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Abstract: Myelodysplastic syndromes affect an older age group with a median age at onset in the
eighth decade of life. As such, there is a relationship between the pathogenesis of MDS and age-related
processes affecting haematopoietic stem/progenitor cells and/or the bone marrow microenvironment.
MDS with an onset in younger people may be associated with recognised hereditary myeloid
malignancy syndromes, and ‘forme fruste’ presentations of inherited syndromes in later life are
now increasingly recognised such as germline mutations in DDX41. The considerable clinical and
research interest in hereditary disorders is reflected in the relative emphasis within our manuscript.
Prior chemo/radiotherapy is a clear cause of MDS but the predisposition factors for therapy-related
MDS remain unclear. Clonal haematopoiesis is common in older people and may evolve to MDS,
although once again, the biological factors driving this evolution are largely unknown. Finally,
environmental exposure to genotoxic agents is likely to play only a minor role in the contemporary
occupational/recreational setting.
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1. Introduction

Despite abundant epidemiological research activity over the past 30 years, for the
majority of newly presenting patients with MDS, the aetiology remains unclear. Consid-
erable progress in the description of molecular/cytogenetic abnormalities is leading to a
better definition of biological subtypes. In parallel, the emerging understanding of the
molecular basis of hereditary myeloid malignancy syndromes provides further descriptive
data. There is increasing evidence that ‘inflammation’ is associated with some subtypes of
MDS, but the chicken vs. egg argument is only beginning. The recently described clonal
haematopoiesis of indeterminate prognosis (CHIP) requires an etiological explanation, as
do the mechanistic drivers that promote the evolution from CHIP to MDS. The role of
environmental factors, such as putative occupational or recreational carcinogens remains
uncertain, but at this stage appear to be only a minor contributor in the multistep ontogeny
towards the clinical presentation of MDS. We will discuss these concepts in turn. Other
contributors to this MDS monograph series will expand on many of these concepts. In this
review we will attempt to integrate these concepts where relevant to aetiology (Figure 1).

Demographics

MDS is more common in older individuals, typically presenting in the eighth decade
of life [1]. As such, there is a relationship between ageing bone marrow (haematopoiesis
and microenvironment) and the development of MDS, which is nevertheless still a rare
disease. In common with most malignant diseases, MDS is more common in males, except
in MDS with del (5q), which has a striking female predominance. Therefore, why do those
few patients develop MDS when the majority of older people do not, and why is del (5q)
so strikingly female predominant, for example?

Finally, there are few studies exploring demographic differences between Western
(predominantly Caucasian) MDS populations and other ethnic groups, and none with
direct relevance to putative etiological variation. In general, south-east Asian MDS patients
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appear to be younger than Western MDS populations with some differences in cytogenetic
profile [2].
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Figure 1. Etiological and pathological processes leading to MDS. Graded blue fill—inherited fac-
tors. Light blue and dark blue fill—pathological mechanisms 
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MDS Is Heterogeneous; Etiology Must Also Be So

Although classified under a single term of Myelodysplastic Syndromes, morphological,
clinical and biological features fragment MDS into an increasing number of subtypes [3,4].
As such, the etiological basis for these individual subtypes will inevitably be different.
The aetiology of MDS with ring sideroblasts and isolated SF3B1 mutation [5] must be
vastly different from that resulting in MDS-EB2 with monosomal karyotype and dual-hit
TP53 aberration [6]. This creates an obvious challenge for researchers, namely, to create
well-annotated large datasets with sufficient power to answer etiological questions within
each biological subtype.

2. Environmental Epidemiology

The older, extensive literature (pre-2013) on the role of occupational and environmental
carcinogens in the aetiology of MDS has been thoroughly reviewed elsewhere [7]. A
recent systematic review of relevant case-control studies on relatively small patient and
control cohorts published since 2001, indicates an increased Odds/Hazard ratio (OR/HR)
for MDS in patients with high BMI, smokers, and with coexistent autoimmune disease.
Other associations with MDS such as anaemia, community-acquired infections and anti-
tuberculosis drugs are more likely not etiological [8]. Similarly, a meta-analysis comprising
a larger cohort (1942 MDS vs. 5359 controls) describes exposure to pesticides as a risk factor
for MDS [9]. However, in both of these papers, most reported OR/HR were <2.0, which,
given older literature indicating inconsistent associations, does not provide strong and
reliable evidence for clinically important association/etiological factors.

The conclusions continue to be that there is some evidence for an etiological role of
environmental exposure and that it is plausible that a combination of low penetrance inher-
ited predisposition and exposure to selected carcinogens may contribute to the aetiology of
MDS in some patients, but to only a modest degree. Other recent and relevant ideas can be
summarised as follows:

Carcinogens; Benzene as the Paradigm

For more than 50 years it has been known that exposure to high concentrations of
benzene (>>5 ppm) can cause bone marrow failure, typically aplastic anaemia, some-
times transforming to AML [10]. There is evidence linking low-level benzene exposure
(<0.5 ppm-years) to the development of MDS, both in the workplace and in the ambi-
ent community setting [11–13]. However, the in vitro and in vivo biological data do not
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provide a convincing and cogent mechanistic explanation, with, for example, cytogenetic
abnormalities in lymphocytes exposed in vitro to benzene not consistent with those seen
in typical MDS [14–16]. Odds ratios for exposure in MDS cohorts compared with controls
are relatively low, typically 1.0–5.0, indicating a statistically significant relationship but of
debatable clinical relevance for the majority of MDS patients.

Exposure to tobacco is more often observed in MDS cohorts compared with controls, a
consistent finding but again with low odds ratio/relative risk (typically < 3.0) [17]. The
putative carcinogenic constituents of tobacco smoke include benzene.

Thus far only limited studies of the influence of benzene exposure on the marrow
microenvironment are available. The potential interaction of intrinsic inflammation and
environmental carcinogen exposure, which together may dysregulate the bone marrow
niche is worthy of attention, particularly in the context of inflammation related to clonal
hematopoiesis [18].

3. Inherited Quantitative Trait Loci

Blood cell numbers vary between individuals and the reference range for ‘normality’
is correspondingly wide for most blood cells. Recent single cell analyses suggest that up
to 15% of heritability of blood counts can be explained by inheritance of specific genomic
loci [19]. This principle is supported by other in vitro techniques [20].

