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l. Introducao

1.1 Aspectos Gerais das Displasias Frontonasais

Anomalias craniofaciais respondem por aproximadamente um terco de todas as anomalias
congénitas humanas (Trainor e Krumlauf, 2000). Dentre elas estdo os defeitos de linha média
craniofacial, que compreendem alteragdes do sistema nervoso central (SNC), decorrentes de falha na
clivagem do prosencéfalo, e alteragdes faciais, decorrentes de falha no desenvolvimento do processo
frontonasal. Considerada um plano sagital imaginario, a linha média se refere a um campo especial
de desenvolvimento que determina tanto a posicdo das visceras nos embriGes como o plano de
clivagem de gémeos monozigdticos (Opitz, 1993 revisado por Guion-Almeida, 2000). Defeitos no
desenvolvimento da linha média craniofacial levam a diferentes fenétipos faciais, tanto quando ha
reducdo do espaco interorbitario, tendendo para a holoprosencefalia (HPE) e até ciclopia, como
qguando ha uma expansdo, sendo a duplicagdo facial ou diprosopus seu estagio mais grave (Brugmann

et al., 2010).

Dentro do espectro de expansdo de linha média, a displasia frontonasal (DFN) compreende
quadros de aparéncia facial varidvel, sendo clinicamente caracterizada por dois ou mais dos
seguintes sinais: hipertelorismo com consequente alargamento da base nasal; fissura facial mediana
afetando o nariz ou o nariz e labio superior e, por vezes, o palato; fissura alar (uni ou bilateral); ponta
nasal ausente; cranio anterior bifido, e implantagdo em "V" dos cabelos na fronte (Sedano e Gorlin,
1988 revisado por Guion-Almeida, 2000). A DFN pode ser vista como um defeito de desenvolvimento
que pode ocorrer por si s6 ou como parte do quadro clinico de varias sindromes, a grande maioria de
etiologia e padrdao de heranga desconhecidos (Guion-Almeida, 2000; Guion-Almeida et al., 1996,

2007; Guion-Almeida e Richieri-Costa, 2001, 2003, 2009; Wu, Vargevik e Slavotinek, 2007). Ha



trabalhos que sugerem uma maior ocorréncia de DFN em meninos, mas estes resultados sdo ainda

controversos (Guion-Almeida et al., 1996; Rizvi et al., 2010; Antoneli, 2011).

1.1.1 Desenvolvimento embriolégico

A face dos vertebrados é uma estrutura complexa que consiste de uma grande variedade de
tecidos com arranjo precisamente definido. Durante a embriogénese, a face desenvolve-se a partir
de 4 primérdios faciais, os quais envolvem a boca primitiva e os placddios nasais. A proeminéncia
frontonasal, o processo nasal lateral e o processo maxilar expandem-se e fundem-se parcialmente
para formar o maxilar superior e a regidao nasal, enquanto o primérdio mandibular déd origem a
mandibula. Inicialmente, todos os primérdios faciais consistem de um centro mesenquimal
indiferenciado revestido por ectoderme. O mesénquima contém células da crista neural e do
mesoderma cranial. As células derivadas da crista neural ddo origem ao esqueleto facial, enquanto as
células mesodermais ddo origem, principalmente, aos musculos faciais (Nie et al., 2006). O processo
de desenvolvimento craniofacial é controlado por uma complexa rede de genes que inclui genes que
codificam uma variedade de moléculas sinalizadoras, fatores de transcri¢ao e fatores e receptores de
crescimento. A ruptura dessa regulagdo molecular resulta em diversos defeitos craniofaciais (Francis-
West et al., 1998; Wilkie e Morris-Kay et al., 2001; Jiang et al., 2006; Nie et al., 2006; Handrigan et al.,

2007).

O espectro fenotipico da DFN é resultante de uma interrupcdo no desenvolvimento normal
do processo frontonasal como uma forma de defeito de campo e o aspecto facial é mais grave
guanto mais precocemente ocorrer essa alteracdo (Sedano e Gorlin, 1988 revisado por Guion-
Almeida, 2000). Do ponto de vista embrioldgico, o desenvolvimento inadequado do placédio nasal,

impedindo a formacdo da capsula nasal, ou um defeito intrinseco da capsula nasal, podem levar ao



fendtipo facial de DFN. Anomalias de linha média craniofacial podem, ainda, resultar de anomalias
do processo sutural dos ossos da abébada craniana com os 0ssos da base do cranio (fronto-etmoidal)
ou resultar da alteragdao na harmonia do fechamento das suturas da base do cranio, principalmente
da sutura esfeno-etmoidal. Nessas circunstancias, € comum ocorrer encefalocele frontonasal, fronto-
etmoidal, etmoidal e esfeno-etmoidal. A presenca de encefaloceles nessas linhas de sutura,
usualmente determinam hipertelorismo de graus varidveis e fendtipo facial de DFN. O envolvimento
do processo frontonasal, nessas situacdes, seria secunddrio. Diferenciacdo prematura e rapida dos
ossos do neurocranio levando a fusdo precoce das suturas afetando, secundariamente, o
desenvolvimento do cérebro, pode resultar também numa face semelhante a DFN. Sedano e Gorlin
(1988 revisado por Guion-Almeida, 2000) comentam, ainda, que a acdo de um agente em periodo
embriondrio precoce que implique no desenvolvimento anormal do primeiro arco branquial pode
levar a um consequente prejuizo no desenvolvimento do processo frontonasal. Sendo assim, o
processo embriogénico que induz a formag¢ado da face observada na DFN e nas condi¢des que incluem

este fenédtipo facial é variavel.

1.1.2 Etiologia

A maioria dos casos de DFN é esporadica. Das sindromes que ocorrem com DFN, até pouco
tempo apenas a displasia craniofrontonasal (DCFN) apresentava etiologia genética definida, sendo
mutac¢des no gene EFNBI1 responsaveis pelo quadro clinico de grande parte dos afetados. A DCFN se
caracteriza por anomalias estruturais do SNC, craniossinostose coronal, hipertelorismo ocular, nariz
bifido, fissura de labio e palato e anomalias esqueléticas. A grande maioria das mutag¢des do gene
EFNB1 ocorrem em seus éxons 2 e 3 (Twigg et al., 2004; Wieland et al., 2004; Twigg et al., 2006;
Wallis et al., 2008), e a natureza variavel dessas mutacdes sugere que o fendtipo resulta de perda de

funcdo da proteina efhrin-B1 (Twigg et al., 2004; Wieland et al., 2004; Twigg et al., 2006). Embora a



DCFN apresente heranca dominante ligada ao X, a gravidade do fenétipo nas mulheres afetadas é
maior do que nos homens. O mecanismo de interferéncia celular, que tem sido apontado como a
explicacdo mais adequada para tal paradoxo (Compagni et al., 2003; Twigg et al., 2004; Wieland et
al., 2004; Wieacker e Wieland, 2005; Wieland et al., 2008; Evers et al., 2013), seria resultado da
combinagdo de: (1) inativagdo randémica do X nas mulheres, (2) funcGes especificas do gene EFNB1
(que é sujeito a essa inativagdo) nas propriedades das superficies celulares, levando a interagdes
anormais entre células no estado mosaico, e (3) provavel redundancia funcional do gene em homens
hemizigotos ndo mosaicos (Twigg et al., 2013). Estudos com camundongos (Compagni et al., 2003;
Wieland et al.,2008) e a detec¢do de mosaicismo somatico em todos os individuos do sexo masculino
com quadro de DCFN grave (semelhante ao que ocorre nas mulheres) investigados por Twigg et al.

(2013) corroboram esta hipodtese.

Trés recentes estudos atrairam atenc¢do aos fatores de transcricdo Homeobox aristaless-
related, relacionando-os a patogénese molecular de algumas das sindromes com DFN (Twigg et al.,
2009; Kayserili et al., 2009; Uz et al., 2010). Acredita-se que, nos vertebrados, os genes Aristaless-like
homeobox Alx1 (Cartl), Alx3 e Alx4 codifiguem proteinas que exercem papéis criticos durante o
desenvolvimento de estruturas derivadas do mesénquima craniofacial, do primeiro arco branquial e
dos brotos de membros (revisto em Uz et al., 2010). Embora camundongos com dele¢Ges tanto
hetero quanto homozigotas do Alx3 ndo exibam fendtipo ébvio de expansdo de linha média,
mutacdes em homozigose no ALX3 em seres humanos causam a frontorrinia, uma sindrome descrita
por Twigg et al. (2009). A frontorrinia se caracteriza por hipertelorismo, ponte nasal larga, crista
nasal curta, ossos nasais afunilados com a ponta nasal bifida, columela ampla unida a face acima da
asa nasal, narinas em fenda amplamente separadas, filtro longo, cume do filtro proeminente,
ocasionalmente com edema bilateral adicional em dire¢do as narinas, e entalhe medial no labio
superior e alvéolos. Aparentemente a expressividade dessa sindrome nao é muito varidvel e ndo ha

correlagdo gendtipo-fendtipo; até o momento 14 casos foram reportados na literatura (Twigg et al.,
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2009; Pham et al., 2011). Kayserili et al. (2009), por sua vez, demonstraram que mutacdes em
homozigose no gene ALX4 respondem pelo fendtipo de dois pacientes com hipertelorismo, ponta
nasal bifida, grave defeito de cranio, craniossinostose coronal, agenesia de corpo caloso,
criptorquidismo, alopecia total e retardo mental. Segundo revisdao dos proprios autores,
camundongos homozigoto-mutantes para Alx4 compartilham diversas das caracteristicas faciais
apresentadas pelos pacientes. Kayserili et al. (2012) encontraram uma muta¢do em homozigose no
ALX4 causando também um fendtipo mais leve de DFN em um menino com hipertelorismo, base e
ponte nasais largas, ponta nasal bifida, fissura alar, columela ampla, apéndice pré-auricular
unilateral, sulco labio-gengival alargado e forame parietal bilateral alargado. Esta Ultima
caracteristica ja foi descrita ocorrendo isoladamente em individuos com mutagdo em heterozigose
no ALX4 (Mavrogiannis et al., 2006). Ja Uz et al. (2010) encontraram muta¢ées em homozigose no
gene ALX1 em dois pacientes com microftalmia bilateral grave, fissura facial obliqua bilateral, palato
completamente fissurado, hipertelorismo, ponte nasal larga com hipoplasia de narinas, e orelhas
com baixa implantagdo e posteriormente rodadas. Camundongos com knockout homozigoto para o
Alx1 apresentam, além da cartilagem nasal gravemente afetada, defeitos de fechamento do tubo
neural que levam a anencefalia e grandes defeitos cranianos (revisto em Uz et al., 2010). N3o foi
encontrada anomalia de fechamento de tubo neural nos pacientes por eles estudados. Em todos os
casos de DFN relacionada a genes ALX descritos até entdo o padrdo de heranca é autossémico

recessivo.

Em raras circunstancias foram observadas alteragdes cromossdmicas em individuos com
DFN, tais como: trisomia 2q31-2qter e monossomia do 7q36-7qter em uma menina com DFN e
arrinencefalia; transloca¢do equilibrada entre os cromossomos 15 (15¢g22) e 22 (22g13) em uma
crianca com DFN; rearranjo cromossdmico complexo envolvendo os cromossomos 3 (3923 e 3g27), 7
(7921.3) e 11 (11g21), em um menino com DFN (Wu et al., 2007); delecdo parcial do 2936 em uma
menina com DFN, dolicocefalia, hipertricose, alteracbes esqueléticas, deficiéncia intelectual leve,

hipotonia, entre outros achados, e em estado mosaico em sua mae, que apresentou quadro mais



leve (Freitas et al., 2012); delecdo parcial do 21g22.3 em uma menina com DFN, agenesia de corpo
caloso, encefalocele e anomalias oculares (Guion-Almeida et al., 2012). Esses achados sugeriram que

tais regiées cromossGmicas podem conter genes associados a etiologia da DFN.

A descricdao de raros casos de DFN com recorréncia familial, a observacdo de alteragcbes
cromossOmicas em determinados pacientes com DFN e a identificacdo de mutacdes em EFNB1, ALX1,
ALX3 e ALX4 como causativas de quadros que cursam com DFN mostram a influéncia de fatores
genéticos em sua etiologia. Embora a discordancia de DFN entre gémeos monozigdticos a principio
sugira a acdo de fatores ambientais no fendtipo, vale notar que ela pode ser também explicada por
mecanismos genéticos e epigenéticos (Guion-Almeida, 2000; Wu, Vargevik e Slavotinek, 2007), tais
como mosaicismo cromossomico, mutacdes pds-zigdticas, metilacdo diferencial de DNA, entre

outros (Silva et al., 2011).

1.2 Justificativa

Embora seja claro que haja heterogeneidade etioldgica na DFN e quatro genes ja tenham
sido descritos como responsaveis por quadros com este fendtipo, a maioria dos casos continua sem
identificagdo causal. Dessa forma, estudos envolvendo diferentes estratégias metodoldgicas em
individuos com DFN podem auxiliar na compreensdo de sua etiologia, a qual é ainda muito pouco
conhecida. O melhor entendimento das causas da DFN poderdo também auxiliar na realiza¢dao de um

aconselhamento genético mais preciso aos pacientes e seus familiares.

Uma estratégia que pode ser bem sucedida para a identificacdo de genes associados a
doencas é a clonagem de pontos de quebra de rearranjos cromossdmicos balanceados em individuos
com um dado fendtipo, uma vez que tais pontos de quebra podem romper um ou mais genes ou

regides regulatdrias importantes (Petek et al., 2001; Kim et al., 2008; Poot et al., 2010).



