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Abstract

Responses to kinase-inhibitor therapy in AML are frequently short-lived due to the rapid 

development of resistance, limiting the clinical efficacy. Combination therapy may improve initial 

therapeutic responses by targeting pathways used by leukemia cells to escape monotherapy. Here 

we report that combined inhibition of KIT and lysine-specific demethylase 1 (LSD1) produces 

synergistic cell death in KIT-mutant AML cell lines and primary patient samples. This drug 

combination evicts both MYC and PU.1 from chromatin driving cell cycle exit. Using a live 

cell biosensor for AKT activity, we identify early adaptive changes in kinase signaling following 

KIT inhibition that are reversed with the addition of LSD1 inhibitor via modulation of the 

GSK3a/b axis. Multi-omic analyses, including scRNA-seq, ATAC-seq and CUT&Tag, confirm 

these mechanisms in primary KIT-mutant AML. Collectively, this work provides rational for a 

clinical trial to assess the efficacy of KIT and LSD1 inhibition in patients with KIT-mutant AML.
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Introduction

Epigenetic drugs have shown limited efficacy as monotherapy in acute myeloid leukemia 

(AML), with few patients demonstrating profound changes in disease volume(1–3). 

However, there is promising evidence showing increased efficacy when epigenetic drugs 

and kinase inhibitors are used in combination. Previously, we have showed that dual 

inhibition of JAK/STAT and an epigenetic regulator, lysine-specific demethylase 1 (LSD1) 

is an effective therapeutic strategy for CEBPA/CSF3R mutant AML(4). Inhibition of LSD1 

restored differentiation-associated enhancer activity, further potentiating the action of JAK/

STAT inhibitors in vitro and in vivo(4). Therefore, co-targeting of the leukemic epigenome 

with dual kinase and LSD1 inhibition represents a promising approach to obtain deeper and 

longer responses than are achieved by either drug alone(5).

Core binding factor (CBF) translocated AML shows a high degree of epigenetic similarity 

to CEBPA-mutant AML resulting in a differentiation block, yet is associated with different 

signaling mutations(6,7). KIT mutations are the most common signaling mutation in CBF 

AML and drive proliferation via downstream JAK/STAT and MAPK pathway activation(8–

10). CBF AML alone is favorable risk, however, the presence of KIT mutations is associated 

with an increased risk of relapse(8,11). Avapritinib (BLU-285) is a KIT inhibitor that is 

currently approved by the US Food and Drug Administration (FDA) for advanced systemic 

mastocytosis and gastrointestinal stromal tumor (GIST), both of which have activating KIT 
mutations (NCT00782067, NCT02508532). With previously reported short-lived responses 

to therapeutic inhibition of other kinases in AML, avapritinib monotherapy is unlikely 

to produce durable responses in KIT-mutant AML(12,13). The efficacy of kinase plus 

LSD1 inhibition other AML subtypes provides rationale to investigate dual KIT and LSD1 

inhibition in KIT-mutant AML.

Here, we demonstrate that LSD1 inhibition potentiates the activity of the KIT inhibitor, 

avapritinib, in leukemia cell lines and primary patient samples. This synergistic cytotoxicity 

is driven by perturbation of the MYC and PU.1 transcription factor networks, resulting in 

decreased expression of proliferation-associated genes. These mechanistic findings provide 

a basis for extending this dual therapeutic strategy into other molecularly defined subtypes 

of AML. Additionally, we identified key biomarkers to assess drug efficacy in KIT-mutant 

AML.

Results

Characterization of synergistic cytotoxicity following KIT and LSD1 inhibition

Combined kinase and LSD1 inhibition shows promise as a therapeutic strategy in certain 

molecularly defined subsets of AML(4). To assess LSD1 as a potential target in KIT-

mutant AML, we mined the BeatAML database(14,15). KIT-mutant patient samples have 
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significantly increased expression of LSD1 compared to normal CD34+ samples (Fig. 1a). 

Additionally, the KIT-mutant cell line, Kasumi-1, has markedly higher expression of LSD1 

compared to KIT wild type cell lines, MOLM-13 and K562 (Supplementary Fig. S1). Taken 

together, increased LSD1 expression may increase the sensitivity of KIT-mutant AML 

samples to LSD1 inhibition providing additional rational for combining LSD1 and KIT 

inhibition.

To investigate this combined therapy strategy in KIT-mutant AML, we performed a drug 

synergy analysis on KIT-mutant AML cell lines with KIT and LSD1 inhibitors. This 

revealed LSD1 inhibition, with either GSK-LSD1 or ORY-1001, had minimal effect on cell 

viability as a single agent, but markedly potentiated the efficacy of avapritinib (Fig. 1b–c, 

Supplementary. Fig. S2a). With 12 nM of ORY-1001, the IC50 of avapritinib decreased by 

50% (Fig. 1d, Supplementary Fig. S2b). In SKNO-1 cells, we found significantly decreased 

proliferation after five days with combined LSD1 and KIT inhibition when compared to 

single drug treatment (Supplementary Fig. S2c). To further characterize the response to 

combined inhibition of KIT and LSD1, we performed a flow cytometry-based apoptosis 

assay in Kasumi-1 cells. After 48 hours of treatment, the combination group contained 

more PI+ (dead) and Annexin V+/PI− (early apoptosis) cells versus DMSO (Supplementary 

Fig. S2d–e). The drug combination produces a modest increase in apoptosis compared to 

either drug alone. In other molecular subtypes of AML, LSD1 inhibition promotes cell 

death through differentiation of immature AML blasts(4,16–20). We measured levels of 

maturation related surface markers at three timepoints to assess the temporal effect of 

differentiation. With flow cytometry we found CD86 levels increased over time by LSD1 

inhibitor alone, whereas the other markers, CD11b and CD84, did not show a consistent 

trend (Supplementary Fig. S3a–c). This surface marker effect was not accompanied by 

significant morphologic differentiation after 72 hours of treatment (Supplementary Fig. 

