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Bone marrow is the tissue filling the space between bone surfaces. Hematopoietic stem cells (HSCs) are maintained
by special microenvironments known as niches within bone marrow cavities. Mesenchymal cells, termed CXC
chemokine ligand 12 (CXCL12)-abundant reticular (CAR) cells or leptin receptor-positive (LepR") cells, are a major
cellular component of HSC niches that gives rise to osteoblasts in bone marrow. However, it remains unclear how
osteogenesis is prevented in most CAR/LepR" cells to maintain HSC niches and marrow cavities. Here, using lineage
tracing, we found that the transcription factor early B-cell factor 3 (Ebf3) is preferentially expressed in CAR/LepR*
cells and that Ebf3-expressing cells are self-renewing mesenchymal stem cells in adult marrow. When Ebf3 is deleted
in CAR/LepR" cells, HSC niche function is severely impaired, and bone marrow is osteosclerotic with increased
bone in aged mice. In mice lacking Ebf1 and Ebf3, CAR/LepR" cells exhibiting a normal morphology are abundantly
present, but their niche function is markedly impaired with depleted HSCs in infant marrow. Subsequently, the
mutants become progressively more osteosclerotic, leading to the complete occlusion of marrow cavities in early
adulthood. CAR/LepR" cells differentiate into bone-producing cells with reduced HSC niche factor expression in the
absence of Ebf1/Ebf3. Thus, HSC cellular niches express Ebf3 that is required to create HSC niches, to inhibit their
osteoblast differentiation, and to maintain spaces for HSCs.
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Bone marrow is the tissue filling the space between bone
surfaces. Hematopoietic stem cells (HSCs), which give
rise to all blood cells, including immune cells, are main-
tained and regulated by special microenvironments
known as niches in the bone marrow cavity (Li and Clev-
ers 2010; Ehninger and Trumpp 2011; Nagasawa et al.
2011; Mercier et al. 2012; Morrison and Scadden 2014;
Boulais and Frenette 2015). The identity of HSC niches
has been a subject of long-standing debate, and recent
studies have identified diverse candidate cells that may
constitute a niche for HSCs. Rare cell populations, includ-
ing osteoblasts lining the bone surface (Calvi et al. 2003;
Zhang et al. 2003), periarteriolar nestin"NG2* mesenchy-
mal stem cells (Méndez-Ferrer et al. 2010; Kunisaki et al.
2013; Itkin et al. 2016; Kusumbe et al. 2016), CD45~ line-
age marker-negative (Lin~|platelet-derived growth factor
receptor a-positive (PDGFRa*)Sca-1* (PaS) cells (Green-
baum et al. 2013), and nonmyelinating Schwann cells
(Yamazaki et al. 2011) as well as macrophages expressing
a-smooth muscle actin (a-SMA) (Ludin et al. 2012) and
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megakaryocytes (Bruns et al. 2014; Zhao et al. 2014,
Nakamura-Ishizu et al. 2015) have been reported to create
a niche for HSCs. On the other hand, more abundant pop-
ulations of nonhematopoietic cells, including sinusoidal
endothelial cells (Kiel et al. 2005; Butler et al. 2010;
Ding et al. 2012; Ding and Morrison 2013} and the
adipo-osteogenic progenitors, called CXC chemokine li-
gand 12 (CXCL12)-abundant reticular (CAR|) cells, which
strongly overlap with leptin receptor-positive (LepR*)
cells (Sugiyama et al. 2006; Omatsu et al. 2010, 2014,
Ding et al. 2012; Ding and Morrison 2013), have been
shown to create a niche for HSCs. CAR cells express
markedly higher levels of CXCL12, stem cell factor
(SCF), Lepr, and the transcription factor Foxcl as com-
pared with other bone marrow cell populations (Sugiyama
etal. 2006; Omatsu et al. 2010, 2014; Ding et al. 2012). Ad-
ditionally, HSCs are significantly more likely to be close
to CAR cells rather than placed randomly (Sugiyama
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et al. 2006; Acar et al. 2015; Shimoto et al. 2017), and the
short-term ablation of CAR/LepR* cells in vivo using a
diphtheria toxin receptor-mediated cell knockout tech-
nique led to a severe reduction in the numbers of hemato-
poietic stem and progenitor cells (HSPCs) (Omatsu et al.
2010; Zhou et al. 2014). When SCF was conditionally de-
leted from CAR/LepR* cells, the numbers of HSCs were
markedly reduced in bone marrow (Ding et al. 2012).
These results indicate that CAR/LepR* cells are a major
cellular component of niches for HSPCs.

CAR/LepR" cells have the capacity to give rise to oste-
oblasts and adipocytes in vitro and in vivo (Omatsu et al.
2010; Mizoguchi et al. 2014; Zhou et al. 2014). Recent
studies have shown that although osteoblasts in infant
marrow are derived from Osterix™ cells in the fetal peri-
chondrium (Maes et al. 2010; Mizoguchi et al. 2014;
Ono et al. 2014) and skeletal stem/progenitor cells at
the growth plate and metaphysis (Chan et al. 2015; Worth-
ley et al. 2015), most osteoblasts as well as adipocytes in
adult bone marrow are derived from CAR/LepR" cells
(Zhou et al. 2014). However, the majority of CAR/LepR*
cells might remain undifferentiated in the bone marrow
cavity over the individual’s lifetime, and it remains un-
clear how osteogenesis is prevented in most CAR/LepR*
cells to maintain the spaces available for HSCs and
hematopoiesis.

In the present study, we found that the transcription fac-
tor early B-cell factor 3 (Ebf3) was preferentially expressed
in CAR cells and that Ebf3-expressing CAR cells had the
capacity to self-renew using lineage tracing strategies.
When Ebf3 was deleted in CAR cells, aged marrow cavities
were osteosclerotic with markedly increased bone and de-
pleted HSCs. In mice lacking both Ebf1 and Ebf3, CAR
cells exhibiting a normal morphology were present, but
HSCs were depleted in the infant bone marrow. Subse-
quently, the mutant mice became progressively more
osteosclerotic and reached the complete occlusion of mar-
row cavities in early adulthood. Thus, Ebf3, which is
specifically expressed in HSC cellular niches, inhibits
osteoblast differentiation, creates HSC niches, and main-
tains spaces available for HSCs and hematopoiesis.

Results

The transcription factor Ebf3 is preferentially expressed
in CAR cells in bone marrow

