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suggested that the leukemia originated 
from an early hematopoietic stem cell. 
However, the lack of  overlap between 
mutations observed in lymphoma and 
t-MN indicates no common ancestry 
between both diseases. The clonal 
dynamics of  preleukemic clones to 
t-MN were studied by targeted deep 
sequencing on sequential preleukemic 
samples. Reconstruction showed that 
preleukemic clones can be present up 
to seven years before disease onset, and 
that post-transplantation treatment may 
be of  influence on preleukemic clone 
stability. These results were confirmed 
by performing immunohistochemistry 
for p53 protein expression. Our findings 
suggest that t-MN-initiating cells can 
be detected at an early stage, which may 
have important implications for patient 
monitoring and treatment decisions.

Ringsideroblasts (RS) represent 
an aberrant form of  erythroid 
differentiation which is particularly 
characteristic for a subset of  
myelodysplasia related disorders. In 
MNs, RS are most frequently observed 
in MDS or MDS/MPN subtypes with 
a low propensity to evolve to AML. RS 
presence in MDS is strongly associated 
with mutations in the spliceosome 
gene SF3B1, that are proposed to 
result in missplicing of  genes involved 
in erythroid development and heme 
metabolism. However, RS can also be 
observed in patients diagnosed with 
high-risk MDS or AML, that are 
characterized with a poor prognosis and 
in which SF3B1 mutations are usually 
rare. In chapter 3 we aimed to define the 
genetic background of  RS in these MNs 
and get insight into the mechanisms that 
underlie the RS phenotype. A cohort of  
126 patients that had presence of  RS at 
MN diagnosis was analyzed for disease 
characteristics, mutational status and 
cytogenetic defects. A high percentage 
of  RS at MN diagnosis was mainly 
observed in patients that carry adverse 

Summary

M yeloid neoplasms (MNs) are 
a group of  malignant clonal 
hematopoietic disorders that 

are clinically and biologically highly 
heterogeneous. Parts of  the observed 
heterogeneity can be explained by 
diversity in genetic background. In 
recent years, implementation of  novel 
sequencing methods has uncovered 
the landscape of  genetic alterations 
frequently occurring in myeloid 
neoplasms. This thesis has focused 
on the impact and consequences of  
genetic mutations at preleukemic stages. 
Furthermore, the value of  individual 
aberrancies for the MN phenotype, 
disease maintenance and response to 
therapy was investigated.

Although the etiology of  therapy-
related myeloid neoplasms (t-MNs) 
is well established, the mechanism by 
which chemotherapy and radiotherapy 
induce leukemia remains to be defined. 
Development of  t-MN is a frequent 
complication following autologous 
stem cell transplantation (SCT). Since 
patients treated with autologous 
SCT are regularly examined between 
transplantation and t-MN diagnosis, 
this provides a unique model to study 
pre-malignant events prior to leukemic 
transformation. In chapter 2 we studied 
a cohort of  18 patients that developed 
t-MN following autologous SCT after 
being initially diagnosed with lymphoma 
or plasma cell dyscrasia. Whole exome 
sequencing (WES) uncovered that t-MNs 
are characterized by frequent TP53 
mutations, a high mutational burden, 
and a low proportion of  ageing-related 
mutations. Sensitive targeted deep 
sequencing of  the identified mutations 
at t-MN diagnosis revealed the presence 
of  low frequent preleukemic mutations 
in the transplant material in 70 percent 
of  the cases. In two cases, the presence 
of  preleukemic mutations in T-cells 
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risk disease characteristics, including 
specific cytogenetic defects and a high 
frequency of  TP53 mutations. We 
demonstrated that erythroblasts share 
genetic defects as the myeloid blast 
clone, indicating common ancestry for 
both aberrant differentiation patterns. 
RNA sequencing analysis indicated that, 
compared to a separate cohort of   AMLs, 
RS-AMLs have elevated expression 
of  genes involved in megakaryocyte/
erythrocyte differentiation and mRNA 
splicing. Also, upregulated genes in 
RS-AML involve in heme metabolism, 
which overlap with upregulated genes 
in SF3B1mut MNs. Together the data 
in chapter 3 indicate that the genetic 
basis for the RS-phenotype in AML is 
different from MDS, however underlying 
mechanisms share similarities, which 
might provide opportunities for 
intervention in the future.  

In recent years, thanks to the availability 
of  novel sequencing methods, the 
importance of  individual mutations 
regarding risk stratification and 
predicted response to therapies has been 
recognized for AML patients. Mutations 
in TP53 are notorious for poor 
outcomes following standard therapy 
that consists of  high dose combination 
chemotherapy. An important question 
is whether these patients may benefit 
from alternative types of  therapy. In 
chapter 4 we investigated the use of  
hypomethylating agents (HMAs) in 
a cohort of  47 AML patients. Bone 
marrow samples were assessed for 
p53 protein overexpression, a feature 
indicative for abrogated TP53 function. 
Patients showing p53 overexpression 
had a shorter overall survival compared 
to patients with normal expression. 
However, response rates to HMAs did 
not differ between both groups, and 
also no difference was observed in time 
to response and the duration of  the 
response. The disappearance of  high 
p53-expressing cells when achieving 

complete remission in follow up bone 
marrow samples in two patients indicates 
that these cells can be targeted using 
HMAs. The data described in chapter 
4 show that treatment using HMAs 
may be beneficial in AML patients with 
TP53 mutations.

