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RESUMO

A denti¢ao nao ¢ somente o maior componente do complexo cranio facial dos mamiferos,
mas um modelo util de desenvolvimento, combinado em um sistema de um tUnico 6rgao,
onde ocorrem fendomenos de organizacao espacial, simetria, aquisicdo de formas complexas
e citodiferenciagdo 6rgao-especifica. Durante os primeiros estagios do desenvolvimento do
dente ocorre uma série de interagdes entre o epitélio oral e mesénquima, por meio de
diferentes moléculas sinalizadoras ao longo do futuro processo alveolar. Bmp4 atua
ativando Msx/ na regido de incisivos € molares e restringe a acdo de Barxl apenas na
regido dos molares. A interacdo entre o sinal mesenquimal Bmp4 e o sinal epitelial Shh faz
parte dos primeiros eventos da formacdo do germe dentdrio no estagio botdo. As fases
seguintes sdo 0s estagios capuz e sino. Mutacdes nos genes Msx/ e Barxl impedem o
desenvolvimento do germe dentario além do estadgio botao. Para o gene Msx/ essa condigao
¢ permanente, enquanto para Barxl é temporal e o crescimento do germe dentario ¢
retomado apos o estagio E14.5 em camundongos. O objetivo desse trabalho ¢ investigar a
interacdo genética entre Msx/ e Barxl no desenvolvimento do primeiro molar inferior na
fase sino (E16.5) e qual a influéncia da auséncia do gene Msx/ na dimensdo das estruturas
vestigiais MS, R2 e do primeiro molar inferior nas fases botdo (E13.5) e sino (E16.5). Esse
estudo também se propds a avaliar se genes Barx2, Barhll e Barhl2 estariam expressos em
botdes de molares inferiores (E13.5). Os resultados indicaram que na auséncia completa de
Barxl, um unico alelo de Msx/ ndo ¢ suficiente para promover a evolucao do botao
dentario a capuz em camundongos E16.5 BarxI;MsxI e ndao houve expressdo de Bmp4
nesses camundongos. A expressao nula dos genes Barx2, Barhll e Barhl2 em botdes de
molares inferiores em camundongos wild-type E13.5 indica que genes da familia Bar ndo
possuem nenhum papel no desenvolvimento de molares inferiores. Ainda, dados
alométricos de MsxI™" (E13.5 ¢ E16.5) indicam que a muta¢io no gene Msx/ e consequente
auséncia de expressao de Smad1-5-8 e Shh ndo impede o crescimento no sentido proximal-
distal’ Conclui-se que existe interagdo entre Barx! e MsxI. Barx] & necessario para
controlar os niveis de expressdo de Bmp4. Barx2 possivelmente desempenha um papel
importante na morfogénese de pré-molares e incisivos inferiores. O atraso no
desenvolvimento dos molares inferiores de camundongos Msx/ e permanente ao estagio
botdo, contudo, os botdes dentdrios destes camundongos continuam a exibir um
crescimento no sentido proximal-distal no estagio E16.5.

Palavras chave: Genes Homeobox, Fatores de transcricdo, Histologia, Embriologia.
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ABSTRACT

The dentition is not only the largest component of the craniofacial complex of mammals,
but a useful model of development, combined in a single organ system, where phenomena
of spatial organization, symmetry, complex shape acquisition and organ-specific
cytodifferentiation occur. During the early stages of tooth development, series interactions
take place between oral epithelial and mesenchyme by different signalling molecules along
the future alveolar process. Bmp4 acts by activating Msx/ in the region of incisors and
molars and it restricts the action of Barx/ only to the molars’ region. The interaction
between mesenchymal Bmp4 signal and Shh epithelial signal is part of the first events of
tooth germ formation at the bud stage. The next stages are cap and bell. Mutations in Msx/
and Barxl genes inhibit the development of the tooth germ beyond the bud stage. For the
Msx1 gene, this condition is permanent, while for Barx/ is temporal and the growth of
tooth germ is retaken after stage E14.5 in mice. This study investigates the genetic
interaction between Msx/ and Barx! in the first lower molar development at the bell stage
(E16.5), the effect of the absence of Msx/ gene in the size of the vestigial structures MS,
R2 and first lower molar bud (E13.5) and bell (E16.5). This study also aimed to assess
whether Barx2, Barhll and Barhl2 genes were expressed in lower molars buds (E13.5). The
results indicated that in the complete absence of Barxl, a single allele of Msx/ is not
sufficient to promote the development of tooth bud to cap in E16.5 Barxi;MsxI mice, and
there was no expression of Bmp4 in these mice. The null expression of Barx2, Barhll and
Barhi2 genes in lower molar buds in E13.5 wild-type mice indicates that genes of the Bar
family do not exert any role in the development of lower molars. Still, allometric data on
MsxI™ (E13.5 and E16.5) indicates that Msx/ gene mutation and consequently the absence
of Shh and SMADI1-5-8 expression do not prevent growth towards proximal-distal. It is
concluded that there is interaction between Barx] and Msx1. Barxl is necessary to control
the expression levels of Bmp4. Barx2 might play a role in the lower premolars and incisors
morphogenesis. The delayed development of Msx/ " lower molars is permanent at the bud
stage, however, the tooth buds of these mice continue to exhibit growth towards proximal-
distal at E16.5 stage.

Keywords: Genes, Homeobox, Transcription factor, Histology, Embryology
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1 INTRODUGAO

A denti¢cdo ndo ¢ somente o maior componente do complexo cranio facial dos
mamiferos, mas um modelo Util de desenvolvimento, combinado em um sistema de um
unico Orgdo, onde ocorrem fendmenos de organizacdo espacial, simetria, aquisi¢do de

formas complexas e citodiferenciagdo 6rgao-especifica (Lumsden, 1988).

Durante os primeiros estadgios do desenvolvimento do dente ocorre uma série de
interacdes epitélio-mesénquima, entre as células que migraram da crista neural e epitélio
oral, mediadas por diferentes moléculas sinalizadoras ao longo do futuro processo alveolar
(Chai et al, 2000, Lumsden, 1988). A inicia¢do da formagao do dente envolve a sintese ¢
secrecdo, pelo epitélio oral, de fatores de crescimento difusiveis (Cobourne & Sharpe,
2003, Thesleff & Sharpe, 1997, Tucker & Sharpe, 2004), concomitantemente, com a
expressao de fatores de transcri¢do no mesénquima subjacente (Bei, 2009, Tummers &

Thesleft, 2009).

Nesse estdgio ainda ocorrem interagdes reciprocas entre os dois tecidos,
orquestrando o desenvolvimento do o6rgdo dentario, que mesmo antes do inicio da
mineralizagdo ja passa a apresentar os primeiros indicios de formagao da coroa dental. O
desenvolvimento do dente prossegue através das fases inicia¢do, botdo, capuz, e sino (Cate
& Nanci, 2003). Formam-se importantes centros de sinalizagdo denominados nés do
esmalte primdrios (fase capuz) (Thesleff & Jernvall, 1997) e secundarios, os quais estao
associados ao epitélio dental interno, durante o desenvolvimento das pontas das ctspides

(fase sino) (Matalova et al, 2005, Thesleff et al, 2001).

Delinear os mecanismos pelos quais as células do epitélio oral adotam e
mantém as relagdes moleculares que originam os dentes ¢ critico para entender o
desenvolvimento de sindromes dentais e para desenhar estratégias para a regeneracdo ou

reparo dos tecidos dentais (Liu et al, 2008).

Alteragdes genéticas que afetam os estdgios iniciais do desenvolvimento
dentario envolvem fatores de transcri¢do, moléculas de sinalizagdo e seus receptores e t€ém

como consequéncia a agenesia dental (Msx/, Pax9, Axin2, Eda) ou dentes supernumerarios



(Runx2, APC) (Bayés et al, 1998, Kere et al, 1996, Lammi et al, 2004, Nieminen, 2009,
Stockton et al, 2000, Vastardis et al, 1996, Wang et al, 2009).

Em humanos, o gene Msx/ esta localizado no cromossomo 4 (Gonzalez et al,
1998), e em camundongos (Mus musculus) no cromossomo 5 (Robert et al, 1994). Além do
papel no desenvolvimento craniofacial, particularmente na odontogénese, Msx/ tem sua
expressao relacionada com a formagdo dos membros inferiores e superiores, além de atuar

na inibi¢ao do crescimento tumoral (Bei & Maas, 1998, Jezewski et al, 2003).

Gould e Walter (2000) mapearam o gene Barx/ no cromossomo 9 em humanos,
e nos camundongos no cromossomo 13 (Tissier-Seta et al, 1995). BarxI possui uma forte
expressdo em areas restritas do mesénquima da cabecga, pescogo e na parede do estdmago
em desenvolvimento. Também foi observada uma fraca expressdao na regido proximal de

membros inferiores e superiores.

A auséncia da expressdo de genes relacionados a morfogénese do molar, como
Msx1 e Barxl, revela que ndo ha evolucdo do germe dentario além da fase botdo. Este foi o
primeiro trabalho a investigar a existéncia de uma interagdo entre Msx/ e BarxI na

formacao do molar inferior.



2 REVISAO DE LITERATURA

2.1 EMBRIOLOGIA DA FACE

A cabeca ¢ a parte anatomicamente mais sofisticada do corpo e sua evolugao foi
fundamental para a origem dos vertebrados. Dentro dos modelos de organismos usados
para o estudo do desenvolvimento humano, os roedores sdo 0os que mais precisamente
refletem o desenvolvimento, especialmente da regido craniofacial (Wilkie & Morriss-Kay,

2001).

Alteragdes evolutivas craniofaciais (Corbo et al, 1997) fazem paralelo a origem
do cranio dos vertebrados (Wilkie & Morriss-Kay, 2001). Apesar de ndo existir uma
homologia estrutural obvia entre o cérebro dos cordados e invertebrados, evidéncias
indicam que a mesma familia de genes estd envolvida em processos chave de organismos
como Drosophila melanogaster e vertebrados (Hirth & Reichert, 1999). Wilkie e Morris-
Kay (2001) questionam como um plano genético pré-existente foi modificado para atingir
uma elaboracdo tdo espetacular, como a encontrada no cérebro. Alguns autores observaram
que genes chave sdo sujeitos a um unico ou a varios ciclos de duplicagcdo. O exemplo mais
conhecido ¢ o cluster codificador do homeobox (Hox), que esta presente como uma unica
copia no anfioxo, e em varias copias nos vertebrados. Outras familias de genes
codificadores de homeodominios, também estdo presentes em varias copias: paired (Pax),

orthodenticle (Otx) e distal-less (D/x) (Shimeld & Holland, 2000).

A maioria das estruturas faciais ¢ formada a partir de células originadas da
crista neural, um tecido que permanece independente e se dissemina apds o fechamento do
tubo neural, colonizando os arcos branquiais (Koentges & Matsuoka, 2002). Os arcos
branquiais sdo proeminéncias visiveis na por¢do superior e frontal do embrido e sdo os
predecessores de todos os elementos faciais. Dentro do primeiro arco branquial
desenvolvem-se trés proeminéncias que serdo a futura maxila, mandibula e processo
frontonasal. Essas estruturas primitivas sdo preenchidas por células da crista neural de duas
diferentes origens: romboencéfalo e mesencéfalo (Kontges & Lumsden, 1996). A mistura

generalizada dessas células suporta a hipotese de que, a exposi¢do a sinais instrutivos



ambientais orientam o estabelecimento de um eixo proximal-distal para a maxila e

mandibula formada a partir do primeiro arco branquial (Kontges & Lumsden, 1996).

2.2 ODONTOGENESE

O desenvolvimento da denticdo dos mamiferos pode ser dividido em uma
sequéncia de eventos, que comeca com a determinacdo regional da denti¢do. A este evento
segue-se a determinagdo de sub-regides, como as regides dos incisivos e molares.
Finalmente a morfologia individual de cada dente ¢ formada (Jernvall & Thesleft, 2000,

Tucker & Sharpe, 2004).

A origem ou iniciacdo dos elementos dentdrios estd fortemente vinculada a
células da crista neural e epitélio. Lumsden (1988) utilizou células da crista neural de
embrides de camundongos CD1 no oitavo dia embrionario (E8) e epitélio dos arcos
mandibulares de embrides E9 e E10 implantados in oculo em camundongos adultos
machos, e observou que, apenas a combina¢do dos dois: células da crista neural e epitélio
originaram molares, que foram observados em desenvolvimento até a fase capuz. Os
implantes de tecido epitelial ou células da crista neural originaram tecidos semelhantes ao

epitelial queratinizado e cartilagem, respectivamente.

Esses experimentos demonstraram uma relagdo de dependéncia entre epitélio e
mesénquima, cujas interagdes reciprocas sdo coordenadas por fatores de transcri¢do e
moléculas de sinalizacdo conservadas nas familias: Wnt, Fgf (fibroblast growth factor),
Bmp (bone morphogenetic protein) e Hedgehog, regulando a iniciacao dos germes dentarios

(Jarvinen et al, 2006, Jernvall & Thesleft, 2000).

Os fatores de transcricdo sdo por definicdo moléculas que interagem com o
DNA modulando a expressdao de um gene. Os genes homeobox, codificam fatores de
transcricdo e atuam como genes controladores do desenvolvimento e da evolugdo. Fatores
de transcricao, como MsxI, Lefl, Pax9, Barxl, Lhx6/7 ¢ membros da familia D/x atuam
downstream dos sinais epiteliais para regular a iniciagdo do dente e sua morfogénese

(Cobourne & Sharpe, 2003, Thesleff & Sharpe, 1997).



Durante a fase de iniciagdo varios brotos epiteliais se formam na regido do
diastema entre incisivos e molares. A atrofia destes brotos epiteliais parece estar associada
com a expressio diminuida do gene Pax9 (Keranen et al, 1999). E interessante notar que,
mutacdes nos genes Pax9, Msxl e Activin beta A em camundongos knockout também
causam o bloqueio do crescimento do germe dental na fase de botdo (Ferguson et al, 1998,
Satokata & Maas, 1994). Da mesma forma que, mutagdes inativadoras do inibidor da
sinalizagdo do Wnt, o Axin2, causa uma diminui¢ao no numero de dentes, devido a falta de

reposicao dos mesmos (Jarvinen et al, 2006).

Em uma série de experimentos de expressdo em camundongos, Tucker e
colaboradores (1998b) demonstraram que Bmp4 ativa a expressdo de Msx/, levando ao
desenvolvimento de incisivos e molares. Ainda segundo esses autores, Bmp4 inibe a
expressao de Barxl, limitando sua expressdo proximalmente, na regido de molares em E10.
Fgf8 estimula a expressdo de Barxl. Quando a sinalizacdo de Bmp4 foi inibida durante os
estagios iniciais de desenvolvimento através da aplicacdo exdgena da proteina Noggin, a
expressao ectopica de Barx! resultou na transformacao de incisivos em molares (Tucker et

al, 1998b).

Altos niveis de Fgf8 ativam a expressdao dos genes homeobox Lix6 ¢ 7 na
regido oral. E interessante notar que nessa regiio a expressio de Fgf8 e Bmpd ¢
mutuamente antagénica (Stottmann et al, 2001). Uma vez que, o mesénquima com
potencial odontogénico inativo entre em contato com o epitélio oral e seja ativado pelo
Fgf8, seguira uma cascata de eventos que ird resultar na formacao final de um dente
especifico. Essa cascata de eventos inicia-se com a liberagdo, pelo mesénquima, do Bmp4,
que induz a proliferacdo das células epiteliais. A proliferagao do epitélio prossegue com a
formacdo do botdo epitelial, que, juntamente com o mesénquima condensado subjacente,
formam o primeiro estagio do germe dental (Kettunen & Thesleff, 1998, Tucker & Sharpe,
2004).

Os fatores de crescimento sdo importantes moléculas sinalizadoras que podem
afetar o desenvolvimento de outra célula na vizinhanga, de forma paracrina, ou exercer um

efeito autocrino (Scarel et al, 2003). O epitélio oral em desenvolvimento pode ser dividido



em dois dominios onde sdo expressos lateralmente os fatores de crescimento: Fgf8 e FgfY,
sobrepondo o campo dos futuros molares, e Bmp4 que ¢ expresso distalmente, sobrepondo
o campo dos futuros incisivos. O Fgf8 (e Fgf9 de uma forma menos atuante) regula
positivamente a expressao de Barx! (Bar homeobox 1) e Dix2 (distal-less homeobox2),
enquanto Bmp4 regula positivamente a expressdo de Msx/ e Msx2 (homeobox, msh-like 1 e
2), a0 mesmo tempo, que regula negativamente Barx! (Bei et al, 2004, Ferguson et al,
2001, Haworth et al, 2007, Tucker et al, 1998b). Esses eventos resultam na restricdo da
expressao dos genes Barxl e DIx2 na regido dos futuros molares e Msx/ e Msx2 na regido

dos futuros incisivos (Tucker et al, 1998a).

