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Never be bullied into silence.
Never allow yourself to be made a victim.

Accept no one's definition of your life;
define yourself. "

—Harvey Fierstein
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NOTAS

Esta dissertacdo de Mestrado compreende um trabalho inédito
desenvolvido durante os anos de 2008 a 2011 no Laboratério de Genética do
Desenvolvimento do Centro de Estudos do Genoma Humano do Instituto de
Biociéncias da Universidade de Sdo Paulo (CEGH/IB-USP).

A apresentacdo do frabalho seguiu o modelo de divisdo em
capitulos/artigos, modelo este aceito atualmente pelos programas de pods-
graduacdo do Instituto de Biociéncias. Dessa maneira, sdo apresentados
apenas os estudos que resultaram em um artigo cientifico publicado em 2010,
e outro que serd submetido em breve. Por esse motivo, optei por redigi-lo em
inglés. As secoes referentes a introducdo, metodologia e discussdo geral estdo

escritas em portugués, conforme especificado pelas regras deste Instituto.

Embora o novo acordo ortogrdfico da lingua portuguesa esteja em
vigéncia desde Janeiro de 2009, ficou estabelecido um periodo de transicdo
até 2012, durante o qual sdo vdlidas tanto a regra nova quanto a antiga.
Sendo assim, optei por utilizar as normas antigas, mantendo o uso de crases,

das regras de acentuacdo anteriores e uso de frema.

As referéncias bibliogrdficas referentes a cada um dos artigos estdo
relacionadas ao final dos mesmos. J& as referéncias bibliograficas que
constam na infroducdo, metodologia e discussdo enconfram-se ao final da
tese. A norma bibliogrdfica escolhida foi a estipulada pela ABNT, exceto para

o artigo j& publicado.

Visto que cada artigo cientifico possui descricdo de suas metodologias,
o capitulo que se refere d metodologia geral se aterd apenas a uma breve

explicacdo acerca de procedimentos ndo detalhados nos artigos.



RESUMO

A fissura ldbio-palatina ndo-sindrémica (FLP NS) é uma doenca
multifatorial, determinada pela interacdo entre fatores genéticos e ambientais
e sua incidéncia é estimada entre 0,34 e 2,29 a cada 1000 nascimentos. Trata-
se de uma embriopatia causada por erros durante a morfogénese orofacial, a
qual depende de uma fina regulacdo de mecanismos como proliferacdo
celular, remodelagem de matriz extracelular, e transicdo epitélio-mesenquimal.
Apesar de intensos esforcos para se determinar fatores genéticos e ambientais
de susceptibiidade, a etfiologia desta malformacdo permanece pouco
compreendida. Vdrios loci associados as FLP NS vém sendo identificados por
meio de estudos de mapeamento génico convencionais, entretanto, a
grande maioria dos resulfados ndo se replica em diferentes estudos, e ndo hd
clareza acerca do efeito funcional das variantes detectadas. Neste contexto,
uma abordagem interessante para investigar a etiologia da doenca é a
andlise de expressdo génica, que pode ser utilizada para identificar alteracoes
de vias biolégicas que convergem na manifestacdo do quadro clinico. Em
vista disso, neste trabalho nds utilizamos a andlise do transcriptoma de células-
fronco de polpa dental de pacientes portadores de FLP NS, com o intuito de
identificar padroes de expressdo relacionados a mecanismos bioldgicos
relevantes para a embriopatogénese da doenca. Obtivemos padroes de
expressdo que sugerem desregulacdo de mecanismos associados 4
remodelagem de matriz extracelular e a transicdo epitélio-mesenquimal. Além
disso, ao utilizarmos diferentes condicdes de cultura celular, verificamos em
uma nova amostra de pacientes a desregulacdo de vias bioldgicas
relacionadas ao reparo de DNA e checkpoint do ciclo celular. Nossos dados
revelam a aplicabilidade das células-fronco de polpa dental para este tipo de
abordagem, e indicam que tais perfis de expressdo podem levar ao
acometimento da morfogénese ldbio-palatina. Além disso, mostramos pela
primeira vez uma conexdo entre desregulacdo de expressGo génica e a
documentada maior incidéncia de formas esporddicas de cé&ncer em familias
segregando a FLP NS. Nossos resultados abrem novas possibilidades para a
investigacdo da etiologia das FLP NS, e ajudardo na compreensdo dos eventos

embriondrios que predispdem a essa malformacdo.



ABSTRACT

Non-syndromic cleft lip and palate (NSCL/P) is a multifactorial disease
determined by the interplay between genetic and environmental factors, with
a variable incidence of 0.34-2.29:1000 births. This malformation arises from errors
during lip and palate morphogenesis, which requires tight regulation of
biological mechanisms such as cellular proliferation, extracellular matrix
remodelling, and epithelial-mesenchymal transition. Albeit much effort has
been put info determining the genetic and environmental factors underlying
disease susceptibility, the aetiology of NSCL/P remains obscure. Many
candidate loci have been identified through conventional gene mapping
strategies, however, there is a general lack of reproducibility across studies, and
there is no consensus with regard to the functional implications of the identified
genetic variants. In this context, an alternative approach resides in assessing
differential expression patterns to identify alterations in biological networks that
could lead to phenotype manifestation. Here, we analysed the franscriptome
of dental pulp stem cells from NSCL/P patients in order to pinpoint dysregulated
pathways involved in the embryopathogenesis of the disease. We encountered
expression patterns related to dysregulation of extracellular matrix remodelling
and epithelial mesenchymal transition. Moreover, by subjecting a novel NSCL/P
sample to differenfial cell culture conditions, we observed abnormal
transcription of genes partaking in DNA repair and cell cycle checkpoint
pathways. Our results show the applicability of dental pulp stem cells to this
strategy and suggest that the observed expression patterns could lead to
impairment of lip and palate morphogenesis. Moreover, we described for the
first time a connection between abnormal gene expression in these individuals
and the elevated occurrence of sporadic cancer types in NSCL/P families. Our
results open new possibilities to investigate the aetiology of NSCL/P and provide

further insight into the ontogenetic events underlying disease predisposition.



CAPITULO | - Infrodugdo e objetivos

1. Consideragoes gerais

As fissuras ldbio-palatinas (FLPs) representam um grupo de anomalias
faciais extremamente importante, correspondendo a cerca de 25% de todas
as malformacdes congénitas (Slavkin, 1992). Para as formas ndo-sindrémicas
(FLP NS), a incidéncia mundial varia de 0,34 a 2,29 em 1000 nascimentos,
dependendo de fatores como: localizacdo geogrdfica, condicdo sbcio-
econébmica e etnia (Gorlin et al., 2001; Mossey et al., 2009). No Brasil, as
estimativas variam entre 0,28 e 1,54 em 1000 (Menegotto et al., 1991; Loffredo
et al.,, 2001). Dada a alta incidéncia e ao fato de que seus portadores
necessitam de um extenso fratamento por uma equipe multidisciplinar
(médicos, dentistas, fonoaudidlogos, geneticistas, psicélogos, nutricionistas,
enfre outros) para sua reabilitacdo, as FLPs representam um problema de

saude publica relevante (Kasten et al., 2008).

2. Classificagdo e etiologia

As FLPs podem ser classificadas em sindrémicas e ndo-sindrémicas.
Aproximadamente 30% dos casos de FLP sdo sindrémicos, ou seja, ocorrem
associados a outras anomalias, sendo os restantes 70% ndo-sindrémicos, onde

a FLP é a Unica malformacdo presente (Schutte & Murray, 1999).



As FLPs sindrémicas, relacionadas a pelo menos 350 sindromes, podem
estar associadas a doencas mendelianas j& descritas, ser decorrentes de
anomalias cromossémicas, ou ainda terem sua origem na acdo de
teratégenos durante a embriogénese (Gorlin et al., 2001). O estudo das formas
sindrémicas de FLP tem permitido a identificacdo de alguns genes candidatos
envolvidos em sua etiologia, como por exemplo, o gene IRFé (sindrome de van
der Woude) (Kondo et al., 2002), o gene PVRLI (sindrome da displasia
ectodérmica) (Suzuki et al., 2000; Avila et al., 2006), e o gene TBX22 (fissura
palatina e anquiloglossia ligada ao X) (Braybrook ef al., 2001; Marcano et al.,
2004). Aléem disso, foi evidenciado que muitos dos genes ja identificados para
as formas sindrémicas de FLP também podem contribuir para a etiologia das

formas ndo-sindrémicas (Stanier & Moore, 2004).

Se por um lado muitos agentes etioldgicos responsdveis por doencas
mendelianas associadas as FLPs j& foram identificados, por outro, o estudo dos
fatores de predisposicdo as FLP NS é dificultado pela natureza dessa condicdo.
A FLP NS é considerada uma doenca de etiologia multifatorial, tendo
influéncia de vdarios loci, com diferentes niveis de penetrncia, e ainda
associados a fatores ambientais (Murray, 1995). Em decorréncia da alta
complexidade desta patologia, hd um esforco mundial na tentativa de
identificar tanto os fatores genéticos como ambientais de predisposicdo as FLP
NS. Visto que o entendimento da etiologia dessa forma de fissura ainda €
relativamente pobre, e que esta apresenta uma alta incidéncia, no presente

frabalho estudamos a variante ndo-sindromica de FLP.



Hd& vdarias evidéncias de que fissuras de Idbio acompanhadas ou ndo de
fissura de palato possuem etiologia distinta quando comparadas as fissuras
palatinas isoladas. Dados epidemiolégicos mostram que FLP NS e fissuras de
palato isoladas ndo segregam em uma mesma familia (Fraser, 1970).
Entretanto, em alguns casos, hd sobreposicdo de etiologias, a exemplo da
sindrome de van der Woude, causada por mutacdes no gene IRF6, na qual
ambas as formas de fissura podem se manifestar na mesma genealogia (Gorlin

et al., 2001; Kondo et ai., 2002; Carinci et al., 2007).

2.1. Fatores ambientais

A contribuicdo de fatores ambientais para a etfiologia das FLP NS vem
sendo amplamente estudada. Como o ambiente € maledvel, dados gerados
por tais estudos representam uma oportunidade a curto prazo para a
aplicacdo de medidas a fim de se prevenir a recorréncia desta malformacdo
(Dixon et al., 2011). Neste sentido, estudos j& identificaram alguns fatores de
risco agindo durante a gravidez, por exemplo: tabagismo, uso de dcido
refindico, consumo de dlcool, uso de anticonvulsivantes, ocorréncia de
infeccoes, deficiéncia de vitaminas, entre outros (Wyszynski & Beaty, 1996;
Shaw et al., 1996; Houdayer & Bahuau, 1998, Métneki et al., 2005; Krapels et al.,

2006).

3. Aspectos clinicos

As FLP NS sdo tipicamente caracterizadas pela presenca de fenda no

I&dbio superior com ou sem acometimento do palato, e sem associacdo a



outras anomalias (Fig. 1). Essa alteracdo leva a separacdo incompleta entre as
cavidades nasal e oral, provocando distUrbios de alimentacdo, respiracdo e

comunicacdo (Kasten et al., 2008).

HA& uma grande variabilidade clinica entre os casos de FLP NS, ocorrendo
desde fendtipos bastante amenos, que incluem anomalias subclinicas no
musculo orbicularis oris, onde hd uma descontinuidade das fibras musculares
(Klotz et al., 2010), até as fissuras completas e bilaterais, que envolvem além
do Idbio, os palatos primdrio e secundario (Gorlin et al., 2001) (Fig. 1), e que
representam os quadros clinicos mais graves (Johnston & Bronsky, 1995). Nesses
casos, além das alteracdes musculares, nas regides afetadas pela fissura hd
uma ruptura ou quebra de continuidade do osso alveolar, na maxila, e do 0sso
palatino. Sendo assim, h&d comprometimento tanto do tecido d¢sseo, como do

muscular (De Mey et al., 1989; Kerrigan et al., 2000; Wijayaweera et al., 2000).
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Figura 1: Variabilidade fenotipica das fissuras de labio e palato. A, A’) Fissura labial unilateral; B) Fissura palatina
isolada; C) Fissura de labio e palato unilateral incompleta; D, D’) Fissura de labio e palato unilateral completa; E,
E’) Fissura de labio e palato bilateral completa. (Modificado de: Mossey et al., 2009; Dixon et al., 2011)



3. Desenvolvimento embriondrio

A formacdo da face se inicia na 4° semana de gestacdo, com a
migracdo de células da crista neural craniana que, combinadas a células
mesenquimais derivadas da mesoderme, formam os primérdios da face. Estes
sdo constituidos por 5 proeminéncias, dispostas da seguinte maneira em
relacdo ao estomodeu (precursor da cavidade oral): a) proeminéncia
frontonasal, disposta rostralmente; b) 2 proeminéncias maxilares, dispostas
lateralmente; c) 2 proeminéncias mandibulares, dispostas caudalmente. Entre
a 59 e 7@ semana da embriogénese, a mandibula € formada a partir das
proeminéncias maxilares, ao passo em que ocorre o crescimento da
proeminéncia frontonasal, dando origem & proeminéncia nasal medial. Esta
entdo cresce comcomitantemente as proeminéncias maxilares, ocorrendo a
fusdo e formando assim o Idbio superior e o palato primdrio (Fig. 2A) (Jiang et
al., 2006). A morfogénese do palato secunddrio se inicia na 6° semana de vida
intra-uterina, com o aparecimento de estruturas a partir das proeminéncias
maxilares, chamadas de Idminas palatinas. Inicialmente, as [Gminas palatinas
crescem verticalmente, se posicionando em cada lado da lingua em
desenvolvimento. Entdo, ocorre a elevacdo e crescimento horizontal dessas
estruturas, que entfram em contato e subsequentemente se fundem acima do
dorso da lingua para formar o palato secunddrio, ao final da 129 semana (Fig.

2B) (Kerrigan et al., 2000).

3.1 Mecanismos morfogenéticos



Levando-se em conta os dados da embriologia, acredita-se que as
fissuras de ldbio e palato sdo decorrentes de quaisquer fatores genéticos e
ambientais que perturbem 0s mecanismos responsdveis pela correta
orientacdo, crescimento, e fusGo das proeminéncias faciais e das l&minas
palatinas (Fig. 2C). A ontogenia orofacial se apoia no paradigma de que uma
sinalizacdo espaco-temporal precisa entre os tecidos embriondrios é
fundamental para a regulacdo de processos bioldgicos durante o
desenvolvimento, dentre os quais podemos citar: o metabolismo de matriz
extracelular, transicdo epitélio-mesenquimal, proliferacdo e migracdo celular,

e apoptose (Jiang et al., 2006; Yu et al., 2009; Greene & Pisano, 2010).