To identify new transcriptional regulators of CAR cells,
we focused on transcription factors of the Ebf family,
which have a unique DNA-binding domain in addition
to a dimerization domain with homology with the classi-
cal basic helix-loop-helix (bHLH) proteins (Dubois and
Vincent 2001), since the Ebf Drosophila counterpart Col-
lier is expressed in candidate cellular niches for blood cells
and is essential for hematopoiesis (Crozatier et al. 2004).
First, we examined relative mRNA expressions of Ebf
family members Ebf1, Ebf2, Ebf3, and Ebf4 in sorted
bone marrow nonhematopoietic populations, including
CXCL12-green fluorescent protein high (GFP™) CAR cells
and Sca-1"CD31* endothelial cells as well as hematopoi-
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etic cells, alkaline phosphatase high (ALP™)CXCLI2-
GFP low (GFPY) osteoblasts, and PaS cells in newborn
and 15-wk-old mice with the GFP reporter gene knocked
into the CXCL12 locus (CXCL12-GFP mice) by real-time
quantitative RT-PCR (QRT-PCR). Ebf1, which is essential
for B-cell development (Lin and Grosschedl 1995), was
abundantly expressed in CAR cells and PaS cells as well
as B-cell precursors, including c-kit"*CD19*IgM~ pro-B
and c-kit"CD19*IgM™ pre-B cells (Fig. 1A). Ebf1 mRNA
was present at lower levels in osteoblasts and endothelial
cells than in CAR cells. Ebf2, which inhibits the osteo-
blast-dependent differentiation of osteoclasts and is essen-
tial for the maintenance of bone and HSCs (Kieslinger et al.
2005, 2010), was abundantly expressed in both CAR cells
and PaS cells (Fig. 1A). Interestingly, Ebf3, which is in-
volved in olfactory receptor neuron projection (Wang
et al. 2004), was abundantly expressed in CAR cells but
to a much lesser extent in other bone marrow cell popula-
tions (Fig. 1A). In contrast to Ebf1, Ebf3 mRNA was absent
or present at very low levels in hematopoietic cells (Fig.
1A). The mRNA expression of Ebf4 was absent or very
low in bone marrow cell populations, including CAR
cells (data not shown). Together, Ebf3 was specifically
expressed in CAR cells in bone marrow after birth. Con-
sistent with this, immunohistochemical analysis of 15-
wk-old bone marrow with antibodies against Ebf3, the
osteoblast marker osteocalcin (Ocn), and the panendothe-
lial marker CD31 revealed that Ebf3 protein was detected
in CXCL12-GFPM CAR cells but not in Ocn* osteoblasts,
CD31* endothelial cells, Sca-1*CD31~ PasS cells, or hema-
topoietic cells (Fig. 1B-D). During embryogenesis, the ex-
pression of Ebf3 in CAR progenitors was comparable
with other mesenchymal populations and much lower
than in adult CAR cells (data not shown).

Ebf3-expressing CAR cells represent stem cells
with the capacity to self-renew

To characterize Ebf3-expressing CAR cells, we generated
knock-in mice expressing the CreERT2 transgene under
the control of the endogenous Ebf3 locus, in which Cre
recombinase can be transiently activated upon tamoxifen
treatment (Ebf3-CreERT2 knock-in mice) (Supplemental
Fig. S1A), and then crossed them with CXCLI12-GFP
mice and Cre-activatable Rosa26 tandem dimer Tomato
(tdTomato) reporter mice (Madisen et al. 2010), in which
Ebf3-expressing cells can be irreversibly marked, facili-
tating lineage tracing (Ebf3-CreERT2;Rosa26-tdTomato;
CXCL12-GFP mice).
Ebf3-CreERT2;Rosa26-tdTomato;CXCL12-GFP mice
were subjected to a tamoxifen pulse for 1 wk beginning
at 10 wk of age. Flow cytometric analysis revealed that
tdTomato was expressed in virtually all CXCL12-GFP™
CAR cells but not in other bone marrow cell populations,
including Sca-1"CD31* endothelial cells, 2 d after a tamox-
ifen pulse (Fig. 2A). Consistent with this, qRT-PCR analy-
sis of sorted tdTomato" cells revealed that CXCL12, SCF,
PDGEFRp, Lepr, and Foxcl were preferentially expressed
in CAR cells (Omatsu et al. 2010, 2014) and Ebf3-express-
ing cells (Supplemental Fig. S1B). Immunohistochemical
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Figure 1.

EDbf3 is preferentially expressed in CAR cells in bone marrow. (A) Relative mRNA expression levels of Ebf1, Ebf2, and Ebf3 in

CAR cells, osteoblasts (Ob), endothelial cells (EC), PaS cells, Lin~Sca-1*c-kit* (LSK) cells, pro-B cells, pre-B cells, and F4/80" macrophages
in bone marrow of newborn and 15-wk-old CXCL12-GFP mice. n = 3. All error bars represent SD of the mean. (B-D) Histological analysis
showing that Ebf3 protein is detected in CXCL12-GFP™ CAR cells (B,C; white arrows) but not in Ocn* osteoblasts (B; white arrowheads),
morphologically identifiable CD31* endothelial cells (C,D; yellow arrowheads), or Sca-1"CD31~ PaS cells (D; yellow arrows) in the bone

marrow cavities of 15-wk-old CXCL12-GFP mice. Bars, 25 pm.

analysis of femurs with antibodies against CD31 and Ocn
showed that virtually all CXCL12-GFP™ CAR cells ex-
pressed tdTomato (Fig. 2B), but other types of bone marrow
cells, including morphologically identifiable CD31* endo-
thelial cells and Ocn™ osteoblasts lining the bone surface,
did not 2 d after a tamoxifen pulse (Fig. 2C). It was reported
previously that nestin-expressing periarteriolar cells cre-
ate HSC niches and express a-SMA (Kunisaki et al. 2013;
Asada et al. 2017). Immunohistochemical analysis with
antibodies against a-SMA showed that a-SMA" periarter-
iolar cells did not express tdTomato (Fig. 2D). Further-
more, almost all of the colony-forming mesenchymal
cells (termed colony-forming unit fibroblasts [CFU-Fs]) in
bone marrow expressed tdTomato (99% =+ 1.8 %) (Fig. 2E).
These results indicate that Ebf3-expressing cells overlap
strongly with CAR cells in bone marrow.

The turnover of CAR cells was investigated by bromo-
deoxyuridine (BrdU) pulse-chase experiments in vivo.
After BrdU administration, BrdU-positive CAR cells
increased steadily over time, and 14% of CAR cells had
entered cell cycle and incorporated BrdU by 7 wk (Fig.
2F), consistent with the previous study (Zhou et al.
2014). As Ebf3 is preferentially expressed in CAR cells in
the bone marrow, we next examined whether Ebf3-ex-

pressing CAR cells have the ability to self-renew and
persist in vivo using Ebf3-CreERT2;Rosa26-tdTomato;
CXCL12-GFP mice. These mice were subjected to a ta-
moxifen pulse for 1 wk beginning at 10 wk of age and an-
alyzed 13 mo after induction. Flow cytometric analysis
revealed that all CXCL12-GFP™ CAR cells express tdTo-
mato and that tdTomato was not expressed in other
bone marrow cell populations, including Sca-1*CD31" en-
dothelial cells (Fig. 2G). Immunohistochemical analysis
with antibodies against the adipocyte marker perilipin
and Ocn showed that all CAR cells and perilipin™ adipo-
cytes and most Ocn* osteoblasts lining the bone surface
express tdTomato (Fig. 2H-]). Thus, the result that the rel-
ative pool size of Ebf3-expressing CAR cells, which give
rise to adipocytes and osteoblasts in the bone marrow cav-
ities, remained stable over the course of 13 mo demon-
strates that Ebf3-expressing CAR cells are self-renewing
stem cells in the bone marrow.

