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Abstract

The histone demethylase KDM6B (JMJD3) is upregulated in blood disorders, suggesting it may 

have important pathogenic functions. Here we examined the function of Kdm6b in hematopoietic 

stem cells (HSC) to evaluate its potential as a therapeutic target. Loss of Kdm6b lead to depletion 

of phenotypic and functional HSCs in adult mice, and Kdm6b is necessary for HSC self-renewal 

in response to inflammatory and proliferative stress. Loss of Kdm6b leads to a pro-differentiation 

poised state in HSCs due to the increased expression of the AP-1 transcription factor complex (Fos 
and Jun) and immediate early response (IER) genes. These gene expression changes occurred 

independently of chromatin modifications. Targeting AP-1 restored function of Kdm6b-deficient 

HSCs, suggesting Kdm6b regulates this complex during HSC stress response. We also show 

Kdm6b supports developmental context-dependent leukemogenesis for T-cell acute lymphoblastic 

leukemia (T-ALL) and M5 acute myeloid leukemia (AML). Kdm6b is required for effective fetal-

derived T-ALL and adult-derived AML, but not vice versa. These studies identify a crucial role for 
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Kdm6b in regulating HSC self-renewal in different contexts, and highlight the potential of 

KDM6B as a therapeutic target in different hematopoietic malignancies.
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INTRODUCTION

KDM6B (JMJD3) is one of two epigenetic modifiers responsible for enzymatic removal of 

the repressive chromatin mark histone H3 lysine 27 trimethylation (H3K27me3)1. 

H3K27me3 is associated with transcriptional repression and gene silencing2. Demethylation 

of H3K27me3 by either KDM6B or UTX1 (KDM6A) is required for resolution of bivalent 

chromatin domains, lineage-specific gene expression and differentiation in embryonic stem 

cells3–6. In somatic cells, KDM6B plays a role in stress response in macrophages7–9, 

hippocampal neurons10, and fibroblasts11, 12, and may have demethylase-independent 

functions in response to different physiological perturbations7, 13. However, most of these 

studies have been performed in cell lines. As these molecular functions of epigenetic 

regulators are highly cell type-dependent, analysis of purified populations is required to 

deconvolute specific activities in primary cells.

Genome sequencing of hematopoietic malignancies has identified somatic mutations in 

many epigenetic modifiers14–16. While UTX1 mutations are recurrent in blood cancers16, 17, 

KDM6B mutations have not been identified apart from chromosomal deletions in Sezary 

syndrome18. In contrast, KDM6B is over-expressed in a myriad of blood disorders including 

myelodysplastic syndromes (MDS)19, Hodgkin’s lymphoma (HL)20, multiple myeloma 

(MM)13, and T-cell acute lymphoblastic leukemia (T-ALL)21. KDM6B seems to have 

opposing roles in leukemia development dependent on morphological subtype and genetic 

background. While UTX1 acts as a tumor suppressor in NOTCH1-driven T-ALL, KDM6B 

supports this leukemia by activating oncogenic gene expression21. In contrast, KDM6B has 

oncorepressor activity M2/M3 AML (granulocytic subtypes). Downregulation of KDM6B in 

these AMLs results in differentiation arrest and correlates with poor clinical outcomes22. 

The role of KDM6B in hematopoietic development must be defined to understand the 

mechanisms through which it acts in different leukemia subtypes.

A recent study showed constitutive over-expression of Kdm6b in the hematopoietic system 

leads to upregulation of genes involved in innate immune signaling, resulting in 

compromised hematopoiesis and pathologies reminiscent of human MDS23. But the function 

of Kdm6b specifically in hematopoietic stem cells (HSCs) has not been studied. Here, we 

developed a conditional genetic mouse model to study Kdm6b in hematopoietic 

development, HSC fate decisions and leukemogenesis. We show that loss of Kdm6b leads to 

the inability for HSCs to self-renew following proliferative stress, driven in part by 

H3K27me3-independent dysregulation of the AP-1 transcription factor complex. We also 

show that Kdm6b supports context-dependent leukemia initiation and maintenance, 

conditional upon disease subtype and developmental age.
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METHODS

Mice and Transplantation

All animal procedures were approved by the Institutional Animal Care and Use Committee 

at Washington University. All mice were C57Bl/6 background. Kdm6bfl/fl24 and Utx1fl/fl 25 

mice were crossed to Vav-CRE26, Mx1-CRE27 or ERT2-CRE28 strains. Six doses (300 μg/

mouse) of polyinosinic:polycytidylic acid (pIpC; Sigma #p1530) were administered every 

other day via intraperitoneal injection to induce Mx1-CRE. Nine doses (4 mg) of Tamoxifen 

(Sigma #T5648) in corn oil (Sigma #C8267) were administered via oral gavage to induce 

ERT2-CRE. For transplantation, recipient mice (CD45.1) were given a split dose (~4-hours 

apart) of lethal irradiation (10.5 Gy). For secondary leukemia transplants, recipient mice 

were given a sublethal dose (6.0 Gy) of irradiation.

Flow Cytometry

Samples were incubated at 4°C for >20 minutes with appropriate antibodies. Bone marrow 

was enriched with anti-mouse CD117-conjugated microbeads (Miltenyi Biotec 

#130-091-224) prior to HSC purification. Donor cell chimerism (CD45.1 vs. CD45.2) and 

lineage contribution was determined by assessing myeloid (Gr-1+ Mac-1+), B-cell (B220+) 

and T-cell (CD3e+) populations in peripheral blood. For intracellular flow cytometry, 

samples were stained for surface markers overnight at 4°C, processed using the Cytofix/

Cytoperm Kit (BD Biosciences #554714), then stained with intracellular antibodies for 20 

minutes at room temperature.

