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ABSTRACT Tyrosine kinase inhibitors (TKI) have revolutionized chronic myelogenous leukemia

(CML) management. Disease eradication, however, is hampered by innate resistance
of leukemia-initiating cells (LIC) to TKI-induced killing, which also provides the basis for subsequent emer-
gence of TKl-resistant mutants. We report that EZH2, the catalytic subunit of Polycomb Repressive Com-
plex 2 (PRC2), is overexpressed in CML LICs and required for colony formation and survival and cell-cycle
progression of CML cell lines. A critical role for EZH2 is supported by genetic studies in a mouse CML model.
Inactivation of Ezh2 in conventional conditional mice and through CRISPR/Cas9-mediated gene editing
prevents initiation and maintenance of disease and survival of LICs, irrespective of BCR-ABL1 mutational
status, and extends survival. Expression of the EZH2 homolog EZH1 is reduced in EZH2-deficient CML LICs,
creating a scenario resembling complete loss of PRC2. EZH2 dependence of CML LICs raises prospects for
improved therapy of TKl-resistant CML and/or eradication of disease by addition of EZH2 inhibitors.

SIGNIFICANCE: This work defines EZH2 as a selective vulnerability for CML cells and their LICs, regard-
less of BCR-ABL1 mutational status. Our findings provide an experimental rationale for improving
disease eradication through judicious use of EZH2 inhibitors within the context of standard-of-care TKI
therapy. Cancer Discov; 6(11); 1237-47. ©2016 AACR.

See related article by Scott et al., p. 1248.

INTRODUCTION

Chronic myelogenous leukemia (CML) is a stem cell-driven
malignancy induced by the Philadelphia chromosome that
generates the fusion oncoprotein BCR-ABL1 (1, 2), which
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harbors constitutive tyrosine kinase activity. Tyrosine kinase
inhibitor (TKI) drugs are highly effective, especially in chronic
phase, the early stage of the disease. Nevertheless, disease
eradication is challenged by the relative resistance of leuke-
mia-initiating cells (LIC) to cell killing and the emergence of
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TKlI-resistant BCR-ABL1 mutants (3-6). Successive genera-
tions of TKIs have been developed to overcome intrinsic
drug resistance. Treatment with the third-generation TKI
ponatinib is effective against CML with the “gatekeeper”
T3151 mutant BCR-ABLI, but can be accompanied by severe
side effects (4, 7). Moreover, ponatinib-resistant CML cells
may arise in the setting of recently described compound
mutations in BCR-ABL1 (8). To address the limitations
of TKIs in CML therapy, alternative pathways required for
LICs have been sought. Various targets have been proposed,
including heat shock proteins, ALOXS, Wnt/B-catenin, and
the hedgehog pathway among others (5). To date, no clinical
trials have validated these candidates.

Epigenetic pathways are frequently deregulated in can-
cer cells. Polycomb Repressive Complex 2 (PRC2) compo-
nents are often overexpressed and/or somatically mutated in
various solid tumors (9-12) and hematopoietic neoplasms
(13-17), where cells appear addicted to Polycomb repres-
sion. Genetic studies have revealed selective vulnerability of
rhabdoid tumors and MLL-AF9 leukemia to Polycomb loss
(18, 19). Pharmacologic inhibition of EZH2, the enzymatic
subunit of PRC2, efficiently kills some cancer cells, and sev-
eral clinical trials for EZH2 inhibitors have been initiated
(clinicaltrials.gov). Here, we report that CML cells, and nota-
bly LICs that are thought to sustain disease, are dependent
on EZH2. Because hematopoietic stem cells (HSC) are main-
tained in the absence of EZH2 (20), this selective vulnerability
raises the possibility of leveraging EZH2 as a therapeutic
target for eradication of CML.

RESULTS

EZH2 Is Overexpressed in CML LICs, and Its
Inactivation Inhibits Cell Growth of Human
CML Cell Lines

In a search for potential therapeutic targets essential for
CML LICs, we compared gene expression profiles of human
CML LICs with normal HSCs (Lin"CD34*CD38 CD45RA"
CD90%; ref. 21). EZH2 was upregulated in LICs at all three
phases of disease (Supplementary Fig. S1A). Meanwhile,
EZH2 target genes were enriched in LICs compared with
HSCs in gene set enrichment analysis (GSEA; ref. 22), sug-
gesting enhanced EZH2 activities in LICs (Supplementary
Fig. S1B). Moreover, expression of EZH2, but not other PRC2
components such as EED, appeared dependent on BCR-ABL1

signaling in CML cells, as administration of TKIs (imatinib or
dasatinib) reduced EZH2 protein (Supplementary Fig. S1C).
Collectively, these findings led us to hypothesize that CML
cells, and perhaps their respective LICs, might require, or dis-
play “addiction” to, PRC2.

To interrogate the hypothesis, we first tested the response
of human CML cells to shRNAs directed to EZH2. Two hair-
pins directed to EZH2, which reduced EZH2 protein levels
by approximately 70% to 90% (Supplementary Fig. S1D),
inhibited the growth of K562 cells (Supplementary Fig. S1E),
a consequence of apoptosis and disruption of normal cell
cycle (Supplementary Fig. S1F and S1G). Although current
TKIs are effective in managing CML in chronic phase, some
BCR-ABL1 mutants, such as the “gatekeeper” T315I mutant,
present a therapeutic challenge (23). Of note, BCR-ABLI
mutational status does not change the dependence of CML
cells on EZH2, as shRNA knockdown also inhibited growth
of K562 cells engineered to express T315I mutant BCR-ABL1
(K562-T315I; Supplementary Fig. S1E).

