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Abstract

Lysine-specific demethylase 1 (KDM1A) is a transcriptional

coregulator that can function in both the activation and repres-

sion of gene expression, depending upon context. KDM1A plays

an important role in hematopoiesis and was identified as a

dependency factor in leukemia stem cell populations. Therefore,

we investigated the consequences of inhibiting KDM1A in a panel

of cell lines representing all acute myelogenous leukemia (AML)

subtypes using selective, reversible and irreversible KDM1A small-

molecule inhibitors. Cell models of AML, CML, and T-ALL were

potently affected byKDM1A inhibition, and cells bearingRUNX1-

RUNX1T1 (AML1-ETO) translocations were especially among the

most sensitive. RNAi-mediated silencing of KDM1A also effec-

tively suppressed growth of RUNX1-RUNX1T1–containing cell

lines. Furthermore, pharmacologic inhibition of KDM1A resulted

in complete abrogation of tumor growth in an AML xenograft

model harboring RUNX1–RUNX1T1 translocations. We unex-

pectedly found that KDM1A-targeting compounds not only

inhibited the catalytic activity of the enzyme, but evicted KDM1A

from target genes. Accordingly, compound-mediated KDM1A

eviction was associated with elevated levels of local histone H3

lysine 4 dimethylation, and increased target gene expression,

which was further accompanied by cellular differentiation and

induction of cell death. Finally, our finding that KDM1A inhibi-

tors effectively synergize with multiple conventional as well as

candidate anti-AML agents affords a framework for potential

future clinical application. Cancer Res; 76(7); 1975–88. �2016 AACR.

Introduction

Posttranslational modifications of histone proteins contribute

to the dynamic alteration of chromatin structure, and thus impact

gene expression in normal and malignant cells. Modulation of

histone lysine methylation patterns by histone lysine methyl-

transferases (KMT) anddemethylases (KDM)has been recognized

as a gene regulatory pathway that is frequently targeted in cancer

(1). Cancer genomic sequencing campaigns have led to the

identification of recurrent genomic abnormalities in genes that

encode for chromatin-modifying enzymes (2–6), supporting the

concept that cancer cells utilize the manipulation of chromatin

structure as one means to invoke transcriptional programs that

prevent differentiation andpromote proliferation. The emergence

of individual KMTs and KDMs as candidate oncology targets has

spurred significant drug discovery efforts with the goal to identify

small-molecule inhibitors of these enzymes for cancer therapeutic

applications (1, 7, 8).

Lysine demethylase 1 (KDM1A, LSD1, AOF2, BHC110)

belongs to the amine oxidase family of KDMs and utilizes FAD

as a cofactor to removemono- anddi-methyl groups fromhistone

H3 lysine 4 (H3K4; ref. 9) and H3K9 (10, 11). KDM1A is a

component of a multisubunit complex that, depending on con-

text, functions in transcriptional activation or repression. Core

components include RCOR1 (CoREST) that is required for

KDM1A todemethylate nucleosomal substrates (12, 13), PHF21A

(BHC80) that recognizes unmethylated histone H3 lysine 4 (14),

and HMG20B (BRAF35) that recognizes DNA (15). Initially,

KDM1A's role in transcriptionwas ascribed to promoter-proximal

modulation of chromatin structure, but recent evidence suggests

that KDM1A also functions in decommissioning of enhancers

(16). KDM1A is essential for embryonic development (17, 18),

and is required for hematopoietic cell lineage determination (19).

KDM1A is significantly overexpressed in a number of hema-

tologic malignancies (20, 21) and lymphoid neoplasms (22). In

acute myelogenous leukemia (AML), KDM1A is among the most

highly expressed genes in leukemia stem cell-enriched popula-

tions derived from different primary AML subtypes (23). KDM1A

was shown to cooperate with the oncogenic fusion protein MLL-

AF9 to sustain leukemic stem cells (24). Depletion of KDM1A by

RNAi and pharmacologic inhibition of KDM1A induced differ-

entiation inmurine and primary humanMLL-AF9 leukemia cells.

Moreover, KDM1A inhibition reactivated the retinoic acid signal-

ing pathway in certain AML subtypes, rendering these cells sen-

sitive to all-trans-retinoic acid (ATRA) treatment (25). The scopeof
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KDM1A dependencies is as yet unclear (26), and an understand-

ing of the mechanistic consequences of KDM1A inhibition in a

disease-relevant context is still lacking.

Here, we show that KDM1A dependencies exist across cell

lines representing all AML subtypes [French-American-British

(FAB) M1-M6 classification] and are also observed in cells

derived from additional hematologic malignancies. We dem-

onstrate that KDM1A inhibitors effectively suppress the growth

of RUNX1-RUNX1T1 translocated AML cells in vitro and in vivo

and determine the molecular consequences of KDM1A inhibi-

tion in RUNX1-RUNX1T1 leukemias. Finally, we explored the

potential of KDM1A inhibitors to synergize with other chemo-

therapeutic and targeted agents in the treatment of AML and

beyond.

Materials and Methods

Cell lines

A collection of 50 hematologic cell lines investigated in this

study is summarized in Supplementary Table S1. The cell lines

were obtained either through the ATCC or DSMZ. The identity of

the cell lines was authenticated by short tandem repeat (STR)

profiling and cultures were also tested for the presence of Myco-

plasma (IDEXX Bioresearch) before the initiation of this study.

Cell lines weremaintained according to the instructions provided

by the respective repositories.

Antibodies

Antibodies targeting the following proteins were used:

KDM1A (CST, #2184, Bethyl, A300-215A), histone H3 (CST,

#3638), dimethyl H3K4 (Millipore, 07-030), trimethyl H3K4

(Abcam, ab8580), dimethyl H3K9 (Abcam, ab1220), RCOR1

(Millipore, 07-455), PHF21A (Bethyl, A303-603A), HMG20B

(Bethyl, A301-097A), RUNX1 (Abcam, ab23980), RUNX1T1

(Santa Cruz Biotechnology, sc-9737), RUNX1-RUNX1T1

(Diagenode, C15310197), lamin B1 (Abcam, ab16408), vin-

culin (Sigma, V9264), IgG (Abcam, ab46540), DyLight conju-

gated goat anti-mouse (ThermoFisher, 35518), and anti-rabbit

(ThermoFisher, 35571) IgG secondary antibodies were used for

Western blot detection on an Odyssey CLx Infrared Imaging

System (LI-COR Biotechnology). For cell surface marker anal-

ysis by flow cytometry, the antibodies included: CD86 (B7-2)-

PE (eBiosciences, 12-0869), CD11b–FITC (eBiosciences, 11-

0118), CD11c-APC (eBioscience, 17-0116), as well as the

isotype-matched control antibodies: mouse IgG2b, kappa-PE

(eBiosciences, 12-4732), mouse IgG1, kappa-FITC (eBio-

sciences, 11-4714), and mouse IgG1, kappa-APC (eBiosciences,

17-4714).

