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Abstract

Patients with the genomic instability syndrome Fanconi anemia (FA) commonly develop progressive bone mar-
row failure and have a high risk of cancer. The prominent role of the FA protein family involves DNA dam-
age response and/or repair. Oxidative stress, defined as an imbalance between the production of reactive oxy-
gen species and antioxidant defense, is considered to be an important pathogenic factor in leukemia-prone bone
marrow diseases such as FA. Cellular responses inducing resistance to oxidative stress are important for cel-
lular survival, organism lifespan, and cancer prevention, but until recently, mammalian factors regulating re-
sistance to oxidative stress have not been well characterized. Significant evidence supports excessive apopto-
sis of hematopoietic stem/progenitor cells, induced by stresses, most significantly oxidative stress, as a critical
factor in the pathogenesis of bone marrow failure and leukemia progression in FA. In this brief review, we dis-
cuss the functional link between FA proteins and oxidative DNA damage response/repair, with emphasis on
the implication of oxidative stress in the pathophysiology and abnormal hematopoiesis in FA. Antioxid. Redox

Signal. 10, 1909-1921.

Introduction

ANCONI ANEMIA (FA) IS A GENETIC DISORDER associated with

bone marrow (BM) failure, clonal proliferation of hema-
topoietic stem cells, and transformation to leukemia and
other cancers (2, 5, 8, 12, 21, 40, 92). Somatic cell fusion stud-
ies show FA is genetically heterogeneous, with at least 13
complementation groups identified thus far (8, 38, 40, 47).
The genes encoding the groups A (FANCA), B (FANCB), C
(FANCC), D1 (FANCD1/BRCA2), D2 (FANCD?2), E (FANCE),
F (FANCF), G (FANCG), -I (FANCI/KIAA1794), ] (FANC]/
BRIP1), L (FANCL), M (FANCM), and -N (FANCN/PALB2)
have been cloned (15-17, 35, 39, 48, 49, 56, 66-68, 80, 89, 91,
94, 104) (Table 1). The biological function of these FA pro-
teins has been the subject of intense investigation in recent
years. Work from Alan D’Andrea and others (9, 13, 16, 66,
89, 95, 100) in the field have established the existence of an
FA pathway, in which eight of the FA proteins (namely,
FANCA, B, C, E, F, G, L, and M) form a nuclear complex. It
is believed this complex functions as an ubiquitin ligase. In

response to DNA damage or DNA replication stress, the
multimeric FA complex monoubiquitinates two downstream
FA proteins, FANCD2 and FANCI, which then recruit other
downstream FA proteins including FANCD1 (which is the
breast cancer protein BRCA?2), the recently identified FANC]
and FANCN, to nuclear loci containing damaged DNA and
consequently influence important cellular processes such as
DNA replication, cell-cycle control, and DNA damage repair
(Fig. 1). It is known that mutations in any of the 13 genes
lead to an FA phenotype manifested by developmental ab-
normalities, BM failure, and cancer (Fig. 2).

Since patients with FA uniformly develop BM failure and
have high risk of progression to leukemia, FA proteins likely
play specific roles in hematopoiesis by governing responses
of hematopoietic cells to both genotoxic and cytotoxic
stresses. Extensive studies indicate that chronic cytotoxic or
genotoxic stresses differentially affect FA hematopoiesis by
causing excessive apoptosis of hematopoietic stem cells and
progenitors (HSC/P) (11, 12, 21, 31-33, 42, 51, 52, 61, 71,
74-76, 78, 79, 88, 100, 101, 103). Thus, the maintenance of
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TaBLE 1.  COMPLEMENTATION GROUPS OF FANCONI ANEMIA
Chromosome Protein Patients with FA, Main function of the
Subtype FA gene location (kD) estimated (%) protein, etc.
A FANCA 16q24.3 163 57 FA core complex
B FANCB (FAAP95) Xp22.2 95 0.3 FA core complex
C FANCC 9g22.3 63 15 FA core complex
D1 FANCD1 13q12.3 380 4 RADS51 recruitment
D2 FANCD2 3p26 155, 162 3 Monoubiquitylated
protein
E FANCE 6p22-p21 60 1 FA core complex
FANCF 11p15 42 2 FA core complex
G FANCG/XRCC9 9p13 68 9 FA core complex
I Unknown 15q26.1 ? Rare ?
J FANCJ/BACH1/BRIP1 17q22-q24 130 1.6 5' >3’ DNA helicase/
ATPase
L FANCL/PHF9/POG 17q22-q24 43 0.1 FA core complex,
(FAAP43) ubiquitin ligase
M FANCM 14g21.3 250 Rare FA core complex,
ATPase/translocase
N FANCN/PALB2 lep12.1 130 1 Regulation of BRCA2
location