Animal models also indicate some heritability of stem cell numbers and cell cycling
status, either as traits inherent to the HSC or to microenvironmental cells [21]. Given that
the mutation rate in human tissue is linked to the number of cell divisions, it is plausible
that individuals with a greater inherited number/cycling of HSCs could be more likely to
develop stochastic critical genomic damage as a component of the multistep pathogenesis
of myeloid malignancy.

4. ‘Inflammation’ as an Indirect Etiological Factor

The association between MDS and systemic autoimmune disorders has long been
recognised but emerging data now also imply a link with autoinflammatory states. The
recent description of VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic)
syndrome creates a direct link between bone marrow dysplasia and clinical autoinflamma-
tory manifestations [22]. In addition, low-risk MDS is often associated with dysregulation of
the NLRP3 inflammasome pathway [23]. An inflammatory environment may promote the
evolution of cytopenias, may be permissive for clonal expansion and/or may be genotoxic,
promoting disease progression.

This is reviewed in more detail in an accompanying article (Mekinian and Fain).

5. Clonal Haematopoiesis

Clonal haematopoiesis describes identification of a population of hematopoietic cells
that share a distinct molecular aberration, typically a gene mutation, found in haemato-
logical malignancies. (CH) detected by high sensitivity molecular analysis may be almost
universal in people aged > 50 years. The term Clonal Haematopoiesis of Indeterminate Po-
tential (CHIP) describes people with CH and a normal blood count [24], in whom the clonal
size is <2% hematopoietic cells. Whilst the portfolio of genes with acquired mutations is
well established for myeloid malignancy, mutations in three genes dominate CHIP, namely
DNMT3A, TET2 and ASXL1 (so-called DTA group) in that order of mutation frequency.
Recent analyses of large datasets (>50,000 individuals) purport to define both fitness and
mutation rate of specific CH mutations. In general terms, mutations in spliceosome genes
have greater fitness (competitive expansion advantage compared to wild-type cells). In
contrast, the inferred mutation rate per year is higher for DNMT3A mutations [25]. This
would be consistent with a higher likelihood to develop MDS for patients with CHIP and
isolated spliceosome mutations compared with isolated DTA mutations [26]. However,
only a small proportion of people with CHIP will progress to MDS, and curiously the
cardiovascular consequences of some CHIP variants may be of considerably greater clinical
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relevance [24]. Whilst CHIP may represent one step of the multistep pathogenesis for some
subtypes of MDS, this may not be a universal MDS pathogenetic necessity.

6. Therapy-Related MDS

Chemo-radiotherapy is a well-established risk factor for the development of myeloid
malignancy. There is an extensive literature review on this subject [27], but we will discuss
new concepts that may explain at least a component of the predisposition. Previously,
most pathogenetic hypotheses focussed on DNA damage induced by chemotherapeutic
agents. These pathogenetic mechanisms still apply within the framework of ‘new’ concepts.
Indeed, low penetrance predisposition factors may yet contribute, such as polymorphisms
in genes encoding enzymes that metabolise chemotherapeutic agents or protect cells from
damage, including DNA repair or antioxidant pathways reviewed in [28].

Firstly, an inherited predisposition to malignancy may result in multiple malignancies
within the same individual. In the context of myeloid malignancy manifesting after a
solid tumour, this may be interpreted as therapy-related, but equally plausible is that both
malignancies have the same predisposition factors and that therapy per se may not be
the cause.

Secondly, the role of CH as a predisposition factor is emerging. Recent data suggest that
chemotherapy may induce clonal selection of specific CH mutations in specific therapeutic
contexts. CH of genes encoding proteins in the DNA damage response pathways such as
TP53, PPM1D and CHEK2 are selected in patients treated with radiotherapy, topoisomerase-
2 inhibitors and platinum, for example [29]. This clonal selection creates an increased
likelihood of evolution to therapy-related myeloid malignancy.

7. Familial Predisposition to Myeloid Malignancy

Recently, there has been increasing recognition of the role of germline genetic mu-
tations associated with MDS, particularly but not exclusively presenting in children and
younger adults. This subgroup has now been formally recognised within the recent revi-
sion of the World Health Organisation Classification as myeloid neoplasms with germline
predisposition [3]. In contrast to somatic MDS, where only one known mutation (SF3B1)
can be used as a diagnostic criterion, germline mutations in specific genes are sufficient for
subclassification in the context of a myeloid neoplasm [3].

Historically, these disorders have been associated with well-defined non-haematological
phenotypic changes, particularly those associated with bone marrow failure syndromes. It
is becoming apparent that the majority of patients with a genetic predisposition to MDS
have no phenotypically characteristic features and can be diagnosed only by genetic screen-
ing. Furthermore, these predisposition syndromes may present in patients above the age
of 40, particularly those with DDX41 mutations. As a whole, germline predisposition
is associated with at least 5% of MDS cases, and prevalence will only increase as new
susceptibility genes are discovered [30].

Diagnosis and management of germline predisposition differs from somatic MDS in
terms of substantial implications for the patient and the wider family. Many such disorders
are associated with other medical conditions, including susceptibility to complications
such as infection or secondary malignancies. These patients may require alterations in the
recommended treatment such as haematopoietic stem cell transplantation.

Although these mutations are considered rare, in light of these implications, prompt
recognition of germline associations and careful discussion of prognosis with the patient
and their family is essential. In this review, we will discuss the subset of mutations
specifically predisposing to MDS and chronic myelomonocytic leukaemia (CMML). We
will not cover germline mutations predisposing to acute myeloid leukaemia (AML) alone,
such as biallelic CEBPA, or lymphoid malignancies.

As a whole, causative mutations fall into at least three groups: (1) ubiquitous tran-
scription factors critical for haematopoiesis such as RUNX1 and GATA2, (2) mutations
associated with bone marrow failure and fundamental cellular processes such as ribosome
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biogenesis, telomere maintenance and DNA repair, and (3) newly discovered variants in-
volved in innate immunity and antiviral responses, such as DDX41 and SAMD9/SAMD9L.
An extended gene list is provided in Table 1.

Table 1. Selected genes involved in germline MDS predisposition and associated phenotypes.

