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Abstract

Synthesis of cartilage by chondrocytes is an obligatory step for endochondral ossification. Global
deletion of the Runx2 gene results in complete failure of the ossification process, but the
underlying cellular and molecular mechanisms are not fully known. Here, we elucidated Runx2
regulatory control distinctive to chondrocyte and cartilage tissue by generating Runx2 exon 8
floxed mice. Deletion of Runx2 in chondrocytes caused failure of endochondral ossification and
lethality at birth. The limbs of Runx22E8/AE8 mice were devoid of mature chondrocytes,
vasculature, and marrow. We demonstrate that the C-terminus of Runx2 drives its biological
activity. Importantly, nuclear import and DNA binding functions of Runx2 are insufficient for
chondrogenesis. Molecular studies revealed that despite normal level of Sox9 and PTHrP,
chondrocyte differentiation and cartilage growth is disrupted in Runx22E8/AE8 mice. Loss of
Runx2 in chondrocytes also impaired OPG-RANKL signaling and chondroclast development.
Dwarfism observed in Runx2 mutants was associated with the near absence of proliferative zone
in the growth plates. Finally, we show Runx2 directly regulates a unique set of cell cycle genes
Gprl32, Sfn, c-Myb, and Cyclin Al to control proliferative capacity of chondrocyte. Thus, Runx2
is obligatory for both proliferation and differentiation of chondrocytes.
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Introduction

During skeletal development, the appendicular and part of the axial skeletons are formed
largely by endochondral ossification. This intricate process involves the formation of a
cartilage anlagen, which is later resorbed and replaced by mineralized bone (1). Based on
their location and morphology in the growth plate, chondrocytes are classified into resting,
proliferative, prehypertrophic and hypertrophic zones. The process of unidirectional
chondrocyte differentiation is also characterized by the expression of zone specific marker
genes (2). Terminally mature hypertrophic chondrocytes contribute to cartilage calcification,
undergo apoptosis, and are replaced by bone-forming osteoblasts (2,3). This intricate
process of chondrogenesis in the growth plate continues until skeletal maturity during
postnatal endochondral ossification.

Two ligands secreted by chondrocytes, parathyroid hormone-related protein (PTHrP) and
indian hedgehog (lhh), are key regulators of chondrogenesis and endochondral ossification.
PTHrP and Ihh act in a regulatory loop to promote chondrocyte proliferation. Ihh secreted
from prehypertophic chondrocytes induces the expression of PTHrP in the periarticular
region to promote chondrocyte proliferation (4). Ihh-null chondrocytes do not express
PTHTrP (5). On the other hand, PTHrP suppresses Ihh expression via a negative feedback
loop to delay chondrocyte hypertrophy (6,7). Deletion of either Ihh or PTHrP gene results in
shortened limbs due to accelerated hypertrophy and poor chondrocyte proliferation (7,8).
However, chondrocytes undergo hypertrophy in both the Thh and PTHrP null mice,
indicating involvement of additional pathways (9,10). Indeed, TGF-p/BMPs, FGF, and
Whnt/B-catenin pathways function in conjunction with Ihh signaling to regulate chondrocyte
differentiation (11-14).

Members of the Sox transcription factor family are essential for chondrogenesis. Sox9 starts
expressing in mesenchymal cells prior to condensation in all developing skeletal elements
and continues to express during sequential steps of chondrocyte differentiation (15,16).
Happloinsufficiency of Sox9 results in lethality and chondrocyte specific deletion of Sox9
causes failed chondrogenesis (15). Sox9 directly regulates expression of markers for
proliferating and hypertrophic chondrocytes (16,17). Sox5 and Sox6 are also expressed
during chondrocyte differentiation, but unlike Sox9, are not required for mesenchymal
condensation. Both Sox5 and Sox6 are downstream of Sox9 and deletion of either gene
shows mild defect in endochondral ossification (18). Among the Sox trio, only Sox9 is
required for expression of Ihh and PTHrP in chondrocytes (15,18). The disrupted PTHrP-1hh
regulatory loop is a critical component of failed chondrogenesis noted in Sox9 null mice
(15,18).

The runt-related transcription factor 2 (Runx2) is a member of the Runx gene family
necessary for organogenesis and survival. Runx2 is widely known for its essential role
during commitment and differentiation of mineralizing cell types. Global deletion of Runx2
results in disrupted chondrocyte and osteoblast differentiation and complete loss of skeletal
mineralization, indicating a regulatory role of Runx2 in both cell types (19-21). Runx2
expression in prehypertrophic chondrocytes is required to promote chondrocyte hypertrophy

J Bone Miner Res. Author manuscript; available in PMC 2015 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 3

(22,23). Thus, unlike Sox9, which initiates chondrogenesis, Runx2 is generally considered
as a major driver for the later stages of endochondral ossification (15,17,22-25).

During skeletogenesis, Runx2 is expressed in both chondrocytes and osteoblasts, but global
null models are unable to distinguish the cell-specific functions of Runx2. Misexpression
approaches have failed to define the chondrocyte-specific roles of Runx2. Overexpression of
Runx2 in developing chondrocytes by the Col Ila promoter results in accelerated
chondrocyte maturation, ectopic ossification of cartilage, and lethality at birth (23).
However, another group has reported a mixed phenotype, with some Col Ila-Runx2
transgenic mice dying at birth, while other transgenic mice survive and exhibit normal
skeletal growth (22). These variations in endochondral ossifications are linked to the level of
Runx2 being overexpressed in chondrocytes. Interestingly, blockage of endogenous activity
of all Runx family members by overexpression of dominant negative forms of Runx2 in
chondrocytes results in lethality due to failed endochondral ossification (23). In sharp
contrast, no skeletal phenotype was noted in independent transgenic lines where a similar
dominant negative form of Runx2 was overexpressed in chondrocytes (22). Moreover,
overexpression of Runx2 in hypertrophic chondrocytes only causes a mild decrease in
ossification of selected digits (26). The Col Xa-Runx2 transgenic mice have a normal life
span and comparable skeleton to wild type mice (26). Thus, due to contradictory
phenotypes, the specific contribution of endogenous Runx2 in chondrocytes remains
unclear. Surprisingly, conditional ablation of the Runx2 gene in chondrocyte with Col lla-
Cre leads to perinatal lethality and failed endochondral ossification (27,28). Interestingly,
similar phenotype is noted with deletion of either N-terminal (exon 4) or C-terminal (exon
8) region of Runx2. However, the underlying mechanisms responsible for loss of
endochondral ossification in these models are yet to be studied. Here we demonstrate that C-
terminus of Runx2 is obligatory for both proliferation and terminal differentiation of
chondrocyte.

