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Abstract

Ebfs are a family of transcription factors regulating the differentiation of multiple cell types of mesenchymal origin, includ-
ing osteoblasts. Global deletion of Ebf1 results in increased bone formation and bone mass, while global loss of Ebf2 leads
to enhanced bone resorption and decreased bone mass. Targeted deletion of Ebf1 in early committed osteoblasts leads to
increased bone formation, whereas deletion in mature osteoblasts has no effect. To study the effects of Ebf2 specifically on
long bone development, we created a limb bud mesenchyme targeted Ebf2 knockout mouse model by using paired related
homeobox gene 1 (Prrx1) Cre. To investigate the possible interplay between Ebf1 and Ebf2, we deleted both Ebf1 and Ebf2
in the cells expressing Prrx1. Mice with Prrx1-targeted deletion of Ebf2 had a very mild bone phenotype. However, dele-
tion of both Ebfl and Ebf2 in mesenchymal lineage cells lead to significant, age progressive increase in bone volume. The
phenotype was to some extent gender dependent, leading to an increase in both trabecular and cortical bone in females, while
in males a mild cortical bone phenotype and a growth plate defect was observed. The phenotype was observed at both 6 and
12 weeks of age, but it was more pronounced in older female mice. Our data suggest that Ebfs modulate bone homeostasis
and they are likely able to compensate for the lack of each other. The roles of Ebfs in bone formation appear to be complex
and affected by multiple factors, such as age and gender.
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Introduction

Early B-cell factors (Ebfs) are a four-member family of tran-
scription factors (Ebf1-Ebf4) that regulate the differentiation
of e.g. neuronal cells [1, 2], B-cells [3, 4] and adipocytes [5,
6]. The role of Ebf1 is prominent in the white adipose tissue
[7], whereas Ebf2 maintains brown adipocyte identity [8].
Ebf family members are all expressed in the bone mar-
row niche [9, 10], and Ebfl and Ebf2 have been implicated
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in bone homeostasis. Global deletion of Ebfl (Ebf1KO)
leads to increased bone mass due to increased bone for-
mation [11]. Conditional knockout models have suggested
varying roles for Ebf1 in osteoblast differentiation. Zee et al.
reported that targeting Ebf1 deletion to osteoblast lineage
using Runx2-Cre had no effect on osteoblast differentiation
or bone accrual [12]. In line with this, Seike et al. observed
that targeting Ebf1 deletion to early limb bud mesenchyme
with paired related homeobox gene 1 (Prrx1) did not lead
to detectable bone abnormalities [9]. In contrast, Derecka
et al. reported that Prrx1-driven deletion of Ebfl leads to
increased bone formation [10].

We have studied the effect of Ebfl on bone metabolism
using two different conditional knockout mouse models.
Deletion of Ebfl in the early-stage osteoblasts express-
ing Osterix (Osx) led to increased bone formation in vivo,
whereas deletion in the mature osteoblasts expressing
osteocalcin (OCN) had no effect [13]. We also identified
a putative EBF1 binding site in the Osterix promoter by
ChIP assay in MC3T3-E1 osteoblasts and showed that EBF1
was able to activate Osx-luciferase reporter construct that
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included the identified EBF1 binding site. Our data sug-
gest that Ebfl promotes early osteoblast differentiation by
directly inducing Osterix expression, but it suppresses bone
formation in differentiated mature osteoblasts [13].

In contrast to Ebfl, global deletion of Ebf2 leads to
decreased bone mass due to enhanced bone resorption
[14]. The expression of osteoprotegerin (OPG), an inhibi-
tor of osteoclastogenesis, was also highly suppressed in the
absence of Ebf2 [14]. More recently, downregulation of Ebf2
and subsequent decrease in OPG expression was linked to
spinal cord injury induced osteoporosis in rats [15]. To the
best of our knowledge, conditional knockout of Ebf2 in
osteoblast lineage has not been reported.

These data suggest that Ebfs are capable of modulating
bone homeostasis but the exact functions and molecular
mechanisms of action at specific stages of osteoblast differ-
entiation remain to be elucidated. They are likely to be able
to compensate for the lack of each other, but the unique and
redundant functions remain to be discovered.

We first examined the effect of Ebf2 downregulation
using global knockout of Ebf2 on mice. These mice exhib-
ited significant welfare issues with significant loss of body
size and weight. To overcome these issues and to study the
effects of Ebf2 specifically on long bone development, we
created a limb bud mesenchyme targeted deletion of Ebf2
by using Prrx1-Cre. Unexpectedly, these mice had a very
mild bone phenotype.