S3d), in contrast to the effects seen in MLL-rearranged AML(19). To evaluate the potential 

for reversibility of the drug effect, we assessed markers of differentiation 72 hours after 

drug treatment, then again 72 hours after drug treatment was removed (Supplementary Fig. 

S4a–b). Kasumi-1 cells did not return to baseline differentiation after the LSD1 inhibitor 

or the combination was removed for 72 hours. Collectively, LSD1 inhibition results in 

some increased expression of mature surface markers, but does not appear to change the 

morphology of the cells following treatment.

A major concern of combination therapy is toxicity to normal tissues including the 

hematopoietic system. To evaluate the toxicity of this combination, we performed a 

hematopoietic colony forming assay using normal CD34+ cells in the presence of the 

single agents or the combination. LSD1 inhibition reduced colony formation by 33%, 

consistent with the know role of LSD1 in supporting multi-lineage hematopoiesis(21) (Fig. 

1e). However, avapritinib did not depress colony formation alone and did not cause a 

further decrease in colony formation when combined with LSD1 inhibition. Furthermore, 

the drug combination failed to substantially alter the growth of leukemia cell lines without 

KIT mutations, arguing that the drug combination is specific to KIT-mutant cells (Fig. 

1f). Additionally, to assess tolerability and toxicity of the drug combination in vivo, we 

treated healthy mice with avapritinib and ORY-1001 for 2 weeks. Body weight, white 

blood cell count, and hemoglobin did not significantly change after 2 weeks of treatment 

Curtiss et al. Page 3

Leukemia. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Supplementary Fig. S4c–e). Platelets modestly decreased in the mice exposed to dual 

therapy (Supplementary Fig. S4f). This response was not surprising as ORY-1001 has 

previously been shown to result in thrombocytopenia(1).

Overall, LSD1 inhibition potentiates the cytotoxic effect of avapritinib in KIT-mutant AML 

cell lines. This effect is specific to KIT-mutant cells as the drug combination has limited 

impact on healthy bone marrow or KIT wild type leukemia lines. Although there is some 

immunophenotypic evidence of differentiation with LSD1 inhibition, this is not modified 

by co-treatment with avapritinib, and is relatively modest compared with results obtained in 

MLL-rearranged models.

Combined KIT and LSD1 inhibition leads to repression of MYC targets and activation of 
PU.1 targets

To investigate the mechanism of synergy between LSD1 and KIT inhibition, we performed 

RNA-sequencing (RNA-seq) on Kasumi-1 cells treated with avapritinib, GSK-LSD1, or 

the combination. Unsupervised clustering was performed on all differentially expressed 

genes to assess patterns of expression (Fig. 1g; Supplementary Tables S1–S2). Clusters 2 

and 3 showed increased expression with the combination compared to either single agent, 

whereas clusters 5 and 6 showed decreased expression with the combination (Fig. 1h–i; 

Supplementary Table S3). We leveraged pathway analysis to identify biological programs 

that could drive the different expression patterns. Clusters 1 and 2 revealed enrichment for 

SPI1 (PU.1) target genes, a transcription factor involved in hematopoietic differentiation 

(Fig. 1h)(22). Conversely, analysis of clusters 5 and 6 was highly enriched for MYC 

target genes, a key regulator of proliferation and cell survival (Fig. 1i)(23). Taken together, 

increased expression of PU.1 target genes and downregulation of MYC target genes are 

features of the synergistic effect of avapritinib and LSD1 inhibition.

Decreased activation of MYC bound promoters involved in cellular proliferation

To expound upon the changes in MYC target gene activity, we assessed MYC protein levels 

and observed a decrease with the drug combination (Supplementary Fig. S5a). Additionally, 

MYC overexpression resulted in decreased synergy between KIT and LSD1 inhibition, 

suggesting the overall level of MYC protein plays an important role in the response to 

drug (Supplementary Fig. S5b). Given the transcriptional impact of combined LSD1 and 

KIT inhibition on MYC target genes, we hypothesized MYC binding may be altered by 

the drug combination. To that end, we performed Cleavage Under Targets and Release 

Using Nuclease (CUT&RUN) to evaluate changes in MYC binding with drug treatment. 

While LSD1 inhibition alone modestly decreased global MYC binding, a greater decrease 

was observed with the drug combination (Fig. 2a). The majority of high confidence MYC 

peaks localized to promoter regions, suggesting MYC-dependent transcriptional regulation 

commonly occurs at promoters (Fig. 2b). Given the decreased transcript abundance of 

MYC target genes (Fig. 1h), we hypothesized that MYC would predominantly localize 

to the transcription start sites (TSS) of down regulated genes. Indeed, MYC is enriched 

at the TSSs of genes with decreased expression in response to the drug combination 

(Fig. 2c). With LSD1 inhibition alone and combined KIT/LSD1 inhibition, MYC binding 

decreases at the TSSs of down regulated genes. To assess whether this loss of MYC 
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binding was associated with decreased promoter activity, we assessed H3K27Ac read pileup 

at MYC bound promoters using cleavage under targets and tagmentation (CUT&Tag). 

Using H3K4me3 and H3K27Ac, we identified 9,369 active promoters (Supplementary 

Fig. S5c; Supplementary Table S4). With dual LSD1 and KIT inhibition there is a 

significant decrease in acetylation at MYC bound promoters (adj p-value < 2.2e-16) (Fig. 

