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HBO1 is required for the maintenance of 
leukaemia stem cells
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Yuqing Yang4,5, Rebecca A. Bilardi4,5, Hendrik Falk4,5,6, Nghi Nguyen7, Paul A. Stupple6,7, 
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Regina Surjadi6,8, Janet Newman6,8, Bin Ren6,8, David J. Leaver7, Yuxin Sun7,  
Jonathan B. Baell7,11, Oliver Dovey12, George S. Vassiliou12,13, Florian Grebien14,  
Sarah-Jane Dawson1,2,15, Ian P. Street4,5,6, Brendon J. Monahan4,5,6, Christopher J. Burns4,5, 
Chunaram Choudhary3, Marnie E. Blewitt4,5, Anne K. Voss4,5, Tim Thomas4,5 &  
Mark A. Dawson1,2,15,16*

Acute myeloid leukaemia (AML) is a heterogeneous disease characterized by 
transcriptional dysregulation that results in a block in differentiation and increased 
malignant self-renewal. Various epigenetic therapies aimed at reversing these 
hallmarks of AML have progressed into clinical trials, but most show only modest 
efficacy owing to an inability to effectively eradicate leukaemia stem cells (LSCs)1. 
Here, to specifically identify novel dependencies in LSCs, we screened a bespoke 
library of small hairpin RNAs that target chromatin regulators in a unique ex vivo 
mouse model of LSCs. We identify the MYST acetyltransferase HBO1 (also known as 
KAT7 or MYST2) and several known members of the HBO1 protein complex as critical 
regulators of LSC maintenance. Using CRISPR domain screening and quantitative 
mass spectrometry, we identified the histone acetyltransferase domain of HBO1 as 
being essential in the acetylation of histone H3 at K14. H3 acetylated at K14 (H3K14ac) 
facilitates the processivity of RNA polymerase II to maintain the high expression of 
key genes (including Hoxa9 and Hoxa10) that help to sustain the functional properties 
of LSCs. To leverage this dependency therapeutically, we developed a highly potent 
small-molecule inhibitor of HBO1 and demonstrate its mode of activity as a 
competitive analogue of acetyl-CoA. Inhibition of HBO1 phenocopied our genetic 
data and showed efficacy in a broad range of human cell lines and primary AML cells 
from patients. These biological, structural and chemical insights into a therapeutic 
target in AML will enable the clinical translation of these findings.

AML is organized in a loose hierarchy, in which a small population of 
self-renewing LSCs give rise to a large population of more-mature leu-
kaemic blasts2. Although several human and mouse AML cell lines have 
undergone chemical and genetic screens to identify targetable depend-
encies in this disease3–5, the majority of these models do not replicate 
the functional properties of LSCs. Analogous to the effective mainte-
nance of embryonic stem cells with therapeutic pressure to decrease 
differentiation6, a method to sustain cells with the transcriptional and 

functional properties of LSCs in liquid culture has previously been 
established7. Importantly, we concurrently established an isogenic 
population of AML blasts.

Because regulators of transcription are the most frequent muta-
tional targets in AML8, we performed a pooled negative-selection 
screen with a customized small hairpin RNA (shRNA) library against 
270 known chromatin modifiers to identify transcriptional regulators 
that are required for the maintenance of functionally validated LSCs7. 
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The screen was highly reproducible, and clearly identified shared and 
unique dependencies in LSCs and AML blasts (Extended Data Fig. 1a). 
We observed far fewer dependencies in LSCs: less than one-third of 
the shRNAs were depleted in the LSCs compared to the blasts (Fig. 1a, 
Supplementary Table 1). It has previously been shown that the BET bro-
modomain proteins (BRD2, BRD3 and BRD4) were not a major depend-
ency in this LSC model7, and—in addition—we found that most of the 
hitherto-identified epigenetic dependencies (including DOT1L, LSD1, 
EZH2 and PRMT5) that have been the focus of clinical therapies1 selec-
tively eradicate only the blasts and not the LSCs (Extended Data Fig. 1b, 
c). Of the few dependencies identified in the LSCs, we chose to focus on 
Hbo1 (also known as Kat7) as it is not a recognized essential gene and was 
equally effective in eradicating the blast and LSC populations (Fig. 1a, 
b, Extended Data Fig. 1d). HBO1 is one of five mammalian members of 
the highly conserved MYST family of acetyltransferases. Recent efforts 
to identify unique and global genetic dependencies in human cells 
have highlighted the fact that MOF (also known as KAT8) and TIP60 

(also known as KAT5) are pan-essential genes9, whereas HBO1 is highly 
expressed in human AML (Extended Data Fig. 2), in which it shows a 
clear and unique dependency9 (Fig. 1b, c, Extended Data Fig. 3a, b).  
HBO1 has previously been reported to function as a major transcrip-
tional regulator, primarily via histone acetylation, and—although vari-
ous histone modifications have been attributed to HBO110–12—these 
conflicting reports are probably influenced by the specificity of the 
antibodies used. Therefore, to precisely identify the major histone 
modifications regulated by HBO1, we coupled conditional deletion 
of HBO1 in AML cells with quantitative mass spectrometry13. These 
data clearly demonstrate that the acetylation of histone H3 at K14 is 
the major non-redundant chromatin modification that is mediated by 
HBO1 (Fig. 1c, Supplementary Table 2).

Similar to most histone acetyltransferases, HBO1 can interact with 
several scaffolding proteins to form functionally distinct catalytically 
active complexes14. Therefore, to identify the major complex members 
required for the maintenance of LSCs, we assessed the functional effect 
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of genetic depletion of the members of the HBO1 complex. We found 
that knockdown of BRPF2 (also known as BRD1), MEAF6 and PHF16 (also 
known as JADE3) phenocopied the functional and biochemical effects 
of HBO1 reduction (Fig. 1d, e, Extended Data Fig. 3c). As all of the com-
ponents of the HBO1 complex that resulted in impaired maintenance of 
LSCs also caused a global reduction in H3K14ac, we reasoned that the 
catalytic domain of HBO1 might be the critical target. CRISPR domain 
screening with five separate single-guide RNAs (sgRNAs) against the 
MYST domain confirmed that this domain was essential for H3K14ac 
and LSC survival (Fig. 1f, g). Although CRISPR domain screening is an 
effective approach to identifying functional domains for drug discov-
ery15, our rescue experiments with wild-type and catalytically inactive 
HBO1 provided the highest level of confidence that the histone acetyl-
transferase domain of HBO1 was the critical therapeutic target in the 
complex (Fig. 1h, i).

