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SUMMARY

Acute Myeloid Leukemia (AML) is the collective name for group of malignant clonal hematopoietic 
disorders that are highly heterogeneous, both clinically and biologically. In recent years, the 
implementation of novel techniques such as next-generation sequencing and SNP arrays has 
enabled better understanding of the somatic mutations underlying the myeloid malignancies. 
A broad spectrum of chromosomal abnormalities and genomic mutations has been identified, 
and combinations of various genetic defects can now be used as prognostic markers. This thesis 
focuses on understanding the underlying transcriptional programming of AMLs that have an 
adverse prognosis, in particular those with RUNX1 or TP53 gene mutations or features of ring 
sideroblasts.

In the most recent WHO classification (from 2016), AML with a Runt-related transcription factor 
1 (RUNX1) mutation has been added as a provisional entity, and this subtype of AML has also 
been classified in the ELN recommendations as a poor prognostic group. Interestingly, the CBF 
fusion protein RUNX1-RUNX1T1(AML1-ETO) and inv(16)(p13;q22), leading to fusion protein CBFβ-
MYH11 are generally associated with favorable prognosis. The aim of Chapter 2 was to unravel 
the molecular mechanisms by which RUNX1 mutations contribute to leukemic transformation. In 
the research presented in this chapter we introduced the RUNX1 S291fs300X (RUNX1mut) mutation 
in human cord blood (CB) CD34+ stem/progenitor cells and in human induced pluripotent 
stem cells (iPSCs). We observed an impaired myeloid commitment and enhanced self-renewal 
whereby the cells displayed an immature granulocyte-macrophage progenitor-like CD34+/
CD123+/CD45RA+ phenotype. We showed that CEBPA expression was reduced in RUNX1mut cells, 
and that re-expression of CEBPA partly restored differentiation. RNA-seq confirmed that RUNX1 
mutations induce a myeloid differentiation block in primary AMLs, and that a common set of 
RUNX1mut upregulated target genes is strongly enriched for gene ontology terms associated 
with nucleosome assembly and chromatin structure. When we compared RUNX1mut binding with 
AML1-ETO binding in primary AMLs, we found a significantly distinct genomic distribution of 
RUNX1 binding at genes such as TCF4, MEIS1, and HMGA2. Therefore, RUNX1mut appears to induce 
a specific transcriptional program, distinct from other CBF mutant AMLs, which contributes to 
leukemic transformation.

One of these targets of RUNX1mut is TCF4, a gene that has been described as an oncogene and is 
highly expressed in several types of tumours. Chapter 3 presents our research on the importance 
of TCF4 in the context of AML expressing RUNX1mut and RUNX1-RUNX1T1. TCF4 was found to be 
upregulated in RUNX1mut AMLs, while it was downregulated in RUNX1-RUNX1T1 AML. In line with 
TCF4 expression levels in patients,  RUNX1wt and the RUNX1-RUNX1T1 fusion protein repressed 
TCF4 promoter activity, while the RUNX1mut protein lost this repressive capacity. RUNX1mut 

enhanced in vitro colony formation and increased long-term culture initiating cells in CB CD34+ 
cells, whereas TCF4 downregulation (shTCF4) in RUNX1mut cells abolished this effect, indicating 
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that TCF4 is required for the enhanced stem cell maintenance by RUNX1mut. In a multivariate 
analysis on clinical outcome, RUNX1mut lost its significance for the poor prognostic outcome in 
AML patients when TCF4 expression was included. Additionally, the impact of RUNX1-RUNX1T1 
on survival diminished when TCF4 was included in this multivariate model. All these findings 
indicate that TCF4 is an important downstream mediator of RUNX1mut and might be a potential 
target for AML treatment.

