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Chapter 1

Introduction

1.1 Fanconi Anemia

Fanconi anemia (FA) is a rare autosomal recessive disease first reported by the
Swiss pediatrician Guido F. Fanconi in 1927, who descibed a family with three
affected children suffering from birth defects and aplastic anemia (Fanconi, 1927).
In 1967 the disorder was named "Fanconi´s anemia" (Fanconi, 1967). The world-
wide prevalence is inbetween 1-5 per million newborns (Auerbach et al., 1998)
with a heterozygous mutation carrier frequency of 5-10 per thousand newborns,
depending on the considered population (Auerbach et al., 2001; Verlander et al.,
1995; Digweed and Sperling, 1996; Auerbach et al., 1998). Populations with an
unusual high prevalence due to founder effects include Ashkenazi Jews as well
as the white Africaans-speaking population of South Africa. In the latter, at
least 1/22000 newborns has FA and 1 person out of 77 is a heterozygous carrier.
The most prevalent founder mutation there (deletion of exons 12-31) accounts
for 60% of FA-patients (Tipping et al., 2001). In the Ashkenazi population the
heterozygous carrier frequency is about 1/90 and about 1/150 carry the founder
mutation IVS4+4A>T (Verlander et al., 1995; Whitney et al., 1994).
Fanconi anemia as well as other hereditary diseases, such as Xeroderma pigmento-
sum (XP), Bloom syndrome (BS) and Ataxia telangiectasia (AT), are members
of the so-called "caretaker-gene family" (table 1.1), because the genes under-
lying these disorders normally safeguard the genomic integrity of somatic cells
(Kinzler and Vogelstein, 1998). Cartaker-genes participate in important cellular
functions like DNA-repair, cell cycle control and apoptosis. Affected patients
show a genome-wide accelerated accumulation of mutations leading to a predis-
position to various malignancies as an indirect result of the primary defect. The
specific spectrum of cancers generally depends on the caretaker-gene that is de-
fective (table 1.1). In patients suffering from XP, the defective genes are part
of the nucleotide excision repair pathway. Genetic changes caused by sunlight
(especially UV-light) remain unrepaired, leading to skin cancer (Bootsma et al.,
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1 Introduction

2001). In BS cells, a recQ DNA helicase is mutated, resulting in a defective DNA
unwinding process and subsequently in a predisposition to all common cancers
(German and Ellis, 2001). In contrast to most caretaker syndromes where the
molecular functions were solved by means of highly conserved structural motifs
or homologies of the gene products with other known proteins, in FA cells the
molecular process remains unclear, since none of the known FA genes (until the
identification of FANCD2) (section 1.6.5) has any homologies to other known
proteins. The consistent clinical feature of hypogonadism in FA-patients, infer-
tility in FancC-/- knock out mice (Chen et al., 1996; Whitney et al., 1996) and
high expression of FA proteins in testis tissue as well as the recently detected
FANCD2-gene provide clues to their caretaker functions. These functions ob-
viously include DNA repair processes that may have elements in common with
meiosis-related recombination. In particular, the involvement of the FA proteins
in certain types of double-strand break repair (DSB) is suggested by the recent
finding, that the breast cancer gene BRCA2 turns into a FA gene if both copies
of the gene are mutated (Howlett et al., 2002).

1.2 Clinical phenotype

The clinical phenotype of FA is characterized by hematological problems, con-
genital malformations and predisposition to malignancies, with the hematological
problems and the cancer predisposition generally representing the life-threatening
problems.

1.2.1 Hematological problems

Bone marrow failure that is typical for FA starts during childhood at the age of
7-8 years (Fanconi, 1967; Alter, 1995; Butturini et al., 1994). Anemia is caused
by progressive loss of hematopoietic stem cells and thus gradually affects all blood
lineages, generally starting with thrombocytopenia and macrocytic erythrocytes,
which is usually accompanied by elevated fetal hemoglobin (Young and Alter,
1994; Cheng et al., 2000).

1.2.2 Congenital malformations

There is a wide spectrum of congenital malformations; although all major organ
systems can be affected, about 30% of FA-patients do not show any birth defects
(Giampietro et al., 1993; Giampietro et al., 1997). Many patients show pre-
and postnatal growth retardation as well as cutaneous abnormalities, such as
hyper- or hypopigmentation of the skin and café-au-laît-spots. Of the skeletal
malformations the absence or abnormality of thumbs and/or radii are the most
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1 Introduction

common defects with about 50%, but there are also reported abnormalities of
the head, the face ("elfin" facial appearance), the limbs and many organs like
kidneys, urinary tract, gastrointestinal system, heart, ears, eyes (microphthalmia)
and central nervous system. Furthermore FA-patients show hypogonadism and
reduced fertility (Giampietro et al., 1993; Young and Alter, 1994; Auerbach et al.,
1998; Joenje and Patel, 2001), and they also show elevated α-fetoprotein levels
(Cassinat et al., 2000).

1.2.3 Predisposition to malignancies

As one of the "caretaker-gene" syndromes (section 1.1), another consistent fea-
ture of FA is the susceptibility to malignancies, especially acute myeloid leukemia
(AML) (Auerbach and Allen, 1991; Auerbach et al., 1997). According to But-
turini (Butturini et al., 1994), 52% of the FA-patients develop MDS (myelodys-
plastic syndrome) and/or AML until they are 40 years old; in other words, the
risk for developing AML for a FA-patient is about 15000 fold increased compared
to healthy controls (Auerbach and Allen, 1991). To a lesser extent, FA-patients
develop solid tumors, particularly squamous cell carcinomas in the oral cavity,
the gastrointestinal- and the gynecologic tract (Alter and Tenner, 1994; Alter,
1996; D´Andrea, 1996; Kennedy and Hart, 1982). Adenomas and carcinomas of
the liver are also reported, but they are generally attributed to the frequently
used androgen-therapy in order to stimulate the hematological system after bone
marrow failure (Young and Alter, 1994) (section 1.5). The risk for heterozygotes
to develop any of those malignancies is unclear; Potter (Potter et al., 1983) found
no evidence for an increased tumor risk, whereas recent articles postulated an in-
creased predisposition for AML (Xie et al., 2000) or familiar T-ALL (T-cell acute
lymphoblastic leukemia) (Rischewski et al., 2000).
Together, these clinical manifestations result in a markedly reduced life ex-
pectancy to an average of 23 years (Young and Alter, 1994), with death most
frequently due to hematological complications or cancer. According to Butturini
(Butturini et al., 1994), 81% of patients with Fanconi anemia die before the age
of 40 years.

1.3 Cellular phenotype

The most consistent and the most accepted cellular phenotype is the hypersensi-
tivity of FA cells from all complementation groups to DNA crosslinking agents,
such as mitomycin C (MMC) or diepoxybutane (DEB). Exposure to these agents
causes increased chromosomal instability leading to characteristic aberrations,
such as radial formation or ring chromosomes (Schroeder et al., 1964). Delay in
G2-phase of the cell cycle, especially after treatment with alkylating agents, is
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1 Introduction

a typical reaction of FA cells (Seyschab et al., 1995). Chromosomal breakage as
well as G2-phase blockage are used as diagnostic tests for FA (Auerbach, 1993;
Seyschab et al., 1995).
While the primary defect in FA cells remains unknown, a number of secondary
defects have been described affecting cell growth and cell cycle regulation, detox-
ification, apoptosis and DNA repair (Young and Alter, 1994; Auerbach et al.,
1998):
The cell cycle in FA cells shows spontaneous delay in the S- and G2-phase as
well as a crosslinker-induced G2-arrest (Kubbies et al., 1985; Seyschab et al.,
1995). Since DNA damage should be repaired before cell division, cell cycle con-
trol is linked to the DNA repair machinery through checkpoints (Paulovich et al.,
1997). There are two possible causes for this arrest, a defect in DNA damage
repair or a defect in cell cycle regulation. Both mechanisms have been observed
in other "caretaker-syndomes". For example, a failing repair machinery has been
reported in Xeroderma pigmentosum (Bootsma et al., 2001) and a disturbed cell
cycle control is proposed for Ataxia telangiectasia (Gatti, 1998). After treatment
with crosslinking agents FA cells do not arrest in S-phase, but perform dam-
age resistant DNA synthesis without repairing the accumulated lesions. At the
G2/M-checkpoint, those lesions are recognized leading to a G2-arrest (Centurion
et al., 2000; Sala-Trepat et al., 2000). In addition, the postulated interaction
of FANCC with the cyclin dependent-kinase cdc2 (Kruyt et al., 1997; Kupfer
et al., 1997b) as well as the posttranscriptional, cell cycle-dependent regulation
of FANCC expression (Heinrich et al., 2000) confirm the assumption that the FA
proteins are involved in cell cycle control.
Increased Oxygen sensitivity has been proposed for primary FA skin fibrob-
lasts after the observation that they grow better when cultured at 5% instead of
20% atmospheric oxygen and then show an alleviation of their G2-phase arrest
(Schindler and Hoehn, 1988). Likewise, chromosomal damage decreases with de-
creasing oxygen (Joenje et al., 1981) and wildtype (WT) cells show 40-60% of
the breakage level of FA cells at 20% oxygen (Joenje and Oostra, 1986). The
oxygen sensitivity of FA cells decreases after overexpression of antioxidants, such
as thioredoxin, at 20% atmospheric oxygen to the same extent as when cultured
at 5% without any antioxidants (Ruppitsch et al., 1998). These results suggest
that not the interstrand crosslinks resulting from MMC treatment are causal for
oxygen sensitivity, but the generation of reactive oxygen species (ROS) (Clarke
et al., 1997). There are a number of experimental observations which indicate
a special role for the FANCC gene in oxygen metabolism. First, FANCC was
observed to have an inhibitory effect on NADPH-cytochrome-P450 reductase, an
enzyme producing ROS, suggesting an antioxidative effect (Kruyt et al., 1998b).
Second, FANCC was shown to regulate GSTP1 (glutathione S-transferase P1-
1) and might therefore be involved in detoxification of the cells from ROS and
by-products of oxidative stress (Cumming et al., 2001). Whether the oxygen

5



1 Introduction

sensitivity of FA cells has any consequences for the clinical phenotype of FA is
currently unknown.
Further important functions of the FA proteins may involve a defect in growth
factor homeostasis as well as the FANCC-mediated regulation of apoptosis.
Abnormalities in the production of the cytokine interleukin 6 (IL-6) (Rosselli
et al., 1992; Rosselli et al., 1994; Bagnara et al., 1993; De Cremoux et al., 1996)
and the cellular TNF-α-levels (tumor necrosis factor alpha) (Schultz and Shahidi,
1993; Bagby et al., 1993) remain controversial. Treatment of FA-C hematopoietic
precursor cells with the cytokines interferon gamma (IFN-γ) and TNF-α increases
apoptosis, suggesting a connection between FANCC and the Fas-mediated death
pathway, which can be blocked by FANCC overexpression (Koh et al., 1999;
Rathbun et al., 1997; Wang et al., 1998). This sensitivity towards inhibitory
cytokines, functioning via a Fas-mediated apoptosis pathway, has led to the as-
sumption that this sensitivity might be the major mechanism responsible for bone
marrow failure observed in FA-patients (Rathbun et al., 1997).
Like in all caretaker-gene syndromes, one of the most important functions of
FA proteins is thought to be DNA repair. The currently accepted model of
the FA pathway involves a nuclear complex containing at least FANCA, FANCC,
FANCE, FANCF and FANCG. This complex activates the downstream FANCD2-
protein by monoubiquitylation (de Winter et al., 2000; Garcia-Higuera et al.,
2000; Garcia-Higuera et al., 2001). The FA pathway, including complex forma-
tion as well as activation of FANCD2, is further described in section 1.6.9. Mod-
ification of FANCD2 depends on a functional nuclear complex (Garcia-Higuera
et al., 2001) and results in colocalization of FANCD2 with BRCA1 in nuclear foci.
Because of the involvement of BRCA1 in several DNA double strand break repair
systems, such as nucleotide excision repair (NER) and homologous recombina-
tional repair (HRR), which also repairs interstrand crosslinks, a very plausible
function of the FA proteins is in HRR (De silva et al., 2000; Wang et al., 2001;
Dronkert and Kanaar, 2001). The recent discovery of BRCA2 as a FA gene re-
inforces the idea that the FA family of proteins participates in recognition and
repair of specific types of DNA damage (Howlett et al., 2002; Stewart and Elledge,
2002).

1.4 Mosaicism

Mosaicism is defined as the existence of two or more cell populations with dif-
ferent genetic make-up in one individual. Mosaicism generally results from a
genetic change in the disease locus of a person. There are two different types of
mosaicism, "forward" and "reverse" mosaicism (Lo Ten Foe et al., 1997). "For-
ward" mosaicism can occur in heterozygous carriers, where the acquirement of a
pathogenic mutation in the second allele may lead to a more or less severe phe-
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1 Introduction

notype of FA. The severity of the phenotype depends on the cell type that was
hit by the second mutation and of the carrier´s age at the moment of mutation,
because all cells descending from the mutated one will be affected with FA. This
type of mosaicism could be responsible for sporadic cases of bone marrow failure
without any congenital abnormalities. "Reverse" mosaicism represents the oppo-
site case and creates revertants, that have regained - partially or completely - the
WT phenotype by either genetic or nongenetic mechanism of reversion (Rieger
et al., 1976). In those patients one (or more) affected cell(s) (homozygous or
compound heterozygous) become heterozygous because of the creation of a WT
allele or an allele working like a WT allele. All descendants of the reverted cell(s)
will have a heterozygous status and therefore fail to show a FA-typical phenotype.
Phenotypic revertants fall into two classes (Jonkman, 1999): First, so-called true
reversions, where the amino acid sequence of the WT polypeptide is restored by
a reverse mutation changing the mutated nucleotide to the original WT base or a
third one. The underlying mechanisms are back mutation, crossing-over or gene
conversion. The second type of reversions results from second site mutations,
which can take place inside or outside the mutated gene without changing the
original mutation. Such mutations also restore protein activity of the mutated
gene, but frequently they result only in partial reversion. Mechanisms of second
site mutations include base pair addition or deletion, suppressor mutation and
chromosomal loss or gain. Up to now, the primary cause for mosaicism is not
known, but emergence of mosaicism is clearly facilitated by chromosomal insta-
bility of FA cells. Because of a likely growth advantage of reverted cells, reverted
precursor or stem cells in the bone marrow can gradually repopulate the entire
bone marrow with phenotypically healthy cells leading to a gradual recovery of the
patient´s hematopoiesis as described in this thesis (chapter 6). Different mecha-
nisms for this spontaneous functional correction have been described in cultured
LCLs from several FA-patients: mitotic recombination (Lo Ten Foe et al., 1997),
gene conversion (Gregory et al., 2001; Lo Ten Foe et al., 1997), compensatory cis
insertions and deletions which restore the reading frame (Waisfisz et al., 1999b).
Back mutations and a compensatory missense mutation, where the function of a
protein carrying a missense mutation is restored by a second missense mutation
downstream of the first one are described in chapter 5.
About 25% of the FA-patients develop mosaicism throughout their life and own
two different subpopulations of lymphocytes, one of which behaves hypersensitive
to crosslinking agents and the other behaves normally in response to these agents
(Lo Ten Foe et al., 1997). Generally the subpopulation of reverted cells gradually
displaces the other subpopulation, so that the bulk of lymphocytes becomes more
and more resistant to alkylating agents. As soon as the proportion of resistant
cells is more than 20%, those cells are detectable by diagnosis based on hypersen-
sitivity of LCLs to crosslinking agents. But as soon as the percentage of reverted
cells reaches close to 100%, FA diagnosis has to be confirmed on the basis of skin
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fibroblasts, because these mesenchyme cells remain sensitive to alkylating agents
(Joenje and Patel, 2001). Mosaicism arises more frequently in lymphoblastoid
cell lines because of many cell divisions during long-term cell culture. Develop-
ment of mosaicism in vivo (and exclusion of a cell culture artefact) based on the
LCL-status can be confirmed by the use of freshly isolated LCLs from peripheral
blood samples as this was done for patient EUFA173 (chapter 5).
"Reverse" mosaicism has been reported in several other autosomal recessive dis-
eases in the context of an attenuated phenotype (Hirschhorn et al., 1994; Kvit-
tingen et al., 1994; Ellis et al., 1996; Stephan et al., 1996; Jonkman et al., 1997).
In FA, in some - not all - patients mosaicism has been correlated with a less
severe hematological outcome, although the longterm prognosis is still uncertain
(chapter 5, chapter 6). In order to protect the patient from bone marrow failure,
mosaicism has to extend beyond the patient´s lymphoid compartment. Differ-
ences in the clinical course between siblings or even monozygotic twins could be
explained by the development or existence of somatic mosaicism.

1.5 Diagnosis and treatment

Prior to the era of chromosome breakage analysis, the diagnosis of FA was based
on the presence of a typical clinical phenotype. Typical criterions for a positive di-
agnosis were the occurence of aplastic anemia coupled with skeletal birth defects,
growth retardation and hyperpigmentation of the skin. Therefore, many patients
were misdiagnosed because of a milder or less typical phenotype or they were clas-
sified to other clinical syndromes with a similar phenotype, such as VACTERL
association (Vertebrale and vascular anomalies, Anale and auricular anomalies,
Cardial anomalies, Tracheoesophagial fistula, Esophagusatresia, Renal anoma-
lies and Limb anomalies) (Sujanski and Leonhard, 1983; Cox et al., 1997). In
1964, when the spontaneous chromosome instability of cultured lymphocytes was
discovered (Schroeder et al., 1964) and, about 10 years later, when the indu-
cability of these breaks after treatment with DNA crosslinking agents, such as
DEB and MMC, was reported (Sasaki and Tonomura, 1973; Auerbach and Wol-
man, 1976; Ishida and Buchwald, 1982), a much improved diagnosis including
prenatal diagnosis became possible (Miglierina et al., 1991; Seyschab et al., 1995;
Auerbach et al., 2001).
Treatment of FA is essentially supportive. There are several different starting
points to allay/cure the hematological problems because of their life-threatening
character. Progressive bone marrow failure is treated by blood transfusions.
Another supportive therapy consists of androgens or growth factors in order to
stimulate hematopoiesis. In many patients hematopoiesis improves directly after
the beginning of androgen-therapy, but in the long run patients often develop
liver adenomas or liver tumors (Young and Alter, 1994). Up to now, the only
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way to cure the hematological problems is bone marrow or umbilical cord blood
transplantation (Young and Alter, 1994). For bone marrow transplantation to
be successful several requirements have to be met: First, the greatest success
rate (about 70%) is expected when the donor is a HLA-identical sibling (Young
and Alter, 1994; Guardiola et al., 1998). Transplantations with unrelated HLA-
identical donors generally result in about 20% success rate (Young and Alter,
1994). The protocols of transplantation procedure have to be adapted because
of hypersensitivity of FA-patients to immunosuppressive agents used to prevent
graft-versus-host-disease, such as cyclophosphamide and cisplatin (Socie et al.,
1993; Young and Alter, 1994; Flowers et al., 1996). The occurence of mosaicism
has to be excluded. The doses of immunosuppressive agents used for non-mosaic
FA-patients usually do not fit for mosaic patients because of the resistant cells
in their blood (section 1.4), which cannot be destroyed by low-dose treatment.
Furthermore, the prevention of bone marrow failure after transplantation does not
mean that the patient is totally cured. The predisposition to malignancies still
persists. Elder patients often develop tumors and they often die as a consequence
of neoplasia later in life (Joenje and Patel, 2001). For patients belonging to a
complementation group with the underlying gene being cloned, who have no
suitable bone marrow donor, gene therapy is being explored as a curative option
(section 1.7).

1.6 FA genes and FA proteins

In the beginning, the hypothesis "one gene defect for one disease" was thought
to be correct for FA too, because of all diagnosed FA-patients showing a rel-
atively uniform phenotype, until genetical heterogeneity was proposed for FA
(Schroeder et al., 1976; Joenje et al., 1997). Since then, 8 different comple-
mentation groups have been identified (FA-A, FA-B, FA-C, FA-D1, FA-D2,
FA-E, FA-F and FA-G) and perhaps there will be some more. The genes
defective in those complementation groups do not seem to share any com-
mon features and they are not clustered, but widely dispersed throughout the
genome. The prevalence of the different groups depends on the population
examined (Jakobs et al., 1997; Joenje, 1996; Auerbach et al., 1998), the relative
prevalence of the first 100 patients registered in the EUFAR program was as
follows: A(71%)>G(13%)>C(7%)>E(4%)>F(2%)>B/D1/D2(1% respectively)
(Joenje and Patel, 2001). In the beginning the complementation group was
only determined by somatic cell fusion studies done by the group of Dr. Hans
Joenje at Amsterdam, Netherlands. Those studies were based on the fact that
fusion hybrids of cells belonging to the same complementation group cannot
complement each other´s MMC-hypersensibility, because in both cells the same
gene is defective. Hybrids of cells from two different complementation groups
are mutated in different genes and therefore are capable to complement each
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other because of the recessive character of the disease. The cell fusion method
is suitable for the detection of new complementation groups and it delivered all
known reference cell lines, but there are also several disadvantages. The method
is very time consuming and from the first fusion with the reference cell line A
(HSC72 (Duckworth-Rysiecki et al., 1985)) to the group-defining fusion it can
take months or even years, if the complementation group is one of the rare ones
or a new one. Besides, because of their limited proliferative life span fibroblasts
have been superseded by the use of EBV-immortalized lymphoblastoid cell lines,
but the experiments need a MMC-hypersensitive phenotype of the cell line and
cannot be done with reverted cells. Previously, the group of Helmut Hanenberg
at Düsseldorf has developed viruses containing all identified FA genes, which
can be used for complementation analysis as well as for future gene therapy
trials (Hanenberg et al., 2002) and (Lobitz et al., manuscript in preparation).
As material T-cells and lymphoblastoid cell lines can be used as well as fibrob-
lasts in the case of somatic mosaicism. Since the method is virus-based, the
complementation group can be determined in less than two weeks (section 1.7).
Generally the determination of the complementation group is followed by link-
age and/or mutation analysis. Mutation analysis can be carried out on ge-
nomic or cDNA by several methods. Most of them are used as screening meth-
ods, such as SSCP-analysis (Single strand conformation polymorphism), PTT
(Protein truncation test), Southern-Blot-analysis, HPLC-analysis (High pres-
sure liquid chromatography) or GeneScan analysis, in order to identify strik-
ing regions in the genes. Afterwards all bandshifts have to be sequenced to
identify the exact mutation type or locus (chapter 2). Many of the actually
identified mutations are accessible in the Fanconi Anemia Mutation Database
(http://www.rockefeller.edu/fanconi/mutate/).
There are different reasons that underline the importance of determination of
one´s complementation group as well as one´s mutations. First, the detection of
the complementation group and the mutations represents a confirmation of the
diagnosis and is a prerequisite for prenatal diagnostics. The knowledge of one´s
complementation group is an important requirement for future gene therapy trials
and can perhaps deliver some information about the primary defect in Fanconi
anemia. Identifying the complementation group of a large amount of patients
as well as many comparable mutations there might be the chance for improved
genotype/phenotype correlations and prognostic information (chapter 2, (Faivre
et al., 2000)).
For cloning of the FA genes, different strategies have been used by different
groups. The most successful was expression cloning, leading to the identification
of FANCA, FANCC, FANCE, FANCF and FANCG. The principle of this method
is that a FA cell line is transfected with a vector containing a cDNA library and is
afterwards tested whether MMC-hypersensitivity still persists. Those cell lines,
where no more MMC-hypersensitivity can be measured, should contain a comple-
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menting cDNA and have to be further examined in order to prove the correctness
of the experiment, e.g. by mutation analysis in patients of that complementation
group. In order to receive good results there are several requirements that have to
be fullfilled: Getting complemented colonies depends on the quality of the library
used. Besides, similar to the cell fusion studies, no reverted cell lines must be
used because of their own MMC-resistance and not every cell type is suitable for
transfection. Last not least, the protein must not be toxic after overexpression.
An alternative approach to the identification of a new gene represents the strategy
of linkage analysis followed by positional cloning, which was used for identifying
FANCA and FANCD2, as well as for mapping FANCE. The success of this method
requires many patients and a large number of affected and unaffected siblings.
In the following subsections the different FA genes will be introduced (in alpha-
betical rather than chronological order):

1.6.1 FANCA

The FANCA gene, defective in patients belonging to complementation group A,
is located at 16q24.3; the genomic sequence spans about 80 kb and contains 43
exons ranging from 34 to 188 bp (figure 1.1) (Lo Ten Foe et al., 1996b; Ianzano
et al., 1997). The encoded 163 kDa protein consists of 1455 amino acids and has
no significant homologies to any other known protein. The only hint to its nuclear
function represent a nuclear localization signal (NLS) in the aminoterminus of the
gene and a partial leucine zipper from amino acid 1069 to 1090 (Näf et al., 1998).
FANCA was mapped by linkage analysis (Pronk et al., 1995) and then isolated by
two different groups at the same time using two different techniques, expression
or complementation cloning (Lo Ten Foe et al., 1996b) and positional cloning
(The Fanconi anemia/Breast cancer consortium, 1996).
FANCA is a hypermutable and highly polymorphic gene (The Fanconi ane-
mia/Breast cancer consortium, 1996; Lo Ten Foe et al., 1996b; Levran et al.,
1997; Savino et al., 1997; Levran et al., 1998; Tachibana et al., 1999; Wijker
et al., 1999). Up to now, there are more than 100 different mutations on record
for the FANCA gene, with large deletions representing the most important group
(Wijker et al., 1999; Morgan et al., 1999). More details about the mutation
spectrum as well as mutation analysis are provided in chapter 2.
A FancA-/- knock out mouse model has been generated (Cheng et al., 2000).
Those mice are reported to be viable and not to have any detectable developmen-
tal abnormalities or growth retardation. Consistent with the clinical phenotype
of FA-patients, both male and female mice show reduced fertility and hypogo-
nadism. Corresponding to the phenotype the FancA protein levels in testis, ovary
and lymphoid tissues (spleen, thymus, lymph nodes) are higher than in other
tissues (Van de Vrugt et al., 2000). Cultured embryonic fibroblasts of the knock-
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out mouse exhibit chromosomal instability and hypersensitivity to crosslinking
agents, but no predisposition to cancer suggesting further factors being involved,
such as genetic background or environmental factors. In contrast to the human
phenotype, fetal hemoglobin expression in adult FancA-/- mice was not elevated
and hematopoiesis seems to be unaffected. Bone marrow failure cannot be in-
duced by low doses of MMC, as has been reported for the FancC-/- knock out
mice (Carreau et al., 1998).