Cell proliferation assays

Cells were plated at 10,000 cells per well in 96-well tissue

culture dishes containing tool compounds arrayed in triplicate in

a semi-automated fashion (compounds dispensed with Echo 555

Liquid Handler, Labcyte) using a 10-point dose titration, ranging

from 0 to 10 mmol/L with 4-fold dilutions, and split every fourth

day at a ratio to reestablish 10,000 cells/well density for DMSO-

treated controls. Relative cell numbers were assessed by Cell Titer-

Glo luminescent cell viability assay (Promega) using an EnVision

Multilabel Plate Reader (PerkinElmer). GraphPad Prism 6

(GraphPad Software, Inc.) was used for curve fitting and deter-

mination of GI50 values. For details, see SupplementaryMethods.

Cell cycle and apoptosis

Cells were plated in 96-well plates and treated with doses

ranging from 10 mmol/L to 0 mmol/L (DMSO) across 4-fold

dilutions of the respective inhibitor. The cells were split on days

4, 8, and 12 to maintain logarithmic growth and collected upon

splitting for analysis. For cell-cycle analysis, cellswerefixed in70%

ice-cold ethanol overnight at 4�C. The fixed cells were resus-

pended in propidium iodide (PI) staining buffer (50 mg/mL PI,

10 mg/mL RNase in PBS), and then incubated for 1 hour at room

temperature in total darkness. The cellular DNA content was

assessed on Guava EasyCyte cytometer (Millipore). The percent-

age of cells in the different cell-cycle phases were determined by

analysis using the Guava CytoSoft software package (Millipore).

For analysis of apoptosis, unfixed cells were stained with PI

and Annexin-FITC using the TACS Annexin V Kit (Trevigen)

following the instructions provided. Data were acquired on a

Guava EasyCyte and the percentage of cells undergoing apoptosis

was calculated using Guava CytoSoft 5.3.1 program.

RNAi

Stable knockdown of KDM1A was achieved using lentiviral-

based shRNA vectors (Cellecta). Production and processing

of lentiviral stocks were carried out following standard proto-

cols. A set of two nonoverlapping shRNAs and a nontargeting

control shRNA (NTC) shRNA was selected for use in all experi-

ments. Cells were transduced using lentiviral vectors expressing

the NTC shRNA or KDM1A-targeting shRNAs at an MOI

of 2 using a spin-infection protocol where virus was added to

3 � 105 cells in each well of a 6-well dish in media supple-

mented with 8 mg/mL Polybrene (Boston BioProducts) and

cultures were centrifuged at 1,000 � g for 1 hour. Media were

changed 48 hours later with or without the addition of puro-

mycin (2 mg/mL). For cells under puromycin selection, after

72 hours cells were plated at equal densities and monitored

for cell proliferation via CellTiterGlo (CTG, Promega) every

4 days and target gene transcript levels assessed by qRT-PCR.

For cells not placed under puromycin selection, cells were

monitored every 4 days for % GFP-positive cells via flow

cytometry using a Guava EasyCyte (Millipore) and CytoSoft

5.3.1 software (Millipore).

Gene expression

Cells were pelleted and RNA isolated using an RNeasy Kit

(Qiagen). qRT-PCR analysis was carried out as described previ-

ously (27). The LY96 mRNA induction was quantified using the

QuantiGene 2.0 system (Affymetrix). RNA-sequencing from total

RNA samples was carried out using the services of Ocean Ridge

Biosciences. For details, see Supplementary Methods. RNA-seq

data have been submitted to GEO (GSE71739).

NanoBRET assay

Experiments were carried out as described previously (27). For

details, see Supplementary Methods.

Chromatin immunoprecipitation and ChIP-sequencing

Experiments in Kasumi-1 and SKNO-1 cells were carried out as

described previously (27). For a detailed description of the

chromatin immunoprecipitation (ChIP) procedure and ChIP-

sequencing (seq) data analysis, see Supplementary Methods.

ChIP-seq data have been submitted to GEO (GSE71740).
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In vivo experiments

CB-17 SCID mice were inoculated subcutaneously at the

right flank with Kasumi-1 cells (1 � 107) in 0.2 mL of PBS

with Matrigel (1:1). Treatment was started when the average

tumor volume reached approximately 120 mm3. Each group

consisted of 10 tumor-bearing mice. Tumor-bearing mice were

treated with one of the following regimens: vehicle (0.5%

methylcellulose þ 0.2% Tween 80) or RN-1 at 1 mg/kg QD

or RN-1 at 17.5 mg/kg QW. Tumor size was measured three

times a week using a caliper, and the tumor volume (V) was

expressed in mm3 using the formula: V ¼ 0.5a � b2 where "a"

and "b" were the long and short diameters of the tumor,

respectively. The mice were weighed every day. TGI% was

calculated according to the following equation: TGI (%) ¼

[1-(T1-T0)/(V1-V0)] � 100, where V1- mean tumor volume of

control mice at time t; T1 -mean tumor volume of treated mice

at time t; V0-mean tumor volume of control mice at time 0; T0-

mean tumor volume of treated mice at time 0. Studies contin-

ued until the tumor volume reached 2,000 mm3 as per IACUC

guidelines. At study termination, the tumor samples were

collected for pharmacokinetic and gene expression studies. For

pharmacodynamic analysis, animals were dosed according to

the protocol for a final time and blood and tumor were

collected at designed time points for assessment.

Results

KDM1A inhibitors elicit phenotypic responses in cellmodels of

various hematologic malignancies

To explore potential KDM1A dependencies in hematologic

malignancies, we used the published cyclopropylamine-based

irreversible KDM1A inhibitor RN-1 (28). Consistent with pre-

vious data, RN-1 is a potent inhibitor of KDM1A but not of the

closely related demethylase enzyme LSD2 (KDM1B, AOF1) in

enzymatic assays (Supplementary Fig. S1A). We devised a

cellular thermal shift assay (CETSA; ref. 29) for KDM1A to

determine the extent of cellular target engagement. RN-1

thermo-stabilized endogenous KDM1A protein at 52�C to

56�C, conditions that clearly caused thermally induced KDM1A

denaturation/precipitation in DMSO-treated control cells (Sup-

plementary Fig. S2A). Subsequent CETSA experiments demon-

strated that RN-1 thermo-stabilized KDM1A in a dose-depen-

dent manner (Supplementary Fig. S2B), indicating that the

compound directly engages its target.