To further investigate the redundant and non-redundant
effects of Ebfs on bone formation, we created Ebf1xEbf2p,
mice in which both Ebf1 and Ebf2 have been deleted in cells
expressing Prrx1. These mice had a pronounced bone phe-
notype which progressed with advanced age. For the first
time, we also report a sexually dimorphic bone phenotype
in relation to Ebf1 and Ebf2 deletion.

Materials and Methods
Experimental Animals

All mouse studies were approved by the Finnish ethi-
cal committee for experimental animals (license numbers
5186/04.10.07/2017 and 14044/2020), complying with the
international guidelines on the care and use of laboratory
animals, and were conducted under the supervision of the
trained staff at the Central Animal Laboratory, University
of Turku.

The targeting vector for Ebf2 was obtained from Soren
Warming (Department of Molecular Biology, Genentech
Inc., South San Francisco, CA, US). Chimera mouse line
was generated by Turku Center for Disease Modeling
(TCDM), University of Turku, Finland.

To generate global Ebf2 knockout mice, we first bred het-
erozygous Ebf2 chimeras with mice expressing Cre under
the control of CMV enhancer—chicken-beta-actin (CAG)
promoter. This led to deletion of exons 4 to 6 in all tissues
of global Ebf2KO*'~ mice. As breeding Ebf2KO*'~ males
and Ebf2KO™~ females on C57BL/JC background led to
unviable offspring, Ebf2KO*'~ were bred with 129SvJ mice.
Breeding the following generation of Ebf2KO*~ males and
Ebf2KO™~ females on crossbred C57BL/JC and 129SvJ
background led to more viable global Ebf2KO™~ offspring.
Male mice were analysed at 3 weeks of age.

Conditional knockout mice generation started by first
crossing heterozygous Ebf2 mice from the chimera breed-
ing with Flippase (Flp) expressing mice to remove the Neo
cassette flanked by Flp recombinase target sites (Frt) and
create Ebf2"* mice (Supplemental Fig. 1a). Tissue spe-
cific conditional knockout in early limb bud mesenchyme
was subsequently achieved by crossing Ebf2"* with mice
expressing Cre recombinase driven by the Prrx1 promoter
specifically expressed in early limb mesenchymal cells
(Tg(Prrx-cre)lcjt/] mice), acquired from The Jackson Lab-
oratory (Bar Harbor, ME, USA) [16]. Ebf2;,.., male and
female mice were analysed, at 6 and 12 weeks of age.

Conditional double knockout Ebf1xEbf2,., mouse was
created by crossing Ebf2p,,;Cre+ males with Ebf1¥Cre-
[13] females. Ebf1xEbf2, ., male and female mice were
analysed, at 6 and 12 weeks of age.

Genotyping of mice was carried out from DNA extracted
from ear marks of two-week-old to three-week-old mice.
Cre recombination in the long bones was confirmed from
genomic DNA isolated from humerus using isopropanol pre-
cipitation method (Supplemental Fig. 1b—d, Supplemental
Table 1).

Microcomputed Tomography

For the microcomputed tomography (pCT) bones were
stripped from soft tissues, and stored in 70% EtOH at +4 C.

Femurs, tibias and vertebras were scanned and analysed
with SkyScan 1072 or SkyScan 1272 X-ray computed
tomography (Bruker-microCT, Kontich, Belgium). A plas-
tic holder was used to ensure immobilization and constant
positioning of the sample. The parameters used for scanning
(in air) were X-ray tube voltage 70 kV, tube current 142 pA.
The scanning voxel resolution for tibia was 8.37 pm, for
femur 5 pm and for vertebra 7 pm. The bones were rotated
in 0.4°degree steps (total angle, 360°) and an internal 0.5
mm aluminium filter was applied for beam hardening. Cross-
sectional images were reconstructed with NRecon 1.6.4.1
software (Bruker-microCT).

For the analysis of the trabecular bone in the tibia, a
region of interest (ROI) excluding the cortical bone was
defined 80 layers (670 pm) distally from the proximal growth
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plate, for a total of 120 layers (1004 pm). Cortical bone was
analyzed beginning from 5022 pm distally from the growth
plate, for a total of 100 layers (837 pm). To analyse the sec-
ondary ossification centre (SOC) area of the tibia, a ROI
excluding the cortical bone was defined 10 layers (84 pm)
proximally from the proximal growth plate and extending a
total of 12 layers (100 pm).

