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Abstract

Runx2 and Axin2 regulate skeletal development. We recently determined that Axin2 and Runx2
molecularly interact in differentiating osteoblasts to regulate intramembranous bone formation, but
the relationship between these factors in endochondral bone formation was unresolved. To address
this, we examined the effects of Axin2 deficiency on the cleidocranial dysplasia (CCD) phenotype
of Runx2*/~ mice, focusing on skeletal defects attributed to improper endochondral bone
formation. Axin2 deficiency unexpectedly exacerbated calvarial components of the CCD
phenotype in the Runx2*/~ mice; the endocranial layer of the frontal suture, which develops by
endochondral bone formation, failed to mineralize in the Axin2~/~:Runx2*/~ mice, resulting in a
cartilaginous, fibrotic and larger fontanel than observed in Runx2*/~ mice. Transcripts associated
with cartilage development (e.g., Acan, miR140) were expressed at higher levels, whereas blood
vessel morphogenesis transcripts (e.g., Slit2) were suppressed in Axin2~/~:Runx2*/~ calvaria.
Cartilage maturation was impaired, as primary chondrocytes from double mutant mice
demonstrated delayed differentiation and produced less calcified matrix in vitro. The genetic
dominance of Runx2 was also reflected during endochondral fracture repair, as both Runx2*/~ and
double mutant Axin2~/~:Runx2*/~ mice had enlarged fracture calluses at early stages of healing.
However, by the end stages of fracture healing, double mutant animals diverged from the
Runx2*/~ mice, showing smaller calluses and increased torsional strength indicative of more rapid
end stage bone formation as seen in the Axin2~/~ mice. Taken together, our data demonstrate a
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dominant role for Runx2 in chondrocyte maturation, but implicate Axin2 as an important
modulator of the terminal stages of endochondral bone formation.
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1. Introduction

The crucial roles of the skeleton include being a mineral reservoir, providing a structural
frame for soft tissues to facilitate locomotion, and protecting internal organs. Improper bone
formation negatively impacts organism development and function. In particular, premature
fusion of any of the cranial sutures (craniosynostosis), which appears in 1 of 2,500 live
births [1], may cause cognitive delays and disfigurement if corrective surgery is not
performed. Another genetic birth defect, cleidocranial dysplasia, impairs the formation of
cranial vault and other bones, placing the brain at risk for damage and limiting both skeletal
size and strength [2, 3].

Bones develop and repair by two mechanisms: intramembranous and endochondral
ossification [4]. During intramembranous bone formation, mesenchymal progenitor cells
condense and directly differentiate into osteoblasts. This occurs during formation of the
lateral aspects of the clavicle and many skull bones, as well as during the repair of fully
stabilized fractures (e.g., distraction osteogenesis) [5, 6]. In contrast, during endochondral
ossification, mesenchymal progenitor cells first form a cartilaginous anlage that becomes
vascularized to recruit osteoblast precursors. Endochondral ossification promotes long bone
development, the repair of unstable fractures (via callus formation), the fusion of some
cranial sutures, and development of the medial clavicle [7-9]. Both intramembranous and
endochondral ossification processes utilize many of the same molecules, including the
master osteoblast transcription factor Runx2 and components of the Wnt signaling pathway.

Although much is known about how Runx2 interfaces with the Wnt signaling pathway in
vitro, less is known about how they interact during skeletal development and repair in vivo.
Runx2 is essential for proper skeletal morphogenesis and maintenance because it contributes
to both intramembranous and endochondral bone formation processes. Germline deletion of
Runx2 is lethal because it prevents formation of a mature, mineralized skeleton [3, 10]. This
phenotype is recapitulated in mice where Runx2 is only ablated in chondrocytes but not in
mice lacking Runx2 in committed osteoblasts [11]. Thus, Runx2 is required for
osteoblastogenesis and terminal chondrocyte maturation. Haploinsufficiency in Runx2
causes cleidocranial dysplasia (CCD), a genetic disorder characterized by developmental
skeletal defects including impaired closure of cranial sutures, persistent fontanels in the
calvaria, supernumerary teeth, and hypoplastic or absent clavicles [3, 12]. Although CCD is
most often associated with deficiencies in intramembranous bone formation, endochondral
bone formation is also negatively impacted [9, 11, 13]. Overexpression of Runx2 in the
condensing skeletal mesenchyme may produce an opposing craniofacial deformation as
RUNX2 duplication was found in a human case of metopic craniosynostosis [14], and
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Runx2 transgenic mice develop craniosynostosis and ectopic bone formation due to
improper differentiation of Prx1-positive progenitor cells to the osteoblastic lineage [15].
Proper Wnt signaling is also essential for proper skeletal development, particularly in
craniofacial locations. Axin2, a downstream target and negative feedback inhibitor of
canonical Wnt signaling, is expressed in the developing sutures of the mouse skull [16, 17].
Axin2-deficient mice develop craniosynostosis with rapid closure of the cranial sutures as
early as postnatal day 7 [16, 17], which phenotypically opposes the delayed suture closure
and persistent fontanels in the Runx2*/~ mice. Craniosynostosis in Axin2~/~ mice is directly
attributed to enhanced [3-catenin-dependent Wnt signaling because nuclear p-catenin levels
are high in Axin2~/~ osteoprogenitor cells and Ctnnb haploinsufficiency prevents
craniosynostosis in Axin2 ™/~ mice [16].