Having qualified RN-1 as a suitable tool compound, we carried

out long-term (12 day) growth assays across a panel of 50

hematologic cancer cell lines in the presence of DMSO or various

concentrations of RN-1. The growth of all tested AML cell lines

regardless of subtype, both CML cell lines and a number of T-ALL

lines were potently affected by RN-1. In contrast, none of the B-

ALL and diffuse large B-cell lymphoma cell lines tested showed

any growth defect upon treatment (Fig. 1A). All observed cell

viability defects were dose- and time dependent (Fig. 1A, see

examples on the right), with multiple days of treatment required

to elicit themaximal effects, suggesting that the response timing of

downstream molecular consequences of KDM1A inhibition is

slow. Phenotypic responses after 12 days of dosing were varied

with sensitive cell lines showing maximal growth inhibition

ranging from 40% to 100%. The entire cell population of com-

plete responder cell lines was eliminated by RN-1, while sensitive

cell lines exhibiting <70% reduction in cell number over the

course of the 12-day treatment were referred to as "partial"

responders (Fig. 1A, see example on the right). Cell lines that

did not exhibit any growth defect after a 12-day treatment were

determined as "non-responders" (Fig. 1A, see example on the

right). Thepartial phenotype observed in someAML cell linesmay

indicate that KDM1A is required only in a subpopulation of cells

or that a mixture of cytotoxic and cytostatic responses is obtained

upon compound treatment. Several of these AML cell lines were

increasingly growth suppressed when the treatment period was

extended or when tested in a clonogenic colony formation assay

(Supplementary Fig. S3A–S3C). Strong and complete responses

were most evident in the M2 AML subtype, which includes the

RUNX1-RUNX1T1 rearranged leukemias, as well as in theM6-M7

subtypes that constitute acute megakaryoblastic and erythroid

leukemias (Fig. 1A).

To corroborate these cell viability data, we took advantage of

another recently disclosed KDM1A inhibitor (30). GSK690 is

structurally distinct from RN-1, lacking the tranylcyprominemoi-

ety and was described as a reversible inhibitor. GSK690 also

potently and selectively inhibits KDM1A in biochemical and

cellular assays and directly interacts with KDM1A, as indicated

by the observed thermal stabilization of the protein (Supplemen-

tary Figs. S1B and S2A and S2C). The cell growth defects across the

hematologic cancer cell panel upon GSK690 treatment paralleled

those observed with RN-1 (Fig. 1B), suggesting that these phe-

notypic effects are indeed caused through inhibition of KDM1A

demethylase activity.

AML models harboring RUNX1-RUNX1T1 translocations are

dependent on KDM1A

The t(8;21) chromosome translocation fuses the transcrip-

tion factors RUNX1 (AML1, CBFA2) and RUNX1T1 (ETO,

ZMYND2). The resultant RUNX1-RUNX1T1 fusion gene prod-

uct was found to drive leukemic transformation, prevent dif-

ferentiation, and promote oncogenic programs (31–33).

RUNX1-RUNX1T1 leukemias represent approximately 10% to

15% of adult AML (34). Treatment with the irreversible KDM1A

inhibitor RN-1 caused a dose and time-dependent viability

defect in Kasumi-1 (Fig. 2A) and SKNO-1 (Supplementary Fig.

S4A), both AML cell models with RUNX1-RUNX1T1 transloca-

tions. Similarly, both cell lines were potently affected by the

reversible KDM1A inhibitor GSK690 (Fig. 2A and Supplemen-

tary Fig. S4A). We discovered that a positional isomer of

GSK690, in which the nitrile and methyl groups are switched,

is a significantly less potent KDM1A inhibitor in enzymatic

(Supplementary Fig. S1C) and cellular target engagement

assays (Supplementary Fig. S2A and S2D). This regioisomer,

termed GSK690�, has similar physicochemical properties as

GSK690, and thus serves as a useful tool to discern on-target

from off-target activities. As expected, GSK690� did not elicit

potent cell viability defects in Kasumi-1 and SKNO-1 cells

(Fig. 2A and Supplementary Fig. S4A), suggesting that the

phenotypic effects caused by GSK690 and RN-1 are mediated

through compound on-target activity. KDM1A inhibition

increased the sub-G1 cell population (Fig. 2B and Supplemen-

tary Fig. S4B) and induced apoptosis (Fig. 2C and Supplemen-

tary Fig. S4C). Moreover, KDM1A inhibitors promoted myeloid

differentiation in RUNX1-RUNX1T1 leukemias, as measured by

the dose-dependent increase in the levels of the CD86, CD11B,

and CD11C cell surface markers (Fig. 2D and Supplementary

Fig. S4D).

KDM1A (LSD1) Inhibitors Are Efficacious in AML1-ETO Leukemia Cells
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We used RNAi as an orthogonal approach to demonstrate that

RUNX1-RUNX1T1–containing AML cell lines are dependent on

KDM1A. In both Kasumi-1 and SKNO-1 cells, multiple KDM1A-

specific shRNAs, but not control shRNAs, effectively reduced

KDM1A transcript and protein levels and caused substantial cell

viability defects (Fig. 2E and F and Supplementary Fig. S4E and

S4F). Consistent with compound-mediated effects, KDM1A-tar-

geted shRNAs also induced the expression of differentiation

markers such as LY96, CD86, CD11B, and CD11C (Fig. 2G and

Supplementary Fig. S4G). Our data suggest that KDM1A is

required for the in vitro growth of RUNX1-RUNX1T1–containing

AML cell lines.

Figure 1.

KDM1A inhibition across a panel of cell

lines representing various hematologic

malignancies. A, effects of the KDM1A

inhibitor RN-1 on growth of AML (#1-25),

CML (#26-27), B-ALL (#28-36),

T-ALL (#37-44), and diffuse large B-cell

lymphoma (#45-50) cell lines.

Half-maximal growth inhibitory

concentration (GI50) values were

determined on day 12 of treatment.

"Partial" designation was assigned to

responder cell lines showing less than

70% cell killing by day 12 of treatment.

Data represent the mean of triplicate

experiments. Type of hematologic

malignancy, cell line name, and FAB

classification (for AML cell lines) are

indicated. Growth profiles reflecting the

three types of responses observed in

AML cell models upon KDM1A inhibition

are shown on the right: top, MV4-11, a

complete response; middle, OCI-AML5, a

partial response; bottom, RS4;11, a non-

response. Cells were passaged every 4

days and the number of viable cells was

determined at each split. Data represent

the mean of three independent

experiments carried out in duplicate

�SD. B, similarity in the cellular

responses observed for the irreversible

KDM1A inhibitor RN-1 and the reversible

KDM1A inhibitor GSK690. GI50 values

determined for complete responding cell

lines were plotted for each of the two

KDM1A inhibitors. Data represent the

mean GI50 value at day 12 from triplicate

experiments.