Genetic Inactivation of Ezh2 in a Mouse CML
Model Blocks Leukemia Development, Independent
of Mutational Status of BCR-ABL1

To address the extent of EZH2 dependence for CML in vivo,
we turned to genetic manipulation of Ezh2 in mice. We inac-
tivated Ezh2 in an engineered mouse model of CML. Bone
marrow (BM) cells from S-fluorouracil-treated Ezh2%%:Rosa-
EYFP"%, or Rosa-EYFPY1 mice, serving as controls, were trans-
duced with BCR-ABL1-IRES-Cre retrovirus and transplanted
into recipients (Fig. 1A). Deletion of Ezh2, as monitored
by EYFP reporter expression in Ezh2 knockout (KO) CML
mice, markedly delayed disease development, as revealed by
reduced leukemic cells (EYFP*Mac1*) in peripheral blood at
days 8 and 12 following transplantation, as compared with
the controls and assessed by flow cytometry (Supplementary
Fig. S2A and S2B). The total white blood cell count (WBC)
was also reduced in Ezh2 KO CML mice as compared with
control CML mice (Supplementary Fig. S2C). Lung hemor-
rhage and splenomegaly, features of advanced disease in this
model, were observed in control CML mice 2 weeks after
bone marrow transplantation (BMT), but not observed in
Ezh2 KO CML mice (Supplementary Fig. S2D). Ezh2 deletion
prolonged survival, though mice eventually succumbed to
CML due to outgrowth of rare cells with incomplete excision
of Ezh2 alleles (Supplementary Fig. S2E and data not shown).

>

Figure 1. Ezh2inactivation inhibits initiation/progression of CML and establishment of secondary leukemia from existing LICs. A, protocol for induction
of Ezh2 deleted (Ezh2 KO) or control (Con) CML in mice. B, FACS plots showing percentages of leukemic cells in peripheral blood of control and Ezh2 KO-
T3151 CML mice at indicated days after BMT. C, percentage of T315I CML cells, as shown in B.n=10 for both control and Ezh2 KO CML mice. P=0.21 for
day 6, and P <0.0001 for days 9, 12, and 14, as determined by the Student t test. D, peripheral WBC of control (n=5) and Ezh2 KO CML mice (n=5), deter-
mined at day 14 after BMT. P<0.0001 as determined by the Student t test. E, survival curve of control (n=10) and Ezh2 KO CML mice (n=10). P<0.0001,
as determined by Gehan-Breslow-Wilcoxon test. F, percentage (left) and cell number (right) of LICs (EYFP*Lin"c-Kit*Scal*) in control (n = 9) and Ezh2 KO
(n=21) CML mice, measuring at day 14 after BMT. P=0.001 for the percentage and P=0.003 for the cell number of LICs, as determined by the Student t
test. G, experimental protocol for assessing impact of Ezh2 loss in LICs for leukemia development in secondary recipients. H, FACS plots showing percent-
ages of Cre* (GFP*EYFP*) and Cre™ (GFP*EYFP-) secondary leukemic cells in peripheral blood of control and Ezh2 KO CML mice at days 7,11, and 14 after
BMT. Samples analyzed right before second BMT were designated as day 0., ratio of Cre* (GFP*EYFP*) versus Cre™ (GFP*EYFP-) secondary leukemic cells,
as shown in H, at the indicated days after second BMT in control or Ezh2 KO 2nd CML mice. Only one sample each for day O was analyzed and thus was
excluded from statistical analysis. P < 0.0001 for days 7,11, and 14 and P=0.04 for day 17, as determined by the Student t test. J, survival curve of control
(n=6) and Ezh2 KO (n=5) secondary CML mice. P=0.036, as determined by Gehan-Breslow-Wilcoxon test. Results shown in B-J are representative of at

least two repeat experiments.
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Together, these data demonstrate that leukemia initiation
and development are dependent on EZH2.

To assess whether EZH2 is also required for T315I mutant
CML, we induced CML with T315I mutant BCR-ABL1 (Fig.
1A). CML progressed rapidly in control T315I CML mice and
culminated with heavy leukemia load and death of animals
at approximately 2 weeks after BMT. In contrast, leukemia
development was markedly blunted in Ezh2 KO CML mice,
and survival was greatly extended (Fig. 1B-E). Thus, the
requirement for EZH2 in CML appears independent of the
mutational status of BCR-ABLI.

EZH2 Is Required for Maintenance
and Function of CML LICs

CML is a stem-cell disorder in which disease initiation and
maintenance rely on LICs, a population of cells enriched in
the Lin"c-Kit*Scal* population in CML mice (24, 25). To
assess the impact of EZH2 loss on CML LICs, we first deter-
mined the frequency and total cell number of LICs in control
or EZH2 KO CML mice. Loss of EZH2 greatly reduced LIC
frequency, as well as cell number, in Ezh2 KO CML mice, com-
pared with control CML mice, indicating sensitivity of LICs
to EZH2 loss (Fig. 1F). In the experimental setting depicted in
Fig. 1A where Cre-expressing virus is transduced into normal
hematopoietic stem/progenitor cells (HSPC) to inactivate
EZH2, it is not possible to distinguish between requirements
of LICs for EZH2 and requirements for EZH2 in transform-
ing HSCs into LICs by BCR-ABLI.

