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Purpose of review

Recent advances in diagnosis and treatment of inherited bone marrow failure syndromes (IBMFS) have
significantly improved disease understanding and patient outcomes. Still, IBMFS present clinical challenges
that require further progress. This review aims to provide an overview of the current state of diagnosis and
treatment modalities of the major IBMFS seen in paediatrics and present areas of prioritization for future
research.

Recent findings

Haematopoietic cell transplantation (HCT) for IBMFS has greatly improved in recent years, shifting the
research and clinical focus towards cancer predispositions and adverse effects of treatment. Each year,
additional novel genes and pathogenic variants are described, and genotype-phenotype mapping becomes
more sophisticated. Moreover, novel therapeutics exploring disease-specific mechanisms show promise to
complement HCT and treat patients who cannot undergo current treatment options.

Summary

Research on IBMFS should have short-term and long-term goals. Immediate challenges include solidifying
diagnostic and treatment guidelines, cancer detection and treatment, and continued optimization of HCT.
Long-term goals should emphasize genotype-phenotype mapping, genetic screening tools and gene-
targeted therapy.
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The inherited bone marrow failure syndromes
(IBMFS) are a heterogenous group of diseases with
varying clinical presentation and underlying disease
mechanisms, all characterized by failure of produc-
tion in at least one haematopoietic cell lineage
(Fig. 1).

This review will cover current diagnostic and
treatment guidelines, recent advancements and sug-
gest further steps of research in the four classical
IBMFS (Fanconi anaemia, dyskeratosis congenita,
Shwachman Diamond syndrome and Diamond
Blackfan anaemia) as well as two more recently rec-
ognized IBMFS (GATA2 deficiency, SAMD9/SAMD9L
syndromes), which are increasingly identified causes
of marrow failure. This review gives an overview of
each with extensive references, which we encourage
consulting for more detail in each area.

Since the initial descriptions of the classical
IBMFS in the early-mid twentieth century to the
discovery of the genes underlying these syndromes,
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greatly improved. Today, the research focus has
shifted away from the initial concern of treating
the bone marrow failure (BMF) and leukaemia risk
and towards treatment and prevention of cancer
and mitigating the adverse effects of treatment
[1]. GATA2 deficiency and SAMD9/SAMD9L syn-
dromes, identified in the 2010 s, are likewise seeing
strides in diagnosis and treatment, though the
guidelines are not yet as robust as those for classical
IBMFS [2].
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KEY POINTS

� For the four classic IBMFS (Fanconi anaemia,
dyskeratosis congenita, SDS, DBA), much progress has
been made in disease understanding, treatment options
and patient outcomes.

� Next steps for the classic IBMFS must focus on cancer
detection and treatment.

� Treatment of GATA2 deficiency is improving, but
diagnostic tools and treatment guidelines remain
a challenge.

� Understanding of the pathophysiology of SAMD9/
SAMD9L syndromes is rapidly improving, but
diagnostic guidelines need refinement, and severe
subtypes of the disease still pose a significant
clinical challenge.

� Improved genotype-phenotype mapping and disease
understanding should be the foundation for future
exome-based screening and gene-based therapies
for IBMFS.

Haematology and oncology
FANCONI ANAEMIA

Fanconi anaemia is an IBMFS and cancer predispo-
sition syndrome caused by biallelic pathogenic var-
iants in one of more than 22 genes involved in DNA
interstrand crosslink repair [3,4]. The majority
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Fanconi anaemia genes have an autosomal recessive
inheritance pattern, with one being X-linked and a
single described autosomal dominant form. The
most common presentation of Fanconi anaemia is
cytopenias due to BMF in early childhood. About
two-thirds of patients have other associated identi-
fiable congenital abnormalities including skeletal
and genitourinary. Other haematological manifes-
tations include aplastic anaemia, myelodysplastic
syndrome (MDS) and acute myeloid leukaemia
(AML) [5,6]. Patients with Fanconi anaemia are also
at a high risk of developing solid tumours, especially
squamous cell carcinomas of the head and neck and
female genitalia [6] typically in their late teens to
early 30 s.