We recently discovered that Axin2 and Runx2 molecularly interact in osteoblasts [18], and
that this interaction controls intramembranous bone formation mechanisms in vivo. Given
the phenotypically opposing craniofacial phenotypes of Runx2*+/~ and Axin2~/~ mice, we
sought to determine whether Axin2 and Runx2 are part of the same molecular pathway that
regulates endochondral bone formation in vivo by investigating developmental and
regenerative aspects of skeletal morphogenesis in wildtype (WT), Axin2~/~, Runx2*/~, and
double mutant Axin2~/~: Runx2*/~ mice. Strikingly, Axin2 deficiency did not rescue, but
instead exacerbated the CCD phenotype in Runx2*/~ mice. This was associated with
increased cartilage in the frontal suture, which naturally fuses by endochondral mechanisms.
Additional models, including in vitro chondrocyte cultures and transverse endochondral
fracture healing, confirmed that Runx2 is required for endochondral bone formation in the
presence or absence of Axin2 deficiency.

2. Materials & Methods

2.1 Animal studies

All animal research was conducted according to guidelines provided by the National
Institutes of Health and the Institute of Laboratory Animal Resources, National Research
Council. The Mayo Clinic Institutional Animal Care and Use Committee approved all
animal studies. Runx2*/~ mice [16, 17, 19] on a mixed BDF1 and B6 background were
crossed with Axin2*/~ and Axin2~/~ mice [17] on a mixed 129 and B6 background to
generate double mutant Axin2~/~: Runx2*/~ mice along with wildtype (WT) and single
mutant Runx2*/~ or Axin2~/~ littermates. Genotypes were determined as previously
described [18]. Animals were housed in an accredited facility under a 12-hour light/dark
cycle and provided water and food (PicoLab Rodent Diet 20, LabDiet) ad libitum. All
studies were conducted with male mice.

2.2 Whole mount staining

Skeletons from 1 week-old mouse pups were dissected and fixed overnight in ethanol.
Cartilage elements were stained with a 30% Alcian blue dye (dissolved in 80 ml 95%
ethanol and 20 ml glacial acetic acid). Skeletons were washed twice with 95% ethanol and
then placed in 2% KOH until the remaining soft tissues were dissolved. Bones were stained
with 75 pg/ml Alizarin red S (Sigma) in 1% KOH overnight and then destained in 20%
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glycerol, 1% KOH for 2 weeks, with daily solution changes. Skeletons were transferred to a
20% glycerol, 20% ethanol solution overnight and then stored in a 50% glycerol, 50%
ethanol solution.

2.3 Analysis of CCD phenotype: clavicle and cranial fontanel morphology

Clavicle morphology was quantified via digital X-ray (Faxitron LX-60) and image analysis
software (Bioguant Osteo, Nashville TN) in 1-, 4-, and 24 week-old mice. Projected clavicle
area and width were quantified for both right and left clavicles and averaged for each mouse.
Cranial fontanel morphology was assessed via micro-computed tomography (microCT) at 4
and 24 weeks of age. Skulls were scanned in 70% ethanol on a uCT35 scanner (Scanco
Medical AG, Basserdorf, Switzerland) at 20 um (4 week-old animals) or 30 um (24 week-
old animals) resolution (energy settings: 70 kV, 114 pA; integration time: 300 ms) and
reconstructed with the manufacturer’s software using a threshold value of 150. The area of
the fontanel defect was quantified from dorsal views using image analysis software
(Biogquant Osteo).

2.4 RNA extraction

Calvaria containing parietal and frontal bones from 1 week-old pups were dissected from
soft tissues, rinsed with HBSS, and digested in collagenase digestion medium [20] on an
orbital shaker for 20 minutes at 37° C and 125 rpm. Following digestion, explants were
washed once with PBS and snap frozen in liquid nitrogen [21]. Explants were homogenized
in TRIzol reagent (Invitrogen) using a high-speed disperser (Ultra-Turrax T25, IKA) and
RNA was extracted and purified from the ground tissue according to the TRIzol
manufacturer’s protocol, which included an overnight incubation at —20° C in 100%
isopropanol to facilitate precipitation of microRNA (miR) and messenger RNA (MRNA).