To interrogate more directly the requirement of LICs for
EZH2, we determined the consequences of inactivating Ezh2
in preexisting LICs. To this end, control or Ezh2%% LICs from
primary CML mice, induced by BCR-ABLI-IRES-GFP virus,
were isolated by fluorescence-activated cell sorting (FACS), trans-
duced with Cre virus, and then transplanted into secondary
recipients (Fig. 1G). Control CML LICs, with (GFP*EYFP") or
without (GFP*EYFP") Cre virus transduction, contributed com-
parably to the development of secondary leukemia (Fig. 1H
and I). In contrast, uninfected Ezh2"1 LICs (GFP*EYFP") greatly
outcompeted Ezh2 KO LICs (GFP*EYFP") in the secondary leu-
kemia, and the percentage of Ezh2 KO LIC-derived secondary
leukemic cells decreased over time (Fig. 1H and I). Accordingly,
deletion of Ezh2 in CML LICs prolonged survival of secondary
CML mice (Fig. 1J). Notably, of the 2 Ezh2 KO secondary CML
mice that died in this study, 1 died of GFP*EYFP~ (Cre negative)
CML and the second was euthanized for conditions unrelated
to CML. In contrast, biopsy showed that all control secondary
CML mice died of CML. Taken together, these results indicate
that CML LICs require EZH2 for their maintenance and ability
to initiate leukemia on transplantation.

Catalytic Activity of EZH2 Is Required
for CML Cells

Genetic study in the mouse CML model demonstrated
that EZH2 is required for CML and its LICs, and therefore
suggests that EZH2, a histone methyltransferase, might be
targeted for CML therapy. The findings in Cre conditional
mice, in which intact protein is eliminated, fail to exclude
a noncatalytic role of EZH2 for CML cells (26). We next
determined whether catalytic activity of EZH2 is required for
CML cells. Exogenous EZH2, either wild-type or a mutant

with three substitutions (F6771, H689A, and R727K) that
result in loss of catalytic activity (27, 28), was expressed in
K562 cells. Endogenous EZH2 was then deleted by CRISPR/
Cas9-mediated gene editing (Fig. 2A). Exogenous wild-type
EZH2 rescued growth and survival of cells with homozygous
loss of endogenous EZH2. In contrast, exogenous mutant
EZH2 expression failed to rescue cells lacking a functional
endogenous EZH2 allele (Fig. 2B). These data provide strong
genetic evidence that the catalytic activity of EZH?2 is required
for viability of CML cells.

We next tested several small-molecule catalytic inhibitors
of EZH2: GSK126 (29), UNC1999 (30, 31), and JQEZS5 (32) as
well as an inactive analogue of JQEZS, JQEZ23 (Supplemen-
tary Fig. S3A). The inhibitors, but not the inactive analogue,
effectively reduced the global level of the PRC2-associated
mark, H3K27me3, in K562 cells (Supplementary Fig. S3B)
and suppressed cell growth in a dose-dependent manner in
K562 and KBMS5 CML cells, as well as corresponding T315I
derivative lines (Fig. 2C and Supplementary Fig. S3C and
S3D). These results provide further evidence that human
CML cells rely on EZH2, and more specifically its enzymatic
activity, to support cell survival and growth, independent of
the mutational status of BCR-ABLI.

To assess EZH2 dependence of primary human CML stem/
progenitor cells, we performed colony formation assays in the
presence of EZH?2 inhibitors. JQEZS and UNC1999 inhibited
colony formation of primary human CD34" CML stem/
progenitor cells (Fig. 2D and E and Supplementary Fig. S3E
and S3F). JQEZS did not appreciably affect colony forma-
tion of normal human CD34" HSPCs, although at higher
concentrations, UNC1999 modestly inhibited their colony
formation (Fig. 2D and E and Supplementary Fig. S3E and
S3F). This is likely due to moderate inhibition of EZH1 by
UNC1999 (30). The inhibitors also reduced colony formation
of primary CML cells with the T315I mutation (Fig. 2E and
Supplementary Fig. S3F). Together, these results demonstrate
that colony formation of human CML stem/progenitor cells
is sensitive to EZH2 inhibition. This conclusion is compatible
with our observations presented below regarding the depend-
ence of mouse CML LICs, but not HSCs (20), on EZH2.

