
Summary. As a continuation of the previous study on
palate development (Rot and Kablar, 2013), here we
explore the relationship between the secondary cartilage
mandibular condyles (parts of the temporomandibular
joint) and the contributions (mechanical and secretory)
from the adjacent skeletal musculature. Previous
analysis of Myf5-/-:MyoD-/- mouse fetuses lacking
skeletal muscle demonstrated the importance of muscle
contraction and static loading in mouse skeletogenesis.
Among abnormal skeletal features, micrognathia
(mandibular hypoplasia) was detected: small, bent and
posteriorly displaced mandible. As an example of
Waddingtonian epigenetics, we suggest that muscle, in
addition to acting via mechanochemical signal
transduction pathways, networks and promoters, also
exerts secretory stimuli on skeleton. Our goal is to
identify candidate molecules at that muscle-mandible
interface. By employing Systematic Subtractive
Microarray Analysis approach, we compared gene
expression between mandibles of amyogenic and wild
type mouse fetuses and we identified up- and down-
regulated genes. This step was followed by a
bioinformatics approach and consultation of web-
accessible mouse databases. We searched for individual
tissue-specific gene expression and distribution, and for
the functional effects of mutations in a particular gene.
The database search tools allowed us to generate a set of
candidate genes with involvement in mandibular

development: Cacna1s, Ckm, Des, Mir300, Myog and
Tnnc1. We also performed mouse-to-human translational
experiments and found analogies. In the light of our
findings we discuss various players in mandibular
morphogenesis and make an argument for the need to
consider mandibular development as a consequence of
reciprocal epigenetic interactions of both skeletal and
non-skeletal compartments.
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Development, Epigenetics

General introduction

In the past decade and a half our research interests
have been focused on epigenetic interactions at the tissue
level, and specifically for this review on the interactions
that occur between the developing muscular and skeletal
systems. This approach was possible because of the
existence of a compound mouse knockout that entirely
lacks one basic tissue type, the skeletal muscle.
According to the basic (general) histology classification,
the mouse (and human) body consists of only four basic
tissue types: epithelium, connective tissue, nervous
tissue and muscle. While there are a number of
connective tissue types, there are only three types of
muscle: skeletal (striated), cardiac and smooth. By
means of gene targeting, it seems to be very rare to
obtain a complete lack of one basic tissue type.
Consequently, when employing Myf5:MyoD nulls
(Rudnicki et al., 1993), we are in fact employing a
“tissue knock-out” (without having to generate a
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conditional knockout), as opposed to just a gene (or a
group of genes, i.e., compound) knock-out. There are
some examples of mouse knock-outs that show a
significant (but not necessarily a complete) lack of a
particular cell type (but not of a basic tissue type), or of
a certain connective tissue type; but, again, that tissue
type is not entirely absent. One example is targeted
disruption of Cbfa1 that results in a complete lack of
bone tissue, but osteoblasts are present, while arrested in
their maturation (Komori et al., 1997). Therefore, our
basic tissue knock-out of skeletal muscle represents a
unique and valuable experimental model system, where
compound mutant embryos and fetuses completely lack
one basic tissue type, the skeletal myoblasts and
muscles, from the beginning of their life, and are viable
as long as in the womb. 

Muscles and bones make one functional system and
their main interaction is considered to be mechanical
(reviewed by Herring, 1994). Mechanical stimuli are
produced by both dynamic and static loading of
musculature, and the bone’s response to loading is
demonstrated through cell proliferation, differentiation
and tissue remodeling. Since bone morphology is a
result of interactions between bone and muscle activity,
bone morphogenesis is a typical example of an
epigenetic process in the original, broad Waddingtonian
sense (Waddington, 1942). Epigenetic interactions
integrate developmentally heterogeneous tissues, such as
bones and skeletal muscle, into a functional system
through complex networking of genes and their products
that will form the phenotype (Waddington, 1942, 1975).

Our model system has been embryonic mouse fetus
in which the elimination of two myogenic regulatory
factors (MRFs), Myf5 and MyoD, resulted in a complete
elimination of skeletal muscle (Rudnicki et al., 1993).
(N.B., in fact, MRF4 is also eliminated in our fetuses.)
(Kassar-Duchossoy et al., 2004.) These amyogenic
compound-mutant mouse embryos consequently develop
abnormal phenotypes in many organs, such as skeleton
(palate, mandible, clavicle, sternum, etc.), lungs, inner
ear, retina, spinal cord and brain (reviewed in Kablar,
2011). 

Our earlier anatomical study (Rot-Nikcevic et al.,
2006) described development of the embryonic and fetal
skeleton in the complete absence of skeletal muscle. In
fact, several subsequent studies confirm our findings on
muscle-bone interactions, while expanding the body of
knowledge produced by our systematic analysis of
amyogenic fetuses (Gomez et al., 2007; Nowlan et al,
2010a,b; Solem et al., 2011). 

We classified our findings into two major categories.
One category is about tissue/organ fusion, such as the
palatal fusion and the fusion of the sternum. Another
category is about the process of initiation and
maintenance of the secondary cartilage, relevant to the
complete development of the clavicle and the mandible.
We chose two examples, one from each of these major
categories, to focus on. First, we focused on the role of
muscle in palate development (Rot and Kablar, 2013). In

the current review, we focus on the interface between the
muscle and the secondary cartilage development in the
condyles of the mandible, as this is clinically relevant to
the development of the temporomandibular joint (TMJ).
Through this approach it is possible to gain insight into
the molecular players that are responsible for the process
of secondary cartilage maintenance that seems to depend
heavily on the cues from the skeletal muscle. In fact, our
earlier study (Rot-Nikcevic et al., 2007) revealed that in
the complete absence of skeletal musculature the
mandible was severely affected, displaying micrognathia
and reduced or absent condyles.

This study summarizes current knowledge of
mandible morphogenesis and its regulation, and
discusses epigenetic processes that occur during
mandible development, i.e., the developmental
mechanisms that can only be understood in terms of
interactions that are above the level of the gene. 

In the light of our microarray findings of genes that
are up- and down-regulated in mandibles of Myf5:MyoD
null mutant mice fetuses (or double-mutant, compound-
mutant, amyogenic, in this review) that completely lack
skeletal musculature we discuss the role of muscle as a
source of both mechanical and secretory cues in
mandible development. Our goal is to identify novel
molecular players with precisely defined functions in
mandibular morphogenesis. We hope to elucidate
possible causes of mandibular hypoplasia (micrognathia)
characterized by deficiency in mandibular bone growth
and determine which features of the phenotype are the
result of the absence of the gene and secreted proteins,
and which are due to the absence of mechanical forces
from the muscle.
Development of the mandible: anatomical
considerations

The mammalian mandible is a complex
morphological structure. It develops from neural crest
cells that populate the first pharyngeal arch. Neural crest
cells differentiate into two cartilaginous rods, the
Meckel’s cartilages. The early mandible is formed by
intramembranous ossification, and the ossification
proceeds along Meckel’s cartilage. However, secondary
cartilages contribute endochondral components at later
stages (Ramesh and Bard, 2003). In other words, the
body of the mandible undergoes intramembranous
ossification, while secondary cartilages of coronoid,
condylar and angular processes appear in the periosteum
and are then generated endochondraly (Fang and Hall,
1997; Tomo et al., 1997; Ramaesh and Bard, 2003). 

In embryonic mice Meckel’s cartilages form at about
embryonic day (E) 12.5 and the two rods join at E13.5.
At this stage the developing mandibles are thin plates of
condensed mesenchymal cells, lateral to Meckel’s
cartilage. At E14.5 mandibles elongate alongside
Meckel’s cartilages and future secondary condylar and
angular cartilages are seen at the end of the mandible.
By E15.5 Meckel’s cartilage is fully differentiated and is

1378
Skeletal muscle and the mandible



beginning to be surrounded by the mandible. The
condylar and angular cartilages begin to chondrify.
Meckel’s cartilage starts to degenerate at E16, and it
disintegrates as the mandible develops (see Ramaesh and
Bard, 2003 and references therein).

