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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 LSCs in
this AML 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.
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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)*3. LSCs, like healthy
hematopoietic stem cells (HSCs) form a small proportion of leukemic cells and are generally quiescent,
and are therefore thought to be responsible for relapse following chemotherapy?. LSCs must remain
guiescent to evade chemotherapy whereas relapse is dependent on these cells receiving signals that
induce them to re-enter the cell cycle and proliferate to generate blasts and repopulate AMLY,
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 HSCs*, which may allow for selective targeting. For
example, FoxM1 regulates the cell cycle specifically in MLL-rearranged LSCs®. 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 phenotype®’. It is largely unknown to what

extent GRNs are already established in LSCs as compared to blast cells as the latter dominate the
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transcriptional signature in bulk sequencing analysis. Decoding these GRNs is further complicated by
the fact that even healthy HSCs have highly diverse transcriptional profiles®, and LSCs also show intra
and inter-patient gene expression heterogeneity®. 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 outcomes!®. 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 factors®'?!3, 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 genome!**®>., 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 transformation®Y’. 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 genes®®?%, 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


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.10.532081; this version posted March 12, 2023. The copyright holder for this preprint
(which 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 available under aCC-BY 4.0 International license.

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 a KIT mutation at an allele frequency of 61%
while sample #2 carried two FLT3 internal tandem duplications (ITD) at a combined allele frequency
of 4% (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)*?!, 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 DNasel-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 pattern®. We
compared these DNasel-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 revealed that the
t(8;21)-specific open chromatin signature was already largely established in the LSCs (Figure 1B), but
the LSC chromatin accessibility profile was not identical to blast cells (Figure S1D). Beyond the general
t(8;21) signature, the open chromatin sites 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 HSC-like accessibility pattern in LSCs?22%, RNA-seq
data from sorted cells was used to identify blast and LSC specific genes for each patient (Figure S1F).
These genes were then compared across 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 cells?*, 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
threshold. LSC-specific genes were strongly associated with LSC-specific accessible chromatin whilst
for blast specific genes the correlation was weaker (Figure S1D). This finding may indicate that blast-

gene cis-regulatory elements are already accessible and primed in LSCs. Of the shared genes, only
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TINAGL1 was specific for t(8;21) AML but together this gene set defines a t(8;21) specific LSC gene

signature which was used for further analysis.

We next performed scRNA-seq on sorted LSCs and blasts because bulk RNA-seq does not reveal 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 cells?®, 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. 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%?’. Together these data show that the t(8;21)-specific

regulatory network is already established 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 Go/G; cells in patient 1 LSCs compared to blasts, but similar proportions of Go/G; 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 Go/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 G/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 Go/G1 LSCs and Go/G1 blasts from the two patients, we found that similar
genes were expressed specifically in LSCs or blasts. Go/G1 LSCs expressed genes primarily associated
with transcriptional control and negative regulation of the cell cycle, whilst the Go/G; 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 quiescence?. 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-kB 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
are insufficient to initiate LSC growth despite being found equally in LSCs and blasts. 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 LSCs expressing the VEGFA receptor KDR, albeit at a low level (Figure 2D). 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). Pseudotime trajectory analysis confirmed that these GATAZ2 high, IL5RA/KDR/VEGFA
positive LSCs were at the apex of the differentiation hierarchy (Figure S2F and S2G).
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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 locus®®. 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-C). We next used the VEGFA inhibitor bevacizumab3®® with no additional
VEGF (as the AML cells express it already) to test whether the inhibitor would abrogate growth
stimulation. The inhibitor reduced growth rates (Figures 3A,C and S3A-B), although growth was not
fully blocked which was expected as not all cells express KDR on the surface (Figure S3C). 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 S3D). 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 inhibitor bevacizumab. In both
cell lines bevacizumab led to a small reduction in the number of colonies formed initially in
concordance with the reduced growth rate (Figures 3D-E). However, when the colonies were replated
a significantly higher number of colonies were formed in the presence of bevacizumab indicating a
higher capacity for self-renewal (Figures 3D-E). Thus, blocking VEGF signalling stalls the cells in an

increased self-renewing state.

Our next experiment directly studied the growth stimulation of primary LSCs by IL-5 and/or VEGF
signalling. To this end, we used different membrane tracking dyes to individually 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 3F-G). 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 3G). 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 73% to 85% in LSCs. Results were the same
regardless of which dye was used for which cell population (Figure S3E). 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.
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We also developed a patient derived xenograft (PDX) generated from t(8;21) patient #4 who relapsed
with a KIT mutation. This is - to our knowledge - the first PDX from a t(8;21) patient capable of serial

t32, and can be cultured ex vivo but does not form colonies. As with the cell lines,

re-engraftmen
addition of VEGF or IL-5 to cultured PDX cells stimulated growth, whilst inhibition reduced growth
(Figures 4A-B). 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 in the effective dose range
observed in Figure 4 for the t(8;21) cells (Figure S4A) We then tested inhibition of VEGFA in vivo by
injecting PDX cells intra-femorally into NSG mice then treating the animals for 41 days with
bevacizumab (Figure 4C). 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 4D-E and S4B). 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 4F-G) and KDR/IL5RA double positive LSCs were depleted by bevacizumab
(Figures 4H-1 and S4C). This effect was more pronounced in bone marrow of the left leg to which the

human cells had to migrate. 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 S4D-E).

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 responsive to VEGF and IL-5 signalling.