The current gold standard for diagnosis is the
chromosome breakage test with diepoxybutane or
mitomycin C, which is often followed by molecular
genetic testing for pathogenic variant identification
[5]. However, the genetic cause of Fanconi anaemia
remains unknown in a small subset of those tested.
In addition, only 60–90% of patients with genotyp-
ical Fanconi anaemia have observable physical
abnormalities of any type [8–10].

Current treatment standards include specialty-
dependent treatments for various manifestations of
Fanconi anaemia. For haematologic manifestations
of Fanconi anaemia, including BMF, AML and MDS,
the only curative treatment is haematopoietic cell
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Inherited bone marrow failure syndromes Deng and McReynolds
transplantation (HCT) [11]. Outcomes of HCT are
worse for patients with AML and MDS compared
with BMF alone [12]. The use of fludarabine-based
preparative regimens for HCT greatly increased sur-
vival in patients with Fanconi anaemia and is now
the standard of care.

For a subset of patients who do not have access
to or cannot receive HCT, androgen therapy can
improve red cell and platelet counts, though efficacy
is limited [13]. More recently, a small clinical trial
studying metformin has suggested short-term clin-
ical benefit, but larger long-term clinical trials need
to be explored [14

&&

].
In recent years, advances in Fanconi anaemia

research have included discovery of novel patho-
genic variants, recognition of germline mosaicism,
genetic reversion identified in some tissue types,
and various clinical trials for novel treatment
of Fanconi anaemia and its complications
[15

&

,16,17]. Furthermore, differences in genotype-
phenotype outcome associations present potential
avenues of inquiry into tailored clinical manage-
ment based on genetic testing [18

&

].
Priority challenges that persist include identify-

ing pathogenic variants in the fewwith an unknown
genotype, preventing and treating the high preva-
lence of complications including cancers, and devel-
oping understanding of the mechanisms that drive
Fanconi anaemia germline mosaicism in some and
not in others.

Thus, areas of research focus for Fanconi anae-
mia should target the following areas.
(1)
1040
Identification of novel Fanconi anaemia genes/
variants in those with phenotypic presentation
but no known pathogenic variants, as well
as clarifying genotype-phenotype relation-
ships;
(2)
 Prevention and treatment of squamous cell car-
cinoma both in those who have received HCT
and those who have not;
(3)
 Optimizing gene therapy to act as a comple-
ment and/or alternative to current standards
of care.
DYSKERATOSIS CONGENITA

Dyskeratosis congenita is a telomere biology disor-
der caused by impaired telomere maintenance [19].
Typical presentation is the mucocutaneous triad of
dysplastic nails, lacy reticular pigmentation of the
skin and oral leukoplakia, though many other find-
ings may be present [20]. Patients with dyskeratosis
congenita are also at an increased risk of BMF, MDS,
AML and squamous cell carcinomas [6]. Adults have
been described with isolated aplastic anaemia and/
-8703 Copyright © 2022 Wolters Kluwer Health, Inc. All rights rese
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or pulmonary fibrosis who lack typical mucocuta-
neous triad features.

The current diagnostic standards for dyskeratosis
congenita are flow cytometry with fluorescence in-
situ hybridization (flow-FISH) to detect shortened
leukocyte telomere length and/or identification of
pathogenic variant(s) in telomere biology genes [21].
There are currently 18 genes known to cause dysker-
atosis congenital [22]. Eighty percent of patientswho
meet clinical criteria for dyskeratosis congenita have
known genes, while 20% have a clinical phenotype
with unknown genotype [23]. All modes of inheri-
tancehavebeendescribed indyskeratosis congenital,
autosomal dominant, autosomal recessive, X-linked
recessive (XLR) and de novo. Recently, significantly
worse prognosis has been described with autosomal
recessive andTINF2 (autosomal dominant or de novo)
mediated disease [24

&

].
Current treatment standards are tailored to the

individual based on clinical presentation. HCT is the
only curative treatment for haematologic manifesta-
tions such as BMF and leukaemia. Although there are
no standard recommendations from large-scale clin-
ical trials for the treatment of dyskeratosis congenita
due to the rarity of the disease, reduced-intensity
conditioning (RIC) treatment has been shown to
be a safer and more feasible option that minimizes
complications [23,25

&&

]. Patients who are unable to
undergo HCT can receive androgen therapy with
significant clinical improvement in haematological
manifestations in a subset of patients [26].