1.6.2 FANCB

The gene defective in complementation group B (FANCB) is not yet identified,
but there is postulated a possible cytoplasmic role in the phosphorylation of
FANCA (de Winter et al., 2000).

1.6.3 FANCC

The FANCC gene was the first FA gene to be identified in 1992 (Strathdee et al.,
1992) by the method of expression cloning. It is located on chromosome 9q22.3,
spans approximately 80 kb and contains 14 exons ranging from 54 bp to 203
bp (figure 1.1). The 63 kDa hydrophobic protein consists of 558 amino acids
and does - like FANCA - not have any homologies to known sequences as well
as no functional motifs (Gibson et al., 1993a; Savoia et al., 1995). A confusing
fact in the examination of the structure of the gene was the detection of tran-
scripts of different length in Northern blot analysis, the function of which are
not clear yet. Analysis of the primary sequence of FANCC revealed two different
5´-exons , called exon 1a and exon 1b, (Savoia et al., 1995) as well as different
3´-Untranslated regions (UTR) (Strathdee et al., 1992), causing different tran-
scripts. Some exons can be skipped without any obvious influence on protein
function (Gibson et al., 1993b).
Mutation analysis revealed to date more than 10 different mutations and almost
the same number of polymorphisms (Strathdee et al., 1992; Gibson et al., 1993b;
Whitney et al., 1993; Verlander et al., 1994; Gibson et al., 1996; Lo Ten Foe
et al., 1996c; Lo Ten Foe et al., 1996a; Lo Ten Foe et al., 1998). Most of the
mutations are truncating, and there are only two missense mutations described
(Strathdee et al., 1992; Gavish et al., 1993; Gibson et al., 1996). One of those
missense mutations (L554P) is reported to block nuclear translocation of the
protein (Hoatlin et al., 1998; Savoia et al., 1999) and furthermore to have a
dominant negative effect on non-FA cells (Youssoufian et al., 1996). More detailed
information about the mutation spectrum is provided in chapter 2. Eight new
mutations, including two missense mutations, are described elsewhere in this
thesis (chapter 3).
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Figure 1.1: Exon-intron structure of the cloned FA genes FANCA, FANCC,
FANCD2, FANCE, FANCF and FANCG.

13



1 Introduction

The human FANCC protein and the murine FancC protein are ubiquitously ex-
pressed (Wevrick et al., 1993). Expression levels are relatively high in bone tissue
and in progenitor cell populations, fitting to the clinical phenotype with skele-
tal malformations and bone marrow failure (Wevrick et al., 1993; Krasnoshtein
and Buchwald, 1996). Considering the RNA- and protein levels, FANCC mRNA
levels are constant during cell cycle (Joenje et al., 1995b; Tower et al., 1998) in-
dependently from environmental factors like crosslinking agents, oxidative stress,
radiation or heat. FANCC protein levels in overexpression, however, fluctuate
during cell cycle, showing high levels at G2/M boundary, but degradation in G1
phase, suggesting posttranscriptional regulation of the protein (Heinrich et al.,
2000). Following the suggestion of cytoplasmic location (Youssoufian, 1994; Ya-
mashita et al., 1994; Youssoufian, 1996a), FANCC was more recently localized
also in the nuclear compartment (Kupfer et al., 1997a; Hoatlin et al., 1998; Näf
et al., 1998; Yamashita et al., 1998) where it appears to function as a part of
the FA multiprotein complex. The fact that more FANCC protein is localized
in the cytoplasm than in the nucleus suggests that the protein must have ad-
ditional function(s). In vitro binding studies revealed that three unidentified
cytoplasmatic proteins (30, 50 and 70 kDa) co-precipitate with FANCC (Yous-
soufian et al., 1995). Other laboratories found interactions between FANCC and
NADPH cytochrome P450 reductase, suggesting a possible detoxification role
(Kruyt et al., 1998b), or interactions with GRP94, a molecular chaperone, that
could be responsible for the regulation of the intracellular expression of FANCC
protein levels (Hoshino et al., 1998). An interaction with cdc2 was reported in
the context of a possible role of FANCC protein in cell cycle regulation (Kupfer
et al., 1997b), but this could not be confirmed by others (Kruyt et al., 1998b;
Kruyt and Youssoufian, 1998).
Two FancC-/- knock out mouse models have been generated (Chen et al., 1996;
Whitney et al., 1996). In spite of a relative low level of amino acid conservation,
human FANCC is able to complement murine FancC cells and vice versa (Gush
et al., 1999). The clinical phenotype of the mice is characterized by reduced fer-
tility and hypogonadism, but they show no obvious birth defects of the skeletal
or urinary systems. Cells derived from these animals exhibit the classic hyper-
sensitivity to bifunctional DNA crosslinking agents; nonetheless, pancytopenia
did not develop during the first year of life and no leukemia and cancer suscep-
tibility was observed. Bone marrow failure could be induced by acute exposure
to MMC, leading to death of the mice within a few days, as well as by treatment
with sequential, nonlethal doses of MMC causing a progressive pancytopenia,
remarkably similar to that seen in FA-patients (Carreau et al., 1998). The abil-
ity of stem cell repopulation after serial transplantations seems to be reduced in
FancC-/- mice (Haneline et al., 1999).
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1.6.4 FANCD1

The gene defective in complementation group D1 (FANCD1) has recently been
found to be identical to the human breast cancer gene BRCA2 located on human
chromosome 13q12 (Howlett et al., 2002; Stewart and Elledge, 2002), which plays
a known role in the human double strand break (DSB) repair pathway. This
discovery suggests an important role of the FA gene family in the maintenance
of genomic stability.

1.6.5 FANCD2

The FANCD2 gene, defective in patients belonging to complementation group
D2, is located at chromosome 3p25.3 and contains 44 exons (figure 1.1). The
gene was identified by positional cloning (Timmers et al., 2001), six years after
the first mapping by microcell-mediated chromosome transfer (Whitney et al.,
1995). The encoded protein consists of 1451 amino acids and is found in the two
isoforms FANCD2-L ("long") and FANCD2-S ("short") with 162 and 155 kDa
because of the monoubiquitylation at lysine 561 (Timmers et al., 2001; Garcia-
Higuera et al., 2001). In contrast to FANCA, FANCC, FANCE, FANCF and
FANCG which all represent members of the nuclear FA complex and have no
homologues in nonvertebrates, FANCD2 is highly conserved in plants (Arabidop-
sis thaliana), insects (Drosophila melanogaster) and nematodes (Caenorhabditis
elegans), although to date the functions of the homologues in those organisms are
still unknown. The observation of the high conservation lead to the assumption
that FANCD2 might act in a conserved pathway upon which the action of the
other FA genes may have been superimposed later in evolution (Joenje and Patel,
2001). Current evidence suggests that FANCD2 is a target of the function of the
nuclear FA protein complex and acts downstream of the FA pathway, where it
becomes monoubiquitylated in response to DNA damage (Garcia-Higuera et al.,
2001). Thus, the FA protein complex might represent a novel ubiquitin-ligase or
regulate the activity of such an enzyme. DNA damage and monoubiquitylation
can be induced by interstrand DNA crosslinking agents as well as ionizing radi-
ation (Garcia-Higuera et al., 2001). In cells of the complementation group A, B,
C, E, F, and G (all of them participating in the nuclear complex), FANCD2 is
only present in the non-ubiquitylated short form, suggesting that FANCD2 is not
required for its assembly or stability (Grompe and D´Andrea, 2001). Expression
of the complementing FA protein in these cell lines results in a reconstitution of
the nuclear complex and in monoubiquitylation of FANCD2 after DNA damage.
The localization of FANCD2 is exclusively nuclear, where it can be found within
nuclear foci together with BRCA1. In WT cells DNA damage provokes the for-
mation of nuclear foci, whereas in FA-A, FA-B, FA-C, FA-E, FA-F, and FA-G
cells no speckels are detected and the FANCD2 protein is found to be diffuse
(Garcia-Higuera et al., 2001).
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Five different mutations have been described in FANCD2 to date, two out of
them being missense mutations. None of the patients belonging to complemen-
tation group D2 has been found to carry biallelic null mutations, suggesting that
null/null mutants might be lethal (Joenje and Patel, 2001). A knock out mouse
model of FANCD2 has not yet been generated.

1.6.6 FANCE

FANCE, the corresponding gene to complementation group FA-E, has been
mapped to chromosome 6p21-22 through linkage analysis (Waisfisz et al., 1999c)
and one year later identified on chromosome 6p21.3 through expression cloning
(De Winter et al., 2000a). The gene has 10 exons and spans about 15 kb
(figure 1.1). The encoded 59 kDa protein consists of 536 amino acids with
two potential nuclear localization signals, but, like the other FA proteins with
the exception of FANCD2, lacks any significant homology to other proteins
(De Winter et al., 2000a). To date, three different mutations are known, all of
them resulting in a premature stop-codon and therefore in a truncated protein.
Unfortunately, FANCE is localized in the same region as the HLA class I genes of
the major histocompatibility complex, so that these patients are very unlikely to
have an HLA-matched unaffected sibling donor for bone marrow transplantation
(De Winter et al., 2000a). A knock out mouse model of FANCE is not yet
published.

1.6.7 FANCF

The gene defective in patients belonging to complementation group F, FANCF,
is the first FA gene containing only a single exon (figure 1.1). The gene is lo-
cated on chromosome 11p15. Like most of the FA genes, FANCF was identified
by expression cloning (De Winter et al., 2000b). The resulting 42 kDa protein
contains 374 amino acids and was the first FA gene being reported to have a
homology to any known protein. Protein analysis revealed a region of homology
with the prokaryotic RNA binding protein ROM, which is known to regulate the
ColE1 plasmid copy number through binding and stabilizing hairpin pairs of two
complementary RNA sequences, suggesting that part of the function of FANCF
could be based on the capacity to bind (deoxy)ribonucleic acid (De Winter et al.,
2000b). Recently, this homology was found to be nonsignificant, because mu-
tations in the FANCF region homologous to ROM did not affect the function
of FANCF (De Winter et al., 2000a). FANCF is predominantly localized in the
nucleus (de Winter et al., 2000) and the protein level does not vary during cell
cycle progression (Siddique et al., 2001). To date, mutation analysis revealed
six different mutations, all of them leading to a premature stop-codon. As with
FANCE, a knock out mouse model of FANCF is not yet published.
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1.6.8 FANCG

The gene defective in Fanconi anemia complementation group G was the third FA
gene identified after FANCC and FANCA (De Winter et al., 1998). It has been
localized on chromosome 9p13 where it covers about 6 kb and was identified
through expression cloning like most of the other FA genes (De Winter et al.,
1998). The FANCG gene consists of 14 exons ranging from 47 to 290 bp each
(figure 1.1). The encoded protein contains 622 amino acids and has a calculated
molecular weight of 68 kDa (Demuth et al., 2000) (chapter 4). Like all other FA
proteins except of FANCD2, this protein has no homology to any known protein
including the other FA proteins (Liu et al., 1997), but there are two putative
leucine zippers in the gene (Demuth et al., 2000) (chapter 4).
FANCG was found to be identical with human XRCC9 (De Winter et al., 1998), a
gene that cross-complements the MMC-sensitive Chinese hamster mutant UV40
and was therefore suggested to be involved in DNA postreplication repair or cell
cycle checkpoint control (Liu et al., 1997; Busch et al., 1996). Human XRCC9
corrects hypersensitivity of CHO UV40 cells to MMC, cisplatin, ethyl methane
sulphonate (EMS) as well as UV. FA cells from complementation groups A, B and
D are not hypersensitive to monofunctional alkylating agents or UV (Liu et al.,
1997; Busch et al., 1996). Likewise, cells from complementation group G are not
hypersensitive towards UV, ethyl and methyl methane sulphonate (De Winter
et al., 1998).
To date, mutation anlysis in FANCG has revealed 18 different mutations, most
of them small deletions and insertions or splice-site mutations, all leading to a
premature stop-codon. The mutation spectrum and mutation analysis are further
discussed in chapter 2 and chapter 4. A knock out mouse model of FANCG
(FancG-/-) has recently been generated (Yang et al., 2001) which is similar to that
previously described for FANCC and FANCA. The mice have normal viability,
no gross developmental abnormalities, decreased fertility and abnormal gonadal
histology. Primary splenic lymphocytes, bone marrow progenitor cells and murine
embryo fibroblasts demonstrate spontaneous chromosomal breakage as well as
increased sensitivity to MMC and, to a lesser extent, ionizing radiation.

1.6.9 Current model of the FA pathway

All FA genes identified to date, except of FANCD2, encode orphan proteins with
uncertain functions. Altogether they share a common pathway which contributes
to genomic stability, either as components of a multiprotein nuclear complex or
of a signal transduction cascade. FANCA, FANCC and FANCG are found in the
cytoplasm as well as in the nucleus, whereas FANCE and FANCF are localized
almost exclusively in the nucleus (de Winter et al., 2000; Hoatlin et al., 1998;
Garcia-Higuera et al., 1999; Youssoufian, 1994). Direct interactions have been
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observed between several proteins: FANCG binds directly to the amino terminal
nuclear localization sequence (NLS) of FANCA, and together they might stabilize
the nuclear FA protein complex (Garcia-Higuera et al., 2000; Waisfisz et al.,
1999a). Further direct interactions have been proposed for FANCC and FANCE
as well as for FANCF interacting with FANCA and FANCC (Medhurst et al.,
2001; de Winter et al., 2000). A direct interaction between FANCA and FANCC
remains questionable (Kupfer et al., 1997a; Näf et al., 1998; Yamashita et al.,
1998; Garcia-Higuera et al., 1999; Kruyt and Youssoufian, 1998; Reuter et al.,
2000). The current view concerning the structure of the FA multiprotein complex
is shown in figure 1.2. After stable binding of FANCA and FANCG, FANCB
seems to play an important role in the nuclear transport as well as in FANCA-
phosphorylation (Yamashita et al., 1998). After binding of FANCC, the complex
accumulates in the nucleus, where FANCE and FANCF join (de Winter et al.,
2000). Since cell lines from complementation group D all seem to have an intact
nuclear complex, FANCD1 as well as FANCD2 are thought to act downstream
(Timmers et al., 2001; de Winter et al., 2000; Garcia-Higuera et al., 2001). The
monoubiquitylation of FANCD2 by the complex is a crucial step in the reaction
to DNA damage. FANCF may be important for monoubiquitylation (Siddique
et al., 2001), although there exists no evidence for a physical interaction between
FANCD2 and the other FA proteins.
The monoubiquitylated FANCD2 is targeted to discrete nuclear foci, where
it colocalizes and copurifies with BRCA1 (breast cancer associated protein 1)
(Garcia-Higuera et al., 2001), indicating that FANCD2 may function in the same
DNA damage response pathway as BRCA1. These nuclear foci are detected
in cells after DNA damage as well as during DNA replication. To date, it is
not clear, which other proteins are present in those BRCA1/FANCD2-foci, but
important DNA-repair proteins, such as RAD50, NBS1 (Nijmegen breakage syn-
drome 1) and MRE11 (Meiotic recombination 11), are also found to be present
in BRCA1-containing foci (Scully et al., 1997; Paull et al., 2000). Recently,
the ATM (Ataxia telangiectasia mutated) gene was shown to phosphorylate
FANCD2, building a link between the FA and the ATM damage repair pathways
(Taniguchi et al., 2002). To date, there is no definitive evidence how the FA
proteins might be involved in DNA repair, but the nuclear complex might act as
a sensor for DNA damage. Following damage recognition it might monoubiquity-
late FANCD2, which then might be the reacting effector molecule. The fact that
all complementation groups show a similar phenotype and that knock out mouse
double mutants behave like single mutants, supports the notion of a common
functional pathway of the respective FA proteins.
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Figure 1.2: A model of the interaction of the FA proteins in a common pathway.

1.7 Retroviral systems and gene therapy

There are many ways to import genetic information, like DNA or RNA, into cells,
but most of them are inefficient or instable. An optimal vehicle to transport
DNA into cells are viruses, because they only exist for transporting their own
genetic material from cell to cell. Since retroviruses stably integrate their genetic
information into their host cell, the material is stably transmitted to the following
cell generations, rendering them a very attractive medium for gene transfer. The
most frequently used virus is Molony murine leukemia virus (MoMuLV). More
recently, improved vectors based on a murine stem cell virus (MSCV) have been
developped.
For transporting new information into cells, retroviruses have to be manipulated.
On the one hand, the target DNA has to be inserted into the viral genome. And
on the other hand, viral DNA or RNA has to be removed from the viral genome
in order to stay below the maximum transport capacity of the retrovirus and
in order to render the virus invirulent. Proteins that are necessary for infecting
cells, are provided by a packaging cell line which produces "empty" retroviruses
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without retroviral RNA and fills them with the target DNA surrounded by 5´-
and 3´-LTRs.
A schematic presentation of packaging recombinant viruses with the target DNA
is shown in figure 1.3. Construction of the vector can be done in vitro, packaging
however has to be done in vivo, in so-called packaging cells. Those packaging cells
carry replication-deficient proviruses as helper viruses in their genome (Cone and
Mulligan, 1984; Mann et al., 1983; Miller and Rosman, 1989). These deliver all
necessary viral proteins, such as group specific antigens (gag), reverse transcrip-
tase and integrase (pol) and envelope proteins (env).
The in vitro constructed vector, generally a plasmid containing a 5´- and a 3´-
LTR, the packaging signal, the targeted DNA (here: a WT FA gene) and even-
tually a selection marker, is transfected into an ecotropic murine packaging cell
line, such as Phoenix cells, where the vector DNA is packed, within 48 hours,
in helper virus encoded envelope proteins. Viruses are harvested from the su-
pernatant. Because of the env -protein gp70, which defines host-specifity, those
viruses can only infect murine and rat cells. The resulting viruses represent a
mixture of viruses carrying different numbers of plasmids due to transfection. To
get viruses with only one copy of the vector, a second, amphotropic packaging
cell line, such as Gibbon ape leukemia virus (GALV) (Miller et al., 1991), is in-
fected. Because of the retroviral infection mode, only one virus infects each cell
and the DNA is stably integrated into the host genome. The env -protein gp70
of that amphotropic packaging cells increases the host spectrum and enables the
resulting virions to infect human cells. In order to increase virus titers, eco- and
amphotropic cells are infected alternately ("ping-pong-amplification") resulting
in amplification of the recombinant retrovirus.
The subsequent infection of a FA cell line of unknown complementation group
is shown in figure 1.4, where a cell line is tested whether it belongs to comple-
mentation group A. The recombinant retrovirus containing FANCA binds to host
specific receptors and penetrates into the host cell of unknown complementation
group. In the cytoplasma, the RNA of the virion is transcribed into DNA and
transported into the nucleus, where it is stably integrated elsewhere in the host´s
genome by the viral reverse transcriptase and integrase. The virus-mediated
FANCA now is transcribed and translated like any other FA gene in the cell. In
order to identify the complementation group, the cells are selected by MMC for
survival. If the host cells are resistant to MMC, FANCA is the gene defective in
that patient and the complementation group is FA-A. Those cell lines that re-
main MMC-hypersensitive do not belong to complementation group A, because
the introduction of WT FANCA cannot compensate the lack of a FA gene. In
that case the cell line is successively infected with other retroviruses containing
the FA genes FANCC, FANCD2, FANCE, FANCF as well as FANCG. If the
tested cell line remains hypersensitive to MMC after all given retroviruses, the
gene defective in that patient has to be FANCB or FANCD1 or a new FA gene.
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Figure 1.3: Packaging of recombinant retroviruses for complementation analysis
and pathogenity testing of amino acid substitutions (chapter 3, chapter 5, chap-
ter 6).

