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RED CELLS, IRON, AND ERYTHROPOIESIS
EHMT1 and EHMT?2 inhibition induces fetal hemoglobin expression
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Fetal hemoglobin (HbF, ayy,) induction is a well-validated strategy for sickle cell disease
(SCD) treatment. Using a small-molecule screen, we found that UNC0638, a selective inhibitor

e EHMT1/2 inhibition increases
human vy-globin and HbF
expression, as well as mouse
embryonic B-globin gene
expression.

e EHMT1/2 inhibition decreases
H3K9Me2 and increases
H3K9Ac at the y-globin
gene locus in adult human
erythroid cells.

of EHMT1 and EHMT2 histone methyltransferases, induces y-globin expression. EHMT1/2
catalyze mono- and dimethylation of lysine 9 on histone 3 (H3K9), raising the possibility that
H3K9Me2, a repressive chromatin mark, plays a role in silencing y-globin expression. In pri-
mary human adult erythroid cells, UNC0638 and EHMT1 or EHMTZ2 short hairpin RNA-
mediated knockdown significantly increased y-globin expression, HbF synthesis, and the
percentage of cells expressing HbF. At effective concentrations, UNC0638 did not alter cell
morphology, proliferation, or erythroid differentiation of primary human CD34* hematopoi-
etic stem and progenitor cells in culture ex vivo. In murine erythroleukemia cells, UNC0638
and Ehmt2 CRISPR/Cas9-mediated knockout both led to a marked increase in expression
of embryonic 3-globin genes Hbb-cy and Hbb-Bh1. In primary human adult erythroblasts,
chromatin immunoprecipitation followed by sequencing analysis revealed that UNC0638
treatment leads to genome-wide depletion in H3K9Me2 and a concomitant increase in the
activating mark H3K9Ac, which was especially pronounced at the y-globin gene region. In RNA-sequencing analysis of erythroblasts,
vy-globin genes were among the most significantly upregulated genes by UNC0638. Further increase in y-globin expression in primary
human adult erythroid cells was achieved by combining EHMT1/2 inhibition with the histone deacetylase inhibitor entinostat or hypo-
methylating agent decitabine. Our data provide genetic and pharmacologic evidence that EHMT1 and EHMT2 are epigenetic regulators

involved in y-globin repression and represent a novel therapeutic target for SCD. (Blood. 2015;126(16):1930-1939)

Introduction

Fetal hemoglobin (HbF, ayy,) is the major hemoglobin during fetal life
and is replaced by adult hemoglobin (HbA1, a,B5) during infancy.'
HbF induction is a well-validated strategy for sickle cell disease (SCD)
treatment.> HbF inhibits the polymerization of sickle hemoglobin
(axB5,) under deoxygenated conditions, and epidemiological studies
indicate that HbF is a major modifier of the frequency of pain crises and
mortality in SCD.>* Hydroxyurea, an HbF-inducing agent, is the only
drug approved by the U.S. Food and Drug Administration for SCD
treatment, but it has variable efficacy and dose-limiting myelosup-
pression.>* In addition to hydroxyurea, known activators of HbF
include DNA hypomethylating agents, such as decitabine and
5—azacytidine,5 6 and histone deacetylase (HDAC) inhibitors,7’8 but
achievement of therapeutic efficacy without significant cytotoxicity has
limited their clinical applicability to date.” Accordingly, more effective
and safer HbF inducers are warranted.

The developmental transcriptional switch from fetal y-globin to
adult B3-globin genes involves multiple cis-acting sequences and tran-
scriptional factors, including BCL11A, GATA1, KLF1, and NFE2,
acting as multiprotein complexes.”!" The silencing of HbF in adults is
also mediated by epigenetic changes, including DNA methylation and
histone modifications, and several chromatin-modifying enzymes, in-
cluding DNA methyltransferases,'> HDACs,® PRMTS5, " and LSD1,'>'
have been shown to contribute to this process. However, it is likely that
other epigenetic regulators remain to be identified.

Epigenetic regulators are emerging as attractive drug targets in
various human diseases. The recent discovery of a large number of
mutations in chromatin-modifying enzymes in cancer genomes'> has
prompted the development of numerous small molecules targeting
specific enzymes or proteins involved in the epigenetic regulation of
gene expression, such as EZH2 inhibitors and bromodomain and
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extraterminal domain inhibitors.'® We used these recently developed
molecules as tools to identify novel epigenetic regulators of y-globin ex-
pression that are candidate therapeutic targets for the treatment of SCD.

Methods

Cell culture

Cryopreserved primary human CD34 " hematopoietic stem and progenitor cells
(HSPCs) were obtained from Fred Hutchinson Cancer Research Center (Seattle,
WA). The CD34 ™" cells were isolated from the peripheral blood of healthy donors
after mobilization by administration of granulocyte colony-stimulating factor.
Umbilical cord blood (CB) was harvested at Brigham and Women’s Hospital
under an institutional review board—approved protocol, and CD34™" cells were
purified using the MACS microbeads (Miltenyi Biotec). Cells were differentiated
in vitro toward the erythroid lineage using a 3-phase culture method, as described
previously.'” Murine erythroleukemia (MEL) cells (ATCC) were cultured in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum
(FBS), 2% penicillin-streptomycin, and 1% L-glutamine (Life Technologies) at
37°C with 5% CO,.

Drug treatment of differentiating human cells and MEL cells

All compounds were purchased from Sigma Aldrich. UNCO0638, entinostat
(MS-275), decitabine dissolved in dimethylsulfoxide at 10 mM, or hydroxyurea
dissolved in water at 10 mM were diluted in fresh culture media at the indicated
final concentrations and durations. Culture medium containing 0.002% of
dimethylsulfoxide served as a vehicle control. Every 1 to 2 days, culture
media were completely replaced with new media containing freshly added drugs.

Morphologic analysis

Cell morphology was examined by May-Griinwald-Giemsa (Sigma-Aldrich)
staining of cytospins. Cells were imaged using a Nikon Eclipse E400 microscope
and SPOT imaging system (Diagnostic Instruments).

