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Abstract  

Acute myeloid leukemia development occurs in a step-wise fashion whereby an original driver 

mutation is followed by additional mutations. The first type of mutations tends to be in genes 

encoding members of the epigenetic/transcription regulatory machinery (i.e. RUNX1, 

DNMT3A, TET2), while the secondary mutations often involve genes encoding members of 

signalling pathways that cause uncontrolled growth of such cells such as the growth factor 

receptors c-KIT of FLT3. Patients usually present with both types of mutations, but it is 

currently unclear how both mutational events shape the epigenome in developing AML cells. 

To this end we generated an in vitro model of t(8;21) AML by expressing its driver oncoprotein 

RUNX1-ETO with or without a mutated (N822K) KIT protein. The expression of N822K–c-KIT 

strongly increases the self-renewal capacity of RUNX1-ETO expressing cells. Global analysis 

of gene expression changes and alterations in the epigenome show that N822K–c-KIT 

expression profoundly influences the open chromatin landscape and transcription factor 

binding. However, our experiments also show that double mutant cells still differ from their 

patient derived counterparts, highlighting the importance of studying patient cells to obtain a 

true picture of how gene regulatory networks have been reprogrammed during 

tumourigenesis. 
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Introduction 

The t(8;21) chromosomal translocation is the most common translocation found in acute 

myeloid leukemia (AML). In this translocation, the DNA binding domain of RUNX1 is 

maintained but the activation domain that binds a range of co-activators is replaced by the 

ETO protein (RUNX1T1). While RUNX1 plays an important role in definitive hematopoiesis, 

the RUNX1/ETO (RE) fusion is known to act as a transcriptional repressor by recruiting co-

repressors, such as HDACs, NCoR/SMRT and mSin3a to their target genes1. However, the 

RE knock-in, transgenic mice and inducible chromosomal translocation using Cre/loxP system 

fail to develop leukemia2-4.Therefore, additional mutations are required for leukemogenesis.  

AML is characterised by recurrent mutations that affect both the epigenetic regulatory 

machinery and signalling molecules. Mutations affecting transcription factors are considered 

a leukemia-initiating event where the resulting chimeric transcription factor leads to 
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transformation of the hematopoietic stem cells as well as a block in differentiation at the 

myeloid progenitor stage. Another class of mutations involve mutations in growth factor 

receptors such as FLT3 which are rendered constitutively active. These mutations are thought 

to confer proliferative and/or survival advantage to hematopoietic stem cells. These receptors 

normally control the regulated growth and survival of myeloid progenitor cells, and function by 

activating the RAS/MAPK and JAK/STAT signalling pathways5. However, little is known about 

how aberrant signalling impact by these receptors on gene expression and the chromatin 

landscape in t(8;21) AML. 

In patients with t(8;21) AML, activating mutations involving signal transduction pathways (c-

KIT, FLT3 and N-RAS) are recurrently found6,7, thus suggesting that RE requires further 

mutations for leukemogenesis. Specifically, up to 48% of t(8;21) AML have c-KIT mutations8 

and they are associated with poor disease outcome and a high incidence of relapse after 

chemotherapy8,9. c-KIT encodes a transmembrane glycoprotein, which is a type III receptor 

tyrosine kinase family10. The most common activating c-KIT mutations found in these t(8;21) 

AML reside in exon 17, the encoding regions around the A loop of the kinase domain, resulting 

in D816V or N822K mutations8,11. Previous studies suggest that t(8;21) AML follow a stepwise 

model in leukemogenesis, where RE represents the first hit to initiate the disease, whereas 

activating c-KIT may be a secondary but crucial hit for a full-blown leukemia8.  

Mulloy et al transduced RE into CD34+ cord blood cells and found that these cells maintained 

self-renewal and multipotential differentiation, however they do not cause leukemia in 

NOD/SCID mice12, thus further supporting the stepwise model. Conversely, the introduction 

of the second hit- KIT (N822K), NRAS (G12D) or CBL mutant into RE CD34+ hematopoietic 

stem and progenitor cells (HSPC) still failed to initiate AML in immunodeficient mice, 

suggesting that other cooperating factors are required or the cells need to undergo a strong 

selection in culture 13-15. Interestingly, Wang et al showed that activating c-KIT (N822K) alone 

induced leukemia development in mice and co-expression of both RE and activated c-KIT 

(N822K), led to a fatal AML16. Therefore, how RE and activating c-KIT cooperate to reprogram 

gene expression and cause leukemia remains unclear. 

In this study, we want to determine the underlying molecular basis of how the c-KIT mutation 

alters the RE-driven gene expression program and how it reprograms the chromatin landscape 

in RE expressing cells. Previous work in the lab suggested that mutations in growth factor 

receptors not only regulate the proliferation of leukemic cells, but also have a substantial 

impact on gene expression and chromatin modification17. Therefore, we expressed RE and 

(N822K) mutant c-KIT in primary human CD34+ cells and conducted epigenetic profiling to 

examine how these two mutations cooperate in setting up an altered epigenotype in cells 
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without other leukemogenic mutations. Our results show that the activating c-KIT mutation 

imposes a motif signature that is specific for immature cells with increased binding of GATA2 

and AP-1 transcription factors. However, our data also show that transduced cells differ from 

leukemic blast cells from t(8;21) patients. 

