors con-
taining an aryladamantane scaffold, and approximately 140
congeners were synthesized and tested for their ability to
inhibit a recombinant fusion protein of glutathione S-trans-
ferase and human SK1 (Smith et al., 2008). The structure-
activity properties of this series will be reported elsewhere.
Although ABC294640 is not the most potent SK inhibitor in
this series, its biological and pharmacological properties
were characterized because of its excellent solubility and oral
absorption (described below), and in vivo activity in models of
diabetic retinopathy (Maines et al., 2006) and ulcerative co-
litis (Maines et al., 2008).

In evaluating the potencies of these compounds, we devel-
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Fig. 2. Inhibition of sphingosine kinases. A, recombinant SK1 (circles) or
SK2 (squares) was incubated with the indicated concentrations of
ABC294640 (@, B) or DMS (O, [), and the kinase activity was measured
by use of the HPLC assay described under Materials and Methods. Values
represent the mean = S.E.M. for three experiments. B, recombinant SK2
was incubated with the indicated concentration of ABC294640, and ki-
nase activity was determined in assays containing 2.5 (H), 5 (A), 10 (V),
or 25 (#) uM sphingosine by use of the ADP Quest assay as described
under Materials and Methods. The reciprocal of the velocity is plotted
against the ABC294640 concentration providing a Dixon plot of the results.

oped an HPLC-based assay for SK activity that avoids the
use of radiolabeled substrate as we have described previously
(French et al., 2003). Using recombinant human SK1 and
SK2, ABC294640 demonstrated dose-dependent inhibition of
SK2 with an IC4, of approximately 60 pM without affecting
the activity of SK1 at concentrations up to at least 100 pnM
(Fig. 2A). In contrast, DMS inhibited both SK1 and SK2 with
IC;, values of approximately 60 and 20 pM, respectively.
Additional studies demonstrated that both ABC294640 and
DMS act as competitive inhibitors with respect to sphin-
gosine, making the IC;, strongly affected by the concentra-
tion of sphingosine used in the assay. Kinetic analyses of
varying concentrations of ABC294640 in the presence of 2.5
to 25 uM sphingosine indicated a K; of 9.8 = 1.4 pM for the
inhibition of SK2 (Fig. 2B).

To assess its selectivity, ABC294640 was tested against a
panel of serine/threonine and tyrosine protein kinases, sev-
eral of which are regulated by interactions with lipids. Each
kinase was incubated with its appropriate peptide substrate,
ATP, and 50 pM ABC294640. Activities were normalized to
vehicle-treated (dimethyl sulfoxide) control reactions. As in-
dicated in Table 1, none of the other 20 diverse kinases tested
were significantly inhibited by the compound. These data
suggest that the biological effects of this compound are not
mediated by off-target inhibition of protein kinases, consis-
tent with its targeting of the sphingosine binding site of SK2.

It was also important to determine the ability of ABC294640 to
inhibit endogenous SK activity in an intact cell model. There-
fore, we used our previously described method in which
MDA-MB-231 cells are incubated with [*H]sphingosine at a
final concentration of 1 uM (French et al., 2003). The cells
take up the exogenous sphingosine, which is converted to
S1P via SK activity, and the cells are harvested and [PH]S1P
is separated from [*H]sphingosine by extraction and quanti-
fied by scintillation counting. In this assay, ABC294640 de-
creased [PH]S1P formation in a dose-dependent fashion with
an IC;, value of 26 nM. To confirm the affects of ABC294640
on endogenous SK activity, the time dependence of alteration
of the sphingolipid profile in JC murine adenocarcinoma cells
was assessed by lipidomic profiling. As demonstrated in Fig.
3, the predominant molecular species of ceramide in un-
treated cells included C,4-ceramide, Cyy-ceramide, C,,-cer-
amide, and C,, ;-ceramide. Each of these molecular species of
ceramide was elevated after 12 and 24 h of ABC294640

TABLE 1
Kinase selectivity of ABC294640

The effects of 50 pM ABC294640 on the activities of the indicated protein kinases
was assessed by Upstate Cell Signaling. Values represent percentage of activity of
the indicated kinase remaining in the presence of ABC294640 and are the mean *+
S.D. of duplicate measurements.

