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Perturbing LSD1and WNT rewires
transcription tosynergisticallyinduce AML
differentiation
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Impaired differentiation is a hallmark of myeloid malignancies?. Therapies that
enable cells to circumvent the differentiation block, such as all-trans retinoic acid
(ATRA) and arsenic trioxide (ATO), are by and large curative in acute promyelocytic
leukaemia®, but whether ‘differentiation therapy’ is a generalizable therapeutic
approach for acute myeloid leukaemia (AML) and beyond remains incompletely
understood. Here we demonstrate that simultaneous inhibition of the histone
demethylase LSD1 (LSD1i) and the WNT pathway antagonist GSK3 kinase* (GSK3i)
robustly promotes therapeutic differentiation of established AML cell lines and
primary human AML cells, as well as reducing tumour burden and significantly
extending survival in a patient-derived xenograft mouse model. Mechanistically,
this combination promotes differentiation by activating genes in the type linterferon
pathway viainducing expression of transcription factors such as IRF7 (LSD1i) and the
co-activator B-catenin (GSK3i), and their selective co-occupancy at targets such as
STAT1, whichis necessary for combination-induced differentiation. Combination
treatment also suppresses the canonical, pro-oncogenic WNT pathway and cell cycle
genes. Analysis of datasets from patients with AML suggests a correlation between
the combination-induced transcription signature and better prognosis, highlighting
clinical potential of this strategy. Collectively, this combination strategy rewires
transcriptional programs to suppress stemness and to promote differentiation,
which may have important therapeutic implications for AML and WNT-driven
cancers beyond AML.

M Check for updates

AML is a devastating disease with approximately 44,000 new cases 8.5 months*>”. Accordingly, there is an outstanding need for novel

diagnosed each year in the USA and EU, and with a 5-year survival
rate varying considerably with age of the patients and genetic char-
acteristics of the disease’. The standard of care includes intensive
combination chemotherapy, which can be consolidated with allo-
geneic stem and immune cell transplant. For patients ineligible for
this option, targeted inhibitors such as hypomethylating agents
combined with the BCL-2 inhibitor venetoclax? are used for specific
genetic subgroups. Nevertheless, the median survival is still only

AML treatments.

Although genetically heterogenous, AMLs are universally character-
ized by aprominent differentiation block that disrupts normal myeloid
maturationand promotes leukaemia cell self-renewal®?. Although dif-
ferentiation arrest is a manifestation of the clinical phenotype, it also
represents an AML vulnerability that can be leveraged for therapeutic
purposes. Unlike most chemotherapy, which eliminates blasts via cyto-
toxicity, differentiation therapy aims to derepress terminal myeloid
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maturation programs that reduce the competitive clonal advantage of
leukaemia cells’. Anotable exampleis acute promyelocytic leukaemia
(APL), an AML subtype resistant to standard cytotoxic therapies>. In
APL, ATRA induces leukaemia cell differentiation® and leads to tempo-
rary remission®. However, when combined with ATO, the treatment is
often curative in 95% of cases by degrading the PML-RARa fusion pro-
teinand eliminating leukaemia stem cells (LSCs)' 2, This highlights the
importance of pursuing combination therapies that promote terminal
maturation while inhibiting self-renewal>".

Developing differentiation therapy for non-APL AMLs to approach
the level of success of APL treatment remains a major goal. In this
regard, inhibition of chromatin regulators represents an emerging,
promising approach toinduce the maturation of AML cells. Inhibitors
of menin and DOTIL can induce varying degrees of differentiation in
MLL-rearranged AML, and IDH1/2 inhibitors also induce differentia-
tion and are highly effective in IDH1/2-mutant AML", In addition,
histone demethylases are potential targets for AML therapy due to
their role in AML development and progression". In particular, the
histone H3K4mel/2 demethylase LSD1 (ref. 18), whose expression is
elevatedin AML, is crucial for LSC maintenance and proliferation’, and
inhibition of LSD1 has been shown to induce AML differentiation'*°.
Consequently, inhibitors of LSD1 are being actively investigated in
clinical trials for haematological malignancies, including AML?. How-
ever, therapeutic efficacy with LSD1 inhibitors alone is limited due to
associated toxicities (NCT02177812)%%,

To enhance the efficacy and to mitigate the toxicity issue of LSD1
inhibitors, we screened small molecules for synergistic activity with
the LSD1 inhibitor GSK-LSD1 in inducing AML cell differentiation?
(Extended Data Fig.1a,b). Using a collection of bioactive molecules,
we performed the screen in ER-HOXA9 cells, a mouse bone marrow
model in which ER-HOXA9 blocks myeloid differentiation and fea-
tures alysozyme-GFP reporter to assess differentiation® (Extended
Data Fig. 1a). Among the compounds screened, the GSK3 inhibitor
LY2090314 induced maturation with the most synergy in combina-
tion with a low dose of GSK-LSD1 (Extended Data Fig. 1c). Valida-
tion experiments confirmed that 50 nM GSK-LSD1 combined with
LY2090314 robustly enhanced the levels of lysozyme-GFP and of
the differentiation-associated markers CD11b and Gr-1 over 5 days
(Fig.1a).

GSK3 mediates degradation of the transcriptional co-activator
B-catenin (encoded by CTNNBI)*. Upon GSK3i, stabilized B-catenin
translocates into the nucleus and typically complexes with the tran-
scription factors TCF and LEF to activate WNT pathway targets®. The
WNT pathway is associated with self-renewal and oncogenesis®. As
GSK3 negatively regulates the WNT pathway, it has not been tradi-
tionally thought of as an oncogene. However, in some AML subtypes,
GSK3 has been shown to have oncogenic functionality by positively
regulating the cell cycle® and the HOXA9-MEIS1 transcriptional pro-
gram?. Its inhibition induces cell-cycle arrest and differentiation and
has thus been studied as a potential cancer therapeutic target? 25,
Unlike GSK-LSD1,LY2090314 was well tolerated by patients with AML
and had robust on-target activity (more than450% increase in 3-catenin
levels)”. However, single treatment with LY2090314 showed less than
desirable clinical efficacy®.

To further test the efficacy of the GSK-LSD1 and LY2090314 drug
combination (hereafter referred to as ‘combo’) indifferentiation induc-
tion, we used orthogonal, functional readouts of myeloid maturation
and found that combo treatment synergistically arrested proliferation,
eliminated self-renewal as determined by colony formation assays and
markedly induced a monocytic differentiation GFP reporter (Fig. 1b
and Extended DataFig.1d,e). Of note, combo-treated colonies that did
formdisplayed a distinct, diffuse architecture, indicating maturation
(Extended Data Fig.1e). These findings suggest that the comboinduces
the functional and physiological myeloid differentiation programin
ER-HOXAO cells.
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To assess whether human AML cell lines can undergo differentiation
by the combo treatment, we examined a mutationally diverse panel of
six celllines. Inall cases, the combo treatment synergistically reduced
the half-maximal effective concentration (ECs,) of the LY2090314 dose-
response curve, demonstrated strong synergy (Fig. 1c and Extended
Data Fig. 2a) and robustly reduced colony formation ability (Fig. 1d).
Toinvestigate self-renewal further, we performed serial colony forma-
tion assays with drug washouts. Cells isolated from the first plating
of drug-treated colonies were harvested, washed and seeded seri-
ally for two additional rounds of plating without drug treatment. If
self-renewal is lost after the first seeding, its depletion should remain
without continued drug treatment. Indeed, after drug washout, colony
formation ability was continually and progressively exhausted over the
second and third plating in combo-treated cells, but not in control or
single-drug-treated cells (Fig. 1e). Finally, the combo treatment syn-
ergistically induced high levels of CD11b in all cell lines and produced
visibly mature cells (Fig. 1f and Extended Data Fig. 2b-d).

Toinvestigate the selectivity of the combo treatment for leukaemia
cells, we performed dose-response proliferation assaysin mouse leu-
kaemia cellsand normal bone marrow-derived macrophages. Although
RN2 (MLL-AF9/Nras®?') and HOXA9-MEIS1-overexpressing AML cells
showed high sensitivity to the combo treatment, bone marrow-derived
macrophage proliferation was unaffected even at the highest doses
(Fig. 2a). Similarly, the combo treatment had no significant effect on
the clonogenic activity and differentiation of normal mouse haemat-
opoieticstem and progenitor-enriched Lin"Sca’Kit" (LSK) populations
(Fig.2b,c). Thissuggests that the drug combo treatment has selectivity
for leukaemic blasts and may be well tolerated in vivo.

As there are multiple inhibitors of LSD1 and GSK3, we next sought
to confirm that the efficacy of combo treatment was not unique to
GSK-LSD1and LY2090314. We first tested bomedemstat (IMG-7289),
anirreversible LSD1inhibitor in clinical trials for myeloid malignan-
cies®®, and TAK-418 (ref. 31). Like GSK-LSD1, bomedemstat or TAK-418
synergistically reduced proliferation and induced CD11b in combi-
nation with LY2090314 in THP-1 cells (Extended Data Fig. 2e-h).
Although GSK-LSD1 has been shown to function mainly by disrupt-
ing the important LSD1-GFIl interaction®*>*, TAK-418 mainly inhibits
LSD1 demethylase activity with minimal disruption of the LSD1-GFI1
interaction®. Thus, these data suggest that disrupting the LSD1-GFI1
interaction or inhibiting LSD1 catalytic activity can both synergize with
GSK3itoinduce AML cell differentiation. We next tested the efficacy
of another GSK3 inhibitor, 9-ING-41, which is also currently in clinical
trials (NCT03678883)*. As with LY2090314, a low dose of 9-ING-41
synergized with IMG-7289 to halt proliferation, clonogenic activity
and markedly induce CD11b (Fig. 2d-f).

We next performed in vivo studies. We used a syngeneic HOXA9-
MEISI retroviral overexpression transplant model that recapitu-
lates much of MLL-AF9 AML biology while retaining applicability to
non-MLL-rearranged AML types with prominent HOXA9 and MEIS1
activity?*. Although GSK-LSD1 and LY2093014 alone had a modest
effect on disease progression and survival, the combo treatment pro-
vided thegreatest reduction of disease progression (Fig. 2g) and yielded
asignificantlifespan extension (Fig. 2h).

Next, we wanted to explore what the molecular mechanismunderly-
ing the synergistic effect of the combo treatment to induce AML cell dif-
ferentiationis. To address this, we firstinvestigated the effects of drug
treatment on the transcriptome and epigenome in ER-HOXAO cells.
As expected, after 5days of treatment, more genes were differentially
expressed inresponse to the combo treatment (n =2,201) thanto each
drugalone (n=772for GSK-LSD1and n=1,224 for LY2093014; Supple-
mentary Table1). Principle component analysis (PCA) suggests that the
combo treatmentinduced achromatin state thatis distant and distinct
fromthe disparate statesinduced by single-agent treatment (Fig. 3a).
Gene setenrichment analysis (GSEA) and clustering confirmed that the
combo treatment synergistically upregulated myeloid differentiation
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Fig.1| Combination of GSK-LSD1and LY2090314 inhibits proliferation and
impairs clonogenicactivity of AML cell lines by inducing differentiation.
a, Time course measurement of monocyte differentiation markersinthe ER-
HOXAO9 cellline treated with vehicle, GSK-LSD1 (50 nM), LY2090314 (100 nM)
andacombination of bothinhibitors for 5 days. Dataare presented asmean +s.d.
from three biologicalindependent experiments. Pvalues were determined
using two-way analysis of variance (ANOVA). CTRL, control.b, Time course
measurement of ER-HOXAO9 cell proliferation asin panela. Dataare presented
asmean *s.d. fromthree biological independent experiments. Pvalues were
determined using two-way ANOVA. ¢, Survival of human AML cell lines treated
with different concentrations of LY2090314 (black) and a combination of
LY2090314 with 50 nM GSK-LSD1 (red) for 3 days. The luminescence signal was

normalized, and dose-response curves and ECs, values were calculated using a
non-linear regression curve fit. d, Quantification of colonies formed by the
indicated human cell lines treated with DMSO, GSK-LSD1 (50 nM), LY2090314
(100 nM) and acombination of both inhibitors. Data are presented as mean + s.d.
fromthreebiologicalindependent experiments. Pvalues were determined
using two-way ANOVA. e, Analysis of the clonogenic activity of THP-1cells by a
serial replating assay. Dataare presented as mean + s.d. from three biological
independent experiments. Pvalues were determined using two-way ANOVA.
f,Representative images of Kasumi-1, THP-1and U937 cells treated with the
indicatedinhibitors for 5 days and stained with Wright-Giemsa. Scale bars, 25 um.
The experiment was repeated three times with similar results.
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Fig.2|Combo treatmentspecifically inhibits proliferation ofleukaemia
cellsinvitroandinvivo. a, Mouse AML cells treated with 50 nM GSK-LSD1and
different concentrations of LY2090314 for 5 days; cell growth was determined
by the Cell-Titer-Glo assay. Data are presented as mean + s.d. from two biological
independent experiments. BMDM, bone marrow-derived macrophage; RLU,
relative light unit. b, Quantification of colonies formed by normal mouse LSK
cellstreated with the indicated inhibitors. Data are presented as mean + s.d.
fromthreebiologicalindependent experiments. Pvalues were determined
using two-way ANOVA. NS, not significant. ¢, Flow-cytometric quantification of
CD11band Gr-1expressioninthe cells harvested from methylcellulose in panel b.
d, Analysis of cell viability in THP-1cells treated with the indicated inhibitors for
Sdaysbythe Cell-Titer-Glo assay. Dataare presented as mean + s.d. from three
biologicalindependent experiments. Pvalues were determined using two-way

expression signatures and downregulated LSC signatures (Fig. 3b—-d
and Extended Data Fig. 3a). These findings were also found in THP-1
cells (Extended Data Fig. 3b-e and Supplementary Table 2). Although
LY2093014 demonstrated its on-target inhibitory effect, evidenced by
reduced GSK3a/f3 autophosphorylation on Tyr279/216 and the sub-
sequent elevation of B-catenin levels*** (Extended Data Fig. 3f), canoni-
cal WNT pathway signatures were weakly, if at all, enrichedin LY2093014
or combo-treated ER-HOXA9 and THP-1cells (Extended Data Fig.3g,h,
and datanot shown). Inaddition, TCF1, akey transcription factor that
interacts with -catenin to activate canonical WNT pathway target
genes, was downregulated upon combo treatment (Extended Data
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ANOVA. e, Analysis of CD11b mRNA relative level in THP-1cells treated with the
indicated inhibitors for 5days. Values were normalized against GAPDH. Dataare
presented asmean +s.d.fromthreebiologicalindependent experiments. Pvalues
were determined using two-way ANOVA. f, Quantification of colonies formed
by THP-1cells treated with theindicated inhibitors. Dataare presented as
mean +s.d. fromthreebiologicalindependent experiments. Pvalues were
determined using two-way ANOVA. g,h, Tumour burden (g) and Kaplan-Meier
survival curves (h) of mice treated with vehicle (n=15), GSK-LSD1(n=9),
LY2090314 (n =11) oracombination of both inhibitors (n =20) ina syngeneic
model of aHOXA9-MEIS1-driven AML model. Pvalues were determined using
thelog-ranktest. Theerror barsrepresent mean +s.e.m.(g). Pvalues were
determined using two-way ANOVA.