Historically, familial predisposition 
was considered uncommon in myeloid 
neoplasms and restricted to childhood 
cases. Familial aggregation of  myeloid 
neoplasms in adult cases was also 
rarely observed, however techniques 
to investigate the molecular basis of  
genetic predisposition were absent. In 
recent years, the availability of  next-
generation sequencing techniques 
has enabled the identification of  
germline predisposing mutations, 
resulting in increased awareness of  
this phenomenon. In chapter 5 we 
describe two family histories in which 
multiple adult AML and MDS cases 
were diagnosed. In chapter 5I, we report 
on two siblings that presented with 
AML or MDS at ages 62 and 68 year 
respectively, at which sporadic myeloid 
neoplasms usually present. WES 
revealed the presence of  a germline 
mutation in the RNA helicase DDX41. 
One AML patient developed donor cell 
leukemia (DCL) following allogeneic 
SCT using cells of  his asymptomatic 
sibling; this is the first reported case 
of  a DCL in the context of  a germline 
DDX41 mutation. Chapter 5II describes 
three siblings that presented with AML 
or MDS in their 30s and 40s. WES 
identified the presence of  a germline 
FANCC mutation. FANCC mutations are 
found in Fanconi anemia, a disease that 
usually presents with major problems 
in childhood, including congenital 
malformations, bone marrow failure 
and development of  neoplasms. The 
simultaneous presence of  a germline 
CHEK2 mutation might have been 
of  influence on the observed delayed 
phenotype. In both families, additional 
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sequencing of  a panel of  recurrently 
mutated genes in myeloid neoplasms 
revealed the presence of  only low-
frequent mutations, suggesting that 
these mutations were not part of  the 
major leukemic clone. Instead this 
finding represents the presence of  
subclonal hematopoiesis in the context 
of  germline genetic susceptibility. 
Together, these reports underline the 
importance of  considering germline 
susceptibility in adult AML and MDS 
cases, also when prodromal symptoms 
are absent. The recognition of  
germline susceptibility will have major 
consequences for the application of  
adjusted therapies, donor selection and 
family member management.

The process of  leukemic transformation 
induced by genetic mutations involves 
disruption of  transcriptional networks 
involved in hematopoietic stem cell 
maintenance and differentiation. The 
transcriptional modulator CITED2 
is overexpressed in a subset of  AML 
patients, suggesting a possible role for 
this protein in disease pathogenesis. In 
chapter 6, the CITED2-overexpression 
situation was modeled using cord-blood 
derived CD34+ hematopoietic stem 
and progenitor cells (HSPCs) in which 
CITED2 was overexpressed using a 
lentiviral construct. Overexpression 
of  CITED2 resulted in increased 
expansion of  HSPCs on MS5 co-
cultures and enhanced engraftment in 
a subset of  mice. These effects suggest 
a better maintenance of  primitive cells, 
which can be explained by decreased 
apoptosis and increased quiescence 
in CITED2-overexpressing HSPCs. 
Furthermore, a novel interaction was 
established between CITED2 and 
PU.1, a hematopoietic transcription 
factor, which is frequently inactivated 
in AML. The failure of  AML cells to 
expand in vitro using CITED2 RNA 
interference (RNAi) in a subset of  cases 
signifies the dependency on CITED2 

for maintenance of  AML cell survival. 
Chapter 7 focusses on downstream 
mechanisms that underlie the dramatic 
impact of  loss of  CITED2 expression. 
RNAi-induced loss of  CITED2 resulted 
in p53-mediated apoptosis, which 
could be rescued upon removal of  p53. 
This mechanism was shown not to be 
directly regulated via p300/CBP, but 
instead AKT signaling was observed 
to be important. Together, the results 
of  chapter 6 and 7 demonstrate that 
CITED2 is essential for leukemic cell 
survival.

