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Abstract: While the majority of leukemia cases occur in the absence of any known
predisposing factor, there are germline mutations that significantly increase the risk of
developing hematopoietic malignancies in childhood. In this review article, we describe a
number of these mutations and their clinical features. These predispositions can be broadly
classified as those leading to bone marrow failure, those involving tumor suppressor
genes, DNA repair defects, immunodeficiencies or other congenital syndromes associated
with transient myeloid disorders. While leukemia can develop as a secondary event in the
aforementioned syndromes, there are also several syndromes that specifically lead to the
development of leukemia as their primary phenotype. Many of the genes discussed in this
review can also be somatically mutated in other cancers, highlighting the importance of
understanding shared alterations and mechanisms underpinning syndromic and sporadic

leukemia.
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Introduction

The risk of developing childhood leukemia is sig-
nificantly increased in the setting of germline
genetic mutations, which can either be inherited or
occur de novo in the patient’s germline. This review
focuses on describing the molecular basis of multi-
ple germline syndromes that confer an increased
risk of leukemia, and will specifically highlight sev-
eral genes that appear to increase this risk in the
absence of other significant clinical manifestations
(Table 1). These discoveries have led to improved
surveillance guidelines for affected children and
their families, and have also facilitated a deeper
understanding of the normal function of these
mutated genes. A number of genes discussed in
this paper are also somatically mutated in other
human cancers and thus further understanding of
the biochemical consequences of these lesions can
shed light on disease pathogenesis and the identifi-
cation of novel therapeutic targets in syndromic
and nonsyndromic cancer alike.

Familial leukemia
While it is well known that patients with bone
marrow failure disorders, DNA repair defects,

and constitutional chromosomal anomalies are
predisposed to developing hematologic malignan-
cies, a more recent discovery reveals that there are
inherited mutations that innately increase the risk
of developing leukemia in the absence of
extramedullary phenotypes [Owen ez al. 2007].
Some have coined these inherited malignancies as
‘pure familial leukemia’ to differentiate them
from leukemias that arise in the context of other
comorbidities [Horwitz, 1997]. However, it
should be noted that other cytopenias such as
neutropenia and thrombocytopenia can be seen
without concomitant leukemia in these disorders,
thereby displaying other hematologic manifesta-
tions. While there have been many case reports
detailing family pedigrees with an increased inci-
dence of leukemia in the absence of a known
inherited mutation [Goldgar er al. 1994; Gunz
et al. 2009], to date there have been three genes
identified that can be inherited in an autosomal
dominant fashion and specifically predispose peo-
ple to the development of leukemia: CEPBA,
RUNXI1, and GATA2. In this section we also dis-
cuss familial inheritance of monosomy 7 and its
unique association with predisposing individuals
to leukemia.
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CEBPA

CEBPA resides at 19q13.1 and encodes the gran-
ulocytic differentiation factor C/EBPa, which
belongs to the bZIP family of proteins and plays a
role in myeloid differentiation [Pabst ez al. 2001].
While somatic mutations and rearrangements in
this gene occur in acute myeloid leukemia (AML)
and confer a favorable outcome [Preudhomme,
2002], germline mutations of CEBPA were iden-
tified in 2004 [Smith er al. 2004]. After develop-
ing AML with a latency period ranging from 10 to
30 years after birth, a father and two children
were found to be heterozygous germline carriers
of a CEBPA-mutant allele resulting in a frame
shift deletion. Interestingly, only one of the three
affected family members developed a mutation in
the residual wild-type allele of their leukemic
cells. A more recent analysis has shown that addi-
tional but distinct somatic mutations in CEBPA
occasionally occur in patients who inherit ger-
mline mutations of the same gene and likely con-
tribute to the development of AML [Pabst ez al.
2008]. Since the first report in 2004, there have
been several additional reported pedigrees that
document that germline transmission of CEBPA
mutations leads to familial AML [Sellick ez al.
2005; Renneville er al. 2008].

RUNX1 familial platelet disorder/acute myeloid
leukemia

The underlying genetic defects in the autosomal
dominant familial platelet disorder with a pro-
pensity to myeloid malignancy (FPD/AML) are
mutations in the RUNX1 gene located at 21q22.12
[Song et al. 1999]. RUNX] is a transcription fac-
tor broadly involved in hematopoiesis, and muta-
tions and/or translocations involving the gene
have been reported in acute lymphoblastic leuke-
mia (ALL), AML and myelodysplastic syndrome
(MDS) [McLean et al. 1996; Gaidzik er al. 2011].
The most common somatic abnormality involv-
ing the RUNX1 gene in sporadic AML or ALL is
usually a translocation. However, in MDS or
FPD/AML associated with RUNX]1 alterations,
the most common type of mutation is a point
mutation resulting in haploinsufficiency [Song
et al. 1999; Osato, 2004]. Recently, deletions due
to nonallelic homologous recombination have
been reported, highlighting the importance of
using screening methodologies to detect sequence
variation and copy number alterations [Jongmans
et al. 2009]. The incidence of progression to
MDS/AML is approximately 35% [Owen et al.
2008]. There have been 19 families to date with

documented germline mutations in RUNXI,
although the low prevalence may be related to the
lack of awareness regarding this inherited syn-
drome. In addition, variable expressivity leading
to a range of thrombocytopenia and varied latency
for the development of MDS/AML (7-68 years of
age at diagnosis) make this condition difficult to
identify. However, since treatment of childhood
MDS and AML frequently involves hematopoi-
etic stem cell transplant, careful attention should
be paid to the family history, as screening poten-
tial donor siblings for the same mutation is neces-
sary. Indeed, the development of AML in the
donor cells of previously asymptomatic siblings
after transplant has been documented [Owen
et al. 2008].