2d, Supplementary Fig. S5d; Supplementary Tables S5–S6). GO analysis of MYC bound 

promoters revealed an enrichment for proliferation related genes such as CDK13 and 

several ribosomal components (Fig. 2e, Supplementary Fig. S5e; Supplementary Table S7). 

Altogether, combined inhibition of LSD1 and KIT results in decreased total MYC protein, 

a loss of MYC binding, and decreased activation of genes involved in cell growth. To test 

if this altered gene expression program changes cell growth and division, we used a flow 

cytometry-based assay to evaluate changes in cell cycle. After 24, 48, and 72 hours of 

treatment, the drug combination significantly decreased the percentage of cycling cells and 

increased the percentage of cells in G1 phase (Supplementary Fig. S6a–b). Taken together, 

loss of MYC activity reduces cell cycle; however, it is unclear how LSD1 and KIT inhibition 

contribute to decreased MYC transcription.

To gain further insight into the transcriptional control of MYC, we considered its promoter 

and enhancer regions. It has previously been shown in other AML models that MYC 

transcription is regulated by the blood enhancer cluster (BENC)(24,25). We used H3K4me1 

signal and the previously annotated modules to identify the BENC in Kasumi-1 cells (Fig. 

2f). Indeed, decreased acetylation was observed at the MYC promoter in Kasumi-1 cells 

following dual LSD1 and KIT inhibition (Fig. 2g). Acetylation signal within active BENC 

modules, defined by presence of H3K27Ac signal, also decreased post drug treatment (Fig. 

2h–i). Decreased BENC activity may contribute to the loss of MYC expression following 

KIT and LSD1 inhibition. In sum, LSD1 and KIT inhibition results in loss of MYC binding 

and decreased acetylation of proliferation associate promoters ultimately leading to cell 

cycle arrest.

Combined KIT and LSD1 inhibition cause activation of GFI1 and LSD1 bound enhancers

The transcriptional response to combined KIT and LSD1 inhibition involves both repression 

of MYC target genes as well as activation of differentiation-associated genes. In other 

subtypes of AML, differentiation of AML blasts is a major driver of drug responses. A 

key driver of this differentiation response is displacement of the repressive transcription 

factor GFI1 from chromatin. GFI1 and LSD1 co-bind and pharmacologic inhibition of LSD1 

results in a loss of GFI1 binding and activation of repressed enhancers of differentiation 

associated genes without accumulation of histone methylation(17). In Kasumi-1 cells, 

global H3K4me1 and H3K9me1 levels were not different after 24 h of treatment with 

LSD1 inhibitor (Supplementary Fig. S7a). To evaluate the role of GFI1 in the response to 

combined KIT and LSD1 inhibition in KIT-mutant AML, we assessed genome-wide binding 

of GFI1 and LSD1 by CUT&RUN. LSD1 binding did not globally change after treatment 

in any treatment condition (Supplementary Fig. S7b). GFI1 binding decreased with LSD1 

inhibition, providing evidence of on target effect, and was lost to a greater degree with the 

drug combination (Supplementary Fig. S7c). To assess whether this loss of GFI1 binding 

was associated with activation of the underlying enhancers, we used CUT&Tag to identify 
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enhancers, marked by the presence of H3K4me1. Using this approach, we identified 4,199 

active enhancers (Supplementary Fig. S5c; Supplementary Table 2). The enhancers bound 

by GFI1 and LSD1 showed subtle changes in the underlying H3K27Ac, however these 

changes were modest compared with the results seen in MLL rearranged AML treated with 

LSD1 inhibitors, arguing that other factors are the major drivers of the response to combined 

KIT and LSD1 (Supplementary Fig. S7d; Supplementary Tables S8–S9)(17). Indeed, this 

is consistent with the relatively modest immunophenotypic differentiation and absence of 

morphologic differentiation driven by drug treatment (Supplementary Fig. S3d).

LSD1 inhibition leads to loss of PU.1 at MYC enhancers

PU.1 has also been implicated as a regulator of LSD1 inhibitor responses and PU.1 

target genes are featured prominently in our RNA-seq analysis(19) (Fig. 1h). We therefore 

performed CUT&RUN to profile the genome wide binding of PU.1 (Fig. 3a). PU.1 

binding is completely lost after treatment with LSD1 inhibition without changes in total 

PU.1 protein (Fig. 3a, Supplemental Fig. S5a). Annotation of PU.1 binding sites revealed 

localization outside of promoter regions (Supplemental Fig. S8a). Regions that lost PU.1 

binding after KIT and LSD1 inhibition were found to be involved in immune response 

processes (Supplemental Fig. S8b). To assess whether loss of PU.1 activity was sufficient 

to augment the cytotoxicity of KIT inhibition, we used both a pharmacologic inhibitor of 

PU.1 activity (DB2313) and a doxycycline-inducible short hairpin RNA (shRNA) targeting 

PU.1. In both instances, we found a dose-dependent increase in KIT inhibitor potency with 

increasing PU.1 inhibition or knockdown (KD) (Fig. 3b, Supplementary Fig. S8c–e). Bulk 

RNA-seq of Kasumi-1 cells treated with avapritinib and PU.1 shRNA showed a depletion 

of MYC target genes by gene set enrichment analysis (Fig. 3c, Supplementary Fig. S9a–b; 

Supplementary Tables S10–S12). The genes from this MYC target gene set showed more 

repression with the combination than with either drug alone (Supplemental Fig. S9c). These 

data demonstrate that a loss of PU.1 activity contributes to the repression of MYC target 

genes.