A importancia desses genes homeobox pdde ser identificada em estudos com
camundongos knockout. DIxl e 2 sdo coexpressos proximalmente na regido dos futuros
molares e acredita-se que possuam uma fungao no desenvolvimento dos molares. O tipo do
dente ¢ determinado precocemente no desenvolvimento, pela expressdo espacialmente
restrita do gene homeobox no mesénquima. Camundongos com auséncia funcional dos
genes DixI e DIx2 possuem um padrao fenotipico de dentes, no qual ha inibicdo do
desenvolvimento dos molares na maxila, enquanto o desenvolvimento de todos os outros
dentes ¢ normal (Thomas et al, 1997). O fato de que o gene DIx é expresso de formas
diferentes na mandibula e maxila indica que hd uma diferenca genética basica entre os

molares na arcada superior e inferior (Zhao et al, 2000b).

Em humanos, agenesias dentarias envolvendo os genes Msx/ e Pax9 estdo
restritas a porcao posterior da denticdo. Apesar de mutagdes em Msx/ envolverem pré-
molares e raramente molares, as mutagcdes em Pax9 apresentam agenesias em padrdo
oposto a MsxI (Ogawa et al, 2006). Estudos em camundongos demonstraram que em
animais mutantes homozigotos para Msx/ e Pax9 o desenvolvimento do dente fica restrito

ao estagio botao (Peters ef al, 1998, Satokata & Maas, 1994).



23 MODELOS ANIMAIS UTILIZADOS PARA O ESTUDO DO
DESENVOLVIMENTO DENTAL

Os camundongos (Mus musculus) sdo os animais mais comumente utilizados
em estudos de alteragdes genéticas. A denti¢do dos camundongos ¢ composta em cada
quadrante por um Unico incisivo, um diastema e trés molares. Em cada quadrante, o
incisivo ¢ separado dos trés molares por um diastema, onde incisivo, canino e pré-molar
estariam presentes em outras espécies. Nos camundongos a morfogénese ¢ iniciada no
estagio E11, quando ocorre o espessamento dentario na area dos incisivos € molares (Viriot

et al, 2000).

Apesar da auséncia de pré-molares nos camundongos adultos, existe evidéncia
morfologica para o desenvolvimento de estruturas em formato de botdo, que se
desenvolvem antes do desenvolvimento do primeiro molar (M1) superior e inferior, e
anterior a ele (Prochazka et al, 2010). Essas estruturas tém sido interpretadas como botdes
de pré-molares rudimentares ou vestigiais (Peterkova et al, 2002, Viriot et al, 2002). Na
mandibula, esses botdes chamados MS (mesial segment) e R2 (second rudiment)
desenvolvem-se transitoriamente entre os dias embrionarios (E) 12 e 13, respectivamente, e
comecam a regredir. Entre os estagios E13.5 e 14.5 ocorre apoptose em algumas porc¢des de
R2, que passa a integrar M1, que se torna uma estrutura diferenciada em E14.5 (fase capuz)
(Peterkova et al, 2002, Viriot et al, 2000). Exceto por M2 (segundo molar) e M3 (terceiro
molar), que sdo formados a partir da por¢ao posterior final dos molares anteriores a eles, os
outros botdes e estruturas rudimentares sao formados pela invaginacao do epitélio que
forma um botdo a partir da lamina dental. O mesénquima condensa-se ao redor dos botdes
de molares e mais tarde forma a papila dental. Cada molar exerce um efeito inibitdrio sobre
0 sucessor, ¢ cada estrutura posicionada anteriormente a nova estrutura formada tera
porg¢des distais integradas morfologicamente ao seu sucessor, como ocorre entre M1 e M2 e

possivelmente em estruturas como MS e R2 (Prochazka et al, 2010)



2.3.1 Producgédo de camundongos knockout

A tecnologia denominada gene knockout ou gene targeting ¢ o resultado da
combinacao de duas técnicas: cultura de células-tronco embrionarias (ES) e introducao de
mutacoes nas cé€lulas, através de recombinacdo homodloga. O processo de recombinagao
homologa foi demonstrado pela primeira vez em bactérias (LEDERBERG, 1955). Alguns
pesquisadores (Smithies er al, 1985, Thomas & Capecchi, 1986) passaram a utilizar a
recombinacao homodloga, com auxilio de vetores (Evans & Kaufman, 1981), para introduzir
sequencias exogenas de DNA em células-tronco de camundongos (Evans & Kaufman,

1981, Robertson et al, 1986).

Sequéncias de DNA podem sofrer alteragdes, permitindo alguns rearranjos
provocados por recombinacao homologa. Este processo € extremamente importante para a
evolucdo das espécies, favorece a troca de material genético entre cromossomos
recentemente duplicados durante a meiose e ainda assegura que cada gameta possua
informagdo genética materna e paterna. A recombinagdo de DNA envolve a troca de
material genético, tanto entre multiplos cromossomos, como entre diferentes regides do
mesmo cromossomo. Durante esse processo, duas moléculas de DNA dupla-fita, que
possuem regides com sequéncias muito semelhantes (homologas), alinham-se através da
complementaridade das bases nitrogenadas. As moléculas de DNA podem, entdo, realizar o
crossover: as duas fitas de cada hélice sdo clivadas, e as extremidades sdo religadas as
extremidades da molécula de DNA oposta, restaurando duas duplas hélices intactas, cada
uma formada por partes de duas moléculas de DNA diferentes (Alberts et al, 2006, Clancy,
2008)

A recombinacdo homoéloga entre sequéncias de DNA nativas e clonadas permite
a transferéncia de qualquer modificagdo no gene clonado para o genoma da célula
hospedeira. Um vetor contendo a mutacdo desejada ¢ introduzido em células-tronco
embriondrias por eletroporagdo ou microinjecdo. Na maioria das células o vetor ¢
incorporado aleatoriamente ao genoma das ES, contudo em algumas células o vetor

transfere a mutacdo para o genoma por recombinacdo homologa. A confirmacdo da



incorporacdo da mutacdo ao genoma da célula pode ser realizada por PCR. As células sdo
entdo injetadas na cavidade do blastocisto (blastocele) de um embrido pré-implantado e o
blastocisto ¢ transferido cirurgicamente para o utero de outro camundongo (Capecchi,

1989).

Em experimentos convencionais, o vetor contém a sequéncia de DNA
homologa ao gene alvo, um gene para selecdo por antibidticos (como neomicina - neo) e
um gene timidina quinase do virus herpes simples (HSV-tk), adjacente a regido de
homologia. O vetor ¢ desenhado de tal forma que a recombinacao homoéloga nao resulte na
transferéncia do gene HSV-tk, o qual ¢ perdido durante o crossover. Somente as células
onde a recombinacdo ¢ aleatoria mantém esse marcador. Usando G418 para selecionar
células com o gene neo e aciclovir contra células com o gene HSV-tk, ¢ possivel selecionar

células com eventos positivos de recombinacao homodloga (Capecchi, 1989).

Para algumas mutagdes, hd uma enorme letalidade ap6s o nascimento. Faz-se
necessaria uma técnica que possa ser ativada em outros periodos de desenvolvimento. A
técnica utilizada nesses casos ¢ o sistema Cre/loxP para geracdo de knockouts
condicionados. A proteina recombinase Cre (Causes recombination) do bacteriofago P1 ¢
uma recombinase com 38 kDa, capaz de catalisar sem o auxilio de proteinas adicionais ou
cofatores, a recombinacdo entre dois sitios loxP (locus of crossover of PI), cada um destes
possui 34pb, consistindo de duas sequéncias palindromicas com 13pb, separadas por um
separador direcional de 8pb (Liu et al, 2000, Missirlis et al, 2006, Sauer & Henderson,
1988) (Figura 1).



loxP site Left inverted repeat Spacer Right inverted repeat sequence
sequence 5°-3)

Wild-type | ATAACTTCGTATA | ATGTATGC TATACGAAGTTAT

Figura 1. Sequéncia dos sitios loxP e separador direcional. Fonte: Adaptado de Missirlis ef al,
2006.

Sitios Cre-loxP favorecem trocas intra ou intermoleculares. Dependendo da
localizag@o e da orientacdo desses sitios, eles podem inverter, inserir, remover ou trocar os
fragmentos de DNA em eucariotos e procariotos. A orientagdo do inserto do DNA pos-
recombinacao ¢ dependente da orientacdo dos sitios antes da reagdo. Sitios que estdo na
mesma orientacdo do DNA e entre as sequencias loxP serao removidos. Se a orientagdo for
contraria, o DNA sera invertido (Missirlis et al, 2006, Sauer & Henderson, 1989, Sauer &
Henderson, 1988).

O sistema pode ainda utilizar linhagens Cre indutiveis: através da fusdo do Cre
com o dominio de ligacdo do receptor de estrogénio mutato (Feil ef al, 1996), ativagao do
Cre por tamoxifen (Weber et al, 2003) e ativacao da transcricdo condicionada a tetraciclina
(Belteki et al, 2005). Durante o cruzamento de linhagens Cre com Rosa26R, a expressdo do
lacZ ¢ ativada pela remocao de um codon de parada (stop codon) e do gene neomicina

(Soriano, 1999).

Ha varios modelos animais para o estudo de agenesias, em particular, animais
homozigotos para mutagdes nos genes Msx/ e Barxl apresentam alteracdes no

desenvolvimento dos germes dos molares.

10




3 PROPOSIGAO

Investigar a interagdo genética entre Msx/ e Barxl na formagdo do primeiro
molar inferior na fase sino (E16.5) e qual a influéncia da auséncia do gene Msx/ na
dimensdo das estruturas vestigiais MS, R2 e do primeiro molar inferior nas fases botdo
(E13.5) e sino. Propds-se também avaliar se os genes Barx2, Barhll e Barhl2 estariam

expressos em botdes de molares inferiores.
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4 MATERIAL E METODOS

4.1 ANIMAIS

Camundongos knockout Barxl e MsxI provenientes de cruzamentos seletivos e
segregantes F, foram gerados e mantidos no Biological Services Unit da King’s College
London, de acordo com regulamentagdes estabelecidas pela UK Home Office, sob o nimero

de referéncia 70/6870.

411 Msx1

O camundongo mutante Msx/ (Houzelstein et al, 1997a) foi produzido por
recombinacdo homoéloga. O plasmideo nlacZ foi introduzido no sitio Bg/ll, do segundo
exon do gene Msx/ de camundongo, de tal forma que interrompesse a terceira hélice do
homeodominio deste gene. O gene da neomicina (neo), sob o controle do promotor timidina
quinase, foi introduzido logo apds o gene nlacZ para que fosse obtida uma sele¢do positiva

das células-tronco embriondrias (Figura 2).

E E E B BgE
[t} TS — O s e o N W S L] Msx1 locus
BBgH HB HHH Bg  HH ¥b HH (endogenous)
Noo E EXbE Xb  XbXb
) el il . vector
DTA H HH Xmn/ nlecZ  neo HH
X0 E E E E E B E EXbE Xb XbXbBgBE B BgE
g T S— TP — S T w— Ll Msx1-nlacz locus
BBgH HB H HH niacZ  neo HH Xo HH (mutated)

Figura 2.Construcdo do lécus Msx1-nlacZ. Xbal (Xb), HindIll (H), BgllI(Bg), BamHI(B),
EcoRI (E), neomicina (neo) e Diphtheria toxin A gene (DTA). Fonte: Adaptado de Houzelstein
etal, 1997.



4.1.2 Barx1

A linhagem de camundongos knockout Barxl foi desenvolvida pelo
departamento Craniofacial Development & Orthodontics, na instituicio King’s College
London (Miletich et al, 2011). Foi utilizado o sistema CreloxP para possibilitar a remog¢ao
do exon 3. As células positivas para a recombina¢do homologa foram selecionadas por

neomicina (Figura 3).

WTallele
— | = } e
Ex1 Ex2 Ex3 Ex4
\ \ targeted allele
o lufﬂ _—"'P
PGK Neo
- floxed allele
Exl Ex2 Ex4 M : homeodomain

Figura 3. Geracdo de camundongo mutante Barxl através do sistema CreloxP. Fonte:
Adaptado de Miletich et al, 2011.

Os cruzamentos foram realizados entre animais knockout heterozigotos Barxl,
Msx1 e BarxIl;MsxI. Ao meio-dia do dia em que os tampdes vaginais foram detectados
tanto nos animais knockout, quanto em wild-type (WT) foi considerado dia embrionario (E)

0.5.
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4.2 OBTENCAO DOS EMBRIOES

Camundongos com prenhez de 13.5 e 16.5 dias foram sacrificados por
deslocamento cervical. As placentas contendo os embrides foram coletadas em tubos de
polipropileno (50mL), contendo PBS1X resfriado e colocados no gelo. Os embrides foram
removidos da placenta e decapitados. A cauda de todos os embrides foi coletada em
microtubos para reacdo de genotipagem, com o objetivo de confirmar a presenca de
mutacoes nos genes Barxl e MsxI assim como, a auséncia de alteragdes nesses mesmos
genes para o embrido WT. Durante esse trabalho, foram coletados 37 embrides E13.5 (7

ninhadas) e¢ 3 embrides E16.5 (uma ninhada).

43 GENOTIPAGEM

As caudas coletadas foi adicionado 200uL de DirectPCR® Lysis Reagent Tail
(Peqlab-31-101-T), contendo 0.9mg/mL Proteinase K (Sigma). A reagdao de lise foi

incubada a 55°C por 16 horas e apds esse periodo, inativada a 85°C por 45 minutos.

Para reagdo de PCR do gene Barxl (Tabela 1 e 2) foram utilizados, 1uL da
reacao de lise, com 0.5uM de primer senso, 0.25uM primer antisenso, 0.25uM primer Neo
(Tabela 1), 0.2mM de dNTPs (Promega), 5X GoTaq Flexi (Promega), 2.5mM de MgCl,
(Promega), 0.5uL DMSO (Sigma), 0.3125u Go Taq Polymerase (5u/uL - Promega). O
primer Neo foi utilizado para confirmar a presenca do gene neomicina, uma vez que sua
presenca indicaria sucesso no processo de geracdo do camundongo knockout para o gene

Barx1.
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Tabela 1. Seqiiéncia dos primers e tamanhos dos produtos de PCR para o gene Barxl.

Primer 1- Senso 5'-3' CGCAGTGTTCAAGTTCCCACT
Primer 1- Antisenso 5'-3' CTATTCTGGAAAGAGTAACGCACA
Primer Neo GAGACTAGTGAGACGTGCTACTTCC
Wild-type 358pb

Homozigoto 445pb

Heterozigoto 358pb e 445pb

A reagdo de PCR foi realizada no termociclador MJ Research PTC-200,

segundo condigdes descritas na Tabela 2.

Tabela 2. Condi¢oes de termocilcagem para reacdo de PCR para genotipagem do
camundongo knockout Barxl.

95°C 5 minutos

95°C 1 minuto N

62°C 1 minuto \ 9 vezes
72°C 1 minuto J

95°C I minuto |

60°C 45 segundos 29 vezes
72°C 45 segundos )

72°C 10 minutos

4°C 0
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Para a reacdo de PCR (Tabela 3 e 4) do gene Msx/ foram utilizados, 1uL da

reacao de lise, 0.5uM primer senso, 0.5uM antisenso, 0.5uM primer LacZ (Tabela 3) e 2X
KAPA HiFi Hot Start ReadyMix (Kapabiosystems).

Tabela 3. Seqiiéncia dos primers e tamanhos dos produtos para o gene Msx1.

Primer 1- Senso 5'-3' TTCTCCAGCTCGCTCAGCCTCACC
TGCAGGACCGCCAAGAGGAAAAGAGAG

Primer 2- Antisenso 5'-3' GCC

Primer LacZ GGCAAAGCGCCATTCGCCATTCAGGC

Wild-type 171pb

Homozigoto 244pb

Heterozigoto 171pb e 244pb

A reagdo de PCR foi realizada no termociclador MJ Research PTC-200 (Tabela
4).

Tabela 4. Condicoes de termocilcagem para reacio de PCR do gene Msx1.

94°C 3 minutos

80°C 5 minutos

94°C 1 minuto

60°C 1 minuto > 40 vezes
72°C I minuto  ~

72°C 10 minutos

4°C o0
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A eletroforese de todas as reacdes de PCR foi realizada em gel de agarose 2%

(Sigma), contendo 0.5ug/mL de brometo de etideo (Sigma).

4.4 PROCESSAMENTO HISTOTECNICO

ApoOs a decapitacdo dos embrides EI13.5 e EI16.5, as cabecas foram
imediatamente fixadas em solu¢@o de paraformaldeido 4% (Sigma), em PBS1X, durante 30
minutos. As cabecas dos embrides E16.5 foram posteriormente descalcificados em solugdo
de 4.13% EDTA (Sigma), em temperatura ambiente e sob agitacdo constante durante 2 dias
e lavadas em PBS1X. Apos esse procedimento foram fixadas por 45 minutos em solucao de
paraformaldeido 4% (Sigma). As cabegas dos embrides E13.5 e E16.5 foram desidratados
em banhos crescentes de alcool: 30% (1 hora), 50% (1 hora) e 70% (16 horas a -20°C). O
restante do processamento até a fase de inclusdo foi realizado de forma automatizada

utilizando-se o equipamento Leica ASP300 Tissue Processing (Tabela 5).