The viral transduction method to determine one´s complementation group is fast
and reliable, but there are two limiting factors. First, the underlying FA gene
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Figure 1.4: Principle of retroviral infection of FA cells with unknown complemen-
tation group for complementation analysis, examplary complementation group A.

has to be identified before, otherwise no virus can be constructed. Second, a
lymphoblastoid cell line cannot be classified, if mosaicism has developed. In that
case, skin fibroblasts have to be examined in order to get interpretable results.
In current gene therapy trials, peripheral blood leukocytes are enriched for
hematopoietic stem cells. Then retroviral vectors which express WT FANCA or
FANCC are used to transduce in vitro those blood cells, before they are given
back into the patient´s bloodstream (Noll et al., 2001; Fu et al., 1997). The cor-
rected stem cells are supposed to initiate and support proficient hematopoiesis.
Actually, those attempts are not as successful as expected, because some impor-
tant obstacles still have to be overcome. The most important problems to be
solved are as follows: Generally, the transduction efficiency is poor, since the
number of hematopoietic stem cells in the peripheral blood after enrichment still
remains small. The transgene often is unstably expressed due to silencing and
immunological attack of the transduced cells, which now express a protein that
the body might recognize as being foreign. Last not least, even after successful
gene therapy, the residual mutant cells might remain predisposed to cytogenetic
abnormalities, which could lead to leukemia (Gregory et al., 2001).
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1.8 Thesis outline

To date, several mutations have been identified in the FA genes which have
provoked many interpretations, such as the occurence of founder mutations,
genotype-phenotype-correlations, hotspot regions as well as the position of pos-
sible functional domains or protein-protein-interactions. In the context of this
thesis, we tried to detect as many mutations as possible in order to confirm the
complementation groups determined by our virus-based method for complemen-
tation analysis. Newly detected mutations should provide further information on
mutation spectrum, hotspot regions or functional domains in the three FA genes
(FANCA, FANCC and FANCG) which are routinely examined at our laboratory
(chapter 2, chapter 3, chapter 4). The main focus is on FANCC (chapter 3),
because there are only 10 known mutations accumulated in the 5´- and 3´-region
and in exons 4-6, but so far no large deletions have been described. We therefore
examined ten FA-C patients in order to get further information about the muta-
tion spectrum and/or the position of possible functional domains. In the FANCA
gene, there are more than 100 different mutations published to date, due to FA-A
being the largest complementation group as well as FANCA being hypermutable
carrying mostly "private" mutations. The main interest in that gene was in the
detection of both mutations in patients with diagnosed mosaic status in their
blood cells. The patients´ skin fibroblasts, lymphoblastoid cell lines and their
peripheral blood cells were examined to detect the reverted allele and to find out
the mechanism of reversion (chapter 5). In two of the FA-A mosaic patients the
different blood cells were analyzed separately in order to find out when in the
patients´ hematopoiesis the reversion took place, which cell lineages were affected
and if there was hit a bone marrow stem cell (chapter 6).
Due to the screening method (SSCP) used for mutation analysis, mostly single
base changes leading to amino acid substitutions are detected. The pathogenicity
of these single base changes has to be proved by showing a causal relationship
between genotype and phenotype. For this purpose, a virus-based method for
the identification of pathogenic missense mutations described in chapter 3 and
chapter 5 has been established during this work in cooperation with the group of
Dr. H. Hanenberg at Düsseldorf, including site directed mutagenesis and MMC
complementation of FA-/- cell lines by the constructed viruses (used in chapter 3,
chapter 5 and chapter 6).
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2 Mutation analysis in the FA genes, especially FANCA

2.1 Abstract

Recent evidence concerning severity and hematological course of Fanconi anemia
demonstrated that assignment to one of the complementation groups is not as
crucial for the clinical outcome of the disease as two other important factors
(Faivre et al., 2000): on the one hand the type of mutation and on the other hand
the development of somatic mosaicism in hematopoietic cells. For both aspects
mutation analysis is necessary. In addition, mutation analysis is a helpful tool for
FA diagnosis, including prognostication of the clinical course and the possibility
of prenatal diagnosis.

2.2 Introduction

Fanconi anemia is a genetically heterogenous disorder with at least eight dif-
ferent complementation groups (FA-A, FA-B, FA-C, FA-D1 (BRCA2), FA-D2,
FA-E, FA-F, FA-G). Because of the rarity of the complementation groups FA-E,
FA-F, FA-D2 and BRCA2 in our patients, mutation analysis in those genes has
not been performed. Although FANCA is the largest and furthermore the most
polymorphic FA gene, mutation analysis in patients with undefined complemen-
tation group is always started in that gene. The reason being that FA-A with
about 60% is the most prevalent complementation group in Germany. If there are
no mutations detected in FANCA, the second gene screened is FANCG, because
about 15% of the German FA-patients belong to that complementation group.
The last FA gene routinely examined is FANCC, but regional or ethnic origin
of the patient can modify that sequence. Recently, a rapid method for defining
one´s complementation group using recombinant diagnostic retroviruses (Dr. H.
Hanenberg, University of Düsseldorf) renders complementation analysis possible
before mutation analysis is done.
Mutation analysis is performed on genomic DNA as well as on cDNA. For genomic
DNA, SSCP analysis ("Single strand conformational polymorphism"), which de-
tects single base changes, small deletions and small insertions, is used for pre-
screening. On the basis of cDNA another prescreening method is used, called
PTT ("Protein Truncation Test"), which detects all types of truncating muta-
tions in an in vitro translated protein. DNA sequencing is performed on an
ABI Prism 310, which was provided by the "Schroeder-Kurth-Fonds" and the
"Deutsche FA-Hilfe".
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2.3 Results and discussion

2.3.1 Spectrum of mutations in FANCA

The mutation spectrum in the FANCA gene is quite different from those in
FANCC and FANCG because of its heterogeneity. There have been described
more than 100 different mutations in FANCA (Wijker et al., 1999; Morgan et al.,
1999; Savino et al., 1997; Centra et al., 1998; Ianzano et al., 1997; Levran et al.,
1997; Levran et al., 1998; Tachibana et al., 1999). These mutations are dis-
persed throughout the entire gene and most of them can be found online under
www.rockefeller.edu/fanconi/mutate/default.html. In contrast to FANCC and
FANCG, the FANCA gene exhibits all kinds of mutations. The most frequent
mutation type represents large deletions, which can span 1 to 31 exons. In some
cases deletions spanning the entire FANCA gene have been reported (Centra
et al., 1998). To date, large deletions have neither been published in FANCC nor
in FANCG. Almost the same percentage as large deletions represent microdele-
tions and microinsertions, which can - but don´t necessarily have to - result
in a frameshift. Other reported changes involve splice site mutations, nonsense
mutations as well as some missense mutations. Because of the great variety of
alterations, patients carrying the same mutations and homozygosity are rarely
found. Most FANCA mutations are so-called "private mutations", with the ex-
ception of a few common mutations, such as 1263delF (Levran et al., 1997). The
percentage of compound heterozygous patients is about 50-60% (Savino et al.,
1997; Tachibana et al., 1999; Wijker et al., 1999; Morgan et al., 1999). Concerning
"private mutations" and compound heterozygosity , genotype/phenotype correla-
tions are difficult, because there exist only very few individuals carrying the same
mutations, and the phenotype of patients with only a single identical mutation is
difficult to compare to each other. According to Faivre (Faivre et al., 2000), geno-
type/phenotype correlations can at best be assumed by the occurence of milder
and more severe mutations, but not by complementation group or by single mu-
tations. Generally, amino acid substitutions are thought to be the mildest type
of mutations, whereas such alterations without any residual protein usually seem
to provoke a more severe phenotype. The severity of the phenotype is generally
characterized by criterions like the age of onset of aplastic anemia, the time of
survival after diagnosis and the occurence of AML or MDS. But even the dis-
tinction between so-called milder and more severe mutations has to be done with
care, because there are siblings with obvious variations in their phenotypes, even
though they carry inherited mutations. Some of this variation might be due to
the emergence of mosaicism in one of the siblings.
The identified mutations in the FANCA gene seem to be dispersed throughout
the entire gene. There are only few exons where no mutation has been described
to date (figure 2.1).
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Large deletions
Splice site mutations
Missense mutations
Nonsense mutations
Microdeletions/-insertions in frame
Microdeletions/-insertions out of frame

Figure 2.1: Distribution of the mutations in the FANCA gene. The figure com-
bines unpublished mutations found at Würzburg with those detected by other
groups up to 2000 (Wijker et al., 1999; Morgan et al., 1999; Savino et al., 1997;
Centra et al., 1998; Ianzano et al., 1997; Levran et al., 1997; Levran et al., 1998;
Tachibana et al., 1999).

The hypermutability of FANCA appears to be caused by the large number of
repetitive elements spread throughout the gene. Repetitve elements include short
direct repeats, homonucleotide tracts, Alu-repeats, CpG-islands as well as several
hotspot-motifs, for example CCTG/CAGG. As shown in table 2.1 microdele-
tions and -insertions as well as amino acid substitutions are frequently found
(73%) next to short direct repeats and homonucleotide tracts (Levran et al.,
1997). These types of repetitive elements are thought to trigger slipped-strand-
mispairing, leading to microdeletions/-insertions and base changes. Base changes
are also found to be located next to CpG-motifs, which are known to trigger
methylation-mediated mutations. A possible reason for the relative frequency
of large intragenic deletions might be Alu-mediated recombination between the
numerous intronic Alu-repeats interspersing FANCA. A highly significant corre-
lation between the number of deletion breaking points in a specific intron and the
number of Alu-repeats has been reported (Morgan et al., 1999). The relation-
ship between the location of Alu-repeats and deletion breakpoints is illustrated in
figure 2.2 and corresponds with the deletion breakpoints detected at Würzburg
(figure 2.1).
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Mutation Short Homo- CpG- Alu- Mutation
type direct nucleotide motifs repeats mechanism

repeats tracts
Microdeletions/ + + Slipped-strand-
-insertions mispairing
Base substi- + + + Slipped-strand-
tutions mispairing,

DNA-methylation
Large + Alu-mediated
deletions recombination

Table 2.1: Repetitive domains described for FANCA and the mutation types trig-
gered by them.

Figure 2.2: Connection between FANCA deletion breakpoints and Alu-repeats.
(from: (Morgan et al., 1999))

In spite of the generally widely dispersed distribution of mutations in FANCA,
there are some regions where changes seem to cluster. For example, the 5´-region
contains mostly truncating mutations, such as microdeletions or microinsertions
resulting in a frameshift. In the 3´-region (especially from amino acid 1046
to 1320), however, there are many microdeletions/-insertions which retain the
reading frame as well as many missense mutations, suggesting that this region of
FANCA might be critical for protein function. This notion is supported by the
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2 Mutation analysis in the FA genes, especially FANCA

fact that interactions with other FA proteins like FANCG have been assigned to
this region (Ianzano et al., 1997; de Winter et al., 2000).

2.3.2 Polymorphisms in FANCA

As has been discussed for its pathogenic mutations, the FANCA gene is also
hypervariable in its spectrum and distribution of polymorphisms. Sequencing
reveals numerous single base substitutions as well as small insertions or deletions
in its intronic sequence. In particular, introns 19 and 20, but also introns 23,
24, 31, 35 and 39 are found to be highly mutable and they show several different
types of gene variation. In the coding region the reported polymorphisms are
spread all over the gene just as described for mutations. However, there exist
some areas in the gene where the density of identified alterations is more intense
than elsewhere in FANCA. Such highly polymorphic regions include exons 8-11
and exon 32 compared to relative constant regions like exons 2-7 or exons 16-21.
The distribution of polymorphisms found in the coding sequence are shown in
figure 2.3.
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Figure 2.3: Distribution of the polymorphisms found in the coding sequence of
FANCA. Polymorphisms that have been detected in Würzburg are shown light
grey.

To distinguish polymorphisms from pathogenic mutations, the following strate-
gies must be applied:
1. Detection of further, conclusively pathogenic mutations
2. Screening of at least 100 control alleles
3. Cosegregation with the clinical phenotype
4. Complementation analysis
Polymorphisms characterized at Würzburg have been confirmed by method one
and/or two. In addition, there are ongoing trials to establish confirmation by
retroviral complementation analysis (see chapter 3, chapter 5, chapter 6).
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2.3.3 Spectrum of mutations in FANCG and FANCC

In contrast to FANCA, the mutation spectra of FANCG and FANCC are less
variable. On the one hand, both genes are much smaller than FANCA (about
500 amino acids each compared to 1500 amino acids in FANCA), and on the other
hand both the exon and the intronic sequences seem to be less polymorphic. The
lack of repetitive elements is thought to be the reason for the relative stability
of these genes. For both genes founder mutations have been described. A very
common founder mutation in FANCG is the nonsense mutation E105X, because
44% of the German FA-G-patients carry it. For FANCC there exist two com-
mon founder mutations, the microdeletion 65delG with high prevalence in the
Netherlands and in Germany, as well as the splice site mutation IVS4+4A>T,
described as a founder mutation for Ashkenazi Jews. The distribution of muta-
tions and polymorphic changes in those two genes is illustrated in figure 2.4 (see
also chapter 4) and figure 2.5 (see also chapter 3), respectively.

Nonsense mutations
Missense mutations
Splice site mutations
Polymorphisms

5´-UTR 3´-UTR

Microdeletions/-insertions out of frame

Figure 2.4: Distribution of the mutations and the polymorphisms found in the
coding sequence of FANCG (Demuth et al., 2000; Yamada et al., 2000).

The distribution of mutations in FANCG (figure 2.4) is similar to that in FANCA,
but nevertheless there are some significant differences between these two genes.
To date there has been no report of any large intragenic deletion in FANCG,
which seems to represent the most frequent kind of mutation in FANCA. An-
other significant difference is the high proportion of truncating mutations (94%)
compared to only 81% in FANCA. In addition, there is only a single confirmed
missense mutation, which has not been found in 100 ethnical matched control al-
leles and, moreover, is located in a leucine-zipper-motif of presumptive functional
significance. Three further amino acid substitutions in exons 1 and 7 have been
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classified as polymorphisms. Interestingly, these are all located in exons without
any described pathogenic mutation. Changes of the latter type might therefore
be lethal if they occur in these exons.

Microdeletions/-insertions out of frame
Microdeletions/-insertions in frame
Nonsense mutations
Missense mutations
Splice site mutations
Polymorphisms

5´-UTR 3´-UTR

Figure 2.5: Distribution of the mutations as well as the polymorphisms found
in the coding sequence of FANCC (Strathdee et al., 1992; Gibson et al., 1993b;
Gibson et al., 1996; Whitney et al., 1993; Verlander et al., 1994; Lo Ten Foe
et al., 1996c; Lo Ten Foe et al., 1996a; Lo Ten Foe et al., 1998). Those alterations
that have newly been detected at Würzburg are coloured in red (see also chapter 3).

In FANCC, the distribution of the mutations differs considerably from that in
FANCA. Mutations are not found to be dispersed throughout the entire gene, but
they appear to cluster in certain regions. Such regions are exon 1, exons 5-7 and
the C-terminus of FANCC. Based on the relative prevalence of mutations in exon
14 and the high conservation of this exon across species, the carboxy terminal
region of FANCC is likely to contain a critical functional domain. The spectrum
of mutations can generally be compared with that of FANCG, and there are also
no large deletions. However, the proportion of truncating mutations (73%) is
smaller than for FANCG and still smaller than for FANCA. Similar to FANCA,
pathogenic missense mutations are found to be located in the 3´-area, suggesting
the presence of either domains for protein interactions or for protein folding.
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2.3.4 Mosaicism

The phenomenon of somatic mosaicism is found in about 15-25% of FA-patients.
To date, mosaicism has only been described in patients carrying mutations in the
FANCA and for the FANCC genes. After developing mosaicism, patients exhibit
two subpopulations of cells in their blood, the mutated as well as the corrected
one. The proportion of corrected blood cells can vary from poorly detectable (in
an early stage of mosaicism) to almost 100%. If 100% of the cells are corrected
there are hardly any MMC-sensitive cells in the patient´s blood, rendering FA
diagnosis on lymphocytes difficult to impossible. In this case, the diagnosis has
to be confirmed by means of skin fibroblasts.
There are several mechanisms thought to be responsible for triggering mosaicism.
Generally, all of them create a WT allele resulting in normal chromosomal break-
age of the patient´s lymphocytes. In compound heterozygous patients, one pos-
sible mechanism is intragenic mitotic recombination, where afterwards both
mutations are carried on one allele. Consequently, the progeny of that single
corrected cell presents a heterozygous phenotype, although still carrying both
mutations in its genome (Lo Ten Foe et al., 1997). The mechanism of gene con-
version is different, because one mutation completely disappears and therefore
all progenitor cells are heterozygous. Compensatory mutations have been de-
scribed as another reversion mechanism (Waisfisz et al., 1999b). Compensatory
mutations have been described for homozygous FA-patients, where frameshift
mutations have been corrected by microdeletions or -insertions a few basepairs
downstream restoring the reading frame thereby partially restoring protein func-
tion. A missense mutation can also be corrected by a further base change in the
same codon leading to a third amino acid, which also goes along with restoration
of protein function. A fourth, hypothetical mechanism could be polymerase
slippage, where an intact residual protein might be present in addition to the
mutated protein.
The clinical consequences of mosaicism are not fully understood. Some of the
older FA-patients have developed a somatic mosaic, which might be responsible
for improved survival and a mild hematological course of the disease. But not all
mosaic patients have stable blood counts and some of them even have very se-
vere clinical course of disorder. Furthermore, the development of mosaicism may
have a negative effect on bone marrow transplantation. Severe complications may
arise, as the corrected blood cells are able to survive chemotherapeutical treat-
ment with immunosuppressive agents, such as cyclophosphamide or cisplatin,
used to prevent graft-versus-host disease. Altogether, the diagnosis of mosaicism
may alter the clinical course of the disease and needs careful evaluation prior
to therapeutic interventions. A positive aspect of mosaicism can be seen in the
fact that self-corrected cells may obtain a proliferative advantage and replace the
patient´s defective cells. However, this process may take several years, and com-
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plete restoration of bone marrow function requires that the reversion takes place
in a putative bone marrow stem cell. In these cases, somatic cell mosaicism can
be regarded as an example of "natural" gene therapy, which implies that artificial
gene therapy by replacing the patient´s defective gene in bone marrow cells may
ultimately be successful.
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3 Novel mutations, including a large deletion, in the FANCC gene

3.1 Abstract

Fanconi anemia (FA) is a genetically heterogenous autosomal recessive disorder
associated with chromosomal instability, progressive bone marrow failure, congen-
ital abnormalities, predisposition to cancer and marked hypersensitivity to DNA
crosslinking agents such as mitomycin C (MMC). The FA proteins are thought to
cooperate in a multiprotein pathway instrumental in the cellular response to DNA
damage. Among the currently known seven FA genes, the FANCC gene stands
out both in terms of genotype/phenotype correlations and presumptive function.
We complement and expand the mutation spectrum reported for FANCC by an-
alyzing ten additional FA-patients belonging to complementation group C. Five
of these ten patients were compound heterozygotes, and eight carried at least
one previously unknown mutation. We also describe the first large deletion of
FANCC which was found in a homozygous patient with consanguinous parents.
A DHPLC-based screening method has been developped to identify heterozygous
large deletions in FANCC.
Keywords: Fanconi anemia, FANCC, mutation screening, DHPLC, complemen-
tation

3.2 Introduction

Fanconi anemia is a genetically heterogenous autosomal recessive disorder char-
acterized by chromosomal instability, progressive bone marrow failure, congeni-
tal abnormalities, predisposition to cancer and marked hypersensitivity to DNA
crosslinking agents (Alter, 1996; Schroeder et al., 1964; Sasaki and Tonomura,
1973; Auerbach et al., 1997). To date, seven FA genes have been cloned: FANCA
(Lo Ten Foe et al., 1996b; The Fanconi anemia/Breast cancer consortium, 1996),
FANCC (Strathdee et al., 1992), FANCD2 (Timmers et al., 2001), FANCE
(De Winter et al., 2000a), FANCF (De Winter et al., 2000b), FANCG (De Winter
et al., 1998) and FANCD1 which has recently been shown to be identical with the
breast cancer gene BRCA2 (Wooster et al., 1995; Tavtigian et al., 1996; Witt and
Ashworth, 2002; Howlett et al., 2002; Stewart and Elledge, 2002; Daniel, 2002).
All FA proteins together constitute a multiprotein pathway which is involved in
cellular responses to DNA damage and, presumably, in other as yet unknown cel-
lular processes (Joenje and Patel, 2001; Grompe and D´Andrea, 2001; Dronkert
and Kanaar, 2001).
The FANCC gene was the first FA gene to be isolated by expression cloning
(Strathdee et al., 1992), and the first convincing genotype/phenotype correlation
was established for mutations in FANCC (Kutler et al., 2002). While in response
to DNA damage five of the seven known FA genes, including FANCC, form a nu-
clear complex that activates the downstream FANCD2 effector gene (Joenje and

35



3 Novel mutations, including a large deletion, in the FANCC gene

Patel, 2001), the FANCC gene product appears to exert a number of additional
functions that are largely independent of its participation in the FA multimeric
complex. These additional functions include the apparent involvement of FANCC
in detoxification, anti-oxidant and anti-apoptotic pathways (Kruyt et al., 1998b;
Cumming et al., 2001; Pang et al., 2000). In order to understand the pleiotropic
nature and its functions, it is important to take note of the full range of naturally
occurring alterations in the FANCC gene.
By analyzing the mutations in ten additional FA-C patients, we here complement
and expand the published record of viable alterations in FANCC. We show that
the spectrum of FANCC mutations is much more heterogenous than previously
assumed and may include large deletions. We further describe the establishment
of a quantitative screening method for the detection of large deletions in FANCC
by use of denaturating HPLC (DHPLC). This PCR based method has been
developped to exclude large deletions, especially if they start upstream or end
downstream of the FANCC gene, on genomic DNA avoiding the pitfalls due to
mRNA instability.

3.3 Material and methods

3.3.1 Patients, cell culture and FANCC diagnosis

The ten patients we describe were referred to our laboratory in order to confirm or
rule out the clinical suspicion of Fanconi anemia. Whenever possible lymphoblas-
toid cell lines and/or, especially in the case of mosaicism, fibroblast cultures were
established with informed consent. Mononuclear blood cells isolated by Ficoll
separation were used for direct transfections, for 72 h PHA lymphocyte cultures
and for the establishment of EBV-transformed lymphoid cell lines (LCL). LCL
were maintained in RPMI-media (Gibco) with 16% fetal bovine serum. Fibrob-
last cultures were established using standard cell culture procedures and MEM-
media supplemented with glutamine and 16% fetal bovine serum. All cell cultures
were kept in high humidity incubators equipped with CO2 and O2 sensors in an
atmosphere of 5% (v/v) CO2 and 5% (v/v) O2 by replacing air through nitro-
gen. The clinical suspicion of FA was confirmed by flow cytometric evaluation
of lymphocyte cell cultures according to standard-techniques (Poot et al., 1994;
Seyschab et al., 1995). Assignment of patient cells to complementation group C
was achieved via complementation analysis using a retroviral vector containing
the full-length cDNA of FANCC (Hanenberg et al., 2002; Freie et al., 1996) and
(Lobitz et al, manuscript in preparation). Nine of 146 tested FA-lymphocyte
cultures were shown to belong to complementation group C on the basis of retro-
viral transfection studies, one further patient was identified to belong to FANCC
on the basis of molecular analysis of genomic DNA. We describe the mutations
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3 Novel mutations, including a large deletion, in the FANCC gene

detected in these ten FANCC-patients, nine of which represent Caucasians and
one is from central Asia.