2.5 Microarray analysis of calvarial mRNA expression

For microarray analysis of gene expression, RNA was reverse transcribed using Qiagen’s
Quantitect Reverse Transcription Kit and transcript levels were determined with the Illumina
MouseRef-8 BeadChip array. Four mice from each genotype (WT, Runx2*/~, Axin2~/~, and
Axin2~/~:Runx2*/") were analyzed. One Axin2~/~ sample was lost from the BeadChip array
during processing due to a technical error. Raw data were pre-processed using Beadstudio
(IMlumina Inc, San Diego, CA) and submitted to the MIAME-compliant GEO database
(Accession number: in progress). Genes that were not expressed (detection p = 0.05) were
eliminated from analysis, leaving 11,153 gene transcripts out of 18,138 for the final analysis.
A paired t-test was used to compare differential gene expression between each mutant and
WT mice, but pairwise comparisons were not made directly between each mutant group.
Genes with fold changes greater than 1 standard deviation (p < 0.05) were used for pathway
analysis of process networks using MetaCore software (GeneGo Inc, St. Joseph, MI, USA).
Selected genes were subjected to reverse transcription (RT) and real-time semi-quantitative
PCR (gPCR) analysis for confirmation as previously described [21]. RT was performed
using the SuperScript 11 First-Strand Synthesis System (Invitrogen), and PCRs were
performed using 37.5 ng of cDNA per 15 ul with Bio-Rad iQ SYBR Green Supermix and
the Bio-Rad MyiQ Single Color Real-Time PCR Detection System. Transcript levels were
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normalized to the reference gene Gapdh. Quantification was done using the 22ACt method
[22]. Gene specific primers sequences are presented in Supplemental Table 1.

2.6 Microarray analysis of calvarial microRNA expression

Microarray analysis of miR expression was performed using the Affymetrix GeneChip
miRNA Array. Raw data were pre-processed with Partek “microRNA Expression”
workflow (Partek Incorporated, St. Louis, MO). Hierarchical clustering revealed that one
Runx2*/~ sample was an outlier; it was excluded from later analyses. MicroRNAs that were
not expressed (detection p=0.05) were eliminated from analysis, leaving 1125 out of 7815
for the final analysis.

2.7 Immunohistochemical and histological analysis of the frontal suture

Skulls from eight-day old mice were incubated for seven days in 15% EDTA,
decalcification was confirmed by X-ray. Decalcified skulls were embedded in paraffin and
sectioned longitudinally through the frontal suture at a thickness of 8 microns.
Immunohistochemical staining was performed with monoclonal antibodies directed to active
[3-catenin that is un-phosphorylated on Ser33/37 and Thr4l (D13A1, Cell Signaling #8814,
1:50 dilution) or an 1gG isotype control (Vector Laboratories 1-1000). Specimens were
incubated with polyvalent secondary HRP-conjugated antibodies (Abcam ab93697),
followed by 3’-3’-diaminobenzidine (DAB) (Sigma Aldrich), and then counterstained with
fast green. Skulls from 4 week-old mice were histologically processed and embedded in
glycolmethacrylate. MicroCT scans of the embedded skulls were used to locate the frontal
suture, which closes prematurely in Axin2~/~ mice [17]. Thin (5 pm) sections were mounted
and stained with Safranin O/Light Green. Cell and bone morphology were examined at 100x
and 400x magnification.

2.8 Isolation and culture of immature mouse articular chondrocytes (IMACSs)

Immature mouse articular chondrocytes (IMACs) were isolated and cultured in micromass
as previously described [23, 24]. Chondrocytes in this model proceed through a defined
differentiation program, expressing angiogenic factors like Vegf, matrix metalloproteinases
such as Mmp13, and producing a proteoglycan-rich matrix that is calcified at 21 days in
culture. Briefly, the femoral head and tibial plateau were dissected from 4 week-old mice.
Cartilage pieces were digested twice in 3 mg/ml collagenase for one hour and then overnight
in 0.5 mg/ml collagenase. The resulting IMACs were placed in micromass culture by plating
10 pl drops containing 2 x 10° cells in DMEM, 5% FBS supplemented with 25 pg/ml
ascorbic acid, 54 pug/ml B-glycerol phosphate and 1x ITS (Invitrogen, Carlsbad, CA) as
previously published [25-27]. Culture medium was changed every three days for 21 days.
Cells were fixed after 21 days in culture and stained with either Alcian blue (to highlight
matrix proteoglycan content) or Alizarin red (to highlight matrix calcification). For gene
expression studies, RNA was harvested with TRIzol reagent (Invitrogen) after 21 days in
culture. RNA was reverse transcribed and expression levels of genes associated with
chondrocyte maturation were quantified as described above and previously [28]. Gene
specific primer sequences are listed in Supplemental Table 1.
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2.9 Quantification of femur length and trabecular bone mass in the distal femoral

metaphysis

One femur from each of the 4- and 24-week old mice was cleaned of soft tissue, fixed in
10% neutral buffered formalin, and stored in 70% ethanol. Femur length was quantified as
the distance from the top of the femoral head to the bottom of the medial condyle.
Trabecular bone in the distal metaphysis of each femur was scanned in 70% ethanol on a
UCT35 scanner (Scanco Medical AG, Basserdorf, Switzerland) at 7 pm voxel size using the
energy settings described above. A region of interest was analyzed in each mouse, ranging
from 6% to 13% of bone length (as measured proximally from the distal femoral growth
plate) in 4-week old animals and from 14% to 19% of bone length (as measured proximally
from the distal femoral epiphysis) in 24-week old animals. Trabecular bone volume fraction
(Tb. BV/TV, %), trabecular number (Th.N, mm™1), trabecular thickness (Tb.Th, mm), and
trabecular separation (Th.Sp, mm), were computed using the manufacturer’s software.