McGrath et al.
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Figure 2.

KDM1A inhibition effects on theRUNX1-RUNXT1 cell lineKasumi-1. A, growth inhibition curves for Kasumi-1 cells treatedwith the irreversible KDM1A inhibitor RN-1, the

reversible KDM1A inhibitor GSK690, and the less potent position isomer of the reversible inhibitor, GSK690�. Data represent the mean of three independent

experiments carried out in duplicate �SD. B, treatment of Kasumi-1 cells with RN-1 leads to a depletion of cells in S/G2 phase of the cell cycle, concomitant with

an increase in cell numbers in the G1 and sub-G1 compartments as determined by analysis using a Guava EasyCyte flow cytometer. C, Annexin-V (Ann-V) and

PI staining profile showing Kasumi-1 cells undergoing apoptosis following treatment with RN-1 for 8 days. Red quadrant represents live cells that show no

staining with either Annexin-V or PI; bottom right (blue) area shows cells that are in early apoptosis, Annexin-V–positive and PI negative/low, while the top right

green quadrant reflects cells that are in late apoptosis. Debris and dead cells were gated out to generate this plot. D, dose-dependent induction of the differentiation

markers CD86, CD11B, and CD11C in Kasumi-1 cells upon treatment with RN-1 for 6 days, as measured on a BD FACS Calibur cytometer following staining with

the relevant fluorophore-conjugated antibodies. E, KDM1A targeted shRNAs effectively reduce KDM1A transcript and protein levels in Kasumi-1 cells. F, RNAi-

mediated knockdown of KDM1A inhibits the growth of Kasumi-1 cells in culture. G, RNAi-mediated knockdown of KDM1A induces expression of the LY96 gene.

KDM1A (LSD1) Inhibitors Are Efficacious in AML1-ETO Leukemia Cells
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KDM1A inhibitors are efficacious in Kasumi-1 xenografts

To explore KDM1Adependency in RUNX1-RUNX1T1-contain-

ing leukemias in vivo, we established Kasumi-1 xenografts in SCID

mice. Once daily administration of RN-1 at 1 mg/kg completely

abolished tumor growth (Fig. 3A). This dose was well tolerated

since no impact on bodyweightwas observed. Given that KDM1A

is essential for hematopoiesis (19), the peripheral blood of RN-1–

treated animals was analyzed for potential detrimental effects.

There were no significant changes in abundance detected in any

population of the various blood cell types over the course of

treatment (Supplementary Table S1), suggesting that there is a

sufficient therapeutic window to separate therapeutic effects from

anticipated hematologic toxicity. Interestingly, a single dose of

17.5 mg/kg was sufficient to suppress tumor growth for 9 days

(Fig. 3A), suggesting that intermittent dosing schedules may be

possible and useful for irreversible KDM1A inhibitors sharing

similar pharmacokinetic properties. The expression level of the

cell surface protein CD86 was previously described as a surrogate

biomarker for KDM1A inhibition (35). Consistently, we detected

a significant induction of CD86 expression in treated tumors (Fig.

3B). We also identified the gene for lymphocyte antigen LY96 as a

direct KDM1A target (see data below) and detected significant

increases in LY96 steady state transcript levels in RN-1–treated

tumors (Fig. 3B, right), thus establishing a correlation between

administered dose, target inhibition, and tumor growth.

KDM1A controls a specific gene expression program

in RUNX1-RUNX1T1–containing leukemias

To investigate the transcriptional changes caused by KDM1A

inhibition, we performed RNA-sequencing in Kasumi-1, SKNO-1

cell models (RUNX1-RUNX1T1 translocation), and MV4-11

(MLL-AF4 translocation) cells in the absence or presence of the

KDM1A inhibitors RN-1 and GSK690. Gene expression changes

caused by both chemotypes were very similar (Fig. 4A). Treatment

with RN-1 for 72 hours resulted in a number of genes that were

consistently and significantly altered (>2-fold change, P < 0.05) in

each cell line: 215 in Kasumi-1, 159 in SKNO-1, and 375 inMV4-

11. Themajority of transcriptionally altered genes were distinct in

each cell line (Fig. 4B). Genes consistently altered by RN-1

treatment in all three cell lines included myeloid differentiation

markers, such as CD86, CD53, LY96, LYZ, ITGAM (CD11B),

ITGAX (CD11C), SELL (CD62L), PLAUR (CD87), and EFNA4

(Fig. 4B and C). Murine leukemia models withMLL-AF9 translo-

cations were previously shown to elicit gene expression changes

upon Kdm1a knockdown with the majority of transcriptionally

altered genes being downregulated (24). To the contrary, we

Figure 3.

KDM1A inhibition abrogates growth of Kasumi-1 xenografts. A, tumor growth curves (left) and body weight changes (right) of Kasumi-1 xenografts treated with the

indicated doses of RN-1. CB-17 SCID mice were inoculated subcutaneously at the right flank with 1 � 10
7
Kasumi-1 cells for tumor development. Treatment with

vehicle (0.5% MC þ 0.2% Tween80) and RN-1 via oral gavage (p.o.) was initiated at an average tumor size of 120 mm
3
(n ¼ 10 per cohort). Once daily (qd)

administration of 1 mg/kg RN-1 proved efficacious in preventing tumor growth. A single dose of 17.5 mg/kg of RN-1 was efficacious for 9 days before evidence of

tumor growth was detected. Data are presented as the mean tumor size�SEM. None of the dose regimen led to a significant (�10%) decrease in body weight. Data

are presented as the mean body weight �SEM. B, dose-dependent induction of CD86 (left) and LY96 (right) gene expression in xenografts (n ¼ 4 per

cohort) following RN-1 treatment. RNA extracted from tumor samples at 24 and 48 hours post the last dose and analyzed by TaqMan qRT-PCR. Data represent the

mean of all analyzed xenograft samples per cohort with triplicate qPCR experiments �SEM.
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Figure 4.