The dominant cellular phenotypes that resulted from the loss of HBO1 
included an induction of apoptosis, a prominent G0/G1 cell-cycle arrest 
and a marked differentiation of the immature LSC population (Fig. 2a, 
b, Extended Data Fig. 3d–h). These data highlighted the importance of 
HBO1 in LSC maintenance in an ex vivo model system. To address the 
broader application of our findings in the absence of therapeutic pres-
sure to maintain the LSC state7, we generated an enriched population 
of LSCs in an in vivo mouse model16 and performed a competition assay 
to assess the requirement of HBO1 for LSC maintenance in vivo. Here, 
we transplanted a fixed ratio of 90% shRNA-expressing cells and fol-
lowed the percentage of shRNA-expressing cells that contributed to the 
leukaemia in vivo. Despite 90% of LSCs expressing Hbo1 shRNA being 
transplanted, less than 5% of them remain at the time of death from 

leukaemia—demonstrating a marked negative selection (Fig. 2c). By 
contrast, both the non-targeting shRNA and shRNA against the closely 
related member of the MYST family Moz (also known as Kat6a) show no 
detrimental effect to LSCs. Similar results were also seen in the NPM1c 
and FLT3-ITD mouse model17 (Fig. 2d). Moreover, the mice transplanted 
with shRNAs against Hbo1 showed a substantial survival benefit (Fig. 2e, 
Extended Data Fig. 4a), raising the prospect that Hbo1-null LSCs are 
incapable of perpetuating the disease.

To explore this possibility further, we generated leukaemias using 
an MX1–Cre model for the conditional deletion of Hbo1 (Extended 
Data Fig. 4b). The resulting leukaemia was then transplanted into sec-
ondary recipient mice and polyinosinic:-polycytidylic acid (pIpC) was 
administered after engraftment. Neither pIpC injection nor heterozy-
gous deletion of Hbo1 affect survival or leukaemia latency (Extended 
Data Fig. 4c). Leukaemic cells derived from Hbo1flox/flox Mx1-cre mice 
show a marked survival advantage, and none of the fatal leukaemia 
that occurred in pIpC-treated mice showed complete loss of HBO1 
(Fig. 2f). By contrast, homozygous deletion of Moz showed no effects 
on survival in two separate mouse models of AML (Extended Data 
Fig. 4d–f). Together, these data confirm the results from our ex vivo 
model, and provide compelling evidence that HBO1 is an essential 
requirement for LSC maintenance.

To assess the generality of our findings beyond mouse models of 
AML, we chose to delete HBO1 using CRISPR–Cas9 in a range of human 
AML cell lines that encompasses a variety of oncogenic drivers prevalent 
in AML8. We found the majority of AML cell lines recapitulate our results 
in the mouse LSCs, and show an impaired survival of HBO1-deleted cells 
that results from an induction of apoptosis, a G0/G1 cell-cycle arrest 
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and prominent differentiation (Fig. 2g–k, Extended Data Fig. 5). By con-
trast, very few non-AML cell lines show a similar dependency on HBO1 
(Extended Data Fig. 6). Having established the requirement of HBO1 in 
mouse and human models of AML, we next wanted to understand the 
molecular events that underpin the role of HBO1 in LSC maintenance. 
Consistent with the major cellular phenotype of myeloid differentia-
tion, we found that HBO1 loss results in the marked enrichment of a 
myeloid differentiation gene-expression program (Extended Data 
Fig. 7a). The established role of HBO1 as a facilitator of transcription 
led us to examine the top downregulated genes after HBO1 deletion. 
These downregulated genes are some of the most highly expressed 
(Extended Data Fig. 7b) and include several homeobox genes (Fig. 3a), 
which are known to be important in LSC maintenance and are com-
monly upregulated in AML with a poor prognosis18. The requirement 
of HBO1 to sustain the expression of the essential LSC genes within the 
5′-HOXA gene cluster is conserved in human AML cells (Extended Data 
Fig. 7c), and the dominant role of these genes in mediating the cellular 
phenotypes of HBO1 loss is highlighted by the fact that overexpression 
of Hoxa9 or Hoxa10 considerably rescues the myeloid differentiation 
and loss of viability that is observed after depletion of HBO1 (Extended 
Data Fig. 7d-f).

Many of the genes that are downregulated after loss of HBO1— 
particularly the homeobox genes—are established targets of both wild-
type MLL1 and MLL1 fusion proteins19. Using quantitative proteomics 
in an isogenic leukaemia cell line designed to express a single copy 
of seven distinct MLL1 fusion proteins20, we identified members of 
the HBO1 complex that are functionally required to maintain LSCs 
(Fig. 1d) as a strong interactors with the N terminus of MLL1 (Fig. 3b, c). 
Although these findings provide molecular insights into how the HBO1 
complex is recruited to specific gene loci, to further understand the 
role of HBO1 in regulating these genes we performed chromatin immu-
noprecipitation with sequencing (ChIP–seq) analyses for H3K14ac 
and RNA polymerase II (RNA Pol-II). These data show that H3K14ac 
deposited by HBO1 is widespread throughout the genome, but that 
at the highly expressed genes repressed by loss of HBO1, H3K14ac 
and RNA Pol-II blanket the entire coding region of the gene (Fig. 3d, 
Extended Data Fig. 7g). H3K14ac is an evolutionarily conserved histone 
modification, and recent evidence suggests that H3K14ac may regu-
late transcriptional elongation21. Consistent with this, we find mark-
edly increased levels of RNA Pol-II within the coding region of highly 
expressed genes that contain the highest levels of H3K14ac (Fig. 3e). 
Furthermore, expressed genes with the highest level of H3K14ac have 
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denote mutated myeloid genes. k, Schematic overview of AML gene regulation 
by the HBO1 complex.
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the lowest RNA Pol-II travelling ratio, and loss of HBO1 leads to a more 
prominent loss of RNA Pol-II within the body of these genes (Fig. 3f, 
Extended Data Fig. 7h). The processivity of RNA Pol-II is greatly facili-
tated by chromatin remodelling complexes, and H3K14ac has previ-
ously been shown to be specifically bound by SMARCA422, DPF223 and 
members of the ISWI family24, resulting in the marked potentiation of 
their remodelling activity. The members of these chromatin remodel-
ling complexes show a similar cancer-cell-line dependency profile to 
HBO1 (with a predilection for AML9) and also phenocopy the effects of 
HBO1 loss in LSCs (Fig. 3g–i, Extended Data Fig. 7i).

Our genetic data in both mouse and human AML cells clearly identi-
fied the catalytic activity of HBO1 as the central therapeutic target. A 
long-standing challenge in the field has been to develop highly selective 
small-molecule histone-acetyltransferase inhibitors that discriminate 
between the major families of histone acetyltransferases. It has recently 
been demonstrated that the acylsulfonylhydrazide backbone provides 
a simple chemical scaffold for the generation of selective inhibitors 
of MYST-family acetyltransferases25. Using this template, we gener-
ated WM-3835 (N′-(4-fluoro-5-methyl-[1,1′-biphenyl]-3-carbonyl)-3-
hydroxybenzenesulfonohydrazide) (Fig. 4a), which retains specificity 
for the MYST acetyltransferases but has increased potency against 
HBO1 compared to WM-1119 (Fig. 4b, Extended Data Fig. 8a). We solved 
the crystal structure of HBO1 with WM-3835 bound in the acetyl-CoA 
binding site at 2.14 Å (Fig. 4c, Extended Data Fig. 9). Overlaying this 
crystal structure with WM-1119 in complex with a modified MYST acetyl-
transferase domain25 (MYSTCRYST) shows that WM-3835 makes additional 
interactions with the protein surface, which may explain the increased 
activity of WM-3835 against HBO1. Specifically, the WM-3835 phenol 
forms a hydrogen-bonding network with Glu525 and Lys488, neither 
of which is conserved throughout the MYST family.

