
Summary. The involvement of skeletal muscle in the
process of palatal development in mammals is an
example of Waddingtonian epigenetics. Our earlier study
showed that the cleft palate develops in the complete
absence of skeletal musculature during embryonic
development in mice. This contrasts with previous
beliefs that tongue obstruction prevents the elevation and
fusion of the palatal shelves. We argue that the complete
absence of mechanical stimuli from the adjacent muscle,
i.e., the lack of both static and dynamic loading, results
in disordered palatogenesis. We further suggest that
proper fusion of the palatal shelves depends not only on
mechanical but also on paracrine contributions from the
muscle. The muscle’s paracrine role in the process of
palatal fusion is achieved through its being a source of
certain secreted and/or circulatory proteins. A cDNA
microarray analysis revealed differentially expressed
genes in the cleft palate of amyogenic mouse fetuses and
suggested candidate molecules with a novel function in
palatogenesis (e.g., Tgfbr2, Bmp7, Trim71, E2f5, Ddx5,
Gfap, Sema3f). In particular, we report on Gdf11 mutant
mouse that has cleft palate, and on several genes whose
distribution is normally restricted to the muscle
(completely absent in our amyogenic mouse model), but
which are found down-regulated in amyogenic mouse
cleft palate. These molecules probably present a subset
of paracrine cues that influence palatogenesis from the
adjacent muscle. Future studies will elucidate the role of
these genes in muscle-palate crosstalk, connecting the
cues produced by the muscle with the cartilage and bone
tissue’s responses to these cues, through various degrees
of cell proliferation, death, differentiation and tissue
fusion. 
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General introduction

Our laboratory has been developing an approach
suitable for studying the molecular features of cell-
tissue-organ interactions. According to our approach,
cells, tissues and developing organs are each other’s
environment. Various cues from that environment, such
as molecular (e.g., paracrine, endocrine, autocrine),
mechanical, and other cues (e.g., light and sound),
influence embryonic development in reciprocal (mutual)
ways, creating complex networking systems that connect
the genotype and phenotype. This approach is based on
the fact that the elimination of only two transcription
factors results in a complete elimination of the skeletal
(or striated) muscle (Rudnicki et al., 1993), and a series
of consequent phenotypes observable in many organs,
including lung, skeleton, retina, inner ear, and motor
neurons (Kablar, 2011). We classified these phenotypes
into three categories, each representing an example of
the role of different environmental cues in organ
development and cell differentiation, such as: a) the role
of mechanical cues in organ development (e.g., lung), b)
the role of paracrine cues in cell differentiation (e.g.,
motor neurons), and c) the role of both mechanical and
paracrine cues in organ development (e.g., palate
development). Another category, not discussed here, is
represented by the influence of light and sound on retina
and inner ear development, respectively.

The role of mechanical cues in organ development
has recently been reviewed by us (Baguma-Nibasheka et
al., 2012), providing an explanation of how lung
development depends on mechanical stimuli from the
respiratory musculature. The review also introduced
novel molecular players in the mechanochemical signal
transduction pathways that operate to connect the
mechanical stimuli and the alveolar epithelial cell
differentiation. The human disease that is partially
modeled in this example is Pulmonary Hypoplasia.

The role of muscle in cell survival and maintenance
(e.g., motor neuron development) is being currently
reviewed (Baguma-Nibasheka, Moreno and Kablar,
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unpublished data), and that review will explain the
developmental relationship between skeletal muscle, and
the motor neurons and giant pyramidal cells in the spinal
cord and brain, respectively. The review will introduce
novel molecular players in the process of motor neuron
number regulation. The human disease that is partially
modeled in this example is Amyotrophic Lateral
Sclerosis (ALS) or Lou Gehrig's Disease.

The role of muscle as a source of mechanical and
paracrine cues in organ development (e.g., development
of the skeleton) is featured in the current review and
here, we will explain developmental relationships
between the skeletal muscle and the skeleton. In
particular, as a concrete example, we will focus on the
events of formation and fusion of the palatal shelves, as
they occur during the development of the palate. We will
summarize the known causes of the cleft palate and the
gene mutations known to be involved in disrupted
palatogenesis. We will then introduce and discuss the
genetic control of palatogenesis in the context of
mechanical and paracrine stimulation from the muscle,
presenting our microarray findings on genes that are
up/down-regulated in the cleft palate of mouse fetuses
that completely lack skeletal musculature. The review
will introduce novel molecular players involved in
palatal development, and will also examine new
concepts explaining the human disease that is partially
modeled in this example, also known as Palatoschisis. 
Development of the palate (anatomical description)

Craniofacial development in vertebrates is a
complex process that involves precisely regulated
interactions between various embryonic tissues. This
complexity is reflected in the fact that anomalies of the
head and neck account for 75% of all congenital birth
defects (Chai and Maxson, 2006). 

The palate in mammals forms by the union of the
primary palate and two secondary palatal shelves
(Kaufman, 1999). The primary palate originates from the
fused medial nasal prominences and the secondary
palate develops from bilateral palatal shelves arising
from the maxillary processes. Around embryonic day
10.5 (E10.5) in the mouse embryo the medial nasal
processes merge to form the intermaxillary segment,
from which the primary palate emerges. The
development of the secondary palate is initiated at E11.5
as the palatal shelves grow bilaterally from the inner part
of the maxillary processes. At E12.5 and E13.5, the
palatal shelves grow vertically on either side of the
tongue. At E14 the tongue descends and the palatal
shelves elevate into a horizontal position above the
tongue. They continue to grow towards the midline
which leads to their contact and fusion along the medial
edge epithelium at E14.5. The palatal shelves also fuse
with the primary palate and the nasal septum, thus
forming a plate that separates the nasal from the oral
cavity. The fusion is followed by the ossification of the
anterior two thirds of the plate and formation of the hard

palate. The posterior third forms the muscular soft
palate. 
Regulation of palatogenesis and causes of the cleft
palate

The process of palatal development is precisely
regulated and must occur within a critical period of
development. It has been widely accepted that a
combination of both genetic and environmental factors
causes the formation of a cleft palate (Marazita, 2002;
Jugessur and Murray, 2005). Development of a cleft
palate can result from disruption of any of the steps
during palatogenesis, or as a consequence of disruption
in the development of other craniofacial structures
(Ferguson, 1988; Francis-West et al., 1998). 

