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Abstract

EDbf1 is a transcription factor essential for B cell fate specification and function and important for the
development of olfactory sensory neurons. We show here that Ebf1 also plays an important role in
regulating osteoblast and adipocyte development in vivo. Ebfl mRNA and protein is expressed in
MSCs, in OBs at most stages of differentiation, and in adipocytes. Tibiae and femora from Ebf1~/~
mice had a striking increase in all bone formation parameters examined including the number of
OBs, osteoid volume, and bone formation rate. Serum osteocalcin, a marker of bone formation, was
significantly elevated in mutant mice. The numbers of osteoclasts in bone were normal in younger
(4 week-old) Ebf1~/~ mice but increased in older (12 week-old) Ebf1~/~ mice. This correlated well
with in vitro osteoclast development from bone marrow cells. In addition to the increased
osteoblastogenesis, there was a dramatic increase in adipocyte numbers in the bone marrow of
Ebf1~/~ mice. Increased adiposity was also seen histologically in the liver but not in the spleen of
these mice, and accompanied by decreased deposition of adipose to subcutaneous sites. Thus Ebf1-
deficient mice appear to be a new model of lipodystrophy. Ebf1 is a rare example of a transcription
factor that regulates both the osteoblast and adipocyte lineages similarly.
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Introduction

Osteoblasts (OBs) are mesenchymal in origin and one of their major functions is to make bone.
These cells secrete osteoid (non-mineralized bone matrix), which over time mineralizes to form
new bone. OBs regulate the differentiation of osteoclasts (OCs), bone resorbing cells, which
are hematopoietic in origin [1,2]. Cells in the OB lineage also support hematopoietic cell
differentiation in endosteal niches [3]. Adipocytes or fat cells originate from mesenchymal
stem cells (MSC) and are more closely related to OBs than other mesenchymal cells such as
myoblasts or chondrocytes.

Several transcriptional regulators have been shown to control the OB and adipocyte lineages.
Runx2 is expressed in OBs at all stages of development and its targeted disruption abolishes
the OB lineage [4-6]. Also, inactivation of Osterix by gene targeting results in a block in OB
development downstream of Runx2 [7]. Conversely, PPARYy is crucial for adipocyte
differentiation and function [8], and members of the C/EBP family of transcription factors have
been implicated in controlling aspects of adipocyte biology [8].

Growth and differentiation of either the adipocyte or OB lineages at the expense of the other
has been demonstrated in studies that over-express lineage specific transcription factors and/
or use specific growth conditions. Cell lines exist that can be differentiated into either
adipocytes or OBs by changing the media components [9,10]. This inverse relationship is
exemplified by increased bone marrow adipogenesis and decreased osteoblastogenesis in age-
related osteoporosis [11,12]. Increased expression of PPARYy2 causes increased adipocyte and
decreased OB formation [10,13,14]. Conversely, over-expression of AFosB, a naturally
occurring truncated form of FosB, in transgenic mice leads to increased bone formation
resulting in osteosclerosis [15], and 4FosB inhibits adipogenesis both in vitro and in vivo
[15]. Collectively, these findings have resulted in an “either/or” model of differentiation
whereby one of these two lineages expands or differentiates at the expense of the other.
However, the factors that regulate commitment at the branching point between OBs and
adipocytes, the degree of plasticity between the two cell lineages, and unrecognized regulatory
interactions remain unclear.

Ebf1 is the founding member of a small multigene family of novel helix-loop-helix proteins
with defined roles in cellular differentiation and function. This factor was cloned
simultaneously in two different studies and named olfactory factor 1 (OIf-1), and early B cell
factor-1 (Ebf1), and sometimes referred to as O/E1 [16,17]. Ebf1 is expressed in B cells, and
mice deficient in Ebfl contain only early progenitor B cells [17,18]. Ebfl and subsequently
discovered family members, Ebf2, 3, and 4 control nervous system development and olfactory
receptor gene expression [16,19]. Importantly, Ebfl, 2, and 3 are expressed in mouse
adipocytes [17,20] and appears to induce adipocyte differentiation with similar timing and
efficiency as PPARy2 [21].

Ebfl is a member of a cascade of transcription factors that are required for B cell lineage
development that includes PU.1, Ikaros, E2A, Ebfl and Pax5 sequentially. We have reported
that Pax5~/~ mice are severely osteopenic resulting from a 3-5-fold increase in the number of
OCs in bone while the number of OBs is indistinguishable from wild-type controls [22].
Because Ebf1 regulates Pax5 expression in B cells, and in light of the prominent bone
phenotype in Pax5~~ mice, we examined whether Ebf1 regulated the skeleton. We report here
that Ebf1~/~ mice, in stark contrast to Pax5~/~ mice, had increases in all bone formation
parameters measured, with marked increases in OB numbers, osteoid volume, and the bone
formation rate. In contrast, the number of OCs was similar to controls in young mice but more
than doubled in older mice. Ebf1 ™/~ mice also exhibited a dramatic increase in adipocytes that
filled the medullary canal, and increased fat was also detected in the livers of mutant mice,
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while subcutaneous fat stores were decreased. These data demonstrate for the first time that
EDbf1 is required for maintaining the regulation of both osteogenesis and adipogenesis, and
suggest that Ebf1~/~ mice are a new model of lipodystrophy. Our data indicate that not only
does the loss of Ebf1 result in the arrest of B cell development but also the appearance of a
unique bone phenotype.

