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N ext-generating sequencing 
(NGS) has helped to reveal the 
genomic landscape of inherited 

hematological malignancies. Various 
genes have recently been identified in 
families that predispose to increased risk 
of myelodysplastic syndrome (MDS) 
and acute myeloid leukemia (AML).(1,2) 
The presentation of the disease varies 
between the predisposition genes. 
Recent studies have identified inherited 
DDX41 mutations in patients with 
MDS and AML with a latency of disease 
onset of 62 years.(3-7) This relatively late 
age of onset might hamper the timely 
recognition of familial occurrence of 
MDS and AML and will probably not 
restrict donor selection for an allogeneic 
stem cell transplantation (SCT). This 
problem is illustrated by the following 
family history. 

The proband, brother C (Figure 1), 
presented with pancytopenia due to 
AML with a normal karyotype, at the 
age of 58 years. His medical record 
showed no signs of prior bone marrow 
failure. Of interest is that his father died 
from leukemia (age unknown). He was 
treated with intensive chemotherapy 
followed by a transplantation of 
peripheral blood stem cells from his 
healthy human leukocyte antigen 
(HLA)-matched 62-year old brother 
B.(8) Following the allogeneic SCT, his 
peripheral blood cell counts completely 
recovered with full donor chimerism. 
However, four years after the allogeneic 
SCT, brother C relapsed into a high-risk 
MDS with 15% bone marrow blasts and 
a normal karyotype. Chimerism studies 
of CD34+ selected bone marrow cells 
demonstrated 99% donor chimerism, 
indicating that the MDS clone emerged 
from the donor cells. Brother C was re-
treated with the hypomethylating agent 
Vidaza (75 mg/m2, days 1-7) followed by 

a second allogeneic SCT with a matched 
unrelated donor, resulting in normal 
peripheral blood cell counts with 100% 
donor chimerism after transplantation. 
Meanwhile another brother (A), was 
diagnosed with AML with a normal 
karyotype at the age of 68 years. 
Treatment with a hypomethylating 
agent was started and resulted in partial 
remission.

To find a genetic explanation for 
the occurrence of MDS and AML in 
this family, we performed extensive 
molecular genetic analyses on the 
bone marrow of brother C at AML 
presentation (C1, Table 1) and at MDS 
relapse (C2), on the peripheral blood of 
the HLA-matched brother B (B1) and on 
the peripheral blood of brother A during 
donor selection (A1) and on his bone 

A

68y

B C

58y

P MI

II

Allogeneic 
SCT

DDX41 c.3G>A; p.(Met1Leu)+/- +/-+/-

C2

MDS/AML

Figure 1: Pedigree and schematic representation of 
allogeneic stem cell transplantation brother C
Generation I: parents (P and M, father and mother), 
generation II: offspring brothers A, B and C. Gender is 
designated by square (male) or circle (female). Black 
color indicates diagnosis of MDS/AML, the age at 
diagnosis is shown below the letter representing the family 
member. Brother C underwent allogeneic SCT (stem cell 
transplantation) with brother B (blue) as donor and relapsed 
with MDS in donor cells of donor B as indicated by C2. In all 
brothers (A, B and C) a heterozygous (+/-) DDX41 c.3G>A 
mutation was present.

I. Re-ermergence of acute myeloid leukemia in donor cells following 
allogeneic transplantation in a family with a germline DDX41 mutation



105

Hereditary myeloid malignancies in adulthood
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In addition, T cell clones from brothers 
C (C1T) and A (A2T) were analyzed. 
SNP array analysis revealed no causal 
copy number variants in this family.