Targeted gene mutations in mice have disclosed cleft
palate etiologies that revealed a number of molecules
with an important role in the control of palatogenesis, as
well as those that cause cleft palate as a secondary event
following craniofacial bone and tongue anomalies
(reviewed in Gritli-Linde, 2007). It has been shown that
altered levels of cell proliferation and/or apoptosis in the
developing palate cause abnormal palatal growth and the
formation of a cleft palate (Ito et al., 2003; Rice et al.,
2004; Alappat et al., 2005). Adequate palatal shelf
volume is considered to be necessary for shelf elevation
as well. For example, Fgfr2 mutants have decreased
palatal shelf growth, which results in narrow palatal
shelves incapable of contacting each other, thus forming
palatal cleft (Snyder-Warwick et al., 2010). In some
cases, such as in fibroblast growth factor receptor
mutations, both gain-of-function and loss-of-function
mutations resulted in the same palatal phenotype, i.e.,
cleft palate (Slaney et al., 1996; Dode et al., 2003; Riley
et al., 2007). Detailed reviews of mouse cleft palate
mutants (Gritli-Linde, 2007) as well as cleft lip mutants
with or without cleft palate (Juriloff and Harris, 2008)
have been published recently (Table 1).

Among environmental factors, maternal alcohol or
smoking (Wyszynski and Beaty, 1996), exposure to
retinoic acid (Lammer et al., 1985) and pesticides such
as dioxin (Garcia et al., 1999) have been shown to
induce palatal cleft.

One of the major extrinsic factors for palatogenesis
is considered to be the movement of the tongue,
especially tongue depression, as it is thought to provide
necessary space for shelf elevation and fusion (Iseki et
al., 2007). Mutations in the Hoxa gene, for example,
paralyze the hyoglossus muscle and the consequent
failed shelf elevation is thought to be due to the non-
withdrawal of the tongue (Barrow and Cappechi, 1999).
Similarly, Gad1-/- mice show impaired fetal movement
during palate formation (Tsunekawa et al., 2005) due to
the altered GABA signaling in the CNS during
embryonic development. Oh et al. (2010) argued that
cleft palate in these Gad1 mutant mice occurs as a
secondary effect due to elimination/limitation of fetal
movements and the inhibition of the palate shelf
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elevation due to the abnormal position of the tongue
between the shelves. 
Mechanical role of muscle in morphogenesis of
tissues and organs

Vertebrate skeleton and musculature function as one
system and their association is both physical and
physiological. The main interaction between muscles
and bones is considered to be mechanical (reviewed by
Herring, 1994), as muscles load bones even before birth
and bones respond to mechanical loading by the
proliferation of progenitor cells and the differentiation
and remodeling of skeletal elements (Pearson and
Lieberman, 2004; Allori et al., 2008). Some tissues,
when under increased mechanical load, show enhanced
performance and often increase their bulk by cell
division (Jones et al., 1995). Mechanical forces are
thought to add bone, although bones vary in their
dependence on muscle interaction during normal growth. 

The absence of fetal movements during development
has been shown to cause defective development of

several structures in mouse fetuses. For example, lungs
fail to develop properly in the absence of fetal breathing-
like movements in mice (Inanlou and Kablar, 2005).
Similarly, in the complete absence of skeletal
musculature, various other organs and tissues in the
embryonic mice do not develop properly, such as the
retina (Baguma-Nibasheka and Kablar, 2009a,b) and the
sensory fields of the inner ear (Rot and Kablar, 2010).
Clavicles and mandibles are also severely affected in the
complete absence of skeletal muscles (Rot-Nikcevic et
al., 2007), and palatal shelves fail to fuse (Rot-Nikcevic
et al., 2006).

Oh et al. (2010) observed an interesting similarity in
the timing of palate elevation and the initiation of fetal
movements, in both mice and humans. In mice, palate
elevation and fusion occur at the same time as the first
fetal movements are detected (Tsunekawa et al., 2005).
In humans, fetal movements start at 7-8 weeks (de Vries
and Fong, 2006), coinciding with the time of palate shelf
elevation (Sadler and Langman, 2005).

The relationship between mechanical forces and
morphogenetic cues has been indicated by several
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Table 1. Review of mouse cleft palate mutants (Gritli-Linde, 2007) and cleft lip mutants with or without cleft palate (Juriloff and Harris, 2008).

Gene Gene title Phenotype

1 Bmpr1a bone morphogenetic protein receptor, type 1A CP, cell proliferation defects and altered anterior posterior patterning
2 Egfr epidermal growth factor receptor CP, failure of fusion of the palatal shelves, persistence of MEE
3 Ephb2, Ephb3 Eph receptor B2, B3 CP, hypoplastic palatal shelves
4 Fgf10 fibroblast growth factor 10 CP, proliferation defects and increased apoptosis in palatal shelves
5 Fgfr2b fibroblast growth factor receptor 2B CP, altered proliferation in palatal shelves
6 Gabrb3 gamma-aminobutyric acid A receptor, beta3 CP, palatal shelves elevate but fail to make contact
7 Pdgfc platelet-derived growth factor, C polypeptide CP, hypoplastic palatal shelves, failed fusion
8 Shh sonic hedgehog CP, altered proliferation and increased apoptosis in palatal shelves
9 Tgfb3 transforming growth factor, beta 3 CP, failed fusion of palatal shelves