AMLs with a TP53 mutation are another entity associated with poor prognosis. These AMLs are 
characterized by chemo-resistance and worse overall survival, but little fundamental research has 
been conducted into the molecular mechanisms that are controlled by TP53 mutations. Chapter 4 
presents our research ito the role of TP53 mutations and loss of TP53 in healthy HSPCs and primary 
AML. Expressing the R273H mutant (TP53R275H) or down-modulation of TP53 in CB CD34+ cells 
led to increased replating capacity and stem cell frequencies without affecting differentiation. 
However, TP53R275H overexpressing cells showed also an increased proliferation and cell output 
when cultured in MS5 co-cultures, which was not observed in TP53 CD34+ downregulated cells. 
ChIP sequencing against endogenous p53 of cell lines and primary AMLs revealed that  p53mut, 
in contrast to p53wt protein, did not bind to the p53 half-site motif but to sites containing other 
DNA motifs. This suggests that p53mut has lost the capacity to bind to its own specific p53 motif. 
This altered binding property by p53mut could be linked to the increased protein stability and 
thereby to altered protein complex formation. When looking at differential gene expression of 
primary TP53mut AMLs vs. TP53wt AMLs in multiple data sets, we found an overlap of 41 genes that 
were differentially expressed. These genes are important in hematopoietic lineage differentiation 
and megakaryocyte differentiation. Overlapping these 41 genes with 224 differentially expressed 
genes resulted in an overlap of 4 genes with  our CB CD34+/CD38- fraction. These genes are not 
major players in AML, but have been described as oncogenes in other cancers. For example, H1F0 
and C6orf25 have been implicated in erythroid development, where TP53 mutations are frequently 
associated with erythroid leukemia. More research into the functions of the p53 mutant could 
yield more understanding of the role that p53 plays in leukemic transformation and facilitate the 
development of  novel therapeutic approaches that can improve leukemia treatment.

Chapter 5 presents our investigation into the presence of ring sideroblasts (RS) in AML. RS 
represent an aberrant form of erythroid differentiation that is particularly characteristic of a 
subset of myelodysplasia-related disorders. RS are most frequently observed in MDS or MDS/MPN 
subtypes with a low propensity to evolve to AML and are strongly associated with mutations in the 
spliceosome gene SF3B1. However, RS can also be observed in patients diagnosed with high-risk 
MDS or AML in which SF3B1 mutations are usually rare. We therefore aimed to define the genetic 
background of RS in these AMLs/MDS and gain insight into the mechanisms that underlie the RS 
phenotype. In a cohort of 126 AML and MDS-EB2 patients with variable percentages of RS on their 
bone marrow smears at diagnosis, we analyzed disease characteristics, mutational status (n=60) 
and cytogenetic abnormalities. Patients that carry adverse risk disease characteristics, including 
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monosomal karyotype and TP53 mutations, had a high percentage of RS. RNA sequencing analysis 
indicated that RS-AMLs, when compared to a non-RS-AML cohort, have elevated expression of 
genes involved in splicing and megakaryocyte/erythroid differentiation. The data presented in 
Chapter 5 indicate that the genetic basis for the RS-phenotype in AML is different from that for 
MDS, although underlying mechanisms may share similarities. This could provide opportunities 
for future therapeutic interventions.

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

In recent years, our understanding regarding the origin, development and maintenance of 
myeloid neoplasms has greatly improved. Next generation sequencing has provided new insights 
into the landscapes of genetic defects underlying myeloid malignancies. The next challenge is to 
understand the molecular and cell biologicial consequences and mechanisms behind individual 
mutations, for which fundamental research is essential. This thesis presents our research into a 
number of factors implicated in myeloid malignancies with poor prognosis including RUNX1, 

TCF4, TP53 and AML with ring sideroblasts.