Fig. 3i). Collectively, these results provide compelling evidence that
the combo treatmentinduces the differentiation program and impairs
LSC activity, potentially by suppressing the WNT pathway.

We next focused on genes upregulated upon combo treatment.
Enrichment analyses and manual inspection revealed a marked over-
representation of genesin thetypelinterferon (IFN) signalling pathway,
including Stat1, Irf9, Irf7 and a panel of IFN-stimulated genes (ISGs)
such as Mx1, Ddx58 and Oasl1, whichwe termed the ‘synergy signature’
(Fig. 3e-gand Supplementary Table 3). These results were also found
in THP-1 cells (Extended Data Fig. 3j-I). This suggests the possibility
that activation of genes in the type I IFN pathway could be promoting
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Fig.3|Combo treatmenttriggers alterationsinthe transcriptional and
chromatin accessibility profiles associated with myeloid differentiation
andIFNresponsein ER-HOXA9 cells. a, PCA of RNA sequencing (RNA-seq)

of ER-HOXAO9 cells treated with vehicle (VEH), GSK-LSD1, LY2090314 (LY) and
acombination of bothinhibitors (COMBO). b, GSEA of myeloid maturation
signaturesindrug-treated ER-HOXA9 cells. NES, normalized enrichment score.
¢, GSEA of additional myeloid maturation signaturesin ER-HOXA9 cells
treated withcombo versus vehicle.d, Expression of genes relating to myeloid
differentiationin drug-treated ER-HOXA9 cells. Dataare presented as mean £ s.d.
fromthreeindependentbiological replicates. Pvaluesindicate the significance
ofunpaired, two-tailed Student’s t-tests. See source data for individual Pvalues.
e, Heatmap of expression of genes synergistically upregulated or downregulated

uponcombo treatment. f, Expression of genes relating to the type [ IFN response
indrug-treated ER-HOXAO9 cells. Dataare presented asmean + s.d. from three
independentbiological replicates. See source data for individual Pvalues.

g, EnrichR database pathways enriched in upregulated combo synergy signature
genes. Significance of enrichment zscoresis shown as g values (corresponding
to Pvalues adjusted for significance by the Benjamini-Hochberg method).
ChIP-seq, chromatinimmunoprecipitation followed by sequencing; GO, Gene
Ontology; TF, transcription factor. h, PCA of ATAC-seqin drug-treated ER-HOXA9
cells.i, ATAC-seqsignal at promoters of type l IFN response genes in combo-
treated and vehicle-treated ER-HOXA9 cells. j, Tracks showing ATAC-seq signal
atthe MxIpromoterindrug-treated cells. The asterisksindicate significance:
*P<0.05,**P<0.01,***P<0.001,****P<0.0001and NS (P> 0.05).
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combo-induced maturation, as IRF-family transcription factors can
upregulate genes mediating the antimicrobial response component
of functional granulocytic differentiation®. We have recently dem-
onstrated that LSD1iinduces double-stranded RNA (dsRNA) and the
IFN pathway in melanoma, which stimulates antitumour immunity®.
Similarly, we also observed elevated levels of dSRNA and /FNBI expres-
sionin AML cells treated with GSK-LSD1 alone or in combination with
LY2090314 (Extended Data Fig. 3k,m). This suggests a conserved role
of LSD1in suppressing dsRNA and the IFN pathway across haemat-
opoietic and select solid tumours and provides evidence of on-target
effects of GSK-LSD1.

To determine the effect of the combo on the chromatin landscape,
we performed ATAC-seq. We found that global levels of chromatin
accessibility did not appear to change dramatically under any treat-
ments, and PCA again showed that the combo treatmentinduced large
chromatin-state changes distinct from single-agent treatment (Fig. 3h).
Although motif's for differentiation-associated transcription factors
such as ETS and ETV family factors were for the most part already
enriched in open chromatin before drug treatments (Extended Data
Fig.3n and Supplementary Tables 4-6), significantincreases in chro-
matin accessibility were observed at promoters of type I IFN pathway
genesinthe combo treatment compared with single-agent treatment
(Fig. 3i,j). Of note, motifs for the WNT pathway transcription factors
TCF and LEF were not strongly enriched in any treatments (Extended
Data Fig. 3n). These findings are not unprecedented, as 3-catenin can
interact with transcription factors other than TCF1-LEF1, such as HIF1a
and IRF3 (refs. 40,41). For instance, in colorectal cancer cells exhibit-
ing elevated hypoxialevels, the canonical -catenin-TCF4 signalling
pathway is redirected towards a B-catenin-HIFla signalling pathway*°.
Inaddition, IRF3 and B-catenininteract and colocalize to the promoter
region of IFNB in response to synthetic dSRNA*.

We hypothesized that -catenin and IRF7 may form a critical regu-
latory unit that further drives the genes in the IFN pathway to induce
differentiation upon combo treatment based on (1) the enrichment
of type I IFN pathway regulatory elements in open chromatin, (2) the
upregulation of IRF7, and (3) the stabilization of B-catenininresponse to
LY2093014 treatment. To test this hypothesis, we performed CUT&RUN
onf-cateninand IRF7in THP-1cells. 3-Catenin showed chromatin bind-
ing only in LY2093014 and combo-treated cells, as expected. IRF7
peaks, which are almost exclusively localized to promoters, were sig-
nificantly higher in combo-treated cells than in single-agent-treated
cells and were absent in control cells (Fig. 4a-c and Supplementary
Tables 7, 8). -Catenin and IRF7 also had higher binding signals at
genes relating to the type I IFN pathway and myeloid differentiation
upon combo treatment thanuponssingle-agent treatment, consistent
with combo-induced synergistic activation of genes in these pathways
(Fig.4d).InLY2093014-treated cells, IRF7 and -catenin showed mod-
erate colocalization, with 3,555 IRF7 peaks and 10,447 3-catenin peaks
having 780 overlapping peaks (22% of IRF7 peaks and 8% of 3-catenin
peaks). However, combo treatment led to dramatically increased
colocalization of 3-catenin and IRF7, with 5,080 IRF7 peaks and 15,367
B-catenin peaks having 3,081 overlapping peaks (61% of IRF7 peaks and
20% of B-catenin peaks; Fig. 4c and Supplementary Table 9). Co-bound
peaks localized primarily to promoters and were enriched for motifs
of transcription factors that regulate myeloid differentiation such as
PU.1, MYB and several ETS family factors (Fig. 4c,e and Supplementary
Table 10).

Among the numerous changes detected in 3-catenin and IRF7 locali-
zationupon drugtreatments, the most notable was their co-occupancy
at the promoters of several of the most critical drivers of the IFN
response, suchas STATI and STAT2, upon combo, but not single-agent,
treatment (Fig. 4f). This colocalization correlated with transcriptional
outputs, as these genes were synergistically upregulated by combo
treatment (Fig. 4f and Extended Data Fig. 4a—c). Consistently, in two
additional AML celllines, OCI-AML3 and MOLM-13, we observed strong
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co-enrichment of both B-catenin and IRF7 on the promoters of key
type I IFN genes — STATI, IFIH1 and STAT2 — only in cells treated with
combo (Extended DataFig.4d-g). Consistent with the function of LSD1
as an H3K4mel/2 demethylase', inhibiting LSD1 resulted in a global
increase in H3K4mel levels, with this effect being more pronounced
in combo-treated cells (Fig. 4b). This was associated with enhanced
chromatin accessibility (Fig. 3h-j) and anincrease in gene expression
following combo treatment (Extended Data Fig. 4h).

Activation of STATI, a critical transcription factor in the IFN path-
way, has been linked to monocytic differentiation and the matura-
tion of macrophages****. This raises the possibility that the combo
may promote differentiation by activating key IFN response and
differentiation-promoting genes such as STAT1. To test this hypothesis,
we first confirmed that the combo synergistically activated ISGs such as
ISG15and MXIinall celllines tested (Extended Data Fig. 4a-c). Combo
treatmentalso synergistically upregulated the expression of STATI tran-
scripts, total STAT1 protein and activated phospho-STAT1 (Fig. 4f and
Extended DataFig.5a). To determine the importance of STAT1in mediat-
ing combo-induced differentiation, we treated THP-1 cells with single
agents or the combo treatment and delivered the JAK1/JAK2 inhibitor
ruxolitinib, which reduces the activated phospho-Y701 form of STAT1
(ref. 45) (Extended Data Fig. 5a). Ruxolitinib completely abrogated
theinduction of ISGs, indicating that combo-driven IFN pathway gene
activation was dependent on STAT1activation (Extended DataFig. 5b).
Ruxolitinib treatment also suppressed the combo-induced synergistic
upregulation of CD11b, cell differentiation and losses of proliferation
(Extended DataFig.5c-e). Similar results were also observed in MOLM-
13 cells (Extended Data Fig. 5f-h).

To confirm that this was not due to off-target effects of ruxolitinib,
we also genetically knocked out STATI by CRISPR and found that STATI
knockout phenocopied all aspects of ruxolitinib treatment (Extended
Data Fig. 5i-1). Finally, epigenomic co-occupancy data suggest that
IRF7 and -catenin may physically interact to coordinate transcrip-
tional regulation at promoters of key regulators such as STAT1 (Fig. 4f).
Consistently, co-immunoprecipitation experiments showed physical
interactions between 3-catenin and IRF7 only upon combo treatment
(Extended Data Fig. 5m). Collectively, these data support our model
that the combo treatment not only enhances the expression of type |
IFN genes but also triggers the activation of IRF7 and stabilization of
B-catenin, with their physical interaction and co-occupancy at promot-
ers, particularly STAT1, leading to the activation of myeloid differentia-
tion and stable and strong activation of the type I IFN pathway.

In addition to 3-catenin localization to IFN pathway gene promot-
ers, we also observed B-catenin and IRF7 colocalizing at promoters
and occasionally gene bodies of cell-cycle regulators, including the
classical B-catenintranscriptional targets such as MYC (Extended Data
Fig. 5n). Indeed, co-bound B-catenin and IRF7 CUT&RUN peaks were
enriched for G2/M checkpoint genes, MYC gene sets and E2F-binding
motifs (Extended Data Fig. 50,p and Supplementary Table 11). Cell-cycle
and MYC-related genes with co-bound B-cateninand IRF7 were almost
universally downregulated upon combo treatment, whichis consistent
withthe functional effect of the combo treatment onreducing stemness
and promoting differentiation, and further suggests that 3-catenin and
IRF7 could have context-specific transcriptionally repressive activity,
contributing to suppressing oncogenesis.

The GSK3 gene family consists of two related kinases: GSK3a and
GSK3p***. To determine whether the observed synergy is specific
to GSK3a, GSK3p or both, we performed short hairpin RNA (shRNA)
knockdowns (Extended Data Fig. 6a). Consistent with previous stud-
ies**¥ knockdown of the gene encoding GSK3, but not the gene encod-
ing GSK3a, resulted inanincreasein B-catenin levels, whereas depletion
of GSK3a led to moderate differentiation in AML cells***¢ (Extended
DataFig. 6a-d). Subsequently, we treated the GSK3a-knockdown and
GSK3p-knockdown cells with inhibitors. GSK3 knockdown did not
affect cell proliferation or differentiation (Extended Data Fig. 6e-g),
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of IRF7 and B-catenin CUT&RUN in THP-1cells treated with vehicle, GSK-LSD1,
LY2090314 and acombination of bothinhibitors. b, Heatmaps showing global
signalintensity of IRF7, B-cateninand H3K4mel CUT&RUN in THP-1cells treated
with vehicle, GSK-LSD1,LY2090314 or acombination of bothinhibitors. ¢, Venn
diagrams showing overlap between IRF7 and B-catenin binding in LY2090314-
treated and combo-treated THP-1cells (top), and genomic distributions of singly
and co-bound peaks shown for combo-treated cells (below). UTR, untranslated
region.d, CUT&RUN signal of IRF7 and -catenin at promoters of type [ IFN

response genes (left two panels) and myeloid differentiation signature genes
(righttwo panels) after drug treatments. TES, transcription end site; TSS,
transcriptionstartsite. e, Enrichment of top motifs relating to myeloid
differentiationin genomicregions co-bound by IRF7 and 3-catenin. Motif
enrichment significance was determined via hypergeometric tests. f, Tracks of
IRF7, B-cateninand H3K4mel CUT&RUN at the STATI and STAT2lociindrug-
treated THP-1cells. Gene expression of each gene after drug treatments is
showntotherightofthe corresponding CUT&RUN track. Dataare presented as
mean +s.d.fromthreeindependentbiological replicates. Pvaluesindicate the
significance of unpaired, two-tailed Student’s t-tests.
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Fig.5|See next page for caption.

butincreased B-cateninlevels (Extended Data Fig. 6e) and synergized
with the LSD1i, which elevated IRF7 levels (Extended Data Fig. 6e-g).
By contrast, although knockdown of the gene encoding GSK3a led to
moderate differentiation, it did not show any synergistic effects with
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LSD1i (Extended Data Fig. 6h-k), probably because it did notincrease
the levels of the co-activator B-catenin (Extended Data Fig. 6h). In
summary, the synergistic effects of GSK3i with LSD1i are primarily
driven by GSK3pi, which elevates the level of B-catenin, thus providing



Fig.5|Combo treatment promotes differentiation, reduces the clonogenic
potential of human primary AML cells ex vivo and enhances survivalin vivo.
a-c,Fold changeinduction of CD11b"* cellsin primary AMLsamples (n =16
biologically independent samples) cultured with varying concentrations of
GSK-LSD1 (a) orLY2090314 (b) or acombination of both inhibitors (c) relative
tothe vehicle (dashedline). Each dot represents one primary sample. See the
note for statistical analysesin the statistical analysis sectionin the Methods.
d-f, Quantification of colonies formed by DNMT3A-mutant primary AML samples
treated withtheindicated inhibitors. Data are presented as mean + s.d. from
threebiologicalindependent experiments. Pvalues were determined using
two-way ANOVA. g, Quantification of colonies formed by normal haematopoietic
progenitor cells treated with the indicated inhibitors. Pvalues were determined
using two-way ANOVA. Dataare mean + s.d. from six biologically independent

experiments. h, Kaplan-Meier survival curves of mice treated with vehicle
(n=8), GSK-LSD1 (n=8),LY2090314 (n = 8) or acombination of both inhibitors
(n=8)inthe OCI-AML3 model. Pvalues were determined using the log-rank
test.*P=0.0306 and ***P=0.0003.1i, Kaplan-Meier survival curves of mice
treated with vehicle (n=5), GSK-LSD1 (n=5),LY2090314 (n = 5) or acombination
ofbothinhibitors (n=5) inthe DNMT3A-mutant AML-579 PDX model. Pvalues
were determined using the log-rank test.**P=0.0025. j, Correlations between
OHSU patient combo synergy enrichmentscores, type I IFN response gene
enrichmentscores, WNT pathway gene enrichment scores and LSC signature
geneenrichmentscoresinthe OHSU patient cohort. rrefers to the Pearson
correlation coefficient. k, Kaplan-Meier plot showing overall survival of OHSU
patients stratified by above and below the median combo synergy signature
scores. Pvalues were determined using the log-rank test.

aco-activator to work with key transcription factors (for example, IRF7)
toregulate transcription networks that suppress stemness and promote
differentiation. As GSK3ai also modestly promotes differentiation, its
inhibition by pan-GSK3i may also contribute to the overall effect of the
combo treatment in inducing differentiation.

