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lular hypersensitivity to DNA cross-linking agents such as MMC (5).
This hypersensitivity has been related to an impairment in the proc
essing of DNA interstrand cross-links (6, 7). Moreover, FA cells
display poor cellular growth and elongation of G2 (5, 8). At least two
other general features have been associated with the FA phenotype: an
intrinsic hypersensitivity to ROIs (9, 10) and a TNF-a overproduction
(1 1, 12). Exposure to antioxidants as well as reduction of TNF-a
overproduction leads to a correction of both the FA growth anomalies
and the MMC hypersensitivity. Nevertheless, the causal relationship
of these anomalies with the FA molecular defect remains unclear. Five
complementation groups have been described (13, 14). Two genes,
corresponding to groups C and A, were cloned (15â€”17)but their
functions are still unknown.

The extremely pleiotropic clinical and cellular characteristics of the
FA syndrome suggest that the FA genes are involved in the control of
cellular homeostasis, a key function in response to DDAs and differ
entiation. Because it is likely that disruption of the apoptotic control
would lead to such a pleitropic phenotype, a role for apoptosis in the
FA syndrome was suspected. We previously reported that FA lym
phoblasts from two complementation groups are characterized by
alterations in radioinduced apoptosis (18).

In the present work, we further extended our understanding of the
implication of apoptosis in the FA phenotype and of the role of FA

genes in the control of apoptosis. To do so, we investigated whether
apoptosis and growth arrest are involved in the sensitivity of FA cells
to DDAs in vitro and in vivo. Additionally, our investigation of the
apoptotic response of FA lymphoblasts includes Fas activation, an

apoptotic pathway different from that of DDAs. It is shown that FA
lymphoblasts from the four complementation groups analyzed as well
as lymphocytes from genetically unclassified FA patients undergo

spontaneous apoptosis at a higher rate than normal cells and are
deficient in â€˜y-ray-inducedapoptosis. Evidence is presented that ap
optosis is not the cell death pathway leading to MMC hypersensitivity
of the FA cells. Moreover, the alteration in the control of apoptosis
also concerns pathways independent of DNA damage such as that
initiated by Fas activation. Finally, the transfection of the wt FAC
gene into the FA cells from group C results in the reversion to a
normal phenotype of y-ray- and Fas-dependent apoptosis. Our data
support the contention that the FA gene(s) plays a major role in
regulating apoptosis.

MATERIALS AND METHODS

Cell Linesand Treatments

Normal human lymphoblasts AHH-l and GMO3657 (provided by Dr. W.
Thilly, Massachusetts Institute of Technology, Boston, MA and National
Institute of General Medical Sciences Human Genetic Mutant Cell Repository,
Camden, NJ, respectively) and FA lymphoblastoid cell lines HSC-99, HSC
230, HSC-536, and HSC-62 complementation groups A, B, C, and D, respec
lively (13), as well as HSC-S36hygro and HSC-536FAC cell lines (provided by
Dr. M. Buchwald, Hospital for Sick Children, Toronto, Ontario, Canada) were
grown in suspension in RPMI 1640 medium (Life Technologies, Inc., Grand
Island, NY) supplemented with 12% FCS (Boehringer Mannheim, Mannheim,
Germany). HSC-S36hygro and HSC-536FAC cell lines were obtained by
introductionof an EBV-basedcDNA expressionvector carrying the gene
coding for hygromycin resistance alone or associated with the FAC gene in the
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ABSTRACT

Fanconi anemia (FA) is a genetic human disorder associated with bone
marrowfailureand predispositionto cancer.FA cellsshowpoorgrowth
rapacity and spontaneous chromosomal anomalies as well as cellular and
chromosomalhypersensitivityto DNAcross-linkingagentssuchas mite
mycin C (MMC). Because it Is likely that disruption of the apoptotic
controlwouldleadto sucha phenotype,we investigatedtheimplicationof
apoptosis in the FA syndrome. It is shown that, although demonstrating a
high frequency of spontaneous apoptosis, FA cells from four genetic
complementatlongroups are deficient in 7-ray-inducedapoptosisand
their MMChypersensitivityis not due to apoptosis.Fas is a cell surface
receptorbelongingto the tumor necrosisfactor receptorfamily and is
Involved in apoptosis. We show that, independently of DNA damage, the
alteration in the control of apoptosis in FA concerns also the pathway
initiated by Fas activation. Finally, ectopic expression of the wild-type
FAC gene corrects the MMC hypersensitivity and anomalies in apoptosis
and cell cycle response in FA cells. Altogether, these findings strongly
Implicate the FA genes as playing a major role in the control of apoptosis.
Thus, further studies with FA syndrome will be instrumental toward
molecularly dissecting the apoptotic pathways.

