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ABSTRACT

Fanconi anemia (FA) is a genetic disorder characterized by hypersensitivity to
DNA damage, bone marrow failure, congenital defects, and cancer. To further investigate
the in vivo function of the FA pathway, mice with a targeted deletion in the distally acting
FA gene Fancd?2 were created. Similar to human FA patients and other FA mouse models,
Fancd?2 mutant mice exhibited cellular sensitivity to DNA interstrand crosslinks (ICLs)
and germ cell loss. In addition, chromosome mispairing was seen in male meiosis.
However, Fancd2 mutant mice also displayed phenotypes not observed in other mice
with disruptions of proximal FA genes. These include microphthalmia, perinatal lethality
and epithelial cancers, similar to mice with Brea2/Fancdl hypomorphic mutations. These
additional phenotypes were not caused by defects in the Atm (ataxia telangiectasia
mutated) mediated S phase checkpoint which was intact in primary Fancd2 mutant
fibroblasts.

To further investigate the role of the FA pathway in tumor prevention, Fancd?
mutant mice were crossed to mice with a null mutation in the tumor suppressor gene,
Trp53. The tumor spectrum in Fancd2”/Trp53"" mice included sarcomas expected in
Trp53 heterozygotes, as well as mammary and lung adenocarcinomas that occur rarely in ‘
Trp53 heterozygotes. These tumors occurred earlier than in Fancd?2™ control mice.
Therefore, the Fancd2"/Trp53*" mice represent an improved model for the study of
adenocarcinoma in FA. In addition it was found that Fancd2™ mouse embryonic
fibroblasts (MEFs) but not Fancd2”/Trp53" MEFs arrest following DNA damage.

Therefore, Trp53 is required for an S phase checkpoint activation observed in Fancd2
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mutant cells. Fancd2"/Trp53™" cells also showed an increase in aneuploidy and had
multiple gross chromosomal rearrangements (GCRs).

In addition to a hallmark sensitivity to drugs that induce ICLs, cells from FA
patients and mouse models are modestly sensitive to ionizing radiation (IR). IR induces a
variety of DNA lesions including double strand breaks (DSBs). To investigate the role of
the FA pathway in repair of IR induced DNA damage, we generated Fancd2™”/Prkdc**
double mutant mice. Prkdc™* mutant mice have a defect in non-homologous end joining
(NHEJ) and are sensitive to IR induced DNA damage. Double mutant animals and cells
were more sensitive to IR than Prkdc'* mutants. In addition, double mutant cells had
reduced colony forming ability following electroporation of the restriction enzyme,
Pvull. This indicates that DSBs are the specific type of IR induced DNA damage to
which the cells are sensitive. We conclude that Fancd2 operates in a DSB repair pathway
that is distinct from NHEJ.

In many respects, Fancd2 mutant mice represent an improved mouse model of the
human disease, FA. Mice lacking functional Fancd? share many phenotypes described in
previously generated FA mice but have an increased incidence of epithelial tumors that is
accelerated by heterozygosity at 7rp53. The phenotype of Fancd?2 knockout mice
supports a role for the FA pathway in preventing genomic instability by functioning in a

DNA repair pathway in response to ICLs and DSBs.
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Chapter One: Introduction



[.1. Clinical description of Fanconi anemia

The first description of FA was published in 1927 by the Swiss pediatrician,
Guido Fanconi (Fanconi 1967). The disease is rare and has an estimated incidence of 3 in
1,000,000, members of the general population (Tischkowitz and Dokal 2004). It has been
diagnosed in many ethnic groups. However, founder mutations in Ashkenazi Jews,
Afrikaans of South Africa, black populations of southern Africa and Spanish gypsy
families have contributed to a higher incidence in these populations (Rosendorff et al.
1987; Verlander et al. 1995; Callen et al. 2005; Morgan et al. 2005). The inheritance
pattern is recessive, both autosomal and x-linked (Meetei et al. 2004a; Tischkowitz and
Dokal 2004). FA is characterized by congenital defects, progressive pancytopenia and a
predisposition to a variety of malignancies. Multiple complementation groups exist (FA-
A,B,C,DI,D2,E, F,G,1, ], and L) and all share a similar yet often variable phenotype
(Alter 1993; Levitus et al. 2004).

Most FA patients are born with at least one congenital abnormality. These may
include short stature, skeletal defects, microphthalmia, microcephaly, skin pigmentation
abnormalities, male hypogonadism, cardiac defects, renal defects, hearing deficits and
mental retardation (see table 1) (Tischkowitz and Hodgson 2003). The phenotype, even
among patients with identical pathogenic mutations, can be quite variable as illustrated
by a consanguineous family with four patients harboring the same FANCA4 mutation (Koc

et al. 1999).



Table 1. Physical abnormalities of Fanconi anemia patients

Abnormality Frequency
Skeletal 1%
(radial ray, hip, vertebral scoliosis, rib)
Skin pigmentation 64%
(cafe au lait, hyper- and hypopigmentation
Short stature 63%
Eyes
(microphthalmia) b
Renal and urinary tract 34%
Male genital 20%
Mental retardation 16%
Gastrointestinal 14%
Cardiac abnormalities 13%
Hearing 11%
Central nervous system 3%
(hydrocephalus, septum pellucidium)
No abnormalities 30%

Taken from (Tischkowitz and Hodgson 2003)

FA is the most common type of inherited bone marrow failure syndrome
(Tischkowitz and Dokal 2004). The hematological complications of FA have a variable
age of onset but the median is 7 years (Auerbach and Allen 1991; Butturini et al. 1994).
Macrocytosis and pancytopenia are often evident in the first decade of life. The
hematological disease is likely due to a defect in hematopoietic stem cells or early
progenitors, as all blood lineages are affected. In one study the median age at death was
13 years (Butturini et al. 1994). A recent study found that the presence of certain
congenital abnormalities were prognostic for the development of bone marrow failure
(Rosenberg et al. 2004). Patients with radial defects had a 5.5 fold increased risk of bone
marrow failure compared to cases with normal radii.

Some patients may appear normal and diagnosis for FA only occurs at the time of

onset of bone marrow failure. The diagnostic test for FA takes advantage of the sensitivity



of patients’ cells to drugs that induce ICLs (Auerbach and Wolman 1976). Exposure to
these drugs, such as DEB, cause radial formation and chromosome breaks. FA and
normal cells have distinct ranges of sensitivity thus making diagnostic testing feasible
(Auerbach 1993). A new diagnostic test for FA is based on immunoblotting for the
downstream FA protein, FANCD?2, and can be accompanied by retroviral
complementation to classify patients into complementation groups (Shimamura et al.
2002; Shimamura and D'Andrea 2003). This method for complementation group
identification may be preferred to the laborious cell fusion studies of the past.

