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Research Article

Different mutant RUNX1 oncoproteins program alternate
haematopoietic differentiation trajectories
Sophie G Kellaway* , Peter Keane* , Benjamin Edginton-White , Kakkad Regha, Ella Kennett, Constanze Bonifer

Mutations of the haematopoietic master regulator RUNX1 are
associated with acute myeloid leukaemia, familial platelet dis-
order and other haematological malignancies whose phenotypes
and prognoses depend upon the class of the RUNX1 mutation. The
biochemical behaviour of these oncoproteins and their ability to
cause unique diseases has been well studied, but the genomic
basis of their differential action is unknown. To address this
question we compared integrated phenotypic, transcriptomic,
and genomic data from cells expressing four types of RUNX1
oncoproteins in an inducible fashion during blood development
from embryonic stem cells. We show that each class of mutant
RUNX1 deregulates endogenous RUNX1 function by a different
mechanism, leading to speci�c alterations in developmentally
controlled transcription factor binding and chromatin program-
ming. The result is distinct perturbations in the trajectories of gene
regulatory network changes underlying blood cell development
which are consistent with the nature of the �nal disease pheno-
type. The development of novel treatments for RUNX1-driven
diseases will therefore require individual consideration.

DOI 10.26508/lsa.202000864 | Received 29 July 2020 | Revised 3 December
2020 | Accepted 7 December 2020 | Published online 4 January 2021

Introduction

RUNX1 is a transcription factor which is absolutely essential for
haematopoietic development both in vivo and in vitro (Okuda et al,
1996; Lacaud et al, 2002). In humans, different classes of RUNX1
mutations lead to distinct disease phenotypes and clinical out-
comes (Bellissimo & Speck, 2017). Mutations involving RUNX1 are
one of the most common recurrent drivers of acute myeloid leu-
kaemia (AML) found in around 14% of cases (Papaemmanuil et al,
2016), but also cause other haematological conditions. This
includes familial platelet disorder (FPD), acute lymphoblastic
leukaemia (Schlegelberger & Heller, 2017), and an association with
chronic myelogenous leukaemia (Lugthart et al, 2010). Established
leukaemic cells carrying different types of RUNX1 mutations display

speci�c transcriptional and chromatin pro�les (Assi et al, 2019).
However, in patients, RUNX1 mutations are associated with addi-
tional genetic alterations that disrupt differentiation and alter
cellular growth (Gaidzik et al, 2016). Therefore, the molecular
mechanisms how the sole expression of different types of RUNX1
oncoproteins drive the development of speci�c disease pheno-
types is unclear.

RUNX1 mutations can occur within the DNA-binding domain
(DBD), the transactivation domain (TAD), or are a result of trans-
locations resulting in the generation of fusion proteins. RUNX1
functions by directly binding DNA together with its obligate partner
CBF� via the DBD, in large complexes mediated by the TAD (Wotton
et al, 1994; Petrovick et al, 1998; Koh et al, 2013). After haematopoietic
stem cells have formed, its continued expression during differ-
entiation is not essential but helps pattern and maintain cells in the
correct lineage balance (Chen et al, 2009; Cai et al, 2011; Tober et al,
2013), in concert with other transcription factors such as the GATA,
C/EBP, and ETS families (Burda et al, 2010; Beck et al, 2013; Goode
et al, 2016). Mutations in the DBD are typically point mutations
which abrogate binding of RUNX1 to DNA but leave the rest of the
protein intact; these are found as germ line mutations in FPD but
are also found in AML (Song et al, 1999). Premature stop codons or
frameshift mutations typically remove the TAD but may or may not
affect the DBD. The latter are typically found in AML with poor
prognosis (Mendler et al, 2012; Gaidzik et al, 2016; Döhner et al, 2017)
but can also be associated with FPD (Song et al, 1999). Recurrent
translocations include t(8; 21), t(3; 21), and t(12; 21), which result in
the fusion of part of the RUNX1 protein to all or part of another
protein—ETO, EVI1, and ETV6 in the examples given—and are found
in AML, chronic myelogenous leukaemia, and acute lymphoblastic
leukaemia (Miyoshi et al, 1993; Mitani et al, 1994; Golub et al, 1995;
Romana et al, 1995).

