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Abstract

Core-binding factor β (Cbfβ) is a subunit of the Cbf family of heterodimeric transcription factors 

which plays a critical role in skeletal development through its interaction with the Cbfα subunits, 

also known as Runt-related transcription factors (Runxs). However, the mechanism by which Cbfβ 

regulates cartilage and bone development remains unclear. Existing Cbfβ-deficient mouse models 

cannot specify the role of Cbfβ in skeletal cell lineage. Herein, we sought to specifically address 

the role of Cbfβ in cartilage and bone development by using a conditional knockout (CKO) 

approach. A mesenchymal-specific Cbfβ CKO mouse model was generated by using the Dermo1-

Cre mouse line to specifically delete Cbfβ in mesenchymal stem cells, which give rise to 

osteoblasts and chondrocytes. Surprisingly, the mutant mice had under-developed larynx and 

tracheal cartilage causing alveolus defects which led to death shortly after birth from suffocation. 

Also, the mutant mice exhibited severe skeletal deformities from defective intramembranous and 

endochondral ossification, owing to delayed chondrocyte maturation and impaired osteoblast 

differentiation. Almost all bones of the mutant mice, including the calvariae, vertebrae, tibiae, 

femurs, ribs, limbs and sternums were defective. Importantly, we showed that Cbfβ was expressed 

throughout the skeleton during both embryonic and postnatal development, which explains the 

multiple-skeletal defects observed in the mutant mice. Consistently, Cbfβ deficiency impaired both 

chondrocyte proliferation and hypertrophy zone hypertrophy during growth-plate development in 

the long bones of mutant mice. Notably, Cbfβ, Runx1 and Runx2 displayed different expression 

patterns in the growth plates of the wildtype mice indicating that Cbfβ/Runx1 complex and Cbfβ/

Runx2 complex may regulate chondrocyte proliferation and hypertrophy, respectively, in a spatial 

and temporal manner. Cbfβ deletion in the mesenchymal progenitors impacted bone development 

by dramatically down-regulating Collagen X (Col X) and Osterix (Osx), but had a dispensable 
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effect on osteoclast development. Collectively, the results demonstrate that Cbfβ mediates 

cartilage and bone development by interacting with Runx1 and Runx2 to regulate the expressions 

of Col X and Osx for chondrocyte and osteoblast development. These findings not only reveal a 

critical role for Cbfβ in cartilage and bone development, but also facilitate the design of novel 

therapeutic approaches for skeletal diseases.
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1. Introduction

Core binding factors (Cbfs) are heterodimeric transcription factors which consist of the Cbf-

alpha (Cbfα) and Cbf-beta (Cbfβ) subunits. The Cbfα subunits are encoded by the runt-

related transcription factors (Runxs), which contain three members: Runx1, Runx2, and 

Runx3 [1]. Unlike the Cbfα subunits, the Cbfβ subunit is encoded by a single gene. The 

Cbfβ subunit is a non-DNA-binding factor that associates with the Runx proteins to mediate 

their DNA-binding affinities. Runx/Cbfβ heterodimeric transcription complexes play crucial 

roles in various developmental processes [2], including the development of the skeletal 

system partly by mediating gene expression. Runx1 is a pivotal transcription factor that 

mediates the development of the hematopoietic system and also regulates early chondrocyte 

formation during bone development [3]. Overexpression of Runx1 in mesenchymal stem 

cells has been shown to induce chondrocyte development [3]. As such, Runx1 deletion by 

the Prrx1 (paired-related homeobox transcription factor-1)-Cre mouse line [4] causes 

mineralization defect which affects the formation of the sternum. Runx2 is a master 

regulator of osteoblast differentiation and hence plays an important role in skeletal 

development [5-7]. Runx2 deficient (Runx2-/-) mice die after birth and exhibit severe skeletal 

defects from blocked intramembranous and endochondral ossification [5-7]. The role of 

Runx2 in osteoblasts is buttressed by the finding that calvarial cells derived from Runx2–/– 

mice fail to differentiate into osteoblasts, but these cells can still differentiate into adipocytes 

and chondrocytes [8]. Furthermore, by regulating the expressions of the receptor activator of 

nuclear factor қB ligand (Rankl) and osteoprotegrin (Opg), Runx2 can promote osteoclast 

formation and function which is also critical for skeletal development and bone homeostasis 

[9]. Finally, Runx3 plays a role during gastric epithelium growth and dorsal root ganglia 

proprioceptive neuron development [10] and can also cooperate with Runx2 to regulate 

chondrocyte development [11].

The Cbfβ subunit, the binding partner of the Runx proteins, also plays a central role in 

skeletal development. Mice deficient in Cbfβ die during embryonic development from a lack 

of definitive hematopoiesis and hemorrhage [12, 13]. The embryonic lethality of Cbfβ 

deficiency was circumvented by generating a knock-in mouse model expressing a Cbfβ-GFP 

fused protein (CbfβGFP/GFP knock-in mice) or by expressing Cbfβ under the control of 

hematopoietic specific promoters Tie2 or Gata1 in Cbfβ-defecient embryos [Cbfβ-/-Tg(Tek-

GFP/Cbfβ) mice or Cbfβ-/-Tg(Gata1-Cbfβ) mice] [14-16]. These transgenic or knock-in 

mice exhibited numerous skeletal defects and died soon after birth. The skeletal defects 
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observed in these transgenic mice were similar to those reported from the Runx2–/– mice, but 

were less severe because the bone defects observed in these transgenic mice resulted from 

delayed bone ossification, rather than a lack of bone ossification. Nonetheless, the role of 

Cbfβ in the development of chondrocytes and osteoblasts has not been specifically 

demonstrated. A greater understanding of the role of Cbfβ in the development of 

chondrocytes and osteoblasts should provide important insights into the role of Cbfβ during 

skeletal development.

