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ABSTRACT 

Hoxa2~ a second arch selector gene~ when deleted results in many cranial 

abnormalities including a cleft plate. The occurrence of cleft plate in the Hoxa2-/- mice is 

reported to be due to a secondary effect and Hoxa2 gene has been assumed not to be 

present in the palate. However, Hoxa2 gene and protein, have recently been 

demonstrated to be expressed in the developing palate. This finding was extended and a 

detailed temporal and spatial pattern of expression of Hoxa2 was identified in the 

developing murine palate. Hoxa2 protein expression is detected in palatal epithelium as 

early as embryonic stage 12 (E12). From E12 to E13.5, Hoxa2 expression extends to the 

mesenchyme, where intensity of expression is enhanced. At £13-13.5, Hoxa2 protein 

and mRN A expression is the highest in the outer lateral half of the elongating palatal 

shelves. At £14-14.5 when the palatal shelves elevate above the tongue to a horizontal 

position, Hoxa2 expression is down regulated in the mesenchyme, Hoxa2 continues to be 

expressed in the palatal epithelium and the medial edge of the epithelium at this stage. 

The temporal and spatial pattern of Hoxa2 expression in the developing palate is in 

concordance with the cytoarchitectural changes occurring in the growing palate. In vitro 

whole organ palatal cultures show that palates from Hoxa2-1- mice exhibit a much lower 

fusion rate (44.4%) compared to their heterozygous or wild type counterparts (78.7%, 

90% respectively). In the wild-type palate organ culture group exposed to valproic acid 

(VPA), a clinically used anticonvulsant drug and a known teratogen that can induce a 

cleft palate and other abnormalities in mice and humans, Hoxa2 mRNA is down

regulated within the palatal shelf as determined by RT -PCR in a dose dependent manner. 
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These results provide evidence that cleft palate induced in Hoxa2 -1- mice is not 

only secondary to an altered positioning of the tongue but is also due to an absence of 

Hoxa2 gene expression which results in delayed palatal development. The percentage of 

cleft palate calculated as a result of delayed palatal development is 45.6% in Hoxal-1-

mice, whereas the percentage of cleft palate secondary to the abnormal position of the 

tongue accounts for approximately a third in these mice. However, both of the factors, a 

delay in palatal growth and an abnormal tongue position act combinatorially to give the 

reported incidence of 82% cleft palate in the Hoxa2 knockout mice. These results 

demonstrate a direct role for Hoxa2 in palatogenesis. In addition, the ability of VP A to 

alter the Hoxa2 expression in the palate during palatogenesis suggests one possible 

mechanism of VP A induced cleft palate. 
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1.0 SECTION I 

INTRODUCTION 

1.1 Homeobox genes 

Homeotic genes, so called for their ability upon mutation to transform one 

segment of an insect's body into the likeness of another, were first discovered in the fruit 

fly, Drosophila (Bridges and Dobzhansky, 1933). Many of these genes contain a 

common sequence, the homeobo~ which encodes a 60 amino acid homeodomain. The 

homeodomain forms a structure characteristic of the helix-tum-helix motif (Laughon and 

Scott, 1984) that can bind to specific nucleotide sequences and thereby regulate the 

transcription of downstream effector genes (Graba. et al., 1997). The homeobox has been 

conserved throughout evolution and has been found in all metazoa. Homeobox proteins 

have been shown to act as transcriptional regulators, which control various aspects of 

morphogenesis and differentiation. 

Two subfamilies of homeobox (Hox) genes are present in nature; (1) the 

clustered Hox genes and (2) the nonclustered or dispersed Hox genes. There are a 

number of dispersed Hox gene groups based on sequence similarities, for example: Pax, 

Msx, Emx and Otx. Although dispersed Hox genes are important for some developmental 

processes, for example in development of the forebrain, however it is the clustered Hox 

genes that are fundamental in embryonic morphogenesis. 

Many Hox genes found in clusters at neighboring sites in the chromosome are 

structurally related to the Drosophila Antennapedia and Ultrabithorax group of 

homeobox genes (Gellon and Mcginnis, 1998). In Drosophila, one homeotic complex 
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(HOM-C) has been found, comprising of two separate clusters: Bithorax (BX-C) (Lewis, 

1978) and Antennapedia (ANT-C) (Kaufman et al, 1990). In vertebrates, 39 HOX genes 

are arranged into four separate chromosomal clusters, HoxA to D, each approximately 

120kb in length (Boncinelli et al, 1991; Krumlauf, 1992). Based on sequence similarity 

and position within the complex, individual genes can be aligned with each other and 

with the genes of the Drosophila HOM cluster (Figure I). This arrangement is due to a 

two-step process of duplication, lateral gene duplication and chromosomal duplication of 

an ancestral homeobox cluster (Kennison and Tamkun, 1988). The genes in each cluster 

are subdivided into 13 paralogous groups and subfamilies, with strongest homologies to 

the HOM-C genes being labial (group 1), proboscipedia (group 2), deformed (group 4), 

sex combs reduced (group 5) and Abdominal B (group 9-13). The mammalian group 3 

has no counterpart in Drosophila. Also, Group 6-8 is comparably similar to Antp, Ubx 

and Abd-A, making it difficult to define which one they are homologous to. 

A characteristic feature of Hox/HOX is spatial colinearity, which is the 

arrangement of genes in the same order along the chromosomes as they are expressed 

along the anteroposterior axis of the embryo (Lewis, 1978; Duboule and Morata, 1994). 

In vertebrates, it was found that HOX genes also display temporal colinearity (Duboule~ 

1992). Hence, those genes at the extreme 3' end of the cluster are activated the earliest, 

have the most anterior boundary of expression, and exhibit the most sensitivity to retinoic 

acid. 

In 1978, E.B. Lewis demonstrated in Drosophila that the function of Hox genes 

1s to specify distinct spatial identities of cells in different regions along the 

anteroposterior axis. This specification is due to the action of Hox gene products within 
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Drosophilia HOM-C 

Ancestral HOM-C 

- Hox A (Hox 1 ): 
Human chromosome 7, 1F 1K 1E 10 1C 18 1A 1G 1H 
mouse chromosome 6 1.6 1.11 1.5 1.4 1.3 1.2 1.1 1.7 1.8 1.9 1.10 

Vertebrate I Hox 8 (Hox 2): 
Human chromosome 17, 21 2H 2G 2F 2A 28 2C 20 2E 

mouse chromosome 11 2.9 2.8 2.7 2.6 2.1 2.2 2.3 2.4 2.5 
c10 c1 

~~......----.....~~~,_. 

Hox C (Hox 3): 
Human chromosome 12, 3E 30 3C 3A 38 31 3H 3F 
mouse chromosome 15 3.4 3.3 3.1 3.2 

cp19 cp11 cB -----~~~~.......---.........--....~~~~~.....---.....~~ 

Hox D (Hox4): 
Human chromosome ~. 4G 4A 48 4E 4C 40 4F 4H 41 ' 

mouse chromosome 2 4.9 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 
c13+1 c13 5.4 5.2 5.3 5.5 5.6 5.7 

Homology group 1 2 3 4 5 6 7 8 9 10 11 12 13 

Transcription 3' 5' 

Figure I Con1parison of Drosophila HOM-C con1plex and Vertebrate HOX genes 
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Figure 1. The Drosophila HOM-C complex. Antennapedia (ANT) cluster: lab-labial, 

pb-proboscipedia, Dfd-deformed, Scr-sex combs reduced") Antp-antennapedia, Bithorax 

(BX) cluster: Ubx-ultrabithorax, abd-A- abdominal A, Abd-B- abdominal B. Both 

clusters are located on the same chromosome 3 in Drosophila, but are on separate sites. 

Middle: The four vertebrate Hox clusters: Ho~ HoxB"J HoxC, and HoxD (previously, 

referred to as Hox I, 2, 3 and 4 respectively). The Hox cluster genes are located on the 

four separate chromosomes (included for both human and mouse). Individual genes are 

grouped not only according to homology with the HOM-C genes (indicated by arrows 

and lines) but also with each other and therefore are classified within their own cluster in 

I3 different groups ofparalogs, i.e. AI-Al3. Lettering inside the closed circle represents 

new nomenclature of the vertebrate clustered Hox genes (e.g. in Hox A cluster, the Hox 

genes are AI, A2, A3 etc.,). Lettering underneath e.g. IF, lK, IE, etc., are the old human 

Hox gene nomenclature and lettering 1.6, 1.11, 1.5, etc., are the old mouse Hox gene 

nomenclature. 

Bottom: The homology groups I-I3 are indicated and the arrow underneath (5' to 3') 

represents the direction of transcription of Hox genes within each other. 
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multiple germ layers, coordinating processes such as cell division, movement, 

polarization, and differentiation. Hox genes are selector genes (Garcia-Bellido~ 1975), 

which through regulation of 'realizator' genes, control a cascade of events that determine 

the fate of whole segments. It is therefore important to identify and characterize the target 

genes of Hox proteins in order to understand how the coordination of processes results in 

morphological specification. 

1.2 Hoxa2 gene 

The Hoxa2 gene belongs to the HoxA chromosomal cluster of Hox genes and has 

mainly been studied in the mouse (Nazarali et al., 1992; Tan et al., 1992; Rijli et a/., 

1993; Mallo and Gridley 1996; Hao et al., 1999; Maconochie et al., 1999; Wolf et al., 

2001) and chicken (Prince and Lumsden, 1994). The Hoxa2 gene encodes a protein with 

a mass of 41KD. The transcriptional expression of the Hoxa2 gene has been analyzed. 

During development, the highest levels of poly (A)+ mRNA were found in 12-day-old 

mouse embryos, with the levels progressively decreasing as development proceeds. 

An important step towards identifying the function of vertebrate H ox genes 

during development is a detailed analysis of their spatial and temporal patterns of 

expression. Although many Hox genes have been isolated and their transcriptional 

expression patterns been determined by northern blot and in situ hybridization methods, 

little information exits on the precise localization of their protein products. Hoxa2 

polyclonal antibodies have been developed to determine the expression pattern of the 

Hoxa2 protein in the developing and adult spinal cord (Hao et al., 1999). In the Hoxa2-/

mutant mice, abnormalities affecting the hindbrain have been observed, although its 
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impact on the spinal cord has not been reported (Rijli et al., 1993). In the neural tube, 

Hoxa2 is expressed throughout the rostral-caudal length of the spinal cord, with a 

dynamic expression pattern along the dorso-ventral axis, starting in the ventral mantle 

region at embryonic day (E) 10.5 and moving progressively to more dorsal areas, to be 

mostly expressed by cells in the dorsal horn at E18.5 (Hao et al., 1999). In the hindbrain~ 

Hoxa2 shows a rostral limit of expression at the border between rhombomeres (r) 1 and 2 

(Krumlauf, 1993; Prince and Lumsden, 1994; Gavalas et al., 1997). In this area of neural 

tube, Hoxa2 expression is also restricted along the dorsal-ventral axis, showing higher 

expression in a longitudinal column along the alar plate (Davenne et al., 1999). In the 

neural crest, Hoxa2 is expressed in subsets of premigratory and migratory crest cells 

populating the second and more caudal branchial arches (Prince and Lumsden, 1994; 

Nonchev et al., 1996; Mallo et al., 1997). Importantly, although Hoxa2 transcript is 

detected in r2, this gene is not expressed in the neural crest originating from this 

rhombomere, which migrate into the frrst branchial arch (Prince and Lumsden, 1994). 

An in situ hybridization study of 12.5 and 14.5-day-old mouse embryos showed 

that the Hoxa2 gene was expressed in the hindbrain, 7th and 8th cranial ganglia, spinal 

cord, dorsal root ganglia, larynx, lungs, vertebrae, sternum, and intestine (Tan et a/., 

1992). In the developing neural tube, Hoxa2 expression was initially detected in the 

hindbrain in the rhombomere 3 (r3) at the 5- and 8- somite stage. As development 

progressed to between the 10- to 20-somite stages, Hoxa2 expression is detected in 

rhombomeres r3 and r5, and later, at the 25-somite stage, at the boundary ofrhombomere 

r1 and r2 (Krumlauf 1993; Nonchev et al., 1996). Hence, within the Hox gene family, 

Hoxa2 is the most anteriorly expressed gene in the neural tube. Hoxa2 gene like other 
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Hox genes has an overlapping domain of expression in the caudal spinal cord of the 

embryo extending to a sharp anterior limit which is specific for each Hox gene (Hao et al.~ 

1999). 

Hoxa2 specific antibodies (Hao et al., 1999) were used to investigate the 

pattern of expression of Hoxa2 protein in the developing mouse palate from the six 

prenatal developmental ages of 12, 13, 13.5, 14, 14.5, and 15 days after fertilization (E12-

E15) (Nazarali et al., 2000). Hoxa2 is initially expressed in the epithelial cells of the 

palate primordium. And, this is followed by a progressive increase in the levels in both 

epithelium and mesenchyme at E13. At E13.5, Hoxa2 expression has peaked throughout 

the palatal shelf At E 14, Hoxa2 expression is localized in the medial edge epithelium and 

its presence there may serve to regulate factors involved in directing the horizontal 

movement of opposing palatal shelves. At 14.5 days after fertilization, Hoxa2 expression 

is visible in the developing midline epithelial seam (Nazarali, et al., 2000). 

1.3 Hoxa2 gene's function during vertebrate development 

The vertebrate hindbrain uses a process of segmentation to generate regional 

diversity along the anteroposterior (AP) axis during head morphogenesis (Lumsden , 

1990; Lumsden and Krumlauf, 1996). Gene expression and targeted inactivation studies 

have demonstrated that Hox genes are one of the key components that play an integral 

role in specifying regional identity along the AP axis in craniofacial morphogenesis 

(Krumlauf, 1993, 1994). In addition to their roles in patterning neuroectoderm 

(rhombomeres) and ectodermal derivatives, Hox genes are essential for the specification 

of both neurogenic and mesenchymal cranial neural crest component. During 
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development, Hoxa2 is expressed in several tissues including the neural tube and the 

neural crest-derived mesenchyme of the branchial arch area. Hoxa2 was mainly reported 

to be expressed in cranial neural crest cells that migrate in the mesenchyme of second 

pharyngeal arch (or second branchial arch) from r4, this migration is considered to be 

crucial for the proper patterning of neural-crest-derived structures in this region (Hunt et 

al., 1991; Krumlauf, 1993; Kontges and Lumsden, 1996; Gavlas et al., 1997; Maconochie 

et al., 1999; Pasqualetti et al., 2000; Barrow et al., 2000; Trainor and Krumlauf, 2001; 

Creuzet et al., 2002; Hunter et al., 2002; Tumpel et al., 2002). In mammals, the first 

branchial arch (pharyngeal arch), which does not express H ox genes, originates from the 

rostral hindbrain and caudal midbrain (Serbedzija et al., 1992; Osumi-Yamashita et al., 

1994; Lee et al., 1995; Imari et al., 1996). However, it has been reported that Hoxa2 

participates in the patterning of the most caudal cells of first arch (Tucker et al., 1999). 

The analysis of Hoxa2 null mutation and over-expression studies will facilitate our 

understanding of the primary role of Hoxa2 in the second branchial arch during 

craniofacial development. In Hoxa2 mutants, the second arch neural crest cell derivatives 

(see Table 1) including the second arch cartilage (Reichert's cartilage), stapes of the 

middle ear, stylohyoid ligament and the lesser horns of the hyoid bone are absent and the 

first arch skeletal elements (see Table 1), for instance, incus, malleus, and Meckel's 

cartilage are duplicated in mirror-image and cleft palate takes place with a high 

penetrance (81-82%) (Gendron-Maguire et al., 1993; Rijli et al., 1993; Barrow and 

Capecchi, 1999; Ohnemus et al., 2001). In contrast, reverse phenotypes to those observed 

in the Hoxa2 knockout are identified in the Hoxa2 over-expression or ectopic induction 

animals (Grammatopoulos et al., 2000; Pasqualetti et al., 2000; Hunter et al., 2002~ 
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Creuzet et al., 2002). In Xenopus, ectopic Hoxa2 induction at postmigratory stages results 

in mirror image homeotic transformation of the first arch elements into the hyoid 

morphology, which belongs to the second arch structure (Pasqualetti et al., 2000). A loss 

of first arch elements and bifurcations of the tongue skeleton were also found after over

expression of Hoxa2 in chicken first arch, thus confirming Hoxa2 gene's ability to cause 

loss of first arch structures and their transformation to a second arch phenotype 

(Grammatopoulos et al., 2000). 
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Table 1. Derivative of Mammalian Pharyngeal Archives and Hyoid Ligament Muscle 

(Rijli et al., 1993~ Barrow and Capecchi, 1999) 

First arch (Maxil/omandibular) 

Muscles: Muscles of mastication (temporal, masseter, medial and lateral pterygoids); 

mylohoid~ anterior belly of digastric; tensor palatine and tensor tympani. 

Skeleton: Meckel's cartilage~ melleus~ incus; tympanic bone; maxillary bone; dentary 

(mandibular) bone; palatine bone; aquamosal bone; part of the alisphenoid bone; 

pterygoid bone; zygomatic bone. 

Second arch (hyoid) 

Muscles: Muscles of expression (buccinator, auricularis, frontalis, platysma, orbcularis, 

oris and oculi); posterior belly of digastric; stylohyoid; stapedius. 

Skeleton: Stapes, styloid bone, lesser horn and upper portion of the body of the hyoid 

bone. 

Muscles from bones above the hyoid: Anterior and posterior bellies of the digastric, the 

sylohyoideus, mylohyoideus, and the geniohyoideus. 

Muscles from bones below the hyoid: sternohyoideus, omohyoideus, and the 

thyrohoideus. 