We next investigated the effect of combo on a cohort of primary
samples from patients with AML cultured ex vivo. Among the 16 patient
samples examined for their differentiation potential, 11 exhibited
amore than fivefold increase in CD11b* cells and responded more
strongly to the combo treatment than to eachinhibitor alone (Fig.5a-c
and Supplementary Table12). MLL rearrangements and mutationsin
DNMT3A and NPM1 were more frequently detected among the sensi-
tive samples, consistent with previous findings that MLL-leukaemia
are highly sensitive to LSD1i*. Out of the 16 samples, 5 did not show
asignificant response. None had DNMT3A mutations. Collectively,
these data raise the possibility that DNMT3A mutation may have an
important role in the response to the combo treatment. In addition,
two of these four non-responding patient samples had TP53 muta-
tions. AMLs with TP53 mutation have previously been shown to be
resistant to LSD1i*’, which may contribute to their insensitivity to the
combo treatment.

We further investigated the effect of the inhibitors on the clono-
genic potential of an additional 12 primary samples from patients
with AML, 7 of which had a DNMT3A mutation (Fig. 5d), whereas the
other 5 were DNMT3A wild type (WT; Extended Data Fig. 7a-c). The
combo treatment significantly suppressed the clonogenic potential
of all DNMT3A-mutant samples, regardless of secondary mutations
(Fig.5d).Inadditionto DNMT3A, samples with an NPM1 mutation also
appearedto respond to the combo treatment (Extended Data Fig. 7a),
whereas DNMT3A-WT and TP53-mutant samples appeared insensitive
(Extended DataFig.7b,c). Combo-treated cells also had morphological
characteristics of mature granulocytes (Extended Data Fig. 7d). Similar
results were obtained using the combination of bomedemstat and
9-ING-41 (Fig. 5e,f and Extended Data Fig. 7e). Similar to human AML
celllines, in these primary human AML samples, we also found that
LY2090314 and combo treatment stabilized -catenin, withthe combo
strongly upregulating ISG expression (Extended Data Fig. 7f,g). It has
beenshown that AML samples witha DNMT3A mutation exhibit elevated
levels of endogenous retroelements and increased susceptibility to viral
mimicry induced by azacytidine**. We confirmed elevated expression
of repetitive elements and ISGs in our DNMT3A-mutant AML samples
(Extended DataFig. 7h,i), suggesting that activity of analready elevated
IFN pathway may sensitize the responsiveness of patient cells to further
pathway activationinduced by combo treatment. Consistent with the
findings in AML celllines, ruxolitinib also suppressed the effects of the
combo treatmentin primary cells (Extended Data Fig. 8a-h). Treatment
with the inhibitors at the same concentrations had no effect on the
colony formation and differentiation of normal human haematopoietic
cells (Fig. 5g and Extended DataFig. 8i,j). This suggests that the combo
treatment selectively targets leukaemia cells with minimal effects on
normal haematopoietic cells.

Next, we assessed the therapeutic potential of the combo treat-
ment inin vivo models of an AML cell line and DNMT3A-mutated and
DNMT3A-WT patient-derived xenografts (PDXs)*~'. We first used the
OCI-AML3 xenotransplantation model, which carries both NPM1 and
DNMT3A mutations and serves as an aggressive model of DNMT3A-
NPMI-mutated AML, inwhich terminal disease develops within 3 weeks
of transplantation®. Vehicle-treated mice rapidly developed termi-
nal leukaemia, with a median survival of 26 days (Fig. 5h). However,
only the combo treatment significantly extended survival (Fig. 5h)
andreduced splenomegaly (Extended Data Fig. 9a). We further evalu-
ated thecombo ina PDX model of DNMT3A-mutated leukaemia (AML-
579)%°, Treatment began 13 days post-transplantation and continued
for 2 weeks, during which no overt toxicity or body weight loss was
observed (Extended Data Fig. 9b). In mice bearing AML-579, the combo
treatmentsignificantly reduced tumour burden, as measured by in vivo
bioluminescence imaging (Extended Data Fig. 9c,d), and markedly
increased survival, with three out of five mice achieving complete leu-
kaemia clearance (Fig. 5i). By contrast, ina PDX model of DNMT3A-WT
leukaemia (AML-372), although both LSD1i and the combo treatment
ledtoaslightincreasein survivaland reductionin tumour burden, the
combo treatment did not show any additional benefits over LSD1i alone
(Extended DataFig. 9¢,f). Consistently, no significant toxicity or weight
loss was observed in combo-treated mice (Extended Data Fig. 9g).

To validate the effectiveness of the combo treatment in promoting
differentiation within a multicellular haematopoietic microenviron-
ment, we used athree-dimensional model that more accurately mimics
the human bone marrow tissue environment®**>, The combo treat-
ment significantly increased the population of CD11b" cells compared
with the DMSO-treated control and single-treatment conditionsin the
DNMT3A-mutant sample (Extended Data Fig. 9h). In the DNMT3A-WT
sample, although the combo treatment led to a higher number of
CD11b" cells than the control, the single treatment, LY2090314, also
resulted in a similar response (Extended Data Fig. 9h). In summary,
results from multiple AML models demonstrate that the proposed
combo treatment exhibits significant in vivo activity, evidenced by
reduced leukaemia growth and prolonged survivalin DNMT3A-mutated
xenograft models. In DNMT3A-WT samples, although the combo treat-
ment modestly increased survival and induced CD11b expression, its
effect was not superior to that of single-agent treatment. Further
research is warranted to investigate how we can enable patients with
non-responsive, DNMT3A-WT respond to combo treatment, potentially
by combining the combo treatment with hypomethylating agents®*-¢,

Finally, weinvestigated whether our findings have clinical relevance
by scoring patients of the OHSU dataset according to enrichment of
the drug combo synergy signature, as well as signatures for LSCs, the
type I IFN and WNT signalling. Consistent with predictions from our
experimental studies, patient synergy signature scores positively corre-
lated withthe type IIFN pathway signature scores (r = 0.62; P< 0.0001)
and strongly negatively correlated with the LSC signature (r=-0.93;
P<0.0001) and the WNT signalling pathway (r=-0.42; P < 0.0001)
scores. As expected, the type I IFN pathway scores also negatively
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correlated withthe LSC signature scores (r=-0.65, P< 0.0001; Fig. 5j).
As patients with DNMT3A mutation were most responsive to combo
treatment, we also investigated the correlation between DNMT3A
status and synergy scores in the OHSU cohort. Patients with DNMT3A
mutation were significantly more likely to enrich the synergy sig-
nature than patients with DNMT3A-WT (Extended Data Fig. 10a,b).
Finally, weinvestigated whether the synergy signature had prognostic
value, reasoning that greater blast maturation would correspond to
less-aggressive disease. Indeed, patients with above median synergy
had significantly longer overall survival than patients with below
median synergy (Fig. 5k).

The possibility that combo treatment may be actively suppressing
the WNT pathway has profound ramifications for cancers beyond
AML that are driven by canonical WNT signalling®. However, inter-
pretation of WNT pathway-related results in ER-HOXA9 and THP-1
cells is complicated by the fact that they have low endogenous WNT
pathway activity (Extended Data Fig. 10c). To circumvent this, we
generated a THP-1line carrying a TCF/LEF reporter, whichreports WNT
activity®. Although the reporter showed no detectable expression
under basal condition, the addition of recombinant WNT3A strongly
activated reporter expression, which was suppressed by the combo
treatment (Extended Data Fig. 10c). To further determine whether
the combo treatment can suppress WNT signalling, we used a WNT
pathway-driven HCT116 colorectal cancer cell line carrying a TCF/LEF
reporter. Combo treatment not only repressed the TCF reporter under
basal condition but also actively suppressed recombinant WNT3A-
induced WNT hyperactivation (Extended Data Fig. 10d). It will be
of notable interest to determine whether this observation can be
recapitulated in different WNT-driven oncogenic contexts in future
experiments.

Discussion

Differentiation arrestis a hallmark of AML and represents a therapeu-
tic vulnerability?. Although differentiation therapy with ATRA/ATO
is effective in APL3, its broader applicability in AML remains unclear.
LSD1inhibitors induce AML differentiation but have shown limited
clinical success due to associate toxicity'®*?2. Here we demonstrate
that simultaneous LSD1i and GSK3i robustly promotes therapeutic
differentiation of AML cells.

Although GSK3i has shown preclinical promise ,its clinical
utility is complicated by insufficient efficacy and by -catenin stabi-
lization and activation of WNT-[3-catenin signalling, as this signal-
ling pathway is crucial for maintaining the LSC population® and
drug resistance®. Suppressing B-catenin delays disease progression
in MLL-rearranged leukaemia®, but its role in primary AML varies®,
suggesting subtype-specific effects. Furthermore, although GSK3 loss
inhaematopoietic progenitors has been linked to aggressive myelod-
ysplasiaand AML®, recent studies have argued that these effects may
stem from tamoxifen use in mouse models and GSK3fi could be a viable
therapeuticstrategy®*. Further researchis needed to fully understand
how GSK3i alone affects AML and if there are AML subtypes that would
respond more favourably to GSK3i. As GSK3i alone has not shown suf-
ficient clinical efficacy?, our findings are therefore important, as they
suggest a new strategy that involves simultaneous GSK3i and LSD1i,
whichleads totherapeuticallyimportant maturation of AML cells while
suppressing the WNT pathway. We also discovered the underlying
molecular mechanism in which only the combo treatment induces
expression and promotes co-occupancy of key transcription factors
such as IRF7 and the co-activator 3-catenin to drive transcription of
genesinthetypelIFNsignalling pathway suchas STAT1, whichis critical
for AML differentiation****, STAT1, which we showed to be necessary for
the combo treatment to induce differentiation, not only mediates an
IFN response but also activates IFN-independent signalling®®®”. STAT1
hasbeenreportedto control the cell cycle by modulating the expression

26,27,59
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of cyclinkinase inhibitors as well as various cyclins®®, In addition, STAT1
isimportantininhibiting the expression of MYC®, Therefore, the abil-
ity of STAT1 to activate IFN-independent signalling in addition to IFN
response and cell-cycle regulation may also contribute to the overall
differentiation response of AML cells.

As LSD1and GSK3 inhibitors are both in clinical trials for a range of
myeloid malignancies and advanced/metastatic cancer, respectively,
their use asa combination therapy could conceivably enter theclinicin
the near term. Finally, the unique ability of this combination strategy
to suppress the canonical WNT pathway and re-route transcriptional
programs to promote differentiation may also represent an unexplored
therapeutic avenue of promise for numerous WNT-driven cancers.
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Methods

Small-molecule inhibitor screen

ER-HOXAO cells were prepared in media with 50 nM GSK-LSD1 (Sell-
eck Chemical) and seeded at a density of 50,000 cells per millilitre
in 200 pl volume per well of a flat-bottom 96-well plastic plate (Gen-
esee Scientific) using a Combi Reagent Dispenser (Thermo Fisher).
Drugs in100% DMSO (Sigma-Aldrich) were pin transferred (V&P Sci-
entific) from 384-well stock plates into the 96-well plates containing
our cells at approximately 300 nl drug stock per well. Cells treated
with GSK-LSD1alone served as negative control, whereas cells treated
with GSK-LSD1 and 100 nM cytarabine (Sigma-Aldrich), a known
synergistic combination, served as a positive control. Plates were
incubated for 5 days and analysed on an iQue Screener Plus-VBR flow
cytometer (Intellicyt) running the Forecyt acquisition and analysis
software (v9.0). Monocytic differentiation was assessed using aninter-
nal Lyz2-GFP marker (blue laser channel at 488-nm excitation and
530-nm emission). Viability was calculated by dividing the number of
live cells by the number of total cells, and differentiation was calcu-
lated by dividing the number of Lyz2-GFP* cells by the number of live
cells.

Cell culture
ER-HOXAO cells were grown in RPMI-1640 medium supplemented
with10% of fetal bovine serum (FBS), 100 ng ml™stem cell factor (SCF;
78064, Stemcell Technologies), 4 mM glutamine, 1% penicillin-strep-
tomycinand 0.5 mM f-oestradiol (E2; E4389, Sigma-Aldrich). HOXA9-
MEIS1 cells were similarly passaged as ER-HOXAO cells except without
E2.RN2 cells were cultured in RPMI-1640 medium supplemented with
10% FBS, 20 mM L-glutamine, 10 mM sodium pyruvate, 10 mM HEPES
(pH 7.3),1% penicillin-streptomycin and 50 pM 3-mercaptoethanol.
THP-1and U937 were grown in RPMI-1640 medium supplemented
with 10% of FBS, 4 mM glutamine and 1% penicillin-streptomycin.
MOLM-13 and Kasumi-1 were grown in RPMI-1640 medium supple-
mented with 20% of FBS, 4 mM glutamine and 1% penicillin-strep-
tomycin. OCI-AML2 and OCI-AML3 were grown in a-MEM (with
ribonucleosides and deoxyribonucleosides) with 20% FBS, 4 mM
glutamine and 1% penicillin-streptomycin. Cells were maintained at
37 °Cand 5% CO, with routine testing to confirm lack of mycoplasma
infection.

Drug combination assay and synergy score analysis

The drug synergy assay was performed as previously described®. In
brief, cells were seeded into 96-well plates and exposed to various
concentrations of inhibitors, both individually and in combination.
Cell viability was quantified using Cell-Titer-Glo (Promega) and nor-
malized to DMSO to calculate the inhibitory response. The resulting
datawere analysed using the SynergyFinder web application (https://
synergyfinder.fimm.fi), which generated dose-response matrices
for each drug combination. Synergy scores were calculated using the
highest single-agent model to assess drug interactions. Heatmaps were
generated to visualize the results, with the following interpretation
thresholds: synergy scores below —10 indicated antagonism, scores
between -10 and 10 suggested an additive effect, and scores above 10
indicated synergy.