Myelodysplastic syndrome (MDS) and acute myelogenous leukemia (AML) are
common in FA patients. Three recent studies used different data sets and statistical
methods to analyze cancer risk in FA patients but came to similar conclusions regarding
patients’ risk of developing AML or MDS. The first, a literature review from 1927-2001,
found 1300 documented FA cases of which 9% had primary AML and 7% had MDS
(Alter 2003). The second used a retrospective cohort of North American FA patients and
identified 9 cases of leukemia in 145 patients (Rosenberg et al. 2003). The cumulative
risk for leukemia was 10% at age 48. The third study analyzed patients in the
International Fanconi Anemia Registry (IFAR) and identified 120 hematological
neoplasms in 754 subjects with a risk of hematological neoplasm of 33% by age 40
(Kutler et al. 2003a). A summary of the three studies noted the crude risk of leukemia
(exclusive of MDS) to be between 5% and 10%, while crude risk of MDS is about 5%
(Alter et al. 2003).

AML is the most common malignancy in FA but patients, particularly those that

do not succumb to bone marrow failure, have a 50 fold increased risk of developing solid



tumors (Rosenberg et al. 2003). Hepatic tumors and squamous cell carcinoma (SCC) of
the aerodigestive tract and vulva are common (Alter 2003; Kutler et al. 2003a; Rosenberg
et al. 2003). Patients have shown toxicity associated with traditional bone marrow
transplantation (BMT) conditioning regiments and although these have been modified,
FA patients who receive BMT still have a heightened risk of solid tumors. The age-
specific hazard for developing squamous cell carcinoma (SCC) of the head and neck is
4.4 fold higher for patients who receive BMT than for those who did not (Rosenberg et
al. 2005). Although patients with mutations in BRCA2 (complementation group D1) have
an elevated incidence of brain tumors and may have an increased predisposition to solid
tumors early in childhood, patients from all other groups have an equal risk for
developing malignancies (Offit et al. 2003; Hirsch et al. 2004).

Inactivation of FA genes has also been implicated in a variety of cancers among
the general population. Taniguchi and coworkers showed that 18% of the primary ovarian
cancers they screened had defects in the FA pathway due to silencing of the FANCF gene
(Taniguchi et al. 2003). Inherited mutations in FANCC and loss of heterozygosity (LOH)
for the wild-type allele have been identified in carly onset pancreatic cancer (van der
Heijden et al. 2003; Couch et al. 2005). The most striking connection between FA and
cancer is the fact that inheritance of germ line mutations in BRCA2/EANCD] , predispose
individuals to a number of malignancies including breast and ovarian cancer (Tavtigian et
al. 1996). It also bears noting that some cases of familial ovarian cancer have been linked
precisely to the region where FANCD? resides in the human genome (Sekine et al. 2001 ;
Simsir et al. 2001; Zhang and Xu 2002). Thus, inactivation of FA genes in otherwise

healthy individuals, may contribute to malignancy in a variety of tissues.



Treatment for FA patients includes supportive care for bone marrow failure but
the only curative therapy currently available is BMT. Patients displaying anemia are often
treated with the oral androgen, oxymetholone, with the effect of raising red cell and
platelet counts (Shimamura 2003). Androgen therapy involves specific side effects
including increased risk of hepatic tumors. Patients may also respond to treatment with
growth factors such as, G-CSF and GM-CSF but the risk of hematological malignancy
may increase (Guinan et al. 1994; Rackoff et al. 1996). Most patients will eventually
require further treatment involving BMT.

The cell source for transplantation may be from umbilical cord blood or bone
marrow. Patients who receive BMT from HLA-compatible sibling donors, using modified
conditioning regiments of low dose IR and a reduced dose of cyclophosphamide, have a 2
year survival rate of 75% (Guardiola et al. 1998; Socie et al. 1998). This modified
regiment has improved post-BMT survival but may contribute to increased risk of graft
versus host disease (GVHD). FA patients conditioned with the modified regiment had
double the risk of developing acute GVHD compared to a cohort of non-FA patients
receiving a matched BMT using the standard conditioning regiment (Guardiola et al.
2004).

For those patients without a suitable matched sibling, unrelated matched BMT has
been attempted. Results have been predictably poor with one study reporting a low 33%
survival rate at 3 years (Guardiola et al. 2000). Recent reports have demonstrated that a
fludarabine based conditioning regiment, that excludes IR, may improve the outcome of

both related and unrelated matched donor BMT (de la Fuente et al. 2003). A number of



studies have reported positive results including decreased GVHD and increased survival
when using fludarabine based conditioning regiments (Tischkowitz and Dokal 2004).
The selective growth advantage of genetically corrected FA cells makes the
disease an ideal candidate for gene therapy. Fance knockout mice showed phenotypic
correction of MMC sensitivity when treated with Fance retrovirus (Gush et al. 2000; Noll
et al. 2001). However, retroviral based therapy in human patients has shown limited
success (Liu et al. 1999). Promising reports have come from experiments using lentiviral
gene delivery methods in mice (Galimi et al. 2002). Recent unpublished results using
non-viral naked DNA gene delivery techniques have been reported. The Sleeping Beauty
transposon is effective in the treatment of murine models of hemophilia B and hereditary
tyrosinemia type 1 and may have utility in the treatment of FA (Montini et al. 2002;
Ohlfest et al. 2004). Non-viral mediated gene delivery methods may be ideal for the
treatment of FA due to low cost of plasmid preparation, lack of viral induced immune
response, lack of insertional mutagenesis and lack of ex vivo manipulation of HSCs

(Markus Grompe, unpublished results).



1.2. Molecular genetics and biochemistry of Fanconi anemia

FA is genetically heterogeneous consisting of at least 11 complementation groups,
FA-A, B, C,D1,D2,E, F, G, 1, J, and L that have been identified by cell fusion studies
(Levitus et al. 2004). A number of gene identification methods have been used to identify
FA genes including expression cloning (FAN CC), micro-cell mediated chromosome
transfer (MMCT) (FANCD2) and mutation screening in candidate genes
(BRCA2/FANCDI) (Strathdee et al. 1992; Timmers et al. 2001; Howlett et al. 2002). To
date, nine causative genes have been identified including FANCA, B, C, D1/BRCA2, D2,
E, F, G/XRCC9, and L/PHF9 (Strathdee et al. 1992; Lo Ten Foe et al. 1996; de Winter et
al. 1998; de Winter et al. 2000a; de Winter et al. 2000b; Timmers et al. 2001; Howlett et
al. 2002; Meetei et al. 2003a; Meetei et al. 2004a). The majority of patients fall into
complementation groups FA-A (65%), FA-C (15%), and FA-G (10%) with the other

groups being relatively rare (D'Andrea and Grompe 2003) (see table 2).

