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Deoxyadenosine analogs induce programmed cell death in chronic lymphocytic
leukemia cells by damaging the DNA and by directly affecting the mitochondria

Davide Genini, Souichi Adachi, Qi Chao, David W. Rose, Carlos J. Carrera, Howard B. Cottam, Dennis A. Carson, and Lorenzo M. Leoni

Adenine deoxynucleosides induce apopto-
sis in quiescent lymphocytes and are thus
useful drugs for the treatment of indolent
lymphoproliferative diseases. To explain why
deoxyadenosine and its analogs are toxic to
a cell that is not undergoing replicative DNA
synthesis, several mechanisms have been
proposed, including the direct binding of
dATP to the pro-apoptotic factor Apaf-1 and
the activation of the caspase-9 and -3 path-

ways. In this study it is shown, by means of
several assays on whole cells and isolated
mitochondria, that 2-chloro-2 ’-deoxyade-
nosine (2CdA) and 2-choloro-2 ’'-ara-fluoro-
deoxyadenosine (CaFdA) disrupt the integ-
rity of mitochondria from primary chronic
lymphocytic leukemia (B-CLL) cells. The
nucleoside-induced damage leads to the
release of the pro-apoptotic mitochondrial
proteins cytochrome ¢ and apoptosis-induc-

ing factor. The other adenine deoxynucleo-
sides tested displayed comparable DNA-
damaging potency but did not affect
mitochondrial function. Interference with mi-

tochondrial integrity, thus, may be a factor in

the potent cytotoxic effects of 2CdA and
CaFdA toward nondividing lymphocytes.
(Blood. 2000;96:3537-3543)

© 2000 by The American Society of Hematology

Introduction

woyy pspeojumod

The deoxynucleoside analogs@oxyadenosine (dAdo), 2-chloro- meric complex, called the apoptosofrkhis complex itself is sufficient Z

2'-deoxyadenosine (2CdA, cladribine)g9b-arabinofuranosyl-2- to recruit and activate procaspase-9. Once activated, caspase-9 clgaves

fluoroadenine (F-ara-A, fludarabine), and 2-chloffie®rodeoxya- the downstream caspases, such as caspase-3, and activates t@ pro-

denosine (CaFdA) have achieved an important role in the treatmgrammed cell death cascaden addition to cytochrome c, AlF |So

of indolent lymphoid malignancies, including hairy cell leukemianormally confined to mitochondria. The release of AIF to the cytosoE“s

(HCL), chronic lymphocytic leukemia (CLL), and low-gradefollowed by its relocalization to the nucleus. Recombinant AIF cauges

lymphoma, because of their ability to kill nondividing cells. Thechromatin condensation in isolated nuclei and large-scale fragmentﬁlon

cytotoxicity of these drugs depends mainly on the accumulati@fiDNA.*?

of their triphosphate metabolites (dATP, 2CdATP, F-araATP, Several anticancer drugs induce DNA damage, which can Iéad

CaFdATP) in lymphocytes because of the high deoxycytidiri@ the phosphorylation of p53 and the subsequent transcrlptlanal

kinase levels and the low Hleoxynucleotidase activities in theseactivation of p53-dependent proteins such as p21, Bax, and Hdrg 2,

cells? Different concentrations of the 2 enzymes in malignant celléading to growth arrest, repair, or apoptosis. One of the target

may explain resistance between patién@nce transformed into genes involved in p53-dependent programmed cell death mighgtbe

the triphosphate form, adenine deoxynucleosides can induce DISAX, a pro-apoptotic Bcl-2 family member protein. Bax overexpres-

damagé3and trigger the apoptotic cascatle. sion has been linked to cytochrome c release from the mltochﬁn-
Apoptosis is characterized by the activation of cysteine prélf ia3 and can induce apoptost.

teases called caspases, which cleave proteins essential for thd he assembly of the apoptosome requires dATP, which blnd§t0

survival of the cell. Furthermore, these caspases have been shéwaf-1. In a previous study, we compared several chmca@

to activate the endonuclease responsible for the internucleosofig@vant adenine deoxynucleotide analogs for their capacity to bihd

cleavage of genomic DNA. APAF-1 and to activate caspasé®n this study we analyzed ancE
Mitochondria play a key role in the events leading to caspa§@mpared the effect of the corresponding nucleosides on @th

activation in cells undergoing apoptosis. Alteration of their fundMitochondrial function and DNA integrity.

tions can induce the release of cytochrome c and apoptosis-

inducing factor (AIF) from the intermembrane space into the

cytosol, triggering activation of caspases and endonuclédsed\iaterials and methods

Bcl-2 family members, some of which are located in the mitochon-

dria, control those events, by either inducing (eg, Bax, Bad, Bake!l lines and drugs

Bid, Bim) or inhibiting (eg, Bcl-2, Bel-X, Mcl-1) apoptosis:*® Human fibroblasts HS-68 (ATCC CRL 1635) and human leukemia T
Cytochrome c released by the mitochondria and a cytosolic apopt@nphoblast CEM cell lines stably transfected with pZipneo vector

sis protease activating factor (Apaf-1) oligomerize into a large mulicEM/Neo) or with vector encoding BCL2 (CEM/Bcl®)were cultured in
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complete medium (RPMI-1640 supplemented with 10% fetal bovinehich is well below that needed to augment unwinding of single-strand
serum). The deoxynucleoside analogs dAdo and fludarabine were fr@NA. The amount of single-strand DNA in alkali after sonication is
Sigma (St Louis, MO); cladribine and CaFdA were synthesized hyroportional to the number of DNA-strand breaks (either single or double),
published procedur¥.F-AraATP and CaFdATP were kind gifts of Dr W. which varies directly as a function of the extent of DNA unwinding.
Plunkett (University of Texas M. D. Anderson Cancer Research Center, Houston,