Whole exome sequencing (WES) 
was peformed to identify a germline 
mutation underlying the disease. After 
filtering, exome sequencing showed the 
presence of  a heterozygous germline 
DDX41 (c.3G>A; p.(Met1?)) mutation 
in all three brothers, resulting in the loss 
of  the gene’s transcription initiation 
site, while in sample A2 (at presentation 
of  AML) an additional somatic DDX41 
(c.1574G>A; p.(Arg525His)) mutation 
was identified (Table 1). In addition, 
a heterozygous germline FANCD2 
(c.2444G>A; p.(Arg815Gln)) mutation 
was detected in all samples. All 
mutations were confirmed by Sanger 
sequencing.
 To detect somatic mutations 
that contributed to the development 

of  AML/MDS in this family, we 
used a targeted sequencing approach. 
This method enables more sensitive 
sequencing of  a panel of  21 genes 
that are most prevalently mutated in 
AML (Supplemental Table 1). Targeted 
sequencing identified a DNMT3A 
( c . 2 5 6 1 _ 2 5 6 7 d e l A G A A A G A ; 
p.(Glu854Glyfs*25)) variant in both 
AML and T cells of  brother C (C1 and 
C1T) with a variant allelic frequency 
(VAF) between 6% and 9%. In addition, 
in sample C1 an ASXL1 (c.2423delC; 
p.(Pro808Leufs*10)) mutation was 
detected with a VAF of  5%. The 
heterozygous appearance of  both a 
TET2 (c.5103G>A; p.(Met1701Ile)) 
polymorphism(9) and a TP53 (c.639A>G; 
p.(Arg213Arg)) polymorphism in the 
MDS relapse (sample C2) corresponded 
with their presence in the donor (B1), 
indicating that the relapse was likely of  
donor origin. Furthermore, when the 
MDS relapse occurred in brother C, an 
additional DNMT3A splice site variant 

Sample
PB MNC 

2009
T cells 
2013

AML BM 
2013

PB MNC 
2009

AML BM 
2009

T cells 
2009

MDS at relapse 
2013

 A1 A2T A2 B1 C1 C1T C2

DDX41 c.3G>A; p.(Met1?) +/- +/- +/- +/- +/- +/- +/-

FANCD2 c.2444G>A; p.(Arg815Gln) +/- +/- +/- +/- +/- +/- +/-

DDX41 c.1574G>A; p.(Arg525His)   +     

*SNP* TP53 c.639A>G; p.(Arg213Arg) n.t. +/+ +/+ +/- +/+ +/+ +/-

*SNP* TET2 c.5103G>A; p.(Met1701Ile) n.t. +/- +/- +/- - / - - / - +/-

DNMT3A c.2561_2567delAGAAAGA; 
p.(Glu854Glyfs*25) n.t. + +

DNMT3A c.2478+1G>A n.t. +

ASXL1 c.2423delC; p.(Pro808Leufs*10) n.t.    +   

Table 1. Summary of sampling and detected genetic variants

Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; MDS, myelodysplastic syndrome; MNC, mononuclear cells, n.t, 
indicates variant was not tested; PB, peripheral blood; SNP, single nucleotide polymorphism; WES, whole-exome sequencing; +, 
indicates presence of variant; +/+, indicates homozygous presence; +/- , indicates heterozygous presence. Available samples 
for brother A (A1, A2 and A2T), brother B (B1) and brother C (C1, C1T and C2). Genomic DNA from AML (acute myeloid 
leukemia) and MDS (myelodysplastic syndrome) samples was isolated from bone marrow (BM). MNC (mononuclear cells) 
from PB (peripheral blood) were used for DNA isolation. DNA from T cells (A2T and C1T) was obtained from expanded T cell 
clones. In grey variants identified using WES, in white variants identified using a gene panel: targeted sequencing of panel of 
21 recurrently mutated genes in AML/MDS.



106

Chapter 5

5

(c.2478+1G>A) was identified with a 
VAF of  5%, which was not seen in other 
samples.