Materials and Methods

Generation of Runx2 conditional knockout mice

To generate Runx2 exon 8 floxed mice, targeting vectors harboring a directional loxP site, a
floxed neomycin gene, and a thymidine kinase gene were generated. A step wise cloning
strategy involving five intermediate vectors was used to assemble pTLNLoxP the final
targeting vector (see supplement methods). The correctness of the targeting construct was
confirmed by restriction digestion and sequence analysis (Fig 1B). The linearized targeting
vector was electroporated into mouse ES cells. The integrity of the targeted locus in positive
ES cells was confirmed by southern blot analysis using 5’ and 3’ external probes. The
positive ES cells underwent a second round of selection to identify cells where the
Neomycin gene has been removed and the Runx2 allele is floxed (Fig S2A & supplement
methods). Two independent ES clones with the floxed Runx2 allele were used for blastocyst
injection to generate chimeras. The chimeric animals were bred with C57/BL6 mice to
confirm germ line transmission of the ES cells. The heterozygous (Runx2*/F) mice were
intercrossed to obtain homozygous (Runx2F/F) floxed animals and genotypes were
confirmed by PCR analysis using primers described in Table S1. To delete Runx2 in
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chondrocyte, mice were crossed with Col I1a-Cre mice (27,29). Expression of Cre
recombinase in chondrocyte and cartilage tissue was confirmed with Rosa26 reporter line
(30). All animal experiments were performed with the approval of the Animal Research
Program of the University of Alabama at Birmingham and conformed to relevant federal
guidelines.

Skeletal staining and histological analysis

Skeletal preparations from embryonic, new born and postnatal mice were double stained
with alcian blue and alizarin red to assess skeletogenesis and are described in supplement
methods. For histological analysis, new born and E18.5 embryos were fixed overnight in 4%
paraformaldehyde (Sigma-Aldrich, St. Louis, MO). Tibia and femur were dehydrated in
gradient ethanol, embedded in paraffin and sectioned at 7um thickness. Tissue sections were
dewaxed in xylene, rehydrated in gradient ethanol and processed for hematoxylin and eosin,
alcian blue, and TRAP staining as described in supplement methods. Detailed procedure for
BrdU, Sox9, CD31 and Caspase 3 immunohistochemistry and in situ hybridization for Col
Xa is described in supplement methods.

RNA and western blot analysis

Total RNA was extracted from axial and appendicular skeletons from embryonic and new
born mice using Trizol reagent (Invitrogen Inc, CA). The prepared cDNA was used for
quantitative real-time PCR (g-PCR) performed with iQ SYBR Green Supermix (Bio-Rad
Hercules, CA). Gene specific primers are listed in Table S2. The cell cycle gene profiles
were assessed using Mouse Cell Cycle RT2 Profiler™ PCR array system (Qiagen, Valencia,
CA). The expression values were normalized with 5 housekeeping genes and relative
expression of each target gene was calculated by RT?2 Profiler™ PCR array data analysis
software (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). Total protein was
isolated from either whole or cartilaginous portions of limbs from wild type and Runx2
mutant mice. Tissue was flash frozen and pulverized with dounce homogenizer and lysed in
2X SDS lysis buffer. Equal amounts of protein were separated on 10% SDS-polyacrylamide
gels. Blots were probed with monoclonal antibody against Runx2 (MBL International,
Woburn, MA), Sox9, Sfn and Gpr132 (Santa Cruz Biotechnology, Dallas, TX). Blots were
incubated with species matched IRDye-800cw labeled secondary antibodies. Stripped blots
were then probed with monoclonal p-tubulin antibody (Sigma-Aldrich, St. Louis, MO). The
signals were quantified using Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE).

Chromatin immunoprecipitation, EMSA and immunofluorescence assay

Chromatin immunoprecipitation from chondrogenic cells was performed using ChlIP-IT kit
(Active Motif, Carlsbad, CA). Briefly, cells were cross linked in 1% formaldehyde/PBS for
10 minutes at 22°C and washed first with PBS and then glycine solution. Cells were
collected in PBS containing 5mM PMSF, resuspended in lysis buffer, and sonicated 4 times
for 20 seconds each. Gel electrophoresis confirmed that the bulk of DNA fragments from
soluble chromatin were ~ 400-500 bp in length. Immunoprecipitation was carried out for 14
hours at 4°C with 5ug of Runx2 M70 antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
or normal rabbit 1gG as a negative control. The immunoprecipitated chromatin was collected
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using Protein A/G beads. Chromatin and 5% input were analyzed by real time PCR using
primers designed to amplify promoter fragments spanning the RUNX motif in Sfn, Gprl32,
Cyclin A1, and c-Myb genes. The primer sequences and location of RUNX binding sites in
each gene are listed in Table S3. In parallel, conventional PCR was performed with 31~37
cycles of amplification. Amplicons were run on a 2% agarose gel, stained with ethidium
bromide, and visualized under UV light. The cellular distribution of Runx2 protein and its
interaction of Runx2 protein with target DNA were assessed by immunofluorescence and
EMSA as described in supplement methods.