Tabela 5. Processamento histotécnico.

Solucio Tempo
Alcool 90% 1 hora
Alcool 100% 4X - 1 hora
Xilol (Solmedia) 2X -1 hora

Parafina (Solmedia) 3X - 1 hora
Xilol (Solmedia) 2X -1 hora

Parafina (Solmedia) 3X -1 hora
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As cabecas foram posicionadas frontalmente e emblocadas em parafina. Deste
material foram obtidos cortes histologicos seriados com 8um de espessura, em microtomo
da marca Leica (modelo RM2245) e com navalhas proprias para cortes histologicos (Leica
819). Os cortes foram dispostos sobre gotas de agua RNase fiee, sobre laminas de vidro
Super Frost Plus (75mm x 25mm — Thermo Scientific). Os cortes histologicos impares
foram montados em laminas “A” e os cortes pares em laminas “B” (Figura 4). As laminas
“A” foram coradas por Hematoxilina-Eosina e as laminas “B” utilizadas para experimentos

de expressao génica.

1 (3 5 7 9 11

Genotipo
Estagio embrionario 13 15 17 19 21 |23

Data da coleta
1A Sum

25 11 27| 29|| 31| 33 |35

2 4 6 8 10 | 12

Genotipo
Estagio embrionario 14 16 18 20| | 22 24

Data da coleta
1B Sum

26 || 28| 30 32 |34 |36

Figura 4. Esquema de montagem dos cortes histolégicos. Cortes impares foram montados nas
laminas A (painel superior) e cortes pares nas laminas B (painel inferior).
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4.5 COLORACAO POR HEMATOXILINA-EOSINA

As laminas histologicas da série “A” dos embrides genotipados foram coradas

por Hematoxilina-Eosina e montadas com DPX (Solmedia), segundo protocolo apresentado

na Tabela 6

Tabela 6. Coloracio por Hematoxilina-Eosina.

Solucio

Histoclear (Solmedia)

Alcool 100%

Alcool 90%

Alcool 70%

Alcool 50%

Agua destilada

Hematoxilina de Ehrlich (Solmedia)
Agua corrente

Agua destilada

Alcool acidificado ’
(’l% HCl em 95% Alcool)
Agua corrente

Agua destilada

0.5% Eosina
(Thermo Scientific)
Agua destilada

Agua destilada
Alcool 70%

Alcool 90%

Tempo

2X - 10 minutos
2 minutos

2 minutos

2 minutos

2 minutos

2 minutos
10 minutos
10 minutos
10 segundos
15 segundos
10 minutos
10 segundos
5 minutos
10 segundos
10 segundos
2 minutos

2 minutos
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Alcool 100% 3X - 2 minutos

Secar a temperatura ambiente 20 minutos

4.6 PESAGEM DE EMBRIOES

O processo de pesagem foi realizado antes da decapitacdo e coleta da cauda
para genotipagem, apenas para os embrides dos camundongos knockout MsxI (E13.5 e
E16.5), utilizados para o estudo alométrico. Os embrides foram posicionados em Parafilm®
M (American National Can Company), secados com auxilio de seringa triplice e pesados

em balanca de precisao Mettler Toledo (PB153-S), sobre uma placa petri (Figura 5).

Figura 5. Embriao de camundongo (E13.5) posicionado sobre o Parafilm® e placa Petri, apés
secagem.
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4.7 AVALIACAO ALOMETRICA DE MS, R2 E M1.

Alometria, termo criado por Huxley e Teissier em 1936, designa as alteracdes
de dimensoes relativas das partes do corpo que estdo correlacionadas com transformagoes

das dimensdes globais(Gayon, 2000).

Para o estudo alométrico foram utilizados cortes histologicos das laminas “A”
dos embrides E13.5 ¢ E16.5 (Tabela 7) coradas com Hematoxilina-Eosina. Os cortes
histologicos foram fotografados no microscopio Zeiss Axioskop II Plus, objetiva de 20x e
as imagens capturadas com software Axiovision versdao 4.1 (Zeiss). A escala do software
Imagel foi calibrada utilizando-se a imagem de uma lamina micrométrica de 1mm (Figura

6), fotografada sob as mesmas condi¢des do restante das imagens.

Tabela 7. Embrides utilizados para o estudo alométrico.

Dia embrionario  Genotipo Numero de cabecas (n)
(E)
Wild-type 13
13.5 Heterozigoto 14
Homozigoto 9
Wild-type 1
16.5 Heterozigoto 1
Homozigoto 1
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Figura 6. LAmina micrométrica, Imm. Objetiva de 10X.

De acordo com a calibragem realizada no ImageJ, 500um equivalem a 960

pixels (1.92pixels/um) (Figura 7).

4 Imagel [lelc] =]
File Edit Image Process Analyze Plugins Window Help

oloje|of 4| +|NAl]o|C|@ms| o[ 2]a] 2] |»]

Set Scale......
("4 500 um times 20jpg (50%) ——— - o|B] %
1300x1030 pixels; RGB; 5.1MB
Distance in pixels:
Known distance: 500
0 1 O 2 0 3 0 14 0 5 0 6 O Pixel aspectratio: 1.0 _
Unitoflength: um

Click to Remove Scale
¥ Global}
Scale: 1.920 pixelsfum

Figura 7. Calibragem da escala no ImageJ utilizando-se lAimina micrométrica (Objetiva de
20x). De acordo com o software, S00um (linha verde) equivalem a 960 pixels.
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Apds a mensuragdo da regido do espessamento epitelial (regido de MS para
E13.5 ou apenas inicio de M1 para E16.5) de varios cortes histologicos dos embrides,
chegou-se a conclusdo de que correspondia a valores maiores ou iguais a 45um no sentido
oral-aboral (O-A) (linha verde - Figura 8 ). Este valor foi utilizado para identificar o
primeiro corte histoldgico a ser contabilizado para o célculo de P-D. Da mesma forma,
foram mensurados varios cortes histologicos até o desaparecimento por completo do
espessamento epitelial para a definicdo do ultimo corte contado correspondente a M1
(E13.5 e E16.5). Padronizou-se como medida O-A para o tltimo corte histologico contado,
valor maior ou igual a 40pum. Os cortes histologicos iniciais e finais que seguiram essa
regra foram utilizados para definir a medida proximal-distal (P-D) dos embrides E13.5, dos
quais foram contados o numero de cortes histologicos onde foram identificadas as
estruturas MS, R2 e M1. A esse numero multiplicou-se a espessura dos cortes (8um) e a
quantidade total de laminas (n=2). Para o calculo P-D dos embrides E16.5 foram utilizados

somente cortes histologicos de M1.

A escolha dos maiores germes dentérios (E13.5 e E16.5) foi feita através da
mensuragao das imagens de R2 (E13.5) e M1 (E16.5), no sentido vestibulo-lingual (V-L)
(linha amarela - Figura 8). Os germes dentarios que apresentaram maior medida vestibulo-
lingual foram ainda medidos no sentido oral-aboral (O-A). Os resultados foram

categorizados de acordo com o peso dos embrides.
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SR XA

Figura 8. Mensuracées do maior botdo dentirio. Linha verde - sentido oral-aboral. Linha
amarela — sentido vestibulo-lingual. L. — lingua. Coloracio Hematoxilina-Eosina. Objetiva de
20x.

48 IMUNOFLUORESCENCIA PARA AVALIAR A EXPRESSAO DE
PHOSPHO-SMAD 1-5-8

Laminas histoldgicas dos embrides Msx/ E13.5, série “B”, contendo germes
dentarios foram selecionadas para reagdes de imunohistoquimica. Os cortes foram
diafanizados em dois banhos de Histoclear (Solmedia), com duragdo de 15 minutos cada. A
seguir foram reidratados, em cadeia decrescente de concentracdo de alcool: 100% (5
minutos), 95% (2 minutos), 90%, 80%, 60% (5 minutos cada) e por fim e 30% (5 minutos).
Para bloquear a presenca de peroxidase endogena foi utilizada solugdo de 3% Perdxido de

Hidrogénio (BDH) e 10% Metanol (BDH). Os cortes foram lavados por 5 minutos em 0.2%
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TritonX-100 (BDH). Apds a lavagem, as laminas receberam tratamento para recuperagao
antigénica. Para tal finalidade, foram imersas em solugdo de 10mM Tris Base (Sigma) - pH
9.0, ImM EDTA (Sigma), 0.05% Tween®-20. (Sigma). O recipiente foi colocado no forno
microondas em poténcia maxima durante 5 minutos, por cinco vezes e deixado por um
periodo de 20 minutos a temperatura ambiente, para o resfriamento da solu¢do. Locais ndo
especificos de ligagdo foram bloqueados com a utilizacdo de 10% BSA (Sigma) e 10%

Soro Fetal Bovino (Life Technologies).

Os cortes foram incubados em anticorpo primario policlonal phospho-Smad 1-
5-8 (1:100 — Cell Signalling), em camara umidificada durante 16 horas, seguido de
lavagens em 0.2% TritonX-100 (BDH) e incubagdo em anticorpo secundario biotinilado

anti-rabbit (1:100 — Vector Laboratories) durante uma hora, a temperatura ambiente.

Sequencialmente foram realizadas novas lavagens em 0.2% TritonX-100
(BDH). Utilizou-se TSA™ Fluorescence Systems (Perkin Elmer), conjugado a HRP

(Peroxidase do rabano silvestre), que permitiu amplificar o sinal da fluorescéncia.

As laminas foram montadas com Vectashield Mounting Medium with DAPI
(Vector Laboratories) e as imagens obtidas em microscopio Zeiss Axioskop II Plus, com
objetiva de 20X, com auxilio do software Axio Vision 4.1, mantendo-se o mesmo tempo de

exposi¢do para as imagens. A andlise da fluorescéncia foi realizada com o programa Image

J.
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Assim sendo, para o calculo da intensidade de fluorescéncia, as imagens foram
separadas em padrdo RGB (R-vermelho, G-verde e B-azul), com auxilio do software
Imagel. Utilizou-se a imagem do canal verde, convertida em escala de tons de cinza de 8

bits, a qual foi delineada e mensurada (Figura 9).

Figura 9. Botao dentario MsxI heterozigoto E13.5. Imagem do canal verde RGB, convertida
em escala de cinza 8 bits. A drea delimitada foi mensurada. Imagem obtida da tela do canal
verde (cinza 8 bits) do software ImageJ.
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Da mesma forma, também foram mensuradas regides com a cor preta,
correspondentes ao background das imagens. A intensidade total de fluorescéncia foi obtida
segunda a equacao:

Intensidade Total de Fluorescéncia = Intensidade de fluorescéncia — (Area x

Média do Background)

Para o calculo da Intensidade Total Corrigida de Fluorescéncia, ao valor obtido
para wild-type e heterozigoto foi subtraido o valor igualmente corrigido da fluorescéncia de

homozigoto.

4.9 HIBRIDIZACAO IN SITU NAO RADIOATIVA PARA AVALIAR A
EXPRESSAO DE BMP4, BARX2, BARHL1, BARHL2 E SHH.

Selecionou-se laminas da série “B” de embrides E13.5, para avaliar a expressao
de genes da familia Bar e Shh, e E16.5, para avaliar a expressdo de Bmp4 , as quais foram

reidratadas (Tabela 8), refixadas em 4%PFA (Sigma) e lavadas por 5 minutos em PBS1X.

Tabela 8. Reidratacao dos cortes histologicos.

Solucio Tempo

Xilol (Solmedia) 3X - 3 minutos
Alcool 100% 2X - 2 minutos
Alcool 95% 2X - 2 minutos
Alcool 70% 2X - 2 minutos
Agua RNase Free 2X - 10 segundos
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A recuperagdo antigénica foi realizada com 4ug/mL Proteinase K (Sigma)
durante 8 minutos a temperatura ambiente. Apds esse periodo foram lavadas em PBS1X,
durante 5 minutos e fixadas novamente em 4% PFA por 5 minutos. Ap6s a lavagem, as
laminas foram incubadas em solu¢do de acetilagdao (1.25% Trietanolamina - Sigma, 0.26%
HCI - Sigma e 0.25% Acido Acético Anidro - BDH), por 10 minutos a temperatura

ambiente.

As laminas foram pré-hibridizadas em solugdo (Tabela 9) a 65°C, durante 1
hora. Seguiu-se hibridizacdo com sonda de RNA, desnaturada a 80°C, por 10 minutos, em

Solu¢do de Hibridizagdo (1pug RNA:150uL), na mesma temperatura, por 16 horas.

Tabela 9. Solucao de Hibridizacao

Reagente Quantidade
Formamida (Merck) 50%

50% Dextran Sulfato (Millipore) 10%

50X Denhardts (Sigma) 2%

RNAt de levedura (Life Technologies) 250pg/mL
5M NaCl (BDH) 0.3M

IM TrisHCI (pH 8) 20mM
0.5M EDTA (Sigma) SmM

20% Sarcosil (Sigma) SmM

IM NaPOy4 (Sigma) 10mM
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A Tabela 10 sumariza as lavagens realizadas no segundo dia da reagdo de

hibridizagao.

Tabela 10. Segundo dia da reacio de Hibridizacao in situ.

Solucio Tempo

5x SSC” 10 minutos

Solugdo I (0.5M NaCl, 10mM TrisHCL, pH 7.5 3 X 10
e SmM EDTA) minutos

0.02mg/mL RNaseA (Thermo Scientific ) em 30 minutos
Solucao I

Solugao I 15 minutos

Solugao II (50% Formamida e 50% 5xSSC) 2X20

minutos
2xSSC 30 minutos
0.1xSSC 15 minutos
PBT (PBS1X, 0.1%Tween-20) 15 minutos

Temperatura

Ambiente

37°C

Ambiente

37°C

65°C

37°C

37°C

Ambiente

*20xSSC, pH 7 - (3M NaCl e 0.3M Citrato de Sodio)

Os sitios de ligacdo inespecifica foram bloqueados em solucdo contendo 10%

Soro de Cabra (Life Technologies) em PBT, durante 1 hora em cadmara umidificada. A
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seguir foram incubadas em Anti-DIG (1:5000 - Roche) em solugdo de 1% soro de cabra em

PBT, a 4°C durante 16 horas.

As laminas foram lavadas a temperatura ambiente em PBT ¢ NTMT (10mM

NacCl, 100mM TrisHCI - pH 9.5, 50mM MgCl,, 0.1%Tween-20).

Para o desenvolvimento da coloragio, 10% Alcool polivinilico (Sigma) e
10mM NaCl foram aquecidos no forno microondas até completa dissolugdo. Apos
resfriamento dessa solugdo foi adicionado 100mM Tris HCl, pH 9.5, 5SmM MgCl,,
2.6uL/mL NBT (Roche) e 2uL/mL BCiP (Roche). As laminas foram incubadas a 37°C até
o desenvolvimento da cor. Subsequentemente, foram lavadas em PBS1X, fixadas em
4%PFA durante 1 minuto, lavadas novamente em PBS1X e montadas em Aquatex®

(Merck).

491 Sondas de RNA.

Em camundongos MsxI”" ndo ha expressio de Bmp4 e por consequéncia nio ha
ativagdo e manutencdo dos niveis de expressdo do gene Shh, resultando na falha da
transi¢do de botdo para capuz do germe dentario e da formagao dos nos do esmalte. A
sonda de RNA para Bmp4 foi utilizada para avaliar como a expressdo desse gene foi
afetada em embrides Barx/;Msx1. Para eliminar a hipdtese de que algum gene da familia
Bar (Barx2, Barhll e Barhl2) pudesse interagir com Msx/, verificou-se se haveria
expressao desses genes na regido dos botdes dos molares inferiores no estagio E13.5 em
embrides wild-type. O estagio botao foi escolhido, uma vez que Msx/ ¢ um gene
fundamental para a transi¢ao botdo-capuz e sua auséncia faz com que os germes dentarios
permanecam definitivamente no estdgio botdo. Portanto, se existisse algum tipo de
interacao entre Msx/ e algum membro da familia Bar sua primeira evidéncia seria em

E13.5
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A expressdo do gene Shh foi avaliada em laminas “B” dos embrides Msx/
knockout E13.5 utilizados para alometria, com o objetivo de correlacionar dados de

expressao génica aos achados alométricos.

Assim sendo, para a preparagao das sondas antisenso de RNA foram utilizados

cDNAs clonados em vetores variados (Tabela 11).