2.10 Endochondral fracture repair model

Closed fractures were created in the right femur as described previously [8, 29].
Buprenorphine was provided perioperatively at 0.09 mg/kg and acetaminophen was
administered in drinking water (1 mg/mL) 24 hours before the surgery and continued until
the animals were sacrificed. Mice were anesthetized with isoflurane during the procedure.
Intramedullary fixation was carried out using the trochar of a 25G spinal needle inserted into
the femoral medullary canal, after which mice were subjected to the creation of a closed
femoral fracture using an Einhorn fracture device [8]. Mice were anesthetized with
isoflurane for longitudinal monitoring via X-ray on days 7, 14, 21, and 28 post-fracture.
Projected radiographical callus area was quantified with image analysis software (Bioquant
Osteo) from these X-rays to assess the degree of callus formation and the rate of callus
remodeling. Mice were sacrificed 21 days after fracture for histological and microCT
analysis of the healing femurs or 30 days after fracture for torsional analysis of bone
mechanical strength.

For morphological analysis, bones were fixed in 10% neutral buffered formalin and scanned
in 70% ethanol on a pCT35 scanner (Scanco) at 20 um resolution using the energy settings
described above. Scans were reconstructed with the manufacturer’s software using a
threshold value of 150. After scanning, femurs were embedded in glycolmethacrylate, and
thin (5 um) sections were mounted and stained with Safranin O/Light Green protocol to
highlight bone, cartilage, and connective tissues.

To quantify torsional strength, fractured femurs were harvested, cleaned of soft tissues,
wrapped in saline soaked gauze, and stored at —20° C to preserve mechanical properties. The
proximal and distal ends of each femur were potted in ¥ inch square brass endcaps (aligned
with a custom jig) using cyanoacrylate and an accelerant (ZipKicker CA accelerator, Robart
Manufacturing) to promote rapid bulk curing. On the day of testing, bones were thawed in
0.9% saline for at least one hour prior to testing, then loaded to failure at an actuator head
displacement rate of 1 degree per second on a custom torsion testing apparatus featuring a
100 oz-inch torque cell (Transducer Techniques RTS 100). Ultimate torque and torsional
rigidity were calculated from the load-deformation curves.
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2.11 Statistics

Statistics were performed with JMP 9.0 statistical analysis software (SAS Institute Inc.,
Cary, NC). Data were compared between groups within each experiment with Student’s t-
tests or ANOVA with post-hoc comparisons. A significance of p < 0.05 was used for all
comparisons.

3. Results

3.1 Loss of Axin2 exacerbates the Runx2*~ mouse CCD phenotype

The CCD phenotype of Runx2*/~ mice is characterized by hypoplastic clavicles and
persistent calvarial fontanels. Since Axin2 deficiency promotes bone formation through
increased Wnt signaling, we generated double mutant Axin2~/~:Runx2*/~ animals to
determine if Axin2-deficiency would rescue the CCD phenotype. As expected, clavicles
were severely hypoplastic in Runx2*/~ mice as compared to WT mice, demonstrating a 70%
reduction in projected clavicle area and a 25% decrease in average width compared to WT
mice at 1 week of age (Figure 1A-C). These differences remained in the Runx2*/~ animals
at 4 and 24 weeks of age. Introducing Axin2 deficiency into this model did not rescue
clavicle morphogenesis, as clavicle area and width were 73% and 40% smaller, respectively,
in Axin2~/~:Runx2*/~ mice as compared to WT animals at 1 week of age (Figure 1A-C).
Deficiencies in clavicle development were most commonly noted in the medial aspect of the
clavicle, which develops by endochondral, rather than intramembranous, bone formation [9]
(Figure 1A; note arrow). Clavicles remained smaller in Axin2~/~:Runx2*/~ mice as
compared to WT mice at 4- and 24-weeks of age, but were statistically comparable to
Runx2*/~ littermates. Clavicle morphology was comparable between Axin2~/~ and WT mice
at all ages investigated (Figure 1A-C).

Whole mount staining revealed delayed skull development and a distinct fontanel in the
calvaria of Runx2*/~ mice but not in WT or Axin2~/~ mice at 1 week of age. Calvarial
development was further impaired in the Axin2~/~:Runx2*/~ animals, and by 4 weeks of
age, this fontanel was 125% larger in Axin2~/~:Runx2*/~ animals as compared to Runx2*/~
littermates (Figure 2). By 24 weeks of age, fontanel size was 225% greater in
Axin2~/~:Runx2*/~ mice (Figure 2). Thus, Axin2 deficiency did not rescue, but instead
exacerbated the calvarial phenotype of the Runx2*/~ animals.

