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Summary  

 

Acute Myeloid Leukemia (AML) is caused by multiple mutations which dysregulate growth and 

differentiation of myeloid cells. Cells adopt different gene regulatory networks specific to individual 

mutations, maintaining a rapidly proliferating blast cell population with fatal consequences for the 

patient if not treated. The most common treatment option is still chemotherapy which targets such 

cells. However, patients harbour a population of quiescent leukemic stem cells (LSCs) which can 

emerge from quiescence to trigger relapse after therapy. The processes that allow such cells to re-

grow remain unknown. Here, we examined the well characterised t(8;21) AML sub-type as a model 

to address this question. Using a novel t(8;21) patient-derived xenograft model, we show that t(8;21) 

LSCs aberrantly activate the VEGF and IL-5 signalling pathways. Both pathways operate within a 

regulatory circuit consisting of the driver oncoprotein RUNX1::ETO and an AP-1/GATA2 axis allowing 

LSCs to re-enter the cell cycle while preserving self-renewal capacity. 
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Introduction 

 

Acute myeloid leukemia (AML) is a disease characterized by excessive production of blood 

progenitor cells known as blasts, which exhibit impaired differentiation capacity. This blast 

population is replenished by rare leukemia initiating cells, called leukemic stem cells (LSCs)1-3. LSCs, 

like healthy hematopoietic stem cells (HSCs) form a small proportion of leukemic cells and are 

generally quiescent2, they are therefore thought to be responsible for relapse following 

chemotherapy which targets rapidly proliferating blast cells. Thus, relapse is dependent on these 

cells receiving signals that induce them to re-enter the cell cycle, to proliferate to generate blasts 

and to repopulate the AML4. Whether LSCs are quiescent or proliferating is likely to be the result of 

transcriptional control in cooperation with signalling processes operating in the niche occupied by 

the cells. LSCs utilise growth control mechanisms similar but not identical to HSCs4, which may allow 

for selective targeting. For example, FoxM1 regulates the cell cycle specifically in MLL-rearranged 

LSCs5,6. Different subtypes of AML are caused by different mutations, and we have shown that blast 

cells adopt subtype-specific gene regulatory networks (GRNs) maintaining the leukemic 

phenotype7,8. It is largely unknown to what extent GRNs are already established in LSCs as compared 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 3

to blast cells as the latter dominate the transcriptional signature in bulk sequencing analysis. 

Decoding these GRNs is further complicated by the fact that even healthy HSCs have highly diverse 

transcriptional profiles9, and LSCs also show intra and inter-patient gene expression heterogeneity10. 

Understanding the mechanisms underlying subtype specific LSC gene regulation and the transition to 

leukemia regeneration may reveal critical therapeutic targets driving relapse. 

 

AML driven by the t(8;21) chromosomal translocation is one of the best characterised and common 

subtypes. Remission is achieved in around 90% of t(8;21) patients but they are prone to relapse 

associated with poor outcomes11. The translocation produces the RUNX1::ETO fusion protein, and 

the resulting AML has a unique GRN, with some aspects shared with bi-allelic CEBPA-mutated AMLs 

(biCEBPA) including a dependency on AP-1 and RUNX1 transcription factors7,12,13. The RUNX1::ETO 

oncoprotein is expressed under the control of the RUNX1 promoters and interferes with the normal 

action of RUNX1 by binding to the same sites in the genome14,15. AML with t(8;21) usually carries 

additional mutations in signalling molecules, such as KIT or FLT3 which are thought to substantially 

contribute to full leukemic transformation16,17. Furthermore, both cell extrinsic and intrinsic 

signalling are known to play roles in t(8;21) growth, whereby activation of the AP-1 pathway 

upregulates transcription of signalling and cell cycle genes18-20. t(8;21) AML is therefore an attractive 

model to study LSC activation and to identify targets aimed at preventing relapse. In this study, we 

determined the genome-wide t(8;21) LSC-specific open chromatin structure and gene expression 

profile. We also profiled LSCs at the single cell level using single cell RNA-Seq (scRNA-Seq) which, 

together with perturbation experiments using a novel PDX model for t(8;21) AML, identified the 

growth factors VEGFA and IL-5 and their receptors as key factors aberrantly driving the growth of 

this specific LSC subtype. Furthermore, we identify an oncoprotein driven transcription/signalling 

circuit, dependent upon the AP-1 family of transcription factors as mediators of VEGF/IL-5 signalling 

that regulates the balance between LSC maintenance and blast growth. 

 

Results 

 

t(8;21) LSCs exhibit mutation-specific gene expression and chromatin accessibility profiles 

 

In this study we employed t(8;21) AML as an archetypal model system to gain an understanding of 

the factors which activate LSC growth and drive relapse following chemotherapy. The development 

of t(8;21) AML from pre-leukemic cells is typically driven by mutations in signalling molecules such as 

KIT. To examine whether there is a mutation subtype-specific or global mechanism underlying the 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 4

control of the LSC growth status, we defined bulk transcriptional signatures for LSCs and blasts 

purified from two t(8;21) bone marrow samples (referred to from hereon as t(8;21) #1 and #2). 

Mutation profiling of bulk AML cells revealed that sample #1 had mutations in several key 

hematopoietic regulator genes including GATA1, KIT and WT1 at allele frequencies of 40% and 

higher, while sample #2 carried two FLT3 internal tandem duplications (ITD) and a RAD21 indel at 

allele frequencies ≤ 10% (Table 1). Cells were sorted for the CD34+/CD38- surface marker pattern to 

enrich for LSCs, with the CD34+/CD38+ fraction comprising leukemic blasts (Figure S1A)2,21, followed 

by genome-wide profiling of gene expression RNA-seq and open chromatin regions by ATAC-seq 

(Figure 1A). We used colony forming assays to verify the sorted populations, with 4 colonies per 

1000 cells observed from sorted LSCs and zero colonies from blasts from t(8;21) #2 (Figure S1B). 

QRT-PCR with specific primers targeting the fusion confirmed that these colonies expressed 

RUNX1::ETO and that they were not generated from contaminating wild-type cells (Figure S1C). Cells 

from t(8;21) #1 did not form colonies, but this is commonly observed for t(8;21) primary samples.  

 

In a previous study we used DNaseI-seq to profile open chromatin in CD34+ cells from four patients 

to show that t(8;21) AML adopts a reproducible subtype-specific chromatin accessibility pattern7. 

We compared these DNaseI-seq data from bulk CD34+ AML cells with ATAC-seq data derived from 

CD34/CD38-sorted t(8;21) LSCs and blasts, and with healthy CD34+ PBSCs. This experiment revealed 

that the t(8;21)-specific open chromatin signature, as compared to healthy cells was also found in 

LSCs (Figure 1B). However, when compared directly to blasts and ranked by the fold-change 

between the two, the LSC chromatin accessibility profile was not identical to that of blast cells 

(Figure S1D). Beyond the general t(8;21) signature, the open chromatin sites specific for LSCs were 

enriched for GATA motifs (Figure S1D and S1E) whilst the blast specific sites were enriched for C/EBP 

and PU.1 motifs, indicating a more mature myeloid epigenomic landscape in the blasts and a more 

immature accessibility pattern in LSCs22,23. RNA-seq data from sorted cells was used to identify blast 

and LSC enriched genes for each patient (Figure S1F). These genes were then compared between the 

two patients, and despite diverse genetic backgrounds beyond the t(8;21) a shared signature of 27 

blast genes and 30 LSC genes could be identified (Figure 1C, Table S1). Blast-specific genes included 

CD38 and the AZU1, PRTN3, ELANE and CFD mature neutrophil granule protein gene cluster, plus 

MPO and LYZ. LSC-specific genes included KLF9, DUSP5, RHOC and four beta globin genes. The latter 

are known to be active in multipotent hematopoietic progenitor cells24. The majority of the 

remaining LSC and blast genes specific to each patient were either not specific to one population or, 

whilst showing the same trend, did not reach the 2-fold difference threshold. LSC-specific genes 

were strongly associated with LSC-specific accessible chromatin whilst for blast specific genes the 
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correlation was weaker (Figure S1D). This finding may indicate that blast-gene cis-regulatory 

elements are already accessible and primed in LSCs.  

 

We next performed scRNA-seq on sorted LSCs and blasts because bulk RNA-seq neither reveals the 

heterogeneity present within the LSC population, nor how they transit to blasts. Purified LSCs were 

pooled with blasts prior to sequencing to better capture this rare population of interest. Cells were 

assigned in silico as LSC or blasts (Figure 1D) based on the bulk RNA-seq data. Patient 2 bone marrow 

contained an intermediate population of LSCs which had already begun to express blast genes in 

addition to LSC genes. Several clusters were identified within the scRNA-seq – 5 blast populations 

and 4 LSC populations, with two of the LSC populations in patient 2 assigned as a transitional 

population (LSC/blast; Figure 1E). Expression of the RUNX1T1 (ETO) transcript, which is not normally 

expressed in healthy cells25, was detected in 1825/2489 cells in patient 1 and 1480/2546 cells in 

patient 2, across all clusters confirming that they were all AML or pre-leukemic (Figure 1F). Clusters 

showed good purity as defined by specific cluster markers (Figure S1G). We then examined which 

clusters expressed AML-specific genes. This analysis defined 88 genes whose expression was at least 

2-fold higher on average in t(8;21) patients compared to other AML subtypes or healthy CD34+ 

PBSCs (Figure S1H) and plotted the Z-score of the expression of these 88 genes across the clusters 

(Figure 1G). The majority of these genes were most highly expressed in the LSC clusters, including 

genes known to be important for the t(8;21) phenotype such as POU4F1 and PAX5
26,27. Together 

these data show that the t(8;21)-specific regulatory network found in blasts is also found in LSCs. 

 

LSC and blast cells show cell cycle-specific gene expression heterogeneity 

 

We next sought to identify specific genes regulating the growth status of LSCs and blast cells. We 

first assigned a cell cycle status to each cell using scRNA-seq data and allocated the cells back to their 

clusters. This analysis demonstrated a significant intra-patient heterogeneity since we found a higher 

proportion of G0/G1 cells in patient 1 LSCs compared to blasts, but similar proportions of G0/G1 cells 

in patient 2 LSCs and blasts (Figures 2A and S2A). Genes specifically expressed in cells from each cell 

cycle phase were identified, including and beyond those used to assign the cell cycle stage. Whilst S 

and G2/M phase LSCs and blasts share similar gene expression profiles and are dominated by factors 

essential for cell cycle regulation, we found significant differences in G0/G1 gene expression between 

LSCs and blasts (Figure S2B). This analysis also revealed significant heterogeneity in patient 2 in cells 

belonging to each phase except for G2/M. Clinical data revealed that this patient suffered from an 

infection and carried a RAD21 mutation which affects the cohesin complex and may have perturbed 
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the proportion of cells entering and leaving the cell cycle. However, when we directly compared the 

gene expression pattern in G0/G1 LSCs and G0/G1 blasts from the two patients, we found that similar 

genes were expressed specifically in LSCs or blasts. G0/G1 LSCs expressed genes primarily associated 

with transcriptional control and negative regulation of the cell cycle, whilst the G0/G1 blast specific 

expression pattern was dominated by genes associated with translation and telomere maintenance, 

including elongation factors and ribosomal protein genes (Figure 2B, Table S2). The difference in 

expression of translation factors is reminiscent of the control of protein synthesis rates via 

phosphorylation of 4E-BP1 by which healthy HSCs regulate growth and quiescence28. Our data 

suggest that LSCs may use a related mechanism to control growth via signalling responsive control of 

translation. To investigate whether this was the case we performed mass cytometry on cultured cells 

from patient #2 and a further t(8;21) patient #3. Proliferation, as determined by Ki67 was higher in 

CD34+/CD38+ blasts than in CD34+/CD38- LSCs in both patients as expected (Figure 2C). 

Phosphorylation of AP-1 associated proteins CREB, JUN and JNK1/JNK2 was high in both patients, 

and more so in blasts than LSCs. Furthermore, blasts contained increased levels of phosphorylated 4-

EBP1 and S6 which are directly involved in control of protein translation (Figures 2C and S2C). In 

comparison, the STAT pathways and NF-κB were not differentially active. Together these data show 

that concordant with their quiescence, LSCs display reduced signalling influencing translation and 

the AP-1 pathway. 

 

Aberrant VEGF and IL-5 signalling in t(8;21) AML drives LSC activation and promotes the growth of 

a novel serially transplantable t(8;21) PDX model 

To identify candidate genes which may control LSC growth, we screened for genes associated with 

cell signalling processes which were specific to t(8;21) LSCs. Signalling mutations such as in the KIT 

gene giving rise to constitutively active receptor molecules appear to be insufficient to initiate LSC 

growth despite being found equally in LSCs and blasts.  This was also the case here, with t(8;21) #1 

harboring a KIT mutation and quiescent LSCs (Figure S2A)VEGFA and IL5RA mRNAs were found to be 

both largely t(8;21) specific and strongly enriched in LSCs (Figures 1G, 2D and 2E). Furthermore, the 

VEGFA receptor KDR was also aberrantly up-regulated in t(8;21) AML as compared to healthy PBSCs 

and all other AML subtypes except for biCEBPA (Figure 2E). In patient 2 we could detect single LSCs 

expressing the VEGFA receptor KDR, albeit at a low level (Figure 2D) and in patient 1 KDR transcripts 

were detected in the bulk RNA-seq (raw FPKM in LSCs: 0.23, in blasts < 0.01). VEGFA was expressed 

in some blasts, particularly in patient 2 and was generally not co-expressed with KDR (Figures 2D and 

S2D). GATA2 showed a high degree of co-expression with VEGFA, KDR and IL5RA (Figure S2E-F). 
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Pseudotime trajectory analysis confirmed that these GATA2 high, IL5RA/KDR/VEGFA positive LSCs 

were at the apex of the differentiation hierarchy (Figure S2F-G).  

To assess the roles of IL-5 and VEGF signalling we used two t(8;21) cell line models: Kasumi-1 and 

SKNO-1. IL-5 signalling was not assessed in Kasumi-1 as this cell line does not express IL5RA nor 

display accessible chromatin at this locus29. We cultured cell lines in the presence of exogenous 

VEGF or IL-5 to maximally stimulate their respective receptors. In all cases the growth rate increased 

after addition of the cytokines (Figures 3A-D). We next used the VEGFA inhibitor bevacizumab30, with 

no additional VEGF (as the AML cells express it already), and the IL5RA inhibitor benralizumab31 with 

or without exogenous IL-5, to test whether the inhibitors would abrogate growth stimulation. Both 

inhibitors reduced growth rates (Figures 3A-C and S3A-C), although growth was not fully blocked 

which was expected as not all cells express IL5RA or KDR on the surface (Figure S3D). Response to 

benralizumab was more pronounced with the addition of exogenous IL-5 (Figures 3B and S3B). 

Addition of IL-5 could not compensate for the dependency of SKNO-1 on GM-CSF, even though these 

cytokines signal via the same receptor beta chain (Figure S3E). Our data therefore show that VEGF 

and IL-5 signalling promote the growth of t(8;21) AML cells. 

 

We then carried out colony forming assays in the presence of the VEGF and IL-5 inhibitors 

bevacizumab and benralizumab (+/- additional IL-5). In both cell lines bevacizumab led to a small 

reduction in the number of colonies formed initially in concordance with the reduced growth rate, 

whilst benralizumab had no impact upon primary colony forming capacity (Figures 3D-F). However, 

when the colonies were replated a significantly higher number of colonies were formed in the 

presence of bevacizumab or benralizumab+IL-5 indicating a higher capacity for self-renewal (Figures 

3D-F). Thus, blocking VEGF or IL-5 signalling stalls the cells in an increased self-renewing state. 

 

Our next experiment directly studied whether IL-5 and/or VEGF signalling were indeed capable of 

stimulating the growth of primary LSCs. To this end, we used different membrane tracking dyes to 

separately label purified LSCs and blasts from t(8;21) patient #2 peripheral blood grown in cytokine-

rich media with or without IL-5 and VEGF (Figures 3G and 3H). Similar proportions of LSCs and blasts 

were detected at the end of each assay with or without IL-5/VEGF, comparable to the proportion 

which were sorted and stained at the start, confirming the reliability of the membrane stains (Figure 

3H). The fidelity of the gates was also confirmed by staining known proportions of unsorted cells. 

