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ABSTRACT  48 

Acute myeloid leukemia (AML) is a heterogeneous, aggressive malignancy with dismal 49 

prognosis and with limited availability of targeted therapies. Epigenetic deregulation contributes 50 

to AML pathogenesis. KDM6 proteins are histone-3-lysine-27-demethylases that play context-51 

dependent roles in AML. We inform that KDM6-demethylase function critically regulates DNA-52 

damage-repair-(DDR) gene expression in AML. Mechanistically, KDM6 expression is regulated 53 

by genotoxic stress, with deficiency of KDM6A-(UTX) and KDM6B-(JMJD3) impairing DDR 54 

transcriptional activation and compromising repair potential. Acquired KDM6A loss-of-function 55 

mutations are implicated in chemoresistance, although a significant percentage of relapsed-56 

AML has upregulated KDM6A. Olaparib treatment reduced engraftment of KDM6A-mutant-AML-57 

patient-derived-xenografts, highlighting synthetic lethality using Poly-(ADP-ribose)-polymerase-58 

(PARP)-inhibition. Crucially, a higher KDM6A expression is correlated with venetoclax 59 

tolerance. Loss of KDM6A increased mitochondrial activity, BCL2 expression, and sensitized 60 

AML cells to venetoclax. Additionally, BCL2A1 associates with venetoclax resistance, and 61 

KDM6A loss was accompanied with a downregulated BCL2A1. Corroborating these results, 62 

dual targeting of PARP and BCL2 was superior to PARP or BCL2 inhibitor monotherapy in 63 

inducing AML apoptosis, and primary AML cells carrying KDM6A-domain-mutations were even 64 

more sensitive to the combination. Together, our study illustrates a mechanistic rationale in 65 

support for a novel combination therapy for AML based on subtype-heterogeneity, and 66 

establishes KDM6A as a molecular regulator for determining therapeutic efficacy.  67 

 68 

69 
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INTRODUCTION  70 

KDM6 proteins represent a family of histone lysine demethylases that play an important role in 71 

chromatin remodeling and transcriptional regulation during multi-cellular development and 72 

tumorigenesis (1-4). KDM6A-(UTX) and KDM6B-(JMJD3) critically regulate demethylation of 73 

H3K27-methyl residues, whereas the catalytic potential of KDM6C-(UTY) is poorly understood 74 

(1, 5-7). Growing evidence suggests involvement of KDM6A in acute myeloid leukemia (AML) 75 

pathogenesis (4, 8-12). KDM6A escapes X chromosome inactivation, and Utx-null homozygous 76 

female mice spontaneously develop aging associated myeloid leukemia (9, 13). In addition, 77 

KDM6A loss-of-function mutation is implicated in conventional chemotherapy relapse in AML, 78 

indicating tumor suppressor function (8, 10, 14). KDM6A condensation, which involves a core-79 

intrinsically-disordered-region (cIDR), has been reported to confer tumour-suppressive activity 80 

independent of Jumonji C-(JmjC)-demethylase function (14). Recent studies suggested 81 

downregulation of KDM6A expression occurs in about 46% of cytogenetically normal-karyotype 82 

and AraC-relapsed AML patients (8). However, 37% of cases exhibited upregulated KDM6A 83 

transcripts. Thus KDM6A must function in a highly contextual fashion since there are subsets of 84 

AML cases where expression is on opposite ends of a spectrum. Therefore, the cause and 85 

pathophysiological relevance of KDM6A upregulation at chemotherapy relapse, observed in 86 

more than a third of the patients, is an open question. Additionally, to what extent KDM6A 87 

expression and function are connected with AML targeted therapy is unknown. 88 

By contrast, KDM6B predominantly plays a context-dependent oncogenic function in 89 

hematological malignancies (15, 16). KDM6B regulates transcriptional elongation, and KDM6B 90 

expression is upregulated in myelodysplastic syndromes-hematopoietic stem/progenitors (17, 91 

18). While KDM6A acts as a tumor suppressor and is frequently mutated in T-ALL, KDM6B is 92 

essential for the initiation and maintenance of T-ALL (19, 20). However, a subgroup of T-ALL 93 

expressing TAL1 is uniquely vulnerable to KDM6A inhibition (21). Together, KDM6A and 94 
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KDM6B possess cell type-specific functions in leukemia, with KDM6 proteins and their 95 

associated signaling emerging as important focal points for developing targeted therapy. Key 96 

cellular processes impacted by KDM6 demethylases include Th-cell development, integrated-97 

stress-response activation, and regulation of DNA double stranded break repair. 98 

Efficient repair of DNA damage caused by genotoxic stress is important for tissue 99 

homeostasis. Tumor cells accumulate considerable levels of DNA damage and require robust 100 

DNA-damage-repair (DDR) mechanisms for survival. AML cell survival depends upon an intact 101 

DNA repair machinery, with accumulation of DNA double-stranded-breaks (DSBs) leading to 102 

apoptosis (22). DSBs are among the most lethal DNA aberrations, and are repaired through 103 

either homologous-recombination (HR) mediated repair or non-homologous-end-joining (NHEJ) 104 

(23). Targeting DNA repair pathways for cancer therapy has gained a momentum over the past 105 

few years, with poly(adenosine 5'-diphosphate-ribose)-polymerase (PARP) inhibition for HR-106 

deficient tumors have shown promise in clinical settings (24-26). Therefore, identifying 107 

molecular regulation of DNA repair pathways important for AML cell survival is essential for 108 

developing effective combination targeted therapy. 109 

Here we demonstrate that KDM6 demethylases play an important role in DDR gene 110 

regulation in AML opening the potential for improved molecular targeted therapies in AML 111 

through epigenetic modulation. Together, our study addresses two important clinical questions: 112 

first, PARP inhibition would be effective for KDM6A-deficient AML, and secondly, KDM6A 113 

inhibition should potentiate PARP or BCL2 blockade in distinct subtypes of AML where KDM6A 114 

expression is upregulated or even maintained above threshold level.  115 

116 
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MATERIALS AND METHODS  117 

Details are included in the Supplementary methods  118 

 119 

RESULTS  120 

KDM6 demethylases associate with DSB repair gene expression in AML 121 

Kdm6a deficient homozygous female mice (Utx-/-) spontaneously develop aging associated AML 122 

(9). To identify genes regulated by KDM6A in AML development, we re-analyzed the available 123 

RNA-seq results from Utx-/- female mice presenting with AML (ERS1090539, ERS1090541, 124 

ERS1090542), compared to Utx+/+ control females (ERS539514, ERS539515) (9). Utx-/- and 125 

MLL-AF9 negative AML splenocytes were able to propagate leukemia in secondary recipients. 126 

Deficiency of Kdm6a led to 4014 genes being downregulated and 4703 genes upregulated 127 

(FDR: 0.01; Log2FC: > 1.5) (Supplementary dataset S1). KDM6A JmjC-demethylase function is 128 

predominantly associated with transcriptional activation (27). Gene ontology (GO) enrichment 129 

analysis of the downregulated genes (4014) in Utx-/- cells revealed enrichment of several GO 130 

terms linked with DNA repair, with the most significant being the double strand break (DSB) 131 

repair (Fig. 1A). The DSB repair term included genes of both HR and NHEJ pathways 132 