RUNX1 is a frequently mutated gene in MDS and AML. RUNX1 function has been studied intensively 
ever since its discovery as the translocation partner of RUNX1T1 (ETO) in AML1. Besides being a 
common translocation gene with a multitude of partners, RUNX1 mutations are also frequently 
found in AML2. Interestingly, CBF fusion proteins like RUNX1-RUNX1T1 predict a favourable clinical 
outcome, whereas AML with a RUNX1 mutation has been classified in the ELN recommendations 
as a poor prognostic group. In our research we aimed to find new insights into the underlying 
molecular effects of RUNX1mut expression and the differences between RUNX1mut and RUNX1-
RUNX1T1 that underlie the discrepancies in clinical outcome. Avast amount of research has 
provided insight into the multitude of functions that are triggered by RUNX1 in various tissues 
and stages of differentiation that can be disrupted by genetic mutations. Most RUNX1 mutant-
related research to discover novel targets or key pathways has compared RUNX1mut AMLs with 
RUNX1wt AMLs or has used RUNX1 mouse models. Studies comparing gene-expression analysis 
on large patient cohorts specifically focusing on RUNX1 have showed that between 45 and 100 
genes are increasingly expressed in RUNX1mut AMLs3–6. These studies are all intrinsically different as 
they compare different patient groups. For example, da Silva et al. focused specifically on AML-M0 
patients in their comparison, whereas Greif et al. excluded NPM1 mutant AMLs in the RUNX1wt 
group. Although all these designs are different, a certain overlap between these studies could 
be expected, but unfortunately this was not the case. We therefore aimed to exclude additional 
genetic aberrations by overlapping targets in single-hit models (umbilical cord blood (CB) 
transduced with RUNX1mut and induced pluripotent stem cells (iPSCs) overexpressing RUNX1mut) 
with primary AMLs. By performing RNA sequencing we identified genes that are targets of 
RUNX1mut in single-hit models and in primary AMLs. By comparing all these groups we found 

137853-gerritsen-layout.indd   159 14/01/2020   14:13



160

Chapter 6

a number of genes that are expected to be deregulated. For example, genes downregulated by 
RUNX1mut include genes involved in erythropoiesis, such as like KLF1, EPOR and HMOX1. Because 
AML cells are myeloid-biased and our RUNX1mut single-hit models are cultured in myeloid-
based growth medium, they lose all the erythroid potential. This makes it difficult to distinguish 
between direct effects of RUNX1mut or cell culture effects. However, these comparisons have also 
enabled us to find potentially new and interesting roles for RUNX1 and to identify novel targets 
that may be useful in specific targeting of RUNX1-mutant AMLs. For example, by looking closer at 
the gene cluster that includes upregulated genes we identified pyruvate dehydrogenase kinase 1 
(PDK1). PDK1 acts as a gatekeeper that regulates the flux of pyruvate from the cytoplasm into the 
mitochondria, and its overexpression may inhibit mitochondrial function leading to resistance 
to apoptosis7,8. When comparing expression levels of PDK1 in the TCGA dataset, we also noticed 
that RUNX1mut AMLs have a higher PDK1 expression compared to AMLs that do not carry RUNX1 
mutations, suggesting that RUNX1mut is involved in its regulation (Figure 1A)8,9.

Expression of PDK1 is regulated by hypoxia and HIF-1α, a transcription factor that mediates the 
response to low oxygen availability through transcriptional activation of a multitude of genes that 
encode proteins required for energy metabolism, amongst others10. HIF-1α and RUNX1 have been 
shown to have a direct interaction, mainly via the Runt homology domain of RUNX111. Silencing 
RUNX1 expression by specific siRNA significantly increased transcriptional activity of HIF-1α 
protein, whereas overexpression of RUNX1wt inhibited DNA binding and transcriptional activity of 
HIF-1α protein. These findings suggest that RUNX1wt inhibits transcription-dependent functions 
of HIF-1α. When comparing binding sites of RUNX1wt and RUNX1mut in primary AMLs, we observed 
strong binding of RUNX1mut to the PDK1 promoter at a HIF-1α binding site. In contrast, we found 
no binding of RUNX1wt (Figure 1B). The above findings suggest that RUNX1mut influences HIF-1α-
mediated transcription of PDK1 in an alternative manner, which may be a novel role for RUNX1mut 
in the cellular metabolism of AML cells.