WM-3835 is a cell-permeable small molecule that results in a rapid 
and selective reduction in levels of H3K14ac (Fig. 4d). Treatment of a 
diverse set of AML cell lines with WM-3835 resulted in a marked reduc-
tion in tumour-cell viability (Fig. 4e, Extended Data Fig. 10a) that was 
not observed after treatment with the inactive analogue WM-247425 
(Extended Data Fig. 8b). Notably, we observed an excellent dose–
response relationship between a reduction of levels of H3K14ac and 
cell viability (Extended Data Fig. 8c, d). Although WM-3835 retains 
potency against MOZ and QKF (also known as MORF or KAT6B), 
CRISPR–CAS9-mediated deletion of these enzymes does not alter the 
activity of WM-3835 (Fig. 4f), which highlights the fact that the efficacy 
of WM-3835 in AML is primarily via HBO1 inhibition. Moreover, treat-
ment of cells with WM-3835 phenocopied the molecular and cellular 
effects of genetic depletion of HBO1 by inducing apoptosis, a G0/G1 
cell-cycle arrest, differentiation of human AML cells and transcriptional 
repression on HOXA9 and HOXA10 (Fig. 4g, i, Extended Data Fig. 8e–h). 
Similar to our genetic studies, overexpression of Hoxa9 and Hoxa10 
ameliorated the effects of WM-3835 (Extended Data Fig. 8i). Although 
the rapid metabolism—including glucuronidation of WM-3835— 
precluded efficacy experiments in vivo (Extended Data Fig. 10b-c), the 
compound showed a prominent reduction of clonogenic potential in 
primary human AML cells (derived from several patients) that contained 
different driver mutations, highlighting the therapeutic potential of 
catalytic inhibitors against HBO1 in AML (Fig. 4j).

Central to the ambition to alter the natural history of AML is the 
requirement for new therapies that effectively target LSCs from the out-
set. LSCs serve as the reservoir for evolving resistance to conventional 
and targeted therapies, and our clinical experience has clearly proven 
that monotherapies are incapable to subvert the vast adaptive poten-
tial of LSCs. Therefore, the future lies in identifying key therapeutic  
targets in LSCs that can be leveraged in combination with other effective  
agents, including conventional chemotherapy. Here we identify HBO1 

as a targetable dependency in LSCs. Our molecular insights suggest that 
MLL1 recruits HBO1 to regulate highly expressed LSC genes (including 
the HOXA cluster) through H3K14ac, which potentiates the activity 
of specific chromatin remodelling complexes and enables a greater 
processivity of RNA Pol-II (Fig. 4k). The blueprint for selective and 
potent inhibition of HBO1, together with these biological insights, 
provide the impetus and platform for the translation of these findings 
into the clinical setting.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation during experiments and outcome assessment.

Cell culture
MLL–AF9 bulk blasts and LSCs were generated as previously described7. 
Mouse and human cell lines (NOMO-1, Molm13, MV4;11, HL-60, OCI-M2, 
OCI-AML3, K562, NB4, SKM-1 and KG-1) were maintained in RPMI-1640 
supplemented with 10% FCS, 2 mM GlutaMAX, 100 IU ml−1 penicillin, 
100 μg ml−1 streptomycin under standard culture conditions (5% CO2, 
37 °C). Blasts and LSCs were maintained in the presence of 0.1% DMSO 
or 1 μM I-BET151, respectively, and IL-3 (10 ng ml−1). HEK293T cells 
were maintained in DMEM supplemented with 10% FCS, 100 IU ml−1 
penicillin, 100 μg ml−1 streptomycin in 10% CO2 at 37 °C. All cell lines 
were regularly tested and verified to be mycoplasma-negative by PCR 
analysis by in-house genotyping. Human cell lines were authenticated 
by short tandem repeat profiling through the Australian Genome 
Research Facility.

Virus production and transduction
Retrovirus was produced by triple transfection of HEK293T cells with 
a retroviral LMP-blue fluorescent protein (BFP) transfer vector and 
structural pMD1-gag-pol plasmid and Vsv-g envelope plasmid at a 
0.75:0.22:0.03 ratio, as previously described26. Lentivirus was produced 
by triple transfection of HEK293T cells with a lentiviral transfer vector, 
and the packaging plasmids psPAX2 and Vsv-g at a 0.5:0.35:15 ratio. 
All transfections were performed using polyethylenimine (PEI). Viral 
supernatants were collected 48 h after transfection, filtered through 
a 0.45-μm filter and added to target cells.

To examine the effect of loss of MOZ function on progression of 
leukaemia, fetal liver cells were isolated from embryos with a germline 
deletion of Moz or littermate controls27 at embryonic day (E)13. E13 
embryos were used because Moz-null embryos die by E14. Fetal liver 
cells (C57B/6; CD45.2 cell-surface phenotype) were transfected with 
MSCV expressing either MLL-AFP and GFP or MEIS1, HOXA9 and GFP or 
control viruses: empty vector (GFP) or MEIS1–GFP or HOXA9–GFP alone 
(not shown); and prepared for infection as in the previous paragraph, 
except that the ECO envelope protein was used. After overnight culture, 
infected fetal liver cells were injected into C57B/6 CD45.1 recipient mice, 
which had been irradiated with a single dose of 700 rads.

Pooled negative-selection RNA interference screening
A custom shRNA library targeting 270 mouse epigenetic enzymatic 
genes was designed using the Designer of Small Interfering RNA website 
(http://biodev.cea.fr/DSIR/DSIR.html) and subcloned into the LMP-
BFP vector with selectable markers eBFP or puromycin, as previously 
described28. After sequence verification, 1,922 shRNAs (6–8 per gene) 
were combined with several positive- and negative-control shRNAs 
at equal concentration in one pool. This pool was used to produce 
retrovirus, which was then transduced into 4 × 106 MLL–AF9 bulk blasts 
and LSCs at a multiplicity of infection of 0.3 and selected with 3 and 
5 μg ml−1 puromycin, respectively, commencing 30 h after transduc-
tion. Throughout 14 days of puromycin selection, more than 20 mil-
lion cells were maintained at each passage to preserve 10,000-fold 
library representation. Genomic DNA from day 2 to day 14 was isolated 
(DNeasy Blood & Tissue Kit, Qiagen) from both blasts and LSCs. shRNA 
sequences were amplified by PCR with primers containing adaptors for 
Illumina sequencing, as previously described29. The resulting librar-
ies were sequenced with single-end 50-bp reads on a HiSeq2500. The 
shRNA sequences were mapped to the shRNAs within the pool, and the 
shRNA counts were analysed as previously described30. The likelihood 
ratio test was used to determine the hairpins that were significantly 
depleted over the time course of the experiment. Genes with at least 

two hairpins depleted by greater than tenfold were considered to be 
significant dependencies.