3.3.2 Mutation analysis

PCR, SSCP and sequencing: DNA and mRNA were extracted using standard
protocols (Maniatis et al., 1982). PCR conditions were established to amplify the
exons one to 14 of FANCC according to table 3.1 (Saiki et al., 1988). PCR was
performed in 50 µl reactions. Prescreening was performed using SSCP-analysis
with commercial acrylamide gels (Amersham pharmacia, Freiburg, Germany) and
chambers (Pharmacia Biotech, Freiburg, Germany) at 14◦C followed by silver
staining. Direct sequencing of aberrant fragments was done by fluorescent end
labeling on an ABI Prism 310.
RT-PCR: cDNA was produced using SuperScriptII (Invitrogen, Karlsruhe, Ger-
many) according to the manufacturer´s instructions. For PCR and sequencing,
primers and conditions were according to table 3.1.
Strategies revealing the large deletion of patient BAFO: In one patient
we were not able to amplify exons one and two, suggesting a homozygous deletion
of these two exons. The existence of a correct mRNA of the dowstream exons
suggested an intact promoter region. In order to amplify a product across the
putative deletion region, the following primers were used: ACTGCTGACACGT-
GTGCGC (255 bp upstream of ATG) and ATGATTCTCTCTGAGTTCAGACG
(exon 5). The reaction revealed two different PCR products in the heterozygous
mother of BAFO (750 bp and 407 bp), a single short fragment (407 bp) in patient
BAFO and the homozygous long variant (750 bp) in a healthy control. In order to
identify the deletion breakpoints, the PCR products were cloned into the TOPO
Cloning vector using TopoTA cloning kit for sequencing (Invitrogen, Karlsruhe,
Germany) according to the manufacturer´s instructions. After preparation, the
plasmids were sequenced on the ABI310 sequencer using the above-mentioned
primers.

3.3.3 Quantitative PCR analysis

The genomic PCR fragments were analyzed by denaturating HPLC (DHPLC)
according to the method described by Oefner and Underhill on a WAVE detec-
tor (Transgenomic, USA). 10 µl of the sample were injected into a preheated
C18 reversed-phase column with nonporous polystyrene-divinylbenzene particles
(DNASep�, Transgenomic, USA). Analysis was performed using non-denaturing
conditions with a column temperature of 50◦C. The sample was eluted with a lin-
ear acetonitrile (ACN) gradient consisting of buffer A (0.1M triethylammonium
acetate, TEAA) and buffer B ( 0.1M TEAA, 25% ACN) with a 2% increase of
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3 Novel mutations, including a large deletion, in the FANCC gene

buffer B/min. PCR products were separated with a flow rate of 0,9 ml/min. The
retention time was measured online via UV-absorbance in the eluate. Resulting
diagrams showed the absorbance intensity (mV) over the retention time (mV/ml)
after injection into the column. For gene dose analysis of FANCC, a triplex
(PCR 1) and a duplex (PCR 2) PCR reaction of genomic material were ana-
lyzed. PCR 1 contained exon 1 and exon 6 of the FANCC gene as well as vWJ3
(von Willebrand Jürgens disease gene exon 3) as an external non-FA dosage refer-
ence; PCR 2 consisted of FANCC exon 14 and vWJ3. Reactions were optimized
such that the cycle number was within the exponential product region. Product
length was chosen such that the retention peaks as measured by DHPLC could
clearly be separated from each other. PCR conditions are given in table 3.1.
The product amount (= area under the eluted retention peak of a specific exon)
was measured relative to the amount of vWJ3 (= area under the curve of the
vWJ3 peak) as a biallelic control. Reliability of the method was tested by inject-
ing PCR products from an artificial hemizygous individual (patient BAFO, who
misses exon 1 and 2 on both alleles of FANCC, mixed with wt-DNA, see results)
and the patient´s obligatory heterozygous mother.

3.3.4 Site directed mutagenesis

In order to confirm the pathogenic status of our two new amino acid exchanges,
they were functionally analyzed by transducing the mutations L423P and T529P
into the pCMV/FANCC-vector (courtesey of Dr. Matthias Wagner, Würzburg,
Germany) by the method of site directed mutagenesis. The sequences of the phos-
phorylated mutagenic primers were designed according to the manufacturer´s in-
structions (QuikChange Site-Directed Mutagenesis Kit, Stratagene, Amsterdam,
Netherlands) and were as follows:
L423P/for 5´-CCGAACCCCCCACGGCCCTGCCGTGGCTCTTGGCCT,
L423P/rev 5´-GTAGTAGAAGGCCAAGAGCCACGGCAGGGCCGTGGG,
T529P/for 5´-CATTGGCTTTCTTGACCAGCCCTTGTACAGATGGAA and
T529P/rev 5´-GACGATTCCATCTGTACAAGGGCTGGTCAAGAAAGC
(modified nucleotides are written in bold letters). The reaction was performed
in 50 µl-reactions containing 20 ng of plasmid DNA, 125 ng of each mutagen-
esis primer, 1,5 mM MgCl2, 1x reaction buffer, 200 nM dNTPs and 2,5 Units
Pfu-Turbo DNA Polymerase (Stratagene, Amsterdam, Netherlands). An initial
denaturation for 30 s at 95◦C was followed by amplification for 12 cycles, each
with denaturation for 30 s at 95◦C, annealing for 60 s at 55◦C and extension
for 13 min at 68◦C. After placing the reactions on ice for 2 min, 10 Units DpnI
were added and the reaction was incubated at 37◦C for 1 h to digest the parental
supercoiled dsDNA. The FANCC coding sequence carrying the desired mutations
were full-length amplified using primers carrying a NotI- (forward-primer) and a
BamHI- (reverse-primer) tail and afterwards cloned as 1.9 kb NotI/BamHI DNA
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3 Novel mutations, including a large deletion, in the FANCC gene

fragments into the S11IEG expression vector (subsection 3.3.5) and sequenced to
show the integrity of the entire coding sequence except for the presence of the
targeted mutations. The FA-C cell line HSC536 (reference cell line for FA comple-
mentation group C) was stably transfected with the targeted cDNAs and tested
for correction of MMC hypersensitivity as described in the following section.

3.3.5 Retroviral vectors

The plasmid LFCPEG, a FANCC-WT and EGFP (enhanced green fluorescent
protein) containing derivative from MSCV2.1 (Hawley et al., 1994), was used for
complementation studies. For site directed mutagenesis testing, the FANCC cod-
ing sequence carrying the amino acid substitutions L423P and T529P respectively
were cloned into S11IEG, a vector derived from S11 (Hildinger et al., 1998; Baum
et al., 1995). In both vectors the FANCC cDNA was expressed off the retroviral
LTR, the enhanced green fluorescent protein (EGFP) cDNA was under control of
the internal murine PGK promotor from MSCV2.1. In LEG (mock transfection),
EGFP was directly expressed off the LTR. The first packing cell line, 293T-
derived ecotropic Phoenix cells (Nolan 1996), was transfected with 10-20 µg of
the FANCC plasmid DNA using FuGene6 (Roche, Mannheim, Germany). After
two days retrovirus containing supernatants (SNs) were harvested, filtered with
45 µm and used for transducing a second packaging cell line, NIH/3T3-derived
pg13 cells (Miller et al., 1991), three times in the presence of 7.5 µg/ml protamin
(Roche, Mannheim, Germany). GALV-pseudotyped retroviruses were harvested
from pg13 cells as previously described (MacNeill et al., 1999). For complemen-
tation analysis, the cell lines of our patients were cultured on the fibronectin
fragment CH-296 as described previously (MacNeill et al., 1999; Pollok et al.,
1998; Hanenberg et al., 1996; Hanenberg et al., 2002) and exposed to the har-
vested viruses containing FANCC wt plasmids. An identical protocol was used
for the pathogenicity testing of the amino acid exchanges L423P and T529P:
HSC536 complementation group C reference cells were cultured on fibronectin
and exposed to viruses containing FANCC plasmids carrying one of the above
base changes. Cells were grown for at least two days after the last exposure to
viruses to ensure stable expression of cDNAs from the integrated proviruses. For
cell cycle analysis, cells were stained with Hoechst 33342 (Hoechst, Frankfurt,
Germany). The forward/side scatter signals and the EGFP signals were used on
a BD-LSR flow cytometer (Becton Dickinson, Heidelberg, Germany) to define a
region of intact cells transduced with retroviruses. Cell cycle distributions of these
cells were recorded using Hoechst 33342 emission and analyzed with Multi2D and
MCYCLE software (Phoenix Flow Systems, San Diego, USA).
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3 Novel mutations, including a large deletion, in the FANCC gene

3.4 Results

Results of the mutation analysis of the ten FANCC patients are given in table 3.2.
Nine are Caucasians and one is from central asia (HAM). In all patients the mu-
tations on both alleles could be identified. Five carried homozygous, the other
five compound heterozygous mutations. All German patients carried the 67delG
mutation on at least one allele; a single patient with no known Askhenazy an-
cestry (K633) was compound heterozygous for the Ashkenazy founder mutation
IVS4+4G>A, and three of five German patients carried a previously unknown
mutation. Three of the nine Caucasian patients carried previously reported mu-
tations.
We discovered seven new allelic alterations, in addition to four mutations that had
been previously reported (67delG by (Strathdee et al., 1992), R548X by (Gibson
et al., 1993b), Q13X by (Verlander et al., 1994) and IVS4+4A>T by (Whitney
et al., 1993)). Two of the newly detected mutations (patients RNT, BAPA) were
splice-site mutations, one a C to A transition in intron 9 (IVS9+1) and the other
an A to G transition in intron 11 (IVS11-2). Both were detected in compound
heterozygous patients, and both led to skipping of the corresponding exon. Two
further novel mutations were a small deletion 428delF (patient MRCN) and a
small insertion 727insCT (patient HLS). The latter introduces the two bases
(CT) into the coding sequence of exon 7 at base position 727. The resulting
frameshift leads to a premature stop-codon (262X) 20 amino acids downstream.
428delTTC represents an inframe triplet deletion, resulting in a protein lacking
a single amino acid, namely phenylalanine. The other novel mutations were
the missense mutations L423P (patient HAM) and T529P (patient MSS1) the
pathogenicity of which had to be established. After sequencing of the entire gene
without detecting any other pathogenic variants, pathogenicity of these two amino
acid changes was proven by site directed mutagenesis and viral transfection into
the FANCC−/− cell line HLS. As illustrated in figure 3.1, mock transfection with
a virus containing only EGFP but no wt-FANCC cDNA did not eliminate the FA-
typical G2 phase arrest. However, transduction with wt-FANCC cDNA caused a
significant reduction of G2 phase blockage proving complementation. Failure of
complementation (meaning persistence of G2 phase blockage) was observed after
transduction with FANCC-cDNA containing the mutations to be tested. Both
base changes were homozygous, and neither of the two patients carreid any futher
alterations as evidenced by sequencing of the complete FANCC gene.
Comparison to the mouse FancC protein indicates conservation of the correspond-
ing protein regions (figure 3.2). Both mutations introduce a proline into the cod-
ing region that may have consequences on the folding of the protein. Moreover,
both mutations are located next to the previously reported amino acid substitu-
tions L554P and L496R in the 3´-region of FANCC, suggesting the impairment
of a functional domain.
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DNA content
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Figure 3.1: Testing for pathogenicity of the missense mutation 1585A>C, T529P
of patient MSSI, using the FANCC lymphoblastoid cell line HLS. The mock-
transfected HLS-cells show the typical FA G2 phase arrest, whereas G2 phase level
of HLS-cells with the WT-FANCC vector (S11FCIEG) +/- addition of MMC
has returned to WT-level. The rightmost cell cycle distribution shows the lack
of complementation after transfection with the S11FCIEG vector containing the
T529P-alteration, which proves the pathogenicity of this amino acid substitution.

L423P
murine     391 PFESWFLFVHFGGWVDLAVAELLLREEAEPPAGLLWLLVFYYSPQDGSQQREQSMV
human     390 PFESWFLFIHFGGWAEM-VAEQLLMSAAEPPTALLWLLAFYYGPRDGRQQRAQTMV

**************    *** **   ****  ***** *** * ** *** * **

T529P
murine     545 TEMAHTDAVIHEIIGFLDQTLYRSQHLCVEASR
human     510 TLMAHTAEITHEIIGFLDQTLYRWNRLGIESPR

* ****    *************   *  *  *

Figure 3.2: Comparison of the human FANCC protein sequence and the murine
FancC demonstrates the conserved character of the two amino acids L423 and
T529. Conserved amino acids are marked with asterisks and the mutated amino
acids are underlined.

A single patient (BAFO) carried homozygous large deletions in the FANCC gene
- a type of mutation not described previously for any FA-C patient. PCR on
genomic DNA yielded no product for exons 1 and 2. Homozygosity of the deletion
was suspected due to consanguinity of the patient´s parents. Sequencing of the
remainder of the gene revealed only a single non-pathogenic sequence variation
to be present in homozygous state (IVS11-37T>C). Using the fragment primers
Fr. A forward and Fr. D reverse, no cDNA full-length PCR product was obtained.
Likewise, the pair of primers for the first cDNA fragment (Fr. A forward and
Fr. A reverse, spanning exons 1-4, table 3.1) revealed no product, but there were
normal fragments using primer pairs B to D. This led to the assumption that
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1     2

750 bp

407 bp

100 bp

500 bp

Figure 3.3: cDNA PCR products of BAFO (1) and his heterozygous mother (2)
using a sense-primer 250 bp upstream of ATG and an antisense-primer lying in
exon 5. PCR with BAFO cDNA revealed one single specific band at 407 bp, his
mother exhibited two different fragments at 407 bp and 750 bp.

the promotor region had to be intact because of an intact downstream mRNA.
As a consequence, forward primers positioned upstream of the ATG start codon
were tested in combination to a reverse primer covering exon 5. The resulting
PCR fragment was 407 bp in length, and sequencing revealed cDNA breakpoints
79 bp upstream from ATG and at base position 251, which represents the first
base of exon 3. Since exon 3 starts with an out of frame ATG, this ATG is
used as new ATG start codon leading to a premature stop codon six amino
acids downstream. The fragment length of a healthy control was 750 bp, and
the heterozygous status of the patient´s mother revealed two products of the
corresponding fragment lengths of 750 and 407 bp (figure 3.3).
Notwithstanding the consanguinity of the parents, quantitave PCR analysis was
used to exclude hemizygosity. We performed two multiplex PCR reactions.
PCR 1 contained FANCC exons 1 and 6 as well as von Willebrand Jürgens disease
gene exon 3 (vWJ3) as an external non FA dose reference; PCR 2 consisted of
FANCC exon 14 and again vWJ3. The ratios of the FANCC PCR products and
the vWJ3 of the patient and of his obligatory heterozygous mother were compared
to that of a healthy control (figure 4). Because of no visible PCR product of exon
1 in patient BAFO, there was no peak for exon 1, but a biallelic peak for exons 6
and 14 (data not shown). The patient´s mother also showed biallelic gene dosage
for exons 6 and 14, but a monoallelic status for exon 1. This result is consistent
with obligate heterozygosity of the patients mother. If the patient´s DNA was
mixed 1:1 with wildtype DNA in order to produce artificial heterozygosity, both
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exon 6/vWJ3 and exon 14/vWJ3 ratios were normal, whereas exon 1/vWJ3 was
aberrant due to the relative lack of an exon 1 product. This finding excludes a
hemizygous deletion of one entire FANCC allele in our patient, because in this
case the exon 6 and exon 14 to vWJ3 ratios would be likewise aberrant. The
existence of a different large deletion on the second allele, including exons 1 and
2 plus exons 3/4/5 could also be excluded because we observed a single full length
PCR fragment (forward primer: 255 bp upstream of ATG, reverse primer: Fr. D
reverse) containing exons 3 to 14.

3.5 Discussion

In contrast to the large FANCA gene, the published spectrum of mutations in the
relatively small FANCC gene appears much less variable. Pathogenic alterations
described include a single microdeletion, a single microinsertion, a single splice-
site mutation, five nonsense and two missense mutations. The low number of
different types of mutations reported so far seems to be due to the prevalence
of typical founder mutations in certain populations or ethnic groups, such as
the Ashkenazi founder mutation IVS4+4A>T and the Dutch founder mutation
65delG (Verlander et al., 1994). The pathogenic alterations published for FANCC
seem to be clustered in both the amino- and the carboxy-terminal region as well
as around exons 5-6, suggesting mutation hot spot regions (Strathdee et al., 1992;
Gibson et al., 1993b; Gibson et al., 1996; Whitney et al., 1993; Lo Ten Foe et al.,
1996c; Lo Ten Foe et al., 1996a; Lo Ten Foe et al., 1998). In the present study,
we detected new mutations in exons 7, 12 and 14 as well as in introns 9 and
11, indicating a more heterogeneous distribution of mutations throughout the
gene. Moreover, the specific types of alterations detected in our patient cohort
seem to differ from those of previous publications as, for example, we did not
find any nonsense mutations and identified the first large intragenic deletion in
FANCC. Given the predominant central European origin of our patients, the
Dutch founder mutation 67delG was the most frequent mutation, but out of
the remaining alleles more than 80% contained previously unknown mutations.
The newly described alterations include, in addition to the large deletion, two
missense mutations (L423P and T529P) in the 3´-area of the FANCC gene, one
small 2bp-deletion and an in frame 3bp-insertion, respectively, as well as two
splice-site mutations. The two splice-site mutations both lead to skipping of the
corresponding exons. A single patient (without any known Ashkenazi ancestry)
carried the the Ashkenazi founder mutation IVS4+4A>T.
We identified seven new mutations that appear to be spread out over the entire
gene (figure 3.5). Seven out of 20 mutated alleles represents a fairly high percent-
age of novel alterations, whereas most of the remaining 13 constitutional muta-
tions were due to the Dutch (8/20) and the Ashkenazi (1/20) founder mutations.
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Retention time [min]

                    RT                     Area           Ratio             Area           Ratio
        Mother                           Control

vWJ3          12.00 min          36376                                36436
E. 6             12.50 min          34618          0,95               39411          1.08
E. 1             13.45 min          19288          0,53               45166          1,23

Mother Healthy control

Figure 3.4: DHPLC diagrams of PCR 1 from a healthy control and the patient´s
obligate heterozygous mother. The upper panel shows the peak intensity over the
retention time, where vWJ3 elutes at 12.0-12.1 min, FANCC exon 6 at 12.5-
12.55 min and FANCC exon 1 at 13.45-13.5 min. The lower panel shows the
corresponding peak areas and the ratio between the FANCC exons and vWJ3,
indicating the mono- or biallelic status of the samples. Compared to the control
sample, the patient´s mother also contains two alleles of exon 6, but obviously
only one allele of exon 1.

These numbers suggest that a high proportion of European FA-C patients may
carry at least one previously undescribed mutation. With respect to screening
strategies this means that if there is no 67delG founder mutation in an Euro-
pean FA-C patient, the entire gene has to be analyzed in order to detect these
"private" alterations.
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1 2 3 4 5 76 8 9 10 11 12 13 14

FANCC

Microdeletions
Microdeletions in frame
Microinsertions
Nonsense mutations
Missense mutations
Splice-site mutations
Large deletions

Figure 3.5: Mutation spectrum of FANCC. Mutations published to date are
marked on top of the schematic exon-intron-structure. Our newly detected muta-
tions are indicated at the bottom of the gene and contain a large deletion of exons
1-2, two splice-site mutations, a microinsertion, a microdeletion in frame as well
as two amino acid substitutions. The distribution of the mutations now seems to
be spread out over the gene, e.g. mutations concerning exons 1, 2, 7, 12 and 14
are described.

Looking at the different types of mutation found in our study, the number of
microinsertions/-deletions and amino acid substitutions is similar to that in the
previous publications. A striking difference to the literature is the lack of nonsense
mutations in our study of ten patients. Instead, our study adds two new splice-
site mutations and reports, for the first time, a large intragenic deletion involving
exons 1 and 2. Screening methods taking the possibility of such large deletions
into consideration should be used if there are difficulties in finding both mutations
in a given patient. For this purpose we employed a sensitive screening method to
verify heterogenous deletions. By measuring the dosage of FANCC exons 1, 6 and
14, deletions spanning these exons can be identified. We have chosen these three
exons for routine screening in order to cover the entire gene region. Deletions
beginning 5´ of FANCC and ending within the gene as well as those beginning
in FANCC and ending 3´ of the gene can be found. Deletions that span only a
few exons within the gene, e. g. exons 2-5 or exons 7-13, might be detected by
conventional RNA/cDNA-screening.
The two newly described amino acid substitutions L423P and T529P were found
in exons 12 and 14, both belonging to the C-terminal region of FANCC. Since
these alterations are both unable to abolish MMC-hypersensitivity and to comple-
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ment FA-C cells after retroviral transfection, their pathogenicity has been firmly
established. They are located close to the two previously published missense mu-
tations, L554P and L496R, suggesting the presence of a functional domain(s) in
that region. Binding of FANCC to FANCA is mediated by carboxyl-terminus
of FANCC, which appears to be a critical region for FANCC function in vivo
(Gavish et al., 1993; Yamashita et al., 1994). This region is predicted to form an
α-helical structure (Yamashita et al., 1994), and L554P disrupts this structure,
leading to loss of FANCC function and FANCA binding. In L423P, the same
amino acids are changed as in L554P. Even though the polarity of the terminal
region is not likely to be altered by the mere exchange of two non-polar amino
acids, there is a local decrease in hydrophobicity due to proline, and a likely con-
formational change (Gavish et al., 1993). In the case of T529P, polarity decreases
because of the alteration of the polar amino acid threonine to the non-polar pro-
line. In addition, hydrophobicity increases after the substitution of threonine by
proline. These biochemical alterations might account for the loss of function of
the resulting FANCC protein.
The mutant L554P fails to bind cdc2 (cyclin-dependent kinase 2) which was
postulated to be correlated with the functional activity of the FANCC protein,
and binding of FANCC to cdc2 might be required for normal G2/M progression
in mammalian cells (Kupfer et al., 1997b). Moreover, the binding of FANCC to
cdc2 seems to be mediated by the carboxy-terminal 50 amino acids of FANCC.
T529P is located within these 50 amino acids and might therefore disrupt cdc2
binding and cell cycle progression.
In conclusion, our study shows that the mutation spectrum of European FANCC
patients is much more variable than assumed to date. Missense mutations with
proven pathogenicity do not appear to be rare, and the existence of large deletions
that escape detection with conventional screening methods must be taken into
account.
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4 Spectrum of mutations in the FANCG/XRCC9 gene

4.1 Abstract

FANCG was the third Faconi anaemia gene identified and proved to be identical
to the previously cloned XRCC9 gene. We present the pathogenic mutations and
sequence variants we have so far identified in a panel of FA-G-patients. Mutation
screening was performed by PCR, single strand conformational polymorphism
analysis and protein truncation tests. Altogether 18 mutations have been deter-
mined in 20 families - 97% of all expected mutant alleles. All mutation types have
been found, with the exception of large deletions, the large majority is predicted
to lead to shortened proteins. One stop codon mutation, E105X, has been found
in several German patients and this founder mutation accounts for 44% of the
mutant FANCG alleles in German FA-G-patients. Comparison of clinical pheno-
types shows that patients homozygous for this mutation have an earlier onset of
the haematological disorder than most other FA-G-patients. The mouse FancG
sequence was established in order to evaluate missense mutations. A putative
missense mutation, L71P, in a possible leucine zipper motif may affect FANCG
binding of FANCA and seems to be associated with a milder clinical phenotype.