Clonal hematopoiesis and its 
relevance for leukemia: lessons 

from t-MN

In recent years, the application of  next 
generation sequencing techniques has 
provided major steps forward for our 
understanding of  the pathogenesis of  
myeloid malignancies. Especially the 
discovery that blood cells of  healthy 
people can be of  clonal origin has 
greatly impacted our notion regarding 
the origin of  this disease. Clonal 
hematopoiesis is marked by the presence 
of  low-frequent somatic mutations 
that involve genes recurrently mutated 
in myeloid neoplasms, including 
the epigenetic modifiers DNMT3A, 
ASXL1 and TET2.(1-5) This condition 
is considered as clonal hematopoiesis 
of  indetermined potential (CHIP), as 
the acquired mutations result in clonal 
expansion in the absence of  cytopenias 
and dysplastic features.(6) The incidence 
of  CHIP increases with ageing, although 
more sensitive sequencing revealed that 
CHIP can be present at the age of  25 
years old, indicating that this condition 
is ubiquitously present in normal 
hematopoiesis.(4) Currently, CHIP is 
defined by the presence of  mutations 
at a VAF in the peripheral blood of  
2 percent or higher.(1,4,5) However, 
studying leukemia development in the 
context of  therapy-related myeloid 
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neoplasms (t-MNs) revealed that this 
disease originates from small clones 
bearing preleukemic mutations with 
VAFs of  0,01 percent or lower.(7,8) 
Therefore, it seems that the threshold 
of  2 percent is thus rather arbitrary, and 
does not always imply that mutations 
present at lower VAFs are not relevant.
(6) The presence of  CHIP increases the 
risk for myeloid neoplasms with 1% per 
year(1,5), which is rather low and implies 
that these mutations carry a relatively 
low pathogenicity under steady state 
conditions. However the discovery that 
t-MNs originate from preleukemic 
clones, illustrates that this situation may 
alter upon stress-inducing conditions.
(7,9-11) Indeed, a high prevalence of  CHIP 
is observed in the transplant material of  
patients that develop t-MN following 
autologous SCT.(7,9-11) However, also 
a considerable percentage of  patients 
that do not develop t-MN harbor CHIP 
in their transplants.(9-11) This finding 
indicates that the presence of  CHIP 
alone may not be predictive for leukemia 
development. Instead more attention 
should be given to individual mutations 
that may confer risk for malignant 
development in the case of  CHIP.

Because of  its high prevalence in t-MNs, 
TP53 is an obvious high-risk candidate 
gene. Although less frequently than in 
epigenetic regulators, TP53 mutations 
are also identified in CHIP. Percentages 
are low, ranging from 0.04 to 0.19 
percent in healthy adults.(1,3,5) The 
presence of  TP53mut in the peripheral 
blood of  adults not showing signs of  
myeloid malignancy implies that this 
mutation alone is not sufficient for 
malignant transformation. In line with 
this notion is the rarity of  AML and 
MDS diagnosis in the Li-Fraumeni 
syndrome, a condition in which 
patients carry a germline heterozygous 
TP53mut.(12) Two independent studies 
that evaluated PBSCs of  patients that 
underwent autologous SCT revealed 

the presence of  low-burden TP53mut in 
3.5 to 4.7 percent of  the patients.(9,10) 

This percentage is considerably higher 
compared to the normal population 
and thereby reflects a possible role for 
prior treatment in the selection of  these 
mutations.(13,14)

It is of  major relevance to understand 
by which mechanisms single gene 
mutations confer risk for leukemic 
development. Leukemogenesis is 
regarded as a multistep process that 
comprises both clonal outgrowth 
and malignant transformation. In 
t-MNs, leukemic development is often 
accompanied by massive expansion of  
a pre-existing TP53mut clone.(5,7,8) Clonal 
reconstruction revealed the expansion of  
TP53mut clones under chemotherapeutic 
treatment following autologous SCT, 
suggesting that chemotherapy induces a 
selective pressure that favors outgrowth 
of  TP53mut clones.(7) Mouse models 
mimicking this situation using a chimeric 
bone marrow transplantation show a 
selective advantage of  cells carrying 
a heterozygous deletion of  TP53 in 
response to bone marrow irradiation 
and n-ethyl-n-nitrosourea treatment.
(8,15) A similar effect was observed for 
chimeric mutated TP53 cells in response 
to both chemo- and radiation therapy.(16) 
In contrast, the competitive advantage 
of  cells carrying hemizygous TP53 
defects was limited under physiological 
circumstances.(8,15-17) Interestingly, the 
clonal outgrowth observed following 
serial transplantation and genotoxic 
therapy was not accompanied 
by malignant transformation, as 
lymphoid and myeloid differentiation 
was observed to be normal.(15,16) The 
relationship between chemotherapeutic 
treatment and outgrowth of  TP53mut 

clones is not black and white: no clonal 
expansion was observed in hydroxy-
urea treated in MPN patients harboring 
subclonal TP53 mutations.(18) The 
mode of  action and the targeted cell 
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population of  the chemotherapeutic 
drug may be explanatory for these 
different observations. Conversely, 
preleukemic TP53mut clones may expand 
in the absence of  chemotoxic treatment. 
(7) In a retrospective study concerning a 
previously healthy population, TP53mut 

–related CHIP was identified to be a 
high risk factor  for eventual AML 
development in the absence of  prior 
cancer treatment.(19) The predictability 
of  TP53 for subsequent t-MN 
development following autologous SCT 
is currently elusive; one study revealed 
a significant enrichment of  TP53mut in 
PBSCs of  patients that develop t-MN, 
but this was not reported in another 
independent study.(10,11) Together, these 
findings imply that the prognostic and 
biological value of  the presence of  
clonal TP53mut may be highly dependent 
on the context.