Neste contexto, um dos mecanismos mais estudados € o de transicdo
epitélio-mesenquimal (epithelial-mesenchymal transition, EMT). A EMT & um
fendbmeno bioldgico no qual células de fendtipo epitelial sGo reprogramadas,
passando assim a manifestar um fendtipo tipicamente mesenquimal. Esta
transformacdo € caracterizada por uma reprogramacdo celular que leva a
perda de adesdes intercelulares e aquisicdo de alta capacidade proliferativa,
invasiva e migratéria (Acloque et al., 2009). No contexto do desenvolvimento
do ldbio e palato, a EMT modula o processo de fusdo das estruturas
embriondrias orofaciais. Uma vez em contato, o epitélio dessas estruturas deve
se desintegrar para que seja estabelecido um mesénquima continuo. Sendo
assim, as células epiteliais se fransdiferenciam em células mesenquimais por
EMT e atravessam a l&dmina basal, invadindo o tecido mesenquimal (Sun et al.,
2000; Nakazawa et al., 2008; Yu et al., 2009). E inferessante ressaltar que existem
evidéncias de que estas células epiteliais também sofrem apoptose, sendo

que este mecanismo j& foi considerado o principal responsdvel pela fusdo do



ldbio e do palato (Dudas et al., 2007). No entanto, dados mais recentes
indicam que tanto a morte celular programada como a EMT sAo processos
envolvidos nesta etapa do desenvolvimento embriondrio (Nakazawa et al.,
2008; Nawshad et al., 2008; Iseki, 2011). Além da EMT, estudos relacionando
capacidade de proliferacdo celular e metabolismo de matriz extracelular &
efiologia das FLPs também vém ganhando destaque (Sascaki et al., 2004;
Marinucci et al., 2009; Dhulipala et al., 2010; Enomoto et al., 2010). Picos de
proliferacdo celular, aliados a remodelagem de matriz extracelular, sdo
necessdrios para o crescimento e posicionamento adequado das
proeminéncias faciais e Idminas palatinas durante a morfogénese orofacial

(Kerrigan et al., 2000; Dhulipala et al., 2006; Meng et al., 2009).

m proeminéncia frontonasal
proeminéncia nasal medial

m  proeminéncia maxilar

ldmina palatina

I =+ semanas do desenvolvimento
embriondrio

Figura 2: Morfogénese orofacial ao longo do desenvolvimento embriondrio, e estruturas envolvidas. A)
Morfogénese do labio superior; B) Morfogénese do palato, em corte transversal (diagramas superiores), e em
vista ventro-dorsal (diagramas inferiores); C) Fissura de Ildbio e palato. (Modificado de
http://www.indiana.edu/~anat550/hnanim/face/face.html)




4. Estratégias para estudo de genes de predisposigdo as FLPs

4.1 Estudos de ligagdo e associagao

Genes de susceptibilidade as FLP NS tém sido identificados em vdarias
populacdes, inclusive na populacdo brasileira (Gaspar et al., 2002 & 2004;
Dixon et al., 2011). Para tanto, as abordagens de mapeamento genético mais

utilizadas tém sido os estudos de ligacdo e associacdo.

Os estudos de ligacdo sdo baseadas na observacdo de co-segregacdo
de marcadores genéticos conhecidos e o fendtipo da doenca em uma ou
mais familias. Visto que loci proximos tendem a ser co-transmitidos por estarem
geneticamente ligados, é possivel detectar regides do genoma que
potencialmente abrigam o agente etioldgico da doenca (Altshuler et al.,
2008). Este tipo de estudo requer um modelo de heranca bem estabelecido, e
sdo necessarias varias geracoes com individuos afetados. Além disso, variantes
genéticas de grande efeito sdo melhor detectadas com essa abordagem, a
exemplo de doencas mendelianas. No entanto, segundo o modelo
multifatorial de heranca, as FLP NS sdo determinadas por vdrios alelos de
pequeno efeito, sendo que a ocorréncia de vdrios afetados em uma mesma

familia é rara.

J& nos estudos de associacdo de regides candidatas e de varredura
gendmica (genome-wide association study), geralmente mais utilizados para
doencas multifatoriais, € analisada a freqUiéncia de polimorfismos enfre casos

e controles, estabelecendo-se assim uma associacdo estatistica entre



presenca de variante e manifestacdo de fendtipo. Porém, além de
necessitfarem de muitos individuos, esses estudos estdo sujeitos a viés de
estratificacdo populacional, distorcendo os resultados devido a freqUéncias
alélicas mais freqUentes em uma determinada etnia; ou viés de desequilibrio
de ligacdo, no qual a variante detectada estd mapeada préximo ao real

agente etiolégico (Altshuler et al., 2008).

Muitos loci de predisposicdo as FLP NS foram identificados seguindo as
estratégias supracitadas (Dixon et al., 2011). Contudo, com excecdo do gene
IRF6 e do locus 8g24 (Ghassibé et al., 2005; Park et al., 2007; Birnbaum et al.,
2009; Beaty et al., 2010; Rojas-Martinez et al., 2010), ndo hd consenso na
literatura acerca da real relev@ncia de cada um destes genes na etiologia das
FLP NS, e sobretudo, de qual é o papel bioldgico dessas variantes na

embriopatogénese da doenca.

4.2 Andlise do transcriptoma

Frente as dificuldades em se identificar loci de predisposicdo por meio do
estudo de variantes no genoma de individuos acometidos por FLP NS, outra
abordagem que pode ser empregada € a andlise do perfil de expressdo
génica. Esta estratégia permite a identificacdo de padrdoes de co-expressdo
génica, associados a vias bioldgicas que, quando desreguladas, podem

conferir predisposicdo d doenca (Allocco et al., 2004; Cookson et al., 2009).

Tendo em vista a complexidade dos mecanismos embriondrios que

orquestram o desenvolvimento do Idbio e palato, a andlise de expressdo
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génica é bastante promissora. Alguns estudos j& utilizaram essa estratégia em
modelos animais, onde foi analisado o perfil de expressdo génica global
durante a embriogénese, levando & identificacdo de genes e vias de
sinalizacdo cruciais para o desenvolvimento orofacial adequado (Brown et al.,

2003; Mukhopadhyay et al., 2004; Mukhopadhyay et al, 2010).

Além de elucidar melhor o papel de redes génicas em situacdes normais
de desenvolvimento, o estudo do ftranscriptoma pode ser aplicado d
investigacdo das FLP e de outras doencas complexas. O perfil de expressdo
génica nada mais € do que um reflexo do genoma e de suas variantes,
observado sob a forma de padrdées de expressdo. Desta maneira, essa
abordagem pode levar a confiimacdo de genes candidatos as FLP NS, caso
suas variantes de risco estejam associadas a menores niveis de transcritos, e
também a identificacdo de novos agentes etioldgicos. Estes, por sua vez,
podem estar diferencialmente expressos e exercer um efeito funcional, como
no caso anterior, ou ainda, podem estar agindo como elementos regulatérios
modulando o padrdo de expressdo ou co-regulacdo observado. Tendo em
vista a suspeita de que perturbacdes em mecanismos de sinalizacdo entre os
tecidos embriondrios possam ser os principais responsdveis pelas FLPs,

consideramos essa estratégia adequada para investigar esta malformacado.

Alguns grupos ja relataram a existéncia de um perfil de expressdo génica
associado as FLP NS. Jakobsen e colaboradores (2009), utilizando bidpsias
extraidas da regido afetada pela fissura, encontraram um perfil de expressdo
distinto ao compararem individuos portadores de FLP NS e fissura palatina

isolada. Do mesmo modo, foi observada uma desregulacdo de genes que
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codificam moléculas de matriz extracelular, em culturas de fibroblastos de
pacientes expostas a agentes teratogénicos (Bosi et al., 1998; Marinucci et al.,
2009; Baroni et al., 2010). Esses dados confirmam a aplicabilidade de culturas
celulares de pacientes para o estudo de expressdo génica e processos

bioldgicos relevantes para a etiologia das FLP NS.

4.3 Uso de células-tronco mesenquimais (CTMs)

As células-fronco mesenquimais (CTMs) estdo presentes em vdarios tecidos
pos-natais e constituem populacdes celulares com capacidade de auto-
renovacdo, se replicando por muitas geracdes sem perder as caracteristicas
originais. In vitro, na presenca de fatores de crescimento adequados, elas
podem se diferenciar em osso, musculo, tecido adiposo, e cartiagem (Caplan,
2005). J& foi possivel isolar células-tfronco de diversos tecidos, como medula
6sseq, pele, tecido neural, retina, musculo esquelético e epitélio dentdrio
(Gronthos et al., 2002; Erices et al., 2000; Wiliams et al., 1999; Miura et al., 2003;

Bueno et al., 2009).

Sabendo que as FLPs sdo decorrentes de perturbacdes durante a
embriogénese, o uso de CTMs de polpa de dente deciduo para investigar a
efiologia das fissuras pode ser bastante interessante e promissor. Alem de
serem obtidas de forma ndo-invasiva, a partir de dentes em fase de
esfoliacdo, foi demonstrado que populacdes celulares extraidas de polpa de
dente possuem origem em células derivadas da crista neural e células
mesenquimais (Chai et al., 2000; Waddington et al., 2009), as quais compdem

0 mesénquima das proeminéncias faciais embriondrias. Além disso, visto que
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hd comprometimento de tecido ésseo e muscular na regido da fissura, o
potencial de diferenciacdo osteogénica e miogénica das CTMs de polpa de

dente poderd ser de grande valia em estudos futuros.

5. Objetivos principais

Frente as dificuldades para se elucidar a etiologia das FLP NS por meio
de estratégias convencionais de mapeamento genético, propomos neste
tfrabalho a abordagem de estudo do transcriptoma de culturas celulares
oriundas de individuos acometidos pela doenca. Para tanto, os objetivos

gerais sdo:

a) Verificar se as CTM extraidas de polpa de dente deciduo de individuos

acometidos por FLP NS exibem uma assinatura de expressdo especifica;

b) Identificar genes desregulados e padroes de expressdo relacionados ao

perfil franscricional dessas células;

c) A partir dos padroes de expressdo observados, identificar vias de
sinalizacdo e mecanismos bioldégicos candidatos d embriopatogénese da

doenca.



CAPITULO Il - Metodologia geral

1. Estabelecimento e manuteng¢ao das culturas celulares

A autorizacdo para o isolamento de CTMs de polpa de dente foi obtida
do Comité de Etica em Pesquisa do Instiuto de Biociéncias da Universidade de
Sdo Paulo (protocolo 037/2005). O termo de consentimento livre e esclarecido

foi assinado pelos pais ou responsaveis.

Polpas de dentes deciduos de individuos com idade enfre 5 e 14 anos
foram extraidas com auxilio de limas odontoldgicas estéreis, e lavadas 4 vezes
com PBS (Phosphate-Buffered Saline 0,01M, PH = 7,4) suplementado com 4% de
antibidtico (Penicilin 5.000 U/mL, Streptomycin 5.000 ug/mL, Invitrogen) para
remocdo de possiveis contaminantes e células sanguineas. Os tecidos foram
cortados em fragmentos menores e entdo incubados em solucdo de tripsina
(TrypLE™, Invitrogen) diluida em PBS (1:10, v/v) por 1 hora a 37°C. Apds
inativacdo com DMEM-F12 (Dubbelco’s Modified Eagle Medium Nutrient
Mixture F12 1:1, Invitrogen) suplementado com 15% de soro fetal bovino
(HyClone), os fragmentos foram centrifugados a 400xg por 5 minutos e entdo
incubados em garrafas de cultura de 25 cm? contendo 5 mL de DMEM-F12
(Invitfrogen) 15% soro fetal bovino (HyClone), 1% Non-essential amino acids

solution (Invitrogen) e 1% antibidtico (Invitrogen).

Todas as culturas sdo mantidas em estufa com ambiente umedecido a

37°C e 5% de CO2, com troca de meio ocorrendo de 3 a 4 dias. Ao atingirem
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80% de confluéncia, as culturas sdo lavadas com PBS, dissociadas com
solucdo de tripsina, a qual é em seguida submetida & inativacdo com DMEM-
F12/15% soro fetal bovino e posterior centrifugacdo. A partir deste ponto o
pellet pode ser utiizado para extracdo de RNA, ou ressuspendido para

semeadura em novas gorrofos.

Para o congelamento, as células sdo ressuspendidas em meio contendo
40% de soro fetal bovino, 50% de DMEM-F12 e 10% de dimetilsulféxido (DMSO,
LGC), numa concenfragcdo de 5,0 x 10° células/mL, e acondicionadas em
tubos préprios para o congelamento. A temperatura é entdo diminuida
gradualmente, numa taxa de 1 °C por minuto, até que se atinja a temperatura
final de -70 °C, na qual elas sdo mantidas por 24 horas anfes de serem

transferidas para o nitrogénio liquido.

2. Ensaios de microarrays de expressao

As andlises da expressdo das culturas foram realizadas por microarray
com o chip Human Gene 1.0 ST. Todos 0s reagentes e equipamentos aqui
descritos sdo produzidos pela Affymetrix. O GeneChip® Whole Transcript Sense
Target Labeling é designado para gerar DNAs senso amplificados e marcados
com bioting, resultantes da expressdo de todo o genoma, sem nenhum tipo de
viés. O procedimento de todo o experimento encontra-se melhor detalhado

na Figura 1.

A partir de 300 ng de RNA total, o cDNA dupla-fita é sintetizado com
hexdmeros randémicos contendo uma cauda de T7, que age como uma

seqUéncia promotora. O cDNA dupla-fita é subsequentemente utilizado como
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molde e amplificado pela polimerase T7 RNA, é realizada uma reacdo de
transcricdo in vitro, produzindo muitas copias de cRNA anti-senso. No segundo
ciclo de sinfese do cDNA, hexdmeros randdmicos sdo utilizados como
oligonucleotideos iniciadores para a transcricdo reversa do cRNA, resulfando
em DNA simples-fita senso. Durante o segundo ciclo da transcricdo reversa, é
também adicionado dUTP & reacdo. O DNA simples-fita é entdo tratado com
uma combinacdo de DNA uracil glicosilase (UDG) e endonuclease
apurinica/apiridimica 1 (APE1), as quais reconhecem especificamente os
residuos de dUTP e quebram a fita de DNA, fragmentando-a. Em seguida, o
DNA é marcado pela deoxinucleotideo transferase terminal (TdT) com DNA

Labeling Reagent, que é covalentemente ligado a biotina.