EZH2 Inactivation in CML LICs Creates a Context
Resembling Total Loss of PRC2

To probe potential molecular mechanisms for the depend-
ence of CML LICs on EZH2, gene expression profiles of EZH2
KO and EZH2 wild-type CML LICs, together with EZH2 KO,
EED KO, and wild-type HSCs, were compared. EZHI mRNA
expression decreased in LICs, in comparison with HSCs,
both in mouse and in human (Fig. 3A and Supplementary
Fig. S4A). Of note, the level of EZHI was further reduced
in CML LICs lacking EZH2 (Fig. 3A). A striking similarity
in gene expression changes was observed on comparison of
EZH2 KO LICs and EED KO HSCs. For example, gene expres-
sion changes between EZH2 loss in LICs and EED deletion
in HSCs were more similar than between EZH2 deletion and
EED deletion in HSCs (Fig. 3B). In addition, we found that a
subset of genes upregulated in EZH2 KO LICs as compared
with control LICs was more enriched in EED KO HSCs than
in EZH2 KO HSCs in comparison with wild-type HSCs, as
revealed by GSEA analysis (Fig. 3C). EZH2 KO in CML LICs
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Figure 2. EZH2 catalytic activity is required for CML cells and their stem/progenitor cells. A, experimental protocol for rescue of CML cells with
either wild-type (WT) or catalytically inactive EZH2. The endogenous EZH2 was inactivated by CRISPR/Cas9-mediated gene editing. B, table present-
ing numbers and percentage of single-cell clones with 0, 1, or 2 alleles of endogenous EZHZ deleted. C, growth curve of K562 cells treated with EZH2
catalytic activity inhibitors UNC1999 and JQEZS5 or an inactive analogue, JOEZ23. Cells were cultured with compounds at the indicated concentrations
for 6 days, and cell proliferation was determined by WST-1 cell proliferation assay every other day. Absorbance (A4s0-Asgo) of DMSO-treated samples

was set as 1, and the ratios of absorbance in EZH2 inhibitors-treated sam
SD. Three biological replicates were performed for each sample, and two i

ples relative to DMSO-treated samples were plotted. Data shown as mean £
epeat experiments were performed. D and E, relative colony numbers of human

BM CD34+ CML stem/progenitor cells (D) or total primary CML BM cells (E), along with their respective normal cells (Con) plated in media with DMSO or

with different concentrations of JQEZS. Colonies were enumerated at day

9 after plating. The number of colonies in the DMSO-treated group was set as

1, and ratios of colonies of the JQEZ5-treated group relative to DMSO-treated group were plotted. Each sample was plated in duplicate, and two repeat
experiments were performed. Data shown as mean £ SD. P values for JOEZ3 and DMSO comparison are 0.30, 0.34, 0.23, and 0.21 for a concentration
of 0.5,1, 2,and 5 umol/L respectively; for JOEZ5 and DMSO comparison the P values are 0.002, 0.003, 0.002, and 0.001 for a concentration of 0.5, 1,

2,and 5 umol/L, respectively; for UNC1999 and DMSO comparison, these
5 umol/L, respectively.

induced changes in the expression of many genes belonging
to different functional groups, or gene sets. A substantial
portion (143 of a total of 353) of these gene sets, enriched
in EZH2 KO LICs as compared with control LICs, were also
enriched in EED KO HSCs as compared with wild-type HSCs,
but not in EZH2 KO HSCs as compared with their wild-type
counterparts (Fig. 3D and Supplementary Table S1). Taken
together, these findings indicate that the impact of EZH2
loss in LICs resembles, in part, EED loss in HSCs. EZH2,
or its close homolog EZH1, together with EED and SUZ12

values are 0.003, 0.003, 0.006, and 0.004 for a concentration of 0.5, 1, 2, and

comprise the core subunits of PRC2 complexes. Inactiva-
tion of EED disrupts the integrity of the PRC2 complexes
and completely disables their functions. These data strongly
suggest that inactivation of EZH2 in LICs creates a situation
mimicking complete loss of PRC2.

Enhanced repression of PRC2 target genes is a common
feature of many cancers with overexpressed PRC2 compo-
nents. EZH2 overexpression in CML LICs, compared with
normal HSCs, was associated with downregulation of 263
genes (at 2-fold cutoff). Twenty-seven of these 263 genes were
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upregulated in EZH2 KO CML LICs, comprising about 1/3 of
the total upregulated genes in EZH2 KO LICs compared with
control LICs (at 2-fold curtoff; Fig. 4E and Supplementary
Table S2). Among these 27 “derepressed” genes, Trp53inpl,
Phlpp1, H19, and CdknZ2c are associated with apoptosis or inhi-
bition of cell proliferation (33-36). Accordingly, we observed

Figure 3. EZH2inactivationin CMLLICs
creates a context mimicking complete loss

of PRC2. A, relative abundances of Ezh1

mRNA transcripts in normal LKS cells (Lin-
c-Kit*Scal*) (Con HSC), Ezh2 wild-type (WT)
primary CML (CML LIC), and Ezh2 KO primary
CML LICs (Ezh2 KO LIC), determined at day 14
after BMT. Value of Ezh1 mRNA transcripts

in normal LKS cells was set to 1, and ratios

of Ezh1 mRNA transcripts in control CML

LICs or Ezh2 KO LICs relative to normal LKS
cells were plotted. Data shown as mean + SD.
P =0.038 for wild-type LKS cells vs. control
CML LICs and P=0.002 for control CML vs.
Ezh2 KO CML LICs. B, heat maps comparing
expression of genes, upregulated in Eed KO vs.
wild-type HSCs (4-fold cutoff, 239 probes for
193 genes), among Eed KO, Ezh2 KO, and WT
HSCs, as well as between Ezh2 KO vs. control
CML LICs. C, genes upregulated in Ezh2 KO vs.
control CML LICs (4-fold cutoff) are enriched in
Eed KO (left) but not in Ezh2 KO HSCs (right), in
comparison with wild-type HSCs, as assessed
by GSEA. D, Venn diagram showing overlap of
gene sets enriched in different comparisons.
Affymetrix array expression values of Eed KO
vs. WT HSCs, Ezh2 KO vs. WT HSCs, and Ezh2
KO vs. control CML LICs were analyzed in GSEA
for the enrichment of gene sets in C2 (curated
gene sets), C4 (computational gene sets), C6
(oncogenic signatures), and C7 (immunologic
signatures) from Molecular Signature Dataset
(MSigDB). Gene sets enriched in KO cells, for
each comparison group, were filtered for FDR q
<0.01, and the results plotted in this Venn dia-
gram. E, Venn diagram depicting the correlation
of the following 4 gene sets: (1) upregulated
(UP) genes in control CML LICs vs. normal
HSCs (LKS cells), depicted as the blue oval;