Aged bone marrow is osteosclerotic with impaired HSC
niches in the absence of Ebf3

We next generated conditional gene targeted mice for Ebf3
to analyze the role of Ebf3 in CAR cells because
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Figure 2. Ebf3-expressing CAR cells are self-renewing stem cells. (A-D) Flow cytometric (A) and histological (B-D) analyses of bone mar-
row from 11-wk-old Ebf3-CreERT2;Rosa26-tdTomato;CXCL12-GFP mice 2 d after a tamoxifen pulse. n = 4. Virtually all tdTomato-ex-
pressing cells express CXCL12-GFP. All CXCL12-GFPM CAR cells express tdTomato (A,B), but Ocn* osteoblasts (C; arrowheads),
morphologically identifiable CD31* endothelial cells (C), and a-SMA" cells surrounding a Sca-1* artery (D) do not express tdTomato.
Bars, 25 pm. (E) Frequencies of all CFU-Fs that express tdTomato formed by bone marrow cells from 11-wk-old Ebf3-CreERT2;Rosa26-
tdTomato mice 2 d after a tamoxifen pulse. n = 3. (F) BrdU uptake of CAR cells of CXCL12-GFP mice fed BrdU for 10 d to 7 wk. The per-
centages of BrdU-labeling cells among total CAR cells are shown. n = 3. (G-]) Flow cytometric (G) and histological (H-]) analyses of bone
marrow from Ebf3-CreERT2;Rosa26-tdTomato;CXCL12-GFP mice 13 mo after a tamoxifen pulse. n = 3. (G,H) All CXCL12-GFPM CAR
cells express tdTomato. All Ocn™ osteoblasts (I) and perilipin* adipocytes (]) express tdTomato. Bars, 25 pm. (A,G) Gray histograms rep-
resent the isotype control antibodies, red histograms represent CXCL12-GFP or antibodies against the indicated antigens, and a green his-
togram represents tdTomato. All error bars represent SD of the mean.

nonconditional Ebf3-deficient mice died shortly after fourth exons of the Ebf3 gene, which contain the DNA-
birth with respiratory failure (Wang et al. 2004; Jin et al. binding domain (Ebf3") (Supplemental Fig. S2A). We
2014). These mice carry loxp sites flanking the third and crossed the Ebf3”" mice with Lepr-Cre knock-in mice
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(Lepr-Cre mice) or transgenic mice expressing Cre recom-
binase under the control of PrxI regulatory elements
(Prx1-Cre mice). Lepr-Cre mice express Cre recombinase
in CAR cells but not in other bone marrow cell populations
in adult mice (Ding et al. 2012; Omatsu et al. 2014). Prx1-
Cre mice express Cre recombinase in all mesenchymal
cells, including CAR cells, osteoblasts, and PaS cells, in de-
veloping limbs and parts of the skull (Logan et al. 2002;
Greenbaum et al. 2013; Omatsu et al. 2014). Lepr-Cre;
Ebf3™ and Prx1-Cre;Ebf3"/ mice were born at the expected
Mendelian ratio and remained viable. Data from bone mar-
row of Lepr—Cre;Ebef/f mice and Prx1-Cre;Ebf3"”" mice
yielded similar results. Histological analysis revealed
that the numbers of trabecular bones were slightly in-
creased in the bone marrow of 26-wk-old Lepz-Cre;Ebf3""
and Prx1-Cre;Ebf3”f mice compared with control animals
(Fig. 3A; Supplemental Fig. S2B). Flow cytometric analysis
revealed that the total hematopoietic cell counts and num-
bers of the CD34"CD150"CD48~ subset of Lin~Sca-1*
c-kit" (LSK] cells, which are highly enriched for long-term
repopulating HSCs (LT-HSCs), Lin~Sca-1"c-kit"CD34~
FcyRII/II® megakaryocyte/erythrocyte progenitors (MEPs),
c-kit"CD71*Ter119' proerythroblasts, Lin IL-7Ra*F1t3*
common lymphoid progenitors (CLPs), and Lin~Sca-1~
c-kit"CD34*FeyRII/IM granulocyte/macrophage progeni-
tors (GMPs) were reduced, but the numbers of pro-B and
pre-B cells were unaltered in the bone marrow of 26-wk-
old Lepr-Cre;Ebf3" and Prx1-Cre;Ebf3"f mice compared
with control animals (Fig. 3B,C; Supplemental Fig.
S2C,D). In addition, the numbers of phenotypic LT-HSCs
and proerythroblasts were increased in the spleens of the
mutants (Fig. 3D), suggesting that impaired hematopoiesis
in the marrow resulted in extramedullary hematopoiesis.
qRT-PCR analysis revealed that PDGFRB*Sca-1"CD31~
CD45 Ter119™ CAR cells in the mutants had lower levels
of CXCL12 and SCF expression than control animals (Fig.
3E). These results suggest that the HSPC niche function of
CAR cells was impaired in the absence of Ebf3.
Surprisingly, histological and microcomputed tomogra-
phy (uCT) analyses revealed that the trabecular bone mass
was gradually increased with age and that the bone mar-
row was osteosclerotic with markedly increased bone
without a cartilaginous structure in the long bones of
90-wk-old Lepr-Cre;Ebf3" and Prx1-Cre;Ebf3" mice (Fig.
3F,G; Supplemental Fig. S2E). Histological analysis of the
residual bone marrow cavities of the mutants revealed
that CAR cells exhibiting a normal morphology were iden-
tified as S100* cells (Omatsu et al. 2014) and that the num-
bers of CAR cells expressing high levels of Osterix protein
(Fig. 3H) and ALP activity (Fig. 31) were markedly increased
—although total CAR cell number per femur was
unaltered (Supplemental Fig. S3A)—compared with con-
trol animals. QqRT-PCR analysis revealed that residual
PDGFRB*Sca-1"CD31 CD45 Ter119~ CAR cells in the
mutants had much higher expression levels of osteoblast
markers [including Osterix, al(I)-collagen (Collal), and
Ocn| and much lower levels of CXCL12 and SCF expres-
sion than control animals (Fig. 3]J). The expression of
Runx2, which is expressed highly in wild-type CAR cells
and osteoblasts (Omatsu et al. 2010), was unaltered in

Ebf3 maintains niches and marrow cavities

the mutants (Fig. 3]). These results suggest that the major-
ity of aged CAR cells was more differentiated into the oste-
oblast lineage in the absence of Ebf3. Tartrate-resistant
acid phosphatase (TRAP), which is present in osteoclast
precursors and differentiated osteoclasts, is a specific
marker of osteoclast lineage cells. Histological analysis re-
vealed that the numbers of TRAP* osteoclasts and Ocn*
osteoblasts lining the surface of increased bone in the
bone marrow of 90-wk-old Lepr-Cre;Ebf3" and Prx1-Cre;
Ebf3"" mice were comparable with those of trabecular
bone in the metaphysis of control mice (Fig. 3K; Supple-
mental Figs. S2F, S3B). In addition, serum levels of bone re-
sorption marker C-terminal telopeptides of type I collagen
(CTX; which reflect the whole-body amount of cleaved
type I collagen by osteoclasts) and bone formation marker
the procollagen type IN-terminal propeptide (PINP; which
reflect the whole-body amount of the N-terminal procolla-
gen type I) were slightly increased (Fig. 3L,M; Supplemen-
tal Fig. S2G). These results indicate that occlusion of the
marrow cavities in aged Lepr-Cre;Ebf3”' and Prx1-Cre;
Ebf3" mice does not result from defects in osteoclasts.