TX), and 2CdATP was synthesized in our laboratory by Dr Q. Ghao. Neutral comet assay of double-strand DNA breaks

The single-cell comet electrophoresis assay was performed according to the
Trevigen CometAssay (Trevigen, Gaithersburg, MD) reagent kit. CLL cells
Written informed consent was obtained to procure peripheral blood from alere suspended in complete medium (RPMI-1640 supplemented with 10%
patients. Patients had to have B-CLL according to National Cancer Institdégal bovine serum) at a density of X1 10°/mL and treated with the
criteria of any Rai stage. Criteria for requiring therapy were as followsndicated drugs for 6 hours at 37°C. Then, 0.5 mL aliquots of 0.5% low
disease-related symptoms; anemia, thrombocytopenia, or both; bulglting point agarose in PBS (Sigma, St Louis, MO) at 42°C were added to
lymphadenopathy, clinically relevant splenomegaly, or both. Heparinizeégbes containing 5QL each of the cell suspensions. Fifty. of the mixture
peripheral blood samples from different patients with CLL and containingas quickly pipetted onto a microscope slide, precovered with 0.5%
at least 90% malignant cells were fractionated by Ficoll-Hypaque sedimeagarose, and allowed to solidify at 4°C. Slides were immersed for 30
tation. Nonadherent mononuclear cells were resuspended in completiautes in prechilled lysis buffer (2.5 mol/L sodium chloride, 100 mmol/L
medium (RPMI-1640 supplemented with 10% fetal bovine serum) atEDTA, pH 10, 10 mmol/L Tris base, 1% sodium lauryl sarcosinate, 0.0x%6
density of 1 to 2< 10°/mL. Cells were incubated at 37°C in an atmospher&riton X-100) at 4°. After lysis, slides were incubated for 30 minutes &
of 5% CQ, with the indicated drugs. In some experiments, frozen cells weegkali buffer (0.3 mol/L NaOH, 1 mmol/L EDTA). TBE washed slides wer§
used. dAdo was used in cells that were pretreated for 1 hour wiln&dl/L  placed in horizontal gel electrophoresis chambers containing 1 L %O

Cell isolation and analysis

of the adenosine deaminase inhibitor deoxycoformycin. mmol/L Tris/90 mmol/L boric acid/2 mmol/L EDTA buffer (TBE) at 1§
V/cm for 10 minutes. DNA was stained after SYBR green was added togwe
Cellular assay for caspase activity slides. A Zeiss Axioscope microscope (Carl Zeiss, Thornwood, N¥)

- . . . . attached to a camera and image analysis system was used to quantify the
Atthe indicated time points, CLL cells were washed twice with phosphatg{eg rent parameters of the comets. At least 100 cells were analyzedtg;er
i

buffered saline (PBS), and the pellet was resuspended in caspase buffer, . i
stide. Results were expressed in terms of percentage of comet cells divitled
mmol/L HEPES, pH 7.4, 100 mmol/L NaCl, L mmol/L EDTA, 0.1% Chaps p P 9 g
by total amount of cells.

and 5 mmol/L dithiothreitol [DTT]) for 10 minutes at 4°C. Lysates were
then stored at-80°C. The caspase enzymatic assays were carried OUtl\mtochondria isolation
96-well plates. Lysates (10-20g total protein) were mixed with 5Q.L g
HEB buffer (PIPES 50 mmol/L, KCI 20 mmol/L, EGTA 5 mmol/L, MgCl The CLL cells were washed in ice-cold Dulbecco’s phosphate—buﬁeté:ed
2 mmol/L, and DTT 1 mmol/L, pH 7), and reactions were initiated by thealine for disruption by nitrogen cavitati8h All subsequent steps were?

addition of 100umol/L of the specific substrate. After a 1-hour incubatiorcarried out on ice or at 4°C. The cells were washed with MA buffer (1@;@
at 37°C, caspase-3-like protease activity was measured with the substratgol/L sucrose, 1 mmol/L EGTA, 20 mmol/L MOPS pH 7.4, 1 g/L bovin&

Ac-DEVD-AMC, and caspase-9-like activity was measured using Ac-LEHDserum albumin) then resuspended at 208 cells/mL in MB buffer (MA
AFC. Activity was measured by the release of 7-amino-4-trifluoromethybuffer plus 10 mmol/L triethanolamine, 5% Percoll, 1 mmol/L phenylmet:-
coumarin (AFC) or 7-amino-4-methyl-cumarin (AMC), monitoring fluoresyisulfony! fluoride, and an antiproteinase mixture consisting of aproting,
cence at excitation and emission wavelengths of 400 and 505 nm, and $8@statin A, and leupeptin, each at @nol/L). The cells were then &

pO0|q/}8u'SUO

Se/0

and 460 nm respectively. disrupted by cavitation, after which lysates were centrifuged twice at5@
for 5 minutes to remove nuclei and unbroken cells then at 2% 6®030 g
Cytofluorometric analysis of mitochondrial transmembrane minutes to isolate mitochondria. The mitochondria were suspended in BIC
potential ( A¥m) by DIOC6 and cell membrane permeability buffer (identical to MA buffer except that the sucrose concentration was 35)0
by PI mmol/L and an antiprotease mixture was included that consistedgof