For the analysis of the trabecular bone in the femur, a ROI
excluding the cortical bone was defined 200 layers (1000
pm) proximally from the distal growth plate, for a total of
120 layers (600 pm). Cortical bone was analyzed beginning
from 5500 pm proximally from the growth plate, for a total
of 100 layers (500 pm). As the Ebf1xEbf2; ., mice had
significantly shorter tibia and femur compared to controls,
this was taken into account during the pCT-analysis. We cal-
culated the proportional difference in bone length between
control and knockout mice, in males and females. The dif-
ference in bone length was then translated to the distance of
the ROIs from the growth plate.

For the analysis of the trabecular bone in the fourth lum-
bar vertebrae, a ROI excluding the cortical bone was defined
30 layers (210 pm) proximally from the distal growth plate
and extending a total of 100 layers (700 pm).

Histology and Histomorphometry

For histological analyses, tibias were fixed in 3.7% formalin,
decalcified in EDTA, embedded in paraffin, and cut into 4
pm sections. Sections were deparaffinized, rehydrated, and
stained with haematoxylin & eosin (H&E) using standard
procedures. Samples were imaged with PANNORAMIC
1000 slide scanner (3DHISTEC, Budapest, Hungary).

Number of adipocyte ‘ghosts’ was counted manually
from the secondary ossification centre areas in tibial sec-
tions using 3DHISTEC CaseViewer programme. The area of
the secondary ossification centre was outlined and measured
(mm?) using ImageJ software. Number of adipocyte ‘ghosts’
was normalized to the area and reported as adipocyte num-
ber/mm? (Supplemental Fig. 7b). Bone marrow adiposity
was calculated from tibial sections, a region of interest (1
mm?) was outlined inside the marrow cavity, and adipocyte
‘ghosts’ were counted manually. Bone marrow adiposity was
reported as adipocyte number/mm?.

For the histomorphometric analysis, mice were injected
with 20 mg/kg of Calcein (C0875, Sigma) and 40 mg/kg of
Demeclocycline (D6140, Sigma) nine and two days prior to
sacrifice, respectively. Tibias were harvested and fixed in 3.7%
formalin o/n and transferred to 70% ethanol for a minimum
of 3 days. The fixed bones were dehydrated with acetone and
embedded in methyl methacrylate. Undecalcified 4-um-thick
sections were cut with hard tissue microtome (RM2255, Leica,
Germany), deplastified and stained with Von Kossa method
using the standard protocol to visualize mineralized bone, with
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Toluidine blue for osteoblast measurements and for Tartrate-
resistant acid phosphatase (TRACP) to identify osteoclasts.
The slides were analysed using Osteomeasure-histomorpho-
metry workstation (OsteomeasureXP 3.1.0.1, Osteometrics,
USA). The analysed area was defined as 1.30 mm X 0.84 mm,
starting 200 um distally from the growth plate, excluding the
cortical border areas with a 100 um margin. Static parameters
were measured from slides with toluidine blue and TRACP
staining and dynamic parameters from unstained slides accord-
ing to standardized protocol [17].

Sagittal sections of proximal tibia stained with H&E were
used for growth plate analysis. The average thickness of one
medial and two marginal lines of proliferative and hypertrophic
zones in growth plate was measured by Image J software. Cell
density was analysed by calculating average cell number in
eight regions (each 100x100 pm) of proliferative zone and in
16-17 regions (each 50x50 um) of hypertrophic zone.

Analysis of Gene Expression

Total RNA from the femurs was isolated by first cleaning
the bones from soft tissue, cutting off the distal and proximal
ends of the bone, removing bone marrow by brief centrifu-
gation and pulverizing the bones in liquid nitrogen, followed
by isolation using TRIsure reagent (Bioline) and RNeasy
Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. cDNA was prepared with Sensifast cDNA synthesis
kit (BioLine). Quantitative real-time PCR (qPCR) for the
expression of osteoblast-related genes (Osx, Runx2, Colla
and ALP) was performed using Dynamo Flash SYBR Green
gPCR Kit (ThermoFisher). The samples were analysed with
Bio-Rad CFX96 qPCR system. The data was normalized
using beta-actin as an internal control and the results were
analysed by ““Ct-method. Primer sequences are presented
in Supplemental table 2.

Statistical Analysis

Results are presented as mean + SD. Statistical analysis
was performed by two-tailed Student’s t test with Bon-
ferroni’s comparison or Benjamini-Hochberg Procedure.
P-values<(0.05 were considered statistically significant and
are indicated with asterisks as *P < 0.05; **P < 0.01 and
kP < 0.001.

