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Abstract

To clarify the role of lipid rafts in
2-chloro-2’-deoxyadenosine (2CdA; Cladribine)-induced
apoptosis, the effects of disruption of lipid rafts by
methyl-3-cyclodextrin (M BCD) and filipin on 2CdA-induced
apoptosiswereinvestigatedin fourhumanacute lymphoblastic
leukemia(ALL)celllinescomprised ofTcells(MOLT-4,Jurkat)
and B cells (NALM, BALL-1). The disruption of lipid rafts
significantly inhibited 2CdA-induced apoptosis, indicating
the crucialrole of lipid rafts in the induction of apoptosis
in leukemia cells. These reagents significantly inhibited
2CdA-induced elevation of the intracellular calcium
concentration ([Ca *1,) in MOLT-4 cells, and 2CdA-induced
apoptosis was partly inhibited by the Ca” chelators BAPTA-AM
and EGTA, andthe L-typeCa * channelblockernifedipine. Onthe

otherhand,theyhadnoeffectsonthe cellularuptake of 2CdA.

Theseresultsindicated thatlipid rafts partly contributedto
2CdA-inducedapoptosisbyregulatingCa #influxviatheplasma
membrane.



1. Introduction

2-Chloro-2’-deoxyadenosine (2CdA; Cladribine) is a
purine nucleoside analog that is cytotoxic to lymphoid cells
(). Itis currently used in treatment of indolent lymphoid
malignancies, including hairy cell leukemia, chronic
lymphocyticleukemiaandlow-gradelymphoma(1-4). ltwasalso
reported to be effective as an immunosuppressive drug (5). In
apreviousstudy,we havereportedthat2 CdA-inducedapoptosis
in MOLT-4 cells depends on the synthesis of proteins and the
activation of caspase-3 (6). Two major apoptotic pathways
inducedby 2CdA havebeenreported. One pathway is associated
with ligation of Fas receptor leading to the activation of
caspase-8and-3(6),andanotherpathwayinvolvestherelease
of cytochrome c from mitochondria, which activates caspase-9
followed by the activation of caspase-3 (7,8). In addition,

2+

intracellular Ca ions also play an important role in
2CdA-induced apoptosis, since 2CdA-induced DNA fragmentation

is also inhibited by the intracellular Ca ?* chelator BAPTA-AM
inlymphocytesfrompatientswithchroniclymphocyticleukemia

(9).Candra et al . showedthatthe elevatedintracellular Ca

concentration ([Ca 1) contributed to 2CdA-induced apoptosis

in CCRF-CEMells (10). Generally, intracellular Ca’ions have



been acceptedto  have a crucial role in apoptosis of lymphocytes
(11,12),since exposure tocalcium ionophores  such as ionomycin

2+

or A23187 through the elevation of cytos olic Ca induces
apoptosisin differenttumorcelllines (11,13). However, the

mechanism of the 2CdA-inducedincrease in [Ca *], has notbeen
fully elucidated.

Recently, ganglioside- and cholesterol-enriched

membrane microdomains (lipid rafts)were proposedtofunction

as platforms for receptor signaling (14-16). Lipid rafts are
isolatedinthe nonionicdetergentTritonX-100basedontheir
insolubility and recovered at the low density positions of

sucrose gradients. Several proteins have been identified in

lipid rafts. For example, glycosyl-phosphatidyl-inositol
(GPI)-anchoredproteins (17),G o subunitsofheterotrimericG
proteins(18),andSrc familyproteintyrosinekinases Lck,Lyn
and Fyn (19) are present inlipid rafts. Inthe regulation of

[Ca*] ., lipid rafts at the lamellipodia of neutrophils were

reportedtobe stronglyassociatedwithTRPC-1,acomponentof

store-operated Ca” (SOC) channels (20) and it was also indicated
that 7-ketocholesterol, an agent that modifies the structure

oflipid rafts, induced apoptosis through elevation of [Ca “1.

by the translocation ofTRPC-1 to lipidraftsin THP-1 monocytic



cells (21). Darby et al .demonstrated the presence of L-type

Ca” channels in the raft fraction (detergent-resistant membrane

fraction) in canine airway smooth muscle (22). Furthermore,
several reports suggested the involvement of lipid rafts in
chemotherapy-induced apoptosis (23-25).

