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Bmi1 restricts the adipogenic differe
ntiation of bone marrow stromal cells

to maintain the integrity of the hematopoietic stem cell niche
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The polycomb group protein Bmi1 maintains hematopoietic stem cell (HSC) functions. We

previously reported that Bmi1-deficient mice exhibited progressive fatty changes in bone

marrow (BM). A large portion of HSCs reside in the perivascular niche created partly by

endothelial cells and leptin receptor+ (LepR+) BM stromal cells. To clarify how Bmi1 regu-

lates the HSC niche, we specifically deleted Bmi1 in LepR+ cells in mice. The Bmi1 deletion

promoted the adipogenic differentiation of LepR+ stromal cells and caused progressive fatty

changes in the BM of limb bones with age, resulting in reductions in the numbers of HSCs

and progenitors in BM and enhanced extramedullary hematopoiesis. This adipogenic change

was also evident during BM regeneration after irradiation. Several adipogenic regulator

genes appeared to be regulated by Bmi1. Our results indicate that Bmi1 keeps the adipo-

genic differentiation program repressed in BM stromal cells to maintain the integrity of the

HSC niche. © 2019 ISEH – Society for Hematology and Stem Cells. Published by Elsevier

Inc. All rights reserved.
Hematopoietic stem cells (HSCs) self-renew and differenti-

ate into all blood types, thereby sustaining hematopoiesis

during life. HSC niches are specialized bone marrow (BM)

microenvironments that maintain HSCs and regulate their
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functions. The location of HSCs in BM remains controver-

sial; however, recent studies using BM imaging revealed

that most HSCs reside adjacent to sinusoidal blood vessels,

arterioles, and transition zone vessels, suggesting that HSCs

are maintained mostly in the perivascular niche [1−5].
CXC-chemokine ligand 12 (CXCL12) is one of the critical

niche factors required for maintaining HSCs [6]. Perivascu-

lar stromal cells expressing high levels of CXCL12 have

been characterized as CXCL12-abundant reticular (CAR)

cells) [6]. On the other hand, the vast majority of perivas-

cular stromal cells, which express SCF and CXCL12, may

be identified as leptin receptor-expressing cells (LepR+

cells) [7]. CAR cells and LepR+ cells are considered to

represent very similar cell populations. Functionally, LepR+

cell-derived SCF and CXCL12 are required for maintaining

HSC pool sizes and mobilization, respectively [8−10].
LepR+ cells, which include skeletal stem cells (SSCs), give
by Elsevier Inc. All rights reserved.
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rise to the majority of bone and adipocytes formed in BM

[7,11]. The accumulation of adipocytes in BM progresses

with aging, particularly in humans, and has been proposed

to cause dysfunctions in BM microenvironments, thereby

compromising hematopoiesis [12,13].

Polycomb-group (PcG) proteins form multiprotein com-

plexes that play a key role in the initiation and mainte-

nance of gene silencing through histone modifications

[14,15]. Canonical polycomb repressive complex 1 (PRC1)

and PRC2 have been characterized in detail, and they

exhibit catalytic activities that are specific to the mono-

ubiquitination of histone H2A at lysine 119 (H2AK119ub1)

and the mono-, di-, and trimethylation of H3 at lysine

27 (H3K27me1/2/3), respectively. After the recruitment

of PRC2 to chromatin, PRC2 trimethylates H3K27

(H3K27me3), which, in turn, recruits canonical PRC1 via

the CBX subunit that binds to H3K27me3. We and others

previously reported that Bmi1/Pcgf4, a core component of

PRC1, is cell-autonomously required for the self-renewal

of HSCs by transcriptionally repressing the Cdkn2a locus

[16−18]. We also found that Bmi1D/D BM exhibited pro-

gressive fatty changes and failed to support the reconstitu-

tion of HSCs, indicating a role for Bmi1 in the regulation

of the HSC niche. Based on these findings, we hypothe-

sized that Bmi1 regulates self-renewing HSCs in cell-auton-

omous and non−cell-autonomous manners. However, the

niche cells that require Bmi1 to support HSC functions

have not yet been identified, and the mechanisms by which

Bmi1 regulates HSC niche cells remain unclear.