Results

Global Deletion of Ebf2 Leads to Impaired Bone
Formation

To test the function of Ebf2 in osteoblast differentiation
and function we generated global Ebf2~/~ knockout mice
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(Ebf2KO). As the global deletion of Ebf2 leads to progres-
sive developmental defects [2], the mice were analysed at
three weeks of age to minimize the suffering of the animals.
Body weight (P=0.001) and tibial length (P=0.03) were
significantly reduced in three-week-old Ebf2KO male mice
compared to controls (Supplemental Fig. 2a).

pCT-analysis presented significantly reduced trabecular
bone volume (BV/TV, P=0.04) and increased trabecular
separation (Tb.Sp, P =0.03) in three-week-old Ebf2KO male
mice. Cortical bone thickness (Cort.Th, P =0.014), peri-
osteal perimeter (Ps.Pm, P =0.004), endocortical perimeter
(Ec.Pm, P =0.017) and mean moment of inertia (MMI, P
=0.005) were also significantly decreased in Ebf2KO male
mice compared to controls. This is in line with previously
published phenotype of global Ebf2 deletion [14].

Limb Bud Mesenchyme Specific Deletion of Ebf2
Results in a Mild Bone Phenotype

To evaluate the effect of Ebf2 knockout specifically on early
long bone development, we created Ebf2,_..; mice in which
Ebf2 deletion is driven by the limb bud mesenchyme specific
Prrx1. Bone-targeted Cre recombination was verified by a
PCR of genomic DNA from bone (Supplemental Fig. 1b).
Mice were analysed at 6 and 12 weeks of age. At 6 weeks,
body weight and tibial length were comparable between
control and Ebf2;, . ™~ males (Fig. 1A). Body weights
of the females were also comparable between control and
Ebf2,.,~~. However, tibial length was significantly reduced
(P=0.03) in six-week-old Ebf2;, ™~ females (Fig. 1A).

The bone phenotype was modest. In pCT-analysis six-
week-old Ebf2,, , ™~ female mice were comparable to con-
trols, except for significantly reduced periosteal perimeter
(P =0.003), endocortical perimeter (P =0.001) and mean
moment of inertia (P =0.004) (Fig. 1B). Six-week-old
Ebf2p,,,, '~ males were comparable to controls (Fig. 1B).

At 12 weeks of age there were no differences in weight
or length of tibia between control and Ebf2;, .., ™~ in males
or in females (Fig. 2A). pCT-parameters were also compa-
rable between controls and Ebf2,,,~'~, both in males and
in females (Fig. 2B).

Age-Progressive Decrease in the Length of Long
Bones in Double Knockout Ebf1xEbf2,,,,,

To analyse the possible interplay between Ebfl and Ebf2,
we created a double knockout mouse model in which both
Ebfl and Ebf2 were deleted in cells expressing Prrx1 (E1E2-
Prrx1). Bone-targeted Cre recombination was verified by
a PCR using genomic DNA (Supplemental Fig. 1, c&d).
Resulting Ebf1XxEbf2;,,,; mice were analysed at 6 and 12
weeks of age, in males and females.

Body weight of male and female
Ebf1xEbf2;,.,, ™~ mice were comparable to controls at both
time points (Fig. 3A, C). Length of tibia was significantly
reduced in Ebf1xEbf2p, ., ™~ male (P = 0.015) and female
mice (P =0.001) at 6 weeks (Fig. 3B). The difference in the
length of tibia was even more pronounced in the later time
point of 12 weeks in males (P <0.001) and in females (P
<0.001) (Fig. 3D).

Increased Bone Volume in Ebf1xEbf2,,,,, Females

We next analysed the bone phenotype of the
Ebf1xEbf2; . ; mice by pCT-analysis. In six-week-old
Ebf1XxEbf2p, ., '~ females trabecular bone volume (P =
0.001) and trabecular number (P = 0.003) were significantly
higher compared to controls in femurs (Fig. 4A). In tibia,
the differences were less pronounced, cortical bone frac-
tion was significantly increased (Cort.Ar/T.Ar, P = 0.04)
whereas marrow area fraction was decreased (M.Ar/T.
Ar, P = 0.04) (Supplemental Fig. 3). In six-week-old
EbfI1XEbf2,_ '~ male mice there were no significant dif-
ferences in any of the femoral (Fig. 4A) bone parameters. In
tibia marrow area fraction (P = 0.01), endocortical perimeter
(P = 0.03) and mean moment of inertia (P = 0.03) were
decreased in Ebf1xEbf2;, . ,~~ males at 6 weeks of age
(Supplemental Fig. 3a).

