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MEF2 transcription factors are essential regulatfrewuscle and cardiovascular
development. Mice lackinlef2c die during early embryogenesis due to cardiovascul
abnormalities. Using a conditiondMef2c null allele, 1 show that MEF2C plays an
essential and unexpected role in the developmenboth neural crest derived and
mesoderm derived bones. Deletion of MEF2C from c¢heilaginous precursors of
endochondral bones causes a delay in chondrocyteratian, resulting in persistent
endochondral cartilage, decreased bone growth hod stature. Further, transgenic
over expression of a dominant negative or constélyt active MEF2C causes a block in

chondrocyte hypertrophy or premature ossificaticegpectively. HDAC4, a known



repressor of MEF2 proteins, inhibits chondrocyteturation by repressing the Runx2
transcription factor. Intercrosses of the nulekds ofMef2c andHDACA4 reveal that the
dynamics of chondrocyte hypertrophy in the endodnaingrowth plate is controlled by a
balance between the positive transcriptional effexft MEF2C against the repressive
activity of HDAC4. Misregulation of signaling patlays that influence growth plate
dynamics results in dwarfisms and bone deformatiolie to either accelerated
maturation of the growth plate cartilage, charaster of achondroplasia, or delayed or
absent chondrocyte maturation, characteristic ohymehondrodysplasia syndromes.
MEF2C is capable of directly activating the prommodé collagen a1(X), which marks
hypertrophic chondrocytes. | therefore concludat tihe association of HDAC4 with
MEF2C serves as a switch to directly control gengression in hypertrophic
endochondral cartilage, and therefore the intewactof HDAC4 and MEF2C in
chondrocytes may be an opportunity for pharmacolagtervention in disorders of

growth plate maturation.
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The MEF2 Family of Transcription Factors

Members of the Myocyte Enhancer Factor 2 (MEF2)iffjarof transcription
factors are known to be essential transcriptionafjulators of striated muscle
development, and key mediators of histone deassyBIDAC) signal dependent gene
regulation in cardiac hypertrophy. The family ofEM2 factors is composed of four
members in vertebrates, MEF2A, MEF2B, MEF2C and ERIEFwhich have emerged
from a common ancestor represented in insects lky sihgle D-MEF2 gene of
Drosophila (Reviewed in Molkentin and Olson 1996). MEF2 pnogeare members of
the MADS box family of transcription factors, whidhnd DNA as dimers through a
hallmark amino-terminal DNA binding domain. The & box of each MEF2 protein
is immediately followed by the MEF2 domain, whichediates dimerization. The
remaining protein sequence encodes the transaotivadomain, which mediates
interaction with both activators, such as p300 @fal., 2005), and the signal responsive
repressors of the Class Il HDAC family (Lu et &000a, Lu et al., 2000b, McKinsey et
al., 2000, reviewed in McKinsey et al., 2001).

MEF2 proteins were first identified as a muscleidred DNA binding activity, and
are generally enriched in striated muscle (Gosgedt., 1989). In the developing heart,
Mef2c is the firstMef2 gene to be detected in the early precardiac mesodérthe
primary and secondary heart fields at E7.5 (Dodoal.e 2004). Expression dflef2a
andMef2d follows, beginning at E8.0Mef2c expression diminishes and is undetectable
beyond E13.5 (Edmondson et al., 1994). Similarlgkeletal musclayief2c is the first
to be detected in somites at E8.5, followedsf2a andMef2d at E9.5. The expression

of MEF2 family members is not limited to muscle idgr later development and



throughout adulthoodMef2 expression is detectable in many regions of thanlftayons
et al., 1995), neural crest derivatives in the hekth and enteric nervous system, and
arterial and visceral smooth muscle (Edmondsoh,et294).

All four of the Mef2 transcripts in mammals are encoded by genes ofasirxon
structure. In each case, the transcript contameson more 5’ untranslated exons initiated
from one or more different promoters. The firsdtpin coding exon encodes the first 18
amino acids of the MADS box, and the second codxan encodes the remainder of the
MADS box and the entire MEF2 domain. Since th&éoai DNA binding activity of the
MADS and MEF2 domains is encoded almost entirelyabgingle exon that is never
alternatively spliced, the second coding exon heenlihe target dflef2 gene disruption
studies.

The function of severdief2 family members has been analyzed by gene deletions
mice. Null alleles oMef2a, Mef2c, andMef2d have been generated by gene targeting to
disrupt the second coding exon. A null allelevE2b has been cited in the literature as
unpublished data, which remains unpublished (Lial.et1997).

The majority ofMef2a null mice die suddenly in the first two weeks osmatal life.
The lethality of these mice was highly sensitivethie genetic background. AWllef2a
null mice died in a pure 129SvEv background befmrstnatal day (P) seven, while more
than 50% of theMef2a null mice survived in subsequent intercrosses afenirom a
C57B6 genetic background. Death of the null miees attributed to dilation and failure
of the right ventricle, leading to arrhythmia anddden death. Analysis of the cardiac
muscle of these mice demonstrated a decrease inntmeber and function of

mitochondria. Surprisingly, crosses of thief2a null allele to mice bearing the MEF2



sensor LacZ transgene indicated that the actiVithe® MEF2 sensor transgene increased
(Naya et al., 2002). This suggests that MEF2D ctvhs the only other MEF2 protein
significantly expressed in the adult heart, attesmjot compensate for the absence of
MEF2A, but is unable to sustain normal cardiac fiomcin some genetic backgrounds.

Mef2d null mice have been recently generated in the ©lsd, resulting in
normal, viable adult homozygous null animals (Kidian and Olson unpublished data).
Surprisingly, animals heterozygous for boklef2c and Mef2d exhibit significant
perinatal lethality, demonstrating that members tlié Mef2 family can function
redundantly in essential developmental roles.

MEF2C is essential for cardiac development,M&f2c null embryos die of
cardiovascular defects at approximately embryonic (@&)9.5 (Lin 1997, Lin 1998). The
cardiovascular system develops from tissues arigorg several regions of the embryo.
Much of the heart is derived from mesodermal preas which are initially specified in
the mouse embryo at E7.5 (Reviewed in Srivastavh @ison 2000). This crescent
shaped region, the primary heart field contributelés to all four chambers of the mature
heart. Additional contributions to the right sidethe heart are made by a secondary
region of mesoderm which is specified at E7.5 axqutessedMef2c (Dodou et al, 2004).
These cells migrate to the midline of the embryd foxm the heart tube, a rudimentary
one chambered heart which begins to beat. This isilsonnected to the vasculature by
vessels which will become the aorta and pulmonatgryy and are derived from the
neural crest, a migratory population of mesenchymginating from the neural tube
(Jiang et al., 2000). As development continueg, fibur morphologically distinct

chambers of the adult heart begin to become distincing the process of cardiac



looping. Rightward looping of the heart tube isc@opanied by reconnection of
segments of the looped heart tube to each othertalde vasculature. This process
results in four distinct chambers, the right vexriand atrium and the left ventricle and
atrium, which are separated from each other byémricular septum and atrial septum,
and the atrioventricular valves. Defective cardsoular development d¥ief2c null
embryos includes a failure of cardiac looping, @amwlial effusion and disorganized
vessel formation. Analysis of cardiac gene expoessiemonstrated that markers of
cardiac development such as cardia@actin, MLC1A and HAND2 are significantly
down regulated in the hearts of null embryos. @&xgression oMef2b was significantly
increased, while the expression MEf2d was slightly increased and the expression of
Mef2a was unchanged. The upregulation of sokef2 family member genes again
suggests a failed attempt to compensate for thenabsof dMef2 gene, as seen Mef2a
null hearts. One possible explanation for theufailof otheMef2 genes to compensate
for the absence doflef2c in early cardiac development is the relative tignof gene
expression in theMef2 family. Mef2c is the first to be expressed in the precardiac
mesoderm at 7.5, a day before the expression ef M&2 genes. It is possible that the
loss ofMef2c in the early stages of cardiac differentiation hesim an irreversible insult
in cardiac development, which cannot be rescuedulgequent up regulation of other
Mef2 family members. An alternative explanation is tha lethality ofMef2c null
embryos is the result of the observed defects stwar development. Recently, this
issue has begun to be addressed both by my own (&ppendix), and the publication of
mice in whichMef2c was conditionally deleted from the developing hemihg a Cre

recombinase transgene driven by #eyosin heavy chain promoter (Vong et al., 2005).



This Cre line results in deletion Mef2c at approximately E9.5, after looping has taken
place and the expression of otldef2 genes are established. The resulting mice are
viable, with no apparent cardiac defects. Thiwultedoes not however distinguish
between the possibilities of functional redundaimcthe Mef2 family during late cardiac

development, or a requirement fdef2c in vascular development.

MEF2 and HDAC Regulate Cardiac Hypertrophy

Since the initial identification of MEF2 DNA bimaly activity in muscle, MEF2
proteins have been shown to activate many striatadcle genes in cooperation with
tissue restricted factors such as the bHLH fadiyeD and Myogenein (Molkentin and
Olson 1996). MEF2 dependent transcription has b&sn shown to be responsive to
various stimuli, including calcineurin and MAPK sajing (Wu et al., 2001, Flavell et al.,
2006, Han el at. 1997, Stanton et al., 2004). ddtevity of MEF2 proteins is regulated
by a repressive association with class Il histoeacdtylase (HDAC). Class Il HDAC
proteins directly associate with and repress MER®, are exported to the cytoplasm as a
consequence of signal responsive phosphorylatiah @nding by 14-3-3, relieving
MEF2 repression (Lu et al., 2000a, Lu et al., 2Q0@Biwzinger et al., 2000, McKinsey et
al.,, 2000). The repressive effects of Class IIAd3 on MEF2 can be exerted
independent of HDAC catalytic deacetylase activhly, recruiting co-repressors and
competing with transcriptional co-activating fastofor binding sites on the MEF2
protein (Zhang et al., 2001).

The class Il HDACs include HDAC4, HDACS5, HDAC7 amtDAC9. These

genes are expressed in many tissues and, like MBR family, are expressed



predominantly in cardiac and skeletal muscles anthe brain (Grozinger et al., 1999,
Fischle et al., 1999, Verdel and Khochbin 1999argéted deletions of HDACs 4, 5 and
9 have been produced in mice. HDACS5 and HDACO9rateindividually required for

normal development, however the absence of bothresut in cardiovascular defects
including cardiac septal defects and thinning ef ¥kntricular wall (Chang et al., 2004).
The absence of either of these genes confers extsemsitivity to stimuli which induce

cardiac hypertrophy, accompanied by strong actwatf MEF2 dependent transcription

during hypertrophic growth (Zhang et al., 2002, @hat al., 2004).

HDAC4 Regulates Bone Development

Mice which lack HDAC4 display an unexpected phgpetdue to abnormal bone
development. At birth, HDAC4 null mice appear glgsnormal. However, during the
first week of postnatal life these mice develop abmal skeletal structures due to
premature ossification of the endochondral skelé#ayga et al., 2004).

All bones of the vertebrate skeleton are formed either endochondral or
membranous ossification. Membranous bones, wimclude flat bones of the skull and
craniofacial structures, are formed from a mesemehyprecursor. The mesenchymal
cells, usually of neural crest origin, differenéiatirectly into osteoblasts and deposit the
matrix of the mature bone. Endochondral bonesimtally formed as a patterned
cartilaginous template. The formation of the matbone requires the chondrocytes in
these templates to undergo hypertrophy, apoptoeis @eplacement by invading
osteoblasts.  Chondrocyte hypertrophy is an esdemrocess in endochondral

ossification, as it provides the force for elongatiof the bone during development.



Chondrocyte hypertrophy first begins in the middfethe long bones and progresses
towards each end of the bone during developmentbamé growth. Each end of the
developing bone contains proliferating chondrocytésch exit the cell cycle, undergo
hypertrophy and apoptosis. This process contirlyaigpplies the growing bone with
hypertrophic chondrocytes, creating a growth plateeach end of the bone which
contains chondrocytes at all stages of maturatinod hypertrophy. Hypertrophic
chondrocytes also produce signals which recruiealdasts to deposit a bony collar
around the developing bone. The bone collar & formed in the middle of the bone
and continues to form towards each end of the booreesponding with the position of
the hypertrophic chondrocytes. Bone growth is deted when the proliferating
chondrocytes in the ends of the bone exit the cgltle, undergo hypertrophic
differentiation and apoptosis. The resulting matbhone contains no cartilage and is
largely hollow to accommodate the bone marrow (Bwed in Lefebvre and Smits 2005).
HDAC4 is expressed in prehypertrophic endochondaadilage, coinciding with

the expression of Runx2 (Vega et al., 2004). Rusx2runt domain transcription factor
which is necessary for ossification of nearly alhbs (Ducy et al., 1997, Kimori et al.,
1997, Mundlos et al., 1997, Otto et al., 1997). n®is expressed in prehypertrophic
chondrocytes and osteoblasts. It is requirediferfiinction of osteoblasts, and is capable
of promoting ectopic chondrocyte hypertrophy vivo. Transgenic mice which
overexpress Runx2 in proliferating and prehypetiroghondrocytes using theltagen
al1(1l) promoter exhibit premature and ectopic ossificaiiorendochondral bones and
skeletal elements which normally remain cartilagsm¢Takeda et al., 2001). Mice which

lack Runx2 die shortly after birth due to a neadynplete lack of ossification throughout



their skeleton as a result of failed osteoblastetghtiation (Komori et al., 1997).
Chondrocytes in the endochondral cartilag&arfix2 mutant mice undergo hypertrophic
differentiation, but not apoptosis. However, chaagte hypertrophy is completely
blocked in mice which are null for botRunx2 and Runx3, suggesting redundant
functions among these runt domain transcriptiotofac(Yoshida et al., 2004).

HDAC4 interacts with Runx2 and represses its trapsonal activity. The Runt
domain of Runx2 physically interacts with the MEBihding domain of HDACA.
Additionally, the interaction of HDAC4 with Runx2ac disrupt Runx2 binding to its
target sequences in DNA. The transcriptional #@gtiof Runx2, and its control by
HDAC4, has been thought to be the major mechanisnramscriptional control in

chondrocyte development (Vega et al., 2004).