Cell proliferation and viability

Cell number and viability were determined with a hemocytometer by trypan
blue staining. As an assessment of cytotoxicity, cells were plated in a
96-well culture plate and treated with a wide range of drug concentrations.
On the respective days, total cellular adenosine triphosphate content was
measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega)
according to the protocol. Luminescence was assessed by a multimode detector
DTX880 (Beckman Coulter).

Generation of Ehmt2 knockout clones

Genomic deletions were created in MEL cells using pairs of chimeric single
guide RNAs (sgRNAs) as previously described.'®!' Briefly, sgRNA-specifying
oligos were chosen using publicly available online tools (supplemental Table 1
and supplemental Figure 1; see the Blood Web site).” Oligos were phosphor-
ylated, annealed, and cloned into pSpCas9(BB) (pX330; Addgene plasmid ID:
42230) using a Golden Gate Assembly strategy. MEL cells (2 X 10°%) were
electroporated with 5 pug of each pX330-sgRNA plasmid and 0.5 pg of
pmaxGFP plasmid (Lonza) at 250 V for 5 ms. The top 3% of GFP-expressing
cells were sorted 48 hours postelectroporation to enrich for deletion. Sorted cells
were plated clonally at limiting dilution. Clones were screened for deletion
by conventional polymerase chain reaction (PCR; supplemental Table 2).
Identified monoallelic and biallelic deletion clones were validated for knockout
by real-time quantitative reverse-transcription PCR (QRT-PCR) (supplemental
Tables 3 and 4) and by Sanger sequencing (supplemental Figure 2).

Expression of EHMT1 or EHMT2 shRNAs by lentiviral vector

Lentiviral vectors expressing short hairpin RNAs (shRNAs) were obtained from
the RNAi Consortium of the Broad Institute (supplemental Table 5). Lentiviral
vectors were transfected together with plasmid encoding packaging proteins and
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VSV-G using TRANS-LTI (Mirrus) into 293T cells. The media was changed
after 24 hours, and the viral supernatant was collected 48 hours after transfection.
Primary human progenitor cells were transduced on day 4 of culture by spin
infection in the presence of 2 pg/mL polybrene (Sigma-Aldrich). Puromycin
(Life Technologies) was added to the culture media at 2 pg/mL from day 5 to 14
of culture to select for infected cells.

RNA isolation and qRT-PCR assays

The MultiMACS Separator/Column system (Miltenyi Biotec) was used to
isolate messenger RNA (mRNA) and synthesize complementary DNA,
according to the manufacturer’s instructions. The qRT-PCR analysis of
human genes was performed using the TagMan Gene Expression Master
Mix (Life Technologies) and the following primer-probe sets from Life
Technologies: GAPDH (Hs99999905_m1), EHMTI (Hs00964325_m1),
EHMT?2 (Hs00198710_m1), HBA1/2 (Hs00361191_g1), HBB (Hs00747223_g1),
and HBGI/2 (Hs00361131_gl). The qRT-PCR analysis of murine genes was
performed using iQ SYBR Green Supermix (Bio-Rad) and the primers indicated in
supplemental Table 3. Each qRT-PCR was performed in duplicate in a 384-well
plate on an ABI Prism 7900 HT PCR instrument (Life Technologies). The mean
threshold cycle (Ct) for each assay was used for further calculations. The expression
of all target genes was normalized to the GAPDH control gene (ACt).

Chromatin immunoprecipitation and sequencing (ChIP-seq)

Quantitative ChIP-seq was performed using the Mint-ChIP system (P.V.G.,
manuscript submitted July 2015). Briefly, a T7-adapter was ligated to
micrococcal nuclease-digested native chromatin, with a different barcode
for each sample (index #1). Samples were pooled and split for parallel
immunoprecipitation of H3K9Ac (Active Motif, 39917), H3K9Me2 (Abcam,
ab1220) and total H3 (Abcam, ab1791) for normalization. We used 2 micro-
coccal nuclease concentrations and 20 000 cells per ChIP assay; mouse
carrier chromatin was added to have the chromatin equivalent of 400 000 cells
per ChIP assay. Following ChIP, linear amplification of DNA was achieved
by in vitro transcription. The resulting RNA was reverse transcribed to yield
complementary DNA with Illumina priming sequences on both ends. PCR
was used to generate libraries, adding a second barcode (index #2) to identify
ChIP assays. Libraries were subjected to paired-end sequencing on the
Illumina HiSeq2500 or Illumina NextSeq500 instrument. Reads were
demultiplexed by ChIP assay (index #2) and sample (index #1) and aligned
to hg19 using the Burrows-Wheeler Aligner. Reads that were mapped to >2
locations (X0 >2) were removed. To ensure that each nucleosomal frag-
ment is represented by no more than 1 read, we removed PCR duplicates and
duplicates resulting from linear amplification. Internal normalization to total H3
reads was used to quantify signal intensities. Tracks were visualized using
integrative genome viewer. Reads that overlapped with the locus control region
(LCR) (chr11:5312730-5297141), HBG2 (chr11:5276011-5274421), HBGI
(chr11:5271087-5269502), HBD (chr11:5255858-5254059), or HBB (chrl1:
5248301-5246696) were counted and normalized to total H3 reads to compare
signal between samples. The data set is available in the Gene Expression
Omnibus database (accession number GSE71422).

RNA sequencing (RNA-seq)

Details regarding RNA-seq analysis are provided in the supplementary Methods.

