
 

   
SSStttooonnnyyy   BBBrrrooooookkk   UUUnnniiivvveeerrrsssiiitttyyy   

 
 
 

 
 
 
 

   
   
   
   
   

The official electronic file of this thesis or dissertation is maintained by the University 
Libraries on behalf of The Graduate School at Stony Brook University. 

   
   

©©©   AAAllllll    RRRiiiggghhhtttsss   RRReeessseeerrrvvveeeddd   bbbyyy   AAAuuuttthhhooorrr...    



Characterization of Hox gene expression during 
fracture repair and the functional 

characterization of Mustn1 during development 
and chondrocyte differentiation 

 
A Dissertation Presented 

 
by 
 
 

Robert Philip Gersch 
 

To 
 

The Graduate School 
 

In Partial Fulfillment of the 
 

Requirements 
 

For the Degree of 
 

Doctor of Philosophy 
 

In 
 
 

Genetics 
 

Stony Brook University 
 

December 2008 



Stony Brook University 
 

The Graduate School 
 

Robert Philip Gersch 
 

We the dissertation committee for the above candidate for the 
  

Doctor of Philosophy degree hereby recommend 
 

acceptance of this dissertation. 
 
 
 
 

Dr. Michael Hadjiargyrou – Dissertation Advisor 
Associate Professor of Biomedical Engineering 

 
 

Dr. Gerald Thomsen – Chairperson of Defense 
Professor of Biochemistry and Cell Biology 

 
 

Dr. Bernadette Holdener 
Associate Professor of Biochemistry and Cell Biology 

 
 

Dr. James Penna 
Assistant Professor of Orthopedics 

Stony Brook University 
 
 

This dissertation is accepted by the Graduate School. 
 
 
 

                Lawrence Martin 
Dean of the Graduate School 

 
 
 
 

 ii



 
Abstract of the Dissertation 

 
Characterization of Hox gene expression during fracture 

repair and the functional characterization of Mustn1 during 
development and chondrocyte differentiation 

 
by 
 

Robert Philip Gersch 
Doctor in Philosophy  

 
 in  
 

Genetics 
Stony Brook University 
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 Previously, our laboratory identified several differentially regulated genes during 

bone fracture repair (BFR).  Of these genes, several from the Homeobox family known 

to be active during development were spatially and temporally localized during BFR.  

That their activation during BFR is consistent with their roles in development adds 

support to the idea that development and BFR are analogous processes.  Further 

research was preformed on the musculoskeletal temporally activated novel gene 

(Mustang a.k.a. Mustn1).  This small (9.6kDa) nuclear protein was found to be strongly 

up-regulated during the early stages of bone fracture repair, especially in the 

periosteum, osteoblasts, and proliferating chondrocytes.  Mustn1 expression was also 

found to be specific to the musculoskeletal system in adult vertebrates.  Further 

characterization of Mustn1 revealed that this gene is highly expressed in areas of 

active chondrogenesis, specifically during development of the limb buds, branchial 

arches, somites and posterior tail.  This localization pattern strongly suggests that this 
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gene plays a role during musculoskeletal development in mouse.  To further study the 

role of Mustn1, we functionally perturbed its expression in the pre-chondrocyte cell line 

RCJ3.1C5.18 (RCJ) via stable overexpression and RNAi silencing.  While 

overexpressing Mustn1 (at ~2-6 fold levels) in RCJ cells had no effect on chondrocyte 

proliferation or differentiation, downregulating Mustn1by 52-66% resulted in significant 

repression of both proliferation rate and matrix/proteoglycan production.  These effects 

were also accompanied by the downregulation of the chondrogenic differentiation 

markers, Sox9, Collagen II, and Collagen X.  Moreover, these inhibitory effects were 

rescued when Mustn1 was reintroduced into the silenced cell line.  To further elucidate 

its role in vivo, we suppressed Mustn1 production in Xenopus laevis embryos via 

antisense morpholino injection.  Following Mustn1 suppression, embryos displayed 

gross craniofacial and musculoskeletal defects, e.g. small, or loss of, eye(s), 

shortened body axis, as well as kinks within the tail, indicative of disturbances in 

cartilage and skeletal muscle formation.  These defects were reduced in severity or 

completely ablated upon reintroduction of Mustn1 mRNA into Mustn1 morpholino 

injected embryos.  In addition, the expression of the myogenic differentiation marker 

MyoD was not altered. However, when Sox9 was assayed in the same manner, its 

expression was reduced by ~40% in Mustn1 morpholino injected embryos when 

compared to the control embryos especially within the branchial arches, neural crest 

cells, and anterior craniofacial regions.  Again, reintroduction of Mustn1 RNA rescued 

the expression pattern of Sox9 in Xenopus embryos.  These data strongly suggest that 

Mustn1 is a critical player in chondrogenesis during vertebrate development. 
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1. Introduction 
   
 Chondrogenesis is the process by which a cartilaginous matrix is formed.  

This matrix can either serve as an intermediate, as in long bone formation via 

endochondral ossification during development and regeneration, or as a final 

product itself, such as the articular cartilage found within joints throughout the 

body [37].  These divergent forms of cartilage serve vital, but very different, 

roles during both embryonic development and postnatal growth.  However, all 

cartilage matrix formation can be attributed to the same initial process of 

formation; chondrogenesis. 

 The progression of cellular events that occur during development and 

leads to cartilage formation is well defined [122,123,124,126].  To become 

cartilage producing specialized cells, a group of mesenchymal progenitors 

must first migrate together and condense into a tightly packed skeletal 

blastema.  It is then that the master regulator of chondrogenesis, Sox9, 

becomes up-regulated in the cells located at the center of these 

condensations.  Mesenchymal cells strongly expressing Sox9 differentiate 

into chondroblasts and pre-chondrocytes within the center of these masses 

and proliferate while producing immature cartilage matrix identified by the 

large concentration of the extracellular matrix molecule collagen II [26].  

These cells further differentiate into hypertrophic chondrocytes, sometimes 

forming columnar cells such as in the growth plate of developing long bones 

[121].  Once these cells become terminally differentiated they begin to 
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produce mature cartilage matrix marked by the increased presence of 

collagen X [51]. 

 Following matrix production these cells often undergo apoptosis leaving 

the cartilage as a largely acellular tissue [125].  This newly formed cartilage is 

ideal for impact absorption and friction reduction as is required of articular 

cartilage.  Alternatively, this matrix may become mineralized into bone via 

endochondral ossification.  While these major steps have been well 

documented [51, 125, 126], the events that orchestrate this process remain 

largely unknown, but recent diligent research has elucidated several key 

tissues that coordinate chondrogenesis during embryonic development. 

 

1.1 Vertebrate craniofacial development 

 As this dissertation deals predominately with chondrogenesis, various 

areas of cartilage formation during embryogenesis are discussed including 

craniofacial and limb bud development.  Unfortunately, craniofacial 

development in the model system discussed herein, Xenopus laevis, has not 

been extensively studied.  However, the tissues directing this process are 

similar to other vertebrate model systems.  In this section, these various 

systems are discussed.   

 In vertebrates the craniofacial region is predominately a product of the 

cranial (cephalic) neural crest cell population (Figure 1).  These cells which 

are initially divided into rhombomeres throughout the fore, mid, and hindbrain 

migrate ventrally in three different pathways [128].  Neural crest cells (NCC’s) 
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populating rhombomere 2 migrate ventrally to become the first pharyngeal 

pouch, which becomes the first branchial arch (also known as the mandibular 

arch).  This tissue differentiates to produce Meckel’s cartilage which forms the 

mandible.  In addition these cells also form the incus and malleus bones of 

the middle ear.  The NCC’s populating rhombomere 4 migrate to form the 

second pharyngeal pouch which, in turn, forms the stapes bone and styloid 

process.  Finally, the cells of rhombomere 6 migrate to form the third and 

fourth pharyngeal arches which help form the thyroid and cricoid cartilage as 

well as the tracheal rings of the neck [129].  In addition to these cells, NCC’s 

localized in the fore and midbrain also undergo chondrogenesis as they 

migrate to, and help contribute to the nasal process, palate, and mesenchyme 

of the first pharyngeal pouch [130].   

 The vertebrate eye is in part formed as these cells migrate from the fore 

and midbrain, by their contribution to the epidermal thickening of the cranial 

ectodermal placodes.  Eye development involves all three tissue layers as the 

optic vesicle, which evaginates from the brain, interacts with early paraxial 

mesoderm and contacts the overlying ectoderm forming the eye cup and 

vesicle.  Further development relies on interactions between the brain and 

this neural crest cell derived ectoderm throughout embryogenesis [131].  

While the timing and duration of these cellular events vary between model 

systems, overall craniofacial development is very similar between vertebrates.   
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1.2 Limb bud development 

 Greater detail is available in regard to limb formation in vertebrates, 

particularly in mouse and chick.  It is well known that limb development is 

directed by signals originating from the apical ectodermal ridge (AER) which 

covers the underlying zone of polarizing activity (ZPA).  These two regions 

control the extension of the limb bud via modulating cell division within the 

progress zone [131].  While these signals and tissues have been well 

elucidated, what is pertinent to this report is chondrogenic differentiation that 

occurs to these mesodermal cells after they leave the progress zone.  These 

cells undergo differentiation in a proximal to distal specific manor.  Cells that 

have undergone few divisions become proximal structures such as the femur 

and humerus while those cells that have undergone many divisions become 

the distal elements of the limb such as the radius, ulna, tibia and fibia, as well 

as the carpals and tarsals [132].  However, while these structures develop 

independently, they are all formed via endochondral ossification whereby 

mineralized bone replaces a cartilage matrix forerunner.  To this end these 

mesodermally derived cells, as with the ectodermal NCC’s in the craniofacial 

region, must all undergo chondrogenesis.  Despite their origin, both the 

cellular progression and end result of cartilage formation is very similar and 

much work has been undertaken to elucidate the molecular mechanisms 

regulating this developmental process.   

 Chondrogenesis involves the coordination of several complex genetic 

pathways including the Wingless (Wnt), Bone Morphogenic Protein (BMP), N-
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cadherin, Hedgehog and Fibroblast Growth Factor (FGF) signaling pathways 

[119,122].  Each of these pathways has an impact on cartilage formation at 

different steps in the process and to different degrees with contrasting results 

and is discussed in detail below.   

 

1.3 Wnt signaling 

 Of these signaling pathways related to chondrogenesis, the most closely 

scrutinized is the Wnt pathway (first identified in Drosophila in the wingless 

mutant) [1].  Several different Wnt molecules have been implicated in 

cartilage formation by directing many aspects of the chondrogenic process 

and limb/joint formation.  Specific Wnt signaling molecules can act as either 

enhancers or repressors of chondrogenesis or even regulate musculoskeletal 

structure formation and patterning.  For example, the Wnt-I ligands (most 

notably Wnt-1 and Wnt-7a) are thought to act as inhibitors of chondrogenesis 

affecting chondroblast differentiation in the chondrocyte lineage.  When 

ectopically expressed, both molecules display potent inhibition of cartilage 

formation [1,5,6].  These genes affect the earlier stages of the process 

allowing mesenchymal condensation to take place but blocking further 

differentiation of these cells into pre-hypertrophic chondrocytes at the late-

blastema/early-chondroblast stage [1,5].   

 While Wnt-1, Wnt-7a, and others act to inhibit chondrogenesis, there is 

another group of Wnt molecules, particularly Wnt-3a, Wnt-5a & Wnt 5-b that 

act as enhancers [2,4,7].  However, while these genes act to enhance 
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cartilage formation, they work on different steps of the process and actually 

antagonize each other.  For example, Wnt-3a acts early to assist BMP-2 

directed chondrogenesis by promoting cell-cell adhesion leading to 

mesenchymal condensation [2,22].  However, these experiments also 

suggest that Wnt-3a goes beyond promoting cell-cell adhesion and actually 

stabilizes cell-cell interactions to the point that the condensed mesenchymal 

cells cannot differentiate into chondroblasts [22], suggesting that while this 

gene promotes early stages of chondrogenesis, unless counteracted, it blocks 

later stages of cartilage formation.  Further, the same study also showed that 

Wnt-3a is also able to dedifferentiate articular chondrocytes.  

 The blockage of cartilage formation by Wnt-3a requires Wnt-5a and Wnt-

5b activation to enable the differentiation of these mesenchyme 

condensations into chondroblasts and chondrocytes [4,7].  Specifically, Wnt-

5a blocks inhibition of maturation by Wnt-3a both via canonical and non-

canonical mechanisms [44].  While studies show that Wnt-5a and Wnt-5b 

both promote chondroblast differentiation, their roles in cell maturation to 

hypertrophy remains unclear.  Some experiments suggest that these factors 

promote early chondrogenesis but inhibit terminal differentiation [45], while 

others show that missexpression of either Wnt-5a or Wnt-5b delay or inhibit 

chondrocyte maturation, although there is support that these highly 

homologous genes are acting on different steps in the progression of 

differentiation [7].  
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 While these two groups of Wnt molecules have been heavily investigated 

their intricate interactions and functions still remain to be clearly elucidated.  It 

comes as no surprise then, that there are several other Wnt proteins 

implicated in chondrogenesis with roles even less understood.  For instance, 

Wnt-4 missexpression accelerates chondrocyte maturation and bone collar 

formation [3,7].   Wnt-4 has also been localized to areas of joint initiation 

although its role during this process remains unclear [7].  In addition, Wnt-6 

has been localized to the periphery of the developing limb bud in the chick 

[24,32], however, this expression pattern may not suggest a role in 

chondrogenesis.  In fact, previous data suggests that Wnt-6 instead functions 

during myogenesis and may push cells toward a myogenic lineage [46].  

Additional experiments have also implicated Wnt-9a (a.k.a. Wnt-14) and Wnt-

11 in the Indian Hedgehog (IHH) pathway [7,45], as well as Wnt-16 in 

cartilage repair and osteoarthritis [48].  However, these three assertions are 

based solely on expression/localization data and, to date, only the regulation 

of IHH by Wnt-9a has been supported by functional experimentation [47].  

 Because of the large number of Wnt signaling molecules with complex 

interactions causing very different results on chondrogenesis, it may be 

beneficial to focus on the significantly smaller number of Wnt receptors.  The 

Frizzled family of receptor proteins contains the main binding partners of most 

Wnt signaling molecules and several of them play roles in chondrogenesis.  

Frizzled-1 and Frizzled-7 have both been shown as enhancers of 

chondrogenesis [3,18,19].  While the mechanism by which Frizzled-1 acts is 
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unclear, it is believed that Frizzled-7 enhances mesenchymal condensations 

and early chondroblasts differentiation [18,19].  Frizzled-4 also plays a role in 

chondrogenesis by transducing the signal of Wnt-5a facilitating the blockage 

of Wnt-3a chondrogenic inhibition [44]. 

 While these frizzled proteins seem to enhance cartilage formation there 

are several frizzled related proteins that serve to interrupt cartilage 

development.  For example, both sFRP-1 & 2 (secreted frizzled related 

protein) have been identified as inhibitors of chondrogenesis [16,20].  Both 

proteins seem to achieve this end by modulating Wnt signaling, perhaps by 

competition for frizzled receptor sites.  However, later work on sFRP-2 

knockout mice suggest that loss of this protein causes mild shortening and 

malformations of the limbs [17], illustrating the confusion surrounding these 

complex interactions between signaling proteins and receptors.  Two final 

Wnt antagonists worth noting are Frzb-1 and Dickkopf-1 (DKK-1).  These 

proteins are both known to block Wnt Signaling [20,91], although, Frzb-1 has 

been shown to enhance mesenchymal condensation, suggesting that it only 

blocks later steps in chondrocyte hypertrophic differentiation [21]. 

 Aside from investigating Wnt secreted molecules, receptors, and related 

proteins, it is also very important to examine other key downstream signaling 

molecules that are part of this pathway.  For example, three early 

downstream effectors, Dishevelled proteins (Dvl1, Dvl2, and Dvl3), are all vital 

for proper Bone Fracture Repair (BFR) as well as chondrocyte proliferation 

and differentiation, as our laboratory previously showed [127].  These Dvl 
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proteins are largely important because of their interaction with the key 

transcriptional mediator of the Wnt pathway, ß-catenin.  This gene’s activation 

is the requisite step in the canonical Wnt signaling pathway.  Because ß-

catenin is necessary for the transcription of target genes activated by several 

different signaling molecules it is no surprise that it has been linked to several 

process such as osteogenesis [49], chondrogenesis [50,51], and even the 

regulation of gap junctions [52]. 

 In chondrogenesis, ß-catenin is required even for BMP-2 stimulation of 

cartilage formation [50].   ß-catenin also exerts its transcriptional effects by 

binding to downstream targets such as the transcription factors Lymphoid 

enhancer factor-1 (Lef-1) and T-cell factor-1 (Tcf-1).  While single knockouts 

of these two genes show little effect on cartilage formation, the double 

knockout results in limb deficiency suggesting that they play redundant but 

important roles in limb formation [55].  Further, these two genes also play a 

role in the dedifferentiation of articular cartilage via Wnt-3a [22].  In addition to 

Tcf-1, Tcf-4 has also been shown to be necessary for chondrogenesis as a 

dominant negative form of the protein inhibited cartilage formation [54].   The 

unique ability to enhance and/or to repress the process of chondrogenesis 

depending on the availability of extracellular Wnt stimuli illustrates how 

influential this pathway is to the process of chondrogenesis.  The intricacy of 

the interactions between initial stimuli and their downstream targets also 

illustrates the complexity and flexibility of this pathway.    

 

 9



1.4 BMP signaling 

While the Wnt proteins are some of the most studied regulators of 

chondrogenesis, the Bone Morphogenic Protein (BMP) family, a subset of the 

Transforming growth factor beta (TGFβ) signaling superfamily, is the engine 

that drives this process.  Within this family, BMP-2 is the most potent and well 

characterized chondrogenic stimulators and is routinely used to stimulate 

chondrogenesis in vitro [11, 12, 13].  Specifically, BMP-2 was found to be, by 

itself, sufficient to induce chondrogenesis [112,113,114].  However, other 

BMP family members also play vital roles in chondrogenesis.  For instance, 

BMP-6 induces hypertrophy [35] and even shows redundancy with both BMP-

2 [41] and TGFβ [36].  BMP-7 is a strong inducer of differentiation, perhaps 

with even a more robust signal than BMP-2 [37].  However, recent reports 

show that BMP-7 induces adipogenic differentiation in mesenchymal stem 

cells but not chondrogenesis in micro-mass culture [111].  Further, BMP-9, 

BMP-12, and BMP-13 (a.k.a. CDMP-2) have all been shown to induce 

chondrogenesis in vitro [38,39,40].  Other BMP molecules seem to have 

slightly more involved roles during chondrogenesis; BMP-3 modulates other 

BMP signals while its overexpression actually delays chondrocyte 

differentiation [42].   

Experiments with BMP-4 show this factor up-regulates collagen II but 

blocks terminal differentiation and hypertrophy [33,34].  Other studies showed 

that TGFβ also has the potential to induce chondrocyte proliferation and 

differentiation [14] and has been spatiotemporally localized to areas of 
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chondrogenesis in developing rats [118], while TGFβ-3 has been used in 

surgeries and in vivo to ehance cartilage production and repair [115.116].  