MEF2C and HDAC4 Function Antagonistically in Bone Development

My data demonstrates that MEF2C is a major tar§etmAC4 repression in the
development of hypertrophic chondrocytes. Intesses of the existing null alleles of
Mef2c and HDAC4 demonstrate a genetic interaction in which remaéa single wild
type allele ofMef2c from theHDAC4 null background results in restoration of a normal
pattern of postnatal ossification. Converselyrevipusly unknown defect in ossification
present in early postnatal mice heterozygous M&2c can be reversed in a dose
dependent manner by removal of wild type allelesiDAC4. To further study the role
of Mef2c in specific tissues during later embryogenesisave generated a mouse line
with conditional allele ofMef2c. | have demonstrated that MEF2C is required

specifically for appropriate growth and developmenit both membranous and
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endochondral bones. MEF2C controls the populatbrosteoblasts in neural crest
derived membranous bones, and regulates the hgpeitr differentiation of
chondrocytes in endochondral bones of both mesaleand neural crest origin.
However, MEF2C is not required in patterning thenpéate endochondral cartilage.
Mice which lack MEF2C in endochondral cartilage si@ble with features resembling
short-limb dwarfism, due to chondrodysplasia. Fertthe activities of multiple MEF2
proteins are required for chondrocyte hypertrophygenerated transgenic mice which
overexpress dominant negative MEF2C protein fusati¢Drosophila engrailed protein.
This MEF2-engrailed fusion protein binds DNA anddKs transcriptional activation by
other MEF2 factors. At E18.5, these transgenicemilisplayed a severe lack of
endochondral ossification and bone growth resulfiogn a nearly complete block in
chondrocyte hypertrophy. Conversely, transgenicenthat express a “super-active”
MEF2C-VP16 fusion protein under control of the agkn II promoter display a
phenotype opposite to that of MEF2C-engrailed ang& mice, in which endochondral
bones underwent precocious ossification with comergforeshortening of the limbs and
premature fusion of growth plate cartilages. Enmepresented here also demonstrates
that MEF2 proteins directly activate the expressidrCollagen a1(X), suggesting that
MEF2 proteins control the expression of the hypgttic gene program of chondrocytes
and that growth plate dynamics can be modified iy balance of MEF2C and its
repressor, HDAC4. Misregulation of signaling pa#lys that influence growth plate
dynamics are responsible for dwarfisms and bonerdeftions resulting from either
premature maturation of the growth plate cartilagearacteristic of achondroplasia

(Chen el al., 1999, Li et al., 1999, Reviewed irrtdo 2006 and Ornitz 2005), or delayed
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or absent chondrocyte maturation, characteristicnahy chondrodysplasia syndromes
(Reviewed in Schipani and Provot 2003, Cohen 200Zhe activation of MEF2C
dependent transcription by a variety of signaliaghgvays, and the ability of MEF2C to
directly activate chondrocyte gene expression detnates that MEF2C and HDAC4
control a key nodal point in chondrocyte hypertrppdnd growth plate dynamics.
Further investigation may identify molecules whichn influence the interaction of
MEF2C and HDAC4 in chondrocytes and make controlgodwth plate dynamics

possible.
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MEF2C is an essential factor in early cardiovaascdevelopment. Mice which
lack MEF2C die at E9.5, displaying cardiovasculafedts including failure of cardiac
looping, pericardial effusion and disorganized eéd$srmation (Lin et al., 1997, Lin et
al., 1998). To further dissect the role of MEF2Cdifferent tissues that contribute to
cardiovascular development, and to study its famcin adult tissues, | have generated a
loxP conditional allele oMef2c which can be inactivated in mice by the expressibn
Cre recombinase. Deletion lgef2c from the neural crest was of particular interegég
the known role of MEF2C in cardiovascular developméLin et al., 1997, Lin et
al.,1998), the expression dfef2c in neural crest derivatives (Edmondson et al.,4)99
and the contribution of neural crest derivativesdodiovascular outflow structures (Jiang
et al., 2000). To determine the role of MEF2C @&ural crest derived cardiovascular
structuresMef2c was deleted in the neural crest using Cre recoaskirdriven by the
Wht1l promoter (Jiang et al., 2000). Surprisingly, tbgulting neural crest knockout mice
were born with normal cardiovascular structureg, died in the very early postnatal
period with a severe defect in bone developmengceffg both membranous and
endochondral bones. Neural crest derived membgarmmnes in these mice are
composed of an abnormally high number of hyperaabisteoblasts, resulting in a thick,
disorganized bone matrix. Endochondral bones ofalerest origin are reduced in size
and contain underdeveloped growth plate cartilagBisese mutant mice reveal a novel
role for MEF2C in the regulation of both membranoasd endochondral bone

development.
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Results

Generation and Verification of a Conditional Null Allele of Mef2c

To study the role ofMef2c in individual cell types that contribute to the
cardiovascular system, or to various tissues thige dater in development, | have
generated and utilized a loxP conditional allel&/ief2c (Figure 11.1). The ability of the
conditional allele to support normal developmenpiace of wild type alleles d¥lef2c
was verified by crosses to produce mice homozydouseither the Mef2c™'>® or
Mef2c™" alleles, as well as crosses to the exiskitei2c“® allele (Lin et al., 1997). The

resulting animals were viable and fertile adulesndnstrating that the conditional alleles

produced sufficient wild typ®ef2c to support normal development.

To verify that Cre recombinase could efficientlglete the conditional allele of
Mef2c, | used a tamoxifen inducible Cre recombinase esg®ed ubiquitously by thg
actin promoter, calle€re-ER™ (Hayashi and McMahon 2002). To test if conditiona
deletion of Mef2c during embryonic development was capable of repcody the
phenotypes observed in mice homozygous for theallgle of Mef2c (Lin et al., 1997,
Lin et al., 1998), | conditionally deletedef2c in all embryonic tissues and collected
embryos at embryonic day 9.5; when tief2c null phenotype is apparentMef2c™™
IxPIKO. cre-ER™ mice were generated and were viable, fertile adultthe absence of
tamoxifen treatment. Mallef2c™' O Ccre-ER™ mice were mated tivlef2c™ KO

female mice, and pregnant females were administérhgldroxy-tamoxifen at E6.5.
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Figurell.1 Design and Genomic Targeting of a Conditional Allele of Mef2c.
A. A conditional allele oMef2c was designed to introduce loxP sites on either sfdhe
genomic region previously deleted in thief2c“® allele. Mice positive for th#lef2c™
'o® allele were bred to mice expressing FLPe reconseingesulting in mice positive for
the Mef2c® allele. Either thevief2c™'*® or Mef2c™® alleles can be modified by tissue
expression of Cre recombinase to excise the tatggémomic region to produce the
Mef2c“*allele. The relative position of EcoRl sites (Rpi&Bacl sites (S) are shown. B.
Targeting of theMef2c locus to generate thBlef2c™'™® allele was confirmed by
Southern blots probed for the genomic region markegrobe when genomic DNA
samples were digested with EcoRlI, or probed forglreomic region marked 3’ probe
when genomic DNA samples were digested with S&:IMultiplex PCR genotyping of
mice of the indicated genotypes using the 3'neootgring, KO region MEF2C
genotyping, and 3’arm MEF2C genotyping primerselisin Table II.1. PCR products
are compared to the 1kb plus DNA ladder (InvitrggeBands corresPonding to each
[0)

allele are of the following sizedfef2c ™ 773bp,Mef2c* 586 bp,Mef2c ¥ 412 bp,
andMef2c*® 253 bp.
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Oligonucleotide Name

Sequence

5' Targeting Arm fwd

GGATCCAATGGCTTCTTTGGGTGTGTCTGAAGAGAG

5' Targeting Arm rev

GAGTTTGATTTGTCTTTTAATTACTTGAAGACTAG

KO Region fwd

GATATCTAGTTTTATAATTGGGAGAACTG

KO Region rev

GATATCATTTTGAGGAAAAGCAGTATTTTTATAACTAG

3' Targeting Arm fwd

GTCGACATTGAAAACTGTTAATACACGTGAAGTCAG

3' Targeting Arm rev

AAGCTTTCTGTTAGACCTATTCTAAAAGAGAATTCTCCCAG

5' Targeting Arm seq 1 rev

TGAGGGGCGGAGAAGTGTGAA

5' Targeting Arm seq 1 fwd

CTTATGTTTGCACAGTGGGCA

5' Targeting Arm seq 2 fwd TAAGAATACTTTAGGAAATAA
5' Targeting Arm seq 3 fwd GGAAAGAAGGTTCTGTTAAGC
5' Targeting Arm seq 4 fwd TTAATTCTGAAAACTAGATGT
5' Targeting Arm seq 5 fwd AGAAGCTATATGCACTGACTT
5' Targeting Arm seq 6 fwd TGAAAATAAAATGCTAGCTTA
5' Targeting Arm seq 7 fwd ATTAAGTGGCAGTAAGAAGTT
5' Targeting Arm seq 8 fwd GAATAGAAGAGACAATGATTC
3' Targeting Arm seq 1 fwd TTCAGTTAAAAGTCACAGCAT
3' Targeting Arm seq 2 fwd GGCTCTGATATGAACAGTGGG
3' Targeting Arm seq 3 fwd TATCATATATACCACTTTTAA

5' Southern Probe fwd

GCTGTTCTCGGGAAAAGGGTCAGG

5' Southern Probe rev

GTAACGTGAATATGGAGAGCAGAG

3' Southern Probe fwd

CCTCTCTCCCTTAAGCCTCTACAAACAGTTTACTTGCAGGAAG

3' Southern Probe rev

GTGAGAGGCTCCGTTGGCCAGCTGCTAAG

3' neo genotyping

GTGGGCTCTATGGCTTCTGAGGCGGAAAG

KO region Mef2C genotyping

GTGATGACCCATATGGGATCTAGAAATCAAGGTCCAGGGTCAG

3'arm Mef2C genotyping

CTACTTGTCCCAAGAAAGGACAGGAAATGCAAAAATGAGGCAG

Tablell.1 Oligonucleotide Sequences.

The sequences of all DNA oligonucleotides usecha donstruction and verification of

the Mef2c targeting vector, and primers used for PCR genotyp

The resulting embryos included mice homozygousttierMef2c* allele andMef2c™

lo®. cre-ER™ mice.

Mice null forMef2c and mice in whichMef2c is conditionally

deleted display similar phenotypes; cardiac loopiag failed in these mice, and vascular
development is abnormal (Figure 11.2). Howevercenhomozygous for thiglef2c™'>®

allele and positive foCre-ER™ display a milder phenotype in which cardiac logpin
occurs, but development of the dorsal aortae isrbal (Figure Il.1 panels A4 and B4),

suggesting thaEre-ER™ is not efficient enough to rapidly excise two aebfMef2c™

lo®  Overall, these data demonstrate that the camditiallele ofMef2c can fulfill its role
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Figurell.2 Conditional Mef2c Deletion Recapitulates the Mef2c" Phenotype.
Pregnant female mice were administered a singtapatitoneal injection of 4-hydroxy-
tamoxifen at embryonic day 6.5. The resulting erabrwere collected at embryonic day
9.5 and are shown in whole mount (A) or transveesetion (B). The dorsal aortae are
marked in panel B (arrowhead). The genotzgeseabihtured embryos pictured in each
panel are: 1) Mef2c"e-IoP/neclo® = 5y MefockOKO - 3) Mef2c"™ KO Cre ER™.  4)
Mefzcneo-loxP/neo- OXP;CreERTM. 5) MefZCKO’KO;CreERTM. 6) Mefzcneo-loxP/KO; CreERTM.
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as a wild type allele in the absence of Cre recoad® activity, and can be efficiently

recombined to produce a null allele when Cre recoade is active.

Deletion of Mef2c From Neural Crest Derivatives Results in Membranous Bone

Defects

Deletion ofMef2c from the neural crest was of particular interegég the known
role of MEF2C in cardiovascular development (Linagt 1997, Lin et al.,1998), the

expression ofMef2c in neural crest derivatives (Edmondson et al.,449@nd the

wild type Mef2c'*PO;wnt1-Cre

Figurell.3. Deletion of Mef2c from Neural Crest Derivatives Resultsin Early
Postnatal L ethality.

Mice which lack Mef2c in neural crest derived tissues die shortly aftéithb
Mef2c P O \Wht1-Cre mice display abnormally shaped craniofacial stmes, evident
by their shortened jaws and sloped foreheads.
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contribution of neural crest derivatives to cardisasular outflow structures (Jiang et al.,
2000). Mice homozygous for thidef2c'™® allele of Mef2c were crossed to mice
heterozygous foMef2c, and bearing &Vntl-Cre transgene (Jiang et al., 2000). The
resultingMef2c ™" \Wht1-Cre mutant mice died on the first postnatal day (Fégihi3).
The neural crest mutant mice were grossly abnorméh an obviously truncated
mandible and a long, sloped forehead. Sectiorentflom these animals demonstrate no
architectural abnormalities in neural crest deriwedcular structures (Figure 11.4).
Neural crest mutant mice differ from wild type mianly by a patent

ductus arteriosus, reflecting an absence of suéhtipostnatal ventilation.

wild type Mef2c'*FP*9;wnt1-Cre

Figurell.4. Normal Vascular Structures Form When Mef2c is Deleted From Neural
Crest Derivatives.

Transverse sections of thoracic vascular anatonwilthtype (A to F, rostral to caudal)
and neural crest mutant mice (G to L, rostral toded). The ductus arteriosus remains
patent in neural crest mutant mice (arrowhead)belead structures; Aortic arch (arch),
descending aorta (da), ascending aorta (aa), dadisosus (dct), pulmonary trunk (pt),
pulmonic valve (pv), aortic valve (av), ventricukeptum (vs).
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wild type Mef2c'*PKO:-\wnt1-Cre

Figurell.5. Abnormal Bone Development of Membranous Bones In The Absence of
Mef2c.

Lateral views (A and B) and dorsal views (C anddD}kulls of wild type andMef2c
neural crest mutant mice stained for bone (red)camtllage (blue). Defects are seen in
the shapes and connections of multiple bones, edlyethe mandible, and connections
of the squamosal bone and neighboring jugal andtdtobones . Labeled bones:
mandible (mn), maxilla (mx), frontal (f), supraoggital (so), jugal (j), and squamosal (sq).

Dissection and staining of bone and cartilage hiesé mice illustrated the
underlying defects in bone development responsdrléhe abnormal appearance of these
mutants (Figure 11.5). Several neural crest derineembranous bones are short and mis-

shaped. The mandible is severely shortened, athamnaxilla and premaxilla, and the
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squamosal bone fails to form appropriate junctiaitt neighboring bones. To further
understand the defects present in these mutasts)dgical sections of bone from these
animals were prepared and examined. Membranoussbohneonatal mice typically
contain only a small number of quiescent osteoblbstated near the edge of the bone,
however conditional neural crest deletiorMef2c results in a drastic increase in both the

number and activity of the osteoblasts found in tokmous bones (Figure 11.6).

wild type Mef2c'*FP%O;wnt1-Cre

i d

Figurell.6. Excessive Osteoblast

Lacking Mef2c.