Este cDNA ¢é hibridado por 17 horas ao chip Human Gene 1.0 ST com o
auxilio de um forno de hibridacdo a 45 °C e 60 rpom. O processo de marcacdo
por Streptavidina e de lavagem do chip ocorre na estacdo fluidica
(GeneChip® Fluidics Station 450), comandada pelo sofftware GCOS
(GeneChip® Console Operating Software). Por fim, os chips sdo escanedos
pelo GeneChip® Scanner 3000 7G System e os dados sGdo gerados pelo

Affymetrix® Expression Console™ Software.
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Figura 1. Esquema do procedimento de microarray utilizando o chip Human Gene 1.0 ST.
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Human stem cell cultures from cleft lip/palate patients show
enrichment of transcripts involved in extracelular matrix

modeling by comparison to controls

Daniela Franco Bueno & Daniele Yumi Sunaga, Gerson Shigeru Kobayashi, Meire
Aguena, Cassio Eduardo Raposo do Amaral, Cibele Masotti, Lucas Alvizi Cruz, Peter
Lees Pearson, and Maria Rita Passos-Bueno

Stem Cell Rev and Rep. Jun;7(2):446-57 (2011). Published online: 30 Oct 2010

RESUMO

A fissura ldbio-palatina ndo-sindrémica (FLP NS) € uma doenca
complexa que resulta da falha de fusdo dos primérdios faciais, um processo
que inclui a transicdo epitélio-mesenquimal (EMT). No presente trabalho,
comparamos o franscriptoma de culturas de células-tronco de polpa dental
(DPSC) entre portadores de FLP NS e confroles. A rede de interacdo mais
significativa compreendeu 13 dos 87 genes diferencialmente expressos,
incluindo as proteinas extracelulares ACAN, COL4A1, COL4A1, GDF15, IGF2,
MMPI1, MMP3, e PDGFA; dentre as quais MMP3, ACAN, COL4AT e COL4A2
apresentavam co-expressdo. MMP3, um gene j& associado 4 etiologia da
doenca, é responsdvel pela clivagem de uma variedade de proteinas
extracelulares, como coldgenos, proteoglicanas, fibronectina e laminina. Os
resultados foram replicados em uma amostra maior, confirmando a presenca
padroes de expressdo que diferem entre individuos com FLP NS e controles. Em
conclusdo, essas células exibem uma assinatura de expressdo envolvendo
genes relacionados a mecanismos de EMT e modelagem de matriz
exfracelular. Esta abordagem poderd levar a identificacdo de redes génicas
de predisposicdo a esta malformacdo de maneira mais rdpida se comparado

a estratégias convencionais de mapeamento génico.
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Abstract Nonsyndromic cleft lip and palate (NSCL/P) is a
complex disease resulting from failure of fusion of facial
primordia, a complex developmental process that includes
the epithelial-mesenchymal transition (EMT). Detection of
differential gene transcription between NSCL/P patients
and control individuals offers an interesting alternative for
investigating pathways involved in disease manifestation.
Here we compared the transcriptome of 6 dental pulp stem
cell (DPSC) cultures from NSCL/P patients and 6 controls.
Eighty-seven differentially expressed genes (DEGs) were
identified. The most significant putative gene network
comprised 13 out of 87 DEGs of which 8 encode
extracellular proteins: ACAN, COL4A1, COL4A42, GDFI5,
IGF2, MMPI1, MMP3 and PDGFa. Through clustering
analyses we also observed that MMP3, ACAN, COL4Al
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and COL442 exhibit co-regulated expression. Interestingly,
it is known that MMP3 cleavages a wide range of
extracellular proteins, including the collagens IV, V, IX,
X, proteoglycans, fibronectin and laminin. It is also capable
of activating other MMPs. Moreover, MMP3 had previously
been associated with NSCL/P. The same general pattern
was observed in a further sample, confirming involvement
of synchronized gene expression patterns which differed
between NSCL/P patients and controls. These results show
the robustness of our methodology for the detection of
differentially expressed genes using the RankProd method. In
conclusion, DPSCs from NSCL/P patients exhibit gene
expression signatures involving genes associated with mecha-
nisms of extracellular matrix modeling and palate EMT
processes which differ from those observed in controls. This
comparative approach should lead to a more rapid identification
of gene networks predisposing to this complex malformation
syndrome than conventional gene mapping technologies.

Keywords Nonsyndromic cleft lip and palate -
Gene expression profile - Dental pulp - Stem cell -
Epithelial-mesenchymal transition - Extracellular matrix

Introduction

Nonsyndromic cleft lip and palate (NSCL/P [MIM 119530]),
a complex multifactorial disorder, is one of the most common
congenital malformations, with a prevalence of 0.69 to 2.35
per 1,000 births in the Caucasian population [1]. Taking
account of the complexities of this orofacial malformation
and the long rehabilitation period following surgery, cleft lip
and palate is considered to be a major psychosocial and
economic burden for families and society. Gaining insight
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into the genetic causes of NSCL/P should lead to future
improvement of genetic counseling, preventive and curative
measures.

The development of the human face begins with
migration of neural crest cells that combine with the core
mesoderm and pharyngeal ectoderm, establishing the facial
primordia, which in turn give rise to structures associated
with upper lip and palate formation [2, 3]. The growth,
differentiation and fusion of these structures are genetically
determined, and it is likely that disturbances in genetic
pathways orchestrating these processes result in facial
abnormalities, such as cleft lip and palate [2-5]. In this
context, the epithelial-mesenchymal transition (EMT) plays
a central role in generating the cranial neural crest cells as
well as ensuring palate and lip fusion [6-8].

The large number of genes known or suspected to be
involved in clefting probably reflects the diversity of
embryological events that contribute to the formation of
these facial structures [4, 9—16]. Although gene mapping
approaches, such as Genome-Wide Association Studies
(GWAS), appeared to offer an option to identify at-risk
alleles associated with NSCL/P, with better reproducibility
among different studies [10, 11, 17, 18] than candidate
genes, lack of progress over the last decade suggests that
GWAS are still unlikely to provide sufficient information
on the genetic etiology underlying the disease. However,
genome-wide expression analyses based on differential
gene expression associated with NSCL/P, as proposed here;
present a viable and challenging alternative, since patterns
of co-expression can be used to identify biological pathways
or gene networks associated with disease predisposition. The
current data supporting this supposition can be summarized as
follows: transcriptome analysis in tissues of cleft palate (CP)
patients showed a distinct gene expression signature when
compared to CL/P [19]. It has been reported that a few genes
coding for extracellular matrix proteins, such as TGFB3 and
MMP3, are differentially expressed in fibroblasts of NSCL/P
patients as compared to controls [20, 21], suggesting that the
transcriptome of NSCL/P cells might exhibit a specific
expression signature irrespective of origin of the cells
concerned.

The use of mesenchymal stem cells (MSCs) or induced
pluripotent stem cells (iPSs) has been shown to be a
promising new approach to study gene function and
signaling pathways in genetic disorders [22-24]. MSCs
constitute a long-lived population of cells possessing self-
renewal and differentiation properties [25-29]. Accordingly,
these cells are a good model to study the in vitro character-
istics of NSCL/P, since in addition to gene expression, they
can be tested for proliferation, migration and differentiation
properties, including EMT, functions that are presumed to be
altered in cells of NSCL/P patients during embryonic
development. MSCs were originally isolated from bone

marrow, and subsequently, similar cell populations were
isolated from other tissues, such as adipose tissue [27], dental
pulp [28, 30], orbicularis oris muscle [26], umbilical cord
blood, and umbilical cord tissue [31]. Moreover, MSCs can
be easily obtained from non-invasive sources, such as
exfoliated teeth, both from NSCL/P patients and control
individuals [28].

The main aim of this study was to verify if there are
consistent gene expression profile differences between
mesenchymal stem cells from NSCL/P patients and
controls. We chose to study stem cells from dental pulp as
they can be obtained relatively easy from both NSCL/P
patients and controls. In addition, these stem cells, as for
any other cells obtained from craniofacial tissues, are
derived from cranial neural crest cells which play an
important role in craniofacial development, including lip
and palate [32, 33]. Our results will provide a base line for
further investigation and insights into genetic pathway
irregularities associated with craniofacial clefts.

Materials and Methods
Sample: NSCL/P Patients and Controls

Ethical approval to obtain stem cells from dental pulp of
deciduous teeth was obtained from the Biosciences Institute
Research Ethics Committee (Protocol 037/2005). Samples
were included only after signed informed consent by the
parents or legal guardians.

Deciduous teeth from controls were obtained from
odontopediatric clinics in Sao Paulo, while teeth from
NSCL/P patients were excised during the exfoliation
period by Dr. Bueno D.F. at Sobrapar, Campinas, Sao
Paulo. An individual was classified as NSCL/P if no
other malformations than clefting of both lip and palate
were present.

We analyzed mRNA of dental pulp stem cell cultures
(DPSC) obtained from 6 controls and 6 NSCL/P patients
(Table 1, supplementary material) for microarray expression
analysis and for validation of 4 genes by quantitative Real-
Time PCR (qRT-PCR). Validation of the microarray
expression analysis by qRT-PCR for a larger number of
genes was also done in mRNA obtained from DPSC
cultures of 16 additional controls and 13 NSCL/P patients.

Stem Cell Culture

Stem cell cultures obtained from DPSC of deciduous
teeth were established according to previously published
protocols [28]. Cells were cultured at 37°C with 5% CO,
in DMEM-F12 (Invitrogen, UK) supplemented with 15%
Fetal Bovine Serum (FBS, HyClone, USA) and frozen in
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Table 1 List of 87 differentially expressed genes sorted out by comparing controls and NSCL/P patients with the RankProd analysis

AFFY ID Gene symbol FC* Pfp° Cytoband
8176375 RPS4Y1 5.1099 0.0007 Ypll.3
8176624 DDX3Y 4.9358 0.0000 Yqll
8041206 LBH 4.6707 0.0000 2p23.1
8118509 PPT2 ¢ 42212 0.0008 6p21.3
7972750 COL4Al ¢¢ 3.6284 0.0006 13q34
7932254 ITGAS ¢ ¢ 3.2852 0.0037 10p13
8125537 HLA-DMA © 3.2541 0.0005 6p21.3
7998927 - 3.0562 0.0053 -
8108370 EGRI1 3.0266 0.0124 5q31.1
8176719 EIF1AY 2.9797 0.0055 Yqll.222
7952205 MCAM ¢ ¢ 2.9129 0.0123 11923.3
7953200 CCND2 2.7894 0.0089 12p13
8056491 SCNOIA ¢ 2.7724 0.0223 2q24
7964388 NDUFA4L2 2.7670 0.0112 124133
8113504 C5orf13 2.7473 0.0077 5q22.1
8176578 USP9Y 2.7360 0.0219 Yqll.2
8104663 CDH6 ¢ ¢ 2.7285 0.0263 S5pl5.1-pl4
7985786 ACAN ¢ ¢ 2.6889 0.0042 15q26.1
8121838 TPDS521.1 2.6688 0.0106 6q22-g23
8177137 UTY 2.6455 0.0280 Yqll
7970033 COL4A2 ¢ ¢ 2.6123 0.0210 13q34
7965573 NTN4 ¢ 2.5853 0.0129 12q22-q23
8003298 SLC7AS ¢ 2.5767 0.0174 16q24.3
8156783 COLI15A1 ¢ 2.5452 0.0250 9q21-q22
8090565 SNORA7B 2.5214 0.0225 3921.3
7954293 PDE3A 2.5063 0.0121 12p12
8137670 PDGFA ¢ ¢ 2.4802 0.0179 7p22
8049888 ATG4B 2.4474 0.0115 2q37.3
7974895 FLJ43390 2.4260 0.0427 14q23.2
7958262 TCPI11L2 2.4172 0.0253 12q23.3
7989985 ITGALl ¢ 2.4038 0.0447 15q23
8104035 SORBS2 2.3912 0.0291 4q35.1
8102800 SLC7A1l ¢ 2.3697 0.0390 4q28-q32
1912157 ERRFI1 2.3596 0.0308 1p36
7981728 - 2.3590 0.0407 -
7985493 TM6SF1 2.3535 0.0442 15q24-q26
7981962 SNORD116-5 23518 0.0419 15q11.2
7931977 ITIHS 2.3354 0.0486 10p14
7928308 DDIT4 23277 0.0467 10pter-q26.12
8034940 NOTCH3 ¢ 2.3234 0.0396 19p13.2-p13.1
7966089 CMKLRI1 © 2.2946 0.0455 12q24.1
8068024 JAM2 ¢ ¢ 2.2538 0.0397 21g21.2
8023152 TCEB3CL 2.2139 0.0407 18q21.1
8109159 LOC728264 2.2134 0.0459 5q33.1
8117018 JARID2 2.2051 0.0408 6p24-p23
8086752 RNUI13P3 2.2046 0.0452 3p21.31
7982868 CHACI 2.2041 0.0273 15q15.1
8139207 INHBA ¢ 2.1839 0.0405 Tpl5-pl13
8027352 - 2.1608 0.0399 -
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Table 1 (continued)

AFFY ID Gene symbol FC* Pfp® Cytoband
8027002 GDFI5 © 2.1594 0.0285 19p13.11
8048749 KCNE4 © 2.1436 0.0184 2¢36.3
8007850 LRRC37A 2.0206 0.0244 17q21.31
8160138 NFIB 1.9790 0.0182 9p24.1
8131867 = 1.8907 0.0477 s

8064978 JAG1 ¢ 1.8529 0.0178 20p12.1-p11.23
8042788 ACTG2 1.7905 0.0414 2pl3.1
8045804 s 1.7730 0.0492 -

8092726 CLDN] ¢ 1.4872 0.0445 3¢28-929
7937772 IGF2 -1.8634 0.0165 11p15.5
7915592 = -1.8745 0.0195 -

8124391 HISTIH2AB -2.0165 0.0426 6p21.3
8163202 SVEP1 -2.0970 0.0214 9932
8037240 PSG1 © -2.1467 0.0273 19q13.2
8044605 LOC654433 —2.2491 0.0468 -

8117594 HIST1H2BM -2.2734 0.0128 6p22-p21.3
7951271 MMP] ¢ ¢ ~2.3465 0.0026 11¢22.3
8138888 PDEIC —2.4348 0.0263 7p15.1-pl43
8140668 SEMA3A © ~2.5040 0.0042 7p12.1
7951284 MMP3 ¢ ¢ -2.5261 0.0433 11¢22.3
8107044 ERAP2 —2.5407 0.0291 5q15
8003667 SERPINFI © —2.5688 0.0109 17p13.1
8110916 LOC442132 -2.5879 0.0258 5p15.31
7904293 PTGFRN © -2.6619 0.0164 1p13.1
8113800 FBN2 © -2.7034 0.0000 5¢23-q31
8116418 GFPT2 -2.8180 0.0212 5q34-q35
8152617 HAS2 ¢ —2.8501 0.0038 8q24.12
8129573 MOXD]1 © —2.8809 0.0181 6923.1-q23.3
7925929 AKRIC3 -3.1055 0.0165 10p15-pl4
7917850 ARHGAP29 -3.1793 0.0031 1p22.1
8037251 PSG7 ¢ -3.2618 0.0006 19q13.2
8180291 - -3.2801 0.0006

8165808 XG © -3.6591 0.0065 Xp22.33
8037272 PSG5 // PSG5 © -3.7775 0.0000 1913.2 // 19q13.2
8083887 CLDNI1 ¢ 42221 0.0000 3926.2-q26.3
7909730 KCNK2 © ~4.7183 0.0000 1g41
8037283 PSG4 © ~4.9049 0.0000 19q13.2
8152522 ENPP2 ¢ ¢ -5.3472 0.0000 8q24.1

#FC = Fold change

b Pfp = estimated percentage of false positive predictions.
(°) Genes that were functionally categorized as glycoproteins by DAVID (p=8,0E-6).
(*) Genes involved in EMT.

40% FBS for storage. Frozen cells were thawed and grown

until 80% confluency in a 75 cm? flask and submitted to

serum starvation (12 h) prior to RNA extraction. All
experiments were conducted with cells between the 4th
and 8th subculture.