Mutations in DDX41 have recently 
been associated with inherited 
familial hematological malignancies 
with variable penetrance. DDX41 
(DEAD-box helicase 41) functions in 
RNA splicing and has been described 
as a tumour suppressor gene with 
consequences for the in vitro replating 
capacity of hematopoietic stem and 
progenitor cells as well as for gene 
splicing.(7) The DDX41 (c.3G>A; 
p.(Met1?)) germ line mutation has so far 
been described in only a limited number 
of families, and results in a missense 
start-loss substitution. Germline 
DDX41 mutations are regarded as 
founder mutations in leukemogenesis. 
(7) We considered the occurrence of 
the somatic DDX41 (c.1574G>A; 
p.(Arg525His)) mutation in AML cells 
of brother A (sample A2) to be a leukemic 
driver mutation since it could not be 
demonstrated in the expanded T cells 
(sample A2T). This mutation has been 
described in various families as a second 
mutation during disease progression to 
MDS or AML.(6,7) 

 However, mutations in the 
DDX41 gene were not the only event 
in this family. A germline heterozygous 
FANCD2 mutation was identified in 
all family members, which represents 
a missense mutation affecting genomic 
stability when homozygously present.
(10) At the moment of AML diagnosis 
of brother C, an additional frameshift 
DNMT3A variant and ASXL1 
mutation(11) were detected in addition 
to the germline DDX41 mutation. The 
DNMT3A variant found in the primary 
AML differed from the DNMT3A 
splice site variant that emerged after 
the allogeneic SCT and was detected at 
the moment of MDS relapse of brother 
C. Both identified DNMT3A variants 
are predicted to have consequences 

on protein level, but have not been 
reported in literature before. Mutations 
in both ASXL1 and DNMT3A have 
been identified as key driver mutations 
in AML and MDS, and are therefore 
likely driving contributors to the disease 
development.(12) Interestingly, recent 
population-based studies have revealed 
that clonal hematopoiesis might occur 
during aging, in particular at the age 
of 70 years, whereby TET2, DNMT3A, 
TP53 and ASXL1 are the most 
prevalent genes bearing mutations.(13) 
The combination of various mutations 
in these genes determines the likelihood 
of transformation to hematopoietic 
malignancy.
 Furthermore, our sequencing 
approach provided genetic proof, in 
accordance with the results of chimerism 
studies, that the MDS relapse in brother 
C was of donor origin. Notably, the 
transplanted cells transformed to 
MDS in brother C, while donor B has 
not yet developed signs of disease. 
These findings suggest that the stress 
response to transplanted cells likely 
results in an accelerated ageing process 
and/or that alterations of the bone 
marrow microenvironment following 
transplantation might be contributive. 
Previous studies of allogeneic and 
autologous stem cell transplantations 
have clearly demonstrated that normal 
CD34+ cells following transplantation 
display a higher cycling activity, an 
altered differentiation program and 
higher ROS levels. (14) Additional studies 
in mice have indicated a contribution of 
the bone marrow microenvironment 
to AML development under certain 
conditions.(15)

In summary our results from this 
family history suggest that DDX41 
mutations might be contributive to 
AML development in the background 
of other mutations, such as FANCD2, 
DNMT3A, ASXL1 or a second DDX41 
mutation, as found in this family. 
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Furthermore these results underline 
the necessity for comprehensive family 
screening using state-of-the-art genome 

analysis techniques for allogeneic 
donor selection in cases where familial 
occurrence of AML/MDS is suspected.
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Supplementary methods

Patient samples and DNA isolation 
Bone marrow and peripheral blood samples 
were obtained after informed consent. 
Mononuclear cells were obtained using 
ficoll-1077 density gradient separation, 
after which DNA was isolated. T cells 
were obtained from peripheral blood by 
in vitro expansion in IMDM medium 
(Life Technologies, Carlsbad, CA, USA) 
supplemented with 10% human serum 
(PAA Laboratories GmbH, Pasching, Austria), 
IL-2 (100IU/ml) and CD3/CD28 coated 
Dynabeads (Thermo Fisher Scientific, 
Waltham, MA, USA). DNA was isolated 
when the purity of the culture exceeded 
95% CD3-positive cells (as measured by 
flowcytometric analysis). Genomic DNA 
was extracted using the NucleoSpin Tissue 
kit (Macherey-Nagel, Düren, Germany) 
according to the manufacturer’s instructions 
.