HSC/P cells in bone marrow may require different functions
of the FA proteins. This seems to be consistent with clinical
outcomes and evolution of the disease: loss of FA functions
causes excessive apoptosis of HSC/P in the early stage of
FA, leading to BM failure. As the disease progresses, both
apoptosis and genomic instability impose a selective pres-
sure on FA HSC/P cells and promote the development of
mutant clones leading to leukemia (Fig. 3).

FA Hematopoiesis

The most important clinical features of FA are hemato-
logical. Children with FA often develop pancytopenia dur-
ing the first few years of life. Complications of BM failure
are the major causes of morbidity and mortality of FA, and
80% of FA patients die from BM failure (3, 6, 22, 45, 47, 53).

In addition, FA patients have increased susceptibility of de-
veloping myelodysplasia (MDS) or acute myeloblastic leu-
kemia (AML) (3, 6,13, 22, 41, 95). They have also been known
to frequently develop clonal chromosomal abnormalities in
the BM progenitor cells in the later stage of the disease (3,
47,95). In fact, certain clonal cytogenetic abnormalities, such
as monosomy 5 and monosomy 7, are common in MDS and
AML occurring secondary to treatment with alkylating
agents and in children with FA who have evolved to MDS
and AML (58, 83, 102). Thus, FA has been proposed as a ge-
netic model system for studying these hematological malig-
nancies (3, 13, 95).

Increasing evidence indicates progressive BM failure in
children with FA results from excessive apoptosis and sub-
sequent failure of the HSC compartment. The first evidence
that FA BM cells demonstrate increased apoptosis was from
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FIG. 1. Function of the FA pathway. Eight FA proteins form a nuclear complex, which acts as ubiquitin ligase. In re-
sponse to DNA damage or replication stress, it monoubiquitinates two other FA proteins, FANCD2 and FANCI, which then
recruit other downstream FA proteins FANCD1, FANC], and FANCN to damaged DNA and influence DNA replication,

cell-cycle control, and DNA repair processes.
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FIG. 2. Consequence of FA defects. Mutations in any of the 13 genes lead to the FA phenotype such as developmental
abnormalities, bone marrow failure, and cancer in FA patients.

a report that demonstrated CD34™ cells from children with
FA expressed high levels of the death receptor Fas (11, 72).
Subsequently, many laboratories have reported FA BM cells
are hypersensitive to a variety of extracellular biological
apoptotic cues, including interferon-y (IFN-y) and tumor ne-
crosis factor « (TNF-a) (19, 21, 31, 42, 51,52, 71, 74-76, 78-81,
86, 88, 101, 103). The most compelling evidence comes from
studies of the functions of FANCC in apoptotic responses of
hematopoietic cells, largely because FANCC was the first FA

FA disease progression
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FIG. 3. A model of FA disease progression. FA HSC/P
cells are highly susceptible to stress-induced apoptosis,
which may lead to HSC depletion and bone marrow failure.
The combination of apoptosis and genomic instability pro-
vides recrudescent selective sweeps that purge hematopoi-
etic tissues of all but the selected or adapted neoplastic stem
cells.