We utilized the genetic approach of the Cre-loxP recombination system, which can delete 

genes flanked by loxP DNA through the expression of Cre-recombinase under the control of 

specific promoters, to specifically investigate the role of Cbfβ in the development of 

chondrocytes and osteoblasts. Toward this end, we used the Twist2 (Dermo1)-Cre mouse 

line [17] to generate a mesenchymal-specific Cbfβ conditional knockout (CKO) mouse 

model (Cbfβf/f Dermo1-Cre) to investigate the role of Cbfβ during skeletal development. 

Deletion of the Cbfβ gene in the mesenchymal progenitors, which gives rise to osteoblasts 

and chondrocytes, resulted in severe skeletal defects during embryonic development, but 

these mice died shortly after birth from respiratory distress.

2. Materials and methods

2.1 Generation of Cbfβ CKO mice

Cbfβf/f and Dermo1-Cre mice were purchased from Jackson Laboratory and were crossed to 

generate Cbfβf/+ Dermo1-Cre mice, which were intercrossed to obtain homozygous CKO 

(Cbfβf/f Dermo1-Cre) mice. The genotypes of the mice were determined by PCR. All mice 

were maintained under a 12-hour light–dark cycle with ad libitum access to regular food and 

water at the University of Alabama at Birmingham (UAB) Animal Facility. The study was 

approved by the UAB Institutional Animal Care and Use Committee and conformed to 

National Institutes of Health (NIH) guidelines.

2.2 Skeletal preparation

Tissue clarification was conducted with KOH as previously described [18]. For skeletal 

preparation, mice were skinned, eviscerated, and fixed in 95% ethanol before staining with 

Alcian blue and Alizarin red solutions. This was followed by tissue clarification with KOH 

as previously described. Finally, cartilage and bone mineralization were then characterized 

by different colors (blue and red, respectively).

2.3 Histology and tissue preparation

Histology and tissue preparation were performed as described previously [19]. Murine 

femurs and tibiae were harvested, skinned, and eviscerated before fixing in 4% 

paraformaldehyde (PFA) in PBS overnight. Samples were then dehydrated in ethanol and 

decalcified in 10% EDTA for 1 week. For paraffin sections, samples were dehydrated in 

ethanol, cleared in xylene, embedded in paraffin, sectioned at 6 μm with a Leica microtome, 

and then mounted on Superfrost Plus slides (Fisher). For frozen sections, samples were 

infiltrated in 30% sucrose, embedded in OCT, sectioned at 8 μm with a freezing microtome, 

and then mounted on Superfrost Plus slides (Fisher).
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2.4 Hematoxylin & Eosin (H&E) staining

H&E staining was performed as described previously [20]. Mice were skinned and 

eviscerated, and then fixed in 4% PFA overnight. Specimens were dehydrated in ethanol and 

embedded in paraffin. Sections were cut at a thickness of 6 μm with a microtome and then 

mounted on Superfrost Plus slides (Fisher). Sections were deparaffinized and hydrated 

through a xylene and graded ethanol series, rinsed in hematoxylin, in 1% acid alcohol and 

ammonia-H2O, and then in eosin. Slides were dehydrated in graded ethanol and xylene.

2.5 Safranin O staining

Safranin O staining was performed as described previously [21]. Slides were deparaffinized 

and hydrated through a xylene and graded ethanol series, stained with Weigert's iron 

hematoxylin, rinsed in tap water, and counterstained with fast green solution. Slides were 

then stained in 0.1% Safranin O solution, dehydrated and mounted.

2.6 Alcian blue, Von Kossa and Trap staining

Alcian blue and Von Kossa staining were performed as described previously [22]. 

Mineralization was analyzed by Von Kossa staining. Slides were deparaffinized and 

hydrated and then incubated with 1% silver nitrate solution under ultraviolet light, unreacted 

silver was removed with 5% sodium thiosulfate, followed by staining in Alcian blue solution 

(pH 2.5), and counterstained with nuclear fast red.

For trap staining, paraffin sections were stained using Acid Phosphatase, Leukocyte (TRAP) 

kit (387A-1KT, Sigma) following manufacturer's instructions, counterstained with fast 

green, dehydrated, and mounted.

2.7 Immunofluorescence analysis

Osteoblast and chondrocyte genes were analyzed by immunofluorescence using the 

following primary antibodies: rabbit-anti-Col X (Abcam, ab58632), rabbit-anti-Opn 

(osteopontin) (Abcam, ab8448), anti-Cbfβ (Santa Cruz, sc-56751), rabbit-anti-Runx1 

(Abcam, ab23980), rabbit-anti-Runx2 (Abcam, ab23981), rabbit-anti-Osx (Osterix) (Abcam, 

ab22552), and these secondary antibodies: FITC-goat-anti-mouse IgG(H+L) and TR-goat-

anti-rabbit IgG (H+L). Imaging was taken by Leica Confocal Microscope and Zeiss 

fluorescent microscope.

2.8 Western blot analysis

Under a stereo microscope, white parts of the hindlimbs from newborn mice were identified 

as cartilage, dissected from bone tissue, washed with 1× PBS, immersed with 100μl 2×SDS 

sample buffer (100mM Tris-HCl, 4% SDS, 0.1% bromphenol blue, 20% glycerol, 

supplemented with DTT and protease inhibitors), lysed using an electronic homogenizer and 

denatured in 95°C for 10 minutes. Proteins were resolved on SDS-PAGE and 

electrotransferred to nitrocellulose membranes. Cbfβ, Col X and PCNA protein levels were 

analyzed using β-tubulin as a loading control with the following primary antibodies: rabbit-

anti-Cbfβ (Santa Cruz, sc-56751), and mouse-anti-β-tubulin (DSHB, E7). Secondary blotting 
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was performed using horseradish peroxidase-linked anti-rabbit IgG (7074) and horseradish 

peroxidase-linked anti-mouse IgG (7076) were from Cell Signaling.