Materials and methods

Mice

129X1/SvJ and C57BL/6 mice were obtained from Jackson Labs, Bar Harbor ME, and the
National Cancer Institute respectively, and housed at Yale University School of Medicine. The
Ebf1~/~ were originally produced and provided by Dr. Rudolf Grosschedl, Max-Planck-
Institute of Immunobiology, Freiburg, Germany [18]. We had difficultly generating Ebf1 =/~
mice on the C57BL/6 genetic background but were able to produce Ebf1~~ mice by breeding
Ebf1*/~ mice maintained on the C57BL/6 genetic background to 129X1/SvJ mice, resulting in
an F1 generation. The Ebf1*/"F1 mice were then interbred (F2 generation). Ebfl1 7~ F2 mice
were used for all experiments and no further breeding of any F2 generation mice was attempted.
Ebf1~/~ mice were always compared to age-matched wild-type littermate controls and were
genotyped as previously described [23]. The Yale Medical School IACUC approved the
purchase and use of all animals.

Histology, Histomorphometry, uCT, Immunohistochemistry

Tibiae and femora were stripped of soft tissue, fixed in 10% buffered formalin, dehydrated,
and embedded in methyl methacrylate before being sectioned and stained with toluidine blue
[24]. To label bone mineralization fronts, mice were injected with 30 mg/kg of calcein 8 days
and 24 hours prior to sacrifice. Histomorphometric measurements were performed on a fixed
region just below the growth plate corresponding to the primary spongiosa [25] and analyzed
by Osteomeasure software (Osteometrics, Atlanta, GA).

To stain for lipid, bones were prepared and fixed as described above, and treated with 2%
osmium tetroxide in water with 5% potassium dichromate [26]. Bones were processed in the
absence of lipophilic agents, embedded in methyl methacrylate, and sectioned. Brain, heart,
kidney, liver and spleen were collected, fixed in 4% paraformaldehyde, frozen sections cut,
and stained with Oil-Red-O (Sigma). Tibia and femurs were dissected, the epiphyses removed,
and the bone marrow flushed using a 25 gauge needle. Bone marrow smears were prepared on
microscope slides in a manner similar to preparing blood smears, air dried, and stained with
Oil-Red-O.

For uCT femora were stripped of soft tissue and stored in 75% EtOH at 4°C. The bones were
scanned using a Scanco uCT-35 (Scanco, Brutissellen, Switzerland) and analyzed for
numerous structural parameters at both the distal femur just below the growth plate (trabecular
bone) and at the femoral midshaft (cortical bone).

For immunohistochemistry long bones from C57BL/6 mice were dissected free of soft tissue,
decalcified in 4% EDTA, embedded in paraffin, 5 um sections cut, and stained with anti-O/E1
antibody or rabbit IgG [27]. A secondary 1gG-biotin antibody was used and visualized with a
streptavidin-HRP (Vector Laboratories) with Nova Red as the chromagen to give a reddish-
brown stain, and counterstained with H&E.

Cell Isolation and Culture

Murine calvarial OBs from mice less than 48 hrs old were prepared by sequential collagenase
digestion as previously described [28] and cells collected from the third through fifth
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collagenase digestions were used. At preconfluent density (3 days in culture) <1% of the cells
are CD45* by FACS indicating very low levels of contaminating hematopoietic cells.

MC3T3-E1 is a continuously growing pre-OB cell line derived from C57BL/6 mice [29]. Cells
were grown in a-MEM with glutamine, 10% FCS, and 1% Pen-Strep.

Mesenchymal stem cells (MSCs) were generously supplied by the Center for Gene Therapy at
Tulane University Health Sciences Center (New Orleans, LA), and were originally isolated
from C57BL/6 mice according to Dr. Darwin Prokop’s protocol [30]. They were maintained
at low density (50-5000 cells/cm?) in MEMasupplemented with 10% fetal calf serum, 10%
donor equine serum, L-GIn, and 1% antibiotic-antimycotic. Cells were not used past passage
10. Osteoclast-like cells were induced from bone marrow flushed from tibiae and femurs of
mutant or age matched control mice. The cells were plated in 48 well dishes (10%/well) and
treated with 30 ng/ml of rmM-CSF and 50 ng/ml rhRANKL (R&D Systems) as previously
described [22]. After 7 to10 days the cells were fixed, and stained for TRAP using Leukocyte
Acid Phosphatase 387-A kit (Sigma). TRAP*, multinucleated (>3) Ocs were counted.

T and B cells were isolated from spleens following red blood cell lysis using fluorescent-labeled
aMac-1 (CD11b), aCD19, aCD4, and aCD8 antibodies (BD Biosciences) and flow cytometry.
Mac-1~ CD19* (B cells), Mac-1~ CD19~ CD8 CD4* (CD4 T cells), and Mac-1~ CD19~
CD4~CD8* (CD8 T cells) populations were isolated on a FACSVantage flow cytometer and
using CellQuest software (BD Biosciences) were found to be > 95% pure.