Plasmids and Viral Transduction

293T (ATCC #CRL-3216) cells were co-transfected with packaging vector (pCL-Eco) and 

either empty vector control (MIG-GFP), MIG-NICD or MIG-MLL-AF9 using 

Lipofectamine 3000 (ThermoFisher Scientific #L3000008). 1.0×106 cells/500uL were plated 

in Stempro-34 medium (Gibco #10639011) supplemented with Pen-Strep (100 Units/mL), 

L-glutamine (2 mM), mSCF (100 ng/mL), mTPO (100ng/mL), mFlt3L (50ng/mL), mIL-3 (5 

ng/mL), and polybrene (4 μg/mL; Sigma), and spinfected with retrovirus supernatant at 250g 

for two-hours.

RNA-SEQ

RNA was isolated using the NucleoSpin RNA XS kit (Macherey-Nagel #740902.250). The 

SMARTer Ultra Low RNA kit (Clontech) was used to prepare libraries. Sequencing was 

performed with an Illumina HiSeq-3000. RNA-seq reads were aligned to the Ensembl 

release 76 top-level assembly with STAR version 2.0.4b29. Gene counts were derived from 

the number of uniquely aligned reads by Subread:featureCount version 1.4.530, 31. Transcript 

counts were generated by Sailfish version 0.6.332. Gene set enrichment analysis (GSEA)33 

was performed to identify dysregulated genesets. Primary data is available under GEO 

accession number GSE110378.
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ChIP-mentation

ChIP-mentation was performed as previously described34. Chromatin was sheared using a 

Covaris E220 Focused-ultrasonicator and incubated overnight at 4°C with H3K27me3 

antibody (Diagenode #pAb-069–050) or H3K4me3 antibody (Diagenode #pAb-003–050). 

Libraries were sequenced on an Illumina Hiseq 3000. Sequences were aligned to mm10 

using Bowtie235. Peak calling was performed with hiddenDomains36, the R package 

ChIPQC37 was used for quality control including PCA plots. HOMER plots for H3K27me3 

and H3K4me3 were made using deepTools38. BEDOPS39 was used to determine 

overlapping and unique peaks. Primary data is available under GEO accession number 

GSE110378.

ATAC-seq

Using a modified Omni-ATAC method40, 10,000 HSCs were sorted and the transposition 

reaction was carried out in 2x TD/Transposase buffer with transposase (Nextera) for 30 

minutes at 37°C. Libraries were generated using NEBnext (NewEngland Biolabs) and run 

on an Illumina Hiseq 3000. Primary data is available under GEO accession number 

GSE110378.

Statistics

Student t-test, one-way, and two-way ANOVA’s were used for statistical comparisons where 

appropriate. Survival curves were analyzed using a Mantel-Cox logrank test. Significance is 

indicated using the following convention: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

All graphs represent mean ± S.E.M.

RESULTS

Loss of Kdm6b results in depletion of primitive hematopoietic progenitors

A conditional knockout mouse was generated by crossing the Vav-CRE driver26 to delete 

floxed exons 14–2024 of Kdm6b in hematopoietic cells. Complete floxed allele 

recombination was observed in HSCs (Lineage- Sca-1+ c-Kit+ CD48- CD150+ EPCR+; 

Supplementary Figure 1a). Complete protein ablation was observed in thymocytes 

(Supplementary Figure 1b), but global H3K27me3 was unchanged (Supplementary Figure 

1c). Whole bone marrow (WBM) cellularity (Supplementary Figure 1d) and spleen weight 

(Supplementary Figure 1e) were unchanged in young adult (eight-week old) Vav-

CRE:Kdm6bfl/+ (Kdm6b-HetVAV) and Vav-CRE:Kdm6bfl/fl (Kdm6b-KOVAV) mice. Both 

heterozygous- and homozygous mice showed increased B-cells and reduced myeloid cells in 

the blood (Supplementary Figure 1f) compared to control mice (Vav-CRE:Kdm6b+/+ = 

ControlVav). No hematological disease was observed in mutant mice by 80-weeks of age and 

blood counts remained relatively normal (Supplementary Figure 1g–k).

Flow cytometry analysis (Figure 1a) revealed slightly reduced frequency and absolute 

number of HSCs and multipotent progenitor cell (MPPs; Lineage- EPCR+ c-Kit+ Sca-1+ 

CD48- CD150-) in young adult Kdm6b-KOVAV mice (Figure 1b). This depletion of HSCs 

and MPPs was magnified in aged mice (Figure 1c). Colony-forming units were reduced in 

Kdm6b-KOVAV WBM (Figure 1d) and serial replating of purified heterozygous- and 
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homozygous HSCs was defective (Figure 1e). Detailed analysis revealed minimal 

differences in myeloid (Supplementary Figure 2a–c), lymphoid (Supplementary Figure 2d–

f), B-cell (Supplementary Figure 2g–i) and erythroid (Supplementary Figure 2j–l) 

progenitors with age. In agreement with previous studies41, there was increased CD4+ and 

CD8a+ cells in the thymus of Kdm6b-KOVAV mice (Supplementary Figure 2m–o).

Kdm6b is required for HSC self-renewal

To determine if loss of phenotypic HSCs in Kdm6b-KOVAV mice correlated with functional 

decline, limiting dilutions of WBM from ControlVAV, Kdm6b-HetVAV and Kdm6b-KOVAV 

mice were competitively transplanted. Recipients were classified as long-term multi-lineage 

reconstituted (LTMR) if B-cell, T-cell and myeloid blood lineages had >1% donor-derived 

engraftment at 16-weeks post-transplant (Figure 2a). The proportion of LTMR mice at each 

dose was used to calculate long-term repopulating cell frequency42. While ControlVAV and 

Kdm6b-HetVAV mice had a comparable frequency of long-term repopulating cells (1:49,984 

and 1:55,422 respectively), Kdm6b-KOVAV WBM was estimated to have a two-fold 

reduction (1:108,101; p=0.054, Figure 2b). Kdm6b-KOVAV HSCs were reduced in recipient 

mice 18-weeks post-transplant (Figure 2c). To assess self-renewal, 3.0×106 WBM from 

LTMR mice was transferred to secondary recipients. Kdm6b-KOVAV secondary recipients 

had no long-term engraftment (Figure 2d). While overall engraftment was equivalent 

between ControlVAV and Kdm6b-HetVAV recipients, only 37.5% of Kdm6b-HetVAV recipient 

mice were LTMR compared to 83.3% of ControlVAV recipients (Figure 2e). Post-secondary 

transplant, Kdm6b-HetVAV HSCs were reduced in recipient bone marrow (Figure 2f).