2.9 Proliferation assay

Proliferating cell nuclear antigen (PCNA) immunostaining was performed using a 

commercial kit (93-1143; Zymed Laboratories, Inc.) with horseradish peroxidase reaction 

and subsequent detection by DAB (Vector Laboratories SK-4100).

2.10 In vivo osteoblastogenesis assays

Primary calvarial cells from newborn mice were isolated as previously described [23]. Next, 

1.5×104 cells per well of 24-well plate were seeded. Cells were maintained in α-MEM 

supplemented with 10% FBS for 5 days until confluence and then in osteogenic medium 

[BGJb medium (Gibco, 12591) supplemented with 10% FBS, 50 μg/ml L-ascorbic acid 

(Sigma, A4544), and 5 mM β-glycerolphosphate (Sigma, G9891)] to induce osteoblast 

formation. Osteoblastogenesis was analyzed by alkaline phosphatase staining according to 

the manufacturer's manual (Sigma, A2356) on day 14 of osteoblastogenesis. Osteoblast 

mineralization was examined by Von Kossa staining on day 21 of osteoblastogenesis.

2.11 RNA extraction and Quantitative Real-Time PCR (qRT-PCR) analysis

mRNA was extracted from calvarial cells cultured in osteogenic medium for 14 days and 21 

days using TRIzol (Invitrogen). 0.4ug total mRNA was reverse-transcribed into cDNA using 

SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen) according to the manufacturer's 

manual. Expression of osteoblast marker genes was analyzed by quantitative PCR (qPCR) 

using StepOne™ Real-Time PCR System (Applied Biosystem) [19]. Primer sequences were 

as following, Cbfβ, 5′-GCCTTTGAAGAGGCTCGAAGAAG-3′, 5′-

ACCGCCACCTAAGTTAGAACCAG-3′; Col1α1, 5′-

CTTGGTGGTTTTGTATTCGATGAC-3′, 5′- GCGAAGGCAACAGTCGCT -3′; opn, 5′-

CCCGGTGAAAGTGACTGATT-3′, 5′-TTCTTCAGAGGACACAGCATTC-3′; RANKL, 

5′-TGAAAGGAGGGAGCACGAA-3′, 5′-ATCCAGCAGGGAAGGGTTG-3′; Opg, 5′-

AGAGCAAACCTTCCAGCTGC-3′, 5′-CTGCTCTGTGGTGAGGTTCG-3′; Runx2-I, 5′-

GGCGTCAAACAGCCTCTTCA-3′, 5′-GCTCACGTCGCTCATCTTGC-3′; Runx2-II, 5′-

TCTCCCCCCGCCCCCACTTAC-3′, 5′-CCTCTCGCCCTCTCCTTCGCC-3′.

2.12 Statistical analysis

Data are presented as mean ± SD (n>3). Statistical significance was assessed using student's 

t-test, and p values less than 0.05 were considered significant. Histology data are 

representative of at least six mice per group. A total of 192 mice were euthanatized for 

analysis in this study.

3. Results

3.1 Newborn Cbfβf/f Dermo1-Cre mice had dwarfism with shortened limbs and under-
developed skeletons from defective bone mineralization

The skeletal system consists of many cell types including osteoblasts and chondrocytes, 

which derive from a common mesenchymal progenitors [24]. Previous studies have reported 
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a critical role for Cbfβ in skeletal development by rescuing Cbfβ-/- embryos by 

overexpressing Cbfβ under the control of hematopoietic specific promoters (Tie 2 or Gata1) 

[Cbfβ-/-Tg(Tek-GFP/Cbfβ) mice or Cbfβ-/-Tg(Gata1-Cbfβ) mice] and by generating 

CbfβGFP/GFP knock-in mice [14-16]. To gain specific insights into the role of Cbfβ in 

chondrocytes and osteoblasts, we generated a mesenchymal-specific Cbfβ CKO (Cbfβf/f 

Dermo1-Cre) mouse model by breeding Cbfβf/f mice [25] with Twist2 (Dermo1)-Cre mice 

[17] (Fig. 1). The Dermo1 promoter is activated as early as embryonic (E) 9.5 day at the 

surface of mouse embryo and in mesodermal tissues such as branchial arches and somites 

[17]. Early during bone development, the Dermo1 promoter is first activated in condensed 

mesenchyme which gives rise to chondrocytes and osteoblasts. This is followed by its 

activation in chondrocytes and osteoblasts later during development. As such, the expression 

of Cre-recombinase via the Dermo1 promoter can excise the Cbfβ gene in the early 

mesenchymal lineage cells to assess its role in the development of the osteoblasts and 

chondrocytes. Similar to the Cbfβ-/-Tg(Tek-GFP/Cbfβ) mice, Cbfβ-/-Tg(Gata1-Cbfβ) mice 

and CbfβGFP/GFP knock-in mice [14-16], Cbfβf/f Dermo1-Cre mice circumvented the 

embryonic lethality of Cbfβ deficiency but died soon after birth. The newborn Cbfβf/f 

Dermo1-Cre mice had dwarfism with shortened limbs (Fig. 1A). The genotypes of mice 

were confirmed by PCR (Fig. 1B). X-ray analysis revealed delayed bone ossification and 

drastically reduced length of the limbs in the newborn Cbfβf/f Dermo1-Cre mice (Fig. 1C). 