GATA2 MonoMAC syndrome

MonoMAC syndrome was first identified in 2010
as an immunodeficiency characterized by nontu-
berculosis mycobacterial infection, opportunistic
fungal infections, human papilloma virus (HPV)
infections, and monocytopenia with an increased
incidence of MDS/AML [Vinh eral 2010].
Simultaneously, Hahn and colleagues reported
four families displaying an autosomal dominant
inheritance pattern with predisposition to MDS/
AML that resulted from mutations in the GATA2
gene found on 3q21.3 [Hahn ez al. 2011]. Based
on the overlapping features in these two reports,
Hsu and colleagues screened 13 kindreds with
MonoMAC syndrome and identified a germline
GATA2 mutation in 10 pedigrees [Hsu ez al
2011].The majority of mutations in GATA?Z affect
the zinc finger region and are either heterozygous
missense mutations or insertion/deletions, imply-
ing that a haploinsufficiency model is sufficient
for pathogenesis [Hsu ez al. 2011].

GATA2 is both a transcription factor involved in
hematopoietic stem cell integrity as well as a regula-
tor of phagocytosis by macrophages [Tsai and Orkin,
1997]. The most common types of opportunistic
infections listed to date include mycobacterial dis-
ease, fungal infections, and HPV-induced warts.
Endogenous defects in macrophages are reported to
cause the development of pulmonary alveolar pro-
teinosis, even in the absence of infection.

Patients with MonoMAC syndrome frequently
develop MDS but not before several years or even
decades of opportunistic infections without any
apparent dysplasia in their bone marrow. AML
and chronic myelomonocytic leukemia appear
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to be the most common forms of leukemia in
MonoMAC syndrome, and bone marrow trans-
plantation appears to be an effective form of treat-
ment [Cuellar-Rodriguez er al. 2011].

Mutations in GATAZ2 have also been recognized
to underlie specific forms of congenital neutrope-
nia that evolve into MDS or AML [Pasquet er al.
2013]. In the mild chronic form of congenital
neutropenia caused by GATA2 mutations, the
rate of transformation to MDS or AML at 20
years was 54%. Of 14 patients with GATA2 muta-
tions in the French national registry of chronic
neutropenia, less than half displayed the charac-
teristic features of the aforementioned MonoMAC
syndrome before evolving into MDS and AML
[Pasquet ez al. 2013]. Identical GATA2 mutations
in different patients exhibit various outcomes,
raising the hypothesis that alternative mechanisms
(e.g. cooperative mutations or epigenetic modifi-
cations) may play a role in determining phenotype
as well [Pasquet er al. 2013].

Recently, Emberger syndrome, an autosomal
dominant disorder characterized by primary
lymphedema with a predisposition to AML, was
also discovered to be associated with mutations in
GATA2 [Ostergaard et al. 2011].This is not entirely
surprising considering GATA2 has been shown to
play an important role in lymphatic development
[Kazenwadel ez al. 2012]. Interestingly, the major-
ity of GATA2 mutations in Emberger syndrome
are large deletions or nonsense mutations pre-
dicted to cause complete loss of function in one
allele as opposed to the missense mutations and
in-frame insertions seen in the majority of other
patients with MonoMAC syndrome without
lymphedema. This has led to the hypothesis that
the complete deletions seen in Emberger syn-
drome are more disruptive to lymphatic develop-
ment compared with the missense mutations seen
in MonoMAC syndrome and congenital neutro-
penia [Kazenwadel ez al. 2012].

Of note, clonal cytogenetic abnormalities are a
common finding in MonoMAC syndrome, affect-
ing more than 50% of patients. The most frequent
abnormality involves monosomy 7, the significance
of which is yet to be elucidated [Calvo ez al. 2011].

Monosomy 7

Partial or complete loss of chromosome 7 in the
leukemic cells of MDS and AML is well estab-
lished as a poor prognostic factor [Baranger er al.

1990]. In rare cases there have been reports of
families in which multiple family members have
constitutional loss of chromosome 7 leading to a
syndrome with hematologic and neurologic seque-
lae [Chitambar er al. 1983]. To date, there have
been at least 14 pedigrees reported in which mul-
tiple family members have had chromosome 7
abnormalities in their bone marrows [Gaitonde
et al. 2010]. The pattern of inheritance is typically
autosomal dominant and there is a wide variability
in terms of disease expression. This heterogeneity
underscores our incomplete understanding of the
pathogenesis in familial monosomy 7. Several
papers have hypothesized that the loss of a tumor
suppressor gene on chromosome 7 leads to the
development of cytopenias, MDS, and AML,
which is frequently seen in these patients at a rela-
tively young age [Shannon er al. 1992; Kratz ez al.
2001]. Others hypothesize that a mutator effect
resulting in karyotypic instability underlies mono-
somy 7 [Minelli ez al. 2001]. As is true with de
novo monosomy 7 associated leukemia, the out-
come in congenital monosomy 7 associated leuke-
mias is poor and aggressive therapy including swift
transplant is often indicated [Kardos ez al. 2003].

Bone marrow failure syndromes

Inherited bone marrow failure syndromes (IBMFS)
are a heterogeneous group of disorders that lead
to aplastic anemia and have an increased inci-
dence of malignancy [Alter, 2007]. Over 80 dif-
ferent genes have been identified as causing one
of the IBMFS in several different pathways
[Ahmed and Dokal, 2009; Narla and Ebert,
2010]. The genes are broadly involved in gate-
keeping functions that regulate cell cycle. In gen-
eral, these cell cycle perturbations lead to p53
activation and cell cycle arrest or senescence
[Parikh and Bessler, 2012]. Several of the genes
are also involved in ribosome synthesis and tel-
omere function (Figure 1).

All IBMFSs are preleukemic conditions with var-
ying degrees of malignant transformation depend-
ing on the underlying disorder. However, the
exact mechanism for the increased risk of leuke-
mia development has yet to be elucidated.