Cloning of promoter-reporter genes and luciferase assay

The Sfn and Gprl32 gene promoter encompassing RUNX motifs were PCR-amplified from
C57BL/6 mouse genomic DNA. The forward and reverse primers contained engineered
Asel and Agel restriction sites, respectively (Table S1). The PCR products digested with
Asel/Agel enzymes were ligated into similarly digested EGFP-Luc dual reporter vector. The
integrity of both promoters was confirmed with direct sequencing. The GH329 and
C3H10T1/2 cells were seeded in twelve-well dishes at a density of 1.5x10° cells per well
and transfected 16 hours later. Cells were co-transfected with Sfn, Gpr132 EGFP-Luc
plasmids and varying concentrations of full length or Runx2 A369 expression plasmids. The
Col Xa and FGF3-Luc vectors were co-transfected with either WT or A369 Runx2
expression plasmids and renilla luciferase as an internal control. Luciferase activity was
determined 24 hrs later using Luciferase Reporter Assay system (Promega, Madison, W1).

Cell culture and transient transfections

Results

GH239 cells were cultured in DMEM supplemented with 10% FBS, 4.5g/L glucose, 50
U/ml penicillin G, and 50 mg/ml streptomycin. C3H10T1/2 cells were maintained in MEM
supplemented with 10% FBS, 2mM L-glutamine, 50 U/ml penicillin G, and 50 mg/ml
streptomycin. For ChIP assays, C3H10T1/2 cells were cultured in a micromass. Briefly,
2x107 cells were suspended in 1ml medium and 10 pl drops of cell suspension were placed
in culture dishes. After 2.5 hours, cells were fed and maintained in chondrogenic media
(50ng/ml Ascorbic-acid, 10mM BGPO4, 100ng/ml BMP-2) for 4 days. All transient
transfections were performed for 24 hours using PolyJet™ transfection reagent (SignaGen
Laboratories Rockville, MD) as per manufacture’s instruction.

Generation of targeted ES cells and establishment of a Runx2 floxed colony with normal
growth and skeletal parameters

To study the spatio-temporal contribution by Runx2 during skeletogenesis, we established a
Runx2 floxed model. A targeting vector was constructed by sequential addition of various
genomic fragments from the Runx2 locus encompassing intron 7 through the untranslated
region of exon 8 (Fig 1 & S1). The presence of LoxP sequences in intron 8 and exon 8 can
potentially influence the transcription, stability, or translation of Runx2 mRNA. Thus, we
isolated RNA from bone tissues of WT and floxed mice and compared expression levels of
Runx2. We used primers in exon 6—7 or exon 8 transcribed regions to confirm the integrity
of Runx2 mRNA (Fig S2B). Both primer pairs showed similar levels of expression,
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indicating that insertion of LoxP sequences does not modify expression or stability of Runx2
mRNA. Homogenized limbs were used for western blot analysis and, consistent with mRNA
expression, all mice showed similar levels of Runx2 protein (Fig S2C). We then monitored
the growth of littermates over 80 days. All mice showed a similar but progressive increase in
body weight and size over time (Fig S2D). We also compared the overall skeletal growth in
these animals at one and four week of age and noted comparable skeletogenesis and
mineralization (Fig S2E, F). Thus, our Runx2 exon 8 floxed animals are virtually
indistinguishable from normal WT mice. Taken together, these data are reassuring that by
themselves, LoxP sequences are not contributing to any phenotype and demonstrate that the
activity of the WT Runx2 locus is identical to that of the floxed locus.

Runx2 functions in chondrocyte are obligatory for endochondral ossification and survival

To elucidate Runx2 regulatory control distinctive to chondrocyte cell population, we used
the Col I1a-Cre line (Fig 2, S3). Efficient deletion of Runx2 by Col l1a-Cre recombinase was
confirmed with a specific primer pair that simultaneously amplifies both the WT and floxed
alleles (Fig 2A). The homozygous mice (Runx22E8/2E8) died shortly after birth and
exhibited uniform dwarfism in both axial and appendicular skeleton. Mutant mice were
characterized by domed skull, short snout, and small limbs that were often bent inward (Fig
2B). No gross abnormalities of the skeleton were apparent in the Runx2*/2E8 mice.
Homozygous mutants were recovered with the expected Mendelian frequency, but were
significantly lower in weight (Fig 2B, C). Compared with well calcified skeletons in WT
and Runx2*/AE8 |ittermates, only a weak alizarin red staining was observed in limbs and
pinpoint staining in the dorsal arch of vertebrae and the dorsal part of ribs of newborn
mutants (Fig 2D). Many defects ranging from reduced size to irregular shape, angle, and
spacing were observed in the axial skeleton of the Runx22E8/AE8 mjce. Detailed comparison
of the forelimb of homozygous mutants revealed that the scapula was totally cartilaginous
and the humerus was extremely small (Fig 2D, E). The radius and ulna were separated but
were greatly reduced. Calcification of metacarpals and digits was completely absent in
Runx2AE8/AE8 mice. Similar developmental failure and abnormalities were noted in the
skeletal elements of the hindlimbs of the mutant mice (Fig 2D, E). We noted a poor
calcification of dorsal edges of cervical, thoracic, and spine vertebrae, but calcification of
centrum, neural spine, caudal vertebrae, pubic, ilium, iliac crests, ischium, and sacrum was
completely absent in the Runx22E8/AE8 mice (Fig 2F). The sternum and xiphoid process
were completely cartilaginous, where as they were well ossified in both WT and
heterozygous littermates (Fig 2F). Since the Col Ila-Cre starts expressing during embryonic
development, we assessed endochondral ossification at E16 and E18 (Fig 2G). Calcification
of skeletal elements formed by endochondral ossification was noted in WT at E16, but was
completely absent in the Runx22E8/AE8 mice. A similar failure of endochondral ossification
in mutant mice was evident at E18. We confirmed the Col lla-Cre activity in the cartilage
and chondrocytes with reporter mice (Fig S3). Finally, we established that the endochondral
phenotype is due to loss of exon 8 of Runx2 in chondrocytes by western blot analysis (Fig
2H). Total protein isolated from limbs of new born mice showed full length Runx2 protein
in wild type mice, while heterozygous showed both full length and Runx2 mutant proteins
(A369). Homozygous mice showed only the mutant protein. Taken together, our data
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demonstrate that exon 8 of Runx2 is indispensable for mouse embryonic development and
endochondral ossification.