Alizarin red and Alcian blue staining showed reduced calcification and multiple bone 

defects in the skeletons of the mutant mice (Fig. 1D). The mutant mice displayed widened 

fontanelles and undeveloped parietal, frontal and occipital bones (Fig. 1E). Also, the mutant 

mice had reduced ossification in several bones including the mandible (Fig. 1F), hyoid bone 

(Fig. 1G), vertebrae (Fig. 1H), forelimbs (Fig. 1I), clavicles (Fig. 1J), hindlimbs (Fig. 1K), 

and feet (Fig. 1L). Alcian blue staining in larynx and tracheal cartilage was lighter in the 

mutant mice compared to the wildtype (WT) mice, indicating the defects in airway tract 

cartilage formation (Fig. 1G). Notably, the mutant showed disproportionately shorter 

clavicles as compared to wild-type mice. Furthermore, whereas ossification of the sternums 

was drastically delayed in the mutant mice, the ribs appeared mostly normal but were of 

shorter length, which resulted from the reduced size of the mutant mice as compared to the 

WT mice (Fig. 1M). Overall, the skeletons of the mutant mice had severe developmental 

defects from reduced mineralization and delayed ossification, owing to defective 

intramembranous and endochondral ossification.

3.2 Newborn Cbfβf/f Dermo1-Cre mice exhibited abnormal growth plate development

Endochondral bone formation originates from cartilage templates, which are then replaced 

by bone [26]. The delayed endochondral ossification observed in the Cbfβf/f Dermo1-Cre 

mice prompted us to examine the impact of the Dermo1-Cre-mediated Cbfβ deletion on the 

development of the growth plate. H&E and Safranin O staining of femurs revealed a greater 

relative area of growth plate over total length of the bone in the mutant mice (Fig. 2A,B). 

Also, the perichondral thickness in the femurs from the mutant mice was reduced in the 

region adjacent to the growth plate (Fig. 2A). The growth plates normally consist of many 

layers of chondrocytes at different stages of development, including the resting, proliferation 

and hypertrophic zones. Whereas the proliferative chondrocytes were well-organized in 

columns in the femurs from the WT mice, they were disturbed in the femurs from the mutant 
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mice (Fig. 2A,B,C). The femurs from the mutant mice showed irregularly arranged and 

abnormally shaped chondrocytes. Notably, in comparison to the WT mice, the mutant mice 

showed a drastically elongated resting zone as well as shorter proliferative and hypertrophic 

zones in the growth plates, indicating a delay in the chondrocyte maturation (Fig. 2B,C). 

Furthermore, Von Kossa staining revealed a decreased mineralization in the tibiae (Fig. 2C), 

sternums (Fig. 2D), and vertebrae (Fig. 2E) of the mutant mice. The ossification centers of 

the vertebral bodies were barely detectable in the mutant mice. Moreover, the terminal 

hypertrophic chondrocytes were less calcified, and the ratio of calcified diaphysis was 

decreased in the mutant mice. Collectively, these results confirm that Cbfβ is critical for the 

development of the growth plate.

3.3 Cbfβf/f Dermo1-Cre mice display alveolar expansion defects which may derive from 
under-developed larynx and tracheal cartilage and display cardiac hypertrophy

Further analysis demonstrated that the newborn Cbfβf/f Dermo1-Cre mice also had abnormal 

lung development (Fig. 3A). The lungs of newborn WT mice showed normally developed 

alveoli which were separated by connective tissue and capillaries, while the alveoli in the 

lungs of the newborn mutant mice were abnormally shaped. To determine whether this 

defects was derived from abnormal pulmonary development or defective airway tract 

cartilage (Fig. 1G), we examined the lungs during embryonic development (Fig. 3B,C). 

Although lungs of the mutant mice were slightly smaller, the gross morphology was similar 

to those of the WT mice (Fig. 3B upper 2 panels and C upper panels). WT and Cbfβf/f 

Dermo1-Cre embryos had similar pulmonary alveoli formation (Fig. 3C, the middle panels). 

They also shared the same bronchioles structure, lined with a layer of ciliated cuboidal 

epithelium and smooth muscle (Fig. 3C, the lower panels). These results indicate pulmonary 

development was normal in the mutant embryos. Cartilage rings in the airway tract hold the 

trachea and bronchi open and prevent their collapse during air exchange. Tracheomalacia, a 

human disease related to defected tracheal cartilage formation, can lead to respiratory 

distress. Similarly, Cbfβf/f Dermo1-Cre had under-developed larynx and tracheal cartilage 

(Fig. 1G), which caused respiratory distress and alveolar expansion failure. To examine 

whether Cbfβ deficiency affects other mesenchymal stem cell derived tissue, we examined 

the heart tissue (Fig. 3B,D). The mutant mice exhibited ventricle hypertrophy, indicating 

congenital heart disease in Cbfβf/f Dermo1-Cre mice (Fig.3B,D). However, the morphologies 

of the cardiomyocytes were similar among WT and mutant mice (Fig.3D the two lower 

panels). Collectively, these results indicate that Cbfβ is critical for the development and 

function of respiratory system and heart.