CRISPR–Cas9-mediated gene disruption
sgRNA oligonucleotides (Sigma-Aldrich) were phosphorylated, 
annealed and cloned into lentiviral expression vectors, pKLV-
U6gRNA(BbsI)-PGKpuro2ABFP (Addgene 50946, deposited by K. Yusa). 
Cells were first transduced with the FUCas9Cherry (Addgene 70182, 
deposited by M. Herold) and sorted by fluorescence-activated cell sort-
ing for high mCherry expression, and then subsequently transduced 
with the pKLV sgRNA expression vector.

shRNA and sgRNA competitive proliferation assay
Bulk blasts and LSCs were transduced with retrovirus expressing a 
gene-specific shRNA, the percentage of BFP-positive cells was measured 
between day 1 and day 13 after transduction, and normalized to the 
percentage of BFP positive cells at day 1. For sgRNA, Cas9-expressing 
cells were transduced with a lentivirus expressing an sgRNA targeting 
Hbo1 and the percentage of double-positive BFP and mCherry cells was 
measured between day 2 and day 14 after transduction, and normalized 
to the percentage of BFP+mCherry+ cells at day 2 or day 4. All shRNA and 
sgRNA sequences are provided in Supplementary Table 3.

Antibodies
Antibodies used for immunoblotting were rabbit anti-acetyl-histone 
H3 (Lys14) (D4B9, Cell Signalling Technology), mouse anti-histone 
H3K14ac (13HH3-1A5, Active Motif), rabbit anti-histone H3 (acetyl K27) 
(ab4729, Abcam), rabbit anti-KAT7/HBO1/MYST2 (ab70183, Abcam), 
rabbit anti-histone H3 (ab1791, Abcam), mouse anti-HSP60 (C10, Santa 
Cruz), rabbit anti-HSP60 (H-300, Santa Cruz), mouse anti-Flag (M2, 
Sigma), mouse anti-RNA polymerase II (CTD4H8, Millipore). Antibod-
ies used for flow cytometry were Alexa Fluor 700 anti-GR1 (108422, 
BioLegend) and Brilliant Violet 605 anti-CD11b (101237, Biolegend) and 
APC/Cy7 anti-mouse CD117 (also known as KIT) (313228, Biolegend).

Flow cytometry
For cell apoptosis, shRNA- or sgRNA-positive cells were washed once 
with PBS and assessed using FITC-conjugated annexin V (640906, Bio-
legend) and 4′,6-diamidino-2-phenylindole (DAPI) (D9542, Sigma) 
staining, according to the manufacturer’s instructions. For cell-cycle 
analysis, shRNA- or sgRNA-positive cells were washed with PBS and 
fixed for at least 2 h at −20°C in 70% ethanol. Fixed cells were washed 
with PBS and incubated at 4 °C in DAPI staining solution (1 mg ml−1 DAPI, 
0.05% (v/v) Triton X-100 in PBS) for 30 min. For surface expression of 
myeloid markers, shRNA- or sgRNA-positive cells were washed in PBS, 
and stained for GR1 or CD11b on ice for 30 min in PBS plus 5% FCS. All 
flow cytometry analyses were performed on a LSR Fortessa X-20 flow 
cytometer (BD Biosciences) and all data were analysed with FlowJo. 
Cell sorting was performed on a FACSAria Fusion 5 (BD Biosciences).

Immunoblotting
shRNA- or sgRNA-positive cells were lysed in 20 mM HEPES pH7.9, 0.5 
mM EDTA, 2% SDS plus 1× protease inhibitor cocktail (Roche) by brief 
sonication. Lysates were heated to 95 °C in SDS sample buffer with 50 
mM DTT for 5 min, separated by SDS–PAGE and transferred to PVDF 
membrane (Millipore). Membranes were blocked in 5% milk in TBS 
+0.1% Tween-20, probed with the indicated antibodies, and reactive 
bands were visualized using ECL Prime (GE).

Analysis of HBO1-regulated acetylation of core histones
Mouse MLL–AF9 creERT2 Hbo1fl/fl conditional knockout cells were labelled 
using stable isotope labelling by amino acids in cell culture, with 
‘light’ (12C6,14N4-arginine and 12C6,14N2-lysine) and ‘heavy’ ((13C6,15N4-
arginine and 13C6,15N2-lysine, Cambridge Isotope Laboratories) amino 
acids. To delete HBO1, the heavy-labelled cells were treated with 
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4-hydroxytamoxifen (200 nM) for about 40 h, and light-labelled con-
trol cells were treated with vehicle control. Histones were extracted as 
previously described31. In brief, cells were lysed mechanically in ice-cold 
hypotonic lysis buffer (10 mM Tris pH 8.0, 1 mM KCl, 1.5 mM MgCl2, 1 mM 
DTT and 1× complete protease inhibitor cocktail (Roche)) and intact 
nuclei were collected by centrifugation. Histones were acid-extracted 
with H2SO4 (0.4 N) and precipitated with TCA (33% final concentra-
tion). Purified histones from knockout and control cells were mixed 
in equal amounts, separated on SDS–PAGE and in-gel-digested with 
trypsin or LysC. (Sigma). The histone peptides were analysed by online 
nanoflow liquid-chromatography-coupled tandem mass spectrometry, 
using a Proxeon easy nLC system connected to a Q-Exactive HFX mass 
spectrometer (Thermo Scientific). The raw data were computationally 
processed using MaxQuant32 (version 1.5.6.5) and searched against the 
UniProt database (downloaded 23 January 2014) using the integrated 
Andromeda search engine (http://www.maxquant.org/). The data were 
searched with three missed cleavages, a minimum peptide length of 
six amino acids and the requantify option selected, and acetylation 
was included as a variable modification.

Rescue assays
cDNA of Hbo1 and Hoxa10 were PCR-amplified from the cDNA library 
of mouse MLL–AF9 cells with primers containing a Flag. Hoxa9 cDNA 
was amplified from pTRE rtTA Flag Hoxa9 GFP33. The catalytic mutant 
HBO1(E508Q) was generated by site-directed mutagenesis. Wild-type 
and mutant Hbo1 were made resistant to Hbo1 e12.2 sgRNA by silent 
point mutation of the protospacer-adjacent motif site corresponding 
to this sgRNA, using site-directed mutagenesis. All cDNAs were cloned 
into the lentiviral pHRSIN-PSFFV-GFP-PPGK-Puro vector34. LSCs expressing 
Cas9 were transduced with expression vectors and selected with 5 μg 
ml−1 puromycin for 1 week. Overexpression lines were then subsequently 
transduced with Hbo1 sgRNA.

Mouse details
All mouse work was performed at the Peter MacCallum Cancer Centre 
animal facility, under approval E530 from the Peter MacCallum Cancer 
Centre animal ethics committee and at the Walter and Eliza Hall Insti-
tute of Medical Research with approval from the Walter and Eliza Hall 
Institute Animal Ethics Committee under approval 2015.015. MX1–Cre 
Hbo1flox/flox mice10 and Moz+/− mice were as previously described27.