Sections of the frontal bones of wild type aMkf2c neural crest mutant mice.
Osteoblasts in wild type bones are typically snaaidl few in number (arrowhead), but
are more numerous in mutant bones.
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Mutant osteoblasts appear larger, reminiscent atiee osteoblasts seen in fractures of
mature bones, and are observed throughout thenggskof the bone. These cells are
depositing a severely disorganized bone matrix sigaificantly increased rate, as seen
by the wide, lightly staining areas of unmineardiz@atrix around these cells (compare
Figure 11.6C and Figure 11.6D). To determine iktbsteoblasts in the mutant bones are
present in increased numbers due to a lack of appbr an increase in proliferation,

sections of these bones were subjected to TUNEDistaand immunohistochemical

staining for phosphorylated histone H3 (Figure llahd Figure 11.8).

wild type Mef2¢' P wnt1-Cre

VonKossa Phospho-H3

VonKossa Phospho-H3

= i ) e i
Flgurell 7. Detectlon of Proliferating Cellsin Membranous Bones.

Serial coronal sections of the maxilla of wild typed Mef2c neural crest mutant mice
were stained for calcium deposits in mature borlack) with VonKossa’'s method
(panels A, C, E and G), or probed for phosphorydldtistone H3 (green in panels B, D, F
and H)) at embryonic day 14.5 (panels A to D)) mbeyonic day 16.5 (panels E to H).

Immunohistochemical staining for phosphorylateddme H3, a marker of proliferating
cells, detected only occasional proliferating cefiswild type membranous bones at
E14.5 when the morphology of the developing bomsesimilar (compare Figure 11.7A

and Figure 11.7C), and E16.5 when the mutant bohage significantly expanded
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(compare Figure II.7E Figure 11.7G). In spite bétsignificant increase in the number of
osteoblasts in the mutant bones, immunohistochénstaining for phosphorylated
histone H3 only detected the occasional prolifagatosteoblasts. Tunnel staining to
detect DNA fragmentation in apoptotic cells wasoaterformed at E14.5, E16.5 and
E18.5 (Figure 11.8). Wild type bones containedyoatcasional TUNEL positive cells
(Figure 11.8E) while mutant bones contained notidganore positive cells (Figure 11.8F),
likely related to the increase number of osteoblasThese assays did not reveal an
increase in the rate at which these cells are fprating nor a decrease in the rate at
which these cells are being removed by apoptosiggesting that the increase in the
number of osteoblasts may be caused by an incneassteoblast specification or
proliferation at another site and migration to $ites of bone formation.

The reactive appearance of the mutant osteoldagigests that differentiation of
these cells might be incomplete. Mature osteoblas¢ marked by the expression of
several genes, includir@steocalcin, Bone Saloprotein andCollagen o1(l) (Reviewed in
Harada and Rodan 2003). To determine if the mutestéoblasts were of a less
differentiated state, sections from mutant and wjlpde embryos collected at E14.5,
E16.5 and E18.5 were probed by radioactiveitu hybridization for several markers of
the osteoblast lineage (Figure 11.9, Figure I.X@ &igure 11.11). The expression of
Mef2c is completely abolished in the developing membranbanes (compare arrow
heads in Figures 1.9, 11.10 and I1.11 panels B dhdout remains in the skeletal muscle
of the tongue (lower right of Figures 1.9, I.1&ida1l.11 panels B and J). The only
detectable changes in osteoblast marker gene axpmesere decreases in the expression

of Collagen a1(l) (Figure 1.9 panels H and P) aBdne Saloprotein (Figure 1.9 panels
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Mef2¢c'*PKO-wnt1-Cre

Wild type
-
-
= F ,

Figurell.8. Detection of Dying Cellsin Membranous Bones.

Serial coronal sections of the frontal bone of viglde (panels A, C and E) aiMEf2c
neural crest mutant mice (panels B, D and F) wesbe for free DNA ends by terminal
deoxyneucleotide transferase labeling (green dowgland counterstained for nuclei
using propidium iodide (red) at embryonic day 14panels A and B), embryonic day
16.5 (panels C and D) or embryonic day 18.5 (paBelad F). Occasional staining is
seen in wild type samples (arrowhead), and is rfrecpient inMef2c neural crest mutant
mice at late stages of development.




25

F and N) in the early stages of bone developmeigu(€e 11.9). Collagen a1(l)

expression is decreased, d@ahe Saloprotein was not expressed in the mutant maxilla
at E14.5. However, at later stages these genasa@ne highly and broadly expressed in
the mutant bones, due to the increased activityramdber of these cells (Figure 11.10
and Figure 11.11). The osteoblasts in the mutasmds therefore appear to be fully

differentiated, yet remain inappropriately activeidg late gestation.
~wild type Mef2c'**°;wnt1-Cre

| L Col a1(1) IHH Col a1(1)
Figurell.9. Detection of Genes Marking Osteoblastsin Wild Type and Mef2c
Neural Crest Mutant Maxillas at E14.5.
In situ hybridization was performed on serial coronal sediof wild type (panels A to
H) andMef2c'™”%9;Wht1-Cre embryos (panels | to P) at the level of the marfimolar.
Sections were probed for the mRNA expressioNle®c (panels B and JRunx2 (panels
C and K),Indian Hedgehog (panels D and L)$ox9 (panels E and M)Bone Saloprotein
(panels F and N)Qsteocalcin (panels G and O), andollagen o1(l) (panels H and P).
Bright field micrographs (panels A and |) illus&ahe relative positions of the maxillary
molar (m), tongue (t) and developing membranoushadrihe maxilla (arrowheads).
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wild type - Mef2c'>"*%;wnt1-Cre

Figurell.10. Detection of Genes Marking Osteoblastsin Wild Type and Mech

Neural Crest Mutant Maxillas at E16.5.

In situ hybridization was performed on serial coronal sewtiof wild type (panels A to
H) andMef2c' %9, Wht1-Cre embryos (panels | to P) at the level of the marjlimolar.
Sections were probed for the mRNA expressioNle®c (panels B and JRunx2 (panels
C and K),Indian Hedgehog (panels D and L)$ox9 (panels E and M)Bone Saloprotein
(panels F and N)Qsteocalcin (panels G and O), andollagen o1(l) (panels H and P).
Bright field micrographs (panels A and |) illuseahe relative positions of the maxillary
molar (m), tongue (t) and developing membranousladrihe maxilla (arrowheads).
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wild type ~ Mef2c”" % wnt1-Cre

iy

Figurell.1l. Detection of Genes Marking Osteoblastsin Wild Type and Mef2c
Neural Crest Mutant Maxillasat E18.5.

In situ hybridization was performed on serial coronal sewtiof wild type (panels A to
H) andMef2c' %9, Wht1-Cre embryos (panels | to P) at the level of the marfimolar.
Sections were probed for the mRNA expressioNle®c (panels B and JRunx2 (panels
C and K),Indian Hedgehog (panels D and L)$ox9 (panels E and M)Bone Saloprotein
(panels F and N)Qsteocalcin (panels G and O), andollagen o1(l) (panels H and P).
Bright field micrographs (panels A and |) illuseahe relative positions of the maxillary
molar (m), tongue (t) and developing membranousladrihe maxilla (arrowheads).

The initial delay in the expression G@bllagen a1(l) and Bone Saloprotein in
mutant neural crest derived bones suggested th&2MiEoteins might directly regulate
Collagen a1(l) expression. The promoters of these genes wereiegdnfor consensus

MEF2 binding sites which are conserved among mmelaimans. The genomic region

promoter of theCollagen a1(l) gene (Kern et al., 2000) contains two potential A4E
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binding sites which conform to the T A (T/A) (T/A)/A) (T/A) T A consensus sequence,
and the genomic region upstream of tBene Saloprotein promoter contains three
potential MEF2 binding sites which conform to theAT(T/A) (T/A) (T/A) (T/A) T A
consensus sequence. Despite the presence of vediseonsensus MEF2 binding sites
these promoters are not activated by MEF2C in C&4i$ (Figure 11.12), suggesting that
the delay in the expression of these genes isdaillyrregulated bvef2c.
Endochondral Bone Defects Caused by Mef2c Deletion in Neural Crest Derivatives
Neural crest derived endochondral bones in théralearanial vault are severely
malformed in neural crest mutant mice (Figure [l.1Endochondral bone defects in
mice which lack MEF2C in the developing neural trdemonstrate thaMef2c is
required for the appropriate development of endodhal cartilage. The ventral cranial
vault is composed of a series of endochondral bamesh grow in length and later fuse
to form the base of the skull. In neural crestantimice, staining for bone and cartilage
demonstrates that neural crest derived bones agtlgreduced in size, with an increase
in the size of the cartilaginous sutures betweesédlbones, while endochondral bones of
mesodermal origin develop normally (Figure 11.133imilarly, the hyoid bone fails to
ossify at P1. Histological sections of the bas¢éhefskull illustrated that the maturation
of endochondral cartilage in these bones is delayggure 11.14), resulting in the
observed decrease in bone size. This phenotypestgarp contrast to the bone defect
observed in mice null for HDAC4, in which chondréeymaturation is accelerated,
resulting in premature ossification and fusion fué tartilaginous sutures between these
bones (Vega et al, 2004), suggesting that the seme effects of HDAC4 in

endochondral cartilage might be exerted, at leapait, on MEF2C.
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Collagen «1(l) | MEF2 site v Conserved
TTAATTATAG TTAAATATAA
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Figurell.12 Potential MEF2 Binding Sitesin the Genomic Regions Upstream of the
Collagen a1(l) and Bone Sialoprotein genes.

The genomic sequences upstream of @oagen «1(I) and Bone Saloprotein genes
contain putative MEF2 binding sites (orange lin@gluding sequences where the MEF2
binding consensus sequence is conserved amongamiceumans (star). Sequences of
the potential MEF2 binding sites are displayed lo& $ame side of the diagram as the
number marking the position of the site relativetihe start of transcription. These
genomic regions are not activated by MEF2 in CO8l&.c

Fold-Activation
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wild type Mef2c'*PKO-\wnt1-Cre

Figurell.13. Defectsin Neural Crest Derived Endochondral Bonesin Mef2c Neur al

Crest Mutant Mice.

Endochondral bones formed from neural crest dewestfail to undergo normal
ossification before birth. Neural crest deriveché&® in the base of the cranial vault
(panels A and B, qreen arrows.) and the hyoid bgamels C and D) are small and
misshaped inMef2c > °:Wht1-Cre mice, while the development of mesodermally
derived bones is normal (panels A and B, orangaaasy. The tympanic ring also fails to
form in in Mef2d*®KO:Wnt1-Cre mice. Labeled bones are the presphenoid (ps),
basisphenoid (bs), basioccipital (bo), and tympainig (t).
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- < *
Figurell.14 Persistent Endochondral Cartilagein Neural Crest Derived
Endochondral Bonesin Mef2c Neural Crest Mutant Mice.

Histological sagital sections of wild type (panél #ndMef2c' > ®:Whnt1-Cre (panel B)
skulls of postnatal day one mice. Sections atlétvel of the growth plate cartilage
(labeled gp) between the mesodermally derived begial bone (labeled bo) and the
neural crest derived basisphenoid bone (labeleddes)onstrate that growth plate
maturation in the mesodermally derived basiocdiftane is normal, but growth plate

maturation of the neural crest derived basispheisoichpaited inMef2c'®™<°:wht1-Cre
mice.
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Discussion

To determine the role dflef2c in the development of the major cardiac vessels, a
conditional allele ofMef2c was generated and deleted from developing neuest c
derived tissues. The resulting mice showed noeswid of cardiovascular malformations
(Figure 11.4), but instead revealed an unanticigpatde for MEF2C in the development of
membranous and endochondral bones (Figure 11.5).

Membranous bone development is dependent on tlextddifferentiation of
mesenchymal precursors to active osteoblasts. i¢e oonditionally null forMef2c in
developing neural crest, active osteoblasts argeptan membranous bones and capable
of producing osteoid. However, these cells arsgmein unusually high numbers, and
are excessively active, as evidenced by depositioa thick and disorganized bone
matrix. Histologically, the mutant osteoblastserable active osteoblasts seen in newly
forming woven bone (Figure 11.6), characteristich&faling fractures. This appearance
suggests that these cells remain in an active, giatbaps due to a failure to completely
differentiate into quiescent osteoblasts typicalnwdture bone. However, the precise
cause for this defect remains illusive, as thedls express many of the marker genes
characteristic of mature osteoblasts (Figures .20 and 11.11). Additionally, these
cells do not appear to undergo excessive prolitaratithin the field of the forming bone
(Figure 11.7), nor do these cells appear resistargpoptosis within the developing bone
(Figure 11.8). The increased osteoblast numbelddcde explained if the neural crest
derived osteoblasts were specified in abnormal reumprior to migrating to the site of
the forming bone, or were proliferating excessiviedjore entering the developing bone.

PerhapsMef2c is required to support the differentiation of reducrest into a lineage
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other than osteoblasts, and in its absence, exeesaimbers of osteoblasts are specified
at the expense of another neural crest derivediygatl. However, this may not account
for the increased activity of these cells, whiclggests that MEF2C is required to
regulate the activity of these osteoblasts. Reiguieof osteoblast activity by MEF2C
may be significant to the study of bone fracturalimg and osteoporosis, and requires the
further study of MEF2 proteins in osteoblast depelent and adult function.

Defective endochondral bone growth is also an peeted consequence of
conditional deletion oMef2c from the developing neural crest. Endochondralelscare
patterned by a cartilaginous template, in which diséeoblasts undergo proliferation,
hypertrophy and apoptosis followed osteoblast ilmrasnd deposition of the mature
bone matrix. Conditional deletion odWef2c from the neural crest causes the
endochondral bones in the base of the skull to irers@all and contain an abnormal
amount of growth plate cartilage. This observatiohonly demonstrates that MEF2C is
required for the maturation of chondrocytes (Figlir&4), but the sharp contrast of the
growth plate morphology of these mutants when caostp#o the premature ossification
observed in mice null foHDAC4 (Vega et al., 2004), a known repressor of MEF2
proteins, suggested that MEF2C and HDAC4 might hapeosing influences on
chondrocyte development in a similar manner tortsanal responsive regulation of
cardiac myocyte hypertrophy. Previous experimgitieh | conducted to determine the
efficiency of conditional deletion oMef2c in the developing heart unexpectedly
identified chondrogenic mesoderm as a site Méf2c expression.  Subsequent
experiments to examine the expression Méf2c in later stages of chondrocyte

development demonstrated thdef2c is expressed in chondrocytes just prior to the
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initiation of chondrocyte hypertrophy in the growthate of the humerus, a mesoderm
derived bone. This coincides with the expressibiHDAC4, confirming that HDAC4
and MEF2C would be present in the same cells amdtadirectly interact to regulate
chondrocyte hypertrophy.  Further, MEF2C might play role in endochondral
ossification of mesoderm derived bones.

