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ABSTRACT

pigenetic regulators play a critical role in normal and malignant
Ehematopoiesis. Deregulation, including epigenetic deregulation, of the

HOXA gene cluster drives transformation of about 50% of acute
myeloid leukemia (AML). We recently showed that the histone 3 lysine 9
methyltransferase SETDB1 negatively regulates the expression of the pro-
leukemic genes Hoxa9 and its cofactor Meis1 through deposition of promot-
er H3K9 trimethylation in MLL-AF9 leukemia cells. Here, we investigated
the biological impact of altered SETDB1 expression and changes in H3K9
methylation on AML. We demonstrate that SETDB1 expression is correlat-
ed to disease status and overall survival in AML patients. We recapitulated
these findings in mice, where high expression of SETDB1 delayed MLL-AF9
mediated disease progression by promoting differentiation of leukemia
cells. We also explored the biological impact of treating normal and malig-
nant hematopoietic cells with an H3K9 methyltransferase inhibitor,
UNCO0638. While myeloid leukemia cells demonstrate cytotoxicity to
UNC0638 treatment, normal bone marrow cells exhibit an expansion of
cKit" hematopoietic stem and progenitor cells. Consistent with these data,
we show that bone marrow treated with UNCO0638 is more amenable to
transformation by MLL-AF9. Next generation sequencing of leukemia cells
shows that high expression of SETDB1 induces repressive changes to the
promoter epigenome and downregulation of genes linked with AML,
including Dock1 and the MLL-AF9 target genes Hoxa9, Six1, and others.
These data reveal novel targets of SETDB1 in leukemia that point to a role
for SETDB1 in negatively regulating pro-leukemic target genes and sup-
pressing AML.

Introduction

Epigenetic deregulation has emerged as an important contributor to oncogenesis
and disease progression in a variety of malignancies, including leukemia.! Deep
sequencing has revealed that genes encoding epigenetic modifying proteins are
mutated in over 70% of acute myeloid leukemia (AML) patients.” H3K9me2/3
marks large regions of condensed transcriptionally inactive chromatin, such as peri-
centric heterochromatin.®* H3K9me2/3 also plays a functional role in the dynamic
repression of genes in euchromatic regions of the genome.’ Two families of pro-
teins are associated with deposition of H3K9 methylation: the SUV39 family and
PRDM family. The SUV39 family of H3K9 methyltransferases consists of
SUV39H1/2, EHMT1/2, and SETDB1/2.* Our lab and others have previously
demonstrated that members of the SUV39 family of H3K9 methyltransferases bind
to the polymerase associated factor complex (PAF1c).”® SETDB1, G9a (EHMT2),
and GLP (EHMT1), were identified in a proteomics study exploring the interactome
of the PAF1cin AML.°The PAFlc is an epigenetic regulator complex that physically
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associates with RNA polymerase II (RNAPII) and both
positively and negatively regulates gene transcription.”™
In AML, the PAFlc is critical for the regulation of a pro-
leukemic HOXA gene program in AML cells through the
recruitment of MLL and MLL-fusion proteins to the
HOXA locus via direct physical interactions."” ™ Hoxa9 and
its co-factor VEIS1 are upregulated in about 50% of AML
and associated with a poor patient prognosis."” Given our
recent data linking H3K9 methyltransferases with Hoxa9
and AMeis1 repression along with altered H3K9me3 in
AML patients compared to CD34" cells,” it is important to
understand the epigenetic and biological impact of H3K9
methyltransferases on AML.

SETDB1 is a HSK9 mono/di/tri-methyltransferase
involved in heterochromatin regulation and euchromatic
gene silencing.” SETDB1 was shown to bind gene loci
associated with development in mouse embryonic stem
(ES) cells, such as the Hoxd cluster of genes.” SETDB1 has
been implicated as an oncogene in melanoma, breast can-
cer, liver cancer, and lung cancer. Importantly, Ceol ez al.
reported amplification of SETDB1 in melanoma results in
aberrant binding and regulation of the HOXA locus.” In
contrast to these oncogenic roles for SETDBI,
Avgustinova and colleagues report that depletion of the
H3K9 methyltransferase G9a in squamous tumors leads to
a delayed, but more aggressive phenotype due to expand-
ed cancer progenitor pools with increased genomic insta-
bility” In the hematopoietic system, the methyltrans-
ferase activity of G9a is required for leukemogenesis due
to a physical interaction with HOXA9.” Importantly, loss
of G9a has no effect on hematopoietic stem cells.”*
SETDB1, however, is required for both hematopoietic
stem and progenitor cell (HSPC) maintenance and
leukemic stem cells.”® Further, Cuellar and colleagues
show that SETDB1 mediated silencing of endogenous
retroviral elements is required for the growth of AML cell
lines.”* Together, these studies suggest that therapeutic tar-
geting of SETDB1 may benefit AML patients. However,
we recently demonstrated that SETDB1 negatively regu-
lates the expression of the pro-leukemic Hoxa9 and Meis1
genes in MLL-AF9 transformed AML cells through associ-
ation with the PAF1c, which localizes to Hoxa and Meis1
loci. The PAF1c-SETDB1 interaction mediates promoter
H3K9me3 and repression of Hoxa9 and Meis1 expression.’
Further, SETDB1 expression is inversely correlated with
HOXA9 and MEIS1 expression in AML patient samples.’
These data imply a more complex role for H3K9 methyla-
tion in AML similar to skin tumors whereby H3K9
methyltransferases display both oncogenic and suppres-
sive roles.”®” Thus, further investigation into the role of
H3K9 methyltransferases in AML is required.