) o ) aprotinin, pepstatin A, and leupeptin, each atlfol/L) and used for ff
CLL cells were treated with the indicated amount of the drugs either alo?ﬁ'easuring membrane potential alterations with DOC

or with 50 pmol/L of the cell-permeable caspase inhibitor Z-VAD-fmk

(Z-Va_I-AIa-Asp(Ome)-CH_2F; Biomol, Plymouth Meetingf PA). Cell_s Werer |y cytometry analysis of AIF release
then incubated for 10 minutes at 37°C in culture medium containing 40 @
nmol/L 3,3 dihexyloxacarbocyanine iodide (DiOC6; Molecular ProbesNondividing CLL cells were treated with the nucleosides as indicated. C@Is
Eugene, OR) and Jug/mL propidium iodide (PI; Molecular Probes), were washed and permeabilized by 0.03% digitonin treatment for %5
followed by analysis within 30 minutes of fluorochrome in a Bectominutes at room temperature. The concentration of digitonin used Was
Dickinson FACScalibur cytofluorometer. After suitable compensatiombtained by titration and is enough to permeabilize the outer membrane of
fluorescence was recorded at different wavelengths: DIOC6 at 525 tihe cells without affecting the mitochondrial membrane. Cells were then

€0 uo 3senb

(FL-1) and Pl at 600 nm (FL-3). fixed with 2% paraformaldehyde and incubated with the primary antibody
to AIF (a kind gift from G. Kroemer, Institut Gustave Roussy, Villejuif,
Measurement of alkali-sensitive sites in DNA France), washed, and stained with the fluorescent-labeled secondary

. . o antibody (Alexa 488; Molecular Probes). An isotype-matched primary
DNA damage was assessed by alkaline unwinding and ethidium bromigdgihoqy was used as control. Cells were postfixed by resuspending the
f!uores_cence as previously descrlt}éBecausg ethldlgm bromld_e preferen pellet in 2% paraformaldehyde and analyzed by flow cytometry.
tially binds to double-strand DNA (ds-DNA) in alkali, the relative amounts

of nonbroken ds-DNA an(_j brok(_en single-strand DNA can be assessﬁqmunocytochemistry

Fluorescence was determined with a CytoFluor fluorescence plate reader

(PerSeptive Biosystems, Framingham, MA) with excitation at 520 nm ar@ne hundred microliters of the CLL cells at a concentration &f 20°/mL,
emission at 585 nm. Results are expressed as [% ds-BN@—Fnin)/  treated for 24 hours with the indicated drugs, was stained for the detection
(Fmax—Fmin)] X100], where F is the fluorescence of the experimentalf the mitochondrial membrane potential with 150 nmol/L Mitotracker
condition, Ry, is the background ethidium bromide fluorescence deteOrange (Molecular Probes) for 30 minutes at 37°C. ThenZ cells were
mined after conversion of all DNA into single-strand form by sonicatiorpelleted at 30§for 5 minutes on a slide. The cells were fixed for 10 minutes
and Faxis the fluorescence determined after the addition of the mercapia 4% paraformaldehyde, washed in PBS, and incubated for 2 hours with
ethanol solution before the alkaline solution to maintain the pH at 11.the antibodies specific for AlF (supplied by G. Kroemer) and cytochrome c
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(clone 6H2.B4; Pharmingen, San Diego, CA), at a concentration of 2 to 10 A B
wg/mL in 1-Block blocking buffer (Tropix, Bedford, MA) supplemented 110 110
with 0.05% Triton X-100. Alexa 488 (green) and Alexa 568 (red) served as 44, 100

species-specific secondary antibodies. The nuclear DNA was stained usin
DAPI. Coverslips were washed successively in PBS and deionizeddt

5 minutes and mounted in Fluoromount (Fisher, CA). Images were obtaine
with a Zeiss Axioscope microscope.
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HS-68 cells were grown on glass coverslips (Fisher, Pittsburgh, PA). The me. s
triphosphate forms of the nucleosides analogs were dissolved at a concentra-
tion of 5 mmol/L in microinjection buffer consisting of 5 mmol/L sodium
phosphate and 100 mmol/L KCI (pH 7.4) containing a Dextran-FITC or 250 c 250 D