(Supplementary Fig. S1A). Re-analysis of ChIP-seq results conducted in Utx+/+ hematopoietic 133 

cells showed a total of 1825 Kdm6a ChIP-seq occupied genes (9), which were downregulated 134 

upon Kdm6a loss. GO analysis of these 1825 genes (Supplementary dataset S2) further 135 

revealed a significant enrichment of DNA repair associated GO terms, suggesting involvement 136 

of Kdm6a demethylase in DNA repair (Supplementary Fig. S1B).  137 

To dissect the role of KDM6 proteins in regulating DDR gene expression in AML, we 138 

generated U937 cells using shRNA-expressing lentivirus vectors against KDM6A or KDM6B or 139 

both (hereafter referred as KDM6 deficient cells) (Supplementary Fig. S1C). U937 cell, originally 140 

isolated from a patient with histiocytic lymphoma, has been defined as a promonocytic myeloid 141 
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leukemia cell line, capable of monocytic differentiation and has frequently been used as a model 142 

for myeloid leukemia. Additionally, U937 cells are relatively resistant to standard chemotherapy 143 

including KDM6 small molecule inhibitor GSK-J4, and therefore can serve as a relevant model 144 

to characterize targeted therapy. KDM6 knockdown led to an increase in global H3K27me3 and 145 

a decrease in H3K27ac levels, with the difference being more prominent in KDM6B knockdown 146 

and double knockdown cells (Supplementary Fig. S1D). Deficiency of KDM6A and/or KDM6B 147 

did not affect proliferation of U937 cells (Supplementary Fig. S1E). KDM6A deficient AML cell 148 

lines did not show consistent change in myeloid differentiation (Supplementary Fig. S1F). RNA-149 

seq analysis (FDR: 0.05; Log2FC: > 2) suggested that there was significant downregulation (P < 150 

0.05) of > 80 DDR genes upon knockdown of KDM6A alone or KDM6B alone or both (Fig. 1B). 151 

Gene Set Enrichment Analysis (GSEA) uncovered a significantly lower enrichment of DDR 152 

pathway in KDM6A deficient AML (Fig. 1C). GO term also indicated enrichment of multiple DNA 153 

repair genes, including BRCA and RAD families, in KDM6 deficient AML (Supplementary Fig. 154 

S1G). Together, these findings suggest that KDM6 proteins are associated with DDR gene 155 

regulation in AML.  156 

 157 

DSB repair activation induces expression of KDM6 in AML  158 

To elucidate the function of KDM6A in mediating DSB repair in AML, we first interrogated 159 

irradiation induced alteration of KDM6A in AML cells. H3K27me3 level influences DSB repair 160 

efficiency, and decrease in H3K27me3 associates with radiation dosage, with 10 Gy irradiation 161 

causing maximum decrease (28). Interestingly, a single dose of γ-radiation (10 Gy) induced a 162 

time-dependent increase in expression of KDM6A (6 out of 6 AML cell lines tested) and KDM6B 163 

(4 out of 6 lines tested) independent of pathological or molecular subtypes (Fig. 1D; 164 

Supplementary Fig. S1H). Increase in KDM6A expression was observed as early as 30 min in 165 

KG1a cells, while OCI-AML-2 and KG1a cells showed maximum induction at 4 hours after 166 
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irradiation (Fig. 1D). Low dose irradiation in AML cells did not sufficiently induce expression of 167 

KDM6A or KDM6B (Supplementary Fig. S2A). In agreement with gene expression alteration, 168 

KDM6A protein was also upregulated on radiation accompanied with a concomitant decrease in 169 

H3K27me3 (Figs. 1E-F; Supplementary Figs. S2B-C). There was no significant induction of 170 

KDM6A or KDM6B in normal CD34+CD38-CD45RA- hematopoietic stem cells (HSCs) upon 171 

genotoxic stress (Supplementary Fig. S2D). Collectively, these results indicate that γ-IR 172 

mediated DNA repair induces KDM6 demethylase expression in AML.  173 

 174 

Deficiency of KDM6 impairs DDR gene expression and DSB repair in AML  175 

Efficient DSB repair has been shown to promote survival of AML cells (22). To identify target 176 

genes that sensitize AML cells to genotoxic stress, we leveraged a previously reported genome-177 

wide pooled lentiviral shRNA screening performed utilizing TEX cells in response to one and 178 

three rounds of 1 Gy γ-IR (Fig. 2A) (29, 30). ‘Leukemia stem cell (LSC)-like’ human 179 

hematopoietic cell line TEX was generated via TLS-ERG leukemia fusion oncogene expression 180 

in cord-blood derived hematopoietic stem and progenitor cells (HSPCs), which maintains 181 

functional heterogeneity, cytokine dependency, and a functional p53 pathway (31, 32). 182 

Interestingly, KDM6A knockdown, similar to loss of other crucial DNA repair genes, significantly 183 

impaired proliferation in two out of three clones, suggesting a radioprotective function (Figs. 2A-184 

B). Treatment of U937 cells using γ-IR induced HR gene expression (Fig. 2C; Supplementary 185 

Fig. S2E). In contrary, induction of DDR gene and protein expression was significantly impaired 186 

in KDM6A or KDM6B deficient AML cell lines, which was accompanied with an altered cell 187 

survival and proliferation (Fig. 2C; Supplementary Figs. S2E-H). Similar results were obtained 188 

using a different shRNA expression construct targeting KDM6A. Ectopic expression of full length 189 

KDM6A, but not JmjC mutant, restored DDR gene expression (Supplementary Fig. S2I). Earlier 190 

we demonstrated that treatment of AML cells using a KDM6 small molecule inhibitor GSK-J4 191 
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causes a selective increase in H3K27me3 (4). KDM6A primarily plays tumor suppressor role in 192 

demethylase independent mechanisms (9, 14). However, we and others reported that KDM6 193 

inhibition in AML cells, with intact KDM6 expression, using GSK-J4 attenuates leukemia cell 194 

survival and leukemia development (4, 12). Apart from KG1a, all cells displayed IC50 greater 195 

than 2 µM, a dose we used as a sub-lethal concentration for subsequent experiments 196 

(Supplementary Figs. S3A-B). Similar to KDM6 deficiency, treatment with GSK-J4 abrogated 197 

the expression of HR and NHEJ genes, highlighting KDM6 demethylase-dependent function in 198 

DDR gene regulation (Figs. 2D-E; Supplementary Figs. S3C-J). There was a substantially 199 

higher NHEJ rate compared to HR, and KDM6 inhibition compromised HR activity more than 200 

NHEJ (Supplementary Figs. S4A-B). KDM6A deficient AML cells, regardless of TP53 mutation 201 

status, revealed an elevated double-stranded DNA break with an attenuated γH2A.X in 202 

response to genotoxic stress (Figs. 2F-G). KDM6 inhibition in U937 cells revealed a slightly 203 

elevated basal γH2A.X (Supplementary Fig. S4C). In agreement, radiation exposure induced a 204 

time-dependent increase in γH2A.X and p-ATM in vehicle treated AML cells, whereas KDM6 205 

blockade showed an impaired γH2A.X and p-ATM induction (Supplementary Fig. S4C). In 206 

addition, there was significant transcriptional downregulation of all three MRN components, 207 