10 Tgfbr2 transforming growth factor, beta receptor II CP, proliferation defects of palatal mesenchyme
11 Tgfbr1 transforming growth factor, beta receptor I CP, impaired palatal adhesion due to decreased MEE filopodia and lack of apoptosis of MES
12 Foxe1 forkhead box E1 CP, palatal shelves elevate but fail to fuse
13 Myf5/MyoD myogenic factor 5/ myogenic differentiation 1 CP, primary and secondary palate do not fuse with each other
14 Lhx8 LIM homeobox protein 8 CP, palatal shelves elevate but fail to make contact
15 Msx1 homeobox, msh-like 1 CP, altered proliferation in palatal shelves
16 Osr2 odd-skipped related 2 CP, impaired proliferation and medio-lateral patterning of palatal shelves
17 Pitx2 paired-like homeodomain transcription factor 2 CP, palatal shelves elevate but are hypoplastic
18 Satb2 special AT-rich sequence binding protein 2 CP, patterning defects of the developing palate
19 Shox2 short stature homeobox 2 CP, cleft of anterior portion of secondary palate due to abnormal proliferation and apoptosis
20 Sim2 single-minded homolog 2 CP, palatal shelves are hypocellular and exhibit increased extracellular glycosaminoglycans
21 Apaf1 apoptotic peptidase activating factor 1 CP, failure of fusion of palatal shelves due to failure of apoptosis
22 Gad1 glutamic acid decarboxylase 1 CP, delayed lifting of palatal shelves
23 IKK1 conserved helix-loop-helix ubiquitous kinase 1 CP
24 Tbx10 T-box 10 Cleft lip and CP
25 Bmp4 bone morphogenetic protein 4 Cleft lip 
26 Bn zinc finger protein of the cerebellum 3 Cleft lip 
27 Folr1 folate receptor 1 Cleft lip with or without CP
28 XtBph GLI-Kruppel family member GLI3 Cleft lip with or without CP
29 Sox11 SRY-box containing gene 11 Cleft lip with or without CP
30 Sp8lgl trans-acting transcription factor 8 Cleft lip with CP
31 Tcfap2a transcription factor AP-2, alpha Cleft lip with or without CP
32 Tw wingless-related MMTV integration site 7A Cleft lip with or without CP
33 Wnt9b wingless-type MMTV integration site 9B Cleft lip with or without CP

1-24 reviewed in Gritli-Linde (2007); 1, 24, 25-33 reviewed in Juriloff and Harris (2008). MEE, medial edge epithelia; MES, medial epithelial seam; CP,
cleft palate



experiments. Up- and down-regulation of gene
expression due to mechanical stimulation was
demonstrated in cell cultures (Rubin et al., 2006). In an
in vivo experiment, Kavanagh et al. (2006) proved that
the mechanical environment plays an important role in
gene expression, specifically during embryonic joint
cavity formation in chick hindlimbs. The expression of
Fgf-2, implicated in the joint formation, was
demonstrated to be high in control embryos but
significantly diminished in immobilized limbs. 
The secretory role of muscle in morphogenesis of
tissues and organs

In addition to mechanical stimulus (from both
dynamic as well as static loading) muscle can also exert
paracrine influence on adjacent tissues, such as bones.
Therefore, another likely reason for disordered
palatogenesis is a lack of paracrine influence from the
adjacent muscle. The breakthrough in elucidating
muscle’s secretory function came with the study by
Pedersen and Febbraio (2008). They showed that muscle
is capable of expressing and secreting various cytokines,
i.e., signaling molecules used in intercellular
communication. Cytokines are regulatory peptides or
glycoproteins that can be produced by every nucleated
cell type in the body. They act as intercellular (paracrine)
and/or intracellular (autocrine) signals in local tissues,
occasionally spilling over into the circulation to act as
endocrine mediators (Miyajima et al., 1992; Kishimoto
et al., 1994). Pedersen and Febbraio (2008) suggested
that skeletal muscle is an endocrine organ and that
cytokines, produced, expressed and released by muscle
fibres exert autocrine, paracrine or endocrine effects, and
should be classified as “myokines.” Skeletal muscle is
capable of producing several hundred secreted proteins
(Henningsen et al., 2010). 
Systematic subtractive microarray analysis
approach (SSMAA)

We are interested in developmental morphodynamics
and in understanding the ability of muscle to provide
cues for organogenesis. By employing SSMAA, we have
been systematically addressing this possibility in all cell
types, tissues and organs that we found affected in
amyogenic fetuses (reviewed in Kablar, 2011). Here, we
focus on mechanical and paracrine forces exerted by
muscle on the skeleton, as an example of epigenetic
stimuli in the Waddingtonian sense, where the effects of
interactions between the genes and the organ’s
(immediate) environment during embryonic
development lead to a particular phenotype. Mutant mice
completely lacking skeletal musculature present an
excellent model to study the complex developmental
relationship between the muscle and the skeleton in
vivo. In our previous study (Rot-Nikcevic et al., 2006)
we hypothesized that muscle activity during
development influences the development of the skeleton.

To test this hypothesis, we eliminated all the skeletal
musculature by knocking out the myogenic regulatory
factors Myf5 and MyoD whose function is to regulate
skeletal muscle development (Rudnicki and Jaenisch,
1995; Kablar and Rudnicki, 2000). Our study of
amyogenic Myf5-/- :MyoD-/- fetuses revealed various
abnormalities of a skeleton that develops in the absence
of skeletal musculature. The phenotype included
enlarged and fused cervical vertebrae and postural
anomalies, long bone truncation and fusion, sternal cleft,
scapular and clavicular hypoplasia, as well as some
viscerocranial anomalies, such as cleft palate and
mandibular hypoplasia (Rot-Nikcevic et al., 2006). For
example, a cross-section of our E18.5 Myf5-/- :MyoD-/-
fetus’s head revealed an obvious lack of contact and
fusion of palatal shelves, as shown in Fig. 1. 