To examine Kdm6b function specifically in HSCs, 200 HSCs were purified from 

ControlVAV, Kdm6b-HetVAV and Kdm6b-KOVAV mice and competitively transplanted. 

While initial engraftment was comparable, subsequent timepoints showed significantly 

decreased contribution from Kdm6b-KOVAV HSCs (Figure 2g). Kdm6b-HetVAV and 

Kdm6b-KOVAV HSCs contributed equally to all three blood lineages (Figure 2h). 18-weeks 

post-transplant, 200 HSCs from primary recipients were re-purified and transplanted into 

secondary recipients. The severe reduction in donor-derived HSCs (Figure 2i) in Kdm6b-

KOVAV recipients precluded secondary transfer. Secondary transplant saw a mild reduction 

in donor-derived chimerism in Kdm6b-HetVAV recipients (Supplementary Figure 3a) across 

all blood lineages (Supplementary Figure 3b), but post-secondary transplant there was a 

significant reduction in Kdm6b-HetVAV donor-derived HSCs (Supplementary Figure 3c). 

The engraftment deficiency from Kdm6b-mutant mice could not be attributed to homing 

defects (Supplementary Figure 3d). To examine effect of age, 5.0×105 WBM from old (80-

week) ControlVAV, Kdm6b-HetVAV, or Kdm6b-KOVAV mice was transplanted with 2.5×105 

wild-type WBM competitor cells. Aged WBM from Kdm6b-HetVAV and Kdm6b-KOVAV 

mice showed a significant reduction in blood chimerism (Figure 2j), lymphoid engraftment 

(Figure 2k), and HSC regeneration (Figure 2l).

Kdm6b loss leads to a stress response gene expression signature in HSCs independent of 
chromatin changes

To elucidate mechanisms underlying self-renewal defect of Kdm6b-KOVAV HSCs, global 

transcriptomic analysis was performed. Comparison of RNA-seq profiles of ControlVAV and 
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Kdm6b-KOVAV HSCs to define genes with >2-fold increased or decreased expression 

(adjusted p-value <0.05) identified 649 genes (Supplementary Table 1). The majority 

(88.3%) of these genes showed increased expression in Kdm6b-KOVAV HSCs (Figure 3a). 

Gene Set Enrichment Analysis (GSEA) identified several inflammatory response pathways 

upregulated in Kdm6b-KOVAV HSCs (Supplementary Figure 4a). The expression profile of 

Kdm6b-KOVAV HSCs overlapped with genesets enriched in aged HSCs (p=3.8655×10−8)43 

and immediate early response (IER) genes (p=1.6495×10−9)44. Genes downregulated in 

HSCs in response to 5-Flurouracil (5-FU)45 were significantly upregulated in Kdm6b-
KOVAV HSCs (p=0.000295; Figure 3b), suggesting loss of Kdm6b results in a state whereby 

HSCs are primed for differentiation. Of the overlapping genes, the IER master transcription 

factor AP-1 subunits Jun and Fos were consistently identified (Figure 3b).

ChIP-mentation34 for H3K27me3 and H3K4me3 was performed on ControlVAV and Kdm6b-

KOVAV HSCs to determine if gene expression differences were associated with chromatin 

changes. H3K4me3 peaks were highly overlapping (Supplementary Figure 4b) with 99.98% 

of the 16,163 peaks within 5kB of a transcriptional start site conserved between ControlVAV 

and Kdm6b-KOVAV HSCs (Supplementary Figure 4c–e). Similarly, of the 6,232 H3K27me3 

domains within 5kB of a transcriptional start site, 99.94% were conserved between 

genotypes (Figure 3c). No differentially expressed genes in Kdm6b-KOVAV HSCs were 

associated with changes in chromatin methylation (Figure 3d,e), exemplified by Fos and Jun 
(Figure 3f). ATAC-seq was performed on ControlVAV and Kdm6b-KOVAV HSCs, but there 

were also minimal differences in chromatin accessibility with only 1,305 peaks enriched in 

ControlVav HSCs compared to 91,276 total peaks (1.43%; Supplementary Figure 4f). 

Similarly, only 1,688/81,203 ATAC-seq peaks (2.08%) were enriched in Kdm6b-KOVAV 

HSCs (Supplementary Figure 4g; Supplementary Table 2). Interestingly, one of the few loci 

that showed a change in chromatin accessibility in Kdm6b-KOVAV HSCs encompassed Fos 
(Figure 3g). The Jun locus also appeared more open in Kdm6b-KOVav HSCs although not 

statistically significant (Figure 3g). But like other results, the open chromatin at these loci in 

the mutant HSCs was not associated with increased marks of active chromatin like H3K9ac 

and H3K27ac (Figure 3g).