Both LSCs and blasts proliferated during the experiment in response to the cytokines present in the 

basic culture medium which includes IL-3 and GM-CSF. After the addition of IL-5 and VEGF, 

proliferation as measured by EdU incorporation increased, from 73% to 80% in the blasts and from 
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73% to 85% in LSCs. Results were the same regardless of which dye was used for which cell 

population (Figure S3F). Notably, the membrane dye was more variably detected with addition of IL-

5 and VEGF - particularly for the LSCs - due to dilution following cell division.  

 

In order to generate an unlimited source of human primary t(8;21) cells we developed a patient-

derived xenograft (PDX) generated from t(8;21) patient #4 who relapsed with a KIT D816V mutation. 

This is - to our knowledge - the first PDX from a t(8;21) patient capable of serial re-engraftment32, 

which can be cultured ex vivo but does not form colonies. Upon secondary engraftment the PDX 

maintained the gene expression pattern of the original patient cells (Figure S4A) with a leukaemia 

initiating cell frequency of >10-3 (Figure S4B). As with the cell lines, addition of VEGF or IL-5 to 

cultured PDX cells stimulated growth, whilst the inhibitors both reduced growth (Figures 4A-C). 

Combining VEGF and IL-5 in the PDX culture did not have an additive growth effect (Figure 4A). 

Healthy CD34+ cells showed no response to bevacizumab or benralizumab in the effective dose 

range observed in Figure 4 for the t(8;21) cells (Figures S4C-D). We then tested inhibition of VEGFA 

and IL5RA in vivo by injecting PDX cells intra-femorally into NSG mice and treating the animals for 41 

days with bevacizumab or benralizumab (Figure 4D). Engraftment was measured by sampling 

peripheral blood after 72, 84 and 92 days, and bone marrow was taken at the endpoint on day 92 

from the injected (right) femur and the contra-lateral (left) leg. Fewer human CD45+ cells were 

found in peripheral blood samples from treated mice compared to vehicle only controls (Figures 4E-F 

and S4E). All hCD45+ cells measured in peripheral blood were CD34+ and CD33+ showing that the 

cells underwent little or no myeloid differentiation. KDR and IL5RA positive cells were found 

predominantly in the LSC compartment of the recovered PDX cells (Figures 4G-H), demonstrating 

that the PDX model faithfully recapitulates the phenotype of the primary cells from the two patients. 

These KDR/IL5RA double positive LSCs were depleted by both inhibitors, with KDR positive LSCs 

further depleted by bevacizumab only (Figures 4I-J and S4F). We also noted a modest increase in the 

proportion of CD34-/CD11b+ cells indicative of more mature cells in the non-injected bone marrow 

only with treatment (Figures S4G-H). 

 

These results confirm that t(8;21) patient cells proliferate in response to VEGF and IL-5, 

preferentially in the LSC compartment. Taken together, these data show that control of LSC growth 

and self-renewal is mediated by VEGF and IL-5 signalling. 

 

VEGF and IL-5 signals terminate at the AP-1 family of transcription factors 
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We then asked how VEGF and IL-5 signalling exert their effects on LSC growth. Both signalling 

pathways are known to function via MAP-Kinase activation of the AP-1 family of transcription factors 

to control gene expression, and we and others have shown that AP-1 is a critical regulator of growth 

and gene expression in t(8;21) AML7,18,20. To investigate this idea, we generated Kasumi-120 and 

SKNO-1 cell lines expressing a doxycycline-inducible, flag-tagged, broad range dominant negative 

FOS (dnFOS) peptide33. AP-1 binding to DNA is dependent upon its assembly as a heterodimer of FOS 

and JUN family proteins coupled via the leucine zipper domains that are adjacent to the basic DNA 

binding domains. In dnFOS the basic domain is replaced by an acidic domain that binds tightly to the 

opposing JUN basic domain, thereby blocking binding of all JUN family proteins to DNA. When 

induced, the peptide was largely localised to the cytoplasm, presumably sequestering JUN proteins 

before they reach the nucleus (Figure S5A). Combining dnFOS induction with VEGF or IL-5 treatment 

drastically reduced growth rates compared to the control, negating the stimulation of growth by 

either factor (Figures 5A-B). The combination of bevacizumab and dnFOS did not show any additive 

effect (Figures 5A-B). FOS ChIP-seq with Kasumi-1 cells after treatment with bevacizumab showed an 

almost complete ablation of FOS binding (Figures 5C and S5B). Induction of dnFOS in both t(8;21) cell 

lines alone significantly reduced the growth rate as compared to an empty vector (EV) control 

(Figures 5D-E and S5C-D). Furthermore, dnFOS induction significantly reduced colony formation 

initially but increased comparative re-plating capacity (Figures 5F-G). These results are in 

concordance with the reduced growth and increased self-renewal seen with bevacizumab and 

benralizumab treatment and show that blocking AP-1 with dnFOS can be used to simultaneously 

inhibit both IL-5 and VEGF-stimulated growth. In summary, our data demonstrates that VEGF and IL-

5 signalling controls growth and self-renewal of LSCs upstream of AP-1. 

 

AP-1 orchestrates a shift in transcriptional regulation from an LSC to a blast pattern  

 

The data described above suggest that VEGF and IL-5 signalling activate AP-1 to regulate LSC growth. 

Therefore, we next sought to understand how this circuit feeds into control of gene expression 

regulating growth. To this end we performed DNaseI-seq, RNA-seq and ChIP-seq experiments for 

multiple transcription factors (FOS, C/EBPα, RUNX1, RUNX1::ETO, PU.1, GATA2) in Kasumi-1 cells 

with or without dnFOS induction and integrated the data to link AP-1 binding to the wider gene 

regulatory network. Experiments used a Kasumi-1 cell clone (Figure 6A) expressing high levels of 

dnFOS in response to doxycycline (Figure S6A). Previously published promoter capture HiC data in 

the same cell line allowed us to accurately assign distal cis-regulatory elements to their genes34.  
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The comparison of LSC and blast open chromatin regions had shown that LSC-specific accessible 

chromatin sites were enriched in GATA motifs (Fig S1D). We noted that DNaseI-seq in Kasumi-1 cells 

expressing dnFOS showed gain of chromatin accessibility associated with increased binding of 

GATA2 mostly at distal chromatin sites (Figures 6B and S6B). Lost chromatin accessibility was 

associated with loss of binding of FOS, RUNX1, RUNX1::ETO, C/EBPα and PU.1. To ask whether these 

factors are binding in combination and therefore were jointly lost directly due to blockade of FOS 

binding, we examined the ChIP signal across a union of gained and lost binding sites for all six factors 

and performed a correlation analysis of the tag counts (Figure 6C). This analysis examines whether 

the gained and lost peaks are the same for each factor, and indicated highly correlated binding 

patterns of RUNX1, RUNX1::ETO, FOS and C/EBPα at lost sites (Ctrl) and correlation of GATA2, 

C/EBPα and FOS binding at gained sites (Figure 6C). Furthermore, an analysis of the motif spacing in 

the lost sites in each ChIP showed similar proximity of the RUNX1, RUNX1::ETO and C/EBP consensus 

sequence to the AP-1 motif (Figure S6C).  Motif enrichment analysis confirmed that the gained sites 

(dnFOS) were particularly enriched for GATA, but not AP-1 motifs, whilst the lost sites (CTRL) shared 

AP-1, C/EBP and composite C/EBP:AP-1 motifs (Figure 6D). C/EBP and AP-1 family members can 

heterodimerise35 and CEBPA is repressed in t(8;21) AML. We therefore queried whether this result 

indicated that AP-1:C/EBP heterodimers were being disrupted, and if this was a facet of the 

importance of AP-1 in t(8;21) AML. We therefore expressed a dnCEBP peptide in an inducible fashion 

as well12,33. C/EBP is required to maintain the viability of Kasumi-1 cells and whilst dnCEBP expression 

led to loss of open chromatin containing AP-1, C/EBP, CEBP:AP-1 composite and RUNX1 binding 

motifs, it did not lead to gain of sites associated with GATA binding but instead gained AP-1 and 

RUNX1 binding sites (Figure S6D)12. Directly comparing the sites which were lost and gained with 

dnFOS and dnCEBP revealed that sites which were gained with dnFOS also gained accessibility with 

dnCEBP, and sites lost with dnCEBP also lost accessibility with dnFOS (Figure S6D) but the overlap 

was incomplete (Figure S6E) underpinning the discrepancy in motif patterns. Therefore, dnFOS and 

dnCEBP do not impact upon the same aspects of gene regulation, and whilst loss of AP-1 binding is 

associated with loss of C/EBPα binding, loss of AP-1 activity specifically contributes to a gain of 

GATA2 binding.  

 

After induction of dnFOS expression, 226 genes were significantly up-regulated and 60 were down-

regulated by at least 2-fold (Figure S6F, Table S3). The comparison of binding alterations as 

measured by ChIP and gene expression changes showed that loss of FOS, RUNX1 and RUNX1::ETO 

binding led to both up and down-regulation of genes (Figure S6G). However, the acquisition of 

GATA2 binding was predominantly observed at elements associated with up-regulated genes (white 
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shows lack of binding at an element). GATA2 expression was also up-regulated, with increased 

binding to its enhancers thus setting up an auto-regulatory loop (Figures S6H and S6I). GATA2 is a 

key regulator of stem cell maintenance23 and we and others have shown that GATA2 is expressed in 

LSCs (Figure 1)36. To examine whether the increase in GATA2 binding after AP-1 inhibition would lead 

to a reactivation of LSC-specific genes we first examined transcription factor binding at LSC or blast 

cell specific genes as defined in Figure 1 with and without dnFOS induction in Kasumi-1 cells (Figure 

6E). This analysis showed a relative reduction in binding of FOS, RUNX1 and GATA2 at blast 

associated sites, whilst GATA2, RUNX1::ETO, PU.1 and FOS binding was increased at LSC-specific sites 

in the absence of AP-1 activity (Figure 6E). We then investigated histone modifications associated 

with promoter activation and silencing at the LSC and blast specific genes. This analysis showed that 

in the Kasumi-1 cell line LSC-specific gene promoters were bound by H3K27me3 (Figure 6F). 

Moreover, LSC promoters were also marked with H3K4me3 indicating that they are in a bivalent or 

poised chromatin conformation37. Together these data show that inhibiting AP-1 leads to 

reactivation of poised LSC genes in blast cells, and a silencing of blast genes through a shift in FOS 

and PU.1 to GATA2 sites and loss of RUNX1 particularly from AP-1 and C/EBP sites. 

 

AP-1 is required for maintenance of the blast program 

 

To confirm the notion that inhibition of AP-1 restores an LSC signature in primary t(8;21) AML cells, 

we transduced dnFOS or an empty vector control into PDX cells and into healthy CD34+ PBSCs. We 

sorted the GFP expressing cells following transduction and dox induction resulting in a population 

expressing either GFP alone or dnFOS (Figures 7A and S7A). In PDX cells 160 genes were up-

regulated and 129 genes down-regulated by at least 2-fold whilst in the healthy cells fewer genes 

were de-regulated (Figures 7B and 7C, Table S4). In concordance with this result, healthy cells did 

not show a phenotypic response to dnFOS in colony forming assays (Figure S7B). To ask whether 

dnFOS induction impacted the LSC and blast gene expression programs, we performed GSEA based 

on the joint t(8;21) LSC and blast genes (Figure 1C), as well as the LSC and blast specific genes from 

each patient respectively. In all cases, the genes up-regulated in the PDX cells expressing dnFOS 

were strongly enriched for LSC genes, and the down-regulated genes for the blast signature, which 

was not the case for healthy PBSCs (Figures 7D-F and S7C-F).  

 

The signalling response of t(8;21) cells operates within a RUNX1::ETO dependent regulatory circuit  
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RUNX1::ETO is required for the maintenance of the leukemic state in t(8;21) cells as its depletion 

activates a C/EBPα-dependent myeloid differentiation program14,15,34,38. The above data show that 

AP-1 is also required to support growth of t(8;21) cells but AP-1 family member gene expression is a 

feature of most subtypes of AML (Figure S8A). Of the six AP-1 family genes most highly expressed in 

t(8;21) AML we found that all were expressed at significantly higher levels in LSCs compared to 

blasts in patient 1, and all except FOSB showed significantly higher expression in LSCs and/or the LSC 

transition population in patient 2 (Figure S8B). Furthermore, the expression of RUNX1::ETO leads to 

the activation of JUN expression17,39,40.  We therefore asked how the VEGF and IL-5 signalling 

pathways, together with AP-1 family members, are regulated with respect to the driver oncoprotein 

RUNX1::ETO by investigating gene expression and the genomic landscape with and without 

RUNX1::ETO depletion in a Kasumi-1 cell line carrying an inducible shRNA targeting RUNX1::ETO. The 

knockdown experiments showed that JUNB, JUN and JUND were up-regulated in the presence of 

RUNX1::ETO, whilst expression of their partners FOS and FOSB was not (Figure 8A). VEGFA was also 

down-regulated with RUNX1::ETO knockdown suggesting that both the specific signalling molecules 

and the downstream regulators are all influenced by the presence of the driver oncoprotein (Figure 

8A). FOS shows a large overlap in binding sites with JUN and JUND34 in wild-type Kasumi-1 cells as 

shown by ChIP-Seq (Figure S8C). However, JUN and FOS proteins behaved differently with respect to 

RUNX1::ETO depletion, as exemplified by FOS and JUND. JUND binding and expression were 

decreased after knockdown of RUNX1::ETO (Figures 8A and 8B). In contrast, FOS was lost from distal 

cis-regulatory elements containing AP-1 motifs and re-distributed to promoters with accessible 

chromatin and bound PolII (Figures 8B, S8D and S8E). Most FOS and RUNX1::ETO binding sites, whilst 

responsive to oncoprotein depletion, do not overlap. However, many FOS sites do overlap with 

RUNX1 binding (Figure S8F). Together these data show that both AP-1 expression and localisation 

are orchestrated by RUNX1::ETO and further regulated by VEGF and IL-5 signalling. We next asked 

how RUNX1::ETO, AP-1 and the response to VEGF and IL-5 signalling are integrated into control of 

the chromatin landscape underpinning leukemogenesis. We found that the signalling responsive 

histone modification H3K9acS10P41 was dramatically and globally reduced following RUNX1::ETO 

knockdown despite an increase in total H3K9ac (Figure S8G)14. Although not directly associated with 

the altered FOS binding the loss of this histone modification implies signalling to chromatin indeed 

relies upon RUNX1::ETO.  

AP-1 gene expression and its binding to DNA are normally only detected at a substantial level in the 

presence of active signalling42. To investigate whether the expression of VEGFA and IL5RA is 

signalling or RUNX1::ETO responsive and thus form a regulatory circuitry, we examined their cis-

regulatory regions. We assembled DNaseI-seq data from t(8;21) AML patients together with  the 
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above-described DNaseI-seq and ChIP-seq data for myeloid transcription factors from Kasumi-1 cells 

in the presence or absence of dnFOS. Two results were noteworthy: (i) All three genes showed a DHS 

at their promoters in healthy PSBCs (Figures 8C-E) and in purified HSCs22  suggesting that their 

promoters were still poised for expression; (ii) the VEGFA and KDR promoters were bound by FOS 

whose binding was responsive to dnFOS and RUNX1::ETO depletion, linking gene expression control 

directly to factor binding. 

At the IL5RA locus, two specific DNaseI peaks were detected in t(8;21) AML patients (Figure 8C, 

indicated by a grey bar) but not in healthy PBSCs. No ChIP-seq signal was detected here, due to the 

likely loss of this region of chromosome in Kasumi-1 cells.  A motif search in the DNaseI 

hypersensitive sites (DHSs) from primary cells revealed GATA, PU.1, FOX, AP1, CREB/ATF and RUNX 

binding motifs (Figures 8C and S8H). Regulation of VEGFA and KDR was more complex, with multiple 

peaks and broad regulatory regions (Figures 8D and 8E). None of the DHSs were exclusive to LSCs, 

suggesting that signalling-responsive transcription factor binding activity controls specificity of 

expression. After inhibition of AP-1 by dnFOS we indeed observed loss of chromatin accessibility and 

FOS binding at these DHSs, and at some peaks loss of RUNX1 binding as well. After shRUNX1::ETO 

induction, both FOS binding and the H3K9acS10P were largely unchanged at these sites, despite 

VEGFA expression going down after RUNX1::ETO knockdown (Figure 8A). Taken together, our data 

show that VEGFA, KDR and IL5RA are regulated by a complex interplay of activating and repressing 

transcription factors operating within the context of a primed and signalling responsive chromatin 

landscape. 