4.2 Introduction

The autosomal recessive genetic disorder Fanconi anaemia (FA; MIM 227650) is
genetically highly heterogeneous with seven complementation groups so far estab-
lished and thus seven causative genes anticipated (Joenje et al., 1997) and (Joenje
et al., personal communication). The identification of these genes is an important
goal for understanding the pathophysiology of the disease since the basic defect
is still poorly understood. The characteristic chromosomal breakage observed in
patient cells, particularly after treatment with a bifunctional alkylating agent ca-
pable of forming DNA interstrand crosslinks, has led to the assumption that FA
cells are deficient in the repair of this DNA lesion. However, alternative theories
implicating cell cycle regulation, oxygen detoxification and apoptosis have been
proposed (Digweed and Sperling, 1996; Schindler and Hoehn, 1988).
The clinical picture of FA is characterised by progressive bone marrow failure
and an increased risk of neoplasia, particularly leukemia. In addition, a range
of variable congenital defects such as growth retardation, skeletal abnormalities
including radial aplasia and hyperpigmentation of the skin are observed in some
patients (Glanz and Fraser, 1982). Whilst increased chromosomal breakage re-
mains the critical diagnostic test for FA, recent studies have demonstrated reverse
mosaicism in FA leading to a population of undamaged cells in peripheral blood
lymphocytes (Lo Ten Foe et al., 1997; Waisfisz et al., 1999b).
Of the seven FA genes, four have been identified: FANCA (Lo Ten Foe et al.,
1996b; The Fanconi anemia/Breast cancer consortium, 1996), FANCC (Strathdee
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et al., 1992), FANCF (De Winter et al., 2000b) and FANCG (De Winter et al.,
1998). The localisation of FANCG on chromosome 9p13 was established by ho-
mozygosity mapping and linkage analysis in FA-G-families (Saar et al., 1998), its
identification was achieved by functional complementation of FA-G lymphoblas-
toid cells after cDNA transfer (De Winter et al., 1998). The gene thus identified
was identical to XRCC9, localised on 9p13, and previously identified by virtue
of its ability to complement a crosslinker sensitive hamster cell mutant, UV40
(Liu et al., 1997). The gene covers some 6 kb with 14 exons and has a 2.5 kb
mRNA encoding the FANCG protein of 622 amino acids and a calculated molec-
ular weight of 68 kD. The protein shows no homology to known proteins and its
function is thus unclear. However, several studies have shown that FANCG is
found in the cells as a nuclear complex with the FANCA protein (Waisfisz et al.,
1999a; Kruyt et al., 1998a).
Pathogenic mutations in FANCG were previously reported in four FA-G-patients,
we report here further mutations in 16 FA-G-patients, including common German
and Turkish founder mutations.

4.3 Material and methods

4.3.1 Patients and samples

Patients were diagnosed on the basis of chromosomal breakage tests and clinical
features. Many patients were recruited as part of the European Concerted Action
on FA Research (EUFAR), others were referred to the contributing laboratories
for diagnosis. Clinical data were collected on a standard EUFAR questionnaire.
Where possible, lymphoblastoid cell lines were established by EBV transforma-
tion and fused to the 7 FA reference cell lines to establish complementation group
(Joenje et al., 1997; Joenje et al., 1995a). In some cases, assignment to FA group
G was indicated by the absence of detectable FANCG protein in immunoblots.
DNA and RNA were extracted from LCLs and/or peripheral blood samples by
standard techniques.

4.3.2 Mutation screening

Mutations in the FANCG gene were screened by amplification of all 14 exons from
genomic DNA, using primers flanking the exon/intron boundaries as described
previously (De Winter et al., 1998), or by amplification of FANCG cDNA from
RNA. SSCP analysis under four different conditions was used to identify exon
PCR products with an aberrant mobility pattern; bis-acrylamide: acrylamide
ratios of 1:30 and 1:50, gel runs at 4◦C and at 15◦C. Fragments showing an
aberrant SSCP pattern were sequenced using the ABI 310 (Foster City, CA,
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USA) sequencer to identify the mutations. Most patients showed mobility shifts
in one or more exons, those mutant alleles not detectable by SSCP were sequenced
directly. Some patient samples were screened by RT-PCR and in vitro translation
using standard methods (Roest et al., 1993). Appropriate FANCG exons were
then amplified and sequenced to establish the underlying mutation.
Where possible, the identified mutations were confirmed by restriction enzyme
digest of appropriate PCR products bearing the mutation, by RT-PCR and/or
by examination of DNA from the patients’ parents.

4.3.3 Mouse FancG sequence

A BLAST v2.0 search with the entire FANCG cDNA sequence revealed high
homology (P = 7e-37) to an anonymous murine BAC clone in the GenBank
database (Lamerdin et al., accession no. AC005259). The murine coding sequence
was verified by the amplification of the FancG cDNA from mouse total RNA
by nested RT-PCR using specific primers. The amplified product was 1.9 kb
long, in agreement with estimates for the size of the FancG transcript encoded
by the BAC clone. The RT-PCR product was sequenced and the completed
FancG cDNA sequence has been submitted to GenBank with accession number
AF112439.

4.3.4 Haplotype analysis at the FANCG locus

Examination of the sequence of the P1 clone, 11659 (Lamerdin et al., accession
no. AC004472), containing the entire FANCG gene revealed the presence of a
(CA) dinucleotide repeat at position 5531 of the clone, 48 kb from the 3’ end of
the FANCG coding sequence. Primers were designed which flank this repeat and
65 unrelated individuals were examined for polymorphism in the size of the CA
repeat sequence; 81% of the individuals were heterozygous. This genetic marker
has been given the assignment D9S2176.
DNAs from families in which the common 313G>T or 1649delC mutations seg-
regate were examined for microsatellite markers D9S2176, D9S1853, D9S1874,
D9S1817, and D9S165 located at the FANCG locus. PCR products were anal-
ysed on Pharmacia ALF (Freiburg, Germany) sequencing apparatus.

4.4 Results

The FANCG mutations found in the 16 new FA-G-patients examined here and
for the four patients previously described (De Winter et al., 1998) are detailed in
table 4.1. The majority of mutated alleles (94%) are expected to result in protein
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truncation. Six mutations are small deletions (1, 2, or 10 bp) or insertions (2 bp)
leading to frame shifts and premature termination of translation after, between 4
and 81 novel codons. Six mutations affect the invariable intronic bases of mRNA
splice sites (donor sites of introns 2, 5 and 11; acceptor sites of introns 8, 9 and
13), and would be predicted to result in false splicing, frame shift and truncated
proteins. The loss of exon 2 due to the IVS2+1G>A mutation in patient FA1BER
was verified by RT-PCR and sequencing (figure 4.1). Interestingly, the second
mutant allele, which has a dinucleotide deletion in exon 4, was not detectable in
this RT-PCR, suggesting that the mutated mRNA is unstable. One further splice
mutation affected the last base of exon 12 and was first detected as an aberrant
RT-PCR product lacking the entire exon 12.
The splice mutation IVS8-2A>G leads to two aberrant mRNAs. One RNA
species has exon 8 joined to exon 10, as expected if the acceptor of intron 8
is inactivated. This is predicted to result in protein truncation after 20 amino
acids. The other RNA has exon 8 joined to a cryptic acceptor site 25 bases into
exon 10, leading to truncation after 2 amino acids (data not shown).
Four base change mutations lead to premature stop codons, in exon 4, exon
6 and exon 13, but only one missense mutation has been found so far. The
transition 212T>C, for which the patient EUFA569 is homozygous, leads to the
non conservative amino acid substitution of proline for leucine at position 71.
This mutation was not found in 100 ethnically matched chromosomes and no
other sequence variation was found in this patient´s DNA. Examination of the
mouse cDNA sequence presented here (figure 4.2) shows that the amino acid
leucine is conserved at this position in the mouse sequence. The 18 mutations
found so far show no obvious clustering within the gene (figure 4.3).
Three sequence variants, all affecting amino acid coding, were found in the
FANCG gene of FA-G-patients. These are not considered to be disease related,
since in each case a truncating mutation was found in the same allele. Analy-
sis of 100 ethnically matched chromosomes resulted in the frequencies for these
polymorphisms given in table 4.2. The base change, 77A>G, leading to Q26R
was not found in 70 ethnically matched chromosomes and affects an amino acid
conserved in the mouse sequence, however, it does not disturb complementation
of MMC-sensitivity after transfection into FA-G cells (data not shown) and thus
presumably represents a rare variant.
As with other FA genes, most mutations have been found only once, however,
the truncating mutation, 313G>T, was found in six of nine unrelated German
patients examined. Of the 18 alleles expected amongst these German patients, 8
carry 313G>T. Analysis of microsatellite markers linked to FANCG indicated a
common ancestral haplotype on which the 313G>T mutation occured table 4.3.
The most tightly linked markers, D9S2176 (approx. 50 kb from FANCG) and
D9S1817, each have the same size repeat on the mutant haplotype in all patients.
The D9S2176 allele 335 bp has a population frequency of 0,038. D9S1853 and
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4 Spectrum of mutations in the FANCG/XRCC9 gene

A
+RT -RT

FA1BER

1198 -

517 -

354 -

211 -

+RT -RT
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Exon 1    |     Exon 3

A A G G G C T C C C T G C& $ * * & && * $

Figure 4.1: Detection of an aberrantly spliced mRNA in patient FA1BER. (a) RT-
PCR was used to amplify a cDNA fragment of 365 bp extending from exon 1 to
exon 3 from FA1BER RNA and control RNA. The PCR product from FA1BER
is ca. 90 bp shorter, compatible with the loss of exon 2 due to the splice site
mutation, IVS2+1G>A. (b) Sequence analysis of the aberrantly spliced mRNA
in FA1BER showing the loss of sequence from exon 2.
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4 Spectrum of mutations in the FANCG/XRCC9 gene

10        20        30        40        50        60
MOUSE       MSSQVIPALPKTFSSSLDLWREKNDQLVRQAKQLTRDSRPSLRRQQSAQDTLEGLRELLL
            || |         || ||||||||| ||||||     |   ||||| ||| ||||| ||
HUMAN       MSRQT----TSVGSSCLDLWREKNDRLVRQAK-VAQNSGLTLRRQQLAQDALEGLRGLLH
                        10        20         30        40        50

                    70        80        90       100       110       120
MOUSE       TLQGLPAAVPALPLELTVLCNCIILRASLVQAFTEDLTQDLQRGLERVLEAQHHLEPKSQ
             ||||||||| ||||||| || ||||||| | ||||  || || |||||| |    |
HUMAN       SLQGLPAAVPVLPLELTVTCNFIILRASLAQGFTEDQAQDIQRSLERVLETQEQQGPRLE
               60        70        80        90       100       110

                   130       140       150       160       170       180
MOUSE       QGLKELWHSVLSASSLPPELLPALHCLASLQAVFWMSTDHLEDLTLLLQTLNGSQTQSSE
            ||| ||| ||| || | |||| ||| |  |||  | | | | || ||| ||||||   |
HUMAN       QGLRELWDSVLRASCLLPELLSALHRLVGLQAALWLSADRLGDLALLLETLNGSQSGASK
              120       130       140       150       160       170

                   190       200       210       220       230       240
MOUSE       DLLLLLKSWSPPAEESPAPLILQDAESLRDVLLTAFACRQGFQELITGSLPHAQSNLHEA
            ||||||| |||||||  ||| ||||  | |||||||| ||| ||||||    | | ||||
HUMAN       DLLLLLKTWSPPAEELDAPLTLQDAQGLKDVLLTAFAYRQGLQELITGNPDKALSSLHEA
              180       190       200       210       220       230

                   250       260       270       280       290       300
MOUSE       ASGLCPPSVLVQVYTALGACLRKMGNPQRALLYLTEALKVGTTCALPLLEASRVYRQLGD
            ||||||  |||||||||| | |||||||||||||  ||| |     ||||||| | ||||
HUMAN       ASGLCPRPVLVQVYTALGSCHRKMGNPQRALLYLVAALKEGSAWGPPLLEASRLYQQLGD
              240       250       260       270       280       290

                   310       320       330       340       350       360
MOUSE       RAAELESLELLVEALSATHSSETFKSLIEVELLLPQPDPASPLHCGTQSQAKHLLASRCL
              |||||||||||||    ||     ||||||||| || ||||||||||| || ||||||
HUMAN       TTAELESLELLVEALNVPCSSKAPQFLIEVELLLPPPDLASPLHCGTQSQTKHILASRCL
              300       310       320       330       340       350

                   370       380       390       400       410       420
MOUSE       QTGRAEDAAEHYLDLLAMLLGGSETRFSPPTSSLGPCIPELCLEAAAALIQAGRALDALT
            ||||| ||||||||||| ||  || ||||| |  ||| ||  |||| |||||||| ||||
HUMAN       QTGRAGDAAEHYLDLLALLLDSSEPRFSPPPSPPGPCMPEVFLEAAVALIQAGRAQDALT
              360       370       380       390       400       410

                   430       440       450       460       470       480
MOUSE       VCEELLNRTSSLLPKMSSLWENARKRAKELPCCPVWVSATHLLQGQAWSQLKAQKEALSE
             ||||| |||||||||| ||| |||  |||| || ||||||||||||| || ||| | ||
HUMAN       LCEELLSRTSSLLPKMSRLWEDARKGTKELPYCPLWVSATHLLQGQAWVQLGAQKVAISE
              420       430       440       450       460       470

                   490         500       510       520       530
MOUSE       FSQCLELLFRTLPEDKEQG--SDCEQKCRSDVALKQLRVAALISRGLEWVASGQDTKALS
            || |||||||  || ||||    ||| | || || ||| ||||||||||||||||||||
HUMAN       FSRCLELLFRATPEEKEQGAAFNCEQGCKSDAALQQLRAAALISRGLEWVASGQDTKALQ
              480       490       500       510       520       530

           540       550       560       570             580       590
MOUSE       DFLLSVQICPGNRDGSFYLLQTLKRLDRKNEASAFWR--EAHSQLPLEDAAGSLPLYLET
            ||||||| ||||||  | ||||||||||  || | |           |||  |||||||
HUMAN       DFLLSVQMCPGNRDTYFHLLQTLKRLDRRDEATALWWRLEAQTKGSHEDALWSLPLYLES
              540       550       560       570       580       590

             600       610       620
MOUSE       CLSWIHPPNREAFLEEFGTSVLESCVL
             |||| |  | |||||| ||   || |
HUMAN       YLSWIRPSDRDAFLEEFRTSLPKSCDL
              600       610       620

Figure 4.2: Mouse FancG sequence and alignment to the human FANCG. Con-
served residues are marked by |. The positions of the two possible leucine zippers
are underlined.
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4 Spectrum of mutations in the FANCG/XRCC9 gene

1 2 3 4 5 6 7 8 9 10 11 12 13 14

313G>T

IVS11+1G>C

IVS13-1G>C

1183-1192del

IVS2+1G>A IVS9-1G>C

(E105X)

346-347del
1749delA

1636G>C

212T>C
(L71P)

1649delC

1642C>T
(R548X)

IVS5+1G>T

109-110del

IVS8-2A>G

1715G>A
(W572X)

652C>T
(Q218X) 1310-1311insGA

Figure 4.3: Positions of the mutations detected in FANCG. The exons and in-
trons of the FANCG gene are shown together with the positions of the mutations
presented here. Splice mutations are shown below the gene, insertions, deletions
and amino acid substitutions, above the gene.

Patient code Variant Effect Mouse sequence Frequency Exon State a

EUFA313 890C>T T297I A <0,01 7 HET
EUFA636
F99/186

20C>T S7F K 0,01 1 HOM

PRU63622 77A>G Q26R Q - 1 HOM

a HET = compound heterozygote; HOM = homozygous

Table 4.2: FANCG sequence variants detected in Fanconi anemia patients.
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4 Spectrum of mutations in the FANCG/XRCC9 gene

EUFA EUFA EUFA EUFA F99/ EUFA EUFA cM a

143mat 1093mat 316 143pat 112 1093pat 348
D9S1853 249 249 249 249 251 261 257 53,60
D9S165 212 212 212 212 212 212 216 58,26
D9S2176 335 335 335 335 335 335 335
D9S1817 257 257 257 257 257 257 257 59,34
D9S1874 195 195 195 197 197 197 195 61,38

a Genetic distance in cM from 6pter taken from the Marshfield Medical Research Foundation
(http://www.marshmed.org/genetics/).

Table 4.3: Haplotypes at the FANCG locus on 313G>T alleles. Sizes of PCR
products containing (CA)n repeats at the listed loci are given in bp. Conserved
alleles are printed in bold letters.

D9S165 have the same alleles in most patients but also show evidence of haplotype
erosion due to mutation and/or recombination. The transversion 313G>T thus
represents a common FANCG founder mutation in Germany. A further common
mutation amongst German patients is the 10 bp deletion, 1183-1192del. This is
present only together with the sequence variant 1182T>C, not found amongst
100 matched chromosomes (data not shown) thus indicating a common origin.
Evidence for a founder chromosome amongst Turkish patients is given by two pa-
tients homozygous for the deletion 1649delC. Again there is a common haplotype
at D9S2176 (327 bp) and D9S1817 (267 bp) in these patients (data not shown).
These patients also share the sequence variant, S7F (table 4.2).
The phenotypes of 23 of the patients for whom FANCG mutations have been
established here are given in a standardised format for a selection of particularly
common clinical features in table 4.4 and table 4.5. The heterogeneity charac-
teristic for FA is clearly demonstrated, even the sibling pairs show discordance
for several symptoms. The average age of haematological onset in this group of
patients is 6.1 years (range 0 to 15 years), not significantly different from that
found in other FA complementation groups (Faivre et al., personal communica-
tion); growth retardation and café au lait spots are common (78% and 75% of
patients, respectively). Thumb malformations and microphthalmia are present
in less than half the patients (36% and 36%, respectively).

4.5 Discussion

Mutation analysis by SSCP of amplified exons has proved to be highly efficient
for detection of mutations in FANCG. In the 20 patients screened for mutations
in the FANCG/XRCC9 gene, a total of 18 different mutations which are likely to
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4 Spectrum of mutations in the FANCG/XRCC9 gene

Patient Sex Age Hematologi- Thumb Micro- Micro-
code at cal onset malfor- ce- phthal-

present (years) mation phaly mia
EUFA0281 F 12.4 5.5 - + -

{ EUFA0313 F 17.4 10.5 - + +
F99/112 F 10.0 9.5 - - +
FA1BER M 10.8 a 6.0 - - -

EUFA1093 M 5.8 2.4 + + +
F99/186 M 0.3 0.0 - - -
EUFA636 M 19.0 a 15.0 - + -
10981-95-3 F 9.0 a 5.0 + + +{
10981-95-2 M 10.0 a 9.0 + - -
EUFA569 F 26.0 13.0 - + +
EUFA624 M 11.0 a 7.0 - + +
F99/121 M 5.3 1.5 - - -

DF3 M 9.4 7.0 - + -
PRU63622 F n.a. 3.0 n.a. n.a. n.a.
EUFA0334 F 16.0 a 7.0 - - -

{ SdC01 F 9.0 a 5.0 + + -
EUFA143 M 14.2 a 1.4 + - -
FA15BER M 17.3 a 7.1 - + -

{ FA23BER F 10.6 a 8.8 - + -
EUFA316 F 9.3 3.5 + + +

{ FA26BER F 2.8 - - - -
EUFA348 M 10.0 4.8 + + +

{ EUFA349 M 8.3 3.0 + + -

a age at death

Table 4.4: Clinical data on FA-G-patients. Affected siblings are shown in paren-
thesis ({); n.a. = No data available. (to be continued in table 4.5)

be pathogenic were identified. Of these, >90% were initially detected by SSCP or
similar indirect methods. Thirteen of the patients were proved to have homozy-
gous mutations and this was expected in seven of these due to consanguinity.
For the compound heterozygous patients, only one mutation could not be deter-
mined, although this allele is expressed at the mRNA level as shown by RT-PCR
(data not shown). This equates to a detection rate of 97% using the method-
ology described here, contrasting strongly with the situation in FANCA, where
frequent partial deletions make mutation analysis difficult (Wijker et al., 1999;
Morgan et al., 1999).
The majority of the mutations described are expected to yield truncated FANCG
proteins varying from 7% to 95% of the wild type 68 kD. FANCG is known to

59



4 Spectrum of mutations in the FANCG/XRCC9 gene

Patient Cutaneous symp- Growth Organ ab- MDS/
code toms, café au lait/ retar- normalities AL

hypopigmentation dation
EUFA0281 +/- + none -/-
EUFA0313 +/- + none -/-
F99/112 +/+ - none +/-
FA1BER -/- + liver +/+

EUFA1093 +/+ - GIT, kidney -/-
F99/186 -/- + heart -/-
EUFA636 +/- + hypogonadism +/-
10981-95-3 n.a. + kidney -/+
10981-95-2 n.a. - n.a. -/+
EUFA569 +/+ + none -/-
EUFA624 +/+ + none -/+
F99/121 -/- + esophagus -/-

DF3 +/- + kidney +/-
PRU63622 n.a. + n.a. n.a.
EUFA0334 +/- + none -/-

SdC01 +/- + kidney -/-
EUFA143 +/- + hypogenitalia -/-
FA15BER +/- + none +/-
FA23BER -/- - CNS +/+ a

EUFA316 +/+ + heart, kidney +/-
FA26BER -/- - none -/-
EUFA348 +/- + none -/- a

EUFA349 +/- + kidney -/-

a Patient received transplant

Table 4.5: Continuation of table 4.4. (GIT = Gastro intestinal tract; CNS =
Central nervous system; n.a. = No data available; MDS = Myelodysplastic syn-
drome; AL = Acute leukemia)

form a complex with FANCA, and it has been shown that this binding is due to
sequences both in the amino terminal and the carboxy terminal ends of the protein
(Huber et al., 2000) and (Kuang et al., personal communication). The carboxy
terminal binding region has been shown to involve sequences coded by exon 10
and exon 14 (Kruyt et al., 1998a), thus offering a pathogenic mechanism even for
those expected mutant proteins truncating in exons 13 and 14. The mutation in
patient DF3 leads to an interstitial deletion of exon 12 and a deduced protein of
58 kD, it is likely that the relative positioning of the binding regions coded by
exon 10 and exon 14 is thus disturbed.
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4 Spectrum of mutations in the FANCG/XRCC9 gene