KDM1A catalytic activity is required to control a specific gene expression program in RUNX1-RUNXT1 leukemias. A, RNA sequencing was performed in Kasumi-1,

SKNO-1, and MV4-11 cells treated with DMSO, RN-1, and GSK690 for 72 hours. Shown is the number of genes (average of two biologic replicates) that are up (top) or

down (bottom) regulated upon treatment with GSK690 or RN-1 by >2-fold in any of the three cell lines. The Venn diagram illustrates the similarity of gene expression

changes caused by both agents. B, as in A, but shown are the genes that are significantly changed in expression (>2-fold; P < 0.05) upon RN-1 treatment in Kasumi-1,

SKNO-1, and MV4-11 cells for 72 hours. The Venn diagram illustrates the similarity of RN-1-induced gene expression changes in each cell line. C, heatmap

representation of gene expression changes in Kasumi-1, SKNO-1, and MV4-11 cells upon treatment with RN-1, GSK690, or GSK690� (compared with DMSO-treated

controls). The data are presented as the average log2 fold change in expression of two biological replicates; the magnitude of the changes is indicated by a

color scale (bottom), with shades of red indicating increase and shades of blue indicating decrease in expression. D, as in C, but only representing genes that are

upregulated (>1.5-fold) in bothKasumi-1 and SKNO-1 cells upon treatmentwith RN-1, GSK690, orGSK690� for 72 hours. Significantly upregulatedgenes are indicated

on the right. E, GSEA analysis of Kasumi-1 and SKNO-1 gene expression profiling data. F, the timing of KDM1A inhibitor-mediated induction of LY96mRNA levels was

determined. MV4-11 cells were treated with DMSO, RN-1 (1 mmol/L), and GSK690 (1 mmol/L) for indicated time points and mRNA levels determined using a

QuantiGene assay. Data represent themean of two independent experiments carried out in quadruplicate�SEM.G,manual ChIPwas performed for KDM1A (top) and

H3K4me3 (bottom) in Kasumi-1 cells. KDM1A was found significantly enriched at the LY96 promoter. H3K4me3 levels at the LY96 TSS were substantially increased

upon treatment with RN-1 and GSK690 (1 mmol/L each, treatment for 24 hours). ChIP with IgG was performed as a negative control. Data are presented as

enrichment/total input �SEM.
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observe that themajority of geneswhose expression changes upon

KDM1A inhibitor treatment are upregulated in human AML cell

lines. Importantly, KDM1A inhibitor-mediated gene expression

changes were not only similar between biological replicates but

also between the two completely different KDM1A inhibitor

chemotypes, GSK690 and RN-1 (Fig. 4A and C). Moreover,

GSK690�-mediated gene expression changes were similar but far

weaker compared with those observed upon GSK690 and RN-1

treatment, consistent with it being a less potent KDM1A inhibitor.

Collectively, our gene expression profiling data strongly suggest

that compound-mediated transcriptional changes result from

KDM1A inhibition.

Consistent with KDM1A's role in transcriptional repression, we

identified a number of genes whose expression was robustly

altered in both of theRUNX1-RUNX1T1 translocation-containing

AML cell lines (>4-fold change, P < 0.05; Fig. 4D and Supple-

mentary Table S2). To identify gene sets whose coordinate expres-

sionwas dependent uponKDM1Acatalytic activity,we performed

gene set enrichment analysis (GSEA) of transcriptional changes

following treatment with the KDM1A inhibitors. The fact that

similar GSEA results were obtained for KDM1A-controlled gene

expression signatures in both Kasumi-1 and SKNO-1 cells under-

scores the similarity of the transcriptional changes caused by

KDM1A inhibition across RUNX1-RUNX1T1 leukemias. Gene

expression changes in our dataset were similar to changes induced

by knockdown of known oncogenes such as HOXA9, KRAS, and

VEGF (Supplementary Table S2). In particular, genes that are both

upregulated and downregulated upon HOXA9 knockdown in

leukemia cells (36) were significantly correlated with KDM1A

inhibitor-induced gene expression changes (Fig. 4E). HOXA9 is a

well-established oncogenic driver in AML (36, 37); our results

suggest thatwhile KDM1A inhibition does not directly impede on

HOXA9 expression' however, molecular downstream conse-

quences of KDM1A inhibitor treatment mimic to a certain extent

loss of HOXA9 oncogenic signaling.

To gain insight into the kinetics of KDM1A inhibitor-mediated

induction of gene expression, we focused on one of the most

upregulated genes in our RNA-sequencing data, the lymphocyte-

specific antigen LY96. Its expression was substantially induced as

early as 4 hours after the addition of RN-1 or GSK690 (Fig. 4F).

Maximal induction was achieved after 16 hours of treatment and

persisted for at least 96 hours in the presence of compound. We

determined by ChIP that KDM1A bound directly to the LY96

promoter region and that H3K4me3, a modification specifically

associated with active transcription, was significantly enriched at

the LY96 transcription start site (TSS) upon treatment with both

RN-1 and GSK690 (Fig. 4G). Our data show that chromatin

structural and transcriptional changes on KDM1A target genes

precede phenotypic effects, which are usually not detected before

3 to 4 days of compound treatment.

KDM1A inhibitors evict KDM1A from chromatin

KDM1A inhibitors did not alter global levels of histone H3K4

and H3K9 di-methylation, even at concentrations that eventually

affect cell viability (Supplementary Fig. S5A and S5B). Moreover,

the levels of KDM1A and the integrity of the KDM1A-containing

protein complex appeared to be unaffected by inhibitor treatment

(Supplementary Fig. S5C). We reasoned that the molecular con-

sequences of KDM1A inhibition are perhaps detectable at specific

genomic locations, and thus performed ChIP and DNA sequenc-

ing (ChIP-seq) for KDM1A in Kasumi-1 and SKNO-1 cells in the

absence or presence of the KDM1A inhibitors RN-1 and GSK690.

Many KDM1A loci were occupied across all treatment conditions:

19,232 and 15,167 regions in Kasumi-1 and SKNO-1 cells,

respectively. KDM1A binding at TSS was significantly above

random but was also frequently observed in gene bodies and

intergenic regions (Fig. 5A, top). Most high-confidence KDM1A-

binding sites in one cell line were also observed in the other cell

line (Fig. 5A, bottom). Although the majority of KDM1A geno-

mic-binding sites remained unchanged upon KDM1A inhibitor

treatment (Fig. 5B and Supplementary Fig. S6A), surprisingly,

both irreversible and reversible inhibitors led to a marked loss of

KDM1A occupancy at a number of genomic locations in both cell

lines. (Fig. 5B and C and Supplementary Fig. S6B and S6C). Since

KDM1A catalyzes the demethylation of mono- and di-methyl-

ated but not tri-methylated H3K4, we performed ChIP-seq to

determine potential changes in local H3K4me2 levels on

KDM1A target genes. Many KDM1A target genes such as LY96,

ID3, PI16, ACVR2A, KCTD12, MS4A4A, TMEM251, FGD6, and

RGBM showed substantial KDM1A loss or redistribution with

concomitant increase of H3K4me2 levels upon inhibitor treat-

ment in both cell lines (Fig. 5D and Supplementary Fig. S6C).