The bone phenotype was more pronounced at the later
timepoint of 12 weeks of age. In Ebfl1xEbf2;, ., ™~ females
trabecular bone volume (P < 0.001), trabecular bone
thickness (P = 0.03) and trabecular number (P < 0.001)
were significantly increased in femurs. Accordingly, tra-
becular separation was significantly decreased (P < 0.001)
(Fig. 5A). Cortical bone thickness was also significantly
increased (P < 0.001), as well as cortical bone fraction (P
< 0.001). Marrow area fraction was significantly reduced
(Fig. 5A). Similar trend was observed in tibias (Supplemen-
tal Fig. 3b). We also analysed vertebrae from 12-week-old
Ebf1XEbf2p,,,, '~ female mice and they were comparable
to controls, suggesting that the high bone mass is due to
local, and not humoral mechanisms (Supplemental Fig. 4).
12-week-old Ebf1xEbf2,, ;™= males had significantly lower
trabecular thickness (P = 0.003) in tibias when compared
to controls (Supplemental Fig. 3b). No differences were
observed in the femurs (Fig. 5A).

Results of the histomorphometry analysis of the female
Ebf1xEbf2,, ., '~ tibia were in accordance with the tibia
pCT-results. At 6 weeks of age, results were comparable
to controls (Fig. 6A), but at 12 weeks structural parameters
(BV/TV, Tb.Th, Tb.N) were significantly increased com-
pared to controls (Fig. 6B). Dynamic parameters (mineral
apposition rate, MAR; bone formation rate, BFR) were
unchanged in both age groups (Supplemental table 3). At
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Fig.1 Tibial pCT-analysis of the six-week-old Ebf2,.., mice.
Ebf2p,,,”~ male mice (n=5) had normal body weight and tib-
ial length when compared to controls (n=10). In six week old
Ebf2p,,,, '~ female mice (n=6) tibial length was reduced when
compared to controls (n=4) (A). Results of the pCT-analysis were
comparable between control and Ebf2,, ™~ in males. Female mice
were comparable to controls, except for significantly reduced peri-
osteal perimeter, endocortical perimeter and mean moment of iner-

12 weeks of age, osteoclast number (N.Oc/T.Ar) was signifi-
cantly increased in Ebf1xEbf2,, ., ™'~ females (P < 0.001)
compared to controls (Supplemental table 3).
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Control, female

Ebf2p, 4, female

tia (B). Representative coronal view of the tibia, trabecular ROI and
cortical ROI are marked with black squares (C). 3D rendered repre-
sentation of the trabecular and cortical bone region of interest in con-
trol and Ebf2,, ., ™~ mice (D). Statistical significance was tested by
two-tailed Student’s t-test with Bonferroni correction. P-values for
significant differences between genotypes are presented. *P <0.05;
**P<0.01

To get insight into the possible mechanisms under-
lying the increased bone mass observed in the
Ebf1xEbf2,, ., '~ females, mRNA expression of selected
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Fig.2 Tibial pCT-analysis of 12-week-old Ebf2, , mice. view of the tibia, trabecular ROI and cortical ROI are marked with

Ebf2p,,,;~~ male mice (n=11) had normal body weight and tibial
length when compared to controls (n=3). Effect on Ebf2p =~
females (n=8) compared to controls (n=4) was the same (A).
Results of the pCT-analysis were comparable between control and
Ebf2p,,, " in male and female mice (B). Representative coronal

bone-specific genes was analysed in controls and
Ebf1xEbf2p,,, ™", at 6 and 12 weeks, in males and in
females. Gene expression data did not reveal any statistically
significant differences in the expression levels of Runx2,
Colla, ALP or Osx between Ebf1xEbf2;,.., ™~ and controls,

black squares (C). 3D rendered representation of the trabecular and
cortical bone region of interest in control and Ebf2,,.;™~ mice (D).
Statistical significance was tested by two-tailed Student’s #-test with
Bonferroni correction

in males or females, at 6 weeks (Supplemental Fig. 5a) or
at 12 weeks (Supplemental Fig. 5b). We also analysed Ebf1
and Ebf2 expression in total bone RNA samples, in both 6
and 12 week old mice, in both genders. The expression pat-
tern in bone does not fully reflect the conditional deletion
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Fig.3 Weights and tibial lengths of six-week-old EbflxEbf2;,,
and 12-week-old Ebf1xEbf2, ., mice (E1E2-Prrx1). Six-week-old
Ebf1XEbf2p,., '~ male (n=8) and female (n=8) mice had normal
body weight (A) but significantly reduced tibial length (B) when
compared to control males (n=7) and females (n=8). 12-week-old
Ebf1XEbf2p,,., ™'~ male (n=8) and female (n==8) mice also had nor-

of Ebfl and Ebf2 in mesenchymal cell lineage, as Ebfs are
also expressed in other cell types of the heterogenic bone
sample. Observed increase (ns, P = 0.07) in Ebf2 expression
in six-week-old Ebf1XEbf2;, ., ™~ could indicate a possible
compensation due to Ebf1 deletion. (Supplemental Fig. 6).