INTRODUCTION

Apoptosis, resulting from transduction of death signals triggered by
a variety of endogenous or exogenous stimuli, is an essential mech
anism for the maintenance of homeostasis in multicellular organisms.
This mechanism is activated during differentiation (1), in response to
growth factor deprivation or to ligand-mediated engagement of spe
cific cell surface proteins capable of transducing lethal signals, and in
response to genotoxic exposure (2). Despite the diversity of the
signals triggering apoptosis, the cellular changes leading to apoptotic
death are similar, suggesting that the different molecular pathways all
converged into common final agonist/antagonist effector(s). However,
the biochemical and genetic determinants that lead to apoptosis re
main largely obscure. To identify molecular components involved in
apoptosis and to determine the cellular and clinical consequences of
their alteration, human genetic pathologies for which apoptosis con
trol is disrupted might serve as a model system. The FA3 syndrome
appears to be a good candidate to tackle this problem.

FA is a rare genetic recessive syndrome featuring bone marrow
failure and cancer predisposition in association with DNA damage
hypersensitivity and chromosome fragility (3). The invariable clinical
trait is a progressive aplastic anemia leading to pancytopenia. Muta
tions in the FA gene(s) lead to an increased risk of acute myeloid
leukemia (4). Cultured FA cells demonstrate chromosomal and ccl
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complementation group C cell line, HSC-536 (15). Such vectors are main

mined episomally in the cells cultured in the presence of 200 @.tWmlof
hygromycin. Analysis of the FAC gene expression by Northern blot demon

strates that in the transfected cell line, the expression is higher than in the
nontransfected FA (HSC-536) cell line. The level of mRNA was found to be
stable over the experimental period. All cell lines were routinely maintained in
exponential growth by a daily dilution to 3 X 10@cells/mi.

Blood samples were collected at the Saint Louis Hospital (Paris, France;
Professor E. Gluckman). FA patients were diagnosed by chromosome break
age studies. Mononuclear cells were separated from heparmnizedblood samples
using lymphocyte separation medium, resuspended in RPM! 1640 plus 12%
FCS, and left in a flask for 1 h at 37Â°Cto separate attached macrophages from
lymphocytes. The latter were resuspended at 5 X l0@cells/mi, irradiated, and
maintained at 37Â°Cin a CO2 incubator for 24 h before analysis of apoptosis.

Cells were exposed to â€˜y-raysfrom a @Â°Cosource at a dose rate of 15
Gy/min. After exposure, cells were cultivated up to the selected time at which
they were processed, as indicated below. MMC (Sigma, St. Louis, MO) was
added from a stock solution (1 mg/ml in PBS) and left in the cultures during
the entire time of the experiment.

Fas activation was obtained by treating 2 X l0@cells, resuspended in 200
@.dof complete medium, with a mouse monoclonal 1gM antihuman Fas (clone

CHll; Upstate Biotechnology, Inc., Lake Placid, NY) followed by incubation
at 37Â°Cfor different times.

Detection and Quantification of Apoptosis

Several methods were used to quantitate apoptotic cell death, which are
illustrated in Fig. 1.

Apoptotic Morphology. Morphology was determined after staining cells
with bisbenzimide H33342 (Calbiochem, La Jolla, CA) at 0.1 @g/mlin PBS for
15 mm at 37Â°C.Fluorescence observation and image acquisition were per
formed with an intensified fluorescence digital imaging microscope system
(Fig. 1A). At least 1000 cells were scored blind for each time point by two
independent observers.

A

Cytofluorimetrlc Assays. Two methods were used for a quantitative meas

ure of the fraction of cells undergoing DNA fragmentation. One methodology
uses exogenous TdT to label free 3'-OH ends in DNA strand breaks with
fluorescein-dUTP (terminal deoxynucleotidyl transferase-mediated nick end

labeling assay; Fig. lB). This method was performed using the in Situ Cell
Death Detection kit (Boehringer Mannheim) following the procedure indicated
by the manufacturer. The other method is based on the flow cytometric
analysis of P1-stained cultures (Fig. IC) and it was performed as described

previously (19), with minor modifications. Briefly, 2 X 106 cells were resus
pended in 2 ml of a PBS buffer containing 0.1% Triton X-lOO(Sigma) and 100
units/mi of RNase A (Sigma,) and incubated for 15 mm at 37Â°Cfor the
lymphocytes and for 5 mm at room temperature for the lymphoblasts. Cells
were subsequently stained in P1 at 50 j.tg/ml and analyzed using a FACScan
(Becton Dickinson flow cytometer). For each sample, 10,000 events were
recorded. Photomultiplier tension of the FL2-H parameter was set as to place
the peak corresponding to the diploid DNA content (G0-G1cells) at channel
300 of a linear amplification scale for lymphocytes or at the third log of a
logarithmic scale for lymphoblasts. In both cases, cells with a hypodiploid
DNA content and a granulosity (SSC-H) higher than that of G0-G1cells were
quantified as apoptotic cells (20).