 

Discussion 

 

In this study, we have shown that t(8;21) LSCs specifically utilise VEGF and IL-5 signalling to promote 

growth. VEGF and IL-5 are aberrantly expressed in t(8;21) LSCs as part of a regulatory circuit 

involving the driver oncogene RUNX1::ETO and the AP-1 complex as a mediator of signalling. This 

interplay forms a feed-forward loop with RUNX1::ETO at the apex (Figure 8F). RUNX1::ETO blocks 

differentiation by down-regulating CEBPA
43 and disrupting PU.1 and RUNX1 driven control of 

myelopoiesis14,44
. Simultaneously, RUNX1::ETO, when expressed on its own, blocks the cell cycle17 

which is overcome via AP-1 dependent gene regulation20. Moreover, AP-1 is also required for 

myeloid differentiation as its inhibition up-regulates GATA2 expression and shifts cells to a more 

immature state. JUN is up-regulated in an indirect but RUNX1::ETO dependent fashion40 whereas 

FOS expression is controlled by outside signals as well45 but expression itself does not respond to 
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RUNX1::ETO. In summary, the acquisition of signalling mutations and/or signals from the niche cause 

the up-regulation and post-translational activation of the AP-1 complex. AP-1 then orchestrates 

changes in the transcriptional program through altering CEBPA, PU.1, RUNX1 and GATA2 binding 

patterns, leading to a reversible silencing of LSC genes and the activation of blast genes, preserving 

self-renewal capacity whilst allowing cell expansion. 

 

Like healthy HSCs, LSCs mostly remain quiescent, allowing them to evade chemotherapy, despite the 

presence of constitutively active mutant cytokine receptors which drive proliferation of blasts. The 

expression of RAS mutations and likely also mutant growth factor receptors activating the RAS 

pathway is detrimental to HSC maintenance even in the presence of RUNX1::ETO46. Thus, LSCs 

carrying such mutations are likely not to arise from HSCs, but instead co-opt the chromatin profile 

and gene expression patterns of such cells5,47, including expression of GATA2 and JUNB which control 

the regulation of cell cycle genes48-50. The fact that LSCs develop an HSC-like regulatory phenotype 

may be part of a chemotherapy response51 or occur because of the absence of specific growth 

signals at their location, as mimicked by the dnFOS experiments shown here. We have shown here 

that LSC-specific genes are marked with bivalent chromatin meaning they are not irreversibly 

silenced52-54, and can be re-activated when signals to LSCs are blocked, forming a feedback loop that 

prepares cells to respond to extrinsic signals. 

 

VEGFA, KDR and IL5RA are not normally expressed in myeloid or stem cells but show a primed 

chromatin structure in HSCs with the promoters being still hypersensitive and ready to be 

expressed22. Each of these genes is a target for AP-1 mediated signalling transduction in established 

AML cells, but AP-1 is also involved in co-opting VEGFA into supporting the growth of non-myeloid 

leukemic cells55. VEGFA, KDR and IL5RA are also GATA2 targets, whereby GATA2 further co-operates 

with AP-156 and is specifically expressed in LSCs which are poised to cycle57. An important result from 

our study is therefore that the exact signalling pathways employed by LSCs are highly subtype 

specific, relying on the specific interplay of the driver mutation with the stem cell program. Using 

published scRNA-seq data we can confirm this notion, with a cluster of cells co-expressing IL5RA, 

VEGFA and GATA2 detected in the t(8;21) AML sample58. During embryonic development and 

thereafter VEGFA and KDR which are part of the endothelial gene expression program are repressed 

by RUNX159, RUNX1::ETO disrupts the action of wild-type RUNX1 on VEGFA/KDR60 and endothelial 

gene expression remains elevated61,62. In biCEBPA mutant AML, RUNX1 expression is down-

regulated12 as well and as a result VEGFA, KDR and IL5RA are still expressed but at a lower level than 

in t(8;21). However, note that the shared IL-3/IL-5/GM-CSF receptor CSF2RB is specifically enriched 
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in GATA2-high biCEBPA-mutant LSCs12. Moreover, inspection of LSC and blast cell single cell data 

demonstrated that also this type of AML activates a specific, but different growth factor / receptor 

pair suggesting that pathway hijacking is used by more than one AML sub-type12. 

 

Activation of mis-expressed signalling pathways in LSCs leads to the re-generation of full-scale 

leukemia with the signals coming from the environment in which they reside. IL-5 is normally 

produced by eosinophils, mast cells and stromal cells, whilst VEGF-signalling is coming from the 

vascular niche as well as from AML cells themselves. VEGF also contributes to engineering of the 

niche by leukemic cells to better support their growth63-65. In this scenario, relapse is inevitable as 

LSCs are ready and waiting for the signals which will eventually arrive. It has been shown that LSCs 

undergo a transient amplification after chemotherapy51. Therapy therefore needs to simultaneously 

target rapidly growing blast cells and block signalling to prevent re-entry of LSCs into the cell cycle. In 

t(8;21) AML this may be achieved by repurposing the FDA approved monoclonal antibodies 

bevacizumab and/or benralizumab. Inhibition of VEGF by bevacizumab has been previously trialled 

in AML to block remodelling of the niche but only 2 core-binding factor AML patients of unknown 

genotype were included66 and the results overall were therefore inconclusive. In summary, our work 

highlights the importance of studying the fine details of AML sub-type specific gene regulatory 

networks impacting on specific mechanisms of growth control to find the right therapeutic targets to 

prevent relapse.  

Acknowledgements 

This work was funded by grants to C.B. and P.N.C. from Blood Cancer UK (20006), a grant from the 

Medical Research Council (MR/S021469/1) to C.B., P.N.C and O.H, a Cancer Research UK programme 

grant (C27943/A23389) and a KIKA programme grant (329) to OH, a Leukemia UK John Goldman 

Fellowship (2021/JGF/001) to D.J.L.C and a Cancer Research UK studentship to A.A. Benralizumab 

was obtained from Astra Zeneca in the context of the Open Innovation scheme. The authors would 

like to acknowledge Celina Whalley of Genomics Birmingham and Guillaume Desanti of the 

University of Birmingham Flow Cytometry facility for support of next-generation sequencing and cell 

sorting experiments. We would like to thank the West Midlands Regional Genetics Laboratory for 

supplying mutation data linked to AML patient samples. We would like to thank Hesta McNeill and 

Samantha Jepson Gosling of Newcastle University for their technical assistance. 

Author contributions 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 16

S.G.K and C.B. conceived and directed the work and wrote the paper, S.G.K., S.P., H.J.B., P.S.C, A.P., 

A.W., L.A. A.A., D.J.L.C, N.K., A.K-H. performed experiments, M.R. and S.P. provided patient cells, 

S.G.K., P.K and S.A.A. analysed data, P.N.C. helped writing the paper, H.J.B. and O.H. directed the 

mouse work and helped writing the paper.  

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. Reya, T., Morrison, S.J., Clarke, M.F., and Weissman, I.L. (2001). Stem cells, cancer, and 
cancer stem cells. Nature 414, 105-111. 10.1038/35102167. 

2. Lapidot, T., Sirard, C., Vormoor, J., Murdoch, B., Hoang, T., Caceres-Cortes, J., Minden, M., 
Paterson, B., Caligiuri, M.A., and Dick, J.E. (1994). A cell initiating human acute myeloid 
leukaemia after transplantation into SCID mice. Nature 367, 645-648. 10.1038/367645a0. 

3. Bonnet, D., and Dick, J.E. (1997). Human acute myeloid leukemia is organized as a hierarchy 

that originates from a primitive hematopoietic cell. Nature Medicine 3, 730-737. 
10.1038/nm0797-730. 

4. Sachs, K., Sarver, A.L., Noble-Orcutt, K.E., LaRue, R.S., Antony, M.L., Chang, D., Lee, Y., Navis, 
C.M., Hillesheim, A.L., Nykaza, I.R., et al. (2020). Single-Cell Gene Expression Analyses Reveal 
Distinct Self-Renewing and Proliferating Subsets in the Leukemia Stem Cell Compartment in 

Acute Myeloid Leukemia. Cancer Research 80, 458-470. 10.1158/0008-5472.CAN-18-2932. 
5. O'Reilly, E., Zeinabad, H.A., and Szegezdi, E. (2021). Hematopoietic versus leukemic stem cell 

quiescence: Challenges and therapeutic opportunities. Blood Rev 50, 100850. 
10.1016/j.blre.2021.100850. 

6. Sheng, Y., Yu, C., Liu, Y., Hu, C., Ma, R., Lu, X., Ji, P., Chen, J., Mizukawa, B., Huang, Y., et al. 
(2020). FOXM1 regulates leukemia stem cell quiescence and survival in MLL-rearranged 
AML. Nat Commun 11, 928. 10.1038/s41467-020-14590-9. 

7. Assi, S.A., Imperato, M.R., Coleman, D.J.L., Pickin, A., Potluri, S., Ptasinska, A., Chin, P.S., 
Blair, H., Cauchy, P., James, S.R., et al. (2019). Subtype-specific regulatory network rewiring 
in acute myeloid leukemia. Nature Genetics 51, 151-162. 10.1038/s41588-018-0270-1. 

8. Xu, J., Song, F., Lyu, H., Kobayashi, M., Zhang, B., Zhao, Z., Hou, Y., Wang, X., Luan, Y., Jia, B., 
et al. (2022). Subtype-specific 3D genome alteration in acute myeloid leukaemia. Nature 

611, 387-398. 10.1038/s41586-022-05365-x. 
9. Haas, S., Trumpp, A., and Milsom, M.D. (2018). Causes and Consequences of Hematopoietic 

Stem Cell Heterogeneity. Cell Stem Cell 22, 627-638. 10.1016/j.stem.2018.04.003. 
10. van Galen, P., Hovestadt, V., Wadsworth Ii, M.H., Hughes, T.K., Griffin, G.K., Battaglia, S., 

Verga, J.A., Stephansky, J., Pastika, T.J., Lombardi Story, J., et al. (2019). Single-Cell RNA-Seq 
Reveals AML Hierarchies Relevant to Disease Progression and Immunity. Cell 176, 1265-
1281.e1224. 10.1016/j.cell.2019.01.031. 

11. Marcucci, G., Mrózek, K., Ruppert, A.S., Maharry, K., Kolitz, J.E., Moore, J.O., Mayer, R.J., 
Pettenati, M.J., Powell, B.L., Edwards, C.G., et al. (2005). Prognostic factors and outcome of 
core binding factor acute myeloid leukemia patients with t(8;21) differ from those of 
patients with inv(16): a Cancer and Leukemia Group B study. J Clin Oncol 23, 5705-5717. 
10.1200/jco.2005.15.610. 

12. Adamo, A., Chin, P., Keane, P., Assi, S.A., Potluri, S., Kellaway, S.G., Coleman, D., Ames, L., 

Ptasinska, A., Delwel, H.R., et al. (2022). Identification and interrogation of the gene 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 17

regulatory network of CEBPA-double mutant acute myeloid leukemia. Leukemia. 

10.1038/s41375-022-01744-5. 
13. Ben-Ami, O., Friedman, D., Leshkowitz, D., Goldenberg, D., Orlovsky, K., Pencovich, N., 

Lotem, J., Tanay, A., and Groner, Y. (2013). Addiction of t(8;21) and inv(16) acute myeloid 
leukemia to native RUNX1. Cell Rep 4, 1131-1143. 10.1016/j.celrep.2013.08.020. 

14. Ptasinska, A., Assi, S.A., Mannari, D., James, S.R., Williamson, D., Dunne, J., Hoogenkamp, M., 

Wu, M., Care, M., McNeill, H., et al. (2012). Depletion of RUNX1/ETO in t(8;21) AML cells 
leads to genome-wide changes in chromatin structure and transcription factor binding. 

Leukemia 26, 1829-1841. 10.1038/leu.2012.49. 
15. Ptasinska, A., Assi, S.A., Martinez-Soria, N., Imperato, M.R., Piper, J., Cauchy, P., Pickin, A., 

James, S.R., Hoogenkamp, M., Williamson, D., et al. (2014). Identification of a dynamic core 
transcriptional network in t(8;21) AML that regulates differentiation block and self-renewal. 
Cell Rep 8, 1974-1988. 10.1016/j.celrep.2014.08.024. 

16. Wichmann, C., Quagliano-Lo Coco, I., Yildiz, Ö., Chen-Wichmann, L., Weber, H., Syzonenko, 
T., Döring, C., Brendel, C., Ponnusamy, K., Kinner, A., et al. (2015). Activating c-KIT mutations 
confer oncogenic cooperativity and rescue RUNX1/ETO-induced DNA damage and apoptosis 

in human primary CD34+ hematopoietic progenitors. Leukemia 29, 279-289. 
10.1038/leu.2014.179. 

17. Nafria, M., Keane, P., Ng, E.S., Stanley, E.G., Elefanty, A.G., and Bonifer, C. (2020). Expression 
of RUNX1-ETO Rapidly Alters the Chromatin Landscape and Growth of Early Human Myeloid 

Precursor Cells. Cell Rep 31, 107691. 10.1016/j.celrep.2020.107691. 
18. Schnoeder, T.M., Schwarzer, A., Jayavelu, A.K., Hsu, C.J., Kirkpatrick, J., Döhner, K., Perner, F., 

Eifert, T., Huber, N., Arreba-Tutusaus, P., et al. (2022). PLCG1 is required for AML1-ETO 

leukemia stem cell self-renewal. Blood 139, 1080-1097. 10.1182/blood.2021012778. 
19. Imai, N., Shikami, M., Miwa, H., Suganuma, K., Hiramatsu, A., Watarai, M., Satoh, A., Itoh, 

M., Imamura, A., Mihara, H., and Nitta, M. (2006). t(8;21) acute myeloid leukaemia cells are 
dependent on vascular endothelial growth factor (VEGF)/VEGF receptor type2 pathway and 
phosphorylation of Akt. Br J Haematol 135, 673-682. 10.1111/j.1365-2141.2006.06372.x. 

20. Martinez-Soria, N., McKenzie, L., Draper, J., Ptasinska, A., Issa, H., Potluri, S., Blair, H.J., 
Pickin, A., Isa, A., Chin, P.S., et al. (2018). The Oncogenic Transcription Factor RUNX1/ETO 
Corrupts Cell Cycle Regulation to Drive Leukemic Transformation. Cancer Cell 34, 626-

642.e628. 10.1016/j.ccell.2018.08.015. 
21. Goardon, N., Marchi, E., Atzberger, A., Quek, L., Schuh, A., Soneji, S., Woll, P., Mead, A., 

Alford, K.A., Rout, R., et al. (2011). Coexistence of LMPP-like and GMP-like leukemia stem 
cells in acute myeloid leukemia. Cancer Cell 19, 138-152. 10.1016/j.ccr.2010.12.012. 

22. Corces, M.R., Buenrostro, J.D., Wu, B., Greenside, P.G., Chan, S.M., Koenig, J.L., Snyder, M.P., 
Pritchard, J.K., Kundaje, A., Greenleaf, W.J., et al. (2016). Lineage-specific and single-cell 
chromatin accessibility charts human hematopoiesis and leukemia evolution. Nat Genet 48, 
1193-1203. 10.1038/ng.3646. 

23. Menendez-Gonzalez, J.B., Vukovic, M., Abdelfattah, A., Saleh, L., Almotiri, A., Thomas, L.A., 
Agirre-Lizaso, A., Azevedo, A., Menezes, A.C., Tornillo, G., et al. (2019). Gata2 as a Crucial 

Regulator of Stem Cells in Adult Hematopoiesis and Acute Myeloid Leukemia. Stem Cell 
Reports 13, 291-306. 10.1016/j.stemcr.2019.07.005. 

24. Jiménez, G., Griffiths, S.D., Ford, A.M., Greaves, M.F., and Enver, T. (1992). Activation of the 
beta-globin locus control region precedes commitment to the erythroid lineage. Proc Natl 
Acad Sci U S A 89, 10618-10622. 10.1073/pnas.89.22.10618. 