Tabela 11. Sondas de RNA

Inserto Vetor Tamanho do Referéncia Enzimas RNA
inserto de Polimerase
(Ref. Seq.) restricio
Bmp4 pSP72 1Kb (Jones et al, EcoRI SP6
(NM_007554.2) 1991)
Barhl1 pYX- 2123pb Image Clone Sall T3
Asc (BC055731)
Barhl2 pYX- 2047pb Image Clone Sall T3
Asc (BC078444)
Barx2 pBS- 1274pb Depew Xhol T3
SK+ (L77900.1)
Shh pBS- 2.6Kb (Echelard et EcoRI T7
SK+ (NM009170.3) al, 1993,
Wallace &
Raff, 1999)

O plasmideo contendo o inserto de DNA de interesse foi linearizado com
enzimas de restricdo. A reagdo foi purificada com o kit Qiaquick gel extraction (Qiagen) e
ressuspendida em 30uL de Buffer EB (Qiagen). A sonda de RNA antisenso foi obtida por
transcri¢do in vitro de 1pug DNA linearizado, em reagdo com 2.5% RNA polimerase

(Promega), 1u/uL RNAsin (Promega), 10mM DTT (Promega), 5X Transcription buffer
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(Promega) e 5% de nucleotideos ATP, CTP, GTP e UTP, marcada com digoxigenina (DIG
RNA Labeling Mix 10X - Roche), para um volume final de 40uL. A reagdo foi incubada a
37°C por 1 hora. A integridade da sonda de RNA foi observada por meio eletroforese em

gel de agarose 0.8%, contendo 0.5pug/mL de brometo de etideo (Sigma).

A sonda de RNA foi tratada com 2ul. de RQ1 DNase I (Promega) durante 15
minutos a 37°C. A reagdo final purificada com SigmaSpin™ Post-Reaction Clean-Up

Columns (Sigma). O RNA foi quantificado no fotdmetro Eppendorf BioPhotometer.

4.10 ANALISE ESTATISTICA

Para verificar se houve diferenca entre os as medidas P-D, V-L e O-A, entre os
embrides Msx! knockout E13.5, foi realizado o teste de Kruskal-Wallis. O teste de Dunn foi
utilizado para comparag¢des multiplas entre os grupos (2 a 2). As analises estatisticas foram
realizadas utilizando o software GraphPad Prism, versdo 5.01 (San Diego California USA).
Os asteriscos apresentados nos graficos obedecem ao padrdo apresentado pelo software

(Tabela 12).

Tabela 12. Significado dos asteriscos apresentados pelo software GraphPad Prim™

p Significado Simbolo
<0.001 Extremamente significante ook
0.001 to 0.01 Muito significante *x
0.01 to 0.05 Significante *
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5 RESULTADOS
5.1 GENOTIPAGEM

A genotipagem foi realizada para identificar os camundongos wild-type,

heterozigotos e homozigotos para os genes Barxl e Msx1 (E13.5 e E16.5).

A Figura 10 indica que a presenca da mutagdo foi confirmada no camundongo
knockout MsxI”™ pela presenca da banda de 244pb, a qual é 73pb maior que a banda do
animal wild-type, devido a incorporagdo do fragmento /acZ, que indica que o gene Msx! foi

mutado com sucesso.

A presenca da mutacdo no gene Barx! foi confirmada pela presenga da banda
445bp (Figura 11), indicando que o fragmento neo foi incorporado ao genoma do

camundongo.

M +/+ +/+ /- -[- +[- +[+

244pb
171pb

Figura 10. Produtos de PCR do gene MsxI. O animal wild-type apresenta uma banda de 171pb
e Homozigoto uma banda de 244pb. M — marcador 100pb (Promega). Wild-type (+/+),
Heterozigoto (+/-) e Homozigoto (-/-). Gel de agarose 2%, 0.5mg/mL brometo de etideo.
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<— 445pb
<4+— 358pb

Figura 11. Produtos de PCR do gene BarxI. O animal wild-type apresenta uma banda de
358pb e Homozigoto uma banda de 445pb. M — marcador 100pb (Promega). Wild-type (+/+),
Heterozigoto (+/-) e Homozigoto (-/-). Gel de agarose 2%, 0.5Smg/mL brometo de etideo

36



5.2 ALOMETRIA

A . 7 . . . 1
Segundo referéncias pré-estabelecidas numericamente e visualmente = para o
inicio e fim do placddio vestibular, foram estabelecidos os pontos de referéncia para a

medida proximal-distal (P-D): botdo lingual de MS e botao lingual de R2.

Histologicamente, o inicio de MS (E13.5) ¢ caracterizado pelo surgimento de
um botdo lingual (Figura 12-L). R2 inicia-se com o surgimento de um segundo botdo
lingual (Figura 13-A) e sua caracteristica mais marcante ¢ o surgimento de uma
condensacdo epitelial na por¢do mais aboral do botdo, visivel em cortes corados por
Hematoxilina-Eosina (Figura 13-D), na posi¢do dos futuros centros sinalizadores, os quais
também podem ser evidenciados por hibridiza¢do in situ para avaliar a expressao do gene

Shh. Em cortes histoldgicos de embrides E16.5 ndo ha a presenga de MS e R2.

A Figura 12 e Figura 13 apresentam a evolucdo do botdo dentario no sentido
proximal-distal, através de cortes histologicos frontais, corados por Hematoxilina e Eosina

(objetiva 20X) de camundongo Msx! wild-type E13.5.

! Comunicagdo pessoal com Prof. Dra. Renata Peterkova. Institute of Experimental Medicine, Academy of
Sciences of the Czech Republic, 142 20 Prague, Czech Republic.
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l:,ingual de MS{

T
Botdo
Inicio de MS

e o e m———— a—

Figura 12. Cortes histolégicos do botiao dentirio do embrido knockout MsxI wild-type E13.5.
A-J — cortes histolégicos anteriores ao inicio da contagem. K — inicio da contagem para
comprimento P-D (O-A 46.53um). L-circulo azul indicando botdo lingual em MS. M-O-
circulo vermelho indicando botdo vestibular em MS. Coloracio Hematoxilina-Eosina.
Objetiva 20X.
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iy SER
Segundo botdo Lin
Inicio de R2

Figura 13. Continuacio da série completa de cortes histologicos do botao dentario de animal
E13.5. A—circulo azul indica segundo botio lingual e inicio de R2. D-botao verde indica né do
esmalte. L — fim da contagem para comprimento P-D (O-A 62.03um). Coloracido por
Hematoxilina-Eosina. Objetiva 20X.
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5.2.1 Proximal — Distal (P-D)

A distancia P-D foi significativamente menor no embrido knockout Msxl
homozigoto E13.5, quando comparada ao wild-type e heterozigoto, em embrides com peso
semelhante (Tabela 13 e Figura 14A). Houve diferenca estatisticamente significante entre
embrides wild-type e homozigoto e heterozigoto ¢ homozigoto para P-D (Figura 14B),

indicando que a auséncia do gene Msx/ altera o desenvolvimento craniofacial no sentido

proximal-distal.

Tabela 13. Valores Proximais-Distais para camundongos knockout Msx1 E13.5

Genotipo Distancia P-D
e Peso
Wild-type 480um-183mg
Heterozigoto 432um-182mg
Homozigoto 208um-183mg

Média P-D Desvio-Padrao

347.70pum 67.72um

315.70um  62.98um

192um 38.37um
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Figura 14. A. Peso x Dimensio P-D do botio dentirio de camundongos knockout Msx1 E13.5.
B. Grifico de Média e Desvio Padrao P-D de MsxI E13.5, wild-type, heterozigoto e
homozigoto. Houve diferenca estatisticamente significante para Wild-type — Homozigoto (***)
e Heterozigoto — Homozigoto (**). p<0.0001.
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5.2.2 Oral-Aboral (O-A)

Resultados da medida O-A demonstraram que ndo hé varia¢do entre embrides
wild-type e heterozigotos. O botdo dentario do embrido knockout Msx1 homozigoto E13.5,
apresentou menor medida O-A, tanto na média quanto comparado a embrides wild-type e
heterozigotos peso semelhante (Tabela 14). Houve diferenca estatisticamente significante
entre medidas O-A dos embrides homozigotos em comparagao ao wild-type e heterozigoto,
indicando que a mutagdo no gene Msx/ afeta o crescimento do botdo dentario no sentido

oral-aboral (Figura 15).

Tabela 14. Valores Oral-Aboral para camundongos knockout Msx1 E13.5

Genotipo Medida O-A Média P-D  Desvio-Padrao
e Peso

Wild-type 169.79um-183mg 183.3um 68.15um

Heterozigoto 169.28um-182mg 176.3um 52.93um

Homozigoto 123.81um-183mg 127.9um 28.65um
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Figura 15. A. Peso x Medida O-A do botio dentirio de camundongos knockout Msx1 E13.5. B.
Grafico de Média e Desvio Padrao O-A de Msx1 E13.5, wild-type, heterozigoto e homozigoto.
Houve diferenca estatisticamente significante para Wild-type — Homozigoto (**) e
Heterozigoto — Homozigoto (*). p<0.005
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5.2.3 Vestibulo-Lingual (V-L)

Resultados da medida V-L do botdo dentério de embrides knockout Msx1 E13.5
demonstraram que houve uma pequena variagdo entre embrides homozigotos e
heterozigotos, entre embrides de peso semelhante (Tabela 15). Assim como para a distancia
P-D e a medida O-A, o botdo dentario do embrido knockout MsxI homozigoto E13.5

apresentou menor medida, tanto na média, quanto dos botdes dentarios, em comparagdo a

embrides wild-type de peso semelhante (Figura 16Tabela 16).

Tabela 15. Valores Vestibulo-Lingual para camundongos knockout Msx1 E13.5

Genotipo Medida V-L

e Peso
Wild-type 120.48pum-183mg
Heterozigoto 102.91pum-182mg
Homozigoto 92.45um-183mg

Média V- Desvio-Padrao

115.80um

113.50pm

82.65um

8.67um

12.67um

12.14pm
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Figura 16. A. Peso x Medida V-L do botiao dentario de camundongos knockout Msx1 E13.5. B.
Griafico de Média e Desvio Padrao P-D de Msx1 E13.5, wild-type, heterozigoto e homozigoto.
Houve diferenca estatisticamente significante para Wild-type — Homozigoto (**¥*) e
Heterozigoto — Homozigoto (**). p<0.0001.

45



5.2.4 Alometria dos embridoes E16.5

Em comparagdo com os valores alométricos obtidos para wild-type, o embrido
knockout Msx1 homozigoto E16.5 apresenta menores valores para O-A e V-L (Tabela 16).
Em E16.5 os germes dentarios wild-type encontram-se no estagio sino sendo, portanto,
esperado valores maiores para embrides wild-type e heterozigotos. Surpreendentemente, os
embrides homozigotos apresentaram um incremento na distancia P-D em comparag¢do com
as medidas de embrides E13.5 (Figura 17). A medida P-D do embrido homozigoto possui
51.16% do tamanho de wild-type, sendo que, nas outras medidas essa porcentagem ¢ de

25.13% (O-A) € 16.42% (V-L).

Tabela 16. Valores alométricos dos camundongos knockouts Msx1 E16.5

Genotipo Peso Proximal- Oral- Vestibulo-
Distal Aboral Lingual
Wild-type 862mg 688um 415.06um 468.95um
Heterozigoto 839mg 528 um 355.93um 410.16pm
Homozigoto 851mg 352um 104.30pm 76.98um
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Figura 17. Dados alométricos do germe dentirio de camundongos knockout Msx1 E16.5. A.
Peso x Distincia P-D. B. Peso x Medida O-A. C. Peso x Medida V-L. Wild-type (WT),
heterozigoto (Het) e homozigoto (Homo).
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5.3 IMUNOFLUORESCENCIA NA FASE BOTAO
5.3.1 Expressao de p-Smad

A presenga de Msx/ ¢ necessaria para expressao de BMP4 que interage com
Smads 1-5-8 fosforilando-as, propiciando a transicdo botdo-capuz. Em E13.5 a
imunorreatividade de phospho-Smadl-5-8 apresentou-se bastante reduzida em Msx/
heterozigoto, se comparado com wild-type (Figura 18 E e D, respectivamente). A expressao
que pode ser observada em Msx/ homozigoto (Figura 18 F), ndo caracteriza o padrao de
expressao para o mesénquima condensado de botdes dentarios. Se houvesse expressao de
Smads 1-5-8 o botdo dentdrio desenvolver-se-ia normalmente, portanto a expressiao

observada em Msx 1™~ foi considerada background.
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Phospo-Smad 1/5/8

)
WT - 129mg
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Figura 18. Imunofluorescéncia de cortes histologicos Msx! E13.5 para wild-type (A-D),
Heterozigoto (B-E) e Homozigoto (C-F). Painel esquerdo, cortes corados em Hematoxilina-
Eosina. Painel direito, Imunofluorecéncia com phospho Smad 1-5-8. Dapi — fluorescéncia azul.
Phospo-Smad 1-5-8 — fluorescéncia verde. Objetiva 20X.

Observa-se que a intensidade total de fluorescéncia do heterozigoto representa

menos de 50% da fluorescéncia obtida para wild-type (Figura 19).
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Figura 19. Grafico da fluorescéncia total corrigida para Msx1l E13.5 wild-type (WT) e
heterozigoto (HET).

5.3.2 Expressao de Shh

Outro gene importante para a transi¢do botdo-capuz, o Shh ¢ normalmente
expresso, sob estimulagdo direta de Bmp4 em camundongos wild-type (Figura 20 D) e tem
expressdo bastante reduzida em Msx/ heterozigoto (Figura 20 E) e nula em homozigotos

(Figura 20 F),
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Figura 20. Hibridizacao in situ para avaliar a expressao de Shh em cortes histologicos de Msx1
E13.5. Painel esquerdo, coloracio Hematoxilina-Eosina. Painel direito hibridizacio in situ.
Botdes dentarios delineados em vermelho. Objetiva 20X.

5.4 INTERACAO ENTRE BARXI E MSX1 NA FASE SINO

Camundongos knockout homozigotos Barxl e MsxI t€ém um atraso no

desenvolvimento ao estagio botdo. A diferenga entre esses dois genes ¢ que enquanto para o
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primeiro, essa restricdo de desenvolvimento ¢ temporaria (Miletich et al, 2011), para o

segundo ¢ uma condi¢ao permanente (Figura 21).

HET 839mg HOMO 851mg

FAN. Ry
SRmiiy, w
*'.'m.“«:i -

Figura 21. Germe dentario MsxI E16.5. Seta indica botiao dentario em camundongo knockout
homozigoto MsxI. Coloracio Hematoxilina-Eosina. Objetiva 20X.

A perda de um ftnico alelo em um dos genes, como observado em
BarxI™":MsxI"", BarxI'";MsxI"* ou um alelo em cada gene, Barx"";MsxI"" ndo afeta o
desenvolvimento do germe dentario (Figura 22 A, D e E), ou a expressdo de Bmp4 (Figura
22 F, I ¢ J). Contudo, se a perda de dois alelos acontecer em Barx! ou Msx] (BarxI™
;Msx]“ " e BarxI” ',Msxl'/'), o atraso temporal de desenvolvimento de Barx! torna-se

permanente (Figura 22 B e C) e ndo ha expressao de Bmp4 (Figura 22 G e H).

Por conseguinte, os dados de hibridizacdo in situ sugerem que Barxl e MsxI
interagem geneticamente e regulam a expressdo de Bmp4 durante o desenvolvimento de

molares.
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Figura 22. Cortes histologicos frontais dos molares inferiores E16.5 BarxI;Msx1, corados por Hematoxilina-Eosina (A-E) e
hibridizacao in situ para avaliar expressiao de Bmp4 (F-J). Nao ha expressdo de Bmp4 nos botoes G e H (delineados em vermelho).

Objetiva 20X.
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5.5 EXPRESSAO DE OUTROS GENES DA FAMILIA BAR NA FASE BOTAO

Os genes Barx2, Barhll e Barhl2, fazem parte da familia Bar homeogene e sua
expressdo foi avaliada em camundongos E13.5 wild-type. Observou-se que ndo ha

expressao desses genes em estruturas dentais, somente em outras estruturas, como o cérebro

N
AR <

(Figura 23).