(2) downregulated (DN) genes in control CML
LICs vs. normal HSCs, depicted as the yellow
oval; (3) upregulated genes in Ezh2 KO LICs vs.
control CML LICs, depicted as the green oval;
(4) downregulated genes in Ezh2 KO LICs vs.
control CML LICs, depicted as the red oval. A
fold-change cutoff of £2.0 and FDR < 0.05 was
applied to all comparison groups.

Con CML LIC
Con CML LIC
Con CML LIC

| | | M Ezn2 ko LiC

Ezh2 KO vs.
WT CML LIC UP

Ezh2 KO vs.
WT CML LIC DN

enrichment of gene sets including p53 targets, pS3 path-
ways, and MDM4 targets in EZH2 KO LICs compared with
control LICs, as revealed by GSEA analysis. Conversely, gene
sets that favor cell growth were enriched in control CML
LICs (Supplementary Fig. S4B and data not shown). Col-
lectively, these data suggest that PRC2 suppresses apoptosis
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and proliferation inhibitor genes in CML LICs to support
cell survival and growth. Consequently, inactivation of EZH2
is associated with increased expression of these genes, and
subsequent growth inhibition and cell death.

EZH2 Inactivation in Existing Disease Induces
Disease Regression

To be considered further as a target for CML treatment,
manipulation of EZH2 in existing disease should lead to
clearance or regression of disease. We explored this possi-
bility by inactivating Ezh2 through CRISPR/Cas9-mediated
gene editing in mice with preexisting CML. To achieve tem-
poral and highly efficient gene inactivation, we employed a
doxycycline-inducible Cas9-expressing mouse line developed
in our lab (to be described elsewhere). For efficient editing
and inactivation of EZH2 catalytic function in the in vivo
setting, we chose an Ezh2 guide RNA (gRNA) that targets the
SET domain (37). This gRNA achieves greater than 85% allele
editing after Cas9 induction in a B-cell line transformed from
the doxycycline-inducible Cas9 strain (Supplementary Fig.
S5A). CRISPR/Cas9-mediated gene editing of the Ezh2 locus
significantly reduced global 3mH3K27, although seemingly
without an appreciable change in total EZH2 protein (Sup-
plementary Fig. S5B). This is likely due to inability of this
SDS-PAGE Western blot analysis to resolve wild-type full-
length EZH2 (746aa) from mutant EZH2 proteins caused by
indels that are just 50 to 60aa shorter.

To test the role of EZH?2 in established disease, we gener-
ated primary CML in mice with BCR-ABL1-GFP virus plus
Ezh2 gRNA virus or an empty virus. CML stem/progenitor
cells were then transplanted into recipients to generate mice
with secondary leukemia. Upon establishment of secondary
leukemia, recipients were treated with doxycycline to induce
Cas9 expression and observed over time (Fig. 4A). Ezh2-
CRISPR/Cas9-mediated gene editing in mice with established
CML slowed disease progression, as compared with the empty
virus-transduced cohort also treated with doxycycline. Of
special note, disease regression subsequently occurred in all
CML mice expressing Ezh2 gRNA (Fig. 4B-D and Supple-
mentary Fig. SSC). Consequently, CRISPR/Cas9-mediated
Ezh2 inactivation in CML mice greatly extended survival, as
compared with the empty virus cohort (Fig. 4E).

Leukemic cells were sorted at different times, and the
frequency of indels was determined by Tracking of Indels by
DEcomposition (TIDE) analysis (ref. 38; Supplementary Fig.
S5C). The overall dynamics of indels at the population level
are likely complex, as cells with inactivation of both EZH2
alleles are presumably eliminated, whereas those with one or
two active alleles remain and may sustain editing events in
the presence of continued Cas9 expression. Accordingly, indel
frequency of leukemic cells is predicted to rise to approxi-
mately 50% and plateau, at which point all leukemic cells have
one edited allele and the other is inactivated in those cells
destined for elimination.

DISCUSSION

TKI therapy has transformed CML management, turning a
lethal disorder into a chronic condition. However, challenges
remain in conventional TKI therapy for CML, including the

relative resistance of CML LICs to TKIs and the appearance of
TKI-resistant BCR-ABL1 mutants. Candidate targets of alter-
native pathways have been explored, but none have been vali-
dated in clinical trials. Recently, a PPARyagonist was reported
to sensitize LICs to TKIs, likely by coaxing LICs into cycle,
and thereby raised the possibility of combination therapy for
disease eradication (39). Simultaneous targeting of p53 and
c-MYC has recently been reported as another strategy (40).