To understand how PU.1 KD regulates MYC expression, we performed CUT&Tag for 

H3K27Ac to look at activation of MYC regulatory elements. Acetylation of the MYC 
promoter significantly decreased with PU.1 KD and KIT inhibition (adj p-value = 0.03) 

(Fig. 3d; Supplementary Tables S13–S15). Interestingly, no PU.1 peak was identified at the 

MYC promoter. However, a PU.1 peak was identified at the annotated +26 Kb enhancer 

downstream of the MYC gene (26), which was marked by both H3K27Ac and H3K4me1 

(Fig. 3d). Consistent with the global changes in PU.1 binding, PU.1 signal was lost with 

LSD1 inhibition at the +26 Kb MYC enhancer and PU.1 KD resulted in a significant 

loss of H3K27Ac which further decreased with KIT inhibition (adj p-value = 0.01; Fig. 

3d). Interestingly, LSD1 and GFI1 are found at the MYC promoter, but they were not 

identified at the +26 Kb enhancer (Fig. 3d, Supplementary Fig. S9d). Moreover, LSD1 and 

PU.1 are both bound to active modules in the BENC, which loses acetylation with KIT 

inhibition and PU.1 KD (Fig. 3e–f). These data demonstrate that PU.1 may play a role in 

MYC transcription through downstream enhancers. When PU.1 binding is lost with LSD1 

inhibition, BENC activation is reduced resulting in decreased transcription of MYC and its 

associated programs (Fig. 3g).
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KIT and LSD1 inhibition decrease MYC protein levels and repress LSD1 target genes 
through PI3K/AKT pathway

MYC is a key regulator of cellular proliferation and survival, among other functions, 

thus its transcription, activation, and stability are carefully regulated(27). KIT activates 

both MAPK/RAS/ERK and PI3K/AKT pathways each contributing to MYC protein 

abundance(28). We hypothesized that KIT inhibition alters the activity of these pathways 

resulting in decreased MYC protein levels and reduced MYC binding. To assess the 

dynamics of AKT and ERK pathway signaling after combined KIT and LSD1 inhibition, 

we used a novel fluorescent biosensor that enables live-cell imaging of AKT and ERK 

pathway activity via nuclear-cytoplasmic redistribution of fluorescent target proteins Fig. 

4a. We observed minimal change in ERK activity after either drug treatment, but observed 

notable changes in AKT activity (Fig. 4b, Supplementary Fig. S10a–c). To assess the 

relative contribution of each drug, we clustered cells based on their AKT dynamics then 

separated the clusters based on treatment group (Fig. 4b, Supplementary Fig. S10d). Cells 

demonstrating a steep drop in AKT activity with a gradual recovery to baseline over 24 

hours were enriched for the treatment group of KIT inhibition only (Cluster 5). In contrast, 

LSD1 inhibition resulted in a gradual decrease of AKT activity during the observation 

period (Cluster 4). Combined inhibition of KIT and LSD1 resulted in the highest percentage 

of cells with a sharp drop in AKT activity and minimal recovery (Cluster 6). These results 

collectively demonstrate that KIT inhibition results in a rapid decrease in AKT activity 

followed by subsequent slow return to baseline. Simultaneous inhibition of LSD1 attenuates 

this recovery with slow dynamics, consistent with a transcriptional response to drug.

To assess the changes in these signaling pathways at the phosphoproteomic level, we 

performed reverse phase protein array (RPPA) on Kasumi-1 cells treated with the single 

drugs or the combination. CausalPath phosphoprotein activity network revealed decreased 

activation of AKT upstream of decreased total MYC protein (Supplementary Fig. S11a–b; 

Supplementary Table S16). To understand the dynamics of AKT signaling after combined 

KIT and LSD1 inhibition, we used a heatmap to visualize individual members of the 

PI3K/AKT pathway(29–31) (Fig. 5a–b; Supplementary Fig. S11c). Serine 21 of GSK3a/b 

is phosphorylated by AKT, resulting in inhibition of kinase activity (Fig. 5b). Active 

(dephosphorylated) GSK3a/b phosphorylates MYC to decrease protein abundance(32). After 

1 h of treatment with KIT inhibition, total MYC protein and serine phosphorylated GSK3a/b 

(pS21) decreased markedly. However, with the addition of LSD1 inhibition, PI3K/AKT 

activity is further reduced.

As LSD1 inhibition potentiates the cytotoxic effects of avapritinib, we hypothesized that 

LSD1 might also interact with the KIT/AKT/GSK3a/b axis. Indeed, in glioblastoma 

cells (GSC11), GSK3b phosphorylates LSD1 resulting in activation(33). This finding 

suggests KIT inhibition could increase the activity of LSD1, potentially increasing the 

dependency on this pathway and rendering cells more sensitive to LSD1 inhibition. To 

test this, we identified two gene-sets of LSD1 responsive genes: genes that increase in 

expression with LSD1 inhibition (LSD1-repressed) and genes that decrease in expression 

with LSD1 inhibition (LSD1-activated). We then assessed gene set enrichment of these 

LSD1 responsive genes in cells responding to KIT inhibition. Consistent with the hypothesis 
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that KIT and LSD1 inhibition exert opposing effects on LSD1 target genes, we observed that 

avapritinib resulted in activation of LSD1-activated genes and repression of LSD1-repressed 

genes (Fig. 5c; Supplementary Table S17). We next compared the effect of LSD1 inhibition 

alone to combined KIT and LSD1 inhibition. With or without KIT inhibition, LSD1 

inhibition resulted in activation of LSD1-repressed genes. However, LSD1-activated genes 

were only repressed by LSD1-inhibitor monotherapy but not when combined with KIT 

inhibition. These data support a model in which KIT inhibition suppresses MYC activity but 

activates LSD1 as a drug escape mechanism. This adaptive response to KIT inhibition can 

be targeted with the addition of LSD1 inhibitor, potentiating cell death (Fig. 5d).

