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Background and Objective. Fanconi’s anemia (FA) is
a rare autosomal recessive syndrome characterized
by skeletal abnormalities, late onset bone marrow
failure and susceptibility to neoplasias. Reduced
defense against oxidative stress is thought to be one
of the cell damaging mechanisms. We investigated in
vitro the effects of oxidative stress on red blood cells
(RBC) and on hematopoietic progenitor growth of nor-
mal donors and of FA patients.

Design and Methods. The effects of hydrogen perox-
ide (H2O2) on RBC and hematopoietic progenitors
were studied in vitro by erythrophagocytosis assay
and by hematopoietic progenitor colony assay,
respectively.

Results. In an erythrophagocytosis assay using nor-
mal monocytes, RBC from nine FA patients showed
increased binding index (defined as the percentage
of monocytes with adherent or phagocytosed RBC)
compared to that obtained with RBC from nine nor-
mal controls. Upon exposure to H2O2, the binding
index of normal RBC increased,  while that of FA RBC
remained unchanged.  In a set of different experi-
ments, H2O2 treatment of peripheral blood mononu-
clear cells (PBMNC) caused a significant decrease of
the number of colonies from circulating progenitor
cells in all normal subjects; the inhibition was dose-
dependent and direct as proven by using normal puri-
fied CD34+ cells. In nine FA patients colony assays
from intact cells showed a decreased number of cir-
culating progenitors as compared to normal subjects;
however, H2O2 treatment of FA PBMNC did not cause
any further decrease of the plating efficiency.

Interpretation and Conclusions. Untreated FA cells
behave as normal cells after exposure to the toxic
effects of H2O2. However, since H2O2 exposure is
inoffensive to circulating FA RBC and hematopoietic
progenitors, it seems that a selection for cells resis-
tant to further oxidative stress has taken place in
the residual hematopoiesis of FA patients. We may
surmise that the survival of cells that have suffered
from oxidative damage may have increased the risk
of their leukemic transformation.
©1998, Ferrata Storti Foundation
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Fanconi’s anemia (FA) is a rare autosomal reces-
sive disease leading to progressive bone marrow
failure in about 90% of patients.1 The risk of

developing leukemia or other cancers is about 20-
fold higher in FA patients than in normal subjects.2

Documented hypersensitivity to bifunctional DNA
cross-linking agents such as diepoxybutane (DEB)
and mitomycin C (MMC) is essential for the diagno-
sis of FA.3-6 Eight subtypes (FA-A to FA-H) have been
identified so far through cell fusion and complemen-
tation analysis.7,8 This finding suggests that at least
eight genes are involved in a pathway that, when
defective, causes chromosomal instability and cell
death, leading to bone marrow failure. The cDNA for
FA-C (FAC) and FA-A (FAA) genes have been
cloned;9-11 they encode new proteins that are unre-
lated to each other or to other known proteins. FAC
and FAA proteins are localized in the cytoplasmic cell
compartment,11,12 but the FAA-FAC complex  can
migrate into the nucleus.13 Expression of the FAC and
FAA genes in FAC-deficient14 and FAA-deficient15 lym-
phoblastoid cell lines, respectively, can correct the
susceptibility to MMC-mediated chromosomal
breakage. Furthermore, CD34+ cells from FAC
patients transduced by a FAC retroviral vector14,16 and
CD34+ cells from FAA patients transduced by a FAA
retroviral vector15 increased colony growth in the
absence and presence of MMC. However, the basic
cellular mechanism primarily disturbed in FA is not
yet known. It has been speculated that defects in
DNA repair, or in cell cycle regulation, or oxygen
hypersensitivity could be the ultimate cause of the FA
phenotype. Hypersensitivity of FA cells to oxidative
stress is usually considered as a secondary manifes-
tation of the primary FA defect, since FA fibroblasts
transformed with SV40 large T antigen lose this fea-
ture.17 However, there is increasing evidence of a con-
nection between defects in DNA repair and in cell
cycle regulation with oxygen hypersensitivity in FA
cells. The impaired in vitro growth of FA cells is due to
a cell cycle prolongation and arrest in the G2 phase,18

and has been found to be dependent upon oxygen
concentration.19 Reactive oxygen species scavenging
enzymes, such as superoxide dismutase (SOD) and
catalase, and antioxidant agents showed a protec-
tive effect on the frequency of chromosomal abnor-
malities in FA cells.20-24 SOD, catalase and glu-
tathione peroxidase were found to be increased in FA