Flow cytometry

For cell surface marker analysis, 10° cells were resuspended in 100 w.L phosphate-
buffered saline with 2% FBS and stained with the phycoerythrin-conjugated
CD235a (BD Biosciences, 555570) and allophycocyanin-conjugated CD71
(BD Biosciences, 341029) antibodies for 30 minutes on ice. For analysis of
cytoplasmic HbF and H3K9Me2 chromatin mark, 10° cells were fixed and
permeabilized using the Fix and Perm kit (Invitrogen) according to the
manufacturer’s protocol. During the permeabilization step, cells were stained with
fluorescein isothiocyanate—conjugated HbF-specific antibody from the Human
Fetal Hemoglobin Test Kit (Invitrogen) or with fluorescein isothiocyanate—
conjugated H3K9Me2-specific antibody (Abcam, ab64491), respectively.
Stained cells were washed once with phosphate-buffered saline/2% FBS before
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Figure 1. UNC0638 increases human y-globin and HbF expression and mouse embryonic B-globin gene expression in a dose-dependent manner. (A) Fold change
in HBA1/2, HBB, and HBG1/2 mRNA levels relative to GAPDH in primary adult human erythroid cells at day 14 of erythroid differentiation and after 10 days of UNC0638
treatment (mean *+ standard deviation [SD], n = 5-6 biological replicates). (B) Relative expression of y-globin genes in primary adult human erythroid cells at day 14 of
erythroid differentiation and after 10 days of UNC0638 treatment (mean = SD, n = 5-6 biological replicates). (C) HbF levels assessed by HPLC in primary adult human
erythroid cells at day 14 of erythroid differentiation (mean = SD, n = 4-8 biological replicates). (D) Representative HPLC chromatograms showing HbF abundance. (E) Flow
cytometry analysis for F-cells: representative histograms showing the percentage of adult human erythroid cells expressing HbF and the fluorescence intensity relative to the
cell number at day 14 of erythroid differentiation (mean + SD, n = 3-4 biological replicates). ***P < .001. (F) Relative expression levels of the mouse embryonic globin genes
Hbb-ey and Hbb-Bh1 in MEL cells after 48 hours of UNC0638 treatment and in Ehmt2 knockout MEL cells (mean * SD, n = 3 biological replicates). *P < .05. Cl., clone.

analysis on the FACSCanto II flow cytometer (BS Biosciences). Data analysis
was performed with FlowJo software.

HbF quantitation by HPLC

Cells were lysed and analyzed for hemoglobin composition using a Tosoh G7
glycohemoglobin analyzer (Tosoh Bioscience). The system uses nonporous ion
exchange, high-performance liquid chromatography (HPLC) to measure HbF as
a percentage of the total amount of hemoglobin present in the sample.

Western blot and antibodies

Nuclear extracts were prepared with the Nuclear Complex Co-IP kit (Active
Motif), lysed in Laemmli sample buffer and subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis. Protein lysates were run on tris
(hydroxymethyl)aminomethane-HCI, 1 mm Criterion Precast gels (4% to
15%) (Bio-Rad) at a constant voltage. Proteins were transferred onto Immobilon-P
transfer membranes (Millipore) at 0.60 A for 2 hours. Before staining with
primary antibodies, blots were blocked in 5% nonfat dry milk (Santa Cruz
Biotechnology) in tris(hydroxymethyl)aminomethane-buffered saline with
Tween 20 (Santa Cruz Biotechnology) for 1 hour. For protein detection, primary
antibodies detecting EHMT1 (mouse monoclonal, 1:1000, ab41969; Abcam),
EHMT?2 (rabbit polyclonal, 1:1000, 07-551; Millipore), and lamin B1 (rabbit
monoclonal, 1:1000, 12586; Cell Signaling) were used.

Statistical analysis

GraphPad Prism version 5.0c was used to perform statistical analysis. Comparison
of quantitative variables was performed using the 2-tailed Student ¢ test or 1-way
analysis of variance (ANOVA).

Results

Identification of EHMT1/2 inhibitors as inducers of
v-globin expression

We screened a set of small molecules targeting epigenetic modifiers,
assessing the effects of each compound on y-globin expression, relative
to B-globin, in primary human erythroid cells. Among the novel
compounds tested (supplemental Table 6), only 2 of them, BIX01294%!
and UNC0638,%* showed a consistent, dose-dependent increase in the
7/B-globin mRNA ratio (supplemental Figure 3) at concentrations that
did not substantially decrease cell viability (supplemental Figure 4).
These 2 drugs selectively inhibit the catalytic activity of the histone
methyltransferases EHMT1 (also known as GLP or KMT1D) and
EHMT?2 (also known as G9a or KMT1C) by blocking substrate

20z aunr || uo1senb Aq Jpd'0€61/26768€1/0€6 1/91/92 L/Ppd-ajoie/poojq/Bio suonedlqndyse//:diy wouy papeojumoq



BLOOD, 15 OCTOBER 2015 + VOLUME 126, NUMBER 16

EHMT1/2 INHIBITION INDUCES HbF EXPRESSION 1933

A B
e
S 80
8
$ 138k0a EHMTA 140 kDa - EHMT2
o 60
g
g 40 68 kDa | | — e Lamin B1 68 kDa i — — Lamin B1
©
a 9 Luc KD A1 A2 Luc KD A9 A12
0 EHMT1 KD EHMT2 KD
LuckD A1 A2 A9 AT12
C EHMT1 KD EHMT2 KD D E
< HbF
559 19.6%
n 25 . Luc KD EHMT1 | EHMT2
N 20 KD (A2) KD
e = - - HbF | (A12)
< =15 3.5%
< s
QZE‘ I 10 j
‘(\E ’ ’_I_‘ | | f l A |
I 0 i | A A, LR a A A, VY ML
T LuckD A1 A2 A9 A12 LuckD A1 A2 A9 A12
- - = = - - - 123 4567 1234567 1234567
EHMT1 KD EHMT2 KD EHMT1 KD EHMT2 KD Time (min) Time (min) Time (min)
F Luc KD EHMT1 KD (A1) EHMT1 KD (A2) EHMT2 KD (A9) EHMT2 KD (A12)
A
5 75702
8 —_
€
5
<
®
O i 377+13