Nos ultimos anos, tem-se demonstrado que variagdes de nimero de cépias (copy number
variations — CNVs) podem estar relacionadas com a etiologia de diferentes entidades clinicas, a
maioria com padrdo de heranca complexa tais como autismo e esquizofrenia (Sebat et al., 2007,
Marshall et al., 2008; Sutrala et al., 2008; Xu et al., 2009). No entanto, CNVs também tem sido
identificadas como mecanismo genético causativo de malformacbes congénitas, particularmente
quando associadas a alteracdes de desenvolvimento (Krepischi-Santos et al.,, 2006; Shinawi e
Cheung, 2008; Jehee et al., 2009; Sun et al., 2009; Rossi et al., 2009; Zhang et al., 2009). Estudo de
CNVs seria, portanto, uma abordagem promissora para triagem genética em individuos com DFN e
alteracOes de desenvolvimento. O uso de hibridizagdo genémica comparativa por microarranjo
(microarray comparative genomic hybridization — array-CGH) e de micrroarranjo de polimorfismos de
base Unica (single nucleotide polymorphism microarray - SNP-arrays) sdo técnicas com eficiéncia

comprovada para analise de CNVs nas diferentes plataformas disponiveis (Hester et al., 2009).

Embora a anadlise de CNVs seja uma boa abordagem para triagem em pacientes com
malformagOes congénitas, ela ndo é capaz de identificar certos tipos de alteracbes genOGmicas
plausiveis de explicar tais fendtipos, como mutac¢des de ponto, pequenas delecbes e insergdes, entre
outras. Para os genes nos quais mutagdes ja foram efetivamente encontradas em pacientes com
algum fendtipo que inclui DFN (EFNB1, ALX1, ALX3 e ALX4), uma abordagem relativamente simples

capaz investigar tais tipos de alteragdes é o sequenciamento dos genes.



1.3 Objetivo

O objetivo geral deste trabalho é identificar possiveis causas genéticas da DFN.

Os objetivos especificos, por sua vez, sdo:

- Verificar a presenca de mutacdes nos genes EFNB1, ALX1, ALX3 e ALX4 em casos de DFN

com ou sem atraso de desenvolvimento.

- Verificar se um rearranjo cromossOmico previamente identificado em um caso de DFN,
atraso de desenvolvimento e outras anomalias rompe um ou mais genes que possam estar

relacionados ao quadro clinico do paciente.

- Verificar se CNVs podem estar relacionadas ao mecanismo etiopatoldgico de DFN associada

a atraso de desenvolvimento.



I. Casuistica e Métodos

2.1 Casuistica

Ao todo foram incluidos neste estudo 10 pacientes:

- Um individuo com fenétipo brando de DFN cuja mae apresenta quadro bastante semelhante,
atendido no Centro de Estudos do Genoma Humano (CEGH) da Universidade de S3o Paulo, Sdo
Paulo/SP — Capitulo 3.

- Um individuo com fendtipo grave de DFN indicativo de mutagdo em ALX1, atendido no CEGH
— Capitulo 4.

- Um individuo com DFN associada a outras anomalias que possui um rearranjo cromossGmico
detectavel via caridtipo, avaliado pela Secdo de Genética Clinica do Hospital de Reabilitacdo de
Anomalias Craniofaciais (HRAC) da Universidade de S3o Paulo, Bauru/SP — Capitulo 5.

- Sete individuos com DFN associada a altera¢des de desenvolvimento com ou sem outras
anomalias, dos quais quatro sdo pacientes do HRAC e trés do Centro de Atendimento Integral ao

Fissurado Labio-palatal (CAIF), Curitiba/PA — Capitulo 6.

Em todos os casos, os individuos somente foram incluidos no estudo mediante autorizagdo
expressa do paciente ou responsavel através da concordancia com o Termo de Consentimento Livre
e Esclarecido, aprovado pelo Comité de Etica do HRAC (19/2011-SVAPEPE-CEP). Os pacientes
atendidos no CEGH foram avaliados pela geneticista clinica Dra. Débora Romeo Bertola, do Instituto
de Biociéncias, Departamento de Genética. Os pacientes atendidos no HRAC foram avaliados no

Setor de Genética Clinica pela geneticista Dra. Roseli Maria Zechi Ceide, e pelos geneticistas clinicos
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Dra. Maria Leine Guion de Almeida e Dr. Antonio Richieri Costa. Os pacientes atendidos no CAIF
foram avaliados pela geneticista clinica Dra. Josiane de Souza e pelo cirurgido plastico e craniofacial

Dr. Renato da Silva Freitas.

2.2 Métodos

Inicialmente foi realizada triagem de mutacdo nos genes EFNB1, ALX1, ALX3 e ALX4 em todos
os pacientes. Para aqueles que mostraram resultados normais nos sequenciamentos desses genes,
foi realizada analise de CNVs. Para o paciente com rearranjo cromossomico foi realizado também o

mapeamento dos pontos de quebra.

2.2.1 Amostras de DNA

As amostras de DNAs utilizadas neste projeto tiveram sua concentracdo e a qualidade
verificadas no aparelho NanoDrop ND 1000 (espectrofotémetro da Peglab Biotechnologie™) e em gel

de agarose 1,0%.

2.2.2 Triagem dos Genes EFNB1, ALX1, ALX3 e ALX4

Para todos os pacientes incluidos no estudo foi realizada triagem de mutagdo por
sequenciamento Sanger nos genes ja descritos como relacionados a fendtipos com DFN: EFNBI,
ALX1, ALX3 e ALX4. Os primers e as condi¢Ges de reagdo (concentragbes e temperaturas) utilizados
para amplificacdo da regido codificante dos genes foram descritos por Twigg et al. (2004; 2009). Para
a andlise dos cromatogramas foi utilizado o software Sequencher 4.9 Demo, da Gene Codes

Corporation.
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2.2.3 Andlise de CNVs

Para a analise de CNVs optamos por realizar a técnica de SNP-array, que apresenta alta
resolucdo na deteccdao de ganhos e perdas de material genético por apresentar sondas em diversos
loci distribuidos por todo o genoma. Utilizamos para tanto a plataforma GeneChip® Human Mapping
500K Array Set, Affymetrix® (Santa Clara, CA, EUA) de acordo com o protocolo do fabricante. Esta
plataforma compreende dois arrays, cada um capaz de genotipar em media 250 mil polimorfismos
de base Unica (SNPs) — aproximadamente 262 mil para a enzima de restricdo Nsp e 238 mil para a
Sty. A distribuicdo resultante das sondas considerando os 500 mil SNPs ndo é uniforme nas laminas,

tendo distancia fisica mediana entre eles de 2,5kb e média de 5,8kb.

Apds a hibridacao, lavagem e marcacao, as laminas foram escaneadas no GeneChip® Scanner
3000 7G (Affymetrix® - Santa Clara, CA, EUA). Os dados de intensidade foram gerados pelo programa
GeneChip Command Console Software (Affymetrix® - Santa Clara, CA, EUA). A qualidade da
hibridizacdo das amostras foi avaliada pelo indice de QC Call Rate; o limite minimo escolhido para
este indice foi 90,0. Os dados gerados nos arrays foram analisados através dos softwares Genotyping
Console, Affymetrix (Santa Clara, CA, EUA), PennCNV (Wang et al., 2007; Wang e Bucan, 2008), e
dChip (Li and Wong 2001; Lin et al. 2004). Segundo Kim et al. (2012), ao se combinar multiplos
algoritmos de definicdo de regides de CNV a partir de SNP-arrays, aumenta-se a seguranga e
confiabilidade da analise. Assim, definimos como critério minimo de confianga para a existéncia de
determinada CNV o fato de ela estar presente nos resultados gerados por pelo menos dois software

distintos.

As varia¢Oes encontradas segundo este critério foram comparadas as dos bancos de dados

Database of Genomic Variants (DGV - http://projects.tcag.ca/variation/), que contém informacdes

sobre CNVs observadas em individuos controles, e Database of Chromosomal Imbalance and

Phenotype in Humans using Ensembl Resources (DECIPHER - http://decipher.sanger.ac.uk/), que

compila dados de alteragdes encontradas em individuos com fendtipos alterados. Para investigacao
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de genes localizados em tais regidoes foram realizadas andlises in silico nos bancos de dados do UCSC

Genome Browser (UCSC - http://genome.ucsc.edu/), Ensembl Genome Browser (Ensembl -

http://www.ensembl.org/) e do National Center for Biotechnology Information (NCBI -

http://www.ncbi.nlm.nih.gov/).

2.2.4 Mapeamento do ponto de quebra

O mapeamento do ponto de quebra foi realizado através da técnica de hibridizacdo in situ
fluorescente (Fluorescense In Situ Hybridization — FISH). Para tanto contamos com infra-estrutura,
materiais e protocolos do laboratério da Dr2. Angela Maria Vianna Morgante, colaboradora deste
projeto, e com o auxilio de sua aluna de doutorado, Ana Carolina Fonseca (Processo FAPESP

2011/14293-4).

Recebemos 5ml de sangue periférico do paciente em tubo com heparina. Estabelecemos
cultura temporaria de linfécitos adicionando 0,5 mL de plasma sanguineo em 4,5 mL de meio de
cultura TC 199 (Invitrogen, Carlsbad, EUA), complementado com soro fetal bovino 15% (Invitrogen),
L-glutamina 1% (Sigma, Saint Louis, EUA) e fitohemaglutinina 1% (Invitrogen), por 72 h, a 37°C. O
tratamento com colchicina (Sigma) na concentragao final de 0,0016% foi realizado nos 40 min finais
do cultivo. Para a hipotonizacdo, utilizamos solu¢do de KCl (0,075 M) por 12 min a 37°C e para a
fixacdo, metanol:acido acético, 3:1. Parte do material foi conservada a 20°C no fixador e parte foi
utilizada na preparagdo de ldminas, que foram mantidas em estufa a 37°C, por sete a quinze dias e,
entdo, utilizadas para a aplicagdo da técnica de bandamento cromossémico GTG ou congeladas a —

20°C, para utilizacao posterior em experimentos de FISH.

Para a identificacdo do rearranjo cromossémico foi utilizada a técnica de bandamento GTG
descrita por Seabright (1971), com modifica¢gdes. As laminas foram tratadas com 2xSSC (cloreto de

sodio 0,03 M e citrato trissddico 0,03 M, pH 7,0) por 15 minutos, a 60°C. Em seguida, foram lavadas
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em agua destilada e tratadas com solugdo de tripsina (1:250; Invitrogen) 0,025% em tampao fosfato
Soérensen (fosfato dissédico 0,03 M e fosfato monopotassico 0,03 M), pH 6,8, a 37°C por tempo
aproximado de 15 s. A seguir, as laminas foram lavadas em dgua destilada e coradas por 3 a 6 min
com solugdo a 2% do corante de Giemsa (Merck), em tampao fosfato, pH 6,8. Apds serem coradas,
foram mais uma vez lavadas em agua destilada; secaram ao ar e posteriormente foram analisadas ao
microscépio dptico para realizacdo do caridtipo.

Para a técnica de FISH, utilizamos como sondas os segmentos cromossOmicos clonados em
cromossomos artificiais de bactérias (BACs) que fazem parte da biblioteca utilizada para a confecgdo
de 1Mb-array produzido pela Dra. Carla Rosenberg, no Leiden University Medical Centre. Tais clones
foram cedidos pelo Wellcome Trust Sanger Institute, UK; maiores informac¢des sobre o conjunto
estdo disponiveis no site do banco de dados do Sanger Institute, Ensembl, sob a denomina¢do 1Mb

clone set.

De acordo com os pontos de quebra mapeados por bandamento G, a sele¢do de sondas para
este experimento foi feita com base nos mapas obtidos no Ensembl. As bactérias com os clones
escolhidos foram cultivadas em meio LB (1% bactotriptona; 0,5% extrato de levedura; 1% NaCl; pH
7,5) acrescido do antibidtico para selecdo de bactérias resistentes com os segmentos de interesse.
Para a extracdo dos clones, utilizamos o kit lllustra™ PlasmidPrep Mini Spin (GE Healthcare, New
Jersey, EUA). As sondas foram marcadas por nick translation com biotina ou digoxigenina por meio,
respectivamente, da incorporagdo dos nucleotideos Bio-16-dUTP ou Dig-11-dUTP, utilizando os kits
de marcagdo Biotin-Nick Translation Mix ou Dig-Nick Translation (ambos da Roche Applied Science,
Manheim, Alemanha), conforme instru¢es do fabricante. As sondas foram desnaturadas a 95°C em
meio de hibridagdo (50% formamida, e 10% dextran sulfato, em 2xSSC). A supressdo de sequéncias

repetitivas foi feita com DNA humano Cot-1 (Invitrogen).

O DNA dos cromossomos das laminas foi desnaturado em 70% formamida/2xSSC a 72°C. A

hibridac3o, por sua vez, foi realizada em cAmara Umida por 48 a 72 horas a 37°C. Para a detecc¢3o das



14

sondas marcadas com biotina, utilizamos avidina conjugada a FITC e para a detec¢do de sondas
marcadas com digoxigenina, anti-digoxigenina conjugada a rodamina. As laminas foram montadas
em Vectashield Mouting Medium (Vector Laboratories, Califérnia, EUA) contendo o corante DAPI (0,8
ug/mL) (Sigma, Saint Louis, EUA). A analise foi realizada no microscépio de fluorescéncia Axiophot 2
(Carl Zeiss, Alemanha). Para a documentacdo, as imagens foram capturadas por cdmara de CCD e

processadas utilizando-se o software ISIS (MetaSystem, Alemanha).

