* * *

* *
z R
;

* *

*
-

Original Article

Arsenic trioxide induces accumulation of cytotoxic levels of
ceramide in acute promyelocytic leukemia and adult T-cell
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ABSTRACT

Background and Objectives

Arsenic trioxide (ATO) is an effective treatment for acute promyelocytic leukemia (APL)
and potentially for human T-cell leukemia virus type | (HTLV-I) associated adult T-cell
leukemia/lymphoma (ATL). Many cytotoxic drugs induce apoptosis through the gener-
ation and accumulation of the sphingolipid breakdown product, ceramide, a coordina-
tor of the cellular response to stress. We, therefore, investigated the contribution of
ceramide to the mechanism of action of ATO in APL and ATL.

Design and Methods

A human APL-derived cell line (NB4), various ATL-derived lines and an HTLV-l-negative
malignant T-cell line were cultured and treated with ATO. Growth and apoptosis assays
were conducted. Measurements were made of ceramide, diacylglycerol, sphingomyeli-
nase activity, sphingomyelin mass, glucosylceramide synthase activity and the de
novo ceramide synthesis.

Results

Treatment of APL and ATL-derived cells with a clinically achievable concentration of
ATO induced accumulation of cytotoxic levels of ceramide. The effects of ATO on
ceramide levels in APL cells were more potent than those of all-trans retinoic acid
(ATRA). ATO downregulated neutral sphingomyelinase activity. In contrast to the effect
of ATRA, ATO-induced ceramide accumulation was not due to induction of acidic sphin-
gomyelinase, but rather resulted from both de novo ceramide synthesis and inhibition
of glucosylceramide synthase activity. Interestingly, the effects of ATO on de novo
ceramide synthesis were similar in APL and ATL-derived cells despite the defective
pathway in ATL cells.

Interpretation and Conclusions

These results indicate that ATO-induced ceramide accumulation may represent a gen-
eral mediator of the effects of ATO, which paves the way for new therapeutic interven-
tions that target the metabolic pathway of this important sphingolipid secondary mes-
senger.

Key words: arsenic trioxide, acute promyelocytic leukemia, adult T-cell
leukemia/lymphoma, ceramide synthesis, glycosylceramide synthase.
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rsenic trioxide (ATO) is a very effective treatment
Afor acute promyelocytic leukemia (APL)," a distinct
ubtype of acute myeloid leukemia characterized

by unique clinical and laboratory characteristics and a spe-
cific cytogenetic abnormality, t(15;17), which results in a
reciprocal translocation between the PAIL gene on chro-
mosome 15 and the retinoic acid receptor o (RAR-0/) gene
on chromosome 17.>* Several large randomized and non-
randomized trials established that the combination of all-
trans retinoic acid (ATRA) plus anthracycline-based
chemotherapy is the standard treatment for newly diag-
nosed APL, curing most of the patients.*® Nevertheless,
about 20% of patients who attain a complete remission
will eventually relapse. Initial reports from China showed
that APL patients resistant to ATRA and chemotherapy
could still respond to ATO.” Other studies confirmed these
findings and showed that ATO is more efficient than
ATRA in reducing the degree of minimal residual APL
cells."®® The high complete remission rate with ATO in
relapsed APL led to investigation of the efficacy of this drug
in newly diagnosed patients. Animal and human studies
using ATO, either alone or combined with ATRA, suggest
that patients with newly diagnosed APL can potentially be
cured without or with only minimal use of chemothera-
py." " At the cellular level, in vitro studies on an APL-derived
cell line (NB4) showed that ATO triggers relatively specific
NB4-cell apoptosis at micromolar concentrations." Lower
doses of arsenic were shown to induce differentiation of
the leukemic cells." At the molecular level, ATO specifical-
ly leads to the degradation of the PML/RARe. oncopro-
tein.”® Adult T-cell leukemia/lymphoma (ATL) is an aggres-
sive lymphoid proliferation of mature, activated CD4* T
lymphocytes, secondary to infection by the human T-cell
leukemia virus type I (HTLV-I)." The treatment of ATL
remains disappointing, with a median survival of 6 to 8
months in the acute form.”" This very poor prognosis is
due to an intrinsic resistance of leukemic cells to
chemotherapy and to an associated severe immunosup-
pression. High response rates were achieved with the com-
bination of the antiretroviral nucleotide analog zidovudine
and interferon-0."* However, most patients eventually
relapse, which underlines the need for new therapeutic
approaches. We have shown that ATO synergizes with
interferon-o. to induce cell cycle arrest and apoptosis in
ATL.® At the molecular level, this combination specifically
induces proteosomal degradation of the HTLV-I oncopro-
tein Tax and reversal of NF-kB activation.”** The results of
a phase II clinical trial in relapsed/refractory ATL patients,
previously treated with an interferon-containing regimen,
demonstrates that ATO has striking anti-leukemic effects.”
One of the apoptotic mechanisms induced by cytotoxic
drugs is mediated through the generation and accumula-
tion of the sphingolipid breakdown product, ceramide,
which was recently proposed as a co-ordinator of the cel-
lular response to stress.”* Endogenous levels of ceramide
are increased in response to treatment with different
chemotherapeutic agents, cytokines, or other cell stressors.
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Defects in ceramide production render cells more resistant
to killing by these inducers,”* while elevation of endoge-
nous ceramide levels lowers the threshold for apoptosis
induction by these agents.* Cell permeable ceramide
analogs can also reproduce the growth suppressive effects
of these inducers.® At the molecular level, ceramide accu-
mulation is usually the result of sphingomyelin breakdown
or de novo ceramide synthesis, and sometimes the inhibi-
tion of ceramide clearance through sphingomyelin syn-
thase, glucosylceramide synthase, or ceramidases.**

Murate et al.*® reported that ATRA treatment of NB4
APL cells results in upregulation of acidic sphingomyeli-
nase (A-smase) and an increase in intracellular levels of
ceramide. Darwiche ez al.*’ recently showed that HTLV-I-
transformed cells have a partial defect in ceramide syn-
thesis, which renders them less sensitive to N-(4-hydrox-
yphenyl) retinamide. In this report, we investigated the
contribution of ceramide in the mechanism of action of
ATO in APL and ATL.