In the present study, we generated a mouse line in

which Bmi1 was specifically deleted in LepR+ BM stro-

mal cells (BMSCs) (Bmi1fl/fl; LepR-Cre) and found that

the Bmi1 deletion promoted the adipogenic differentia-

tion of LepR+ BMSCs in BM and reduced the HSC

pool size moderately. Expression profiling and ChIP

sequences of the PRC1 mark, H2AK119ub1, identified

regulators of adipogenesis, such as Nf2f2 and Hox fam-

ily genes, as direct downstream targets of Bmi1. The

present results provide a novel function for Bmi1 in

the maintenance of HSCs.
Methods

Mice

The conditional Bmi1 allele (Bmi1fl), which contains LoxP

sites flanking Bmi1 exons 2 and 7, was generated. LepR-Cre

mice were purchased from the Jackson Laboratory and
Figure 1. Deletion of Bmi1 in LepR+ stromal cells promotes adipogenic

locus in control and Bmi1DLepR BM LepR+ stromal cells. (B) A quantita

LepR+ cells from 6-month-old mice. mRNA levels were normalized to H

mean § SD of triplicate analyses. ***p < 0.001 by Student’s t test. (C, D

and femurs (D) from 4-, 6-, and 10-month-old mice. Images with the hig

Bars = 1 mm and 200 mm, respectively. (E) Adipocyte areas at epiphysis

were quantified by analyzing images of bone sections stained with hemato

total tissue areas. Data are expressed as the mean § SD. ***p < 0.001 by S
backcrossed at least six times onto a C57BL/6 (CD45.2) back-

ground. Bmi1fl/fl mice were crossed with LepR-Cre mice (JAX

Lab, Bar Harbor, ME, No. 008320) to achieve the conditional

deletion of Bmi1. C57BL/6 mice congenic for the Ly5 locus

(CD45.1) were purchased from Sankyo-Lab Service (Tsukuba,

Japan). Age-matched female pairs were analyzed in each

experiment unless otherwise specified in the figure legends.

All experiments using mice were performed in accordance

with our institutional guidelines for the use of laboratory ani-

mals and approved by the Review Board for Animal Experi-

ments of Chiba University (Approval ID: 30-56).
Statistical analysis

Statistical tests were performed using Graph Pad Prism Ver-

sion 6. The significance of differences was measured with

Student’s t test. Data are expressed as the mean §
SD. Significance was taken at values of p < 0.05, p < 0.01,

and p < 0.001.
Deposition of data

RNA sequence and ChIP sequence data were deposited in the

DNA Data Bank of Japan (DDBJ) (Accession No.

DRA007413).
Results

Deletion of Bmi1 in LepR+ BMSCs promotes

adipogenic differentiation

To clarify the role of Bmi1 in niche cells, we generated

a mouse line in which Bmi1 exons 2 to 7 were specifi-

cally deleted in leptin receptor+ (LepR+) BMSCs

(Bmi1fl/fl; LepR-Cre). We confirmed the efficient dele-

tion of Bmi1 in LepR+ cells by an RNA sequence anal-

ysis (Figure 1A) and real-time reverse transcription

quantitative polymerase chain reaction (RT-qPCR)

(Figure 1B). In contrast, Bmi1 expression in HSCs was

not changed in 3-month-old Bmi1DLepR mice compared

with control mice (control 18.8 vs. Bmi1DLepR 20.9

reads per kilobase of exons per million mapped reads

[RPKM]). We hereafter refer to LepR-Cre; Bmi1fl/fl

mice as Bmi1DLepR mice. We used Bmi1fl/fl mice as

controls and confirmed that their BM phenotypes were

almost identical to those of Bmi1wt/wt; LepR-Cre mice

(Supplementary Figure E1A, online only, available at

www.exphem.org). Bmi1DLepR mice were born and

grew healthy. Cre activity has also been detected in the

hypothalamus, limbic and cortical brain regions, and

retrosplenial cortex in LepR-Cre mice. Although
differentiation. (A) Snapshots of RNA-seq signals at the Bmi1 gene

tive RT-PCR analysis of Bmi1 expression in control and Bmi1DLepR

prt1 expression, and relative expression levels are expressed as the

) Hematoxylin and eosin staining of sections of decalcified tibias (C)

her magnifications of boxed areas are depicted in the right panels.

of tibias and femurs from 10-month-old mice boxed in (C) and (D)

xylin and eosin using the software ImageJ and are shown relative to

tudent’s t test.

http://www.exphem.org
https://doi.org/10.1016/j.exphem.2019.07.006
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Figure 2. Reduction in the HSC pool size in Bmi1DLepR mice. (A) White blood cell (WBC), red blood cell (RBC), hemoglobin (Hb), and plate-

let (PLT) counts in the PB of 11-month-old control and Bmi1DLepR mice (n = 9). (B) Proportions of myeloid cells (My) (Mac-1+ and/or Gr-1+),

B220+ B cells, and CD4+ or CD8+ T cells in PB hematopoietic cells (n = 9). (C−F) Absolute numbers of total BM cells (C), frequency of