Following up on the findings of disordered
palatogenesis in the absence of skeletal muscle and the
importance of the mechanical and paracrine contribution
from the muscle, we were interested in elucidating
muscle’s contribution in terms of molecular players
relevant to palatal development and fusion. To that end,
we followed up our original anatomical findings (Rot-
Nikcevic et al., 2006; Fig. 1) by a microarray analysis
and compared gene expression in the normal
maxilla/palate complex tissues to that in Myf5:MyoD
nulls (Rudnicki et al., 1993) on E18.5.
Relationship between muscle and palate

We compared the normal maxilla/palate complex of
wild-type fetuses to the one in double-mutant fetuses
that have a cleft palate, and our microarray analysis
identified a profile of genes potentially relevant to the
palatal development and fusion. With the cut-off value
of 3.5-fold, a total of 134 probesets were identified.
Nineteen probesets were up-regulated and 115 down-
regulated in the palate of double-mutant mouse embryos,
of which 14 and 94, respectively, are identified named
genes. The lists of up- and down-regulated genes are
given in Tables 2 and 3, respectively. 

The fact that neither of the two removed myogenic
regulatory factors (Myf5 and MyoD, knocked out in our
double-mutant embryos) was listed shows that these
genes are not expressed in the palate, and that there was
no contamination with muscle tissue in our wild-type
samples. The lack of Myf5 and MyoD expression in the
palate tissue suggests that their function is not required
in the palate for its normal development. Therefore, any
resulting differences are due to the absence of muscle
and not the absence of these two genes. 

Starting with the list of differentially expressed
genes between wild-type and double-mutant mouse
palate, we used Mouse Genome Informatics
(www.informatics.jax.org) and performed an extensive
literature search in order to elucidate: 1) whether any of
the listed genes has already been shown to be expressed
and /or distributed in the palate, 2) whether any of the
listed genes has been shown to cause cleft palate as
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revealed by the knockout phenotype, and 3) whether a
knockout mouse has been generated for the gene of
interest for other purposes. 

Indeed, our analysis revealed a profile of genes that

are potentially relevant to the palatal development and
fusion. For two of the down-regulated genes in the
double-mutant mouse palate the knockouts have been
previously generated and cleft palate reported. The
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Fig. 1. Myf5:MyoD mutants exhibit cleft palate. Alizarin red and alcian blue stained and then sectioned whole-mounts of E18.5 wild-type (A) and
Myf5:MyoD knockout (B) fetuses at the level of the hard palate. In knockout embryos, palatal shelves do not make contact at the midline and leave an
opening, i.e., a cleft, indicated by a star. Using a stereomicroscope the maxilla with palate (visible in sections A and B) were dissected out, the total
RNA was isolated, and the Affymetrix GeneChip cDNA microarray analysis was performed (in Ottawa Genome Centre) as previously described
(Baguma-Nibasheka et al., 2007, and references therein), to obtain the expression ratios and fold changes between the wild-type and double-mutant
embryo palates. An arbitrary cut off value for log2 (ratio) of 3.5 (i.e. -3.5 ≤log2 (ratio) ≥3.5) was chosen as a mean of determining the up- and down-
regulated probesets. x 100

Table 2. Genes up-regulated >3.5-fold in Myf5-/-:MyoD-/- mouse palate, sorted by fold change (FC).

Gene FC Gene title Molecular function

Eif2s3y 7.56 eukaryotic translation initiation factor 2 subunit 3 structural gene Y-linked Nucleotide binding
Uty 5.75 ubiquitously transcribed tetratricopeptide repeat gene, Y chromosome Metal ion binding
Ddx3y 5.09 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked Nucleotide binding, ATP binding
Astx 4.72 amplified spermatogenic transcripts X encoded Not specified
Ttll10 4.48 tubulin tyrosine ligase-like family, member 10 Catalytic activity
D11Ertd729e 4.32 DNA segment, Chr 11, ERATO Doi 729, expressed Not specified
Magi1 4.31 membrane associated guanylate kinase, WW and PDZ domain containing1 Nucleotide binding, ATP binding
6030405A18Rik 4.12 RIKEN cDNA 6030405A18 gene Not specified
Fut9 4.08 fucosyltransferase 9 Transferase activity
Prl7a2 4.00 prolactin family 7, subfamily a, member 2 Hormone activity
Kif13b 3.80 kinesin family member 13B Nucleotide binding, ATP binding
C330002I19Rik 3.64 RIKEN cDNA C330002I19 gene Not specified
Tmem16c 3.54 Transmembrane protein 16C Not specified
9330184L24Rik 3.54 RIKEN cDNA 9330184L24 gene Not specified



Table 3. Genes down-regulated >3.5-fold in Myf5-/-:MyoD-/- mouse palate, sorted by fold change (FC).