We also investigated signaling responses to KIT and LSD1 inhibition at a later timepoint. 

At 24 hours, we observed that avapritinib-treated cells demonstrated increased levels 

of phospho-AKT (pS473) (Supplementary Fig. S11c, Supplementary Fig. S12a). KIT 

protein abundance was also upregulated with avapritinib at this time-point suggesting 

that upregulation of KIT may drive this later adaptive response. The addition of LSD1 

inhibitor resulted in marked suppression of KIT protein abundance as well as phospho-AKT. 

Additionally, we found LSD1 inhibition to synergize with wortmannin, a PI3K inhibitor, 

which is downstream of AKT, providing additional evidence of AKT suppression playing 

a key role in the synergy between LSD1 and KIT inhibition (Supplementary Fig. S12b). 

Collectively, these results demonstrate a coordinated interplay between signaling pathways 

downstream of KIT (namely PI3K/AKT) and LSD1.

LSD1 and KIT inhibition is synergistically cytotoxic in KIT-mutant patient samples through 
MYC network repression

To verify our findings in cell lines in primary AML samples, we identified ten patient 

samples from the BeatAML cohort with D816 KIT mutations, leading to ligand independent 

activation that is amenable to inhibition by avapritinib(14,15). Six of those patient samples 

had frozen viable cells available, four of which thawed with sufficient viability for further 

assays (Supplementary Table S18). We elected to evaluate transcriptional and epigenetic 

changes at 24 hours and drug synergy after 72 hours (Fig. 6a). Of the four patient samples, 

three responded with synergistic cytotoxicity to the LSD1 and KIT inhibitor (Fig. 6b, 

Supplementary Fig. S13a–c). Sample 17-00007 was from a relapsed patient and still showed 

synergistic response to LSD1 and KIT inhibition (Supplementary Fig. S13b). Sample 

17-01023 did not respond, but had a KIT-mutant VAF of 6% arguing that this mutation 

only exists in a small subclone (Supplementary Fig. S13b). We also tested the combination 

in wild type KIT AML patient samples, and found there was not a synergistic response 

to the combination of LSD1 and KIT inhibition, providing evidence for the specificity of 

this combination in KIT-mutant AML (Supplementary Fig. S13d–e). In sample 14-00613, 

bulk RNA-seq revealed downregulation of MYC target genes and cell cycle related genes 

(Fig. 6c–d; Supplementary Tables S19–S21). Log normalized counts for LSD1, KIT, SPI1, 

AKT1, and MYC are consistent with the changes observed in Kasumi-1 cells following 

drug treatment (Supplementary Fig. S13f). These transcriptional changes after dual drug 

treatment provide supporting evidence that suppression of MYC activity plays a key role in 

the response to LSD1 and KIT inhibition.
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Due to the epigenetic modifying role of LSD1, we were interested to know if dual 

inhibition of LSD1 and KIT altered the epigenetic landscape in patient samples. We used 

Transposase Accessible Chromatin using sequencing (ATAC-seq) to look at changes in 

chromatin accessibility in sample 15-00807(34). Differential accessibility analysis revealed 

1,457 regions with significantly decreased accessibility after dual LSD1 and KIT inhibition 

(Fig. 6e). Gene Ontology analysis of these regions revealed enrichment for genes controlling 

cell cycle, including EEF2K, a kinase involved in cell cycle(35) (adj p-value = 0.0004) (Fig. 

6e, Supplementary Fig. S14a; Supplementary Tables S22–S24). In contrast, the regions of 

increased accessibility are enriched for activation of mature immune cells (Supplementary 

Fig. S14b). In order to specifically assess the epigenetic regulation of MYC we performed 

CUT&Tag for H3K27Ac on sample 14-00613. At active BENC modules, defined by the 

presence of H3K27Ac signal, we observed decreased accessibility and activation (Fig. 6f–

g). For reference, all of the BENC modules are displayed in Supplementary Fig. S14c. 

Additionally, these dynamic regions are bound by PU.1 and LSD1 in Kasumi-1 cells (Fig. 

6f). Taken together, these data suggest regulation of BENC to decrease MYC transcription 

is a conserved mechanism between the cell line model and KIT-mutant AML primary cells. 

In sum, LSD1 and KIT inhibition is synergistically cytotoxic to patient samples with KIT 
mutations. With these samples, we confirm MYC target and cell cycle repression through 

transcriptomics and epigenetic changes.

LSD1 and KIT inhibition results in decreased MYC expression along single cell 
differentiation trajectory

Recent work using single cell RNA sequencing (scRNA-seq) has revealed that AML cells 

show substantial heterogeneity in differentiation status, existing along a differentiation 

continuum(36). Cells at different relative positions on this trajectory may respond 

differently to treatment; however, these differences cannot be appreciated through bulk 

analysis. Therefore, we performed scRNA-seq to understand the transcriptional response 

of different cell populations within patient sample 14-00613. This analysis revealed seven 

transcriptionally-defined clusters (Fig. 7a; Supplementary Tables S25–S26). These clusters 

were classified using features of early, mid, and late maturation (Supplementary Fig. S15a–

b). Given the evidence of MYC and MYC target repression as a key response to dual LSD1 

and KIT inhibition, we assessed MYC expression across the myeloid trajectory (Fig. 7b–c). 