Secondary cartilage is the tissue that forms after
ossification begins and it participates in the processes of
growth. It occurs at articulations, sutures and muscle
attachments and provides growth sites during bone and
joint morphogenesis. In mice it develops in mandibles
(Fang and Hall, 1997 and references therein) and
clavicles (Hall, 2001 and references therein) and requires
mechanical stimulation for its maintenance (Tran and
Hall, 1989; Rot-Nikcevic et al., 2007). In mice and
humans secondary cartilage is seen in all three
mandibular processes, condylar, coronoid and angular
(Fang and Hall, 1997). The condylar cartilage especially
plays an important role as condyle contributes to the
formation of the TMJ. Genetic analyses of the
developing mouse TMJ confirmed the expression of
many genes known to be involved in endochondral
ossification, but have additionally revealed that TMJ
forms using a distinct molecular program from other
synovial joints (Hall, 2005; Purcell et al., 2009).
Regulation of mandibular development: molecules
and networks

Mandibular growth takes place under strict genetic
control. Different genes are involved in regulation of
developmental processes, such as migration of
mesenchymal cells derived from the neural crest,
chondrocyte and osteoblast differentiation, and
organogenesis of cartilage and bones. Some of the
essential genes in mandible development include genes
encoding homeobox-containing transcription factors
such as goosecoid (gsc), Dlx, Lhx, Msx1, Wnt (Rivera-
Perez et al., 1999; Tucker et al., 1999; Chai et al., 2000;
Depew et al, 2002; Sharpe and Cobourne, 2003; Chai
and Maxson, 2006) as well as cytokines and growth
factors such as BMP4 (St Amand et al., 2000; Zhang et
al., 2002; Liu et al., 2005), fgf8 (Trumpp et al., 1999)
and Tgfα (Miettinen et al., 1999). CHD and NOG,
proteins that bind BMPs and act as their extracellular
antagonists, are, for example, individually necessary for
normal development of the first branchial arch
derivatives, and their double-mutants display
micrognathia (Bachilller et al., 2000; Stottman et al.,
2001). The complexity of molecular regulation of
mandible development could be illustrated through the
example of the Dlx code (reviewed in Depew et al.,
2005). In mice, six Dlx genes have been detected, and
they are organized in three linked pairs in the genome
(Dxl1/2, Dxl3/4 and Dxl5/6). They are differentially
expressed in a regional, nested pattern in the
ectomesenchyme along the proximodistal axis of the
branchial arch (Qiu et al., 1995, 1997). Inactivation of
Dlx1 and/or Dlx2 causes abnormalities in the upper jaw
(Qiu et al., 1995, 1997; Depew et al., 2005), while

simultaneous inactivation of Dlx5 and Dlx6 results in
transformation of the lower jaw into the upper jaw
(Beverdam et al., 2002; Depew et al., 2002). Dlx3/4
expression is restricted to a small domain within the
mandibular arch and its expression is dependent on
Dlx5/6 (Depew et al., 2002). Therefore, it has been
hypothesized that a combinatorial code of these genes
controls the proximodistal growth and patterning of the
branchial arch units and that the combinations, i.e., the
number and type of Dlx alleles (“code”), define the
morphology (Depew et al., 2005 and references therein).
Moreover, recent evidence suggests that jaw, hyoid and
gill arch cartilages are in fact serially homologous and
patterned by a common Dlx blueprint (Gillis et al.,
2013). 
Mechanical role of skeletal muscle in mandibular
development

Apart from the molecular regulation, it has been
documented that individual components of the
mammalian dentary, which constitutes the bony skeleton
of the lower jaw, respond to epigenetic interactions from
different tissues. For example, areas of the dentary
associated with the teeth respond to movement
associated with developing teeth. (N.B., in this article we
use the term “mandible” when referring to the bone
alone, i.e., the dentary. This is more consistent with our
previous work, Rot-Nikcevic et al., 2007, but also with
the anatomical terminology to be employed for mouse-
to-human translation. Therefore, we are not referring to
the entire lower jaw that would include the Meckel’s
cartilage, dentary and muscles.) More importantly, the
posterior mandibular processes (coronoid, condylar, and
angular), onto which muscles insert (attach), require
mechanical action from muscles that attach to them for
their proper development. The muscle contraction
produces the strongest loading at muscle attachment
sites and these sites are usually characterized by
formation of bony processes (e.g., coronoid process of
mandible). These processes respond to muscle action in
ways that are specific to sets of muscles and the
processes with which they interact (Atchley and Hall,
1991; Atchley, 1993). The most powerful of jaw muscles
is the masseter that attaches to the large area on the
lateral aspect of the angle of the mandible, extending to
the angular process, whereas temporalis muscle,
attaching to the coronoid process, is weaker. Medial and
lateral pterygoid muscles attach to the angular process
and the condyle, respectively. Our previous studies have
shown that mandibles in Myf5:MyoD null fetuses were
significantly altered in shape when compared to wild
type; they were smaller, the condylar process was
slender, and angular and coronoid processes were
significantly reduced or absent (Rot-Nikcevic et al.,
2007). As mentioned, all three processes of the mandible
require secondary cartilage for their formation.
Formation of secondary cartilage itself is dependent on
mechanical stimulation from the skeletal muscle
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(Herring, 1994). Our previous findings conclude that
secondary cartilage formation in mouse mandibles can
be initiated in the absence of striated muscle, but the
amount of tissue is reduced (with the exception of the
angular process of the mandible that cannot be initiated).
On the other hand maintenance of secondary cartilage is
impossible in the absence of musculature, since all the
processes were either reduced or completely absent
(Rot-Nikcevic et al., 2007). 
Secretory role of skeletal muscle in mandibular
development

Of special interest to us is that, in addition to
producing a mechanical load, muscle can also be a
source of secretory proteins. Secretory, but especially the
paracrine, role of the muscle is achieved through
secretory cues (proteins) produced by the muscle, which
induce a response in adjacent tissues, such as cartilage
and bone, by affecting levels of cell proliferation, death,
differentiation and tissue fusion. Muscle is shown to be
capable of expressing and secreting cytokines that act as
signaling molecules in intercellular communication
(Pedersen and Febbraio, 2008). Muscle is viewed as a
secretory organ, and its products, the cytokines (or
“myokines”), can have autocrine, paracrine and
endocrine effects (Pedersen and Febbraio, 2008;
Henningsen et al., 2010). Here we propose that another
likely reason for micrognathia is a lack of secretory cues
from the adjacent muscle. In fact, recent work identified
muscle as a source of paracrine secretion of growth
factors essential for bone tissue formation (Hamrick et
al., 2010). Unfortunately, in our study, none of the
relevant up- or down-regulated genes encodes for
growth factors. 
Molecular networking that connects genotype and
phenotype

Our approach to analyzing mandible development is
one of systems biology that focuses on processes, i.e.,
functional outputs of protein networks, as they are the

level at which the genotype affects the phenotype (Bard,
2013). The tissues do not form in isolation but are each
other’s environment and part of a larger unit. A mutation
in a gene results in an altered protein (or protein
regulation) that, in turn, alters the network that drives
morphogenetic process; altered process alters the trait,
i.e., the phenotype. In most cases the trait is formed
through the output properties of more than one network,
and mutations in any of these proteins can affect the
network outputs (Bard, 2010). Molecular networks are
often referred to as pathways, but, as Bard (2013)
argued, network is a more appropriate term as
assemblages of proteins often include alternate routes.

The mammalian mandible is a classic model system
for studying integration, as well as complex
morphologies (Atchley, 1983; Atchley and Hall, 1991;
Klingenberg et al., 2001; Zelditch and Swiderski, 2011
and references therein), and as such it can provide an
insight into the complex gene networking that connects
genotype and phenotype. 
Systematic subtractive microarray analysis
approach (SSMAA)

As previously described in the publications from our
laboratory (Rot and Kablar, 2013, and references
therein), using a stereomicroscope the mandibular bone
(the dentary) was dissected out, the total RNA was
isolated, and the Affymetrix GeneChip cDNA
microarray analysis was performed (Ottawa Genome
Centre) to obtain the expression ratios and fold changes
between the wild type and double-mutant fetal
mandibles at E18.5. An arbitrary cut off value for log2(ratio) of 3.0 (i.e. -3.0≤log2 (ratio)≥3.0) was chosen as a
mean of determining the up- and down-regulated
probesets. Here, our analysis starts by getting
information from microarrays to reveal differentially
expressed genes in the mutant tissues. Amyogenic 
Myf5-/-:MyoD-/- fetuses develop various skeletal
abnormalities in the absence of musculature, one of them
being mandibular hypoplasia (Rot-Nikcevic et al., 2006;
2007). Following these findings we employed SSMAA
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Table 1. Genes up-regulated ≥3-fold in Myf5-/-:MyoD-/- mouse mandible, sorted by fold change.