Diamond Blackfan anemia

Diamond Blackfan anemia (DBA) is characterized
by a macrocytic anemia that arises in infancy and
manifests distinct physical anomalies [Diamond
and Blackfan, 1938; Ball, 2011]. Craniofacial and
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Figure 1. Germline syndromes associated with the telomere maintenance and ribosome synthesis pathways.
Schematic diagram detailing the interaction between the telomere maintenance and the ribosome biogenesis
pathways. The telomerase complex includes a telomerase reverse transcriptase (TERT) domain as well as a
telomerase RNA component (TERC) which enables it to add a six-nucleotide sequence, 5'-TTAGGG, to the 3’
strand of chromosomes [Walne and Dokal, 2009]. Ribosome synthesis involves synthesis of ribosomal proteins
in the nucleus, processing of ribosomal RNA, and assembly of ribosomal proteins with subsequent transport
into the cytoplasm [Ellis and Gleizes, 2011]. Color coding indicates a specific association between a mutated
gene and a syndrome that predisposes people to childhood leukemia. Syndromes include dyskeratosis
congenita (OMIM 127550, 305000, 224230); Diamond Blackfan anemia (OMIM 105650); and Shwachman-
Diamond syndrome (OMIM 260400). Illustration courtesy of Alessandro Baliani. Copyright © 2013. Adapted

with permissions from Ahmed and Dokal [2009].

urogenital abnormalities are most common, fol-
lowed by thumb, heart and spinal defects [Lipton
et al. 2006]. Failure to thrive is a common finding
[Vlachos er al. 2008]. Laboratory features include
elevated mean corpuscular volume, hemoglobin
F, and erythrocyte adenosine deaminase activity.
The majority of cases are sporadic in nature,
although there are forms of both autosomal dom-
inant and recessive inheritance [Vlachos er al
2008]. The first identified mutation in DBA was
found on chromosome 19q13 [Gustavsson et al.
1997] in the gene RPS19 [Draptchinskaia er al
1999] which encodes a ribosomal protein. Since
then, mutations in several other ribosomal protein
genes have been recognized with over 200 indi-
vidual mutations, accounting for nearly half of all
DBA cases [Boria et al. 2010]. Recently, exome

sequencing analysis of two siblings with clinical
DBA were found to have splice site mutations in
GATAI [Sankaran ez al. 2012], a gene encoding
for a transcription factor involved in hematopoie-
sis [T'sai et al. 1989]. These splice site mutations
in GATAI resulted in impaired production of the
full-length form of the protein. This is the first
demonstration that mutations outside of genes
encoding for ribosomal proteins can be involved
in DBA pathogenesis.

Recent work shows that the erythroid compart-
ment has a low threshold for p53 activation and
that induction of that pathway leads to selective
cycle arrest in erythroid progenitor cells after
silencing of the RPS19 gene [Dutt ez al. 2011]. A
proposed haploinsufficiency model stipulates that
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one functional copy of a ribosomal protein is
insufficient at producing enough erythropoietic
elements to maintain normal red blood cell counts
due to inefficient translation [Dutt ez al. 2011]. In
addition, erythroid cells in DBA have been seen
to express alternative spliced variants of FLIVCRI1,
which are known to play a role in iron metabolism
[Rey et al. 2008]. Free heme toxicity may be par-
tially responsible for the erythroid failure seen in
DBA secondary to damage by radical oxygen spe-
cies. At this point no one single proposed mecha-
nism accounts for all facets of DBA and it is likely
that the molecular pathogenesis is multifactorial
[Ball, 2011].

Despite the lack of clarity underlying this disor-
der, there is a clear predisposition to MDS and
AMUL in patients with DBA with an observed-
to-expected ratio of 287 for MDS and 28 for
AML [Vlachos er al. 2012]. The most common
form of leukemia is AML but rare cases of ALL
and lymphoma have been reported [Willig ez al
2000]. Patients are also at increased risk of devel-
oping osteogenic sarcoma, which is the most
common malignancy reported in the North
American DBA registry [Lipton ez al. 2001].

Shwachman-Diamond syndrome
Shwachman-Diamond syndrome (SDS) is an
autosomal recessive disorder which manifests
with anemia in infancy, pancreatic insufficiency,
short stature and eventually bone marrow failure
[Bodian er al. 1964]. Biallelic mutations in 90%
of patients with SDS have been identified to occur
in the SBDS gene on 7ql1.21 [Boocock er al.
2003]. The SBDS protein is involved in several
functions, including cell proliferation, mitosis,
and maintaining the stromal microenvironment
[Myers ez al. 2013]. While it has also has been
shown that the SBDS protein is involved in ribo-
somal subunit joining, it is still unclear how this
protein is implicated in disease pathogenesis
[Narla and Ebert, 2010; Burwick er al. 2012].

The role that SBDS proteins play in mitotic spin-
dle stability and regulating chromosomal segrega-
tion may also lead to the varied cytogenetic
abnormalities seen in patients with SDS [Austin
et al. 2008]. This chromosomal instability may
play a role in the known predisposition of patients
with SDS to develop hematologic malignancies.
The estimated risk of developing MDS or AML is
19% at 20 years and 36% at 30 years [Donadieu
et al. 2005].

Amegakaryocytic thrombocytopenia

Congenital amegakaryocytic thrombocytopenia
(CAMT) is an autosomal recessive disorder char-
acterized by isolated thrombocytopenia and pro-
gression to pancytopenia. Typically, there are no
associated physical exam features, which differen-
tiates CAMT from nearly all other bone marrow
failure syndromes and often results in delayed
diagnosis [Geddis, 2011]. Mutations in ¢-MPL,
the receptor for thrombopoietin, are responsible
for the disorder and lead to high levels of dysfunc-
tional thrombopoietin with low or absent num-
bers of megakaryocytes in the bone marrow [Ihara
et al. 1999]. Two classes of mutations exist, with
group CAMT I nonsense mutations leading to
persistently low platelet counts and rapid progres-
sion to aplastic anemia. Group CAMT II mis-
sense mutations are associated with less severe
thrombocytopenia and a longer latency to aplasia
[Germeshausen ez al. 2006]. In a review of 96
patients with CAMT, the rate of malignant trans-
formation was 2% [Ballmaier and Germeshausen,
2011].