Only one missense mutation has been found and its physiological relevance is
revealed by comparison with the mouse cDNA sequence presented here. A com-
parison of the FancG sequence with that of FANCG is shown in figure 4.2. The
two orthologues show 71.8% identity and 88% similarity at the amino acid level.
Direct comparison of the murine and human protein sequences allows the identi-
fication of totally conserved and conservatively substituted residues which might
be essential for biological function. Attention has been drawn to leucine zipper
motifs in the FANCA and FANCG proteins (Lo Ten Foe et al., 1996b; The Fan-
coni anemia/Breast cancer consortium, 1996; Liu et al., 1997). In the case of
murine FancG, this motif (a heptad repeat of leucine residues of the form L-X6-
L) is not totally conserved (figure 4.2). Interestingly, the murine protein also
contains another shorter leucine zipper motif from residues 58-79 which is not
totally conserved in the human protein. The missense mutation L71P in patient
EUFA569 is located directly in the second putative leucine zipper at a conserved
leucine residue. Substitution of leucine by proline is likely to disrupt secondary
structure in this region of the protein. It seems plausible that the disturbance
of this leucine zipper prevents an essential protein:protein interaction required
for FANCG function. Interestingly, LCLs from patient EUFA569 show neither
FANCA nor FANCG signals in immunoblots (data not shown) suggesting that
the L71P mutation destabilises the protein, perhaps due to a failure to complex
with its partner, FANCA. We have observed interdependence of protein signals in
immunoblots in other patients of both FA-A and FA-G complementation groups
(Waisfisz et al., 1999a).
Of 35 assigned German families, nine belong to complementation group FA-G
making this the second largest group in Germany after FA-A (68%). The 313G>T
mutation accounts for 44% of the alleles in German FA-G-patients and is clearly
due to a founder effect. Whilst there is generally no clear correlation between the
mutations described here and the clinical symptoms, the two patients homozy-
gous for the common 313G>T mutation do show a relatively early onset of the
haematological disorder at 1.4 and 2.4 years in comparison with an average of
6.1 years for the 23 FA-G-patients as a whole (table 4.4). The putative missense
L71P mutation found in patient EUFA569 would seem to lead to a disease with
later onset (13 years) and milder clinical course. This patient is currently haema-
tologically healthy at 26 years of age. The founder mutation, 1649delC, among
Turkish patients is not obviously associated with a particular clinical phenotype.
One of the patients described here, FA1BER, was originally diagnosed with Estren
Dameshek anaemia, considered to be a subtype of FA without malformations
(Kunze, 1980; Schmid and Fanconi, 1978). However, this patient has mutations
in the FANCG gene as do other patients with a more classical phenotype. There
is, therefore, no genetic basis for the Estren Dameschek subtype. Fibroblasts from
the patient FA1BER, which would have, if at all, a truncated FANCG protein
of 4.6 kD, have been examined extensively in various laboratories and have been
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4 Spectrum of mutations in the FANCG/XRCC9 gene

shown to have several biochemical defects. Analysis of psoralen interstrand DNA
crosslinks in these cells using isopyknic centrifugation of denatured genomic DNA
provided one of the few demonstrations of a crosslink removal defect in Fanconi
anaemia (Gruenert and Cleaver, 1985). Persisting DNA crosslinks are expected
to prevent semiconservative DNA replication, and indeed a permanently reduced
DNA synthesis rate after a crosslinking treatment has been shown for these cells
(Digweed et al., 1988). Nevertheless, the repair of UV-induced thymine dimers is
normal in these cells (Klocker et al., 1985), reflecting the fact that lesions affecting
just one DNA strand are repaired by the independent pathways of base-excision
and nucleotide-excision repair.
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5 Natural gene therapy: molecular self-correction in FA

5.1 Abstract

Fanconi anemia (FA) is a genetically and phenotypically heterogenous autosomal
recessive disease associated with chromosomal instability and hypersensitivity
to DNA crosslinkers. Prognosis is poor due to progressive bone marrow failure
and increased risk of neoplasia, but revertant mosaicism may improve survival.
Mechanisms of reversion include back mutation, intragenic crossover, gene con-
version and compensating deletions/insertions. We describe the types of reversion
found in five mosaic FA-patients who are compound heterozygotes for single base
mutations in FANCA or FANCC. Intragenic crossover could be proven as the
mechanism of self-correction in the FANCC-patient. Restoration to wildtype via
back mutation or gene conversion of either the paternal or maternal allele was
observed in the FANCA-patients. The sequence environments of these muta-
tions/reversions were indicative of high mutability, and selective advantage of
bone marrow precursor cells carrying a completely restored FANCA allele might
explain the surprisingly uniform pattern of these reversions. We also describe a
first example of in vitro phenotypic reversion via the emergence of a compensat-
ing missense mutation 15 amino acids downstream of the constitutional mutation,
which explains the reversion to MMC-resistance of the respective lymphoblastoid
cell line. With one exception, our mosaic patients showed improvement of their
hematological status during a 3 to 6 year observation period, indicating a prolif-
erative advantage of the reverted cell lineages. In patients with Fanconi anemia,
genetic instability due to defective caretaker genes sharply increases the risk of
neoplasia, but at the same time increases the chance for revertant mosaicism
leading to improved bone marrow function.

5.2 Introduction

The genome of long-lived, warm blooded species such as ours suffers continuous
damage from a variety of exogenous and endogenous sources. In order to coun-
teract this threat, a number of gene families have evolved that recognize DNA
damage and initiate its repair and/or elimination. Some of these "guardian"
functions are carried out by genes that are responsible for the maintenance of our
somatic genome. Mutations in such caretaker genes lead to genetic instability
in somatic cells and mutator phenotypes, whose most detrimental manifestations
are neoplasia (Cahill et al., 1999) and premature aging (de Boer et al., 2001).
During the past few years it has been recognized that genetic instability may
not only be detrimental but potentially beneficial for some of the affected pa-
tients. This is because genetic instability appears to increase the opportunity
for correction of the constitutional genetic error in a proportion of body cells
by reversion and/or compensation of the original mutation. For example, in
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the case of compound heterozygous Bloom syndrome and Fanconi anemia (FA)
patients, revertant mosaicism has been described in peripheral blood cells reflect-
ing the side by side existence of defective and self-corrected cell lineages (Ellis
et al., 1996; Lo Ten Foe et al., 1997). In situations where self-correction con-
fers a proliferative advantage, the progeny of the self-corrected precursor cell
can be expected to gradually replace the defective cell population (Hirschhorn
et al., 1996; Stephan et al., 1996). Somatic cell mosaicism as the result of self-
correction has important clinical implications. In the case of Fanconi anemia,
clonal expansion of a corrected bone marrow stem or early progenitor cell may
lead to complete reversal of the disease phenotype in the periphery such that
the definitive laboratory diagnosis must employ other than peripheral blood cells
(Joenje et al., 1998). With regard to gene therapy, the observed in vivo growth
advantage of self-corrected cells is encouraging, and emergence of mosaicism may
in fact mitigate and improve the natural course of the disease in at least some
of the FA-patients (Lo Ten Foe et al., 1997). In this positive context, it may be
justified to speak of "natural gene therapy" (Youssoufian, 1996b). A negative as-
pect concerns bone marrow transplantation where the co-existence of blood cells
with different sensitivities towards cytotoxic agents complicates the conditioning
regimen. Finally, the phenomenon of somatic cell mosaicism may contribute to
the pronounced clinical heterogeneity encountered among patients with Fanconi
anemia.
We here document somatic cell mosaicism due to self-correction in five FA-
patients. We define the underlying mutations in different patient tissues, and test
their functional significance by site-directed mutagenesis and complementation
analysis using retroviral vectors. In addition to previously reported mechanisms
of reversion of cellular phenotypes (such as back mutation, intragenic crossover,
gene conversion, and compensating deletions/insertions; (Lo Ten Foe et al., 1997;
Waisfisz et al., 1999b; Gregory et al., 2001)) we describe a compensating missense
mutation downstream of the original base change as an in vitro mechanism of phe-
notypic reversion that explains the MMC-resistance of the lymphoblastoid cell
line in one of our patients. Four of our five mosaic patients showed a gradual
improvement of blood counts during a 3 to 6 year observation period, indicating
the clinical relevance of revertant mosaicism.

5.3 Material and methods

5.3.1 Cell culture, cell cycle studies and complementation
testing

The five patients we describe were referred to our laboratory in order to confirm
or rule out the clinical suspicion of Fanconi anemia. Peripheral blood and skin

65



5 Natural gene therapy: molecular self-correction in FA

biopsy samples were obtained with informed consent. Mononuclear blood cells
isolated by Ficoll separation were used for direct transfections, for 72 h PHA
lymphocyte cultures, and for the establishment of EBV-transformed lymphoid
cell lines (LCL). LCL were maintained in RPMI-media (Gibco) with 16% fetal
bovine serum. Fibroblast cultures were established using standard cell culture
procedures and MEM-media supplemented with glutamine and 16% fetal bovine
serum. All cell cultures were kept in high humidity incubators equipped with
CO2 and O2 sensors in an atmosphere of 5% (v/v) CO2 and 5% (v/v) O2 by
replacing air through nitrogen. Chromosome breakage studies following exposure
to various concentrations of mitomycin C were performed according to standard
protocols (Schroeder-Kurth et al., 1989). Cell cycle studies employed bivari-
ate BrdUrd/Hoechst flowcytometry as previously described (Poot et al., 1994;
Seyschab et al., 1995). Assignment of patient cells to a given FA complemen-
tation group was achieved via complementation analysis using retroviral vectors
containing inserts of the full-length cDNAs of FANCA or FANCC (Hanenberg
et al., 2002) and (Lobitz et al, manuscript in preparation).

5.3.2 Mutation analysis

Genomic DNA extracted from 2nd to 4th passage primary fibroblast cultures was
used for SSCP-prescreening. SSCP analysis was performed on native acrylamide
gels (Amersham Pharmacia, Freiburg, Germany) at 14◦C. Fragments showing an
aberrant SSCP pattern were sequenced using the ABI 310 sequencer to identify
the mutations. The FANCA-gene was amplified in 41 fragments containing all 43
exons and the FANCC-gene was amplified in 14 fragments containing all 14 exons
of the gene, using primers flanking the exon/intron boundaries. All detected
mutations were confirmed at the cDNA level. In patients where only a single
mutation had been detected by SSCP screening we performed RT-PCR in order
to rule out large heterozygous deletions. Aberrant bands in 1% agarose gels of
cDNA-fragments were sequenced directly.

5.3.3 Site directed mutagenesis

In order to confirm the pathogenic status of novel amino acid exchanges they
were analyzed by transducing the FANCA wildtype containing the mutations
L324R and R951Q as well as the combination of R951Q and Q966A into the
pSL1180/FANCA vector (Amersham Biosciences, Freiburg, Germany; modified
by introducing wildtype FANCA). Sequences of the phosphorylated mutagenic
primers were designed according to the manufacturer´s instructions (QuikChange
Site-Directed Mutagenesis Kit, Stratagene, Amsterdam, Netherlands) and were
as follows:
L324R/for 5´-TCAGTCATACCCGGACTCAGATACTC-3´,
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L324R/rev 5´-GAGTATCTGAGTCCGGGTATGACTGA-3´,
R951Q/for 5´-CAGATACTGAACAGCAGGACTTCCAC-3´,
R951Q/rev 5´-GTGGAAGTCCTGCTGTTCAGTATCTG-3´,
Q966A/for 5´-CTTTCTCCCTGCGTCCTCGGCTTC-3´ and
Q966A/rev 5´-GAAGCCGAGGACGCAGGGAGAAAG-3´
(modified nucleotides are written in bold letters). The reaction was performed
in 50 µl-reactions containing 20 ng of plasmid DNA, 125 ng of each mutagen-
esis primer, 1,5 mM MgCl2, 1x reaction buffer, 200 nM dNTPs and 2,5 Units
Pfu-Turbo DNA Polymerase (Stratagene, Amsterdam, Netherlands). An initial
denaturation for 30 s at 95◦C was followed by amplification for twelve cycles,
each with denaturation for 30 s at 95◦C, annealing for 60 s at 55◦C and exten-
sion for 16 min at 68◦C. After placing the reactions on ice for 2 min, 10 Units
DpnI were added and the reaction was incubated at 37◦C for 1 h to digest the
parental supercoiled dsDNA. The FANCA coding sequences carrying the desired
mutations were directionally cloned as 4.5 kb NotI/NotI DNA fragments into
the LFAPEG expression vector and sequenced to show the integrity of the entire
coding sequence except for the presence of the targeted mutations. The FA-A
null cell lines PIR and SNE (both patients carrying large homozygous deletions
in the FANCA gene) were stably transfected with the targeted cDNAs and tested
for correction of MMC-hypersensitivity as described below.

5.3.4 Retroviral vectors and transfections

The LFAPEG and LFCPEG plasmids were used for complementation studies as
previously described (Hanenberg et al., 2002). LFAPEG was used for site di-
rected mutagenesis testing. This vector is a derivative from MSCV2.1 (Hawley
et al., 1994) containing FANCA-WT and EGFP (enhanced green fluorescent pro-
tein), where the FANCA cDNA is expressed off the retroviral LTR and the EGFP
cDNA is under control of the internal murine PGK promotor from MSCV2.1. In
LEG (mock transfection), EGFP was directly expressed off the LTR. For site di-
rected mutagenesis studies, the packing cell line, 293T-derived ecotropic Phoenix
cells (Nolan, 1996, Phoenix cells, www-leland.stanford.edu/group/nolan), was
transfected with 10-20 µg of the FANCA plasmid DNA using FuGene6 (Roche,
Mannheim, Germany). After two days retrovirus containing supernatants (SNs)
were harvested, filtered with 45 µm and used for transducing NIH/3T3-derived
pg13 cells (Miller et al., 1991) three times in the presence of 7.5 µg/ml protamin
(Roche, Mannheim, Germany). GALV-pseudotyped retroviruses were harvested
from pg13 cells as previously described (MacNeill et al., 1999). The cell lines
of our patients as well as the PIR and SNE cell lines were cultured on the fi-
bronectin fragment CH-296 as described previously (MacNeill et al., 1999; Pollok
et al., 1998; Hanenberg et al., 1996; Hanenberg et al., 1997). Cells were grown
for at least two days after the last exposure to virus-supernatants in order to
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ensure stable expression of the cDNAs from the integrated proviruses. Treated
cells were cultured in triplicates in the presence of increasing concentrations of
MMC (Medac, Hamburg, Germany). Six days later, cells were harvested for
flowcytometry.

5.3.5 Flowcytometry

Flowcytometry was carried out on a BD-LSR Instrument (Becton Dickinson,
Heidelberg, Germany) equipped with Argon (emission at 488nm) and Helium-
Cadmium (emission at 325nm) lasers. 30 min prior to cell harvest, the DNA-dye
Hoechst 33342 was added to the cultures at a final concentration of 8 µg/ml.
After harvest by trypsinisation, cells were stained for 10 min with propidium
iodide (PI) (Sigma, Heidelberg, Germany) at a final concentration of 6 µg/ml.
Using the PI versus Hoechst setting, live and dead cells were first separated,
followed by the EGFP versus Hoechst setting, allowing discrimination between
successfully transfected (green fluorescence) and non-transfected cells. DNA-
content distributions showing G1 and G2 phase peaks were determined for EGFP
positive cells.

5.4 Results

When 72 h cultures of peripheral blood mononuclear cells from healthy donors are
exposed to increasing concentrations of MMC, there is only a minimal increase of
metaphases that show more than three breakage events per cell (figure 5.1, left-
most columns). In contrast, metaphases from FA-patients show more than ten
breaks per cell after exposure to MMC (figure 5.1, rightmost columns). In our
five patients, chromosome breakage studies of 72 h mononuclear blood cell cul-
tures yielded various degrees of bimodal breakage distributions after exposure to
50 and 100 ng/ml MMC, indicating the simultaneous presence of MMC-sensitive
and MMC-resistant cells (figure 5.1, middle columns, patient STT). Bivariate Br-
dUrd/Hoechst flowcytometry of 72 h peripheral blood mononuclear cell cultures
of our five patients revealed cell cycle distributions and G2-phase accumulations
intermediate (figure 5.2b) between controls (figure 5.2a) and previously confirmed
FA-patients (figure 5.2c). At the time of their first diagnostic evaluation, the cell
cycle test placed all five of our patient blood samples within the lower end of the
Fanconi anemia cohort (figure 5.2d). However, during the course of a 3 to 6 year
observation period, their cell cycle patterns gradually merged with those of the
healthy controls (data not shown).
The bimodal distribution of chromosomal breakage rates and the results of the
cell cycle analysis therefore suggested the presence of a mixture of MMC-sensitive
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and MMC-resistant mononuclear blood cells and a mixture of cells with a dis-
turbed and a normal cell cycle pattern. EBV-transformed lymphoid cell lines
of the five patients were uniformly MMC-resistant. In contrast, the patients´
fibroblast cultures were uniformly MMC-sensitive as evidenced by elevated chro-
mosome breakage (with unimodal breakage distributions), G2-phase blockage,
and lack of cell growth following five day exposures to 3 ng/ml MMC (data not
shown). Altogether, these findings indicated a FA-positive cellular phenotype
in the patients´ fibroblasts, whereas the patients´ mononuclear blood cells con-
sisted of variable mixtures of cells with FA and control cell phenotypes. In order
to clarify the cellular genotype-phenotype correlations in our patients, comple-
mentation and mutation studies were performed with DNA isolated from their
fibroblasts, and the results were compared to DNA isolated from their primary
peripheral blood mononuclear cells and EBV-transformed lymphoid cell lines.

CON Mosaic FA

Fr
eq
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nc

y 
[%

]

Breakages/metaphase

Figure 5.1: Chromosome breakage analysis of 72 h peripheral blood mononuclear
cells in control (left panel), mosaic (center panel) and other FA blood (right panel)
donors without and after exposure to 50 and 100 ng/ml MMC. The number of
breaks per cell (horizontal axis) was analyzed in 100 metaphases each. Bars rep-
resent percentages of metaphases with zero to more than 10 breaks per cell. The
center panel represents results of the breakage analysis in patient STT with evi-
dence for a bimodal distribution of breakage rates after exposure to MMC.

Patient 1, URD, was assigned to complementation group A by showing elimina-
tion of G2-phase blockage after transfection of his fibroblasts with the FANCA
vector (figure 5.3a). Mutation analysis (SSCP and sequencing) of the patient´s
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Figure 5.2: (a-c) 72 h cell cycle distributions of PHA-stimulated peripheral blood
monunuclear cells analyzed via two parameter flowcytometry (BrdUrd/Hoechst
technique, (Poot et al., 1994)). First cell cycle G2-phase compartments are de-
noted by arrows. Compared to controls (a), mosaic (b) and other FA-patients (c)
show increasing accumulations of cells in G2 and decreasing cell cycle progression.
(d) Sum of G2-phases over growth fraction (horizontal axis) versus percentage of
G0/G1 phase cells (vertical axis) were assessed via flowcytometry and plotted for
controls (solid circles), the 5 mosaic patients under investigation (solid squares)
and other FA-patients (solid diamonds). Our 5 mosaic patients display positions
within, but on the leftmost margin of the FA-patient cluster. Mosaicism has not
been excluded for other FA-patients with similar low X-axis positions. Assuming
all patients with X-axis positions between 0.29 and 0.41 would be mosaics, this
would amount to 38% (44 of 169 FA-patients).

fibroblast cultures revealed compound heterozygosity for two FANCA nonsense
mutations (856C>T, Q286X in exon 10 and 3976C>T, Q1326X in exon 40; ta-
ble 5.1). Sequencing of the corresponding exons in DNA prepared from the
patient´s MMC-resistant lymphoblastoid cell line showed that the exon 10 non-
sense mutation had reverted to wildtype (figure 5.3b). The same reversion was
found in DNA extracted from the patient´s peripheral blood mononuclear cells.
As a consequence of the reversion, the patient´s blood cells have acquired a het-
erozygous state which normalizes their chromosome breakage rates and cell cycle
patterns, and which explains the MMC-resistance of the patient´s LCL. These in
vitro changes were accompanied in vivo (beginning at age 11) by improvements
of the patient´s haematological parameters (figure 5.4).
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a

b

Figure 5.3: Complementation and mutation analysis in patient URD (a) Elimi-
nation of G2-phase blockage of virus-transfected fibroblasts after MMC treatment
in patient URD shown by flowcytometry. Mock transfected fibroblasts (EGFP)
display massive G2-phase accumulation, whereas the G2-phase peak of fibroblasts
transfected with the vector LFAPEG containing the WT FANCA gene has re-
turned to control levels. URD fibroblasts transfected with WT FANCC or WT
FANCG containing viruses (LFCPEG and LFGPEG) behave like mock trans-
fected fibroblasts (data not shown). (b) URD fibroblasts carry the heterozygous
mutation 856C>T, Q256X, leading to a premature stop-codon, whereas the lym-
phoblastoid cell line derived from patient URD displays homozygosity for the WT
codon CAG (Glutamine). The same reversion was found in the patient´s native
peripheral blood mononuclear cells (data not shown).

Patient 2, STT, was assigned to complementation group A by retroviral transfec-
tion of his fibroblast culture. Mutation analysis (SSCP and sequencing) revealed
a single nonsense mutation, 862G>T, E288X, in exon 10 of FANCA, which has
been described before (Morgan et al., 1999). Sequencing of the complete ge-
nomic DNA failed to detect a second mutation. On the basis of cDNA analysis
a defective promoter region is unlikely because of the presence of a second allele.
Rather, the distribution of heterozygous polymorphisms suggests the presence of
a large deletion as the second mutation. The extent and nature of the deletion
could not be further clarified with the materials available. Sequencing of the pa-
tient´s MMC-resistant lymphoblastoid cell line and of his native peripheral blood
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Figure 5.4: Time course of haematological parameters in patient URD.