Runx2 deficiency results in failed cartilage growth and chondrocyte differentiation

To better understand the cellular phenotype, we carried out histological analysis. The growth
plate of WT femurs showed progression into different zones of chondrocytes that change
over to calcified cartilage with cortical bone, marrow cavities, and a well expanded ossified
zone (Fig 3A). Higher magnification views show chondrocytes with well-defined lacunar
rim in WT (Fig 3B, S4). These characteristic features of cartilage and cellular morphology
were absent in homozygous femurs (Fig 3A, B, S4). Chondrocyte proliferation and matrix
deposition, which is necessary for the interstitial growth process of cartilage, was perturbed
in Runx22E8/AE8 mice (Fig 3B, S4). Chondrocyte hypertrophy is a mandatory process during
endochondral bone formation. Only few relatively large cells, which barely express type X
collagen, could be seen in homozygous femurs (Fig 3C). Overall, the resting zone was
greatly expanded and the identifiable proliferating and hypertrophic zones were significantly
reduced in the Runx22E8/AE8 growth plate (Fig 3B, D). In WT mice, the extracellular matrix
surrounding hypertrophic chondrocytes was permissive to vascular invasion with well-
defined ingression of the skeletal cells of the osteoblast lineage and showed presence of
RBC and marrow cavities (Fig 3A, S4). However, we did not observe bone marrow in the
diaphyseal region of the Runx22E8/AE8 [imbs (Fig 3A, S4A). The poor vascularization was
further confirmed by immunostaining of CD31, a marker of endothelial cells. In mutant
mice, CD31 positive cells were noted at the edges of bone collar and abundantly in the
surrounding skeletal muscles (Fig S5A). Unlike WT littermates, the CD31 signal was barely
detected in the center of mutant femurs. Thus, the vascular in-growth, which is necessary for
marrow cavity formation, does not progress in mutant mice. As a result, the mineralization
in the femur of homozygous mice was restricted to bone collars and calcified cartilage (Fig
S4B). Taken together, our results demonstrate that Runx2 exon 8 deficiency disrupts growth
plate architecture, hypertrophic maturation of chondrocyte, vascular invasion and skeletal
development.

Functional development of chondrocyte and cartilage remodeling is blocked in the
absence of Runx2 signaling

Sox9 is a well-documented regulator of cartilage development in the growth plate. To our
surprise, the level of Sox9 mRNA in Runx2 AE8/AE8 mice was comparable to WT littermates
(Fig 4A). Consistent with this observation, similar levels of Sox9 protein was detected in
WT and mutant limbs (Fig 4A). Furthermore, similar nuclear distribution of Sox9 protein
was noted in WT and mutant growth plate chondrocytes (Fig 4A). These data suggest that
the presence of Sox9 alone in chondrocytes is insufficient for regulating later stages of
chondrocyte development.

For a molecular understanding of impaired chondrogenesis in Runx22E8/AE8 mjce, we
analyzed the mRNA of several key signaling molecules and matrix proteins in chondrocytes
(Fig 4B). Ihh is expressed in the prehypertrophic chondrocytes and regulates their terminal
maturation. We find a significant reduction in levels (2—4 fold) of Ihh mRNA in
Runx22E8/AE8 mice. These results are consistent with the near absence of prehypertrophic
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and hypertrophic chondrocytes in Runx2 mutant mice. Interestingly, PTHrP expression was
normal in Runx2 mutant mice (Fig 4B). This is in sharp contrast to the absence of PTHrP
expression noted in Runx2 global null mice. The low level of Ihh did not affect expression
of PTHrP, suggesting molecules other than Ihh and Runx2 are involved in the regulation of
PTHTrP in chondrocytes. Expression of Col Xa was nearly absent in mutant mice, further
confirming in situ observation (Fig 3C). In contrast, we observed similar expression levels
of Col lla (Fig 4B). This is consistent with the developmental stage of chondrocytes at
which Runx2 is being deleted by Col I1a-Cre recombinase.

Cartilage remodeling by chondroclasts is an integral component of endochondral
ossification and vascular invasion in developing bones. The hypertrophic chondrocytes play
an essential role in this process through synthesis of VEGF, MMP13, and RANKL. Normal
cartilage remodeling was evident with a robust TRAP staining in developing bones of the
WT mice (Fig 4C). However, TRAP staining was nearly absent in all skeletal elements of
mutant mice. Moreover, VEGF and MMP13 were barely detected in Runx2 mutant
chondrocytes (data not shown). This observation is consistent with extremely poor
vascularization of Runx22E8/AE8 hones (Fig S4, 5). Near lack of TRAP activity prompted us
to determine expression of OPG and RANKL. Expression of both genes was low in mutant
mice with a 30% decrease in OPG and 60-80% decrease in RANKL (Fig 4D). This
differential expression results in an altered OPG/RANKL ratio that would normally favor
inhibition of chondroclast development and cartilage remodeling. Together, our results
demonstrate that Runx2 is involved in development of both chondrocyte and chondroclast.

Nuclear import and DNA binding functions of Runx2 are insufficient for chondrocyte
differentiation

The failed endochondral ossification phenotype in Runx22E8/AE8 mice is remarkably similar
to the global Runx2 null models. Only the exon 8 encoded portion of the Runx2 protein is
deleted in our model; therefore, we assessed functional activities of the mutant Runx2 A369
protein (Fig 5). Runx2 is a multipartite transcription factor. The DNA binding region resides
in the N-terminus and transcription activation/suppression domain in the C-terminus of the
protein (Fig 5A). Western blot analysis of transfected cells shows comparable expression of
full length and A369 proteins (Fig 5B). This is consistent with similar expression levels of
endogenous Runx2 proteins produced in cartilage of WT and mutant mice (Fig 2H). Both
proteins exhibited similar cellular distribution and a punctate nuclear pattern that was
excluded from nucleoli (Fig 5C). Chondrocytes harvested from the ribs of WT and
Runx2AE8/AE8 mice at E18.5 also showed presence of Runx2 proteins in nuclear fraction
(data not shown). Thus, the skeletal phenotype in homozygous mice is not associated with
any changes in expression levels or cellular distribution of Runx2 protein.