Inflammatory stress rapidly depletes Kdm6b-deficient HSCs

Gene expression analysis of Kdm6b-KOVAV HSCs enlightened a previous result. To initially 

study Kdm6b in HSCs, Kdm6bfl/fl mice were crossed to the Mx1-CRE driver27. Mx1-CRE 

is induced in hematopoietic cells by polyinosinic:polycytidylic (pIpC) acid, an 

immunostiumulant that elicits an IFNα response46. Mx1-CRE:Kdm6b+/+ (ControlMX1), 

Mx1-CRE:Kdm6bfl/+ (Kdm6b-HetMX1), and Mx1-CRE:Kdm6bfl/fl (Kdm6b-KOMX1) mice 

were treated with six-doses of pIpC, allowed to recover for six-weeks, then 200 HSCs were 

competitively transplanted. Kdm6b-KOMX1 HSCs showed severely compromised 

engraftment (Figure 4a) and HSC regeneration (Figure 4b). At the time of transplant, 

individual HSCs were concurrently sorted to determine floxing efficiency. 56.9% of Kdm6b-

KOMX1 HSCs retained both floxed alleles, and only 22.3% of HSCs had deletion of both 

Kdm6b alleles (Figure 4c). While efficiency of recombination in Kdm6b-HetMX1 HSCs was 

higher, 30.5% were still intact (Figure 4c). To determine if this CRE-deficiency was specific 

to the Kdm6b allele, floxing efficiency of Mx1-CRE:Utx1fl/+ (Utx1-HetMX1) HSCs was 
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assessed25. Only 9.1% of Utx1-HetMX1 HSCs were not recombined six-weeks post-pIpC 

(Figure 4c). Post-transplant, only 10.8% of Kdm6b-HetMX1 HSCs retained unrecombined 

alleles (Figure 4c). We were unable to recover Kdm6b-KOMX1 HSCs post-transplant to 

assess floxing efficiency. While primary Kdm6b-HetMX1 recipients showed no engraftment 

defects, secondary transplantation showed a significant decrease (Figure 4d). 18-weeks post-

secondary transplant, donor-derived HSCs were virtually undetectable in Kdm6b-HetMX1 

recipients (Figure 4e).

To determine why Kdm6b-deficient HSCs were rapidly depleted in response to pIpC, 200 

HSCs from untreated Mx1-CRE:Kdm6b+/+ and Mx1-CRE:Kdm6bfl/fl mice were 

transplanted, then treated with pIpC four-weeks post-transplant. Granulocytes were purified 

from donor mice pre-transplant, and compared to donor-derived granulocytes from recipient 

mice to examine floxing efficiency. As granulocytes have a very short half-life, their 

generation reflects the output of active HSCs. Analysis of genomic DNA indicated 

granulocytes two-weeks post-pIpC were derived from efficiently recombined Kdm6b-

KOMX1 HSCs (Figure 4f). Two-weeks post-pIpC, there was already significant depletion of 

Kdm6b-KOMX1 HSCs (Figure 4g). But of the residual Kdm6b-KOMX1 HSCs, ~90% did 

show recombination of both Kdm6b alleles (Figure 4h). This indicates that pIpC-driven 

recombination of Kdm6b flox alleles using Mx1-CRE is efficient, but those HSCs 

differentiate rapidly under inflammatory stress and become depleted from the HSC pool.

Kdm6b-deficient HSCs are primed for differentiation

To examine the role of Kdm6b in HSC function in response to other proliferative stress, 

mice were injected with 5-FU. 5-FU is a myeloablative agent that kills cycling 

hematopoietic cells, forcing the quiescent HSCs into cycle to repopulate the depleted bone 

marrow45. While Kdm6b-deficient mice were capable of initial hematopoietic recovery 

(Figure 5a), upon serial 5-FU injection both Kdm6b-HetVAV and Kdm6b-KOVAV mice 

showed significantly decreased survival (Figure 5b), indicative of impaired HSC 

regenerative capacity.

To examine the inflammatory response of Kdm6b-deficient HSCs without the confounding 

effects of Mx1-CRE, hematopoietic chimeras were generated by transplanting mice with 

2.5×105 WBM from ControlVAV, Kdm6b-HetVAV and Kdm6b-KOVAV donors along with 

2.5×105 wild-type WBM competitor cells and treated with pIpC or PBS (control) five-weeks 

post-transplant. Kdm6b-KOVAV engraftment increased significantly in pIpC-treated 

recipients (Figure 5c), suggesting these HSCs differentiate more rapidly in response to 

inflammation. To investigate the acute kinetics of HSC response to inflammatory stress, 

mice were treated with two doses of pIpC and analyzed 24-hours after the second injection. 

While ControlVAV HSCs (Lineage- c-Kit+ EPCR+ CD48- CD150+; Sca-1 is excluded 

because it is IFN-responsive) increased post-pIpC, Kdm6b-HetVAV and Kdm6b-KOVAV 

HSCs showed no change (Figure 5d). But the total Kdm6b-KOVAV progenitor cell pool 

(Lineage- c-Kit+ EPCR+; Figure 5d) expanded after pIpC. The changes in HSC and 

progenitor cell frequency between the genotypes could not be attributed to altered apoptotic 

response to pIpC (Figure 5e). Cell cycle analysis showed reduced quiescence amongst all 

HSC and progenitor genotypes following pIpC (Figure 5f). This indicates that upon 
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inflammatory stress, Kdm6b-KOVAV HSCs differentiate to downstream progenitors, but fail 

to self-renew. Cumulatively, these data suggest that Kdm6b acts to limit the differentiation 

response of HSCs after inflammatory stress to preserve the HSC pool.

Kdm6b regulates the HSC stress response through the AP-1 transcription factor complex

Downregulation of the AP-1 transcription factor complex downregulation is associated with 

differentiation arrest47–49. The AP-1 complex subunits Fos and Jun were over-expressed in 

Kdm6b-KOVAV HSCs at basal conditions and upon inflammatory or myeloablative stress, 

Fos and Jun became even more over-expressed in Kdm6b-KOVAV HSCs (Figure 6a,b), as did 

AP-1 target IER genes (Dusp1, Zfp36, and Ier2; Supplementary Figure 5). If downregulation 

of AP-1 inhibits differentiation, we hypothesized that AP-1 over-expression may enforce 

stem cell differentiation and drive depletion of Kdm6b-KOVAV HSCs following proliferative 

stress. As such, ectopic expression of Fos and Jun in wild-type HSCs may produce a 

phenotype similar to Kdm6b-KOVAV HSCs. ControlVAV c-Kit enriched WBM was co-

transduced (Supplementary Figure 6a) with lentiviruses expressing either Fos-GFP or Jun-

mCherry in parallel with empty vector control viruses and transplanted. Total donor-derived 

(CD45.2+) engraftment in both the control and over-expression recipients was comparable 

(Figure 6c). However, in the AP-1 over-expression recipients, there was a significant 

depletion of Fos-GFP and Jun-mCherry expressing cells in the blood (Figure 6d). By eight-

weeks post-transplant, 90% of donor-derived cells were double negative (not expressing 

either Fos or Jun), despite representing only <25% of the initial transplanted population. BM 

analysis showed a significant reduction in AP-1 over-expressing progenitors (Figure 6e), 

which phenocopies loss of Kdm6b and implies upregulation of AP-1 forces HSC 

differentiation.