Flow cytometric analysis revealed that the numbers of
hematopoietic cells, including phenotypic LT-HSCs,
MEPs, proerythroblasts, CLPs, and GMPs, were severely
reduced in the bone marrow of 90-wk-old Lepr-Cre;
Ebf3" and Prx1-Cre;Ebf3"” mice (Fig. 3N,0; Supplemen-
tal Fig. S2H,I). Cell cycle analysis and Annexin-V staining
of LT-HSCs revealed that the frequencies of low Pyronin Y
(PY) uptake or Ki67-negative quiescent (Gy) cells, high PY
uptake or Ki67-positive actively dividing (G; + S/G,/M)
cells, and Annexin-V-positive apoptotic cells were unal-
tered in the mutants (Supplemental Fig. S4). We estimated
the numbers of functional HSCs using repopulating units
(RUs), based on a competitive repopulation assay, and
found that the numbers of RUs were markedly reduced
in the marrow of 90-wk-old Lepr-Cre;Ebf3" mice (Fig.
3P). In addition, the numbers of phenotypic LT-HSCs
and proerythroblasts were increased in the spleen but
not in the peripheral blood of the mutants (Fig. 3Q; data
not shown), suggesting that a reduction of HSPCs in
the marrow resulted in extramedullary hematopoiesis.
The decrease in HSPCs was much greater than the
decrease in bone marrow area in the mutants (Fig. 3G,N,
P). These results, together with the reduced CXCL12
and SCF expressions in CAR cells, indicate that the
HSPC niche function of CAR cells was severely impaired
in the absence of Ebf3.

CAR cells exhibiting a normal morphology are present,
but HSCs are depleted in infant mice lacking both Ebf1
and Ebf3

The facts that Ebfl and Ebf3 are the most closely related
among the four mouse Ebf proteins (Dubois and Vincent
2001) and that EbfI was abundantly expressed in CAR
cells from 26-wk-old conditional knockout mice for
Ebf3 (data not shown) suggest that Ebfl can partly com-
pensate for the loss of Ebf3 in CAR cells. To address
this, we generated mice deficient for both Ebf1 and Ebf3
in all mesenchymal cells (Prx1-Cre;Ebf1"/Ebf3"f mice)
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Figure 3. The bone marrow of aged mice is osteosclerotic with markedly increased bone and impaired HSC niches in the absence of Ebf3.
(A-D) Histological analysis (A) and flow cytometric analysis (B-D) of 26-wk-old control and Lepr-Cre;Ebf3" mice. (A) von Kossa and to-
luidine blue staining of femurs. (B) Total hematopoietic cell counts and the numbers of LT-HSCs, MEPs, proerythroblasts (pro-E), CLPs,
pro-B cells, pre-B cells, and GMPs. (C) The frequencies of LT-HSCs, MEPs, proerythroblasts, and GMPs in femurs and tibias. (D) The num-
bers of LT-HSCs and proerythroblasts in the spleen. n = 7-9. (E) Relative mRNA expression levels of CXCL12 and SCF in CAR cells from
26-wk-old control and Lepr-Cre;Ebf3” mice. n=4-7. (F-1,K) Histological analysis of femurs (F,H,I,K) and microcomputed tomography
(uCT) analysis of humeri (G) of 90-wk-old control and Lepr-Cre;Ebf3” mice. (F) von Kossa and toluidine blue staining. (G) Bone marrow
area, bone volume per tissue volume (BV/TV), trabecular number (Tb. N), and trabecular thickness (Tb. Th) were measured by pCT. n =5.
(H) S100*Osterix (Osx)* CAR cells. (I} ALP activity. (/) Relative mRNA expression levels of CXCL12, SCF, Runx2, Osx, Collal, and Ocnin
CAR cells from 90-wk-old control and Lepr-Cre;Ebf3”f mice. n = 3. K Tartrate-resistant acid phosphatase-positive (TRAP*] osteoclasts in
the metaphysis of control mice and the diaphysis of mutants. Bars: A,F, 1 mm; G, 500 um; H, 25 pm; I, 100 um; K, 50 um. (L,M) Serum C-
terminal telopeptides of type I collagen (CTX) (L) and procollagen type I N-terminal propeptide (PINP) (M) in 90-wk-old control and Lepr-
Cre;Ebf3" mice. n = 5-8. (N-Q) Total hematopoietic cell counts and flow cytometric analysis of the numbers of LT-HSCs, MEPs, pro-
erythroblasts, CLPs, and GMPs (N) and the frequencies of LT-HSCs, MEPs, and GMPs (O) in the bone marrow and the numbers of LT-HSCs
and proerythroblasts in the spleens (Q) from 90-wk-old control and Lepr-Cre;Ebf3” mice. (P) The numbers of functional HSCs estimated
using repopulating units (RUs) in the bone marrow. n = 5-9. All error bars represent SD of the mean. (*) P < 0.05; (**) P <0.01; (***) P < 0.001.
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or adult CAR cells (Lepr-Cre;Ebf1"/Ebf3"' mice). Bone
marrow from 18- and 90-wk-old Prxl—Cre;Ebfo/f mice
showed no gross hematopoietic or bone abnormalities
(Supplemental Fig. S5A-E), consistent with previous stud-
ies of mice deficient for Ebf1 exhibiting a subtle or no skel-
etal phenotype (Hesslein et al. 2009; Zee et al. 2013).
Histological analysis of femurs in newborn and 1-wk-old
Prx1-Cre;Ebf1"'Ebf3"!,CXCL12-GFP mice in which Ebf1
and Ebf3 were inactivated in mesenchymal cells, includ-
ing CAR cells, revealed that although the trabecular
bone mass was somewhat increased, bone marrow cavi-
ties were formed (Fig. 4A), and CXCL12-GFP" CAR cells
exhibited a normal morphology with long processes (Fig.
4B,C). The numbers of CXCL12-GFP* CAR cells were un-
altered in newborn mutants (Fig. 4B). However, ALP activ-
ity was markedly increased throughout the bone marrow
cavities of the mutants, compared with control animals
(Fig. 4D). Immunohistochemical analysis with antibodies
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against Osterix revealed that CAR cells expressing high
levels of Osterix protein were almost absent in newborn
mutants but markedly increased in 1-wk-old mutants
(Fig. 4B,C) and that the numbers of Osterix” osteoblasts
lining the bone surface were unaltered in newborn mu-
tants (Supplemental Fig. S6). QqRT-PCR analysis of the
newborn mutants revealed that CAR cells had relatively
normal expressions of Runx2, Osterix, and Ocn but a
higher expression of Collal and much lower expressions
of CXCL12, SCF, and C/EBPa than control animals (Fig.
4E). qRT-PCR analysis of the 1-wk-old mutants revealed
that CAR cells had much higher expressions of osteoblast
markers, including Osterix, Collal, and Ocn, and much
lower expressions of CXCL12, SCF, and C/EBPa than con-
trol animals (Fig. 4F), although the expressions of these
genes were unaltered in the mutant PaS mesenchymal
progenitors (Supplemental Fig. S7). These results suggest
that the majority of CAR cells was more differentiated

Figure 4. Impaired HSC niches in the absence of
Ebf1 and Ebf3. (A-D) Histological analysis of fe-
murs of newborn (B) and 1-wk-old (A,C,D) control
and Prx1-Cre;Ebf1"'Ebf3",CXCL12-GFP mice. A
bone marrow cavity (A) and CXCL12-GFP* CAR
cells (B,C) are shown. (B) Relative numbers of total
CXCL12-GFP* CAR cells in the femur. n=3. Osx*
CAR cells (B,C) and ALP activity (D) in the bone
marrow cavities are shown. Dashed lines indicate
the bone marrow-bone boundary. Bars: A, 500 pm;
B,C, 10 um; D, 100 um. (E,F) Relative mRNA ex-
pression levels of CXCL12, SCF, C/EBPa, Runx?2,
Osx, Collal, and Ocn in CAR cells from newborn
(E) and 1-wk-old (F) control and Prx1-Cre;Ebf1”
'Ebf3",CXCL12-GFP mice. Newborn mice: n = 3;
. 1-wk-old mice: n=5. (G,H) Total hematopoietic
. | cell counts and flow cytometric analysis of the
. numbers of LT-HSCs, MEPs, proerythroblasts
(pro-E), CLPs, pro-B cells, pre-B cells, and GMPs
in the bone marrow of newborn (G) and 1-wk-old
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into the osteoblast lineage in the mutants than wild-type
CAR cells at the age of 1 wk.