H oxa2 is also essential for proper segmentation and patterning of the r2 and r3 

areas of the hindbrain. In Hoxa2 mutant embryos, the rl/r2 border is absent and that 

between r2 and r3 is either absent or strongly affected (Gavalas et al., 1997; Davenne et 

al., 1999; Barrow et al., 2000). In addition, r2 and r3 is smaller and the dorsal-ventral 

patterning in this area is also compromised, as revealed by the change of expression of 
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several neural markers (Davenne et al., 1999). Finally, branchiomotor neurons located in 

r2 and r3 often misroute their efferent axons. Instead of their normal trajectory towards 

the trigeminal root, located in r2, some of these axons tum caudally to exit the hindbrain 

at r4 (Gavalas et al., 1997; Devone et al., 1999). 

1.4 Hoxa2 gene and Cleft palate 

It is reported that Hoxa2 mutant causes a high incidence of cleft palate in mice 

(Gendron-Maguire et al., 1993; Rijli et al., 1993; Barrow and Capecchi, 1999; Ohnemus 

et al., 2001 ). The palatine, maxillar, and mandibular ( dentary) bones together contribute 

largely to the skeleton of the jaw and to the roof of the mouth. These bones, as well as the 

mesenchyme of the upper molars, lower molars, and lower incisors, are formed from 

osteogenic and odontogenic neural crest cells populating the first pharyngeal arch. At 

18.5 days post coitum (dpc) of the Hoxa2-l- mutant, the size and shape of the mandibular 

bone are normal. The number of teeth and patterning of the dentition are also normal. The 

horizontal portion of the palatine bones and the palatine processes of the maxillar bone 

are present, but do not meet at the midline, resulting in a cleft of the secondary palate 

(Rijli et al., 1993). The penetrance of cleft palate of Hoxa2-J- is 81% to 82% (Rijli et al., 

1993; Barrow and Capecchi, 1999). These observations appear to indicate that this defect 

is not primary, but rather as a result of a mechanical stress induced by a more caudal 

skeletal defect, e.g., the fusion of the pterygoquadrate element to the base of the skull 

(Rijli et al., 1993). Since Hoxa2 expression was not observed in the first branchial arch, 

the basis for cleft palate in Hoxa2 mutant mice remains unclear. In Hoxa2 mutant, the 

attachments and trajectories of the extrinsic tongue and hyoid muscles were found 
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abnormal. The styloglossus and the stylohyoideus block the attachment of the hyoglossus 

to the greater horn of the hyoid. Under this circumstance~ the hyoglossus~ whose function 

is to depress the lateral flanks of the tongue, fails to make a proper posture of the tongue 

and makes the tongue to adopt an elevated position which blocks closure of the palatal 

shelves. It is an interesting phenomenon that the presence of defects within the extrinsic 

tongue and hyoid musculature, correlated perfectly with the presence of cleft palate. 

Therefore, it is possible that the extrinsic muscles of tongue play an important role in 

flattening the tongue such that the flanking palatal shelves can lift and fuse above it 

(Barrow and Capecchi, 1999). In wild-type embryos, the medial constrictor inserts in the 

upper surface of the greater horn of the hyoid bone, in the lesser horn of the hyoid and the 

stylohyoideus ligament~ which extends from the styloid process to the lesser horn of the 

hyoid. The caudal insertion of the styloglossus is also located in the greater horn of the 

hyoid, lateral to that of the medial constrictor. From there, the styloglossus takes a lateral 

and rostral trajectory around the lesser horn and the stylohyoideus ligament to reach the 

lateral part of the tongue (Barrow and Capecchi, 1999). In Hoxa2 knockout embryos, the 

insertion of these two muscles in the hyoid is extended medially into the body of the bone. 

In additio~ the fibers of the hyoglossus take a medial trajectory to insert in the medial 

instead of the lateral part of the tongue. It is clear that the hyoglossus is affected in Hoxa2 

mutant; however, a contrary result has been found that the styloglossus is always inserted 

in the hyoid regardless of the presence or absence of cleft palate in Hoxa2 knockout mice. 

In the other words, there is no correlation between the cleft plate and lack of insertion of 

hyoid (Ohnemus et al., 2001). In additio~ Hoxa2 has also been found temporally and 

spatially expressed in the palate and appears to play a role in the phenytoin induced cleft 
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plate (Nazarali, et al., 2000). All of these observations seem to imply that Hoxa2 may 

play a direct role in palate formation and that the cleft palate observed in Hoxa2 -1- mice 

is not necessarily merely secondary to the mechanical interruption caused by the 

abnormal tongue musculature. 

1.5 Chemicals and Hox gene regulation 

V alproic acid (VP A) is one of several effective anti-epileptic and mood 

stabilizing drugs, many of which are also potent teratogens in humans and several other 

mammalian species. As many as 10% of the 12000 infants that are exposed to anti

epileptic drugs during pregnancy each year exhibit malformations (Finnell et al., 1991; 

Robert et al., 1991; Lindout and Omtzigt, 1992). Use ofVPA during the first trimester of 

pregnancy significantly increases the risk for spina bifida as well as other malformations 

such as heart defects, limb abnormalities, cleft palate and craniofacial abnormalities 

(Finnell et al., 1991; Robert et al., 1991; Lind out and Omtzigt, 1992; Holmes et al., 

2001). Together, these abnormalities constitute the fetal valproate syndrome (Clayton

Smith and Donnai, 1995). Many other structurally unrelated anti-epileptic and anti-manic 

drugs, such as lithium, barbiturate, phenytoin and carbamazepine, are also teratogenic 

when used during pregnancy (Finnell et al., 1991; Jones et al., 1989; Koch et al., 1992). 

Laboratory mice have been used to study the basis for VP A teratogenicity. Mice 

treated on the days 8 to 9 of gestation exhibit failure of cranial neural tube closure and 

spina bifida, as well as limb abnormalities such as syndactyly and oligodactyly (Ehler et 

al., 1992; Nau et al., 1991; Narotsky et al., 1994; Naruse, et al., 1988). The mechanism 

of action of various anti-convulsant drugs are quite different (Williams et al., 2002; Yuan 
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et al., 2001; Werling et al., 2001; Dixon and Hokin, 1997) however the mechanism of 

action of VP A as an anti-epileptic drug and a mood-stablizer has been well studied 

(Watterson et al., 2002; Williams et al., 2002; Phiel et al., 2001; Yuan et al., 2001; Dixon 

and Hokin, 1997). Although many effects of the VP A induced teratology have been 

investigated the exact mechanisms ofVPA induced teratogenicity requires further study. 

Some of the changes observed after VP A exposure are abnormalities in cell 

morphology and proliferation (Kawagoe et al., 2002; Werling et al., 2001; Chen et al., 

2001;Lampen et al., 1999; Walmod et al . ., 1998; Febbrich et al., 1998; Courage-Maguire 

et al., 1998), alterations in gene expression (Beck, 2001; Faiela et al., 2001; Bennett et al., 

2000; Hallet al., 1997; Finnell et al., 1997; Williams et al., 1997; Wlodarczyk et al., 1996; 

Barnes et al., 1996), altered enzymes and hormonal changes (Watterson et al., 2002~ 

Williams et al., 2002; Phiel et al., 2001; Stout et al., 2001; Yuan et al., 2001; Craig et al., 

2000; Dixon and Hokin, 1997), altered metabolism of sulfur amino acids and glutathione 

(Ubeda et al., 1996; Hishida and Nau, 1998), decreasing corticotrophin-releasing factor 

mRNA expression (Stout et al., 2001 ), and impaired folate metabolism and methionine 

synthesis (Alonso-Aperte et al., 1999; Glover et al., 2002; Johannessen, 2000; AI Deeb et 

al., 2000; Tabatabaei and Abbot, 1999;; Bayer et al., 1997; Nau et al., 1995; Ehlers et al., 

1996; Aulthouse and Hitt, 1994). 

Valproic acid (VP A) is also reported to cause cardiac abnormalities and a certain 

level of cleft palate induction in animal experiments. Ingram and Rodier (1998), reported 

that VPA alters Hoxal gene expression. After administering a single dose of 350 mg/kg 

VPA on the 12th day of gestation, animals were sacrificed and total RNA was isolated 

from individual embryos. Reverse transcriptase PCR (RT -PCR) showed that VP A 

14 



treatment increased Hoxal gene expression by two-fold over that of untreated control 

embryos (Ingram and Rodier 1998). Like retinoic acid (RA), VP A is considered to cause 

fetal teratogenecity by altering Hox gene expression and several Hox genes have been 

examined in mice and chicken embryos for its teratological mechanism. The Hox genes 

examined included Hoxal, Hoxb4, Hoxdl, Hoxd8, HoxdlO, Hoxdll, Hoxdl2, Pax-1, 

Pax-3 and Emx-2 (Wlodarczyk et al., 1996; Barnes et al., 1996; Williams et al., 1997; 

Ingram and Rodier, 1998; Faiella et al., 2000). To date, a majority of the studies with 

VP A induced effects causing homeotic transformations have been focused on the central 

nervous system (CNS) and vertebral column in mice or chicken. Phenytoin is another 

anti-epileptic drug that can cause cleft palate in prenatally exposed mice. Northern blot 

analysis of Hoxa2 mRNA showed that Hoxa2 transcription was down regulated in 

phenytoin exposed mouse embryos (Nazarali, et al., 2000). 

1.6 Palate development 

In vertebrates, many structures including parts of the face develop from small 

primordia or "buds" consisting of undifferentiated mesenchymal cells covered by a layer 

of epithelium. One of these primorda is the first branchial arch, which in mammals 

develops into teeth, skeletal elements of the jaws, lateral skull wall, and middle ear, as 

well as part of the tongue and other soft tissue. In the mouse embryo, the first branchial 

arch initially becomes apparent at the six to eight somite stage [approximately embryonic 

day (E) 8.25] as a small swelling on the side of the head. This bud rapidly increases in 

size as cranial neural crest cells migrate into and proliferate within the arch. This neural 

crest-derived mesenchyme, which is termed ectomesenchyme and is localized 
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immediately subadjacent to the covering epithelium, differentiates into cartilaginous 

(chondrocrania!) and osseous (dermatocrania!) structures. The cranial core of the first 

branchial arch mesenchyme is derived from somitomeres and forms craniofacial muscle 

and vascular tissue. At E 19.5 the outgrowth from the first branchial arch on each side of 

the head develops into the primordia of the mandibular and maxillary arches~ and the 

frontonasal process establishes the basic form of the face. Errors in these complex 

morphogenic events cause craniofacial anomalies including defects of the palate and 

mandible (Bixler et al., 1985~ Escobar et al., 1993). 

In vertebrates, the palate first appears as bilateral outgrowths of the maxillary 

processes and in mammals these outgrowths or palatal shelves initially grow vertically 

down the side of the tongue (Ferguson, 1988; Melnick et al., 1998). Later the palatal 

shelves elevate to a horizontal position above the tongue and commence to approximate. 

Eventually the approximating shelves fuse and form a midline epithelial seam consisting 

of medial edge epithelial cells of the opposing palatal shelves. The epithelial seam then 

rapidly degenerates to form an intact secondary palate (Ferguson, 1988). A deletion of 

the Hoxa2 gene in mice (Hoxa2-/- embryos) leads to the occurrence of a secondary cleft 

palate as well as other cranial abnormalities (Rijli et al., 1993; Mallo and gridley~ 1996~ 

Kanzler et al., 1998; Barrow and Capecchi, 1999;). Kaufman (1992) has described the 

development of the mouse palate as follows: at embryo days 10.5- 11 (E 10.5-E11) the 

palatal primordia are recognized as small folds that begin to direct posteromedially, and 

by El1.5-E12 the two folds lie almost parallel to each other. The medial parts of the 

palatal shelves then appear vertically directed at stages E12.5-E13. From the late El3.5 to 

E 14 stage of development, the vertical palatal shelves elevate into the horizontal position 
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and the approximation of the palatal shelves begins. The midline epithelial seam (MES) 

forms on E14.5 and by E15 complete fusion is accompanied with the disappearance of 

the medial epithelium edge (MEE), in which mesenchymal continuity across the palate 

can be observed (Dixon et al., 1991). 

Several lines of evidence support three potential mechanisms for the dissolution 

of the MEE; (1) the epithelium-mesenchymal transformation of MEE to mesenchyme 

(Britto et al., 2002; Sun et al., 1998; Hay, 1995; Griffith and Hay, 1992; Shuler et al., 

1991); (2) the migration ofMEE to populate the oral epithelia (Carrette and Ferguson~ 

1992), and (3), the dissolution of the MEE by programmed cell death (apoptosis) (Mori 

et al., 1994; Taniguchi et al., 1995; Shuler et al., 1995; Gibbins et al., 2000; Britto et al., 

2002). 

1. 7 Several peptide growth factors and Homeobox genes involved in palatal 

development 

Mammalian palatogenesis is a complex process that involves the participation of 

many genes and peptide growth factors that interact with their receptors as well as with 

each other (Zhang et al., 2002). Similar to many other vertebrate organs, the development 

of mouse secondary palate relies largely on sequential and reciprocal interaction between 

epithelial and mesenchymal tissue layers. Peptide growth factors and several homeobox 

genes are known to play crucial roles as inductive signals that mediate such epithelial

mesenchymal interactions during organogenesis (Thesleff et al., 1995). These inductive 

factors include sonic hedgehog (shh), bone morphogenetic proteins (BMPs), members of 

transforming growth factor ~ (TGF~), fibroblast growth factors (FGFs), especially fgf8 
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(Britto et al., 2002; Shigetani et al., 2000; Barlow et al., 1999; Trumpp et al., 1999), Msxl 

(Satokata and Maas 1994; Lidral et al., 1998; Nugent and Greene 1998; reviewed in 

Bendall and Shen, 2000; Van Den Boogaardet al., 2000; Wakkach et al., 2001; Zhang et 

al., 2002), Mhox (Martin et al., 1995), Dlxl and Dlx2 (Qiu et al., 1995; 1997), Pax9 

(Peters et al., 1997), Hoxb 7 (Mclain et al., 1992) and Hoxa7 (Balling et al., 1989). All of 

these genes and factors constitute one or several regulating networks to mediate 

epithelial-mesenchymal interactions in mammalian palatogenesis (Zhang et al., 2002; 

Tucker et al., 1999). Several growth factors and homeobox genes that are important for 

palatogenesis will be briefly described below. 

1) Transforming Growth Factor f3 (TGFf3): TGFJ3s are a family of multifunctional 

molecules consisting of three distinct forms, Transforming Growth Factor 13 1-3 (TGF(31, 

TGFJ32 and TGFJ33) in mammals, each of which is encoded by different genes located on 

different chromosomes. Their effects are both the promotion and inhibition of cell 

proliferation and cell differentiation as well as modulation of extracellular matrix 

(Roberts and Sporn, 1988; Wu et al., 1992). The mRNA and proteins for the three 

mammalian isoforms have restricted spatial-temporal patterns of expression during 

palatal growth and remodeling (Abbott and Brinbaum, 1990; Pelton et al., 1990; Geris et 

al., 1994; Williams et al., 1991; Fitzpatrick et al., 1992). Loss or reduction of TGF(33 

expression results in failure of palatal shelf fusion and MEE is not formed (Brunet et al., 

1995~ Proelzel et al., 1995; Taya et a; 1999). In murine embryonic palate mesenchyme 

cells in culture, TGFJ31 and TGFJ32 have been shown to affect glycosaminoglycan 

metabolism, collagen gene expression, and collagen protein production and degeneration. 
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In vivo regulation of these extracellular matrix components by TGFf3s has been proposed 

to be critical for normal palatogenesis (Sharpe et al., 1992~ D'Angelo et al., 1994). 

Transforming Growth Factor f31 (TGFf31) knockout mice do not develop cleft palate 

(Shull et al., 1992; Kulkarni et al., 1993). Cleft palate was observed at a lower incidence 

rate (23%) in TGFf32 knockout mice (Sanford et al., 1997). Therefore, TGFf33 has been 

proposed to play a more crucial role in palatal shelf fusion than TGFf31 or TGFf32 

isoforms (Brunet et al., 1995). 

Transforming Growth Factor f33 (TGFf33) is strongly expressed in the MEE cells of 

the still vertical palatal shelves, and this expression persists until the midline epithelial 

seam disappears (Fitzpatrick et al., 1992; Pelton et al., 1990). Palatal shelves from 

TGFf33 null mice grow, elevate, and approach normally, but their adhesion fails due to 

disruption of an incompletely characterized adhesion mechanism. The TGFf33 null palatal 

shelves appear ultrastructurally to have a reduced surface coat (Taya et al., 1999), 

however no information exists on the status of the MEE glycoconjugates (Gato et al., 

2002). TGFf33 has been reported to be associated with basement membrane degradation 

to reduce scar formation in the dermal wound of the palate and to facilitate the 

transdifferentiation of the MEE (Kaartinen et al., 1997). Transforming Growth Factor (33 

(TGFf33) also induces chondroitin sulphate proteoglycan for palatal shelf adhesion, and 

induces MEE cell apoptosis during palatal fusion (Brunet et al., 1995; Gato et al., 2002; 

Martinez-Alvarrez et al., 2000). 

2) Bone Morphogenetic Proteins & Fibroblast Growth Factors (BMP-FGF) 

signaling and ectomesenchymal patterning: A number of signaling factors have been 
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implicated to control outgrowth and patterning of the facial primordia (reviewed in 

Francis-West et al., 1998). These include members of the Bone Morphogenetic Proteins 

(BMPs) and Fibroblast Growth Factors (FGFs), both of which act in an antagonistic 

fashion (Tuckler et al., 1998). 

Bone Morphogenetic Proteins (BMPs) are secreting signaling peptides of the 

TGF -f3 superfamily which are believed to function during embryogenesis by mediating 

cell-cell interactions in a variety of tissues. BMPs play key roles in mesoderm formation 

and differentiation, nervous system development and skeletogenesis, as well as limb bud 

patterning (Pizzette et al., 2001; von Bubnoff and Cho, 2001; Darras and Nishida, 2001; 

Balemans and Hul, 2002; Timmer et al., 2002; Minina et al., 2001). FGFs are also a large 

family of intercellular signaling molecules, whose activities are mediated through a 

family of tyrosine kinase transmembrane receptors (McKeehan et al., 1998). Of particular 

interest are BMP4 and F gf-8, which are expressed in the epithelium and have been 

proposed to control outgrowth of the facial maxillary primordia (Barlow et al., 1999~ 

Trumpp, et al., 1999; Shigetani et al., 2000). 