Figura 23. Expressao de Barx2 (A-C), Barhll(D-E) e Barhi2 (G-I) em botdes de molares E13.5
wild-type e outras estruturas craniofaciais (C, F e I). Nao ha expressao desses genes em
molares superiores e inferiores (A, B, D, E, G e H). Botdoes de molares delineados em
vermelho. Setas apontam expressio no epitélio oral. Objetiva 20X.
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Experimentos de hibridizagdo in situ para avaliar a expressdo de Barx2 revelaram auséncia de expressao para R2 e
MI1. Observou-se expressao deste gene na regido de MS (Figura 24), assim como ha expressdo nos botdes dos incisivos

inferiores, em camundongos E13.5 wild-type (Figura 25).
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Figura 24. Hibridizacao in situ para avaliar a expressiao de Barx2 em molares inferiores de camundongos E13.5 wild-fype. Imagens
no sentido proximal-distal. As setas indicam expressao em MS. Botoes dentarios delineados em vermelho.
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Figura 25. Hibridizagdo in situ para avaliar a expressido de Barx2 em botoes de incisivos inferiores em camundongos E13.5 wild —
type. L — lingua. Botdes dentarios delineados em vermelho. Objetiva 20X.
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6 DISCUSSAO

A partir de E11.5 registra-se o primeiro sinal de desenvolvimento do molar, o
espessamento do epitélio oral que passa a expressar genes como Bmp4, que induz a
expressao de genes do mesénquima dentario como Msx/. Entre o estagio 12.5 ¢ 13.5 a
expressao de Bmp4 migra do epitélio dental para o mesénquima. Essa alteragdo esta
associada a mudanga do potencial de desenvolvimento do dente, do epitélio para o
mesénquima. A partir de E14.5, no estdgio capuz, o componente epitelial passa por
dobramentos especificos, os quais sdo acompanhados pela formacao do né do esmalte, uma
estrutura transitdria envolvida na formagdo das cuspides. Esta estrutura expressa moléculas
sinalizadoras como o préprio Bmp e Shh. O primeiro sinal da organizacdo do esmalte ja
pode ser detectada em E13.5 (Hogan, 1996, Tucker et al, 1998a, Zhang et al, 2000, Zhao et
al, 2000a).

A interacdo espacial receptor BMP4-ligante induz a multimerizagdo,
autofosforilacdo e ativacdo desses receptores. Como consequéncia ha fosforilagdo de Smad
1, 5 e 8. As Smads fosforiladas dimerizarao com a Smad4 que possui papel de coativador e

translocam para o ntcleo (Whitman, 1998).

Inicialmente acreditava-se que havia necessidade de interagdo fisica entre os
genes Pax9 e Msxl, aumentando a habilidade de Pax9 transativar Msx! e Bmp4, evento
essencial para transi¢cao botdo-capuz (Ogawa et al, 2006). Contudo, agenesias causadas por
mutacoes em Pax9 demonstraram que mutacdes nao afetam o sinergismo com Msx/,
entendendo-se que outro mecanismo alternativo ou adicional fosse necessario para ativar

Bmp4 (Wang et al, 2011).

Barx1 pode ser responsavel por esse mecanismo adicional. Barx/ também ¢ um
gene expresso somente em dentes multicuspideos. Esse trabalho demonstrou que a presenca
de um unico alelo de Barx/ e um tUnico alelo de Msx/ sdo necessarios para regular a
atividade normal de BMP, assegurando a formacdo de molares. Contudo, na auséncia
completa de BarxI, um tnico alelo de Msx/ ndo ¢ suficiente para promover a evolugdo do

botdo dentario a capuz.
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Outros estudos ja demonstraram que proteinas BARX1 e PAX9 interagem com
MSX1 para regular a atividade de BMP (Ogawa et al, 2006, Ogawa et al, 2005). Enquanto
tanto Msx/, quanto Pax9 sdo essenciais para o desenvolvimento de molares e incisivos, €
para a transi¢do botdo-capuz, a interacdo Barx/-Msxl faz uma regulacdo fina da atividade

de BMP, durante o desenvolvimento do molar.

Molares podem ainda ser formados na auséncia total de Barx!/ (Barxl'/';) e
parcial de MsxI (Msx1 ¥ ™), como observado em camundongos E13.5 e E16.5 (Miletich et al,
2011). Assim ha um efeito dominante de Msx/ sobre a regulacao de Bmp4 que mascara o

papel mais sutil de Barx1.

Para garantir que nenhum outro gene da familia Bar homeogene estivesse
interagindo com Msx1, foi realizada uma hibridizacdo in situ para Barx2, Barhll e Barhl2,
em camundongos wild-type E13.5. Nao houve uma expressao de nenhum desses genes nos
botdes R2 e M1, contudo ha uma proeminente expressdo de Barx2 na regido de incisivos,
indicando que Barx2 poderia efetuar uma interacdo semelhante a BarxI-MsxI, para
possibilitar o desenvolvimento de incisivos. Contudo, podem ser necessarios estudos de

imunocoprecipitacdo para avaliar a natureza dessa interagao.

Dessa perspectiva, a expressdo de Msx/ ¢ iniciada por BMPs derivadas do
epitélio dental e subsequentemente mantida por Bmp4 mesénquimalmente expressa. Em
camundongos Msx1”" o confinamento do desenvolvimento do dente ao estagio botdo esta
associado a uma inibi¢cdo especialmente de Bmp4. Esse gene € necessario para manutengao
de Shh. Assim sendo, a auséncia de expressao de Shh e SMAD fosforilada, indicam

auséncia de interacdo de Bmp4 com Msx1.

A formula dental dos camundongos [1M3 em cada quadrante ¢ extremamente
reduzida se comparada aos humanos: [12C1P2M3. Entre incisivos e molares existe uma
regido denominada diastema que se caracteriza pela presenga de dois rudimentos ou
vestigios de botdes dentarios na mandibula, MS e R2 situados mesialmente a M1. MS em
E12.5 ¢ a parte mais proeminente do epitélio dental invaginado e desaparece por apoptose,

sendo incorporado a cumes epiteliais, enquanto R2, que surge em E13.5 ¢ afetado
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transitoriamente pela apoptose sendo incorporado a parte anterior de M1 (Viriot et al,

2000).

Em estudos com camundongos transgénicos Shh-EGFP, observou-se que Shh ¢
expresso em MS (E12.7), R2 (E13.3) e MI1(14.3) em centros de sinalizagdo
topograficamente distintos, sendo que o centro de sinalizagdo de MI inicia-se na regido
posterior de R2, em seguida estende-se pelo dominio anterior de R2. R2 ¢ incorporado a
M1 durante a transi¢ao botdo-capuz. A expressao de Shh em R2 precede a transicdo botao-

capuz (Prochazka et al, 2010)

As medidas proximal-distal de estruturas vestigiais e botdes de molares
inferiores (E13.5), de embrides Msx! knockout homozigotos , sugerem que o crescimento
nos sentidos Oral-Aboral e Vestibulo-Lingual, permanecem praticamente inalteradas nos

estagios E13.5 ¢ E16.5.

Apesar do protocolo de pesagem ser uma fonte de erros, esse método pode ser
validado uma vez que foram observados em embrides com o mesmo gendtipo € peso

semelhante.

A constatacao de que esses rudimentos podem formar estruturas funcionais em
camundongos mutantes, pode transforma-los em modelos de regeneragdo controlada de

dentes (Peterkova et al, 2006)

Apesar de M1 em embrides Msx! knockout homozigotos ndo passar pela
transi¢cdo botdo para capuz, o placdédio continua a aumentar de tamanho, no sentido
Proximal-Distal (P-D), a uma taxa de crescimento similar a observada em embrides
heterozigotos e wild-type. Este aumento de tamanho ndo foi observado nas dimensdes
vestibulo-lingual e oral-aboral e ndo houve expressdo de Shh ou phospho-SMAD para
embrides MsxI”~ E13.5, indicando que possivelmente Shh nao exerce sua fung¢do no

crescimento craniofacial no sentido P-D.

A varia¢do de medidas em P-D pode refletir variagdes em R2 e M1, uma vez

que ao contrario de outras medidas, ndo reflete apenas o tamanho do maior botdo. Sugere-
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se avaliar em outras fases, como E15.5, quando o segundo molar comega a se desenvolver,

para verificar se as diferencgas dessa dimensao progridem.

A expressao de Barx2 em MS e incisivos inferiores poderia indicar que esse

gene esteja relacionado também a morfogénese de pré-molares.

Camundongos knockout homozigotos Pax9 e Barxl também apresentam
molares cujo desenvolvimento ndo ultrapassa o estagio botdo. Seriam uma ferramenta
valiosa para entender, se em algum desses genes héd crescimento proximal-distal em

animais mutantes ¢ como os rudimentos dentérios se desenvolvem nesses genotipos.

Essa ¢ a primeira vez que um estudo do género ¢ realizado e mostra-se
promissor ao estabelecer que, ao contrario do que se acreditava anteriormente, os botdes de
molares inferiores de embrides Msx/ homozigotos apresentam uma taxa de crescimento
proximal-distal, que acompanha o desenvolvimento de outras estruturas orais, €
possivelmente ird delinear futuros estudos de interagdes moleculares entre rudimentos

dentarios e desenvolvimento de molares.
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7 CONCLUSAO

Existe interacdo entre Barxl e MsxI e Barxl ¢ necessario para controlar os
niveis de expressdo de Bmp4. Barx2 possivelmente apresenta um papel importante na

morfogénese de pré-molares e incisivos inferiores.

O atraso de desenvolvimento dos molares inferiores de Msx/, em camundongos
knockout homozigotos ¢ permanente ao estagio botdo. Contudo, os botdes dentarios destes

camundongos continuam a exibir um crescimento no sentido proximal-distal no estagio
E16.5.
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Timing of organ development during embryogenesis is coordinated
such that at birth, organ and fetal size and maturity are appropri-
ately proportioned. The extent to which local developmental timers
are integrated with each other and with the signaling interactions
that regulate morphogenesis to achieve this end is not understood.
Using the absolute requirement for a signaling pathway activity
(bone morphogenetic protein, BMP) during a critical stage of tooth
development, we show that suboptimal levels of BMP signaling do
not lead to abnormal morphogenesis, as suggested by mutants
affecting BMP signaling, but to a 24-h stalling of the intrinsic
developmental clock of the tooth. During this time, BMP levels
accumulate to reach critical levels whereupon tooth development
restarts, accelerates to catch up with development of the rest of the
embryo and completes normal morphogenesis. This suggests that
individual organs can autonomously control their developmental
timing to adjust their stage of development to that of other organs.
We also find that although BMP signaling is critical for the bud-to-
cap transition in all teeth, levels of BMP signaling are regulated
differently in multicusped teeth. We identify an interaction be-
tween two homeodomain transcription factors, Barx1 and Msx1,
which is responsible for setting critical levels of BMP activity in mul-
ticusped teeth and provides evidence that correlates the levels of
Barx1 transcriptional activity with cuspal complexity. This study
highlights the importance of absolute levels of signaling activity
for development and illustrates remarkable self-regulation in or-
ganogenesis that ensures coordination of developmental processes
such that timing is subordinate to developmental structure.

heterochrony | odontogenesis | molar | shrew

Teeth are ectodermal organs that develop by an increasingly
well-characterized series of reciprocal epithelial-mesenchy-
mal interactions. Unlike most other organs that undergo a single
program of morphogenesis to generate the shape of the organ,
mammalian teeth have different crown shapes according to their
positions in the jaw. Tooth morphogenesis programs are thus
spatially regulated to generate the different crown shapes that
make up the different tooth types: molar, incisor, etc.

Early tooth development proceeds through a series of events
that are common to all tooth types. The oral epithelium thickens,
forms a bud that invaginates into the underlying neural crest-de-
rived mesenchyme, and eventually grows into a cap by inward
curving of the tip of the bud. The subsequent stage of tooth de-
velopment, in which is set up the number of cusps of the tooth
crown, and therefore the tooth type, is different for multicusped
(e.g., molar) and unicuspid (e.g., incisor) teeth. Morphogenesis to
form the cusps of the tooth crown involves folding of the epithe-
lium, regulated by signals from organizing centers, the enamel
knots (1, 2). To form enamel knots and begin crown morphogen-
esis, tooth primordia (buds), have an absolute requirement for
a mesenchymal to epithelial bone morphogenetic protein (BMP)
signal. Mice lacking this BMP signal, such as mice mutant for
type 1la BMP receptor in the epithelium (3) or the homeobox
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transcription factor Msx1 in the mesenchyme (4), exhibit a per-
manent arrest of tooth development at the bud stage.

Msxl1 is expressed in the condensing mesenchyme cells of all
tooth buds (5) and regulates the expression of BMP4 (6, 7). This
BMP signal regulates the expression of epithelial genes such as
Shh (8), in cells that form a transient signaling center, the pri-
mary enamel knot, required to coordinate cuspal morphogenesis.
The importance of BMP activity in the formation of the correct
cusp pattern is suggested from mathematical modeling of sig-
naling changes in cusp abnormalities observed in mutants af-
fecting BMP signaling (9).

Barxl is a Bar-family homeobox gene, which has a unique ex-
pression pattern during tooth development that is different to all
of the other genes expressed in the early jaw primordia mesen-
chyme (10, 11). In the early ectomesenchyme, Barx1 expression is
highly restricted to a small patch of cells that corresponds to the
position where molar teeth develop. At the bud stage of tooth
development, in common with other homeobox genes such as
Msx1, Barx1 is expressed in condensing mesenchyme cells around
the epithelial tooth buds, but unlike the other genes, Barx! is only
expressed in molar tooth primordia and is not expressed in incisors
at any time during their development.

We investigated the function of Barxl during molar tooth
development and found that Barxl genetically and physically
interacts with Msx1 to up-regulate the levels of BMP activity that
are critical for the bud-to-cap transition. Interestingly, a lack of
Barx1 results neither in an arrest of tooth development, as would
be expected from the phenotype of Msx/ mutants, nor in the
formation of abnormal teeth, as suggested by previous results
(12). In the Barx! mutants, BMP4 transcription and BMP4
activity drop, impairing the bud-to-cap transition. However, we
show that this decrease in BMP signaling arrests molar de-
velopment for only 24 h and that molar tooth development
restarts after BMP levels have accumulated and reached
a threshold allowing bud-to-cap transition. Strikingly, following
this stalling, molar tooth development accelerates and catches up
with other structures of the developing embryo, to eventually
produce perfectly formed molars. Our findings therefore re-
present a unique example of an organ that self-regulates its
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developmental timing to adjust it to the one of the whole em-
bryo. Finally, we also present evidence showing that Barxl is
expressed during development of both molars and premolars,
with a transcription level that correlates with the degree of cusp
complexity exhibited by tooth crowns, suggesting that Barx1 is
necessary to fine-tune BMP signaling in all multicusped teeth.

Results

Temporal Arrest of Molar Tooth Development. To analyze the role of
Barx1 in molar tooth development, we generated mutant mice
using gene targeting (Fig. S1) (13). Mutants die at birth most likely
from cleft palate. Histological sections of jaws at birth in Barxl ™~
animals showed all teeth to be present and at the appropriate stage
(Fig. 1 Kand L). At embryonic day 13.5 (E13.5), both molars and
incisors had reached a bud stage in homozygous mutant animals
(Fig. 1 B and D), similar to heterozygous animals (Fig. 1 4 and C).

At E14 5, when the molars had progressed to a cap stage (Fig. 1G),

Barxl™ molars were still at a bud stage, equivalent to E13.5 (Fig.

1H). This developmental arrest, which was fully penetrant (n > 10)
and affected molars of all four quadrants, appeared to be molar
specific, as Barx] ™'~ incisor tooth germs had reached a cap stage
(Fig. 1 E and F). Between E13.5 and E14.5, tooth germs undergo
the bud-to-cap transition that is regulated by signals such as BMP4
from the condensing mesenchyme to the epithelium. The main
feature of this transition is the formation of the primary enamel
knot signaling center that coordinates  cusp formation. By E16.5,

molar tooth development in BarxI ™~ embryos looked almost
identical to littermate controls (Fig. 1 I and J). First molar de-
velopment in Barx] mutant embryos thus undergoes a 24-h tem-
poral arrest between E13.5 and E14.5. To begin to understand the
basis of this temporal arrest, cell proliferation was assayed in
mutants and heterozygous littermates at E13.5, E14.5, and E15.5.
BrdU +ve and —ve cells were counted in serial sections through
developing first molars. The changes in the numbers of BrdU +ve
cells in epithelium and mesenchyme were similar, with a gradual
decrease observed in controls between E13.5 and E15.5 (Fig. 24,

C,E, and G). In Barx]1™"~ molar tooth germs, the number of BrdU
+ve cellswas less than controls at E13.5 and E14.5 (Fig. 2 B, D, and
G) but at E15.5 it was considerably more (Fig. 2 F and G).

