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Ezh2 loss propagates hypermethylation at T cell
differentiation-regulating genes to promote leukemic
transformation
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Early T cell precursor acute lymphoblastic leukemia (ETP-ALL) is a new pathological entity with poor outcomes in T cell ALL
(T-ALL) that is characterized by a high incidence of loss-of-function mutations in polycomb repressive complex 2 (PRC2)
genes. We generated a mouse model of ETP-ALL by deleting Ezh2, one of the PRC2 genes, in p53-null hematopoietic cells. The
loss of Ezh2 in p53-null hematopoietic cells impeded the differentiation of ETPs and eventually induced ETP-ALL-like disease
in mice, indicating that PRC2 functions as a bona fide tumor suppressor in ETPs. A large portion of PRC2 target genes acquired
DNA hypermethylation of their promoters following reductions in H3K27me3 levels upon the loss of Ezh2, which included
pivotal T cell differentiation-regulating genes. The reactivation of a set of regulators by a DNA-demethylating agent, but not
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epigenetic therapy for ETP-ALL with PRC2 insufficiency.

Introduction

Early T cell precursor acute lymphoblastic leukemia (ETP-ALL)
has been identified as a new pathological entity of T cell ALL
(T-ALL) that shows resistance to conventional chemotherapies and
has a poor outcome (1). Normal ETPs are a subset of recent immi-
grants from BM to the thymus and retain the ability to differentiate
into T cells and myeloid cells, but not B cells. ETP-ALL cells lack
mature T cell-lineage markers, such as CD1a and CDS8, but show
the aberrant expression of surface markers for hematopoietic stem
cells (HSCs) and myeloid cells (e.g., c-Kit, CD13, CD33) (1). In con-
trast to cortical T-ALL characterized by the activation of NOTCHI
mutations, ETP-ALL has been characterized by the activation of
mutations in genes encoding cytokine receptors and RAS signaling
molecules (e.g., IL7R and NRAS) as well as inactivating mutations
in polycomb repressive complex 2 (PRC2) genes (2).

PRC2 consists of EZH2, EED, and SUZ12. EZH?2 is an enzy-
matic component of PRC2 that catalyzes the trimethylation of
histone H3 at lysine 27 (H3K27me3) and maintains the silencing
of critical genes for differentiation in hematopoiesis (3, 4). Loss-
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the transduction of single regulator genes, effectively induced the differentiation of ETP-ALL cells. Thus, PRC2 protects key
T cell developmental regulators from DNA hypermethylation in order to keep them primed for activation upon subsequent
differentiation phases, while its insufficiency predisposes ETPs to leukemic transformation. These results revealed a
previously unrecognized epigenetic switch in response to PRC2 dysfunction and provide the basis for specific rational

of-function mutations in EZH2 were initially identified in patients
with clonal myeloid malignancies originating from HSCs, such as
myelodysplastic syndrome (MDS), myeloproliferative neoplasm
(MPN), and MDS/MPN overlap disorders (5, 6). Deletions and/
or loss-of-function mutations in PRC2 genes were subsequently
identified at high frequencies in patients with ETP-ALL (16%
EZH2, 17% SUZ12, and 13% EED) and non-ETP T-ALL patients
(5%-16% EZH2 and 2%-4% SUZ12) (2, 7). We previously demon-
strated that the hematopoietic cell-specific deletion of Ezh2 col-
laborated with Tet2 loss, RUNXI mutants, or the JAK2"9""F mutant
in the development of myeloid malignancies in mice (8-10). We
and others also reported that the absence of Ezh2 alone also
induced non-ETP T-ALL in mice (11, 12). These findings indicate
that Ezh2 functions as a tumor suppressor, not only in myeloid
malignancies, but also in T cell malignancies, including ETP-ALL.

In order to examine how PRC2 inactivation promotes the
development of ETP-ALL in vivo, an ETP-ALL mouse model has
been developed using hematopoietic progenitors deficient for
Cdkn2a and Eed or Ezh2, which were transformed by NRASX
on OP9-DLLI, a stromal cell line expressing the Notch ligand
delta-like 1 (DLL1). The transformed cells induced ETP-ALL-like
leukemiawithadouble-negative 1thymocyte (DN1) (CD44*CD25")
and DN2 (CD44'CD25*) surface phenotype in recipient mice
(13). However, additional models that precisely recapitulate the
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phenotypic and transcriptional features of human ETP-ALL are
needed in order to understand the impact of PRC2 inactivation
in the pathogenesis of ETP-ALL. In the present study, we gener-
ated amouse model of ETP-ALL by deleting Ezh2 and p53 in mice.
We found that Ezh2p53-deficient mice preferentially developed
lethal T-ALL compatible with human ETP-ALL rather than thymic
lymphoma, which typically develops in p53-deficient mice (14).

We herein demonstrate how the loss of Ezh2 induced an epi-
genetic switch from a H3K27me3 modification to DNA hypermeth-
ylation at CpG island (CGI) promoter regions in thymic precursor
cells, leading to the suppressed expression of critical T cell com-
mitment regulators, such as Runxl and Bcl11b, but the sustained
expression of HSC signature genes, thereby promoting the trans-
formation of ETP-ALL. We also provide evidence for the greater
sensitivity of Ezh2p53-deficient ETP-ALL cellsto decitabine (DAC),
a DNA-demethylating agent, which restored the differentiation of
ETP-ALL cells. Our results indicate that Ezh2-PRC2 protects key T
cell developmental regulator genes from DNA hypermethylation in
order to keep them primed for activation upon subsequent differ-
entiation phases; however, its disruption initiates the transforma-
tion of immature T cell leukemia.

Results

Ezh2 loss causes lethal hematological malignancies in the absence
of p53. Since deletions and loss-of-function mutations in PRC2
genes, including EZH2, have frequently been observed in patients
with ETP-ALL, we attempted to establish whether the deletion
of Ezh2 promotes the development of ETP-ALL in vivo. The p53
pathway is often inactivated in patients with ETP-ALL via genetic
deletions or mutations of CDKN2A (2, 15). In addition, mutations
in both p53 and SUZ12, a PRC2 gene, were found in a patient with
ETP-ALL (16). These findings prompted us to combine PRC2 and
p53 insufficiency to accelerate the development of ETP-ALL. We
generated Ezh2"#;p53%f;Cre-ERT2 compound mice. Total BM
cells isolated from Cre-ERT2, Ezh2V#;Cre-ERT2, p53°/#;Cre-ERT2,
and Ezh2"f;p53%/f;Cre-ERT2 mice were transplanted into lethally
irradiated CD45.1* WT recipient mice. We then deleted Ezh2 and/
or p53 by activating Cre recombinase via intraperitoneal injec-
tions of tamoxifen at 4 weeks after transplantation (Figure 1A). We
hereafter refer to recipient mice reconstituted with WT, Ezh244
p53¥4, and Ezh24“p53%4 BM cells as WT, Ezh2*2, p53%2  and
Ezh2%/2p534/4 mice. We confirmed the successful abolishment of
Ezh2 and p53 transcripts (Figure 1B) and decreased H3K27me3
levels (Figure 1C) in CD4 CD8 DN thymocytes isolated from
Ezh2%/2p534/2 mice.