Cellular Function, Gene Clinical Features Frequency

Transcription factors

Familial platelet disorder with predisposition
to myeloid malignancy

RUNX1

Thrombocytopenia, platelet dysfunction,
bleeding phenotype, eczema, T-ALL, hairy

cell leukaemia
Rare

GATA2-spectrum disorders
GATA2

Emberger syndrome, MonoMAC syndrome,
immunodeficiency (DC, monocyte, B and
NK-cell deficiency), lymphoedema, warts,

atypical mycobacterial infection, hearing loss,
CMML, JMML, monosomy 7

Childhood MDS: 7%;
Adult MDS: unknown but likely

underdiagnosed

Thrombocytopenia 5
ETV6

Thrombocytopenia, platelet dysfunction,
B-ALL, CMML, MM Rare

DNA repair and genome instability
syndromes

Fanconi anaemia
FANCA, FANCB, FANCC, FANCD1/BRCA2,
FANCD2, FANCE, FANCF, FANCG, FANCI,

FANCJ/BRIP1/BACH1, FANCL, FANCM,
FANCN/PALB2, FANCO/RAD51C,

FANCP/SLX4, FANCQ/ERCC4, FANCR/RAD51,
FANCS/BRCA1, FANCT/UBE2T,
FANCU/XRCC2, FANCV/REV7,

FANCW/RFWD3

Bone marrow failure, short stature, skeletal
and facial abnormalities, congenital cardiac,

renal and ocular/auditory abnormalities,
café-au-lait spots, squamous cell carcinoma
(oral, gastrointestinal, genitourinary), breast

cancer, positive chromosome breakage
testing, elevated HbF

Childhood BM failure: most
frequent cause [31]

Adult MDS: very rare

Mismatch repair disorders
MLH1, MSH6, PMS2, MSH2, EPCAM

Colon/ovarian/uterine/CNS cancer, ALL,
lymphoma

Bloom syndrome
BLM

Short stature, photosensitive rash,
pulmonary disease, diabetes, ALL,

lymphoma

Ribosome disorders

Diamond-Blackfan anaemia
RPS19, RPL5, RPS26, RPL11, RPL35a, RPS10

Bone marrow failure, short stature,
congenital cardiac, renal, skeletal and facial

abnormalities, elevated HbF, sarcoma
Extremely rare

Schwachman-Diamond syndrome
SBDS

Bone marrow failure, short stature,
pancreatic insufficiency, preceding isolated

neutropenia, skeletal abnormalities

Formerly thought to be very
rare, phenotypically silent cases

may represent 4% of young
MDS [32]

Telomeropathies

Dyskeratosis congenita and telomere biology
disorders

DKC1, TERC, TERT, TINF2, RTEL1

Nail dystrophy, abnormal skin and hair
pigmentation, oral leukoplakia, pulmonary
and hepatic fibrosis, oral and GI squamous

cell carcinoma, telomere lengths < 1st
percentile for age

Syndromically rare, however
rare TERT variants associated

with short telomeres have been
recently identified in 3% of MDS

transplant recipients [33]
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Table 1. Cont.

Cellular Function, Gene Clinical Features Frequency

Signal transducers (Ras pathway)

Noonan syndrome
PTPN11, SOS1, RAF1, KRAS, NRAS, BRAF,

MAP2K1

Short stature, cardiac and facial
abnormalities, coagulopathy, webbed neck,

developmental delay, JMML

Noonan-like
CBL JMML

Tumour suppressors
Li-Fraumeni syndrome

TP53

Early onset breast malignancy (age < 30),
sarcoma, CNS, adrenocortical carcinoma,
paediatric hypodiploid ALL, lymphoma,

therapy-related leukaemias

Very rare

Other
DDX41

Malignancies at older ages (>50), CML,
lymphoma

Most frequent HMMS: 2–3% in
adult MDS

Thrombocytopenia 2
ANKRD26

Thrombocytopenia, platelet dysfunction,
CLL, CML, CMML

MIRAGE Syndrome
SAMD9

Myelodysplasia, infection, restriction of
growth, adrenal insufficiency, genital

phenotypes and enteropathy, monosomy 7

Previously thought to be very
rare, one study recently

identified SAMD9/SAMD9L
lesions in 17% of paediatric

MDS [34]

Ataxia-pancytopenia syndrome
SAMD9L Bone marrow failure, ataxia, monosomy 7

Neurofibromatosis 1
NF1

Café au-lait spots, neurofibromas, axillary
freckles, Lisch nodules, CNS cancers

SRP72 Bone marrow failure, sensorineural hearing
loss

Severe congenital neutropenia
ELANE, CSF3R, HAX1, G6PC3, WAS

Osteopenia (ELANE), neurodevelopmental
(HAX1), cardiac (G6PC3), monocytopenia

(WAS)

Myeloid Neoplasms with Germline RUNX1 Mutation

RUNX1 encodes a master regulator of haematopoiesis highly expressed in haematopoi-
etic stem cells. Located on the long arm of chromosome 21, it comprises three major
isoforms, expressed differentially throughout haematopoietic differentiation (1A and 1B)
or just at the time of stem cell emergence (1C). All isoforms carry a runt-homology do-
main (RHD), whereas a transactivation domain (TAD) containing activating and inhibitory
domains is present only in isoforms 1B and 1C. This DNA-binding subunit forms a het-
erodimer with its partner CBFβ to activate transcription of a variety of key target genes
involved in haematopoietic differentiation, cell cycle regulation and ribosome biogene-
sis [35]. One of the most common subtypes of AML with a relatively favourable prognosis
results from the t (8; 21) translocation, causing fusion of the RUNX1 DNA binding domain
to the RUNX1T1 (ETO) protein and blockade of haematopoietic differentiation. RUNX1 is
involved in a host of other chromosomal translocations, including some responsible for
therapy-related MDS and acute lymphoblastic leukaemia (ALL). RUNX1 was amongst the
first genes to be identified in association with familial myeloid malignancy [36]. In contrast
to the majority of the genes defining known Hereditary Myeloid Malignancy Syndromes
(HMMS), somatic mutations in RUNX1 are commonly seen in sporadic myeloid malignan-
cies with poor prognosis, including 10% of MDS cases, posing a particular diagnostic and
clinical challenge for the identification and management of germline RUNX1 variants [37].