The transcriptional regulation by RUNX1 is a very complex system, and deregulation of RUNX1 
by gene rearrangements and mutations is a frequent entity in a spectrum of hematopoietic 
malignancies12–14. The most common translocation involving RUNX1 in AML is t(8;21)(q22;q22), 
leading to fusion protein RUNX1-RUNX1T1(AML1-ETO), which is  associated with favourable 
prognosis14–19. RUNX1-RUNX1T1 and its effects on genome-wide epigenetic and transcriptional 
regulation have been studied intensively. However, the effect of RUNX1 mutations in leukemic 
transformation remains poorly understood. When directly comparing differentially expressed 
genes in cells expressing RUNX1mut and RUNX1-RUNX1T1 in single-hit models and in primary 
AMLs, we found a number of genes that are differentially expressed. Upregulated genes include 

HMGA2, a gene important for cell-renewal20–22, but also CD34, a marker for stemness that has 
been implicated in RUNX1-mutated AML. The human CD34 gene is regulated by RUNX1wt during 
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embryogenesis23. Some studies have shown correlation of RUNX1mut AMLs with the immature 
M0 phenotype, which has high expression of CD34, suggesting defective down-modulation that 
results in a stemness phenotype with adverse risk23–26.

Figure 1: PDK1 as a target of RUNX1mut. A. PDK1 expression in RUNX1wt AMLs, AMLs with a CBF fusion and AMLs with RUNX1 

mutations. B. Screenshot of UCSC genome browser of RUNX1 binding sites on the PDK1 promoter and the overlap with HIF-
1α binding site.

The studies presented here are the first to describe several genes that are deregulated in 
RUNX1mut AMLs relative to RUNX1-RUNX1T1 AMLs in a direct comparison. One of these genes 
is the transcription factor 4 (TCF4), a basic helix−loop−helix (bHLH) transcription factor that 
belongs to the family of E-box-binding proteins. High expression of TCF4 has been associated 
with a poor outcome of AML patients, is in vitro associated with self-renewal properties and is 
down-regulated during differentiation unless progenitors obtain transformed properties27–30. 
TCF4 has been identified as an oncogene in haematological malignancy as well as in solid 
tumors31–33. We explored the regulation of TCF4 by RUNX1 in more depth and demonstrated that 
RUNX1mut binds to the TCF4 promoter and regulates its expression, whereas in the presence of 
RUNX1wt or RUNX1-RUNX1T1 the expression of TCF4 was repressed. In a multivariate analysis on 
clinical outcome, TCF4 expression accounted for a poor prognostic outcome where the presence 
of RUNX1 mutation lost its significance. Thus suggesting that TCF4 expression may be a clinical 
biomarker for unfavourable outcome. However, using these findings in the clinic is constrained 
by the broad range of expression, which requires a large cohort of patients as reference. Although 
RUNX1mut expression correlated with high TCF4 expression, not all cases with high TCF4 expression 
can be accounted for by RUNX1 mutations and other causes that are responsible for the increased 
TCF4 expression have to be identified. A remarkable finding was that overexpression of TCF4 in 
CB CD34+ cells does not lead to more colony formation and replating capacity in in vitro culture 

assays, suggesting that TCF4 overexpression by itself is not sufficient for increased self-renewal 
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and maintenance of stem cell properties. This idea is supported by our findings and those of 
others in RUNX1mut models20,34,35. Altogether, we have shown that TCF4 is a target of RUNX1 that 
is deregulated by RUNX1mut.

A second type of AML with high TCF4 expression comprises AMLs with the MLL-AF9 translocation29. 
MLL and RUNX1 have been shown to directly interact via the N-terminal region of RUNX1 and 
might cooperate in the regulation of gene-expression36. Also, MLL induces RUNX1 expression and 
stabilizes it, thereby protecting it from proteasomal degradation37. RUNX1 and MLL cooperation 
has been described in detail for the prevailing target gene PU.1. In this process MLL is recruited by 
RUNX1 to the PU.1 promoter and stimulates H3K4me3 disposition. Knockdown of MLL or RUNX1 
showed less H3K4me3 whereas subsequent reintroduction of MLL or RUNX1 restored H3K4me3 
to normal levels. This example indicates that both genes are important to mediate transcription 
from the PU.1 promoter but is likely to be similar for other target genes38. Additionally, a recent 
study showed that MLL, MLL-AF9 and MLL-AF4 have overlapping target genes with the RUNX1 
gene program and constituents of CD34+ and monocyte-specific genes39. Moreover, MLL-AF9 
and MLL-AF4 target genes also have more activating marks (H3K4me3 / H3K27ac), which is also 
the case in RUNX1mut 20. This hypothesis is strengthened by the fact that the growth of MLL-AF9 
leukemic cells benefits from a certain level of RUNX1 expression, but that complete loss of RUNX1 
is detrimental, suggesting that they may cooperate in targeting genes essential for self-renewal 
of leukemic cells35,40. The above findings suggest that TCF4 could be a target of the RUNX1/MLL 
complex, This hypothesis is also supported by ChIP-sequencing data in THP1 cells showing that 
both RUNX1 and MLL-AF9 binds to the TCF4 promoter (Figure 2)39. Interestingly, a recent study 
targeted RUNX1mut cells by using the iBET inhibitor to deplete occupancy of BRD4 at the RUNX1 
enhancer, which resulted in decreased RUNX1 expression41. This drug has been proven to be very 
effective in MLL-AF9 AMLs, which might in part be linked to alterations in RUNX1 expression.