Ezh2%/2 mice showed leukopenia due to impaired B lympho-
poiesis and variable platelet counts in peripheral blood (PB) at 3
months after transplantation (Figure 1, D and E) and developed
myeloid malignancies, including MDS and MDS/MPN, but not T
cell malignancies in the primary recipients (median survival, 327.5
days), as we previously reported (8, 11). While p53%/ mice did not
show significant changes in blood cell counts at 3 months after
transplantation, they died by 6 months after transplantation, with
a markedly enlarged thymus due to the expansion of CD3*CD4*/~
CD8'TCR-B* tumor cells (Figure 1, F-H), which is compatible with
thymic lymphoma, as previously reported (14, 17). In contrast,
Ezh24/2p534/2 mice showed progressive anemia and severe leu-
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kopenia accompanied by the emergence of immature blasts in
PB (Figure 1, D and E) and died by 8 months after transplantation
with a longer latency than p53%/* mice (median survival, 189 days
versus 137 days, P < 0.0001) (Figure 1I). We observed similar sur-
vival outcomes for Ezh24/4p53%/4 mice in 3 independent cohorts
(data not shown). Taken together, the loss of Ezh2 and p53 coop-
eratively impaired hematopoiesis and promoted the development
of a lethal hematological disease.

Ezh2 loss promotes the development of ETP-ALL in the absence
of p53. The accumulation of CD8* single-positive (SP) cells in the
thymus was evident in p53*/2 mice (Figure 2, A and B) at 3 months
after transplantation, prior to the emergence of lethal disease. In
contrast, Ezh2%/* mice and Ezh2*2p53%/* mice showed a signifi-
cant increase in the proportion of CD4 CD8  (DN) T cells (Fig-
ure 2, A and B), particularly DN2 cells (Figure 2, C and D). These
results indicate that the loss of Ezh2 impaired T cell differentia-
tion at the DN2 to DN3 transition. Ezh2/2p53%/ mice eventually
developed lethal disease, with a significantly enlarged thymus and
spleen (Figure 2, E and F). A detailed analysis of moribund Ezh24/4
p53%/2 mice revealed the expansion of leukemic blasts with a high
nucleocytoplasmic ratio in the thymus in 15 out of 18 Ezh24/4p534/4
mice (Figure 2G), which showed a CD4/mdCD8c-Kit" immu-
nophenotype with DN1- (CD44*CD25°), DN2- (CD44*CD25"), or
DN1/2-like (CD44*CD257") features (Figure 2, H and I). A flow
cytometric analysis identified cytoplasmic CD3 (cyCD3) in these
leukemic cells (data not shown), and a histological analysis also
detected the expression of cytoplasmic CD3 (Figure 2]), consistent
with the immature phenotypic hallmarks of human ETP-ALL (1).
These leukemic cells massively infiltrated the spleen and liver tis-
sues (Figure 2J) as well as PB (Figure 1E), indicating that Ezh24/
p53%/4 mice preferentially developed aggressive ETP-ALL. We
also identified a monoclonal rearrangement of the TCR-f loci
in Ezh2%/2p534/2 leukemic DN cells, indicating the thymus ori-
gin of Ezh24/2p534/2 ETP-ALL (Figure 2K). In contrast to Ezh24/4
mice, which developed MDS and MDS/MPN after a long latency,
Ezh24/2p534/2 mice died of ETP-ALL much earlier than Ezh2%/2
mice (Figure 1I). BM analysis revealed only mild changes in the
proportions of stem cells/myeloid progenitors and myeloid cells in
Ezh24/2p534/2 mice (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JC194645DS1), indicating that Ezh2*/2p53%/2 mice did not have
apparent myeloid malignancies.

We next transplanted either BM cells or thymocyte cells (1
x 10°¢ cells) isolated from Ezh24/4p534/4 ETP-ALL mice into sub-
lethally irradiated secondary recipients. All of the secondary
recipients developed lethal ETP-ALL in a manner similar to the
primary recipients and showed severe anemia and thrombocyto-
penia (Supplemental Figure 2). The secondary recipients showed
obviously shorter survival than did the primary Ezh22/2p534/ mice
(Figure 1I and Supplemental Figure 3). Although 3 out of 18 Ezh24/2
p53%/2 mice developed more differentiated CD8*TCR-f* thymic
lymphoma (Figure 2H), similarly to p53%/* mice, these results indi-
cate that the loss of Ezh2 facilitates the development of progres-
sive ETP-ALL in mice lacking p53.

The loss of Ezh2 impedes T cell differentiation at the CD4 CD8
stage. In order to understand the differentiation properties of Ezh2*/4
p53%/2 thymocytes, we cultured CD44*CD25 DN1 cells isolated

jci.org  Volume128 Number9  September 2018

3873


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/9
https://www.jci.org/articles/view/94645#sd
https://doi.org/10.1172/JCI94645DS1
https://doi.org/10.1172/JCI94645DS1
https://www.jci.org/articles/view/94645#sd
https://www.jci.org/articles/view/94645#sd

RESEARCH ARTICLE

3874

A B C
Harvest 5x10° CD45.2* BM cells Il wr
from 4 genotypes O Ezh2V*p53¥
O 1. o
*
s 104 = H3K27me3
s me
n
1] -
Lethally irradiated hd g 08
CD45.1* mice Y 4 X 06+ H3
o
>
4 ki £ 044
Tamoxifen ip. = weeks <
N2 X 02
ND
@-r 0°
Ezh2  p53
D .
WBC Hemoglobin
50 = el 25 = o 20 =
v L]
40 i 204
- — - 15-
- *kk —
= 304 = ~ 154 =
5 g 2 10
% 2o-| ~ 10 4 x
10- 6 @ é 5 - 5 q
0 J J J J J 0 T T T T 0 d
> > > \Y > > >
$ g e W $ e @
ij QQ‘) S»Qb &Q Qj’(\ (33 SVQ% R
AN &
<& <&
E F G
Il Gr1*Mac1* myeloid
EJ B220* B cells
Bl CD4/CD8* T cells
B3 Immature/other lineage 800
. 100 600 =
X =)
o 80 3
E 60 % 400
O
£ =
3 40 200
c
g
g 20 0d
w
0
v
S &g g W
& LR
& <
<&
| Tamoxifen
100
e \\T
§ 80 ew [Ezh2VA
2 e P538A
2 60« A A
2 =w Ezh2vp53
c
8 404 .
a’ L]
o .
20 « .
Fa
0 L L) L) L) LJ LJ
0 60 120 180 240 300 360
Time (d)
jci.org  Volume128 Number3  September 2018

The Journal of Clinical Investigation

— 15 kDa

Platelets

> > > \Y%
T 5 B W
ng\ Qb v\VQQ‘) &Q
EUSNI
<&
H
<
[a)
o
]
o
O
[l



https://www.jci.org
https://www.jci.org
https://www.jci.org/128/9

The Journal of Clinical Investigation

Figure 1. Ezh2 loss impaired hematopoiesis and caused lethal disease

in the absence of p53. (A) Experimental schematic of our mouse model
utilizing Ezh2 and/or p53 conditional knockout BM cells transplanted into
lethally irradiated WT CD45.1* recipients. (B) Quantitative RT-PCR analysis
of the expression of Ezh2 and p53 in CD44+CD25-CD4-CD8- (DN1) cells
from WT (n = 4) and Ezh2*/2p53%/2 mice (n = 4) 4 weeks after the deletion
of Ezh2 and p53. Gapdh was used to normalize the amount of input RNA.
Data are shown as mean + SD. *P < 0.05, Mann-Whitney U test. N.D., not
determined. (C) Verification of H3K27me3 levels in CD4-CD8- (DN) cells
from WT, Ezh24/4, p534/4, and Ezh2*/4p53%/4 mice examined by Western
blotting. Histone H3 was used as a loading control. (D) Complete blood
cell counts of WT (n = 10), Ezh2*/2 (n = 13), p53%/* (n = 15), and Ezh2%/2
p53%/2 (n = 14) mice 3 months after transplantation and moribund Ezh24/4
p534/4 ETP-ALL mice (n = 11) at the time of sacrifice. Data are shown as
box-and-whiskers plots drawing minimum to maximum. *P < 0.05;