Thrombocytopenia with absent radii syndrome
Thrombocytopenia with absent radii syndrome
(TAR) is distinguished on a clinical basis from
CAMT by physical exam features, including
absent radii but present thumbs. In 2007, it was
shown that of 30 patients with TAR examined, all
had a deletion at 1q21.1 [Klopocki ez al. 2007].
Most recently, TAR became the first recognized
human disease caused by mutations in the exon-
junction complex (EJC), which is involved in
essential RNA processing tasks. In a study of 55
patients with TAR, 53 were caused by compound
inheritance of a null allele and one of two low-
frequency single nucleotide polymorphisms in the
regulatory regions of RBM8A that encodes the
Y14 subunit of EJC [Albers ez al. 2012]. In 75%
of cases the mode of inheritance is autosomal
recessive in which the 200-kb deleted region is
passed on from an unaffected parent, with the
remainder of cases occurring as de novo muta-
tions. There have been four cases of leukemia
(three AML, one ALL) in 300 patients with TAR
in the literature [Alter, 2007].

Dyskeratosis congenita

Dyskeratosis congenita (DC) is a bone marrow
failure syndrome with a triad of exam findings,
including lacey reticulated pigmentation, dysplas-
tic nails, and oral leukoplakia, although patients
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frequently present early with only one or two
findings [Dokal, 2011]. Several other manifesta-
tions, including pulmonary fibrosis, liver disease,
developmental delay and aplastic anemia, occur
with varying incidence [Savage and Bertuch,
2010]. There have been mutations reported in
several genes including but not limited to DKC1,
TERC, TERT, NOP10, NHP2, TINF2, C16o0rf57,
RTEL1, and TCABI1 which are all involved in tel-
omerase function or the shelterin complex
(reviewed by Walne and Dokal) [Walne and
Dokal, 2009; Dokal, 2011]. However, roughly
50% of all patients with DC do not have a detect-
able mutation in any of the aforementioned muta-
tions. The mode of inheritance differs with each
mutation type and can be autosomal recessive,
dominant or X linked. Anticipation is often seen
in the autosomal dominant form [Savage and
Bertuch, 2010]. However, identical mutations
and telomere length within families have led to
different disease phenotypes, suggesting that
there are other factors involved in pathogenesis.

Diagnosis now involves Clinical Laboratory
Improvement Amendments (CLIA) approved
measurement of telomere length via different tech-
niques, including polymerase chain reaction or a
flow/fluorescence in situ  hybridization based
approach. Each are technically challenging, the mer-
its of which have been presented [Aubert er al. 2012].

A cohort study from the National Cancer Institute
in 2010 reported that 7 out of 50 patients with DC
developed leukemia or MDS [Alter ez al. 2010].
However, head and neck squamous cell carcinoma
remained the most common solid malignancy. Of
note, progressive bone marrow failure will occur
in up to 80% of patients and is major contributor
to premature mortality [Dokal, 2011].

Severe congenital neutropenia

Severe congenital neutropenia (SCN) encom-
passes a diverse range of disorders, including
Kostmann syndrome which is generally manifest
in infants with recurrent infections [Kostmann,
1956]. The most common form of the disease is
autosomal dominant and is related to ELA2,
which encodes for neutrophil elastase, a serine
proteinase involved in neutrophilic function [Dale
et al. 2000]. Recently, several other mutations in
genes including HAXI, G6PC3, GFI1, GATA2,
and WASP have all been implicated in SCN
(reviewed by Klein) [Klein, 2011].The latest data
on the long-term risk of developing a myeloid

malignancy in this population is 2.3% per year
after the first decade [Rosenberg er al. 2010].

Tumor suppressor gene syndromes

Tumor suppressor genes encode for proteins that
have repressive effects on regulation of the cell
cycle and promote apoptosis. In the classic ‘two
hit hypothesis’, tumor suppressor genes require
inactivation in each of the two functioning alleles
for malignant transformation.

Li-Fraumeni syndrome

TP53 is a widely expressed tumor suppressor gene
at 17p13.1 that encodes for a protein involved in
numerous functions, including activating DNA
repair, inducing cell cycle arrest, and initiating
apoptosis. Point, missense and nonsense muta-
tions, the majority of which occur in exons 5-8 of
TP53, are found in diverse cancers [Nigro er al.
1989]. In 1969, Li reported a familial cancer pre-
disposition syndrome with a significantly
increased incidence of soft tissue sarcomas, breast
cancer, and bone tumors [Li, 1969]. In 1990 it
was subsequently reported that families with
‘Li-Fraumeni syndrome’ (LFS) harbored ger-
mline point mutations in 7P53 that, when com-
pounded with somatic 7P53 mutations in target
tissues, led to the development of malignancy
[Malkin ez al. 1990].

In an analysis of 91 families with constitutional
TP53 mutations, 4.2% of patients had developed
ALL or lymphoma with an average age of onset at
25.4 years [Kleihues er al. 1997]. In 2013, it was
reported that somatic 7P53 alterations are pre-
sent in 91% of children with low hypodiploid
ALL characterized by the presence of 32-39
chromosomes in lymphoblasts [Holmfeldt ez al.
2013]. Surprisingly, 43% of these children also
harbored germline7P53 mutations, indicating
either an inherited or spontaneous mutation.
Several of the identified 7P53 mutations were
previously reported in LFS, supporting that hypo-
diploid leukemia of childhood is a more common
malignancy in LFS than previously documented.
Similarly, in 2013, whole exome sequencing was
performed on a family with five cases of leukemia
marked by aneuploidy. Affected family members
were found to harbor a germline nonsense muta-
tion in TP53 [Powell er al. 2012]. Taken together,
these recent reports support that the occurrence
of hypodiploid ALL in children should prompt
testing for LFS.
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Neurofibromatosis 1

Neurofibromatosis type 1 (NF1) or von Recklin-
ghausen neurofibromatosis is one the most com-
mon autosomal dominant disorders primarily
affecting the nervous system [Friedman, 1999].
While NF1 is inherited in 50-70% of cases, the
remainder of affected patients represent de novo
mutations. Common manifestations of the syn-
drome include, but are not limited to, café-au-lait
spots, skinfold freckling, Lisch nodules, optic gli-
omas, and neurofibromas [Williams ez al. 2009].
Neurofibromas are benign tumors of the periph-
eral nervous system that can eventually transform
into malignant peripheral nerve sheath tumors
(MPNSTs) [Rasmussen ez al. 2001].

