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KEY PO INT S

l Bcor insufficiency
promotes initiation
and progression
of MDS.

l Bcor insufficiency
cooperates with
Tet2 loss in the
pathogenesis of MDS.

BCOR, encoding BCL-6 corepressor (BCOR), is X-linked and targeted by somatic mutations in
various hematological malignancies including myelodysplastic syndrome (MDS). We previously
reported thatmice lackingBcorexon4 (BcorDE4/y) in thehematopoietic compartmentdeveloped
NOTCH-dependent acute T-cell lymphoblastic leukemia (T-ALL). Here, we analyzed mice
lacking Bcor exons 9 and 10 (BcorDE9-10/y), which express a carboxyl-terminal truncated BCOR
that fails to interact with core effector components of polycomb repressive complex 1.1.
BcorDE9-10/ymicedeveloped lethal T-ALL in a similarmanner toBcorDE4/ymice,whereasBcorDE9-10/y

hematopoietic cells showed a growth advantage in the myeloid compartment that was further
enhancedby the concurrentdeletionofTet2.Tet2D/DBcorDE9-10/ymicedeveloped lethalMDSwith
progressive anemia and leukocytopenia, inefficient hematopoiesis, and the morphological

dysplasia of blood cells. Tet2D/DBcorDE9-10/y MDS cells reproduced MDS or evolved into lethal MDS/myeloproliferative
neoplasms in secondary recipients. Transcriptional profiling revealed the derepression of myeloid regulator genes of the
Cebp family andHoxa cluster genes in BcorDE9-10/y progenitor cells and the activation of p53 target genes specifically in MDS
erythroblasts where massive apoptosis occurred. Our results reveal a tumor suppressor function of BCOR in myeloid
malignancies and highlight the impact of Bcor insufficiency on the initiation and progression of MDS. (Blood. 2018;132(23):
2470-2483)

Introduction
BCOR is a corepressor for BCL6, a key transcriptional factor
required for the development of germinal center B cells.1,2

Recent extensive analyses of the BCOR complex revealed that
BCOR also functions as a component of PRC1.1, a noncanonical
PRC1, which monoubiquitinates histone H2A.3-5 BCOR and its
closely related homolog, BCOR-like 1 (BCORL1) are located on
chromosome X and are frequently targeted by somatic muta-
tions in patients with various hematological malignancies. BCOR
mutations have been reported in acute myeloid leukemia (AML)
with a normal karyotype (3.8%),6 secondary AML (8%),7 myelo-
dysplastic syndrome (MDS; 4.2%),8 chronic myelomonocytic
leukemia (7.4%),8 extranodal natural killer/T-cell lymphoma (21%
to 32%),9,10 chronic lymphocytic leukemia (2.2%),11 and T-cell
prolymphocytic leukemia (5% to 8%).12,13 Most BCOR mutations
result in stop codon gains, frameshift insertions or deletions,
splicing errors, and gene loss, leading to the loss of BCOR
function.8 BCORmutations also lead to reducedmessenger RNA

(mRNA) levels, possibly because of the activation of the
nonsense-mediated mRNA decay pathway.8 BCORL1 has been
implicated in AML and MDS in a similar manner to BCOR.8,14

Somatic mutations of BCOR are frequently associated with
DNMT3A mutations in AML with a normal karyotype6 and
mutations in DNMT3A, RUNX1, TET2, and STAG28,15,16 in MDS.

In order to understand the pathophysiological functions of
BCOR mutants in hematological malignancies, several mouse
models have recently been analyzed. The genomic character-
ization of Em-Myc mouse lymphoma identified Bcor as a Myc
cooperative tumor-suppressor gene.17 We previously generated
mice missing Bcor exon 4 (BcorDE4/y) in the hematopoietic
compartment, expressing a variant BCOR lacking a region in-
cluding the BCL6-binding domain, and found that BcorDE4/y mice
had a strong propensity to develop acute T-cell lymphoblastic
leukemia (T-ALL) mostly in a NOTCH-dependent manner, in-
dicating a tumor suppressor role for BCOR in the pathogenesis
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of T-lymphocytemalignancies.18 In thymocytes, BCOR appeared
to be recruited tomany of the NOTCH1 targets and antagonized
their transcriptional activation.18 Correspondingly, BCOR and
BCORL1 are targeted by somatic mutations in pediatric T-ALL
(4.8%).19 BCORhas also been shown to restrictmyeloid proliferation
and differentiation in cultures using a conditional loss-of-function
allele of Bcor in which exons 9 and 10 are missing (Bcor DE9-10 ).20

This mutant Bcor allele generates a truncated protein that lacks
the region required for the interaction with PCGF1 and other
core components of PRC1.1, and mimics some of the patho-
genic mutations observed in patients with hematological ma-
lignancies.20 However, the role of BCOR in hematopoiesis and
hematological malignancies has not been rigorously tested in
BcorDE9-10 mice.

In the present study, we investigated the function of BCOR using
BcorDE9-10mice and tested the impact of the concurrent disruption
of Bcor and Tet2 on the pathogenesis of MDS. Our results clearly
demonstrate a tumor suppressor function of BCOR in myeloid
malignancies.