**P < 0.01; ***P < 0.001, Student’s t test. (E) Proportions of myeloid
(Gr-1* and/or Mac-1*), B220* B cells, CD4* or CD8* T cells, and immature
cells negative for these surface markers among CD45.2* donor-derived
hematopoietic cells in PB. Data are shown as mean + SEM (n = 10-15). (F)
Thymus weight of WT mice (n = 10) 3 months after transplantation and
p53%A T-ALL mice (n = 9) at the time of sacrifice. Data are shown as mean
+ SEM. ***P < 0.001, Mann-Whitney U test. (G) Histology of the thymus
of a p53%/2 T-ALL mouse observed by H&E staining (top) and CD3 staining
(bottom). Original magnification, x400. Scale bars: 20 um. (H) Represen-
tative flow cytometric profiles of CD45-gated thymocytes in the thymus
of a p53%/2 T-ALL mouse shown from F (n = 9). () Kaplan-Meier survival
curve. Median survival was significantly shorter in Ezh24/2p53%/2 mice

(n =14) than in Ezh2*/* mice (n = 13) (189 days versus 327.5 days), but
longer in Ezh2%/4p534/4 mice (n = 14) than in p53*/ mice (n = 15) (189 days
versus 137 days). ***P < 0.0001, log-rank test.

from the WT, Ezh2%/4) p53%/2, and Ezh2*/2p53%/2 thymus on TSt-4/
DLL1 stromal cells, which express the Notch ligand DLL1 (Figure
3A). Ezh2*/2 DN1 cells did not grow well (Figure 3B), presumably
due to the derepression of p16™ and p1947 in the culture (11). In
contrast, Ezh2/2p534/2 DN1 cells showed significantly better pro-
liferation than WT and p53%“ cells (Figure 3B), suggesting that
the deletion of p53 canceled the impaired growth of Ezh22/2 cells.
While WT DN1 cells efficiently generated DP cells (Figure 3, C and
D), DN1 cells deficient for Ezh2 showed significantly impaired dif-
ferentiation and mostly stayed in the DN1 and DN2 stages, result-
ing in the massive expansion of Ezh24/2p53%/4 DN1/2 cells in the
culture (Figure 3, E and F). These results match the behavior of
Ezh2%/2p53%/4 thymocytes in vivo and indicate that the loss of both
Ezh2 and p53 cooperates in the expansion of DN1/2 cells.

The loss of Ezh2 and p53 deregulates the transcriptional pro-
gram of T cell differentiation. In order to understand the molecular
mechanisms underlying the pathogenesis of Ezh24/4p534/4 ETP-
ALL, we performed gene expression profiling by a microarray
analysis in DN1, DN2, and DN3 cells isolated from WT, Ezh2/4,
p53%/4, and Ezh2%/4p53%/2 mice at a preleukemic stage and leuke-
mic DN2 cells isolated from 2 Ezh2%/2p534/4 mice that developed
DN1/2-type ETP-ALL. As expected, hierarchical clustering and
a principal component analysis based on the microarray data
revealed that the expression profiles of ETP-ALL cells were more
similar to those of Ezh2%2p534/2 DN cells than those of Ezh2%/4
and p53%/2 DN cells (Figure 4, A and B). An integrative analysis
revealed a set of 1,664, 2,714, and 2,210 upregulated genes and
1,432,2,516, and 1,928 downregulated genes in Ezh2%/p534/A DN2
cells at a preleukemic stage and 2 ETP-ALL cells relative to WT
DN2 cells, respectively (Figure 4C), indicating that alterations in
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gene expression propagated during the development of ETP-ALL.
These results indicate that Ezh2%/4p534/2 leukemic cells impeded
the subsequent operation of T cell development gene networks
at the DN2 and DN3 stages, but also underwent an oncogenic
transcriptional reprograming that was not seen in the absence of
either Ezh2 or p53.

The loss of Ezh2 leads to the silencing of critical T cell-lineage
determinants. In order to clarify how the deletion of Ezh2 altered
the transcriptional program of T cell development, we performed
ChIP-sequencing (ChIP-seq) of H3K27me3 in DN1 cells isolated
from WT, Ezh2*/4, p534/4) and Ezh2%/2p53%/2 mice. We found that
H3K27me3 levels at the promoter regions of RefSeq genes were
significantly lower in Ezh2%/* cells and Ezh22/4p534/2 cells, but not
in p53%/2 cells, than in WT cells (Figure 5A). A gene set enrichment
analysis (GSEA) revealed that the canonical PRC2 target genes,
which were defined by the levels of H3K27me3 in WT DNI1 cells
(=2.5-fold enrichment over the input signal) (Supplemental Table
1), were positively enriched in Ezh2%/2 DN2 cells and Ezh24/2p534/4
DN2 cells at preleukemic and leukemic stages compared with WT
DN2 cells (Figure 5B and Supplemental Figure 4). The enrichment
of canonical PRC2 targets was also markedly greater in Ezh24/4
p53%/2 DN1 cells than in WT DN1 cells (data not shown). However,
we noted that the enrichment of PRC2 targets was slightly blunted
in ETP-ALL cells than in preleukemic Ezh24/2p534/2 cells, implying
that alternative mechanisms operate to repress the transcription
of PRC2 targets during the leukemic transformation.

Among canonical PRC2 targets, the expression of p16™*# and
p1947 was derepressed following the loss of H3K27me3 modifi-
cations at the Cdkn2a locus in Ezh2%/2p534/2 cells (Figure 5C). In
contrast, the expression of Nr4a3/Ncorl, a target of TCR signal-
ing in DN2 cells (18), was significantly downregulated in Ezh24/2
p53%/4 preleukemic and leukemic cells despite the loss of the
H3K27me3 mark at its promoter region (Figure 5D). Correspond-
ingly, the repression of a set of genes that are upregulated at the
transition from the DN2 to DN3 stages (19) was significantly
greater in ETP-ALL leukemic cells than in Ezh24/2p53%/4 preleu-
kemic cells (Figure 5E). Among these, the expression of critical
T cell development regulators, such as RunxI, Bclllb, and Ptcra,
was specifically repressed in Ezh24/2p53%/2 DN2 cells during the
development of ETP-ALL (Figure 5F), which is consistent with
the perturbed differentiation phenotype of Ezh24/2p534/2 leuke-
mic cells (Figure 3, D and F).

Since RunxI and Bcl11b are required for T cell commitment and
the loss of myeloid potential at the DN2b stage (20, 21), we trans-
duced CD44*CD257/™4 DN1/2 leukemic cells with either RUNX1 or
Bcl11b and analyzed their capacity to differentiate in vitro (Figure
5G). While the expression of B¢l11b failed to induce the differen-
tiation of leukemic cells beyond the DN3 stage (data not shown),
exogenous RUNXI significantly promoted the differentiation of
leukemic cells to the DN4 stage (Figure 5, H and I). Since RUNX1
loss-of-function mutations are often found in ETP-ALL patients and
are associated with poor clinical outcomes (2, 22), Runx1 appeared
to be one of the tumor suppressor genes inactivated in this context.