Bone Morphogenetic Protein 4 (BMP4) and Fibroblast Growth Factor 8 (Fgf-8) 

were reported to induce expression of Barx-1 gene, which is expressed in discrete regions 

of mouse facial primordia and may control facial patterning (Tissier-Seta et al., 1995). 

Bone Morphogenetic Protein 4 (BMP4) and Fibroblast Growth Factor 8 (Fgf-8) also 

induce expressions of Msx-1, Msx-2., and Dlx2 in the mesenchyme of the first arch (Kim 

et al., 1998; Tuker et al., 1998; Bei and Maas, 1998; Trumpp et al., 1999; Thomas et al., 

2000; Shigetani ert al., 2000). Fgf-8 determines the rostral-caudal polarity in the first arch 

by regulating and activating the rostral Lhx61-7 (Kitanaka et al., 1998) and caudal Gsc 
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homeobox gene expressions (Tucker et al., 1999). Fgf-8 first arch knockout mice show 

the absence of first arch elements (Trumpp et al., 1999). BMP4 antagonizes the induction 

of mesenchymal Pax-9 by Fgf-8 to produce localized sites of ectomesenchyme which 

express Pax-9 and specify where teeth will develop (Neubuser et al., 1997). In chicken, 

Fgf-8 is initially expressed in epithelium of first arch as a pair of patches prefiguring the 

maxillomandibular region. BMP4 is expressed around the borders of maxillomandibular 

regions such as in premandibular and maxillary boundary. Msxl and Dlxl are induced by 

BMP4 and Fgf-8 in their own regions separately. Fgf8 signal induces the identity of 

maxillomandibular region whereas, BMP4' s expression is believed to pattern the progress 

and regulate homeobox gene expression to specify the pattern of maxillary development 

in conjunction with Fgf-8 (Shigetani, 2000). 

3) Msxl gene (Drosophila msh related Hox gene): Msx genes are homeobox genes 

related to the Drosophila Msh (muscle segment homeobox)-like gene family. Msx 

homeobox genes play an important role in inductive epithelia-mesenchymal interactions 

leading to vertebrate organogenesis (Davidson, 1995). Among this family, Msxl is a 

crucial factor for craniofacial skeleton formation. In mouse, head Msxl gene expression 

is located mainly in regions of cephalic neural crest cell migration and differentiation 

(Hill et al., 1989; Mackenzie et al., 1991). Msxl-deficient mice exhibit dental and 

craniofacial malformation such as cleft palate, reduced mandible length, abnormalities of 

nasal, frontal, and parietal bones, as well as arrested tooth development, suggesting a role 

of Msxl in outgrowth of these tissues (Satokata and Maas, 1995; Bendall and Abate-S hen, 

2000, review; Zhang et al., 2002). In humans, mutations in Msxl gene have been 
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involved in tooth agenesis, and cleft palate (Vastardis et al., 1996; Blanco et al., 1998; 

Lidral et al.~ 1998; Van den Boogaard et al.., 2000). InMsxl- deficient mice, the bilateral 

primordial palate shelves form and elevate normally, but fail to make contact and do not 

fuse, resulting in a cleft palate (Satokata and Maas, 1994). 

During neural tube development, BMPs regulate dorsal expression of Msx 1 and 

set the Msxl expression boundary (Timmer et al., 2002). Msxl expression is found in the 

palatal anterior mesenchyme during E12.5-E13.5 and is required for expression ofBMP4 

and sonic hedgehog (shh) (Zhang et al., 2002). BMP4 stimulates the growth of Msxl 

mutant dental epithelium and activates Msxl expression around BMP4-soaked beads in 

palatal tissues in the in vitro culture system. BMP4 can also rescue the cleft palate caused 

by Msxl mutation in vivo (Chen, et al., 1996; Bei and Maas, 1998; Bei et al., 2000~ 

Zhang et al., 2002). Currently, Msxl is believed to be a crucial gene for the growth factor 

network regulating epithelial-mesenchyme interactions in mammalian palatogenesis 

(Zhang et al., 2002). 

Expression of Hoxa2 gene, which is believed to be the second arch selector gene 

(Gendron-Maguire et al., 1993; Rijli et al., 1993; Barrow and Capecchi, 1999; 

Grmmatopoulos et al., 2000; Pasqualetti et al., 2000; Ohnemus et al., 2001; Hunter et al., 

2002; Creuzet et al., 2002), was reported for the first time in the developing palate using 

the Hoxa2 antibody (Nazarali et al., 2000). Hoxa2 protein and mRNA expression show a 

spatial and temporal pattern during murine palatogenesis. A similar ventral-dorsal or 

anterior-posterior expression was also identified in mouse spinal cord in concordance 

with the cytoarchitectural changes occurring in the developing cord (Hao et al 1999). 
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1.8 1\tletabolism, toxicity, and the mechanism of action of valproic acid (VPA) as an 

anti-epileptic drug and a mood stabilizer 

Although valproic acid (VP A) is a rather simple, branched-chain fatty acid, its 

metabolism is extremely complex. VPA is mainly eliminated by hepatic metabolism via 

~-oxidation (in mitochondria and peroxisomes), leading sequentially to the e-2-;en-, 3-

0H- and 3-oxo-derivatives of VPA, and glucuronidation (in the endoplasmic reticulum) 

which predominate quantitatively (Figure 2). Minor pathways include cytochrome P450 

(CYP2B l )-catalysed (Rogiers et al., 1995) oxidation via terminal desaturation of VPA to 

a putative hepatotoxic derivative, 4-en-VPA (Mclaughlin et al., 2000~ Wong et al., 2001). 

In vitro and in vivo studies have shown that metabolism-dependent VPA-induced 

cytotoxicity such as oxygen radical-induced generation of DNA strand breaks, lipid 

peroxidation and macromolecule damage is the result of generation of the highly reactive 

hydroxyl free radicals. As a byproduct of cytochrome P450 metabolism of VPA, which 

gives rise to 4-ene-, 4-0H-, and 5-0H-VP A, superoxide anion radicals are also produced 

during the process and have been reported to be responsible tor tissue damage (Raza et al., 

1997~ Tabatabaei and Abott, 1999). The comparison of the pharmacokinetics of VPA in 

the human and mouse is indicated in Table 2. 
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Table 2. The comparison of the pharmacokinetics of VP A in the human and mouse (Nau 

et al. ~ 1981) 

Pharmacokinetic Parameter 

Half life (hour) 

Apparent V d (L/kg) 

Plasma clearance ( ml/h kg) 

Plasma protein binding (%) 

Dose needed to reach plasma levels 

of 40ug/ml (mg/kg/day) 
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Figure 2. Valproic acid (VPA) and partial metabolic pathways via .B-oxidation, 

glucuronidation and terminal desaturation (Mclaughlin et al., 2000). 
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The mechanism of action of valproic acid (VP A) as an anti-epileptic drug and a 

mood stabilizer may be due to following aspects: (1) VPA induces an increase in the 

level of the inhibitory neurotransmitter y-aminobutyric acid ( GABA), inhibition of 

GABAergic signaling can cause seizures; (2) Anticonvulsant activity of VP A is mediated 

through inhibition of Na + channels to reduce Na + current (Reviewed in Gurvich and 

Klein, 2002); (3) VPA promotes neurite growth in a time- and concentration-dependent 

manner. VPA at therapeutic concentrations(S0-150 J.lg/ml or 0.41-1.04 mM) is known to 

activate extracellular signal-regulated kinase (ERK}, a kinase known to be utilized by 

neurotrophins to mediate their diverse effects, including neuronal differentiation, 

neuronal survival, long term neuroplasticity, and in potentiating learning and memory 

(Yuan et al., 2001). 
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1.9 HYPOTHESES 

1) Homeobox genes and in particular Hoxa2 gene are good biomarkers of 

chemical-induced teratogenicity. 

2) Cleft palate is caused by an altered expresston of Hoxa2 gene during 

palatogenesis. 

3) Loss-of-function of Hoxa2 gene results in delayed palatal fusion in-vitro. 

SPECIFIC AIMS 

1) To determine the detailed expression profile of Hoxa2 gene in the 

developing mouse palate. 

2) To investigate whether Hoxa2 gene expresston ts altered during 

palatogenesis after treatment with valproic acid in vivo and in vitro. 

3) To investigate whether Hoxa2-l- mice exhibit a delay in palate fusion 

in in-vitro cultures. 
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2.0 SECTION II 

HOXA2 GENE EXPRESSION IN THE DEVELOPING MURINE PALATE 

2.1 ABSTRACT 

Hoxa2 is a member of paralog group II Hox genes that is expressed in the 

developing vertebrate hindbrain and cranial neural crest cells. Hoxa2-l- mice exhibit 

severe craniofacial abnormalities including a cleft palate. Immunohistochemistry was 

used to determine the temporal and spatial pattern of expression of Hoxa2 protein in the 

murine secondary palate. Data indicate a distinct anterior to posterior distribution of 

Hoxa2 as well as stage dependent localization in the developing palate. Hoxa2 protein 

expression is detected in palatal epithelium as early as embryonic stage 12 (E12). From 

E12 to E13.5, Hoxa2 expression extends to the mesenchyme where intensity of 

expression is enhanced. At E13-E13.5, Hoxa2 protein and mRNA expression is the 

highest in the outer lateral half of the elongating palatal shelves. At E 14-E 14.5 when the 

palatal shelves elevate above the tongue to a horizontal position, Hoxa2 expression is 

down regulated in the mesenchyme and remains restricted to the epithelium and to the 

medial edge of the epithelium (MEE). The temporal and spatial pattern of Hoxa2 

expression in the developing palate is in concordance with the cytoarchitectural changes 

occurring in the growing palate. This implies a developmental role for Hoxa2 in 

palatogenesis. In vitro whole organ palatal cultures show that palates from Hoxa2-l- mice 

exhibit a much lower fusion rate (44.4%) compared to their heterozygous or wild-type 

counterparts (78. 7%, 90% respectively). A significantly smaller palatal shelf length was 

27 



also observed in the Hoxa2 mutant group. In the wild-type palate organ culture group 

exposed to valproic acid (VP A), a known teratogen that can induce a cleft palate and 

other abnormalities in mice and humans, Hoxa2 mRNA is down-regulated within the 

palatal shelf as determined by RT-PCR in a dose dependent manner. The results provide 

evidence that cleft palate induced in Hoxa2 -1- mice is not only secondary to an altered 

positioning of the tongue but is also due to an absence of Hoxa2 gene expression which 

results in delayed palatal development. The percentage of cleft palate calculated as a 

result of del~yed palatal development is 45.6% in Hoxa2-l- mice, whereas the percentage 

of cleft palate secondary to the abnormal position of the tongue accounts for one third in 

these mice. However, both of the factors, a delay in palatal growth and an abnormal 

tongue position are combinatorial to give the reported incidence of 82% cleft palate in the 

Hoxa2 knockout mice. These results demonstrate a direct role for Hoxa2 in palatogenesis. 
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2.2 INTRODUCTION 

Homeobox (Hox) genes are a family of genes that contain a conserved 180 base 

pair sequence commonly known as the homeobox (reviewed in McGinnis and Krumlauf, 

1992~ Nazarali et al., 1992; Manak and Scott, 1994; Market al., 1997). The homeobox 

encodes a homeodomain of 60 amino acid residues that forms a characteristic structure 

comprising of helix-tum-helix motif (Laughon and Scott, 1984). In mouse, a total of 39 

clustered Hox genes have been identified, which are classified in four paralogous groups 

termed Ho~ HoxB, HoxC and HoxD. Hox genes that are located towards 3' end are 

expressed at earlier developmental periods and have rostral limits in their expression 

domains (Krumlauf, 1994; Manak and Scott 1994). 

Hoxa2 gene belongs to the HoxA chromosomal cluster of Hox genes encoding a 

protein with a molecular weight of 41 KD (Tan et al., 1992; Hao et al., 1999). Hoxa2 

gene plays a key role in vertebrate craniofacial development (Gendron-Maguire et al., 

1993; Rijli et al., 1993; Mallo and Gridley 1996; Kanzler et al., 1998; Barrow and 

Capecchi, 1999; Nazarali et al., 2000; Ohnemus et al., 2001; Pasqualetti et al., 2000; 

Plant et al., 2000; Grammatopoulos et al., 2000; Trainor and Krumlauf 2001; Creuzet et 

al., 2002; Hunter et al., 2002). During development, Hoxa2 is expressed in hindbrain at 

the level of rhombomere 2 (r2) so that it participates in the progress of pharyngeal arch 

patterning, and Hoxa2 and its paralog Hoxb2 are both expressed in the second branchial 

arch (Hunt et al., 1991; Tan et al., 1992; Krumlauf, 1993; reviewed in Tumpel et al., 

2002). Hoxa2 knockout mice exhibit severe defects in the skeletal elements of the skull, 

and duplications of a subset of first arch skeletal elements. These mirror-image 
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duplications include the Meckel's cartilage and the malleus, incus, tympanic, and 

squamosal bones (Gendron-Maguire et al., 1993~ Rijli et al., 1993; Konteges and 

Lumsden, 1996; Ohnemus et al., 2001; Hunter et al., 2002). The external ear or pinna that 

is derived from the first and second branchial arch exhibits anomalies in Hoxa2 mutant 

newborn mice with 100% penetrance. These knockout mice also exhibit an abnormal 

arrangement in the tongue musculature. Muscular deformations in the styloglossus and 

the stylohyoideus block the attachment of the hyoglossus to the greater hom of the hyoid, 

changing the trajectories of the tongue. This has been reported to be the cause of cleft 

palate in Hoxa2 mutant mice (Barrow and Capecchi, 1999; Rijli et al., 1993). On the 

contrary, over expression of Hoxa2 in the chick, in the first arch where Hoxa2 has no 

expression results in a homeotic transformation of the first arch structures to second arch 

elements. This results in the diminishing of most of Meckel's cartilage as well as 

duplications of the second arch derived skeletal elements (Grammatopoulos et al., 2000). 

In the Xenopus, inducible gain of function of Hoxa2 causes mirror-image homeotic 

transformation of first arch elements into a second arch derived phenotype (Pasqualetti et 

al.~ 2000). 

The mammalian secondary palate is developed from palatine shelves, which initially 

grow from the inferior position of the maxillary processes but then rotate to a horizontal 

position, before fusion to form the palate (Ferguson, 1988). In humans, during the4th and 

1Oth weeks, and in mice, during 8-10 days embryo stage, the first pharyngeal arch, which 

is formed by the migrating mesenchymal neural crest cells (Lumsden et al., 1991 ), gives 

rise to the mandibular and maxillary swellings. Hoxa2 expression is detected in the 

second arch arising from r4 and participates in the formation of the stapes, styloid bones 
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and lesser horns of the hyoid bone (Gendron-Maguire et al., 1993; Rijli et al., 1993; 

Kanzler et al., 1998; Barrow and Capecchi, 1999). Although it has been reported that the 

cleft palates observed in the Hoxa2 -1- mice are secondary to the interference caused by 

the abnormal positioning of the tongue (Barrow and Capecchi, 1999), the possibility 

should not be ruled out that Hoxa2 gene also plays a role during palatogenesis. It has 

previously been shown that Hoxa2 is expressed in the developing palate (Nazarali et al., 

2000). It has also been reported that the insertion of styloglossus into the hyoid is not 

necessarily ~lways interrupted by other musculatures in Hoxa2 mutant mice that exhibit a 

cleft palate and that a positive relationship between a cleft palate and absence of 

attachment to the bone of hyoid in the Hoxa2 null embryos does not exist (Ohnemus et al., 

2001). 

In this study, a temporal and spatial Hoxa2 expression pattern in developing 

murine palate was reported. Whole organ palate cultures treated with valproic acid (VP A) 

resulted in a down regulation of Hoxa2 protein and in rnRNA in the developing palate as 

indicated by RT-PCR. VPA treated palatal cultures also exhibited a high incidence of 

non-fused palates. In addition, the palate organ cultures from different groups of mice 

with different Hoxa2 gene dosages, indicated different percentages of palatal fusion 

among Hoxa2 knockout, heterozygous and wild-type groups, respectively. The results 

from this study provides reliable evidence that Hoxa2 gene plays a role in palate 

development. 

31 



2.3 MATERIALS AND MEffiODS 

2.3.1 Palate whole organ culture. Whole organ palatal cultures from CD1 mice were 

established following a modification of the method of Abbott et al., 1999. Pregnant 

females at 12.5 days post-coitus were anaesthetized by Halothane (MTC Pharmaceuticals, 

Cambridge, Ontario). The fetuses were aseptically removed from the uterus in Hank's 

balanced solution (Sigma Chemical, St. Louis, MO). Their maxillary regions were 

dissected by removing the mandible and the tongue. The brain, as well as the spinal cord 

from the posterior region of the palate were dissected out. Intact palatal shelves were 

placed in sterile 60ml glass bottles containing 1 Oml of Richter's Improved Zinc MEM 

Option and F 12 Nutrient Medium (Invitrogen Coporation, Grand Island, NY) (I : 1 ), 

supplemented with 1% fetal bovine serum, 6mg/ml BSA, 10 Jlg/ml transferrin, 10 nglml 

selenium, 50 Jlg/ml sodium ascorbate, 2.4 mg/ml glucose, 0.6 mg/ml L-glutamine, 50 

Jlg/ml streptomycin and 50 units/ml penicillin (Sigma Chemical, St. Louis, MO). 