To understand if failed development of chondrocyte is linked to altered capacity of Runx2
A369 protein to bind target DNA, we performed EMSA. Full length and Runx2 A369
protein were transiently expressed in GH329 cells that lack endogenous Runx proteins (Fig
5D). We examined Runx2 protein-DNA interaction with similar sequences of the Runx
motifs in the Col Xa, FGF3 and OC promoter. Each of these Runx motifs forms a major
complex that is abolished upon mutation of the core sequences (Fig 5D and data not shown).
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This complex is not formed on Runx motifs using nuclear extracts from control cells.
Interaction of both proteins with DNA was further confirmed by antibody supershift.
Interestingly, Runx2 A369 loses its interaction with TGFp-transducer SMAD3, but retains
the ability to heterodimerize with Cbfp partner protein (data not shown). We also assessed
transcriptional activity of the WT and Runx2 A369 proteins on promoters of FGF3 and Col
Xa, a hallmark gene of hypertrophic chondrocytes (Fig 5E). The mutant protein exhibits
significantly reduced transactivation of both promoters (Fig 5E). Thus, deletion of exon 8
significantly impairs transcriptional activity of Runx2.

Runx2 regulates cell cycle genes to control chondrocyte proliferation and cartilage growth

Runx2AE8/AE8 mice were dwarfed, indicating lack of both interstitial and appositional
growth of cartilage (Fig 2B, 3A). Direct cell count in the resting, proliferating and
prehypertrophic regions revealed a dramatic decrease in the total number of cells present in
the hyaline cartilage of Runx22E8/AE8 mice (Fig 2, 3). In each region, the total numbers of
chondrocytes were roughly half of the wild type (Fig 6A). These differences were not due to
increased apoptosis, as cleaved-Caspase 3 staining was similar between WT and mutant
chondrocytes (Fig S5B). More importantly, columns of flattened cells, a hallmark of
proliferative chondrocytes, were missing in mutant cartilage (Fig 6A). Runx2 role in
chondrocyte proliferation in vivo was confirmed by BrdU labeling. Runx2 null cartilage
showed 45% fewer BrdU positive cells, reflecting a decrease in proliferative capacity of
chondrocyte (Fig 6B). Thus, Runx2 is required for chondrocyte proliferation and cartilage
growth.

To understand molecular circuitry engaged by Runx2 for chondrocyte proliferation, we
determined the expression of genes associated with the cell cycle cascade in the growth plate
(Fig 6C). A scatter plot of normalized data with a minimum threshold of 2-fold initially
revealed 12 differentially regulated genes in mutant mice. However, mRNA analysis from 3
independent littermates identified 5 genes that consistently showed differential expression.
These include membrane receptor (Gprl32), transcription factor (c-Myb), G1/S-G2/M phase
cyclins (cyclin A1, A2) and Sfn, a chaperone for signaling transduction (Fig 6C). We next
confirmed changes in mRNA levels of these genes by isolating primary chondrocytes from
growth plates of an independent litter. The g-PCR reproducibly verified the microarray
profile with the exception of cyclin A2 gene (Fig 6D). Runx2 null chondrocytes showed 3
fold higher expression of Sfn mMRNA compared to WT cells. Interestingly, a robust
suppression ranging from 3-8 fold was consistently noted for Gpr132, c-Myb and cyclin Al
mRNA (Fig 6D). The altered expression of two genes in Runx22E8/AE8 growth plates was
also confirmed by western blot analysis (Fig 6E).

To assess if deregulated expression is a consequence of failed chondrocyte development or
if these genes are direct targets of Runx2, promoter reporter assays were performed. In silico
analysis of 2—3kb genomic sequences upstream of the transcription start site identified
multiple high affinity RUNX recognition motifs in all genes. Three RUNX binding sites
reside within 1.0 kb of mouse Sfn, cyclin A1, and two in Gpr132 and c-Myb gene promoters
(Fig 7A). ChIP data revealed that in chondrocytes, Runx2 protein is bound to these sites (Fig
7B). Occupancy by Runx2 was noted for multiple sites within each gene promoter (Fig 7B).
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To assess direct transcriptional regulation, we cloned ~1kb promoter fragment of mouse
Gpr132 and Sfn genes in front of EGFP-Luc dual-reporter (Fig 7C, D). Runx2 induced
activity of both promoters in a dose-dependent manner. We also compared the
transcriptional response of these promoters with Runx2 A369 protein, which is expressed in
Runx2AE8/AE8 mice. The mutant Runx2 protein failed to induce both promoters (Fig 7C, D).
The lack of gene promoter response to mutant Runx2 protein is consistent with the
chondrocyte phenotype of the mice. Thus through several line of evidence, we have
identified a unique set of cell cycle genes that are specifically regulated by Runx2 in
chondrocytes.

In summary, exon 8 encoded portion of the Runx2 protein is obligatory for chondrocyte
proliferation, hypertrophic maturation, endochondral ossification and survival.

Discussion

Skeletogenesis in mammals requires coordinated activities of chondrocytes, osteoblasts and
osteoclasts. Global Runx2 null mice lack bone tissue formation due to maturational arrest of
both chondrocytes and osteoblasts. Here, we report function of endogenous Runx2 in
chondrocyte during skeletal development using a novel mouse model. Runx22E8/AE8 mice
exhibited disrupted chondrocyte development and failed endochondral ossification. We
demonstrate that nuclear import or DNA binding activities of Runx2 are not sufficient for
chondrocyte differentiation and endochondral ossification. Skeletal elements formed by
endochondral process are devoid of hypertrophic chondrocytes, vasculature, and marrow.
Molecular studies reveal that disruption of chondrocyte differentiation in Runx2 mutant
mice is independent of PTHrP and Sox9 expression. Runx2 function in chondrocytes also
regulates OPG-RANKL signaling required for cartilage resorption. Surprisingly, Runx2
deficiency perturbs chondrocyte proliferation through regulating a unique set of cell cycle
genes.