Subcutaneous fat was isolated from the pads surrounding the flank region. The wet weight of
the adipose tissue was compared to the total weight of the animal and expressed as a percentage
of the total body weight.

Cell Proliferation

Freshly isolated calvarial cells (5x103) were cultured in 96-well plates for prescribed times
and proliferation was measured by adding CellTiter 96 Aqueous One Solution Proliferation
Assay (Promega) directly to the media for 4 hours then measuring absorbance at 490 nm [31,
32].

Measurement of Alkaline Phosphatase (ALP) and Osteocalcin

RT-PCR

ALP and osteocalcin production was measured in OB cell lysates and sera respectively. ALP
activity was determined using a commercially available kit (86R-1KT, Sigma) [22].
Osteocalcin levels in the sera were measured by a standard equilibrium radioimmunoassay
using specific goat anti-mouse osteocalcin antibody [33].

RNA was harvested using RNAzol B (Tel-Test) or Rneasy (Qiagen) as directed by the
manufacturer. RNA was incubated with DNase | and subjected to reverse transcription (RT)
using SuperScriptll (Invitrogen). Targets for PCR were amplified within a linear range, and
products were separated on agarose gels stained with ethidium bromide. The PCR primer
sequences can be furnished upon request.

Western Blot

Whole cell lysates were collected using a high salt buffer containing mild detergents and
protease inhibitors. 30 pg of each sample was separated by SDS-PAGE on 10% acrylamide-
bisacrylamide gels, transferred to Nitrocelluose membrane (Biorad), and probed for Ebfl
(Millipore #AB5949). HRP-conjugated secondary antibody (GE Healthcare) was activated
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with SuperSignal West Pico Chemiluminescent Substrate (Pierce), and visualized on
radiographic film (Kodak).

Results

Expression of Ebfl in osteoblasts and adipocytes

Ebf1 has been shown to play a role in adipocyte differentiation and function in vitro [20]. Due
to the close relationship between adipocyte and OB lineage development, we hypothesized that
Ebf1 may also be expressed in OB lineage cells. To test this idea, Ebf1 mRNA transcript levels
were measured by RT-PCR using RNA isolated from B cells (CD19%), CD4* T cells, inguinal
fat pads, primary calvarial OBs and the pre-OB cell line MC3T3-E1. The adipose tissue was
taken from Ragl~~ mice (which lack mature B and T cells) to assure that any detectable Ebfl
signal was not from contaminating B cells. Abundant Ebf1 transcripts were easily detected in
both primary OBs and the MC3T3-EL1 cell line at levels comparable to those found in B cells
and fat. As expected, Ebf1 transcripts were readily detectable in B cells and adipose tissue, yet
undetectable in CD4* T cells (Fig 1A).

Calvarial cells differentiate into mature OBs in culture [34]. To examine Ebf1 expression during
OB differentiation, Ebf1 transcript levels were measured via RT-PCR using RNA isolated from
primary wild-type calvarial cells after 3, 7, 16, and 29 days in culture. We detected equivalent
levels of Ebf1 mRNA regardless of the differentiation state of the OBs (Fig 1B). Runx2, a
regulator of OB development, was also expressed at all stages, while Osteocalcin, a marker of
mature OBs, was induced as the cultures progressed confirming that each time point
represented increasingly mature OB populations (Fig 1B).

Calvarial OBs were next used to measure Ebf1 protein levels at various stages of differentiation.
When whole cell lysates were collected after 0, 3, 7, and 14 days in culture and evaluated by
western blot, there appeared to be a small increase in Ebflexpression between the initial
isolation and 3 days in culture (Fig 1C), but after this time, and consistent with the RNA
observations shown above, Ebfl expression was maintained constant independent of the
differentiation stage. Similar results were seen using C57BL/6-derived MSCs. MSCs were
seeded at low density, whole cell lysates collected at 3, 7, 14 days after seeding and assessed
by western blot. These cells also differentiate along the osteoblast lineage in culture (default
pathway), but unlike calvarial OBs, are not initially committed to the osteoblast lineage. While
Ebf1 is present in the cells at all times tested, there appears to be an increase in the expression
between 3 and 7 days in culture (Fig 1D).

To determine if Ebf1 was expressed by OBs in vivo, long bones were decalcified, and processed
for immunohistochemistry using Nova Red to stain Ebf1* cells a reddish-brown color. Distinct
Ebf1 staining was seen in OBs attached to bone surfaces (Fig 1E, see arrows). Importantly, not
all the OBs were stained, only the large cells. In contrast, none of the osteocytes were stained.
Numerous bone marrow cells were Ebf1 positive, which is consistent with the large number
of B lineage cells in bone marrow and serves as an internal positive control. Bone sections
stained with an isotype control antibody (Fig 1F) were negative. These data confirm our gene
expression data and demonstrate that Ebf1 is expressed in some but not all OBs in vivo. The
fact that osteocytes are not stained may reflect either their state of activation or stage of
differentiation.

