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ABSTRACT

Review Article

Role of Homeobox Genes in Tooth
Morphogenesis: A Review

In oral cavity, disturbances due to genetic alterations may range from lack of tooth development to morphological defects. Due to technical
advances in genetic engineering and molecular biology, valuable information regarding dentofacial growth could be studied in detailed
manner. This helped us to explain the aetiology and pathogenesis of many dentofacial disorders. The success in treatment lies first in
determining the aetiology of tooth anomalies and finally differentiating the effect of genes and environment on the orofacial diseases of that
particular individual. Several genes belonging to class Il homeobox families are expressed during odontogenesis however homeobox genes
are not directly imvolved in tooth formation as they are not directly expressed in the first branchial arch derivatives.
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INTRODUCTION

Body organisation requires cell differentiation and morphogenesis
which are controlled by gene expression. Gene expression is defined
as an activation of a gene that results in production of polypeptide/
protein that can activate/deactivate other genes with the influence
of transcription factors (growth factors). Every organism has a
unique body pattern because of the influence of Homeobox genes.
These seem to be the master genes that help in development of
individual structures from different areas of the body. They are likely
to be an important fundamental in evolution of the specialized body
parts of many animal species and the differences between different
organisms can be due to different modes of action of homeobox
genes [1,2].

A homeobox is a DNA sequence found within genes that are
involved in the regulation of patterns of anatomical development
(morphogenesis) in human beings. The homeobox is about 180
base pairs long. It encodes a protein domain (homeodomain) which
when expressed (as protein) help in binding with the DNA. The
homeodomain is capable of recognizing and binding to specific DNA
sequences. During embryogenesis, through the early recognition
property of the homeodomain, the homeoproteins are believed to
regulate the entire expression of genes and also direct the formation
of many body structures. Homeobox genes encode transcription
factors that can regulate expression of other genes. This domain is
first identified in Drosophila (fruit fly).

These play an important role in specifying cell, identity and position-
ing during embryonic development and mutations in these genes
can cause developmental disturbances in tooth genesis like of
specific structures as well as changes in the dentistry of a body part
causing phenotypic changes in the patterning of an organism due
to mutations [3].

WHAT ARE HOX GENES?

Genes containing Homeobox sites are first identified in Hox cluster
that is group of genes located on the same chromosome, each
coding for a particular protein which is regulated by the same cellular
mechanisms. These cluster sequences are highly conserved during
evolution without any change in the pattern for hundreds of years.
During tooth morphogenesis, expression of these homeobox genes
is directly under the control of signalling cascades initiated by the
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interaction of certain growth factors and receptors on the surface
of the target cells [4,5]. These genes are essential metazoan genes
which determine the identity of embryonic regions along the anterio-
posterior axis. They encode homeodomain containing transcriptional
regulators that can operate differential genetic programs along the
anteroposterior axis. Humans contain Hox genes in four clusters,
called HOXA, HOXB, HOXC, or HOXD, on chromosomes 2,7,12,
and 17. HOX gene influence appears to be in human tooth buds
between 18 and 24 week of embryonic development [6].

HOMEOBOX GENES INVOLVED IN
DENTINOGENESIS

Information regarding tooth organogenesis was found by doing
number of trails on mouse embryo’s as experimental material.
All these studies show that there is a direct genetic control on
odontogenesis, which determines the position, number, size and
shape of the teeth [7]. Tooth formation undergoes different stages
like bud, cap and bell stage during its developmental process.
During the bell stage cyto differentiation occurs which lead to
the formation of enamel, dentin, Periodontal ligament which is a
supporting structure of the tooth [8,9]. Like other development
processes during the embryonic phase morpho differentiation
of teeth occurs under the influence of first branchial arch, where
complex interactions between the stomodaeal epithelium which is
ectodermal derivative and the underlying mesenchyme which cranial
neural crest derivative take place. More than 300 genes are involved
in this processes and prominent role is played by the transcription
factors that have a homeodomain. The homeodomain consists
of 60 aminoacids with a helix-turn-helix DNA binding protein and
is encoded by a homeobox sequence. Not only homeodomain
facilitates it binding with DNA but transcription factors also contain
a transactivation domain that interacts with a RNA polymerase and
these transcription factors are in turn involved in the regulation of
homeobox gene expression sites thus having a role in activation of
genes in embryogenesis [10,11].