In the present study, we performed experiments to
determine the contribution of lipid rafts to 2CdA-induced
apoptosis. First, the effects oflipid raft disruptionbyM
and filipin on 2CdA-induced apoptosis were examined in four
human ALL cell lines. Second, the effects of lipid raft
disruption oncellularuptake of 2CdA, itsincorporation into
DNA and the inhibition of DNA synthesis in MOLT-4 cells were
examined. Third, [Ca *1. in 2CdA-treated MOLT-4 cells in the
presenceorabsenceofM BCDand filipin,andtheeffectsofCa
chelators and the L-type Ca ? channel blocker on 2CdA-induced

apoptosis in MOLT-4 cells were examined.

BCD



2 Materials and Methods

2.1. Drugs and Cell Culture

Human T-lymphoblast cell lines MOLT-4 and Jurkat E6-1
were purchased from RIKEN Cell Bank (Tsukuba, Japan) and
American TissueTypeCollection (Rockville, MD),respectively.
Human B-lymphoblast cell lines NALM-6 and BALL-1 were
generouslyprovidedbythe CellResource CenterforBiomedical
Research (Tohoku University, Sendai, Japan).These cells were
grown in RPMI 1640 with 10% fetal bovine serum (FBS). 2CdA,
methyl- [-cyclodextrin (M BCD), filipin, FITC-conjugated
cholera toxin B subunit (FITC-CTx) and nifedipine were from
Sigma (St. Louis, MO). (Acetoxymethyl)-1,2-bis( o—
aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid (BAPTA-AM)
andfura-2acetoxymethyl es ter (Fura-2-AM)were from Dojindo
Lab. (Kumamoto,Japan). [ *H]2CdA(9.7Ci/mmol)wasfromMoravek
(Brea,CA)and| *H]thymidinewas fromICNBiomedicals (Irvine,

CA).

2.2. Measur enent of apoptosis



After cells were incubated with medium containing each
drugfortheindicatedperiod oftime,cellswerecollectedand
washed in PBS, and then fixed with 1% glutaraldehyde/PBS and
stained with 40 pg/ml propidiumiodide (PI) for 15 minin the
dark. Apoptotic cells with morphological changes such as
fragmentationand condensation ofchromatinwerecountedinat
least 300 cells, using an Olympus BX50 microscope (Tokyo, Japan)

with reflected-light fluorescence.

2.3. Flow cytonetry and fl uorescence microscopy for analysis

of GVL on t he cell surface

Cells were stained with 10 pg/ml FITC-CTx diluted in
buffer A (0.2 M KH ,PQ,0.2MNa ,HPQ, pH 7.4, 154 mM NaCl, 1%
BSA, 0.05%sodiumazide) for 30min onice. After washing once
with buffer A, the cells were resuspended in 1 ml of buffer A
andanalyzedusingan EPICS XLflowcytometer (BeckmanCoulter,
Inc.,Fullerton, CA). Inthe case of fluorescence microscopy,
the cells stained by FITC-CTx as a similar manner described
above were observed by an Olympus IX71 microscope (Tokyo, Japan)
with reflected-light fluorescence. The image was captured using

a SenSys "KAF1400 CCD camera (Photometrics Inc., Tucson, AZ)



controlled by an IPLab imaging software (Scanalytics Inc.,

Fairfax, VA).

2.4. Cellular Uptake of [°’H 2CdA and its incorporationinto DNA

Cells(1x 10 */ml) were pretreated with 15 pg/mIM BCDor

0.1 pMfilipin for 30 min in serum-free medium and incubated

with 5uM [ *H]2CdA (1 uCi/well) for the indicated times. Then

the cells were harvested and washed with 2%BSA/PBS three times.
Tomeasurethe cellularuptake of [ *H]2CdA, thecellpelletwas

lysedin 0.5 mlof deionized water andthetotal radioactivity

ofthe cellswas determined usingascintillation counter. To

measurethe incorporation of | *H]2CdA into DNA, cells treated

with[H °]2CdA asdescribed above were harvested on GF/A glass

fiber filters (Whatman International Ltd., Maidstone, UK) using
acellharvester,andfilterswere washed withdeionized water

fivetimes. Theradioactivity ofthe filters wascountedus ing

a scintillation counter.