Medium contained 0, 12.5, 25, 50, 100, and 400 Jlg/ml Sodium valproate (Sigma 

Chemical, St. Louis, MO). Bottles were incubated in a 37°C incubator and circulated at 

12-15 revolutions per minute and flushed with 50% 02, 45% N2 and 5% C02 for 2 

minutes every 24 hours when media was changed. After incubation for 72 hours at 3 7°C, 

the palates were harvested and the parameters of the palate such as Length ofPalate Shelf 

(LPS), Length of Fused Portion (LFP), Frequency of Contacted and Fused Palates 

(FCFP), Frequency ofFused Palates (FFP), and Ratio of Fused Portion to the Palate Shelf 

(RFPPS) were measured with a micrometer under a dissecting microscope. 
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2.3.2 Total RNA isolation. The protocol for total RNA isolation from control palates as 

well as VP A exposed palates at 24h, 48h and 72h were carried out according to the 

manufacturers' protocol (TRI REAGENT®, Molecular Research Center, Inc., Cincinnati, 

Ohio). Palatal shelves dissected from three to four organ cultures (50-I 00 mg) were 

homogenized in TRI REAGENT® (lml/IOOmg tissue) in 1.5-ml microcentrifuge tubes. 

The homogenates were stored for 5 min at room temperature and then supplemented with 

0.1 ml 1-bromo-3-chloropropane (BCP). The RNA in the aqueous phase was precipitated 

and washed in 75% ethanol. Air-dried RNA was dissolved in distilled and DEPC-treated 

water. Total RNA concentration was determined at OD260 using an Ultraspec 3100 pro 

Spectrophotometer (Biochrom Ltd. Cambridge, England). 

2.3.3 RT-PCR For the Reverse Transcriptase (RT) PCR, two specific pnmers for 

amplification of Hoxa2 gene were designed. The forward 5' primer sequence (beginning 

from position 67 in exon2) is 5'-GTG TTG GTG TAC GCG GTT CTC AG-3', whereas 

the reverse 3' primer sequence (upstream from the start codon in ex on 1) is 3 '-GGC CAT 

GAA TTA CGAATT TGA GCG-5'. The size of the amplified Hoxa2 gene product 

using these primers is 451. For the first strand sythesis, 1 f..ll Oligo (dT) 12-1&(500 f..Lg/ml), 

1 f..ll total RNA (2~g), I f..LIIO mM dNTP Mix, and I2 f..Ll distilled water were added into a 

microcentrifuge tube which was then heated to 65°C for 15 min. To this mixture, 4 JJ.l of 

5xFirst-strand buffer, 2 f..ll O.I M DDT and I f..ll RnaseOUT Recombinant Ribonuclease 

Inhibitor ( 40 units/f..Ll) were added and the reaction incubated at 42°C for 2 min. The 

reverse transcriptase enzyme [SUPERSCRIPT II, 1 f..ll (200 units)] was then added and 

the incubation continued at 42°C for 50 min after which the reaction was inactivated by 
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heating at 70°C for 15 min. For PCR, 1 J!l reaction mixture, 5 f..ll 10xPCR buffer, 1.5 f..ll 

50 mM MgCh, 1 f..lllO mM dNTP Mix, 1 !J.l forward primer (lOmM), 1 f..ll reverse primer 

(10mM), 0.4 f..ll Taq DNA polymerase (5 U/J.ll, Invitrogen, Life Technologies, USA), 

made up to 50J!l with distilled water were added to a 0.5ml microcentrifuge tube. The 

PCR_ cycle used was as follows: 94°C, I min, 54°C, I min, and 72°C, 2 min (35 cycles). 

2.3.4 Immunohistochemistry. The Hoxa2 rabbit polyclonal antibody was generated using 

oligopeptide, SPLTSNEKNLKHFQHQS (J3) which corresponds to amino acid 270 to 

287 ofHoxa2 protein. The nucleotide sequence encoding J3 peptide is located outside of 

homeobox domain in the second exon of Hoxa2 eDNA (Hao et al. 1999; Nazarali et al. 

2000). The evidence for antibody specificity has been obtained by competition 

experiments where an excess amount of J3 petide was added to the incubation solution 

containing the J3 antibody; the resultant tissure sections (12-day-old mouse spinal cord) 

showed only background staining (Hao et al., 1999). Polyclinic J3 antibody has been 

reported not to cross-react with crude bacterial extracts, Hoxd 1 and Pax9 proteins when 

analyzed by western blot assays and immunohistochemistry (Hao et al., 1999; Wolf et al., 

2001). A Genotyping ofC57BL/6J embryo was conducted using PCR to identify Hoxa2 

mutant mice (Gendron-Magurire et al., 1993). Frozen embryos in embedding medium 

were sectioned (8 J.lm thick) and tissue sections were collected on gelatin-coated 

coverslips. The coverslips were left to dry at room temperature for 2 hours before being 

subjected to immunohistochemical analysis at room temperature. Cover slips with tissue 

section were incubated in PBS two times for 10 min each, followed by a 1-hour 

incubation in 3% solution of skim milk powder and 0.1% Triton X-1 00 in PBS (3% SM-
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PBST). This was followed by an incubation overnight at 4 o C with the specific antibody 

at a dilution of 1:500 in a 1% solution of skim milk powder and 0.1% Triton X-100 in 

PBS. The next day, sections were washed twice for 10 min each in PBS, followed by 30 

min incubation in 3% SM-PBST. After a further incubation for 45 min with the 

secondary antibody, biotinylated goat anti-rabbit IgG, at a dilution of 1: 500 in 1 %SM

PBST, the sections were washed in PBS for 20 min. This was followed by incubation in 

0. 3% hydrogen peroxide in methanol for 15 min to eliminate endogenous peroxide 

activity. After two 10 min washes in PBS for 10 min and a further 30-min wash in 3% 

SM-PBST, sections were subjected to a 1-hour incubation with an avidin-biotin complex 

at a dilution of 1: 150 in PBS. Following this, sections were washed in PBS for 10 min, 

incubated in 1.175M sodium acetate solution for 10 min, and subsequently incubated 

briefly (1 min or less) in a horseradish peroxidase substrate solution (0.175M sodium 

acetate solution containing 0.05% 3,3' -diaminobenzendine, 1.5% nickel sulfate solution, 

and 0.03% hydrogen peroxide). Finally, sections were washed for 10 min in a 0.175M 

sodium acetate solution and for a further 10 min in PBS. Sections were counterstained, 

dehydrated, and mounted in Permount. 

2.3.5 Statistical analysis. For statistical analysis, one-way ANOVA was used for 

comparing the mean values between the control and treatment groups and the least 

significant difference (LSD)' s post hoc was used for the analysis of the mean values in 

which statistical differences occurred (p < 0.05). A Chi-square paired-sample test was 

applied to compare the frequencies of contacted and fused palates with its counterparts in 

the control group, respectively. 
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2.4 RESULTS 

2.4.1 Hoxa2 is expressed in the epithelial and mesenchymal cells of the mouse palate 

in a spatial and temporal manner. 

The Hoxa2 specific antibody (Hao et al., 1999) was used to investigate the pattern 

of expression of Hoxa2 protein in the developing mouse palate from six embryonic 

developmental stages at 12, 12.5, 13, 13.5, 14, 14.5 and 15 days after fertilization (El2-

El5). Coronal sections were performed according to Kaufman (Kaufman 1992). The 

temporal and spatial profiles of Hoxa2 expression pattern in the palate are shown in 

Figures 1-4. 

At El2 and El2.5 as shown in Figure 1 (a-r), the developing palatal folds lie 

parallel to each other alongside the tongue. Hoxa2 protein was identified in the palatal 

epithelia, the epithelium of the primitive nasal cavity and the epithelium of the primitive 

oral cavity (Figure I a, d). Little Hoxa2 protein is observed in the subjacent mesenchyme 

of the palate~ nasal and oral epithelia. Hoxa2 expression was also identified on the 

inferior surface of the tongue (Figurel a, d, g, j. m, p). The two lateral maxillary palatal 

swellings are believed to be outgrowths of the first branchial arch. The first arch exhibits 

no Hoxa2 expression however the data indicate that Hoxa2 is expressed in the palate as 

early as El2, suggesting that Hoxa2 as a selector gene in the second arch, may play a role 

in the growth and development of the two shelves of palate. 

At E 13-13.5 stage of palatal development (Figure 2 a-o ), there is an increased 

intensity of Hoxa2 expression observed in the epithelia and mesenchyme of the palate in 

comparison to the E 12 embryos (Figure 1 a-o). Interestingly, Hoxa2 expression is more 
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prominent in the lateral part of the palatal shelves and this is even more distinct in the 

anterior and medial palatal sections (Figure 2 b, e, h, k). The two stages, E13-E13.5, are 

key periods in which the palatal growth is significant alongside the tongue prior to palatal 

shelf elevation. The intense expression of Hoxa2 in the lateral half of the shelves in the 

E13-E13.5 embryos may be important for their subsequent elevation at E14 when the 

palatal shelves become horizontal above the tongue (Figure 2 b, e, h, k). 

Hoxa2 expression in the elevated shelves has substantially decreased at E 14 

(Figure 3 a-i), in contrast to £13-13.5 (Figure 2). At E14.5, the medial edge of the 

opposing palatal shelves has fused to form the epithelial seam (MES). 

Immunohistochemical analyses show intense expression of the Hoxa2 protein in the 

epithelial seam (MES) and the palatal epithelium (Figure 3 j-r). 

By E15, the palate mesenchyme is continuous across the intact horizontal palate 

(Figure4 a-i). A transformation of the epithelium to mesenchyme occurs and is induced 

by transforming growth factor-(33 (TGF-(33) located in the milieu of the MES (Kaartinen 

et al., 1995; Brunet et al., 1995; Dixon and Ferguson, 1992; Fitchett and Hay, 1989; 

Ferguson, 1988). 

An interesting observation was made when sections from the anterior, medial and 

posterior shelves were compared for the spatial and temporal expression of Hoxa2 at 

E 13-15 stages of palatal development. Strong Hoxa2 expression is visible in the anterior 

and medial sections compared to the sections from the posterior region of the palatal 

shelves. At E15, when palatal fusion is complete, Hoxa2 expression in the palate is 

prominent in the epithelium as well as the developing cartilage (Cp) (Figure 4 a-i). The 

pattern ofHoxa2 expression in the palate appears to be in an anterior-posterior gradient. 
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Figure I. Immunohistochemical staining of coronal sections from E12 (a-i) and E 12.5 (j-r) 

mouse embryos. 
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Figure I. Immunohistochemical staining of coronal sections from El2 (a-i) and El2.5 (j-r) 

mouse embryos. The stage of embryonic development is labeled on the top right of each 

photograph. Dark nuclear staining represents the expression of Hoxa2 protein. Figure a, d 

& g are anterior, medial and posterior palate sections respectively of the same embryo at 

El2, likewise withj, m & p. For embryo at El2.5, each row of figures represents sections 

from a similar region of the palate at different magnifications where bar is I OOJ.Lm. 

Abbreviations are: T, tongue; P, palate; oE, oral epithelium; M, mesenchyme & pE, 

palatal epithelium. The arrow in c, are pointing at individual nuclear staining of Hoxa2 

protein. At these two stages (El2 and El2.5), Hoxa2 protein expression is weak in the 

palatal mesenchyme and epithelium. 
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Figure 2. Immunohistochemical staining of coronal sections from El3 (a-i) and El3 .5 (j-r) 

mouse embryos. 
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Figure 2. Immunohistochemical staining of coronal sections form E13 (a-i) and E13.5 (j-r) 

mouse embryos. The figures are labeled on the top right with the stage of embryonic 

development. Dark nuclear staining represents the expression of Hoxa2 protein. Figure a, 

d & g are anterior, middle, and posterior palate sections respectively of the same embryo 

at E13, and same with j, m & p for embryo at E13.5. Each row of figures represents 

sections :from a similar region of the palate at different magnifications where bar is 100 

J.lm except for the figure m where bar is 200 J.lm. Abbreviations are: T, tongue; P, palate; 

M, mesenchyme & pE, palatal epithelium. The arrows in fare pointing at nuclear Hoxa2 

staining. Note the strong expression of Hoxa2 protein in the palatal epithelium and 

mesenchyme. The levels of expression decrease progressively from the anterior towards 

the posterior sections. 
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Figure 3. Immunohistochemical staining of coronal sections from E14 (a-i) and E14.5 G-r) 

embryos. 
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Figure 3. Immunohistochemical staining of coronal sections from El4 (a-i) and 

El4.5 G-r) embryos. The figures are labeled on the top right with the stage of embryonic 

development. Dark nuclear staining represents the expression of Hoxa2 protein. Figure a, 

d & g are anterior, middle and posterior palate sections respectively of the same embryo 

at E 14 likewise for j, m & p for embryo at E 14.5. Each row of figures represents sections 

from a similar region of the palate at different magnifications where bar is 100 ~m. 

Abbreviations are: P, palate; T, tongue; M, mesenchyme; pE, palatal epithelium & sE, 

medial epithelium seam. At El4, the palates have elevated and are in close approximation. 

By El4.5, fusion of the palates has commenced which is marked by the formation of the 

epithelial seam ( sE or MES). 
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Figure 4. Immunohistochemical staining of coronal sections from E 15 (a-i) mouse 

embryos. Figures A-D are schematic dra\'l.rings where red dots represent Hoxa2 protein 

distribution in the developing palate. 
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Figure 4. Immunohistochemical staining of coronal sections from E 15 (a-i) mouse 

embryos. Figures are labeled on the top right with the stage of embryonic development. 

Dark nuclear staining represents the expression of Hoxa2 protein. Figure a, d & g are 

anterior, middle and posterior palate sections respectively of the same embryo. Figure a, 

b & c represent the very anterior section of the palate which is dominated by cartilage of 

the secondary palate (sP). Each row of figures represents sections from a similar region 

of the palate at different magnifications where bar is I 00 J..l.m except for figure g where 

bar is 200 J..lm. Abbreviations are: T, tongue; sP, secondary palate; M, mesenchyme; R, 

roof of primitive nasopharynx; P, palate; sE, medial epithelium seam or MES; oE, oral 

epithelium and cP, precondensations of cartilage. Hoxa2 protein expression is completely 

down regulated in the rest of the palate mesenchyme. Figures A-D are schematic 

diagrams of the palate at various stages of embryonic development. The red dots 

represent the extent and distribution of Hoxa2 protein at different stages in the 

developing palate. 

45 



2.4.2 Hoxa2 gene expression in the palate is down regulated by valproic acid (VP A); 

Palate Organ Culture in vitro shows that VP A inhibits palatal growth and retards 

palatal fusion in a dose dependent manner 

V alproic acid (VP A) is a clinically used anticonvulsant drug and like other anti

epileptic drugs (e.g phenytoi~ carbamazepine) has been proven to be a potent teratogen 

in human epidemiological investigations and animal experiments. Valproic acid (VPA) 

has been reported to induce exencephaly, cardiovascular abnormalities, cleft palate, and 

homeotic transformations via altering Hox gene expression (Holmes et al.~ 200t Faiella 

et al., 2000; Sonoda et al., 1990; Vorhees 1987; Hau 1985; Paulson et al., 1981; Brown et 

al., 1980). 

We have determined the parameters of palatal growth (Table 1) such as Length of 

Palate Shelf (LPS), Frequency of Fused Palates (FFP) to evaluate the growth of the palate 

at three different VPA dosages (25, 50 and 100 J..lg/ml). Negative correlations between 

VPA dosages and the parameters LPS, and FFP were found. VPA treatment leads to a 

retarded palatal shelf growth resulting in a delay in palatal fusion. Employing RT -PCR, 

we were able to show expression of Hoxa2 mRNA in the individual palatal shelf and that 

this expression is significantly down regulated after treatment with VP A in a dose 

dependent manner (Figure 5). These findings were also observed in vivo in VP A treated 

mice employing both immunohistochemical and in situ hybridization histochemistry (see 

Figure 1 in section Ill). 

Since it has been reported that VPA upregulates Hoxal, Hoxdl and Hoxd8 

expression and down regulates Hoxdl 1 and Hoxdl 2 expression and causes corresponding 

homeotic transformations in the developing mouse, it is possible that VP A like retinoic 
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acid (RA) may induce deformities in vertebrates by preferentially altering Hox gene 

expression (Ingram and Rogier 1998~ Faiella et al., 2000). Hence the down regulation of 

Hoxa2 in the developing palate induced by VP A exposure can also be considered to be a 

possible mode of action for cleft palate formation. 

Table I Effect of valproic acid (VP A) on cultured CD 1 fetal mouse palates 

Concentration 

(J.Lgfml) 

0 

25.0 

50.0 

100.0 

Number of 

explanted palates 

24 

20 

19 

20 

length of palatal shelf (LPS) 

(mm) mean± SD 

1.539 ± 0.136 

1.397 ± 0.188** 

1.327 ± 0.319** 

0.996 ± 0.150** 

Frequency of fused 

palates ( FFP) 

91.7% (22/24) 

55.0% * (11120) 

21.1%**(4/19) 

0.00%**(0/20) 

One-way ANOV A was used in the LPS columns., the least significant difference (LSD)'s post hoc was used to determine the specific 

pairs of groups between which statistically significant difference occurred; A chi-square paired-sample test was used in the FFP 

columns. 

* 

** 

p < 0.05 (compared with the control group); 

p < 0.01 (compared with the control group); 
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a b c d 

Figure 5. RT-PCR amplification of Hoxa2 mRNA isolated from 24h 
palatal shelves from whole organ palatal cultures (for details see 
methods and materials). Lanes (a), (b) and (c) are RT-PCR amplified 
Hoxa2 mRNA isolated from 24h palatal shelves treated with 100, 50 
and 25 J.tglml VPA, respectively. Lane (d) indicates RT-PCR amplified 
Hoxa2 mRNA isolated from control untreated 24h wild-type palatal 
shelves. Note band intensity decreases as VPA doses increase (bands 
c, b, a, compared with that of the control band d). 