3.2 Cartilage persists in the frontal suture of Axin27/~:Runx2*/~ mice

Closer examination of the skull microCT reconstructions from 4 week- and 24 week-old
animals revealed that the enlarged fontanel in the Axin2~/~:Runx2*/~ mice originated within
the frontal suture. The murine frontal suture features a bilayer of ecto- and endocranial tissue
and fuses under normal developmental conditions by endochondral, rather than
intramembranous, bone formation [30, 31]. Fusion begins in the most anterior aspect of the
suture, and is completed by 39 to 45 days after birth [30]. Digital sectioning through
microCT reconstructions from 4 week-old skulls revealed a normal, bilayer frontal suture
development in WT mice that was not yet fully fused at postnatal day 28 (Figure 3). Similar
morphology was present in the Runx2*/~ animals, although the fusion was delayed,
evidenced by a larger gap between the frontal bones of Runx2*/~ mice compared to WT

Bone. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McGee-Lawrence et al. Page 8

littermates. In contrast, as previously reported [16, 17], the frontal suture of Axin2~/~ mice
was completely fused at 4 weeks of age. Interestingly, the frontal suture failed to properly
develop in the Axin2~/~:Runx2*/~ animals as there was no visible mineralization of the
endocranial layer by microCT (Figure 3). Safranin O staining of the frontal suture of 4
week-old animals confirmed the presence of cartilage and absence of mature, mineralized
tissue in the frontal suture of the Axin2~/~:Runx2*/~ animals at 4 weeks of age (Figure 4).
Low levels of active, nuclear -catenin were detected in the endocranial layer of the frontal
suture of 8 day-old Runx2*/~ and Axin2~/~:Runx2*/~ mice (Figure 5). In contrast, the
endocranial layer of the frontal suture in WT and Axin2~/~ mice showed considerable
maturation (via fast green staining of bone tissue) and nuclear p-catenin staining (Figure 5).

3.3 Gene expression patterns reflect improper endochondral bone formation in the
calvaria of Axin27~: Runx2*/~ mice

Calvarial mRNA and microRNA arrays were performed to uncover developmental and
signaling pathways contributing to the large fontanel development in Axin2 ™/~ :Runx2*/~
animals. Compared to WT littermates, Axin2~/~:Runx2*/~ mice differentially expressed 902
genes. Nearly half (n=491) of these genes were unique to the Axin2~~:Runx2*/~ mice and
were not changed in calvaria from either single mutant animal as compared to WT mice
(Figure 6A). Process network analysis of these 491 genes in Metacore identified two key
pathways, blood vessel morphogenesis and cartilage development, which were affected in
the Axin2~/~*Runx2*/~ mice (Figure 6B). Transcripts associated with cartilage development
were increased (Figure 6C), but transcripts for blood vessel morphogenesis factors were
decreased the Axin2~/~ :Runx2*/~ animals (Figure 6D). These patterns are consistent with
the presence of cartilage in the frontal suture of double mutant mice observed histologically
at 4 weeks of age. Runx2*/~ mice differentially expressed 597 genes (302 unique) and
Axin2~/~ mice differentially expressed 835 genes (590 unique) as compared to WT
littermates (Figure 6A). Process network analysis failed to identify significantly affected
pathways exclusive to the Runx2*/~ mice, but identified Wnt signaling as being the primary
pathway uniquely activated in Axin2~/~ animals (Figure 6B).

Axin2~/~:Runx2*/~ mice differentially expressed 41 miRs as compared to WT littermates;
38 of these were unique to the double mutants as compared to either single mutant animal.
The most highly induced, unique miR in these animals was miR124, which was expressed
3.3 fold higher in Axin2™/~:Runx2*/~ mice as compared to WT animals. Other induced
miRs in the double mutant animals were miR134, miR140, and miR455*. Runx2*/~ mice
differentially expressed 15 miRs (9 unique) and Axin2~/~ mice differentially expressed 13
miRs (8 unique) (Figure 6A).

3.4 Primary chondrocytes from Axin2/~:Runx2*/~ mice demonstrate delayed maturation

To determine if the unique developmental patterns seen in the skull could be recapitulated in
a cell autonomous manner using in vitro models, primary immature articular chondrocytes
(IMACs) were isolated from 4 week-old WT, Runx2*/~, Axin2~/~, and double mutant
animals (Figure 7A). Chondrocytes derived from Axin2~/~:Runx2*/~ animals showed
deficiencies in both proteoglycan deposition (by Alcian Blue staining) and matrix
mineralization (by Alizarin Red staining) (Figure 7A) after 21 days in culture. Analysis of
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MRNA expression revealed that these cells expressed high levels of aggrecan (Acan), but
low levels of genes expressed by mature chondrocytes including osteopontin and Mepe
(Figure 7B-D), suggesting delayed maturation. No differences were seen in expression of
chondrocyte-specific transcription factors, including Sox5 and Sox9 (data not shown).