SNP array SNP array analysis was performed 
using the IlluminaHumanCytoSNP-850K 
DNA Analysis BeadChip following the 
manufacturer’s instructions (Illumina, 
Inc., San Diego, CA, USA). Analysis was 
performed using GenomeStudio (Illumina) & 
Nexus (BioDiscovery, El Segundo, CA, USA).

Whole exome sequencing For WES 
library preparation was performed with the 
SureSelect All Exon V4 bait protocol (Agilent 
Technologies, Inc., Santa Clara, CA, USA). The 
product was sequenced using 100 base pair 
reads paired-end on an Illumina® HiSeq2000 
(Illumina). Sequence data were aligned to the 
human reference genome build 37, and a vcf 
file was generated that included all point 
mutations. These data were uploaded and 
analyzed using Cartagenia NGS-BenchLab 
(Agilent) and Alamut visualization software 
(Interactive Biosoftware, Rouen, France). The 
sequence variants for each individual were 
analyzed using the same filtering criteria: 
sequence artefacts and variants occurring 
with a higher frequency in the general 
healthy population (>0.5% 1000Genomes, 

ESP6500 and dbSNP, or >1% Genome of the 
Netherlands) were removed before analyzing 
variants using a gene set containing 
genes involved in cancer predisposition 
syndromes (Department of Genetics, UMC 
Groningen). The mutations had a sequence 
read coverage ranging between 20 and 86x 
with one exception (DDX41 c.1574G>A; 
p.(Arg525His), coverage 13x)).

Targeted sequencing gene panel For 
targeted sequencing the library preparation 
was performed according to the protocol 
described in the TruSeq Custom Amplicon 
Library Preparation Guide (Illumina). 
Sequencing reactions were performed using 
the v3 reagent kit (Illumina) on a MiSeq 
sequencing system (Illumina). Sequence data 
were aligned and filtered using NextGENe 
version 2.3.4.2 (SoftGenetics, Pennsylvania, 
US). The resulting vcf file was analyzed 
using Cartagenia Bench Lab NGS (Agilent). 
The minimal read depth was set on ≥20x. 
Variants occurring with a higher frequency 
in the general healthy population (>2% 100 
Genome Phase 1, ESP6500 and dbSNP, 
and >5% Genome of the Netherlands) were 
excluded from analysis.

1 ASXL1 8 IDH1 15 NRAS 

2 CALR 9 IDH2 16 RUNX1 

3 CBL 10 JAK2 17 SRSF2

4 CEBPA 11 KRAS 18 SF3B1 

5 DNMT3A 12 KIT 19 TET2

6 EZH2 13 MPL 20 TP53 

7 FLT3 14 NPM1 21 WT1 

Supplemental table 1: List of 21 recurrently mutated 

genes in AML/MDS covered by targeted sequencing
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For many years, inherited bone 
marrow failure (BMF) syndromes 
have been considered to be 

childhood diseases. However, due to 
next generation sequencing techniques, 
this viewpoint has been challenged. 
We report three siblings, who were 
diagnosed with myelodysplastic 
syndrome (MDS) or acute myeloid 
leukaemia (AML) in their 30s or 40s in 
the absence of prior symptoms (siblings 
3, 5 and 6; Fig 1). Further family history 
showed the presence of MDS in mother, 
breast cancer in sibling 2 and mother, 
and both head and neck squamous cell 
carcinoma (HNSCC) and hepatocellular 
carcinoma in sibling 1 (Fig 1A). Because 
of the positive family history, this 
family was referred for genetic testing 
and counselling. In this setting, whole 
exome sequencing (WES, Data S1) was 
performed in order to identify a possible 
genetic defect underlying the increased 
risk for malignancies. WES revealed the 
presence of a homozygous FANCCc.67delG 
mutation in siblings 1, 3, 5 and 6, as 
well as the presence of a CHEK2c.1100delC 

mutation in this family (Table I, Figure 
S1).