In recent years, significant advances have been
made in discovering new pathogenic variants eluci-
datingmore genetic causes of dyskeratosis congenita
[27

&

,28
&

,29
&

,30,31
&

]. In addition,work has been done
in decoding mechanisms behind specific variants,
thoughmany pathogenic variants remain uncharac-
terized [32]. Understanding of these mechanisms
opens pathways to treating subsets of dyskeratosis
congenita based on pathogenic mechanisms. Treat-
ment of dyskeratosis congenita has improved, not
only leading to longer patient survival but also
increased complications such as pulmonary fibrosis
that can develop over time [33].

The next frontiers for advancing diagnosis and
treatment of dyskeratosis congenita include:
(1)
rved.

r He
Further identification of pathogenic genes/var-
iants to elucidate genetic causes of dyskeratosis
congenita;
(2)
 Optimizing HCT protocols and treatment of
complications to reduce disease burden after
HCT;
(3)
 Exploring clinical trials of telomerase therapeu-
tics and targeted therapy at gene pathways to
complement current standards of care.
www.co-pediatrics.com 77
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Haematology and oncology
SHWACHMAN DIAMOND SYNDROME
Shwachman Diamond syndrome (SDS) is an IBMFS
caused by disordered ribosomal biogenesis charac-
terized by exocrine pancreatic dysfunction, skeletal
abnormalities, BMF and predisposition to MDS and
AML [34–36].

Current diagnostic standards for SDS include a
thorough clinical evaluation demonstrating haema-
tological abnormalities and suspected exocrine pan-
creatic insufficiency. A 72-h stool fat quantification
test and/or pancreatic enzyme testing can help iden-
tify the pancreatic insufficiency and is unique to SDS
amongst the IBMFS [36,37]. Genetic testing for the
Shwachman-Bodian-Diamond syndrome gene
(SBDS) [38–40] onchromosome7q11 is confirmatory
in 90% of patients [3,37,41]. Recently, three other
geneshave beendescribed to cause SDSor an SDS-like
syndrome, namely DNAJC21, EFL1, SRP54 [38–40].

Treatment of SDS is multimodal, starting with
pancreatic enzymatic replacement for exocrine
function [36,37,42]. Almost half of the patients
spontaneously improve pancreatic function and
can stop enzyme replacement [43]. The most com-
mon haematologic manifestation, neutropenia,
requires consistent monitoring and use of granulo-
cyte colony-stimulating factor (G-CSF) in cases of
severe persistent neutropenia with recurrent infec-
tions. For patients with BMF or leukaemia, HCT is
the only curative option [44,45]. A multicentre
cohort study found that patients with SDS-related
AML [46

&

,47,48
&

] have especially poor prognoses
due to therapy-resistant disease and treatment tox-
icity [49].

In recent years, progress has been made in iden-
tifying new germline pathogenic variants leading to
SDS, understanding the mechanism behind clonal
haematopoiesis in SDS and potential use of pluri-
potent stem cells and gene editing technologies for
disease modelling and treatment [46

&

,47,48
&

].
Domains of research aimed to address the most

pertinent challenges today include:
(1)
78
Improved prevention and treatment for SDS-
associated leukaemia;
(2)
 Continued reduction of transplant-related tox-
icity after HCT;
(3)
 Use of pluripotent stem cells and gene editing
technologies to explorenew therapeutic options.
DIAMOND BLACKFAN ANAEMIA

Diamond Blackfan anaemia (DBA) is an IBMFS char-
acterized by severe macrocytic anaemia with normal
leukocytes and platelets, which can also present with
congenital malformations, and has an increased risk
www.co-pediatrics.com
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of AML, MDS, osteosarcoma and colorectal cancer
[50,51]. Pathogenesis is due to pathogenic variants in
genes involved in ribosomal biogenesis, most com-
monly in the RPS19 gene [52–55].