Gene FC Gene title Molecular function

E2f5 -7.35 E2F transcription factor 5 Transcription factor
Boll -7.03 bol, boule-like (Drosophila) Translation regulation; germ cell development
5730526G10Rik -5.76 RIKEN cDNA 5730526G10 gene Not specified
Golga3 -5.68 golgi autoantigen, golgin subfamily a, 3 Cell differentiation, protein binding
Cacng7 -5.61 calcium channel, voltage-dependent, gamma subunit 7 Ion channel activity
2210406H18Rik -5.43 RIKEN cDNA 2210406H18 gene Not specified
Tgfbr2 -5.38 transforming growth factor, beta receptor II Transcription cofactor activity, nucleotide binding
Ddx5 -5.34 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 Transcription cofactor binding, nucleotide binding
4930429F24Rik -5.22 RIKEN cDNA 4930429F24 gene Not specified
Ccnb3 -5.20 cyclin B3 Not specified
1700052I22Rik -5.13 RIKEN cDNA 1700052I22 gene Not specified
LOC674483 -5.07 similar to Protein patched homolog 2 (PTC2) / patched homolog2 Receptor activity
Klra21 -4.89 killer cell lectin-like receptor subfamily A, member 21 Receptor activity, protein binding
Fat2 -4.88 FAT tumor suppressor homolog 2 (Drosophila) Ca-ion binding
2810430I11Rik -4.81 RIKEN cDNA 2810430I11 gene Not specified
2610016E04Rik -4.80 RIKEN cDNA 2610016E04 gene / major urinary protein 1 / 2 Transporter activity
2210019G11Rik -4.80 RIKEN cDNA 2210019G11 gene Not specified
5230401M06Rik -4.78 RIKEN cDNA 5230401M06 gene Not specified
4922501L14Rik -4.78 RIKEN cDNA 4922501L14 gene Not specified
Vnn1 -4.75 vanin 1 Hydrolase activity
Sema6c -4.69 sema domain, transmembrane and cytoplasmic domain (semaphorin) 6C Receptor activity
Arhgap26 -4.66 Rho GTPase activating protein 26 Cytoskeletal adaptor activity
A130012E19Rik -4.62 RIKEN cDNA A130012E19 gene Not specified
Smgc -4.62 submandibular gland protein C Not specified
Bat2d -4.58 BAT2 domain containing 1 Not specified
4930412L05Rik -4.56 RIKEN cDNA 4930412L05 gene Not specified
Polr3k -4.55 Polymerase (RNA) III (DNA directed) polypeptide K DNA binding, transcription regulator activity
Trip4 -4.52 thyroid hormone receptor interactor 4 Zinc ion binding, transcription regulator activity
Uroc1 -4.51 urocanase domain containing 1 Lyase activity
1810010M01Rik -4.48 RIKEN cDNA 1810010M01 gene Sugar binding
Ubap2l -4.44 ubiquitin associated protein 2-like Not specified
Armc8 -4.43 armadillo repeat containing 8 Protein binding
Pacs2 -4.42 phosphofurin acidic cluster sorting protein 2 Apoptosis
4921509E07Rik -4.37 RIKEN cDNA 4921509E07 gene Not specified
Tmem132e -4.35 transmembrane protein 132E Not specified
Gfap -4.27 glial fibrillary acidic protein Protein binding, structural protein activity
Taok2 -4.26 TAO kinase 2 ATP binding, kinase activity, nucleotide binding
4930485G23Rik -4.25 RIKEN cDNA 4930485G23 gene Not specified
Trim8 -4.24 tripartite motif protein 8 Metal ion binding, protein binding
Rs1 -4.24 retinoschisis (X-linked, juvenile) 1 (human) Protein binding
Dsg2 -4.20 desmoglein 2 Ca-ion binding, protein binding
Etaa1 -4.20 Ewing's tumor-associated antigen 1 Not specified
Dmwd -4.16 dystrophia myotonica-containing WD repeat motif Not specified
Cnpy2 -4.16 canopy 2 homolog (zebrafish) Protein binding
Kcnh3 -4.16 potassium voltage-gated channel, subfamily H (eag-related), member 3 Ion channel activity
BC043301 -4.11 cDNA sequence BC043301 Nucleic acid binding, metal ion binding
Sf1 -4.08 splicing factor 1 RNA binding, metal ion bidnig
EG382156 -4.07 predicted gene, EG382156 Not specified
Usp31 -4.07 ubiquitin specific peptidase 31 Not specified
4930500G05Rik -4.03 RIKEN cDNA 4930500G05 gene Not specified
Pogz -4.03 pogo transposable element with ZNF domain DNA binding, metal ion bidnig
Lmtk3 -4.02 Lemur tyrosine kinase 3 ATP binding, kinase activity, protein binding
Itga5 -4.00 integrin alpha 5 (fibronectin receptor alpha) Receptor activity, protein binding
2810003C17Rik -4.00 RIKEN cDNA 2810003C17 gene Ca-ion binding
2010107G12Rik -3.99 RIKEN cDNA 2010107G12 gene Transporter activity
Hipk3 -3.97 homeodomain interacting protein kinase 3 ATP binding, kinase activity
A730082K24Rik -3.94 RIKEN cDNA A730082K24 gene Not specified
Gpr174 -3.91 G protein-coupled receptor 174 Signal transducer activity
9630002D21Rik -3.91 RIKEN cDNA 9630002D21 gene Not specified
Lor -3.89 loricrin Cytoskeleton structure
Bmp7 -3.88 bone morphogenetic protein 7 Growth factor activity, protein binding
LOC100046207 -3.87 similar to Lymphocyte antigen 6H precursor (Ly-6H)/lymphocyte antigen 6 Not specified
Fmo2 -3.86 flavin containing monooxygenase 2 FAD, NADP binding, oxidoreductase activity
4933411E06Rik -3.86 RIKEN cDNA 4933411E06 gene Not specified
Mepe -3.85 matrix extracellular phosphoglycoprotein with ASARM motif (bone) Not specified
Spon1 -3.85 spondin 1, (f-spondin) extracellular matrix protein Protein binding
Rel -3.84 reticuloendotheliosis oncogene Transcription factor activity
Fem1a -3.82 feminization 1 homolog a (C. elegans) Ubiquitin-protein ligase activity
C5ar1 -3.77 complement component 5a receptor 1 Signal transducer activity
Rbp3 -3.75 retinol binding protein 3, interstitial Retinal binding, 
C030043A13Rik -3.75 RIKEN cDNA C030043A13 gene Not specified
Tpx2 -3.75 TPX2, microtubule-associated protein homolog (Xenopus laevis) Protein kinase binding
Intu -3.74 inturned planar cell polarity effector homolog (Drosophila) Protein binding
Lrig2 -3.74 leucine-rich repeats and immunoglobulin-like domains 2 Protein binding
Sema3f -3.73 sema domain, immunoglobulin domain , short basic domain (semaphorin) 3F Chemorepelent activity, receptor activity
Paqr7 -3.71 progestin and adipoQ receptor family member VII Lipid binding, receptor activity
Slu7 -3.70 SLU7 splicing factor homolog (S. cerevisiae) Nucleic acid binding, RNA splicing factor activity
Cyfip1 -3.68 cytoplasmic FMR1 interacting protein 1 Actin binding, protein binding
Ela2 -3.68 elastase 2, neutrophil Catalytic activity
AI316844 -3.64 EST AI316844 Not specified
Olfr73 -3.64 olfactory receptor 73 Olfactory receptor binding, odorant binding
Trim71 -3.64 tripartite motif-containing 71 Protein binding, Zn ion binding
5430433E21Rik -3.62 RIKEN cDNA 5430433E21 gene Not specified
1700120E14Rik -3.61 RIKEN cDNA 1700120E14 gene Not specified
D030055H07Rik -3.60 RIKEN cDNA D030055H07 gene Not specified
4632417N05Rik -3.59 RIKEN cDNA 4632417N05 gene Not specified
Slc6a1 -3.58 solute carrier family 6 (neurotransmitter transporter, GABA), member 1 Neurotransmitter: sodium symporter activity
Pou5f1 -3.58 POU domain, class 5, transcription factor 1 Transcription factor activity
F2rl2 -3.58 coagulation factor II (thrombin) receptor-like 2 Signal transducer activity
Abcf1 -3.58 ATP-binding cassette, sub-family F (GCN20), member 1 ATP binding, nucleotide binding
Fus -3.54 fusion, derived from t(12;16) malignant liposarcoma (human) Nucleotide binding, Zn ion binding
Prl7b1 -3.54 prolactin family 7, subfamily b, member 1 Hormone activity
Gdf11 -3.51 growth differentiation factor 11 Cytokine activity, growth factor activity
LOC100046930 -3.50 similar to T cell signal transduction molecule1 SAP / SH2 domain protein 1A SH3/SH2 adaptor activity, Protein binding