Design and Methods

Cell lines, drugs and culture conditions

The HTLV-I-transformed CD4* T cell lines (HuT-102,
MT-2, C91-PL) and HTLV-I-negative malignant T cells
(CEM) were cultured as previously described.” NB4, a
human APL cell line,*® was grown in RPMI 1640 medium
containing 10% heat-inactivated fetal bovine serum (FBS)
and antibiotics (Gibco-BRL, Baithersburg, MD, USA). Cells
were cultured for 24 h at a concentration of 2x10°cells/mL,
unless indicated otherwise. ATO (Sigma Chemical Co, St
Louis, MO, USA) and recombinant interferon-o. (Hoffman-
La Roche, Basel, Switzerland) were used at the concentra-
tion of 1 uM and 1000 U/mL, respectively, as previously
described.”® ATRA was used at a final concentration of 1
UM in dimethylsulfoxide (DMSO). The short chain cell-
permeable ceramides C2- and C6-ceramides (Biomol,
Plymouth Meeting, PA, USA) were used at final concentra-
tions ranging from 1 uM to 20 uM in 100% pure ethanol.
Prior to ceramide treatment, cells were cultured in RPMI
1640 medium containing 2% FBS. The inhibitor of
ceramide synthase, myriocin, was purchased from Biomol
and used at a concentration of 50 nM.

Growth and apoptosis assays

Cell growth was assessed by cell count using trypan blue
dye exclusion protocols and/or the CellTiter 96° non-
radioactive cell proliferation assay kit (Promega Corp.,
Madison, WI, USA) as suggested by the manufacturer.
Results are expressed as cell growth relative to DMSO-
treated controls and are derived from the mean of triplicate
wells. Apoptosis was assessed by measuring the percent-
age of cells with shrunken and intensely-fluorescent nuclei.
Briefly, nuclei were labeled by Hoechst 33258
(Polysciences, Warrington, PA, USA) for 2 min at room
temperature. Cells were then observed under fluorescence
microscopy using an ultraviolet light filter pack.



Ceramide and diacylglycerol measurement

Ceramide was measured with a modified diacylglyc-
erol kinase assay using external ceramide standards as
described elsewhere.”* Briefly, dried lipid was solubi-
lized in 7.5% octyl-B-D-glucoside, 25 mM dioleoyl
phosphatidylglycerol solution. Reaction buffer was
added to the lipid micelles, and the reaction was start-
ed by adding [y-*P] ATP solution and allowed to pro-
ceed at 25°C for 30 minutes. Lipid extracts were resus-
pended in methanol/chloroform (1:9, v/v) and spotted
on silica gel thin layer chromatography plates. The
plates were developed with chloroform:acetone:
methanol:acetic acid:H:0 (50:20:15:10:5), air-dried, and
subjected to autoradiography. The radioactive spots
corresponding to phosphatidic acid and ceramide-phos-
phate (the phosphorylated products of diacylglycerol
and ceramide, respectively) were identified by compar-
ison to known standards, scraped and counted on a
scintillation counter. Linear curves of phosphorylation
were produced over a concentration range of 0-960 pM
of external standards (dioleoyl glycerol and CIII
ceramide; Sigma). Ceramide levels were always nor-
malized to lipid phosphate levels.

Sphingomyelinase activity

Cells were sonicated for 30 s in the lysis buffer con-
taining 0.25 M sucrose, 10 mM Hepes, 50 mM Tris HCL
pH=7.4, 0.001% TritonX, 500 mM PMSE and 1 X
Complete Protease inhibitors cocktail from Roche,
(Mannheim, Germany). The resultant homogenate was
used for the assay of sphingomyelinase activity which is
measured by the formation of radioactive phospho-
choline from [N-methyl-"C] sphingomyelin from Perkin
Elmer (Boston, MA, USA).

The assay mixture for A-smase contained 8.5 uL "C-
labeled sphingomyelin from a 0.02 mCi stock and 0.07
mg/mL cold sphingomyelin Avanti Polar Lipids
(Alabaster, AL, USA). Subsequently, this latter mixture
was dried and resuspended in 0.1 M sodium acetate,
0.1% Triton and 50 ug of total cellular proteins in a total
volume of 100 puL and incubated for 30 min at 37°C.
This assay mixture also contained 8.5 puL *C-labeled
sphingomyelin from a 0.02 mCi stock, 0.07 mg/mL cold
sphingomyelin, and 0.15 mg/mL phosphatidylcholine.

The assay mixture for Mg**-dependent N-smase con-
tained 0.05% Triton, 0.05 M Tris, 0.005 M DTT, 0.005
M MgCl, and 50 pg of total cellular proteins in a total
volume of 100 uL and was incubated for 45 min at 37°C.
After incubation, all S-mase reaction mixtures were ter-
minated by the addition of 1.5 mL of chloroform/metha-
nol (2:1, v/v); the phases were separated after addition
of 200 uL of water. After centrifugation, the radioactivi-
ty of phosphocholine recovered from 300 pL of the
upper phase layer was mixed with 4 mL of scintillation
fluid (Perkin Elmer, Boston, MA, USA) for liquid scintil-
lation counting.