The biochemical properties of mutant RUNX1 proteins are well
characterised. The functional activities of the different RUNX1
mutations have been studied in detail (Matheny et al, 2007; Ernst
et al, 2020; Yokota et al, 2020). DBD-mutated proteins, as expected,
cannot bind DNA; they have limited nuclear localisation but
maintain CBF� interaction (Michaud et al, 2002; Matheny et al, 2007).
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TAD mutants can bind DNA with varying ef�ciency and maintain
CBF� interactions but show very limited nuclear localisation
(Michaud et al, 2002; Matheny et al, 2007). Fusion proteins main-
taining the RUNX1 DBD are still able to bind DNA, but further in-
teractions are translocation speci�c, for example, RUNX1-ETO
interacts with repressive complexes (Amann et al, 2001). When
deleted in haematopoietic stem cells of mice, RUNX1 de�ciency
causes an increase in immature myeloid cell formation, thrombo-
cytopenia, and lymphocytopenia (Sun & Downing, 2004; Putz et al,
2006). Expression of RUNX1 DBD mutated proteins in mice induces
more complex phenotypes, including myelodysplasia and a re-
duction in colony-forming progenitor cells in the aorta/gonad/
mesonephros (Cammenga et al, 2007; Matheny et al, 2007;
Watanabe-Okochi et al, 2008). TAD mutant proteins on the other
hand, show dosage-dependent phenotypes in mice, with severe
disruption to the formation of blood across multiple lineages
(Matheny et al, 2007; Watanabe-Okochi et al, 2008). Germ line
expression of fusion proteins such as RUNX1-ETO and RUNX1-
EVI1 in mice also leads to large scale disruption of blood forma-
tion (Okuda et al, 1998; Maki et al, 2005).

It is unclear precisely how the different RUNX1 mutant proteins
drive the development of a speci�c type of disease. Initial hy-
potheses that these mutations lead to haploinsuf�ciency of RUNX1
or mediate dominant negative effects do not fully explain disease
phenotypes (Cai et al, 2000; Cammenga et al, 2007; Matheny et al,
2007). To address this issue, we carried out a parallel comparative
study on two RUNX1 mutants representing DBD and TAD mutations
together with two RUNX1 oncofusion proteins (RUNX1-ETO and
RUNX1-EVI1) and investigated how they affect transcriptional
control and alter RUNX1 driven gene regulatory networks in hae-
matopoietic progenitors. We show that each RUNX1 mutant protein
interferes with the RUNX1-driven gene regulatory network in its own
way, setting up distinct chromatin landscapes and leading to di-
vergent outcomes of progenitor development.

Results

Mutant RUNX1 proteins disrupt haematopoietic differentiation

To understand the individual action of mutant RUNX1 proteins, we
utilised a well-characterised embryonic stem cell (ESC) differ-
entiation system, which recapitulates the different steps of
haematopoietic speci�cation of blood cells from haemogenic
endothelium (HE) and allows inducible expression of oncopro-
teins (Lancrin et al, 2010; Iacovino et al, 2011; Regha et al, 2015;
Goode et al, 2016). We induced each mutant with doxycycline (dox)
in otherwise healthy blood progenitor cells (progenitors) at the
onset of the RUNX1 transcriptional program (Fig 1A) during the
endothelial–haematopoietic transition (EHT) (Lancrin et al, 2010).
The RUNX1 mutations studied were R201Q, also reported as R174Q
dependent on the RUNX1 isoform, which is a DBD mutant, R204X
(also reported as R177X) which is truncated leaving only the DBD.
Both mutations have been extensively investigated and the
phenotypes they generate were previously studied in transgenic
mice (Matheny et al, 2007). To compare these mutants with their
fusion protein counterparts, we also studied RUNX1-ETO and

RUNX1-EVI1 (Fig 1A). Induction conditions of each mutant RUNX1
protein were adjusted to ensure that expression levels were near
physiological, with cDNA and/or protein expression of the mutant
proteins approximately that of the endogenous RUNX1. R204X
cDNA was expressed at higher levels than the other cDNAs with
the same dox concentration under the same promoter, but this
was not re�ected by the protein levels (Fig S1A, Regha et al, 2015;
Kellaway et al, 2020). As differentiation in this system is not
entirely synchronous, the timing of induction was adjusted in a
cell line speci�c manner such that it occurred in approximately
the same target cell populations (~30% HE, ~40% progenitors)
ensuring that results were comparable between cell lines (Fig S1B).