We then asked how VEGF and IL-5 signalling exert their effects on LSC growth. Both signalling
pathways are known to function via MAPK through 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) AML®!2° To investigate this idea, we generated Kasumi-12° 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 resulted in growth rates
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lower than the control (Figures 5A-B). Similarly, the combination of bevacizumab and dnFOS did not
show any additive effect (Figures 5A-B). FOS ChIP-seq in 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 re-plating capacity (Figures 5F-G). These results are in
concordance with the reduced growth and increased self-renewal seen with bevacizumab 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 leading
to LSC growth. To this end we performed DNasel-seq, RNA-seq and ChIP-seq experiments for multiple
transcription factors (FOS, C/EBPa, RUNX1, RUNX1-ETO, PU.1, GATA2) in Kasumi-1 cells with or
without dnFOS induction and integrated the data to mechanistically link AP-1 binding to the wider
transcriptional 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 genes®*,

The comparison of LSC and blast open chromatin regions had shown that LSC-specific sites were
enriched in GATA motifs (Fig S1D). We noted that DNasel-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/EBPa 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
ChlIP 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 shows 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/EBPa at lost sites (Ctrl) and correlation of GATA2, C/EBPa and FOS binding at gained sites (Figure

6C). Furthermore, an analysis of the motif spacing in the lost sites in each ChIP showed similar
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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 motifs, but not AP-1, 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 heterodimerise3> 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 a similar fashion!*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)*2. 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/EBPa 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 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 S6l). GATA2 is a key regulator of stem cell
maintenance® and we and others have shown that GATA2 is expressed in LSCs (Figure 1)%. 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 conformation®’.
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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 only 197 genes in total
were de-regulated (Figures 7B and 7C, Table S4). In concordance with this result, healthy cells did not
show a phenotypic response to dnFQOS in colony forming assays (Figure S7B). To ask whether the de-
regulated genes were associated with 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

RUNX1-ETO is required for the maintenance of the leukemic state in t(8;21) cells as its depletion
activates a C/EBPa-dependent myeloid differentiation program#!>3438 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 expression'’3>%,  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 are up-regulated in the presence of
RUNX1-ETO, whilst expression of 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
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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 JUND3* 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 Polll (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
H3K9acS10P* was dramatically and globally reduced following RUNX1-ETO knockdown despite an
increase in total H3K9ac (Figure S8G). 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 signhalling*. To investigate whether the expression of VEGFA and IL5RA is sighalling
or RUNX1-ETO responsive and thus form a regulatory circuitry, we examined their cis-regulatory
regions. We assembled DNasel-seq data from t(8;21) AML patients together with the above-described
DNasel-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 HSCs*? 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 DNasel peaks were detected in t(8;21) AML patients (Figure 8C,
indicated by a grey bar) but not in healthy PBSCs. No ChlIP-seq signal was detected here, due to the
likely loss of this region of chromosome in Kasumi-1 cells. A motif search in the DNasel 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
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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 AP-1 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* and disrupting PU.1 and RUNX1 driven control of myelopoiesis*#*. Simultaneously,
RUNX1-ETO, when expressed on its own, blocks the cell cycle!” which is overcome via AP-1 dependent
gene regulation®. JUN is up-regulated in an indirect but RUNX1-ETO dependent fashion?®®. The
acquisition of signalling mutations or signals from the niche post-translationally activates AP-1 to
orchestrate changes in the transcriptional program, leading to a reversible silencing of LSC genes and

activation of blast genes through redistribution of CEBPA, PU.1, RUNX1 and GATA2.

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-ETO®. 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 cells**, including expression of GATA2 and JUNB which control the
regulation of cell cycle genes***. The fact that LSCs develop an HSC-like regulatory phenotype may be
part of a chemotherapy response® 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 silenced®>3, and can be
re-activated when signals to LSCs are blocked, forming a feedback loop that prepares cells to respond

to extrinsic signals.

In t(8;21) AML, VEGF and IL-5 signalling pathways are responsible for stimulating AP-1 leading to LSC
activation and the onset of the blast transcriptional program. 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 expressed??. Each of these genes is a target for AP-1
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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 cells**. VEGFA, KDR and IL5RA are also GATA2
targets, whereby GATA2 further co-operates with AP-1°° and is specifically expressed in LSCs which
are poised to cycle®®. 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. During embryonic development and thereafter VEGFA and KDR
which are part of the endothelial gene expression program are repressed by RUNX1%, RUNX1-ETO
disrupts the action of wild-type RUNX1 on VEGFA/KDR®® and endothelial gene expression remains
elevated®®®°, In biCEBPA mutant AML, RUNX1 expression is down-regulated? 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 in GATA2-high biCEBPA-mutant
LSCs*2.

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 growth®%3, 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 chemotherapy®®. 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 antibody bevacizumab.
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 included® 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.
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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) DNasel-seq in t(8;21) patients and

healthy CD34+ PBSCs® was ranked by the fold change of the average tag count in distal peaks and
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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 log, 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.
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Figure 2: t(8;21) AML LSCs are differentially signalling responsive
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(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 G; 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 logio p-value of the enrichment of the term. (C) Heatmaps showing the log; fold
difference between mean ion counts in blasts and LSCs (left) and the log, 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 n.s. >0.001, * <0.001, ** <
le->, *** < 1e-19, 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 log, FPKM of IL5RA, VEGFA and KDR in AML with different driver

mutations and healthy CD34+ PBSCs®. Horizontal bars indicate the median of all samples.
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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