Abnormalities in the Growth Plate and Secondary
Ossification in Ebf1xEbf2,,,,, Males

Decreased bone length in Ebf1xEbf2,_,,~~ mice encour-
aged us to analyse the growth plate of the six-week-old
EbfI1XEbf2;, ., mice. In EbfIXEbf2,, ., ™'~ males, the thick-
ness of the growth plate was significantly reduced (P = 0.02)
(Fig. 7A). There were no differences in the cellular den-
sity of the proliferative zone (P = 0.14) or the hypertrophic
zone (P = 0.08) (Fig. 7B, C). No significant differences
were observed in female mice in any of the growth plate
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mal body weight (C), but even more pronounced reduction in tibial
length (D) when compared to control males (n=38) and females
(n=38). Statistical significance was tested by two-tailed Student’s
t-test. P-values for significant differences between genotypes are pre-
sented. P <0.05; **P<0.01; ***P<0.001

parameters studied (Fig. 7A-C), despite the significantly
shorter bones in Ebf1xEbf2;, ., ™~ females (Fig. 3B, D).

Due to the changes in the bone length and growth plate
thickness, we further analysed the area of secondary ossifi-
cation centre (SOC) in Ebf1xEbf2; , tibias by uCT. Tra-
becular number was reduced (P = 0.049) in the SOC of
Ebf1xEbf2p,,.; ™'~ males at 6 weeks (Supplemental Table 4),
but at 12 weeks the bone parameters in both males and
females were indistinguishable from the controls (Supple-
mental Table 4).

To get further insight into the role of Ebfs in secondary
ossification , we also analyzed the SOC of Ebf2p,,,, and
previously published Ebf1,, [13] mice in more detail. There
were no significant changes in the endochondral ossification
in Ebf2;, ., ™'~ or Ebf1 ™'~ mice, in males or females (Sup-
plemental Table 4).

We also analysed the amount of bone marrow adi-
pocytes in the SOC area and in the bone marrow cavity.
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Fig.4 pCT-analysis of six-week-old EbflxEbf2,. ., mice femurs.
Trabecular and cortical bone analysis revealed significant differences
in EbflebfZPn,xl’/ ~ females (n=8) compared to controls (n=8) (A).
Ebf1xEbf2;,,,~~ males (n=8) were comparable to controls (n="7)
both in trabecular and cortical bone parameters (A). 3D rendered
representation of the trabecular and cortical bone region of interest

EbfI1XEbf2,_,,~'~ males had significantly more adipocytes
(P =0.001) in the SOC than the control mice at the age of
6 weeks (Supplemental Fig. 7c). By 12 weeks of age, the
adipocyte numbers were comparable to controls (P > 0.05)
(Supplemental Fig. 7d). There were no differences between
the genotypes in the number of adipocytes in the bone mar-
row cavity (Supplemental Fig. 7e) in the males. No differ-
ences were observed in the SOC adiposity of the females (P
> 0.05) (Supplemental Fig. 7f).

Discussion

Ebfs are known to play a role in bone formation. Global
deletion of Ebf1 leads to runted stature and increased bone
formation [11]. We and others have previously shown that

Male,
Control

Male,
Ebf1XEbf2p,yq

Female,
Control

Female,
Ebf1xEbf2p,yq

in control male (B), EbflebfZPml_" male (C), control female (D)
and EbflxEbf2;,, '~ female (E). Representative coronal view of
the femur, trabecular ROI and cortical ROI are marked with black
squares (F). Statistical significance was tested by two-tailed Student’s
t-test with Bonferroni correction. P-values for significant differences
between genotypes are presented. *P <0.05; **P <0.01

conditional deletion of Ebfl during early stages of osteo-
blast differentiation leads to increased bone formation [10,
13]. Global Ebf2 deletion, in turn, has previously been
shown to result in dwarfism and impaired viability in mice
[2, 14]. Global Ebf2KO mice have reduced bone mass
and increased amount of osteoclasts due to osteoblast-
autonomous decrease in the expression of OPG [14]. The
phenotype of our global Ebf2KO mice was in line with
previous studies showing reduced size, body weight and
bone parameters. As Ebf2 is also expressed in other cell
types than bone, such as neuronal cells, bone phenotype
in the Ebf2KO mice may, at least in part, be secondary to
extra-skeletal effects.