The bud-to-cap transition requires a mesenchyme-to-epithe-
lium BMP4 signal that is responsible for directing epithelial cell
differentiation and the formation of the primary enamel knot
that is visible at the cap stage. We thus assayed expressmn of
BMP4 as well as BMP signaling activity in the Barxl ™'~ molar
tooth germs. In situ hybrldlzatlon for BMP4 showed expression
to be reduced in BarxI "~ E13.5 molar buds (Fig. 3.4 and B) but
by E14.5-E15.5, BMP4 expression was similar in mutant tooth
mesenchyme (Fig. 3 D and F) and littermate controls (Fig. 3 C
and E). Phospho-Smad1/5/8 immunohistochemistry was used to
reveal the levels of BMP activity. At E13.5, phospho -Smad1/5/8
immunoreactivity was clearly reduced in Barxl compared with

controls (Fig. 3 M and N). By E14.5, immmunoreactivity could
not be detected in the arrested mutant tooth buds but was visible
in the control cap stage buds (Fig. 3 O and P). At E15.5, reactivity

Fig. 1. Temporal delay of molar tooth development in
Barx1 homozygous mutants. Hematoxylin and eosin
stained frontal (A-J) and sagittal (K and L) sections of
lower E13.5 incisors (A and B) and first molars (C and D),
E14.5 incisors (E and F), and first molars (G and H),
E16.5 first molars (/ and J), and postnatal day 0 (PO) first
molars (K and L). At E13.5, all tooth germs have
reached a bud stage both in the Barx7 homozygous
mutant (B and D) and control littermate (A and C).
Incisors develop normally in all Barx7 homozygous
mutants, displaying a characteristic epithelial cap at
E14.5 (E and F), whereas the molars of all four quad-

in the mutant tooth germs at the late cap stage was greater than in
controls (Fig. 3 Q and R). To investigate the formation of primary
enamel knots, expression of Shi was followed using in situ hy-
bridization. At E13.5, expression of Shh at the tip of the tooth
buds appeared considerably decreased in mutants compared with
WT littermates (Fig. 3 G and H). By E14.5, strong Shh expression
could be seen in the primary enamel knots of controls but very
little expression was detected in BarxI ™'~ arrested tooth buds (Fig.
3 Iand/J). At E15.5, similar levels of Shh expression were observed
in mutant and control tooth germs (Fig. 3 K and L). In contrast,
Shh expression ap eared unchanged in Barx] ~/~ incisors com-
pared with BarxI™'* incisors at similar stages of tooth de-
velopment (Fig. 3 S —-X). Changes in epithelial Shh expression in
developing Barx]™~ molar tooth germs thus followed those of
mesenchymal BMP4 activity. BMP4 expression and BMP signal-
ing activity followed the same pattern that paralleled the changes
in cell proliferation and epithelial cell differentiation, suggesting
that a reduction in BMP4 expression at the molar bud stage results
in a decrease in proliferation, a delay in primary enamel knot for-
mation, and a consequent temporary arrest in development.

Genetic Interaction Between Barx1 and Msx1. In MsxI homozygous
mutant embryos, tooth development is permanently arrested at
the bud stage as a result of loss of BMP4. Because BarxI ™~
molar tooth germs also showed a reduction in BMP signaling and
arrest at the bud stage, we crossed Barxl mutants with Msx]
mutants to identify any genetlc interaction between these tran-
scriptional regulators. MsxI*/~ mice are normal but when com-
bined with a Barxl™~ background, rather than molar tooth
development showing the temporal arrest (BarxI ™~ phenotype),
molar tooth development was permanently arrested at the bud
stage (Fig. 4 I-L), as observed in MsxI™ (Fig. 4 E-H). As
expected, development of MsxI*'~; Barxl™~ incisors proceeded
normally because Barx] expressmn is restricted to molars. Loss
of a single allele of Barxl and MsxI had no effect on molar tooth
development (Fig. 4 A-D). Thus, loss of a single allele of Msx!
on a Barx] null background converts the temporal arrest of
molar development into a permanent failure of develo ment
In situ hybridization for BMP4 in the BarxI~'~; MsxI ™'~ molar
tooth germs revealed a complete loss of express10n at the bud stage
(Fig. 4 O-T). Loss of a single allele of MsxI on a wild-type back-
ground does not affect expression of BMP4 similar to a loss of
a single allele of MsxI and BarxI (Fig. 4 M-P). In Barx™~ molar
tooth buds, BMP4 expression is reduced. A single allele of Msx! on
the BarxI™'~ background reduces BMP4 expression to undetect-
able levels. Barxl and MsxI thus genetically interact to regulate the
levels of BMP4 expression during molar tooth development.

Barx1-Msx1 Protein Interactions. To investigate whether the genetic
interaction between Msx1 and Barx1 can be reproduced in living
cells as a physical protein—protein interaction, we performed
coimmunoprecipitation assays in C3H10T1/2, a pluripotent em-
bryonic mesenchymal cell line. We expressed exogenously con-
structs encoding Barx1 as a fusion protein with EGFP and Msx1 as

rants show a developmental delay between E13.5 and E14.5, exhlbltmg a bud shape in ead of a cap (G and H) (n > 10) Arrowheads n E G |nd|cate the
primary enamel knot, visualized as a bulge on the inside of the epithelial cap. At E16.5-P0, Barx1~~ molars are slightly smaller but otherwise normal (/-L). m,
Meckel’s cartilage; vl, vestibular lamina. (Scale bar, 100 um in A-J and 200 pm in K and L.)
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Fig. 2. Barx1 mutant molar teeth exhibit changes in cell
proliferation. (A-F) BrdU staining of frontal sections of de-
veloping first molar tooth germs at E13.5 (A and B), E14.5 (C
and D), and E15.5 (E and F) in a Barx1*~ (A, C, and E) and
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a FLAG-tagged fusion protein. Barx1 protein was detected in the
anti-FLAG immunoprecipitate from cells cotransfected with
FLAG-Msx1, but not from cells cotransfected with empty vector
(Fig. 54). As control, an equal protein level of Barx1 was present in
both input samples (20% input).

To determine whether these protein interactions occur endog-
enously, we performed protein colocalization analysis using con-
focal microscopy. C3H10T1/2 cells were used for the immuno-
fluorescence staining to confirm the endogenous localization of
Msx1 and its interacting protein Barx1. Using anti-Barx1 and anti-
Msx1 antibodies, we show that C3H10T1/2 cells express Msx1 and
Barx1 proteins sufficiently to detect their intracellular expression
by immunofluorescence (Fig. 5 B and C). Merged pictures show
endogenous Barxl1 to be colocalized with Msx1 (Fig. 5D). The
pattern of Msx1 immunofluorescence was identical with that of
previous reports, whereas this is a unique report of Barx1 endog-
enous intracellular expression pattern. In addition, the transiently
transfected cells with constructs expressing Barxl and Msx1 as
EGFP and FLAG-tagged fusion proteins used for our coimmu-
noprecipitation assays, were stained with anti-Msx1 antibodies,
further confirming the intracellular colocalization of Barx1 with
Msx1, using confocal microscopy (Fig. 5 F-I).

Barx1 Expression in Premolar Tooth Development. In mouse tooth
development, BarxI expression is restricted to presumptive molar
mesenchyme and throughout tooth development to molar mes-
enchyme cells (10). The role of the Barx1-Msx1 interaction in fine-
tuning BMP activity supported the suggested importance of the
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W Barx1-/-

Barx1™~ (B, D, and F) lower jaw. (G) Graphs comparing the
numbers of BrdU-labeled cells in the epithelium and the con-
densed mesenchyme of developing lower first molars at E13.5,
E14.5, and E15.5. Error bars show SD.

level of BMP activity in regulating cusp formation (9). We argued
that if the levels of BMP activity control cusp formation then the
expression of Barx1 should correlate with tooth cusp pattern rather
than being molar specific. To test this hypothesis we analyzed
Barx1 expression in embryos of a mouse mutant that develops
premolar teeth (Orpk) (14) and in a species that has natural pre-
molars, the lesser shrew Cryptotis parva.

In Orpk embryos, Barxl expression could be observed during
development of the supernumerary teeth that develop mesial to
the first molars and have a cusp pattern consistent with a pre-
molar identity (Fig. 6 A and B). The lesser shrew has a more
complete dentition than the mouse with premolar and unicuspid
(canine-like) teeth (Fig. 6 D and H). Barxl expression was ob-
served in maxillary and mandibular molars (Fig. 6F), as well as in
maxillary premolar tooth development but was barely detectable
during mandibular premolar development (Fig. 6F) and absent
during both unicuspid and incisor development. Grain counting
of serial sections of premolar tooth primordia hybridized with
Barxl confirmed the impression from the in situ hybridization
sections, namely that Barx] expression was reduced in the Orpk
premolar-like supernumerary tooth compared with Ormpk first
and second molars (Fig. 6C). Similarly, in shrew tooth primordia
Barx] expression was less in the upper premolar than the molars
and less in the lower premolar than in the upper premolar (Fig.
6G). Comparison of the crown shape of adult shrew maxillary
and mandibular premolars revealed that mandibular premolars
only had two cusps, whereas maxillary premolars had a clear,
molar-like pattern (Fig. 67). Therefore, BarxI expression is found

E15.5 —

Fig. 3. BMP4 expression and BMP activity changes in Barx1
mutant tooth development. (A-R) Expression of Bmp4 (A-F),
Shh (G-L), and distribution of phospho-Smad1/5/8 (M-R) in
lower first molar tooth germs at E13.5 (A, B, G, H, M, and N),
E14.5(C, D, 1,J, 0, and P), and E15.5 (E, F, K, L, Q, and R) in a WT
(A, CE G, K M,O,and Q) and Barx1 homozygous mutant (B,
D, F, H, J, L, N, P, and R) littermates. (5-X) Expression of Shh in
lower incisor tooth germs at E13.5 (S and T), E14.5 (U and V),
and E16.5 (W and X). In situ hybridization was carried out on
four separate samples for each genotype at each time point
and immunostaining on two separate samples for each geno-
type at each time point. The epithelium of molar and incisor
tooth germs is outlined in white.
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Fig. 4. Arrest of molar tooth development associated with a lack of Bmp4
transcription in Barx1/Msx1 compound mutants. Frontal sections through
upper (A, G, E, G, 1, K, M, O, Q, and S) and lower (B, D, F, H,J, L, N, P, R, and T)
developing firstmolarsatE14.5(A, B, E, F,1,J,M, N, Q,and R)and E16.5 (C, D, G,
H, K, L, O, P, S, and T). Hematoxylin and eosin stained sections of Barx1*'~;
Msx1*"~ (A-D), Barx1*"*; Msx1~"= (E-H), and Barx1~'~; Misx1*'~ (I-L). (M-T) Ex-
pression of BMP4 in the condensed mesenchyme of first molar tooth germs of
Barx1*'=; Msx1*'~ (M-P) and Barx1~'~; Msx1*~ (Q-T). Permanent arrest of
molar tooth development was observed in three separate Barx1™~; Msx1*'~
animals and was highly penetrant. At E16.5, one molar tooth germ (n = 1/12)
was occasionally observed at the cap stage (corresponding to E14.5).

only during development of multicuspid teeth and levels of ex-
pression correlate with cusp numbers, supporting a role in reg-
ulating signaling activity that controls cusp number.

Discussion

The regulation of crown morphology is a critical process in
mammalian tooth development because it determines tooth shape
(type) that begins with the transition from a tooth bud to a tooth
cap. The formation of the primary enamel knot signaling center is
regulated by BMP activity, with BMP4 protein being secreted by
mesenchymal cells at the bud stage. This BMP4 expression is
regulated by the transcription factor Msx1 in partnership with Pax9
and possibly other factors. Pax9 and Msx!I are coexpressed in the
condensing dental mesenchyme and are critical for development
of all tooth types, as in MsxI and Pax9 homozygous null mutants
tooth development is arrested at the bud stage (4, 15).

We identify here a developmental tooth type control of BMP
signaling at the bud-to-cap transition whereby the optimal level of
BMP activity required for developmental progression is fine-tuned
by transcriptional activity of two interacting homeodomain tran-
scription proteins, Barx1 and Msx1. MsxI functions to regulate
BMP+4 expression in the development of all tooth types (incisors
and molars), whereas Barx! is only expressed in development of
teeth with multicusped crowns (molariform teeth). In the com-
plete absence of any Barx1-Msx1 interaction, (Barx] ~'~; Msx1*'™),
the resulting suboptimal level of BMP activity is insufficient to
induce appropriate levels of primary knot signaling that controls
cusp formation. Under these conditions, rather than the expected
outcomes of abnormal morphogenesis or complete arrest, tooth
development stalls until the optimal level is reached to form the
correct cusp pattern. This identifies a developmental phenomenon
where level of BMP activity is sensed by cells as a critical threshold
(optimal) level for continued normal development. During this
temporal arrest in molar development, development of other
organs, including incisors, continues normally. Thus, molar teeth
stall their development when BMP activity is below the threshold
(suboptimal) and then restart when levels raise above the

Miletich et al.
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Fig. 5. Msx1 interacts with molar tooth-specific transcription factor Barx1.
(A) Msx1 interacts with Barx1 in living cells. C3H10T1/2 cells were cotransfected
with pIRES2-Barx1-EGFP and either pCMV-FLAG-Msx1 or pCMV-FLAG-
Tag2B empty control vector. Cell lysates were subjected to coimmuno-
precipitations followed by Western blotting. Barx1 was detected only in the
presence of FLAG-Msx1 in the IP sample. IP, immunoprecipitation; IB, immu-
noblotting. (B-/) Intracellular colocalization of Barx1 and Msx1 in C3H10T1/2
cells. (B-E) Intracellular colocalization of endogenously expressed Barx1 and
Msx1. (B) Intracellular localization of Barx1 using anti-Barx1 (green); (C) in-
tracellular localization of Msx1, using anti-Msx1 (red); (D) merged pictures
showing intracellular colocalization of Barx1 and Msx1 (yellow); and (E) DNA
staining using the fluorescence dye DRAQS5 (blue). (F-/) Intracellular colocali-
zation of exogenously overexpressed Barx1 and Msx1 as EGFP and FLAG-
tagged fusion proteins. (F) Intracellular localization of Barx1-EGFP (green); (G)
intracellular localization of Msx1 using anti-Msx1 (red); (H) merged pictures
show intracellular colocalization of Barx1-EGFP and FLAG-Msx1 (yellow); and
(/) DNA staining using the fluorescence dye DRAQ5 (blue).

threshold, 24 h later. This autonomous self-regulation is thus a way
for the embryo to cope with small inaccuracies in signaling that
might otherwise lead to major abnormalities. The fact that fol-
lowing stalling of the intrinsic developmental clock, development
then accelerates to be back in synchrony with the general timing of
embryonic development, illustrates the importance of temporal
coupling of developmental processes. Surprisingly, in vitro
knockdown of Barx! using lentiviruses expressing Barx! siRNA led
to a complete arrest of tooth development at the bud stage (16),
suggesting that the ability to restart development is lost in this
system. The subrenal culture of tooth rudiments is unlikely to be
the cause of this definitive arrest of development, because Barx] =/~
molar tooth rudiments grafted under a kidney capsule do form
normal mineralized molars. Furthermore, in the Barx] knockout,
a transcriptional compensation through up-regulation of another
Bar homeogene family member can be excluded, as Barx2, Barhl1,
and Barhl2 are not expressed in E13.5 WT molar tooth buds (Fig.
S2). Our data also suggest a role for different levels of BMP activity
in the regulation of the cusp patterns that constitute different
tooth types. This is consistent with theoretical modeling of cusp
formation, on the basis of experimental data that indicate a key
role for the level of BMP activity in cusp formation (9). Thus,
development of different crown cusp patterns would be predicted
to require particular individual thresholds of BMP activity for
correct morphogenesis to be initiated.

Barx1 is specifically expressed only in teeth that develop multi-
ple cusps (molars and premolars) and thus its role may be linked to
cuspal morphogenesis. In the presence of Barxl, a single MsxI
allele is able to regulate normal BMP activity to ensure normal
molar formation. However, in the absence of Barx1, a single allele
of Msx! is not sufficient and molar tooth development arrests at
the bud stage. Barx1 and Pax9 are proteins that physically interact
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Fig. 6. Barx1 is expressed in all multicusped teeth with expression levels correlating with cusp numbers. (A-C) Supernumerary teeth forming in the diastema of
mice homozygous for Tg737°* display Barx1 expression levels lower than first and second molars. (A and B) Consecutive sagittal sections through the upper jaw
of an E18.5 mouse homozygous for Tg737°”’k showing from Left to Right a second molar (M2), first molar (M1), and supernumerary tooth (SN), the latter de-
veloping mesial to M1 in the normally toothless diastema. (A) Trichrome staining showing the premolar-like shape of the ectopic diastema tooth. (B) Radioactive
in situ hybridization for Barx1. (C) Quantification of Barx1 expression level in the dental mesenchyme of Tg737°"PX/Tg737°""k second molar (M2), first molar (M1),
and supernumerary tooth (SN). (D-/) Level of cpBarx1 expression correlates with cusp number in shrew multicusped teeth. (D and H) Dentition of an adult shrew
upper (D) and lower (H) jaw composed of molars (M), premolars (PM), unicusps (U), and incisors (1). (E and F) Radioactive in situ hybridization for cpBarx1 in shrew
premolars (E) and molars (F). Developing molars and premolars (outlined in red) have reached a cap stage. (G) Quantification of Barx1 expression levels in the
dental mesenchyme of shrew premolar and molar tooth primordia. Gene expression was quantified by analyzing consecutive sections spanning the whole dental
papilla of each tooth using ImageJ 1.34s. The number of cusps and crests displayed by each tooth is indicated above their respective Barx1 expression level. (/) 3D
reconstructions of micro-CT scans of the upper and lower first molars (M1) and premolars (PM) of a 24-d-old shrew. Teeth are viewed from a lingual side; distal is

Right and proximal Left. The number of cusps of each tooth (indicated in G) was carefully assessed by rotating the 3D models.

with Msx1 to regulate BMP activity (17, 18). Whereas both Msx1
and Pax9 are required for development of both molars and incisors
to proceed through the bud-to-cap transition (4, 15), the Barx1—
Msx1 interaction regulates or “fine-tunes” BMP activity only
during molar development, and incisor development continues
normally in the absence of Barx! and one allele of Msx]. This may
indicate that either another protein carries out a Barxl-like
function in incisors or that the Msx1-Barx1 interaction is a molar-
specific phenomenon. The latter would be consistent with the role
of Barx1 in fine-tuning BMP levels to ensure correct cusp forma-
tion, a process that is not necessary in cuspless incisors. This was
confirmed by the observation of Barxl expression during de-
velopment of premolars both in mutant mice and in the lesser
shrew and lack of expression in canines (unicuspids). However, the
reduced Barxl expression in the development of the mandibular
premolar of the shrew, whose crown has a reduced cusp number,
shows that Barx] expression correlates with cusp development
rather than tooth type (position).