The NF1 gene was discovered by linkage analysis
after it was localized to 17q11.2 [Cawthon et al
1990]. It encodes for the protein neurofibromin
which functions as a GTPase-activating protein
and is mutated in NF1 [Xu er al. 1990; Wallace
et al. 1990]. The Ras family of proteins normally
function to control cell differentiation and growth.
Neurofibromin functions by hydrolyzing the
active Ras-guanidine triphosphate to the inactive
Ras-guanidine diphosphate as seen in Figure 2.
The most frequent malignancies seen in patients
with NF1 are optic gliomas, MPNSTs, and astro-
cytomas [Korf, 2000]. Leukemia is another can-
cer that is seen at a higher frequency among
patients with NF1 [Stiller ez al. 1994]. In contrast
to the general population in which 80% of all
childhood leukemias are of the lymphoid vari-
ety, almost two out of three leukemias diagnosed
in patients with NF1 are myeloid in nature. In
particular, juvenile myelomonocytic leukemia
(JMML) is a rare RAS-driven malignancy which
is seen at a substantially higher rate (200-500 fold
higher) in patients with NF1 compared with the
general population [Side ez al. 1998].

Noonan syndrome

In 1968 Noonan reported on 19 patients who
shared similar features including dysmorphic
facies, short stature, webbed neck, cryptorchidism
and congenital heart abnormalities among other
characteristic findings [Noonan, 1968]. Prior to
this report the majority of these patients who were
men were diagnosed with ‘the male Turner syn-
drome‘ due to several overlapping findings
between the two syndromes [Avin, 1956]. In the
1990s the locus for the genetic lesion underlying
Noonan syndrome (NS) was mapped to chromo-
some 12g24.1 and in 2001 it was shown that

missense mutations in the gene PTPNI1I are
responsible for nearly 50% of cases [Tartaglia ez al.
2001]. Since then, several other genes, including
SOS1, RAF1, KRAS, HRAS, BRAFE MEKI/
MAP2K1, MER2/MAP2K2, NRAS, SHOC?2,
CBL, and SPREDI have been reported in the
group of germline disorders now known as
‘Rasopathies’ [Aoki er al. 2005; Schubbert et al.
2006; Rodriguez-Viciana ez al. 2006; Roberts et al.
2006; Razzaque eral. 2007; Brems er al. 2007;
Cirstea et al. 2009; Sarkozy ez al. 2009; Niemeyer
et al. 2010; Komatsuzaki ez al. 2010]. All of the
genes signal in the Ras/Raff MEK/ERK pathway
[Roberts ez al. 2013].

One particularly fascinating hematologic conse-
quence of NS is the occurrence in some patients
of a transient myeloproliferative neoplasm
(MPN) in the first year of life that has many char-
acteristics of JMML. This finding is of particular
interest because the association of germline
PTPNI11 mutations in the context of NS and
MPN led to the discovery that somatic mutations
in PTPN11 are found in 35% of cases of nonsyn-
dromic JMML [Tartaglia ez al. 2003; Loh ez al.
2004]. However, the spectrum of germline muta-
tions in PTPN11 is different from the somatic
lesions seen in JMML, leading investigators to
study and conclude that the biochemical seque-
lae of the somatic alterations are more severe
than the germline alterations. Similar to the tran-
sient myeloproliferative disorder (TMD) seen
in Down syndrome, most NS/MPN cases do
not require any treatment and resolve without
intervention [Kratz, 2005;Tartaglia ez al. 2006],
though some patients do become symptomatic
and require low-dose chemotherapy. In contra-
distinction to TMD of trisomy 21, there is not
an increased risk of developing myeloid neo-
plasms at a later age as a result of the prior TMD
[Jongmans er al. 2011].

CBL syndrome or Noonan syndrome-like

disorder

The CBL gene located at 11923.3 encodes for
an E3 ubiquitin ligase and multifunction
adapter protein of the same name. There are
three members of the Cbl family of proteins,
CBL (c-CBL), CBL-b, and CBL-c (Cbl-3). Cbl
is involved in trafficking and degradation of
tyrosine kinases via a ubiquitin ligase function
and is involved in many cellular pathways
[Keane ez al. 1999; Schmidt and Dikic, 2005].
Missense mutations in the linker region or zinc
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GM-CSF

GM-CSF
receptor

Activation

cytoplasm

Gene not associated
with leukemia predi-
sposition syndrome

Figure 2. Germline syndromes associated with the Ras signaling pathway.

Schematic diagram showing the GM-CSF receptor spanning the phospholipid bilayer. After stimulation with a
cytokine, the receptor propagates a signaling cascade through the Ras-MAPK, CBL, and JAK-STAT pathways.
Neurofibromin, encoded by the gene NF1 is a negative regulator of the Ras pathway by binding to activated

Ras and catalyzing GTP hydrolysis, thereby returning Ras to the inactive GDP-bound state. Overall, 1in 10,000
individuals are affected with an inherited syndrome that is caused by a mutation in the Ras pathway [Tidyman

and Rauen, 2012]. Color coding indicates a specific association between a mutated gene and a syndrome

that predisposes children to leukemia. Syndromes include: Noonan syndrome (OMIM 163950); NF1 (OMIM
162200}, and CBL syndrome (OMIM 613563). Illustration courtesy of Alessandro Baliani. Copyright © 2013.
GDP, guanidine diphosphate; GM-CSF, granulocyte macrophage colony-stimulating factor; GTP, guanidine
triphosphate; JAK-STAT, Janus kinase signal transducers and activators of transcription; MAPK, mitogen-

activated protein kinase; NF1, neurofibromatosis type 1.

finger of the CBL gene lead to decreased ubig-
uitination of receptor and nonreceptor tyrosine
kinases [Caligiuri er al. 2007; Sanada er al
2009; Niemeyer et al. 2010].

A germline syndrome was identified in 2010 char-
acterized by impaired growth, developmental delay,
cryptorchidism, deafness and a predisposition to
JMML in patients with germline mutations in

CBL [Martinelli eral. 2010; Niemeyer et al
2010]. As is seen in NF1, 50% of cases are auto-
somally inherited and 50% occur as de novo ger-
mline events. Like patients with NS who have
germline PTPN11 mutations predisposing them
to the development of transient JMML, patients
with germline CBL mutations have an increased
risk of developing JMML that is frequently, but
not uniformly, self-resolving. Unfortunately,
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even in spontaneously resolving cases, it appears
that many of these patients will go on to develop
life-threatening vasculitides in the second genera-
tion of life [Niemeyer ez al. 2010]. Due to the rarity
of the reports thus far in the literature, the fre-
quency of malignancies in patients with CBL is
not yet established.