Figure 2: TCF4 is a target of RUNX1mut and MLL-AF9. Screenshot 
overview of the TCF4 locus with binding of RUNX1mut and MLL-AF9

As mentioned in the introduction and discussed above, RUNX1 activity is influenced by a 
large number of variables including protein-protein interactions, protein stability and cellular 
localization42. This regulation is unique per gene or group of genes and can be either activating 
or repressing depending on cellular and genomic context43. How gene expression is deregulated 
by RUNX1-RUNX1T1 has been relatively well studied, in contrast to RUNX1 mutants. Similar 

137853-gerritsen-layout.indd   162 14/01/2020   14:13



163

Summary, General Conclusion and Discussion

6

to the RUNX1wt protein, RUNX1-RUNX1T1 has many proteins that interact and influence its 
transcriptional regulation. RUNX1-RUNX1T1 is generally considered to be a transcriptional 
repressor due to its recruitment of co-repressors like HDACs, NCOR and mSin3A via the ETO part 
of the fusion44–48. RUNX1-RUNX1T1 can also induce transcriptional upregulation of certain targets 
by promoting acetylation of histones via interactions with p30049 or via recruitment of PRMT1 
and increased H4R3 methylation50. In our study we showed  that genes interacting with both 
RUNX1wt and RUNX1mut are differentially expressed and are strongly associated with H3K27ac 
levels20. These findings suggest a differential recruitment of HATs or HDACs by RUNX1mut to target 
genes, possibly by differential cofactor binding. This has not yet been tested experimentally, but 
performing ChIP in order to identify potential cofactors in RUNX1mut expressing cells could provide 
more insight into how this type of deregulation can take place. Comparable to other oncogenes, 
the presence of RUNX1 mutations or the RUNX1-RUNX1T1 fusion alone does not induce leukemic 
transformation. Recent advances in genome-wide sequencing have shown that RUNX1 mutations 
coincide very frequently with mutations in SRSF2, ASXL1, KMT2A and IDH24,15,51 and are mostly 
mutually exclusive with mutations in CEBPA and NPM13,15,52. In contrast, RUNX1-RUNX1T1 fusions 
are commonly found together with c-KIT, FLT3,  ASXL2, NRAS or KRAS mutations. Although RUNX1 
mutations are a separate entity predicting poor risk, in the case of RUNX1-RUNX1T1 the presence 
of c-KIT mutations predicts a high incidence of relapse compared to patients with wildtype c-KIT.

RUNX1 has a very large range of interacting proteins. As mentioned above, RUNX1 binds HIF-1α 
and MLL and thereby contributes to their functionality. A protein that has been more recently 
implicated with RUNX1 function is p53, which defines a new role for RUNX1 in genomic stability 
and apoptosis. Together with p53, RUNX1 accumulated in the nucleus following exposure 
to DNA-damaging agents, formed a stable complex and was recruited onto p53-activated 
promoters including CDKN1A and BAX53. Also, knockdown of RUNX1 resulted in a significant 
reduction of apoptotic cell death after DNA damage induction and a significant down-regulation 
of p53-responsive gene expression. It is very likely that RUNX1 is involved in the recruitment of 
p300, enabling p300 to acetylate p53 at lysine 373 and 382 in response to DNA damage54. In our 
own RNA-seq data we found a decrease in TP53 expression and its main target gene CDKN1A 

