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Fanconi anemia 
Fanconi anemia (FA) is a rare autosomal recessive or X-linked inherited type of ane-
mia as a consequence of bone marrow failure. The disorder was named after Guido 
Fanconi (1892-1979) since he was the first to describe its symptoms in a case report 
published in 1927[1]. He reported a family of five children of which three boys devel-
oped anemia between the ages of five and seven and died. The brothers also had physi-
cal abnormalities such as a small head, skin pigmentation, cutaneous haemorrhage, 
and underdevelopment of the testes [1,2]. In retrospect these three brothers were the 
first FA patients documented and their symptoms are still hallmarks of FA. 

Fanconi anemia - Clinical Symptoms 
The median age of diagnosis for FA is 7 years [3]. Usually hematological problems are 
the first indication for FA, but the disease is also characterized by a broad range of 
developmental abnormalities [3]. Patients can present with congenital malformations 
of the head (microcephaly), eyes (microphthalmia), skeleton (thumb and or radius), 
and an overall short stature and low birth weight. Genital malformations are also 
common in FA patients as well as hypogonadism and infertility, although some FA 
patients have got children. Less common symptoms include gastrointestinal defects, 
cardiac defects, central nervous system defects, and neural tube defects [3]. Of all FA 
patients around one third has a normal physical development [4]. 

Although FA is a genetic disease there is much phenotypic and pathogenic variability, 
even between related patients with an identical mutation. This is illustrated by the 
variation in clinical symptoms in four FA patients from two related consanguineous 
families who had an identical FA mutation [5]. This demonstrates that a different 
environment combined with genetic variation can all contribute to the penetrance of 
FA associated phenotypes.  

Fanconi anemia - Diagnosis
The variability of the clinical symptoms associated with FA makes it difficult to diag-
nose the disease. Therefore, a more uniform test has been developed to diagnose FA [6]. 
This test exploits the clastogenic (chromosome-breaking) response of cells from FA 
patients to treatment with DNA crosslinking agents such as mitomycin C (MMC) or 
diepoxybutane (DEB). These compounds induce interstrand crosslinks (ICLs) in the 
DNA. After treatment with crosslinking agents, FA cells show an increased number 
of chromosome breaks as can be evaluated in a metaphase spread. This chromosom-
al breakage test is now the standard test to diagnose FA. If the specific mutation is 
known within an FA family, genetic testing can also be used for diagnosis. Figure 1.1 
shows a metaphase spread of FA deficient mouse embryonic fibroblasts (MEFs) after 
MMC treatment and the collection of chromosomal aberrations frequently observed 
in FA cells. 
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Fanconi anemia - Bone marrow failure

The development of anemia as a consequence of bone marrow failure (BMF) is the 
symptom of FA that requires treatment most frequently and it remains the primary 
cause of death for FA patients. By age 40, 90% of FA patients will have developed bone 
marrow failure [7,8]. The anemia can initially be treated by hematopoietic growth 
factors or androgen therapy to improve blood counts, however, all patients eventu-
ally become insensitive to this treatment and rely on blood transfusions to maintain 
adequate blood counts [3]. A more definitive therapy is hematopoietic stem cell trans-
plantation (HSCT) to repopulate the bone marrow. To date, the 5-year survival fre-
quency after transplantation with a human leukocyte antigen (HLA)-matched sibling 
donor is approximately 85% [9]. The survival frequency for transplantation with an 
unrelated donor drops to 52% at 3 years [9,10].

Since an HLA-matched donor is not always available, the possibility of gene therapy 
has received much attention in the FA field. Gene therapy involves the correction of 
the FA defect in HSC by viral delivery of wild-type cDNA of the affected gene and the 
reintroduction of these corrected cells in the bone marrow. The corrected HSC would 
subsequently compete out the affected FA-HSC due to a growth advantage and could 
repopulate the bone marrow of an FA patient. The feasibility of this approach has 
already been demonstrated by nature itself as some patients show somatic mosaicism 
indicating a selective advantage of spontaneously corrected HSC [11]. It was even sug-
gested that a single prenatally corrected HSC of one twin suffering from FA was ca-
pable of repopulating the bone marrow of both children and preventing the onset of 
hematological problems [12].  

Figure 1.1
Picture of metaphase spreads of Fancm-deficient mouse embryonic fibroblasts (MEFs) after MMC 
treatment with a collection of different chromosomal aberrations typical for FA. 
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Gene therapy, however, requires the use of retroviral constructs which pose the threat 
of oncogenesis as a consequence of random viral integration. An alternative approach 
could be the use of somatic cells from FA patients to be reprogrammed to pluripoten-
cy to generate patient-specific induced pluripotent stem cells (iPS) cells. It has already 
been shown that somatic FA cells could be reprogrammed after correction of the FA 
defect. Furthermore, these corrected FA-iPS cells could give rise to haematopoietic 
progenitors of the myeloid and erythroid lineages that were phenotypically normal 
[13]. These cells could in principle be used for HSCT as the ideal HLA-matched do-
nor.    

Fanconi anemia - Cancer 
The median age at death for FA patients was only 19 years in the nineties of the 20th 
century but has increased to 30 years in 2000, especially due to the improved success 
rate of HSCT [4,10]. However, the overall life expectancy of FA patients is still severely 
reduced due to an increased risk to develop cancer. Especially the risk to develop my-
elodysplasia or acute myeloid leukemia (AML) is increased, with an AML incidence 
of 33% by age 40 posing a more than 1000-fold increased incidence compared to the 
normal population [7,8]. FA patients are also at risk to develop solid tumors especially 
squamous cell carcinoma (SCC) of the head and neck (500-fold increased risk), SCC 
of the esophagus (1000-fold increased risk), and gynecologic cancers [7,8,14]. Unfor-
tunately, the treatment of leukemia and solid tumors in FA patients is complicated by 
the severe side effects of conventional chemotherapy due to defects in DNA repair in 
normal tissues of FA patients, as will be discussed in chapter 7. 

Fanconi anemia - Genetics 
FA is not only clinically but also genetically a heterogeneous disorder. The hypersen-
sitivity of FA cells to MMC or DEB has made it possible to classify FA in different 
complementation groups. The assignment of a new FA complementation group is as 
follows: cells from an FA patient for which the mutated gene is unknown are fused to 
cells from a known complementation group. This results in a hybrid cell line with a 
4N DNA content, which is tested for ICL (MMC or DEB) sensitivity. If the hybrid cell 
line is ICL sensitive, the two cell types are not able to complement each other and they 
have a defect in the same gene. If the hybrid cell line has become ICL resistant, the two 
cell types had a different genetic defect and belong to a separate complementation 
group [15]. This method, however, can result in a wrong assignment due to spontane-
ous phenotypic reversion, the process by which a wild-type allele can be recreated due 
to gene conversion or intragenic recombination [16] Therefore, a new complementa-
tion group should be based on at least two patients, or, if only one patient cell line is 
available, on a new complementing gene with pathogenic mutations [16]. By apply-
ing this complementation analysis several different complementation groups have 
been determined and 15 mutated genes (FANCA, FANCB, FANCC, FANCD1/BRCA2, 
FANCD2, FANCE, FANCF, FANCG, FANCI, FANCJ, FANCL, FANCM, FANCN/PALB2, 
FANCO/Rad51C and FANCP) have been identified [17-20]. Some patients do not have 
mutations in any of these genes and belong to unclassified complementation groups. 



11

So it is expected that additional FA genes will be discovered in the future [21]. 

Fanconi anemia - FA genes involved in cancer susceptibility syndromes 
The discovery that FANCD1 was identical to the breast cancer susceptibility gene 2 
(BRCA2) [22] was an unexpected finding that has generated much interest into the in-
volvement of FA genes in cancer [23]. Heterozygous carriers of FANCD1/BRCA2 muta-
tions are highly susceptible to breast, ovarian and pancreas tumors, which arise after 
loss of the wild-type allele. FANCJ, FANCN, and FANCO are other cancer susceptibility 
genes which also give rise to FA [24-28]. FANCJ is also known as BRIP1 or BACH1 
and interacts with BRCA1, another breast cancer susceptibility gene. FANCN interacts 
with BRCA2 and is therefore more commonly referred to as PALB2 (partner and local-
izer of BRCA2) [29]. FANCN mutations have been identified in patients with familial 
pancreatic cancer [28]. Heterozygous mutations in FANCO were found to confer an 
increased risk to breast and ovarian cancer [30,31]. To date, no increased cancer risk 
for FA heterozygotes that belong to FA core complex groups have been reported al-
though there is some evidence that FANCC mutations are possibly low penetrance 
breast cancer susceptibility alleles [32]. 

Fanconi anemia - the FA pathway for ICL repair
FA cells are characterized by a hypersensitivity to ICL agents, which is manifested by 
increased chromosomal breakage, a prolonged G2 arrest, and reduced survival. Based 
on this shared phenotype, all FA proteins are thought to function together in the 
so-called FA pathway for ICL repair. ICL agents induce either intra- or interstrand 
crosslinks in the DNA of which the interstrand crosslink is considered the most cyto-
toxic, since it prevents strand segregation thereby blocking replication, transcription 
and chromatin maintenance [33]. ICLs therefore need to be removed and the integrity 
of the DNA restored in order for a cell to survive. ICL repair requires the coordina-
tion of multiple different repair pathways, which varies per cell cycle phase. The FA 
pathway is thought to play a critical role in the coordination of these different repair 
pathways and some FA proteins are thought to be also directly involved in the repair 
process itself. Chapter 7 contains a more extensive discussion of the molecular details 
of the FA pathway for ICL repair. 

Fanconi anemia - acetaldehyde repair
FA cells are uniquely sensitive to compounds that induce ICLs such as MMC or DEB, 
however exposure to these compounds is limited and therefore unlikely to be the nor-
mal substrate for the FA pathway. A central question in the FA field has been what the 
endogenous ICL source is that necessitated the evolution of the FA pathway. 

Formaldehyde is a potential candidate, since this molecule is generated during nor-
mal metabolism and known to induce DNA and DNA-protein crosslinks. Moreover, 
FA cells are hypersensitive to this agent [34]. In agreement with this notion recent 
exciting experiments with Fancd2 mutant mice suggest that aldehydes could indeed 
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be endogenous substrates for the FA pathway [35]. It was demonstrated that in the 
absence of fetal and maternal ALDH2, an enzyme that detoxifies acetaldehyde, Fan-
cd2-deficient mice were not viable. Moreover, double homozygous mutant animals 
born from a cross between heterozygous animals died within 3 to 6 months due to 
the development of acute lymphoblastic leukemia (ALL). In addition, when Fancd2/
Aldh2-deficient embryos were exposed to ethanol in utero they developed severe physi-
cal abnormalities reminiscent of fetal alcohol syndrome and were underrepresented 
[35]. Also young Fancd2/Aldh2-deficient animals had a severe reduction in bone mar-
row cellularity and showed γH2AX induction after exposure to ethanol. These data 
collectively demonstrate that excess endogenous or exogenous acetaldehyde, due to a 
defect in detoxification, results in severe toxicity in the absence of FANCD2 [35].

It remains to be determined if this phenotype also extends to other FA mouse mod-
els. Mouse embryonic fibroblasts (MEFs) derived from other FA core complex ani-
mals were not sensitive to formaldehyde whereas Fancd2-deficient MEFs were [36]. 
However, FA core complex deficient splenocytes or DT40 cells were again sensitive to 
acetaldehyde [35]. In addition, DT40 cells mutant for TLS or HDR were not sensitive 
to acetaldehyde whereas these proteins are thought to play an important role in ICL 
repair (as will be discussed in chapter 7).

Outline of this thesis
This thesis contributes to the FA field by studying the pathology of FA in mouse mod-
els. First an extensive overview is given in chapter 2 on recent insights obtained by 
studying FA mouse models. In chapter 3 we describe the unique characteristics of 
the only patient belonging to the FA-M complementation group. In this chapter we 
demonstrate that this patient had additional mutations in another FA gene, Fanca, 
making it unclear how mutations in FANCM contribute to an FA phenotype. There-
fore in chapter 4 we describe a mouse model which we have made by deleting exon 
2 of Fancm. This mouse model showed several characteristic FA phenotypes such as 
crosslinker sensitivity, hypogonadism, and reduced FANCD2 monoubiquitination, 
but also several non-FA phenotypes. In chapter 5 another FA mouse model is intro-
duced, the Fancf mouse model. Also Fancf-deficient mice showed the characteristic 
FA-associated phenotypes in mice. However, these mice were also prone to develop 
granulosa cell tumors of the ovary, a cancer type not previously associated with FA in 
mice. In chapter 6 the mouse models introduced in chapter 4 and 5 were crossed with 
the intestinal tumor mouse model ApcMin/+. Paradoxically whereas Fancf deficiency did 
not alter the latency or severity of tumorigenesis in ApcMin/+ mice, Fancm deficiency did. 
This could indicate that Fancm plays a role outside the FA pathway in intestinal tumor 
suppression. In the discussion (chapter 7) we will speculate about the role of FANCM 
and the other FA proteins in a new model for ICL repair. This alternative model for 
ICL repair is recombination dependent but DSB independent and aims to explain 
the unique characteristics associated with Fancm-deficiency that led to a mouse that 
roared. 
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Abstract
Fanconi anemia (FA) is a rare autosomal recessive or X-linked inherited disease and 
mutations in at least 15 different genes have been identified that cause this disor-
der. FA patients are characterized by an increased incidence of bone marrow failure, 
hematological malignancies, and solid tumors. Cells from FA patients show a pro-
nounced sensitivity to interstrand crosslinking agents (ICLs) and all FA gene products 
are thought to function together in the FA pathway that is essential for ICL repair. To 
study this disorder several FA mouse models have been generated. These mutant mice 
all show the characteristic ICL sensitivity, but differ in their predisposition to hema-
tological problems or malignancies which are common in FA patients. This review 
extrapolates on this apparent paradox and summarizes the recent insight which FA 
mouse models have uncovered on the pathology of FA. 

Introduction
Fanconi anemia patients suffer from bone marrow failure (BMF), developmental ab-
normalities, and an increased cancer risk. To date 15 genes have been identified which 
cause FA or an FA-like disorder [1-3]. Despite the genetic and phenotypic heterogene-
ity of FA, FA cells from all complementation groups share a characteristic hypersen-
sitive to interstrand crosslinking agents (ICLs). The identification of the FA genes 
and analysis of the function of encoded proteins has uncovered a molecular pathway 
important for ICL resistance termed the FA pathway. 

Most FA proteins are found in a complex called the FA core complex. This com-
plex consists of 8 FA proteins (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, 
FANCL, and FANCM), and four FA-Associated Proteins (FAAP24, FAAP100, MHF1 
and MHF2) [4]. The formation of the FA core complex is necessary for the efficient 
monoubiquitination of FANCD2 and FANCI by the E3 ubiqutin ligase FANCL with 
UBE2T as E2 ligase [5] . The remaining FA proteins FANCD1/BRCA2, FANCJ/BRIP1, 
FANCN/PALB2, FANCO/RAD51C and FANCP/SLX4 act downstream or parallel to 
this monoubiquitination step in the FA pathway to facilitate ICL repair [6].   

Following the identification of FA genes in humans, blast searches for orthologs in 
other species were undertaken. The conservation of most FA proteins, especially the 
FA core complex members, seems limited to vertebrates [7]. In Drosophila melanogaster 
or the urochordate Ciona intestinalis only orthologs of FANCD2, FANCL and FANCM 
exist, and it appears that FANCL by itself can monoubiquitinate FANCD2 and confer 
crosslinker resistance in the fly [8,9]. It remains enigmatic why there are so many FA 
core complex genes to regulate FANCL ubiquitin ligase activity, and the enigma is 
enhanced by the fact that most FA core complex members, apart from FANCL and 
FANCM, are orphan proteins lacking functional domains. Yet, in vertebrates the FA 
core complex has evolved and each member is essential for a functional FA pathway.

Anemia as a consequence of BMF is usually the first symptom of FA patients. In ad-
dition, more than two third of FA patients also present with a wide range of develop-
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mental abnormalities such as microcephaly, microphthalmia, abnormalities of the 
skeleton (thumb and/or radius), short stature and low birth weight, and genital mal-
formations [10]. FA patients also have a high risk to develop cancer, especially acute 
myeloid leukemia (AML), squamous cell carcinoma (SCC) of the head and neck, SCC 
of the esophagus, liver tumors, and gynecologic cancers [11,12]. The cumulative prob-
ability in FA patients to develop leukemia, solid tumors, and liver tumors is almost 
40% by age 30, about 50% by age 45, and 76% by age 45 [13].

To study the above mentioned FA phenotypes and to develop a potential treatment 
for FA associated symptoms the laboratory mouse (Mus musculus) is a frequently used 
model system. A number of advantages including the relative ease to work with mice 
as compared to other rodents, the extensive physiological and molecular similarities 
to humans [14], and the ability to perform gene targeting and disrupt FA genes have 
made mice the most frequent animal model to study FA. 

FA mouse models
By disruption of FA genes several FA mouse models have been created to date: three 
for Fanca [15-17], two for Fancc [18,19] several for Fancd1/Brca2 [20], one for Fancd2 
[21], one for Fancf [22], two for Fancg [23,24], one for Fancl/POG [25], one for Fancm 
[26], two for Fancn/Palb2 [27,28], several for Fanco/Rad51C [29-31], and one for Fan-

Table 2.1
Mouse models for Fanconi anemia and the associated gene disruptions

Gene Target Disruption Reference

Fanca exons 4–7 [15]

Fanca exons 1–6, [16]

Fanca exon 37 [17]

Fancc exon 8 [18]

Fancc exon 9 [19]

Fancd1 various [20]

Fancd2 exons 26 and 27 [21]

Fancd2 gene trap insertion in intron 1 [33]

Fancf exon 1 [22]

Fancg exons 1–4 [34]

Fancg exons 2-9 [24]

Fancl exons 4–14 [25]

Fancm Exon 2 [26]

Fancn gene trap insertion in intron 1 [27,28]

Fanco exons 2-3 [29]

Fancp gene trap insertion in intron 2 [32]
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cp/Slx4 [32]. Table 1 shows all FA mouse models published to date with their gene 
disruptions. Cells derived from these mutant mice were all sensitive to ICL-inducing 
agents, the characteristic cellular phenotype of FA. 

Embryonic and perinatal lethality
Embryonic lethality due to homozygous disruption of FA genes appeared to be re-
stricted to non-FA core complex genes such as Fancd1/Brca2, Fancn/Palb2 and Fanco/
Rad51C. An exception are the Fancl mice which are embryonic lethal on a pure 129/
Sv or C57BL/6J background but viable on a mixed C57BL/6JxFVB background [25]. 
Fancd1/Brca2 and Fancn/Palb2 homozygous mice die early during embryonic develop-
ment due to increased apoptosis and this phenotype is alleviated but not rescued in 
a p53-deficient background [20,28]. The corresponding heterozygous mice did not 
show a strong tumor predisposing phenotype [27], even not in a p53-deficient back-
ground [28]. Due to the aforementioned lethality, conditional models have been ex-
tensively used to study Fancd1/Brca2 tumor suppressor function and have revealed a 
synergistic effect with p53 on tumorigenesis [20,35].  

Perinatal lethality has been described for several FA mouse models including Fan-
cc [36], Fancd2 [21,37] , Fancl [25], Fancm [26] , and Fancp [32]. This phenotype was 
strongly dependent on the genetic background of the mice. Especially the C57BL/6J 
background leads to a more severe perinatal lethality phenotype, as was clearly dem-
onstrated in a recent study where Fancc and Fancd2 deficient mice were underrepre-
sented in this background but not in a mixed 129S4 x C57BL/6J background [37] 
. For Fancm deficient mice an underrepresentation of females was observed, howev-
er this effect was also dependent on the genetic background (unpublished results). 
These data suggest that FA pathway disruptions in mice affect viability when com-
bined with the presence of modifier loci in certain genetic backgrounds (especially in 
the C57BL/6J background). 

Developmental abnormalities
Most FA mouse models did not show any gross FA specific developmental phenotypes 
with a few exceptions. Microphthalmia has been observed in Fanca [16], Fancc [36], 
Fancd2 [21], and Fancp [32] deficient mice in the C57BL/6J background. In addition, 
a proportion of Fancp mice also had an abnormally shaped and enlarged skull [32]. 

Another notable exception are the gonadal abnormalities and associated infertility, 
which were observed in all FA mouse models described to date, independent of the 
genetic background [38,39]. This abnormal function has been ascribed to a reduction 
in the number of primordial germ cells (PGC) [25,40]. The loss of pluripotent PGCs 
in FA pathway deficient mice is in agreement with the crucial role for the FA pathway 
in the derivation or maintenance of induced pluripotent stem (iPS) cells that has been 
reported recently [41]. It still needs to be determined how this loss of PGCs and poor 
stem cell self-renewal is related to FA pathway dysfunction. However, it is tempting to 
speculate that the FA pathway is not only essential for viability after exposure to ICL-
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inducing agents, but also for the viability of stem cells. It has been reported that dur-
ing reprogramming iPS cells are more intolerant to DNA damage and undergo p53-
mediated apoptosis [42]. p53 disruption resulted in more efficient reprogramming 
in the presence of DNA damage [42]. These observations could indicate that the FA 
pathway might function to maintain genomic stability and prevent DNA damage in 
pluripotent stem cells. However, in the absence of a functional FA pathway these cells 
acquire DNA damage and are lost due to apoptosis. Perhaps this loss of pluripotent 
cells is causative for the growth retardation and short statue observed in humans and 
FA mice [10,21].  

There is also evidence that the FA pathway plays an important role in meiosis. Fanca 
[16] and Fancd2 [21] deficient mice have an increased incidence of mispaired chro-
mosomes in pachytene spermatocytes accompanied by increased apoptosis. Also the 
expression of FA proteins is increased during mid-to late-pachytene [16]. During this 
period chromosomes are fully synapsed, and double Holliday junctions are formed 
that need to be resolved [43]. The resolution of a double Holliday junction could be 
aided by the FA pathway, especially by FANCP/SLX4 [44,45]. However, both Fancp-
deficient male and female mice were able to produce offspring which indicates that 
meiosis takes place in these mice [32].   

Double mutants
To determine whether FA proteins have redundant or divergent functions within the 
FA pathway, several double FA mutant mice have been generated. Double mutants 
which phenocopy the single mutant reveal an epistatic relationship, whereas a broad-
er phenotype dictates a non-epistatic relationship. In practice, the interpretation of 
the phenotype of double FA mutants is less straightforward. The first double mutant 
mice reported, Fanca/Fancc, showed no evidence of an additive phenotype, indicating 
an epistatic relationship between the two genes [17]. However, Fancc/Fancg double 
mutant mice did show a broader phenotype as they developed BMF, myelodysplasia 
and complex cytogenetic abnormalities which were absent in either single knockout 
mice [46]. This non-epistatic relationship between Fancc and Fancg was attributed to 
a unique function for Fancg because of the absence of an additive phenotype in the 
Fanca/Fancc mice. However, recent data have complicated this interpretation. Mice 
mutant for both Fanca and Fancg showed no additive phenotype dictating an epistatic 
relation between these genes [47]. The different outcomes of epistasis analysis could 
again be explained by the presence of FA pathway modifiers in different mouse strains. 
The Fanca/Fancc and the Fanca/Fancg were maintained on a 129S4 and mixed 129Ola/
FVB genetic background, respectively, whereas the Fancc/Fancg mice were maintained 
on a C57BL/6J genetic background. As described above, FA core complex gene defects 
appear to have a stronger penetrance in mice with a C57BL/6J genetic background 
[37]. Therefore, C57BL/6J-associated modifier genes may have contributed to the 
more severe phenotype of the double mutant Fancc/Fancg mice. The generation of 
more double mutant mice in different genetic backgrounds, will shed light on the 
(non)-epistatic relationships between different FA (core complex) genes.  
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In addition to double mutants with FA core complex genes also mutants with Fancd2 
mice have been generated. A recent study reported a non-epistatic relationship be-
tween Fancd2 and Fancg: Fancd2/Fancg double homozygous mice were not viable in the 
C57BL/6J background. Also, Fancd2 but not Fancg mutant mice showed an increased 
frequency of HR mediated deletions at an endogenous locus and more DNA damage 
and chromosomal instability [48]. This additional role of FANCD2 in genome stabil-
ity could be related to its role in the intra-S-phase checkpoint. FANCD2 patient cells 
continue DNA synthesis after IR, indicative of a defective intra-S-phase checkpoint, 
and this phenotype was not observed in FANCC patient cells and was not depend-
ent on monoubiquitination of FANCD2 [49]. Also FANCD2 is phosphorylated by 
ATM and CHK1 independent of the FA core complex [49,50]. It is clear that further 
studies are needed to characterize which phenotypes found in the Fancd2-deficient 
mice extend to other FA core complex mice. The generation and characterization of 
Fanci-deficient mice could also be highly informative to determine to which extent 
this protein is really FANCD2’s sisterly or fraternal twin [51].

Hematological abnormalities

The absence of apparent hematological abnormalities in most of the FA mouse mod-
els studied to date is in shrill contrast with the life threatening BMF in FA patients. 
Exceptions are Fancp mice who have lower white blood cell counts and very low levels 
of platelets and hypomorphic Fancd1/Brca2 mice which had a proliferation defect in 
the hematopoietic progenitors [32,52]. Bone marrow failure can be induced by treat-
ing FA mice with a single high dose of mitomycin C (MMC) or chronic exposure to 
MMC, as was done with Fancc mice [53]. Also degeneration of other highly prolifera-
tive tissues such as the liver, spleen, and intestine was observed after a single high 
MMC dose. This DNA damage induced BMF in FA mice supports the view that mice 
in laboratory conditions lack natural exposure to stressful environmental agents 
that contribute to the FA phenotype. 

Despite the lack of anemia in most FA mouse models, FA mice have been used to 
study the role of the FA pathway in hematopoietic homeostasis. This research has fo-
cused on hematopoietic stem cells (HSCs), especially in the Fancc mouse model. HSCs 
are multipotent stem cells that can give rise to all blood lineages and can therefore be 
used in long-term competitive repopulation assays where one compares the ability of 
FA-HSCs and wild-type HSCs to repopulate the bone marrow of lethality irradiated 
recipients. This assay did demonstrate a necessity for the FA pathway in hematopoi-
esis, since Fancc-deficient HSCs showed a reduced repopulating ability [54]. Fancc-
deficient hematopoietic progenitors and stem cells were also sensitive to low doses of 
inflammatory cytokines such as TNF-α or other inflammatory mediators such as in-
terferon γ and LPS [55-57]. The competitive repopulation assay has also been used as 
a preclinical tool to study compounds which could enhance its efficiency, as recently 
demonstrated by improved repopulating ability of Fancc-HSCs after treatment with a 
p38-MAP-kinase inhibitor [58].  

Recent data demonstrate that the Fancd2 mouse model could be especially suitable 
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to study the contribution of the FA pathway to HSC function and homeostasis. 
Apart from performing poor in competitive repopulation assays analogous to Fancc-
deficient HSCs [33,59], Fancd2-deficient mice also have a decreased number of HSCs, 
which was not observed in Fancc-deficient mice [59]. Already in 3-week-old Fancd2 
mice, HSCs were underrepresented indicative of an early defect in HSCs development 
and/or maintenance [59]. The phenotype of Fancd2-deficient is more severe than Fan-
cc-deficient mice, possibly suggesting that non-ubiquitinated FANCD2 functions in 
HSC maintenance [59]. Fancd2-HSCs also had an increased cell-cycle entry and loss 
of their normal quiescent state, although this has also been described for Fancc-HSCs 
[60]. It is tempting to speculate that the enhanced cell-cycle entry of HSCs compen-
sates for the lower frequency of HSCs in the bone marrow and thus prevents BMF in 
the short term. However, in the long-term or after DNA damage (as in MMC treated 
Fancc mice), this accelerated HSC turnover could lead to HSC exhaustion and subse-
quent BMF. The clear phenotype of Fancd2-HSCs makes it a suitable pre-clinical mod-
el to study compounds that could reverse this abnormal cell cycle state. The authors 
already showed that the HSCs phenotype and reduced repopulating ability could be 
partially rescued by reservatrol, a polyphenol found in grapes and red wine [59]. 

However, to advise FA patients to indulge in red wine to improve blood counts is 
likely counter productive advice given recent new data on the involvement of the FA 
pathway in acetaldehyde toxicity [61]. Aldehydes are reactive metabolites that can in-
duce DNA-DNA and DNA-protein crosslinks and are produced endogenously during 
normal metabolism or as a byproduct from ethanol metabolism. Aldehyde dehydro-
genases (ALDH) are responsible for their detoxification by oxidation of aldehydes to 
carboxylic acids [62]. In mouse crossing experiments it was shown that in the absence 
of fetal or maternal ALDH2, Fancd2 mice were not viable [61]. Double homozygous 
Fancd2/Aldh2 animals could be obtained from crosses in which at least the mother was 
Aldh2+/-, but these mice died within 3 to 6 months due to the development of acute 
lymphoblastic leukemia (ALL) [61]. In addition, when Fancd2/Aldh2 embryos were ex-
posed to ethanol in utero they developed severe physical abnormalities and were un-
derrepresented. Also young Fancd2/Aldh2 animals had a severe reduction in bone mar-
row cellularity and showed γH2AX induction after exposure to ethanol. These data 
collectively demonstrate that excess acetaldehydes from endogenous or exogenous 
sources results in severe toxicity in the absence of FANCD2 [61].

It remains to be determined whether acetaldehyde-mediated toxicity is caused by a 
specific lesion that needs to be repaired by the FA pathway. In this context it is impor-
tant to determine whether acetaldehyde toxicity is also seen in other FA mouse mod-
els. Mouse embryonic fibroblasts (MEFs) derived from other FA core complex mutant 
animals were not sensitive to formaldehyde whereas Fancd2-deficient MEFs were [63]. 
However, FA core complex deficient splenocytes or DT40 cells were again sensitive 
to acetaldehyde [61].  Also, DT40 cells mutant for TLS or HDR were not sensitive to 
acetaldehyde whereas these proteins are thought to play an important role in repair-
ing acetaldehyde induced crosslinks. 
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Viability and cancer

The high incidence of anemia, myelodysplasia and cancer reduces the life expectancy 
of FA patients to 30 years [1,11]. Cancers that frequently arise are acute myeloid 
leukemia (AML), squamous cell carcinoma (SCC) of the head and neck, SCC of the 
esophagus, liver tumors, and gynecologic cancers [11-13]. FA mouse models do not 
recapitulate this pronounced reduction in life expectancy as they generally do not 
succumb to pronounced accelerated tumorigenesis. For Fancc, Fancd2, Fancf, Fancm, 
and Fancp mice, long-term survival cohorts have been published. In the Fancc-
deficient mice no tumors were observed after 600 days [64]. For the Fancd2-deficient 
mice, a statistically significant increased incidence of both adenomas and carcino-
mas of epithelial origin was reported [21]. For Fancf and Fancm mice, a statistically 
significant reduction in overall and tumor free survival were published [22,26]. Fancf-
deficient mice developed late onset ovarian tumors, which were potentially related to 
a deregulation of sex hormones as a consequence of hypogonadism [22]. Fancm-de-
ficient mice also showed a reduced life span and increased cancer incidence without 
skewing to a particular tumor type. Fancm-deficient MEFs showed an increased sister 
chromatid exchange (SCE) frequency, which was not observed in Fanca-deficient 
MEFs and could suggest an additional role for FANCM in genome maintenance 
[26]. Additional mouse crosses with FA core complex mice are needed to clarify 
this potential nonepistatic relationship between FANCM and the FA core complex. 
However, overall, the increased tumorigenesis in the aforementioned mouse models 
is minor compared to the reduced life expectancy and increased tumor risk in FA 
patients. 