Current diagnostic standards involve a clinical
evaluation of macrocytic anaemia with reticulocyto-
penia prior to 1 year without other blood cell lineage
abnormalities followed by confirmatory molecular
testing for pathogenic variants in one of the 26
autosomal dominant genes in affected individuals
or one of two XLR genes (TSR2 and GATA1) in male
patients [8,54,55]. Oftentimes, DBA is a diagnosis of
exclusiondue to a broaddifferential [50]. Erythrocyte
adenosine deaminase (eADA) is elevated in approx-
imately 85% of DBA patients [56].

Treatment guidelines are multidisciplinary
based on clinical findings. For anaemia, corticoste-
roids are effective in 80% of patients [56–58]. Red
blood cell transfusions are used for those resistant to
corticosteroids, and iron chelation is often needed
to prevent the multiple complications of iron over-
load [59,60

&&

]. The only curative therapy is HCT
[56,60

&&

]. Interestingly, some patients with DBA
can have spontaneous remission of their red cell
aplasia, though the mechanism of this is unknown.

In recent years, advances have been made in
identifying pathogenic variants using functional
and splicing assays, as well as using untargeted
metabolomics as a new diagnostic tool, and eluci-
dating the mechanisms of glucocorticoid effective-
ness in DBA treatment [61

&

,62,63
&

].
The main challenges in management of DBA

remain the difficulty in establishing diagnosis and
the side effects of current treatment regimens, thus
future research focus suggestions include:
(1)
eal
Identifying genotype-phenotype correlations to
diagnose DBA subtypes more precisely;
(2)
 Increased use of whole exome sequencing for
prenatal diagnosis [64];
(3)
 Developing improved iron chelation regimens
for those undergoing transfusion therapy and
optimized corticosteroid treatment protocols to
minimize side effects;
(4)
 Exploring options for those who are not candi-
dates for HCT and fail steroid treatment.
GATA2 DEFICIENCY

GATA2 deficiency is a germline immunodeficiency
syndrome with a high lifetime risk for MDS and
AML, and a more recently recognized IBMFS that
encompasses the clinical entities formerly known as
MonoMAC syndrome, familial MDS/AML, DCML
deficiency and Emberger syndrome. It has a wide
array of phenotypes and age of clinical presentation
Volume 35 � Number 1 � February 2023

th, Inc. All rights reserved.



Inherited bone marrow failure syndromes Deng and McReynolds
that all stem from pathogenic variants in theGATA2
gene [65–71]. Although the exact population prev-
alence of GATA2 deficiency remains unknown, it
has been shown that approximately 72% of adoles-
cents with MDS and monosomy 7 have GATA2
deficiency [72], thus making it one of the most
common causes of MDS in children.

Diagnosis of GATA2 deficiency can be difficult
and relies on clinicians having a high index of suspi-
cion. Clinical signs such as persistent warts, mono-
cytopenia, NK cell/B cell deficiency, pulmonary
alveolar proteinosis (PAP) or high-risk MDS are
important to initial recognition, but many patients
remain asymptomatic into adulthood [65,72,73].
Genetic analysis of GATA2 confirms the disease but
can also report false negatives, as some patients have
regulatory region pathogenic variants or copy num-
ber variants, which may require additional genomic
analyses or mRNA sequencing for diagnosis [72,74].