CD150+CD48�CD34�LSK HSCs and their absolute numbers (D), and absolute numbers of MPPs (E) and myeloid progenitors (F) in femurs

(n = 8 or 9) and tibias (n = 8 or 9) from 11-month-old control and Bmi1DLepR mice. (G) Percentages of Annexin V+ cells in LSK HSPCs in tibias

and femurs from 10-month-old control and Bmi1DLepR mice (n = 5). (H) Cell cycle status of HSCs in tibias and femurs from 10-month-old con-

trol and Bmi1DLepR mice detected by Ki67 and 7AAD staining (n = 5). Data are expressed as the mean § SD. The significance of differences is

shown relative to the Bmi1fl/fl control mice. * p < 0.05, **p < 0.01 by Student’s t test.
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Bmi1DLepR mice did not show obvious abnormalities in

behavior and food intake, they had more adipose mass

and gained more body weight than control mice with

age (Supplementary Figure E1B, C).

We initially analyzed the histology of femurs and

tibias from 4-, 6-, and 10-month-old Bmi1DLepR mice

and found that Bmi1DLepR BM exhibited adipogenic

changes, which occurred from the epiphysis and gradu-

ally progressed to the diaphysis with age (Figure 1C,

D). Adipogenic changes were more severe in tibias

than in femurs (Figure 1C, D), but were not evident in

sternums (Supplementary Figure E2, online only, avail-

able at www.exphem.org). Of interest, the frequency of

LepR+ BMSCs in sternums was more than fivefold

lower than that in long bones (data not shown). Immu-

nostaining of Perilipin, a protein that coats lipid drop-

lets in adipocytes, also revealed accumulation of

adipocytes in Bmi1DLepR tibia. Conversely, the numbers

of CD144/VE-Cadherin+ endothelial cells were reduced

in Bmi1DLepR tibias compared with the control tibias

(Supplementary Figure E3, online only, available at
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mice. Sixty CD45.2+ CD150+CD48�CD34�LSK HSCs from 2-, 6-, and 10-

irradiated CD45.1+ recipient mice along with 2£ 105 CD45.1+ WT BM c

(n = 4 or 5). (B) The proportions of myeloid (My) (Mac-1+ and/or Gr-1+

hematopoietic cells in PB 6 months after transplantation (n = 4 or 5). (C)

HSCs (n = 4 or 5). Data are expressed as the mean § SD. The significance

0.01 by Student’s t test.
www.exphem.org). These results indicated that the loss

of Bmi1 promoted the adipogenic differentiation of

LepR+ BMSCs, particularly in long bones.

Reductions in the HSC pool size in Bmi1DLepR mice

To examine the effects of adipogenic changes in BM

on hematopoiesis in Bmi1DLepR mice, we analyzed

hematopoiesis in 11-month-old Bmi1DLepR mice. These

mice exhibited mild anemia and slight reductions in

the proportion of B lymphocytes in peripheral blood

(PB) (Figure 2A, B). BM cellularity in tibias and

femurs was significantly lower in Bmi1DLepR mice than

in control mice (Figure 2C). Absolute numbers, but not

the frequencies of CD150+CD48�CD34�Lin�Sca1+c-
Kit+ (LSK) HSCs, were similarly reduced; however,

those in the femurs of Bmi1DLepR mice were only

slightly lower than those in control femurs

(Figure 2D). Reductions in the numbers of multipotent

progenitors were also more evident in tibias than in

femurs from Bmi1DLepR mice than those from control

mice, while the numbers of myeloid progenitors did
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not markedly change in the absence of Bmi1

(Figure 2E, F). Annexin staining of LSK hematopoietic

stem and progenitor cells (HSPCs) and Ki67 staining

of CD150+CD48�CD34�LSK HSCs from 10-month-old

mice revealed no significant changes in apoptosis or

the cell cycle status between control and Bmi1DLepR

mice (Figure 2G, H). Of note, hematopoiesis in 4-

month-old Bmi1DLepR mice was largely intact (Supple-

mentary Figure E4, online only, available at www.

exphem.org). These results indicated that the fatty

change in BM triggered by the loss of Bmi1 in LepR+

BMSCs progressed with age and reduced the HSPC

pool size moderately.