Table 2. Genetic subtypes of Fanconi anemia

Complementation | Reference Defective Gene Relation to Pa t‘;/:;notfs in
Group Cell Line FANCD2
Group
FA-A HSC72 FANCA Upstream ~65%
FA-B HSC230 FANCB Upstream rare
FA-C HSC536 FANCC Upstream ~10%
FA-D1 HSC62 BRCA2/FANCDI | Downstream* <5%
FA-D2 PD20 FANCD2 | el <5%
FA-E EUFA130 FANCE Upstream <2.5%
FA-F EUFA121 FANCF Upstream <2.5%
FA-G EUFA143 FANCG/XRCC9 Upstream ~10%
FA-1 EUFA592 FANCI Upstream rare
FA-J EUFAS543 FANCJ Downstream* rare
FA-L EUFA868 FANCL/ Upstream rare

(adapted from (Levitus et al. 2004))
*BRCA2 and FANCJ may also function independent of the FA pathway




The precise function of the FA proteins remains uncertain, however many clues
point to a role for the proteins in a common pathway that responds to DNA damage and is
required for genomic stability (D'Andrea and Grompe 2003). The cloning of FANCC in
1992 opened the door for a molecular understanding of the pathway, however the lack of
homology to other proteins offered no clues to a potential function (Strathdee et al. 1992).
The 1dentification of FANCA led to the demonstration that FANCA and FANCC bind one
another and form a complex in the nucleus (Kupfer et al. 1997). Subsequently, FANCB,
FANCE, FANCF, FANCG, and FANCL have been shown to exist as part of the FA core
complex (Figure 1) (Garcia-Higuera et al. 1999; de Winter et al. 2000c; Medhurst et al.
2001; Pace et al. 2002; Taniguchi and D'Andrea 2002; Meetei et al. 2004a).

Figure 1. Model of FA Pathway
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A functional FA core complex is required for the monoubiquitination of FANCD?2
that occurs following DNA damage and during S phase of the cell cycle (Figure 1)
(Garcia-Higuera et al. 2001; Taniguchi et al. 2002a). FANCL, a member of the FA
complex, is an E3 ubiquitin ligase and is likely responsible for this modification of
FANCD?2 (Meetei et al. 2003a; Meetei et al. 2004b). The protein responsible for
deubiquitination of FANCD2, USP1, was recently identified (Nijman et al. 2005).
Interestingly, knockdown of the USP/ mRNA by siRNA results in a hyper-accumulation
of monoubiquitinated FANCD2 and a decreased sensitivity to MMC, thus further
implicating monoubiquitinated FANCD2 in the response to ICLs. Monoubiquitinated
FANCD?2 forms nuclear foci that co-localize with the DNA repair proteins, BRCA1 and
RADS1 (Garcia-Higuera et al. 2001; Taniguchi et al. 2002a).

While the precise nature of the interaction between FANCD2 and BRCA1 in
nuclear foci is unclear, it is known that BRCAL is required for the formation of
monoubiquitinated FANCD2 and IR induced FANCD?2 nuclear foci (Garcia-Higuera et
al. 2001). BRCALI is a tumor suppressor gene that is mutated in familial breast and
ovarian cancer and is believed to function as a “caretaker” of the genome (for review see
(Deng and Brodie 2000; Deng and Scott 2000)). BRCA1 may function as a coordinator
of multiple repair processes as it forms a large complex with many proteins termed
BRCAl-associated genome surveillance complex (BASC) (Wang et al. 2000). It is
involved in many cellular processes including DNA damage repair, cell-cycle regulation,
transcription, and chromatin remodeling via its interaction with multiple proteins. The
exon 11 encoded portion of BRCA1 is the largest, encompassing 60% of protein, and

contains two nuclear localization signals (NLS). Proteins that interact directly and/or
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indirectly with the exon 11 encoded portion of BRCA1 include RADS50, RADS51, RB, and
¢-MYC (Scully et al. 1997; Wang et al. 1998; Aprelikova et al. 1999; Zhong et al. 1999).
The C terminus contains two BRCT (BRCA1 C terminal) domains that interact directly
or indirectly with p53, BRCA2, RB, and a histone deacetylase complex (Chen et al. 1998;
Ouchi et al. 1998; Zhang et al. 1998; Chai et al. 1999; Yarden and Brody 1999).

Cells lacking BRCAL share certain phenotypes with cells that lack RAD51 or
BRCA2, including hypersensitivity to IR, chromosomal aberrations, and early embryonic
lethality (Lim and Hasty 1996; Sharan et al. 1997; Shen et al. 1998). These defects
suggest that BRCA1 may function directly in DNA repair. This idea is supported by the
work of Moynahan et a/ who observed gene targeting defects at the Rb locus in BRCAI
deficient ES cells (Moynahan et al. 2001a). The mutant cells also showed impaired
homology directed repair (HDR) of DSBs that may account for the genetic instability
observed in BRCAI mutant cells.

FANCD?2 has also been shown to interact with BRCA2/FANCDI1 both in yeast
two hybrid experiments and iz vivo in chromatin (Hussain et al. 2004; Wang et al. 2004).
BRCA2/FANCDI binds single stranded DNA, interacts directly with RADS51, and
modulates its activity (Marmorstein et al. 1998; Davies et al. 2001; Yang et al. 2002).
Cells lacking functional BRCA2/FANCDI are deficient in HDR of DSBs, adding further
evidence that the FA pathway may function to repair DNA by homologous recombination
(Moynahan et al. 2001b; Tutt et al. 2001). BRCA2/FANCDI1 and the yet unidentified
FANCJ act downstream of other FA proteins, as FANCD? is monoubiquitinated in cell

lines from FA-D1 and FA-J patients whereas FANCI has been placed upstream of
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FANCD?2 based on the lack of monoubiquitinated FANCD2 in FA-I cell lines (Figure 1)
(Howlett et al. 2002; Levitus et al. 2004).

In addition to its interaction with the upstream nuclear complex, FANCD?2 has
been shown to interact with proteins that are important for the cell’s response to IR. Cells
from ataxia-telengiectasia (AT) and Nijmegan breakage syndrome (NBS) have mutations
in ATM and NBS]1 respectively, and are sensitive to IR (Chun and Gatti 2004; Matsuura et
al. 2004). In response to IR, FANCD?2 is phosphorylated at Serine 222 by ATM (Figure 1)
(Taniguchi et al. 2002b). This phosphorylation is required for the establishment of an
intra-S-phase checkpoint but is not required for FANCD2 monoubiquitination or
FANCD?2 recruitment to nuclear foci. FANCD?2 phosphorylation by ATM in wild-type
cells, following treatment with MMC, is dependent on NBS1 (Nakanishi et al. 2002).
While ATM and NBS! mutant cells are both hypersensitive to IR, FA cells are only
modestly sensitive. Thus, the relevance of FANCD2’s interaction with these proteins
remains uncertain.

FANCD?2 has also been shown to be the target of a second DNA damage signaling
kinase, AT-related rad 3 (ATR). ATR is mutated in the cells of Seckel syndrome patients
that show a similar chromosome instability resulting in radial formation following
treatment with MMC (O'Driscoll et al. 2003). ATR functions upstream of a signaling
pathway that is necessary for an ICL induced S phase arrest and is required for FANCD2
phosphorylation that occurs following ICL induction (Pichierri and Rosselli 2004).
Furthermore, ICLs trigger ATR and FANCD?2 to co-localize in nuclear foci. ATR 1s also
required for efficient monoubiquitination of FANCD2 (Andreassen et al. 2004).