Double mutants between FA mutant mice and non-FA genes 

To further uncover genetic interactions between the FA pathway and other cellular 
pathways, FA mutant mouse models have been crossed to other mouse models. As 
demonstrated by the Fancd2/Aldh2 mouse study these in vivo genetic interaction 
studies can shed light on the function of FA genes by enhancing their importance in 
a sensitized background. Analogous to this approach it was demonstrated that com-
bined Fancc/ superoxide dismutase 1(Sod1) mutant mice have decreased red blood 
cell counts and colony forming capacity. SOD metabolizes reactive oxygen species 
(ROS) which are a source of oxidative damage. Therefore, the aggravated pheno-
type in these double mutant mice suggest that FANCC functions in counteracting 
superoxide-mediated genotoxicity or in redox signalling [65]. 

Genetic interaction studies can also be extended to tumor prone mouse models. By 
comparing tumor latency, multiplicity, and type between a sensitized background 
only and the combined mutant one can assess if and how the tumor phenotype is 
modified. Through these studies it was demonstrated that both Fancc- and Fancd2- 
deficiency decreased the latency for tumor development in p53 mutant mice [64,66].  
p53 heterozygous mice are prone to develop sarcomas whereas homozygous animals 
mainly develop thymic lymphomas, but also sarcomas and teratomas with a much 
shorter latency [67]. Fancc-deficiency accelerated tumorigenesis in both the p53 heter-
ozygous and homozygous background [64]. Moreover, Fancc/p53 mice also developed 
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tumors not observed in p53 mutants. The combination of p53+/- with Fancd2 loss also 
resulted in a significant decrease in tumor-free survival, and female animals showed 
a high incidence of adenocarcinomas [66]. Potentially these tumors were also stimu-
lated by aberrant sex hormone levels as a consequence of hypogonadism as has been 
suggested for the development of ovarian tumors in Fancf-deficient mice [22]. The 
accelerated tumor formation  in p53/FA mice suggests that the FA pathway prevents 
both spontaneous and genotoxic-induced chromosome instability and that activa-
tion of p53 following this DNA damage limits cell proliferation to avoid tumor forma-
tion [64,66].  

p53/FA mouse models may be suitable to study chemoprevention regimens, which 
could be of clinical use to FA patients. As an elegant example, tempol was shown to 
be a potent chemopreventive drug which specifically delayed the onset of epithelial 
tumors in Fancd2-deficient p53 heterozygous female animals [68].    

Concluding remarks

In conclusion, most FA mouse models to date do not fully recapitulate the hall-
mark characteristics of FA. A notable exception is the Fancp mouse model which will 
undoubtedly be extensively studied in the future. Despite the apparent lack of gross 
FA symptoms in mice, we have learned a lot of the pathology of FA. The reduction in 
PGC and consequent hypogonadism as a common phenotype of FA mouse models 
suggest that the FA pathway is important in early embryogenesis, most likely due to 
the repair of replication associated stress. Furthermore, the lower number of HSCs 
in young Fancd2-deficient mice suggests that also the development or maintenance 
of these stem cells is compromised in the absence of an active FA pathway. 

Most importantly and encouraging, it appears that FA pathway deficiency in mice 
does not jeopardize survival under normal circumstances. FA mice seem to thrive in 
the controlled environment of the laboratory, although the cellular phenotype of ICL 
sensitivity is maintained in murine FA mutant cells. FA mice most likely thrive be-
cause of the absence of harmful environmental exposure or increased detoxification 
metabolism. Rather, mice seem to display FA phenotypes after excess genotoxic stress 
from either exogenous agents such as MMC or ethanol or endogenous molecules such 
as acetaldehyde or ROS. This suggests that FA patients could also benefit from avoid-
ing certain environmental cues. Uncovering the nature of the environmental cues that 
produce an FA phenotype in mice will undoubtedly stimulate the development of 
chemopreventive drugs for FA patients in the future.
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Abstract 
FANCM is a component of the Fanconi anemia (FA) core complex and one FA pa-
tient (EUFA867) with biallelic mutations in FANCM has been described. Strikingly, 
we found that EUFA867 also carries biallelic mutations in FANCA. After correcting 
the FANCA defect in EUFA867 lymphoblasts,  a ‘clean’ FA-M cell line was generated. 
These cells were hypersensitive to mitomycin C, but unlike cells defective in other core 
complex members, FANCM-/- cells were proficient in monoubiquitinating FANCD2 
and were sensitive to the topoisomerase inhibitor camptothecin, a feature shared 
only with the FA subtype D1 and N. In addition, FANCM-/- cells were sensitive to UV 
light. FANCM and a C-terminal deletion mutant rescued the crosslinker sensitivity of 
FANCM-/- cells, while a FANCM ATPase mutant did not. Since both mutants restored 
the formation of FANCD2 foci we conclude that FANCM functions in an FA core 
complex dependent and independent manner. 

Introduction
Fanconi anemia (FA) is a recessive genetic instability syndrome that has uncovered a 
cellular pathway involved in the protection against replication-blocking lesions. In-
activation of this pathway, as seen in FA patients, results in hypersensitivity to DNA 
cross-linking agents and cancer susceptibility.1 Defects in 13 different genes have been 
found in FA patients2 and the proteins encoded by these genes cooperate in a pathway 
that can be subdivided in an upstream and downstream part based upon the monou-
biquitination of FANCD2 and FANCI.1  The upstream part of the pathway consists of 
a nuclear core complex formed by the FA proteins FANCA,-B,-C,-E,-F-G,-L,–M and 
two FA-associated proteins FAAP100 and FAAP24. This complex monoubiquitinates 
FANCD2 through the E3-ubiquitin ligase FANCL in conjunction with the ubiquitin 
conjugating enzyme UBE2T.3,4 The FA core complex, UBE2T and FANCD2 are inde-
pendently recruited to the stalled replication fork.5 For FANCD2 this relies on the 
ATR-mediated phosphorylation of its binding partner FANCI6, while the recruitment 
of the FA core complex seems to depend on FANCM.7 Like FANCD2, FANCI is also 
monoubiquitinated by the FA core complex and these modified proteins co-localize 
with Rad51 and BRCA1 in nuclear foci.8,9 The link between FA and BRCA proteins was 
further strengthened by the discovery of FA patients with mutations in BRCA210, and 
in the BRCA1- and BRCA2-interacting proteins BRIP111,12 and PALB213,14. FA patients 
with a defect in any of these genes have normal FANCD2 monoubiquitination and 
therefore these proteins are considered as downstream players in the FA pathway.

Despite the identification of the various components of the FA core complex its role 
in the maintenance of genome stability remains unclear, because of the absence of 
functional domains in most of the core complex members. A notable exception is 
FANCM, an ortholog of the archaeal DNA repair protein HEF, which contains two 
conserved domains: a DEAH helicase domain in the N-terminus and an endonuclease 
domain in the C-terminus.15,16 The helicase domain is shared with yeast orthologs 
MPH1 (S. cerevisiae) and FML1 (S. pombe), which play a regulatory role in homologous 
recombination repair by replication fork reversal and D-loop disruption.17-19 HEF and 
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MPH1 possess helicase activity20,21, while for FANCM only translocase activity was ob-
served.15 Purified FANCM also promotes branch migration of Holiday junctions and 
replication forks22 and remodels DNA replication structures23, establishing a possible 
link between the FA pathway and DNA repair.   

FANCM, initially known as FAAP250, was identified as a FANCA-interacting protein 
in an attempt to purify the FA core complex.24 FAAP250 was named FANCM after an 
unclassified FA patient (EUFA867) with biallelic mutations in the FAAP250-encoding 
gene was found.15 Lymphoblasts from this patient lacked FANCM protein expression 
and FANCD2 monoubiquitination. In addition, FANCA and FANCG levels were re-
duced and the nuclear localization of FANCA and FANCL was disturbed. EUFA867 
had been excluded from other known complementation groups by linkage analysis, 
cell fusion and cDNA transfection and was therefore assigned to a new complemen-
tation group FA-M. Curiously, experiments designed to complementation EUFA867 
lymphoblasts with FANCM cDNA to reverse crosslinker sensitivity, have reproducibly 
failed.  

We now report that EUFA867, in addition to biallelic FANCM mutations, also has 
biallelic mutations in FANCA. Correction of the FANCA defect revealed the  features 
specific for FA-M cells i.e. hypersensitivity to DNA crosslinking agents and to the 
topoisomerase I inhibitor camptothecin, which could be rescued by ectopic expres-
sion of FANCM. At the molecular level, FANCM deficient lymphoblasts show residual 
FANCD2 monoubiquitination, indicating that FANCM is required both for efficient 
FANCD2 monoubiquitination and in the DNA repairs, later in the FA pathway.       

Methods

Cell lines and culture conditions 
Epstein-Barr virus-transformed lymphoblasts were cultured in RPMI1640 medium 
or Iscove’s modified Dulbecco’s medium supplemented with 10% fetal calf serum. 
EUFA867 lymphoblasts stably expressing FANCA were generated by electroporation 
of an episomal pMEP4 construct encoding FANCA with a C-terminal flag-tag and 
selection on hygromycin, by transduction with retroviral vector pMMP-FANCA and 
selection on puromycin, or by transduction with bicistronic retrovirus SF91-FANCA 
and sorting transduced EGFP positive by FACS.  The MMC-, camptothecin- and UV-
induced growth inhibition assays as well as the cell fusions were performed as previ-
ously described.25 

Retroviral infections
The pMIEG3 bicistronic retroviral vector, bicistronic retroviral vectors expressing FA 
proteins and pMMP-FANCA have been described.26,27 FANCM was cloned into BamHI 
and XhoI sites of pMIEG3 to generate pMIEG3-FANCM. Similarly K117R-FANCM 
and delC-FANCM were subcloned into pMIEG3. Retroviral vectors SF91-FANCM 
(without IRES-EGFP) and SF91-FANCA (with IRES-EGFP) were also constructed. 
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To prepare transient amphotropic virus stocks, 293T cells (1.5×106) were plated in 10 
cm dishes. The next day, cells were transfected with the retroviral expression vectors 
and the appropriate helper plasmid (gag-pol and RD114) using lipofectamine 2000. 
The medium was changed 5 hours after transfection and retrovirus-containing me-
dium was harvested in 12 hour increments at 24 hours post-transfection. 

Lymphoblasts were transduced in six-well plates coated with fibronectin fragment 
CH-296 (8 Ag/cm2; Takara Shuzo, Otsu, Japan). Approximately 5x105 cells per well 
were exposed twice to the virus supernatant for 6 h26. Subsequently, the transduced 
cells were removed from the wells using cell dissociation buffer (Invitrogen, Grand 
Island, NY, USA) and transferred to new plates containing fresh medium. Two days 
after transduction, the transduced cells were sorted based on the EGFP expression us-
ing a FACS Vantage cell sorter (BD Biosciences, San Jose, CA, USA). 

Antibodies
Anti-FANCM, -FANCA, -FANCL and -FANCD2 were described.15,28 Anti-FANCG and 
anti-FAAP24 were kind gifts from Fanconi Anemia Research Fund and Dr. Steve West, 
respectively. Anti-histone H2A antibody was purchased from Millipore (Billerica, MA, 
USA).

FANCD2 immunofluorescence 
Cells were fixed with 2% paraformaldehyde in PBS for 20 min at room temperature 
(RT) and then deposited on 12 mm diameter glass coverslips coated with poly-D-lysine 
by centrifugation in a Thermo Shandon Cytospin apparatus (1200 rpm, 2 min). After 
washing with PBS, cells were permeabilized with 0.2% Triton X-100 in PBS for 3 min, 
and washed again with PBS. Then anti-FANCD2 antibody E35 (1:200) in antibody 
buffer (PBS/3% BSA/0.05% Tween 20/0.04% sodium azide) was added for 1 hr at 37oC 
with. Cells were washed with PBS and incubated for 30 min at 37oC with Rhodam-
ine B-conjugated donkey anti-rabbit IgG antibody (Jackson Immunoresearch; 1:200). 
Cells were washed with PBS, mounted by Vectashield with 4’,6-diamino-2-phenylin-
dole (DAPI) to stain DNA and analyzed with a Zeiss Axiovert 200M microscope. 

RAD51 immunofluorescence 
Lymphoblasts were transferred to 9-cm culture dishes at a density of 0.5x106 cells/ml 
and either mock-treated or treated with MMC (2.4 µg/ml for 1 h) or X-ray irradiation 
(12 Gy). Cells (1x106) were seeded on poly-D-lysine-coated glass slides 7 or 24 h after 
recovery from the treatment and left to attach for 15 minutes prior to fixation with 
2% formaldehyde in PBS. Then cells were permeabilized with PBS/0.1% Triton X-100. 
Subsequently, the slides were blocked for 30 min in PBS/0.5% BSA/0.15% glycin and 
incubated with anti-Rad51 antiserum FBE2 for 90 min. The slides were washed in 
PBS/0.1% Triton X-100 and incubated with AlexaTM 488-conjugated goat anti-rabbit 
(Molecular Probes) for 1 h at 37ºC. After 3 washes with PBS/0.1% Triton X-100 the 
cells were counterstained with DAPI in Vectashield mounting medium and analyzed.
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Preparation of cellular fractions

Cellular fractionation was as described.7 The cells were trypsinized and washed with 
ice cold PBS. Pellets were resuspended in cold buffer A (10 mM PIPES (pH 7.0), 100 
mM NaCl, 300 mM sucrose, 1 mM EGTA, 0.5% Triton X-100, 50 mM sodium fluo-
ride, 0.5 mM sodium orthovanadate, protease inhibitor cocktail, 1 mM PMSF) at five 
times the volume of the cell pellet and incubated for 2 min at RT to permeabilize the 
cells. The suspension was centrifuged at 200g for 3 min, and the supernatant S100 
(detergent-soluble cyto-nucleoplasmic proteins) was collected. Pellets were washed 
with cold buffer A and extracted with buffer B (buffer A with 400mM NaCl) for 5 min 
to obtain supernatant S400 (chromatin fraction). 

Cell cycle analysis
To induce cell cycle arrest, approximately 1x106 cells were plated in culture medium 
containing 0.5 µg/ml of the cross-linking agent melphalan (Sigma, St. Louis, MO, 
USA) for 48 h. Cells were fixed for 20 min at RT in PBS/1% paraformaldehyde. Subse-
quently, cells were washed with PBS and resuspended for 10 min at RT in PBS/0.1% 
Triton X-100. After washing with PBS, cells were stained for 1 h at 4oC with a solu-
tion of PBS containing 2 mg/ml RNase A (Qiagen, Valencia, CA, USA) and 50 mg/ml 
propidium iodide (Sigma). Flow cytometry was performed on a FACS Calibur flow 
cytometer (BD Biosciences) and analysis of the percentage of cells in each phase of the 
cell cycle was performed using the MODFIT-LT software.

Drug sensitivity assay
Lymphoblasts (104) were cultured continuously for 5 days in 100 µl medium contain-
ing different concentrations of drug. Cell viability was measured using the chromog-
enic Cell Titre 96 Proliferation Assay (Promega Corporation, Madison, WI) recording 
the optical density at 490 nm. 

Results

FANCA  mutations in patient EUFA867
The reference FA-M patient EUFA867 carries two pathogenic mutations in FANCM. 
As expected for cells with a defect in core complex proteins  in the FA pathway, lym-
phoblasts from this patient, which do not express FANCM protein, lack monoubiq-
uitinated FANCD2.15 Surprisingly, ectopic FANCM expression was unable to restore 
FANCD2 monoubiquitination (Figure 3.1A, lane 1 and Supplementary Figure S3.1A), 
suggesting an additional defect in this cell line. Expression of FANCA, but not of oth-
er FA proteins, in  FANCM-expressing EUFA867 cells completely rescued FANCD2 
monoubiquitination (Figure 3.1A, lane 2), pointing to a FANCA defect in these lym-
phoblasts. This idea was strengthened by cell fusion experiments between EUFA867 
lymphoblasts and FANCA deficient HSC72 lymphoblasts, resulting in tetraploid cell 
hydrids that remained MMC-sensitive (Supplementary Figure S3.1B), whereas fu-
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sion hybrids with the FANCC-deficient cell line HSC536 were MMC-resistant (Sup-
plementary Figure S3.1C). Indeed, sequencing revealed biallelic FANCA mutations 
in the EUFA867 cell line: a nonsense mutation (2557C>T, R853X), inherited from 
the father (Figure 3.1B and Supplementary Figure S3.2), and a splice-site mutation 
in intron 7 (IVS7+5 G>A), inherited from the mother (Figure 3.1C and Supplemen-
tary Figure S2). These mutations were confirmed in blood DNA of the patient and 
the parents, as well as in DNA from lymphoblastoid cell lines of the parents. The 
splice-site mutation, which has been observed previously29,30, leads to a 30 bp inser-
tion in the FANCA mRNA (Figure 3.1C). The insertion does not affect the FANCA 
open reading-frame and adds 10 amino acids between amino acids 236 and 237 of the 
FANCA protein. However, the mutant FANCA protein was unable to restore FANCD2 
monoubiquitination in FANCA deficient lymphoblasts (Figure 3.1D), demonstrating 
that the splice-site mutation is pathogenic. The insertion is near the amino acids L210 
and L274, which when mutated result in loss of function by  abolishing the nuclear 
accumulation of FANCA.28 Since subcellular fractionation experiments in EUFA867 

Figure 3.1
EUFA867 has biallelic FANCA mutations. (A) Introduction of FANCA in EUFA867 lymphoblasts sta-
bly expressing FANCM restores FANCD2 monoubiquitination. EUFA867 lymphoblasts were trans-
duced with SF91-FANCM to obtain EUFA867 + FANCM. Subsequently these cells were transduced 
with bicistronic retroviruses encoding the indicated FA proteins. Cells were treated with 2 mM 
HU for 16 h and immunoblotted for FANCD2 and FANCM. (B) EUFA867 has a nonsense mutation 
2557C>T (R853X) in FANCA. (C) Mutation IVS7+5G>A affects the normal splice donor in FANCA 
intron 7 and results in a 30 bp insertion of intron 7 sequence in the cDNAs of EUFA867 and her 
mother. The sequence shown is from an isolated cDNA clone of EUFA867. (D) FANCA cDNA de-
rived from the IVS7+5G>A mutation does not correct FANCD2 monoubiquitination. FANCA defi-
cient HSC72 lymphoblasts were transduced with bicistronic retrovirus encoding either wild type 
FANCA or the FANCA mutant derived from the mutation IVS7+5G>A. Cells were treated with 1 
mM HU to stimulate FANCD2 monoubiquitination.
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cells failed to detect FANCA in the nuclear fraction15, the insertion probably affects 
the nuclear localization of FANCA and the interaction with other FA core complex 
members. 

FANCM deficiency leads to crosslinker sensitivity and reduced FANCD2 
monoubiquitination

These new genetic data led us to re-examine the role of FANCM in the FA pathway. 
We first corrected the FANCA defect in EUFA867 lymphoblasts to create a cell line 
that is only deficient in FANCM. FANCA expression by either retroviral transduc-
tion or cDNA transfection did not restore MMC hypersensitivity in EUFA867 cells 
(Figure 3.2A and Supplementary Figure S3A). In addition, the G2 arrest observed in 
EUFA867 cells after melphalan treatment was still present in the FANCA-expressing 
cells (Figure 3.2B), suggesting that FANCM deficiency is associated with crosslinker 
hypersensitivity. FANCA expression partially rescued the FANCD2 monoubiquiti-
nation defect seen in EUFA867 cells (Figure 3.2C and Supplementary Figure S3B), 
which is very similar to the situation observed in FANCM-deficient mouse embryonic 
fibroblasts (Chapter 4, this thesis). Strikingly MMC induced monoubiquitination of 
FANCD2 is more severely impaired in FANCA expressing EUFA867 cells than HU in-
duced monoubiquitination. ( Figure 3.2C, lanes 8,9 and Figure 3B, lanes 1,2).  These 
data indicate that FANCM is not essential for FANCD2 monoubiquitination, but 
may increase the efficiency of this process. 

Figure 3.2
Stable expression of FANCA in EUFA867 lymphoblasts partially corrects the phenotype of this 
cell line. (A) EUFA867 lymphoblasts stably expressing wild type FANCA are still hypersensitive 
to growth inhibition by mitomycin C. FANCA-deficient HSC72 and EUFA867 lymphoblasts were 
transduced with SF91-FANCA. Viable cells were measured with the Cell Titre 96 Proliferation 
Assay. The data represent the percentage growth compared to untreated cells and show one 
representative result of three independent experiments with standard deviations. (B) EUFA867 
lymphoblasts stably expressing wild type FANCA show melphalan-induced G2 arrest. (C) EUFA867 
lymphoblasts stably expressing wild type FANCA have reduced FANCD2 monoubiquitination. Cells 
were treated with either 2 mM HU or 240 nM MMC for 16 hr or left untreated. Total lysates were 
immunoblotted for FANCM, FANCD2 and FANCA.
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Figure 3.3
Ectopic expression of both FANCA and FANCM can correct the FA phenotype of EUFA867 lym-
phoblasts. (A) Ectopic expression of FANCA and FANCM in EUFA867 restores  the chromatin lo-
calization of monoubiquitinated FANCD2, which coincides with an enhanced FANCD2 monou-
biquitination. EUFA867 cells stably expressing FANCA (EUFA867-FANCA ) were generated with 
pMMP-FANCA. Subsequently, these cells were transduced with either MIEG3 bicistronic retroviral 
vector or MIEG3 encoding wild type FANCM. EGFP-positive cells were treated with 240 nM MMC 
for 16 hr or left untreated and subcellular fractions were made; S100 cytoplasmic and nucleo-
plasmic proteins, S400 chromatin-bound proteins. (B) The ATPase activity and the C-terminus of 
FANCM are not required for efficient FANCD2 monoubiquitination. EUFA867 lymphoblasts stably 
expressing FANCA were transduced with either MIEG3 retroviral vector or MIEG3 encoding wild 
type FANCM, an ATPase-dead FANCM mutant (K117R-FANCM) or a C-terminal FANCM deletion 
mutant (delC-FANCM). EGFP-positive cells were treated with either 2 mM HU (upper panel) or 
240 mM MMC (lower panel) for 16hr. Total lysates were immunoblotted for FANCD2. (C) FANCM, 
but not its ATPase activity or its C-terminus is required for the assembly of FANCD2 foci. Cells 
were either left untreated or exposed to 450 nM MMC or 2 mM HU for 24 hr and the percentage 
of cells with 5 or more FANCD2 foci was determined in at least 150 cells. The result shows the 
average of three independent experiments with standard deviations. (D) The ATPase activity, but 
not the C-terminus of FANCM is required for MMC resistance. Viable cells were measured with 
the Cell Titre 96 Proliferation Assay. The data represent the percentage growth compared to un-
treated cells and show one representative result of three independent experiments with stand-
ard deviations. (E) The FANCM ATPase mutant does not rescue the melphalan-induced G2 arrest 
in EUFA867 lymphoblasts. (F) FANCM is required for chromatin targeting of the FA core complex 
proteins. Subcellular fractions of EUFA867 lymphoblast and stably transduced derivatives were 
immunoblotted for FANCM, FANCA, FANCG, FANCL and FAAP24. H2A was used as a loading con-
trol for the chromatin fraction. 
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To further investigate the function of FANCM, chromatin fractions of FANCA-
transfected EUFA867 cells were analyzed and compared to EUFA867 cells in which 
both FANCA and FANCM defects were corrected. In the absence of FANCM less 
monoubiquitinated FANCD2 was found in the chromatin fraction, which could be 
restored by FANCM expression (Figure 3.3A). This increased chromatin binding coin-
cided with an enhanced FANCD2 monoubiquitination (Figure 3B), the appearance of 
FANCD2 foci (Figure 3.3C), a restoration of the MMC hypersensitivity (Figure 3.3D) 
and a reduction of melphalan induced G2 arrest (Figure 3.3E). In addition, FANCG, 
FANCL, and FAAP24 levels, which were decreased in the chromatin fraction of FAN-
CA-corrected EUFA867 cells, were normalized by FANCM expression (Figure 3.3F). 
As has been suggested from siRNA experiments in HeLa cells7 our data show that 
FANCM assists the recruitment of the FA core complex to the chromatin, which then 
may increase  FANCD2 in chromatin bound foci through monoubiquitination. 

The ATPase activity of FANCM is essential for crosslinker tolerance.
FANCM contains two interesting motifs: a N-terminal DEAH helicase domain and 
a C-terminal ERCC4-like nuclease domain. The involvement of these domains in 
crosslinker resistance was investigated by expressing either a FANCM ATPase point 
mutant (K117R) or a C-terminal FANCM deletion mutant in FANCA-corrected 
EUFA867 cells. Like wild type FANCM, both mutants restored the monoubiquitina-
tion of FANCD2 and its ability to form nuclear foci (Figure. 3.3B, 3.3C). However, 
only the C-terminal deletion mutant was able to restore MMC resistance (Figure 
3.3D) and melphalan induced G2 arrest (Figure 3.3E). These data confirm previous 
siRNA experiments in HeLa cells, showing that the K117R mutant supports normal 
FANCD2 and FANCI monoubiquitination, but is unable to induce crosslinker resist-
ance.31 Interestingly, this ATPase point mutant assisted in the recruitment of FANCG, 
FANCL and FAAP24 to the chromatin (Figure 3.3F), indicating that the ATPase activ-
ity of FANCM is essential for crosslinker resistance by supporting a step that is inde-
pendent of the FA core complex..

The C-terminal deletion mutant seems to have a reduced chromatin association and 
only partially supports the chromatin binding of FANCG and FANCL (Figure 3.3F), 
but apparently this is sufficient to complement crosslinker sensitivity. In line with the 
role of the FANCM C-terminus in binding FAAP2432, FAAP24 is absent in the chro-
matin fraction of cells transfected with the C-terminal deletion mutant (Figure 3.3F). 
This could imply that, in contrast to HeLa cells, in which knockdown of FAAP24 by 
siRNA resulted in a crosslinker-sensitive phenotype32, lymphoblasts may not depend 
on FAAP24 for crosslinker resistance. The same could hold for the chicken B cell line 
DT40, since ablation of the FANCM C-terminus in these cells resulted in a moderate 
level of crosslinker sensitivity.16 

FANCM deficiency is associated with camptothecin and UV sensitivity
Recently it has been shown that purified FANCM can promote branch migration of 
Holliday junctions and replication fork.22 Therefore, it was postulated that FANCM, 
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apart from its function in the FA pathway, might have additional functions in the 
remodelling of replication intermediates. We speculated that if FANCM indeed has 
additional functions, cells deficient for FANCM might be sensitive to a broader range 
of genotoxic agents. Therefore, we tested various DNA damaging agents in growth 
inhibition assays on EUFA867 lymphoblasts and found that this cell line was hyper-
sensitive to the topoisomerase I inhibitor camptothecin (Figure 3.4A). This hypersen-
sitivity was specific for FANCM deficiency, since FANCA overexpression in EUFA867 
cells did not restore camptothecin resistance, whereas introduction of FANCM by 
fusion of EUFA867 lymphoblasts with FANCA- or FANCC-deficient lymphoblasts 
corrected this phenotype (Figure 3.4B and Supplementary Figure S3.4C). As expected 
from these cell fusion data, wild type FANCM restored the camptothecin resistance, 
but surprisingly the C-terminal deletion mutant did not correct this defect (Figure 
3.4C). This indicates that the C-terminus of FANCM is involved in the recovery of 
replication forks stalled by topoisomerase I-DNA cleavage intermediates fixed on the 
DNA by topoisomerase I inhibitors.
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Figure 3.4
Camptothecin sensitivity in human lymphoblasts. (A) EUFA867 lymphoblasts are sensitive to the 
topoisomerase I inhibitor camptothecin. Lymphoblast were continuously exposed to different 
doses camptothecin and cell growth was compared to untreated cells by cell counting. Wild type, 
FANCC- and FANCJ-deficient lymphoblasts were included as camptothecin resistant controls. (B) 
Camptothecin sensitivity of EUFA867 lymphoblasts is due to a defect in FANCM. The FANCA de-
fect in EUFA867 was corrected by stable transfection of flag-tagged FANCA (EUFA867+FANCA-
flag), the FANCM defect was corrected by cell fusion with FANCA deficient lymphoblasts HSC72 
(EUFA867xHSC72OT fusion). Four independent cell fusions are depicted. (C) The C-terminus of 
FANCM is involved in camptothecin resistance. EUFA867 cells were stably transduced with FANCA 
and wild type FANCM (FANCM) or a C-terminal deletion mutant of FANCM (delC-FANCM).
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The camptothecin sensitivity is specific for EUFA867 lymphoblasts and was not found 
in lymphoblasts with a defect in other FA core complex members or in FANCD2, 
FANCI or FANCJ (Figure 3.4A, Supplementary Figure S3.4D and S3.4G). In contrast, 
we observed camptothecin sensitivity in 4 independent FANCD1/BRCA2 deficient 
lymphoblasts (Figure 3.5A) and in FANCN/PALB2 deficient lymphoblasts (Figure 
3.5B). These results suggest that FANCJ and BRCA2/PALB2 function in two differ-
ent  branches of the FA pathway and that FANCM might have a role in the BRCA2/
PALB2 branch, which is thought to be connected to homologous recombination. Like 
BRCA2-deficient cells33, EUFA867 cells were found to be UV-sensitive (Figure 3.5C), 
which is probably not due to the FANCA defect in this cell line since FANCA deficient 
cells were shown to be UV resistant33. However, the normal formation of DNA dam-
age-induced Rad51 foci in EUFA867 cells (Figure 3.5D) indicates that, unlike BRCA2 
and PALB2, FANCM does not play an essential role in homologous recombination 
repair. 
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Figure 3.5
Camptothecin and UV sensitivity and Rad51 focus formation in human lymphoblasts. (A) FA-D1 
lymphoblasts with a defect in FANCD1/BRCA2 are as sensitive to growth inhibition by camp-
tothecin as EUFA867 lymphoblasts. (B) FA-N lymphoblasts with a defect in FANCN/PALB2 are as 
sensitive to growth inhibition by camptothecin as EUFA867 lymphoblasts. EUFA1341R is a MMC 
resistant reverted derivative of EUFA1341 lymphoblasts. (C) EUFA867 lymphoblasts are sensitive 
to UV. Lymphoblasts were exposed to different doses UVC light and cell growth was compared to 
untreated cells by cell counting. Lymphoblasts of xeroderma pigmentosum patient XP3BE were 
used as a positive control. Results show mean values of at least 5 experiments with standard error 
of the mean.  (D) Normal Rad51 focus formation in EUFA867 lymphoblasts. Kinetics of Rad51 foci 
formation in response to X-ray irradiation (12 Gy) or MMC treatment (2.4 µg/ml for 1h) analyzed 
7 and 24 h after treatment. A cell with more than five distinct foci in the nucleus was considered 
positive. Results show the mean values of at least 2 experiments with standard error of the mean. 
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Discussion
FANCM was classified as an FA gene based upon the discovery of pathogenic muta-
tions in FA patient EUFA867, but ectopic FANCM expression in lymphoblasts from 
the patient has been unable to rescue its cellular phenotype.15 Here we show that this 
was probably due to an additional FANCA defect in this patient. Stable FANCA ex-
pression in EUFA867 cells revealed the consequences of FANCM deficiency, e.g. hy-
persensitivity to DNA crosslinking agents and to the topoisomerase I inhibitor camp-
tothecin as well as impaired FANCD2 monoubiquitination. In addition, correction 
of the FANCA defect now allowed functional complementation studies with FANCM 
and FANCM mutants, which showed that the C-terminus of FANCM is essential for 
camptothecin resistance, but dispensable for crosslinker tolerance.