in RUNX1mut cells. Although decreased TP53 expression is a common attribute in AML55, TP53 
is also downregulated in our single-hit models, suggesting a role for RUNX1 in the regulation 
of its expression. Indeed, previous research into RUNX1-deficient HSPCs showed that these cells 
have lower p53 levels and thereby reduced apoptosis, an attenuated unfolded protein response, 
and accordingly are resistant to genotoxic and endoplasmic reticulum stress56. Although loss 
of RUNX1 and RUNX1 mutant expression have distinctive features and do not always overlap, a 
decreased apoptosis response has also been described for RUNX1 mutant CB models35. In contrast 
to RUNX1-RUNX1T1, RUNX1mut expression may therefore influence the DNA damage response by 
decreased expression of TP53 and its target genes.
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TP53 mutations in AML are relatively rare. They are found in 5% to 10% of de novo AML cases57, but 
are more frequent in AML patients with poor-risk characteristics, including sAML and tAMLs58–60.  
Due to their poor-risk characteristics, TP53 mutated AMLs are recognized as a separate entity 
defined by chemo resistance and worse overall survival58,61–63. Only 20% to 30% of patients with a 
TP53mut respond to conventional induction chemotherapy64, and even after achieving complete 
remission following induction chemotherapy, TP53 mutant cells are still detectable in the majority 
of the cases65. Presence of these TP53 mutant cells after chemotherapy is a high risk factor for disease 
relapse66. Recently, improved treatment outcomes of patients with TP53 mutations were reported 
following treatment with hypomethylating agents (HMA) such as decitabine and azacitidine67. 
Similarly, in another large cohort, the survival rate among AML patients with unfavorable-risk 
cytogenetic profiles, including TP53 mutations, who were treated with decitabine was similar 
to AML patients with an intermediate-risk cytogenetic profile68. However, the responses to 
decitabine were not durable and relapse was strongly associated with the expansion of one or 
more subclones, which has also been observed following standard chemotherapy68,69. It has been 
shown that HMAs are incorporated into the DNA, irreversibly bind DNA-methyltransferases, thus 
inhibiting their activity. This prevents methylation of newly synthesized DNA70 which leads to the 
re-expression of genes that are epigenetically repressed through hypomethylation, including 
the p15ink4b gene.  In line with the assumption that proliferating cells would be more sensitive 
to HMA treatment than quiescent cells, evidence suggests that the HSPCs of non-responders 
to azacitidine treatment are relatively more quiescent71. The p53 protein plays an essential role 
in regulating HSPC quiescence, and wild-type p53-deficiency might provide a higher cellular 
proliferation rate of HSPCs72. Therefore, decreased quiescence might be responsible for the 
increased response to HMAs in patients harboring a TP53 mutation. Recently several studies have 
described the beneficial effects of HMAs with Venetoclax, a BCL-2 inhibitor, in poor risk AMLs 73,74. 
Previously, BCL-2 inhibition was reported to selectively eradicate quiescent human leukemia stem 
cells, thereby targeting cells that are not eradicated by HMAs75. However, larger numbers of AML 
patients should be studied to demonstrate whether this combination treatment also eradicates 
the remaining quiescent cells and improves the survival of patients carrying TP53 mutations.