findings are shown in Table 4.
Additionally, we identified another 6 genes, down-

regulated in the palate of our double-mutant fetuses,
which have been shown to be expressed and/or
distributed in the mouse palate. The differences in
expression of these genes in mutant palate tissue, i.e., in
embryos which show cleft palate, compared to the
control (wild-type) ones, suggest that these genes are
likely participants in the palate development/fusion. This
establishes these 6 genes as good cleft palate candidate
genes. The results are shown in Table 5. The subsequent
step in the study of these 6 genes will involve generation
of their knockout mouse embryos and their analysis for
possible presence of cleft palate. This work will provide
direct evidence of their role in palatogenesis.

In addition, we have identified the down-regulated

genes in the double-mutant mouse palate for which
knockout mouse models have been previously generated,
but without any reports regarding their role in
palatogenesis. The findings are shown in Table 6.
Among up-regulated genes in the double-mutant mouse
palate, knockout models have been generated only for
Fut9. However, the knockout develops normally and
does not show any gross phenotypic abnormalities
(Kudo et al., 2004).

As a first step in the above proposed extensive study,
we have analyzed knockout embryos for one of our 6
cleft palate candidate genes, the growth differentiation
factor 11, Gdf11. Gdf11 has not been been previously
reported to be expressed in the mouse palate tissue
specifically. Its expression has been reported in the
mouse upper jaw, lower jaw, tooth and nasal cavity
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Fig. 2. Gdf11 mutants show a failure of palatal shelf fusion. Hematoxylin and eosin stained coronal, serial, 4 Ìm thick paraffin sections, of E15.5 wild-
type (A) and Gdf11 knockout (B) embryos. At E15.5 the wild-type palatal shelves have elevated to the horizontal position above the tongue and have
started to fuse. The mutant palatal shelves have elevated above the tongue but show lack of contact and fusion. P, palate; ps, palatal shelf; t, tongue;
o, oral cavity; n, nasal cavity. x 200

Table 4. Genes down-regulated >3.5 fold in double mutant mouse palate tissue for which cleft palate has been reported.

GENE Gene title Fold
change Molecular function Gene Expression/Distribution Remarks

Tgfbr2 Transforming growth
factor, beta receptor II -5.38 Transforming growth

factor, beta receptor II
Palatal shelf, primary palate (E14),
epithelium.1

Cleft secondary palate.2,3

Embryonic lethality.4,5

Bmp7 Bone morphogenetic
protein 7 -3.88 Growth factor activity,

protein binding
Embryo mesoderm, head mesenchyme,
heart, ear,6 forelimb, hindlimb.7

Cleft palate, palatal shelf hypoplasia.10

Prenatal, neonatal, postnatal lethality.8,9,11

1Taya et al., 1999; 2Ito et al., 2003; 3Wurdak et al., 2005; 4Chytil et al., 2002; 5Carvalho et al., 2007; 6Solloway and Robertson, 1999; 7Shou et al., 2005;
8Dudley et al., 1995; 9Luo et al., 1995; 10Zouvelou et al., 2009; 11Li et al., 2007.



epithelium and the knockouts have shown neonatal
lethality (Nakashima et al., 1999). Previous studies have
suggested possible cleft palate in Gdf11 knockouts
(McPherron et al., 1999; Szumska et al., 2008), but it has
not yet been proven and reported. The mutant material
(heads of two knockout and two wild-type E15.5
embryos) is a generous gift from the laboratory of Dr.
Shoumo Bhattacharya at Wellcome Trust Centre for
Human Genetics, University of Oxford, UK.