450bp 
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2.4.3 Hoxa2 impacts the frequencies of mouse palate fusion (FFP) in wild-type, 

hetero and homozygote mice in a dosage-dependent manner 

A whole organ palatal culture model to determine the tongue's role in cleft palate 

formation in Hoxa2 mutant mice was employed. Penetrance of cleft palate induced in 

Hoxa2 knockout was determined without having any interference from the tongue in this 

in vitro culture system. The palate organ culture was also designed to determine the 

Hoxa2 haploinsufficient phenotype which was described to be at 500/o threshold 

(Ohnemus et aL, 2001) for the proper development of second pharyngeal arch skeletal 

elements. 

In this experiment, the parameters of palatal development, including Length of 

Palate Shelf (LPS), Length of Fused Portion (LFP), Frequency of Contacted and Fused 

Palates (FCFP), Frequency of Fused Palates (FFP), and Ratio of Fused Portion to the 

length of Palate Shelf (RFPPS) were used to evaluate the growth of palate. Statistical 

differences were observed in FFP between the Hoxa2 mutant group and its heterozygous 

counterpart as well as between the Hoxa2 mutant group and its wild-type counterpart. In 

the Hoxa2 mutant palate group FFP is lower than its heterozygous and wild-type groups 

and palatal fusion appears to have been delayed in the Hoxa2-l- palates (Table II). 

The results suggest that cleft palate induced in H oxa2 mutant mice 1s not 

exclusively secondary to an altered position of the tongue in Hoxa2 -1- mice, but that the 

absence of the Hoxa2 expression in the mutant group delays palatal development. The 

FFP data (Table II) can be employed to calculate the percentage of cleft palate induced 

by the absence of Hoxa2 gene that causes delayed palatal development as well as the 
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percentage of cleft palate secondary to the abnormal position of the tongue in the Hoxa2 

knockout mice. The FFP in wild type group (90.0%)- FFP in mutant group (44.4%) = 

percentage of cleft palate caused by delayed palatal development (45.6%). Similarly the 

incidence of cleft palate (Rijli et al., 1993) in Hoxa2 knockout mice (82%) - the 

percentage of cleft palate caused by delayed palatal development in Hoxa2 knockout 

mice (45.6%) =the percentage of cleft palate secondary to the abnormal position of the 

tongue (36.4%). However, both factors (absence of Hoxa2 gene in palate causing delayed 

palatal development and the abnormal position of the tongue) always combine together to 

cause cleft palate in the Hoxa2 knockout mice. It would also appear that the effect of 

Hoxa2 on FFP is dosage-dependent even though we did not see a statistically significant 

difference between groups of the heterozygous and the wild-type palates (Table II). 

The Hoxa2 mutant palate also exhibits a smaller LPS than its wild-type and 

heterozygous counterparts (Table II). This implies that Hoxa2 may play a role, not only 

on the palatal fusio~ but also on the whole palatal development. Other parameters were 

found to have no difference between the three groups examined, except for the FCFP. 

The Hoxa2 knockout palatal cultures exhibited a delayed epithelial-mesenchymal 

interaction since Hoxa2 mutant group was significantly lower in FCFP than that of 

heterozygous or wild type groups (Table II). 

Although our data provide useful information on the role of Hoxa2 in palatal 

growth and fusion we are unable to identify whether the reorientation of the palate shelf 

is effected by the lack of Hoxa2 in the palate in vitro organ culture. In vivo study shows 

that Hoxa2 expression was down regulated in VP A induced cleft palates. 

50 



Table II Effects of Hoxa2 gene on cultured fetal mouse palates 

Types and 

the number 

of each type 

Length of fused Length of palate 

portion (mm) shelf (mm) 

Mean± SD mean± SD 

(LFP) (LPS) 

Mutant (18) 0.592 ± 0.169 1.134±0.148 

Heterozygous 0.718 ± 0.210 

(47) 

Wild-type 

(20) 

0.659 ±0.217 

1.238 ±0.145* 

1.246±0.186 

Frequency of contacted Frequency of fused Ratio of fused portion to its 

and/or fused palates(%) palates(%) whole palate shelf 

(FCFP) (FFP) mean± SD 

(RFPPS) 

72.2% (13/18) 44.4%(8/18) 0.492 ± 0.110 

85.1% (40/47) 78.7% * (37/47) 0.568 ± 0.129 

100% * (20/20) 90% ** (18/20) 0.526 ± 0.129 

One-way ANOVA was used in the LFP, LPS, and RFPPS columns, the least significant difference (LSD)'s post hoc was used to 

determine the specific pairs of groups between which statistically significant difference occurred; Chi-square paired-sample test was 

used in the FCFP and FFP columns. 

* p < 0.05 (compared with the mutant group); 

** p < 0.01 (compared with the mutant group); 
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2.5 DISCUSSION 

Murine palatogenesis occurs from E 12 to E 15 stage of development. The primary 

palate forms from a protrusion of frontonasal prominence. The secondary palate shelves 

are formed from the maxillary swelling. At E 12 in mice, bilateral palatal shelves outgrow 

vertically to parallel each other and move down the sides of the tongue. At E14~ the 

shelves elevate to a horizontal position above the dorsum of the tongue, approximate to 

each other, and contact in the midline at £14.5. By £15.5, the medial edge epithelium 

(MEE) in the midline epithelia seam (MES) disappears and the two shelves become 

completely fused. It has been reported that the secondary palate does not exhibit Hoxa2 

mRNA expression (Rijli et al, 1993; Gendron-Magurine et al, 1993; Barrow and 

Capecchi 1999). Nevertheless, our results show that Hoxa2 protein and mRNA is 

expressed in the palate epithelium as early as E12. At E13, the expression becomes 

stronger and its expression is pres~nt throughout the mesenchyme. 

The most intensive expression in the epithelial mesenchyme is found in the lateral 

area in the E13.5, just before shelf elevation. By E14, Hoxa2 expression is down 

regulated in the palate. The expression is limited mainly to the MEE in E 14.5 and, in E 15 

only weak expression is found in the epithelium with the disappearance ofMEE., however 

strong expression is visible in the developing cartilage in the anterior palatal section 

(Figure 4a-c ). The expression profile of Hoxa2 implies that it may play an important role 

in palate development. Hoxa2 may regulate palate vertical growth pattern as early as E12. 

During E13, Hoxa2 expression is enhanced in the epithelium and mesenchyme and this is 

continued at E 13.5 implying that Hoxa2 may well participate in regulating the elevation 

of palatal shelves. During the palatal elevation, the accumulation of glycosaminoglycan 
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(GAG) and hyaluronate in the palate shelf extracellular matrix is believed to drive this 

movement of the palate (Brinkley and Morris-Wima~ 1987). 

By E14 when shelves are horizontal, Hoxa2 mRNA and protein is down regulated 

in the mesenchyme. However, its expression remains in the epithelium at this stage. It is 

probable that Hoxa2 continues to regulate palatal growth at this stage and its expression 

continues in the MEE at E14.5 until MEE disappearance at E15 when Hoxa2 is 

significantly down regulated except in the developing cartilage. 

 V alproic acid (VP A) is a widely used anti-convulsant and a mood-stabilizing 

drug (Guay, 1995; Feely, 1999; Tohen and Grundy, 1999). The use of VPA during the 

first trimester of pregnancy can induce the fetal valproate syndrome which is comprised 

of several anomalies including, heart defects, limb abnormalities, cleft palate~ and 

craniofacial deformities (Finnell, 1991; Lindhout and Omtzigt, 1992; Clayton-Smith and 

Donnai, 1995). In this study, it was determined that VPA exposure resulted in a delay in 

palatal fusion (FFP) and in palatal growth (LPS) in a dose-related manner and caused a 

down regulation of Hoxa2 mRNA expression in the developing palate also in a dosage

dependent way. The lower expression of Hoxa2 mRNA in palates is accompanied by a 

higher incidence of non-fusion in palates following VP A treatment. This implies that 

VPA induced cleft palate may occur by down regulation of Hoxa2 expression in the 

palate, implicating Hoxa2's role in palatal development. Valproic acid (VPA) causes 

homeotic transformation in the lower thoracic and lumber regions by altering 5' Hox 

gene expression such as -d8, -dJO, -dll, -dl2 (Faiella et al., 2000). Hoxal expression is 

also induced by VPA by up to two fold. It has been suggested that VPA-induced 

teratogenicity may be similar to that induced by retinoic acid (Ingram and Rodier, 1998). 
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Retinoic acid (RA), a metabolite of vitamin ~ influences proliferation and 

differentiation of a wide variety of cell types and plays an important role in vertebrate 

development (Jacosen et al., 1994; Gudas et al., 1992). Retinoic acid (RA) also causes 

vertebrate malformations by altering BMP-7 and Hox gene expression. Several Hox 

genes are affected by RA including Msx2, Hoxa2 (Plant et al., 2000), Hoxal (Pasqualetti 

et al., 2001; Wendling et al., 2000; Shen et al., 2000), Hoxbl, Paxl, cdxl (Houle et al., 

2000), and Pax9 (Curevo et al., 2002; Wendling et al., 2000; Shen et al., 2000). Retinoic 

acid (RA) induces cleft palates by altering TGF-(33 mRNA expression (Naitoh et al., 

1998) and by accelerating programmed cell death (Curevo et al., 2002). It has been 

reported that VP A alters endogenous plasma retinoic acid levels in humans, which is one 

suspected mechanism of teratogenecity induced by antiepileptic drugs (Nau et al., 1995). 

Our transgenic palate organ culture data provides further evidence that Hoxa2 

gene expression in the palate is required for appropriate development of the palate. The 

length of palatal shelf (LPS) in Hoxa2 mutant mice is smaller than its heterozygous and 

wild type counterparts in in-vitro palate organ culture. Hence the absence of Hoxa2 

appears to delay palatal growth. The FFP of both mutant and heterozygous palates is 

similar, however, a significant difference is observed between the mutant and wild-type 

palate groups. One possible reason for low rate of contact and fusion in the mutant mice 

may be due to the smaller size of the palate resulting in insufficient closure of the two 

palatal shelves. A second possible reason may be that the absence of Hoxa2 gene alters 

palatal cell apoptosis or cell proliferation (Cuervo et al., 2002) thereby inducing a delay 

in palatal shelf elevation. Additionally, it is possible that in the Hoxa2-/- mice the 
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synthesis of glycosaminoglycan (GAG) or hyaluronate (Ferguson, 1988) is altered during 

palatal growth causing a delay in palatal contact. 

The homeobox gene, Lhx8 also shows a similar temporal and spatial expression 

pattern in the developing palate and Lhx8 homozygous mutant mice have a 60% cleft 

palate penetrance. A similarity between the effects of Hoxa2 and Lhx8 on palate 

development ~mplies that there are some unclear mechanisms involved in the regulation 

of these genes on palate development (Zhao et al., 1999). Other Hox genes that have been 

observed to be palate-susceptible genes are Msxl (Satokata and Maas 1994; Lidral et al., 

1998~ Nugent and Greene 1998; reviewed in Bendall and Shen 2000; Van Den 

Boogaardet al., 2000~ Wakkach et al., 2001; Zhang et al., 2002), Mhox (Martin et al., 

1995), Dlxl and Dlx2 (Qiu et al., 1995; 1997), Pax9 (Peters et al., 1997), Hoxb7 (Mclain 

et al., 1992) and Hoxa7 (Balling et al., 1989). 

In addition, Msxl, Sonic Hedgehog (shh) and bone morphogenetic proteins 

(BMPs) were also found to be expressed in, and to regulate cell proliferation in the 

secondary palate during the palate development (Zhang et al., 2002). Msxl also acts 

synergistically with retinoic acid and TGF-J3s to participate in the etiology of retinoic 

acid induced cleft palate (Nugent et al., 1998). It is still unclear whether the regulation of 

palatal development by Hoxa2 can be attributed to a mechanistic interaction between 

Hoxa2, Msxl, TGF-(33 and other Hox genes such as Lhx8 or other cleft palate 

susceptibility genes. 

Transforming growth factor (33 (TGF -J33) plays an important role in the 

disappearance ofMES and in subsequent palatal fusion (Britto et al., 2002; Blavier et al., 

2001~ Gibbins et al., 2000; Martinez-Alvarez et al., 2000; Dunker et aL. 2000; Cui et al., 
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1998; Degitz et al., 1998; Sun et al., 1998; Kaartinen et al., 1997; Brunet et al., 1995; 

Kaartinen et al., 1995). Transforming growth factor ~3 (TGF-~3) gene expression is 

detected in the palatal epithelium from El3.5 to El4.5 (Cui et al., 1998), overlapping 

with the region where Hoxa2 is expressed at the same stage of development. The 

relationship between concurrent expression of Hoxa2 and TGF -~3 in the palate remains 

to be elucidated. It may be that Hoxa2 may regulate or participate with TGF -~3 to 

induce apoptosis of MES cells, and subsequent transformation and migration of MEE 

into the mesenchyme (Britto et al., 2002; Blavier et al., 2001; Gibbins et aL, 2000~ 

Martinez-Alvarez et al., 2000; Cui et al., 1998). However a different phenotype is 

observed in a loss-of-function of TGF-f33 where a reduction in the length and width of 

Meckel's cartilage is evident (Chai et al., 1994), whereas in Hoxa2-l- mice, a mirror

duplication of Meckel's cartilage is induced (Rijli et al, 1993; Gendron-Magurine et al, 

1993; Barrow and Capecchi 1999). Msxl has been shown to inhibit vertebrate cell 

differentiation by increasing the levels of eye/in D, which in turn complexes with cycline

dependent protein kinase (Cdk4) required for cell cyle and DNA replication. Cdk4 can be 

down regulated by TGF -f32 signalling resulting in delayed palatal growth thus inducing a 

cleft palate (Hu et al., 2001; Melnick et al., 1998). Hence it is possible that Hoxa2 like 

Msxl, has a similar regulatory role and alters intermediary gene expression or factors 

whose proper expression is necessary for normal palatogenesis. 

Hoxa2 gene expression was not observed in the first branchial arch (Dolle et aL, 

1993; Krumlauf, 1993; Prince and Lumsden, 1994) and hence an important question that 

needs to be addressed is where do the Hoxa2 expressing cells in the developing palate 

come from? A possible explanation for Hoxa2's presence is that networks of growth 
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factors that mediate epithelial-mesenchymal interactions in mammalian palatogenesis do 

activate the expression of several Hox genes including Hoxa2 gene (Figure 6). Thus 

activated Hox gene expression and growth factors interact and regulate one another in a 

positive or negative feedback pathways according to the functional and developmental 

requirements for normal craniofacial morphogenesis. As illustrated in the schematic 

diagram in Figure 6, three distinct pathways for the regulation and interaction between 

Hox genes and growth factors in the developing palate can be postulated. 
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Figure 6. Schematic diagram of signalling molecules acting within the palatal 

epithelium and mesenchyme 
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Bone Morphogenetic Protein 4 (BMP4) and Fibroblast Growth Factor 8 (jgf-8) 

are involved in the early patterning of the craniofacial region through epithelial and 

mesenchymal interaction which may in tum cause shifts in Hox gene expression and 

regionalization during normal palatogenesis. It has been proposed that fgf-8 and BMP4 

are also antagonistic to each other during palatal development (Shigetani et al., 2000~ 

Barlow et al., 1999; Tucker et al., 1998; Wall and Hogan, 1995). Any event that 

interferes with the normal epithelial-mesenchymal interaction of fgf-8 and BMP4 would 

then cause craniofacial deformities leading to a cleft palate. In pathway A (Figure 6), fgf-

8 initially appears in the epithelium of the first arch from E8.75-E9.0 (Tucker et al., 

1999), inducing and maintaining mesenchymal expressions of Lhx-61-71-8, Dlxl, Dlx2, 

and Pax9 homeobox genes (Neubuser et al., 1997; Bei and Maas, 1998). Similarly, fgf8 

can also participate in mesenchymal cell proliferation via Msxl activity (Bei and Maas, 

1998). In the second pathway (B), BMP4 which is expressed later than fgf8 in the 

epithelial areas of the first arch (Shigetani et al., 2000), may activate palatal epithelial and 

mesenchymal expression of H oxa2 at E 12, as it does with mesenchymal expression of 

Msxl and Dlx2, around E12.5 (Bei and Maas, 1998; Zhang et al., 2002). There is also a 

positive feed back by which mesenchymal expression of Msxl maintains the epithelial 

expression of B:MP4 (Zhang et al., 2002). Mesenchymal Msxl expression may also 

regulate Hoxa2 expression, just as it induces BMP4 expression in the palatal 

mesenchyme (Zhang et al., 2002), and BMP4 may in tum positively regulate Hoxa2. In 

the third pathway, C, Shh is expressed in the epithelium of palate and it induces the 

expression ofBMP2 in the mesenchyme, which in tum regulates palatal mesenchyme cell 

proliferation (Zhang et al., 2002). 
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2.6 CONCLUSION 

Secondary palate is considered to be a first arch derivative and is devoid of Hoxa2 

expression, however we have identified a temporal and spatial expression pattern of 

Hoxa2 protein in the developing secondary palate. Valproic acid (VP A) that induces cleft 

palate in vivo and in vitro also down regulates Hoxa2 expression in the palatal shelves. 

The percentage of cleft palate calculated as a result of delayed palatal development is 

45.6% in Hoxa2-/- mice, whereas the percentage of cleft palate secondary to the 

abnormal position of the tongue accounts for approximate one-third in these mice. 

However, both factors, a delay in palatal growth and an abnormal tongue position 

contribute to give the reported incidence of 82% cleft palate in the Hoxa2 knockout mice. 