The quantitative methods described above provide comparable results.
DNA Fragmentation Analysis. Cells (0.5 X l06/sample) were centrifuged

and resuspended in 0.5 ml oflysis buffer containing 10 mMTris-HCI (pH 8.0),
150mMNaC1,10 nmiEDTA, 0.5% Triton X-lOO,and 500 @g/mlof proteinase
K. After 6 h of incubation at 55Â°C,DNA was extracted with phenol, phenol/
chloroform/isoamyl alcohol (25:24:1), and chloroform/isoamyl alcohol (24:1)
and ethanol precipitated. The DNA was then resuspended in TE buffer (10 msi
Tris-HC1 and 1 nmi EDTA, pH 7.5) containing 10 @g/mlof RNase A and
incubated for 1 h at 37.5Â°C.DNA was extracted again as described above, 500
ng of DNA were end labeled using TdT and La-32P1-didATP (21). Equal
quantity oflabeled DNA (250 ng) was electrophoresed on 2% agarose gel and
analyzed using an autoradiographic method.

Growth Inhibition Analysis

Growth inhibition was assayed by seeding 5 X I0@lymphoblasts/well in
24-well plates in 1 ml of culture medium. Cells were seeded in duplicate
immediately after irradiation. For MMC treatment, various concentrations of
the drug were added to seeded wells in duplicate. After a growth period of 3â€”5
days, cells in duplicate wells were pooled and counted in a Coulter counter.
Untreated controls were run in parallel. Each experiment was performed at
least five times. Growth percentage was calculated as follows:

final number MMC-treated cells â€”initial cell number
% Growth = 100 x

Viability Measurement

final number untreated cells â€”initial cell number

At specific times following irradiation or MMC treatment, dead cell num
bers were determined by trypan blue dye exclusion and counting in a hemo
cytometer. This test measures both apoptotic and necrotic death. Results of all
experiments represent the mean of at least five independent determinations,
with SDs up to Â±10% (i.e., 25% 25% Â±2.5%).

Cell CycleAnalysis

Cell cycle status was assessed as described (18). Briefly, cells were stained
with BrdUrd for 15 mm at the selected time after the treatment. After washing,
cells were fixed in cold ethanol and subsequently stained for replicative DNA
synthesis with a FITC-conjugated anti-BrdUrd antibody and for DNA content

with P1 as described (22). Cell cycle distribution was analyzed using the
CeliFit software (Becton Dickinson).

Fas LevelAnalysis

Level of expression of Fas was determined in exponentially growing cells
by flow cytometry. Cells (2 X lO@)were washed twice with PBS, 0.5% BSA,
and 0.1% sodium azide (Sigma) and treated with 10 @.tgof FITC-conjugated
monoclonal antibody antihuman CD95 (Fas) (clone UB2; Immunotech,
Marseille, France) dissolved in 20 p1 of the same buffer. After 30 mm of
incubation, cells were washed in PBS, BSA, and NaN3,fixed in PBS and 0.4%

C

I
3

Fig. 1. Detection and quantification of apoptosis. A, Chromatin condensation in
apoptotic lymphocytes 24 h postirradiation as revealed by bright bisbenzimide DNA
fluorescence. Apoptotic nuclei (arrows) and nonapoptotic cells are shown. B, Terminal
deoxynucleotidyl transferase-mediated nick end-labeling assay on lymphoblasts. Control
or irradiated lymphoblasts (cells were harvested 72 h after 5 Gy) were exposed to
FITC-conjugated dUTP in the absence or presence of TdT. Gray area. flow cytometric
profile of cells exposed to fluorescein-dUTP in the absence of TdT. White area, TdT
negative stained living cells; dark area, TdT-positive stained apoptotic cells. C, Example
of flow cytometric analysis of apoptosis in control and in'adiated lymphoblasts 24 h after
5 Gy. MI, apoptotic cells; M2, viable cycling cells.
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DEREGULATED APOFTO5I5 IN FANCONI ANEMIA

formaldehyde, and analyzed with flow cytometry. A nonsense isotypic FITC
conjugated IgG was used as negative control. All of the steps were carried out
on ice and using ice-cold buffer.

RESULTS

Spontaneous Apoptosis. As a function of the culture time, the
spontaneous rate of apoptosis in FA lymphoblast cultures was signif
icantly higher (P < 0.01) than in the normal cell lines AHH-l and
GM03657 (Fig. 2A). These data were further corroborated by the
observation that lymphocytes from FA patients showed a significantly
higher frequency of apoptosis when compared with those from normal
donors (P < 0.05; Fig. 2B). These observations suggest that the poor
growth capacity of FA cells in vitro (5) may be a reflection of the
more elevated spontaneous accumulation of apoptotic cells.