HbF - FITC

Figure 2. EHMT1 or EHMT2 knockdown increases y-globin gene expression and HbF synthesis in primary adult human erythroid cells. (A) Validation of shRNA-
mediated knockdown of EHMT1 or EHMTZ2in primary adult human erythroid cells by gRT-PCR at day 14 of erythroid differentiation (mean =+ SD, n = 5-6 biological replicates). (B)
Validation of shRNA-mediated knockdown of EHMT1 or EHMTZ2 by western blot analysis in primary adult human erythroid cells at day 9 of erythroid differentiation and after 4 days
of puromycin selection. shRNA-mediated knockdown of EHMT1 or EHMTZ2 increases y-globin mRNA levels (mean = SD, n = 5-6 biological replicates) (C) and HbF levels
assessed by HPLC in primary adult human erythroid cells at day 14 of erythroid differentiation (mean = SD, n = 4-6 biological replicates) (D). (E) Representative HPLC
chromatograms showing HbF abundance. (F) Flow cytometry analysis for F cells: representative histograms showing the percentage of adult human erythroid cells expressing HbF
and the fluorescence intensity relative to the cell number at day 14 of erythroid differentiation (mean = SD, n = 3-5 biological replicates). **P < .01; ***P < .001.

access to their SET (Su(var)3-9, Enhancer-of-zeste, Trithorax)
domains.?? Both proteins are key histone methyltransferases in
euchromatin for mono- and dimethylation of lysine 9 on histone H3
(H3K9Mel/2). H3K9Me?2 is a well-established repressive chromatin
mark.”>*> EHMT1 and EHMT? form a heterodimeric complex, which
is thought to be the functional H3K9 methyltransferase in vivo.?*

EHMT1/2 pharmacologic inhibition or knockdown increases
vy-globin gene expression and HbF synthesis

To explore the role of EHMT1/2 in y-globin repression in primary adult
CD34" HSPC-derived human erythroid precursors, we used pharma-
cologic inhibition with UNC0638 and genetic targeting using RNA
interference. We first assessed the expression levels of a- and 3-globin
genes in primary adult human erythroid cells with or without UNC0638
treatment using qRT-PCR. Expression of HBG1/2 genes, but not that of
HBB and HBA1/2, was significantly altered by UNC0638 (Figure 1A).
Consistent with this finding, UNC0638 significantly increased the relative
expression of y-globin genes (Figure 1B), HbF level (Figure 1C-D),
and the percentage of cells expressing HbF (Figure 1E), in a dose-
dependent manner. These experiments were repeated on samples from
3 different donors and provided similar results (data not shown).

We validated the specificity of UNC0638 for EHMT1/2 by
targeting EHMT] and EHMT?2 with lentiviral shRNAs in primary
adult human erythroid cells. Knockdown of either EHMT1 or EHMT2
significantly increased the relative expression of y-globin genes and
the HbF level as compared with the control, up to 20% in some cases

(Figure 2A-E). The percentage of cells expressing HbF was also sig-
nificantly higher in cells with knockdown of EHMTI or EHMT2
compared with control cells (Figure 2F). Knockdown of EHMT] or
EHMT? did not significantly alter erythroid differentiation (supple-
mental Figure 5).

UNCO0638 does not alter cellular morphology, proliferation, or
erythroid differentiation

UNCO0638 did not alter cellular morphology at a concentration of
0.25 M and lower (Figure 3A). Cell proliferation and viability were not
significantly affected up to 0.1 M, regardless of the treatment duration
(Figure 3B-C). After a 7-day treatment, UNC0638 50% inhibitory
concentration was 1 wM, compared with 0.15 wM for entinostat, an
inhibitor of HDAC1/2/3, and 0.08 nM for decitabine (supplemental
Figure 6). As observed with EHMT1 or EHMT2 shRNA-mediated
knockdown, EHMT1/2 inhibition by UNC0638 was not associated with
a block in erythroid differentiation (Figure 3D), in contrast with
entinostat and, to a lesser extent, decitabine treatment (supplemental
Figure 7).

UNCO0638 or Ehmt2 knockout increases mouse embryonic
B-globin gene expression

To validate the capacity of EHMT1/2 inhibitors to modulate the tran-
scription of B-globin genes in an independent system, we tested
UNCO0638 in MEL cells. These cells are transformed erythroid precursors
blocked at about the proerythroblast stage of differentiation and serve as
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Figure 3. Effect of UNC0638 treatment on cell morphology, proliferation, and differentiation of primary adult human erythroid cells in culture. (A) Representative
images of the morphology of primary adult human erythroid cells differentiated ex vivo in the presence of 0.25 uM UNC0638 or the vehicle control. Bar represents 10 pm. (B)
Cell proliferation assessed by trypan blue staining in the presence of 3 doses of UNC0638 or the vehicle control (mean = SD, n = 3 biological replicates). (C) Cell Titer Glo
curves for a wide range of UNC0638 concentrations and for 3 different treatment duration (mean = SD, n = 5-6 biological replicates). (D) Flow cytometry analysis of cell-
surface differentiation marker expression at day 15 of erythroid differentiation (mean = SD, n = 3-4 biological replicates). *P < .05; **P < .01.

a cellular model to study mouse erythropoiesis and globin switching.**!

In these cells, UNCO0638 treatment led to a relative increase in Hbb-gy
and, to a lesser extent, in Hbb-Bhl transcript level, in a dose-dependent
manner (Figure 1F). In parallel with pharmacologic inhibition, we used
CRISPR/Cas9 gene editing in MEL cells to generate clones with biallelic
inactivation of Ehmt2. Ehmt2 knockout clones harbored a marked
increase in Hbb-ey and Hbb-h1 expression compared with parental
cells, at levels comparable to those achieved with 1 uM UNC0638
(Figure 1F). We were unable to generate clones with homozygous
inactivation of Ehmtl, despite extensive efforts, suggesting that this
enzyme may be essential in MEL cells.

H3K9Me2 levels decrease during erythroid differentiation and
are further decreased by EHMT1/2 pharmacologic inhibition
or knockdown

We next examined the level of EHMT1 and EHMT?2 expression during
the course of erythroid differentiation. Adult or CB CD34™" cells had
similar EHMT1 and EHMT? transcript levels (Figure 4A), indicating
that EHMT1/2 expression itself is unlikely to be the primary mediator
of developmental silencing. Western blot analysis showed that the
protein levels of both EHMT1 and EHMT?2 decreased between pro-
erythroblasts (day 8 of erythroid differentiation) and more mature
erythroblasts (days 11 and 15 of erythroid differentiation) (Figure 4B).
Because the EHMT1/2 complex catalyzes mono- and dimethylation of
H3K9, we investigated whether EHMT1/2 inhibition or knockdown
decreases the global level of H3K9Me?2 chromatin mark in primary
adult human erythroid cells using flow cytometry. Consistent with
EHMT1 and EHMT2 protein levels, global H3K9Me2 levels pro-
gressively decreased during erythroid differentiation, in parallel with the
reduction in cell size, and became undetectable at day 15 of erythroid
differentiation (Figure 4C). As expected, UNC0638 treatment caused
a dose-dependent reduction in H3K9Me2 (Figure 4D-E). Similarly,
shRNA-mediated knockdown of EHMT]1 or EHMT?2 decreased global
H3K9Me?2 levels in erythroid precursors (Figure 4F).