2.5. [°H thym di ne incorporation

Cells (1 x 10 ° cells/well) were cultured in 96-well



flat-bottom low cellbinding plates (Nunc, Roskilde, Denmark)

in serum-freemediumuntreated orpretreated with  15ug/miM  BCD
or 0.1 puMfilipin for 30 min, and incubated with or without5

UM 2CdAfor 1 h. The cells were pulsed with [ *H]thymidine (1
pCi/well) for 3 h, and harvested on GF/A g lass fiber filters

using a cell harvester, and the radioactivity of the filters

was counted using a scintillation counter.

2.6. Measurenments of [Ca*],

The intracellular Ca * concentration ([Ca *1,) in
individual cells was measured with the fluorescent

2

intracellularCa "indicator fura-2 by dual excitationusinga
fluorescentimagingsystemaccordingtothe methods ofOhta et
al .(26).Cellswereuntreatedorpretreatedwith 15 ug/miM BCD
or0.1uMfilipinfor30min,andthenincubatedwith orwithout

5 UM 2CdA for 5 h in serum-free medium. The cells were

precipitated by centrifugation, resuspended with medium and
platedoncoverslips. Toloadfura-2,the cellswereincubated

for 30 minat 37 °C with 10 uMfura-2-AMin medium. Acoverslip

withfura-2-loadedcellswas placedinanexperimentalchamber

mounted on the stage of an Olympus IX71 inverted microscope



(Tokyo, Japan) equipped with an image acquisition and Aqua

Cosmos analysissystem (HamamatsuPhotonics, Hamamatsu, Japan).
The cells were illuminated every 5 sec with light at 340 and

380 nmandthe respective fluorescence signals of 500 nmwere

detected. The fluorescence  emitted was projected to a CCDcamera
(ORCA-ER; Hamamatsu Photonics) and the ratio of fluorescent

signals (F340/F380) was stored on the hard disc of a Pro-600L

PC(EPSON, Tokyo, Japan). Calibration of fura-2 was performed

2+

with a Ca calibration buffer solution (Molecular Probes,
Eugene, OR) containing 5 uM fura-2. Cells were continuously

superfused with medium at a flow rate of 1 ml/min at room

temperature.

2.7. Data anal ysis
Data are presented as the means £ SEM. Comparisons were
madebythe paired Student’'s t -test. P<0.05was considered to

be significant.

10



3. Results

3.1. Disruptionof lipidrafts prevents 2CdA-i nduced apoptosi s

in four acute |ynmphobl astic | eukema (ALL) cell lines.

Apoptoticcelldeathoccurredat18 handwentuptoover
90%at36haftertreatmentofMOLT-4 cellswith5uM2CdA (Fig.
1A).Toinvestigatewhetherlipidrafts play acrucialrolein
2CdA-induced apoptosis, we first detected lipid rafts on the
cell surface of untreated or 2CdA-treated cells by flow
cytometryusing FITC-CTx. FITC-CTxspecificallybindsto GM1,
whichservesasamarkerforthe presenceoflipidraftsonthe
cell surface (27). The left panel in Fig. 1B shows flow
cytometric profiles of GM1expressionin MOLT-4 cells treated
with orwithout 2CdA forl2 h. Inthetreatedcells,a rightward
shift of the fluorescence pattern was observed, indicating that
2CdAinduced GM1lexpression on thecellsurface. Therightpanel
inFigure 1B showsthatthe GM1 expressiongraduallyincreased
withtimeafter 2CdA treatment. Thisfactwasfurtherrevealed
by the fluorescent microscopic observation of lipid rafts by
FITC-CTx showing strong and non-homogeneous green fluorescence

onthe cell surface in 2CdA-treated MOLT-4 cells (white arrow

11



heads in Fig. 1C(b). Whereas, weak and uniform green
fluorescence was detected in control cells (Fig. 1C[a]),
suggestingthatlipidraftsinrestingcellswereimmature and
homogeneouslydistributed. These results proved theformation

and localization of lipid rafts in 2CdA-treated cells. Since
MBCDremovescholesterol fromthe plasmamembrane, andfilipin

is known as a polyene antibiotic that specifically binds to

cholesterol and disruptsthef unctionof lipid rafts (28,29),

we examined the effects of these regents on the 2CdA-induced

formation and localization of lipid rafts. As shown in Fig.