fibroblasts,23 suggesting that these detoxification
enzymes are increased in order to eliminate an excess
of toxic radicals. A high concentration of SOD has
been shown to suppress the cytotoxic effect of MMC
on FA cells in vitro25,26 and in vivo.27 More recently, FA
leukocytes have been reported to release large
amounts of oxygen radicals,28 and FA plasma to exert
clastogenic activity through the intermediacy of super-
oxide radicals.29-31 These findings suggested that FA
cells are either more susceptible to oxidative DNA
damage or less efficient in repairing it.32 According to
recent reports, even the increased sensitivity of FA cells
to MMC seems to be mediated by oxygen free radical
generation rather than by DNA crosslinking.33,34 The
involvement of FA genes in hematopoietic differenti-
ation and the possible role of reactive oxygen-induced
damage in the pathogenesis of FA led us to investigate
the effects of H2O2, the most toxic oxygen compound,
on circulating red blood cells and hematopoietic
progenitors from normal donors and FA patients.

Materials and Methods 

Specimen collection
Peripheral blood (PB) samples were obtained from

49 normal subjects and nine Italian patients with FA.
Bone marrow (BM) was obtained from two healthy
volunteers in the course of a bone marrow donation.
All blood and bone marrow samples were obtained
after informed consent. The diagnosis of FA was
established by the characteristic cytogenetic findings
after DEB exposure.35 The patients’ clinical features
are summarized in Table 1. 

PB and BM mononuclear cell isolation
PB and BM were collected in heparin (Vister) or in

ethylene-diamine-tetracetic acid (EDTA, Sigma) for
colony and erythrophagocytosis assays, respectively.
Mononuclear PB and BM cells were isolated by den-
sity gradient centrifugation using lymphocyte separa-
tion medium (Flow). After washing in Iscove’s modi-
fied Dulbecco’s medium (IMDM, Life Technologies),
cells were resuspended in IMDM supplemented with
20% FCS (Life Technologies). Macrophage and mono-
cyte depletion was obtained using adherence to plas-
tic (2 h at 37°C with 5% CO2).

Separation of CD34+ cells
CD34+ BM cells were separated using affinity chro-

matography (Cellpro).  Briefly, nonadherent BM cells
were incubated at room temperature with a murine
anti-human CD34 IgM mAb, washed in phosphate-
buffered saline (PBS, Live Technologies), and then
incubated with streptavidin-conjugated goat F(ab’)2
anti-mouse IgM. After washing with PBS supple-
mented with 2% human albumin, cells were applied
to an affinity column containing biotin-coated beads,
and the CD34+ cell fraction was eluted with PBS.  An

aliquot of the eluted cells was stained with phyco-
erythrin-conjugated anti-CD34 HPCA-2 monoclonal
antibody (Becton Dickinson) to assess the purity of
the eluted cells. 

Red and mononuclear cell treatment by H2O2
RBC at a hematocrit of 1.5% were incubated in PBS

with and without 10 mM H2O2 for 1 h at 37°C.  Ma-
crophage-depleted PBMNC were incubated at a con-
centration of 53105 cells/mL for 2 h at 37°C in PBS
in the absence and in the presence of 1 and 4 mM
H2O2; in preliminary experiments higher concentra-
tions of H2O2 (8 and 10 mM) almost completely
inhibited colony formation from normal PBMNC
(data not shown). CD34+ BM cells were incubated at
a concentration of 13103 cells/mL for 2 h at 37°C in
PBS in the absence and in the presence of 4 and 10
mM H2O2. After three washings with PBS, H2O2-treat-
ed red or mononuclear cells were used for ery-
throphagocytosis or colony assay, respectively.

Erythrophagocytosis assay
Isolated normal PBMNC at a concentration of

13106/mL were plated in 0.2 mL aliquots on a cov-
erslip kept in a Petri dish, and monocytes were
allowed to adhere to plastic (1 h at 37°C with 5%
CO2). After multiple washing, the coverslips with
adherent normal monocytes were overlayed with the
RBC to be tested, and incubated for 90 minutes at
37°C in 5% CO2. Then the coverslips were washed,
fixed with glutaraldehyde and observed for adherent
or phagocytosed RBC by a phase contrast micro-
scope. Two indices were determined: the binding
index (B%), defined as the percentage of monocytes
with adherent or phagocytosed RBC, and the inges-
tion index (Ii), defined as the number of phagocy-
tosed RBC per monocyte with adherent or phagocy-
tosed RBC.36 Each experiment was performed in trip-
licate with intact or H2O2-treated RBC. 

