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Introduction

The term bone marrow failure describes the functional loss 
of production of blood cells from hematopoietic stem cells. 
Studies demonstrated that there are more than 80 causative 
genes involved in bone marrow failure disorders (including 
acquired and inherited); but in about 40% of cases the cause 
is not known (1,2). 

Inherited bone marrow failure syndromes (IBMFS) 
are complex mixture of genetic disorders characterised 
by insufficient blood cells production usually association 
with one or more somatic abnormality and an increased 
cancer risk. 

There are more than 30 different types of disorders 
which are classified into IBMFS and the common types 
are: fanconi anemia (FA), dyskeratosis congenital (DC), 
shwachman-diamond syndrome (SDS),  diamond-
blackfan anemia (DBA), congenital amegakaryocytic 

thrombocytopenia (CAMT), severe congenital neutropenia 
(SCN) and thrombocytopenia absent radii (TAR) as 
summarised in Table 1 (3,4).

Recently more mutated genes causing IBMFS have 
been identified that show genomic instability, defects 
in DNA repair and telomere biology as genetic causes. 
Studies of disease pathophysiology at the genetic level 
have provided insights into several biological pathways, 
thereby correlation between genotype and phenotype, and 
clinical therapeutical strategies. This article reviews the 
latest studies of eight subtypes of the IBMFS and their 
associated malignancies. 

Fanconi anemia 

FA is usually inherited as an autosomal recessive (AR) 
trait, but it can also be X-linked recessive (XLR). FA is the 
most common and representative type of IBMFS. Patients 
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with FA are characterised with progressive bone marrow 
failure, congenital abnormalities and susceptibility to 
malignancies, commonly in MDS, AML, and solid tumors, 
commonly as carcinoma of the oropharynx and skin (5). 
The first reported case of leukemia in patients with FA was 
in 1927 (6). Cells from FA patients exhibit a hypersensitivity 
to DNA interstrand cross-linking agents such as mitomycin 
and diepoxybutane. Patients with FA develop one or more 
types of cancers with the most common types being AML, 
MDS, head and neck squamous cell carcinoma, liver 
tumors, vaginal squamous cell carcinoma, and brain tumors. 
Recent studies found an association of FA with a pattern of 
recurrent chromosomal abnormalities including monosomy 
chromosome 7, deletion of the long arm of chromosome 
7, gain of the long arms of chromosome 3 and 1 and the 
RUNX1 gene mutations in about 20% of the combined 
MDS cases. Patients with chromosome abnormalities 
involving 7 and 3 had a poor prognostic significance in 
disease (7). 

The presence of specific types of genomic instability 
o f f e r s  oppor tun i ty  to  c l a s s i f y  the  16  subtypes /
complementation groups in FA to elucidate the mechanism 
including the genes responsible. FA involved genes code for 
proteins involved in DNA repair. Eight (FANCA, FANCB, 
FANCC, FANCE, FANCF, FANCG, FANCL and 
FANCM) of the 16 FA proteins formed a FA core complex 
interacting with each other to active the FANCI-FANCD2 
protein complex to a monoubiquitinated form to bind with 
DNA repair proteins (8,9). Four (FANCD1—also known as 
BRCA2, FANCJ, FANCN and FANCO) of the 16 FA genes 
are found to be associated with breast cancer (10). These 
findings suggest a link between FA and cancer through a 
faulty DNA repair mechanism. 

Dyskeratosis congenita

DC or DKC is defined as one of the IBMFS characterised 
by the presence of  bone marrow fa i lure  and the 
mucocutaneous triad of abnormal skin pigmentation, nail 
dystrophy, and mucosal leucoplakia (11). DC is an inherited 
disease with autosomal dominant (AD), AR and X-linked 
inheritance patterns. Patients with DC have increased risk 
of MDS, AML and other types of cancers (carcinomas of 
the upper gastro-intestinal tract). Aplastic anemia, MDS 
and AML in patient with DC is the first clinical sign. 
DC is the most typical representative type in IBMFS in 
telomere abnormality causing genomic instability due to 
the accelerated telomere shortening resulted in cell loss or 
dysfunction (12). 

The nine genes responsible for DC (DKC1, TERT, 
TERC, TINF2, RTEL1, NOP10, NHP2, WRAP53 and 
CTC1) have been identified and responsible for functioning 
and maintenance of telomeres (2). 

Shwachman-diamond syndrome 

SDS is an AR disorder characterised by early onset exocrine 
pancreatic insufficiency, bone marrow failure and other 
genetic abnormalities. About 20% of SDS patients will 
have MDS and 25% patients will have leukemia (13). 
Deletions of chromosomal 7 and 20 are the most frequent 
abnormalities seen in patients with SDS presenting with 
MDS but such types of chromosomal abnormalities do 
not contribute to leukemia transformation. Molecular 
studies showed about 90% of SDS patients have SBDS 
gene mutation and its product has an important role in the 
maturation of the 60S ribosomal subunit (14).

Table 1 Brief summary of some common types of IBMFS

FA DC SDS DBA SCN CAMT TAR

Inheritance AR, XLR AR, AD, XLR AR AD AD, AR AR AR

Somatic abnormalities Yes Yes Yes Yes Yes Yes Yes

Bone marrow failure Yes Yes Yes Yes Yes Yes Yes

Short telomeres Yes Yes Yes Yes ? ? ?