Mre11a, Rad50 and Nbn along with loss of DSB transducer Atr in Utx-/- AML cells 208 

(Supplementary Fig. S4D). Consistent with these findings, KDM6 knockdown in human AML 209 

also caused a reduced expression of MRN (Supplementary Fig. S4E). Collectively, these results 210 

underscore that KDM6 proteins play a critical role in maintaining an elevated expression of DSB 211 

recognition genes in AML cells, and KDM6 deficiency or inhibition causes an impaired DSB 212 

repair response.  213 

 214 

 215 

 216 
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KDM6A regulates chromatin accessibility and transcriptional activation at DDR loci  217 

To understand the mechanism of KDM6A mediated DDR gene regulation, we conducted qChIP 218 

experiments. There was a significant enrichment of KDM6A at the transcription start sites (TSS) 219 

and promoter-proximal elements of BRCA and RAD family genes in AML cells (Fig. 3A; 220 

Supplementary Fig. S4F). KDM6A downregulation was associated with a concomitant increase 221 

in occupancy of H3K27me3 at these loci in both untreated and radiation treated AML cells, 222 

further indicating demethylase-dependent transcriptional regulation (Fig. 3B; Supplementary 223 

Fig. S4G). γ-IR caused a reduction in H3K27me3 at the HR promoter-proximal loci in control 224 

cells, however, a similar decrease in locus specific H3K27me3 occupancy was either absent or 225 

negligible in KDM6A deficient cells (Fig. 3B; Supplementary Fig. S4G). KDM6A has been shown 226 

to functionally interact with SWI/SNF ATP-dependent chromatin remodeling complex to regulate 227 

chromatin accessibility, and influence gene expression (1, 9, 33). We had previously conducted 228 

ChIP-seq with the SMARCC1 (BAF155) core subunit of SWI/SNF in primary AML samples 229 

(GSE108976) (11, 34). Reanalysis of genes which showed enrichment for both SMARCC1 and 230 

KDM6A revealed a substantial overlap between SMARCC1 and KDM6A targets (2785 genes; 231 

dataset S3, P < 0.05), with the majority of these co-occupied genes also showing enrichment of 232 

H3K27ac, while being devoid of H3K27me3 (1676 genes) (Fig. 3C; Supplementary dataset S4). 233 

These KDM6A targets that include DNA repair genes may represent potential candidates for co-234 

regulation by KDM6A demethylase and SWI/SNF (Fig. 3D). qChIP further demonstrated that 235 

concomitant with an increase in KDM6A occupancy there was a significant enrichment of 236 

SMARCC1, CBP and H3K27ac at the TSS and promoter regions of BRCA and RAD genes in 237 

response to radiation (Fig. 3E). SMARCC1 enrichment along with CBP and H3K27ac was also 238 

observed at the promoter region of KDM6A itself (Fig. 3F), suggesting KDM6A and SWI/SNF 239 

cooperation in DDR gene regulation.  240 
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To interrogate changes in chromatin accessibility on KDM6 loss, we performed bulk 241 

ATAC-seq in KDM6A and KDM6B deficient AML cells and compared them with unaltered 242 

control cells. In concordance with transcriptional activation function of KDM6, the number of 243 

transcription factor (TF) motifs enriched in control cells that lost accessibility in KDM6 deficient 244 

cells was much higher than the number of motifs, which gained accessibility in KDM6A/B 245 

deficient AML cells (Figs. 3G-H). Motif comparison revealed greater than 90% overlap in 246 

KDM6A or KDM6B deficient cells. There was significant loss in the binding potential of TCF, 247 

CEBP, FOXO and HOXA family, which usually promote HR gene expression (Fig. 3G). 248 

Alternatively, there was increase in binding potential of IRF, PU and PRDM (Fig. 3H), which 249 

have been shown to suppress DDR and induce genomic instability. Collectively, these results 250 

indicate that changes in chromatin accessibility correlate with lower abundance of TF binding 251 

sites required for optimal DNA gene regulation. Together this may account for the observed 252 

repression of DDR gene expression in KDM6 deficient AML, thus compromising DNA repair.  253 

 254 

KDM6A loss renders AML cells sensitive to PARP inhibition  255 

We next assessed whether reduced KDM6 levels would sensitize AML cells to inhibition of 256 

PARP-1 signaling. Analysis of OHSU AML (n=672), containing de novo and relapsed AML 257 

cases with varying molecular subtypes, showed a significant inverse correlation between 258 

KDM6A and PARP-1 expression (Figs. 4A-B; Supplementary Fig. S4H). There was no major 259 

change in PARP1 expression in KDM6 deficient U937 cells (Supplementary Fig. S4I). PARP 260 

inhibition using olaparib for 72 hr decreased intracellular PAR level and induced apoptosis in 261 

AML cells (Supplementary Figs. S5A-B). In general treatment with olaparib at concentrations 262 

below IC50 caused a cytostatic rather than cytotoxic effect; significant cell apoptosis was 263 

observed only at higher concentrations (Supplementary Fig. S5B). Drug dose response analysis 264 

indicated that AML cells co-treated with GSK-J4 were significantly more sensitive to olaparib 265 
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compared to the controls (Fig. 4C; Supplementary Fig. S5C). Except KG1a cells, both TP53 wild 266 

type (OCI-AML-2, OCI-AML-5, MOLM-13) and TP53 mutated (U937, NB4) AMLs were 267 

susceptible to olaparib in response to KDM6 inhibition (Fig. 4C). Similarly, deficiency of KDM6A 268 

sensitized AML cells to PARP inhibition (Fig. 4D). Additionally, KDM6 loss caused a differential 269 

sensitivity of select AML subtypes to a conventional chemotherapeutic agent like AraC, although 270 

daunorubicin treatment did not appreciably alter AML sensitivity (Supplementary Figs. S5D-F).  271 

Analysis of the Beat AML dataset indicated that cells with lower KDM6A expression may 272 

harbor FLT3-ITD mutation (Supplementary Fig. S6A). In agreement we observed that FLT3-ITD 273 

expressing KDM6A deficient AML cells were relatively more sensitive to olaparib compared to 274 

the controls (Supplementary Fig. S6B). To investigate olaparib sensitivity in vivo we 275 

transplanted control and KDM6A deficient U937 into NOD.Cg-Prkdcscid/J (NOD.SCID) mice 276 

(Supplementary Fig. S6C). KDM6A loss alone did not affect the overall engraftment potential. In 277 

support of our prediction, compared to vehicle treated cells, olaparib administration resulted in a 278 

significant decrease in the engraftment of KDM6A deficient, but not control, AML (Fig. 4E). To 279 

further confirm, we established AML patient-derived xenograft models carrying KDM6A 280 

nonsense mutation implicated in relapse (Fig. 4F). There was a significant reduction of human 281 