However, a study in chick limb mesenchymal cells suggests that TGFβ-3 may 

also work to inhibit chondrogenesis in vitro [117].  Even though some 

members may only act on specific steps in the process; overall, the BMP/TGF 

signal acts to stimulate chondrogenesis like no other signaling family does.   

Because of this vital role triggering cartilage formation, genes acting at 

several levels of the BMP signaling pathway have been linked to 

chondrogenic regulation.  For example Smads, BMP signaling downstream 

effectors, have proven to be integral in the transduction of the signal.  Smad-1 

is the major effector facilitating both BMP stimulation and Epidermal Growth 

Factor (EGF) repression of chondrogenesis [107] while Smad-5 has been 

linked to the transactivation of the collagen II promoter in chondroprogenitor 

cells [109].  Also, the repressor Smad-6 has been shown to block BMP 

induction of Sox9 [108].   

At the transcriptional level, as a result of BMP signal transduction, Sox9 

is the critical transcription factor protein.  This SRY-related protein is a main 

transcription factor for Collagen II [25.26] and the master regulator of 

chondrogenesis [27,28].  Sox9 is also responsible for the regulation of Sox-5 

& Sox-6 which both help pattern cartilage formation [76].  In fact, the trio of 

Sox-5,6, and 9 are sufficient to induce chondrogenesis by stimulating matrix 

production [77].  The matrix molecule(s) induced by Sox mediated 

transcription make up the physical structure of cartilage matrix.  Collagen II is 
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the major structural component in cartilage and is produced by proliferating 

chondrocytes [29].  It was recently found that a synthetic peptide 

corresponding to residues 195-218 of Collagen II sequence alone can induce 

hypertrophy in bovine articular cartilage explants [30], suggesting Collagen II 

may play a role in chondrogenesis even after it has been degraded.   Another 

matrix molecule activated by Sox9 is Collagen IXa1 [59] which is necessary to 

stabilize Collagen II within the cartilage matrix [60,61].  Collagen XI and the 

structural proteoglycan Aggrecan can further stabilize the cartilage matrix 

[62,85].  As hypertrophy is reached chondrocytes begin to produce Collagen 

X, making it the marker of mature cartilage matrix [30,31]. 

 Although BMP signaling predominately regulates chondrogenesis 

positively; several signaling proteins that block or repress its activation have 

been discovered.  For example, Noggin signaling blocks both chondrogenesis 

and BMP activation causing increased osteogenesis in stem cells [82].  

However, when Noggin null mice were studied, both accelerated and delayed 

mineralization was observed, suggesting complex tissue specific responses 

to Noggin/BMP stimulation [83].  Chordin is another signaling protein known 

to inhibit BMP signaling, but its expression is related to osteogenesis which 

accelerates when Chordin is knocked down [84].  EGF also signals the 

inhibition of chondrocyte differentiation and limb formation [110].  As 

mentioned before, it was suggested this inhibition is accomplished by EGF 

competing for Smad-1 with various BMP signals [107].   
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1.5 FGF signaling 

 As vital as Wnt and BMP signaling pathways are to the initiation of 

chondrogenesis, there is another family of signaling molecules that are 

necessary to regulate the hypertrophic differentiation of chondrocytes, that is, 

the Fibroblast Growth Factors (FGF’s).  FGF-2 is as potent initiator of 

chondrogenesis specifically in NCC’s in the craniofacial region [73] but also 

functions in other areas of the body such as limb, nasal, and mandibular 

regions [68].  FGF-18 regulates chondrogenesis at every level, from early 

chondrocyte proliferation to hypertrophic differentiation and even vascular 

invasion of the growth plate [70].  FGF-18 is modulated by its interaction with 

the receptor, FGFR3, which exerts its affect on chondrogenesis and 

osteogenesis [71,72].  One of the most important roles of the FGF family is to 

regulate the patterning and inception of the limb bud by three key signaling 

molecules (FGF-8, FGF-9, and FGF-10).  The primary role of FGF-8 during 

development is to induce patterning in craniofacial and limb bud regions [68] 

by modulating both FGF-10 and FGF-9 expression.  FGF-9 helps to promote 

hypertrophy [69] while FGF-10 is crucial for joint patterning and development 

[74].  Interestingly, the most important member of this family in regards to limb 

bud formation may be FGFR2 which regulates the effects of both FGF-8 and 

FGF-10 [106].  While not as entwined in the process of chondrogenesis as 

some of the other signaling families; the FGF’s are no less a vital and 

necessary component of cartilage formation.  
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1.6 Other regulators of chondrogenesis 

 In addition to these three signaling families there are several other critical 

regulators of chondrogenesis that have been identified.  For example, N-

cadherin, a calcium-dependent adhesion molecule, has long been linked to 

cell-cell adhesion that accompanies mesenchymal condensation [8].  

Specifically, through interaction and regulation of the catenin cytosolic 

complex, an amalgamation including parts of the cell cytoskeleton, ß-catenin, 

and α-catenin, N-cadherin is able to facilitate the condensation of 

mesenchymal precursor cells that will differentiate into chondroblasts and 

proliferating chondrocytes.  This role of N-cadherin has been observed both in 

vitro and in vivo [9,10].     

 Two members from the Hedgehog family have also been linked to 

chondrogenesis.  Sonic Hedgehog (SHH) is a known potent patterning 

molecule; therefore it is no surprise that it has been found to signal limb 

formation and patterning [81].  Additional experiments also implicate SHH in 

early pre-chondrocyte stimulation [80].  Another family member, Indian 

Hedgehog (IHH) is a potent enhancer of cartilage formation as it helps to 

orient chondrocyte orientation within the matrix as well as stimulating 

proteoglycan production [78, 79].  Interestingly, while SHH and IHH have 

different temporal and spatial expression patterns during limb formation, when 

these two signals were switched and placed under the control of the 

opposite’s promoter, it was shown that each could perform the other’s 

function [75]. 
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 One rare opportunity for dedifferentiation in the process of chondrogenesis 

is offered in part by Parathyroid Hormone (PTH).  PTH, by itself, acts to 

promote chondrocyte proliferation, however when working with PTH Related 

Protein (PTHrP) it can dedifferentiate hypertrophic chondrocytes back to the 

proliferating stage [65].  PTHrP by itself increases matrix production, but not 

hypertrophy [63].  Interestingly, when both of these signals are blocked, long 

bone chondrocyte hypertrophy is diminished during development [64]. 

 Signaling molecules known to be influential in other biological processes 

play a role in chondrogenesis as well.  Signals from both Hypoxia inducible 

factor (HIF-1α) and Vascular Endothelial Growth Factor (VEGF) seem to be 

necessary for chondrogenesis [88,89].  Unfortunately, except for the fact that 

HIF-1α seems to regulate Sox9 expression [87] and that VEGF and its 

receptors are up-regulated during BMP-2 treatment of chondrocytes in vitro 

[89] little is known of how these extracellular signals help coordinate this 

process. 

   Another important signaling molecule is Insulin-like growth factor-1 (IGF-1) 

that has been implicated in facilitating proliferation and differentiation of 

mesenchymal precursor cells during chondrogenesis [14].  Also, interleukin-1 

(IL-1) is thought to be involved in inflammation and cartilage degradation, as 

was observed when ex vivo mandibular condyles from young and old mice 

were treated with IL-1 or TGFβ and compared to controls [15].   

 While each of these signaling molecules and pathways are strong 

regulators of chondrogenesis on their own, the true complexity of this system 
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cannot be realized until one considers the many different interactions that 

occur between these molecules/pathways during chondrocyte differentiation.  

BMP-2 initiation of cartilage formation requires the involvement of the 

aforementioned cell-cell adhesion via N-cadherin [11].  Additionally, 

chondrocytes activated by BMP-2/N-cadherin can be further regulated by the 

addition of various Wnt molecules.  For example, treatment of murine 

C3H10T1/2 mesenchymal cells with Wnt-3a enhances BMP-2 activation of 

chondrocyte differentiation while exposure to BMP-2 is not sufficient to rescue 

chondrogenic differentiation when cultures are also treated with Wnt-7a, as 

would be expected by what is known of these genes individually [2,119]. 

 Despite this wealth of knowledge regarding the molecular events 

responsible for regulating chondrogenesis, several questions remain 

unanswered.  For example when cartilage is degraded in vivo, its 

regeneration happens very slowly, if at all; therefore, learning to reactivate 

this process could be of great benefit to the millions suffering from 

osteoarthritis as well as other cartilage injuries.  Unfortunately, restarting this 

process in an acellular tissue matrix is only half the solution.  How best to 

modulate this process while ensuring mature cartilaginous matrix continues to 

be produced is currently unknown.  However, before we achieve the ability to 

manipulate chondrogenesis in vivo, we must first fully elucidate the molecular 

components of this process and their impact upon it.  Unfortunately, there are 

likely many unknown or novel genes, whose individual and combined 

involvement in chondrogenesis remain to be elucidated.  Research on one of 
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these genes, Mustn1, comprises the essence of this dissertation.  Based on 

our data, Mustn1 appears to play a pivotal role in the early stages of 

chondrogenesis.  By fully elucidating its function in cartilage formation it may 

be possible to gain a clearer understanding about the mechanism of 

chondrogenesis, and we hope that this will lead to greater understanding of 

this process. 

 

1.7 Mustn1 cloning and cellular localization  

 Using transcriptional profiling in a mammalian bone regeneration model 

[120], as well as expressional analyses [121], previous work in our laboratory 

identified the Musculoskeletal temporally activated novel gene (Mustang 

a.k.a. Mustn1) as up-regulated during fracture repair.  Mustn1 encodes for a 

small (9.6 kDa) nuclear protein that shows amino acid homology when 

compared to mammals; however, homology is reduced in non-mammals, 

such as chick and zebrafish, and is not present in the genomes of 

invertebrates like Drosophila or C. elegans.  Further, Mustn1 only contains a 

single motif, that of a nuclear localization signal that has been experimentally 

verified with Mustn1-GFP fusion experiments and found to localize to the 

nucleus, but neither the nuclear envelope nor nucleoli.  Unfortunately, there 

are no other identifiable motifs found in Mustn1’s sequence that offer any 

clues to its possible role.  There are, however, a few sites for post 

translational modification: N-myristylation and phosphorylation.  The 

activation of these sites may regulate conformational state and/or activity 
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however; no experimentation was performed to even validate that these 

modifications occur or what characteristics they impart on the Mustn1 protein.   

Myristylation is especially a curious finding as myristylation usually occurs on 

N-terminal amino acids and this site is found deep within the coding sequence, 

making it unlikely for this particular modification unless Mustn1 undergoes a 

cleavage event prior to modification.  Further, it is unclear how the addition of 

a myristoyl group would affect a nuclear protein.  Obviously, further 

elucidation of both the phosphorylation and myristylation sites is required. 

 

1.8 Mustn1 temporal and spatial localization during 

fracture repair 

 The cellular localization of Mustn1 suggests this gene is probably involved 

in the few processes that occur within the nucleus, including DNA synthesis, 

chromatin remodeling, transcriptional regulation, post transcriptional 

modification, etc.  However, since Mustn1 is only found in the musculoskeletal 

system in adult tissues [121] it is likely that Mustn1 is not involved in DNA 

synthesis, chromatin remodeling, or post transcriptional modification because 

these processes occur ubiquitously throughout different tissues.  If Mustn1 

were involved in one of these processes it would be expressed in more cell 

types/tissues than its expression pattern demonstrates. This leaves cell type 

specific transcriptional regulation as the likely role of the Mustn1 gene.  

Further, the lack of any RNA/DNA binding domains suggests that Mustn1 is 

likely a transcriptional co-regulator limited in its involvement to 
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musculoskeletal processes such as chondrogenesis, osteogenesis and 

myogenesis.  However, no protein binding experimentation has yet been able 

to verify this hypothesis. 

 Indirect evidence for its involvement in osteogenesis and chondrogenesis 

is provided by Mustn1 transcriptional up-regulation in early stages of BFR, 

especially its expression by osteoprogenitor cells of the periosteum, 

osteoblasts and proliferating chondrocytes.  Because it is well supported that 

BFR recapitulates bone development [122,123,124], spatial localization was 

also investigated in both developing limb buds and vertebra in mice as well as 

adult rat joints.  The results from these studies revealed that Mustn1 

expression was greatest in the perichondrium, proliferating pre-chondrocytes, 

and mesenchymal progenitor cells in developing mouse limb, intervertebral 

discs, and tail buds [121], thus implicating this gene in either proliferation 

and/or differentiation.  Further experiments showed that there is no Mustn1 

activity in the growth plate of long bones but expression in proliferating 

chondrocytes of articular cartilage.  Taken together, these expression studies 

suggest that Mustn1 is involved in the differentiation of proliferating 

chondrocytes into mature cartilage producing hypertrophic chondrocytes and, 

as such, implicates Mustn1 in the process of chondrogenesis.   

 

Overall hypothesis: Perturbation of Mustn1 will alter chondrogenic 

differentiation in vitro and chondrogenesis in vivo.     
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Specific Aim1:  

Validate that BFR recapitulates bone development. 

 Hypothesis: Hox genes active during musculoskeletal development will 

be reactivated during BFR. 

 Rationale:  As has been reported by others BFR recapitulates bone 

development [122,123,124].  Specifically, five Hox genes known to be active 

during musculoskeletal development (Msx-1, Msx-2, rHox, Hoxa-2, and Hoxd-

9) should all become reactivated during BFR. 

 

Specific Aim 2: 

Characterize Mustn1 spatial expression during embryonic development. 

 Hypothesis:  Mustn1 will be expressed in the developing musculoskeletal system. 

 Rationale:  If fracture repair recapitulates development and since Mustn1 is 

expressed abundantly during the repair process, then it should also be expressed 

during development of the musculoskeletal system.   

   

Specific Aim 3: 

 Determine the in vitro effects of Mustn1 overexpression on chondrocyte 

proliferation and differentiation. 

 Hypothesis: Overexpression of Mustn1 in chondrocytes will affect 

proliferation and/or differentiation. 
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 Rationale: Previous data suggests that Mustn1 is a transcriptional co-

activator or co-regulator [121] and as such, overexpressing it will affect either 

proliferation and/or differentiation. 

 

Specific Aim 4: 

Determine the in vitro effects of Mustn1 silencing of chondrocyte proliferation and/or 

differentiation. 

 Hypothesis:  Silencing of Mustn1 will affect proliferation and 

differentiation. 

 Rationale:  Previous data suggests that Mustn1 is a transcriptional co-

activator or co-regulator [121] and as such, silencing it will affect proliferation 

and/or differentiation. 

   

Specific Aim 5: 

Elucidate the in vivo effects of Mustn1 silencing during X. laevis development. 

 Hypotheses:  Mustn1 silencing will reduce or block the rate of musculoskeletal 

development in vivo.   

 Rationale:  If Mustn1 is a co-activator of transcription it will be necessary and/or 

sufficient for transcription resulting in an impact on musculoskeletal development.  If 

this is the case, then Mustn1 may influence chondrogenesis, osteogenesis, and 

muscle formation during development.   

 

 21



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4 62

Dorsal

PosteriorAnterior

Ventral

- Forebrain
- Midbrain
- Hindbrain

Eye

1st
2nd

3rd
4th

Mandible

6

Pharyngeal Pouch/

Branchial Arches

4 62

Dorsal

PosteriorAnterior

Ventral

- Forebrain
- Midbrain
- Hindbrain

Eye

1st
2nd

3rd
4th

Mandible

6

Pharyngeal Pouch/

Branchial Arches

 
 
 
Figure 1. Cranial neural crest migration during X. laevis embryogenesis.  
Cranial NCC’s originate between the neural and non neural ectoderm within 
the fore, mid, and hindbrain.  As the neural tube closes, these cells migrate 
from their dorsal location in several distinct tracks.  The NCC’s of the 
forebrain migrate anteriorly to contribute to the development of the nasal 
process and palate.  The NCC’s located in the midbrain migrate ventrally and 
anteriorly to contribute to the development of the mandible and ear bones.  
The NCC’s of the hindbrain migrate ventrally to populate the pharyngeal 
pouches and branchial arches.   
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2. Reactivation of Hox gene expression 
during bone regeneration 

 
 

2.1 Summary 

 Previous studies have explored the link between bone regeneration and 

skeletogenesis.  Although a great deal is known regarding tissue and cell 

based events, especially those involving ossification and chondrogenesis, 

much remains unknown about the molecular similarity of repair and 

development.  Since the functional significance of Homeobox (Hox) genes in 

embryonic skeletogenesis has been well documented through knockout and 

deficiency studies, we chose to investigate whether members of this family 

are reactivated during fracture repair.  Specifically, we examined the temporal 

and spatial expression of Msx-1, Msx-2, rHox, Hoxa-2, and Hoxd-9, because 

of their involvement in limb development.  Utilizing quantitative reverse 

transcriptase RT-PCR (qPCR), mRNA levels from all five genes were shown 

to be up-regulated during fracture repair at all times tested (post-fracture day 

3-21), as compared to intact bone.  Further, using in situ hybridization and 

immunohistochemistry, spatial expression of these genes was localized to 

osteoblasts, chondrocytes and periosteal osteoprogenitor cells found within 

the fracture callus, the foremost cells responsible for the reparative phase of 

the healing process.  Given the contribution of Hox genes in skeletal 

development, our results suggest that these genes are involved in either the 
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patterning or formation of the fracture callus, further supporting the notion that 

bone regeneration recapitulates skeletal development. 

 

2.2 Introduction 

 It is well accepted that fracture repair is essentially a recapitulation of bone 

formation during development [7, 10, 11, 23, 33].  This connection is based 

on the notion that both processes involve similar molecular mechanisms that 

control cellular behavior and ultimately lead to the differentiation of 

mesenchymal cells into active osteoblasts and chondrocytes.  Eventually, 

these cells direct the regeneration of skeletal tissues (bone and cartilage) that 

comprise the fracture callus and provide the ideal biomechanical environment 

for healing.  Despite these marked similarities there are some clear 

differences, namely, the inflammatory response following a fracture, as well 

as remodeling, both processes which are absent during embryonic skeletal 

development.    

 In addition to these tissue and cell level morphological events, further 

similarities between embryonic bone development and regeneration can be 

found at the molecular level, especially in the activation patterns of specific 

genes.  For example, the signaling genes Indian hedgehog (IHH) and 

Vascular Endothelial Growth Factor (VEGF), as well as matrix associated 

genes such as and Matrix Metalloprotease (MMP) 13, and transcription 

factors such as Core binding factor alpha 1 (Cbfa1/Runx2), and Glicentin 1 

(Gli) all show related expression patterns throughout embryonic development 
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and fracture repair [7,33].  The same is true for members of the Transforming 

Growth Factor beta (TGFβ) superfamily [reviewed in 10].  Further, through 

global transcriptional profiling, our laboratory has also shown the expression 

of a large number of other genes that are up-regulated during both skeletal 

development and regeneration [11, 21], including novel genes [23].   

