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General introduction and thesis outline

Fanconi anemia: clinical hallmarks

1

Fanconi anemia, a rare and complex disorder
Nearly 90 years ago, in 1927, the Swiss pediatrician Guido Fanconi described a family with
3 brothers who suffered from a fatal disorder characterized by physical abnormalities (microcephaly, skin hyperpigmentation and hypoplasia of the testes) and anemia at the age of
5-7 years.1,2 Since 1931 this hereditary syndrome is called Fanconi anemia (FA).2 Progress
in understanding the molecular basis and clinical features of FA has been remarkable since
the first description of this disease.
FA is a very rare disease affecting less than 100 patients in the Netherlands.3 It is a complex,
life-threatening disorder which has a major impact on patients and their families. The
median lifespan of FA patients is currently 33 years.4,5 The clinical symptoms of this
heterogeneous, multi-system disease can be divided into 4 categories: congenital anomalies,
bone marrow failure, endocrine disorders and cancer susceptibility.

Congenital anomalies
Congenital anomalies are present in approximately two-thirds of the FA patients and
may involve any of the major organ systems.6,7 Short stature, abnormal skin pigmentation
(hyperpigmentation, hypopigmentation and café au lait spots) and thumb malformations are
the most prevalent physical anomalies in FA.7 Other symptoms include intrauterine growth
retardation, developmental delay, microcephaly, malformation of the radial bone and other
skeletal deformities. Furthermore, abnormalities of the ears, eyes, heart, kidneys, urinary
tract, gastrointestinal tract, central nervous system and reproductive system are frequently
present.6-9 Some FA patients present with severe physical anomalies indicative of VACTERL
association, a well-known congenital malformation association including vertebral, anal,
cardiac, trachea-esophageal, renal and limb anomalies.10 Physical abnormalities are often
subtle or even absent. It is important to realize that the absence of congenital malformations
does not rule out FA.

Bone marrow failure
Bone marrow failure (BMF) is the hallmark of FA and often the first adverse event in FA
patients. BMF commonly starts with thrombocytopenia, followed by neutropenia and
anemia.11 Elevated levels of fetal hemoglobin and macrocytosis, both features of stress
erythropoiesis, are frequently found in patients with inherited BMF syndromes such as
FA.12 The majority of FA patients develop BMF during the first decade of life, at a median
age of 7 years.6,13 The cumulative incidence of BMF by age 40 is 90%.14 The presence of many
birth defects is associated with a high risk of developing early onset BMF.15
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Transfusions can be given to treat severe anemia and thrombocytopenia. Granulocytecolony stimulating factor can be considered to treat severe neutropenia. Furthermore,
some patients may benefit from treatment with androgens.16 Nevertheless, the only curative
treatment for BMF in FA is hematopoietic stem cell transplantation (SCT).

Endocrine disorders
Endocrine abnormalities are very common in FA. About 70-80% of the children and
adults with FA have one or more endocrine disorders.9,17,18 These include short stature,
hypothyroidism, impaired glucose tolerance or diabetes, obesity, dyslipidemia, metabolic
syndrome and pituitary gland abnormalities.9,17,18 In addition, many FA patients have
gonadal and pubertal disorders. Males are often infertile and females frequently have
premature menopause and a significantly reduced window of fertility.17,18
Short stature, with or without growth hormone deficiency, is a well-known feature of FA.
About 60% of FA patients are shorter than the reference population. Average height is
around 150 cm in women and 161 cm in men.9,17,19
The etiology of endocrine disorders in FA is complex and not exactly understood. Also
treatment for FA, such as androgens, blood transfusions, chemotherapy, irradiation and
corticosteroids can affect the endocrine system.18,20,21 Baseline and annual endocrine
evaluation should be performed in every FA patient. Early treatment of endocrine disorders
may lead to reduced morbidity and improved quality of life.9,17,18

Cancer susceptibility
FA patients have a very high risk of developing cancer and they develop cancer at a much
younger age than the general population. Many patients develop more than one tumor
during their lifetime.7,14 The median age for surviving free of any malignancy is 29 years,
substantially lower than expected in the general population.7
Patients are particularly susceptible for hematological malignancies, such as myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML), which can be preceded by or
associated with clonal cytogenetic abnormalities in the bone marrow, such as aberrations
of chromosome 1, 3 and 7.7,13,15,22-24 The incidence of MDS is approximately 40% by age
50.5 The median age of AML is 11.3 years with a cumulative incidence of 15-20% by age
40.23 Because MDS and AML in FA patients are difficult to treat, it is advised to perform
annual or biannual bone marrow aspirates to identify early signs of MDS or AML in order
to proceed to SCT in time.
Furthermore, FA patients are at very high risk of developing squamous cell carcinoma
(SCC), mainly head and neck SCC (HNSCC), SCC of the esophagus and anogenital
SCC.7,15,23 Other, non-SCC solid tumors include tumors of the liver, brain, kidney, skin,
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breast and embryonal tumors.5,7 The cumulative incidence for solid tumors is 28% by the
age of 40 years with a ratio of observed to expected of 26.15

1

Diagnosing Fanconi anemia
The absence of characteristic physical findings, the low prevalence and the heterogeneous
presentation of FA frequently causes a delay in accurate diagnosis. Sometimes FA is suspected
shortly after birth because of FA-associated congenital anomalies. FA is mostly diagnosed
in the first decade of life when children develop BMF. The median age at diagnosis is 6.5
years, but ranges from birth to adulthood.7 In rare cases FA is diagnosed in adulthood when
patients present with unusual tumors at relatively young age or show unexpected toxicity
when treated with chemotherapy or irradiation.
All siblings of a patient diagnosed with FA should be screened. Furthermore, FA should
be tested for in all patients with FA-associated congenital abnormalities, unexplained
pancytopenia at young age, MDS with FA-associated cytogenetic abnormalities (e.g.
clonal aberrations of chromosome 3q) or early onset SCC of the upper aerodigestive tract
or anogenital region.8 Also familial predisposition for AML and/or MDS should lead to
evaluation of the potential diagnosis of FA. It is crucial to test for FA before proceeding
to SCT or start treatment for cancer, since standard chemotherapy and irradiation is, in
general, toxic to FA patients.

Fanconi anemia: cellular characteristics
Fanconi anemia, a DNA repair disorder
To date, nearly 90 years after Guido Fanconi’s first description of the disease, FA is known
to be caused by mutations in one of the 20 currently known FA genes (see Table 1). These
genes encode for proteins that form the FA pathway, which is specialized in repair of DNA
damage.25 Some of the FA genes are also breast cancer (BRCA) susceptibility genes and
therefore the pathway is also known as the FA/BRCA pathway.26
Human cells are continuously challenged by DNA damage caused by exogenous and endogenous triggers. Cells have various methods to repair DNA damage and maintain genome
integrity.26 The FA/BRCA pathway is essential to repair interstrand crosslinks (ICLs), a severe form of DNA damage. Unrepaired ICLs lead to stalled replication forks, DNA breakage
and chromosomal rearrangements and, consequently, to the development of cancer. Cells
with biallelic mutations in one of the FA genes are deficient in ICL repair. As a consequence,
FA patients develop their clinical symptoms, have an increased risk of developing cancer
and are, at the same time, hypersensitive to treatment of cancer with chemotherapy with
crosslinking agents.
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FA is also considered a stem cell disease. The unrepaired DNA damage causes a depletion
of the hematopoietic stem cells and accumulation of mutations in other stem cells, most
particularly squamous stem cells.
Table 1. FA genes
Gene

Alternative

Locus

name

Patient

Inheritance

Reference

frequency

FANCA

16q24.3

64%

AR

78,79

FANCB

Xp22.2

2%

XL

35

FANCC

9p22.32

12%

AR

80

13q13.1

2%

AR

81

FANCD2

3p25.3

4%

AR

82

FANCE

6p21.31

1%

AR

83

FANCF

11p14.3

2%

AR

84

9p13.3

8%

AR

85

15q26.1

1%

AR

86,87

17q23.2

2%

AR

88,89

FANCL

2p16.1

0.4%

AR

90

FANCM

14q21.2

≤ 0.1%

AR

91

FANCD1

FANCG

BRCA2

XRCC9

FANCI
FANCJ

BRIP1

FANCN

PALB2

16p12.2

0.7%

AR

92,93

FANCO

RAD51C

17q22

≤ 0.1%

AR

94

FANCP

SLX4

16p13.3

0.5%

AR

95,96

FANCQ

ERCC4, XPF

16p13.12

≤ 0.1%

AR

97

FANCR

RAD51

15q15.1

≤ 0.1%

AD*

36,37

FANCS

BRCA1

17q21.31

≤ 0.1%

AR

98

FANCT

UBE2T

1q32

≤ 0.1%

AR

99-101

FANCU

XRCC2

7q36.1

≤ 0.1%

AR

102

Data extracted from the Rockefeller University - Fanconi Anemia Mutation Database at www.rockefeller.edu/
fanconi and adapted from Wang AT, Smogorzewska A. SnapShot: Fanconi anemia and associated proteins. Cell
2015; 160 (1-2).25
AR = autosomal recessive, XLR = X-linked, AD = autosomal dominant, * dominant negative de novo mutation

Endogenous crosslinkers
Chemotherapy, particularly alkylating drugs, are well-known exogenous causes of ICLs.
However, the FA pathway developed in evolution to repair DNA damage that is caused in a
physiological setting. In this context, reactive aldehydes, a by-product of several metabolic
pathways, were recently identified as an important source of endogenous DNA damage.
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Healthy cells catabolize these reactive metabolites with aldehyde dehydrogenases such
as ALDH2 and simultaneously activate the FA pathway to maintain genome stability. Of
interest, patients with FA who are also deficient in ALDH2 develop severe BMF at a very
young age.27 The FA pathway seems to be essential to counteract the toxic, crosslinking
effect of reactive aldehydes.27-29

1

Chromosomal breakage test and mutation analysis
The inability of FA cells to repair ICLs is used to diagnose FA by means of a chromosomal
breakage test. In this test peripheral blood lymphocytes are treated with crosslinking agents
such as Mitomycine-C (MMC) or Diepoxybutane (DEB).6,30 Normal, FA proficient cells can
correct most of the chromosomal damage caused by MMC or DEB, however, cells of an FA
patient show multiple chromosomal breaks and rearrangements. Other assays that assists
the diagnosis of FA are growth inhibition tests and cell cycle studies using flow cytometric
methods. FA deficient cells arrest in the G2/M phase of the cell cycle after treatment with
crosslinking agents (see Figure 1).31
When FA is diagnosed with a chromosomal breakage test, mutation analysis should be
performed to identify the underlying genetic mutations by Sanger sequencing or next
generation sequencing methods.32 Identified mutations can be used to predict some aspects
of the course of disease and tailor treatment (see also genotype-phenotype correlation).
Furthermore, it enables testing of family members, prenatal testing and pre-implantation
genetic diagnosis.

Mosaicism
Diagnosing FA with a chromosomal breakage test can be complicated by the presence of
somatic mosaicism. A substantial part of FA patients develops somatic mosaicism during
life.7 In mosaic FA patients one mutated allele in a hematopoietic stem cell (HSC) has
spontaneously corrected and lost the FA hypersensitive phenotype. The restoration to (close
to) normal function of a gene is called reversion. The coexistence of reverted, phenotypically
wild type cells and mutated FA cells is referred to as reverse mosaicism. Molecular reversion
mechanisms include intragenic mitotic recombination (crossing over and gene conversion),
back mutation and compensatory second site mutation.33 MMC chromosomal breakage
tests in mosaic FA patients will show a mixture of MMC-sensitive and MMC-resistant
peripheral blood lymphocytes and could therefore give a false negative result. For these
cases skin fibroblasts can be used to demonstrate sensitivity to crosslinking agents, since
fibroblasts remain MMC-sensitive.30 Molecular analysis will reveal the presence of biallelic
mutations in non-reverted, MMC-sensitive fibroblasts, while reverted, MMC-resistant
peripheral blood cells show only one defective allele.33
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Figure 1. Hypersensitivity of Fanconi anemia cells
This figure is reprinted with the courtesy of C. Stoepker.103 FA patient derived cells are hypersensitive
for DNA interstrand cross-linking (ICL) agents, such as mitomycin C (MMC) and diepoxybutane
(DEB). After treatment with MMC or DEB, FA-deficient cells show (A) growth inhibition, (B) G2/M
cell cycle arrest and (C) chromosomal aberrations, such as breaks and gaps.

Reverted HSCs have a proliferative advantage resulting in outgrowth of non-reverted cells.
This could lead to improved or even normal blood counts and, consequently, some patients
with mosaicism never develop BMF.33,34 However, the development of clonal cytogenetic
abnormalities in the remaining fraction of non-reverted HSCs of mosaic FA patients cannot
be excluded.33

Fanconi anemia: inheritance and genotype-phenotype correlations
Inheritance and carrier frequency
Worldwide, mutations in FANCA, FANCC and FANCG are most common. Approximately
85% of all patients in the International FA Registry (IFAR) have mutations in one of these
three genetic subtypes.6 FA is primarily inherited as a recessive disorder. If both parents
carry a mutation in the same FA gene, each of their children has a 25% chance of inheriting

14

Smetsers.indd 14

4-12-2017 11:02:56

General introduction and thesis outline

the defective gene from both parents and subsequently will develop FA. FA occurs equally
in males and females, except for subtype FA-B which exclusively affects males since it is
inherited in an X-linked manner.35 Recently a new FA gene was found which was inherited
in a dominant way. The mutation caused a dominant-negative effect and led to functional
inactivation of the gene product of the wild type allele.36,37
FA is found in all ethnic groups. The estimated FA carrier frequency in the United States
is 1:181.38 Carrier frequencies of 1:100 and higher are found in certain ethnic groups, such
as Ashkenazi Jews, the Afrikaner population in South Africa and Spanish Gypsies.38-40 The
high frequency of defined mutations in these populations is caused by a founder effect and
frequent marital relationships within the population.38 A founder effect is the loss of genetic
variation that occurs when a new population is established by a very small number of individuals from a larger population.

1

Genotype-phenotype correlations
FA is a heterogeneous disorder. Presence and severity of congenital abnormalities, the
age of onset of BMF and the type and risk of malignancies differ between and within
FA subgroups.14,41 Generally, the genotype-phenotype correlations are not very strong.
However, mutations in some FA genes can cause a distinct clinical phenotype and are,
in these cases, important in the clinical management and counseling of FA patients.42,43
A strong genotype-phenotype correlation is seen in patients with mutations in FANCD1/
BRCA2. These patients have a high frequency of severe birth defects and an extraordinary
risk of developing early onset malignancies, mainly AML, Wilms’ tumor and midline brain
tumors, with a cumulative probability of 97% by the age of 6 years.44
Different mutations in single genes can lead to distinct phenotypes. For example, intron 4
and exon 14 mutations in the FANCC gene are associated with a more severe phenotype and
poorer survival compared to exon 1 mutations in the same gene.14 This could be explained
by the fact that some mutations lead to some degree of protein function causing a milder
phenotype than null-mutations, with no active protein at all.45,46
Of interest, the phenotype may also vary between affected siblings sharing the same
mutations.42,43 Additional modifying factors, such as environmental factors, modifier genes
and chance, seem to influence the FA phenotype as well.41 Remarkably, also the genetic
background of a specific patient can affect the phenotype: the IVS4+4A>T mutation in
Ashkenazi Jews is associated with a very severe phenotype, whereas the same mutation in
Japanese patients is not.47
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The Dutch mutation
The most prevalent mutation in Dutch FA patients is the c.67delG mutation in exon 1 of the
FANCC gene, previously known as 322delG.48 The high frequency of this mutation is caused
by a founder effect. Genealogical studies revealed that this founder mutation probably
originated in the Netherlands.49
The c.67delG mutation is also found in Canadian Mennonites who share the same haplotype
adjacent to this mutation, indicative of a common founder.49
The Dutch mutation is associated with a milder phenotype due to expression of a FANCC
isoform with partial function.46 Patients with homozygous c.67delG mutations are
considered to be less affected in terms of congenital abnormalities when compared to the
majority of other FA patients.43,45 However, data on BMF, cancer risk and survival in this
specific patient group are scarce.

Fanconi anemia: stem cell transplantation
Hematologic abnormalities in Fanconi anemia
Blood counts in FA patients are, in general, normal at birth and start to decrease in the first
decade of life. Eventually all blood cell populations become deficient indicating a hematopoietic
stem cell (HSC) dysfunction. Studies in humans and mice have shown that the HSC pool in
FA already appears to be impaired in utero. It then further decreases during childhood, finally
resulting in BMF early in life.11,50,51 The cause of this impaired HSC pool and subsequent BMF
in FA is not exactly known, but it is thought to be the result of unresolved DNA damage
caused by endogenous aldehyde-induced toxicity and the subsequent DNA damage-induced
p53 activation resulting in the attrition of HSCs.29,51 Another mechanism that may contribute
to BMF is the hypersensitivity of FA cells to certain inflammatory cytokines.52 The genetic
instability caused by unresolved DNA damage leads to loss of HSCs resulting in BMF, but
could also explain the genesis of neoplastic clones resulting in MDS and AML.11

Stem cell transplantation
The only curative treatment for the hematologic abnormalities in FA is allogeneic SCT. The
aim of SCT is to replace the affected HSCs from a patient by stem cells from a healthy donor.
These donor HSCs are derived from bone marrow, peripheral blood or umbilical cord
blood. To prevent rejection of the donor stem cells, it is necessary to find a human leukocyte
antigen (HLA) compatible related or unrelated donor. Chemotherapy and/or irradiation,
given directly prior to a transplant, is called the conditioning regimen and is necessary to
eradicate the patient’s stem cells before the infusion of donor stem cells. This treatment
also has an immunosuppressive effect that prevents rejection of the donor stem cells by the
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recipient’s immune system. Major complications of SCT are mucositis, infections, graftversus-host-disease (GVHD) and the development of new malignancies.

1

Outcome of stem cell transplantation for Fanconi anemia
First international results of SCT for FA are reported in the seventies.53-55 Initially, survival
was very poor due to treatment-related toxicity.56 FA patients appeared to be hypersensitive
to cyclophosphamide and irradiation as used in conventional conditioning regimens.
The two major steps that resulted in increased survival were the introduction of reduced
intensity conditioning regimens in the eighties-nineties and the introduction of fludarabine
in 1997.57,58
A recent multicenter, retrospective study of nearly 800 transplanted FA patients shows
a better outcome in FA patients transplanted before the age of 10 years and before the
development of MDS or AML. HLA matched related donor SCT and a fludarabine based
conditioning regimen without irradiation are also associated with improved outcome.59
Ideally, SCT should be performed at a young age, prior to complications of BMF or the
development of MDS or AML. However, not all FA patients will progress to severe BMF
or AML and it is therefore difficult to decide when to proceed to early, preemptive SCT,
knowing that SCT is still a dangerous procedure with many possible complications.
Next steps in SCT for FA are further optimization of conditioning regimens and thereby
reduction of possible long-term side effects. There is an ongoing debate on how to optimize
these regimens without increasing the risk of graft failure. Elimination of irradiation would
be especially attractive for FA patients given their clinical hypersensitivity for irradiation.
This is somewhat unexpected as the cellular sensitivity is restricted to ICL agents. In the
Netherlands a non-irradiation and busulfan-free conditioning regimen is currently used.
It is important to realize that SCT does not correct the non-hematological manifestations
of FA. After transplant patients are still at risk to develop endocrine disorders and solid
tumors. Moreover, SCT-related complications such as chronic GVHD can even further
increase the risk of developing HSNCC.59,60

Fanconi anemia: head and neck squamous cell carcinoma
Sporadic head and neck squamous cell carcinoma
HNSCC is one of the more prevalent types of cancer in the world. Exposure to carcinogens,
such as smoking and the use of alcohol, is the most important risk factor. Furthermore,
human papillomavirus (HPV) infection causes a subgroup of HNSCC. Besides exogenous
risk factors, also specific genetic disorders, such as FA, are associated with a high risk of
developing HNSCC.61
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HNSCCs are known to have a high morbidity and mortality. Tumor site, histology and
stage at initial presentation, defined by tumor size, lymph node metastases and distant
metastases, determine the prognosis of patients with HNSCC.62 Early stage HNSCC is
treated with surgery or irradiation and has a favorable prognosis compared to advanced
HNSCC which is treated with surgery combined with postoperative radiotherapy or
cisplatin-based chemoradiation.61 Cisplatin-based chemoradiation is also applied as
first line treatment, particularly for more advanced oropharyngeal cancer. Despite this
aggressive, multimodality treatment, survival outcomes are still suboptimal. Targeted
molecular therapy with cetuximab, an epidermal growth factor receptor-specific antibody,
is a promising approach to improve treatment for HNSCC.63

Head and neck squamous cell carcinoma in Fanconi anemia patients
Patients with FA are at extraordinary high risk of HNSCC.7,15,23 They have a 500- to 1.000fold higher incidence of HNSCC than the general population with a cumulative incidence
of 14% by the age of 40 years.14,15,64 In addition, FA patients develop HNSCC at a much
younger age. Median age at HNSCC diagnosis in FA patients is 30 years compared to 63
years in the general population.65
HNSCC in FA are most often located in the oral cavity.64-66 As already mentioned, SCT is an
important additional risk factor for HNSCC in FA. Transplanted patients develop HNSCC
more frequently (relative risk of 4.4) and earlier than non-transplanted FA patients.60
Since HPV is associated with a subgroup of sporadic HNSCC, it was a logical step to explore
the potential role of HPV in FA HNSCC. Results of these investigations are controversial,
but most studies did not find an increased attributable fraction of HPV in FA HNSCC.67-69
However, HPV was often involved in anogenital carcinomas in FA patients. Therefore,
preventive HPV vaccination is advised for FA patients to avoid any potential, additional
risk of HPV in these high risk patients.8,69
Treatment options of FA patients with HNSCC are limited because of the sensitivity of FA
patients to irradiation and chemotherapy.65,66,70 Early identification of HNSCC and prompt
surgical intervention is of great importance and may lead to improved survival. Frequent
3-monthly screening is therefore recommended from the age of 10 years onwards.8

Noninvasive genetic screening for head and neck squamous cell carcinoma
Field cancerization, the presence of large epithelial fields with premalignant genetic
changes, plays an important role in the development of sporadic HNSCCs.71 Generally,
these fields are not visible, but they can present as leukoplakia or erythroplakia. Most fields
can be recognized under the microscope as dysplasias, graded as mild, moderate or severe.
Genetic alterations in tumors and dysplasias were studied using microsatellite PCR.71 Based
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on loss of heterozygosity (LOH) a genetic progression model was proposed (see Figure 2).
With losses at chromosome 9p, 3p and 17p as early events, LOH of these chromosome arms
is an important and reliable prognostic biomarker to predict malignant transformation of
preneoplastic changes to oral cancer.71-74 In subsequent years the cancer genes playing a role
in HNSCC were identified which encompass TP53 at 17p, CDKN2A (p16) at 9p, CCND1
(cyclinD1) at 11q13, EGFR at 7p, PIK3CA at 3q26 and many others that are less frequently
changed.61,62

1

Figure 2. Molecular carcinogenesis of head and neck squamous cell carcinoma.
This figure is reprinted with the courtesy of R.H. Brakenhoff and shows a proposed model of the
development of head and neck squamous cell carcinoma (HNSCC) including the involved genes and
molecular pathways.61 One or more genetic aberrations occur in a precursor or adult stem cell, including a TP53 mutation. Successively, a patch is formed of daughter cells containing these genetic
aberrations. Due to growth advantage and/or escaping growth control, the clonal patch develops into
a large field and replaces the surrounding, normal mucosal epithelium. Finally, a subclone transforms
into an invasive tumor and then progresses to metastasis.
Three genetic HNSCC subtypes are presented: human papilloma virus (HPV) positive tumors, HPV
negative tumors with high chromosome instability (high CIN) and HPV negative tumors with low
CIN. No detailed molecular data are available for HPV negative low CIN tumors.
Yellow boxes: genetic and chromosome alterations; orange boxes: tumor-suppressive pathways; blue
box: oncogenic pathways.
↑ = overexpression or gain; ↑↑ = high-level amplification; ↓ = loss; ↓↓ = homozygous loss.
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In recent years, a noninvasive approach to detect LOH in exfoliated oral epithelial cells has
been developed. This approach is based on LOH analysis using 12 microsatellite markers.
These markers, located on chromosomes 3p, 9p, 11q and 17p, involve areas close to genes
that are associated with HNSCC development.75-77 Noninvasive LOH screening is an
attractive method for detecting and monitoring oncogenetic changes in the oral epithelium
of patients with a high HNSCC susceptibility, such as FA patients. LOH patterns in sporadic
HNSCC are comparable to those identified in FA HNSCC and may be used for noninvasive
genetic screening in these high risk patients.68

Fanconi anemia: care and social impact
Care for Fanconi anemia in the Netherlands
Given the fact that FA is a rare and complex disease that affects many organ systems
and carries a high psychological burden, ideally care for FA should be centralized in
multidisciplinary expert teams. The majority of Dutch FA patients are currently treated
at university medical centers. In 2007, the Dutch Childhood Oncology Group (DCOGSKION) implemented a guideline for diagnosis, treatment and follow-up of FA patients.
Together with this Dutch FA guideline also an FA patient registry was started to gather data
on the genotype, phenotype and course of the disease of Dutch FA patients. This patient
registry will enable better prediction of outcome and aid clinicians with decision making
regarding therapy. Furthermore, it will enable Dutch participation in international research
projects.