A partir do resultado final do FISH, realizamos andlises in silico nos bancos de dados do UCSC,

Ensembl e NCBI, para investigar possiveis genes candidatos.
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Resumo

Displasias frontonasais compreendem um espectro de desordens causadas por desenvolvimento
anormal da face mediana. Sua etiologia é ainda pouco conhecida, mas, recentemente, fendtipos de
displasia frontonasal foram relacionados a mutacGes de perda de fung¢do na familia génica ALX-
homeobox, que compreende os genes ALX1, ALX3 e ALX4. Até o momento, todos os fendtipos
frontonasais relacionados a ALX foram compativeis com modo de heranga autossGmico recessivo. Em
contraste, mutagdes de perda de fun¢do no ALX4 foram associadas isoladamente a defeitos
simétricos de ossificacdo parietal na intersecgdo das suturas sagital e lambddide, conhecidos como
forame parietal alargado. Nds descrevemos uma familia com transmissao vertical de mae para filho
de fendtipo brando de displasia frontonasal causado por uma nova muta¢do no gene ALX4 (c.1080-
1089 _delGACCCGGTGCinsCTAAGATCTCAACAGAGATGGCAACT, p.Asp326fsX21). Este é o primeiro
relato de fendtipo frontonasal relacionado a mutacdo em heterozigose no ALX4. A mutacdo é predita
a levar a perda do dominio aristaless na regido C-terminal da proteina, mas preserva o
homeodominio. Nos especulamos que um diferente mecanismo, de efeito dominante negativo, seja

responsavel pelo fenétipo distinto desta familia.
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Frontonasal dysplasias (FND) comprise a spectrum of disorders
caused by abnormal median facial development. Its etiology is
still poorly understood but recently frontonasal dysplasia phe-
notypes were linked to loss-of-function mutations in the ALX
homeobox gene family, which comprises the ALX1, ALX3, and
ALX4genes. All ALX-related frontonasal phenotypes till date had
been compatible with an autosomal recessive mode of inheri-
tance. In contrast, heterozygous loss-of-function mutations in
ALX4 had been only associated with isolated symmetrical parie-
tal ossification defects at the intersection of the sagittal and
lambdoid sutures, known as enlarged parietal foramina. We
report a family with vertical transmission from mother to son
of mild frontonasal dysplasia phenotype caused by a novel ALX4
gene mutation (c.1080-1089_del GACCCGGTGCinsCTAAGATC
TCAACAGAGATGGCAACT, p.Asp326fsX21).This is the first
report of a frontonasal phenotype related to a heterozygous
mutation in ALX4. This mutation is predicted to cause the
loss of the aristaless domain in the C-terminal region of the
protein and preserves the homeodomain. We speculate that a
different mechanism, a dominant-negative effect, is responsible
for the distinct phenotype in this family. © 2013 Wiley Periodicals, Inc.

Key words: ALX4; parietal foramina; frontonasal dysplasia;
dysmorphology

INTRODUCTION

Frontonasal dysplasias (FND) comprise a spectrum of heteroge-
neous disorders caused by abnormal median facial development.
The presence of two or more of the following clinical findings
could define FND: True ocular hypertelorism, broadening of
the nasal root, median facial cleft affecting the nose and/or
upper lip and palate, unilateral or bilateral clefting of the alae
nasi, lack of formation of the nasal tip, anterior cranium
bifidum occultum, and a V-shaped or widow’s peak frontal
hairline [Sedano and Gorlin, 1988]. Additional characteristics
are responsible for a myriad of other disorders within the FND
spectrum, such as craniofrontonasal dysplasia (OMIM 304110),
oculoauriculofrontonasal syndrome (OMIM 601452), frontofacio-
nasal dysplasia (OMIM 229400), cerebrofrontofacial syndrome

© 2013 Wiley Periodicals, Inc.
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(OMIM 608578), acromelic frontonasal dysostosis (OMIM
603671), acrofrontofacionasal dysostosis 1 (OMIM 201180) and
2 (OMIM 239710), among others.

The majority of these cases are sporadic and their etiology is
generally poorly understood. A genetic cause (EFNBI gene
mutations) has been identified in X-linked craniofrontonasal dys-
plasia [Wieland et al., 2004]. Recently, patients with autosomal
recessive FND were linked to homozygous loss-of-function muta-
tions in the ALX homeobox gene family, which comprises ALX1,
ALX3, and ALX4 genes [Twigg et al., 2009; Kayserili et al., 2009; Uz
et al., 2010]. This gene family belongs to the Paired-class homeo-
proteins and plays an important role in the complex processes of
cranial development as well as neural tube closure and limb
development [McGonnell et al., 2011]. Biallelic mutations in
ALX4 were identified in a patient with severe FND with additional
findings of alopecia, coronal craniosynostosis, hypogonadism, and
intellectual disability, named ALX4-related FrontoNasal Dysplasia
with Alopecia and Genital abnormality phenotype (ALX4-related
FNDAG) [Kayserili et al., 2009]. More recently, an attenuated FND
phenotype, with enlarged parietal foramina and abnormalities of
the corpus callosum and cerebellum was described in a boy with a
homozygous mutation in ALX4 [Kayserili et al,, 2012].
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In contrast, heterozygous loss-of-function mutations in ALX4
were originally associated with isolated symmetrical parietal ossifi-
cation defects at the intersection of the sagittal and lambdoid
sutures, known as enlarged parietal foramina, without facial fea-
tures characteristic of FND [Wuyts et al., 2000]. We report on the
first vertical transmission of a mild FND phenotype caused by a
novel heterozygous ALX4 gene mutation.

CLINICAL REPORT

The proband, the second child of non-consanguineous parents,
whose mother presented with arterial hypertension during preg-
nancy, was born preterm by cesarean with a birth weight of 2,650 g
and length of 45 cm. He developed jaundice and required photo-
therapy. He evolved with normal developmental milestones.
Because of bilateral cryptorchidism, the patient underwent
orchidopexy at the age of 4 years, without success. He underwent
two additional surgical procedures, but his left testis was consid-
ered dysgenetic. He has used corrective lenses for hyperopia since
the age of 8 years.

He was referred to the Genetics Unit because of craniofacial
dysmorphisms and cryptorchidism. He was evaluated at the age of

10 years and 4 months showing normal anthropometric measure-
ments (W: 38.5kg ~75th centile; H: 136 cm ~25th centile, and
OFC: 53.5cm ~50th centile); craniofacial features comprised
frontal alopecia, sparse eyebrows, widely spaced eyes
(ICD =4cm, OCD = 8.8 cm, IPD = 6.4 cm), telecanthus, lack of
formation of the nasal tip, broad and elongated columella
(Fig. 1A,E,F); undescended left testis, and broad thumbs (Fig. 1G).

His mother shared a similar pattern of facial features, including
sparse eyebrows, widely spaced eyes, telecanthus (ICD =3.7 cm,
OCD =8.5cm, IPD = 6.1 cm), median cleft at the tip of the nose,
and a broad and elongated columella (Fig. 1C).

Complementary exams in the proband, including abdominal
ultrasound, echocardiogram, audiologic, and ophthalmologic eval-
uations (fundoscopy and slip-lamp exam), were normal. His cranial
X-ray, as well as his mother’s, displayed forme fruste parietal
foramina (Fig. 1B,D).

The probands sister and a female maternal cousin (Fig. 2A) were
normal upon physical exam and cranial X-rays.

We concluded that the craniofacial features presented by this
family were suggestive of FND and once mutations in ALX4 gene
have been recently described in patients with a mild phenotype, this
specific gene was selected to be sequenced.

FIG. 1. Frontal view of the proband (A) and his mother [C): Note the sparse eyebrows, widely spaced eyes, telecanthus, broad nasal bridge, lack of the

tip of their nose, with broad, elongated col lla, and fi

ia in the proband (E,F). B,D: Cranial X-ray of the proband (B) and his mother (D)

showing parietal foramina (dark arrows). G: Note broad thumbs in the probands hands. [Color figure can be seen in the online version of this article,

available at http://wileyonlinelibrary.com/journal/ajmga]
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FIG. 2. A:Family pedigree: Observe that only the proband (I1-2) and his mother (I-3) harbor the frameshift mutation in ALX4. B: The ALX4 gene product
showing the distribution of the mutations according to the localizations of the protein domains: p.Asn326fsX21, in bold and underlined, is the

mutation described here; p.GIn225GIu and p.265X, in bold, are the mutations described in the literature

d to a fror 1 invol in

homozygosity; the other mutations shown are related to parietal foramina [Wuyts et al., 2000; Mavrogiannis et al., 2001; Gentile et al., 2004;
Mavrogiannis et al., 2006]. The arrow depicts the conservation of the region harboring the mutation here described among different species. [Color

figure can be seen in the online version of this article,

MATERIALS AND METHODS

For DNA sequencing analysis, we amplified the four ALX4
exons of the proband and his mother as well as those of his
sister and a female maternal cousin. The pair of primers used
were described elsewhere [Mavrogianniset al., 2001]. Bi-directional
sequencing was performed using the BigDye Terminator v3.1
Cycle Sequencing kit, (Applied Biosystems, Carlsbad, CA) on
the ABI PRISM® 3037 DNA Analyzer (Applied Biosystems)
sequencer.

RESULTS

Exon sequencing of ALX4 disclosed a novel heterozygous
mutation carried by the proband and his mother: p.Asp326fsX21
(c.1080-1089_del GACCCGGTGCinsCTAAGATCTCAACAGAG
ATGGCAACT; cDNA reference: NM_021926.3; protein reference:
NP_068745.2). The analysis in the proband’s sister and cousin
yielded normal results (Fig. 2A).

le at http://wiley

library.com/journal/ajmga]

DISCUSSION

We have presented the first FND phenotype associated with a
heterozygous mutation in the ALX4. This illustrates the phenotypic
heterogeneity of ALX4-related phenotypes, ranging from severe
frontonasal involvement associated with homozygous loss-of-
function mutations to enlarged parietal foramina caused by hap-
loinsufficiency. The phenotype expressed by our family is placed in
the middle of this spectrum.

The facial features observed in this group of patients are the main
clinical finding. Kayserili et al. [2012] pointed out that the nasal
configuration with notched alae nasi was shared by all the three
described patients and this dysmorphic feature could be used as a
good clinical discriminator between ALX4group and the other ALX
gene phenotypes. Nevertheless, the mother and son reported here
lacked the notched alae nasi, but shared a broad and elongated
columella, providing a different gestalt (Fig. 1A,C). Thus, the facial
features, within the spectrum of frontonasal dysplasia, are more
diverse than previously thought and further clinical reports will be
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important to fully discover the full range of phenotypes associated
with ALX4 mutations.

Genital anomalies are a frequent finding and restricted to males,
although the mother of the proband has shown normal reproduc-
tive capacity. Three out of four male patients with a FND pheno-
type, including the proband described here, presented bilateral
cryptorchidism [Kayserili et al., 2009]. The follow-up of these
affected individuals would be important to determine if the gonadal
abnormality will interfere in their ability to bear children.

Ectodermal involvement is a variable characteristic in patients
with FND. It ranges from universal alopecia, described in the two
original patients [Kayserili et al., 2009], to normal hair pattern
[Kayserili et al., 2012]. The proband reported here had frontal
alopecia and sparse eyebrows (Fig. 1A,EF). The latter was also
observed in the mother (Fig. 1C). These findings indicate an
essential role of ALX4 in the development of skin structures,
such as the hair follicle [Kayserili et al., 2009].

Another point of interest is the presence of calvarial bone defects.
Itis known that enlarged parietal foramina are caused by heterozy-
gous loss-of-function mutations in either ALX4 or MSX2. Typical-
ly, they present as bilateral oval or round openings in the parietal
bones on either sides of the posterior sagittal suture. When the bone
defect extends between the anterior and posterior fontanelles, it is
termed cranium bifidum. They are anatomically distinct from the
normal minute foramina that transmit anastomotic vessels
[Mavrogiannis et al., 2006]. Patients with the autosomal recessive
FND phenotype have also shown the spectrum of cranium bifidum/
enlarged parietal foramina. Interestingly, three parents of pro-
bands, heterozygous for the mutations, were also evaluated for
this specific abnormality and only one of them showed smaller
enlarged parietal foramina. Two others showed a normal parietal
foramina, also observed in the mother—son described here
(Fig. 1B,D). This could be explained by an incomplete penetrance
of this trait, already observed on several patients carrying hetero-
zygous mutations that do not show the bone abnormalities on their
X-rays [Mavrogiannis et al., 2006].

The genetic background underlying the phenotype in the family
reported here is distinct from the previous case reports. ALX4 has
two different isoforms, which may be transcribed from two differ-
ent translation initiation sites, and encodes a homeodomain tran-
scription factor required for many developmental processes.
Identifiable motifs include a poly Pro/Gln sequence encoded by
exon 1, a homeodomain DNA-binding region encoded by exons 2
and 3 and an aristalessfOAR domain encoded by exon 4
[Mavrogiannis et al., 2001].