Altogether, the downstream FA protein, FANCD2, receives multiple inputs from at least
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three distinct DNA damage response pathways and may function as a central node in the
response to various types of DNA damage.

While a definitive role for FANCD2 in DNA repair has not been demonstrated,
activated FANCD2 associates with chromatin, thus placing it in the correct cellular
location for this putative function. The first indication that FANCD?2 may be functioning
in chromatin came indirectly via its interaction with MENIN (Jin et al. 2003), a tumor
suppressor that directly binds DNA (La et al. 2004). Inactivation of MENIN causes the
human tumor syndrome, multiple endocrine neoplasia type I (MEN1), associated with
tumors of the parathyroid, pancreatic islets, and the pituitary (Agarwal et al. 2004).
Menin is localized to chromatin and menin’s association with FANCD2 is enhanced by
IR.

FANCD2 also interacts with other chromatin associated proteins. Activated
FANCD?2 is targeted to chromatin where it interacts directly with BRCA2/FANCD1
(Wang et al. 2004). FANCD2 mutant cells are deficient in the assembly of damage
inducible BRCA2/FANCDI foci and also deficient in the loading of BRCA2/FANCD1
into chromatin.

While identification of FA genes and biochemical investigations of their encoded
protein’s function has offered clues to the function of the pathway, there are still at least
three unidentified genes corresponding to complementation groups FA-I, FA-J, and FA-M
(Levitus et al. 2004). A recent biochemical approach led to the identification of FANCL
and FANCB. These proteins were isolated as part of a multi-protein nuclear complex
termed BRAFT, that contains BLM helicase, topoisomerase I11 alpha, replication protein

A, and other unidentified FA-associated proteins (FAAP) (Meetei et al. 2003b). Further
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biochemical investigations may lead to the identification of genes mutated in other FA
complementation groups. Based on the helicase activity of BLM, Meetei et al have
suggested that this complex may facilitate unwinding of DNA. Further investigations into
the precise biochemical function of these newly identified FA proteins may yield mnsights

into the function of the FA pathway.
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1.3. Potential functions of the Fanconi anemia proteins

FA cells have been shown to have a heightened sensitivity to agents that induce
ICLs. This well accepted phenotype forms the basis for a diagnostic test and likely
contributes to the pathology associated with the syndrome. However, other phenotypes
described for FA cells support roles in cellular processes that regulate oxygen free
radicals, telomere length and hematopoiesis (Stark et al. 1993b; Leteurtre et al. 1999;
Pagano and Youssoufian 2003).

FA cells have increased sensitivity to oxygen and chromosomal breaks decrease in
a low oxygen environment (Joenje et al. 1981). Some ICL agents produce reactive
oxygen species (ROS) and FA cells may be sensitive due to an impaired abﬂity to process
ROS (Pagano and Youssoufian 2003). Other studies have also demonstrated links
between FA proteins and proteins involved in cellular oxygen metabolism. Yeast two
hybrid experiments have identified a potential association between FANCC and NADPH
cytochrome p450 reductase as well as FANCG and cytochrome p450 2E1 (CYP2E1)
(Kruyt et al. 1998; Futaki et al. 2002). These enzymes are involved in the generation of
ROS and their interactions with FA proteins may explain the increased oxygen sensitivity
in FA cells.

The anemia observed in FA patients has led many investigators to propose a
primary role for FA proteins in hematopoiesis. Hematopoiesis was found to be defective
in bone marrow from FA patients by using an in vitro long term culture assay (Stark et al.
1993b). FA cells also show changes in the levels of certain growth factors which may be
required for proper functioning of bone marrow including reduced levels of interleukin 6

(IL-6), granulocyte-macrophage colony stimulating factor (GM-CSF), interleukin 1 beta
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(IL1-B) and increased tumor necrosis factor alpha (TNF-a)(Rosselli et al. 1992; Stark et
al. 1993a; Rosselli et al. 1994).

In biochemical assays FA proteins interact with signaling molecules found in the
cytoplasm. This association may explain the bone marrow failure in FA patients. FANCC
interacts with heat shock protein 70 (HSP70), an association shown to be required for
suppression of the pro-apoptotic interferon-inducible double-stranded RNA-dependent
protein kinase (PKR) (Pang et al. 2002). FANCC also binds STAT1, an interaction
required for growth signaling following stimulation with interferon gamma (IFN-y) (Pang
et al. 2000). These interactions with molecules involved in preventing pro-apoptotic
signaling and enhancing pro-survival/ growth signaling may account for the decreased
hematopoiesis observed in FA patients.

Lensch et al have suggested that these initial signaling abnormalities may lead to
an increase in apoptosis of progenitor cells (Lensch et al. 1999). In the context of
heightened genomic instability due to inactive FA genes, mutations in tumor suppressor
genes may occur, allowing some cells to escape apoptosis. These clones may have a
selective advantage and progress to MDS or AML. It is mteresting to note that the
chromosomal deletions observed in AML of non-FA patients are similar to those seen in
AML of FA patients. Thus the same anti-apoptotic selective pressure may be functioning
in both settings.

Human FA patients display significantly shortened telomeres in peripheral blood
cells, supporting a role for the FA proteins in telomere maintenance (Leteurtre et al. 1999;
Adelfalk et al. 2001; Hanson et al. 2001). It is unclear whether the shortening is due to

increased cycling of HSCs or due to a direct role in telomere maintenance. A relative
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increase in breaks at telomeres in FA cells versus controls, suggests that the FA proteins
may function directly at telomeres in either the prevention or repair of telomeric
chromosome breaks (Callen et al. 2002). In contrast, investigations of telomere dynamics
in Fancg KO mice have revealed no defects in telomere end capping, telomerase
function, or telomere length even in the presence of DNA damage (Franco et al. 2004).
One explanation for the lack of observed defects in F. ancg mutant mice may be
differences in telomere length between mice and humans. To address this difference
Franco et al crossed Fancg knockout mice to Tere” mice for five generations to create
Fancg mutant mice with short telomeres. No detectable telomere defects were observed
in this cohort of mice either. Therefore, rather than a primary defect in telomere
maintenance, the observed telomere shortening in FA patients may be due to a secondary
effect caused by increased cycling of the hematopoietic progenitor cells.

Although the FA proteins may function in oxygen metabolism, hematopoiesis, and
telomere maintenance, the most agreed upon function for the FA proteins is in a DNA
damage response pathway (D'Andrea and Grompe 2003). The FA pathway could function
in repair of a variety of DNA lesions but the hallmark sensitivity to cross-linking agents
suggests an important role in repair of ICLs. ICLs represent a particularly toxic genetic
lesion because both strands of the DNA helix are involved. Repair of ICLs requires
components of multiple DNA repair pathways: nucleotide excision repair proteins, XPF
and ERCC1, are needed for an unhooking step that is followed by a homologous
recombination step to provide the required genetic material for repair (McHugh et al.