Dutch Fanconi anemia patient organization
The FA working group, part of the Dutch childhood cancer parent organization (VOKK), is
an active organization that supports and represents the interests of Dutch FA patients. The
working group provides information about FA to patients, their families and healthcare
providers, and is a patient advocate for optimization of FA care in the Netherlands.

International Fanconi anemia patient organizations
Several countries have an active FA patient organization. In 1989, Lynn and Dave
Frohnmayer, parents of 5 children of whom 3 were diagnosed with FA, started the Fanconi
Anemia Research Fund (FARF). By raising more than 32 million dollar the FARF has given
an impressive boost to scientific research on this rare genetic disorder.4 The mission of the
FARF is to find effective treatments and a cure for FA and to provide education and support
to affected families worldwide.4 In addition, the FARF organizes an annual international
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scientific symposium and has developed an FA handbook providing guidelines for diagnosis
and management of FA.8

1

New horizons, new challenges
Life expectancy of FA patients has increased significantly due to improved medical care and
improved outcome after SCT. Median survival has increased from 21 years prior to 2000
to currently 33 years.4,5,7 To date, more than 80% of the FA patients reach adulthood.7 As
a consequence, more patients will be confronted with other FA related problems, such as
the development of solid tumors and endocrine disorders. Patients are increasingly being
referred to physicians involved in adult healthcare since FA is no longer only a disease of
childhood. However, these physicians have, understandably, little experience with this rare,
complex disorder. Optimization of screening and treatment of solid tumors and endocrine
disorders, and efficient organization of the transition process from pediatric to adult
healthcare are the most important challenges for the years to come.

Aim and outline of this thesis
Aim
The studies presented in this thesis aim to increase knowledge on FA in the Dutch setting
and thereby improve care for FA patients and their families. Genotype-phenotype studies
are needed to gain insight into the natural history of this heterogeneous disorder and
thereby improve clinical management and counseling of FA patients. The next question
in SCT for FA is how to further optimize conditioning regimens and thereby reduce late
effects. The increased lifespan raises new questions that need to be addressed. How to
improve early detection and treatment of HNSCC and how to optimally organize care for
FA, including transition from pediatric to adult healthcare, are the main questions that have
to be answered in the coming years.

Outline
In Chapter 2 we report the clinical findings and molecular analysis of a pedigree with
FANCD2 mutations. In Chapter 3 we describe the epidemiology and genotype of the
Dutch FA cohort. Furthermore, we explore the phenotype and course of disease in patients
homozygous for the Dutch FA mutation, which is considered to be a mild mutation. In
Chapter 4 we demonstrate the characteristics and results of all consecutive SCTs that were
performed in FA patients in the Netherlands over the past 4 decades. In addition, we report
the results of the current Dutch non-irradiation and busulfan-free conditioning regimen
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for FA patients transplanted with stem cells from matched related as well as alternative
donors. In Chapter 5 we evaluate the potential of a novel, noninvasive assay to identify
precancerous lesions in the oral epithelium of FA patients. We determine the prevalence
of LOH in brushed cells of the oral epithelium of FA patients and analyze the association
of LOH with clinical characteristics and HNSCC. In Chapter 6 we focus on healthcare for
FA in the Netherlands. We show the results of a survey conducted in collaboration with the
Dutch FA patient organization to evaluate current healthcare for FA in the Netherlands.
Furthermore, we use the example of the rare disease FA to describe the challenges and
opportunities in organizing healthcare for rare diseases. The results described in this thesis
are discussed in Chapter 7. Finally, Chapter 8 provides the summary of this thesis.
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Abstract
Fanconi anemia (FA) is an inherited disease with congenital and developmental abnormalities
characterised by cellular cross linker hypersensitivity. FA is caused by mutations in any of so
far 15 identified FANC genes, which encode proteins that interact in a common DNA damage
response (DDR) pathway. Individuals with FA have a high risk of developing acute myeloid
leukaemia (AML) and squamous cell carcinoma. An increased cancer risk has been firmly
established for carriers of mutations in FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2,
RAD51C/FANCO and link the FA pathway to inherited breast and ovarian cancer. We
describe a pedigree with FANCD2 mutations c.458T>C (p.Leu153Ser) and c.2715+1G>A
(p.Glu906LeufsX4) with mild phenotype FA in the index case, T Cell ALL in the Leu153Ser
heterozygous brother and testicular seminoma in the p.Glu906LeufsX4 heterozygous
father. Both FANCD2 alleles were present in the T Cell ALL and the seminoma. This links
specific FANCD2 mutations to T cell ALL and seminoma without evidence of allelic loss in
the tumour tissue.

32

Smetsers.indd 32

4-12-2017 11:02:56

Heterozygote FANCD2 mutations associated with childhood T-Cell ALL and testicular seminoma

Introduction
Fanconi anemia (FA) is an inherited disease with congenital and developmental abnormalities
and cancer predisposition. On a cellular level FA is characterised by chromosomal fragility
and hypersensitivity to mitomycin C (MMC). FA results from mutations in any of so far
15 identified FANC genes, which encode proteins of a DNA damage response pathway
that requires the interaction of FA, BRCA and FA-associated proteins. Upstream in this
pathway the FA-core proteins encoded by FANCA, -B,-C,-E,-F,-G, -L and -M interact
with FA-associated proteins to facilitate the ubiquitination of the FANCD2 and FANCI
proteins (DI-complex). Downstream in this pathway operate FANCD1/BRCA2, FANCJ,
FANCO/RAD51C and FANCP/SLX4 [1-4]. Individuals affected by FA have an extreme
risk of developing leukaemia and solid malignancies, mainly squamous cell carcinomas
(SSC) in the head and neck region, but also CNS tumours and epithelial cancers of the
oesophagus and breast have been reported [5]. Importantly, leukaemia associated with FA is
characteristically of myeloid lineage (AML) [5-7], while less than ten cases of non-myeloid
leukaemia have been reported in FA. Heterozygous mutation carrier status has been firmly
established to be associated with an increased risk of breast and/or ovarian cancer for the
FANCD1/BRCA2, FANCN/PALB2, FANCJ/BRIP1 and FANCO/RAD51C genes [8-11], and
link the FA pathway with inherited breast and ovarian cancer syndromes [12]. Here we
report the clinical findings and molecular analysis of a pedigree with FANCD2 mutations
causing FA in the index case, associated with T Cell acute lymphoblastic leukaemia (ALL)
and testicular seminoma in the heterozygote sibling and father and discuss clinical and
genetic implications.

2

Materials and methods
Clinical Summary
A 9 year old-girl was investigated for developmental delay and hearing problems, growth
failure and microcephaly. MMC testing of her peripheral lymphoblasts was diagnostic of
FA. She had a 3 years younger brother who presented age 3 years and 6 months with CD7
and CD2 positive T Cell ALL 3 years before the diagnosis of FA was made in his sister.
Cytogenetic analysis of his T Cell ALL showed a t(11;14) translocation involving the LMO2
gene, and a LEF1 deletion on array CGH analysis. He tolerated treatment without unusual
side effects or toxicity. Thirty months after completion of treatment he relapsed and a
second remission was achieved. A matched unrelated haematopoietic stem cell transplant
(HSCT) was carried out. He died of multi-organ failure associated with chronic grade IV
GVHD and recurrent septicaemia 13 months after HSCT. The two children where from a
non-consanguineous white British couple. The father had type 1 diabetes from the age of

33

Smetsers.indd 33

4-12-2017 11:02:56

Chapter
5 2
C hapter

26, and a testicular seminoma stage IIa at the age of 36, which was successfully treated with
35 Gy fractionated radiotherapy. At this time the father was also noted to have a hypoplastic
left kidney. The mother was diagnosed with a connective tissue disease in the SLE (systemic
lupus erythematosus) spectrum age 24 with sero-positivity for anti-double strand DNA
antibodies initially presenting with fever, lymphadenopathy and interphalangeal joint
problems.

Patient material, cell lines and tissue culture
MMC breakage analysis and growth inhibition was carried out using standard methodologies
on peripheral lymphoblasts and EBV transformed lymphoblastoid cell lines (LCLs). Bone
marrow samples from the boy at initial diagnosis of ALL and in formalin fixed paraffin
embedded (FFPE) sections of the testicular tumour from the father were retrieved from
archived material. Samples were analysed with ethical approval and informed consent
according to the declaration of Helsinki.

FANCD2 Western blot and immunohistochemistry
FANCD2 Western blot with lysates of the FANCF mutated LCL CV1785 and normal LCL
NLB as controls, and immunohistochemistry with target retrieval solution pH 6 (Dako
S2369, Dako, Ely, UK) and microwaving for 15 minutes at 98ºC, was carried using an antiFANCD2 antibody (Abcam # ab2187, Cambridge, UK) with standard methodologies.

FANCD2 mutation analysis
FANCD2 mutation analysis was carried out as described previously on genomic DNA
from peripheral lymphoblasts, LCLs, and thick tissue sections of the testicular tumour and
normal tissue using standard procedures, and cDNA generated using standard procedures
from RNA extracted from cell lysates and bone marrow aspirates [13].

Results
Mild phenotype FA with FANCD2 mutations c.2715+1G>A / p.Glu906LeufsX4 and
c.458T>C / p.Leu153Ser
A nearly absent FANCD2 signal on Western blot analysis of the lymphoblastoid cell line
CV1665 from the girl with FA suggested that this patient belongs to the FA-D2 group
(Fig. 1a). Mutation analysis of FANCD2 using DNA from peripheral lymphoblasts and
parental DNA revealed the missense mutation c.458T>C resulting in p.Leu153Ser (Fig.
1b, panel 2-5) in the maternal allele. This mutation has been reported only once before
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A

B

2

Figure 1
A: Absence of detectable FANCD2 by Western analysis blot of cell lysates from lymphoblastoid cell
line CV1665 derived from the FA patient, but not the heterozygous sibling with T Cell ALL (CV1810).
FANCF disrupted cell line CV1785 and normal NLB cells as controls. B: Sequence analysis of FANCD2 gDNA showing WT in control and father (panel 1 and 4), and c.458T>C in the cDNA from
the lymphoblasts of the FA-affected daughter and mother, fibroblasts of the boy and gDNA from
T Cell ALL diagnostic and remission sample, and cDNA from diagnostic sample (2,3,5-9). The
c.458T>C transcript is the main transcript expressed in the lymphoblastoid cell line also carrying the
c.2715+1G>A from the girl with FA (2), but heterozygozity for WT / c.458T>C cells from mother (3).
Heterozygozity for c.2715+1G>A on gDNA analysis of the father’s lymphoblast (10), but also presence
of both alleles in seminoma and normal testis (11 and 12).
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in a homozygous Italian boy with FA, intriguingly presenting with T Cell ALL and
excessive toxicity to chemotherapy [14]. In the paternal allele we identified the mutation
c.2715+1G>A resulting in aberrant splicing (p.Glu906LeufsX4) (Fig. 1b, panel 9), which
has been described previously in two patients of German or East European origin [15].
Sequence analysis of the FANCD2 transcript of the LCL CV1665 derived from the girl with
FA detected mainly the c.458T>C mutated allele (Fig. 1c, panel 2), implying the possibility
that the aberrantly spliced transcript from the c.2715+1G>A resulting in p.Glu906LeufsX4
might not be stable.

FANCD2 c.458T>C / p.Leu153Ser heterozygosity in T-Cell ALL
Given the diagnosis of T Cell ALL in the brother, we determined his mutational status.
He carried the c.458T>C / p.Leu153Ser mutation, with a normal paternal allele (Fig. 1a,
panel 5). In order to explore the possibility of allelic loss in the T Cell leukaemia, we next
sequenced FANCD2 in gDNA and cDNA from the diagnostic leukaemia sample with
more than 99% blasts. We detected heterozygosity for C/T at c.2715 in the diagnostic and
remission sample from the boy’s leukaemia (Fig. 1b, panels 6 and 7), implying that both
alleles of FANCD2 at 3p were present in the leukaemic blasts.
A

B

Figure 2
Immunohistochemistry of normal testicular tissue (A) on the same tissue section as seminoma (B)
using a rabbit anti-FANCD2 antibody. Nuclear staining of FANCD2 in the more luminal normal
spermatogenic cells (arrow) in the presence of unstained spermatozoae (arrow*), while nuclei of the
seminoma cells in the same tissue section were FANCD2 negative (arrows).
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Absence of nuclear FANCD2 in testicular seminoma
To explore the link of the FANCD2 mutation with the father’s seminoma, we carried out
FANCD2 immunohistochemistry in the FFPE tumour tissue. We detected FANCD2
protein by nuclear staining in normal spermatogenic cells in the presence of unstained
spermatozoae (Fig. 2b, left). However, in the same tissue section nuclei of the seminoma
cells were FANCD2 negative (Fig. 2b, right). As loss of heterozygosity of the 3p region has
been described in seminoma and could include the FANCD2 locus [16], we sequenced
FANCD2 in DNA extracted from FFPE of tumour tissue and normal testis. Sequencing of
partly degraded DNA in FFPE tissue clearly showed presence of both FANCD2 alleles in
both preparations, making loss of the wild type allele in the seminoma unlikely (Fig. 1b,
panel 10 and 11).

2

Discussion
FA presented in this 9 year-old girl with short stature and microcephaly. The FA phenotype
in this girl was mild, in particular as most FA patients with mutations in FANCD2 have early
onset hematological complications [15]. The mutation p.Leu153Ser on the maternal allele
has previously been reported without congenital and developmental abnormalities, but
with T Cell ALL and severe chemo-sensitivity [14]. This allele appears to be the dominant
transcript in cultured lymphoblasts. Her brother with T Cell ALL carried the FANCD2
mutation p.Leu153Ser. This is to our knowledge the first case in which a heterozygous
sibling of an FA patient develops a malignancy before the index case with FA. Importantly,
the only other T Cell ALL associated with a FANCD2 mutation has been described in a
male FA patient homozygous for the same p.Leu153Ser FANCD2 mutation [14]. Only five
other cases of T Cell ALL have been described with FA, three of them in FA-D1 patients
with bi-allelic FANCD1/BRCA2 mutations [17] and two siblings in one family associated
with heterozygozity of a FANCC mutation [18]. As the c.458T>C mutation is found again
associated with a T Cell ALL, this implies an important role of FANCD2, and in particular
this mutation, for malignant transformation of T Cell progenitors. Intriguingly, the sister,
who has no normal FANCD2 allele and mainly expresses the c.458T>C allele in LCL culture,
and the mother, heterozygous for the same allele, did not develop leukaemia. Given that the
other patient with the c.458T>C / p.Leu153Ser mutation and T Cell ALL was also male,
this implies the possibility of sex determined modulators of the oncogenic potential of this
FANCD2 mutation. The mother of the individual homozygous for the c.458T>C allele had
parotid cancer [14], implying that carrier status of this FANCD2 mutation might confer
a greater cancer risk than carrier status of mutations in other FA genes of core complex
components. However, there is no evidence of increased cancer incidence in first degree
relatives of other FANCD2 patients in general [15]. Inherited defects in the FA pathway
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have not been associated with germ cell tumours or specifically seminoma. In this family we
have detected a germ line pathogenic FANCD2 mutation and absence of nuclear FANCD2
staining in the tumour tissue, but presence of nuclear FANCD2 staining in normal tissue,
in line with previously published data [19]. Presence of both alleles in the tumour DNA
does not support the concept of allelic loss in the T Cell ALL or the seminoma either. Had
it not been for the diagnosis of FA in the sister, a link between FANCD2 mutations and the
T Cell ALL or the seminoma would not have been possible to make. SLE has not previously
been described associated with FA or in heterozygote FA-gene mutation carriers. However,
sequence variants in other DNA damage response genes such as nibrin (NBN, mutated in
Nijmegen breakage syndrome), and altered DNA damage response have been implicated
in the pathogenesis of SLE [20, 21]. In summary, clinical and molecular data of this family
implies novel associations between inherited disruption of the FA pathway, specifically
mutations in FANCD2, with malignant and autoimmune disease.
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Abstract
Fanconi anemia (FA) is an inherited DNA repair disorder, caused by mutations in one of 20
FA genes. The c.67delG FANCC mutation is common in Dutch FA patients and associated
with a mild phenotype, but data on course of disease are scarce.
In this study, we analyzed the epidemiology and genotype of the Dutch FA cohort and
described the phenotype and course of disease of patients with homozygous c.67delG
mutations.
Of the 137 FA patients in the Dutch database 84 are alive. Mutation screening (n=118)
revealed 46 (39%) patients with FANCC mutations. C.67delG mutations were found in all
FA-C patients; homozygous in 32 and compound heterozygous in 14 patients.
Homozygous c.67delG patients showed none or relatively mild congenital abnormalities.
However, 61% developed progressive bone marrow failure, 48% received a stem cell
transplantation (median age 12.3 years) and 26% of the adult patients developed solid
tumors (median age 36.0 years). Median age at death (n=10) was 26.1 years. Cumulative
survival was 54% (SE 13.1%) at age 35.
Homozygous c.67delG patients, initially presenting with a mild phenotype, have a high
risk to develop life-threatening bone marrow failure and solid tumors, indicating that
surveillance protocols should not be relaxed for this genetic subgroup.

44

Smetsers.indd 44

4-12-2017 11:02:58

Exploring the phenotype and course of disease of the Dutch Fanconi anemia mutation

Introduction
Fanconi anemia (FA) is a hereditary DNA repair disorder characterized by congenital
abnormalities, bone marrow failure (BMF) and a high risk of malignancies, particularly
leukemia and squamous cell carcinoma (SCC).1,2 The proteins encoded by the 20 currently
known FA genes act together in the FA pathway that organizes DNA repair.3,4
Worldwide, FANCA (64%), FANCC (12%) and FANCG (8%) are the predominant genes
causing FA.5 Severity of congenital abnormalities, age at onset of BMF, risk of malignancies
and survival vary between FA subgroups and certain mutations can cause a distinct clinical
phenotype.6-9 Genotype-phenotype correlations are important in clinical management and
patient counseling.
The estimated FA carrier frequency in the United States is 1:181.10 Due to a founder
effect, higher carrier frequencies are found in certain ethnic groups (e.g. Ashkenazi Jews,
Afrikaner population in South Africa and Spanish Gypsies).10-12 A well-known FANCC
founder mutation in Ashkenazi Jews is c.456+4A>T, also known as IVS4+4A>T. This splice
site mutation is associated with severe congenital abnormalities and early onset of BMF.1315
Another FANCC founder mutation is c.67delG, previously known as 322delG.15 This
Northern European exon 1 frameshift mutation is prevalent in Dutch patients, probably
originated in the Netherlands and is also present in North American Mennonites.9,16,17
Due to expression of a FANCC isoform with partial function, the c.67delG mutation is
associated with a mild phenotype, but data on course of disease are scarce.9,13,15,18,19
In this study, we analyze the epidemiology and genotype of the Dutch FA cohort. We
describe the clinical characteristics of FA-C paftients, focusing on phenotype and course
of disease in homozygous c.67delG patients to determine whether treatment guidelines for
this patient group could be adjusted.

3

Study design
Patient registry
In 2007, Dutch FA treatment guidelines, including a patient registry, were implemented by
the Dutch Childhood Oncology Group (DCOG). After informed consent, newly diagnosed
and known FA patients were included in the registry. Clinical data at diagnosis and yearly
follow-up were collected and stored encoded in the DCOG database. Informed consent was
waived for deceased patients or patients lost to follow-up.

Epidemiology
FA prevalence was defined as the total Dutch population divided by the number of FA
patients currently alive, both measured on July 15, 2016. Birth prevalence was defined as
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the annual birthrates of the last 25 years (1990-2014) divided by the number of FA patients
born between January 1990 and January 2015. Total population and annual birthrates were
extracted from the Dutch Central Bureau for Statistics (www.cbs.nl).