Here we show that AML patients with higher expres-
sion of SETDB1 display a better prognosis, consistent with
repression of HOXA9 and MEIS1 expression. SETDB1
overexpression induces cellular differentiation and delays
disease onset in a mouse model of AML, recapitulating
AML patient survival. We also investigated the utility of
inhibiting H3K9 methyltransferases in AML cells and
HSPC, demonstrating that inhibition of H3K9 methyla-
tion in HSPC leads to retention of self-renewal capacity in
HSPC and more efficient transformation by the MLL-AF9
fusion protein. Finally, we show that SETDB1 regulates
gene expression by inducing changes in the epigenetic
landscape and chromatin accessibility at gene targets crit-
ical to leukemogenesis.

Methods

Patient sample data

Data for patient gene expression relative to normal hematopoi-
etic cells were mined from BloodPool on BloodSpot database.”
Bloodspot assigns AML patient samples to a closest normal
hematopoietic counterpart using transcriptomic profﬂes.25 AML
patient RNA sequencing (RNA-seq) and survival data were mined
from The Cancer Genome Atlas.’

Cell line generation

Cell lines were generated from C57Bl/6 (Taconic Farms) mouse
bone marrow or from SETDB1floxed” mice. Platinum-E viral
packaging cells were transfected with the indicated constructs:
MSCVneo-FLAG-MLL-AF9 (MA9), MSCVneo-FLAG-E2A-HLF
(EHF), MSCVhygro-FLAG-EHMT2 (G9a) (Ge lab; Addgene
#41721), MSCVpuro-HA-SETDB1 or empty vector (EV) controls.
Cells were spinfected with viral supernatants and 5 ug/mL poly-
brene (Millipore), selected with 1 mg/mL G418 (Invitrogen) and
1 ug/mL puromycin (Invitrogen) or 200 ug/mL hygromycin
(Invitrogen) and cultured in IMDM with 15% stem cell fetal
bovine serum (Millipore), 1% penicillin/ streptomycin
(Invitrogen), 10 ng/mL interleukin-3 (IL-3) and 100 ng/mL stem cell
factor (R&D).

Mouse modelling

Primary MLL-AF9 mouse leukemia cells were retrovirally trans-
duced with MSCVpuro-HA-SETDB1 or EV and selected in 2
ug/mL puromyecin for 4 days. 100,000 cells were injected intra-
venously into lethally irradiated (950 rads) C57Bl/6 mice. Mice
were monitored for survival, moribund mice were euthanized,
and bone marrow, spleen, and liver were harvested. Animal stud-
ies were approved by the University of Michigan’s Committee on
Use and Care of Animals and Unit for Laboratory Medicine.

Quantitative PCR (qPCR)

RNA was harvested using the Qiagen RNeasy mini plus kit.
cDNA synthesis was performed using the SuperScript III kit
(Invitrogen). qPCR was performed using fast SYBR-green master-
mix (Thermo Fisher). Primers sequences are listed in the Online
Supplementary Table S2.

Sequencing libraries preparation

MA9* empty vector (EV) and MA9+SETDBI cells were harvest-
ed for next generation sequencing library preparation for RNA-
seq, ChIP-seq, and ATAC-seq. ChIP-seq antibodies were validated
using Epicypher histone peptide arrays (Omnline Supplementary
Figure S6). Library preparation details are in the Omnline
Supplementary Materials and Methods.

Data availability
Sequencing data is available via the Gene Expression Omnibus,
accession GSE136850.

Results

SETDB1 expression is correlated with AML patient
prognosis

Given our data linking H3K9 methyltransferases with
HOXA9 and MEIS1 expression, we investigated their
expression in AML patient sample data. Interestingly,
SETDB1, SUV39H1, and SUV39H2 exhibit lower expres-
sion in AML patient samples when compared with normal
hematopoietic cells, with median expression levels that
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Figure 1. SETDB1 expression is low in acute myeloid leukemia (AML) and correlated with AML patient survival. (A) BloodPool microarray gene expression data mined
from Bloodspot shows AML patient gene expression relative to the nearest normal hematopoietic counterpart for the indicated genes encoding H3K9 methyltrans-

ferases (n=1991) in a violin plot. Max probe was used for all genes. (B) BloodPool
divided by karyotype (n=1,991) shown in a boxplot. Max probe was used for SETD

data for AML patients’ SETDB1 expression relative to nearest normal counterpart
B1 expression. (C) TCGA RNA-seq patient sample data is divided by “high” expres-

sion (above median) and “low” expression (below median) for the indicated gene encoding an H3K9 methyltransferase. Boxplot shows overall survival for each strat-

ified gene (n=173). (D) Kaplan Meier curve showing overall survival of AML patient:

s stratified by SETDB1 expression above (“high”) or below (“low”) median (n=173).

(E) Multivariate analysis using Cox Hazard Proportion analysis to assess the hazard ratio associated with changing levels of SETDB1 expression. SETDB1 expression
is expressed in log2 (RSEM), so the hazard ratio is associated with a two-fold change in SETDB1 expression. Age did not satisfy the model and was stratified by
patients <60 years old and patients >60 years old (n=173). Statistics: log-rank followed by multiple testing correction using Benjamani-Hochberg false discovery rate

(FDR) (C); log-rank (D); Cox Proportional Hazard Model (E); n: biological replicates;

*: P/padj<0.05; RNA-seq: RNA sequencing.

are 66%, 56%, and 41% relative to their nearest normal
hematopoietic counterparts, respectively (Figure 1A).**
The downregulation of these genes in AML samples was
consistent regardless of AML karyotype (Figure 1B and
Online Supplementary Figure S1A-B).*”° We next tested
whether H3K9 methyltransferase gene expression signifi-
cantly correlated with patient survival using publicly avail-
able RNA-seq data® and found that only SETDB1 expres-
sion significantly correlated with patient survival (Figure
1C). Median survival for patients with SETDB1 expression
above the median was 26.3 months and 9.5 months in
patients with SETDB1 expression below the median
(Figure 1D).* Univariate and multivariate analyses reveal
that higher expression of SETDB1 is associated with a
higher overall survival rate with a P<0.003 and a lower
expected hazard ratio of 0.29 per two-fold change in
expression (Figure 1D-E).