The transformation of incisor crown shape into a molariform
shape following ectopic expression of Barx! suggested that Barx1
would have an essential role in molar crown morphogenesis (10,
12). Clearly, molar teeth are formed in the absence of Barxl,
albeit via an abnormal developmental route. This may be
explained by the fact that the absolute requirement for Barx1 in
molar tooth development is only full/y manifested in the absence
of an allele of MsxI (Barx]1™~; Msx*/). Thus, the dominant role

19274 | www.pnas.org/cgi/doi/10.1073/pnas.1112801108
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of Msx1 in regulating BMP4 masks the more subtle, but never-
theless essential role of Barxl. This phenomenon has parallels
with what has been observed in kidney development where the
essential role of Gdnf/Ret signaling is masked b}l loss of Spryl
such that in Gdnf~~; Spry1™~ and Ret™=; Spryl~~ mice, kidney
development shows only subtle alterations in branching (19).
Thus, in kidney development, the balance of signaling pathway
activities (Gdnf/Ret and FGF) is more important than the spe-
cific role of Gdnf.

Materials and Methods
Animals and Genotypes. Barx! mutant mice were made by homologous re-
combination targeting the Barx1 gene region from part of exon 2 to before
the 3’-UTR of exon 4, including the DNA binding homeodomain (Fig. S1 and
ref. 13). Barx1 mutant mice were bred into C57BL/6, 129SvEv, and CD1
breeding backgrounds for at least nine generations before analysis. A floxed-
out allele of the Barx1 mutant was made by crossing the ubiquitous Cre line
B-actin—Cre with the targeted allele to remove the NeoR cassette (Fig. S1).
PCR primer 1: 5'-CGCAGTGTTCAAGTTCCCACT, primer 2: 5-CTATTCTGGAAA-
GAGTAACGCACA, and primer 3: 5-GAGACTAGTGAGACGTGCTACTTCC were
used for genotyping the BarxT mutants with the NeoR, which amplify a 358-bp
fragment for the wild type and 445-bp for the mutant, at an annealing tem-
perature of 62 °C. Primer 4: 5-CTTGGGCCAGTAGGTAACCA was used instead
of primer 3 to amplify a 565-bp fragment for the NeoR floxed-out allele.
T9737°P% and Msx1~'~ mutant mice were produced as described pre-
viously (20, 21).
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Time matings were set up such that noon of the day on which vaginal plugs
were detected was considered as EO.5. All animal experiments were carried
out in accordance with UK Home Office regulations.

In Situ Hybridization and Gene Expression Quantification. In situ hybridization
was carried out with riboprobes labeled with radioactive *S-UTP or digox-
ygenin on 8-um paraffin sections of paraformaldehyde-fixed tissue as pre-
viously described (22). Slides were counterstained with hematoxylin (Fluka)
and examined in dark-field microscopy. Gene expression was quantified by
using ImageJ 1.34s (23). For each multicusp tooth primordium, gene ex-
pression was analyzed in consecutive sections spanning the whole dental
papilla. On each section, condensed mesenchyme of the dental papilla was
outlined and white grains counted. A set of data were obtained for each
multicusp tooth primordium. Mean of these values was plotted on a graph.

Generation of C. parva Shrew Barx1 Probe. Total RNA was extracted from E16
C. parva shrew heads with TRIzol reagent (Invitrogen) and treated with
DNA-free DNA removal kit (Ambion). C. parva shrew Barx1 probe was
generated by RT-PCR with degenerate primers 5-GCNGCNGTNTTYAART-
TYCC-3' and 5-ACDATYTTYTTCCAYTTCAT-3' using Access RT-PCR system
(Promega). This was followed by one round of PCR with primers 5'-
GCNGCNGTNTTYAARTTYCC-3’ and 5-TTYTGRTACCANGTYTTNACYTG-3'.
Degenerate primers were designed from conserved amino acid alignments
generated using ClustalW (24).

Microcomputed Tomography (micro-CT) Analysis. Specimens for micro-CT were
scanned using a GE Locus SP micro-CT scanner. The specimens were immo-
bilized using cotton gauze and scanned to produce 14-um voxel size volumes.
The specimens were characterized further by making 3D isosurfaces, gen-
erated and measured using Microview software (GE).

Immunostaining. Immunofluorescence assays were performed in C3H10T1/2
cellsto detectendogenousexpression of Msx1and Barx1. Cells were fixed using
4% PFA in PBS buffer for 5 min at room temperature, permeabilized with 0.2%
Triton X-100 in PBS for 8 min at room temperature, then blocked with 10%
normal goat serum for 45 min, and incubated with appropriate primary and
FITC-or TRITC-conjugated secondary antibodies for 1 horovernight. C3H10T1/2
cellswere sequentiallyimmunostained with anti-Barx1 (H-55, rabbit polyclonal
antibody; Santa Cruz Biotechnology) and anti-Msx1 antibody (rabbit poly-
clonal antibody; Santa Cruz Biotechnology). For exogenous expressions of
Barx1-EGFP (green fluorescence) and FLAG-Msx1, cotransfected cells were
singly immunostained with anti-Msx1 antibody for immunofluorescence.
DRAQS5 (1:1,000 dilution in PBS) was used to stain nuclear DNA (blue). Immu-
nofluorescence was visualized and images were collected in sequential
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scanning mode with a Leica TCS SP2 confocal microscope using different ex-
citation wavelengths for green, red, and blue fluorescence.
Phospho-Smad1/5/8 (Cell Signaling Technology) and BrdU (Abcam) anti-
bodies were used, respectively, with Tris buffer and citric acid antigen re-
trieval methods. Secondary antibodies conjugated with biotin or HRP (Vector)
were used. Fluorescent signal was amplified with TSA Fluorescein system
(PerkinElmer) and color reaction developed with ABC kit (Vector) using DAB.

BrdU Incorporation. A total of 20 mg/kg BrdU (BD) was i.p. injected and mice
werekilled after 1 h. Tissues were fixed inmodified Carnoy’s (60% ethanol, 30%
of 37% formaldehyde, and 10% of glacial acetic acid) and processed and
embedded in paraffin wax for immunostaining. In molars, BrdU* cells were
counted in the whole epithelium and three mesenchymal areas randomly
picked, all four quadrants were counted. BrdU* cells were counted in two mice
for each genotype, at each time point. Student’s t test statistical analyses were
used for regional estimation of proliferating cells and apoptotic cells.

Transfections and Coimmunoprecipitation Assays. Murine mesenchymal cell
line C3H10T1/2 (American Type Culture Collection; CCL-226) was cultured
in high-glucose DMEM supplemented with 10% (vol/vol) FBS (Invitrogen).
The cells in 60-mm dishes were cotransfected with plasmids of pIRES2-Barx1-
EGFP and pCMV-FLAG-Msx1 or pIRES2-Barx1-EGFP and pCMV-Tag2B (Stra-
tagene) using FUGENE 6 reagent (Roche) according to manufacturer pro-
tocol. Each transfection was repeated three times independently. The plasmid
construct pCMV-FLAG-Msx1 expressed wild-type full-length Msx1 tagged
with FLAG epitope at the N terminus. The plasmid construct pIRES2-Barx1-
EGFP expressed a fusion protein Barx1-EGFP. After 36 h, C3H10T1/2 cells were
lysed in RIPA lysis buffer [S0 mM Tris-HCl (pH 7.8), 150 mM NacCl, 5 mM EDTA,
0.5% Triton X-100, 0.5% Nonidet P-40, 0.1% sodium deoxycholate] with
protease inhibitors (Roche), and proteins were immunoprecipitated by using
EZview Red anti-FLAG M2 Affinity Gel beads (Sigma). The affinity gels were
washed with the lysis buffer five times and eluted with 2x SDS sample buffer.
For Western blotting of eluted protein, primary antibodies were used with
1:500 dilution of rabbit anti-Barx1 polyclonal antibody (Santa Cruz) or 1:1,000
dilution mouse anti-FLAG M2 monoclonal antibody (Sigma). The immuno-
precipitated proteins were analyzed by immunoblotting, using ECL Western
blotting detection reagent (Fisher).
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Fig. S1. Generation of Barx7 knockout mice. (A) Schematic representation of Barx1 protein showing localization of conserved domains. (B) Homeodomain of
Barx1 is 95.2% identical to Barx2 and 72.6% to Barhl1 and Barhl2. There are other homologous regions between Barx1 and Barx2 such as the Engrailed
homology domain and the Barx basic region (BBR). (C) Barx1 locus was targeted with a PGK-Neo cassette to replace exon 2—exon 4 of the gene in a 129Sv BAC
clone, leading to the deletion of the whole homeodomain and the BBR. To verify that the targeted mutation resulted in a null allele, we used a riboprobe that
recognized the 3’ end of the nontargeted Barx1-encoding region to detect any mRNA expression during embryo development. mRNA-encoding Barx1 ho-
meodomain and BBR was no longer expressed in the Barx1 mutant mice at E10.5. Barx1 mutants were recovered from the intercross matings at the expected
Mendelian ratio until birth and all Barx1 KO pups died shortly after birth due to a fully penetrant cleft palate phenotype. To eliminate the possibility that the
neo cassette in the targeted allele might interfere with Barx1 function, we crossed the mice with p-actin-Cre mice. The resulting Barx1~~/Neo™~ animals were
indistinguishable from Barx1~"~/Neo*~.
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Fig. S2. Expression of Barx2, Barhl1, and Barh/2 at E13.5 in molar tooth buds and other craniofacial structures at the level of the first molars. In situ hy-
bridization for Barx2 (A-C), Barhl1 (D-F), and Barh/2 (G-/) on frontal sections of E13.5 WT heads. (A) Barx2 is not expressed in upper (A) and lower (B) molar
tooth buds, although it is expressed in the oral epithelium flanking the lower first molar on the buccal side (A-C, arrowhead). Only background staining can be
observed at the level of the first molars with Barhl/1 (D and E) and Barhi2 (G and H) riboprobes. However, expression of Barh/1 and Barhl2 can be detected in
the brain (F and /) as previously reported (1, 2). Upper and lower first molar tooth buds are outlined in red.

1. Bulfone A, et al. (2000) Barhl1, a gene belonging to a new subfamily of mammalian homeobox genes, is expressed in migrating neurons of the CNS. Hum Mol Genet 9:1443—1452.
2. Mo Z, Li S, Yang X, Xiang M (2004) Role of the Barhl2 homeobox gene in the specification of glycinergic amacrine cells. Development 131:1607—1618.
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Abstract

The assembly of a phenotype into modules or developmental fields, which are semi-
autonomous units in development and function, seems to be one of the strategies to
increase the capacity to produce phenotypic variation. In mammals the upper dentition is
formed on two distinct developmental units, wherein incisors are formed on the primary
palate, which is derived from the embryonic frontonasal process, and the other teeth
(canine, premolar and molar) are formed on the alveolar bone, which is derived from the
maxillary process (termed herein as PALATE2). The aim of the present work was to analyse
the variations in size and number of premolar and molar teeth in primate dentition and to
correlate these morphometrical parameters with the relative size of these tooth classes with
respect to PALATE2. Furthermore, we seek to understand to what extent the changes in the
relative size of premolar and molar fields can influence the size of each tooth within its
respective field, and how these parameters connect with the variations in the dental formula
that occurred during primate evolution. The data presented here not only indicate that
premolar and molar fields can be seen as submodules of a larger and hierarchically superior
module (i.e. PALATE2), but also present quantitative parameters that allow us to understand
how variations in the relative size of premolar and molar fields can influence the size of each
tooth within its field, and how these parameters connect with the variations in the dental
formula that occurred during primate evolution.

Key words: Primates, evolution, dentition, developmental field.
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Introduction

One of the major goals of evolutionary biology is to identify the mechanisms and
forces responsible for phenotypic variation. The assembly of a phenotype into modules or
developmental fields, which are semi-autonomous units in development and function,
seems to be one of the strategies to increase species’ capacity to produce phenotypic
variation. The concept of modular evolution has been largely used in evolutionary
developmental biology (evo-devo) studies, and has helped to increase our understanding of
how the evolution of morphological traits can be influenced by developmental process
(Klingenberg et al., 2003; Klingenberg, 2009; Laffont et al., 2009). The concept of module has
been defined in several ways, but generally it may be defined as a self-organizing
morphologic trait (e.g. eye field, limb field, dental field), which differentiates in response to
several inductive genetic factors. A developmental field is composed by a group of cells able
to respond as a coordinated unit to discrete, localized biochemical signals leading to the
development of specific morphological structures or organs. Although a module is highly
integrated internally and relatively independent from other modules, as a part of a higher
order hierarchical organization, they must connect and interact with other parts of the
system. The fact that a module may sometimes split into submodules, as seen in the
development of many serially homologous structures such as vertebrate limbs (Chiu and
Hamrick, 2002), teeth (Stock, 2001) and vertebrae (Buchholtz et al., 2007) shows that these
structures are not totally independent units (Klingenberg, 2010).

Teeth are an important model in the field of evolutionary developmental biology
(Jernvall et al., 2000). Mammalian dentition fits within the concept of modularity. Based on
discontinuous shape patterns within the dentition and independent shape changes in
evolution mammalian dentition has been divided into incisor, canine, premolar and molar
fields (Butler, 1939; Dahlberg, 1945; Townsend et al., 2009). The morphological evidence for
the existence of the dental field has been supported by gene expression analysis of dental
development in mice (McCollum and Sharp, 2001). The modularity of mammalian dentition

has been demonstrated by analyzing families with mutations in genes that affect the pattern
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of dentition in humans (Line, 2001, 2003), and more recently by studies showing that the
relative size and number of molar teeth can be predicted by interactions that occur
exclusively among developing teeth within this field (Kavanagh et al., 2007; Renvoisé et al.,
2008).

Most experimental studies that use mammalian dentition as a model to connect
development and evolution have focused on the size and shape variations of molar teeth,
considering this region as an isolated and independent module (Kavanagh et al., 2007;
Renvoisé et al., 2008; Koh et al., 2010). It is worth mentioning that the upper dentition is
formed on two distinct developmental processes (Lumsden and Buchanan, 1986). Upper
incisors are formed on the primary palate (premaxilla), derived from the embryonic
frontonasal process, whereas canine, premolar and molar classes are formed on the
maxillary process derived from the first pharyngeal arch (Nanci, 2007). Therefore, premolar
and molar modules can be seen as part of a larger and hierarchically superior module (i.e.
the alveolar process derived from the maxillary process, termed herein as PALATE2).
Although the relative sizes of molar teeth are dependent on the effect of local factors, it is
plausible that the absolute size and number of posterior teeth will also be related to more
general factors such as the size and shape of the jaws and the space required by other tooth
classes. Furthermore, in the present work we seek to understand to what extent the changes
in the relative size of premolar and molar fields can influence the size of each tooth within
its respective field, and how these parameters connect with the variations in the dental

formula that occurred during primate evolution.

Materials and methods

Scaled cranial photographs of 85 primates were obtained from a mammalian cranial
photographic archive (http://macro.dokkyomed.ac.jp/mammal/en/mammal.html). The
photographs with the anatomical inferior view, where the palatine plane was set
horizontally, correspond to the occlusal plane formed by the maxillary molar and premolar

tips. (Takahashi, H. et al., 2006).
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In this study eleven families of primates were included, one specimen of each
species. Species were classified according to Groves, 2001. Figure 1 in supplemental material
describes the families and species included in this paper. In order to minimize sexual
dimorphisms in dental variability only male’s skulls were chosen. The specimens were
classed into 3 groups that represents the three patterns of dentition found within the
primates studied: (1) 3PM2M which corresponds to species with 3 premolars and 2 molars;
(2) 3PM3M corresponding to species with 3 premolars and 3 molars; and (3) 2PM3M species
which have 2 premolars and 3 molars (Supplemental figure 1).