Patient characteristics and outcome
Patient characteristics, including age, gender, genotype and congenital abnormalities were
collected. Age at diagnosis was analyzed as a measure of disease severity, as severely affected
patients are generally diagnosed earlier than mildly affected patients.15 In families with ≥
2 affected children, age at diagnosis was analyzed in probands, since subsequent family
screening influences age at diagnosis of affected siblings.
To study the course of disease, we analyzed the development of cytopenia, progressive
BMF, age at stem cell transplantation (SCT), hematological malignancies and solid tumors.
Cytopenia was defined as anemia, leukopenia and/or thrombocytopenia. Progressive BMF
was defined as persistent transfusion need and/or severe neutropenia (neutrophil count <
0.5x109/l). Finally, we analyzed overall survival, defined as time between birth and date of
death from any cause or last follow-up.

Statistical analysis
Continuous variables are displayed as mean, range and median. Discrete variables are
displayed as counts and proportions. The Kaplan-Meier method was used to analyze overall
survival.

Results and Discussion
The Dutch FA cohort
To date, 137 Dutch FA patients (76 male) have been identified of whom 84 are currently
alive. A few patients have been reported previously.20-22 With a population of 17 million
people, the prevalence of FA in the Netherlands is approximately 1:208.000. On average,
3.4 children with FA are born annually (range 0-7, estimated birth prevalence 1:57.000).
Mean age of the patients currently alive is 16.8 years (range 0.5-47.7) of whom 35 (42%) are
≥ 18 years, illustrating the markedly increased lifespan in FA.2 Median age at death (n=48,
unknown current status n=5) was 12.4 years (range 0.0-39.4). Cause of death was SCTrelated (n=19), SCC (n=10), non-SCC cancer (n=2), acute lymphoblastic leukemia (n=2),
BMF (n=4), perinatal cause (n=4) and other/unknown (n=7).
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Genotype of the Dutch FA cohort
FA mutation screening, performed in 118 patients, confirmed that the FA-C subtype
is most prevalent in the Netherlands (39%), followed by FA-A (34%) and FA-G (5%).
C.67delG mutations were found in all 46 FA-C patients; homozygous in 32 and compound
heterozygous in 14 patients.

3

Table 1. Characteristics of Dutch c.67delG patients
Characteristics

homozygous
c.67delG patients

General characteristics (n=32)
gender, male

11 (34%)

age at diagnosis in years
^

mean (range)

				median
patients ≥ 18 years

11.1 (3.9-25.9)
10.4
19 (59%)

Congenital abnormalities*
no abnormalities

8 of 28 (29%)

skin#

14 of 24 (58%)

head$

2 of 24 (8%)

thumb and/or radius

3 of 24 (12.5%)

other skeletal

3 of 22 (14%)

heart

6 of 26 (23%)

kidney

6 of 26 (23%)

gastrointestinal

0 of 24 (0%)

genital

2 of 23 (9%)

Bone marrow failure

^

cytopenia

27 of 31 (87%)

progressive BMF

19 of 31 (61%)

SCT

15 of 31 (48%)

age at SCT in years 		

mean (range)

				median

13.0 (4.3-30.7)
12.3

Solid tumors
solid tumors in patients ≥ 18 years

5 of 19 (26%)

age in years 		

35.3 (25.9-42.1)

mean (range)

				median
type of tumor		

SCC

				non-SCC

36.0
4 (80%)
1 (20%)
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Table 1. Characteristics of Dutch c.67delG patients (continued)
Characteristics

homozygous
c.67 delG patients

Follow-up
follow-up in years 		

mean (range)

				median
			patient years

21.9 (3.5-47.7)
19.5
697.7

Current status
alive
current age in years 		

22 (69%)
mean (range)

				median
deceased
age at death in years 		

16.8
10 (31%)

mean (range)

				median
cause of death		

19.0 (3.5-47.7)

BMF

28.0 (12.5-38.6)
26.1
2 (20%)

				SCT-related

3 (30%)

				SCC

4 (40%)

				unknown

1 (10%)

BMF = bone marrow failure; SCT = stem cell transplantation; SCC = squamous cell carcinoma; ^analyzed in
FA probands;
number of abnormalities provided per number of patients with available information; #this includes café au

*

lait spots, hypopigmentation and/or hypopigmentation; $this includes microcephaly and abnormalities (anatomical and functional) of the ears and eyes; ^number of patients provided per number of patients with available
information

Homozygous c.67delG patients
Characteristics of homozygous c.67delG patients are presented in Table 1. Strikingly,
we found a male:female ratio of 1:1.9, whereas in the general FA population a male
predominance of 1.2:1 is reported.2 Since FA type C is an autosomal recessive disorder,
this male predominance is not well understood and we do not have an explanation for the
higher female prevalence in homozygous c.67delG patients.
Median age at diagnosis reported in the general FA population is 6.5 years.2 Homozygous
c.67delG probands were diagnosed at a median age of 10.4 years, indicating a milder FA
phenotype. The older age at diagnosis could be explained by the absence of congenital
abnormalities in nearly a third of the patients and the relatively mild abnormalities reported
in the remainder. In addition, patients with homozygous mutations were transplanted at an
older age (median 12.3 years) when compared to the large EBMT cohort recently described,

48

Smetsers.indd 48

4-12-2017 11:02:58

Exploring the phenotype and course of disease of the Dutch Fanconi anemia mutation

indicating a later onset or less rapid progression of BMF.23 Nevertheless, more than 60% of
the homozygous patients finally developed progressive BMF.
Hematological malignancies were found in two patients. One patient developed AML-M4
at age 12 and one patient presented with mediastinal T-cell lymphoma at age nine.
Lymphomas have been described in FA, but are very rare.2
More than 20% of adult homozygous patients developed SCC, underlining the extraordinary
high SCC susceptibility in FA.6,24 All patients died within one year after SCC diagnosis,
illustrating the aggressive nature and limited treatment options of SCC in FA.25
The overall survival of homozygous c.67delG patients illustrates that this specific FA
subgroup has a grim prognosis with an overall survival of 54% (SE 13.1%) at age 35 (see
Figure 1).

3

Figure 1. Kaplan Meier survival curve of Dutch FA patients with homozygous c.67delG FANCC
mutations.

Compound heterozygous c.67delG patients
Median age at diagnosis in the compound heterozygous patients was 4.4 years (range
1.0-7.6). Mutation screening identified nine distinct second mutations. All 14 patients
(10 male) showed congenital abnormalities of whom two had more severe abnormalities
including esophageal atresia. Eleven (79%) patients developed progressive BMF and 10
(71%) received a SCT at a median age of 6.8 years (range 5.9-10.2). Interestingly, 12 patients
were born after 1990, indicative of increasing migration and genetic diversity of the Dutch
population. No solid tumors were detected yet in this young group.
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Compound heterozygous patients seem to have a more severe phenotype in terms of
congenital abnormalities, age at diagnosis and age at SCT, however, the small number, the
genetic heterogeneity and the young age makes it difficult to draw strong conclusions. Longer
follow-up is needed to study the natural history of patients with compound heterozygous
c.67delG mutations.
In conclusion, FA patients with homozygous c.67delG FANCC mutations initially present
with a mild phenotype. However, they do develop BMF and solid tumors underlining the
critical importance of lifelong and stringent screening also in this patient group.
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Abstract
This article presents the haematopoietic stem cell transplantation (SCT) results of the
complete Dutch Fanconi anemia (FA) patient cohort. Sixty-eight Dutch FA patients have
been transplanted since 1972. In total, 63 (93%) patients engrafted, 54 after first SCT and
9 after second SCT. Fludarabine (FLU)-based conditioning was associated with decreased
graft failure (odds ratio 0.21, p=0.01), decreased early mortality (hazard ratio 0.25, p=0.01)
and improved 5-year overall survival (FLU 87.8% [standard error (SE) 5.1%] versus
non-FLU 59.3% [SE 9.5%], p=0.01). Late mortality was mainly caused by squamous cell
carcinoma.
Twenty-two patients were treated with the current Dutch FA conditioning regimen (FLU
150 mg/m2 and cyclophosphamide 30 mg/kg ± anti-thymocyte globulin - no irradiation).
Stem cell source was matched related (n=8) or alternative donors (n=14). Stable engraftment
after first SCT was achieved in 19 (86%) patients. At a median follow-up of 3.9 years 20
(91%) patients are alive.
Our study provides a unique overview of a nation-wide SCT cohort illustrating the major
improvements in treatment regimen and patient outcome in recent years. It shows that a
non-irradiation and busulfan-free conditioning regimen can be used successfully, also in
alternative donor SCT. Furthermore, it underlines the importance of late cancer screening
and comprehensive care for this complex disorder.
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Introduction
Fanconi anemia (FA) is a rare chromosomal instability disorder characterized by congenital
abnormalities, bone marrow failure (BMF), endocrine disorders and a high-risk of developing
malignancies, mainly acute myeloid leukaemia (AML) and squamous cell carcinoma (SCC)
(Auerbach, 2009). So far the only curative treatment for the hematological manifestations
of FA is allogeneic haematopoietic stem cell transplantation (SCT). For FA patients who
currently require SCT, the prospects have improved significantly. Over the years, advances
in supportive care, donor availability and human leucocyte antigen (HLA) matching have
contributed to the improved results of SCT (Remberger et al, 2011). However, the two
major milestones improving outcome of SCT for FA have been the introduction of reduced
intensity conditioning regimens and fludarabine (FLU) (MacMillan & Wagner, 2010).

4

SCT for FA was reported for the first time in the mid-1970’s (Dooren et al, 1974, Storb et al,
1974, Barrett et al, 1977). Initially, outcome was poor, mainly due to toxicity of the applied
conditioning regimens (Deeg et al, 1983, Gluckman et al, 1984). Hypersensitivity to DNA
damaging agents was suspected and proven in vitro and reduced intensity conditioning
regimens were introduced, resulting in less toxicity and increased survival in matched
sibling donor SCT (Berger et al, 1980, Auerbach et al, 1983, Gluckman et al, 1983, Gluckman
et al, 1990, Kohli-Kumar et al, 1994, Socie et al, 1998, Dufour et al, 2001). However, results
of alternative donor transplant remained poor, mainly because of graft failure and graftversus-host-disease (GVHD) (Hows et al, 1989, Gluckman et al, 1995, Zwaan et al, 1998,
Guardiola et al, 2000, MacMillan et al, 2000).
In 1997, FLU, a purine analog that inhibits DNA synthesis, was introduced (Kapelushnik
et al, 1997, Aker et al, 1999). The effectiveness and relative safety of FLU in HLA-matched
sibling SCT was confirmed by several groups (Tan et al, 2006, Stepensky et al, 2011, Ayas
et al, 2012). Even more important, FLU also improved outcome in alternative donor SCT
(Boulad et al, 2000, de Medeiros et al, 2006, Yabe et al, 2006, Wagner et al, 2007).
The current results of alternative donor SCT for FA are very encouraging. Recently, a
5-year overall survival of 94% was reported in 17 patients without prior opportunistic
infections or transfusions who were transplanted after a 3Gy total body irradiation (TBI)
+ cyclophosphamide (CY) + FLU + anti-thymocyte globulin (ATG) conditioning regimen
(MacMillan et al, 2015). Also a chemotherapy only conditioning regimen for alternative
donor SCT, performed in 17 patients and consisting of CY + FLU + busulfan (BU) +
alemtuzumab, resulted in excellent short-term outcome (Chao et al, 2015). Next steps in
SCT for FA are further optimization of conditioning regimens and thereby reduction of
possible long-term side effects. Elimination of irradiation and BU, proven to be a successful
approach in matched sibling donor SCT, would also be attractive for FA patients transplanted
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with stem cells from alternative donors.
The first SCT for FA in the Netherlands was performed in 1972. We present the characteristics
and results of all consecutive SCTs that were performed in FA patients in the Netherlands
over the past 4 decades, illustrating the major advances that have been made over time.
Furthermore, we report the results of the current Dutch non-irradiation and BU-free
conditioning regimen for FA patients with matched sibling as well as alternative donor SCT.

Methods
Patients
We retrospectively analysed the characteristics and outcome of all consecutive FA patients
who received a SCT in the Netherlands since 1972. Data were collected from medical
charts and processed anonymously in a dedicated study database. SCTs were included
until August 2014 and follow-up was performed from time of SCT until June 2015. The
study was approved by the Institutional Review Board of the University Medical Center
Utrecht (Medical Ethical Committee number 12/467) and the need for informed consent
was waived. Nevertheless, according to national policy, all patients that undergo SCT give
informed consent for treatment and future use of medical data for research purposes.

Transplant characteristics
Indication for SCT was defined as BMF, myelodysplastic syndrome (MDS) and/or clonal
abnormalities, or leukaemia. BMF was defined as persistent transfusion need and/or severe
neutropenia (neutrophil count < 0.5x109/L). MDS was defined as the presence of high-risk
cytogenetic abnormalities (e.g. monosomy 7) and/or morphological signs of dysplasia, as
reviewed by the Dutch National Pediatric Bone Marrow Review Board.
All stem cell sources (bone marrow, cord blood, peripheral blood stem cells [PBSCs]) were
included. Stem cell donors were defined as matched related donors (MRD, HLA match
10/10 or 6/6 in case of cord blood), mismatched related donors (mMRD, HLA match ≤
9/10), matched unrelated donors (MUD, HLA match ≥ 9/10 or 6/6 in case of cord blood)
and mismatched unrelated donors (mMUD, HLA match < 9/10 or ≤ 5/6 in case of cord
blood). HLA typing was performed by licensed laboratories according to state-of-the-art
technologies.

Outcomes
Primary outcome was overall patient survival. Overall survival time was defined as the
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time between transplantation and date of death from any cause or date of last follow-up for
survivors. Mortality was classified as early mortality, defined as death within 1 year after
SCT, and late mortality, defined as death more than 1 year after SCT.
Secondary outcomes were graft failure, haematopoietic recovery, acute GVHD (aGVHD)
and chronic GVHD (cGVHD). Graft failure was defined as either no engraftment (primary
graft failure) or loss of the graft after initial engraftment (secondary graft failure).
Chimerism, analysed routinely since 2000, was analysed in licensed laboratories using
state-of-the-art technologies. Full donor chimerism was defined as ≥ 95% donor signal.
Neutrophil and platelet recovery was defined as the first of 3 consecutive days with an
absolute neutrophil count greater than 0.5x109/L and an unsupported platelet count
greater than 50x109/L, respectively. Patients with aGVHD ≥ grade II, graded according
to the Glucksberg criteria (Glucksberg et al, 1974; Przepiorka et al, 1995), were included
in the statistical analysis to study factors potentially associated with aGVHD. At the time
of the study the following cGVHD classification was used for engrafted patients with a
follow-up of more than 100 days after last SCT: limited cGVHD in case of localized skin
involvement with or without hepatic dysfunction and extensive cGVHD in case of all other
manifestations of cGVHD.

4

Statistical analysis
Continuous variables are displayed as median, interquartile range (IQR) and range.
Discrete variables are displayed as counts and proportions. The Fisher’s exact test (2-sided)
was used to compare proportions between groups. Univariate logistic regression was
used to study factors potentially associated with engraftment and GVHD in patients
with stable engraftment after first or second SCT. The Kaplan-Meier method was used to
analyse overall survival. Survival comparison between groups was made using the TaroneWare test. Univariate Cox regression analysis was employed to study factors potentially
associated with early and late mortality, including age (as continuous variable), gender, SCT
indication, stem cell donor, stem cell source, conditioning regimen, ex vivo T-cell depletion
(TCD), number of SCT and GVHD.

Results
Patient and transplant characteristics
Between May 1972 and August 2014 68 Dutch FA patients received a total of 81 SCTs in
three Dutch University Hospitals. Patient and SCT characteristics are summarized in Tables
I and II, respectively. Subsets of patients have been reported previously (Zwaan et al, 1998,
Peffault de Latour et al, 2013).
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Table I. Patient characteristics
Characteristic

Number (%)
or years

number of patients
gender
age at SCT (years)
FA genes

SCT indication

follow-up (years)

68
male

42 (62%)

female

26 (38%)

median (range)

8.2 (3.1-38.7)

IQR

6.3-10.8

FANCA

21 (31%)

FANCC*

18 (26%)

FANCG

4 (6%)

FANCD2

4 (6%)

other

8 (12%)

not tested

13 (19%)

BMF

54 (79%)

MDS/clonal abnormalities

12 (18%)

leukaemia

2 (3%)

median (range)

5.5 (0-23.6)

IQR

1.0-12.5

patient years

503.9

follow-up completeness

98.9%

SCT = stem cell transplantation; IQR = interquartile range; FA = Fanconi anemia; BMF = bone marrow failure;
MDS = myelodysplastic syndrome. * all FANCC patients are homozygous or compound heterozygous for the
FANCC mutation c.67delG.
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Table II. Transplant characteristics first SCT (n=68)
Characteristic
year of transplant

stem cell donor

stem cell source

fludarabine
irradiation
ex vivo T cell depletion

Number (%)
1972-1980

5 (7.5%)

1981-1990

3 (4.5%)

1991-2000

15 (22%)

2001-2010

32 (47%)

2011-2014

13 (19%)

MRD

28 (41%)

mMRD

8 (12%)

MUD

29 (43%)

mMUD

3 (4%)

bone marrow

53 (78%)

cord blood

9 (13%)

peripheral blood

6 (9%)

yes

41 (60%)

no

27 (40%)

yes

32 (47%)

no

36 (53%)

yes

18 (26%)

no

46 (68%)

unknown

4 (6%)

4

SCT = stem cell transplantation; MRD = matched related donor; mMRD = mismatched related donor; MUD
= matched unrelated donor; mMUD = mismatched unrelated donor.

Six of the 68 FA patients were adults, transplanted at a median age of 25.0 years (range
18.9-38.7 years). Fourteen high-risk patients, 12 with MDS and/or clonal abnormalities
and 2 with leukaemia (Patients 22 and 48, both acute lymphoblastic leukaemia, ALL),
were transplanted (see detailed description in Table SI). Patient 22 was diagnosed with
FA because of extraordinary toxicity of chemotherapy and patient 48 was diagnosed with
typical physical FA anomalies at presentation with acute leukaemia.
All mMRDs were haplo-identical donors except one sibling donor with a 9/10 HLA-match.
The first MUD SCT was performed in 1992. The first cord blood SCT was performed in
2004.
Fludarabine was introduced in the Netherlands in 2001. Irradiation, part of the conditioning
regimen in 32 patients (3-7 Gy TBI or thoraco abdominal irradiation), was discontinued in
2007 for pediatric FA patients.
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Engraftment and haematopoietic recovery
Fifty-four of the 68 (79.4%) patients had a stable engraftment after first SCT. Two patients
died shortly after transplant before engraftment occurred. Graft failure was seen in 12
patients (primary graft failure n=7, secondary graft failure n=5, see detailed description
in Table SII), all of whom were transplanted for BMF. Eleven of them received a second
transplant, 9 of whom engrafted.
Median time to neutrophil and platelet recovery in the 63 engrafted patients was 20 days
(IQR 16-27 days) and 34 days (IQR 23-61 days), respectively. Chimerism was analysed in 54
of the 63 engrafted patients and showed full donor signal in 89% (48 of 54 patients).
Table III shows factors potentially associated with graft failure. FLU-based conditioning
was associated with decreased graft failure (Odds Ratio [OR] 0.21, p=0.01). Graft failure
after SCT with stem cells from mMRDs was higher compared to SCT
with MRDs (OR 11.25, p=0.01). Ex vivo TCD was associated with increased graft failure
(OR 6.53, p=0.00). Table SIII addresses the potential association between stem cell donor
type and engraftment with or without FLU.

Acute and chronic GVHD
Twelve of the 63 (19%) patients with engraftment after first or second SCT developed acute
GVHD grade ≥ II of whom 7 had aGVHD grade III-IV. Information on ex vivo TCD was
available for 59 of the 63 engrafted patients. Ex vivo TCD was performed in 12 of 59 patients
of whom none developed aGVHD, whereas no ex vivo TCD was performed in 47 of 59
patients of whom 9 developed aGVHD (Fisher’s exact p=0.18). No potential risk factors
associated with aGVHD were found (see Table III).
Six of the 55 (11%) engrafted patients with a follow-up of more than 100 days after last
SCT developed cGVHD. Two patients had limited and four patients had extensive cGVHD.
Information on ex vivo TCD was available for 54 of the 55 evaluable patients; cells from 10
of these 54 patients underwent ex vivo TCD and none of these patients developed cGVHD,
whereas no ex vivo TCD was performed in 44 of 54 patients of whom 6 developed cGVHD
(Fisher’s exact p=0.58). Logistic regression analysis was performed and no potential risk
factors associated with cGVHD were found (see Table III).
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N.E.
N.E.

MDS/c.a.

leukaemia

6.75 (0.73-62.37)

mMUD

6.53 (1.98-21.55)
N.A.
N.A.
N.A.

ex vivo T cell depletion

acute GVHD

chronic GVHD

≥ 2 SCT

*

-

-

N.A.

N.A.

N.A.

0.94 (0.26-3.37)
N.E.

0.00*

0.83 (0.23-2.99)

0.01*
0.17

N.E.

1.11 (0.20-6.21)

1.00

3.50 (0.40-30.34)

-

-

-

-

0.93

0.78

-

0.90

0.26

0.53

N.A.

N.A.

4.30 (0.62-29.73)

N.E.

1.18 (0.22-6.46)

0.37 (0.07-2.08)

N.E.

0.90 (0.09-8.80)

1.00

N.E.

2.11 (0.35-12.86)

N.E.

0.64 (0.16-2.58)

N.E.

N.E.

2.06 (0.32-13.04)

1.00

0.70 (0.12-4.20)

1.00
-

0.34

0.41

0.88

1.02 (0.91-1.16)

OR (95% CI)

1.00

4.0 (0.23-69.65)

0.40 (0.05-3.50)

1.00

1.11 (0.31-3.97)

0.58

0.91

0.09

0.13

0.01

-

-

0.28

0.15

p-value

chronic GVHD (n=6)

-

-

0.14

-

0.85

0.26

-

0.93

-

0.42

-

-

0.45

0.70

0.71

p-value

0.02*
0.10

1.06 (1.01-1.12)
0.35 (0.10-1.22)

0.54

1.90 (0.25-14.57)

0.72
0.86

0.82 (0.27-2.43)
1.20 (0.15-9.78)

0.97
0.13
0.00*
0.51
0.00*

1.02 (0.38-2.72)
2.35 (0.79-6.99)
10.11 (2.94-34.71)
2.10 (0.23-18.78)
4.81 (1.77-13.05)

0.65
0.01*
0.25 (0.09-0.72)

0.86
0.63 (0.08-4.80)

0.88 (0.20-3.88)

1.00

0.98

0.98 (0.20-4.72)

1.00

0.59

0.66 (0.15-2.94)

1.00

p-value

HR (95% CI)

early mortality1(n=16)

GVHD = graft-versus-host-disease; OR = odds ratio; CI = confidence interval; HR = hazard ration; SCT = stem cell transplantation; BMF = bone marrow failure;
MDS = myelodysplastic syndrome; c.a. = clonal abnormalities; N.E. = not evaluable (no events in this group); MRD = matched related donor; mMRD = mismatched
related donor; MUD = matched unrelated donor; mMUD = mismatched unrelated donor; N.A. = not applicable; 1 = early mortality is defined as death within one
year after SCT; * = significant.