DNA repair defects

Mismatch repair deficiency syndrome

Lynch syndrome or Hereditary nonpolyposis
colon cancer is characterized by early onset
colonic and extracolonic malignancies which
result from inherited or sporadic mutations in
genes responsible for DNA repair [Lynch ez al.
2006]. Heterozygous mutations in the mismatch
repair genes MSH2 and MLHI1 account for
nearly 90% of cases in Lynch syndrome
[Peltomaki and Vasen, 2004]. While leukemia is
not a typical malignancy seen in Lynch syn-
drome [Cohen, 1992], there is a variant of this
disorder that presents with similar features to
NF1 called mismatch repair deficiency syn-
drome, which is caused by homozygous muta-
tions in one of four mismatch repair genes:
MLHI1, MSH2, MSH6, or PMS2 [Ricciardone
et al. 1999; Wang et al. 1999; Wimmer and
Etzler, 2008]. In 1999, three families were
reported in which children displayed homozy-
gous mutations in the MLHI gene causing a
phenotype similar to NF1 as well as a predispo-
sition to develop hematologic malignancies. In
another case report, a child born to consanguin-
eous parents was found to have multiple café au
lait spots at the time he was diagnosed with ALL
at age 24 months. Although he did not fulfill all
the criteria for diagnosis of NF1, his peculiar
phenotype prompted a genetic workup which
revealed homozygosity for a MSH2 mutation
which he inherited from each of his parents who
were heterozygous and asymptomatic [Whiteside
et al. 2002]. Since then, more than 70 patients
from over 40 families have been characterized
with homozygous or compound heterozygous
mutations in one of the four MMR genes.
Biallelic mutations in PMS2 account for more
than half of all documented cases [Wimmer and
Etzler, 2008]. This syndrome has also been
referred to by the acronym CoLoN, alluding to
the Colonic tumors, Leukemia/lymphomas, and
features of Neurofibromatosis that these patients
frequently exhibit [Bandipalliam, 2005].

Fanconi anemia

Fanconi anemia (FA) is an autosomal recessive
disorder characterized by clinical manifestations,
including congenital abnormalities, progressive
bone marrow failure and propensity to both
hematologic and solid cancers [Fanconi, 1967].
Initial testing for diagnosis involves analysis of
chromosomal breakage induced by diepoxybu-
tane (DEB) or other crosslinking agents such as
mitomycin C [Auerbach, 2009]. FA is also cate-
gorized by FA complementation status, with eight
groups, A—G, including D1 and D2, accounting
for more the 90% of all cases (Figure 3) [Kee and
D’Andrea, 2012].

Information from the largest FA registry in the
United States suggests that roughly 33% of
patients with FA will develop a hematologic
malignancy by the age of 40, with AML being the
most common disease followed by MDS and
ALL [Kutler, 2003]. Patients with FA are also at
risk of developing solid cancers such as squamous
cell carcinoma (SCC) of the head and neck, vul-
var SCC and various types of liver tumors among
others. The risk of developing bone marrow fail-
ure by the age of 40 approaches 90% without
bone marrow transplantation [Kutler, 2003].

Of particular interest is the occurrence of ger-
mline BRCAZ2 mutations (Fanconi complementa-
tion type D1) in FA. A report detailing six children
from five families with FA who developed leuke-
mia at a particularly young age revealed biallelic
BRCAZ2 mutations [Wagner, 2004]. These patients
had a 40% chance of developing leukemia by the
age of 5 compared with patients with non-BRCA2
FA who carry a 1% risk at the same age. Thus, the
occurrence of leukemia in patients with FA at less
than 5 years of age should prompt an investiga-
tion into the patient’s BRCAZ2 locus. Mutations in
BRIP] and PALBZ2 which encode for nuclear
binding proteins of BRCA1/2 have also been
shown to cause FA-J and FA-N, respectively
[Levran eral. 2005; Reid eral. 2006]. Most
recently, a whole exome analysis of patients with
FA without known mutations revealed that sev-
eral patients harbored biallelic germline muta-
tions in ERCC4, previously associated with
xeroderma pigmentosum [Bogliolo ez al. 2013].

Ataxia telangiectasia
Ataxia telangiectasia (AT) is an autosomal reces-
sive neurodegenerative disorder characterized by
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cytoplasm

Nijmegen breakage
syndrome

Gene not associated
with leukemia predi-
sposition syndrome

Werner syndrome

Figure 3. Germline syndromes associated with the DNA repair pathway.

Schematic diagram depicting aspects of the DNA repair pathway. Depending on the type of DNA damage

that occurs, various pathways including mismatch repair, nucleotide excision repair, base excision repair,
homologous recombination repair, and nonhomologous end joining can be employed by cells to repair damaged
DNA [Branzei and Foiani, 2008]. Color coding indicates a specific association between a mutated gene and

a syndrome that predisposes children to leukemia. Syndromes include Fanconi anemia (OMIM 227650 and
227645 are the two most common types); ataxia telangiectasia (OMIM 208900); Bloom syndrome (OMIM 210900);
Nijmegen breakage syndrome (OMIM 251260); and Werner syndrome (OMIM 277700). Illustration courtesy of
Alessandro Baliani. Copyright © 2013. Adapted with permissions from Ahmed and Dokal [2009].

progressive ataxia, ocular telangiectasias, immune
dysregulation, and a predisposition to lymphore-
ticular malignancies, in particular after exposure
to ionizing radiation [Gatti et al. 2001]. Patients
with AT are either homozygous or compound
heterozygotes for mutations in the gene ataxia tel-
angiectasia mutated (ATM) located on 11q22.3
that results in truncated proteins in the majority
of families with AT [Gumy-Pause ez al. 2003].
Wild-type ATM protein kinases are responsible
for repairing double-stranded DNA breaks and
coordinating the ensuing cellular response by
interacting with p53, BRCA1 and the checkpoint
kinase protein (CHK2). Patients with heterozy-
gous germline mutations appear to have a slightly
increased risk of developing malignancies

[Thompson et al. 2005], although there is consid-
erable debate regarding the exact incidence rates
[Ahmed and Rahman, 2006]. Fifteen percent of
57 sporadic childhood leukemias harbored hete-
rozygous ATM mutations in one study [Pause
et al. 2003], indicating ATM also plays a role as a
somatic event. The greatest risk, however, is in
patients with biallelic germline mutations who are
at increased risk of developing lymphoma and
leukemia with observed/expected ratios of
between 50 and 750 [Morrell ez al. 1986].