In vivo competition assay
Quinary MLL–AF9 cells were transduced with non-targeting shRNA, 
Hbo1 shRNA or Moz shRNA at 90% transduction efficiency. One hun-
dred thousand cells were transplanted 48 h after transduction into 
8-week-old female NOD/SCID/Il2rg-null (NSG) mice. BFP-positive 
shRNA-positive cells were determined by flow cytometry.

Leukaemia maintenance
The generation of Mx1-cre Hbo1fl/fl conditional knockout mice has pre-
viously been described10. KIT-positive cells from whole bone marrow 
were selected through magnetic bead selection (Miltenyi Biotec), and 
retrovirally transduced with the MSCV-MLL-AF9-IRES-YFP construct. 
Cells were transplanted in sublethally irradiated 6–8-week-old female 
C57BL/6 recipient mice. One hundred thousand leukaemic cells from 
the bone marrow were collected, and subsequently transplanted into 
sublethally irradiated 11-week-old female C57BL/6 recipient mice. Mice 
were randomized and pIpC (GE) was intraperintoneally administered 
6, 10 and 14 days after transplantation, at 7.5 mg/kg. Amplification of 
wild-type and floxed alleles of leukaemic cells from bone marrow has 
previously been described10.

RNA sequencing and analysis
RNA from sgRNA-positive cells was prepared using the Qiagen 
RNeasy kit. RNA concentration was quantified with a NanoDrop 

spectrophotometer (Thermo Scientific). Libraries were prepared 
using QuantaSeq 3′ mRNA Library Prep kit (Lexogen). Libraries 
were sequenced on a NextSeq500 with 75-bp single-end reads. All 
RNA sequencing experiments were performed in triplicate. Following 
trimming of poly-A tails with cutadapt35 (v.1.14), reads were aligned to 
the mouse genome (ensembl_GRC38.78) using hisat236, and assigned 
to genes using htseq-count37. Differential gene expression analysis 
was performed using the edgeR38 package in R (http://www.R-project.
org/), and adjusted P values were calculated using the Benjamini–Hoch-
berg method39. Genes with fold changes (expressed as log) below −1 
and adjusted P values below 0.05 were considered to be significantly 
downregulated genes. Count data were voom-transformed using the 
voom function before performing gene-set testing with the mroast 
function40, both from the limma package41.

ChIP–seq and analysis
Ten to twenty million sgRNA-positive cells were crosslinked with 1% 
formaldehyde for 10 min at room temperature, and crosslinking was 
quenched by addition of 0.125 M glycine. Cells were then lysed in 1% 
SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.0 and protease inhibitors. 
Lysates were sonicated in a Covaris ultrasonicator to achieve a mean 
DNA fragment size of 500 bp. Immunoprecipitation with anti-H3K14ac 
(Cell Signalling Technolgies) or anti-RNA polymerase II (Millipore) was 
performed overnight at 4 °C in modified RIPA buffer (10 mM Tris-HCl pH 
8.0, 90 mM NaCl, 1% Triton X-100 and 0.1% deoxycholate). Protein A or 
G magnetic beads (Life Technologies) were used to bind the antibody 
and associated chromatin. Reverse crosslinking of DNA was followed 
by DNA purification using the QIAquick PCR purification kit (Qiagen). 
Sequencing libraries were prepared from eluted DNA using ThruPLEX 
DNA-seq kit (Rubicon). Libraries were size-selected between 200–500 
bp and sequenced on a NextSeq500 with 75-bp single-end reads. Fol-
lowing the removal of Illumina adaptors using cutadapt35, reads were 
aligned to a joint reference genome of mouse (ensembl_GRCm38.78) 
and Drosophila (ensembl_BDGP5.78) using bwa-mem (v. 0.7.13). SAM 
files were converted to BAM files using samtools42 (v. 1.4.1). A scaling 
factor was calculated using the Drosophila spike-in, as previously 
described43. The scaling factor was used to normalize the coverage 
across the genome, when calculated using bamCoverage from deep-
Tools44 (v. 2.5.3) with bin sizes of 10 bp, and filtered with ENCODE project 
ChIP blacklist regions for mm10 (https://www.encodeproject.org/
annotations/ENCSR636HFF/). Genome-browser images were gener-
ated from the conversion of BAM files to TDF using igvtools45 (v.2.3.95). 
Heat map plots were generated using deepTools44 over the region 5 kb 
upstream to 5 kb downstream of the gene body of all genes. Coverage 
across the length of the gene body was scaled to 5 kb, and regions with 
no coverage were excluded from the plot.

Quantitative real-time PCR
RNA from sgRNA-positive cells 4–5 days after transduction, or cells 
treated with WM-3835 for 6–12 h, was extracted using the Qiagen RNAe-
asy kit. cDNA was prepared using SuperScript VILO (Life Technologies) 
according to the manufacturer’s instructions. Quantitative real-time 
PCR was performed on an Applied Biosystems StepOnePlus using 
Fast SYBR green reagents (Thermo Scientific). Expression levels were 
determined using the ΔΔCt method normalized to β2-microglobulin. 
All mRNA primer sequences are provided in Supplementary Table 3.

Cell proliferation assays
Cells were seeded at a constant density before treatment in triplicate, 
and treated with either 1 μM WM-3835, 1 μM WM-2474 or DMSO (0.1%) 
over the indicated time period. The drug was refreshed at least every 
two days. Cells were stained with DAPI and the live-cell number was 
calculated using the BD FACSVerse (BD Biosciences). To determine 
the half-maximal inhibitory concentration (IC50) for the WM-3835, 4 h 
after seeding the cells at a constant density in duplicate, the cells were 

http://www.maxquant.org/
http://www.R-project.org/
http://www.R-project.org/
https://www.encodeproject.org/annotations/ENCSR636HFF/
https://www.encodeproject.org/annotations/ENCSR636HFF/


treated with WM-3835, DMSO or positive control (3 μM puromycin) 
for 10 days. The drug and medium were refreshed at day 4 and day 7. 
At day 10, after incubating the cells with 600 μM of resazurin for 6 h, 
fluorescence was measured at λex = 530 nm and λem = 590 nm, using a 
Microplate Reader (EnSpire, Perkin Elmer). Relative fluorescence units 
were converted to per cent of inhibition relative to controls on the 
same plate, and the data were fitted against a four-parameter logistic 
model to determine the IC50.

Clonogenic assays in methylcellulose
Clonogenic potential was assessed through colony growth of bone 
marrow cells from patients with AML plated in cytokine-supplemented 
methylcellulose (MethoCult H4434, StemCell Technologies). Bone mar-
row was plated in duplicate at a cell dose of 2 × 104 cells per plate in the 
presence of vehicle (0.1% DMSO) or 1 μM WM-3835. Cells were incubated 
at 37 °C and 5% CO2 for 12 days, at which time colonies were counted.

Patient material
Bone marrow containing >80% blasts was obtained from patients fol-
lowing consent and under full ethical approval by the Peter MacCal-
lum Cancer Centre Research Ethics Committee (reference number: 
HREC/17/PMCC/69).