Familial platelet disorder with predisposition to myeloid malignancy (FPD-MM) is a
rare autosomal dominant condition presenting with thrombocytopenia, abnormal platelet
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function and preserved platelet size. Eczema, psoriasis and arthritis are prominent in some
families [38]. Affected family members may lack a bleeding tendency and present later in
life. Opportunities for diagnosis from blood counts and platelet function testing, which raise
the possibility of germline carriage, may not be available in childhood or young adulthood.
However, genetic anticipation is also reported. Two-thirds of samples from asymptomatic
young RUNX1 carriers demonstrate clonal haematopoiesis at high variant allele frequencies,
resulting in a lifetime risk of 44% for the development of myeloid malignancy [30,39]. The
average age at onset is 29 years; however, the age range spans a full lifespan, and includes
a predilection for other leukaemias, including T-ALL, CMML and hairy cell leukaemia [40].
The majority of germline mutations cluster in the RHD and transactivation (TAD) domains,
with unique mutations seen in each family pedigree. The range of variants seen, from
missense and nonsense variants with dominant-negative effects, to deletions and frameshift
mutations causing haploinsufficiency, result in considerable phenotypic heterogeneity [35].

The most frequent somatic partners in germline RUNX1-mutated MDS/AML cases
are variants affecting the second RUNX1 allele (40%), most commonly duplication of the
germline allele from partial trisomy or uniparental disomy of chromosome 21. Clonal
haematopoiesis-associated mutations such as DNMT3A and TET2 are also frequently
found, but mutations in ASXL1 were extremely rare, in marked contrast to strong co-
association in sporadic AML [38,41]. In further contrast to sporadic RUNX1-mutated AML
cohorts, germline cases are more likely to exhibit somatic variants in the second RUNX1
allele and GATA2, as a likely later event, suggesting that further reduction in wild-type
RUNX1 levels may be more leukaemogenic [42]. Functional studies are consistent with
both a haploinsufficient tumour suppressor model where only one mutation in RUNX1 is
required, and the classic second-hit model requiring two mutations.

The range of variants and phenotypes exclusive to distinct kindreds precludes defini-
tive conclusions, but several observations are noteworthy. Firstly, somatic mutations in
RUNX1 and DNMT3A do not co-occur with germline RUNX1 lesions, suggesting germline
RUNX1 haploinsufficiency combined with alterations in epigenetic states is sufficient for
the development of malignancy. Secondly, the range of mutational partners differs between
germline and sporadic disease. In sporadic disease, epigenetic and spliceosomal modifiers
are commonly initiating lesions with subclonal RUNX1 mutations manifesting at an in-
termediate point in the disease course [4]. In contrast, familial disease has a preference
for co-occurrence of tumour suppressors and transcription factors such as GATA2, PHF6,
BCOR and WT1, presumably relating to the differential effects of early RUNX1 loss of
function [38]. One potential differentiating role of early RUNX1 haploinsufficiency is the
alteration of stem cell and progenitor bone marrow niche residency, due to RUNX1 effects
upon adherence and motility genes [43]. RUNX1-deficient stem cells have reduced levels
of apoptosis and p53, leading to resistance to genotoxic stress and a long term survival
advantage. Coupled with increased levels of genomic instability, this may be important
for increased rates of clonal haematopoiesis in asymptomatic carriers and subsequent
transforming events [42,44,45].

These data suggest that pre-existing RUNX1 mutations may set the scene for altered
evolution of pre-leukaemic stem cells, precluding sporadic mutation models from being
applicable to germline disease. The true prognosis for FPD-MM, therefore, cannot be
extrapolated from somatic disease and awaits further work on familial variants. Early
identification of affected families is key, not least because transplantation from carrier
siblings is associated with very poor outcomes, including engraftment failure and early
relapse [46]. Encouragingly, inhibition of RUNX1 degradation has been demonstrated
to restore RUNX1 levels and improve megakaryocytic differentiation in vitro. These and
other potential future treatment pathways, which may prevent mutation of the wild-type
allele, are particularly suitable for germline carriers and highlight the importance of early
detection [47,48]. Molecular diagnosis by sequencing of all coding exons, including copy
number analysis for deletions, is suggested for families with young MDS/AML patients.
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GATA2-Spectrum Disorders

The role of GATA2 within haematopoiesis has many similarities with RUNX1. The gene
encodes a transcription factor critical for multilineage haematopoiesis, stem cell homeosta-
sis and lymphatic development [49]. Haploinsufficiency of GATA2 depletes haematopoietic
stem cells [50] and select differentiated immune subsets [51,52] causing immune senes-
cence. This leads to a broad spectrum of phenotypic changes, including the MonoMac and
DCML syndromes (monocytopenia, B, NK and dendritic cell deficiencies associated with
nontuberculous mycobacterial and fungal infections, human papillomavirus-associated
warts and pulmonary alveolar proteinosis (PAP)) in up to 50% of patients [53,54]. Other
manifestations include Emberger syndrome (primary lymphoedema), hearing loss, chronic
neutropenia and autoimmune disorders [55–57].

Heterozygous germline mutations in GATA2 are the most common cause of paediatric
and young adult MDS, particularly associated with monosomy 7, trisomy 8, AML and
aplastic anaemia. Myeloid malignancy penetrance is extremely high at 75% [58], with a
median age of 19 at leukaemic onset. In paediatric and adolescent MDS, GATA deficiency
accounts for 7% of all MDS in this age-group, rising to 15% of advanced cases, and 37% of
monosomy 7 patients, including two-thirds of adolescents with monosomy 7 [54]. Germline
mutations are particularly associated with truncating or missense mutations affecting the
second zinc finger (ZF2), as opposed to zinc finger 1 (ZF1) missense mutations seen mostly
in somatic disease. Studies carefully assessing non-coding GATA2 regulatory regions and
synonymous mutations suggest that the true prevalence could be higher than currently
described [54,59].

Although initial kindreds demonstrated an autosomal dominant inheritance pattern,
de novo loss of function variants are most common in paediatric MDS. Less than 30% of
patients with germline GATA2 mutations have an affected family member [54].

Somatic ASXL1 variants frequently co-occur in up to 29% of patients and associate with
transformation to proliferative CMML in young women [60]. Seen in isolation, the progno-
sis is poorer than for GATA2WT patients but similar when MDS subtype and karyotypic risk
are accounted for [54]. Outcomes post-chemotherapy are poor [61], and the optimal timing
for transplant may be in the late hypocellular phase before progression to advanced disease
or upon progressive organ manifestations, as life-threatening complications such as PAP
respond rapidly to stem cell transplantation. Monitoring serum Flt3 ligand may be useful
to detect early stress upon haematopoiesis and clinical progression [51]. Favourable out-
comes are seen post-transplantation in young patients; however, conditioning regimes may
need to be tailored to reduce toxicity and incorporate prophylaxis against opportunistic
infections [32,62–64].