Arsenic induces ceramide accumulation in APL and ATL

Sphingomyelin mass measurement

Cells were washed in ice-cold phosphate-buffered saline,
centrifuged and the pellet formed resuspended in 2 mL
methanol and 1 mL chloroform and then stored at -80°C.
Lipids were extracted in 1 mL chloroform and 1 mL water,
and then centrifuged; subsequently, the lower phase was
collected and the chloroform evaporated. The pellet was
resuspended in chloroform. For the measurement of sphin-
gomyelin, the lipids in chloroform were mixed with the
same volume of 2 N NaOH in methanol and incubated at
37°C for 1.5 h. Samples were neutralized by the addition
of a 0.2 volume of 0.5 N HCl in methanol. Lipids were sep-
arated by thin layer chromatography (TLC) in solvent
(chloroform, methanol, acetic acid, 50:30:8) and visualized
with iodine vapor. Bands corresponding to sphingomyelin
were scraped, lipids were extracted from the silica gel, and
the mass of lipid phosphate was determined as described
elsewhere.”

Glucosylceramide synthase activity

The conversion of NBD (12-(N-methyl-N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl))-Ce-ceramide to NBD-Cs-glucosylce-
ramide was detected in cell extracts at 37°C for 90 min in
the presence of UDP-glucose as described previously.” The
final products were separated on TLC plates and observed
under a UV source. Cells were homogenized by centrifu-
gation in lysis buffer (25 mM Tris-HCI, pH 7.4, 0.25 mM
EDTA, 12.5 mM KClI). The enzyme reaction contained
0.025 mM NBD-Cs-ceramide (Molecular Probes,
Netherlands), 0.0425 mg/mL phosphatidylcholine and 0.6
mM UDP-glucose. The glucosylceramide substrate was
prepared by mixing all components to 150 ug of cellular
proteins, evaporating solvents under a stream of nitrogen
and sonicating on ice for 1 min. The reaction was terminat-
ed by adding 1 mL of methanol, 1 mL of chloroform and
400 pL of HzO. Briefly, samples were vortexed, centrifuged
and the lower phase was dried in a tube. The pellet was
resuspended in chloroform and separated on a TLC plate
in solvent containing 120 mL chloroform, 70 mL methanol
and 15 mM CaCl.. Bands were quantified using the phos-
phoimager Molecular Dynamics Storm 860 System
(Molecular Dynamics, Sunnyvale, CA, USA).

De novo ceramide synthesis

At initiation of treatment, [*H]palmitic acid (1 uCi/mL
medium) purchased from Perkin Elmer was added to treat-
ed and control samples. Extracted lipids, dried under N2
were resuspended in 60 pL chloroform:methanol (2:1) and
40 pL were spotted on 20 cm silica gel TLC plates. Plates
were developed with ethylacetate:isooctane:acetic acid
(90:50:20, v/v), air dried, and sprayed lightly with
En’hance® (Perkin Elmer) to enhance tritium readings.
Radioactivity was visualized by autoradiography and [*H]
ceramide spots were scraped in scintillation vials contain-
ing 4 mL of scintillation fluid and then counted with a
Packard scintillation counter. [’H] ceramide counts were
normalized to lipid phosphate levels.

haematologica/the hematology journal | 2007; 92(06) | 755 |



G. S. Dbaibo et al.

— NB4 A _ HuT-102
g
S 5120
§100[é‘é‘l' ! Control ~210()~é L =L
=8 E £ £ s ATO = 801 = = =
= 60| E £ E - =60 \ =
% P E 8| =ATRA £ 40
o
5 20 - 22
350 JEE S & =0 - -
14h 24h 48h 72h 144h © 24h - 48h  72h
NB4 B - HuT-102
S 7w o e w a4
3 6 b
e 1S
§ 5 Control g 3
S 4 =ATO = .-
5 3 L =ATRA ‘-
(%] (2]
S 2 = Sq| g
R Y E E E. g
S E =
=0 e LE LB, S0 =
&= 14h 24h 48h 72h 144h 14h  24h
N NB4 C HuT-102
] 35
% 2 T
2 20 oControl 3 25
3 = ATO g2
215 “aRa S 15
= 10 = = 10
5 L 5
0 » 0
48h 48h
_ C91-PL D _ MT-2
g 3 T 3
(5] (5]
= =
g g
E 2 & o Control § 2
= \ = ATO = \\§
2 \ =IFN 3 [ \
g 4 SATOIRN & 1] \
2 2
b=} b=}
2 o} 2 0f )

48h

48h

Statistical analysis
The significance of the observed results was assessed
using the two-sample Student’s t-test.

Results

ATO induces ceramide accumulation in APL and
ATL-derived cells

The established role of ceramide in regulating cell
growth and cell death led us to assess the contribution of
ceramide in the mechanism of action of ATO in APL and
ATL-derived cells. As previously reported, treatment of the
APL-derived cell line NB4 with ATO resulted in a signifi-
cant decrease of cell growth, which was present as early as
14 h, and reached 70% inhibition by 48 h (Figure 1A). In
contrast, ATRA treatment had no significant effect on the
growth of NB4 cells at these early time points. Long-term
treatment of NB4 cells with ATO or ATRA resulted in
100% and 85% inhibition of cell growth, respectively, by
day 6 Figure 1A). Similarly, treatment of the ATL-derived
cell line HuT-102 with ATO reduced cell growth by 50% at
72 h. (Figure 1A). As previously reported,” this effect was
significantly enhanced by the addition of interferon-o,
resulting in growth inhibition to 20% of control by 72 h,
while interferon-o alone had no significant effect. Similar
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Figure 1. Arsenic trioxide induces ceramide accu-
mulation in APL- and ATL- derived cells. A-C. ATO
inhibits growth of APL- derived cells and syner-
gizes with interferon-o. (IFN) to induce cell cycle
Control arrest and apoptosis in ATL- derived cells: NB4