1C(c)and (d), itwas confirmedthatthe treatment of M BCDand
filipin completely disrupted 2CdA-induced formation and

localization of lipid rafts. We, therefore, investigated the
effectsofdisruptionoflipidraftson2CdA-inducedapoptosis

by M3CDand filipin. Disruption  of lipid rafts by M3CDor filipin
significantly inhibited the apoptotic cell death induced by

2CdAat 18 hin MOLT-4cells (Fig. 1D). Disruption  oflipidrafts
also inhibited 2CdA-induced apoptosis in NALM-6, BALL-1 and

Jurkat cells (Fig. 2). From these results, we concluded that
lipidraftsplayedacrucialrolein2CdA-induced apoptosisin

these four ALL cell lines.

12



3.2. Disruption of lipidrafts had no effects on the cellular
upt ake of 2CdA, its incorporation into DNA or the inhibition

of DNA synt hesi s.

2CdAistakenupby cellsthroughamembranetransporter
(30,31) and then is converted into its triphosphate form, 2CdATP,
followedby incorporation into DNA, resulting in the inhibition
of DNA synthesis (32). Therefore, weinvestigatedwhether the
cellularuptakeof2CdAin MOLT-4 was required forthe  formation
of lipid rafts. Cells were incubated with [ *H]2CdA in the
presence or absence of MRCD or filipin and the total
radioactivity ofthe cells was measured. Asshown inFig. 3A,
there was no difference inincorporation of 2CdA into DNA and
the2CdA-inducedinhibitionlevelof DNA synthesis betweenthe

presence andabsence of M BCD orfilipin(Fig.3B and 3C). This

suggestedthatthe cellularuptake of2CdAwasnotrequired for

the formation of lipid rafts.

3.3. Lipid rafts are inportant for entry of extracellular

cal cium

It has beenindicated that Ca Z*jonsplaya crucial role

13



in the induction of apoptosis in lymphocytes (11,12), and it

was previously  reported that the elevation of [Ca®], contributed
to2CdA-inducedapoptosis(10). Therefore,we examinedwhether
the disruption of lipid rafts by M BCD or filipin inhibited
2CdA-induced Ca”influx viathe plasmamembrane.Tomonitorthe
changesin[Ca  *],after2CdAtreatment,cellswere treatedwith
2CdAfor5hinthe presence orabsence of M BCD orfilipinand
labeled with fura-2. As shown in Fig. 4A, 2CdAcaused an increase
in[Ca *], andM BCDand filipin partly inhibited it, indicating

that lipid rafts were crucialin the regulationofcalciumentry.
Inturn, toexamine whether the elevation of [Ca ], regulated
the formationand localization oflipid rafts in 2CdA-treated

MOLT-4 cells, fluorescent microscopic observation of lipid

rafts DbyFITC-CTxwas performedin MOLT-4 cells exposedto2CdA
without or with a calcium chelator, i.e., BAPTA-AM (an

intracellular calcium chelator) or EGTA (an extracellular

calciumchelator). The 2CdA-inducedformation and localization
of lipid rafts were not disturbed by BAPTA-AM and EGTA (Fig.

4B[c] and[d]).Thisobservationindicatedthat Ca”'influxfrom
extracellular space did not regulate 2CdA-induced formation and
localization of lipid rafts. We next examined whether the

elevation of [Ca *1, was actually required for 2CdA-induced

14



apoptosis. Since both BAPTA-AM and EGTA patrtially suppressed
2CdA-induced apoptosis (Fig. 4C), it was concluded that Ca
influx from the extracellular space was required for it.