Here, we have identified and validated EZH2 as a selec-
tive vulnerability for CML LICs. Inactivation of Ezh2 in the
engineered mouse model of CML blocks leukemia initia-
tion/development and impairs CML LICs. More importantly,
CRISPR/Cas9 domain-directed editing to inactivate Ezh2 in
mice with existing disease leads to disease regression and a
marked improvement in survival. The latter also suggests
that EZH?2 catalytic activity is required for CML cells in vivo,
which is further supported by the rescue experiment where
wild-type EZH2, but not a catalytically inactive mutant, res-
cues CML cells with homozygous loss of endogenous EZH2.
In addition to providing additional in vivo genetic evidence in
support of a critical role for EZH2 in CML maintenance, our
dox-inducible CRISPR/Cas9 gene-editing experimental sys-
tem should have broad applicability in other cancer models.

EZH?2 inactivation in human CML cells leads to cell growth
inhibition and inhibition of colony formation by primary
CML stem/progenitor cells. Of note, dependence on EZH2 is
independent of the mutational status of BCR-ABL1. EZH1
expression is reduced in CML LICs upon EZH2 inactivation,
which may lead to impairment of PRC2 function and failure
of LIC maintenance or survival. The consequence of EZH2
loss in the context of normal HSCs differs, in that EZH1
expression is maintained at a higher level. Although the
mechanistic basis for this difference is unclear, the presence
of EZH1 in HSCs partially compensates for EZH?2 loss, pre-
serves PRC2 function, and protects cells from the deleterious
effects of complete PRC2 loss. The dependence of CML LICs
on EZH2 appears quite selective in comparison with several
other proposed targets for enhanced CML therapy (5), the
majority of which are required for normal hematopoiesis
and/or maintenance of HSCs. Such selectivity predicts exist-
ence of a therapeutic window for the administration of EZH2
inhibitors to eliminate CML LICs without adversely affect-
ing overall hematopoiesis. Nevertheless, EZH2 inactivation
may also be tumorigenic (14, 17, 41) in some circumstances.
Although transient pharmacologic inhibition of EZH2 is
unlikely to mimic genetic loss of EZH2, caution would need
to be taken to monitor any undesired effects of EZH2 inhibi-
tors in therapy.

In conclusion, we have genetically defined a dependence of
CML LICs on EZH2, thereby establishing a potential target
for improved therapy. Given the current clinical development
of EZH2 inhibitors, our findings provide an experimental
rationale for incorporating these agents into therapy of CML
directed at disease eradication. We propose that inhibition
of EZH2 should be considered as an additional strategy to
circumvent intrinsic resistance to TKIs and eliminate CML
LICs.

In an accompanying article in this issue, Scott and col-
leagues independently identify the dependence of CML on
EZH2 (42).
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Figure 4. CRISPR/Cas9-mediated Ezh2 inactivation in existing CML induces disease regression and extends survival. A, protocol for generation of
Ezh2 gRNA and empty-vector control CML followed by doxycycline-induced Cas9 expression and Ezh2 inactivation. B, FACS plots showing percentages of
leukemic cells within Macl* population in peripheral blood of Ezh2 gRNA or empty-vector control CML mice at different times after BMT. C, percentage
of CML cells in peripheral blood of Ezh2 gRNA or empty-vector control CML mice. n=5 for both Ezh2 gRNA and empty-vector control CML mice. P=0.06
for day 6, and P <0.001 for days 15 and 20 as determined by the Student t test. Only one Empty CML mouse survived at day 26 and was excluded for

statistical analysis. D, peripheral WBC of Ezh2 gRNA (n=5) and Empty CML mice (n=5), determined at day 20 after BMT. P=0.001 as determined by the

Student t test. E, survival curve of Ezh2 gRNA (n=5) and Empty CML mice (n=5). Of note, CML is unlikely to be the primary cause of death for the 2 mice

in the Ezh2 gRNA group that succumbed, as CML cells were only 34.2% and 0.2% of total white blood cells respectively at the time of death. P=0.003, as
determined by Gehan-Breslow-Wilcoxon test.
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METHODS

Experimental Animals

CS7BL/6 and Rosa26-EYFPY1 (43) lines were obtained from The
Jackson Laboratory. 129/B6 mice were purchased from Taconic. The
doxycycline-inducible Cas9-expressing line was created in the Orkin
laboratory and will be described elsewhere. Ezh2 conditional KO
mice have been described (44) and were maintained on a C57BL/6
background. Animals were maintained in the animal facility at Bos-
ton Children’s Hospital. The Institutional Animal Ethics Committee
approved all animal experiments.

Cell Lines

KBMS and KBMS5-T315I cells were generously provided by Dr.
Ralph B. Arlinghaus (The University of Texas MD Anderson Cancer
Center) in 2013 without further authentication. K562 cells were
obtained from the ATCC (CCL-243; ATCC) in 2012 without further
authentication. The T3151 BCR-ABL1 derivative line was generated
by expansion of FACS-sorted GFP* cells from BCR-ABL1(T315I)-
IRES-GFP retrovirus-transduced K562 cells. All cells were cultured in
Iscove’s Modified Dulbecco’s Medium (IMDM) media supplemented
with 10% FBS, 50 umol/L 2-mercaptoethanol, and 100 U/mL penicil-
lin/streptomycin. Cells were tested by PCR-based assay to verify that
they were free of Mycoplasma contamination.