=ATO
=IFN

N =ATO/IFN

o Control
= ATO
=IFN
= ATO/IFN

o Control
= ATO
=IFN

cells were seeded at 2x10° cells/mL and treated
with 0.1% DMSO (control), 1 uM ATO or 1 uM
ATRA for the indicated time-points. HuT-102 cells
were seeded at 2x10° cells/mL and treated with
1 uM ATO, 1000 U/mL IFN or combined IFN for
the times indicated. A. Cell growth was assayed in
triplicate wells using the Cell Titer 96® non-
radioactive cell proliferation kit. Results are
expressed as percentage of control. C. Cells were
stained with Hoescht 333258. Apoptosis was
assessed by measuring the percentage of cells
with shrunken and intensely-fluorescent nuclei.
B,D. ATO and ATRA result in a progressive
increase of intracellular ceramide levels in APL-
derived cells and the combination of ATO and IFN
results in a synergistic increase in intracellular
ceramide in ATL-derived cells: NB4 cells were
seeded at 2x10° cells/mL and treated with 0.1%
DMSO (control), 1 uM ATO or 1 uM ATRA for the
times indicated. HuT-102, C91-Pl and MT-2 cells
were seeded at 2x10° cells/mL and treated with
1 uM ATO, 1000U/mL IFN or the combination of
ATO and IFN for the times indicated. Ceramide
levels were determined in triplicate using the DGK
assay as described in the Materials and Methods
section and normalized to total cellular inorganic
phosphate (Pi) levels. Data points represent the
mean t (SD). Results are representative of at

least three independent experiments. The aster-
isks * and ** indicate statistically significant dif-
ferences (p<0.05 or p<0.01, respectively) versus
control using the t-test.

S ATO/IFN

results were observed with the HTLV-I transformed MT-2
and C91-PL cell lines (data not shown). We then examined
the effects of ATO on cellular ceramide in APL and ATL-
derived cells. Ceramide levels were first measured in NB4
cells treated with ATO or ATRA (Figure 1B). As previously
reported, ATRA treatment resulted in a progressive
increase in intracellular ceramide levels. This increase start-
ed at 48 h and the levels became more than 3-fold higher
than control levels at 6 days (p<0.01). Similarly, ATO treat-
ment increased intracellular ceramide. Interestingly, the
effects of ATO on ceramide levels were more potent than
those of ATRA. Indeed, endogenous ceramide started to
increase as early as 14 h in ATO-treated NB4 cells (130% of
the control; p<0.01), reached levels more than 3 to 4-fold
higher than control levels by 48 h and 72 h, respectively
(»<0.01), and continued to increase to more than 6-fold by
day 6 of treatment (p<0.01). Ceramide levels were also
measured in the HTLV-I transformed cell lines, HuT-102,
MT-2 and C91-PL treated with ATO, interferon-a, or their
combination at the indicated time points (Figure 1B). In
HuT-102 cells, levels of ceramide increased moderately but
significantly by 14 h (120% of the control; p<0.05) with
ATO treatment and continued to increase at 24 h reaching
140% of the control (p<0.05). Although interferon-o. had
no significant effects on ceramide levels when used alone,



its combination with ATO resulted in a significant syner-
gistic increase, particularly at 48 h following treatment,
producing levels around 200% of those in untreated con-
trol cell lines (p<0.01). It is noteworthy that the ATO-
induced increase in intracellular ceramide levels in NB4
cells was more dramatic than that observed in HuT-102, in
agreement with the higher sensitivity of NB4 cells to ATO.
Although following the same trend as cell growth inhibi-
tion, the ATO-induced increase of intracellular ceramide
levels in NB4 and HuT-102 cells was less dramatic than the
observed cell growth inhibition, particularly at early time
points. Since ATO-mediated growth inhibition results from
both cell cycle arrest and apoptosis,” we measured the per-
centage of apoptotic cells using Hoechst nuclear staining.
We found that, at 48 h, ATO induced apoptosis in 13% and
17% of NB4 and HuT-102 cells, and that combined
ATO/interferon treatment induced apoptosis in 28% of
HuT-102 cells (Figure 1C). ATRA alone and interferon
alone did not induce apoptosis of NB4 and HuT-102 cells,
respectively. These results are in agreement with ceramide
accumulation. Results in C91-PL cells were similar to those
observed in HuT-102 cells (Figure 1D). Finally, in MT-2
cells, ceramide accumulation (180% of control) was only
observed following combined treatment with ATO and
interferon (Figure 1D). This ceramide accumulation is again
in agreement with the effects of ATO and/or interferon on
the growth inhibition of these cells.”® Collectively, these
results indicate that ATO induces ceramide accumulation
in both APL and ATL-derived cells with a potent synergy
with interferon in HTLV-I transformed cells.