2001).
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Recent experiments investigating ICL repair in mammalian cells show that they
are incised throughout the cell cycle and processed to DSBs during S phase (Rothfuss and
Grompe 2004). The initial incision step during ICL repair creates single strand breaks,
both 5* and 3’ of the lesion, and allows for further processing. The FA pathway is likely
not required for the incision step as monoubiquitinated Fancd2 is not detected at this
time. However, the presence of monoubiquitinated FANCD2 correlates with the
appearance of DSBs and suggests that activated FANCD?2 may play a role in the
processing of these DNA lesions. Interestingly, monoubiquitinated FANCD?2 is detectable
very quickly following IR, leading to the hypothesis that the FA pathway may respond
specifically to DSBs. The idea that FA proteins function in the repair of DSBs is further
supported by reports that FA knockout mice have a modestly increased sensitivity to IR
(Noll et al. 2001; Yang et al. 2001; Houghtaling et al. 2003) and plasmid based studies
which demonstrate an impaired processing of DNA double stranded ends in FA cells
(Escarceller et al. 1997; Donahue and Campbell 2002).

DSBs are particularly toxic DNA lesions for which multiple repair proteins have
evolved. Two major pathways exist in cukaryotic cells, homology directed repair (HDR)
and non-homologous end joining (NHEJ) (Valerie and Povirk 2003; Pfeiffer et al. 2004).
HDR is the major pathway for repair of DSBs in budding yeast while NHEJ is the
preferred pathway in mammalian cells (Liang et al. 1998; Haber 2000). HDR subclasses
in mammalian cells include single-strand annealing (SSA) and short-tract gene
conversion (STGC), both of which have specific protein requirements (Ivanov et al.

1996, Karran 2000; Thompson and Schild 2001; West 2003).
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NHE]J requires a distinct set of proteins including the main components,
XRCC4/DNA ligase IV and DNA-PK, comprised of the DNA-PK cat_alytic subunit
(DNA-PK) and the Ku70/80 heterodimer (Valerie and Povirk 2003). The requirement for
DNA-PK in NHEJ is supported by the identification of severe combined immune
deficient (scid) mice, which have reduced DNA-PK activity due to a nonsense mutation
in Prkdc (Blunt et al. 1996). The NHEJ defect in these mice contributes to impaired V-D-
J immunoglobulin recombination and increased sensitivity to IR induced DSBs (Blunt et
al. 1995).

The FA field has slowly uncovered clues that suggest a specific role for FANCD2
in DNA repair by a homology dependent mechanism. FANCD? is directed to nuclear foci
containing the central HDR protein RAD51 and may modulate its function (Taniguchi et
al. 2002a). The functional significance of this colocalization remains unclear as loss of
FANCD2 does not perturb RAD51 foci formation (Godthelp et al. 2002; Houghtaling et
al. 2003; Ohashi et al. 2005; Yamamoto et al. 2005). However, FANCD2 was shown to
interact directly with BRCA2/FANCDI, a protein that binds to and modulates the activity
of RADSI (Davies et al. 2001; Yang et al. 2002; Hussain et al. 2004). Recent experiments
using chromosomally integrated reporter constructs have demonstrated a role for both
human and chicken FANCD?2 in HDR of DSBs (Nakanishi et al. 2005; Ohashi et al.
2005; Yamamoto et al. 2005). Finally, FANCD?2 has been shown to bind Holliday
Junctions and double strand DNA substrates in vitro (Park et al. 2005). While the precise
role of the FA pathway in DNA repair is unclear, evidence is mounting to support its

function in DNA repair by a homology dependant mechanism.
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1.4. Previous mouse models of Fanconi anemia

One approach to investigate the function of a human gene product is to
genetically engineer a mutation in the mouse and examine the phenotypic consequences.
Mouse models of human disease can also provide access to mutant tissues that may not
be retrievable from patients. Furthermore, by generating mice with deletions in multiple
genes, researchers can investigate the functional relationship of these genes. Mouse
models are also useful for preclinical trials of potential therapies, long-term cancer
incidence studies, chemoprevention experiments, and gene therapy studies. Homologs for
many of the FA genes have been identified in mice and a number of mouse models of the
disease have been generated.

FANCC was the first human FA gene identified as well as the first mouse homolog
identified (Wevrick et al. 1993). Mouse Fance shares 79% amino acid identity with its
human homolog and is capable of complementing the MMC sensitivity of human FANCC
mutant patient cell lines. Analysis of Fancc mRNA levels revealed expression in all
mouse tissues examined. Fancc expression levels have also been examined in the
developing embryo (Krasnoshtein and Buchwald 1996). Expression was observed in the
mesenchyme at 8-10 days post coitus and cells from both osteogenic and hematopoietic
lineages at 13-19.5 days post coitus. Interestingly, high expression was observed in
rapidly dividing progenitors, such as chondro- and osteo-progenitor cells, but was down
regulated in differentiated cells, such as chondrocytes and osteocytes.

Two groups have reported similar findings for Fancc knockouts (table 3) (Chen et
al. 1996; Whitney et al. 1996). Fancc™ mice were born in the expected Mendelian ratios

with normal gross morphology. Male and female Fance mutants have a reduced number
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of germ cells and impaired fertility. The germ cell number in Fance mutant mice was
reduced as early as embryonic day 12.5, suggesting that Fancc functions prior to meiosis
and is required for mitotic proliferation of primordial germ cells (Nadler and Braun
2000). As expected, cells from the knockout mice have an increase in chromosomal
breaks and aberrations following treatment with DNA cross-linkers. In addition, Whitney
et al observed a heightened sensitivity to IFN-y in progenitor cells from Fance mutants.
Unlike human FA patients, Fance mutant mice do not develop anemia.

Fanca shares 65% amino acid identity with its human homolog, has a ubiquitous
expression pattern in the embryonic and adult mouse (with highest levels in lymphoid
tissue, testis and ovary) and is capable of complementing the MMC sensitivity of human
FA-A cells (van de Vrugt et al. 2000; Wong et al. 2000). Morphologically normal
knockouts of Fanca are born in the expected Mendelian ratios, do not develop anemia
and have a phenotype similar to Fancc mutant mice, including hypogonadism and
sensitivity to cross-linkers (table 3) (Cheng et al. 2000; Noll et al. 2002). More recently,
Wong, et al. generated a Fanca knockout that was similar to previously described Fanca
mutant mice but had strain specific phenotypes including growth retardation,
microphthalmia, and craniofacial malformations (Wong et al. 2003).

Fanca/Fancc double mutant mice show no evidence for additional phenotypes
beyond those observed in single mutants (Noll et al. 2002). The similarity in a number of
phenotypes supports a model in which Fanca and Fancc are part of a multi-subunit
nuclear complex. Fancg knockout mice have also been generated (table 3). Consistent

with a protein that functions as a member of a multi-subunit complex with Fanca and
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Fancc, Fancg mutants share a nearly identical phenotype with Fanca and Fance

knockouts (Yang et al. 2001; Koomen et al. 2002).