Loss or inactivation of  both TP53 
alleles is frequently observed in patients 
with myeloid neoplasms suggesting that 
complete inactivation of  TP53 may be an 
important event in leukemogenesis.(7,20-22) 
However, reconstruction of  preleukemic 
clonal dynamics revealed the presence 
of  two TP53 mutations at considerably 
high VAFs three years before t-MN 
diagnosis. Strikingly, the biallelic loss of  
TP53 wildtype function did not result in 
cytopenias or other signs of  leukemia at 
that stage. (7) This finding suggests that 
besides biallelic inactivation of  TP53, 
other yet unidentified mechanisms are 
required for leukemic transformation. 
Furthermore, it is possible that the 
effects of  TP53 dysfunction only emerge 
under stressed conditions. The induction 
of  accumulated mutant p53 protein 
in cancer cells may inhibit wild-type 
function or gain new oncogenic functions 
by the interaction with other proteins, 
a process that may facilitate leukemic 
transformation.(16) To date, the process 
of  transformation from preleukemic 
cells bearing clonal mutations 

towards a myeloid neoplasm is poorly 
understood. Therefore, identification 
of  factors that influence this process is 
of  importance as they may represent 
possible targets to prevent leukemic 
transformation. Future research will 
require comprehensive investigation 
of  both cell intrinsic changes, such as 
epigenetic changes and transcriptional 
changes, and extrinsic influences 
including immunosurveillance and the 
interplay between preleukemic cells and 
their micro-environment.

The complexity of  interpreting CHIP 
mutations and determination of  risk 
for myeloid malignancies is illustrated 
by the above described example of  
TP53 mutations. Besides of  individual 
mutations, combinations of  mutations are 
likely to be relevant for risk assessment.
(5) Furthermore, the importance of  
CHIP may diverge under different 
circumstances; such as a physiological 
state, following chemotherapy or in the 
presence a hematological malignancy. 
Post-treatment clonality is frequently 
observed in AML patients following 
induction chemotherapy. In this context, 
the change of  progression from clonal 
hematopoiesis to AML is much higher.
(20,23-25) However, also in this context 
the type of  mutation appears to be of  
relevance, as it was recently shown that 
the frequently observed mutations in 
ASXL1, DNMT3A and TET2 in the 
bone marrow of  AML patients that 
achieved complete remission following 
induction chemotherapy, were not 
predictive for disease relapse within 
four years.(26,27) This finding indicates 
that the mutations per se do not 
confer an immediate risk for leukemic 
transformation. 

Determination of  high-risk mutations, 
combinations of  mutations and other 
events that accompany clonal expansion 
and leukemic transformation will be 
important for the identification of  
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patients that are at risk. Personal 
risk profiles can be created based on 
the mutated genes, combinations of  
mutations and VAFs. Early detection 
may eventually provide opportunities for 
early intervention, including targeting 
of  high-risk clones, implementing 
treatment at an earlier stage and may 
help to guide the choice for alternative 
treatment options. In order to gain 
insight into risk factors for leukemic 
development, a comprehensive approach 
is required which includes a combination 
of  big-data analysis, in vitro and in vivo 
laboratory models and innovations 
molecular-based techniques. Clinically, 
increased red blood cell parameter red 
blood cell distribution width (RDW), 
which describes the variance in 
erythrocyte size, was recently identified 
as predictor for leukemic transformation 
in the context of  clonal hematopoiesis.
(28) The use of  murine models combining 
several genetic defects may provide 
useful insights in epigenetic changes 
and differential expression of  genes 
that accompany leukemia development.
(29) Also, gene expression modulation, for 
example by means of  increased CITED2 
expression as this results in better 
maintenance of  primitive cells(30), may 
be implemented in these models in order 
to study malignant transformation from 
a preleukemic state. Lastly, concerning 
sequencing methods, further refinement 
of  sequencing methods would allow 
screening of  CHIP with very high 
sensitivity, possibly even at single cell 
level, thereby allowing detection of  
cells that contain harmful combinations 
of  mutations.(31)

Despite the major implications that 
recognition of  CHIP may have for the 
future, screening of  healthy adults for 
its presence is currently not feasible due 
to the low risk for leukemia development 
and the current lack of  possible 
therapeutic interventions.(5) However, 
for some patient groups, screening for 

CHIP might be valuable at this moment. 
Our findings on t-MN development 
following autologous SCT argue that 
aberrant peripheral blood (PB) cell 
regeneration following SCT, may be a 
valid reason for additional examinations 
and careful monitoring.(7) Follow-up 
may comprise routinely checking of  
PB counts and expeditiously start 
with additional examinations when PB 
values give occasion for this. Additional 
examinations should also include the 
evaluation for the presence of  CHIP. 
Our data suggests that determination 
of  CHIP in post-autologous SCT 
patients becomes more important when 
additional treatment imposing selective 
pressure on the hematopoietic system 
is being considered.(7) Apart from this 
group, the application screening for 
CHIP will be valuable for patients with 
unexplained cytopenias and patients 
with any cancer diagnosis who are to be 
treated with chemo- and/or irradiation 
therapy.(32) Lastly, screening for CHIP 
may be of  interest for patients that 
are at risk for cardiovascular disease. 
Clonally-derived TET2-deficiency leads 
to dysfunction of  fully differentiated 
macrophages. Subsequent local 
inflammosome activation and altered 
expression of  endothelial cell adhesion 
molecules was shown to result in 
accelerated arteriosclerosis.(33,34) The 
recent finding that CHIP is related 
to increased non-relapse mortality, in 
particular due to cardiovascular events, 
suggests that CHIP might be a useful 
prognostic biomarker for determination 
of  the long-term risk.(33)