Exogenous ceramides induce cell death in APL and
ATL-derived cells

To demonstrate the specificity of ATO-induced ceramide
accumulation, we compared the effects of ATO/interferon
in HuT-102 cells and in the HTLV-I-negative malignant T
cells, CEM. As previously reported,” CEM cells are resist-
ant to treatment with ATO/interferon, which had a mini-
mal effect on their growth at 48 h (Figure 2A). Importantly,
ATO/interferon treatment for 48 h resulted in minimal
non-significant changes in intracellular ceramide levels in
CEM cells (Figure 2B), further demonstrating that ATO-
induced ceramide accumulation correlates with cell growth
inhibition and apoptosis. In order to explore the role of the
accumulated ceramide in response to ATO, NB4 cells were
treated with synthetic, cell-permeable, short-chain
ceramide N-acetylsphingosine (C2-ceramide) or N-hexa-
noylsphingosine (C6-ceramide). Increasing concentrations
of C2- or C6-ceramide significantly reduced the growth of
these cells in a dose- and time-dependent manner. While a
1 UM concentration of either C2 or C6-ceramide had a
moderate effect on NB4 growth, a 5 UM concentration of
C2-ceramide or C6-ceramide reduced growth to 44% and
23% of control levels, respectively, at 48 h, and a 10 uM
concentration of C2-ceramide or C6-ceramide further
reduced this cell growth to 3% and 11% of control levels,
respectively, at 48 h (Figure 2C). When HuT-102 cells were
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Figure 2. Arsenic trioxide-induced ceramide accumulation correlates
with growth inhibition. A. ATO synergizes with interferon-o. (IFN) to
induce growth inhibition of HTLV-l positive but not HTLV-l negative
malignant T cells: HuT-102 and CEM cells were seeded at 2x10°
cells/mL and treated with 1 uM ATO, 1000 U/mL IFN or combined
ATO/IFN for the times indicated. Cell growth was assayed in triplicate
wells using the Cell Titer 96® non-radioactive cell proliferation Kit.
Results are expressed as percentage of control. B. ATO and IFN result
in a synergistic increase in intracellular ceramide in ATL-derived cell
but not in HTLV-I-negative malignant T cells: HuT-102 and CEM cells
were seeded at 2x10° cells/mL and treated with 1 uM ATO, 1000
U/mL IFN or the combination of ATO/IFN for the times indicated.
Ceramide levels were determined in triplicate using the DGK assay as
described in the Materials and Methods section and normalized to
total cellular inorganic phosphate (Pi) levels. Data points represent the
mean % (SD). C, D. Ce-Ceramide and C>-Ceramide inhibit growth of APL-
and ATL-derived cells: NB4 cells (C) were seeded at 2x10° cells/mL
and treated with 0.1% ethanol (control), C-Ceramide (1 uM, 5 uM, 10
UM), or Ce-Ceramide (1 uM, 5 uM, 10 uM) for the times indicated. HuT-
102 cells (D) were seeded at 2x10° cells/mL and treated with 0.1%
ethanol (control), or C-Ceramide (1 uM, 5 uM, 10 uM) for the times
indicated. Cell growth was assayed in triplicate wells using the Cell
Titer 96® non-radioactive cell proliferation kit. The results are
expressed as a percentage of 0.1% ethanol control. E, F. Ce-Ceramide
induces the accumulation of endogenous ceramide levels in APL- and
ATL-derived cells: NB4 cells (E) were seeded at 2x10° cells/mL and
treated with 0.1% ethanol as a control, 10 uM C=Ceramide or Cs
Ceramide for the times indicated. HuT-102 cells (F) were seeded at
2x10° cells/mL and treated with 0.1% ethanol as control or Cs
Ceramide (1 uM, 5 uM, 10 uM) for the times indicated. Ceramide lev-
els were determined in triplicate using the DGK assay as described in
the Design and Methods section and normalized to total cellular lipid
Pi levels. Data points represent the mean + (SD).

treated for 48 h with 1 uM, 5 uM or 10 uM C6-ceramide,
their growth was reduced to 52%, 14%, and 8% of control
levels, respectively (Figure 2D). Similar results were
observed with MT-2 cells (data not shown). Finally, treat-
ment of HuT-102 cells with C2-ceramide also induced a
dose- and time-dependent growth inhibition.”” The mech-
anisms of action of C2- and C6-ceramide differ.® C2-
ceramide functions mostly as an analog of endogenous
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Figure 3. Arsenic trioxide-induced ceramide accumulation is not due
to sphingomyelinase induction. (A,C) ATO induces A-smase in APL and
ATL cells. NB4 cells (A) were seeded at 2x10° cells/mL and treated
with 0.1% DMSO (control), 1 uM ATO or 1 uM ATRA for the times indi-
cated. Hut-102 cells (C) were seeded at 2x10° cells/mL and treated
with 1 M ATO, 1000 U/mL interferon (IFN) or combined ATO/IFN for
the times indicated. Acidic sphingomyelinase (A-smase) activity was
determined in triplicate as described in the Design and Methods sec-
tion using 50 ug of total cellular proteins. Data points represent the
mean % (SD). Results are expressed as fold change in A-smase over
the control set as one. Results are representative of at least three
independent experiments. The asterisks * and ** indicate statistical-
ly significant (p<0.05 or p<0.01 respectively) differences using the t-
test. B. ATO inhibits N-smase in APL cells. NB4 cells were seeded at
2x10° cells/mL and treated with 0.1% DMSO (control), 1 uM ATO or 1
UM ATRA for the times indicated. Neutral Mg*-dependent sphin-
gomyelinase (N-smase) activity was determined in triplicate as
described in the Design and Methods section using 50 pg of total cel-
lular proteins. Data points represent the mean + (SD). Results are
expressed as fold change in N-smase over the control set as one.
Results are representative of at least three independent experiments.
The asterisks * and ** indicate statistically significant (p<0.05 or
p<0.01, respectively) differences using the t-test.