Flow cytometric analysis of newborn and 1-wk-old
Prx1-Cre;Ebf1""Ebf3" mice revealed that the total hema-
topoietic cell counts and numbers of LT-HSCs, MEPs, pro-
erythroblasts, CLPs, pro-B cells, pre-B cells, and GMPs
were markedly reduced in the bone marrow compared
with control animals (Fig. 4G,H). These results indicate
that the HSPC niche function of CAR cells was markedly
impaired in the absence of Ebf1/Ebf3 relative to wild-type
CAR cells.

Mice lacking both Ebf1 and Ebf3 showed the complete
occlusion of marrow cavities in early adulthood

Histological analysis of femurs in 7- and 26-wk-old Prx1-
Cre;Ebf1""Ebf3" mice revealed that the bone marrow
spaces were almost filled with bone without a cartilagi-
nous structure and that the growth plate cartilage was nor-
mal in the mutants (Fig. 5A; Supplemental Fig. S8). Thus,
$100* CAR cell number per femur was reduced in the mu-
tants, which might be due to enhanced differentiation of
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CAR cells into osteoblasts (Fig. 5B). The numbers of
TRAP" osteoclasts and Ocn* osteoblasts lining the surface
of increased bone in the mutant bone marrow were com-
parable with those of trabecular bone in the metaphysis
of control mice (Fig. 5C; Supplemental Fig. SOA), and se-
rum CTX and PINP levels were unaltered in the mutants
(Fig. 5D; Supplemental Fig. S9B), indicating that the occlu-
sion of marrow cavities in Prx1-Cre;Ebf1"”/Ebf3"" mice
does not result from defects in osteoclasts. Consistent
with the histologic features, the numbers of hematopoiet-
ic cells were severely reduced in the bone marrow of 7-
and 26-wk-old Prx1-Cre;Ebf1"'Ebf3"' mice (Fig. 5E). Adult
Lepr-Cre;Ebf1"/Ebf3" mice showed phenotypes similar to
those of Prx1-Cre;Ebf1"'Ebf3"f mice (Fig. 5F). We subse-
quently analyzed the bone marrow of Col2.3-Cre;Ebf1"f
Ebf3f mice in which Ebf1 and Ebf3 were inactivated in
osteoblasts (Ding et al. 2012). Analysis by uCT revealed
that the bone marrow from Col2.3-Cre targeted mice did
not have any gross bone abnormalities, although the
bone marrow was almost filled with bone in Prx1-Cre tar-
geted mice at the age of 3 wk (Fig. 5G), suggesting that
Ebf1/EDbf3 do not play a major role in osteoblasts.

Figure 5. An age-associated progression of occlusion of
the marrow cavities in the absence of Ebf1 and Ebf3.
(A-C) Histological analysis of femurs of 7-wk-old control
and Prx1-Cre;Ebf1"'Ebf3"/ mice. (A) von Kossa and tolu-
idine blue staining. (B) Relative numbers of total S100*
CAR cells in the femur. n=4. (C) TRAP" osteoclasts in
the metaphysis of control mice and the diaphysis of mu-
tants. Bars: A, 1 mm; C, 50 pm. (D) Serum CTX in 7-wk-
old control and Prx1-Cre;Ebf1”"Ebf3 mice. n = 4. (E) To-
tal hematopoietic cell counts in the bone marrow of 7-

D CTX E Total BM and 26-wk-old control and Prx1-Cre;Ebf1”/Ebf3" mice.
30 by n=4. (F) Analysis of humeri of 34-wk-old control and
2 %2 Lepr-Cre;Ebf1"/Ebf3" mice by uCT. Bar, 1 mm. (G) Anal-
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The greater contribution of Ebf3 to marrow niche
and cavity maintenance compared with Ebf1

The result that the bone marrow was almost filled with
bone with depleted HSCs in aged Prx1-Cre;Ebf3"" mice
but was largely unaltered in aged Prx1-Cre;Ebf1”f mice
suggests that the contribution of Ebf3 to marrow cavity
and HSC maintenance is greater than that of Ebf1. To con-
firm this, we compared the skeletal and hematopoietic
phenotypes of adult Ebf1 knockout Ebf3 heterozygous
(Ebf1-KO-Ebf3-Het) and Ebf1 heterozygous Ebf3 knockout
(Ebf1-Het-Ebf3-KO) mice. Histological analysis of femurs
revealed that the trabecular bone mass was markedly in-
creased without a cartilaginous structure in Lepr-Cre;
Ebf1"*Ebf3"" (Ebf1-Het-Ebf3-KO) mice but not in Lepr-
Cre;Ebf1"/Ebf3"* (Ebf1-KO-Ebf3-Het) mice at the age of
34 wk (Fig. 6A). In addition, Ocn" osteoblast number per
surface of increased bone in the marrow was increased in
Ebf1-Het-Ebf3-KO mice compared with that of trabecular
bone in the metaphysis of Ebf1-KO-Ebf3-Het mice (Fig.
6B). Serum CTX and PINP levels were unaltered in Ebf1-
Het-Ebf3-KO mice (Supplemental Fig. S10; data not
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shown), indicating that occlusion of the marrow cavities
in Ebf1-Het-Ebf3-KO mice does not result from defects
in osteoclasts. QRT-PCR analysis revealed that CAR cells
had much higher expressions of osteoblast markers, in-
cluding Osterix, Collal,and Ocn, and much lower expres-
sions of CXCL12, SCF, and C/EBPa in Ebf1-Het-Ebf3-KO
mice than control animals; however, expressions of these
genes were largely unaltered in CAR cells from Ebf1-KO-
Ebf3-Het mice (Fig. 6C). Runx2 expression was unaltered
in CAR cells from both mutants (Fig. 6C). Flow cytometric
analysis revealed that the total hematopoietic cell counts
and numbers of LT-HSCs, MEPs, proerythroblasts, CLPs,
pro-B cells, pre-B cells, and GMPs were markedly reduced
in the bone marrow (Fig. 6D) and that the numbers of phe-
notypic LT-HSCs and proerythroblasts were increased in
the spleens of Ebf1-Het-Ebf3-KO mice (Fig. 6E), indicating
a severe reduction of HSPCs in the marrow, resulting in
extramedullary hematopoiesis. In contrast, EbfI1-KO-
Ebf3-Het mice exhibited a subtle or no hematopoietic phe-
notype (Fig. 6D,E). Therefore, the activity of one functional
Ebf3 allele is sufficient for marrow cavity and HSC main-
tenance, although one Ebf1 allele is not.