2.22 (0.72-6.87)

irradiation

1.63 (0.28-9.47)

peripheral blood
0.21 (0.06-0.71)

0.91 (0.17-4.76)

cord blood

fludarabine

1.00

bone marrow

stem cell source

11.25 (1.75-72.50)
3.64 (0.69-19.14)

mMRD

MUD

1.00

MRD

stem cell donor

1.00

BMF

SCT indication

0.51 (0.15-1.75)

female gender

1.07 (0.98-1.16)

OR (95% CI)

0.42

p-value

OR (95% CI)
0.95 (0.83-1.08)

acute GVHD (n=12)

graft failure (n=16)

age at SCT

Determinant

Table III. Determinants of graft failure, acute GVHD, chronic GVHD and early mortality
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Mortality
Overall, 22 of the 68 (32%) FA patients died at a median time of 85 days after last SCT
(range 1 day-23.0 years). Sixteen patients died within 1 year after last SCT (median time 61
days, range 1-276 days). Seven of these patients had received a second transplant because
of graft failure. Causes of early mortality were GVHD (n=5), infection (n=4), GVHD and
infection (n=2), toxicity/multi organ failure (n=4) and relapse of leukaemia (n=1). Factors
potentially associated with early mortality are displayed in Table III. Five of the 41 (12%)
patients treated with a FLU-based regimen died within 1 year after SCT (three adult
patients, one patient with ALL and one patient with 4 transplants) compared to 11 of 27
(41%) patients in the non-FLU group.
Six patients died more than 1 year after SCT at a median time of 16.6 years after last SCT
(range 12.9-23.0 years). Median age of death was 25.9 years (range 18.4-35.3 years). Cause
of death was SCC in 4 patients (2 head and neck SCC, 1 oesophageal cancer, 1 vaginal
cancer) and SCT related in 2 patients (1 chronic renal insufficiency due to toxicity, 1 chronic
respiratory insufficiency due to bronchiolitis obliterans). No risk factors for late mortality
in SCT survivors were identified. To this date, at a median follow-up of 5.5 years (range
0.8-13.7 years), no late mortality or malignancy was found in the 36 survivors treated with
a FLU-based regimen.

Survival
Cumulative survival estimates are shown in Fig 1. Five-year overall survival was 76.4%
(standard error [SE] 5.2%) at a median follow-up of 5.5 years (range 0-23.6 years, Fig 1A).
In the FLU group 5-year overall survival was significantly better than in the non-FLU
group (FLU 87.8% (SE 5.1%) versus non-FLU 59.3% (SE 9.5%), p=0.01, Fig 1B). Survival
in all donor groups has improved markedly since the introduction of FLU, with a 5-year
overall survival of 91% (SE 8.7%) in the FLU-MRD group. Five-year overall survival after
alternative donor SCT has significantly increased from 50% (SE 15.8%) to 86.7% (SE 6.2%),
p=0.01.
The 1-year overall survival in adult patients was 50% (SE 20.4%).
Two of the 14 high-risk patients relapsed (one ALL, one MDS, refractory anemia with
excess blasts type 2). Five-year overall survival was 78.6% (SE 11%) at a median follow-up
of 4.1 years (range 0.1-16.7 years). Three patients died, one from relapse ALL, one from
aGVHD and one from infection (see detailed description on pre-transplant chemotherapy
and outcome in high-risk patients in Table SI).
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Fig 1. Kaplan Meier survival curves
A) overall survival Dutch FA cohort B) overall survival Dutch FA cohort: FLU-based conditioning
regimens versus non-FLU-based conditioning regimens C) overall survival current Dutch
conditioning regimen: matched related donors versus alternative donors FA, Fanconi anemia; FLU,
fludarabine; SCT, stem cell transplantation; MRD, matched related donor

Current Dutch conditioning regimen
The current Dutch conditioning regimen for FA patients, introduced in 2007, consists of
FLU 150 mg/m2 + CY 30 mg/kg ± ATG and no irradiation, and has been used in 22 patients
so far. Stem cell donors were MRD (n=8), mMRD (n=2), MUD (n=10) and mMUD (n=2).
Patient characteristics and detailed description are presented in Table IV.
Stable engraftment was achieved in 19 of 22 (86%) patients. Graft failure was seen in 1
mMUD SCT and in 2 ex vivo TCD mMRD SCTs. Two patients with graft failure successfully
engrafted after second SCT and one patient needed 4 SCTs (see Table SII).
Of the 19 patients with stable engraftment after first SCT 14 showed full donor chimerism
and 5 mixed chimerism. Three of the 5 patients with mixed chimerism did not receive ATG
in the conditioning regimen.
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Acute GVHD grade ≥ II was seen in 2 of 19 (11%) engrafted patients and none of the
patients developed cGVHD.
Median follow-up was 3.9 years (range 0.8-7.9). Two of the 22 patients treated with the
current Dutch conditioning regimen died; one of severe aGVHD (75 days after SCT) and
one of bronchiolitis obliterans and fungal infection (56 days after last SCT). Five-year
overall survival in the 8 MRD patients and 14 alternative donor patients was 100% and
85.7% (SE 9.4%), respectively (see Fig 1C).

Discussion
For Dutch FA patients who currently require SCT, the prospects have improved markedly.
With the current Dutch non-irradiation and BU-free conditioning regimen SCT can be
performed safely and effectively in most patients. Nevertheless, challenges remain in
specific FA subgroups. Furthermore, the improved results of SCT reveal new long-term
challenges for patients with FA.

Non-irradiation BU-free conditioning regimen for alternative donor SCT
Successful elimination of irradiation in alternative donor SCT was reported recently by
Chao et al (2015). After a CY + FLU + BU + alemtuzumab regimen, engraftment was
seen in all patients (n=17) and 2-year overall survival was 88% (Chao et al, 2015). Further
elimination of BU would be attractive but challenging, given the history of graft failure
in alternative donor SCT for FA. Since 2008 we transplanted 14 patients with stem cells
of alternative donors after a FLU - CY ± ATG preparative regimen. Our results indicate
that a non-irradiation and BU-free conditioning regimen can be used successfully also
in alternative donor SCT. Nevertheless, this regimen appears to be insufficient for stable
engraftment in haplo-identical donor SCT.

Challenges in specific subgroups
In the Dutch cohort FLU significantly improved engraftment, especially in MUD
SCT. However, engraftment after transplant with stem cells from mMRDs, almost
exclusively haplo-identical donors, was significantly lower despite the use of FLU.
Of the FLU-haplo SCTs, all ex vivo TCD, only the patients treated with additional
irradiation and the patient that received thiothepa engrafted, suggesting that the
standard FLU-based conditioning regimen without irradiation is not sufficient for
stable engraftment of haplo-identical transplants. A recent publication reported the
results of the largest series of T-cell depleted haplo-identical SCT in FA (Zecca et
al, 2014). Nine of the 12 patients (75%) engrafted after a FLU-based conditioning
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16.8
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10.9

10.9

14.6

FANCG

FANCG

FANCC

FANCC

FANCC
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FANCC

10.4

6.7
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4.4

9.5

FANCA

FANCA

10.2

FANCA

FANCA

6.6

FANCC

32.7

8.0

FANCA

FANCA

9.5

FANCA

12.1

3.1

FANCM

i.p.

age

FA gene

2014

2014

2014

2014

2013

2013

2013

2012

2012

2010

2010

2010

2010

2010

2009

2009

2009

2009

2009

2008

2007

2007

year

MDS/c.a.9

BMF

BMF

BMF

BMF

MDS/c.a.8

BMF

BMF

BMF

BMF

MDS/c.a.5

BMF

BMF

BMF

BMF

MDS/c.a.3

BMF

BMF

BMF

BMF

BMF

BMF

indication

SCT characteristics

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU

CY, FLU

CY, FLU

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU, ATG

CY, FLU

conditioning

MUD (9/10)

MUD (10/10)

MUD (6/6)

MUD (10/10)

MRD (10/10)

MRD (10/10)

MRD (10/10)

MRD (6/6)

mMUD (5/6)

mMRD (haplo)

MRD (10/10)

MUD (10/10)

MUD (9/10)

MRD (10/10)

MUD (10/10)

MUD (10/10)

mMRD (haplo)

mMUD (4/6)

MUD (10/10)

MUD (10/10)

MRD (10/10)

MRD (10/10)

donor

BM

BM

CB

BM

BM

BM

BM

CB

CB

PBSC6

BM

BM

BM

BM

BM

BM

PBSC

CB

BM

BM

BM

BM

source

no

no

no

no

no

no

no

no

no

yes

no

no

no

no

no

no

yes

no

no

yes

no

no

ex vivo
T-depl.

yes

yes

yes

yes

yes

yes

yes

yes

yes

no

yes

yes

yes

yes

yes

yes

no

no

yes

yes

yes

yes

mixed

full donor

full donor

full donor

full donor

mixed

full donor

mixed

full donor

n.a.

full donor

full donor

full donor

mixed

full donor

full donor

n.a.

n.a.

full donor

full donor

full donor

mixed

Outcome
engraft
chimerism
-ment

no
no
no
no
no
no
no

no
no
grade II
grade I
no
no
no

n.a .

grade IV

no

no

no

no

no

no

no

no

no

n.a.

n.a.

n.a.

no

n.a.

n.a.

n.a.

no

no

no

no

no

no

no

no

no

no

no

no

cGVHD

aGVHD

alive (0.8 years)

alive (0.9 years)

alive (1.3 years)

alive (1.3 years)

alive (1.5 years)

alive (1.7 years)

alive (2.0 years)

alive (3.0 years)

alive (3.1 years)

alive (4.8 years)7

alive (4.9 years)

alive (5.0 years)

died (75 days)4

alive (5.2 years)

alive (5.5 years)

alive (5.6 years)

died (56 days)2

alive (6.2 years)1

alive (6.2 years)

alive (7.2 years)

alive (7.7 years)

alive (7.9 years)

status
(follow-up)

SCT = stem cell transplantation; pt = patient; M = male; F = female; FA = Fanconi anemia; aGVHD = acute graft-versus-host-disease; cGVHD = chronic graft-versus-host-disease; BMF
= bone marrow failure; CY = cyclophosphamide, cumulative dose 30 mg/kg; FLU = fludarabine, cumulative dose 150 mg/m2; ATG = anti-thymocyte globulin, cumulative dose 10 mg/kg;
i.p. = in progress; MRD = matched related donor; BM = bone marrow; MUD = matched unrelated donor; mMUD= mismatched unrelated donor; CB = cord blood; n.a. = not applicable,
no stable engraftment; mMRD= mismatched related donor; PBSC = peripheral blood stem cells; MDS = myelodysplastic syndrome; c.a. = clonal abnormalities; CY = cyclophosphamide;
mMRD = mismatched related donor.
1
= successfully engrafted after second SCT; 2 = engraftment after 4th SCT, died 56 days after 4th SCT, cause of death BOOP and fungal infection; 3 = 3q26; 4 = cause of death GVHD; 5 = extra
X and trisomy 21; 6 = and mesenchymal stem cells; 7 = successfully engrafted after second SCT; 8 = morphological MDS and trisomy 9; 9 = 7q-.
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Table IV. Current Dutch conditioning regimen (n=22)
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regimen and 5-year overall survival was 83%. The vast majority of these patients
(11/12) had received irradiation (200 cGy TBI). Rejection was associated with a reduced
number of infused CD34+ cells (Zecca et al, 2014). Infusion of large numbers of CD34+
cells in combination with more intensive conditioning regimens seems to be necessary to
overcome the HLA difference in haplo-identical SCT for FA.
Although FLU-based conditioning has improved outcome in FA patients with MDS or
leukaemia (Chaudhury et al, 2008; MacMillan & Wagner, 2010), SCT for these high-risk
patients remains challenging. Two large studies on SCT for high-risk FA patients were
published recently. A 5-year survival of 55% was found in 113 FA patients with cytogenetic
abnormalities, MDS or leukaemia transplanted between 1985 and 2007 and reported to the
Center for International Blood and Marrow Transplant Research (Ayas et al, 2013). Fiveyear survival in 21 patients with advanced MDS or leukaemia transplanted at the University
of Minnesota was 33% (Mitchell et al, 2014). The overall 5-year survival was 78.6% in the
Dutch high-risk FA patients. This high survival rate could be explained by the fact that
only 3 of our high-risk patients had advanced MDS or leukaemia. Furthermore, 12 of our
14 high-risk patients were transplanted more recently, between 2008 and 2014. Treatment
guidelines for FA patients with advanced MDS or leukaemia are needed. Recently a
successful sequential strategy of FLU, cytarabine and granulocyte-colony stimulating factor
(FLAG) followed 3 weeks later by reduced intensity conditioning SCT in 6 FA patients with
advanced MDS and AML was described (Talbot et al, 2014). All patients engrafted and
2-year overall survival was 100%.
Several groups have shown that older age at time of SCT is associated with decreased survival
(MacMillan & Wagner, 2010, Peffault de Latour et al, 2013). Also in the Dutch cohort older
age significantly increased the risk of early mortality with a 1-year overall survival of 50%
(SE 20.4%) in adult patients. High-risk features such as MDS or clonal abnormalities were
seen in 4 of our 6 adult patients. In addition, 3 of 6 adult patients developed GVHD and
1 patient was diagnosed with head and neck SCC during the course of SCT. Strategies to
reduce the risk of GVHD and improve treatment of MDS or clonal abnormalities in adult
FA patients are urgently needed.

New challenges
The excellent outcome in young FA patients and the moderate survival in adult patients
and patients with advanced MDS or leukaemia leads to the question whether or not all FA
patients, if diagnosed at young age, should be transplanted early after diagnosis. Should SCT
be performed for all FA patients or only when strict criteria are reached, such as progressive
BMF? What to do in case of mild BMF in young adolescent FA patients, knowing that their
prospects will decline with increasing age or the development of MDS/leukaemia, while
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on the other hand the SCT related morbidity and mortality are considerable? Decision
analytical models are being developed to support decision making (Khan et al, 2015).
Because of the increased life expectancy FA is no longer only a disease of childhood and FA
patients are increasingly being referred to physicians involved in adult healthcare. In general,
these physicians, understandably, have little experience with this rare, complex disorder. A
survey to evaluate current healthcare for FA in the Netherlands, conducted in collaboration
with the Dutch FA patient organization, shows that transition from pediatric to adult
healthcare is difficult and needs to be optimised (Smetsers et al, 2014). Comprehensive
care for children and adults, with special attention for transition, is necessary to bridge the
current gap between pediatric and adult healthcare. New questions, raised as a consequence
of the increased lifespan, such as fertility preservation in now surviving adult patients, need
to be addressed.
In our cohort SCC was the cause of death in 4 patients. Long-term follow-up studies have
shown that transplanted FA patients develop SCC earlier and more frequently compared to
non-transplanted FA patients (Rosenberg et al, 2005). In the recently published European
Group for Blood and Marrow Transplantation study, age > 10 years, clonal evolution, PBSC
and cGVHD were identified as risk factors for secondary malignancies. Consequently, the
authors advise that FA patients should be transplantated at a young age with bone marrow
as the source of stem cells (Peffault de Latour et al, 2013). Even more important, every effort
should be made to reduce the risk of GVHD after SCT (Rosenberg et al, 2005, Wagner et
al 2007). To find optimal preventive and curative strategies for SCC in FA will be the most
important challenge in the years to come.

4

Conclusions and recommendations
This report presents a unique overview of a complete national cohort of FA patients
undergoing SCT over time. Dutch SCT results have improved markedly. This improvement
is associated with the introduction of FLU, nevertheless, potential confounding factors such
as refinement of supportive care, donor availability and HLA matching over the years are
difficult to assess and should be taken into account.
Our study shows that a non-irradiation and BU-free conditioning regimen can be used
successfully also in alternative donor SCT, but not in haplo-identical SCT. Challenges
remain in specific subgroups of FA patients. Patients diagnosed with FA at an older age or at
time of advanced MDS or leukaemia will need tailored therapy to improve their chances of
survival. More intensive conditioning regimens are needed in patients with haplo-identical
donor SCT to ensure engraftment.
The observed late mortality due to SCCs in the second and third decade after SCT underlines
the critical importance of lifelong and frequent surveillance for cancer as well as on-going
comprehensive care, research and expert counselling in this rare and complex disorder.
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M/F

F

F

M

M

M

F

M

M

F

M

M

pt

22

23

42

46

48

52

53

55

56

57

58

16.9

5.7

18.9

6.7

3.8

10.4

22.8

5.7

27.2

6.9

9.9

FANCA

FANCA

FANCA

FANCD1

FANCA

FANCA

FANCA

FANCA

FANCG

FANCC

age

n.a.

FA gene

Patient characteristics

MDS-RC

monosomy 7

MDS RAEB-2

sec. MDS
after AML

3q26

extra X,
trisomy 21

T-ALL

3q26

MDS

5q-

T-ALL

diagnosis

ATG

no

azacitidine
(3x25), FLAG

no4

no

no

EsPhALL3,
dasatinib

no

no

no

ALL9-NHR1

pre-treatment

2011

2011

2011

2010

2010

2010

2010

2009

2008

2000

CY (30), FLU (150), BU,
ATG
CY (30), FLU (150), CP

CY (40), FLU (140), ATG,
TBI (3)

FLU (160), ATG, thiotepa

CY (30), FLU (150), BU,
ATG

CY (30), FLU (150), ATG

FLU (120), BU, ATG

CY (30), FLU (150), ATG

CY (40), FLU (90), BU,
ATG

CY (40), ATG,
aLFA1, TBI (5)

conditioning
CY (120), VP16 (700),
TBI (6)

year
1998

SCT characteristics

Supplementary Table I. Patients with MDS, clonal abnormalities or leukaemia
donor

MUD

MUD

MRD

mMRD5

MUD

MRD

mMUD

MUD

MUD

mMRD2

MRD

source

BM

CB

BM

PBSC+
MSC

CB

BM

CB

BM

PBSC

BM

BM

no

no

no

yes

no

no

no

no

yes

yes

ex vivo
TCD
no

Outcome

yes

yes

yes

yes

i.a.

yes

yes

yes

yes

yes

engraftment
yes
status

alive 4.0 years after SCT,
cGVHD
alive 3.6 years after SCT

relapse 5 months after
SCT, CR after cytarabine,
alive 4.1 years after SCT

alive 4.2 years after SCT

died 27 days after SCT,
infection

alive 4.9 years after SCT

died 0.8 years after SCT,
relapse T-ALL

alive 5.6 years after SCT

alive 7.2 years after SCT

alive 15.1 years after SCT

alive 16.7 years after SCT
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F

M

M

62

64

68

age

16.8

38.7

14.6

FA gene

FANCC

FANCA

FANCC
7q-

3q26

MDS and
trisomy 9

diagnosis

no

no

no

pre-treatment

2014

2013

2013

year

CY (30), FLU (150), ATG

CY (40), FLU (140), ATG,
TBI (3)

CY (30), FLU (150)

conditioning

SCT characteristics

MUD

MRD

MRD

donor

BM

BM

BM

source

no

no

ex vivo
TCD
no

Outcome

died 0.7 years after SCT,
aGVHD
alive 0.8 years after SCT

yes

alive 1.7 years after SCT

status

yes

engraftment
yes

MDS = myelodysplastic syndrome; SCT = stem cell transplantation; M = male; F = female; FA = Fanconi anemia; TCD = T cell depletion; n.a. = not analysed; T-ALL = T cell acute lymphatic
leukaemia; CY = cyclophosphamide; VP16 = etoposide; TBI = total body irradiation; MRD = matched related donor; BM = bone marrow; ATG = anti-thymocyte globulin; mMRD = mismatched related donor; FLU = fludarabine; BU = busulfan; MUD = matched unrelated donor; PBSC = peripheral blood stem cells; mMUD = mismatched unrelated donor; CB = cord blood;
i.a. = inapplicable, died before engraftment occurred; AML = acute myeloblastic leukaemia; MSC = mesenchymal stem cells; RAEB-2 = refractory anemia with excess blasts type 2; FLAG =
fludarabine, cytarabine, G-CSF; CR = complete remission; cGVHD = chronic graft-versus-host-disease; RC = refractory cytopenia; CP = campath; aGVHD = acute graft-versus-host-disease.
The number inside parentheses is the dose TBI in Gy, CY in mg/kg, VP16 in mg/m2, FLU in mg/m2, azacitidine in mg/m2. 1 = started with HOVON-18 protocol, after few days switch to
ALL9-non-high risk protocol induction and 2x methotrexate, followed by SCT because of extreme toxicity; 2 = mMRD 9 out of 10; 3 = EsPhALL protocol induction and IB, adjusted doses; 4
= no pre-treatment for MDS, AML previously treated with ANLL97 protocol; 5 = haplo.

M/F

pt

Patient characteristics

Supplementary Table I. Patients with MDS, clonal abnormalities or leukaemia (continued)
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M/F

F

M

M

M

M

F

F

M

pt

5

7

10

14

15

16

17

19

6.9

FANCC

6.6

FANCC

11.6

4.6

FANCF

n.a.

8.8

5.3

8.2

10.1

age

n.a.

n.a.

n.a.

n.a.

FA gene

Patient characteristics

1996

1995

1994

1994

1994

1992

1988

1980

year

BMF

BMF

BMF

BMF

BMF

BMF

BMF

BMF

indication

SCT characteristics

MUD
MUD

1. TAI (5), CY (40), AC, CP, 2
2. TAI (5), CY (40), CP

MUD

MUD

2. TAI (5), CY (40), ATG, CP
1. TAI (5), CY (40), AC, CP

MUD

MUD

2. CY (40), BU, CP
1. TAI (4), CY (40), AC, CP

MUD

mMRD1

2. TAI (5), CY (?), AC, CP
1. TAI (7), CY (40), other

MUD

MRD

2. CY (?), PRC, ATG
1. TAI (5), CY (40), other

MRD

mMRD1

2. CY (40)
1. TAI (5), CY (?), ATG

mMRD1

MRD

2. TBI (7.5), CY (200)
1. TBI (5), CY (40)

MRD

donor

1. TBI (5), ATG

conditioning

Supplementary Table II. Patients with graft failure

BM

BM

BM

BM

BM

BM

BM

BM

BM

BM

BM

BM

BM

BM

BM

source

yes

yes

no

no

no

no

yes

no

yes

no

yes

yes

yes

?

no

ex vivo TCD

yes

no

lost graft

yes

no

yes

no

lost graft

lost graft

yes

no

yes

no

yes

no

engraftment

Outcome

died 69 days after
2nd SCT
multi organ failure

died 13 years after
2nd SCT
chronic renal insufficiency
died 16 years after
2nd SCT
chronic resp. insufficiency BOOP
died 48 days after
SCT
sepsis

died 100 days after
2nd SCT
rejection, infection

died 49 days after
2nd SCT
gastrointestinal
bleeding, aGVHD
died 26 days after
2nd SCT
ARDS, fungal
infection
died 96 days after
2nd SCT
aGVHD, sepsis

status
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M

F

M

M

20

44

45

54

9.4

10.2

9.5

5.6

FANCA

FANCA

FANCG

age

n.a.