Hematopoietic cell culture
Colony assays of hematopoietic progenitors were

carried out in methylcellulose medium. Briefly,
macrophage-depleted PBMNC or CD34+ BM cells
were plated at a concentration of 53105 cells/mL and
13103/mL respectively, in basal condition and after
2 hours incubation with H2O2. The culture medium
contained 0.8% methylcellulose (Fisher), 10% FCS,
1% bovine serum albumin (Boehringer), and the fol-
lowing growth factors: 10% phytohemagglutinin-
leukocyte conditioned medium (PHA-LCM), 20%
plasma from a pancytopenic patient, 50 U/mL
recombinant granulocyte-macrophage colony stim-
ulating factor (rGM-CSF, Amgen), and 3 U/mL
recombinant erythropoietin (EPO, Ortho).  Identifi-
cation and scoring of myeloid (CFU-GM), erythroid
(BFU-E), and mixed (CFU-GEMM) colonies were per-
formed in situ by inverted microscopy on the basis of
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their characteristic morphology after 14 days incu-
bation at 37°C in 5% CO2.  All assays were performed
in quintuplicate.  All experimental procedures were
performed in endotoxin-free plastic ware (Corning).

Statistical analysis
Statistical analysis was performed using the Wilcox-

on rank sum test on paired or unpaired samples, as

suitable, and linear regression.  Statistical significance
was accepted for any p < 0.05.

Results

In vitro phagocytosis of RBC by normal
monocytes

Each experiment was performed challenging the
same batch of normal monocytes with RBC from an
FA patient and a normal donor.  RBC from nine FA
patients showed increased binding and a higher
ingestion index as compared to normal RBC (mean
B%: 3.67 vs. 0.44, p=0.008; mean Ii: 1 vs. 0.17,
p=0.008) (Figure 1). The erythrophagocytosis assay
carried out in 40 additional  normal controls con-
firmed the results obtained in the nine simultaneous
controls (mean B%: 0.45; mean Ii: 0.3). 

Clonogenic capacity of hematopoietic
progenitors from FA patients

Numbers of myeloid, erythroid and mixed colonies
from PBMNC were extremely low in all nine FA
patients tested (Table 1), and were not affected by in
vitro addition of danazol or stem cell factor (data not
shown).  By pooling data in Table 1 and other data
obtained in the same patients with additional exper-
iments during the follow-up (data not shown) we
found a correlation between Hb level and number of
BFU-E (r=0.65; p < 0.05) and CFU-GEMM (r = 0.67;
p < 0.05), as well as between WBC and number of
CFU-GM (r = 0.67; p < 0.05) and CFU-GEMM (r =
0.73; p < 0.05).

In vitro effects of H2O2 on RBC and hematopoietic
progenitors from normal subjects and FA patients

In an erythrophagocytosis assay the exposure of
normal RBC (n=11) to H2O2 10 mM caused an
increase of B% (from 0.36 to 4.09, p=0.002) and Ii
(from 0.05 to 0.91, p=0.002).  The exposure to the
same concentration of H2O2 turned out to be inof-
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Figure 1. Erythrophagocytosis assay of untreated FA RBC
in comparison with simultaneous normal control. 

Table 1. Clinical features of Fanconi’s anemia patients.

Case Age/ Age at Skin/skeletal Parent Hgb WBC Plt BFU-E* CFU-GM* CFU-GEMM*
sex diagnosis abnormalities consanguinity g/dL 310-3/mL 310–3/mL

MF 11/M 5 yes no 11.1 2.8 105 15.4 20.6 8.2
MA 11/M 5 yes no 12.7 4.8 107 11 14.8 3.2
RM 8/F 4 yes yes 10.7 2.7 25 6.2 11.4 2
GG 6/M 4 yes no 12.6 7.8 56 20 30 11.4
PA 14/M 11 yes no 8.3 2.5 42 7.6 6.4 0
FV 16/F 11 yes yes 11.1 3.3 118 19 24.4 5.2
PS 17/F 8 yes yes 9 3.0 91 0.6 1.2 0
FP 34/F 33 no no 10.5 2.5 39 3.4 6.6 0
SA 10/F 5 yes yes 8.5 2.8 52 5.8 0 2

*Number of colonies/5x105 PBMNC plated. Control values, obtained from 10 normal subjects, were BFU-E: 28-134, CFU-GM: 52-114, and CFU-GEMM:
10-26. 



fensive to RBC from FA patients (n=8: B% from 3.75
to 3.38, Ii from 0.97 to 0.9; p >0.5) (Figure 2). 