Insights derived from Hereditary 
Hematological Malignancies

Similar to CHIP, germline predisposing 
mutations causes bone marrow to be 
at risk for leukemic transformation. 
Besides the classical bone marrow 
failure syndromes that have been long 
recognized, whole exome sequencing 
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has uncovered multiple genetic lesions 
involved in hereditary hematological 
malignancies (HHMs).(35) These familial 
predisposition syndromes represent 
an intriguing entity, as the founder 
mutation is already present in all 
body cells since the embryonic stage. 
However, it can take several decades 
before malignant transformation occurs. 
Although the pathogenesis is presumably 
highly variable and will depend on the 
underlying genetic defects, HHMs 
offer a unique opportunity to study the 
multistep process of  leukemogenesis 
from a single mutation to overt disease.
(36)

In both HHM cases described in chapter 
3, targeted sequencing revealed that 
recurrently mutated driver genes in 
myeloid malignancies were either 
absent or present at low frequencies.(37,38) 
This finding suggests that additional 
hits in HHM cases are not equal to 
those frequently observed in sporadic 
myeloid neoplasms. In contrast, low 
frequent mutations may represent 
clonal hematopoiesis, in agreement with 
findings in germline RUNXmut carriers(39)  
and severe congenital neutropenia 
patients(40). In Fanconi anemia (FA), 
which is regarded as a classical bone 
marrow failure syndrome, clonal 
hematopoiesis based on cytogenetic 
abnormalities has been observed in 
non-leukemic FA patients.(41) Clonal 
hematopoiesis may thus be regarded as a 
compensatory mechanism to counteract 
diminishing yields of  HSCs, even when 
bone marrow failure is not clinically 
apparent. Patients affected with HHMs 
resemble ageing people regarding 
the presence of  clonal hematopoiesis. 
However, their risk for myeloid 
neoplasm development is considerably 
higher.(1,35) Another link to ageing 
comes from telomeric defects that have 
been linked to HHMs. Telomere biology 
disorders (TBD) are the consequence 
of  a group of  pathogenic germline 

variants resulting in short telomeres 
that subsequently confers a high 
risk for bone marrow failure and the 
development of  malignancies, including 
leukemia.(42) In a normal physiological 
setting, telomeres gradually shorten 
following each cell division during 
ageing.(43) Notably, shorter telomeres 
are also observed in the bone marrow 
of  DDX41mut carriers(44) and in FA 
patients(45). Furthermore, patients 
with HHMs are usually diagnosed 
at a younger age than patients with 
sporadic myeloid neoplasms.(46) Taken 
together, these observations suggest 
that HHM patients face a situation 
resembling accelerated bone marrow 
ageing, resulting in a higher probability 
of  leukemia development at a younger 
age of  onset. The role of  the micro-
environment in HHMs has been mostly 
neglected, while it is likely that these 
supportive cells also encounter effects 
of  germline mutations. Future research 
should therefore focus on the interplay 
between hematopoietic cells and the 
micro-environment, as was mentioned 
before in the case of  CHIP.

Currently, approximately seventy 
families with germline DDX41mut have 
been identified since this gene was 
discovered in relation to HHM three 
years ago.(46,47) The pathogenesis of  
DDX41mut-related HHM is largely 
unknown, but certain disease features 
may provide important cues. DDX41mut-
related myeloid neoplasms usually do 
not show cytogenetic abnormalities.
(37,46,47) Additionally, DDX41mut-related 
HHMs are characterized by paucity 
of  pathogenic mutations frequently 
observed in myeloid neoplasms. 
Interestingly, fifty percent of  patients 
display a second hypomorphic DDX41 
mutation on the other allele, which is a 
rare event in sporadic leukemia’s (<1%).
(47) In the vast majority of  the cases, 
this concerns the R525H mutation 
resulting in a truncated, but partially 
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active, protein.(46,47) The observation 
that DDX41 is frequently biallelicaly 
affected indicates that germline 
DDX41mut predisposes for a second 
mutation, which might be required for 
leukemic transformation. Interestingly, 
germline DDX41mut is never observed 
in combination with complete deletion 
of  the second allele, suggesting that 
total inactivation of  the gene is not 
tolerated.(47) The DDX41 gene is located 
on chromosome 5q35.3, a region that is 
frequently deleted in the 5q- syndrome.
(48) Several DDX41mut-related HHM 
cases were reported to be responsive to 
lenalidomide treatment(47,49), reflecting a 
possibility for therapeutic intervention. 
However, further investigation is 
warranted to confirm this proposition. 