KDM1A redistribution is exemplified at the LY96 locus where

the inhibitor-induced loss of KDM1A leads to a new KDM1A

peak upstream of the original binding site in both cell lines

(Fig. 5D, left). We confirmed by ChIP that RN-1 and GSK690

but not the weaker GSK690� isomer induced KDM1A loss on

individual target genes including LY96 (Supplementary Fig.

S6D), indicating that it is indeed the inhibition of the enzyme

that leads to KDM1A eviction. Interestingly, KDM1A occupied

genes were not devoid of H3K4me2 and, depending on geno-

mic context, showed H3K4me2 peak enrichments or a sub-

stantial broadening of the H3K4me2-positive area upon treat-

ment with a KDM1A inhibitor. Increased H3K4me2 signal in

the vicinity of KDM1A-binding sites was observed more fre-

quently on loci that lose KDM1A upon RN-1 and GSK690

treatment. Comparison of KDM1A and H3K4me2 ChIP-seq

data in Kasumi-1 cells shows that H3K4me2 gain is strongly

correlated with loss of colocated KDM1A (Fig. 5E, bottom right

quadrant). However, integrating the ChIP-seq and RNA-seq

data, the expression of the majority of genes near KDM1A-

binding sites remains unaffected upon inhibitor treatment,

regardless of whether KDM1A is retained or displaced (Fig.

5F). This indicates that KDM1A inhibitors impact RUNX1-

RUNX1T1 leukemia transcriptional profiles in a highly selective

manner that is not necessarily predicted by KDM1A-binding

patterns. On the other hand, upregulated genes are far more

likely to have both loss of KDM1A and increase in H3K4me2

upon inhibitor treatment, compared with either downregulated

genes or genes that are unchanged in expression (Fig. 5G).

Genes with both, chromatin changes and transcriptional up-

regulation, are KDM1A target genes directly impacted by

KDM1A inhibitors and represent a potentially valuable bio-

marker gene signature.

KDM1A inhibitor-mediated KDM1A chromatin eviction is

rapid and precedes transcriptional response

Diminution of KDM1A occupancy by KDM1A inhibitors is

unexpectedwith no previous precedent. Intrigued by the outcome

of our ChIP-seq data, we further explored the impact of KDM1A

inhibitors on KDM1A chromatin binding in RUNX1-RUNX1T1

leukemiamodels. Given that KDM1A inhibitors did not appear to

McGrath et al.
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Figure 5.

KDM1A inhibitors affect KDM1A chromatin binding pattern. A, ChIP-seq was performed in Kasumi-1 and SKNO-1 cells in the presence of DMSO, RN-1 and GSK690

(1 mmol/L each) to determine KDM1A-binding sites. The Venn diagrams illustrate the overlap of high confidence (�log10 MACS P > 250) TSS proximal (�2,000/

þ2,000 bp) KDM1A-binding sites in both cell lines. B, signal (integrated normalized ChIP-seq fragments� 1000) at each KDM1A-binding site in Kasumi-1 cells treated

with DMSO (x-axis) or KDM1A inhibitors (y-axis). C, average genome-wide KDM1A occupancy (�2,000, þ2,000 interval around the center of each KDM1A

region) in Kasumi-1 cells at genomic loci showing reduction upon treatment with the KDM1A inhibitors RN-1 and GSK690 for 72 hours compared with DMSO-treated

controls. D, visualization of KDM1A and H3K4me2 profiles at selected KDM1A target genes in SKNO-1 (top) and Kasumi-1 (bottom) cells treated with DMSO, RN-1,

and GSK690 for 72 hours. KDM1A occupancy is decreased and H3K4me2 levels are increased upon KDM1A inhibitor treatment. E, change of KDM1A and

H3K4me2 occupancy in Kasumi-1 cells treated with DMSO and RN-1 (top) or DMSO and GSK690 (bottom). Data are presented as log2 fold change after adding

a regularizing constant to integrated signal in each interval. Interval locations were calculated by MACS (see Materials and Methods for details). Dashed red

lines indicate 1.5-fold change in mean signal. The number of loci that show (1) increase in H3K4me2 and decrease in KDM1A (lower right), (2) increase in H3K4me2

and KDM1A (upper right), (3) increase in KDM1A and decrease in H3K4me2 (upper left), and (4) decrease in KDM1A and H3K4me2 (lower left) are indicated. F,

shown is a representation of all 16,483 expressed genes (expression signal >0 in any line) with respect to their KDM1A status in the absence or presence of

KDM1A inhibitors and their respective expression changes upon KDM1A inhibitor treatment, with a 1.5-fold threshold. G, shown are the fractions of expressed genes

>2-fold downregulated (total n ¼ 17), unchanged (n ¼ 16,273), or >2-fold upregulated (n ¼ 205) that exhibit (1) KDM1A loss and H3K4me2 gain (black), (2) KDM1A

loss only (dark gray), or (3) H3K4me2 gain (light gray) in Kasumi-1 cells upon KDM1A inhibitor treatment.

KDM1A (LSD1) Inhibitors Are Efficacious in AML1-ETO Leukemia Cells
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Figure 6.

KDM1A and its complex partners are rapidly evicted from chromatin upon KDM1A inhibitor treatment. A, RN-1 displaces KDM1A and KDM1A complex components

from target genes. ChIP was performed in Kasumi-1 cells after 24 hours of treatment with DMSO or RN-1 (1 mmol/L). Data are presented as enrichment/total input

�SEM and are calculated from the average of PCR quadruplicates. B, inhibitor-mediated loss of KDM1A chromatin binding is rapid. ChIP was performed in Kasumi-1

cells after 15, 30, 60, and 120 minutes of treatment with DMSO or RN-1 (1 mmol/L). Data are presented as enrichment/total input�SEM and are calculated from the

average of PCR quadruplicates. KDM1A enrichment of treated samples is normalized to the corresponding ChIP of DMSO-treated samples. C, determination of

inhibitor-induced loss of KDM1A binding to histone H3 in living cells by aNanoBRET assay. HEK293 cells were transfectedwith NanoLuc-KDM1A and HaloTag-H3 and

DMSO or KDM1A inhibitor added 24 hours post-transfection. Relative NanoBRET signal wasmeasured 24 hours after the addition of compounds. Data are presented

as the mean of two independent experiments carried out in quadruplicate �SEM. D, RN-1 (left) and GSK690 (right) displace KDM1A from histone H3 in a

dose-dependent manner as measured by BRET as described in C. The ability of compounds to displace KDM1A (top) parallels their ability to induce KDM1A target

gene expression (bottom). LY96mRNA levels were determined and normalized toGAPDHmRNA levels in MV4-11 cells using a Quantigene assay. Data represent the

mean of two (top) and three (bottom) independent experiments carried out in triplicate �SEM. E, KDM1A remains evicted from target genes 48 hours post