Increased bone formation in Ebfl-deficient mice

We hypothesized that Ebf1 plays a role in skeletal biology due to its expression in OBs and
examined Ebf1~~ mice for skeletal changes. All Ebf1~/~ mice were runted when compared to
age-matched controls (Fig 2A), and a portion of these mice died for unknown reasons at 3 to
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5 weeks of age. We observed mice for as long as 8 months and the runting persisted, however
it was more exaggerated at 1 month of age compared to mice over 6 months old. The
Ebf1~/~ mice had normal tooth development and were not blind, suggesting that functional
OCs were present.

To evaluate bone remodeling, the femora and tibiae from Ebf1~/~ mice and wild-type littermate
controls were isolated, processed for histomorphometric analysis, and evaluated by light
microscopy. Consistent with the runting of the animals, the bones from Ebf1-mutant mice (Fig
2B) were physically smaller than controls (Fig 2C). Although proportionally smaller, the
growth plates of Ebf1~~ mice (Fig 2D) were orderly with normal appearing columns of
developing chondrocytes that were similar to controls (Fig 2E). Additionally, both the
proliferative and hypertrophic zones appeared similar. When Ebf1 expression was examined
in primary growth plate chondrocytes or immortialized chondrocytic cell lines (ATDCS5,
RCJ3.1C5.18) Ebf1 mRNA was undetectable (data not shown). Taken together, these results
suggest that the runting is not caused by a defect in chondrocytic differentiation or function.

Increases in osteoid volume (OV/TV) were apparent in histological sections (Fig 2F, see
arrows) and by histomorphometry of Ebf1~/~ bones (over 200% of wild-type) at both 4 and 12
weeks of age (Table 1). Osteoid thickness (OTh) in Ebf1~~ bones was also increased by 22%
and 25% over controls at 4 and 12 weeks of age, respectively. The rate of bone formation (BFR/
TV) in Ebf1~~ mice was 285% that of the control animals as measured by calcein fluorochrome
double labeling (Fig 2H). Although the bone volume (mineral plus osteoid) was not different
in histological samples between mutant and wild-type mice at 4 weeks of age, by 12 weeks the
bone volume of Ebf1 ™~ mice was 75% greater than controls (Table 1). The increase in bone
volume is consistent with the almost 50% reduction in trabecular spacing (ThSp) and a more
than 66% increase in trabecular number (TbN) in 12 week old Ebf1~ mice compared to
controls (Table 1). Taken together, these data demonstrate an age-related increase in bone
volume. The mineralization of the bone in these mice, however, appears to be delayed in the
trabeculae. When the same parameters (BV/TV and TbN) were analyzed by uCT, which does
not include nonmineralized osteoid, in 4 week-old animals, there was a significant lack of
mineralized bone in the Ebf1 ™~ femora (Table 2).

When the cortical bone of 4 week-old animals was analyzed by pCT, there was no difference
in the BV/TV, bone surface/tissue volume (BS/TV) or cortical thickness (CT) (Table 2). A
significant reduction in tissue density was recorded in the mutant mice as compared to controls.
Although the bones were not subjected to mechanical loading or fracture analysis, the polar
moment of inertia (oMOI) in 4 week-old animals was decreased by 72% in the Ebf1~/~ animals
compared to their age-matched controls (Table 2). These data taken as a whole, suggest that 4
week-old Ebf1 deficient animals possess a severe defect in bone strength.

Increased numbers of osteoblasts in the bones of Ebfl-deficient mice

Osteoid is made by OBs and becomes bone following mineralization. Due to the increased
osteoid volume and thickness in the bones of Ebf1/~ mice, we hypothesized that Ebf1
deficiency leads to an increase in OB numbers. Increases in the numbers of OBs in bone were
apparent both qualitatively in histological sections, and quantitatively using
histomorphometry. Multiple layers of OBs were seen attached to Ebf1~/~ endosteal surfaces
(Fig 2F, see arrows) as compared to controls (Fig 2E). The inter-trabecular spaces at the growth
plate were filled with OBs, and OBs surrounded individual trabeculae (Fig 2G). Also, the
number of OBs in 4 week-old Ebf1~/~ mice was increased by 85% compared to controls (Table
1) as assessed by the number of osteoblasts/total area (NOb/TAR). Additionally, in 4 week old
animals, most formation parameters were increased significantly: OBs on bone surfaces (Obs/
BS) were increased 88%, and trabecular thickness was increased 21% (data not shown). This
increase in OB numbers was also apparent in 12 week-old mice where the NOb/TAR was
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almost 90% above controls (Table 1). These data not only indicate a marked increase in the
number of OBs in both 4 and 12 week-old Ebf1~~ mice but also suggest that they were
functional. In fact, levels of serum osteocalcin, a highly specific secreted protein of mature
OBs, in Ebf1 ™/~ mice were increased by approximately 75% in 4 week-old mice, and by almost
130% in 12 week-old mice compared to age-matched controls (Fig 3A). These data correlate
well with the observed increase in OB numbers in the mutant mice.