Human primary AML samples

Bone marrow or peripheral blood samples were collected after
informed consent from patients with AML using protocols approved by
anInstitutional Review Board at the Helsinki University Hospital (permit
numbers 239/13/03/00/2010 and 303/13/03/01/2011) in compliance
with the Declaration of Helsinki. Mononuclear cells were isolated from
bone marrow or peripheral blood samples by Ficoll-Paque Premium
(GE Healthcare) density gradient separation and viably frozen and
stored in liquid nitrogen before further analyses.

LSK cell sorting and colony formation

Eight-week-old C57BL/6) mice were euthanized, and bone marrow was
harvested from the femurs and tibias of both legs. Haematopoietic
progenitor cells were enriched using the EasySep Mouse Hematopoietic
Progenitor Cell Isolation Kit (19856, StemCell Technologies). Haemat-
opoietic progenitor-enriched cells were then stained with antibodies to
mouseKIT (clone: ACK2, 567818, BD Bioscience), Sca-1(clone: E13-161.7,
753334, BD Bioscience), lineage markers (CD3, CD11b, CD19, B220, Grl
and Ter119;155606,101212,115512,103212,108412 and 116212, respec-
tively, BioLegend), and Fixable Viability Stain 575V (565694, BD Biosci-
ence). LSK cells were sorted using a FACS Aria Fusion (BD Bioscience).
For the colony formation assay, 2,000 LSK cells were resuspended in
100 pl of IMDM and added to 1.5 ml of methylcellulose media (M3434,
StemCell Technologies). Colonies were counted after 10 days of incu-
bation at 37 °C. Image]J (v1.54g) was used for the analysis of colonies
morphology images.

Ex vivo drug sensitivity testing of primary AML cells
GSK-LSD1and LY2090314 (MedChem Express) were dissolved in100%
DMSO and dispensed on Nunc 96-well polystyrene V-bottom plates
(Thermo Fisher Scientific) using the Echo 550 Acoustic Dispenser (Lab-
cyte) inseven different concentrations. GSK-LSD1was platedinacon-
centration range of 1-250 nM and LY2090314 inarange of 50-500 nM
assingle agents and in combination. 0.1% DMSO was used as anegative
control,and 100 pM benzethonium chloride (Sigma-Aldrich) was used
as a positive control for total cell death.

Frozenmononuclear cells were thawed and suspendedin 12.5% con-
ditioned medium composed of RPMI-1640 medium (Corning) sup-
plemented with12.5% HS-5 cell-derived conditioned medium, 10% FBS
2 mML-glutamine and penicillin-streptomycin (100 U ml™)’°, and then
treated with DENARASE (250 U ul™, c-LEcta) to degrade DNA released
from dead cells; the cells were left to recover for 4 h in 12.5% condi-
tioned medium. The cells were plated onto pre-drugged plates ata
density of 50,000 cells per well and incubated with the drugs for 5
days (at 37 °C at 5% CO,). After incubation, the cells were centrifuged
(at 500g for 5 min) and resuspended in staining buffer (RPMI-1640,
10% FBS, 2 mM L-glutamine and 100 U ml™ penicillin-streptomycin).
The cells were stained with antibodies to CD45-FITC (BD Pharmingen),
CD34-APC (BD Pharmingen), CD15-PE-Cy7 (BioLegend), CD14-BV421
(BD Biosciences) and CD11b-BV60S5 (BD Horizon) for 30 min at room
temperature in the dark. Subsequently, the cells were centrifuged (at
500g for 5 min) and excess antibodies were removed. The cells were
resuspended and stained with PE annexin V and seven-amino actino-
mycin D in annexin V-binding buffer (BD Pharmingen) for 15 min at
roomtemperature in the dark. The cells were analysed using the iQue
Screener Plus-VBR flow cytometer, and gating was done with ForeCyt
software (version 9.0, Intellicyt). Data were processed and analysed
using R software (v4.2).

Seeding of organoids with primary patient samples and drug
treatment

Human bone marrow organoids were generated from a fluores-
cent human induced pluripotent stem (iPS) cell line as previously
described®>**, The fluorescent iPS cell line, MCND-TENS2-mScarlet3,
was obtained through CRISPR-Cas9-mediated knock-in of mScarlet3
atthe AAVSIsafe harbourlocusinthe parental line MCND-TENS2 (reg-
istered at https://hpscreg.eu/cell-line/RTIBDi001-A), performed by
the iPS Cell Core Facility at the US National Institutes of Health (NIH).
Onday 14 of organoid differentiation, individual mScarlet” organoids
were seeded into 96-well ultra-low attachment plates. Cryopreserved
mononuclear cells from samples from patients with AML were then
engrafted into the organoids at a density 0f 10,000 cells per orga-
noid, with 8 organoids for each treatment condition. The organoids
were subsequently cultured in StemPro-34 SFM medium (10639011,
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Thermo Fisher Scientific) supplemented with 2% KnockOut serum
(10828028, Thermo Fisher Scientific), 2% chemically defined lipids
(11905031, Thermo Fisher Scientific), 0.5% penicillin-streptomycin and
cytokines (10 ng ml™ of SCF, FLT3-L, TPO, IL-6, G-CSF and GM-CSF, and
5ng ml™ of IL-3). Twenty-four hours post-engraftment, the engrafted
organoids were treated with either vehicle control, 25 nM GSK-LSD],
50 nMLY2090314 or acombination of inhibitors for 5 days. Following
treatment, the eight organoids from the same condition were pooled to
minimize variations, and they were then dissociated using collagenase
D (11088866001, Roche)™ and analysed by flow cytometry to determine
the percentage of mScarlet"CD11b" cells.

Phosphoflow analysis

After thawingand DENARASE treatment as previously described, mono-
nuclear cells from samples from patients with AML were plated onto
pre-drugged Nunc 96-well V-bottom plate at adensity of 200,000 cells
perwelland incubated with 50 nM GSK-LSD1,100 nM LY2090314 and
the combination of both drugs for 5 days (at 37 °Cat 5% CO,). Afterincu-
bationwith the drugs, the cells were washed with PBS, centrifuged (at
1,000gfor 4 min) and stained with Zombie Yellow (BioLegend) viability
marker for 30 min in the dark at room temperature. The cells were
washed with staining buffer (5% FBS in Dulbecco’s phosphate-buffered
saline (DPBS)) and stained with surface markers for CD45-BV786
(BD Biosciences), CD38-BV421 (BD Biosciences), CD34-APC-Cy7
(BioLegend) and CD11b-BV605 (BD Horizon) for 30 min at room tem-
perature. The cells were fixed in 1.5% paraformaldehyde solution in
PBS pre-warmed to 37 °C for 15 min at room temperature. Fixed cells
were centrifuged (at1,000gfor 4 min), washed with staining buffer and
centrifuged again with the same settings. The cells were resuspended
inice-cold methanol and incubated at 4 °C for 30 min, after which
the cells were washed twice with staining buffer with centrifugation
(at1,000g for 4 min). The cells were stained with 3-catenin-AF488
(BD Pharmingen) for1 hatroom temperature. After incubation, the cells
were washed with staining buffer, centrifuged (at 1,000g for 4 min),
thenresuspended and analysed on an iQue PLUS flow cytometer, and
data were analysed using the Forecyt software (v9.0). Data were pro-
cessed and analysed using R software (v4.2).

Invivo study

HOXA9-MEIS1-overexpressing leukaemiacells previously developed
by Sykes et al.> were virally transduced to express Luciferase and GFP
for in vivo tracking. Cells expressing GFP were twice sorted and used
to establish syngeneic mouse models of AML in 6-8-week-old female
C57BL/6) mice purchased from Jackson Laboratory. Animals were main-
tained at Boston Children Hospital’s ARCH facility and treated accord-
ingtoall protocols approved by the Institutional Animal Care and Use
Committee under protocol number 16-09-3230R. The mice received
sublethal radiation of 350 cGy 16-20 h before tail-vein injection of
0.5 x10*leukaemia cellsin 100 pl PBS to establish a measurable residual
disease model of AML. Leukaemia engraftment and therapy response
were monitored using whole-body IVIS imaging through retro-orbital
injection of luciferin. Mice were randomized into four treatment groups
after engraftment was observed 7 days post-injection.

NSG (NOD.Cg-Prkdc* 112rgt™"/SzJ) mice were purchased from
CharlesRiver andirradiated with a sublethal dose of 1.5 Gy 24 h before
intravenous injection. For the OCI-AML3 model, approximately 1 mil-
lion cells were transplanted via tail-vein injection into 6-8-week-old
male or female NSG recipient mice. To assess leukaemia development,
peripheral blood was collected from the mice, stained for human CD45
and analysed by flow cytometry; treatment was initiated 13 days after
transplantation, once hCD45" cells were detected in the peripheral
blood. Forluciferase-expressing PDX samples, AML-372 (DNMT3A-WT)
and AML-579 (DNMT3A-mutant) models*>', about 700,000 and 1 mil-
lion cells, respectively, were transplanted via tail-vein injection into
6-8-week-old female NSG recipient mice and treatment was initiated

13 days after transplantation. Engraftment and leukaemia burden were
evaluated using abioluminescence imaging system following theintra-
venous administration of D-luciferin (P1043, Promega). For in vivo
treatments, either GSK-LSD1 (0.25 mg kg™), LY2090314 (10 mg kg™)
or acombination of both was administered via intraperitoneal injec-
tions every alternate day for 1 week (HOXA9-MEIS1 model) or 2 weeks
(OCI-AML3 model and PDX models). Animals were monitored daily,
and body weights were measured throughout the treatment period.
Mice exhibiting signs of distress, rough fur, hunchback and reduced
motility were euthanized by a schedule 1 method. Kaplan-Meier sur-
vival curves were generated using GraphPad Prism (v10) software.
All cages were on a12-h-12-h light-dark cycle (lights on at 07:00) in a
temperature-controlled and humidity-controlled room.Room temper-
ature was maintained at19-23 °C, and room humidity was maintained
at45-65%. Allmouse procedures were carried out in accordance with
UK Animals (Scientific Procedures) Act 1986 and University of Oxford
Animal Welfare and Ethical Review Body approval under Project license
(PPL) number PP4128654.

Dotblots

Purified total RNA from treated cells were subjected to digestion
with mock, RNase T1 (AM2283, Thermo Fisher Scientific) and RNase
111 (AM2290, Thermo Fisher Scientific) in their respective buffers and
according to the manufacturer’s instructions, or RNase A (ENO531,
Thermo Fisher Scientific) under high-salt condition (350 mM NaCl).
The digestion was deactivated by the addition of TRIzol and RNA
samples extracted using the TRIzol manufacturer’s protocol (R2053,
Zymo Research). Equal volumes (3 pl) of purified RNA were dotted on
Hybond N*membrane (RPN119B, GE Healthcare), air dried for 10-15 min
atroom temperature, then UV crosslinked in a UV stratalinker 2400
(Stratagene) two times. The membrane was blocked for 1 hin blocking
buffer (5% milk diluted in 0.01% PBS-T) and probed with J2 antibody
(RNT-SCI-10010500, Jena Bioscience) rocking overnight at 4 °C. On
the next day, the membrane was washed three times in PBS-T, rocking
for 10 min at room temperature per wash and probed with secondary
goat-anti-mouse horseradish peroxidase (HRP) antibody in 5% milk at
roomtemperature for1h. Membrane was washed three timesin PBS-T,
rocking for 10 min at room temperature per wash, and enhanced chemi-
luminescence (ECL) was applied for chemiluminescent development.
Todetect total nucleic acid loading, the membrane was thenincubated
in 0.5% methylene blue in 30% EtOH to visualize the presence of RNA.

CRISPR-Cas9 gene knockouts

CRISPR gene editing was performed using the Integrated DNA Tech-
nologies (IDT) Alt-R CRISPR-Cas9 System as per the manufacturer’s
protocol. In brief, Alt-R CRISPR-Cas9 CRISPR RNA (crRNA) was mixed
with Alt-R CRISPR-Cas9 trans-activating crRNA (tracrRNA) and Alt-R
HiFiS.p.Cas9 Nuclease V3 to assemble the ribonucleoprotein complex.
Subsequently, this complex was electroporated into target cells using
the Neon transfection system, using a pulse voltage of 1,400, a width
of 10 msand three pulses. Alt-R CRISPR-Cas9 negative control crRNA
#2 was used for the creation of non-targeted controls. Specific gene
knockouts were generated using guide RNAs listed in Supplementary
Table 13 that were selected using the IDT predesign and selection tool.

Gene knockdown by shRNA

Target sequences for shRNA knockdown of the genes encoding GSK3a
and GSK3p were sourced from existing literature? and oligos were
ordered from IDT. In brief, shRNA oligos were annealed and ligated
into the pLKO.1-Puro (Addgene #10878) plasmid backbone (digested
with Agel and EcoRI) overnight and subsequently transformed into
NEB stable-competent Escherichia coli (C3040H, NEB). Colonies were
screened for correct insertion using primers flanking approximately
100 bp upstream and downstream of the Agel and EcoRl restriction
sites. Positive clones were isolated and sent for sequencing before
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co-transfectionwith pCMV-dR8.2 and pCMV-VSVG into HEK293T cells
for lentivirus production.

Target sequences used for shRNA knockdown experiments listed in
Supplementary Table 14.

Total RNA extraction and RT-PCR
Total RNA isolation and DNasel treatment was performed using the
Direct-zol RNA MiniPrep kit (R2053, Zymo Research) as per the manu-
facturer’s protocol. Reverse transcription of 1 ug of RNA per sample
was performed using SuperScript IV Vilo (11756050, Thermo Fisher
Scientific) as per the manufacturer’s protocol and quantified by spec-
trophotometer (ND1000 NanoDrop). From 5 ng to 10 ng of cDNA was
used to perform quantitative PCR (qPCR) using SYBR Select Master
Mix (4472908, Thermo Fisher Scientific). All the qPCR amplifications
were performed in the Step One Plus system (Applied Biosystems).
Gene expression values were calculated by the ACq method, using
GAPDH as the housekeeping gene, and resulting experimental target
values were normalized to the global mean of the control group. Nor-
malized fold change was plotted using GraphPad Prism software. The
sequences of the primers used in this study are listed in Supplementary
Table 15.

Invitro studies and viability assays
Approximately 2,500 cells were plated in triplicates in 96-well plates
for 5 days. For in vitro experiments, cells were treated with 50 nM
GSK-LSD1(SML1072, Sigma-Aldrich), 50 nMbomedemstat (IMG-7289;
HY-109169B, MedChem Express), 500 nM TAK-418 (HY-138830, Med-
Chem Express),100 nMLY2090314 (HY-16294, MedChem Express) and
100 nM elraglusib (9-ING-41; HY-113914, MedChem Express).