The results demonstrate a direct role of Hoxa2 in palatogenesis. 
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3.0 SECTION ill 

VALPROIC ACID INDUCES CLEFT PALATE AND DOWN REGULATES 

HOXA2 GENE EXPRESSION DURING MURINE PALATOGENESIS IN 

VIVO AND IN VITRO 

3.1 ABSTRACT 

Hoxa2 gene is a member of the clustered homeobox family that plays an 

important role in the genetic control of embryonic development. Mice homozygous for a 

targeted mutation of the Hoxa2 gene are born with multiple cranial abnormalities 

including cleft palate. Valproic acid (VP A) is one of several effective anticonvulsant and 

mood-stabilizing drugs used in the treatment of epilepsy. Many of the anti-epileptic 

drugs are also potent teratogens in humans and other mammalian animals. Like retinoic 

acid (RA), VP A also causes fetal teratogenicity and alters Hox gene expression and 

several Hox genes have been examined in mice and chicken embryos for VPA's 

teratological mechanisms. To investigate this further, mouse dams were treated with VP A 

during pregnancy and methodologies of immunohistochemistry and in situ hybridization 

were applied to determine Hoxa2 expression in the development of mouse palate. The 

expression of Hoxa2 protein as well as the mRNA were found to be down regulated 

throughout palatogenesis, and the entire palatal development was delayed in the treatment 

group compared to control. Palatal organ culture also showed that cleft palate occurred 

concomitantly with VPA treatment in a dose dependent manner. Hoxa2 mRNA decreased 

in the VPA treated palates as determined by RT-PCR. In conclusion, the ability ofVPA 
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to alter the Hoxa2 expression in the palate during palatogenesis suggests one possible 

mechanism by which VP A induces cleft palate. 

3.2 INTRODUCTION 

The Hox family of transcription factors has an essential role in controlling the 

patterning processes of many embryonic tissues by imparting positional information to 

the early embryo of widely divergent species, from flies to humans (Krumlauf, 1994 ~ 

Lumsden and Krumlau( 1996; Maconochie et al.~ 1996; McGinnis and Krumlauf~ 1992: 

Schilling et al., 2001). The order of Hox genes within each chromosomal cluster has been 

conserved during evolution. The order also corresponds to the anterior limit of expression 

along the anterior-posterior axis of the developing mouse (McGinnis and Krumlauf, 1992~ 

Manak and Scott, 1994; Market al., 1997; Gavalas et al., 1997). The mechanisms which 

regulate temporal and special patterns of Hox gene expression during organogenesis are a 

crucial aspect for the development of basic animal body plan. In addition to their 

conserved functions determined by the helix-tum-helix motif of the homeobox domain in 

patterning development and morphogenesis, the Hox genes also participate in modulating 

diversity during evolution (Laughon and Scott, 1984; Hunt et al.~ 1991; Galant and 

Carroll, 2002; Ronshaugen et al., 2002). 

Hoxa2, belongs to Hox A chromosome cluster of Hox genes. It is the most 

anteriorly expressed Hox gene, with an expression boundary coinciding with the 

rhombomere 1 and rhombomere 2 (rllr2) border (Krumlauf, 1993; Prince and Lumsden, 

1994). Hoxa2 is expressed in cranial neural crest cells that migrate in the mesenchyme of 

the second pharyngeal arch (or second branchial arch) from r4; this migration is 
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considered to be crucial for the proper patterning of neural-crest-derived structures in this 

region (Hunt et aL, 1991; Krumlauf, 1993; Gavlas et al., 1997; Maconochie et al., 1999; 

Pasqualetti et al., 2000; Barrow et al., 2000; Trainor and Krumlauf, 2001; Creuzet et al., 

2002; Hunter et al., 2002; Tumpel et al., 2002). The analysis of Hoxa2 null mutation and 

transgenic ectopic expression studies have furthered our understanding of the primary 

role of Hoxa2 in the second branchial arch during craniofacial development. In Hoxa2 

mutants, the second arch neural crest cell derivatives are absent or malformed, and 

duplication in mirror-image among the first arch skeletal elements, such as, incus, 

malleus, and Meckel's cartilage occurs and cleft palate takes place (Gendron-Maguire et 

al., 1993; Rijli et al., 1993; Barrow and Capecchi, 1999; Ohnemus et al., 2001). In 

contrast, reverse phenotypes to those observed in the Hoxa2 knockout are identified in 

the Hoxa2 over-expression or ectopic induction animals (Grammatopoulos et al., 2000; 

Pasqualetti et al., 2000; Hunter et al., 2002; Creuzet et al., 2002). 

Anti-convulsant drugs including phenytoin, phenobarbital, carbamazepine and 

valproic acid (VP A), are widely used to prevent seizures (Speidel et al., 1972; Paulson et 

al, 1981; Lindhout et al., 1984; Jones et al., 1989; Finnel, 1991; Lindhout et al., 1992; 

Nazarali, 2000; Holmes et aL, 2001 ). V alproic acid (VP A) has been found to cause 

major malformations, spina bifida, growth retardation, heart defects, cleft palate, 

craniofacial abnormalities and abnormalities of fingers in infants exposed in-utero 

(Robert and Guibaud, 1982; Robert and Rosa, 1983; Lindhout and Schmidt, 1986; 

Lammer et al., 1987; Fnnrich et al., 1998; Craig et al. 2000; Faiella et al., 2000; 

Rodriguez-Pinilla et al., 2000; Glover et al., 2002). Like retinoic acid (RA), VPA is 

considered to cause fetal teratogenicity by altering Hox genes, and several Hox genes 
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have been examined in mtce and chicken embryos for its teratological mechanism 

including Hoxal, Hoxb4, Hoxdl, Hoxd8, HoxdlO, Hoxdll, Hoxdl2., Pax-1., Pax-3. Emx-

2. To date, a majority of the studies for VPA induced homeotic transformation have 

focused on the vertebral column in mice or chicken (Wlodarczyk et al., 1996; Williams et 

al., 1997; Ingram and Rodier, 1998; Faiella et al., 2000). 

In this study, it was reported that VPA induces cleft plate in a whole organ palate 

culture model, and it also concurrently decreases Hoxa2 mRNA and protein in the 

developing palates. Similarly, pre-natal embryos exposed in-utero also exhibited cleft 

palates, and both Hoxa2 mRNA and protein were down regulated in the treatment group. 

The ability of VP A to alter the Hoxa2 expression at both the transcriptional and 

translational level in the palate during palatogenesis suggests one possible mode of action 

by which VP A may induce cleft palate. 
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3.3. MATERIAL AND METHODS 

3.3.1 Animal treatment Swiss CD-1 mice were kept at the University of Saskatchewan 

animal facility with a 12: 12-h light: dark cycle. The room temperature was maintained at 

22 ± 2°C and the relative humidity at 55%± 5%. Females were mated overnight with a 

male, and the next morning ( 10 a.m.) if a vaginal plug was found, mice were designated 

to be 0.5 days post coitum. The dams were subcutaneously (s.c.) administrated 400 

mg/kg VPA at day 8 and day 10 of pregnancy. At day 12.5 (E12.5), the mothers were 

injected again via s.c at a dose of 600 mg/kg VPA (Nau et al., 1981). The mice for 

control experiments were administrated saline at day 8, 10, and 12.5. A total of six 

animals were used in each of the control and treatment groups. At day 13.5 and 15.5, both 

control and drug treated mice were killed and embryos dissected aseptically. The fetuses 

were washed twice in PBS and fixed overnight in 4% paraformaldehyde (BDH Inc., 

Toronto, Ontario), and subsequently stored in 25% sucrose (EM Science, MERCK KgaA, 

Darmstadt, Germany) at 4°C for immunohistochemistry and in situ hybridization 

histochemistry. 

3.3.2 In situ hybridization. A modification of the method of Strahle et al. was employed 

(Strahle eta/. 1994; Hao eta/. 1999). For hybridized probe preperation, A 518 segment 

of the Hoxa2 gene from nucleotide residues 1681 to 2199, a region outside of the 

homeobox domain was subcloned into pBluescript IT SK(+) and used as the template for 

the synthesis of the RNA probe. Digoxigenin-UTP (Boehringer Mannheim, Indianapolis~ 

IN) was incorporated into the RNA synthesized to yield digoxigenin-labeled RNA probes. 

The reaction was catalyzed by T7 or T3 RNA polymerase. 
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Mouse embryos from Swiss-CD-I mice were frozen and covered in embedding 

medium and 8-!J.m thick serial cryostat sections were cut. The tissue sections on slides 

were washed in PBS prepared with DEPC-treated water. Sections were then hybridized 

with digoxigenin-labeled antisense Hoxa2 RNA probe (I:IOO) diluted in hybridization 

solution, [consisting of 50% formamide, 0.3% M sodium chloride, IO mM phosphate 

buffer (pH 7.4), IO mM EDT A, IOmM Tris-Cl (pH 7.5), IO% dextran sulphate, I mg/ml 

tRNA and I x Denhart's solution (0.02% Ficoll®, 0.02% polyvinylpyrrolidone, IOmg/ml 

Rnase-free bovine serum albumin)], at 42°C overnight in a humidified chamber. After 

hybridization, all slides were washed four times in 2 times SSC (300 rnM NaCl, 30 mM 

sodium citrate, pH 7.2) with 500/o formamide at 55°C for IS min each, respectively. The 

slides were then transferred to PBS at room temperature for 5min and non-specific sites 

were blocked by a further 30 min wash in PBS with O.I% Tween 20 (PBT) containing 

0.2% BSA. This was followed by incubation at room temperature for 30 min in alkaline 

phosphatase conjugated anti-digoxigen antibody, at a dilution 1:400 PBT. The slides 

were then washed in PBT (four times for IS min each) and incubated in a light tight box 

in a staining solution to allow the color to develop. The staining solution consisted of 

0.34 mglml nitroblue tetrazolium chloride (NBT}, O.I75 mg/ml 5-bromo-4-chloro-

3indolyl-phosphate (BCIP), lOOmM sodium chloride, SOmM magnesium chloride, IOO 

mM Tris-HCI (pH9.5), and O.I% Tween 20. 

3 .. 3 .. 3 Total RNA isolation. See 2.3.2. 

3.3.4 Immunohistochemistry. See 2.3.4. 

3.3.5 Data analysis. Data are presented as means ± SD and analysed statistically by 

using one-way ANOVA. When ANOVA showed significant difference between groups 
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(p < 0.05), the least significant difference (LSD)'s post hoc test was used to determine the 

specific pairs of groups between which statistically significant differences occurred. 

3.4RESULTS 

3.4.1 Valproic acid (VPA) exposure in utero induces cleft plate and which is 

concomitant with the down regulation of Hoxa2 gene expression in the palatal 

shelves. 

Immunohistochemistry and in situ hybridization results are shown in Figures 1 

and 2. Hoxa2 protein and mRNA can be observed in the epithelium and mesenchyme of 

the palate at embryonic stage 13.5 (E13.5). Both protein and mRNA expression strongly 

coincides in the lateral part of the palatal shelf (Figs. 1 e, 2b,c arrow) and its presence may 

be important for the movement and elevation of the shelf at E13.5-El4. Valproic acid 

(VPA) treatment induces a down regulation of Hoxa2 mRNA and protein compared to 

the untreated controls. Hoxa2 expression is significantly decreased in the epithelium and 

mesenchyme of VP A treated palates with no obvious lateral palatal expression and a 

delayed palatal elevation (Figs. 1b, f, h; 2d-f, j-1). At El5-E15.5, Hoxa2 expression is 

weak and is mainly observed in the epithelium (Figs. lc,d, g, h; 2 i-1). In El5.5, VPA 

treated animals, Hoxa2 mRNA is down regulated and palatal development was delayed 

with a morphological phenotype similar to that of E14.5 (Figs. 2j-l). In E15.5 

immunohistochemical sections, Hoxa2 protein expression was also down regulated in 

drug treated palates. In some cases the morphological phenotype of the treated palates 

resembled that ofE13.5 (Fig. lh) and E14.5 (Fig. 1d). 
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Figure 1. Immunohistochemical (e-1) and in-situ hybridization histological (a-d) coronal 

sections from E13 .5 (a, b, e, f, i and j) and E15.5 (c, d, g, h, k and 1) control (a, e, c and g) 

and VPA treated (b, f, d, h) mouse palates. Figures (a-h) are sections from mouse 

embryos and figures (i-1) are sections from in vitro palatal organ culture. Figures are 

labeled on the top right with the stage of embryonic development. The bar on the bottom 

of each figure represents 100 ~m. Hoxa2 protein (f and h) and mRNA (band d) are down 

regulated in both of epithelium and mesenchyme of VPA treated palates. T, tongue; P, 

palate; cP, precondensation of cartilage; and pE, palatal epithelium (arrows are pointing 

topE Hoxa2 expression). 
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Figure 2. In-situ hybridization histological staining ofE13.5 (a-f) and E15.5 (g-1) control 

(a-c and g-i) and VPA treated (d-f and j-1) mouse embryos. Figures are labeled on the 

bottom right with the stage of embryonic development. Hoxa2 mRNA expression is 

down regulated in both epithelium and mesenchyme of the VP A treated palates ( d-f) and 

cleft palate is induced by VPA treatment (j-1). Arrows in figures b and care pointing to 

epithelium Hoxa2 expression. Each row of figures represents the same section of the 

palate at different magnifications where bar is 100 J..lm. P, palate; T, tongue. 
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3.4.2 Palatal Organ Cultures exposed to VP A exhibits delayed palatal growth and 

retards palatal fusion in a dose dependent manner. 

Previous studies have demonstrated that VP A induces cleft palate both in vivo 

and in vitro (Sonoda et al., 1990; Mino et al., 1994; Clayton-Smith and Donnai, 1995). 

Since VPA-induced teratogenecity is strain dependent (Naruse et al., 1988) and CD1 

mice have not previously been tested for VP A exposure in vitro, I employed a palate 

organ culture model for CDl mice since these mice are rout~nely used in our laboratory 

for researc4. Sections from the palatal organ cultures have similar profiles of Hoxa2 

expression and palatal development as those in vivo (Fig.1 i-1; Fig.2 a-c, g-i). 

The results of VPA exposure on palatal growth are shown in Table I. The 

parameters of the developing palate such as Length of Palate Shelf (LPS), Length of 

Fused Portion (LFP), Frequency of Contacted and Fused Palates (FCFP), Frequency of 

Fused Palates (FFP), and Ratio of Fused Portion to the Palate Shelf (RFPPS) were used to 

evaluate the growth of palate. Valproic acid (VP A) treatment in a dose dependent manner 

negatively impacted the LPS, LFP, FCFP, FFP and RFPPS. However at a treatment dose 

of 12.5J.1g/ml VPA, the LFP and RFPPS were increased compared to the control group 

but the reason for this is not clear. Valproic acid (VP A)'s stimulatory effect on palatal 

fusion (LFP) at 12.5J.1g/ml may also help to elucidate the interesting finding that the 

FCFP and the FFP are identical in this treatment group implying that all of the contacted 

palates were fused intact. 
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Table I. Effect of valproic acid (VP A) on cultured CD I fetal mouse palates 

Concentration Number of length of palatal shelf length of fused portion Frequency of contacted Frequency of fused Ratio offused 

(Jlg/ml) 

0 

12.5 

25.0 

50.0 

100.0 

400.0 

explanted palates (mm) mean± SD 

(LPS) 

24 1.539 ± 0.136 

22 1.462±0.115 

20 1.397 ± 0.188** 

19 1.327 ± 0.319** 

20 0.996±0.150** 

24 1.053 ± 0.105** 

(mm) mean± SD 

(LFP) 

0.938 ± 0.364 

1.435 ± 0.168** 

0.846 ± 0.302 

0.398 ± 0.292** 

and fused palates(%) palates (FFP) 

(FCFP) 

95.8% (23/24) 91.7% (22/24) 

68.2% (15/22) 68.2% (15/22) 

85.0% (17/20) 55.0% (11120)* 

73.7% (14/19) 21.1%**(4/19) 

20.0%** ( 4/20) 0.00%**(0/20) 

12. 5%**(3/24) 0.00%**(0/24) 

portion to its 

palate shelf 

(RFPPS) 

0.605 ± 0.197 

0.981 ± 7.04E-02** 

0.561 ± 0.180 

0.251 ±0.166*"' 

One-way ANOV A was used in the LFP, LPS, and RFPPS columns, the least significant difference (LSD)'s post hoc was used to determine the 

specific pairs of groups between which statistically significant difference occurred; A Chi-square paired-sample test was used in the FCFP and FFP 

columns. 

* p < 0.05 (compared with the control group); 

** p < 0.01 (compared with the control group); 
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3.4.3 RT -PCR demonstrates a temporal Hoxa2 expression profile in the developing 

palatal shelf. 

Palatal shelves dissected from palatal organ cultures at 24h, 48h and 72h of 

growth coinciding with El3.5, E14.5 and E15.5 stage of development were used for RT-

PCR analyses. Results indicate that Hoxa2 expression is the highest at 24h of culture and 

gradually decreases with lowest levels at 72h of culture (Fig. 3A). Similar results were 

also observed in vivo with both immunohistochemistry and in situ hybridization 

histochemistry (See Section 2.4.1 ). 

a b c 

111111 450bp 

Figure 3. Temporal Hoxa2 mRNA expression as indicated by RT-PCR in palatal 
shelves from in-vitro palatal organ cultures. Lanes (a), (b) and (c) indicate RT-PCR 
amplified Hoxa2 mRNA isolated from palatal shelves at 72,48 and 24h wild type 
palatal cultures, respectively. Note band intensity decreases with time, correlating 
with the in vivo palatal Hoxa2 expression pattern from E13.5-E15.5. 

72 



3.4.4 RT-PCR analyses of palatal shelves shows down-regulation of Hoxa2 mRNA in 

Valproic acid (VPA) treated groups in a dose dependent manner. 

To examine whether Hoxa2 mRNA is also effected after VPA treatment in vitro 

as it is in vivo, RT-PCR for Hoxa2 was performed using RNA extracted from palatal 

shelves dissected from palatal organ cultures exposed to dose levels of 50, I 00~ or 400 

J.I.g/ml VP A for a period of 24h. Hoxa2 mRNA appears to be significantly decreased in a 

dose dependent manner (Fig. 4) with little or no expression observed at the highest dose 

of VP A ( 400J!g/ml), a dose at which a I 00% incidence of cleft palate is evident (Table 1). 