The regulation of chondrocyte hypertrophy by theenaction of MEF2C and
HDAC4 would represent a novel mechanism of trapsiomal regulation in chondrocytes.
HDAC4 null mice are not viable due to premature andpctohondrocyte hypertrophy,
which resulted in excessive ossification of endochal bone and cartilage. The
mechanism of premature ossification was attribtea direct interaction of HDAC4 and
Runx2, a known activator of chondrocyte hypertraphihe co-expression diDAC4
and Mef2c in prehypertrophic chondrocytes, and the observeldydin chondrocyte
maturation observed wheNef2c is deleted in the neural crest, suggests that the
interaction of MEF2C and HDAC4 in chondrocytes nieyof equal or possibly greater
significance in chondrocyte development as compé&oethe interaction of Runx2 and
HDAC4. The role of MEF2C in endochondral ossificatand its relation to HDAC4

and Runx2 are described in Chapter Il of thisithes
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M ethods

Creation of a conditional allele of MEF2C

Genomic regions of thiglef2c locus were isolated from 129SvEv genomic DNA byhhi
fidelity PCR (Roche Expand Long Template PCR SysterRoche High Fidelity PCR
System) and cloned into pGKF2L2DTA (a gift from RhiSoriano, Hoch and Soriano
2006). A 4.6kb genomic sequence (5’ targeting)aupstream ofMef2c exon 2,
bounded by an upstream BamHI site and a downstiemh site, was cloned upstream
of the 5’ loxP sequence in pGKneoF2L2DTA. A 1.8dnomic sequence (3’ targeting
arm) downstream oMef2c exon 2, bounded by an upstream EcoRV site and
downstream Hindlll site, was cloned downstreamtef 8’ loxP sequence. A 1.1kb
region (conditional knockout region) correspondapgproximately to the region deleted
in the Mef2c knockout allele (Lin et al., 1997) was cloned betwéhe 5’ loxP sequence
and the 5’ FRT sequence. The resulting vector veasgied by DNA sequencing and
restriction mapping. The vector was linearizedthe Sacll site upstream of the 5
targeting arm and electroporated into 129SvEv eeri&S cells (Figure 11.1). Cells were
then treated with G418, and negative selectionaeasmplished by the diphtheria toxin
A cassette (DTA) in the pGKneoF2L2DTA vector. Rémnt colonies were screened by
Southern blotting using probe sequences isolated t?9SvEv DNA by high-fidelity
PCR and cloned into pCRII-TOPO (Invitrogen). Saeuthblot analysis detected the
presence of the EcoRI site adjacent to the 5’ Isix® and the Sacl site in the neomycin
resistance cassette to verify recombination of 3heand 3’ arms, resulting in the
Mef2c"™'>® allele (Figure 11.1B). Germline transmission frochimeric mice was

verified by Southern blotting, and genotyping obsequent mice was performed by PCR
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(Figure 11.1C). Sequences of DNA oligonucleotidsgd for PCR, DNA sequencing and

genotyping, and Southern probe sequences and plasma listed in TABLE II.1.

Inducible Deletion of Mef2c.

To deleteMef2c in all tissues at a specific time during developtnerice heterozygous
for the Mef2c“© allele were mated to previously characterized Tidfan inducible Cre
recombinase transgenic mice, cal@-ER™ (Hayashi and McMahon 2002). Matings
were continued to produddef2c™ %0 cre-ER™ male mice, which were mated to
Mef2c"™'>":Cre.ER™ female mice. Pregnant females were treated withingle
intraperitoneal dose of 4-hydroxy-tamoxifen. 4-topd/-tamoxifen was diluted in corn
oil to 10mg/ml and administered at a dose of 9mg48e of body weight. All animal
experimental procedures were reviewed approved by the Institutional Animal Care

and Use Committeed the University of Texas Southwestern Medicalt€en

Neural Crest-specific Deletion of Mef2c.

To generate mice which ladkef2c in neural crest derived tissues, mice heterozy@mus
the Mef2c© allele were mated to previously characterized aearest-specific Cre
recombinase transgenic mice, calMdtl-Cre (Jiang et al., 2000). The resulting mice

loxP

were mated to mice heterozygous for thikef2c™ allele to produce neural crest
conditional null mice Mef2c*”“°:\Wht1-Cre). All animal experimental procedures were
reviewed andapproved by the Institutional Animal Care and UsemBitteesat the

University of Texas Southwestern Medical Center.
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Cartilage and Bone Staining

Euthanized mice were skinned, eviscerated, andl fire95% ethanol. Adult animals

were additionally incubated overnight in acetoneclear fatty tissues. All specimens
were stained using Alcian blue solution. Softuesswere removed by incubation in 2%
KOH as needed, and specimens were stained withardized solution for 30 to 90

minutes. Tissues were cleared in 1%KOH, 20% gblcand photographed in 50%
ethanol, 50% glycerol. Staining solutions were ppred as described previously
(McLeod, 1980). Alcian blue solution is 4 volume&s9%% ethanol, 1 volume of acetic
acid and 0.15mg of Alcian blue (Sigma) per mlaiht volume. Alizarin red solution is

1% KOH and 0.05 mg of Alizarin red per ml of totalume.

Histology

Tissues were fixed in 10% phosphate-buffered fommat 4°C. Samples were then
embedded in paraffin, sectioned airf, and stained with hematoxylin and eosin or Von
Kossa’'s method. Briefly, sections were deparafédiand immersed in 5% Silver Nitrate
solution for 30 minutes while exposed to a 100Whtligpulb. Slides were rinsed in
distilled water and immersed in 5% Sodium Thiodelfeor three minutes. Slides were
again rinsed in distilled water and counterstaingtth Nuclear Fast Red for 5 minutes.

These protocols were executed by members of tlegdadry of Dr. James Richardson.

TUNEL Staining
Tissues were fixed in 10% phosphate-buffered format 4°C. Samples were then

embedded in paraffin, sectioned au®, and stored at -20°C. Free DNA ends were
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detected using the DeadEnd Flurometric TUNEL sys{@momega) according to the

manufacture’s protocol.

| mmunohostochemistry

Immunohistochemical detection of phosphorylated tdtise H3 was performed as
previously described (Shin et al., 2002). Brieflgctions were deparaffinized in xylene,
rehydrated through graded ethanols to PBS, andgadsiized in 0.3% Triton X-100 in
PBS. Nonspecific binding was blocked by 1.5% norgat serum in PBS and anti-
phospho-histone H3 rabbit antibody (Upstate Biatebbgy) was applied at a 1:200
dilution in 0.1% BSA in PBS overnight at 4°C. Seas were washed in PBS and
fluorescein-conjugated anti-rabbit antibody (Vedtaboratories) was applied at a 1:200

dilution in 1% normal goat serum for 1 hr.

In situ hybridization

Tissue samples were fixed overnight in DEPC-tred8édparaformaldehyde. Riboprobes
were labeled withd->*S]-UTP using the MAXIscript in vitro transcriptidkit (Ambion,
Austin, Texas). In situ hybridization of sectiongssues was performed as previously
described (Shelton et al., 2000). Briefly, sectioese deparaffinized, permeabilized, and
acetylated prior to hybridization at %5 with riboprobes diluted in a mixture containing
50% formamide, 0.3M NaCl, 20mM Tris-HCI, ph 8.0, InEDTA, pH 8.0, 10mM
NaPQ, pH 8.0, 10% dextran sulfate, 1X Denhardt’s, areh@/ml tRNA. Following
hybridization, the sections were rinsed with insieg stringency washes, subjected to

RNAse A (2ug/ml, 30min at 3€) and dehydrated prior to dipping in K.5 nuclear
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emulsion gel (liford, UK). Autoradiographic expesuranged from 14 to 28 days.
Signals were pseudocolored as described in figegends.  Hybridizations and slide
development were executed by John Shelton, and otembers of the laboratory of Dr.

James Richardson.

Céell Culture, Reporter Plasmids and Transfection

COS7 cells were grown in DMEM with 10% FBS. Fugén@®oche) was used for
transient transfection according to the manufacturestructions. A reporter plasmid
containing 2.4 kb of theollagen a(1) locus was obtained (Kern et al., 2000), and a
genomic region upstream of tBene Saloprotein promoter was generated by PCR with
the upstream primer 5’- GGT ACC GCC TAG TCC ATC ARBT GGG ATG AGA

AG -3’ and the downstream primer 5’- CTC GAG CTTG CAT TAC CTT AACCTT
CCT TTC GGC AG -3’ and cloned into pGL3 basic (Pega). COS7 cells were
transfected with pCDNA Myc-MEF2C. Plasmids weretiansfected with 10ng of a
CMV-B-galactosidase reporter plasmid to control forgfaction efficiency.

Transfections were executed in collaboration withiKim.



Chapter |11

Opposing Influences of MEF2C and HDAC4

Regulate Chondrocyte Hypertrophy

40
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The results described in Chapter Il identify a eloxole for MEF2C in the
development of both membranous and endochondrashoA recent publication of the
Olson lab demonstrated that HDAC4, a known repres$dMEF2 proteins, exerts a
critical control on endochondral bone developmaninhibiting chondrocyte maturation.
The function of HDAC4 in chondrocytes was attriltes repression of the Runx2
transcription factor (Vega et al., 2004). Takegetter, these results led me to intercross
the existing null alleles d¥lef2c andHDACA4, revealing that chondrocyte hypertrophy is
controlled by a balance between the positive tnapisenal effects of MEF2C against the
repressive activity of HDACA4.

To further investigate the role of MEF2C in chordie hypertrophy, | have
utilized the conditional null allele oMef2c. My data shows that MEF2C plays an
essential role in the development of all endochaindones. Deletion of MEF2C from
the cartilaginous precursors of endochondral boremsses a delay in chondrocyte
maturation, resulting in persistent endochondratilage, decreased bone growth and
short stature. Further, transgenic over expressi@andominant negative or constitutively
active MEF2C causes a block in chondrocyte hypgltyoor premature ossification,
respectively.

To determine if MEF2C directly regulates gene egpi@n in hypertrophic
chondrocytes, a previously characterized promater enhancer of th€ollagen al(X)
gene which is capable of activating reporter gengression in hypertrophic
chondrocytes was examined. MEF2C is capable efcthyr activating the promoter of

Collagen a1(X) in vitro, and assays to determine if this regolatoccursin vivo are
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ongoing. Therefore MEF2C serves as a critical leggu of chondrocyte hypertrophy by
directly activating the hypertrophic gene progranstmndrocytes.

Misregulation of signaling pathways that influengewth plate dynamics are
responsible for dwarfisms and bone deformationsiltieg from either premature
maturation of the growth plate cartilage, charastier of achondroplasia (Chen el al.,
1999, Li et al., 1999, Reviewed in Horton 2006 &mitz 2005), or delayed or absent
chondrocyte maturation, characteristic of many chnodysplasia syndromes (Reviewed
in Schipani and Provot 2003, Cohen 2002). My tesdémonstrate that growth plate
dynamics can be modified by the balance of MEF2@ it repressor, HDAC4. The
activation of MEF2C dependent transcription by aety of signaling pathways, and the
ability of MEF2C to directly activate chondrocyteng expression demonstrates that
MEF2C and HDAC4 control a key nodal point in chawyite hypertrophy and growth
plate dynamics. Further investigation may identifglecules which can influence the
interaction of MEF2C and HDAC4 in chondrocytes andke control of growth plate

dynamics possible.
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Results

Bone Development Depends on the Balance of HDAC4 and MEF2C

The results described in chapter 1l demonstraae MEF2C has an essential role
in the development of endochondral bones whicheafiism neural crest precursors.
Neural crest deletion d¥lef2c resulted in an endochondral bone defect, whichrastg
sharply with that oHDAC4 null mice (Vega el al., 2004). To determinévi&f2c has a
general role in endochondral bone developmenstétefor a genetic interaction between
Mef2c andHDAC4. Mice heterozygous for botHDAC4 and Mef2c were crossed with
mice heterozygous fdiDAC4. The resulting mice were analyzed by stainingtione
and cartilage at postnatal day 1, whH¢DAC4 null mice display a mild phenotype and
postnatal day eight when the bone defect$iBDAC4 null mice are very pronounced.
Surprisingly, mice heterozygous ftMef2c display a moderate defect in endochondral
ossification of the sternum at postnatal day oneiclvremains observable at postnatal
day eight (Figure 111.1). Ossification in tlsternum ofMef2c heterozygous mice is most
pronounced in the first sternebra which fails t®ifysby postnatal day one and is
partially ossified at postnatal day eight. Simylapssification of the xiphoid process is
significantly decreased. The defectNtef2c heterozygous mice could be reversed in a
dose dependent manner by removal of wild typeedlefHDAC4. Deletion of a single
allele of HDAC4 from Mef2c heterozygous mice restored some ossification tdfithe
sternebra and increased ossification in the xiplpoatess, while removal of both wild
type alleles oHDACA4 resulted in a nearly normal pattern of ossifiaaticConversely,

deletion of a single allele d¥lef2c from HDAC4 null mice restored the pattern of
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HDAC4 |  +/+ +/+ +/- -/- +/- -/-

Figurelll.l Genetic I nteractions of Mef2c and HDACA.