Cell viability was determined using a Cell Titer-Glo luminescent cell
viability assay (G7572, Promega). Data were presented as proliferation
present by comparingthe treated groups with the vehicle-treated cells.

Colony-forming unit assay

Leukaemia cell lines. Approximately 1,000 cells (for human leukaemia
cell lines) and 500 cells (for mouse leukaemia cell lines) were initially
platedin triplicates in the methylcellulose medium (MethoCult GF,
H4435, StemCell Technologies) pre-added with vehicle, GSK-LSD1,
LY2090314 or a combination of inhibitors. For serial replating, cells
isolated from colonies in the previous plating were seeded again in
the same semi-solid medium. Colony-forming units were scored every
7-10 days post-seeding.

Human CD34" umbilical cord blood cells. Human cord blood CD34*
cells (200-0000, StemCell Technologies) were plated in methylcel-
lulose (MethoCult H4534 Classic, StemCell Technologies). For each
condition 5,000 cells were plated in 35-mm dishes in the presence of
inhibitors. After 14 days, haematopoietic colonies were scored.

Human primary AML samples. Patient samples were thawed and cul-
tured in StemSpan SFEM Il (StemCell Technologies) supplemented
with humanrecombinant FIt3/FIk-2, human recombinant IL-3, human
recombinant GM-CSF, human recombinant IL-6, human stem cell fac-
tor and human recombinant G-CSF (StemCell Technologies) for 24 h.
The cellswere then treated with DMSO or inhibitors in methylcellulose
medium (MethoCult H4535 or MethoCult H4534 Classic, StemCell
Technologies) plated at 25,000 cells per millilitre on 35-mm culture
dish and cultured for 7-10 days to form colonies.

Wright-Giemsa staining

The cells collected from culture plates were spun onto a cytological
slide by using a cytospin centrifuge (Cytospin 4 Cytocentrifuge).
Then, slides were stained using the May-Griinwald-Giemsa staining
method. The fixed cells were stained for 8 minin May-Griinwald stain
(MG500, Sigma-Aldrich), thenslides were sequentially washed 6 times

in deionized water and then incubated for 30 min with Giemsa stain
(1092041000, Sigma-Aldrich) and diluted with 19 volumes of distilled
water. After this step, the cytological slides were rinsed again three
timesin distilled water and air dried. For long-time storage, a coverslip
was attached to the slides by Eukitt mounting medium, which is an
adhesive and specimen preservative that can be used manually and in
automated coverslipping equipment. The slides were scanned using
the NanoZoomer S210 slide scanner.

TCF/LEF luciferase reporter assay

HCT116 and THP-1cells were plated at 100,000 cells per well in12-well
plates, and following a 24-h incubation were infected with 30 pl
TCF/LEF luciferase reporter lentivirus (BPS Biosciences). Following
48 h, cellswerereplated and selected for 3 days using puromycin. Then,
cells treated with inhibitors in the presence and absence of WNT3A
(40 ng mI™) for 5 days. TCF/LEF activity was assessed using ONE-Step
Luciferase reagent per recommended protocol (BPS Biosciences).

RNA-seq protocol and analysis

For freshly cultured cells, total RNA isolation and DNasel treatment
were performed using the Direct-zol (TM) RNA MiniPrep kit (R2053,
Zymo Research) as per the manufacturer’s protocol. Library prepara-
tion was conducted using the NEBNext Ultrall RNA library kit (E7770S/L,
NEB). Sequencing was conducted on an lllumina NextSeq 2000.

For ER-HOXAO9 cell RNA-seq analysis, Fastq reads were aligned to the
mouse genome (mm10) using STAR2.7.0f. Read counts were mapped to
genes using featureCounts. Differential analysis of gene expression was
performed using DESeq2 (1.34.0). Only genes with more than 10 total
counts when summed across all samples were considered. For THP-1
RNA-seq analysis, RNA-seq analysis was conducted using the EdgeR
(3.50.3) limma (3.36.0) workflow. Reads were quantified using feature-
Counts, creating the raw gene count matrix. Data-quality metrics were
investigated, and the limma voom normalization was applied to obtain
counts per million (CPM) normalization and trimmed means of M values
and normalization to finalize the differential expression analysis. The
normalization accounted for sequencing depth. The log-CPM values
were calculated, and adjusted P < 0.01 were considered significant.
Genes responding synergistically tocombo treatment were defined as
those with adjusted P< 0.01and fold change > 3in combo versus vehicle
and were also not significant atadjusted P < 0.01and fold change > 1.5
ineither GSK-LSD1 or LY2090314 versus vehicle. In THP-1cells, genes
responding synergistically tocombo treatment were defined as those
withadjusted P< 0.01and more than 3x changein combo versus vehicle
and not significant at P < 0.05 (non-adjusted) in either GSK-LSD1 or
LY2090314 versus vehicle in THP-1 cells. Heatmaps of synergy genes
and other gene lists were generated using Heatmapper.ca using Pearson
correlation and average linkage settings. For pathway-level analysis,
gene lists were either submitted to EnrichR”>™ or GSEA™7¢ (4.3.3) was
used. For GSEA, CPM-normalized data were used as inputs and GSEA
MSigDB (2024.1) gene set compendia, or manually curated gene sets
were used for enrichment using genes for permutations and default set-
tings. Manually curated gene sets not in the MSigDB database included
the Sykes terminal differentiation gene sets?, the LSC47 leukaemiastem
cell signature” and the Somervaille leukemia stem cell signatures’.

ATAC-seq protocol and analysis

ATAC-seqwas performed as previously described®. In brief, cells were
treated with DNAsel (ENO521, Life Tech) to remove genomic DNA con-
tamination. Live cell samples were quantified and assessed for viability
and after cell lysis and cytosol removal, nuclei were treated with Tn5
enzyme (20034197, lllumina) for 30 min at 37 °Cand purified with the
Minelute PCR Purification Kit (28004, Qiagen) to produce tagmented
DNA samples. Tagmented DNA was barcoded with Nextera Index Kit
v2 (FC-131-2001, lllumina) and amplified via PCR before an SPRI Bead
cleanuptoyield purified DNA libraries. Sequencing was performed on



an lllumina HiSeq instrument (4000 or equivalent). Fastq files were
subjected to quality control with FastQC (0.11.9) and then trimmed
with Cutadapt (2.1) with reads less than 20 nucleotides being filtered
out.Reads were then mapped against mm10 with Bowtie2 (2.4.4), and
duplicate reads were removed with samtools (1.15.1) rmdup, and bam
files were converted to bed files with bedtools (2.30.0) bamtobed.
Peaks were then called with MACS2 (2.2.7.1) with replicates being
merged for downstream analyses. For heatmaps and PCAs, matrices
were generated with deeptools (3.5.1) computeMatrix, and heatmaps
and PCAs were generated with deeptools plotHeatmap and ggplot2
(3.4.2), respectively. IFNa signal profiles were generated with deeptools
plotHeatmap using the /FNA promoter regions as an input. /FNA pro-
moters were extracted using the ChlPseeker (1.42.0) R (4.3.0) package.
ATAC-seq tracks were visualized with Integrative Genomics Viewer
(2.16.2). Homer (5.1) was used for motif enrichment analyses using
default settings. All operations were performed using default settings
unless otherwise noted.

CUT&RUN protocol and analysis

Inbrief,250,000 cells were washed in1 ml of wash buffer 20 mM HEPES
pH?7.5,0.5 mM spermidine and 120 mM NacCl) and centrifuged at 600g
atroom temperature three times, and the pellet were resuspended in
100 pl of wash buffer per reaction. Following this, 10 pl activated con-
cavalin Abeads per reaction was added, and the mixture wasincubated
atroom temperature for 10 min with intermittent shaking. Captured
cellswereresuspendedin 50 pl of antibody-binding buffer (wash buffer
withdigitonin 0.05% and EDTA). Primary antibodies, including negative
and positive controls, were added, and the tubes were nutated over-
night at4 °C. On the following day, the samples were washed twice in
dig wash buffer (wash buffer with 0.05% digitonin), and a master mix of
pAG-MNase was prepared and added to each sample. After nutating at
4 °Cforlh,thesamples were washed to remove unbound pAG-MNase.
Tubeswere cooled to O °Cfor 5 min, then supplemented with CaCl, to
promote MNase digestion at 4 °C for 2 h followed by the addition of
2X STOP buffer (340 mM NaCl, 20 mM EDTA, 4 mM EGTA and 0.05%
digitonin) and incubation at 37 °C for 10-15 min. Following a brief
spin and magnetic separation, the supernatant containing enriched
target-bound chromatin was proceeded directly with DNA cleanup
with the Zymo DNA Clean&Concentrator-5 kit (Zymo Research). DNA
libraries were prepared by the NEBNext Ultra Il DNA library kit (E7645S)
as per the manufacturer’s instructions.

CUT&RUN samples were processed via Nextflow (21.10.6), using the
nf-core CUT&RUN pipeline (v3.0.0)”. Samples were aligned to the hg38
reference genome. Adapters were trimmed using Trim Galore (0.6.6),
and paired-end alignment was performed using Bowtie2 (2.4.4). Map-
pingrates, GC content and other sample quality metrics were derived
from nf-core via MultiQC. Peak calling was finalized using SEACR®?
(1.3) with a standard peak threshold of 0.05 and spike-in calibration
performed with the Saccharomyces cerevisiae genome. Heatmap
and PCA analyses by gene and peak were performed using deepTools
(3.5.1). Downstream peak-based analyses were done with peak bed
files from replicate experiments being merged. Merging was done
using bedTools (2.30.0) concatenate to combine peak files, bedTools
sorttoorder peaks, and bedTools merge to merge peak regions. Motif
enrichment analysis, track visualization and signal over gene set pro-
moter regions (IFNa and Sykes myeloid differentiation top 200 gene
promoter regions) were done as described in the ATAC-seq analysis
sectioninthe Methods. Genomicdistribution analyses were done with
the ChiPseeker (1.42.0) R (4.3.0) package, and peak and gene overlaps
were quantified with bedTools intersect. The sequences of the primers
used for CUT&RUN-qPCR are listed in Supplementary Table 16.

Clinical dataset survival analysis
Patient data used in this study were taken from the cohort used in Bot-
tomly et al.®and referred to as the OHSU patient dataset. For signature

score analyses, patients were scored according to their match inexpres-
siontoalist of signature genes (upregulated genes only, downregulated
genes only or both upregulated and downregulated genes) using the
singscore (1.26.0) R (4.3.0) package®. If upregulated signature genes
only were used, the patient score is highif the patient upregulates those
genes. If downregulated signature genes only were used, the patient
scoreis highifthe patient downregulates those genes. If both upregu-
lated and downregulated signature genes were used, the upregulated
gene score and downregulated gene scores are combined. Pearson
correlation was used to quantify correlations between signature scores
among the patients. Components of signatures used for score cor-
relations in Fig. 5j were: upregulated genes of the ER-HOXA9 synergy
signature and downregulated genes of the Somervaille LSC signature
(upper left); downregulated genes of the ER-HOXA9 synergy signa-
ture and total score of the MSigDB Wnt Signaling signature (upper
right); upregulated and downregulated genes of the ER-HOXA9 synergy
signature and upregulated genes of the MSigDB Hallmark Interferon
Alpha Response signature (lower left); and upregulated genes of the
MSigDB Hallmark Interferon Alpha Response signature and downregu-
lated genes of the Somervaille LSC signature (lower right). For survival
analyses, Kaplan-Meier plotting was performed using the ggsurvplot
function of the survminer R (4.3.0) package. Patients were stratified
by median synergy score enrichment using the downregulated genes
ofthe ER-HOXA9 synergy signature. Statistical significance of survival
data was tested with log-rank tests using the survdiff function of the
Survival (3.8-3) R (4.3.0) package.

Immunoblotting

Cells were lysed in a lysis buffer (0.1% SDS, 400 mM NaCl, 1 mM
EDTA, 50 mM Tris-HCl and 1% Triton) plus protease inhibitor cocktail
(11836170001, Sigma-Aldrich). Protein quantification was performed
using a BCA assay (Promega). Of proteins, 20-40 pg was mixed with
Laemmli (Bio-Rad) and denatured for 10 minat 95 °C. Cell lysates were
loaded onto each lane of a 4-20% Mini-PROTEAN TGX Gel (Bio-Rad).
The proteins were then transferred to a Trans-Blot Turbo Midi Nitrocel-
lulose Transfer membrane (Bio-Rad). Following this, the membrane
was blocked using 5% BSA and incubated with primary antibodies
overnightat 4 °C. The next day, after three washes with1% TBS-T (each
wash 10 min), membrane was incubated with the proper secondary
HRP antibodies, diluted in 5% BSA, for 30-60 min at room tempera-
ture. The membrane was washed again with1% TBS-T three times, and
ECL was applied for membrane development. The Bio-Rad Chemi-
Doc was used for the acquisition of western blot images. Antibodies
included: B-catenin (D10A8) (dilution1:1,000; 8480S, Cell Signaling),
IRF-7 antibody (F-1; dilution 1:1,000; sc-74471, Santa Cruz Biotech-
nology), a-tubulin (DM1A; dilution 1:1,000; sc-32293, Santa Cruz Bio-
technology), vinculin (42H89L44; dilution 1:1,000; 700062 Thermo
Fisher Scientific), -actin (13E5; dilution 1:1,000; 49708, Cell Signal-
ing), GSK3a (dilution 1:1,000; 9338, Cell Signaling), GSK3[3 (D5C5Z;
dilution 1:1,000; 12456, Cell Signaling), anti-GSK3a and anti-GSK3
(phospho-Y216 + Y279) antibody (M132; dilution 1:1,000; ab45383,
Abcam), STAT1 (dilution1:1,000; 9172, Cell Signaling), phospho-STAT1
(Tyr701) monoclonal antibody (ST1P-11A5; dilution 1:1,000; 33-3400,
Thermo Fisher Scientific), anti-rabbit IgG, HRP-linked antibody (dilu-
tion 1:5,000; 7074S, Cell Signaling) and anti-mouse IgG, HRP-linked
antibody (dilution 1:5,000; 7076S, Cell Signaling).

Immunoprecipitation

Of cleared proteinlysate,1.5-2 mg was used per immunoprecipitation
(IP) inIP buffer (10 mM Tris-HCl pH 7.6,150 mM NaCl and 0.2% NP-40)
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail
(78445, Thermo Fisher Scientific). Of IP volume, 10% was designated for
input assessments. Protein lysate wasimmunoprecipitated with10 pg
ofantibody pre-bound to 30 pl of washed protein G Dynabeads (Invit-
rogen) per IP.IPs were conducted overnight at 4 °C, washed three times
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with IP buffer and once with the IP wash Buffer (10 mM Tris-HCIpH 7.6,
250 mMNaCland 0.2% NP-40), both supplemented with Halt Protease
and Phosphatase Inhibitor Cocktail (78445, Thermo Fisher Scientific).
ThenIPs were eluted in Laemmli buffer by boiling, thenisolated from
beads and transferred to new tubes for western blot analysis.