ceramides, whereas C6-ceramide functions both directly as
an analog, and indirectly by inducing the generation of
endogenous ceramides through a deacylation-reacylation
reaction dependent on ceramide synthases. We measured
the levels of endogenous ceramides in NB4 and HuT-102
cells following C2- and C6-ceramide treatment. In NB4
cells, treatment with C2-ceramide for 24 h did not induce
endogenous ceramide synthesis, as expected, whereas
treatment with C6-ceramide under the same conditions
resulted in significant generation of endogenous ceramides
reaching a 4.5 fold increase over control levels (Figure 2E).
In HuT-102 cells, treatment with C6-ceramide at a concen-
tration of 1 UM, which inhibits the growth of these cells in
a similar manner to that of ATO, resulted in the accumula-
tion of endogenous ceramide, reaching 160% of control
levels at 24 h. It is noteworthy that these levels are quite
comparable to those generated by ATO treatment of these
cells (Figure 2F). Higher concentrations of C6-ceramide
resulted in further increases of endogenous ceramide levels
reaching 6-fold and 9-fold increases over control levels with
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Figure 4. Arsenic trioxide induces sphingomyelin accumulation and
decreases diacylglycerol levels in APL- and ATL- derived cells (A,B) ATO
increases sphingomyelin mass in APL and ATL cells. NB4 cells (A)
were seeded at 2x10° cells/mL cellular density and treated with 0.1%
DMSO (control), 1 uM ATO or 1 uM ATRA for the 48 hours. HuT-102
cells were seeded at 2x10°cells/mL and treated with 1 uM As, 1000
U/mL IFN or combined ATO/IFN for 48 hours. Sphingomyelin mass
was determined in triplicates as described in the Design and Methods
section and was normalized to total cellular lipid Pi levels. Data points
represent the mean + (SD). Results are expressed as fold change in
sphingomyelin mass over control set as one. (C,D) Arsenic trioxide
decreases DAG levels in APL and ATL cells. NB4 cells (C) were seeded
at 2x10° cells/mL and treated with 0.1% DMSO (control), 1 uM ATO or
1 uM ATRA for 48 hours. HuT-102 cells (D) were seeded at 2x10°
cells/mL and treated with combined ATO/IFN for 48 hours. DAG was
determined in triplicate using the DGK assay as described in the
Design and Methods section and normalized to total cellular lipid Pi
levels. Data points represent the mean + (SD). Results are expressed
as fold change in DAG over the control set as one.

5 UM and 10 uM Cé6-Ceramide, respectively (Figure 2F).
These studies indicate that exogenous ceramides could
reproduce the effects of ATO on APL and ATL-derived cells
either by functioning directly or by inducing the generation
of endogenous ceramides, suggesting that ceramide accu-
mulation may mediate some of the observed effects of
ATO on cell growth and apoptosis.

AT0-induced ceramide accumulation is not due to
induction of sphingomyelinase activity

Several mechanisms regulate the accumulation of
ceramide in response to various inducers. One of the major
pathways of generation of cellular ceramides is through the
action of one or more sphingomyelinases, specialized
phospholipases that preferentially hydrolyse membrane
sphingomyelin to generate ceramide and choline phos-
phate. The two major sphingomyelinases implicated in
ceramide generation in response to various agonists are
acidic sphingomyelinase (A-smase) with preferential lyso-
somal localization and some evidence of cell membrane
localization, and the neutral magnesium-dependent sphin-
gomyelinase (N-smase) with preferential membrane local-
ization. The activity of A-smase and N-smase in response
to ATO or ATRA was measured in NB4 cells (Figure 3A).
As previously reported, ATRA treatment resulted in a
strong activation of A-smase starting at 14 h and reaching
a 5-fold increase over control at 48 h (p<0.01). In contrast,
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Figure 5. Arsenic trioxide induces de novo ceramide synthesis in APL
and ATL cells. NB4 cells were seeded at 2x10° cells/mL and treated
with 0.1% DMSO (control), 1 uM ATO, 1 uM ATRA for 24 and 48 hours.
HuT-102 cells were seeded at 2x10° cells/mL and treated with 1 uM
ATO, 1000 U/mL IFN or combined ATO/IFN for 24 hours. A. De novo
ceramide levels were determined in triplicate using the [*H] palmitate
incorporation method as described in the Design and Methods section
and normalized to total cellular lipid Pi levels. Data points represent
the mean t (SD). B. Cells were treated with the ceramide synthase
inhibitor, myriocin. Cell growth was assayed in triplicate wells using the
Cell Titer 96° non-radioactive cell proliferation kit. Results are
expressed as a percentage of control. The asterisks * and ** indicate
statistically significant differences (p<0.05 or p<0.01, respectively) ver-
sus the control using the t-test. C. Cells were treated with the ceramide
synthase inhibitor, myriocin. Ceramide levels were determined in trip-
licate using the DGK assay as described in the Design and Methods
section and normalized to total cellular inorganic phosphate (Pi) lev-
els. Data points represent the mean + (SD). The asterisks * and **
indicate statistically significant differences (p<0.05 or p<0.01, respec-
tively) versus the control using the t-test.

ATO treatment resulted in a more moderate activation of
A-smase with a ~190% increase over control at 48 h
(»<0.05). Hence, activation of A-smase did not correlate
with the increase of ceramide levels in response to the cor-
responding treatments (compare with Figure 1). On the
other hand, ATO caused a significant decrease in the activ-
ity of N-smase by ~20% at 14 and 24 h (»<0.05 and 0.01,
respectively), and by ~40% at 48 h (p<0.05), whereas
ATRA induced a significant increase of N-smase activity by
150% of control levels at these time points (p<0.05) (Figure
3B). Again, there was no correlation between the changes
in N-smase activity and the accumulated ceramide in
response to ATO or ATRA in these cells (compare with
Figure 1).