UNCO0638 decreases H3K9Me2 and increases H3K9Ac at the
B-globin locus

To examine the impact of UNCO0638 on chromatin state, we performed
ChIP-seq analysis in primary human adult erythroblasts after 11 days of
erythroid differentiation in the presence or absence of the compound.
We focused on 2 chromatin marks, the repressive H3K9Me?2 mark
and the antagonist activating H3K9Ac mark. UNC0638 treatment
significantly reduced H3K9Me?2 levels, genome wide, at the 2 y-globin
genes, and at the LCR (supplemental Figure 8 and Figure SA-B).
The depletion in H3K9Me?2 induced by UNC0638 was associ-
ated with a concomitant increase in the antagonist chromatin mark
H3K9Ac, which was especially pronounced at the y-globin gene
region (Figure SA-B). In addition, we examined the chromatin state
of primary human erythroblasts derived from CB CD34 ™. The abun-
dance of H3K9Me2 did not differ between CB and adult erythro-
blasts, genome wide (supplemental Figure 8) and at the B-globin
locus (Figure SA-B).

In contrast with the 3-globin locus, the a-globin locus had low
basal levels of H3K9Me?2 that were not significantly altered by
UNCO0638 treatment (supplemental Figure 9), and no change in
H3K9Ac levels at the HBAI and HBA2 loci was observed following
UNCO0638 treatment. H3K9Me2 and H3K9Ac abundance at other
loci, including the control gene GAPDH and the main erythroid
transcription factors, such as GATAI, KLF 1, and NFE2, were not sig-
nificantly affected by UNC0638 treatment (supplemental Figures
10-12), consistent with our data showing that EHMT1/2 inhibition
does not affect erythroid differentiation. H3K9Me?2 levels at the
v-globin repressors BCLI1IA and MYB loci were significantly re-
duced after UNC0638 treatment, with a slight increase in H3K9Ac
levels (supplemental Figure 12). Overall, these data demonstrate
that UNCO0638 decreases H3K9Me?2 and increases H3K9Ac at the
[-globin gene cluster but does not significantly alter these histone
marks at the a-globin locus, consistent with the specific derepression
of y-globin gene expression.
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Figure 4. H3K9Me2 levels decrease during erythroid differentiation and are further decreased by EHMT1/2 pharmacologic inhibition or knockdown in primary
adult human erythroid cells. (A) EHMT1 and EHMT2 mRNA expression in human CD34" cells from adult or umbilical CB. Results show the mean value + SD of 2 different
donors for adult CD34* and 2 pools of 10 cords for CB CD34". (B) Western blot analysis showing EHMT1, EHMT2, and lamin B1 (loading control) in primary adult human cells
during erythroid differentiation ex vivo. (C) Representative flow plots of H3K9Me2 level according to the cell number and the size during erythroid differentiation ex vivo. (D)
Representative histogram showing the fluorescence intensity for H3K9Me2 relative to the cell number in erythroid cells differentiated in the presence of 0.25 uM UNC0638 or the
vehicle control for 7 days. (E) Dot plots showing the median fluorescence intensity (MFI) for H3K9Me2 after 7 days of treatment according to the UNC0638 concentration
(mean *+ SD, n = 8 biological replicates). (F) Dot plots showing the MFI for H3K9Me2 in EHMT1 or EHMT2 knockdown cells (mean + SD, n = 5-8 biological replicates). ***P < .001.

Effects of UNC0638 on global gene expression

To evaluate the effects of UNC0638 treatment on global gene expression,
we performed RNA-seq analysis using CD34" HSPCs from the same
donor and culture conditions as for ChIP-seq analysis. Overall, 2914
genes had significantly altered expression (FDR <0.05) following
treatment with UNCO0638 (Figure 5C). Among genes with at least a
twofold change, 387 genes were significantly upregulated and 252
downregulated. HBG1 and, to a lesser extent, HBG2 were among the
most significantly upregulated genes by UNC0638. Expression of
HBB and HBD were modestly but significantly decreased, whereas
HBE1 expression remained stable. HBA 1 and HBA?2 expression were
not significantly altered (Figure 5C; Table 1), consistent with our
gRT-PCR data (Figure 1A). Altogether, the changes in - and B-globin
gene expression induced by UNC0638 reflected the changes observed
by ChIP-seq (supplemental Figure 13). The expression of the major
erythroid transcription factors, GATA 1, KLF 1, and NFE2, was unaffected
by UNCO0638, consistent with our finding that UNC0638 does not

significantly alter erythroid differentiation. The y-globin repressors
BCLI11A and MYB were not significantly deregulated by UNC0638
(Table 1), indicating that EHMT1/2 inhibition does not upregulate
v-globin genes through downregulation of BCLI1A or MYB.

We used gene set enrichment analysis*” to identify gene expression
patterns associated with EHMT1/2 inhibition in gene sets of interest.
The highest enrichment score associated with UNC0638 treatment was
observed for the heme metabolism signature (supplemental Figure 14),
which supports the fact that EHMT1/2 inhibition promotes HbF
synthesis. Similarly, a GATAI1 signature was significantly enriched
(supplemental Figure 15).