Growth Arrest and Apoptosis in Response to y-Irradiation in
Lymphoblasts. To analyze the cellular sensitivity of FA lympho
blasts to -y-irradiation, we have first used the growth inhibition assay.
As shown in Fig. 3A, normal and FA cells showed the same growth
inhibition 3 days after irradiation. Like clonogenic survival, growth
inhibition results from both cytotoxic and cytostatic effects of the

treatment. However, these tests do not distinguish between the two
effects, and, more specifically, do not allow evaluation of the relative
contribution of growth arrest, apoptosis, and/or necrosis in determin
ing the cellular sensitivity to a genotoxic stress. To further character
ize the implication of these mechanisms in the FA response to y-rays,
we examined the cytotoxic response by measuring the percentage of
dead cells with the trypan blue exclusion test. FA lymphoblasts
exhibited a lower percentage of dead cells than normal lymphoblasts
after exposure to 5 Gy (Fig. 3B). We have then characterized the role
of apoptosis in the differential cytotoxic effect observed between
normal and FA cells using the different methods previously illus
trated. It was shown that radioinduced apoptosis (Fig. 3C) overlapped
radioinduced cytotoxicity (Fig. 3B) for each cell type. This result
strongly suggests that the apparent radioresistance of FA cells may be
due to a deficiency to undergo apoptosis after irradiation.

The percentage of apoptotic cells at a certain time is determined by
the onset and the duration of the apoptotic process, i.e., the time from
the onset of apoptosis to the cellular disintegration. This leads to the
idea that the lower frequency of apoptosis observed in FA cells
compared with normal cells may be due to a shorter duration of the
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Fig. 2. Spontaneous apoptosis. A, Frequency of spontaneous apoptotic cells in two
normal cell lines (NOR), AHH-I (0) and GM03657 (El). and in four FA cell lines
belonging to complementation groups A (HSC-99, IN), B (HSC-230, IN), C (HSC-536, IN),
and D (HSC-62, IN)examined at different time points after the last replating at 3 X l0@
cells/mI. B. Frequency of spontaneous apoptosis in lymphocytes of healthy normal
individuals (0) and FA patients (R). Analysis was performed on lymphocytes maintained
at 37'C in RPM! 1640 without mitogenic stimulation 24 h after their isolation from blood.
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Fig. 3. Response of lymphoblasts to y-ray treatment. A, Growth inhibition effect of different â€˜y-raydoses on normal, AHH-l, and GMO3657 (â€¢and U) and FA, HSC-99, HSC-230,

HSC-536, and HSC-62 (& 0, @,and U) cell lines 4 days after irradiation. Percentage of dead (B) and apoptotic cells (C) in two normal cell lines (NOR) and in four FA cell lines
in function of time after irradiation (5 Gy). After treatment, cells were cultured for the indicated times and the percentage of dead cells was determined by trypan blue exclusion and
counting in a hemocytometer. Frequency of apoptotic cells was determined on the same samples by flow cytometric analysis as described in â€œMaterialsand Methods.â€•Each point
represents the average of at least five independent experiments, with SDs up to 10% (i.e., 10% Â±1%). D, Time-course autoradiographic analysis of apoptotic DNA fragmentation in
irradiated normal (AHH-l) and FA (HSC-62) cells. DNA was extracted and end labeled as described in â€œMaterialsand Methods.â€•Aliquots of DNA were electrophoresed on 2% agarose
gel, which was dried under vacuum and autoradiographed.
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Table 1 Analysis of the cell cycle response of irradiated normal (AHH-IandGM03657)
and FA (complementation groups D and C) celllinesCells

weretreatedwith5 Gyof ionizingirradiationandsubjectedto flowcytometricanalysis
following treatment as described in â€œMaterialsand Methods.â€•The percentageofcells

in each phase of the cell cycle is shown. Results represent the average offourindependent
experiments, with SDs up to 5% (i.e., 30% Â±1.5%).Hours