Materials and methods
Mice and generation of hematopoietic chimeras
Conditional Bcor alleles (Bcorfl), which contain LoxP sites flanking
Bcor exon 418 and Bcor exons 9 and 10,20 respectively, have
been used previously. Bcorfl mice were backcrossed at least
6 times onto a C57BL/6 (CD45.2) background. Tet2 conditional
knockout mice (Tet2fl/fl)21 were purchased from the Jackson
Laboratory. In the conditional deletion of Bcor and Tet2, mice
were crossed with Rosa26::Cre-ERT mice (TaconicArtemis
GmbH). In order to generate hematopoietic chimeras, we
transplanted wild-type (WT), Bcorfl/y;Cre-ERT, or Tet2fl/fl;Cre-
ERT bone marrow (BM) cells into lethally irradiated CD45.11

recipient mice and deleted Bcor or Tet2 at 4 weeks post-
transplantation by intraperitoneally injecting 100 mL of ta-
moxifen dissolved in corn oil at a concentration of 10mg/mL for
5 consecutive days. Littermates were used as controls. C57BL/6
mice congenic for the Ly5 locus (CD45.1) were purchased from
Sankyo-Laboratory Service. All animal experiments were per-
formed in accordance with our institutional guidelines for the
use of laboratory animals and approved by the Review Board
for Animal Experiments of Chiba University (approval ID:
29-289).

Accession numbers
RNA sequencing, chromatin immunoprecipitation/DNA se-
quencing (ChIP-seq), and reduced representation bisulfite
sequencing data were deposited in DNA Data Bank of Japan
(accession numbers DRA006359 and DRA007251).

Results
Hematopoietic cell-specific deletion of Bcor in mice
MostBCORmutations cause frameshifts. Although it needs to be
experimentally confirmed, the majority of BCOR mutations are
thought to result in nonsense-mediated mRNA decay and/or
generation of aC-terminal truncation including the PCGF1-binding
domain.6,8 Grossman et al performed western blot analysis of
5 AML samples with BCOR frameshift mutations (L245TfsX19,
H674MfsX41, T733AfsX5, P1115TfsX41, and N1485LfsX5) and

failed to detect the full-lengthBCORprotein in all AML samples.Of
note, a truncated protein was detected in AML cells with
N1485LfsX5 mutation, albeit at levels much lower than the full-
length BCOR protein in AML cells with WT BCOR. Therefore, at
least in the 5 patients investigated, BCOR mutations were asso-
ciated with the absence of full-length BCOR and lack or low ex-
pression of a truncated BCOR protein.6 The BcorDE4 allele
generates an internal deletion mutant that retains in frame coding
for the C-terminal PCGF1-binding domain (supplemental Figure 1A;
available on the Blood Web site).18 In contrast, the BcorDE9-10 allele
generates a frameshift mutant that fails to code for the C-terminal
474 amino acids and mimics many of the pathogenic mutations
observed in patients with MDS and AML (supplemental Figure 1A).6

In order to understand the pathologic impact of BCOR mutants in
hematological malignancies, we crossed mice harboring a Bcorfl

mutation in which exon 4 or exons 9 and 10were floxed (BcorflE4 and
BcorflE9-10 mice, respectively) with Rosa26::Cre-ERT (Cre-ERT) mice.
We transplanted total BM cells fromCre-ERT control (WT), Cre-ERT;
BcorflE4/y, andCre-ERT;BcorflE9-10/yCD45.2malemice (Bcor is located
on the X chromosome) without CD45.1 competitor cells into lethally
irradiatedCD45.1 recipientmice anddeletedBcorexon4andexons
9 and 10, respectively, by intraperitoneal injections of tamoxifen
4 weeks after transplantation (supplemental Figure 1B). We here-
after refer to recipient mice reconstituted with WT, BcorDE4/y, and
BcorDE9-10/y cells as WT, DE4, and DE9-10 mice, respectively. We
confirmed the efficient deletion of Bcor exons 9 and 10 in hema-
topoietic cells from DE9-10 mice by genomic polymerase chain re-
action (PCR) using DNA isolated fromCD45.21Mac1/Gr11peripheral
blood (PB)myeloid cells (supplemental Figure 1C). AnRNA sequence
analysis of lineage-marker (Lin)2Sca-11c-Kit1 (LSK) hematopoietic
stem and progenitor cells (HSPCs) revealed the specific deletion of
Bcor exons 9 and 10 (supplemental Figure 1D). In addition, mRNA
levels of Bcor without exons 9 and 10 were significantly reduced
(supplemental Figure 1E), as is the case with BCORmutants in MDS
patients.6,8 Western blot analysis detected truncated BCORDE9-10

protein expressed at a lower level than WT BCOR (full-length and
several degraded BCOR) in thymocytes (supplemental Figure 1F).
However, BCORDE9-10 protein failed to coimmunoprecipitate with
RING1B and USP7, suggesting that BCORDE9-10 lacking the C-
terminal PCGF1-binding domain is not incorporated into the
PRC1.1 complex. A western blot analysis also revealed that
global levels of polycomb histone modifications (H2AK119ub1
and H3K27me3) did not change in DE9-10 BM c-Kit1 progenitors
(supplemental Figure 1G).