 

Methods 

Cell culture 

Human umbilical cord blood cells were obtained from the Birmingham Women’s NHS 

Foundation Trust, Birmingham, UK, from donors after informed consent and with the required 

ethical and protocol approval by the NHS National Research Ethics Committee of the UoB in 

accordance with the Declaration of Helsinki. CD34+ cells were purified using CD34+ magnetic 

antibodies (Miltenyi).  RE/CB cells were established as previously described18.  RE/WT and 

RE/N were also established in a similar way. Cells were maintained in a humidified incubator 

at 37 °C with 5% CO2. RE/CB, RE/WT and RE/N cells were cultured in Iscove modified 

Dulbecco medium with 20% BIT Serum Substitute (Stemcell Technologies #9500), 

supplemented with 10 ng/ml stem cell factor (SCF), thrombopoietin (TPO), FLT3 ligand, 

interleukin-3 (IL-3) and IL-6. 

Transfection of HEK293T cells for RE, WT c-KIT and N822K c-KIT virus production 

MSCV-AE-IRES-GFP (RE plasmid) was a gift from James Mulloy, Cincinnati, USA. pRUFneo 

WT c-KIT and pRUFneo N822K c-KIT plasmids were gift from Richard Kahl, Newcastle, 

Australia. Each transgene expressing plasmid (24 µg) was mixed with Gag/Pol 20 µg and Env 

6 µg (gift from James Mulloy). For each 15 cm2 dish 3 ml of Optimem serum free media was 

mixed with 150 μl of TransIT-293 (Mirius, USA) and incubated at room temperature for 15 

minutes. The TransIT-293– DNA mixture was added dropwise to the HEK293T plate. Viral 

supernatant was collected after 24 hours and subsequently every 12 hours for 36 hours. Viral 

supernatant was concentrated using a Centricon Plus-70 100 kDa filter (Millipore, USA), 

according to manufacturer’s instructions. 

Retroviral transduction with Retronectin 

Non-tissue culture treated plates were incubated with 2 μg/ml RetroNectin (Takara, Japan) 

solution in PBS. Concentrated virus was coated onto the wells by centrifugation before CD34+ 

cord blood cells or RE/CB cells were added with polybrene at 8 μg/ml. The plate was left 

overnight at 37 oC, 5% CO2 in a humidified incubator. Transduced CD34+ cord blood cells 
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were isolated by FACS using GFP labelling for RE/CB cells while RE/WT and RE/N cells were 

purified using CD117+ magnetic antibodies (Miltenyi). 

Patient samples and PBSC cell processing 
Human tissue was obtained with the required ethical approval from the NHS National 

Research Ethics Committee of the UoB in accordance with the Declaration of Helsinki. AML 

and PBSC samples used in this study were either surplus diagnostic samples, or were fresh 

samples obtained with informed consent from all patients. AML samples were obtained from 

either the Centre for Clinical Haematology, Queen Elizabeth Hospital Birmingham, 

Birmingham, UK or the West Midlands Regional Genetics Laboratory, Birmingham Women’s 

NHS Foundation Trust, Birmingham, UK. Mononuclear cells were purified on the same day 

that they were received, and in most cases also directly further purified using either CD34 or 

CD117 (KIT) magnetic antibodies, as previously described19. For some samples with greater 

than 92% blast cells the column purification was not performed. 

Western blotting, RNA extraction, cDNA synthesis and RT-PCR 

RNA was extracted using the Machery-Nagel Nucleospin kit. The quality of RNA was 

assessed using a Total RNA PICO Bioanalyser chip (Agilent technologies, USA).  Western 

blotting, cDNA synthesis, and RT-qPCR was performed as described previously20.  Antibodies 

and primers are listed in supplementary materials. 

RNA Sequencing  

RNA-seq libraries were prepared with a Total RNA Ribo-zero library preparation kit (with 

ribosomal RNA depletion) (Illumina, USA) as previously described21. 

ATAC-seq  
ATAC-seq was performed on 50,000 cells. ATAC-seq libraries were prepared essentially as 

described22,23. Libraries were sequenced in a pool of 12 indexed libraries using a NextSeq 

500/550 High Output Kit v2 (150 cycles) for paired end sequencing (Illumina) at the Genomics 

Birmingham sequencing facility. 

 

Cross-linking, ChIP and library preparation for high through put sequencing 

Cross-linking, Chromatin immunoprecipitation (ChIP) and library preparation for high 

throughput sequencing was performed as previously described19,21,24.  Full details with primer 

and antibody details can be found in the supplementary materials. 