3.5 Trabecular bone mass is not affected in double mutant mice

Femoral length and trabecular bone mass were quantified in 4- and 24-week old male
animals to determine if endochondral bone formation was dysregulated during long bone
development of Axin2—/—:Runx2*/~ animals. Femoral length was reduced at both 4- and 24-
weeks of age in Axin2~/~ as compared to WT mice (7% and —5%, respectively), consistent
with the decreased limb length previously reported for this mouse model [32] (Supplemental
Figure 1). Femoral length was similar between Runx2*/~ and WT mice at 4 weeks of age,
but was reduced (-6%) in 24 week-old Runx2*/~ animals, consistent with the known role of
Runx2 in regulating bone length [33]. Femoral length of the double mutant
Axin2~/~:Runx2*/~ animals was also reduced as compared to WT mice at both 4 and 24
weeks of age (—=7% and —8%, respectively; Supplemental Figure 1). No differences in
trabecular bone mass or architecture were noted between any groups at either 4- or 24 weeks
of age (Supplemental Table 2).

3.6 Fracture healing is delayed at early stages but accelerated at later stages in double
mutant mice

Finally, we examined a model of endochondral bone repair to determine whether the
delayed chondrocyte maturation patterns observed in vitro would affect endochondral
healing processes in vivo. The healing of transverse, destabilized, double cortical fractures
involves successive stages of inflammation, cartilage formation, vascular invasion,
osteoblast recruitment, mineralization, and eventually remodeling [29, 34, 35]. Runx2*/~
and Axin2~/~:Runx2*/~ mice demonstrated 25% and a 12% relative increases, respectively,
in callus area as compared to WT mice at 21 days post-fracture (Figure 8A). In contrast,
callus size was 20 to 21% smaller in Axin2~/~ as compared to WT mice at days 14 and 21
(—21%) post-fracture. Remnants of Safranin-O staining tissue were observed histologically
in the Axin2~/~*Runx2*/~ fracture calluses at 21 days post-fracture, but were not observed in
other groups (Figure 8B). These data confirm the dominance of Runx2 over Axin2
deficiency in chondrocyte differentiation and early stages of fracture repair and are
consistent with observations from the in vitro chondrocyte cultures and frontal sutures.
Interestingly, at 28 days post-fracture, double mutant animals diverged from the Runx2*/~
mice, showing smaller callus size and increased torsional strength. Callus size was 13%
smaller in Axin2~/~:Runx2*/~ mice as compared to WT mice by day 28 post-fracture.
Measurements of torsional strength derived from mechanical testing were more variable, but
ultimate torque (a structural property) generally reflected callus size (Figure 8C) as expected
[35]. These results indicate more rapid end-stage bone formation in double mutant mice that
is on par with that observed in the Axin2~/~ animals.
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4. Discussion

Runx2 and Wnt/p-catenin signaling are essential for bone formation. We recently reported
that Runx2 interacts with the Wnt target and negative feedback inhibitor, Axin2, in
osteoblasts at a molecular level. Runx2 directly represses transcription of Axin2 mRNA
during osteoblast differentiation by binding several regions of the Axin2 promoter, and
Runx2-mediated repression of Axin2 transcription depends on histone deacetylase 3
(Hdac3) [18]. Runx2 haploinsufficiency rescued of several morphological aspects of
craniosynostosis phenotype of the Axin2~/~ single mutants, and gene profiling showed that
osteoblasts derived from the bone marrow of Axin2~~:Runx2*/~ mice mimicked temporal
osteoblastic gene expression patterns of WT cells, rather than the high osteogenic activity of
Axin2~/~ osteoblasts [18]. While the craniosynostosis-related morphology of Axin2 ™/~
skulls was rescued by introducing Runx2 haploinsufficiency, our previous studies did not
address whether Axin2 deficiency would impact the CCD phenotype of Runx2*/~ mice [18].
Here we investigated the consequences of Axin2 deficiency and resultant high f—catenin
levels on bone formation and cleidocranial dysplasia in a Runx2 haploinsufficient model.
Strikingly, Axin2 deficiency did not rescue, but rather exacerbated several aspects of the
CCD phenotype of Runx2*/~ mice, largely due to improper endochondral bone formation.
Axin2~/~: Runx2*/~ mice had greater calvarial defects as compared to Runx2*/~ mice in
sutures, and primary chondrocytes from these animals demonstrated delayed maturation.
Microarray analyses revealed high expression of cartilage-related transcripts and low
expression of transcripts related to vasculogenesis in the double mutant animals, supporting
a mechanism of improper endochondral bone formation that was later confirmed by
histological observation of persistent cartilage in the endocranial layer of the frontal suture.
In fracture healing studies, Axin2~/~:Runx2*/~ mice had enlarged cartilaginous calluses at
the early stages of bone repair. Taken together, these data from three independent models
indicate that a full complement of Runx2 is essential for proper chondrocyte development in
the early stages of endochondral bone formation in the presence or absence of Axin2
expression, as the positive effects of Axin2-deficiency on chondrocyte hypertrophy could
not overcome (and in fact worsened) the impaired chondrocyte development caused by
insufficient Runx2 expression. Our data demonstrate a dominant role for Runx2 in
chondrocyte maturation, but confirm Axin2 as an important modulator of the terminal stages
of endochondral bone formation (Figure 9).