Patient YoBa Compl. Mutations Reference Mechanism of
code groupb reversion
URD 1987 FA-A 856C>T, Q256X (Wijker et al.,

1999)
Back mutation to
WT

3976C>T,
Q1326X

present paper

STT 1992 FA-A 862G>T, E288X (Morgan
et al., 1999)

Back mutation to
WT

not detected
MRB 1994 FA-A 971T>G, L324R present paper Back mutation to

WT
IVS9-1G>T present paper

RNT 1991 FA-C 67delG (Strathdee
et al., 1992)

Intragenic

IVS11-2A>G present paper crossover
EUFA-
173

1974 FA-A Del. exons 17-31 (Joenje et al.,
2000)

2852G>A, R951Q (Joenje et al.,
2000)

Back mutation to
WT

2897A>C, E966A present paper Compensatory
missense mutation

a Year of Birth b Complementation group

Table 5.1: Patient codes, birthdates and constitutional mutations as determined
from fibroblast DNA.

mononuclear cells showed that the nonsense mutation in exon 10 had reverted to
wildtype, both in the patient´s T- and B-cells (data not shown).
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Clinically, the patient suffered from anemia and thrombocytopenia right after
birth. His erythrocyte and leukocyte counts improved gradually during his first
year of life, whereas his thrombocyte counts started to improve between ages
3 and 6. Currently, at age 12, thrombocytes are 112 Gpt/l, hemoglobin is
11.1 mmol/l, erythrocytes are 3.5 Gpt/l and leukocytes 7.4 Gpt/l.
Patient 3, MRB, was assigned to complementation group A by normalization of
his cell cycle pattern after transfection of his fibroblasts with the FANCA vector
(figure 5.5a). Mutation analysis of the patient´s fibroblast DNA revealed two not
previously reported mutations, one splice-site and one missense mutation. The
paternal splice-site mutation IVS9-1G>T destroys the conserved acceptor splice-
site in front of exon 10. An alternative AG dinucleotide dowstream is used,
which is located in exon 10 and results in a 32 nt deletion at the mRNA level,
leading to a frameshift and a truncated protein nine amino acids downstream.
The maternal missense mutation (971T>G, L324R) affects a conserved residue
in the murine Fanca sequence, suggesting its functional significance. In order
to provide definitive proof of its pathogenicity, the substitution was introduced
into pSL1180/FANCA by site directed mutagenesis and the altered FANCA cod-
ing sequence was directionally cloned as a 4.5 kb NotI/NotI DNA fragment into
the LFAPEG expression vector. After packaging this plasmid into the retroviral
vector, the FANCA−/− cell lines SNE and PIR were stably transfected with the
targeted FANCA cDNA and tested for correction of their MMC-hypersensitivity.
As shown in figure 5.5b, transfection with the targeted FANCA vector failed
to abrogate the G2-phase cell cycle blockage of FANCA null cells, just like
mock transfection with the EGFP-only vector (LEG) or transfection with the
FANCC containing vector (LFCPEG). In contrast, transfection of null cells with
the LFAPEG vector carrying the wildtype FANCA gene restored a normal cell
cycle pattern. Altogether, these experiments prove that the amino acid change
L324R is a pathogenic mutation. Sequencing of the patient´s MMC-resistant
EBV-transformed cell line and of his native peripheral blood mononuclear cells
revealed that the mutation 971G>T had reverted to wildtype (figure 5.5c), ex-
plaining the reversion of the patient´s blood cells to functional heterozygosity.
Within an observation period of four years, the patient´s thrombocyte counts
increased from 38.000 to 139.000 Gpt/ml, total leukocytes from 4.1 to 5.6 Gpt/l,
Granulocytes from 1.2 to 3.5 Gpt/l and hemoglobin from 11.9 to 13.1 mmol/l.
This suggests that the reversion event took place in a very early progenitor of all
these cell lineages.
Patient 4, RNT, was assigned to complementation group C by transfection of his
cultured fibroblasts with the FANCC vector. His genomic DNA (from fibroblasts)
had the known founder mutation 67delG (Strathdee et al., 1992) in addition to
a not previously reported splice-site-mutation IVS11-2A>G, which destroys the
conserved acceptor splice-site in front of exon 12 and leads to skipping of exon
12. In contrast to the previous patients, both mutations were still present in
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a

b

c

Figure 5.5: Complementation and mutation analysis in patient MRB. (a) Mock
transfected fibroblasts (LEG) show the typical FA G2-phase arrest, whereas G2-
phase accumulations of fibroblasts with the complementing vector containing the
WT FANCA gene (LFAPEG) have returned to WT levels. MRB-fibroblasts trans-
fected with WT FANCC or WT FANCG containing viruses (LFCPEG and LFG-
PEG) behave like mock transfected fibroblasts (data not shown). (b) Testing
for pathogenicity of the maternal missense mutation 971T>G, L324R, of pa-
tient MRB, using the FANCA−/− lymphoblastoid cell line SNE. The respective
cell cycle distributions (from left to right) show complementation of SNE after
transfection with the WT FANCA vector (LFAPEG), lack of complementation in
mock transfected cells (LEG) after transfection with LFAPEG vector containing
the 971T>G-mutation (which proves the pathogenicity of the mutation) as well
as lack of complementation with the WT FANCC (LFCPEG) containing vector.
(c) Sequencing analysis of the reversion of patient MRB. His fibroblasts carry the
heterozygous missense mutation 971T>G, L324R, whereas the mutated maternal
allele decreases in the lymphoblastoid cell line and in native peripheral blood cells,
confirming the patient´s incomplete mosaic status. In the patient´s fibroblasts,
the proportion of WT (T) and mutated nucleotides (G) amounts to 1:1. This ratio
increases to 2:1 in the lymphoblastoid cell line which was established in the year
1998, but two years later the patient´s native peripheral blood cells exhibit a WT
to mutant ratio of 10:1, indicating a selective growth advantage of the reverted
cell population.
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the patient´s MMC-resistant EBV-transformed cell line indicating a mechanism
other than back-mutation for the self-correction of his blood cells. There were
no detectable sequence variations in the vicinity of the two mutations, but their
location at opposite ends of the gene suggested the possibility of self-correction
via intragenic crossover. In order to separate the two different alleles from pa-
tient RNT, his full-length FANCC-cDNA was amplified using Pfu-Turbo DNA
Polymerase (Stratagene, Amsterdam, Netherlands) and primers containing a tail
with a NotI-binding site. The full length fragment was cloned as a NotI/NotI
DNA fragment into the pSL1180 vector and transfected into TOP TEN elec-
trocompetent cells (Gibco). Exons 1 and 12 of the resulting 26 colonies were
sequenced in order to prove intragenic crossover by the detection of both wild-
type alleles and alleles carrying both mutations. Eight colonies carried a single
mutation, 15 colonies showed wildtype sequences, whereas three colonies included
the 67delG-mutation as well as a lack of exon 12, confirming intragenic crossover
as the mechanism of reversion in patient RNT. The presence of colonies with only
one of the two mutations suggests that mosaicism had been incomplete at the
time when the cell line was established. Due to the patient´s sudden death from
cerebral hemorrhage, no primary blood cells were available for further studies.
Since there was no improvement of his haematological parameters during the ob-
servation period of 3 years prior to his death, the somatic recombination event
giving rise to mosaicism may have been limited to a common precursor of his T-
and B-cell lineages.
The last patient in this series is patient EUFA173, who had previously been
re-assigned from complementation group H to group A by the Amsterdam group
(Joenje et al., 2000). We confirmed this re-assignement by showing normalization
of the G2-phase cell cycle blockage after transfection of his primary fibroblasts
with the wildtype FANCA vector. Two mutations in the FANCA gene, a large
deletion spanning exons 17 to 31 and the missense mutation 2852G>A, R951Q,
had been previously described by the group of H. Joenje (Joenje et al., 2000).
Even though the maternal missense mutation affects a position that is conserved
in the murine gene, its pathogenic status had yet to be proven. The strategy
used was the same as described for the L324R substitution in patient MRB. As
shown in figure 5.6a, transfection of PIR and SNE with LFAPEG/2852 failed
to reduce the G2-phase accumulations of the null mutant cells, confirming the
pathogenicity of the R951Q substitution. Sequencing of the patient´s MMC-
resistant lymphoblastoid cell line revealed the presence of both mutations. How-
ever, a second amino acid substitution located 15 amino acids downstream of
the first one (2897A>C, E966A) was also present. In order to test the possiblity
whether this second mutation (not at the conserved residue in the mouse genome)
might have arisen in vitro and might act as a compensatory mutation, both sub-
stitutions were introduced into pSL1180/FANCA and transfected into our null
cell lines PIR and SNE. As shown in figure 5.6b, transfection with the double mu-
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tant decreased G2-phase cell cycle blockage in the same way as transfection with
the wildtype LFAPEG vector. The restoration of normal cell cycle progression
by the presence of both amino acid changes is suggestive of restoration of normal
protein function by the second mutation. Much to our surprise, sequencing of
the patient´s peripheral blood mononuclear cells did not show the second amino
acid substitution that had been found in his lymphoblastoid cell line, but rather
showed a reversion of the maternal mutation 2852G>A to wildtype. Likewise,
a newly established lymphoblastoid cell line from the patient contained only a
reversion of 2852G>A. This proves that the second amino acid change found in
the patient´s original LCL must have arisen in vitro during long-term cultiva-
tion. The substitution E966A therefore is responsible for the MMC-resistance
of this cell line, since it obviously compensates the defective function caused by
the constitutional mutation. The G to A change at position 2852 is obviously
methylation-mediated, the CG-dinucleotide located on the antisense strand being
changed to TG, resulting in a G>A miscorrection on the coding strand. With
regard to the reversion event, the G>A mutation creates a new direct repeat,
CAGCAG, that could trigger back mutation via a slippage mechanism. There
are a number of Alu-repeats in the region of exons 27 to 33 of FANCA that are
known to increase the likelihood of replication errors (Morgan et al., 1999).
From a clinical point of view it is worth noting that, between the ages 15 and
21, the patient´s thrombocyte counts increased from 54.000 to 142.000 Gpt/l, his
total leukocytes rose from 2.5 to 4.8, his granulocytes from 0.8 to 2.5 Gpt/l, and
his hemoglobin from 12.1 to 15.8 mmol/l.

5.5 Discussion

Somatic cell mosaicism due to forward somatic mutation is increasingly recog-
nized as explanation for deviations from predicted genotype-phenotype correla-
tions (Gottlieb et al., 2001). In contrast, somatic cell mosaicism due to reverse
somatic mutation (revertant mosaicism) is less well-known, but should in princi-
ple contribute in the same way to variable expressivity of genetic disorders (Wahn
et al., 1998; Jonkman, 1999). In recessive disesases, somatic reversion of one of
the two inherited mutations restores heterozygosity in the descendants of the re-
verted cell. Depending on the mechanism of somatic reversion, the function of
the affected cell lineage may be partly or completely restored. Complete restora-
tion of a cellular phenotype to wildtype usually results from mechanisms such as
intragenic recombination, back-mutation (reverse point mutation), or gene con-
version. Partial restoration of protein function has been observed with so-called
compensating or second site mutations. Such second site somatic mutations in
cis leave the constitutional mutation unchanged but alter the downstream DNA
sequence via insertion, deletion or point mutation. As a consequence of the com-
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a

b

Figure 5.6: Complementation assays in patient EUFA173. (a) Cell cycle distri-
butions (from left to right) indicating successful complementation of EUFA173 fi-
broblasts by the WT FANCA vector (LFAPEG), lack of complementation in mock
transfected fibroblasts (LEG), lack of complementation after transfection with the
WT FANCC vector (LFCPEG) and lack of complementation after transfection
with the FANCA vector containing the maternal missense 2852G>A mutation
(which proves its pathogenicity). (b) Cell cycle distributions (from left to right)
showing successful complementation of the PIR cell line (FANCA−/− cells) after
transfection with the WT FANCA vector (LFAPEG) and after transfection with
the FANCA vector containing both the 2852G>A, R951Q, and the 2897A>C,
E966A, mutations. The latter result indicates the compensatory nature of the in
vitro 2897A>C mutation.

pensating mutation a protein with at least partial function is produced (Waisfisz
et al., 1999b).
Revertant mosaicism has been described as a rare cause of phenotypic modula-
tion in single instances of X-linked and autosomal recessive diseases (for review
see (Jonkman, 1999; Wada et al., 2001)), but revertant mosaicism appears to
be a rather frequent phenomenon in the autosomal recessive genetic instability
syndromes. For example, in Bloom syndrome, compound heterozygosity com-
bined with genetic instability sets the stage for somatic reversion of the high
SCE-phenotype via intragenic recombination (Ellis et al., 1995). In occasional
homozygous Bloom syndrome individuals back mutation has been reported as
well (Ellis et al., 2001). In FA, intragenic recombination, gene conversion and
compensatory second site mutations have been reported in lymphoblastoid cell
lines of four FANCC-patients, and cytogenetic evidence for mosaicism in addi-
tional five unclassified patients (Lo Ten Foe et al., 1997; Waisfisz et al., 1999b).
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A single compound heterozygous FANCA-patient has been reported to date who
developped mosaicism as a consequence of a putative back mutation (Gregory
et al., 2001), and two FANCA-patients with homozyogous mutations were shown
to harbor compensatory mutations in their peripheral blood mononuclear cells
(Waisfisz et al., 1999b). The case history of patient EUFAR173 demonstrates that
such a compensatory change can also arise during the in vitro cultivation of lym-
phoblastoid cells, explaining the conversion of these cells from MMC-sensitivity
to MMC-resistance.
Intragenic crossover could be proven as the mechanism of self-correction in our
FANCC-patient. Intragenic crossover represents a reversion mechanism that re-
quires compound heterozygosity. It has been described as the predominant mech-
anism of reversion in Bloom syndrome (Ellis et al., 1995) and in the lymphoblas-
toid cell line of a single FANCC-patient (Lo Ten Foe et al., 1997), but there are
no reports to date of self-correction via intragenic recombination for any of the
other known FA-genes. The previously published FANCC-patient had a single
base deletion in exon 1 (67delG) together with a single base insertion in exon
14 (1806insA). Our FANCC-patient has the same single base deletion in exon 1
but a different second mutation located in exon 12. In both patients, the intra-
genic recombination event seems to have been facilitated by the mutually distant
locations of the paternal and the maternal mutations.
In the remaining four of our five patients the uniformity of the type of reversion
is impressive. Each of these four patients carries compound mutations in the
FANCA gene, and in each of them one of the two constitutional point mutations
has reverted back to the original wildtype sequence. In each of these four cases,
reversion is complete in the patient´s B-cell derived lymphoblastoid cell lines,
whereas the findings in peripheral blood mononuclear cells (mostly T-cells) indi-
cate variable degrees of co-existence of mutated and reverted cells. Three of the
four reversions took place in the region of exons 10 to 11 of the FANCA gene
which is known as a highly mutable region due to the abundance of repetitive
elements (Morgan et al., 1999; Wijker et al., 1999). To illustrate this point,
table 5.2 summarizes the types of DNA sequence motifs surrounding the respec-
tive mutation/reversion events, including motifs found within +/- 20 bp that are
known to play an important role in the breakage and rejoining of DNA (Cooper
and Krawcak, 1993; Huff et al., 1995; Levran et al., 1997; Ianzano et al., 1997).
How can the apparent non-randomness of the reversion events, leading in each
instance to restoration of precisely the wildtype sequence, be reconciled with
the stochastic nature of mutations? One obvious explanation concerns the con-
straints imposed by selection, which create a proliferative advantage for cells
with complete rather than partial restoration of protein function. In the case of
our patients, random mutation would overwhelmingly result in non-conservative
amino acid exchanges such that protein function might be impaired. In addition,
there might be constraints imposed by DNA-structure which would favor the
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5 Natural gene therapy: molecular self-correction in FA

restoration of the original sequence. For example, in our patients STT and URD
the respective mutations/reversions are located at the 5´ end of a palindromic
sequence whose hairpin-structure might be important for protein binding. Back
mutation combined with selection therefore might explain the surprisingly uni-
form pattern of reversion in our FANCA-patients. Another possibility would be
gene conversion. Gene conversion requires some sort of somatic pairing between
homologous chromosomes. Since FANCA is located on human chromsome 16
that harbors a large block of heterochromatin known to promote somatic pairing
(Haaf et al., 1986), and since all of our patients are compound heterozygotes,
gene conversion cannot be ruled out as an alternative explanation for the fidelity
with which restoration of the wildtype sequence has occurred.
The clinical course of FA is highly variable and may be determined in part by
complementation group and mutation type (Gillio et al., 1997; Faivre et al.,
2000). Whether revertant mosaicism leads to clinical improvement depends on
when and where the reversion occurred during evolution of the various bone
marrow cell lineages (Lo Ten Foe et al., 1997; Gregory et al., 2001). From a
hematological and functional point of view, both T- and B-lymphocytic cell types
were reverted in all of our patients. The fact that we observed bimodality of
chromosome breakage and intermediate cell cycle patterns at the initial evaluation
of these patients probably reflects the relative longevity of subpopulations of
peripheral blood lymphocytes in which constitutionally defective cells persist long
after somatically self-corrected cells have emerged. In contrast to the patient´s
normal lymphocyte situation, their erythroid, leukocytic and megakaryocytic cell
lineages showed various degrees of impairment. However, the status of these
affected cell lineages improved over time in at least three of our five patients. In
only a single patient (RNT) the hematological situation did not improve during a
three year observation period, and he died from cerebral haemorrhage at six years
of age after his thrombocyte counts had continuously decreased to 11 Gpt/l and
his hemoglobin from 11.2 to 5.9 mmol/l. These data indicate that reversion in
our patients must have taken place at least in a precursor cell of both lymphocytic
cell lineages. Moreover, in three of the patients self-correction must have taken
place in a much earlier precursor cell, possibly a hematopoietic stem cell. With
respect to the prospects of gene therapy, the obvious in vivo selective advantage
of such spontaneously self-corrected cells is encouraging.
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6 Spontaneous hematological cure in FA in somatic stem cells

6.1 Introduction

Fanconi anemia (FA) is an autosomal recessive DNA instability disorder with
progressive bone marrow failure. Here we demonstrate spontaneous reversion of
one mutant FANCA allele in a single hematopoietic stem cell in two FA-patients.
Corrected progeny of this cell over time repopulated the hematopoietic system
and completely abrogated the hematological disease manifestations.

6.2 Results

6.2.1 Patient EUFA173

The EUFA173 patient manifested with severe pancytopenia at 15 years of age
and was reported to have inherited a maternal point mutation 2852G>A in exon
29 of FANCA with substitution of R951Q and a large genomic deletion of exons
17-31 from his father (Joenje et al., 2000). In contrast to the natural course of FA
(Auerbach et al., 1998; Butturini et al., 1994; Grompe and D´Andrea, 2001), he
improved in all peripheral blood counts over the following eleven years to normal
values without any treatment (figure 6.1). Sequencing analysis from whole blood
at the age of 26 revealed that in contrast to DNA from skin fibroblasts, DNA
from total white blood cells (WBC) had only minor amounts of the 2852G>A
substitution, while most of the missense mutation had reverted to the WT se-
quence. For lineage-specific analysis, granulocytes and T-cells were separated
to a purity >96% and a new B-lymphoblast cell line was established. All three
cell types revealed the reversion of 2852A>G at different degrees with the short-
lived granulocytes harboring predominantly a reverted normal FANCA allele and
the long-lived T-cells still demonstrating large proportions of uncorrected cells.
Moreover, the course of red blood cells (RBC) and platelet counts over the past
eleven years strongly suggested that the reversion also involved the erythroid and
megakaryocytic lineages.

6.2.2 Patient UPN127

The UPN127 patient manifested at 2.5 years with thrombocytopenia and 32
months later was started on androgens due to severe anemia and thrombocytope-
nia (figure 6.2). Retroviral complementation group analysis (Hanenberg et al.,
2002) followed by sequencing demonstrated two mutant FANCA alleles, a ma-
ternal point mutation 971T>G and a paternal splice mutation IVS9-1G>T. The
dramatic and stable improvements of the peripheral blood (PB) values however
allowed to taper the androgen dose as early as eight months later with a con-
tinuous reduction to <0.5 mg/kg over the next 20 month. This clinical course
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6 Spontaneous hematological cure in FA in somatic stem cells

Figure 6.1: Patient EUFA0173. (a-c) Hemoglobin concentrations, leukocyte and
platelet counts of PB normalized over 11 years after clinical manifestation of the
pancytopenia. (d-f) Highly purified granulocytes, T-cells and EBV-transformed
B-lymphoblasts show variable degrees of the reversion 2852G>A back to wildtyp.

prompted us to sequence whole blood cDNA 4.5 years after diagnosis revealing
that the maternal point mutation had almost disappeared in PB while it was
still present in fibroblasts. To investigate whether the reversion to WT sequence
was present in the different hematopoietic lineages, leukocytes were highly puri-
fied into monocytes, T- and B-lymphocytes and individual white (CFU-GM) and
red (BFU-E) colonies plucked from a standard marrow progenitor assay. DNA
sequencing revealed the presence of the reversion in all lineages.
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6 Spontaneous hematological cure in FA in somatic stem cells

Figure 6.2: Patient UPN127. (a-c) Cell cycle analysis of FANCA-/- lymphoblasts
transduced with retroviral vectors expressing the EGFP, the WT FANCA or the
FANCA with 971T>G cDNAs demonstrates that the inherited point mutation
abrogates the function of the FANCA protein. (d-f) Sequence analysis of patient
derived cells reveals the reversion to be present in different hematological lineages,
but not in skin fibroblasts. (g-h) Hemoglobin and platelet counts in the PB began
to rise after starting oxymethalon almost three years after diagnosis and remained
stable despite gradual reduction of oxymethalon to <0.5 mg/kg.

6.3 Discussion

In both patients, the reversions in the inherited FANCA alleles were only present
in hematopoietic cells thereby demonstrating that these mutations occurred in so-
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6 Spontaneous hematological cure in FA in somatic stem cells

matic cells. Considering the common ontogenetic descent of granulocytes, mono-
cytes, T- and B-lymphocytes, erythrocytes and platelets, but not skin fibroblasts,
from a putative hematopoietic stem cell and considering the likelyhood of such
somatic mosaicism to occur in more than one stem cell at a time, we postulate
that a single normal hematopoietic stem cell spontaneously appeared after mito-
sis. This single corrected stem cell then was able to undergo self-renewal and also
to create corrected progeny. Due to the strong selective growth advantages in vivo
and the increased apoptosis of the mutant hematopoietic cells, corrected progeny
from this single cells over time repopulated all hematopoietic lineages and cured
the pancytopenia in both patients. These two fortunate experiments of nature
indicate that a natural gene therapy occurs in FA, which is highly encouraging
for ongoing and future gene therapy trials in this devastating disease. However,
these two cases also suggest that any gene therapy approach should start early
as it takes ample time for the corrected cells to impinge on the natural course of
the disease.
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Chapter 7

General discussion

7.1 Mutation analysis

Mutation analysis of the past few years revealed different, but typical mutation
spectra for the different FA genes. The different spectra for the most prevalent
three complementation groups (FA-A, FA-C and FA-G) published until the year
2000 as well as those mutations detected in our patients until then are summa-
rized in chapter 2. In the FANCA gene, our new mutations consist of four large
deletions, five splice-site mutations, three microdeletions/-insertions, three non-
sense mutations as well as one missense mutation, the pathogenicity of which has
been confirmed by sequencing of 100 control alleles and by site directed mutage-
nesis followed by retroviral transfection (not reported in this thesis). In addition
to those alterations, the new mutations detected after the year 2000 in our pa-
tients were as follows (data not shown in this thesis, Lobitz et al., manuscript in
preparation): three large deletions, one splice-site mutation, one microdeletion,
one nonsense and one confirmed missense mutation. The frequencies of the dif-
ferent types of mutation (table 7.1) as well as the mutation spectrum fit to those
recently published and summarized in figure 2.1 in chapter 2.
The mutations noted in table 7.1 are dispersed throughout the FANCA gene and
only two mutations could be detected twice in unrelated patients, confirming the
high proportion of so-called "private mutations". The differences in the percent-
ages of the diverse mutation types might arise from the different methods used
for mutation analysis in the respective publications. For example, the percentage
of large intragenic deletions in one study (Morgan et al., 1999) was 40% and thus
much higher than the mean percentage in the literature (23%). This discrep-
ancy is likely to be due to a screening method developed to detect heterozygous
large deletions. There are two further missense substitutions at our laboratory
still waiting to be confirmed as pathogenic mutations, which would abolish the
differences in the proportion of missense mutations.
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Mutation type Mutation spectrum
in literature [%]

New mutations
at Würzburg [%]

Resulting new mu-
tation spectrum [%]

Large 23% (28/122) 30,5% (7/23) 24% (35/145)
deletions
Microdeletions/ 33% (40/122) 17,5% (4/23) 30% (44/145)
-insertions
Splice-site 16,5% (20/122) 26% (6/23) 18% (26/145)
mutations
Nonsense 12% (15/122) 17,5% (4/23) 13% (19/145)
mutations
Missense 15,5% (19/122) 8,5% (2/23) 15% (21/145)
mutations

Table 7.1: Comparison of all FANCA mutations found in literature with those
identified at Würzburg.(This table only reflects the mutation spectrum, that means
it does not consider founder mutations and frequencies.)