Fanconi Anaemia

First described a century ago, the combination of congenital physical anomalies and
cytopenias, now known as Fanconi anaemia (FA), is well described in association with bone
marrow failure and MDS/AML. This diverse syndrome is caused by defective DNA repair
and diagnosed traditionally by chromosome hypersensitivity to DNA crosslinking agents.
Germline mutations in 23 different genes are responsible for increased DNA breakage and
very high cancer susceptibility. The FA genes code for proteins that form the core complex
responding to DNA damage. They perform critical roles in removing interstrand crosslinks
preventing DNA replication and transcription, as well as other roles in replication fork
stability and telomere maintenance [65]. Almost all mutations are autosomal recessive and
mutations in FANCA, FANCC and FANCG are responsible for 90% of cases, whilst other
mutations cause similar syndromes without confirmed MDS predisposition. Rare biallelic
mutations in BRCA2 (also known as FANCD1) and PALB2 (FANCN) cause MDS/AML and
solid tumours exceptionally early in childhood [66].

FA is the most common inherited cause of BM failure, with a median age of 7 at onset.
Up to 30% of patients meet VACTERL-H criteria for anomalies (vertebral, anal, cardiac,
tracheo-oesophageal fistula, oesophageal atresia, renal, upper limb and hydrocephalus);
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however, 25% of patients lack any characteristic physical findings such as short stature,
failure to thrive and café au lait spots, or subtle limb abnormalities [65]. Presentations can
include macrocytosis and a hypocellular marrow: baseline dyserythropoiesis is widely seen
and does not constitute sufficient grounds for an MDS diagnosis. Progressive proliferation-
induced stress leads to stem cell depletion, chronic inflammation and clonal evolution,
culminating in a 40% cumulative incidence of MDS by the age of 50 [67,68]. Chromosomal
gains of 1q are seen in almost half of cases at all stages of disease; however, gain 3q (in
40% of cases), loss of 7/7q and cryptic RUNX1 abnormalities are seen only in high-grade
MDS/AML [69].

The curative option of transplantation must be specifically tailored to prevent the
toxicity of radiation and alkylating agent-susceptibility, highlighting the importance of
careful screening and timing of transplantation. Graft failure and solid malignancies, in-
cluding squamous cell carcinomas associated with chronic GVHD, are more frequently
seen post-transplantation [70]. A specific feature of the genetic instability seen in FA blood
lymphocytes is somatic mosaicism, whereby one of the mutated alleles spontaneously
reverts to functionally normal status, providing a growth advantage and clinical blood
count improvement but persisting risks of haematological malignancy [71]. Somatic rever-
sion causes false-negative peripheral blood testing and reinforces the requirement for skin
fibroblast testing at diagnosis.

Ribosome Disorders

Diamond–Blackfan anaemia (DBA) was the first ribosomopathy to be identified in
humans [72]. A congenital hypoplastic anaemia associated with increased red blood cell
erythrocyte deaminase, half of the patients carry physical abnormalities, including craniofa-
cial, genitourinary and thumb anomalies. Infants present at a median age of 8 weeks with
macrocytic anaemia and reticulocytopenia, with typical features of red cell aplasia on BM
assessment. DBA is unique amongst the inherited bone marrow failure (IBMF) syndromes
in manifesting a specific defect in erythropoiesis, although other progenitors can be affected.
The relative risk for MDS is amplified 300-fold, with a median age at onset of 13, a notably
lower incidence of AML compared to FA reaching 5% by the fifth decade, and increases
in solid tumours such as osteogenic sarcoma and colon cancer [73,74]. Most cases are due
to haploinsufficiency of ribosomal proteins (RPs), leading to defects in rRNA maturation
and paralleling erythroid hypoplasia seen in the acquired RPS14 haploinsufficiency of del
(5q) MDS [75,76]. Causative heterozygous mutations coding for ribosomal subunits have
been identified in 20 genes, although mutations in six genes account for 70% of all cases,
most commonly RPS19 in 25% of cases. Half of all mutations arise de novo and unresolved
questions surround the connection between impaired ribosomal processing and a block
in erythroid differentiation. Reduction in haematopoietic ribosomes selectively reduces
translation of a subset of transcripts, which may affect the erythroid lineage to a greater
extent due to extremely high rates of protein synthesis [77]. Disruption of ribosome biogen-
esis leads to activation of p53, increased autophagy and heme toxicity causing excess cell
death [78–80]. Somatic RP heterozygosity is strongly linked to inactivating TP53 mutations;
however, specific molecular features associated with MDS aetiology in DBA have not yet
been identified [76].

Shwachman–Diamond syndrome (SDS) is a rare autosomal recessive disorder caused
in 90% of cases by compound heterozygous mutations in the SBDS gene, located on 7q. The
protein product functions as an essential cofactor for the GTPase elongation factor 1 (EFL1),
catalysing removal of the assembly protein eukaryotic initiation factor 6 (eIF6) to enable
ribosomal maturation [81]. Uncoupling of this process leads to a multi-system disease
encompassing bone marrow failure, exocrine pancreatic insufficiency and impaired bone
metabolism [82]. Patients commonly present with neutropenia and infection and exhibit
malabsorption, cognitive impairment and impaired neutrophil and monocyte chemotaxis.
The bone marrow is hypocellular and MDS evolves in one in three patients by the age of
30 [83]. Similar phenotypes have been reported for mutations in related proteins (EFL1,
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DNAJC21) and signal recognition particle 54 (SRP54), an essential component of the protein
translation machinery [84].