To determine if inhibiting Fos and Jun could rescue Kdm6b-KOVAV HSC function, shRNAs 

were generated (Supplementary Figure 6b) and c-Kit enriched WBM from ControlVAV and 

Kdm6b-KOVAV mice was transduced with LacZ (control) or Fos- (marked by GFP) / Jun- 

(marked by mCherry) targeting shRNA viruses (Supplementary Figure 6c) and transplanted 

into lethally irradiated mice. Knockdown of Fos and Jun significantly increased engraftment 

of Kdm6b-KOVAV cells over all groups (Figure 6f), implying Kdm6b-deficient progenitor 

cells are extremely sensitive to modulation of AP-1 activity. There was no difference in 

peripheral blood engraftment between LacZ and Fos- / Jun-shRNA transduced ControlVAV 

cells, and there was equal transduction representation across all groups in donor-derived 

blood cells at 16-weeks post-transplant (Figure 6g). Fos- / Jun-knockdown also restored 

bone marrow progenitors in Kdm6b-KOVAV recipients (Figure 6h) without biases in shRNA 

representation (Figure 6i). Thus, inhibiting AP-1 in Kdm6b-KOVAV HSCs rescues their 

engraftment defects.

Kdm6b is required for self-renewal of MLL-AF9 leukemia-initiating cells

Over-expression of KDM6B can inhibit growth of M2/M3 AML cells, but has not M5 

(granulocytic subtype) AML22. But as expression level does not always equate with activity, 

to clarify a function of Kdm6b in M5 AML, c-Kit enriched WBM from ControlVAV, 

Kdm6b-HetVAV and Kdm6b-KOVAV mice was transduced with the MLL-AF9 oncogene50 

and transplanted. Transduction efficiency and frequency of MLL-AF9+ GMPs (the 
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leukemia-initiating cells in this model) were comparable between genotypes (Supplementary 

Figure 7a). Four-weeks post-transplant there was a significant reduction in MLL-AF9 GFP+ 

cells in the blood in both Kdm6b-HetVAV and Kdm6b-KOVAV recipients (Supplementary 

Figure 7b). This correlated with increased survival (Figure 7a). There was no difference in 

spleen weights of moribund mice (Supplementary Figure 7c), but decreased leukemic GMPs 

in the bone marrow of Kdm6b-HetVAV and Kdm6b-KOVAV recipients (Figure 7b,c; 

Supplementary Figure 7d). Secondary transplant was performed with limiting doses of 

WBM from primary tumors to determine frequency of functional leukemia-initiating cells. 

Recipient mice were scored as positive if they developed AML (Figure 7d). Kdm6b-HetVAV 

and Kdm6b-KOVAV tumors had a three-fold reduction in leukemia-initiating cell frequency 

(Figure 7e).

To determine if Kdm6b is necessary for maintenance of MLL-AF9 AML, Kdm6bfl/fl mice 

were crossed to ERT2-CRE mice28. Post-tamoxifen analysis of Kdm6b-HetERT2 mice 

showed complete floxing in HSCs (Supplementary Figure 7e), and there was no leaky CRE 

activity (Supplementary Figure 7f). c-Kit+ WBM was transduced with MLL-AF9 and 

transplanted. Recipients were treated with tamoxifen when the blood comprised ~10% GFP

+ cells (Figure 7f). Of the mice surviving two-days after the last dose, GFP+ cells were 

reduced in Kdm6b-KOERT2 recipients (Figure 7g). Either heterozygous or homozygous 

deletion of Kdm6b in pre-existing AML significantly extended survival (Figure 7h). GFP+ 

blasts two-days post-tamoxifen showed intact floxed alleles in both Kdm6b-HETERT2 and 

Kdm6b-KOERT2 cells (Supplementary Figure 7g). Analysis of moribund animals showed 

many mice succumbed to AML with intact floxed alleles (Supplementary Figure 7h), 

indicating a strong pressure to maintain Kdm6b. Fos and Jun were also over-expressed in 

Kdm6b-deficient MLL-AF9 cells (Supplemental Figure 7i).

As we observed gene expression changes in Kdm6b-KOVAV HSCs occurred without 

significant chromatin alterations, to determine if the role of Kdm6b in MLL-AF9 AML was 

also demethylase-independent, primary AML cells were cultured in GSK-J4, a small 

molecule that inhibits the demethylase domain of Kdm6b (and also Utx1)9. The dose 

response to GSK-J4 was identical between genotype (Figure 7i), indicating that inhibition 

Kdm6b demethylase activity has no effect MLL-AF9 AML. To examine this in vivo, 

primary Kdm6b-KOVAV MLL-AF9 AMLs were transduced with lentiviruses expressing 

either full-length Kdm6b or a catalytically-dead Kdm6b point mutant (Kdm6bH1388A)6, 51. 

While expression of full-length Kdm6b restored leukemic potential, so did Kdm6bH1388A 

(Figure 7j). Cumulatively, these data suggest the functions of Kdm6b in normal and 

malignant stem cells are largely H3K27me3-independent.