Hence, down regulation of Hoxa2 expression in the palatal shelves appears to correlate 

with the higher incidence of cleft palate induced by VP A treatment. 
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a b c d 

~450bp 

Figure 4. RT-PCR amplification of Hoxa2 mRNA isolated from palatal 
shelves from 24h whole organ palatal culture (for details see methods 
and materials). Lane (a) indicates RT-PCR amplification of mRNA from 
untreated control palatal culture. Lanes (b), (c) and (d) are RT-PCR 
amplified Hoxa2 mRNA from palatal shelves exposed to 50,100 and 400 
1-!g/ml VPA, respectively for 24H. Note band intensity decreases as VPA 
doses increase. 
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3.5 DISCUSSION 

Treatment of epilepsy and bipolar disorders during· pregnancy is complicated 

since many medications used in their treatment have a high teratogenic potential. Several 

anti-convulsant drugs such as sodium valproate, lithium, barbiturate, carbamazepine, 

phenytoin, and vigabatrin are widely used clinically. These treatments cause similar 

vertebral, limb, and craniofacial abnormalities. Tens of thousands of women have been 

suspected to be exposed to anti-epileptic and mood-stabilizing drugs during pregnancy, 

which has put their fetuses at a high risk of deformation from these medications (Holmes 

et al., 2001; Nazarali et al., 2000; Ceylan et al., 2001; Rodriguez-Pinilla et al., 2000; 

Feely, 1999; Retzow and Emrich, 1998; Guay, 1995; Solomon et al., 1995). 

The mechanisms of action of various anti-convulsant drugs are quite different 

(Williams et al., 2002; Yuan et al., 2001; Werling et al., 2001; Dixon and Hokin, 1997) 

and although VP A's anti-epileptic and mood-stabilizing mechanisms have been identified, 

little is known of the mechanism ofVPA induced teratogenicity. It has been reported that 

VP A can alter Hox gene expression, which may be related to its teratogenic potential 

(Wlodarczyk et al., 1996; Barnes et al., 1996; Williams et al., 1997; Ingram and Rodier, 

1998; Faiella et al., 2000). In this study, VP A was shown to down regulate Hoxa2 

mRNA and protein expression during palatogenesis and it also caused a delayed growth 

and fusion of the palatal shelves. Animals exposed in utero exhibited a cleft palate and a 

decreased expression ofHoxa2 protein and mRNA in the palatal shelves (Fig 1a-h~ Fig.2). 

It is possible that Hoxa2 may play a role in palate development and that VP A induced 

cleft palate may be as a result of the down regulation of Hoxa2 expression. Palatal organ 

cultures were used to decipher the dose dependent effect of VP A on palatal growth and 
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fusion by means of various measurement parameters (Table 1). Higher doses of VP A 

exposure resulted in a lower incidence ofFFP and exhibited a smaller LPS. The RT-PCR 

data indicate that the Hoxa2 mRNA is the highest in the palatal shelves from 24h control 

palatal organ cultures and this had decreased by 72h, which is consistent with the in vivo 

stages of palatal development when Hoxa2 expression is also down regulated from E 13.5 

to El5.5. Reverse transcriptase PCR (RT-PCR) data also showed that VPA's effect is 

dose dependent on Hoxa2 expression, where higher doses induce lower Hoxa2 expression 

in the palatal shelves. There might also be an inherent positive correlation between the 

percentage of unfused palates and the extent of down regulation of Hoxa2 expression. 

Hoxa2 mutant mice have been shown to have a smaller palatal shelf and a higher 

percentage of unfused palates (see Section II), which is similar to the effect of VP A on 

the palate development in vitro and in vivo. 

In the lowest dose treatment group (12.5~g/ml, VPA), it was surprising to find 

that the FCFP was significantly lower but that the RFPPS was significantly higher than 

the respective parameter in the untreated group. This phenomenon that a low 

concentration of VP A may facilitate fusion of palatal shelves after contact (note that the 

FCFP is identical to FFP) could be explained as follows; (1) VPA is known to activate 

mitogen-activated protein kinase to promote cell differentiation, growth and connection 

between cells (Yuan et al., 2001). Hence it can be postulated that perhaps VPA 

accelerates the epithelial cell growth and cell junction formation that results in the secure 

union of the two palatal shelves after contact. (2) VP A has been reported to stimulate 

apoptosis signaling pathways (Kawagoe et al., 2002). Since apoptosis is also a 

mechanism for the disappearance of medial edge epithelium (MEE) during the palatal 
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shelf fusion (Britto et al., 2001; Martinez-Alvarez et al., 2000; Moerloozer et al., 2000) a 

low dosage VP A may facilitate palatal fusion by stimulating MEE apoptosis. (3) VP A 

has been shown to reduce cell mobility by altering F-actin and other cell adhesion 

proteins (Walmod et al., 1998). Thus it may be that VPA alters actin expression in the 

:MEE to facilitate the formation of separate incomplete basal lamina and breakdown of 

medial epithelium seam (MES) for fusion to progress rapidly (Gibbins et al., 2000). 

Because of the concomitance between the VP A induced cleft palate and the 

down-regulation of Hoxa2 expression during palatogenesis~ it is suggested that Hoxa2 

may play a role in the development of palate. Hoxa2 is a "selector gene" for the second 

pharyngeal arch (Hunter et al., 2002; Ohnemus et al., 2001; Grammatopoulos et al., 2000; 

Kanzler et al., 1998) and in its absence the second pharyngeal arch elements would be 

lost or formed improperly, and the first arch elements are duplicated in a mirror image 

(Ohnemus et al., 2001; Barrow and Capecchi, 1999; Gendron-Maguire et al., 1993; Rijli 

et aL) 1993 ). The secondary palate is derived from maxillary swellings, a first arch 

derivative which is reported to not have Hoxa2 expression (Creuzet et al., 2002; 

Krumlauf, 1993; Tan et al; 1992; Hunt and Krumlaut: 1991 ). It may seem unusual that 

Hoxa2 gene is expressed in the developing palate~ however it is likely that gene 

interactions and regulatory mechanisms during palatogenesis may activate Hoxa2 

expression. During the development of palate, the homeobox gene Msxl induces sonic 

hedgehog (shh) expression in the epithelium. Msxl expression is also required for the 

expression of B:MP4 and B:MP2 (Zhang et al., 2002). Hoxa2 gene in the palate may be 

induced by the epithelial-mesenchymal interactions mediated by Msxl dominating 

network of the growth factors during palatogenesis. Hoxa2 gene may synergistically exert 
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its effects on palatal elevation, approach, contact, and fusion with Msxl, shh, BMPs and 

other genes or factors, such as, Lhx8, Fibroblast Growth Factors (FGFs), Transforming 

Growth Factor (TGF-P3) and Hoxal (Zhang et al., 2002; Britto et al., 2002; Timmer et al., 

2002; Barrow and Capecchi, 1999; Wallet al., 1995). 

Interestingly, early Hoxa2 expression in the first arch, which is a Hoxa2 negative 

domain, resulted in defects of the facial skeleton, a first arch element. A gain-of-function 

and over-expression of Hoxa2 in Xenopus and chicken resulted in the transformation of 

the first arch into the second arch with a mirror-image duplication of second arch 

cartilage, which is a reverse phenotype to that which is observed in Hoxa2 knockout mice 

(Creuzet et al., 2002; Pasqualetti et al., 2000; Grammatopoulos et al., 2000). Hoxa2 

mutant mice exhibit a cleft in the secondary palate at 81-82% penentrance (Rijli et al., 

1993; Barrow and Capecchi, 1999) and this is reduced to 56% in Hoxal+l-; Hoxa2-/

mutant and to 22.7% in the double mutants (Hoxal -/-; Hoxa2-I-)(Barrow and Capecchi, 

1999). Since VPA is reported to increase Hoxal expression in mice embryos (Ingram and 

Rodier, 1998) and it also induces down regulation of Hoxa2, VPA may induce cleft 

palate by interrupting the balance of regulation network in the palates following the down 

regulation of Hoxa2 and up regulation of Hoxal. In addition VP A, and the other weak 

acid, retinoic acid (RA) which plays an important role in the anteroposteior patterning of 

mammalians, induce similar defects in embryos at certain doses (Niederreither et al., 

2002~ Faiella et al., 2001; Houle et al., 2000; Wendling et al., 2000; Plant et al., 2000). 

Retinoic acid (RA) also can cause cleft palate by inducing programmed cell death in the 

palatal epithelium and by the down-regulation of TGFP-3 and shh (Cuervo et al., 2002; 

Naitoh et al., 1998). Similar to VPA, RA can also up regulate Hoxal expression and it 
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has also been reported to compensate certain defects in Hoxal deficient mice (Pasqualetti 

et al.~ 2001; Shen and Gudas, 2000). Furthermore, like VPA, RA induces murine 

homeotic vertebrate transformation which concurs with altered Hox gene expression 

(Faiella et al., 2001; Kessel, 1992; Kessel and Gruss, 1991). The observation that VPA 

therapy causes an increase in levels of plasma retinol- retinoid metabolism (Nau et al., 

1995) imply that VP A induced teratogenicity, including cleft palate, may occur due to its 

binding to RA receptors or with its interruption of RA metabolism to alter Hox gene 

expression. However this has not been substantiated and remains to be elucidated in 

future studies. The concurrence between VP A induced cleft plate and the down 

regulation of Hoxa2 after VP A exposure is indicative that Hoxa2 may play a role in 

palatogenesis. Whole organ palatal cultures (in the absence of the tongue) from mice with 

different Hoxa2 dosages ( -/-, -I+ or +I+) may reveal a cause-effect relationship between 

H oxa2 down regulation and induction of cleft palate (see Section II) 

The frequency of palatal fusion in Hoxa2-l- whole organ palatal cultures is 44.4% 

(see Table II in Section II) which is substantially higher than that induced by a high dose 

in VP A treated groups, which has a frequency of 0% (Table 1 ). Hence, VP A may also 

induce cleft plate by means of other mechanism(s) and not only by altering Hoxa2 gene 

expression. For example; (1) VPA may interact with other cleft susceptibility genes or 

factors, such as, Msxl, Pax9, Lhx8, Dlxl-2, Sim2, endothelin-1, TBX22, Coll1a1, RXR

alpha, TGFs and FGFs (Shamblott et al., 2002; Lavrin et al., 2001; Britto et al., 2002; 

Braybrook et al., 2001; Nugent et al., 1999; Peters et al., 1998; Qiu et al., 1997; Proetzel 

et al., 1995; Kurihara et al., 1994; Satokata and Maas, 1994; Kaartinen et al., 1994); (2) 

VP A may change the protein conformation and may interrupt these factors' interaction 
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with their receptors (Abbott et al., 1998); (3) VPA may alter the extracellular matrix 

component hyaluronan, which is very important for regulation and mechanics of palate 

development (Aulthouse and Hitt, 1994; Ferguson, 1988). (4) In vitro and in vivo studies 

have shown that metabolism-dependent VPA-induced cytotoxicity such as oxygen 

radical-induced generation of DNA strand breaks~ lipid peroxidation and macromolecule 

damage is responsible for tissue damage (Raza et al., 1997; Tabatabaei and Abott, 1999). 

Future research will be required to investigate the possibility that other susceptible genes 

or factors may play a role in the etiology of VP A induced cleft palate. 
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4.0 SECTION IV 

OVERALL DISCUSSION AND CONCLUSIONS 

4.1 The expression of Hoxa2 gene in the palate implies that it may play a role in 

palate development. 

Murine palatogenesis occurs from E 12 to E 15 embryonic stage of development. 

The primary palate forms from a protrusion of frontonasal prominence. The secondary 

palate shelves are formed from the maxillary swelling. At E12 in mice, bilateral palatal 

shelves outgrow vertically to parallel each other and move down the sides of the tongue. 

At E 14, the shelves elevate to a horizontal position above the dorsum of the tongue, 

approximate to each other, and contact in the midline at E14.5. By E15.5, the medial edge 

epithelium (MEE) in the midline epithelial seam (MES) disappears and the two shelves 

become completely fused. It has been reported that the secondary palate does not exhibit 

Hoxa2 mRNA expression (Rijli et al, 1993; Gendron-Magurine et al, 1993; Barrow and 

Capecchi 1999). Nevertheless, our results show that Hoxa2 protein and mRNA was found 

to expressed in the palate epithelium as early as E12. At E13, the expression becomes 

stronger and its expression is present throughout the mesenchyme. 

The most intensive expression in the epithelial mesenchyme is found in the lateral 

area in the E13.5, just before the elevation of shelves. By E14, Hoxa2 expression is down 

regulated in the palate. The expression is limited mainly to the MEE in E14.5 and, in E15 

only weak expression is found in the epithelium with the disappearance of MEE. The 

profile of Hoxa2 expression implies that Hoxa2 may play an important role in the palate 

development. Hoxa2 may regulate palate vertical growth pattern as early as E12. During 
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E 13, Hoxa2 expresston is enhanced in the epithelium and mesenchyme and this is 

continued at E13.5 implying that Hoxa2 may well participate in regulating the elevation 

of palatal shelves. During palatal elevation, the accumulation of glycosaminoglycan 

(GAG) and hyaluronate in the palate shelf extracellular matrix is believed to drive this 

movement of the palate (Brinkley and Morris-Wiman, 1987). 

By E14 when shelves are horizontal, Hoxa2 mRNA and protein is down regulated 

in the mesenchyme. However, its expression remains in the epithelium at this stage. It is 

probable that Hoxa2 continues to regulate palatal growth at this stage and its expression 

continues in the MEE at E14.5 until MEE disappearance at E15 when Hoxa2 is 

significantly down regulated. 

4.2 The cleft palate formed in Hoxa2 mutant mouse is not only due to an abnormal 

musculature of the tongue but also result from a delay in palatal development in 

Hoxa2-1- mice. This was confirmed from the in vitro whole organ palatal culture 

where the tongue is removed and therefore cannot interfere with palatal growth. 

Previous findings by Barrow and Capecchi (1999) have indicated that the 

attachment of the tongue muscle, hyoglossus to the greater hom of the hyoid plays an 

important role in causing the tongue to be depressed and allow the palates to fuse 

properly. They report that in the Hoxa2 -1- mice there was a 100% correlation with an 

incomplete attachment of the hyoglossus to the greater horn of the hyoid causing the 

tongue to protrude thus blocking the palate from fusing. However it has recently been 

reported that the tongue muscles, styloglossus and hyoglossus were in fact inserted into 

hyoid in both cleft and non-cleft palate (Ohnemus et al., 2001). This surprising finding 
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gives credence to our prediction that it is possible that Hoxa2 gene has a direct role on the 

development of the secondary palate (Nazarali et al., 2000). 

The homeobox gene, Lhx8, exhibits a similar temporal and spatial expression in 

the palate and Lhx8 homozygous mutant mice have a 60% penetrance of cleft palate. The 

similarity between the two (Hoxa2 and Lhx8) gene effects on palate development implies 

that there are some unclear mechanisms involved in the regulation of homeobox genes on 

palate development (Zhao et al., 1999). Other homeobox genes that have been implicated 

in palatoge~esis include Msxl (Satokata and Maas 1994; Lidral et al., 1998; Nugent and 

Greene 1998; reviewed in Bendall and Shen 2000; Van Den Boogaardet al., 2000; 

Wakkach et al., 2001; Zhang et al., 2002), Mhox (Martin et al., 1995), Dlxl and Dlx2 

(Qiu et al., 1995; 1997), Pax9 (Peters et al., 1997}, Hoxb7 (Mclain et al., 1992), Barxl 

(Tissier-Seta et al., 1995), Gli2 and Gli3 (Mo et al., 1997) and Hoxa7 (Balling et al., 

1989). 

In addition, Msxl, Sonic Hedgehog (shh) and bone morphogenetic proteins 

(BMPs) were also found to be expressed in and to regulate cell proliferation in the 

secondary palate during palate development (Zhang et al., 2002). Msxl also acts 

synergistically with retinoic acid and TGF-~s to participate in the etiology of retinoic 

acid induced cleft palate (Nugent et al., 1998). It is still unclear whether the regulation of 

palatal development by Hoxa2 can be attributed to a mechanistic interaction between 

Hoxa2, Msxl, TGF-~3 and other Hox genes such as Lhx8 or other cleft palate 

susceptibility genes. 

Palate organ culture in vitro shows that the palate size in Hoxa2 mutant mice is 

smaller than its heterozygous and wild type counterparts. It would appear that the absence 
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of the Hoxa2 gene affects the whole palate growth negatively. The frequencies of both 

the mutant and heterozygous contacted palates are similar (see Table 2, Section II). 

However, a big difference can be observed in the percentages between the mutant and 

wild-type contacted palates (see Table 2, Section II). As indicated in this table, 44.6% of 

mutant palates were fused in comparison with 78.7% and 90% in the hetero and wild

type groups, respectively. The palatal fusion of Hoxa2 mutant mice appears to be delayed 

or inhibited compared to the wild-type and heterozygous palates. One possible reason for 

a low rate of contact and fusion in the mutant mice may be due the smaller size of the 

palate resulting in insufficient closure of the two palatal shelves. A second possible 

reason may be that in Hoxa2-l- mice, altered palatal cell apoptosis or cell proliferation 

(Cuervo et al., 2002) induces a delay in palatal elevation causing a temporal lag whereby 

the developing tongue is able to interfere with palatal fusion. Additionally, it is possible 

that Hoxa2 affects the synthesis of glycosaminoglycan (GAG) or hyaluronate during 

palatal growth causing a delay in palatal contact (Ferguson, 1988). 