FA gene

2010

2009

2009

1997

year

BMF

BMF

BMF

BMF

indication

SCT characteristics

mMUD

MUD

4. ATG

2. TAI (4), FLU (120), CP

mMUD

3. PRED

mMRD1

mMRD1

2. FLU (150)

1. FLU (150), CY (30), ATG

mMRD1

mMUD

2. FLU (120), BU, ATG
1. FLU (150), CY (30), ATG

mMUD

MUD

2. CY (40), CP
1. FLU (150), CY (30), ATG

MUD

donor

1. TAI (5), CY (40), AC, CP

conditioning

CB

PBSC3

PBSC

CB

BM3

PBSC

CB

CB

BM

BM

source

no

yes

no

no

yes

yes

no

no

yes

yes

ex vivo TCD

yes

lost graft

yes

no

no

lost graft

yes

no

alive 4.7 years after
2nd SCT
with stable engraftment

died 66 days after
2nd SCT
CMV infection,
rejection
alive 6.1 years after
2nd SCT
with stable engraftment
died 56 days after
4th SCT
BOOP, fungal
infection

lost graft
lost graft

status

engraftment

Outcome

SCT = stem cell transplantation; pt = patient; M = male; F = female; FA = Fanconi anemia; TCD = T cell depletion; n.a. = not analysed; BMF = bone marrow failure;
TBI = total body irradiation; ATG = anti-thymocyte globulin; CY = cyclophosphamide; MRD = matched related donor; BM = bone marrow, ? = unknown; aGVHD
= acute graft-versus-host-disease; mMRD = mismatched related donor; ARDS = acute respiratory distress syndrome; TAI = thoraco abdominal irradiation; PRC =
procarbazine; AC = ara-c; CP = campath; MUD = matched unrelated donor; BU = busulfan; BOOP = bronchiolitis obliterans organizing pneumonia; CMV = cytomegalovirus; FLU = fludarabine; mMUD= mismatched unrelated donor; CB = cord blood; PRED = prednisone; PBSC = peripheral blood stem cells.
The number inside parentheses is the dose TBI/TAI in Gy, CY in mg/kg and FLU in mg/m2. 1 = haplo; 2 = and aLFA1 and antiCD2; 3 = and mesenchymal stem cells.

M/F

pt

Patient characteristics

Supplementary Table II. Patients with graft failure (continued)
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Supplementary Table III. Stem cell donor and engraftment with or without FLU
FLU

engraftment

MRD

mMRD

MUD

mMUD

total

no FLU

no

2 (11%)

2 (50%)

7 (54%)

1 (100%)

12 (33%)

yes

16 (89%)

2 (50%)

6 (46%)

0 (0%)

24 (67%)

total

18

4

13

1

36

no

0 (0%)

3 (43%)

0 (0%)

1 (20%)

4 (9%)

yes

11 (100%)

4 (57%)

20 (100%)

4 (80%)

39 (91%)

total

11

7

20

5

43

FLU

No engraftment = primary or secondary graft failure. Total number of SCTs 81; engraftment of 79 SCTs analysed (2 patients died shortly after SCT before engraftment occurred).
FLU = fludarabine; MRD = matched related donor; mMRD = mismatched related donor; MUD = matched
unrelated donor; mMUD = mismatched unrelated donor; SCT = stem cell transplantation.
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Abstract
LOH at chromosome arms 3p, 9p, 11q and 17p are well-established oncogenetic aberrations
in oral precancerous lesions and promising biomarkers to monitor the development of
oral cancer. Noninvasive LOH screening of brushed oral cells is a preferable method for
precancer detection in patients at increased risk for head and neck squamous cell carcinoma
(HNSCC), such as patients with Fanconi anemia.
We determined the prevalence of LOH in brushed samples of the oral epithelium of 141
patients with Fanconi anemia and 144 aged subjects, and studied the association between
LOH and HNSCC.
LOH was present in 14 (9.9%) non-transplanted patients with Fanconi anemia, whereas
LOH was not detected in a low-risk group (n=50, >58 years, nonsmoking/nonalcohol
history) and a group with somewhat increased HNSCC risk (n=94, >58 years, heavy
smoking/excessive alcohol use); Fisher’s exact test, p=0.023 and p=0.001, respectively. Most
frequent genetic alteration was LOH at 9p. Age was a significant predictor of LOH (OR
1.13, p=0.001). Five patients with Fanconi anemia developed HNSCC during the study
at a median age of 39.6 years (range, 24.8-53.7). LOH was significantly associated with
HNSCC (Fisher’s exact test, p=0.000). Unexpectedly, the LOH assay could not be used for
transplanted patients with Fanconi anemia because donor DNA in brushed oral epithelium,
most likely from donor leukocytes present in the oral cavity, disturbed the analysis.
Noninvasive screening using a LOH assay on brushed samples of the oral epithelium has a
promising outlook in patients with Fanconi anemia. However, assays need to be adapted in
case of stem cell transplantation, because of contaminating donor DNA.
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Introduction
Head and neck squamous cell carcinoma (HNSCC) is one of the most common cancer
types worldwide and has a high morbidity and mortality. The most important risk factors
are tobacco use and alcohol consumption, although a subgroup of HNSCC is caused by
human papillomavirus infection. Furthermore, certain inherited disorders, such as Fanconi
anemia, predispose to HNSCC (1).
Most HNSCCs develop in large precancerous fields of genetically altered mucosal epithelium,
also known as field cancerization. These fields can present as visible white (leukoplakia)
or red (erythroplakia) lesions, but the majority are macroscopically not detectable. Field
cancerization is not only relevant for cancer development, but also explains in part the high
rate of local relapse and second primary tumors in patients with HNSCC (1-7).
LOH at chromosome arms 3p, 9p, 11q, and 17p are well-established oncogenetic aberrations
in oral precancerous lesions (3, 4, 8). In addition, several groups have shown that LOH,
particularly at chromosome 3p and 9p, is a reliable prognostic biomarker associated with
progression to oral cancer (9-15). Likewise, presence of LOH in histopathologically tumorfree surgical margins can predict local relapse after surgery (6).The observation that HNSCC
develops in large precancerous fields opens a possibility for noninvasive detection of genetic
changes using cells brushed from the mucosa. A genetic assay based on the analysis of LOH
of 12 selected microsatellite markers located on chromosomes 3p, 9p, 11q, and 17p, mostly
flanking areas close to tumor suppressor genes, can be used to detect LOH in exfoliated
cells from the oral mucosa (16-18). This noninvasive genetic screening approach might be
of value for the detection and monitoring of oral precancer in cohorts at increased risk for
HNSCC, such as genetically predisposed patients with Fanconi anemia.

5

Fanconi anemia is a rare DNA repair disorder that is mainly inherited in an autosomal
recessive manner. Fanconi anemia is characterized by congenital malformations,
progressive bone marrow failure, endocrine disorders, and a strong predisposition to
develop malignancies, particularly acute myeloid leukemia and squamous cell carcinoma
(SCC; refs. 19, 20). The hematological abnormalities in patients with Fanconi anemia often
require stem cell transplantation (SCT) during the course of the disease. At present 19
FA genes have been identified, and the proteins encoded by these genes act together in a
complex to organize repair of DNA interstrand cross-links (21, 22). Fanconi anemia cells
are hypersensitive to interstrand cross-links that are induced by chemical agents, such as
mitomycin C and cisplatin (22).
Patients with Fanconi anemia have a 500- to 1,000-fold higher incidence of HNSCC than the
general population (19, 23). In addition, patients with Fanconi anemia develop HNSCC at a
much younger age (median 31 years, range, 15-49 years) with a cumulative incidence of 14%
by the age of 40 years (23, 24). HNSCC in Fanconi anemia patients are most often located
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in the oral cavity (23, 24). An important additional risk factor for HNSCC in patients with
Fanconi anemia is SCT and associated graft-versus-host-disease (25, 26). Hence, within the
Fanconi anemia patient population, those who received SCT are at highest risk for HNSCC
with a relative risk of 4.4 compared with patients with Fanconi anemia who did not receive
SCT (25).
Because patients with Fanconi anemia are hypersensitive for cisplatin-based chemoradiation
protocols and often show increased toxicity with radiation, treatment possibilities for
HNSCC are limited (23, 24). Frequent screening is therefore essential to discover oral (pre)
cancer at an early stage when surgery alone is adequate. It is therefore indicated that patients
with Fanconi anemia should be screened by oral inspection every 3 months from 10 years of
age. As most precancerous changes are not visible as lesions, biopsies should be taken from
high-risk areas for histology and genetic analysis, with, for example, 1-year intervals. This
screening approach, however, would cause an unacceptable large burden for patients and
detecting oral precancer with a noninvasive genetic test would therefore be an attractive
alternative for these high-risk patients. LOH analysis of a panel of 21 SCCs from patients
with Fanconi anemia, including 16 HNSCCs, showed that the LOH patterns in Fanconi
anemia are comparable to those generally found in sporadic non-Fanconi anemia SCC.
SCCs of patients with Fanconi anemia seem not to be genetically different from sporadic
SCCs, at least at this resolution, and similar genetic changes might be used for noninvasive
genetic screening (26).
In this study, we determined the prevalence of LOH in brushed cells of the oral epithelium
of aged subjects with a low or somewhat increased risk for HNSCC. In addition, we
analyzed brushed samples of genetically predisposed patients with Fanconi anemia who are
at highest risk for HNSCC. In this group, we further analyzed the association of LOH with
clinical characteristics and HNSCC.

Materials and Methods
Patients
Brushes of oral mucosa were obtained from patients with Fanconi anemia in a cross-sectional
study design. Convenience sampling of patients with Fanconi anemia was performed
between May 2005 and November 2009. Patients known to pediatricians or family support
groups (German Fanconi anemia support group, Dutch Fanconi anemia support group and
Fanconi anemia research Fund) were actively approached and sampled during hospital visits,
at family support meetings, or at home visits. Clinical characteristics and disease history
were collected. Smoking and alcohol use was scored as never, former, or current. A number
of Fanconi anemia patients were sampled more than once during the study period. Followup was performed from date of first brush until death or last available follow-up.
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In addition, two other risk groups were tested, one at low risk for HNSCC and one at
somewhat increased risk for HNSCC. These groups were recruited between September
2005 and September 2007 from The Longitudinal Aging Study Amsterdam cohort, a
community-based sample of older adults in the Netherlands (27). The low-risk group for
HNSCC consisted of men and women > 58 years of age with a nonsmoking and nonalcohol
use history. The second group at somewhat increased risk for HNSCC consisted of men and
women > 58 years old with a history of heavy smoking (average number of pack years 47
[range, 10-112.5]) and alcohol use (Garretsen score “excessive” and “very excessive”; refs.
28, 29).
The study was approved by the Institutional Review Board of the VU University Medical
Center (protocol number 2005/156) and written informed consent was obtained from each
subject or their legal representative. Patient information and collected data were encoded
in a dedicated study database.

5

Transplanted patients with Fanconi anemia
During LOH analysis, we discovered that the presence of donor DNA in brushed oral
mucosa of transplanted patients with Fanconi anemia interfered with the microsatellite
patterns. To study this in more detail we performed longitudinal sampling in patients
undergoing SCT to investigate the appearance and origin of donor DNA in the oral cavity.
After informed consent, brushes of the oral mucosa were taken before SCT, weekly after SCT
until stable hematopoietic recovery, followed by brushes once every 3 months. Sampling
was performed as described below and samples were taken in duplicate: one sample was
used for DNA isolation and the other sample was used for cytospin preparation and CD45
immunostaining to quantify the number of leukocytes.

Sampling
Brushed samples of the oral mucosa were taken from six sites with the highest predilection
for oral cancer: the retromolar trigone left [A] and right [F], the lateral sides of the mobile
tongue left [B] and right [E] and the floor of the mouth left [C] and right [D] (30). Also,
macroscopically suspect mucosa, as judged by the inspecting physician, was brushed
(indicated as H, I, J etc.).
Omnident brushes (Dental Union) were used initially. Exfoliated cells were collected in 1.5
mL vials in sterile phosphate buffered saline (PBS). Samples in PBS were centrifuged and
cell pellets were stored at -20°C until further DNA analysis. At a later stage in the study,
Orgenex brushes (Rovers Medical Devices) were used. Exfoliated cells were collected and
frozen in Cytolyt (Hologic Benelux). Thawed cells were pelleted by centrifugation before
DNA extraction. Changes of brushes or storage had no effect on the robustness of the assay
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(17). Sample information was stored in an encoded format.

LOH assay
DNA of the exfoliated cell samples was isolated by a column kit (Nucleospin 96 Tissue kit,
Macherey-Nagel) on a Hamilton’s Microlab Star platform. A multiplex LOH assay, using
12 selected microsatellite markers for chromosome 3p, 9p, 11q, and 17p, was performed
as previously described (markers are shown in Supplementary Table S1; refs. 16, 17). Data
were analyzed and processed as previously described (16, 17, 31). LOH was scored if the
allele ratio differed more than 2 times compared with the reference, when necessary after
stutter correction. As a reference for LOH calculation, the median ratio of all brushed
samples was used. In case of many genetic changes in multiple samples, blood or fibroblast
DNA was used as reference in addition.
The percentage of donor DNA in brushed samples of transplanted patients with Fanconi
anemia was calculated as follows. First, DNA of the recipient (collected before SCT) and
DNA of the donor was analyzed to identify microsatellite markers showing different allele
lengths for donor and recipient. Second, the peak intensities of donor- and recipientspecific alleles were measured. Only distinctive heterozygous alleles of donor and recipient
or distinctive homozygous alleles of donor and recipient were compared for calculation.
The data for all distinctive alleles of the tested markers was averaged as final readout.

CD45 staining
CD45 immunostaining was performed to quantify the number of leukocytes in brushed
samples of transplanted patients with Fanconi anemia, as CD45 is a routinely used leukocyte
biomarker. A cytospin slide centrifuge was used to deposit a thin layer of exfoliated
cells onto a glass slide. Anti-CD45 antibody staining of the cytospins was performed by
standard immunocytochemical staining. In short, a three-step staining was applied using
monoclonal Mouse Anti-Human CD45 (DAKO M0701, Glostrup), Biotinylated rabbitanti-mouse (DAKO E0413), and StrepABComplex/HRP (DAKO K0377). At least 100 cells
were counted by microscopic examination and the percentage of CD45-positive cells was
calculated.

Statistical analysis
Continuous variables are displayed as median and range. Discrete variables are displayed as
counts and proportions. A Fisher exact test (two-sided) was used to compare proportions
between groups. Donor DNA percentages were compared with CD45-positive cells
percentages using least-squares linear regression analysis. Logistic regression was used to
study variables potentially associated with LOH. Variables investigated were age, gender,
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smoking, and alcohol use. Univariate predictors of LOH that were statistically significant
(P < 0.10) were selected for multivariable analysis. Results were expressed as OR and
corresponding 95% confidence intervals. P values of < 0.05 were considered statistically
significant.

5

Figure 1. Donor signal in LOH analysis of a transplanted Fanconi anemia patient.
Patient DNA as well as donor DNA is detected in brushed samples A and B of a transplanted Fanconi
anemia patient (F05-25), analyzed with marker D11S1369. Patient-specific alleles were analyzed in
DNA of patient-derived fibroblasts. Donor-specific alleles were analyzed in DNA of blood of the donor. Patient and donor share one identical allele. FU,fluorescence units; bp, base pairs.
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Results
Analysis of brushed samples from transplanted patients with Fanconi anemia
Within the group of patients with Fanconi anemia, those who received an SCT are at highest
risk for HNSCC, and we initially enrolled transplanted and nontransplanted patients.
However, after LOH analysis of the first patients with Fanconi anemia, we noted aberrant
alleles in brushed samples of transplanted patients. These aberrant alleles disturbed LOH
analysis and were likely derived from donor cells. We analyzed DNA of the recipient before
and after transplantation and compared the DNA profiles with those of the donor as the
most likely source of these aberrant alleles (see Fig.1). As expected, these aberrant peaks
were donor derived. Further analysis and quantitation in 15 transplanted patients with
Fanconi anemia showed presence of donor DNA in 14 of 15 patients, with donor DNA
percentages up to 93% in some samples (see Table 1).
Table 1. Donor DNA percentages in 15 transplanted patients with Fanconi anemia
Patient

Brushes

Code

A

B

C

D

E

F

F05-02

24

26

0

17

13

23

F05-06

34

36

14

10

23

33

F05-07

48

10

10

12

10

23

F05-11

7

16

8

10

11

20

F05-13

0

5

0

0

0

0

F05-25

44

57

25

14

21

48

F05-28

10

10

0

0

5

30

F05-31

0

0

0

0

0

0

F06-85

33

28

18

6

5

30

F06-87

18

37

4

6

8

36

F06-88

0

20

5

0

0

15

F06-91

10

25

42

37

50

60

F06-93

28

31

21

13

9

15

F06-96

88

93

83

70

68

65

F06-97

29

75

22

10

23

74

NOTE: A, left retromolar trigone; B, left lateral side tongue; C, left floor of mouth; D, right floor of mouth; E,
right lateral side tongue; F, right retromolare trigone
Donor percentage 1-25%

Donor percentage 51-75%

Donor percentage 26-50%

Donor percentage 76-100%
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Figure 2. Appearance of donor DNA in longitudinal samples of a transplanted Fanconi anemia patient.
A, donor- and patient-specific alleles. Patient DNA as well as donor DNA is detected in brushed samples D of patient SCT-1, analyzed with marker D9S169, 2 weeks, 4 weeks, 5 weeks, and 7 months after
SCT. Patient-specific alleles were analyzed in oral mucosa collected before SCT. Donor-specific alleles
were analyzed in DNA of blood of the donor. FU, fluorescence units; bp, base pairs.
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To investigate the appearance and origin of the donor DNA after SCT in more detail,
we analyzed longitudinal samples in 5 additional patients with Fanconi anemia (4 male,
1 female) planned to undergo SCT because of bone marrow failure, myelodysplastic
syndrome, or leukemia. Median age at SCT was 10.4 years (range, 3.8-32.7). Median followup after SCT was 5.0 months (range, 0-12.2). In total, 31 brushes were performed after
transplant (median 8 brushes, range, 0-11). One patient died shortly after SCT and no
posttransplant brushes could be performed.
First donor DNA signal was found at a median of 29 days (range, 8-44) after SCT. Donor
DNA was persistent in all consecutive samples, including the samples obtained at last
follow-up. Donor DNA percentages varied between individuals and also within individuals
and ranged between 0 and 85%. An example of recipient- and donor-specific alleles for one
microsatellite marker in consecutive mucosal brushes taken at site D (floor of mouth, right)
after SCT is shown in Fig. 2A. The appearance of donor DNA after SCT in the brushes of
oral mucosa at all six sites in this patient is presented in Fig. 2B.
CD45 staining confirmed presence of leukocytes in brushes of the oral mucosa. Comparison
of donor DNA percentages and CD45-positive cells percentages by linear regression
analysis showed a strong correlation (r2 = 0.760, P < 0.001, see Fig. 2C). To definitively
confirm the leukocyte origin of donor DNA a PCR for T-cell receptor and immunoglobulin
rearrangements was performed, but the amounts of DNA from the brushed samples were
too low for these relatively insensitive methods (data not shown).

Figure 2. B Appearance of donor DNA after SCT.
First donor DNA signal in brushes of patient SCT-1 was detected 2 weeks after SCT. Donor DNA was
persistent in all consecutive samples, including the samples obtained at last follow-up.
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Figure 2C. Correlation between donor DNA and CD45-positive cells.
Least-squares linear regression analysis confirmed a strong correlation between donor DNA percentages and percentage of CD45-positive cells in the brushes of patient SCT-1.