Kinase Activity Kinase Activity
% control % control
Ca?*/calmodulin PK IV 81=3 cRaf 96+ 5
Abl 98+ 0 MEK kinase 1 104 = 3
Aurora-A 103 £ 1 CHK1 142 + 13
Protein kinase C « 86+ 5 EFGR 101 =3
Protein kinase C ¢ 101 £1 Fyn 84 +5
CDK1/cyclinB 105 £ 1 cSrc 115 + 3
CDK2/cyclinE 106 £ 6 TKKa 150 = 16
p38 MAP kinase 1 94 + 2 PKA 104 =5
p38 MAP kinase 2 109 £5 PKBa 95 + 2
PDK1 116 £ 3 PKBy 105 = 8

MEK, mitogen-activated protein kinase kinase; IKK, IkB kinase complex; MAP,
mitogen-activated protein; PKA, protein kinase A.



treatment, but these changes were largely normalized by
48 h of treatment. It is noteworthy that the cellular levels of
dihydro-C,4-ceramide were dramatically and persistently el-
evated by treatment with ABC294640, as were levels of di-
hydro-sphingosine. It is noteworthy that cellular S1P levels
were decreased at all times of ABC294640 treatment, in
particular, in cells treated for 48 h. Therefore, ABC294640
markedly alters the ratio of ceramide/S1P consistent with
inhibition of SK activity.

Inhibition of Tumor Cell Proliferation and Migra-
tion by ABC294640. The effects of ABC294640 on the pro-
liferation of human tumor cell lines representing major tu-
mor types were determined by use of the sulforhodamine B
assay for quantifying cell number. As indicated in Table 2,
ABC294640 inhibited tumor cell proliferation with IC;, val-
ues ranging from approximately 6 to 48 uM with Hep-G2 and
HT-29 cells being the most and least sensitive, respectively.
It is notable that the IC;, for inhibition of the proliferation
of MDA-MB-231 cells closely matches the IC;, for suppres-
sion of SK activity in this cell line, i.e., 29 and 26 pM,
respectively, supporting the hypotheses that the antipro-
liferative effects of ABC294640 are mediated by inhibition
of SK activity, and that SK2, in particular, is important for
cell proliferation.

Binding of S1P to G protein-coupled S1P receptors induces
a plethora of biological effects, including rapid reorganization
of the actin cytoskeleton and stimulated migration of the
cells (Hait et al., 2006). Therefore, we hypothesized that
inhibition of SK activity by ABC294640 will affect microfila-
ment structure and the ability of cells to migrate. A-498 cells
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Effects of ABC294640 on tumor cell proliferation
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are highly metastatic and mobile, which allowed us to per-
form migration assays by use of Boyden chambers for a short
time (4 h). As shown in Fig. 4A, even short exposure to
ABC294640 affected the ability of A-498 cells to migrate
through a filter. This was confirmed using the “scratch as-
say,” which measures haptokinetic (random) cell movement
(data not shown). Because cell migration depends on the
microfilament cytoskeleton, A-498 cells were treated with
ABC294640 and actin fibers were stained with FITC-phalloi-
din and observed by confocal microscopy. Representative im-
ages from those experiments are presented in Fig. 4C in
which actin fibers are stained green and nuclei are stained
blue with 4,6-diamidino-2-phenylindole. Cytochalasin D was
used as a positive control for microfilament depolymeriza-
tion. At the 24-h time point and concentrations of 50 uM or
higher, the most noticeable phenotypes were a decrease in
the number of stress fibers in the cells and a decrease in the
number of lamellipodia protruding from the cell surface. Re-
organization of actin structure was confirmed by separating
and measuring the globular (G) and fibrous (F) actin levels.
As shown on Fig. 4B, the increase in G/F actin ratio is
consistent with the changes in actin structure observed by
confocal microscopy.

Absorption of ABC294640. The HCI salt of ABC294640
(ABC294640-HCI) has been synthesized in multigram amounts
for characterizations of its toxicity, pharmacokinetics, and in
vivo efficacy. Formulation analyses were conducted to identify a
suitable pharmaceutical composition for in vivo studies. We
chose five different oral formulations from the Division of Drug
Information Resources’ Inactive Ingredient Guide, a compen-

Fig. 3. Time course of sphingolipid alterations by ABC294640.
JC murine adenocarcinoma cells were exposed to 40 pM
ABC294640 for 0 (blue), 12 (red), 24 (yellow), or 48 (green) h.
Cells were harvested and the masses of the indicated sphin-
golipid species were quantified by mass spectrometry in the
Lipidomics Core Facility as described under Materials
and Methods. Labels indicate the chain length and sat-
uration of molecular species of ceramide (Cer). Other
labels refer to dihydro-C,4-ceramide (DHC16-Cer), dihy-
drosphingosine (DHSph), dihydrosphingosine 1-phos-
phate (DhSph-1P), sphingosine (Sph), and S1P.