Fanconi anaemia (FA) is a rare DNA 
repair disorder caused by defects in 
one of the 21 currently identified FA 
genes. Mutations in FA genes result 
in a variety of clinical symptoms, 
including congenital malformations 
(60% of FA cases), development of 
progressive BMF (mean onset, 7 years 
of age; cumulative incidence, 90% at 40 
years of age) and high risk of developing 
MDS/AML (median age 13 years, 
cumulative probability 30–40% at 40 
years).(1,2) BMF is considered to be the 
consequence of excess apoptosis in the 
haematopoietic stem and progenitor 
cells (HSPCs), creating a selective 

A

B Case S3
Clinical presentation: leukopenia (routine blood test)
PB counts: L 2.5 x10^9/l, Hb  11.4 g/dL, MCV 110.8fl, pl 187 x10^9/l
BM blast count: 8%
Recurrent chromosomal abnormalities: 1q+, 5q-, 7q-, 13q-
Treatment: Watch-and-wait, later cytarabine/idarubicin, complicated 
by long-term aplasia
Result: normalization of PB counts and cytogenetic remission
Follow-up: relapse AML (25% blasts)

Case S5
Clinical presentation: colds, bruising and fatigue
PB counts: L 9.6 10^9/l, Hb 8.4 g/dL, MCV 101.5fl, pl 10x10^9/l
BM blast count: 30%
Recurrent chromosomal abnormalities: 1q+, 8q-, 11p-, 12p-
Treatment: Not possible*

Case S6
Clinical presentation: anaemia (evaluation premature ovarian failure)
PB counts: L1.7 x10^9/l, Hb 5.5 g/dL, MCV 117.4fl, pl 105 x10^9/l
BM blast count: 8%
Recurrent chromosomal abnormalities: 5q-, 7q-, 12p-
Treatment: cytarabine/idarubicin, complicated by long-term aplasia 
and infections

HNSCC a.41
HCC a.41

BC a.52 MDS a.34 AML a.32 MDS a.42

BC a.42
MDS a.59

Affected 
individual

Unaffected 
individual

1 32 4 5 6

Fig 1. Clinical information. 
A) Pedigree of the described family, the offspring are indicated 
as 1–6. Sex is designated by square symbols indicate males 
and circle indicate females. B) Clinical summary for the three 
AML/MDS cases. *For sibling 5, intensive chemotherapeutic 
treatment was not possible at that time, due to the 
presence of platelet auto-antibodies. For full description 
of chromosomal abnormalities at different stages of the 
disease, see Table SI. No information is available for the 
father and sibling 4. a., age (years) at diagnosis; AML, acute 
myeloid leukaemia; BC, breast cancer; BM, bone marrow; Hb, 
haemoglobin; HCC, hepatocellular carcinoma; HNSCC, head 
and neck squamous cell carcinoma; L, leucocyte count; MCV, 
mean corpuscular volume; MDS, myelodysplastic syndrome; 
PB, peripheral blood; pl, platelet count.

environment that favours the evolution 
of adapted clones, ultimately leading 
to leukaemic development.(2) Besides 
haematological malignancies, FA 
strongly predisposes to solid tumour 

II. Fanconi anaemia presenting as acute myeloid leukaemia and 
myelodysplastic syndrome in adulthood: a family report on co-occurring 
FANCC and CHEK2 mutations
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25.9) (S. Smetsers, unpublished observation).
The observation that all FA patients in 
this family also carried the CHEK2c.1100delC 

mutation may be of interest with regard 
to the delayed phenotype. This mutation 
results in reduced CHK2 (also termed 
CHEK2) expression, a protein that has 
important functions in the response 
to DNA damage, such as inducing 
cell cycle arrest.(5) CHEK2c.1100delC 

heterozygosity is relatively common 
in the Netherlands, with a carrier 
frequency of 1%, and significantly 
increases the risk of developing breast 
cancer.(6) Homozygosity for this 
mutation, also observed in sibling 5, 
is a rare condition that may further 
increase the risk for breast cancer.(7) 