Prevalence of LOH in nontransplanted patients with Fanconi anemia and other risk
groups
As LOH analysis was disturbed by donor DNA, we focused our research on the
nontransplanted patients with Fanconi anemia as high-risk group, and, in addition, aged
non-Fanconi anemia subjects without and with a smoking/alcohol use history as groups
with low and somewhat increased risk for HNSCC, respectively.
A total of 144 aged subjects were brushed and analyzed; 50 in the low-risk group (3 male/47
female, median age 75 years [range, 58-90]) and 94 in the somewhat increased risk group
(79 male/15 female, median age 64.6 years [range, 58-82]). In both groups, LOH could not
be detected in any of the samples. An example of a subject without LOH is presented in
Supplementary Table S2.
Between May 2005 and November 2009, 141 nontransplanted patients with Fanconi anemia
were sampled. The characteristics of these patients are summarized in Table 2. Information
on pre-study HNSCC screening was available for 116 patients, of whom 64 were older than
10 years of age. Of note, only 16 of these 64 patients (25%) received routine screening by an
head and neck surgeon as indicated in the guidelines.
LOH was found in 14 of 141 (9.9%) patients with Fanconi anemia at a median age of 25.5
years (range, 6-52). This prevalence was significantly higher when compared with the lowrisk group (Fisher exact test, P = 0.023) or the somewhat increased risk group (Fisher exact
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test, P = 0.001). LOH at chromosome 9p and/or 3p was found in 13 of the 14 (93%) patients
with Fanconi anemia with LOH in the brushed samples. Additional LOH at chromosome
11q and/or 17p was found in three patients.
Next, we analyzed factors associated with the presence of LOH (see Supplementary Table
S3). In univariate analysis, age (OR, 1.09, P = 0.000) and alcohol use (former alcohol use
OR, 16.8, P = 0.003, current alcohol use OR, 7.00, P = 0.016) significantly increased the
chance of LOH. In multivariable analysis only age was independently associated with LOH
(OR, 1.13, P = 0.001), indicating that the association of LOH and alcohol was age dependent, as expected.
Table 2. Patient characteristics of nontransplanted patients with Fanconi anemia (n = 141)
Number (%), time in years (age),

Characteristics

or months (follow-up)
Gender

Male

64 (45%)

Female

73 (52%)

Unknown

4 (3%)

Age at first brush

Median (range)

11.1 (2.7-52.3)

Unknown

4 (3%)

Country

France

25 (18%)

Germany

54 (38%)

USA

50 (35%)

Other

12 (9%)

No

105 (90%)

Former

9 (8%)

Current

2 (2%)

Unknown

0 (0%)

No

87 (75%)

Former

8 (7%)

Current

20 (17%)

Unknown

1 (1%)

No

88 (76%)

Yes

28 (24%)

Median (range)

66.1 (0-93.7)

Total patient years

557.3

Missing

6 (5%)

Smokinga

Alcohola

Visible lesions
Follow-up

a

a

a

n = 116, data not available for the first 25 patients
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Table 3. Example of a patient with Fanconi anemia with progression of LOH
First sample of patient F06-02
Marker

A

B

C

D

E

F

3p14.2

1.10

0.97

1.17

1.02

1.00

1.05

3p21.33

0.96

0.97

1.01

1.00

1.02

0.95

3p24.3

0.97

1.07

1.00

0.94

1.06

0.87

9p21

0.96

0.66

0.20

0.38

0.37

0.88

9p22

1.25

0.61

0.22

0.50

0.49

1.27

9p22.2
11q14.1

0.98

0.86

1.11

1.00

1.07

1.13

11q13.4

0.90

1.00

0.65

1.06

1.11

1.02

11q13.1

1.07

0.98

1.13

1.08

0.96

1.00

17p11-12

1.00

1.13

1.01

1.08

0.93

0.96

17p13.1

0.94

0.94

0.85

1.00

1.17

1.32

17p13.3

1.08

0.93

1.00

1.33

1.01

0.98

B

C

D

E

F

5

Second sample of patient F06-02
Marker

A

3p14.2

1.49

0.93

1.38

1.33

0.93

1.00

3p21.33

1.00

1.00

0.73

1.20

0.53

0.75

3p24.3

1.00

1.28

1.52

0.95

1.00

0.86

9p21

1.00

0.14

0.31

0.23

0.09

1.15

9p22

1.00

0.13

0.20

0.18

0.10

0.57

1.00

1.07

0.92

0.91

0.94

1.02

9p22.2
11q14.1
11q14.1

1.18

1.00

0.94

1.36

1.00

0.84

11q13.1

1.60

0.94

0.75

0.98

1.00

1.08

17p11-12

1.00

1.03

1.63

1.18

0.81

0.99

17p13.1

1.02

1.24

0.57

0.99

1.00

1.52

17p13.3

0.82

1.29

1.47

1.64

1.00

1.35

NOTE: A, left retromolar trigone; B, left lateral side tongue; C, left floor of mouth; D, right floor of mouth; E,
right lateral side tongue; F, right retromolar trigone. First sample, performed in June 2006, shows LOH of 9p in
C, D, and E. Second sample, performed in March 2007, shows LOH of 9p in B, C, D, and E.
Marker not informative
LOH: allele ratio <0.5 or >2.0
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Longitudinal sampling in nontransplanted patients with Fanconi anemia
Eight of the 14 patients with Fanconi anemia with LOH in the primary sample were sampled
more than once. LOH persisted in all consecutive samples and in a few patients progression
of LOH or enlargement of the field was seen (see Table 3, LOH at 9p at C, D, and E in the
primary sample, addition of LOH at 9p at B in the consecutive sample).

Follow-up nontransplanted patients with Fanconi anemia
Follow-up was available for 110 of the 141 nontransplanted patients with Fanconi anemia,
including 10 patients with LOH and 100 patients without LOH (see Supplementary Fig.
S1). Median follow-up was 66.1 months (range, 0-93.7). Five patients were diagnosed with
HNSCC during the study period, four in the LOH group and one in the non-LOH group.
LOH was significantly associated with HNSCC (4 of 10 in the LOH group versus 1 of 100
in the non-LOH group; Fisher exact test, P = 0.000). Detailed description of patients with
Fanconi anemia with LOH and HNSCC is presented in Table 4.
Two of the five HNSCC patients (F07-11 and F09-31) presented with suspect mucosal lesions
at the time of first brush. The lesions of both patients were brushed and showed LOH and
appeared to be HNSCC after further investigation. The other three patients (F06-84, F0706, and F07-13) developed HNSCC during the study period at a median of 26.5 months
(range, 17.1-42.3) after the first brush. Patient F06-84 and F07-13 showed LOH in one of
the six routinely brushed sites and developed HNSCC within a few centimeters of the initial
LOH site. A picture of a SCC of the gingiva in patient F06-84 is shown in Supplementary
Fig. S2. LOH analysis of this patient is shown in Supplementary Table S4. Patient F07-06
did not show LOH in first and consecutive brushes. Of note, brushed samples of this patient
were always contaminated by blood caused by bleeding of the mucosa during sampling.
Information on visible lesions at the time of first brush was analyzed in 110 patients with
Fanconi anemia with follow-up (see Supplementary Fig. S3). Visible lesions were found in
27 of 110 patients (25%). Five patients with visible lesions (4 with LOH, 1 without LOH)
developed HNSCC. Twenty-two patients with visible lesions (3 with LOH, 19 without LOH)
did not develop HNSCC during the study period. None of the 83 patients without visible
lesions (3 with LOH, 80 without LOH) developed HNSCC. Follow-up time in the three
patients with LOH, but without visible lesions was 65.1, 92.2 and 92.3 months, respectively.
Of the five patients with HNSCC only one is alive at 83.3 months after HNSCC diagnosis.
Four patients died at a median age of 44.9 years (range, 26.1-56.4). Cause of death was
HNSCC (n = 2), bone marrow failure (n = 1) and SCT-related morbidity (n = 1). Fourteen
of the remaining 105 patients with follow-up died at a median age of 26.0 years (range, 6.550.9). Cause of death was non-HNSCC cancer (n = 4), bone marrow failure (n = 5), SCTrelated morbidity (n = 3), and unknown causes (n = 2).
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Age

11.0

10.0

6.4

16.2

19.4

40.7

52.3

22.6

36.1

30.1

24.8

35.2

31.0

48.1

F05-05

F05-09

F05-32

F06-02

F06-14

F06-53

F06-84

F06-101

F07-06

F07-08

F07-11

F07-13

F08-61

F09-31

F

M

M

F

F

F

F

F

F

M

F

M

F

M

M

M/F
st

3p, 9p, 11q

9p

9p

3p, 9p, 11q, 17p

9p

no LOH

9p

9p

9p

9p

9p

3p

3p, 9p, 11q, 17p

17p

3p, 9p

LOH 1 brush

LOH

H

C

B

I, L

E, F

-

D

C

A

D

C, D, E

E

H

B

3p: J, 9p: C-J

Site

c

yesc

no

yes

yes

no

yes

no

yes

no

no

no

unknown

unknown

unknown

unknown

unknown)

(yes/no/

HNSCC

HNSCC

palate, gingiva 14b

65.1

b

b

0

gingiva 36, 37

tongue

0
26.5

-

gingiva 45b

-

gingiva 32, 42

-

-

-

-

-

-

-

Site

85.4

42.3

41.0

17.1

40.3

92.2

92.3

no FU

no FU

no FU

no FU

(months)

Follow-up
suspect
mucosa
(yes/

standard
sites
(yes/no)

yes
no
n.a.
n.a.
no
no
no
no
no
no
n.a.

no
yes
yes
yes
yes
yes
yes
no
yes
no
yes
yes
no

T2N0M0
T1N0M0
T1N0M0
T2N1M0
T1N0M0

-

-

-

-

yes

yes

no

yes

-

yes

no/n.a.)

LOH at

LOH at

yes

-

stage

TNM

LOH ~ HNSCC

yes

-

no

yes

-

no

-

no

-

-

-

-

-

-

-

(yes/no)

site

HNSCC

LOH at

a

Age at first brush., b According to the FDI two-digit tooth numbering system. c HNSCC present at time of first brush.

NOTE: M, male; F, female; TNM, international classification of malignant tumors; n.a., not applicable, no suspect mucosa at time of first brush; A, left retromolar trigone; B, left lateral side
tongue; C, left floor of mouth; D, right floor of mouth; E, right lateral side tongue; F, right retromolar trigone; H, I, J, L, macroscopically suspect mucosa; FU, follow-up;

26.0

(years)

a

F05-03

Code

Patient

Table 4. Patients with LOH and HNSCC
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Discussion
In this study we used a noninvasive multiplex LOH assay on brushed oral mucosal cells of
several HNSCC risk groups: aged subjects with and without a smoking/alcohol use history
and genetically predisposed patients with Fanconi anemia, who have a very high risk of
developing HNSCC.
In a previous study with 20 young subjects no LOH was found in any of the 140 samples
tested (18). As expected, no LOH was found in the low-risk group of aged subjects either. We
expected to find LOH in the group at somewhat increased risk, as older age in combination
with heavy smoking and excessive alcohol consumption are the well-known risk factors for
oral cancer (RR 3.54 compared to never smokers/drinkers; ref. 32). However, the crude,
yearly incidence of oral cancer in men and women older than 60 years is less than 55 per
100,000 (33). Notwithstanding that precancerous changes may be undetected for many
years, the chance to find subjects with precancer remains very low and requires screening
of thousands. This changes when analyzing samples of patients with a very high risk of
HNSCC due to their genetic predisposition. We detected LOH in nearly 10% of the sampled
patients with Fanconi anemia. The high prevalence of LOH found in these patients is in line
with the 500- to 1,000-fold increased HNSCC risk for patients with Fanconi anemia (19,
23).
A technical limitation of the noninvasive LOH assay, which became apparent in this
study, is the inability to use it in transplanted Fanconi anemia patients because presence
of donor DNA interfered with the LOH analysis. We found donor DNA percentages up
to 93% in brushes of the oral mucosa. Recent papers in the field of forensic medicine
reported mixed chimerism in DNA of buccal swabs from recipients of hematopoietic SCT,
affecting forensic DNA profiling (34, 35).34,35 Donor DNA percentages were highly variable
between individuals and also within an individual at different sample sites and at different
sample dates, and varied between 0 and 100% with a median value of 23%. Age, time after
transplant, type of SCT donor and type of conditioning regimen were not significantly
correlated with donor DNA percentages (35). Also in our study highly variable donor DNA
percentages were detected in transplanted patients with Fanconi anemia.
The origin of donor DNA has been the subject of discussion in the last decades and is
still a matter of debate. Reported mechanisms that could explain the presence of donor
DNA in nonhematopoietic tissues are stem cell plasticity, fusion of bone marrow-derived
blood cells with recipient cells, horizontal DNA transfer from donor to recipient cells,
and contamination with donor leukocytes (36-42). Although we cannot exclude other
mechanisms, our data strongly indicate a very simple source: leukocyte contamination.
In 2013, Graveland et al reported the results of the noninvasive LOH assay in patients
with leukoplakia (17). An analytical sensitivity of 45% was found indicating that with a
brushed sample only 45% of the cases with LOH in the biopsy were detected. The analytical
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specificity and positive predictive value were both 100%. Hence, this assay has limited value
for monitoring patients with leukoplakia (17). Whether this low sensitivity was caused by
the keratotic characteristics of the leukoplakia lesion that may hamper sampling, or is also
the result of contamination with DNA of other sources, most likely leukocytes, remains
uncertain. Consequently, it is possible that the high prevalence of LOH found in brushes
of the oral cavity of patients with Fanconi anemia is underestimated due to the suboptimal
sensitivity of the LOH assay. In fact, the data suggest that contamination with DNA of
leukocytes might become a limiting factor for all noninvasive approaches.
Zhang and colleagues showed that LOH in oral premalignant lesions is the most significant
predictor for malignant progression with a 22.6-fold increase in risk for lesions with LOH
at 3p and/or 9p compared with lesions with 3p and 9p retention (15). In our study LOH of
chromosome 3p and/or 9p was present in 93% (13/14) of the patients with Fanconi anemia
with LOH. In addition, LOH was persistent in all consecutive brushes. We could associate
LOH with HNSCC, but we could not indicate LOH as a prognosticator of HNSCC in
our cohort, because two of the five HNSCC patients already presented with oral cancer at
the time of first brush. However, when excluding these two patients, two of eight patients
with LOH at first brush developed HNSCC compared with 1 of 100 in the LOH negative
group (Fisher exact test, P = 0.014) indicating that LOH might be an important prognostic
marker of subsequent HNSCC development in Fanconi anemia, although this is based on
the frequency analysis of only few events. Much larger studies with long follow-up time will
be required to proof the predictive value of noninvasive genetic testing in Fanconi anemia.
In our study, the youngest patient with LOH was 6 years of age. Unfortunately, follow-up
of this patient was not available and it is unknown whether this patient developed oral
cancer. Because LOH was persistent in all the consecutive brushes of the longitudinally
brushed LOH patients, we may assume that LOH also persisted in this 6-year-old patient.
Several cases of very young Fanconi anemia HNSCC patients are reported in the literature,
including one patient of only 10 years of age (43, 44).
As life expectancy of patients with Fanconi anemia has increased markedly due to improved
results of SCT, the number of patients developing HNSCC will increase consequently (23,
24, 45). A major problem of HNSCC in Fanconi anemia is that treatment possibilities
are limited since patients with Fanconi anemia tolerate radiotherapy and chemotherapy
poorly. Morbidity is high and overall survival at 2 years is only 49% compared with 70% in
non-Fanconi anemia HNSCC (23, 24, 46). Another problem in the treatment of HNSCC
in Fanconi anemia is that relapses are common; 10 of the 19 patients (53%) studied by
Kutler and colleagues developed recurrences at a median interval of only 16 months (23).
Furthermore, patients with Fanconi anemia often develop multiple primary SCCs; 63%
developed one or more second primary tumor of the aerodigestive and anogenital tract
(23, 46).
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Up to now screening remains the best approach to detect oral (pre)cancer at an early stage
and treat these by transoral excision or laser. Patients with Fanconi anemia are therefore
advised to undergo inspection of the oral cavity every 3 months from the age of 10 years.
Strikingly, in our Fanconi anemia cohort four of the five patients with oral cancer developed
SCC of the gingiva. We therefore recommend to carefully inspect the gingiva during the
three monthly screening, and consider the gingiva as predilection site for oral cancer in
Fanconi anemia.
As a result of our opportunistic screening approach, it was noted that many patients with
Fanconi anemia did not receive routine screening for HNSCC at the time of first brush. This
study therefore improved the awareness of patients and parents. The presented data in this
first observational study do not allow strong recommendations or introduction of genetic
screening at routine basis, but the following schedule could be considered. We adhere to
the three monthly screening by an experienced head and neck surgeon for all patients
with Fanconi anemia older than 10 years, and at least yearly when this is not feasible,
including careful inspection of the oral cavity and the gingiva. In addition, we recommend
noninvasive genetic analysis of suspect visible lesions and this may be extended to the six
sites with the highest HNSCC predilection as well as the gingiva in patients with Fanconi
anemia. When visible lesions are present or when areas of premalignant genetic changes are
diagnosed by noninvasive genetic analysis, the screening frequency should be increased to
at least three monthly intervals and suspicious areas should be documented by photography.
When visible lesions are biopsied on clinical indication, the biopsies should be diagnosed
by histopathological examination and by 3p and 9p LOH for risk assessment. A possible
further implication of noninvasive genetic screening in the future is identifying patients
eligible for chemoprevention trials.
LOH screening in patients with Fanconi anemia is a promising method to identify the
patient at high risk for oral cancer. The somewhat unexpected source of leukocyte DNA
indicates that we have to develop more sensitive assays, especially for transplanted patients.
New genetic assays, using next generation sequencing approaches, might improve the
applicability of this noninvasive screening tool and might have a higher sensitivity (47).
However, it is important to realize that these approaches are still expensive, usually require
larger amounts of input DNA and will also be influenced by the presence of leukocyte DNA.
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Supplementary Tables
Table S1. Microsatellite markers
Marker

Location

D3S1766

3p14.2

D3S1029

3p21.33

D3S1293

3p24.3

D9S171

9p21

D9S162

9p22.1

D9S157

9p22.2

D11S1883

11q13.1

D11S1369

11q13.4

D11S2002

11q14.1

CHRNB1

17p13.1

TP53

17p13.1

D17S1866

17p13.3

Table S2. Example of a subject without LOH
Sample of subject LASA 15384
Marker

A

B

C

D

E

F

3p14.2

1.18

1.00

1.15

1.01

0.91

0.95

3p24.3

1.00

0.85

0.87

1.05

0.89

1.18

9p21

0.88

1.30

1.41

1.04

0.88

1.00

9p22

1.12

1.14

0.88

0.92

1.10

1.00

9p22.2

0.98

0.90

1.02

1.00

0.99

1.00

11q14.1

0.99

0.95

1.01

0.97

1.08

1.00

11q13.4

0.92

0.97

1.24

0.96

1.00

1.05

11q13.1

0.91

0.97

1.13

1.09

1.15

1.00

17p11-12

0.99

1.00

1.29

1.01

0.80

1.05

17p13.1

0.90

1.03

1.12

0.97

1.00

1.00

17p13.3

1.00

1.19

0.79

1.08

1.02

0.92

3p21.33

NOTE: A, left retromolar trigone; B, left lateral side tongue; C, left floor of mouth; D, right floor of mouth; E,
right lateral side tongue; F, right retromolar trigone.
Marker not informative
LOH: allele ratio <0.5 or >2.0
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Table S3. Predictors of LOH
Variable

Cases

LOH

Univariate

Multivariable

OR (95% CI)

P value

OR (95% CI)

P value

1.13 (1.05-1.22)

0.001

Age
Years

137

14

1.09 (1.04-1.14)

0.000

Male

64

6

1.00

-

Female

73

8

1.19 (0.39-3.63)

0.760

No

105

8

1.00

-

Former

9

2

3.46 (0.62-19.52)

0.159

Current

2

0

N.E.

N.E.

No

87

3

1.00

-

1.00

-

Former

8

3

16.8 (2.68-105.48)

0.003

5.13 (0.68-38.61)

0.112

Current

20

4

7.00 (1.43-34.31)

0.016

1.69 (0.27-10.35)

0.573

Gender

Smoking

5

Alcohol

NOTE: OR, odds ratio; CI, confidence interval; N.E., not evaluable, no LOH in this group.

105

Smetsers.indd 105

4-12-2017 11:03:06

Chapter
5 5
C hapter

Table S4. LOH pattern of a patient with Fanconi anemia with HNSCC
First sample of patient F06-84
Marker

A

B

C

D

E

F

3p14.2

1.38

1.44

1.30

1.54

1.26

1.17

3p21.33

0.92

0.99

1.00

0.99

0.93

0.97

3p24.3

1.04

0.97

1.01

1.02

1.04

1.07

9p21

0.84

1.94

1.99

0.84

0.87

0.90

9p22

1.18

1.67

3.03

1.33

1.19

1.23

11q14.1

1.03

1.11

1.17

1.16

1.06

1.08

11q13.4

0.74

0.93

0.80

0.82

0.82

0.79

17p11-12

0.93

0.84

1.12

0.95

0.86

0.88

17p13.1

0.91

0.93

1.14

0.90

1.00

0.95

17p13.3

1.03

0.95

0.99

1.09

1.12

1.11

9p22.2

11q13.1

Second sample of patient F06-84
Marker

A

B

C

D

E

F

3p14.2

0.87

0.65

1.02

1.17

1.00

0.94

3p21.33

1.10

0.93

1.07

0.94

1.02

1.00

3p24.3

1.00

0.85

1.02

1.03

1.05

0.92

9p21

0.70

4.55

5.30

1.34

0.84

1.01

9p22

0.94

3.31

2.95

1.45

1.00

1.08

11q14.1

0.87

1.18

1.04

0.92

1.00

0.71

11q14.1

0.85

0.63

1.14

0.85

1.00

0.98

17p11-12

0.97

1.04

1.13

1.09

1.39

0.86

17p13.1

0.94

0.97

1.20

1.00

1.06

1.10

17p13.3

1.00

1.04

1.02

0.90

0.98

0.76

9p22.2

11q13.1

NOTE: A, left retromolar trigone; B, left lateral side tongue; C, left floor of mouth; D, right floor of mouth; E,
right lateral side tongue; F, right retromolar trigone. First sample, performed in October 2006, shows LOH of 9p
in C. Second sample, performed in October 2007, shows LOH of 9p in B and C.
Marker not informative
LOH: allele ratio <0.5 or >2.0
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Figure S1. Follow-up of non-transplanted FA patients.
Follow-up of the 141 non-transplanted patients with Fanconi anemia. Four of ten patients with LOH
and one of 100 patients without LOH developed HNSCC.
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Figure S2. Picture of a Fanconi anemia patient (F06-84) with squamous cell carcinoma of the gingiva.
LOH at chromosome arm 9p in brush C was detected in the first brush of patient F06-84. One year
later LOH was also detected in brush B. The patient developed SCC of the gingiva 32 and 42 (FDI
two-digit tooth numbering system), indicated by the black arrows, 17.1 months after the first brush.