The Image J software (http://rsbweb.nih.gov/ij/) was used for the measurements of
upper jaw and teeth. Each premolar (PMnL) and molar (MnL) length was measured by the
maximum mesiodistal diameter taken on the occlusal surface between the mesial and distal
contact points using the straight line tool. Premolar tooth-row length (PML) and molar
tooth-row lengths (ML) were obtained by measuring the distance from the mesial contact
point of the first tooth (second, third premolar, PM2 or PM3 for premolar and first molar,
M1 for molar teeth) to the distal contact point of the last tooth (fourth premolar or PM4 for
premolar teeth and second, third molar or M2, M3 for molar teeth). The alveolar process
derived from the embryonic maxillary process (PALATE2) was the distance from the mesial
surface of the canine to the last premolar measured using the straight line tool in Image J,
plus molar tooth-row length (ML). Dimensions were obtained by the average of the left and
right sides in each specimen analyzed. More detailed information about the measurements
can be seen in Figure 1.

The analysis performed in this study used the following parameters:

PMnL vs. PML

MnL vs. ML

PML/PALATE2 vs. PMnL/PML

ML/PALATE2 vs. MnL/ML

John Wiley & Sons, Inc.
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(PML = length of premolar tooth-row, ML = length of molar tooth-row, PALATE2 = length of
alveolar process derived from the maxillary process, n = tooth of position (i.e. =1, 2 or 3 for
molars, or 2, 3, 4 for premolars). Therefore, PML/PALATE2 is the size of premolar teeth
relative to PALATE2. PMnL/PML is the size of each premolar tooth relative to the premolar
tooth row. Accordingly, ML/PALATE2 is the size of molar teeth relative to PALATE2.

MnL/PML is the size of each molar tooth relative to the molar tooth row.

Student's t (parametrical) or Mann Whitney (non-parametrical) tests were used to
compare values among the different groups. Pearson correlation analysis was used to
estimate the association between body mass and relative molar size. Linear regression
analysis was used to obtain the slope (B coefficient) of the regression line (least-squares
method). All statistical calculations were performed using the BioEstat statistical package

(http://www.mamiraua.org.br). Differences were considered statistically significant when p

< 0.05.

Results

a) The variation rate in the relative sizes for each post-canine tooth is dependent on the

pattern of dentition.

In this analysis we seek to understand how the variations in the size of premolar and
molar fields are related to the variation in each tooth size within its respective field, and if

the pattern of variation is related to the dentition pattern.

When the MnL data were plotted against ML it was possible to observe that the three
patterns of postcanine dentition (3PM2M, 3PM3M, and 2PM3M) had distinct patterns of
molar variation (figure 2), as shown by the slope of regression line (B) (table 1). As expected,
3PM2M animals had the highest B coefficients (i.e. angle of the regression slope relative to x
axis), since these animals have only 2 molars to fit in the molar field. In the 2PM3M animals

the smallest B coefficient was that of M1 (0.30) were M2 and M3 had approximately similar
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coefficients (0.34 and 0.35, respectively, table 1). In the 3PM3M group M1 and M2 had

higher (3 values (0.38) than M3 (0.29).

Similar to molars, the analysis of premolar field, presented in figure 3, showed that
2PM3M animals had the highest B coefficients, since these animals have only 2 premolars to
fit in the premolar field. In 3PM2M animals the highest B coefficient was of PM2 (0.38),

while in 3PM3M animals this tooth presented the smallest  coefficient (0.31) (table 2).

b) Variations in the relative sizes of molar and premolar fields in relation to secondary

palate size.

The aim of this analysis is to observe how the relative sizes of premolar and molar
fields are associated with the pattern of dentition. When the MnL/ML vs. ML/PALATE2 data
were plotted it was possible to observe that the three patterns of dentition (3PM2M,
3PM3M, and 2PM3M) could be distinguished from one another (Figure 4), the distinction
was more evident when observing the M1L/ML vs. ML/PALATE2. Table 3 presents all the
ML/PALATE2 ratios.

The MnL/ML ranges also differed among the three patterns of posterior dentition.
The means of the M1L/ML ratios in 3PM2M, 3PM3M, and 2PM3M groups were 0.59, 0.38
and 0.32, respectively (p <0.05, when compared in pairs by the Mann-Whitney test).
Variations in the M2/ML ratios were smaller than M1/ML and M3/ML. The means for the
M2/ML ratios of 3PM3M, 3PM2M and 2PM3M groups were 0.41, 0.36 and 0.36,
respectively.

Loss of M3 in the family Callithrichidae (3PM2M) was accompanied by steep increase
in the M1L/ML ratios compared with animals with M3. A smaller increase in the M2L/ML
ratio was also noted (Figure 4). Despite some overlapping in the ML/PALATE2 ratio among
the 3 groups of primates there was a clear association between the relative size of the molar
region in relation to PALATE2 (ML/PALATE2) and the presence or absence of the M3 and

PM2. Species lacking upper M3 have a ML/PALATE2 ratio smaller than 0.4, while species
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with ML/PALATE2 ratio larger than 0.49 tend to lack PM2 (p < 0. 0001, Mann-Whitney).
Within species having M3 the animals with 3 premolars (3PM3M) tend to have M1
considerably larger than M3, whereas animals with 2 premolars (2PM3M) tend to have M1
of the same size or slightly smaller than M3 (Figure 4).

When the PMnL/PML vs. PML/PALATE2 data were plotted it was possible to observe
that 3PM2M, 3PM3M, and 2PM3M animals presented clearly distinct PML/PALATE2 ranges
(p <0.05, when compared in pairs by the Mann-Whitney test) (Figure 3). Table 3 presents all
the PML/PALATE2 ratios.

Different from molars the PMnL/ML ranges were similar for animals with 3PM2M and
3PM3M but were significantly smaller than 2PM3M (p <0.05, when compared in pairs with
the Mann-Whitney test). The means of the PM2L/PML ratios in 3PM2M and 3PM3M groups
were 0.34, 0.34 respectively. Variations in the PM3L/PML and PM4/PML ratios were smaller
than PM2/PML. The means for the PM3L/PML ratios of 3PM2M, 3PM3M, and 2PM3M
groups were 0.33, 0.33 and 0.50, respectively; and for the PM4L/PML ratios of 3PM2M,
3PM3M, and 2PM3M groups were 0.33, 0.33 and 0.50, respectively.

Loss of PM2 in 2PM3M animals was accompanied by steep increase in the PM3L/ML
and PM4L/ML ratios (Figure 5). There is a limit for the relative size of the premolar region in
relation to the secondary palate (PML/PALATE2) that determines the presence of the PM2.
Species lacking upper PM2 have a PML/PALATE2 ratio smaller than 0.32. Figure 6 shows
representative drawings of the relative sizes of the teeth in the three types of postcanine

dentition (3PM2M, 3PM3M, and 2PM3M) found in primates.
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Discussion

Molar teeth have a major role in the masticatory process, as they are the major
elements responsible for crushing and grinding. It has been shown that the relative sizes of
molar teeth depend on the interactions between activators and inhibitors during tooth
development, where inhibitors are diffusible molecules secreted by the predecessor tooth
germ. Inhibitors will delay the initiation of tooth development, resulting in smaller teeth
(Kavanagh et al., 2007). Accordingly, since the first molar is the first permanent tooth to
develop in the primate postcanine dentition, this tooth will have a major role on the
development of its successor teeth. A relatively large M1L/ML ratio would result in small M2
and very small or absent M3 (ex: Callithrichidae, Kavanagh et al., 2007), leading to small
ML/PALATE2. Animals with small ML/PALATE2 ratio have relatively large PML/PALATE?2 ratio
and 3 premolars. On the other extreme are the animals with small M1/ML ratio (ex:
Pongidae). These animals have relatively larger M2 and M3 with an increased ML/PALATE2
ratio resulting in reduced PML/PALATE2 ratio, explaining the presence of only 2 premolars.
In this sense the premolar and molar fields can be seen as submodular structures that
function as an integrated part within a larger module (i.e. PALATE2). Interestingly, the
number of premolar teeth can be predicted with a high degree of certainty by simply
measuring the animal’s M1L/ML ratio. Thirty four out of the 37 animals (91.9%) with 3
premolars had a M1L/ML ratio greater than 0.36, and 45 out of the 47 species (95.7%) with 2
premolars had a M1L/ML ratio smaller than 0.36. It is likely that this association is related to
the important functional and developmental roles played by this tooth. The quantitative
analyses presented here not only fit within the model of molar proportions presented by
Kavanagh et al., (2007), but also helped connect this model with previous studies suggesting
that molar initiation and growth must occur in concert with jaw growth. (Osborn, 1978;
Dean and Beynon, 1991; Tompkins 1996). As stated by Boughner and Dean (2004), the
permanent molars are the only teeth for which no space is created or maintained in the jaws

by deciduous precursors.
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Although we have used only one specimen for each species our results clearly show
that the specimens with similar pattern of dentition are clustered together. Additionally, it is
important to mention that the present work analyses the ratio between dental and maxillary
sizes in a same specimen. It has been shown that the ratios between postcanine parameters
show small interspecies variation in primates (Pirie, 1978), and it is plausible to assume that
ratios in postcanine region will present even smaller intraspecies variation.

The first primates are believed to have appeared during the beginning of the Eocene
at approximately 55 m.y. ago (Franzen et al., 2009). The diversification of primate species
seems to have been strongly influenced by the adaptation to new diet-based adaptive zones
(Sussman, 1991; Fleagle, 1999). Diet has been strongly associated with absolute size
differences in primates, as it will impose metabolic and foraging constraints (Marroig and
Cheverud, 2005; Marroig, 2007). The shape and relative size of postcanine dentition in
primates seems to be influenced by dietary constraints, such as food size, shape,
abrasiveness and protein levels (Kay, 1975; Pirie, 1978; Lucas et al., 1986). Our results show
that the variation in the pattern of primate dentition is directly correlated with the relative
size of molar field. Accordingly, the posterior dentition of primitive primates was composed
of 3 premolars and 3 molars (3PM3M). The loss of M3 in Callitrichids has been associated
with emphasis on incisal biting and consequent decrease of selective pressure on postcanine
dentition (Ford, 1980; Anapol and Lee 1994). Likewise, selective pressure for high crushing
and grinding efficiency are likely to be associated with relative larger molar regions, and
consequent loss of PM2. Within a certain range, the variations in the relative length of
premolar or molar fields (PM/PALATE2 or ML/PALATE2) are accomplished by an increase or
decrease in the lengths of the teeth within its field. The relative size of each tooth within its
field (PMnL/ML or MnL/ML) showed a distinct rate of variation, and the variation rate for a
tooth depends on the pattern of postcanine dentition. When the relative length of the field
reaches a threshold limit, the accommodation of posterior teeth in the maxillary region is
achieved by the loss of PM2 and an increase in the relative size of M3 (M3L/ML ratio, upper
threshold limit), or by the loss of M3 and an increase in the relative size of M1 (M1L/ML
ratio, lower threshold limit). It is worth mentioning that Tarsius is the major exception in this

10
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rule, where the increase in ML/PALATE2 ratio to 0.56 did not cause the loss of M3. In fact,
Tarsius’ dentition was shown to be unusual among primates. Tarsius molar teeth fall well
above the general tooth size versus body mass scaling axis of primates, and are more similar
to the insectivore’s scaling axis, a position consistent with their insectivorous habits
(Gingerich, 1984). This indicates that the developmental programming that regulates the
relative size of postcanine teeth may differ among mammalian orders, and the predictions
made here by the analysis of primate dentition may not apply to all mammals. It is possible
that other mammals that have similar dietary behaviors to other, less insectivorous primates
will fit the predictions better than tarsiers.

In summary, the quantitative analysis presented here allow us to understand to what
extent the changes in the relative size of premolar and molar fields can influence the size of
each tooth within its respective field, and how these parameters are connected with the

variations in the dental formula that occurred during primate evolution.
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Table 1. Molars’ B coefficients.

Table 2. Premolars’ B coefficients.

Table 3. ML/PALATE2 and PML/PALATE2 ratios.
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Figure Legends

Figure 1. Scheme of the cranial measurements performed in this study. Where, PML = length of
premolar tooth-row, ML = length of molar tooth-row, PALATE2 = length of alveolar process
derived from the maxillary process, n=tooth of position (i.e. =1, 2 or 3 for molars, or 2, 3, 4

for premolars).

Figure 2. Bivariate plots and best fit regression lines of each molar versus molar length

showing distinct patterns of molar variation.

Figure 3. Bivariate plots and best fit regression lines of each premolar versus premolar length

showing distinct patterns of premolar variation.

Figure 4. Dot plot analysis and best fit regression lines of molar length variation within the
species with 3 premolars and 2 molars (3PM2M), 3 premolars and 3 molars (3PM3M), and 2
premolars and 3 molars (2PM3M).

Figure 5. Dot plot analysis and best fit regression lines of premolar length variation within
the species with 3 premolars and 2 molars (3PM2M), 3 premolars and 3 molars (3PM3M),
and 2 premolars and 3 molars (2PM3M).

Figure 6. Representative drawings of the three dentition patterns in the primates studied. A.
maxilla of species with relatively large molar region (ML/PALATE2 > 0.49). B. maxilla of
species with intermediate molar region size (0.40 < ML/PALATE2 < 0.51). C. maxilla of

species with relatively small molar region (ML/PALATE2 < 0.40).
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Representative drawings of the three dentition patterns in the primates studied. A. maxilla of species with
relatively large molar region (ML/PALATE2 > 0.49). B. maxilla of species with intermediate molar region
size (0.40 < ML/PALATE2 < 0.51). C. maxilla of species with relatively small molar region (ML/PALATE2 <
0.40).
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Table 1

p<0.0001

M1 M2 M3
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10 B ICB R B ICB R B ICB :d

11 3PM2M 05 +0.12 0.85 046 +0.13 081
12 2PM3M 03  +£0.02 097 034 +0.01 099 035 +0.02 096
3PM3M 038 003 097 038 +002 099 029 003 093
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Table 2

p<0.0001

PM2 PM3 PM4
B ICB R B ICB R B ICB R
3PM2M 0.38 +0.05 094 035 +0.04 097 027 +0.05 0.89
2PM3M 052 #0.02 0.99 048 $0.02 0.98
3PM3M 031 +£0.04 093 037 #0.03 097 032 002 0098
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Table 3
MnL/ PALATE 2nd PMnL/ PALATE 2nd
3PM2M 0.33-0.40 0.45-0.52
3PM3M 0.40-0.56 0.34-0.41
2PM3M 0.49-0.61 0.22-0.32
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Figure 1. Families included in the study.

Cercopithacus diana
2PM3M Cercopithecus mitis
Cercoplthecus mona
Cercopithecus neglectus
Cercopitheous nictitans
Cercopithecus petaurista
Chiorocebus aethiops
Erythrecebus patas
Lophocebus albigena
Macaca arctoides
Macaca assamensis
Macaca cyclops
Macaca fascicularis
Macaca fuscata
Macaca hecki
Macaca maura
Macaca mulatta
Macaca nemestrina
itheci Macaca nigra
Cercopithecidae M e it
Macaca radiata
Macaca sinica
Macaca thibetana
Mandrillus leucophaeus
Mandrillus sphinx
Miopithecus talapoin
Paplo anubis
Papio hamadryas
Colobus guereza
Colobus polykomos
Presbytis melalophos
Piliocclobus badius
Procolobus vanus
Pygathrix sp
Theropitecus ohscurus
Trachypithecus cristatus
——Trachypithecus francoisa

r—Gorilla gorilla

Homa sapiens

Pan treglodytes
———Pongo Pygmasus
Hylebates agilis

obatid Hylebates lar

Hylobetkine Hylobates moloch
Hylcbates pileatus
Hylobates syndaciilus

Hominidae

— Callithrix argentata
PMzM Callithrix geoffroyi
3 Callithrix humeralifera
Callithrix jacchus
Callithrix penicillata
Callithrix pyamaea
Leontopithecus chrysomelas
Leontopithecus rosalia
Saguinus fuscicollis
Saguinus imperator
Saguinus labiatus
Saguinus midas
Saguinus mystax
Saguinus nigricollis
Saguinus oedipus

Cebidae

Cebus albifrons
3PMzM Cabus apalla
Cebus capucinus
Salmir scluraus
Actidas ———hotus trivirgatus
Alouatta caraya
Alouatta palliata
Alouatta senlcullus
Atelidae Ateles geoffroyi
Melas panlscus
Brachyteles arachnoides
L Lagothrix lagotricha
Callicebus moloch
Pilfisclidae Pithecia monachus

Lemur caftta
Lemuridae | Eulemur fulvus
Varecia varlegata

Loris tardigradus
Lorieklae Nyclicebus coucang
icebus pyomaeus

Calagida Galago senegalensis
i emur crassicaudatus
Tarsiidae

Tarsius sp
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