The activity of A-smase was also measured in ATO-
treated HuT-102 cells (Figure 3C). Minimal, but statistical-
ly significant, A-smase activation was observed starting at
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Figure 6. Arsenic trioxide inhibits glucosylceramide synthase activity in
APL and ATL cells. NB4 cells (A) were seeded at 2x10° cells/mL and
treated with 0.1% DMSO (control), 1 uM ATO, 1 uM ATRA for 48 hours.
HuT-102 (B) cells were seeded at 2x10° cells/mL and treated with 1
UM ATO for 48 hours. Glucosylceramide synthase (GCS) activity was
determined in triplicate using NBDC6 ceramide and 50 ug of total cel-
lular proteins as described in the Design and Methods section. Results
are expressed as fold change in GCS activity over the control set as
one. Data points represent the mean + (SD) and are representative of
at least three independent experiments. The asterisks ** indicate sta-
tistically significant (p<0.05) difference using the t-test.

14 h in these cells in response to ATO, and reaching a ~
150% (p<0.01) increase in activity at 48 h. Surprisingly,
addition of interferon appeared to attenuate this activation
to ~ 90% that of the control (<0.01), which did not corre-
late with the levels of ceramide generated by the same
treatment (compare with Figure 1). Finally, basal N-smase
activity was very low in HuT-102 cells and did not change
in response to ATO (data not shown). Collectively, these
studies indicate that, unlike ATRA, ATO-induced ceramide
generation is not or only partially dependent on smase acti-
vation.

In order to verify whether the changes in activity of
smases in response to ATO were associated with changes
in their substrate, sphingomyelin, we measured sphin-
gomyelin mass in response to ATO in both cell lines. In
NB4 cells, ATO treatment significantly increased sphin-
gomyelin mass under conditions in which A-smase activi-
ty was increased but N-smase activity was inhibited. At 48
h, ATO increased the sphingomyelin mass to ~3.5-fold
over the control, whereas minimal changes were seen with
ATRA (Figure 4A). Similarly, in HuT-102 cells, sphin-
gomyelin mass increased in response to ATO to ~3-fold
over the control, levels under the same conditions in which
A-smase was activated (Figure 4B). Indeed, sphingomyelin
mass is determined by the balance of its hydrolysis by
sphingomyelinases and its synthesis by sphingomyelin
synthases. The synthesis of sphingomyelin from ceramide
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and phosphatidylcholine is mediated by the action of
sphingomyelin synthases and produces sphingomyelin and
diacylglycerol. Thus, if sphingomyelin synthase were acti-
vated by ATO to produce the observed increase in sphin-
gomyelin mass, diacylglycerol levels would be expected to
increase. However, when diacylglycerol levels were meas-
ured in response to ATO, it was found that they actually
decreased in both cell lines (Figure 4). Treatment of NB4
cells with ATO for 48 h led to a decrease in diacylglycerol
levels to 80% of control levels (Figure 4C). Similarly, treat-
ment of HuT-102 cells with the combination of ATO and
interferon led to a decrease in diacylglycerol to 75% of con-
trol values (Figure 4D). These findings indicate that the
ATO-induced increase in sphingomyelin mass was unlike-
ly to be due to enhanced sphingomyelin synthesis by
ATO, but more likely resulted from the inhibition of N-
smase activity, at least in NB4 cells. More importantly, they
confirm that the generation of ceramide in response to
ATO is not due to smase activation and sphingomyelin
hydrolysis.

ATO-induced ceramide accumulation is associated
with de novo ceramide synthesis and inhibition of
8lucosylceramide synthase activity

The second major pathway by which cellular ceramide
levels are increased is by de novo ceramide synthesis from
serine and palmitate. We assessed de novo ceramide synthe-
sis by measuring the incorporation of radiolabeled palmi-
tate in newly synthesized ceramide. In NB4 cells, both
ATO and ATRA treatments increased the incorporation of
radiolabeled palmitate to 165% and 155% of control val-
ues, respectively (Figure 5A). Similarly, in HuT-102 cells,
ATO and ATO/interferon, but not interferon alone,
increased the incorporation of radiolabeled palmitate to
155% and 150% of control values, respectively (Figure 5B).
To confirm the implication of de novo ceramide synthesis
with regards to the effects of ATO, we used the inhibitor
of serine palmitoyl transferase, myriocin, which blocks the
first step of de novo ceramide synthesis. We found, in both
NB4 and HuT-102 cell lines, that myriocin treatment result-
ed in a partial, but significant, protective effect on both
ATO-induced growth inhibition (Figure 5B) and the ATO-
mediated increase in intracellular ceramide levels (Figure
5C). Collectively, these findings indicate that de novo syn-
thesis contributes to the increase in ceramide levels in
response to ATO and that ATO-induced ceramide accu-
mulation contributes to the observed growth inhibition.
Another recently described pathway of increasing cellular
ceramide levels is the inhibition of glucosylceramide syn-
thase (GCS). This enzyme catalyzes the first step in the
synthesis of a large variety of complex glycosphingolipids,
and its inhibition results in the accumulation of ceramide
that would have otherwise been metabolized to these
abundant lipids. Treatment of NB4 and HuT-102 cells with
ATO inhibited GCS activity by 30% (p<0.05) and 40%
(¢<0.05), respectively (Figure 6). Similarly, ATRA treatment
of NB4 cells inhibited GCS activity by 50% (p<0.05) (Figure
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6A). These findings suggest that inhibition of GCS by
ATO also contributes to the observed accumulation of
ceramide.