Despite impaired hematopoiesis in BM, overall hemato-

poiesis was maintained nearly intact, suggesting compensa-

tion by extramedullary hematopoiesis. Spleen and liver

from 13-month-old Bmi1DLepR mice were moderately

enlarged (Supplementary Figure E5A, online only, avail-

able at www.exphem.org), and histological analyses

revealed that extramedullary hematopoiesis was active in

the spleen, whereas it was minimal in the liver (Supple-

mentary Figure E5B). Flow cytometric analyses of the

spleen revealed active myelopoiesis (Supplementary Figure

E5C) and a significant increase in the number of LSK

HSPCs in the spleen of Bmi1DLepR mice compared with

control mice (Supplementary Figure E5D). Myeloid pro-

genitors were also increased, albeit with no statistical sig-

nificance (Supplementary Figure E5E). We then performed

homing assays. We transplanted 5£ 105 WT CD45.1 c-

Kit+ cells into non-irradiated control and Bmi1DLepR mice

and analyzed the presence of LSK cells in femur, tibia,

and spleen 4 hours after transplantation. The numbers of

LSK cells detected in BM and spleen of young control

and Bmi1DLepR recipients (2-month-old) were comparable

(Supplementary Figure E6, online only, available at www.

exphem.org). In contrast, those of LSK cells detected were

significantly lower in BM of 13-month-old Bmi1DLepR

recipient mice than in the age-matched control recipient

mice (Supplementary Figure E6, online only, available at

www.exphem.org). These data indicate that advanced adi-

pogenic changes compromise the homing of HSPCs and

cause egression of a portion of HSPCs from BM to other

organs to initiate compensatory hematopoiesis.
Figure 4. Hematopoietic regeneration in Bmi1DLepR mice. (A) Strategy f

CD45.1 BM cells (3£ 106) from wild-type mice were transplanted into let

PB cell counts in nonirradiated mice or at 2, 4, or 8 weeks after irradiation

loid (My) (Mac-1+ and/or Gr-1+), B220+ B, and CD4+ or CD8+ T cells amo

ated mice or at 8 weeks after irradiation and transplantation (n = 11). (D)

femurs from recipient mice 8 weeks after irradiation and transplantation. B

sis were quantified by analyzing images of bone sections stained with hem

to total tissue areas. (F) Absolute numbers of total BM cells per femur o

Frequency of CD150+CD48�CD34�LSK HSCs (G) and LSK cells (H) and

or tibia (n = 11) from recipient mice 8 weeks after irradiation and transplan
fl control. Data are expressed as the mean § SD. The significance of dif

**p < 0.01, ***p < 0.001 by Student’s t test.
HSCs in Bmi1DLepR mice maintain a normal

repopulating capacity

To test the repopulating capacity of HSCs in Bmi1DLepR

mice, we performed competitive repopulation assays

using 60 CD45.2+ HSCs (CD150+CD48�CD34�LSK)
from the femurs and tibias of 2-, 6-, or 10-month-old

Bmi1DLepR mice combined with 2£ 105 competitor BM

cells from CD45.1 mice. The capacity of donor HSCs

to repopulate PB hematopoietic cells in recipient mice

declined with the aging of donor mice; however, HSCs

from Bmi1DLepR mice repopulated PB hematopoietic

cells, including myeloid, B, and T cells, at levels simi-

lar to those from age-matched control mice (Figure 3A,

B). Correspondingly, the chimerism of Bmi1DLepR

donor cells in HSCs in recipient BM was similar to

that of the control (Figure 3C). These results indicated

that the loss of Bmi1 affected the HSC pool size, but

not HSC function.

We next analyzed the function of progenitor cells.

Because the hematopoiesis in 4-month-old young

Bmi1DLepR mice was almost intact, we analyzed pro-

genitor cells in 8-week-old mice. We first evaluated the

numbers of colony-forming units in tibias and found no

significant difference between control and Bmi1DLepR

mice (Supplementary Figure E7A, online only, avail-

able at www.exphem.org). We next transplanted BM

cells from tibias into lethally irradiated recipient mice.

BM cells from Bmi1DLepR mice showed normal repopu-

lation capacity of hematopoiesis and repopulated com-

parable numbers of MPPs and myeloid progenitors to

control mice in recipient mice 4 weeks after transplan-

tations (Supplementary Figure E7B−D). These results

indicate that progenitor cells in Bmi1DLepR mice are

functionally intact.

Hematopoietic regeneration in Bmi1DLepR mice

To test the capability of LepR+ BMSCs lacking Bmi1 to

support the regeneration of the hematopoietic system, BM

cells from CD45.1 mice were transplanted into lethally

irradiated 8-week-old control or Bmi1DLepR mice

(Figure 4A). The loss of Bmi1 in LepR+ BMSCs did

not have any impact on blood cell counts in 8-week-old

recipients before irradiation (0 weeks in Figure 4B).
or the analysis of regeneration after irradiation in Bmi1DLepR mice.