All the three patients with ALX4-related FNDAG phenotype
reported in the literature showed mutations in a homozygous
status, severely impairing the protein function. Two of them
exhibited the same mutation (p.Arg265X), and were from nearby
cities in the Black Sea region of Turkey, suggesting a founder effect.
The p.Arg265X mutation, located on helix I1I of the homeodomain
(Fig. 2B) that is known to interact with DNA major groove,
probably disrupts part of this highly conserved domain and causes
the complete loss of the C-terminal paired tail domain. The authors
also demonstrated that the protein was mislocalized to the cyto-
plasm, giving further support to a loss-of-function mechanism
[Kayserili et al., 2009].
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A milder ALX4-related FNDAG phenotype was described in a
patient presenting another homozygous missense mutation
(p.GIn225Glu) on the helix I of the homeodomain (Fig. 2B).
The fact that in silico studies showed that the mutation could
interfere in the protein folding and that there are other mutations
in the same highly conserved GIn12 residue of other Paired-class
homeodomain coding genes, reported as causing different dis-
orders, support the pathogenicity of the mutation described
here. Furthermore, the authors speculated that a residual
ALX4 activity could be responsible for the milder phenotype
of this patient compared to the two previously ones [Kayserili
etal., 2012].

On the other hand, heterozygous mutations either in the
homeodomain or in the N-terminal region adjacent to the
homeodomain (Fig. 2B), causing protein haploinsufficiency,
were only associated with the presence of enlarged parietal
foramina [Wuyts et al., 2000; Mavrogiannis et al., 2001; Gentile
et al., 2004; Mavrogiannis et al., 2006].

The family reported here has a heterozygous frameshift mutation
in the C-terminal region adjacent to the homeodomain
(p.Asp326fsX21), a site not overlapping with the ones in enlarged
parietal foramina. This mutation was considered pathogenic:
It predicts a premature stop-codon, the region is highly conserved
among different taxa, it segregates only in the affected individuals
within this family, and it predicts the loss of the OAR domain
(Fig. 2B).

The OAR or aristaless domain is conserved in a subset of the
large class of Paired-class homeoproteins [Brouwer et al., 2003].
Its function in ALX4 has never been addressed. Studies on the
function of the OAR domain in other Paired-class homeopro-
teins, such as ALX1 and ARX have shown different activities: The
deletion of the aristaless domain in ALX1 unleashes its terato-
genic potential, functioning to restrain activity of this transcrip-
tion factor in vivo, partially or completely through its effect on
DNA binding. The same study showed that this pattern was not
shared by ALX3 [Brouwer et al, 2003]. On the other hand,
McKenzie et al., [2007] demonstrated that the transcription
repression activity of ARX is modulated by two strong repression
domains and one activator domain, the aristaless domain. The
authors of these studies suggested that each transcriptional factor
could have distinct forms that may be activated or repressed.
Until the precise role of the OAR in ALX4 is understood, we
speculate that the loss of this OAR domain with the maintenance
of the homeodomain in the allele carrying the mutation in the
family reported here will generate a product that is not subject to
nonsense mediated decay (NMD), as the mutation is located in
the last exon of the gene. In mammalian cells, this mechanism of
RNA degradation requires at least one intron downstream of a
premature termination codon in order for the transcript to be
targeted for NMD [Inoue et al., 2004]. Therefore, the generated
product in the present family could interfere with the normal
allele, in a dominant-negative manner. This distinct mechanism
could explain the differences observed in the family when com-
pared to the other reported cases, once triggering or escaping
NMD is known to cause different phenotypes, besides contrib-
uting to a variable phenotypic expressivity [Inoue et al., 2004].
On the other hand, residual function of the normal ALX4 allele
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could be an explanation for preventing the present patients from
developing the ALX4-related FNDAG, the severe end of the
ALX4-spectrum disorders, originally described only in patients
with homozygous loss-of-function mutations.

In summary, we have described two related individuals with a
heterozygous mutation in ALX4 presenting a distinct phenotype of
FND that may be placed in the middle of the severity scale of the
ALX4-spectrum disorders. We suggest that the loss of the ALX4
OAR domain with the maintenance of the homeodomain impairs
the function of the normal allele in a dominant-negative effect,
explaining the increased severity when compared to patients with
heterozygous mutations. This report strengths the argument that
mild END phenotypes could be caused by ALX4 gene mutations,
contributing to uncover the etiology of this heterogeneous group of
disorders.
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Resumo
Displasia frontonasal (DFN) é uma desordem heterogénea caracterizada por dois ou mais dos
seguintes sinais clinicos: hipertelorismo ocular, base nasal larga, fissura facial mediana afetando o
nariz e/ou labio superior e palato, fissura uni ou bilateral da asa nasal, auséncia de formacdo de
ponta nasal, cranio anterior bifido oculto e implantagdo em "V" dos cabelos na fronte. DFN
compreende um amplo espectro de fenétipos, incluindo a forma autossémica recessiva caracterizada
por microftalmia extrema e fissura facial grave que foi recentemente descrita como sendo causada
por muta¢des no gene ALX1. Até o momento, ha apenas duas familias descritas com mutagdo em
ALX1. Aqui, nds relatamos o primeiro caso brasileiro conhecido deste tipo de DFN, que é
clinicamente muito similar aos casos anteriores, exceto pela auséncia de atraso de desenvolvimento
e deficiéncia intelectual. O diagndstico de DFN relacionada a ALX1 foi confirmado pela existéncia de
uma nova mutacdo frameshift no ALX1. Os achados clinicos e molecular do nosso paciente
corroboram o papel crucial, especifico e ndo redundante do ALX1 no inicio do desenvolvimento

craniofacial humano. O fato de nosso paciente nao apresentar nenhum tipo de atraso de
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desenvolvimento pode ser importante para delinear as fun¢des do ALX1, além de trazer novo

conhecimento quanto as consequéncias clinicas de mutagdes neste gene.

Abstract
Frontonasal dysplasia (FND) is a heterogeneous disorder characterized by two or more of the
following clinical features: true ocular hypertelorism; broadening of the nasal root; median facial
cleft affecting the nose and/or upper lip and palate; unilateral or bilateral clefting of the alae nasi;
lack of formation of the nasal tip; anterior cranium bifidum occultum; and a V-shaped or widow's
peak frontal hairline. FND comprises a wide spectrum of phenotypes, including an autosomal-
recessive form characterized by extreme microphthalmia and severe facial clefting that was recently
described to be caused by mutations in ALX1 gene. There are only two FND families so far reported
with mutations in ALX1. Here, we report on the first known Brazilian case with this type of FND.
However, in contrast to the previous cases, this case did not present developmental delay or
intellectual disability. The putative diagnosis of ALX1-related FND was confirmed by the finding of a
novel homozygous frameshift mutation in ALX1. Molecular and clinical findings of our patient
corroborate a crucial, specific, and non-redundant role of ALX1 in early human craniofacial
development. The fact that our patient does not present any kind of developmental delay can be
important to delineate ALX1 functions, besides adding new insights into clinical consequences of its

mutations.

Introduction

Frontonasal dysplasia (FND) is a heterogeneous disorder characterized by two or more of the

following clinical features: true ocular hypertelorism; broadening of the nasal root; median facial
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cleft affecting the nose and/or upper lip and palate; unilateral or bilateral clefting of the alae nasi;
lack of formation of the nasal tip; anterior cranium bifidum occultum; and a V-shaped or widow's
peak frontal hairline [Sedano and Gorlin, 1988]. FND comprises a wide spectrum of phenotypes and
can occur alone or with additional clinical findings, as seen in craniofrontonasal dysplasia (OMIM
304110), oculoauriculofrontonasal syndrome (OMIM 601452), frontofacionasal dysplasia (OMIM
229400), acromelic frontonasal dysostosis (OMIM 603671), acrofrontofacionasal dysostosis 1 and 2
(OMIM 201180, OMIM 239710), among other disorders.

Most of FND cases are sporadic and have no identified cause [Twigg et al., 2009]. At present,
mutations in four genes have been related to FND phenotypes: EFNBI, in X-linked craniofrontonasal
dysplasia [Wieland et al., 2004], and ALX homeobox gene family in recessive forms of FNDs - ALX3 in
frontorhiny [Twigg et al., 2009], ALX1 in extreme microphthalmia and severe facial clefting [Uz et al.,
2010], and ALX4 in both FND with alopecia and genital abnormality [Kayserili et al., 2009] and a mild
FND phenotype [Kayserili et al., 2012]. Recently, we reported the first case of vertical transmission of
a FND phenotype due to a heterozygous mutation in ALX4 [Bertola et al., 2013], and suggested that

this may occur by a dominant-negative effect.

Here, we report on the first known Brazilian case of extreme microphthalmia and severe

facial clefting caused by a novel homozygous mutation in ALX1 gene.

Patient and Methods

The Local Ethics Committee at Universidade de Sdo Paulo approved this study, and patient’s

family signed written informed consent.
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Patient

The proband (Figure 1), a 10-year-old male, is the second child of consanguineous parents (F
= 1/32) with no history of similar cases in family. He was born at term, by vaginal delivery, after an
uneventful pregnancy, with BW of 3,800g (50th centile) and BL of 51 cm (50th centile). At birth,
bilateral cleft lip and palate associated with eye malformations were observed. At the age of 1
month, according to a clinical evaluation by a craniofacial surgeon, he had cleft lip and palate with
bilateral severe deformity of the nose, bilateral absence of upper and lower eyelids, bilateral
dermoid in the eye, ocular bulb completely abnormal in size and shape on both sides, altered hairline
and absence of eyebrows. Cranial tomography showed no anomalies in encephalic region. He was
submitted to several surgical corrections of the facial anomalies. He was referred to the Genetics
Unit because of craniofacial dysmorphisms. He was evaluated by us at the age of 7 years and 2
months showing a weight of 27.4 kg (75-95™ centile), height of 131.5 cm (50" centile), OFC of 50 cm
(above 95" centile); craniofacial features comprised: hypertelorism, depression in the frontal region,
broad nose with absence of nasal tip, severe bilateral microphtalmia, surgical scar of correction of
bilateral cleft lip and cleft palate, and large and prominent ears. Complementary exams, including
echocardiogram, spine X-rays and abdominal ultrassound disclosed normal results. Ophthalmological
evaluation showed severe microphthalmia and keratinization of the conjunctiva and cornea. He
evolved with normal developmental milestones and, at the age of 9 years, he attends regular school
and learned Braille.

We concluded that the craniofacial features presented by this patient were suggestive of

ALX1-related FND, and this specific gene was selected to be sequenced.
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Figure 1. Frontal and lateral views of the patient. A and B) At the age of 1 month. C, D and E) At the age of 7
years and 2 months, after surgical procedures to correct cleft lip and palate and initiation of nasal
reconstruction, besides orthodontic treatment with removable appliances.

Methods

We amplified the four ALX1 exons of the proband and his parents and performed Sanger
sequencing. The primers and conditions used were described elsewhere [Twigg et al.,, 2009]. Bi-
directional sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing kit,
(Applied Biosystems, Carlsbad, California, USA) on the ABI PRISM® 3037 DNA Analyzer (Applied

Biosystems, Carlsbad, California, USA) sequencer.
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Results

Exon sequencing of ALX1 disclosed a novel homozygous mutation on the proband:
p.Lys132Asnfs*13 (c.396del; cDNA reference: NM_006982.2; protein reference: NP_008913.2). Both

parents were heterozygous for the mutation (Figure 2).

* c.396del
A {NM_006982.2}

Homeodomain OAR
B N N
1 132 191 302 326
3 321
p.lys132Asnfs*13

Figure 2. A) Family pedigree: Observe that the proband is homozygous and his parents are heterozygous for the
frameshift mutation in ALX1. B) ALX1 protein scheme; arrow shows the localizations of the mutation
(p.Lys132Asnfs*13).

Discussion

We are here describing a patient with severe microphtalmia and facial clefting very similar

clinically to the two ALX1-related FND cases of Turkish ancestry [Uz et al., 2010], except by the lack of
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developmental delay. The patient here reported shows normal neuropsychological and motor
development, as well as normal speech ability. The putative diagnosis of ALX1-related FND was
confirmed by the finding of a homozygous frameshift mutation. This mutation, located in the second
of the four exons of ALX1, is predicted to lead to a premature stop codon in position 432 of coding
sequence, while in wild type it occurs in position 981. The altered RNA is predicted to be degraded by
nonsense mediated decay (NMD), with consequent loss of ALX1 function. This mutation represents
the third ALX1-related FND case after the two described by Uz et al. [2010], where patients from one
family harbored a large deletion encompassing ALX1, and the other patient, an affected girl, carried a
homozygous mutation (c.531+1G>A). Therefore, all the mutations so far identified in ALX1 are
predicted to lead to loss of its gene function.

Mouse Alx1 null mutant mice show severe defects of the cranial skeleton, but apparently as
a secondary consequence of a neural tube closure defect, which is not found in human cases [Zhao et
al., 1996]. Gene functions of Alx1, Alx3 and Alx4 appear to be partially redundant in mouse [Zhao et
al., 1996; Beverdam et al., 2001; McGonnell, 2011], and phenotypes of mutated mice do not show
much correspondence with the human cases. Recently, Dee et al. [2013] showed that morpholino
knock-down of zebrafish Alx1 expression leads to a severe craniofacial phenotype, including loss of
the facial cartilages and defective ocular development, therefore being comparable to the defects
seen on ALXI1-related FND. They demonstrated for the first time that Alx1 is required for normal
migration of the cranial neural crest cells into the frontonasal primordial. As this function showed to
be specific to Alx1, they proposed that its nonredundant role likely explains the marked clinical
severity of ALX1 mutations in humans in comparison to mutations in ALX3 or ALX4.