Colony Formation Assays  
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Colony formation assays were performed on sorted cells by seeding at 10,000 cells/ml in 

Methocult Express (Stem Cell Technologies). After 10 days colonies were counted and then 

the cells were collected for replating.  

Data analysis 

Full details of bioinformatics analysis can be found in the supplementary materials. 

 

Results 

Cells co-expressing RE and mutant c-KIT display features of oncogenic transformation 

To understand the effect of RE and the co-operating effect of an activating c-KIT mutation in 

progenitor cells without the presence of other mutations, we generated CD34+ cord blood (CB) 

that stably express RE (RE/CB), RE with a wild type c-KIT (RE/WT) or RE with the activating 

N822K mutant c-KIT (RE/N). Purified CD34+ cells from CB were transduced with a retrovirus 

vector expressing the full length RE and GFP fluorescence marker. GFP expressing 

transduced cells were sorted (Supplementary Fig. 1a) and transduced with a second retroviral 

vector expressing either the WT or the N822K mutant c-KIT (Figure 1a). The presence of the 

N822K mutation was confirmed by sequencing (Supplementary Fig. 1b). The N822K mutation 

was selected for this study as this is one of the most common activating c-KIT mutations found 

in t(8;21) AML and it is also the same mutation that is found in Kasumi-1 cells. Cells that co-

expressed both RE and c-KIT were sorted and we performed RNA-seq, ATAC-seq and ChIP-

seq to profile their epigenome. Interestingly, the growth of RE/N cells was still cytokine–

dependent (including SCF) as previously described13. In order to determine whether the c-KIT 

tyrosine kinase signalling pathway is constitutively activated in these cells, SCF was withdrawn 

for 24 hours prior to the isolation of cell extracts for western blotting. ERK1/2 is in the 

downstream signalling pathway of the MAPK families and is activated by the c-KIT receptor25. 

We found increased levels of ERK1/2 phosphorylation in the RE/N cells as compared to the 

RE/CB cells and the RE/WT cells without the presence of SCF (Figure 1b). However, both 

levels of phosphorylation were similar between the RE/N cells cultured with and without SCF, 

suggesting that the tyrosine kinase signalling pathway is constitutively activated in these cells. 

RUNX1 and RE protein levels were found to be slightly higher as compared to the t(8;21) 

Kasumi-1 cell line but were expressed at similar levels in all transduced cells as compared to 

each other (Figure 1b, right panel). Morphological analysis of these cell populations showed 

that all cell populations resembled myeloid blast cells (Supplementary Fig. 1c). 
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Both RE/WT and RE/N cells displayed a growth advantage and enhanced cell expansion 

ability as compared to RE/CB cells (Figure 1c) demonstrating the transforming effect of RE. 

To confirm this finding, we examined the clonogenic potential of these cells using a 

methylcellulose colony re-plating assay. Cells were collected for replating every 7 days. In the 

first plating, RE/WT and RE/N cells generated increased number of colonies when compared 

to RE/CB (Figure 1d, Supplementary Fig. 1d). However, RE/N cells could be repeatedly 

replated whereas RE/CB and RE/WT cells stopped growing by the third plating, suggesting 

that overexpressing mutant KIT strongly enhances the self-renewal potential of these cells.  

RE expressing cells display extensive differences in gene expression and the active 
chromatin landscape as compared to normal CD34+ progenitor cells 

To compare RE cells with RE cells carrying either form of c-KIT on gene expression, we 

analysed gene expression profiles of these transduced cells using RNA-seq. We compared 

them to normal CD34+ progenitor cells isolated from CB cells, CD34+ progenitor cells purified 

from mobilised peripheral blood stem cells (PBSCs) and from three t(8;21) AML patients with 

one of them carrying the KIT mutation. Principal component analysis (PCA) of the RNA-seq 

data based on all expressed genes indicated that they segregated into four different clusters: 

CD34+ CB, CD34+ PBSC, t(8;21) AML and RE/CB, whereby the same cell types cluster 

together (Figure 2a). Scatter plots of the two biological replicates of each cell types (RE/CB, 

RE/WT and RE/N) showed that the replicates showed a good correlation (Supplementary Fig. 

2a). However, the cells that co-express RE and KIT did not cluster with the cells from the 

t(8;21) patients. RE/CB cells showed extensive differences in gene expression as compared 

to CD34+ CB cells with 2,150 differentially upregulated and 2,349 differentially downregulated 

genes (Figure 2b and 2c). The analysis of 3-fold down-regulated genes by Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) pathway analysis26 showed a down-

regulation of different signalling pathways and signalling genes such as KIT and CSF3R 

(Supplementary Fig. 2b, Supplemental Table S2). WT and mutant c-KIT caused only a limited 

change in gene expression as compared to RE/CB. Based on the RNA-seq data, RUNX1 was 

expressed at lower levels as compared to PBSCs and t(8;21) patient cells (Figure 2d). 