Sparsely plated cells were treated with ABC294640 for 48 h, and the number of viable cells was determined and compared with vehicle (DMSO)-treated cells as described
in Materials and Methods. Values are the mean = S.E.M. for at least three separate experiments.

Cell Line Tissue IC5, Cell Line Tissue IC5q

wM wM
1025LU Melanoma 33.7 = 2.7 Hep-G2 Liver 6.0 = 2.6
A-498 Kidney 12.2 + 6.0 MCF-7 Breast, ER+ 184 +74
Caco-2 Colon 11.8 £5.6 MDA-MB-231 Breast, ER— 29.1 = 11.1
HT-29 Colon 48.1 = 7.6 Panc-1 Pancreas 32.8 = 0.1
DU145 Prostate 219+ 1.5 T24 Bladder 394 +74
SK-OV-3 Ovary 10.5 + 2.6

ER+, estrogen receptor positive; ER—, estrogen receptor negative.
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Fig. 4. Disruption of tumor cell migration and microfilament structure by
ABC294640. A, A-498 cells were plated into a Boyden chamber and
treated with the indicated concentration of ABC294640 for 4 h as de-
scribed in Materials and Methods. The number of cells migrating to the
opposite side of the filter was then quantified. B, A-498 cells were treated
with the indicated concentration of ABC294640 for 24 h, and the amounts
of G-actin and F-actin were determined as described in Materials and
Methods. Cytochalasin D (cch) was used as a positive control at a con-
centration of 1 uM. C and D, A-498 cells were treated with 0 (C) or 50 pnM
ABC294640 (D) for 24 h, and then stress fibers were visualized with
FITC-phalloidin as described under Materials and Methods.

dium of all inactive ingredients in approved drug products cur-
rently marketed for human use, to assess their ability to support
oral absorption of ABC294640. Solutions of ABC294640-HCI in
water, 90% propylene glycol, 100% polyethylene glycol 400
(PEG400), 50% PEG400 or 0.375% Polysorbate-80 did not pre-
cipitate (measured as turbidity at 590 nm), and so were admin-
istered to fasted female Swiss-Webster mice at a dose of 100
mg/kg. Blood samples were removed at 1 and 7 h, and plasma
levels of ABC294640 were determined by use of an internal
standard and reverse-phase HPLC coupled to an ion-trap quad-
rupole mass spectrometer running in positive SIM detection
mode. As shown in Table 3, substantial amounts of ABC294640

TABLE 3

Effects of formulation on the oral absorption of ABC294640

Mice were dosed with 100 mg/kg ABC294640 dissolved in the indicated carriers, and
plasma levels of the compound were determined at indicated times. Values represent
the mean = S.E.M. (n = 3 per group) concentration of plasma ABC294640.

Plasma ABC294640

Formulation
1h 7h
M
Water 34.0 = 4.7 8.2+ 22
90% Propylene glycol 62.0 = 11.8 235+ 1.6
100% PEG400 489 + 0.1 28.6 + 8.6
50% PEG400 313+ 0.5 29.3 +11.3
0.375% Polysorbate-80 51.6 = 0.9 27.3 9.8

were detected in the blood 1 h after oral dosing, with the highest
levels attained in the samples formulated in 90% propylene
glycol. It should be noted that these ABC294640 concentrations
are sufficient to inhibit SK activity and proliferation of tumor
cells. By 7 h, the plasma concentrations decreased by approxi-
mately 50% in most cases. Effective absorption was observed in
the sample formulated in 0.375% Polysorbate-80, and this sol-
vent for ABC294640-HCl was used in further pharmacokinetic
and efficacy analyses because of its low toxicity.

To further understand the absorption properties of
ABC294640-HCI, the relationship between plasma concen-
tration and dose was examined. Mice were orally dosed with
10, 35, or 100 mg/kg ABC294640, and the plasma levels were
determined at 30 min. As shown in Fig. 5, the plasma
ABC294640 values demonstrated a good linear response with
doses up to at least 100 mg/kg.