To our knowledge, this is the first ALX1-related FND patient with normal neurodevelopment.
Craniofacial findings of our patient are very similar to the two first reported cases, thus corroborating
a crucial, specific and non-redundant role of ALX1 in early human craniofacial development. The fact
that our patient does not present any kind of developmental delay can be important to delineate

ALX1 functions, besides adding new insights into clinical consequences of its mutations.
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Resumo
Displasia frontonasal (DFN) é um defeito de campo de desenvolvimento caracterizado pela presenca
de dois ou mais dos seguintes sinais clinicos: hipertelorismo ocular, base nasal larga, fissura facial
mediana afetando o nariz e/ou labio superior e palato, fissura uni ou bilateral da asa nasal, auséncia
de formacdo de ponta nasal, cranio anterior bifido oculto e implantacdo em "V" dos cabelos na
fronte. Foi demonstrado que mutacbes em EFNBI1, ALX1, ALX3 e ALX4 sdo causadoras de alguns
fendtipos com DFN; no entanto, a etiologia da maioria dos casos de DFN permanece desconhecida. A
identificagdo de pacientes com rearranjos cromossOmicos balanceados de novo pode trazer novos
conhecimentos quanto aos mecanismos causativos de desordens clinicas, uma vez que os pontos de
quebra podem romper regides codificadoras ou elementos regulatérios de genes que podem
contribuir com o fendtipo. Aqui, nés descrevemos o caso de um menino com DFN, atraso de
desenvolvimento e outras alteragGes craniofaciais e genitais que apresenta um rearranjo
cromossGmico de novo aparentemente balanceado envolvendo os cromossomos 4 e 12. A andlise
dos pontos de quebra revelou o possivel rompimento de trés genes: DTHD1, ARAP2 e CAND1. Nos

acreditamos que ARAP2 e especialmente CAND1 sdo candidatos plausiveis para explicar a clinica do
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paciente. Entretanto, outros estudos sdo necessarios para investigar o possivel envolvimento desses

genes na embriogénese humana, assim como suas implicacdes em fenétipos de DFN.

Abstract
Frontonasal dysplasia (FND) is a developmental field defect characterized by the presence of two or
more of the following clinical features: true ocular hypertelorism, broadening of the nasal root,
median facial cleft affecting the nose and/or upper lip and palate, unilateral or bilateral clefting of
the alae nasi, lack of formation of the nasal tip, anterior cranium bifidum occultum, and a V-shaped
or widow's peak frontal. It has been demonstrated that mutations in EFNB1, ALX1, ALX3 and ALX4
are causative of some phenotypes with FND; however, the etiology of most FND cases remains
unknown. ldentification of patients with balanced de novo chromosome rearrangements can bring
new insights to the causative mechanisms of disorders, as the breakpoints can disrupt coding regions
or regulatory elements of genes that might contribute to the phenotype. Here we report on a boy
with FND, developmental delay, and other craniofacial and genital signs who carries an apparently
balanced de novo chromosomal rearrangement involving chromosomes 4 and 12. Analysis of the
breakpoints revealed the possible disruption of three genes: DTHD1, ARAP2 and CAND1. We believe
that ARAP2 and especially CAND1 are plausible candidate genes to explain the findings presented by
the patient. Nonetheless, other studies are necessary to investigate the possible involvement of

these genes on human embryogenesis, as well as their implication on phenotypes with FND.
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Introduction

Frontonasal dysplasia (FND) is a developmental field defect characterized by the presence of
two or more of the following clinical features: true ocular hypertelorism, broadening of the nasal
root, median facial cleft affecting the nose and/or upper lip and palate, unilateral or bilateral clefting
of the alae nasi, lack of formation of the nasal tip, anterior cranium bifidum occultum, and a V-
shaped or widow's peak frontal [Sedano and Gorlin, 1988]. FND is believed to result from the
abnormal development of the frontonasal prominence during craniofacial embryogenesis, leading to
expanded facial midline, and can occur alone or with other clinical findings [Cohen, 1979; Wu et al.,
2007; Guion-Almeida and Richieri-Costa, 2009]. Although there are some familial cases, most of the
reported cases are sporadic. The degree of genetic contribution to FND has been argued by the lack
of concordance among monozygotic twins [Mohammed et al., 2004], a finding that could actually be
explained by different genetic and epigenetic mechanisms, such as somatic mosaicism in early
embryogenesis (e.g. due to chromosomal mosaicism or post-zygotic gene mutation), differential DNA
methylation or genomic imprinting, among others [Silva et al., 2010]. Most recently, it has been
demonstrated that mutations in EFNB1, ALX1 (CART1), ALX3 and ALX4 are causative of X-linked
(EFNB1), autosomal recessive (ALX1, 3 and 4) and autosomal dominant (ALX4) phenotypes of FND
[Wieland et al., 2004; Twigg et al., 2004; Twigg et al., 2009; Kayserili et al., 2009; Uz et al., 2010;
Bertola et al., 2013]. Despite these advances, the causative mechanism of most FND cases remains

unknown.

Identification of patients with balanced de novo chromosomal rearrangements can bring new
insights to the etiology of disorders, as the breakpoints can disrupt coding regions or regulatory
elements of genes that might contribute to the phenotype. Here we report on a boy with FND,
developmental delay, and other craniofacial and genital signs who carries an apparently balanced de

novo chromosomal rearrangement involving chromosomes 4 and 12. Several genomic molecular
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analysis have been performed in order to investigate the underlying genetic mechanisms leading to

his phenotype.

Patient and Methods

The Ethics Committee at the Hospital de Reabilitagio de Anomalias Craniofaciais (HRAC),
Universidade de S3ao Paulo, approved this study, and patient’s family signed written informed

consent.

Patient

The patient, a male, was the 2™ child of a healthy 17-year-old G3P3 mother and a
nonconsanguineous 20-year-old healthy father. His two sisters are healthy, and no familial history
has been observed. Pregnancy was uneventful with no exposure to toxic, traumatic, infectious agents
or radiation. Delivery was by cesarean section at term. Birthweight was 3,000g (10" centile). He was
first evaluated by the Clinical Genetics Department at HRAC at the age of 2-year-old, and showed
ocular hypertelorism, telecanthus, downslanting palpebral fissures, low-set and posteriorly angulated
ears, broad nasal root, encephalocele, motor and speech delay, coronal hypospadia, and
ascending testis. Clinical examination at 8.5 years showed a weight of 24.2 kg (25" centile), height of
129 cm (>50" centile), OFC of 54.5 cm (50" centile), inner canthal distance of 5.6 cm (>97" centile),
and outer canthal distance of 10.8 cm (>97th centile). Neuropsychological development was delayed.
Speech therapist evaluation revealed velopharyngeal dysfunction. A CT scan of the cranium disclosed

hypertelorism, pseudo-encephalocele and vertical skull base.
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Methods

GTG-banding analysis was performed on metaphases from cultured peripheral blood
lymphocytes. Direct sequencing of coding and splicing regions of EFNB1, ALX1, ALX3 and AXL4 genes
were performed using ABI PRISM® BigDye® Terminator v3.1 Cycle Sequencing Kit, on ABI 3730 DNA
Analyser (both from Applied Biosystems, Foster City, CA). Primer sequences and PCR conditions are
described elsewhere [Twigg et al., 2004; Twigg et al., 2009]. Fluorescent in situ hybridization (FISH)
was performed with BACs selected on the large insert clones set provided by the Wellcome Trust
Sanger Institute (UK), and information regarding the full set is available at the Sanger Institute

mapping database site, Ensembl Genome Browser (Ensembl - http://www.ensembl.org/ - hg19 - 1IMb

clone set). Probes were labeled with biotin-14-dATP or digoxigenin-11-dUTP by nick translation
(Bio/Dig-Nick Translation kits; Roche, Mannheim, Germany) and visualized with fluorescein
isothiocyanate- (FITC) or rhodamine-conjugated antibodies; chromosomes were counterstained with

4,6-diamidine-2-phenylindole.

For CNV analysis, we performed two independent experiments: an array-based comparative
genomic hybridization (array-CGH) and a single nucleotide polymorphism array (SNP-array). For a-
CGH experiment, we used Agilent SurePrint G3 Human CGH Microarrays 4x180K (Agilent
Technologies Inc., Santa Clara, CA), according to the manufacturer's protocol. Microarray images
were processed by Feature Extraction 9.5, and data were analyzed with Agilent Genomic Workbench
7.0 (both from Agilent). Identification of aberrant copy number segments was based on the ADM-2
algorithm, with default settings (threshold log2 ratio of 0.2 or 1.14 was used for gain or high copy
gain, and -0.23 and -1.14 used for loss and homozygous loss, respectively); significance threshold
was set on 7 and we considered at least three consecutive probes for calling a segment. For SNP-
array experiment, we used Affymetrix GeneChip Human Mapping 500K Array Set (Affymetrix, Santa
Clara, CA), according to the standard protocol. Microarray images were processed by GeneChip

Command Console Software (Affymetrix, Santa Clara, CA), and the minimum quality of hybridization
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accepted, measured by QC Call Rate, was 95.0. For analysis, we used the softwares: Genotyping
Console (Affymetrix , Santa Clara, CA), PennCNV [Wang et al., 2007; Wang and Bucan, 2008] and
dChip [Li and Wong, 2001; Lin et al., 2004], with default settings. We only considered CNVs detected

by at least two different softwares.

Results

As can be seen on figure 1, G-banded chromosome analysis showed an apparently balanced
rearrangement: 46, XY ins(12;4)(q14.3;p15.33p14). Parents had normal G-banded karyotypes.
Sequencing analysis of EFNB1, ALX1, ALX3 and ALX4 genes did not reveal any pathogenic change,

thus excluding mutations in the genes already related to FND as causative of patient’s phenotype.

Array-CGH and SNP-array analysis revealed only CNVs already seen in apparently health
people (Table 1), according to the Database of Genomic Variants (DGV -

http://projects.tcag.ca/variation/). No CNV was observed on chromosomes 4 and 12, suggesting that

there might be no large deletion at the breakpoint regions. We have therefore put an effort to

characterize the breakpoints at these two chromosomes.
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Figure 1 — Karyotype of the patient showing an apparently balanced 46, XY ins(12;4)(q14.3;p15.33p14). Arrows
indicate the derivative chromosomes.
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Table 1. Copy number variations (CNVs) detected on patient’s genome. All were seen on healthy individuals of
the Database of Genomic Variants (DGV - http://projects.tcag.ca/variation/). SNP-array detected three CNVs
while array-CGH detected six, including the ones revealed by the former (highlighted in gray).

Chromosome Chromosome  Type ~Size (Kb) Linear Position Platform of
Location Start — End (hg18) Detection
1 p21.1 Loss 193 102,429,242-102,622,370 Array-CGH
SNP-array
2 q37.3 Loss 162,5 242,514,593-242,677,125 Array-CGH
3 q14.12 Loss 44 45,702,380-45,746,729 Array-CGH
10 q26.3 Loss 123,5 135,104,029-135,227,522 Array-CGH
SNP-array
15 ql3.3 Loss 423 29,559,689-29,982,899 Array-CGH
SNP-array
16 pll.2 Loss 1269 32,379,126-33,647,915 Array-CGH

FISH probes RP11-168E17 (chr4: 11,821,680-11,981,455) and RP11-103J17 (chr4: 36999471-
37160744), highlighted in red on scheme of figure 2B, produced signals on the normal chromosome 4
and on the derivative chromosome der(4) (Fig. 2C and 2D). FISH probes RP11-22A3 (chr4:
12,802,254-12,976,581) and RP11-135M12 (chr4: 35,531,424-35,722,887), highlighted in green on
the same scheme, hybridized to the normal chromosome 4 and to the derivative chromosome
der(12) (Fig. 2C, 2D and 2E). Altogether, these results indicated that the region between the two
latter probes was deleted on the derivative chromosome der(4) and inserted on the derivative
chromosome der(12), and that the breakpoints on chromosome 4 were localized between probes
RP11-168E17 and RP11-22A3 and between probes RP11-135M12 and RP11-103J17 (blue arrows on
scheme of figure 2B). FISH probes RP11-328H16 (chrl2: 67,223,818-67,406,659) and RP11-542B15
(chr12: 67,791,847-67,963,496), highlighted in green on scheme of figure 3A, hybridized to the
normal chromosome 12 and to both sides of the region of chromosome 4 inserted on the derivative
chromosome der(12) (Fig. 3B and 3C), indicating that the breakpoint on chromosome 12 was
mapped between them (blue arrow on scheme of figure 3A). As can be concluded by observing FISH

hybridization images on figures 2 and 3, the region of chromosome 4 inserted on the derivative
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chromosome der(12) is inverted. In summary, FISH analysis revealed that the breakpoint on
chromosome 12 was mapped to an approximately 0.7-Mb interval (chrl12:67,223,818-67,963,496);
and on chromosome 4, the proximal breakpoint was mapped to an approximately 1.6-Mb interval
(chr4:35,531,424-37,160,744), and the distal breakpoint to an approximately 1.1-Mb segment

(chr4:11,821,680-12,976,581) (arrows on schemes of figures 2A, 2B and 3A).
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Figure 2 - A: Scheme of the rearrangement involving chromosomes 4 and 12 (adapted from CyDAS site,
http://www.cydas.org/OnlineAnalysis/). B: Scheme of chromosome 4; zoom in the 4p arm showing the
approximate regions of breakpoints (blue arrows). Highlighted, probes that define such regions (adapted from

the Ensembl site, link: http://www.ensembl.org/Homo sapiens/Location/Overview?r=4:1-47,952,791). C:
Image of FISH with probe RP11-168E17 in red and RP11-135M12 green. D: Image of FISH with probe RP11-
22A3 in green and probe RP11-103J17 in red. E: Image of FISH with the probe RP11-135M12 green (seen as a
weaker signal) and probe RP11-22A3 in red. Together, C, D and E corroborate schemes shown in A and B.
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Based on FISH results, we investigated the mapped regions in silico (University of

California, Santa Cruz, UCSC Genome Browser - http://genome.ucsc.edu/ - GRCh37/hg19). The

distal breakpoint region on chromosome 4 does not encompass any known gene, while the
proximal breakpoint region on this chromosome encompasses DTHD1 and ARAP2 genes, and

the breakpoint region on chromosome 12 encompasses CAND1 gene.