The aberrant expression of some HSC and myeloid markers is
a hallmark of human ETP-ALL (1, 2). Therefore, we analyzed the
expression profiles of Ezh2*/2p53~/4 ETP-ALL cells by utilizing the
gene sets generated from defined murine hematopoietic fractions
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Figure 2. Ezh2 loss promoted the development of ETP-ALL in the absence
of p53. (A) Proportions of CD4-CD8" DN cells among CD45.2¢ cells in the
thymus of WT, Ezh2%/4, p532/, and Ezh2%/2p53%/* (n = 4-7) mice 3 months
after transplantation. Data are shown as mean + SEM. (B) Representa-
tive flow cytometric profiles of CD4 and CD8 expression on donor-derived
CD45.2* cells in the thymus of WT, Ezh24/4, p53%/4, and Ezh2*/p53*/A mice.
(C) Proportions of CD44+CD25" DN1, CD44*CD25* DN2, CD44-CD25* DN3,
and CD44°CD25  DN4 cells among donor-derived CD45.2*CD4°CD8" DN cells
in the thymus (n = 4-7). Data are shown as mean + SEM. (D) Representa-
tive flow cytometric profiles of CD44 and CD25 expression on CD45.2* DN
cells in the thymus of WT and Ezh24/4p53%/2 mice. (E) Thymus weight of
WT (n =10), Ezh2*/2 (n = 10), p53*/* (n = 10), and Ezh2*/4p53%/2 (n = 9) mice
3 months after transplantation and moribund Ezh24/p534/4 ETP-ALL mice
(n = 8) at the time of sacrifice. Data are shown as mean + SEM. *P < 0.05;
***p < 0.001, Student’s t test (WT vs. Ezh2*/%) or Mann-Whitney U test
(WT vs. ETP-ALL and Ezh2%/p53%/A ys, ETP-ALL). (F) Spleen weight of WT
(n =10), Ezh2*/2 (n =10), p53*/* (n = 10), and Ezh2*/p53/4 (n = 9) mice 3
months after transplantation and moribund Ezh2*/2p534/4 ETP-ALL mice
(n = 8) at the time of sacrifice. Data are shown as mean + SEM. **P < 0.01,
Mann-Whitney U test. (G) Immature leukemic cells in the thymus of Ezh24/4
p53%/2 ETP-ALL mice (mouse nos. 4 and 6) observed by May-Griinwald
Giemsa staining. Original magnification, x400. (H) Pie chart illustrating the
frequencies of the disease phenotypes of Ezh2*/2p534/4 mice (n = 18).
ETP-ALL with DN1, DN2, and DN1/2 type and thymic lymphoma were iden-
tified. (I) Representative flow cytometric profiles of CD4/CD8 expression

in donor-derived CD45.2* cells, and c-Kit, CD44, and CD25 expression in
CD45.2*Lin" cells in the thymus of each subtype of ETP-ALL shown in H.

() Representative histology of the thymus, spleen, and liver of an Ezh24/
p53%/4 ETP-ALL mouse observed by H&E staining and CD3 staining. Original
magnification, x400 (left panels); x100 (right panels). Scale bars: 100 um.
(K) Rearrangement of the TCR-f gene in DN2 cells from WT and Ezh24/4
p53%/2 mice 3 months after transplantation and ETP-ALL mice (mouse nos.
13 and 41) assessed by DB1-Jp1 amplifications by PCR. Germline bands were
observed in WT Gr1*Mac1* neutrophils and B220* B cells.

(23). As expected, the enrichment of the gene signature of HSCs
was significantly greater in Ezh2/2p53%/2 ETP-ALL cells than in WT
DN2 cells (Figure 5]), supporting the human ETP-ALL-like nature
of Ezh2*/2p53%/4 leukemic cells. We confirmed that the expression
of Hlf and HoxalO was significantly stronger in Ezh22/4p534/4 ETP-
ALL cells by quantitative PCR (Figure 5K). The JAK/STAT and Ras
signaling pathways are generally activated in human ETP-ALL cells
(2), and the loss of Ezh2 has been shown to enhance Stat3 phosphor-
ylation in p1947-deficient thymocytes (13). We also found that JAK/
STAT and Ras signaling pathway genes were significantly activated
in Ezh24/2p534/2 ETP-ALL cells (Supplemental Figure 5). The inacti-
vation of PRC2 abrogated the transcriptional program of T cell devel-
opment genes including Runxl, but resulted in the acquisition of
some stem cell-associated gene signatures, leading to the enhanced
proliferative capacity of leukemic cells in the absence of p53.

The loss of Ezh2 and p53 induces the propagation of DNA hyper-
methylation of critical T cell developmental regulators during the leu-
kemic transformation. As described above, a significant portion of
the canonical Ezh2-PRC2 targets were transcriptionally silenced
or downregulated despite the absence of Ezh2, suggesting that
an alternative mechanism is operating in this process during leu-
kemic transformation. We previously reported that the loss of
Ezh2 induced aberrant DNA hypermethylation in a significant
portion of the CGIs of PRC2 targets in the Lin Sca-1*c-Kit* (LSK)
hematopoietic stem/progenitor cells of Tet2 hypomorphic mice
(Tet2xP/kP) - and found a critical role for this epigenetic switch
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in the pathogenesis of MDS that developed in Ezh2%/ATet2XP/xD
mice (24). In order to elucidate whether this epigenetic switch
also took place in Ezh24/2p534/4 ETP-ALL cells, we performed
reduced representative bisulfite sequencing (RRBS) on DN2 cells
isolated from WT, Ezh2%/4) p534/4) and Ezh24/2p53%/2 mice at the
preleukemic stage and Ezh2%/2p534/2 ETP-ALL DN2 cells. While
neither Ezh2%/2 cells nor p53*/2 cells significantly gained hyper-
differentially methylated regions (hyper-DMRs) at the promoter
regions (-2.5 kb to +0.5 kb from transcription start site [TSS])
compared with WT cells, DNA hypermethylation was mild in
preleukemic Ezh24/2p532/2 cells and robust in Ezh24/2p53%/2 leu-
kemic cells (Figure 6A). Notably, Ezh22/2p53%/4 leukemic cells
established hyper-DMRs at a considerably larger portion of pro-
moter regions than was seen in WT cells and exhibited only a few
hypo-DMRs (Figure 6B). These results indicate that the deletion
of Ezh2 and p53 alone was not sufficient to induce aberrant DNA
hypermethylation, but induced aberrant DNA hypermethylation
in a combinatorial manner, particularly during the development
of leukemia. Gene ontology (GO) enrichment analyses revealed
that hyper-DMRs in Ezh24/2p53%/2 leukemic cells were signifi-
cantly enriched in genes associated with development, cell adhe-
sion, differentiation, and transcription factor activity (Figure 6C),
while hypo-DMRs were enriched in a few categories, such as lipid
catabolic processes (Figure 6C), suggesting that DNA hypermeth-
ylation plays a role in the development of ETP-ALL.

We then attempted to elucidate the relationship of epigenetic
modifications between DNA methylation and H3K27me3 levels
in Ezh24/2p53%/2 leukemic cells at the promoter regions and found
that hyper-DMRs were strongly associated with lower levels of
H3K27me3 in Ezh2%/2p53%/2 leukemic cells than in WT cells (Fig-
ure 6D and Supplemental Figure 6). Furthermore, a significant
portion (38%) of hyper-DMRs in Ezh2/2p534/2 leukemic cells
were observed in the canonical PRC2 targets defined in WT DN1
cells (Supplemental Figure 7). Indeed, the PRC2 targets in WT
DNI1 cells acquired significantly higher levels of DNA methylation
than all RefSeq genes in Ezh2%/2p534/2 Jleukemic cells (Figure 6E).
In contrast, the PRC2 targets did not gain DNA hypermethylation
in Ezh2%/2 cells, compared with WT cells (Figure 6E). These results
indicate that the loss of both Ezh2 and p53 induce the epigenetic
switch from H3K27me3 to DNA hypermethylation at the PRC2
target promoter regions during the development of leukemia.