To determine whether OBs from Ebfl1~~ mice were functional, we next tested the ability of
Ebf1~/~ and wild-type control calvarial OBs to proliferate and differentiate into mature OBs
in vitro. Expression of alkaline phosphatase (ALP), a marker of OB differentiation, was
measured from lysates of cultured primary calvarial cells grown for 7, 16, 23, and 29 days.
ALP expression by cultured Ebf1~/~ OBs increased in a time-dependent manner and was similar
to control cells (Fig 3B). Similarly, no differences were observed in the proliferative capacity
of freshly-isolated Ebf1~/~ and control OBs cultured for 2-12 days (Fig 3C).

Age-dependent increase in osteoclast numbers

Bone density is regulated through not only the anabolic actions of OBs, but also the catabolic
actions of OCs. Unlike OBs, OCs are hematopoietic in origin arising from the myeloid lineage.
While Ebf1—/— mice lack all but the earliest identifiable B cells, they exhibit normal numbers
of T cells as well as Mac-1* and Gr-1* myeloid cells [18]. Having observed increases in bone
density and OB number in the Ebf1~~ mice compared to their age-matched controls, we next
examined whether OC numbers were also altered in the bones of Ebf1~/~ animals. When OCs
were assessed in decalcified bone sections, 12 week-old Ebf1~/~ bones contained almost 2.5
times the number of OCs observed in control bones (Table 1 NOc/TAR). However, there was
no statistically significant difference in the number of OCs in bones of 4 week-old Ebf1 ™~
mice compared to wild-type controls. When OC formation was evaluated in vitro, the number
of OCs produced from 4 week-old Ebf1~/~ bone marrow cells was reduced by 50% compared
to control (Fig 3D). In contrast, bone marrow cells from 12 week-old mutant mice and controls
produced similar numbers of OCs. These data suggest that loss of Ebfl causes an early defect
in OC progenitors that corrects with age.

Altered adipocyte populations in Ebf1™~ mice

The most striking phenotype of Ebf1~/~ bones was the massive increase in adipocytes that filled
the medullary canal (Fig 2B-C) and marrow space in the secondary center of ossification (Fig
4A-B). Our interpretation that these cells were adipocytes was based on their location,
morphology, and that they were devoid of toluidine blue stain. These structures were not fixed
cells but fixed cell ghosts that appear white because lipophilic agents (acetone and ethanol)
extract the lipid from the cells during sample preparation. To confirm the presence of increased
adipocytes in the medullary canal, tibia from 4 week-old mice were isolated and then stained
for lipid using osmium. Extensive osmium staining was seen above and below the growth plate
and observed to extend into the diaphesis of the Ebf1~~ bones (Fig 4C). No staining was
observed in the control bone (Fig 4D), however, staining was seen outside of the bone, in fatty
tissue adjacent to the periosteum, serving as an internal positive control (Fig 4D see arrow).
These data confirm our interpretation that the cell ghosts seen in the histologic sections were
adipocytes.

Similar to the increased number of OBs, the increase in bone marrow adipocytes was observed
at both 4 and 12 weeks of age in EbfL ™~ mice. Oil-red-O staining of freshly prepared bone

marrow smears also confirmed this increase in bone marrow fat (data not shown). As mentioned
earlier, the Ebf1 ™/~ mice were runted compared to their WT littermates and the animals had a
mildly cachectic look. When the subcutanueous fat pads were removed from the flanks of these
mice and weighed there was a significant decrease in the percent body weight of these deposits
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for the Ebf1~/~ mice compared to their WT counterparts at 4 (Fig 4E) and 12 weeks of age
(data not shown). Because other organs express low levels of Ebfl mRNA [17], we examined
brain, heart, kidney, liver, and spleen from Ebf1~/~ mice for changes in fat distribution.
Increased fat deposition, visualized by Oil-red-O staining, was seen histologically in the livers
of some Ebf1~/~ mice (Fig 4F) but never in controls (Fig 4G). No staining was observed in the
other tissues of mutant or wild-type mice (data not shown). Thus, while fat deposition to the
bone marrow and liver is increased in the Ebf1~/~ mice, subcutaneous deposition of white
adipose tissue was decreased.

Discussion

We have shown that Ebf1 is expressed at multiple stages of in vitro OB differentiation ranging
from immature proliferating cells to mature osteoid secreting OBs. Ebf1 is also expressed in
the MC3T3-E1 osteoblastic cell line, confirming the primary cell expression.
Immunohistochemical localization showed Ebf1 expression in some, but not all, OBs on bone
surfaces (the cells that were larger than those that were adherent but not positive), which is
consistent with cellular activation. In contrast, osteocytes were negative for Ebf1 staining.
Whether this is because they are embedded in bone or because they are the most mature cells
in the OB lineage is unknown. The OB-specific expression of Ebfl suggests that Ebfl-based
regulation is, in part, cell intrinsic. It has been reported that Ebf1 is expressed in the stromal
cell line OP9, which is highly efficient in supporting hematopoiesis, but not in cells that do not
support hematopoiesis [35]. It may be that Ebfl regulates hematopoiesis in part through an
indirect effect on the supporting stromal cells and OBs. Ebf1 is expressed in MSCs, osteoblasts,
adipocytes, and some stromal cells, but not in chondrocytes, suggesting that it is regulated
during mesenchymal lineage allocation.