Characterization of Mesenchymal Stem Cell Populations

Cell populations used in the microarray assays were
analyzed in a flow cytometer for specific cell surface

markers to evaluate homogeneity. Cells were harvested

@ Springer



450

22

Stem Cell Rev and Rep (2011) 7:446-457

with TrypLe (Invitrogen, UK), washed with PBS, and
incubated at 4°C for 30 min with the following antibodies:
CD29-PE CYS5, CD90 (Thy-1), CD45-FITC, CD31-PE
(Becton Dickinson, USA), SH2, SH3, and SH4 (Case
Western Reserve University, USA). After a second wash,
samples incubated with unconjugated primary antibodies
were then incubated with anti-mouse-PE secondary anti-
body (Guava Technologies, Hayward, CA) for an additional
15 min at 4°C. Finally, the cell suspension was washed with
PBS, and signals from 10° cells were acquired with an
EasyCyte Flow cytometer (Guava Technologies). Control
samples for determining background noise were incubated
with PBS instead of primary antibody followed by
incubation with anti-mouse-PE secondary antibody. All
plots generated were analyzed with Guava ExpressPlus
software (Guava Technologies).

The in vitro differentiation into bone, cartilage, muscle
and fat had previously been demonstrated in 2 of the
NSCL/P patients (F4280, F4285) and 3 of the control
(F3363, F4271, F4272) samples included in this study [28,
29]. Because of the high reproducibility of our protocols,
stem cell cultures are currently characterized only with
respect to their immunophenotype.

RNA Processing

Total RNA was isolated using TRIzol (Invitrogen, UK)
according to the manufacturer’s protocol and purified with
RNeasy Mini-kit (QIAGEN). RNA quality and concentration
were assessed using Nanodrop 1000 and gel electrophoresis.
Only samples with a preserved rRNA ratio (28S/18S) and no
evidence of RNA degradation were used in the microarray
hybridization and qRT-PCR.

Microarray Processing

Expression measurements were performed using the Affy-
metrix Human Gene 1.0 ST array, which interrogates
28,869 genes, following RNA labeling and hybridization
protocols as recommended by the manufacturer. After array
scanning, quality control was performed with GCOS
software (Affymetrix, USA) according to the manufacturer’s
recommendations.

Transcriptome Analysis

Gene expression values were obtained using the three-step
Robust Multi-array Average (RMA) pre-processing method,
implemented in the Affy package from R/Bioconductor [34].

We employed the RankProd method for the selection
of differentially expressed genes (DEGs), considering a
p-value cut-off of 0.05 adjusted for FDR (False Discovery
Rate) [35]. RankProd is a rank-based nonparametric proce-
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dure [36]. The method has the advantage of being able to
deal with few samples for identifying biologically relevant
expression changes [37]. Genes selected by RankProd do not
necessarily need to present homogenous expression levels
across all the samples of the test and control groups.
Accordingly, RankProd seems to be a good choice for
identifying differential gene expression in complex diseases,
in which altered expression of a given candidate gene is
expected in just a subgroup of patients due to both multi-
locus genetic heterogeneity and the stochastic nature of gene
expression in complex systems [38].

Functional Annotation

We performed functional annotation analysis of the
differentially expressed genes with the DAVID (Database
for Annotation, Visualization and Integrated Discovery,
http://david.abcc.nciferf.gov) and IPA (Ingenuity Pathway
Analysis, http://www.ingenuity.com) tools. In IPA, we
considered the default parameter Molecules per Network=
35, Networks per Analysis=25, only direct relationships
between genes and the “Ingenuity Expert Information”
Data Source, including the new option of “Ingenuity
ExpertAssist Findings”, in which the information has
been manually reviewed and curated from full-text scientific
publications.

Validation of Microarray Expression Using Quantitative
Real-Time PCR (qRT-PCR)

Initially we performed qRT-PCR for 4 genes (COL15A41,
ERAP2, PPT2 and EGFLS) on the same samples used in
the microarray assay. These genes were randomly selected,
but they were amongst those with the highest fold change.
PPT2 and EGFLS are represented by a common probe set
on the Affymetrix Human Gene 1.0 ST array and therefore
both genes were tested for qRT-PCR with gene-specific
primers. Next, we performed qRT-PCR for further 12 genes
(ACAN, CDH6, CLDNI, CLDNII, COL4A41, COL442,
ENPP2, HAS2, ITGAS8, JAGI, MCAM and MMP3) plus
the genes COL1541, ERAP2 and PPT2 in 16 controls and
13 NSCL/P patients. Only 4 of the control and 4 of the
NSCL/P patients samples were the same as those used in
the microarray assay due to unavailability of RNA from
the remaining 4 individuals (Table 1 in supplementary
material).

One microgram of total RNA from each cell culture
was reverse transcribed with Superscript II (Invitrogen,
UK), according to manufacturer’s recommendations.
Quantitative Real-Time PCR reactions were performed
in duplicates with a final volume of 20 pl, using 20 ng
of cDNA, 1X SYBR Green PCR Master Mix (Applied
Biosystems) and 100-400 nM of each primer. We used
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ABI Prism 7500 Sequence Detection System (Applied
Biosystems) with standard temperature protocol. Primers
were designed with Primer Express software V.2.0
(Applied Biosystems; primers sequence in supplementary
Table 2) and the amplification efficiency (E) of each primer
was calculated according to the equation E=10 C'/s1°P®),
The expression data of the target transcripts were determined
by relative quantification in comparison to a pool of RNAs
(4 controls and 4 patients). GeNorm v3.4 was used to
determine the most stable endogenous controls (SDHA,
HPRT] and GAPDH) and to calculate the normalization
factors for each sample [39]. Expression values were
calculated according to reference [40].

To compare the expression of COL1541, ERAP2, PPT2
and EGFLS, obtained by qRT-PCR and microarray assay in
the same samples, we used an unpaired t-test with Welch’s
correction.

To compare the results obtained by microarray with
those obtained by qRT-PCR in the novel samples, for which
we do not have microarray data, we performed the
following strategy: for each of the 15 genes, we calculated
the average (avg) expression for controls and for NSCL/P
patients obtained by both methods (Table 3 in supplementary
material). The correlation between the ratios “avg_patients/
avg_controls” from microarray and qRT-PCR assays was
calculated using Spearman’s correlation test.

Clustering Analysis

The cluster analysis of the differentially expressed genes
was performed using GEDI (Gene Expression Dynamics
Inspector) software. This tool creates a 2 dimensional gene
expression image for each sample in which each gene
retains exactly the same position in the image of each
sample and in which the gene positions are computed to
give the most parsimonious gene arrangement for depicting
expression level differences between the patient and
control groups for all differentially expressed genes
[41]. In the analysis, a 10x 11 grid configuration of SOM
(Self-Organizing Map) was used. Inspection of GEDI
images allows a straightforward classification of the
samples into subgroups without the aid of a clustering
algorithm, but simply based on the visual differences in
the patterns [42].

We also used two other conventional clustering
methods: K-means and Hierarchical, both available in
the MeV (MultiExperiment Viewer) software [43], with
Spearman’s correlation as the distance metric. The
clustering analysis of qRT-PCR data followed two criteria:
a) only DEGs from network 1 (Fig. 4) and b) only DEGs
that showed the same tendency of expression in the qRT-
PCR and microarray assays (Fig. 2 in supplementary
material).

Results
Characterization of Mesenchymal Stem Cell Populations

The cell cultures presented positive labeling for cell
adhesion (CD29, CD90) and mesenchymal stem cell
markers (SH2, SH3, SH4) in most of the cells (>90%)
and were negative for endothelial and hematopoietic cell
markers (Fig. 2 in supplementary material). Moreover, 2
NSCL/P patients and 3 control cell cultures used in the
microarray analyses had been previously shown to differ-
entiate into bone, muscle, cartilage and fat upon in vitro
induction [28, 29]. Therefore the cell populations used in
this study had the main properties of stem cells.

Controls versus NSCL/P Patients

We identified a total of 87 differentially expressed genes
(DEGs; 58 upregulated and 29 downregulated) in the
comparison between controls and NSCL/P patients (adjusted
p=<0.05; Table 1).

Next, in order to visualize the expression behavior of
these DEGs, we performed clustering analysis with the
GEDI software. An image was created reflecting the 87
DEGs’ transcriptional behavior for each individual and
where the gene position was fixed to give the most
parsimonious arrangement to show differential gene
expression between controls and NSCL/P patients. Upon
visual inspection of the GEDI images, we observed that
4 of the NSCL/P patients showed a similar expression
pattern (F4280, F4281, F4282, F4283; Fig. 1).

The clustering analysis with the k-means method
resulted in 9 gene clusters. Four of them exhibited a similar
expression profile among NSCL/P patients, most particu-
larly in the afore-mentioned group (F4280, F4281, F4282,
F4283; Fig. 2). The similarities and dissimilarities in
expression levels observed between NSCL/P patients were
similar for both clustering methods. The expression pattern
found in 4 out of 6 NSCL/P patients illustrates the
characteristic of RankProd of being capable of selecting
genes with differential expression in just a subgroup of
samples.

Functional Annotation

Differentially expressed genes were functionally annotated
and analyzed with two different tools. First, the DAVID
tool led to identification of three main canonical pathways
from the KEGG Database: Focal adhesion, Cell adhesion
molecules and ECM-receptor interaction (Fig. 3, 4 and 5 in
supplementary material). Moreover, the most relevant
functional category identified through DAVID was that of
Glycoproteins (p=8.0E-6), which included 36 of the 87
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6 Controls

“
| |
F33631 F35721 F42701 F4271.1 F4272.1 F42731
6 NSCL/P patients

F4280.1

F4281.1

F4282.1

F4283.1 F4284.1

Fig. 1 Clustering of 87 DEGs resulted from the comparison between 6
controls and 6 NSCL/P patients. Each GEDI map (or mosaic) represents
a gene expression profile of a single individual. The blue color

DEGs (Table 1). Subsequently, the IPA tool was used to
characterize the 87 DEGs regarding possible biological
functions. We observed 3 relevant functions enriched with a
significant number of our genes: Cellular movement (20
genes, p=6.4E-06-2.76E-02), Cellular growth and prolifer-
ation (27 genes, p=3.11E-05-2.68E-02) and Cellular
development (27 genes, p=3.3E-05-2.47E-02) (Table 4 in
supplementary material). A putative network with the
largest number of DEGs built by IPA (13 DEGs; Fig. 4)
suggests functional relationship among several extracellular
proteins: ACAN, COL4A1, COL4A42, GDF15, IGF2,
MMP1, MMP3 and PDGFa. All of these 8 genes are
DEGs.

Cluster 4

Controls

NSCLUP Patients

Controls

NSCUP Patients

Fig. 2 Gene clusters 1, 4, 6 and 9 resulted from k-means method
(k=9). In both clusters it is possible to observe a similar gene
expression profile among 4 out of 6 patients (F4280, F4281, F4282
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represents the lowest expression level and red color represents the
highest expression level on a scale of —4.70 to 7.98, respectively. The
black frame highlights four patients with similar gene expression profile

Validation of the Microarray Analysis

The reproducibility of gene expression assayed by Affymetrix
microarrays is high [44] and 4 genes (COL15A41, ERAP2,
PPT2 and EGFLS) were initially selected for validation
through qRT-PCR. Except for ERAP2 (p=0.0397), that
showed lower expression levels, the other genes showed
higher transcript levels in NSCL/P patients than in controls:
PPT2 (p=0.0087) and COL15A41 (p=0.0355) (Fig. 3), which
confirms the expression patterns observed in the microarray
assays. EGFLS is represented by the same probe set of PPT2.
Considering that we did not find significant differential
expression levels through qRT-PCR with specific primers

Cluster 9

"
£
<
=

8131867
RACAN
DOX3Y
SLCTALL
ACTG2
Chorf13
COL4AL

Controls NSCUP Patients

NFIB
FLI43390
J

& N
Controls

NSCUP Patients.

and F4283), indicating that many of the 87 selected DEGs are co-
regulated in these 4 NSCL/P patients
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2.5
E& Controls
2.0 NSCL/P

(EACT)/N E

Fig. 3 Quantitative Real-Time PCR (qRT-PCR) initial analysis of
NSCL/P patients and control samples for ERAP2, PPT2,
COL1541. E = primer amplification efficiency; CT = cycle
threshold; delta CT = sample’s average CT normalized by pool’s
average_CT; NF = normalization factor

for EGFLS (p=0.1781), we kept only PPT2 among our
candidate genes.

For further validation of our results, in addition to
COLI15A41, PPT2 and ERAP2, we analyzed a further 12
other genes known to be involved with matrix remodeling

Fig. 4 The most significant
network built by IPA tool

with the highest number of
differentially expressed genes.
The upregulated genes in
NSCL/P patients are indicated in
red and the downregulated
genes in green. The blank
symbols pertain to genes that
were either not present in our
array or not differentially
expressed. Solid lines indicate a
direct linkage among two genes.
Lines with arrows indicate that
one gene acts on the other, and
lines without arrows indicate
that the corresponding proteins
interact with each other. The 6
genes circled in orange were
used in clustering analysis of
qRT-PCR and microarray

NETWORK 1

COL4s

L G WMP3

in a novel sample of individuals (16 controls and 13 NSCL/P
patients). By comparing the ratios of the average expression
from patients/controls, we observed that ENPP2
exhibited the highest discordance between the microarray
and qRT-PCR ratios (0.645 and 4.324, respectively),
therefore we considered this gene expression as not
validated. However, we observed a significant positive
correlation between microarray and qRT-PCR expression
data (p=0.0114, r=0.653) for the 14 genes chosen for
validation (Table 3 in supplementary material). Accordingly,
the analyses thus show that the data obtained from
microarrays and qRT-PCR are consistent with each other, even
in an enlarged novel sample, attesting to the reliability of the
microarray analysis.

Using NSCL/P patients expression data from qRT-PCR
(13 NSCL/P patients) and microarray assays (6 NSCL/P
patients), we also performed a clustering analysis for the
following DEGs: ACAN, COL4A41, COL442, ERAP2,
HAS2, and MMP3. These genes belong to network 1
(Fig. 4) and exhibited the same expression tendency in both
experiments (Fig. 2 in supplementary material). The
hierarchical clustering performed with qRT-PCR data

COL4A2
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Fig. 5 Hierarchical clustering of all the patients analyzed by qRT-PCR
and microarray, considering only the genes from IPA network 1 (Fig. 4). a
Clustering of expression values obtained by qRT-PCR. b Clustering of
expression values obtained by microarray. ¢ Correlations (Spearman’s
correlation test, r and p-values) between each co-regulated gene from
qRT-PCR clustering. It is possible to observe that the gene MMP3 is
significantly and inversely correlated to ACAN, COL4Al, COL4A42
genes in a subgroup of patients from qRT-PCR. This same pattern of co-
regulation is also present in another group of patients analyzed by
microarray, which includes two individuals (F4280 and F4281) from the
mentioned qRT-PCR subgroup. In controls expression data of both
assays, MMP3 is upregulated and ACAN, COL4Al and COL4A42
downregulated

revealed a homogeneous cluster with 7 out of 13 NSCL/P
patients (F4312, F4311, F4281, F4243, F4388, F5398 and
F4280), in which MMP3 is downregulated and ACAN,
COL4A1 and COL4A2 upregulated. ERAP2 and HAS2 did
not exhibit a consistent expression pattern in these patients
(Fig. S5a). Interestingly, the hierarchical clustering using
microarray data showed the same transcriptional behavior
among these genes in 4 out of 6 NSCL/P patients (F4280,
F4281, F4282 and F4283), although in this case, ERAP2
and HAS2 seem to be co-regulated with MMP3 and
collagens (Fig. 5b). Spearman’s correlation test (Fig. 5c)
calculated for each relationship among the genes from
Fig. 5a confirmed that MMP3 and ACAN are negatively
correlated (»=-0.889; p<0.05) while 4CAN exhibited
positive correlation with COL4A] and COL4A42 (r=0.921
and r=0.872, respectively; p<0.05), corroborating our
findings thus far. On the other hand, we did not achieve
significance for ERAP2 and HAS?2, confirming the lack of a
well-defined expression pattern for these genes, as observed
in Fig. Sa.
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Discussion

In this study, we conducted the first comparative tran-
scriptome analysis between dental pulp stem cells from
NSCL/P patients and controls to obtain more information
on the genetic etiology of this malformation and explore
new possibilities to identify pathways associated with
disease pathology.