A
Chromosome 12: 54 276,714-92 454,402

Assembly excepti . 1 1

chromosome 12 W e T )

HECHRLZ 1 CTG21
HSCHR1Z 2 CTG2_1

Assembly excepti.. Lcpeg purcH HSCHR12_1 CTG2
HSCHR12_1_CTGL
61133 _PATOH
HSCHR1Z 2_CTG2

3818 Mb Farward strard e
v . -~ n . . N ——__p—
#] _5500Mb___ 60.00Mb _ 6500Mb_______ J000MB Tho0MB_____ B000MB B300MB________90.00Mb
Chromosome bands m aldz 143 | ais z 921 31 13 2133
1Mb glone set i
& 55.00 Mb 0,00 Mb 5,00 M 70,00 Mk TRO0Mb B0.00 ML F3.00 Mb #0.00 Mb
it Pararse strard | 18Mb
There are currenthy 230 trackstumed off
Ensembl Homo sapiensversion 64,37 (GRCh3T) Chromosome 12: 54,276,714 - 92,454 402

RP11-328H16 ' ||RP11-542B15
(11A12 -1) . (15G7 -2)

ch12:67,223,818-67,963,496

der(12 f

Figure 2 - A: Scheme of chromosome 12; zoom in the region highlighted in 12q arm, showing the approximate
area of the breakpoint (blue arrow). Highlighted, probes that delimit this region (adapted from the Ensembl
site, link: http://www.ensembl.org/Homo_sapiens/Location/Overview?r=12:54276714-92454402). B: Image of
FISH with probe RP11-328H16 in green and a probe of chromosome 4 in red. C: Image of FISH with probe

RP11-542B15 in green (lower signal), a probe of subtelomeric region of the short arm of chromosome 12 also
in green (larger signal) and a probe of chromosome 4 in red. Together, B and C confirm the scheme shown in
A.
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Discussion

Clinical examination revealed that the patient described here has FND as part of his
phenotype, as he shows ocular hypertelorism and a broad nasal root. His other findings were not
suggestive of any of the syndromes with FND with known etiology (i.e. craniofrontonasal dysplasia
and ALXs-related FNDs), what was confirmed by normal sequencing results of the EFNB1, ALX1, ALX3
and ALX4 genes. The genital anomalies and developmental delay showed by the patient made Opitz
GBBB syndrome (OMIM #300000) to be considered as a possible diagnosis. This midline
malformation syndrome is characterized by hypertelorism, hypospadias, cleft lip/palate,
laryngotracheoesophageal abnormalities, imperforate anus, developmental delay, and cardiac
defects [So et al., 2005]. As many clinical features of the syndrome are not present in our patient, we
opted to clinically classify him as FND-like. To our knowledge, the chromosomal rearrangement
found in the patient, involving chromosomes 4 and 12, has never been previously reported. Besides,
as this rearrangement is de novo, it is very likely that it contributes to his phenotype, even though we

cannot rule out other mechanisms, including environmental causes.

As CNV analysis did not show any gain or loss on chromosomes 4 and 12, the rearrangement
involving them are very likely to be balanced, even though we cannot discard the possibility that the
translocation is associated to small deletions or duplications under the resolution of our SNP-array
and array-CGH. Anyhow, our molecular analysis of the breakpoints, revealed the possible disruption

of three genes: DTHD1, ARAP2 and CAND1.

Although virtually nothing is known about the protein encoded by DTHD1 (death domain-
containing protein 1), Abu-Safieh et al. [2013] identified by exome sequencing a single nucleotide
substitution that abolished the first methionine residue of DTHDI1 full segregating with the
phenotype in a family with four affected individuals with autosomal recessive Leber congenital
amaurosis (congenital or early-infantile severe retinal dystrophy) and a mild-moderate form of

nonspecific muscle dystrophy. Considering the lack of clinical overlap among Leber congenital
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amaurosis and the present patient, we believe that disruption of DTHD1 is unlikely to contribute to

the clinical signals observed in our patient.

ARAP2 (ArfGAP with RhoGAP domain, ankyrin repeat and PH domain 2) encodes a protein
that is thought to mediate RhoA effects on actin stress fibers and focal adhesions (FAs), affecting the
trafficking and/or organization of FA component proteins [Yoon et al., 2006]. FAs are a type of
integrin-mediated cell adhesion located at the ends of actin stress fibers, typically generated by
interaction with a flat, rigid surface, stimulated by the small GTPase RhoA [Wolfenson et al., 2009;
Geiger and Yamada, 2011]. Cell-matrix adhesions are essential for cell migration, tissue organization,
and differentiation; as a result, they play central roles in embryonic development, among other
biological processes [Berrier and Yamada, 2007; Wolfenson et al., 2009; Geiger and Yamada, 2011].
Thomas et al. [2010] demonstrated that mouse embryos lacking Racl in neural crest cells
(Rac1/Wnt1-Cre) showed, besides cardiovascular malformations, abnormal craniofacial development
culminating in cleft face at E12. Racl is a small GTP-binding protein member of the Rho family of
small GTPases, and data presented by Chen et al. [2013] support a model where ARAP2 regulates
Arf6-GTP and consequently, Rac1-GTP levels to control FAs. They concluded that changes in Arf6 and
Racl activities are necessary but not sufficient for ARAP2 to promote the growth of FAs, and
speculated that ARAP2 has additional functions that are effector in nature to promote or stabilize
FAs. Because of the importance of cell-matrix adhesions during embryonic development and the
involvement of ARAP2 on FA dynamics, we speculate that ARAP2 can be a candidate to explain, at

least partially, our patient’s phenotype.

CAND1 gene encodes cullin-associated and neddylation-dissociated 1 protein. Recent studies
indicate that its main function is to catalyze the exchange of substrate receptors of Cullin-RING
ubiquitin ligases (CRLs) [Pierce et al., 2013]. CRLs are the largest group of enzyme class that attach
ubiquitin specifically to the intended proteins. This modification can be temporarily, as a signaling

event, but also can work as a destruction signal preceding their degradation [Olma and Dikic, 2013].
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Wu et al. [2013] and Zemla et al. [2013] concluded that yeast Candl also has the same exchange
functionality as in mammalian cells. Bosu et al. [2010] showed that Caenorhabditis elegans cand-
1(tm1683) mutant homozygotes exhibit a range of non-penetrant phenotypes, including: arrested
late-stage embryos and L2-stage larvae, protruding vulva, slower postembryonic development,
reduced numbers of progeny, and defective tail and vulva morphogenesis. Although no disorder has
been specifically related to CAND1 mutations, many human genetic disorders have been found to be
caused by errors in protein ubiquitination, e.g. Angelman syndrome, Fanconi anemia, Juvenile
recessive Parkinson, among others [Jiang and Beaudet, 2004; Zou et al, 2007]. However, it was the
implication of an impairment of the E3 ubiquitin ligase activity of the MID1 protein in Opitz GBBB
syndrome that called our attention, since it was considered as a differential diagnosis for our patient.
Based on the fact that patient’s phenotype described here has overlapping features with Opitz GBBB
syndrome, and the disease-causing gene of the X-linked form of this syndrome encodes a protein
also involved in ubiquitination, we speculate that disruption of CAND1 can explain our patient’s

features, therefore playing a role during human midline embryological development.

Because of not having access to new blood samples from the patient, we were unable to
either map the exact locations of the breakpoints or verify possible effects of the chromosomal
rearrangement on gene expression or protein function. Despite a-CGH and SNP-array normal results,
we are aware of the resolution limit imposed by the methodologies used, and do not discard the
existence of a pathogenic gain or loss not detected influencing the phenotype, as well as other types
of genetic alterations not possible to be visualized by these methodologies. Although our findings are
not conclusive, we believe that ARAP2 and especially CAND1 are plausible candidate genes to explain
the findings presented by our patient. Nonetheless, other studies are necessary to investigate the
possible involvement of these genes on human embryogenesis, as well as their implication on

phenotypes with FND.
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Resumo
Displasia frontonasal (DFN) pode ser considerada como uma forma de expansdo de linha média e é
caracterizada por dois ou mais dos seguintes sinais clinicos: hipertelorismo ocular, base nasal larga,
fissura facial mediana, auséncia de formagdo de ponta nasal, cranio anterior bifido oculto,
implantagdo em "V" dos cabelos na fronte e fissura da asa nasal. Muta¢des em quatro genes foram
descritas como causadoras de fenétipos de DFN com diferentes padrbes de herancas, mas, na
maioria dos casos de DFN, o mecanismo causal ndo foi identificado. Aqui, nds investigamos a
presenca de variagGes de niumero de cdpias (CNVs) potencialmente patogénicas em sete casos com
DFN e atraso de desenvolvimento, entre outros sinais, negativos para muta¢Ges nos genes ja
relacionados a DFN. Um total de 11 CNVs foram detectadas entre os pacientes, mas somente duas
foram consideradas como possivelmente patogénicas, levando a identificagdo de dois provaveis
genes candidatos: DNAJB12 e, em especial, ENOX2. No entanto, estudos adicionais sdo necessarios

para melhor entender seus supostos efeitos no desenvolvimento humano e em fenétipos de DFN.
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Abstract
Frontonasal dysplasia (FND) can be considered a form of midline expansion, and is characterized as
two or more of the following clinical features: true ocular hypertelorism, broadening of nasal root,
median facial cleft, lack of formation of nasal tip, cranium bifidum occultum, V-shaped frontal
hairline, and alar cleft. Mutations in four genes have been described as causing FND phenotypes with
different inheritance patterns, but in the majority of cases, no causative mechanism has been
identified. Here we investigate the presence of potentially pathogenic copy number variations (CNVs)
on seven cases with FND and developmental delay, among other signals, negative for mutations in
the genes already related to FND. A total of 11 CNVs were detected among the patients, but only two
were considered as being possible pathogenic, involving DNAJB12 and ENOX2 genes. However,
additional studies are necessary to better understand their supposed effects on human development

and FND phenotypes.

Introduction

Craniofacial midline defects comprise a wide spectrum of phenotypes ranging from the ones
associated with reduced facial midline, such as holoprosencephaly, to ones associated with expanded
facial midline, being craniofacial duplication the most extreme case [Brugmann et al., 2010].
Although also including a broad range of clinical presentations, frontonasal dysplasia (FND) can be
considered as a form of midline expansion, and is characterized as two or more of the following
clinical features: true ocular hypertelorism, broadening of nasal root, median facial cleft, lack of
formation of nasal tip, cranium bifidum occultum, V-shaped frontal hairline, and alar cleft [Sedano

and Gorlin, 1988].

Believed to result from the abnormal development of the frontonasal prominence during
craniofacial embryogenesis, FND is rare, etiologically heterogeneous and can occur with or without

other findings [Cohen, 1979; Wu et al.,, 2007; Guion-Almeida and Richieri-Costa, 2009]. Although
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most cases are sporadic, a few familial cases have been reported in the literature. Some of the
syndromes that include FND as part of their clinical presentation are: craniofrontonasal dysplasia
(CFND) [OMIM 304110], oculoauriculofrontonasal dysplasia [OMIM 601452], acrofrontofacionasal
dysostosis types 1 and 2 [OMIM 201180 and 239710, respectively], Sener syndrome [OMIM 606156],

Teebi hypertelorism [OMIM 145420], cerebrofrontofacial syndrome [OMIM 608578].

No genetic causative mechanism has been identified in the majority of cases, but mutations
in four genes have already been described as causing FND phenotypes with different inheritance
patterns: EFNB1, in X-linked CFND [Wieland et al., 2004]; ALX1, in autosomal recessive extreme
microphthalmia and severe facial clefting [Uz et al., 2010]; ALX3, in autosomal recessive Frontorhiny
[Twigg et al., 2009]; and ALX4, in both autosomal dominant and recessive FND associated with a wide

spectrum of clinical variability [Kayserili et al., 2009; Kayserili et al., 2012; Bertola et al, 2013].

In the past decade, the advances in genomic research techniques made it possible to
associate pathogenic copy number variants (CNVs) with numerous congenital anomalies, as well as
with developmental delay, intellectual disability, and autism spectrum disorders [Miller et al., 2012;
Girirajan et al., 2012; Girirajan et al., 2013]. CNVs are defined as segments of DNA at least 1Kb in size
that differs in copy number compared with a reference genome [Lee et al., 2007; Vermeesch et al.,
2007; Kearney et al., 2011; Southard et al., 2012]. Although not always being easy to conclude the
pathogenicity of a CNV, the strategy of CNVs analysis can help explaining the clinical findings in
sporadic cases of congenital malformations with developmental delay not indicative of syndromes
with defined causes.