Deletion of Bcor exons 9 and 10 induces
acute T-ALL
In order to examine the pathophysiological impact of the
deletion of Bcor exons 9 and 10, we first analyzed hemato-
poiesis in WT, DE4, and DE9-10 mice. During the observation
period of 7 months after the tamoxifen treatment, 65% of DE9-
10 mice developed lethal T-ALL in a similar manner to DE4
mice.18 However, the onset of T-ALL was significantly earlier in
DE9-10 mice than in DE4 mice (Figure 1A). Moribund mice
with T-ALL showed the expansion of lymphoblasts, which
were mostly CD41CD81 double-positive and/or CD8 single-
positive, in PB, BM, the thymus, and spleen to varying
degrees (Figure 1A-C). Although 40% of DE9-10 T-ALL mice
had an enlarged thymus, 60% had almost no or the minimal
involvement of the thymus, suggesting the BM origin of the
disease (Figure 1C).
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We then investigated whether the pathogenesis of T-ALL in
DE9-10 mice is the same as that in DE4 mice. In.65% of human
T-ALL patients, oncogenic NOTCH signaling is activated by
gain-of-function mutations in the NOTCH1 gene, resulting in
ligand-independent and sustained NOTCH1 signaling.22 How-
ever, in murine T-ALLs, Notch1 gene deletions, which remove
exon 1 and the proximal promoter, are also common mecha-
nisms of NOTCH1 activation.23 We found Notch1 deletions in

2 out of 8mice, which removed exon 1 and the proximal promoter
(type 1 deletions), leading to ligand-independent NOTCH1 ac-
tivation.23 Four out of 8 mice had frameshift mutations in exon
34, which resulted in the truncation of the PEST domain in the
C-terminal regionof theprotein. The remaining2micehadmissense
mutations in exon 34 with unknown consequences (Figure 1D).
Immunohistochemical analyses of the spleen showed a general
increase in NOTCH1 in DE9-10 T-ALL cells (Figure 1E).
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Figure 1. Deletion of Bcor exons 9 and 10 induces acute T-ALL. (A) Kaplan-Meier survival curves of WT (n5 15), DE4 (n5 14), and DE9-10 (n5 20) mice after the injection of
tamoxifen; data from 2 independent experiments were combined. ***P, .001; *P, .05 by the log-rank test. The causes of death in DE9-10 mice are summarized in a table. (B) Flow
cytometric profiles of PB, BM, the spleen, and thymus from a representativeDE9-10 T-ALL mouse. Smear preparation of PB and cytospin preparations of BM, the spleen, and thymus
after May-Giemsa staining are depicted below the profiles. Bars represent 10 mm. (C) PB white blood cell (WBC) counts and spleen and thymus weights in moribund DE9-10 T-ALL
mice and WT and DE9-10 mice 12 weeks after the injection of tamoxifen (WBC: WT, n5 15; DE9-10, n5 20; DE9-10 T-ALL, n5 10; thymus: WT, n5 5; DE9-10, n5 5; DE9-10 T-ALL,
n5 10; spleen: WT, n5 5; DE9-10, n5 5; DE9-10 T-ALL, n5 10). Bars in scatter diagrams indicate median values. ***P, .001 by the Student t test. (D) A pie graph summarizing the
Notch1 status in DE9-10 T-ALLs. Genomic data of type 1 deletions and somatic mutations of Notch1 are depicted (n 5 8). (E) Nuclear accumulation of cleaved NOTCH1 in the
spleen of DE9-10 T-ALLs. Formalin-fixed, paraffin-embedded spleens were stained using an anti-NOTCH1 antibody recognizing the cytosolic domain of NOTCH1. Sections were
visualized and counterstained with hematoxylin. Bars represent 50 mm.
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Collectively, these results suggest that most DE9-10 T-ALL are
NOTCH-dependent, similar to DE4 T-ALL.18

DE9-10 HSPCs show a growth advantage in the
myeloid compartment
After the deletion of Bcor, DE4 and DE9-10 mice both exhibited
leukocytopenia, except for those that developed T-ALL (supple-
mental Figure 2A). Although all components of PB mononuclear
cells decreased in DE4 and DE9-10 mice, leukocytopenia was
mainly attributed to the reduction in B lymphocytes (supplemental
Figure 2B). Only DE9-10 mice showed mild macrocytic anemia, an
increase in platelet counts (supplemental Figure 2A), and mild
morphological dysplasia of PBmononuclear cells (data not shown).
A BM analysis 3 months after the deletion of Bcor revealed similar
numbers of BMmononuclear cells betweenWT, DE4, and DE9-10
mice. Although the numbers of CD1501CD342LSK hematopoietic
stem cells (HSCs) and LSK HSPCs were decreased in DE4 and

DE9-10 mice, those of myeloid progenitors were maintained
(supplemental Figure 2C). Spleen and thymus weights did not
markedly change between WT, DE4, and DE9-10 mice (sup-
plemental Figure 2D).