Figure S3. Visible lesions in non-transplanted FA patients.
Visible lesions were found in 27 of 110 patients (25%) with follow-up. Five patients with visible lesions
(4 with LOH, 1 without LOH) developed HNSCC. None of the 83 patients without visible lesions (3
with LOH, 80 without LOH) developed HNSCC.
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Introduction
In the Netherlands, approximately 1 million patients suffer from rare diseases.1 The
European definition of a rare disease is a life-threatening or chronic, progressive condition
that affects less than 1 in 2,000 people.2 There are an estimated 6,000-8,000 rare diseases, the
majority of which (80%) are genetic conditions.3,4 Whereas every rare disease in itself affects
only a few patients, all rare diseases together place a heavy burden on public health. In the
European Union, about 27-36 million patients suffer from a rare disease.4
For many rare diseases, effective treatments are not available. Early diagnosis followed by
appropriate care can improve patients’ quality of life and life expectancy. However, due to a
relative lack of knowledge and expertise, patients with rare diseases are often misdiagnosed,
or their diagnosis is delayed. Once the right diagnosis has been made, there is often little
information available about the disease and its treatment. This situation is partly explained
by the fact that rare diseases are often registered inadequately or not at all.5 Also, for a long
time, the pharmaceutical industry saw no profit in investing in research for treatment of
rare diseases.6 In recent years, newly created incentives, both national and international,
have stimulated scientific research efforts and the development of drugs for rare diseases,
the so-called orphan medicinal products (www.weesgeneesmiddelen.info and www.irdirc.
org).7,8

6

National plan rare diseases
Until recently, rare diseases were not considered a major healthcare problem. In recent
years, however, there has been growing attention to rare diseases both nationally and
internationally, as demonstrated by the many websites launched by organizations involved
(Table 1).
In 2013, the Dutch organization for health research and development ZonMw presented
the National Plan of Rare Diseases (NPZZ) to the Dutch Minister of Health, Welfare, and
Sport, Ms Schippers. The NPZZ proposes actions to improve the situation of patients with
rare diseases in the Netherlands.9 This plan would ensure that the Netherlands complies
with the European Council recommendations that by the end of 2013 strategies to handle
rare diseases should have been drawn up. The NPZZ identifies bottlenecks in the care of
patients with rare diseases, and highlights recommendations to improve this (Table 2).10
Focus areas include more influence for patients and patient organizations, in line with the
European Commission’s objective to empower patients and assign them a more active role.
Many bottlenecks identified in the NPZZ also apply to the care for patients with the rare
disease of Fanconi anemia (FA). There is, for example, very little awareness of this disease
amongst healthcare providers, little information is available for patients and healthcare
providers, there is insufficient tailor-made care, and there is no formal center of expertise.
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Below, we will take a closer look at the FA situation to illustrate the opportunities and
challenges in improving care for patients with rare diseases.
Table 1. Some national and international websites that provide information on rare diseases
Organization and objective

Website

Netherlands
National Plan Rare Diseases (NPZZ)

www.npzz.nl

Rare Diseases Foundation (ZZF)

www.zzf.nl

VSOP

www.vsop.nl

VSOP standards of care

www.zorgstandaarden.net

NFU orphan diseases address list

www.nfu.nl/weesziekten

Orphan medicinal products information center

www.weesgeneesmiddelen.info

International
Orphanet; rare diseases portal Europe

www.orpha.net

Alliance of patient organizations rare diseases Europe

www.eurordis.org

International Rare Diseases Research Consortium

www.irdirc.org

European Commission, rare diseases policy

ec.europe.eu/health/rare_diseases

European Union Committee of Experts on Rare Diseases

www.eucerd.eu

The United States National Organization for Rare Disorders

www.rarediseases.org

The United States Genetic and Rare Diseases Information Center

www.rarediseases.info.nih.gov

VSOP = Association of Collaborating Parent and Patient Organizations
NFU = Netherlands Federation of University Medical Centers

Fanconi anemia
FA is a chromosome instability syndrome with a predominantly autosomal recessive
inheritance pattern. The disease was first described in 1927 by the Swiss pediatrician Guido
Fanconi. FA is characterized by congenital abnormalities, bone marrow failure, endocrine
abnormalities, and a very high risk of malignancies, particularly acute myeloid leukemia
and squamous cell carcinoma.11,12 FA is a DNA repair disorder affecting the repair of a
particular type of DNA damage (interstrand crosslinks).
Usually, the disease is diagnosed within the first ten years of life on the basis of congenital
abnormalities or signs of bone marrow failure. Some patients, however, are only diagnosed
in adulthood, when rare tumors occur at an early adult age or when they experience
unexpected, serious toxicity from chemotherapy or radiation therapy.
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Table 2. Summary of bottlenecks in the management of rare-disease patients and recommendations for improvement*
Summary
Bottlenecks
Healthcare providers, researchers, insurers, and government agencies lack knowledge of rare diseases
There is insufficient customised care, and healthcare professionals need to know more about the care and treatment of rare-disease patients
Too little medical research has been done into the causes, symptoms, course, and treatment – including innovative drugs – of rare diseases and into patient quality-of-life issues
There is too little collaboration between the various patient organizations for rare diseases to draw attention to
their problems in an efficient manner
There is need for collaboration and alignment of the activities described in the NPZZ plan, especially regarding

6

common aspects of rare diseases, to permanently improve the position of patients
Recommendations
Unabating attention for rare diseases in professional healthcare training will allow for early detection, faster
diagnosis, and timely referral to experts
Pool information and knowledge and allow for broad access by the various target groups
Make transparent where expertise is to be found, and establish criteria for expert status
Fund research into rare diseases; we need to know more about those diseases for which at present only
symptom treatment is available and about quality-of-life issues, and we need research to discover new methods
for detecting and diagnosing rare diseases and for measuring treatment outcomes and cost-effectiveness
Adopt a consistent policy on entitlement to and reimbursement of orphan medicinal products
Moreover, appointing a director or coordinator to monitor the above recommendations will enhance consistency and prevent fragmentation and unnecessary replications
*Bottlenecks and recommendations, as identified in the National Plan Rare Diseases (NPZZ)

Over the last 10-15 years, FA patients have seen their life expectancy increase substantially
due to improved results from stem cell transplantation, the only known curative treatment
available for bone marrow failure in FA.13 As a result, growing numbers of FA patients
are confronted with other stages of their disease, such as the development of squamous
cell carcinomas at an early adult age, predominantly in the head and neck and anogenital
regions. These tumors are difficult to treat since FA patients tend to be hypersensitive to
chemotherapy and radiation therapy. At present, screening for premalignant and malignant
lesions with early surgical intervention remains the best management strategy.11-13
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Fanconi anemia care in the Netherlands
In the Netherlands, the annual average of children born with FA is 4. There are currently
about 70 known Dutch patients with FA, 40% of whom are over the age of 18. Due to
the rarity and complexity of their disease and the extremely high risk of malignancies,
these patients require specific, multidisciplinary and lifelong care. Most FA patients are
treated at academic institutions and children’s hospitals. Stem cell transplantations for FA
are performed at two academic children’s hospitals. The growing number of FA patients
reaching adulthood means that adult care facilities are being more frequently contacted,
while these facilities are understandably not well prepared.
In 2007, the Dutch Childhood Oncology Group (DCOG/SKION), a joint venture of Dutch
academic hospital Pediatric Oncology departments, issued the Dutch national FA treatment
guideline. Drafted by a multidisciplinary team of specialized FA clinicians and scientists
and describing the preferred diagnostics, treatment and follow-up schedule for FA patients,
this guideline has set an example for other European countries. Linked to this guideline is
a patient registry system that allows the registration of all new and known FA patients. Rest
material from bone marrow aspirations is anonymized and stored in the SKION cell bank
for scientific purposes.

Patient perspective
The Fanconi anemia association, part of the Dutch Childhood Cancer Parent organization,
is an active recognized patient association in the Netherlands. In 2010, the FA patient
community voiced complaints that FA patients were not receiving optimal care, despite the
availability of a national guideline. At the associations initiative, and in mutual consultation
with the healthcare providers involved, a survey was conducted among Dutch FA patients
between October 2010 and September 2011 to better understand the care they received and
identify areas for improvement.
The survey results showed that a considerable number of patients were receiving suboptimal
care, despite the availability of a treatment guideline (Table 3). Forty percent of patients
were not aware of the FA guideline. The transition from pediatric to adult care remains
an extremely challenging one. From a patient perspective, the care process could best be
improved by creating multidisciplinary FA teams at one or two expertise centers, both for
children and adults.
There are still quite a few issues to tackle when it comes to implementing the FA guideline,
organizing care around the patient, especially in the transition to adult care, and enhancing
patient awareness and involvement.
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Table 3. Outcomes of a survey held in the period October 2010-September 2011 among Dutch
Fanconi anemia patients on the care they receive and on areas for improvement
Issue

Respondents; n/N*

Medical care
Did the care you received comply with the Fanconi anemia guideline?
Hematologic care (quarterly)

13/28

Head and neck cancer screening (quarterly)**

8/19

Endocrine care (annually)

6/28

Gynecologic care (annually)***

5/ 5

Other questions
On the Fanconi anemia guideline:
Were you aware of this guideline?

17/28

If so, did you read the guideline or discuss it with your treating physician?

9/17

6

On the transition to adult care:
Are you content with your transition process?

1/ 7

On the ideal care process:
I would prefer to have a care team of closely collaborating medical specialists

24/25

I would like to choose my medical specialists; a care team is not that important to me

4/25

Medical care should be offered at one or two specialised centers

21/25

* n is the number of respondents who answered ‘Yes’ and N is the total number of respondents N=28; the number of respondents who were eligible for head and neck cancer screening N=19; the number of respondents who
were eligible for gynecologic care N=5; the number of adult respondents who had been diagnosed with Fanconi
anemia in childhood N=7.
** This is done from the age of 10
***This is done in female patients from the age of 15.

Strategies toward better care
The NPZZ plan makes several recommendations to improve care for patients with rare
diseases. The care process should be organized around the patient, and good collaboration
between all parties involved is essential. An inspiring example of a working group that coordinates patient care in this manner is the American Fanconi Anemia Research Fund (FARF;
www.fanconi.org). This private fund supports FA families, offers grants for scientific rese-
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arch, stimulates collaboration between scientists and healthcare providers, and organizes an
annual international FA symposium for experts in the field of care and science to meet up
with patients. The American FA guideline was also drafted in a collaborative effort by both
patients and healthcare professionals and is renewed periodically.
Inspired by the FARF example, Dutch clinicians, scientists and the patient association have
joined forces to launch a website with extensive information on FA (www.fanconianemie.
nl), funded by the Health Insurers’ Innovation Fund.

Multidisciplinary teams in expertise centers
Because of the limited number of patients and the lack of experience, the management of
rare diseases requires centralization of care and expertise. The NPZZ plan recommends
appointing centers of expertise on rare diseases, where both children and adults are treated
by multidisciplinary teams with care coordinators acting as their primary contacts. Special
attention is to be given to the transition from pediatric to adult care, and registration and
biobanking are to be integral elements of the care process in these centers.9 The Dutch
Federation of University Medical Centers was asked by the Minister to take responsibility
for setting up a national network of expertise centers.
As shown by the survey (see Table 3), FA patients would prefer multidisciplinary FA
teams set up at one or two centers of excellence. Their wishes are in line with the vision
of the Association of Collaborating Parent and Patient Organizations for rare and genetic
disorders (VSOP) and the strategy proposed in the NPZZ.9,14 The question remains how to
operate such multidisciplinary expert teams. In practice, on-call team care will be difficult
to organize.
A more realistic option may be to organize ‘rare-disease days’ at set intervals throughout
the year when teams of experts on particular diseases are available for multidisciplinary
consultation. This practice is used in the Sylvia Tóth Center, a one-day diagnosis clinic for
complex pediatric health problems at the Wilhelmina Children’s Hospital (www.hetwkz.
nl/nl/Ziekenhuis/Afdelingen/Sylvia-Toth-Centrum). By organizing same-day and samelocation consulting sessions for both children and adults, the transition to adult care can
be streamlined, as illustrated by existing initiatives and protocols relating to this transition
(www.opeigenbenen.nu).15,16

Patient empowerment
Both patients and healthcare providers should aim for patient empowerment by placing the
patient at the heart of his or her treatment. Even with treatment guidelines or a center of
excellence, patients with rare diseases will have to take control and inform their healthcare
providers about the disease they have, making sure they get the care they need. Some
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patients will find this difficult or impossible because of the stage of their disease. Chronic
fatigue, for instance, a symptom that many FA patients have, may prevent patients from
taking control.
To inform healthcare providers about the severely increased risk of developing squamous
cell carcinomas, FA patients are provided with information leaflets on head and neck
cancer screening that they can give to their ENT physicians, dentists, and dental surgeons.
Another initiative to help patients with rare diseases take control is the project ‘The Patient
as Information Carrier’. Within this project, the Dutch College of General Practitioners and
the VSOP have worked together to produce some 40 information leaflets on rare diseases
(see www.vsop.nl). After a rare disease has been diagnosed, the patient can give a leaflet to
his general practitioner that provides information about the disease and about focus areas
in treatment and management.17 A related VSOP project is the development of standards
of care for rare diseases that can provide guidance in the care process when evidence-based
guidelines are not available (www.zorgstandaard.net).18

6

Conclusion
Being a small but very well organized country, the Netherlands can take the lead in optimizing
care for patients with rare diseases. To support this, a growing number of subsidies is
available. National subsidies include the Fund Patient and Disabled Organizations, initiated
by the Dutch Ministry of Health, Welfare, and Sport, and the Health Insurers’ Innovation
Fund. European subsidies are available too. Let us make good use of these assets in close
collaboration between patients, healthcare providers, and scientists alike, to improve the
care for patients with rare diseases.
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New horizons, new challenges
Fanconi anemia (FA) is a rare, hereditary disorder characterized by congenital
malformations, bone marrow failure (BMF), endocrine abnormalities and a high risk
of developing malignancies, mainly acute myeloid leukemia (AML) and squamous cell
carcinoma (SCC).1,2 The only curative treatment for BMF in FA is hematopoietic stem cell
transplantation (SCT).
This thesis has addressed genetic, clinical and care aspects of FA in the Dutch setting. It
shows that in the past 15 years improved diagnostics and SCT innovations have dramatically
extended the lifespan of FA patients. Subsequently, more patients will reach adulthood and
will be confronted with other life threatening complications of their disease, such as the
development of SCC in early adulthood. Furthermore, FA patients are increasingly being
referred to physicians involved in adult healthcare, who have, in general, limited experience
with this rare, complex disorder.
This thesis underlines that FA no longer is only a disease of childhood and care for FA
needs to grow out of infancy as well. In this general discussion, we describe the future
perspectives, challenges and opportunities in caring for patients with FA.

7

The Dutch FA mutation, a mild variant?
Our study showed that FA is more prevalent than we initially anticipated. At the beginning
of this research project approximately 30-35 FA families were known. To date, 137 patients
have been identified of whom 84 are currently alive. Analysis of the national Dutch FA
cohort confirmed that most patients belong to the FA-C genetic subgroup and that the
c.67delG FANCC mutation, due to a founder effect, is the most prevalent FA mutation in
the Netherlands.3,4
Patients with the Dutch mutation are considered to have a mild phenotype, especially in
terms of congenital abnormalities, but data on course of disease are scarce.5-7 To improve
care, the course of disease in this patient group needed to be studied. We confirmed that
patients with homozygous c.67delG mutations in the FANCC gene indeed have no major
congenital abnormalities. Nevertheless, a significant number of these patients developed
life threatening BMF and malignancies, mainly SCC. Therefore, we recommend that
treatment guidelines, including stringent and lifelong screening for BMF and cancer,
should not be liberalized for this specific patient group. Obviously we have to be careful
with the interpretation of genotype-phenotype correlations. The number of patients and
families is generally small, and FA is a heterogeneous disease. Moreover, one event such
as bone marrow failure and treatment thereof, may impact other events such as cancer
development.
The Dutch FA patient registry is a valuable tool to follow the course of disease of FA patients
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in the Netherlands, to evaluate results of treatment modalities over time and to answer
future research questions. Effort should be made to continue and enhance the registry by
including newly diagnosed patients and perform yearly follow-up of included children and
adults.

Stem cell transplantation for FA: not if but when?
We have shown that current SCT results for FA patients transplanted with matched related
as well as matched unrelated donors are excellent. Nonetheless, challenges remain in
specific FA subgroups. The current Dutch conditioning regimen appears to be insufficient
to ensure engraftment after haplo-identical donor SCT. High numbers of infused CD34+
cells and more intensive conditioning regimens seem to be required in this specific group.8
Furthermore, our study underlines that the chances of success are clearly higher when
patients are transplanted at a young age.9,10 Since outcome of SCT in young FA patients is
significantly superior to the outcome in adult patients, it could be questioned whether or
not all FA patients should be transplanted at young age. Should we proceed to SCT directly
after diagnosis or only in case of stringent conditions, such as transfusion-dependency? In
this context, young adolescent FA patients with mild BMF are facing a difficult decision.
With increasing age their changes of a favorable outcome after SCT will decline, but at
the same time the SCT related morbidity and mortality are substantial. Furthermore, SCTrelated complications such as GVHD increase the risk of life threatening post-transplant
malignancies.11 It remains important to only expose FA patients to SCT if and when
necessary, especially since not all FA patients will develop BMF. Therefore, SCT should not
be performed unnecessarily early, but if inevitable, it should ideally be performed before
the age of 15 years. The decision when to proceed to SCT should be made by combining the
evolution of hematological parameters, evaluated by monitoring of peripheral blood and
bone marrow, donor availability and patient’s considerations.12,13 Decision models are being
developed to support decision making.14
For adult FA patients who need SCT, evaluable conditioning regimens should be formulated,
based on the experience with reduced doses of busulfan or irradiation. Evaluation of these
regimens by means of a HOVON or EBMT adult FA SCT registry is of great importance. In
general, long-term follow up of transplanted FA patients remains necessary to evaluate SCTrelated morbidity and SCT-induced cancer risk of current and new conditioning regimens.

Head and neck squamous cell carcinoma in FA: the main challenge in the years to
come
In this thesis we have shown that noninvasive LOH screening is a promising method to
identify oncogenetic changes in FA patients. We detected LOH in nearly 10% of the sampled
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FA patients and showed that LOH is significantly associated with HNSCC. Further studies
are needed to study the feasibility of noninvasive genetic screening in the clinical setting.
In the meantime, it could be considered to perform noninvasive genetic analysis of suspect,
visible oral lesions. If oncogenetic changes are found, the frequency of screening should be
increased in order to carefully follow the evolution of the visible lesions and to proceed to
invasive diagnostics or treatment in time.
During the study we noticed that the presence of donor DNA in epithelial brushes of
transplanted FA patients interfered with the LOH analysis. Since transplanted FA patients
are at even higher risk of developing HNSCC, it is absolutely necessary to develop more
sensitive screening assays.11 Next generation sequencing methods may have a higher
sensitivity.15 Nevertheless, the presence of leukocyte DNA will also influence these methods.
HNSCCs in FA patients are most often located in the oral cavity.16,17 Of interest, in our FA
cohort 4 of the 5 patients with oral cancer had SCC of the gingiva. The gingiva seems to be a
high risk site for oral cancer in FA and we advise head and neck surgeons and ENT doctors
to thoroughly examine the gingiva during the 3-monthly screening.
To find optimal preventive and curative strategies for HNSCC in FA will be the most
important challenge in the years to come. To date, experience with HNSCC in FA is shared
insufficiently. Based on scarce literature and personal communication during meetings and
conferences it is clear that treatment results of individual FA patients with HNSCC and other
SCCs are disappointing.17,18 Morbidity is high, tumor recurrences are common and overall
survival is poor.16,18 Collecting and publishing information on HNSCC in FA, and especially
the effect and toxicity of chemotherapy and irradiation, is necessary to increase knowledge
on cancer treatment in FA. It is also of great importance to gather the experience with new
developments in treatment of HNSCC in FA. The use of carefully dosed irradiation, instead
of the conventional restraint to use irradiation, as well as radioprotective antioxidants to
decrease toxicity, are being explored.18,19 Furthermore, targeted molecular therapy with
cetuximab, an epidermal growth factor receptor-specific antibody used in treatment of
sporadic HNSCC, could be of interest for FA patients with HNSCC.20
Treatment guidelines for cancer in FA are currently not available, possibilities to treat cancer
in FA are limited and FA is a very rare disease. Consequently, centralizing treatment of FA
patients with cancer is essential to improve outcome. In addition, developing a consultative,
international expert-platform for physicians and researchers to collect and share experience
with the treatment of cancer in FA would be of great importance.

7

Healthcare for Dutch FA patients: room for improvement!
FA is no longer only a disease of childhood. Nearly 40% of the current Dutch FA cohort
is aged 18 years or older. This directly reveals an important challenge, since care for adult
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patients with FA still needs to be developed. Furthermore, new questions, raised as a
consequence of the increased lifespan of FA patients, need to be addressed.
The majority of Dutch FA patients are currently treated in Dutch University Medical
Centers. We have shown that a significant part of the Dutch FA patients receive suboptimal
care, despite the availability of national FA treatment guidelines. In addition, the transition
process from pediatric to adult healthcare proves to be difficult. Concentrating and
centralizing healthcare is essential to improve care for very rare, complex diseases such as
FA. Special attention for transition is needed to bridge the current gap between pediatric
and adult healthcare. In the Netherlands adult healthcare is not organized to provide
comprehensive care for rare, complex, multisystem diseases such as FA. A multidisciplinary
healthcare team that provides lifelong, comprehensive care for children and adults with
FA, including regular screening of (pre)cancer, needs to be developed. Furthermore, a
(inter)national consultative network of healthcare professionals and researchers should be
established to share data on course of disease and treatment results, and provide a basis for
future research.
To optimally organize care for FA, adoption of proven effective initiatives for other rare
diseases should be considered, such as comprehensive care departments like the Sylvia Toth
Center or the Van Creveld Clinic for hemophilia and the aftercare system for survivors of
pediatric cancer (late effect screening networks).21-23 Furthermore, to improve transition
from pediatric to adult healthcare, transition protocols and transition programs, such as
available for cystic fibrosis or pediatric rheumatic diseases could be followed.24-27
Optimal cooperation between patients, their organizations, multidisciplinary healthcare
teams and scientists is of great importance. In the past few years collaboration between FA
healthcare professionals, FA researchers and the Dutch FA patient organization has led to
several valuable projects, such as the development of an FA website and an informative FA
brochure for general practitioners. These tools will empower patients to obtain and share
information about their disease and take control of their healthcare needs. In the coming
years, collaboration between physicians, patients and scientists will further improve care for
children and adults with this complex disorder.
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Summary
Fanconi anemia (FA) is a rare, hereditary disorder characterized by congenital abnormalities,
bone marrow failure (BMF), endocrine abnormalities and a high risk of developing
malignancies, mainly acute myeloid leukemia (AML) and head and neck squamous cell
carcinoma (HNSCC). FA is caused by mutations in one of the 20 currently known FA genes.
The proteins encoded by these genes act together in the FA pathway that organizes repair of
DNA damage. FA patients have an increased risk of developing cancer, but are, at the same
time, hypersensitive to chemotherapy and radiotherapy. Treatment possibilities for cancer
are therefore limited. In the past 15 years improved diagnostics and innovations in stem
cell transplantation (SCT) have dramatically extended the lifespan of FA patients. To date,
more than 80% of the FA patients reach adulthood and require transition from pediatric
to adult healthcare. The improved outcome in FA has consequences for the organization
of healthcare for FA patients and necessitates improved approaches for diagnosis and
adequate treatment of other FA related problems, such as the development of solid tumors
and endocrine disorders.
In Chapter 2 we described the phenotype and molecular analysis of a family with FANCD2
mutations. A 9 year-old girl was diagnosed with FA after presenting with developmental
delay, hearing problems, growth failure and microcephaly. Mutation analysis revealed
biallelic mutations in the FANCD2 gene (c.458T>C and c.2715+1G>A). Three years
earlier her younger brother developed T cell acute lymphoblastic leukemia (T-ALL) and
died of SCT-related complications. The father, who carried the c.2715+1G>A mutation,
developed testicular seminoma at the age of 36. The mother was diagnosed with an SLElike connective tissue disease and carried the c.458T>C mutation. The brother was found
to be a heterozygote carrier of the c.458T>C mutation. Heterozygosity was found in
both diagnostic and remission T-ALL bone marrow samples. Sequencing of DNA of the
testicular tumor tissue also showed presence of both FANCD2 alleles. Therefore, the T-ALL
and testicular tumor seemed not to be caused by loss of the wild type allele.
The FANCD2 mutation c.458T>C has previously been reported in an FA patient who
developed T-ALL. SLE has not been described associated with FA or FA mutation carriers.
However, sequence variants in other DNA repair disorders have been implicated in the
pathogenesis of SLE.
In conclusion, the clinical and molecular data of this family implies possible novel
associations between heterozygous mutations in FANCD2, malignancies and autoimmune
disease.