25. Lindberg, S.R., Olsson, A., Persson, A.M., and Olsson, I. (2005). The Leukemia-associated ETO 
homologues are differently expressed during hematopoietic differentiation. Exp Hematol 33, 

189-198. 10.1016/j.exphem.2004.10.011. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 18

26. Dunne, J., Gascoyne, D.M., Lister, T.A., Brady, H.J., Heidenreich, O., and Young, B.D. (2010). 

AML1/ETO proteins control POU4F1/BRN3A expression and function in t(8;21) acute myeloid 
leukemia. Cancer Res 70, 3985-3995. 10.1158/0008-5472.Can-09-3604. 

27. Walter, K., Cockerill, P.N., Barlow, R., Clarke, D., Hoogenkamp, M., Follows, G.A., Richards, 
S.J., Cullen, M.J., Bonifer, C., and Tagoh, H. (2010). Aberrant expression of CD19 in AML with 
t(8;21) involves a poised chromatin structure and PAX5. Oncogene 29, 2927-2937. 

10.1038/onc.2010.56. 
28. Signer, R.A., Magee, J.A., Salic, A., and Morrison, S.J. (2014). Haematopoietic stem cells 

require a highly regulated protein synthesis rate. Nature 509, 49-54. 10.1038/nature13035. 
29. Asou, H., Tashiro, S., Hamamoto, K., Otsuji, A., Kita, K., and Kamada, N. (1991). Establishment 

of a human acute myeloid leukemia cell line (Kasumi-1) with 8;21 chromosome 
translocation. Blood 77, 2031-2036. 

30. Presta, L.G., Chen, H., O'Connor, S.J., Chisholm, V., Meng, Y.G., Krummen, L., Winkler, M., 
and Ferrara, N. (1997). Humanization of an anti-vascular endothelial growth factor 
monoclonal antibody for the therapy of solid tumors and other disorders. Cancer Res 57, 
4593-4599. 

31. Kolbeck, R., Kozhich, A., Koike, M., Peng, L., Andersson, C.K., Damschroder, M.M., Reed, J.L., 
Woods, R., Dall'acqua, W.W., Stephens, G.L., et al. (2010). MEDI-563, a humanized anti-IL-5 

receptor alpha mAb with enhanced antibody-dependent cell-mediated cytotoxicity function. 
J Allergy Clin Immunol 125, 1344-1353.e1342. 10.1016/j.jaci.2010.04.004. 

32. Pearce, D.J., Taussig, D., Zibara, K., Smith, L.L., Ridler, C.M., Preudhomme, C., Young, B.D., 
Rohatiner, A.Z., Lister, T.A., and Bonnet, D. (2006). AML engraftment in the NOD/SCID assay 
reflects the outcome of AML: implications for our understanding of the heterogeneity of 

AML. Blood 107, 1166-1173. 10.1182/blood-2005-06-2325. 
33. Olive, M., Krylov, D., Echlin, D.R., Gardner, K., Taparowsky, E., and Vinson, C. (1997). A 

dominant negative to activation protein-1 (AP1) that abolishes DNA binding and inhibits 
oncogenesis. J Biol Chem 272, 18586-18594. 10.1074/jbc.272.30.18586. 

34. Ptasinska, A., Pickin, A., Assi, S.A., Chin, P.S., Ames, L., Avellino, R., Gröschel, S., Delwel, R., 
Cockerill, P.N., Osborne, C.S., and Bonifer, C. (2019). RUNX1-ETO Depletion in t(8;21) AML 
Leads to C/EBPα- and AP-1-Mediated Alterations in Enhancer-Promoter Interaction. Cell Rep 
28, 3022-3031.e3027. 10.1016/j.celrep.2019.08.040. 

35. Cai, D.H., Wang, D., Keefer, J., Yeamans, C., Hensley, K., and Friedman, A.D. (2008). C/EBP 
alpha:AP-1 leucine zipper heterodimers bind novel DNA elements, activate the PU.1 

promoter and direct monocyte lineage commitment more potently than C/EBP alpha 
homodimers or AP-1. Oncogene 27, 2772-2779. 10.1038/sj.onc.1210940. 

36. Li, K., Du, Y., Cai, Y., Liu, W., Lv, Y., Huang, B., Zhang, L., Wang, Z., Liu, P., Sun, Q., et al. 
(2023). Single-cell analysis reveals the chemotherapy-induced cellular reprogramming and 
novel therapeutic targets in relapsed/refractory acute myeloid leukemia. Leukemia 37, 308-
325. 10.1038/s41375-022-01789-6. 

37. Barski, A., Cuddapah, S., Cui, K., Roh, T.Y., Schones, D.E., Wang, Z., Wei, G., Chepelev, I., and 
Zhao, K. (2007). High-resolution profiling of histone methylations in the human genome. Cell 

129, 823-837. 10.1016/j.cell.2007.05.009. 
38. Issa, H., Swart, L., Rasouli, M., Ashtiani, M., Nakjang, S., Jyotsana, N., Schuschel, K., Heuser, 

M., Blair, H., and Heidenreich, O. (2023). Nanoparticle-mediated targeting of the fusion gene 
RUNX1/ETO in t(8;21)-positive acute myeloid leukaemia. Leukemia, Epub ahead of print. . 
10.1038/s41375-023-01854-8. 

39. Frank, R.C., Sun, X., Berguido, F.J., Jakubowiak, A., and Nimer, S.D. (1999). The t(8;21) fusion 
protein, AML1/ETO, transforms NIH3T3 cells and activates AP-1. Oncogene 18, 1701-1710. 

10.1038/sj.onc.1202459. 
40. Elsässer, A., Franzen, M., Kohlmann, A., Weisser, M., Schnittger, S., Schoch, C., Reddy, V.A., 

Burel, S., Zhang, D.E., Ueffing, M., et al. (2003). The fusion protein AML1-ETO in acute 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 19

myeloid leukemia with translocation t(8;21) induces c-jun protein expression via the 

proximal AP-1 site of the c-jun promoter in an indirect, JNK-dependent manner. Oncogene 
22, 5646-5657. 10.1038/sj.onc.1206673. 

41. Mahadevan, L.C., Willis, A.C., and Barratt, M.J. (1991). Rapid histone H3 phosphorylation in 
response to growth factors, phorbol esters, okadaic acid, and protein synthesis inhibitors. 
Cell 65, 775-783. 10.1016/0092-8674(91)90385-c. 

42. Eferl, R., and Wagner, E.F. (2003). AP-1: a double-edged sword in tumorigenesis. Nat Rev 
Cancer 3, 859-868. 10.1038/nrc1209. 

43. Pabst, T., Mueller, B.U., Harakawa, N., Schoch, C., Haferlach, T., Behre, G., Hiddemann, W., 
Zhang, D.-E., and Tenen, D.G. (2001). AML1–ETO downregulates the granulocytic 

differentiation factor C/EBPα in t(8;21) myeloid leukemia. Nature Medicine 7, 444-451. 
10.1038/86515. 

44. Vangala, R.K., Heiss-Neumann, M.S., Rangatia, J.S., Singh, S.M., Schoch, C., Tenen, D.G., 
Hiddemann, W., and Behre, G. (2003). The myeloid master regulator transcription factor 
PU.1 is inactivated by AML1-ETO in t(8;21) myeloid leukemia. Blood 101, 270-277. 
10.1182/blood-2002-04-1288. 

45. Treisman, R. (1986). Identification of a protein-binding site that mediates transcriptional 
response of the c-fos gene to serum factors. Cell 46, 567-574. 10.1016/0092-8674(86)90882-

2. 
46. Di Genua, C., Norfo, R., Rodriguez-Meira, A., Wen, W.X., Drissen, R., Booth, C.A.G., Povinelli, 

B., Repapi, E., Gray, N., Carrelha, J., et al. (2019). Cell-intrinsic depletion of Aml1-ETO-
expressing pre-leukemic hematopoietic stem cells by K-Ras activating mutation. 
Haematologica 104, 2215-2224. 10.3324/haematol.2018.205351. 

47. Marchand, T., and Pinho, S. (2021). Leukemic Stem Cells: From Leukemic Niche Biology to 
Treatment Opportunities. Front Immunol 12, 775128. 10.3389/fimmu.2021.775128. 

48. Santaguida, M., Schepers, K., King, B., Sabnis, A.J., Forsberg, E.C., Attema, J.L., Braun, B.S., 
and Passegué, E. (2009). JunB protects against myeloid malignancies by limiting 
hematopoietic stem cell proliferation and differentiation without affecting self-renewal. 
Cancer Cell 15, 341-352. 10.1016/j.ccr.2009.02.016. 

49. Tipping, A.J., Pina, C., Castor, A., Hong, D., Rodrigues, N.P., Lazzari, L., May, G.E., Jacobsen, 
S.E., and Enver, T. (2009). High GATA-2 expression inhibits human hematopoietic stem and 

progenitor cell function by effects on cell cycle. Blood 113, 2661-2672. 10.1182/blood-2008-
06-161117. 

50. Eppert, K., Takenaka, K., Lechman, E.R., Waldron, L., Nilsson, B., van Galen, P., Metzeler, 
K.H., Poeppl, A., Ling, V., Beyene, J., et al. (2011). Stem cell gene expression programs 

influence clinical outcome in human leukemia. Nat Med 17, 1086-1093. 10.1038/nm.2415. 
51. Boyd, A.L., Aslostovar, L., Reid, J., Ye, W., Tanasijevic, B., Porras, D.P., Shapovalova, Z., 

Almakadi, M., Foley, R., Leber, B., et al. (2018). Identification of Chemotherapy-Induced 
Leukemic-Regenerating Cells Reveals a Transient Vulnerability of Human AML Recurrence. 
Cancer Cell 34, 483-498.e485. 

52. Kumar, D., Cinghu, S., Oldfield, A.J., Yang, P., and Jothi, R. (2021). Decoding the function of 

bivalent chromatin in development and cancer. Genome Res 31, 2170-2184. 
10.1101/gr.275736.121. 

53. Chapman-Rothe, N., Curry, E., Zeller, C., Liber, D., Stronach, E., Gabra, H., Ghaem-Maghami, 
S., and Brown, R. (2013). Chromatin H3K27me3/H3K4me3 histone marks define gene sets in 
high-grade serous ovarian cancer that distinguish malignant, tumour-sustaining and chemo-

resistant ovarian tumour cells. Oncogene 32, 4586-4592. 10.1038/onc.2012.477. 
54. Marsolier, J., Prompsy, P., Durand, A., Lyne, A.M., Landragin, C., Trouchet, A., Bento, S.T., 

Eisele, A., Foulon, S., Baudre, L., et al. (2022). H3K27me3 conditions chemotolerance in 
triple-negative breast cancer. Nat Genet 54, 459-468. 10.1038/s41588-022-01047-6. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 20

55. Fan, F., Malvestiti, S., Vallet, S., Lind, J., Garcia-Manteiga, J.M., Morelli, E., Jiang, Q., 

Seckinger, A., Hose, D., Goldschmidt, H., et al. (2021). JunB is a key regulator of multiple 
myeloma bone marrow angiogenesis. Leukemia 35, 3509-3525. 10.1038/s41375-021-01271-
9. 

56. Linnemann, A.K., O'Geen, H., Keles, S., Farnham, P.J., and Bresnick, E.H. (2011). Genetic 
framework for GATA factor function in vascular biology. Proc Natl Acad Sci U S A 108, 13641-

13646. 10.1073/pnas.1108440108. 
57. Zeng, A.G.X., Bansal, S., Jin, L., Mitchell, A., Chen, W.C., Abbas, H.A., Chan-Seng-Yue, M., 

Voisin, V., van Galen, P., Tierens, A., et al. (2022). A cellular hierarchy framework for 
understanding heterogeneity and predicting drug response in acute myeloid leukemia. 

Nature Medicine 28, 1212-1223. 10.1038/s41591-022-01819-x. 
58. Zhai, Y., Singh, P., Dolnik, A., Brazda, P., Atlasy, N., Del Gaudio, N., Döhner, K., Döhner, H., 

Minucci, S., Martens, J., et al. (2022). Longitudinal single-cell transcriptomics reveals distinct 
patterns of recurrence in acute myeloid leukemia. Mol Cancer 21, 166. 10.1186/s12943-022-
01635-4. 

59. Hirai, H., Samokhvalov, I.M., Fujimoto, T., Nishikawa, S., Imanishi, J., and Nishikawa, S. 

(2005). Involvement of Runx1 in the down-regulation of fetal liver kinase-1 expression during 
transition of endothelial cells to hematopoietic cells. Blood 106, 1948-1955. 10.1182/blood-

2004-12-4872. 
60. Ter Elst, A., Ma, B., Scherpen, F.J., de Jonge, H.J., Douwes, J., Wierenga, A.T., Schuringa, J.J., 

Kamps, W.A., and de Bont, E.S. (2011). Repression of vascular endothelial growth factor 
expression by the runt-related transcription factor 1 in acute myeloid leukemia. Cancer Res 
71, 2761-2771. 10.1158/0008-5472.Can-10-0402. 

61. Regha, K., Assi, S.A., Tsoulaki, O., Gilmour, J., Lacaud, G., and Bonifer, C. (2015). 
Developmental-stage-dependent transcriptional response to leukaemic oncogene 

expression. Nature Communications 6, 7203. 10.1038/ncomms8203. 
62. Kellaway, S.G., Keane, P., Edginton-White, B., Regha, K., Kennett, E., and Bonifer, C. (2021). 

Different mutant RUNX1 oncoproteins program alternate haematopoietic differentiation 
trajectories. Life Sci Alliance 4. 10.26508/lsa.202000864. 

63. Duan, C.W., Shi, J., Chen, J., Wang, B., Yu, Y.H., Qin, X., Zhou, X.C., Cai, Y.J., Li, Z.Q., Zhang, F., 
et al. (2014). Leukemia propagating cells rebuild an evolving niche in response to therapy. 

Cancer Cell 25, 778-793. 10.1016/j.ccr.2014.04.015. 
64. Duarte, D., Hawkins, E.D., Akinduro, O., Ang, H., De Filippo, K., Kong, I.Y., Haltalli, M., Ruivo, 

N., Straszkowski, L., Vervoort, S.J., et al. (2018). Inhibition of Endosteal Vascular Niche 
Remodeling Rescues Hematopoietic Stem Cell Loss in AML. Cell Stem Cell 22, 64-77.e66. 

10.1016/j.stem.2017.11.006. 
65. Pal, D., Blair, H., Parker, J., Hockney, S., Beckett, M., Singh, M., Tirtakusuma, R., Nelson, R., 

McNeill, H., Angel, S.H., et al. (2022). hiPSC-derived bone marrow milieu identifies a clinically 
actionable driver of niche-mediated treatment resistance in leukemia. Cell Rep Med 3, 
100717. 10.1016/j.xcrm.2022.100717. 

66. Ossenkoppele, G.J., Stussi, G., Maertens, J., van Montfort, K., Biemond, B.J., Breems, D., 

Ferrant, A., Graux, C., de Greef, G.E., Halkes, C.J.M., et al. (2012). Addition of bevacizumab to 
chemotherapy in acute myeloid leukemia at older age: a randomized phase 2 trial of the 
Dutch-Belgian Cooperative Trial Group for Hemato-Oncology (HOVON) and the Swiss Group 
for Clinical Cancer Research (SAKK). Blood 120, 4706-4711. 10.1182/blood-2012-04-420596. 

67. Mostoslavsky, G., Kotton, D.N., Fabian, A.J., Gray, J.T., Lee, J.-S., and Mulligan, R.C. (2005). 

Efficiency of transduction of highly purified murine hematopoietic stem cells by lentiviral 
and oncoretroviral vectors under conditions of minimal in vitro manipulation. Molecular 

Therapy 11, 932-940. 
68. R Core Team (2022). R: A language and environment for statistical computing. 

https://www.R-project.org/. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 21

69. Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina 

sequence data. Bioinformatics 30, 2114-2120. 10.1093/bioinformatics/btu170. 
70. Kim, D., Paggi, J.M., Park, C., Bennett, C., and Salzberg, S.L. (2019). Graph-based genome 

alignment and genotyping with HISAT2 and HISAT-genotype. Nature Biotechnology 37, 907-
915. 10.1038/s41587-019-0201-4. 

71. Pertea, M., Pertea, G.M., Antonescu, C.M., Chang, T.-C., Mendell, J.T., and Salzberg, S.L. 

(2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. 
Nature Biotechnology 33, 290-295. 10.1038/nbt.3122. 

72. Liao, Y., Smyth, G.K., and Shi, W. (2013). featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformatics 30, 923-930. 