CD45+CD33+ cells in the bone marrow in mice treated with olaparib compared to vehicle treated 282 

group (Fig. 4G). Together these results suggest that KDM6A loss increases sensitivity of AML 283 

cells to PARP inhibition.  284 

 285 

Deficiency of KDM6A increases susceptibility of AML to BCL2 blockade  286 

BCL2 inhibitor venetoclax has shown promise in the clinical setting, although a majority of the 287 

initial responders relapse (35, 36). Beat AML analysis indicated that monocytic (Mono) AML 288 

cases associate with venetoclax resistance (37), as well KDM6Ahi expressing male AMLs are 289 

relatively more tolerant to venetoclax (Figs. 5A-B). We re-analyzed the available RNA-seq 290 
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dataset from venetoclax resistant Mono-AML ROSlow LSCs, and compared with venetoclax 291 

sensitive Prim-AML Roslow LSCs (38). In agreement with earlier findings Mono-AML showed a 292 

relatively lower BCL2, and there was a significant increase in BCL2A1 expression in Mono-AML 293 

compared to Prim-AML (Fig. 5C; Supplementary Fig. S6D). BCL2A1 is a predictive biomarker of 294 

venetoclax resistance in AML and induces resistance to BCL2 inhibitor ABT-737 in CLL (39, 295 

40). Consistent with these findings, the OHSU AML dataset further suggested a positive 296 

correlation between KDM6A and BCL2A1 expression (Fig. 5D). KDM6A downregulation induced 297 

BCL2, which was accompanied with a concomitant decrease in BCL2A1 gene expression (Figs. 298 

5E-F; Supplementary Figs. S6E-G). We further reanalyzed available transcriptome dataset 299 

(FDR: 0.05; Log2FC: > 1.25) (14) of KDM6A-null THP1 cells ectopically expressing full length 300 

KDM6A or various domain mutants of KDM6A (Supplementary Fig. S6H). Gain in full-length 301 

KDM6A, but not TPR or JmjC deletion mutants to some extent, induced BCL2A1 expression in 302 

THP1 cells (Supplementary Fig. S6I). Although cIDR-deleted KDM6A mutant did not restraint 303 

BCL2A1 induction, chimeric IDRs partly restored BCL2A1 expression (Supplementary Fig. S6I). 304 

In addition, qChIP analysis performed in our AML cell lines panel identified KDM6A occupancy 305 

at BCL2 or BCL2A1 TSS and promoter regions (Supplementary Figs. S6J-K). While KDM6A 306 

deficiency resulted in increased occupancy of p300 and H3K27ac at BCL2 promoter, there was 307 

increased H3K27me3 and reduced p300 at BCL2A1 loci in KDM6A deficient AML cells (Fig. 5G; 308 

Supplementary Fig. S6L). Additionally, corroborating these results GSK-J4 treatment at 309 

respective IC50 doses induced BCL2 expression in select AML subtypes (except MOLM-13 and 310 

Kasumi1 cells) (Fig. 5H; Supplementary Figs. S6M-N). Collectively, these findings indicate that 311 

KDM6A differentially regulates BCL2 family gene expression, and KDM6A loss correlates with 312 

BCL2 induction.  313 

BCL2 induction commonly associates with venetoclax function (41). GSK-J4 mediated 314 

BCL2 induction in AML subtypes further prompted us to interrogate venetoclax sensitivity. 315 
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Indeed, dose response analysis revealed that TP53 wild type (OCI-AML-2, OCI-AML-5) as well 316 

as TP53 mutant (NB4, KG1a) AML cells co-treated with either varying doses of GSK-J4 or 317 

constant doses of GSK-J4, set at half of the IC50 concentrations of respective cell types, were 318 

significantly more sensitive to venetoclax compared to the monotherapies alone (Fig. 6A). 319 

Although MOLM-13 partially responded to this combination, Kasumi1 cells did not show any 320 

effect (Fig. 6A). Similarly, deficiency of KDM6A also sensitized AML cells to BCL2 inhibition 321 

(Fig. 6B). In addition, olaparib treatment resulted in an increase in mitochondrial membrane 322 

potential (MMP) in KDM6A deficient AML cells compared to control cells (Fig. 6C). Inhibition of 323 

KDM6 and PARP also resulted in an increase in MMP in AML cells (Fig. 6D). Furthermore, 324 

MV4-11 venetoclax resistant (Ven-res) cells showed a decrease in MMP and ROS level 325 

compared to venetoclax sensitive (Ven-sen) group (Supplementary Figs. S7A-D). KDM6 326 

inhibition restored ROS in MV4-11 Ven-res cells, which was further increased in presence of 327 

olaparib (Supplementary Figs. S7C-D). Intriguingly, we provide evidence that changes in BCL2 328 

expression and mitochondrial activity associated with KDM6A loss, may account for venetoclax 329 

tolerance in AML.  330 

 331 

Dual inhibition of PARP and BCL2 synergizes in AML  332 

Next we investigated whether inhibition of PARP and BCL2 would have a combination effect in 333 

controlling AML cell survival. Co-treatment of olaparib and venetoclax were superior in inhibiting 334 

AML cell viability compared to the monotherapies alone (Supplementary Fig. S7E). Combination 335 

of olaparib and venetoclax showed synergistic effects in reducing cell survival in select AML 336 

subtypes including OCI-AML-2, OCI-AML-5, KG1a, NB4 and U937 (Supplementary Fig. S7E). 337 

We did not observe drug synergism in MOLM-13, Kasumi1 and HL60 cells (Supplementary Fig. 338 

S7E). Similarly, dual inhibition of PARP and BCL2 signaling induced apoptosis in AML 339 
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(Supplementary Figs. S8A-C). Interestingly, KDM6A deficient AML cell lines were even more 340 

sensitive to the combination therapy (Supplementary Figs. S8D-E). 341 

To further confirm, we argued that KDM6A silencing may not necessarily mimic 342 

pathologically occurring KDM6A mutations. Therefore, we compared drug sensitivities in 343 

primary AML samples carrying either wild type KDM6A or different acquired domain mutants of 344 

KDM6A (Fig. 7A). Corroborating our findings, olaparib and venetoclax treatment showed a 345 

stronger synergistic effect in inhibiting viability of KDM6A-domain mutant primary AML samples 346 

compared to KDM6A-wild type (WT) cases (Figs. 7B-C). Although we could not test drug 347 

efficacy in cIDR-mutant, both TPR and JmjC mutants had dramatic loss of cell viability in 348 

response to olaparib and venetoclax (Fig. 7C). NPM1mut AML848978 only showed a marginal 349 

response to the combination (Fig. 7C). Similarly, combination of PARP and BCL2 inhibition led 350 

to an increase in apoptosis in KDM6A mutant primary AML cells compared to the wild type 351 

control cells (Fig. 7D; Supplementary Fig. S8F). Normal HSPCs were relatively more tolerant to 352 

olaparib (average IC50: 13.56 µM compared to 0.42 µM in KDM6Amut primary AML) and 353 

venetoclax (average IC50: 11.46 µM compared to 0.18 µM in KDM6Amut primary AML) 354 

(Supplementary Figs. S8G-H). Overall, KDM6A loss had the most profound effect by 355 

compromising DNA damage response and inducing BCL2, thus rendering AML cells sensitive to 356 