3.4 Cbfβ is highly expressed throughout the murine skeleton during skeletal development

Given the drastic impact of Cbfβ deletion in early mesenchymal progenitors on skeletal 

development, we examined the expression pattern of Cbfβ in the murine skeleton by 

immunohistochemistry during embryonic and postnatal development to further evaluate its 

requirement for skeletal development (Fig. 4). Cbfβ was highly expressed in the long bones 

(Fig. 4A), ribs (Fig. 4B), and vertebrae (Fig. 4C) of the WT mice at 17.5 days post coitum 

(dpc) and day 14 post birth. During embryonic development, Cbfβ was highly detected in 

the perichondrium, periosteum, growth plates, and primary spongiosa of long bones as well 

as the periosteum, ossification centers, and the chondrocytes of the ribs. By two weeks of 
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age, Cbfβ was mainly detected in the growth plates of long bones and the ossification 

centers of the ribs. However, while Cbfβ was mainly expressed in the bodies of the vertebrae 

during embryonic development, Cbfβ was mostly detected in the periosteum of the vertebrae 

by two weeks of age. Data indicate that Cbfβ is spatially and temporally expressed 

throughout the skeleton during both prenatal and postnatal development.

3.5 Deletion of Cbfβ in early mesenchymal progenitors affects chondrocytes and 
osteoblasts development

To further investigate the role of Cbfβ in skeletal development, we performed 

immunostaining analyses of Col X (Collagen X, a marker of chondrocyte hypertrophy), Osx 

(Osterix, a critical osteoblast gene) and Runx2. Col X expression was suppressed in the 

growth plates of the mutant mice (Fig. 5A). Whereas the expression of Osx, a target gene of 

Runx2, was repressed in the trabecular bone of the mutant mice (Fig. 5B), Runx2 expression 

was similar among the WT and mutant mice (Fig. 5C). Consistent with the decrease in the 

hypertrophic and proliferative chondrocytes observed in the mutant mice (Fig. 2), PCNA 

staining showed a decrease number of proliferating chondrocytes in the tibiae of the mutant 

mice (Fig. 5D). As expected, Western blot analysis confirmed that Cbfβ was effectively 

ablated in the cartilage of the mutant mice (Fig. 5E,F). Consistent with the immunostaining 

analyses, Western blot analysis showed that the levels of Col X, PCNA and Osx were 

reduced by at least five-fold in the mutant mice (Fig. 5E,F).

Next, we performed ALP activity and Von Kossa staining on calvarial cells from newborn 

mice cultured in hyperglycemic osteogenic medium (BGJB medium) to examine osteoblast 

differentiation and bone mineralization. ALP activity (Fig. 6A) and bone mineralization 

(Fig. 6B) were severely reduced in the mutant osteoblasts. qRT-PCR analysis revealed that 

expression of Opn (Osteopontin), an important osteoblast gene, as well as Rankl and Opg, 

were significantly repressed in the calvarial cells during osteoblast differentiation (Fig. 

6C,D). However, Rankl/Opg ratio was not changed (Fig. S2A). Consistently, osteoclast 

development was not affected in the mutant mice (Fig. S2B). As expected, Cbfβ was barely 

detected in the calvarias of the mutant mice. The expression levels of Runx2-I and Runx2-II, 

two isoforms of Runx2, were significantly increased during the initial stage of the 

osteoblastogenesis in the mutant cells. However, their expression was similar among WT 

and mutant osteoblasts during the terminal stage of the osteoblastogenesis. The level of Col 

I, a marker of immature osteoblasts, was also increased during the initial stage of 

osteoblastogenesis but decreased during the terminal stage of the osteoblastogenesis.

These results indicate Cbfβ deficiency affects the development of osteoblasts and 

chondrocytes by maintaining them in an immature stage and thus impact their terminal 

differentiation.

3.6 Cbfβ may interact with Runx1 and Runx2 to regulate chondrocyte proliferation and 
hypertrophy in a spatially and temporally specific manner

Runx proteins function by interacting with Cbfβ to induce gene expression during 

development, and different Runx proteins play different roles in growth plate development. 

Runx2 primarily regulate chondrocyte hypertrophy [27, 28] and Runx1 is involved in 
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chondrocyte proliferation and lineage determination [29], but Cbfβ deficiency impaired both 

chondrocyte proliferation and maturation (Fig. 5). Thus, we examined the expression 

patterns of Cbfβ, Runx1 and Runx2 in the growth plates of WT mice (Fig. 7A-C, the left 

panels). Cbfβ was expressed throughout the growth plate, colocalizing with both Runx1 and 

Runx2 in WT mice. Whereas Runx1 was only detected in the proliferative and resting 

chondrocytes, Runx2 was expressed primarily by hypertrophic chondrocytes of the growth 

plates of WT mice. Predictably, the Cbfβ/Runx2 complex seems to play a major role in 

hypertrophic zone development while the Cbfβ/Runx1 complex mainly regulates the 

development of the proliferative zone of growth plates in WT mice. In addition, we also 

examined the expression of Cbfβ, Runx1 and Runx2 in the Cbfβf/f Dermo1-Cre mouse 

growth plate (Fig. 7, the right panels). Cbfβ was efficiently down-regulated in the Cbfβf/f 

Dermo1-Cre mice (Fig. 7A). Also, Runx1 expression was slightly down-regulated (Fig. 7B), 

but Runx2 expression was similar in the hypertrophic zone in the mutant mouse growth 

plates compared to the WT mouse growth plate (Fig. 7C). Although Runx2 expression was 

limited to the hypertrophic zone of the growth plates of WT mice, it was also weakly 

expressed in immature chondrocytes in the mutant mice (Fig. 7C). Furthermore, we 

examined whether Cbfβ may also function through both Runx1 and Runx2 during osteoblast 

differentiation by Western blot analysis (Fig. S1). The expressions of Cbfβ and Runx2 were 

specifically upregulated during osteoblast differentiation which led to the activation of 

Osteocalcin (Ocn) and activating transcription factor 4 (Atf4), two crucialosteoblast genes, 

during osteoblastogenesis. Suprisingly, Runx1 expression remained unchanged throughout 

osteoblastogenesis. Data indicate that while Cbfβ interacts with both Runx1 and Runx2 

during chondrogenesis, it is likely to interact mainly with Runx2 during osteoblastogenesis.