Treatment of macrophage-depleted PBMNC from
normal donors with H2O2 1 and 4 mM caused a
dose-dependent inhibition of myeloid, erythroid and

mixed colonies (Table 2). To test whether H2O2
directly inhibited normal progenitor growth, we
examined its effects on colony formation from
enriched CD34+ BM cells (80-90% purity).  H2O2 at
the concentration of 4 and 10 mM decreased normal
colony formation by CD34+ cells in a dose depen-
dent manner, in agreement with the data obtained
using total PBMNC (Table 3). By contrast, treatment
with H2O2 1 and 4 mM only marginally reduced the
number of colonies from macrophage-depleted
PBMNC of FA patients (Table 4).  The percentage of
colonies still growing after treatment with H2O2 4
mM  was significantly lower in normal subjects than
in FA patients: BFU-E, 41.8% vs. 86.9%, p<0.02; CFU-
GM, 28.5% vs. 69.8%, p<0.01; CFU-GEMM, 18.1%
vs. 80.9%, p <0.002 (Wilcoxon rank sum test on
unpaired samples).

Discussion 
Hemophagocytosis is a well known feature of FA

bone marrow, even  in early stages of the disease;37

in keeping with this finding, we found that more FA
RBC were phagocytosed than normal RBC by nor-
mal monocytes in an in vitro erythrophagocytosis
assay. On the other hand, a reduced number of
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Figure 2. Erythrophagocytosis assay of untreated and H202-treated RBC from normal subjects and FA patients. H202 treatment
altered the RBC membrane of normal RBC thus causing increased B% and Ii, but had no additional effect on FA RBC.

Table 2. Hematopoietic progenitor growth from normal PBM-
NC in basal conditions and after H202 treatment.

BFU-E CFU-GM CFU-GEMM
/53105 cells plated

Untreated (n=14) 53.1±8.4 54.7±4.9 11.2±1.3

H202 1 mM (n=7) 32.6±5^ 48.5±7.2^ 10.9±1.9^

H202 4 mM (n=14) 23.9±6.3* 16.2±3* 2.3±0.7*

Values represent mean numbers±SEM. Each assay was performed in
quintuplicate. Statistical analysis (Wilcoxon rank sum test on paired
samples): ^p<0.05 and *p<0.005, as compared to the paired untreat-
ed cells.



hematopoietic progenitors is associated with the
progressive bone marrow failure of FA patients.38,39 In
our series of FA patients, we confirmed the low clono-
genic ability of their hematopoietic progenitors. We
found a correlation between patient’s Hb level and
the number of erythroid and mixed colonies, and a
correlation between WBC count and the number of
myeloid and mixed colonies. These findings confirm
the previously described correlation between clinical
status and in vitro erythropoiesis in FA patients.38

Several lines of evidence support either a direct
defect in the removal of DNA cross-links or an
impaired capacity of FA cells to remove reactive oxy-
gen species resulting from the interaction with cross-
linking agents.40 Possible mechanisms for H2O2 tox-
icity include enhanced lipid peroxidation, direct DNA
damage, altered calcium and sulphydryl homeosta-
sis,41 poly-ADP-ribosylation leading to post-tran-
scriptional modification of proteins,42 NADPH deple-
tion,43 and activation of apoptotic pathways.44

By an in vitro erythrophagocytosis assay, we found
that phagocytosis of normal RBC increased after

H2O2 exposure, while FA RBC were insensitive to the
same treatment.  In addition, we found that normal
hematopoietic progenitors were susceptible to H2O2;
this susceptibility was dose dependent and was not
mediated by accessory cells, as it was confirmed in
experiments using  CD34+ purified cells.  In contrast,
FA hematopoietic progenitors were resistant to H2O2
treatment. A similar paradoxical behavior of FA cells
was recently reported studying apoptosis; indeed, the
role of FAC as an antiapoptotic gene seems well
established.45,46 In the mouse, after disruption of the
FAC gene by homologous recombination, hemato-
poietic cells became hypersensitive to g-IFN induced
apoptosis.47,48 Increased spontaneous apoptosis
seems a feature of FA belonging to various comple-
mentation groups.49 Nevertheless, apoptosis induced
by specific stimuli was impaired in FA cells: (i) FA
lymphoblastoid cells and FA peripheral lymphocytes
were resistant to g-irradiation-induced apoptosis as
a result of p53 impairment;49 (ii) FA lymphoblastoid
cells were resistant to Fas-mediated apoptosis;50 (iii)
FA peripheral mononuclear cells were resistant to
apoptosis induced by agents interfering with the cell
redox status.51 Since the relationship between oxida-
tive damage and at least some apoptotic pathways is
well established,52,53 our results are in keeping with
these findings.