Furthermore, overexpressing RE in the CD34+ CB cells downregulated KIT expression. 

Conversely, overexpressing KIT led to upregulation of genes involved in ERK, cAMP and WNT 

signalling (such as LEF1, SOX13, ADCYAP1 and ITGA127) as well as the HIPPO signalling 

pathway (TEAD2) (Supplementary Fig. 2c).  

While the overall direction of gene expression changes between RE/WT and RE/N (Fig 2b,c) 

was similar, we also found differences which shed light on the reason for the different 

behaviour of the two cell lines. This included CSF1R encoding for the CSF-1 receptor which 



 8 

is absolutely required for macrophage differentiation28  and was downregulated in cells with 

mutant KIT expression (RE/N) as compared to RE/WT cells (Supplemental Table S2), 

suggesting that the cells remained in a less mature state. Besides CSF1R, downregulated 

genes include HLA-DQ histocompatibility antigens which may impact on immune evasion. Up-

regulated genes included PAGE5 (CT16) which is involved in apoptosis regulation29, the 

NOTCH regulator DLK1 which is overexpressed in AML30,  as well as the Hox member MEIS1 

which is an oncogene involved in AML and regulates DLK131. We also find upregulation of 

Calreticulin (CALCRL), an inhibitor of CEBPA expression (a driver of myeloid differentiation32).  

Taken together, these results suggest that RE drives the majority of deregulation of gene 

expression changes while the addition of both forms of c-KIT affects fewer genes with many 

of them being involved in regulating signalling pathways. However, the expression of mutant 

KIT selectively changes the expression of genes involved in the control of differentiation and 

apoptosis. 

In order to determine how the differences in gene expression correlated with chromatin 

accessibility, we performed an assay for transposase-accessible chromatin using sequencing 

(ATAC-seq) to map accessible regions of the chromatin in the transduced cells and compared 

them to the ATAC-seq from CD34+ CB cells. Hierarchical clustering of the ATAC-seq peaks 

again showed three distinct clusters consisting of a RE/CB/WT/N cluster, a CD34+ cluster and 

a t(8;21) patient cluster (Supplementary Fig. 3a), consistent with the PCA of the RNA-seq 

data. Interestingly, the in vitro generated cells clustered away from the t(8;21) patients 

including one carrying the KIT mutation, t(8;21)/KIT-2 AML33. This result shows that although 

all cells both express RE and mutated c-KIT, they still differ from patient cells. RE/CB cells 

showed a large number of changes in the accessible chromatin landscape as compared to 

CD34+ CB cells, with 4,650 ATAC-seq peaks being specific for RE/CB and 5,071 ATAC-seq 

peaks being specific for CD34+ CB (Figure 3a). Furthermore, while ETS, RUNX1, and GATA 

motifs were shared between the DNA motifs present within distal ATAC-seq peaks specific for 

the RE/CB and CD34+ CB, we observed a specific enrichment of E-Box and HOX motifs in 

the distal CD34+ CB specific ATAC-seq peaks (Supplementary Fig. 3b). To correlate 

accessible chromatin sites with RUNX1-ETO binding, we performed chromatin 

immunoprecipitation assays. RE ChIP-seq in RE/CB cells showed that RE is binding to the 

ATAC-seq peaks that are shared between RE/CB and CD34+ CB. In addition, the ATAC-seq 

peaks gained when RE was overexpressed correlated with decreased gene expression 

(outmost right panel). 

WT c-KIT and N822K c-KIT expression activate cis-regulatory elements with an AP-1 
motif signature 
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We next examined the effect of overexpressing mutant KIT on the chromatin landscape. The 

presence of N822K c-KIT resulted a loss of 1,449 and a gain of 434 ATAC-seq peaks. We 

also determined the binding sites for R/E and AP-1/JUND in RE/CB using ChIP (Figure 3a,b). 

To investigate whether the open chromatin patterns in the transduced cells correlate with a 

specific stage of myeloid differentiation, we compared the ATAC-seq data from RE/CB, 

RE/WT and RE/N to published ATAC-seq data that define the open chromatin regions of 

normal stem and progenitor cells representing different developmental stages34 (Figure 3b, 

Supplementary Fig. 3c). RE/CB open chromatin patterns correlated with those of CMP and to 

a lesser extent with GMP, MPP and MEP cells, suggesting a delay in hematopoietic 

differentiation at this stage and a presence of a mixed population of precursor cells. ATAC-

seq peaks specific for RE/CB (bottom- group 3) showed increased ETS and PU.1 motif 

enrichment. Open chromatin patterns specific for RE/N (top- group 1) also correlated with 

those of CMP cells but were enriched in AP-1 and GATA motifs. We next performed Chromatin 

immunoprecipitation assays followed by next generation sequencing (ChIP-Seq) to determine 

AP-1/JUND binding in RE/N to investigate whether the AP-1 bound genes annotated to the 

RE/N specific (group 1) or the RE/CB specific (group 3) were correlated with up or down 

regulated genes using Gene Set Enrichment (GSEA) analysis (Supplementary Fig. S4a, b; 

Supplementary Fig. 3d, Supplemental Table S3). GSEA plots showed that the RE/N specific 

AP-1/JUND target genes correlated with increased gene expression in RE/N cells. In all the 

three cell types, GATA and RUNX motifs were evenly distributed in the ATAC-seq peaks with 

R/E binding in these chromatin accessible regions, consistent with the fact that all three cell 

types express RE.  