Figure 6. The contribution of Ebf3 to marrow niche and
cavity maintenance is greater compared with Ebfl. (A)
von Kossa and toluidine blue staining of femurs of 34-
wk-old control, Lepr-Cre;Ebf1"'Ebf3"*, and Lepr-Cre;
Ebf1"*Ebf3" mice. Bar, 1 mm. (B) The Ocn* osteoblast
number per bone surface was quantified in sections of
the femur. n = 4-6. (C) Relative mRNA expression levels
of CXCL12, SCF, C/EBPa, Runx2, Osx, Collal, and Ocn
in CAR cells from 34-wk-old control, Lepr-Cre;Ebf1"”/
Ebf3"™, and Lepr-Cre;Ebf1"*Ebf3"/ mice. n=4. (D,E) To-
tal hematopoietic cell counts and flow cytometric analy-
sis of the numbers of LT-HSCs, MEPs, proerythroblasts
(pro-E), CLPs, pro-B cells, pre-B cells, and GMPs in fe-
murs and tibias (D) and the numbers of LT-HSCs and pro-
erythroblasts in the spleens (E) of 34-wk-old control,
Lepr-Cre;Ebf1""Ebf3"*,  and  Lepr-Cre;Ebf1"*Ebf3"
mice. n=4-6. All error bars represent SD of the mean.
(*) P <0.05; (**] P <0.01; (***) P <0.001.

D
BM E Spleen
4 . o g 4 . -
- A~ il S R ST Ry
2o o E £3 2 3
IR R I AL
E 2 21 2 5 5
=1 =2 = =1 E E4
8 3 8 8 3 3
0 0 0 0 0 0
Total BM LT-HSC MEP Pro-E LT-HSC Pro-E
;\20 o~ =1 = O Control
216 22 22 22 B Lepr-Cre;Ebf1f/fED3f/*
512 5 5 et W Lepr-Cre;Ebf1T*Ebf3lf
o o Qo o
58 51 51 51
3 4 3 3 3
o (&) o o
0 0
CLP Pro-B Pre-B GMP
O Control

B Lepr-Cre;Ebf1/fEDF3T+
W Lepr-Cre;Ebf1/+Ebf3i/f

GENES & DEVELOPMENT 367


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311068.117/-/DC1

Seike et al.

The enforced expression of Ebf1 or Ebf3 in CAR cells
markedly decreased the osteogenic potential

To confirm the in vivo functions of Ebfl and Ebf3 in CAR
cell differentiation into osteoblasts, we infected sorted
CAR cells with retroviruses expressing wild-type or trun-
cated Ebfl or Ebf3. The enforced expression of wild-type
Ebf1 or Ebf3 in CAR cells increased mRNA expressions
of CXCL12, SCF, and C/EBPa as assessed by qRT-PCR
(Fig. 7A) and markedly decreased the osteogenic potential
in the culture (Fig. 7B). A deletion of the region of the gene
encoding the DNA-binding domain of Ebf1 (Ebf1-ADBD)
or Ebf3 (Ebf3-ADBD) failed to increase expressions of
CXCL12, SCF, and C/EBPa in sorted CAR cells (Fig. 7A)
and did not decrease their osteogenic potential (Fig. 7B),
indicating that Ebfl or Ebf3 with its DNA-binding
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Figure 7. Roles of Ebfl or Ebf3 in CAR cells in vitro. (4,B) Anal-
ysis of adult CAR cells transduced with retroviruses expressing
wild-type or truncated Ebfl or Ebf3, C/EBPq, or empty vector.
(A) Relative mRNA expression levels of CXCL12, SCF, C/EBPa,
Ebf1, and Ebf3 in infected CAR cells cultured for 2 d. All
error bars represent SD of the mean. (*) P<0.05; (**) P<0.01;
(***) P<0.001. (B) Infected CAR cells were cultured with BMP-2
for 6 d, and ALP activity was assayed by Fast Red staining. ALP
activity is visible in the cultures of CAR cells transduced with
control or truncated Ebf1 or Ebf3 retroviruses but not in the cul-
tures of CAR cells transduced with wild-type Ebf1, Ebf3, or C/
EBPa retroviruses. Bar, 100 pm. (C) Working model. CAR cells
are specialized mesenchymal stem cells, which express the spe-
cific transcription factors Ebf1/3, inhibiting osteoblast differenti-
ation to remain undifferentiated, maintain marrow cavities,
enhance CXCLI12 and SCF expression, and create HSC niches.

368 GENES & DEVELOPMENT

domain inhibits osteogenic processes in CAR cells. In ad-
dition, the enforced expression of C/EBPa by retroviral in-
fection in sorted CAR cells led to a loss of osteogenic
potential in the culture (Fig. 7B).

Discussion

We demonstrated that Ebf3 is preferentially expressed in
CAR/LepR" cells, which are an abundant population of
marrow-specific self-renewing skeletal stem cells creating
HSPC niches in bone marrow, and that the contribution of
Ebf3 to HSPC niche and marrow cavity maintenance is
greater than that of Ebfl. CAR/LepR" cells and osteoblasts
are thought to be generated from fetal perichondrial cells
and skeletal stem/progenitor cells adjacent to the growth
plate inside the developing bone (Chan et al. 2009, 2015;
Maes et al. 2010; Liu et al. 2013; Mizoguchi et al. 2014;
Ono et al. 2014; Worthley et al. 2015). The results that
Ebf3 and Foxcl are preferentially expressed in CXCL12-
GFP* cells in neonatal bone marrow (Fig. 1A; Omatsu
et al. 2014) support the idea that these cells mature into
adult CAR/LepR" cells. Since mice lacking both Ebf1
and Ebf3 had comparable numbers of CAR cells exhibiting
a normal morphology at birth and became progressively
more osteosclerotic in early adulthood, Ebf1/Ebf3 do not
define the CAR cell fate during embryogenesis but rather
are required to inhibit the differentiation of CAR cells
into the osteoblast lineage to maintain the marrow spaces.
In addition, the numbers of HSPCs and expressions of
CXCL12 and SCF in CAR cells were markedly decreased
in the absence of Ebf1/Ebf3 in vivo, and enforced expres-
sion of Ebfl or Ebf3 enhanced mRNA expression of
CXCL12 and SCF in sorted CAR cells in vitro, indicating
that Ebf1/EDbf3 are essential for HSPC niche formation, en-
hancing expressions of HSC maintenance factors—includ-
ing CXCL12 and SCF, which might support HSC self-
renewal and/or retention—in CAR cells. Since marrow
spaces were affected in adult Ebf1/Ebf3 mutants but not
in 1-wk-old mutants, Ebf1/Ebf3 may have different effects
on CAR cells in neonatal and adult bone marrow. Togeth-
er, a cellular component of HSC niches expresses Ebfl/
Ebf3, which not only create microenvironments but also
maintain spaces for HSCs and their progeny (Fig. 7C).

In contrast to CAR cells, expressions of osteogenic
genes in another population of adipo-osteogenic progeni-
tors, PaS cells, which abundantly express EbfI but not
Ebf3, remained unaltered in the absence of Ebf1/Ebf3 at
the age of 1 wk (Supplemental Fig. S7). In addition, al-
though the bone marrow spaces were almost filled when
Ebf1/Ebf3 were conditionally deleted in CAR cells and
their progeny using Lepr-Cre mice, which express Cre
recombinase in CAR cells but not in osteoblasts (Ding
et al. 2012; Omatsu et al. 2014), the bone marrow spaces
were unaltered when Ebf1/Ebf3 were conditionally delet-
ed in osteoblasts using Col2.3-Cre transgenic mice. These
results support a specific role for Ebf1/Ebf3 in CAR cells
but not PaS cells or osteoblasts.