SETDB1 or G9A expression reduces AML growth and
colony formation

We next explored the biological effects of SETDB1
expression on the transformation and growth of AML
cells. First, we explored whether there is a difference in
Setdb1 expression in mouse AML relative to normal HSPC
by isolating lineage negative (Lin") cKit" cells from mouse

bone marrow. qPCR demonstrates that Setdb1 expression
is reduced in murine MLL-AF9 and CALM-AF10
leukemias compared to normal HSPC, consistent with the
patient sample data (Figure 2A). We next performed
colony replating assays where Lin® mouse bone marrow
cells were retrovirally co-transduced with the MLL-AF9
fusion oncogene with and without SETDB1 and plated in
semi-solid methylcellulose. Overexpression of human
SETDB1 significantly reduced MLL-AF9 mediated colony
formation (Figure 2B-C) while not affecting the expression
of the exogenous MLL-AF9 (Online Supplementary Figure
S2A).** Colony formation driven by a separate leukemic
fusion protein, E2A-HLE, was also reduced in the presence
of SETDB1, suggesting a general effect on AML transfor-
mation (Online Supplementary Figure S2B-C). Ex vivo prolif-
eration assays demonstrate that overexpression of
SETDB1 in MLL-AF9 or E2A-HLF transformed AML cells
leads to a significant reduction in cellular proliferation
(Figure 2D and Ounline Supplementary Figure S2D).
Interestingly, we observed a strong selective pressure to
reduce exogenous SETDB1 expression in cultured MLL-
AF9+SETDBI1 cells (Online Supplementary Figure S2E)
resulting in rescue of MLL-AF9 cellular proliferation
(Online Supplementary Figure S2F). MLL-AF9 cells that over-
express SETDB1 undergo morphological changes consis-

SETDB1 expression suppresses MLL-fusion driven AML -
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Figure 2. Overexpression of SETDB1 delays acute myeloid leukemia growth. (A) Quantitative PCR (qPCR) using primers for mSetdb1 to determine expression levels
in primary MLL-AF9 (n=3) or CALM-AF10 (n=2) acute myeloid leukemia (AML) cells compared to Lin-cKit+ mouse bone marrow hematopoietic stem and progenitor
cell (HSPC) (n=2 pools of 5 mice each). (B) Mouse Lin- bone marrow was retrovirally transduced with the indicated plasmid vectors and plated in methylcellulose.
Colonies were counted after 7 days and re-plated, for a total of three rounds. Shown is one representative experiment of n=4, error bars are standard deviations of
the technical replicates. (C) Representative lodonitrotetrazolium chloride (INT) staining of colony assay plates for MA9 cells with or without SETDB1 overexpression.
Images were taken on a BioRad ChemiDoc XRS+ at 1X maghnification at the same time with the same contrast. (D) Lin- bone marrow cells were retrovirally transduced
with MA9 in the presence or absence of SETDB1 overexpression, selected for 2 weeks, then proliferation was monitored by viable cell count daily. Shown is one rep-
resentative experiment of n=4. Error bars are standard deviations of technical replicates. (E) Representative cytospin and Hema3 stained MA9 cells in the presence
or absence of SETDB1 overexpression (n=3). (F) gPCR measurement of genes associated with differentiation in MA9 cells in the presence or absence of SETDB1
overexpression. Data are normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh) relative to MA9+EV gene expression (delta delta ct), n=3. Error bars are
standard deviation of delta delta ct. (G-H) Quantification of fluorescence-activated cell sorting (FACS) analysis to determine the relative amount of live, dead, and
dying cells in (G) resting AML cells or (H) AML cells treated with Daunorubicin. Cells were stained with FITC-Annexin V and DAPI and run on an LSRII flow cytometer.
Cells are defined as follows: AnnexinV+,DAPI+ = dead; AnnexinV-,DAPI- = alive; AnnexinV+,DAPI- = apoptotic. Shown are relative quantifications comparing the
SETDB1 overexpression cells to control. Error bars indicate standard deviations. (G) n=3, (H) n=2. (I) Survival for MLL-AF9 AML mouse model. Primary MA9 cells were
transduced with SETDB1 or EV control and selected for 4 days prior to tail vein injections in sublethally irradiated mice. Shown is the Kaplan Meier survival curve;
MA9+EV n=14; MA9+SETDB1 n=8 (six censored mice did not develop AML). (J) Spleen weights of moribund or censored mice from MLL-AF9 AML mouse model. Error
bars represent standard deviations. Above are representative images of spleens from euthanized mice. (K) gPCR using primers specific for the HA-SETDB1 exoge-
nous construct from the AML mouse model to measure expression of the plasmid. RNA was harvested before injection or from moribund mice (n=2, 4 MA9+EV pre-
injection, moribund mice; n=2, 8 MA9+SETDB1 pre-injection, moribund mice). Error bars represent standard deviations. Statistics: significance was determined by:
two-sample t-test comparing relative expression (Actb or Gapdh) of AML primary cells to Lin-cKit+ for Setdb1 expression(A) or MA9+SETDB1 to MA9+EV for four dif-
ferent genes’ expression (F); generalized linear modeling followed by ANOVA where each MA9+SETDB1 replicate was paired to the MA9+EV control from the same
biological replicate. Main effect is reported if there are no significant interactions (see statistical analysis in the Online Supplementary Materials and Methods).
(B/D/G/H); Log-rank test (I). MA9: MLL-AF9; EV: empty vector control; n: biological replicates; *: P<0.05: Actb: beta actin; Gapdh: glyceraldehyde 3-phosphate dehy-
drogenase.
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Figure 3. H3K9 methyltransferase inhibitor UNCO638 enhances hematopoietic stem and progenitor cell colony formation capacity. (A-B) Lin- mouse bone marrow
was isolated and treated in culture for 4 days with the indicated dose of UNCO638. (A) Cells pretreated with UNCO638 were harvested, lysed in SDS loading buffer,
and run on SDS-PAGE. Shown is a Western blot probed for the indicated antibodies. Below the H3K9me2/3 Western blots are numbers indicating the band densities
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bars represent the standard deviation of these normalized values. (C) INT stained representative colonies from (B). (D) Isolated human CD34* cells were treated for
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stained representative colonies from (D). Statistics: significance was determined by generalized linear modeling followed by ANOVA where each treated group was
paired to the vehicle treatment from the same biological replicate. Main effect is reported if there are no significant interactions (B/D) (See statistical analysis in
Online Supplementary Materials and Methods); n: biological replicates; *: P<0.05: INT: 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride; HSPC:

hematopoietic stem and progenitor cell.

tent with differentiation (Figure 2E). Genes associated with
hematopoietic differentiation, including ld2, Cd80, Nab2,
and [tgam have significantly increased expression upon
overexpression of SETDB1 (Figure 2F). Additionally, over-
expression of SETDB1 in MLL-AF9 cells leads to increased
apoptosis (Figure 2G and Online Supplementary Figure S2G).
We next examined whether SETDB1 expression is associ-
ated with reduced chemoresistance. MA9+SETDB1 do not
exhibit reduced apoptosis after treatment with
Daunorubicin at their IC50 (Figure 2H and Online
Supplementary Figure S2H-I), suggesting SETDB1 expres-
sion is not associated with increased Daunorubicin sensi-
tivity. Overexpression of another H3K9 methyltransferase,
human G9A, also reduces colony formation and prolifera-
tion of MLL-AF9 cells (Online Supplementary Figure S3A-C)
and induces morphological changes consistent with differ-
entiation (Online Supplementary Figure S3D). These data

demonstrate that expression of multiple H3K9 methyl-
transferases reduces AML cell proliferation and colony
forming potential and induces AML differentiation.

SETDB1 expression delays MLL-AF9 mediated AML

To examine the effects of SETDB1 in vivo, we transplant-
ed primary mouse MLL-AF9 AML cells retrovirally trans-
duced with or without SETDB1 into sublethally irradiated
syngeneic recipient mice and monitored survival.
Consistent with AML patient data, overexpression of
SETDBI significantly delays MLL-AF9 mediated leukemo-
genesis i vivo (Figure 2I). All moribund mice from both
the control MLL-AF9 group and MLL-AF9+SETDB1 group
exhibited splenomegaly, leukemic infiltration in the liver
(Figure 2] and Online Supplementary Figure S3E) and similar
MLL-AF9 expression levels (Online Supplementary Figure
S3F). We measured expression of exogenous SETDB1 in

haematologica | 2020; 105(9) -
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these normalized values. (F) After treatment with UNCO638, cells were spinfected with MigR1-MLL-AF9, which also expresses a green fluorescent protein (GFP)
reporter. Cells were monitored for GFP expression by flow cytometry until 100% GFP was achieved. (G) Representative flow plots from different time points during
the GFP monitoring experiment. For F-G: shown is one representative experiment of n=4. Statistics: significance was determined by two-sample t-test comparing rel-
ative expression (Gapdh) of treated cells compared to vehicle cells (E). Significance was determined by generalized linear modeling followed by ANOVA where each
treated group was paired to the vehicle treatment from the same biological replicate. Main effect is reported if there are no significant interactions(C-D) (see statis-
tical analysis in the Online Supplementary Materials and Methods); n: biological replicates; *: P<0.05; Gapdh: glyceraldehyde 3-phosphate dehydrogenase.

- haematologica | 2020; 105(9)