Pharmacokinetics of ABC294640. Detailed pharmacoki-
netic studies were performed on ABC294640-HCI in 0.375%
Polysorbate-80. Female Swiss-Webster mice were dosed with 50
mg/kg ABC294640 either intravenously or orally. Groups of
mice (3 per group) were anesthetized, and blood was removed
via cardiac puncture at time points ranging from 1 min to 7 h.
Plasma concentrations of ABC294640 were determined by LC/
MS, and pharmacokinetic parameters were calculated by use of
the WinNolin software package (Table 4). Intravenous admin-
istration of ABC294640 resulted in high plasma concentrations
that were eliminated with a half-time of clearance of 1.4 h.
Although the peak plasma level of ABC294640 was lower when
the compound was administered by oral gavage, the compound
was much more persistent, probably reflecting continued ab-
sorption from the gastrointestinal tract, such that the calcu-
lated half-time for clearance was 4.5 h. It is noteworthy that
comparison of the oral versus the intravenous pharmacokinet-
ics of ABC294640 indicated an excellent oral bioavailability of
66% (F = AUC,,,/AUC,,).

Toxicity of ABC294640. Preliminary toxicity studies
were performed to determine the appropriate dose for in vivo
efficacy testing. No immediate or delayed toxicity was ob-
served in female Swiss-Webster mice treated with intraperi-
toneal doses of ABC294640-HCI up to at least 250 mg/kg.
Repeated injections in the same mice every other day over 15
days showed a similar lack of toxicity at doses up to at least
250 mg/kg. Dose-escalation toxicity testing was performed
via oral gavage with ABC294640-HCI dissolved in 0.375%
Polysorbate-80, and no toxic effects were observed after ad-
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Fig. 5. Relationship between dose and plasma ABC294640 level. Mice
were orally dosed with the indicated amounts of ABC294640-HCI in
0.375% Polysorbate-80 and bled at 30 min; the concentration of
ABC294640 in the plasma was determined as described under Materials
and Methods. Values represent mean = S.E.M. (n = 3 mice per group).
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TABLE 4
Pharmacokinetics of ABC294640

Mice were given 50 mg/kg ABC294640-HCl in 0.375% Polysorbate-80 intravenously
or by oral gavage Plasma was harvested at times between 1 min and 7 h, and
ABC294640 levels were determined as described in Materials and Methods. Values
represent the mean = S.E.M. (n = 3 per group).

Route AUC_... AUC_... tmax Cax Cnax t

pg - h/ml wM - h h pg/ml wM h
Intravenous 56.9 137 0 31.1 74 14
Oral 37.5 90.1 0.25 8 19 4.5

AUC, area under the curve.

ministration of doses up to 1000 mg/kg. Therefore, the com-
pound was considered to be suitable for more detailed in vivo
studies.

Non-good laboratory practice acute toxicology studies
were contracted to Eurofins/Product Safety Laboratories, in
which ABC294640-HCl was given orally in 0.375% Polysor-
bate-80 to rats at doses of 0, 100, or 250 mg/kg daily for 7
days. There were no clinical observations or gross findings
that were considered to be the result of ABC294640-HC1
administration or otherwise. There were no significant
changes in total body weight of the treated animals, although
there was a slight decrease in body weight gain, consistent
with a small decrease in food consumption, in the high-dose
rats. Hematology studies (Table 5) indicated decreases in red
blood cell number and hematocrit of approximately 20% in
animals given either 100 or 250 mg/kg/day; and a slight
increase in neutrophils and decrease in basophils in the
treated rats. These changes would be scored as grade 0 tox-
icities on the standard National Cancer Institute scale for
evaluating toxicity in clinical trials. It is noteworthy that no
decreases in lymphocyte, platelet, or granulocyte counts were
observed, indicating that the compound does not induce im-
munologic toxicities that are common with other anticancer
drugs. Likewise, there were no drug-induced alterations of a
broad panel of clinical chemistry or coagulation parameters.
No gross abnormalities were noted for any of the euthanized
animals when necropsied at the end of the 7-day observation
period. Likewise, there were no treatment-related micro-
scopic changes in any organ examined in the high-dose
group, except for a slight decrease in the background level
of extramedullary hematopoiesis in the spleen that may
underlie the small decreases in the hematocrit.

To further characterize the hematologic changes observed in
the acute study, mice were treated with 0, 100, or 250 mg of

TABLE 5
Summary of hematologic effects of ABC294640
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ABC294640-HCl/kg daily for 28 days. As indicated in Fig. 6A,
mice treated with 250 mg/kg experienced a 20% decrease in red
blood cell count and hematocrit, and a modest increase in the
number of circulating neutrophils on day 7, essentially identical
to the previous study with rats. However, after 28 days of
treatment (Fig. 6B), these parameters were restored to normal
levels, indicating that the animals had fully recovered from any
transient impairment of hematopoiesis. In addition, there were
no changes in the brain or spleen weights of treated mice,
whereas a slight decrease (12%) in liver weight wa