4. Discussion

Previous studies through the global deletion of the Cbfβ gene in mice had led to embryonic 

lethality from defective hematopoiesis and hemorrhage [12, 13], which prevented the 

investigation of the role of the Cbfβ in skeletal development. The role of Cbfβ in skeletal 

development has recently been demonstrated through the generation of Cbfβ-/-Tg(Tek-GFP/

Cbfβ) mice, Cbfβ-/-Tg(Gata1-Cbfβ) mice and CbfβGFP/GFP knock-in mice [14-16]. Whereas 

these transgenic mice died shortly after birth, they exhibited severe skeletal defects, 

revealing a crucial role for Cbfβ in skeletal development. Given that osteoblasts and 

chondrocytes originate from the mesenchymal but not hematopoietic progenitors, it can be 

argued that these studies did not unambiguously address the role of Cbfβ in chondrocytes 

and osteoblasts development. Hence, we utilized the Cre-loxP recombinase system to 

specifically restrict the Cbfβ gene in mesenchymal progenitors to investigate its role in 

osteoblasts and chondrocytes. The deletion of the Cbfβ in the undifferentiated mesenchymal 

stem cells causes numerous severe skeletal defects during embryonic development by 

affecting the development of both chondrocytes and osteoblasts. This Cbfβ CKO mouse 

model provides direct evidence for the role of Cbfβ in osteoblasts and chondrocytes during 

skeletal development.
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4.1 Deletion of the Cbfβ gene in the early mesenchymal stem cells leads to death after 
birth but provides a direct evidence for the role of Cbfβ in chondrocytes and osteoblasts

Intramembranous bone formation results from osteogenesis of committed mesenchymal 

cells and gives rise to the flat bones of the skulls [26]. Endochondral ossification is 

responsible for the other bones of the body and results from the differentiation of committed 

mesenchymal cells into chondrocytes, which then undergo proliferation and maturation. We 

show that Cbfβ is expressed in a spatial and temporal manner in the murine skeleton during 

embryonic and postnatal skeletal development (Fig. 4). Cbfβ-deficiency is embryonically 

lethal [12, 13], so we were able to overcome this embryonic lethality [12, 13] by deleting the 

Cbfβ gene specifically in mesenchymal progenitors via the Dermo1-Cre mouse line (Fig. 1). 

Dermo1 is a transcription factor of the basic helix-loop-helix family that is highly expressed 

during embryonic development [30]. Dermo1-Cre recombinase activity is expressed by E9.5 

in the mesoderm tissues, which gives rise to chondrocytes and osteoblasts [31]. The 

Dermo1-Cre mouse line provides a great tool for restricting genes in undifferentiated 

mesenchymal cells before the formation of limb bud. The mutant mice displayed severe 

bone defects during development, which are similar to Cbfβ-/-Tg(Tek-GFP/Cbfβ) mice, 

Cbfβ-/-Tg(Gata1-Cbfβ) mice and CbfβGFP/GFP knock-in mice [14-16], by impacting the 

development of osteoblasts and chondrocytes. These defects stem from defective 

intramembranous and endochondral bone formation. It was reported that deletion of Runx1 

by Prx1-Cre mainly led to a delay in sternal development [8]. However, our deletion of the 

Cbfβ gene by Dermo1-Cre not only triggered a delay in sternal development but also 

affected the development of many bones including the bones of the skulls, tibiae, femurs, 

vertebrae and ribs. This can be explained by the fact that while the development of the 

sternums may primarily dependent on Runx1 through its interaction with Cbfβ, multiple 

Runx proteins may play roles in the development of the other bones of the body. Further, the 

deletion of Cbfβ in the mesenchymal progenitors also affects alveolus expansion through its 

role in larynx and tracheal cartilage development (Fig. 1G and 3). Nevertheless, the Cbfβf/f 

Dermo1-Cre mice died shortly after birth from respiratory distress, stemming from defective 

airway tract development.

4.2 Cbfβ may control osteoblastogenesis and chondrogenesis by regulating the 
expression of many genes that are critical for bone formation

Our mechanistic studies demonstrate that Cbfβ restriction in the mesenchymal progenitors 

affects the expression of many genes that are critical for skeletal development. The 

expression of Osx, a master gene for osteoblastogenesis, was drastically repressed in the 

mutant mice, which provide an explanation for the impact of this deletion on bone 

formation. Consistently, while the expression of Col X, a marker of chondrocyte maturation, 

was drastically repressed. It was reported that Runx2 gene expression is auto-regulated in 

part by negative feedback inhibition of Runx2/Cbfβ complex binding to its own 

promoter[32].Consistently with posture, there was a significant up-regulation of Runx2-I and 

Runx2-II expression at D14 mutant osteoblasts (Fig. 6C). However, in growth plates, 

trabecular bones, and D21 osteoblasts, Runx2 have similar expression between WT and 

mutant group (Fig. 6D, 5C), indicating that this negative feedback inhibition machinery may 

work in specific cell types and/or at specific differentiation stages. Consistent with that 
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posture, our data reveal that while Cbfβ is expressed in the entire growth plate of WT mice, 

Runx1 is only expressed in the resting zone and the proliferative zone of the growth plate 

and Runx2 is detected only in the hypertrophic zone (Fig. 7). We believe that the Runx1/

Cbfβ complex may play a stronger role in chondrocyte proliferation than the Runx2/Cbfβ 

complex, since both Cbfβ and Runx1 were expressed in the proliferation zone. The notion is 

further supported by fact that Runx2 is usually considered a positive regulator of 

chondrocyte maturation rather than a stimulator of chondrocyte proliferation [27, 28]. This 

finding indicates that Cbfβ promotes skeletal development by interacting with Runx1 and 

Runx2 in a spatially and temporally specified manner, which is critical for inducing gene 

expression during different stages of bone formation. This finding also supports the recent 

report that the Runx1/Cbfβ complex is important for cartilage growth and repair in 

osteoarthritis and fracture healing [29, 33].