Discussion

In this study, we showed that ATO treatment of APL and
ATL-derived cells resulted in the accumulation of cytotox-
ic levels of the sphingolipid breakdown product, ceramide.
This ceramide accumulation is due to de novo ceramide syn-
thesis and inhibition of ceramide metabolism. In a variety
of cell types, ceramide has several growth suppressive
effects including induction of differentiation,* induction of
Rb dephosphorylation with resultant cell cycle arrest in
Go/G1,** induction of apoptosis,” and senescence.
Endogenous levels of ceramide are increased in response to
treatment with different chemotherapeutic agents,
cytokines, or other cell stressors. Inducers of ceramide
accumulation include tumor necrosis factor-o, Fas ligand,
interleukin-1, y-interferon, CD28 ligation, complement,
serum deprivation, y-irradiation, heat shock, ultraviolet
radiation, and most chemotherapeutic agents examined.*

In APL cells, Murate et al® reported transcriptional
upregulation of A-smase during ATRA-induced myeloid
differentiation of parental NB4 cells but not NB4/RA cells,
a subclone harboring a point mutation in the RAR gene
that renders cells resistant to ATRA. This upregulation of
A-smase resulted in ceramide accumulation. In this study,
we show that, in addition, ATRA induces de novo synthesis
of ceramide in NB4 cells. Interestingly, we found that, com-
pared to ATRA, ATO induced a faster and significantly
more robust ceramide accumulation in NB4 cells. This like-
ly explains the greater ability of ATO to induce i vitro NB4
cell apoptosis, particularly in view of the fact that cell-per-
meable ceramide analogs also had growth suppressive
effects on NB4 cells.

In APL cells, the molecular mechanisms of ATO-induced
and ATRA-induced ceramide accumulation differ. The
extent of ATO-induced A-smase induction was significant-
Iy lower than that induced by ATRA, despite higher levels
of ceramide generation. In the case of ATO, this activation
was not involved in the generation of the bulk of ceramide
which occurred much earlier. Also, ATO significantly
downregulated N-smase activity whereas ATRA induced
it. Furthermore, combined ATO/ATRA treatment of NB4
cells also suppressed N-smase activity (data not shown). The
finding that sphingomyelin mass, the substrate of sphin-
gomyelinase, actually increased in response to ATO, con-
firmed that sphingomyelin turnover was not the source of
ceramide generation. Moreover, the increase in sphin-
gomyelin mass was not associated with the generation of
diacylglycerol, the byproduct of the reaction catalyzed by
sphingomyelin synthase. This suggests that the increase in
sphingomyelin mass was not because of new synthesis but
due to decreased turnover, probably as a result of the inhi-
bition of N-smase activity to levels below control ones.



The significance of this is, however, unknown.

Based on the current study, the mechanism of ATO-
induced ceramide accumulation in ATL-derived cells was
similar to that seen in APL-derived cells, and involved
simultaneous activation of de novo ceramide synthesis and
inhibition of ceramide metabolism through GCS. The
combination of increased synthesis of ceramide and its
decreased incorporation into more complex sphingolipids
results in a more rapid and sustained accumulation of
ceramide. In contrast, although various other chemothera-
peutic agents have been shown to induce ceramide accu-
mulation, most do so by activating a single pathway. This
finding might help to explain the wide-ranging growth
suppressive effects of ATO.

Remarkably, ATO induced significant de novo ceramide
synthesis in ATL-derived HTLV-I-positive cells, known to
be defective in this pathway due to the expression of the
viral oncoprotein Tax, as reported previously.” Indeed, Tax
expression was sufficient to partially inhibit the generation
of ceramide through the de novo pathway in response to
HPR, and to suppress ceramide synthase activity. This
defect may explain, at least in part, the chemo-resistance of
ATL cells and the demonstrated response to ATO. The
mechanism of suppression of ceramide synthesis by Tax is
unknown. De novo synthesis of ceramide is dependent on
the activity of several enzymes including several ceramide
synthases.* A major biological function of Tax protein is its
ability to induce a constitutive high level of activity of the
transcription factor NE-xB.*" The possibility that NE-kB
activation suppresses one or more of the enzymes involved
in ceramide synthesis is currently being evaluated in our
laboratory. Tax also represses the transcriptional activity of
the tumor suppressor protein p53, which has been shown
to be upstream of ceramide accumulation.” Interestingly,
ATO can also act on p53 paralog proteins such as p73.%%
Of note, there was no statistical difference between ATO-
and ATO/interferon-induced increases in sphingomyelin

Arsenic induces ceramide accumulation in APL and ATL

mass, although both increases were statistically greater
than that of the control (Figure 4B). Similarly, there was no
statistical difference between ATO- and ATO/interferon-
induced increases in *H-ceramide, although, again, both
increases were statistically greater than that of the control
(Figure 4B). We previously identified two ATO targets in
HTLV-I-transformed cells: (i) an ATO-induced, interferon-
independent shut-off of the NF-kB pathway and (i) an
ATO-triggered, interferon-enhanced, proteasomal degrada-
tion of the viral oncoprotein Tax.”* It is likely that these
two effects of ATO remove the impairment of de novo
ceramide synthesis, resulting in ceramide accumulation
and cell death, but their relative contribution remains to be
determined. Indeed, HTLV-I-positive cells are sensitive to
ceramide-induced cell killing once sufficient levels have
been generated.

In conclusion, deregulation of ceramide metabolism by
oncoproteins may act as an indicator of tumor cells and
could be a target in cancer therapy. Understanding the
nature of deregulation of these pathways in specific
tumor types may help in identifying effective
chemotherapeutic agents with known specific modulat-
ing effects on ceramide pathways. Arsenic treatment of
APL and ATL-derived cells target similar metabolic path-
ways resulting in oncoprotein degradation and accumu-
lation of cytotoxic levels of ceramide. This suggests that
ATO-induced ceramide accumulation may represent a
general intermediate mediator of the effects of ATO and
paves the way for new therapeutic interventions that tar-
get the metabolic pathway of this important sphin-
golipid secondary messenger.
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