gene cloned and the Fancc knockout mouse was the first
murine model of FA generated. For example, suppression of
FANCC expression represses clonal growth of normal ery-
throid and granulocyte-macrophage progenitor cells and dis-
ruption of the Fancc gene in mice renders hematopoietic pro-
genitor cells hypersensitive to the pro-apoptotic effects of
IFN-y and TNF-« (21, 31, 42, 51, 71, 74-76, 78, 79, 88, 101,
103). Conversely, overexpression of FANCC suppresses
apoptosis in human hematopoietic progenitor cell lines (27,
28),in CD34™" cells from FA patients with FANCC mutations
(101) and in HSC /P cells from Fancc knock-out mice (79, 103).
These data suggest deregulation of apoptotic responses in
hematopoietic cells may account at least in part for the nearly
universal development of BM failure in children with inac-
tivating FA mutations. However, the mechanism by which
FA proteins modulate apoptotic responses and the down-
stream effector molecules involved are mostly unknown.
Results from BM culture assays have also demonstrated
defective hematopoiesis in FA (3, 22, 95). Bone marrow cells
from FA patients also show altered expression of certain
growth factors and cytokines, such as reduced expression of
interleukin-6 (IL-6) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) but increased secretion of mi-
totic inhibitor TNF-« (14, 19, 81, 82, 86, 90). These alterations
may change the BM microenvironment (for instance, lead-
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ing to factor deprivation or constant exposure to mitogenic
inhibitors) and cause deregulation of cellular homeostasis.
Studies of FA patients have demonstrated that BM from FA
patients has decreased frequency of colony-forming pro-
genitor cells, as well as a reduction in colony size (18, 29).
These data suggest loss of FA gene function results in re-
duced survival or proliferation of lineage restricted progen-
itors and ultimately injury to the progenitor cell compart-
ment. Using a murine model of FA complementation group
C (Fancc), Haneline et al. (32, 33) convincingly demonstrated
that Fancc = BM cells had a profound decrease in repopu-
lating ability, and complementation with a retroviral vector
encoding the normal human FANCC could restore Fancc ™~
mouse BM stem and progenitor cell growth and prolifera-
tion in vivo. These data are consistent with damage to the
stem cell compartment in FA.

FA Oxidant Hypersensitivity

Like other somatic stem cells, hematopoietic stem cells
(HSCs) maintain life-long hematopoiesis in the bone mar-
row via their ability to self-renew and to differentiate into
all blood lineages (Fig. 4). These HSCs are essentially re-
quired for the hematopoietic homeostasis. During differ-
entiation, long-term hematopoietic stem cells (LT-HSCs)
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transit through short-term (ST)-HSCs and committed pro-
genitor stages, which are characterized by restricted lineage
potential and reduced self-renewal capacity. This is fol-
lowed by ultimate differentiation into mature myeloid, ery-
throid, or lymphoid lineages. Molecular mechanisms con-
trolling self-renewal and cell-fate decisions within the
hematopoietic system remain poorly defined. In this con-
text, HSC do not only need to replenish peripheral blood
cells of all lineages, but also have to keep their pool rela-
tively constant. There is good evidence that certain extrin-
sic cues provided in a special environment, the HSC-niches,
essentially take part in regulating the HSC pool in vivo and
might also be involved in leukemogenesis. Hematopoietic
cells are exposed to various reactive oxygen species (ROS),
which are routinely generated during metabolic or inflam-
matory process. ROS stimulation induces a variety of re-
sponses in hematopoietic cells, including cellular prolifer-
ation and growth inhibition (50, 70, 87, 108). Like cells from
other tissues, hematopoietic cells have developed several
mechanisms to prevent the damage induced by oxidative
stress. Antioxidant enzymes, including superoxide dismu-
tases (SODs), catalase, glutathione peroxidases, and perox-
iredoxins, can directly eliminate ROS. Other cellular en-
zymes can function to repair DNA damage induced by ROS
in hematopoietic tissues.
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FIG. 4. Normal hematopoiesis. Long-term hematopoietic stem cells (LT-HSCs) maintain life-long hematopoiesis in the
bone marrow (BM) via their ability to self-renew and to differentiate into all blood lineages. During differentiation, LT-
HSCs transit through short-term (ST)-HSCs and committed progenitor stages (characterized by restricted lineage potential
and reduced self-renewal capacity) before differentiating into mature myeloid, erythroid, or lymphoid lineages.
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Studies on pathophysiological mechanisms of oxidative
stress responses in stem cell diseases such as aplastic ane-
mia (AA) have been very instructive and provide insights
into the function of normal hematopoietic stem cells and
their self-renewal capacity. One of the well-studied AA dis-
ease models is FA. There is strong evidence that FA cells are
intolerant of oxidative stress. This was first suggested by the
observation that cultured FA cells are vulnerable to oxygen-
induced chromosomal aberrations (38). The finding was later
confirmed by two other groups that showed FA fibroblasts
and primary bone marrow cells grow better under hypoxic
conditions than in ambient air (8, 85). Over the last decade,
FA oxidant hypersensitivity has been documented in many
studies using primary and immortalized cell cultures as
well as ex vivo materials from patients (5, 8, 11, 27, 30, 43, 73,
77, 84).