EHMT1/2 inhibition or knockdown shows additive effects with
entinostat or decitabine

In order to achieve even higher induction of HbF, we investigated the
effects of combinatorial EHMT1/2 inhibition with HDAC inhibitors
and DNA hypomethylating agents, other epigenetic drugs that induce
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v-globin gene expression. The combination of UNC0638 and entinostat,
an HDAC inhibitor, had additive effects on the induction of vy-globin
gene expression (Figure 6A). The combination of UNC0638 with
decitabine, a DNA hypomethylating agent, also had additive effects
(Figure 6B). Similarly, additive effects were observed in EHMTI or
EHMT?2 knockdown cells treated with 0.5 wM entinostat (Figure 6C) or
decitabine (Figure 6D). These data suggest that EHMT1/2 inhibition
induces y-globin expression through a mechanism of action distinct
from entinostat or decitabine, and that combination therapy has the
potential for high-level HbF induction.

Discussion

Our study demonstrates that EHMT1 and EHMT? repress y-globin
gene expression and are potential therapeutic targets for SCD. We
found that UNC0638, a compound that selectively inhibits the EHMT1/2

complex, induced y-globin gene expression and HbF synthesis in
primary human adult erythroid cells with low cytotoxicity and without
inhibiting erythroid differentiation. Our data also suggest that EHMT1
and EHMT?2 have distinct patterns of activity compared with known
regulators of the (3-globin switch, such as BCL11A and MYB. We
demonstrated that genetic targeting of EHMTI or EHMT?2 using
lentiviral shRNAs also induced y-globin gene expression and HbF
synthesis in primary human erythroid cells. Similarly, we showed that
UNCO0638 treatment and Eimt2 CRISPR/Cas9-mediated knockout in
the murine cell line MEL increased the expression of both Hbb-gy and
Hbb-Bh1 embryonic globin genes.

Recent studies have also indicated that EHMT1 and EHMT?2 are
involved in the regulation of y-globin gene expression. In a gene
expression profiling study in CD34* cells following treatment with
UNCO0638, HBG1 and HBG2 were among the most significantly
upregulated genes,* in accordance with our RNA-seq data. An in-
dependent study performed contemporaneously to ours showed
that EHMT?2 inhibition by UNCO0638 stimulated HbF production by
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Table 1. Effects of UNC0638 on gene expression assessed by

RNA-seq
Categories and genes Log, CPM Fold change FDR g-value
Control gene
GAPDH 11.861 0.871 0.261
Globin genes
HBG1 9.567 3.276 1.63E-35
HBG2 9.827 1.937 1.13E-11
HBB 14.472 0.683 0.0002
HBD 9.126 0.652 3.44E-05
HBE1 2.485 1.017 0.950
HBA1 10.982 0.844 0.154
HBA2 10.630 0.853 0.187
Erythroid transcription factors
GATA1 8.749 0.867 0.253
GATA2 7.284 0.584 1.59E-07
KLF1 10.036 0.920 0.540
NFE2 9.094 0.998 0.995
ZFPM1 8.600 0.866 0.246
SOX6 5.867 1.856 6.41E-09
v-Globin repressors
BCL11A 6.455 1.219 0.109
MYB 7.069 0.832 0.133

RNA-seq analysis was performed in primary adult human erythroid cells at day
11 of erythroid differentiation and after 7 days of treatment with 0.25 .M UNCO0638 or
the vehicle control. Data represent the mean of 3 biological replicates for selected
genes of interest.

CPM, count per million reads.

facilitating LDB1 complex occupancy at the y-globin promoters and
LCR/y-globin looping.** Chaturvedi et al previously reported a role
for Ehmt?2 in the maintenance of (3-globin gene transcription in MEL
cells.*>*3 In aggregate, our own and previous data converged on
a critical role for EHMT1/2 in y-globin repression in adult erythroid
cells.
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Treatment with UNCO0638 caused genome-wide depletion of
H3K9Me2 upon EHMT1/2 inhibition in primary human adult erythroid
cells, consistent with previous studies,zl’zz’33 and revealed that this de-
pletion was particularly significant at the y-globin genes and the LCR
of the B-globin locus, thereby facilitating y-globin gene transcription
through increasing chromatin accessibility.*® How H3K9Me2 marks are
established on the (3-globin locus in human hematopoietic cells remains
to be clarified. In MEL cells, Ehmt2 is recruited to the 3-globin locus in an
Nf-E2-dependent manner.*® EHMT? has also been shown to be recruited
by UHRF1, which binds methylated cytosine guanine dinucleotides and
recruits the transcriptional repressors DNMT1 and HDAC1.¥’

Previous studies showed that Enmt2 exhibits a complex role in the
regulation of mouse [3-globin gene transcription, repressing Hbb-gy
while activating 3-Major, independently from its methyltransferase
activity.>>*>3% In primary human adult erythroid cells, increased
EHMT?2 occupancy at the y-globin gene promoters has been observed
following UNCO0638 treatment, suggesting that EHMT2 may have
a positive role in y-globin expression.* However, the functional effects
of EHMT?2 binding to the y-globin locus are unclear.

H3K9 acetylation and methylation are mutually exclusive.>® Our
ChIP-seq analysis demonstrated that depletion in H3K9Me2 following
treatment with UNCO0638 was associated with a concomitant increase in
H3KO9Ac at the y-globin gene region. Consistent with these epigenetic
changes, we identified that the combination of UNC0638 with an
HDAC inhibitor, entinostat, increased y-globin expression more than
either compound alone. UNC0638 and decitabine also had additive
effects on y-globin gene expression. Importantly, these findings sug-
gest that combination therapy targeting multiple epigenetic marks has
the potential to induce dramatic and clinically significant induction of
HbF production. Given the genome-wide effects of UNC0638, it is
likely that EHMT /2 inhibition also enhances the effect of both HDAC
inhibitors and DNA hypomethylating agents independently at other
genomic regions, including tumor suppressor genes loci. Therefore,
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Figure 6. Combination of EHMT1/2 pharmacologic inhibition or knockdown with entinostat or decitabine shows additive effects on y-globin gene induction in primary
adult human erythroid cells. (A) Histograms showing the relative percentage of y-globin genes expression according to the concentration of drug(s). gqRT-PCR analysis was
performed at day 14 of erythroid differentiation, after treatment with UNC0638 only, entinostat (MS-275) only, or UNC0638 + MS-275 for 7 days (from day 7 to day 14) (mean
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these combined therapies might also provide clinical benefit in hema-
tologic malignancies, such as myelodysplastic syndromes, in which
hypomethylating agents have been shown to be beneficial *°

Although UNC0638 is a potent chemical tool for in vitro studies,
this compound has poor pharmacokinetic properties.?> Development of
EHMT1/2 inhibitors with improved pharmacokinetic properties will
enable in vivo validation studies and possible clinical application.
Clinical application of EHMT? inhibition has also been suggested for
acute myeloid leukemia, as a means to counteract the proliferation and
self-renewal of acute myeloid leukemia cells by attenuating HOXA9-
dependent transcription.*' Furthermore, a recent study using CRISPR/
Cas9 screening of chromatin regulatory protein domains identified
Ehmtl and Ehmt2 among the top genes associated with leukemia
dependencies.*?