Genome expression microarray analysis is a powerful
tool for assessing changes in the transcription patterns of
related genes and identification of signaling pathways
associated with specific cell types, culture conditions or
disease states [45, 46]. Considering that the cell populations
from NSCL/P patients and controls were established and
maintained under similar identical conditions, it is very
likely that a large proportion of the DEGs identified is
related to the genetic constitutional differences between
cells from NSCL/P patients and controls. The observations
that NSCL/P disease-specific expression profiles have also
been previously reported in tissue biopsies and fibroblast
cultures [19, 21] suggests that such profiles may be
ubiquitous; in this respect our findings suggest that the
disease-specific transcription profile is also present in
mesenchymal stem cells. Accordingly, transcriptome analysis
of stem cells represents an additional option to the study of the
transcriptome and genetics of NSCL/P.

Of the 87 DEGs obtained in our microarray analysis, we
noted that MMP3 had previously been proposed as a
candidate gene for NSCL/P [47]. A further 2 genes,
PDGFa and ERRFII, had previously been indirectly
associated with NSCL/P, since their receptors, respectively
PDGFR and EGRF, were identified as predisposing loci for
this form of clefting [48—50]. These observations provide
further confirmation that the transcriptome of DPSCs from
NSCL/P patients can also be used to identify genetic
variations associated with the disease.

The functional annotation through DAVID showed that
nearly half of the 87 DEGs correspond to glycoprotein
molecules, including collagens, metalloproteinases, integrins,
and adhesion proteins, which are important to orchestrate the
signaling between the extracellular and intracellular compart-
ment. Indeed, the three canonical pathways we identified
through DAVID are mainly related to extracellular matrix
components and signaling molecules located on the cell
membrane (Fig. 3, 4 and 5 in supplementary material).
Functional relationships among several extracellular proteins
that are deregulated in our studies are also suggested by the
putative network built by IPA (Fig. 4). These analyses
suggest that a large proportion of the DEGs in the DPSC
from NSCL/P patients are extracellular matrix components
(ECM) involved in several cellular processes in facial
development, such as extracellular remodeling during the
epithelial-mesenchymal transition (EMT).
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EMT is a fundamental mechanism behind palatal fusion.
This process occurs through a regulated sequence of events
determined both by the extracellular environment and the
gene expression program of the cell, leading to loss of cell-
cell adhesion, breakdown of basal laminae, and increased
cell invasion and mobility [51, 52].

Fifteen genes enrolled in EMT are within the 87 DEGs
(Table 1). Further, we observed the enrichment of biological
functions involving cell proliferation, movement and invasion
(Table 4 in supplementary material), all of which are expected
phenotypic outcomes for genes involved with EMT.

In the most relevant IPA network we observed that 8 out
of 13 DEGs (ACAN, COL4A1, COL442, GDF15, IGF2,
MMPI1, MMP3 and PDGFa, Fig. 4) are extracellular matrix
components, suggesting that an abnormal expression
behavior of these genes may affect EMT during palate
development.

Clustering analyses showed that MMP3, ACAN,
COL4A41 and COL4A2 transcripts are co-regulated in 4
out of 6 NSCL/P patients analyzed by microarray as well as
in 7 out of 13 NSCL/P patients from qRT-PCR analysis.
Therefore, it seems that in NSCL/P mesenchymal cells, the
down-regulation of MMP3 is associated with up-regulation
of ACAN, COL4A1 and COL4A2. Such a deregulated
pathway probably has serious consequences in embryonic
development, since it is known that the MMP3 protein
cleaves a wide range of ECM proteins, including the
collagens IV, V, IX, X, proteoglycans, fibronectin and
laminin. It is also capable of activating other MMPs, as
shown in network 1 (Fig. 4), and playing a key role in ECM
degradation and remodeling [47]. In this context it has
already been experimentally shown that lower levels of
MMPs can block palatal fusion [7]. Therefore, it is possible
that failure of lip and palate fusion in these groups of
patients is at least partly associated with down-regulation of
MMPs and up-regulation of collagens. It will be important
in the near feature to identify the leading causative
mechanism of altered expression of MMPs in these
individuals. These results also show the robustness of
RankProd to detect DEGs on a limited and heterogeneous
group of samples, in contradistinction to a popular method
SAM [53] which appears to require larger sample sizes.
Moreover, RankProd is able to identify expression
patterns in just a subgroup of affected samples, which
is the ideal, considering that this is the expected to
occur in a complex disease such as NSCL/P. Notwith-
standing our favorable impression of RankProd, we are
acutely aware of the small sample sizes employed in
detecting DEGs in the initial microarray assay. Future
studies must be directed towards confirming and/or
expanding the pattern of DEGs using novel and much
larger sample sizes.

In summary our results suggest that NSCL/P patients
exhibit deregulation of genes participating in either
EMT or embryonic processes that depend on extracel-
lular modeling. Abnormal expression of some genes
encoding for extracellular matrix proteins in NSCL/P
fibroblasts has also been reported by others, reinforcing
the concept that disease expression signatures for
NSCL/P are present in various tissues and not neces-
sarily confined to a specific cell type. Moreover, the
penetrance of the phenotype can depend on exposure to
environmental factors and it is of interest that a recent
report claimed a positive association between nicotine
exposure and the CL/P phenotype in conjunction with
deregulation of gene expression involved in ECM
synthesis and degradation [21].

The observation that the DEGs in NSCL/P patients are
associated with ECM component signaling suggests that
further analysis of these cells presents unique opportunities to
study the complexity of molecular pathways and alleles
involved in NSCL/P etiology. However, arguably the major
advantage of DPSCs above other cell types, such as
fibroblasts, will be their potential to study in vitro differen-
tiation into muscle, bone and cartilage that are affected
tissues in NSCL/P. In this context, it will be possible to
integrate genomic and transcriptome analysis under different
experimentally induced environmental insults on identical
cell cultures. Our results open new avenues for the study of
novel candidate genes for NSCL/P, since most of the 87
DEGs have not been previously associated with NSCL/P. In
particular, the potential offered by our approach can be best
visualized in the gene network 1 (Fig. 4), in which several of
our DEGs are ECM components, suggesting that these genes
might be enrolled in EMT during the development of NSCL/
P phenotype.

If wide-spread differences in co-regulated gene tran-
scription, as observed in our experiments, are indeed a
primary cause of NSCL/P, then the research emphasis must
move away from naively cataloging which genes are being
differentially expressed to defining the central transcription
factors and regulatory elements that are driving the disease
specific transcription patterns. In this respect, identifying
the putative gene networks involved, as in our observations,
will be an initial crucial step towards defining which
regulatory elements are the most important.
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Figure 2: Comparison between expression ratios (logl0
avg_patients/avg_controls) obtained by gRT-PCR (black
line) and microarray (grey line) of the 15 genes chosen
for validation.
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Figure 1: Flow cytometry analysis of dental pulp stem cell (DPSC) cultures. The graphs display the immunophenotype of adherent DPSC isolated from
NSCL/P patients. The control assay (not labeled) is represented by a black line and the experimental population (labeled with specific antibodies) is in gray.
Values represent the mean percentage of all assessed cells positively stained for the indicated antigens: SH2 (97.43%), SH3 (97.02%), SH4 (93.92%), CD29
(99.9%), CD31 (0.08%), CD45 (3.84%) and CD90 (97.96%). Abbreviations: CD, Cluster of Differentiation.
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Figure 4: Cell Adhesion Molecules pathway from the KEGG Database sorted out by DAVID tool. The red stars
correspond to genes deregulated in the comparison between NSCL/P patients and controls (MHC-II, CLDN, JAM2,
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Figure 5: ECM-receptor interaction pathway from the KEGG Database sorted
out by DAVID tool. The red stars correspond to genes deregulated in the
comparison between NSCL/P patients and controls (Collagen, alpha8 and

alphal2).



Table 1: Age, gender, and clinical status of the samples analyzed by qRT-
PCR and/or microarray.

Code Age Gender Clinical Status’ Method
1) F4293.1 12  female CL/UL gRT-PCR
2) F4311.1 12 male CL/UL qRT-PCR
3) F4294.1 10 female CL/UL gRT-PCR
4) F4285.1 8 female CLP/B microarray/qRT-PCR
5) F4280.1 7 male CLP/B microarray/qRT-PCR
6) F4282.1 8 male CLP/UL microarray
7) F4281.1 8 male CLP/UL microarray/qRT-PCR
8) F4284.1 8 male CLP/UL microarray/qRT-PCR
9) F4283.1 8 male CLP/UL microarray
10) F5398.1 8 male CLP/UL qRT-PCR
11) F4312.1 8 female CLP/UL gRT-PCR
12) F4243.1 5 male CLP/UR qRT-PCR
13) F4244.1 12 male CLP/UR qRT-PCR
14) F4245.1 10 male CLP/UR gRT-PCR
15) F4388.1 14 male CLP/UR qRT-PCR
16) F3363.1 6 female control microarray/qRT-PCR
17) F3572.1 10 female control microarray/qRT-PCR
18) F4273.1 8 male control microarray
19) F4270.1 9 male control microarray/qRT-PCR
20) F4271.1 8 male control microarray/qRT-PCR
21) F4272.1 8 male control microarray/qRT-PCR
22) F3334.1 8 female control gRT-PCR
23) F3959.1 7 male control gRT-PCR
24) F4215.4 9 female control gRT-PCR
25) F4232.1 10 male control gRT-PCR
26) F4264.1 6 female control gRT-PCR
27) F4319.1 9 female control gRT-PCR
28) F4386.1 11 female control qRT-PCR
29) F4387.1 8 female control gRT-PCR
30) F3960.1 7 female control gRT-PCR
31) F4233.1 8 male control gRT-PCR
32) F4217.1 8 male control gRT-PCR
33) F3347.1 9 male control gRT-PCR

* CLP/UL = Unilateral Left Cleft Lip and Palate, CLP/UR = Unilateral Right Cleft
Lip and Palate, CLP/B = Bilateral Cleft Lip and Palate.
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Table 2: Primer sequences used for qRT-PCR.

Genes Primer Forward (5’-3’) Primer Reverse (5’-3’)
HPRT1 TGACACTGGCAAAACAATGC GGTCCTTTTCACCCAGCAAGC
SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCA
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA
COL15A1 AGGCAGACGGAGTAGCTGAGAT GGATGGAGTTGGAGGTGTGTTT
ERAP2  TCCAAGCCAAGTTAGGTGATGG CAACGGTTCATCAAAGCAAGG
PPT2 CATCTCATCTGCTACTCGCAG ACTGTCCCATCTGTGGAGAGG
EGFL8 TAAGAAGCCTCTACAGCACCCC TGCTCTTTGGTGGCTGATAGC
CDH6 AGCTGCAGTTTCAGCCGCGA AGGATATCTCTGCTCGCCTTCCTG
ITGA8 AGGTGGGCTGGCCTTTCTCT TGGGGAGGCAGCAGGCTTTA
CLDN1 TGCCGGCGACAACATCGTGA GGGTTGCTTGCAATGTGCTGCT
CLDN11 CTGGGTCTGCCGGCCATTTT GCGCAGAGAGCCAGCAGAATGA
ENPP2 TGCTGCGGAAACTCGTCAGGA TCTTCCATTCCATGGTCTCCGACA

COL4A1 GGATGCAATGGCACAAAGGGGGA

COL4A2
MMP3
JAG1
ACAN
HAS2
MCAM

AGTGGACGAACCGCCAGCAT
GCAGGCAAGACAGCAAGGCA
AGTGGTGCCAAGTGCCAGGA
ACTGCTGCAGACCAGGAGGT
AGCTCGCAACACGTAACGCA

ACGTCAACGGCACGGCAAGT

TCAACAGCATCCCGGGCACA
TTCACACCCGCCAAGACGCT
GCAAACTGCCACGCACAGCA
TCGAGGGCCACACCAGACCTTT
TGTGACTGCTGCTCCCGACA
TCGTCCCAGTGCTCTGAAGGCT
GGAGGCCGTGCATTCAACACC

Table 3: Ratios of the average expression from patients/controls for 15 candidate
genes chosen for validation.
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Candidate Genes for CDH6 | CLDN1 | CLDN11 | ITGA8 | ENPP2 | HAS2 | COL4Al1 | COL4A2 | JAG1 | ACAN | MCAM | MMP3 | COL15A1 | PPT2 | ERAP2
Validation
Number of tested | 13/16 | 13/16 | 8/15 [ 13/16 | 13/16 | 13/16 | 12/16 | 13/14 | 12/16 | 13/15 | 13/15 | 13/16 | 13/14 | 13/16 13/16
patients/controls
qRT-PCR 2.009 | 0.717 0.593 1.603 | 4.324 | 0.803 1.261 1.491 ([ 1.486 | 2.109 | 1.216 | 0.876 5.921 1.025 | 1.018
avg_patients/avg_contr
ols
Number of tested 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6
patients/controls
microarray 1.184 | 1.102 0.771 | 1.278 | 0.645 | 0.835 | 1.243 1.176 | 1.117 | 1.214 | 1.241 | 0.736 1.306 2.163 | 0.792
avg_patients/avg_contr
ols
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Table 4: Top 3 (out of 70) functional categories identified by Ingenuity Pathways Analysis as being
significantly overrepresented by differentially expressed genes.