Cancer Yes Yes Yes Yes Yes Yes Yes

Chromosome instability Yes Yes Yes Yes ? ? ?

Genes identified 16 9 1 11 5 1 1

IBMFS, inherited bone marrow failure syndromes; FA, fanconi anemia; DC, dyskeratosis congenita; SDS, shwachman-diamond 

syndrome; DBA, diamond-blackfan anemia; CAMT, congenital amegakaryocytic thrombocytopenia; SCN, severecongenital 

neutropenia; AD, autosomal dominant; AR, autosomal recessive; XLR, X-linked recessive; TAR, thrombocytopenia absent radii.
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Diamond-blackfan anemia 

DBA is grouped with the early infant anemia and it is 
selectively seen in the erythroid lineage (pure red cell aplasia) 
with some somatic abnormalities such as craniofacial thumb, 
cardiac and urogenital malformations (15). An increased 
predisposition to MDS, AML and other types of tumors 
has been reported (16). In 1999, DBA gene (RPS19) was 
identified (17). Subsequently, heterozygous mutations in other 
encoding genes for ribosomal proteins of the small (RPS24, 
RPS17, RPS7, RPS10, RPS26) and large (RPL5, RPL11, 
RPL35) ribosomal subunits have also found to associated with 
DBA and RPS5 gene was found and is associated with patients 
with multiple physical abnormalities (18). RPS19 mutations 
causing DBA showed some ethnic difference in phenotype 
expression (19). Recent studies using a CGH identified 
deletion of RPL15 as a novel cause of DBA (20). 

Severe congenital neutropenia 

SCN is an AR disorder characterised by early age onset 
neutropenia and presented with recurrent life threatening 
infections with physical abnormalities. SCN can develop to 
MDS and AML with the secondary mutations including the 
granulocyte colony stimulating factor receptor gene (21). The 
neutrophil elastase gene (ELA2), defects in mitochondria 
gene (HAX1), deficiency in adenylate kinase 2 gene 
(AK2) and other 2 genes mutated (GFI1, WASP the 
transcriptional repressor and the cytoskeletal regulator 
respectively) associated with apoptosis were found to be 
responsible for SCN in at least 50% patients (22,23). 
Genetic defects in multiple pathways have been found to 
cause congenital neutropenia by controlling granulocytic 
progenitor differentiation. 

Congeneital amegakaryocytic thrombocytopenia

CAMT is characterised by haemorrhages or bruises associated 
with thrombocytopenia in infancy but rarely presents with 
physical defects. MDS and AML but not solid tumors are 
associated with CAMT (24). Molecular studies demonstrate 
that the gene mutation called MPL (encoding of the receptor 
for thrombopoietin was responsible for CAMT and showed 
the correlation between genotype and phenotype (25). 

Thrombocytopenia absent radii 

TAR can be either an AR or de novo pattern, typically seen 

in infancy presenting with thrombocytopenia (low platelet 
count) and allergy to cow milk, physical characteristic of 
bilateral absent radii and other types of birth defects (26). 
Similarly, acute leukemia and solid tumors have been 
reported from patients with TAR (27). 

The pathological mechanism of thrombocytopenia 
in TAR was studied and it was found that serum levels 
of thrombopoietin (the megakaryocyte growth factor) 
were increased suggesting an abnormal differentiation 
mechanism of megakaryocyte and platelet production (28). 

The first molecular finding of interstitial microdeletion 
at chromosome 1q21.1 containing ten genes including 
the TAR responsible gene-RBM8A by using comparative 
genomic hybridisation (CGH) microarray technique was 
in 2007 (29). Recent findings show that RBM8A encodes 
the conserved Y14 subunit of the exon-junction complex 
that is essential for RNA processing and expressed in all 
hematopoietic lineages as the cause of TAR (30). 

Conclusions

In the past our understanding of IBMFs was limited by 
several factors, such as, rarity of reported cases and the lack 
of DNA and other technologies. Traditionally, the diagnosis 
of IBMFS mainly relied on the uneven clinical features and 
limited laboratory tests. Even up to now, not all subtypes of 
IBMFs are well documented for the clinical and laboratory 
diagnostic criteria and guidelines due to heterogeneous 
complexity in diseases, particularly in the developing 
counties. About 45% of patients with IBMFS do not have 
mutations in known genes and further genetic identification 
is required. 

The treatment strategy for IBMFS associated malignancies 
needs to be specifically tailored compared to other groups of 
patients with malignancies. Hence, the differential diagnosis 
on such malignancies such as MDS, acute leukemia and 
solid tumors is imperative. 

The recent advances in molecular studies on the 
identifications of responsible genes/the defects of their 
pathways of IBMFS have provided more understandings 
in the pathophysiological mechanisms. Such advances 
also provided the link between IBMFS and some types of 
cancers via defective molecular pathways. 

Next generation technology will make studies on IBMFS 
fast in the genetic etiology and the molecular pathways, 
clinical diagnosis and therapies so that there will be more 
IBMFS to be identified which currently remain unclassified. 
The studies on IBMFS offer a proxy for research in somatic 



308 Yu et al. Inherited bone marrow failure syndromes and associated malignancies

© Translational Pediatrics. All rights reserved. Transl Pediatr 2014;3(4):305-309www.thetp.org

cancer and in aging. 
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