HCT is the only curative treatment for GATA2
deficiency, particularly for those with MDS [65].
HCT has been shown to resolve MDS, improve
PAP and reduce infection burden, though the opti-
mal timing and treatment regimen has yet to be
established [75,76]. Patients with advanced MDS
have worse outcomes with HCT than those with
moderate or mild MDS [76,77]. Other manifesta-
tions such as nontuberculous mycobacterial infec-
tions, warts and thrombophilia are treated
symptomatically depending on presentation [66].

Recent studies have found HCT demonstrating
similar efficacy in treatment of MDS for those with
and without GATA2 deficiency, and reversal of dis-
ease phenotype with a busulfan-based HCT regi-
mens with post-transplant cyclophosphamide.
There is also a potential for use of advanced gene
technology in the future such as homologous
recombination and CRISPR/Cas9 for individualized
treatment [78

&&

,79
&

,80].
With a host of challenges still present in the

diagnosis and treatment of GATA2 deficiency,
impactful next steps in research include:
(1)
1040
Increasing sensitivity of diagnostic tests to
reduce false negative rates and missed diagno-
ses, particularly functional testing;
(2)
 Clinical trials focused on optimized timing and
conditioning regimen for HCT;
(3)
 Application of gene therapy technologies in
pursuit of non-HCT precision treatments.
SAMD9/SAMD9L SYNDROMES

Germline pathogenic gain-of-function variants in
the SAMD9 and SAMD9L genes have been recog-
nized in association with several clinical disorders,
-8703 Copyright © 2022 Wolters Kluwer Health, Inc. All rights rese
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including myelodysplasia, infections, restriction of
growth, adrenal hypoplasia, genital phenotypes and
enteropathy (MIRAGE) syndrome, MDS and ataxia-
pancytopenia syndrome (ATXPC). Together with
GATA2 deficiency, this syndrome accounts for at
least half of the paediatric MDS and is another
recently recognized IBMFS [81–87,88

&

].
Early clinical suspicionand screening for SAMD9/

SAMD9Lpathogenicvariantsarecrucial fordiagnosis.
SAMD9 and SAMD9L lie on chromosome 7, which
complicates thediagnosis inthosewithmonosomy7,
thus genetic testing with nonblood material is rec-
ommended for all patients with paediatric MDS and
monosomy 7 [89,90]. Due to wide phenotypic pre-
sentation,morework is necessary to refine diagnostic
standards of SAMD9/SAMD9L syndromes.

Current treatment is guided by presentation and
subtype [90,91]. Somepatientspresentwithclinically
stable disease with possible spontaneous hemato-
poietic remission [82] and may fare better with a
watch and wait approach. HCT regimens have dem-
onstrated efficacy for MDS but have shown poor
outcomes for severe MIRAGE and ATXPC syndrome
patients [88

&

,92,93].
Recently, advances have been made in under-

standing the prevalence of SAMD9/SAMD9L syn-
dromes in children, the pathogenesis of their BMF
and the understanding of the high prevalence of
maladaptive and adaptive clonal haematopoiesis
due to somatic genetic rescue [94

&

,95,96
&&

].
Moving forward, research should focus on these

areas to improve disease understanding and patient
outcomes:
(1)
rved.

r He
Mapping genotype-phenotype relationships
with consideration for penetrance and thresh-
old effects to assist screening of multisystem
involvement;
(2)
 Optimizing HCT conditioning regimens and
standardizing indications for HCT given the
possibility of clinically stable disease;
(3)
 Improving the understanding of somatic
genetic rescue as a driver of cancer predisposi-
tion and potential pathway interventions to
prevent such complications.
CONCLUSION

The IBMFS are a complex group of disorders that
pose serious clinical challenges. Remarkably, the
research community has made significant progress
in recent years, evidenced by improved pathome-
chanistic understanding, diagnostic precision and
treatment efficacy (Tables 1 and 2).