With combined KIT and LSD1 inhibition relative to DMSO control treatment, average MYC 
expression was decreased in undifferentiated cells (cluster 0) and MYC was detected in 

fewer cells. A similar response occurs in mid-trajectory cells (cluster 2). Taken together, 

dual inhibition of LSD1 and KIT in a KIT-mutant patient sample results in decreased MYC 
expression in immature cells. This single cell RNA-seq analysis further supports MYC 

regulation as a key driver of the response to dual LSD1 and KIT inhibition.

Discussion

This work offers mechanistic insight into the mechanism of synergy between LSD1 and KIT 

inhibition, providing rational for evaluating the combination in patients with KIT-mutant 

AML. The standard of care treatment for patients with KIT-mutant AML involves induction 

and consolidation with cytarabine-based chemotherapy(37). Following treatment, patients 
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with CBF AML harboring mutant KIT have higher risk of relapse compared to CBF AML 

alone, thus the need for improved therapeutic options(38). In this study, we evaluated dual 

inhibition of LSD1 and KIT as a novel combination therapy for KIT-mutant AML. We show 

that combined inhibition of LSD1 and KIT is synergistically cytotoxic to AML cell lines 

harboring KIT mutations. Bulk RNA-seq revealed dysregulation of MYC and PU.1 (SPI1) 

transcriptional networks following combination treatment. Dual inhibition of LSD1 and KIT 

resulted in a loss of MYC protein levels and binding, along with a decrease of activating 

H3K27Ac at cell cycle genes, driving cell cycle exit. Furthermore, we identified a previously 

unappreciated role for PU.1 in driving MYC expression. Inhibition of LSD1 results in a 

global loss of PU.1 binding, including loss at the +26 kb MYC enhancer and blood enhancer 

cluster (BENC). This loss of PU.1 binding results in decreased enhancer acetylation and 

a corresponding decrease in MYC gene expression driving cell cycle exit. Dual LSD1 

and KIT inhibition is also cytotoxic in AML patient samples with KIT mutations, with 

transcriptional and epigenetic profiling confirming the findings from cell lines. Our studies 

reveal that modulation of MYC and PU.1 transcriptional networks is a key feature of dual 

LSD1 and KIT inhibition. These data provide pre-clinical rational for early phase clinical 

trials investigating this combination in KIT-mutant AML.

PU.1 has previously been implicated as a key determinant of LSD1 inhibitor responses 

in MLL-rearranged AML, with LSD1 inhibition leading to activation of PU.1 bound 

enhancers(17,19). Consistent with this, our RNA-seq shows that PU.1 targets are activated 

with combined KIT and LSD1 inhibition. Interestingly, genome wide profiling revealed a 

loss of PU.1 binding with LSD1 inhibition. Together these data suggest that PU.1 serves as a 

transcriptional repressor at a large number of genes. Depending on the context, PU.1 can act 

as a repressor or activator(39). In normal hematopoiesis PU.1 and RUNX1, a part of the core 

binding factor (CBF) complex, are coactivators; however, PU.1 and RUNX1-ETO, a CBF 

fusion, are corepressors(40). CBF fusions are expressed in the KIT-mutant AML samples 

used in this study. Thus, when PU.1 binding is lost due to LSD1 inhibition, it is likely 

reactivating genes that were repressed by PU.1/RUNX1-ETO. At other loci, our data suggest 

PU.1 serves as a transcriptional activator, likely through interactions with coactivators, such 

as histone acetyl transferases(41). In our study, PU.1 loss is accompanied by a loss of 

H3K27Ac at the +26 kB MYC enhancer and BENC with a corresponding decrease in MYC 
expression, suggesting transactivation activity. When PU.1 is knocked-down, as a model for 

PU.1 binding loss, we observed a decrease in acetylation at the enhancers and promoter of 

MYC. We hypothesize that loss of activating PU.1 complexes at these MYC enhancers leads 

to a loss of MYC expression and cell cycle exit.

The underlying mechanism of genome-wide loss of PU.1 binding in response to LSD1 

inhibition is not clear, but may be regulated by co-binding and post-translational 

modifications. We have found regions with PU.1 and LSD1 co-binding (i.e. BENC 

modules) and other regions where they bind independently (i.e. MYC promoter and +26 

kB enhancer). In the co-bound regions, PU.1 loss could be a direct result of LSD1 

inhibition disrupting protein-protein interactions. However, the loss of PU.1 at regions 

where LSD1 is not bound, suggests an intermediate step, such as post-translational 

modifications. PU.1 is phosphorylated at Ser148(42,43) leading to increased activity and 

DNA binding. Additionally, LSD1 is known to demethylate non-histone protein substrates 
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and could potentially regulate transcription factors, such as PU.1, in this manner. The precise 

mechanism of LSD1-dependent suppression of PU.1 activity in KIT-mutant AML remains 

an important area for future investigation.

GFI1 has been identified as a repressive transcription factor that co-binds with LSD1(17). 

Disruption of the LSD1-GFI1 complex has been implicated as a key mechanism of LSD1 

inhibitor response in MLL-rearranged AML resulting in enhancer activation and subsequent 

differentiation(17). We confirmed that LSD1 inhibition also evicts GFI1 from chromatin 

in KIT-mutant AML, but found that this loss of GFI1 binding did not substantially alter 

the activity of underlying enhancers. We did identify numerous regions of differential 

chromatin remodeling and gene activation in response to LSD1 inhibition, arguing that 

additional factors are also crucial for driving drug responses. Indeed, prior studies have 

nominated numerous other transcription factors as key regulators of the effect of LSD1 

inhibitor including CEBPA, PU.1 and MYB(17). Our results suggest that GFI1 dependent 

gene regulation may play a more prominent role in MLL-rearranged AML than KIT-mutant 

AML. It is unknown if GFI1 contributes to changes in MYC and PU.1 transcriptional 

networks in KIT-mutant AML, and is a key area for future study.