2+

Furthermore, nifedipine (an L-type Ca channel blocker)

partially prevented 2CdA-induced apoptosis (Fig. 4C),

suggestingthatmembraneL-type Ca *channels playanimportant
role init. Theseresultssuggested that the elevationof[Ca “1.
requiredfor 2CdA-induced apoptosis resulted from an influxvia

L-type Ca * channels that was modulated by lipid rafts.

4. D scussion

In the present study, we showed that the disruption of
lipid rafts by M BCD or filipin significantly abrogated
2CdA-inducedapoptosisin T-and B-leukemiacell lines. These
results indicate the crucial role of lipid rafts in 2CdA-induced
apoptosisinleukemiacells. Since2CdAistransported intothe
cell by nucleosidetransporters on the plasma membrane (30,31),
then converted to its triphosphate form, 2CdATP, and
incorporated into DNA to inhibit DNA synthesis (32), we
investigated the contribution of lipid rafts to the cellular

uptake of 2CdA. Neither M BCD norfilipinhad any effectonthe

15



cellular uptake of 2CdA, the incorporation into DNA or the
inhibitionof DNAsynthesis. Wethereforeconcludedthatlipid
rafts did not contribute to the cellular uptake of 2CdA.

It has been reported that [Ca 1, has a crucial role in
the induction of apoptosis in lymphocytes (11,12), and itwas
shown that elevated [Ca *1, contributed to 2CdA-induced
apoptosis  (10). In this report, we clarified that 2CdAincreased
[Ca*®]. and the disruption of lipid rafts by M BCD or filipin
abrogated theCa *' influx. Furthermore,  we showed that BAPTA-AM,
EGTA and nifedipine partly inhibited 2CdA-induced apoptosis.
These results suggestthat calcium influx from extracellular
spacethrough nifedipine-sensitive L-type Ca #channelsonthe
plasma membrane is important for 2CdA-induced apoptosis.

Since nonexcitable cells, including lymphocytes, do not
fire action potentials, it has been considered that a major
route for Ca * influxinthese cells is via store-operated Ca
(SOC) channels (33). Though dihydropyridines (DHPs) are aclass
of drugs known aspotentinhi bitors  ofvoltage-gatedL-typeCa 2
channels (34), they have also been reported to inhibit Ca
influx through SOC channels in leukemic HL60 cells (35).
Furthermore, several studies have suggested thatlymphocytes

2+

may express L-type Ca channels that are activated in a

16



non-voltage-gated manner (36-38). From these reports, we

concluded that 2CdA induced Ca * influx  through

non-voltage-gated Ca * channels with L-type characteristics.
Recently, the interaction between lipid rafts and Ca

entry channelsinlymphocytes has beenreported (39-41).InB

lymphocytes, CD20, a nonglycosylated membrane protein, which

functionsasa SOC channel (39,40), isredistributed to lipid

raftsthroughitscrosslinking withantibodiesandinduced Ca

entry (40,41). In conclusion, lipid rafts mediate Ca
through nifedipine-sensitive L-type Ca > channels.
resulting elevation of[Ca 1, may contribute to the induction

of apoptosis due to 2CdA.

17
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Fi gure | egends

Fig. 1. Effects of disruption of lipid rafts on 2CdA-indu ced
apoptosis in MOLT-4 cells. (A) Apoptosis induction after

treatment of MOLT-4 cells with5 pM 2CdA ( @) and without 2CdA
(O). Apoptotic cells were detected by PI staining. Data

represent mean + SEMof three experiments.(B) MOLT-4 cells were
stained with FITC-CTx, and then analyzed by flow cytometry. Left
panel showstheGM1lexpression onthesurfacesofcellstreated

or untreated with 5 uM 2CdA for 12 h. Right panel shows mean

fluorescent intensities relative to control at indicated times.
Data represent meanz SEMof three experiments. (C) 2CdA-induced
increase  and non-homogenous distribution oflipid rafts andthe
effect of lipid rafts disruption reagents (M BCD and filipin)