For the four classic IBMFS (Fanconi anaemia,
dyskeratosis congenita, SDS, DBA), the immediate
www.co-pediatrics.com 79
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Table 2. Diagnosis, treatment, and recent advances in Fanconi anaemia [15&,16,17,18&], dyskeratosis congenita [21–33],

Shwachman Diamond syndrome [39–49], Diamond Blackfan anaemia [8,52–59,61&,63&], GATA2 deficiency [65,72–

77,78&&,79&,80], SAMD9/SAMD9L syndromes [89–93,94&,95,96&&]

Disease Diagnostic tools
Potential
treatments Recent advances

Fanconi anaemia (FA) Chromosomal breakage �Androgen therapy
�HCT

�Novel pathogenic variants
�Germline mosaicism
�Fludarabine preparative regimens

Dyskeratosis congenita
(DC)

Telomere length �Androgen therapy
�HCT

�Novel genes
�Pathomechanisms of specific variants
�Tailored HCT preparative regimens

Shwachman Diamond
syndrome (SDS)

Trypsinogen, isoamylase, faecal fat �Pancreatic enzyme
replacement

�HCT

�New genes
�Novel pathogenic variants- large deletions
�Understanding clonal haematopoiesis

Diamond Blackfan
anaemia (DBA)

Erythrocyte adenosine deaminase �Corticosteroids
�RBC transfusions
�HCT

�Novel pathogenic variants identified via
whole genome sequencing

�Understanding the mechanism of
glucocorticoid treatment response

GATA2 deficiency Germline pathogenic variants in
GATA2

�HCT �HCT demonstrating efficacy
�Updated HCT regimens

SAMD9/SAMD9L
syndromes

Germline gain-of-function pathogenic
variants in SAMD9/SAMD9L

�HCT �Clonal haematopoiesis leading to somatic
genetic rescue

�Prevalence in children
�Pathogenesis of BMF

BMF, bone marrow failure; HCT, haematopoietic cell transplantation; RBC, red blood cell.

Table 1. Biological pathways, inheritance patterns and physical features of Fanconi anaemia [3–7], dyskeratosis congenita

[19–23], Shwachman Diamond syndrome [37–42], Diamond Blackfan anaemia [50–55] GATA2 deficiency [65–72],

SAMD9/SAMD9L syndromes [81–87,88&]

Disease Affected pathway
No. of
known genes Inheritance Clinical features

Fanconi anaemia (FA) DNA damage response 22 AR, XLR(1), AD(1) �Thumb defects
�Short stature
�Skin hyperpigmentation
�Genitourinary malformations

Dyskeratosis congenita (DC) Telomere biology 18 XLR, AD, AR,
de novo (TINF2)

�Dystrophic nails
�Lacey pigmentation
�Early grey hair
�Leukoplakia
�Pulmonary fibrosis

Shwachman Diamond
syndrome (SDS)

Ribosome biogenesis 4 AR �Pancreatic Insufficiency
�Skeletal dysplasia
�Neutropenia

Diamond Blackfan
anaemia (DBA)

Ribosome biogenesis 26 AD, XLR �Short stature
�Thumb defects
�Congenital malformations
�Red cell aplasia

GATA2 deficiency Haematopoietic stem and
endothelial cell
development

1 AD �Recurrent severe infections- warts, NTM
�Pulmonary alveolar proteinosis
�Lymphedema
�Hearing loss

SAMD9/SAMD9L
syndromes

Cell proliferation,
endosome fusion

2 AD �MIRAGE syndrome
�Ataxia-pancytopenia syndrome

AD, autosomal dominant; AR, autosomal recessive; NTM, nontuberculous mycobacteria; XLR, X-linked recessive.
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Inherited bone marrow failure syndromes Deng and McReynolds
challenge is primarily cancer detection and treat-
ment and continued optimization of HCT. For more
newly recognized IBMFS (such as GATA2 deficiency,
SAMD9/SAMD9L syndromes), the next frontier is
establishing diagnostic and treatment guidelines,
especially for more severe and rare disease subtypes.

In the long term, screening tools and gene tar-
geted therapeutics hold promise in advancing the
diagnosis and treatment of IBMFS. For that to occur,
robust genotype-phenotype mapping and mecha-
nistic understanding must be the goal.
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