Collectively, our results demonstrate dual inhibition of KIT and LSD1 is synergistically 

cytotoxic in KIT-mutant AML cell lines and primary patient samples. Given the propensity 

for KIT-mutant AML to relapse after standard of care treatment, many experts support 

bone marrow transplantation for such patients in first remission, although this has not yet 

become the standard of care. A less toxic treatment approach would be of high clinical 

value for patients of advanced age or with significant co-morbidities. We show here that 

combined KIT and LSD1 inhibition is highly effective against and specific for KIT-mutant 

AML, suggesting this approach could be added to standard of care treatment to decrease 

relapse rates or could be used in the salvage setting for individuals with relapsed disease not 

eligible for intensive chemotherapy. Furthermore, we identify changes in the PU.1 and MYC 

transcriptional networks as key biomarkers of drug efficacy. Assessment of the activity of 

these key transcriptional nodes could be a valuable correlate for on-target drug activity 

during clinical investigation. An important limitation of this study is the absence of data for 

in vivo efficacy. A PDX model of KIT-mutant CBF AML would be ideal, however there are 

no established models currently available. Nonetheless, the clinical utility of combined KIT 

and LSD1 inhibition is demonstrated by the use of primary KIT-mutant patient samples. In 

total, our results support the investigation of dual KIT and LSD1 inhibition in early phase 

clinical trials for patients with KIT-mutant AML.

Methods

Please see Supplementary Materials.

Data Availability

The Gene Expression Omnibus (GEO) accession number for all sequencing data reported in 

this paper is GSE182150. Other data generated in this study are available within the article 

and its supplementary data files or available from the corresponding author on reasonable 

request.
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Code Availability

The code used in this manuscript is publicly available through the programs listed above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synergistic cytotoxicity of dual KIT and LSD1 inhibition in a KIT-mutant AML cell 
line through activation of PU.1 and repression of MYC target genes
A. LSD1 mRNA expression in KIT-mutant samples from the BeatAML cohort compared 

with CD34+ normal controls; Mann-Whitney test (n=19 CD34+ samples and 17 KIT-mutant 

AML samples), Error bars representing SEM, * p < 0.05. B. Drug matrix of Kasumi-1 cells 

treated for 72 h with avapritinib and ORY-1001 with synergy assessed by zero interaction 

potency (ZIP) score(44). ZIP score displayed in parentheses. C. Drug matrix of SKNO-1 

cells treated for 72 h with avapritinib and ORY-1001 with synergy assessed by ZIP score. 
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ZIP score displayed in parentheses. D. IC50 of avapritinib with different concentrations of 

ORY-1001 in Kasumi-1 cells treated for 72 h; one-way ANOVA with Holm-Sidak correction 

(n=3/group). Error bars representing SEM, *p < 0.05. E. Colony assay using healthy CD34+ 

cells in, treated for 14 days with avapritinib (12 nM) and/or ORY-1001 (12 nM); two-way 

ANOVA with Holm-Sidak correction (n=3/group). Error bars representing SEM, *p < 0.05. 

F. Viability assessment of K562, MOLM13, and CMK cells treated for 72 h with avapritinib 

and ORY-1001 (n=3/group). Error bars representing SEM. G. Heatmap of differentially 

expressed genes from RNA-seq performed on Kasumi-1 cells treated with avapritinib (12 

nM) and/or GSK-LSD1 (12 nM) for 12 h (n=3/group). Genes with significant differential 

expression are displayed by K-means clustering. H, I. Gene ontology analysis of clusters 2/3 

and 5/6 from F, respectively.
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Figure 2. Repression of MYC bound promoters of cell cycle related programs.
A. Kasumi-1 cells were treated for 24 h with avapritinib (12 nM) and/or GSK-LSD1 (12 

nM; LSD1i) then subject to CUT&RUN (n=2/group). Heatmaps of global signal for MYC 

at high confidence consensus peaks (peak apex ± 1 kb). B. Annotation of consensus MYC 

peaks. C. MYC signal at TSSs of down or up regulated genes defined by RNA-seq. D. 
H3K27Ac signal at all MYC bound promoters in Kasumi-1 cells after 24 h of treatment with 

avapritinib (12 nM) and/or GSK-LSD1 (12 nM; LSD1i). E. Gene ontology term enrichment 

for MYC bound promoters. F. Histone mark visualization with Integrative Genomics Viewer 

Curtiss et al. Page 19

Leukemia. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(IGV) at the MYC and blood enhancer cluster (BENC) locus (n=2/group). BENC modules 

were identified with Kasumi-1 H3K4me1 signal that overlaps with the previously published 

modules(24). G. Histone acetylation in Kasumi-1 cells at the MYC locus. H. Histone 

acetylation at active BENC modules. Active BENC modules were defined by presence of 

H3K27Ac signal. Modules without acetylation were excluded. I. AUC of acetylation signal 

at active BENC modules.
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Figure 3. Loss of PU.1 binding at MYC enhancer resulting in loss of MYC enhancer and 
promoter activation.
A. Kasumi cells treated for 24 h with avapritinib (12 nM) and/or GSK-LSD1 (12 nM; 

LSD1i) then subject to CUT&RUN for PU.1 (n=2/group). Heatmaps of global signal for 