Our hematoxylin-eosin (H&E)-stained coronal
sections of E15.5 Gdf11 knockout embryos revealed an
obvious lack of contact and fusion of palatal shelves.
The palatal shelves in Gdf11 knockouts are elevated to
the horizontal position above the tongue but have not

made contact and failed to fuse. In contrast, normal
palatogenesis is seen in H&E-stained coronal sections of
developing mouse palate in the wild-type embryos (Fig.
2). 

Finally, there are four down-regulated genes in
mutant palatal tissue whose expression/distribution is
normally restricted to the muscle. These are: Sema6c,
Bat2d, Itga5 and Fem1a (fold change: -4.69, -4.58, -4, 
-3.82, respectively). However, in our double-mutant
embryos the skeletal muscle is completelly eliminated
(as revealed by the absence of Myf5 and MyoD in our
microarray data) suggesting that these molecules are a
subset of paracrine cues from muscle that at certain
stages of development influence palatogenesis. Further
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Table 5. Genes down-regulated >3.5 fold in double mutant mouse palate tissue that are possible cleft palate candidates.

GENE Gene title Fold
change Molecular function Gene Expression/Distribution Knock-out phenotypes

E2f5 E2f transcription factor 5 -7.35 Transcription factor Primary palate (E12.5-14.5).1,2 Cleft palate not described.
KOs die at the age of 6 weeks.1

Ddx5 DEAD (Asp-Glu-Ala-Asp) box
polypeptide 5 -5.34 Transcription cofactor 

activity, nucleotide binding
Palatal shelf (E14.5), tooth, tongue,
facial bones primordia, nasal cavity.3

Cleft palate not described.
KOs show embryonic lethality.4

Gfap Glial fibrillary acidic protein -4.27 Protein binding, structural
protein activity

Palatal shelf, inner ear, 
tongue, tooth (E14.5).3

Cleft palate not described.
KOs viable.5

Sema3f
Sema domain immunoglobulin
domain (Ig), short basic domain,
secreted (semaphorin) 3f

-3.73 Chemorepelent activity,
receptor activity Maxilla, mandible, tooth.6 Cleft palate not described.

KOs viability – n/a.7

Trim71 Tripartite motif-containing 71 -3.64 Protein binding, 
Zn ion binding

Branchial arch, forelimb 
bud, hindlimb bud.8

Cleft palate not described. Facial
cleft.8 KOs9 show lethality through
fetal growth and development.8

Gdfl1 Growth differentiation factor 11 -3.51 Cytokine activity, growth
factor activity

Upper jaw, lower jaw, tooth, nasal
cavity epithelium (E15.5).10

Abnormal palate morphology.11,12

KOs show neonatal lethality.11

1Lindeman et al., 1998; 2Kusek et al., 2000; 3Visel et al., 2004; 4Fukuda et al., 2007; 5Liedtke et al., 1996; 6Nakashima et al., 1999; 7Sahay et al., 2003;
8Maller Schulman et al., 2008; 9Wu et al., 2003; 10Loes et al., 2001; 11McPherron et al., 1999; 12Szumska et al., 2008.

Table 6. Genes down-regulated >3.5 fold in double-mutants with knockout mouse models for which cleft palate was not reported, sorted by fold change
(FC).

Gene FC Comments on Deletion Mutants

Vnn1 -4.72 Homeostasis affected, mice are deficient in membrane-bound pantetheinase activity in kidney and liver.1
Rs1 -4.24 Vision affected, disrupted organization of retinal cell layers.2
Dsg2 -4.20 Embryonic lethality before somite formation, changes in embryonic stem cell proliferation.3
Kcnh3 -4.16 Nervous system and behaviour affected, enhanced cognitive function.4
Itga5 -4.00 Vascularization defects in the embryo, embryonic growth retardation and lethality between embryonic days 10 and 11.5
Lor -3.89 Runted with shiny, translucent skin with signs of erythroderma.6
Mepe -3.85 Increased bone mass, decreased age related bone loss.7
Rel -3.84 Enlarged spleen due to lymphoid hyperplasia and bone marrow hypoplasia.8
C5ar1 -3.77 Increased/decreased acute inflammation in several immune-complex injuries.9
Rbp3 -3.75 Photoreceptor degeneration.10

F2rl2 -3.58 Thrombin responses in platelets were markedly delayed but not absent.11

Pou5f1 -3.58 Peri-implantation lethality prior to the egg cylinder stage, failure to develop a pluripotent inner cell mass.12

Slc6a1 -3.58 Taste, olfaction, hearing and balance affected.13

1Pitari et al., 2000; 2Zeng et al., 2004; 3Eshkind et al., 2002; 4Miyake et al., 2009; 5Yang et al., 1993; 6Koch et al., 2000; 7Gowen et al., 2003; 8Carrasco
et al., 1998; 9Hopken et al., 1997; 10Liou et al., 1998; 11Kahn et al., 1998; 12Kehler et al., 2004; 13Cai et al., 2006.



study of knockout, and especially conditional knockout,
embryos for these specific molecules is necessary. For
example, a cleft palate in the muscle-specific knockout
for one of these genes would suggest that the absence of
a message from the adjacent muscle contributes to the
cleft palate phenotype.