Transforming growth factor (33 (TGF-(33) has an important role in the 

breakdown ofMES and in palatal fusion (Britto et al., 2002; Blavier et al., 2001; Gibbins 

et al., 2000; Martinez-Alvarez et al., 2000; Dunker et al., 2000; Cui et al., 1998; Degitz 

et al., 1998; 'Sun et al., 1998; Kaartinen et al., 1997; Brunet et al., 1995; Kaartinen et al., 

1995). TGF-(33 gene expression is detected in the palatal epithelium at El3.5-E14.5 (Cui 

et al., 1998), the stage at which Hoxa2 gene is also expressed in the palatal epithelium. 

A loss-of-function mutation ofTGF-(33 induces reduction in the length and width 

of Meckel's cartilage (Chai et al., 1994), whereas ectopic expression of Hoxa2 in frrst 

arch in the chick results in a smaller Meckel's cartilage. The significance of the 
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coincidence between Hoxa2 and TGF-~3 gene expression in the palate remains to be 

determined. The two genes appear to have functional similarity in palatal development 

but opposite effects in the Meckel's cartilage formation. Hoxa2 and TGF-~3 may 

participate in the regulation of apoptosis of MES cells and transformation and migration 

of MEE into the mesenchyme (Britto et al., 2002; Blavier et al., 2001; Gibbins et al., 

2000; Martinez-Alvarez et al., 2000; Cui et al., 1998). 

The Hox gene, Msxl has been shown to inhibit vertebrate cell differentiation by 

increasing the levels of eye/in D which complexes with cyclin-dependent protein kinase 

(Cdk4) required for cell cyle and DNA replication. Cdk4 can be down regulated by TGF

~2 signalling, which results in delayed palatal growth and cleft palate (Hu et al., 2001; 

Melnick et al., 1998). Hence perhaps Hoxa2, like Msxl, has a similar regulatory role and 

alters intermediary gene expression or factors whose proper expression is necessary for 

normal palatogenesis. 

4.3 Valproic acid (VPA) induces cleft palate in vivo and this appears to coincide 

with a down-regulation of Hoxa2 expression in the palate. 

Valproic acid (VP A) is widely used as an effective anti-convulsant and mood

stabilizing drug (Guay, 1995; Feely, 1999; Toben and Grundy, 1999). The use of VPA 

during the first trimester of pregnancy can cause fetal valproate syndrome, which include 

heart defects, limb abnormalities, cleft palate, and craniofacial abnormalities (Finnell, 

1991; Lindhout and Omtzigt, 1992; Clayton-Smith and Donnai, 1995). It is reported that 

VPA increases Hoxal mRNA expression by two fold during murine craniofacial 

development (Ingram and Rogier 1998). V alproic acid (VP A) also causes homeotic 
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transformation in the lower thoracic and lumber regions by altering 5' Hox genes, such as, 

-d8, -dlO, -dll, -dl2 (Feiella et al., 2000). It has been suggested that VPA's mode of 

teratogenic activity is similar to that of retinoic acid (Ingram and Rodier, 1998). In my 

study, VP A was found to play a role in the down-regulation of Hoxa2 expression in vivo 

during a critical period of palatogenesis so that the development of palate was delayed 

resulting in cleft palate. 

Retinoic acid (RA), a metabolite of vitamin A, influences the proliferation and 

cellular differentiation of a wide variety of cell types and plays an important role in 

vertebrate development (Jacosen et al., 1994; Gudas et al., 1992). RA has been found to 

cause vertebrate malformation by altering expression of BMP-7 and several Hox genes 

such asMsx2, Hoxa2 (Plant et al., 2000), Hoxal (Pasqualetti et al., 2001~ Wendling et al., 

2000; Shen et al., 2000), Hoxbl, Paxl, cdxl (Houle et al., 2000), and Pax9 (Curevo et al., 

2002; Wendling et al., 2000; Shen et al., 2000;). RA also induces cleft palate by altering 

TGF-~3 mRNA expression (Naitoh et al., 1998) as well as accelerating program cell 

death (Curevo et al., 2002). It has been reported that VPA alters endogenous plasma 

retinoic acid levels in humans, which is one possible mechanism of teratogenicity 

proposed for antiepileptic drugs (Nau et al., 1995). 

4.4 Valproic acid (VP A) delays palatal shelf fusion in palatal organ culture in vitro 

in a dose-dependent manner. 

Palatal organ cultures were used to decipher the dose dependent effect of VP A on 

palatal growth and fusion (Table I in Section ill). Higher doses of VP A exposure 

resulted in a lower incidence of FFP and exhibited a smaller LPS. The RT-PCR data 
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indicate that Hoxa2 mRNA levels are the highest in the palatal shelves taken from 24h 

control palatal organ cultures and this had decreased by 72h, which is consistent with the 

in vivo stages of palatal development when Hoxa2 expression is also down regulated 

from E13.5 to E15.5. The RT-PCR data also showed that VPA had a dose dependent 

effect on Hoxa2 expressio~ where higher doses induce lower Hoxa2 expression in the 

palatal shelves. There also appears to be a positive correlation between the percentage of 

unfused palates and the extent of down regulation of Hoxa2 expression. Hoxa2 mutant 

mice have been shown to have a smaller palatal shelf and a higher percentage of unfused 

palates (Table II, Section IT), which is similar to the effect of VPA on the palate 

development in vitro and in vivo. 

In the lowest treatment group (12.5JJ,g/ml, VPA), it was surprising to find that the 

FCFP was significantly lower but that the RFPPS was significantly higher than the 

respective parameter in the untreated group (Table I in Section III). The unusual 

phenomenon that the lowest concentration ofVP A may facilitate fusion of palatal shelves 

after contact may be explained by the following: ( 1) In vitro cell cultures have shown that 

mitogen-activated protein kinase can be activated by VP A to promote cellular 

differentiation, growth and contact (Yuan et al., 2001). Hence it may be that VPA may 

accelerate epithelial cell growth and cell junction formation resulting in the secure union 

of the two palatal shelves after contact. (2) Secondly, apoptotic-signalling pathways can 

be stimulated by VP A to induce apoptosis (Kawagoe et al., 2002). Since apoptosis is also 

a mechanism for the transformation of :MEE during palatal shelf fusion (Britto et al., 

2001~ Martinez-Alvarez et al., 2000; Moerlooze et al., 2000), low doses of VPA may 

facilitate palatal fusion by stimulating MEE apoptosis. (3) Lastly, VPA has been shown 
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to reduce cell mobility by altering F-actin and other adhesion proteins (Walmod et al., 

1998). It is possible that VP A may alter actin expression in the MEE to assist in 

formation of a separate incomplete basal lamina and breakdown of the MES, facilitating 

fusion of the contacted shelves to progress rapidly (Gibbins et al., 2000). 

The RT-PCR results are consistent with the Hoxa2 protein expression profile 

from in vitro organ culture immunohistochemistry sections, which also complies with 

temporal and spatial patterns from anterior to posterior palate (Figure 3, Section III). 

Although the secondary palate is considered as the first arch derivative, Hoxa2 mRNA 

and protein expression in a temporal and spatial manner has been detected in the whole 

secondary palate, indicating that Hoxa2 may have a direct role in palatogenesis. Cleft 

palate was induced by VPA and Hoxa2 mRNA expression was down regulated during 

palatogenesis. The percentage of cleft palate as a result of delayed palatal development 

due to the absence of Hoxa2 expression in the palate is 45.6% in the Hoxa2 knockout 

mice, whereas the percentage of cleft palate secondary to the abnormal position of the 

tongue accounts for 36.4% in the Hoxa2 -1- mice. However, both factors contribute to the 

induction of cleft palate in the Hoxa2 knockout mice. 

4.5 Various possible mechanisms for valproic acid (VP A) induced cleft palate. 

Since the concurrence of both the cleft palate induced by VP A and the down

regulation of Hoxa2 expression provides a clue that Hoxa2 gene may have a direct a role 

in palatogenesis; palatal organ cultures in different Hoxa2 dosages (heterozygote, 

homozygote and wild-type) were carried out to determine if a cause-effect relationship 

exists between Hoxa2 down regulation and formation of cleft palate. 
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The percentage of fused palates in Hoxa2 -1- mouse palate organ culture is 44.4o/o 

(Table II in Section II); whereas a 100% incidence ofunfused palates was observed in the 

high dose of VP A treated groups. It is suggested that VP A induced cleft palate occurs 

not only by down regulating Hoxa2 expression but also by means of other mechanisms. 

These mechanisms may include; ( 1) VP A interference with other cleft susceptibility 

genes or factors, such as, Msxl, Pax9, Lhx8, Dlxl-2, Sim2, endothelin-1, TBX22, 

Coll1a1, RXR-alpha, Cdk4, TGFs and FGFs (Shamblott et al., 2002; Lavrin et al., 2001; 

Britto et al., 2002; Braybrook et al., 2001; Nugent et al., 1999; Peters et al., 1998~ 

Melnick et al., 1998; Qiu et al., 1997; Proetzel et al., 1995; Kurihara et al., 1994; Satokata 

and Maas, 1994; Kaartinen et al., 1995 and 2002); (2) VPA may alter protein binding 

characteristics and interrupt peptide factors' interaction with their receptors and inhibit 

palatal growth (Abbott et al., 1998); (3) VP A may alter syntheses of extracellular matrix 

component such as collagens and hyaluronan, which are very important for regulation 

and the mechanics of palate development (Aulthouse and Hitt, 1994; Ferguson, 1988). 

4.6 Hoxa2 expression may be activated by growth factor peptides mediating 

epithelial-mesenchymal interactions in the palate. 

Hoxa2 gene is not normally expressed in the first branchial arch that gives rise 

to the palate (Dolle et al., 1993; Krumlauf, 1993; Prince and Lumsden, 1994). Thus it 

remains to be elucidated how Hoxa2 expression comes about during palatal development. 

One possible explanation for this may be that a Hox gene can be induced by other Hox 

genes or factors which may regulate each other in a positive or negative feedback 

pathway according to the functional or morphological requirements in a local organ 
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during development. Some examples of these are; Hoxd1 1 misexpression can induce 

ectopic Sonic hedgehog (Shh) expression in the limb (Knezevic et al.~ 1997) and Shh 

induces Patched (Pte) and Gli in the tooth mesenchyme (Dassule et al., 1998; Zhang et al., 

1999). Shh is also expressed in the early epithelium of the palate and Msx1 has been 

found to induce shh expression in palatal epithelium (Zhang et al., 2002). Shh is capable 

of inducing Pte and Gli-1 expression in mesenchymal cells (Hardcastle et al., 1998). 

However, shh is not able to induce other ectomesenchymal genes such as Msx, Dlx, Barx-

1; Lhx, and Gsc (Bei and Maas, 1998). Shh induces BMP2 expression in palatal 

mesenchyme, exerting its effects on regulating mesenchymal cell proliferation (Zhang et 

al., 2002). Shh also has a role in the physical formation of the epithelium in tooth buds. It 

is suggested that this signalling pathway regulates epithelial and mesenchymal cell 

proliferation in normal tissue (Dahmane et al., 1997; Hardcastle et al., 1998). 

Bmp2 induces Msx1 expression in the oral epithelium (Dassule et al., 1998) and 

BMPs, and fibroblast growth factor (FGF) family signalling pathways control the 

expression of Pax9 in dental mesenchyme (Neubuser et al., 1997; Buckland et al., 1998; 

Ericson et al., 1998). Bone Morphogenetic Protein (BMP) signalling is coordinated with 

the ventral Shh in the chicken neural tube in regulating the dorsal and ventral expression 

boundaries of Pax6, Dbx2, and Msx1 (Timmer et al., 2002). Also Fgf-8 and B:rvfP-4 

regulate Barx-1 expression in an antagonistic manner in the chick maxillary primordia 

(Barlow et al., 1999; Tucker et al., 1998; Wall and Hogan, 1995). Hence, it could be 

assumed that the interaction between the epithelium and mesenchyme where Msx 1, 

BMPs, FGFs interact with each other could also induce Hoxa2 expression in the 

secondary palate, during El2 - E12.5 (see Figure 6 in Section II). It has been reported 
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that Msxl expression during palatal development is capable of rescuing cleft palate 

induced in B:MP4 knockout mice, implying that BMP4 regulates palate development via 

Msxl or by means of activating Msxl expression in the palate (Zhang et al., 2002). Hoxa2 

and Msxl have similar expression patterns in the palatal epithelium and mesenchyme 

from El2.5 to E13.5 (Zhang et al., 2002). Hence it may be that BMP4 could also induce 

Hoxa2 expression in the epithelium and mesenchyme of the palate. 

4.7 CONCLUSIONS 

The spatial and temporal expression of the Hoxa2 protein has been determined in 

the developing mouse palate at embryonic stages El2, El2.5, El3, El4, El4.5 and El5. 

There was a progressive decrease of the Hoxa2 expression in the palatal mesenchyme 

from the anterior section to the posterior region of the palate, which was obvious at all 

embryonic stages. Expression of Hoxa2 gene during early palatogenesis appears to play a 

role in palatal development. Hoxa2 mRNA and protein expression were significantly 

decreased in an animal test model and cleft palate was induced by administration of 

valproic acid (VP A). In addition, in vitro palatal organ cultures exposed to VP ~ exhibit 

delayed palatal growth and high percentage of non-fusion in a dose dependent manner. 

Valproic acid (VP A) treatment in vitro palatal organ culture down regulates Hoxa2 

mRN A expression in the palate in a dose dependent manner as well and may be one 

possible mechanism for the occurrence of cleft palate induced by VP A treatment. The 

palatal fusion frequencies of different Hoxa2 dosage groups from Hoxa2 transgenic mice 

have been found to have a reverse correlation with Hoxa2 dosages in vitro transgenic 

organ palatal culture. Palatal fusion is delayed in Hoxa2 knockout mice. Hoxa2 gene may 
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have a direct role in the development of mouse palate. The tongue's abnormal position 

(Brown and Capecchi, 1999)? is not the only contributory factor in cleft palate induction 

in Hoxa2 mutant mice. The cleft palates induced in Hoxa2 -1- mice result from the 

absence of Hoxa2 gene expression in the palate as well as due to an interference with 

palatal development by abnormal positioning of tongue. 

4.8 FUTURE WORK DIRECTIONS 

Since it has been reported that BMP4 expression during palatal development is 

capable of rescuing cleft palate induced in Msxl knockout mice, it implies that Msxl 

regulates palate development via BMP4 or by means of activating BMP4 expression in 

the palate (Zhang et al.? 2002). Hoxa2 and Msxl have similar expression patterns in the 

palatal epithelium and mesenchyme from El2.5 to £13.5 (Zhang et al., 2002). Hence it 

may be that BMP4 could also induce Hoxa2 expression in the epithelium and 

mesenchyme of the palate. Futher work is to find out the possibility whether or not BMP4 

protein is able to induce Hoxa2 mRNA or protein expression in the palate during £12-

12.5 by means of in vitro bead soaking methodology. As to the mechanism of VPA 

induced cleft palate? future research will be to investigate the possibility that other 

susceptible genes or factors may play a role in the etiology of VP A induced cleft palate 

and to investigate the role of VP A metabolites on induction of cleft palate. Hydroxyl 

radical is an important factor for the mechanisms of VP A caused genomic damage~ 

antioxidants such as glutathione (GSH), superoxide dismutase (SOD), catalase may 

reduce the severity of cleft palate caused by VPA. Using retrovirus containing Hoxa2 

expression cassette or Hoxa2 antisence to infect Hoxa2 -1- palate culture to rescue the 
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phenotype of Hoxa2 -1- or block Hoxa2 expression in wild-type palate may provide a 

direct evidence for the role of Hoxa2 in the developing of cleft palate. 
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APPENDIX 

Advantages and limitations of methods such as immunohistochemistry and in situ 

hybridization, used in the study. 

The main methods used in this study were "immunohistochemistry" and "in situ 

hybridization histochemistry", which are widely used in developmental biology studies to 

detect gene expression in tissue sections. Both of the methods are based on a similar 

principle that is to detect the target protein or mRNA respectively, with specific probes 

such as antibody or antisense RNA probe complimentary to target protein and mRNA. 

Then, a second specific antibody, which is biotinylated or with anti-digoxigenin alkaline 

phosphate can be used to bind to the primary antibody. 

For "in situ hybridization", BCIP and NBT are added to obtain a color reaction, 

purple or blue color would be obtained if the target mRNA exists in the sample; for 

"immunohistochemistry", avidin-biotin complex with horseradish peroxidase is added to 

the samples and the color substrate would give a blue or purple color for the specific 

binding of the antibody to the target protein. 

Advantages of immunohistochemistry: ( 1) It provides a method to directly detect gene 

expression in tissue without the process of extracting and purifying antigen from the 

tissue; (2) simple and time-saving, in general, whole process can take five to six hours; (3) 

cost-effective; (4) easy to identify positive and negative results; (5) reliable and 

reproducible results can be obtained. 

Limitations of immunohistochemistry: (1) DNA or mRNA cannot be detected; (2) its 

specificity depends on the specificity of antibody, hence if antibody cross-reacts with 

other proteins in the tissue, this method will lose its specificity; (3) it is a qualitative 
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method and not quantitative. ( 4) Unlike ELISA, results of immunohistochemistry usually 

are identified visually, and do not depend on instrumentation which can provide a more 

reliable identification. 

Advantages of in situ hybridization analysis: ( 1) It can detect mRNA expression in tissue 

section. (2) it is highly sensitive because of the complimentary probe~ (3) it can identify 

the positive from the negative results by color reaction visually~ ( 4) non-radioactive. 

Limitations of in situ hybridization analvsis: (I) It takes longer, three days from preparing 

RNA probe to tinal visual color reaction~ (2) R0i.--\ probe can easily be degraded because 

of RNAse contamination~ (3) color reaction might give variable results because of 

different exposure times (from 3 hours to 24 hours)~ (4) it can be more expensive than 

immunohistochemistry. 

Appendix figure I. Schematic diagram of the principle of immunohistochemistry 

analysis. 
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Appendix figure U. Schematic diagram of the principle of in situ hybridization. 
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