Although mice lacking Fancl were not generated deliberately, they were

identified in an insertional mutagenesis screen based upon their lack of germ cells and

termed germ cell deficient (gcd) (table 3) (Pellas et al. 1991). Subsequently a novel gene,

Pog, was shown to be identical to that disrupted in ged mice (Agoumnik et al. 2002).

Fancl/Pog knockouts have reduced numbers of germ cells, reduced body weight and a

strain specific embryonic lethality. Cells from Fancl/Pog knockouts also show sensitivity

to DNA cross-linkers (Meetei et al. 2003a).

Table 3. Previous knockout mice for Fanconi anemia

Gene

Complementation

Similarities to

Differences from

Group Human Patients Human Patients Relerence
RedueEd it cellE No malformations
Fanca FA-A EOREEl D m - No anemia 1,2,3
MMC sensitivity
No tumors
F Reduced germ cells | No malformations
FIES FA-C MMC sensitivity No anemia 4,5,6
Slight IR sensitivity No tumors
r Reduced germ cells | No malformations
ancg FA-G MMC sensitivity No anemia 7,8
Slight IR sensitivity No tumors
No malformations
Fancl/Pog FA-L Reduced ge@ c.ells NG 9, 10
MMC sensitivity
No tumors

1 (Cheng et al. 2000), 2 (Noll et al. 2002), 3 (Wong et al. 2003), 4 (Whitney et al. 1996),
5 (Chen et al. 1996), 6 (Noll et al. 2001), 7 (Yang et al. 2001), 8 (Koomen et al. 2002), 9
(Agoulnik et al. 2002), 10 (Meetei et al. 2003a)

While no mouse models of FA display spontaneous hematological complications,

anemia has been induced in Fance knockouts by delivering non-lethal doses of MMC

(Carreau et al. 1998). Acute exposure to MMC resulted in marked bone marrow
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hypoplasia and degeneration of proliferative tissues, but sub-lethal doses caused a
progressive decrease in all peripheral blood cell types. Anemia was also induced in FA
mice by crossing Fancc mutant mice to Sod/ mice that lack Cu/Zn superoxide dismutase
(Hadjur et al. 2001). Hepatocytes of Fancc/Sodl double mutant mice displayed
microvesicular steatosis and bone marrow hypocellularity that was accompanied by
significant decreases in peripheral blood erythrocyte and leukocyte numbers. F inally, 3
week old Erccl knockout mice display multilineage cytopenia and fatty replacement of
the bone marrow similar to very old wild-type mice (Prasher et al. 2005). Interestingly,
although Ercel has not been identified as an FA gene, its encoded protein product appears
to function in early steps of ICL repair (McHugh et al. 2001).

Mutations in any of the mouse FA genes that function upstream of Fancd?2, result
in a similar phenotype that is generally mild. The knockout mice are born in expected
Mendelian ratios, are morphologically similar and have no anemia or cancer
predisposition. In contrast, mice lacking functional Brca2/F ancdl, which operates
downstream of Fancd2, and Brcal, which is known to co-localize in DNA damage
inducible nuclear foci with Fancd2, have more severe phenotypes. Mutations in either
Brcal or Brea2/Fancdl that disrupt the majority of the C terminus of the protein cause an
early embryonic lethal phenotype (table 4) (Ludwig et al. 1997; Sharan et al. 1997).

Partial viability is observed in Brca2/Fancdl mutant mice when the truncated
protein retains the Rad51 interacting BRC motifs. 10% of Brca2™™ " mice (Friedman et
al. 1998) survive to birth whereas an average of 20% (depending upon the genetic

background) of Brca2™""* mice (Connor et al. 1997) survive to birth. Both of these
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Brca2/Fancdl mutants are infertile, have a markedly reduced lifespan and succumb to
thymic lymphomas.

The phenotype of other Brca2 knockout mice is less severe. Brea22”/s?7 mutants
that retain all of the BRC motifs but lack exon 27 show perinatal lethality. Only 67% of
the expected mutants are present at genotyping (McAllister et al. 2002). These mice are
fertile, show decreased ductal side branching in the mammary gland and have a reduced
lifespan due to an increase in a variety of tumors. Lymphoma, sarcoma, adenoma as well
as carcinoma of mammary, gastric, endometrial, and lung epithelial cells form with a long
latency of between 12 and 17 months. While approximately 25% of homozygous mutants
develop carcinomas none were observed in Brea2®?”* heterozygotes. The elevated
incidence of carcinoma in Brea2*””*?’ mutant mice, suggests that the C terminus of
Brea2, particularly exon 27, functions to suppress tumor formation.

Similar to Brca2/Fancdl mutations that lack the majority of the protein, Brcal
mutations that delete the C terminal half of the protein result in early embryonic lethality
(Hakem et al. 1996; Liu et al. 1996; Ludwig et al. 1997). However, mutations that retain
the majority of the N terminal and C terminal domains but lack the portion encoded by
exon 11, result in mid-embryonic lethality (Gowen et al. 1996; Shen et al. 1998; Xu et al.
2001). In addition, a Brcal’’T mutant that retains the first but deletes the second BRCT
motif in the C terminus of the protein results in a mid-embryonic lethal phenotype
(Hohenstein et al. 2001). Therefore, expression of mutant protein that retains the C
terminal domain of Brcal can extend the mutants’ lifespan and suggest a functional

importance for the BRCT domains of Breal.
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Combining the Brcal**%*7% mice generated by Gowen et al with Tirp53”
deficiency rescued the embryonic lethal phenotype and resulted in 3 animals that
survived for between 10 and 12 weeks but succumbed to thymic lymphomas (Cressman
et al. 1999a). These mice had severe growth retardation, males lacked spermatogenesis,
and females had defects in mammary development. Similarly, combining the Brea]*'/s!
mice with heterozygosity (Trp353™) or homozygosity (Trp53™) of deficiency for Trp53
resulted in a near complete rescue of the embryonic lethal phenotype. However, the
majority of these animals succumbed to mammary carcinoma (Xu et al. 2001). These
findings indicate that Trp53 may function to eliminate cells that have undergone damage
due to loss of functional Brcal. Loss of p53 can extend the lifespane of mice with
otherwise lethal mutations but may also contribute to an increased cancer risk.

e . . d 5 . .
1"" mice, which have a truncating mutation at amino acid 924, express no

Brca
truncated or wild-type transcript but do express an endogenous Brcal splicing variant
that lacks exon 11 (Ludwig et al. 2001a). Unlike other Brcal exon 11 mutations that
result in low expression of a Breal splicing variant lacking exon 11, this allele is
expressed at near wild-type levels. The mice are viable but display developmental
abnormalities including a mild growth defect, kinky tails, and skin pigmentation defects.
85% of the mutant Brea™”™ animals developed tumors including lymphoma, sarcomas,
and carcinoma of mammary, lung, liver, and endometrial tissues. Thus, protein

interactions mediated by the exon 11encoded portion of Breal seem to be particularly

important for the prevention of a variety of tumors in the mouse.