DNA methylation levels at promoter regions do not necessar-
ily correlate with gene expression levels (25, 26). Consistent with
this finding, there was no correlation between the levels of DNA
methylation and gene expression in Ezh2%/4) p53%/4 and Ezh24/
p53%/2 DN2 cells and Ezh2%/2p53%/2 leukemic cells in the present
study (Figure 6F and Supplemental Figure 8). However, we found
an epigenetic switch from H3K27me3 to DNA methylation at the
promoters of genes encoding nonhematopoietic developmental
regulators (e.g., Thx1 and Sox9) as well as T cell development regu-
lators (e.g., Runx1 and Nr4a3) (Figure 6G) associated with reduced
levels of expression in Ezh24/4p534/2 leukemic cells (Figure 5, D
and F). These results imply that the epigenetic switch reinforced
the transcriptional repression of key T cell regulator genes, there-
by promoting the pathogenesis of ETP-ALL.

Aberrant DNA hypermethylation contributes to the patho-
genesis of ETP-ALL. In order to understand the molecular
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expression in CD45.2*CD4°CD8" cells on day 7 of the culture. Data are representative of 2 independent experiments.

mechanisms underlying the epigenetic switch, we examined
expression of Dnmtl, Dnmt3a, and Dnmt3b in DN2 cells by
quantitative PCR and found that Ezh24/2p534/2 leukemic cells
expressed Dnmt genes at levels similar to those of DN2 cells
with other genotypes and Ezh22/4p534/2 cells at the preleukemic
stage (Supplemental Figure 9). We next asked whether patho-
genic DNA hypermethylation in these key genes contributed
to leukemic transformation. We first knocked down Dnmtl,
Dnmt3a, or Dnmt3b by utilizing individual shRNA vectors
(Supplemental Figure 10) and assessed the impact of knocking
down these methyltransferases in EPT-ALL DN1/2 cells. We
found that knockdown of individual Dnmt genes was not effec-
tive in canceling the differentiation block of ETP-ALL cells and
only partially promoted the differentiation of ETP-ALL cells
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beyond the DN3 stage, but hardly into DP cells (Supplemental
Figure 11), implying that Dnmt1, Dnmt3a, and Dnmt3b establish
aberrant DNA hypermethylation and induce the differentiation
block in a combinatorial manner.

We then assessed the efficacy of the DNA hypomethylating
agent DAC at canceling the differentiation block of Ezh24/2p534/4
leukemic cells. Under in vitro differentiation conditions, the DAC
treatment did not affect the growth or differentiation of WT DN1/2
cells (data not shown). In contrast, DAC markedly suppressed the
growth of Ezh24/2p534/2 CD44*CD25™ leukemic cells in a dose-
dependent manner (Figure 7A) and successfully induced the differ-
entiation of leukemic cells into the DP and CD8* SP stages (Figure
7,B and C). The recovery of the expression of Nr4a3 and Bcl11b was
significantly greater, while the expression of Runx1 was moderately
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stronger in DAC-treated leukemic cells than in dimethylsulfoxide-
treated (DMSO-treated) leukemic cells (Figure 7D), indicating that
the restored expression of T cell development regulators coordi-
nated to enforce the terminal differentiation of ETP leukemic cells.

In order to examine the impact of DAC on pathogenic DNA
hypermethylation in Ezh22/2p532/2 leukemic cells, we performed
RRBS on DMSO-treated DN2 leukemic cells and DAC-induced
DN4 cells in the culture. We found that DNA methylation levels
at CGIs and promoter regions were significantly lower in DAC-
induced DN4 cells than in control DN2 cells (Figure 7E), as rep-
resented at the Nr4a3 locus (Figure 7F). In addition, GO analysis
revealed that hypo-DMRs in DAC-induced DN4 cells compared
with control DN2 cells were significantly enriched in genes with
development, cell adhesion, differentiation, and transcription
factor activity (Figure 7G). These results indicate that pathogenic
DNA hypermethylation in key regulatory genes abrogated the
operation of the normal network of T cell development genes
and contributed to the pathogenesis of ETP-ALL.

Finally, in order to examine whether DAC inhibits the
development of ETP-ALL in vivo, we transplanted Ezh24/2
p534/2 ETP-ALL cells (1 x 10° cells) together with 2 x 10¢ WT
BM cells into lethally irradiated recipient mice and treated the

recipient mice with DAC (0.2 mg/kg) or DMSO from 3 weeks
after transplantation. Although DAC did not release the dif-
ferentiation block of leukemic cells in this setting (data not
shown), we observed that DAC impeded the expansion of leu-
kemic cells, as evident in the reduced proportion of leukemic
cells in the PB (Figure 7H). Consequently, DAC treatment
extended the survival of recipient mice (Figure 7I), although
the statistical significance was marginal, supporting the idea
that DAC would be warranted for a therapy on patients with
ETP-ALL harboring the EZH2 mutation.

Discussion

ETP-ALL is a new disease entity of T cell malignancies with a
poor clinical outcome. ETP-ALL cells harbor high frequencies of
deletions and/or loss-of-function mutations in PRC2, including
EZH2.EZH2 has been characterized as an oncogene in many can-
cers, including B cell lymphoma, in which gain-of-function muta-
tions in EZH2 play a pathogenic role (27, 28), and acute myeloid
leukemia (AML) (29, 30). Recently, gain-of-function mutations
in EZH2 have been shown to be neomorphic because Ezh2Y¢4'F
globally increased the levels of H3K27me3, but also induced loss
of H3K27me3 modification in a region-dependent manner that
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Figure 5. Ezh2 loss led to the silencing of critical T cell lineage determi-
nants. (A) Scatter plots showing the relationship of the fold enrichment
values (ChIP/input) of H3K27me3 (TSS +2.0 kb of RefSeq genes) between
WT, Ezh2%/4, p534/4 and Ezh24/4p534/4 DN1 (CD44+CD25Lin") cells 2 months
after the deletion of Ezh2 and/or p53. (B) GSEA plots for canonical PRC2
target genes comparing DN2 cells from WT mice to DN2 cells from Ezh24/
p53%/2 mice at a predisease stage and 2 distinct Ezh24/2p534/4 ETP-ALL mice
(nos. 13 and 19). Normalized enrichment score (NES), nominal P value, and
FDR g values are indicated. (C) ChIP-seq view of H3K27me3 levels at the
Cdkn2a locus in WT, Ezh24/4, p53%/A, and Ezh2*/4p53%/4 DN1 cells (top), and a
guantitative RT-PCR analysis of the expression of p16™“2 and p19*fin DN2
cells isolated from WT (n = 12), Ezh2*/2 (n = 6), p53*/* (n = 6), and Ezh2*/A
p53%/4 (n = 8) mice 3 months after transplantation and ETP-ALL mice (n