Our data indicate that patient EUFA867 is a very exceptional case, with two pathogen-
ic FANCA mutations besides the biallelic FANCM mutations. Remarkably, the sibling 
of EUFA867, who was the first to be diagnosed with FA following the development of 
typical FA features, carried the same biallelic mutations in FANCA, but carried only 
one of the FANCM mutations, which in retrospect classifies this patient as an FA-A 
patient (Supplementary Figure S3.2). EUFA867 was not suspected to have FA, since 
she failed to display any conspicuous clinical symptoms typical for FA. The basis of 
her diagnosis was the result of a chromosomal breakage assay performed because of 
the diagnosis of her brother. Although in general clinical features of FA patients are 
highly variable, the atypical appearance of EUFA867 may suggest that patients with a 
FANCM defect present with a different phenotype. As FANCM appears to be essential 
for the core complex functions7, the FANCM deficiency in EUFA867 may have over-
ruled the FANCA defect and changed the clinical outcome in this patient. A similar 
situation has been observed in DT40 cells, in which disruption of FANCM in a FAN-
CC-deficient background attenuates cisplatin toxicity.16 This hypothesis is strength-
ened by the atypical phenotype of FANCM deficient mice (Chapter 4, this thesis) and 
may explain why the number of FA patients diagnosed with a FANCM defect is still 
limited to patient EUFA867. Our data warrant FANCM mutation screening in related 
syndromes of which the disease gene has not been identified.  

Although the absence of FANCM may lead to a phenotype different from defects in 
other FA core complex members, FANCM deficient cells showed crosslinker sensitiv-
ity and lacked FANCD2 foci, indicating that FANCM plays an essential role in the 
FA pathway. The residual monoubiquitination observed in EUFA867 lymphoblasts 
stably expressing FANCA suggests that this role does not involve the formation of the 
FA core complex. Chromatin fractionation studies in the FANCA-corrected EUFA867 
cells indicated that FANCM is rather responsible for the recruitment of the FA core 
complex to the chromatin, which may than allow efficient FANCD2 monoubiqui-
tination and focus formation. This function does not require ATP hydrolysis, since 
the K117R FANCM mutant was able to support this step and also the C-terminus of 
FANCM appeared to be dispensable for this process. The FANCM mutants do point 
to a role for FANCM in the DNA repair in the later part of the FA pathway after 
FANCD2 monoubiquitination. The K117R mutant did not restore MMC resistance, 
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indicating that an ATP dependent step is needed after FANCD2 is monoubiquitinat-
ed, which probably involves the ATPase dependent remodelling of the stalled replica-
tion fork.23 The C-terminus of FANCM was not critical for crosslinker resistance, but 
seemed to be essential for the repair of camptothecin induced DNA damage, possibly 
through its interaction with FAAP24.

The camptothecin sensitivity of FANCM deficient lymphoblasts was shared with lym-
phoblasts defective in BRCA2 or PALB2, thus suggesting a role for FANCM in the 
DNA repair  branch of the FA pathway connected to homologous recombination re-
pair. However, unlike lymphoblasts with a mutation in BRCA2 or PALB2, EUFA867 
lymphoblasts showed normal Rad51 foci, indicating that FANCM is not essential for 
homologous recombination repair. FANCM may have a more regulatory function in 
the homologous recombination process as suggested by the role of the yeast FANCM 
orthologs MPH1 (S. cerevisiae) and FML1 (S. pombe), in replication fork reversal and 
D-loop disruption.17-19 The increased sister chromatid exchanges in FANCM deficient 
DT40 cells16 and FANCM deficient mouse embryonic fibroblasts (Chapter 4, this the-
sis) hints at a role for FANCM in the suppression of crossover recombination.

In summary, we have shown that EUFA867 lymphoblasts are defective in two distinct 
FA core complex components, FANCA and FANCM, which explains why FANCM ex-
pression has been ineffective in complementing this cell line. This discovery also clari-
fies the apparent discrepancies with regard to FA core complex stability and FANCD2 
monoubiquitination between EUFA867 lymphoblasts and HeLa cells depleted of 
FANCM by siRNA7,31 as well as FANCM DT40 knock-outs16. Correction of the FANCA 
defect in EUFA867 cells partially restored FANCD2 monoubiquitination, but these 
cells are still crosslinker sensitive. EUFA867 lymphoblasts were also hypersensitive to 
camptothecin and UV light, a phenotype not previously known to be associated with 
FANCM deficiency. FANCD2 monoubiquitination and focus formation as well as 
crosslinker and camptothecin sensitivity were restored by ectopic FANCM expression. 
However, a C-terminal FANCM deletion mutant only normalized FANCD2 monou-
biquitination and crosslinker sensitivity, but not the camptothecin sensitivity. The 
ATPase activity of FANCM is required for crosslinker resistance but not for FANCD2 
monoubiquitination and focus formation. Our data thus suggest specific roles for 
different parts of the FANCM protein in the DNA damage response, both for efficient 
FANCD2 monoubiquitination and DNA repair steps later in the FA pathway.  
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Supplementary Figure S3.1
(A) Ectopic expression of FANCM is not sufficient to restore FANCD2  monoubiquitination  in 
EUFA867 cells. Lymphoblasts were transduced with retroviruses of either VSG or RD114  pseudo-
types expressing FLAG-tagged FANCM. The transduced cells were either treated with 1mM HU 
for 16 h or left untreated and the total lysates were immunoblotted  for FANCD2 and FANCM pro-
teins. HSC93 (wild type) and EUFA867 lymphoblasts were used as positive and negative controls 
respectively. B) Cell fusion between EUFA867 and FANCA deficient HSC72 lymphoblasts does not 
correct the MMC hypersensitive phenotype of EUFA867 cells. Lymphoblast were continuously ex-
posed to different doses MMC and cell growth was compared to untreated cells by cell counting. 
Four independent cell fusions are depicted. HSC72 is the reference cell line for FA complementa-
tion group A and is able to complement the MMC hypersensitive phenotype of all FA cell lines, ex-
cept those that have a defect in FANCA. HSC93 is included as wild type control lymphoblasts. (C) 
Cell fusion between EUFA867 and FANCC deficient HSC536 lymphoblasts does correct the MMC 
hypersensitive phenotype of EUFA867 cells. Two independent cell fusions are depicted. HSC536 
is the reference cell line for FA complementation group C and is able to complement the MMC 
hypersensitive phenotype of all FA cell lines, expect those that have a defect in FANCC. HSC93 is 
included as wild type control lymphoblasts.
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Diagnosed as FA when she was
 included in a chromsomal breakage
 test for the diagnosis of her brother.
(she was 15 years by then). At the age 
of 26 her blood counts were s�ll normal
 and she was clinically well. She has a 
short stature, a hypoplas�c right thenar 
eminence and hyperpigmented skin patches. 
She has a tendency to develop eczma lik eskin.

II:1 II:3II:2

First diagnosed as an FA pa�ent
at the age of 5 following the development
of thrombocytopenia. He looked like a real
FA pa�ent with short stature, 
thumb abnormali�es, and abnormal 
skin pigmenta�on. He developed
progressive bone marrow failure from 
the age of diagnosis and died
 of a cerebral bleed when he was 8 years old. 

FANCM:no muta�on
FANCA: exon7: no muta�on
  exon27: R853X

FANCM:exon13: S724X
FANCA: exon7: IVS7+5 G>A 
  exon27: no muta�on

EUFA867

FANCM:exon13 : no muta�on 
  del exon15 (germ line)
FANCA: exon7: IVS7+5 G>A 
  exon27: R853X

FANCM:exon13: S724X
  del exon15 (germ line)
FANCA: exon7: IVS7+5 G>A 
  exon27: R853X

I:1 I:2

Supplementary Figure S3.2
Pedigree of the EUFA867 family and overview of mutations and clinical phenotype. Fanconi ane-
mia patient EUFA867 (subject II:1) has two pathogenic mutations in FANCM and two pathogenic 
mutations in FANCA. The nonsense mutation S724X in exon 13 of FANCM is inherited from the 
mother, while the large genomic deletion leading to a frame shift by skipping of exon 15 sequence 
is not found in blood DNA from the father and probably arisen in the germ line of the father. The 
splice site mutation in FANCA (IVS7+5G>A) is inherited from the mother, the nonsense mutation 
(R853X) is inherited from the father. EUFA867 has one affected brother (subject II:3) who carries 
the two FANCA mutations and only one of the FANCM mutations. This patient was first diagnosed 
as a typical FA patient. The phenotype of this patient seems more severe than that of EUFA867.
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Supplementary Figure S3.3
Stable expression of FANCA in EUFA867 lymphoblasts partially corrects the cellular phenotype. 
(A) Stable transfection of EUFA867 lymphoblasts with FANCA cDNA does not restore MMC hy-
persensitivity. EUFA867 cells were stably transfected with episomal vector pMEP4 encoding 
FANCA-flag. Lymphoblasts were continuously exposed to different doses MMC and cell growth 
was compared to untreated cells. Wild type (HSC93) and FANCA deficient (HSC72) lymphob-
lasts are included as controls. (B) Stable transfection of EUFA867 lymphoblasts with FANCA 
cDNA partially corrects FANCD2 monoubiquitination. Wild type lymphoblasts (HSC93), un-
transfected EUFA867 lymphoblasts (EUFA867) and FANCA transfected EUFA867 lymphoblasts 
(EUFA867+FANCA) were treated for 16 hours with 5 μM aphidicolin, 320 μM HU or 200 nM 
MMC. Whole cell extracts were investigated for FANCD2 monubiquitination and FANCA expres-
sion by western blotting.
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Supplementary Figure S3.4
Camptothecin sensitivity in lymphoblastoid cell lines from different FA complementation groups. 
(A) Lymphoblasts with a defect in FANCA are as sensitive to growth inhibition with different doses 
camptothecin as wild type lymphoblasts. (B) Lymphoblasts with a defect in FANCB or FANCJ are as 
sensitive to growth inhibition with different doses camptothecin as wild type lymphoblasts, while 
lymphoblasts with a defect in BRCA2 are as sensitive as EUFA867 cells. (C) Lymphoblasts with a 
defect in FANCC and cell fusions  between FANCC deficient cells and EUFA867 are as sensitive to 
growth inhibition as wild type lymphoblasts. (D) Lymphoblasts with a defect in FANCD2 are as 
sensitive to growth inhibition with different doses camptothecin as wild type lymphoblasts. (E) 
Lymphoblasts with a defect in FANCE are as sensitive to growth inhibition with different doses 
camptothecin as functionally corrected FA-E lymphoblasts (EUFA410+FANCE). Cell line EUFA410 
was functionally corrected by stable transfection with vector pIRESneo encoding HA-tagged FAN-
CE. (F) Lymphoblasts with a defect in FANCG are as sensitive to growth inhibition with different 
doses camptothecin as wild type lymphoblasts. (G) Lymphoblasts with a defect in FANCI are as 
sensitive to growth inhibition with different doses camptothecin as wild type lymphoblasts. (H) 
Lymphoblasts with a defect in FANCL are as sensitive to growth inhibition with different doses 
camptothecin as wild type lymphoblasts.
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Abstract
The Fanconi anemia (FA) core complex member FANCM remodels synthetic replica-
tion forks and recombination intermediates. Thus far, only one FA patient with FAN-
CM mutations has been described, but the relevance of these mutations for the FA 
phenotype is uncertain. To provide further experimental access to the FA-M comple-
mentation group we have generated Fancm-deficient mice by deleting exon 2. FANCM 
deficiency caused hypogonadism in mice and hypersensitivity to cross-linking agents 
in MEFs, thus phenocopying other FA mouse models. However, FancmΔ2/Δ2 mice also 
showed unique features atypical for FA mice, including underrepresentation of fe-
male FancmΔ2/Δ2 mice and decreased overall and tumor-free survival. This increased 
cancer incidence may be correlated to the role of FANCM in the suppression of spon-
taneous sister chromatid exchanges as observed in MEFs. In addition, FANCM ap-
peared to have a stimulatory rather than essential role in FANCD2 monoubiquitina-
tion. The FA-M mouse model presented here suggests that FANCM functions both 
inside and outside the FA core complex to maintain genome stability and to prevent 
tumorigenesis. 

Introduction
Fanconi anemia (FA) is a recessively inherited genetic disorder characterized by devel-
opmental abnormalities, progressive bone marrow failure and cancer susceptibility 
[1]. To date, 13 complementation groups have been defined (FA-A, B, C, D1, D2, E, 
F, G, I, J, L, M, N) and the corresponding genes have been identified [2]. At the cel-
lular level, FA is characterized by hypersensitivity to cross-linking agents, a hallmark 
that is exploited in the clinic as a diagnostic test for FA [3].  Therefore, all FA pro-
teins are thought to function in a pathway which mediates cross-linker resistance and 
maintains genomic stability [4]. The FA pathway is commonly divided in an upstream 
and a downstream part. The upstream part is involved in the monoubiquitination of 
FANCD2 and FANCI after DNA damage and during S phase [1,5-7]. This monoubiq-
uitination is catalyzed by the FA core complex consisting of 8 FA proteins, FANCA, 
-B, -C, -E, -F, -G, -L, -M, and two FA- Associated Proteins FAAP100 and FAAP24 [8-
10]. FANCL is the E3 ubiquitin ligase of the FA core complex [6], which is assisted by 
the E2 enzyme UBE2T [11]. Monoubiquitinated FANCD2 and FANCI are targeted 
to the chromatin where they co-localize with proteins involved in DNA repair, such 
as RAD51 [12]. Subsequently, the FA pathway appears to merge with the BRCA1/
BRCA2 pathway, since hypomorphic mutations in BRCA2 have been found in FA-
D1 patients, and mutations in PALB2, encoding a partner and stabilizer of BRCA2, 
have been found in FA-N patients. Moreover, mutations in the gene encoding the 
BRCA1-interacting protein BRIP1 are found in the FA-J complementation group [13-
15]. BRCA2/FANCD1, BRIP1/FANCJ, and PALB2/FANCN are supposed to act in the 
downstream part of the FA pathway, since the monoubiquitination of FANCD2 is not 
affected in patients carrying a defect in these proteins.

Although many components of the FA/BRCA pathway have now been identified, the 
precise role of this pathway in genomic maintenance remains unclear. Further eluci-
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dation of the FA pathway is in part hampered by the fact that most FA core complex 
members are orphan proteins that cannot be connected to any known protein family 
based on sequence homology [16]. In this respect FANCM is an exception since it is 
not only an ortholog of the archaeal DNA repair protein HEF, but also contains two 
conserved domains: a helicase domain at the N-terminus and a (degenerate) endo-
nuclease domain at the C-terminus [17,18]. FANCM is assigned to the helicase su-
perfamily 2 and contains seven helicase-specific motifs (I, Ia II, III, IV, V, and VI)  that 
are essential for its helicase function [19]. Motif II, the Walker B motif, consists of a 
DEAD or DEAH box and is necessary for the interaction with Mg2+ and thus for ATP 
hydrolysis. FANCM was shown to have translocase activity and to promote branch 
migration of Holliday junctions and replication forks [17,20,21] and could provide a 
link between the FA core complex and DNA cross-link repair.

FANCM was initially identified as FAAP250, a 250 kDa FA-Associated Protein that 
co-immunoprecipitated with other FA core complex members using an antibody 
against FANCA [9]. The classification of FAAP250 as the FA protein FANCM was 
based on lack of FAAP250 expression and the presence of biallelic mutations in pa-
tient EUFA867. This patient had been excluded from other existing complementation 
groups based on linkage analysis, cell fusion and cDNA transfection and was there-
fore assigned to the new reference group FA-M  [17]. To date only one FA-M patient 
has been described, from whom only lymphoblasts are available for in vitro studies. In 
this FA-M reference cell line monoubiquitinated FANCD2 was absent and the levels 
of FANCA and FANCG were reduced [17]. Recently it has become apparent that this 
patient also carriers FANCA mutations, which questioned the actual contribution of 
FANCM deficiency to the FA phenotype [22]. 

Several FA mouse models have been reported to date: two for Fancc [23,24], two for 
Fanca [25,26], two for Fancg [27,28], one for Fancl/POG (proliferation of germ cells) 
[6,29], and one for Fancd2 [30]. None of these FA mice displayed the developmen-
tal abnormalities that are frequently observed in FA patients, such as missing digits 
or radii. However, gonadal abnormalities and reduced fertility, which are common 
in FA patients, have been observed in all FA mouse models. Consistently, ovaries in 
FA mice contained fewer developing follicles, while the seminiferous tubules in the 
testes were heterogeneous. Some tubules showed normal spermatogenesis, while 
others were devoid of germ cells and showed no evidence for active spermatogene-
sis [23,25,27,31,32]. In contrast to FA patients, none of the FA mice developed bone 
marrow failure or acute myeloid leukaemia. Only administration of sublethal doses  
mitomycin C (MMC) induced hematopoietic failure in FA mice [33]. In addition, in 
some FA mice, microphthalmia and perinatal lethality were observed [30,34]. Similar 
to cells from FA patients, cells derived from FA mouse models were hypersensitive to 
DNA cross-linking agents, as manifested by reduced survival, increased chromosomal 
breakage and G2 arrest. Another hallmark of FA core complex defects that was reca-
pitulated in mice was the absence of FANCD2 monoubiquitination [23-28,28]. 

We generated a Fancm mouse model to study the effect of Fancm deficiency in vivo 
and observed that less female Fancm mice were born than expected. Moreover, Fancm 
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Figure 4.1
Disruption of the murine Fancm gene. (A) Schematic representation of the Fancm targeting vec-
tor, the wild type Fancm gene on chromosome 11, the targeted allele and the resulting Fancm 
Δ2 allele. Homologous recombination between the targeting vector and the endogenous Fancm 
sequence inserts a Neo cassette flanked by LoxP sites. The 5’ and 3’ probes are indicated by bars. 
As indicated, Cre-mediated recombination between LoxP sites leads to deletion of exon 2 and 
the Neo marker. (B) Southern blot analysis using genomic DNA from targeted ES cells digested 
with ScaI and hybridized with the 5’ probe. Integration of the targeting vector introduces an ad-
ditional ScaI site leading to a targeted band of 7.3 kb besides the wild type band of 14.0 kb. (C) 
PCR products of Fancm wild type, heterozygous or homozygous MEFs. Fancm-specific cDNA was 
produced with a primer in exon 10. This cDNA was subsequently amplified with primers in exon 
1 and 10. Lane 1 contains the PCR product from Fancm+/+ MEFs, lane 2 from FancmΔ2/+ MEFs and 
lane 3 from FancmΔ2/Δ2 MEFs. (D) Quantitative PCR on cDNA produced with oligo d(T)20VN prim-
ers from Fancm+/+, heterozygous FancmΔ2/+ or homozygous FancmΔ2/Δ2 MEFs. Fancm-specific cDNA 
was amplified with primers in exon 1 and exon 2 and primers in exon 21. (E) Whole-cell lysates 
of MEFs of the indicated genotypes were immunoprecipitated with an antibody against human 
FANCM or murine FANCA, separated by SDS-PAGE and probed with an antibody against murine 
FANCA and human FANCM.
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mice showed reduced overall and tumor-free survival. The increased cancer incidence 
may be due to increased genetic instability as observed in FANCM-deficient mouse 
embryonic fibroblasts (MEFs).

RESULTS

Generation of a Fancm mouse model 
Fancm knockout mice were generated by targeted deletion of exon 2, encoding amino 
acids 158 to 215 including the DEAH-box. This deletion does not only inactivate the 
helicase activity of FANCM, but also leads to a frameshift and premature stop in exon 
3. A targeting construct was used that integrates a neomycin resistance cassette into 
intron 2 of the Fancm gene and LoxP sites in introns 1 and 2 flanking exon 2 and 
the Neo cassette (Figure 4.1A). Mice carrying this Fancm mutant allele were obtained 
(Figure 4.1B) and crossed with a Cre recombinase deleter mouse to remove exon 2 and 
the Neo marker. Since this Fancm mouse model was created by deleting exon 2 we will 
refer to it as the FancmΔ2 model. Fancm-specific cDNA was produced with a primer in 
exon 10 and subsequently amplified with primers in exon 1 and 10. In heterozygous 
FancmΔ2/+ MEFs, amplification of the wild type allele (Figure 4.1C, lane 2, upper band) 
was more prominent than that of the knock-out allele (lane 2, lower band). Although 
this was not a quantitative assay, these results suggested that the mRNA correspond-
ing to the knock-out allele was less stable than mRNA transcribed from the wild type 
allele. Sequence analysis of the PCR products confirmed the loss of exon 2 from the 
FancmΔ2 allele (data not shown). Quantitative RT-PCR (qPCR) with primers in exon 
1 and exon 2 also demonstrated the loss of exon 2 sequence from the Fancm cDNA, 
since no product was formed and qPCR with primers in exon 21 showed barely de-
tectable levels of Fancm cDNA in a Fancm mutant MEF cell line (Figure 4.1D). These 
data confirm that Fancm expression was lost in our Fancm mouse model, probably due 
to nonsense-mediated decay of Fancm mRNA. By immunoprecipitation and Western 
blotting with different antiserea against human FANCM we could demonstrate that 
FANCM protein was indeed absent in FancmΔ2/Δ2 MEFs (Figure 4.1E) Furthermore, 
while FANCM co-immunoprecipitated with FANCA in Fancm+/+ MEFs, FANCM was 

Table 4.1 
Offspring of Fancm Δ2/+ intercrosses

Male Female

Observed Expected Observed Expecteda

Fancm Δ2/Δ2 18 22 6 22

Fancm Δ2/+ 50 43 44 43

Fancm +/+ 19 22 25 22

Total 87 75

P-value 0.32 0.002*

*Significant deviation from expected Mendelian frequency.
aBased on the number of male animals born.
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absent in a FANCA immunoprecipitate in FancmΔ2/Δ2 MEFs. These results showed that 
no full length FANCM protein was expressed in the FancmΔ2/Δ2 cells.  

Non-Mendelian inheritance of FancmΔ2/Δ2 alleles in females
The Fancm targeting was performed in the Bruce4 ES cell line and cells were inject-
ed into C57/Bl/6J blastocysts. The chimeras were backcrossed to the C57/Bl/6 and 
subsequently backcrossed to the FVB mouse strain. FancmΔ2/+ mice from backcross 
2 and 3 were inter-crossed to obtain FancmΔ2/Δ2 offspring. Male FancmΔ2/Δ2 mice were 
born with the expected Mendelian frequency. However, a significant decrease in the 
number of female FancmΔ2/Δ2 mice was observed (Table 4.1). Up till now, an underrep-
resentation of female mice has not been reported for FA mouse models. At present, 
we are unable to explain the decrease in the number of female FancmΔ2/Δ2 mice. Since 
genetic background might play a critical role we are crossing the FancmΔ2/+ mice into 
different mouse strains.
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Figure 4.2
Gonadal abnormalities of FancmΔ2/Δ2 mice. Histological sections of testes (A-D) and ovaries (E-F) 
from 3-months old mice. (A) Control testis (magnification 2.5x). (B) FancmΔ2/Δ2 testis (2.5x). (C) 
Control testis (25x). (D) FancmΔ2/Δ2 testis (25x). (E) Control ovary (5x). (F) FancmΔ2/Δ2 ovary (5x). 
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FancmΔ2/Δ2 mice show gonadal abnormalities 

One phenotype shared by all FA mouse models is the appearance of gonadal abnor-
malities associated with reduced fertility [23-28,30,35]. We performed histology on 
the reproductive organs of 3-months old male and female FancmΔ2/Δ2 mice. The tes-
ticular size in FancmΔ2/Δ2 males was reduced compared to wild type littermates (Fig-
ure 4.2A, B). The seminiferous tubules of the FancmΔ2/Δ2 males were heterogeneous: 
some tubules showed an absence of spermatogonia and did not contain sperm (Fig-
ure 4.2D), while others had normal testicular architecture and sperm production. In 
addition, FancmΔ2/Δ2 testes showed hyperplasia of Leydig cells. This pattern was not 
present in wild type littermates (Figure 4.2C). We have not thoroughly investigated 
whether these gonadal abnormalities also affected fertility, but noticed that several 
male mice had been able to produce offspring. The number of developing follicles 
in FancmΔ2/Δ2 ovaries was reduced in comparison to wild type ovaries and the cortex 
of FancmΔ2/Δ2 ovary was depleted of primary follicles (Figure 4.2E, F). Due to the low 
number of FancmΔ2/Δ2 females, we have not investigated their fertility. These results 
demonstrate that FancmΔ2/Δ2 mice phenocopy other FA mouse models with respect to 
gonadal abnormalities

FancmΔ2/Δ2 mice show reduced life span and increased tumor formation
We did not observe congenital abnormalities in the FancmΔ2/Δ2 mice. Also the bone 
marrow of FancmΔ2/Δ2 mice showed no signs of hypoplasia and the number of hemat-
opoietic stem cells appeared normal (data not shown). 

To monitor the effect of FANCM deficiency on survival we followed cohorts of 21 
FancmΔ2/Δ2 (16 males + 5 females), 36 FancmΔ2/+ (22 males + 14 females) and 21 Fancm +/+ 
(8 males + 13 females) mice for two years and plotted the overall survival of this cohort 
in a Kaplan Meier curve (Figure 4.3A). The median survival of FancmΔ2/Δ2 mice (573 
days) was significantly reduced in comparison to FancmΔ2/+ (693 days, p-value=0.002) 
and Fancm+/+ (>730 days, p-value=0.003) littermates. The median survival of FancmΔ2/

Δ2 females (491 days) and FancmΔ2/Δ2 males (573 days) did not significantly differ and 
also male and female heterozygous littermates had a similar lifespan. We noted that of 
the FancmΔ2/Δ2 mice, 52% (11 out of 21) developed tumors whereas 39% of the FancmΔ2/+ 
(14 out of 36) and 14% of the Fancm+/+ (3 out of 21) mice developed tumors. There-
fore we hypothesized that the FancmΔ2/Δ2 mice have an increased incidence of tumor 
formation. To follow tumor-free survival we calculated a Kaplan Meier curve that 
excluded the mice sacrificed because of non-tumor related pathology (Figure 4.3B). 
We observed a statistically significant decrease in tumor-free survival in the FancmΔ2/

Δ2 mice compared to the FancmΔ2/+ (p-value= 0.015) and Fancm+/+ (p-value=0.001) lit-
termates. We noted several different tumors in our cohort of which one tumor type, 
hepatoma, was detected in three FancmΔ2/Δ2 mice as opposed to zero hepatomas in 57 
control mice (p-value = 0.013). A picture of one of these hepatomas is shown (Figure 
4.3C) Apart from an increased tumor incidence we also observed arteritis nodosa in 3 
out of 21 FancmΔ2/Δ2 mice compared to 1 in 57 control animals (p-value = 0.013). This 
may be indicative of a premature aging phenotype in FancmΔ2/Δ2 mice. 
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Figure 4.4
Cellular phenotype of FancmΔ2/Δ2 MEFs. (A) FancmΔ2/Δ2 MEFs and Fanca-/- MEFs showed markedly 
elevated chromosomal breakage after MMC treatment (50 nM for 48h, white bars) compared to 
wild type MEFs. (B) FancmΔ2/Δ2 MEFs showed a marked accumulation in the G2 phase of the cell 
cycle after MMC treatment (50 nM for 72h) similar to the response of Fanca-/- MEFs, whereas a 
G2 arrest was not apparent in control Fancm+/+ MEFs. (C) FancmΔ2/Δ2 MEFs (squares) and Fanca-/- 
MEFs (triangles) showed reduced colony survival after continuous exposure to MMC or cisplatin 
when compared to Fancm+/+ MEFs (diamonds). 
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In summary, we observed an increased cancer incidence and associated reduced life 
span in our FancmΔ2/Δ2 cohort when compared to heterozygous and wild type litterma-
tes. To investigate whether the increased cancer incidence could be attributed to in-
creased genetic instability, we studied the consequences of Fancm deficiency in MEFs.

FancmΔ2/Δ2 MEFs show an FA-like phenotype
A hallmark of FA cells is a pronounced hypersensitivity to cross-linking drugs such 
as MMC resulting in increased chromosomal breakage, reduced cell viability and a 
pronounced G2 arrest. We assessed this phenotype in immortalized MEF cell lines 
that were either deficient or proficient for the FANCM protein. Immortalized Fanca-/- 
MEFs were used as an FA control [25]. The number of chromosomal breaks and chro-
mosomal aberrations was more strongly increased by MMC treatment in FancmΔ2/Δ2 
MEFs and Fanca-/- MEFs than in Fancm+/+ MEFs (Figure 4.4A).

Another feature of FA cells is a prolonged G2 arrest after exposure to cross-linking 
agents [36-38]. Following incubation with MMC,  FancmΔ2/Δ2 MEFs showed a pro-
nounced G2 arrest, which was also apparent in Fanca-/- MEFs, but was absent in Fan-
cm+/+ MEFs (Figure 4.4B). The G2 arrest was already noticed after 24 hours (Supple-
mentary Figure S4.1) and did not correspond to an arrest in mitosis since the cells 
stained negative for the mitotic marker MPM2. In fact, a decrease in the mitotic frac-
tion was observed that is consistent with an arrest in G2 (data not shown). In both 
Fanca-/- and FancmΔ2/Δ2 MEFs, we observed cells with a DNA content higher than 4N. 
This >4N population was likely caused by cells that had completed mitosis but failed 
cytokinesis and had started to synthesize DNA. As shown in figure 4A, some of the 
Fancm and Fanca deficient MEFs had escaped from G2 arrest and entered mitosis in 
the presence of chromosomal aberrations. Since these MEFs were immortalized with 
E1A they lacked the G1 checkpoint and therefore these 4N cells could start a new 
round of DNA replication resulting in a >4N peak. Correspondingly, this >4N popu-
lation was absent in primary MEFs (Supplementary Figure S4.2).

Next, we assessed whether FANCM deficiency resulted in reduced growth after expo-
sure to MMC or cisplatin. As shown in Figure 4.4C, FancmΔ2/Δ2 MEFs and Fanca-/- MEFs 
were hypersensitive to MMC and cisplatin when compared to Fancm+/+ MEFs. Thus 
far, all these assays confirmed that FancmΔ2/Δ2 MEFs exhibited a cellular phenotype 
resembling that of Fanca-/- MEFs and characteristic for FA cells.