RN-1 removal. Kasumi-1 cells were treated for 24 hours with DMSO or RN-1 (1 mmol/L). Data are presented as normalized enrichment/total input �SEM and are

calculated from the average of PCR quadruplicates normalized to each time points' respective DMSO control. F, KDM1A inhibitor treatment leads to prolonged LY96

gene induction that is maintained after compound removal. MV4-11 cells were treated with DMSO, RN-1 (1 mmol/L), or GSK690 (1 mmol/L) for 24 hours, upon

which cells were washed and cultured in fresh medium for additional 24, 48, 72, and 96 hours post compound removal. LY96 mRNA levels were determined and

normalized to GAPDH mRNA levels using a QuantiGene assay. Data represent the mean of two independent experiments carried out in quadruplicate �SEM.
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reduce cellular levels of KDM1A or disrupt the KDM1A-contain-

ing protein complex (Supplementary Fig. S5C),we examinedhow

KDM1A inhibition affected the chromatin binding of complex

components. Treatment with RN-1 effectively displaced KDM1A

together with RCOR1 and HMG20B (Fig. 6A). In contrast,

PHF21Aoccupancywas unaffectedonall inspectedKDM1A target

genes with the exception of ACVR2A. KDM1A was largely dis-

placedwithin an hour of compound treatment (Fig. 6B), and thus

well before any increase in gene expression was detected (see for

example Fig. 4F).

As an orthogonal approach to measure inhibitor-mediated

loss of KDM1A from chromatin, HEK293T cells were trans-

fected with plasmids expressing Halo-tagged histone isoform

H3.1 and NanoLuciferase-tagged KDM1A and the physical

proximity between these two proteins was monitored by bio-

luminescence resonance energy transfer (NanoBRET, Fig. 6C,

left). RN-1 and GSK690 but not GSK690� reduced the BRET

signal in the transfected cells (Fig. 6C, right), indicative of a

partial ablation of the KDM1A:histone H3 interaction. Both

chemotypes impacted the KDM1A interaction with histone H3

in a dose-dependent manner (Fig. 6D, top), which correlated

well with their abilities to induce KDM1A target gene expres-

sion (Fig. 6D, bottom). KDM1A rebinding (Fig. 6D and Sup-

plementary Fig. S6E) and restoration of gene silencing (Fig. 6F)

were not observed post compound removal for at least 48 and

96 hours, respectively, suggesting that the molecular conse-

quences of KDM1A inhibition are relatively long-lived.

KDM1A inhibitors combine with other agents

for the treatment of AML

Given that KDM1A inhibitor single-agent activity was limited

in some AML cell lines, we evaluated whether KDM1A inhibitors

in combination with other agents achieve improved phenotypic

responses. To explore potential combinatorial effects, we carried

out two-dimensional dose titrations of both agents andmeasured

in parallel cell viability for each unique combination of drug

concentrations. Cell viability data were then subjected to various

analysis methods to differentiate synergy from simple additive

effects (details of synergy determination and analysismethods are

described in the Supplementary Methods). Initially, we explored

whether KDM1A inhibition would increase the efficacy of the

standard of care agent in AML, cytarabine (Ara-C). Combining

RN-1 and Ara-C was substantially more effective in reducing AML

cell viability than either agent alone in a number of AML cell lines

(Fig. 7A), indicative of synergy between these two agents. Synergy

was detected preferentially in cell models that were less sensitive

to either single agent (Fig. 7A, table on the right).

KDM1A inhibitors were previously shown to synergize with

ATRA (25) as well as with histone deacetylase inhibitors (38),

agents that modulate chromatin structure and transcriptional

programs. ATRA alone had minimal effects on cell viability, but

enhanced and accelerated the effects of RN-1 in a number of AML

cell lines representing various AML subtypes (Fig. 7B). The impact

on cell viability was achieved by a number of different ATRA and

KDM1A inhibitor dose combinations, indicating substantial syn-

ergy asmeasured by Bliss independence volume (Fig. 7B, table on

the right).

We and others have shown that small-molecule inhibitors of

the histone methyltransferase EZH2 alter gene expression pro-

grams and are efficacious in non-Hodgkin lymphoma subtypes

(39, 40). Recently, it was suggested that EZH2 inhibitors are also

effective in the treatment of AML (41). Thus, the potential for

KDM1A inhibitors to work in combination with EZH2 inhibitors

was investigated. MOLM-13 cells were effectively killed by the

EZH2-KDM1A inhibitor combination (Fig. 7C), showing remark-

able synergy, regardless of the method used to calculate the

combinatorial effects (Supplementary Fig. S7). Expanding these

studies, combinatorial effects were evident in a number of addi-

tional leukemia cell line models (Fig. 7C, table on the right).

Collectively, these studies suggest that KDM1A inhibitors can

be successfully combined with chemotherapeutic and targeted

agents, and that combinations may be an effective therapeutic

strategy in a clinical setting.

Discussion

We have shown here that KDM1A inhibition is broadly effica-

cious across cell lines representing the various AML subtypes.

While our manuscript was in preparation, small cell lung cancers

of the neuroendocrine subtype were reported to be dependent on

KDM1A (42). In this study, irreversible KDM1A inhibitors were

used across a large cancer cell panel and broad responses in AML

were noted, in agreement with our data. In addition to AML, we

also identified CML and T-ALL as potential indications for

KDM1A inhibitors. A number of AML cell lines showed less than

100% cell killing. In such cases, a cell subpopulation is effectively

eliminated; however, growth of entire populations appeared

critically affected by KDM1A inhibitors when evaluated in colony

formation assays (Supplementary Fig. S3). Clonal architecture in

AML gives rise to functional heterogeneity that impacts disease

aggressiveness and progression (43). AML cell lines may recapit-

ulate some level of heterogeneity, which could affect in some

instances their sensitivity to KDM1A inhibitors. Future experi-

mentation will be required to explore the molecular character-

istics of the resistant cell subpopulation after KDM1A inhibitor

treatment and compare their engraftment potential with that of

the parental AML cell line. Our studies also suggest that the

addition of a second therapeutic agent in combination with

KDM1A inhibitors may be a useful strategy to achieve more

complete responses in AML.