PARP and BCL2 blockade (Fig. 7E). In sum, we provide evidence and rationale supporting 357 

pre/clinical testing of the novel combination targeted therapy for human AML, and posit KDM6A 358 

as an important regulator in determining therapeutic efficacy in AML subtypes.  359 

360 
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DISCUSSION  361 

In this study we illustrate a mechanistic connection between KDM6 function to impaired DNA 362 

repair and BCL2 dependence in AML cell survival. Although venetoclax tolerance is primarily 363 

determined by BCL2 expression, and BCLA1 associates with resistance, molecular epi/genetic 364 

regulation of these two key proteins is unknown. We provide the first evidence in support for a 365 

central regulation integrated by KDM6A demethylase towards BCL2 and BCL2A1 expression 366 

important for AML pathogenesis. Our findings that KDM6A was an important regulator for 367 

determining efficacy of both PARP and BCL2 blockade; provide support for molecular subtype 368 

guided combination targeted therapy for AML. Venetoclax in combination with other small 369 

molecule inhibitors has shown better efficacy than venetoclax alone (35, 42). Combination 370 

therapy using venetoclax with Complex I inhibitor, MAPK pathway inhibitor or cytarabine has 371 

shown promise in pre-clinical AML models (43-45). In addition, combining KDM6 372 

pharmacological inhibition with venetoclax has been shown to be effective in MYCN amplified 373 

neuroblastoma (46). Although BCL2 inhibition has been used in combination with 374 

hypomethylating agents, their effectiveness in synergy with PARP blockade in AML remains 375 

unexplored. In agreement with our findings an ongoing study indicates that PARP Inhibition 376 

using talazoparib can enhance anti-leukemic activity of venetoclax in preclinical human AML 377 

models [Blood (2021) 138 (Supplement 1): 1176]. Therefore, stratifying AML patients based on 378 

KDM6A mutation or expression analysis, should aid in improving therapeutic combinations.  379 

While HR mediated DSB repair is indispensable for survival of MLL-AF9 transformed AML, 380 

most therapy-related AML have an abnormal DSB response (22, 47). KDM6 inhibition was 381 

shown to induce DNA damage in differentiating ES cells (48). Inhibition of KDM6 catalytic 382 

activity impairs HR mediated DSB repair and augments radiosensitivity in solid tumors (28, 49). 383 

Therefore, unlike the demethylase-independent, tumor suppressor function of Utx in AML 384 

development, DDR gene regulation is dependent on KDM6A demethylase function (9, 11). In 385 
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addition, we provide evidence for KDM6A and SWI/SNF cooperation in regulating DDR gene 386 

expression. Different subunits of the SWI/SNF complex have been implicated to have non-387 

transcriptional roles in DSB repair. For example, the BRG bromodomain was shown to directly 388 

interact with γ-H2A.X and promote chromatin remodeling around DSBs (50). Also ARID2 389 

facilitates RAD51 recruitment and HR-mediated repair (51).  390 

Tumors deficient in BRCA genes have suppressed repair system and respond to PARP 391 

inhibition (24). However, AML patients have a low mutational burden for BRCA, and only select 392 

subtypes have been shown to have defective DDR that respond well to PARP inhibition. AML1-393 

ETO and PML-RARα driven AML have suppressed expression of key HR associated genes, 394 

and are sensitive to olaparib, whereas MLL-AF9 harboring AML is HR proficient and insensitive 395 

to PARP inhibition (25). Only when used in combination with cytotoxic drugs like cytarabine or 396 

daunorubicin does MLL-AF9 AML respond to PARP inhibition (52, 53). Therefore, inducing a 397 

‘BRCAness’ phenotype, through epigenetic modulation expands the range of AML patients, 398 

previously unresponsive to treatment, that might respond to PARP inhibitors. In accordance with 399 

this we illustrate that KDM6 attenuation in general sensitizes AML to PARP inhibition. 400 

We also demonstrate altered chromatin accessibility in KDM6 deficient AML. The majority 401 

of these changes entailed loss in accessibility to transcription factors (TFs), like TCF and 402 

FOXM, supporting KDM6A’s function as a transcriptional activator. Loss of TCF was reported to 403 

attenuate DSB repair and sensitizes colorectal cancer cells to radiotherapy (54). TCF target 404 

NEIL1, a base excision repair gene, is downregulated in KDM6A deficient cells. In addition, 405 

FOXM regulates transcription of BRIP1, which cooperates with BRCA1 to promote HR repair 406 

(55). BRIP1 expression is also downregulated in KDM6A deficient AML. HOXA9 is the mediator 407 

of resistance of MLL-AF9 leukemia to olaparib (25). It promotes transcription of key HR genes 408 

involved in DSB repair, like MCM9, NABP, BLM, ATM, RAD51C, RPA1, BRCA1 and BRCA2. 409 

Importantly, among genes downregulated in KDM6A deficient cells are NABP, ATM, BRCA1 410 
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and BRCA2. Additionally, our findings indicate a putative association of olaparib sensitivity with 411 

KDM6A expression and FLT3-ITD mutation. FLT3-ITD AML occurs in about 30% of all AML 412 

patients, have a high leukemic burden, poor prognosis and routinely relapse (56). FLT3-ITD has 413 

been shown to drive increased ROS production, resulting in extensive DNA damage 414 

accumulation (57). Therefore, together with low levels of KDM6A and impaired HR, it represents 415 

a suitable target for PARP inhibition. Indeed it has been demonstrated that FLT3-ITD AML is 416 

highly sensitive to olaparib (58).  417 

Loss of KDM6A expression and acquired resistance for conventional chemotherapy (8) led 418 

to the impetus to further interrogate potential synthetic lethal vulnerabilities in AML In sum, we 419 

present a molecular framework highlighting that absence of KDM6A is an important mediator of 420 

compromised DDR in different AML subtypes and determining response to PARP inhibition. 421 

Collectively, our results are in agreement with previous findings showing KDM6A tumor 422 

suppressor properties. Importantly, our findings greatly extend this field both mechanistically but 423 

also in terms of clinical relevance as it not only illustrates efficacy of PARP blockade in KDM6A 424 

deficient AML, but it also highlights proof of concept for epigenetic modulation guided 425 

combination targeted therapy (PARP and BCL2 blockade) in a different subtype of AML where 426 

KDM6A expression is upregulated or intact. Although bi-allelic Utx deficiency causes evolution 427 

to myeloid neoplasms, perhaps minimal KDM6 activity is important for survival of human AML 428 

cells similar to what observed in TET2 deficient AML (59). Transcriptional adaptation in 429 

response to genetic, epigenetic or metabolic perturbations remains a cardinal phenomenon of 430 

AML evolution. Adaptive chromatin remodelling mediated by KDM6 proteins were found to be 431 

important for persistence and drug tolerance of glioblastoma stem cells (60). Future studies 432 

should investigate to what extent KDM6 proteins cooperate with clonal hematopoiesis 433 

associated mutational burden and impinge on chromatin topology and epigenomic landscape in 434 