Gene Fold change Gene title Molecular function

Spt1 5.56 salivary protein 1 / mucin-like 1 Not specified
Prol1 5.38 proline rich, lacrimal 1 Peptidase inhibitor activity
Pip 4.23 prolactin induced protein Protein binding
Eif2s3y 3.80 eukaryotic translation initiation factor 2, subunit 3, structural gene Y-linked GTP binding
Uty 3.53 ubiquitously transcribed tetratricopeptide repeat gene, Y chromosome Metal ion binding
Car6 3.42 carbonic anhydrase 6 Carbonate dehydratase activity
Smgc 3.36 submandibular gland protein C Not specified
Ddx3y 3.35 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked ATP binding
Lpo 3.29 lactoperoxidase Peroxidase activity
Prpmp5 3.26 proline-rich protein MP5 Not specified
Psp 3.24 parotid secretory protein Not specified
Srsy 3.17 serine-rich, secreted, Y-linked Not specified



to reveal a profile of genes involved in mandible
development and to explore muscle’s contribution in
terms of molecular cues. The SSMAA is used to reveal
the difference in gene expression patterns between the
wild type and the compound-mutant mandible. We
hypothesized that the difference in gene expression
patterns between the control (fully developed mandible
and its secondary cartilage condyles) and the compound-
mutant mandible (as described in Rot-Nikcevic et al.,
2007) would be related to the described mandibular
phenotype and its causes. Our Affymetrix Gene Chip
cDNA microarray analysis revealed a profile of genes
with a potential role in mandible development in
relationship to the skeletal muscle. (N.B., the microarray
approach was preferred to the proteomics for the
consistency reasons described in Kablar, 2011, in
addition to other well discussed/known advantages and
disadvantages). With a cut-off value of 3-fold, we
identified 13 up-regulated and 132 down-regulated
probesets in mutant mandibles, of which 12 and 107,
respectively, are identified named genes. The lists of up-
and down-regulated genes are given in Tables 1 and 2,
respectively.

In addition, the analysis of functional interactions
(FI) for the entire dataset was performed by employing
the same double-mutant Myf5-/-:MyoD-/- mandible
probesets, but with a cut-off value of 2-fold, and with the
inclusion of linking genes. The purpose of the FI
analysis is to cluster genes of related function within a

larger dataset. We employed Reactome FI plugin in
Cytoscape 2.7.0., which collects and aggregates pathway
information from a variety of public sources. We
generated the entire network of interactions with FIs
clustered into correlated nodes distinguished by node
color. There were more than 10 different, and somewhat
overlapping, node clusters. However, because of the
difficulties interpreting such a large body of information,
we could not show the entire network. Instead, to
illustrate our analysis, we show the top node (pathway)
that we identified, and that was concerned with the
muscle contraction pathway (Fig. 1). 
Bioinformatics approach

The microarray findings were followed by a
bioinformatics approach (Bard, 1999, 2002a,b), and a
detailed consultation of the web-accessible mouse
databases was performed. Mouse Genome Informatics
(MGI) (http://www.informatics.jax.org) holds, among
various other features, information on spatial and
temporal expression of genes, on distribution patterns of
proteins, and on genetically modified mice phenotypes.
Databases were searched for individual gene expression
and distribution in the tissues of interest and for a
function in mandibular development. In particular, for
each gene of interest, we searched for the effects of
mutations that a genetically modified mouse would have
in relationship to the mandibular development, such as
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Fig. 1. Analysis of Functional
Interactions (FIs). Analysis of
FIs was performed employing
the Reactome FI plugin in
Cytoscape 2.7.0. The entire
network of interactions with
FIs clustered into correlated
nodes distinguished by node
color is not shown, because of
the diff iculties interpreting
such a large body of infor-
mation. However, the top
node/pathway (in blue)
identified and shown here was
concerned with the muscle
contraction pathway. (N.B.,
Note two overlapping nodes,
one in green, with five genes
identified, and one in yellow,
with one gene identified.) The
muscle contraction pathway
(in blue) identif ied by FI
analysis consisted of 18

genes, which were largely structural components of muscle tissue (DES, desmin; DMD, dystrophin muscular dystrophy; MYBPC1, myosin binding
protein C, slow type; MYBPC2, myosin binding protein C, fast type; MYH3, myosin heavy chain 3; MYH8, myosin heavy chain 8; MYL1, myosin light
chain 1; MYL2, myosin light chain 2; MYL3, myosin light chain 3; MYL4, myosin light chain 4; NEB, nebulin; TCAP, titin-cap; TMOD1, tropomodulin 1;
TNNC1, troponin C type 1; TNNI1, troponin I type 1; TNNI2, troponin I type 2; TNNT1, troponin T type 1; TNNT2, troponin T type 2; TNNT3, troponin T
type 3; TPM2, tropomyosin 2 beta; TPM3, tropomyosin 3 gamma; TTN, titin). Note that several molecules identified in this pathway, such as: TNNC1,
ACTN2, TNNT3, are also visible in Table 5, indicating a potential role for these molecules in skeletal muscle-mandible secretory relationship. Note:
color code denotes node/pathway (e.g., in blue, green and yellow); lines and arrows represent the direction of interactions between the molecules;
dotted line indicates a less documented possibility of an interaction within a pathway (node).



micrognathia or mandibular hypoplasia. Our goal was to
determine whether any of the listed genes (in Tables 1
and 2) was expressed/distributed in mandible (or the
adjacent tissues, potentially signaling/relating to it), and
whether any of the differentially expressed genes in the
double-mutant mandible has already been shown to
cause micrognathia through the study of their genetically

modified mice. The database search tools allowed us to
identify a set of candidate genes that are likely involved
in the mandible morphogenesis, as described below. 

Only one of the down-regulated genes in double-
mutant mandible, Cacna1s, was previously associated
with the micrognathia (Pai, 1965). Originally, the mouse
mutant was named muscular dysgenesis (mdg). It is a
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Table 2. Genes down-regulated ≥3-fold in Myf5-/-:MyoD-/- mouse mandible, sorted by fold change (FC). (N.B., certain probesets lack complete
specificity for their gene and this is reflected in the Gene title, where some genes have more than one name separated by ///.)

Gene FC Gene title Molecular function

Trdn -7.85 triadin Not specified
Myl1 -7.79 myosin, light polypeptide 1 Calcium ion binding
Atp1b4 -7.35 ATPase, (Na+)/K+ transporting, beta 4 polypeptide Protein binding
Atp2a1 -7.13 ATPase, Ca++ transporting, cardiac muscle, fast twitch 1 Calcium ion binding
Myh8 -7.12 myosin, heavy polypeptide 8, skeletal muscle, perinatal Actin binding, ATP binding
Neb -6.97 nebulin Not specified
Myh3 -6.91 myosin, heavy polypeptide 3, skeletal muscle, embryonic Actin binding, ATP binding
Ttn -6.79 titin Actin filament binding
Casq1 -6.70 calsequestrin 1 Calcium ion binding
Tnnt3 -6.65 troponin T3, skeletal, fast Actin binding
Acta1 -6.65 actin, alpha 1, skeletal muscle ATP binding, nucleotide binding
Mybpc1 -6.58 myosin binding protein C, slow-type Not specified
Myot -6.51 myotilin Actin binding
Arhgap36 -6.48 Rho GTPase activating protein 36 GTPase activator activity
Ube2c -6.44 ubiquitin-conjugating enzyme E2C /// troponin C2, fast Acid-amino acid ligase activity
Actn2 -6.41 actinin alpha 2 Actin binding
Myoz2 -6.34 myozenin 2 Actin binding
Myoz1 -6.32 myozenin 1 FATZ binding, protein binding
Kbtbd10 -6.27 kelch repeat and BTB (POZ) domain containing 10 Not specified
Ckm -6.23 creatine kinase, muscle ATP binding
Casq2 -5.96 calsequestrin 2 Calcium ion binding
Apobec2 -5.95 apolipoprotein B mRNA editing enzyme, catalytic polypeptide 2 Catalytic activity
Tnni2 -5.84 troponin I, skeletal, fast 2 Actin binding
Mylk4 -5.57 myosin light chain kinase family, member 4 ATP binding, kinase activity
Smpx -5.56 small muscle protein, X-linked Not specified
Myl4 -5.50 myosin, light polypeptide 4 Actin filament binding
Myom2 -5.47 myomesin 2 Not specified
Klhl31 -5.44 kelch-like 31 (Drosophila) Not specified
Asb12 -5.41 ankyrin repeat and SOCS box-containing 12 Not specified
Pgam2 -5.20 phosphoglycerate mutase 2 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase activity
Rps13 -5.09 ribosomal protein S13 mRNA binding
Hfe2 -5.06 hemochromatosis type 2 (juvenile) (human homolog) Coreceptor activity
Cox8b -5.02 cytochrome c oxidase, subunit VIIIb Cytochrome-c oxidase activity
Mylpf -5.01 myosin light chain, phosphorylatable, fast skeletal muscle Calcium ion binding
Ryr1 -5.00 ryanodine receptor 1, skeletal muscle Calcium channel activity
Pvalb -4.98 parvalbumin Calcium ion binding
Tmem182 -4.96 transmembrane protein 182 Not specified
Ldb3 -4.95 LIM domain binding 3 Metal ion binding
Des -4.95 desmin Cytoskeletal protein binding
Pygm -4.95 muscle glycogen phosphorylase AMP binding
Tmod4 -4.93 tropomodulin 4 Actin binding
Sacs -4.90 sacsin /// sarcoglycan, gamma (dystrophin-associated glycoprotein) ATP binding
Fitm1 -4.86 fat storage-inducing transmembrane protein 1 Not specified
Ppp1r3a -4.70 protein phosphatase 1, regulatory (inhibitor) subunit 3A Protein serine/threonine phosphatase activity
Mybpc2 -4.67 myosin binding protein C, fast-type Actin binding
Itgb1bp2 -4.65 integrin beta 1 binding protein 2 Calcium ion binding
Myf6 -4.62 myogenic factor 6 DNA binding
Ampd1 -4.57 adenosine monophosphate deaminase 1 AMP deaminase activity
Ckmt2 -4.56 creatine kinase, mitochondrial 2 ATP binding
Smyd1 -4.55 SET and MYND domain containing 1 DNA binding
Myh1 -4.37 myosin, heavy polypeptide 1, skeletal muscle, adult Actin binding