Functional category /
P- value* Genes

number of genes

CMKLR1, CLDN11, COL4A1, MMP3, PDGFA, ACAN, EGR1,
Cellular Movement (20) 6.4E-06 - 2.76E-02 | GDF15, PPT2, COL4A2, INHBA, SEMA3A, IGF2, MCAM,
HAS2, ERRFI1, ENPP2, JAG1, C50RF13, MMP1

EIF1AY, CLDN11, SLC7A11, AKR1C3, MMP3, PDGFA,

GDF15, COL4A2, ITGA11, MCAM, SLC7A5, ERRFI1,

Cellular Growth and Proliferation (27) 3.11E-05 - 2.68E-02 ENPP2, COL4A1, NOTCH3, EGR1, KCNK2, SERPINF1,

INHBA, SEMA3A, IGF2, CCND2, HAS2, NFIB, JAG1,
C50RF13, FBN2

CLDN11, SLC7A11, AKR1C3, MMP3, NTN4, PDGFA,

ITGAS, GDF15, COL4A2, MCAM, MMP1, HLA-DMA,

Cellular Development (27) 3.3E-05 - 2.47E-02 CMKLR1, NOTCH3, COL4A1, EGR1, SERPINF1, INHBA,

DDX3Y, SEMA3A, IGF2, CCND2, UTY, HAS2, JAG1,
C50RF13, USP9Y

* The significance value associated with each biological function is a measure of the likelihood of that function being associated
with the dataset due to random chance. The range of p-values is calculated with the right-tailed Fisher's Exact Test, which
compares the number of user-specified genes to the total number of occurrences of these genes in the respective functional
annotations stored in the Ingenuity Pathways Knowledge Base.
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CAPITULO IV

Gene expression analysis of cleft lip/palate stem cells reveals
dysregulation of DNA damage repair and cell cycle

checkpoint control pathways

Gerson Shigeru Kobayashi, Lucas Alvizi Cruz, Daniele Yumi Sunaga, Daniela Franco

Bueno, Simone Gomes Ferreira, Meire Aguena, and Maria Rita Passos-Bueno

RESUMO

A fissura Idbio-palatina ndo-sindrémica (FLP NS) é uma doenca
multifatorial causada por erros durante a morfogénese orofacial embriondria.
Apesar de intensos esforcos para se determinar fatores genéticos e ambientais
de susceptibiidade, a etiologia desta malformacdo ainda é pouco
compreendida. No presente frabalho, por meio da andlise de expressdo
génica de células-fronco de polpa dental de individuos portadores de FLP NS,
identificamos paddes transcricionais associados da desregulacdo de
mecanismos de controle do checkpoint celular e reparo de DNA dependente
de BRCAI. Também identificamos o fator de transcricdo E2F1 como um
possivel elemento regulatério modulando o perfil de expressdo observado.
Nossos resultados sugerem que deficiéncias na progressdo do ciclo celular e
reparo de DNA podem estar relacionadas d embriopatogénese da FLP NS,
além de prover uma ligacdo entre a desregulacdo desses mecanismos € a
documentada maior incidéncia de formas esporddicas de cé&ncer em familias

segregando a doenca.



36

Gene expression analysis of cleft lip/palate stem cells reveals
dysregulation of DNA damage repair and cell cycle

checkpoint control pathways

Gerson Shigeru Kobayashi, Lucas Alvizi Cruz, Daniele Yumi Sunaga, Daniela Franco

Bueno, Simone Gomes Ferreira, Meire Aguena, and Maria Rita Passos-Bueno

ABSTRACT

Non-syndromic cleft lip/palate (NSCL/P) is a multifactorial disease that
arises from errors during embryonic orofacial morphogenesis. Although much
effort has been put info identifying genetfic and environmental factors
underlying disease susceptibility, the aetiology of this complex malformation
remains obscure. Here, using global gene expression analysis of NSCL/P dental
pulp stem cell cultures, we identified expression patterns associated with a
general dysregulation of BRCAIT-dependent DNA repair and cell cycle
checkpoint pathways. Moreover, we identified transcription factor E2F1 as a
putative upstream regulator driving the observed expression signature. Our
results suggest that deficient cell cycle progression and DNA repair could be
related to impairment of embryonic lip and palate morphogenesis, and also
provide a link between dysregulation of these pathways and the documented

increased occurrence of sporadic cancer in NSCL/P families.
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INTRODUCTION

Non-syndromic cleft lip with or without cleft palate (NSCL/P [MIM
119530]) is one of the most common congenital defects. Its birth prevalence is
variable, ranging from 3.4 to 22.9 per 10,000 births world-wide, depending upon
factors such as ethnic background, geographical location, and socio-
economic status (Mossey et al., 2009). NSCL/P generates significant medical
and psychological burdens for affected children and their families (Christensen
& Mortensen, 2002; Kasten et al., 2008). Therefore, gaining insight into the
causes of this malformation may lead to improved preventive and curative

measures in the future.

NSCL/P is a complex disease, determined by the interplay between
environmental and genetic agents during embryonic orofacial development.
Although experimental and epidemiological studies have been able to identify
genetic variants and environmental factors associated with the disease, there is
a general lack of consistency across studies, and the aetiology of this complex
malformation remains unclear (Dixon et al., 2011). Nevertheless, it has been
thoroughly demonstrated that gene-environment interactions play a critical
role in the aetiological heterogeneity underlying NSCL/P (Lidral et al., 2008; Zhu

et al., 2009; Marinucci et al., 2011).

Abnormal transcript levels - which may be determined by a combination
of factors, such as environmental insults and functionally deficient regulatory
elements - is considered fto be an important mechanism underlying

susceptibility to complex diseases (Cookson et al., 2009). Tightly regulated
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spatio-temporal patterns of cell proliferation, apoptosis and fransdifferentiation
are pivotal to ensure appropriate lip and palate morphogenesis. Consequently,
dysregulated gene expression may cause disturbances in these mechanisms,
leading to the development of orofacial clefts. In this context, it has been
demonstrated that genome-wide expression profiling to assess patterns of
differential expression is a viable alternative to identify biological pathways
associated with disease predisposition (Brown et al., 2003; Jakobsen et al., 2009;

Bueno & Sunaga et al., 2010).

In a previous work, our group reported that dental pulp stem cells from
NSCL/P patients display a disease-specific expression signature with
dysregulation of genes involved in extracellular matrix remodelling and
epithelial-mesenchymal transition (Bueno & Sunaga et al., 2010). Noteworthy is
that, prior to gene expression profiling, these cell cultures were subject to serum
withdrawal, which may represent a different environment when compared to
cells grown in serum-supplemented culture medium. The use of cell culture
modifiers, such as teratogens associated with occurrence of orofacial clefting,
has been thoroughly explored to study gene expression in the context of
NSCL/P (Bosi et al., 1998; Young et al., 2000; Zhang et al., 2003; Marinucci et al.,
2009; Pezzetti et al., 2009; Baroni et al., 2010). Thus, we deemed necessary to

examine the transcriptome of NSCL/P cells without serum deprivation.
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METHODS

Cell cultures

Ethical approval to extract stem cells from the dental pulp of deciduous
teeth was obtained from the Biosciences Institute Research Ethics Committee
(Protocol 037/2005). Samples were included only after signed informed consent
by the parents or legal guardians. Deciduous teeth from controls were
obtained from odontopaediatric clinics in Sao Paulo, while teeth from NSCL/P
patients were excised during the exfoliation period by Dr. Bueno D.F. at the
Sobrapar Institute, Campinas, SGdo Paulo. We considered an individual to be
affected by NSCL/P if no malformations other than clefting of the upper lip with
or without cleft palate was present. RNA extracted from cell cultures derived
from a total of é controls and 7 NSCL/P patients (Table |, Supplementary

Material) was used for microarray assays and quantitative real-time PCR.

Dental pulp stem cell cultures were established according to previously-
published protocols. The primary culture establishment protocols used in our
loboratory are reproducible and consistent  with  regard to the
immunophenotype and differentiation potential of the cell populations (de
Mendonca Costa A & Bueno et al., 2008; Bueno ef al., 2009; Bueno & Sunaga et
al., 2010). Cells were cultured in DMEM-F12 (Invitrogen) supplemented with 15%
Foetal Bovine Serum (FBS; HyClone), 1% Non-essentfial aminoacids solution
(GIBCO), 1% penicillin-streptomycin solution (GIBCO), in a humidified incubator
at 37°C and 5% COa.. For storage, cells were frozen in medium containing 40%

FBS, 50% DMEM-F12, and 10% DMSO (LGC). For RNA extraction, frozen cells were
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thawed and grown until 80% confluent in a 75 cm? culture flask. All experiments

were conducted using cells between the 4th and 8™ passage.

RNA extraction and microarray hybridisation

Total RNA was isolated using NucleoSpin RNA I kit (Macherey-Nagel),
following manufacturer’'s recommendations. RNA quality and concentration
were assessed using Nanodrop 1000 and agarose gel electrophoresis. Only RNA
samples with absorbance ratio 260/280 > 1.8, preserved rRNA ratio (285/18S)

and no signs of degradation were used.

Expression measurements were performed using the Affymetrix Human
Gene 1.0 ST array, which interrogates 28,869 genes, followed by RNA labelling
and hybridisation protocols as recommended by the manufacturer. After array
scanning, quality control was performed with the GCOS software (Affymetrix,

USA) according to the manufacturer's recommendations.

Microarray data processing and mining

Gene expression values were obtained using the three-step Robust Multi-
array Average (RMA) pre-processing method, implemented in the Affy

package in R/Bioconductor (Irizarry et al., 2003).

Differentially expressed genes (DEGs) were acquired using two
algorithms:  SAM  (Significance Analysis of Microarray) and RankProd

(RankProducts), both included in the MeV (MultiExperiment Viewer) software.
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SAM is a t-test based method in which only mean differences are taken into
account in DEG selection (Tusher et al., 2001). In contrast, RankProd is a rank
and permutation-based algorithm and it is able to identify differences within
groups and subgroups under analysis (Breitling et al., 2004). Genes selected by
RankProd do not necessarily exhibit homogeneous expression levels within test
and conftrol groups, thus being suitable for detecting differential expression in
complex diseases (Bueno & Sunaga et al., 2010, Raj et al., 2010). Therefore, due
the complexity of the disease studied in this work, we decided to appoint as a
DEG molecules selected by both algorithms. Since SAM is a very strict method,

its p-value threshold was 0.05 while RankProd’s was 0.0001.

Transcriptome analysis

We performed functional annotation and network analysis using IPA

(Ingenuity Pathway Analysis, Ingenuity Systems - http://www.ingenuity.com).

We used the following parameters: Molecules per Network = 35; Networks per
Analysis = 25; direct relationships only; “Ingenuity Expert Information” and
“Ingenuity Supported Third Party Information” (including “miRNA-mMmRNA

interactions”, “protein-protein interactions”, and “additional information”) data

sources.

Clustering procedures were performed using EXPANDER (EXpression
Analyzer and DisplayER - http://acgt.cs.tau.ac.il/expander/), with Spearman’s
correlation as the distance metric. Unsupervised clustering of the differentially
expressed genes was performed with the k-means method (k=10). For the

similarity clustering, we selected the probe matching the BRCAT gene and set
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“expected cluster size” to 30.

Gene Ontology (GO) enrichment analysis was executed with TANGO
(Tool for ANalysis of GO enrichment), with the whole genome as the
background set, and bootstrap-adjusted p-value <0.001. For pathway
enrichment analysis we used KEGG (Kyoto Encyclopedia of Genes and
Genomes) Pathways, with all genes as the background, and Bonferroni-
adjusted p-value <0.01. Transcription factor binding site prediction was
performed with PRIMA (PRomoter Integration in Microarray Analysis), with hit
range of —1000 to +200, all genes as background, and Bonferroni-adjusted p-

value <0.05. These tools are also available in the EXPANDER software.

FANTOM 4 (Functional ANnoTation Of the Mammalian genome -
http://fantom.gsc.riken.jp/4/) queries considered only ChIP-chip published

data.

Quantitative Real-Time PCR

Two micrograms of total RNA extracted from each cell culture were
converted into cDNA using Superscript Il (Invitrogen), according to the
manufacturer's recommendations. Quantitative Real-Time PCR (gRT-PCR)
reactions were performed in duplicates with final volume of 25 L, using 20 ng
cDNA, 2X SYBR Green PCR Master Mix (Applied Biosystems), and 100 — 200 nM of
each primer. Fluorescence was detected using ABI Prism 7500 Sequence
Detection System (Applied Biosystems), under standard temperature protocol.

Primer pairs were designed with Primer-BLAST
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(http://www.ncbi.nlm.nih.gov/tools/primer-blast/; primer sequences on
Supplementary Table IlI), and their amplification efficiency (E) was determined
by 5-point series of 10-fold cDNA dilutions in which E = 10-V/slore, Expression of
target genes was assessed relatively to a calibrator cDNA pool (3 controls and
3 patients). Finally, GeNorm v3.4 (Vandesompele et al., 2002) was used to
determine the most stable endogenous controls (SDHA, HPRTI, HMBS), and
normalisation factors for each sample. The final expression values were
calculated according to Pfaffl (2001). To compare the expression levels of
genes selected for validation between control and NSCL/P groups, we applied

an unpaired Student’s t-test with Welch's correction.

RESULTS

Overview of the differentially expressed genes (DEGs)

By comparing the microarray expression data from NSCL/P and control
DPSC cultures, we obtained 125 and 210 differentially expressed genes (DEGS)
using the SAM and RankProd algorithms, respectively. There was an overlap of
109 genes from both methodologies, which resulted in a final amount of 228

DEGs (72 up-regulated, 156 down-regulated; Supplementary Table ).

First, to functionally characterise the DEGs and determine possible
interactions between them, an Ingenuity Pathways Analysis (IPA; Ingenuity
Systems) was performed. We observed enrichment with several genes in regard
to the following functions: DNA Replication, Recombination, and Repair (26

genes; p=4.59E-06 - 2.09E-02); Cell Cycle (32 genes; p=1.49E-05 - 2.13E-02);



44

Cellular Compromise (11 genes; p=6.50E-05 - 2.13E-02) (Supplementary Table
IV). Moreover, the most representative network assembled by IPA (containing

27 DEGs) was associated with these functions (Fig. 1).

Group/Complex/Other
Kinase
_' Peptidase

Transcription Regulator
i | Unknown

i
| = Relationship

© 2000-2011 Ingenuity Systems, Inc. Al rights reserved

Figure 1: IPA Network 1. Several differentially expressed genes were used to assemble a functional association
map. Solid lines indicate direct reationships among genes. This network was associated with ‘DNA Replication,
Recombination, and Repair’; ‘ Cell Cycle’; and ‘Cellular Compromise’ functions. Lines with arrows indicate that one
gene acts on the other, and lines without arrows indicate that the corresponding proteins interact with each
other. Up-regulated genes are shown in red, and down-regulated genes are shown in green. Blank nodes
represent molecules without differential expression.



45

Cell cycle checkpoint and BRCAI-mediated DNA repair pathways are

dysregulated in NSCL/P cells

In order to assess the expression behaviour of DEGs across samples, we
performed a clustering analysis using k-means. Ten gene clusters were
generated, among which 4 representative clusters exhibited high average
homogeneity (h > 0.8; Fig. 1, supplementary material). Assuming that co-
expressed genes could be functionally related or partake in the same
biological process, we used TANGO (Tool for ANalysis of Gene Ontology
enrichment) and KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway analysis to investigate if there were functional classifications and
pathways enriched for each expression cluster. Cluster 4 exhibited a significant
enrichment for categories mainly related to cell cycle control and DNA
damage repair (corrected p-value <0.01; Supplementary Tables V and V).
Moreover, 16 genes from the aforementioned cluster are present in Network 1
(data not shown), supporting the existence of functional interplay among these

genes.

Next, to further investigate the biological attributes and pathways
associated with the expression patterns obtained thus far, we used IPA to
search for enrichment of canonical pathways related to the progression of cell
cycle and repair of DNA damage. Strikingly, pathways encompassing cell cycle
checkpoint regulation and DNA repair functions, including the BRCAT pathway,
were found to be significantly enriched in our gene set (Fig. 2, Supplementary
Table VII). Furthermore, network overlay revealed a great overlap between

these canonical pathways and interactants of Network 1 (Fig.3).
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Following our preliminary findings regarding the enrichment of cell cycle

and DNA repair pathways, we assembled a similarity-based cluster in order to

fine-group genes with similar franscript levels across samples. Hence, based on

the expression pattern of BRCAI, we obtained a homogeneous cluster

harbouring 30 genes of similar expression (average homogeneity = 0.974; Fig. 4).