Dextran-TRITC fluorescent dye (Sigma). Approximately 100 cells/analog

were microinjected using glass capillary needles. The estimated finak, 54 200
. . . .. . g D
concentration in the cells was 5p@nol/L, based on an estimated injection § ;%
volume of 50 fL. Cells were stained as described above. § 2
O 150 G150
100 190 18 21 24
0 3 6 91215182124 036 91215
Results Time, hrs Time, hrs
Cytotoxicity of the nucleoside analogs on CLL cells Figure 1. Nucleoside cytotoxicity on B-CLL cells.  (A) B-CLL cells were treated

with 2CdA (W), CaFdA ([J), F-Ara-A (@), and dAdo (O) at 10 wmol/L for the indicated
For this study, we first screened 20 patients for their sensitivitiestoe points. Viability was assessed by counting the cells after staining with erythrosin

the nucleoside analogs 2CdA. F-Ara-A. CaFdA and dAdo (p|LFsand is represented as percentage of the control. (B) The same cells were tested for
! ! mitochondria membrane potential by flow cytometry analysis of incorporation of

deoxycoformycin). We used equimolar concentrations of thﬁOCG. (C) Cells were lysed in caspase buffer and incubated with 100 wmol/L of
nucleosides because the principal aim was to compare their effetitgometric substrate, and caspase-9 activity was measured by fluorometric analy-
on DNA and mitochondria integrity. CLL cells that were COm‘SiS'_(D) Caspasg-s enz_ymaticactivity. Theseda_ta(t SD}were obtajnedfrom asingle
. . .. tient studied in duplicate and are representative of 6 different patients.
pletely resistant to the nucleoside toxicity after 24 hours &f
incubation at 10umol/L (less than 20% specific killing) were
excluded from analysis because these cells did not accumulate
active triphosphate analog intracellula#hFive of 20 patients with
CLL were thus excluded. In the nucleoside-susceptible CLj,
populations, loss of viability measured by dye exclusion was
already visible after a few hours (Figure 1A). Analysis of thé/litochondria are known to contain their own deoxynucleoside
apoptotic mechanisms triggered by the different nucleosides showeges? Mitochondria were isolated by cavitation from CLL cells and
distinct peculiarities. Mitochondrial membrane potential measurdigated for 10 minutes with different concentrations of the nucleosgle
by flow cytometry decreased in CLL cells treated with 2CdA andnalogs. Both 2CdA and CaFdA were able to affect the membrgne
CaFdA already after 12 hours, but not after similar treatment witsptential of the mitochondria by reducing the incorporation of the (@e
dAdo and F-Ara (Figure 1B). Similarly, the kinetics of enzymati®iOCs (Figure 3\). dAdo and F-Ara-A at the highest concentratioris
activation of caspase-9 and -3 (Figure 1 C,D) were different: 2Cdasted (100q.mol/L) did not affect the membrane potential. We then
and CaFdA were able to activate the caspases already after 12 hamslyzed the damage to mitochondria in whole CLL cells by measuiing
whereas 24-hour incubation was required to see induction of the caspaseeytoplasmic fluorescence of AIF, after treatment withu@@I/L of g
activity by F-Ara-A. The intensity of caspase-3 (Figure 1C) anthe analogs for 8 hours. Apparent relocalization of AIF was detectedzby
caspase-9 (Figure 1D) activation by F-AraA at 24 hours was alffow cytometric analysis after permeabilization of the cells with 0.0:g;/o
reduced by at least 2-fold when compared to 2CdA or CaFdA. digitonin. This concentration of digitonin used had been shownyn
preliminary experiments to permeabilize the outer membrane of he
cells without affecting the mitochondrial membrane. Only treatment
with 2CdA, but not F-AraA, increased AlF fluorescence (Figure 3B).
We used 2 different methods to study nucleoside effects on DN@aFdA behaved as 2CdA (data not shown). We believe that the
integrity, alkaline unwinding and comet assay. As assessed by thereased AIF fluorescence is a result of its relocalization from
unwinding assay, 2CdA, F-Ara-A and CaFdA at 10nol/L  mitochondria to the cytosol, as immunocytochemistry results also seem
generate approximately equivalent DNA breaks after 12 houtsindicate (data not shown). Pre-incubation of the CLL cells with 100
(Figure 2A). The broad-spectrum caspase inhibitor z-VAD-fmk digmol/L Z-VAD-fmk did not alter the 2CdA-induced AlF relocalization.
not protect the cells from early DNA damage (data not shown). Overexpression of the anti-apoptotic protein bcl-2 protects cells
dAdo was less potent. To confirm these results, single-cell analyfism direct mitochondrial damagéThe CEM cell line overexpressing
was performed. After 6 hours of continuous incubation with 18cl-2 (CEM/Bcl-2) and the control mock-transfected cells (CEM/NES)
pmol/L nucleoside, cells were placed on the slides in an agarosere treated with Jumol/L 2CdA, CaFdA, and F-Ara-A. At different
layer and lysed. Current was applied for 10 minutes, and DNA wéme points mitochondrial membrane potential and caspase activation
stained with SYBR green. Damaged DNA migrated from the lyseslere measured. There was no significant difference in the toxicity of
cell membrane, forming a DNA tail in a comet shape (Figure 2Clr-Ara-A toward the 2 cell lines. In contrast, Bcl-2 overexpression
Approximately 100 cells were counted, and the percentages of gignificantly protected against early caspase activation and mitochon-
cells displaying comets were enumerated (Figure 2B). More than 2@¥al transmembrane alterations induced by 2CdA after 4 and 8 hours

s|0111B/PO0|g/N8U Ssuoeolgndyse//:dny woly papeojumoq

ohthe cells exposed to 2CdA, F-Ara-A, and CaFdA displayed a coraet

Spe, whereas dAdo was able to affect only 12% of the cells.

itochondrial damage

S:Iﬂg L/LESE/01/96/R8

DNA damage analysis
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(Figure 3C). The protection was lost after 24 hours of incubation. A

CaFdA behaved like 2CdA (data not shown).