To further improve the survival of patients with TP53 mutations, more fundamental research has 
to be performed regarding the molecular mechanisms that are controlled by these mutations. 
Although extensive research has been performed in a variety of tumours, little data is available 
in AMLs76. We therefore studied the role of TP53 mutations and loss of TP53 in healthy HSPCs 
and AML. In accordance with previous findings72, we showed that expressing the R273H mutant 
(TP53R273H) or down-modulation of TP53 (shTP53) in CB CD34+ cells both increased replating 
capacity and stem cell frequencies. The accumulation of mutant p53 protein in HSPC cells may 
inhibit wild-type function or add  new oncogenic functions by the interaction with other proteins, 
a process that may facilitate leukemic transformation79,80. RNA-seq analysis of CD34+/CD38- CB 
transduced cells revealed that TP53R273H expression and loss of TP53 expression have different 
functions. Loss of TP53 expression leads to loss of expression of p53-dependent apoptosis genes, 
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whereas TP53R273H expression leads to decreased expression of p53-dependent apoptosis genes 
and increased expression in mostly cellular adhesion proteins, which possibly suggests a role in 
niche adherence (data not shown). p53mut has been studied extensively and has been shown to 
be involved in the expression of proteins that play a role in the extra-cellular matrix77,78, but not 
specifically in leukemia. However, other studies have shown that different TP53 mutants may have 
different functions or effects, and this may also be dependent on cellular context80,81.

Our CB data (shTP53) and data from other studies have shown that the bi-allelic loss of TP53 

wild-type function did not result in leukemic transformation. Reconstruction of pre-leukemic 
clonal dynamics in therapy-related MDS/AML revealed the presence of two TP53 mutations at 
considerably high variant allele frequency (VAF) three years before diagnosis, but with no clinical 
signs82. This suggests that bi-allelic inactivation of TP53 by itself is not sufficient for leukemic 
transformation. It is possible that the effects of p53 dysfunction only emerge under stressed 
conditions, where TP53 clones are more resistant. Indeed, murine models exposed to bone 
marrow irradiation and DNA damaging agents show a selective advantage for cells that carry 
a heterozygous deletion of TP5383. However, under physiological circumstances the competitive 
advantage of cells carrying heterozygous TP53 defects was shown to be limited59,79,83,84. Moreover, 
the clonal outgrowth observed following serial transplantation and genotoxic stress was not 
accompanied by malignant transformation, as lymphoid and myeloid differentiation was 
observed to be normal79,84. It has yet to be determined whether the presence of TP53 aberrations 
is a predictor of therapy-induced neoplasms. Recent studies suggest that clonal expansion of 
TP53 mutant clones can also take place in the absence of chemotoxic stress and therefore seems 
to be context-dependent and may be influenced by aging, microenvironment or other unknown 
factors.

Remarkably, in our LTC-IC assays we observed a large number of erythroid colonies (BFU-E) in 
the CB cells transduced with TP53R273H or shTP53 (data not shown) after 5 weeks of in vitro culture 
in Gartners medium on an MS5 stromal layer. Because myeloid differentiation benefits the most 
in MS5 co-cultures, BFU-Es are usually noticed only sporadically in these assays. Loss of TP53 
or expression of TP53R237H apparently affects the megakaryocyte/erythroid progenitor fraction 
and differentiation pattern. Interestingly, homozygous deletion and/or mutation in the TP53 
gene is the most prominent feature of acute erythroid leukemia (AEL), a rare form of leukemia 
characterized by increased numbers of immature pro-erythroblasts in the bone marrow. 
AEL classification was significantly changed in the 2016 revision of the WHO classification of 
hematopoietic malignancies based on the percentage of blasts in the bone marrow rather than 
on biological or genetic features16. With less than 30% proerythroblasts, AEL is now subtyped 
based on myeloid blast count as either myelodysplasia (MDS) or AML (specifically: AML not 
otherwise specified (NOS); non-erythroid subtype). With more than 30% proerythroblasts, due 
to its association with poor prognosis, it is subtyped as ‘AML NOS, acute erythroid leukemia (pure 
erythroid type)’. Mutations that are detected in AML and AEL are similar, but the triggers that 
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define myeloid or erythroid leukemia are elusive. A recent study showed that AEL and/or PEL 
patients carry TP53 mutations, especially in the elderly group85,86. More interestingly, almost all 
the patients with a TP53 mutation carried bi-allelic alterations of TP53, either by mutation or 
deletion. These findings suggest that mutant TP53 expression or complete loss of wild-type p53 
function are involved in aberrant erythroid differentiation. In our cohort with ring sideroblasts 
(RS), CD34+ AML cells also had an increased MEP signature as defined by RNA-sequence, which 
coincided with a high incidence of TP53 mutations.