In accordance with the results thus far, this cluster exhibited GO and KEGG

enrichment for cell cycle and DNA repair mechanisms (Tables | and ll). There

was a large overlap between genes from this cluster, Network 1, and BRCA

and checkpoint control canonical pathways (Fig. 3).

Table I: Gene Ontology (GO) attributes significantly enriched in the BRCA1 similarity cluster (adjusted p-value = 0.001).

frequency

GO category #genes  raw p-value in set (%) gene list
[EXO1, GINS1, XRCC2, RAD51AP1, BLM,
DNA metabolic process - GO:0006259 15 2.72E-20 50 DTL, MSH2, MCM10, BRCA1, RAD51, PRIM1,
FANCL, CDC45L, ORC6L, HELLS]
atinn - GO ) [GINS1, PRIM1, CDC45L, BLM, DTL, ORCB6L,
DNA replication - GO:0006260 9 491E-14 30 MCM10, BRCA1, RAD51]
response to DNA damage stimulus - 10 3.02E-13 33.33 [EXO1, FANCL, RAD51AP1, XRCC2, BLM,
GO0:0006974 : : DTL, MSH2, ATAD5, BRCA1, RAD51]
L A i [EXO1, RAD51AP1, XRCC2, BLM, MSH2,
DNA recombination - GO:0006310 7 3.72E-12 23.33 BRCA?, RAD51]
AO- ) [EXO1, CCNE2, CDC6, CDC45L, XRCC2, BLM,
cell cycle - GO:0007049 11 1.08E-11 36.66 DSN1, MSH2, BRCAT, HELLS, RAD51]
cell cycle checkpoint - GO:0000075 6 2.50E-11 20 [CCNE2, CDC6, CDC45L, BLM, MSH2,
BRCA1]
regulation of DNA metabolic process - )
GO:0051052 6 1.21E-10 20 [CDC6, CDC45L, BLM, MSH2, BRCA1, RAD51]
recombinational repair - GO:0000725 4 4.96E-10 13.33 [RAD51AP1, BLM, BRCA1, RAD51]
double-stranded DNA binding -
GO-0003690 4 1.44E-07 13.33 [RAD51AP1, BLM, MSH2, RAD51]
single-stranded DNA binding - )
GO:0003697 4 1.44E-07 13.33 [RAD51AP1, BLM, MSH2, RAD51]
nucleoside-triphosphatase activity - 8 3.13E-07 26.66 [CDC6, XRCC2, BLM, MSH2, FIGNL1, ATADS,
GO:0017111 : : HELLS, RAD51]
negative regulation of nucleobase,
nucleoside, nucleotide and nucleic acid 6 1.16E-06 20 [CDC6, CDC45L, BLM, MSH2, BRCA1, HELLS]

metabolic process - GO:0045934
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Table Il: KEGG pathways significantly enriched in the BRCA1 expression similarity cluster (Bonferroni-corrected p-value < 0.01).

corrected enrichment .
KEGG pathway #genes raw p-value p-value factor gene list
Homologous recombination 3 3.40E-06 9.86E-05 101.538 [XRCC2, BLM, RAD51]
Cell cycle 4 1.00E-05 0.001 29.385 [CCNE2, CDC6, CDC45L, ORC6L]
Mismatch repair 2 2.68E-04 0.006 82.407 [EXO1, MSH2]
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Figure 2: ‘Role of BRCA1 in DNA damage response’ canonical pathway. Up-regulated genes are shown in red,
and down-regulated genes are shown in green. Blank nodes represent molecules without differential

expression.
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Figure 3: Network 1 overlay of BRCAI-dependent DNA repair
pathways, and genes from the BRCA1-based similarity cluster, revealing a great overlap among these sets. Dark

lines indicate co-occurrence of molecules in the sets.
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with highly similar patterns among samples (average homogeneity = 0.974).
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E2F1 is a candidate regulator driving the expression patterns

In addition to participating in the same biological process, it is accepted
that co-expressed genes are likely to be regulated by a cohesive mechanism
(Allocco et al., 2004). Therefore, we used PRIMA (PRomoter Integration in
Microarray Analysis) to perform a transcription factor binding site prediction
and enrichment analysis on the highly homogeneous BRCA similarity cluster.
This led to the identification of franscription factor E2F1, whose binding sites
were significantly over-represented in this gene set (12 targets; Bonferroni-
corrected p-value <0.05, Table Ill). Next, in order to validate this in silico
approach, we used FANTOM 4 (Functional ANnoTation of the Mammalian
genome), a database containing experimental data (e.g. ChIP-chip) of mouse
and human genomes. Strikingly, E2F1 is a proven regulator of 23 out of all 30

clustered genes (Fig. 5).

Table llI: Transcription factor binding site prediction analysis. Binding sites for E2F1 motifs significantly over-represented in the
BRCA1 similarity cluster, identified by the PRIMA algorith. Numbers in parenthesis indicate the localisation of the binding site,
relative to transcription start site (Bonferroni-corrected p-value < 0.05).

corrected enrichment

Enriched with  #genes gene list

p-value factor
[MCM10(-18), CDC6(-43), RAD51(4), FAM111B(-672), CDC45L(182),
MOO0430[E2F-1] 7 0.025 7.687 BLM(-392), DTL(-37)]
MOOS40[E2F-1] g 0.049 4122 [HELLS(-38), STIL(-12), C30rf14(-139), CDC6(-9), MSH2(0), FAM111B(-

505,-53), ATAD5(-25), DTL(-50,-38)]




50

E2F1

\ ——
\ - == '\""*\\\
; ™

// = > o £~ /

@ BRCA1 FANCL GINS1 WDR76 BLM CDC6 DSN1 ‘

RAD51AP1 @

Figure 5: Analysis of transcription factor-gene interactions. FANTOM 4 (a ChIP-chip database) was used to validate the interaction of E2F1 and 23 of the 30 genes from the BRCA1-based

similarity cluster. Thickness of the arrows indicates how often the interaction was detected experimentally. The colour of the node represents the level of expression detected in
experiments from the database, from light (low) to dark (high).
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Validation of the microarray analysis using quantitative real time PCR (qRT-PCR)

Twenty-four DEGs were submitted to validation by gRT-PCR. Taking
account of the fact that the RNA aliquots used for gRT-PCR did not correspond
to the original samples hybridised on the microarray chips, we observed that
one NSCL/P sample (F4243.1) exhibited a discordant expression pattern as
compared to the rest of the NSCL/P group, for 15 out of the 24 genes. The
expression values were distant at least 3 standard deviations from the mean,
thus, this sample was classified as an outlier, and excluded from the subsequent
analyses. Differences in expression values between NSCL/P and control samples
were tested for statistical significance, and the mRNA levels of 16 out of the 24
DEGs selected for validation were significantly different between groups
(Student’s t-test; p<0.05; Supplementary Table VIII). Notably, we confirmed the
differential expression of all genes that were submitted to validation, and that

also pertained to the BRCA similarity cluster (10 genes, Fig. 6).
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Figure 6: Quantitative real-time PCR validation of 10 genes from the BRCA1 similarity cluster. Expression levels
confirmed the microarray results, with p-value < 0.05. Y axis = relative units of expression, normalised to
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DISCUSSION

We have previously demonstrated the applicability of dental pulp stem
cells from NSCL/P patients to investigate gene networks associated with disease
pathology (Bueno & Sunaga et al., 2010). Here, we also identified an expression
profile that is particular to the NSCL/P cells, comprising 228 DEGs. We identified
? genes in common with our previous microarray analysis (including CLDNI1,
ACAN, ITGA8, MMP1, HISTIH2AB, and PSG1), which supports the findings by
Bueno and colleagues. However, the microarray analysis depicted here
resulted in a significantly larger amount of DEGs (2567 vs. 87, data not shown)
when the data mining was performed using the same settings (RankProd alone,
p<0.05). The fact that, even under more stringent settings (applying SAM;
p<0.05 and RankProd; p<0.0001), we still obtained a larger amount of DEGs,
suggests that different culture conditions could have induced different
responses from NSCL/P cells, being that full serum supplementation presumably
led to the manifestation of such expression profile. This favours the hypothesis
that the genome of NSCL/P patients might harbour specific variants or
epigenetic modifications that respond differently to the environment as
compared to non-clefting individuals. Hence, we speculate that different
environmental conditions, simulated by serum supplementation in this case,
may drive different responses from NSCL/P dental pulp stem cells. If that is the
case, then these cells express not only a disease-specific expression pattern,

but are also subject to an environment-specific influence on such pattern.

IPA and clustering analyses enabled us to identify functions and

pathways associated with the observed expression arrangement among DEGs.
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Preliminary unsupervised clustering combined with IPA network assembly
suggested enrichment of functional categories mainly related to DNA repair
and cell cycle control, with the BRCA 1 node occupying a cenfral position in
Network 1. Accordingly, in-depth analysis of this network revealed a great
overlap between BRCAI and cell cycle checkpoint confrol canonical
pathways. The gene BRCAT, down-regulated in our analysis, encodes a tumour
suppressor protein that plays a crucial role in the cellular response to DNA
damage and regulation of cell cycle progression, acting to maintain the
integrity of the genome (Linger & Kruk, 2010). Hence, if co-expressed genes are
likely to participate in the same biological process, the attainment of a cluster
of higher resolution, based on expression similarity to this central molecule,
would allow us to determine which genes are the most accountable for
dysregulation of BRCAI-mediated DNA repair mechanisms and checkpoint
control in these cells. Indeed, many genes accompanying BRCAT expression
patterns have well-established roles in cell cycle/checkpoint control and
response to DNA damage (e.g. MSH2, BLM, RADS1, CDCé6, CDC25A; Seifert &
Reichrath, 2006; Yata & Esashi, 2009). Moreover, the relevance of these genes in
this context is further corroborated by the large co-occurrence of members of

this similarity cluster and interactants of Network 1.

Besides allowing for a more precise dissection of the relationship
between the NSCL/P franscriptome and biological processes, the
aforementioned strategy provided us a unique opportunity to detect
transcription factors that could modulate the activity of the grouped genes. This
led to the identification of E2F1 as a candidate franscriptional regulator of

BRCAIT and its accompanying DEGs, implying that functional impairment of this
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franscription factor is likely to be responsible for their abnormal expression levels.
E2F1 is a key molecule that conftrols the activation of several genes that
contribute to G1/S phase progression in the cell cycle (Chen ef al., 2009),
including cyclins, cyclin-dependent kinases, and checkpoint genes (Inoshita et
al., 1999; Deng et al., 2006; Yang et al., 2008), while also promoting apoptosis
control (Bell & Ryan, 2003). Notably, a role for E2F1 in palatogenesis has been
proposed through immunobloting using mouse embryonic tfissues (Kusek et al.,
2000). Thus, in the context of NSCL/P, it is plausible to infer that disarrangement
of cell cycle progression and BRCAT-mediated DNA repair could contribute to
the cleft phenotype, as accurate control of cell proliferation is necessary to
ensure appropriate growth of embryonic structures responsible for lip and
palate formation (Muraoka et al., 2005; Jiang et al., 2006). If true, this
relationship exemplifies how genetic susceptibility to a complex disease (i.e.
involving different loci) may converge onto undermined regulation of a single
biological pathway. Conversely, we acknowledge that the involvement of
E2F1/BRCA1 mechanisms in the aetiology NSCL/P cannot be confirmed as yet;
nevertheless, the relationship between such mechanisms and NSCL/P proposed

here is supported by epidemiological findings, as discussed next.

Pathogenic mutations in BRCA1 are associated with increased risk of
developing a diversity of hereditary tumour types, including breast, ovarian,
pancreatic, and prostate cancer (Yarden & Papa, 2006; Rosen et al., 2006).
Additionally, reduced levels of BRCAT mRNA and protein has been reported in
sporadic forms of breast cancer, suggesting that compromised function of this
gene by decreased expression is a critical step in cancer progression

(Thompson et al., 1995, Lee ef al., 1999; Mueller et al., 2003). Notably,
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associafion between occurrence of NSCL/P and a variety of cancer types,
including breast cancer, has been repeatedly reported (Zhu et al., 2002;
Menezes et al., 2009; Taioli et al., 2010). Our results support this association, as
they indicate that many genes partaking in BRCAT response to DNA damage
are down-regulated in NSCL/P cells. Additionally, non-hereditary cancer
progression has also been ascribed to alterations in some of these genes, such
as CDC6, BLM, RADS51, MSH2 (Borlado & Mendes, 2008; Calin et al., 1998; Gao
et al., 2011; Seifert & Reichrath, 2006), among others. Finally, loss of pro-
apoptotic activity, or exacerbated proliferation modulated by E2F1 have also
been implicated in cancer biology (Bell & Ryan, 2003). These findings suggest
that, if abnormal behaviour of E2F1 and/or transcriptional dysregulation of
BRCAIT and its co-operators contribute fto disruption of lip and palate
morphogenesis in the embryo, such mechanisms may also predispose to

cancer during adulthood.

In summary, global gene expression analysis of NSCL/P dental pulp stem
cells identified dysregulation of genes pertaining to cell cycle checkpoint and
BRCAT-dependent DNA repair pathways. To the best of our knowledge, this is
the first experimental evidence linking transcriptional alterations of these genes
to the documented increase in occurrence of sporadic cancer in NSCL/P
families. To explain this association, much effort has been put in the search for
polymorphisms in genes linked to cancer. However, in the light of our results, the
focus must instead be directed at upstream regulatory elements, and not their
downstream targets. In order to confirm that deficient function of E2F1 and/or
BRCAT/checkpoint pathways are mechanisms underlying susceptibility to

NSCL/P de facto, future research should also concentrate on examining the
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phenotypic outcome of these alterations in NSCL/P cells, and on subsequent
study of animal embryo models. In addition, if cell culture conditions have such
an impact on the franscriptome of NSCL/P cells, these studies must also assess
the influence of environmental insults, especially by teratogens that are known
to predispose to clefting. Finally, further dissection of upstream regulatory
pathways will be required, both to confirm the involvement of E2F1 in the
pathophysiology of NSCL/P, and to identify other possible regulatory agents

that, when altered, may confer predisposition to this orofacial malformation.
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Figure 1: Three representative clusters generated by the k-means method, exhibiting high
homogeneity levels (h>0.8)
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Table I: Age, gender and clinical status of samples analysed by

microarray and gRT-PCR

Code Age Gender Clinical Status*
F3334 8 female control
F3347 10 male control
F3960 10 female control
F4217 12 male control
F4319 11 female control
F4386 10 female control
F4243 8 male CLP/UL
F4244 13 male CLP/UL
F4245 11 male CLP/UR
F4293 12 female CL/UL
F4294 10 female CLP/UR
F4311 11 male CL/UL
F4388 12 male CLP/UR

(*) CL = Cleft Lip; CLP = Cleft Lip and Palate. UL = Unilateral Left;

UR = Unilateral Right.

Table II: Primer sequences used for gRT-PCR.