We �rst assessed the impact of mutant RUNX1 protein expression
on haematopoietic development. We have previously shown that
RUNX1-ETO and RUNX1-EVI1 expression impedes the EHT for which
RUNX1 is required (Regha et al, 2015; Kellaway et al, 2020), causing a
reduced proportion of progenitors and an increased proportion of
late HE (HE2) cells, indicating that fusion proteins were impeded the
activity of endogenous RUNX1. In contrast, no effect on the EHT was
observed with either R201Q or R204X (Figs 1B and S1C). We next
investigated how each RUNX1 mutation affected terminal differ-
entiation and self-renewal ability of haematopoietic progenitors. In
serial replating assays, we found that the RUNX1 mutants behaved
in a mutation-speci�c fashion (Fig 1C and D). R201Q induction
caused an increase in clonogenicity in both primary and secondary
colony forming assays. In addition, fewer megakaryocytes formed in
the primary colony forming assays (Fig S1D). Expression of R204X
and RUNX1-ETO which both cause AML led to an initial reduction in
clonogenicity across all lineages, but an increase upon replating,
indicative of a differentiation block and enhanced self-renewal.
RUNX1-EVI1 expression caused a reduction in both primary and
secondary colony forming capacity, again across all lineages,
presumably due to the lineage decision promiscuity and cell cycle
defects we have previously observed for this protein (Kellaway et al,
2020).

In summary, the four RUNX1 oncoproteins disrupt terminal
differentiation in colony forming assays, re�ecting the different
diseases which they cause, but only the two translocations affected
the RUNX1 dependent EHT.

Endogenous RUNX1 binding changes in response to the presence
of oncogenic RUNX1

To investigate the molecular basis of the observed phenotypic
differences, we performed RNA-seq, ATAC-seq, and ChIP-seq ex-
periments in c-Kit+ progenitors (Fig S2A) following induction of each
of the mutant forms of RUNX1 and integrated the data. We found
that changes in chromatin accessibility and gene expression
were associated with mutant-speci�c changes in the endogenous
RUNX1-binding patterns (Fig 2). R201Q triggered only minor changes
in chromatin accessibility and gene expression after induction but
caused a surprisingly large scale reduction in endogenous RUNX1
binding (Figs 2A and S2B) which was reproducibly found in multiple
ChIP experiments. This reduction was not caused by direct com-
petition of the R201Q protein with endogenous RUNX1 for chromatin
binding, as we were unable to detect binding of the R201Q protein
by ChIP, using an antibody against the HA tag (Fig S2C). In contrast,
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Figure 1. Induction of RUNX1 mutants during blood differentiation perturbs progenitor identity.
(A) Schematic showing the RUNX1-inducible constructs used, the bindng speci�city of the antibodies used in the study, the embryonic stem cell differentiation system,
and the stage of induction of the transgenes. (B) Flow cytometry was used to assess the proportion of cells in the blast culture which were HE1, HE2, or progenitors as
indicated in the schematic on the left. Bars show the mean percentage of cells in each population. N = 3 for R201Q, n = 4 for R204X, and RUNX1-ETO and n = 5 for RUNX1-EVI1.
(C) Progenitors were placed into colony forming assays in the without doxycycline. The bars show log2-fold change of induced (+dox) by noninduced (�dox) for primary
colonies in orange, and secondary colonies in blue. R201Q primary colony forming n = 5, n = 3 for all others. (C, D) The absolute number of colonies of each lineage subtype
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induction of the R204X protein caused little disruption to endog-
enous RUNX1 binding, but greater changes to chromatin accessi-
bility. The R204X protein again was not found to directly bind
chromatin. We cannot exclude the possibility that R201Q and R204X
can bind chromatin in a transient fashion, but the signal was below
the detection limits of the ChIP experiments. Sites with altered
chromatin accessibility after induction of RUNX1-ETO and RUNX1-
EVI1 were also seen, with lost sites associated with the loss of
endogenous RUNX1, and gained sites associated with gain of RUNX1
binding, with RUNX1-ETO and RUNX1-EVI1 displacing some of the
endogenous RUNX1 (Regha et al, 2015; Kellaway et al, 2020). Fur-
thermore, after induction of RUNX1-EVI1, we found an increase in
total binding of RUNX1 (Fig S2B). Genome browser screenshots
displaying the changes in RUNX1 binding are shown in Figs 2B and
S2D; these also highlight that residual RUNX1 binding is preserved
at some sites after induction of R201Q but not all.