In conclusion, we analyzed various databases and
found a certain number of genes that are expressed
and/or present in the palate and/or maxilla. These genes
are likely participants in the palatal development and
fusion and their knockout mice would provide direct
evidence for this. We also found three genes whose
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Fig. 3. Systematic Subtractive
Microarray Analysis Approach
(SSMAA). The schematic
representation of our proposed
model shows known gene
mutations affecting specific steps
(e.g., cell proliferation,
differentiation, palatal shelves
fusion) during palatogenesis. The
proposed SSMAA approach
compares the phenotypes
obtained by a detailed
morphological analysis of the
muscleless Myf5:MyoD nulls to
the normal control. It addresses
all the tissues and organs of a
living mouse embryo or fetus that
develop in the complete absence
of skeletal myogenesis. Here,
specifically, in the absence of the
musculature, the palatogenesis is
affected and the clefting occurs.
To discover molecular players
involved in palatogenesis, and in
the clefting that is potentially
caused by the lack of cues from
the muscle, a cDNA microarray
analysis is preformed,
hypothesizing that the difference
in the gene expression between
mutant and control tissues is
related to disrupted aspects of
muscle-dependent palatogenesis.
Subsequently, the analysis of the
databases identified potential
candidate molecules relevant to
muscle-palate relationship, and to
the development of the palate
(e.g., Gdf11, E2f5, Ddx5, Gfap,
Sema3f, Trim71, Tgfbr2, Bmp7).
Lastly, the specif ic mouse
mutants, carrying the mutation in
the gene of interest, are analyzed
for the possible disrupted
palatogenesis and the presence
of a cleft palate (e.g., Gdf11 by
us; Tgfbr2 and Bmp7, by others).
In the future, more mouse
mutants will be generated and the
analysis of palatal development
will be performed.



knockout mice have cleft palate. Two of these genes
(Tgfbr2 and Bmp7) were revealed by other groups (Table
4) and one (Gdf11) is shown in the current review (Fig. 2).

There are a number of genes known to cause cleft
palate in mouse when knocked out. Each gene knockout
affects the palate in a different manner. Two recent
studies offered detailed reviews of mouse cleft palate
mutants (Gritli-Linde, 2007) and mouse mutants and
strains that cause cleft lip with or without cleft palate
(Juriloff and Harris, 2008). The fact that there are only a
few overlaps between reported genes in these reviews
confirms that cleft lip with or without cleft palate is a
genetically different event from the isolated cleft palate.
Interestingly, only two (Tgfbr2 and Bmp7) of the
differentially expressed genes in our myogenic mutants,
revealed by the microarray analysis, have been
mentioned in these reviews. None of the other 132
genes, up- or down-regulated in Myf5-/-:MyoD-/- mutant
palate, has been previously shown to be involved with
cleft palate. This could present an additional indication
that our SSMAA actually identified molecules specific
to our hypothesis, and that the identified molecules are
indeed the secretory and mechanochemical contributions
from the adjacent muscle to the palatal development. 
Future directions

The involvement of skeletal muscle in the shaping of
developing tissues is an important example of
Waddingtonian epigenetics, i.e., the study of the sum of
genetic and non-genetic factors that control gene
expression and produce increasing phenotypic
complexity during development. In the past 12 years we
have undertaken several steps of the procedure to
elucidate the nature of the interactions between the
muscle and the developing cells, tissues and organs. We
believe it is important to study this interface, or
integration, because the result of tissue interactions is
not predictable from the intrinsic development of either
the muscle or the tissue of interest, but it could be
understood only by studying this interface (Kablar,
2011).

Our previous anatomical study (Rot-Nikcevic et al.,
2006) described development of the entire skeleton in
the complete absence of skeletal muscle. Within this
analysis, we classified our major findings into two
categories. One category of findings deals with the
embryonic events of tissue/organ fusion, such as the
palatal fusion and the fusion of the sternum. Another
category of findings concentrates around the events that
participate in 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
of findings. One is featured in the current manuscript,
and deals with the details concerning the palatal
development. Our next endeavor is to perform an
analogous undertaking to address the issues of interface
between the muscle and the secondary cartilage

development in the condyle of the mandible, as this is
clinically relevant to the development of the
temporomandibular joint. Through this approach it will
be 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. 

The focus of future studies within the current story
of palatal development will be on elucidating the link
between muscle-generated stimuli, the identified
candidate molecules, the pathways within which they
operate, and the ways they affect the tissue of interest for
its proliferation, differentiation and fusion capabilities.
The work described in the current manuscript shows an
example of how to study in vivo the complex
relationship between the muscle and another
tissue/organ, in this case the palate. Further studies on
the revealed candidate molecules will include generation
of their knockout mice and their phenotypic analyses
during each step of embryonic development. The goal is
to determine which specific step in the developmental
process of palatogenesis is under the control of the
specific candidate molecule. This will allow us to
attribute a precise function in palate development to a
specific molecule of interest and reveal whether its
function is needed for proper proliferation, apoptosis,
differentiation or fusion of palatal shelves. 

It remains to be clarified how the mechanical
stimulus is recognized by receptor cells, primarily bone
cells, and to determine candidate molecules that transfer
that mechanical stimulus into a signal for cell
proliferation.

For the eight cleft palate candidate genes found in
our microarray, mutations in two have been reported in
humans with cleft palate: Tgfbr2 (Loeys et al., 2005) and
Bmp7 (Wyatt et al., 2010). Mutations in Gfap have been
reported in human diseases, but not related to cleft palate
(Gorospe et al., 2002). The identification of candidate
molecules responsible for specific steps of palatogenesis
will allow better understanding of molecular processes
leading to cleft palate with the ultimate goal of improved
prevention and treatment. 

The data discovered in mice will eventually deliver a
precise map of functions of various molecules. However,
their function will have to be examined employing
human material, adult and embryonic, normal and
diseased. So far, there are several large scale projects
providing information on the distribution pattern of
various molecules in human material. For example, The
Human Protein Atlas, http://www.proteinatlas.org,
Uppsala University, contains information about the
distribution pattern of molecules in normal adult human
tissues and also in neoplastic tissues. Unfortunately, this
Atlas does not yet contain information on protein
distribution pattern in embryonic, fetal and neonatal
normal and diseased material. As a collaborative effort
with a laboratory of Dr. Mirna Saraga-Babic (University
of Split, School of Medicine, Department of Histology
and Embryology, Split, Croatia), our intention is to
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increase the amount of information on molecules’
distribution patterns, employing human embryonic, fetal
and neonatal normal and diseased archival materials.
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