Considering the high glucose concentration (10g/L) in the BGJb medium, our in-vitro 

osteoblastogenesis system (Fig. 6) only reflects the pathophysiological context of 

hyperglycemia, rather than the normal physiological cell responses. Wang et al. recently 

reported that hyperglycemia diverts dividing osteoblastic precursor cells to an adipogenic 

pathway and induces synthesis of a hyaluronan matrix, which is adhesive for monocytes 

[34]. However, using BGJb medium as the osteogenic medium because this is a well-

established [35] and widely used. We noted that the Wang et al. [34] were using bone 

marrow stromal cells, while our data was obtained using calvarial cells, which may have 

resulted in the cells being at different differentiation stages. Our data showed high 

mineralization on Day 21 and did not show any obvious adipogenesis in our calvarial 

osteoblast primary culture system, indicating that the findings presented in Figure 6 is still 

significant.

5. Conclusions

Our study reveals that Cbfβ is critical for embryonic skeletal development as its deletion in 

the early stage of skeletal development results in death shortly after birth and show many 

developmental deformities. These mutant mice exhibite numerous bone defects from skulls 

to sternums, vertebrae, tibiae, and femurs. Our results also indicate that Runx1/Cbfβ and 

Runx2/Cbfβ may regulate chondrocyte proliferation and hypertrophy, respectively. Taken 

together, this work provides important insights into the role of Cbfβ in the development of 

the chondrocytes and osteoblasts during skeletal development. Further understanding of the 

role of Cbfβ in postnatal bone development may provide a greater understanding into the 

role of Cbfβ in skeletal development and many skeletal disorders stemming from defective 

bone development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Cbfβ core-binding factor β

Cbfα core-binding factor α

Runxs runt-related transcription factors

Col collagen

Osx osterix

CKO conditional knockout

Prrx1 paired-related homeobox transcription factor-1

Rankl receptor activator of nuclear factor қB ligand

Opg osteoprotegerin

UAB University of Alabama at Birmingham

NIH National Institutes of Health

H&E Hematoxylin & Eosin

Opn osteopontin

Sc Santa Cruz

ab Abcam

E embryonic day

WT wildtype

R resting zone

P proliferating zone

H hypertrophic zone

dpc days post coitum

Br bronchiole

RV right ventricle

LV left ventricle

RA right atrial

LA left atrial

IVS interventricular septum

Wu et al. Page 14

Bone. Author manuscript; available in PMC 2015 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

Cbfβ is expressed highly through skeletons in both embryonic and postnatal mice.

Cbfβ mutant impairs airway tract cartilage development resulted in newborn mice death.

Cbfβ deletion impaired almost all of the cartilages and bones in the mutant mice.

Cbfβ deletion de-regulates expression of the skeleton genes including ColX and Osx.

Cbfβ interacting with Runx1 and 2 regulates chondrocyte proliferation and hypertrophy
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Fig.1. 
Cbfβf/f Dermo1-Cre mice have underdeveloped skeletons with decreased bone 

mineralization. (A) Photographic analysis of newborn Cbfβf/f Dermo1-Cre (ff/Δ) and 

wildtype (WT, ff) mice. (B) PCR analysis for the presence, or deletion, of the Cbfβ gene in 

WT and Cbfβf/f Dermo1-Cre mice. F/+ or Cbfβf/+, indicates that the genome carries one copy 

of WT Cbfβ allele and one copy of floxed Cbfβ allele; F/F or Cbfβf/f, indicates that the 

genome carries two copies of floxed Cbfβ alleles; +/+ or Cbfβ+/+, indicates that the genome 

carries two copies of WT Cbfβ alleles; Cre, indicates that the genome carries the Cre gene; 

Del+, indicates that the genome carries the deleted Cbfβ allele; Del-, indicates that the 

genome doesn't carry the deleted Cbfβ allele. (C) X-ray analysis of the lower limbs of Cbfβf/f 

Dermo1-Cre and WT mice. The arrow shows decreased ossification in the femurs of Cbfβf/f 

Dermo1-Cre mice. (D-M) Whole-mount newborn skeletons from Cbfβf/f Dermo1-Cre and 

WT mice were stained with Alizarin red and Alcian blue to analyze bone and cartilage 

development. Overall, the skeletons of the Cbfβf/f Dermo1-Cre mice are less calcified than 

those of the WT mice (D). The parietal, frontal and occipital bones (E), mandible (F), hyoid 

bone (G), vertebrae (H), forelimbs (I), clavicles (J), hindlimbs (K), feet (L), sternum and ribs 

(M) are undercalcified in the mutant mice. Also, tracheal and larynx cartilage were 

underdeveloped in the mutant mice (G). The arrows in (G) from left to right indicates hyoid 
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bone, larynx and trachea, respectively. The sutures and fontanelles are widened; the 

mandible is smaller; and the ossification of Meckel's cartilage is delayed in the Cbfβf/f 