To be continued.



spontaneous mutation, and all homozygous mutants
show a short mandible with an abnormally pronounced
curvature, as well as smaller condylar and coronoid
processes. Mutants show consistent bone abnormalities,
but the most affected bone appears to be mandible. The
striking characteristic of all mutants is general and
severe deficiency of skeletal musculature. The mutation

is lethal probably due to degeneration of the muscles of
respiration (Pai, 1965). Importantly, several subsequent
studies employing mdg (and Cacna1s) have established a
mechanistic basis for tendon-skeleton regulatory
interactions during the development of musculoskeletal
system and the process of secondary patterning of bones
(Brent et al., 2003; Blitz et al., 2009; Sharir et al., 2013).
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Continuation.

Tmod1 -4.33 tropomodulin 1/ thiosulfate sulfurtransferase-like domain containing 2 Actin binding
Tmem8c -4.32 transmembrane protein 8C Not specified
Srl -4.28 sarcalumenin GTPase activity
Fsd2 -4.24 fibronectin type III and SPRY domain containing 2 Not specified
Habp2 -4.23 hyaluronic acid binding protein 2 /// nebulin-related anchoring protein Catalytic activity
Csrp3 -4.19 cysteine and glycine-rich protein 3 Actinin binding
Xirp2 -4.15 xin actin-binding repeat containing 2 Actin binding
Mypn -4.12 myopalladin Actin binding
Pdlim3 -4.07 PDZ and LIM domain 3 Cytoskeletal protein binding
Sypl2 -4.04 synaptophysin-like 2 Transporter activity
Gm5105 -4.03 predicted gene 5105 Not specified
Tecrl -4.01 trans-2,3-enoyl-CoA reductase-like Oxidoreductase activity
Murc -3.95 muscle-related coiled-coil protein Rho GTPase activator activity
Mstn -3.92 myostatin Cytokine activity
Cpt1b -3.91 carnitine palmitoyltransferase 1b muscle/ Chkb-Cpt1b read through transcript Carnitine O-palmitoyl transferase activity
Lmod3 -3.91 leiomodin 3 (fetal) Not specified
Tnnt2 -3.90 troponin T2, cardiac Actin binding, ATPase activity
Tnnc1 -3.84 troponin C, cardiac/slow skeletal Actin filament binding
Myog -3.79 myogenin DNA binding
Cacna1s -3.79 calcium channel, voltage-dependent, L type, alpha 1S subunit Calcium channel activity
Chrna1 -3.78 cholinergic receptor, nicotinic, alpha polypeptide 1 (muscle) Acetylcholine binding
Eno3 -3.77 enolase 3, beta muscle Lyase activity
Tnni1 -3.77 troponin I, skeletal, slow 1 Actin binding
Cap2 -3.77 CAP, adenylate cyclase-associated protein, 2 (yeast) Actin binding
Alpk3 -3.71 alpha-kinase 3 ATP binding
Mylk2 -3.70 myosin, light polypeptide kinase 2, skeletal muscle ATP binding
Xirp1 -3.69 xin actin-binding repeat containing 1 Actin binding
Cacng1 -3.65 calcium channel, voltage-dependent, gamma subunit 1 Calcium channel activity
Synpo2l -3.65 synaptopodin 2-like Not specified
Sync -3.59 syncoilin / retinoblastoma binding protein 4 Protein binding
Hspb7 -3.58 heat shock protein family, member 7 (cardiovascular) Filamin binding
Trim72 -3.53 tripartite motif-containing 72 Metal ion binding
Myo18b -3.51 myosin XVIIIb ATP binding
Lmod2 -3.47 leiomodin 2 (cardiac) Actin binding
Bves -3.44 blood vessel epicardial substance Protein binding
Cox6a2 -3.40 cytochrome c oxidase, subunit VI a, polypeptide 2 Cytochrome-c oxidase activity
Myom3 -3.36 myomesin family, member 3 Protein homodimerization activity
Txlnb -3.34 taxilin beta Syntaxin binding
Lrrc39 -3.32 leucine rich repeat containing 39 /// coiled-coil domain containing 76 Not specified
Mustn1 -3.31 musculoskeletal, embryonic nuclear protein 1 Not specified
Cmya5 -3.29 cardiomyopathy associated 5 Protein binding
Hhatl -3.28 hedgehog acyltransferase-like Not specified
Gatm -3.27 glycine amidinotransferase (L-arginine:glycine amidinotransferase) Amidinotransferase activity
Myom1 -3.26 myomesin 1 Not specified
Mlf1 -3.25 myeloid leukemia factor 1 DNA binding
Nexn -3.24 nexilin Actin binding
Mir300 -3.18 microRNA 300 Not specified
Trim55 -3.17 tripartite motif-containing 55 Metal ion binding
Cox17 -3.17 cytochrome c oxidase, subunit XVII assembly protein homolog (yeast) Copper ion binding
Tnnt1 -3.06 troponin T1, skeletal, slow Tropomyosin binding
Tpm2 -3.04 tropomyosin 2, beta Actin binding
Jph1 -3.03 junctophilin 1 Not specified
Mir377 -3.02 microRNA 377 Not specified
Gjd4 -3.01 gap junction protein, delta 4 Not specified
Chrnd -3.01 cholinergic receptor, nicotinic, delta polypeptide Acetylcholine binding
Mir369 -3.00 microRNA 369 Not specified
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Fig. 2. Mouse-to-Human Translation Experiments. Distribution of: TGF1 (A-C), CTGF (D-F), VEGF (G-I) and FN (J-L). Developing human mandible at
5th (A, D, G, J), 7th (B, E, H, K) and 10th (C, F, I, L) developmental week. Week 5 (A, D, G, J): human mandibular arch consists of surface epithelium
(e) and underlying ectomesenchyme (em), at places containing blood vessels (bv). Cells showing positive reaction to the specific antibody (arrows and
insets in A, D, G, J): in the epithelium (A, D), ectomesenchyme (G, J). Week 7 (B, E, H, K): human mandible containing epithelium (e),
ectomesenchyme (em), Meckel’s cartilage (Mc) and ossification zone (oz). Cells showing moderate to strong reaction to specific antibodies within the
ossification zone, primarily osteoblasts (arrows, insets in B, E, H, K). Week 10: (C, F, I, L): human mandible containing surface skin epithelium (e),
ectomesenchyme (em), Meckel’s cartilage (Mc) and ossification zone (oz). Cells showing positive reaction (arrows) in the ectomesenchyme and
osteoblasts of the ossification zone (arrows and insets in C, F, I, L). Scale bar: 50 µm; insets x100.