AML pathophysiology. KDM6 demethylases have been implicated in solid tumors, and both 435 
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PARP and BCL2 inhibitors are already being tested in cancer patients, suggesting a broader 436 

scope of application. To conclude, KDM6A emerges to be a common regulator for susceptibility 437 

of AML to both PARP and BCL2 inhibition, expanding the possibility to characterize effective 438 

combination targeted therapy for AML subtypes in pre/clinical settings.  439 

440 
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FIGURE LEGENDS  675 

Figure 1 KDM6 demethylases associate with DNA repair gene expression in AML.  676 

(A) Gene Ontology (GO) term analysis of the 4014 downregulated genes in Utx-/- AML cells.  677 

(B) RNA-seq heatmap showing expression of DDR genes in control and KDM6A and/or KDM6B 678 

deficient U937 cells (n=5). 679 

(C) Gene Set Enrichment Analysis (GSEA) for DDR pathway genes in KDM6A deficient U937 680 

cells compared to control.  681 

(D) Quantitative reverse transcriptase-PCR (qRT-PCR) analysis (normalized to 0h) of KDM6A in 682 

AML cells treated with 10 Gy γ-irradiation (γ-IR) (n=3).  683 

(E) Flow cytometry analysis showing mean fluorescence intensity (MFI) of KDM6A in OCI-AML-684 

5 cells irradiated with 10 Gy (n=3). 685 

(F) Flow cytometry analysis showing MFI of H3K27me3 in OCI-AML-5 cells irradiated with 10 686 

Gy (n = 3). 687 

qRT-PCR values were normalized to GAPDH. Data are representative of at least three 688 

independent experiments. Statistics were calculated with Student’s t-test; error bars represent 689 

means ± SD. *P < 0.05 or **P < 0.01 were considered to be statistically significant.  690 

 691 

Figure 2 Loss of KDM6 in AML cells impairs DDR gene expression and double stranded 692 

break (DSB) repair.  693 

(A) Schema representing screening assay for radiosensitive genes using pooled targeted 694 

lentiviral shRNA library in TEX leukemia cells.  695 

(B) Scatter plots showing distribution of KDM6A along with a few other known DNA repair 696 

associated genes with respect to the overall gene sets analyzed in the shRNA screening in 697 

response to 1 round (upper panel) or 3 rounds (lower panel) of radiation-recovery cycles. The 698 

values on the Y-axes denote the ratio [IR (treatment)/NT (control)] of individual shRNA 699 
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corresponding to each gene. Analysis of clone abundance (average of four replicates) of 700 

KDM6A targeting shRNA clones after 1 round or 3 rounds of γ-IR (1 Gy) and recovery cycles 701 

(right two panels).  702 

(C) qRT-PCR analysis (normalized to 0h) of HR genes in control and KDM6 deficient U937 cells 703 

treated with 10 Gy of γ-IR (n=2). 704 

(D) qRT-PCR analysis (normalized to 0h) of HR genes in DMSO (control) and GSK-J4 treated 705 

OCI-AML-2 cells treated with 10 Gy γ-IR (n=2). 706 

(E) qRT-PCR analysis (normalized to 0h) of HR genes in DMSO and GSK-J4 treated OCI-AML-707 

5 cells irradiated with 10 Gy (n=2). 708 

(F) Neutral comet assay showing distance of comet tail measured in control or KDM6A deficient 709 

AML cells after 2 hr of treatment with 10 Gy of γ-IR (n=2).  710 

(G) Immunofluorescence analysis (left) and quantitation (right) of γH2A.X foci per nucleus 711 

(n=40-50) in control or KDM6A deficient AML cells at different time points after treatment with 712 

10 Gy of γ-IR (n=2).  713 

qRT-PCR values were normalized to GAPDH. Data are representative of two to three 714 

independent experiments. Statistics were calculated with Student’s t-test; error bars represent 715 

means ± SD. *P < 0.05 or ***P < 0.001 were considered to be statistically significant.  716 

 717 

Figure 3 KDM6A regulates chromatin architecture at DDR loci.  718 

(A) qChIP analysis showing KDM6A chromatin occupancy on transcription start sites (TSS) of 719 

HR genes in U937 cells treated with 10 Gy of γ-IR.  720 

(B) qChIP analysis showing H3K27me3 chromatin occupancy on TSS of HR genes in control 721 

and KDM6A deficient U937 cells treated with 10 Gy of γ-IR.  722 

(C) ChIP-seq venn diagram analysis representing co-occupancy of KDM6A, SMARCC1 and 723 

H3K27ac (excluding H3K27me3) in primary AML. 724 
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(D) GO term analysis of the 1676 co-occupied genes from (C).  725 

(E) qChIP analysis showing chromatin occupancy and cooperation of KDM6A and SMARCC1 726 

(BAF155 subunit of the SWI/SNF complex) on TSS of HR genes in U937 cells treated with 10 727 

Gy of γ-IR.  728 

(F) qChIP analysis showing chromatin occupancy on TSS of KDM6A and KDM6B in U937 cells 729 

treated with 10 Gy of γ-IR. 730 

(G) ATAC-seq Motif analysis, of transcription factors associated with DDR gene regulation, 731 

representing a significant loss in chromatin accessibility in KDM6A deficient U937 cells.  732 

(H) ATAC-seq Motif analysis showing a gain in chromatin accessibility in KDM6A deficient AML.  733 

qChIP values were normalized to IgG. Data are representative of two independent experiments. 734 

Statistics were calculated with Student’s t-test; error bars represent means ± SD. *P < 0.05 was 735 

considered to be statistically significant. 736 

 737 

Figure 4 KDM6A deficiency sensitizes AML to PARP inhibition.  738 

(A) KDM6A and PARP1 mRNA expression z-scores (RNASeq v2 RSEM) heatmap cluster from 739 

OHSU AML dataset.  740 

(B) Gene expression correlation analysis of PARP1 with KDM6A in OHSU AML cohort (n=672). 741 

(C) Percent viability of AML cells treated with varying doses (from 1 nM to 1 mM) of GSK-J4 742 

alone (red) or olaparib alone (green) or in combination (blue) for 72 hr. Data represent average 743 

of two to three independent experiments with similar results. IC50 values are tabulated and 744 

combination index (Ci) at ED50 was calculated using CompuSyn v 1.0. Ci < 1 was considered as 745 

drug synergism.  746 

(D) IC50 of olaparib of control or KDM6A deficient AML cells cultured for 48 hr. Data represent 747 

average of two to three independent experiments with similar results.  748 
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(E) Bone marrow engraftment analysis of human CD45+ cells in NOD.SCIDs after treatment 749 

with vehicle or olaparib (n=5 for each treatment group).  750 

(F) Schema representing bone marrow engraftment analysis performed in KDM6A mutant AML 751 

patient-derived xenografts (PDX) in response to PARP inhibition. 752 

(G) Flow cytometry contour plots (left) and quantitative analysis (right) showing engraftment of 753 

human CD33+CD45+ cells in NSG mice after being treated with vehicle or olaparib (n=10 for 754 

each treatment group).  755 

Statistics were calculated with Student’s t-test; error bars represent means ± SD. *P < 0.05 was 756 

considered to be statistically significant.  757 

 758 

Figure 5 KDM6A associates with BCL2 and BCL2A1 expression.  759 

(A) Venetoclax tolerance (AUC) based on abundance of monocytic (Mono-) AML from Beat 760 