In depth examination of leukemia models that are defined by

the presence of RUNX1-RUNX1T1 translocations provided evi-

dence that KDM1A inhibitors effectively suppress in vitro and in

vivo growth of this leukemia subtype. RUNX1-RUNX1T1 leuke-

mias belong to a larger, heterogeneous subgroup termed core

binding factor (CBF) leukemias. The core binding factor protein

complex contains multiple transcription factors that are required

for normal hematopoietic development (44). Genomic aberra-

tions in any of the genes encoding for CBF components are

associated with malignant transformation and promote AML

(45). CBF leukemias include RUNX1 mutations, t(8;21) and

inv(16) translocations, the latter of which fuses core binding

factor beta (CBFB) to the MYH11 gene. ME-1 cells harbor a

CBFB-MYH11 translocation andwere identified as KDM1A inhib-

itor-responsive in the AML cell panel (Fig. 1A). These data support

the idea of broad KDM1A dependencies in CBF leukemias and

future studies, especially those exploring primary samples, may

provide clarification about the scope of KDM1A inhibitor

response in CBF leukemias.

Transcriptional profiling in RUNX1-RUNX1T1 cell models

provided strong support for a role of the KDM1A in transcrip-

tional repression, with little of the transcriptional activation

www.aacrjournals.org Cancer Res; 76(7) April 1, 2016 1985
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reported previously (10, 46). Though, it is possible that the

coactivator role rests on a scaffolding function of KDM1A that

may only be perturbed by protein depletion. This would be

consistent with a study in which many more genes were down-

regulated rather than upregulated when Kdm1a was diminished

by RNAi in a murine Mll-Af9–driven AML model (24). Clearly,

our study indicates that KDM1A inhibitors elicit mostly increases

in gene expression. In fact, both inhibitor chemotypes cause very

Figure 7.

KDM1A inhibition shows synergy with other therapeutic agents. A, left panel shows RN-1 and Ara-C combination in OCI-AML5 cells, which displayed the greatest

synergy of all tested cell lines as indicated in the table to the right. Shown in the table are the GI50 values for each agent as well as the Bliss independence volume

calculated from the two-dimensional dose titration cell viability data. All data are represented as the mean of duplicate experiments �SEM. Cells were

treated with both agents at the doses indicated for 8 days, with passaging into fresh drug at day 4. B, RN-1 and ATRA combination in SKM-1 cells. Cells were treated

with both agents at the doses indicated for 4 days. GI50 values and synergy scores are summarized in the table to the right. C, RN-1 and EZH2 inhibitor combination in

MOLM-13 cells. The EZH2 inhibitor CPI-169 showed strong synergy when dosed in combination with RN-1 over a 12-day period. Cells were passaged and compounds

were renewed every 4 days. Table summarizes KDM1A and EZH2 inhibitor single agent and combinatorial activities in a number of AML and T-ALL cell lines.
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similar changes in gene expression, further substantiating the

argument that these effects are caused by compound on-target

activity and that KDM1A inhibition largely perturbs the

KDM1A corepressor function. The "signature" of genes altered

by KDM1A inhibitor treatment correlated well with gene sets

that were altered in human MLL-rearranged AML models upon

knockdown of the oncogenic transcription factor HOXA9 (36).

Although we did not detect downregulation of HOXA9 or its

cofactors MEIS1 and PBX3, nor the transcription factor MEF2C,

we see a striking correlation of genes altered by KDM1A

inhibitors with both genes downregulated and upregulated by

HOXA9 knockdown. Engineered overexpression of HOXA9 in

RUNX1-RUNX1T1 AML cell lines had no effect on their sensi-

tivity to KDM1A inhibition (data not shown), suggesting that

the common effects on transcriptional programs are not medi-

ated directly by the action of HOXA9 alone. Actually, HOXA9

and MEIS1 expression levels are relatively low in primary

RUNX1-RUNX1T1 leukemias (47), and thus not likely to confer

a proliferative advantage in this AML subtype. This is consistent

with the concept that transcriptional signatures in different

leukemia subtypes, categorized on the basis of primary geno-

mic aberrations, are distinct from each other (48). However,

our data suggest that RUNX1-rearranged and MLL-rearranged

leukemias may converge on similar downstream oncogenic

pathways that are impacted by KDM1A inhibition. Functional

consequences of KDM1A inhibition in RUNX1-RUNX1T1 AML

models include both induction of differentiation and cell

death. Interestingly, KDM1A inhibitors induce the expression

of the proapoptotic factors TNFSF10 (TRAIL, APO2L) and TNF

(TNFa) in Kasumi-1 and SKNO-1 cells. TNFSF10 is a potent

inducer of the extrinsic pathway of programmed cell death and

was shown to induce apoptosis in the context of RUNX1-

RUNX1T1 translocations under hypoxic conditions (49). Per-

haps TNFSF10 or TNF induction contributes to the repertoire

by which KDM1A inhibitors affect the viability of RUNX1-

RUNX1T1 leukemias.

KDM1A inhibitor mediated eviction of KDM1A from certain

genomic locations was an unexpected finding. Since both

inhibitor chemotypes produced very similar results, it is likely

that this is a mechanism-based molecular consequence of

KDM1A inhibition rather than a compound-specific phenom-

enon. The KDM1A protein complex has several "molecular

handles" to retain chromatin association, and thus one would

not predict that the binding of the KDM1A active site to the

histone H3 N-terminal region is the dominant factor control-

ling KDM1A chromatin residency. ChIP-seq and BRET assay

data suggest that loss of KDM1A upon inhibitor treatment is a

context-specific phenomenon that does not globally affect

KDM1A chromatin association. A recent study of KDM1A-

binding sites in small cell lung cancer models upon KDM1A

inhibitor treatment did not report any changes in chromatin

association (42). Our data support the concept that inhibitor-

mediated loss of KDM1A results in more pronounced changes

in H3K4me2 levels as well as transcriptional activation as

compared with mere KDM1A inhibition. It will be interesting

to resolve in future studies whether the therapeutic impact of

KDM1A inhibitors in AML stems from the inhibition of

KDM1A catalytic activity or the context-dependent KDM1A

complex displacement.

KDM1A inhibitors are among an increasing number of

approaches targeting chromatin regulators that have recently

entered clinical trials. Our data suggest that broad KDM1A depen-

dencies exist in human AML, with CBF leukemias being of

potential interest from a clinical perspective. Despite the require-

ment of KDM1A for normal hematopoiesis, KDM1A inhibitors

exhibit a clear window of opportunity in an AML therapeutic

setting. Our finding that both irreversible and reversible KDM1A

inhibitor-mediated induction of gene expression is prolonged for

multiple days after compound removal is interesting from a

therapeutic standpoint. This modality having entered the clinic

will spur the interest to answer questions regarding the extent of

the therapeutic window and the optimal dosing paradigm in the

near term.
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