Immunocytochemistry

To corroborate the biochemical results, we performed immunocyto-
chemical analysis of nucleoside-treated CLL cells. The effect of the

T Y T T T T T T T3
O 100 200 300 400 500 600 700 8GO0 900 1000
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Figure 3. Mitochondrial damage by nucleosides in B-CLL cells. (A) Mitochondria §_
from B-CLL cells were nitrogen isolated by cavitation, treated for 10 minutes with the g_\’
B 4 indicated concentrations of 2CdATP (M), CaFdATP ([J), F-Ara-ATP (@), and dATP %
(O), stained with 40 nmol/L DiOCg for 10 minutes at room temperature, and rapidly 'g_
analyzed by flow cytometry. (B) B-CLL cells were treated with 10 wmol/L of the &
v 301 nucleosides for 8 hours, then permeabilized with 0.03% of digitonin and fixed with 4% %
‘5'; paraformaldehyde. AIF release was detected by staining with specific antibody and g
= with fluorescence-labeled secondary Alexa 488 and measured by flow cytometry. (C) &
8 Human leukemia T-lymphoblastoid CEM cell lines, transfected with bcl-2—expressing g
'-s 201 vector (CEM/bcl-2) (O) or control vector (CEM/NEO) (@), were treated with 1 wmol/L g
= of the nucleosides. Membrane potential analyses and caspase analysis were %
performed at the indicated time points. Error bars represent the SD obtained from3 &
107 independent experiments. E
]
b)
o and the release of cytochrome c. In control cells, cytochrome ¢ é&hd

Control 2CdA F-AraA CaFdAdAdo+CF

Figure 2. Nucleoside-induced DNA damage of B-CLL cells. (A) B-CLL cells from 4
different patients were treated at the indicated time points with 10 pmol/L of 2CdA,
CaFdA, F-Ara-A, and dAdo. DNA damage by alkaline unwinding was assessed. Data
are reported as percentage ds-DNA. (B) Single-cell DNA damage (comet assay) was
performed after 6-hour treatment with 10-pmol/L concentrations of the drugs. Cells
were plated on a slide in low-melting point agarose and lysed, and current was
applied for 10 minutes at 1 V/cm. At least 100 cells were counted, and the
percentages of the comets were determined. Columns represent the mean and error
bars the standard deviation obtained from 4 patients. (*) Statistically increased from
control untreated cells; P < .05 by the nonparametric Mann-Whitney test. (C)
Example of comets after treatment with F-Ara-A compared to control cells. These
data were obtained from a single patient and are representative for 4 patients.

MT orange colocalized in the mitochondria (Figure 4A). Afté?ﬁ
treatment with 2CdA, the mitochondrial cytochrome c signal wés
strongly reduced, but the MT orange fluorescence remairfed
constant, indicating that the mitochondria may have releaged
cytochrome ¢ but maintained the transmembrane potential (Figiire
4B). F-Ara-A and dAdo did not visibly affect the mltochondrlﬁ
(Figure 4C; dAdo data not shown). Finally, experiments perform@d
using the pan-specific caspase inhibitor Z-VAD-fmk indicated that
the nucleoside-induced release of cytochrome ¢ was not caspase
dependent (data not shown).

Microinjection

To confirm, in a separate system, the direct role of nucleotides in
mitochondrial damage, we microinjected triphosphates into human
fibroblasts. Because of their size, HS-68 cells were relatively easy
to microinject. The results show that the triphosphates of 2CdA
(and CaFdA; data not shown) induced a change in the subcellular
distribution of mitochondria (Figure 5). To detect the mitochondria
in the cells, both MT orange staining and labeling using cyto-
chrome c antibodies were used, but only results using MT orange
are shown. The microinjected cells were identified by the co-
injection of florigenically labeled dextran (in green). The mitochon-
dria were arranged along microtubules, forming a fibrillar array



BLOOD, 15 NOVEMBER 2000 - VOLUME 96, NUMBER 10

Control

2CdA

F-ara A

Figure 4. Immunocytochemistry of mitochondrial damage. B-CLL cells were
treated with the indicated drugs for 8 hours. Cells were stained for mitochondria
membrane potential with MT orange (red, A) for 30 minutes, pelleted on a slide at
300g, fixed in 4% paraformaldehyde, and stained for cytochrome c (green, B) with
monoclonal antibody and secondary antibody Alexa 488. DNA was visualized with
DAPI (blue, C). (D) Composite image. Arrows show cells affected by the drug, where
cytochrome c release is noticeable. Images were obtained with a Zeiss Axioscope
microscope, with CCD camera.

radiating toward the cell periphery. After microinjection with 2CdA
(Figure 5C,D), but not with F-AraA (Figure 5E,F), the mitochon-
dria retracted from the cell periphery and clumped around the
nucleus. Interestingly, this mitochondrial redistribution was not
accompanied by a dramatic change in cell shape or by cytoplasm

cytochrome c release.

Discussion
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activation of the caspases, leading to endonuclease-mediated
cleavage of the DNA® because caspase activity at 24 hours was
higher in 2CdA- and CaFdA-treated cells.

The data indicate that 2CdA/CaFdA and F-Ara-A have distinct
effects on mitochondria. Time-course analyses of mitochondrial
membrane potential in whole cells, release of AIF by flow
cytometry, cytochrome c release by immunofluorescence, and
studies of purified mitochondria demonstrated that 2CdA/CaFdA,
but not F-Ara-A, disrupted the mitochondrial integrity. These
conclusions were supported by analyses of fibroblasts microin-
jected with the respective triphosphates.