Ribs and sternums of mice of the indicated genatypere stained for bone (Alizarin
red) and cartilage (Alcian blue) at postnatal dag (panels A to F) or postnatal day eight
(panels G to K).Mef2c heterozygous mice display defects in endochorasisification at
postnatal day one (panel B) and postnatal day djgmel H). These defects can be
rescued in a dose dependent manner by removaetdsabfHDAC4 (panels C and D or
panels | and J). Conversely, premature and ectogsdications that occur iRDAC4
null mice can be rescued by removal of a singlelalbfMef2c (compare panels F and D
or panels L and J). Structures in panel A areléahexiphoid process (x), manubrium
(m), and first sternebra (s1).

ossification to approximately normal morphology.t postnatal day one, premature
ossification of the manubrium and premature fussbrihe sternebrae which occurs in
HDACA4 null mice is rescued by removal of a single all#i&lef2c (compare Figure Ill.1
panels F and D). Similarly, at postnatal day eighbAC4 null mice which are
heterozygous foMef2c do not develop ectopic ossification of the chondstal cartilage,

nor premature fusions of growth plates in the steror the manubrium (compare Figure

l1l.1 panels L and J). Similar patterns of ossifion are seen in other endochondral
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bones, such as the base of the skull and hyoid, bder@onstrating that MEF2C is a
critical target for HDAC4 repression in endochondextilage.

The ability of Mef2c and HDAC4 to interact genetically in regulating
endochondral ossification suggests that MEF2Cnapor target of HDACA4 repression in
chondrocytes. Since Runx2 was reported to intewatt HDAC4 and mediate its
repressive effects on chondrocyte developmentghibdo address the extent to which
Runx2 andMef2c act in parallel, by intercrossing the existingkds ofRunx2 andMef2c.
Runx2 heterozygous mice display a significant defecthia ossification of neural crest
derived membranous bones of the skull, and an absaiclavicles (Komori et al., 1997).
In endochondral bonefRunx2 heterozygous mice display subtle defects in asgibn,
limited to bones of neural crest origin (Figure2)l Ossification of the hyoid bone is
decreased (Figure 111.2 panel F), and growth oflihsisphenoid bone along the rostral-
caudal axis is slightly decreased (Figure IIl.2 gdad). Ossification of neural crest
derived endochondral bones appears normal in naterdzygous foMef2c (Figure I1.2
panels G and K), but ossification in the mesodeenivdd sternebrae is greatly decreased
(Figure 1.2 panel C). Mice heterozygous for bohklef2c and Runx2 display
significantly exacerbated defects in endochondsalfization, but defects in the shape
and size of membranous bones are similar to these imRunx2 heterozygous mice. In
Mef2c"";Runx2*" mice at postnatal day one, endochondral ossifinatf the sternum of
is nearly abolished (Figure I11.2 panel D), ossfion of the hyoid and presphenoid
bones has failed (Figure Il.2 panels H and L), eemd@jthwise growth of the basisphenoid
bone along the rostral-caudal axis is decreasegu(€ill.2 panel L). This suggests that

Mef2c andRunx2 may function redundantly, cooperatively or in pletan endochondral
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Runx?2 +/+ +/- +/+ +/-

Mef2c +/+ +/+ +/- +/-

Figurelll.2. Genetic Interactionsof Mef2c and Runx2.

Skeletons of neonatal mice of the indicated gerextypere stained for bone (Alizarin
red) and cartilage (Alcian blue), and dissecteidlustrate the sternum (panels A to D),
hyoid bones (panels E to H) and the base of thaalreault (panels | to L). Bones
labeled in panel | are: presphenoid (ps), basisphdibs) and basioccipital (bo). Bones
of neural crest origin are marked with green arrcavsl mesodermally derived bones are
marked with orange arrows.

ossification. The exact mechanism by which MEF2@ Runx2 genetically interact is

complicated by the critical contribution of Runx@® dsteoblast development. However,
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the significant rescue of endochondral ossificatiefects irHDAC4 null mice byMef2c
demonstrates that MEF2C is a critical target of HI3Arepression in chondrocytes since

HDACA4 is excluded from osteoblasts.

MEF2C isan Essential Regulator of Endochondral Bone Development

To determine ifMef2c is required for the development of mesoderm derived
endochondral bones, | have conditionally deldisfc using atwist2-Cre knock-in (Yu
et al, 2003), which is expressed in mesenchymatysssrs of endochondral bone,
including chondrocytes within growth plate cartitagnd in osteoblasts in the
perichondrium, periosteum, and endosteum. Theltregumutant mice were readily
identifiable at birth by their shortened limbs (&rg 111.2). A fraction of these
conditionalMef2c mutants also displayed difficulty breathing, evidet by gasping and
accumulation of air in their intestines. Theseerded not survive beyond the first week
of postnatal life, presumably due to deletionMdf2c in skeletal muscle precursors,
which also results in perinatal lethality (AppendixAnalysis of the skeletons of
postnatal day (P) onelef2c ™™ C:twist2-Cre mice revealed severe defects in nearly all
endochondral bones. The ventral vertebral bodiglseospine failed to ossify, as did the
supraoccipital bone which surrounds the dorsal edgeramen magnum (Figure 1l1.3).
This phenotype was especially pronounced in thmsite, which was completely devoid
of trabeculated bone at P1 (Figure I1l.4). Thextated limbs of these mutants were also
seen to contain significant defects (Figure Ill.33one stains of the forelimbs of the

mutant mice demonstrate the absence of ossificatianany phalangeal bones of the

fingers, and severe growth plate defects in remgibiones. The radius, ulna, humerus
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wild type Mef2¢'PKO:twist2-Cre

» -

Figurelll.3. Defectsin Endochondral Ossification in Mef2c M esoderm Mutants.

Skeletons of wild type (panels A and C) avidf2c' > ®:twist2-Cre mice (panels B and
D) at postnatal day one were stained for bone éAiliz red) and cartilage (Alcian
blue)and photographed in lateral (panels A andrigl) gorsal views (C and D). Multiple
defects in endochondral ossification are seenarithbs, skull and spine (arrowheads).
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wild type Mef2c'**PKO:twist2-Cre
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Figurelll.4. Defectsin Endochondral Ossification in Mef2c M esoderm Mutants.

Skeletons of wild type andlef2c™”KO:twist2-Cre mice at postnatal day one were stained

for bone (Alizarin red) and cartilage (Alcian bjuend dissected to illustrate the sternum.

The sternum oRef2c' O twist2-Cre mice is fails to ossify at postnatal day one.

and scapula are all reduced in length, and Alclaa btaining of the cartilaginous growth
plates in these bones can be seen within muchedetigth of these bones, especially the
radius in which cartilage is present throughoutletsgth (Figure 111.5 panel D). The
formation of the bone collars in the forelimb issalabnormal. Hypertrophic
chondrocytes recruit osteoblasts to deposit the lmatiar. Bone collars of mutant mice
can be seen by staining for bone and cartilageetarusually disorganized (Fig 1.5
panels D and F). These defects may be a resulleldtion of Mef2c from either
osteoblasts or chondrocytes, and will be addrelsged Similar defects in endochondral

ossification are also responsible for the shorgmhthe hind limbs of the mutant mice
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wild type Mef2¢c'*PKO: twist2-Cre
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Figurelll.5. Defectsin Endochondral Ossification in Mef2c M esoderm M utants.
Skeletons of wild type anllef2c' ™ twist2-Cre mice at postnatal day one were stained
for bone (Alizarin red) and cartilage (Alcian bjusnd dissected to illustrate the arm
(panels A and B), radius and ulna (panels C andild and fibula (panels E and F), and

hyoid bones (panels G and H). BonesM#f2c'™™*C:twist2-Cre mice are short and
contain cartilaginous remnants of the growth plate.
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(Figure 111.5 panel F). Similarly, the hyoid bonessifies, but contains cartilage

throughout the ossified segment at postnatal day(Bigure I11.5 panel H).

Sternum Radius

VonKossa

B

Wild type

Mef2cioxK0- Twist2-Cre

e A" .

Figurelll.6. Defectsin Endochondral Ossification in
Histological sections of indicated bones from witgpe (panels A to D) or
Mef2c ™" O:twist2-Cre postnatal day one mice (panels E to H) were sfaiwéh
hematoxylin and eosin (panels A, C, E and G) orcdcium deposits with VonKossa’s
method (black staining in panels B, D, F and H). hodrocytes in bones of
Mef2c P O:twist2-Cre mice have failed to undergo chondrocyte hypertyoaimd
apoptosis, resulting in persistence of large anwuwitgrowth plate cartilage, to the
exclusion of trabeculated bone.
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Sections of the sternum and radius from wild tgpd P1IMef2c'*”;twist2-Cre
mice reveal that the defects in endochondral asgitin observed iMef2c'™¥; twist2-
Cre mice result from defects in chondrocyte hypertroffaigure 111.6). The sternum of
wild type mice contains trabeculated bone withicheaternebra, with growth plates at
either end. The mature ossified bone is markedanKossa stained sections by black
staining of calcium deposits (Figure 111.6 panelsaAd B). Sections of the sternum of
Mef2c P O:twist2-Cre mice demonstrate that the sternebrae contain meibsified
bone nor growth plates Figure IIl.6 panels E and Ehondrocyte hypertrophy within
these bones has not been initiated at P1. Simildré radius oMef2c *”X;twist2-Cre
mice is seen to contain chondrocytes throughoutength, however chondrocytes in
these bones have begun to initiate chondrocyte rirgplly at a much lower rate.
Chondrocytes in the bones of mutant mice appealiantiaan hypertrophic chondrocytes
in growth plates of wild type mice, yet these cedigpear to reach late stages of
chondrocyte hypertrophy as seen by VonKossa staisumrounding chondrocytes in the
middle of the bone (compare Figure 1ll.6 panelsr@ & to panels G and H). This
pattern of VonKossa staining is characteristic lmbredrocytes in growth plates of wild
type mice just prior to apoptosis.

To determine if the delay in chondrocyte maturatiobserved in
Mef2c'FKO: twist2-Cre mice correlated with changes in gene expressinmsitu
hybridization to detect multiple markers of chorcyite maturation was undertaken. In
radius bones, significant changes were seen inefpeession ofCollagen al1(ll), a
marker of proliferating and prehypertrophic choroytes (Figure IIl.7 panels F and M),

and Collagen a1(X), a specific marker of hypertrophic chondrocytegFe 1.7 panels
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wild type Mef2c'**PKO:twist2-Cre

| col a1(1)

COI al(ll)

Colal(X) ' Col al(X)
Figurelll.7 Detection of Chondrocyte Gene Expression by in situ Hybridizaton.
Sections of the radius bone of wild type (panel$oAG) andMef2c' ™ ;twist2-Cre
(panels H to N) mice were hybridized with probes Ktef2c (panels B and )Runx2
(panels C and JMMP13 (panels D and K)gollagen a1(l) (panels E and L)gollagen
al1(1l) (panels F and M), anmbllagen a1(X) (panels G and N).

G and N). Chondrocytes dflef2c'®*K°:twist2-Cre mice fail to robustly express
Collagen a1(X), and persist in expressir@ollagen a1(l1), consistent with impaired
maturation of chondrocytes in these mutants. Addéily, the expression dflef2c in

growth plates of wild type anMef2c™”X9:twist2-Cre was determined. In wild type
bones,Mef2c is expressed in chondrocytes just prior to théaton of chondrocyte

hypertrophy, and is not expressed in chondrocyfeMef2c' ¥ °:twist2-Cre mice
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Col a1(l1

Col al(X Col al(X
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Figurelll.8 Detection of Chondrocyte Gene Expression by in situ Hybridizaton.
Sections of the sternum (panels A to N) or rib @@ to b) bones of wild type (panels A
to G and O to U) andef2c' > O;twist2-Cre mice (panels H to N and V to b) were
hybridized with probes favef2c, Runx2, collagen a1(1), collagen a1(l1), collagen a1(X),
andMMP13.
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(Figure 1.7 panels B and.l) Similar results were seen in the sternum andoabes
(Figure 111.8).

To determine whether the skeletal defects obseirvitef2c ' twist2-Cre and
Mef2c' ™0 Wht1-Cre mice reflected a requirement for MEF2C in chondtesyor
osteoblasts, | specifically deletddief2c in proliferating endochondral cartilage using a
Cre transgene controlled by tlellagen a1(11) promoter, calledCol2-Cre (Long et al.,
2001). The resulting mutants were identifiabléigh by shortened limbs, an absence of
ossification of the sternum. Th@ef2c'®"’*°:Col2-Cre mice do differ from
Mef2c'P/KO: twist2-Cre in that they are viable to adulthood (Figure 111.9)
Mef2c' ™" C: Col2-Cre mice are of similar overall length to littermatémwever these
mice are distinguishable by their waddling gait doe¢heir shortened limbs. Bone and
cartilage staining of adult skeletons of three rhoakld mutant mice highlights the
reduction in limb length oflef2c' > ®: Col2-Cre mice, which is caused by a reduction in
the length of all long bones of the limb (Figured). Significant amounts of cartilage
and disorganized ossification is apparent in tleenstorae (Figure 111.9 panel D), and
small amounts of cartilage are also visible witkihe ends of the long bones when
examined closely. The overall patterning of timedibones is not significantly disturbed.
However, the structure of several ribs Ntef2c ™ °:Col2-Cre mice is dramatically
altered; large swellings of the rib bones at thecjion of the ossified bone and
chondrocostal cartilage are apparent (Figure Ipa®el F). To better determine the
architectural defects in the ribs, and more clogalgmine cartilaginous remnants in the
long bones and sternum, histological sections vpeepared of these regions of the

skeleton. These sections reveal the presencagd l@mnants of the growth plates in
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Figurelll.9. Bone Defects in Mef2c Endochondral Cartilage M utant Mice.
Skeletons of three month old wild type (panels Aari@l E) andMef2c'®C:Col2-Cre
mice (panels B, D and F) were stained for bonezgkin red) and cartilage (Alcian blue).
Whole skeletons (panels A and B), second sternglpa@els C and D) and rib growth
plates (panels E and F) are shown.
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multiple endochondral bones, marbled with mineeglizartilaginous matrix (Figure
[11.20). In littermate wild type mice, the endoctdral growth plates remain only as thin
remnants of the proliferating chondrocytes, wittv 'evident hypertrophic chondrocytes.
The growth plate remnants Mef2c®”“%:Col2-Cre mice at three months of age are
greatly increased in size (Figure 111.10). Withire distal radius and ribs, chondrocytes
of increased cell size are observed in large nugbe&his collection of cells is assembled
into disorganized or columns of cells, reminiscentprehypertrophic chondrocytes
despite their increased size. The groups of edllsin these regions are interrupted by
veins of mineralized matrix (Figure I11.10 panelsaBd D), which is more typical of
chondrocytes in the late stages of hypertrophyis Téflects the impaired maturation of
these cells which has resulted in a disorganizetadimormally persistent growth plate
and changes in bone architecture. Similarly, thires length of the sternebrae contain
cartilaginous remnants composed of enlarged callismineralized matrix, but are only
occasionally interrupted by punctuate ossificatamncompared to the radius and ribs
which maintain the polarity of the growth plate.