To identify additional enriched transcription factor binding motifs within ATAC-seq peaks, we 

performed a more refined analysis. We compared each cell type of each other, then examined 

the enrichment of multiple motifs at peaks specific to each cell type and followed by clustering 

of the enrichment p-values (Figure 3c). This analysis shows how open chromatin regions 

specific for each cell type are enriched with a distinct cluster of motifs as compared to another. 

As compared to all other cell types, the open chromatin regions of CD34+ CB cells were 

enriched for TCF3, TAL1 and NF1 motifs, while ATAC-seq peaks in cells expressing RE were 

specifically enriched for WT1, STAT3, STAT5, ETS and MEF2 motifs. Cells expressing both 

the WT and N822K c-KIT, activated open chromatin regions enriched for AP-1, CREB, GATA 

and C/EBP motifs. Taken together, these results result strongly suggests that KIT 

overexpression activates the cAMP/AP-1 signalling pathway. 

Newly gained RE sites in RE/N cells correlate with increased RUNX1 and GATA2 
binding 
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The differential enrichment of GATA motifs prompted us to examine how the binding pattern 

of GATA2 and RUNX1 compared to the binding of AP-1 (JUND), and RE in N822K c-KIT 

expressing populations using ChIP-seq (Figure 4a). Overall, RE, GATA and JUND/AP-1 were 

bound predominantly to sites distal to the promoter and this general pattern were not affected 

by overexpression of KIT (Supplementary Fig. 4a). The binding of RE in RE/CB and RE/N 

cells showed a strong overlap with the RE binding sites from t(8;21) patients20 which were 

entirely contained within this data-set (Figure 4a). However, the expression of mutant KIT 

together with RE led to a shift in binding for GATA, JUND/AP-1 and RUNX1 to different sites 

as compared to expressing RE alone (Supplementary Fig. 4b-d) supporting the notion from 

the ATAC-seq analysis (Figure 3b) that the cells had shifted identity. In addition, and in 

concordance with activated signalling, JUND/AP-1 peaks in N822K c-KIT expressing cells 

were enriched for AP-1 and CREB motifs. Moreover, also RE binding changed after the 

expression of mutant c-KIT (Supplementary Fig. 4e). 

To test how the binding of RUNX1 and GATA in distal peaks related to distal RE peaks, we 

aligned RUNX1 and GATA2 binding sites in RE/CB and RE/N cells alongside the RE pattern. 

The analysis showed that 5,801 RE binding sites that were gained in RE/N cells, and 1,336 

sites were lost (Figure 4b). The overall pattern of accessible chromatin sites at RE peaks was 

not changed, however, newly gained RE sites were enriched for RUNX1 and GATA motifs 

which correlated with increased RUNX1 and GATA2 binding, indicating that the cells entered 

an altered and most likely more immature differentiation state as previously demonstrated35. 

This result was consistent with a reduced expression of the monocytic differentiation marker 

CD11b marker in KIT expressing cells, RE/WT and RE/N as compared to RE/CB cells 

(Supplementary Fig. 4f). 

To further characterise enriched motifs at the binding sites of RE, RUNX1, GATA2 and JUND 

in chromatin, we examined the enrichment of multiple motifs at binding sites specific for each 

factor in either RE/CB or RE/N cells by performing pair-wise analyses and then clustering the 

enrichment scores (Figure 4c). The analysis showed that the JUND specific peaks in both cell 

types besides being enriched for their own motifs, were enriched for Sp1 and KLF binding 

sites. However, NFIL3 motifs were only enriched in the JUND sites of the KIT expressing cells. 

Similarly, the GATA2 specific peaks in both cell types were enriched for EVI1 motifs, but 

C/EBP, PU.1 and NFIL3 motifs were more enriched in the RE/CB cells (Figure 4c and 

Supplementary Fig. 4c). Interestingly, RUNX1 specific peaks in both cell types were each 

enriched for distinct set of motifs. RUNX1 specific peaks in RE/CB cells were enriched for 

KLF, SPI1 and SMAD motifs whereas RUNX1 specific peaks in RE/N cells were enriched for 

EVI1, FOXO, SOX, NFAT and MYB motifs, indicating a different binding site distribution of this 

factor in response to mutant KIT expression.  
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The open chromatin signature of RE + KIT in vitro generated cells differs from the t(8;21) 
AML patient signature 

To investigate whether the open chromatin patterns from the in vitro generated double mutant 

cells were similar to those of t(8;21) AML patients that have the same KIT mutation, we 

compared the ATAC-seq peak profiles from RE/CB, RE/WT and RE/N cells to DNaseI-seq 

profiles from two t(8;21) AML patients33 (Figure 5a-b). A large number of open chromatin 

regions (10,172) were specific to the t(8;21) AML patient cell carrying the KIT mutation and 

were enriched for C/EBP, E-box, NF-κB and POU4F1 motifs. We next compared these DHS 

peaks to the published ATAC-seq peaks from cells of different stages of hematopoiesis 23 and 

found the DHSs specific to the t(8;21) patients aligned closely to the GMP and monocytic cells. 