RS are erythroid precursor cells that have an abnormal accumulation of iron in their mitochondria, 
which forms a circle around the nucleus, a feature frequently observed in SF3B1mut MDS87. We 
have shown that RS are also a common feature in AML with a strong correlation with adverse 
risk disease characteristics, including monosomal karyotype and TP53 mutations. In contrast 
to MDS, we showed that ring sideroblasts were present in the absence of SF3B1 mutations 
(SF3B1mut). The RS can emerge as result of defective mRNA splicing, resulting in differential protein 
presence88,89. When comparing differentially spliced or decreasingly expressed genes, in SF3B1mut 
MDS samples89 and our RS-AML samples, we observed only a limited overlap (8 genes). When 
comparing our results with the recent paper by Pellagatti et al., a comparison between SF3B1mut 

MDS with splice factor wildtype MDS and normal bone marrow cells, a limited overlap was again 
shown. However, an overlap of 2 genes was found in all 3 datasets (Figure 3)90,91: TMEM218, 
a transmembrane protein and COASY (Coenzyme A Synthase) an enzyme involved in the 
biosynthesis of CoA derived from vitamin B5. Interestingly, mutations in this gene are associated 
with neurodegeneration with brain iron accumulation (NBIA), whereby iron also accumulates 
in the mitochondria92. Although most studies of this gene have been restricted to neuronal 
development, one study reported an impairment in erythroid development93. CoA is functional in 
the heme biosynthesis pathway together with ALAS294, a gene involved in sideroblastic anemia, 
a group of inherited or acquired disorders defined by iron accumulation in the mitochondria 
of erythroid precursors95. Aberrant splicing appears to be a common feature in AMLs, and not 
just in AMLs harbouring mutations in the spliceosome machinery. A recent study by Crews et al. 

showed that in the absence of spliceosome mutations, a cohort of AML patients had differential 
splicing in important genes including BCL-296. They reported that the aberrant splicing was found 
particularly in AMLs with adverse risk phenotypes, including TP53 mutations. This subgroup of 
patients overlaps with the characteristics of the AMLs with the highest percentage of RS. They 
observed that SF3B1 was overexpressed in these AML patients, leading to aberrant splicing and 
therefore to increased sensitivity to spliceosome inhibitors. However, in our study we did not 
observe increased SF3B1 expression, but of PRPF8, the only other splicing gene that has been 
implicated in the formation of RS in AML97. Also, when we compared RS harbouring AMLs to a 
cohort of AMLs that did not have RS, we observed increased expression of genes involved in 
mRNA splicing. In line with this observation, an increased number of splicing events were shown 
in RS-AML, which may be related to the increased expression. Although the exact molecular 
consequences of this increased splicing have not been investigated, interference with the 
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spliceosome machinery by using inhibitors could lead to a treatment for these patients. Several 
types of spliceosome inhibitors have already been used in the clinic. Most of these are focused 
on parts of the spliceosome machinery and therefore potentially inhibit the whole complex98,99.

Figure 3: Overlap in differential splicing in different 
cohorts. Overlapping the differentially spliced genes in three 
different cohorts (Dolatshad et al., Pellagatti et al., Berger et 
al.) shows very limited overlap in genes that are differentially 
spliced in cohorts with ring sideroblasts.

Concluding remarks

In recent years, our understanding regarding the origin, development and maintenance of 
myeloid neoplasms has improved greatly. Population-based and patient-based studies have 
provided insight into the landscapes of genetic defects underlying myeloid malignancies, while 
fundamental research continues to uncover mechanisms behind individual mutations. We have 
aimed to unravel some of the molecular mechanisms that underlie different disease entities 
or that are caused by mutations found in adverse-risk disease. This fundamental research is an 
important starting point to the direct targeting of these oncogenes, or their resulting proteins, 
with the aim of providing more effective therapy in disease which still has a very poor outcome. 
Ultimately, the goal – and challenge – for the coming years is to find a way to implement this 
knowledge for clinical utilization, resulting in improved patient care.
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