FancmΔ2/Δ2 MEFs are able to monoubiquitinate FANCD2
The FA core complex acts as an E3-ubiquitin ligase that monoubiquitinates FANCD2 
and FANCI.  A distinctive feature of cells deficient in any of the FA core complex mem-
bers is their inability to monoubiquitinate FANCD2 and FANCI during S phase or 
after replicative stress and DNA damage [5,7,39]. FANCM is an integral component 
of the FA core complex and based on the results obtained with the FA-M reference 
cell line EUFA867 it was concluded that FANCM was essential for FA core complex 
formation and FANCD2 monoubiquitination [17]. Transient knockdown of FANCM 
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FancmΔ2/Δ2 MEFs show FANCD2 monoubiquitination. (A) MEFs of the indicated genotypes were 
either left untreated or treated with different doses MMC for 24h. Whole-cell lysates were sepa-
rated by SDS-PAGE and probed with an antibody against murine FANCD2. (B) Cells were treated 
with MMC (3 µM for 24h) or with HU (1mM for 24h). Whole-cell lysates were separated by SDS-
PAGE and probed with an antibody against murine FANCD2. (C) Cells were treated with 0.5 µM 
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murine FANCD2.
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protein using siRNA confirmed the necessity of FANCM for normal FA core com-
plex function [40,41]. To investigate whether FANCM is indeed essential for FANCD2 
monoubiquitination, lysates from untreated MEFs or MEFs treated with different 
doses of MMC were probed with a FANCD2 antibody. FANCD2 monoubiquitina-
tion is seen as a shift from a short non-monoubiquitinated isoform (FANCD2-S) to a 
longer monoubiquitinated isoform (FANCD2-L). Western blot analysis revealed the 
presence of both the short and long isoforms of FANCD2 in the Fancm+/+ MEFs af-
ter MMC treatment (Figure 4.5A). In contrast, the FANCD2-L isoform appeared ab-
sent in cell lysates from Fanca-/- and FancmΔ2/Δ2 MEFs. Upon extended exposure of the 
Western blot, however, the FANCD2-L isoform became visible in lysates from MMC-
treated FancmΔ2/Δ2 MEFs, but still remained undetectable in lysates from Fanca-/- MEFs. 
This indicated that in the absence of FANCM, FANCD2 could still be monoubiquiti-
nated in a MMC-dose dependent way, albeit at strongly reduced levels. We also found 
that in response to HU FANCD2 was monoubiquitinated in FancmΔ2/Δ2 MEFs (Figure 
4.5B). To verify this unexpected finding we performed an immunoprecipitation with 
a human FANCD2 antibody and probed the blot with a different FANCD2 antibody. 
Again, residual FANCD2 monoubiquitination was observed in FancmΔ2/Δ2 MEFs, but 
not in Fanca-/- MEFs (Figure 4.5C). These results suggest that the formation of a func-
tional FA core complex was not critically dependent on FANCM, which was strength-
ened by the co-precipitation of FANCA and FANCL in FancmΔ2/Δ2 MEFs (Figure 4.5D). 
A further indication for a role of the FA core complex in FANCD2 monoubiquitina-
tion in the absence of FANCM was given by chromatin fractionations. As shown in 
figure 5E, FANCA was still enriched in the chromatin fraction after MMC treatment 
in FancmΔ2/Δ2 MEFs, albeit at reduced level in comparison to wild-type MEFs. Fur-
thermore, similar to the situation in wild type MEFs part of the monoubiquitinated 
FANCD2 was retained in the chromatin fraction in FancmΔ2/Δ2 MEFs (Figure 4.5F). 
These results indicated that in the absence of FANCM part of the core complex can 
still localize to the chromatin and monoubiquitinate FANCD2.

Primary FancmΔ2/Δ2 MEFs show increased sister chromatid exchanges
In chicken DT40 cells deficient for the chicken homologue of FANCM, Hef, increased 
levels of sister chromatid exchanges (SCEs) were reported [42,43]. We scored SCE fre-
quencies in two independent FancmΔ2/Δ2 primary MEF cultures and in heterozygous 
and wild type Fancm primary MEFs. The basal SCE level in FancmΔ2/Δ2 MEFs was sig-
nificantly increased (p-value < 0.0001) in comparison to FancmΔ2/+ and Fancm+/+ MEFs 
(Figure 4.6A). The increased spontaneous SCE frequency is specific for FancmΔ2/

Δ2 MEFs since two independent primary Fanca-deficient MEF cultures had similar 
SCE frequencies than wild-type MEFs (Figure 4.6B). We also tested the efficiency of 
SCE induction after DNA damage. To that end, replication-associated double strand 
breaks (DSB) were induced by N-methyl-N’-nitrosoguanidine (MNNG), an alkylating 
agent that produces single-strand breaks (SSB) in the first replication cycle resulting 
in a replication-associated DSB in the second cell cycle. As shown in Figure 4.6A, the 
SCE frequency increased after MNNG exposure, but this increase was similar between 
the different genotypes (p-value = 0.103). We conclude that FancmΔ2/Δ2 MEFs have a 
significant elevated basal level of SCEs, as was observed in the chicken DT40 system 
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[44]. However, the induction of SCE frequency after the generation of DSBs seems 
independent of FANCM. 

Discussion
FANCM is the first FA core complex protein in which conserved domains have been 
identified that may point to an enzymatic role in DNA repair. Moreover, recent stud-
ies showed that FANCM can promote branch migration of Holliday junctions and 
DNA replication structures [20,21,45], suggesting that FANCM may provide a link 
between the FA pathway and DNA repair. The Fancm mouse model reported here sup-
ports this concept. At first glance, Fancm-deficient mice resembled mice deficient for 
other FA core complex members: they showed gonadal abnormalities and at the cel-
lular level they displayed increased chromosomal breakage, excessive G2 arrest, and 
crosslinker hypersensitivity. However, four additional atypical features were observed: 
non-Mendelian segregation of FancmΔ2/Δ2 alleles in females, decreased overall and tu-
mor-free survival, residual FANCD2 monoubiquitination and increased spontaneous 
SCEs.   

Fancm knockout mice were born at a decreased Mendelian ratio, which was specifi-
cally due to an underrepresentation of female FancmΔ2/Δ2 mice. In contrast, normal 
Mendelian ratios were reported for most other FA mouse models. [23-28]. Perinatal 
lethality was observed in one of the Fancc mouse models and in the Fancd2 mouse 
model, both in a C57Bl/6 background, but these studies did not report on differences 
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Figure 4.6
Increased SCEs in FancmΔ2/Δ2 MEFs. (A) Primary MEF cultures (one Fancm+/+, one FancmΔ2/+, two 
different FancmΔ2/Δ2) were labelled with BrdU (6 µg/ml) during 48h in the absence or presence of 
MNNG (6 µM) plus O6-BG (20 µM). SCEs were counted in 20 second-division metaphase spreads. 
(B) Primary MEF cultures (one Fancm+/+, two different FancmΔ2/Δ2, one Fanca+/+ and two differ-
ent Fanca-/- MEF cell lines) were labelled with BrdU (6 µg/ml) during 48h. SCEs were counted in 
20 second-division metaphase spreads. Data show the mean SCE frequencies per metaphase 
and error bars indicate standard deviations. Statistical significance was calculated with the Mann 
Whitney test (SPSS, V15). 
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in gender distribution [30,34]. In the Fancl/POG model, embryonic lethality was seen 
in a pure 129/Sv background and in the F1 generation of a cross between 129/Sv 
and C57Bl/6. However, normal Mendelian ratios were observed in F1 offspring from 
heterozygous crossings between 129/Sv and FVB [46]. Female embryonic lethality has 
been described in mice nullizygous for both Msh2 and p53 in a mixed C57Bl/6 and 
129/Sv background, but this was overcome in crosses with BALB/c and SWR/J mice 
[47,48]. In summary, the genetic background affects the viability of knockout mice 
suggesting the presence of modifier loci that, when combined with an FA defect, re-
sult in reduced viability. We are currently crossing the FancmΔ2/+ mice into the C57Bl/6 
strain to investigate whether the underrepresentation of female FancmΔ2/Δ2 is modified 
by the genetic background of the mice. 

An important difference between the FancmΔ2/Δ2 mice and other FA defective mice 
(Fanca, Fancc, Fancd2, Fancg, and POG/Fancl) is the reduced life span and increased 
cancer incidence in the homozygous Fancm mice compared to littermates. For two 
FA mouse models, the Fancc and Fancd2 deficient mice, long term survival cohorts 
have been published. In the Fancc-defective mice no tumors were observed after 600 
days and only in  combination with loss of tumor suppressor Trp53 (Trp53+/- or Trp53-

/-)  Fancc loss resulted in a shortened latency of tumorigenesis [49]. For the Fancd2 
defective mice a statistically significant increase in the incidence of both adenomas 
and carcinomas was reported [30], but in a follow-up study of the same group this 
difference was not considered significant [50]. Again, only the combination of Trp53+/- 
with Fancd2 loss resulted in a significant decrease in tumor-free survival [51]. The 
decreased overall and tumor-free survival observed in the FancmΔ2/Δ2 mice therefore 
appears unique for this FA mouse model and suggests that FANCM has additional 
functions independent of the FA core complex in the prevention of tumor formation.

This additional function may be reflected by the elevated spontaneous sister chroma-
tid exchanges in primary FancmΔ2/Δ2 MEFs. Like in Fancm deficient MEFs, disruption 
of FANCM in the chicken B cell line DT40 resulted in an increased background level 
of SCEs [52,53]. This phenotype is shared with cells from Bloom’s Syndrome patients, 
which are deficient for BLM, an anti-recombinogenic RecQ helicase. The BLM protein 
acts as a tumor-suppressor gene by suppressing recombination and thereby reduc-
ing loss of heterozygosity (LOH) through mitotic recombination [54]. The helicase 
domain of FANCM is shared with yeast orthologs MPH1 (S. cerevisiae) and FML1 (S. 
pombe), that play a regulatory role in homologous recombination repair by replica-
tion fork reversal and D-loop disruption [55-57]. Possibly human and mouse FANCM 
have a similar role. The basal increase in SCE frequency may indicate that FANCM 
prevents the formation of DSBs after replication fork stalling and may be a reflection 
of the increased damage at the replication fork. It has been shown that the FANCM 
protein can remodel replication fork substrates [20,21]. Possibly in the absence of 
FANCM stalled replication forks are not correctly processed leading to collapsed rep-
lication forks and DSBs. These DSBs may be repaired via various repair pathways, 
some of which result in SCEs [19]. Analogous to cells deficient for the BLM protein 
this elevated frequency of spontaneous SCEs may result in an increased rate of LOH 
and could explain the increased cancer incidence observed in the FancmΔ2/Δ2 mice. 
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However, FANCM seems to have no function in the outcome of the recombination 
process as supported by the lack of an additional significant increase in SCE frequen-
cy upon MNNG treatment, which induces DSBs, when compared to control MEFs.

Residual FANCD2 monoubiquitination was detectable in FancmΔ2/Δ2 MEFs. This indi-
cates that in the absence of FANCM a functional FA core complex can still be formed, 
a conclusion supported by the co-precipitation of FANCA and FANCL in FancmΔ2/Δ2 
MEFs and enrichment of FANCA in the chromatin fraction. Possibly, FANCM has a 
role in recruiting the FA core complex to the site of damage and positions this com-
plex in the vicinity of FANCD2 for efficient monoubiquitination, as suggested by 
siRNA experiments in HeLa cells (36). These findings seem to be in contrast with data 
published on the FA-M lymphoblasts (EUFA867). In these cells, immunoblotting 
showed no evidence for FANCD2 monoubiquitination, reduced levels of FANCA and 
FANCG and defective nuclear localization of FANCA and FANCL. This discrepancy 
between the human FA-M lymphoblasts and murine FancmΔ2/Δ2 MEFs can however be 
explained by the presence of biallelic FANCA mutations in the EUFA867 cells, which 
implies that the human reference cell line is deficient for both FANCM and FANCA 
[58]. Therefore, our knockout mice and MEFs represent the first mammalian model 
system in which the role of FANCM can be investigated in a defined genetic back-
ground with littermate controls.

In summary, we have shown that FANCM deficiency is associated with an FA pheno-
type in mice and MEFs. The system also revealed several unique features related to 
FANCM deficiency, including decreased overall survival, increased cancer incidence 
and female perinatal lethality in mice, and residual FANCD2 monoubiquitination 
and increased SCEs in MEFs. These novel phenotypes show that FANCM has an im-
portant role in the prevention of tumorigenesis and suggest that FANCM partially 
acts independent of the FA core complex to maintain genome stability. 

Materials And Methods

ES cell targeting and generation of FancmΔ2/Δ2 mice
Targeting and production of mice was performed at Ozgene (Australia). The Fancm 
targeting vector was linearized and electroporated into Bruce4 ES cells. After selec-
tion with G418, genomic DNA from surviving clones was digested with ScaI and NcoI 
and screened by Southern blotting with a 5’ probe and 3’ probe, respectively (prim-
ers for 5’ probe:  TTGAAATGGTCCAAGTCAGGTCA and GATAGCGAGTGCTGT-
GTGATTCC and primers for 3’ probe: TGGGGTGTTTTCTGCTCTGACC and AT-
GTCTGCCATTCTCCT GCGGG ). Correctly targeted ES cell clones were injected into 
C57BL/6J blastocysts. Chimeric mice were crossed with a B6 deleter mice expressing 
Cre recombinase, to recombine the LoxP sites and remove exon 2 and the selection 
marker. The FancmΔ2/+ mice were then backcrossed to the FVB strain. Homozygotes 
were produced by matings of BC2 and BC3 heterozygous mice. 



66

Generation of cDNA, sequence analysis and quantitative PCR

Total RNA was isolated from Fancm+/+, FancmΔ2/+ and FancmΔ2/Δ2 MEFs using RNA-
Bee Total RNA Isolation Reagent (Campro Scientific). cDNA was prepared by reverse 
transcription using a primer in exon 10 (primer in exon 10:  5’-CCACCGTCTCG-
GAACTG-3’). From this template, a product was amplified by PCR using primers in 
exon 1 (primer in exon 1: 5’-TTCATTGCCGCCGTGGTCA-3’) and exon 10. This PCR 
product was cloned into the pGEM®-T Easy vector (Promega). Vector primer T7 was 
used for sequencing. For quantitative PCR (qPCR), 1 µg of total RNA was used to 
prepare cDNA by reverse transcription using oligodN6 random primers (Roche Di-
agnostics). Subsequently, the cDNA was used as a template for qPCR in the presence 
of SYBR-green (Applied Biosystems) to label the product. Fluorescence detection was 
performed using the ABI PRISM 7700 Sequence Detection System (Applied Biosys-
tems). All measurements were performed in triplicate and the relative amounts of 
cDNA were compared to actin as a reference for total cDNA. Subsequently, the Fan-
cm+/+ cDNA concentration was used for normalization. For qPCR of exon 1-2 we used 
5’-GCTGAAATGACAGGTTCAACTC-3’ as forward and 5’-CATTTACCATGACCT-
GCGG-3’ as reverse primer, for qPCR of exon 21 we used 5’-TGCTTCACCACCATG-
TACTGG-3’ as forward and 5’-AGCCACATGCAGGAGTGAAGT-3’ as reverse primer.

Histological analysis
Mice were killed and isolated organs were fixed in formol. The testes and ovaries of 
mutant and wild type mice were fixed in EAF fixative (ethanol–acetic acid–formol sa-
line). Fixed organs were embedded in paraffin, sectioned and stained with hematoxy-
lin and eosin. 

Kaplan Meier Survival Curves 
Overall and tumor-free survival curves were generated using SPSS software (Version 
15), statistical significance between genotypes was determined using built-in analysis 
for survival curves consisting of a log rank test yielding a p-value.

Isolation, culturing and transduction of MEFs
MEFs were derived from 13-day-old embryos and cultured in GMEM (Invitrogen-
GIBCO) supplemented with 10% fetal calf serum, 1 mM non-essential amino acids 
(Invitrogen-GIBCO), 10 mM sodium pyruvate (Invitrogen-GIBCO), 100 units/ml pen-
icillin, 100 μg/ml streptomycin (Invitrogen-GIBCO), and 0.1 mM β-mercaptoethanol 
(Merck) at 37°C, under a humidified atmosphere of air plus 5% CO2. MEFs were im-
mortalized by viral infection with E1A. Ecotropic retroviral supernatants were pro-
duced by transfecting Phoenix cells by calcium phosphate co-precipitation. Thirty-six 
hours post-transfection, retroviral supernatants were filtered through a 0.45 μm filter 
(MCE membrane, Millipore) and used to infect MEFs. MEFs were transduced in the 
presence of 4 μg/ml polybrene. 
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MMC-induced chromosomal breakage analysis

MEFs immortalized with E1A were cultured for 48 h in the absence or presence of 
50 nM MMC. For each cell culture, 50 metaphases were analyzed for chromatid-type 
chromosomal abnormalities. To quantify chromosomal abnormalities the inter-
change aberrations were converted into break events. All scoring was performed blind 
to eliminate counting bias [59].

Growth inhibition assays. 
E1A immortalized MEFs were seeded in 96-well microplates on day 0 in Dulbecco’s 
modified Eagle’s medium with glutamate (Gibco BRL) supplemented with 10% fetal 
bovine serum (Gibco BRL) and sodium pyruvate (1mM) and supplied with 2-fold se-
rial drug dilutions on day 1. On day 7, the cells were fixed by adding trichloroacetic 
acid (Merck) to a final concentration of 5% (v/v). After 1h at 4°C, plates were washed 
five times with demi water, dried, and stained for 30 min with 50 µL sulforhodamine 
B (0.4%, w/v) (Sigma). Following three wash steps with 1% acetic acid, 200 µL 10 mM 
Tris was added to dissolve the staining. Absorbance at 540 nm was measured using a 
Tecan infinite m200 plate reader (Tecan). After correction for medium-only and no-
drug controls, data points were fitted using the general formula for a sigmoid curve.  

G2 arrest

Cells were seeded in Petri dishes at 2.5 * 105 cells and allowed to attach overnight. 
Cells were exposed to either 50 or 100 nM MMC and were grown for 24h, 48h or 72h. 
Cells were trypsinized and fixed in 70% ethanol at 4°C for at least 1h. Subsequently, 
cells were washed in PBS and nuclei were stained with propidium iodide  (4 μg/ml) 
and treated with RNAse (2 μg/ml) in 200 μl PBS, incubated at 37 ºC for 15 min, and 
analyzed in a flowcytometer using FACS ‘Cell Quest’ software and ‘Summit’ software.

Immunoblot and immunoprecipitation analysis 
For preparation of whole-cell extracts, cells were lysed for 30 min on ice in RIPA buffer 
(50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP40, 0.1%SDS supplemented with 1 tablet 
complete protease inhibitor cocktail (Roche) per 50 ml). For immunoblot analysis 
equivalents of 200,000 cells were loaded on a 3-8% Tris-Acetate NuPAGE gradient gel 
(Invitrogen) and proteins were separated by gel-electrophoresis at 25 mA during 3.5 
h, according to the manufacturer’s protocol. Proteins were transferred to Immobilon-
P-Transfer membranes (Millipore) and the membranes were blocked with 5% dry milk 
in PBS-Tween (0.1%). The membranes were incubated with the indicated antibodies. 
After washing with PBS-Tween (0.1%), the membranes were incubated with horserad-
ish peroxidase-conjugated secondary antbodies (DakoCytomation). Proteins were 
visualized with ECL. For immunoprecipitation reactions, cells were lysed for 30 min 
on ice in lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP40 supplemented with 
1 tablet complete protease inhibitor cocktail (Roche) per 50 ml), and incubated with 
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either guinea pig antibody against human FANCD2 (amino acids 55-292), guinea pig 
antiserum against murine FANCA or guinea pig antiserum against human FANCM 
[60] and 50% protein A beads (Pharmacia), overnight at 4°C, under gentle agitation. 
Prior to immunoblot analysis, lysates were washed five times in lysis buffer after 
which immunoblot analysis was performed as described above. Antibodies used for 
immunoblot analysis were rabbit polyclonal antiserum against murine FANCD2 (gift 
from Dr. A.D. D’Andrea)[61], rabbit polyclonal antiserum against human FANCD2 
(gift from Dr. K.J. Patel), rabbit polyclonal antiserum against murine FANCA [6,62]), 
rabbit polyclonal against antiserum against human FANCL and rabbit polyclonal 
against antiserum against human FANCM (gifts from Dr. W. Wang)[6]. 

Chromatin Fractionations
The chromatin fractionation was essentially performed as in [63]. Briefly, cells were 
collected by trypsinization and pelleted. The pellet was resuspended and incubated 
for 10 min in ice-cold buffer containing 10 mM Hepes-KOH (pH 7.9), 1.5 mM MgCl2, 
10 mM KCl, 0.2% triton and complete protease inhibitor cocktail (Roche). The sus-
pension was homogenized and the supernatant containing the cytoplasmic fraction 
was collected after 15-min centrifugation at 400 x g at 4 °C. The pellet was washed 
in ice-cold PBS, resuspended in cold buffer containing 420 mM NaCl, 20 mM Hepes-
KOH (pH 7.9), 20% glycerol, 2 mM MgCl2, 0.2 mM EDTA, 0.1% triton, 0.5 mM DTT, 
and complete protease inhibitor cocktail (Roche) and incubated on ice for 1 h. The 
supernatant containing the nuclear fraction was collected after 15-min centrifuga-
tion at 18,000 x g at 4 °C. The chromatin/membrane-containing pellet was resus-
pended in cold PBS supplemented with 600 mM NaCl, 1% N-octyl glucoside, and 
125 units of DNAse, incubated for 30 min in an ultrasonic bath; and centrifuged for 
15 min at 18,000 x g at 4 °C. Chromatin/membrane proteins were collected with the 
supernatant. 1,3 mg of protein of each fraction were separated on a 3-¬8% Tris-Acetate 
NuPAGE gradient gel (Invitrogen). As control for the fractionation procedure anti-
bodies against γ-tubulin (cytoplasmic, Sigma), topoisomerase I (nuclear) and Lamin 
B (chromatin, Santa Cruz) were used.    

Sister chromatid exchanges (SCEs) 
To experimentally induce SCEs we chose to mimic a replication-associated DSB with 
N-methyl-N’-nitrosoguanidine (MNNG) (Serva, Heidelberg, Germany). The alkylat-
ing agent MNNG produces single-strand gaps in the first replication cycle that, if 
left unrepaired due to the presence of O6-methylguanine-DNA methyltransferase 
(MGMT) inhibitor O6-benzylguanine, results in a replication-associated DSB[64] . 
Cycling cells were labeled for 48h with 8 µg/ml 5’bromodeoxyuridine (BrdU). Expo-
sure time to MNNG (6 µM) and O6-benzylguanine (20 µM) was 48h. The metaphase 
spreads were essentially prepared as described [65] . Briefly, slides were stained with 
bisBenzimide H33258 (Sigma B-2883), illuminated with UV for 1h, heated for 90 min 
in 2 x SCC at 65o C, followed by staining in 10% Giemsa solution (Merck 1.09204). 
Twenty metaphases were analyzed for the presence of SCEs. 
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Supplementary Figure S4.1
Time course of the accumulation in the G2 phase of the cell cycle after MMC treatment. FancmΔ2/

Δ2 , Fancm+/+ and Fanca-/- MEFs were treated with either 50 or 100 nM MMC for 24h, 48h or 72 h. 
The percentages of cells in the G2 phase of the cell cycle and the >4N population were quantified 
for each MMC dosage and time point.  
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Supplementary Figure S4.2
Time course of the accumulation in the G2 phase of the cell cycle after MMC treatment. Primary 
FancmΔ2/Δ2, FancmΔ2/+ and Fancm+/+ MEF cultures were treated with either 50 or 100nM MMC for 
72 h. The percentages of cells in the G2 phase of the cell cycles and the >4N population were 
quantified for each MMC dosage and time point.
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Abstract 
Fanconi Anemia (FA) is a rare recessive disorder marked by developmental abnormali-
ties, bone marrow failure, and a high risk for the development of leukemia and solid 
tumors. The inactivation of FA genes, in particular FANCF, has also been document-
ed in sporadic tumors in non-FA patients. To study whether there is a causal relation-
ship between FA pathway defects and tumor development, we have generated a mouse 
model with a targeted disruption of the FA core complex gene Fancf. 

Fancf-deficient mouse embryonic fibroblasts displayed a phenotype typical for FA 
cells: they showed an aberrant response to DNA crosslinking agents as manifested by 
G2 arrest, chromosomal aberrations, reduced survival and an inability to monoubiq-
uitinate FANCD2. 

Fancf homozygous mice were viable, born following a normal Mendelian distribution 
and showed no growth retardation or developmental abnormalities. The gonads of 
Fancf mutant mice functioned abnormally showing compromised follicle develop-
ment and spermatogenesis as has been observed in other FA mouse models and in 
FA patients. In a cohort of Fancf-deficient mice, we observed decreased overall survival 
and increased tumor incidence. Notably, in 7 female mice 6 ovarian tumors devel-
oped, 5 granulosa cell tumors and one luteoma. One mouse had developed tumors in 
both ovaries. High-resolution array comparative genomic hybridization (aCGH) on 
these tumors suggest that the increased incidence of ovarian tumors correlates with 
the infertility in Fancf-deficient mice and the genomic instability characteristic for FA 
pathway deficiency. 

Introduction
Fanconi Anemia (FA) is a genetically and phenotypically heterogeneous disorder that 
is subdivided into at least 15 different complementation groups caused by mutations 
in 15 different genes [1-5]. Despite the genetic heterogeneity of this disease, all FA pa-
tients share several phenotypic characteristics: FA patients are predisposed to hema-
tological malignancies, solid tumors of the head and neck region, and gynecological 
tumors. In addition, cells of FA patients show an increased number of chromosomal 
breaks after treatment with  DNA crosslinking agents [6]. Based on this shared phe-
notype, all FA gene products are thought to function together in the FA pathway that 
is essential for repair of DNA crosslinks. 

The FA pathway can be subdivided in different components. The upstream compo-
nent consists of the FA core complex, which can monoubiquitinate FANCD2 and 
FANCI. The FA core complex consists of 8 proteins (FANCA, FANCB, FANCC, 
FANCE, FANCF, FANCG, FANCL, and FANCM), and four FA associated proteins 
(FAAP24,  FAAP100, MHF1, and MHF2)[7]. The downstream component consists of 
the FA proteins FANCD1, FANCJ, FANCN, FANCO and FANCP which are though to 
coordinate repair of DNA crosslinks by the combined action of several different repair 
pathways [1,3]. 
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It is clear that a disrupted FA pathway results in an increased cancer risk in FA pa-
tients, but the significance of an inactivated FA pathway in sporadic tumors remains 
unclear. FANCF has generated much interest in this respect, since epigenetic silencing 
of FANCF has been reported in several different tumors such as ovarian[8], bladder 
[9], cervical [10], leukemic [11], testicular [12], lung, and oral tumors [13]. Especial-
ly the correlation between FANCF silencing and ovarian cancer has been reported 
repeatedly. Three independent studies have observed FANCF promoter hypermeth-
ylation in ovarian cancer cell lines and in ovarian cancer samples [8,14,15]. FANCF 
promoter methylation was also detected in ovarian granulosa cell tumors [16]. In ad-
dition, FANCF promoter hypermethylation was correlated with gene silencing and 
cisplatin sensitivity [8]. It has been hypothesized that epigenetic silencing of FANCF 
could be an early event in tumor aetiology, since it could result in genetic instability 
and drive the generation of additional mutations [3,8]. The reversible nature of epi-
genetic silencing could also explain initial sensitivity (FANCF silencing) and acquired 
resistance (FANCF re-expression) to crosslinking agents observed in ovarian cancer 
treatment [3,8,17]. Other studies, however, have not been able to confirm FANCF pro-
moter methylation in tumors [18,19]. Therefore, the importance of FANCF silencing 
in sporadic tumor development is still under debate. 

To date, several FA mouse models have been generated [20]. With the exception of 
Fancp/Slx4 [21], none of these models displayed the FA-characteristic developmental 
abnormalities, but all mice showed gonadal abnormalities and infertility. Recent data 
demonstrate that the FA phenotype could be recapitulated when Fancd2 deficiency was 
combined with aldehyde dehydrogenases 2 (ALDH2) deficiency, an enzyme responsi-
ble for the detoxification of aldehydes. These mice were only viable in the presence of 
fetal or maternal ALDH2 and succumbed to bone marrow failure when exposed to 
ethanol, an exogenous source of acetaldehydes [22]. Moreover the unexposed double 
homozygous animals died within 3 to 6 months due to acute lymphoid leukemia 
(ALL). These results suggest that the FA pathway is critical for counteracting aldehyde 
toxicity. Similar to cells from FA patients, cells derived from FA mouse models were 
hypersensitive to DNA crosslinking agents and cells with FA core complex defects 
were fully [20] or severely compromised in FANCD2 monoubiquitination [23]. 

To study the role of FANCF in the FA pathway and tumorigenesis, we generated Fan-
cf-deficient mice. This mouse model confirmed that FANCF is an essential FA core 
complex member in mice and a survival cohort demonstrated that Fancf homozygous 
mice had a decreased tumor-free survival.

Materials And Methods

Cloning of murine Fancf
 The single-exon Fancf coding sequence was identified in a C57BL6j mouse genomic 
λ phage library using a Genbank EST-based probe. Fancf DNA was amplified using 
primers CACGAGGTCCCTACACAGATGGAGGACATG and AGCCTGGGAACTGA-
GAATCTACTCTAGCAC. A 1551 bp HindIII EcoRI fragment encompassing the Fancf 
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coding sequence was cloned into pBluescript SK- and sequence verified. For function-
al analysis, the murine Fancf coding sequence was transferred to the mammalian epi-
somal expression vector pMEP4. Patient-derived FA-F lymphoblastoid cells EUFA698 
were stably transfected with pMEP4-Fancf and crosslinker resistance was assessed. 

Construction of Fancf targeting vector
Using genomic DNA derived from 129Ola E14 ESC, 4 genomic Fancf sequences were 
obtained by Elongase (Invitrogen) and PCR products were cloned into pGEM-T Easy 
(Promega) and Fancf sequence identity was confirmed. Primer pairs are available upon 
request. The targeting vector was assembled on the loxP Neomycin selection cassette. 
The first Fancf sequence was cloned upstream of Neomycin in PacBac-His1 using KpnI 
and XbaI. The selection cassette and Fancf sequence were transferred using XbaI and 
SalI to XhoI into pBluescript SK-Fancf from which the 5’ region of the ORF was deleted 
after double XhoI digestion and self ligation. The other 3 PCR fragments were inserted 
using BstEII, BamHI, MfeI, and SpeI sites within the genomic sequence. The complete 
ΔFancf targeting construct was excised from the plasmid backbone using KpnI and 
SpeI. 