Our histologic and histomorphometric data show significantly increased OB numbers in the
bones of Ebf1~/~ mice explaining the increase in bone formation rate, trabecular number,
osteoid volume and thickness and serum osteocalcin. Ebf1~~ OBs were indistinguishable from
wild-type cells in their ability to proliferate and express ALP in culture, yet we found increased
numbers of OBs in the bones of Ebf1~~ mice at both 4 and 12 weeks of age while an increase
in bone volume was only detected by 12 weeks. This delay is most likely due to the time that
is needed for osteoid to mineralize into new bone. Using uCT BV/TV, and ThSp were reduced
in the primary spongiosa of Ebf1~~ mice. Histomorphometric measurements count both
mineral and osteoid, while uCT determinations are made on mineralized bone only. This could
account for the discrepancy between the two analyses, especially considering the large amount
of unmineralized osteoid present in the Ebf1~/~ mice. In addition, mutant and control mice are
not different in trabecular thickness supporting this idea. These differences support our
rationale for a delay in mineralization coupled with accelerated bone turnover in the trabecular
and cortical compartments of the Ebf1 ™~ mice, and is supported by the dramatic increases in
osteoid and bone formation rate in the trabecular compartment and the decrease in tissue density
in the cortical compartment.

Increased bone volume at 12 weeks takes on additional significance because the bones of null
mice are smaller than controls. The increased bone formation rate and the trabecular number
(from histomorphometric analyis), as well as our data indicating that Ebf1~~ OBs are highly
proliferative and express ALP in a differentiation-dependant manner, support this conclusion.
Therefore, the increase in osteoid, and ultimately bone, is most likely due to the increased
number of functional OBs in Ebf1~/~ mice.

An alternative possibility to account for the increased bone is that the OCs in the Ebf1~~ mice
were defective, but this seems unlikely. Although the trabecular spacing, measured by
histomorphometry, was reduced by almost 50% in 12 week-old mutant bones the marrow space
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was not occluded. In fact, the medullary canal in 4 and 12 week-old Ebf1 /"~ mice was similar
to wild-type controls. Also, Ebf1/~ mice had normal tooth eruption and the mice were not
blind, both of which require functional OCs. Histomorphometry indicated that OCs were
present in 4 week-old Ebf1 ™/~ bones, and in vitro differentiation of OCs from Ebf1~/~ bone
marrow precursors was reduced compared to wild-type controls at 4 weeks of age, but corrected
by 12 weeks. It is unclear why this reduction in OCs occurred. One possibility was that although
there were increased numbers of OBs in bone at 4 weeks they were less able to support OC
differentiation. This could be due to reduced expression of RANKL or M-CSF or increased
OPG production by the OBs. However, by 12 weeks the number of OCs in vivo was almost
2.5 times that of controls, yet in vitro differentiation was equivalent. The most likely
explanation for the partial recovery in OCs at 12 weeks is the induction by the increased
numbers of mature OBs. Just as it takes time for the increase in bone volume to become
apparent, it also takes time for OB-mediated induction of OCs. Alternatively, the reduction in
OCs may be due to reduced numbers of OC progenitors. It must be remembered that Ebf1 7/~
bone marrow is missing all B cell lineage cells, with the exception of the very earliest B220*
population, which normally represent 20-30% of total bone marrow [36]. Therefore, the
number of OC progenitors may be concentrated in Ebf1~/~ bone marrow. Because the number
of OCs differentiated in vitro was similar in mutant and control bone marrow from 12 week-
old mice this suggests that the OC progenitors were reduced in the mutant mice. This would
also explain the more than 50% reduction in OCs differentiated from 4 week-old bone marrow
cells. The reduction cannot be explained by the lack of RANKL or M-CSF because these
cytokines are added exogenously to the cultures. However, reduced receptor expression by the
OC progenitors could account for the reduced numbers of OCs.

It is possible that the loss of B cells could account for the increase in OBs and adipocytes in
the bone marrow. However, this seems unlikely because mice lacking most B cells due to the
loss of Ragl or uMT heavy chain, do not have a bone phenotype or increased marrow
adipogenesis [22]. It has been reported that uMT heavy chain deficient are osteopenic due to
increased bone resorption, which is caused by a decrease of B cell-secreted OPG [37]. In
contrast, Ebf1 /= mice, which lack all but the very earliest population of pro-B cells, have
increased bone mass with increased OCs.

Ebf2 was recently shown to be expressed in OBs, and while Ebf2~/~ mice do display bone
defects, the bone phenotype is very different from that of Ebf1 7~ mice. The size and weight
of Ebf2~/~ mice was reduced compared to controls but not to the degree of Ebf1 ™/~ mice [38].
Runting or delayed development appears common to these mutants, but whether this is a direct
effect of the loss of the genes on skeletal cells or an indirect mechanism is not clear at this time.
Ebfl and 2 are expressed during brain development, which could affect skeletal development.
The Ebf2-deficient mice were osteopenic with a 49% reduction in trabecular and a 65%
reduction in cortical bone. Ebf2-deficient mice also had normal numbers of OBs and their bone
formation rate was similar to that of controls, while the number of OCs in the bones of
Ebf2~~ mice was, increased. This was accounted for by an observed increase in RANKL and
decrease in OPG expression by Ebf2/~ OBs compared to controls. These data indicate that
although Ebf2 has important effects on the skeleton, they are distinct from those exerted by
Ebf1.