The RNA-helicase protein DDX41 plays 
a role in several biological processes, 
which can be disrupted under oncogenic 
conditions. Firstly, DDX41 functions 
as a sensor for cytosolic dsDNA that 
can activate a type I interferon (IFN) 
response via the STING pathway.(50) 
This pathway is part of  a cell-intrinsic 
innate immune response, which is 
activated upon a variety of  genomic 
insults.(51) IFN-1 has a protective role 
as part of  the host immune response 
to cancer, deficiency of  which results 
in enhanced cancer susceptibility in 
mice.(52) The induction of  type I IFNs 
can drive HSCs into cycling and proper 
regulation of  this process is essential 
to prevent HSC exhaustion, leading to 
bone marrow failure or hematological 
malignancies.(53,54) Therefore, it would 
be interesting to identify the role of  
DDX41 in the STING pathway in 
relation to oncogenesis.(51) Secondly, 
DDX41 was identified to interact with 
core splicing proteins, including the 
SF3B and U2AF complexes and the 
PRPF8 scaffold protein.(47) Somatic 
mutations in these spliceosomal factors 
are frequently observed in myeloid 
malignancies, and their contribution to 

leukemogenesis is suggested to occur 
via aberrant transcription, altered pre-
mRNA recognition and alternative 
splicing.(55,56) The mutual exclusivity 
of  DDX41mut to mutations in other 
splice factors may point to a role 
for aberrant mRNA splicing in the 
case of  DDX41mut–related HHMs.(47) 
Indeed, downregulation of  DDX41 via 
RNAi resulted in a specific pattern of  
missplicing.(47) Besides it role in mRNA 
transcription, DDX41 is also implicated 
in regulation at the protein level via 
ribosome biogenesis.(57) However, if  
and how this influences leukemogenesis 
remains to be determined.(46) Future 
research should be focused on unraveling 
cellular pathways in which DDX41 is 
involved, and how mutations may result 
in disruption ultimately leading to 
leukemogenesis.

Occult germline predisposition 
syndromes can occasionally emerge 
as donor cell leukemias (DCLs). To 
date, two cases of  DDX41mut-related 
DCLs have been reported. In both 
cases the donor did not display any 
signs of  hematological disease.(37,58) 
This discrepancy between host and 
donor suggests that the transplantation 
procedure may trigger leukemic 
transformation of  the donor cells. 
After we reported the DDX41mut-
related DCL case with a latency of  
four years following this diagnosis, 
the donor developed MDS-EB2. 
Apparently, accelerated malignant 
transformation has occurred in the 
donor cells, probably related to a stress-
response induced by the transplantation 
procedure or by post-transplantation 
alterations in the micro-environment. 
Interestingly, the course of  DCL in 
the recipient was relatively mild and 
responded well to azacitidine treatment, 
while the disease in the donor was not 
responsive to azacitidine. The key issue 
regarding DCL is the prevention of  its 
occurrence. The recognition of  ‘risky’ 
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donors, including carriers of  germline 
mutations as well as people harboring 
CHIP, is of  utmost importance. The 
latter is of  relevance since older donors 
are increasingly being approached for 
stem cell donation.(59)

The recognition of  HHMs represents 
a major challenge for clinicians. Due 
to lack of  prodromal events and/or 
an atypical age of  onset, HHMs may 
present as sporadic myeloid neoplasms. 
Furthermore, the lack of  awareness 
amongst clinicians regarding possible 
atypical presentations of  HHMs may 
result in misdiagnosis. Therefore, 
examination of  newly diagnosed 
patients should include medical and 
family history, a complete physical status 
including examination of  dysmorphic 
changes and analysis of  hematologic 
parameters.(60) Besides clinical suspicion 
for HHM, bone marrow failure or MDS 
under the age of  50, a strong family 
history of  cancer or the identification 
of  a germ-line mutation based on 
NGS panels should also be reasons 
for referral to genetic counselling.(61) 
Besides of  NGS panels intended for 
prognostication, the application of  a 
germline sequencing panel may add 
value for the identification of  HHMs.(62) 
Counselling and monitoring of  patients 
with a hematological disease and a 
suspicion for germline predisposition 
should preferably become centralized at 
specialized centers.(60) The identification 
of  a germline mutation conferring 
susceptibility to leukemic development 
has major implications for donor 
selection, choice of  treatment and 
management of  family members.(36) The 
management of  individuals with proven 
germline susceptibility depends on the 
identified predisposition syndrome. 
(60) For surveillance of  asymptomatic 
carriers, physical examination and 
peripheral blood testing is recommended 
to take place every 6 to 12 months, 
however evidence-based data is absent 

to date.(63) Currently, risk reduction for 
MDS or AML development in germline 
mutation carriers, by implementation 
of  preventive measures, is not possible.
(60) For future developments, it will 
be important to determine the events 
collaborating in leukemic transformation 
in a germline mutated background, as 
targeting of  these events may provide 
opportunities to prevent of  HHMs 
development.

The value of genetics for the 
classification of myeloid neoplasms

In recent years, AML classification 
has shifted from morphology-based 
in the French-American-British 
system, towards a more comprehensive 
categorization by including several 
cytogenetic aberrancies. The latest 
WHO classification update also includes 
some single gene mutations, for 
which clear prognostic value has been 
established.(64) The focus on individual 
prognostic relevant chromosomal and 
genetic defects is also visible in the 
ELN risk stratification.(65) Despite 
recent improvements, the classification 
of  MNs is still far from optimal and 
needs further development to improve 
prognostication and optimize treatment 
outcomes.(66)

Myeloid neoplasms are characterized 
by a limited number of  mutations as 
compared to other types of  cancer.
(67,68) Regardless, whole genome and 
whole exome sequencing, has uncovered 
each MN genome to consist of  a large 
subset of  unique mutations.(7,68) These 
genetic defects represent either random 
mutations that arose as a result of  
ageing or replication infidelity, and were 
‘captured’ in the founding clone and 
propagated upon clonal expansion, or 
were acquired when the founding clone 
expanded.(69) Clonal reconstruction of  
preleukemic events point towards the 
second mechanism, although the number 
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of  studied cases was low.(7) The majority 
of  the identified mutations in MN 
genomes are not recurrently mutated, 
indicating that they likely represent 
background mutations that do not 
impact leukemogenesis.(69) Instead, only 
a small amount of  mutations is likely 
to be relevant in MNs. The challenge 
is, therefore, to identify the mutations 
relevant for disease pathogenesis, 
classification and targeted therapy. 