Kdm6b supports context-dependent leukemogenesis

To investigate Kdm6b in other leukemias, c-Kit+ WBM was transduced with a retrovirus 

expressing Notch1 Intra-Cellular Domain (NICD), a model that recapitulates human T-

ALL52. 1.0×105 cells were transplanted (Figure 8a) with similar transduction efficiencies 

(Figure 8b). Four-weeks post-transplant, NICD-GFP+ cells were increased in the blood of 

Kdm6b-KOVAV recipients (Figure 8c). But despite this, and unlike MLL-AF9 AML, loss of 

Kdm6b did not produce a survival benefit in adult T-ALL (Figure 8d). Because these results 
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were disparate with a previous NICD study using fetal liver-derived Kdm6b-deficient 

cells21, c-Kit+ cells from E14.5 fetal liver were transduced with NICD and transplanted 

(Figure 8e). Four-weeks post-transplant showed equivalent NICD-GFP+ in recipient blood 

(Figure 8f). However, Kdm6b-HetVAV and Kdm6b-KOVAV recipients showed a significant 

survival benefit (Figure 8g), and mice alive after 100-days showed a complete dearth of T-

ALL cells (data not shown) despite being initially engrafted. This implies a unique 

requirement for Kdm6b in sustaining T-ALL cells of fetal origin. This result was reversed in 

fetal-derived MLL-AF9 AML (Figure 8h–j) where no survival benefit was observed in a 

Kdm6b-deficient background. The differences between fetal- versus adult-derived leukemias 

could not be explained by variation in fetal HSC content (Figure 8k,l).

DISCUSSION

We show loss of Kdm6b compromises self-renewal of both normal and leukemic stem cells 

(dependent on lineage subtype and developmental stage). Our results suggest KDM6B 
mutations are not observed in hematopoietic malignancies (or clonal hematopoiesis) as this 

would result in loss of that clone due to competitive disadvantage. This was observed 

experimentally when Kdm6b was deleted after the initiation of MLL-AF9 AML and the 

“wild-type” blasts outcompeted those that lost Kdm6b.

We show the major functions of Kdm6b in HSCs appear unrelated to chromatin regulation, 

but rather demethylase-independent regulation of stress response gene expression programs. 

As chromatin architecture in Kdm6b-KOVav HSCs is largely unaltered, the gene expression 

differences may be secondary effects downstream of master regulators like AP-1. Upon 

proliferative stress, Kdm6b-deficient HSCs differentiate rapidly and self-renew inefficiently, 

due at least in part to upregulation of Fos and Jun. Over-expression of AP-1 in wild-type 

progenitors phenocopied loss of Kdm6b, and reducing their expression in Kdm6b-deficient 

HSCs restored engraftment potential. Enforced expression of Fos in M1 leukemia cells 

mimics what was observed here, with increased differentiation and reduced disease 

aggressiveness53. Moreover, prolonged expression of Fos in transgenic mouse HSCs 

decreases functional potential54. This implicates Fos over-expression as a major determinant 

of the Kdm6b-deficient HSC phenotype. Indeed, the Fos locus was one of the only genomic 

regions that showed a difference in chromatin accessibility in Kdm6b-KOVav HSCs. But the 

mechanisms through which AP-1 and Kdm6b interact in HSCs and regulate each other and 

their target genes remains unclear. Given improving genomic technologies in regards to low 

cell inputs, it is possible this can be directly tested in the future.

Our data suggest the potential of KDM6B as a therapeutic target for leukemia depends on 

developmental and cellular context. GSK-J4, which binds to the catalytic domain and 

inhibits demethylase activity of both KDM6B and UTX19, has been cited as a potential 

clinical agent in blood cancers21, 55. It is possible the activity observed in other studies 

occurs primarily through UTX1 inhibition, which is a potent hematopoietic tumor 

suppressor56. Our data suggest inhibiting demethylase activity of KDM6B would likely be 

ineffective, and that more specific effects could be achieved by targeting the domains that 

regulate its unique functions in HSCs. Nevertheless, KDM6B may still represent an 

attractive therapeutic target in certain contexts as haploinsufficiency had modest effects for 
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normal HSCs, but both heterozygous and homozygous loss of Kdm6b impeded adult-

derived MLL-AF9 AML with similar kinetics. Thus, a 50% inhibition could be deleterious 

for leukemia-initiating cells, without being toxic to normal HSCs. Cumulatively, our data 

show that Kdm6b is necessary for HSC maintenance in response to proliferative stress, and 

present KDM6B as a potential therapeutic target in leukemias depending on the subtype and 

developmental context.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Loss of Kdm6b results in depletion of primitive hematopoietic progenitors.
(a) Flow cytometry gating scheme to identify hematopoietic stem cells (HSCs) and 

multipotent progenitors (MPPs) in bone marrow (BM) of eight-week old ControlVAV (top) or 

Kdm6b-KOVAV mice (bottom). (b) Frequency and absolute number of HSCs and MPPs in 

BM of eight-week old ControlVAV (CNT, n=14), Kdm6b-HetVAV (HET, n=18), and Kdm6b-

KOVAV (KO, n=16) mice. (c) Frequency and absolute number of HSCs and MPPs in BM of 

80-week old ControlVAV (CNT, n=12), Kdm6b-HetVAV (HET, n=9), and Kdm6b-KOVAV 

(KO, n=14) mice. (d) Colony-forming units per 1×104 BM cells from young ControlVAV 

(n=6), Kdm6b-HetVAV (n=6) and Kdm6b-KOVAV (n=6) mice. (e) Colonies generated in 

Methocult serial replating. For plate 1, 100 HSCs were sorted from individual young mice 