We then performed competitive repopulation assays (Figure 2A).
BM cells from each genotype were transplanted with an equal
number of CD45.11 competitor cells. Although the chimerism of
DE4 cells gradually declined because of compromised HSC
function, as we reported previously,18 DE9-10 cells established
similar chimerism to WT (Figure 2B). Of note, DE9-10 cells out-
competed WT competitor cells in the myeloid lineage, whereas
they showed poor repopulation in the lymphoid lineage, partic-
ularly the B-cell lineage (Figure 2B). A BM analysis of the primary
recipients also demonstrated the significantly higher chimerism of
DE9-10 cells in the myeloid lineage from the common myeloid
progenitor stage (Figure 2C). Based on the in vitro findings
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obtained from DE9-10 BM cells by Cao et al,20 we examined the
growth of DE9-10 HSPCs in culture. As reported previously, DE9-
10 LSK cells and granulocyte-macrophage progenitors (GMPs)
showed better growth than WT cells under myeloid culture
conditions (Figure 2D). These results indicate that DE9-10 HSPCs
maintain a self-renewal capacity and have a growth advantage in
the myeloid compartment.

Concurrent deletion of Bcor and Tet2 induces
lethal MDS
TET2 is an enzyme that functions in the demethylation pathway
of methylated cytosine induced by DNA methyltransferase family
methyltransferases. The recurrent loss-of-function mutations in TET2
are identified inmyeloidmalignancies24 and in clonal hematopoiesis
of indeterminate potential in the elderly.25 The loss of Tet2 has been
reported to increase HSC self-renewal and induce chronic myelo-
monocytic leukemia–like hematological malignancies in mice.21 Of
note, somatic mutations in BCOR are frequently associated with
TET2mutations in MDS.16 Among 41 MDS patients with a mutation
in TET2, 6 patients (15%) had comutations in BCOR.16 In order to
clarify the impact of DE9-10 on a Tet2-null background, we gen-
eratedCre-ERT;Tet2fl/flBcorflE9-10/y compoundmice.We transplanted
total BM cells from Cre-ERT control (WT), Cre-ERT;BcorflE9-10/y, Cre-
ERT;Tet2fl/fl, and Cre-ERT;Tet2fl/flBcorflE9-10/y CD45.2 male mice into
lethally irradiated CD45.1 recipient mice and deleted Bcor exons 9
and 10 and/or Tet2 by intraperitoneal injections of tamoxifen at
4 weeks posttransplantation (hereafter, WT, DE9-10, DTet2, and
double knockout (DKO)mice, respectively) (Figure 3A). DKOmice
exhibited more severe leukocytopenia, mainly because of the
reduction in B-cell numbers, and macrocytic anemia than DE9-10
andDTet2mice (Figure 3C-D). AlthoughDKOmice demonstrated
similar overall survival to that of DE9-10 mice that developed
lethal T-ALL, they only developed T-ALL at the early phase
postdeletion ofBcor (Figure 3B, blue circle). DKOmicedeveloped
lethal MDS after 5 months (Figure 3B, purple circle) supplemental
Table 1) that was characterized by severe macrocytic anemia and
leukocytopenia (Figure 3C-D), whichmay account for the death of
MDS mice. PB smears of MDS mice revealed the morphological
dysplasia of blood cells such as hypersegmented neutrophils,
pseudo Pelger-Huët anomaly of neutrophils, Howell-Jolly bodies,
and giant platelets (Figure 3E, #1-4, respectively), which were
more prominent than in DE9-10 mice, but barely detected in
DTet2 and WT mice (data not shown).

A BM analysis of moribund MDS mice and their controls (WT,
DE9-10, and DTet2) in the same cohort revealed no significant
changes in BM cell counts in MDS mice. Although the numbers
of LSK HSPCs were decreased in DE9-10 and MDS mice, GMP

numbers increased in MDS mice (Figure 4A). In addition, MDS
mice showed a mild block in erythroid differentiation at the
transition from CD711Ter119mid proerythroblasts (Figure 4B,
region I) to CD711Ter1191 basophilic erythroblasts (Figure 4B,
region II). The proportions of annexin V1 cells were significantly
higher in DKO CD711Ter1191 erythroblasts than in WT mice
(Figure 4C). DKO LSK cells also showed a tendency for enhanced
apoptosis, albeit not statistically significant (Figure 4C). These
results indicate enhanced inefficient hematopoiesis in DKO
MDS BM, a feature compatible with myelodysplastic disorders.
Spleen weights were not significantly changed in DKO mice
(Figure 4D). However, lymphoid follicles were severely de-
stroyed by infiltrated myeloid cells in DKO spleens (Figure 4E).
Regardless of the MDS-like phenotype of DKO mice, DKO LSK
cells showed better growth (Figure 4F) and replating capacity
(Figure 4G) than DE9-10 and DTet2 cells in cultures under myeloid
culture conditions.

DTet2DE9-10 MDS cells evolve into MDS/MPN
during serial transplantation
In order to clarify whether DKO MDS cells were transplantable,
we transplanted BM cells from 3 moribund DKO MDS mice into
sublethally irradiated recipient mice. During the observation
period of 3 months, BM cells from MDS-3 mice (supplemental
Table 1) reproduced MDS-like disease in recipient mice that was
characterized by leukocytopenia and macrocytic anemia (Figure
5B-C), and the morphological dysplasia of PB cells (data not
shown), although the chimerism of MDS-3-derived cells was
significantly low (Figure 5C). In contrast, BM cells from MDS-4
mice (supplemental Table 1) induced lethal MDS/MPN with
the massive expansion of myeloid cells, mostly Gr-11Mac-11

neutrophilic cells, in PB, BM, and the spleen (Figure 5A-E). PB
smears of MDS/MPN mice revealed morphological dysplasia of
myeloid cells such as hypersegmented neutrophils and pseudo
Pelger-Huët anomaly of neutrophils (Figure 5E). Blast-like cells
were observed in BM, albeit at a low frequency (Figure 5E). BM
cells fromMDS-9 mice (supplemental Table 1) also induced lethal
MDS/MPN (Figure 5A-C). These results clearly indicate that Bcor
insufficiency promotes not only the initiation of MDS, but also its
progression to more aggressive myeloid malignancies.