Rescue of CRISPR Inactivated Endogenous EZH2 with
Exogenous EZH2 Enforced Expression

K562 cells were infected with lentivirus expressing a GFP marker
gene plus either wild-type EZH2 or a mutant with three substitutions
(F6771, H689A, and R727K) that render the catalytic domain inac-
tive. Codons of both wild-type and mutant EZH2 had been modified
so that EZH2 gRNA will recognize endogenous EZH2, but not the
exogenous EZH2. EZH2 gRNAs were cloned into CRISPR Nuclease
Vector-OFP purchased from ThermoFisher. GFP/OFP double-posi-
tive cells were FACS-sorted 24 hours after transfection for single-cell
cloning. Genomic DNA was extracted from individual clone and PCR
performed for genotyping. Sequences of gRNA sequences are GAGCT
CATTGCGCGGGACTA and TGCGACTGAGACAGCTCAAG.

Bone Marrow Transduction and Transplantation

BM transduction and transplantation procedures have been
described (45). Eight-to-10-week-old donor mice were primed by
intravenous injection of S-fluorouracil (200 mg/kg; Sigma) 5 days
before harvest. BM cells were plated at 2 x 107 cells per 10-cm
plate in prestimulation medium (DMEM, 15% FBS, 100 ng/mL
recombinant murine SCF, 10 ng/mL recombinant murine IL3,
10 ng/mL recombinant murine IL6, 50 umol/L 2-mercaptoethanol,
and 100 U/mL penicillin/streptomycin). Cytokines were purchased
from R&D systems. Cells were incubated overnight at 37°C. Virus
transduction was performed by suspending cells in prestimulation
media containing 50% virus supernatant and supplemented with
10 ug/mL polybrene (Millipore). Cells were then spun for 60 minutes
at 700 g and incubated at 37°C for 2 to 4 hours before transfer to
fresh media, and then incubated at 37°C overnight. A second round
of transduction was performed, and the cells were collected 3 hours
later, washed once in Hank’s Balanced Salt Solution (HBSS), and
counted. Cells (0.5 x 10°) in 0.4 mL HBSS were injected via tail vein
to the recipient mice (congenic, 8-10 weeks old), which had received
two doses of 400-cGy gamma irradiation separated by at least
3 hours. All recipient mice were mixed after secondary irradiation
and randomly separated into two groups, one of which received
BCR-ABL1-IRES-Cre virus-transduced Rosa-EYFP" BM cells, and
the other of which received the same virus-transduced Ezh2%/1;Rosa-
EYFPY BM cells.

Retrovirus Transduction of LICs and Secondary Transplants

To assess dependence of LICs on EZH2, primary LICs (GFP*Lin c-
Kit*Scal®) were purified by FACS sorting from CML induced by
BCR-ABLI-IRES-GFP virus-transduced Ezh2"%Rosa-EYFP? or
Rosa-EYFPY1 BM cells, 12 days after BMT. Primary LICs were trans-
duced with Cre retrovirus for two rounds. Thirty-six hours after sec-
ond round Cre virus transduction, 0.2 x 10° cells were transplanted
into second recipients, which had received two doses of 400-cGy
gamma irradiation separated by at least 3 hours, together with 0.5
x 10° C57BL/6 BM cells. Leukemia progression was determined by
percentage of leukemic cells in the blood by flow cytometry.

CRISPR Inactivation of Ezh2 in Existing Mouse CML

Ezh2 gRNA targeting the SET domain of Ezh2 has been previously
described (37). Primary CML was derived as described above, using
doxycycline-inducible Cas9-expressing mice as BM donors (B6/129
background). Lin"GFP*BFP* leukemia stem/progenitor cells were FACS
sorted from BM and spleen of primary CML. Half a million sorted cells
were mixed with 2 million B6/129 BM cells and transplanted into sec-
ondary recipients (B6/129). Four days after secondary BMT, peripheral
blood was assessed by FACS to confirm the establishment of leukemia,
and mice were fed with doxycycline food from day 5 after BMT and
thereafter. Mac1"BFP*GFP* cells were sorted from each secondary CML
mouse at different times, genomic DNA extracted, and DNA sequences
flanking Cas9 cutting site amplified by PCR, which were sequenced
and percentages of edited Ezh2 alleles were calculated by TIDE analysis.

Lentiviral Vectors and Viral Infection

shRNAs, constructed in pLKO.1-puro lentiviral vector, targeting
human EZH2 (RefSeq ID: NM_004456) were obtained from the
Mission shRNA collection (Sigma-Aldrich). The sequences of shRNA
EZH2 #2 and #3 were: CCGGGCTAGGTTAATTGGGACCAAACTC
GAGTTTGGTCCCAATTAACCTAGCTTTTTG and CCGGCCCAAC
ATAGATGGACCAAATCTCGAGATTTGGTCCATCTATGTTG-
GGTTTTTG, respectively.

Flow Cytometry

For assessing leukemic cells in the blood, erythrocyte-lysed blood
samples were suspended in FACS staining buffer (PBS supplemented
with 4% FBS) and incubated with Fc-Block (purified CD16/CD32, clone
93) for 10 minutes on ice before addition of APC-Cy7-conjugated B220
(RA3-6B2) and APC-conjugated CD11b (M1/70) antibodies, and incu-
bated on ice for 20 minutes. Cells were then washed and suspended in
FACS staining buffer with 0.1 pg/mL of DAPI (Invitrogen).