(n=5–9), then 1×104 cells were plated for serial rounds. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.001. Mean ± S.E.M. values are shown.
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Figure 2: Kdm6b is required for HSC self-renewal.
(a) Proportion of long-term multi-lineage reconstituted (LTMR) recipient mice at stated cell 

doses 16-weeks post-transplant (n=9–10 per genotype at each cell dose). (b) Frequency of 

long-term repopulating cells using a maximum likelihood estimate with extreme limiting 

dilution analysis (ELDA) software. (c) Frequency of donor-derived (CD45.2+) HSCs in BM 

of recipient mice 18-weeks post-transplant. (d) Peripheral blood engraftment in secondary 

transplants of 3.0×106 BM from LTMR primary recipient mice (n=6–8). (e) Proportion of 

LTMR secondary recipient mice transplanted with ControlVAV (n=6), Kdm6b-HetVAV (n=8), 

and Kdm6b-KOVAV (n=6) primary BM. (f) Frequency of donor-derived HSCs in BM of 

secondary recipient mice 18-weeks post-transplant. (g) Donor-derived peripheral blood 

engraftment from primary transplant of 200 HSCs from ControlVAV (n=10), Kdm6b-HetVAV 

(n=9), and Kdm6b-KOVAV (n=9) mice. (h) Donor-derived chimerism in blood lineages 16-

weeks post-transplant of 200 HSCs. (i) Frequency of donor-derived HSCs in BM of recipient 

mice 18-weeks post-transplant of 200 HSCs. (j) Donor-derived peripheral blood engraftment 

from competitive transplant of BM from aged ControlVAV (n=3), Kdm6b-HetVAV (n=4), and 

Kdm6b-KOVAV (n=3) mice. (k) Donor-derived chimerism in blood lineages 16-weeks post-

transplant of aged BM. (l) Frequency of donor-derived HSCs in recipient mice 18-weeks 
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post-transplant of aged BM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mean ± 

S.E.M. values are shown.
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Figure 3: Kdm6b loss leads to a stress response gene expression signature in HSCs independent of 
chromatin changes.
(a) Hierarchical clustering of genes with >2-fold expression change (adjusted p-value <0.05) 

in Kdm6b-KOVAV HSCs compared to ControlVAV HSCs. (b) Overlap of genes upregulated 

in Kdm6b-KOVAV HSCs which are downregulated in wild-type HSCs in response to 5-FU, 

immediate early response genes, and genes upregulated in aging HSCs. Yellow shading 

signifies genes identified in all comparisons. H3K27me3 distribution ± 5Kb from 

transcriptional start sites (TSS) in all genes (c), for 573 genes with >2-fold increased 

expression in Kdm6b-KOVAV HSCs (d), and for 76 genes with >2-fold decreased expression 

in Kdm6b-KOVAV HSCs (e). (f) H3K27me3 and H3K4me3 profiles (left) and RNA-seq 

expression values (right) of Fos and Jun in ControlVAV HSCs and Kdm6b-KOVAV HSCs. 

*p<0.05, **p<0.01. Mean ± S.E.M. values are shown. (g) ATAC-seq profiles of Fos and Jun 
in control (CNT) and Kdm6b-KOVav (KO) HSCs. Shown underneath is enrichment of other 

activating histone marks at relevant sites of open chromatin. Actin is shown as a negative 

control locus for ChIP-qPCR.
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Figure 4: Inflammatory stress rapidly depletes Kdm6b-deficient HSCs.
(a) Peripheral blood engraftment of mice transplanted with 200 HSCs from ControlMX1 

(n=9), Kdm6b-HETMX1 (n=10), and Kdm6b-KOMX1 (n=5) mice. (b) Frequency of donor-

derived HSCs in BM of primary recipient mice at 18-weeks post-transplant. (c) Efficiency of 

Mx1-CRE driven floxed allele recombination in HSCs from mice six-weeks post-pIpC 

treatment, as well as post-primary transplant in Kdm6b-HETMX1 HSCs. (d) Peripheral 

blood engraftment of secondary recipients transplanted with 200 ControlMX1 (n=9) and 

Kdm6b-HetMX1 (n=11) HSCs from primary recipients. (e) Frequency of donor-derived 

HSCs in BM of secondary recipient mice 18-weeks post-transplant. (f) qPCR quantification 

of floxed:deleted Kdm6b allele ratio in Kdm6b-KOMX1 granulocytes pre- and post-pIpC 

treatment. (g) Donor-derived HSC frequency in the bone marrow of recipient mice two-

weeks post-pIpC treatment. (h) Representative PCR analysis of genomic DNA from colonies 

derived from single HSCs showing floxed allele recombination efficiency in individual 

Kdm6b-KOMX1 HSCs two-weeks post-pIpC. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.001. Mean ± S.E.M. values are shown.
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Figure 5: Kdm6b-deficient HSCs are primed for differentiation.
(a) Blood counts showing hematopoietic recovery of white blood cells (WBC), red blood 

cells (RBC) and platelets (PLT) in ControlVAV (CNT), Kdm6b-HETVAV (HET) and Kdm6b-

KOVAV (KO) mice 10-days after injection with 5-FU (n=6–9). (b) Kaplan-Meier survival 

curve comparing time to morbidity of ControlVAV (n=8), Kdm6b-HetVAV (n=8), and Kdm6b-

KOVAV (n=8) mice after serial 5-FU treatment (weekly injections). (c) Relative donor-

derived peripheral blood chimerism following treatment (red arrows) of hematopoietic 

chimeras with pIpC (dashed line) or PBS (control). (d) HSC and progenitor cell frequency 

24-hours after two doses of PBS (control) or pIpC in ControlVAV (CNT), Kdm6b-HETVAV 

(HET) and Kdm6b-KOVAV (KO) mice (n=6–16). (e) Apoptosis analysis showing proportion 

of PARP+ HSCs and progenitors 24-hours after two doses of either PBS or pIpC. (f) Cell 

cycle analysis showing proportion of quiescent (G0) HSCs and progenitors 24-hours after 

two doses of either PBS or pIpC. *p<0.05, **p<0.01, ***p<0.001, ****p<0.001. Mean ± 