Software and statistical analysis

All experiments were performed with at least three replicates, with
the specific number of replicates stated in the figure legends. Unless
otherwise stated, statistical analyses were performed using GraphPad
prism (v10.3.0) using two-way ANOVA, and statistical significance was
determined ataP<0.05.

Related to Fig. 5a-c, note that in the boxplots, the middle line rep-
resents the median, the lower and upper hinges represent the 25th
and 75th percentiles, respectively, the lower whisker extends from the
lower hinge to the smallest value at most 1.5x the interquartile range of
the hinge, and the upper whisker extends from the upper hinge to the
largest value no further than 1.5x the interquartile range of the hinge.
Data beyond the whiskers are outliers that are plotted individually.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq data for ER-HOXAO cells treated with inhibitors have been
deposited under GSE249879. ATAC-seq datafor ER-HOXAO cells treated
withinhibitors have been deposited under GSE249773. CUT&RUN and
RNA-seq data for THP-1cells treated with inhibitors have been depos-
ited under GSE251860. The OHSU clinical dataset of patients with AML®
was downloaded from cBioPortal (https://www.cbioportal.org/study/
summary?id=aml_ohsu_2022). GSEAs utilized the Molecular Signatures
Database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb)”>5*5*,
Additional pathway enrichment analyses utilized the EnrichR database
(https://maayanlab.cloud/Enrichr/)”*7*. Source data are provided with
this paper.
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Extended DataFig.1|High-throughputscreeningidentifiesLY2090314 as
anenhancer of LSD1i-mediated differentiation. a, ER-HoxA9 asacellular
modelforaphenotypicscreen of AML differentiation. upon differentiation,
ER-HoxA9 cells upregulate GFP fluorescence. Theillustrations of the cells were
created using BioRender (https://biorender.com).b, The small moleculelibrary
was pin-transferred into 96-well plates containing ER-HoxA9 cellsin media with
50 nM GSK-LSDL1. Plates were incubated for 5 days, and differentiation was
evaluated by GFP expression and cell-surface marker CD11b. The schematic

was created using BioRender (https://biorender.com). ¢, The GSK3 inhibitor,
LY2090314, showed the strongest synergy with 50 nM GSK-LSD1 to induce
differentiationin ER-HoxA9 cells over 5 days of in vitro culture. d, Quantification
of colonies formed by ER-HoxA9 cells treated with indicated inhibitors. Data
are+SD of six biologicalindependent experiments. P-values were determined
using two-way analysis of variance (ANOVA). e, Morphology of ER-HoxA9 colonies
treated with indicated inhibitors. Representative micrographs from (d). Scale
bars, 50 pm. The experiment was repeated three times with similar results.


https://biorender.com
https://biorender.com

Extended DataFig.2|See next page for caption.
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Extended DataFig.2|LSD1and GSK3 inhibitors potently synergizein
different AML celllines. a. Synergy plot using an HSA model for THP-1,
Kasumi-1,U937, MOLM-13, OCI-AML3 and OCI-AML2 cells treated with different
concentrations of GSK-LSD1and LY2090314 for 5 days. b, Analysis of CD11b
mRNA relative levelsin U937 cells treated with the indicated inhibitors for 5
days. Values were normalized against GAPDH. Data are presented as mean + SD
of 3 biologicalindependent experiments (n =3). P-values were determined
using two-way analysis of variance (ANOVA). ¢, Analysis of CD11b cell-surface
proteinrelativelevelsin U937 cells treated with the indicated inhibitors for
5days.Dataare presented asmean + SD of 3biologicalindependent experiments
(n=3). P-values were determined using two-way analysis of variance (ANOVA).
d, Analysis of CD11b mRNA relative levelsin human AML cells treated with the
indicated inhibitors for 5days. Values were normalized against GAPDH. Data
arepresented as mean + SD of 3 biologicalindependent experiments (n=3).
P-values were determined using two-way analysis of variance (ANOVA). e, Analysis
of THP-1cell viability after treatment with IMG-7289,LY2090314 or combination

of bothinhibitors for 5days by Cell-Titer-Glo assay. Data are presented as
mean + SD of 3biologicalindependent experiments (n = 3). P-values were
determined using two-way analysis of variance (ANOVA). f, Analysis of CD11b
mRNA relativelevelsin THP-1cells treated with IMG-7289,LY2090314 or
combination of bothinhibitors for 5 days. Values were normalized against
GAPDH.Dataare presented as mean + SD of 3 biologicalindependent experiments
(n=3). P-values were determined using two-way analysis of variance (ANOVA).
g, Analysis of THP-1cell viability after treatment with TAK-418,LY2090314

or combination of both inhibitors for 5 days by Cell-Titer-Glo assay. Data are
presented as mean + SD of 3 biologicalindependent experiments (n = 3). P-values
were determined using two-way analysis of variance (ANOVA). h, Analysis of
CD11b mRNAr elative levelsin THP-1cells treated with TAK-418 or LY2090314
and combination of both inhibitors for 5 days. Values were normalized against
GAPDH.Dataare presented as mean + SD of 3 biological independent experiments
(n=3). P-values were determined using two-way analysis of variance (ANOVA).



Extended DataFig. 3 |See next page for caption.
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Extended DataFig.3|Combo treatment triggers transcriptional changes
associated with myeloid differentiationandinterferonresponsein AML
cells. a, GSEA of 47-gene leukemia stem cell (LSC) signature in ER-HoxA9 cells
treated with drug combo vs. vehicle. b, PCA of RNA-seq of THP-1 cells treated
with vehicle, GSK-LSD1,LY2090314 or combination of both inhibitors. ¢, GSEA
of myeloid maturation signatures indrug-treated THP-1cells. d, GSEA of
additional myeloid maturation signaturesin THP-1cells treated with combo vs.
vehicle. e, GSEA of Somervaille leukemia stem cell (LSC) signatures in THP-1
cellstreated withcombo vs. vehicle. f, Westernimmunoblots for 3-catenin,
phospho-GSK3a/p Y7%Y21% [RF7 and vinculin after treatment with the indicated
inhibitors for 3 daysin THP-1cells. Vinculinwas used as aloading control. The
experiment was repeated three times with similar results. g, GSEA of Wntand

B-cateninsignaling genes in ER-HoxA9 cells treated with drug combo vs. vehicle.

h, GSEA of Wnt and B-cateninsignaling genesin THP-1cells treated with drug
comboyvs. vehicle. i, Expression of TCF7(TCF1) indrug-treated ER-HoxA9 cells.
Dataare presented as mean values + SD from three independent biological
replicates. P-valuesindicate the significance of unpaired, two-tailed Student
t-tests. “ns” indicates not significant. j, Heatmap of expression of genes
synergistically upregulated or downregulated upon combo treatment (left),

and typelinterferonsignature genes (right). k, Expression of genes relating to
thetypelinterferonresponsein drug-treated THP-1cells. Data are presented as
meanvalues + SD from three independent biological replicates. P-valuesindicate
the significance of unpaired, two-tailed Student ¢-tests. See source data for
individual P-values. Asterisks indicate significance at these levels: *P < 0.05,
**P<0.01,***P < 0.001, ***P <0.0001, “ns” indicates not significant.l, EnrichR
database pathways enriched in upregulated combo synergy signature genes.
Significance of enrichment z-scores is shown as g-values (corresponding to
p-values adjusted for significance by Benjamini-Hochberg method). m, Dot blot
for dsRNA using total RNA from THP-1cells treated with indicated inhibitors for
3 days. Total RNA extract treated with mock, RNase T1, RNaselll, or RNase A
(350 mM NaCl) was dotted on Hybond N+ membranes, visualized by methylene
blue staining and immunoblotted withJ2 antibody. n, Table shows rank and
P-value of enrichment of top transcription factor (TF) motifsin accessible
chromatin of ER-HoxA9 cells treated with vehicle, GSK-LSD1, LY2090314 or
combination of bothinhibitors. Motifs shownin all treatments are the top 10
motifs from combo-treated cells. Enrichment rank and P-values of TCF7 (TCF1)
and LEF motifs are also shown. Motifenrichment significance was determined
viahypergeometrictests.
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Extended DataFig.4|Combo treatmentactivates typelinterferon
signalingin AML cells. a, b, ¢, Analysis of ISG15and MXI mRNA relative levels
inTHP-1(a), MOLM-13 (b) and U937 (c) cells treated with indicated inhibitors.
Values were normalized against GAPDH. Data are presented as mean + SD of
3biologicalindependent experiments (n = 3). P-values were determined using
two-way analysis of variance (ANOVA). d, CUT&RUN-qPCR occupancy analysis
of B-catenin on promoter of STATI, IFIHI and STAT2in OCI-AML3 cell treated
withindicated inhibitors. Data are presented as mean + SD of 3 biological
independent experiments (n = 3). P-values were determined using two-way
analysis of variance (ANOVA). e, CUT&RUN-qPCR occupancy analysis of IRF7
on promoter of STAT1, IFIH1 and STAT2in OCI-AML3 cell treated withindicated
inhibitors. Dataare presented as mean + SD of 3 biologicalindependent

experiments (n =3). P-values were determined using two-way analysis of variance
(ANOVA). f, CUT&RUN-qPCR occupancy analysis of 3-catenin on promoter of
STAT1,IFIH1and STAT2in MOLM-13 cell treated withindicated inhibitors. Data
are presented as mean + SD of 3biological independent experiments (n = 3).
P-values were determined using two-way analysis of variance (ANOVA).

g, CUT&RUN-qPCR occupancy analysis of IRF7 on promoter of STAT1, IFIHI and
STAT2inMOLM-13 cell treated withindicated inhibitors. Dataare presented as
mean +SD of 3biologicalindependent experiments (n = 3). P-values were
determined using two-way analysis of variance (ANOVA). h, Scatter correlation
plot of H3K4meland mRNA expressionin THP-1cells treated with combo.
Rindicates Pearson correlation value. “ns” indicates not significant.
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Extended DataFig. 5| Theimpact of combo treatmentis significantly
diminished by theinhibition of STAT1activation. a, Western blot analysis of
p-STAT1(Y701) and total STAT1from THP-1cellstreated with indicated inhibitors
inthe presence or absence of ruxolitinib for 5 days. Tubulinwasused asa
loading control. The experiment was repeated three times with similar results.
b, Analysis of IRF7,1SG15, MX1 and DDX58 mRNA relative levelsin THP-1cells
treated withindicated inhibitorsin the presence or absence of ruxolitinib for 5
days. Values were normalized against GAPDH. Data are presented as mean + SD
of 3 biologicalindependent experiments (n = 3). P-values were determined
using two-way analysis of variance (ANOVA). ¢, Analysis of cell viability in THP-1
cells treated with the indicated inhibitorsin the presence or absence of
ruxolitinib for 5days by Cell-Titer-Glo assay. Data are presented as mean + SD of
3 biologicalindependent experiments (n = 3). P-values were determined using
two-way analysis of variance (ANOVA). d, Analysis of CD11b mRNA relative
levelsin THP-1cells treated with the indicated inhibitorsin the presence or
absence of ruxolitinib for 5 days. Data are presented as mean + SD of 3 biological
independent experiments (n = 3). P-values were determined using two-way
analysis of variance (ANOVA). e, Representative images of THP-1cells treated
withindicated inhibitorsinthe presence or absence of ruxolitinib for 5days
and stained with Wright-Giemsa. Scale bars, 25 um. The experiment was
repeated three times with similar results. f, Analysis of ISG15and MXI mRNA
relative levelsin MOLM-13 cells treated with indicated inhibitorsin the
presence or absence of ruxolitinib for 5 days. Values were normalized against
GAPDH.Dataare presented as mean + SD of 3 biologicalindependent experiments
(n=3).P-values were determined using two-way analysis of variance (ANOVA).
g, Analysis of cell viability inMOLM-13 cells treated with the indicated inhibitors
inthe presence or absence of ruxolitinib for 5 days by Cell-Titer-Glo assay. Data
arepresented as mean = SD of 3 biologicalindependent experiments (n = 3).
P-values were determined using two-way analysis of variance (ANOVA).

h, Analysis of CD11b mRNA relative levelsin MOLM-13 cells treated with the
indicated inhibitorsin the presence or absence of ruxolitinib for 5 days.