Only 2CdA and CaFdA reduced the incorporation of D€
mitochondria at 8 to 12 hours, induced AlF release (probably as a
consequence of the opening of the PT p&restimulated the
release of cytochrome c, and disrupted the structural filamentous
arrangement of mitochondria, leaving the organelles disperse@ in
the cytoplasm. The immunofluorescence images suggest that Both
cytochrome ¢ and AlF release preceded the loss of mitochondgial
transmembrane potential. Caspase activation also anticipatecﬁ;the
loss of the mitochondrial membrane potential, suggesting that thc;e 2

Control

2CdA

F-ara A
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Adenine deoxynucleoside analogs such as F-Ara-A and 2CdA ﬁ'ﬁyre 5. Nucleotide microinjection experiments. Human HS-68 fibroblasts were

used for the treatment of B-CLL. However, the mechanisms

rown on coverslips. Nucleotide triphosphates were microinjected at an estimated
al concentration of 500 umo/L. To identify the microinjected cells, fluorescein

action of these drugs are not understood precisely. In this study, Wé#iocyanate-labeled dextran was co-injected with the nucleotides; therefore, the
confirm with 2 different assays that all the cytotoxic adeninwaicroinjected cells appear in green (C, E). Cells were incubated with 150 nmol/L MT
: . : . range (red stain) for 30 minutes to stain for mitochondria membranes, and fixed in
deoxynUC|eOS|deS ,Induce DNA damage in CLL, as preVIOUSMparaformaldehyde,and DNAwas dyed with DAPI stain (blue, A, C, E). Left panels
repOVtEdZ-4’25At eqmelar concentrations, the DNA strand brealepresenl composite pictures that include DNA (blue), mitochondria (red), and
formation was comparable, and was at the early time points, whestran (green for microinjected cells). Right panels (B, D, F) represent the stained
the damage was a result of the direct effect of the drugs on DNﬂi.tochondria alone. Cells treated with 2CdATP show a rearrangement of the
. . itochondria. Cells treated with the same concentration of F-AraATP do not display
After 24 hOUI’S, a blg difference between 2CdA/CaFdA anae same morphologic changes. Images were obtained with a Zeiss Axioscope
F-Ara-A was observed. This was probably a consequence of thieroscope, equipped with CCD camera, using a 40 x 1.3-na oil objective.
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events may be independent, as already demonstrated in staurospor2Cd A
ine-treated human tumor cefls.
S : , CaFdA
everal explanations are possible for the severe and apparently
direct mitochondrial damage observed with 2CdA- and CaFdA- (dAdo
treated CLL cells. First, the corresponding nucleotides could
directly bind to proteins that are known to regulate mitochondrial
functions, such as the f~, ATPase (mitochondrial adenosine
triphosphate [ATP] synthase or complex V) or the adenine nucleo- 1
tide translocator (ANT). Both proteins are situated on the mitochon-
drial inner membrane and are actively involved in the process of
oxidative phosphorylation that produces most of the cellular
energy. The FFy ATPase contains ATP and adenosine diphosphate
binding sites, and it has been shown to bind dATP with an affinity
similar to that of ATF® We recently demonstrated that the
nucleotide analogs can substitute for dATP in Apaf-1-mediated
caspase-9 activatioci,and it is thus conceivable that these analogs
could also bind the fFy ATPase. The ANT, with the voltage-
dependent anion channel (VDAC, or porin), Bax, and cyclophilin
D, are thought to come together at the mitochondrial inner andf-Ara A
outer membrane contact points to create the mitochondrial perme-
ability transition pore (mtPTP.:3! Recently, the mtPTP and
VDAC alone have been associated with the release of cytochrome ¢
and AIF that precedes caspase activatfolt.is conceivable that
the adenine nucleotide analogs, by binding to ANT, could affect the
opening of the mtPTP, allowing the release of AIF and cytochrome
c¢. Results with purified mitochondria indicate that the mitochon-
drial transmembrane potential is rapidly reduced. Unfortunately,
our analysis of AIF and cytochrome c release from isolated
mitochondria produced inconsistent results (data not shown), but
dATP-induced cytochrome c release from isolated mitochondria
has been demonstratédThe hypothesis of nucleotide-induced
mtPTP Opening is also consistent with the protection observedFiiﬁ“re 6. Meghanisms of .action. There_z are 3 modes of action of the adenine
Bcl-2—overexpressing cells, early after incubation with the 2Cd%gox¥nucledo§|de anglogs in nonprohferatlng CFL cells. In the cells thg drugs are
ransformed into their triphosphate form, which induce DNA damage, mitochondrial
and CaFdA. dysfunction, and binding to APAF-1 and activation of the caspase pathway. F-ara-A
A second explanation for the observed mitochondrial damagiis cells mainly by DNA damage and Apaf-1 activation. 2CdA and CaFdA also
may be the intramitochondrial accumulation of the triphosphalt[gerfe'rewnh mltochondrlalfun'ctlon.The dlﬁerenteﬂectsofthg adlenlnedeoxynucleo—
) X i Sides in various lymphoid malignancies may reflect the relative importance of the 3
analogs, leading to mitochondrial DNA damage followed by &echanisms in apoptosis regulation.
breakdown of metabolic functions. 2CdATP and CaFdATP may
accumulate more rapidly than F-AraATP in the mitochondrieelease of cytochrome ¢ and the activation of the intrinsic apopt@iic
because they are converted to their triphosphate forms withnmechinery, resulting in caspase activati®f® >
10-fold higher efficiency by the mitochondrial deoxyguanosine In a previous stud$? we demonstrated that F-Ara-ATP is thé
kinase3* Mitochondrial deoxyguanosine kinase-overexpressing celisost potent nucleotide activator of Apaf-1, as assessed by é;iro-
showed increased sensitivity to 2CdA compared to untransfectembpase-9 and -3 cleavage. The current study indicates that APAF-1
cells35 It is also conceivable that the 2-chloro derivatives arbinding is not the only determinant in the adenosine deoxynuclé’o-
slightly more hydrophobic than the corresponding 2-fluoro derivaide cytotoxicity pathway in B-CLL cells. 2CdA and CaFdA ar%
tives and therefore may be able to insert more easily into thmeuch more toxic to CLL cells than F-Ara-A, and only the
mitochondrial membrane, affecting their integrity. chlorinated analogs cause direct mitochondrial damage. Thus, the
F-Ara-A also affected mitochondria, but only as a late eventitochondrial effects of 2CdA and CaFdA may explain why these
suggesting an indirect mechanism. DNA damage is known tliugs are toxic to CLL cells at concentrations 5- to 10-fold lower
activate the p53 pathway by inducing phosphorylation of p53 artdan F-Ara-A. The different mechanisms for the toxicity of the
transcriptional activation of pro-apoptotic genes. This leads to theicleoside analogs are summarized in Figure 6.