SETDB1 expression suppresses MLL-fusion driven AML -

protein (Online Supplementary Figure S4C). Therefore, we  results were inconclusive where two shRNA constructs
utilized short hairpin RNA (shRNA) mediated knockdown — with efficient knockdown displayed negative selection,
of Setdb1 using a doxycycline inducible MLL-AF9 Tet-on  while two less efficient sShRNA showed a positive selec-
cell line in competitive growth assays. Interestingly, our tion compared to MLL-AF9-Tet-on cells relative to the
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Figure 5. SETDB1 overexpression downregulates oncogenic gene programs and upregulates differentiation gene programs in acute myeloid leukemia. (A) MA plot
shows fold changes of genes in MA9+SETDB1/ MA9+EV versus the average expression of those genes in all samples. Red highlighted genes are significantly upreg-
ulated; blue highlighted genes are significantly downregulated; yellow highlighted genes are the Hoxa cluster of genes and the Hoxa9 cofactor Meis1 (n=3/ condi-
tion). (B) Gene set analysis (GSA) using CAMERA shows that genes that are upregulated by Hoxa9 and Meis1 are downregulated by SETDB1. (C) GSA analysis using
CAMERA shows that genes that are upregulated in mature blood cells relative to primitive blood cells are upregulated by SETDB1. (D) DESeq2-normalized RNA-seq
counts of genes associated with differentiation (n=3/ condition). Error bars represent the range of counts. (E) GSA analysis using ROAST shows that genes that are
directly bound by MLL-AF9 are downregulated by SETDB1. (F) Overlap analysis of genes that are downregulated by SETDB1 in mouse MA9 cells and genes that have
reduced promoter H3K9me3 in acute myeloid leukemia (AML) patient samples compared to normal human CD34" cells. (G) Overlap analysis of genes that are down-
regulated by SETDB1 in mouse MA9 cells and genes that are upregulated upon SETDB1 knockdown by Crispr-Cas9 in human THP-1 cells. For both data sets in G,
FDR of 0.1 was used as a cutoff for consistency with the previously published THP-1 dataset. Statistics: unless otherwise noted, significant gene expression changes
are defined by DESeq?2 algorithm with fold change >1.5 and padj<0.05 (A/D/F); false discovery rate (FDR) is calculated by CAMERA using Benjamani-Hochberg cor-
rection (B-C); Hypergeometric tests (F-G). For RNA-seq, n = 3 for each cell condition. EV: empty vector control; n: biological replicates; *: P/padj<0.05.
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untreated control (Online Supplementary Figure S4D-E).
This may suggest Setdb1 is maintained within a narrow
expression window in AML cells.

To test the effect of Setdb1 knock-down on HSPC
colony formation we transduced Lin™ bone marrow with
shRNA targeting Setdb1. Our results show a trend for
increased HSPC colony formation without changes in
Hoxa9 or Meis1 expression following Setdb1 knockdown
(Online Supplementary Figure S4F, data not shown). Because
inhibition of H3K9 methyltransferases has been proposed
as a therapeutic option to treat AML,** we explored the
effects of chemical inhibition of H3K9 methylation in nor-
mal and malignant hematopoietic cells. Without a selec-
tive SETDB1 small molecule inhibitor, we utilized the G9a
inhibitor UNC0638, which addresses the function of
H3K9 methyltransferases more broadly. Lin” mouse bone
marrow cells treated with UNCO0638 exhibit a reduction in
both H3K9me2 and H3K9me3 (Figure 3A).”** Given our
data demonstrating Hoxa9 and Meis1 are repressed by
H3K9 methylation,” we tested the effect of UNC0638 on
HSPC self-renewal. Previous reports have demonstrated
that mouse Lin"Skal*cKit" cells (LSK) are preserved in cul-
ture following treatment with UNC0638.% To explore this
further, Lin cells were treated with increasing doses of
UNCO0638 for five days prior to plating in semi-solid
methylcellulose in the presence of SCF and IL-3.
Interestingly, treatment with UNCO0638 significantly
increased colony formation capacity of Lin™ cells in a dose-
dependent manner (Figure 3B-C). Further, human CD34*
cells isolated from mobilized peripheral blood and treated
with increasing doses of UNC0638 demonstrate increased
colony formation capacity (Figure 3D-E), consistent with
reports that UNCO0638 preserves CD34" cells in culture.”
Thus, chemical or genetic inhibition of H3K9 methyltrans-
ferases preserves self-renewal capacity of bone marrow
cells.

We also examined the effects of UNC0638 chemical
inhibition of H3K9 methylation on AML cells. Consistent
with previous studies, treatment with UNC0638 results in
reduced cellular proliferation of MLL-AF9 cells (Online
Supplementary Figure S5A).” Since UNCO0638 preserves
self-renewal of HSPC (Figure 3), we asked whether inhibi-
tion of H3K9me alters MLL-AF9 mediated transformation
of bone marrow cells. First, we found that UNC0638 treat-
ment of Lin~ bone marrow cells preserve more primitive
cKit" and Cd11b populations (Figure 4A-D and Omnline
Supplementary Figure S5B-C). Lin™ cells display significantly
increased Hoxa9 expression in response to UNCO0638
treatment (Figure 4E). LincKit" (LK) and related primitive
hematopoietic cell populations are more amenable to
transformation than more differentiated subtypes.” To
explore whether this expansion of LK cells results in
greater AML transformation capacity, we pretreated Lin-
bone marrow cells with UNCO0638 for four days then
retrovirally transduced them with MigR1-MLL-AF9 and
monitored green fluorescent protein (GFP) by flow cytom-
etry. We observed a more rapid expansion of GFP* MLL-
AF9 cells following treatment with UNC0638 compared
to vehicle, with a 1.4-1.7 fold increase in GFP* cells before
both populations reached 100% GFP positivity (Figure 4F-
G and Online Supplementary Figure S5D). One of four repli-
cates demonstrated a more rapid expansion of vehicle
treated cells; however, GFP* cells were increased two-fold
in vehicle treated cells at day 1 suggesting this is attribut-
able to differences in transduction rates. Our combined

data suggests that H3K9 methyltransferases can suppress
leukemic transformation and may point to a narrow win-
dow of H3K9 methylation that is optimal for leukemic
transformation and cell growth.