In order to determine the fractions that contain disease-initiating
cells, we purified LSK cells and GMPs from WT and DKO MDS
mice and transplanted them into sublethally irradiated (6.5 Gy)
recipient mice. As expected, LSK cells established high levels
of engraftment and developed lethal MDS/MPN as MDS-4
and MDS-9 BM cells did, whereas GMPs hardly repopulated in

Figure 3. Concurrent deletion of Bcor and Tet2 causesMDS-like BM failure. (A) Strategy for analyzing hematopoietic cells with conditional knockout alleles for Tet2 and Bcor
exons 9 and 10. Total BM cells from Cre-ERT control (WT), Cre-ERT;BcorflE9-10/y, Cre-ERT;Tet2fl/fl, and Cre-ERT;Tet2fl/flBcorflE9-10/y CD45.2 male mice were transplanted into lethally
irradiated CD45.1 recipient mice. After engraftment, Tet2 and Bcor exons 9 and 10 were deleted by intraperitoneal injections of tamoxifen at 4 weeks posttransplantation.
(B) Kaplan-Meier survival curves of WT (n5 15), DE9-10 (n5 20), DTet2 (n5 10), and DKO (n5 15) mice after the injection of tamoxifen; data from 2 independent experiments
were combined. ***P , .001 by the log-rank test. The causes of death in DKO mice are indicated by circles or triangles with different colors. (C) PB cell counts in WT, DE9-10,
DTet2, andDKOmice.WBC, hemoglobin (Hb), mean corpuscular volume (MCV), and platelet (Plt) counts in PB fromWT (n5 15),DE9-10 (n5 19),DTet2 (n5 8), andDKO (n5 14)
mice up to 5 months after the injection of tamoxifen are shown (upper panels). Data of moribund DKOMDSmice (n5 10) are shown with those of WT (n5 15), DE9-10 (n5 19),
DTet2 (n5 8), and DKO (n5 14) mice 3 months after the injection of tamoxifen in the lower panels. (D) The proportions of myeloid (My) (Mac-11 and/or Gr-11), B2201 B cells, and
CD41 or CD81 T cells among CD45.21 donor-derived hematopoietic cells and their absolute numbers in PB fromWT (n5 15), DE9-10 (n5 19), DTet2 (n5 8), and DKO (n5 14)
mice 3 months after the injection of tamoxifen and moribund DKOMDS mice (n5 10). (E) Smear preparation of PB from moribund DKOMDS mice 6 months after the deletion
of Bcor after May-Giemsa staining. Hypersegmented neutrophils (#1), hyposegmented neutrophils consistent with a pseudo Pelger-Huët anomaly (#2), Howell-Jolly bodies
(#3), and giant platelets (#4) are shown. Bars represent 10 mm. Data are shown as the mean 6 SEM in panels C and D. Statistical significance is shown relative to WT. *P , .05;
**P , .01; ***P , .001 by the Student t test.
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recipient mice (Figure 5F). These results indicate that the
MDS-initiating cells exist in the HSPC fraction.

Bcor insufficiency causes the activation of
myeloid-related genes
In order to elucidate the molecular mechanisms underlying a path-
ogenic role for Bcor insufficiency in the initiation and progression
of MDS, we performed RNA sequence analysis using LSK HSPCs,
GMPs, and CD711Ter1191 erythroblasts from DKO MDS mice
and theirWT,DE9-10, andDTet2 counterparts in the same cohort.
Principal component analyses revealed that DKO MDS cells had
distinct transcriptional profiles from those of WT, DE9-10, and
DTet2 cells (Figure 6A). Gene set enrichment analyses (GSEA)
showed the positive enrichment of gene sets of E2F targets and
respiratory electron transport in DE9-10, DTet2, and DKO MDS
LSK cells, with the highest enrichment in DKO MDS cells. In
contrast, HSC genes were negatively enriched in LSK cells and
mostly downregulated in DKO MDS cells (Figure 6B). NUP98-
HOXA9 target genes were moderately enriched in DE9-10 GMPs
and strongly enriched inDKOMDSGMPs, but not inDTet2 GMPs
(Figure 6B). In erythroblasts, p53 and MDM4 pathway genes and
apoptosis-related genes were specifically enriched in DKO MDS
cells, but not in DE9-10 or DTet2 cells (Figure 6B). The enrich-
ment of PRC1 target genes, defined by the presence of the
H2AK119ub1mark in LSK cells, was significantly greater inDE9-10
and DKO LSK cells than in WT cells.