GE000228U/1L ¥S6991/LEGE/01/96/4Pd-B]01LE/POOIG/ABU  SUOREDIgNdysE//:dRY WOl papeojumo]

q

References

1. Beutler E, Carson DA. 2-Chlorodeoxyadenosine: leukemia to deoxyadenosine and deoxycoformy- 7. LiP, Nijhawan D, Budihardjo I, et al. Cytochrome

hairy cell leukemia takes a surprising turn. Blood
Cells. 1993;19:559-568; discussion 569-572.

. Carson DA, Wasson DB, Taetle R, Yu A. Specific
toxicity of 2-chlorodeoxyadenosine toward resting
and proliferating human lymphocytes. Blood.
1983;62:737-743.

. Matsumoto SS, Yu AL, Bleeker LC, Bakay B,
Kung FH, Nyhan WL. Biochemical correlates of
the differential sensitivity of subtypes of human

cin. Blood. 1982;60:1096-1102.

. Carson DA, Wasson DB, Esparza LM, Carrera

CJ, Kipps TJ, Cottam HB. Oral antilymphocyte

activity and induction of apoptosis by 2-chloro-2’-

arabino-fluoro-2'-deoxyadenosine. Proc Natl
Acad Sci U S A. 1992;89:2970-2974.

. Salvesen GS, Dixit VM. Caspases: intracellular

signaling by proteolysis. Cell. 1997;91:443-446.

. Kroemer G, Zamzami N, Susin SA. Mitochondrial
control of apoptosis. Immunol Today. 1997;18:44-51.

¢ and dATP-dependent formation of Apaf-1/
caspase-9 complex initiates an apoptotic pro-
tease cascade. Cell. 1997;91:479-489.

. Petit PX, Zamzami N, Vayssiere JL, Mignotte B,

Kroemer G, Castedo M. Implication of mitochon-
dria in apoptosis. Mol Cell Biochem. 1997;174:
185-188.

. Eskes R, Antonsson B, Osen-Sand A, et al. Bax-

induced cytochrome C release from mitochondria
is independent of the permeability transition pore



BLOOD, 15 NOVEMBER 2000 - VOLUME 96, NUMBER 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

but highly dependent on Mg2+ ions. J Cell Biol.
1998;143:217-224.

Yang J, Liu X, Bhalla K, et al. Prevention of apo-
ptosis by Bcl-2: release of cytochrome ¢ from mi-
tochondria blocked [see comments]. Science.
1997;275:1129-1132.

Zou H, LiY, Liu X, Wang X. An APAF-1.cyto-
chrome ¢ multimeric complex is a functional ap-
optosome that activates procaspase-9. J Biol
Chem. 1999;274:11549-11556.

Susin SA, Lorenzo HK, Zamzami N, et al. Mo-
lecular characterization of mitochondrial apopto-
sis-inducing factor [see comments]. Nature.
1999;397:441-446.

Evan G, Littlewood T. A matter of life and cell
death. Science. 1998;281:1317-1322.

Bargou RC, Wagener C, Bommert K, et al. Over-
expression of the death-promoting gene bax-al-
pha which is downregulated in breast cancer re-
stores sensitivity to different apoptotic stimuli and
reduces tumor growth in SCID mice [see com-
ments]. J Clin Invest. 1996;97:2651-2659.

Leoni LM, Chao Q, Cottam HB, et al. Induction of
an apoptotic program in cell-free extracts by
2-chloro-2’-deoxyadenosine 5’-triphosphate and
cytochrome c. Proc Natl Acad Sci U S A. 1998;95:
9567-9571.