Table 4. Knockouts of Brcal and Brca2/Fancdl

Mutation Mut.aFlon Viability Developmental Tumorigenesis Reference
position Defects
Breal*? exan? EL7.5d na n/a 1
1nsertion
Breal®® e EL7.5d n/a n/a 2
truncation
o exon 11 EL7.5- n/a
Brag! insertion 8.5d nfa )
Breal*%3763 exonv EL 10- n/a n/a
spliced 4
13.5d
product
Breml™2%s exon 11 . severe growth
” : 3 viable . .
Trp53 spliced . retardation, mammary thymic lymphomas 8
mice : .
product gland defects, infertile
1 exon 11 EL 8.5- n/a n/a 5
pueal Insertion 9.5d
exon 11
Brea] 2l spliced EL 1 _2.5 d severe grgwth n/a 6
1% viable retardation
product
Breal*al exon 11 mammary AC;
Trp53* or spliced 65-80% None few lymphoma, few 6
Trp53" product ovarian AC
truncation o -
Breal’77 after ELL10.5d 7
BRCT1
. mammary AC, lung
T exon 11 viable on mlld. ngt.h def_ects, AC, HCC, endometrial,
Breal : : . kinky tail, skin 9
insertion 129 strain . " colon, lymphoma,
pigmentation defects sarcoma
Brea2Prm! exonl0 | EL7.5d . i 10
Brca2®” | S exonll | EL85d g ng 11
Brea2"* truncation 0% small, kinky tail, no thymis lysmohomm 12
. after BRC7 ‘ male germ cells y ymp
TiniCam truncation )
Brea2 after BRC3 10% not assessed thymic lymphoma 13
mammary AC, Iung
Brea2?7407 exon_27 67% mammary gland AC, gastrjlc, 14
deletion defects endometrial,

lymphoma, sarcoma

2

(Adapted from (Moynahan 2002))
I (Ludwig et al. 1997), 2 (Hakem et al. 1996), 3 (Liu et al. 1996), 4 (Gowen et al. 1996),
5 (Shen et al. 1998), 6 (Xu et al. 2001), 7 (Hohenstein et al. 2001), 8 (Cressman et al.
1999a), 9 (Ludwig et al. 2001a), 10 (Sharan et al. 1997), 11 (Ludwig et al. 1997), 12
(Connor et al. 1997), 13 (Friedman et al. 1998), 14 (McAllister et al. 2002)
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To prevent the embryonic lethal phenotype observed in the majority of Brcal and
Brea2/Fancdl germ line mutants, tissue specific deletion of the genes can be engineered.
Mouse models in which deletion of a gene is restricted to mammary tissues, have been
created by using the promoters, WAP (whey acidic protein) or MMTV-LTR (mouse
mammary tumor virus-long terminal repeat). These mammary specific promoters drive
expression of CRE recombinase, which deletes genetic material flanked by loxp sites. A
variety of engineering strategies have been employed to inactivate either Breal or
Brca2/Fancdl in mammary tissue (table 5). All of these mice succumb to tumors,
highlighting the important role of Brcal and Brca2 in the prevention of cancer (Xu et al.
1999; Brodie et al. 2001; Ludwig et al. 2001b).

Breal®™©° (Brea1®!! ) mice, in which deletion of Brcal in mammary epithelium is
accomplished by MMTYV driving Cre, had a 25% incidence of mammary AC in 150 mice
(Brodie et al. 2001). The average tumor latency was 11 months. Interestingly, crossing
these mice to p53 heterozygotes increased the overall tumor incidence from 25% to 100%
and decreased the tumor latency by approximately 3 months. Thus, deficiency for Trp53
can accelerate the mammary tumor phenotype of Brecal conditional knockout mice.

The conditional KO of Brca2/Fancdl generated by Ludwig et al resulted in 20
out of 26 Brca2™™ /Wap®™ mice developing mammary tumors (Ludwig et al. 2001b).
Tumors began to form at approximately 13 months. Nearly half of the mice analyzed in
this study had more than one mammary tumor with 10 of 20 having 2-4 tumors.
Interestingly, a conditional knockout of Breca2/Fancdl (K14cre/Brea2™ V™' that deletes
exon 11 but retains N terminal and C terminal function does not result in an increased

incidence of mammary tumors (Jonkers et al. 2001). However, 72% of
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K14cre/Brea2™ ™ mice crossed to Trp53F210F210 developed mammary tumors. 55% of

Kl4cre/Brea2™: 13 pS537 10 mice that retain one wild-type allele of Brca2/Fancd]

in mammary tissue developed mammary tumors. 7 of 16 tumors in this group retained the

wild-type allele of Brea2/Fancdl, suggesting that haploinsufficiency for Brca2/Fancdl in

the context of loss of Trp53 function, can lead to mammary tumors in mice. Finally, 31%

of K14cre/Brca2" V1!, Trp537 1% mice develop mammary tumors. All tumors examined

by Southern blot had undergone LOH for the wild-type allele of 7rp53. Again, deficiency

of Trp53 seems to cooperate with loss of tumor suppressor genes to accelerate tumor

formation.

Table 5. Tumorigenesis in conditional knockout of Breal and Brea2/F ancdl

Conditional

Cre

Tomor

Mutation promoter Tamorigenesis Latency Reference
Brcal®™ (Brcal®!) MMTV** mammary (25%) ~11 mo 1
Ko/Co , +/- cre mammary :
Brcal™™™"; Trp53 MMT (100%) 6-8 mo 1
Brca2"” Wap™® mammary (77%) ~13 mo 2
Brea2" "1 K14 None n/a 3
FIT/FTI
Trﬁggilrg_ F]o/pg_}? 10 K14 mammary (72%) ~6 mo 3
+/FI1
T’pi’;]g_zp 7 0/1:'2’_ Fl0 K14 mammary (55 %) ~10 mo 3
FII/FII
g:;;’;/pgm K14 | mammary 31%) |  ~12 mo 3

1 (Brodie et al. 2001), 2 (Ludwig et al. 2001b), 3 (Jonkers et al. 2001)

As both Brcal and Brca2/Fancdl are known to function in maintainin g genomic

stability, the tumors that formed in conditional knockouts have been analyzed for their

relative degree of aneuploidy and chromosome aberrations. Mammary tumors from

BrcaZﬂ""/'/\?\/apCre mice demonstrate various degrees of genetic abnormalities as analyzed
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by metaphase karyotype analysis (Ludwig et al. 2001b). Brea /X" o/ Trp53"- mammary
tumors were aneuploid and contained structural abnormalities (Brodie et al. 2001). Some
of these tumors were also examined by spectral karyotyping (SKY) and found to contain
chromosome losses and gains, chromatid breaks, insertions, deletions, and multiple
rearrangements. Therefore, the increased incidence of tumors in Brcal/? conditionally
mutant mice may be caused by loss of “genome caretaker” function of these proteins.