PU.1 at high confidence consensus PU.1 peaks (peak apex ± 1 kb). B. Drug matrix of 

avapritinib and doxycycline on Kasumi-1 PU.1 sh401 cells treated for 72 h. Synergy 

assessed by ZIP scores. ZIP score reported in parentheses. C. Depleted gene sets from 

bulk RNA-seq on PU.1 sh401, induced with doxycycline (1 μg/mL) 48 h before treatment 

with avapritinib (50 nM) for 24 h. NES = normalized enrichment score (q < 0.05). GSEA 

p value calculated by empirical permutation test and FDR adjusted. D, E. Kasumi-1 cells 

treated for 24 h with avapritinib (50 nM) and/or doxycycline (1 μg/mL) to induce PU.1 

knockdown were used to perform CUT&Tag for H3K27Ac (n=3/group). H3K4me1, PU.1, 

and LSD1 signal from above datasets in Kasumi-1 cells. Visualization of +26 Kb MYC and 

active modules of the blood super-enhancer cluster (BENC). BENC modules are defined 
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Kasumi-1 H3K4me1 signal that intersects with the previously published coordinates for 

the BENC(24). The presence of H3K27Ac signal was used to define active modules. F. 

Quantification of cumulative AUC of H3K27Ac signal at active BENC modules; one-way 

ANOVA with Holms-Sidak correction. Error bars representing SEM. * p < 0.05, **p < 

0.01 G. Model describing loss of PU.1 binding after dual LSD1 and KIT inhibition at 

MYC +26 kB enhancer and BENC. PU.1 no longer activates MYC promoter resulting in 

decreased MYC protein, leading to decreased expression of MYC target genes including 

those involved with cell proliferation.
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Figure 4. KIT and LSD1 inhibition attenuate AKT signaling
A. Experimental strategy to continuously assess AKT activity over time with AKT-KTR-

mScarlet fluorescent biosensor. ERK activity was evaluated in the same way with ERK-

KTR-Clover. B. Kasumi-1 cells were treated with avapritinib (100 nM) and/or ORY-1001 

(12 nM). Subcellular localization of the fluorescent biosensors was captured with live-cell 

imaging. Cells were clustered based on AKT activity over time, then separated based on 

treatment. Bar graph displays percentage of cells from each treatment group within each 

cluster. Line graph displays average AKT activity over time for each cluster.
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Figure 5. Coordinated PI3K/AKT signaling response to dual KIT and LSD1 inhibition
A. Depiction of PI3K/AKT signaling pathway(29–31). B. RPPA of Kasumi-1 cells treated 

for 1 h with avapritinib (100 nM) and/or ORY-1001 (12 nM). Heatmap of the normalized 

signal from PI3K/AKT pathway members (n=3/group). C. GSEA using gene sets curated by 

bulk RNA-seq of Kasumi-1 cells treated for 12 h with GSK-LSD1 (12 nM). Genes repressed 

by LSD1 have significantly increased expression after LSD1 inhibition. Genes activated by 

LSD1 have significantly decreased expression after LSD1 inhibition. NES = normalized 

enrichment score (q < 0.05). GSEA p value calculated by empirical permutation test and 
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FDR adjusted. D. Inhibition of KIT or LSD1 lead to opposing effect on LSD1 activity via 

the PI3K/AKT pathway. Dual inhibition results in repression of MYC and activation of 

genes natively repressed by LSD1.
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Figure 6. KIT and LSD1 inhibition synergistically target KIT-mutant AML patient samples 
resulting in decreased MYC and cell cycle programs
A. Experimental strategy for KIT-mutant patient samples. Frozen viable samples were 

cultured ex vivo and treated for 24 h before bulk RNA-seq and ATAC-seq. For synergy 

analysis, samples were drug treated for 72 h before assessing drug synergy. B. Drug matrix 

of patient sample 14-00613 treated for 72 h with avapritinib and ORY-1001 with synergy 

assessed by ZIP score. ZIP score reported in parentheses. C, D. Select depleted gene sets 

from bulk RNA-seq on 14-00613 treated with avapritinib (50 nM) and ORY-1001 (12 
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nM) or DMSO for 24 h. NES = normalized enrichment score (q < 0.05). GSEA p value 

calculated by empirical permutation test and FDR adjusted. E. Differential analysis of bulk 

ATAC-seq on 15-00807 treated with avapritinib (50 nM) and ORY-1001 (50 nM) compared 

to DMSO. Enrichment of GO terms for regions with significantly decreased accessibility. F. 
Visualization of Kasumi-1 PU.1 and LSD1 from above datasets, 15-00807 bulk ATAC-seq, 

and 14-00613 H3K27Ac at active BENC modules(24) (n=3/group). BENC modules defined 

by previously identified loci that overlap with H3K4me1 signal in Kasumi-1 cells. Active 

modules were designated based on presence of H3K27Ac signal. H3K27Ac CUT&Tag 

was performed on 14-00613 following 24 hr treatment with avapritinib (350 nM) and/or 

ORY-1001 (12 nM). G. Quantification of 14-00613 H3K27Ac signal at active BENC 

modules by comparing AUC; one-way ANOVA with Holm-Sidak correction. Error bars 

representing SEM. **p < 0.01, *** p < 0.001, ****p < 0.0001
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Figure 7. Varied degree of MYC loss along the differentiation trajectory post LSD1 and KIT 
inhibition
A. Single cell RNA-seq on patient sample 14-00613 treated with ORY-1001 (12 nM) and/or 

avapritinib (12 nM) for 24 h. UMAP clustering of single cell gene expression. Clustering 

was performed on an integrated object that included cells treated with DMSO, avapritinib, 

ORY-1001, or the combination. B. Dot plot portraying the average gene expression and 

percentage of cells with MYC detected per UMAP cluster in A. C. MYC single cell gene 

expression in DMSO, ORY-1001 (LSD1i), avapritinib, and the combination from single cell 

analysis in A.
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