Meisenholder GW, Martin SJ, Green DR, Nord-
berg J, Babior BM, Gottlieb RA. Events in apopto-
sis: acidification is downstream of protease acti-
vation and BCL-2 protection. J Biol Chem. 1996;
271:16260-16262.

Kazimierczuk Z, Cottam HB, Revankar GR, Rob-
ins RK. Synthesis of 2’-deoxytubercidin, 2’-de-
oxyadenosine, and related 2'-deoxynucleosides
via a novel direct stereospecific sodium salt gly-
cosylation procedure. JAm Chem Soc. 1984;106:
6379-6382.

Seela F, Roling A. 7-Deazapurine containing
DNA: efficiency of NdTP incorporation during
PCR-amplification and protection from endo-

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

nuclease hydrolysis. Nucleic Acids Res. 1992;20:
55-61.

Birnboim HC, Jevcak JJ. Fluorometric method for
rapid detection of DNA strand breaks in human
white blood cells produced by low doses of radia-
tion. Cancer Res. 1981;41:1889-1892.

Adachi S, Gottlieb RA, Babior BM. Lack of re-
lease of cytochrome C from mitochondria into
cytosol early in the course of Fas-mediated apo-
ptosis of Jurkat cells. J Biol Chem. 1998;273:
19892-19894.

Kawasaki H, Carrera CJ, Piro LD, Saven A, Kipps
TJ, Carson DA. Relationship of deoxycytidine ki-
nase and cytoplasmic 5’-nucleotidase to the che-
motherapeutic efficacy of 2-chlorodeoxyade-
nosine. Blood. 1993;81:597-601.

Wang L, Hellman U, Eriksson S. Cloning and ex-
pression of human mitochondrial deoxyguanosine
kinase cDNA. FEBS Lett. 1996;390:39-43.

Green DR, Reed JC. Mitochondria and apoptosis.
Science. 1998;281:1309-1312.

Bromidge TJ, Howe DJ, Johnson SA, Phillips MJ.
Adaptation of the TdT assay for semi-quantitative
flow cytometric detection of DNA strand breaks.
Cytometry. 1995;20:257-260.

Huang P, Robertson LE, Wright S, Plunkett W.
High molecular weight DNA fragmentation: a criti-
cal event in nucleoside analogue-induced apo-
ptosis in leukemia cells. Clin Cancer Res. 1995;1:
1005-1013.

Liu X, Zou H, Slaughter C, Wang X. DFF, a het-
erodimeric protein that functions downstream of
caspase-3 to trigger DNA fragmentation during

apoptosis. Cell. 1997;89:175-184.

Bossy-Wetzel E, Newmeyer DD, Green DR. Mito-
chondrial cytochrome c release in apoptosis oc-
curs upstream of DEVD-specific caspase activa-
tion and independently of mitochondrial
transmembrane depolarization. EMBO J. 1998;
17:37-49.

Okamoto M, Hiratani N, Arai K, Ohkuma S. Prop-

MITOCHONDRIAL TOXICITY OF DEOXYADENOSINE ANALOGS

29.

30.

31.

32.

33.

34.

35.

36.

3543

erties of H(+)-ATPase from rat liver lysosomes as
revealed by reconstitution into proteoliposomes.
J Biochem (Tokyo). 1996;120:608-615.

Genini D, Budihardjo I, Plunkett W, et al. Nucleo-
tide requirements for the in vitro activation of the
apoptosis protein-activating factor-1-mediated

caspase pathway. J Biol Chem. 2000;275:29-34.

Woodfield K, Ruck A, Brdiczka D, Halestrap AP.
Direct demonstration of a specific interaction be-
tween cyclophilin-D and the adenine nucleotide
translocase confirms their role in the mitochon-
drial permeability transition. Biochem J. 1998;
336:287-290.

Beutner G, Ruck A, Riede B, Brdiczka D. Com-
plexes between porin, hexokinase, mitochondrial
creatine kinase and adenylate translocator dis-
play properties of the permeability transition pore:
implication for regulation of permeability transition
by the kinases. Biochim Biophys Acta. 1998;
1368:7-18.

Shimizu S, Narita M, Tsujimoto Y. Bcl-2 family
proteins regulate the release of apoptogenic cyto-
chrome c by the mitochondrial channel VDAC
[see comments]. Nature. 1999;399:483-487.

Yang JC, Cortopassi GA. dATP causes specific
release of cytochrome C from mitochondria. Bio-
chem Biophys Res Commun. 1998;250:454-457.

Sjoberg AH, Wang L, Eriksson S. Substrate
specificity of human recombinant mitochondrial
deoxyguanosine kinase with cytostatic and antivi-
ral purine and pyrimidine analogs. Mol Pharma-
col. 1998;53:270-273.

Zhu C, Johansson M, Permert J, Karlsson A. En-
hanced cytotoxicity of nucleoside analogs by
overexpression of mitochondrial deoxyguanosine
kinase in cancer cell lines. J Biol Chem. 1998;
273:14707-14711.

Shieh SY, Ikeda M, Taya Y, Prives C. DNA dam-
age-induced phosphorylation of p53 alleviates
inhibition by MDM2. Cell. 1997;91:325-334.

20z aunr g0 uo 3senb Aq Jpd'2£56000228U/L #5699 1/LEGE/01/96/4Pd-Bl01LE/POOIG/ABU  SUOlEDIgNdYSE/:d)Y WOl papeojumo]