hally irradiated 2-month-old CD45.2 Bmi1fl/fl or Bmi1DLepR mice. (B)

and transplantation (n = 11 or 12). (C) The absolute numbers of mye-

ng CD45.1+ donor-derived hematopoietic cells in PB from nonirradi-

Hematoxylin and eosin staining of sections of decalcified tibias and

ars = 200 mm, 500 mm, and 1 mm. (E) Adipocyte areas at the epiphy-

atoxylin and eosin using the software ImageJ and are shown relative

r tibia 8 weeks after irradiation and transplantation (n = 11). (G−I)

their absolute numbers, and absolute numbers of MPPs (I) per femur

tation. The significance of differences is shown relative to the Bmi1fl/

ferences is shown relative to the Bmi1fl/fl control mice. * p < 0.05,
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Bmi1DLepR recipients showed delayed recovery of WBC

counts (Figure 4B) and mild, but significantly greater

reductions in the percentages of B cells in PB than control

recipients (Figure 4C), although these phenotypes were

largely attenuated 20 weeks after transplantation (Supple-

mentary Figure E8, online only, available at www.exphem.

org). BM analyses also revealed greater reductions in BM

cellularity in Bmi1DLepR recipients than in control recipi-

ents 8 weeks after transplantation because of advanced

fatty changes in tibias and femurs (Figure 4D−F). Accord-
ingly, BM analyses revealed greater reductions in the num-

bers of HSCs, LSK HSPCs, and multipotent progenitors

(MPPs) in Bmi1DLepR recipients than in control recipients,

with the reductions observed in tibias, but not in femurs,

being significant (Figure 4G−I). These results indicated

that irradiation promoted the adipogenic differentiation of

LepR+ stromal cells and that Bmi1 was required for

LepR+ stromal cells to fully support hematopoietic regen-

eration in the setting of transplantation following myeloa-

blative preconditioning, such as irradiation. In this study,

we transplanted 3£ 106 viable total BM cells, which

included CD150+CD48�CD34�LSK HSCs, LepR+

BMSCs, and PDGFRa+CD31�CD45�Ter119� BMSCs at

the frequencies of 0.002%, 0.01%, and 0.2%, respectively.

It is possible that WT BMSCs included in donor BM cells

engrafted and ameliorated the adipogenic changes of

Bmi1DLepR recipient mice to some extent.

Bmi1 restricts the adipogenic differentiation of stromal

cells

To test whether Bmi1 regulates the adipogenic differ-

entiation of BMSCs in a cell-autonomous manner, we

purified control and Bmi1DLepR LepR+ BMSCs (CD45�

Ter119�Lepr+Sca1�CD31�) (Supplementary Figure

E9A, online only, available at www.exphem.org).

LepR+ BMSCs expressed Cxcl12, Kitl, and Foxc1 as

reported [10,19], but not endothelial cell genes, such as
Figure 5. Bmi1 restricts the adipocyte differentiation of BMSCs. (A) G

BMSCs (CD45�Ter119�Lepr+Sca1�CD31�) were sorted from 8-week-old m

per well of 96 microtiter plates at day 10 of culture are depicted (left pan

and stained with anti-BrdU antibody and DAPI. Microscopic images of Br

BrdU+DAPI+ cells are depicted in the right panel. Data are expressed as th

LepR+ BMSCs. Control and Bmi1DLepR LepR+ BMSCs were cultured for 11

with Oil Red O. Microscopic images are depicted in the left panels. The ab

Data are expressed as the mean § SD of triplicate cultures. (C) Knockdow

qPCR analysis. 3T3-L1 preadipocytes were infected with lentiviruses exp

GFP-positive cells were then sorted by flow cytometry 48 hours after trans

(D) Growth of Bmi1 knockdown 3T3-L1 cells. Sorted cells were cultured in

licates. (E) Cell cycle of Bmi1 knockdown 3T3-L1 cells. Growing cells w

BrdU antibody and 7-AAD. Representative flow cytometric profiles are dep

panel. Data are expressed as the mean § SD of triplicate analyses. (F) Ad

were cultured in medium with an adipogenic cocktail. Cells were stained

The absorbance of the dye extracted from cells on day 10 of the culture is

triplicate cultures. (G) Expression of adipogenic regulator genes in Bmi1 k

an adipogenic cocktail. On day 4 of the culture, the expression of adipog

were normalized to Hprt1 expression, and relative expression levels are

*p < 0.01, ***p < 0.001 by Student’s t test.
Endomucin and Tie2. LepR+ BMSCs also expressed

osteoblastic genes such as Osterix as recently reported

[20] (Supplementary Figure E9B). We then cultured

these cells. Of note, Bmi1DLepR LepR+ cells proliferated

poorly in maintenance medium while control cells did

(Figure 5A). Interestingly, Bmi1DLepR LepR+ cells

showed enhanced adipogenic differentiation compared

with control cells under adipogenic differentiation con-

ditions (Figure 5B).