The transcription factor C/EBPa is known to be essen-
tial for adipogenesis and granulocyte development. It
was shown previously that mice lacking C/EBPa display
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osteosclerosis (Chen et al. 2013). Since these mutants pos-
sessed markedly decreased osteoclasts in bone marrow,
Chen et al. (2013) concluded that the osteosclerotic phe-
notype was due mainly to defective osteoclastogenesis.
However, we showed that the enforced expression of
Ebf1 or Ebf3 enhanced C/EBPa mRNA expression (Fig.
7A), and the enforced expression of C/EBPa inhibited oste-
ogenic processes (Fig. 7B) in sorted CAR cells. In addition,
C/EBPa is preferentially expressed in CAR cells in the
bone marrow (Omatsu et al. 2010), and C/EBPa mRNA ex-
pression was markedly decreased in CAR cells in the ab-
sence of Ebf1/Ebf3 (Fig. 4E,F). These results raise the
possibility that C/EBPainduced by Ebf1/Ebf3 in CAR cells
inhibits their differentiation into osteoblasts in the bone
marrow. The roles of C/EBPa in CAR cells in vivo and of
other downstream target genes of Ebf1/Ebf3 that act to in-
hibit osteoblast differentiation of CAR cells require fur-
ther investigation.

Most CAR cells remain undifferentiated; however, a small
population of CAR cells probably near bone surfaces differ-
entiates into osteoblasts, since most osteoblasts in bone
marrow are derived from CAR cells (Fig. 2I; Zhou et al.
2014). In these CAR cells, Ebfl/Ebf3 functions would be
inhibited to induce osteoblast differentiation of CAR cells
by unidentified extracellular environmental cues, which
are abundant near bone surfaces. Future studies are required
to address the possibility and identify these factors.

The increased bone mass phenotype present in many
other mutant mouse lines is the result of a reduced
number or function of osteoclasts. However, it was shown
previously that mice lacking Notch signaling in mesen-
chymal cells showed a markedly increased trabecular
bone mass in adolescent marrow. These mice exhibited
a prominent wedge-shaped extension of the growth plate
cartilage and age-related marrow recovery and resolution
of osteosclerosis in adulthood (Hilton et al. 2008), which
were distinct from bones lacking Ebf1 and Ebf3. In addi-
tion, mice lacking Notch signaling in Osterix-expressing
cells, including CAR cells, had relatively normal bone
and bone marrow (Tu et al. 2012). These results suggest
that Notch signaling functions in fetal perichondrial cells
and/or earlier skeletal stem/progenitor cells adjacent to
the growth plate but not in CAR cells.

On the other hand, it was shown previously that mice
lacking the zinc finger adapter protein Schnurri-3 (Shn3)
in mesenchymal cells exhibited adult-onset osteosclerosis
with increased bone mass due to augmented osteoblast ac-
tivity (Jones et al. 2006; Wein et al. 2012). Shn3 has been
shown to promote degradation of the transcription factor
Runx2, which is responsible for osteoblast development,
through recruitment of the E3 ubiquitin ligase WWPI to
Runx2 (Jones et al. 2006). Together with the results show-
ing that Shn3 and Runx?2 are abundantly expressed in CAR
cells as well as osteoblasts by qRT-PCR (Omatsu et al.
2010; data not shown), the similarities in skeletal pheno-
types of Shn3 and Ebf1/Ebf3 mutants raise the question
of whether HSC niche-specific Ebf3 inhibits the activity
of Runx2 and/or other unidentified substrates of Shn3.

There are four mouse Ebf proteins. Our data demon-
strate that Ebfl and Ebf3 have roles distinct from those
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of Ebf2 in regulating bone and HSC niche formation
because mice lacking Ebf2 displayed osteopenia with nor-
mal CXCL12 expression, indicating that Ebf2 is an osteo-
genic transcription factor (Kieslinger et al. 2005, 2010).
Recently, mutations in Ebf3 has been shown to cause neu-
rodevelopmental disorders in humans (Harms et al. 2017).
Our study raises the possibility of Ebf3 dysfunction in oth-
er human diseases, including blood disorders and meta-
bolic bone diseases.

The transcription factor Foxcl is preferentially ex-
pressed in CAR cells and their progenitors and inhibits adi-
pogenic processes in CAR cells (Omatsu et al. 2014). When
Foxc1 was deleted, expressions of CXCL12 and SCF were
reduced in CAR cells (Omatsu et al. 2014). Thus, Ebf1/
Ebf3 and Foxc1 are preferentially expressed in CAR cells
and have reciprocal functions in the differentiation of
CAR cells; however, both enhance expressions of HSC
maintenance factors, including CXCL12 and SCF.

Clinically, our results raise the possibility that inhibi-
tors of an Ebf3 function increase the bone mass in bone
diseases, including age-related osteoporosis, in vivo and
that Ebf3 activators can enhance the formation of HSC
niches from nonniche cells, including dermal fibroblasts
or induced pluripotent stem cell (iPSC)-derived mesen-
chymal cells, in vitro. This study provides significant ad-
vances in our understanding of mesenchymal cells
creating HSPC niches and bone and has clinical implica-
tions for therapeutic advances to treat diseases.

Materials and methods
Mice

Targeting vectors for making Ebf3-CreERT2, Ebf3"/, and Ebf1"f
mice were constructed as shown in Supplemental Figures S1,
S2, and S5. The FRT-flanked Neo cassette was removed by mat-
ing with Flpe mice (Rodriguez et al. 2000). These mice were back-
crossed at least seven times onto a C57BL/6 background before
analysis. CXCL12-GFP mice have been described previously
(Ara et al. 2003). Osterix-GFP (Rodda and McMahon 2006),
Prx1-Cre (Logan et al. 2002), Lepr-Cre (DeFalco et al. 2001), and
Rosa26-tdTomato (Madisen et al. 2010) mice were obtained
from the Jackson Laboratory. Col2.3-Cre (Liu et al. 2004) mice
were obtained from the Mutant Mouse Regional Resource Cen-
ters. All mice were maintained on a C57BL/6 background. To in-
duce CreERT2-mediated recombination, Ebf3-CreERT2;Rosa26-
tdTomato;CXCL12-GFP mice were injected intraperitoneally
with 2 mg of tamoxifen (Sigma) four times every other day and an-
alyzed 2 d or 13 mo after the final tamoxifen injection. As a bone
resorption marker, serum CTX was measured with the RatLaps
ELISA kit (Immunodiagnostic Systems Ltd.) according to the
manufacturer’s instructions. As a bone formation marker, serum
PINP was measured with the rat/mouse PINP EIA kit (Immuno-
diagnostic Systems Ltd.) according to the manufacturer’s instruc-
tions. All animal experiments were performed in accordance with
approved protocols of the Institutional Animal Care and Use
Committees at Osaka University and Kyoto University.

Antibodies

The following monoclonal antibodies were purchased from
BioLegend, BD Bioscience, or eBioscience, unless noted other-
wise: a-SMA (1A4; Santa Cruz Biotechnology), B220 (RA3-6B2),
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CD3e (145-2C11}, CD11b (M1/70), CD19 (1D3)}, CD31 (MEC13.3),
CD34 (RAM34), CD45 (30-F11), CD45.1 (A20), CD45.2 (104),
CD48 (HM48-1), CD71 (C2J, CD150 (TC15-12F12.2), c-Kit
(2B8), FcyRII/II (2.4G2), Flt3 (A2F10), F4/80 (BMS), Gr-1 (RB6-
8C5J, IgM (I1/41), IgD (11-26c.2a), IL-7Ra (A7R34), Ki67 (16A8),
Sca-1 (E13-161.7), and Ter119 (Ter119). The following polyclonal
antibodies were used: Ebf3 (Abcam, ab207705), Osterix (Abcam,
ab22552), PDGFRa (R&D, BAF1062), PDGFR$ (R&D, BAF1042),
perilipin (Abcam, ab3526), Ocn (Takara Bio, M173), S100 (Abcam,
ab868), and TRAP (Abcam, ab185716).