= 8) (bottom). (D) ChIP-seq view of H3K27me3 levels at the Nr4a3 locus

in WT, Ezh2%/4, p53*/A, and Ezh2*/*p53*/2 DN1 cells (top), and quantitative
RT-PCR data of the expression of Nr4a3 in DN2 cells isolated from WT (n =
12), Ezh2%/* (n = 6), p53*/* (n = 6), and Ezh24/p534/4 (n = 8) mice 3 months
after transplantation and ETP-ALL mice (n = 8) (bottom) *P < 0.001. (E)
GSEA plots for T cell differentiation regulators, which were upregulated at
the transition from DN2 to DN3 stages (19), comparing the DN2 cells of 2
distinct Ezh22/2p534/2 ETP-ALL mice (nos. 13 and 19) with those of Ezh2*/
2p53*/2 mice 3 months after transplantation. (F) Quantitative RT-PCR anal-
ysis of the expression of Runx1, Bcl11b, and Ptcra in DN2 cells isolated from
WT (n =12), Ezh2*/* (n = 6), p53*/* (n = 6), and Ezh2*/*p53~/4 (n = 8) mice 3
months after transplantation and Ezh24/4p534/4 ETP-ALL mice (n = 8). (G)
Experimental schematic of the procedure to examine the T cell differentia-
tion of Ezh2/2p53~/* leukemic cells. (H) Representative flow cytometric
profiles of CD44 and CD25 expression in CD4-CD8 Lin"GFP* transduced
leukemic cells on day 9 of the culture (n = 3). Data are representative of 2
independent experiments. (I) Proportions of DN1, DN2, DN3, and DN4 cells
in CD4°CD8 Lin"GFP* transduced leukemic cells on day 9 of the control and
RUNX1T cultures (n = 3). (J) GSEA plots for the gene expression signatures

of HSCs comparing DN2 cells isolated from WT mice and 2 distinct Ezh2*/
Ap534/4 ETP-ALL mice. (K) Quantitative RT-PCR analysis of the expression
of HIf and Hoxa10 in DN2 cells isolated from WT (n = 12) and Ezh24/4p53/4
(n = 8) mice 3 months after transplantation and Ezh2*/4p53%/ ETP-ALL
mice (n = 8). (C, D, F, and K) Data are shown as mean + SEM. *P < 0.05;

**P < 0.01; ***P < 0.001, Student’s t test (F [Runx1, Bcl11b]); Mann-Whitney
U test (C, D, K, F [Ptcral).

was associated with increased transcription of target genes (31). In
contrast, EZH2-PRC2 functions as a tumor suppressor in MDS as
well as T cell malignancies. We previously demonstrated how the
hematopoietic cell-specific deletion of Ezh2 promoted the devel-
opment of MDS and/or MPN diseases in concert with the loss
of Tet2, RUNXI mutants, or the JAK2"5”"F mutant (8-10). We and
others also previously reported that Ezh2-deficient mice showed
impaired T cell production due to perturbed differentiation at
the DN cell stage (3, 32). We subsequently reported that the serial
transplantation of Ezh2-deficient BM cells induced CD8* T-ALL,
but not ETP-ALL, despite its low frequency (11). In the present
study, we demonstrated that the loss of Ezh2 and p53 collaborated
to initiate monoclonal CD47/™4CD8 c-Kit"CD44* ETP-like leu-
kemia in mice, which recapitulated ETP-ALL in patients. These
results indicate that Ezh2 functions to ensure T cell development
at multiple differentiation stages from BM HSCs to mature T cells
and that its inactivation promotes ETP and non-ETP T-ALL in a
context-dependent manner.

Early T cell development depends on the proliferation and
differentiation of multipotent progenitor cells that undergo T
cell commitment and TCR rearrangement at the CD4 CD8 DN
stage. These processes are initiated by Notch signaling in the
thymus and are sequentially operated by networks of differentia-
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tion regulator genes. To this end, transcriptional and epigenetic
machineries function to promote T cell commitment and silence
the expression of stem and progenitor cell genes, resulting in
the loss of other lineage potentials, including myeloid cells (33).
Transcription factor networks, including Bcl11b, are required for
T cell commitment and the loss of myeloid cell potential at the
DN2b stage (20, 21). In the present study, we demonstrated that
Ezh2p53-deficient leukemic cells suppressed the expression of
pivotal genes for T cell development, such as RunxI and Bcl11b,
but sustained the expression of stem cell signature genes, which
are associated with the self-renewal capacity of normal c-Kit* ETP
cells. In the NRas%¥*Cdkn2a’- ETP-ALL mouse model previously
reported, stem and myeloid progenitor signature genes, including
Hoxa9, were aberrantly expressed in Ezh2-deficient leukemic
cells because Ezh2-PRC2 directly suppresses Hoxa9 in this set-
ting. The forced expression of Hoxa9 promoted the proliferation
of NRas®**Cdkn2a”/~ ETP-ALL cells (13) and also the transfor-
mation of Ezh2-deficient MDS to AML (9). However, Ezh2p53-
deficient ETP leukemic cells did not show the increased expres-
sion of Hoxa9 or reduced levels of H3K27me3 at the promoter
region of Hoxa9 (data not shown). This discrepancy may be due
to the different experimental strategies used to induce ETP-
ALL-like cells in vitro versus in vivo. Nevertheless, the expression
of stem and myeloid progenitor signature genes was enhanced in
both ETP-ALL mouse models. Further studies are needed in order
to elucidate how the inappropriate expression of these genes pro-
motes the transformation of ETPs.

We recently showed that an epigenetic switch from H3K27me3
to DNA methylation occurs following the loss of Ezh2 in Tet2¥>/XP
mice and maintains the transcriptional repression of a significant
portion of PRC2 targets, thereby contributing to the progression
of MDS (24). We found that this epigenetic switch was accentu-
ated at the promoter regions of pivotal transcriptional regula-
tor genes in Ezh2p53-deficient ETP-ALL cells, the silencing of
which impedes the proper ensemble of transcription factors for
T cell development. Correspondingly, neither RUNXI nor Bcll1b
transduction alone induced the differentiation of ETP-ALL cells
into mature CD4*CD8"* cells in vitro; however, DAC treatment
resulted in the terminal differentiation of ETP-ALL cells following
the reactivation of a set of genes encoding transcriptional regula-
tors of T cell development. These results indicate that the DNA
methylation-mediated inhibition of the gene networks of T cell
development, rather than that of a single transcription factor, was
largely responsible for the differentiation block of ETPs and aber-
rant expression of stem/myeloid genes during the development of
ETP-ALL. A functional link between DNA methylation and PRC2
has been implicated in the regulation of the biological processes of
development, differentiation, and cancer (34, 35). Previous stud-
ies showed that DNA hypermethylation in cancer, including leu-
kemia, correlated with bivalent genes marked by trithorax group-
mediated H3K4me3 and PRC2-mediated H3K27me3, which are
activated upon the differentiation of ES cells (36, 37). As we previ-
ouslyreported in Ezh2-deficient MDS cells (24), Ezh2p53-deficient
ETP-ALL cells acquired higher levels of DNA methylation at the
CGI promoter regions of PRC2 target genes. Of interest, Fbx110/
Kdm2b, a component of noncanonical PRC1, has been shown to
protect the CGI promoters of polycomb-bound genes from DNA
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Figure 6. DNA hypermethylation propagated at promoters of critical
genes for T cell developmental regulators following the loss of Ezh2 and
p53. (A) Numbers of hypo- and hyper-DMRs at promoters in Ezh2%/4 DN2
cells, p532/2 DN2 cells, Ezh22/4p534/2 DN2 cells at the preleukemic stage,
and Ezh24/4p534/4 leukemic DN2 cells relative to WT DN2 cells. (B) Bars
showing differences in the degree of methylation (%) between Ezh24/
p53%/2 leukemic DN2 cells and WT DN2 cells. (C) GO biological process
gene sets significantly enriched in hyper-DMR (red bars) and hypo-DMR
(blue bars) genes in Ezh2*/p53%/A leukemic cells. (D) Scatter plots show-
ing the relationship between the fold enrichment values (ChIP/input) of
H3K27me3 (TSS + 2.0 kb of RefSeq genes) in Ezh24/4p534/4 leukemic DN1
cells relative to WT DN1 cells and methylation differences in Ezh2*/2p534/4
leukemic DN2 cells relative to WT DN2 cells. (E) Boxes showing the levels
of DNA methylation (%) of WT DN2 cells, Ezh2%/ DN2 cells, p53*/4 DN2
cells, and Ezh2%/4p534/2 DN2 cells at the preleukemic stage and Ezh24/*
p53%/2 leukemic DN2 cells in RefSeq genes (All genes) and canonical PRC2
target genes (PRC2 targets). Data are shown as box-and-whiskers plots
drawing 10th to 90th percentiles. ***P < 0.001, Student'’s t test. (F) Scatter
plots showing the relationship between expression changes in RefSeq
genes in Ezh24/2p534/2 [eukemic DN2 cells from those in WT DN2 cells and
methylation differences in Ezh2*/p534/ leukemic DN2 cells from those in
WT DN2 cells. (G) ChIP-seq views of H3K27me3 and RRBS data of selected
hyper-DMRs in WT DN2 cells, Ezh24/2 DN2 cells, p53%/ DN2 cells, and
Ezh2*/2p534/A DN2 cells at the preleukemic stage and Ezh24/2p534/4
leukemic DN2 cells. Methylation differences between Ezh24/4p534/4
leukemic DN2 and WT DN2 cells that were significant are indicated.