S.E.M. values are shown.
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Figure 6: Kdm6b regulates the HSC stress response through the AP-1 transcription factor 
complex.
(a) Expression of AP-1 components Jun and Fos in ControlVAV and Kdm6b-KOVAV HSCs 

after PBS (control) or two-doses of pIpC (n=3). (b) Expression of Jun and Fos in ControlVAV 

and Kdm6b-KOVAV HSCs during recovery from a single dose of 5-FU (n=3–5). (c) Donor-

derived peripheral blood engraftment of wild-type BM progenitors transduced with pMND-

Fos-GFP and pMND-Jun-mCherry, or respective empty vector control lentiviruses (n=5). (d) 

Proportion of donor-derived cells expressing each lentivirus combination in peripheral blood 

at eight-weeks post-transplant compared to initial transduction efficiency. (e) Proportion of 

donor-derived progenitor cells (Lineage- c-Kit+ Sca-1+) expressing each lentivirus 

combination in BM eight-weeks post-transplant. (f) Donor-derived peripheral blood 

engraftment of ControlVAV (WT) and Kdm6b-KOVAV (KO) BM progenitor cells transduced 

with lentiviruses expressing shRNAs against Fos or Jun (shRNA), or respective LacZ-

targeting lentiviruses (n=10). (g) Proportion of donor-derived cells expressing each lentivirus 

combination in peripheral blood at 16-weeks post-transplant. LacZ = LacZ-shRNA-

mCherry / LacZ-shRNA-GFP; shRNA = Jun-shRNA-mCherry / Fos-shRNA-GFP. (h) 

Frequency of donor-derived progenitor cells in the BM of recipient mice 18-weeks post-

transplant. (i) Proportion of donor-derived BM progenitor cells expressing each lentivirus 

combination. *p<0.05, **p<0.01. Mean ± S.E.M. values are shown.
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Figure 7: Kdm6b is required for self-renewal of MLL-AF9 leukemia-initiating cells.
(a) Kaplan-Meier plot comparing time to morbidity between mice transplanted with 

ControlVAV (n=8), Kdm6b-HetVAV (n=7), and Kdm6b-KOVAV (n=6) c-Kit+ BM cells 

transduced with MLL-AF9. (b) Representative flow cytometry plots showing leukemia-

initiating cells (GFP+ GMPs) in MLL-AF9 ControlVAV (top) and Kdm6b-KOVAV (bottom) 

recipient mouse BM. (c) Absolute number of leukemic GMPs in BM of moribund recipient 

mice. (d) Secondary limiting dilution transplantation response from transfer of stated doses 

of cells from primary moribund animals. (e) Leukemic-initiating cell frequency estimates 

calculated by ELDA software. (f) Frequency of GFP+ cells in blood of mice transplanted 

with ControlERT2, Kdm6b-HetERT2, and Kdm6b-KOERT2 c-Kit+ BM cells transduced with 

MLL-AF9 two-weeks post-transplant. (g) Frequency of GFP+ cells in blood of surviving 

mice transplanted with MLL-AF9-expressing cells two-days post-tamoxifen treatment. (h) 

Kaplan-Meier plot comparing time to morbidity between mice transplanted with 

ControlERT2 (n=6), Kdm6b-HetERT2 (n=6), and Kdm6b-KOERT2 (n=6) c-Kit+ BM cells 

transduced with MLL-AF9. Red arrows indicate timing of tamoxifen injections. (i) Dose 

response of ControlVAV, Kdm6b-HetVAV and Kdm6b-KOVAV MLL-AF9 AML cells to 

increasing concentrations of GSK-J4 (n=3). (j) Kaplan-Meier plot comparing time to 

morbidity between mice transplanted with Kdm6b-KOVAV MLL-AF9 AML cells transduced 
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with lentiviruses expressing Kdm6b, Kdm6bH1388A, or empty vector (EV) control (n=7 

recipient mice, n=3 independent AMLs). *p<0.05, **p<0.01. Mean ± S.E.M. values are 

shown.
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Figure 8: Kdm6b supports context-dependent leukemogenesis.
(a) Schematic for transduction of adult c-Kit+ BM progenitors with NICD virus and 

transplantation. (b) Representative flow cytometry plots showing NICD transduction 

efficiencies in Lineage- c-Kit+ Sca-1+ cells 48-hours post-transduction. (c) Frequency of 

NICD-GFP+ cells in peripheral blood of recipient mice four-weeks post-transplant of adult 

BM progenitor cells. (d) Kaplan-Meier plot comparing time to morbidity between mice 

transplanted with ControlVAV (n=7), Kdm6b-HETVAV (n=5) and Kdm6b-KOVAV (n=7) adult 

c-Kit+ cells transduced with NICD. (e) Schematic for transduction of fetal liver c-Kit+ 

progenitors with NICD virus and transplantation. (f) Frequency of NICD-GFP+ cells in 

peripheral blood of recipient mice four-weeks post-transplant of fetal liver progenitor cells. 

(g) Kaplan-Meier plot comparing time to morbidity between mice transplanted with 

ControlVAV (n=10), Kdm6b-HETVAV (n=5) and Kdm6b-KOVAV (n=10) fetal liver c-Kit+ 

cells transduced with NICD. (h) Schematic for transduction of fetal liver c-Kit+ progenitors 

with MLL-AF9 virus and transplantation. (i) Frequency of MLL-AF9+ cells in peripheral 

blood of recipient mice four-weeks post-transplant of fetal liver progenitor cells. (j) Kaplan-

Meier plot comparing time to morbidity between mice transplanted with ControlVAV (n=5) 

and Kdm6b-KOVAV (n=5) fetal liver c-Kit+ cells transduced with MLL-AF9. (k) Flow 

cytometry gating scheme to identify HSCs in E14.5 fetal liver. (l) Quantification of HSC 
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frequency in ControlVAV, Kdm6b-HETVAV and Kdm6b-KOVAV E14.5 fetal liver. **p<0.01, 

****p<0.001. Mean ± S.E.M. values are shown.
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