 Based on these results, we hypothesized that other genes important 

during skeletal embryogenesis, such as Hox genes, are also reactivated 

during fracture repair.  Hox genes represent transcription factors that were 

originally identified in Drosophila and, along with their mammalian homologs, 

have been implicated in a wide variety of processes during embryogenesis 

[reviewed in 17].  Specifically, we focused on Hox genes that are known to be 

involved in limb bud formation during embryogenesis [15], such as Msx-1, 

Msx-2, Hoxa-2, and Hoxd-9.  In addition, we analyzed the expression of 

another Hox candidate, rHox (also known as MHox, Prx1, Pmx, and Prrx), 

which was initially identified in osteoblasts [18] and found to be up-regulated 

during fracture repair [11].  Results from knockout studies suggest that some 

of these Hox genes play significant roles in bone development and as such, 

they may also have key roles in the fracture repair process.  For example, 

Msx-2 mutant mice show abnormal cartilage and endochondral bone 

formation, reduced axial and appendicular skeletal length, as well as reduced 

numbers and altered morphology of osteoblasts and proliferating and 

hypertrophic chondrocytes [31].  Msx-1 and Msx-2 were also shown to play 

essential, and possibly redundant, roles in craniofacial development including 
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formation of sutures in the skull cap and tooth development [1].  Skeletal 

abnormalities were also observed for Hoxa-2 and Hoxd-9 deficiency.  

Specifically, absence of Hoxa-2 results in multiple cranial defects [9], while 

absence of Hoxd-9 creates malformations of the deltoid crest and reduction in 

humerus length.  These observed effects suggest that Hoxd-9 and Hoxa-2 

are involved in skeletal patterning [8, 5].  Lastly, rHox is thought to direct 

formation of pre-skeletal condensations from undifferentiated mesenchyme 

because of the observation that rHox -/- mice die shortly after birth with loss 

or malformations of all skeletal components, including craniofacial, limb, and 

vertebral structures [25].   

 Recently, using suppressive subtractive hybridization and microarray 

studies, our laboratory identified some of these genes to be up-regulated 

during bone regeneration [11].  In this study, we further explore the temporal 

and spatial expression patterns of five Hox genes: Msx-1, and Msx-2, rHox, 

Hoxa-2, and Hoxd-9, using qPCR, in situ hybridization and 

immunohistochemistry.  Herein we reveal that all of these genes, known to 

participate in embryonic skeletal patterning, are reactivated during the 

development of a mammalian fracture callus. 

   

2.3 Methods 
Fracture Model 
 All methods and animal procedures were reviewed and approved by the 

University’s Institutional Animal Care and Use Committee and met or 

exceeded all federal guidelines for the humane use of animals in research.  
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Controlled fixed fractures were generated in the right femurs of twenty-eight 

six-month old male Sprague Dawley rats by a procedure previously described 

[4] and routinely performed in our laboratory [11, 12, 13, 14, 21].   A set of five 

animals was euthanized by CO2 inhalation at post fracture (PF) day 3, 5, 7 

and 10, and a set of 4 animals at PF day 14 and 21.  Both the fractured and 

intact contralateral (control) femurs were dissected free and processed for 

RNA, protein or immunohistochemistry. 

RNA Isolation 

 Total RNA was isolated on PF days 3, 5, 7, 10, 14 and 21 from calluses as 

well as the contralateral control femurs.  Calluses were harvested from 

diaphyses (approximately 5 mm proximal and distal to the fracture midpoint).  

These samples were homogenized in TriZol reagent (Invitrogen) or ToTALLY 

RNA (Ambion) as described previously [11-14, 21, 23].  As control, the intact 

femurs (including articular cartilage) were also homogenized in TriZol reagent 

(Invitrogen) or ToTALLY RNA (Ambion) as described above. 

Quantitative reverse transcriptase real time polymerase chain reaction (qPCR) 

 mRNA, in equivalent amounts from four animals, was pooled to make the 

intact and PF day 3, 5, 7, 10, and 14 stock samples.  Only two animals were 

combined to create the PF day 21 pool.  Also, a reference pool (used in the 

calibration curve) was created by combining equal amounts of RNA from all 

samples of intact and PF day pools.  Primers were custom-designed (Primer 

3, http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) to amplify 206-315 

bp sequences within the coding sequences of the experimental genes Msx-1, 
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Msx-2, rHox, Hoxa-2, and Hoxd-9 (Table 1).  All gene expression patterns 

were normalized to the expression pattern of β-actin (Table 1).  All reactions 

utilized the One-Step QuantiTect SYBR Green RT-PCR kit (Qiagen) and were 

run using a Light Cycler (Roche).  Optimization of reaction conditions was 

performed for each gene by altering annealing temperature (56-60oC).  Each 

run contained intact and PF day 3, 5, 7, 10, 14, and 21 RNA for both the 

experimental genes and ß-actin in addition to a five point calibration curve.  

The experimental gene values for all time points were normalized to their 

respective ß-actin levels.  Each experimental gene was run 3 times and 

results are reported as average fold change in expression relative to intact 

levels with ± standard deviation (SD). 

Histochemistry and Immunohistochemistry 

 Intact contralateral control and fractured femurs from each PF day were 

dissected free of soft tissue, fixed in 10% buffered formalin, decalcified in 5% 

formic acid, and embedded in paraffin (Polysciences).  Serial longitudinal 

sections (10 µm) were then cut from each sample.  Immunohistochemical 

analysis was performed on specific sections using primary polyclonal 

antibodies for Msx-1, Msx-2, Hoxa-2, and Hoxd-9 at a concentration of 1:50 

(Santa Cruz Biotech) in conjunction with biotinylated anti-goat (Jackson 

Immunoresearch) or anti-rabbit (Zymed) secondary antibodies at a 

concentration of 1:200.  Sections were incubated at 60o C for 30 min, then 

deparafinized in xylene, and hydrated using an ethanol gradient.  The 

sections were next permeabilized in PBS containing 0.2% Triton X-100 for 10 
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min, washed in PBS, and blocked (PBS with 3% horse serum) for 30 min.  

Sections were then incubated overnight at 4o C with primary antibodies in 

blocking buffer.  The following day, sections were washed in PBS and 

incubated with biotinylated secondary antibodies (Jackson Immunoresearch, 

Zymed) in blocking buffer for 30 min.  After additional washing, ABC reagent 

(Vector) was added for 30 min and sections were washed again before 

detection with DAB reagent (Vector).  Negative controls were generated on 

adjacent sections within the fracture callus by omitting the primary antibodies 

application.  In addition Safranin O/fast green staining was performed on 

adjacent sections using standard staining procedures to indicate the areas of 

cartilage and bone.  All sections were analyzed under bright field microscopy 

using a Zeiss microscope (Axiovert 200) and images were captured with a 

CCD camera (AxioCam MRc). 

In situ hybridization: 

 In situ hybridization was carried out as previously described [23].  Briefly, 

prior to hybridization, all tissue sections were deparaffinized in xylene, 

washed, and hydrated using ethanol gradients.  Protein digestion was 

accomplished by incubation in 1N HCl, followed by incubation with varying 

concentrations of proteinase K (1-100µg/mL, Roche).  The sections were 

acetylated with 0.5% acetic anhydride in PBS (pH 8.0) for 10 min with 

continuous stirring.  Riboprobes (antisense and sense) for rHox in 

hybridization buffer were heated at 80oC for 3 min, followed by quick cooling 

in ice water.  The hybridization mixture contained each riboprobe (1.0ng/µL), 
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50% deionized formamide, 10% dextran sulfate, 2X SSC, 0.02% SDS, 0.01% 

salmon sperm DNA.  The slides were incubated for 16 hr at 60o C in a 

humidified chamber.  After hybridization the sections were washed and 

processed using an anti-DIG detection assay (Roche).  Finally, the sections 

were rinsed with tap water, mounted, viewed under bright field microscopy 

using a Zeiss microscope (Axiovert 200) and images were captured with a 

CCD camera (AxioCam MRc). 

 

2.4 Results 

Temporal mRNA expression analyses: 

 Previous transcriptional profiling experiments from our laboratory identified 

rHox as differentially regulated during bone regeneration with mRNA levels in 

the fracture callus at  2.1, 3.8, 4, 5.2, 5.7, and 2.4-fold greater (relative to 

intact bone) for PF day 3, 5, 7, 10, 14 and 21, respectively [11].  To verify 

these results and to conclusively determine rHox expression pattern during 

callus progression, we carried out qPCR.  This analysis revealed a similar 

trend in expression, that is, a steady increase in rHox expression peaking at 

19.1-fold on PF day 10 followed by a decrease in expression, but still at much 

higher levels than intact bone, at PF day 14 (9.3 fold) and 21 (11.2 fold) 

(Figure 1A).  Linear regression and correlation analysis of the two data sets 

yielded an R2 value of 0.45, indicating that microarray data on its own is not 

very conclusive (although it did show a similar trend of up-regulation) and 

should be confirmed with more quantitative assays.   
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 Similarly, we sought to determine the exact expression levels of the 

remaining Hox candidate genes.  For simplification of presentation and 

analysis, data from Hoxa-2 and Hoxd-9 analysis are grouped together in a 

single graph (Figure 1B) while those for Msx-1 and Msx-2 are shown in Figure 

1C.  Hoxa-2 shows a steady increase (2.7-5.4 fold) in expression for the first 

14 days and then a dramatic peak on PF day 21 with a 13.7 fold increase in 

expression relative to intact.  In contrast, Hoxd-9 shows peaks in expression 

at PF days 3 and 10 (6.1 and 7.2 fold, respectively) (Figure 1B).  In the case 

of Msx-1 and Msx-2, both genes exhibited peaks of mRNA expression on PF 

day 7 with 6.1 and 12.6-fold increases respectively, and again the level of up-

regulation was evident throughout all points tested (Figure 1C).  In summary, 

all of the genes monitored exhibited a clear increase in mRNA expression as 

compared to those detected in intact bone throughout the 21 post fracture 

days monitored.   

Spatial mRNA/protein expression Analysis: 

 Given that the RNA isolated from fracture calluses was derived from a 

heterogeneous population of cells, we sought to determine which particular 

cell type(s) in the callus is/are responsible for specifically expressing each of 

the Hox genes tested.  We utilized both in situ hybridization (for rHox) and 

immunohistochemistry (for Msx-1, Msx-2, Hoxa-2, and Hoxd-9,) to fulfill this 

objective.   

 Since no antibody was available for rHox, spatial localization analysis was 

performed via in situ hybridization on PF day 10 callus sections.  We chose 
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PF day 10 because it is the time point where the highest level of rHox 

expression was detected.  In addition, on PF day 10 many of the biological 

processes (i.e. intramembranous ossification, chondrogenesis, endochondral 

ossification,) are occurring simultaneously within the fracture callus.  Strong 

hybridization was detected in areas of fibrocartilage, cartilage, periosteum, 

and woven bone as compared to sense control (Figure 2).  More specifically, 

in areas of cartilage, proliferating and pre-hypertrophic chondrocytes stained 

much more robustly than terminally differentiated hypertrophic chondrocytes 

(Figure 2A, and C).  Osteoprogenitor cells lining the periosteum also 

demonstrated strong staining (Figure 2D).  Lastly, intense hybridization was 

detected in active osteoblasts found in areas of woven bone (Figure 2D, E, 

and F).  In contrast, trapped osteoblasts that presumably differentiated into 

osteocytes, do not show robust reactivity to the rHox antisense riboprobe 

(Figure 2D, and F).  Lastly, hybridization of an adjacent section within the 

fracture callus (to that shown in Figure 2A) with the control sense rHox 

riboprobe, showed no labeling (Figure 2B).      

 For the remaining genes, Msx-1, Msx-2, Hoxa-2, and Hoxd-9, 

immunohistochemistry was performed using polyclonal antibodies specific for 

each protein.  Again, we chose callus sections from PF day 10 because they 

represent the multiple biological processes proceeding simultaneously during 

fracture repair.  To help us histologically distinguish between these different 

tissues, Safranin O/fast green staining was used on adjacent callus sections 
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which stains areas of bone as blue/green and cartilage as red (Figure 3B, 3H, 

and 4B).   

 Hoxa-2 and Hoxd-9 showed very similar spatial expression patterns, 

especially when viewed at low magnification (Figure 3A and C) and as 

compared to the negative control (secondary antibody only) that is devoid of 

immunostaining (Figure 3E).  Both Hoxa-2 and Hoxd-9 displayed strong 

protein expression in proliferating chondrocytes/pre-hypertrophic 

chondrocytes but strikingly diminished expression in hypertrophic 

chondrocytes typically found at the core of the soft callus (Figure 3D and F).  

In contrast, intense staining is detected in areas of fibrocartilage (Figure 3A 

and C).  Similarly, strong immunoreactivity was also observed in osteoblasts 

found in the surrounding newly formed woven bone (Figure 3D, F, G and I), 

as well as in osteoprogenitor cells of the periosteum (Figure 3G and H).  

Lastly, Hoxa-2 and Hoxd-9 staining persists in osteoblasts/osteocytes that 

have been trapped in the newly made woven bone (Figure 3D, F, G and H). 

   Interestingly, Msx-1 and Msx-2 show similar pattern of protein expression 

to Hoxa-2 and Hoxd-9.  Specifically, intense immunostaining in 

proliferating/pre-hypertrophic chondrocytes can be observed (Figure 4A, C, D, 

and F) as compared to the negative control that shows no immunostaining 

(Figure 4E).  In contrast to Hoxa-2 and Hoxd-9, the expression pattern for 

both Msx-1 and Msx-2 persists even into the core cartilaginous regions where 

hypertrophic chondrocytes are predominantly found (Figure 4D and F).  

Although not all hypertrophic chondrocytes stained positively, a large number 
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of them are immunoreactive.  It is worthwhile to mention that the staining of 

both of these transcription factors is concentrated within the nuclei of the 

stained cells as is expected (Figure 4D and F).  Lastly, osteoprogenitor cells 

of the periosteum, as well as osteoblasts and osteocytes in areas of newly 

made woven bone were highly immunoreactive (Figure 4G and I).  In contrast, 

no staining was detected in these cells on a control adjacent section 

(secondary antibody alone), as expected (Figure 4H). 

 

2.5 Discussion 

 In this study, we chose to examine the temporal and spatial expression of 

five Hox genes, Msx-1, Msx-2, rHox, Hoxa-2 and Hoxd-9.  We specifically 

focused on these genes since they have been implicated in limb bud 

formation during embryogenesis [15] and because other genes that are 

expressed during limb formation have also been found to be reactivated 

during fracture repair [7, 33].  Thus, we hypothesized that Hox genes, critical 

regulators of the embryonic skeleton, would also be reactivated during bone 

regeneration. 

 Hox gene expression was demonstrated as crucial to body segmentation 

and patterning during embryogenesis with specific Hox members involved in 

morphogenesis by activating other transcription factors and/or signaling 

molecules [17].  Mutations in these genes result in severe malformations of 

specific organs/tissues and even death [35].  More relevant to this study, Hox 

genes were also implicated in the process of embryonic skeletogenesis.  For 
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example, Pbx-1 deficient mice showed defects in their axial and appendicular 

skeleton, while disruption of rHox resulted in deformity in, or lack of, 

craniofacial, limb, and vertebral skeletal structures [25, 32].   

 Mice deficient in rHox also revealed that this gene is active in regulating 

skeletal development and osteoblastic differentiation (binds to both collagen 

type I and osteocalcin promoters) [18, 19].  Upon further examination of the 

mutant phenotype, a defect in the formation and growth of chondrogenic and 

osteogenic precursors was identified and was suggested that rHox regulates 

the formation of pre-skeletal condensations from undifferentiated 

mesenchyme [25].  These conclusions are consistent with findings presented 

here, especially our in situ hybridization data that reveal increased rHox 

expression in periosteal osteoprogenitor cells and young active osteoblasts 

found in areas of woven bone.  In addition, we also observed strong 

expression of rHox in proliferating/pre-hypertrophic chondrocytes, consistent 

with previous data that localized rHox in chondrocytes of developing long 

bones at embryonic day 15, as well as newborn mice [25].  Further, the 

steady increase of rHox expression through PF day 10, a time where 

chondrogenesis and intramembranous ossification are occurring 

simultaneously, also supports the notion that rHox serves as a regulator for 

both osteoblast and chondrocyte differentiation.  

 In the case of Msx-1 and Msx-2, homologous genes to the Drosophila 

muscle segment homeobox gene, (Msh) [16, 29], prior findings report that 

they may have redundant functions as transcriptional repressors [1].  This 
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similarity is linked to their identical DNA coding sequence, except for a 

discrepancy found in the N-terminus of each gene which bestows Msx-2 a 

greater affinity for DNA binding but makes Msx-1 a more effective repressor 

[1].  Both genes were found strongly expressed in developing craniofacial 

regions in an overlapping manner [24], with the exception that Msx-1 is 

expressed even during postnatal stages, whereas Msx-2 expression declines 

after birth.  Consistent with these data, our results also indicate that both Msx-

1 and Msx-2 are expressed by the identical cell types within the fracture 

callus.  The expression of both genes was found to be very high (~3-13 fold) 

above mRNA levels seen in intact bone, and localized in periosteal 

osteoprogenitor cells, young active osteoblasts and proliferating/pre-

hypertrophic chondrocytes.  Furthermore, Msx-1 was showed to be 

downregulated in periosteal osteoblasts at birth but expressed postnatally in 

alveolar bone processes [27].  Although initially this might be contradictory to 

our results that show both Msx-1 and Msx-2 abundantly expressed by 

periosteum osteoblasts, when one considers the notion that fracture repair 

recapitulates embryonic development, reactivation of Msx-1 and 2 in 

periosteum-derived osteoblasts is then consistent and even expected since it 

is known that these cells originate from mesenchymal progenitors.   

 Lastly, Msx genes seem to promote proliferation while blocking terminal 

differentiation, as was shown by the downregulation of terminal differentiation 

markers osteocalcin and collagen type I through Msx-2 [6, 26] and 

cbfa/Runx2 by Msx-1 activity [3].  This is also supported by our data, 
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especially by the reduced expression of both Msx-1 and 2 detected in 

terminally differentiated osteocytes and hypertrophic chondrocytes.  In 

contrast, robust expression of both genes was detected in active osteoblasts 

and proliferating chondrocytes.  Further, suppression of terminal 

differentiation by Msx-1 and Msx-2 would explain the incomplete or delayed 

ossification of calvarial bones in Msx-2 deficient mice [31], as well as the 

complete deficiency of calvarial ossification in the Msx-1 and 2 double mutant 

mice [1].  This is probably due to the overall decrease in differentiated 

osteoblasts required to seal the cranial sutures.  Lastly, abnormal cartilage 

and endochondral ossification were also observed in Msx-2 knockout mice 

leading to a reduction in both axial and appendicular skeletal lengths [31].  

Clearly, additional experiments are required to conclusively determine the 

precise role(s) of Msx-1 and Msx-2, especially in periosteal osteoprogenitor 

differentiation during the progression of the fracture callus. 

 While Hoxa-2 knockouts and deletions were generated, studies on these 

animals primarily focused on the patterning of the branchial arches and the 

mammalian hindbrain [2, 9, 28].  However, even in these studies a link can be 

found between Hoxa-2 and skeletal development.  The Hoxa-2 mutant mice 

exhibited multiple cranial defects, including duplication of ossification centers 

of middle ear bones as well as replacement of the second branchial arch 

elements with the first set [9].  In subsequent experiments it was 

demonstrated that Hoxa-2 directs proper formation of the second arch by 

preventing chondrogenesis and intramembranous ossification [20].  Our data 
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is in agreement with the fact that Hoxa-2 is involved in chondrogenesis and 

osteogenesis (ossification) during facture repair, since we mapped the up-

regulated expression of this gene in both active osteoblasts and chondrocytes.  