Cao et al20 previously demonstrated the upregulation of Cebp
family transcription factor genes and Hoxa cluster genes in DE9-
10 BM cells cultured for 7 days under myeloid stem/progenitor
conditions. They also showed that the expression ofHOXA9 was
significantly upregulated in MDS patients with BCOR loss-of-
function mutations.20 We subsequently validated the expression
of these genes using a quantitative reverse transcription–PCR
analysis. We confirmed that Cebpa and Cebpe genes were
specifically upregulated in LSK cells (Figure 6C), but not in GMPs
(data not shown) in DE9-10 and DKO MDS cells. Conversely,
Hoxa7 and Hoxa9 were upregulated in GMPs (Figure 6D), but
not in LSK cells (data not shown) in DE9-10 and DKO MDS cells.
We also confirmed the significant activation of representative direct
targets of p53 related to cell cycle arrest and apoptosis, such as
Cdkn1a and Bax, in DKO MDS erythroblasts (Figure 6E). These
results correlated well with the growth advantage of DE9-10 and
DKO hematopoietic progenitors and the enhanced apoptosis of
DKO MDS erythroblasts. We then evaluated the contribution of
derepressedHoxa andCebp family genes to the growth advantage
of DKO hematopoietic progenitors. We infected LSK cells from
DKO mice with lentiviruses expressing short hairpin RNAs against
Hoxa7,Hoxa9, orCebpa and cultured them under the same culture

conditions as in Figure 4F. Unexpectedly, single knockdown of
Hoxa7, Hoxa9, or Cebpa failed to attenuate the growth ad-
vantage of DKO cells (supplemental Figure 3). Given that
multiple genes of Cepb and Hoxa families are derepressed in
DKO mice, it is possible that combined knockdown of multiple
family genes is essential to precisely evaluate their effects on
myeloid cell growth.

Bcor insufficiency causes reduction in H2AK119ub1
levels at myeloid-related genes
To understand how BCOR loss deregulated H2AK119ub1
modifications, we performed ChIP-seq analysis of H2AK119ub1
using GMPs from WT, DE9-10, DTet2, and DKO mice 4 weeks
after the deletion of Bcor and/or Tet2. We defined “PRC1 targets”
as genes with H2AK119ub1 enrichment greater than twofold
over the input signals. The loss of BCOR in DE9-10 and DKO
GMPs induced reduction in H2AK119ub1 levels ($1.5-fold) at
a larger number of promoter regions (transcription start site
[TSS] 6 2.0 kb) of PRC1 targets than the loss of TET2 in DTet2
GMPs (Figure 7A). There was a notable overlap of genes that lost
H2AK119ub1 modifications ($1.5-fold) at promoters in DE9-10
and DKO GMPs (Figure 7B). Importantly, a heat map revealed
clear reduction in H2AK119ub1 levels at the promoters of
genes associated with high levels of H2AK119ub1 modifications
(cluster 1 genes) in DE9-10 and DKO GMPs (Figure 7C-D). The
Hoxa7 and Hoxa9 loci, which were derepressed in DE9-10 and
DKO GMPs, showed moderate reduction in H2AK119ub1 levels
in DE9-10 and DKO GMPs (Figure 7E). ChIP quantitative PCR
confirmed that the changes were significant at the Hoxa9 locus
(Figure 7F). We also confirmed that the H2AK119ub1 levels at
the Cebpa promoter were moderately reduced in DE9-10 LSK
cells, whereas they were significantly decreased in DKO LSK
cells (Figure 7F). Unexpectedly, combined loss of BCOR and
TET2 did not enhance the reduction in H2AK119ub1 levels,
suggesting that reduction in H2AK119ub1 levels was mainly
induced by the loss of BCOR.

In order to evaluate the impact of the combined loss of BCOR
and TET2 on DNA methylation, we performed reduced repre-
sentation bisulfite sequencing of GMPs isolated from WT, DE9-
10,DTet2, and DKOmice 4 weeks after the deletion of Bcor and/
or Tet2. We defined differentially methylated cytosines (DMCs)
and regions (DMRs) as those showing significant differences in
methylation levels ($10%, q value,0.05) from those in WT cells
(supplemental Table 3). DTet2 GMPs acquired more hyper-
DMCs and hyper-DMRs than DE9-10 GMPs did (supplemental
Figure 4A-B), but the proportions of hyper-DMCs and hyper-DMRs
were comparable between DTet2 and DKO GMPs. These results
indicate that TET2 loss had a major impact on promoting DNA