In addition, we identified a set of 5 genes, down-
regulated in the double-mutant mandible, that have been
shown to be expressed in the normal mouse mandible.
Their differential expression in wild type versus double-
mutant mandibles, as well as the identified expression in
the normal mandible, establishes them as the
micrognathia candidate genes. In other words, according

to the current database content, these 5 genes are
potentially the most responsible for the mandibular
phenotype previously described (Rot-Nikcevic et al.,
2007) and employed in this study. The results are shown
in Table 3. For three of these candidate genes (Ckm, Des
and Myog) knockouts have been reported, but there were
no reports regarding mandibular phenotype. For the
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Table 3. Genes down-regulated ≥3 fold in double-mutant mouse mandible with a potential role in mandibular development, sorted by fold change (FC).

Gene Gene title FC Molecular function Gene Expression Knock-out phenotypes

Ckm creatine kinase, muscle -6.23 ATP binding Lower jaw Abnormalities in function and energy
utilization of skeletal and cardiac muscle1

Des desmin -4.95 Cytoskeletal protein
binding Lower jaw Defects of cardiac, skeletal and smooth

muscle; necrosis of myocardium2

Tnnc1 troponin C, cardiac/slow skeletal -3.84 Actin filament binding Lower jaw Not reported

Myog myogenin -3.79 DNA binding Lower jaw, Mandible
primordium

Severe reduction in muscle mass, defects
of thoracic skeleton, perinatal death3

Mir300 microRNA 300 -3.18 Not specified Lower jaw, Meckel’s cartilage Not reported
1van Deursen et al., 1993; 2Milner et al., 1996; 3Hasty et al., 1993.

Table 4. Genes reported to date (May, 2013) with knockouts displaying micrognathia or mandibular hypoplasia phenotype.

Gene Gene title Gene Gene title

1 Acvr1 activin A receptor, type 1 35 Lamp1 lysosomal-associated membrane protein 1
2 Acvr2a activin receptor IIA 36 Lmna lamin A
3 Atr ataxia telangiectasia and Rad3 related 37 M3sapc mutation 3, Sabine Cordes
4 Baz1b bromodomain adjacent to zinc finger domain, 1B 38 Mks1 homeobox, msh-like 1
5 Cacna1s calcium channel, voltage-dependent, L type, alpha 1S subunit 39 Nabp2 nucleic acid binding protein 2
6 Cep290 centrosomal protein 290 40 Ndst1 N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 1
7 Cnbp cellular nucleic acid binding protein 41 Otx2 orthodenticle homolog 2 (Drosophila)
8 Cyp26b1 cytochrome P450, family 26, subfamily b, polypeptide 1 42 Pbx1 pre B cell leukemia homeobox 1
9 Cyp51 cytochrome P450, family 51 43 Pdk1 pyruvate dehydrogenase kinase, isoenzyme 1

10 Dlg1 discs, large homolog 1 (Drosophila) 44 Pdss2 prenyl (solanesyl) diphosphate synthase, subunit 2
11 Dlx5 distal-less homeobox 5 45 Pgap1 post-GPI attachment to proteins 1
12 Dync2h1 dynein cytoplasmic 2 heavy chain 1 46 Pitx1 paired-like homeodomain transcription factor 1
13 Ece1 endothelin converting enzyme 1 47 Prdm16 PR domain containing 16
14 Edn1 endothelin 1 48 Prrx1 paired related homeobox 1
15 Ednra endothelin receptor type A 49 Pta persistent truncus arteriosus
16 Eya1 eyes absent 1 homolog (Drosophila) 50 Ptpn11 protein tyrosine phosphatase
17 Fbln1 fibulin 1 51 Ptprf protein tyrosine phosphatase, receptor type, F
18 Fgfrl1 fibroblast growth factor receptor-like 1 52 Rpgrip1 Rpgrip1-like; targeted mutation 1
19 Fuz fuzzy homolog (Drosophila) 53 Satb2 special AT-rich sequence binding protein 2
20 Gli2 GLI-Kruppel family member GLI2 54 Sc5d sterol-C5-desaturase (fungal ERG3, delta-5-desaturase) homolog
21 Gpc3 glypican 3 55 Sh3pxd2b SH3 and PX domains 2B
22 Gpg1 gasping 1 56 Six1 sine oculis-related homeobox 1
23 Gpg2 gasping 2 57 Slc27a4 solute carrier family 27
24 Gpg3 gasping 3 58 Smad2 SMAD family member 2
25 Gpg4 gasping 4 59 Sox11 SRY-box containing gene 11
26 Gpg5 gasping 5 60 Sox9 SRY-box containing gene 9
27 Gpg6 gasping 6 61 Srn siren
28 Gsc goosecoid homeobox 62 Sufu suppressor of fused homolog (Drosophila)
29 Hand2 heart and neural crest derivatives expressed transcript 2 63 Tbx1 T-box 1
30 Hpmd hypoplastic mandible 64 Tcof1 Treacher Collins Franceschetti syndrome 1, homolog
31 Hspb11 heat shock protein family B (small), member 11 65 Trps1 transgene insertion 1, Andrew K Groves
32 Itgb1 integrin beta 1 (fibronectin receptor beta) 66 Zeb1 zinc finger E-box binding homeobox 1
33 Kat6a K(lysine) acetyltransferase 6A 67 Zic5 zinc finger protein of the cerebellum 5
34 Kif15 kinesin family member 15 68 Zmpste24 zinc metallopeptidase, STE24
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Table 5. Genes down-regulated ≥3 fold in double-mutant mouse mandible with a potential role in muscle-mandible secretory relationship, sorted by fold
change (FC).

Gene Gene title FC Molecular function Gene Expression/Distribution

Myl1 Myosin, light polypeptide -7.85 Calcium ion binding Skeletal muscle, tongue
Atp2a1 ATPase, Ca++ transporting, cardiac muscle, fast twitch 1 -7.13 Calcium ion binding Skeletal muscle, tongue
Myh8 myosin, heavy polypeptide 8, skeletal muscle, perinatal -7.12 Actin binding, ATP binding Skeletal muscle
Actc1 Actin, alpha, cardiac muscle 1 -6.92 ATPase activity Tongue
Myh3 myosin, heavy polypeptide 3, skeletal muscle, embryonic -6.91 Actin binding, ATP binding Skeletal muscle, tongue
Ttn titin -6.79 Actin filament binding Skeletal muscle, tongue
Acta1 actin, alpha 1, skeletal muscle -6.65 ATP binding, nucleotide binding Skeletal muscle
Tnnt3 Troponin T3, skeletal, fast -6.65 Actin binding Skeletal muscle, tongue
Mybpc1 myosin binding protein C, slow-type -6.58 Not specified Skeletal muscle
Myot myotilin -6.51 Actin binding Skeletal muscle
Arhgap36 Rho GTPase activating protein 36 -6.48 GTPase activator activity Skeletal muscle, tongue
Actn2 actinin alpha 2 -6.41 Actin binding Skeletal muscle
Myoz2 myozenin 2 -6.34 Actin binding Skeletal muscle
Myoz1 myozenin 1 -6.32 FATZ binding, protein binding Skeletal muscle
Ckm Creatine kinase, muscle -6.23 ATP binding Masseter muscle, skeletal muscle, tongue
Apobec2 apolipoprotein B mRNA editing enzyme, catalytic polypeptide 2 -5.95 Catalytic activity Tongue
Tnni2 Troponin I, skeletal, fast 2 -5.84 Actin binding Masseter muscle, skeletal muscle, tongue
Smpx small muscle protein, X-linked -5.56 Not specified Skeletal muscle
Myl4 myosin, light polypeptide 4 -5.50 Actin filament binding Skeletal muscle
Myom2 myomesin 2 -5.47 Not specified Skeletal muscle
Klhl31 kelch-like 31 (Drosophila) -5.44 Not specified Skeletal muscle
Pgam2 Phosphoglycerate mutase 2 -5.20 2,3-bisphospho-glycerate-dependent Skeletal muscle, tongue, tooth