Dermo1-Cre mice. The data are representative of eight mice per group.
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Fig. 2. 
Cbfβf/f Dermo1-Cre mice have disorganized growth plates and delayed endochondral bone 

formation. (A) H&E staining of femoral sections from newborn Cbfβf/f Dermo1-Cre (ff/Δ) 

and wildtype (WT, ff) mice. (B) Safranin O staining of femoral sections from newborn 

Cbfβf/f Dermo1-Cre and WT mice. H&E and Safranin O staining show that newborn Cbfβf/f 

Dermo1-Cre mice have abnormal growth plate development and less calcified trabecular 

bone adjacent to the hypertrophic zone. (C-E) Von Kossa staining of the tibiae (C), sternums 

(D), and vertebrae (E) show decreased calcification in the Cbfβf/f Dermo1-Cre mice. R, 

resting zone; P, proliferating zone; and H, hypertrophic zone of the growth plate. The data 

are representative of six mice per group.
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Fig. 3. 
Cbfβf/f Dermo1-Cre mice have defective alveolar expansion and cardiac hypertrophy. (A) 

H&E staining of lung sections from newborn Cbfβf/f Dermo1-Cre (ff/Δ) and wildtype (WT, 

ff) mice reveal defective lung development in the mutant mice as compared to the WT mice. 

Higher magnification figures has been co-presented in the lower panels. (B) Photographic 

analysis of lung and heart from 18.5 days post coitum (18.5 dpc) Cbfβf/f Dermo1-Cre (ff/Δ) 

and WT (ff) mice. The 1st row shows the heart and lungs in the thoracic cavity (Black arrow, 

heart; blue arrow, liver; green arrow, lung). The 2nd row shows the underside view of heart 

and lungs (white arrow, heart; green arrow, lung). The 3rd row shows the left view of heart 

(right ventricle; black arrow, pulmonary artery; white arrow, left atrial). The 4th row shows 

the right view of heart (left ventricle). (C) H&E staining of lung sections from 18.5 days 

post coitum (18.5 dpc) Cbfβf/f Dermo1-Cre (ff/Δ) and WT (ff) mice. Higher magnification 

figures has been co-presnented in the lower panels. (D) H&E staining of cardiac sections 
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from 18.5 days post coitum (18.5 dpc) Cbfβf/f Dermo1-Cre (ff/Δ) and WT (ff) mice. Higher 

magnification figures has been co-presnented in the lower panels. The data are 

representative of six mice in both WT and mutant group. Br, bronchiole; RV, right ventricle; 

LV, left ventricle; RA, right atrial; LA, left atrial; IVS, interventricle septal.
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Fig. 4. 
Cbfβ is highly expressed in the murine skeleton during embryonic and postnatal 

development. (A-C) Immunofluorescence staining with anti-Cbfβ antibody of paraffin 

sections from the long bones (A), ribs (B), and vertebrae (C) of wildtype (WT) mice at 17.5 

days post coitum (17.5 dpc) and 14 days after birth (Day 14) show the expression of Cbfβ in 

the murine skeleton. The left panels serve as negative controls. Images with lower 

magnification are shown on top, and those with higher magnification are shown in the 

bottom. The data are representative of six WT mice.
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Fig. 5. 
Cbfβf/f Dermo1-Cre mice exhibit delayed chondrocyte development and impaired osteoblast 

differentiation. (A-C) Immunofluorescence staining with anti-Col X (A), anti-Osx (B), or 

anti-Runx2 (C) antibodies of tibial paraffin sections from newborn Cbfβf/f Dermo1-Cre (ff/Δ) 

and wildtype (WT, ff) mice. (D) PCNA staining of tibial paraffin sections from newborn 

Cbfβf/f Dermo1-Cre and WT mice are shown. Blue staining from DAPI indicates cell nuclei 

in “A-D”. (E) Western blot analysis of the expression levels of Cbfβ, Col X, PCNA and 

Osxin the cartilage of Cbfβf/f Dermo1-Cre and WT mice. β-tubulin is used as loading 

control. (F) Quantification of “E” is shown. The data of A-D are representive of seven mice 

per group.
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Fig. 6. 
Calvarial cells from Cbfβf/f Dermo1-Cre mice show impaired osteoblastogenesis and bone 

mineralization in vitro. (A-B) Calvarial cells from newborn Cbfβf/f Dermo1-Cre (ff/Δ) and 

wildtype (WT, ff) mice were submitted to osteoblastogenesis assays. Osteoblast 

differentiation was analyzed by ALP activity on day 14 (A) or by Von Kossa staining on day 

21 (B). (C-D) mRNA expression levels of Opn, Col I, Cbfβ, Rankl, Opg, Runx2-I, and 

Runx2-II from calvarial cells of Cbfβf/f Dermo1-Cre and WT mice were analyzed on day 14 

(C) and day 21 (D) of the osteoblast differentiation by qRT-PCR. Data were normalized to 

β-actin. Results are expressed as means ±SD, n>3 in each group. NS not significant, 

*p<0.05, **p<0.001, and ***<0.0001. MOB: murine osteoblast.
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Fig 7. 
Analysis of expression of Runx1, Runx2 and Cbfβ in 18.5 dpc wildtype (WT) and Cbfβf/f 

Dermo1-Cre embryos. Femoral frozen sections of 18.5 dpc WT (ff) and Cbfβf/f Dermo1-Cre 

(ff/Δ) mice were submitted immunofluorescence analysis to examine the expression of Cbfβ 

(A), Runx1 (B) and Runx 2 (C) in the growth plates of these mice. Blue staining from DAPI 

indicates cell nuclei. R, resting zone. P, proliferation zone. H, hypertrophic zone. Data are 

representive of six mice per group.
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