Fancf targeting and ESC screening
The ΔFancf targeting vector was transfected into 129Ola ESC and selected for G418 
resistance. Resistant single cell-derived ESC clones were screened by PCR to identify 
correct recombination events upstream of the Fancf coding. DNA from PCR posi-
tive cells was further analyzed by Southern blotting in combination with MscI diges-
tion applying the Neo ORF as probe. Moreover, a Southern blot was performed with 
genomic DNA in combination with a SpeI digest and a 3’ probe downstream of the 
ΔFancf targeting vector. The 3’ probe was obtained by PCR on ESC genomic DNA us-
ing primers 8285mFscrFor (CAGCCCTCATCTAGTTTCTTTTC) and 9134mFscrRev 
(GCTCATCTGCTTTCCACTAC). Finally, the positive ESC clones were screened for 
5’ deletion of Fancf using PCR with primers Neo+248For (GCTCGACTGTGTCACT-
GAAG) and gF+236Rev (GACTCCAGCGCCGCGAAGC).

MEF isolation, culturing, and determining FA phenotype 
MEFs were derived from 13-day-old embryos and cultured as described before [23]. 
The MMC induced chromosomal breakage analysis, growth inhibition assays, G2 ar-
rests, and immunoblot assays were performed as described before [23].

Animal husbandry
Fancf mutant mice were maintained on an F1 between the FVB and 129Ola genetic 
background. Animals were examined regularly for tumor development and sacrificed 
if tumors were present or if animals were otherwise unhealthy. A final sacrifice of all 
animals occurred after 2 years. These mice are depicted as censored events in the sur-
vival plots. Overall and tumor-free survival curves were generated using SPSS software 
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(Version 17), statistical significance between genotypes was determined using built-in 
analysis for survival curves consisting of a log rank test yielding a p-value.

All animal experiments were approved by the local ethical review committee on ani-
mal experimentation and conducted according to Dutch legislation.

Histological analysis
Mice were sacrificed and isolated organs were fixed in formol. The testes and ovaries 
of mutant and wild type mice were fixed in EAF fixative (ethanol–acetic acid–formol 
saline). Fixed organs were embedded in paraffin, sectioned and stained with hema-
toxylin and eosin. Slides were first scanned using a Scanscope XT digital slide scanner 
(Aperio, Vista, CA, USA) and further analyzed with Imagescope software (Aperio). 

Follicle counting
Follicle count was performed as described previously using one ovary per animal 
[24]. Primordial follicles (diameter <20 μm), growing follicles, and corpora lutea were 
counted in every fifth section. 

Gonadotropin levels
Blood was obtained from mice by retro-orbital collection using MiniCollectTM vials 
(Greiner Bio-One) and serum was isolated according to the manufacturer’s protocol. 
By MSD/Organon (Oss, The Netherlands) gonadotropin levels were determined by 
an ELISA assay. 

Array comparative genome hybridization (aCGH)
Genomic DNA was extracted from paraffin embedded tumors and spleens as previ-
ously described [25]. Methods of DNA labeling, array construction and hybridiza-
tion, as well as methods for array normalization and data analysis have been described 
previously [26]. In brief, tumor and reference samples were fragmented by sonifica-
tion and random-prime labeled with Cy3 and Cy5 dyes. Labeled material was co-hy-
bridized to microarrays consisting of 135.000 oligonucleotide probes throughout the 
mouse genome (median probe spacing around 20 kb). Arrays were scanned at 532 nm 
(Cy3) and 635 nm (Cy5) using a microarray scanner and data were extracted using 
NimbleScan software. After normalization and log2-ratio calculation, copy number 
gains and losses were identified using the DNAcopy algorithm included in Nimbles-
can software. We used standard parameters for the segmentation. 

Quantification of gains and losses from aCGH data
We used the segments as calculated by the DNAcopy algorithm in the Nimblescan 
software to quantify genomic aberrations. We excluded segments containing less than 
10 probes to eliminate possible noise-related segments. We considered any segment 



82

with a mean log2 intensity of > .1 or < -.1 to be a true CNA. For the correlation analysis 
we smoothed each tumor individually using the comparative module of the KCsmart 
R package available in the toolbox Bioconductor in the R statistical programming 
language [27]. We used standard parameters for the KCsmart smoothing (sigma = 
1 Mb) and 1 minus the Pearson’s correlation of the smoothed genomic profiles as a 
distance measure for hierarchical clustering using average linkage.

Results

Murine FANCF complements an FA-F patient cell line
To ascertain the functional conservation between murine and human FANCF, we 
made use of the patient-derived FA-F lymphoblastoid cell line EUFA698, which shows 
sensitivity to MMC in a growth-inhibition assay. As shown in Figure 5.1A, ectopic 
expression of murine FANCF restored MMC resistance in the FA-F patient cell line 
to the same extent as human FANCF cDNA. This indicates that murine and human 
FANCF proteins are functionally conserved.  

Generation of a Fancf mouse model 
We used conventional gene targeting to disrupt the murine Fancf allele. We generated 
a targeting vector in which a LoxP-flanked neomycin (neo) selection cassette was in-
serted into the genomic Fancf sequence deleting 165 nt of the promoter region plus 
171 nt of the Fancf ORF including the start codon (Figure 5.1B). We initially screened 
G418-selected embryonic stem cell (ESC) colonies by PCR to identify homologous re-
combination events between the targeting construct and the Fancf locus. Site specific 
recombination and single copy integration of the targeting vector was confirmed in 
two independent ESC clones (F1 and F2) by Southern blotting using MscI restriction 
in combination with a neo probe (Figure 5.1C) and SpeI restriction in combination 
with the 3’-probe (Figure 5.1D). Chimaeric mice were created by blastocyst injection 
and subsequent breeding produced Fancf heterozygous animals. These animals were 
interbred to produce mouse embryonic fibroblasts (MEFs) of all three Fancf genotypes 
(Figure 5.1E). 

Fancf -/- MEFs show an FA-like phenotype 
We used MEFs to study the in vitro consequences of FANCF deficiency. We never ob-
served any difference between Fancf heterozygous and wild type MEFs so considered 
both genotypes as controls. A hallmark of FA cells is a pronounced hypersensitivity to 
crosslinking drugs such as Mitomycin C (MMC), resulting in increased chromosomal 
breakage, pronounced G2 arrest, and reduced cell viability. 

We first scored the number of chromosomal breaks and aberrations with or without 
MMC treatment, an assay that is also used for FA diagnosis in humans. As shown 
in Figure 5.2A Fancf-deficient primary MEF cultures (right panel) accumulated more 
break events after MMC treatment than control MEF cultures (left panel).
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Figure 5.1
(A) Complementation of the MMC sensitivity in patient-derived FA-F cells by murine FANCF. Fancf 
DNA in the mammalian expression vector pMEP4 was stably transfected into the human FA-F 
lymphoblastoid cell line EUFA698 ( ). In a growth inhibition test murine FANCF ( ) fully restored 
MMC sensitivity in EUFA698 cells to the level observed in wild-type cells, HSC93( ). A similar level 
of complementation was achieved by expressing human FANCF cDNA in EUFA698 ( ). pMEP4 
mock-transfected ( ) and parental EUFA698 cell lines ( ) exhibit the FA characteristic cross-linker 
sensitivity. (B) Schematic representation of the Fancf targeting strategy. A targeting vector was 
constructed in which a LoxP-flanked Neomycin selection cassette was inserted into a genomic 
Fancf sequence deleting 165 nt of the promoter region plus 171 nt of the Fancf ORF including 
the start codon. (C) To confirm site-specific recombination and single copy integration of the 
targeting vector, genomic DNA from G418-resistant ESC clones was digested with the MscI en-
donuclease. Following homologous recombination the Neo cassette will introduce an additional 
MscI recognition site in the Fancf locus resulting in restriction fragments of 2.8 and 6.2 Kb. Lanes 
indicated by – were not targeted correctly. Genomic DNA from ESC clones F-1 and F-2 showed the 
appropriately sized DNA fragments as detected by a Neo probe on Southern blot. (D) Homologous 
recombination between the targeting vector and the Fancf locus was further confirmed by South-
ern blot using a DNA probe 3’ of the targeting vector in combination with digestion of genomic 
ESC DNA with SpeI. The targeting vector adds 1 kb to the endogenous SpeI fragment of the Fancf 
locus. After SpeI digestion of genomic DNA from ESC F-1 and F-2, two DNA bands of 10.8 and 11.8 
kb were detected by the 3’-probe indicating the Fancf wild-type and targeted alleles. Digestion of 
genomic DNA from wild-type ESC only showed the 10.8 kb SpeI fragment (WT). (E) PCR products 
for FANCF from Fancf -/-, Fancf +/-, Fancf +/+ MEFs confirms loss of the Fancf gene in the FANCF 
mouse model. 
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Another feature of FA cells is a cell cycle arrest with 4N DNA content after exposure 
to crosslinking agents [28]. Primary Fancf -/- MEF cultures arrested at 4N after MMC 
treatment (Figure 5.2B, right panel) and this arrest was less pronounced in wild-type 
primary MEF cultures (Figure 5.2B, left panel). The Fancf-deficient MEF cultures also 
contained cells with a DNA content higher than 4N, suggesting that some cells had 
failed cytokinesis and entered another round of replication.   

Next, we assessed whether Fancf-deficiency resulted in reduced proliferation after 
MMC treatment. As shown in Figure 5.2C, Fancf -/- MEFs were hypersensitive to the 
growth-inhibiting effect of MMC, just as Fanca- and Fancm-deficient MEFs [20,23]

The FA core complex acts as an E3-ubiquitin ligase that monoubiquitinates FANCD2 
and FANCI during S phase and after DNA damage. To determine whether FANCF is 
essential for FANCD2 monoubiquitination, we performed a Western blot on equal 
numbers of cells that were unexposed or exposed to MMC or hydroxyurea. As shown 
in Figure 5.2D, both the short and long isoforms of FANCD2 were present in con-
trol MEFs, whereas in Fancf -/- MEFs only the short non-monoubiquitinated isoform 
(FANCD2-S) was present. 
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Figure 5.2
Fancf -/- MEFs have a disrupted FA pathway.  (A) Chromosomal breakage in primary Fancf -/- and 
wild-type MEF cultures without treatment (blue bars) or after exposure to 50 nM MMC for 48h 
(orange bars) (B) Cell cycle analysis of primary Fancf-/- MEF and wild-type MEF cultures without 
damage or after MMC treatment (50 nM or 100 nM for 72h). (C) Growth inhibition assay after 
continuous exposure to MMC using Fancf +/+ MEFs (diamonds), Fancf -/- MEFs (squares) and Fanca 
-/-MEFs (triangles). (D) Western blot for FANCD2 in cell lysates from Fancf -/- and Fancf +/+  MEFs 
after treatment with MMC (3 µM for 24h) or with hydroxyurea (HU, 1 mM for 24h).
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These data show that FANCF is an essential FA core complex member and in its ab-
sence the FA pathway is impaired, which results in the failure to maintain genome 
stability.   
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Figure 5.3
Kaplan Meier survival curves of Fancf -/- mice and control littermates. (A) Overall survival curves 
for Fancf -/- (purple line) and Fancf controls (black line) mice. (B) Tumor-free survival curves for 
Fancf-/- (purple line) and Fancf controls (black line) mice. The mice that developed ovarian tumors 
are depicted in the Kaplan-Meier curve in Fig. 3B as filled circles. (C-F) 2.5X magnification pictures 
of the affected ovaries with a granulosa cell tumor. (G-J) 10x magnifications and (K-N) 40X magni-
fications of the affected ovaries. 



86

Fancf -/- mice are born at Mendelian ratio and show no developmental 
abnormalities  

We intercrossed Fancf +/- mice to obtain Fancf -/- offspring. All gender and genotype 
combinations were present as expected from normal Mendelian distribution (data 
not shown). We carefully inspected the Fancf-deficient mice and found no overt de-
velopmental abnormalities. Since growth retardation is common in FA patients, we 
also weighed the mice at 3-months of age, but we did not note any differences (data 
not shown). 

Fancf -/- mice are tumor prone 
To investigate the consequence of Fancf-deficiency for overall survival, we followed 
cohorts of 11 Fancf -/- and 19 littermate control mice for two years. Animals were sac-
rificed when moribund and extensive necroscopy was performed. The Kaplan-Meier 
plot for overall survival is shown in Figure 5.3A. There was a significant difference 
(p-value = 0.015) between the mean overall survival of Fancf -/- mice (603 days) and con-
trol animals (658 days). We noted that Fancf-deficient animals had an increased tumor 
incidence compared to control animals. This also resulted in a significant decrease in 
tumor-free survival (p-value = 0.001) as depicted in Figure 5.3B. As shown in h 5.1, 10 
out of 11 (91%) Fancf -/- mice developed tumors compared to 6 out of 19 (32%) control 
animals. The tumor incidence was also more pronounced in females (p-value = 0.02, 
Supplementary Figure S5.1A) than in males (Supplementary Figure S5.1B, p-value = 
0.08) although the number of mice was relatively low. We did not observe hematopoi-
etic abnormalities indicative of anemia on blood smears taken during sacrifice. 

Fancf -/- females develop granulosa cell tumors and luteoma of the 
ovary

Several different tumor types were observed, most notably lung tumors and ovar-
ian tumors.  Lung tumors developed in both Fancf-deficient and -proficient animals, 
whereas granulosa cell tumors (GCTs) were unique for the Fancf -/- mice occurring in 4 
out of 7 female animals. One mouse even developed bilateral GCT and a fifth mouse a 
luteoma (see Table 5.1). Figure 5.3, panels C to F, shows low magnification pictures of 
the affected ovaries, higher magnifications of the respective tumors are shown in Fig-
ure 5.3G to 3J (10x) and Figure 5.3K to 3N (40X). One mouse showed, in addition to 
a GCT, epithelial morphological changes, including a tubular adenoma (Figure 5.3E). 
To our knowledge this is the first report in which FA pathway deficiency is correlated 
to an increased risk for granulosa cell tumors or luteoma of the ovary. 

Fancf deficiency leads to hypogonadism and loss of primordial follicles
All FA mouse models described to date have gonads that function abnormally. A de-
crease in the number of primordial germ cells (PGC) has been described for FA mouse 
models [20]. In Fancc-deficient mice PGCs were lost due to a defect in proliferation 
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and in subsequent survival [29]. We have therefore examined the gonads of the Fancf-
deficient mice more carefully. Histological analysis of the testes from Fancf-deficient 
mice showed that the seminiferous tubules were devoid of germ cells and contained 
only Sertoli cells (Supplementary Figure S5.2). In addition, we sacrificed female mice 
of 7 and 14 weeks of age and performed extensive pathology and immunohistochem-
istry. We noted that the ovaries from Fancf-deficient animals were smaller and con-
tained few growing follicles (Figure 5.4A). Ovaries from control animals contained 
several hundreds of primordial follicles and many growing follicles in both age groups 
(Figure 5.4B). In contrast, Fancf -/- animals showed a strong reduction in their pri-
mordial follicle pool. In the 7 weeks age group we observed a mixed phenotype with 
2 Fancf -/- animals having comparable numbers of primordial follicles compared to 
control animals and 2 Fancf -/- animals having ovaries that were nearly completely de-
pleted of primordial follicles (Figure 5.4B). At 14 weeks of age, all 3 Fancf -/- animals 
were almost or completely devoid of primordial follicles. We conclude that Fancf -/- 
animals displayed a rapid depletion of primordial follicles at a young age resulting in 
advanced ovarian aging. 

Table 5.1 
Summary for the causes of death in the Fancf cohort.

Genotype Gender Days Lived Tumor type

Fancf -/- Female 390 Granulosa cell tumor in ovarian and an invasive mam-
mary carcinoma possibly initiated by hormone active 

ovarian tumor

Fancf -/- Female 432 Papillary lungcarcinoma

Fancf -/- Male 473 Papillary adenoma in Harderian gland

Fancf -/- Female 515 Granulosa cell tumors in both ovaries

Fancf +/+ Female 593 Erythroleukemia

Fancf -/- Male 645 Papillary lungcarcinomas and hepatocellular carcinoma

Fancf -/- Female 661 Granulosa cell tumor and tubular adenoma in ovaries, 
lungcarcinomas with metastasis in liver and kidney 

Fancf -/- Female 666 histiocytair B-cel lymphoma and hepatocellular carci-
noma

Fancf +/- Male 669 Papillary lungcarcinoma

Fancf +/+ Female 678 Papillary lungcarcinoma

Fancf +/+ Male 700 Papillary cyst adenoma in Harderian gland and hepato-
cellular carcinoma

Fancf -/- Male 701 Papillary lungcarcinoma

Fancf -/- Female 704 Granulosa tumor in ovary and tumor in mammary gland. 

Fancf -/- Female 711 Luteoma in ovary and leiomyoma in uterus, papillary 
lungcarcinoma

Fancf +/+ Male 714 Hepatoma and papillary lungcarcinoma

Fancf +/- Female 732 Erythroleukaemia
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Remarkably, follicles could develop normally in the Fancf-deficient animals, despite 
the rapid depletion of primordial follicles, since we observed fresh corpora lutea in the 
Fancf-deficient ovaries, indicative of recent ovulation. During normal development 
most follicles degenerate during a process called atresia by apoptosis of the granulosa 
cells, unless rescued by FSH [30]. We assessed follicle development by performing a 
TUNEL assay and immunohistochemical staining for Caspase 3. We confirmed that 
in control ovaries follicle development was accompanied by apoptosis (Supplemen-
tary Figure S5.3). In the Fancf-deficient ovaries overall less apoptotic signal was noted 
as less developing follicles were present, but the scarce follicles that were maturing did 
show positive apoptotic staining as observed in control mice. This suggests that apop-
tosis of granulosa cells was not suppressed in Fancf-deficient animals (Supplementary 
Figure S5.3). Also Anti-Müllerian hormone staining (AMH), a marker for granulosa 
cells, was normal (data not shown).

It is striking to note that in both age groups Fancf-deficient animals contained corpus 
luteum (CL) despite showing a severe reduction of their primordial follicle pool (Fig-
ure 5.4B). This could indicate that CL in the Fancf-deficient animals persisted longer 
which could facilitate tumor development.    

Fancf-deficient mice have an aberrant estrous cycle 
We also assessed the estrous cycle in 2 months old Fancf-proficient and -deficient mice 
by cytologic evaluation of vaginal smears. The estrous cycle can be subdivided into 
four phases (proestrus, estrus, metestrus, and diestrus) and one cycle takes on aver-
age 4 days in the mouse. We saw that wild type mice cycled normally as all stages 
were present during our time course (Supplementary Table S5.1). In Fancf-deficient 
mice we saw that two animals cycled normally, while three animals did not progress 

Fancf -/-  Fancf controls 
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Fancf controls

Age Genotype
Number of 
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Older
genera�ons
CL present

Number
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follicles

Fancf controls 5 yes 437
7 yes 572
0 yes 564

Fancf -/- 0 no 0
0 yes 377
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6 yes 482
0 yes 284

yes 498
0 yes 319
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Figure 5.4
(A) Cross-sections through the ovaries of Fancf -/- and control mice stained with hematoxylin and 
eosin low magnification (2.5x). (B) Table which summarizes the counted primordial follicles and 
corpus luteum (CL) present in the ovaries from Fancf -/- and control mice.
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through different estrous phases. From two mice only few cells were visible which all 
resembled proestrus cytology, and one mouse showed only cells with diestrus cyto-
logical morphology.

Older Fancf-deficient mice have increased gonadotropin levels
To determine whether the hypogonadism and aberrant estrous cycling in Fancf-defi-
cient mice also led to altered gonadotropin levels we collected serum samples from 
mice either 7, 14 or 20 weeks old. As shown in Figure 5.5A and 5B the 7 and 14 weeks 
old Fancf-proficient and -deficient mice had comparable FSH and LH levels but in the 
older cohort of 20 weeks, we observed an increased amount of FSH and LH in serum. 
The ovarian phenotype of the Fancf-deficient mice resembled that of women suffering 
from premature ovarian failure (POF) characterized by a lack of developing follicles 
and resulting in anestrus and hypergonadotrophism.

Fancf-deficient tumors show few copy number aberrations 
We have shown that FANCF deficiency leads to genomic instability in MEFs and hy-
pogonadism and hypergonadotrophism in mice. However, which of these two factors 
is causative for increased ovarian tumorigenesis in Fancf-deficient mice? To discrimi-
nate between these factors we made use of another mouse model that was created 
in our lab, the Msh5 knockout mice. MSH5 promotes the synapsis of homologous 
chromosomes during meiosis and Msh5 -/- mice lacked normal gonadal development 
and were infertile [31]. In addition, Msh5 -/- mice developed granulosa cell tumors with 
a comparable latency as Fancf -/- mice (Supplementary Figure S5.4), although Msh5 
-/- cells had no overt mutator phenotype [31]. All these tumors arose in an identical 
mouse background (F1 between 129Ola and FVB). Pictures of these tumors are shown 
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Figure 5.5
Gonadotropin levels (FSH (A) and LH (B)) in Fancf-deficient and proficient animals of 7, 14 and 20 
weeks of levels in mouse serum. Gonadotropin levels were determined in 3 Fancf-proficient and 3 
Fancf -deficient mice of 7 weeks of age, 4 Fancf-proficient and 3 Fancf -deficient mice of 14 weeks 
of age, and in 2 Fancf-proficient and 3 Fancf -deficient mice of 20 weeks of age. 
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in Figure 5.3 for the FANCF model (tumor 1 in panels C, G, K, tumor 2 in panels D, H, 
L, and tumor 3 in panels F, J and N) and in supplemental Figure 5.4, panels B to G, for 
the MSH5 model. All tumors resembled each other on gross morphology although we 
noted a slightly higher mitotic index in tumor #1 and #3 of the Fancf -/- cohort.

To investigate whether Fancf deficiency leads to increased genomic instability, we 
measured DNA copy number aberrations (CNAs) in 3 Fancf-deficient and 3 Msh5-de-
ficient granulosa cell tumors by high-resolution array comparative genomic hybrid-
ization (aCGH). Unfortunately, we could not include more tumors in our analysis 
since the remaining 2 tumors in our Fancf cohort were too small to isolate sufficient 
amount of DNA. 

The Msh5-deficient GCTs (Figure 5.6B) showed a consistent pattern of CNAs. The 
CGH profile of one Fancf -/- tumor (#2) resembled those of Msh5-deficient tumors. 
The other Fancf-deficient tumors (#1 and #3) had a different CGH profile showing 
fewer genomic alterations. We summarized the CNAs in Figure 5.6C. To determine 
whether this gross observation represented a true correlation between the tumors, we 
performed unsupervised cluster analysis on the aCGH data. The cluster matrix in Fig-
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Figure 5.6
Rainbow plots of high-resolution array comparative genomic hybridization (aCGH) profiles for 3 
Fancf-deficient (A) and 3 Msh5-deficient GCTs (B). (C)Summary of copy number aberrations (CNA) 
found in aCGH profiles using segmentation analysis [26] . (D) Correlation matrix between the 3 
Fancf and 3 Msh5 aCGH profiles [27].  
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ure 5.6D confirmed our observation as the 3 Msh5 -/- tumors clustered together with 
Fancf -/- tumor #2 and the remaining 2 Fancf -/- tumors clustered together. 

We conclude that in the Msh5-deficient model there is one set of genomic alterations 
that facilitated tumor development as 3 independent GCTs showed a remarkably 
similar CNA profile. However, in the Fancf-deficient tumors, 2 different types of GCTs 
developed: one that resembled the Msh5 profile and one Fancf type that was character-
ized by fewer CNAs.

Discussion
Fancf-deficient mice resembled mice deficient for other FA core complex members: 
they showed hypogonadism and the cells had a disrupted FA pathway, as illustrated 
by MMC sensitivity [20,32]. We did not note perinatal lethality with or without a gen-
der bias as has been observed for other FA core complex mice [20,23,32]. It is possible 
that this phenotype is not expressed in the 129Ola/FVB genetic background of our 
mice. 

Increased ovarian tumor incidence for Fancf-deficient mice
Fancf-deficient mice showed a highly increased incidence of ovarian tumors (5 granu-
losa cell tumors and 1 luteoma in 7 animals). To our knowledge, this is the first report 
in which FA pathway deficiency is clearly correlated with an increased risk for this 
tumor type. Anecdotally, ovarian tumors have been reported in other FA mouse mod-
els: one Fanca-deficient mouse (129S6) developed a granulosa cell tumor at the age 
of 17 months in a cohort of 17 mice [33] and in a cohort of 54 Fancd2 mutant mice 
(129Sv-C57BL/6J background), 2 ovarian adenomas were observed [34]. Although the 
high incidence of ovarian tumors in the Fancf -/- mice is striking, these tumors may not 
unequivocally be attributed to the loss of FANCF function. Our Fancf cohort was an 
F1 between 129Ola and FVB and it is known that different mouse strains have differ-
ent risks to develop ovarian tumors (see also additional discussion below). To claim 
a unique function for FANCF in suppression of ovarian cancer, we need to test the 
ovarian cancer incidence in other FA core complex models with an identical genetic 
background.

Ovarian tumorigenesis as a consequence of hypogonadism and hyper-
gonadotropism 

An intriguing question is whether the increased ovarian tumor incidence resulted 
from genomic instability due to the absence of FANCF, or was a secondary effect of 
hypogonadism. Several studies have suggested that the development of cysts and tu-
mors can be a consequence of premature ovarian failure (POF) [35,36] formulated as 
the gonadotropin stimulation theory [37]. This theory states that during menopause 
or POF, the normal endocrine feedback loop is absent, and consequently serum lev-
els of gonadotropins and proinflammatory cytokines rise and can stimulate ovarian 
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carcinogenesis. This correlation has also been observed in several mouse models. For 
example, Wv mice are infertile due to a depletion of primordial germ cells (PGCs) and 
these mice showed increased gonadotropin levels in serum and were prone to develop 
ovarian tubular adenomas [38]. Moreover, tumorigenesis was prevented by suppres-
sion of gonadotropin release [39]. Other mouse models demonstrated that high FSH 
and LH levels could also lead to an increased risk for ovarian tumors [40] and lower-
ing gonadotropin levels resulted in reversal of the tumor phenotype [41]. The gonadal 
abnormalities in Fancf-deficient female mice are reminiscent of POF in humans [42], 
since we see hypogonadism, an aberrant estrus cycle, and hypergonadotropism. 

Ovarian tumorigenesis as a consequence of FANCF deficiency 
Together with the high incidence of GCTs in Msh5-deficient mice, the literature cited 
above supports the gonadotropin stimulation hypothesis of ovarian tumorigenesis. 
However, other studies have demonstrated a more complex etiology of ovarian tu-
mor development. Several mouse models with gonadal abnormalities, for example 
Cdk2 null mice [43,44] or Foxo3a [45,46] null mice, did not develop ovarian tumors. 
Also, chemical destruction of follicles induced high gonadotropin levels, but this did 
not lead to development of ovarian tumors [47]. Data obtained from a mouse model 
showing chronic LH hypersecretion also illustrates a more complex relationship. Mice 
from the CF-1 background with elevated LH levels all developed ovarian tumors after 
5 months. However, mice generated by crossing CF-1 with C57BL/6, SJL, or CD-1 
strains did not develop ovarian tumors although the LH levels were comparably el-
evated as in the CF-1 mice [48]. These observations suggest that hypogonadism and 
hypergonadotrophism per se are not associated with an increased risk for ovarian tu-
mors, but that unknown modifiers in different murine strains strongly influence the 
risk for ovarian cancer [49]. 

FANCF silencing has been observed in ovarian cancer, including GCT. This suggests 
that FA pathway inactivation through FANCF silencing could stimulate ovarian tum-
origenesis. In addition, a recent report on the detailed analysis of ovarian carcinoma 
from the cancer genome atlas research network reported mutations in FA genes in 
5.06% of tumors, suggestive for the involvement of a defective FA pathway in a subset 
of ovarian tumors [50]. To investigate whether tumors with a defective FA pathway 
follow a different aetiology, we have compared aCGH profiles of 3 Fancf -/- and 3 Msh5 
-/- GCTs. For the Msh5 cohort we observed one distinct CNA profile in 3 independent 
tumors. We postulate that these tumors developed through a combination of abnor-
mal gonadal function and modifiers specific to the 129Ola/FVB background. In our 
Fancf cohort with identical genetic background and similar abnormal gonadal func-
tion as the Msh5 cohort, we found one tumor that resembled the Msh5 CNA profile. 
However, two tumors had a different CGH profile which could point to a different 
aetiology of these tumors. We hypothesize that in these tumors a different type of 
genetic instability was present, which does not lead to gross chromosomal losses and 
gains, but rather to copy number neutral chromosomal translocations or small dele-
tions and insertions, or nucleotide substitutions, that are not detected by CGH. In 
this respect, it is of note that FA cells showed an increased frequency of small dele-
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tions at the HPRT locus compared to normal cells [51].  However, due to the small 
numbers of tumors available for aCGH analysis, this conclusion should be taken with 
caution. As in human 61% of GCTs have chromosomal aberrations [52], it is possible 
that we found the CNA low profile by chance only in the Fancf cohort and not in the 
Msh5 cohort. Therefore, CGH analysis on a larger panel of Fancf-deficient and -pro-
ficient GCT tumors is needed to determine whether Fancf deficiency truly correlates 
with a low CNA-profile. Of the two types of GCT in humans, juvenile and adult, the 
latter is almost exclusively characterized by a somatic mutation in the FOXL2 tran-
scription factor [53] and a low level of chromosomal instability [54]. It will be of inter-
est to investigate whether a similar correlation exists in the mouse tumors. 

In conclusion, we observed that Fancf-deficiency leads to FA pathway inactivation as 
illustrated by crosslinker sensitivity in MEFs. Moreover, Fancf-deficiency resulted in 
an increased risk for ovarian tumors. Our results provide an in vivo model for the 
co-occurrence of a POF-like phenotype in combination with FA pathway inactivation 
that is involved in the induction of ovarian tumorigenesis. Our results suggest that 
FANCF suppresses ovarian tumorigenesis through its role in normal gonadal devel-
opment, but also by maintaining genome stability.

Acknowledgments
We thank Christiaan N. Klijn for help with the CGH analysis, Alan D’Andrea for pro-
viding the FANCD2 antibody, Matthijs Verhagen for the Neomycin selection cassette, 
and Fred Dijcks for performing the FSH and LH measurements. 

Author Contribution
STB and HvV conceived and carried out experiments, JV, EDG, AvWm MB, MvV, AO 
and PK carried out experiments, FA and MvdV analysed data. STB wrote the paper 
and STB, HvV, JdW and HtR were involved in the final writing of the paper and had 
final approval of the submitted and published versions. 