In addition, osteoprogenitor cells in the periosteum also express high levels of 

Hoxa-2.  However, an interesting inference may be made from the temporal 

peak in expression on PF day 21.  Given the critical role of Hoxa-2 in skeletal 

patterning, this late peak in expression during fracture repair may indicate a 

yet undefined role of Hoxa-2 in endochondral ossification or bone remodeling, 

known to occur at this time in the callus.   

 While Hoxd-9 has been examined in systems ranging from locomotor 

behavior to cervical cancer [5, 22], its role has not been very well described 

during skeletogenesis.  The single Hoxd-9 deficiency study conducted 

showed malformations of deltoid crest and reduction of the humerus in Hoxd-

9 -/- mice [8].  In addition, a targeted disruption study of Hoxd-9 and Hoxd-10 

found alterations in axial and appendicular skeletal structures, specifically the 

presence of an additional S1 vertebrae, as well as fusion of transverse 

processes with a high rate of four fused sacral vertebrae [5].  Collectively, 

these results support our findings that Hoxd-9 is involved in fracture callus 

development, especially the early stages (PF day 3-10), consistent with the 

spatial analysis where we mapped the expression of Hoxd-9 in proliferating 

chondrocytes and osteoblasts, as well as in the periosteum.  These results 

suggest that Hoxd-9 plays a role in intramembranous ossification and 
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chondrogenesis rather than endochondral ossification which occurs at later 

times (PF 14 and 21).      

 The in vivo analyses of Msx-1, Msx-2, rHox, Hoxa-2, and Hoxd-9 

described above, indicate that each gene is involved in skeletal development 

in a very specific way.  As we expected, our hypothesis that Hox genes, 

critical regulators of the embryonic skeleton, will also be reactivated during 

bone regeneration was verified by the data presented here.  To our 

knowledge, this study is one of the first to examine the reactivation of Hox 

genes during bone regeneration.  Previously, another study showed that the 

rat homolog of the homeoprotein distal-less (Dlx) was found to be up-

regulated during fracture at PF day 2-30 [34].  This was not a surprising 

finding since Dlx has been shown to regulate the expression of osteocalcin 

which promotes osteoblast differentiation [30].  Together with our results, 

these data indicate that all five Hox genes studied are reactivated during 

fracture repair and display differential up-regulated patterns of expression by 

specific callus cell types.  It is clear from the expression studies that all of the 

Hox genes analyzed, as well as other members of their respective families 

(including Dlx), collectively function together to help control the regeneration 

of the various anatomical tissues of the callus as they develop, mature and 

eventually remodel into lamellar cortical bone.  While the precise molecular 

mechanisms of action and functional contributions for these genes during 

fracture repair remains unknown, this study provides supplementary evidence 

strongly supporting the notion that bone regeneration recapitulates 

 39



development.  Obviously, additional studies are needed to fully elucidate the 

exact roles of these genes in the fracture repair process. 
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Figure 1. Transcriptional activation of Hox genes during fracture repair.  All qPCR 
analyses were performed on pooled RNA samples (n=4 animals/time point) from intact 
femurs and post fracture days 3, 5, 7, 10, and 14.  For PF day 21, n=2.  All values represent 
average fold change relative to intact bone with error bars indicating standard deviation 
among replicates (n=3) in qPCR experiments.  A. Temporal mRNA analysis of rHox by qPCR 
(Black) and microarray (white).  Linear regression and correlation analysis was used to derive 
the R2 value.  B. Temporal mRNA analysis of Hoxa-2 (Black) and Hoxd-9 (White).  C. 
Temporal mRNA analysis of Msx-1 (White) and Msx-2 (Black).
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Figure 2. In situ hybridization of rHox during fracture repair.  This figure was contributed 
by F. Lombardo.  A. PF 10 callus section bordering the fracture site hybridized to rHox 
antisense riboprobe illustrating regions of muscle (Mu), woven bone (Wb), and cartilage (Ca).  
B. Adjacent section within the fracture callus to A hybridized with the sense rHox riboprobe 
as a control. C.  Higher magnification view of the cartilaginous zone from A (white box) 
displaying fibrocartilage (FCa) with proliferating chondrocytes (arrows) seen staining strongly 
and hypertrophic chondrocytes (arrowheads) indicating little or no staining.  D. rHox 
expression in periosteum (P) containing strongly staining osteoprogenitor cells (black arrows) 
and osteoblasts (black arrowheads).  Very little or no staining is detected in 
osteoblasts/osteocytes within areas of woven bone (white arrowheads).  E. Low magnification 
of rHox expression in areas of woven bone (Wb) and fibrocartilage (FCa) adjacent to fracture 
site.  F. Higher magnification view of the region in E (white box) of woven bone signifying 
intensely stained osteoblasts (black arrowheads) and unstained osteocytes (white 
arrowheads).  Scale bars represent 100µm in A, B, and E, 50 µm in C and D, and 20 µm in F.  
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Figure 3. Spatial localization of Hoxa-2 and Hoxd-9.  Immunohistochemical analysis of PF 
day 10 callus sections for Hoxa-2 and Hoxd-9.  A. Low magnification view of Hoxa-2 staining 
adjacent to the fracture site with areas of woven bone (Wb), fibrocartilage (Fca), and cartilage 
(Ca) demonstrating intense staining.  B. Safranin O fast/green staining of adjacent section 
from the same fracture callus with same regions identified.  C. Low magnification view of 
adjacent section stained for Hoxd-9 with similar areas (fibrocartilage, cartilage, woven bone) 
stained.  D.  Higher magnification view of cartilaginous zone in A (white box) showing 
robustly stained proliferating chondrocytes (black arrows) and osteoblasts in areas of woven 
bone (white arrows).  E. Adjacent section to A and C within the fracture callus stained with 
secondary antibody (negative control) section depicting no staining.  F. Higher magnification 
view of cartilaginous zone in C (white box) showing robustly stained proliferating 
chondrocytes (black arrows) and osteoblasts/osteocytes trapped in areas of woven bone 
(white arrows).  G.  Low magnification view of the same section stained for Hoxa-2 and 
showing intense staining in the periosteum (P), as well as areas of woven bone (Wb), 
cartilage (Ca) and fibrocartilage (Fca).  H. Adjacent section within the fracture callus stained 
with Safranin O fast/green depicting the same regions.  I. Adjoining section to G and H 
stained for Hoxd-9 and showing intense staining in the periosteum (P), as well as areas of 
woven bone (Wb), cartilage (Ca) and fibrocartilage (Fca).  Scale bars represent 100 µm in A, 
B, C, E, G, H, and I while scale bars in D and F represent 50 µm. 
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Figure 4 Spatial localization of Msx-1 and Msx-2.  Immunohistochemical analysis of PF 
day 10 callus sections for Msx-1 and Msx-2.  A. Section near fracture site stained for Msx-1 
showing positive labeling in cartilage (Ca), and fibrocartilage (Fca).  B. Safranin O fast/green 
staining of adjacent section within the fracture callus with same regions identified.  C. 
Adjacent section to A within the fracture callus illustrating the same regions (cartilage, 
fibrocartilage) stained for Msx-2.  D. Higher magnification view of cartilaginous zone in A 
(white box) demonstrating intense labeling in proliferating chondrocytes (black arrows) and 
pre-hypertrophic chondrocytes (white arrows).  E. Adjacent section to A and C within the 
fracture callus stained with secondary antibody (negative control) section depicting no 
staining.  F. Higher magnification view of cartilaginous area in C (white box) showing robust 
staining in proliferating/pre-hypertrophic chondrocytes (black arrows) but no/weak staining in 
hypertrophic chondrocytes (white arrows).  G. Low magnification view of the callus (proximal 
to the fracture site) showing areas of muscle (Mu) and woven bone (Wb) with intense Msx-1 
staining in periosteum (P) and osteoblasts, especially those that are still active below the 
periosteum (black arrows).  Osteocytes that are found further away from the periosteum 
(bottom) do not express Msx-1 as strongly.  H. Adjacent section to G and I stained with 
secondary antibody (negative control) and devoid of staining.  I. Adjacent sections to G 
illustrating positive Msx-2 immunoreactivity in periosteum (P) and woven bone (Wb), 
particularly in osteoblasts (black arrows) and even osteocytes throughout the entire Wb 
region.  Scale bars represent 50 µm in A, B, C, E, G, H, I, and 20 µm in D and F.  
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3. Mustn1 is Necessary for Chondrocyte 
Differentiation in vitro. 

 

3.1 Abstract 

 Previously, we identified Mustn1; encoding a 9.6 kDa nuclear protein 

expressed specifically in the musculoskeletal system.  Identification via in situ 

hybridization of developing limb and adult joints reveals strong Mustn1 

expression in mesenchymal condensations and proliferating chondrocytes.  

Therefore, localization experiments were undertaken on developing mouse 

embryos.  Whole mount in situ hybridization revealed Mustn1 expression in 

areas of chondrogenesis including limb buds, branchial arches, somites, and 

tail bud.  To elucidate its function, experiments were carried out to functionally 

perturb Mustn1 by overexpression and silencing in the pre-chondrocytic RCJ 

cell line. Mustn1 was successfully overexpressed in RCJ cells by ~2-6 fold, 

and reduced in silenced cell lines to 32-52%, when compared to parental cell 

line Mustn1 expression levels.  Overexpressing, silenced, control, and 

parental RCJ cell lines were assayed for proliferation and matrix production.  

No statistically significant changes were observed in either proliferation or 

proteoglycan production when Mustn1 overexpressing lines were compared 

to parental and control cells.  In contrast, Mustn1 silenced cell lines were 

significantly reduced from parental and random control lines in both 

proliferation rate and matrix production.  RNAi silenced cell lines showed 

average reductions in population of ~55-75%, and showed ~34-40% less 
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matrix ultimately produced when compared to parental and random control 

lines.  Further, this reduction in matrix production was accompanied by 

significant reductions in the chondrogenic marker genes; Sox9, Collagen II, 

and Collagen X.  Reintroduction of Mustn1 expression into these silenced cell 

lines rescued this phenotype, returning proliferation rate, matrix production, 

and marker gene expression back to parental levels.  Taken together these 

data suggest that Mustn1 is a crucial regulator of chondrogenesis. 

 

3.2 Introduction 

 Previous work in our laboratory has identified Mustn1 as a small (9.6kDa) 

protein that localizes predominantly to the musculoskeletal system in adult 

rodents [15].  Investigation of Mustn1’s sequence revealed that it is highly 

homologous in vertebrates and contains a nuclear localization sequence but 

no other significant motifs, only potential phosphorylation and myristylation 

sites.  Further, GPF fusion experiments show Mustn1 localization to the 

nucleus but not to the nuclear membrane or nucleoli indicating that Mustn1 

possibly functions in a transcriptional complex [15]. 

 In an effort to further characterize this gene, its promoter was identified 

and analyzed.  Within the 1512bp region flanking Mustn1’s 5’ end several 

transcription factor binding sites were identified that belong to the Activator 

Protein (AP) family of proteins [14].  It was further shown that AP-1 family 

members (JunD, c-Fos, and Fra-2) bind to Mustn1’s promoter during both 

proliferation and differentiation of C2C12 cells and are known as key 
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transcriptional regulators of musculoskeletal specific genes [14].  Knockout 

studies of these genes show varying degrees of phenotypic deficiency within 

the musculoskeletal system including osteoporosis, osteosarcoma, and 

chondrosarcoma as well as sterility, embryonic lethality, and ocular 

malformations [23].  However, because AP-1 members function within 

multiple signaling pathways, additional research is needed to determine which 

one(s) involve Mustn1 expression. 

 Although exploring Mustn1’s sequence and temporal and spatial 

expression patterns provides useful information, conclusions on function 

cannot be drawn from these data alone.  Fortunately, Mustn1 was initially 

identified by its differentially regulated expression pattern during the process 

of BFR.  Mustn1 expression dramatically increases during the early phases of 

BFR culminating in a peak of ~55-fold over its intact level on post fracture (PF) 

day 5.  After this peak; Mustn1 expression slowly returns to control (intact 

bone) levels throughout the remainder of the 28-day fracture healing process 

[15].  This differential expression pattern strongly suggests that Mustn1 plays 

a role in BFR.  Complimentary experiments showed that Mustn1 is expressed 

by proliferating chondrocytes, osteoblasts and periosteal osteoprogenitor cells 

in a fracture callus.  Further, Mustn1 expression was also seen within the 

developing intervertebral discs and limb bud during rat embryogenesis, as 

well as articular cartilage.  Finally, while proliferating chondrocytes showed 

staining in all of these tissues; terminally differentiated hypertrophic 

chondrocytes within these samples did not show Mustn1 expression [15].  
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Mustn1’s peak in expression correlates to BFR time points when 

mesenchymal precursor cells are migrating to the fracture site, differentiating 

into chondrocytes, and proliferating within the callus prior to hypertrophic 

differentiation.  Therefore, functional perturbation of Mustn1 during 

chondrocyte proliferation and differentiation would help to clarify its role 

during chondrogenesis.  To this end this study seeks to modulate Mustn1 

expression in the pre-chondrogenic RCJ3.1C5.18 (RCJ) cell line.  The RCJ 

line represents a heterogeneous cell population capable of differentiation into 

proliferating chondrocytes and ultimately terminally differentiated collagen X 

producing hypertrophic chondrocytes [2]. 

 Because Mustn1 is highly expressed in the early stages of BFR and this 

process is known to recapitulate limb formation [5,6,7,8,22]; localization of 

Mustn1 during development should denote expression in areas of proliferating 

chondrocytes and musculoskeletal development, such as the developing 

branchial arches, somites, limb, and tail buds.  If so, we seek to identify 

Mustn1 expression earlier in musculoskeletal development than previously 

reported [15].  This expression should correspond with data derived during 

RCJ differentiation.   Based on previous data that suggests Mustn1 is a 

transcriptional co-regulator; alterations in Mustn1 basal levels will likely result 

in phenotypic changes in proliferation rate, differentiation, and/or matrix 

production. 
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3.3 Materials and Methods 
Materials 

 The Anti-DIG Antibody was purchased from Roche (Indianapolis, IN). 

Dexamethazone and β-glycerophosphate were purchased from Sigma-Aldrich 

(St. Louis, MO).  Bovine Calf Serum, DMEM medium and antibiotics were 

purchased from Gibco BRL (Gaithersburg, MD).  G418 was purchased from 

Invitrogen (Carlsbad, CA). Oligonucleotides were designed against the coding 

regions of ß-2 Microglobulin, Mustn1, Collagen II, Collagen X, and Sox9 (See 

Table 1 for details). 

 

Whole mount in situ hybridization  

 Riboprobes were created by using T7 and Sp6 primers to amplify the 

probe sequence.  The product was then purified and labeled using the DIG 

RNA labeling Kit (Roche) creating sense and anti-sense riboprobes.  The 

original PCR product was degraded using RNase free DNase 1 (Qiagen).  

This reaction was stopped using 0.2M EDTA (pH=8.0).  The riboprobes were 

then purified using sephadex G-50 quick spin columns.  The in situ analysis 

was completed following the protocol described by Hsieh et al (2003).  Briefly, 

embryos were dissected out on 8.5, 9.5, 10.5, and 11.5dpc and fixed with 4% 

Paraformaldehyde for 1hr at room temperature.  Larger embryos were then 

permeabilized with proteinase K and all embryos were then bleached with 

H2O2 and stored in 100% methanol at -20oC.  Embryos were then rehydrated 

through a methanol gradient and hybridized overnight at 65oC in a probe 
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concentration of 250ng/ml.   Embryos were then washed with MABT and 

blocked in MABT+20% Goat serum + 2% Boehringer Blocking Reagent (BM 

1096 176).  Embryos were incubated overnight in 1:2000 dilution anti-DIG 2o 

antibody.  Embryos were then washed with MABT and expression was 

visualized with NTMT/BCIP.  Pictures were taken and embryos were stored in 

80% glycerol/.1% NaAzide. 

   

Cell culture 

 RCJ3.1C5 cells were maintained in Dulbecco’s modified Eagle medium 

(DMEM) supplemented with 10% Bovine Calf Serum (BCS), 1% 

penicillin/streptomycin, and 10-7M Dexamethasone.   Cells were fed every 3-4 

days and passaged prior to confluence. 

 

RNA interference 

Three 19-mer RNAi target sequences were designed (5’- 

AAGGAAGAAGACCTGAAGG -3’, 5’ – CCTGTGAAGGAAGAAGACC – 3’, 

and 5’ – TATTCAGCCGCAACCGCAC – 3’) which correspond to three 

different regions of the Mustn1 coding sequence, however sequences 1 & 2 

overlap.  Oligonucleotides of hairpins containing these sequences (M2, M3, 

and M4 respectively) were generated (Invitrogen) and cloned into the 

pSuppressorRetro plasmid.  A random control plasmid was generated by 

cloning a random 19-mer sequence (5’ – GACTCCAGTGGTAATCTAC – 3’), 

which shows no similarity to any sequence within the Mus musculus genome, 
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into the same expression plasmid.  A BLASTN (Basic Local Alignment Search 

Tool Nucleotide http;//www.ncbi.nlm.nih.gov/BLAST/) search was conducted 

to ensure that this random control sequence showed no homology to the rat 

genome.  Using a Retroviral GeneSuppressor System kit (IMGENEX Corp) 

these plasmids were co-transfected along with a packaging vector designed 

to create an ectotropic retrovirus protein coat into 293 cells.  Virus containing 

media was harvested and used to infect proliferating RCJ cells.  After a 24hr 

infection period, RCJ cells were selected using G418 for one week.  Surviving 

cells were plated at low density and colony forming units were allowed to 

grow up over several weeks.  Homogeneous colonies were isolated and 

expanded.  Five clones for each RNAi sequence were assayed for Mustn1 

expression and the clones showing the most effectively reduced expression 

(M2-2, M3-5, and M4-4) were used in subsequent proliferation and 

differentiation experiments. 

 

Transient transfection efficiency 

 The reintroduction of Mustn1 mRNA could not be stably selected; 

therefore efficiency of the transient transfection was tested by visualizing the 

GFP tag on the Mustn1 expression vector.  A representative Mustn1 silenced 

cell line, M2-2, was transfected with tagged Mustn1 plasmid and viewed 

under bright field and fluorescence throughout the differentiation time course.  

Cell Populations were counted and the percentage of GFP positive cells was 
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determined.  Five cell fields were chosen at random and counted, then 

averaged to provide standard deviation values. 

 

Overexpression 

 The Mustn1 coding sequence was cloned into the pCDNA vector 

downstream of the CMV promoter.  RCJ cells were transfected with this 

plasmid using Fugene 6 Transfection Reagent (Roche).  After a 24hr 

transfection period, RCJ cells were selected using G418 for one week.  

Surviving cells were plated at low density and colony forming units were 

allowed to grow up over several weeks.  Homogeneous colonies were 

isolated and expanded.  Eight clones were assayed for Mustn1 expression 

and the three clones showing the highest Mustn1 overexpression (OE 3, OE 

4, and OE 6) were used in subsequent proliferation and differentiation 

experiments. 