We next tested the mouse fibroblast cell line, 3T3-

L1, which has the potential to differentiate into adipo-

cytes [21]. We depleted Bmi1 in 3T3-L1 cells by

infecting them with shRNAs against a Luciferase (Luc)

control or Bmi1 (Figure 5C). Knockdown cells were

first cultured in maintenance medium. Cell growth of

Bmi1 knockdown cells was mildly but significantly

impaired compared with that of control cells

(Figure 5D, E). We then cultured them for 10 days in

adipocyte differentiation medium. Oil Red O staining

revealed significantly higher levels of lipid accumula-

tion in Bmi1-depleted cells than in the control cells, as

evaluated by microscopically representative fields and

the absorbance of the dye extracted from these cells

(Figure 5F). Furthermore, the expression of adipocyte

marker genes, such as Pparg and Cebpa, was induced

in Bmi1-depleted cells (Figure 5G). These results

clearly showed that the inhibition of Bmi1 promoted

the adipocyte differentiation of BMSCs.

Profiling of target genes of Bmi1 in BMSCs

Bmi1 is a core component of PRC1, which negatively reg-

ulates gene expression by adding H2AK119ub1 at the pro-

moters of its target genes. To elucidate the molecular

mechanisms underlying the adipogenic differentiation of

BMSCs induced by the loss of Bmi1, chromatin immuno-

precipitation DNA sequencing (ChIP-seq) for H2AK119ub1

was performed using BM LepR+ BMSCs purified from
rowth of Bmi1DLepR LepR+ BMSCs. Control and Bmi1DLepR LepR+

ice and cultured in maintenance medium for 10 days. Cell numbers

el). The cells were then labeled with 10 mmol/L BrdU for 24 hours

dU and DAPI are depicted in the middle panels. The proportions of

e mean § SD of triplicate cultures. (B) Adipogenic differentiation of

days under adipogenic differentiation conditions. Cells were stained

sorbance of the dye extracted from cells is shown in the right panels.

n efficiencies evaluated by detecting Bmi1 mRNA expression by RT-

ressing shRNA against either luciferase (Luc; control) or Bmi1, and

duction. Data are expressed as the mean § SD of triplicate analyses.

maintenance medium, counted, and replated every 3−4 days in trip-

ere labeled with 10 mmol/L BrdU for 3 hours and stained with anti-

icted in the upper panel. Cell cycle distribution is shown in the lower

ipocyte differentiation of Bmi1 knockdown 3T3-L1 cells. Sorted cells

with Oil Red O. Microscopic images are depicted in the left panels.

shown in the right panels. Data are expressed as the mean § SD of

nockdown 3T3-L1 cells. Sorted cells were cultured in medium with

enic regulator genes was examined by RT-qPCR. All mRNA levels

expressed as the mean § SD of triplicate analyses. *p < 0.05,
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Figure 6. Profiling of target genes of Bmi1 in BM stromal cells. (A) Heatmap showing H2AK119ub1 levels around the TSS (TSS § 10.0 kb) in

control and Bmi1DLepR BM LepR+ cells from 2-month-old male mice. (B) Scatterplots revealing the relationship of the fold enrichment values of
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control and Bmi1DLepR mice. A heatmap showed that

H2AK119ub1 levels around the transcription start site

(TSS) were moderately reduced by the Bmi1 deletion

(Figure 6A). We then calculated the enrichment of

H2AK119ub1 ChIP signals over input signals at the pro-

moter region (TSS § 2.0 kb) of RefSeq genes and assessed

the relationship between control and Bmi1DLepR cells
(Figure 6B). We defined the 11,908 genes that exhibited

more than a 1.5-fold enrichment in H2AK119ub1 signals

in WT cells as PRC1 target genes (PRC1 TG). Among

PRC1 TG, 3,581 genes showed reductions in H2AK119ub1

levels of >1.5-fold by the loss of Bmi1. RNA sequencing

(RNA-seq) revealed that the expression levels of 4,041

genes were upregulated by >1.5-fold in the number of

https://doi.org/10.1016/j.exphem.2019.07.006
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Figure 7. Validation of Bmi1 target genes in BM stromal cells. (A) Snapshots of the ChIP-seq signals of H2AK119ub1 at the Nr2f2 gene, Hoxa
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RPKM (Figure 6C). To identify the direct target of Bmi1

responsible for aberrant adipogenesis in Bmi1DLepR BMSCs,

we focused on the 559 genes that displayed both the down-

regulation of H2AK119ub1 (<0.67-fold) and the upregula-

tion of gene expression upon the Bmi1 deletion (>1.5-fold)
(Figure 6D, E). The expression of mature adipocyte marker