Our data provide genetic and pharmacologic evidence that EHMT1/2
inhibition has the ability to induce y-globin expression and HbF synthesis
in primary adult human erythroid cells and deserves further inves-
tigation as a novel therapeutic approach for the treatment of SCD and
B-hemoglobinopathies.

BLOOD, 15 OCTOBER 2015 + VOLUME 126, NUMBER 16

National Heart, Lung, and Blood Institute (1UO1HL117720); and a
Leukemia and Lymphoma Society Scholar Award (B.L.E.). Enriched
CD34™" cells were obtained through the Core Center of Excellence
program with partial funding support by the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK) (grant
DK56465). A.R. received partial financial support from the French
Society of Hematology (Société Francaise d’Hématologie). M.C.C.
was supported by a NIDDK Award (F30DK103359-01A1).

Authorship

Contribution: A.R.,P.V.G., M.C.C., M.M., and D.M.D. performed
experiments; A.R., P.V.G., M.C.C., and J.M.K.-B. analyzed data;
E.B.H. provided samples; B.E.B., S.H.O., and D.E.B. contributed
to the design of the project; P.V.G. and M.C.C. contributed to
writing the manuscript; A.R. and B.L.E. designed research and
wrote the manuscript; B.L.E. conceptualized the idea and super-
vised the project; and all authors read and approved the final

Acknowledgments

This work was supported by a Clinical Research Award from the
Doris Duke Charitable Foundation; the National Institutes of Health

References

manuscript.

Conflict-of-interest disclosure: The authors declare no competing

financial interests.

Correspondence: Benjamin L. Ebert, 1 Blackfan Circle, Karp 5.210,
Boston, MA 02115; e-mail: Benjamin_Ebert@dfci.harvard.edu.

. Bank A. Regulation of human fetal hemoglobin:

new players, new complexities. Blood. 2006;
107(2):435-443.

Bauer DE, Kamran SC, Orkin SH. Reawakening
fetal hemoglobin: prospects for new therapies for
the B-globin disorders. Blood. 2012;120(15):
2945-2953.

Bunn HF. Pathogenesis and treatment of sickle
cell disease. N Engl J Med. 1997;337(11):
762-769.

Platt OS. Hydroxyurea for the treatment of sickle
cell anemia. N Engl J Med. 2008;358(13):
1362-1369.

DeSimone J, Heller P, Hall L, Zwiers D.
5-Azacytidine stimulates fetal hemoglobin
synthesis in anemic baboons. Proc Natl Acad
Sci USA. 1982;79(14):4428-4431.

Ley TJ, DeSimone J, Anagnou NP, et al.
5-azacytidine selectively increases gamma-globin
synthesis in a patient with beta+ thalassemia.

N Engl J Med. 1982;307(24):1469-1475.

Atweh GF, Sutton M, Nassif |, et al. Sustained
induction of fetal hemoglobin by pulse butyrate
therapy in sickle cell disease. Blood. 1999;93(6):
1790-1797.

Bradner JE, Mak R, Tanguturi SK, et al. Chemical
genetic strategy identifies histone deacetylase

1 (HDAC1) and HDAC?2 as therapeutic targets in
sickle cell disease. Proc Natl Acad Sci USA. 2010;
107(28):12617-12622.

Kiefer CM, Hou C, Little JA, Dean A. Epigenetics
of beta-globin gene regulation. Mutat Res. 2008;
647(1-2):68-76.

. Sankaran VG, Menne TF, Xu J, et al. Human

fetal hemoglobin expression is regulated by the

12.

20.

Xu J, Bauer DE, Kerenyi MA, et al. Corepressor-
dependent silencing of fetal hemoglobin
expression by BCL11A. Proc Natl Acad Sci USA.
2013;110(16):6518-6523.

Rank G, Cerruti L, Simpson RJ, Moritz RL,
Jane SM, Zhao Q. Identification of a PRMT5-
dependent repressor complex linked to silencing
of human fetal globin gene expression. Blood.
2010;116(9):1585-1592.

Shi L, Cui S, Engel JD, Tanabe O. Lysine-specific
demethylase 1 is a therapeutic target for fetal
hemoglobin induction. Nat Med. 2013;19(3):
291-294.

Goodell MA, Godley LA. Perspectives and future
directions for epigenetics in hematology. Blood.
2013;121(26):5131-5137.

You JS, Han JH. Targeting components of
epigenome by small molecules. Arch Pharm Res.
2014;37(11):1367-1374.

Giarratana MC, Rouard H, Dumont A, et al. Proof
of principle for transfusion of in vitro-generated
red blood cells. Blood. 2011;118(19):5071-5079.

Bauer DE, Canver MC, Orkin SH. Generation of
genomic deletions in mammalian cell lines via
CRISPR/Cas9. J Vis Exp. 2015;95:€52118.

Canver MC, Bauer DE, Dass A, et al.
Characterization of genomic deletion efficiency
mediated by clustered regularly interspaced
palindromic repeats (CRISPR)/Cas9 nuclease
system in mammalian cells. J Biol Chem. 2014;
289(31):21312-21324.