SETDB1 regulates oncogenic gene programs in AML

To explore the gene programs regulated by SETDB1 in
AML, we performed RNA-sequencing experiments on
MLL-AF9 cells overexpressing SETDB1. 2,285 genes are
upregulated and 1,771 genes are downregulated by
SETDBI1 overexpression with a fold-change of 1.5 or more
and an false discovery rate (FDR) of <0.05 (Figure 5A and
Ounline Supplementary Table S4). Notably, many genes
found in the Hoxa cluster were significantly downregulat-
ed, including Hoxa3, Hoxa5, Hoxaé, Hoxa9, and the Hoxa9
cofactor Meis1; while only one Hoxa gene was upregulat-
ed, the long non-coding RNA Hoxa11os (Figure 5A, high-
lighted genes). In fact, gene programs that are upregulated
by forced expression of HOXA9 and MEIS1 in mouse cells
are significantly downregulated by SETDB1 overexpres-
sion using gene set analysis® (Figure 5B). We show signif-
icant upregulation of genes that exhibit increased expres-
sion in mature blood cells compared to HSPC, consistent
with the differentiation observed upon SETDB1 overex-
pression in AML*% (Figure 5C-D and Figure 2F-G).
Because SETDB1 binds the PAFlc, which is required for
localization of MLL fusion proteins,” we asked how
SETDB1 expression affects direct targets of MLL-AF9.
Interestingly, genes bound by regulation of MLL-AF9 were
significantly downregulated upon SETDB1 overexpres-
sion,*suggesting H3K9me3 regulation MLL-AF9 gene pro-
grams in leukemic cells (Figure 5E). 193 genes downregu-
lated by SETDB1 overexpression are reported to have
reduced promoter H3K9 methylation in AML relative to
normal CD34" cells,"” suggesting SETDB1 may be respon-
sible for regulating a subset of these genes, including Ki,
Cbl, Piyni4, Six1, and other genes that are important in
AML (Figure S5F and Online Supplementary Table S4). There
is significant overlap between genes downregulated by
SETDBI1 and genes upregulated by Crispr/Cas9 mediated
knockdown of SETDB1 in human THP-1 AML cells har-
boring an MLL-AF9 fusion (Figure 5E and Ounline
Supplementary Table S4).* This suggests SETDB1 regulates
conserved pro-leukemic gene programs in leukemic cells
including direct MLL fusion targets.

SETDB1 regulates the epigenome to affect changes in
chromatin accessibility and gene expression

We have shown that overexpression of SETDB1 in
MLL-AF9 cells leads to global increases in H3K9me3.” To
understand the specific epigenomic changes induced by
SETDBI1 in AML, we performed ChIP-seq for H3K9me3 in
MLL-AF9 and MLL-AF9+SETDB1 leukemic cells. We also
performed ATAC-seq to assess changes in chromatin
accessibility. We first explored differences at the HOXA
locus due to its importance in a large subset of AML,
including MLL leukemias.”” Overexpression of SETDB1
reduced chromatin accessibility and increased H3K9me3
at posterior Hoxa genes, which results in reduced tran-
scription of Hoxa9 (Figure 6A). We sought to define whole
genome epigenetic regulation mediated by SETDB1 but
observed only 552 consensus H3K9me3 peaks (Online
Supplementary Figure S7A and Online Supplementary Table
S5), which included regions enriched for H3K9me3, such
as the zinc finger protein cluster on chromosome 7 (Online
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Supplementary Figure S7B). Repetitive elements may con-
sume H3K9me3 sequencing depth making it difficult to
map with stringency. We circumvented this by performing
ChIP-Seq for H3K9ac, which is mutually exclusive of
H3K9me3 and associated with gene activation, in contrast
to H3K9me3.* We performed H3K9ac ChIP-seq on MLL-
AF9 and MLL-AF9+SETDBI cells and saw changes at over
6,000 promoter regions, including both increased and
decreased H3K9ac signal (Online Supplementary Figure S7C
and Online Supplementary Table S5). Gene ontology analy-

sis reveals that genes with decreased promoter H3K9ac in
MLL-AF9+SETDB1 cells were associated with cell cycle
and RNA binding, whereas genes with increased promot-
er H3K9ac were associated with signaling pathways and
negative regulation of proliferation (Figure 6B).
Overlapping downregulated genes with genes that exhibit
reduced promoter ATAC-seq and H3K9ac ChIP-seq signal
in MLL-AF9+SETDBI1 cells and scoring by their combined
fold changes reveals several interesting targets including
Six1 and Mefv, which are implicated as biomarkers in
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Figure 6. SETDB1 regulates the epigenetic landscape of acute myeloid leukemia oncogenes and biomarkers. (A) Sequencing tracks showing H3K9me3 ChlIP-seq
(top), ATAC-seq (middle), and RNA-seq (bottom) signals for MA9+EV (blue) or MA9+SETDBL1 (red) cells. Shown here is the entire Hoxa cluster of genes and a closer
view of Hoxa9 specifically. (B) Gene ontology analysis using DAVID to query biological process, molecular function, and Kegg pathway gene sets that are overrepre-
sented in the following groups: H3K9ac ChIP-seq peaks that have significantly reduced (blue) or increased (red) signal intensity in MA9+SETDB1 compared to
MA9+EV. (C) Overlap analysis of genes that are downregulated by SETDB1, genes where SETDB1 drives reduced promoter H3K9ac, and genes where SETDB1 drives
reduced promoter ATAC-seq signal. (D) Top ten scoring genes when fold changes for the three datasets in C are summed. (E) Sequencing tracks showing H3K9ac
ChlIP-seq (top), ATAC-seq (middle), and RNA-seq (bottom) signals for MA9+EV (blue) or MA9+SETDB1 (red) cells. Shown here is the locus for Dock1. Statistics: differ-
entially bound regions are defined by DiffBind false discovery rate (FDR) <0.05 (B/C/D); Significant gene expression changes are defined by DESeq?2 algorithm with
fold change >1.5 and padj<0.05 (C). For all ChIP-seq and ATAC-seq studies, n = 2 for each cell condition. AML: acute myeloid leukemia; EV: empty vector control; n:
biological replicates; *: P/padj<0.05; RNA-seq: RNA sequencing; ChIP-seq: chromatin immunoprecipitation followed by sequencing; ATAC-seq: assay for transposase-
accessible chromatin coupled with next-generation sequencing.
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AML patients®* (Figure 6C-D and Ounline Supplementary
Table S5). We also observed significant loss of promoter
H3K9ac and chromatin accessibility and reduced gene
expression of Dock1 (Figure 6E), which is a prognostic
marker of AML that displays changes in DNA methyla-
tion in AML patient samples relative to normal HSPC.*"*
We identified several direct binding targets of MLL-AF9