after irradiation (5Gy)Cells

0 12 24 36 4872G1

46 38 45 54 6572AHH-l
(normal) S 48 42 20 10 1315G2-M

6 20 35 36 2213G1

50 45 50 60 6978GM03657(normal)
S 44 39 15 7 89G2-M

6 15 35 33 2313G1

44 37 33 43 5061HSC-62(FA-D)
S 44 45 21 II 1215G2-M

12 18 46 46 3724G1

52 42 36 40 4449HSC-536
(FA-C) S 37 38 21 17 1515G2-M

11 21 43 44 41 37

DEREGULATED APOPTOSIS IN FANCON1 ANEMIA

apoptotic process in FA, which would result in a reduced accumula
tion of apoptotic FA cells. Alternatively, the beginning of the apop
tosis may be delayed in FA cells. To better characterize the deficiency
in the apoptotic pathway in FA, we have investigated when the ladder
of DNA fragments, typical of apoptosis, appears in irradiated FA and
normal cells. As shown in Fig. 3D, the appearance of a DNA ladder
was clearly evident by 12 h after irradiation in normal cells whereas
it was only seen by 24 h in FA cells. This observation shows that the
deficiency in the radioinduced apoptosis observed in FA is, at least in
part, the result of the delayed onset of this mechanism. This was not
the consequence of a difference in the initial DNA damage induced by
irradiation or in the kinetics of the rejoining of the radiation-induced
DNA single-strand breaks as monitored by the single-cell gel electro
phoresis assay (data not shown).

We have shown that after exposure to y-rays, the growth inhibition,
resulting from the cytostatic and cytotoxic effects of the treatment, is
similar in normal and FA cells, whereas the cytotoxic effect (Fig. 3B)
is higher in normal cells. This implies that the cell cycle arrest induced
by -y-rays may be more prolonged in FA than in normal cells. To
better characterize this phenomenon, we analyzed the cell cycle mod
ifications of irradiated FA and normal lymphoblasts. Cells derived
from both phenotypes accumulated in G1 and G2, as shown by a
decrease of cells in the S-phase and the increase of cells in G2-M
(Table 1). However, FA cells displayed a delayed exit from G2-M
compared with normal cells. Indeed, the number of FA cells entering
G1 startedto increase 36 h after treatment,suggesting that the exit
from G2-M took place after 24 h, whereas the G1 increase of normal
lymphoblasts started to be detectable as soon as 24 h posttreatment,
consistent with an earlier G2 exit after irradiation. Moreover, the rate
at which FA cells exit from G2 was reduced as compared with the
normal phenotype (Table I).

Altogether, these results demonstrated that the apoptotic mecha
nism induced by irradiation was reduced/delayed in FA and that these
cells sustained a more prolonged growth arrest after such a treatment.
Interestingly, these alterations did not modify the in vitro radiosensi
tivity of FA cells, as evaluated by the growth inhibition assay.

y-Ray-induced Apoptosis in Primary Lymphocytes from Nor
mal and FA Donors. The results described above have been ob
served for the four genetically characterized EBV-transformed FA
lymphoblastoid cell lines. Modification of the cell cycle charactens
tics due to the EBV transformation may account for the differences in
the growth arrest and apoptosis observed between FA and normal
cells. To address this issue, we carried out similar experiments on
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Fig. 4. Frequency of spontaneous and radioinduced apoptosis in lymphocytes of

healthy normal individuals (0) and FA patients (A). Analysis was performed 24 h after
exposure to 5 Gy and 10Gy of â€˜y-rays.Horizontal lines. mean value of apoptosis for each
group.

primary lymphocytes isolated from the peripheral blood of 15 normal

donors and 9 FA patients (Fig. 4). The rate of -y-ray-induced apoptosis
was significantly lower in FA lymphocytes compared with normal
cells at 5 or 10 Gy. It should be borne in mind that these experiments
were done with unstimulated, noncycling (G0), lymphocytes.

In conclusion, the anomalies in the apoptosis observed in geneti
cally characterized FA cell lines was further corroborated by the
response of lymphocytes derived from patients. These data establish
that the alteration of the radioinduced apoptosis is a general feature of
FA.

Induction of Apoptosis after MMC Treatment in Lympho
blasts. One of the characteristics of the FA syndrome is a hypersen
sitivity to DNA cross-linking agents (3). It has been shown, using
growth inhibition and colony-forming assays, that FA lymphoblasts
from all complementation groups are hypersensitive to MMC (5, 23).
However, the relative contribution of the MMC cytotoxic and cyto
static effects on FA cellular hypersensitivity is not known. To do so,
we analyzed the sensitivity of FA and normal cells to MMC using the
growth inhibition assay and trypan blue exclusion test. FA cells were
clearly more sensitive than normal cells to MMC treatment, with a

threshold of sensitivity in the order of I ng/ml for FA versus 5 ng/ml
for normal lymphoblasts (Fig. SA). The time-course analysis at a dose
of 10 ng/ml, which has an effect on both phenotypes, showed that FA
and normal cells underwent a progressive growth inhibition (Fig. SB)
which slowed down in normal cells after 48 h. Interestingly, in normal
cells the cytotoxic effect of MMC, measured by the percentage of
dead cells (which do not exclude the trypan blue), was almost nil
(10% of cells dead at 72 h), whereas it increased significantly in FA
lymphoblasts (40% of cells dead at 72 h; Fig. SC). Taken together,
these results demonstrate that the sensitivity of FA cells at this dose
was due to both cytostatic and cytotoxic effects, in contrast to normal
cells for which a similar treatment induced mainly a cytostatic effect.