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA,
Zhang F. Genome engineering using the
CRISPR-Cas9 system. Nat Protoc. 2013;8(11):
2281-2308.

developmental stage-specific repressor BCL11A. 21. Kubicek S, O’Sullivan RJ, August EM, et al.
Science. 2008;322(5909):1839-1842. Reversal of H3K9me2 by a small-molecule

11. Wilber A, Nienhuis AW. Persons DA. inhibitor for the G9a histone methyltransferase.
Transcriptional regulation of fetal to adult Mol Cell. 2007;25(3):473-481.
hemoglobin switching: new therapeutic 22. Vedadi M, Barsyte-Lovejoy D, Liu F, et al.

opportunities. Blood. 2011;117(15):3945-3953.

A chemical probe selectively inhibits G9a and

23.

24.

25.

26.

27.

28.

29.

30.

31.

GLP methyltransferase activity in cells. Nat Chem
Biol. 2011;7(8):566-574.

Barski A, Cuddapah S, Cui K, et al. High-
resolution profiling of histone methylations in
the human genome. Cell. 2007;129(4):823-837.

Guelen L, Pagie L, Brasset E, et al. Domain
organization of human chromosomes revealed by
mapping of nuclear lamina interactions. Nature.
2008;453(7197):948-951.

Rice JC, Briggs SD, Ueberheide B, et al. Histone
methyltransferases direct different degrees of
methylation to define distinct chromatin domains.
Mol Cell. 2003;12(6):1591-1598.

Shinkai Y, Tachibana M. H3K9 methyltransferase
G9a and the related molecule GLP. Genes Dev.
2011;25(8):781-788.

Tachibana M, Matsumura Y, Fukuda M, Kimura
H, Shinkai Y. G9a/GLP complexes independently
mediate H3K9 and DNA methylation to silence
transcription. EMBO J. 2008;27(20):2681-2690.

Tachibana M, Sugimoto K, Fukushima T,

Shinkai Y. Set domain-containing protein, G9a,
is a novel lysine-preferring mammalian histone
methyltransferase with hyperactivity and specific
selectivity to lysines 9 and 27 of histone H3. J Biol
Chem. 2001;276(27):25309-25317.

Tachibana M, Ueda J, Fukuda M, et al.

Histone methyltransferases G9a and GLP form
heteromeric complexes and are both crucial for
methylation of euchromatin at H3-K9. Genes Dev.
2005;19(7):815-826.

Chaturvedi CP, Hosey AM, Palii C, et al. Dual role
for the methyltransferase G9a in the maintenance
of beta-globin gene transcription in adult erythroid
cells. Proc Natl Acad Sci USA. 2009;106(43):
18303-18308.

Friend C, Scher W, Holland JG, Sato T.
Hemoglobin synthesis in murine virus-induced
leukemic cells in vitro: stimulation of erythroid
differentiation by dimethyl sulfoxide. Proc Nat/
Acad Sci USA. 1971,68(2):378-382.

20z aunr || uo1senb Aq Jpd'0€61/26768€1/0€6 1/91/92 L/Ppd-ajoie/poojq/Bio suonedlqndyse//:diy wouy papeojumoq


mailto:Benjamin_Ebert@dfci.harvard.edu

BLOOD, 15 OCTOBER 2015 + VOLUME 126, NUMBER 16

32.

33.

34.

35.

Subramanian A, Tamayo P, Mootha VK, et al.
Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide
expression profiles. Proc Natl Acad Sci USA.
2005;102(43):15545-15550.

Chen X, Skutt-Kakaria K, Davison J, et al.
G9a/GLP-dependent histone H3K9me2
patterning during human hematopoietic stem cell
lineage commitment. Genes Dev. 2012;26(22):
2499-2511.

Krivega |, Byrnes C, de Vasconcellos JF, et al.
Inhibition of G9a methyltransferase stimulates
fetal hemoglobin production by facilitating LCR/
v-globin looping. Blood. 2015;126(5):665-672.

Chaturvedi CP, Somasundaram B, Singh K, et al.

Maintenance of gene silencing by the coordinate
action of the H3K9 methyltransferase
G9a/KMT1C and the H3K4 demethylase

36.

37.

38.

39.

Jarid1a/KDM5A. Proc Natl Acad Sci USA. 2012;
109(46):18845-18850.

Schones DE, Chen X, Trac C, Setten R, Paddison
PJ. G9a/GLP-dependent H3K9me2 patterning
alters chromatin structure at CpG islands in
hematopoietic progenitors. Epigenetics
Chromatin. 2014;7:23.

Kim JK, Estéve PO, Jacobsen SE, Pradhan S.
UHRF1 binds G9a and participates in p21
transcriptional regulation in mammalian cells.
Nucleic Acids Res. 2009;37(2):493-505.

Shankar SR, Bahirvani AG, Rao VK, Bharathy N,
Ow JR, Taneja R. G9a, a multipotent regulator of
gene expression. Epigenetics. 2013;8(1):16-22.

Wang Z, Zang C, Rosenfeld JA, et al.
Combinatorial patterns of histone acetylations and

EHMT1/2 INHIBITION INDUCES HbF EXPRESSION

40.

41.

42.

1939

methylations in the human genome. Nat Genet.
2008;40(7):897-903.

Fenaux P, Mufti GJ, Hellstrom-Lindberg E, et al;
International Vidaza High-Risk MDS Survival
Study Group. Efficacy of azacitidine compared
with that of conventional care regimens in the
treatment of higher-risk myelodysplastic
syndromes: a randomised, open-label, phase Il
study. Lancet Oncol. 2009;10(3):223-232.

Lehnertz B, Pabst C, Su L, et al. The
methyltransferase G9a regulates HoxA9-
dependent transcription in AML. Genes Dev.
2014;28(4):317-327.

Shi J, Wang E, Milazzo JP, Wang Z, Kinney JB,
Vakoc CR. Discovery of cancer drug targets by
CRISPR-Cas9 screening of protein domains. Nat
Biotechnol. 2015;33(6):661-667.

20z aunr || uo1senb Aq Jpd'0€61/26768€1/0€6 1/91/92 L/Ppd-ajoie/poojq/Bio suonedlqndyse//:diy wouy papeojumoq