While FA murine models do not recapitulate some of the
major FA clinical manifestations such as BM failure and leu-
kemia, hematopoietic cells from FA knockout mice exhibit
extreme oxidant sensitivity. Saadatzadeh et al. (84) show that
primary hematopoietic progenitors and murine embryonic
fibroblasts (MEFs) isolated from Fancc—/— mice exhibit hy-
persensitivity to oxidative stress generated by hydrogen per-
oxide (H,O;). Furthermore, pretreatment with antioxidants
selenomethionine or N-acetylcysteine (NAC) preferentially
enhanced the survival of Fancc—/— cells. Mechanistically,
the authors found that H,O, induced overactivation of the
serine-threonine kinase apoptosis signal-regulating kinase 1
(ASK1) in Fancc—/— cells, which was correlated with ele-
vated H,O,-induced apoptosis in these mutant cells. Inter-
estingly, ASK1 has been shown to be an important kinase in-
volved in oxidant- and TNF-a-induced apoptosis (36), and
Fancc—/— cells are uniquely hypersensitive to TNF-a (31,
78, 87, 107). It is therefore a plausible hypothesis that the
TNF-a-oxidant-ASK1 pathways may play an important role
in the observed functional deficits of Fancc—/— hematopoi-
etic stem/progenitor cells, including reduced reconstitu-
tional ability and proliferative potential, diminished self-re-
newal, and increased apoptosis. In addition, mice with
combined deficiencies of the antioxidative enzyme, Cu/Zn
superoxide dismutase, and Fancc genes demonstrated a de-
fective hematopoiesis (30). Although not displaying devel-
opment defects or increased chromosomal aberrations typi-
cal of FA, Fancc—/— Sod —/— mice had a phenotype of bone
marrow hypocellularity, which is not detected in single mu-
tant mice. Furthermore, hepatocytes from Fancc —/—Sod —/—
mice exhibited a zonal pattern of microvesicular steatosis.
All of the observations indicated the altered redox state of
the hematopoietic progenitors in these mice was responsible
for an impairment of cell proliferation or survival.

To dissect the relationship between oxidative damage and
BM failure in FA, we have recently demonstrated that ox-
idative stress generated by repeated cycles of hypoxia-re-
oxygenation leads to excessive oxidative DNA damage and
premature senescence in Fancc—/— bone marrow hemato-
poietic stem/progenitor cells (106, 107). These studies sug-
gest that stress-induced senescence may be a novel mecha-
nism underlying hematopoietic stem cell depletion in bone
marrow failure diseases, including FA. More recently, we
showed that ROS induce hematopoietic suppression in
Fancc —/— mice exposed to bacterial toxin lipopolysaccharide
or pro-inflammatory cytokine TNF-« (4, 65, 87, 108). TNF-a-
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induced senescence correlates with the accumulation of ROS
and oxidative DNA damage, and pretreatment of TNF-a-in-
jected Fancc—/— mice with a ROS scavenger significantly
reduces oxidative base damage, DNA strand breaks, and
senescence. Furthermore, Fancc—/— hematopoietic stem/
progenitor cells show increased chromosomal aberrations
and have a lagging oxidative DNA damage repair. These re-
sults point to a potential link between oxidative DNA dam-
age and hematopoietic stem cell defect in FA. The observed
inefficient repair of oxidative damage in Fancc —/— hemato-
poietic stem cells may lead to decrease of stem cell quality
(self-renewal capacity), which may ultimately cause prema-
ture exhaustion of the hematopoietic stem cell pool leading
to BM failure.