The mechanisms of such resistance are not yet
known.  We might hypothesize that the continuous
exposure of FA cells to the toxic effect of reactive oxy-
gen species leads to selection of  cells resistant to addi-
tional oxidative injury. Alternatively, the continuous
exposure may induce expression/overexpression of
protective antioxidant proteins such as mitogen-acti-
vated protein kinase54 or various heat shock pro-
teins.55-57 A recent report that superoxide anion
inhibits Fas-mediated apoptosis58 suggests another
possible explanation: a basal level of reactive oxygen
species triggers spontaneous apoptosis in the oxidative
stress-sensitive FA cells, while a higher level of reactive
oxygen species, due to metabolic stress or experimen-
tal conditions, may inhibit apoptosis. Complementa-
tion studies and molecular analysis were not available
in the cohort of patients presented. It is likely that
most of them belonged to the FAA group, as do the
majority of Italian patients.59 Thus, it remains
unknown whether resistance to H2O2 treatment bears
any relationship to the type of molecular defect.

This study demonstrates that untreated FA cells
behave as normal cells do after exposure to the tox-
ic effect of H2O2. In conclusion our finding that H2O2
exposure at concentrations which damage normal
cells was relatively inoffensive to FA RBC and hema-
topoietic progenitors indicates that circulating cells
of FA patients are resistant to additional oxidative
injury. A speculative hypothesis is that FA patients
harbor a population of cells selected to resist further
oxidative damage, which is responsible for the resid-
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Table 3. Hematopoietic progenitor growth from normal
CD34+ BM cells in basal conditions and after H202 treat-
ment.

BFU-E CFU-GM
/103 cells plated

Untreated 103±9.1  69±8.8

H202 4 mM 53±6.7  36±6.4

H202 8 mM 14.7±3.6 13±3.1

Values represent mean±SEM from two independent experiments. Each
culture was performed in duplicate.

Table 4. Hematopoietic progenitor growth from FA PBMNC
in basal conditions and after H202 treatment.

BFU-E CFU-GM CFU-GEMM

53105 cells plated

Untreated (n=8) 8.6 ± 2.2 10.7 ± 3.1 2.5 ± 1

H202 1 mM (n=4) 10.6 ± 2.4 13.2 ± 3.6 3 ± 1.4

H202 4 mM (n=8) 6.5 ± 1.7 7.7 ± 2.7 2 ± 0.6

Values represent mean numbers±SEM. Each assay was performed in
quintuplicate. Statistical analysis (Wilcoxon rank sum test on paired
samples): BFU-E, CFU-GM, and CFU-GEMM after treatment with H202 1
and 4 mM always produced p > 0.5 as compared to the paired
untreated cells.



ual hematopoiesis; having already accumulated
oxidative-mediated DNA damage, this population
may be more susceptible to leukemia.

Contributions and Acknowledgments
RN performed the hematopoietic progenitor colony assays

and data analysis. NM performed the erythrophagocytosis
assays. CDG performed cell separation and participated in
the experimental procedures. SF and BR jointly supervised
the study. CS designed and co-ordinated the study. All
authors contributed to the interpretation of the results and to
writing the paper.

We thank Dr. Adriana Zatterale for cytogenetic studies.
We also thank Dr. John S. Manavalan, Sundeep Kalantry
and Dr. Gabi Tremml for stimulating discussions and for crit-
ical reading of the manuscript.

Funding 
RN was supported by a fellowship from AIRFA (Asso-

ciazione Italiana per la Ricerca sull’Anemia di Fanconi). 

Disclosures
Conflict of interest: none.
Redundant publication: no substantial overlapping with

previous papers. Preliminary results of this study were pre-
sented at the XXIV Meeting of the International Society of
Hematology, London, September 1992 and at the XXXIV
Congress of the Italian Society of Hematology, Naples, Octo-
ber 1993.

Manuscript processing
Manuscript received April 14, 1998; accepted July 8,

1998.

References

1. Alter BP. Hematologic abnormalities in Fanconi ane-
mia. Blood 1995; 85:1148-9.

2. Auerbach AD, Allen RG. Leukemia and preleukemia in
Fanconi anemia patients. A review of the literature and
report of the International Fanconi Anemia Registry.
Cancer Genet Cytogenet 1991; 51:1-12.