For analysis or prospective isolation of phenotypic LICs, BM cells
were suspended in FACS staining buffer and first incubated with Fc-
Block for 10 minutes on ice, and then with biotin-conjugated lineage
marker antibodies [CD3e (145-2C11), CD4 (GK1.5), CDS (53-7.3),
CD8a (53-6.7), CD11b (M1/70), B220 (RA3-6B2), Grl (RB6-8CS),
and Ter119 (TER119)] on ice for 20 minutes. After a wash with FACS
staining buffer, cells were incubated with Percp-Cy5.5-conjugated
streptavidin, PE-Cy7-conjugated Scal (D7), and APC-conjugated
c-Kit (2B8) on ice for 20 minutes. Cells were then washed, and sus-
pended in FACS staining buffer with 0.1 pg/mL of DAPI (Invitrogen).

For analysis of apoptosis, cells were washed and suspended in
Annexin V staining buffer (10 mmol/L M HEPES, pH 7.4; 140 mmol/L
NaCl; 2.5 mmol/L CaCl,) before addition of APC-conjugated Annexin
V (BMS306APC/100; eBioscience) and incubation for 30 minutes at
room temperature. Cells were then washed and suspended in Annexin
V staining buffer supplemented with 0.1 ug/mL DAPI (Invitrogen).

All samples were filtered through 40 pum mesh (BD Bioscience)
before running on LSR II/LSR Fortessa (BD Bioscience) for analysis
or on FACSAria II SORP (BD Bioscience) for cell sorting. Fluores-
cence compensation or spillover was calculated automatically using
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single color controls and Diva software. FACS data were analyzed
with FlowJo software (Tree Star).

BrdUrd Incorporation and Cell-Cycle Analysis

Determination of cell-cycle distribution by flow cytometry detec-
tion of BrdUrd pulse-labeled cells was performed with the APC BrdU
Flow Kit (BD Bioscience) following the manufacturer’s instructions.
Briefly, cells were incubated with BrdUrd (final concentration 10
mmol/L) containing media for 60 minutes. After a PBS wash, cells
were fixed with paraformaldehyde, permeabilized, and treated with
DNase I to expose BrdUrd, incorporated in DNA. After washing,
cells were incubated with APC-conjugated BrdUrd antibody for 20
minutes on ice. Stained cells were washed and suspended in FACS
staining buffer with 0.1 pg/mL of DAPI for flow cytometry.

Global Gene Expression Profiling

Phenotypic CML LICs (EYFP*Lin"c-Kit*Scal*) were purified from
Ezh2 KO or control CML mice, 2 weeks after BMT. Each sample was
sorted from BM cells pooled from 4 to 6 CML mice and double-
sorted to increase the purity of the designated cell population. Dur-
ing the second sort, target cells were directly deposited into a 1.5 mL
DNA LoBind tube (Eppendoff) filled with 350 uL. RLT PLUS buffer
(Qiagen) supplemented with 2-Mercaptoethanol (Sigma). Total RNA
was isolated using the RNeasy Micro Plus Kit (Qiagen), reverse tran-
scribed, amplified with the WT-Ovation Pico RNA Amplification
System V2 (NuGen Technologies), labeled (NuGen; Encore Biotin
Module), and hybridized to Affymetrix mouse 430A 2.0 arrays. Data
were normalized and analyzed with GenePattern and GSEA. Gene
expression data have been deposited in the Gene Expression Omni-
bus (GEO) under accession numbers GSE85744 and GSE51084.

Published data sets (21) deposited on GEO (GSE47927) were used
for comparative analysis of gene expression between human CML
LICs and normal HSCs.

Western Blot Analysis

Whole-cell lysates were prepared in RIPA buffer and proteins sepa-
rated on SDS-PAGE gel. Proteins were then detected with anti-H3
(Ab1791; Abcam), anti-H3K27me3 (07-449; Millipore), anti-c-ABL
(sc-131; Santa Cruz Biotechnology), anti-B-Actin (Ab8226; Abcam),
and anti-GAPDH (#2118S; Cell Signaling Technology) primary anti-
bodies plus proper horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) and ECL reagents.

Human Samples

Primary human CML samples were obtained from the Pasquarello
Tissue Bank of Dana-Farber Cancer Institute. Patient samples were
collected under Dana-Farber/Harvard Cancer Center Protocol
01-206 with consent of patients and their families. Primary human
adult CD34* BM HSPCs were purchased from Stem Cell Technology.

Colony Formation Assay

Note that 1 X 10° human CD34* normal BM HSPCs or CD34*
human CML stem/progenitor cells or 5 x 10* primary human BM
CML cells were suspended in 100 uL of IMDM with 2% FBS, 0.1%
ciportoxin, and 100 U/mL Pen/Strep and added to 1 mL of Methoc-
ult H4435 supplemented with 0.1% ciportoxin and 100 U/mL Pen/
Strep. DMSO or EZH2 catalytic activity inhibitors were added to the
mixture and cell plated onto 35-mm dishes and incubated in 37°C for
9 days before colonies were enumerated.

Statistical Analysis

Statistical analysis was performed by the Student ¢ test, unless
otherwise indicated. Results were considered significant if the P value
was < 0.0S.
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