10.1093/bioinformatics/btt656. 
73. Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with Bowtie 2. Nature 

Methods 9, 357-359. 10.1038/nmeth.1923. 
74. Ramírez, F., Ryan, D.P., Grüning, B., Bhardwaj, V., Kilpert, F., Richter, A.S., Heyne, S., Dündar, 

F., and Manke, T. (2016). deepTools2: a next generation web server for deep-sequencing 
data analysis. Nucleic Acids Research 44, W160-W165. 10.1093/nar/gkw257. 

75. Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, C., 
Myers, R.M., Brown, M., Li, W., and Liu, X.S. (2008). Model-based Analysis of ChIP-Seq 

(MACS). Genome Biology 9, R137. 10.1186/gb-2008-9-9-r137. 
76. Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flexible suite of utilities for comparing 

genomic features. Bioinformatics 26, 841-842. 10.1093/bioinformatics/btq033. 
77. Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y.C., Laslo, P., Cheng, J.X., Murre, C., Singh, 

H., and Glass, C.K. (2010). Simple Combinations of Lineage-Determining Transcription 

Factors Prime cis-Regulatory Elements Required for Macrophage and B Cell Identities. 
Molecular Cell 38, 576-589. 

78. Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A., 
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., and Mesirov, J.P. (2005). Gene set 
enrichment analysis: A knowledge-based approach for interpreting genome-wide expression 
profiles. Proceedings of the National Academy of Sciences 102, 15545-15550. 
doi:10.1073/pnas.0506580102. 

79. Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor package for 

differential expression analysis of digital gene expression data. Bioinformatics 26, 139-140. 
10.1093/bioinformatics/btp616. 

80. Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma 
powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic 

Acids Research 43, e47-e47. 10.1093/nar/gkv007. 
81. Hao, Y., Hao, S., Andersen-Nissen, E., Mauck, W.M., 3rd, Zheng, S., Butler, A., Lee, M.J., Wilk, 

A.J., Darby, C., Zager, M., et al. (2021). Integrated analysis of multimodal single-cell data. Cell 
184, 3573-3587.e3529. 10.1016/j.cell.2021.04.048. 

82. Cao, J., Spielmann, M., Qiu, X., Huang, X., Ibrahim, D.M., Hill, A.J., Zhang, F., Mundlos, S., 
Christiansen, L., Steemers, F.J., et al. (2019). The single-cell transcriptional landscape of 

mammalian organogenesis. Nature 566, 496-502. 10.1038/s41586-019-0969-x. 
83. Ellegast, J.M., Rauch, P.J., Kovtonyuk, L.V., Müller, R., Wagner, U., Saito, Y., Wildner-Verhey 

van Wijk, N., Fritz, C., Rafiei, A., Lysenko, V., et al. (2016). inv(16) and NPM1mut AMLs 
engraft human cytokine knock-in mice. Blood 128, 2130-2134. 10.1182/blood-2015-12-
689356. 

84. Mei, H.E., Leipold, M.D., and Maecker, H.T. (2016). Platinum-conjugated antibodies for 
application in mass cytometry. Cytometry A 89, 292-300. 10.1002/cyto.a.22778. 

85. Bert, A.G., Johnson, B.V., Baxter, E.W., and Cockerill, P.N. (2007). A modular enhancer is 
differentially regulated by GATA and NFAT elements that direct different tissue-specific 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 22

patterns of nucleosome positioning and inducible chromatin remodeling. Mol Cell Biol 27, 

2870-2885. 10.1128/mcb.02323-06. 
86. Corces, M.R., Trevino, A.E., Hamilton, E.G., Greenside, P.G., Sinnott-Armstrong, N.A., Vesuna, 

S., Satpathy, A.T., Rubin, A.J., Montine, K.S., Wu, B., et al. (2017). An improved ATAC-seq 
protocol reduces background and enables interrogation of frozen tissues. Nature Methods 
14, 959-962. 10.1038/nmeth.4396. 

87. Skene, P.J., and Henikoff, S. (2017). An efficient targeted nuclease strategy for high-
resolution mapping of DNA binding sites. Elife 6. 10.7554/eLife.21856. 

 

 

 

Figure Legends 

 

Figure 1: Subtype specific gene expression and chromatin accessibility is established in LSCs 

(A) Schematic showing how patient bone marrow cells were sorted into LSCs and blasts for bulk 

RNA-seq, ATAC-seq, single cell RNA-seq and colony forming assays. (B) DNaseI-seq in t(8;21) patients 

and healthy CD34+ PBSCs7 was ranked by the fold change of the average tag count in distal peaks 

and represented as density plots (+/-1kb of the summit). ATAC-seq on sorted LSCs and blasts was 

plotted along the same axis. (C) Heatmaps showing the log2 fold change expression (blasts vs LSCs) of 

the genes defined in (B) as differential in both patients, with the core set of concordantly 2-fold 

differential genes indicated. (D) UMAP plots of scRNA-seq for both patients, where blue dots 

indicate cells assigned as blasts and red dots indicate cells assigned as LSCs. Purple dots on the 

second patient indicate intermediate type cells which could not confidently be assigned as blasts or 

LSCs. (E) Cell subclusters identified in each patient projected onto the UMAP plot. (F) Expression of 

RUNX1T1 projected onto the UMAP plot, where blue indicates the normalised UMI count. (G) 

Heatmaps with hierarchical clustering showing Z-scores of average gene expression per cluster of 

t(8;21) specific genes. 

Figure 2: t(8;21) AML LSCs are differentially signalling responsive 

 (A) The assigned cell cycle stage of each cell projected on to the UMAP plots (B) Bubble plot 

showing enriched GO-terms generated from blast- or LSC-specific genes from G1 cells only, the 

colour scale indicates the % of genes in the GO-term which were found in the specific gene list, and 

the size of the bubble indicates the log10 p-value of the enrichment of the term. (C) Heatmaps 

showing the log2 fold difference between mean ion counts in blasts and LSCs (left) and the log2 mean 

ion count (right) from mass cytometry on two patients. Ki67 is shown from total CD34+ cells, all 

other markers are shown from CD34+Ki67+ cells. P-values for blast/LSC differences are indicated by 
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n.s. > 0.001, * < 0.001, ** < 1e-5, *** < 1e-10 using Student’s T-tests. Patient 2 LSC n=414, blasts 

n=4486, patient 3 LSC n=6236, blasts n=4229. (D) Expression of VEGFA, IL5RA and KDR projected 

onto the UMAP plots, where blue indicates the normalised UMI count. (E) Normalised log2 FPKM of 

IL5RA, VEGFA and KDR in AML with different driver mutations and healthy CD34+ PBSCs7. Horizontal 

bars indicate the median of all samples.  

Figure 3: Aberrant VEGF and IL-5 signalling in t(8;21) AML drives LSC growth 

(A-C) SKNO-1 (A-B) and Kasumi-1 cells (C) were grown with bevacizumab, VEGF or media alone 

control (A,C) or IL-5, benralizumab, or IL-5 and benralizumab (B) for 10 days, with mean counts every 

two days indicated by the points, error bars indicate SEM. Controls are shared in A and B. n= 3-6 for 

each condition. (D-F) Primary (1°) and secondary (2°) replating colony forming assays +/- 

bevacizumab with SKNO-1 (D) and Kasumi-1 (F) and with IL-5, benralizumab or both in SKNO-1 (E), 

bars indicate the mean of 3 replicates and the error bars indicate SEM.(G) Schematic showing how 

the LSC proliferation assay was conducted. (H) Flow cytometry plots identifying LSCs (stained with 

PKH-26, detected in the PE channel) and Blasts (stained with Claret, detected in the APC channel), 

with EdU (stained with iFluor488 and detected in the FITC channel) measured in each population 

separately. * indicates p <0.05, ** p<0.01, *** p<0.005 using Student’s T-tests (D-F) or two-way 

ANOVA with Dunnett correction for multiple comparisons at each time point, shown for growth 

curves in the same colour as the treatment group is plotted (A-C). 

Figure 4: VEGFA and IL5RA inhibitors reduce PDX proliferation 

(A-C) t(8;21) PDX cells were grown in vitro for 6 days with or without IL-5 and/or VEGF(165) (A), with 

3 doses of bevacizumab (B) or with 3 doses of benralizumab (+10ng/ml IL-5) (C) and the resulting 

cells counted. Control/0 bevacizumab sample in A and B is the same as experiments were performed 

in parallel. Bar height shows the mean of 3 replicates and the error bars indicate SEM. Bar height 

shows the mean of 3 replicates and error bars indicate SEM. * indicates p <0.05, ** p<0.01, *** 

p<0.005 using Student’s T-tests. (D) Schematic showing how PDX dosing and sampling were 

conducted in vivo. (E) Representative contour plots showing the human and mouse CD45 positive 

cells by flow cytometry in peripheral blood at day 92 post-injection. (F) Percentage of human CD45 

positive cells in peripheral blood at day 92 post-injection. (G-H) Representative contour plots 

showing the relative populations of hCD45+CD34+CD38+/- cells (G) and KDR and IL5RA positivity of 

hCD45+/CD34+/CD38+ blast cells and hCD45+/CD34+/CD38- LSCs (H) in control left bone marrow at 

day 92 post-injection. (I) Representative contour plots showing the KDR and IL5RA positivity of 

hCD45+/CD34+/CD38- LSCs in treated or control left bone-marrow at day 92 post-injection. (J) 

Percentage of KDR and IL5RA positive hCD45+/CD34+/CD38- LSCs in left bone marrow at day 92 
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post-injection. (F & J) Horizontal and error bars show mean and SEM respectively of the 3 mice in 

each treatment group, p-values by Student’s t-tests are shown. 

Figure 5: VEGF and IL-5 signals terminate at the AP-1 family of transcription factors 

(A-B) Growth curves were performed by growing SKNO-1 (A) or Kasumi-1 (B) cells for 10 days, 

counting and passaging every 2 days. Cells were grown with induction of dnFOS by doxycycline in 

conjunction with IL-5 (SKNO-1 only), VEGF-165 or bevacizumab. Each point represents the mean of 

three experiments, and error bars show SEM. The control curves are the same as in Figure 3 as 

experiments were performed in parallel and shown again for clarity. No significant differences were 

found at any time point comparing +dnFOS with any treatment group. (C) Histogram showing the 

average normalised FOS ChIP signal across the union of all peaks, +/-2kb of the summit in Kasumi-1 

cells with and without bevacizumab. (D-E) Growth curves were performed by growing SKNO-1 (D) or 

Kasumi-1 (E) cells for 10 days, counting and passaging every 2 days. Cells were grown with or 

without dnFOS induced by doxycycline. Each point indicates the mean of three experiments, error 

bars show SEM. (F-G) Colony forming unit assays were performed by plating SKNO-1 (F) or Kasumi-1 

(G) cells in methylcellulose with or without doxycycline to induce dnFOS. The number of colonies 

were counted after 10 days (left) and cells were replated to form secondary colonies which were 

again counted after 10 days (right). Bars indicate the mean of three experiments, error bars show 

SEM. * indicates p <0.05, ** p<0.01, *** p<0.005 using Student’s T-tests. 

Figure 6: AP-1 orchestrates a shift in transcriptional regulation from an LSC to a blast pattern  

(A) Schematic showing how dnFOS was induced in primary cells (B) DNase1 was performed with and 

without dnFOS induced by doxycycline in the Kasumi-1 cell line, ranked by fold change of the tag 

count at distal peaks and represented as density plots (+/1kb of the summit). The red bar indicates 

dnFOS specific sites and the green bar control specific sites where the normalised tag-count of 

specific sites is at least two-fold different. ChIP data from FOS, CEBPA, RUNX1, RUNX1::ETO, PU.1 

and GATA2 with and without dnFOS were plotted on the same axis across the same window (C) 

Specific sites were calculated for the ChIPs shown in (A) where the normalised tag-count is at least 

two-fold different in a pairwise comparison of dnFOS against control. The normalised tag count was 

measured in a peak union generated from control or dnFOS specific sites from all ChIPs and the 

Spearman correlation calculated which is plotted as a heatmap with hierarchical clustering. (D) A 

motif enrichment score was calculated based on motif frequency in the specific gained (dnFOS) and 

lost (CTRL) sites calculated in (B) and plotted as a heatmap with hierarchical clustering. (E) Heatmap 

with hierarchical clustering showing the log2 fold change between the normalised average peak 

height of ChIP-seq in Kasumi-1 with dnFOS vs controls at LSC-specific and blast-specific ATAC sites. 
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(F) Average profiles were generated from the CPM normalised tag counts of ChIP for H3K27me3 (+/- 

10kb from the TSS) and H3K4me3 (+/- 2kb from the TSS), at the promoters of t(8;21) LSC or blast 

specific genes with or without induction of dnFOS in Kasumi-1 cells. (G) Density plots showing the 

signal at each of the sites used in (F), with active, silenced and poised genes indicated. 

Figure 7: AP-1 is required for maintenance of the blast program 

(A) Schematic showing how dnFOS was induced in primary cells (B-C) RNA-seq was performed in PDX 

cells and healthy CD34+ PBSCs following induction of dnFOS or the EV control, gene expression is 

shown as a scatter plot of the log2 counts, with the genes up-regulated by dnFOS highlighted red and 

the down-regulated genes highlighted in blue. (D-E) GSEA was used to compare blast and LSC 

specific genes identified in 1C with the ranked fold change gene expression from the PDX (D) and 

healthy CD34+ cells (E), comparing dnFOS to EV. NES shows the normalised enrichment score from 

the GSEA and the adjusted p-value. (F) Bubble plot showing the results of GSEA in D and E, as well as 

with each individual patients’ LSC and blast specific genes. The colour scale indicates the normalised 

enrichment score, whilst the size of the bubble indicates the adjust p-value, where a larger bubble is 

more significant.  

Figure 8: The signalling response of t(8;21) cells operates within a RUNX1::ETO dependent 

regulatory circuit  

(A) qRT-PCR showing the relative change in expression of RUNX1::ETO, VEGFA and the most highly 

expressed AP-1 members after shRUNX1::ETO knockdown. Bars indicate the average of 4 replicates, 

error bars show SEM, the vertical dashed line indicates no change in expression. (B) ChIP for FOS was 

performed with and without shRUNX1::ETO induced by doxycycline in the Kasumi-1 cell line, ranked 

by fold change of the tag count at all peaks and represented as density plots (+/1kb of the summit). 