changes with overexpression of SETDB1. Thus, we asked
whether SETDB1 impacts H3K79me2, which is deposited
by DOTIL and associated with MLL-fusion proteins,”
using ChIP-seq for H3K79me2. We found a marked
decrease of H3K9ac and ATAC-seq signal at H3K79me?2
peaks in MLL-AF9+SETDB1 cells suggesting a role for
H3K9 modifications in regulating genes marked with

that underwent epigenetic remodeling and expression H3K79me2 (Figure 7A-B). To further explore the role of
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Figure 7. SETDB1 regulates the epigenetic landscape of a subset of MLL-AF9 target genes. (A) Signal track for H3K9ac ChIP-seq centered around promoters of
genes that have reduced H3K79me2 in MA9+SETDBL1 relative to MA9+EV cells. (B) Signal track for ATAC-seq centered around promoters of genes that have reduced
H3K79me2 in MA9+SETDBL1 relative to MA9+EV cells. (C) Overlap analysis of genes that are downregulated by SETDB1 in acute myeloid leukemia (AML), have
reduced H3K9ac ChlIP-seq, ATAC-seq, or H3K79me2 ChIP-seq upon SETDB1 overexpression in AML, or MLL-AF9 direct binding targets (Bernt et al. 2011). (D)
Sequencing tracks showing H3K79me2 ChlIP-seq (top), H3K9ac ChIP-seq (second from top), ATAC-seq (third from top), and RNA-seq (bottom) signals for MA9+EV
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changes are defined by DESeq?2 algorithm with fold change >1.5 and padj<0.05 (C). For all ChIP-seq and ATAC-seq studies, n=2 for each cell condition. EV: empty
vector control; n: biological replicates; *: P/padj<0.05. ChIP-seq: chromatin immunoprecipitation followed by sequencing; ATAC-seq: assay for transposase-accessible
chromatin coupled with next-generation sequencing.
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SETDBI1 in regulating MLL-AF9 targets, we performed an
overlap analysis for genes that, upon SETDB1 overexpres-
sion, are downregulated, lose promoter H3K9ac, compact
chromatin, lose gene body H3K79me2 signal, and are
bound by MLL-AF9.* This defined a target list of genes
that may be coregulated by SETDB1 and MLL-AF9.
Included in this group is Gfil, which has been shown to
affect AML cell growth;*Raplgdsl, a nucleotide exchange
factor; Arid1b, a member of the SWI/SNF complex; and
Six1, which promotes formation of leukemic stem cells*
(Figure 7C). Six1 is of particular interest given its role in
promoting leukemogenesis and the striking reductions
observed in H3K9ac, H3K79me2, ATAC-seq signal, and
gene expression at this locus (Figure 7D). We investigated
H3K9meS3 levels at specific loci by performing ChIP-qPCR
at the promoter of Six1 and Dock1. We detected increased
H3K9me3 in MLL-AF9 cells overexpressing SETDB1

(Figure 7E). Additionally, ENCODE data from human
K562 cells shows SETDB1 binding at SIX1 (Figure 7F),
GFI1 (Figure S7D), RAP1GDS1, and ARID1B (data not
shown), but not DOCK1 (data not shown), suggesting we
identified both direct and indirect targets. To determine
whether SETDB1 expression inhibits cell growth primari-
ly through Hoxa9 repression, we asked whether
HOXA9/MEIS1 driven colony formation is affected by
SETDB1 overexpression. A modest but insignificant
decrease in colony formation is observed in
HOXA9/MEIS1 transformed cells following SETDBI1
overexpression (Figure 8A). However, SETDB1 overex-
pression is accompanied by significant upregulation of
exogenous Meis1 (Figure 8B and Ounline Supplementary
Figure SS8A-B) that may account for the modest effects.
Thus, Hoxa9, Meisl, and their downstream targets are
likely affected by SETDB1 to influence AML cell growth.
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Figure 8. SETDB1 affects Hoxa9, Meis1 and downstream targets. (A) Mouse Lin- bone marrow was retrovirally transduced with the indicated plasmid vectors and
plated in methylcellulose. Colonies were counted after 7 days and re-plated, for a total of three rounds. Shown is one representative experiment of n=3, error bars
are standard deviations of the technical replicates. (B) Flow cytometry showing differences in mean fluorescence intensities in HOXA9/MEIS1 transformed cells that
are overexpressing SETDB1 or empty vector (EV) control. (C) Working model for the proposed role of SETDB1/H3K9 methylation in acute myeloid leukemia (AML) ini-
tiation and maintenance. AML initiates from hematopoietic stem and progenitor cell (HSPC) with variable H3K9 methylation and maintain lower SETDB1 expression.
After establishment of AML, inhibition of H3K9 methyltransferases leads to loss of retroviral silencing and cell death. Stabilization of SETDB1 or G9a leads to
repressed Hox gene expression and relief of blocked differentiation. Statistics: generalized linear modeling followed by ANOVA where each MA9+SETDB1 replicate
was paired to the MA9+EV control from the same biological replicate. Main effect is reported if there are no significant interactions (A) (See statistical analysis in the
Online Supplementary Materials and Methods).
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Taken together, our data demonstrate profound effects of
SETDBI1 on the epigenome and transcriptome that affects
genes critical for AML.