Figure 4. Concurrent deletion of Bcor and Tet2 induces inefficient hematopoiesis. (A) Absolute numbers of total BM cells, CD1501CD342LSK HSCs, LSK HSPCs, andmyeloid
progenitors in a unilateral pair of the femur and tibia frommoribundDKOMDSmice (n5 6) and their controls in the same cohort (WT, n5 5;DE9-10, n5 5;DTet2, n5 5). Proportions
of myeloid, B and T cells in BM are shown in the right panel. *P, .05; **P, .01; ***P, .001 by the Student t test. (B) Absolute numbers of BM erythroblasts in a unilateral pair of the
femur and tibia from moribund DKO MDS mice (n5 5) and their controls in the same cohort (WT, n 5 5; DE9-10, n 5 5; DTet2, n 5 5). Proportions of the differentiation stages of
erythroblasts and a representative flow cytometric profile of WT and DKO MDS erythroblasts are shown in the middle and right panels. *P, .05 relative to WT by 1-way analysis of
variance, Tukey’s post hoc test. (C) Percentage of annexin V1 cells in LSK cells and CD711Ter1191 BM erythroblasts inmoribund DKOMDSmice (n5 5) and their controls (WT, n5 5;
DE9-10, n 5 5; DTet2, n 5 5). *P , .05 by the Student t test. (D) Spleen weights of moribund DKO MDS mice (n 5 6) and their controls (WT, n 5 5; DE9-10, n 5 5; DTet2, n 5 5).
(E) Histology of the spleen from WT, DE9-10, DTet2, and DKO MDS mice observed by hematoxylin-eosin staining. Bars represent 100 mm. (F) Growth of WT, DE9-10, DTet2, and
DKO LSK HSPCs in culture. LSK cells purified frommice 1 month after the tamoxifen injection were cultured in triplicate under myeloid cell culture conditions (SCF1 TPO1 IL-31
GM-CSF). ***P, .001; n.s., not significant, by the Student t test. (G) Replating assay data. Five hundred LSK cells were plated in methylcellulosemedium containing 20 ng/mL of SCF,
TPO, IL-3, and GM-CSF. After 12 days of culture, colonies were counted and pooled, and 53 103 cells were then replated in the same medium every 7 days. Data are shown as the
mean 6 SEM. Statistical significance is shown relative to WT. *P , .05; **P , .01; ***P , .001; n.s., not significant, by the Student t test.
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methylation. Nevertheless, a large portion of hyper-DMRs in DKO
GMPs were distinct from those in each single mutant (supplemental
Figure 4C), implying that the combined loss of BCOR and TET2
synergistically promoted DNA hypermethylation and had
a unique impact on the epigenome. Indeed, the expression of
genes with hyper-DMRs, the majority of which were found at the
promoter region (supplemental Figure 4D), was significantly
downregulated in DKOGMPs, but not in DE9-10 and DTet2 GMPs
(supplemental Figure 4E). A considerable portion of genes with
hyper-DMRs at promoters in DKO GMPs (12.2%) overlapped with
those with hyper-DMRs at promoter CpG islands in human CD341

cells from MDS patients26 (supplemental Figure 4F). These results
suggest that DNA hypermethylation also compromised hema-
topoiesis by antagonizing the function of key regulatory genes.

Discussion
In the present study, we confirmed that Bcor insufficiency from
the BcorDE9-10/y allele, like the BcorDE4/y allele, induced T-ALL in
mice. These results indicate that not only the region encoded
by exon 4, which includes the BCL6-binding domain, but also
the C-terminal region, which includes the PCGF1-binding do-
main, are essential for the tumor suppressor function of BCOR
in T lymphocyte malignancies. Furthermore, BcorDE9-10/y mice
weremore severely affected than BcorDE4/ymice, both in terms of
normal hematopoiesis and the rapidity of T-ALL onset, sug-
gesting that BcorDE9-10/y is null and BcorDE4/y hypomorphic. In our
previous study, we confirmed that BcorDE4 lacked binding to
BCL6 but was expressed at high levels and retained binding to
PRC1.1.18 In contrast, BCORDE9-10 could not bind to PRC1.1 and
was expressed at low levels, suggesting that corepressor func-
tion of BCOR for BCL6 was also attenuated. These functional
differences may have caused the phenotypic differences be-
tween DE4 and DE9-10 mice. Many of the pathogenic BCOR
mutations observed in patients with hematological malignan-
cies are analogous to the BcorDE9-10 allele in that they encode
a premature stop codon, which removes the coding potential for
the critical C-terminal region. Thus, we speculated that BcorDE9-10/y

mice may also develop other types of hematological malig-
nancies when combined with other oncogenic mutations. In-
deed, when BcorDE9-10was combined with a Tet2 loss-of-function
allele, we revealed a tumor suppressor function of BCOR in
myeloid malignancies.

The concurrent deletion of Tet2, one of the partner genes fre-
quently comutated with BCOR in MDS patients,16 induced lethal
MDS in mice after a longer latency than T-ALL. Although MDS
clones have a growth advantage and continue to expand in BM,
MDS patients show ineffective hematopoiesis characterized by
impaired differentiation and the enhanced apoptosis of BM cells,