In order to try to better understand the causes of FND phenotypes, here we investigate the
presence of potentially pathogenic CNVs on seven cases with FND and developmental delay, among

other signals, negative for mutations in EFNB1, ALX1, ALX3 and ALX4 genes.
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Patients and methods

The Ethics Committee at the Hospital de Reabilitagio de Anomalias Craniofaciais (HRAC),
Universidade de Sao Paulo, Sao Paulo, Brazil, approved this study. Patients’ families signed written

informed consent.

Patients

Table 1 summarizes the clinical findings of the patients included in this study, and figure 1
shows facial pictures for the ones whose families authorized divulgation. The minimum criteria used
were clinical geneticists’ diagnosis of FND and developmental delay, and normal sequencing results
for EFNB1, ALX1, ALX3 and ALX4 genes. All of the seven cases are male patients born to apparently
non-consanguineous parents and with no familial history of similar signals. Four of them were
evaluated by the Clinical Genetics Department at HRAC, and were diagnosed (patients 2 and 3) or
interrogated (patients 1 and 4) as having FND, severe neuropsychological delay, lack of language
acquisition, and midline CNS anomalies [Guion-Almeida and Richieri-Costa, 2009]. The remaining
three patients were evaluated by the Clinical Genetics Department at the Centro de Atendimento
Integral ao Fissurado Labiopalatal (CAIF), Parana, Brazil. Patients 1, 2, 3, 4 and 7 have normal G-

banded karyotypes.
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Table 1. Clinical features of the patients. Ages of the last evaluation by clinical geneticists are indicated in parentheses. ‘+' indicates
presence and ‘-’ indicates absence of a signal; ‘?’ indicates lack of information or a signal that could not be inferred at the moment of
evaluation.

PATIENT

CLINICAL FEATURE

1 2 3 4 5 6 7
(2 years) (2 years) (19 years) (29 years) (2 years) (1 year) (11 years)

Developmental delay + + + + + + +
Intellectual disability ? + + + ? ? +
Speech delay + + + + ? ? -
Hypotony (infancy) - + + ? + - ?
Encephalocele - occipital midline parietal etmoidal - frontal -
Macrocephaly - + + - = - -
Agenesis of the corpus callosum ? + + + ? ? -
Other SNC anomalies ? + + + ? ? ?
Prominent forehead + + + - + - -
Widow’s peak - - = 4t - - -
Ocular hypertelorism + + + + + + +
Epicanthus - 5 = S + - -
Divergent strabismus - + - - - - -
Iris coloboma - + - - - -
Ptosis of the eyelids - + - - - - -
Broad nasal root + + + + + + +
Broad nasal tip - + + - - - +
Bifid nose - - - + + - -
Low-set posteriorly angulated ears - + + - + + -
Malar hypoplasia - - + + - - -
Micrognathia - + - - - - -
Cleft palate + + - + + + -
Cleft lip + + + + + + +
Genital hypoplasia - - + = - - -
Cryptorchidism - - - - + - -
Lack of secondary sex characteristics ? ? - + ? ? ?
Postaxial polydactyly of 4th digit - - - - + - -
Clinodactyly of 5th digit - - - + o - -
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Figure 1. Facial features of patients. A) Patient 3 at the age of 10 years; B) Patient 2 at the age of 1 year and 9
months; C) Patient 4 at the age of 23 years; D) Patient 5 at the age of 2 years; E) Patient 6 at the age of 1 year;
F) Patient 7 at the age of 6 months.

Methods

For CNV analysis, we used Affymetrix GeneChip Human Mapping 500K Array Set (Affymetrix,
Santa Clara, CA), a single nucleotide polymorphism (SNP) array (SNP-array) platform comprised of
two arrays, each capable of genotyping 250,000 SNPs on average (approximately 262,000 for Nsp
arrays and 238,000 for Sty arrays). The assay was performed according to the manufacturer's
protocol. Microarray images were processed by GeneChip Command Console Software (Affymetrix,
Santa Clara, CA), and the minimum quality of hybridization accepted, measured by QC Call Rate, was

95.0.

This SNP-array platform provides genome-wide coverage of SNPs, and has been successfully
used for detection of chromosomal imbalances at a much higher resolution than a conventional
cytogenetic analysis [Hester et al.; 2009; McMullan et al.,, 2009]. However, because it was not
originally designed for this purpose, some important considerations may be taken into account when

using it to CNV analysis. One of them is that the density and distribution of markers are uneven, since
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it typically avoided regions where non-Mendelian alleles and duplication or repetitive
sequences were known to exist [Grayton et al., 2012]. Another consideration is that CNV detection
algorithms still need substantial improvement, as different algorithms not necessarily detect
the same set of putative CNVs [Zhang et al., 2011; Kim et al.,, 2012]. To try avoiding false
positives, we chose to use three analysis programs and considerer only overlapping CNVs over at
least two of them. The softwares used for CNV calling were: Genotyping Console (Affymetrix , Santa
Clara, CA), PennCNV [Wang et al., 2007; Wang and Bucan, 2008] and dChip [Li and Wong, 2001; Lin et

al., 2004], with default settings.

Results

Of FND characteristics, all the 7 patients showed ocular hypertelorism, broad nasal root and
cleft lip, while 5 showed cleft palate, 5 showed altered nasal tip (3 broad nasal tip and 2 bifid nose)
and 4 showed prominent forehead. Most other frequent associated findings were: low-set and
posteriorly angulated ears (4/7), encephalocele (4/7), speech delay (4/7), and intellectual disability

(4/7).

A total of 11 CNVs were detected among the patients (shown in table 2). Most of the
identified variations were already seen in apparently healthy people, according to the Database of

Genomic Variants (DGV - http://projects.tcag.ca/variation/). All CNVs that showed complete

overlapping with those at DGV of the same type of variation (loss or gain) were considered as
unlikely to be pathogenic. Based on this criterion, only three CNV remained to be evaluated about
pathogenicity (highlighted in gray in table 2). The CNV found in patient 1 (chromosome 4) does not
encompass any known gene, while the one seen in patient 5 (chromosome X) encompasses exons 3
to 5 of ENOX2 gene (NM_006375.2, 15 exons), and the one found in patient 7 (chromosome 10)
encompasses the first exon of DNAJB12 gene (NM_017626.4, 9 exons), and exons 2 to 12 of MICU1

gene (NM_006077.3, 12 exons).


http://projects.tcag.ca/variation/
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Table 2. Copy number variations (CNVs) detected by at least two different software of analysis. Highlighted in
gray are the CNVs not seen on apparently healthy individuals, according to the Database of Genomic Variants
(http://projects.tcag.ca/variation/). GC= Genotyping Console software (Affymetrix , Santa Clara, CA).

Patient  Chromosome Chromosome Linear position Softwar.e of
~ Location : Start — End (hg18) detection
1 4 q32.3 Gain 405 167365625 - 167770809 GC, dChip
17 ql2 Gain 105 31396119 - 31501499 GC, PennCNV
5 22 ql1.23 Loss 280 24012780 - 24292988 GC, PennCNV
X q25 Loss 124 129643359 - 129767033 GC, PennCNV
6 7 pl4.1 Loss 224 38204644 - 38428678 GC, PennCNV
11 p11.12-q11 Gain 3383 51231886 - 54614884 GC, dChip
14 ql1.2 Loss 584 21474514 - 22058411 GC, PennCNV
17 gq21.31 Gain 228 41491663 - 41719833 GC, dChip
7 10 g22.1 Loss 221 73783339 - 74004764 GC, PennCNV
12 pll.1 Gain 618 34034066 - 34651598 GC, PennCNV
X p22.33 Gain 349 617088 - 966564 GC, PennCNV
Discussion

Although some genetic alterations were identified as causing different FND phenotypes, the
fact that the etiology of the majority of the cases remains unknown makes it difficult to perform
adequate genetic counseling for families with affected individuals. All patients included in this study
show FND and developmental delay. Besides, several different clinical features are found among
them. None of the patients showed a phenotype typical of ALXs-related FND and CFND, what explain
their previous negative results for mutation in ALX1, ALX3, ALX4 and EFNB1 genes. Although four of
these patients seem to share more similar phenotypes (1-4), we did not expect that they would
necessarily share the same genetic alteration.

Chromosomal microalterations are known to respond for approximately 15% of cases with
developmental delay and/or multiple congenital anomalies [Edelmann and Hirschhorn, 2009;
Hanemaaijer et al., 2012]. As all of the cases studied here are sporadic and have developmental delay

occurring within the phenotype, we questioned if they could be caused by this type of genetic
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alteration. In general, the gain-of-function effect of genes is less often known than their loss-of-
function effect, and it is thought that microduplications are better tolerated in the genome than
deletions [Lee et al., 2007; Hanemaaijer et al., 2012]. However, CNVs of both gain (duplication) and
loss (deletion) were already found as leading to altered phenotypes, including craniofacial
malformations and developmental delay. Thus, the clinical significance of a specific CNV has to be
careful and individually analyzed, and, not rare, its phenotypic effect is not possible to be
determined.

CNV analysis of the patients 2, 3 and 4 did not reveal any CNV, and analysis of patient 6
revealed only variation seen on DGV. Although we chose to only consider for further investigation
the CNVs detected by at least two different software to decrease the probability of identifying false
positives, we are aware that a possible consequence of this criterion is an increase of false negatives.
Therefore, we do not discard the possibility of existence of pathogenic CNVs in these patients that

were not identified.

Considering that most part of our genome is non-coding but possibly involved in regulation,
we cannot rule out that the duplication detected in patient 1 does not contribute to his phenotype.
Even though this CNV is most likely benign, we rather preferred to classify it as of uncertain clinical

significance.

DNAJB12, one of the genes within the CNV detected in patient 7, encodes a type Il
transmembrane J-protein localized at the endoplasmic reticulum (ER) that has its J-domain in the
cytosol and cooperates to promote the ER-associated degradation (ERAD) of misfolded membrane
proteins [Yamamoto et al., 2010; Grove et al.,, 2011]. On the other hand, MICU1, the other gene
within this CNV, encodes the mitochondrial calcium uptake 1 protein, a mitochondrial regulator of
uniporter-mediated calcium uptake [Perocchi et al., 2010]. Genomic analysis of populations residing
in Ethiopia produced several candidates for involvement in their high-altitude physiology adaption,

one of which was MICU1 due to its involvement in mitochondrial metabolism [Scheinfeldt et al.,
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2012]. Taking into account these data and the existence of copy number losses on DGV that also
partially include MICU1, DNAJB12 is more likely to be a candidate to the phenotype of patient 7 than

MICU1.

The deletion found on X chromosome of patient 5 partially encompasses ENOX2 gene, which
encodes the ecto-nox disulfide-thiol exchanger 2 protein, a tumor-associated NADH oxidase [Chueh
et al., 2004]. In studies with cultured cells, ENOX2 activity resulted in larger cells and accelerated rate
of cell enlargement [Chueh et al., 2004; Yagiz et al., 2008], and it was also established an essential
role for this protein in cell migration and survival [Su et al., 2012]. Full length mRNA to ENOX2 is
present in both non-cancer and cancer cells. Cho and Morré [2009] used chicken embryos to
investigate the developmental expression of this gene and revealed its translation in early
embryogenesis similar to that seen in cancer, suggesting an early function in undifferentiated normal
cells requiring the presence of the ENOX2. The CNV reported here deletes exons 3-5 of ENOX2
(NM_006375.2). All three exons are present at the two RefSeq isoforms, while exons 4 and 5 are
present and protein coding in all five splice variants at Ensembl. Exon 4 is the first translated exon of
three of these five variants, and the second of the other two. Besides, exon 5 appear to codify part of
a RNA-binding domain (SSF54928; according to Superfamily 1.75). Possible effects of the loss of these
exons are a loss or gain of function of ENOX2, e.g., by mRNA degradation, lack of initiation of
translation or the translation of an altered protein that can be or not degraded. Thus, as it is the only
copy in the male genome, we speculate that ENOX2 can be a candidate gene to explain the findings
of patient 5. However, more studies are necessary to investigate this hypothesis and the possible

role of ENOX2 in human early development.

In summary, analysis of CNVs in patients with FND, developmental delay and other signals
led to the identification of two putative candidate genes, DNAJB12 and specially ENOX2. Additional
studies are necessary to better understand their supposed effects on the phenotype. Because of

limitations of the technique used, we do not discard the possibility of existence of pathogenic CNVs
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not identified or other mutational mechanisms, such as point mutations, indels, and many other
genetic factors not detectable by the methodology used in the present study. Yet, non-genetic

etiology cannot be discarded.
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VIl. Discussao Geral e Conclusoes

Este trabalho visa a investigacdo de possiveis causas genéticas relacionadas a DFN. Embora
mutacdes nos genes EFNB1, ALX1, ALX3 e ALX4 ja tenham sido associadas a quadros com DFN, o fato
de a maioria dos casos ser esporddica e ndo ter etiologia definida dificulta o aconselhamento
genético as familias com individuos afetados, assim como inferéncias sobre o progndstico desses
pacientes. Uma melhor compreensdo da etiologia da DFN pode também contribuir para a

identificacdo de vias de sinalizagdo importantes para o desenvolvimento craniofacial humano.