AML (n=702).  761 

(B) Venetoclax tolerance analysis performed between KDM6A-low and KDM6A-high expressing 762 

male AML from Beat AML cohort.  763 

(C) RNA-seq analysis showing expression of BCL2 and BCL2A1 between primitive (Prim-) AML 764 

(n=7) and monocytic (Mono-) AML (n=5) ROSlow LSCs. 765 

(D) Gene expression correlation analysis between KDM6A and BCL2A1 in OHSU AML dataset 766 

(n=672).  767 

(E) qRT-PCR analysis of control or KDM6A deficient U937 cells. Error bars represent means ± 768 

SEM.  769 

(F) Flow cytometry staggered histogram plots showing BCL2 expression in control or KDM6A 770 

deficient U937 cells.  771 

(G) qChIP analysis showing chromatin occupancy at BCL2 promoter region (-0.5 Kb) in control 772 

and KDM6A deficient U937.  773 
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(H) Flow cytometry staggered histogram plots showing BCL2 expression in AML cells treated 774 

with DMSO (blue) or GSK-J4 (red) at respective IC50 concentrations for 48 hr.  775 

qRT-PCR and qChIP values were normalized to GAPDH and IgG, respectively. Data represent 776 

two to three independent experiments. Statistics were calculated with Student’s t-test; error bars 777 

represent means ± SD if not specified otherwise. *P < 0.05 or ***P < 0.001 were considered to 778 

be statistically significant.  779 

 780 

Figure 6 Attenuation of KDM6 increases AML susceptibility to BCL2 blockade.  781 

(A) Percent viability of AML cells treated with varying doses (from 1 nM to 1 mM) of GSK-J4 782 

alone (var, black) or venetoclax alone (orange) or in combination (green) for 72 hr. Additional 783 

combination (blue) line represents a constant dose of GSK-J4 (con) used at half of the 784 

respective IC50 concentrations. Data represent average of two to three independent experiments 785 

with similar results. IC50 values are tabulated and Ci at ED50 was calculated using CompuSyn v 786 

1.0. Ci < 1 was considered as drug synergism.  787 

(B) Percent viability of control or KDM6A deficient U937 cells treated with varying doses (from 1 788 

nM to 1 mM) of venetoclax for 48 hr. Data represent average of two to three independent 789 

experiments with similar results.  790 

(C) Flow cytometry histogram overlay analysis showing mitochondrial membrane potential 791 

(MMP) in control or KDM6A deficient AML cells treated with olaparib (10 µM) or DMSO for 48 792 

hr. 793 

(D) Flow cytometry histogram overlay analysis showing MMP in AML cells treated with DMSO 794 

(orange) or GSK-J4 (blue) or olaparib (green) or a combination of GSK-J4 and olaparib (red) at 795 

respective IC50 doses for 72 hr.  796 

 797 
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Figure 7 KDM6A-domain mutant primary AML cells are even more sensitive to 798 

combination of PARP and BCL2 blockade.  799 

(A) Schema showing primary AML cells carrying different KDM6A-domain mutants used in our 800 

study.  801 

(B-C) Percent viability of primary AML cells, carrying (B) wild type or (C) mutant KDM6A, treated 802 

with varying doses (from 1 nM to 1 mM) of olaparib alone (green) or venetoclax alone (blue) or 803 

in combination (red) for 48 hr. Data represent average of two independent experiments with 804 

similar results. IC50 values are tabulated and Ci at ED50 was calculated using CompuSyn v 1.0. 805 

Ci < 1 was considered as drug synergism.  806 

(D) Flow cytometry contour analysis showing apoptotic cell populations in KDM6A-wild type 807 

(upper panels) and KDM6A-mutant (lower panels) primary AML patient-derived mononuclear 808 

cells in response to either DMSO, olaparib, venetoclax, or a combination of olaparib and 809 

venetoclax for 48 hr.  810 

(E) Overall schema represents KDM6 deficiency induced sensitization of PARP and BCL2 811 

blockade in AML  812 
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Figures

Figure 1

KDM6 demethylases associate with DNA repair gene expression in AML.

(A) Gene Ontology (GO) term analysis of the 4014 downregulated genes in Utx-/- AML cells.

(B) RNA-seq heatmap showing expression of DDR genes in control and KDM6A and/or KDM6B

de�cient U937 cells (n=5).

(C) Gene Set Enrichment Analysis (GSEA) for DDR pathway genes in KDM6A de�cient U937

cells compared to control.

(D) Quantitative reverse transcriptase-PCR (qRT-PCR) analysis (normalized to 0h) of KDM6A in

AML cells treated with 10 Gy γ-irradiation (γ-IR) (n=3).

(E) Flow cytometry analysis showing mean �uorescence intensity (MFI) of KDM6A in OCI-AML-

5 cells irradiated with 10 Gy (n=3).

(F) Flow cytometry analysis showing MFI of H3K27me3 in OCI-AML-5 cells irradiated with 10

Gy (n = 3).

qRT-PCR values were normalized to GAPDH. Data are representative of at least three independent
experiments. Statistics were calculated with Student’s t-test; error bars represent means ± SD. *P < 0.05 or
**P < 0.01 were considered to be statistically signi�cant.



Figure 2

Loss of KDM6 in AML cells impairs DDR gene expression and double stranded break (DSB) repair.

(A) Schema representing screening assay for radiosensitive genes using pooled targeted

lentiviral shRNA library in TEX leukemia cells.



(B) Scatter plots showing distribution of KDM6A along with a few other known DNA repair associated
genes with respect to the overall gene sets analyzed in the shRNA screening in response to 1 round (upper
panel) or 3 rounds (lower panel) of radiation-recovery cycles. The values on the Y-axes denote the ratio [IR
(treatment)/NT (control)] of individual shRNA

corresponding to each gene. Analysis of clone abundance (average of four replicates) of KDM6A
targeting shRNA clones after 1 round or 3 rounds of γ-IR (1 Gy) and recovery cycles (right two panels).

(C) qRT-PCR analysis (normalized to 0h) of HR genes in control and KDM6 de�cient U937 cells

treated with 10 Gy of γ-IR (n=2).

(D) qRT-PCR analysis (normalized to 0h) of HR genes in DMSO (control) and GSK-J4 treated

OCI-AML-2 cells treated with 10 Gy γ-IR (n=2).

(E) qRT-PCR analysis (normalized to 0h) of HR genes in DMSO and GSK-J4 treated OCI-AML-

5 cells irradiated with 10 Gy (n=2).

(F) Neutral comet assay showing distance of comet tail measured in control or KDM6A de�cient

AML cells after 2 hr of treatment with 10 Gy of γ-IR (n=2).

(G) Immuno�uorescence analysis (left) and quantitation (right) of γH2A.X foci per nucleus (n=40-50) in
control or KDM6A de�cient AML cells at different time points after treatment with 10 Gy of γ-IR (n=2).

qRT-PCR values were normalized to GAPDH. Data are representative of two to three independent
experiments. Statistics were calculated with Student’s t-test; error bars represent means ± SD. *P < 0.05 or
***P < 0.001 were considered to be statistically signi�cant.