genes, such as Ppargc1, Cebpa, Slc2a4, and Plin1, was not

upregulated in Bmi1-deficient LepR+ cells. In contrast, sev-

eral pre-adipocyte genes, such as Fabp4 and Zfp423, were

upregulated (Figure 6E; Supplementary Table E1, online

only, available at www.exphem.org), suggesting that LepR+

BMSCs are primed for adipogenesis in the absence of

Bmi1. On the other hand, a gene ontology (GO) analysis

of the 559 potential Bmi1 target genes showed that they

were enriched in genes associated with transcription or

development, including Nr2f2 (also known as Coup-TfII)

and Hox family genes (Figure 6F).

Nr2f and Hox family genes have been implicated in

the transcriptional regulation of adipocyte differentiation [22

−24]. They showed reductions in H2AK119ub1 levels at their
promoters in LepR+ BMSCs from 2-month-old Bmi1DLepR

mice (Figure 7A, B). Although their expression was only

moderately activated in 2-month-old mice, it became evi-

dently activated in 6-month-old mice (Figure 7C). RT-qPCR

and l ChIP qPCR analyses confirmed the de-repression of

Nr2f1 and Nr2f2 and reductions in H2AK119ub1 levels at

their promoters in Bmi1-deficient LepR+ BMSCs (Figures 7E,

F). Nr2f2 directly and negatively regulates Ppargc1a, which

encodes the metabolic regulator peroxisome proliferator-

activated receptor g coactivator 1-a (PGC-1a) [23]. Nr2f2

has been shown to bind to the Ppargc1a promoter at the

promoter region 2 kb upstream of the transcriptional start

site [23]. We also detected the binding of Nr2f2 to the

Ppargc1a promoter (Figure 7G). PGC-1a has recently

been reported to be downregulated with aging in SSCs,

and its loss promotes the adipogenic differentiation of

murine SSCs in BM [25]. Of note, Ppargc1a was signifi-

cantly downregulated in Bmi1-deficient LepR+ BMSCs

with age (Figure 7D). These results suggest that Nr2f2 and

Hox family genes are among the candidate targets of Bmi1

responsible for the regulation of adipogenic differentiation

in LepR+ BMSCs.

Discussion

In the present study, we examined mice lacking Bmi1 in

LepR+ BMSCs, which include SSCs that are capable of

differentiating into adipocytes in BM [7,11], and demon-

strated that the Bmi1 deletion promoted adipogenic changes
qPCR assays for H2AK119ub1 at the promoters of Nr2f1 and Nr2f2 in co

The relative amounts of immunoprecipitated DNA are depicted as percenta

analyses. (G) ChIP qPCR assays for Nr2f2 binding to the Ppargc1a promo

those transduced with a 3xFlag-Nr2f2 virus. ChIP assays were performed u

tated DNA are depicted as percentages of input DNA. Data are expressed a

the Student’s t test.
in BM with age or after irradiation, resulting in reductions

in BM cellularity and HSC numbers. We previously

reported that Bmi1 germ line knockout mice (Bmi1D/D) had

severely hypoplastic fatty marrow 8 weeks after birth [18].

The adipogenic changes observed in Bmi1DLepR mice in the

present study were milder than those in Bmi1D/D mice.

This may have been because other mesenchymal cells com-

pensated for defective LepR+ cells in Bmi1DLepR mice.

HSC depletion was previously reported to be more severe

when Cxcl12 was conditionally deleted using paired-related

homeobox 1 (Prrx1)-Cre, which is widely expressed in

mesenchymal components, including LepR+ stromal cells,

osteoblasts, and other types of stromal cells, than LepR-Cre

[26]. Indeed, the recently reported deletion of Bmi1 using

Prrx1-Cre induced more severe adipogenic changes in BM

than the present study, with several different impacts on

HSCs [27]. Together with this recent report, the present

results clearly show that Bmi1 plays a critical role in the

maintenance of LepR+ BMSCs by restricting their adipo-

genic differentiation. Adipocyte-enriched yellow BM fol-

lowed by hematopoietic failure is a hallmark of aging.

Age-associated adipocyte accumulation is more evident in

long bones than in flat bones. In this regard, Bmi1DLepR

mice recapitulated age-associated fatty changes in BM.

Dysfunctions in or the reduced expression of BMI1 in

BMSCs may, at least partially, account for the advanced

fatty changes that occur in human BM with aging.