8
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In Chapter 3 we described the epidemiology, genotype, phenotype and course of disease
of a large cohort of Dutch FA patients. To date, 137 Dutch FA patients have been identified
of whom 84 are currently alive (estimated prevalence 1:208.000, estimated birth prevalence
1:57.000). Mutation analysis, performed in 118 patients, confirmed that the FA-C subtype
is most prevalent in the Netherlands (39%), followed by FA-A (34%). The Dutch founder
mutation c.67delG in the FANCC gene was found homozygous in 32 patients and compound
heterozygous in 14 patients. When focusing on the homozygous c.67delG patients, we
noticed that these patients did not show major congenital abnormalities. 61% of this
patient group developed progressive BMF and 48% received a SCT at a median age of 12.3
years. Long-term follow-up showed that 26% of the adult homozygous c.67delG patients
developed a solid tumor, mainly SCC, at a median age of 36.0 years. Ten of 32 patients died
at a median age of 26.1 years. Cause of death was SCC (n = 4), SCT-related (n = 3), BMF (n
= 2) and unknown (n = 1). Cumulative survival was 54% at the age of 35 years.
In conclusion, the majority of Dutch patients belong to the FA-C subtype. Patients with
homozygous c.67delG mutations in the FANCC gene have in general no major congenital
abnormalities, suggesting a milder phenotype. However, they do develop life-threatening
BMF and solid tumors.
In Chapter 4 we reported the characteristics and results of all SCTs that have been performed
in FA patients in the Netherlands. Between 1972 and 2014, 68 patients were transplanted
at a median age of 8.2 years. Fludarabine (FLU)-based conditioning was associated with
increased engraftment. Haplo-identical SCT and ex vivo T cell depletion increased the risk
of graft failure. FLU significantly decreased early mortality, whereas older age and acute
graft-versus-host-disease (GVHD) were associated with increased early mortality. Late
mortality was mainly caused by SCC in the 2nd and 3rd decade after SCT. A 5-year overall
survival of 87.8% was found in patients treated with FLU compared to 59.3% in the nonFLU group. One-year overall survival in adult patients was 50%. Since 2007, 22 patients were
treated with the current Dutch non-irradiation and busulfan-free conditioning regimen.
Stable engraftment after first SCT was achieved in 19 patients. Acute GVHD grade was seen
in 11% and none of the patients developed chronic GVHD. Five-year overall survival after
matched related donor SCT (n=8) and alternative donor SCT (n=14) was 100% and 85.7%,
respectively.
In conclusion, for Dutch FA patients who currently require SCT, the prospects have
improved markedly. This improvement is associated with the introduction of FLU.
Nevertheless, outcome in adult patients is still suboptimal. The current Dutch conditioning
regimen can be used successfully in matched related and alternative donor SCT, but not in
haplo-identical donor SCT.
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In Chapter 5 we determined the prevalence of loss of heterozygosity (LOH) in brushed
cells of the oral epithelium of FA patients and analyzed the association of LOH with clinical
characteristics and HNSCC. Between May 2005 and November 2009, 141 non-transplanted
FA patients were sampled. LOH was found in 14 of 141 (9.9%) FA patients at a median age
of 25.5 years. Age was a significant predictor of LOH. Longitudinal sampling of FA patients
showed that LOH persisted in all consecutive samples. Five patients developed HNSCC
during the study at a median age of 39.6 years. Of interest, 4 of these 5 patients developed
SCC of the gingiva. LOH was significantly associated with HNSCC. A technical limitation
of the non-invasive LOH assay, which became apparent in this study, was the inability to use
it in transplanted FA patients since presence of donor DNA interfered with LOH analysis.
This donor DNA was most likely derived from donor leukocytes present in the oral cavity.
In conclusion, noninvasive screening using a LOH assay on brushed samples of the oral
epithelium has a promising outlook in patients with FA. However, assays need to be adapted
in case of SCT, because of contaminating donor DNA.
In Chapter 6 we presented the results of a survey, conducted in collaboration with the
Dutch FA patient organization, to evaluate healthcare for FA in the Netherlands. Since FA
is a rare disorder, mainly attended to by specialized pediatricians and not well known in
general pediatric and adult healthcare, we hypothesized that FA patients may not receive
optimal care despite the availability of Dutch guidelines for diagnosis and management of
FA. The survey showed that the majority of patients currently receive suboptimal care. In
addition, the transition process from pediatric to adult healthcare proves to be difficult.
From the patient’s perspective optimization of healthcare can be best achieved through
expert multidisciplinary FA teams both for pediatric and adult patients.

8

Overall, the work presented in this thesis has led to a detailed description of the Dutch FA
cohort, the insight that the Dutch non-irradiation and busulfan-free conditioning regimen
can be used successfully in SCT for children with FA, but not in haplo-identical SCT, the
potential of non-invasive genetic cytology but also the awareness that donor DNA after SCT
influences non-invasive genetic assays, and the realization that care for FA, particularly the
transition to adult healthcare, needs to be improved.
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Nederlandse samenvatting
Fanconi anemie (FA) is een zeldzame, erfelijke ziekte die gekenmerkt wordt door aangeboren
afwijkingen, beenmergfalen (BMF), endocriene aandoeningen en een sterk verhoogd
risico op het ontwikkelen van maligniteiten, met name acute myeloïde leukemie (AML)
en plaveiselcelcarcinomen in het hoofd-halsgebied (HHPCC). FA wordt veroorzaakt
door mutaties in één van de 20 bekende FA-genen. Deze genen coderen voor eiwitten die
betrokken zijn bij de reparatie van DNA-schade en samen de FA-pathway vormen. FApatiënten hebben een verhoogd risico op het ontwikkelen van kanker, maar zijn tegelijkertijd
overgevoelig voor behandeling met chemotherapie en bestraling. Behandelmogelijkheden
voor kanker zijn hierdoor beperkt.
In de afgelopen 15 jaar is de levensverwachting van FA-patiënten sterk toegenomen door
verbeteringen in diagnostiek en ontwikkelingen in stamceltransplantatie (SCT). Ruim 80%
van de FA-patiënten bereikt op dit moment de volwassen leeftijd en krijgt te maken met
transitie van kindergeneeskunde naar volwassenenzorg. De sterk verbeterde levensduur
heeft consequenties voor de organisatie van de gezondheidszorg voor FA en vergt betere
diagnostiek en adequate behandeling van andere FA-gerelateerde problemen, zoals kanker
en endocriene aandoeningen.
In Hoofdstuk 2 beschrijven we het fenotype en de moleculaire analyse van een familie
met mutaties in het FANCD2-gen. FA werd gediagnosticeerd bij een 9-jarig meisje dat
zich presenteerde met een ontwikkelingsachterstand, gehoorproblemen en microcefalie.
Mutatie-analyse toonde biallelische FANCD2-mutaties (c.458T>C en c.2715+1G>A). Drie
jaar eerder ontwikkelde haar jongere broertje T-cel acute lymfatische leukemie (T-ALL).
De vader, drager van de c.2715+1G>A-mutatie, ontwikkelde een seminoom op de leeftijd
van 36 jaar. De moeder had een SLE-achtige bindweefselziekte en was drager van de
c.458T>C-mutatie. Het broertje bleek eveneens drager te zijn van de c.458T>C-mutatie.
Heterozygositeit werd gevonden in het beenmerg, afgenomen tijdens de T-ALL-diagnose
en tijdens remissie. DNA-analyse van het seminoom toonde eveneens aanwezigheid van
beide FANCD2-allelen. Het seminoom en de T-ALL leken niet veroorzaakt te worden door
verlies van het wild type allel.
De FANCD2-mutatie c.458T>C is eerder beschreven bij een FA-patiënt die een T-ALL
ontwikkelde. SLE is niet geassocieerd met FA of FA-dragerschap, maar DNA-polymorfismen
in andere DNA-reparatie stoornissen zijn beschreven in de pathogenese van SLE.
Concluderend: de klinische en moleculaire gegevens van deze familie impliceren een
mogelijke, nieuwe associatie van heterozygote FANCD2-mutaties met maligniteiten en
auto-immuunziekte.

8
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Hoofdstuk 3 beschrijft de epidemiologie en het genotype, fenotype en ziektebeloop van
het Nederlandse FA-cohort. Op dit moment zijn 137 Nederlandse FA-patiënten bekend,
van wie er 84 in leven zijn (geschatte prevalentie: 1:208.000, geschatte geboorte-incidentie:
1:57.000). Mutatieanalyse, verricht in 118 patiënten, bevestigde dat het FA-C-subtype
(39%) het meest voorkomt in Nederland, gevolgd door FA-A (34%). De Nederlandse
foundermutatie c.67delG in het FANCC-gen werd gevonden in 46 patiënten: homozygoot
in 32 en compound heterozygoot in 14 patiënten. Met betrekking tot patiënten met
homozygote c.67delG-mutaties zagen we dat deze patiënten geen ernstige aangeboren
afwijkingen vertoonden. Van deze patiënten ontwikkelde 61% ernstig BMF en onderging
48% een SCT op een mediane leeftijd van 12.3 jaar. Langetermijnfollow-up toonde dat
26% van de volwassen homozygote c.67delG-patiënten een solide tumor ontwikkelde,
voornamelijk PCC, op een mediane leeftijd van 36.0 jaar. Van de 32 patiënten stierven er
10 op een mediane leeftijd van 26.1 jaar. Doodsoorzaak was PCC (n = 4), SCT-gerelateerd
(n = 3), BMF (n = 2) en onbekend (n = 1). Cumulatieve overleving was 54% op de leeftijd
van 35 jaar.
Concluderend: de meerderheid van de Nederlandse FA-patiënten behoort tot het FA-Csubtype. Patiënten met homozygote c.67delG-mutaties in het FANCC-gen hebben in het
algemeen geen ernstige aangeboren afwijkingen, wat een milder fenotype suggereert, maar
ze ontwikkelen wel BMF en levensbedreigende solide tumoren.
In Hoofdstuk 4 presenteren we de karakteristieken en resultaten van alle SCTs verricht
in Nederlandse FA-patiënten. Tussen 1972 en 2014 ontvingen 68 patiënten een SCT op
een mediane leeftijd van 8.2 jaar. Fludarabine (FLU)-gebaseerde conditionering was
geassocieerd met een verhoogde kans op engraftment. Haplo-identieke SCT en ex vivo
T-cel-depletie verhoogden het risico op non-engraftment. FLU verlaagde vroege sterfte na
SCT, terwijl toenemende leeftijd en acute graft-versus-host-ziekte (GVHD) geassocieerd
waren met een toename van vroege sterfte. Late sterfte werd voornamelijk veroorzaakt door
PCC in de 2e en 3e decade na SCT. De 5 jaarsoverleving van patiënten die behandeld werden
met FLU was 87.8% ten opzichte van 59.3% in de non-FLU-groep. De 1 jaarsoverleving
van volwassen patiënten was 50%. Sinds 2007 zijn 22 patiënten behandeld met het huidige
Nederlandse conditioneringsregime, dat geen bestraling of busulfan bevat. Engraftment
na eerste SCT werd bereikt bij 19 patiënten en 11% van de patiënten ontwikkelde acute
GVHD. Geen van de patiënten ontwikkelde chronische GVHD. De 5 jaarsoverleving na
HLA-identieke verwante donor-SCT (n = 8) en alternatieve donor-SCT (n = 14) bedroeg
respectievelijk 100% en 85.7%.
Concluderend: de vooruitzichten zijn aanzienlijk verbeterd voor Nederlandse FA-patiënten
die momenteel een SCT nodig hebben. Deze verbetering is met name terug te leiden tot het
gebruik van FLU. SCT-resultaten van volwassen FA-patiënten zijn echter nog matig. Het
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huidige Nederlandse conditioneringsregime kan succesvol gebruikt worden in geval van
HLA-identieke verwante en alternatieve donoren, maar niet in geval van haplo-identieke
donoren.
In Hoofdstuk 5 hebben we de prevalentie van verlies van heterozygositeit (LOH) in het
mondslijmvlies van FA-patiënten bepaald. Tevens hebben we gekeken naar de associatie
van LOH met de klinische karakteristieken van de patiënt en HHPCC. Tussen mei 2005
en november 2009 werd met een borsteltje mondslijmvlies afgenomen bij 141 nietgetransplanteerde FA-patiënten. LOH werd gevonden bij 14 van de 141 (9.9%) patiënten op
een mediane leeftijd van 25.5 jaar. Leeftijd bleek een belangrijke voorspeller van LOH. Bij
longitudinale sampling persisteerde LOH in alle opeenvolgende samples. Tijdens de studie
ontwikkelden 5 patiënten een PCC van het hoofd-halsgebied op een mediane leeftijd van
39.6 jaar. Opvallend was dat 4 van deze 5 patiënten een PCC van het tandvlees hadden.
LOH was significant geassocieerd met HHPCC.
Tijdens de studie werd duidelijk dat de niet-invasieve LOH-assay niet gebruikt kon
worden voor getransplanteerde FA-patiënten, omdat de aanwezigheid van donor-DNA,
meest waarschijnlijk afkomstig van donorleukocyten in de mondholte, de LOH-analyse
beïnvloedde.
Concluderend: deze niet-invasieve LOH-screeningsmethode, waarbij gebruik gemaakt
wordt van afgestreken mondslijmvlies, lijkt een veelbelovende tool voor het detecteren van
LOH bij patiënten met FA. Echter, voor patiënten die een SCT hebben ondergaan, zal deze
methode aangepast moeten worden vanwege contaminatie met donor-DNA.

8

In Hoofdstuk 6 tonen we de resultaten van een enquête die werd uitgevoerd in samenwerking
met de Nederlandse FA-patiëntenorganisatie, met als doel de gezondheidszorg voor FA
in Nederland te evalueren. Omdat FA een zeldzame aandoening is, voornamelijk bekend
bij gespecialiseerde kinderartsen en niet bekend in de algemene kindergeneeskunde en
volwassenenzorg, was de hypothese dat FA-patiënten geen optimale zorg ontvingen, ondanks
de beschikbaarheid van een Nederlandse FA-behandelrichtlijn. De enquête liet zien dat de
meerderheid van de FA-patiënten momenteel suboptimale zorg ontvangt. Daarnaast bleek
dat de transitie van kindergeneeskunde naar volwassenenzorg uiterst moeizaam verloopt.
Vanuit het perspectief van de patiënt kan verbetering van de gezondheidszorg voor FA
het best worden bereikt door het ontwikkelen van multidisciplinaire FA-teams voor zowel
kinderen als volwassenen met FA.
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Samenvattend: dit proefschrift heeft geleid tot een gedetailleerde beschrijving van het
Nederlandse FA-cohort en tot het inzicht dat het huidige Nederlandse conditioneringsregime
met succes gebruikt kan worden voor kinderen met FA die een SCT moeten ondergaan,
maar niet in het geval van haplo-identieke SCT. Tevens hebben we het potentieel van nietinvasieve genetische screening laten zien, maar ook aangetoond dat donor DNA deze
niet-invasieve test beïnvloedt. Tot slot concluderen we dat de zorg voor FA, met name de
transitie naar volwassenenzorg, dient te worden verbeterd.
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mijn nieuwe klankbord. Dank ook aan Martine Sonnevelt, Emmy Verheij en Mike Keizer
voor jullie hulp bij het FA onderzoek. Lucienne, wat fijn is het om met jou samen te werken.
Ik hoop dat we dat op een of andere manier in de toekomst opnieuw kunnen gaan doen.
Dank Valerie, Widia en Hester van SKION en de datamanagers van de verschillende UMCs
voor de plezierige samenwerking voor de FA patiëntenregistratie. Lieve Eunike en Ralf,
wat een ongelooflijke energie en toewijding hebben jullie. Reizend door heel de wereld om
patiënten en zorgverleners te wijzen op de risico’s van Fanconi anemie. Ik vind het een eer
daar een aantal keren deel van uit te hebben mogen maken.
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Mijn oude hemato-oncologie werkfamilie: Marc, Birgitta, Jaap Jan, Caroline, Marije, Tom,
Arianne, Corine, Marco, Atty en Marrie. Dank voor de fijne samenwerking en voor alles
wat ik van jullie geleerd heb sinds mijn keuze co-schap op Giraf in 2003. En ook mijn
nieuwe oncologie werkfamilie: Gertjan, Margreet, Floor, Arjenne, Dannis, Sanne en Rinske. Dank voor het kijken in een andere keuken en voor jullie samenwerking tijdens mijn
volgende stap in de kinderoncologie.
Katja, ik kijk met heel veel plezier terug op onze werkochtendjes bij Bagels&Beans in Zeist.
Laten we binnenkort daar weer eens een cappuccino drinken, maar dan lekker zonder laptop.

Inspiratiebronnen
In de afgelopen jaren zijn er meerdere mensen op mijn pad gekomen die me hebben geïnspireerd en er voor hebben gezorgd dat ik gegroeid ben als arts, onderzoeker en als mens.
Anouk Bogers, dank je wel voor de mooie, soms pittige, maar altijd enorm verrijkende
gesprekken. Karline, dankzij jou heb ik op alle 4B’s een stap gemaakt en voel ik me zo veel
fitter. Er is nog zeker werk aan de winkel, ik kijk er naar uit!
Prof. dr. J.J.M. Takkenberg, beste Hanneke, zonder jou was dit proefschrift er niet geweest.
Dank voor je altijd opbouwende kritiek bij het beoordelen van mijn manuscripten, je hulp
bij de statistische analyses, je inspirerende energie. Voor je geduld, je vertrouwen en voor
het feit dat ik altijd bij je terecht kon. Na een werkbespreking met jou in Rotterdam of aan
de eettafel in jullie gezellige huis kwam ik altijd weer vol energie, hoop en ambitie naar
buiten. En natuurlijk voor de gezellige shopsessies en etentjes tijdens de FARF congressen.
Maar bovenal dank voor je onuitputtelijke inzet voor kinderen en volwassenen met Fanconi
anemie. Ik kijk uit naar onze toekomstige samenwerking in de zorg voor Fanconi anemie:
new horizons, new challenges!

Vrienden
Om op je werk te kunnen presteren, moet je daarbuiten ook gelukkig zijn. Daarom een
speciaal woord van dank voor mijn vriendinnen Liesbeth, Tonnie, Esther, Katrien, Esthertje,
Mariken, Marije, Sonja, Carla, Marjolijn, Cliantha, Suzan en Susanne. Dank voor jullie
gezelligheid en vriendschap in de afgelopen jaren, voor jullie interesse in mijn onderzoek
waar nooit een eind aan leek te komen (nu dan eindelijk toch!) en voor de broodnodige
afleiding met sport, etentjes, kopjes thee en gezellige avonden. Thijs Jan en Karin, Bas en
Natasja, Marc en Marije, Sanne en Gert, Alex en Sandra, Jeroen, Erna, wat is het toch fijn
om vrienden zoals jullie te hebben. Katie en Rolf, datzelfde geldt voor jullie en daarbij wil
ik jullie ook heel erg bedanken voor jullie onvoorwaardelijke hulp bij mijn vragen over
Engelse vertalingen en het zo vaak opvangen van onze kindjes.
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Mascha en Jack, Marlies en Bram, Aukje en Diederik, dank voor onze vriendschap en voor
onze altijd bijzondere kerstdiners, waarin we durven door te vragen naar hoe het nou echt
met iedereen gaat, heel waardevol en uniek. Hopelijk zetten we deze traditie nog jaren voort.

Mijn paranimfen
Lieve Chantal en Dominique, voor mij was al lange tijd duidelijk dat jullie mijn
paranimfen moesten worden. Ik ben dan ook heel blij dat jullie “ja” hebben gezegd! Jullie
vertegenwoordigen allebei een deel van mijn onderzoekstijd. Dominique, ik heb je in 2008
leren kennen als steun en toeverlaat van de oncogenetica in de VU. In de afgelopen jaren
is onze band uitgegroeid tot een fijne vriendschap. We spreken elkaar misschien niet vaak,
maar als we elkaar zien is het altijd goed en onze gesprekken zijn heel waardevol voor
mij. Chantal, mijn kamergenootje in het WKZ, wat lijken we op elkaar. Ik heb enorm veel
respect voor hoe jij je onderzoek doet en heb heel fijne herinneringen aan onze avondjes
“even lekker doorwerken” zodra er weer een deadline aankwam. Straks eerst je onderzoek
afronden en daarna hopelijk een plek als kinderarts in opleiding, ik heb daar het volste
vertrouwen in.

Mijn schoonfamilie
Lieve Astrid, Henri, Walter en Anouk, wat fijn jullie en jullie kinderen als schoonfamilie te
hebben.
Lieve Evert en Lies, wat kunnen wij op jullie bouwen. In de familie Van de Haar zeg je niet
met woorden, maar met daden dat je van iemand houdt. Nou, ik zeg het stiekem lekker wel
met woorden: ik hou van jullie! Dank voor jullie onuitputtelijke hulp voor ons gezin, jullie
zijn onmisbaar.

Mijn familie
Lieve Maarten, Vivi, Lennart en Sjanine, hoe fijn is het om zulke lieve en geïnteresseerde
broers en schoonzussen te hebben en ook nog twee prachtige nichtjes daarbij! Ik voel me zo
rijk jullie dicht bij ons in de buurt te hebben. Lieve Willem en Heleen, ik had me geen betere
partners voor mijn ouders en bonusopa en -oma voor onze kinderen kunnen wensen.
Liefste pappa en mamma, zonder jullie had ik hier zeker niet gestaan. Pap, dank voor je
onvoorwaardelijke support, je (ongevraagde) taalkundige adviezen, je trots, je oppashulp
zodat ik kon werken aan mijn proefschrift, je uitgescheurde artikeltjes (bijvoorbeeld over
“hoe schrijf je een dankwoord”) en je liefde voor mij en mijn gezin. Mammie, wij hebben
geen woorden nodig, dank voor alles en voor onze bijzondere band.
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Mijn gezin
Mijn grote schatten Floor, Feie en Krijn, wat heerlijk om jullie mamma te mogen zijn. Ik
ben zo trots op jullie. Na een lange dag werken kijk ik er altijd enorm naar uit jullie weer te
kunnen knuffelen.
Lieve Frank, mijn rots in elke branding. Dank je wel voor je vertrouwen, je liefde, voor
het denken in kansen, voor het altijd uitgaan van de goedheid van mensen. Dank voor je
geduld, voor je steun tijdens dit onderzoekstraject en mijn opleiding tot arts / kinderarts
/ kinderoncoloog en voor het ongelooflijke feit dat je nooit klaagt, terwijl er zoveel op
jouw schouders terecht komt en je niet met de meest gemakkelijke (maar natuurlijk wel de
leukste..) vrouw getrouwd bent. Luf joe!
Punt!
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