AML patients with normal cytogenetics 
are historically classified as intermediate 
risk based on the absence of  any 
favorable or unfavorable characteristics. 
However, treatment outcomes were 
heterogeneous, underlining the need for 
better classification.(70) The recognition 
of  mutations in RUNX1 and ASXL1 
as unfavorable characteristics, and 
biallelic CEBPa and NPM1 mutations 
as favorable risk markers, has provided 
a first step in the refinement of  
group classification.(64,71) However, a 
recent study demonstrated that gene-
gene interactions are of  prognostic 
relevance, emphasizing the limitations 
of  taking single genes into account for 
risk classification. This is exemplified by 
the complex relationship between gene 
mutations in NPM1, DNMT3A and 
FLT3-ITD, a three-gene combination 
frequently observed in AML.(22) 
FLT3-ITD defects were shown to 
be more deleterious in combination 
with mutations in both other genes, 
in contrast to NPM1 mutation alone.
(22) Using a gene panel including 111 
recurrently mutated genes, the authors 
were able to create a novel genetic-
based classification system that carried 
prognostic implications for 85 percent 
of  the AML patients. In contrast 
to the WHO classification that only 
encompasses 52 percent of  the AML 
patients.(22) Several other promising 
mutation-based or gene expression-
based classifications have been proposed, 
indicating the potential for further 

refinement of  current classification 
based on molecular characteristics.(66,72)

Besides their prognostic importance, 
mutational patterns are reported to 
be associated with disease ontogeny. 
Although the WHO entity t-MN 
is inherently accompanied with an 
unfavorable risk, a subset of  t-MN 
patients were shown to carry a genetic 
profile that is related to de novo disease, 
including the corresponding prognosis 
and expected response to therapy.(20) 
Likewise, t-MN related patterns could 
be observed in both secondary and de 
novo AML patients.(20) These findings 
imply that the observed ontogeny is 
not always reflected by the genetic 
make-up of  the disease. Although the 
prevalence of  TP53 mutations is much 
higher in t-MN than in de novo disease, 
observed mutational patterns are 
similar with respect to allelic burden, 
nucleotide alterations, mutations 
patterns, distribution of  mutated loci, 
co-occurrence of  other leukemic driver 
mutations, cytogenetic abnormalities 
and clinical parameters .(73) These results 
are supportive for a common mechanism 
underlying both disease subtypes. Prior 
exposure to genotoxic agents might 
accelerate leukemic transformation in 
the case of  t-MN.

Because of  their overlapping features, 
the distinction between AML and 
MDS, especially the high-risk types, is 
not without controversy. The lack of  
discriminating features is reflected by 
the notification that high-risk MDS 
patients are often treated in a similar 
manner as AML patients.(65) Currently, 
discrimination between AML and 
MDS is based upon blast percentage, 
an arbitrary distinction that has been 
lowered from 30 percent to 20 percent 
in recent years.(74) However genetically, 
biologically and clinically, high risk 
MDS is more similar to AML than 
to lower risk MDS,(75-77) indicating 
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that revising this distinction based on 
genetics would be appropriate. AML 
and MDS are no longer distinguished 
in the case of  t-MN, which is an 
umbrella term that encompasses both 
diseases that are diagnosed following 
genotoxic therapies.(64) Regular revision 
based on novel insights is warranted in 
order to classify MDS patients for the 
consideration of  the optimal treatment.

Monitoring of  measurable or ‘minimal’ 
residual disease (MRD) represents an 
important variable in responseevaluation
following MN treatment. The presence 
of  MRD signifies a strong increased 
risk for relapse and shorter survival.
(78) Currently, commonly used MRD 
testing methods include multiparameter 
flow cytometry, real-time quantitative 
PCR and cytogenetic analysis.(78) All of  
these methods have their advantages 
and limitations, however none of  
them represents an ideal MRD test to 
date (except for PCR testing in APL).
(78,79) Recently it was found that NGS 
techniques are very well suitable for 
MRD detection.(26,27) However, also 
challenges need to be overcome. First 
of  all, the determination of  convenient 
markers; not all leukemia-associated 
mutations meet criteria for a good 
MRD target regarding sensitivity, 
specificity and stability. Mutations that 
are present in the initial predominant 
leukemic clone might not be present 
in the relapsing clone.(80,81) Also, the 
presence of  a mutation might not be 
predictive for relapse risk. Mutations in 
DNMT3A, TET2 and ASXL1, which 
are also the three commonest mutations 
in CHIP, were observed to be persistent 
in patients in long-term remission, 
and do therefore not represent a good 
target.(26,27) Targets suitable for MRD 
monitoring would be mutations that 
arise after the initiating event, but before 
the founding clone arises.(82) These 
targets can very well be passenger 
mutations and not being picked up 