Genetic deletion of Runx2 precludes formation of a mature skeleton [3, 10], and
haploinsufficiency impairs calvarial and clavicle development [12]. Several laboratories
investigating the CCD phenotype of Runx2-heterozygous mice successfully attenuated the
condition. For example, overexpression of Nell-1, a downstream target of Runx2 that
promotes of endochondral bone formation, and suppression of Zfp521, an Hdac3 co-factor,
each partially rescued the calvarial defects of Runx2*/~ mice [36, 37]. Similarly, crossing
Runx2 heterozygous mice with mice deficient in Gsk3p, a negative regulator of canonical
Wt signaling, partially rescued the calvarial and clavicle irregularities of Runx2*/~ single
mutant animals [38]. Interestingly, the rescue of the CCD phenotype in this latter model had
little to do with elevated p-catenin activity. Rather, Gsk3f deficiency prevented the
inhibitory phosphorylation of Runx2 and consequently, increased Runx2 transcriptional
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activity of proteins expressed from the remaining allele [38]. Thus, the role of Wnt signaling
in the CCD phenotype of Runx2*/~ mice remained unclear. Our results suggest that Axin2
deficiency and resultant high Wnt signaling may exacerbate the CCD phenotype of
Runx2*/~ mice by delaying endochondral bone formation.

Axin2~/~ mice have high canonical Wnt signaling because Axin2 promotes assembly of the
[3-catenin destruction complex [16, 19, 32]. Wnt/B-catenin signaling stimulates MSC
proliferation and osteoblast lineage commitment, but prevents chondrogenic differentiation
of MSCs. However, in terminal stages of chondrocyte maturation, temporal induction of -
catenin is required for matrix metalloproteinase expression, and the vascular recruitment
stage of endochondral bone formation [39]. Axin2 is an important modulator of this process
and inhibits hypertrophy of proliferating chondrocytes [32]. We observed high levels of
activated B-catenin staining in the frontal suture of Axin2~/~ mice, as expected, by both
immunohistochemistry and microarray analysis of gene expression. Lower levels of nuclear
activated [-catenin were present in the endocranial layer of the frontal suture within
Axin2~/~:Runx2*/~ mice, specifically in a region with non-ossified wide suture
mesenchyme. These data indicate that a full complement of Runx2 is required for Wnt
signaling and endochondral bone formation.

The cranial fontanel defect in Axin2~/~:Runx2*/~ mice was associated with incomplete
formation of the frontal suture. Murine frontal sutures are unique in that they fuse via
endochondral mechanisms [19, 30, 40]. Conflicting evidence exists regarding the role of
Axin2 and Wnt signaling in the maturation of this suture. It was previously reported that
AXxin2 levels decrease prior to cartilage formation [19], and that enhanced Whnt signaling
promotes fusion of the frontal suture [16]. In contrast, others demonstrated that low levels of
Whnt signaling generate the endocranial cartilage template in the frontal suture [41], more
consistent with the known role of Wnt signaling in chondrocyte commitment [39]. The
reasons for discrepancy between these two models are not yet clear, but differences in
genetic backgrounds, suture fusion rates, and anatomical location within the frontal suture
are possible explanations [42]. Our data favor the former model, as we observed high Wnt
pathway activity and premature fusion of the frontal suture in Axin2~/~ as compared to WT
littermates. Our data also show that Runx2 regulates the terminal stages of frontal suture
fusion, as Axin2~/~:Runx2*/~ mice exhibit more chondrogenesis but less mineralization in
the endocranial layer of the frontal suture. Down-regulation of gene expression related to
blood vessel morphogenesis in these mice likely reflects impaired vascularization of this
cartilage, leading to defective calvarial formation.

To better address the endochondral bone formation aspect of the Axin2~/~: Runx2*/~ mouse
phenotype, we first analyzed long bone structure. Femoral length was reduced in both single
and double mutant mice, likely reflecting Axin2’s role as an inhibitor of differentiating
chondrocyte maturation [32] and Runx2’s role in modulating chondrocyte proliferation and
terminal differentiation [33, 43]. Interestingly, we failed to detect high trabecular bone mass
in 24 week-old Axin2~/~ mice, which conflicts with a previous report on this mouse model
[44]. Our conflicting results may be due to experimental differences, including the use of
males (as compared to females) in our study, raising questions as to the role of estrogen in
the high bone mass phenotype of the Axin2~/~ animals with age. To exacerbate conditions
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of endochondral bone formation for study in the postnatal long bones, we utilized a postnatal
fracture repair model. Both Runx2*/~ and double mutant mice had larger calluses than WT
and Axin2~/~ mice at two weeks post-fracture, confirming the importance of Runx2 in the
early stages of endochondral bone formation. However, after four weeks of healing, double
mutant animals diverged from the Runx2*/~ mice, showing smaller callus size and
differences in torsional strength indicative of more rapid healing as seen in the Axin2~/~
mice. Taken together, these data demonstrate a dominant role for Runx2 in chondrocyte
differentiation, but confirm Axin2 as an important modulator of the terminal stages of
endochondral bone formation.