3. Cervenka J, Arthur D, Yasis C. Mitomycin C test for
diagnostic differentiation of idiopathic aplastic ane-
mia and Fanconi anemia. Pediatrics 1981; 67:119-27.

4. Alimena G, Avvisati G, De Cuia MR, Gallo E, Novelli
G, Dallapiccola B. Retrospective diagnosis of a Fan-
coni’s anemia patient by diepoxybutane (DEB) test
results in parents. Haematologica 1983; 68:97-103.

5. Auerbach AD, Rogatko A, Schroeder-Kurth TM. Inter-
national Fanconi Anemia Registry: relation of clinical
symptoms to diepoxybutane sensitivity. Blood 1989;
73:391-6.

6. Auerbach AD. Fanconi anemia diagnosis and the
diepoxybutane (DEB) test [editorial]. Exp Hematol
1993; 21:731-3.

7. Strathdee CA, Duncan AM, Buchwald M. Evidence for
at least four Fanconi anaemia genes including FACC
on chromosome 9. Nat Genet 1992; 1:196-8.

8. Joenje H, Oostra AB, Wijker M, et al. Evidence for at
least eight Fanconi anemia genes. Am J Hum Genet
1997; 61:940-4.

9. Strathdee CA, Gavish H, Shannon WR, Buchwald M.
Cloning of cDNAs for Fanconi’s anaemia by functional
complementation. Nature 1992; 356:763-7.

10. Lo Ten Foe JR, Rooimans MA, Bosnoyan-Collins L, et
al. Expression cloning of a cDNA for the major Fan-
coni anaemia gene, FAA. Nat Genet 1996; 14:320-3.

11. The Fanconi anaemia/breast cancer consortium. Posi-
tional cloning of the Fanconi anaemia group A gene.
Nat Genet 1996; 14:324-8.

12. Youssoufian H, Auerbach AD, Verlander PC, Steimle
V, Mach B. Identification of cytosolic proteins that
bind to the Fanconi anemia complementation group
C polypeptide in vitro. Evidence for a multimeric com-
plex. J Biol Chem 1995; 270:9876-82.

13. Kupfer GM, Naf D, Suliman A, Pulsipher M, D’Andrea
AD. The Fanconi anaemia proteins, FAA and FAC,
interact to form a nuclear complex. Nat Genet 1997;
17:487-90.

14. Walsh CE, Nienhuis AW, Samulski RJ, et al. Pheno-
typic correction of Fanconi anemia in human
hematopoietic cells with a recombinant adeno-asso-
ciated virus vector. J Clin Invest 1994; 94:1440-8.

15. Fu KL, Foe JR, Joenje H, Rao KW, Liu JM, Walsh CE.
Functional correction of Fanconi anemia group A
hematopoietic cells by retroviral gene transfer. Blood
1997; 90:3296-303.

16. Liu JM, Young NS, Walsh CE, et al. Retroviral mediat-
ed gene transfer of the Fanconi anemia complemen-
tation group C gene to hematopoietic progenitors of
group C patients. Hum Gene Ther 1997; 8:1715-30.

17. Saito H, Hammond AT, Moses RE. Hypersensitivity
to oxygen is a uniform and secondary defect in Fan-
coni anemia cells. Mutat Res 1993; 294:255-62.

18. Kubbies M, Schindler D, Hoehn H, Schinzel A, Rabi-
novitch PS. Endogenous blockage and delay of the
chromosome cycle despite normal recruitment and
growth phase explain poor proliferation and frequent
endomitosis in Fanconi anemia cells. Am J Hum Genet
1985; 37:1022-30.

19. Poot M, Gross O, Epe B, Pflaum M, Hoehn H. Cell
cycle defect in connection with oxygen and iron sensi-
tivity in Fanconi anemia lymphoblastoid cells. Exp Cell
Res 1996; 222:262-8.

20. Joenje H, Eriksson AW, Frants RR, Arwert F, Houwen
B. Erythrocyte superoxide-dismutase deficiency in Fan-
coni’s anaemia. Lancet 1978; 1:204.

21. Mavelli I, Ciriolo MR, Rotilio G, De Sole P, Castorino
M, Stabile A. Superoxide dismutase, glutathione per-
oxidase and catalase in oxidative hemolysis. A study of
Fanconi’s anemia erythrocytes. Biochem Biophys Res
Commun 1982; 106:286-90.