Associated somatic mutations in EIF6 are common and benign, acting similarly to
somatic reversion seen in Fanconi anaemia to enhance clonal fitness by compensating for
the ribosomal defect and alleviating cellular stress [85]. In contrast, clonal haematopoiesis
due to TP53 mutations is seen in 50% of paediatric SDS patients [86] preceding frank
transformation to MDS/AML by several years. SDS is likely under-diagnosed and associ-
ated with poor survival even in the context of allogeneic stem cell transplantation [32,87].
Ribosomal stress leads to mTOR/STAT3 and p53 pathway hyperactivation and consequent
growth inhibition of stem cells. This process selects for the development of multiple inde-
pendent TP53-mutated clones due to an evolutionary growth advantage, which overcomes
normal tumour suppressor checkpoints without correcting the ribosomal stress defect.
The frequency of TP53 alterations increases with age, and 80% of patients over 10 years
of age carry at least one TP53 mutation. The lack of chemo-sensitivity of biallelic TP53
disease highlights the importance of close disease monitoring, which may in the future
encompass single cell DNA sequencing, and the need for novel targeted treatments such as
pharmacological inactivation of EIF6 [6,85].

Disorders of Telomere Maintenance

Telomere biology disorders (TBDs) are intimately linked to the processes underlying
haematopoiesis: stem cell renewal, cellular ageing and the effects of replicative stress.
Telomeres are specialised repetitive structures protecting chromosomal ends from fusion
and replenishing terminal DNA sequences [88]. Telomeres shorten naturally with age,
and physiological telomere loss is a protective process to halt cell division in normal
somatic cells with a long proliferative history once a critically short telomere length is
reached. Haematopoietic stem cells avert senescence by expression of telomerase, a reverse
transcriptase encoded by TERT, which synthesises telomeric repeats to prevent shortening
using an RNA template encoded by TERC. Although short leucocyte telomeres correlating
with advanced disease were first described in acquired aplastic anaemia patients [89],
germline mutations in 13 genes coding for components of the telomerase complex and
associated proteins have now been identified as causing a heterogeneous spectrum of
overlapping disorders.

Dyskeratosis congenita (DKC), caused by mutations in DKC1, classically presents with
the mucocutaneous triad of skin hypopigmentation, nail dystrophy and oral leucoplakia,
reflecting organ-specific high cellular turnover and senescence of dermal stem cells [90].
The gene codes for dyskerin, which maintains the stability of telomerase, and when severe
presents early in life with high penetrance. Hoyeraal–Hreidarsson syndrome is a severe
form associated with cerebellar hypoplasia. At the other end of the spectrum, forme fruste
variants may present in adulthood with variable penetrance of BM failure, pulmonary
fibrosis and cryptogenic liver cirrhosis associated with heterozygous mutations in TERT,
TERC and RTEL1 [91]. Although there are similarities with FA in a 500-fold greater incidence
of MDS, lifetime cumulative risk is far lower at 2% and disorders present at an older median
age of 31, and there are also significant increases in squamous cell carcinoma risk. In young
patients < 40, customised sequencing platforms covering non-coding regions identified
pathogenic or likely pathogenic mutations affecting telomere biology in 4% of MDS cohorts
and 8% of the aplastic anaemia population [92,93]. Whole exome sequencing can enhance
the yield for a causal or likely germline telomeropathy to 16% when testing is restricted to
a highly selective undiagnosed cytopenic cohort comprising young patients with defined
physical signs, family history or infants ≤ 2 [94].

Screening for these variants should be considered in patients presenting with long-
standing cytopenia, BM failure or hypoplastic MDS/AML at younger ages than expected [91].
Physical examination is relevant to assess for the presence of subtle signs such as premature
hair greying and extensive dental caries. Leucocyte telomere length (LTL) < 1st percentile
for age as measured by flow-FISH is highly suggestive of a TBD, although accuracy is dimin-
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ished in older patients and those lacking classical features [91]. Screening is best performed
as close to diagnosis as possible, given that immunosuppressive agents, chemotherapy and
BM failure induced-replicative stress all cause telomere shortening. Clarifying genotype-
phenotype heterogeneity is further confounded by shortened telomere lengths in patients
with low-risk MDS lacking identified pathogenic telomere mutations, and AA patients
with somatic myeloid mutations or monosomy 7, presumably relating to haematopoietic
stress [95–97].

Blood counts and telomere length often respond directly to androgens, possibly due
to upregulation of TERT expression, suggesting mitigating strategies to prevent telomere
attrition and chromosomal instability [98]. Curative transplantation regimes may require
tailored reduced intensity protocols to prevent excess organ toxicity. Novel regimes aiming
to exploit a competitive disadvantage in DKC stem cells by omitting alkylating agents and
radiotherapy are under investigation [99]. MDS patients with shorter telomere lengths pre-
transplant have independently higher levels of non-relapse mortality following allogeneic
stem cell transplant, likely due to replicative exhaustion from cellular stresses induced
by infection, graft-versus-host-disease and immune reconstitution, and analogous to post-
transplant toxicities seen in DKC patients [100]. The possibility that a proportion of these
cases may relate to undiagnosed TBDs is suggested by associations between LTL and
pre-transplant pulmonary and hepatic dysfunction rather than blast percentage [101].

Li-Fraumeni Syndrome

TP53 encodes a transcription factor critical for cellular protection and activates in
response to a wide variety of stress signals, including DNA damage, oncogene activation
and hypoxia, with a broad range of target downstream effects, including apoptosis, cell
cycle arrest, senescence, metabolic regulation and DNA repair [102,103]. As the most
frequently mutated gene in human cancer, autosomal dominant germline mutations in
TP53 are highly penetrant for early ‘core’ malignancies, including sarcomas, adrenocortical,
brain and premenopausal breast cancer, and almost half of children with low hypodiploid
ALL [104,105]. Missense mutations are most commonly seen, resulting in dominant neg-
ative or loss of function effects [106]. Detection in the de novo MDS setting is very rare,
but the yield in therapy-related disease appears higher as alkylating agent and ionising
radiation-induced stress enable mutant p53 to promote clonal haematopoietic stem cell ex-
pansion and subsequent karyotypic complexity with dire long-term outcomes [6,107–110].
The germline yield is low at 7–8% even when investigations are limited to MDS/AML [111]
tumour panel variants with a VAF > 0.4 [112] or therapy-related myeloid neoplasms [111],
suggesting the choice of whom to test should be further filtered based upon refinement of
the classical Chompret criteria [113,114].