To characterize the death mechanism responsible for MMC hyper
sensitivity of FA, we measured the induction of apoptosis in FA and
normal lymphoblasts. It was shown that both type of cells treated at
equimolar doses underwent apoptosis at a similar rate (Fig. SD).
When compared at equitoxic doses of MMC (10 ng/ml for FA versus
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Fig. 5. Response of lymphoblasts to MMC treat-Cment.
A. Growth inhibition effect ofdifferentMMC
doses on normal. AHH- I. and GM03657(Oand

$) and FA. HSC-99, HSC-230, HSC-536,andHSC-62
(0. L@,@ and 0) cell lines 4 daysafterirradiation.

B, Kinetics of the growthinhibitioninduced
by 10 ng/ml of MMC during 4 daysofposttreatment

in the same cell line than in A. Per- @â€˜
centage of dead (C) and apoptotic cells (D) in two
normal cell lines (NOR) and in four FA cell lines .@
belonging to complementation groups A, B, C, and
D in function of time after exposure to 10 ng/ml or
100 ng/ml of MMC. After treatment, cellswerecultured

for the indicated times and the percentage@
of dead cells was determined by trypan blue exclu
sion and counting in a hemocytometer. Eachpointrepresents

the average of at least fiveindependentexperiments.
with SDs upto 10% (i.e., 10% Â±1%).Frequency

of apoptotic cells was determined onthesame
samples by flow cytometric analysis as de

scribed in â€œMaterialsand Methods.â€•D
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ng/ml for normal cells, i.e., at the same level of induced lethal apoptosis (24, 25). Activation of Fas-mediated apoptosis can be
lesions), FA cells appeared to undergo apoptosis at a slightly lower achieved using a specific ligand (Fas-L), a TNF-related protein, or an

level than normal cells. These results demonstrate that a higher rate of antibody capable of mimicking the action of the Fas-L (25â€”27).We
apoptosis is not responsible for the higher MMC cytotoxicity ob- used an anti-CD95 antibody capable of inducing the Fas-mediated
served in FA cells. apoptosis in target cells. Fig. 6A shows the anti-Fas dose-dependent

Analysis of Fas-mediated Apoptosis in Lymphoblasts. To fur- inductionof apoptosis in one normaland one FA cell line, observed
ther explore the regulation of the apoptotic pathway(s) in the FA 4 h after exposure. We chose the highest dose of antibody to study the
syndrome, we analyzed the apoptotic response of lymphoblasts to the time-dependent response of the other FA cell lines. As in response to
activation of the Fas receptor (also known as Apol and CD95), an DDAs, the Fas-mediated apoptosis was clearly deficient in the four

apoptotic stimulus different from DDAs. Fas is a key cell surface FA complementation groups (Fig. 6B).
receptor belonging to the TNF receptor family and is involved in Because the difference in susceptibility to Fas-mediated apoptosis
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A y-ray-induced apoptosis than HSC-536 and HSC536hygro cells con

comitantly to an increase in the â€˜y-raycytotoxicity (Fig. 7B). Hence,
HSC-536FAC cell line response to y-rays was similar to that of
normal cell lines. Interestingly, the delay in the G2 exit after y-ray
treatment described above for FA cells is also reversed to a normal
phenotype (Fig. 7C).

The ectopic expression of the FAC gene also corrects the deficiency
of Fas-mediated apoptosis in HSC-536 cells (Fig. 7D). It was found
that HSC-536 and HSC-536FAC cells exhibited the same level of Fas
receptors (Fig. 7E), but displayed different sensitivities to Fas-induced
apoptosis. This result emphasizes the notion that the alteration of
Fas-mediated apoptosis in FA cells is not due to the level of Fas
antigen displayed by the cells and demonstrates that the FAC gene
corrects the Fas apoptosis at a step downstream of the activation of the
receptor.

Taken together, these results support the contention that the FA
gene(s) plays a major role in regulating the cellular response to
exogenous stress by controlling pathways involved in growth arrest
and apoptosis.

DISCUSSION

Our data demonstrate that the control of the molecular pathway(s)
leading to apoptosis and growth arrest is altered in the FA syndrome.

Two findings of particular interest have been established: (a) a more
pronounced susceptibility of FA cells to undergo spontaneous apop
tosis and (b) a defect in the induction of â€˜y-rays,and Fas-mediated

apoptosis. These findings, based on the analysis of either established

cell lines or on circulating lymphocytes derived from FA patients, in
combination with the demonstration that the ectopic expression of the

wt FAC gene corrects these anomalies strongly implicate the FA
genes as playing a major role in the control of apoptosis.