Discussion

Here we demonstrate that SETDB1 and H3K9 methyla-
tion suppresses AML disease progression in vivo through
the repression of pro-leukemic genes including direct
MILL-fusion protein targets. We found that AML patient
samples exhibit lower SETDB1 expression compared to
normal hematopoietic cells and that higher SETDB1
expression correlates strongly with better overall AML
patient survival (Figure 1). We recapitulated these findings
in mice where forced expression of SETDB1 in MLL-AF9
driven AML induces differentiation of AML cells and
increases disease latency (Figure 2). These data suggest
SETDBI1 suppresses AML cell growth and self-renewal by
relieving the block in differentiation.

We attribute the phenotypes in AML cells to altered
H3K9 methylation. We altered H3K9 methylation levels
genetically (SETDB1 and G9a) and through small mole-
cule inhibition (UNCO0638). Similar to our results with
SETDB1, manipulation of G9a suggests H3K9 methyla-
tion can suppress AML progression by promoting differ-
entiation (Figures 3-4, and Online Supplementary Figure S3).
Thus, H3K9 methylation may have a more general effect
on AML initiation and progression. Interestingly, Lehnertz
and colleagues reported G9a overexpression accelerated
Hoxa9/Meis1 mediated leukemia in vivo. We found
Hoxa9/Meis1 mediated transformation i vitro was inhibit-
ed by SETDBI, but to a lesser extent than MLL-AF9
(Figure 8). Unique experimental strategies or functions for
SETDB1 and G9a may account for these differences.”
Consistent with a role for H3K9 methylation in suppress-
ing hematopoietic transformation, deletion of the H3K9
methyltransferase, SUV39H1 (and to a lesser degree
SUV39H2), leads to the development of B-cell lymphomas
in mice.* Additionally, SETDB2 resides in a region of chro-
mosome 13 that is commonly deleted in chronic lympho-
cytic leukemia (CLL).” Thus, H3K9 methylation is likely
exquisitely regulated in hematopoietic cells and performs
context dependent functions that require further investi-
gation to fully understand its role in AML.

Mechanistically, we found that SETDB1 is linked with
altered H3K9 methylation and acetylation, decreased
chromatin accessibility and transcriptional repression of
critical AML oncogenes (Figures 5-7). These genes includ-
ed several that have been implicated in myelodysplastic
syndromes (MDS) and AML.” We show SETDB1 regu-
lates Dock1 expression, which is correlated with leukemic
stem cell gene signatures and a poor prognosis in AML
patients.”* We also observed that SETDB1 represses
genes associated with AML, such as Hoxa9 and Six1,
which are direct targets of MLL-AF9."*¥* Interestingly,
Six1 was recently shown to be important for leukemic
stem cell maintenance where depletion of Six/ leads to

increased disease latency.” This suggests repression of
Six1 may contribute to SETDB1 mediated extension of
leukemic disease latency. These data point to SETDB1
negatively regulating a pro-leukemic gene program, many
of which are potential therapeutic targets. Thus, under-
standing the mechanisms regulating SETDB1 at the tran-
scriptional and post-translational level may be a valuable
therapeutic approach for AML. For example, miRNA29 is
a critical mediator of SETDB1 expression.” Another poten-
tial mediator of H3K9 methylation is the PAFlc. We
showed SETDB1 binds to the PAFlc and mediates pro-
moter H3K9me3 of the Hoxa9 and Meis1 loci.’ Further, we
and others identified G9a and SUV39HI1 as interacting
partners of the PAF1c.”® Interestingly, SETDB1, G9a, GLP
and SUV39H1 form a complex that directs H3K9 methy-
lation to euchromatic gene promoters.” Thus, the PAFlc
may recruit H3K9 methyltransferases to specific targets to
mediate gene repression. The PAFlc is a critical regulator
of transcription of several pro-leukemic genes in AML
cells through direct physical interaction with wild-type
MLL and MLL-fusion proteins.”* It will be interesting to
consider the biochemical interplay between HS3K9
methyltransferases and MLL-fusion proteins with the
PAFlc.

Previous studies have demonstrated that SETDB1 and
G9a are required for AML initiation and progression.””™
Our current data demonstrating that SETDB1 suppresses
AML growth may suggest AML cells maintain a narrow
SETDB1 expression level. We show increased SETDB1
expression induces differentiation of AML cells through
H3K9me3 and repression of self-renewal genes.
Conversely, loss of SETDB1 is detrimental to leukemic
cells due to derepression of endogenous retroviral ele-
ments (ERV) and inhibition of HOXA9 transcriptional
activity”** (Figure 8C). Given the essential role for
SETDBI1 in leukemia, small molecule inhibition of H3K9
methyltransferases has been proposed as a therapeutic
option.”” However, a recent study shows depletion of
G9a increased cancer progenitor cell populations that ini-
tiate a delayed but more aggressive disease state.” Thus, it
is critical to fully understand the effects of chemically
inhibiting of H3K9 methylation as a treatment for AML.
Further investigation into the roles of SETDB1, G9a and
more generally H3K9 methylation levels will likely shed
light on the precise role of these methyltransferases in nor-
mal and malignant hematopoiesis and determine the value
of these epigenetic modifiers as therapeutic targets.
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