RUNX1 binding in the presence of mutant proteins is in�uenced by
altered CBF� interactions

Next we questioned whether the changes to endogenous RUNX1
binding were due to the mutant proteins interfering with the in-
teraction of endogenous RUNX1 with CBF� using in situ proximity
ligation assays (PLAs). By using antibodies speci�c to either the
wild-type RUNX1, HA-tagged–induced mutant proteins, or untagged
RUNX1-EVI1, we assessed in single cells whether the induced RUNX1
oncoproteins were complexed with CBF� and quanti�ed whether
the interaction between CBF� and endogenous RUNX1 was affected
by oncoprotein induction. We �rst examined the intracellular
localisation of the mutant RUNX1 proteins. Both RUNX1-ETO and
RUNX1-EVI1 were clearly localised in nuclei (Figs 3A and S3A, left
panels), whereas both R201Q and R204X exhibited diffuse staining
with little protein found in the nucleus, consistent with previous
studies (Osato et al, 1999; Michaud et al, 2002). We then examined
whether induced proteins interacted with CBF� and where in the
cell. We found a high number of interactions between RUNX1-ETO
(measured using the HA antibody) and CBF�, and RUNX1-EVI1
(measured using the EVI1 antibody) and CBF� located within the
nucleus (Figs 3A and S3A, right panels). In contrast, we observed
very few interactions between R201Q (HA antibody) and CBF�, or
R204X (HA antibody) and CBF� compared with background. Inter-
estingly, despite minimal nuclear localised R201Q and R204X
protein, we saw PLA foci in the nucleus, suggesting that some
mutant RUNX1-containing complexes were capable of nuclear
translocation.

We next assessed the quantity of interactions of the endogenous
RUNX1 with CBF� and compared them with the ChIP-seq results.
Using antibodies against wild type RUNX1 and CBF� alone showed
the expected staining patterns which were unaffected by dox in-
duction (Fig S3B). In the uninduced cells, the number of PLA foci was
similar for all cell lines allowing us to see only the effects of the
mutant proteins (Fig 3B, P-value = 0.723 by one-way ANOVA). RUNX1-
ETO and R204X expression caused no change in the number of

RUNX1/CBF� interactions; R204X induction did not affect RUNX1
binding in chromatin, disruption of RUNX1 binding caused by induction
of RUNX1-ETO was therefore predominately due to displacement of
RUNX1 by RUNX1-ETO, as previously shown. RUNX1-EVI1 expression
caused an increase in the number of RUNX1/CBF� foci (Figs 3A and
S3A, centre panels) which mirrored the ChIP-seq data where we saw
increased RUNX1 binding (Fig 2). Most strikingly, however, given the
mild phenotype, R201Q expression caused a reduction in the number
of PLA foci, explaining the decrease in the amount of RUNX1 available
to ef�ciently bind chromatin (Fig 2). The RUNX1 antibody used for this
assay was unable to discriminate the endogenous RUNX1 from the
induced R201Q, and therefore some of these foci may in fact be R201Q/
CBF� interactions, meaning RUNX1/CBF� interactions were even
further reduced than measured.