22. Dallapiccola B, Porfirio B, Mokini V, Alimena G, Isac-
chi G, Gandini E. Effect of oxidants and antioxidants
on chromosomal breakage in Fanconi anemia lym-
phocytes. Hum Genet 1985; 69:62-5.

23. Gille JJP, Wortelboer HM, Joenje H. Antioxidant sta-
tus of Fanconi anemia fibroblasts. Hum Genet 1987;
77:28-31.

24. Sandström BE. Effects of quin2 acetoxymethyl ester
on H2O2-induced DNA single-strand breakage in
mammalian cells: H2O2-concentration-dependent
inhibition of damage and additive protective effect
with the hydroxyl-radical scavenger dimethyl sulphox-
ide. Biochem J 1995; 305:181-5.

25. Lee KH, Abe S, Yanabe Y, Matsuda I, Yoshida MC.
Superoxide dismutase activity and chromosome dam-
age in cultured chromosome instability syndrome
cells. Mutat Res 1990; 244:251-6.

26. Nagasawa H, Little JB. Suppression of cytotoxic effect
of mitomycin-C by superoxide dismutase in Fanconi’s
anemia and dyskeratosis congenita fibroblasts. Car-
cinogenesis 1983; 4:795-9.

H202 effect on Fanconi’s anemia cells 873



27. Liu JM, Auerbach AD, Anderson SM, Green SW,
Young NS. A trial of recombinant human superoxide
dismutase in patients with Fanconi anaemia. Br J
Haematol 1993; 85:406-8.

28. Degan P, Bonassi S, De Caterina M, et al. In vivo accu-
mulation of 8-hydroxy-2’-deoxyguanosine in DNA cor-
relates with release of reactive oxygen species in Fan-
coni’s anaemia families. Carcinogenesis 1995; 16:
735-41.

29. Korkina LG, Samochatova EV, Maschan AA, Suslova
TB, Cheremisina ZP, Afanas’ev IB. Release of active
oxygen radicals by leukocytes of Fanconi anemia
patients. J Leukoc Biol 1992; 52:357-62.

30. Takeuchi T, Morimoto K. Increased formation of 8-
hydroxydeoxyguanosine, an oxidative DNA damage,
in lymphoblasts from Fanconi’s anemia patients due
to possible catalase deficiency. Carcinogenesis 1993;
14:1115-20.

31. Emerit I, Levy A, Pagano G, Pinto L, Calzone R, Zat-
terale A. Transferable clastogenic activity in plasma
from patients with Fanconi anemia. Hum Genet 1995;
96:14-20.

32. Joenje H, Gille JJP. Oxygen metabolism and chromo-
somal breakage in Fanconi Anemia. In: Schroeder-
Kurth TM, Auerbach AD, Obe G, eds: Fanconi Ane-
mia: clinical, cytogenetic and experimental aspects.
Berlin: Springer Verlag;  1989, pp 174-82.

33. Clarke AA, Philpott NJ, Gordon-Smith EC, Rutherford
TR. The sensitivity of Fanconi anaemia group C cells
to apoptosis induced by mitomycin C is due to oxygen
radical generation, not DNA crosslinking. Br J Haema-
tol 1997; 96:240-7.

34. Liebetrau W, Runger TM, Mehling BE, Poot M, Hoehn
H. Mutagenic activity of ambient oxygen and mito-
mycin C in Fanconi’s anaemia cells. Mutagenesis
1997; 12:69-77.

35. Schroeder-Kurth TM, Zhu TH, Hong Y, Westphal I.
Variation in cellular sensitivities among Fanconi ane-
mia patients, non-Fanconi anemia patients, their par-
ents and siblings, and control probands. in: Schroed-
er-Kurth TM, Auerbach AD, Obe G, eds. Fanconi ane-
mia: clinical, cytogenetic and experimental aspects.
Berlin: Springer Verlag, 1989. pp 105-36.

36. Sheiban E, Gershon H. Recognition and sequestration
of young and old erythrocytes from young and elder-
ly human donors: in vitro studies. J Lab Clin Med 1993;
121:493-501.

37. Gordon-Smith EC, Rutherford TR. Fanconi anemia:
constitutional aplastic anemia. Semin Hematol 1991;
28:104-11.

38. Alter BP, Knobloch ME, Weinberg RS. Erythropoiesis
in Fanconi’s anemia. Blood 1991; 78:602-8. 

39. Butturini A, Gale RP. Long-term bone marrow culture
in persons with Fanconi anemia and bone marrow fail-
ure. Blood 1994; 83:336-9.