Although CHEK2c.1100delC has not yet 
been associated with increased risk 
for leukaemia development, reduced 
levels of activated CHEK2 have been 
observed in AML.(8) To our knowledge, 
the simultaneous presence of mutations 
in FANCC and CHEK2 has not been 
found before (Dr Q. Waisfisz, VU 
University Medical Centre, Amsterdam, 
the Netherlands, personal communication, 
2017). Their co-occurrence in a family 
affected by several malignancies raises 
questions about whether the two 
mutations collaborated in inducing 
carcinogenesis, and if so, how.
 One possibility is that reduced 
CHEK2 protein levels could impede 

development, particularly HNSCCs and 
gynecological tumours.(1)

 Although the median age at FA 
diagnosis was found to be 65 years(1), 9% 
of patients are reported to be diagnosed 
after 16 years of age.(3) This percentage 
may be an underestimation, as 
recognition of FA in adult patients can 
be impeded by several factors. Firstly, 
a rare disease like FA that is classically 
regarded to be a childhood disease may 
not be taken into differential diagnostic 
consideration by doctors treating adult 
patients. Furthermore, the presentation 
of the FA phenotype can be very 
heterogeneous and tends to be milder in 
adult FA patients.

The presentation of FA in these siblings 
is highly exceptional with regard to 
the late age of symptom onset and the 
absence of typical prior symptoms. 
The severity of the FA phenotype is 
thought to depend, at least partially, on 
the type of mutation. The FANCCc.67delG 
mutation has been described as resulting 
in a relatively mild phenotype, which 
could be explained by the finding that 
the resultant truncated protein retains 
partial - however highly imprecise 
-DNA repair activity.(4) However, the 
median age at FA diagnosis for patients 
affected by homozygous FANCCc.67delG 
mutations, based on clinical symptoms, 
was found to be 10.4 years (range 3.9–

    cNomen  pNomen  Zygosity  VAF  

1  FANCC  c.67delG  p.D23Ifs  hom  
   CHEK2  c.1100delC  p.T367Mfs  het    

2  FANCC  c.67delG  p.D23Ifs  het  
   CHEK2  c.1100delC  p.T367Mfs  het    

3  FANCC  c.67delG  p.D23Ifs  hom  
   CHEK2  c.1100delC  p.T367Mfs  het    

5  FANCC  c.67delG  p.D23Ifs  hom  
   CHEK2  c.1100delC  p.T367Mfs  hom    

6  FANCC  c.67delG  p.D23Ifs  hom  
 

 
CHEK2  c.1100delC  p.T367Mfs  het  

 
 

IKZF1  c.949A>T  p.N317Y  -  0.096  

 
IKZF1  c.950A>T  p.N317I  -  0.075  

 
ETV6  c.809_810delinsA+823C>A  p.P270Tfs*4  -  0.063  

  TP53  c.892C>A  p.R298S  -  0.053  

 

Sibling  Gene  

Table 1. Sequencing results
Mutations identified by whole exome 
sequencing (Siblings 1, 2, 3, 5 and 6, 
confirmed by Sanger sequencing (Figure S1) 
and targeted myeloid gene panel (sibling 
6). cNomen, cDNA-level nomenclature; het, 
heterozygous; hom, homozygous; pNomen, 
protein-level nomenclature; VAF, variant allele 
frequency.
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FA background, we performed targeted 
sequencing of 54 frequently mutated 
genes in myeloid malignancies (Table 
SII) on MDS BM material from sibling 
6. Mutations were detected in IKZF1, 
ETV6 and TP53, although at low 
frequencies (Table I). By screening for a 
set of 10 genes, others have also reported 
that mutations commonly found in 
MDS/AML were rare in FA-related 
leukaemia.(2) These results indicate that 
gene mutations that are involved in FA-
related leukaemia differ from the ones 
that are recurrently observed in sporadic 
leukaemia. Furthermore, the presence 
of multiple low frequency mutations 
suggests the occurrence of highly clonal 
haematopoiesis in the context of FA.