Values were normalized against GAPDH. Data are presented as mean = SD of
3biologicalindependent experiments (n = 3). P-values were determined using
two-way analysis of variance (ANOVA). i, Western blot analysis of STAT1 protein
levelin THP-1cells. Two independent clones were used for STATI-KO. Tubulin
wasused asaloading control. The experiment was repeated three times with
similar results.j, Analysis of IRF7,1SG15, MX1and DDX58 mRNA relative levelsin
STATI-KO THP-1cells treated with indicated inhibitors for 5days. Values were
normalized against GAPDH. Data are presented as mean + SD of 3 biological
independent experiments (n = 3). P-values were determined using two-way
analysis of variance (ANOVA). k, Analysis of cells viability in STATI-KO THP-1
cellstreated withindicated inhibitors for 5 days by Cell-Titer-Glo assay. Data are
presented as mean = SD of 3 biologicalindependent experiments (n = 3). P-values
were determined using two-way analysis of variance (ANOVA). I, Analysis of
CD11b mRNAr elative levelsin STATI-KO THP-1cells treated with indicated
inhibitors for 5days. Dataare presented as mean + SD of 3 biologicalindependent
experiments (n =3). P-values were determined using two-way analysis of
variance (ANOVA). m, Analysis of 3-cateninand IRF7 interactions by co-
immunoprecipitationin THP-1cells treated with indicated inhibitors for 5 days.
Vinculinwas used as aloading control. The experiment was repeated three
times with similarresults. n, CUT&RUN tracks of IRF7 and 3-catenin at the MYC
locusindrug-treated THP-1cells. o, Enrichment of E2F motifsin genomic regions
co-boundbyIRF7 and B-cateninin combo-treated THP-1cells. Motif enrichment
significance was determined via hypergeometric tests. p, Top 7 ChipEnrich
Hallmark database pathway enrichments in genes mapping to genomic regions
co-bound by IRF7 and B-cateninin combo-treated THP-1cells. P-values were
determined via ChIP-Enrich method.
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Extended DataFig. 6| GSK3a and GSK3p depletion have distinct effects on
B-cateninstabilization and their synergy with LSD1inhibitor. a, Western
blotanalysis of GSK3a and GSK3f and B-Catenin protein levelin THP-1cells.
Twoindependent clones were used for GSK3A-KD and GSK3B-KD. Vinculin was
used asaloading control. The experiment was repeated three times with
similar results. b, Analysis of cell viability in GSK3a- and GSK3-depleted
THP-1cells using the Cell-Titer-Glo assay. Data are presented as mean + SD of
3biologicalindependent experiments (n = 3). P-values were determined using
two-way analysis of variance (ANOVA). ¢, Analysis of CD11b mRNA relative levels
in GSK3a-and GSK3B-depleted THP-1cells. Values were normalized against
GAPDH.Dataare presented as mean + SD of 3 biologicalindependent experiments
(n=3). P-values were determined using two-way analysis of variance (ANOVA).
d, Representative images of GSK3a- and GSK3p-depleted THP-1cells stained
with Wright-Giemsa. Scale bars, 25 um. The experiment was repeated three
times with similar results. e, Westernblot analysis of B-Catenin, IRF7, Vinculin,
B-Actinand GSK3p protein levelin THP-1cellsinfected with shCTRL and
shGSK3B and treated with indicated inhibitors for 3 days. Vinculinand B-Actin
were used as loading controls. The experiment was repeated three times with
similar results. f, Analysis of cell viability in THP-1 cells infected with shCTRL
and shGSK3B and treated with indicated inhibitors for 5 days using the Cell-
Titer-Glo assay. Data are presented as mean + SD of 3 biological independent
experiments (n =3). P-values were determined using two-way analysis of

variance (ANOVA). g, Analysis of CD11b mRNA relative levelsin THP-1cells
infected with shCTRL and shGSK3B and treated with indicated inhibitors for 5
days. Values were normalized against GAPDH. Data are presented as mean + SD
of3 biologicalindependent experiments (n = 3). P-values were determined
using two-way analysis of variance (ANOVA). h, Western blot analysis of
B-Catenin, IRF7, Vinculin, B-Actin, GSK33 and GSK3a protein levelin THP-1cells
infected with shCTRL and shGSK3A and treated with indicated inhibitors for 3
days. Vinculinand B-Actin were used as loading controls. The experiment was
repeated three times with similar results. i, Analysis of cell viability in THP-1
cellsinfected with shCTRL and shGSK3A and treated with indicated inhibitors
for 5 days usingthe Cell-Titer-Glo assay. Dataare presented as mean + SD of 3
biologicalindependent experiments (n = 3). P-values were determined using
two-way analysis of variance (ANOVA). j, Analysis of CD11b mRNA relative levels
in THP-1cellsinfected with shCTRL and shGSK3A and treated withindicated
inhibitors for 5 days. Values were normalized against GAPDH. Data are presented
asmean = SD of 3 biologicalindependent experiments (n = 3). P-values were
determined using two-way analysis of variance (ANOVA). k, Representative
images of THP-1cellsinfected with shCTRL, shGSK3B or shGSK3A, treated with
theindicated inhibitors for 5 days, and stained with Wright-Giemsa. Scale bars,
25pm. Theexperiment was repeated three times with similar results. “ns”
indicates not significant.
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Extended DataFig.7 | Effect of the combo treatmentin different primary
AML samples. a, Quantification of colonies formed by a NPMI-mutant primary
AML sample treated with DMSO, GSK-LSD1 (50 nM), LY2090314 (100 nM) or
combination of bothinhibitors. Data are presented as mean + SD of 3 biological
independent experiments (n = 3). P-values were determined using two-way
analysis of variance (ANOVA). b, Quantification of colonies formed by two
different DNMT3A-WT primary AML samples treated with DMSO, GSK-LSD1
(50 nM), LY2090314 (100 nM) or combination of both inhibitors. Dataare
presented as mean + SD of 3 biologicalindependent experiments (n = 3).
P-values were determined using two-way analysis of variance (ANOVA).

¢, Quantification of colonies formed by two different TP53-mutant primary
AML samples treated with DMSO, GSK-LSD1 (50 nM), LY2090314 (100 nM) and
combination of bothinhibitors. Dataare presented as mean + SD of 3 biological
independent experiments (n = 3). P-values were determined using two-way
analysis of variance (ANOVA). d, Wright-Giemsa-stained cytospins for primary
AML samples treated with DMSO, GSK-LSD1 (50 nM), LY2090314 (100 nM) and
combination of bothinhibitors. Scale bars, 25 um. The experiment was
repeated three times with similar results. e, Wright-Giemsa-stained cytospins
fora DNMT3A-mutant primary AML sample treated with DMSO, IMG-7289

(50 nM), 9-ING-41 (100 nM) and combination of bothinhibitors. Scale bars, 25 um.

The experiment was repeated three times with similar results. f, Fold change
induction of B-catenin-positive cellsin primary AML samples (n = 5 biologically
independent samples) treated with Vehicle, GSK-LSD1 (50 nM), LY2090314

(100 nM) or combination of bothinhibitors. For statistical analyses two-sided
Mann Whitney U tests were used *=P < 0.05. Comparisons: DMSO - LY2090314
p-value=0.042,DMSO - Combo p-value = 0.042, GSK-LSD1-LY2090314
p-value =0.048, GSK-LSD1- Combo p-value 0.048. P-values were adjusted with
Bonferroni method. Inthe boxplot, the middle line represents the median, the
lower and upper hinges represent the 25th and 75th percentiles, the lower
whisker extends from the lower hinge to the smallest value at most 1.5*inter-
quartilerange (IQR) of the hinge, the upper whisker extends from the upper
hingeto thelargest value no further than1.5*IQR of the hinge. Databeyond the
whiskers are outliers thatare plotted individually. g, Analysis of IRF7,ISG15,
DDX58and MX1 mRNA relative levelsin DNMT3A-mutant primary AML samples
treated with DMSO, GSK-LSD1 (50 nM), LY2090314 (100 nM) or combination of
bothinhibitors. Values were normalized against GAPDH.Each dot represents
one primary sample and n =3 biologicalindependent experiments. P-values
were determined using two-way analysis of variance (ANOVA). h, Analysis

of ERVs mRNA relative levelsin DNMT3A-WT vs DNMT3A-mutant primary
AMLsamples.Each dot represents one primary sample and n =3 biological
independent experiments. P-values were determined using two-way analysis
of'variance (ANOVA). i, Analysis of IRF7,ISG15, DDX58 and MXI mRNA relative
levelsina DNMT3A-WT vs DNMT3A-mutant primary AML samples. Values were
normalized against GAPDH. Each dot represents one primary sampleandn=3
biologicalindependent experiments. P-values were determined using two-way
analysis of variance (ANOVA). “ns” indicates not significant.
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Extended DataFig. 8| Ruxolitinib treatment abrogates the effect of the
combo treatment in primary AML samples. a, Quantification of colonies
formed by a primary AML sample (6998) treated with DMSO, GSK-LSD1 (50 nM),
LY2090314 (100 nM) or combination of bothinhibitorsin the presence or
absence of ruxolitinib. Dataare presented as mean + SD of 3 biological
independent experiments (n = 3). P-values were determined using two-way
analysis of variance (ANOVA). b, Analysis of IRF7,1SG15, MX1 and DDX58 mRNA
relative levelsin the primary sample (6998) treated withindicated inhibitorsin
the presence orabsence of ruxolitinib. Values were normalized against GAPDH.
Dataare presented as mean + SD of 3 biologicalindependent experiments
(n=3). P-values were determined using two-way analysis of variance (ANOVA).
¢, Analysis of CD11b mRNA relative levelsin the primary sample (6998) treated
with theindicated inhibitorsin the presence or absence of ruxolitinib.

Values were normalized against GAPDH. Data are presented as mean + SD of

3 biologicalindependent experiments (n = 3). P-values were determined using
two-way analysis of variance (ANOVA). d, Representative images of the AML
primary sample (6998) treated with indicated inhibitorsin the presence or
absence of ruxolitinib and stained with Wright-Giemsa. Scale bars, 25um. The
experiment wasrepeated three times with similar results. e, Quantification of
colonies formed by a primary AML sample (6349) treated with DMSO, GSK-LSD1
(50 nM), LY2090314 (100 nM) and combination of both inhibitorsinthe presence
orabsence of ruxolitinib. Dataare presented as mean + SD of 3 biological

independent experiments (n = 3). P-values were determined using two-way
analysis of variance (ANOVA). f, Analysis of IRF7,ISG15, MX1 and DDX58 mRNA
relativelevelsinthe primary sample (6349) treated with indicated inhibitorsin
the presence or absence of ruxolitinib. Values were normalized against GAPDH.
Dataare presented as mean + SD of 3 biological independent experiments
(n=3). P-values were determined using two-way analysis of variance (ANOVA).
g, Analysis of CDI11b mRNA relative levelsin the primary sample (6349) treated
with theindicated inhibitorsin the presence or absence of ruxolitinib.

Values were normalized against GAPDH. Data are presented as mean + SD of

3 biologicalindependent experiments (n = 3). P-values were determined using
two-way analysis of variance (ANOVA). h, Representative images of the AML
primary sample (6349) treated with indicated inhibitorsin the presence or
absence of ruxolitinib and stained with Wright-Giemsa. Scale bars, 25 um.
P-values were determined using two-way analysis of variance (ANOVA). The
experiment was repeated three times with similar results. i, Analysis of CD11b
mRNA relative levelsin CD34" cells treated with the indicated inhibitors.
Values were normalized against GAPDH. Data are presented as mean = SD of
3biologicalindependent experiments (n = 3). P-values were determined

using two-way analysis of variance (ANOVA). “ns” indicates not significant.
Jj.Morphology of CD34" cellsand their colonies treated with indicated inhibitors.
Scale bars, 50 pm for colonies morphology and 25 um for morphology of cells.
Theexperiment was repeated three times with similar results.



Extended DataFig.9|Combo treatmentefficacyinvivo. a, Related to Fig. 5h.
Representative images of spleen harvested from mice at the end of treatment
in OCI-AML3 model. b, c,d, related to Fig. 5i. Body weight variance (b),
representative bioluminescence images (c) and quantitative bioluminescence
imaging data (d) for mice treated with indicated inhibitor in DNMT3A-mutant
PDXsample, AML-579.***=p <0.000L1. e, f, g, Kaplan-Meier survival curves (e),
tumor burden (f) and body weight variance (g) of vehicle (n = 4), GSK-LSD1
(n=4),LY2090314 (n =4) or combination of both inhibitors (n = 4)-treated mice

inthe DNMT3A-WT PDX sample, AML-372. Treatment was initiated 13 days after
transplantation for two weeks. P-values were determined using the log-rank
test.*=p=0.0344,**=p=0.0096.h, Fold change in CD11b" cellsamong
patient-derived cellsisolated from human organoids after 5 days of treatment
with vehicle, GSK-LSD1,LY2090314 or combination therapy. Data are presented
asmean = SD of 3 biologicalindependent experiments (n = 3). P-values were
determined using two-way analysis of variance (ANOVA).
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Extended DataFig.10|Combo treatment suppresses the Wnt pathway in
AML and colorectal cells.a, Number of DNMT3A-WT and DNMT3A-mutant
OHSU patients with high (upper quartile) combo synergy scores and low
(quartiles1-3) combo synergy scores. b, datain (a) shown viabar graph. P-value
reportssignificance of overrepresentation of DNMT3A mutant patientsinthe
synergy score high population using one-proportion z-tests. “ns” indicates not
significant. ¢, Analyzing the TCF/LEF reporteractivity in THP-1cells following

treatment with indicated inhibitors, withand without the presence of WNT3a.
Dataare presented as mean + SD of 3 biologicalindependent experiments
(n=3). P-values were determined using two-way analysis of variance (ANOVA).
d, Analyzing the TCF/LEF reporter activity in HCT-116 cells following treatment
withindicated inhibitors, withand without the presence of WNT3a. Dataare
presented as mean + SD of 3 biologicalindependent experiments (n = 3).
P-values were determined using two-way analysis of variance (ANOVA).
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Data collection  No software was generated in this study. The Bio-Rad ChemiDoc was used for the acquisition of western blot images, and the Hamamatsu
NanoZoomer S210 Slide Scanner for Cytospin slides scanning. Libraries for RNA-seq, CUT&RUN, and ATAC-seq were sequenced on the lllumina
NextSeq 2000 and lllumina HiSeq 4000. Quantitative real-time PCR was conducted on the StepOnePlus instrument (Applied Biosystems). DNA/
RNA concentration measurements were performed using the Thermo Fisher NanoDrop Lite (ND1000). Bioluminescent imaging was collected
using the IVIS Lumina system. Ex vivo drug sensitivity of primary AML cells was analyzed using the iQue Screener Plus-VBR flow cytometer,
with gating performed using ForeCyt software version 9.0 (Intellicyt). For phosphoflow analysis, cells were analyzed on the iQue PLUS flow
cytometer, and data were processed using ForeCyt software version 9.0. LSK cells were sorted using a FACS Aria Fusion (BD Bioscience).

Data analysis Graph Pad Prism 10 was used for analysis of in vivo and in vitro phenotypic assays and for most of graph production and for the statistical test.
Image J v1.54g was used for the analysis of colonies morphology images.
Rv4.2 was used to analyze flow cytometry and phosphoflow results from AML patient samples.
For ER-Hoxa9 RNA-seq analysis, differential gene expression analysis was performed with DESeq2 (1.34.0). For THP-1 RNA-seq analysis,
differential gene expression was performed with an EdgeR (3.50.3)-limma (3.36.0) workflow. Pathway analysis were performed with EnrichR
and GSEA (4.3.3). For ATAC-seq, analysis was performed with FastQC (0.11.9), Cutadapt (2.1), Bowtie2 (2.4.4), samtools (1.15.1), bedtools
(2.30.0), MACS2 (2.2.7.1), deeptools (3.5.1), ggplot2 (3.4.2), Homer (5.1), and the ChIPseeker (1.42.0) R (4.3.0) package. CUT&RUN samples
were processed via Nextflow (21.10.6), using the nf-core CUT&RUN pipeline (v3.0.0) and further analyses were performed with Trim Galore
(0.6.6), Bowtie2 (2.4.4), SEACR (1.3), deepTools (3.5.1), bedTools (2.30.0), and ChIPseeker (1.42.0). For clinical dataset survival analyses, the
singscore (1.26.0) and Survival (3.8-3) R (4.3.0) packages were used.
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RNA-sequencing, ATAC-seq and CUT&RUN data have been deposited at the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo) under the
accession numbers GSE249879, GSE249773 and GSE251860. The OHSU clinical AML patient dataset was downloaded from cBioPortal (https://www.cbioportal.org/
study/summary?id=aml|_ohsu_2022). Gene Set Enrichment Analyses (GSEAs) utilized the Molecular Signatures Database (MSigDB) (https://www.gsea-msigdb.org/
gsea/msigdb). Additional pathway enrichment analyses utilized the EnrichR database (https://maayanlab.cloud/Enrichr/).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not reported in this study.