One important issue concerns oxidative stress as a patho-
logical factor in FA disease progression. Numerous reports
indicate that FA cells, including HSC/P cells, are hypersen-
sitive to oxidative stress (5, 8, 11, 27, 30, 38, 43, 73, 77, 84, 85,
106, 107). A number of hypotheses regarding the effect of ox-
idative stress in FA have been suggested, including the pro-
posal that ROS could damage DNA and inability of FA he-
matopoietic stem/progenitor cells to repair such damage
would result in exacerbated genomic instability leading to
apoptosis and malignant transformation (Fig. 5).
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FIG. 5. The effects of oxidative stress on HSC function.
(A) Wild-type (WT) hematopoiesis, in which FA proteins
regulate antioxidant response in HSC/P cells. The WT cells
then recover from oxidative damage, survive, and prolifer-
ate normally. (B) Loss of FA function in HSC/P cells results
in an increase in ROS, which ultimately results in increased
accumulation of DNA damage and apoptotic death. (C) Re-
versal of this detrimental effect on HSC/P cells by adminis-
tration of exogenous antioxidant, such as N-acetyl-L-cysteine
(NAC) to the Fancc —/— mice, most likely due to the decrease
in ROS.
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Redox-Sensitive FA Proteins

Because FA hematopoietic progenitor and stem cells have
high rates of stress-induced apoptosis and reduced repopu-
lating ability, FA proteins are subsequently believed to play
an important role in the maintenance of normal hematopoi-
esis during oxidant metabolism. Consistent with the obser-
vations that cells derived from FA patients are intolerant of
oxidative stress, an extensive body of evidence suggests that
FA proteins play crucial role in oxidative stress signaling in
variety of cell types including hematopoietic stem/progeni-
tor cells.

Three major FA proteins, FANCA, FANCC, and FANCG,
as parts of the FA protein complex, are found to associate
with a variety of cellular factors that primarily function in
redox-related processes (Table 2). For example, the FANCC
protein interacts with NADPH cytochrome P450 reductase
and glutathione S-transferase P1-1 (11, 43), two enzymes in-
volved in either triggering or detoxifying reactive interme-
diates including ROS. Fancc —/— mice with deficiency in the
antioxidative enzyme Cu/Zn superoxide dismutase demon-
strated a defective hematopoiesis (30). Another FA protein,
FANCG, interacts with cytochrome P450 2E1, a member of
the P450 superfamily that is associated with the production
of reactive oxygen intermediates, and mitochondrial antiox-
idant enzyme peroxiredoxin-3 (27, 69), suggesting a possible
role of FANCG in protection against oxidative DNA dam-
age. Significantly, Saadatzadeh et al. (84) recently showed ox-
idant hypersensitivity of Fancc—/— cells was due to an al-
tered redox regulation and hyperactivation of ASK1, a
serine-threonine kinase that plays an important role in re-
dox apoptotic signaling. Moreover, oxidative stress induces
complex formation by two major FA proteins, FANCA and
FANCG (77).

Oxidative Stress Response in FA Hematopoietic Cells:
A p53 Connection

The tumor suppressor p53 is a key transcription factor that
activates vital damage containment procedures to restrict
aberrant cell growth in response to DNA damage, oncogene
activation, and loss of normal cell contacts (28, 55). By elic-
iting cell cycle arrest and DNA damage response to oxida-
tive DNA damage and oncogenic stress, p53 restricts cellu-
lar growth by inducing senescence, growth inhibition, or
apoptosis that maintain genomic stability (37). Thus, p53
plays a major role in the prevention of cancer. Consistent
with this, emerging evidence suggest that p53 deficiency
may increase cancer development in patients with FA and
FA mice. For example, studies have found a higher propor-
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tion of human papillomavirus—positive squamous cell carci-
nomas (SCC) in patients with FA than in healthy controls.
Furthermore, SCC in FA patients is probably associated with
the inactivation of p53 by HPV-associated oncoproteins
rather than by direct mutagenesis, indicating that loss of
functional p53 facilitated the tumor development in these
cases (46, 57). Mice deficient for Fancdl or Fancd2 have ac-
celerated tumor development in Trp53-deficient background
(34, 40). In addition, Fancc deficiency accelerates the devel-
opment of certain blood and solid tumors in mice heterozy-
gous at Trp53 (24). Moreover, these studies demonstrate that
FA proteins and p53 cooperate in apoptosis and cell-cycle
checkpoint control following DNA damage (25, 34, 54). Thus,
P53 may function to prevent the propagation of damaged
DNA through apoptosis. In FA patients, this leads to stem
cell depletion, which may cause congenital abnormalities and
bone marrow failure. Loss of p53 function may predispose to
cancer by allowing premalignant cells to survive (41, 93).