Runx2 is a modular transcription factor. Nuclear import, sequence specific DNA binding,
interaction with heteromeric partner Cbff, and a part of the transcription activation domain
reside within the N-terminus. The C-terminus contains a context dependent transcription
activation/suppression domain, the nuclear matrix targeting signal, and regions for physical
interactions with transducer proteins of various signaling pathways (19,31-33). We deleted
exon 8 of the Runx2 gene that encodes one-third of the Runx2 protein and most of the C-
terminus. We show Runx2 A369 protein is present in the nucleus, binds target DNA,
maintains protein interaction in the N-terminus, but exhibits very low transcriptional
activity. At this point, we do not know the resident time of Runx2 A369 protein at the target
gene promoter and if it is linked with reduced transcriptional activity. In other models, the
N-terminal RHD encoded by exon 2—4 of Runx2 gene has been targeted (21,28,34). The
RHD targeting will result either in the loss of DNA binding and interaction with Cbf, or in
blockage of nuclear import of Runx2 protein. Most likely, Runx2 protein is unstable in these
models, as nuclear import and Cbff} interaction are important for Runx2 protein stability.
However, our studies identify that the C-terminal region encoded by exon 8 drives critical
biological activity of the Runx2 protein. This region is obligatory for both chondrocyte
proliferation and differentiation during endochondral ossification.
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Endochondral ossification is a sequential process that involves chondrocyte proliferation,
differentiation, cartilage calcification, cell death, resorption, and eventual remodeling into
bone tissue. Runx2 has largely been associated with chondrocyte hypertrophy and osteoblast
commitment. The lack of chondrocyte hypertrophy in our mice is consistent with global null
and knock-in models of Runx2 (19,21). However, our studies identify that a major function
of Runx2 in cartilage is to regulate chondrocyte proliferation. Direct cell count and in vivo
BrdU labeling demonstrate that Runx2 promotes the proliferative capacity of chondrocytes.
The limbs of Runx22E8/AE8 mice are ~20% smaller than wild type at E18 and 35% smaller
at new born stage. This difference in growth is primarily attributed to a 50% decrease in
chondrocyte proliferation. Our data is consistent with the decrease in chondrocyte
proliferation reported in global Runx2 null mice and the expression of Runx2 in
proliferating chondrocytes (16,25,35-37). Interestingly, Runx2 mediated regulation of
chondrocyte proliferation is also found in permanent cartilage. It is important to note that
Runx2 inhibits the proliferation of calvarial osteoblasts (38). Thus, Runx2 differentially
regulates proliferative capacity of skeletal lineage cells. Runx2 promote proliferation of
chondrocyte but actively inhibit proliferation of osteoblast. It is reasonable to assume that
Runx2 also regulates proliferative capacity of chondrocytes in postnatal mice and functions
in primordial dwarfism, but due to perinatal lethality, we are unable to assess this in the Col
Ila-Runx2 null model.

To identify Runx2 target genes involved in chondrocyte proliferation, we performed gene
array analysis. Only 5% of the tested cell cycle related genes consistently showed a
difference in expression in Runx2 null chondrocytes. The Sfn (14-3-30) is significantly
upregulated in Runx2 null chondrocytes. This change was confirmed by both RNA and
protein analysis. Sfn functions as an intracellular chaperone for signal transduction and cell
cycle regulation (39). Sfn induces G2 arrest and prevents initiation of mitosis by
cytoplasmic sequestration of the Cdk2/Cdk4 -cyclin B1 complex (40,41). Interestingly, Sfn
mutant mice die at birth due to respiratory failure and display severe shortening of limbs,
which indicates impaired growth of cartilage (42). Recent reports show Sfn sequesters
phosphorylated HDAC4 in the cytoplasm to regulate chondrocyte differentiation in the
growth plate (43,44). Thus, decreased chondrocyte proliferation and reduced size of hyaline
cartilage in Runx22E8/AE8 mice is consistent with high levels of Sfn, a negative regulator of
cell cycle progression.

Expression of Gpr132, c-Myb, cyclin Aland cycline A2 was reduced in Runx2 null
chondrocytes. The Gprl32 protein causes cell cycle arrest at the G2/M phase and is
activated by oxidative stress and other stimuli (45). Although Gpr132 is a Runx2 target
gene, Gprl32 null mice do not show skeletal abnormalities. The transcription factor, c-Myb,
is a critical regulator of proliferation and stem cell differentiation (46). c-Myb regulates the
cell cycle through interaction with cyclin D1 and Cdk4/Cdk6, and by transcriptional
regulation of cyclin Bl/cyclin E1 (47). The c-Myb null mice die at the onset of
endochondral ossification due to failed erythropoiesis (48). The cyclin A protein functions at
both G1/S and G2/M phase transitions (49). Cyclin Al is expressed in testis, calvarial
osteoblasts, embryonic fibroblasts and bone marrow cells. Cyclin Al deficient mice show no
skeletal phenotype, but cyclin A2 null mice die in utero long before the initiation of
skeletogenesis (50,51). Interestingly, cyclin Al reduction in conjuction with c-Myb is
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associated with decreased proliferation and maintenance of pluripotency of iPS cells (52).
Thus, proliferative defects in Runx2 null chondrocytes reflect combined changes in multiple
cell cycle regulatory genes.