Myeloid Neoplasms with Germline DDX41 Mutation

Germline mutations in the DEAD-box helicase 41 gene (DDX41) were recently identi-
fied in a number of families associated with MDS/AML and less frequently CMML and
MPN [115]. The gene product acts as a DNA sensor mediating the innate immune type
1 interferon response via the stimulator of the interferon gene (STING) pathway [116].
Defects in DDX41 lead to altered pre-mRNA splicing and RNA processing via spliceosomal
interactions and may disrupt putative tumour suppressor function; however, the precise
mechanism underlying the development of MDS remains unknown. Contrary to previous
assumptions associating heritable risk with early disease onset, these mutations define a
unique cluster predisposing to late-onset MDS/AML, with an average age at diagnosis of
over 60 years [117]. The majority of affected individuals are male (79%), and up to half
have a history of cytopenia for years prior to diagnosis. The majority of patients have a
normal karyotype, and only 27% have a family history of haematological malignancies,
which also includes a predisposition to lymphoid malignancy.

The frequency of germline DDX41 in unselected cohorts is estimated to be at least
2–3%, suggesting this is likely to form the largest contributor to HMMS yet discovered,
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and should be incorporated within routine diagnostic testing. The majority of DDX41-
associated AML cases arise from antecedent MDS, suggesting opportunities for early
intervention [115,117,118]. Germline variants strongly predispose to somatic mutations in
the unaffected allele, in 50–80% of cases [115,117]. Germline variants include start codon
loss, frameshift, missense or nonsense mutations, while somatic lesions are almost always
missense and the majority involve the amino acid substitution R525H, causing loss of
RNA helicase activity [118]. DDX41 is located at the distal end of chromosome 5, and
corresponding deletions on 5q35.5 in a small proportion of cases, including a quarter of MDS
and secondary AML del (5q) cases, result in reduced DDX41 mRNA levels. Co-occurrence
of germline and somatic mutations in this pattern suggests that DDX41 haploinsufficiency
is sufficient to cause disease in the context of epigenetic or spliceosomal modifiers; however,
hypomorphism of the second allele enhances clonal advantage in a ‘second-hit’ model
analogous to other HMMS such as CEBPA. In contrast to these lesions, isolated somatic
DDX41 variants are rarely found in MDS/AML, and the substantially later age of onset
suggests lower potency for leukemogenicity. The true penetrance remains unclear and
is strongly influenced by gender. The range of other somatic mutations associated with
DDX41-driven MDS/AML raises the possibility that these lesions induce pre-leukaemic
stem cells analogous to those previously characterised in MDS lacking known germline
predisposition, promoting the risk of leukaemia development in later life due to unknown
factors [119].

Patients with DDX41 mutations or low DDX41 mRNA expression treated with lenalido-
mide experienced significantly improved response rates compared to DDX41 wild-type
patients [115,120]. The largest series of patients thus far published indicates a relatively
favourable outcome for germline DDX41 mutations, including excellent responses to inten-
sive chemotherapy for high-risk patients with a 100% response rate and median overall
survival exceeding 5 years. Patients were bridged to transplant without obvious excess
toxicity, and the finding of mutated DDX41 has been used to risk-stratify older AML pa-
tients into a low risk subgroup, also including patients with GATA2 mutations, who may
be candidates for reduced toxicity approaches [117,121].

SAMD9/SAMD9LMutations

The phenotype of somatic reversion is also seen in children with mutations in SAMD9/
SAMD9L genes located on 7q22 and implicated in interferon-dependent control of cellular
proliferation. These rare heterozygous gain-of-function mutations, variously associated
with neurological dysfunction and cytopenia (SAMD9L) or the multi-system MIRAGE
syndrome (SAMD9) may present at a young age with monosomy 7/del (7q) MDS or
bone marrow failure [122]. Considerable phenotypic variation is seen: correction by way
of loss of function mutations on the alternate allele or uniparental disomy can induce
complete recovery of blood counts. The alternative evolutionary strategy to improve cell
turnover involves the selection pressure of emergency haematopoiesis, perhaps in the
context of viral infection. This results in loss of the mutant allele via deletion of 7/7q,
overcoming the bottleneck in cell turnover but also resulting in presumptive loss of other
resident tumour suppressors such as EZH2 and the potential development of myeloid
malignancy. This phenomenon has also been suggested as a potential mechanism for
reported transient monosomy 7 syndrome [123,124]. Given the loss of the mutant allele
by the time of malignant presentation, non-haematopoietic germline screening is the only
approach to detection in suspected cases.

Germline SAMD9/SAMD9L mutation has not been widely studied in adult MDS;
the only series reported to date identified ‘germline’ mutations in 3% adult MDS cases,
although the source of germline tissue in this study was CD3+ lymphocytes with the
possibility of malignant cell contamination. Mutations were not in similar exons compared
with paediatric cases and no corresponding somatic reversion events were evident, raising
the possibility that these were somatic events [125].
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Practicalities in the Clinic

A very common question from patients is how did this happen to me, and why me?
For the vast majority of patients, there is no simple answer to this, other than this remains
unknown.

The consultation history for newly diagnosed patients should always enquire about:

• Prior chemo/radiotherapy,
• Family history of myeloid malignancy, other cancers,
• Family history of attendance at haematology clinics (thrombocytopenia, macrocytosis,

vitamin B12/folate supplementation),
• Pulmonary or hepatic disease (typically fibrosis), or other non-haematological features

described below.

We would no longer recommend a routine discussion of exposure to occupational and
environmental carcinogens, as the evidence for their etiological role is weak.

Consideration should be given to the laboratory features; for example, hypocellular
MDS may alert to the possibility of germline DDX41 or telomeropathies, Fanconi anaemia
and other inherited bone marrow failure syndromes.

When to Consider HMMS in the Clinical Consultation?