Lysine acetyltransferase biochemical assays
KAT enzymes were either produced or purchased, as previously 
described25. Lysine acetyltransferase assays were run as previously 
described25, with two modification. First, 100 nM of full-length bioti-
nylated histone H3 (for MOZ, QKF and HBO1) or histone H4 (for KAT5 
and KAT8) proteins were used as the substrate, as indicated. Second, 
assays were run with 1 μM acetyl-CoA concentration, the approximate 
Km for acetyl-CoA for these enzymes in this assay format.

HBO1 H3K14ac biomarker assay
The cell line U2OS was seeded at a density of 3,000 cells per well in 
384-well optical-quality tissue-culture plates, in RPMI medium supple-
mented with 10% fetal bovine serum and 10 mM HEPES. The cells were 
allowed to adhere for 24 h under standard culture conditions (37 °C and 
5% CO2). At the end of this period, the cells were washed with medium. 
Compound dilutions prepared in DMSO were added to the medium, 
with negative-control wells reserved for treatment with DMSO-only 
and 100%-inhibition positive controls at 10 μM concentration. After 
incubation for 24 h, the cells were fixed with 4% formaldehyde in PBS 
for 15 min at room temperature, washed with phosphate buffered saline 
and blocked with blocking buffer containing 0.2% TritonX100 and 2% 
BSA. anti-H3K14ac antibody (Cell Signaling Technologies) in blocking 
buffer was added and incubated overnight at 4 °C. After washing, a sec-
ondary antibody labelled with AlexaFluor 488 dye (ThermoFisher) and 
Hoechst 33342 (1 μg/ml, Life Technologies) was added for 2 h incubation 
at room temperature. Plates were washed and read on a PerkinElmer 
Opera HCS high-content imaging platform. Using a Columbus image 
analysis pipeline, individual nuclei were located by Hoechst 33342 
stain and the level of H3K14ac was calculated from the Alexa-Fluor-
488-related intensity in the same area. The resulting mean intensity 
per cell was converted to per cent inhibition relative to controls on the 
same plate and the data fitted against a four-parameter logistic model 
to determine the IC50.

HBO1–BPRF2 protein production, surface plasmon resonance 
and structural biology
HBO1–BPRF2 protein was produced as previously described46. Sur-
face plasmon resonance (SPR) for WM-3835 was done as previously 
described25. Crystals were grown at the CSIRO C3 crystallization centre 
in SD2 sitting-drop plates at 20 °C, with equal volumes of protein and 
crystallant (200 nl plus 200-nl drops) with the reservoir consisting of 
244 mM diammonium tartrate and 20% PEG 3350. Crystals started to 

form overnight and were collected 3 days later using 20% glycerol as a 
cryoprotectant. Data were obtained at the MX2 microfocus beamline 
at the Australian Synchrotron. The space group was found to be H3, and 
the data and refinement statistics can be found in Extended Data Fig. 6. 
The data were indexed with DIALS47 (WM-3835) or XDS48 (acetyl-CoA), 
scaled and integrated with Aimless49, the structure was solved with 
Phaser50 using PDB 5GK9 as the initial model, manually refined with 
Coot51 and full refinement was done using Phenix.refine52 (WM-3835) 
or REFMAC53 (acetyl-CoA). Crystallization and refinement statistics 
are shown in Extended Data Fig. 10.

In vitro metabolic stability
The metabolic stability assay was performed by incubating each test 
compound in liver microsomes at 37 °C and a protein concentration 
of 0.4 mg/ml. The metabolic reaction was initiated by the addition of 
either single cofactor (NADPH only), or dual cofactors (NADPH and 
UDPGA), and quenched at various time points over a 60-min incuba-
tion period by the addition of acetonitrile containing diazepam as 
an internal standard. Control samples (containing no NADPH) were 
included (and quenched at 2, 30 and 60 min) to monitor for potential 
degradation in the absence of cofactor. The human liver microsomes 
used in this experiment were supplied by XenoTech, lot no. 1410230. 
The mouse liver microsomes used in this experiment were supplied by 
XenoTech, lot no. 1510256. Microsomal incubations were performed 
at a substrate concentration of 1 μM.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The shRNA screen sequencing data have been deposited to the NCBI 
Sequence Archieve under the accession number GSE120813. Crystal 
structure data for HBO1–BPRF2 in complex with WM-3835 and acetyl-
CoA have been submitted to the PDB under accession numbers 6MAJ 
(WM-3835) and 6MAK (acetyl-CoA). Source Data are provided for 
Figs. 1–4. Any other relevant data are available from the correspond-
ing author upon reasonable request.

Code availability
All code used in this study is publically available.
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Extended Data Fig. 1 | HBO1 is an AML-specific dependency. a, RNA 
interference screen multidimensional scaling plot of shRNA sequences from 
bulk leukaemic blasts (bulk) and LSCs over 14 days of screening. Screens were 
performed in duplicate (R1 and R2). b, Expression of Ezh2, Lsd1 or Prmt5 mRNA, 
relative to non-targeting shRNA in LSCs that express shRNAs. n = 3.

Mean + s.e.m. c, Negative-selection competition assays in bulk leukaemic 
blasts and LSCs that express shRNAs against Ezh2, Lsd1, Prmt5 or Dot1l. n = 3. 
Mean + s.e.m. Validation of the shRNAs against Dot1l have previously been 
published54. d. Expression of Hbo1 mRNA, relative to non-targeting shRNA, in 
LSCs that express shRNAs. n = 3. Mean + s.e.m.
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Extended Data Fig. 2 | Expression levels of HBO1. a. Box plot of HBO1 
expression levels in cancer types from The Cancer Genome Atlas (TCGA)55. The 
upper limit, centre and lower limit of each box denotes the upper quartile, 
median and lower quartile of the data, respectively. Cohort abbreviations refer 

to TCGA study abbreviations (https://gdc.cancer.gov/resources-tcga-users/
tcga-code-tables/tcga-study-abbreviations). b, Dot plot of levels of HBO1 
expression in normal haematopoietic and AML cells from BloodSpot56; 
horizontal line indicates mean expression.

https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations
https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/tcga-study-abbreviations