To better understand the molecular signaling involved in Runx2 regulated chondrocyte
proliferation and differentiation, we performed gene expression analysis. The PTHrP-lhh
signaling regulates chondrogenesis by both enhancing chondrocyte proliferation and
inhibiting chondrocyte hypertrophy (5,53). Ihh produced by prehypertrophic chondrocytes
activates PTHrP expression in resting chondrocytes to promote chondrocyte proliferation
and inhibit chondrocyte hypertrophy. Consistent with an earlier report showing Ihh is a
downstream target of Runx2, we noted lower expression level of Ihh in Runx2AE8/AE8 py||
chondrocytes (25). PTHrP is not expressed in global Runx2 null mice (24). Surprisingly,
normal levels of PTHrP were noted in Runx2 null chondrocytes, indicating that a full dosage
of Ihh is not required for PTHrP expression in chondrocytes. PTHrP has been shown to
maintain chondrocyte proliferation and delay hypertrophy by phosphorylating Sox9 (54).
However, recent reports indicate that Sox9 also plays a role in promoting chondrocyte
hypertrophy (16). Haploinsufficiency of Sox9 in chondrocytes results in severe
chondrodysplasia and lethality at birth. Interestingly, Runx2 is absent in the limbs of these
mice (15). In our model, WT and mutant chondrocytes show similar level of Sox9 mRNA
and protein. Thus, inhibition of chondrocyte proliferation in our model is surprising,
especially with normal levels of both PTHrP and Sox9. Although detailed mechanism
remains to be investigated, these results suggest Sox9 mediated regulation of chondrocyte
proliferative capacity and hypertrophy requires obligatory presence of Runx2. In this regard,
physical and functional interaction between Runx2 and Sox9 are documented at the Col Xa
promoter (55). Thus, it is likely that upon commitment of mesenchymal precursors to the
chondrogenic lineage, both Sox9 and Runx2 are necessary for progression of
chondrogenesis.

Remodeling of cartilage is the last critical step for endochondral ossification. We observed
multinucleated TRAP-positive cells, either osteoclasts or chondroclasts in the wild type
animals but not in the Runx22E8/2E8 mjce. Development of functional chondroclasts from
the monocyte lineage requires RANKL produced by various mesenchymal and endothelial
cells (56). Since hyaline cartilage is an avascular tissue, local expression of RANKL by
chondrocytes plays a major role for chondroclast development (57,58). Hypertrophic
chondrocytes are the main source of cartilaginous RANKL (56,58). Deletion of Runx2 in
chondrocytes causes a dramatic reduction in RANKL and a modest decrease in OPG
expression. The resultant change in ratio of OPG/RANKL in Runx2 mutants leads to
inhibition of chondroclast development. It is unlikely that lack of hypertrophic chondrocytes
alone is the reason for the loss of RANKL expression in limbs of mutant mice. Runx2 is
known to regulate RANKL gene expression in chondrocytes (59). Thus, Runx2 also plays a
role in chondroclast maturation and the process of cartilage resorption. Taken together, our
observations establish novel functions of Runx2 that extend beyond the differentiation
process of chondrocytes.
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Figure 1. Genomic organization of Runx2 locus and strategy for generating exon 8 floxed
targeting vector

(A) Schematic illustration of exons 1-8 (drawn to scale), that constitute the Runx2 gene and
the origin of the type I and type Il isoforms from independent promoters. The RHD (exon 2—
4, dark grey) and the 5" and 3’ untranslated regions (light grey) are specified. The genomic
region from intron 7 to exon 8 with the key restriction sites used to clone the LoxP site is
indicated below. Floxed neomycin gene was cloned 0.9kb upstream of exon 8 and a
directional LoxP site (black arrow) was introduced 10bp after stop codon. (B) Southern blot
analysis of the primary ES cells with correct homologous recombination confirmed with 5
and 3’ external genomic probes. The BamHI and EcoRlI restriction sites in the endogenous
and targeted Runx2 locus are indicated. Double headed arrow indicates the expected size of
the Runx2 gene fragment released from respective allele. Thick black line shows the
position of probes. A10, D12 and F2 are positive ES cell clones. WT represent control ES
cells. (C) Hlustration of the genomic Runx2 locus after proper homologous recombination
and removal of floxed Neo gene.
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Figure 2. Runx2 gene deletion in chondrocyte causes lethality and failed endochondral
ossification

(A) PCR confirmation of genotypes from E18 littermates with primer pair that
simultaneously amplifies the +/+, +/AE8, and AE8/AE8 Runx?2 alleles. (B) Gross appearance
of the new born littermates. Homozygous mutants are significantly smaller and die
immediately after birth. (C) Pooled data of body weight from 6 mice of each genotype show
significant difference (p<0.05) in homozygous mice. (D) Assessment of skeletogenesis in
the new born pups with alcian blue and alizarin red staining. Scapula (right brace), humerus
(double headed arrow), radius and ulna (double headed doted arrow) of WT, heterozygous
and Runx22E8/AE8 mice are shown. Mineralizing parts of hind limb bones (tibia and femur)
are greatly reduced in Runx2AE8/AE8 mice, Metatarsal, metacarpal and digits of the mutant
mice completely lack mineralization. (E) The lengths of mineralized portion of various
skeletal elements were measured and pooled data from 3 W and 3 mutant mice is presented
in the bar graph. (F) Comparison of axial skeleton shows mineralization is completely
absent in vertebrae, spine and pubic bones (arrow heads) of homozygous mice. Ossification
of the sternum and xiphoid process is totally absent in Runx22E8/AE8 mice. (G) Stained
skeletal preparation shows age appropriate arrest in endochondral ossification at E16 and
E18. (H) Proteins isolated from limbs of new born littermates were subjected to SDS-PAGE.
Blots were probed with Runx2 antibody, striped and reprobed for p-tubulin used as a loading
control. Exon 8 truncated Runx2 protein is noted only in the mutant mice.
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Figure 3. Failed differentiation of chondrocyte in Runx2AE8/AES mjice
Limbs from 4 WT and 4 Runx22E8/2E8 new born mice from independent litters were

processed for histological analysis. (A) Twenty four individual images captured at 10x
magnification were stitched together digitally. A representative image of whole femur
stained with hematoxylin and eosin is shown. (B) WT and Runx22E8/AE8 femurs were
processed for frozen sections. Epiphysis to calcified region is shown at 40X magnification.
Distinct zones of proliferative and hypertrophic chondrocytes were absent in homozygous
mice. (C) Representative images of type X collagen in situ hybridization at proximal (upper)
and distal (lower) end of growth plate are presented. (D) Five alternate sections covering
central part of the WT and homozygous femurs were stained with H&E. Lengths of various
zones at the proximal end of growth plate were measured using Nikon NIS-Elements
software. In Runx22E8/AE8 femurs, presence of more than two flat chondrocyte in a column
was considered as proliferative zone and region between the calcified and stacks of
columnar cells as hypertrophic zone. Data from three sections each from 2 WT and 2 mutant
mice was pooled and average zone length relative to WT is shown in graph. Scale bars are
200pm.
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Figure 4. PTHrP-1hh regulatory loop and RANKL-OPG signaling are perturbed in Runx2
mutant chondrocytes