Of note, a fetoprotein (AFP) levels are elevated
in patients with AT and rise with increasing age
[Stray-Pedersen ez al. 2007]. AFP can therefore
be helpful as an adjunctive diagnostic test of AT
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in the correct clinical context. When treating leu-
kemia in patients with AT, it is important to
remember that ionizing radiation can carry
exquisite toxicity in these patients owing to their
impaired DNA repair pathway [Pollard and
Gatti, 2009].

Nijmegen breakage syndrome

Nijmegen breakage syndrome (NBS) is another
autosomal recessive neurodegenerative disorder
with striking similarities to AT, including a strong
predisposition to lymphoma and leukemia
[Weemaes ez al. 1981]. The defining clinical char-
acteristics of NBS include microcephaly, ‘birdlike’
facies, intellectual impairment and growth retar-
dation [Chrzanowska ez al. 2012]. In one study of
26 patients with NBS, nearly 50% had developed
a malignancy, with lymphoma being the most
highly represented [Kruger etal. 2007]. The
underlying mutation in NBS1 is distinct from AT
[Varon er al. 1998], although the mutated proteins
in both disorders interact with each other as part
of the double-stranded breakage repair complex
called MRN (Mrell, Rad50, and Nbs1 proteins)
[Carney er al. 1998; Lee and Paull, 2005]. The
degree of truncation in the Nbs1 protein inversely
correlates with the risk of developing cancer
[Kriger er al. 2007]. NBS1 functions as a hypo-
morphic protein and even in its truncated form
has been shown to bind to MRE11 and RAD50 to
stimulate ATM and its downstream targets.
Therefore, patients with the lowest expression of
NBS1 will be at increased risk of potential pro-
gression to malignancy via downregulation of
double-strand DNA breaks and decreased inter-
action with p53 and CHK2 [Kriiger ez al. 2007].

Bloom syndrome

Bloom syndrome (BS) is an autosomal recessive
disorder most common among Ashkenazi Jews
[Roa et al. 1999] which is characterized by growth
retardation, photosensitivity rashes and predispo-
sition to malignancy at an early age [German,
1995]. The genetic defect is in the BLM gene
which resides at 15q26.1 [Straughen ez al. 1996]
and encodes a protein in the RecQ helicase family
which is postulated to support genomic stability
in the face of DNA damage [Cheok ez al. 2005;
Chu and Hickson, 2009]. Lymphoma and leuke-
mia are the two most common types of cancers
seen in patients with BS, although in contrast to
other DNA repair defect syndromes, patients
with BS develop a wide spectrum of malignancies

similar to the general population but at an earlier
age [German, 1997]. In a report summarizing
malignancies detected in a BS registry, there were
21 instances of leukemia documented in 168
patients [German, 1997].

Werner syndrome and Rothmund-Thomson
syndrome (RTS) are similar disorders caused
by mutations in WRN [Gray ez al. 1997] and
RECQL4 [Furuichi ezal. 1999], respectively,
which are also members of the RecQ helicase fam-
ily. Werner syndrome is remarkable for premature
aging in addition to overlapping features with BS.
Of note, soft tissue sarcomas are the most com-
mon malignancy in Werner syndrome, while oste-
osarcoma is the most common in RTS [Goto er al.
1996; Wang eral. 2001]. RAPADILINO syn-
drome is another disorder related to the RecQ
family, characterized by mutations in RECQL4
and is inherited in an autosomal dominant fash-
ion. Typical features include short stature, infan-
tile diarrhea, patellar hypoplasia, and radial ray
anomalies, but not poikiloderma as is common
in RTS. In one study of 15 patients with
RAPADILINO syndrome, four had developed
lymphoma and two had developed osteosarcoma
[Siitonen ez al. 2008].

Immunodeficiency syndromes

Patients with primary inherited immunodeficien-
cies are at risk of developing malignancies at sig-
nificantly higher rates than the general population
[Shapiro, 2010]. Risks vary depending on the
type of immunodeficiency and malignancy but
the lifetime incidence has been reported in the
4-25% range [Mueller and Pizzo, 1995]. In addi-
tion to the increased risk of infection, Epstein
Barr virus in particular predisposes patients who
are immunocompromised to develop lymphoma,
which is the most common type of malignancy
seen in this population. Other viral infections
could activate proto-oncogenes in the host via
transduction or stimulate transcription factors
that induce oncogenesis.

Wiskott-Aldrich syndrome

Wiskott—Aldrich syndrome (WAS) is an X-linked
disorder characterized by the triad of thrombocy-
topenia, primary immunodeficiency, and eczema
along with a predisposition to autoimmunity and
malignancy [Albert ez al. 2011]. There is tremen-
dous clinical variability in this disorder that is
closely related to the type of underlying mutation
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in the WAS protein which functions in regulating
actin polymerization in hematopoietic cells [Ochs
and Thrasher, 2006]. Classic WAS that presents
with the clinical triad is most often seen when
mutations in the WASP gene lead to an absent or
truncated form of the protein. If the WAS protein
is normal in size despite the underlying mutation,
it more frequently results in other phenotypes,
including X-linked thrombocytopenia without
immunodeficiency or X-linked neutropenia [Villa
et al. 1995; Jin et al. 2004].