We have observed that many of the transcription factors shown to be important for B cell
development and function, PU.1, Pax5 and Ebf1 [39,40], also have roles in skeletal
development [41]. PU.1 null mice fail to develop macrophages and osteoclasts [42] while
Pax5~~ mice are severely osteopenic, missing more than 60% of their bone mass, due to a 3—
5-fold increase in the number of osteoclasts while the number of osteoblasts indistinguishable
from wild-type controls [22]. Now, we report that Ebf1 is another such regulator, and unlike
PU.1 or Pax5, Ebf1 effects bone formation. We should note that the roles of these transcription
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factors in bone biology appear to be both direct and indirect, and in a manner similar to their
regulation of B cell function, they may control bone-specific networks that can now be
elucidated.

One of the most striking aspects of the Ebf1/~ phenotype is the altered distribution of
adipocytes. Adipocytes were dramatically increased in the medullary canal and the secondary
center of ossification and Ebf1~~ mice had fatty livers while other organs, such as spleen, were
similar to control, but subcutaneous white adipose deposits were decreased in size. We detected
Ebf1 mRNA in peripheral fat of wild-type or Rag-deficient mice suggesting that Ebfl-
dependent regulation of adipocytes is at least partially cell intrinsic. These data confirm that
Ebf1, and as reported previously Ebf2 and 3, are expressed in mouse and human adipocytes
and the adipogenic cell line 3T3-L1 [17,20] where they have been implicated in adipogenesis.
Forced expression of Ebf1 in the adipocyte precursor cell line 3T3L-1 and in fibroblasts induces
adipogenesis [20], while reduction of Ebfl or 2 by sSiRNA in 3T3-L1 cells completely abolishes
the ability of those cells to differentiate into adipocytes [38]. Ebf1 activates the promoters of
genes encoding C/EBPaand PPARY1, transcription factors important for adipocyte
differentiation, and PPARYy is required for Ebf1-mediated induction of adipocytes [38]. Positive
regulation of PPARy not only induces adipocyte differentiation, but also inhibits OB
differentiation by increasing aP2, and adipsin synthesis and fat accumulation, while at the same
time it suppresses Runx2, a1(l)procollagen, and osteocalcin synthesis [10].

Our invivo results, showing a large increase in bone marrow adipocytes in the absence of Ebf1,
appear to contradict many of the previously published in vitro findings. This dichotomy is more
pronounced in light of the increased hepatic and reduced subcutaneous fat indicative of a
lipodystrophic phenotype. We expected that the loss of Ebf1 would result in a bone and fat
deficiency. However, our results indicate that the opposite occurred. While not the main focus
of their study, the authors who investigated the role of Ebf2 in bone also noted increased
adipocytes in bone marrow of Ebf2~/~ mice [43]. It is reasonable to hypothesize that Ebf1 both
positively and negatively regulates both the adipocyte and OB lineages through separate or
similar mechanisms. This varied regulation may occur at different times during differentiation
of these lineages. This would reconcile the in vivo adipocyte data on Ebf1 (our study) and Ebf2
[43] with the in vitro data discussed above. It is also possible that the use of transformed cell
lines does not reveal all aspects of Ebfl and 2 function in adipocytes, or that culture in vitro
of single cell types does not correctly mimic the cell-cell interactions present within the bone
marrow microenvironment. While most evidence points to Ebfl being a positive regulator of
transcription, it has been implicated in repression via p300/CBP and the repression of Glut4
expression in fat cell cultures [44,45]. Ebfl may activate a negative regulator of OB function
or development. In fact, a novel transcription factor family of zinc finger proteins (Zfp) with
30 Kriippel-like zinc finger domains has been identified. One member, Zfp423/0AZ (O/E
associated Zfp), binds to and negatively regulates Ebf1 [46], while another, Zfp521 (also known
as EBF-associtaed Zfp, Ebfaz) is highly expressed in primary calvarial OBs, and transgenic
mice over-expressing Zfp521 exhibit increased bone volume with increased OB number and
osteoid volume [47] similar to the bone phenotype in the Ebf1 ™~ mice.

An additional possibility is that the loss of Ebf1 differentially regulates fat depending on its
origin. White or brown fat have different anatomical locations, gene expression programs,
temporal expression patterns, and lipid storage capacities [48,49]. Within white fat, subsets of
cells appear to be present, which function differently. Fat can be divided into central or visceral
fat and subcutaneous and abdominal fat [50]. In humans, adipose tissue contains adipose-
derived adult stem cells [51]. Although these cells can differentiate into multiple mesenchymal
lineages, similarly to bone marrow derived mesenchymal stem cells it is unclear if they are
regulated in the same way. It may be that the loss of Ebf1 regulates marrow adiposity differently
than visceral or subcutaneous fat. Alternatively, fat accumulation in the BM may be the result
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of the lipodystrophic phenotype and not an effect of the loss of Ebf1 on adipocyte
differentiation. Regardless of how the adipocytes are increased in the bones of Ebf1~/~ animals,
their presence adds another level of complexity to understanding the microenvironment of
these animals. Adipocytes, in addition to storing fat, carry out other functions including the
secretion of adipocytokines such as leptin, TNFaand IL-6, all of which are bone active [52].