Extended Data Fig. 3 | HBO1 depletion increases apoptosis, cell-cycle arrest 
and myeloid differentiation in mouse LSCs. a, Negative-selection 
competition assays in LSCs that express shRNAs against Moz, Qkf or Hbo1. n = 3. 
Mean + s.e.m. b, Negative-selection competition assays in LSCs that express 
Cas9, transduced with sgRNAs targeting Moz or Qkf. n = 3. Mean + s.e.m.  
c, Expression of members of the HBO1 complex, relative to non-targeting 
shRNA in LSCs that express shRNAs targeting individual members of the 

complex. n = 3. Mean + s.e.m. d, Apoptosis of LSCs that express shRNAs 
targeting Hbo1. n = 3. Mean + s.e.m. e, Cell-cycle profile of LSCs that express 
shRNAs targeting Hbo1. n = 3. Mean + s.e.m. f, Surface expression of GR1 and 
CD11b in LSCs that express shRNAs against Hbo1. n = 3. g. Apoptosis of LSCs that 
express Cas9 and sgRNAs targeting Hbo1. n = 3. Mean + s.e.m. h, Surface 
expression of KIT (also known as CD117) in LSCs that express sgRNAs targeting 
Hbo1. Representative of n = 2 biological replicates.
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Extended Data Fig. 4 | In vivo depletion of HBO1 increases disease latency.  
a, Kaplan–Meier curves of NSG mice transplanted with quinary MLL–AF9 
leukaemic cells that express shRNAs targeting Hbo1 or Moz. n = 6 mice per 
group. b, Schematic of wild-type and Hbo1-mutant alleles with numbered black 
boxes representing exons. Genotyping primers are indicated (adapted from 
ref. 10). c, Kaplan–Meier curves of C57BL/6 mice injected with 106 Hbo1flox/+ Mx1-

cre primary MLL–AF9 leukaemic cells. Mice were treated with saline or pIpC. 
n = 12 mice per group. Right, representative genotyping of recipient bone 
marrow at end point. d, Kaplan–Meier curves of C57BL/6 mice injected with 
Moz+/+, Moz+/− or Moz−/− MLL–AF9 leukaemic cells. n = 5 mice per group.  
e, Kaplan–Meier curves of BALB/c mice injected with Moz+/+ or Moz−/− HOXA9 
and MEIS1 leukaemic cells. n = 5 mice per group.



Extended Data Fig. 5 | HBO1 is a dependency in various subtypes of AML.  
a, Negative-selection competition assays in human AML cell lines that express 
Cas9 and sgRNAs targeting HBO1. n = 3. Mean + s.e.m. Driver mutations are in 
parentheses. b, Immunoblot of HBO1 and H3K14ac in OCI-AML3 cells that 
express Cas9 and sgRNAs targeting HBO1. n = 3. Mean + s.e.m. c, Cell-cycle 

profile of OCI-AML3 cells that express Cas9 and sgRNAs targeting HBO1. n = 3. 
Mean + s.e.m. d, Apoptosis of OCI-AML3 cells that express Cas9 and sgRNAs 
targeting HBO1. n = 3. Mean + s.e.m. e, Surface expression of CD11b in OCI-AML3 
cells that express Cas9 and sgRNAs targeting HBO1. n = 3.



Article

Extended Data Fig. 6 | HBO1 dependency in other cancers. Negative-selection competition assays in human cancer cell lines that express Cas9 and sgRNAs 
targeting HBO1. n = 3. Mean + s.e.m. Cancer type is in parentheses.



Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | HBO1 depletion increases myeloid signature and 
decreases global H3K14ac. a, Barcode plot evaluating changes in myeloid 
development signature after HBO1 depletion with Hbo1 e11.1 and Hbo1 e12.2 
sgRNAs in LSCs. n = 3. b, Bar plot of changes in gene expression after Hbo1 
deletion in LSCs, ranked by expression levels. Green bars show the top 25 most-
downregulated genes after Hbo1 deletion. c, HOXA9 and HOXA10 mRNA 
expression in Molm13 and OCI-AML3 cells that express Cas9 and sgRNA 
targeting HBO1. n = 3. Mean ± s.e.m. d, Surface expression of CD11b in LSCs that 
overexpress Hoxa9 or Hoxa10, and sgRNAs targeting Hbo1. e, Immunoblot of 

overexpressed HOXA9 or HOXA10 in LSCs that express Cas9. Representative of 
n = 3 biological replicates. f, Hoxa9- and Hoxa10-rescue negative-selection 
competition assays. Representative of n = 3 biological replicates. g, ChIP–seq 
profiles of H3K14ac and RNA Pol-II at the Pbx3 locus in LSCs that express Cas9 
and an sgRNA targeting Hbo1. Representative of n = 3 biological replicates.  
h, RNA Pol-II travelling ratio distribution for highly expressed genes, divided 
according to H3K14ac levels from ChIP–seq. i, Surface expression of GR1 in 
LSCs that overexpress sgRNAs targeting Smarca5. Representative of 
n = 3 biological replicates.



Extended Data Fig. 8 | WM-3835 inhibits cell growth and HOXA expression in 
AML. a, KAT biochemical and SPR values for WM-3835 compared to WM-1119. 
Biochemical assay was done at 1 μM acetyl-CoA, the Km of HBO1. b, Proliferation 
assays of human AML cells treated with 1 μM WM-2474. n = 3. Mean + s.e.m.  
c, Cellular H3K14ac biomarker assay dose–response curves for WM-3835 (blue) 
and WM-1119 (red). n = 6. Mean ± s.e.m. d, Growth inhibition assays of the  
MLL–AF9 AML cell line Molm13 treated with WM-3835 at the doses indicated. 
Boxes represent minimum and maximum values. n = 11. Mean ± s.e.m.  

e, Cell-cycle profile of OCI-AML3 cells treated with WM-3835 or vehicle. n = 3. 
Mean + s.e.m. f, Apoptosis of OCI-AML3 cells treated with WM-3835 or vehicle. 
n = 3. Mean + s.e.m. g, Surface expression of CD11b in OCI-AML3 cells treated 
with WM-3835 or vehicle. n = 3. h, HOXA10 mRNA expression in LSCs and 
Molm13 cells treated with WM-3835 or vehicle. n = 3. Mean + s.e.m. i, HOXA9 and 
HOXA10 mRNA expression in OCI-AML3 cells treated with WM-3835. n = 3. 
Mean + s.e.m. j, Hoxa9 and Hoxa10 rescue proliferation assays with 1 μM WM-
3835 in LSCs. n = 3. Mean ± s.e.m.
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Extended Data Fig. 9 | HBO1 crystal structure. a, Data collection and 
refinement statistics of WM-3835 HBO1–BRPF2 co-crystal structure. b, WM-
3835 binding site in HBO1–BRPF2. WM-3835 is shown in silver with element 
colouring and the omit electron density map, contoured to 3σ, is shown in 
green. c, Overlay of WM-3835 and acetyl-CoA (purple with element colouring), 

showing that WM-3835 binds in the acetyl-CoA binding site of HBO1. d, Ribbon 
diagram of HBO1–BRPF2 showing WM-3835 bound to the acetyl-CoA binding 
site. e, Space-filling model showing WM-3835 (yellow with element colouring) 
in the acetyl-CoA binding pocket of HBO1–BRPF2.



Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | High in vitro metabolism and poor in vivo oral 
exposure of WM-3835. a, Proliferation assays of human AML cell lines treated 
with 1 μM WM-3835. b, WM-3835 demonstrates high clearance in both human 
and mouse liver microsome assays. The use of dual cofactors (UDPGA and 
NADPH) results in an increased rate of clearance in human liver microsomes, 
which is consistent with glucuronidation having a role in the clearance of this 
compound. c, BALB/c female mice were dosed with WM-3835 at 100 mg kg−1 
taken by mouth twice a day, formulated in 20% PEG400/10% solutol or vehicle. 
Four hours after the third dose, blood samples were collected. An average total 
drug concentration of 1,860 nM was observed. The free drug level was 

determined to be 2.6 nM after accounting for mouse plasma protein binding 
(fraction unbound 0.0014). This free drug level was considered too low to 
affect the acetylation of H3 at K14, on the basis of the in vitro H3K14ac cellular 
biomarker data (Fig. 4). An additional chromatographic peak eluting earlier 
than WM-3835 was detected in the plasma samples from the treatment group. 
Subsequent analyses using predicted multiple-reaction monitoring and 
accurate mass measurement indicated that this peak is likely to be a 
glucuronide conjugate of WM-3835, consistent with the in vitro metabolism 
data.
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Reporting Summary
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in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Flow cytometry data was collected using LSR II, FACSVERSE, FACSFortessa X20 (BD Biosciences); Sequencing data was collected using 
Next-Seq500 (Illumina); Quantative PCR data was collected using StepOnePlus Real-Time PCR system (Applied Biosystems)

Data analysis BD FACSuite (BD Biosciences), FlowJo V10, and FlowLogic 7 (Inivai) software were used to collect and analyze flow cytometry data. Limma 
(v3.34.9) and edgeR (v3.20.9) was used to analyse RNA sequencing data. Ngsplot (v2.61) and macs2 (v2.1.1) were used to analyse ATAC 
and ChIP sequencing data. StepOnePlus (Applied Biosystems) software was used to analyse quantitative PCR data. Statistical analysis was 
performed using R or Prism 7 (GraphPad), MaxQuant was used to process LC-MS/MS data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The sequencing data that support the findings of this study has been deposited into the sequence read archive, which is hosted by the National Centre for 
Biotechnology Information.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The number of mice assigned to each treatment arm was selected to provide sufficient statistical power to discern significant differences. 

Data exclusions Mice were excluded from the Kaper-Meier curves if they had less than 20% detectable leukemic cells in the bone marrow or spleen at the 
time of death. 
The only other data points excluded were those that were clear outliers in technical replicates of proliferation assays or qRT-PCR.

Replication All in vitro functional and phenotypic experiments were performed in at least biological triplicate to ensure reproducibility. All experiments 
were able to be reliably reproduced.

Randomization Allocation of mice to different groups was random.

Blinding Experimenters were not blinded to the experiment. However, all mouse experiments were performed by the core facility staff who have no 
direct involvement in the project and were blinded to the genotype of the mice or the shRNA that was used in the experiment. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used rabbit anti-acetyl-histone H3 (Lys 14) (D4B9, Cell Signalling Technology, Lot# 4) WB: 1:1000, ChIP-seq: 10 ug, mouse anti-histone 

H3K14Ac (13HH3-1A5, Active Motif, Lot# 10715003/11709001) WB: 1:1000, rabbit anti-histone H3 (acetyl K27) (ab4729, Abcam, 
Lot#  GR3205526-1/GR3211959-1) WB: 1:5000, rabbit anti-KAT7/Hbo1/MYST2 (ab70183, Abcam, Lot# GR222365-1) WB: 1:1000, 
rabbit anti-histone H3 (ab1791, Abcam, Lot# GR234589-1) WB: 1:10000, mouse anti-HSP60 (C10, Santa Cruz, Lot# H1913) WB: 
1:10000, rabbit anti-HSP60 (H-300, Santa Cruz, Lot# G0119) WB: 1:10000, mouse anti-FLAG (M2, Sigma, Lot# SLBW3851) WB: 
1:2000, mouse anti-RNA polymerase II (CTD4H8, Millipore, Lot# 2958013) ChIP-seq: 10 ug. Gt-anti-Rb IgG (H+L) secondary 
antibody, HRP conjugate (65-6120, Invitrogen, Lot# TH275335), Goat anti-mouse Ig, Human ads-HRP (1010-05, Southern 
Biotech, Lot# H0416-T867C).WB secondary antibodies (both anti-Rb and -Ms) were used at dilutions ranging 1:10000 to 
1:50000.Flow Cytometry: Alexa Fluor 700 anti-Gr1 (108422, BioLegend, Lot# B199432/B258102) and Brilliant Violet 605 anti-
CD11b (101237, Biolegend, Lot# B266535), APC-Cy7 anti-mouse CD117 (c-kit) (313228, Biolegend, Lot# B163721), FITC-Annexin 
V (640906, Biolegend, Lot# 8311824). 

Validation All of the antibodies used have been extensively utilized in the literature and have been validated previously. 
H3K14ac and H3K23ac antibodies have been validated using the Epicypher panel. H3K14ac and Hbo1 antibodies were validated 
for WB in house using knockout cell lines (Cre lox and CRISPR-Cas9). H3K27ac and Total H3 for WB have and RNA Pol-II for ChIP-
seq have been validated and previously published by our laboratory (Gilan et al, NSMB, 2016). All flow cytometry antibodies have 
been previously validated by our laboratory (Fong et al., Nature, 2015). 
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Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) LSC and Blast cell lines were generated in house (Fong et al, Nature, 2015) 
Molm13, MV4;11, K562, HL-60, MCF7, T47D, MDA-MB-231, Z-138, HCC-827, NCI-H146, LnCaP, BxPC3 and A375 cell lines 
were obtained from ATCC 
NOMO-1 cells were obtained from JCRB 
OCI-AML3, OCI-M2, NB4, Skm1 and Kelly cell lines were obtained from DSMZ 
WM-852 were obtained from ESTDAB

Authentication STR testing was performed to authenticate cell lines

Mycoplasma contamination All cell lines used are mycoplasma negative as tested by the Victorian Infectious Diseases References Laboratory

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6 female mice 
All mice were 6–8 weeks old 
Further details in Methods.

Wild animals This study did not involve wild animals

Field-collected samples No data in this study were field-collected

Ethics oversight All scientific procedures using animals were carried out in accordance with the Prevention of Cruelty to Animals Act 1986 Act 
(the Act), associated Regulations and the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (the 
Code). Experiments were performed under the approved animal ethics experimentation committee permit number E615 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Human bone marrow samples from patients with acute myeloid leukaemia. Patient characteristics are representative of the 
general population.

Recruitment Patients are recruited via a PICF to participate in the project titled Molecular Characterisation of Response, Resistance and Clonal 
Evolution in Haematological Malignancies. We do not foresee biases or any impact on results due patient this selection criteria.

Ethics oversight The project has been reviewed and approved by the Peter MacCallum Cancer Centre Human Research Ethics Committte 
Reference number: HREC/17/PMCC/69

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChIP-seq
Data deposition

Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
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Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of 
reads and whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone 
name, and lot number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and 
index files used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold 
enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a 
community repository, provide accession details.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cultured cell lines 

Instrument BD Bioscience BD FACSVERSE BD FACSFortessa

Software BD Bioscience BD FACSuite software was used to collect and analyse data, and FlowJo

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples 
and how it was determined.

Gating strategy FSC-A and FSC-H was used to identify single cells, cells were separated by viability using DAPI or PI exclusion and (AnnexinV for 
apoptosis assay)

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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