The red bar indicates shRUNX1::ETO specific sites and the blue bar control specific sites where the 

normalised tag-count of specific sites is at least two-fold different. ChIP for JUND with siMM (Ctrl) or 

siRUNX1::ETO34 and AP-1 motif frequency is plotted along the same axis across the same window. (C-

E) UCSC genome browser screenshots showing ATAC/DNaseI in healthy CD34+ PBSCs and t(8;21) 

AML patients7 at the IL5RA locus, with the transcription factor binding motifs in the t(8;21) specific 

peaks indicated (C), and additionally showing DNaseI and ChIP in Kasumi-1 +/- dnFOS, and +/- 

shRUNX1::ETO at the KDR (D) and VEGFA (E) loci with the t(8;21) specific peaks indicated. (f) Model 

showing how AP-1 activated by signalling activates blast cell growth in t(8;21) AML. 
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Methods 

Key resources table 

 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse anti-CD34-PE-Cy7 BD Biosciences Cat# 348811, 

RRID:AB_2868855 
Mouse anti-human CD38-V450 BD Biosciences Cat# 646851, 

RRID:AB_1937282 
Mouse anti-lineage cocktail-FITC BD Biosciences Cat# 340546, 

RRID:AB_400053 
7-AAD staining solution BD Biosciences Cat# 559925, 

RRID:AB_2869266 
Human anti-CD309 (VEGFR-2/KDR)-APC Miltenyi Biotec Cat# 130-117-984, 

RRID:AB_2733307 
Human anti-CD125 (IL5RA)-biotin Miltenyi Biotec Cat# 130-110-543, 

RRID:AB_2654803 
Streptavidin-PE-Cy7 eBioscience/Thermo 

Fisher 
Cat# 25-4317-82, 
RRID:AB_10116480 

Mouse anti-FLAG Sigma-Aldrich/Merck Cat# F3165, 
RRID:AB_259529 

Goat anti-mouse Alexa Fluor 594 Jackson 
ImmunoResarch 

Cat# 115-585-062, 
RRID:AB_2338876 

Rabbit anti-FOS Invitrogen/Thermo 
Fisher 

Cat# MA5-15055, 
RRID:AB_10984728 

Rabbit anti-CEBPA Santa Cruz Cat# sc-61X, 
RRID:AB_631233 

Rabbit anti-RUNX1 Abcam Cat# ab23980, 
RRID:AB_2184205 

Rabbit anti-RUNX1::ETO Diagenode Cat# C15310197, 
RRID:AB_2891230 

Rabbit anti-PU.1 Santa Cruz Cat# sc-352, 
RRID:AB_632289 

Goat anti-GATA2 R & D Systems Cat# AF2046, 
RRID:AB_355123 

Rabbit anti-H3K27ac Abcam Cat# ab4729, 
RRID:AB_2118291 
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Rabbit anti-H3K9acS10P Abcam Cat# ab12181, 
RRID:AB_298913 

Rabbit anti-H3K4me3 Millipore Cat# 04-745, 
RRID:AB_1163444 

Rabbit anti-H3K27me3 Cell Signaling 
Technology 

Cat# 9733, 
RRID:AB_2616029 

Mouse anti-human CD45-89Y Standard BioTools Cat# 3089003, 

RRID:AB_2661851 
Mouse anti-human CD34-148Nd Standard BioTools Cat# 3148001B, 

RRID:AB_2810243 
Mouse anti-human CD38-167Er Standard BioTools Cat# 3167001B, 

RRID:AB_2802110 
Mouse anti-human Ki-67-172Yb Standard BioTools Cat# 3172024B, RRID: 

AB_2858243 
Mouse anti-human CD117 BioLegend Cat# 313202, RRID: 

AB_314981 
Rabbit anti-pSTAT1 (Y701)-153Eu Standard BioTools Cat# 3153003A, RRID: 

AB_2811248 
Mouse anti-pSTAT3 (Y705)-158Gd Standard BioTools Cat# 3158005A, RRID: 

AB_2811100 
Mouse anti-pSTAT5 (Y694)-150Nd Standard BioTools Cat# 3150005A, RRID: 

AB_2744690 
Mouse anti-pS6 (S235/S236)-175Lu Standard BioTools Cat# 3175009A, 

RRID: 
AB_2811251 

Rabbit anti-pCREB (S133)-176Yb Standard BioTools Cat# 3176005A, 

RRID:AB_2934290 
Mouse anti-pNFκB-p65 (S529)-166Er Standard BioTools Cat# 3166006A, RRID: 

AB_2847867 
Mouse anti-IκBα-164Dy Standard BioTools Cat# 3164004A, RRID: 

AB_2811249 
Rabbit anti-p4E-BP1 (T37/T46)-149Sm Standard BioTools Cat# 3149005A, RRID: 

AB_2847866 
Rabbit anti-p-Jnk1/Jnk2 (T183/Y185) ThermoFisher Cat# 700031, RRID: 

AB_2532273 
Rabbit anti-p-cJun (S243) ThermoFisher Cat# PA5-104747, 

RRID: AB_2816220 
Mouse anti-human beta2-microglobulin Biolegend Cat# 316302, RRID: 

AB_492835 
Mouse anti-human CD298 Biolegend Cat# 341712, RRID: 

AB_2876646 
Human anti-IL5RA-PE Miltenyi Biotec Cat# 130-110-602, 

RRID: AB_2654800 
Human anti-hCD34-APC Miltenyi Biotec Cat# 130-120-519, 

RRID: AB_2811342 
Human anti-hCD34-PE Miltenyi Biotec Cat# 130-120-515, 

RRID: AB_2811338 
Rat anti-hCD11b-APC Miltenyi Biotec Cat# 130-091-241, 

RRID: AB_244268 
Human anti-hCD309 (VEGFR-2)-APC-Vio770 Miltenyi Biotec Cat# 130-117-987, 

RRID: AB_2733085 
hCD45-FITC   
Mouse anti-hCD45-APC-eFluor 780 ThermoFisher (eBio) Cat# 47-0459-42, 

RRID: AB_1944368 
mCD45-APC   
CD33-BV421   
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Bevacizumab Selleck Chemicals CAS 216974-75-3 
Benralizumab AstraZeneca N/A 
Biological samples 
Primary AML samples Centre for Clinical 

Haematology, Queen 
Elizabeth Hospital, 
Birmingham 

N/A 

Healthy CD34+ cells Amsbio SER-CD34-MPBI-F 
Patient derived xenograft This paper N/A 
Bacterial and virus strains  
DH5-α New England Biolabs  

Critical commercial assays 

EdU Assay / EdU Staining Proliferation Kit (iFluor 488) Abcam ab219801 
Nucleospin RNA, mini kit Macherey-Nagel 740955.50 
RNeasy Plus micro kit Qiagen 74034 
MaxPar X8 multimetal labelling kit Standard BioTools 201300 
Yttrium (III) chloride hexahydrate (89Y) Merck 204919 
Indium (III) chloride (115In) Merck 203440 
Cell-ID Cisplatin-194 Standard BioTools 201194 
Cell-ID Intercalator-Rh Standard BioTools 201103 
Human Trustain Fc block Biolegend 422302 
NucleoBond Xtra Midi EF Macherey-Nagel 740420.50 
NEBNext Ultra II Directional RNA Library prep kit  New England Biolabs E7760L 
TruSeq stranded total RNA library prep kit with ribo-zero Illumina 15032612 
KAPA HyperPrep kit Roche KK8504 
CellVue® Claret Far Red Fluorescent Cell Linker Mini 
Kit 

Merck Cat: MINCLARET-
1KT 

PKH26 Red Fluorescent Cell Linker Mini Kit Merck Cat: MINI26-1KT 

Deposited data 
Raw and processed RNA-seq, ATAC/DNase1-seq, 
ChIP-seq 

This paper GEO: GSE226603 

   
   
   
   
Experimental models: Cell lines 
Kasumi-1 DSMZ RRID: CVCL_0589 
SKNO-1 DSMZ RRID: CVCL_2196 
HEK293T DSMZ RRID: CVCL_0063 
Human bone marrow derived mesenchymal stem cells In house N/A 
Experimental models: Organisms/strains 

NSG mice (NOD.Cg-Prkdcscid Il2rg tm1Wjl/SzJ) In house colony  
MISTRG mice   
   
   
   
   
Oligonucleotides 
shRUNX1::ETO 5’-AAACCTCGAAATCGTACTGAGA-3’ Martinez-Soria  N/A 
GAPDH cDNA (sense 5’-CCTGGCCAAGGTCATCCAT-
3’, antisense 5’-AGGGGCCATCCACAGTCTT-3’) 

Merck N/A 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 29

RUNX1::ETO cDNA (sense 5’-
TCAAAATCACAGTGGATGGGC-3’, antisense 5’-
CAGCCTAGATTGCGTCTTCACA-3’) 

Merck N/A 

VEGFA cDNA (sense 5’- 
TGCAGATTATGCGGATCAAACC-3’, antisense 5’- 
TGCATTCACATTTGTTGTGCTGTAC-3’) 

Merck N/A 

ATF4 cDNA (sense 5’-AAACCTCATGGGTTCTCCAG-
3’, antisense 5’-GGCATGGTTTCCAGGTCATC-3’) 

Merck N/A 

FOS cDNA (sense 5’-CGGCCGGGGATAGCCTCTCT-
3’, antisense 5’-CGGCCAGGTCCGTGCAGAAG-3’) 

Merck N/A 

FOSB cDNA (sense 5’-
TTGACAATTCTGGGTGCGAGT-3’, antisense 5’-
CTAAAAGGAAGCCAGGCAATGG-3’) 

Merck N/A 

JUN cDNA (sense 5’-
TGCTTACCAAAGGATAGTGCGATC-3’, antisense 5’-
TTGACTTCTCAGTGGGCTTCC-3’) 

Merck N/A 

JUND cDNA (sense 5’-TTGACGTGGCTGAGGACTTT-
3’, antisense 5’-CGCCTGGAAGAGAAAGTGAA-3’) 

Merck N/A 

JUNB cDNA (sense 5’-CACCTGCCGTTTACACCAAC-
3’, antisense 5’-GGAGGTAGCTGATGGTGGTC-3’) 

Merck N/A 

Recombinant DNA 
pCW57.1-dnFOS 20 N/A 
tRMPVIR-shRUNX1::ETO This paper N/A 
TAT, REV, GAG/POL and VSV-G plasmids Richard Mulligan 67 N/A 
Software and algorithms 
R versions 4.0.3,4.1.0, 4.1.2 68 https://www.R-

project.org/ 
Trimmomatic 0.39 69 http://www.usadellab

.org/cms/?page=trim
momatic 

HISAT2.2.1 70 http://daehwankimla
b.github.io/hisat2/ 

SAMtools 1.12  http://www.htslib.org/ 
StringTie 2.1.3 71 https://github.com/gp

ertea/stringtie 
Subread (featureCounts) 72 https://subread.sourc

eforge.net/ 
Bowtie2 2.4.4 73 https://bowtie-

bio.sourceforge.net/
bowtie2/index.shtml 

Picard 2.21.1  http://broadinstitute.g
ithub.io/picard/ 

DeepTools 3.5.0 74 https://deeptools.rea
dthedocs.io/en/devel
op/ 

MACS2 2.2.7.1 75 https://github.com/m
acs3-project/MACS 

BEDTools 2.29.2 76 https://github.com/ar
q5x/bedtools2 

HOMER 4.11 77 http://homer.ucsd.ed
u/homer/ 

GSEA 78 https://www.gsea-
msigdb.org/gsea/ind
ex.jsp 

EdgeR 79 https://bioconductor.
org/packages/releas
e/bioc/html/edgeR.ht
ml 
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Limma-Voom 80 https://bioconductor.
org/packages/releas
e/bioc/html/limma.ht
ml 

Seurat 4.1.0 81 https://satijalab.org/s
eurat/ 

Monocle3 1.0.0 82 https://cole-trapnell-
lab.github.io/monocl
e3/ 

flowCore 2.10.0 Ellis B, Haaland P, 
Hahne F, Le Meur N, 
Gopalakrishnan N, 
Spidlen J, Jiang M, 
Finak G 

https://bioconductor.
org/packages/releas
e/bioc/html/flowCore.
html 

FlowJo v10 BD Biosciences https://www.bdbiosci
ences.com/en-
gb/products/software
/flowjo-v10-software 

Other 
RNA-sequencing and DNaseI-sequencing of AML 
patients 

https://www.ncbi.nlm.n
ih.gov/geo/query/acc.c
gi?acc=GSE108316 

GSE108316 

H3K9ac and PolII ChIP in Kasumi-1 with siMM or 
siRUNX1::ETO 

https://www.ncbi.nlm.n
ih.gov/geo/query/acc.c
gi?acc=GSE29225 

GSE29225 

Kasumi-1 dnCEBP DNaseI-seq https://www.ncbi.nlm.n
ih.gov/geo/query/acc.c
gi?acc=GSE211095 

GSE211095 

 

Resource availability  

 

Lead contact 

Further information and requests for resources should be directed to the lead contact, Constanze 

Bonifer (c.bonifer@bham.ac.uk). 

Materials availability 

Plasmids generated in this study are available by request from the lead contact. 

Data and code availability 

RNA-seq, ATAC/DNase-seq, ChIP-seq and scRNA-seq have been deposited at Gene Expression 

Omnibus publicly available as of the date of publication. Accession numbers are listed in the key 

resources table. 

The paper does not report original code. 

Any additional information required to reanalyze the data reported in this paper is available from 

the lead contact upon request. 

 

Experimental model and subject details 
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Cell lines 

Kasumi-1 cells (RRID: CVCL_0589; male) and SKNO-1 cells (RRID: CVCL_2196; male) were routinely 

maintained in RPMI1640 medium supplemented with 10% or 20% FBS respectively, 2mM L-

Glutamine and 1% Penicillin/Streptomycin. SKNO-1 cells were additionally supplemented with 

10ng/ml GM-CSF. HEK293T cells (RRID: CVCL_0063; female) were maintained in DMEM with 10% 

FBS, 2mM L-Glutamine and 1% Pencillin/Streptomycin. All cells were incubated at 37°C in a 

humidified 5% CO2 incubator.  

 

Primary cultures 

Patient bone marrow biopsies were obtained, and the AML cells purified using lymphoprep followed 

by CD34 MACS bead enrichment. Patient mutation details are in Table 1. Primary cells and patient-

derived xenograft cells (patient 4 only) were cultured on human mesenchymal stem cells, in SFEMII 

(StemCell Technologies) supplemented with 1% Pencillin/Streptomycin, 1 µM UM729 (Stemcell 

Technologies), 750nM SR1 (Stemcell Technologies), 150ng/ml SCF, 100ng/ml TPO, 10ng/ml FLT3, 

10ng/ml IL3, 10ng/ml GM-CSF (all cytokines from Peprotech). Where primary cells were frozen prior 

to use, they were allowed to recover for a week before performing phenotypic assays but sorted 

directly from defrost for gene expression analysis. Healthy CD34+ cells (Amsbio) were cultured in 

SFEMII with StemSpan CD34 Expansion Supplement (Stem Cell Technologies) and 500nM UM729 for 

1 week, then moved into the t(8;21) media for 24 hours prior to setting up assays.  

 

Patient  Gene Mutation VAF 

t(8;21) #1 Relapse ETV6 c.313_314insGG NP_001978 p.R105fs 45% 

  GATA1 c.158C>A NP_002040 p.A53D 51% 

  KIT c.1253_1255del NP_001087241 

p.418_419del 

61% 

  NOTCH1 c.4898G>A NP_060087 p.R1633H 54% 

  NOTCH1 c.6980G>A NP_060087 p.R2327Q 48% 

  WT1 c.420_421insGTGTGCGA NP_001185481 

p.R141fs 

39% 

t(8;21) #2 Presentatio

n 

RAD21 c.1645delinsGGGGGTACT NP_006256 

p.Q549Gfs*66 

10% 

  FLT3 Internal Tandem 

Duplication 

 3% 

  FLT3 Internal Tandem 

Duplication 

 1% 

t(8;21) #3 Relapse Unknow

n 

   

t(8;21) #4 Relapse KIT c.2435A>T NP_000213.1 p.D816V 48% 

  TET2 c.4179delA NP_001120680 

p.T1393fs 

94% 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 32

Table 1: Details of mutations in patient AML cells additional to the t(8;21) translocation, obtained 

from West Midlands Regional Genetics Laboratory. 

In vivo Experiments 

All mouse studies were carried out in accordance with UK Animals (Scientific Procedures) Act, 1986 

under project licence P74687DB5 following approval from Newcastle University animal ethical 

review body (AWERB). Mice were housed in specific pathogen free conditions in individually 

ventilated cages with sterile bedding, water and diet (Irradiated RM3 breeding diet, SDS). All 

procedures were performed aseptically in a laminar flow hood. NSG mice (NOD.Cg-Prkdcscid Il2rg 

tm1Wjl/SzJ) aged between 12 and 16 weeks, both sexes, from an in-house colony were transplanted 

intra-femorally under isoflurane anaesthetic and 5mg/kg subcutaneous NSAID analgesia (Carprofen). 

Newborn MISTRG mice were injected intra-hepatically according to Ellegast et al.83 Mice were 

checked daily, weighed and examined at least once weekly to ensure good health. Endpoints for 

humane killing were pale extremities, hunched posture, 20% weight loss compared to highest 

previous weight or 10% weight loss for 3 consecutive days and tumours of 1.5cm diameter. 

 

Method details 

 

Plasmid generation 

Generation of the dnFOS plasmid was previously described20 - dnFOS was amplified from cDNA 

provided by Charles Vinson33 with SalI and NotI restriction site overhangs. Using these restriction 

sites, the fragment was ligated into pENTR2B (Addgene) and then recombined into pCW57.1 

(Addgene). The empty vector was pCW57.1 alone. The shRUNX1::ETO plasmid was generated with 

XhoI and EcoRI restriction site overhangs. Using these restriction sites, the fragment was ligated into 

tRMPVIR (Addgene) plasmid. Plasmids were selected and propagated in DH5α competent cells prior 

to maxiprep using NucleoBond Xtra Midi EF kit and then lentiviral production. 