Examination of skeletons dflef2c®”*®:Col2-Cre mice stained for bone and
cartilage at postnatal day one demonstrates idgdrdefects in most bones compared to
defects observed iMef2c' ™ ®:twist2-Cre mice. At P1, overall length of the
Mef2c' /KO Col2-Cre mice is not observably shorter than wild type Mef2c
heterozygous littermates. However, the truncatetbs of these mice make them
distinguishable from littermates, as avief2c'>”%°;twist2-Cre mice. As observed in

Mef2c'>"KO:twist2-Cre mice, the limbs are reduced in length and contaicessive

cartilage (Figure 111.11). Similarly, formation dhe bone collars in the limbs is
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wild type Mef2¢c'o*PKC: Col2-Cre
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Sternum

Figurelll.10. Bone Defectsin Mef2c Endochondral Cartilage M utant Mice.

Histological sections of wild type (panels A, C a@dandMef2c > C: Col2-Cre (panels

B, D and F) radius (panels A and B), rib (panelard D) and sternum bones (panels E
and F) were stained with hematoxylin and eosinneBdromMef2c chondrocyte mutants
contain significant remants of the growth platetitzge, which distort the shape of the
ribs, and prevent ossification of the sternum.
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wild type Mef2¢'P%9:Col2-Cre
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Tibia and Fibula Radius and Ulna

Hyoid

Figurelll.11. Bone Defectsin Mef2c Endochondral Cartilage Mutant Mice.

Skeletons of wild type anmlief2c'®%%; Col2-Cre mice at postnatal day one were stained
for bone and cartilage and dissected to illusttheearm (panels A and B), radius and
ulna (panels C and D), tibia and fibula (panelsn &), and hyoid bones (panels G and
H). Bones oMef2c®¥:Col2-Cre mice are short and contain cartilaginous remnafts
the growth plate.
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perturbed. Trabeculation of the forming bone cokadisorganized when compared to
limbs of wild type animals. This demonstrates thif2c function in chondrocytes is
required for orderly bone collar formation, and ttrebnormalities in bone collar
formation whenMef2c is deleted from multiple mesoderm lineagestwigt2-Cre result
from defects in chondrocyte signaling as opposetketects in osteoblast function. Other
abnormalities seen in botef2c'®™<®: Col2-Cre mice andMef2c'*¥;twist2-Cre mice
include an absence of ossification in the sternanthwentral vertebral bodies

The significant differences in the ossification el seen iMef2c ™™ C; Col 2-
Cre mice andVlef2c' ™ °:twist2-Cre mice relate to the tissues in which Cre recombinase
is produced. Defects are not seen in the neuest aerived endochondral bones of
Mef2c *"KO:twist2-Cre mice since the expression of Cre is limited to rdesm
derivatives. Collagen a1(11)-Cre is expressed in endochondral bones derived fronereit
mesoderm or neural crest, resulting in additiona@feckss when compared to
Mef2c' ™% O: twist2-Cre mice, best evidenced by a significant decreasesification of
the hyoid bone iMef2c'>®; Col2-Cre mice (compare Figure I11.5 panel H and Figure
1.11 panel H). The defects in Mef2c'®™*®:twistl2-Cre mice is slightly more severe in
the bones of the hind limb (compare Figure lll.figdaF and 111.11 panel F). This may
be related to the earlier expression otvinst2-Cre, or it could suggest a subtle role for
Mef2c in osteoblast development.

Histological sections of bones fromef2c' ®*“°;Col2-Cre mice demonstrate
similar changes in growth plate architecture andnchrocyte development when

loxP/KO.

compared tiMef2c ;twist2-Cre mice. Deletion oMef2c from chondrocytes impairs

differentiation of chondrocytes to the same extaatdeletion from mesoderm.
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Figurelll.12 Defectsin Endochondral Ossification in Mef2c Chondrocyte M utants.
Histological sections of radius bones from wild @yppanels A and B) or
Mef2c " C: Col2-Cre postnatal day one mice (panels C and D) were esfaimith
hematoxylin and eosin (panels A and C) or for caicdeposits with VonKossa’'s method
(black staining in panels B and D). Chondrocytesbones ofMef2c ™™ C:Col2-Cre
mice have failed to undergo chondrocyte hypertrogimg apoptosis, resulting in
persistence of large amounts of growth plate e to the exclusion of trabeculated
bone.
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Staining of sections from the radius and sternunMef2c' > ®;Col2-Cre mice with
hematoxylin and eosin or VonKossa (Figure lll.18yeal identical changes in growth
plate morphology observed iMef2c ™ C:twist2-Cre mice (Figure 111.6). Mef2c is
therefore required specifically in chondrocytesptomote hypertrophic differentiation.
Examination of marker gene expression in bonesMaf2c " °:Col2-Cre mice
demonstrated an identical pattern to that obsemmedtones ofMef2c'®”;twist2-Cre

mice, shown in Figures II.7 and 111.8.

Functional Redundancy Among Mef2 Family Members

Mice which lackMef2c in endochondral cartilage display significant aéfein
bone development resulting from impaired chondmcytypertrophy. However,
chondrocyte maturation is not completely abolishethese mice. One explanation for
the ability of these chondrocytes to eventually ptate maturation is the potential for
functional redundancy among members of M2 family. The expression patterns of
all four Mef2 genes in the developing growth plate were theeeflatermined byn situ
hybridization (Figure 111.13). Of the fouvlef2 genes Mef2a and Mef2d are expressed
throughout chondrocyte development, confirming {hatential for these genes to
function redundantly in chondrocyte differentiatiomhese genes are all expressed at
similar levels to their expression in skeletal meqtower right corner of each panel in
Figure 111.13). Functional redundancy lief2 genes in endochondral bone development
has since been confirmédvivo by another member of the Olson lab, Yuri Kim, wlas h
intercrossed the null alleles bfef2c andMef2d resulting in a significant exacerbation of

the defects in endochondral ossification obseraedef2c heterozygous mice.
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Figurelll.13. Expression of Mef2 Family Membersin Endo h Plate.
Expression of each member of thkef2 family was examined bin situ hybridization.
Signal is pseudocolored redMef2a, Mef2c and Mef2d are each expressed during
chondrocyte development. Skeletal muscle (sm)asked in panel C.

The activity of all members of the MEF2 family cha inhibited in transfected
cells by the expression of a fusion protein comgysof the MEF2 DNA binding domain
and theDrosophila engrailed protein (Stanton et al., 2004). To blattkranscriptional
activity of the MEF2 transcription factors in end@ndral cartilage, | cloned the
MEF2C-engrailed coding sequence into a vector conthe promoter and enhancer of
the Collagen a1(11) gene, which directs expression of the fusion pnote chondrocytes
of transgenic mice (Vega et al., 2004). ExpressibMEF2C-engrailed in endochondral
cartilage of transgenic mice resulted in a substBbkock in chondrocyte development at
E18.5. As seen in Figure 111.14, staining ©dllagen a1(l1)-Mef2c-engrailed embryos
for bone and cartilage reveals multiple defectsndochondral ossification. Ossification
in nearly every region of the endochondral skele®mlocked, while formation of

cartilage independent membranous bones remainsanget. All endochondral bones
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Wild type MEF2C-Engrailed MEF2C-VP16

Figurelll.14. Control of Endochondral Ossification by MEF2C Fusioin Proteins.

Skeletons of transgenic mice expressing a fusiothefMEF2C DNA binding domain
and Engrailed repressor driven by tatlagen a1(11) promoter (panels B, E, H and K),
or transgenic mice expressing a fusion of the MEERCA binding domain and VP16
activation domain proteins driven by tbalagen a1(Il) promoter (panels C, F, | and L)
were stained for bone and cartilage and comparedreransgenic littermates at E 18.5.
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are abnormally small, resulting in shortening oé thmbs, spine and pelvis, and
deformation of the rib cage. Milder defects arsaslied in transgenic mice which carry
fewer copies of the transgene. Notably in the netgingly effected skeletons, the
endochondral bones in the base of the skull, hymde, limbs, sternum and pelvis
remain entirely cartilaginous. However, patternofgthese cartilaginous templates is
normal (Figure Ill.14 panels B, E, H and K). Thayodifference in the shape of these
bones is due to failed chondrocyte hypertrophy.

The activity of MEF2 proteins can also be “supetivated” in vitro andin vivo
by fusion to the activation domain of VP16 (Molken¢t al., 1996, Xu et al, 2006). To
over-activate MEF2 transcription activity in endoolral cartilage, | cloned a MEF2C-
VP16 coding sequence into a vector containing thempter and enhancer of the
Collagen o1(l1) (Vega et al., 2004). Expression of MEF2C-VP16emdochondral
cartilage of transgenic mice resulted in prematmdochondral ossification at E18.5.
These mice are also identifiable by their shortehetbs as a result of accelerated
ossification, instead of the blockade of chondredygpertrophy observed when MEF2C-
engrailed is expressed in chondrocytes. Ossifinadf multiple bones has progressed to
a stage characteristic of much later developmeatowth plates in the sternum have
fused, and the width of the ventral vertebral bb@g ossified to fuse with the lateral
processes (Figure Ill.14 panels C, F, | and L)ov&h plates in the limbs have advanced
closer to the ends of the bones and the remainimgtg plate cartilages at these sites are
reduced in size. The premature nature of theioadn of these bones has altered the
shape of these bones; the bones of the arm are smoilar in shape to the unossified

forelimb of theMef2c-engrailed transgenic mice than the forearm of wild type mice
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MEF2 Directly Regulates Gene Expression in Hypertrophic Chondrocytes

The bone abnormalities resulting fromMef2c deletion and MEF2C-engrailed
expression suggest that MEF2 proteins are requedactivation of transcription in
hypertrophic chondrocytes. To determine if choogte gene expression was altered in
the absence oMef2c, the expression of several genes expressed dahngdrocyte
development was analyzed by situ hybridization in samples collected from
Mef2c P C:twist2-Cre mice at P1. Of particular interest were potentlanges in the
expression ofRunx2, a known regulator of chondrocyte and osteoblastepment.
Runx2 expression was examined in the sternum addisaof wild type andMef2c
chondrocyte mutant mice. These results were \iytidentical to those seen iMef2c
mesodermal mutant mice (Figures 111.7 and Ill.8yublished reports demonstrate that
during embryonic developmeRunx2 expression begins when chondrocyte hypertrophy
is initiated, and continues to increase througldhandrocyte hypertrophy. At P1, my
data indicates thdRunx2 is strongly expressed in osteoblasts and expressadmuch
lesser extent throughout chondrocyte differentratibigures 11.7 panels C and J, and
[11.8 panels C, J, Q and X). Mef2c mutant mice, the pattern of tissues in which Runx2
is expressed is unchanged (compare Figures IIhélpaC and J, and II.8 panels C, J, Q
and X). Expression of Runx2 appears lower in thgamt bone only because sites
occupied by osteoblasts in bones of wild type ndoce occupied by chondrocytes in
Mef2c mutant bones.

To identify the various stages of chondrocyte depeient in bones of both wild

type and mutant mice, the expressionCoflagen a1(l1) which marks proliferating and
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prehypertrophic chondrocyteSpllagen a1(X) which marks hypertrophic chondrocytes,
MMP13, which is expressed in the late stages of chomtiedeypertrophy and is highly
expressed in osteoblasts (Stickens et al., 20049, examined in the sternum and radius
of wild type and mutant mice. SurprisingiyiMP13 expression which is reported to
mark late hypertrophic chondrocytes was not detectewild type chondrocytes at P1,
but was readily detectable in osteoblasts, limitimg usefulness of this probe. However,
as expected the expressionCailagen a1(11) andCollagen a1(X) were readily detectable
in wild type bones in proliferating and prehypepinec chondrocytes, or hypertrophic
chondrocytes, respectively. Mef2c mutant mice, the expression©dllagen a1(11) and
Collagen a1(X) were significantly altered. The sternum of mutamte, which is
composed entirely of prehypertrophic chondrocyte$h only expresses dfollagen
al1(ll) and notCollagen al1(X). This result correlates with the stage of choog®
development observed in these bones. Howeverearmrratius, where chondrocytes are
capable of reaching what appears to be later staigelsondrocyte development marked
by VonKossa staining for mineralized cartilage mxat(Figures I111.6 and [11.12),
Collagen al1(ll) expression persists, ar@bllagen al(X) expression is nearly absent,
suggesting that the activation ©bllagen a1(X) may be dependent on MEF2C.

The enhancer which driveGollagen al(X) expression in hypertrophic
chondrocytes is the only such enhancer identifi@ebfhard et al., 2004). In the mouse
genome, this region is contained within approxidyateur kilobases upstream of the
Collagen al1(X) promoter. This genomic region was examined forseosus MEF2
binding sites which were conserved among highetebeates. Six consensus MEF2

binding sites were identified (Figure 111.15), tbref which are conserved between the
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MEF2 site | Runx2 site + Conserved

Collagen ai1(X)
4065 3338 2827 1376 157 r +118
4185 = = |
* *x 3205 2892 * *
4032 53

-3040 2645 -1632 £76 357 -146

[ ]
L] L]
3161 2917 % 360 %

Rumnx2
+34
5524 4991 4212 2639 +26

5482 4944 4321 -3628 2565 -1996 £13 341 77
Distal %663 )—l—i—*—l—l-l——l-l—l-l—-l—-l—l—l—l—l-l-tl-m

X 3095 28062572 1021 X12Hk k%

-720
-2643 -1734 838 680 £87 490

Proximal 2915 } — I"
x * *x X *

Promoter Position [Sequence

Collagen a1(X) -4065 |ATAAAAATAG
Collagen a1(X) -3205 |CTATATTTAA
Collagen a1(X) -2827 |TTATAAATAT
Collagen a1(X) -157 |[TTAAAAATAA
Collagen a1(X) -53  [CTATTAATAT
Collagen a1(X) +118 [GTATAAATAC
MMP13 -3161 [GTAAAATTAA
MMP13 -3040 [ATAAAAATAA
MMP13 -2645 [ATAATTTTAA
MMP13 -1632 [CTAATTTTAC
MMP13 -360 |CTATTATTAT
MMP13 -357 |TTATTATTAC
Runx2 Distal -4991 [TTAAATATAT
Runx2 Distal -4212 |ATAATTATAA
Runx2 Distal -2572 |ATAAATTTAA
Runx2 Distal -1996 |GTATAAATAT
Runx2 Proximal -2643 |TTATAAATAA
Runx2 Proximal -490 |TTATTTTTAA

Figurelll.15 Promoter Structuresof Chondrocyte Expressed Genes.
The genomic sequences upstream of Gadagen a1(l) and Bone Saloprotein genes

contain putative MEF2 binding sites (orange lin@®luding sequences where the MEF2
binding consensus sequence is conserved amongamiceumans (star). Sequences of
the potential MEF2 binding sites are listed with position of the site relative to the start

of transcription. These genomic regions are novated by MEF2 in COS7 cells.
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mouse and human genomes. The critical regulaggions which are required for the
expression of many genes in hypertrophic chondescggmain unidentified. To identify
potential MEF2 dependent enhancers in genes ralbprexpressed in hypertrophic
chondrocytes, the genomic regions immediately epstr of Runx2 and MMP13 were
examined. MEF2 binding sites that conform to thé TT/A) (T/A) (T/A) (T/A) T A
consensus, and Runx2 binding sites that conforthedG/A) C C (G/A) C A consensus
are shown in Figure 111.15. Conserved MEF2 bindisites were identified within
approximately 10kb of both promoters of Runx2, #relpromoter of MMP13.