For FANCG, there are only two publications dealing with mutations, one of which
contains the results of mutation analysis at Würzburg as well as those from other
groups (chapter 4 = (Demuth et al., 2000)). It can be stated that to date no large
deletions have been found in that gene, and that 94% of the mutations identified
result in a truncated protein compared to 81% in FANCA and 75% in FANCC.
Interestingly, the types of mutation identified in the FANCC gene at Würzburg
are quite different from those described in the literature. Pathogenic alterations
published to date are clustered in both the amino- and the carboxy-terminal re-
gion as well as around exons 5-6 suggesting mutation hot spot regions (Strathdee
et al., 1992; Gibson et al., 1993b; Gibson et al., 1996; Whitney et al., 1993; Ver-
lander et al., 1994; Lo Ten Foe et al., 1996c; Lo Ten Foe et al., 1996a; Lo Ten Foe
et al., 1998). We found new mutations in exons 7, 12 and 14 as well as in introns
9 and 11, rendering a clustered mutation distribution questionable. In contrast
to the literature, we were unable to detect nonsense mutations in our FANCC
patients, but found the first large deletion in the FANCC gene (table 7.2).
Compared to the literature the percentage of large deletions increases from 0 to
6% and demonstrates that intragenic deletions should be considered in muta-
tion analysis of FANCC when a second mutation is not found by conventional
SSCP screening. The newly detected pathogenic missense mutations (L423P and
T529P) are likely to disrupt secondary structure in this region since they are
found next to L554P and L496R in the 3´-region of FANCC suggesting the im-
pairment of a functional domain. Since these mutations are all unable to abolish
MMC-hypersensitivity and to complement FA-C cells after retroviral transfection
(chapter 3), their pathogenicity is firmly established.
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Mutation type Mutation spectrum
in literature [%]

New mutations
at Würzburg [%]

Resulting new mu-
tation spectrum [%]

Large 0% (0/10) 14,5% (1/7) 6% (1/16)
deletions
Microdeletions/ 20% (2/10) 28,5% (2/7) 25% (4/16)
-insertions
Splice-site 10% (1/10) 28,5% (2/7) 19% (3/16)
mutations
Nonsense 50% (5/10) 0% (0/7) 31% (5/16)
mutations
Missense 20% (2/10) 28,5% (2/7) 25% (4/16)
mutations

Table 7.2: Comparison of all FANCC mutations found in literature with those
identified at Würzburg. (This table only reflects the mutation spectrum, that
means it does not consider founder mutations and frequencies.)

7.2 Identification of pathogenic missense muta-
tions by retroviral transfection

Within the framework of this thesis, mutation analysis was carried out in the
FANCA, FANCC and FANCG gene and mainly based on SSCP analysis ("Single
Strand Conformational Polymorphism"). Therefore, the spectrum of identified
mutations contains many missense mutations, the pathogenicity of which has
always to be tested. Generally, there are four different proceedings used for
pathogenicity confirmation:
1. Detection of further, conclusively pathogenic mutations
2. Screening of at least 100 ethnically matched control alleles
3. Cosegregation with clinical phenotype
4. Complementation analysis
In coorporation with the group of Dr. H. Hanenberg (University of Düsseldorf)
we used a protocol for complementation analysis of missense mutations, which
is a modification of that used for determination of the complementation group
of FA-patients. The protocol is as reliable as the determination of one´s com-
plementation group and depends on the same requirements described for com-
plementation analysis in section 1.7. The method is based on "Site directed
mutagenesis" and a retrovirus-mediated transfer of the mutated cDNA into a
FA cell line belonging to the same complementation group. Final testing for
MMC-hypersensitivity or MMC-resistance proves the pathogenic or polymorphic
character of the alteration. More detailed information about the method is given
in section 3.3. Retroviral complementation analysis is more conclusive than those
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methods listed under points one to three because it represents a test of the func-
tionality of the FA protein that cannot be disturbed by nondetected mutations.
The confirmation tests one to three should only be used in combination with
each other, because many pathogenic mutations, such as heterozygous large dele-
tions, remain undetected, if using the wrong detection method. Pathogenicity
cannot be considered as confirmed if there is no further mutation found. 100
control alleles often are not enough to distinguish between rare polymorphisms
and pathogenic mutations, especially in small ethnic groups. Cosegregation with
the clinical phenotype does not always work, because the number of siblings (FA
as well as non-FA) available is usually small.
Our functional test has been applied for several amino acid substitutions detected
in our patients. Some of them are described in chapter 3, chapter 5 and chapter 6,
others are not mentioned in this thesis, because they have not been published
to date. Amongst our FA-C-patients, there were two homozygous amino acid
changes, L423P and T529P, the first in a patient from Uzbekistan and the latter
in a Spanish patient. There was no data available concerning consanguinity. After
sequencing of the entire gene without detecting any pathogenic variants, retroviral
complementation analysis revealed pathogenicity of both mutations. Amongst
our mosaic FA-A-patients, two missense mutations, L324R and R951Q as well as
a combination of the two alterations R951Q and E966A, were examined. L324R
as well as R951Q were confirmed to be pathogenic. R951Q in combination with
the second amino acid substitution E966A (a situation found in the patient´s
lymphoid cell line, but not in vivo) caused MMC-resistance of the transfected
FA-A cell lines PIR and SNE.
In order to demonstrate the sensitivity of our retroviral pathogenicity assay, some
known polymorphisms were also tested (figure 7.1). The left panel of figure 7.1
shows transfection of the SNE null line with the WT vector (with and without
addition of MMC) as well as transfection with a vector carrying the mutation
T529P. The right panel shows the result of mock transfections and transfection
with two previously documented polymorphisms, S26F and N170S. G2 phase
blockage still persists after transfection with the mock vector and the T529P-
containing vector, demonstrating that both are not capable of complementing
MMC-hypersensitivity of the SNE cell line; the latter because of a non-functional
protein and the mock virus because of its lack of FA-protein. However, trans-
fection with the two vectors carrying the known polymorphisms and transfec-
tions with the WT vector obviously decrease G2 phase blockage to normal levels
and normalize the cell cycle pattern. These examples show that the retroviral
pathogenicity assay provides a definitive distinction between mutations that are
pathogenic and those that are mere polymorphic variants.

89



7 General discussion

T529P

Figure 7.1: Site directed mutagenesis in FANCC vectors.

7.3 Mosaicism

Somatic mosaicism (loss or compensation of a constitutional recessive mutation)
in genetic diseases might arise in replicating cells at any time of life. In order to
influence the clinical course of the disease, a long-lived cell, which is capable of
numerous cell divisions, must be involved. The resulting correction must provide
a growth or selective advantage in vivo, and enough time must be allowed for the
corrected cell to give rise to sufficient corrected progeny.
Somatic mosaicism has been shown to provide a selective growth advantage of the
revertant hematological cells in genetic hematological disorders, such as severe
combined immunodeficiency (SCID) and FA (Hirschhorn et al., 1996; Lo Ten Foe
et al., 1997; Gregory et al., 2001). If the reversion occurs in a pluripotent stem
cell, that situation represents an example of "spontaneous" natural gene therapy
and can serve as a model for the potential success of gene therapy. Mechanisms
that cause functional correction in FA lymphoblast lines in culture include so-
matic recombination (Lo Ten Foe et al., 1997), gene conversion (Gregory et al.,
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2001; Lo Ten Foe et al., 1997), compensatory mutation ((Waisfisz et al., 1999b)
and chapter 5) and back mutation (chapter 5). In each case the process results in
one allele becoming functionally repaired with respect to the specific FA muta-
tion. Peripheral blood cells or cultured lymphocytes, where one of such events has
occured, have been shown to lose their cellular FA phenotype. In the case of FA,
revertant mosaicism in hematopoietic stem cells has to date only be suspected,
but not been proven. In order to define, where the reversion of our two FA
mosaic patients, EUFAR173 and UPN127, had occured, we sorted their blood
cells in order to perform lineage specific analysis (chapter 6). In EUFAR173,
granulocytes and T-cells were separated and a new B-lymphoblast cell line was
established; in UPN127, leukocytes were highly purified into monocytes, T- and
B-lymphocytes. DNA sequencing revealed the presence of the reversion in all
lineages from both patients, but not in their skin fibroblasts. Moreover, the red
blood cell and platelet counts increased over the past few years. Considering the
common ontogenetic descent of granulocytes, T- and B-lymphocytes, monocytes,
erythrocytes and thrombocytes, but not skin fibroblasts, the reversion of the con-
stitutional mutation must have taken place in a single hematopoietic stem cell.
This self-corrected cell then was able to produce healthy progeny and repopulate
all hematological lineages, thereby "curing" both patients from pancytopenia.
These results seem to be encouraging for ongoing and future gene therapy trials,
although to date there is no evidence for long-term correction of FA cells after
somatic stem cell gene therapy with retroviral vectors expressing WT FA cDNA.
One reason for the lack of success might be that mosaicism occurs in the patient´s
bone marrow, which inplies that the corrected cell is located in its physiological
environment. In human transplantation studies, the stem cells are harvested,
extensively purified and returned intravenously. They can settle down in their
physiological environment only after such extensive manipulations. It is conceiv-
able that the bone marrow stroma cells, which still carry their FA mutations may
influence repopulation of the bone marrow.
Although the above mentioned patients, as well as patients URD and STT (chap-
ter 5), have obviously been cured from their pancytopenia after development of
mosaicism, they clearly remain FA-patients. One of our mosaic patients (chap-
ter 5) died at the age of 6 years as a consequence of cerebral haemorrhage and
infections. Looking at the blood cell counts of the past years, there had been
no increase, suggesting that mosaicism had not taken place in a hematopietic
stem cell. It is more likely that mosaicism had been restricted to a precursor
cell of the lymphoid lineage, such that it could be found in the patient´s iso-
lated lymphoblasts by flocytometry and sequencing of the lymphoblastoid cell
line. The limitation of self-correction to a single cell lineage might also explain
the lack of improvement in the patient´s hematological symptoms. As pointed
out in chapter 5, four of the mosaic patients showed a clear improvement of their
hematological parameters during a 3 to 6 year observation period. The figure 7.2
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Figure 7.2: Time course of haematological parameters in patient URD.

illustrates the time course of the recovery of the hematopoietic system in one of
these mosaic patients. It is quite obvious that the repopulation of the patient´s
bone marrow with progeny of a (presumably single) self-corrected cell is a slow
process that can take several years. However, in the end a situation arises that
dramatically improves the patient´s prognosis.
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Chapter 8

Summary/ Zusammenfassung

8.1 Summary

Fanconi anemia (FA) is a genetically and phenotypically heterogenous autoso-
mal recessive disease associated with chromosomal instability, progressive bone
marrow failure, typical birth defects and predisposition to neoplasia. The clinical
phenotype is similar in all known complementation groups (FA-A, FA-B, FA-C,
FA-D1, FA-D2, FA-E, FA-F and FA-G). The cellular phenotype is characterized
by hypersensitivity to DNA crosslinking agents, such as MMC or DEB, which is
exploited as a diagnostic tool. Alltogether, the FA proteins constitute a multipro-
tein pathway whose precise biochemical function(s) remain unknown. FANCA,
FANCC, FANCE, FANCF and FANCG interact in a nuclear complex upstream
of FANCD2. Complementation group FA-D1 was recently shown to be due to
biallelic mutations in the human breast cancer gene 2 (BRCA2). After DNA
damage, the nuclear complex regulates monoubiquitylation of FANCD2, result-
ing in targeting of this protein into nuclear foci together with BRCA1 and other
DNA damage response proteins. The close connection resp. identity of the FA
genes and known players of the DSB repair pathways (BRCA1, BRCA2, Rad51)
firmly establishs an important role of the FA gene family in the maintenance of
genome integrity.
The chapter 1 provides a general introduction to the thesis describing the current
knowledge and unsolved problems of Fanconi anemia. The following chapters rep-
resent papers submitted or published in scientific literature. These five chapters
are succeeded by a short general discussion (chapter 7).
Mutation analysis in the Fanconi anemia genes revealed gene specific mutation
spectra as well as different distributions throughout the genes. These results
are described in chapter 1 and chapter 2 with main attention to the first genes
identified, namely FANCC, FANCA and FANCG. In chapter 2 we provide gen-
eral background on mutation analysis and we report all mutations published for
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FANCA, FANCC and FANCG as well as our own unpublished mutations until
the year 2000.
In chapter 3 we report a shift of the mutation spectrum previously reported for
FANCC after examining ten FA-patients belonging to complementation group C.
Seven of those ten patients carried at least one previously unknown mutation,
whereas the other three patients carried five alleles with the Dutch founder mu-
tation 65delG and one allele with the Ashkenazi founder mutation IVS4+4A>T,
albeit without any known Ashkenazi ancestry. We also describe the first large
deletion in FANCC. The newly detected alterations include two missense mu-
tations (L423P and T529P) in the 3´-area of the FANCC gene. Since the only
previously described missense mutation L554P is also located in this area, a case
can be made for the existence of functional domain(s) in that region of the gene.
In chapter 4 we report the spectrum of mutations found in the FANCG gene com-
piled by several laboratories working on FA. As with other FA genes, most muta-
tions have been found only once, however, the truncating mutation, E105X, was
identified as a German founder mutation after haplotype analysis. Direct compar-
ison of the murine and the human protein sequences revealed two leucine zipper
motifs. In one of these the only identified missense mutation was located at a con-
served residue, suggesting the leucine zipper providing an essential protein-protein
interaction required for FANCG function. With regard to genotype-phenotype
correlations, two patients carrying a homozygous E105X mutation were seen to
have an early onset of the hematological disorder, whereas the missense mutation
seems to lead to a disease with later onset and milder clinical course.
In chapter 5 we explore the phenomenon of revertant mosaicism which emerges
quite frequently in peripheral blood cells of patients suffering from FA. We de-
scribe the types of reversion found in five mosaic FA-patients belonging to com-
plementation groups FA-A and FA-C. For our single FA-C-patient intragenic
crossover could be proven as the mechanism of self-correction. In the remaining
four patients (all of them being compound heterozygous in FANCA), either the
paternal or maternal allele has reverted back to WT sequence. We also describe a
first example of in vitro phenotypic reversion via the emergence of a compensat-
ing missense mutation 15 amino acids downstream of the constitutional mutation
explaining the MMC-resistance of the lymphoblastoid cell line of this patient.
In chapter 6 we report two FA-A mosaic patients where it could be shown that
the spontaneous reversion had taken place in a single hematopoietic stem cell.
This has been done by separating blood cells from both patients and searching for
the reverted mutation in their granulocytes, monocytes, T- and B-lymphocytes
as well as in skin fibroblasts. In both patients, all hematopoietic lineages, but
not the fibroblasts, carried the reversion, and comparison to their increase in
erythrocyte and platelet counts over time demonstrated that reversion must have
taken place in a single hematopoietic stem cell. This corrected stem cell then
has been able to undergo self-renewal and also to create a corrected progeny,
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which over time repopulated all hematopoietic lineages. The pancytopenia of
these patients has been cured due to the strong selective growth advantage of the
corrected cells in vivo and the increased apoptosis of the mutant hematopoietic
cells.

8.2 Zusammenfassung

Fanconi Anämie (FA) stellt eine sowohl genetisch als auch phänotypisch hetero-
gene, autosomal rezessive Erkrankung dar. Charakteristische Merkmale dieser
Erkrankung sind die chromosomale Instabilität, ein fortschreitendes Knochen-
marksversagen, multiple kongenitale Abnormalitäten und eine Prädisposition
zu diversen Neoplasien. Dieser klinische Phänotyp ist bei allen bisher bekan-
nten Komplementationsgruppen (FA-A, FA-B, FA-C, FA-D1, FA-D2, FA-E,
FA-F and FA-G) ähnlich, ebenso wie der zelluläre Phänotyp, der durch Hy-
persensitivität zu DNA-quervernetzenden Substanzen, wie MMC und DEB,
gekennzeichnet ist. Diese Hypersensitivität wird dementsprechend in der
FA-Diagnostik verwandt. Alle FA-Proteine arbeiten in einem "Multiprotein-
Pathway" zusammen, dessen exakte biochemische Funktion noch nicht geklärt
ist. FANCA, FANCC, FANCE, FANCF und FANCG interagieren in einem
nukleären Komplex, der nach DNA-Schädigung die Monoubiquitylierung von
FANCD2 reguliert, woraufhin man FANCD2 zusammen mit BRCA1 und anderen
DNA-Reparaturproteinen in nukleären Foci detektieren kann. Die Komplemen-
tationsgruppe FA-D1 wurde kürzlich biallelischen Mutationen im menschlichen
Brustkrebsgen BRCA2 zugeordnet. Die enge Verbindung zwischen den FA-
Genen und den Doppelstrangbruch(DSB)-Reparaturgenen (BRCA1, BRCA2,
Rad51) deutet auf eine wichtige Rolle der FA-Genfamilie in der Erhaltung der
genomischen Stabilität hin.
Kapitel 1 gibt eine allgemeine Einleitung dieser Promotionsarbeit. Es liefert
Hintergrundinformationen zu Fanconi Anämie basierend auf Publikationen bis
einschließlich Mai 2002. In den darauffogenden Kapiteln 2-6 sind eigene Veröf-
fentlichungen zur Fanconi Anämie wiedergegeben, die entweder schon publiziert
oder zur Veröffentlichung eingereicht worden sind. Zusätzlich zu den Diskussions-
Abschitten in den einzelnen Veröffentlichungen werden diese fünf Arbeiten in
Kapitel 7 kurz gemeinsam diskutiert.
Die Mutationsanalyse in den diversen FA-Genen lieferte genspezifische Mutations-
spektren sowie genspezifische Mutations-Verteilungen. Diese werden in Kapitel
1 und 2 beschrieben, wobei Kapitel 2 nur auf die zuerst entdeckten FA-Gene,
FANCC, FANCA und FANCG, eingeht. In Kapitel 2 werden allgemeine Hinter-
grundinformationen zur Mutationsanalyse geliefert und alle bis zum Jahr 2000
für FANCA, FANCC und FANCG publizierten Mutationen sowie unsere eigenen
bis dato unveröffentlichten Veränderungen dargestellt.
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In Kapitel 3 berichten wir über eine bemerkenswerte Verschiebung des bisher
beschriebenen FANCC-Mutationsspektrums. Von den zehn von uns untersuchten
FA-C-Patienten trugen acht zumindest eine neue Mutation, wohingegen die drei
restlichen Patienten fünf 65delG-Allele und ein IVS4+4A>T-Allel besaßen. Inter-
essanterweise fanden wir auch erstmals große Deletionen im FANCC-Gen, deren
Existenz bisher nur für FANCA beschrieben war. Weiterhin werden zwei bisher
nicht bekannte Missense Mutationen (L423P und T529P) im 3´-Bereich des Gens
beschrieben. In dieser Region findet sich auch der bisher einzige pathogene
Aminosäureaustausch, L554P, was auf die Existenz einer funktionellen Domäne
in dieser Genregion hindeutet. Außerdem scheinen unsere neu detektierten Muta-
tionen vielmehr verstreut im Gen vorzuliegen als dies bisher angenommen worden
war. Denn die bisher beschriebenen Veränderungen betreffen vor allem den Ex-
onbereich 5-6 sowie das amino- und carboxyterminale Ende von FANCC.
Kapitel 4 beschreibt das Mutationsspektrum für FANCG, zusammengetragen
von verschiedenen FA-Arbeitsgruppen. Wie in den anderen FA-Genen traten die
meisten Mutationen auch hier nur einmal auf. Allerdings konnte die trunkierende
Mutation, E105X, nach einer Haplotyp-Analyse als deutsche Gründermutation
beschrieben werden. Ein direkter Vergleich der Proteinsequenzen von Men-
sch und Maus ergab Hinweise auf konservierte Genabschnitte sowie auf zwei
Leuzin-Zipper-Motive. Die einzige beschriebene Missense Mutation befindet
sich in einem konservierten Bereich eines dieser beiden Leuzin-Zipper, was
auf eine wichtige Rolle dieses Motivs für FANCG in Bezug auf Protein-Protein-
Interaktionen schließen läßt. Obwohl die Anzahl der Patienten mit vergleichbaren
Mutationen zu gering für statistisch signifikante Aussagen war, so fiel doch auf,
daß bei den beiden Patienten mit einer homozygoten E105X-Mutation wesentlich
früher hämatologische Probleme auftraten als bei dem Patienten mit der het-
erozygoten Missense Mutation, für den ein milder klinischer Verlauf sowie ein
späteres Einsetzen hämatologischer Probleme berichtet wurde.
Kapitel 5 und 6 behandeln das Phänomen des reversen Mosaizismus, der sehr häu-
fig im Blut von FA-Patienten zu diagnostizieren ist. In Kapitel 5 beschreiben wir
die Reversionsmechanismen von fünf Patienten, von denen einer der Komplemen-
tationsgruppe C und die anderen vier der Komplementationsgruppe A angehören.
Der Mechanismus, welcher der Selbstkorrektur des FA-C-Patienten zugrunde lag,
konnte als intragene Rekombination definiert werden. Bei den verbleibenden vier
compound heterozygoten FA-A-Patienten war jeweils eine Rückmutation zum
Wildtyp auf dem mütterlichen bzw. väterlichen Allel ursächlich für die phäno-
typische Gesundung der Blutzellen. Des weiteren beschreiben wir eine in vitro
Reversion in der lymphoblastoiden Linie eines unserer Patienten erstmals den
Mechanismus einer sekundären Missense Mutation 15 Aminosäuren nach der kon-
stitutionellen Mutation. Diese "kompensatorische" Mutation ist für die MMC-
Resistenz der Zellinie verantwortlich. 4 von 5 der untersuchten Mosaik-Patienten
zeigten eine eindeutige Verbesserung ihrer Blutwerte. Die Diagnose "Mosaizis-
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mus" verbessert offenbar die Prognose des Krankheitsbildes vor allem dann, wenn
die Reversion eines Allels in einem frühen Stadium der Hämatopoiese auftritt.
In Kapitel 6 berichten wir von zwei Mosaik-Patienten, bei denen untersucht
wurde, wann in der Hämatopoiese die Reversion stattgefunden haben muß. Es
konnte gezeigt werden, daß die Reversion in einer einzelnen hämatopoietischen
Stammzelle erfolgte. Der Nachweis wurde durch die Isolierung einzelner Blutzell-
typen, wie Granulozyten, Monozyten, T- und B-Zellen, aus dem peripheren
Blut unserer Patienten sowie durch das Vorhandensein bzw. Nichtvorhanden-
sein der Reversion in diesen Zellen geführt. Zum Vergleich wurden Hautfibrob-
lasten herangezogen, da diese bei Mosaizismus im Blut nicht revertiert sind. In
beiden Patienten trugen alle isolierten Blutzellen, nicht jedoch die Hautzellen,
die Reversion. Dies und ein zusätzlicher Vergleich mit den zu diesem Zeit-
punkt angestiegenen Erythrozyten- und Thrombozytenzahlen zeigten, daß die
Reversion in einer einzigen hämatopoietischen Stammzelle stattgefunden haben
muß. Dieser revertierten Stammzelle sind alle jeweils phänotypisch korrigierten
Blutzellen zuzuschreiben, die dann die gesamte Hämatopoiese übernahmen und
aufgrund eines in vivo Wachstumsvorteils sowie der erhöhten Apoptoserate der
mutierten Zellen die Panzytopenie beider Patienten im Sinne einer "natürlichen"
oder "spontanen" Gentherapie zur Ausheilung brachten.
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