Irradiation and chemotherapy not only deplete HSCs but

also disrupt their niche by destroying sinusoidal blood ves-

sels and depleting stromal cells [28−31]. During niche

regeneration, adipocytes become abundant in BM. Adipo-

cyte progenitors, which are marked by adiponectin-CRE/

ER and represent 5% of LepR+ cells, proliferate after irra-

diation [32]. In the present study, the loss of Bmi1 clearly

promoted adipogenic regeneration after irradiation, suggest-

ing that Bmi1 restricts the differentiation of adipocyte pro-

genitors. Although the accumulation of adipocytes in BM

generally results in the depletion of HSCs, it differentially

regulates HSC functions; sustained adipogenesis negatively

regulates HSC frequency and hematopoietic regeneration,

while transient adipogenesis after myeloablation in long

bones promotes hematopoietic regeneration by secreting

stem cell factor (SCF) [12,32]. Correspondingly, although

Bmi1DLepR mice had lower numbers of HSCs and progeni-

tors because of the greater numbers of adipocytes in the

long bones, residual HSCs retained an intact repopulation

capacity. Because we used the LepR-Cre system,

Bmi1DLepR mice had more adipose mass and gained more
ntrol and Bmi1DLepR BM LepR+ cells from 2-month-old male mice.

ges of input DNA. Data are expressed as the mean § SD of triplicate

ter in 3T3-L1 cells transduced with a pMYs empty vector virus and

sing an anti-Flag antibody. The relative amounts of immunoprecipi-

s the mean § SD of triplicate analyses. *p < 0.05, ***p < 0.001 by
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body weight than control mice with age. Enhanced adipos-

ity may have had an impact on HSCs systemically to some

extent in addition to the local effect of BM adipocytes.

Although promoters of as many as 11,908 genes

were marked with H2AK119ub1 in the ChIP-seq analy-

sis of LepR+ stromal cells, only 3,581 genes showed

reductions in H2AK119ub1 levels upon the Bmi1 dele-

tion. These results suggested the independent or redun-

dant functions of other types of PRC1 in gene

silencing. Traditionally, H2AK119ub1 was considered

to be induced by Bmi1-containing PRC1, which is

recruited to their target genes in a manner that is

dependent on PRC2-mediated H3K27me3 modifica-

tions. On the other hand, noncanonical PRC1 com-

plexes were recently identified that also catalyze

H2AK119ub1 and are recruited independently of PRC2

[14,33,34]. The broad distribution of H2AK119ub1 and

limited effects of the Bmi1 deletion on H2AK119ub1

levels suggest that noncanonical PRC1 complexes con-

tribute largely to the maintenance of gene expression

in BM stromal cells. Nevertheless, the 3,581 genes

exhibiting reductions in H2AK119ub1 levels in Bmi1-

deficient stromal cells were considered to contain the

critical targets of Bmi1 in the regulation of adipogene-

sis. Of note, Nr2f2 and Hox gene family members were

found among the 559 genes, which exhibited reductions

in H2AK119ub1 levels and the upregulation of gene

expression upon the Bmi1 deletion. Nr2f2 and Hox

gene family members have been implicated in adipo-

genesis [22−24]. Most of the genes in the HOX net-

work are active in white as well as brown adipose

tissues [22,24]. Nr2f2 is a family member of the ste-

roid/thyroid nuclear receptor family of ligand-depen-

dent transcription factors. The hemizygous Nr2f2

deletion in mice perturbed adipocyte differentiation

[23]. In line with the de-repression of Nr2f2, the

expression of its direct and negative target gene

Ppargc1a, which encodes Pgc-1a, was weaker in Bmi1-

deficient cells than in control cells. PGC-1a is downre-

gulated with aging in SSCs, and its loss promotes the

adipogenic differentiation of murine SSCs in BM [25].

In this study, Bmi1 did not appear to directly target

canonical adipogenesis regulator genes, such as

Ppargc1 and Cebpa. Therefore, it still remains obscure

how Bmi1 restricts the adipogenic differentiation. In

this regard, the role of Nr2f2 and Hox gene family

members in the maintenance of LepR+ BMSCs should

be further characterized.

Our present findings clearly showed that Bmi1 is essen-

tial for niche cells. Bmi1 was shown to restrict adipogenic

differentiation of BMSCs to maintain the integrity of the

HSC niche, as does its differentiation program in HSCs by

repressing transcription of developmental regulator genes

[18]. Various hematopoietic stresses not only damage

hematopoietic cells but also induce adipogenic changes in
BM, such as aging, irradiation, and exposure to anti-cancer

agents. These hematopoietic stresses may compromise the

function of Bmi1 in niche cells to activate the adipogenic

differentiation program, thereby further promoting hemato-

poietic damage. It will be interesting to address this ques-

tion in future studies and further elucidate the mechanisms

that regulate the integrity of BM niche cells.
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