In summary, this family history 
illustrates the wide phenotypic 
variability that can be seen in FA 
patients. Timely recognition of FA 
underlying MDS or AML diagnosis 
is of utmost importance, as this will 
have extensive impact on treatment 
modalities, including tailored therapy 
and donor selection for transplantation, 
as well as the management of family 
members.

effective cell cycle checkpoint control, 
resulting in genomically-damaged cells 
that escape apoptosis. This hypothesis 
might also explain the absence of prior 
BMF, as HSPCs would not undergo 
excess apoptosis during cell cycle 
checkpoint control, but instead continue 
to cycle, thereby accumulating DNA 
damage. Supportive evidence comes 
from the finding that FA protein 
deficiency leads to hyper-activation of 
CHK1, another checkpoint kinase that 
shares many overlapping functions with 
CHK2.(9) However, the simultaneous 
occurrence of both mutations might 
be a coincidence given the high 
population frequency of CHEK2c.1100delC. 
Additionally, the mutations may have 
had limited effect on each other as the 
biological mechanisms that underlie the 
risk for cancer development are already 
affected.(5)

 Another striking finding in 
this family is the high incidence of 
AML/MDS. FA-related leukaemias are 
characterized by specific chromosomal 
instability patterns, including gains of 
1q and 3q and losses of chromosome 
7.(2) To determine additional hits that 
contributed to leukaemogenesis in the 
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Supplementary Methods

Patient samples and DNA isolation.  
Genomic DNA was extracted from bone 
marrow specimens from siblings S3, S5 
and S6 during MDS or AML presentation 
and peripheral blood mononuclear cells of  
siblings S1 and S2 during donor selection. 
Bone marrow and peripheral blood samples 
were obtained after informed consent and 
this study was performed in compliance with 
the Declaration of  Helsinki. Mononuclear 
cells were obtained using ficoll-1077 density 
gradient separation, after which DNA was 
isolated. Genomic DNA was extracted 
using the NucleoSpin Tissue kit (Macherey-
Nagel, Düren, Germany) according to the 
manufacturer’s instructions.

Whole exome sequencing. For WES 
library preparation was performed with 
the SureSelect All Exon V4 bait protocol 
(Agilent Technologies, Inc., Santa Clara, CA, 
USA). The product was sequenced using 100 
base pair reads paired-end on an Illumina® 
HiSeq2000 (Illumina). Sequence data were 
aligned to the human reference genome 
build 37 (GRCh37), and a vcf  file was 
generated that included all point mutations. 
These data were uploaded and analyzed 
using Cartagenia Bench Lab NGS (Agilent) 
and Alamut® Visual visualization software 
(Interactive Biosoftware, Rouen, France). The 
sequence variants with a read depth of  ≥20x 
were analyzed for each individual using the 
same filtering criteria: sequence artifacts and 
variants occurring with a high frequency in 
the general healthy population (>0.5% 1000 
Genome Phase 1, ESP6500 and dbSNP, or 
>2% Genome of  the Netherlands) were 
removed before analyzing variants using a 
gene set containing genes involved in cancer 
predisposition syndromes (Department of  
Genetics, UMC Groningen). The mutations 
had a sequence read coverage ranging 
between 23 and 79 reads  and were confirmed 
by Sanger Sequencing.

Targeted sequencing gene panel. For 
targeted sequencing (Supplementary Table 
2), the library preparation was performed 
according to the protocol described in 
the TruSight Myeloid Sequencing Panel 
Reference (Illumina). Sequence data were 
aligned and filtered using NextGENe 
version 2.3.4.2 (SoftGenetics, Pennsylvania, 
US). The resulting vcf  file was analyzed 
using Cartagenia Bench Lab NGS (Agilent). 
The minimal variant read depth was set on 
20 reads. Variants occurring with a high 
frequency in the general healthy population 
(>2% 1000 Genome Phase 1, ESP6500 
and dbSNP, and >5% Genome of  the 
Netherlands) were excluded from analysis.

1

2

5

FANCCc.67delG CHEK2c.1100delC

Reference

Homozygous

Homozygous Homozygous

Heterozygous

Heterozygous Heterozygous

Supplementary Figure 1: Sangers sequencing 
Confirmation of WES results by Sangers sequencing for 
siblings 1, 2 and 5
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