 

Lentivirus production and cell transduction 

Lentivirus was produced in HEK293T cells using calcium phosphate co-precipitation of the target 

plasmid and packaging vectors TAT, REV, GAG/POL and VSV-G at a mass ratio of 24 μg : 1.2 μg : 1.2 

μg : 1.2 μg : 2.4 μg per 150 mm diameter plate of cells. Viral supernatant was harvested after 24, 36, 

48 and 60 hours then concentrated by ultracentrifugation at 25,000xG for 1 hour 45 minutes at 4°C. 

Concentrated virus was then transduced into cell lines or primary cells with 8 µg/ml polybrene via 

spinoculation at 1500xG for 45 minutes. Media was refreshed after 12 hours. To generate clones, 

cell lines underwent puromycin selection (1 µg/ml) for 5 days and were then sorted for single cells 

by FACS. 

 

Growth curves  

For growth curves, cell lines were counted using trypan blue and passaged every 2 days, seeding 

cells at the original concentration. Cells were grown with 10 ng/ml IL-5 (Peprotech), 50 ng/ml VEGF-

165 (Peprotech), 10 µg/ml Bevacizumab (Selleckchem) and/or 500 pg/ml Benralizumab 
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(AstraZeneca). Where appropriate, doxycycline induction of transduced cells was at 2 µg/ml. Growth 

curves were not performed in the PDX, instead the cells were just counted at day 6 after seeding. 

 

Colony forming assays 

For colony assays, cells were grown for 24 hours with the treatment to be tested, then seeded into 

H4100 MethoCult (Stem Cell) with RPMI1640 and 10% FBS, and the treatment to be tested including 

doxycycline as appropriate. Patient-derived cells were seeded into MethoCult Express (Stem Cell) 

Kasumi-1 were seeded at 2000 cells per dish, SKNO-1 were seeded at 5000 cells per dish and patient 

cells were seeded at 1000 cells per dish. Colony assays were counted after 10 days, except for 

patient-derived colonies which were assessed after 20 days. 

Flow cytometry/FACS 

Flow cytometry was carried out on a Cyan ADP (Beckman Coulter) using antibodies against CD309-

APC (KDR) and CD125-biotin (IL5RA) followed by streptavidin-PE-Cy7 for cell lines, and on an Attune 

NxT (Thermo Fisher) using antibodies against 1: hCD45-FITC, CD34-APC, CD38-V450, VEGFR-APC-

vio770 and IL5RA-PE, 2:  hCD45 APC-eFluor780, CD34-PE and mCD45-APC, or 3: CD33-BV421, CD11b-

APC, CD34-PE and hCD45-APC-eFluor780 for PDX cells. Cells were resuspended in 100 µl MACS 

buffer (PBS + 2mM EDTA + 0.5% BSA) and all antibodies were added at 1:100, with staining for 30 

mins at 4°C. Compensation was set up using cells and/or compensation beads. Analysis was carried 

out on FlowJo v10. 

FACS was carried out using a FACS Aria (BD). LSCs and blasts were identified and sorted using 7-AAD 

and lineage cocktail-FITC to select lineage-negative viable cells, followed by CD34-PE-Cy7 positive 

cells and gating CD38-V450 positive blasts and negative LSCs. dnFOS transduced/induced PDX were 

gated for viability on forward/side scatter and sorted for GFP+ as compared to a non-transduced 

population. dnFOS transduced cell lines were sorted based on forward/side-scatter only to single 

cells. 

 

CyTOF Panel design and in-house labelling of purified antibodies 

The AML CyTOF panel was designed to include cell markers specific for myeloid blasts and cell 

signalling markers of interest. For most of the targets, antibodies were acquired in pre-conjugated 

format from the Standard BioTools catalogue. For other targets we performed in-house custom 

conjugations using the MaxPar X8 antibody-labelling kit (Standard BioTools) following the 

manufacturers protocol. In addition to lanthanide metals, Indium-115 (Sigma Aldrich) and Platinum-

198 (Fluidigm) were used to label antibodies.  

Briefly, X8 polymer stored at -20°C was thawed, resuspended in L buffer and then loaded with 50 

mM of lanthanide metal (or In115) at 37°C for 40 mins. Metal loaded polymers were washed twice, 

firstly with L buffer and 25 mins centrifugation, and then with C buffer in a 30 mins centrifugation 

step. During the polymer wash steps 100 µg of purified antibodies were washed with R buffer using 

a 50kDa centrifugal unit. Antibodies were then partially reduced with 4 mM TCEP (Fisher) for 30 

mins at 37°C. Reduced antibodies were twice washed in C buffer. Partially reduced antibodies were 

mixed with metal-loaded polymer and incubated at 37°C for 90 mins. Conjugated antibodies were 

washed and centrifuged four times using W buffer. Purified labelled antibodies were finally eluted 

from the 50kDa units by a centrifugation step using 100 µL of W buffer and assessed for protein 
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concentration using a NanoDrop spectrophotometer (ThermoFisher). The antibody preparations 

were returned to the 50kDa units for a final buffer exchange step with 100 µl PBS antibody 

stabilization buffer (Candor). For Pt198 labelling we followed the Maecker lab protocol84 where 

platinum directly labels the reduced antibody without the use of polymer. All antibodies were tested 

at different titres to ascertain the optimal final dilution (Table 2). 

Metal Markers Vol (µl) / test 

89Y CD45  1.0 

106Cd Barcode  0.75 

110Cd Barcode 0.75 

111Cd Barcode 0.75 

112Cd Barcode 0.75 

113Cd Barcode 0.75 

114Cd Barcode 0.75 

115In Barcode 0.75 

116Cd Barcode 0.75 

148Nd CD34 0.4 

149Sm p4E-BP1 0.75 

150Nd pSTAT5 0.5 

153Eu pSTAT1 0.5 

156Gd p38 0.5 

158Gd pSTAT3 0.5 

159Tb p-cJun 1 

164Dy IkBalpha 0.5 

165Ho CD117 0.75 

166Er NFkB.p65 0.6 

167Er CD38 0.5 

172Yb ki67 0.75 

173Yb p-Jnk1/Jnk2 1 

175Lu pS6 0.5 

176Yb pCREB 0.4 

198Pt Barcode 0.75 

103Rh DNA 500 µM 

194Pt LIVE/DEAD  

Table 2: Antibody titres for CyTOF 

CyTOF experimental workflow 

Primary bone marrow-derived white blood cells were sorted for CD34 positivity using a CD34 

MicroBead Kit (Miltenyi Biotec) and cultured for 10 days as detailed above (primary cultures) such 

that cells were actively proliferating. Cells were taken and resuspended to 20-30×106/ml. Antibody 

cocktail was prepared in excess and filtered through a 0.1 µm centrifugal filter column (Merck 

Millipore) to remove antibody aggregates. 

Samples were initially barcoded by staining cells with metal labelled CD298/B2M antibodies for 

20min at room temperature (RT). Samples were washed twice with MACS buffer. Resuspended cells 
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were then pooled into a single tube and incubated with Tru-Stain Fc blocking solution (Biolegend) for 

10 mins at RT. This was immediately followed by incubation with the surface marker antibody 

cocktail. Staining was performed at RT for 30min with gentle agitation every 10 min. During the last 

2min of the 30min incubation, cells were incubated with Cell ID Cisplatin-194 (Pt194). The Pt194 was 

then quenched with 3mL MACS buffer. Cells were centrifuged and resuspended in freshly prepared 

1.6% paraformaldehyde (Thermo Fisher) and incubated in the dark for 15 mins at RT. Cells were 

washed in MACS buffer then pelleted cells held on ice for 15 mins. After a further gentle agitation to 

ensure cells were well dispersed, 1mL of cold methanol was added to each tube. Cells were 

incubated at -20°C overnight. The next day tubes were allowed to reach RT then washed twice with 

MACS buffer. Cells were incubated with antibodies for intracellular targets for 30 mins at RT. Cells 

were washed with MACS buffer then stained with 500 µM Rh103 DNA intercalator diluted 1:2000 in 

500 ul Fix and Perm buffer (Standard BioTools) at 4°C overnight. 

Samples were acquired within 72hr of cell staining. Prior to acquisition, the samples were washed 

once with MACS buffer and then twice with freshly dispensed milliQ deionized distilled water 

(ddH2O). Cells were then resuspended in ddH2O containing 1/10 diluted four element (EQ) 

normalization beads (Standard BioTools) and filtered through a cell strainer cap (Thermo Fisher). Cell 

densities were corrected to be lower than 1×106 cells/ml. Samples were then acquired on a Helios 

mass cytometer (Standard BioTools) at flow rate of 30 µl/min using a standardized acquisition 

template following routine tuning and instrument optimization using the HT Helios injector. To 

ensure absence of sample carryover to the next sample, tubes with milliQ ddH2O (3min), then wash 

(nitric acid) solution (3min) and again miliQ ddH2O (5min) were run on the instrument in between 

each sample. 

Raw fcs datafiles were (EQ-)bead-normalized using the processing tool in the Fluidigm CyTOF 

acquisition software. Normalized fcs datafiles were then exported and uploaded to Cytobank 

software (Beckman Coulter). Each file was cleaned up by a series of manually set gates to exclude 

normalization beads, non-cellular debris, doublets and dead cells. The processed data was exported 

into a new experiment where debarcoding was performed to generate individual sample fcs files for 

further analysis. Processed datafiles were analysed using manual gating using CD45/CD34/CD117 to 

focus on bulk myeloid cells, then further gated for CD38+/- to focus on LSCs or blasts. Mean ion 

count data for each channel was exported after confirming normal distribution using biaxial plots 

and visualised using heatmaps in R. FCS files of gated cells were exported and read into FlowCore in 

R, ion counts were log2 transformed and a pseudocount of 1 added, then a Student’s t-test 

performed. 

LSC proliferation assay 

Blood from patient 2 underwent lymphoprep and the cells were sorted using the strategy above for 

LSCs and blasts. Each population were divided into two, and the membranes stained with 1) PKH-26 

(Merck) and 2) Claret (Merck). The PKH-26 blasts were combined back with the claret LSCs and vice 

versa, maintaining the original blast:LSC ratio. These cells were then again divided into two and 

incubated for 6 days in SFEMII media as described above (without hMSCs to avoid contamination), 

with 20 µM EdU, and with or without 50ng/ml VEGF and 10ng/ml IL-5. After 6 days the cells were 

stained for EdU with the EdU proliferation kit iFluor 488 (Abcam) and flow cytometry was carried out 

using a CytoFlex (Beckman Coulter). Cells were gated for viability using forward/side scatter, then 

LSCs/Blasts using PKH-26 (PE) vs Claret (APC) and finally EdU positive/negative (FITC). Gating for 

PKH-26 and Claret was set using cells which were stained in a known proportion of 90:10 PKH-

26:Claret and 10:90 PKH-26:Claret. 
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Immunofluorescence 

Cells were adhered to microscope slides using a Shandon Cytospin 4 (Thermo Fisher) at 800 rpm for 

3 minutes. A border was drawn using a PAP pen and cells were then fixed with 4% formaldehyde for 

10 minutes. Permeabilisation was with PBS/0.1% Triton-X100 for 20 minutes, blocking with PBS/0.1% 

Tween-20/3% BSA for 1 hour. Mouse anti-FLAG antibody was incubated at 1:100 in PBS/0.1 Tween-

20/1% BSA for 1 hour, room temperature. Alexa fluor 594 goat anti-mouse antibody was incubated 

at 1:200 in PBS/0.1 Tween-20/1% BSA for 1 hour, room temperature. Slides were mounted using 

ProLong Gold antifade with DAPI (Invitrogen) then imaged using a Zeiss LSM780 confocal 

microscope, using a Plan Achromat 40x 1.2 NA water immersion objective, Lasos 30 mW Diode 405 

nm and Lasos 2mW HeNe 594 laser lines. Images were acquired using Zen black version 2.1 and 

post-acquisition brightness and contrast adjustment was performed uniformly across the entire 

image. 

Generation of t(8;21) PDX 

Frozen bone marrow cells from relapsed patient #4 were transplanted either intrahepatically or 

intrafemorally as shown in Table 3. PDX cells were harvested from leg and hip bone BM by clearing 

the bones of all tissue, crushing and washing in PBS to releash the BM. Spleen blasts were isolated 

by passing through a 50 µM cell sieve. Cells were washed and stored frozen in 10%DMSO/90%FBS. 

Peripheral blood blasts were sampled from the tail vein (< 10% total blood volume/bleed) and 

analysed by flow cytometry. Leukemia-inducing cell frequency was calculated by intrafemoral 

secondary transplantion of PDX isolated from NSG bone marrow, with time to endpoint recorded. 

Transplant 

(tx) route  

Number of 

cells/mouse 

in 20µl 

Mouse strain/age  Number 

of mice 

engrafted 

Latency 

(weeks) 

Sites of engraftment 

intra-hepatic 

(1.2Gy 24hr 
prior to tx) 

1x10E6 MISTRG / 3 days 

old 

1/5 44 Abdominal tumour  

intra-femoral  2x10E6 NSG / 8-12 weeks 
old 

2/2 21, 30 Bone marrow, 
spleen(weight 0.1g), 
skull, thymus, liver, 
ascites, ovary, 
uterus, abdominal 

tumours, peripheral 
blood 

intra-femoral  2x10E6 MISTRG / 14 
weeks old 

1/1 32 Bone marrow, 
spleen(weight 0.1g), 

lung tumour, ovary, 
uterus, leg tumour, 

peripheral blood 

Table3: Creation of t(8;21) patient #4 relapse xenograft. 

In vivo inhibition of VEGFA and IL5RA in t(8;21) PDX mice 

Thirteen NSG mice were each transplanted intra-femorally (as above) with 0.6x106 cells from t(8;21) 

patient #4 secondary transplanted PDX BM. On day 3 after transplant mice were randomised into 

treatment groups for intra-peritoneal (i.p.) injection (volume<6ml/kg, 29G U100 insulin syringe with 

needle) of control-vehicle - saline (0.9% NaCl2) n=5; Bevacizumab 2mg/kg in saline n=4 and 
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Benralizumab 0.38mg/kg in saline n=4. Dosing was continued twice weekly for 13 doses/mouse. 

Mice were humanely killed when they reached the endpoints specified above or at 92 days. 

 

RNA isolation, cDNA synthesis and qRT-PCR 

RNA was isolated from Kasumi-1 cells after 2 days after shRUNX1::ETO knockdown was induced with 

doxycycline using the Nucleospin RNA kit (Macherey-Nagel). cDNA was synthesised using Superscript 

II (Invitrogen) from 1 µg total RNA, using oligo(dT)12-18 primer. qRT-PCR was carried out using 

diluted cDNA, Sybr Green PCR Master Mix (Thermo Fisher), 5 µM of sense and antisense primers 

(sequences listed in Resource Table). 

 

RNA-seq 

RNA was isolated using the Nucleospin RNA kit (Macherey-Nagel) for Kasumi-1, or RNeasy Plus micro 

kit (Qiagen) for patient/PDX cells. RNA libraries were generated using TruSeq stranded total RNA 
library prep kit with ribo-zero for Kasumi-1, or NEBNext Ultra II Directional RNA Library prep kit (New 
England Biolabs) for primary cells, per the manufacturer’s instructions. Illumina sequencing was 
performed on a NextSeq 550 run in paired-end mode for 150 cycles. 

 

scRNA-seq 

Patient cells were sorted for LSCs and blasts as described above, then re-combined at a 1:1 LSC:blast 

ratio, with 30000 total cells in 45 µl. Cell viability was confirmed then loaded on a Chromium Single 

Cell Instrument (10X Genomics), to recover 5000 single cells. Library generation was performed by 

the Genomics Birmingham sequencing facility using the Chromium single cell 3’ library and gel bead 

kit v3.1. Illumina sequencing was performed on a NovaSeq 6000 S1 run in paired-end mode for 150 
cycles at a depth of 20000 reads per cell. 

 

DNaseI-seq 

DNaseI digestions were performed as in Bert et al.85 Cells were permeabilized in DNaseI 

resuspension buffer (60mM KCl, 10 mM Tris pH7.4, 15 mM NaCl, 5 mM MgCl2 and 300 mM sucrose) 

and then DNaseI diluted in dilution buffer (60mM KCl, 0.4% NP40, 15 mM NaCl, 5 mM MgCl2, 10 mM 

Tris pH 7.4 and 2mM CaCl2 was added and incubated at 22°C for exactly 3 minutes. The digestion 

was terminated by adding cell lysis buffer (300 mM Sodium Acetate, 10 mM EDTA pH 7.4, 1% SDS 

and 1 mg/ml proteinase K). DNA was purified using phenol-chloroform extraction. Library 

preparation was performed using the KAPA HyperPrep kit (Roche) on extracted DNA with size 

selection for 200-300 bp fragments and sequenced on a NextSeq 550 (Illumina) run in single-end 

mode for 75 cycles. 