Primary cells from FA patients and knockout mice are
uniquely hypersensitive to oxidative stress-induced DNA
damage and growth arrest. This suggests FA proteins may
interplay with p53 in oxidative stress response. Encouraged
by recent reports that p53 deficiency increases cancer devel-
opment in patients with FA and FA knockout mice (24, 34,
40, 46, 57), we formally tested the hypothesis that FA pro-
teins may functionally interact with the p53-activating sig-
nals in response to oxidative stress. Our unpublished results
suggest that two major FA proteins, Fanca and Fancc, may
coordinate with p53 in the regulation of oxidative stress re-
sponse. This notion is supported by (i) hypersensitive re-
sponse to oxidative stress in tissues in vivo and in cells in
vitro derived from Fanca—/— or Fancc—/— mice is correlated
with a persistent p53 overactivation; (ii) manipulation of p53
signaling alters H,O,-induced cell-cycle checkpoint (Fig. 6)
and DNA damage response in primary Fanca—/— cells; and
(iii) the functional status of p53 dictates the kinetics and per-
sistence of response to oxidative stress in FA cells.

The mechanistic link between p53 signaling and FA has not
been well defined. The involvement of p53 in FA pathophys-
iology has been highlighted by recent studies that show mice
deficient for Fancdl, Fancd2, or Fancc have accelerated tumor
development in Trp53-deficient background (24, 34, 40). Fur-
thermore, developmental defects and increased apoptosis in
Fancd2-deficient zebrafish could be corrected by knockdown
of p53, suggesting p53-dependent apoptosis may be an un-
derlying mechanism for developmental defect in the

Fancd2—/— fish (54). Some reports suggested that the ac-
tivation of p53 leads to an increase in ROS that, perhaps by
interfering with mitochondrial function and/or integrity,

TaABLE 2. FANCONI ANEMIA PROTEINS IN REDOX SIGNALING

References

FA proteins Interacting factors

FANCA FANCG

FANCC NADPH cytochrome P450 (RED)
Glutathine S-transferase P1-1 (GSTP1)
Cu/Zn superoxide dismutase (SOD)
Apoptosis signal-regulating kinase 1 (ASK1)

FANCG Cytochrome P450 2E1 (CYP2E1)

Mitochondrail anti-oxidant enzyme

peroxiredoxin-3

Park et al., 2004

Kruyt et al., 1998
Cumming et al., 2001
Hadjur et al., 2001
Saadatzadeh et al., 2003
Futaki et al., 2002
Mukhopadhyay et al., 2006
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contributes to cell death. In addition, the higher levels of ROS
appear to be part of the feedback loop that stabilizes p53 re-
sulting in more p53 activity (26). Cellular stresses may in-
crease mitochondrial ROS generation and increase p53 pro-
tein levels in some cell lines, whereas antioxidant NAC and
the Cu/Zn SOD inhibitor can abolish the stress-induced in-
crease in ROS and p53 levels (7). While these studies have
not formally conducted in FA cells, the difference in redox
status may result in different levels of p53 activation in WT
and FA cells. In WT cells, ROS attack chromosomal DNA
and generate oxidative DNA damage, mainly in the form of
8-oxo-deoxyguanosine (8-oxo-dG). The damage can induce
the activation of p53 by phosphorylation (for example, phos-
pho-p53 at Ser20-p53%¢29), leading to the repair of the ox-
idative DNA damage (Fig. 7). Loss of FA function leads to
increased level of ROS or reduced repair of the oxidative
DNA damage. Consequently, FA cells accumulate higher
level of oxidative DNA damage, leading higher level of p53
activation. Additional investigations into functional interac-
tion between the p53 and FA pathways in oxidative DNA
damage stress response may aid us in better understanding
how cells can bypass the normal checkpoints and continue
to proliferate in the presence of damaged DNA and onco-
genic activation. In the context of FA, new insights on the
role of FA proteins in oxidative DNA damage response/re-
pair can suggest new pathways and proteins to target for
therapeutic prevention of cancer progression of the disease.