Figure 3

KDM6A regulates chromatin architecture at DDR loci.

(A) qChIP analysis showing KDM6A chromatin occupancy on transcription start sites (TSS) of

HR genes in U937 cells treated with 10 Gy of γ-IR.



(B) qChIP analysis showing H3K27me3 chromatin occupancy on TSS of HR genes in control

and KDM6A de�cient U937 cells treated with 10 Gy of γ-IR.

(C) ChIP-seq venn diagram analysis representing co-occupancy of KDM6A, SMARCC1 and

H3K27ac (excluding H3K27me3) in primary AML.

(D) GO term analysis of the 1676 co-occupied genes from (C).

(E) qChIP analysis showing chromatin occupancy and cooperation of KDM6A and SMARCC1 (BAF155
subunit of the SWI/SNF complex) on TSS of HR genes in U937 cells treated with 10 Gy of γ-IR.

(F) qChIP analysis showing chromatin occupancy on TSS of KDM6A and KDM6B in U937 cells

treated with 10 Gy of γ-IR.

(G) ATAC-seq Motif analysis, of transcription factors associated with DDR gene regulation,

representing a signi�cant loss in chromatin accessibility in KDM6A de�cient U937 cells.

(H) ATAC-seq Motif analysis showing a gain in chromatin accessibility in KDM6A de�cient AML. qChIP
values were normalized to IgG. Data are representative of two independent experiments. Statistics were
calculated with Student’s t-test; error bars represent means ± SD. *P < 0.05 was considered to be
statistically signi�cant.



Figure 4

KDM6A de�ciency sensitizes AML to PARP inhibition.

(A) KDM6A and PARP1 mRNA expression z-scores (RNASeq v2 RSEM) heatmap cluster from

OHSU AML dataset.



(B) Gene expression correlation analysis of PARP1 with KDM6A in OHSU AML cohort (n=672). (C) Percent
viability of AML cells treated with varying doses (from 1 nM to 1 mM) of GSK-J4 alone (red) or olaparib
alone (green) or in combination (blue) for 72 hr. Data represent average of two to three independent
experiments with similar results. IC50 values are tabulated and combination index (Ci) at ED50 was
calculated using CompuSyn v 1.0. Ci < 1 was considered as drug synergism.

(D) IC50 of olaparib of control or KDM6A de�cient AML cells cultured for 48 hr. Data represent

average of two to three independent experiments with similar results.

(E) Bone marrow engraftment analysis of human CD45+ cells in NOD.SCIDs after treatment

with vehicle or olaparib (n=5 for each treatment group).

(F) Schema representing bone marrow engraftment analysis performed in KDM6A mutant AML

patient-derived xenografts (PDX) in response to PARP inhibition.

(G) Flow cytometry contour plots (left) and quantitative analysis (right) showing engraftment of human
CD33+CD45+ cells in NSG mice after being treated with vehicle or olaparib (n=10 for each treatment
group).

Statistics were calculated with Student’s t-test; error bars represent means ± SD. *P < 0.05 was

considered to be statistically signi�cant.



Figure 5

KDM6A associates with BCL2 and BCL2A1
expression.
(A) Venetoclax tolerance (AUC) based on abundance of monocytic (Mono-) AML from Beat



AML (n=702).

(B) Venetoclax tolerance analysis performed between KDM6A-low and KDM6A-high expressing

male AML from Beat AML cohort.

(C) RNA-seq analysis showing expression of BCL2 and BCL2A1 between primitive (Prim-) AML

(n=7) and monocytic (Mono-) AML (n=5) ROSlow LSCs.

(D) Gene expression correlation analysis between KDM6A and BCL2A1 in OHSU AML dataset

(n=672).

(E) qRT-PCR analysis of control or KDM6A de�cient U937 cells. Error bars represent means ±

SEM.

(F) Flow cytometry staggered histogram plots showing BCL2 expression in control or KDM6A

de�cient U937 cells.

(G) qChIP analysis showing chromatin occupancy at BCL2 promoter region (-0.5 Kb) in control

and KDM6A de�cient U937.

(H) Flow cytometry staggered histogram plots showing BCL2 expression in AML cells treated

with DMSO (blue) or GSK-J4 (red) at respective IC50 concentrations for 48 hr.

qRT-PCR and qChIP values were normalized to GAPDH and IgG, respectively. Data represent two to three
independent experiments. Statistics were calculated with Student’s t-test; error bars represent means ± SD
if not speci�ed otherwise. *P < 0.05 or ***P < 0.001 were considered to be statistically signi�cant.



Figure 6

Attenuation of KDM6 increases AML susceptibility to BCL2 blockade.

(A) Percent viability of AML  cells treated with varying doses (from 1 nM to 1 mM) of GSK-J4     alone (var,
black) or venetoclax alone (orange) or in combination (green) for 72 hr.  Additional    combination  (blue)
  line  represents  a   constant  dose  of   GSK-J4  (con)  used  at   half  of  the  respective IC50



concentrations. Data represent average of two to three independent experiments with similar results. IC50
values are tabulated and Ci at ED50 was calculated using CompuSyn v  1.0. Ci < 1 was considered as
drug synergism.

(B) Percent viability of control or KDM6A de�cient U937 cells treated with varying doses (from 1  nM to 1
mM) of venetoclax for 48 hr. Data represent average of  two to three independent       experiments with
similar results.

(C)  Flow   cytometry  histogram  overlay   analysis  showing  mitochondrial   membrane  potential (MMP)
in control or KDM6A de�cient AML cells treated with olaparib (10 µM) or DMSO for 48    hr.

(D) Flow cytometry histogram overlay analysis showing MMP   in AML cells treated with DMSO  
 (orange) or GSK-J4 (blue) or olaparib (green) or a combination of GSK-J4 and olaparib (red) at
 respective IC50 doses for 72 hr.



Figure 7

KDM6A-domain mutant primary AML cells are even more sensitive to combination of PARP and BCL2
blockade.

(A) Schema showing primary AML cells carrying different KDM6A-domain mutants used in our



study.

(B-C) Percent viability of primary AML cells, carrying (B) wild type or (C) mutant KDM6A, treated with
varying doses (from 1 nM to 1 mM) of olaparib alone (green) or venetoclax alone (blue) or   in
combination (red) for 48 hr. Data represent average of two independent experiments with     similar
results. IC50 values are tabulated and Ci at ED50 was calculated using CompuSyn v 1.0.  Ci < 1 was
considered as drug synergism.

(D)  Flow cytometry contour  analysis   showing  apoptotic  cell populations in  KDM6A-wild type  (upper
 panels)   and KDM6A-mutant (lower   panels)  primary AML patient-derived mononuclear  cells in
 response  to   either  DMSO,  olaparib,   venetoclax,  or  a   combination  of  olaparib   and venetoclax for
48 hr.

(E) Overall schema represents KDM6 de�ciency induced sensitization of PARP and BCL2

blockade in AML
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