A observacdo neste estudo de uma mutacdo em heterozigose no gene ALX4 co-segregando
com um fendtipo em um caso familial de DFN leve representa a primeira descricdo de mutacdo neste
gene causando uma forma de DFN com heran¢a dominante. Mutagdes em homozigose em ALX4
foram associadas tanto a quadros mais graves como a um caso mais leve de DFN; embora ndo haja
estudos funcionais, essa diferenga fenotipica aparentemente depende do tipo de consequéncia da
mutag¢do na atividade da proteina. Por outro lado, mutagdes em heterozigose no ALX4 haviam sido
relacionadas até entdo apenas a forame parietal alargado. O fendtipo apresentado pelo paciente e
sua mde é, portanto, intermedidrio neste espectro de variabilidade clinica relacionada a ALX4.
Enquanto as mutacGes de mudanca de fase de leitura levando a cédon de parada prematuro
descritas até o momento nos casos com apenas forame parietal alargado ocorrem antes do ultimo
intron do gene, a mutacdo encontrada neste estudo se localiza em seu ultimo exon. Este fato faz com
que o alelo alterado do paciente e sua mae escape ao mecanismo de degradacdo de mRNA com
cédons de parada prematuro, denominado non-sense mediated mRNA decay (NMD), o que a
principio ndo ocorre nos casos sem DFN. Sendo assim, acreditamos que a maior gravidade do quadro
estudado em relagdo aos demais casos de muta¢do em heterozigose no ALX4 possa ser explicada por
um mecanismo de dominancia negativa, havendo uma provavel interacdo entre os alelos selvagem e

alterado, mas com manutencdo parcial das fun¢des do gene.
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O fato de termos identificado mutacdo em homozigose no gene ALX1 num quadro de DFN
grave com microftalmia corrobora os achados de Uz et al. (2010). O paciente com mutacdo em ALX1
do presente estudo ndo apresenta, contudo, nenhum tipo de atraso de desenvolvimento e nenhuma
outra anomalia associada, o que corrobora ainda a importancia e especificidade da funcdo do gene
ALX1 para o correto desenvolvimento craniofacial no inicio do desenvolvimento embrioldgico
humano. Neste contexto, nosso estudo, que consiste do 3° caso da literatura mundial, contribuiu

para uma melhor definicdo do espectro clinico da DFN relacionada a ALX1.

Como é bem estabelecido na literatura, estudos de rearranjos cromossémicos equilibrados e
de CNVs podem contribuir para a identificacdo de genes associados a um determinado fenétipo, uma
vez que os pontos de quebra do rearranjo ou que delimitam a regido de CNV podem romper um ou
mais genes ou regides regulatdrias, além de CNVs poderem englobar genes cujas funcdes sejam
sensiveis a dosagem génica. Foi identificado um paciente com DFN, atraso de desenvolvimento e
outras anomalias que apresenta rearranjo aparentemente balanceado envolvendo os cromossomos
4 e 12. O fato de seu rearranjo cromossOmico ser de novo, ou seja, ndo estar presente em seus pais,
favorece a hipotese de que possa estar envolvido com a etiologia do fenétipo do individuo. Os
estudos citogenéticos e moleculares dos pontos de quebra do rearranjo sugeriram os genes ARAP2 e
CAND1 como possiveis responsaveis pelo quadro clinico do paciente, uma vez que o primeiro parece
ter importante papel no desenvolvimento embrioldgico e o segundo tem fun¢do no processo de
ubiquitinagdo, um processo celular que quando comprometido pode levar a altera¢des fenotipicas,
como é o caso das mutagdes no gene MID1 associadas a sindrome Optiz GBBB de heranga ligada ao
X, com a qual o paciente compartilha determinadas caracteristicas. Por sua vez, o estudo de CNVs em
sete individuos com DFN associada a atraso de desenvolvimento apontou os genes DNAJB12 e em
especial ENOX2 como possiveis candidatos para explicar o fendtipo de dois dos pacientes. Enquanto
o primeiro estd envolvido no processo de degradacdo de proteinas alteradas, o segundo esta
relacionado aos processos de crescimento, migracdo e sobrevivéncia celulares. No entanto, uma vez

gue ndo foi possivel mapear precisamente o ponto de quebra do paciente com o rearranjo nem
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comparar a expressao dos genes identificados nos individuos afetados com controles, é preciso que
novos estudos sejam realizados a fim de melhor compreender o significado de tais achados e a real
contribuicdo de cada gene para o desenvolvimento craniofacial humano. Pelo limite de resolugdo
imposto pelas técnicas realizadas, ndo descartamos a existéncia de CNVs patogénicas influenciando o
fendtipo dos pacientes que ndao tenham sido detectadas neste estudo. Embora todos os casos deste
estudo com DFN e atraso de desenvolvimento sejam do sexo masculino, o baixo tamanho amostral
decorrente da raridade do fenétipo e um viés de selecdao da amostra, onde inicialmente priorizou-se
o grupo de meninos publicados por Guion-Almeida e Richieri-Costa (2009), ndo permitem inferéncias

guanto a propor¢do de ocorréncia desta condicdo entre os sexos.

Um recente modelo animal para DFN foi proposto por Brugmann et al. (2010) em virtude do
quadro clinico de camundongos com delecdo em homozigose do gene Kif3a (que codifica uma
proteina de transporte intraflagelar) especificamente em células da crista neural. Uma vez que
camundongos com deficiéncia total deste gene em homozigose sdo invidveis, e considerando ainda
os achados de Twigg et al. (2013) de mosaicismo somatico em todos os casos estudados de DCFN
grave em meninos, acreditamos que ao menos uma parcela dos pacientes com DFN pode apresentar
mutagies também somente em determinadas linhagens celulares, ou seja, que representem casos
de mosaicismo somatico. Sendo assim, consideramos importante que no futuro sejam realizados
estudos para investigar também esta hipdtese, que explicaria ainda parte dos resultados de

discordancia entre gémeos monozigdticos.

Embora causas ambientais possam também estar envolvidas na etiologia da DFN, a existéncia
de mutacgdes de ponto, indels e varios outros fatores genéticos e epigenéticos ndo detectaveis pelas
metodologias utilizadas no presente estudo precisa também ser investigada, uma vez que podem ser

responsaveis pelo quadro clinico desses individuos.
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Com este trabalho podemos concluir que:

- MutacOes em heterozigose no gene ALX4 podem também levar a quadros com DFN.

- O gene ALX1 parece ter funcdo bastante importante e especifica para o correto
desenvolvimento craniofacial em humanos, uma vez que o quadro clinico consequente de mutacdes
em homozigose neste gene é bastante grave e restrito a regido da face. Mutac¢des neste gene nao

levam necessariamente a alteracdo de desenvolvimento congnitivo.

- Alteracdo na funcdo dos genes ARAP2, CAND1, DNAJB12 e ENOX2 sao possiveis candidatas

para quadros com DFN.
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Resumo

A displasia frontonasal (DFN) compreende quadros de aparéncia facial variavel, sendo clinicamente
caracterizada por dois ou mais dos seguintes sinais: hipertelorismo ocular com consequente
alargamento da base nasal; fissura facial mediana afetando o nariz ou o nariz e labio superior e, por
vezes, o palato; fissura alar (uni ou bilateral); ponta nasal ausente; cranio anterior bifido oculto, e
implantagdo em "V" dos cabelos na fronte. A DFN pode ser vista como um defeito de
desenvolvimento que pode ocorrer por si s6 ou como parte do quadro clinico de vdrias sindromes. A
maioria dos casos de DFN é esporadica, e em raras circunstancias foram observadas alteracdes
cromossOmicas em alguns individuos. Até o momento, quatro genes foram relacionados a
patogénese molecular de algumas das sindromes com DFN, EFNBI1, associado a uma forma de DFN
ligada ao X e os genes ALX1, ALX3 e ALX4, todos associados a formas de DFN com heranca
autossémica recessiva. Embora esteja claro haver heterogeneidade etiolégica, na maioria dos casos
de DFN a causa ndo é conhecida, dificultando o adequado aconselhamento genético aos pacientes e
seus familiares. Sendo assim, realizamos estudos com diferentes estratégias metodoldgicas buscando
melhor compreender as possiveis causas genéticas da DFN. Ao todo foram analisados 10 pacientes:
um caso familial de DFN leve com heranca aparentemente autossdmica dominante, um caso
clinicamente sugestivo de mutagdo em ALXI1, e oito casos de DFN associada a atraso de
desenvolvimento com ou sem outras anomalias, dos quais um apresentava um rearranjo de novo
aparentemente balanceado entre os cromossomos 4 e 12. Optamos por realizar sequenciamento dos
genes previamente relacionados a fenétipos com DFN em todos os casos; para aqueles em que ndo
foram detectadas mutagdes patogénicas, realizamos analise de variagGes de nimero de cépias (CNV)
por microarray de polimorfismos de base Unica e, para o paciente com rearranjo cromossomico,
realizamos o mapeamento do ponto de quebra por hibridacdo in situ fluorescente. Constatamos
uma mutacdo em heterozigose no gene ALX4 co-segregando com o fendtipo do caso familial, sendo
esta a primeira descricdo de alteracdo em tal gene causando uma forma de DFN com heranca
dominante, e sugerimos pela primeira vez um mecanismo de dominancia negativa. No caso sugestivo
de mutacdo em ALX1, o diagndstico foi confirmado através da identificacdo de uma mutacdo em
homozigose neste gene do paciente; este caso consiste no 3° da literatura mundial e evidencia pela
primeira vez que mutag¢des em ALX1 n3ao necessariamente levam a atraso de desenvolvimento ou
deficiéncia intelectual. Os estudos citogenéticos e moleculares dos pontos de quebra do paciente
com rearranjo cromossdmico sugeriram os genes ARAP2 e CAND1 como possiveis responsdveis por

seu quadro clinico, enquanto o estudo de CNVs nos individuos com DFN associada a atraso de
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desenvolvimento apontou os genes DNAJB12 e ENOX2 como possiveis candidatos para explicar o
fendtipo de dois dos pacientes. E preciso que novos estudos sejam realizados a fim de melhor
compreender o significado de tais achados e a real contribuicdo de cada gene para o
desenvolvimento craniofacial humano e para a etiologia da DFN. Para os casos em que nao foram
identificadas alteracdes conclusivas no presente estudo, embora causas ambientais ndo possam ser
descartadas, é preciso que seja investigada também a existéncia de fatores genéticos e epigenéticos
ndo detectaveis pelas metodologias utilizadas, bem como a hipdtese de mosaicismo somatico.
Nossos resultados, além de corroborarem o envolvimento dos genes ALX1 e ALX4 em fendtipos com

DFN, sugerem também novos genes candidatos: ARAP2, CAND1, DNAJB12 e ENOX2.

Palavras-chave: displasia frontonasal; CNV; genes candidatos; rearranjos cromossOmicos estruturais;

ALX1; ALX4.
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Abstract

Frontonasal dysplasia (FND) is a rare group of disorders that comprises cases with a variety of facial
appearances, and is clinically characterized by two or more of the following signs: ocular
hypertelorism with consequent broadening of the nasal root; median facial cleft affecting the nose
and/or upper lip and palate; clefting of the alae nasi (uni or bilateral); lack of formation of the nasal
tip; anterior cranium bifidum occultum; and a V-shaped frontal hairline. FND is a developmental
defect that can occur alone or as part of several syndromes. Most cases of FND are sporadic, and in
rare circumstances chromosomal alterations were observed in affected individuals. To date, four
genes have been related to the molecular pathogenesis of some syndromes with DFN, one (EFNB1) is
associated with an X-linked form while the 3 others (ALX1, ALX3 and ALX4) are associated with
autosomal recessive forms. Although it is clear that FND is etiologic heterogeneous, the causative
mechanism is unknown in most cases which makes it hard to give proper genetic counseling to
patients and their families. In order to get new insights into the genetic mechanisms leading to FND,
we performed studies with different methodologies. Altogether, 10 patients were analyzed: a familial
case of a mild form of FND with an apparently autosomal dominant inheritance pattern, a case
clinically suggestive of mutation in ALX1, and eight cases of FND associated with developmental delay
with or without other anomalies, one of which with an apparently balanced de novo rearrangement
between chromosomes 4 and 12. We chose to sequence the genes previously associated with FND
phenotypes in all cases; for those in which pathogenic mutations were not detected, we conducted
an analysis of copy number variations (CNV) by single nucleotide polymorphisms microarrays; for the
patient with chromosomal rearrangement, we also mapped the breakpoints by using fluorescence in
situ hybridization. We found a heterozygous mutation in ALX4 co-segregating with the phenotype of
the familial case; this is the first description of mutation in this gene causing a form of FND with
dominant inheritance pattern, and we suggested for the first time a dominant negative mechanism.
In the case suggestive of mutation in ALX1, the diagnosis was confirmed by the identification of a
homozygous mutation in this gene; this is the third case of the literature and shows for the first time
that mutations in ALX1 are not necessarily related to developmental delay or intellectual disability.
Breakpoints cytogenetic and molecular studies done with the patient with chromosomal
rearrangement suggested ARAP2 and CANDI1 genes as causative candidates for his condition, while
the study of CNVs in individuals with FND associated with developmental delay pointed DNAJB12 and
ENOX2 genes as possible candidates to explain the phenotypes of two of the patients. Further

studies are necessary to better understand the significance of such findings and the actual
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contribution of each of these genes to human craniofacial development and the etiology of FND.
Although environmental causes cannot be ruled out, it should also be investigated the existence of
genetic and epigenetic factors as well as the possibility of somatic mosaicism, among the cases
negative for the molecular approaches used in our study. Our results corroborate the involvement of
ALX1 and ALX4 in FND phenotypes, and suggest new candidate genes: ARAP2, CAND1, DNAJB12 and
ENOX2.

Keywords: frontonasal dysplasia; CNV; candidate genes; structural chromosomal rearrangements;

ALX1; ALX4.
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