Axial (rib, spine, tail) and appendicular (limbs) skeletal elements from 4 WT and 4
Runx2AE8/AE8 embryos at E17.5 were harvested for RNA isolation. The mRNA expression
in these samples (n=4) was detected by real-time PCR in triplicates. (A) Similar level of
Sox9 mRNA was noted in the WT and Runx22E8/AE8 mice. Limbs from E18.5 embryos
were homogenized to isolate protein. Western blot was probed with indicated antibodies.
Representative image of Sox9 signals in chondrocyte of E18.5 femur from WT and
Runx22E8/AE8 mice are shown at 4X and 10X magnifications (boxed). (B) Levels of PTHrP,
Ihh, Col lla and Col Xa mRNA in axial and appendicular skeletal elements. Data were
normalized with beta-actin and are presented as relative to WT. (C) WT and mutant new
born femurs were processed for TRAP staining to monitor osteoclast and chondroclast
activity. TRAP staining was barely detected in Runx22E8/AE8 mice. (D) Significant decrease
was noted in OPG and RANKL mRNA. Ratio of OPG/RANKL was calculated based on the
expression levels of respective genes. Asterisks denote significant difference in pooled
values from 4 WT and 4 Runx22E8/2E8 empbryos (p<0.05). Scale bars are 200pm.
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Figure 5. Runx2 AE8 mutant protein maintains normal DNA binding and nuclear distribution

but exhibits poor transcriptional activity

(A) Schematic illustration of key regulatory domains in the wild type Runx2 protein. These
include QA (Poly glutamic acid and alanine stretch), RHD (DNA-binding runt homology
domain), NLS (nuclear localization signal), Cbfff and SMAD interaction regions,
transcriptional activation and VWRPY repressor domain. The mutant protein lack 159aa at
the carboxyl end. (B) GH329 cells transfected with 5ug of either empty vector (EV), WT or
A369 Runx2 expression plasmids were harvested 36 hours later for SDS-PAGE. Blots were
probed with antibodies as indicated. (C) Cells transfected with WT or A369 Runx2
expression plasmids were processed for in situ immunofluorescence analysis. Digital images
captured at 60X magnification are shown. (D) Nuclear extracts (NE) were prepared from
cells transfected with EV, WT or A369 Runx2 expression plasmids. EMSA were carried
with IRDye700 labeled Runx consensus sequences. The Runx2-DNA complex (R2/DNA)
and supershifted antibody-Runx2-DNA complex (S. Shift) are indicated. (E) The Col Xa
and FGF3 promoter-Luc vectors were co-transfected with either WT or A369 Runx2
expression plasmids. Luciferase activities were determined 24 hours later. Data normalized
with Renilla luciferase from three independent experiment with four replicates (n=12) is

presented.
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Figure 6. Runx2 control chondrocyte cell proliferation through a unique set of cell cycle related
genes

(A) Proliferating zone in femoral growth plates of WT and corresponding region in
Runx22E8/AES s shown at 40X magnification. Three alternate sections covering central part
of the WT and mutant femurs were used for cell counting. Four regions in each zone were
randomly selected to count cell number per cm2. Pooled data of average cell numbers from 3
WT and 3 mutant femurs are presented in the table. (B) Chondrocyte cell proliferation was
assessed by BrdU incorporation at E18.5. Representative image of positive cells in
proliferative zone from WT and Runx22E8/2E8 myjce are shown. BrdU positive cells were
counted per 1000 DAPI positive cells in the growth plate. Pooled data from 3 WT and 3
mutant littermates are presented. Asterisk denote p<0.05. (C) RNA from new born WT and
Runx2AE8/AES |imbs were isolated. Expression profiles of 84 candidate genes involved in
various cell cycle checkpoints were analyzed by Mouse Cell Cycle RTZ Profiler™ PCR
array. Scatter plot of over- or underexpressed genes are indicated in green and red circles
respectively. Pooled data of fold changes in gene expression from 3 independent arrays is
shown in table. (D) Expression analysis of indicated genes by g-PCR in E18.5 limbs of WT
and Runx22E8/AE8 mice. Pooled data from 3 WT and 3 mutant mice show significant
difference (p<0.05). (E) The E18.5 limbs were homogenized for protein analysis. Blots were
probed with a-Sfn and Gpr132 antibodies and $-tubulin used as a loading control.
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Figure 7. Runx2 is recruited to Sfn, c-Myb, Gpr132 and Ccnal gene promoters
(A) Boxes represent relative positions of multiple RUNX binding sites in indicated

promoters. (B) ChlP analysis of Runx2 occupancy at the indicated gene promoters in
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chondrocytes by PCR and g-PCR. Arrows above indicate the primer pairs in promoter
region used for PCR amplification. Amplicons from 1gG and Runx2 ChIP samples and 5%
input DNA (Inp) were resolved on agarose gel. Relative Runx2 occupancy was calculated
with quantitative real time PCR. Average data from three independent ChIP experiments
normalized with 1gG is presented in graph. (C) Sfn and Gprl32 are direct transcription
targets of Runx2 protein. Promoter-reporter plasmid with increasing amount of WT and
A369 Runx2 expression vectors were co-transfected into indicated cells. Luciferase activities

were determined 24hr later and normalized values from 2 independent experiments in

triplicates are presented.
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