Similarly, the average profile of the t(8;21) patient specific peaks correlated with high GMP 

peaks coverage (Figure 5c) with about 50% of the peaks overlapping with GMP peaks and 

40% of the peaks overlapping with those of monocytes (Figure 5d). The ATAC-seq peaks 

specific for in vitro generated RE/N cells aligned closely to the CMP open chromatin pattern 

by showing a high correlation and an about 60% overlap with CMP peaks (Figure 5c-d). RE/N 

specific ATAC-seq peaks were enriched for GATA motifs, again suggesting that the in vitro 

generated cells were more immature as compared to the patient cells. While both open 

chromatin regions from in vitro derived and patient cells showed enrichment of AP-1 motifs, 

the patient cells demonstrated an additional enrichment of the POU4F1 motif and motifs 

characteristic for an inflammatory signature (NF-κB) which were not observed in the in vitro 

cells. Our results therefore demonstrate a profound influence of the extracellular environment 

on the chromatin landscape of t(8;21) cells. 

 

Discussion 

Our work clearly demonstrates that the co-expression of RUNX1-ETO and N822K c-KIT has 

a profound effect on the growth behaviour of transduced cells with an enhanced re-plating 

ability and increased survival as shown previously13. Our study adds a global analysis to these 

findings by showing that the expression of N822K c-KIT in RE expressing cells is capable of 

further altering the accessible chromatin and transcription factor binding landscape. This result 

confirms our previous studies that chronic signalling processes in AML have the power to 

impose a specific chromatin signature on leukemic cells19. However, the major transforming 

agent is RUNX1-ETO whose expression in untransformed human progenitor cells correlated 

with an extensive reprogramming of gene expression. Deregulated genes consisted of those 

involved in multiple signalling pathways, with a down-regulation of genes involved in the MAPK 

and the inflammatory response pathways, including KIT itself. This finding could explain the 
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dependence of transduced cells on the continued presence of SCF even in the presence of 

an activated KIT. RE/CB cells may compensate for the lack of KIT expression by relying on 

off-target effects of SCF. 

When compared to the impact of RE, the effect of N822K c-KIT on gene expression when 

compared to RE expressing cells was lower and we observed few differences between genes 

up-regulated by WT-c-KIT and mutant c-KIT. KDR which encodes for the VEGF receptor 

(VEGFR2) was up-regulated in RUNX1/ETO expressing cells (including patient cells) and the 

expression of both versions of KIT further up-regulated this gene. It is of note that all analysed 

cell types expressed VEGFA and B indicated the presence of a potential autoregulatory loop 

(Supplemental Table S2). However, there were notable differences: for example, the gene 

encoding for the adenylate cyclase activating protein (ADCYAP1) which activates cAMP 

driven gene expression was further enhanced only in the presence of mutant c-KIT. Such 

activation could explain the increased occurrence of a CREB/AP-1 motif signature in RE/WT 

and RE/N cells. 

The expression of N822K c-KIT in RE/CB cells had a strong impact on the epigenome. 

Activation of this signalling pathway led to a shift in the active chromatin structure and affected 

the binding of several transcription factors, including RUNX1-ETO itself. The reason for this 

behaviour may be the activation of the AP-1 factor family which is known to cooperate with 

multiple other transcription factor to assist in the opening of novel chromatin regions, including 

other signalling responsive factors36-38. Our data are consistent with the idea that the enhanced 

re-plating activity of RE/N cells caused by the activation of KIT signalling is based on changes 

the identity of the cells towards a more immature state via a stable reprogramming of the 

epigenome. Further experiments will be required to test whether such signalling dependent 

epigenetic reprogramming is a priming event that is required to activate a gene expression 

program capable of generating leukemia in vivo as described in other blood cell types39.   