leading to cytopenia.27 The loss of TET2 itself promotes myeloid-
biased hematopoiesis.21 Correspondingly, the concurrent de-
letion of Tet2 enhanced myeloid-biased differentiation and the
growth advantage of Bcor insufficient hematopoietic cells. The
expression levels of Cebp family genes in LSK HSPCs and Hoxa7
and Hoxa9 in GMPs were similar between BcorDE9-10/y and DKO
mice, suggesting that these genes are specific targets of BCOR.
In contrast, p53 target genes were activated specifically in
erythroblasts in MDSmice, but not in Tet2D/D or BcorDE9-10/ymice,
suggesting that the combination of the loss of TET2 and BCOR
not only augments the growth advantage of MDS stem and
progenitor cells, but also induces ineffective hematopoiesis to
establish an MDS state. These results correlated well with the
somatic mutation profiles ofMDS patients.16 Mechanistically, our
findings so far indicate that dysregulated H2AK119ub1 mod-
ifications were mainly induced by the loss of BCOR, while ab-
errant DNAmethylation was mainly induced by the loss of TET2.
Nevertheless, a large portion of hyper-DMRs in DKO GMPs was
distinct from those in each single mutant, implying that the
combined loss of BCOR and TET2 synergistically promoted
aberrant DNA hypermethylation. Although the precise mecha-
nism underlying collaboration between loss of BCOR and TET2
on epigenome needs further analysis, our data implicate dys-
regulation of 2 different epigenetic pathways in the patho-
genesis of MDS induced by concurrent loss of BCOR and TET2.
A previous study reported that patients with truncating BCOR
mutations showed inferior overall survival and a higher cumulative
incidence of AML transformation.8 In AML, BCOR mutations are
highly specific to secondary AML, which develops following an-
tecedent MDS, but are rare in de novo AML. Because BCOR
mutations are also frequent in MDS, BCOR mutations may pri-
marily drive dysplastic differentiation and ineffective hemato-
poiesis observed in MDS without efficiently promoting the
development of frank leukemia. Newly acquired mutations in
genes encoding myeloid transcription factors or members of the
RAS/tyrosine kinase signaling pathway have instead been sug-
gested to promote the progression of MDS to AML.7 In the
present study, some DKO MDS cells progressed to lethal MDS/
MPN during serial transplantation. These results indicate that
DKO MDS clones progress to a preleukemic state possibly with
additional gene mutations. Thus, our model may recapture a part
of chronological disease progression from low-risk MDS to high-
risk MDS and eventually to AML.

Based on our studies using 2 different Bcor mutant mice, BCOR
truncating mutants missing the PRC1 interacting region appear
to have broader impacts on the pathogenesis of hematological
malignancies than the internal deletion mutant lacking the
BCL6-binding domain. These results highlight the pathogenic
role for the dysregulated function of PRC1.1. GSEA revealed the

Figure 5.DTet2DE9-10MDS cells evolve intoMDS/MPNduring serial transplantation. (A) Kaplan-Meier survival curves of recipient mice infused with BM cells fromMDS-3,
MDS-4, andMDS-9 mice and their WT and DTet2 control mice (n5 5 each). The causes of death in DKOmice are indicated by circles or triangles with different colors. (B) PB cell
counts in recipientmice 3months after transplantation (n5 3-5 each). (C) The chimerism of CD45.2 donor cells in PB 3months after transplantation (n5 3-5 each). The proportions
of myeloid (My) (Mac-11 and/or Gr-11), B2201 B cells, and CD41 or CD81 T cells amongCD45.21 donor-derived hematopoietic cells in PB are depicted in the right panels (n5 3-5
each). Data are shown as the mean 6 SEM. Statistical significance is shown relative to WT. *P , .05; **P , .01; ***P , .001 by the Student t test. (D) MDS/MPN developed in
recipients infused with BM from MDS-4 mice. Flow cytometric profiles of MDS/MPN cells in PB, BM, and the spleen. (E) Smear preparation of PB and cytospin preparation from
moribund MDS/MPN (MDS-4) mice after May-Giemsa staining. Hyposegmented neutrophils consistent with a pseudo Pelger-Huët anomaly (arrowhead) in PB and scattered
blasts (arrowheads) in BM are shown. Bars represent 50 and 10 mm, respectively. (F) Kaplan-Meier survival curves of recipient mice infused with LSK cells (1.23 104/mouse, n5 5
each) or GMPs (WT, 1 3 105 to 2 3 105 GMPs per mouse, n 5 4; DKO, 2 3 105 GMPs per mouse, n 5 5) from WT and DKO MDS mice (CD45.21). Purified LSK cells and GMPs
were transplanted into recipient mice sublethally irradiated at a dose of 6.5 Gy. The chimerism of CD45.2 donor cells in PB after transplantation is indicated in the right panel.
MPN, myeloproliferative neoplasms.
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Figure 6. Bcor insufficiency causes the activation of myeloid-related genes. (A) Principal component (PC) analyses based on total gene expression in LSK HSPCs, GMPs, and
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*P , .05; **P , .01; ***P , .001 by the Student t test.
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derepression of PRC1 target genes in DE9-10 LSK cells, and ChIP-
seq of DE9-10 GMPs revealed reduction in H2AK119ub1 levels at
promoters. PRC2 dysfunction is known to be induced by multiple
mechanisms inMDS: somatic mutations of PRC2 component genes
such as EZH2, the loss of EZH2 located at chromosome 7q36.1 by
27/7q- chromosomal abnormalities, and themissplicing ofEZH2by
mutations in spliceosomal genes such as SRSF2 and U2AF1.28 We
also demonstrated that the concurrent depletion of Tet2 and Ezh2
inducedMDS inmice.29 Collectively, these findings suggest that not
only PRC2, but also PRC1.1 has a tumor suppressor function in
myeloid malignancies and that PRC2 and PRC1.1 may regulate
common target genes, the dysregulation of which contribute to the
pathogenesis of MDS. In addition, ASXL1 mutants, frequently
identified in patients with MDS, have recently been demon-
strated to enhance the deubiquitination activity of BAP1 on
H2AK119.30 ASXL1 mutants also induce the transcriptional
activation of Hoxa cluster genes31 as the Bcor mutant in the
present study did. In this regard, the precise regulation of
H2AK119 monoubiquitination by BCOR/PRC1.1 and BAP1/

ASXL1 may involve functional cross talk and be the key to
preventing the transformation of HSPCs.
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