To determine if these genomic regions functioned®1&$-2 responsive enhancer
regions, portions of these regions were isolatecoblymerase chain reaction (PCR)
amplification and cloned upstream of the luciferapen reading frame as pictured in
Figure 111.15, and tested for responsiveness to MER COS7 cells. This work was
performed in collaboration with Yuri Kim. Putati@hancer regions (boxed regions in
Figure 111.15) of theRunx2 promoter were tested for activation by MEF2C. Sée
genomic regions contained conserved MEF2 binditgssibut were not activated by
MEF2C. This is consistent with my data tHnx2 expression is not significantly
altered in endochondral or membranous bones wiaick Mef2c. However, genomic
regions of eitheCollagen a1(X) or MMP13 were activated by MEF2C, but not Runx2
(Figure 111.16 panels A and B). The expressiotMiEF2C in a wide variety of cell types
led me to expect that MEF2C would activate the esgion of chondrocyte genes in
cooperation with factors restricted to bone, sustRanx2. Surprisingly, MEF2C and
Runx2 do not function cooperatively in activatirige tpromoters oCollagen a1(X) or

MMP13 (Figure 111.16 panels A and B), suggesting that MEFmay function



70

20
A 18 T | Collagen a1 (X) F

Fold-Activation
o

o 4
MEF2C (ng)| -

Runx2 {ng) | _

HDAC4 (ng)| _

B 4

§3
®
2 2]
[=]
<
B 1
o
(1

0 .

MEF2C (ng)| -

Runx2 {ng) | -

HDAC4 (ng)| -

C 25 ¢ Runx2
,E 2 - Proximal
©
Z 15t
=
< 1
=
S 05 ¢

0 | 1 1 1
MEF2C (ng) 0 50 100 150 50
HDAC4 {ng) 0 0 0 0 50

D 2 T Runx2
e Distal
2 15 +
®
2
T 1+
<
T8

D - I Il Il Il
MEF2C (ng) 0 50 100 150 50
HDAC4 (ng) ° . . . &l

Figurelll.16. Relative Activation of the Collagen a1(X) and MMP13 Promoters.

The promoter regions of botbollagen a1(X) (panel A) andVIMP13 (panel B) can be
activated by MEF2C but not by Runx2 in COS7 celBynergistic activation of these
promoters by combinations of MEF2C and Runx2 is olugerved. Putative enhancer
regions (boxed regions in Figure 111.15) of the xpneal Runx2 promoter (panel C) and
the distalRunx2 promoter (panel D) cannot be activated by MEF2C.
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independently of Runx2, or cooperatively with yantified co-factors

Activation of theCollagen a1(X) promoter by MEF2C is the strongest of the bone
promoters tested here. Since this genomic regalsio reported to drive reporter gene
expression in all hypertrophic chondrocytesvivo (Gebhard et al, 2004), | chose the
Collagen a1(X) promoter for further study. To further demon&rttat activation of the
Collagen a1(X) promoter by MEF2 is direct, all six consensus Mbkiling sites in this
reporter construct were mutated to sites whichrdid fit the MEF2 consensus (Table

[11.1). The resulting mutations abolished actigatiof thecollagen al(X) promoter by

12
£ 10 | B WT Col(X)-luc
E g | O Mut Col(X)-luc
S 6 |
<
s 47
e
0 ﬂ B EHEE mErT il =l
MEF2C (ng) | O | 25|50 |100(100(100{100|100
HDAC4(ng) | o0 | 0| 0 | 0 | 25|50 (100|150

Figurelll.17. Activation of the Collagen a1(X) Promoter by MEF2C Requires

MEF2 Binding Sites.

Activation of theCollagen a1 (X) promoter by MEF2C can be repressed by HDAC4
(black bars), and depends on the presence of th&ensus MEF2 binding sites (white
bars).
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MEF2C, suggesting that activation of this reporseaccomplished by direct binding of
MEF2 (Figure 111.17).

To confirm direct binding of MEF2C to sites in tBellagen a1(X) promoter, gel
electromobility shift assays were preformed. CaatidMEF2 binding sites from the
Collagen a1(X) promoter and the previously described MEF2 bindsige in the
promoter of thesrpk3 gene (Nakagawa et al., 2005) were analyzed for MERding
activity (Figure 111.18). MEF2 binding can be seantwo sites in th&ollagen a1(X)
promoter, -3205 and -53 which is conserved in teeognes of both mice and humans.
To further examine the affinity of these sites MEF2C, binding of MEF2C to the
MEF2 site in thesrpk3 promoter was competed with unlabeled oligonuoctkssti
containing the MEF2 sites of th@ollagen a1(X) promoter. The two sites which were
observed to bind MEF2 in the previous assay arentbst capable of competing for
MEF2 binding, and additional sites demonstrate loafénities for MEF2 as evidenced
by weaker competition with theepk3 oligonucleotide (Figure 111.18)

Given the ability of MEF2 to bind and activate eagsion of aCollagen al1(X)
promoter reporteim vitro, | confirmed the ability of this reporter to ditezxpression in
hypertrophic chondrocytds vivo. | constructed a transgene in which the regiothef
Collagen a1(X) promoter examined above was positioned upstreaanlzsal promoter
and the LacZ gene. Consistent with a previous rtefféebhard et al., 2004), LacZ
expression of theCollagen al(X) promoter-LacZ transgenic mice recapitulates the
expression pattern of endogenddsllagen a1(X) in nearly every endochondral bone

(Figure 111.19 panel A).
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Figurelll.18 MEF2C Bindsto Sitesin the Collagen a1(X) Promoter.

Oligonucleotides containing the potential MEF2 I sites of theCollagen (X)
promoter (panel A, sequences listed in Figure T).Wwere labeled and assayed for
binding to MEF2C (panel B). Eact-*’P labeled sequence was tested in binding
reactions containing no protein, Myc tagged MEFRAyc tagged MEF2Cand an anti-
Myc antibody, Myc tagged MEF2C and an unlabeledyarlucleotide containing the
MEF2 binding site of thesrpk3 promoter “cold competitor”, or a labeled probe
containing a mutated MEF2C binding site was sulitstit “M”, and incubated with Myc
tagged MEF2C. The ability of these sites to comget MEF2C binding with a-%P
labeled oligonucleotide containing the MEF2 bindsitg of thesrpk3 promoter (panel C)
was assayed at equal, 10 fold or 100 molar coretorrof the labeled oligo, or with 100
molar excess with a mutated MEF2 binding site “MUT”
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Wild-type
Collagen
al(X)
Promoter

MEF2 Site Mutant Collageal(X) Promote

Figurelll.19. A Genomic Region Upstream of the Collagen a1(X) Gene Can Drive
Reporter Gene Expression in Hypertrophic Chondrocytes.
B-galactosidase staining of E18.5 embryos that stipe for a lacZ transgene which
contains 4 kilobases of wild-type sequence ofdbléagen a1(X) genomic locus (panel
A), or the same region of tlwellagen «1(X) genomic locus with mutations in each of the
six MEF2 binding sites (panels B to E)

To determine if the in vivo expression @ollagen al(X) promoter-lacZ is
dependent on the consensus MEF2 binding site§oléagen o1(X) promoter-lacZ
transgene was constructed containing mutationfi Bixaconsensus MEF2 binding sites;

the same mutations which abolishiedvitro activation of this reporter. The resulting

transgenic mice were analyzed fgalactosidase staining at E18.5. Mice positive fo
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the transgene in which the MEF2 binding sites argated show decreased levels of
staining in endochondral growth plates. This derratess that MEF2 proteins are
important in regulating the expression of this mgo and may play a general role in

regulating gene expression in hypertrophic chongdesc
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Oligonucleotide Name

Sequence

Col X 4kb Promoter fwd Smal

GGTTCCCGGGTTGGGCCTCCTGTTTCACGTAG

Col X Promoter rev Xhol

GGTTGTCGACGAGTCTTTGACATGACTTGAAATAGCTAGAACTTTCGAG

ColX -4032 mut up

CGAGGAAACACCCAGAATACCCCTAGTTTAATACACACAATTAG

ColX -4032 mut Iw

CTAATTGTGTGTATTAAACTAGGGGTATTCTGGGTGTTTCCTCG

ColX -4032 gsmut up

GGGGAGGAAACACCCAGAATACCCCTAGTTTAATACACACAAT

ColX -4032 gsmut Iw

GGGATTGTGTGTATTAAACTAGGGGTATTCTGGGTGTTTCCTC

ColX -4032 gs up

GGGGAGGAAACACCCAGAATAAAAATAGTTTAATACACACAAT

ColX -4032 gs Iw

GGGATTGTGTGTATTAAACTATTTTTATTCTGGGTGTTTCCTC

ColX -3205 mut up

GATATAAAAGCTAGCGGTAAAACCAGGTATGACGGTACACTTCTG

ColX -3205 mut Iw

GTACCGTCATACCTGGTTTTACCGCTAGCTTTTATATCAGTTTAG

ColX -3205 gsmut up

GGGAAACTGATATAAAAGCTAGCGGTAAAACCAGGTATGACGG

ColX -3205 gsmut Iw

GGGCCGTCATACCTGGTTTTACCGCTAGCTTTTATATCAGTTT

ColX -3205 gs up

GGGAAACTGATATAAAAGCTATATTTAAAACCAGGTATGACGG

ColX -3205 gs Iw

GGGCCGTCATACCTGGTTTTAAATATAGCTTTTATATCAGTTT

ColX -2827 mut up

TTCCAGCTTCTGTCTATTAGCCCTATGGCTGCTATGAACATAATG

ColX -2827 mut Ilw

TTATGTTCATAGCAGCCATAGGGCTAATAGACAGAAGCTGGAAAG

ColX -2827 gsmut up

GGGTCCAGCTTCTGTCTATTAGCCCTATGGCTGCTATGAACAT

ColX -2827 gsmut Iw

GGGATGTTCATAGCAGCCATAGGGCTAATAGACAGAAGCTGGA

ColX -2827 gs up

GGGTCCAGCTTCTGTCTATTATAAATATGGCTGCTATGAACAT

ColX -2827 gs Iw

GGGATGTTCATAGCAGCCATATTTATAATAGACAGAAGCTGGA

ColX -157 mut up

AGAATGTATTTTACCCCTAAAAAGGGTGAA

ColX -157 mut lw

TTCACCCTTTTTAGGGGTAAAATACATTCTTGTGTTATTTG

ColX -157 gsmut up

GGGAGAATGTATTTTACCCCTAAAAAGGGTGAA

ColX -157 gsmut lw

GGGTTCACCCTTTTTAGGGGTAAAATACATTCT

ColX -157 gs up

GGGAGAATGTATTTTAAAAATAAAAAGGGTGAA

ColX -157 gs Iw

GGGTTCACCCTTTTTATTTTTAAAATACATTCT

ColX -53 mut up

ACAGCCGAAGCGCGGAATATATAATGGAGA

ColX -53 mut lw

TCTCCATTATATATTCCGCGCTTCGGCTGT

ColX -53 gsmut up

GGGACAGCCGAAGCTAGGCCTATATAATGGAGA

ColX -53 gsmut Iw

GGGTCTCCATTATATAGGCCTAGCTTCGGCTGT

ColX -53 gs up

GGGACAGCCGAAGCTATTAATATATAATGGAGA

ColX -53 gs Iw

GGGTCTCCATTATATATTAATAGCTTCGGCTGT

ColX +118 mut up

GAAGAAAACAGTAGCCCTACTCCAGGGCAG

ColX +118 mut Iw

CTGCCCTGGAGTAGGGCTACTGTTTTCTTC

ColX +118 gsmut up

GGGGAAGAAAACAGTATAAATACTCCAGGGCAG

ColX +118 gsmut Iw

GGGCTGCCCTGGAGTATTTATACTGTTTTCTTC

ColX +118 gs up

GGGGAAGAAAACAGTATAAATACTCCAGGGCAG

ColX +118 gs lw

GGGCTGCCCTGGAGTATTTATACTGTTTTCTTC

ColX seq upl CTGGGTCACACTGCTGAGTCTACAG
ColX seq up2 GAGAGGCACTTGGACTACATGGAAG
ColX seq up3 GCTGAGAACATAGCAGAACAG

Col X seq up4 CAATATGAACTAACCAGTATCTCCAG
Col X seq up5 GCCAGAGTTCTTAACTGCTAAG

Col X seq up6 GATACAGAACTTGGTCTCTCAG

Col X seq up7 CATGCACCAGCTTCTAAGAG

MMP13 prom fwd Kpnl

GGATCCGCCAACCTCAGCTCCATAGTGAGTTTGAG

MMP13 promoter rev Xhol

CTCGAGGTGCCCAGCAGTGCCTGGAGTCTCTCCTTCCCAG

MMP13 prom seq 1 fwd

ATGACCTTGGTCAGAGTCAGCAG

MMP13 prom seq 2 fwd

AATACGCATTAGAGTTGAGAAGTAG

MMP13 prom seq 3 fwd

GTGTGACAAGTTCCACAAACTGAG

MMP13 prom seq 4 fwd

GTTCTGTTTGTGATTCACTGAATACATAG

BSP prom up Kpnl

GGTACCGCCTAGTCCATCATCAATGGGATGAGAAG

BSP prom Iw (Xhol)