 

Site-directed mutagenesis 

 Oligonucleotides were designed with alterations to the 3’ nucleotide in 

each codon within the M2 RNAi sequence (M2 RNAi sense sequence 5’ 

AAGGAAGAAGACCTGAAGG 3’, Rescue sense sequence 5’ 

AAAGAGGAGGATCTAAAAG 3’).  These oligonucleotides were then used to 

amplify the original Mustn1 pCDNA plasmid using the QuikChange II Site-

Directed Mutagenesis Kit (Stratagene).  The original plasmid was then 

degraded using Dpn1 restriction digestion and the rescue plasmid was 
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transformed into XL1-Blue Supercompetent Cells.  These cells were grown on 

Amp LB agar plates and colonies were expanded.  The rescue plasmid was 

isolated via mini and midiprep kits (Qiagen).  This rescue plasmid was then 

used to transiently transfect the RCJ M2-2 cell line prior to proliferation and 

differentiation analysis. 

 

Proliferation analysis 

 RCJ cells were seeded in 96-well plates (Falcon) at low density (~2,000 

cells/well).  The regular RCJ media was removed and 2.5%BCS RCJ media 

was added at the 0hr time point.  Triplicate wells for each cell line were 

assayed during a 72hr time course (at 2hr, 24hr, 48hr, and 72hr) via MTS 

reagent (Promega).  5µl of MTS reagent was added to each well containing 

100µl media.  The plates were then incubated at 37oC for 1hr in the dark.  

The MTS/media solution was then diluted in 400ul dH2O and analyzed by 

spectrophotometer (BioRad) at 490nm.  Values were normalized to 

MTS/media solution from wells that did not contain cells.  Values were further 

normalized to the 2hr time point to reflect population doublings.  The triplicate 

values for each cell line at each time point were then averaged and standard 

deviation bars were created. 

 

Matrix production analysis 

 RCJ cells from each cell line were seeded in 24-well plates (Falcon) at 

high density (~20,000cells/well).  At near confluence the regular RCJ media 
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was removed and replaced with differentiation media (DMEM with 10% BCS, 

1% penicillin/streptomycin, 10-7M dexamethasone, 50µg/ml ascorbic acid, and 

10mM β-glycerol-phosphate) on Day 0.  Differentiation media was removed 

and replaced with fresh on Day 3, 6, 9, and 12.  Samples were taken 

throughout a 14 day time course (on Day 0, 2, 5, 7, 10, and 14).  On these 

time points triplicate wells for each cell line were fixed for 4 min with 10% 

Buffered Formalin Phosphate (Fisher) and stored in PBS at 4oC.  On Day 14, 

all plates were stained with a 1% Alcian blue solution for 45min at room 

temperature.  Wells were washed with PBS and the Alcian blue was eluted in 

4%Guanidine Hydrochloride in PBS for 30min at room temperature.  Samples 

were then diluted 1:2-1:4 in dH2O and analyzed at 600nm via 

spectrophotometer (BioRad) and normalized to the Guanidine 

Hydrochloride/dH2O solution.  The triplicate values for each cell line at each 

time point were then averaged and standard deviation bars were created.  

Values were then further normalized to the Day 0 time point to reflect fold 

change. 

 

RNA isolation  

 RCJ cells were seeded in 24-well plates (Falcon) at high density 

(~20,000cells/well).  At near confluence the regular RCJ media was removed 

and replaced with differentiation media (DMEM with 10% BCS, 1% 

penicillin/streptomycin, 10-7M dexamethasone, 50µg/ml ascorbic acid, and 

10mM β-glycerol-phosphate) on Day 0.  Differentiation media was removed 
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and replaced with fresh on Day 3, 6, and 9.  Samples were taken throughout 

a 14 day time course (on Day 0, 2, 5, 7, 10, and 14).  On these time points 

triplicate wells for each cell line were lysed using TriZol reagent (Invitrogen), 

pooled, and stored at -80oC.  Upon completion of the time course RNA was 

extracted using chloroform and 100% isopropanol using Invitrogen protocols.  

The RNA was then resuspended and diluted in dH2O in preparation for 

quantitative real-time RT-PCR experimentation. 

 

Quantitative real-time RT-PCR (qPCR) 

 RNA isolated from Day 0, 2, 5, 7, 10, and 14 of the differentiation time 

course was treated with DNase 1 (Qiagen).  RNA was quantified using a ND-

1000 Spectrophotometer (Nano Drop).  The qPCR experiments were carried 

out using a QunatiTect SYBR Green RT-PCR Kit (Qiagen) on a LightCycler 

system (Roche) as previously described (Komatsu et al 2004).  Primer pairs 

for Mustn1, Collagen II, Collagen X, and Sox9 were designed to anneal at 

58oC and RNA concentrations of 4-20ng/reaction (Table 1).  Each run 

consisted of mRNA from Day 0, 2, 5, 7, 10, and 14 (for Mustn1) or Day 0, 5, 

10, 14 (for marker genes) assayed for the gene of interest and the 

housekeeping gene β 2-Microglobulin, as well as 5 point calibration curves 

(1.25-20ng/reaction).  The calculated concentration values for each gene of 

interest were normalized to its corresponding β 2-Microglobulin values.  All 

qPCR products were checked via agarose gel electrophoresis to assess 
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amplification.  Each run was replicated 3 times and results are reported as 

expression level ± standard deviation. 

 

Statistical analysis 

 The quantitative data shown throughout this report were the average 

results of three or more independent experiments with standard deviation 

indicated by error bars.  Significance was determined in all analysis by One 

way ANOVA followed by a Holm-Sidac Post-hoc when comparing to initial 

(Day 0 or 2hr) time points and Mann-Whitney tests when values from a single 

time point was compared. 

 

3.4 Results 

Whole mount in situ hybridization 

 In order to elucidate the Mustn1 expression pattern during mouse 

development, we performed whole mount in situ hybridization.  Mouse 

embryos incubated with the antisense riboprobes showed staining in several 

key tissues at different time points (Figure 1).  In 8.5dpc embryos, a diffuse 

staining within the interior of the embryo, the site of several tissues such as 

paraxial mesoderm, developing organs and musculoskeletal elements, 

showed strong staining (Figure 1A).  At 9.5dpc embryos, staining expanded 

throughout the embryo, possibly in musculoskeletal tissues such as the 

paraxial mesoderm on either side of what appears to be the unstained neural 

tube as well as craniofacial structures (Figure 1B).  In 10.5dpc embryos, 
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staining became localized to several areas of chondrogenesis and bone 

formation.  The craniofacial region showed intense staining as well as the 

branchial arches (Figure 1C, black arrows).  The forelimb and hind limb buds 

also showed significant staining when compared to the sense control embryo 

(Figure 1C, white arrows).  While the somites showed light staining in a rayed 

pattern perpendicular to the spinal column, deeper color was evident at the 

developing posterior tip of the tail (Figure 1C).  In the 11.5dpc embryos, 

staining was again observed along the entirety of both the fore and hind limb 

buds however, more intense staining was observed in the hind limb (Figure 

1D, white arrows).  Again staining was observed in the craniofacial region, 

particularly the developing branchial arches (Figure 1D, black arrows).  Both 

anterior somites and posterior tail region showed staining as well.  Mouse 

embryos incubated with a sense control riboprobes for Mustn1 showed little 

or no staining at any time point (Figure 1 E-G).  Mild coloration was observed 

both in the fore and midbrain as well as the otic vesicle in individual embryos; 

however, this staining likely indicates trapping of the staining agent within 

these cavities. 

 

Mustn1 & marker gene expression in RCJ cells 

 In order to get a baseline expression pattern for Mustn1 and the three 

cartilage marker genes used in later experiments (Sox9, Collagen II, and 

Collagen X), we quantified mRNA levels in parental unaffected RCJ cells via 

qPCR and normalized to expression levels of the housekeeping gene ß 2-
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Microglobulin.  Mustn1 expression in RCJ cells shows a peak of ~5.2 fold at 

Day 2 of differentiation when compared to Day 0 values.  Mustn1 expression 

then falls back to Day 0 levels for the remainder of the time course (Figure 

2A).  When Sox9 was assayed, a steady increase was observed throughout 

the time course culminating in a peak in expression of ~4.7 fold over Day 0 

values on Day 14 (Figure 2B).  Collagen II showed a similar expression 

pattern, increasing to a peak of ~51.4 fold over Day 0 values on Day 14.  

Finally, Collagen X showed an increase in expression later in the time course, 

beginning on Day 10 and peaking on Day 14 with a value of ~21.1 fold over 

Day 0 values (Figure 2B). 

 

Overexpression and silencing 

 Next we sought to alter Mustn1 expression in RCJ cells via functional 

perturbation resulting in overexpression or silenced cell lines.  

Overexpression of Mustn1 by stable transfection resulted in multiple 

homogeneous clones.  Three clones were selected and showed an increase 

of Mustn1 expression of 6.1, 3.1, and 2.1 fold when normalized to the 

parental cell line (OE 3, OE 4, and OE 6 respectively, Figure 3A).  

Transfection of the empty expression vector into the parental RCJ cell line as 

control caused no significant alteration in Mustn1 expression levels (Figure 

3A). 

 Silencing of Mustn1 by RNAi infection also resulted in multiple 

homogeneous clones.  Three clones, one resulting from each of the three 
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different RNAi target sequences, were selected and their Mustn1 expression 

was analyzed via qPCR.  These clones showed that Mustn1 expression was 

reduced to 37%, 32%, and 58% of the parental cell line expression levels (in 

M2-2, M3-5, and M4-4, respectively, Figure 3B).  Infection of a random control 

sequence into the parental cell line showed no significant difference in 

Mustn1 expression (Figure 3).  M2-2 was chosen as a representative silenced 

cell line, both for cell type and because of representative affects on cell 

proliferation and differentiation, to become the Rescue cell line by 

reintroducing Mustn1 expression via transient transfection of the modified 

sequence which returned Mustn1 expression levels to parental control levels 

(Figure 3B). 

 

Transient transfection efficiency 

 Because transient transfection was required to rescue Mustn1 expression, 

efficiency experiments were undertaken to ensure protein reintroduction.  The 

average number of GFP positive cells was determined at regular time points 

throughout the duration of cell differentiation.  At Day 0 the cell population 

was 41.4% positive for GFP; on Day 2 – 45.3%, on Day 5 – 53.7%, on Day 7 

– 36.0%, on Day 10 – 34.2%, and on Day 14 – 37.0% (Figure 4). 

 

Proliferation assay 

 To identify any effects caused by overexpressing or silencing Mustn1 on 

chondrocyte proliferation rate, we assayed RCJ population growth in low 
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density cell culture.  When the proliferation rate of overexpressing cell lines 

(OE 3, OE 4, and OE 6) were compared to both the parental cell line and the 

empty vector control, there were no significant differences found at any time 

point (Figure 5A).  In contrast, when the proliferation rate of the silenced cell 

lines (M2-2, M3-5, and M4-4) were compared to both the parental and the 

random control cell lines, significant differences were observed at several 

time points (Figure 5B).  Specifically, at the 24hr time point; the random 

control, M2-2, M3-5, and rescue cell lines (with averages of ~2.2, 1.5, 1.7, & 

2.3 respectively) showed no significant differences from parental (avg. ~2.2).  

However, the M4-4 cell line (~1.1) showed significant reduction in population 

level when compared to parental (p<.01).  Furthermore, returning Mustn1 

mRNA rescues the silenced cell line’s proliferation rate as is shown by the 

lack of significant difference in population size between the rescue and 

parental cell lines (p<.05 at all time points).  At the 48hr time point; the 

random control, M3-5, and rescue cell lines (with averages of ~4.0, 1.7, & 2.5 

respectively) showed no significant differences from parental (avg. ~3.88).  

However, the M2-2 & M4-4 cell lines (with averages of ~1.8 and 1.7, 

respectively) showed significant reduction in population level when compared 

to parental (p<.05, Figure 5B).   At the 72hr time point; random control, and 

rescue cell lines (with averages of ~5.7, and 4.3, respectively) showed no 

significant differences from parental (avg. ~5.6).  However, M2-2, M3-5, and 

M4-4 cell lines (with averages of 2.44, 2.54, 1.41 respectively) all showed 

significant reduction in population levels when compared to parental (p<.001 
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for M2-2 & M4-4 and p<.01 for M3-5, Figure 4).  Furthermore, there was a 

significant difference in population size between the M2-2 and rescue cell 

lines (p<.01, Figure 5B). 

 

Matrix production assay 

 To determine if altering Mustn1 expression affected proteoglycan 

production, matrix was quantified via Alcian blue staining in confluent cell 

cultures to normalize for cell number.  When Alcian blue staining was 

assayed in the two overexpressing cell lines showing the highest and lowest 

up-regulation of Mustn1 (OE  3 and OE 6 respectively) and compared to both 

the parental cell line and the empty vector control, there was no significant 

difference found at any time point (Figure 6A).  In contrast, when Alcian blue 

binding was quantified in silenced cell lines (M2-2, M3-5, and M4-4) and 

compared to both the parental and the random control cell lines significant 

differences were found at all time points (Figure 6B).  Specifically, on Day 5, 

the random control cell line (avg. ~5.7) showed no significant difference from 

the parental cell line (avg. ~5.3).  However, the M2-2, M3-5, M4-4 and rescue 

cell lines (with Alcian blue quantification averages of ~3.5, 3.6, 3.7, and 4.9 

fold over Day 0 levels, respectively) showed significant differences in matrix 

production (p<.001 for M2-2, M3-5, and M4-4 and p<.03 for the rescue cell 

line when compared to parental).  On Day 7, the random control cell line (avg. 

~7.3 fold change) showed no significant difference from the parental cell line 

(avg. ~6.8 fold change).  However, the M2-2, M3-5, M4-4, and rescue cell 

 61



lines (with averages of 4.0, 4.6, 4.0, and 5.8 fold change respectively) showed 

significant differences in matrix production (p<.001 for M2-2, M3-5, and M4-4 

and p<.02 for the rescue line when compared to parental).  On Day 10, the 

random control and rescue cell lines (with averages of ~9.3 and 8.2 fold 

change) showed no significant difference from the parental cell line (avg. ~9.5 

fold change).  However, the M2-2, M3-5, and M4-4 cell lines (with averages of 

5.4, 5.9, and 6.4 fold change respectively) showed significant reduction in 

matrix production (p<.001 for all three cell lines when compared to parental).  

Lastly, on Day 14, the random control and rescue cell lines (with averages of 

~9.3 and 9.7 fold change) showed no significant difference from the parental 

cell line (avg. ~8.7 fold change).  However, the M2-2, M3-5, and M4-4 cell 

lines (with averages of ~5.4, 5.8, and 5.3 fold change respectively) showed 

significant reduction in population level (p<.001 for M3-5 and M4-4 and p<.03 

for M2-2 when compared to parental).  A significant difference was found 

when M2-2 was compared to the Rescue cell line on Day 7 (p<.05) as well as 

Days 10 & 14 (p<.01) (Figure 6B). 

 

qPCR analysis 

 To determine if cell differentiation was affected by modulating Musnt1 

expression, experiments to qauntitate marker gene expression on confluent 

cell populations were undertaken.  Mustn1 and marker gene mRNA levels 

were determined via qPCR and compared to Random control, to account for 

any affects infection and subsequent selection had on gene expression.  
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When Mustn1 was analyzed, the representative RNAi cell line (M2-2) was 

reduced to only 47% expression when compared to Random control whereas 

Rescue showed 89% expression when compared to Random levels (Figure 

7).  No significant differences were found between the Random and Rescue 

cell lines at any time point and each peaked on Day 2 with increases of ~4.5 

and 5.3 fold over Day 0, respectively.  However, the RNAi cell line, M2-2, 

lacked this Mustn1 expression peak on Day 2, only achieving a 3.8 fold 

increase over its significantly reduced Day 0 Mustn1 expression value.  This 

peak did not occur until Day 10.  While the only significant difference between 

the Random control and M2-2 cell lines was on Day 2, this discrepancy was 

very dramatic (p<.001, Figure 7).   

 When Sox9 was assayed the Random, and Rescue cell lines showed 

steady increase in expression culminating in peaks on Day 14 with ~5.6 and 

9.4 fold increases over Day 0, respectively.  The M2-2 cell line did not show 

this increase in expression and instead peaked on Day 10 with only a ~1.2 

fold increase prior to a reduction of expression to only .52 of Day 0 

expression on the final day of the time course (Figure 7).   

 When Collagen II was assayed the Random and Rescue cell lines showed 

steady increase in expression culminating in peaks on Day 14 of ~100.7, and 

54.7 fold increases over Day 0, respectively.  Again, the M2-2 cell line lacked 

this level of increase in expression; instead peaking at only ~2.6 fold on Day 

14 (Figure 7). 
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 When Collagen X was assayed the Random and Rescue cell lines 

showed steady increase in expression culminating in peaks on Day 14 of ~4.8 

and 10.7 respectively.  The M2-2 cell line actually showed a reduction in 

expression throughout the time course culminating in an expression level of 

only 15% of Day 0 expression at the conclusion of the time course (Figure 7). 

 

3.5 Discussion 

 The expression pattern of Mustn1 during embryogenesis suggests that 

this gene is active in areas of cartilage, bone and muscle formation.  Although 

this correlation does not mean Mustn1 is involved in these processes, its 

expression strongly localizes to areas of chondrogenesis such as the limb 

bud and somites as observed by Lombardo et. al.  Throughout the embryo, 

tissues containing differentiating mesenchymal cells, particularly limb and tail 

buds, branchial arches, and somites, show Mustn1 expression.  These 

findings add support to the idea the Mustn1 plays a role in musculoskeletal 

development in vivo. 

 That Mustn1 is involved in the early phases of chondrogenesis is further 

supported by the in vitro analyses.  The fact that overexpressing Mustn1 did 

not cause any significant deviation in either proliferation rate or proteoglycan 

production, can simply be explained by the notion that a modest increase in 

Mustn1 expression in RCJ3.1 cells (~2-6 fold) was not enough to alter the 

proliferation rate or matrix production when compared to the parental or 

control cell lines even though the parental RCJ cell line only shows a ~5-fold 
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up-regulation in Mustn1 expression during differentiation.  It is, of course, 

possible that no matter how high Mustn1 is expressed, it will have no impact 

on either proliferation or differentiation in chondrocytes.   In contrast, the 

silencing experiments indicate that Mustn1 is necessary for both the 

proliferation and differentiation of chondrocytes.  In cell lines that were 

silenced and showed only 33.7-58.2% Mustn1 expression when compared to 

the parental cell line, proliferation rate and matrix production were both clearly 

suppressed.  This decrease was accompanied by the dramatic reduction in 

the expression of the three chondrogenic marker genes (Sox9, Collagen II, 

and Collagen X) assayed.   

 While the proliferation and matrix production analyses do not elucidate the 

role of Mustn1, the suppression of Sox9, Collagen II, and Collagen X 

expression does provide a greater understanding of Mustn1’s function during 

chondrocyte differentiation.  For example, the observation that matrix 

production is reduced in Mustn1 RNAi cell lines, could simply be a result of 

the reduced proliferation rate.  However, not only was matrix formation tested 

on confluent cells ensuring a similar number of cells in each population, but 

the suppression of Collagen X (Figure 7), a marker of hypertrophy [9,19,20] 

observed in populations suggests that the lack of matrix production is caused 

by the inability of these cells to differentiate into terminal hypertrophic 

chondrocytes and not the reduced proliferation rate.  Further, the parallel 

suppression seen in the Collagen II expression (Figure 7) indicates that the 

RNAi cell lines do not progress even to the proliferating chondrocyte stage in 
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their differentiation lineage and therefore cannot subsequently reach 

hypertrophic differentiation [18,20,21], placing inhibition of differentiation of 

these silenced cell lines prior to proliferating chondrocytes.   