phosphoglycerate mutase activity
Cox8b cytochrome c oxidase, subunit VIIIb -5.02 Cytochrome-c oxidase activity Tongue
Mylpf myosin light chain, phosphorylatable, fast skeletal muscle -5.01 Calcium ion binding Skeletal muscle
Ryr1 Ryanodine receptor 1, skeletal muscle -5.00 Calcium channel activity Tongue
Pvalb parvalbumin -4.98 Calcium ion binding Skeletal muscle, facial bone primordium
Pygm muscle glycogen phosphorylase -4.95 AMP binding Skeletal muscle, temporalis, tongue
Des Desmin -4.95 Cytoskeletal protein binding Lower jaw, masseter muscle, tongue
Ldb3 LIM domain binding 3 -4.95 Metal ion binding Skeletal muscle
Myh1 Myosin, heavy polypeptide 1, skeletal muscle, adult -4.37 Actin binding Skeletal muscle, tongue
Mybpc2 myosin binding protein C, fast-type -4.67 Actin binding Skeletal muscle
Itgb1bp2 integrin beta 1 binding protein 2 -4.65 Calcium ion binding Skeletal muscle
Ampd1 adenosine monophosphate deaminase 1 -4.57 AMP deaminase activity Tongue
Ckmt2 creatine kinase, mitochondrial 2 -4.56 ATP binding Tongue
Klhl31 kelch-like 31 (Drosophila) -4.43 Not specified Skeletal muscle
Tmod1 tropomodulin 1/ thiosulfate sulfurtransferase-like domain containing 2 -4.33 Actin binding Skeletal muscle
Srl sarcalumenin -4.28 GTPase activity Skeletal muscle, tongue
Mypn myopalladin -4.12 Actin binding Skeletal muscle, tongue
Lmod3 leiomodin 3 (fetal) -3.91 Not specified Skeletal muscle
Tnnt2 troponin T2, cardiac -3.90 Actin binding, ATPase activity Skeletal muscle
Tnnc1 Troponin C, cardiac/slow skeletal -3.84 Actin filament binding Lower jaw, masseter, tongue
Cacna1s Calcium channel, voltage-dependent, L type, alpha 1S subunit -3.79 Calcium channel activity Skeletal muscle
Myog Myogenin -3.79 DNA binding Lower jaw, mandible primordium, masseter 

muscle, skeletal muscle, tongue
Chrna1 cholinergic receptor, nicotinic, alpha polypeptide 1 (muscle) -3.78 Acetylcholine binding Skeletal muscle
Tnni1 Troponin I, skeletal, slow I -3.77 Actin binding Tongue, lower jaw molar
Eno3 enolase 3, beta muscle -3.77 Lyase activity Skeletal muscle, facial bones primordia
Alpk3 alpha-kinase 3 -3.71 ATP binding Skeletal muscle
Xirp1 xin actin-binding repeat containing 1 -3.69 Actin binding Skeletal muscle
Synpo21 synaptopodin 2-like -3.65 Not specified Skeletal muscle
Myo18b myosin XVIIIb -3.51 ATP binding Skeletal muscle
Lmod2 leiomodin 2 (cardiac) -3.47 Actin binding Skeletal muscle
Cox6a2 cytochrome c oxidase, subunit VI a, polypeptide 2 -3.40 Cytochrome-c oxidase activity Skeletal muscle
Myom3 myomesin family, member 3 -3.36 Protein homodimerization activity Skeletal muscle
Mustn1 musculoskeletal, embryonic nuclear protein 1 -3.31 Not specified Skeletal muscle
Cmya5 cardiomyopathy associated 5 -3.29 Protein binding Skeletal muscle
Gatm glycine amidinotransferase (L-arginine:glycine amidinotransferase) -3.27 Amidinotransferase activity Skeletal muscle, tongue
Myom1 myomesin 1 -3.26 Not specified Skeletal muscle
Ttn titin -3.25 Actin filament binding Skeletal muscle, tongue
Nexn nexilin -3.24 Actin binding Tongue
Mir300 microRNA 300 -3.18 Not specified Meckel’s cartilage, mandible
Cox17 cytochrome c oxidase, subunit XVII assembly -3.17 Copper ion binding Skeletal muscle

protein homolog /popeye domain containing 2
Tnnt1 troponin T1, skeletal, slow -3.06 Tropomyosin binding Skeletal muscle
Tpm2 tropomyosin 2, beta -3.04 Actin binding Skeletal muscle
Jph1 junctophilin 1 -3.03 Not specified Skeletal muscle
Chrnd cholinergic receptor, nicotinic, delta polypeptide -3.01 Acetylcholine binding Skeletal muscle, tongue
Gjd4 gap junction protein, delta 4 -3.01 Not specified Skeletal muscle, tongue



other two genes, Tnnc1 and Mir300, knockouts have not
been generated. The generation of knockout mice for
these two candidate genes, and subsequent analysis of
mandibular development in search for mandibular
hypoplasia in all five knockouts, would elucidate the
precise role in mandible development of these five
candidates. 

We also used mouse databases to search for genes
involved in a specific phenotype, such as micrognathia
or mandibular hypoplasia. The search returned 68 genes
(listed in Table 4). Interestingly, only one gene,
Cacna1s, appeared in both the micrognathia genes list
obtained through web-database and our down-regulated
or up-regulated genes list.

Finally, we have identified a large set of 66 down-
regulated genes (Table 5) in double-mutant mandible
whose expression/distribution is normally restricted to
skeletal muscle (including, in some cases, specific
reports on expression in the masseter muscle, temporalis
muscle or tongue). This is a very interesting finding and
it contributes to our hypothesis of muscle’s secretory
role. Since skeletal muscle is completely eliminated in
double-mutants, these genes (and, in turn, their products,
potentially secreted by the muscle during mandibular
development) could represent a subset of secretory,
likely paracrine, cues from muscle that regulates
mandible development.

In Table 6 we listed all the genes (50) that are down-
regulated in double-mutant mandible for which
knockouts were generated, but for which an abnormal
mandible phenotype has not been reported. These genes
are potential redundancy candidates, in case the
mandibles were analyzed, but the phenotype was absent.
Indeed, many gene knockouts in mice result in normal
phenotype (Davies, 1999), because the gene is probably
part of the secondary pathway and will be redundant
under normal circumstances (Bard, 2010). Alternatively,
however, for many of these gene knockouts, the
mandibular development was not analyzed, and
therefore could be the next step in this endeavor. 

In conclusion, so far, many of the follow-up steps
will depend on the new data availability via the
International Mouse Phenotyping Consortium (IMPC). It
would be impractical and unrealistic to generate such a
large number of knockouts in an individual laboratory,
just to search for the mandibular phenotype. However,
since the genes are redeployed, and numerous scientists
are generating knockouts in their laboratories for
different reasons, and with the additional help from the
unifying IMPC pipeline, it is very likely that the
information on the functional involvement in mandibular
development for a variety of genes of interest identified
in this study will become available in the near future. 
Skeletal muscle and the mandible: model for
secretory and mechanical integration

Anomalies of the mutant mandibles involve areas
that are sites of muscle attachment and are probably

secondary effects of the absence of the respective
muscles. We suggest that not only mechanical, but also
paracrine cues from adjacent musculature play a role in
regulating development of neighboring tissues and
organs, and in this case the mandible. The load due to
muscle contraction is the most concentrated at the
muscle attachment site, and usually results in formation
of processes, such as the coronoid process of the
mandible, to which the temporalis muscle attaches. If the
temporalis muscle were removed the muscle load would
be removed, as well as possible paracrine cues, i.e.,
signaling proteins from the muscle. In our study, genes
expressed in muscles attaching to the mandible were
affected, and therefore it is possible that paracrine
contributions from muscle were affected too. This could
have an influence on mandibular development, in
addition to static and dynamic loading stimuli from the
musculature. Our discovery of a large set of down-
regulated genes in the double-mutant mandible, whose
expression and/or distribution is normally restricted to
the muscle, supports this hypothesis. Further research
should attempt to determine if a knockout for each of our
proposed candidate genes would result in abnormal
mandible phenotype. This would prove that the product
of the gene in question, and not the lack of the
musculature (or, at least, not only the lack of the
musculature), produced the phenotype. Alternatively, it
is possible that the compound mutant possesses
myogenic progenitor cells that erroneously migrated to
the mandible (Kablar et al., 1999; Sambasivan et al.,
2009). 