It is well known that FA cells display a poor growth capacity in
vitro. The basic clinical features of the FA myelodysplastic syndrome,
bone marrow failure and pancytopenia, are likely to be related to the
perturbation of cellular growth. However, the underlying mechanisms
are not well understood. Our finding of an elevated spontaneous
accumulation of apoptotic cells in vitro and in FA patients could be,
at least in part, responsible for these characteristics of the FA pheno

type. It is of interest to note that in another genetically transmitted
myelodysplastic syndrome, the Diamond-Blackfan anemia (28), as

well as in bone marrow cells from idiopathic aplastic anemia patients
(29), a higher level of spontaneous apoptosis was reported. This is
consistent with the notion that spontaneous uncontrolled apoptosis
may play a pivotal role in determining myelodysplastic characteris

tics.

It has been reported that FA cells display a normal sensitivity to
-y-rays as measured by a long-term clonogenic survival assay (23, 30)
or recovery of DNA synthesis (3 1), and this is consistent with the
normal repair of -y-ray-induced lesions observed in these cells (32).
However, a FA chromosomal hypersensitivity to -y-irradiation during
G2 has been described (33). Moreover, an in vivo hypersensitivity
leading to inflammatory responses was observed after the irradiation
that precedes the bone marrow transplantation of FA patients (34).
Our data provide a possible explanation for these observations. In this
work, using FA cell lines as well as lymphocytes from FA patients, it
was shown that the radioinduced apoptosis was reduced/delayed in the
FA syndrome. Thus, it would be reasonable to suggest that a high
proportion of irradiated cells in FA patients would die by a necrotic
inflammatory pathway, in contrast to normal individuals where the

noninflammatory apoptotic mechanism would account for elimination

of damaged cells.
It is established that FA cells are hypersensitive to treatment by
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Fig. 6. Analysis of Fas-mediated apoptosis. A, Frequency of apoptosis induced by
anti-Fas exposure in a normal cell line (AHH-1) and a FA cell line (HSC-62) examined
4 h after Fas activation by 2.5 or 10 j.tg/mlof anti-Faa antibody. Numbers in parentheses,
fold of induction in relationship to untreated cells. B, Percentage of apoptotic cells in
function of time in a normal cell line, AHH-l (NOR) and in four FA cells line from
complementation groups A, B, C, and D after exposure to anti-Fat antibody (10 @.tg/ml).
C, Fat level determined by cytofluorimetric analysis in the different cell lines examined
in this study. Values represent the means of four independent experiments.

might be related to different levels of Fas expression, we measured the
expression of Fas receptors with flow cytometry in the different cell
lines. It is shown that the levels of Fas receptors in FA cells ranged
between 63.5 and 129.5 (mean Fas-FITC fluorescence) and were not
correlated with the cellular capacity to undergo Fas-mediated apop
tosis (Fig. 6C).

In conclusion, the regulation of Fas-mediated apoptosis is altered in
FA cells. The deregulation is not related to the level of Fas antigen
displayed by the cells, but is due to an alteration in the pathway
leading to apoptosis.

Correction of the Apoptotic Responses by the wt FAC Gene. To
obtain further support for a role of FA genes in apoptosis, we com
pared the apoptotic responses of FA cells from complementation
group C, which had been transfected with the cDNA coding for the wt
FAC protein, with their counterpart transfected with the vector alone
(see â€œMaterialsand Methodsâ€•).The expression of the wt FAC gene in
the HSC-536FAC cells conferred a resistance to MMC compared with
the HSC536hygro cell line (15).

As reported in Fig. 7A, HSC-536FAC displayed a higher level of
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Fig. 7. Correction of the FA anomalies by the FAC
gene expression. The response of the HSC-536FAC
transfected cell line is analyzed in parallel with HSC
536, HSC-S36hygro, and AHH-1 cell lines. Percentage
of apoptotic (A) and dead cells (B) after irradiation (5
Gy). C, Cell cycle response after irradiation (5 Gy). The
frequency of cells in each phase of the cell cycle is
shown. D, Percentage of apoptotic cells induced by
exposure to 10 ng/ml of anti-Fas antibody. E, Fat level
determined by cytofluorimetric analysis. Values repre
sent the means of four independent experiments.