References
1. de Winter J, Joenje H. The genetic and molecular basis of Fanconi anemia. Mutation Re-
search/Fundamental and Molecular Mechanisms of Mutagenesis 2009; 668: 11-19.
2. Kim Y, Lach F, Desetty R et al. Mutations of the SLX4 gene in Fanconi anemia. Nat Genet 
2011; 43: 142-146.
3. Schwartz R, D’andrea A. Susceptibility Pathways in Fanconi’s Anemia and Breast Cancer. 
New England Journal of Medicine 2010; 362: 1909-1919.
4. Stoepker C, Hain K, Schuster B et al. SLX4, a coordinator of structure-specific endonucleases, 
is mutated in a new Fanconi anemia subtype. Nat Genet 2011
5. Vaz F, Hanenberg H, Schuster B et al. Mutation of the RAD51C gene in a Fanconi anemia-like 
disorder. Nat Genet 2010; 42: 406-409.
6. Auerbach A. Fanconi anemia and its diagnosis. Mutation Research/Fundamental and Mo-
lecular Mechanisms of Mutagenesis 2009; 668: 4-10.
7. Singh TR, Saro D, Ali AM et al. MHF1-MHF2, a histone-fold-containing protein complex, 



94

participates in the Fanconi anemia pathway via FANCM. Mol Cell 2010; 37: 879-886.
8. Taniguchi T, Tischkowitz M, Ameziane N et al. Disruption of the Fanconi anemia-BRCA 
pathway in cisplatin-sensitive ovarian tumors. Nat Med 2003; 9: 568-574.
9. Neveling K, Kalb R, Florl AR et al. Disruption of the FA/BRCA pathway in bladder cancer. 
Cytogenet Genome Res 2007; 118: 166-176.
10. Narayan G, Arias-Pulido H, Nandula SV et al. Promoter hypermethylation of FANCF: dis-
ruption of Fanconi Anemia-BRCA pathway in cervical cancer. Cancer Res 2004; 64: 2994-2997.
11. Tischkowitz M, Ameziane N, Waisfisz Q et al. Bi-allelic silencing of the Fanconi anaemia 
gene FANCF in acute myeloid leukaemia. Br J Haematol 2003; 123: 469-471.
12. Koul S, McKiernan JM, Narayan G et al. Role of promoter hypermethylation in Cisplatin 
treatment response of male germ cell tumors. Mol Cancer 2004; 3: 16.
13. Marsit CJ, Liu M, Nelson HH et al. Inactivation of the Fanconi anemia/BRCA pathway in 
lung and oral cancers: implications for treatment and survival. Oncogene 2004; 23: 1000-1004.
14. Lim SL, Smith P, Syed N et al. Promoter hypermethylation of FANCF and outcome in ad-
vanced ovarian cancer. Br J Cancer 2008; 98: 1452-1456.
15. Wang Z, Li M, Lu S et al. Promoter hypermethylation of FANCF plays an important role in 
the occurrence of ovarian cancer through disrupting Fanconi anemia-BRCA pathway. Cancer 
Biol Ther 2006; 5: 256-260.
16. Dhillon VS, Shahid M, Husain SA. CpG methylation of the FHIT, FANCF, cyclin-D2, BRCA2 
and RUNX3 genes in Granulosa cell tumors (GCTs) of ovarian origin. Mol Cancer 2004; 3: 33.
17. D’Andrea AD. The Fanconi Anemia/BRCA signaling pathway: disruption in cisplatin-sensi-
tive ovarian cancers. Cell Cycle 2003; 2: 290-292.
18. Ameziane N, Chen F, Leemans CR et al. No evidence for FANCF gene silencing in head-and-
neck squamous cell carcinomas. Cell Oncol 2009; 31: 53-56.
19. Swisher EM, Gonzalez RM, Taniguchi T et al. Methylation and protein expression of DNA 
repair genes: association with chemotherapy exposure and survival in sporadic ovarian and 
peritoneal carcinomas. Mol Cancer 2009; 8: 48.
20. Tischkowitz M, Winqvist R. Using mouse models to investigate the biological and physi-
ological consequences of defects in the Fanconi anaemia/breast cancer DNA repair signalling 
pathway. J Pathol 2011; 224: 301-305.
21. Crossan GP, van der Weyden L, Rosado IV et al. Disruption of mouse Slx4, a regulator of 
structure-specific nucleases, phenocopies Fanconi anemia. Nat Genet 2011; 43: 147-152.
22. Langevin F, Crossan G, Rosado I et al. Fancd2 counteracts the toxic effects of naturally pro-
duced aldehydes in mice. Nature 2011; 475: 53-58.
23. Bakker ST, van de Vrugt HJ, Rooimans MA et al. Fancm-deficient mice reveal unique fea-
tures of Fanconi anemia complementation group M. Hum Mol Genet 2009; 18: 3484-3495.
24. Durlinger AL, Kramer P, Karels B et al. Control of primordial follicle recruitment by anti-
Mullerian hormone in the mouse ovary. Endocrinology 1999; 140: 5789-5796.
25. van Beers EH, Joosse SA, Ligtenberg MJ et al. A multiplex PCR predictor for aCGH success 
of FFPE samples. Br J Cancer 2005; 94: 333-337.
26. Selzer R, Richmond T, Pofahl N et al. Analysis of chromosome breakpoints in neuroblasto-
ma at sub-kilobase resolution using fine-tiling oligonucleotide array CGH. Genes Chromosom 
Cancer 2005; 44: 305-319.
27. de Ronde JJ, Klijn C, Velds A et al. KC-SMARTR: An R package for detection of statistically 
significant aberrations in multi-experiment aCGH data. BMC Res Notes 2010; 3: 298.
28. Akkari Y, Bateman R, Reifsteck C et al. The 4N Cell Cycle Delay in Fanconi Anemia Reflects 
Growth Arrest in Late S Phase. Molecular Genetics and Metabolism 2001; 74: 403-412.
29. Nadler J, Braun R. Fanconi anemia complementation group C is required for proliferation 
of murine primordial germ cells. Genesis 2000; 27: 117-123.



95

30. Kaipia A, Hsueh AJ. Regulation of ovarian follicle atresia. Annu Rev Physiol 1997; 59: 349-
363.
31. de Vries SS, Baart EB, Dekker M et al. Mouse MutS-like protein Msh5 is required for proper 
chromosome synapsis in male and female meiosis. Genes Dev 1999; 13: 523-531.
32. Parmar K, D’andrea A, Niedernhofer LJ. Mouse models of Fanconi anemia. Mutat Res 2009; 
668: 133-140.
33. Wong JC, Alon N, McKerlie C et al. Targeted disruption of exons 1 to 6 of the Fanconi Ane-
mia group A gene leads to growth retardation, strain-specific microphthalmia, meiotic defects 
and primordial germ cell hypoplasia. Hum Mol Genet 2003; 12: 2063-2076.
34. Houghtaling S, Timmers C, Noll M et al. Epithelial cancer in Fanconi anemia complemen-
tation group D2 (Fancd2) knockout mice. Genes Dev 2003; 17: 2021-2035.
35. Risma KA, Clay CM, Nett TM et al. Targeted overexpression of luteinizing hormone in 
transgenic mice leads to infertility, polycystic ovaries, and ovarian tumors. Proc Natl Acad Sci 
U S A 1995; 92: 1322-1326.
36. Vanderhyden BC. Loss of ovarian function and the risk of ovarian cancer. Cell Tissue Res 
2005; 322: 117-124.
37. Smith ER, Xu XX. Ovarian ageing, follicle depletion, and cancer: a hypothesis for the aetiol-
ogy of epithelial ovarian cancer involving follicle depletion. Lancet Oncol 2008; 9: 1108-1111.
38. Murphy E, Beamer W. Plasma Gonadotropin Levels during Early Stages of Ovarian Tumori-
genesis in Mice of the Wx/Wv Genotype. Cancer Research 1973; 33: 721-723.
39. Blaakaer J, Baeksted M, Micic S et al. Gonadotropin-releasing hormone agonist suppression 
of ovarian tumorigenesis in mice of the Wx/Wv genotype. Biology of Reproduction 1995; 53: 
775-779.
40. Matzuk M, Finegold M, Su J et al. [alpha]-lnhibin is a tumour-suppressor gene with gonadal 
specificity in mice. Nature 1992; 360: 313-319.
41. Kumar TR, Wang Y, Matzuk MM. Gonadotropins are essential modifier factors for gonadal 
tumor development in inhibin-deficient mice. Endocrinology 1996; 137: 4210-4216.
42. Goswami D, Conway G. Premature ovarian failure. Human Reproduction Update 2005; 11: 
391-410.
43. Ortega S, Prieto I, Odajima J et al. Cyclin-dependent kinase 2 is essential for meiosis but not 
for mitotic cell division in mice. Nat Genet 2003; 35: 25-31.
44. Berthet C, Aleem E, Coppola V et al. Cdk2 knockout mice are viable. Curr Biol 2003; 13: 
1775-1785.
45. Castrillon D, Miao L, Kollipara R et al. Suppression of Ovarian Follicle Activation in Mice 
by the Transcription Factor Foxo3a. Science 2003; 301: 215-218.
46. Hosaka T, Biggs WH, III, Tieu D et al. Disruption of forkhead transcription factor (FOXO) 
family members in mice reveals their functional diversification. Proc Natl Acad Sci U S A 2004; 
101: 2975-2980.
47. Hooser SB, Douds DP, DeMerell DG et al. Long-term ovarian and gonadotropin changes in 
mice exposed to 4-vinylcyclohexene. Reprod Toxicol 1994; 8: 315-323.
48. Keri R, Lozada K, Abdul-Karim F et al. Luteinizing hormone induction of ovarian tumors: 
Oligogenic differences between mouse strains dictates tumor disposition. Proc Natl Acad Sci 
U S A 2000; 97: 383-387.
49. Vanderhyden BC, Shaw TJ, Ethier JF. Animal models of ovarian cancer. Reprod Biol Endo-
crinol 2003; 1: 67.
50.  Integrated genomic analyses of ovarian carcinoma. Nature 2011; 474: 609-615.
51. Papadopoulo D, Guillouf C, Mohrenweiser H et al. Hypomutability in Fanconi anemia cells 
is associated with increased deletion frequency at the HPRT locus. Proc Natl Acad Sci U S A 
1990; 87: 8383-8387.



96

52. Lin Y, Eng H, Jan Y et al. Molecular cytogenetics of ovarian granulosa cell tumors by com-
parative genomic hybridization. Gynecologic Oncology 2005; 97: 68-73.
53. Shah SP, Kobel M, Senz J et al. Mutation of FOXL2 in granulosa-cell tumors of the ovary. N 
Engl J Med 2009; 360: 2719-2729.
54. K+Âbel M, Gilks CB, Huntsman D. Adult-Type Granulosa Cell Tumors and FOXL2 Muta-
tion. Cancer Research 2009; 69: 9160-9162.



97

Supplemental Figures

Days
8006004002000

Cu
m

ul
a�

ve
 S

ur
vi

va
l

1,0

0,8

0,6

0,4

0,2

0,0

*

Female Tumor Free SurvivalA

Days
8006004002000

Cu
m

ul
a�

ve
 S

ur
vi

va
l

1,0

0,8

0,6

0,4

0,2

0,0

B Male Tumor Free Survival

* p-value = .02

Fancf -/-  n=7
Fancf controls    n=9

**

** p-value = .08

Fancf -/-  n=4
Fancf controls    n=10

Sup. Figure 1

Supplementary Figure S5.1
Kaplan Meier survival curves of tumor free survival for Fancf-/- mice and control littermates strati-
fied for gender (A) females, (B) males.
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Supplementary Figure S5.2
Histological analysis of testis of 6 months old Fancf-/- mice and controls. (A-C) cross-sections 
through the testes stained with hematoxylin and eosin of a wild-type (A), heterozygous (B) or 
homozygous mouse (C) at low magnification (4x). D-F: 10X magnification of the squared regions 
depicted in A-C that contain several seminiferous tubules. G-I: 20X magnification of the squared 
regions depicted in D-F.
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Supplementary Figure S5.3
Ovaries from 2 months old Fancf-deficient and proficient animals were harvested and stained 
for the apoptotic markers TUNEL and caspase 3. Normal follicle development is accompanied 
by positive apoptotic staining as can be seen in the Fancf-wild type ovaries (bottom row), in the 
Fancf-deficient animals overall apoptotic staining is reduced but still present in some follicles and 
corpora lutea (upper row).

Supplementary Figure S5.4
Kaplan Meier curves of ovarian tumor free survival for Fancf-/- , Msh5-/- and control mice. Panels 
B to G show 3 Msh5-deficient granulosa cell tumors with different magnifications on which aCGH 
was performed (#1, #2 and #3). 
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Supplementary Table S5.1 
Fancf deficient mice have an aberrant estrus cycle Vaginal swabs were obtained from 2 months 
old mice daily for 5 consecutive days on 10 am and were subdivided into the four phases of the 
estrus cycle; proestrus (P), estrus (E), metestrus (M), and diestrus (D).

Day 1 Day 2 Day 3 Day 4 Day 5

Fancf -/- P E M D D

Fancf -/- D P P E M

Fancf -/- P P P P P

Fancf -/- P P P P P

Fancf -/- D D D D D

Fancf +/+ E M D D D

Fancf +/+ D D P E D

Fancf +/- M D D P P

Fancf +/+ M D D P E
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Abstract
Fanconi anemia (FA) is a recessive disorder caused by mutations in one of at least 15 
genes and characterized by anemia and cancer predisposition1. The identification of 
FA genes has uncovered a cellular pathway involved in the protection against DNA in-
terstrand crosslinking (ICL) agents, the FA pathway2. The contribution of a compro-
mised FA pathway to chromosomal instability and tumorigenesis has been studied by 
gene disruptions in mice. These mouse models recapitulated cellular characteristics 
of FA, but failed to show the pronounced cancer proneness of FA patients3,4.  

We crossed Fancf- or Fancm-deficient mice into the ApcMin mouse model to investi-
gate whether a compromised FA pathway accelerates tumorigenesis in a sensitized 
background. We found that FANCM deficiency strongly accelerated intestinal tumor 
development in the ApcMin model, whereas FANCF deficiency had no effect. These data 
support a role for FANCM as a tumor suppressor independent of the FA pathway. 

Introduction
Increased tumor incidence has been reported in Fancc, Fancd2, Fancf or Fancm mouse 
models, but occurred relatively late3,4. It has also been demonstrated that Fancc- or 
Fancd2- deficiency decreased the latency of tumor development in p53 mutant mice5,6. 
However, in all these mouse models it remained unclear whether accelerated tumori-
genesis was due to increased genomic instability.

Here, we have investigated whether genomic instability associated with FA pathway 
deficiency can modulate tumor development in a model for intestinal tumorigenesis. 
To this end we have crossed Fancf- and Fancm-deficient mice into the ApcMin/+ model. 

Both, Fancf- and Fancm-deficient mice demonstrated a cellular FA phenotype with ICL 
hypersensitivity, absent (Fancf) or reduced (Fancm) FANCD2 monoubiquitination, 
and a comparable increase in chromosomal breaks after ICL treatment7,8. 

The ApcMin/+ mouse model carries a truncating mutation at codon 850 of the adenoma-
tous polyposis coli (Apc) gene and suffers from multiple intestinal neoplasia (Min)9,10. 
ApcMin/+ mice develop adenomas after loss of the wild-type APC allele11. The frequency 
of tumorigenesis was increased in mice which were either chromosomal or micros-
atellite unstable (CIN or MIN), reflecting that loss of the wild-type Apc allele could 
occur through chromosomal instability or mutations. For example, increased tumori-
genesis occurred in Msh2-deficient mice through somatic mutations in the wild-type 
Apc allele whereas Blm mutant mice rapidly developed adenomas through increased 
mitotic recombination leading to loss of heterozygosity (LOH)12-14. We speculate that 
since FA cells have an increased frequency of small deletions at the HPRT locus and 
are characterized by chromosomal instability, a disrupted FA pathway could modu-
late tumorigenesis in the ApcMin background15,16. 
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Results
We generated Fancf and Fancm deficient and proficient ApcMin mice and followed these 
mice for tumor development. As genetic background strongly influences tumor sus-
ceptibility17, we excluded the homozygous presence of the sensitive allele of modifier 
of min 1 (Mom1S). FA pathway proficient ApcMin mice succumbed to intestinal tumors 
at a mean age of 400 days (Figure 6.1A). Surprisingly, Fancf deficiency did not acceler-
ate tumorigenesis in the ApcMin model, whereas Fancm deficiency did (Figure 6.1A), 
although both proteins act in the FA pathway. 

Since we did not observe differences between wild-type and heterozygous animals 
we grouped both genotypes together as controls (Supplementary Figure S6.1A and 
S6.1B)7,8. Also the number of adenomas was significantly increased in Fancm-deficient 
mice compared to Fancf-deficient mice and littermate controls (Figure 6.1B). We ob-
served no difference in the location of tumor development between the cohorts, most 
adenomas developing in the small intestine and only a minority in the colon9. It has 
been demonstrated that ApcMin mice are also predisposed to mammary tumors18. In 
accordance, some mice that were sacrificed due to intestinal tumors had also devel-
oped tumors in the mammary gland (2 in Fancf -/-, 6 in Fancf controls, 2 in FancmΔ2/Δ2 , and 
2 in Fancmcontrols). Fancm-deficient mice developed these tumors again at a younger age 
compared to the control cohorts, whereas Fancf-deficiency did not accelerate tumori-
genesis in this tissue type. 

We next investigated by which mechanism the wild-type Apc allele was lost in Fan-
cm-deficient tumors11. FANCM is involved in the suppression of sister chromatid ex-

A
Cu

m
ul

a�
ve

 S
ur

vi
va

l

Days

Fancf controls   n = 35
Fancm controls   n = 33

Fancm ∆2/∆2  n = 24

6004002000

1,0

0,8

0,6

0,4

0,2

0,0

Fancf -/-  n = 21

N
um

be
r 

of
 T

um
or

s

50

40

30

20

10

0

60

Fancf -/-  Fancf controls   Fancm ∆2/∆2  Fancm controls   

Genotype

B

p=.356
p=.316p<.0001

(23) (26)(19) (34)

Figure 6.1
Reduced survival and increased tumor formation in Fancm-deficient ApcMin mice. (A) Kaplan Meier 
survival curves of Fancm- and Fancf-proficient and deficient ApcMin/+ mice. (B) Boxplots of the 
number of tumors counted throughout the intestine. The number of tumors in Fancm-/-  mice was 
the only significant outlier (p-value <0.05) as calculated by Bonferroni comparison (SPSS version 
17).
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changes (SCEs)7,19,20 and can recruit the BLM helicase to stalled replication forks19. We 
speculated that Fancm deficiency could also promote non-sister chromatid exchanges 
(nSCEs) as has been observed in the Blm mutant mouse model13. To test this hypothe-
sis we performed LOH analysis using seven polymorphic microsatellite markers along 
chromosome 18, the chromosome that contains the Apc gene. LOH of all polymorphic 
markers would be indicative for loss of the wild-type Apc allele by chromosomal ho-
mozygosis or a single mitotic recombination event near the centromere21. If increased 
mitotic recombination around the Apc locus had occurred a mosaic pattern of LOH 
and retention of heterozygosity (ROH) would be detected13. We plotted ROH scores 
on the y-axis for each Mit marker and calculated p-values to determine significant 
outliers (see Figure 6.2). Most adenomas had undergone LOH of all seven markers 
indicative of loss of the wild-type Apc allele by either chromosomal homozygosis or 
mitotic recombination near the centromere which we can not distinguish. One tumor 
in the Fancf cohort (#3) showed ROH of two adjacent Mitmarkers proximal to the Apc 
gene (D18Mit19 and D18Mit116) indicating a mitotic recombination event between 
D18Mit116 and D18Mit88. One Fancm-deficient tumor (#9) and one Fancm-control 
tumor (#3) showed ROH of D18Mit64, indicative of a mitotic recombination event 
between D18Mit64 and D18Mit21. These data show that mitotic recombination was 
not increased in Fancm-deficient tumors.

The absence of increased crossover frequency was confirmed by whole exome sequenc-
ing of tumor and spleen DNA from one Fancm-deficient mouse (tumor #3). We rea-
soned that if FANCM deficiency promoted crossover frequency, this would not be 
restricted to chromosome 18 but apparent throughout the genome. We confirmed 
that this tumor had developed with a stable karyotype as known for ApcMin tumors  
(data not shown)21. We calculated the b-allele frequency (BAF) and plotted the differ-
ence between the BAFtumor minus the BAFspleen (ΔBAF) for all chromosomes. As can be 
appreciated from Supplementary Figure S6.2A only chromosome 18 showed a signifi-
cant difference in ΔBAF and we confirmed that this tumor had undergone LOH of all 
informative SNPs along chromosome 18 (Supplementary Figure S6.2B). Therefore, 
the increased tumorigenesis in the Fancm mouse model was not associated with an 
increased nSCE incidence, but it remained possible that Fancm deficiency promoted 
single mitotic recombination events near the centromere. 

Figure 6.2
(opposite page)
Mechanism of LOH in Fancf and Fancm ApcMin cohorts (A) Schematic outline for the determina-
tion of ROH scores by using Mitmarker analysis. Seven polymorphic markers along chromosome 
18 were used to asses the incidence of LOH. (B) ROH score of Fancf-/- ApcMin and control ApcMin 
tumors. (C) ROH scores of Fancm-/- ApcMin and control ApcMin tumors. Most tumors had lost the 
wild-type Apc allele through either chromosomal homozygosis or mitotic recombination near the 
centromere; 4 Mitmarkers in 3 tumors (Fancf -/- #3, Fancm Δ2/Δ2 #9 and Fancm control  #3) showed a 
significant deviation and were considered outliers indicative for retention of heterozygosity (Mit-
marker D18Mit19 and D18Mit116 corrected p-value <0.0001, D18Mit64 corrected p-value 0.035 
for both tumors).
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Alternatively, FANCM deficiency may contribute to tumorigenesis by loss of the in-
tra-S-phase checkpoint. RNAi-mediated knockdown of FANCM in human cells ab-
rogated the ATR/CHK1 mediated intra-S-phase checkpoint after replication stress22. 
However, we did not find abrogation of this checkpoint in Fancm-deficient immor-
talized MEFs, early passage primary MEFs, and splenocytes (Supplementary Figure 
S6.3). This is in agreement with data obtained in other model organisms23 and could 
be explained by differences in mechanisms of FANCM deficiency (FANCM depletion 
versus disruption) and differences in checkpoint activation between species24.  

To investigate the role of FANCM in maintaining genome stability we assessed the 
presence of DNA damage in primary early passage MEFs. First we scored the number 
of chromosomal breaks in metaphase spreads. Whereas control MEFs or Fancf-defi-
cient MEFs exhibited few break events, Fancm-deficient MEFs showed a significant 
increase in the number of break events per cell (compare Figure 6.3A and 6.3B). We 
also assessed the presence of DSBs by immunofluorescence microscopy of nuclear 
foci positive for both γ-H2AX and Rad5125. As shown in Figure 6.3C, cells with more 
than 5 foci were more often present in two different primary Fancm-deficient MEF 
cultures than in Fancf-deficient or control cultures. An increase in γ-H2AX foci has 
also been observed in HeLa and DT40 cells deficient for FANCM22,26. These data dem-
onstrate that Fancm deficiency caused genomic instability in the absence of exogenous 
genotoxic stress whereas Fancf-deficient MEFs showed increased chromosomal break-
age only after ICL treatment8. 
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Increased genomic instability in Fancm-deficient MEFs. Chromosomal breakage analysis for Fan-
cf-/- (A) and FancmΔ2/Δ2 (B) primary MEF cultures with littermate controls (C) Nuclear foci from one 
primary Fancf -/- MEF culture with littermate control and two FancmΔ2/Δ2 primary MEF cultures with 
littermate controls were scored for the presence of γH2AX/Rad51 foci (>5 foci per cell). 100 cells 
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Discussion
A role for FANCM independent of the FA pathway has been postulated in the stabili-
zation of stalled replication forks to ensure normal replication fork progression7,26,27. 
It has been postulated that stabilization of a stalled replication fork involves fork re-
versal: the (re)annealing of the template and nascent strands initiated by RAD51 me-
diated recombination results in a chickenfoot or Holliday junction (HJ) structure that 
prevents the collapse of stalled replication forks24,28,29. We suggest that FANCM plays a 
role in both fork reversal and reinstallation of the replication fork and in the absence 
of FANCM stalled replication forks can not be efficiently reinstalled (Supplementary 
Figure S6.4). This is supported by the ability of FANCM to remodel replication forks 
through its branchpoint translocation activity (BPT) in vitro30-32 and the requirement 
for FANCM for efficient replication fork progression in vivo26,27. 

A stalled replication fork can be reinstalled through RAD51-mediated invasion of the 
leading strand into the reannealed template strands leading to the formation of a 
double Holliday junction or hemicatenane24. This double Holliday junction can be 
dissolved by the BTR complex (BLM helicase, topoisomerase IIIα, RMI1 and RMI2) 
to reinstall the replication fork33. We envisage that FANCM could promote this reac-
tion through its BPT activity30-32, facilitating RAD51 dependent invasion and through 
subsequent recruitment of the BTR complex19. An alternative to remodelling of the 
stalled replication fork would be the approach of a replication fork from the opposite 
orientation stimulated by dormant origin firing. In agreement, in the absence of FAN-
CM increased dormant origin firing has been observed after replication fork stalling 
and this ensured completion of replication26. Interestingly, this increased origin firing 
was not observed in other FA mutant cells26. 

However, the availability of dormant origins is limited in certain regions of the ge-
nome such as in common fragile sites34. Therefore, when FANCM mediated replica-
tion fork remodelling is inhibited and origin firing is limited, the chicken foot struc-
ture may be targeted by Holliday junction resolvases33. This would result in collapsed 
replication forks and the formation of DSBs (see Supplementary Figure S6.4)24. The 
repair of DSBs by the canonical HDR machinery can lead to increased crossovers and 
LOH when the non-sister chromatid is used as template. Although not proven direct-
ly, we envisage this scenario would take place predominantly near centromeres. Thus, 
the acceleration of mitotic recombination events near the centromeric tip of chromo-
some 18 provides a mechanism for the increased tumor susceptibility in Fancm-defi-
cient ApcMin/+ mice. FANCM-mediated fork reversal and reinstallation can occur in the 
context of ICL recognition and repair but, also upon other forms of replication stress. 
Apparently, ICLs were a minor cause for fork reversal in mice as a defect in ICL repair, 
i.e. Fancf deficiency did not accelerate tumorigenesis in the ApcMin mice.
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Methods

Generation of mice 

Fancf- and Fancm- deficient mice were described previously7,8. Apc Min/+ were originally 
created in an ethylnitrosourea (ENU) treated mutagenesis screen in the C57/BL/6J 
(BL6) background9. These mice were first backcrossed (>10 generations) into the 
Balb/c background and subsequently backcrossed (>10 generations) into the FVB 
background. Chromosome 18 was therefore polymorphic for BL6, Balb/c and FVB 
whereas the remaining genome contained predominantly FVB sequences. FVB Fancf 
+/- mice were intercrossed with ApcMin/+ mice to obtain Fancf +/-;ApcMin/+ and these mice 
were then crossed with 129Ola Fancf +/- mice to generate an F1 of FVB/Ola129 Fancf 
-/- , Fancf +/-, Fancf +/+ mice mutant for Apc . FVB Fancm +/Δ2 mice were intercrossed with 
Apc Min/+ mice to obtain Fancm+/Δ2 Apc Min/+ and these mice were then crossed with F3 
backcrossed BL6 Fancm+/Δ2 mice to generate a semi F1 of FVB/BL6 FancmΔ2/Δ2, Fancm+/

Δ2, Fancm+/+ mice mutant for Apc. 

Animal husbandry

Mice were housed in conventional cages, with a standard maintenance diet and 
water provided ad libitum. All animal experiments were approved by the local ethical 
review committee on animal experimentation and conducted according to Dutch 
legislation. Animals were examined on a regular basis for tumor development and 
sacrificed when tumors were present or when animals were otherwise unhealthy. 
Surviving animals were sacrificed at 2 years of age. Overall and tumor-free survival 
curves were generated using SPSS software (Version 17), statistical significance be-
tween genotypes was determined using built-in analysis for survival curves consist-
ing of a log rank test yielding a p-value.

Histological analysis

Mice were killed and isolated organs were fixed in 4% formaldehyde in PBS. Fixed or-
gans were embedded in paraffin, sectioned and stained with hematoxylin and eosin 
(H&E). Large tumors were frozen at -80 oC for DNA analysis.

Intestinal tumor load

The small and large intestines were fixed as flat spirals and embedded in paraffin 
blocks for sectioning. Intestinal tumor load was assessed macroscopically and by ex-
amining H&E-stained longitudinal sections. In addition, slides were scanned using 
a Scanscope XT digital slide scanner (Aperio, Vista, CA, USA) and tumor numbers 
were determined by analyzing with Imagescope software (Aperio). 

Loss of heterozygosity analysis

PCR amplification of polymorphic microsatellite sequences on chromosome 18 was 
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performed using 1 μL of DNA prepared from approximately 10 to 20 mg of tissue 
dissected from single intestinal adenomas and spleen controls. Fluorescently labeled 
PCR products were analyzed using peak area ratios to determine loss and retention 
of heterozygosity in tumor tissue. Seven different microsatellite markers polymor-
phic between the genetic strains were used (D18Mit19, D18Mit116, D18Mit88, 
D18Mit14, D18Mit36, D18Mit40, and D18Mit25 for Fancf  cohort; D18Mit64, 
D18Mit121, D18Mit60, D18Mit14, D18Mit36, D18Mit40, and D18Mit25 for Fancm 
cohort). Primers and fluorescently labeled primers were obtained from Sigma-
Aldrich Company Ltd. ROH ratio scores represent the marker intensity ratio from 
tumor DNA divided by the marker intensity ratio from normal DNA. To find signifi-
cant outliers we calculated a p-value for single or double outliers using the Grubbs 
test for outliers35. We only considered outliers that had a positive deviance from the 
sample mean for outlier testing as these reflect Mit markers that had a comparable 
wild-type to mutant allele ratio in both tumor and spleen. We corrected the resulting 
p-values for multiple testing using the Benjamini-Hochberg approach36.

Chromosomal Breakage Analysis

For each primary MEF culture, 50 metaphases were analyzed for chromatid-type chro-
mosomal abnormalities. To quantify chromosomal abnormalities the interchange 
aberrations were converted into break events. All scoring was performed blindly to 
eliminate counting bias. We calculated p-values through a χ2 test as implemented in 
Microsoft Excel (2003).  

Immunofluorescence
Cells were cultured on cover slides, washed with PBS, and fixed for 5 min using 4% 
paraformaldehyde (Merck). Cells were permeabilized by 0.1% Triton X-100 (Sigma) 
in PBS for 5 min. Subsequently, cells were washed three times using staining buffer 
(0.15% glycine [Merck], 0.5% bovine serum albumine [BSA; Sigma] in PBS), and were 
incubated for 60 min at room temperature in staining buffer. Cells were incubated for 
4 h and 1 h with primary and secondary antibodies, respectively. Bleaching was pre-
vented by Vectashield (Vector Laboratories). The primary antibodies used were rabbit 
polyclonal Rad51 (a gift from Dr. R. Kanaar) and mouse monoclonal phosphorylated 
H2AX (Upstate Biotechnologies) in 1:2500 and 1:100 dilutions in staining buffer, re-
spectively. Secondary antibodies used were Alexa 488-labeled chicken anti-mouse and 
Alexa 568-labeled goat anti-rabbit antibodies (Molecular Probes), and these were used 
in a 1:200 dilution in staining buffer. DNA was stained using To-Pro3 dye (Molecular 
Probes).
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Supplementary Materials and Methods

Whole exome sequencing and LOH analysis  

DNA was PCR-amplified for 18 cycles using 2 units of Phusion polymerase. PCR clean-
up was performed using AMPure beads (Agencourt BioSciences Corporation Beverly, 
MA, USA) following the manufacturer’s protocol. We used the Agilent SureSelect XT 
Mouse Whole Exome Kit for capture according to the manufacturer’s specifications. 
We prepared Genome Analyzer paired-end flow cells on the supplied Illumina cluster 
station and generated 76-bp paired-end sequence reads on the Illumina Genome Ana-
lyzer platform following the manufacturer’s protocol. Images from the Genome Ana-
lyzer were processed using the manufacturer’s software to generate FASTQ sequence 
files. Paired end sequence reads were aligned to the mouse reference genome NCBI 
build 37 (C57/BL/6J) using BWA37. PCR duplicated reads and reads with a mapping 
quality below 60 were filtered out. The remaining reads were used to call variants us-
ing Samtools38.