An important result from our study is our finding that in spite of a very similar RUNX1-ETO 

binding profile, in vitro generated cells still differ from the t(8;21) AML patient signature, as 

evidenced by a strong difference in the open chromatin profile with a different underlying 

transcription factor motif pattern. While both have the AP-1 motif signature, patient cells 

demonstrated an increased inflammatory signature in form of enriched NF-κB motifs which is 

not observed in the in vitro generated cells. We have previously shown that t(8;21) patients 

activate a large number of other signalling pathway genes33. Patient cells are also more 

differentiated with a chromatin pattern closer to that of GMP/Monocytic cells. This could be 

due to the umbilical cord blood RE target cells being different from the mutant HSCs 

generating t(8;21) AML. However, from our correlation data (Supplementary Fig. 3c), the 
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CD34+ CB cells are highly similar to CD34+ PBSCs.  We hypothesize that the difference 

between the in vitro generated cells to the t(8;21) AML is due to the fact that in vitro generated 

cells are grown in serum-free cultures containing a large number of cytokines (IL-3, IL-6, TPO 

and SCF) while blast cells from patients are exposed to the bone marrow niche and the 

cytokine mix present in a diseased organism which will shape the chromatin landscape in a 

different way. Our comparison therefore emphasizes the prominent role of signalling 

processes shaping the epigenome and thus the cellular identity of leukemic cells. While in 

vitro generated cells and cell culture are important tools to obtain mechanistic advances with 

the regards to the biochemistry of oncogene action, our study reinforces the importance of 

studying patient cells to obtain a true picture of how gene regulatory networks have been 

reprogrammed during the development of AML. 
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Figure 1: The expression of mutated KIT leads to chronic ERK phosphorylation and 
increased growth and survival  

a. Experimental strategy. Approximately 1x106 CD34+ cord blood cells were retrovirally 

transduced with RE expressing plasmid. These cells were sorted as pure population, 

expanded for a week and then the RE/CB cells were transduced again with either the WT 

c-KIT expressing plasmid or the N822K c-KIT expressing plasmid along with the retroviral 

packaging vector Gag/Pol and envelope vectors. 10-14 days after transduction, pure 

population of c-KIT positive cells were sorted using the CD117 surface marker. The cells 

were then subjected to RNA-seq and ATAC-seq, ChIP-seq, colony formation assay (CFU) 

and western blot. 

b. Western blot showing phosphorylated ERK1/2 (p-ERK1/2), total ERK1/2, RE and RUNX1 

protein from THP-1 untreated or treated with PMA and calcium ionophore for 6 hours or 
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untreated Kasumi-1, RE/CB, RE/WT in the presence or absence of SCF or SCF withdrawal 

for 24 hours and RE/N with SCF or SCF withdrawal for 24 hours. GAPDH served as 

loading control. Bar graphs showing quantification of p-ERK1/2 relative to GAPDH loading 

control. The respective values of biological replicates are indicated by the grey dots on the 

bar graphs; n=2.  

c. Growth curve of RE/CB, RE/WT (bulk population) and RE/N (bulk population) up to 18 

days after c-KIT transduction. Error bars, SD; n=3. ** denotes p<0.01 by paired t-test and 

* denotes p<0.05 by paired t-test for RE/N vs. RE/CB and RE/WT vs. RE/CB. 

d. Colony replating assays for RE/CB, RE/WT and RE/N cells. Approximately 10,000 cells 

were seeded for each plating on methocellulose in triplicate. Colonies were counted 10 

days after plating. Error bars, SD; n=3. ** denotes p<0.01 by paired t-test and * denotes 

p<0.05 by paired t-test. 
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Figure 2: The additional expression of KIT in a RE expressing background activates a 
limited set of genes 

a. Principal component analysis of the gene expression showing that it segregates into four 

different clusters as indicated. 

b. Hierarchical clustering gene expression changes as determined by RNA-seq in the 

different cell types. Unsupervised clustering of expression values from two independent 

replicates of genes changing expression at least Log2 (1.5) with the heatmap colour 

showing the degree of differential expression (fold change) in RE/CB as compared to 

CD34+ CB, RE/WT as compared to RE/CB and RE/N as compared to RE/CB. 

c. Number of differentially expressed genes, respectively (indicated above bars) as 

measured by RNA-Seq. Differentially expressed genes are those with an at least Log2 

(1.5) fold change in gene expression between RE/CB as compared to CD34+ CB, RE/WT 

as compared to RE/CB, RE/N as compared to RE/CB and RE/N as compared to RE/WT.   

d. Merged FPKM levels of c-KIT expression in CD34+ CB (n=1), RE/CB (n=2), RE/WT (n=2), 

RE/N (n=2), CD34+ PBSC (n=2) and t(8;21) patients (n=3). The respective values of 

independent replicates are indicated by the grey dots on the bar graphs. 
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Figure 3: Both mutant and WT c-KIT expression activate an AP-1 motif signature   

a. Comparison of distal ATAC-seq peaks in CD34+ CB and RE/CB cells. Peaks are ranked 

from top to bottom in order of increasing fold change relative to DNA sequence tag count 

for peaks identified in RE/CB relative to CD34+ CB cells. The bar alongside indicates the 

RE/CB specific ATAC-seq peaks (group 1), shared ATAC-seq peaks (group 2) and CD34+ 