 While this idea may seem counterintuitive given the fact that even silenced 

cell cultures are binding Alcian blue, even pre-chondrocytes create minimal 

levels of extracellular matrix.  This ~38% reduction in the staining of Alcian 

blue when compared to the parental control cell line may also occurring 

because Mustn1 expression is still present even in the RNAi cell lines (as 

evident by the measurement in Mustn1 expression).  Further, Alcian blue only 

stains the glycosaminoglycans (GAGs) within cartilage which is why it is only 

used in these experiments as a measurement of proteoglycan production [17].  

Even though GAGs are still being produced, the main component of the 

cartilage matrix is collagen.  Collagen makes up 2/3 of cartilage dry weight 

with over 75% of that comprised of collagen II [4,12].  The dramatic 

suppression of collagen II mRNA suggests that the matrix produced by 

silenced cell lines is imperfect and structurally deficient when compared to 

matrix produced by parental or random cell lines. 

 The most interesting result of these molecular analyses is the suppression 

of Sox9 observed in the silenced cell lines which is rescued when Mustn1 is 

reintroduced into the cells via transient transfection.  These data indicate that 

Mustn1 functions earlier in chondrocyte differentiation (prior to Sox9 

activation), as Sox9 is responsible for the transcriptional activation of 

Collagen II in multiple chondrogenic and osteogenic tissues [1,3,16].  Thus, 
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the reduction in Sox9 expression likely causes the subsequent suppression of 

Collagen II levels.  Sox9 activation itself has been shown to be both required 

and sufficient for chondrogenesis alone or with Sox5 and Sox 6 [3,11,13].  

The vital role of Sox9 during chondrocyte differentiation makes Mustn1’s 

affect on this gene’s expression an interesting avenue to explore.  Although 

these data implicate Mustn1 in the activation of Sox9, this data alone does 

not help narrow down the signaling pathway in which Mustn1 functions, as 

several pathways affect Sox9 expression.   

 When these data are taken in conjunction with our previous results on 

Mustn1, i.e. its musculoskeletal system specificity and the fact that it is a 

nuclear protein [15], a clearer picture of Mustn1’s function begins to form.  

This research suggests that Mustn1 works within the nucleus, possibly as part 

of the transcription initiation complex although protein binding experiments 

have yet to validate this idea.  The lack of a DNA binding motif within its 

sequence precludes Mustn1 from being a transcription factor per se and thus 

supports the notion that Mustn1 possibly functions as a musculoskeletal co-

activator or co-repressor.  Further, results from these experiments seem to 

propose that Mustn1 is a co-activator of a transcriptional complex involved in 

both proliferation and differentiation in chondrocytes as both processes are 

negatively affected when Mustn1 is silenced in vitro.  However, that Mustn1 

helps to repress a repressor of these processes is still a possibility.  If Mustn1 

is indeed a transcriptional co-activator, the identification of its target genes 

holds much promise in the elucidation of chondrogenesis.  Further, because 
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Mustn1 is active very early in chondrocyte differentiation, BFR, and bone 

formation (Figure 1, Figure 2, and [15]), finding the direct targets of this gene 

may identify the early initiators of each of these vital processes.  While 

Mustn1 itself is not sufficient for chondrocyte differentiation, it is possible that 

its target gene(s) may be.  Although these results are promising, further 

research must be preformed to clearly elucidate Mustn1’s role in 

chondrogenesis. 
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Target 
Gene 

Accession 
Number 

Primer Sequence Amplicon 
Size 

Tm(oC)

Β-
2microglob
ulin 

NM 
012512 

5’ - 
TGGTGTGCTCATTGCTATT
C  
3’ - 
CTCTGAAGGAGCCCAAAA
C 

152 58 

Mustn1 NM 
181390 

5’ - 
GCTTTTCCTCTGCCACCTC
3’ - 
ATTCCCCGACCCACCTC 

129 58 

Collagen II NM 
012929 

5’ - 
TGTGCTTCTTCTCCTTGCT
C 
3’ - 
GACCTGAAACTCTGCCACC

187 58 

Collagen X AJ131848 5’ - 
ACCTGGGGCAACTTAGAAA
A 
3’-
CAGTGGAATAGAAGGCAC
ACA 

179 58 

Sox9 AB073720 5’ - 
CCGACACGGAGAACACAC
3’ - 
CAGTCATAGCCCTTCAGCA
C 

98 58 

 
 
Table 1. List of primers and conditions used for qPCR amplification 
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Figure 1. Mustn1 expression localizes to areas of chondrogenesis and myogenesis 
during mouse embryogenesis.  Whole mount embryos at 8.5, 9.5, 10.5 and 11.5dpc were 
hybridized with, sense and antisense riboprobes for Mustn1. Antisense probe hybridization 
are shown in A. 8.5 dpc, B. 9.5dpc, C. 10.5dpc and D. 11.5dpc while sense probes are 
shown in E. 8.5dpc, F. 9.5dpc, G. 10.5dpc and H. 11.5dpc.  A and B show embryos that 
express Mustn1 throughout mesodermal tissues, while  C and D show embryos with distinct 
staining in forelimbs (white arrows), hindlimb (white arrowheads), branchial arches (black 
arrows), somites (black arrowheads) and posterior tail bud.  Scale bars=.5µm. 
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Figure 2.  Mustn1 and marker gene expression is differentially regulated during RCJ 
cell differentiation. Graphs show expression of Mustn1 (A), and Sox9, a pre-chondrocyte 
cell marker, Collagen II, a proliferating chondrocyte cell marker, and Collagen X, a 
hypertrophic chondrocyte cell marker (B) as assayed via qPCR during RCJ differentiation.  
Confluent RCJ cells were stimulated to differentiate at Day 0 and mRNA was isolated and 
assayed at the days indicated.  All bars represent average values of raw gene expression 
normalized to ß2-Microglobulin expression in pooled mRNA (n=3).  Error bars indicate 
standard deviation of mechanical variation between qPCR runs (n=3).  C. Differentiation was 
also monitored via Alcian blue (stains proteoglycans within the extracellular matrix) on Day 0, 
5, 10, &14. The darkness of the color corresponds to greater Alcian blue binding and 
subsequently more proteoglycans/matrix present.   
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Figure 3. Modulation of Mustn1 expression via overexpression and silencing. A. 
Mustn1 was overexpressed in RCJ cells (cell lines - Over Expression (OE) 3 – 608% of 
parental expression, 4 – 307%, 6 – 208%) via stable plasmid transfection and an empty 
vector plasmid was transfected as a control. B. Mustn1 was silenced in proliferating cell lines 
(Mustn1 (M)2-2 – 48% of parental expression, M3-5 – 34%, and M4-4 – 58%) via stable viral 
infection of siRNA into RCJ and a random sequence with no homology to the rat genome was 
infected as control.  The Rescue cell line was created by transiently transfecting the RNAi cell 
line M2-2 with a Mustn1 containing plasmid. Mustn1 expression was assayed by qPCR in 
proliferating RCJ cells and normalized to ß2-Microglobulin.  Fold change was then 
determined by normalizing values to those of parental cells (raw value=.720). All bars 
represent average values of raw gene expression normalized to ß2-Microglobulin expression 
in pooled mRNA (n=3).  Error bars indicate standard deviation (N=3). * p<.01 determined by 
Mann-Whitney test vs. Parental. 
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Figure 4. Transfection efficiency of rescue Mustn1 plasmid in M2-2 RNAi cell line.  
Mustn1 silenced cell line M2-2 was transfected with a Mustn1 containing plasmid tagged with 
GFP. A. Representative fields were observed under bright field and fluorescent conditions.  
Scale bars= 200µm B. Diagram representing the quantification of GFP positive cells as 
percent of total cell populations determined by counting representative fields as average ± 
SD. (n=5). 
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Figure 5. Cell Proliferation rate is unchanged when Mustn1 is overexpressed but is 
reduced in Mustn1 silenced cell lines. A. Graph showing cell proliferation measurements 
in parental, empty vector, OE 3, 4, & 6 cell lines via MTS over a 3 day time course. There 
was no statistical significance between parental, empty vector, or any OE cell line at any time 
point (all p >.05). B. Similar analysis of silenced cell lines (parental, random control, M2-2, 
M3-5, & M4-4, and rescue). There was no statistical difference between empty vector, 
random control, or rescue and parental cell lines at any time point. Each data point 
represents the average of triplicate MTS experiments (n=3) preformed on low density plated 
proliferating RCJ cell lines.  Error bars represent Standard Deviation of biological variability. 
Each line was normalized to the 0hr time point to show population doublings.  All statistical 
significance was determined by ANOVA on ranks with Tukey post-hoc. Significant difference 
was only observed in the silenced cell lines and between silenced cell line M2-2 and rescue.  
* - p< .05, ** - p<.01, *** - p<.001 
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Figure 6. Matrix production is unaffected when Mustn1 is overexpressed, but is 
reduced in Mustn1 silenced cell lines. Confluent cells from each line were stimulated to 
differentiate on Day 0.  At specific times during differentiation the cell lines were fixed and 
stained with Alcian blue. This dye was then eluted and quantified via spectrophotometery to 
determine the amount of matrix produced at each time point. A. Parental, OE 3, 6 and empty 
vector cell lines were assayed at Day 0, 2, 5, 10, & 14. B. Parental, random, M2-2, M3-5, M4-
4, and rescue cell lines on Day 0, 5, 7, 10 & 14. All bars indicate average of triplicate 
experiments ± Standard Deviation.  Significance was determined by ANOVA on ranks with a 
Tukey Post-hoc vs. Parental cell line levels or Mann-Whitney to compare M2-2 to Rescue.  
Significant difference was only observed in the silenced cell lines and between silenced cell 
line M2-2 and rescue. * p<.05 and ** p<.01. 
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Figure 7. Mustn1 and chondrogenic marker gene expression is reduced in Mustn1 
silenced cells. Graphs show gene expression as assayed via qPCR throughout a 
differentiation time course. Confluent RCJ cells were stimulated to differentiate at Day 0 and 
mRNA was isolated and assayed (normalized to ß2-Microglobulin) at Day 0, 5, 10 & 14. 
Results are shown for A. Mustn1, B. Sox9, a pre-chondrocyte cell marker, C. Collagen II, a 
proliferating chondrocyte cell marker, and D. Collagen X, a hypertrophic chondrocyte cell 
marker.  All bars represent average raw gene expression values of pooled mRNA (n=3).  
Error bars indicate standard deviation of mechanical variation between qPCR runs (n=3).  
Significance was determined by Mann-Whitney test vs. Random Expression levels. * - p<.05, 
** - p<.01. 
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4. In vivo Downregulation of Mustn1 mRNA 
Leads to Morphological Defects and 
Downregulation of Sox9 Expression. 

 

 I would like to acknowledge Arif Kirmizitas for his help in performing the 

embryo injections described below. 

4.1 Abstract 

 Previously, our lab reported on the isolation and characterization of 

Mustn1, a 9.6 kDa nuclear protein that is involved in fracture repair.  We 

further determined that Mustn1 is necessary but not sufficient for pre-

chondrocyte proliferation, differentiation, and matrix production in vitro via 

overexpression and RNA interference experiments.  These data suggest that 

Mustn1 may play a crucial role in the early stages of chondrogenesis, both 

during fracture repair as well as development.  In the case of the latter, whole 

mount in situ analysis of Mustn1 in wild type mice at stages 8.5-11.5dpc 

reveal expression the developing musculoskeletal system.  These 

experiments were repeated in Xenopus laevis and showed similar patterning 

of expression, with Mustn1 localizing predominately to the craniofacial region 

and somites.  Further analysis of Mustn1 temporal expression revealed an 

increase during neurulation stages, corresponding to somite production and 

mesodermal development before reaching a plateau through stage 35.  To 

evaluate Mustn1’s function during development, Mustn1 antisense 

morpholino oligonucleotides were injected into X. laevis embryos.  While 

control morpholino injected embryos were unaffected, gross morphological 

 77



defects were observed in the Mustn1 morpholino injected (Mustn1-MO-

injected) embryos including small or lack of eyes, shortened body axis, and 

tail/body kinks.  Further, the myogenic and chondrogenic markers MyoD and 

Sox9 were assayed via whole mount in situ hybridization.  While no alteration 

of MyoD pattern was associated with Mustn1 depletion, Sox9 expression was 

severely reduced in the Mustn1-MO-injected embryos.  When this expression 

was quantified Sox9 expression was downregulated by ~40% in Mustn1-MO-

injected embryos during later stages in development.  Reintroduction of 

Mustn1 expression rescued both the morphological phenotype and Sox9 

expression.  Finally, when Mustn1 was overexpressed in X. laevis embryos, 

no phenotype was observed when compared to control injected groups either 

in morphology or Sox9 expression.  Taken together, these experiments 

suggest that Mustn1 expression is necessary for musculoskeletal 

development and Sox9 expression in vivo. 

 

4.2 Introduction 

 Previous work in our laboratory has identified the Mustn1, as a small 

(9.6kDa) nuclear protein that is expressed in the musculoskeletal system in 

adult rodents as well as bone, muscle, proliferating chondrocytes and 

periosteum in developing embryos [1 & unpublished observations].  Previous 

analyses with Mustn1 sought to functionally characterize this gene in vitro 

during both chondrogenic and myogenic differentiation.  Mustn1 was silenced 

via RNAi in the pre-chondrocyte RCJ as well as a myogenic cell line, C2C12.  
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When Mustn1 expression was reduced, proliferation and differentiation in 

RCJ cells and differentiation of C2C12 cells were reduced as well [chapter 3 

& unpublished data].  Matrix production by hypertrophic chondrocytes and 

myotube formation by muscle cells were both disrupted and dramatically 

depressed.  In addition, when both chondrogenic (Sox9, Collagen II, and 

Collagen X) and myogenic markers (MyoD, Myogenic, MHC, Desmin) were 

assayed, their expression was found to be suppressed as well [chapter 3 & 

unpublished data].  These experiments suggest that Mustn1 is critical for the 

differentiation of these two different cell types and thus it may serve as a vital 

molecule for cartilage and skeletal muscle development.  Thus investigating 

Mustn1’s role during development would be of great benefit.   

 We chose to functionally perturb Mustn1 in vivo via silencing during 

Xenopus laevis development so that we can investigate its effects during 

cartilage and skeletal muscle formation.  Historically, this approach offers 

insight into a gene’s role, especially since X. laevis is an ideal model system 

for studying embryogenesis as it undergoes the relatively rapid development 

of a clear embryo and it is easy to deliver antisense morpholinos to blocks 

translation [15,17].   X. laevis also develops very similarly to higher 

vertebrates such as mouse and human in regards to cartilage formation.  At 

the tissue level; X. laevis develop many of the same precursors during 

craniofacial development as higher vertebrates.  Cranial components such as 

the branchial arches, Meckel’s Cartilage, and palatoquadrate show similar 
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expansion and result in similar structures produced in both X. laevis and 

higher vertebrates [2,8]. 

 Further, several of the molecules (i.e. Sox 9, Collagen II, MyoD, myogenin) 

affected by our previous in vitro Mustn1 silencing experiments play important 

roles during frog development as well.  Sox genes including Sox9 have been 

implicated in neural crest development and chondrogenesis just as in 

mammalian embryogenesis [6,7].  Sox9’s main target gene, collagen II, has 

also been well documented and visualized throughout development in X. 

laevis as well [3,4,5]. Similarly, MyoD and myogenin have also been well 

described during X. laevis embryogenesis [13,14].  Thus silencing of Mustn1 

during X. laevis development should provide direct evidence of its function in 

vivo. 

 

 
4.3 Results 

Mustn1 shows homology among vertebrates. 

To build upon the homology experiment of previous work, homology 

experiments were preformed on several lower vertebrates.  Mustn1 protein 

sequence analysis for mouse, viper, frog, and zebrafish show high homology.  

Specifically, when compared to mouse; viper, frog, and zebrafish show a 77%, 

69%, and 59% homology respectively.  The NLS motif was particularly 

conserved; however the potential phosphorylation and myristylation sites did 

show some amino acid differences (Figure 1 yellow highlights). 
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Mustn1 expression temporally and spatially localized to 

craniofacial development and somitogenesis.   

 To determine at which time point and in which tissues Mustn1 is 

expressed in X. laevis, localization experiments were undertaken.  Temporal 

analysis of Mustn1 expression via qPCR revealed a slight peak just prior to 

gastrulation followed by a steady increase prior to a plateau during 

neurulation as compared to the expression of housekeeping gene Ornithine 

decarboxylase (Figure 2A).  While multiple qPCR analysis validate this peak 

was present, when we used in situ hybridization to determine the spatial 

location of Mustn1 expression, the slight peak corresponding to late blastula 

was not consistently detected, but in later developmental stages; expression 

was originally observed in the paraxial mesoderm followed by craniofacial 

regions as well as somites (Figure 2B-E) when compared to sense probe 

controls (Figure 2F-I).  The increase in size of the stained regions 

corresponded appropriately to the increase in expression observed in the 

temporal analysis. 

 

Mustn1 silencing results in multiple morphological defects.   

 To determine if Mustn1 was necessary for musculoskeletal development, 

silencing experiments were undertaken.  These experiments involved the 

injection of either a control morpholino (not coding for any sequence within 

the X. laevis genome) or Mustn1 morpholino (an antisense morpholino 
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oligonucleotide which binds Mustn1 mRNA preventing translation) dorsal of 

the midline in animal blastomeres at the 4-cell stage to target dorsal and 

anterior regions of the developing embryo.  Co-MO-injected embryos showed 

no significant developmental defects throughout the investigated time course 

(Figure 3A&B left).  In contrast, Mustn1-MO-injected embryos showed several 

morphological defects that include: small, or lack of, eye(s), reduced body 

axis length, and kinks within the body/tail.  These defects were observed at 

both stages 37-38 and 40 (Figure 3A&B middle).  When Mustn1 expression 

was reintroduced via co-injection of Mustn1 morpholino embryos with 

modified mRNA (Rescue injected), the severity of these defects was 

significantly reduced or ablated completely (Figure 3A&B right).   

 These defects were quantitatively determined for all groups by scoring 

affected individuals and plotting the data as a function of population 

percentage.  In the case of eye defects, while 96% (of 176 total) of Co-MO-

injected embryos showed two normal eyes, only 32% (of 184 total) did in 

Mustn1-MO-injected embryos (Figure 4A).  Returning Mustn1 mRNA back to 

the Mustn1-MO-injected embryos (Rescue injected group) increased the 

number of normal embryos to 61% (of 158 total).  Further, the Co-MO-

injected group also contained 3% of embryos that had two small eyes, 0.5% 

of embryos that only had one eye and 0% of embryos with no eyes at all.  In 

contrast, the Mustn1-MO-injected embryos showed 27% of embryos with two 

small eyes, 28% of embryos with only one eye, and 15% of embryos with no 

eyes.  Finally, the Rescue injected group showed 22% of embryos with small 

 82



eyes, 13% of embryos with only one eye, and 4% of embryos with no eyes 

(Figure 4A). 