by gene-panel based approaches, but 
require whole genome or whole exome 
sequencing as initial step.(82) The 
sequential application of  NGS methods 
for MRD measurement in order to 
observe trends in MRD status over time 
may be more informative than a single 
measurement.(78,83) Also, the application 
of  a combined MRD measurement using 
both multiparameter flow cytometry 
and NGS may be of  interest, as the 
combined use of  both methods was 
shown to be of  independent prognostic 
value regarding rates of  relapse and 
survival.(26) Future research should focus 
on suitable targets, VAF thresholds and 
timing of  MRD measurement.(78)

Genetic classification may add value 
to the identification of  patients that 
could benefit from alternative treatment 
options. TP53mut MN patients respond 
poorly to conventional induction 
chemotherapy, with a response of  only 
20-30%.(84) Even when CR is achieved 
following induction chemotherapy, 
TP53mut cells are detectable in the 
majority of  the cases(26,85) making 
them a reservoir for relapse in the long 
term.(22) We have studied treatment 
outcomes in patients exhibiting p53 
overexpression, a frequent consequence 
of  TP53mut, which were treated using 
hypomethylating agents. Interestingly, 
treatment outcomes in this group were 
not inferior to patients that exhibited 
normal p53 expression.(86) These 
findings are in agreement with results 
of  a large study that showed a striking 
response rate of  100% in TP53mut 

patients upon decitabine treatment.
(87) The survival rate of  patients with 
unfavorable genetic risk profiles, 
including presence of  TP53mut, was 
observed to be similar to that among 
patients with intermediate risk profiles.
(87) There is evidence suggesting that 
the HSPCs of  non-responders to 
azacitidine treatment are relatively 
more quiescent.(88) The p53 protein plays 
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an essential role in regulating HSPC 
quiescence, and p53-deficiency results 
in a higher cellular proliferation rate of  
HSPCs.(89) Therefore, the link between 
dysfunctional p53 and decreased 
quiescence might be responsible for the 
increased response to HMAs in patients 
harboring a TP53 mutation. However, 
additional research is necessary to 
identify the exact mechanisms by 
which cells become susceptible to 
HMAs. Decitabine treatment can 
induce clearance of  the TP53 mutation, 
however, similar to what was observed 
upon chemotherapy, this clearance is not 
complete.(87,90) Responses to decitabine 
were not durable and relapses were 
associated with the expansion of  one 
or more subclones.(87) Mechanisms by 
which resistance to HMA treatment 
evolves remains to be determined. The 
non-sustainable character of  responses
and the rapid selection of  resistant 
subclones complicate the use of  HMAs 
as a single agent treatment option.
(87) However, their use as induction 
therapy to bridge towards allogeneic 
SCT is promising and currently under 
investigation in clinical trials.

Despite improvements made in 
our understanding of  the disease, 
treatment of  AML has not changed 
much since the seventies. Cytarabine 
complemented with anthracycline 
still forms the therapeutic backbone, 
including all limitations and adverse 
effects accompanying this treatment. 
Besides deciding which currently 
used treatments might be beneficial, 
genetic classification may be of  
interest regarding the implementation 
of  targeted treatment options. The 
dramatic improvement in treatment 
outcomes for patients with of  acute 
promyelocytic leukemia, the only AML 
subtype for which targeted therapy 
options are available, underlines the 
high need for such treatment options.(91) 
A genetic classification may result in the 

emergence and successful application 
towards other genetic defects frequently 
observed in AML. Recently, progress 
has been made in developing drugs for 
targeting of  FLT3-mutated and IDH2-
mutated AMLs.(92,93) Furthermore, 
targeting vulnerabilities of  spliceosome 
mutations represents a promising 
treatment strategy.(94) Antibody-based
therapies that target transmembrane 
receptors, including CD33 and CD123, 
are another approach for which clinical 
trials have proven hopeful results.
(95) As functional p53 is essential for 
many treatment modalities, increasing 
attention is given to restoration of  wild-
type function.(96) Inhibition of  BCL2 and 
MDM2 represent examples that have 
been proven as successful interventions 
in the p53 pathway in AML.(97,98) 
Therefore, genetic classification may aid 
optimization of  patient selection that 
benefit most from application of  novel 
targeted treatment options.

Concluding remarks

In recent years, our understanding 
regarding origin, development and 
maintenance of  myeloid neoplasms 
has greatly improved. Population-
based and patient-based studies have 
provided insight into the landscapes 
of  genetic defects underlying 
myeloid malignancies, while basic 
fundamental research continues to 
uncover mechanisms behind individual 
mutations. However, the importance of  
this increasing amount of  knowledge 
has not yet found its way into daily 
patient care in the clinic. 
 Currently, a number of  
questions remain unanswered; what are 
the effects of  individual genetic defects 
on for instance disease initiation, disease 
development, disease aggressiveness, 
response to therapy and development of  
resistance? A complicating factor is the 
presence of  genetic defect combinations 
frequently co-occurring within one 
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