In conclusion, a mechanistic link exists between Runx2 and Axin2 expression in
endochondral bone formation in both the axial and appendicular skeleton. Axin2 is a
negative regulator of the Wnt-$-catenin signaling pathway, which is a target for new
osteogenic therapies. Furthermore, AXIN2 affects human craniofacial development as
AXIN2 mutations are linked to familial tooth agenesis [45, 46]. Interestingly, most humans
with CCD feature an opposite phenotype of supernumerary teeth [45-48], providing clinical
support for an inverse link between AXIN2 and RUNX2 expression in human skeletal
development. Thus, these data shed light on new mechanisms involved in skeletal
development and repair by Wnt and Runx2 modulators.
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Figure 1.
Axin2 deficiency does not rescue clavicle defects in Runx2*/~ mice. A) Digital radiographs

of 1 week-old mice. Arrows point to medial aspects of the clavicles. B) Average clavicle
areas in mice at 1, 4, and 24 weeks of age. C) Average clavicle width of mice at the
indicated ages. Bars with different superscript letters are statistically different from one
another. The number of samples per group (in panels B and C) is indicated within the bars of
panel C.
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24 weeks

Figure 2.
Axin2 deficiency exacerbates the fontanel defects in Runx2*/~ mice. A) Whole mount

staining of 1 week-old mice. B) Micro-CT reconstructions of skulls from 4 and 24 week-old
mice. The number of samples analyzed is indicated in the bars. The WT and Axin2~/~ mice
are not represented in the graph because they do not have open fontanels. *p < 0.05 vs. WT

mice.
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Axin27 : Runx2*-

Figure 3.
The endocranial layer of the frontal suture does not mineralize in the Axin2~/~:Runx2*/~

mice. Digital sections were collected from micro-CT reconstructions of 4 week-old mice.
The endocranial layer of the frontal suture (arrow) is magnified 300x in the lower panel.

Bone. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

McGee-Lawrence et al. Page 20

4 weeks
Safranin O/ light green

WT Runx2*- Axin2”:Runx2*-

100X

Figure 4.
Cartilage persists in the frontal sutures of Axin2~/~:Runx2*/~ mice. Histological analyses of

4 week-old animals were performed with Safranin O and Light Green stains.
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Figure 5.
Frontal sutures of Axin2~/~*Runx2*/~ mice lack nuclear staining for active p-catenin.

Immunohistochemistry for unphosphorylated (active) 3-catenin in the frontal suture of 8
day-old mice demonstrates higher nuclear -catenin staining in WT and Axin2~/~ animals.
Nuclear beta catenin staining is detectable in the ectocranial layer of the frontal suture of
Axin2~/~:Runx2*/~ mice, but is not seen in the cell nuclei of the endocranial layer.
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g Chondrogenesis genes are increased while vasculogenesis genes are repressed in
_Z‘ Axin2~/~:Runx2*/~ mice. A) Venn diagrams of the number of mMRNA and miRNA
% transcripts differentially expressed in calvarial explants of each mutant as compared to WT
% mice. B) GeneGo process network analysis of differentially expressed genes in
o Axin2~/~:Runx2*/~ mice and Axin2~/~ mice. C & D) Comparisons of gene expression
= patterns between Axin2~/~:Runx2*/~ and WT mice by gPCR. Means + SEM of n = 4 mice
per group are presented; all genes shown were significantly (p < 0.05) differentially
expressed in Axin2~/~:Runx2*/~ as compared to WT mice.
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Figure 7.
Axin2 deficiency does not rescue delays in in vitro chondrogenesis cause by Runx2

haploinsufficiency. A) Immature mouse articular chondrocyte micromass cultures were

stained with Alcian blue or Alizarin red at day 21. B-D) Relative mRNA levels of Acan,
osteopontin, and Mepe in chondrocyte micromass cultures at day 21 were quantified by
gPCR.
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Figure 8.

Fracture healing is delayed at early stages but accelerated at later stages in

Axin2~~ :Runx2*/~ mice. A) Projected callus areas at 14, 21, and 28 days post-fracture. B)
Histological sections of fracture calluses at day 21 post fracture, stained with Safranin O /
Light green stains. C) Ultimate torque was quantified by torsional loading to failure on
samples harvested on day 30 post-fracture. Bars with different superscript letters are
statistically different from one another. The numbers within the bars indicate the sample size
of each group.
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Figure 9.
Molecular interactions between Axin2, Runx2, and Wnt signaling during endochondral and

intramembranous bone formation.
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