***P < 0.001, Student’s t test.

methylation (38). Taken together, these findings show that Ezh2-
PRC2 may function to protect DNA methylation-prone CGI pro-
moters from inappropriate DNA methylation in ETPs; however,
once Ezh2-PCR2 is lost, the pathogenic epigenetic switch occurs
at the gene loci of T cell development regulator genes, including
tumor suppressor genes, such as Runxl, and promotes the trans-
formation of ETPs.

While the loss of Ezh2-activated stem cell signature genes may
confer an enhanced proliferative capacity to ETP-ALL cells, we
also noted that RAS and JAK/STAT signaling pathways were both
markedly activated in Ezh2p53-deficient leukemic cells from gene
expression analyses. Patients with ETP-ALL frequently harbor
activating mutations in genes involved in cytokine receptor and
RAS signaling, such as IL7R, JAKI, NRAS, and KRAS (2). Gain-of
function mutations in IL7R lead to the ligand-independent acti-
vation of JAK1/STATS5 signaling (39), and the transduction of the
IL7R mutant in purified p1947-deficient thymocytes was sufficient
to generate an ETP-ALL-like disease in mice (40). As described
above, another mouse model utilizing the NRAS mutant and puri-
fied p1947-deficient thymocytes also showed enhanced Stat3 phos-
phorylation upon the loss of Ezh2. Consistent with these findings,
we found that a cytokine stimulation activated the JAK/STAT sig-
nal more strongly in Ezh2-deficient hematopoietic stem/progenitor
cells than in WT cells (10). Human ETP-ALL cells show higher
phosphorylation levels of STAT5 and STAT3 in response to an IL-7
stimulation than non-ETP T-ALL cells (41). In fact, the pharma-
cological inhibition of JAK/STAT signaling by the JAK2 inhibitor
ruxolitinib resulted in significant antitumor effects in mice and
xenograft models (40, 41). Although the mechanisms by which the
inactivation of EZH2-PRC2 stimulates JAK/STAT signaling cur-
rently remain unknown, our mouse model also supports the impor-
tance of JAK/STAT signaling for the pathogenesis of ETP-ALL
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regardless of the presence of JAK/STAT pathway mutations, rais-
ing the therapeutic potential of the combination of ruxolitinib and
DAC in ETP-ALL patients harboring PRC2 mutations. NOTCHI-
activating mutations were not frequently detected in ETP-ALL
cells in patients or mice (2, 40). Correspondingly, the significant
activation of Notchl target genes was not observed in Ezh2p53-
deficient ETP-ALL cells in the present study (data not shown).

Collectively, we demonstrated that the combined deletion
of Ezh2 and p53 in mice successfully recapitulated ETP-ALL, a
subset of T-ALL showing poor clinical outcomes, for which nov-
el therapies are needed. The loss of Ezh2 in ETPs induced the
pathogenic epigenetic switch from H3K27me3 to DNA meth-
ylation of pivotal T cell development regulators, such as RunxI,
and promoted the transformation of ETPs. Our results strongly
support a pathogenic role for inactivating PRC2 mutations in
ETP-ALL, thereby highlighting a tumor-suppressive function
for EZH2-PRC2 in ETPs.

Methods

Mice and transplantation. Ezh2 conditional knockout (Ezh2") mice
were described previously (42). These were crossed with Rosa26::Cre-
ERT2 mice (TaconicArtemis GmbH) for conditional deletion. p53
conditional knockout (p537/) mice were described previously (17).
C57BL/6 mice congenic for the Ly5 locus (CD45.1) were purchased
from Sankyo-Lab Service. A total of 5 x 10¢ BM cells were intravenously
injected into 8.5 Gy- or 9 Gy-irradiated CD45.1* mice. Four weeks
after transplantation, 1 mg tamoxifen (T5648, Sigma-Aldrich) was
administered via an intraperitoneal injection for 5 consecutive days to
completely delete the p53 and Ezh2 alleles.

Plasmids and retroviral transduction. Retroviral transduction of
PpMYs-IRES-GFP, pMYs-RUNXI-IRES-GFP, and pMYs-Bcll11b-IRES-
GFP vectors into thymocytes was previously described (9, 43). Briefly,
ETP-ALL cells were transduced with a vector on TSt-4/DLL1 stromal
cells in the presence of SCF, IL-7, and FIt3L (10 ng/ml). In order to
induce differentiation, transduced cells were cultured in the presence
of SCF, IL-7, and FIt3L (2 ng/ml) for 9 days. For knockdown of Dnmt,
CS-HI-shRNA-EF-1o-EGFP vector expressing shRNA-directed Dnmtl,
Dnmt3a, Dnmt3b, or Luciferase was used. Target sequences were as fol-
lows: shDnmt1 no. 1: ATCTATGGAAGGTGGTATTA; shDnmtl no.2:
TATATGAAGACCTGATCAAT; shDnmt3a no.l: GCACAACAGAGA-
AACCTAA; shDnmt3a no.2: GCAGACCAACATCGAATCCAT; sh
Dnmt3b no.l: GCGGGTATGAGGAGTGCATTA; and shDnmt3b no.2:
CCAAGCGCCTCAAGACAAAT.

Flow cytometry and antibodies. Flow cytometry and cell sorting
were performed by utilizing the following monoclonal antibodies:
CD45.2 (clone 104), CD45.1 (clone A20), Grl (clone RB6-8C5),
CD11b/Macl (clone M1/70), CD11c (clone N418), NK1.1 (clone
PK136), Ter119 (catalog 116204), CD71 (clone R17217), CD127/
IL-7Ra (clone A7R34), B220 (clone RA3-6B2), CD3e (clone 145-
2C11), CD4 (clone L3T4), CD8a (clone 53-6.7), CD117/c-Kit (clone
2B8), Scal (clone D7), CD34 (clone MEC14.7), and FcyRII-III (clone
93). The CD34 antibody was purchased from eBioscience. All oth-
ers were from BioLegend. The lineage mixture solution contained
biotin-conjugated anti-Grl, anti-Macl, anti-CD1lc, anti-NK1.1,
anti-B220, anti-CD3e, anti-CD4, anti-CD8a, and anti-Ter119
antibodies. All flow cytometry analyses and cell sorting were per-
formed on FACSAriall or FACSCantolI (BD).
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Figure 7. Aberrant DNA hypermethylation sensitized ETP-ALL cells to a
DNA hypomethylating agent. (A) Total cell counts of control (black line)
and DAC-treated (25 nM, blue broken line; 50 nM, blue line) Ezh2/4