ROLE OF GROWTH FACTORS IN
ODONTOGENESIS

During embryonic development, the neural crest cells differentiate
into most of the skeletal and connective tissue structures of the



Sreevalli Suryadeva and Mohammadi Begum Khan, Role of Homeobox Genes in Tooth Morphogenesis

craniofacial region. Establishment of pattern in the craniofacial
region is determined partly by the axial origin of the neural crest
cells present within each arch and partly by regional epithelial
mesenchymal interactions mediated by several growth factors
signaling pathways. Important factors belong to Fibroblast growth
factors (FGF) and Transforming growth factors (TGF, containing
BMP4-bone morphogenetic protein 4), the family of Wnt (Wingless)
and morphogenesis molecule Shh (Sonic hedgehog) [12]. The
general pattern of dentition is developed much before the teeth
erupt into the oral cavity. Generally tooth formation is genetically a
complicated processes controlled in two different ways: on one end
by specifying the type, position, size of each tooth bud; and on the
other end by the processes of enamel and dentin formation. All the
above mentioned transcription factors define spatially the domains
of expression of the homeobox genes in the developing jaws. Every
combination of homeobox genes expressed is code that specifies
the type of the tooth that has to be formed [13]. Proximal area of the
molars to be developed is patterned by the expression of growth
factors like FGF8 and FGF9, while BMP4 is expressed in the distal
region of the incisors [14,15]. There are many genes that are involved
in the formation of tooth buds belong to signalling pathways with
functions in regulating other organ morphogenesis. This explains
the reason why the mutation of these genes have pleiotropic effects
in addition to nonsyndromic /syndromic related dental abnormalities
[16,17].

MUTATIONS-TOOTH AGENESIS

Congenital absence of one or more teeth is the frequent anomaly
in humans. In hypodontia where the patients missing up to five
permanent teeth, excluding the 39 molars; Oligodontia where
there is absence of more than six teeth (excluding 3¢ molar).
Anodontia that is the congenital absence of teeth in both primary
and permanent dentition. The above conditions may be or may not
be associated with genetic disorders. Frequency of cases of non
syndromic hypodontia/Oligodontia is 80% when missing a tooth.
But most of the agenesis is due to genetic origin. So far, only eight
genes have been diagnosed to be associated with syndromic ad
non-syndromic hypodontia, oligodontia and agenesis. Those are
MSX1, PAX9, AXIN2, EDA1, DLX.

MSX-1 TRANSCRIPTION FACTORS (Muscle segment homeobox
containing transcription factors): MSX-1 gene is located on the
shorth arm of chromosome 4 (4p16.1.) This gene has a homeobox
sequence and two exons that encode a homeodomain-a 297
aminoacid protein. MSX-1 plays an important role in craniofacial and
tooth development. This gene inhibits cell differentiation by maintaining
high levels of cyclin DI expression and Cdk-4 activity, thus preventing
the cells to respond to proliferative factors. Mutations occurring in
exon 1 and 4 and exon- 2, have been associated with hypodontia in
relation to 2™ premolars and 3 molars [18]. MSX-1 phenotypes due
to protein deficiency depend on the location of the mutations and
their effect on the structure and function of protein. Mostowska et
al., [19,20] identified an Argnine to Proline substitution in position 31
of the MSX-1 gene homeodomain that caused hypodontia and was
transmitted as autosomal dominant trait.

Pax Genes (Paired Box)

This is a highly conserved gene in humans (14q12-q13), encoding
a transcription factor that is involved in organogenesis that can
trigger cellular differentiation. Mutations in exon 1, 2 and 4 mostly in
exon 2 were associated with non syndrome oligodontia. According
to Stockton mutation in the PAX9 gene modified the open reading
frame that is frame shift mutation causing premature termination of
translation. This disease is transmitted as autosomal dominant trait
[21]. Three different mutations leading to substitution of arginine with
proline in the homeodomain (Arg26Pro), glutamic acid with lysine
(Glu9Lys) and leucine-to- proline (Leu21Pro) affecting all permanent
first molars [22].
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AXIN2 Gene (Axin Inhibition Protein 2)

This gene plays an important role in the regulation of the stability
of beta catenin, which is involved in the Wnt (Wingless) signalling
pathway. AXIS inhibition protein 2 gene polymorphic variants may
be associated with both colorectal carcinomas and tooth agenesis
(oligodontia/hypodontia). These mutations activate the Wnt pathways
which prove the importance of this signalling pathway in the normal
development of teeth [23].

EDA1 Gene

Ectodysplasin-A (EDA) is a protein that in humans is encoded by
the EDA gene. Mutations in this gene cause X-linked hypohydrotic
ectodermal dysplasia which is a rare disease. Non-sense and point
mutations occurring in EDA gene cause only hypo/oligodontia which
is non syndromic tooth agenesis [24].

DLX Gene

Distal less is a family of homeodomain transcription factors which
are related to the craniofacial morphogenesis. Mutation in these
genes results in abnormalities of first brachial arch derivatives like
mandible and calvarias. Failure of development of molars occurs
due loss of function mutation of this gene [25].