The paracrine cues could originate from various
neighboring tissues. Knockout mice for endothelin-
converting-enzyme-1 lack Meckel’s cartilage and have a
severely hypoplastic mandible (Yanagisawa et al., 1998).
Ramaesh and Bard (2003) suggested that mandibular
growth and morphogenesis could be directed and
constrained by paracrine signaling from Meckel’s
cartilage and tooth buds. However, there is no evidence
that Meckel’s cartilage secretes growth factors.
Interestingly, our results revealed one down-regulated
gene in the double-mutant mandible, Mir300, which is,
indeed, expressed in Meckel’s cartilage. Mir300 is a
transcription factor, and therefore it could be involved in
regulating expression of other genes. It is also possible
that both muscle and Meckel’s cartilage secrete cues that
regulate mandibular morphogenesis and growth.

As previously discussed, secondary cartilage
formation can be initiated in the absence of muscle but
the amount of tissue is reduced. Secondary cartilage is,
however, poorly maintained in the absence of muscle
and all the processes are affected: the condylar process is
severely affected, but the coronoid and angular processes
are absent (Rot-Nikcevic et al., 2007). Therefore, an
adequate development of TMJ is not possible if the
secondary cartilage cannot be maintained. The condylar
process is a muscle attachment site, but, in addition, it
forms an articulation with the temporal bone to form a
TMJ. This provides the condylar process with additional
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Table 6. Genes down-regulated ≥3 fold in double-mutant mouse mandible for which knockouts were generated but abnormal mandible phenotype was
not reported. Genes are sorted by fold change (FC).

Gene FC Gene title Deletion mutants exhibit:

Trdn -7.85 triadin loss of transverse orientation of triads within skeletal muscle cells (Shen et al., 2007)
Atp2a1 -7.13 ATPase, Ca++ transporting,

cardiac muscle, fast twitch 1
respiratory distress, progressive cyanosis; lung tissues and the diaphragm muscle show aberrant
morphology (Pan et al., 2003)

Neb -6.97 nebulin severe skeletal muscle weakness, depressed contractility (Witt et al., 2006)
Ttn -6.79 titin vascular, cardiac and skeletal muscle defects causing growth retardation, muscle weakness,

abnormal posture, and premature death (Gotthardt et al., 2003)
Acta1 -6.65 actin, alpha 1, skeletal muscle reduced body weight/size, atrophy of brown adipose tissue, depleted glycogen stores of the liver

and skeletal muscles, muscle weakness, and scoliosis (Crawford et al., 2002)
Myot -6.51 myotilin normal skeletal and cardiac muscle morphology and function, growth rate, survival, and internal

organ morphology (Moza et al., 2007)
Myoz2 -6.34 myozenin 2 an excess of skeletal muscle fibers and chronically activated hypertrophic gene program despite

the absence of hypertrophy (Frey et al., 2004)
Myoz1 -6.32 myozenin 1 reduced body weight and fast-twitch muscle mass, increased exercise capacity (Frey et al., 2008)
Ckm -6.23 creatine kinase, muscle abnormalities in function and energy utilization of both skeletal and cardiac muscle (van Deursen et al., 1993)
Casq2 -5.96 calsequestrin 2 impaired intracellular calcium regulation in cardiac myocytes (Knollmann et al., 2006)

Apobec2 -5.95 apolipoprotein B mRNA editing
enzyme, catalytic polypeptide 2 growth retardation and decreased bone mineralization and density (Mikl et al., 2005)

Smpx -5.56 small muscle protein, X-linked defects in heart, skeletal muscle morphology (Palmer et al., 2001)
Hfe2 -5.06 hemochromatosis type 2 (juvenile)

(human homolog) lack of hepcidin expression, severe iron overload and male sterility (Huang et al., 2005)

Mylpf -5.01 myosin light chain, phospho-
rylatable, fast skeletal muscle complete lack of skeletal muscle; mutants die immediately after birth (Wang et al., 2007)

Ryr1 -5.00 ryanodine receptor 1, skeletal
muscle

rounded body shape, edema, thin and misshapen ribs, abnormal muscle fibers; mutants die
perinatally (Takeshima et al., 1994)

Pvalb -4.98 parvalbumin abnormal muscle contractility and Purkinje cell mitochondrial morphology (Schwaller et al., 1999)
Ldb3 -4.95 LIM domain binding 3 myopathy, dysphagia, heart vascular congestion, dilated heart ventricles, cyanosis, and respiratory

distress (Huang et al, 2003)
Des -4.95 desmin histologically detectable defects of cardiac, skeletal, and smooth muscle (Millner et al., 1996)
Ppp1r3a -4.70 protein phosphatase 1, regulatory

(inhibitor) subunit 3A reduced levels of skeletal muscle glycogen (Suzuki et al., 2001)

Itgb1bp2 -4.65 integrin beta 1 binding protein 2 contractile dysfunction of the heart and dilated cardiomyopathy when subjected to pressure
overload (Brancaccio et al., 2003)

Myf6 -4.62 myogenic factor 6 variable rib abnormalities, abnormal intercostal muscle morphology, reduced expression of Myf5,
postnatal mortality proportional to the severity of the rib defect (Keller et al., 2004)

Ckmt2 -4.56 creatine kinase, mitochondrial 2 hypertrophic and dilated left ventricles and functional abnormalities (Steeghs et al., 1997)
Smyd1 -4.55 SET and MYND domain containing 1 enlarged heart and developmental abnormalities of the right ventricle (Gottlieb et al., 2002)
Myh1 -4.37 myosin, heavy polypeptide 1,

skeletal muscle, adult
reduced growth, muscular weakness, kyphosis, and abnormal kinetics of muscle contraction and
relaxation (Acakpo-Satchivi et al., 1997)

Tmod1 -4.33 tropomodulin 1/ thiosulfate sulfurtrans-
ferase-like domain containing 2 aborted heart development and consequent embryonic lethality (Chu et al., 2003)

Srl -4.28 sarcalumenin impaired calcium store functions in skeletal and cardiac muscle cells resulting in slow contraction
and relaxation phases (Yoshida et al., 2005)

Csrp3 -4.19 cysteine and glycine-rich protein 3 disrupted cardiomyocyte organization that results in premature death, left ventricle dilation,
hypertrophy, decreased contractility, and fibrosis (Arber et al., 1997)

Xirp2 -4.15 xin actin-binding repeat containing 2 abnormal heart shape, ventricular septal defects, a failure of mature intercalated disc formation,
severe growth retardation, and postnatal lethality (McCalmon et al., 2010)

Pdlim3 -4.07 PDZ and LIM domain 3 no major defects in skeletal muscle (Jo et al., 2001)
Sypl2 -4.04 synaptophysin-like 2 reduced body weight, abnormal skeletal muscle membranes and irregular skeletal muscle

contractility (Nishi et al., 1999)
Mstn -3.92 myostatin increased size of striated muscle due to both hyperplasia and hypertrophy, reduced adiposity, and

increased bone mineral density (Welle et al., 2006)

Cpt1b -3.91
carnitine palmitoyltransferase 1b
muscle/ Chkb-Cpt1b readthrough
transcript

in utero death prior to E9.5 (Chick et al., 2005)

Tnnt2 -3.90 troponin T2, cardiac embryonic lethality during and prior to organogenesis and abnormal heart development (Ahmad et al., 2008)
Myog -3.79 myogenin severe reduction in muscle mass associated with delayed primary myogenesis and very little secondary

myofiber formation, defects of the thoracic skeleton, and perinatal death (Hasty et al., 1993)
Cacna1s -3.79 calcium channel, voltage-dependent, L

type, alpha 1S subunit
edema and failure of myoblast differentiation by E13; perinatal death; muscle degeneration,
secondary anomalies of the skeleton, short jaw, cleft palate (Skarnes et al., 2011)

Chrna1 -3.78 cholinergic receptor, nicotinic,
alpha polypeptide 1 (muscle)

neonatal lethality, kyphosis, carpotosis, increased motor neuron number, abnormal neuromuscular
synapse (An et al., 2010)

To be continued.



mechanical stimulation from the bone, which could
possibly explain why it is less affected by the absence of
musculature than the coronoid or angular processes. It is
also worth mentioning that the muscle that attaches to
the condyle, the lateral pterygoid muscle, belongs to the
groups of muscles of mastication, but its role is
somewhat different. Investigation of myofiber properties
of the adult mouse masticatory muscles suggests that
masseter and temporalis muscles are involved with rapid
masticatory movement, characteristic for mice, while
lateral pterygoid muscle is involved in functions not
primarily related to movement, but functions that require
force, such as retention of jaw position (Abe et al.,
2008). These differences in muscle dynamics and the
pull they exert on bone could result in the different
levels to which the three processes are affected in the
absence of the muscle. 