The molecular requirements for cell fate specification to the OB and or adipocyte lineages have
been only partially delineated. Therefore, the identification of new regulatory molecules is
central to our understanding of the complex set of interactions that regulate the link between
osteoblastogenesis and adipogenesis. The striking early increase in OBs and the unexpected
concomitant accumulation of adipocytes in the bones of Ebf1 ™~ mice identifies Ebfl as a
heretofore-unrecognized transcription factor required for the regulation of OB and adipocyte
development.
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bone volume/total volume
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osteoid volume/total volume
OTh

osteoid thickness
NOb/TAR

number of osteoblasts
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number of osteoclasts
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Ebf1 expression in osteoblasts and adipocytes. (A) RT-PCR detection of Ebfl and HPRT
(loading control). RNA was from CD4" T cells (lanes 2-3), CD19" B cells (lanes 4-5),
Ragl~/~ fat tissue (lanes 6-7), calvarial OBs (lanes 8-9), and the pre-OB cell line MC3T3-E1
(lanes 10-11). (B) RT-PCR detection of Ebf1, osteocalcin (OC), Runx2, and HPRT. RNA was
from CD8* T cells (lanes 2-3), CD19" B cells, and calvarial OBs at increasingly mature stages
of differentiation (Days in culture, lanes 6-13). Lanes 6—7 contain the least mature samples
and lanes 12-13 contain the most mature samples. (C) Western blot of Ebf1 expression in
whole cell lysate from calvarial OBs. Lane 1 represents the least mature sample and lane 4 the
most mature sample. (D) Western blot of Ebf1 expression in whole cell lysate from MSCs.
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Lanes 1-3 represent the least to most mature samples (3, 7, or 14 days in culture). (E)
Immunohistochemical staining of proximal tibia with anti-Ebf1 antibody. Arrows indicate
large stained OBs on bone surfaces. (F) Immunohistochemical staining of Ebf1 in bone with
an isotype control.
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Figure 2.

Physical and histological assessment of Ebf1~/~ and wild-type littermate control long bones.
(A) Comparison of 4-week-old Ebf1~/~ (right) and age matched littermate control (left).
Toluidine blue stained proximal tibiae from 4 week-old Ebf1 = (B, D, F, G) and age-matched
littermate wild-type control (C, E). (B) Ebf1~/~ tibiae are striking smaller than control (C, 4x
original magnification), characteristic of Ebf1 deficiency. (D) Although proportionally smaller,
the growth plate in Ebf1~~ mice is similar to control (E) with orderly columns of developing
chondrocytes (10x original magnification). (F) The interface between Ebf1~/~ cortical bone
and bone marrow shows increased osteoid thickness (Carolina blue line closest to bone, arrows)
and the layers of OBs 2-3 cells thick adjacent to the osteoid (dark blue closest to the marrow).
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(G) Ebf1~~ OBs also surround individual trabeculae and fill the intratrabecular spaces at the
growth plate (20x orginal magnification). Fat cell ghosts fill the medullary canal (B, D). (H)
Comparison of the bone formation rate (BFR) between Ebf1~/~ and littermate controls at 4
weeks of age. Values represent the mean + SE. *Significant difference in BFR, p>0.01.
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Figure 3.

Serum osteocalcin, osteoblast proliferation, alkaline phosphatase, and osteoclast development
in Ebf1~~ mice. (A) Serum was collected from individual (>5) Ebf1/~ and +/+ 4 and 12-week-
old mice and osteocalcin measured by specific RIA. (B) Both the production of ALP and the
proliferative response (C) by cultured calvarial OBs were similar in Ebf1™~ and +/+ mice (SE
were all >10%). (D) Bone marrow from Ebf1~~ and +/+ mice was cultured with M-CSF and
RANKL and the number of large, TRAP*, multinucleated osteoclasts counted. Values
represent the mean + SE. *Significant decrease in Ebf1 7~ mice, p <0.01.
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Figure 4.

Fat distribution in Ebf1/~ mice. Toluidine blue stained proximal tibiae from 4 week-old
Ebf1~~ and age-matched littermate control mice. (A) Adipocyte ghosts fill the secondary
center of ossification (above the growth plate) in Ebf1~~ mice as compared to controls (B).
(C) Increased adipogenesis in Ebf1~~ bone revealed by extensive osmium staining in the bones
of 4-week-old mutant bone. (D) No osmium staining was seen in control bone. Extra-osseous
fat serves as a control (arrow). (E) White adipose deposition in the subcutaneous fat pads
surrounding the flank region is decreased in 4 week old Ebf1—/— (n=10) compared to controls
(n=9). Each point represents the mean * SE. Statistical significance was determined by
ANOVA.
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*Significant decrease in Ebf1—/— mice, p <0.01. (F) Deposition of fat, indicated by Oil-red-O
staining, in liver from Ebf1~/~ mice as compared to age-matched littermate control (G).
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