40. Joenje H, Lo ten Foe JR, Oostra AB, et al. Classifica-
tion of Fanconi anemia patients by complementation
analysis: evidence for a fifth genetic subtype. Blood
1995; 86:2156-60.

41. Mocali A, Caldini R, Chevanne M, Paoletti F. Induc-
tion, effects, and quantification of sublethal oxidative
stress by hydrogen peroxide on cultured human
fibroblasts. Exp Cell Res 1995; 216:388-95.

42. Nosseri C, Coppola S, Ghibelli L. Possible involvement
of poly(ADP-ribosyl) polymerase in triggering stress-
induced apoptosis. Exp Cell Res 1994; 212:367-73.

43. Asahina T, Kashiwagi A, Nishio Y, et al. Impaired acti-
vation of glucose oxidation and NADPH supply in
human endothelial cells exposed to H2O2 in high-glu-
cose medium. Diabetes 1995; 44:520-6.

44. Buttke TM, Sandstrom PA. Oxidative stress as a medi-
ator of apoptosis. Immunol Today 1994; 15:7-10.

45. Cumming RC, Liu JM, Youssoufian H, Buchwald M.
Suppression of apoptosis in hematopoietic factor-
dependent progenitor cell lines by expression of the
FAC gene. Blood 1996; 88:4558-67.

46. Kruyt FA, Dijkmans LM, van den Berg TK, Joenje H.
Fanconi anemia genes act to suppress a cross-linker-
inducible p53-independent apoptosis pathway in lym-
phoblastoid cell lines. Blood 1996; 87:938-48.

47. Whitney MA, Royle G, Low MJ, et al. Germ cell defects
and hematopoietic hypersensitivity to gamma- inter-
feron in mice with a targeted disruption of the Fanconi
anemia C gene. Blood 1996; 88:49-58.

48. Rathbun RK, Faulkner GR, Ostroski MH, et al. Inacti-
vation of the Fanconi anemia group C gene augments
interferon-gamma-induced apoptotic responses in
hematopoietic cells. Blood 1997; 90:974-85.

49. Rosselli F, Ridet A, Soussi T, Duchaud E, Alapetite C,
Moustacchi E. p53-dependent pathway of radio-
induced apoptosis is altered in Fanconi anemia.
Oncogene 1995; 10:9-17.

50. Ridet A, Guillouf C, Duchaud E, et al. Deregulated
apoptosis is a hallmark of the Fanconi anemia syn-
drome. Cancer Res 1997; 57:1722-30.

51. Monti D, Macchioni S, Guido M, et al. Resistance to
apoptosis in Fanconi’s anaemia. An ex vivo study in
peripheral blood mononuclear cells. FEBS Lett 1997;
409:365-9.

52. Kasahara Y, Iwai K, Yachie A, et al. Involvement of
reactive oxygen intermediates in spontaneous and
CD95 (Fas/APO-1)-mediated apoptosis of neutro-
phils. Blood 1997; 89:1748-53.

53. Selleri C, Sato T, Raiola AM, Rotoli B, Young NS,
Maciejewski JP. Induction of nitric oxide synthase is
involved in the mechanism of Fas-mediated apopto-
sis in haemopoietic cells. Br J Haematol 1997; 99:481-
9. 

54. Guyton KZ, Liu Y, Gorospe M, Xu Q, Holbrook NJ.
Activation of mitogen-activated protein kinase by
H2O2. Role in cell survival following oxidant injury. J
Biol Chem 1996; 271:4138-42.

55. Huot J, Houle F, Spitz DR, Landry J. HSP27 phospho-
rylation-mediated resistance against actin fragmenta-
tion and cell death induced by oxidative stress. Can-
cer Res 1996; 56:273-9.

56. Marini M, Frabetti F, Musiani D, Franceschi C. Oxygen
radicals induce stress proteins and tolerance to oxida-
tive stress in human lymphocytes. Int J Radiat Biol
1996; 70:337-50.

57. Polla BS, Kantengwa S, Francois D, et al. Mitochon-
dria are selective targets for the protective effects of
heat shock against oxidative injury. Proc Natl Acad Sci
USA 1996; 93:6458-63.

58. Clement MV, Stamenkovic I. Superoxide anion is a
natural inhibitor of FAS-mediated cell death. Embo J
1996; 15:216-25.

59. Savoia A, Zatterale A, Del Principe D, Joenje H. Fan-
coni anaemia in Italy: high prevalence of complemen-
tation group A in two geographic clusters. Hum Genet
1996; 97:599-603. 

R. Notaro et al.874