Taken together, these data show that binding of the endogenous
RUNX1 is disrupted by the expression of mutant RUNX1 proteins,
with mutation-speci�c changes in the frequency of interactions
between endogenous RUNX1 and CBF�. We found no evidence that
CBF� was stably sequestered by mutant RUNX1 proteins, although it
is possible that CBF� is sequestered and then degraded. Direct
displacement of endogenous RUNX1 chromatin binding by the
mutant RUNX1 proteins was only found in the case of the two fusion
proteins. Taken together, these experiments demonstrate that the
expression of mutant RUNX1 impacts on RUNX1 chromatin binding
and the chromatin landscape in a mutation class-speci�c fashion.

RUNX1 binding alterations lead to mutation class-speci�c
changes in gene regulation

To understand how the disruption of the RUNX1 developmental
program drives the observed phenotypes and to examine whether
the mutant RUNX1 forms target similar transcriptional networks, we
compared gene expression changes using RNA-Seq. Overall gene
expression patterns for induced and uninduced cells were highly
consistent across the four cell lines (Fig S4A) and replicates cor-
related well (Fig S4B). As expected from the cell biological data,
RUNX1-ETO and RUNX1-EVI1 de-regulated the most genes across the
EHT, and similarly, fewer changes were seen following induction of
R201Q and R204X (Figs 4A and S4C and Table S1). After induction of
R201Q, the vast majority of genes continued to be regulated
according to their expected trajectory, with a subset failing to be
up-regulated to the extent they normally would, including Hba-a1,
Cd79b, and Mef2c. The induction of RUNX1-ETO caused the greatest
number of genes to not be down-regulated suf�ciently, including
G�1 ([Lancrin et al, 2012], Fig 4A and Table S1). Looking speci�cally at
the changes at the speci�c cell stages, RUNX1-ETO and RUNX1-EVI1
induction both caused the greatest number of genes to be up- or
down-regulated in both HE2 and progenitors, and R204X induction
only caused up-regulation of genes at the HE2 stage and not in
progenitors, for example, Mecom and Plek (Fig S4C).

We then examined whether the mutant RUNX1 proteins were
targeting the same transcriptional networks. We �rst performed

from the primary colony forming assays in (C) is shown. Data information: (B, C, D) error bars show standard error of the mean. P-values were calculated using paired t
tests between–and +dox pairs, n.s. indicates P > 0.05.
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pair-wise analysis, to see whether different mutant proteins cause
similar (Fig 4B, left–red indicates mutually up-regulated, blue indicates
mutually down-regulated) or opposing (Fig 4B, right–horizontal/blue
indicates down-regulated while vertical/red indicates up-regulated)

changes in gene expression patterns. This analysis showed that
just under a quarter of the genes which were up-regulated in HE2
after R204X induction were also up-regulated in HE2 after RUNX1-
EVI1 induction (Fig 4B, left); a greater number of these genes were

Figure 2. Mutant RUNX1 induction leads to speci�c changes in endogenous RUNX1 binding and chromatin accessibility.
(A) Chromatin accessibility in cKit+CD41+Tie2–sorted progenitors at distal sites as determined by ATAC-seq was ranked by fold change of the +dox/�dox tag count and represented as
densityplots (±1kb fromthesummit). Thegene expression foldchangeasdetermined by RNA-seq (+dox/�dox) wasplotted alongsidebased onnearest geneassigned. The binarypresence
or absence of a RUNX1, RUNX1-ETO, or RUNX1-EVI1 ChIP peak was also plotted based on intersection with the open chromatin. The red bar indicates +dox-speci�c sites, grey shared and blue
�dox-speci�c sites where the normalised tag-count of speci�c sites was at least twofold different. (B) University of California Santa Cruz (UCSC) Genome browser screenshot of counts-
per-million-normalised ATAC-seq and ChIP-seq tracks at the Spi1 locus. The box highlights the Spi1 enhancer which demonstrates changes in RUNX1 binding and chromatin accessibility.
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