All patients presenting with MDS, particularly younger patients, should receive a
focussed clinical history and examination, with specific reference to personal or family
history of neoplasms and clinical features as in Table 2. The expected yield for positive
germline testing varies from almost 30% for patients with two or more close relatives
with MDS/AML [30], particularly in the presence of indicative features such as idiopathic
pulmonary fibrosis or lymphoedema, to 13–19% in young MDS cohorts up to the age of
45 [92,93]. In contrast, the yield is low in the case of families associated with non-Hodgkin’s
lymphoma or myeloproliferative neoplasms (MPN), and single gene associations for these
diseases are lacking, despite particularly strong evidence of a heritable component for MPN
risk. Population-level epidemiological studies suggest that the risks of being diagnosed
with MDS given a first degree relative with the same condition are amongst the highest
known for cancers, at 7-fold higher than the general population. The same magnitude of
MDS-specific risk is present for first degree relatives of a patient with myelofibrosis; how-
ever, absolute risks remain low in the absence of specific gene associations [126]. Given the
presumed rarity of currently known single-gene associations, the mechanisms underlying
much of this heritable risk remain unknown. In a young adult MDS cohort aged between 18
and 40, almost 40% of patients with pathogenic or likely pathogenic germline variants had
neither family history nor any phenotypic features [92]. The phenomenon of anticipation
seen within familial myeloid malignancies means that younger generations within a family
may present earlier than older generations. The majority of known hereditary myeloid
malignancy syndromes (HMMS) are incompletely penetrant, such that family members
with pathogenic variants may remain fit and well, and 50–70% of HMMS patients have no
family history [93,117]. Considering that up to 12% of MDS patients report a first-degree
relative with haematological malignancy [127], family history alone is of limited use as a
predictive tool and many patients are likely to require more detailed assessment.
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Table 2. Individuals in whom inherited predisposition to MDS must be considered, adapted WHO
criteria [128].

• Patient presenting with MDS with any of the following features:

• Personal history of multiple cancers
• First or second-degree relative with haematological neoplasm or bone marrow failure
• Thrombocytopenia, bleeding phenotype, or macrocytosis preceding MDS diagnosis by

several years
• Relevant phenotype in the patient or a first or second-degree relative (abnormal skin,

hair or nail pigmentation, idiopathic pulmonary fibrosis or liver disease, atypical
infections, immunodeficiency, congenital limb anomalies or short stature)

• Young MDS patient (<40 years) with identification on somatic testing of a gene variant
associated with germline MDS (RUNX1, GATA2) or DDX41 (any age) at high variant
allele frequency (≥40%).

• Poor stem cell mobilisation in a healthy potential haematopoietic stem cell donor for a family
member with any of the conditions above.

Diagnosis

Suspicion for HMMS in an individual has historically been raised by two routes: a
strong family history of haematological malignancy, or specific clinical features fitting
aspects of a syndromic presentation. More recently, with the advent of genetic panels
screening for somatic mutations at diagnosis of MDS, a new and important development
is the question of how to approach the finding of genes associated with HMMS. Targeted
somatic gene mutation panels cannot be used to diagnose germline mutations, as these
panels may not cover all key sites of interest within a given gene and fail to detect gene
duplications or deletions. Some gene variants are predominantly associated with acquired
variants in the older population, such as RUNX1, and routine germline testing in this setting
would have a low yield. In order to avoid excessive testing in the absence of standardised
germline testing at diagnosis, further germline testing should be considered in a targeted
approach for young patients with variant allele frequency (VAF) for a relevant mutation ≥
40%, or other features detailed in Table 1 [112,129].

Patients with suspected HMMS should ideally undergo genetic counselling prior to
germline testing. Important points to consider include:

• Discussion of the limitations of current testing, including the possibility of unexpected
or difficult-to-interpret results such as private variants of unknown significance unique
to specific families. These may require functional testing to prove a pathogenic role,
which may not be available at the time of the test.

• Possible implications for the patient and family members should be discussed, includ-
ing the importance of sharing relevant results to guide further testing.

• The possibility that tests may not yield any significant findings should be raised, and
the fact that this would not exclude a germline predisposition, given the ongoing
discovery of novel variants as knowledge and technology progress over time.

The gold standard for germline testing on constitutional DNA is culture of skin
fibroblasts. To avoid contamination from somatic variants in the blood, nail, saliva and
buccal samples are usually avoided [130]. The turnaround time for this procedure may
exceed 12 weeks, and in cases where a more rapid result may be required, such as work-up
for related donor allogeneic stem cell transplantation, alternative testing sources may be
required, with consideration of the potential for false-positive results.

Outcomes

Management principles following diagnosis of HMMS are outlined in Table 3. Poor
outcomes have been seen with use of related donors for allogenic stem cell transplantation
where the donor has later been to carry a pathogenic germline variant in genes such as
RUNX1, GATA2, DDX41 or CEBPA [46,131–133]. These complications include poor donor
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stem cell mobilisation, delayed engraftment, poor immune function and early relapse or
donor-derived leukaemias. Avoidance of donors is advised where a family history or
syndromic presentation is present or suspected, even in the absence of positive testing,
due to the possibility of novel variants. Related donors with mild anaemia, neutropenia,
thrombocytopenia or lymphopenia should be excluded from donation [134]. Patients with
normal full blood counts may also carry a deleterious variant and management may need
to be individualised, particularly where a suitably matched unrelated donor is not present.

Table 3. Key management principles for patients with germline MDS predisposition.

� Haematopoietic surveillance and treatment

• Serial blood count monitoring
• Regular BM examination dependent on genetic context
• Genetic counselling for patient and family
• Mutation-specific MDS therapy

� Management of disease-specific phenotype

• Screen for coagulation disorders
• Speciality-specific referral for extra-haematopoietic disorders

� Stem cell transplant assessment

• HLA typing of patient and potential donors
• Screen potential related donors for genetic lesions
• Genotype-specific modified conditioning protocols

8. Future Directions

Increasing variant discovery and phenotypic heterogeneity have combined with the
issue of variable family history and the need to make rapid and far-reaching decisions
on management, including surveillance, allogeneic transplantation timing and donor
source to create difficult diagnostic and treatment decisions. The ability to accurately
diagnose germline predisposition syndromes has the potential to improve patient prognosis
through targeted surveillance and pre-emptive treatment. Set against this is the spectre of
over-investigation, patient and familial anxiety, and difficulties in variant interpretation.
These challenges highlight the need for considered investigation of patients. Depending
on the context, this may involve tailored large-scale somatic NGS panels encompassing
germline variants, expert-guided variant curation and standardised germline testing at
baseline to minimise therapeutic delay and guide important decisions such as allogeneic
donor selection. The recent roll-out in the United Kingdom of whole genome sequencing
coupled with paired germline analysis for newly diagnosed acute leukaemias, and allied to
centralised expert-led variant interpretation services, is an exemplar of the way forward.

Increasing interest in the role of inflammation in CHIP, and in clonal dysplasias such as
CCUS, coupled with an interrogation of the bone marrow microenvironment and immune
regulation of haematopoiesis has the potential to further inform the etiological processes
leading to the majority of MDS cases that are not associated with inherited predisposition.
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