Approximately 70% of patients with WAS will
develop at least one autoimmune disorder, most
commonly, hemolytic anemia [Dupuis-Girod
et al. 2003]. Roughly 13% of patients with WAS
will develop at least one malignancy, with lym-
phoma being the most prevalent subtype.
Autoimmunity appears to be the single most
important risk factor for developing a malignancy
in this patient population [Dupuis-Girod ez al
2003]. Based on a seminal survey, 25% of patients
with WAS who had an autoimmune component
to their disorder developed a malignancy, while
only 5% of patients who did not display autoim-
mune phenomenon developed a malignancy
[Sullivan er al. 1994]. The mechanism for this
association has yet to be elucidated.

Bruton agammaglobulinemia

Bruton agammaglobulinemia, also referred to as
X-linked agammaglobulinemia (XLLA), is a pri-
mary immunodeficiency caused by mutations in
the Bruton tyrosine kinase (BTK) gene at Xq21.3-
22 [Bruton, 1952; Viliaho ez al. 2006]. The
mutated gene, normally responsible for B-cell
maturation, causes arrest of B cells before matur-
ing into plasma cells capable of producing immu-
noglobulins [Rawlings and Witte, 1994]. There
are hundreds of reported mutations in the BTK
gene leading to XLLA. Most are missense, result-
ing in varying degrees of enzymatic function
[Conley ez al. 2005]. As early as 1963, it was rec-
ognized that leukemia and lymphoma occurred
more frequently in patients with XLA than the
population at large [Page er al. 1963]. However,
surveying a more recent registry of 201 patients
with XLA in the United States, only four patients
were noted to have a history of malignancy, with
one case each of osteosarcoma, lymphoma, ade-
nocarcinoma of the lung, and reticulum cell sar-
coma [Winkelstein er al. 2006]. Thus, the exact
incidence of leukemia and lymphoma in this con-
dition is not clear at this time.

Down syndrome and hematologic

malighancies

Constitutional trisomy of chromosome 21 carries
the risk of several unique hematologic sequelae
[Ravindranath, 2004]. First, approximately 10%
of patients with Down syndrome will develop a
TMD that frequently self resolves [Massey, 2004].
However, TMD in patients with risk factors for
adverse outcomes such as premature infants,
those with high white blood cell counts and those
with visceromegaly often require AML like chem-
otherapy [Gamis, 2004]. Approximately 30% of
babies with Down syndrome and a history of
TMD will develop MDS or AML. De novo AML
is treated less aggressively in patients with Down
syndrome due to their exquisite sensitivity to
chemotherapy, both in terms of response and
potential for toxicity. Bone marrow transplant is
rarely employed in patients with trisomy 21,
except in the most aggressive of all cases. The
overall incidence of leukemia in Down syndrome
is roughly 2%, which is 10-100 times higher than
the general population [Hasle ezal 2000].
Interestingly the incidence of almost all other
malignancies with the exception of retinoblas-
toma and germ cell tumors is markedly lower in
the Down syndrome population. In general, the
distribution of leukemia between ALL and AML
in people with Down syndrome is similar to that
of the general population (85% ALL), except in
the first 3 years of life when AML predominates,
with amegakaryoblastic leukemia (AMKL) pre-
senting as the most common form. AMKL is
characterized by GATAI mutations, which nor-
mally encodes for a transcription factor important
in erythroid and megakaryocyte development
[Wechsler ez al. 2002].

Patients with trisomy 21 are also at increased risk
of developing ALL. Recently, ¥4K2 mutations as
well high expression levels of the cytokine recep-
tor CRLF2 have been found in 19% and 66% of
patients with Down syndrome and ALL, respec-
tively [Mullighan ez al. 2009; Hertzberg er al.
2010]. Overexpression of CRLF2 is associated
with genomic lesions of CRLF2, most notably in
people with Down’s syndrome, of a PARI1 dele-
tion that fuses the P2RYS8 gene located on the
pseudo autosomal regions of the sex chromo-
somes with the CRFL2 gene.

Proposed mechanisms for the increased incidence
of leukemia in patients with trisomy 21 involve
genes on chromosome 21 including cystathionine
B synthase (CBS), which is thought to act on the
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folate pathway and superoxide dismutase (SODI),
which is suspected to increase DNA damage and
lead to the aforementioned GATAI mutations
[Cabelof ez al. 2009].While a putative tumor sup-
pressor gene on chromosome 21 has been postu-
lated to increase the risk of leukemia, a specific
disomic homozygous mutation has yet to be elu-
cidated [Taub, 2004]. The genetic basis for the
increased predisposition to leukemia but protec-
tion from solid malignancies is not well under-
stood at this time [Malinge ez al. 2009].

Germline polymorphisms

There has been an explosion of genome-wide asso-
ciation studies that identify inherited single nucle-
otide polymorphisms (SNPs) that are associated
with the development of human diseases, includ-
ing childhood leukemia, as well as predicting
response to therapy and/or relapse [Yang, 2009;
Orsi et al. 2012;Yang er al. 2012]. Polymorphisms
in IKZF1, CDKN2A,ARID5B and CEBPE have all
been shown to influence the risk of developing
ALL in children [Trevifio ez al. 2009; Sherborne
et al. 2010; Orsi et al. 2012]. While these associa-
tions are statistically significant, they are still mod-
est in terms of relative risk, confirming that risk
factors for developing ALL are polygenic in nature.
SNPs in the genes PYGL and PDE4B have also
been shown to influence risk of response to therapy
[Yang ez al. 2012]. These genes are responsible for
metabolism of several chemotherapeutics used in
treatment of childhood ALL, and are therefore
logical determinants of outcome [Zaza et al. 2005;
Kim er al. 2011].

Future directions

Cancer predisposition syndromes have become
increasingly recognized through thoughtful col-
laborations between clinicians and scientists.
Through advances in next-generation sequencing
technologies, new germline mutations that alter
proteins responsible for critical cellular functions
have been identified. These discoveries are critical
to facilitate early diagnoses for families and clini-
cians, which have obvious implications for cancer
surveillance and genetic counseling. In addition,
the discovery of these alterations has revealed
commonly altered pathways in a number of genes,
yielding new insights into the biological mecha-
nisms underpinning these disorders. Ultimately,
we hope and anticipate that novel therapies will
arise for these patients as continued progress is
made.
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