A combination of muscle loading, type of its
attachment and muscle activity, and a set of its signaling
proteins present a complex environment in which other
structures form. Change in one of the components of this
environment affects the final result, i.e., the phenotype.

The head is viewed as a complex region integrated
during development through numerous epigenetic
interactions, both between and within its units
(Lieberman, 2011). The concept of functional matrix
hypothesis (FMH) is not a new one (Van der Klaauw,
1948-1952; Moss and Young, 1960; Moss, 1968) and it
proposes that the head comprises of a series of
functional matrices, i.e., genetically determined and
functionally maintained soft tissues and the spaces they
occupy (Moss, 1968; reviewed in Lieberman, 2010).
Muscle is one example of a functional matrix that is
enclosed by skeletal tissue, or it encloses the skeletal
tissue (depending on its anatomical location), where
skeletal tissue is another functional cranial component.
Moss (1968) hypothesized that each functional
component derives its shape from the shape and/or

functions of the soft tissue and spaces it encloses. In
addition, as Lieberman (2010) argues, a more integrated
hypothesis should be considered, the one that includes
reciprocal epigenetic interactions between skeletal and
non-skeletal (e.g., muscle) components. We suggest that
this functional matrix model should be considered when
analyzing and describing complex mandibular
development and phenotype, as it is a result of reciprocal
epigenetic interactions among skeletal and non-skeletal
tissues. 
Future plans: mouse-to-human translation

Our use of the web-based mouse databases was also
aimed at identifying whether Cacna1s or any of our five
candidate genes from Table 3 have homologues in
humans. Human homologues were identified for five of
them (Cacna1s, Ckm, Des, Tnnc1 and Myog), and three
(Cacna1s, Des and Tnnc1) have human diseases
associated with them (MGI). However, none of the
diseases involves mandibular hypoplasia or affects
craniofacial skeleton (MGI). Meanwhile, recent studies
in humans point out developmental interactions between
the mandible, the teeth and the muscle insertion sites
(Coquerelle et al., 2013). 

In fact, recently, we (and our collaborators) have
been studying expression and distribution patterns of the
regulators of early human mandible (Brakus et al., 2010)
and palate (Vukojevic et al., 2012; Hall and Precious,
2013) development. Indeed, as a collaborative effort
between our laboratories, we employed human mandible
tissues and examined whether any of the molecules
detected using mouse tissues apply to human tissues, as
a part of the mouse-to-human translation effort. Our
immediate goal is to improve our understanding of
molecules’ distribution patterns, and ultimately identify
markers for predicting micrognathia, and TMJ disorders
associated with the poor maintenance of the secondary
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Continuation.

Mylk2 -3.70 myosin, light polypeptide kinase 2,
skeletal muscle impaired skeletal muscle twitch tension response to tetanic stimulation (Zhi et al., 2005)

Xirp1 -3.69 xin actin-binding repeat containing 1 cardiac hypertrophy and a disruption of cardiac intercalated disc structure and myofilament
abnormalities (Otten et al., 2010)

Cacng1 -3.65 calcium channel, voltage-
dependent, gamma subunit 1 abnormal muscle calcium currents (Freise et al., 2000)

Sync -3.59 syncoilin /retinoblastoma binding
protein 4

reduced generation of isometric stress in skeletal muscle; impaired contractility and increased
skeletal muscle damage under a forced exercise regime (McCullagh et al., 2008)

Trim72 -3.53 tripartite motif-containing 72 muscle pathologies that develop with age (Cai et al., 2009)
Bves -3.44 blood vessel epicardial substance delayed muscle regeneration following induced injury (Andree et al., 2002)
Cox6a2 -3.4 cytochrome c oxidase, subunit VI

a, polypeptide 2
cardiac dysfunction as a result of abnormal ventricular filling or diastolic dysfunction under maximal
cardiac load (Radford et al., 2002)

Trim55 -3.17 tripartite motif-containing 55 increased heart and muscle to body weight ratios and cardiac hypertrophy (Witt et al., 2008)
Cox17 -3.17 cytochrome c oxidase, subunit XVII

assembly protein homolog (yeast)
retarded growth, die between E8.5 and E10, severe reductions in cytochrome c oxidase activity at
E6.5 (Takahashi et al., 2002)

Jph1 -3.03 junctophilin 1 failure to suckle; die shortly after birth; deficiencies of triad junctions and contraction in skeletal
muscle (Takeshima et al., 2000)

Gjd4 -3.01 gap junction protein, delta 4 accelerated muscle regeneration following BaCl2 injection (von Maltzahn et al., 2011)



cartilage tissue. Please note that at this time we provide
the human translation of previously discovered mouse
data. It is our future plan to translate the mouse data
revealed by our current analysis to the human data. 

During embryonic development, TGFβ1
(transforming growth factor beta 1) participates in cell
migration to the place of future skeletogenesis, and in
the epithelial-mesenchymal interactions and cellular
condensations (Kanaan and Kanaan, 2006). Expression
and function analysis of one of the TGFβ isoforms,
TGFβ2, during mouse mandible development, identifies
the role of TGFβ2 in proliferation of osteoprogenitor and
chondroprogenitor cells. TGFβ2 knockout mice have
anomalies of the lower jaw (Oka et al., 2007b, 2008).
TGFβ1 strongly stimulates the expression of CTGF
(connective tissue growth factor) and FN (fibronectin),
especially at the sites of mesenchymal condensations in
the future mouse Meckel’s cartilage (Ito et al., 2002;
Shimo et al., 2004; Oka et al., 2007b). There are no
previous data describing its distribution in early human
mandible development (Fig. 2A-C).

CTGF, on the other hand, mediates cell-cell
interactions and aggregations in the first branchial arch
and stimulates mesenchymal cell differentiation into
chondrocytes (Shimo et al., 2004). Studies with mutant
mice showed that this factor has impact not just on
chondrocyte differentiation, but also on their
proliferation in Meckel’s cartilage (Oka et al., 2007a).
CTGF regulates osteoblast cell morphology, viability,
migration, and proliferation (Kanaan et al., 2006). In
fact, CTGF is present in periosteal cells and
hypertrophic chondrocytes during bone healing in
experimental animals. The functions of this protein on
angiogenesis, mesenchymal cells, chondrocytes and
osteoblasts are mutually overlapping and as such have an
important role in the development and healing of bones.
CTGF knockout mice show bone dimorphism, i.e.,
bending of long bones, ribs and shortening of the
mandible (Ivkovic et al., 2003). There are no previous
data describing its distribution in early human mandible
development (Fig. 2D-F).

Analysis of VEGF (vascular endothelial growth
factor) knockout mice pointed at its role in the initiation
of ingrowing blood vessels into hypertrophic cartilage,
and therefore in the endochondral ossification (Zelzer et
al., 2004). This factor is important for the survival of
chondrocytes during bone formation, for normal
differentiation of immature progenitor cells into
chondrocytes, osteoblasts, osteoclasts and endothelial
cells (Maes et al., 2002; Zelzer et al., 2004). VEGF was
found to stimulate the activity of osteoclasts, increase
bone resorption and positively influence the activity of
osteoblasts (Dai and Rabie, 2007). There are no previous
data describing its distribution in early human mandible
development (Fig. 2G-I).

Finally, FN is a multifunctional glycoprotein of the
extracellular matrix that binds to membrane receptors,
integrins, and to collagen, fibrin, and proteoglycans. It
mediates cell adhesion, growth, migration and

differentiation. In addition to its role in wound healing, it
is also important in embryogenesis, angiogenesis,
inflammation and tumorigenesis. Connection of FN to
integrins is essential for the survival of osteoblasts, their
proliferation, bone matrix mineralization and ossification
(Wierzbicka-Patynowski and Schwarzbauer, 2003 and
references therein; Garcia and Reyes, 2005). The
interaction of FN with specific integrins, α5β1, was
important for early bone formation in mice (Moursi et
al., 1997). There are no previous data describing its
distribution in early human mandible development (Fig.
2J-L).

In conclusion, together with the animal studies data,
the described distribution patterns of TGF1, CTGF,
VEGF and FN, visible in Fig. 2, support the role of the
studied molecules in mandibular development. 
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