To target the effect of Ebf2 deletion more specifically to
bone, we created a limb bud mesenchymal cell specific Ebf2
knockout mouse model using Prrx1-promoter. Interestingly,
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Fig.5 pCT-analysis of 12-week-old EbflxEbf2, .., mice femurs.
Trabecular and cortical bone analysis demonstrated significant dif-
ferences in Ebf1XEbf2;,,,~~ females (n=8) compared to controls
(n=8) (A). Ebf1xEbf2;,, ,~~ males (n=8) were comparable to con-
trols (n=8) both in trabecular and cortical bone parameters (A). 3D
rendered representation of the trabecular and cortical bone region

Ebf2,_ ™/~ mice had normal body weight and length of long
bones when compared to the controls. The overall bone phe-
notype in the Ebf2,_ ™~ mice was mild. This may indicate
that the bone phenotype observed in the global Ebf2KO is
of non-mesenchymal cell origin.

Previous studies have suggested a possible co-opera-
tion between different Ebfs on bone formation [9, 13]. To
study this in more detail, we created a conditional double
knockout mouse model by deleting both Ebfl and Ebf2
under the mesenchymal cell specific Prrx1-promoter. The
focus of our study was to analyse the postnatal effects of
Ebfl and Ebf2 deletion in long bone development. Analy-
sis of proximal and distal bones isolated from the limbs of
EbfI1xEbf2,_ . ,~'~ mice revealed a significant, age progres-
sive decrease in length of long bones when compared to
controls. Given the central role of chondrocyte prolifera-
tion and differentiation in the longitudinal bone growth, we
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of interest in control male (B), Ebf1xEbf2,, . ,~'~ male (C), control
female (D) and Ebf1xEbf2,,,,,~'~ female (E). Representative coronal
view of the femur, trabecular ROI and cortical ROI are marked with
black squares (F). Statistical significance was tested by two-tailed
Student’s r-test with Bonferroni correction. P-values for significant
differences between genotypes are presented. *P <0.05; ***P <0.001

analysed the growth plates from histological sections of six-
week-old Ebf1xEbf2;,.., mouse tibias. The overall thick-
ness of the growth plate was significantly decreased in the
Ebf1XEbf2p,,,, "~ male mice when compared to the controls.
In females, there were no statistically significant differences
in the growth plate, even though the bones in females were
also significantly shorter when compared to controls.

In previously published global knockout models, the bone
length was significantly reduced in both Ebf1KO [11] and
Ebf2KO [14] mice. However, thickness of the growth plate
was decreased only in Ebf2KO. In conditional knockout
models using Runx?2 or Prrx1 promoters for the conditional
deletion of Ebfl [9, 12, 13], changes in bone length have
not been reported. Our conditional Ebf2 knockout model,
Ebf2;,.,, ~ had normal bone length when compared to
controls. Collectively, these findings indicate that the bone
length defect seen in the global knockout models of either
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Fig.6 Structural histomorphometry of 6- and 12-week-old
Ebf1xEbf2p,,,, female mice tibia. At 6 weeks EbflxEbf2p, .=~
(n=06) structural parameters were comparable to controls (n=6) (A).
At 12 weeks the structural parameters were significantly different
between Ebflebf2Pml_/‘ (n=5) and controls (n=7) (B). Repre-

Ebf1 or Ebf2 alone arises from cells of non-mesenchymal
origin. In terms of bone-specific knockout models, complete
ablation of both Ebf1 and Ebf2 in mesenchymal lineage is
necessary to perturb growth plate maturation and growth of
long bones.

We have previously shown that Ebfl promotes early
osteoblast differentiation by regulating Osterix expression
[13]. Osterix is also expressed in chondrocytes [18], and
it regulates bone growth through chondrocyte hypertrophy
[19]. Xing et al. recently showed that deletion of Osterix
specifically in the chondrocytes impairs secondary ossifica-
tion [20]. It is therefore possible that the defect in the length
of Ebf1xEbf2;, ., ™~ mouse limbs could be linked to the
regulation of hypertrophic chondrocytes by Osterix.
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sentative images of Von Kossa-stained tibial sections of 12-week-old
control and Ebf1XEbf2p,,.; '~ (C). Statistical significance was tested
by two-tailed Student’s r-test. P-values for significant differences
between genotypes are presented. ***P <0.001

Skeletal elements formed via endochondral ossification
are derived from cartilaginous templates that are replaced by
bone matrix produced by osteoblasts [21]. Decrease in bone
mass is therefore frequently observed in mice with mutations
that affect the formation of the cartilaginous template by
altering chondrocyte biology [22, 23]. However, in this study,
pCT analysis of the Ebf1xEbf2p,.,; long bones revealed an
increase in bone volume. Ebf1XEbf2;,,,~'~ female mice had
age progressive increase in trabecular bone and cortical bone
parameters. Histomorphometric analysis further verified
an increase in structural bone parameters, while dynamic
parameters remained unaffected. Based on these findings,
Ebf1xEbf2,, ., ™'~ mice appear to have an uncoupled bone
phenotype, with shorter bones but increased trabecular and
cortical bone volume in the long bones of the females.
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Fig.7 Tibial growth plate analysis of the six-week-old