For the LOH analysis we first considered all polymorphic positions in the exome of 
the control (spleen) sample, and for each of the positions, the B-allele count is the 
number of reads with non-reference- (B-allele) at that position. For a polymorphic 
position i, let Ni be the total number of reads mapped to that position (i.e. depth-of-
coverage); thus the B-allele count Bi follows a binomial distribution Binomial (pi, Ni). 
A binomial that rejects the null hypothesis: pi = 0.5 can be used to detect LOH at each 
polymorphic position. Segmentation is done using CBS algorithm based on the abso-
lute difference in B-allele frequencies |BAFtumor – BAFspleen|

Immunoblots and antibodies
Cells were treated for the indicated period and harvested through scrapping and 
subsequently lysed for 30 min on ice in ELB buffer (150 mM NaCl, 50 mM Hepes 
at pH 7.5, 5 mM EDTA, 0.1% NP-40) containing protease inhibitors (Complete; Ro-
che). Protein concentrations were measured using the BCA protein assay kit (Pierce). 
Equal protein concentrations were loaded on a 4–12% Tris-Acetate NuPAGE gradi-
ent gel (Invitrogen) and proteins were separated by gel-electrophoresis, according to 
the manufacturer’s protocol. The primary antibodies used were mouse monoclonal 
Cdc25A (F6-sc7389; Santa Cruz Biotechnology, gift from Andrew Deans), mouse 
monoclonal Chk1 (G4-sc8408; Santa Cruz Biotechnology), rabbit monoclonal phos-
pho-Chk1 Ser345 (Cell Signaling), goat polyclonal CDK4 (C22-sc-260; Santa Cruz 
Biotechnology). Secondary antibodies used were HRP-conjugated goat anti-mouse, 
HRP-conjugated goat anti-rabbit, and HRP-conjugated rabbit anti-goat (DakoCyto-
mation).
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Supplementary Figures
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P-values were calculated in SPSS with a log-rank test comparing heterozygous and homozygous 
animals. 
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Sup Fig 2
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Supplementary Figure S6.2
(opposite page)
(A) Boxplots of the ΔBAF (BAFtumor – BAFspleen) are plotted per chromosome. Only chromosome 18 
showed a significant deviation of ΔBAF whereas the rest of the genome showed no regions that 
had undergone LOH. (B) Zoom in of the ΔBAF distribution along chromosome 18. The ApcMin muta-
tion was originally made in the C57/BL/6J genetic background9 (the reference or A-allele) and sub-
sequently backcrossed to Balb/c and FVB (the non-reference genome or B-allele). Therefore, the 
Fancm-/- ApcMin mouse contains a mosaic chromosome 18 where the mutant Apc allele is predomi-
nantly FVB with part Balb/c (both B-allele) and a small region surrounding the ApcMin mutation 
which is still descendent from the C57/BL/6J genetic background (A-allele). As can be appreciated 
from this ΔBAF plot of chromosome 18 the majority of the SNPs had become the B-allele (mutant 
allele). Of exception are two peaks representing predominantly A-alleles, these peaks represent 
regions in the mutant Apc allele that sill contained C57/BL/6J. No areas were found indicative of 
ROH (ΔBAF = 0). Hence, loss of the wild-type Apc allele was due to LOH either by chromosomal 
homozygosis or mitotic recombination near the centromere, where no informative SNPs were 
found with whole exome sequencing. 
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Supplementary Figure S6.3
E1A immortalized MEFs of the indicated genotypes do not show an inactive intra-S-phase check-
point stimulated by hydroxyurea (HU) treatment as normal Cdc25-A (A) degradation and Chk1 
poshporylation (B) is observed. Primary splenocyts do not show a defective intra-S-phase check-
point (C). Primary MEF cultures of early passage and indicated genotypes show a normal intra-S-
phase checkpoint after HU treatment (D) or MMC treatment (E).  
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Fanconi anemia - the FA pathway for ICL repair

FA cells are characterized by a hypersensitivity to ICL agents, which is manifested by 
increased chromosomal breakage, a prolonged G2 arrest, and reduced survival. Based 
on this shared phenotype, all FA proteins are thought to function together in the 
so-called FA pathway of ICL repair. ICL agents induce either intra,- or interstrand 
crosslinks in the DNA of which the interstrand crosslink is considered the most cyto-
toxic, since it prevents strand segregation thereby blocking replication, transcription, 
and chromatin maintenance [1]. ICLs therefore need to be removed and the integrity 
of the DNA restored in order for a cell to survive. ICL repair requires the coordina-
tion of multiple different repair pathways, which varies per cell cycle phase. The FA 
pathway is thought to play a critical role in the coordination of these different repair 
pathways and some FA proteins are also directly involved in the repair process itself.

Experiments in cell free Xenopus laevis egg extracts have uncovered several molecular 
details of replication-dependent repair of a plasmid containing an ICL and pointed to 
a central role for the FA pathway [2,3]. In this system ICL repair was mediated by two 
replication forks which converged on the ICL and subsequently stalled leading strand 
synthesis initially 20 nucleotides (cisplatin) or 24 nucleotides (nitrogen mustard-like) 
from the lesion [2]. Next, one of the two leading strands approached the ICL up to 
1 nucleotide and subsequent repair took place through ICL unhooking, translesion 
synthesis (TLS) and double strand break (DSB) repair through homologous recom-
bination (HR) [2-4]. The Xenopus egg extract plasmid based ICL repair system is ex-
tremely useful to investigate the contribution of different proteins in repair and to 
identify different repair intermediates formed during repair. However, the approach 
does have some limitations. The occurrence of the initial pausing and the need for 
two replication forks to converge on the ICL could be dependent on the type of ICL 
used as, for example, a triplex-forming-oligonucleotide (TFO)-psoralen ICL did not 
result in the stalling of two replication forks at -20 nt of the ICL [5]. Moreover, the 
repair of a plasmid ICL could differ from the repair of a chromosomal ICL especially 
with respect to the likelihood of two replication forks approaching an ICL from op-
posite directions.  

A substantial number of models have postulated the formation of a DSB as an obli-
gate intermediate for efficient ICL repair in the late S and G2 phases of the cell cycle 
[1-4,6]. This DSB is formed as a consequence of ICL unhooking in close vicinity of 
the stalled replication fork and is subsequently repaired through the canonical DSB 
repair machinery involving RAD51-mediated HR [1-4,6]. However, a DSB is a highly 
toxic lesion and we speculate that, if possible, a cell will aim to prevent such a lesion. 
Here, we postulate an alternative model for recombination-dependent but DSB-inde-
pendent ICL repair (Figure 1). This ICL repair model uses the tools a G1 cell has to 
its disposal for ICL repair: nucleotide excision repair (NER) and TLS [7,8], but now 
exploited in the context of DNA replication. The efficiency of ICL repair is greatly 
increased in the presence of replication [2,3,9]. This is likely due to the requirement 
for replication fork stalling as a mechanism for ICL recognition and to induce an ef-
ficient cellular response [10]. In our alternative model for recombination-dependent 
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Figure 7.1
A model for recombination-dependent but DSB-independent ICL repair orchestrated by the FA 
pathway.
(1) Stalling of a replication fork approaching an interstrand crosslink
(2) Initiation of fork reversal by RAD51-mediated HR and formation of a chicken foot structure
(3) Recruitment of the FA core complex by FANCM and monoubiquitination of the ID complex
(4) ID-stimulated unhooking of the ICL and exonucleolytic degradation
(5) Translesion synthesis across the unhooked lesion followed by NER of the unhooked lesion
(6) Reinstallation of the replication fork involving RAD51-mediated invasion of the leading strand 
into the repaired double-stranded template mediated by FANCM and followed by BTR complex 
dependent dissolution of the double Holliday intermediate. Deubiquitination of the IC complex by 
USP1 marks the completion of ICL repair. 
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but DSB independent ICL repair the FA pathway plays a central role. An active FA 
pathway is critical for ICL repair primarily in the context of replication as repair effi-
ciency is severely reduced in its absence [2,3,9]. In addition, we postulate that FANCM 
can play a role in replication fork remodeling both within and outside the context of 
ICL repair, i.e., independent of the FA pathway. 

ICL repair - step 1, Helix distortion and replication stalling
An ICL prevents strand segregation and causes topological stress in front of an ap-
proaching replication fork, which subsequently leads to stalling of this replication 
fork. It is possible that this situation already activates the FA pathway. The aberrant 
replication structure could be recognized by FAAP24, which recognizes ssDNA, and 
results in recruitment of FANCM through the C-terminus of FANCM [11]. Both pro-
teins are enriched on chromatin in a co-dependent manner [12] and FANCM’s chro-
matin enrichment is also dependent on the interaction with MHF1 and MHF2 which 
bind dsDNA [13,14]. In addition, FANCM is phosphorylated after ICL exposure or 
after HU treatment and this modification is thought to increase chromatin affinity 
[12]. FANCD2 and FANCI are also recruited to the chromatin after replication fork 
stalling and this relies on the ATR-mediated phosphorylation of FANCI [15]. 

ICL repair - step 2, Stabilization of stalled replication fork through 
chicken foot structure

Proteins involved in HR are essential for ICL repair as mutants defective for HR are 
sensitive to ICL agents [16]. The FA and HR pathways are intertwined since RAD51 
and FANCD2 are both recruited to nuclear foci after ICL damage and the two path-
ways are epistatic for ICL repair [17,18]. However, we argue that the substrate for HR 
is not a DSB formed after ICL unhooking but rather the stalled replication fork it-
self. The recombination product is a reversed replication fork, a so-called chicken foot 
structure. Homologous recombination is mediated by RAD51 molecules which as-
semble into a protein filament that wraps around ssDNA and induces pairing with, 
and strand invasion into an intact double-stranded homologous DNA molecule to ini-
tiate recombination [19]. In vitro DNA strand exchange assays have demonstrated that 
the Escherichia coli homolog of RAD51, RecA, could load on circular single-stranded 
DNA without the necessity for a free DNA end and mediate pairing with a comple-
mentary strand present in a linear duplex DNA molecule [20]. A similar reaction may 
occur at a stalled replication fork in which a RAD51 filament can form around the 
single-stranded template for lagging strand synthesis. The filament may subsequently 
promote invasion of the homologous DNA duplex that had been formed by leading 
strand synthesis thus catalyzing the reannealing of the original template strands. 

Further regression of the stalled replication fork requires a helicase. This process may 
involve the human helicase-like transcription factor (HLTF) by removing proteins 
from the stalled replication fork [21], but could also be stimulated by the helicase 
FANCJ which interacts with the BLM helicase and stimulates its unwinding of a dam-
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aged DNA substrate [27]. The displaced leading and lagging strands may now anneal 
to form the chicken foot structure with a classical Holliday junction. 

Recent data have added evidence for recombination dependent fork reversal prior to 
ICL repair in mammalian cells. Firstly, it was determined that RAD51 is involved in 
DNA replication, independent of its role in DSB repair [22]. Secondly, RAD51 deple-
tion decreased replication restart after hydroxyurea (HU) treatment, a drug that stalls 
replication forks [23]. Thirdly, it was shown that RAD51 during plasmid-ICL repair 
in Xenopus egg extracts was loaded onto stalled replication forks prior to DSB forma-
tion confirming a DNA replication function for RAD51 independent of homology-
directed repair (HDR) of DSBs [4]. And fourthly, it was demonstrated that FANCD1/
BRCA2 is involved in the protection of stalled replication forks from nucleolytic deg-
radation by MRE11 independent from HDR [24]. FANCD1/BRCA2 mediated fork 
protection was dependent on the C-terminus of FANCD1/BRCA2 which stabilizes 
RAD51 filaments independent of BRC repeat mediated RAD51 interaction and this 
C-terminus-RAD51 interaction was dispensable for HDR of DSBs [24]. Moreover, 
the stabilization of stalled forks rather than promoting DSB repair was important 
for RAD51’s role in maintaining genomic integrity after fork stalling [24]. FANCO/
RAD51C could contribute to efficient fork reversal by regulating the nuclear translo-
cation of RAD51 and by promoting checkpoint signaling to delay cell cycle progres-
sion in response to DNA damage [25,26]. 

Therefore, we postulate that HR proteins, such as RAD51, XRCC2, XRCC3, but also 
the FA proteins FANCD1/BRCA2, FANCO/RAD51C and potentially FANCJ, partici-
pate in ICL repair by generating and stabilizing a chicken foot structure. It is impor-
tant to note that during the process of fork reversal FANCD1/BRCA2 is only needed 
to stabilize RAD51 on the nascent leading DNA strand to prevent degradation of the 
replication fork [24]. We hypothesize that fork reversal by HR proteins is independ-
ent of FANCD2 and FANCI monoubiquitination since normal RAD51 foci form in 
patient cells with FA core complex defects and FA-D2, but not FA-D1 mutant cells 
[27]. Moreover, depletion of FANCD2 resulted in normal RAD51 recruitment in DNA 
replication dependent ICL repair and vice versa [4]. 

It is possible, that FANCM plays a role in this fork reversal step, although we also 
speculate on a role for FANCM later in ICL repair (see step 6). FANCM contains sev-
eral conserved domains: a DEAH helicase domain in its N-terminus and a degenerate 
endonuclease domain in its C-terminus [28,29]. Although FANCM has no helicase 
activity [28,30], purified FANCM could bind to Holliday junctions and replication 
forks and promote branchpoint translocation (BPT) [30,31]. These activities were 
ATP dependent and FAAP24 independent [30,31]. Purified FANCM was also able to 
dissociate D-loops and promote the reversal of replication forks in vitro. [30-32]. In ad-
dition, FANCM is conserved in Saccharomyces cerevisiae (Mph1) and Schizosaccharomyces 
pombe (Fml1), and these orthologs were also capable of replication fork regression and 
branch migration of a chicken foot structure [33,34]. As FANCM was shown to have 
bi-directional BPT activity it is possible that FANCM helps to stabilize the reversed 
fork by translocating the branchpoint of the chicken foot further away from the ICL 
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[30-32]. Moreover, it was shown that the replication fork regression capacity of FAN-
CM was increased by interaction with MHF1 and MHF2 [13,14]. 

This FANCM-dependent remodeling may also involve recruitment of the BTR com-
plex. This complex consists of the BLM helicase, topoisomerase IIIα, RMI1 and RMI2 
and promotes the dissolution of double Holliday junctions [35]. FANCM contains a 
conserved protein-protein interaction domain, MM2, which interacts with RMI1 and 
topoisomerase IIIα and recruits the BLM helicase to stalled replication forks [36]. It 
has also been shown that BLM can regress stalled replication forks in vitro [37]. There-
fore, we propose that FANCM can recruit the BTR complex to move the regressed 
fork away from the ICL by branchpoint translocation and make the lesion accessible 
for repair. 

ICL repair - step 3, ID monoubiquitination by the FA core complex
The FA core complex is enriched on the chromatin through the interaction with 
FANCM via FANCF, which is mediated by MM1, a conserved protein-protein inter-
action motif on FANCM [36]. Eight of the FA proteins (FANCA, FANCB, FANCC, 
FANCE, FANCF, FANCG, FANCL, and FANCM) interact in a multi-subunit complex 
called the FA core complex which also contains four FA-associated proteins (FAAP24, 
FAAP100, MHF1, and MHF2) [13,38]. The FA core complex acts as an E3-ubiquitin 
ligase and monoubiquitinates FANCI and FANCD2, also called the ID complex [39]. 
FANCL contains a conserved PHD/RING finger domain necessary for the E3-ligase 
activity [40] and UBE2T acts as the E2-ubiquitin ligase for this reaction [41]. However, 
all subunits of the FA core complex are necessary for monoubiquitination of the ID 
complex. In addition, several members of the FA core complex are phosphorylated 
[42]. The FA core complex is constitutively assembled and stable throughout the cell 
cycle, but the enrichment of the FA core complex, UBE2T, and FANCD2 to chromatin 
occurs independently [43,44]. FANCM is part of the FA core complex [28] but not 
essential for its assembly [12,45] and FANCD2 monoubiquitination is observed in 
FANCM-deficient human or murine cells albeit at strongly reduced levels [45,46]. In 
addition, ATP-hydrolysis by FANCM is dispensable for monoubiquitination of FAN-
CD2 but necessary for ICL resistance [31].

Recently, the structure of the ID complex has been solved, revealing that it folds into 
a saxophone-like structure with the monoubiquitinated lysine residues embedded in 
the interface [47]. Monoubiquitination stabilizes the ID complex on the chromatin 
[3]. The ID structure also suggested that the ID complex has two sets of dsDNA/
ssDNA binding sites, which could bind structures generated by the replication fork 
stalled at an ICL. In agreement with the stalled replication fork as the substrate for ID 
and FA core complex recruitment is the potent monoubiquitination of the ID com-
plex not only after ICL exposure but also after HU treatment.  

ICL repair - step 4, ICL unhooking 
The monoubiquitination of FANCD2 and FANCI by the FA core complex has been 
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shown to be necessary for efficient incision of the DNA backbone flanking the ICL, 
the so-called unhooking step [3,4]. In our recombination-dependent but DSB inde-
pendent model for ICL repair we envision that the removal of the ICL occurs analo-
gous to NER-dependent ICL repair observed in G1 [7,8]. Additional molecular details 
of the unhooking steps in ICL repair and the role of the monoubiquitinated ID com-
plex have recently become more clear with the discovery of Fanconi anemia Associated 
Nuclease 1 (FAN1) [48-51] and FANCP/SLX4 [52,53]. 

FAN1 is a nuclease with both 3’-5’ exonuclease and 5’-flap endonuclease activity and 
contains a ubiquitin binding zinc finger (UBZ) domain at its N terminus. FAN1 is 
thought to interact with monoubiquitinated FANCD2 through its UBZ domain. It is 
therefore tempting to speculate that monoubiquitinated FANCD2 recruits FAN1 to 
the site of the ICL to initiate the first unhooking step in ICL repair, especially since 
the ID complex is required for efficient incision of an ICL [3].  However, homozygous 
deletion of the FAN1 locus did not cause FA [54] and disruption of Fan1 in DT40 
cells did not cause FA like chromatid breaks [55]. These data make it unclear whether 
FAN1 acts in ICL repair and, if so, at which step.

FANCP/SLX4 is a protein mutated in FA. Cells from patients of the FA-P complemen-
tation group show normal FANCD2 monoubiquitination, indicative of normal FA 
core complex function, but are ICL sensitive [52,53]. FANCP/SLX4 acts as a scaffold-
ing protein through its multiple protein interaction domains including two UBZ do-
mains at its N-terminus [56-58]. In agreement with this scaffolding function, FANCP/
SLX4 interacts with endonucleases (SLX1, XPF-ERCC1, MUS81-EME1), components 
of the shelterin telomere protection complex (TRF2-RAP1), the mismatch repair com-
plex (MSH2-MSH3) and other proteins [56-58]. The interaction of FANCP/SLX4 with 
XPF-ERCC1 and its ability to enhance nuclease activity towards replication forks and 
3’ flap structures appears to be important for ICL repair [57,58]. Therefore, FANCP/
SLX4, potentially in conjunction with XPF/ERCC1 could facilitate the unhooking 
event necessary for ICL repair [59]. Another recently identified candidate that could 
play a crucial role in ICL repair is SNM1A. This 5’–3’ exonuclease could load from a 
single DNA nick and degrade DNA past an ICL [60]. Moreover, SNM1A depleted cells 
were sensitive to ICLs [60]. 

ICL repair - step 5, Translesion bypass and nucleotide excision repair 
mediated ICL removal

After the first unhooking of the ICL and possible degradation, the DNA strand must 
be extended past the lesion and replication needs to be resumed. However, normal 
replicative DNA polymerases are not capable to replicate ICL-damaged DNA and 
therefore translesion synthesis (TLS) polymerases are required. Experiments in DT40 
cells and mice have indicated that REV1 and REV3 could be the TLS polymerases ac-
tive in ICL repair since mutants are sensitive to ICLs and this sensitivity is epistatic 
with FANCC [16,18]. Additionally, experiments in the Xenopus egg system have indi-
cated that REV1 inserts one nucleotide across the cross-linked base which depends 
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on monoubiquitinated FANCD2 [3]. This strand is then further extended by REV3 
(catalytic subunit of POLζ) [2,3]. 

Subsequently, the damaged DNA containing the ICL needs to be removed. This step 
in the repair process could be mediated by nucleases and polymerases which are also 
active in NER and is likely also mediated by nucleases interacting with FANCP/SLX4. 
Also exonucleases could be involved in removal of damaged DNA. A possible can-
didate is the nuclease MRE11 [61] that was shown to be recruited to ICLs in an FA 
dependent manner [62] and to be important for ICL resistance [63]. 

Both unhooking of the ICL (step 4) and TLS past the ICL (step 5) are inhibited in the 
absence of monoubiquitinated FANCD2/FANCI, which highlights the importance of 
the FA pathway for ICL repair [3].

ICL repair - step 6, Replication restart through reinstallation of the 
replication fork 

After ICL repair, a replication fork coming from the opposite direction may finish 
replication. However, when this is not possible, the chicken foot structure needs to be 
dismantled to allow replication restart. How this occurs is unclear but one model may 
be the following [64]. As a chicken foot structure is analogous to a Holliday junction it 
could be processed identically. Branch migration of the Holliday junction towards the 
original site of replication fork stalling, is catalyzed by FANCM/BRT until the lagging 
strand has completely reannealed to its template. Indeed, FANCM was found to pro-
mote branch migration, stimulated by MHF1 and MHF2, which is necessary for repli-
cation fork restart [13,14]. Complete reannealing of the leading strand again requires 
RAD51-dependent HR. One possibility is that the 3’-end of the leading strand, which 
is covered by RAD51 filament (step 2), invades the double-stranded template strand 
to form a double Holliday junction or hemicatenane. A different FA protein, FANCN/
PALB2, could aid in the formation of the D-loop necessary for fork restart. FANCN/
PALB2 is the interaction partner of FANCD1/BRCA2 and was demonstrated to have 
a strong preference for binding D-loop structures and stimulated RAD51-catalyzed 
D-loop formation through its interaction with FANCD1/BRCA2 to promote strand 
invasion [65,66]. 

Normally, a double Holliday junction is dissolved by the BTR complex [67,68]. Dis-
solution involves the approach of two branchpoints to ultimately form a catenated 
structure that can be dismantled by topoisomerase activity.  This would directly lead 
to reinstallation of the replication fork. We envisage that in the absence of FANCM, 
reinstallation of the replication fork is blocked. In this case the chicken foot structure 
may be targeted by Holliday junction resolvases, which would lead to collapsed rep-
lication forks with double strand breaks. Subsequent HDR-directed DSB repair may 
lead to reinstallation of the replication fork, but in this case this may be accompanied 
by SCEs .There is substantial evidence for the occurrence of a recombination and dis-
solution based mechanism for replication fork restart. Firstly, in Xenopus egg extracts 
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hemicatenanes were shown to be intermediates in ICL repair [4]. In addition, it was 
demonstrated that dissolution is the preferred mechanism over resolution to remodel 
double Holliday junctions [67]. This function of FANCM explains the increased inci-
dence of spontaneously occurring DSBs and SCEs in Fancm-deficient cells. 

Unique role for FANCM independent of the FA pathway 
We propose that FANCM has a critical role in replication fork metabolism which 
extends beyond its role in the FA pathway, and is critical for maintaining genomic 
stability. We speculate that FANCM prevents the occurrence of DSBs by its ability 
to promote efficient replication fork remodeling. It is possible that in the absence of 
FANCM, stalled replication forks cannot effectively regress which may lead to cleav-
age of the stalled fork and the accumulation of DSBs [69,70]. However, we favor a 
model in which in the absence of FANCM, reinstallation of the replication fork can-
not. This could lead to resolves targeting the stalled replication fork for resolution 
resulting in SCEs and DSBs [36,67]. We conclude this on the basis of several experi-
mental observations outlined in the thesis and published by others. 

Firstly, we found that FANCM-deficient human cells are uniquely sensitive to camp-
tothecin (CPT) and UV [chapter 2]. CPT blocks replication and could stimulate fork 
reversal at low concentrations. The inability of FANCM-deficient cells to respond 
adequately to replication blocking lesions could explain the observed sensitivity to 
CPT and UV, which cause fork stalling. CPT sensitivity was also observed in FAN-
CM-depleted HeLa cells or FANCM mutant DT40 cells and correlated with decreased 
replication fork progression, a phenotype that was not observed in other FA mutant 
cells [69,70]. FANCM has also been shown to mediate normal checkpoint response 
independent of the FA pathway [71]. The inability to stabilize stalled replication forks 
could result in an inadequate DNA damage response. We did however not observe ex-
quisite camptothecin sensitivity or checkpoint defects in our murine Fancm-deficient 
cells [chapter 6]. This can be explained by differences in  the sensing of stalled replica-
tion forks in rodent and human cells [64] or by differences between transformed cells 
and primary MEFs. Discrepancies between different FANCM-deficient cell types have 
been noted as FANCM-depleted HeLa cells showed resistance to HU and aphidicolin 
(APH) whereas DT40 cells were sensitive to these agents [69,70]. 

Secondly, we demonstrated that Fancm-deficient MEFs had a significant increase in 
spontaneous Sister Chromatid Exchanges (SCE) which was independent from FA 
pathway inactivation as the increase was absent in Fanca-deficient MEFs [chapter 4]. 
This increased SCE frequency was not further stimulated by treatment with DSB-
inducing agents. This demonstrated that FANCM is not necessary for crossover sup-
pression during DSB repair, but suppressed crossovers in a different context [chapter 
4]. In addition, increased SCEs were also observed in DT40 cells mutant for FANCM 
[29,72]. In DT40 cells increased SCEs are a feature of all FA gene defects, whereas this 
phenotype was not observed in human or murine FA cells [73]. However, in DT40 
cells FANCM and FANCC deficiency was not epistatic in SCE suppression suggest-
ing that FANCM contributes to SCE suppression in DT40 and murine cells in an FA 
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independent manner [29,45,72]. 

Thirdly, although in both Fancf and Fancm mutant mice we observed a statistically sig-
nificant reduction in overall and tumor free survival [chapters 4 and 5], crossing these 
mutant mice with the ApcMin model revealed a pronounced difference. We found that 
FANCM deficiency strongly accelerated intestinal tumor development in the ApcMin 
model, whereas FANCF deficiency had no effect [chapter 6]. This difference in intesti-
nal tumor susceptibility was not associated with an increased frequency of non-sister 
chromatid exchanges as determined by Mit marker mediated LOH analysis. However, 
we did find an increased number of chromosomal breaks in untreated primary MEFs 
unique to Fancm deficiency and indicative for the presence of more DSBs. This in-
creased frequency of DSBs in untreated primary Fancm-deficient MEF cultures are 
substrates for HDR with the non-sister chromatid as template leading to LOH and 
tumor formation in the ApcMin model.

Fourthly, it was observed by others that FANCM’s ATP dependent capacity to effi-
ciently translocate a branchpoint is critical for normal replication progression and 
ICL resistance although indispensable for FANCD2 monoubiquitination [31,70]. In 
addition FANCM was shown to interact with and mediate recruitment of the BTR 
complex to stalled replication forks. Collectively, these data point to a crucial role for 
FANCM in normal replication progression independent from the FA pathway. 

Concluding remarks on the role of the FA pathway in ICL repair
In the above postulated model for recombination dependent but DSB independent 
ICL repair it is clear that the FA proteins participate in all the necessary steps. Espe-
cially FANCM, FANCD2 and FANCP/SLX4 act as important effectors of a multitude 
of different steps in ICL repair among others by acting as landing platforms for other 
proteins. Thus, besides its enzymatic activity as a branchpoint translocase, FANCM 
may recruit the BRT complex to promote replication fork reversal and reinstallation, 
and the FA core complex to facilitate ID monoubiquitination and ICL repair. In our 
model, the FA pathway mediates ICL repair through a TLS-based mutagenic process, 
thereby preventing gross chromosomal rearrangements [74]. The occurrence of a mu-
tagenic ICL repair mechanism coincides with the observation that base substitutions 
usually predominate in normal cells, whereas FA cells are hypomutable and instead 
show deletions [75-77].

Additional experiments in cell free extracts will continue to pinpoint the molecular 
details of ICL repair and the role of the FA pathway. Especially the sophisticated plas-
mid based ICL repair system in Xenopus egg extract will expand our knowledge on the 
contribution of the FA pathway in ICL repair. A major point of interest remains the 
potential additional role of the FA core complex in ICL repair apart from its func-
tion as an E3-ubiquitin ligase for FANCD2 and FANCI. Especially as it appears that 
FANCL alone can monoubiquitinate FANCD2 and confer crosslinker resistance in 
Drosophila melanogaster [78]. Experiments in the past have hinted at this additional 
function since a monoubiquitinated FANCD2 fusion protein was able to confer ICL 
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resistance in FANCD2- but not in FANCC-deficient cells, indicating that FANCC is 
involved in other processes [79]. We now know that the FA core complex has an ad-
ditional substrate, FANCI, and it would be interesting to test the contribution of the 
FA core complex and individual members of the FA core complex to restore ICL resist-
ance in the presence of monoubiquitinated FANCD2 and FANCI. Also the identifica-
tion of new FA genes will add new proteins and insight to the FA pathway. 

It is clear that the FA proteins play a pivotal role in crosslink repair, but like FANCM 
and SLX4 may be involved in other cellular processes as well. 
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English Summary

Cancer is a disease of the DNA. This means that during the formation of a tumor 
(tumorigenesis) cells continuously acquire changes (mutations) in their genome . All 
the hereditary information, collectively referred to as the genome, is in most organ-
isms encoded by DNA. DNA usually has four different building blocks, called bases. 
These bases (abbreviated as A, C, G and T) are in varying order constricted in a cell and 
thus read as a genetic code. This code is distributed over a number of individual DNA 
molecules, called chromosomes. For example humans have 23 pairs of chromosome 
(one of our mother and one from our father), the mouse 20 and the carp even 52 pairs.

Tumor cells in comparison to normal cells have a large amount of genetic abnormali-
ties or changes in their genetic code. These can be so-called major structural changes 
when large pieces of DNA are lost, duplicated or pasted together or minor changes 
when the base sequence is altered. Tumor cells are thus characterized by what we in 
tumor biology refer to as ‘genetic instability’. There are many processes in our daily 
lives that can lead to genetic changes. For example, exposure to sunlight can cause 
DNA damage. Fortunately, we have evolved many mechanisms to repair damaged 
DNA so-called DNA repair mechanisms. UV radiation, for example, glues two T bases 
together (called a thymine (T) dimmer) making this piece of genetic code unreadable 
to the cell. A number of specialized enzymes recognize this mistake (lesion in techni-
cal jargon) and restore it. The presence of these DNA repair mechanisms in the cell 
thus prevents genetic instability and hence tumorigenesis. Other mechanisms that 
ensure genetic stability are aimed at eliminating cells with DNA damage or forcing 
cells into a state of terminal rest (senescence).