Reporting on race, ethnicity, or Not reported in this study.
other socially relevant
groupings

Population characteristics AML patient samples for ex vivo drug sensitivity analysis and phosphoflow experiments (n=17) were received from the
Finnish Hematology Registry and Clinical Biobank. Samples were collected from patients whose disease status was either
diagnosis (n=8), relapse (n=7) or refractory (n=2). Patients ages ranged from 40 to 76 years. Karyotype and mutation
information was received from the hospital where the sample was collected, or it is based on whole exome sequencing data
produced at the Institute for Molecular Medicine Finland. Karyotype and mutation data is provided in the supplemental Table
S12. Only karyotype and mutation information were used to compare ex vivo drug sensitivity results.

Recruitment Research material used in this project is based on an already existing cohort of samples from patients diagnosed with AML
that was collected at the clinics in Finland and stored in liquid nitrogen at the Institute for Molecular Medicine Finland.
Patient bone marrow or peripheral blood samples were taken in hospitals by skilled professionals after informed consent and
using approved protocols in accordance with the Declaration of Helsinki. Samples were taken during routine diagnostic/
treatment procedures to avoid additional procedures and inconvenience to the patients.

Ethics oversight Samples were collected after informed consent from patients with AML using protocols approved by an Institutional Review
Board at the Helsinki University Hospital (permit numbers 239/13/03/00/2010, 303/13/03/01/2011) in compliance with the
Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Group sizes for the in vitro and in vivo validation experiments were selected based on prior knowledge of variation, leukemic cell engraftment
amd treatment with GSK-LSD1 and LY2090314.
Sykes, D. B. et al. Inhibition of Dihydroorotate Dehydrogenase Overcomes Differentiation Blockade in Acute Myeloid Leukemia. Cell 167,
171-186.e15 (2016).
Zamek-Gliszczynski, M., J. et al. Pharmacokinetics, metabolism, and excretion of the glycogen synthase kinase-3 inhibitor LY2090314 in rats,
dogs, and humans: a case study in rapid clearance by extensive metabolism with low circulating metabolite exposure. Drug Metab Dispos.
41:714-26(2013).
Zee, B. M. et al. Combined epigenetic and metabolic treatments overcome differentiation blockade in acute myeloid leukemia. iScience 24,
102651 (2021).

Samples from patients with AML were chosen for flow cytometry based drug sensitivity analysis based on availability of the sample vials from
donors with genetic aberrations or mutations of interest.
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Data exclusions  No data was excluded from the analyses.

Replication All attempts of replication were successful and described in the legends and method section.

Randomization  Forin vivo experiments mice were age-matched and randomized. No other randomization was performed, as the remaining experiments
were conducted in vitro using leukemic cell lines but these cells were seeded from the same cell solution across all relevant conditions to

control for seeding density and population.

Blinding Data collection and analysis did not involve any blinding procedures. The investigators were not blinded since the collected data relied on
quantitative analysis.
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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.
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Antibodies

Antibodies used B-Catenin (D10A8) (dilution 1:1000, Cat:8480S, Cell Signaling, Lot: 9), IRF-7 Antibody (F-1) (dilution 1:1000, Cat: sc-74471, Santa Cruz
Biotechnology, Lot: 11609), a-Tubulin (DM1A) (dilution 1:1000, Cat: sc-32293, Santa Cruz Biotechnology, Lot: 11521), Vinculin
(42H89L44) (dilution 1:1000, Cat: 700062 Thermo Fisher Scientific, Lot: 2616511), B-Actin (13E5) (dilution 1:1000, Cat: 4970S, Cell
Signaling, Lot: 19), GSK-3a (dilution 1:1000, Cat: 9338, Cell Signaling, Lot: 6), GSK-3B (D5C5Z) (dilution 1:1000, Cat: 12456, Cell
Signaling, Lot: 10), Anti-GSK3 (alpha + beta) (phospho Y216 + Y279) antibody [M132] (dilution 1:1000, Cat: ab45383, Abcam, Lot:
1089746-1), STAT1 (dilution 1:1000, Cat: 9172, Cell Signaling, Lot: 29), Phospho-STAT1 (Tyr701) Monoclonal Antibody (ST1P-11A5)
(dilution 1:1000, Cat: 33-3400, Thermo Fisher scientific, Lot:YL389734), Anti-rabbit IgG, HRP-linked Antibody (dilution: 1:5000, Cat:
7074S, Cell Signaling, Lot: 33) and Anti-mouse 1gG, HRP-linked Antibody (dilution: 1:5000, Cat: 7076S, Cell Signaling, Lot: 38).

Flow cytometry antibodies for ex vivo drug sensitivity testing of AML samples: CD45-FITC (1:100 dilution, HI30, BD Pharmingen,
555482/561865), CD34-APC (1:100, 8G12, BD Pharmingen, 555824), CD15-PE-Cy7 (1:80, W6D3, Biolegend, 323030), CD14-BV421
(1:50, M5E2, BD Biosciences, 565283), CD11b-BV605 (1:80, ICRF44,BD Horizon, 562721), Annexin V (1:50, BD Pharmingen, 556422),
7-AAD (1:50, BD Pharmingen, 559925).

Antibodies for phosphoflow analysis of AML samples: CD45-BV786 (1:100, HI30, BD Biosciences, 563716), CD38-BV421 (1:100, HIT2,
BD Biosciences, 562444), CD34-APC-Cy7 (1:100, 581, BioLegend, 343513) and CD11b-BV605 (1:100 ICRF44, BD Horizon, 562721),
Zombie Yellow (1:100, BioLegend, 423103), B-catenin-AF488 (1:25, 14/Beta-Catenin, BD Pharmingen, 562505).

Validation For each western blot a control has been included beside knock out samples on the same blot, further manufacturer validation
statements are listed as follow:
B-Catenin (Cell Signaling,8480):https://www.cellsignal.com/products/primary-antibodies/b-catenin-d10a8-xp-rabbit-mab/8480
IRF7 (Santa Cruz Biotechnology, SC-74471):https://www.scbt.com/p/irf-7-antibody-f-1
a-Tubulin (Santa Cruz Biotechnology, sc-32293):https://www.scbt.com/p/alpha-tubulin-antibody-dm1a
Vinculin (Thermo Fisher Scientific, 700062): https://www.thermofisher.com/antibody/product/Vinculin-Antibody-clone-42H89144-
Recombinant-Monoclonal/700062
STAT1 (Cell Signaling,9172):https://www.cellsignal.com/products/primary-antibodies/stat1-antibody/9172
Phospho-STAT1 (Tyr701) (Thermo Fisher scientific,33-3400): https://www.thermofisher.com/antibody/product/Phospho-STAT1-
Tyr701-Antibody-clone-ST1P-11A5-Monoclonal/33-3400
B-Actin (Cell Signaling, 4970):https://www.cellsignal.com/products/primary-antibodies/b-actin-13e5-rabbit-mab/4970?
srsltid=AfmBOordnCvdJ31dIEw7zGXh707zefLyPlaftkRvORPrAd-I2DMnW-x4
GSK-3a (Cell Signaling, 9338): https://www.cellsignal.com/products/primary-antibodies/gsk-3a-antibody/9338?
srsltid=AfmBOoruqgzi)YeXHnFOFbTCaqDI_kIKpEhSz5uvswHfBugHo7r3RcU-u
GSK-3B (D5C5Z) (Cell Signaling, 12456): https://www.cellsighal.com/products/primary-antibodies/gsk-3b-d5c5z-xp-rabbit-
mab/124567?srsltid=AfmBOorVmiJJ7mSEGjhR5EG00i91VROBrFsvoVeHopDmi_TYiFkNg8po2
GSK3 (alpha + beta) (phospho Y216 +Y279) antibody (Abcam, ab45383): https://www.abcam.com/en-us/products/primary-
antibodies/gsk3-alpha-beta-phospho-y216-y279-antibody-m132-ab45383

Antibodies used for flow cytometry experiments with AML samples:
CD45-FITC: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
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antibodies-ruo/fitc-mouse-anti-human-cd45.555482

CD34-APC: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/apc-mouse-anti-human-cd34.555824

CD15-PE-Cy7: https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-cd15-ssea-1-antibody-8259

CD14-BV421: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/bv421-mouse-anti-human-cd14.565283

CD11b-BV605: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/bv605-mouse-anti-human-cd11b.562721

Annexin V:https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/pe-annexin-v.556422

7-AAD: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/7-aad.559925

Antibodies used for phosphoflow experiments with AML samples:

CD45-BV786: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/bv786-mouse-anti-human-cd45.563716

CD38-BV421: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/bv421-mouse-anti-human-cd38.562444

CD34-APC-Cy7: https://www.biolegend.com/en-us/products/apc-cyanine7-anti-human-cd34-antibody-6159

CD11b-BV605: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/bv605-mouse-anti-human-cd11b.562721

Zombie Yellow: https://www.biolegend.com/en-gh/products/zombie-yellow-fixable-viability-kit-8514

B-catenin-AF488: https://www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/alexa-fluor-488-mouse-anti-catenin.562505

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

ER-HoxA9 cells were kindly provided by Dr.David T. Scadden. THP-1, MOLM-13, Kasumi-1, U937, OCI-AML2 and OCI-AML3
were obtained from Dana Farber Cancer Institute or Dr.David T. Scadden's group or purchased from DSMZ. HCT-116 cells
were kindly provided by Dr. Parinaz Mehdipour, who purchased them from ATCC (ATCC-CCL-247).

Authenticated using STR DNA profiling.

Mycoplasma contamination The cells were confirmed to be negative for mycoplasma.

Commonly misidentified lines  none.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

6 to 8 weeks old female C57BL/6J mice purchased from Jackson Laboratory. For OCI-AML3 and PDX samples, 6- to 8-week-old NSG
(NOD.Cg-PrkdcSCID 112rgtm1Wjl/SzJ) mice were purchased from Charles River. All cages were on a 12 h:12 h light: dark cycle (lights
on, 07:00) in a temperature-controlled and humidity-controlled room. Room temperature was maintained at 19-23 °C, and room
humidity was maintained at 45-65%.

No wild animal were used in this study.

All female mice were used to make sure the mouse model is truly syngeneic as the orgical ER-HoxA9/MEIS1 AML cells were derived
from a female mouse. For OCI-AML3 cells both male and female mice were used.

No field-collected samples were used in this study.
Animals were maintained at Boston Children Hospital’s ARCH facility and treated according to all protocols approved by IACUC under

protocol number 16-09-3230R. Invivo experiments by using OCI-AML3 and PDX samples were carried out in accordance with the
terms of the UK Animals (Scientific Procedures) Act Project License (PPL) (PP4128654).

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

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

o
was U‘;l;)//h‘(l. . . .
Describe-any-authentication-procedures for-each-seed stock-used-ornovel-genotype generated.-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

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

AML sample preparation for flow cytometry based drug sensitivity testing and phoshpoflow experiments:

Bone marrow (BM) or peripheral blood (PB) samples were collected after informed consent from patients with AML.
Mononuclear cells (MNCs) were isolated from BM or PB samples by Ficoll-Paque PREMIUM (GE Healthcare) density gradient
separation and viably frozen and stored in liquid nitrogen prior to further analyses. Frozen MNCs were thawed and
suspended in 12.5% conditioned medium composed of RPMI 1640 medium (Corning) supplemented with 12.5% HS-5 cell-
derived conditioned medium, 10% FBS 2mM L-glutamine and penicillin-streptomycin (100U/ml) then treated with DENARASE
(250U/ul, c-LEcta) to degrade DNA released from dead cells, and the cells left to recover for 4 h in 12.5% conditioned
medium. The cells were plated onto pre-drugged plates at a density of 50,000 cells/well and incubated with the drugs for 5
days (37°C, 5% CO2).

Flow cytometry: After incubation, the cells were centrifuged (500 x g, 5 minutes) and resuspended in staining buffer (RPMI
1640, 10% FBS 2mM L-glutamine and penicillin-streptomycin (100U/ml)). The cells were stained with antibodies against
CD45-FITC (BD Pharmingen), CD34-APC (BD Pharmingen), CD15-PE-Cy7 (Biolegend), CD14-BV421 BD Biosciences), and
CD11b-BV605 (BD Horizon) for 30 minutes at room temperature in the dark. Subsequently, the cells were centrifuged (500 x
g, 5 minutes) and excess antibodies were removed. The cells were resuspended and stained with PE Annexin V and 7-amino
actinomycin D in Annexin V Binding Buffer (BD Pharmingen) for 15 minutes at room temperature in the dark.

Phosphoflow: After thawing and DENARASE treatment as described previously, MNCs from AML patient samples were plated
onto pre-drugged Nunc™ 96-well V-bottom plate at a density of 200,000 cells/well and incubated with inhibitors for 5 days
(37°C, 5% CO2). After incubation with the drugs, the cells were washed with PBS, centrifuged (1000 x g, 4 minutes) and
stained with Zombie Yellow (BioLegend) viability marker for 30 minutes in the dark at room temperature. The cells were
washed with staining buffer (5% FBS in DPBs) and stained with surface markers for CD45-BV786 (BD Biosciences), CD38-
BV421 (BD Biosciences), CD34-APC-Cy7 (BioLegend) and CD11b-BV605 (BD Horizon) for 30 minutes at room temperature.
The cells were fixed in 1.5% paraformaldehyde solution in PBS pre-warmed to 37°C, for 15 minutes at room temperature.
Fixed cells were centrifuged (1000 x g for 4 minutes), washed with staining buffer, and centrifuged again with the same
settings. The cells were resuspended in ice cold methanol and incubated at 4°C for 30 minutes, after which the cells were
washed twice with staining buffer with centrifugation (1000g for 4 minutes). The cells were stained with B-catenin-AF488 (BD
Pharmingen) for 1 hour at room temperature. After incubation, the cells were washed with staining buffer, centrifuged
(1000g x 4 minutes) and resuspended for analysis.

Instrument IntelliCyt® iQue Screener PLUS VBR, serial number 3025
Software ForeCyt® Software v9.0.7822
Cell population abundance Cells were only analyzed by flow cytometry, no cells were sorted.
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Gating strategy Flow cytometry for AML patient samples: Overall cell population was gated using FSC/SSC. Singlets were gated from overall
cell population using FSC-A/FSC-H. Live cells were gated from singlets as Annexin V and 7-AAD negative. AML blasts were
gated from CD45+dim and low SSC. CD11b+ blasts were gated from total blast population using SSC and CD11b-BV605.
Unstained control was used to set the negative population. Phoshoflow analysis was done similarly, and the B-catenin
positive blasts were gated with B-catenin-AF488 from total blast population.

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