Ebfl1xEbf2p ., mice. Growth plate thickness was significantly
reduced in EbfIXEbf2p,,,, ™~ male mice (n=8) compared to con-
trols (n=7). Female mice (n=8) were comparable to controls (n=38)
(A). Proliferative zone (B) and hypertrophic zone (C) cellular den-
sities were comparable to controls in both genders. Representative

Seike et al. recently reported a role for Ebfl and Ebf3
in the maintenance of the bone marrow cavity [9]. They
reported no gross bone abnormalities when Ebf1 was deleted
in Prrx1 expressing cells, whereas Ebf3 deletion presented
age progressive occlusion of bone marrow cavities. The
occlusion was further enhanced when both Ebfl and Ebf3
were deleted. However, targeting Ebf1 and Ebf3 deletion in
the osteoblast lineage using Col2.3 promoter had no effect
on bone phenotype.[9] These results are in line with our pre-
vious findings [13], indicating Ebf1 to be redundant in the
maintenance of mature osteoblast function. Our data is also
in accordance with a more recently published mouse model
of Prrx1-Cre targeted deletion of Ebfl in mesenchymal cell-
lineage, where trabecular bone volume and osteoblast num-
bers were modestly but significantly increased [10].

Molecular mechanisms behind the bone phenotype of
conditional Ebf1xEbf2,.., double knockout remain to be
further elucidated. It is known that the members of the Ebf
family have a unique and structurally highly similar DNA-
binding domain (DBD) [25]. Further analysis has shown
the DBD to act as a dimer [24]. Based on the DBD struc-
ture and transcription factor immunoglobulin (TIG) domain,
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tailed Student’s #-test. P-values for significant differences between
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Ebfs have been suggested to resemble the Rel superfamily of
transcription factors [24, 25]. This might give us clues to the
possible co-operative and compensatory roles of Ebfs. Due
to the structural similarity, it might be possible that certain
functions require the simultaneous presence or absence of
different Ebfs in gene regulation. Consequently, single dele-
tions of Ebfl, Ebf2 of Ebf3 in bone cells result in different
bone phenotypes than double knockout combinations.
Previously no gender specific bone phenotypes have
been reported in Ebf1, Ebf2 or Ebf3 knockout mouse mod-
els However, previous reports [9, 11, 14] have not specified
whether the data presented is obtained from male or female
mice, or if both genders have been analysed. We are the
first to present a sexually dimorphic bone phenotype in mice
lacking both Ebfl and Ebf2. Skeletal dimorphism in mice
is known to be established during early puberty, around 3
to 5 weeks of age, and the rate of this early growth spurt is
significantly greater in male mice [26]. Previous studies have
indicated this early puberty to be a critical developmental
period for the development of sexually dimorphic outcome
in endochondral ossification [27, 28]. Female mice have also
been shown to have more osteoblasts [29]. Temporal and
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gender specific patterns in the development and differentia-
tion of bone cells might therefore partially explain the sexu-
ally dimorphic bone phenotype observed in Ebf1xEbf2p, .
mice.

This study has some limitations. The number of mice
obtained at each time point varied, and at the age of
12-weeks the study groups of Ebf2p,,, male mice were
unbalanced, resulting in only three mice in the control group
and 11 in the Ebf2,_ ,~'~ group. Further, only male mice
were analysed from the global Ebf2KO study. Analysis of
osteoblasts isolated from control and knockout mouse lines
and differentiated in vitro could provide us further informa-
tion on the possible mechanisms underlying the high bone
mass phenotype in Ebf1xEbf2;, ., mice. Finally, with our
study design we were not able to determine the detailed
mechanism for gender specific differences.

In summary, we found that the conditional deletion of
Ebfl and Ebf2 in mesenchymal lineage cells leads to a sig-
nificant, age progressive bone phenotype. This phenotype
is to some extent gender dependent, leading to an increase
in both trabecular and cortical bone in females. In males,
in contrast, the absence of both Ebfl and Ebf2 resulted in
a mild cortical bone phenotype and a growth plate defect.
Further studies on the molecular mechanisms and on the
possible role of Ebf3 are still needed to elucidate the role of
Ebfs in bone cells.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00223-022-00951-7.
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