 Regarding body axis defects, the Co-MO-injected group showed 90% of 

embryos with normal body axis length and 10% with shortened axis, as 

defined by a disruption in the body to tail length ratio (Figure 4B).  The 

Mustn1-MO-injected embryos showed 51% of embryos with normal body axis 

length and 49% of embryos with shortened axis.  The Rescue injected group 

showed 70% of embryos with normal body axis length and 30% with 

shortened axis.   

 In the case of tail defects, these were divided into 3 groups, tail 

development with no defect, mild defects consisting of slight curvature, and 

severe defects in which the tail curvature showed a greater than 90o bend.  

For Co-MO-injected embryos 88% showed no tail defect while the remaining 

12% showed a mild tail phenotype.  For Mustn1-MO-injected embryos 31% 

showed no tail defect, 45% of embryos showed mild defects, and the 

remaining 25% exhibited a severe phenotype.  In the Rescue injected group 

47% of embryos showed no tail defect, 41% showed mild phenotype, and the 

remaining 18% of embryos showed a severe phenotype (Figure 4C). 

 

Control and Mustn1 morpholinos localize to craniofacial 

regions and somites. 

 To determine which tissues were affected by antisense morpholino 

injection, localization experiments were undertaken.  The control and Mustn1 
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morpholinos were both co-injected with Fluorescein dextran amine (FDA).  

Under fluorescent light, this dye fluoresces allowing the visualization of FDA 

diffusion and consequently, the corresponding morpholino with which it was 

co-injected.  When Co-MO-injected embryos were observed under 

fluorescence, the FDA was localized throughout the entire embryo but 

predominately to the craniofacial region and somites as directed (Figure 5A).  

In contrast, with Mustn1-MO-injected embryos localization of the FDA was 

detected in more defined areas; especially those that correspond strongly to 

areas showing morphological defects such as the craniofacial region and 

somites (Figure 5B & C).  In addition the modified Mustn1 mRNA designed to 

rescue Mustn1 expression was co-injected with mRNA coding for mCherry 

protein (a fluorescent protein similar to red fluorescent protein originally 

designed to optimize FRET by reducing photobleaching) [21] localized to 

comparable regions as the FDA (Figure 5D).   

 

Silencing Mustn1 in vivo does not alter MyoD expression 

patterning.   

 To determine if Mustn1 silencing was affecting myogenesis similarly to in 

vitro data, expression analysis experiments of MyoD were undertaken.  Co-

MO-injected, Mustn1-MO-injected, and Rescue injected embryos were 

assayed for the somite marker MyoD via in situ hybridization.  All groups 

showed similar staining for MyoD with only a mild observable variation in this 

gene’s patterning at Stage 24, 33, or 38 (Figure 6A-C).  When MyoD 
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expression was determined via qPCR, no significant differences were found 

between Co-MO-injected and either Mustn1-MO-injected or Rescue injected 

levels at stage 25, 34, or 39 (Figure 7A).  Other muscle markers, including 

later markers such as Heavy Muscle Actin, myogenin, and Desmin were not 

assayed. 

 

Silencing Mustn1 in vivo reduces Sox9 expression patterning.   

 To determine if Musnt1 silencing was affecting chondrogenesis similarly to 

in vitro data, expression analysis of Sox9 were undertaken.  Co-MO-injected, 

Mustn1-MO-injected, Rescue injected embryos were assayed for the 

chondrocyte marker Sox9 via in situ hybridization.  Results with whole mount 

Co-MO-injected embryos showed the majority of Sox9 staining is localized to 

the craniofacial region at stage 40 (Figure 6D).  High magnification of a 

representative Co-MO-injected embryo showed Sox9 expression, specifically, 

in dorsal elements, likely the NCC’s along the dorsal boundary of the head, as 

well as in the brachial arches ventral to the eye and in anterior tissues (Figure 

6E).  The eye itself also showed staining in the periphery although this may 

be caused by trapping of the staining agent within the ocular cavity.  In a 

representative Mustn1-MO- injected embryo, Sox9 expression is almost 

completely ablated leaving only a narrow band of light staining anterior and 

ventral to where the eye would normally be located (Figure 6F).  In a 

representative Rescue injected embryo, Sox9 expression shows similar 

patterning to that of Co-MO-injected embryos (Figure 6G).  Staining can be 
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observed again in the branchial arches as well as the NCC’s and eye 

periphery.  Further, when Sox9 expression was quantified via qPCR, 

significant differences were found between Co-MO-injected and Mustn1-MO-

injected embryos at stage 34 & 39 in which Mustn1-MO-injected embryos 

showed reductions in expression of 33.4% (p=.025) and 38.7% (p=.021), 

respectively, when compared to Co-MO-injected embryos (Figure 7B).  No 

significant differences in expression were found in Sox9 expression between 

Rescue injected and Co-MO-injected embryos at stage 25, 34, or 39. 

 

Overexpressing Mustn1 does not cause morphological 

defects or alterations in Sox9 expression.   

 To determine if increasing Mustn1 expression during development caused 

any phenotype, overexpression experiments were undertaken.  When 3ng 

Mustn1 or mCherry was injected into 2-cell X. laevis embryos 

(1.5ng/blastomere), no significant morphological defects were detected when 

embryos were observed at stages 37 or 40 (Figure 8A&D).  When Sox9 

expression was investigated via in situ hybridization, no alteration in the 

expression pattern was visualized when compared to mCherry mRNA 

injected control (Figure 8B-F).  In all embryos expression can be seen in the 

same tissues as Co-MO-injected, namely, branchial arches, neural crest, eye 

periphery, and anterior tissues such as the nasal process and palate. 
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4.4 Discussion 

Mustn1 homology and localization suggests a role in 

vertebrate development.   

 Previously, our laboratory identified Mustn1 as a small musculoskeletal 

specific, nuclear protein that localizes to periosteal osteoprogenitors, 

osteoblasts and proliferating chondrocytes during bone development and 

regeneration [1].  Subsequent experiments on pre-chondrocytes in vitro 

determined that silencing Mustn1 resulted in strong reduction of proliferation 

rate, matrix production, and chondrogenic marker expression.  Therefore, it is 

not surprising that in X. laevis Mustn1’s temporal and spatial localization 

correlates to musculoskeletal development.  As somitogenesis and 

skeletogenesis begin during X. laevis development, Mustn1 expression 

shows a mild peak prior to steady increase and ultimately resulting in a 

plateau that extends throughout neurulation.  While this early peak in Mustn1 

expression is intriguing because it occurs just prior to gastrulation, our 

inability to visualize this expression via in situ hybridization, suggest that it’s 

too low to be detected or alternatively, it is located in some unobservable area 

of the embryo.  Instead, we chose to focus on the observable expression 

during later stages of development.  Spatially, Mustn1 localizes to the 

developing somites as well as the craniofacial region, similar to the pattern 

observed during mammalian development.  Further, Mustn1 protein sequence 

homology in vertebrates suggests that this gene’s structure and function is 

highly conserved among vertebrates. 
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Mustn1 depletion leads to multiple morphological defects.    

 When Mustn1 expression was reduced via antisense morpholino injection, 

multiple developmental defects were observed.  These defects included 

malformations in the craniofacial region leading to small or loss of eyes, 

altered body axis and tail length, and curvature or kinks in the body/tail as 

compared to Co-MO-injected embryos.  When Mustn1 was reintroduced in 

Rescue injected embryos the severity of these defects was reduced.  This 

result was consistent even when multiple stages were examined and when 

the concentration of morpholino injected was varied from 30-40ng/embryo, 

however, the severity of the defects were less severe at lower concentrations 

prior to rescue showing dose dependence.  Further, localization experiments 

demonstrate that FDA in both Co-MO-injected and Mustn1-MO-injected 

embryos localizes to the craniofacial regions as well as the somites.  While in 

Co-MO-injected embryos, FDA did not localize to any morphological defects, 

in Mustn1-MO-injected embryos the FDA shows strong localization to areas 

where defects occurred.  In Rescue injected embryos both FDA and mCherry, 

co-injected with Mustn1 mRNA, localize to the same areas suggesting that 

this reintroduction of Mustn1 is indeed rescuing the phenotype observed in 

Mustn1-MO-injected embryos.  While FDA and mCherry localization does not 

directly identify morpholino localization, this lineage tracing to defective areas 

does suggest that the morpholino is correlated with these defects.   
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 While craniofacial regions were severely affected, the presence and size 

of the cement gland remained largely unchanged between groups.  This may 

suggest that the craniofacial defect observed may be attributed to impaired 

dorsal developmental element, such as the lack of proper migration of NCC’s, 

and not ventral elements.  However, because this observation could be the 

end result of a number of defective processes such as lack of proliferation of 

these cells, failure of these elements to properly differentiate, or even 

defective communication between neighboring tissues such as NCC’s and the 

developing eye placode, further research is required to elucidate the 

mechanism causing this phenotype.  

 A number of previously published morpholino experiments bear similarities 

to the defects observed in these experiments.  Not surprisingly, when Sox9 

was depleted in developing X. laevis embryos eye size was reduced and 

anterior matrix production, visualized via Alcian blue binding, was similarly 

affected [7].  Given the effect of Mustn1 silencing on Sox9 expression, the 

similarity of these observed effects is in agreement. However, Sox9 is not the 

only gene which, when depleted, yields similar experimental results to the 

ones described herein.  For example, when Runx2 is silenced via morpholino 

injection, cartilage formation is almost completely ablated, resulting in 

craniofacial deformities [19] similar to those seen with Mustn1 downregulation.  

Further, FoxN3, a member of subclass N of fork head/winged helix 

transcription factors, causes a reduced eye phenotype when silenced.  Closer 
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examination of this phenotype suggests that this smaller eye is likely caused 

by a disruption in cranial crest cell migration [20].   

 Interestingly, the craniofacial phenotype is not the only similarity found 

between the Mustn1 morphant and previous research.  While MyoD has yet 

to be depleted in X. laevis embryos, Xtbx6r, a novel T-box gene which is also 

expressed in the paraxial mesoderm, shows similar body/tail kink when 

altered [18].  While aspects of the phenotype shown here are mirrored in 

other studies, none of the aforementioned studies observe the severity and/or 

combination of defects that occur with Mustn1 depletion.  While it goes 

beyond the scope of this report, determining the effects of Mustn1 depletion 

on these critical chondrogenic/myogenic molecules is a promising avenue to 

elucidating the molecular interactions of these genes.  

 

Mustn1 depletion reduces Sox9 expression but does not 

similarly affect MyoD.   

 When the expression pattern of MyoD was assayed via in situ 

hybridization only slight observable alterations in localization patterns were 

reported at stage 24, 33, or 38 (Figure 6 & data not shown).  These 

alterations were predominately localized craniofacially in regions that would 

become jaw muscle.  Unfortunately, MyoD expression is very time sensitive at 

these time points and the variability even within the Co-MO-injected embryos 

suggest that this observation may simply be temporal variation between 

embryos selected.  Therefore, to validate this finding mRNA levels from 
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anterior dissections were quantified and no significant differences were found 

between Co-MO-injected and Mustn1-MO-injected or Rescue injected 

embryos at stage 24, 34, or 39 suggesting that the variation seen in situ is 

indeed temporal variation between embryos selected.  Previous work in our 

laboratory conducted in vitro with the C2C12 myogenic cell line does suggest 

that silencing Mustn1 significantly diminishes MyoD expression as well as 

other marker genes.  In addition to impacting gene expression, myotube 

formation was also reduced when Mustn1 was silenced [unpublished data].  

These data suggest Mustn1 plays a role in muscle differentiation in vitro but 

may act redundantly in vivo masking the affect of silencing in these X. laevis 

experiments. 

 When Mustn1 was overexpressed in X. laevis embryos, no alteration in 

Sox9 expression pattern is observed via in situ hybridization when compared 

to mCherry injected control.  However, in Mustn1-MO-injected embryos Sox9 

expression is severely reduced.  Sox9 expression, which is predominately 

found within the craniofacial region of the embryo, becomes restricted to a 

thin streak of weak staining anterior and peripheral to the presumptive eye 

position.  When mRNA isolated from injected embryo anterior dissections was 

quantified, Sox9 expression demonstrates a ~40% reduction in Mustn1-MO-

injected embryos when compared to Co-MO-injected embryos at stages 34 & 

39.  With the reintroduction of Mustn1 mRNA this reduction is rescued and 

Rescue injected embryos show no difference in Sox9 when compared to Co-

MO-injection.  Interestingly, in Co-MO-injected embryos, this staining is 
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localized ventral and anterior, with strong dorsal and posterior expression, but 

this dorsal expression is largely absent when Mustn1 is silenced.  This again 

suggests that Mustn1 silencing affects the NCC development as they 

originate posteriorly and dorsal to the craniofacial region and migrate both 

ventrally toward the branchial arches and to the anterior regions of the eye.  

However, more resolution is needed in the localization experiments to 

determine which tissues are expressing Mustn1 and Sox9 at these stages.  

When Mustn1 is reintroduced Sox9 expression extends back into both dorsal 

regions and branchial arches as similar to Co-MO-injected embryos.   

 

Overexpressing Mustn1 does not result in morphological 

defects or alter Sox9 expression pattern.   

 Overexpressing Mustn1, even at a relatively high concentration, seems to 

have no effect on development.  This is consistent with both the in vitro 

research preformed previously on pre-chondrocytic and myogenic cell lines 

[unpublished data].  Overexpressing Mustn1 in these cells failed to yield any 

appreciable proliferation or differentiation phenotype.  This suggests that 

while Mustn1 may be necessary for proper Sox9 expression and 

subsequently development, it is not sufficient to cause ectopic proliferation 

and/or differentiation to take place reaffirming the current hypothesis that 

Mustn1 is necessary but not sufficient for chondrogenesis. 

 As presented in this report Mustn1 depletion causes a variety of severe 

morphological defects as well as disruption in Sox9 expression during X. 
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laevis development.  These data are consistent with results from our in vitro 

experiments which suggests that Mustn1 silencing negatively affects 

proliferation rate, matrix production, and down-regulates chondrogenic marker 

genes in the pre-chondrocytic RCJ cell line.  Taken together with 

overexpression analysis, this research implies that Mustn1 is a vital protein 

necessary for chondrogenesis both in vitro and in vivo.  While this report 

represents only an initial investigation into Mustn1’s role during development, 

the preliminary results are dramatic and make Mustn1, and its role in 

chondrogenesis, worthy of further research. 

 

4.5 Experimental procedures 

Antisense morpholino oligonucleotide and rescue plasmid 

 A Mustn1 antisense morpholino oligonucleotide (Mustn1-MO) derived from 

25 nucleotides located toward the 3’ terminus within coding sequence has the 

sequence 5’ GGGAATGTCCCAACCACAGGATGCC 3’ (Gene Tools).  Doses 

of 30-40ng were injected dorsal of the midline of 2- or 4-cell stage embryos.  

A standard scrambled morpholino oligonucleotide (Gene Tools) was used as 

control and injected under identical conditions.  A rescue plasmid was created 

by modifying the coding sequence of Mustn1 at the site of morpholino binding 

using a site directed mutagenesis Sp6/T7 kit (Roche).  The modified 

sequence at the site of morpholino was changed to 5’ 

GGAATTCTCTGGTTAGGCCACTCAC 3’ where red indicates mutations 

made.  Arif Kirmizitas preformed all embryo morpholino and mRNA injection. 
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qPCR analysis 

 Quantification of gene expression via qPCR was preformed using kits and 

protocols from either Roche or Qiagen.  Briefly, RNA was extracted from 

either whole wild-type embryos or anterior dissections of Co-MO-injected, 

Mustn1-MO-injected, and Rescue injected embryos via degradation with 

proteinase K in TNES buffer followed by phenol/chloroform extraction.  RNA 

from wild-type embryos was reverse transcribed to cDNA (via Invitrogen kit) 

prior to qPCR for Mustn1 using a Lightcycler 480 and one-step qPCR SYBR 

green kit (Roche).  The RNA from morpholino injected embryos became 

template for qPCR of Sox9 and MyoD using Lightcycler 2.1 (Roche) and two-

step qPCR SYBR green kit (Qiagen).  In both cases target gene expression 

was normalized to the expression level of Ornithine Decarboxylase. 

  

Whole mount in situ hybridization 

 Whole mount in situ hybridizations were done according to standard 

procedures [15]. Briefly, embryos were fixed at specific stages with 4% 

paraformaldehyde for 1hour and stored in 100% Methanol prior to 

hybridization.  The embryos were re-hydrated in a methanol/PBST gradient 

and permeabilized with proteinase K for 5 min.   Embryos were pre-hybridized 

prior to incubation overnight in hybridization buffer with 1µg/ml probe at 60oC.  

Embryos were washed in a SSC gradient before being blocked with MABT + 

10% Lamb serum +2% blocking reagent (Roche).  Embryos were then 
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incubated in Anti-DIG overnight at 4oC prior to detection with BM Purple 

(Roche).  Digoxigenin-labeled antisense probes were synthesized using 

Mustn1, MyoD and Sox9 cDNAs. 

 

Embryo manipulation 

 In vitro fertilization and embryo culture were done according to standard 

protocols. Embryonic stages were determined according to Nieuwkoop and 

Faber (1967). 

 

Scoring of morphological defects 

 Criteria were designed for each of the defect categories.  For eye defects, 

embryo eyes were considered normal if they did not demonstrate any of the 

following:  small eye(s) showed an observable reduction in eye circumference 

when compare to average Co-MO-injected embryos; they may have also 

shown disruption in the eye tissue, 1-eyed embryos showed little to no eye 

tissue unilaterally, embryos with a no eyed phenotype did not display any 

observable eye tissue on either side of the head.  For Axis defects, an 

embryo body axis was considered normal if, at stage 40, the body and tail 

were approximately equal length.  If this body: tail ratio was observably 

divergent from 1:1 resulting in a truncation of body axis; then the embryo was 

considered to have a shortened body axis.  For tail defects, embryo 

bodies/tails were considered normal if they contained no kinks.  If the embryo 

showed kinks in the body/tail that caused less than a 90o change in body axis, 
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they were considered mild defects.  If the embryo body/tail contained kinks 

causing a greater than 90o change in body axis, they were considered severe 

defects. 

 

Overexpressing Mustn1 in vivo 

 1.5ng of mRNA derived from the Mustn1 Rescue plasmid was injected into 

each blastomere at the 2-cell stage in the same manor as the morpholino 

injections.  mCherry mRNA was injected as a control at the same 

concentration.  Embryos were allowed to develop normally and were fixed 

and observed at stage 40. 