CB specific ATAC-seq peaks (group 3). The motif density plots underlying the same 

coordinates are plotted along the same coordinates as the ATAC-seq peaks. The next 

panel shows RE ChIP binding in RE/CB cells plotted along the same coordinates as the 

ATAC-seq peaks. The heatmap on the outermost right depicts the relative expression of 
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genes nearest to each DHS and are ranked along the same coordinates as the ATAC-seq 

peaks. 

b. Comparison of distal ATAC-seq peaks in RE/CB and RE/N cells. Peaks are ranked from 

top to bottom in order of increasing fold change relative to DNA sequence tag count for 

peaks identified in RE/N relative to RE/CB. The distal ATAC-seq peaks in RE/WT cells are 

plotted alongside. The bar alongside indicates RE/N specific ATAC-seq peaks (group 1), 

shared ATAC-seq peaks (group 2) and RE/CB specific ATAC-seq peaks (group 3). The 

motif density plots underlying the same coordinates are plotted along the same 

coordinates. ATAC-seq tag counts from distinct myeloid progenitor cell types23 are ranked 

along the same coordinates as the RE/CB ATAC-seq peaks. RE and JUND/AP-1 ChIP 

binding in RE/CB cells are plotted along the same coordinates as the ATAC-seq peaks. 

Gene expression heatmap depicts the relative expression of genes nearest to each ATAC-

seq peaks and are ranked along the same coordinates as the ATAC-seq peaks. 

c. Heatmap showing motif enrichment after hierarchical clustering of motif occupancy in each 

specific peak set. Enrichment score was calculated by the level of motif enrichment in the 

unique DHSs, as compared to union of ATAC-seq peaks in the pair of experiments. The 

heatmap is based on motif enrichment scores thus depicting the degree of motif 

enrichment allowing identification of enriched motifs unique to each cell type. 
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Figure 4: Newly gained RE binding sites in RE/N cells correlate with increased RUNX1 
and GATA2 binding 

a. Venn diagram showing the RE peak overlap between RE/CB, RE/N and t(8;21) patient. 

b. Comparison of RE binding in RE/CB and RE/N cells. RE ChIP-seq peaks were ranked 

according to the fold difference of the normalised tag counts across 2 kb window. The bar 

on the outermost left indicates the RE/N specific sites (group 1), shared sites (group 2) 

and RE/CB specific sites (group 3). The ATAC-seq tag counts from RE/CB, RE/WT and 

RE/N are ranked alongside the RE binding sites. Next panels show RUNX1 and GATA2 

ChIP binding plotted alongside. The right panels show the density maps of the indicated 

motifs aligned to these coordinates. 

c. Hierarchical clustering of enriched motifs discovered in a pairwise comparison between 

ChIP-seq peaks between RE/CB and RE/N cells identifying unique peaks for each cell 

type. The enrichment score was calculated by the level of motif enrichment in the unique 

peaks as compared to union of peaks in the pair of experiments. The heatmap below 

depicts the degree of motif enrichment. Specific sets of enriched motifs unique to RE/CB 

are coloured in blue while specific sets of enriched motifs unique to RE/N are coloured in 

red. 
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Figure 5: CD34+ cells from N822K c-KIT mutant t(8;21) patients display a different open 
chromatin pattern than in vitro RUNX1/ETO - N822K c-KIT expressing cells 

a. Left panel: ATAC-seq profile spanning 2 kb windows for RE/N (in vitro) and DNaseI-seq 

profile from a t(8;21) patient with KIT mutation33. Peaks are ranked from top to bottom in 

order of increasing relative DNA sequence tag count for peaks identified in RE/N (in vitro) 

relative to t(8;21) patient with KIT mutation. The ATAC-seq peaks in RE/WT cells plotted 

alongside. The bar on the outermost left indicates the t(8;21) KIT mutant specific open 

chromatin regions (group 1), shared open chromatin regions (group 2) and RE/N specific 

open chromatin regions (group 3). Density maps of the indicated motifs underlying the 

same coordinates of the open chromatin regions are plotted alongside within +/-1 Kb 

windows. The next panels show the open chromatin profiles profiles spanning 2 kb 

windows for RE/CB, t(8;21) patient 333 and t(8;21) patient 433. The far right panels show 

ATAC-seq tag counts from distinct myeloid progenitor cell types23 are ranked along the 

same coordinates as the RE/N ATAC-seq peaks.   

b. De novo motif discovery in open chromatin regions specific for RE/N (left panel) and t(8;21) 

patient (right panel) with KIT mutation.  
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c. Average coverage of the ATAC-Seq peaks from distinct myeloid progenitor cell types23 

compared to the RE/N specific (top) and t(8;21) KIT mut specific (bottom) open chromatin 

regions. 

d. Bar graphs showing the percentage of peak overlap of the ATAC-Seq peaks from distinct 

myeloid progenitor cell types23 with the RE/N specific and t(8;21) KIT mut specific open 

chromatin regions. 

 

 