DNA cross-linking agents compared with normal cells (5). However,
the death mechanism responsible for this hypersensitivity is not char
acterized. In this study, we show that the level of apoptosis is not
higher in FA than in normal cells, suggesting that necrosis, and not
apoptosis, is the cell death mechanism responsible for FA hypersen
sitivity to MMC. However, it is difficult to assess whether the FA
cells undergo apoptosis at a normal level or are deficient, as shown for
the response after â€˜y-raytreatment. Indeed, whereas abnormal removal
of cross-links from cellular DNA was noted in some studies (6, 7),
other studies using different cell lines failed to demonstrate such a
relationship (32, 35, 36). In addition, Youssoufian (37) has demon
strated that in comparison to normal cells, more MMC cross-links are
induced in FA at equimolar dose (at least for complementation group
C), althoughthey are as efficiently repaired.Consequently,the ques
tion arises whether the comparison of apoptosis between normal and
FA cells has to be done at equitoxic or at equimolar doses. The

Gi 50 45 52 56 65 67
HSC-536FAC S 41 35 15 10 11 15

G2/M 9 20 33 34 24 18

E

25

0 2 4
Hours after Faa activation

recently reported higher apoptotic susceptibility of FA cells versus
normal cells, based on comparison at equimolar doses (38), may be
due to the higher production of cross-links in the FA cells used in this
study, as shown by Youssoufian (37) using the same cell lines. In
conclusion, because the FA cells response to MMC-induced lesions is
altered, it is difficult to ascertain the doses of MMC leading to the
same apoptotic signal in both FA and normal phenotype.

Altogether, our results provide compelling evidence that the prod
ucts of the FA genes are implicated in the control of apoptosis.
However, they do not determine the specific role of FA protein in
regulating this mechanism. One possibility is that the FA protein
regulates some molecular players of apoptosis. Among these, a good
candidate is Bcl-2, which is the prototype of a family of proteins
which control apoptosis after various stimuli (39). The role of this
protein in the apoptotic anomalies observed in FA has been excluded,
as Western blot and flow cytometric analysis of DDA or Fas-treated
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cells revealed a similar level of Bcl-2 protein in normal and FA cells
(data not shown). The analysis of the activity of other molecular
players involved in apoptosis, like the interleukin-converting enzyme
like proteases family, is under investigation.

In the absence of the FA protein, spontaneous apoptosis is clearly
higher. Two alternative hypothesis may be proposed to explain this
observation. In the first case, the spontaneous apoptosis may be

increased in response to an endogenous signal deregulated in the cells
with an inactive FA protein. For example, the alteration in TNF-a
production described in the FA syndrome (11, 12) may contribute to
the high level of spontaneous apoptosis, as it is known that this
extracellular signal stimulates apoptosis (40). Endogenous DNA dam
age possibly misrepaired in FA cells may also lead to a higher level
of apoptosis. In the second hypothesis, the FA genes would be directly
involved in the control of apoptosis; in other words, spontaneous
apoptosis would be increased because of a loss of an antiapoptotic
function played by the FA protein. In this case, it would be expected
that the ectopic overexpression of FA genes in normal cells would
increase their cellular resistance to apoptosis. In this regard, it has to
be noted that overexpression of the FAC gene in interleukin 3-de
pendent cell lines leads to a resistance of apoptosis induced by
cytokine withdrawal (41). This strongly supported a direct antiapop
totic activity, at least, for the FAC gene.

A critical question that emerges is how induced apoptosis can be
decreased in cells that have lost an antiapoptotic pathway. Help to
address this question comes from a recent report showing that Fas
dependent apoptosis can be inhibited by oxidative stress (42). Inter
estingly, it has been shown that FA cells display an intrinsic hyper
sensitivity to oxygen radicals, overproduction of ROIs, as well as a

deficiency in antioxidant defense (3). Because the redox status of cells
is a major regulator of protein activity, it may be speculated that the
elevated intracellular level of ROIs in FA cells, exacerbated by a
metabolic stress, leads to a partial inhibition of induced apoptosis by
altering the activity of proteins involved in such a mechanism. The
described deregulation of ROIs in FA cells could also explain the
increase of spontaneous apoptosis in FA. Indeed, the oxidant interac
tion with cell-signaling systems has been shown to lead to opposite
effects, depending on the dose (43), i.e., it triggers apoptosis at an
intermediary level of ROIs and necrosis at high level of ROIs. Thus,
one possibility is that the absence of functional FA proteins leads to
a higher intracellular level of ROIs which may provide a positive
signal for induction of spontaneous apoptosis. In the presence of a
metabolic stress, the intracellular ROIs level being enhanced, the
induced apoptosis would be blocked. We are attempting to verify this
hypothesis which implies that wt FA protein acts as an antiapoptotic
protein via an antioxidant function and that its absence explains the
apoptosis phenotype of FA cells.

Whatever the relationship between the deregulation of apoptosis,

ROIs, and TNF-a in FA, it is clear that it contributes to the complex
pathogenesis of the FA syndrome, which includes developmental
anomalies, affecting mainly hematopoiesis, predisposition to leuke
mia, chromosome instability, and altered response to genotoxic treat
ment. We believe that using the FA syndrome as a model should
contribute toward the understanding of the cellular and molecular
pathways controlling apoptosis and the cell cycle and how alterations
in these functions could contribute to malignancy.
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