The Link Between Inflammatory ROS
and FA Leukemogenesis

Certain chronic inflammatory conditions have long been
known to link to cancer. There is compelling evidence that
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chronic inflammation increases the risk of human cancers
such as hepatocellular carcinoma, colon and bladder cancers,
B cell lymphomas, and visceral malignancies (44, 62, 92, 97).
Chronic inflammation in the intestinal or bronchial epithe-
lia also promotes carcinomas of the colon and lung (20).
Other inflammatory diseases like Barrett’s syndrome and
Crohn’s disease are linked to the development of esophageal
cancer and bowel cancer, respectively (3, 9). In these patho-
logical conditions, unresolved inflammation provokes cell
turnover coupled with ROS generated at sites of inflamma-
tion, leading to chromosomal DNA mutations and malignant
transformation of the cells (2, 10).

Oxidative stress is considered to be an important patho-
genic factor in leukemia-prone bone marrow diseases like
FA (5,8, 11,27, 30, 38, 43, 69, 73, 77, 84, 85, 106, 107). The ex-
pression of inflammatory mediators, particularly the pro-in-
flammatory cytokines tumor necrosis factor-alpha (TNF-«),
interleukin-1beta (IL-18), and IL-6 in these patients is often
associated with increased production of ROS either as a com-
ponent of their immune response or as a consequence of in-
creased metabolism (59, 63, 64, 96). Thus, the presence of pro-
inflammatory cytokines and increased oxidative stress in
these patients may account for profound physiologic
changes, including the development of BM failure and pro-
gression to leukemia. Many studies (24, 51, 81, 108) have
shown a correlation between elevated circulating pro-in-
flammatory cytokines and anemia in patients with leukemia-
related BM diseases but direct evidence for the mechanistic
link between inflammation and leukemia is lacking.

The inflammatory cytokine TNF-« is considered as one
important pathological factor involved in the abnormal he-
matopoiesis In FA. Studies from our laboratory and others
have suggested excessive apoptosis of FA hematopoietic

WT Cells

FA Cells

FIG.7. The difference in redox sta-
tus may result in different levels of
p53 activation in WT and FA cells. In
WT cells, ROS attach chromosomal
DNA and generate oxidative DNA
damage, mainly in the form of 8-oxo-
deoxyguanosine  (8-oxo-dG). The
damage can induce the activation of
P53 by phosphorylation (for example,
phospho-p53 at Ser20- p53%¢72%), lead-
ing to the repair of the oxidative DNA
damage. Loss of FA function leads to
increased level of ROS or reduced re-
pair of the oxidative DNA damage.
Consequently, FA cells accumulate
higher level of oxidative DNA dam-
age, leading higher level of p53 acti-
vation.
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cells induced by TNF-«, which is overproduced in FA pa-
tients,?? may contribute to the pathophysiology of BM fail-
ure frequently occurring in FA children. The recent pioneer
work from the laboratories of Wade Clapp and Laura Hane-
line (31-33, 51, 88) has demonstrated that ex vivo culture of
Fancc—/— BM cells leads to an increase in cytogenetic ab-
normalities and myeloid malignancies that are associated
with an acquired resistance to TNF-«, suggesting FA hema-
topoietic cells are prone to clonal hematopoiesis and malig-
nancy. It is well established that TNF-a-induced ROS pro-
duction involves the c-JUN NH2-terminal kinase (JNK) and
nuclear factor-kappa B (NF-«B) pathways (71, 98). TNF-a-in-
duced ROS activate the JNK kinase, which in turn leads to
more ROS production, and sustained JNK activation in NF-
kB-deficient cells was suggested to depend on ROS. Studies
have shown that the production of ROS by TNF-a at in-
flammatory sites causes DNA damage (1, 92, 99). The per-
sistent high levels of oxidative DNA damage observed in
HSC/progenitor cells from TNF-a-injected Fancc—/— mice
suggest that a deficiency in the FA pathway renders chro-
mosomal DNA susceptible to ROS attack, thereby increas-
ing oxidative DNA damage (87, 108). Our recent studies have
also indicated that TNF-a not only is a pro-apoptotic signal
suppressing FA hematopoietic progenitor activity, but also
promotes leukemic transformation of FA hematopoietic
stem/progenitor cells (50). Specifically, we tested the leuke-
mia-promoting effects of TNF-« in Fancc—/— stem cells in
vitro. We found that TNF-a exposure initially inhibited the
growth of Fancc —/— bone marrow hematopoietic stem/pro-
genitor cells, but longer term exposure of these cells pro-
moted the outgrowth of TNF-a-resistant cytogenetically ab-
normal clones that upon transplantation into congenic
wild-type mice led to acute myelogenous leukemia. TNF-a
induced ROS-dependent genetic instability in Fancc —/— but
not in WT cells. The leukemic clones were TNF-a-resistant
but retained their characteristic hypersensitivity to mito-
mycin C, and exhibited high levels of chromosomal insta-
bility. Expression of FANCC cDNA in Fancc—/— stem/pro-
genitor cells protected them from TNF-a-induced clonal
evolution. The molecular etiology of FA leukemogenesis re-
mains unknown. We hypothesize that FA disease progres-
sion to leukemia is governed not only by genetic changes in-
trinsic to the FA cells, but also by epigenetic and
environmental factors and that TNF-a-mediated inflamma-
tion is one of the most important epigenetic and environ-
mental factors contributing to FA leukemogenesis. Our stud-
ies on the role of TNF-« in FA leukemogenesis suggest that
TNF-a exposure creates an environment in which somati-
cally mutated preleukemic stem cell clones are generated and
selected for. Our results thus provide direct confirmation of
the importance of selective pressure in the evolution of leu-
kemic clones in FA. These studies also suggest a model, in
which mutations in the FA genes can cause genomic insta-
bility and overproduction of TNF-«, which induces apopto-
sis through upregulation of ROS and JNK/p38 kinases. Pa-
tients with excessive apoptosis of BM cells develop bone
marrow failure. Chronic exposure of FA BM cells to proin-
flammatory cytokine TNF-« selects for progenitor cells that
are apoptosis-resistant and acquire proliferative advantage.
Patients with these TNF-a-resistant BM cells advance to
myelodysplasia (MDS) and acute myelogenous leukemia
(AML) via a mechanism involving genomic instability, cou-
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pled with inflammation driven by high NF-«B transcrip-
tional activity (Fig. 8).