p534/4 ETP-ALL cells monitored for 6 days in the culture (n = 3). Data are
representative of 3 independent experiments. (B) Representative flow
cytometric profiles of CD4 and CD8 expression (top) and CD44 and CD25
expression in CD4-CD8- DN cells (bottom) on day 6 of the culture in A. (C)
Proportions of CD4*CD8* DP cells, CD4 SP cells, CD8 SP cells, and CD4-CD8"
DN cells in control and DAC-treated (50 nM) cultures on day 6 (1 = 4-5). (D)
Quantitative RT-PCR analysis of the expression of Runx1, Bcl11b, and Nr4a3
in purified DN2 cells harvested from control and ETP-ALL cells treated with
50 nM DAC on day 3 of the culture (n = 6-9). (E) Numbers of hypo- and
hyper-DMRs at CGls and promoters in DAC-induced Ezh2*/p53%/* leukemic
DN4 cells relative to DMSO-induced Ezh24/4p534/4 leukemic DN2 cells. (F)
ChIP-seq view of H3K27me3 levels at the Nr4a3 locus in WT and Ezh2%/4
p534/4 leukemic DN1 cells and RRBS data of DNA methylation at the Nr4a3
locus in Ezh24/2p532/4 leukemic DN2 cells and DAC-induced Ezh2%/4

p53%/2 leukemic DN4 cells. ***P < 0.001, Student’s t test. (G) GO biological
process gene sets enriched in hyper-DMRs (red bars) and hypo-DMRs (blue
bars). (H) Chimerism of CD45.2* cells in the PB cells of DMSO-treated and
DAC-treated (0.2 mg/kg, 3 times a week) Ezh2*/4p534/4 leukemic mice 3
weeks after the completion of the treatment (n = 4-5). (I) Longer median
survival of DAC-treated Ezh22/2p53%/2 leukemic mice compared with
DMSO-treated mice (1 = 6). Representative data of the 2 independent
experiments are shown. P value is by log-rank test.

Western blotting. The antibodies used for Western blotting were
as follows: anti-H3K27me3 (07449, Merck Millipore) and anti-H3
(ab1791, Abcam).

Quantitative RT-PCR. Quantitative RT-PCR was performed on a
StepOnePlus Real-Time PCR System (Life Technologies) by using SYBR
Premix Ex Tagll (Takara) or FastStart Universal Probe Master (Roche)
with the Universal ProbeLibrary (Roche). Primer sequences with Uni-
versal ProbeLibrary (Roche) numbers are as follows: Ezh2 (forward,
CCAGACTGGTGAAGAGTTGTTTT; reverse, CAAGGGATTTC-
CATTTCTCG; no. 105); p53 (forward, ATGCCCATGCTACAGAGGAG;
reverse, AGACTGGCCCTTCTTGGTCT; no. 94); pl6™# (forward,
AATCTCCGCGAGGAAAGG; reverse, GTCTGCAGCGGACTCCAT;
no. 91); p19*** (forward, GGGTTTTCTTGGTGAAGTTCG; reverse,
TTGCCCATCATCATCACCT; no. 106); Nr4a3 (forward, GTGTC-
GGGATGGTTAAGGAA; reverse, CCTGTTGTAGTGGGCTCTTTG;
no. 97); Runxl (forward, CTCCGTGCTACCCACTCACT; reverse,
ATGACGGTGACCAGAGTGC; no. 77); Belllb (forward, TGGATGC-
CAGTGTGAGTTGT; reverse, GCTGCTTGCATGTTGTGC; no. 97);
Ptcra (forward, TCAGGTGTCAGGCTCTACCA; reverse, GCCTTC-
CATCTACCAGCAGT; no. 106); HIf (forward, CTACGGCGTGCT-
CAGGTC; reverse, TCCTTTGTCTTTTTCTTTACTAAATGC; no.
67); HoxalO (forward, CCTTCAGAAAACAGTAAAGCTTCG; reverse,
AAGGGCAGCGTTTCTTCC; no. 100); Dnmtl (forward, CATG-
GTCTTCCCCCACTCTCTTG; reverse, ACAGAACAGCTCTGAAC-
GAGACC); Dnmt3a (forward, GAAACTAAGGTGCTGGGGACTGG;
reverse, CCTTAGTTCTGTGACCCTGGTGC); Dnmt3b (forward,
TTGTGCCAGACCTTGGAAACCTC; reverse, AAAGAAGGCCCTG-
GATTTGGTCC); and Gapdh (forward, ATGACATCAAGAAGGTGGT-
GAAG; reverse, TCCTTGGAGGCCATGTAGG). All data are presented
as relative expression levels normalized to Gapdh expression.

Microarray and data analyses. Total RNA was extracted from approxi-
mately 1 x 10° pooled cells from 5 to 10 mice using an RNeasy Plus Mini
Kit (QIAGEN). Twenty nanograms of total RNA was mixed with spike-in
controls using an Agilent One Color Spike Mix Kit, amplified, and labeled
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with Cyanine 3 using a Low Input Quick Amp Labeling Kit (Agilent)
according to the manufacturer’s instructions. A microarray analysis using
a SurePrint G3 Mouse GE Microarray 8x60K Kit (Agilent) was performed
according to the manufacturer’s instructions. Hierarchical clustering and
principal component analyses based on total gene expression were per-
formed using WebMeV (Multiple Experiment Viewer) software.

RRBS. RRBS was performed as previously described (9, 24).

ChIP sequencing. ChIP assays were performed as previously
described (8). Briefly, 1 x 10° pooled DNI1 cells were used for each
immunoprecipitation reaction with an anti-H3K27me3 (Merck Milli-
pore, 07449) antibody.

Sequencing data analysis. The ChIP-seq signal was quanti-
fied as the total number of reads per million. In order to evalu-
ate the histone modification mark of each gene, normalized tag
numbers in the region from 2 kb upstream to 2 kb downstream of
the TSS were counted and divided by the tag number of the cor-
responding input. The reads per kilobase of transcripts per mil-
lion mapped reads (RPKM) values of the sequenced reads were
calculated every 5,000 bp bin with a shifting size of 500 bp using
bedtools to be visualized with the Integrative Genomics Viewer
(IGV) genome browser. The read numbers of the immunopre-
cipitated samples were then normalized by subtracting the RPKM
values of the input samples in each bin and converted to a BigWig
file using the wigToBigWig tool. The supercomputing resource
was provided by the Human Genome Center, Institute of Medical
Science, University of Tokyo (http://sc.hgc.jp/shirokane.html).

PCR analysis of TCR-f8 gene rearrangement. Genomic DNA was
extracted from approximately 1 x 10° DN2 cells. Extracted DNA was
amplified by PCR with primers of DB-1.1, extension GAGGAGCAGCT-
TATCTGGTG, and Jp-1.7, extension AAGGGACGACTCTGTCTTAC,
by using T100 Thermal Cycler (Bio-Rad). A PCR product of the first
amplification was subjected to a second PCR with nested primers of
DB-1.1, internal GGTAGACCTATGGGAGGGC, and JB-1.7, internal
ACCATGGTCATCCAACACAG, as previously described (44).

Statistics. All statistical tests were performed using GraphPad Prism
version 7 (GraphPad Software). The significance of differences was mea-
sured by an unpaired 2-tailed Student’s ¢ test or Mann-Whitney nonpara-
metric test. A Pvalue of less than 0.05 was considered significant.

Study approval. All animal studies were reviewed and approved by
the Review Boards for Animal Experiments of Chiba University (approv-
al ID: 30-56) and Kumamoto University (approval ID: A 30-006).

Accession codes. ChIP sequencing and RRBS data were deposited
in the DNA Data Bank of Japan (DDBJ PRJDB5585 and PRJDB6937).
All original microarray data were deposited in the NCBI's Gene
Expression Omnibus database (GEO GSE95655).
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