 

ATAC-seq 

Omni ATAC-seq was performed as in Corces et al.86. Briefly, cells were washed in ATAC resuspension 

buffer (RSB) (10 mM Tris-HCl pH7.5, 10 mM NaCl and 3 mM MgCl2) and then lysed for 3 minutes on 

ice in RSB buffer with 0.1% NP-40, 0.1% Tween-20. Then the cells were washed with 1 ml of ATAC 
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wash buffer consisting of RSB with 0.1% Tween-20. Nuclei were resuspended in ATAC transposition 

buffer consisting of 25μl TD buffer and a concentration of Tn5 transposase enzyme (Illumina) related 

to the number of input cells up to 2.5 μl, 16.5 μl PBS, 5 μl water, 0.1% tween-20 and 0.01% digitonin 

and then incubated on a thermomixer at 37°C for 30 minutes. The transposed DNA was then 

amplified by PCR amplification up to ¼ of maximum amplification, as assessed by a qPCR side 

reaction and sequenced on a NextSeq 550 (Illumina) run in single-end mode for 75 cycles. 

 

ChIP-seq 

Between 2 and 20 x106 cells (number is antibody dependent) were crosslinked following 72 hours of 

dnFOS induction with doxycycline, using 1% formaldehyde for 10 minutes at room temperature. For 

GATA2 and FOS cells were double crosslinked, by adding 415 µg/ml Di(N-succinimidyl) glutarate for 

45 minutes prior to formaldehyde crosslinking. Cells were lysed and nuclei extracted using lysis 

buffer (10 mM HEPES pH 8.0, 10 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.25% Triton X-100, 

protease inhibitor cocktail (PIC) 1:100) followed by nuclear lysis buffer (10 mM HEPES pH 8.0, 1 mM 

EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.01% Triton X-100, 200mM NaCl, PIC 1:100). Nuclei were 

sheared to around 100-600 bp in sonication buffer (25 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA 

pH 8.0, 1% Triton X-100, 0.25% SDS, PIC 1:100), using a Picoruptor (Diagenode) for between 4 and 16 

cycles of 30s on/30s off (cycle number dependent on cell number and crosslinking). Sheared 

chromatin was diluted in IP buffer (25 mM Tris 1M pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 1% 

Triton X-100, 7.5% Glycerol, PIC 1:1000). Dynabeads protein G were pre-incubated with antibodies 

against FOS, CEBPA, RUNX1, RUNX1::ETO, PU.1 GATA2, H3K27ac, H3K9acS10P or H3K4me3 (all 

details in resource table) for 2 hours at 4°, then added to the chromatin. Chromatin and antibody-

beads mixture were incubated for between 4 and 18 hours (antibody dependent) at 4°. Beads were 

then washed sequentially: once with buffer 1 (20 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 

1% Triton X-100, 0.1% SDS), twice with buffer 2 (20 mM Tris pH 8.0, 500 mM NaCl, 2 mM EDTA pH 

8.0, 1% Triton X-100, 0.1% SDS), once with buffer 3 (10 mM Tris pH 8.0, 250 mM LiCl, EDTA pH 8.0, 

0.5% NP-40, 0.5% Sodium deoxycholate), twice with buffer 4 (10 mM Tris pH 8.0, 50 mM NaCl, 1 mM 

EDTA pH 8.0). Enriched DNA was eluted from the beads with 100 mM sodium bicarbonate and 1% 

SDS. Crosslinks were reversed with 25 µg Proteinase K for 16 hours at 65°C and DNA was purified 

using AmpureXP beads (Beckman Coulter). Enrichment was confirmed using qRT-PCR with known 

positive and negative binding sites for each protein target, then library preparation and sequencing 

was carried out as for DNaseI-seq with size selection for 200-500 bp fragments. 

 

CUT&RUN 

Nuclear CUT&RUN was performed as in Skene and Henikoff87. Briefly, 1x105 cells were washed with 

PBS. Nuclei were isolated with NE Buffer (20 mM Hepes-KOH pH 7.9, 10 mM KCl, 0.5 mM 

spermidine, 0.1% Triton X-100, 20% Glycerol), captured with Concanavalin A beads (Bangs 

Laboratories, BP531) and incubated with anti-H3K27me3 antibody (Cell signalling, C36B11) for 2 h at 

4°C. After washing away unbound antibody with wash buffer (20 mM HEPES-NaOH pH 7.4, 150 mM 

NaCl, 0.5 mM Spermidine, 0.1% BSA and 1x protease inhibitor cocktails from Sigma), protein A-

MNase (provided by the Henikoff laboratory) was added at a 1:200 ratio and incubated for 1 h at 

4°C. The nuclei were washed again and were equilibrated to 0°C on a metal block and MNase 

digestion was activated with CaCl2 at a final concentration of 2mM for 5 minutes. The digestion was 

terminated with the addition of equal volume of 2xSTOP buffer (200 mM NaCl, 20 mM EDTA, 4 mM 
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EGTA, 50 mg/mL RNase A and 40 mg/mL glycogen). The protein-DNA complex was released by 

centrifugation and then digested by proteinase K at 70°C for 10 minutes and DNA was purified using 

phenol-chloroform extraction. Library preparation was performed using the KAPA HyperPrep kit 

(Roche) on extracted DNA and sequenced on a NextSeq 550 (Illumina) run in single-end mode for 75 

cycles. 

 

RNA-seq analysis 

Raw paired-end reads were processed with Trimmomatic v0.39 to remove sequencing adaptors and 

low-quality sequences. The processes reads were then aligned to the human genome (version hg38) 

using Hisat2 v2.2.1 with default parameters.  

Gene expression from sorted LSC and blast experiments were calculated as fragments per kilobase 

of transcript per million mapped reads (FPKM) using Stringtie v2.1.3 with default parameters and 

gene models from Ensembl as the reference transcriptome. Only protein-coding genes that were 

expressed with an FPKM value > 1 in either the LSC or blast samples were retained for further 

analysis. FPKM values were normalized using upper-quartile normalization and further log2-

transformed with a pseudocount of 1 added before transformation. A gene was considered to be 

either LSC or blast specific if it had a fold-change > 1 between cell types.  

Counts from all other RNA-Seq experiments were obtained using featureCounts from the Subread 

package v2.0.1 using the options -p -B -s2 and gene models from refSeq as the reference 

transcriptome. Only genes with at least 50 counts in at least one sample were retained for further 

analysis. Counts were normalized using the edgeR package in R v4.1.0, and differential gene 

expression analysis was then carried out using limma-voom. For experments where replicates were 

available, a gene was considered to be differentially expressed if it had a fold-change of at least 2 

and a Benjamini-Hochberg adjusted p-value < 0.1. In cases where no replicates were possible, only a 

2-fold-change was used.  

Gene set enrichment analysis (GSEA) was carried out using the GSEA software (Broad Institute). 

Genes were ranked by the log2 fold change and enrichment was calculated for gene sets comprising 

the LSC or Blast specific differential genes. 

Gene ontology (GO) term analysis was carried out using DAVID 6.8. GO terms were ranked according 

to p-value, with the top 10 statistically significant terms (adj. p-value < 0.005) selected for further 

analysis. GO term results were then visualised as a bubble-plot in R v4.1.0 with the size of each 

bubble representing the percentage of genes from that GO term that were present in the set of 

differentially expressed genes, and the colour corresponding to the adjusted p-value.  

 

ATAC/DNaseI-seq analysis 

ATAC or DNaseI sequencing reads were processed with Trimmomatic v0.39 to remove sequencing 

adaptors and low-quality reads. Trimmed reads were aligned to the human genome (version hg38) 

using Bowtie2 v2.3.5.1 using the setting --very-sensitive-local. PCR duplicates were removed using 

the MarkDuplicates function in Picard 2.21.1. Bigwig files were made using the bamCoverage 

function in deepTools 3.5.0 and normalised as counts per million (CPM). These bigwig files were then 

plotted using the UCSC genome browser. Peaks were called using MACS2 v2.2.7.1 using the settings 

-q 0.0005 -B --trackline --nomodel --shift -100 --extsize 200.  
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To carry out differential chromatin accessibility analysis, a peak union was generated using the 

bedtools v2.29.2 merge function. The average tag-density in a 400-bp window centred on the peak 

union summits was calculated for each sample using the annotatePeaks.pl function in Homer v4.11 

using the bedGraph files generated by MACS2. These were then normalised as CPM and further 

log2-transformed as log2(CPM + 0.1). Peaks were considered to be differentially accessible if there 

was at least a 2-fold difference between samples. 

Density plots were generated using Homer v4.11 annotatePeaks.pl function using the bedGraph files 

generated by MACS2, with the options -size 2000 -hist 10 -ghist and plotted using JavaTreeView 

1.1.6. 

In order to measure if a transcription factor motif was overrepresented in a set of differentially 

accessible peaks, we calculated a motif enrichment score (ES) as follows. The number of motifs in a 

peak set was first counted by extracting the motif positions using the findMotifsGenome.pl function 

in Homer with the options -size 200 -find. The probability weight matrices provided by the Homer 

motif database were used in all analyses. The enrichment score was then calculated as: 

��� �  
��� ��⁄

∑ ���� ∑ ���⁄
 

where i is the motif, j is the peak set, nij is the number of sites in peak set j that contain the motif i 

and mj is the total number of sites in peak set j. The scores were then hierarchically clustered using 

complete linkage of the Euclidean distance in R and displayed as a heat map. 

Average profiles were created using normalized bigwig files. To do this, the average peak height for 

each sample was calculated for each sample using the computeMatrix and plotProfile functions in 

deepTools. A normalization factor was then calculated for each sample so that the average peak 

height was the same for all samples. Normalized bigwig files were then created using the 

bamCoverage function in deepTools using the --scale option to apply the normalization factor. The 

average profile was then plotted using the computeMatrix and plotProfile functions.  

Average motif profiles were generated using Homer annotatePeaks.pl with the options -size 2000 -

hist 10 -m <target motif position weight matrices> and plotted using R ggplot2 using the 

geom_smooth loess function. 

 

ChIP-seq/CUT&RUN analysis 

ChIP-sequencing reads were processed with Trimmomatic v0.39 to remove sequencing adaptors and 

low quality reads. Trimmed reads were aligned to the human genome (version hg38) using Bowtie2 

v2.3.5.1 using the setting --very-sensitive-local. PCR duplicates were removed using the 

MarkDuplicates function Picard v2.21.1. Bigwig files were created for viewing in UCSC genome 

browser using deepTools 3.5.0 bamCoverage, with normalisation using counts per million (CPM). 

Peaks were called using MACS2 using the settings -q 0.01 -B --trackline. Differential peaks were 

calculated as for ATAC-seq. 

Average profiles were generated as for ATAC-seq, except for H3K27me3 where normalisation was 

only by counts per million due to the broad regions which have this mark. The average peak height 

was calculated from these profiles at specific sites and a log2 fold change calculated and plotted as a 

heatmap in R using hierarchical clustering as for ES above. ES and density plots were generated as 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 19, 2023. ; https://doi.org/10.1101/2023.03.10.532081doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.10.532081
http://creativecommons.org/licenses/by/4.0/


 41

for ATAC-seq except for H3K27me3 and H3K4me3 where density plots were generated using 

deepTools plotHeatmap in conjunction with the average profiles. 

In order to ensure that ChIP peaks were associated with the correct target gene we used processed 

promoter-capture Hi-C data from Assi et al.7. This was done by first searching for peaks that could be 

assigned to a DNaseI hypersensitive site (DHS) for which the Hi-C data could associate the DHS with 

the correct gene promoter. In cases where no Hi-C association was available, peaks were assigned to 

their closest gene based on transcription start site (TSS) using the annotatePeaks.pl function in 

Homer.  

 

scRNA-seq analysis  

Reads from single-cell RNA-Seq experiments were aligned to the human genome (version hg38) and 

quantified using the count function in CellRanger v3.1.0 from 10x Genomics and using gene models 

from Ensembl as the reference transcriptome. Unique Molecular Identifier (UMI) count data was 

filtered for low quality cells by removing cells with less than 500 and more than 5000 detectable 

genes. Cells that had more than 20% of UMIs aligned to mitochondrial transcripts were also 

excluded from further analysis. UMI counts were normalized using the log-normalize method in the 

Seurat package v4.1.0 in R v4.1.2. The cell cycle stage was then estimated for each cell using the 

CellCycleScoring function in Seurat and using the in-built lists of cell cycle stage associated genes. To 

account for the possible effect of cell cycle stage on downstream clustering analysis, S-phase and 

G2M-phase scores were included as variables in a linear regression model using the ScaleData 

function in Seurat. Principal Components Analysis (PCA) was then performed on the normalized and 

scaled data, with the first 20 principal components for t(8;21) #1 and 14 principal components for 

t(8;21) #2 selected for further analysis. Cells were then clustered using the FindClusters function in 

Seurat with a resolution value of 0.8 and visualized using Uniform Manifold Approximation and 

Projection (UMAP). Cluster marker genes, corresponding to genes that are significantly higher 

expressed in a cluster compared to all other cells outside of that cluster, were identified using the 

FindAllMarkers function. Genes that had an average log2-fold change of at least 0.25 with an 

adjusted p-value less than 0.1 were selected as marker genes. 

In order to classify a single-cell cluster as either blast or LSC, specific genes from the blast and LSC 

bulk RNA-seq above were used as a reference gene expression signature for Gene Set Enrichment 

Analysis (GSEA). GSEA was carried out using the fgsea package v1.10.1 (27) in R. To do this, cluster 

marker genes from single-cell clusters were used as pathways and compared to the gene expression 

signatures derived from the bulk data. This analysis produced a normalised enrichment score (NES) 

for each cluster, with a positive NES suggesting that a cluster has a more blast-like gene expression 

signature and a negative NES suggesting a more LSC-like signature. Only clusters with a Benjamini-

Hochberg adjusted p-value < 0.05 and an absolute NES >1 were considered to be positively classified 

as either LSC or blast.  

Single-cell trajectory analysis was carried out using Monocle3 v1.0.0
82

. Processed data from Seurat 

was imported to Monocle and trajectories were inferred using the learn_graph function. Pseudotime 

was then calculated using the order_cells command, using cells from the earliest inferred LSC 

population as the root. Trajectories were then plotted on the UMAP calculated by Seurat.   

Z-scores of t(8;21)-specific genes were calculated by first calculating the average gene expression per 

cluster using the AverageExpression function in Seurat. The t(8;21)-specific genes were calculated 
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using normalised FPKM values from bulk AML samples obtained from Assi et al7, with genes 

considered as t(8;21)-specific if they were at least 2-fold higher in the average of all t(8;21) patients 

compared to the average of each of the other AML subtypes or PBSCs. The average cluster 

expression of the t(8;21)-specific set of genes was then transformed to a Z-score using the scale 

function in R and plotted as a heatmap with supervised clustering by cell cluster ordered by the 

inferred pseudotime trajectory and ordered from highest to lowest Z score in each population.  

Genes that were specifically differential in G0/G1 cells were obtained by subsetting all of the non-

S/G2M phase cells based on the cell cycle scoring above. The FindAllMarkers function was then run 

on this subset using the LSC/Blast classification rather than the clusters. Genes that had an average 

log2-fold change of at least 0.25 with an adjusted p-value less than 0.05 were selected as marker 

genes for LSCs or blasts. 

 

Quantification and statistical analysis 

For comparisons of drug/cytokine treatment vs control only two-sided Student’s t-tests were 

performed. For growth curves two-way ANOVA was performed with Dunnett correction for multiple 

comparisons at each time point. For mass cytometry data Student’s t-tests were performed on log2 

transformed data. 

 

Supplemental Table Titles 

Supplemental Table1 – 2-fold LSC and blast specific genes from primary AML patient RNA-seq 

datasets 

Supplemental Table 2 - G1-stage LSC and Blast marker genes and associated GO terms from primary 

AML patient scRNA-seq 

Supplemental Table 3 - RNA fold changes following expression of dnFOS in Kasumi-1 

Supplemental Table 4 - RNA fold changes following expression of dnFOS in PDX or healthy CD34+ 

cells 
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