While the role of FA proteins in the regulation of TNF-a-
induced ROS production remains to be elucidated, it is likely
FA proteins can disrupt downstream ROS signaling by pro-
tecting chromosomal DNA from ROS attack or facilitating
the repair of oxidative DNA damage. Recently, the Grompe
group reported that treatment of Fancd2 —/—;Trp53 +/— mice
with the antioxidant tempol delayed solid tumor develop-
ment, possibly through a mechanism involving the enhanced
repair of oxidative DNA damage by the antioxidant (105).
However, it is also possible FA proteins can influence the ex-
pression of antioxidant enzymes (such as glutathione S-
transferases and catalase) or the biosynthesis of ROS meta-
bolic molecules such as glutathione. So far, there is no direct
evidence for any of these assumptions. Another potential tar-
get is the redox-sensitive transcription factor NF-«B whose
activation is known to enhance inflammation and promote
cancer (10, 23, 60). Indeed, TNF-a-resistant BM hematopoi-
etic stem/progenitor cells advance to acute myelogenous
leukemia via a mechanism involving genomic instability
coupled with inflammation driven by high NF-«xB tran-
scriptional activity (50).

Conclusion

FA is now considered the only human genomic instabil-
ity syndrome that is uniquely sensitive to oxidative stress.
As a bona-fide hematopoietic stem cell disease, FA repre-
sents an excellent disease model for studying oxidative stress
response in hematopoietic stem/progenitor cells. Since BM
failure and leukemia are rarely found in other known ge-
nomic instability syndromes such as ataxia telangiectasia,
Nijmegen breakage syndrome, xeroderma pigmentosum,
and Werner syndrome, further investigation into the func-
tion of FA proteins in oxidative damage response and repair

Overproduced
TNF-o
Inflammation

ROS NF-kB
DNA damage JNK/p38

Genomic |Apoptosis of

instability BM cells
MDS, Bone marrow
AML failure

FA Phenotype

FIG.8. The pro-inflammatory cytokine TNF-a and its po-
tential role in FA pathophysiology. Overproduced TNF-a
plays role in not only pro-apoptotic signal suppressing FA
hematopoietic progenitor activity, but also promoting leu-
kemic transformation of FA hematopoietic stem/progenitor
cells, which lead to typical phenotype of FA patients.
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will provide information on whether oxidative stress is a
common signal that drives FA disease progression to leuke-
mia. Therefore, understanding the relationship between ox-
idative stress and FA disease progression provides a unique
opportunity to mechanistically comprehend and potentially
intervene in these physiologically important processes.
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