 

Statistical analysis 

 Statistical significance between gene expression levels was determined 

via Mann-Whitney analysis between Co-MO-injected and Mustn1-MO-injected 

as well as Co-MO-injected and Rescue injected embryos.  Significance was 

achieved when p<.05.  
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Figure 1. Mustn1 protein sequence homology between vertebrate species. Mustn1 
amino acid sequences from Mouse, Viper, frog, and Zebrafish are compared and the % 
similarity (to mouse) is shown on the right.  Changes in the primary sequence are denoted in 
yellow. Amino acids found in mouse but not other species are denoted by dashes. Analysis of 
motifs and potential modification sites within the X. laevis Mustn1 coding sequence are 
highlighted.  The frog Nuclear Localization Sequence (NLS) is shown in red (aa8-16) and 
potential myristylation and phosphorylation sites are denoted by underlining (aa 62-67) and 
bold (aa 61-64 and aa 65-68) respectively. 
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Figure 2. Mustn1 is differentially expressed both temporally and spatially during X. 
laevis development.  A. Differential Mustn1 expression via qPCR shows a slight peak prior 
to gastrulation followed by an increase and plateau of expression during later developmental 
stages corresponding to neurulation.  Analysis of spatial Mustn1 expression in wild-type 
embryos via in situ hybridization during development is shown by dorsal view of 
representative antisense Mustn1 hybridized St. 20 embryo, B and lateral views at C. St. 25, D. 
St. 34, and E. St. 40.  Control (sense hybridized) embryos are shown F. St. 20, G. St. 23, H. 
St. 34, and I. St. 39. Scale bars=1mm. 
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Figure 3. Qualitative analyses of morphological defects in Mustn1 morphants. Xenopus 
embryos were injected with morpholinos (35 ng/embryo) dorsal to the midline at the 4-cell 
stage and allowed to develop similarly.  A. Comparison of Co-MO-injected embryos (left), 
Mustn1-MO-injected embryos (middle) and Rescued embryos (right side) at stage 37-38, 
lateral view. The Mustn1-MO-injected embryos reveal smaller eyes, truncated body axis, and 
tail kinks. B. Same analysis at stage 40. The control embryos (left side) grow normally, while 
Mustn1-MO-injected embryos (middle) show severe defects. The eyes shrink or disappear; 
the body length is also reduced along with curvature of the tail.  Rescued embryos (right) 
show reduced severity of these defects. All scale bars = 1mm. 
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Figure 4. Quantitative analyses of morphological defects in Mustn1 morphants.  
Xenopus embryos from each group were fixed at stage 37-41 and were scored for each 
defect. A. Graphs of eye phenotypes presented in injected embryos. Labels correspond to 
phenotypes represented in the images (all lateral views except the dorsal view for the 1 Eye, 
Mild, and severe Tail phenotype) accompanying each category’s quantification of Co-MO-
injected, Mustn1-MO-injected, and Rescued embryos by percent of total population. B. Same 
analysis for Body axis length defects.  Embryos were categorized as having either a normal 
(left) or shortened (right) body axis.  C. Same analysis for Tail Kink defects.  Embryos were 
categorized as having a normal (left), mild (middle), or severe (right) tail curvature. 
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Figure 5. Localization of Mustn1 morpholino to areas of morphological defects. 
Embryos were injected with morpholinos (35 ng/embryo) dorsal to the midline at the 4-cell 
stage. Control and Mustn1 morpholino injected embryos were co-injected with Fluorescent 
Dextran Amine (FDA).  Modified mRNA injected into the Rescued embryos was co-injected 
with mCherry mRNA. A. Lateral view of Co-MO-injected embryos under bright field (left) and 
at 470nm (right). FDA shows localization to craniofacial regions and somites. B&C. Lateral 
and Dorsal views of Mustn1-MO-injected embryos under bright field (top) and at 470nm 
(bottom).  FDA co-injected with Mustn1 morpholino show localization to areas of 
morphological defects such as craniofacial regions (B) and affected areas of the somites (C).  
D. Lateral view of rescued embryos under bright field (top), 470nm (middle) and 600nm 
(bottom).  FDA and mCherry mRNA show co-localization throughout the embryo. All Scale 
bars = 1mm. 
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Figure 6. Mustn1 depletion affects chondrogenic but not myogenic marker expression.  
In situ hybridization was used to monitor the expression of the chondrogenic and myogenic 
markers, Sox9 and MyoD, respectively.  Lateral view of MyoD expression in stage 24 
embryos injected with Co-MO (A), Mustn1-MO (B) and rescued (C). Sox9 expression in Co-
MO-injected embryo at stage 40 (D).  Also high Magnification lateral view of Sox9 expression 
in stage 40 embryos injected with Co-MO (E), Mustn1-MO (F) and rescued (G).  While no 
differential expression is observable in MyoD expression, Sox9 shows severe reduction in 
craniofacial cartilaginous elements. Scale bars = 1mm (A-D) or 250µm (E-G). 
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Figure 7.  Mustn1 depletion reduces of Sox9 but not MyoD expression in vivo. mRNA 
was isolated from anterior regions of injected embryos and pooled (n=5) at stages 25, 34, & 
39.  qPCR for each of the marker genes was used to determine the exact expression levels.  
A. Graph of MyoD expression for Co-MO, Mustn1-MO, and Rescue injected embryos at 
indicated stages. No significant differences in MyoD expression were detected between any 
of the groups at any time point. B. Graph of Sox9 expression for Co-MO, Mustn1-MO, and 
Rescue injected embryos at indicated stages.  No significant difference was found between 
Co-MO-injected and Rescue injected groups at any time point.  A significant difference 
between Co-MO-injected and Mustn1-MO-injected embryos was found at stages 34 and 39. 
All bars represent average values of pooled mRNA (n=3).  Error bars indicate standard 
deviation of mechanical variation between qPCR runs (n=3).  Significance was determined by 
Mann-Whitney test vs. Co-MO-injected levels. *- p<.05.  
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Figure 8. Overexpression of Mustn1 has no effect on chondrogenesis or Sox9 
expression.  Lateral views of embryos injected with either 1.5ng Mustn1 mRNA or 1.5ng 
mCherry mRNA as control into each blastomere at the 2-cell stage.  In situ hybridization was 
used to monitor the expression of Sox9.  Embryos were grown up under identical conditions 
and fixed at stage 40.  A. Lateral view of mCherry mRNA injected embryos.  B. Lateral view 
of mCherry mRNA injected embryos after in situ hybridization for Sox9.  C. High 
Magnification lateral view of Sox9 expression in a representative mCherry mRNA injected 
embryo.  D. Lateral view of Mustn1 mRNA injected embryos.  E. Lateral view of Mustn1 
mRNA injected embryos after in situ hybridization for Sox9.  F. High Magnification lateral view 
of Sox9 expression in a representative Mustn1 mRNA injected embryo. 
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5. Conclusions 
  

5.1 Bone fracture repair recapitulates development 
  
 The idea that BFR recapitulates bone development has been well 

supported both on the cellular and molecular levels [4,6,7,21].  However, 

because Mustn1 was originally identified as a differentially regulated molecule 

during BFR [13] and this report aims to elucidate its expression during 

development, we chose to validate this hypothesis by analyzing the 

expression patterns of genes critical to development during BFR.  Specifically, 

we chose five Homeobox (Hox) transcription factors (Msx-1, Msx-2, rHox, 

Hoxa-2, and Hoxd-9) that were well documented during musculoskeletal 

development and analyzed them during fracture repair to determine if they 

were reactivated and, if so, in which cells/tissues within the callus.   

 As documented in Specific Aim #1, all five of these genes were up-

regulated during BFR at all time points tested.  Further these five genes 

showed similar expression patterns when fracture callus was spatially 

analyzed.  Within the callus, rHox showed expression in osteoprogenitor cells 

and osteoblasts but not differentiated osteocytes.  This expression pattern is 

consistent with research conducted on this gene during development which 

suggests that not only does rHox regulate osteogenic differentiation by 

binding osteocalcin and collagen I promoters [8,9] but, when rHox is mutated, 

defects in early phases of chondrogenesis and osteogenesis are observed 

[15].   
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 When Msx-1 and Msx-2 were analyzed similar up-regulation was 

observed.  Also, spatial localization experiments showed strong staining for 

these genes in proliferating and hypertrophic chondrocytes as well as 

osteoblasts and osteocytes.  These data are again consistent with research 

linking these genes to chondrogenesis and osteogenesis during development 

[3,17]. 

 Finally, Hoxa-2 and Hoxd-9 also showed an increase in expression 

throughout fracture repair but each showed peaks in expression at early 

stages within the time course.  While this expression also localized to 

proliferating chondrocytes and osteoblasts/osteocytes there was no 

expression observed in terminally hypertrophic chondrocytes.  Once again, 

these results are logical when considering data collected regarding these two 

genes during development suggesting that both Hoxa-2 and Hoxd-9 are 

necessary for proper chondrogenesis and osteogenesis particularly in early 

phases of these processes [5,10]. 

 The reactivation of these five Hox genes during BFR, especially at time 

points and in cell types consistent with their roles during embryogenesis, 

strongly supports the current hypothesis that BFR recapitulates bone 

development.  This validation suggest that since Mustn1 has been identified 

during BFR, in addition to likely regulating the components of BFR such as 

chondrogenesis, this gene is also likely involved in musculoskeletal 

development during embryogenesis.
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5.2 The function of Mustn1 in chondrogenesis 

Mustn1 is likely a nuclear co-activator of chondrogenesis and 

myogenesis.   

 Previous work done in our laboratory has provided indirect evidence as to 

the role Mustn1 plays in vivo.  The first piece of evidence is derived from 

analyzing Mustn1 amino acid sequence for potential motifs and modification 

sites.  This analysis identified a single known motif, a nuclear localization 

sequence (NLS), as well as potential myristylation and phosphorylation sites.  

When the NLS was verified via GFP-Mustn1 fusion construct, it was 

determined that Mustn1 localizes primarily to the nucleus, however, it is not 

found in the nucleoli or the nuclear membrane [13].  This data already 

significantly narrows down the list of possible functions of Mustn1 to such 

nuclear roles as DNA repair, transcriptional activation, DNA synthesis, RNA 

modification, etc.  It is unlikely that Mustn1 plays a role in ribosomal rRNA 

transcription due to its lack of activity in the nucleoli and it is unlikely that this 

gene plays a role in nuclear transport because it does not contain a nuclear 

export sequence.   

 To elucidate this novel gene, one of the first experiments was to test for 

Mustn1 expression in different tissues.  These data showed that Mustn1 

expression is specific to the musculoskeletal system in adult tissues as its 

mRNA was identified only in bone, skeletal muscle, trachea, and tendon [13].  

This finding was further supported by the results presented in Specific Aims 

#2 & 5 of this dissertation which showed that Mustn1 expression localizes to 
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areas of musculoskeletal development during vertebrate embryogenesis.  

This specificity suggests that Mustn1 does not play a housekeeping role in 

the nucleus, such as DNA replication or repair, because if it did it would be 

ubiquitous throughout all tissue types.  This strongly suggests that Mustn1 is 

involved in the transcriptional regulation of musculoskeletal genes.  Because 

its sequence does not contain a DNA binding motif, Mustn1 cannot be 

considered a transcription factor in the traditional sense and instead is likely 

either a co-activator or co-repressor. 

 Finally, experiments preformed in Specific Aims #3 & 4 of this dissertation 

in the pre-chondrocyte RCJ cell line found that while overexpressing Mustn1 

cause no significant alterations in cell proliferation or differentiation, refuting 

our hypothesis, silencing of Mustn1 caused significant reductions in both of 

these processes as well as severe reductions in three major chondrogenic 

marker genes (Sox9, Collagen II, and Collagen X).  When other research was 

preformed on the myogenic C2C12 cell line, a similar result was found.  While 

overexpressing Mustn1 caused no cellular phenotype, silencing Mustn1 via 

RNAi caused a lack of myotube formation and reduced expression of several 

myogenic marker genes (MyoD, Myogenic, Myh4, and Desmin) [unpublished 

data].  Because these experiments show that marker gene expression is 

adversely affected when Mustn1 is silenced they suggest that Mustn1 could 

be a crucial part of a transcriptional complex allowing for differentiation of 

these cell types.  It should be noted that it has yet to be determined if these 

reductions in marker gene expression are direct or indirect effects of Mustn1 
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silencing however, the early temporal activation of both Sox9 and MyoD 

suggest that Mustn1 silencing is closely related to these gene’s subsequent 

downregulation.   

 

Mustn1 likely regulates chondrogenesis and myogenesis in 

vivo. 

 Again, previous work preformed in our laboratory provides early evidence 

of Mustn1’s function in vivo.  Specifically, the localization of Mustn1 to 

periosteal osteoprogenitor cells, osteoblasts and proliferating chondrocytes 

during BFR begs further investigation.  During development, multiple areas of 

mesenchymal condensations in limb buds, vertebral perichondrium, and 

intervertebral discs show Mustn1 expression; particularly in proliferating but 

not terminally differentiated hypertrophic chondrocytes [13].  This pattern of 

expression is consistent with data reported in this dissertation identifying 

areas of Mustn1 expression earlier in development. 

 Again, Specific Aims #2 & 5 of this dissertation reports in situ hybridization 

of whole mount mouse and X. laevis embryos, where we see evidence of 

Mustn1 expression in limb buds, branchial arches, tail bud, and somites 

during time points when all of these areas are undergoing either 

chondrogenesis or myogenesis.  Indeed, in vitro analysis in pre-chondrocytes 

shows a sharp peak in Mustn1 expression during early differentiation followed 

by return to normal expression levels suggesting this gene acts early in the 

chondrocyte cellular progression.  However, localization and in vitro analysis 
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simply correlate Mustn1 expression with these developmental processes and 

do not provide adequate causal evidence.  For stronger support we undertook 

functional perturbation experiments in vivo. 

 In Specific Aim #5 of this dissertation we chose to investigate Mustn1 

function in vivo.  First a model organism, the Xenopus laevis embryo, was 

chosen since it shows similar temporal Mustn1 activation during 

developmental time points corresponding to musculoskeletal development.  

Localization experiments show Mustn1 expression in tissues consistent with 

the mouse embryo, namely developing somites and the craniofacial region.  

When Mustn1 is silenced in X. laevis embryos via antisense morpholino 

injection, several morphological defects are observed.  As reported earlier, 

these defects are relegated predominately to the regions of Mustn1 

expression and include small or missing eyes, truncated body axis, and 

body/tail kink or curvature. 

 It is interesting to note that these defects are not observable prior to mid-

neurulation, when chondrogenesis and muscle development have begun.  

This observation further refutes the idea that the temporal peak in Mustn1 

expression prior to gastrulation is significant; otherwise it is likely that earlier 

defects would be observed.  However, while this early expression suggests 

Mustn1 is active in the earliest differentiation of mesoderm; validation of this 

hypothesis is needed.  Additional experiments, including higher resolution in 

situ and sectioning, should be able to verify if this is the case. 
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 Further, concentrating on the observable phenotype we find that 

reintroduction of Mustn1 mRNA rescues these defects.  These defects give 

us rare insight into Mustn1’s function during development.  For example, in 

many cases, the small or missing eyes seem to be a by-product of severely 

malformed craniofacial regions in Mustn1-MO-injected embryos.  While the 

eye itself is not part of the musculoskeletal system, it is possible that this 

observable defect is caused by a lack of eye cup or vesicle development, 

which is in part created via interactions between ectodermal NCC’s and 

craniofacial mesenchyme, rather than failure of the eye placode to form 

normally.  The tissues affected are formed primarily by differentiation and 

development of either ventral branchial arches or dorsal NCC’s.  Disrupting 

chondrogenesis in either of these areas could result in the severely 

malformed craniofacial structures observed.   

 Interestingly, when the cement gland located ventrally to the head was 

scored for truncation or loss, no difference was found between Mustn1-MO-

injected embryo and control (data not shown), suggesting that ventral 

structures remain relatively intact despite Mustn1 depletion.  Further, a 

truncated body axis may represent either reduced chondrogenesis or inferior 

ossification.  This could be a defect in intramembranous ossification and 

therefore bypass any effects in chondrogenesis.  However, the fact that tail 

and body vertebra in X. laevis develop via independent mechanisms require 

further investigation of this phenotype, perhaps in addition model systems. 
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 Finally, the kink observed in both tail and body with regular frequency may 

be caused by imperfect muscle formation.  While MyoD expression was not 

altered either spatially or quantitatively in Mustn1-MO-injected embryos, it is 

possible that this defect is the result of other muscle development 

mechanisms or that the techniques employed were unable to adequately 

elucidate Mustn1’s impact.  Again, while this makes for interesting speculation, 

further research into the molecular regulation of muscle development, such as 

analysis of later muscle marker genes (Myogenin, Desmin, & Heavy Muscle 

Actin) as well as muscle patterning experimentation, is required.  Overall, the 

severity and combination of these three defects as well as the temporal and 

spatial localization of Mustn1 during development strongly suggest that this 

gene plays a role in musculoskeletal development.  This conclusion is only 

further supported by the disruption of Sox9 expression in Mustn1-MO-injected 

embryos.   

 

Mustn1 regulates chondrogenesis via regulating Sox9 

expression in vivo. 

 Both in vitro and in vivo analysis presented herein suggest that silencing 

Mustn1 causes a downregulation of Sox9 expression.  While this data only 

represents a cursory examination of Mustn1 expression, the notion that this 

gene seems to affect Sox9 expression, the master regulator of 

chondrogenesis, offers insights into the molecular mechanism.  Unfortunately, 

many signaling molecules associated with chondrogenesis exert effects on 
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Sox9 expression.  For example, as described in the introduction to this 

dissertation, TNF-α, NF-кB, HIF-1α, and ß-catenin all regulate Sox9 

expression.  Both TNF-α and NF-кB have been shown to block Sox9 

expression [16].  HIF-1α has recently been found to regulate Sox9 expression 

in hypoxic environments during early skeletogenesis [2,14].  The interaction 

between ß-catenin and Sox9 is thought to balance the developmental 

processes of ossification and chondrogenesis linking this master regulator of 

chondrogenesis with the Wnt signaling pathway [1].  BMP stimulation of 

chondrogenesis operates via modulation of Sox9 expression as well [20] and 

repressors of the BMP pathway, such as Smad-b, inhibit it by targeting Sox9 

expression [20].  Indeed, FGF’s, SHH, IHH and PTH/PTHrP have all been 

recently suggested as likely Sox9 regulators [11,22,23].  Given the vast 

number of Sox9 regulating pathways, identifying the molecular function of 

Mustn1 simply from this interaction alone is impossible.  Still, the regulation of 

such a potent modulator of chondrogenesis should not be overlooked. 

 While we cannot currently narrow down the specific pathway(s) in which 

affects Mustn1 function in the context of it’s regulation of Sox9, recent 

research in our laboratory has identified promoter elements that may help to 

shed light on its regulation.  Liu and Hadjiargyrou, 2006 have identified 

regulators of Mustn1 expression via deletion experiments on its promoter.  

They determined that AP-1 family members c-Fos, Fra-2, and JunD are 

required for Mustn1 activation in proliferating and differentiating C2C12 cells.  

These genes have been linked to the regulation of BMP-2 induced 
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chondrogenesis via a density dependent mechanism [18], but exactly how is 

unknown and further localization experiments are being pursued for all of 

these genes in articular cartilage [19].  While this is indeed an exciting result, 

promoter activation was only tested in the muscle cell line C2C12 and it is 

possible that regulation in chondrocytes is governed by different transcription 

factors.  Still, this work represents the continuing elucidation of Mustn1 role in 

musculoskeletal development.  While many questions of Mustn1 function 

remain unanswered, the research presented herein strongly suggests Mustn1 

is a crucial regulator of chondrogenesis in vitro and in vivo. 
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