on them. MOLT-4cells were stainedwith FITC-CTx, and thengreen
fluorescence onthe cell surface was observed by a microscope

with  reflected-light fluorescence. The images ( low
magnificationx200) of lipidraftsinseveralcells were sh own
in upper panel. The typical distributions of lipid rafts ina

cellwere showninlowerpanel.(a)Control(untreatedcell S),

(b) Cells treated with 5 uM 2CdA for 12 h, and (c) Cells

pretreated with 15 pg/mlM BCD and (d) pretreated with 0.1 uM
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filipinfor 30 min and then incubated with 5 uM 2CdA for 18 h.
White arrow heads in (b) showed 2CdA-induced localization of

lipid rafts. (D) MOLT-4cellswereuntreatedor pretreatedwith

15ug/mlM  BCD or0.1 uMfilipinfor 30 min, and incubated with

or without 5 uM 2CdA for 18 h. Apoptotic cells were detected
by Plstaining.Datarepresent meantSEMof three experiments,

(**: P<0.01).

Fig.2 . Effects of disruption of lipid rafts on 2CdA-induced

apoptosis in NALM-6, BALL-1 and Jurkat cells. Cells w ere
untreated or pretreated with 15 pg/ml M BCD or 0.1 uM filipin
for 30 min, and incubated with or without 5 uM 2CdA for 12h
(NALM-6), 9h (BALL-1)and 18h (Jurkat) . Apoptotic cellswere

detected by PI staining. Data represent mean + SEM of three

experiments, (**:P<0.01).

Fig. 3. Effects of the disruption of lipid raft on cellu lar

uptake of 2CdA, the incorporation into DNA and the inhibition

of DNA synthesis. (a) Total uptake of 5 uM [ 3H]2CdA in cells
was measured at the indicated times in MOLT-4 cells in the
absence( ®@)orpresenceofl5pug/mM BCD( O)or0.1 M filipin

(»). Data represent mean + SEM of three experiments. (b)
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Incorporation of 5 uM [H %]2CdA into DNA was measured at the
indicatedtimesinMOLT-4cellsintheabsence( @) orpresence
of15ug/mM  BCD( O)or0.1pMfilipin( A).Datarepresentmean

+ SEM of three experiments. (¢) MOLT-4 cells untreated or

pretreated 15 ug/miM BCD or0.1uMfilipinfor30 minand then

incubated with or without 5uM 2CdA for 1 h. Cells were pulsed

with[ 2HJthymidine (1 pCi/well) for 3 h and the radioactivity
wascountedusingascintillationcounter. Datarepresentmean

+ SEM of three experiments, (**:P<0.01).

Fig. 4 . The importance of intracellular calcium for
2CdA-inducedapoptosis.(A)Aftertreatmentofcellswith5uM

2CdA, 5uM2CdAand 15 pg/ml M3CD, and 5 pM2CdA and 0.1uM filipin
for 5 h under the experimental conditions, the loading of

fura-2-AM andmeasurement of [Ca2]; were performed as described
in Materials and Methods. Data represent mean + SEM of 3

experiments, (**: P<0.01, *: P<0.05). (B) Effects of calcium

chelators (BAPTA-AM and EGTA) on 2CdA-induced increase and
non-homogenous distribution of lipid rafts. The images ( low
magnification; x 200)of lipid rafts in severalcells wereshown
in upper panel. The typical distributions of lipid rafts ina

single cellwere shown inlower panel. (a) Control (untrea ted
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cells), (b)Cellstreatedwith5 uM2CdAfor12h,and (c)Cells
pretreatedwithS5uMBAPTA-AMand (d)pretreated with4mMEGTA

for 30 min and then incubated with 5 uM 2CdA for 12 h. Wh ite
arrow heads in (b)-(d) showed 2CdA-induced localization of

lipidrafts. (C) MOLT-4 cellswere untreatedor pretreatedwith

5 UM BAPTA-AM, 4 mM EGTA or 10 uM nifedipine for 30 min, and

incubated with or without 5 uM 2CdA for 18 h. Apoptotic cells

were detected by Pl staining. Data represent mean £ SEM of 3

experiments, (*: P<0.05).
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