CTTGCCCATTACCTTAACCTTCCTTTCGGCAG

BSP seq upl

GAACGCTGTAACGTTCACAGTCAG

MEF2C tg geno Iw

GAGGCCCTTCTTTCTCAATGTCTCCACAATGTCTGAG

MEF2C tg geno up

GATTCAGATTACGAGGATAATGGATGAGCGTAACAGACAG

MMP13 probe lw

GCTCATCTGTGGCTCCCCATACATGAACTCCTCACAATTTTCAAG

MMP13 probe up

GCCCATACAGTTTGAATACAGTATCTGGAGTAATCGCATTGTGAG
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Oligonucleotide Name

Sequence

MSSK MEF2 gs Iw

GGGTCACTCGCCTTTATAAATAGCCTCCCAGCT

MSSK MEF2 gs up

GGGAGCTGGGAGGCTATTTATAAAGGCGAGTGA

Runx2 Dist Prom fwd Kpnl

GGTACCAGACCTCAATCCACAATAGCCTTTTCTGAACCCAATGAG

Runx2 Dist Enc rev Xhol

CTCGAGCTTGTATGACAGCTGAGGATGTGGCCAGACTAAAGCAG

Runx2 Dist Prom rev Xhol

CTCGAGCTTGTGGTTCTGTGGTTGTTTGTGAGGCGAATGAAG

Runx2 Dist prom seq 1

GTCTTTCCTTATCATCTAATACAATCTCTTAACATTATTTG

Runx2 Dist prom seq 2

CAATACAAGAACAATTCAAGTGAACAAGAGAG

Runx2 Dist prom seq 3

CACTCTTCAGAGAGCAATGCCTCACAATCAG

Runx2 Dist prom seq 4

GCCAAGTTCAAAATACTCTGTACTCACAACCAG

Runx2 Dist prom seq 5

GATATTACTATACTGTTATATTCACATGTCTTG

Runx2 Dist prom seq 6

GCAACCTCTACTAAACTCTTGTATCATGAGATACAG

Runx2 Dist prom seq 7

GTATAAATATCTGTTTTACAGTAAAACATGAG

Runx2 Dist prom seq 8

GAAAAATCCTCCATCGCTCCCAACTAATGAAAACAG

Runx2 Dist prom seq 9

CAATTCCTGACATTTGTTTTTTAAGATCTTCAAAG

Runx2 Dist prom seq 10

GCTACAGAGTTCTGCTCTCCAGAG

Runx2 Prox Enc rev Sall

GTCGACAAACTGACAGAACTGAGAAACGGCCCATGTTTCAAATAG

Runx2 Prox Prom fwd Smal

CCCGGGCATTTCATGGCAGCAGTAAGGACGCATACACAAAAG

Runx2 Prox Prom rev Sall

GTCGACGCTAAAGCTGAGAAGCGGGAGAGCCTCAG

Runx2 Prox Prom seq 1

GGCCTGCATGTCTCATTATGCATCAAG

Runx2 Prox Prom seq 2

GTAACTCGCTCCACCTGTAATG

Runx2 Prox Prom seq 3

CTGCGCTAGGGAGGGTCATGACAG

Runx2 Prox Prom seq 4

GAAATCCCAGCCTCCAAAAACCACATTTTAG

Tablelll.1. Oligonucleotide Sequences.

Oligonucleotides utilized in generation and veafion of reporter constructs, generation
of mutant reporter constructs, gel electromobilishify assays, generation of
ribonucleotide probe templates, and genotypinigasfsgenic mice.
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Discussion
Summary

The results described in this chapter reveal aantisé and unexpected role for
MEF2C in chondrocyte hypertrophy and endochondraheb formation.  During
endochondral bone formation, MEF2C is expresseatehypertrophic and hypertrophic
cartilage. Hypertrophy of chondrocytes within ecldondral bones is exquisitely
sensitive to the level of MEF2C activity such thatluction of MEF2C expression by
only 50% inMef2c*” mice results in a pronounced diminution in osstfaa of the
sternebrae. The finding that this abnormality ssification can be rescued in a dose
dependent manner by removal BIDAC4 alleles provides strong evidence for the
association of MEF2C and HDAC4 in chondrocytes atemonstrates that bone
development is dependent on the precise stoichrgmattween these positive and

negative transcriptional regulators, respectively.

Control of Chondrocyte Hypertrophy and Ossification by MEF2C
The lengthwise growth of endochondral bones depemdghe growth plate

dynamics of chondrocyte hypertrophy. The abserfcel@AC4 results in premature
growth plate fusion, restricting the growth of eoldondral bones. This feature is
prominent in the base of the skull, where prematusgon of the endochondral growth
plates results in deformation of the cranial vaulthe defects in ossification of these
bones whemMef2c is deleted from the neural crest led me to ingesél the role oMef2c

in endochondral cartilage development, especialiy gotential relationship of HDAC4

and MEF2C. My data identifies MEF2C as an essemtral previously unknown
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regulator of chondrocyte hypertrophy (Figure 1I)20The absence of MEF2C from
endochondral cartilage results in shortening ofoehdndral bones, most notably the
limbs, and persistence of the growth plate camilagMEF2C is required for the
development of endochondral bones of mesodermginerin addition to endochondral

bones derived from neural crest precursors.

To determine if MEF2C is directly responsible fatigating gene expression in
hypertrophic chondrocytes, | examined a previoudintified promoter and enhancer of
the Collagen a1(X) gene which is sufficient to drive reporter genepression in
hypertrophic chondrocytas vivo. MEF2C is capable of activating this promoterd an
the promoter oMMP13, in vitro. Since MEF2C is expressed in a wide variety df ce
types, | expected that MEF2C would activate theresgion of a chondrocyte specific
gene in cooperation with factors restricted to haueh as Runx2. Surprisingly, MEF2C
and Runx2 do not cooperate in activating @atlagen a1(X) promoter, suggesting that
MEF2C may function independently of Runx2, or caagigely via yet identified co-
factors. Runx2 could potentially activate the egsion of MEF2C. It will be important
to identify the critical regulatory regions bfef2c to determine if the activation dfef2c

in chondrocytes depends on Runx2.

Bone Development is Regulated by the Balance of MEF2C and HDAC4

| demonstrate that MEF2C and HDAC4 play antaganisiles in the regulation
of chondrocyte hypertrophy. Intercrosses of thd alieles of HDAC4 and Mef2c
demonstrate their antagonistic roles in bone dgwveémnt, highlighting the requirement

for a balance of HDAC4 and MEF2C in normal boneead@yment (Figure 111.21).
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Figurelll.20 MEF2isan Essential Regulator of Chondrocyte Hypertrophy
MEF2 transactivation is essential for chondrocygpentrophy, and is a key mediator of
HDACA4 repression in chondrocytes.
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i |
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Figure 111.21 Bone Development is Regulated by the Balance of MEF2C and
HDAC4

The development of endochondral bones can be dlteyethe balance of HDACA4
repression and MEF2C transactivation. This batappoint may be a key control point
downstream of pathologic signals which result inadims caused by either excessive
activation of MEF2C, or failure to export HDAC4 frothe nucleus and relieve
repression of MEF2C.
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The nearly identical phenotypes observed whdef2c is deleted from several
mesodermal lineages or specifically from chondresydemonstrates that defects
observed in MEF2C deficient mice are due to defactshondrocyte hypertrophy. The
expression of HDAC4 in bone is restricted to choegites (Vega 2004). My data
demonstrates that MEF2C activity and its regulabgrHDACA4 is a key control point in
regulating chondrocyte gene expression.

Runx2 and Runx3 undoubtedly regulate chondrocyteiraton as evidenced by
the block in chondrocyte hypertrophy in mice nali bothRunx2 and Runx3, however
their repression by HDACH vivo has not been demonstratddef2c andRunx2 interact
genetically, enhancing the endochondral bone defetn irMef2c mice. However, this
result, is complicated by the strong requirememtRanx2 in osteoblast development,
and may require conditional deletion of Runx2 framondrocytes. Further genetic
investigations into the interactions IdDAC4 andRunx2 will face similar complications.

It would be reasonable to expect that the defectssteoblast differentiation observed in
Runx2 mutant mice would not be rescued by removaHBIAC4, sinceHDAC4 is not
expressed in osteoblasts. However, the ectopificag®n seen inHDAC4 null mice
might be diminished by removal 8unx2 dueto decreased osteoblast activity. It will be
important to determine the extent of chondrocyt@dnyrophy in mice null for both
HDAC4 andRunx2 to determine the extent to which deletionReinx2 can rescue the

premature and ectopic chondrocyte hypertropht@AC4 null mice.
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Implicationsfor Skeletal Disease

Misregulation of signaling pathways that influengewth plate dynamics are
responsible for dwarfisms and bone deformationsiltieg from either premature
maturation of the growth plate cartilage, charastier of achondroplasia (Chen el al.,
1999, Li et al., 1999, Reviewed in Horton 2006 &mitz 2005), or delayed or absent
chondrocyte maturation, characteristic of many chnodysplasia syndromes (Reviewed
in Schipani and Provot 2003, Cohen 2002). My tesdémonstrate that growth plate
dynamics can be modified by the balance of MEF2@ it repressor, HDAC4. The
activation of MEF2C dependent transcription by detg of signaling pathways, and the
ability of MEF2C to directly activate chondrocyteng expression demonstrates that
MEF2C and HDAC4 control a key nodal point in chawite hypertrophy and growth
plate dynamics. Further investigation may identifglecules which can influence the
interaction of MEF2C and HDAC4 in chondrocytes andke control of growth plate

dynamics possible.
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Methods

Transgenic mice.

Chondrocyte-specific transgenes were constructedsubycloning either an in-frame
fusion of the MEF2C DNA binding domain (amino acitido 105) and the engrailed
repressor, or an in-frame fusion of MEF2C (aminadsicl to 436) and the VP16
activation domain, between a 3-kb fragment ofdbléagen a1(Il) promoter and its 3-kb
chondrocyte-specific enhancer region (Zhou et aP98). Linearized transgenic

constructs were injected into the pronuclei ofilieed oocytes.

Céell Culture, Reporter Plasmids and Transfection

COS7 cells were grown in DMEM with 10% FBS. Fugéh€Roche) was used for
transient transfection according to the manufactii@structions. A reporter plasmid
containing 4.5 kb of the collageml(X) locus was generated by PCR and cloned into
pGL3. COS7 cells were transfected with pCNDA My&RRC or a Runx2 expression
vector (Kern et al., 2001)). Reporter plasmids andants were generated by PCR using
oligonucleotides in Table 1ll.1 and cloned into p&hasic, or pGL3-TATA (Promega).
Plasmids were co-transfected with 10ng of a Cptgalactosidase reporter plasmid to
control for transfection efficiency. Transfectiomgre preformed in collaboration with

Yuri Kim.

Electromobility Shift Assays
Cell lysates containing MEF2C, were prepared fremmgfected COS7. In vitro binding

analysis was performed as previously described @NVat al., 2001), using
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oligonucleotide fragments that contained a MEFZimig site from thecollagen al(X)
promoter, or the srpk3 promoter (Nakagawa et al., 2005). Complimentary
oligonucleotides designed with 5’ overhanging goennucleotides, hybridized and
overhanging sequences were made double strandieddporation of ¢->P]-dCTP by
the Klenow fragment of DNA polymerase | (New EnglaBiolabs) and purified using
G25 spin columns. Oligonucleotide sequences atediin Table 1ll.1.  Assays were

preformed in collaboration with Yuri Kim.

Tissue specific deletion of Mef2c
To generate mice that lack MEF2C in specific tissuaice heterozygous for the null
allele of Mef2c were mated to mice bearing the designated Credgesmes The resulting

mice were mated to mice heterozygous forNtei2c' ™"

allele to produce conditional null
mice Mef2c®>™";Cre). Mesoderm deletion of MEF2C was performed uginigt2-Cre
(Yu et al.,, 2003). Chondrocyte deletion was penked usingCol2-Cre (Long et al.,
2001). Mice heterozygous for the existing nulkkdl of Mef2c (Lin et al., 1997) were
mated to mice positive from each Cre line. Creatp@sMef2c heterozygous mice were

mated to mice homozygous for theef2c'>®

allele. All animal experimental procedures
were reviewed angpproved by the Institutional Animal Care and Usentitteesat the

University of Texas Southwestern Medical Center.

Cartilage and Bone Staining
Euthanized mice were skinned, eviscerated, andl foveernight in 100% ethanol. Adult

animals were additionally incubated overnight iretaoe to clear fatty tissues. All
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specimens were then stained using Alcian bluet t&slues were removed by incubation
in 2% KOH as needed, and specimens were staindd Alizarin red for 30 to 90
minutes as needed. Tissues were cleared in 1%KR0%, glycerol and photographed in

50% ethanol, 50% glycerol. Staining reagents weepared as described in Chapter II.

Histology

Tissues were fixed in 10% phosphate-buffered fommat 4°C. Samples were then
embedded in paraffin, sectioned at 5 um, and stamth hematoxylin and eosin or Von

Kossa's method as described in Chapter Il. Thestoqols were executed by members

of the laboratory of Dr. James Richardson.

In situ hybridization

Tissue samples were fixed overnight in DEPC-tredf&dparaformaldehyde. Riboprobes
were labeled withd->*S]-UTP using the MAXIscript in vitro transcriptidkit (Ambion,

Austin, Texas). In situ hybridization of sectiongssues was performed as previously
described Shelton et al., 2000 and Chapter II. ridizations and slide development were

executed by John Shelton, and other members dabloeatory of Dr. James Richardson.

LacZ Staining of Transgenic Mouse Bones
Transgenic embryos were collected at E18.5 andexlaas described in Zhou et al, 1995.

Samples were skinned, eviscerated and fixed in PB@plemented with 4%
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paraformaldehyde for 30 minutes on ice. Samplee Ween washed three times, each for
30 minutes, in PBS supplemented with 2mM MgOL2% NP40, and 0.1% deoxycholic
acid. Samples were then stained in the dark fohd@&s in PBS supplemented with
2mM MgCl, 0.2% NP40, 0.1% deoxycholic acid, 5mM potassi@moicyanide, 5SmM
potassium ferricyanide and 1mg/ml X-gal. Stainachgles were then fixed overnight at
room temperature in PBS supplemented with 4% parafloehyde. For photography,
fixed samples were dehydrated into methanol by &futa washes in PBS with 25%
(v/v) methanol, PBS with 50% methanol, PBS with 78%thanol and 100% methanol

and cleared in 2:1 benzyl alcohol:benzyl benzoat@pproximately 4 hours.
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