A sad illustration of the importance of DNA repair proteins for genetic instability is 
the disease Fanconi anemia, the subject of this thesis. Fanconi anemia (FA for short) 
is a very rare disorder usually diagnosed about 7 years. The disorder is named after 
Dr. Guido Fanconi (1892-1979), because he was the first physician who described the 
symptoms. In 1927 he published a case report on a family of five children, where three 
boys developed anemia between the ages of five and seven, and died. The brothers also 
had physical defects, such as a small head, skin pigmentation, bleeding, and underde-
velopment of the testes. In retrospect, these three brothers are the first documented 
FA patients and their symptoms are still characteristic of the disease.

In the past FA patients would often die of the consequences of anemia, but improved 
techniques for bone marrow transplants have led to an increased survival rate for these 
children. Unfortunately, the disease FA is also characterized by a highly increased risk 
for cancer. The risk for an FA patient to develop blood tumors is 1000-fold compared 
to the normal population, 33% of FA patients has developed blood tumors similar 
at the age of 40. Also the risks for squamous cell carcinomas (SCC) of the head and 
neck (500-fold increased risk), SCC of the esophagus (1000-fold increased risk), and 
gynecological cancers are increased.
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The symptoms of FA patients appear to be related to a molecular defect in the cells. FA 
cells (cells from FA patients) have a defect in a specialized DNA repair system, called 
the FA pathway for repairing DNA crosslinkers. DNA crosslinkers are compounds 
that nestle between DNA bases and therefore these bases are attached to each oth-
er (cross linking). Especially if these crosslinkers are between (inter, ICLs) two DNA 
strands these compounds are extremely toxic to cells, because the two DNA strands 
can no longer separate to ensure proper reading of the genetic code. Cells derived 
from FA patients are therefore very sensitive to exposure with these substances. This 
sensitivity is exploited in the clinic for diagnosis, since cells display various chromo-
somal abnormalities seen mainly in FA patients.

In this thesis, I have studied the relationship between a defective FA pathway and its 
influence on tumorigenesis in mice. In chapter 1, I have provided a comprehensive 
introduction to the disease Fanconi anemia. Chapter 2 described in detail the current 
state of affairs regarding the study of Fanconi anemia in mice. By using a molecular 
biological technique of gene targeting mice can be genetically altered to for example 
remove a gene. This is called a knock-out mouse. In this thesis I described two mouse 
models for two different genes related to Fanconi anemia, the gene FANCF (knockout 
mouse model described in Chapter 5) and the gene FANCM (knockout mouse model 
described in Chapter 4). Chapter 3 discussed the only patient belonging to the FA-M 
group, who apart from mutations in FANCM also has mutations in another FA gene, 
FANCA. Therefore it is questionable whether FANCM can be considered a bona fide 
FA gene. The  mouse model described in Chapter 4 demonstrated that the absence of 
Fancm in mice indeed led to a similar phenotype as mice lacking a conventional FA 
gene like Fanca. In Chapter 6 I introduced a new mice cohort which is a cross between 
the Fancf, Fancm, and a mouse model for colon cancer, the ApcMin the model. I dem-
onstrated that the absence of Fancf had no influence on the development of colon 
cancer, but the absence of Fancm accelerated this tumor type. I therefore believe that 
FANCM plays a role as a tumor suppressor independent of its role in the FA pathway, 
at least in the intestine.  In Chapter 7 I introduced my vision on the repair of DNA 
crosslinkers mediated by the FA proteins, which incorporates new insights gained 
during my PhD research ,in particular on the role of FANCM, and from the literature 
and incorporate these into a new model. 

Overall this thesis demonstrates the power of studying the contribution of DNA re-
pair proteins on tumorgenesis in mouse models and adds a novel intestinal tumor 
suppressor, FANCM, to the scientific literature. Future research will uncover whether 
FANCM also plays a role in human (intestinal) cancers and whether these tumors 
could be targeted by DNA crosslinking agents.  
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Nederlandse Samenvatting

Kanker is een ziekte van het DNA. Dit betekent dat tijdens het ontstaan van een tumor 
(tumorgenese) cellen voortdurend veranderingen (mutaties) in hun genoom vergaren. 
Met genoom bedoelen wij al de erfelijke informatie die bij de meeste organismen door 
DNA wordt gecodeerd. DNA kent doorgaans 4 verschillende bouwstenen, basen ge-
noemd. Deze basen (afgekort als A, C, G en T) komen in afwisselende volgorde voor 
en lezen op deze manier als een genetische code. Deze code is verdeeld over een aantal 
losse DNA moleculen, chromosomen genoemd. Mensen hebben bijvoorbeeld 23 paar 
chromosomen (een van onze moeder en een van onze vader), de muis 20 paar en de 
karper zelfs 52 paar. 

Tumorcellen hebben in vergelijking tot normale cellen een grote hoeveelheid 
genetische afwijkingen oftewel veranderingen in hun genetische code. Dit kunnen 
grote zogenaamde structurele veranderingen zijn waarbij grote stukken DNA ver-
dwenen, vermenigvuldigd of aan elkaar geplakt zijn oftewel kleine veranderingen 
waarbij de codering van de basen is veranderd. Tumorcellen worden dus gekenmerkt 
door wat wij in de tumorbiologie ‘genetische instabiliteit’ noemen. Nu zijn er in ons 
dagelijks leven allerlei invloeden die kunnen leiden tot genetische veranderingen. Bi-
jvoorbeeld blootstelling aan zonlicht, hierbij kan ons DNA beschadigd worden. Ge-
lukkig hebben wij in de loop van de evolutie allerlei mechanismen ontwikkeld om 
deze schade te herstellen, genoemd DNA reparatie mechanismen. Door UV straling 
worden bijvoorbeeld twee T basen aan elkaar geplakt, dit noemt men een thymine 
(T) dimeer, waardoor dit stuk genetische code niet meer door de cel afgelezen kan 
worden. Een aantal gespecialiseerde enzymen herkent deze fout (laesie in vakjargon) 
en hersteld deze. Het in de cel aanwezig zijn van deze DNA reparatie mechanismen 
voorkomt dus genetische instabiliteit en daarmee tumorgenese. Andere moleculaire 
mechanismen die genetische stabiliteit waarborgen zijn gericht op het elimineren van 
cellen met schade aan het DNA of op het dwingen van cellen in een staat van termi-
nale rust (senescentie).   

Een treurige illustratie van het belang van DNA reparatie eiwitten om genetische in-
stabiliteit tegen te gaan en daarmee tumorgenese is de ziekte Fanconi anemia waar dit 
proefschrift over handelt. Fanconi anemia (afgekort tot FA) is een zeer zeldzame aan-
doening die meestal gediagnosticeerd wordt rond 7 jaar. De aandoening is vernoemd 
naar dr. Guido Fanconi (1892-1979), omdat hij de eerste arts was die de symptomen 
beschreef. Hij publiceerde in 1927 een casus verslag over een gezin van vijf kinderen 
waarvan drie jongens anemie (bloedarmoede) ontwikkelden in de leeftijd tussen vijf 
en zeven en stierven. De broers hadden ook lichamelijke afwijkingen, zoals een klein 
hoofd, huidpigmentatie, bloedingen, en onderontwikkeling van de testes. Achteraf 
gezien zijn deze drie broers de eerste gedocumenteerde FA-patiënten en hun symp-
tomen zijn nog steeds kenmerkend voor de ziekte. 

Vroeger overleden FA-patiënten vaak aan de gevolgen van anemie, maar door de ver-
beterde technieken voor beenmergtransplantaties overleven deze kinderen nu vaak 
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tot hun twintigste jaar. Helaas wordt de ziekte FA ook gekenmerkt door een sterk 
verhoogd risico op kanker. Het risico voor een FA patiënt om bloedtumoren te on-
twikkelen is 1000-voudig verhoogd ten opzichte van de gewone populatie; 33% van de 
FA patiënten ontwikkeld dergelijke  tumoren voor het 40ste levensjaar. Ook het risico 
voor plaveiselcelcarcinomas (SCC) van het hoofd-halsgebied (500-voudig verhoogd ri-
sico), SCC van de slokdarm (1000-voudig verhoogd risico), en gynaecologische kank-
ers is sterk verhoogd. 

De symptomen van FA patiënten lijken gerelateerd te zijn aan een moleculair defect 
in de cellen. FA cellen (cellen afkomstig van FA patiënten) hebben namelijk een de-
fect in een gespecialiseerd DNA reparatie systeem, het zogenaamde FA pad om DNA 
crosslinkers te reparen. DNA crosslinkers zijn stoffen die zich tussen DNA basen 
nestelen en daardoor deze basen aan elkaar verbinden (crosslinken). Vooral als deze 
crosslinkers tussen (inter) twee DNA strengen in zitten zijn ze enorm toxisch voor een 
cel, omdat deze twee DNA strengen dan niet meer gescheiden kunnen worden om 
de genetische code af te lezen. Cellen afkomstig van FA patiënten zijn dan ook heel 
erg gevoelig voor blootstelling aan deze stoffen. Bij de diagnose van de ziekte wordt 
gebruik gemaakt van deze crosslinker gevoeligheid, doordat de cellen na blootstel-
ling allerlei chromosomale afwijkingen laten zien die voornamelijk bij FA patiënten 
voorkomen.

In dit proefschrift heb ik de relatie tussen een defect FA pad en de invloed hiervan 
op tumorgenese bestudeerd in muismodellen. In hoofdstuk 1 geef ik een uitgebreide 
inleiding over de ziekte Fanconi anemie. Hoofdstuk 2 beschrijft in detail de huidige 
stand van zaken omtrent het bestuderen van Fanconi anemie in muismodellen. Het 
is met behulp van moleculaire biologische technieken mogelijk om muizen genetisch 
te bewerken waardoor ze bijvoorbeeld een gen missen. Dit noemt men dan een knock-
out muis. In dit proefschrift staan verder twee muismodellen beschreven voor twee 
verschillende genen die gerelateerd zijn aan de ziekte Fanconi anemia, het gen FANCF 
(knock-out muismodel beschreven in hoofdstuk 5) en het gen FANCM (knock-out 
muismodel beschreven in hoofdstuk 4). Hoofdstuk 3 behandelt de enige patiënt be-
horend tot de FA-M groep, deze bevat behalve mutaties in FANCM ook mutaties in 
een ander FA gen, FANCA. Hierdoor valt het te betwisten of FANCM een echt FA 
gen is. Het muismodel beschreven in hoofdstuk 4 beschrijft dat het ontbreken van 
Fancm in muizen wel degelijk leidt tot een vergelijkbaar phenotype als muizen die 
Fanca missen, een ander Fanconi anemie gen. In hoofdstuk 6 introduceer ik een nieu-
we muizenlijn namelijk een kruising tussen de Fancf en Fancm muismodellen met 
een muismodel voor darmkanker, het ApcMin model. Ik beschrijf dat het ontbreken 
van het Fancf gen geen enkele invloed heeft op het ontstaan van darmkanker, maar 
het ontbreken van Fancm versneld deze tumorsoort. Daarom ben ik van mening dat 
FANCM een rol speelt als tumor onderdrukker onafhankelijk van zijn rol in het FA 
pad, althans in de darm. In hoofdstuk 7 introduceer ik mijn visie op het repareren van 
crosslinkers in het DNA door de FA eiwitten waarbij ik nieuwe inzichten vergaard in 
dit proefschrift met name op ten opzichte van de rol van FANCM  en uit de literatuur 
incorporeer in een nieuw model.  
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Samenvattend demonstreert dit proefschrift de kracht van het bestuderen van de 
contributie van DNA reparatie eiwitten op tumorgenese en voegt een nieuwe (darm) 
tumor onderdrukker toe aan de wetenschappelijke literatuur. Toekomstig onderzoek 
moet uitwijzen of ook mensen met (darm) kanker mutaties hebben in FANCM en 
daardoor wellicht goed behandeld kunnen worden met DNA crosslinkers. 



141

Curriculum Vitae

Sietske Tet Bakker was born in Amsterdam, the Netherlands, on the 24th of August 
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Dankwoord
Het dankwoord, het alfa en omega van het proefschrift. Nooit geciteerd maar wel het 
meest gelezen onderdeel! En terecht, want dit is de plek om iedereen te bedanken die 
het publiceren van dit proefschrift mogelijk hebben gemaakt en dat is gelijk een un-
derstatement van jullie steun. 

Ik begin niet alleen volgens traditie, maar ook omdat het volkomen terecht is bij Hein, 
mijn promotor. Het is echt absurd hoe scherp en goed jij bent in je vak. Aan het begin 
van mijn promotie was ik nogal eens geïntimideerd, als er tijdens de werkbespreking 
van jou de opmerking kwam: ik begrijp deze proef niet helemaal, wat heb je nou pre-
cies gedaan... dan wist ik al dat het fout zat. Gelukkig gaf je wel altijd de ruimte om 
zelf te beredeneren wat er niet klopte en op die manier zelf inzicht te krijgen. Hierdoor 
heb je mij de gelegenheid gegeven om te groeien in dit vak. Je talent voor het niet all

een doorgronden van de replicatie vork met als zijn mogelijke tussenvormen (HJ wel 
of nee) maar deze ook kunnen tekenen is inspirerend, leerzaam en enorm leuk. Heel 
erg bedankt dat ik in jouw lab mocht promoveren.

Johan, ik ben wederom dankbaar met jou als mijn co-promotor, maar ook steun en 
toeverlaat op de VU. Jij hebt de Fanconi touch erin gebracht, zonder jouw kennis van 
het veld hadden wij op het NKI gewoon een paar willekeurige muizen lijnen gereali-
seerd. Door jouw inzicht en intelligentie konden we de resultaten altijd relateren aan 
het FA veld. Ik denk dat wij met z’n drieën/vieren een heel goed team hebben gevormd 
en ik vind het nu al jammer om daar straks geen onderdeel meer van uit te maken. 
Daarbij is het ook altijd heel fijn om met je te kletsen. Ik heb van onze overleggen en 
onze uitgebreide telefoongesprekken altijd heel erg genoten. 

Hans, ook al heb je geen formele functie tijdens mijn promotie, jij hoort wel degelijk 
bij degene die mijn promotie hebben vormgegeven. Niet alleen omdat je mij destijds 
hebt aangenomen, maar ook door het wekelijks overleg op donderdag in jouw kan-
toor door de jaren heen. Dank voor alle goede schrijftips, scherpe kritiek en BBQs met 
goede cappuccino’s!

Ook wil ik hierbij de leden van mijn leescommissie bedanken voor de aandacht die zij 
geschonken hebben aan mijn proefschrift: dr. Conchita Vens, prof.dr. Gerrit Meijer, 
dr. Jos Jonkers en prof.dr.Ruud Brakenhoff. 

Dan nu terug naar het te Riele lab en wel naar mijn paranimf, Tanja. Ik vind je echt 
een top wijf. Ik heb een enorme bewondering voor je gestructureerde maar toch ook 
flexibele manier van werken. Daarbij ben je niet alleen heel er goed in het lab maar ook 
enorm slim en doortastend. En ook zo lekker recht voor zijn raap, iets wat ik wel kan 
appreciëren. Ik ben ervan overtuigd dat het met jou en je as zoon/dochter helemaal 
goed zal komen. Als er iemand is waarvan ik denk dat ze deze taken moeiteloos kan 
combineren dan ben jij het. Zet hem op met alles en heel erg bedankt dat jij mijn para-
nimf wilt zijn. (We drinken er later zeker nog wel eentje op!).
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Lieve Marieke, mijn back-up paranimf! Ik weet zeker dat ik namens het hele lab spreek 
als ik zeg dat we je missen. Jij bent ook al zo’n prachtmens. Met het allermooiste hand-
schrift en labjournaal dat ik ooit heb gezien. Ik heb altijd geprobeerd om wat van jouw 
netheid mij eigen te maken, maar dat is me helaas (bij lange na) niet gelukt. Ik hoop 
dat het allemaal goed gaat in London, maar gezien jouw relaxtheid en aanpassingsver-
mogen denk ik dat het allemaal vanzelf goed komt. Ik ben in ieder geval vereerd dat je 
een extra ticket hebt gekocht zodat je erbij kan zijn!

Marleen je bent een geweldige vrouw en als Marieke een back-up paranimf is dan ben 
jij mijn back-up promotor. Met je scherpe inzicht op het lab (en in mijn kweekbakjes!) 
heb jij me enorm geholpen om me op het lab te redden. Je staat altijd voor iedereen 
klaar (soms ook teveel) en dat is een geweldige eigenschap die je moet koesteren en 
niet moet verliezen.

Sandra als mede-koningin op de kweek natuurlijk al onmisbaar, samen met je goede 
muzieksmaak maakt het jou tot een supercollega. Ik ken weinig mensen die zo onged-
wongen jeugdig blijven zoals jij! Jij bent echt een voorbeeld voor mij als vrouw die 
volgens mij al het goede van het leven kan combineren: gezin, werk maar ook tijd om 
te feesten en in het café te zitten, echt bijzonder. 

En dan wil ik natuurlijk Elly en Anja bedanken. Zonder jullie hulp als muizenanalis-
ten was dit hele proefschrift niet mogelijk geweest. De enorme bergen werk die jullie 
voor mij verzet hebben is echt gigantisch en ik ben jullie daarvoor heel erg dankbaar. 
Daarbij verdienen jullie ook afzonderlijk alle lof. Anja, je bent een vaste rots in de 
branding van het te Riele lab en ondanks dat je zelf ook vaak omkomt in het werk 
vond je toch de tijd om voor mij allerlei proeven te doen van darmtumoren tellen, tot 
PCRs en LCM. En daarbij kocht je ook altijd dropjes (speciaal voor mij toch?). Heel 
erg bedankt voor al je hulp en steun. Elly, 40 jaar in dienst. Wat een ervaring als anal-
ist maar ook als mens. Je bent enorm vriendelijk en meelevend, heel erg bedankt voor 
al je interesse (wetenschappelijk en privé) en sorry dat ik soms zo laks ben (weer die 
genotyperingen….).

Beste Henri, mijn promotie is feitelijk een voortgang van het werk dat jij gestart bent 
als AIO op de VU. En het feit dat je op bijna alle hoofdstukken van dit proefschrift 
vermeld staat getuigt van onze vergaande en succesvolle samenwerking. Bedankt voor 
al je intellectuele input en ik hoop dat jij en Laura je een beetje kunnen settlen in NL.

Camiel ten eerste bedankt dat je me geïntroduceerd hebt met Studio Brussel, leuke 
muziek maakt het leven (op het lab) fijn! Verder zitten we volgens mij wat betreft veel 
levensbeschouwelijke zaken op een lijn. En ik vind het heel erg leuk dat je plaatjes 
komt draaien op mijn feest!

Eva, partner in crime als een van de OIO’s van Hein en daarbij ook meester banket-
bakker, wat een super taarten maak jij toch. Geloof me nog even en dan ben ook jij dit 
stuk aan het typen, alleen dan met Timme op je schoot. Ik ben heel erg benieuwd naar 
hem, het is vast een prachtventje. Succes met de afronding!
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Lieve Rob, heel erg bedankt voor alle hulp, of het nou om buffers, software of het lay-
outen van figuren ging jij stond altijd klaar om geduldig van advies te voorzien. Echt 
een geweldige eigenschap, waar ik meer dan eens dankbaar gebruik van heb gemaakt. 
En natuurlijk mag een woord niet onvermeld blijven: fenderbender oftewel….(Ham-
mond orgel). Thanks voor alles en succes met de volgende stap! 

Tinke, wat hebben wij veel afgekletst in de kweek als de OIO’s op het lab met een voor-
liefde voor laat beginnen en laat eindigen. Heel veel succes nog op het AMC of ergens 
anders (misschien toch nog Australië?). 

Dear Kamilla, you are a valuable addition to the group and I am very grateful for all 
your help with the intestinal isolation, keep up the magic and don’t underestimate 
the power of coffee (filters)! Lieve Hellen, je bent lekker bezig, nog 100 Southerns en 
dan ben ook jij je boekje aan het schrijven. Beste Tim, je bent een rare maar zeker ook 
een oké gast, succes met de promotie en doe mij toch maar een batch BJs (wel passage 
46)!   

Dan ook dank aan al de studenten die ik versleten heb: heel erg bedankt Rajiv, Eelke, 
Iris en Derja. Vooral dankzij Iris en Derja zijn er nu toch mooi Fancm-deficiënte ES 
cellen!

Een welgemeende dank aan alle mensen van de Fanconi groep aan de VU. In het bij-
zonder natuurlijk aan Anneke en Martin die niet alleen heel veel van de experimenten 
gedaan hebben die in dit proefschrift beschreven zijn, maar ook altijd klaar stonden 
met advies. Jullie zijn echt enorme waardevolle wetenschappers met een schat aan 
kennis, heel erg bijzonder. Ook dank aan Jurgen voor proeven en natuurlijk feestjes 
(hoe gaat het daar eigenlijk mee). Verder een hele dikke zoen aan lieve Petra, lukt het 
om nog te ruilen met je ouders of kom je gewoon weer even op bezoek naar de West 
coast? Najim, bedankt voor al je input en advies, jij komt er wel! En dan wil ik ook 
Anneke H, Berber, Chantal, Sheba (mede Fancm-fan), Davy, Josephine D (hoe zwaar 
is je tas vandaag en zijn die arrays nou al gedaan :)), Monique, Quintin, Maarten, Ja-
nine (bedankt nog voor de SNP analyse) en natuurlijk Yne bedanken en al het goeds 
wensen! Ik heb me altijd heel erg welkom en thuis gevoeld op de VU, niet alleen bij de 
besprekingen maar ook bij de borrels en andere uitjes, nogmaals bedankt!  

Ook heel erg bedankt aan mijn kamergenoten Metamia, Chris en Tisee, jullie hebben 
het zowaar volgehouden met mij op een kamer met mijn voorliefde voor temperatu-
urtje tropisch en mijn neiging tot meezingen (sorry ik heb het echt niet door). Ook 
dank voor het me wegwijs maken met FlowJo en de beginselen van de immunologie, 
mede door jullie durf ik wel aan HSCs te gaan werken! En Metamia, wij worden over 
een jaartje toch gewoon buren in San Francisco?

Verder ook heel veel dank aan de andere bewoners van onze P2 gang, de Jonkers groep. 
Allereerst Jos, ik hoop dat je me een beetje spaart tijdens de oppositie. Ik vind je een 
enorm inspirerende wetenschapper en dank je voor al je advies door de jaren heen. 
Natuurlijk de andere leden: Mark, Peter en Rinske dank voor advies, reagentia en veel 
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gezelligheid (@ Rinske succes met je promotie en papers (Cancer Cell here you come)). 
Ook de andere Jonkertjes/Linnetjes wil ik natuurlijk niet vergeten: Martine, Linda, 
Tess, Philip, Karin, Kelly, Ingrid, Hanneke, Tanya, Eva, Sjors, Ute, Eline, Ellen, Sjoerd, 
Seth en Marieke (ben je erbij?) en natuurlijk Karin de V. And special love and thanks 
to Ewa, you are a very funky person and I am glad you have come to like and love Am-
sterdam the way that I do, good luck with everything! 

Bedankt Tom en Linda als roergangers van P2 met op een of andere manier altijd 
nietjes voorradig! En Henri v.L, ik was in het begin nog wel een beetje bang voor je 
kritische opmerkingen (bv over ALLES), maar in de loop der jaren is dat helemaal om-
geslagen (misschien omdat ik me beter ben gaan kleden??). Ik vind je een hele fijne en 
gezellige collega en ik waardeer het dat ik nu altijd om advies over wetenschap of an-
dere zaken bij je aan mag komen waaien. Jammer dat je niet op onze nieuwe afdeling 
komt, het zal raar zijn om naar huis te gaan zonder jou gedag te zeggen!

Beste Piet, mijn welgemeende dank voor de introductie tot de wetenschap. Door de 
stage in jouw lab is mijn passie voor het kankeronderzoek aangewakkerd die mij 
tot een promotie hebben gebracht. Van de overige Borst groep wil ik natuurlijk Ar-
iena bedanken voor de hulp met de muizen (de voorkant doet je denk ik wel aan een 
bepaalde muis denken…) En verder natuurlijk Koen, Janneke, Sven, Marcel, Serge, 
Charlotte, Robert en alle andere van de andere gang voor de gezelligheid. Ook een 
dikke kus voor Liesbeth!

Het NKI is een goed instituut om te promoveren en dat komt in het bijzonder door de 
uitstekende en professioneel georganiseerde faciliteiten. Ten eerste de cryobank geleid 
door Minze en Erwin, bedankt voor het altijd ordenen, opvragen, terugleggen en be-
heren van die duizenden ampullen die ik in de loop der tijd heb verzameld. Ook wil ik 
Frank en Anita van de FACS faciliteit bedanken voor hun hulp bij alle experimenten 
en sorteringen, jullie zijn echt onmisbaar voor dit instituut. En zonder Lauran en 
Lenny zat ik nu nog steeds mijn cellen te zoeken of de software te vervloeken, bedankt 
voor al de hulp. 

Bastiaan, inmiddels niet meer op het lab maar hard op weg zelf PI te worden, heel erg 
bedankt voor alle gezelligheid, etentjes en advies. Ik vind het heel erg jammer dat we 
geen directe collega’s meer zijn en ik mis je heel erg als vriend. Ik hoop dat ik in SF 
beter zal worden met Skypen en mailen, maar als we elkaar zien is het altijd goed! Tot 
in Stockholm. Waar ik ook fijn met Marieke V. en Marco K. naar toe ga. Helaas zit-
ten jullie niet meer op de afdeling maar jullie hebben voor de nodige pret binnen en 
buiten het lab gezorgd (ik zeg wallcrawler). En lieve Marieke, ik weet zeker dat jij ook 
snel je promotie glansrijk afrond!

Natuurlijk hier ook dank aan de Wolthuisjes voor de wekelijkse woensdag mitose les. 
Rob het is altijd leerzaam om met jou te reflecteren over de wetenschap en andere 
zaken des levens. Wouter, dank voor de Western blot tips en nog veel plezier in Man-
chester. Ook dank voor de gezelligheid aan Erik, Michiel, Bas en Janneke (blijft geni-
aal je blauwe dop truc). Natuurlijk een speciale dank aan Linda (en Jorg) voor enkele 
Spaanse initiatieven, heel veel lekker eten en het niet altijd alles doorhebben. Jullie 
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zijn echt goede vrienden geworden en ik hoop dat jullie misschien ook naar SF komen 
zodat we daar gewoon fijn verder kunnen kokkerellen. 

Op B7 wil ik natuurlijk ook Johan, Annet, Jeroen en Ernst bedanken voor goede ti-
jden en advies, en natuurlijk de vorige feestgangers Armida en Jasper, ik mis jullie en 
hoop dat NY alles is wat jullie ervan verwachten. Ook de overige oud-amuse-mensen 
mogen niet onvermeld blijven voor hun culinaire lessen: Dieuwke, Martijn, Marleen, 
Josyanne.

Verder wil ik Richard H. bedanken voor goede tijden in de Flitz en ander drankge-
lag, sorry voor mijn afwezigheid van de afgelopen tijd (Utrecht blijft toch buiten de 
A10). Jammer dat P2 ontmanteld wordt maar wel leuk om met Niek op de afdeling 
te komen, ik weet niet of ik het nog meemaak, maar succes met alles. Ook dank voor 
Peter K. en de andere Heinz leden. 

Dan nu even weg van het lab, allereerst dank ma dat jij mijn andere paranimf wilt 
zijn. Ik wist echt niet toen ik solliciteerde bij Piet Borst voor een stage dat jij ook 
stage bij hem had gelopen, maar als kloon maak ik waarschijnlijk gewoon dezelfde 
keuzes. Ook al wordt de rest van de familie soms (begrijpelijkerwijs) gek van onze twee 
handen op een buik attitude, ik  waardeer deze en jou enorm. We hebben nou eenmaal 
een soms moeilijke maar ook zeer intieme relatie die mij als persoon heeft gevormd. 
En als iemand dat goed begrijpt dan ben jij dat pa. Ik ken niemand met wie ik zulke 
goede gesprekken na een versnapering uit de tuin kan 

hebben (ken je me nog steeds beter dan ik mezelf?). Ik bof met zulke ouders. Hieke, 
lief, lief zusje, je bent mijn andere steun en toeverlaat. Ik denk dat ik niemand zo ga 
missen als jou in SF. Wij zijn echt van ruzie-zusjes uitgegroeid tot meer dan dikke 
vriendinnen, ik hoop dat je me heel vaak komt opzoeken. En soms denk ik wel eens 
waar is Wim, maar jij bent er gewoon op jouw manier bij en dat is goed. Ook jij krijgt 
een kus lieve Serene! Ook aan de rest van de familie Bakker, Griek, de Groot of van den 
Heuvel in Amsterdam, Hindeloopen of ergens anders dank voor alle belangstelling 
van de afgelopen jaren. En natuurlijk dank aan de nieuwe (schoon!)familie Klijn: Mar-
ia, Nico, Arthur, Christien, Eric, Laurianne en Marieke, bedankt voor de open armen.

Bas, zonder jou was ik waarschijnlijk nooit aan een promotie begonnen. Jij blijft voor 
mij een bijzondere man en ons gedeelde verleden blijft onderdeel van mijn persoon. Ik 
wens je al het goeds en geluk en ik hoop dat we meer voor elkaar blijven dan “somebody 
that I used to know”.

Ook dank voor al mijn lieve leuke vrienden die het zo leuk maken om niet alleen maar 
aan het werk te zijn. Laura, je bent echt een geweldige lieve vriendin en ik vind het 
super dat je mijn getuige bent op die andere grote dag. Suzie sorry dat ik niet je hele 
tekening heb gebruikt (herken je de staart), ik vrees dat ik qua communicatie skills 
nog wel het een en ander van je kan leren. Ik hoop dat ik nu ik ook verhuis naar jouw 
USA je weer meer zal spreken en zien, hoewel het tussen ons volgens mij ook altijd 
goed zit. Lieve Melle en Heleen bedankt voor de relaxtheid, de relativering en het chil-
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len. En ook een dikke zoen voor Tessa zonder wie die avonden niet compleet zijn! 
Marius en Kali, getrouwd en binnenkort ook klaar en dan misschien de VS? 

Mijn oude (bg) vrienden Sunny, Jesse, Niens, Giso, Dita, Simon, Maryam (will you be 
there, I miss you), Niels, Inge en alle andere dank voor de feestjes en muziek. En natu-
urlijk alle mensen van de wintersport en andere feestjes waaronder: Daniel, Hebe en 
Joris, Mareille, Tessa, Suzanne, Cindy, Roel, Rui, Marsha, Sjef, Roger, Tobias, Lesley, 
Frederike, Lies, Bart, Erwin en al die andere die ik nu vergeet!

Lief super schatje Chris, als er iemand een heel boek aan dank verdient dan ben jij het. 
Ik weet dat ik vaak een hopeloos besluitloze draaikont ben maar met jou heb ik de 
juiste keuze gemaakt, bedankt voor je overredingskracht, geduld en liefde. 

En nu dan eindelijk tijd voor feest, 

Lfs Siets



Intestinal Love