Flow cytometric analysis and cell sorting

Bone marrow cells were isolated by flushing or crushing from fe-
murs, tibias, and humeri. Bone marrow nonhematopoietic cells
were isolated by flushing or crushing from femurs, tibias, and hu-
meri and enzymatic digestion with collagenase type I (Sigma).
Cells in bone fractions, including osteoblasts and PaS cells, were
isolated by mechanical disruption and collagenase digestion of
bones as described previously (Omatsu et al. 2010). Putative
CAR progenitors were defined as Osterix-GFP*PDGFRM cells
in embryonic day 16.5 (E16.5) mice, in which GFP reporter gene
was placed under transcriptional regulation of the Osterix pro-
moter (Omatsu et al. 2014). CAR cells were isolated as CXCL12-
GFP"Sca-1"CD31°CD45 Ter119~ cells from CXCL12-GFP
mice or PDGFRp*Sca-1"CD31CD45 Ter119™ cells. Endothelial
cells wereisolated as CD31*Sca-1*CD45 Ter119™ cells. Newborn
osteoblasts were isolated as Osterix-GFP*PDGFRB!*/~CD31~
CD45 Terl19™ cells from Osterix-GFP mice. Fifteen-week-old
osteoblasts were isolated as ALPMCXCL12-GFP'°CD31-CD45~
Ter119™ cells from CXCL12-GFP mice using ELF-97 phosphatase
substrate (Invitrogen). For BrdU incorporation assays, CXCL12-
GFP mice were injected intraperitoneally with a single dose of 1
mg of BrdU (Roche) per mouse and maintained on 0.8 mg/mL
BrdU in the drinking water for 10 d to 7 wk. The frequencies of
BrdU* CAR cells were then analyzed by flow cytometry using
the APC BrdU flow kit (BD Biosciences). For cell cycle analysis us-
ing PY staining, bone marrow cells stained with surface makers
were fixed with 4% paraformaldehyde and then stained with 10
pg/mL Hoechst 33342 (Sigma) and 0.5 pg/mL PY (Sigma). For
cell cycle analysis using Ki67 staining, bone marrow cells stained
with surface makers were fixed using the Cytofix/Cytoperm kit
(BD Biosciences) and then stained with antibodies against Ki67
and 10 pg/mL Hoechst 33342 (Sigma). For the apoptosis assay,
Annexin-V-FITC apoptosis detection kit (BD Biosciences) was
used according to the manufacturer’s instruction. All flow cyto-
metric experiments and cell sorting were performed using a BD
FACS Aria (BD Biosystems).

Histology

Bone marrow sections were analyzed by immunofluorescence as
described previously (Sugiyama et al. 2006). In brief, bone samples
were fixed in 4% paraformaldehyde and equilibrated in 30%
sucrose/phosphate-buffered saline (PBS). Fixed samples were em-
bedded in OCT medium (Sakura) and frozen in cooled hexane.
Twelve-micrometer sections of undecalcified femoral or tibial
bone were generated by Kawamoto’s film method (Cryofilm
transfer kit, Section-Lab). Sections were stained with von Kossa
and toluidine blue. ALP staining was performed using Fast Red.
For immunohistochemistry, sections were first blocked with
5% FCS and then stained with antibodies in blocking buffer.
For the analysis of osteoblast number per bone surface (N.Ob/
BS), femur sections were stained with antibodies against Ocn or
Osterix. Osteoblasts were counted as Ocn* or Osterix” cells lining
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the bone surface. Counts of CXCL12-GFP* or S100* CAR cells
were obtained from femur sections. Confocal microscopy was
performed with a LSM 510 META (Carl Zeiss). Image analysis
and cell quantification were performed using Zeiss ZEN and Bit-
plane Imaris software.

CFU-F assay

For CFU-F assays, 2.5 x 10° bone marrow cells were plated into
10-cm dishes in DMEM (Sigma) supplemented with 20% FCS,
10 uM rock inhibitor Y-27632 (Sigma), and 1% penicillin/strepto-
mycin (Nacalai Tesque). The cultures were incubated at 37°Cin a
humidified atmosphere with 5% O, and 5% CO,. Colonies (>50
cells) were counted after 10-14 d of culture.

uCT analysis

The attached soft tissue in humeri was removed thoroughly and
fixed in 4% paraformaldehyde. uCT scanning was performed us-
ing a ScanXmate-RX scanner (Comscantechno). Three-dimen-
sional microstructural image data were reconstructed, and
structural indices were calculated using TRI/3D-BON software
(RATOC).

qRT-PCR

Relative mRNA expression was analyzed by qRT-PCR analysis
performed with a Step One Plus (Applied Biosystems) using
Thunderbird SYBR qPCR mix (Toyobo). Total RNA was isolated
from sorted cells using Isogen (Nippon Gene) and treated with
DNase I (Invitrogen), and cDNA was synthesized using Super-
Script VILO (Invitrogen) following the manufacturer’s instruc-
tions. Values for each gene were normalized to the relative
quantity of G3BPDH mRNA in each sample. The primers used
for qRT-PCR are listed in Supplemental Table S1.

Competitive repopulation assays

Competitive repopulation assays were performed using the
CD45.1/CD45.2 congenic system. Unfractionated 1/20 of bone
marrow cells (CD45.2) was transplanted into lethally irradiated
(8 Gy) recipient mice (CD45.1) with 5x10° competitor cells
(CD45.1/CD45.2). Myeloid, B, and T cells in peripheral blood of
the recipient mice were analyzed by flow cytometry using anti-
bodies against Gr-1, B220, and CD3 for 16 wk after transplanta-
tion. High turnover of myeloid cells provided a good measure of
HSC activity, and repopulating units were calculated using Har-
rison’s formula as described previously (Harrison et al. 1993).

Retroviral vectors

We generated cDNAs encoding truncated proteins by PCR from
full-length mouse ¢cDNA clones: Ebf1 ADBD (deletion of Ebfl
amino acids 35-251) and Ebf3 ADBD (deletion of Ebf3 amino ac-
ids 98-137). Ebf1 wild type, Ebfl ADBD, Ebf3 wild type, Ebf3
ADBD, and C/EBPa were cloned into the retroviral vector
MSCV-IRES-Kusabira Orange.

Cell cultures and retroviral infections

Bone marrow plugs from CXCL12-GFP mice were cultured in MF
start medium (Toyobo) for 1 d. Next, CAR cells were isolated by
flow cytometry, plated into 96-well plates at 300 cells per well in
MEF start medium supplemented with 10 pM Y-27632, and cul-
tured with 5% O, for 4 d. Retroviral transductions into cultured
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CAR cells were performed with plat-E cells as producers of viral
supernatants as described (Morita et al. 2000). Forty-eight hours
after infection, infected (Kusabira Orange*) CAR cells were sorted
for qRT-PCR analysis. For osteogenic differentiation, infected
(Kusabira Orange*) CAR cells were cultured in a-MEM supple-
mented with 300 ng/mL BMP-2 (R&D) and 10% FCS for 6
d. Osteoblastic phenotypes were evaluated by the activity of
ALP using Fast Red staining.

Statistical analysis

The significance of the difference between groups in the experi-
ments was evaluated by analysis of variance followed by a two-
tailed Student’s t-test.
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