Overall, the phenotype of Brcal and Brca2/Fancdl mutants is much more severe
then either Fanca, c, g, or  knockout mice. While loss of the majority of Brcal or
Brea2/Fancdl gene results in an embryonic lethal phenotype, a variety of mutations have
been engineered that result in improved viability. Loss of 7Trp53 can extend the life span
of Breal and Brea2/Fancdl mutants but may also increase the tumor incidence. F inally,
although no tumors are observed in any of the knockout mice mutant in upstream FA
genes, many of the Breal and Brca2/Fancdl mutants and conditional knockouts are
tumor prone.

The experiments described in this thesis were undertaken to further investigate the
in vivo function of mouse Fancd?. In chapter two, the phenotypic consequences of a null
mutation in mouse Fancd? are described. We investigate whether complete loss of
Fancd2 results in a phenotype identical to other FA mice or if loss of Fancd? leads to
additional phenotypes not observed in previous mouse models of FA. We show that loss
of Fancd?2 results in a qualitatively similar phenotype to other FA knockout mice.
However, unlike FA mouse models lacking the upstream nuclear core complex, Fancd?2
knockouts develop a variety of epithelial tumors. In chapter three, we describe an

improved model for studying cancer in FA by combining loss of Fancd? with
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heterozygosity for a deficiency of 7rp53 and begin to explore the role of Fancd2 and
Trp53 in maintaining genomic integrity. In chapter four, we investigate whether Fancd?
acts in a DNA repair pathway that is distinct from NHEJ. We show that F ancd? functions
in DSB repair and the maintenance of genomic stability which may explain the increased
incidence of epithelial tumors observed in Fancd? knockout mice. Chapter 5 provides a
summary of the findings and suggests experiments to further explore the biology of the

FA pathway.
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Chapter Two: Epithelial Cancer in

Fancd2 Knockout Mice

31



2.1 Abstract

FA is a genetic disorder characterized by hypersensitivity to DNA damage, bone
marrow failure, congenital defects, and cancer. To further investigate the in vivo function
of the FA pathway, mice with a targeted deletion in the distally acting FA gene Fancd?
were created. Similar to human FA patients and other FA mouse models, Fancd2 mutant
mice exhibited cellular sensitivity to ICLs and germ cell loss. In addition, chromosome
mispairing was seen in male meiosis. However, Fancd2 mutant mice also displayed
phenotypes not observed in other mice with disruptions of proximal FA genes. These
include microphthalmia, perinatal lethality and epithelial cancers, similar to mice with
Brca2/Fancdl hypomorphic mutations. These additional phenotypes were not caused by
defects in the Atm mediated S phase checkpoint which was intact in primary Fancd?2
mutant fibroblasts. The phenotypic overlap between Fancd? null and Brea2/Fancdl
hypomorphic mice is consistent with a common function for both proteins in the same

pathway, regulating genomic stability.
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2.2. Introduction

FA is an autosomal recessive disorder characterized by cellular sensitivity to DNA
damage, bone marrow failure and predisposition to cancer (Fanconi 1967; D'Andrea and
Grompe 2003). Patients may also have congenital malformations including short stature,
small gonads, microphthalmia, and skeletal defects (Alter 1993). At least 11
complementation groups exist (FA-A, B, C, DI, D2,E,F, G, L J, and L) and all share a
similar yet often variable phenotype (Alter 1993; Levitus et al. 2004). The genes for 9 of
these have been identified (FANCA, B, C, D1 /BRCA2, D2, E, F, G/’XRCCY, and L/PHF 9)
(Strathdee et al. 1992; Lo Ten Foe et al. 1996; de Winter et al. 1998; de Winter et al.
2000a; de Winter et al. 2000b; Timmers et al. 2001; Howlett et al. 2002; Meetei et al.
2003a; Meetei et al. 2004a).

The precise functions of the FA, BRCA1 and BRCA?2 proteins remain unclear but
there is evidence for overlapping roles. FANCA, FANCC, FANCE, FANCF, and FANCG
interact in a multisubunit nuclear complex (Kupfer et al. 1997; Garcia-Higuera et al.
1999; de Winter et al. 2000c; Medhurst et al. 2001). Genes constituting this complex act
epistatically as shown by the redundant phenotypes of Fanca, Fancc, Fancg, and
Fanca/Fancc double knockout mice (Noll et al. 2002). FANCD?2 acts downstream of the
nuclear complex. After DNA damage (Garcia-Higuera et al. 2001) and during the S phase
of the cell cycle (Taniguchi et al. 2002a) FANCD2 is mono-ubiquitinated at Lys.,, but not
in cells lacking any member of the upstream FA complex (Garcia-Higuera et al. 2001).
Mono-ubiquitination of FANCD? is required for its co-localization with RAD51 and
BRCAL1 in nuclear foci. FANCD?2 can also be phosphorylated at Ser,,, by ATM. This

modification requires wild-type nibrin (Nakanishi et al. 2002) and has been reported to
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mediate the damage induced arrest of DNA synthesis in SV40 transformed fibroblasts
(Taniguchi et al. 2002b).

The identification of BRCA?2 as an FA protein has suggested a potential function
for the pathway. BRCAZ2 binds single stranded DNA (Yang et al. 2002), interacts directly
with RADS51 (Marmorstein et al. 1998), and modulates its activity (Davies et al. 2001).
Cells lacking functional BRCA?2 are deficient in homology directed repair of DNA
double strand breaks (Moynahan et al. 2001b; Tutt et al. 2001) and therefore the FA
pathway may function to modulate DNA repair by homologous recombination.

Mouse genetics has been useful for investigating the function of the FA pathway.
Knockouts of Fance (Chen et al. 1996; Whitney et al. 1996), Fanca (Cheng et al. 2000;
Noll et al. 2002), and Fancg (Yang et al. 2001; Koomen et al. 2002) all share a defect in
germ cell development and demonstrate cellular sensitivity to agents that produce ICLs.
In contrast to human FA patients, however, FA mice do not develop anemia, do not have
skeletal defects, nor are they at an increased risk for developing cancer. Targeted
deletions have also been generated for the murine homolog of BRCA2. While
homozygous null mutants lacking Brca2 (Sharan et al. 1997) die at mid-gestation, mice
homozygous for a truncating mutation at the C-terminus of Brca? are viable and show
some phenotypic overlap with Fanca, Fancc, and F. ancg knockout mice (Connor et al.
1997; McAllister et al. 2002). Here, we report the phenotype of mice homozygous for a

null allele of the Fancd? locus.
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2.3. Materials and Methods

Targeting vector design and generation of Fancd? deficient mice

A Lamda phage library of mouse cDNA (Lambda FIX I, Stratagene, La Jolla, CA) was
screened with a 3’ 3.0 kbp R.A.C.E. fragment of mouse Fancd2 cDNA. DNA was
purified f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>