MOLECULAR CASCADE OF RECIPROCAL
SIGNALING EVENTS IN TOOTH
DEVELOPMENT [TABLE/FIG-1] [26]

Tooth formation is considered to be a more complex process,
which also is genetically controlled in two different ways: on one
side, each tooth organ is specified by its type, size and position
and on the other, by the processes of formation of enamel and
dentin. Different genes involved in the formation of teeth belong to
signaling pathways with functions in regulating the morphogenesis
of other organs [27]. This explains the fact that mutations in these
genes have pleiotropic effects in addition to causing non-syndromic
dental abnormalities and dental anomalies associated with different
genetic syndromes. There are different molecular signalling that
regulate tooth development and it is possible to observe that the
molecular signals are expressed in different stages of odontogenesis.
Regarding initiation stage, a genetic model explaining the regulation
of the expressed genes has been proposed by Beiand Maas [28]
and by Zhang et al., [29]. The expression of Msx 1 in the dental
mesenchyme is initially by epithelially derived Bmps and Fgfs.
Interestingly, Bmp4 cannot induce Fgfs, neither the contrary,
suggesting that Bmp4 and Fgf8 act by independant pathways in
inducing dental mesenchyme. The arrest of tooth development in
Msx 1 mutant mice was associated with a down-regulation of Bmp4,
Fgfe, Lef1, Ptc, DIx 2 and Syndecan 1 in the molar mesenchyme.
This suggests that Msx 1 is placed upstream of those genes. In
addition mesenchymal Bmp4 provides a positive feedback signal
for maintenance of Msx 1 expression [30]. Recent studies have
clarified some aspects of the molecular signalling that occur during
the bud stage of odontogenesis. The down regulation of Lef 1 and
DIx 2 in the epithelial bud is caused by the down regulation of Bmp4
in the molar mesenchyme.

This was deduced from the observations that addition of exogenous
BMP4 could partly rescue the tooth phenotype and induces Lef
1 and DIx 2 expression in the Msx1 mutant molar tooth germ.
Moreover, mesenchymal BMP4 is also required for the maintenance
of Shh and Bmp2 expression in dental epithelium [31] and may
be responsible for inducing the formation of enamel knot in tooth
epithelium [32]. On the other hand, over-expression of Bmp4 in the
wild type molar mesenchyme represents Shh and Bmp2 expression
in the enamel knot, suggesting that Shh and Bmp2 may not be critical
signals in regulating the formation of tooth cusps [33]. Similar to the
many other embryonic organs, the mammalian tooth development
also relies largely on epithelial-mesenchymal interactions. It is also
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[Table/Fig-1]: Schematic representation of the molecular signaling in odontogenesis of molar mouse tooth

reported that approximately 8% of the newborn double-mutants
generated exhibited clefts in the mandible and tongue, whereas the
mandibular processes of the double-mutant mice generated lacked
the midline symphysis and were fused. In these double-mutants,
either a single incisor arrested in the bud stage or no incisors were
present. The arrested incisor tooth buds showed decreases in the
expression of Pax-9 and patched. Furthermore, in these double
mutants, most of Meckel’s cartilage was absent. The phenotypic
abnormalities in Prx-land Prx-I/Prx-2 mutants indicate redundant but
essential roles for Prx-l and Prx-2 in the signaling network regulating
epithelial-mesenchymal interactions that promote outgrowth and
skeletogenesis in the mandible [34].

CONCLUSION

A dentist himself must have thorough knowledge of genetic research
in order to observe the various abnormalities and to intervene early
to remedy the situation, and in more complex cases, recommend
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patients to specialists in medical genetics and/or genetic counseling.
According to the National Institute of Dental and Craniofacial
Research Genetics (2008) in the U.S. more than 700 are craniofacial
disorders from the approximately 5500 known genetic disorders
in humans. Only in 20% of all known diseases could have been
genetically determined. Teeth are serially homologous structures,
which allow the localization and quantification of the effects of specific
gene mutations. Tooth development may be divided in multiple
stages, where the number, size and type of teeth are sequentially
determined. Furthermore, it is also possible to determine the phase
of odontogenesis affected by these conditions. These features make
tooth development an important system to understand the intricate
molecular mechanisms that regulate development and provide a
link between development and evolutionary genetics.

The genetic causes of dental pathologies are multiple causing
phenotypic changes and the severity of which is dependant on the
affected gene, the type and location of mutations.All the causes of
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dental diseases is still not known, but their genetic basis is never a
neglected factor. Hence, it can be stated that tooth morphogenesis
occurs by numerous genetic and epigenetic factors not just by a
single gene and also most of the developmental defects in teeth
usually occur as a result of mutations in genes encoding signalling
molecules and transcriptional factors.
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