Gene Primer Forward (5’-3’) Primer Reverse (5’-3’)
ADAM12 TCTTGCTGCCGGATTTGTGGTT AAGGGCGCACACACCTTAGTTT
AMIGO2 AGGTGCAAGAGTGACAGACACGG CTCTTTCCTGGGTTAGTCGGTGC

BLM AGCACATTGTGTCAGTCAGTGGG CTGTGGCCGTAAGAGCCATCAC

BRCA1 AGGTGAAGCAGCATCTGGGTGTG TGCATGGTATCCCTCTGCTGAGTGG

BRIP1 AGTTCAGCTTCGGTTTGCTCGGG AGCACACAGCTCGTAGGGGTTCA
CCDC99 GCCCTAGAGAAAGCTCGTGTAGC CCACCTCTGCAAACAAAGAGTTGC
CDC25A TTCCCTACCTCAGAAGCTGTTGGG AGTGCAGGCAGCCACGAGATAC

CDC45L GTGTGTGACACCCATAGGCCAG TCTAACCGTGTGCGCTTCTCAG

CDC6 TCAGGAAGAGGTATCCAGGCCAG AATACCAACACAATCATGGGGCCC

CDH2 CGCAGTGTACAGAATCAGTGGCGG AGTCGATTGGTTTGACCACGGTG

DCK TCAAGCCACTCCAGAGACATGCTT TGCAGGAGCCAGCTTTCATGTT

DKK1 ATTGACAACTACCAGCCGTACCCG AGTAATTCCCGGGGCAGCACATAG

DTL TATGGAAGGTCTCCACACCCTGG GTGAAGTCAGATGGACACCAGCAC

E2F7 CCTGTGCCAGAAGTTTCTAGCTCG GCGTCTCCTTTCCACACCAAGAC
HIST1H1B TCTTGCCACCATGTCGGAAACCG CGGCAGCCTTCTTAGTTGCCTTC
HIST1H4B ACCGAAAAGTGCTGCGGGATAAC ACCGGAAATTCGCTTAACCCCAC

ITGA2 TGTTAGCGCYCAGTCAAGGCATTT TGCTGCACTGCATAGCCAAACTGT

LAMC2 AGGTTGATACCAGAGCCAAGAACGCT TCATCTACACTGAGAGGCTGGTCCAT
MTHFD2 TCTCTAATGTCTGCTTTGGCTGCC CAACAGCTTCATTTCGAACTGCCG
PCDH10 CCAACGAGACTAAACACCAGCGAG CTATGTCGGCTTCCTGGAATGCAG
PCOLCE2 TGCTGAACCAAACGAAAGAGGGGA ATGTGCCACACACAAGTGACTCCT

PODXL TTCCAGGAAGTCAGACCGTGGTC ACTGACCCCTGCCTCCTTTAGTTC

RAD51 GGCAATGCAGATGCAGCTTGAAG T TTATGCCACACTGCTCTAACCGTG

RAD51AP1

GCAGTGCCTTGTACAAAGATGGCT

GTGGTGACTGTTGGAAGTTCCTTCA




Table llI: List of differentially expressed genes obtained by comparing NSCL/P and control cells.
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Probe Set ID Gene Symbol FC* Cytoband Probe Set ID Gene Symbol FC* Cytoband
8112045 ESM1 -5.5397 5q11.2 7981084 SERPINA9 -2.4325 14g32.13
8126798 GPR116 -4.3447 6p12.3 8100798 SULT1B1 -2.4124 4q13.3
7906919 RGS4 -3.9706 1923.3 8124388 HIST1H3B -2.3586 6p21.3
7930980 PPAPDCIA -3.8212 10qg26.12 7939215 Cllorf41 -2.3585 11p13
8140534 SEMA3C -3.8175 7q921-q31 7996260 POFUT1 -2.3504 -
7908072 LAMC2 -3.7681 1925-9q31 8145793 SNORD13 -2.3477 8p12
7990345 SEMA7A -3.6893 15g22.3-q23 7951271 MMP1 -2.3419 11922.3
8142975 - -3.6874 --- 7985786 ACAN -2.3042 15g26.1
7981990 SNORD116-21 -3.6830 15qg11.2 7948902 SNORD29 -2.2990 11q13
7922976 PTGS2 -3.6406 1925.2-925.3 8124391 HIST1H2AB -2.2738 6p21.3
8097449 PCDH10 -3.5370 4q28.3 8059376 SERPINE2 -2.2573 2033-935
8067233 PMEPA1 -3.5160 20913.31|20913.31-913.33 7936968 ADAM12 -2.2565 10926.3
8127987 SNORD50A -3.4841 6q14.3 7897801 RNUSE -2.2447 1p36.22
8117368 HIST1H4C -3.4817 6p21.3 7919642 HIST2H2AB -2.1893 1921
7934979 ANKRD1 -3.4591 10g23.31 7922162 SLC19A2 -2.1662 1923.3
8152703 FBX0O32 -3.4433 8q24.13 7950391 PGM2L1 -2.1467 11q13.4
8017262 BRIP1 -3.4328 17q922-q24 8086752 SNORD13 -2.1292 8p12
7914878 LOC100289612 -3.4174 1p34.3 8160431 LOC554202 -2.1183 9p21.3
8115490 ADAM19 -3.3659 5032-q33 8105267 ITGA2 -2.1111 5023-g31
8142981 PODXL -3.3573 7q32-933 8083876 SKIL -2.1046 3q26
8067029 KCNG1 -3.3543 20913 8138527 MGC87042 -2.0841 7p15.3
8151684 MMP16 -3.2960 8g21.3 8156043 PSAT1 -2.0621 9q21.2
8001197 NETO2 -3.2835 16q11 7909568 DTL -2.0604 1932.1-g32.2
7970763 FLT1 -3.2679 13q12 8081241 C3orf26 -2.0585 3g12.1
7962579 AMIGO2 -3.2461 12g13.11 7953218 RAD51AP1 -2.0309 12p13.2-p13.1
7971077 POSTN -3.2279 13g13.3 8092640 RFC4 -2.0249 3q27
7968351 C13o0rf33 -3.2224 13qg12.3 8007071 CDC6 -2.0144 17q921.3
7950933 NOX4 -3.2217 11q14.2-q21 8124385 HIST1H4B -2.0124 6p21.3
7917182 ELTD1 -3.1215 1p33-p32 7943158 SCARNA9 -2.0099 11921
8039484 IL11 -3.0789 19q13.3-q13.4 8080847 C3orf14 -2.0073 3p14.2
7952785 OPCML -3.0484 11925 7974882 SYT16 -2.0047 14q923.2
7915612 PTCH2 -2.9210 1p33-p34 8035838 ZNF724P -1.9868 19p12
8116780 DSP -2.8423 6p24 7998722 SNORD60 -1.9828 16p13.3
7924461 - -2.8344 - 8025402 ANGPTL4 -1.9752 19p13.3
8091243 PCOLCE2 -2.7404 3q21-q24 7940147 FAM111B -1.9684 11q12.1
8045688 TNFAIP6 -2.6672 2923.3 8112376 CENPK -1.9664 5p15.2-q12.3
8145361 NEFM -2.6167 8p21 8022674 CDH2 -1.9646 18q11.2
7974689 DACT1 -2.5540 14g23.1 7926259 MCM10 -1.9639 10p13
8124527 HIST1H1B -2.5535 6p22-p21.3 7979710 PLEK2 -1.9562 14q23.3
7973067 NP -2.5424 14qg13.1 8071212 CDC45L -1.9326 22ql11.21
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Probe Set ID Gene Symbol FC* Cytoband Probe Set ID Gene Symbol FC* Cytoband
8077499 LOH3CR2A -2.5084 3p25.3 7964733 RPSAP52 -1.9311 12q14.3
8180255 HIST2H4B -2.4964 - 7981978 SNORD116-15 -1.9238 15q11.2
8180321 HIST2H4A -2.4964 - 8061471 GINS1 -1.9215 20p11.21
7939237 Cllorf41 -2.4825 11p13 8141150 ASNS -1.9199 7921.3
8151871 CCNE2 -2.4690 8g22.1 8112971 HAPLN1 -1.9168 5q14.3
7970793 SLC46A3 -2.4625 13g12.3 8004144 MiSsi2 -1.9120 17p13.2
7999754 XYLT1 -2.4398 16p12.3 8015268 KRT34 -1.9050 17q12-gq21
8124537 HIST1H3J -1.8990 6p22-p21.3 7981966 SNORD116-3 -1.7342 15q11.2
8154233 CD274 -1.8974 9p24 8015769 BRCA1 -1.7286 17921
8127989 SNORD50B -1.8879 6q14.3 7905088 HIST2H2AC -1.7277 1921-923
8079153 ABHD5 -1.8874 3p21 7974337 FRMD6 -1.7244 -
7981982 SNORD116-17 -1.8814 15q11.2 7936322 GPAM -1.7180 10g25.2
7981986 SNORD116-17 -1.8814 15qg11.2 8054217 TXNDC9 -1.7145 2q11.2
7995354 ORC6L -1.8720 16q12 8042588 MPHOSPH10 -1.7036 2p13.3
7986068 BLM -1.8707 15¢26.1 8003298 SLC7A5 -1.6987 16q24.3
7973896 RNU1A -1.8653 1p36.1 8053797 LOC400986 -1.6909 2q11.1
7978568 RNU1A -1.8653 1p36.1 7989915 TIPIN -1.6836 15g22.31
7929438 HELLS -1.8483 10qg24.2 7983306 WDR76 -1.6800 15q15.3
8095574 DCK -1.8462 4q13.3-g21.1 8055672 MMADHC -1.6732 2023.2
8030978 ZNF845 -1.8454 19q13.42 7922846 FAM129A -1.6557 1925
7919269 RNU1A -1.8445 1p36.1 8066074 DSN1 -1.6440 20q11.23
7919349 RNU1A -1.8445 1p36.1 8109830 CccDc99 -1.6380 5q35.1
7927631 DKK1 -1.8428 10qg11.2 7976567 BDKRB1 2.1870 14932.1-q32.2
7964271 PRIM1 -1.8378 12q13 8045533 - 2.5570 -
8041867 MSH2 -1.8289 2p22-p21 8015179 KRTAP1-5 2.6106 17q12-gq21
7917771 DNTTIP2 -1.8218 1p22.1 8019588 KRTAP1-5 2.6106 17q12-q21
7910997 EXO1 -1.8166 1942-943 7903214 LPPR4 2.6232 1p21.2
8052382 FANCL -1.8152 2pl6.1 8176719 EIF1AY 2.6602 Yq11.223
7976812 SNORD113-4 -1.8131 14g32.31 8176375 RPS4Y1 2.6958 Yp1l.3
7976621 VRK1 -1.8091 14932 7999909 GPRC5B 2.7015 16p12
8144036 XRCC2 -1.8037 7q36.1 7938225 OLFML1 2.7143 11p15.4
8114287 SPOCK1 -1.7965 5q31 7969202 - 2.7578 -
7915926 STIL -1.7934 1g32|1p32 8176655 NLGN4Y 2.7629 Yq11.221
8102787 RNU1A -1.7920 --- 8037240 PSG1 2.7901 19q13.2
7952339 SNORD14C -1.7901 11g23.3-q25 8013521 - 2.7933 -
7982792 RAD51 -1.7873 15q15.1 8097288 FAT4 2.8028 4q28.1
7898375 RNUIA -1.7849 1p36.1 7934185 C10orf54 2.8031 10g22.1
7898411 RNU1A -1.7849 1p36.1 7950005 MRGPRF 2.8157 11q13.3
7912800 RNU1A -1.7849 1p36.1 8068361 SLC5A3 2.8511 21922.12
7912850 RNU1A -1.7849 1p36.1 8104758 C5orf23 2.8643 5p13.3
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Probe Set ID Gene Symbol FC* Cytoband Probe Set ID Gene Symbol FC* Cytoband
7919576 RNU1A -1.7849 1p36.1 7903358 VCAM1 2.8833 1p32-p31
8152582 DSCC1 -1.7790 8q24.12 8058664 - 2.9007 -
7981976 SNORD116-14 -1.7779 15qg11.2 8037657 DMPK 2.9540 19q13.3
8086880 CDC25A -1.7774 3p21 7896748 - 2.9701 -
7948904 SNORD28 -1.7742 11913 7911335 - 2.9706 -
8132843 HAUS6 -1.7591 9p22.1 8165694 - 2.9706 -
8006187 ATADS -1.7583 17qg11.2 8176578 Uspoy 2.9865 Yq1l.2
8139632 FIGNL1 -1.7576 7p12.1 7975076 HSPA2 3.0061 14q924.1
8042830 MTHFD2 -1.7520 2p13.1 8150962 TOX 3.1055 8ql12.1
7997381 CENPN -1.7446 16g23.2 7932254 ITGAS8 3.1105 10p13
8034512 SNORD41 -1.7412 19p13.2 8045835 GALNTS 3.1139 2024.1
7965094 E2F7 -1.7409 12g21.2 8176624 DDX3Y 3.1253 Yqll
7917976 SASS6 -1.7348 1p21.2 7926875 BAMBI 3.1399 10p12.3-p11.2
7981953 SNORD116-3 -1.7342 15q11.2 8141140 DLX5 3.1609 7q22
8013523 - 3.1638 - 7899615 SERINC2 3.5882 1p35.1
7962058 TMTC1 3.1704 12p11.22 8165663 - 3.6368 -
7896750 - 3.1802 - 7911337 - 3.6419 -
7984364 SMAD3 3.2242 15g22.33 7973871 - 3.6419 -
8156358 - 3.2296 - 8165696 - 3.6419 -
8171297 MID1 3.2297 Xp22 8102831 C4orf49 3.6651 4qg31.1
8113120 TOB2 3.2502 22q13.2-q13.31 8165709 - 3.7686 -
8165707 TOB2 3.2502 22q13.2-q13.31 7911339 - 3.8696 -
8129666 SLC2A12 3.2565 6q23.2 8165698 - 3.8696 -
8112668 GCNT4 3.2672 5q12 8045804 - 4.0321 -
7950810 SYTL2 3.2894 11q14 8102532 PDE5A 4.0664 4q25-q27
8095110 KIT 3.2996 4q11-q12 8104746 NPR3 4.0886 5pl4-p13
7911343 UiMcC1 3.3096 5q35.2 7985317 KIAA1199 4.2513 15q24
8165703 uiMC1 3.3096 5q35.2 8057677 SLC40A1 4.4972 2932
7970565 - 3.3203 - 8100310 - 4.6636 -
8008965 - 3.3361 --- 7933204 C10orf10 4.9268 10q11.21
7962559 SLC38A4 3.3364 12q13 8051583 CYP1B1 4.9870 2p21
8052355 EFEMP1 3.3858 2p16 8083887 CLDN11 5.3906 3026.2-926.3
8013987 - 3.5398 - 7912537 DHRS3 5.4306 1p36.1
8160346 PTPLAD2 3.5566 9p21.3 8006433 ccL2 7.5308 17q11.2-q12

(*) FC = fold change
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Table IV: Ingenuity Pathways Analysis (IPA). Top 10 enriched functions among the 228 differentially expressed genes.

Enriched category

p-value

Molecules

Cell Cycle*

DNA Replication, Recombination,
and Repair*

Carbohydrate Metabolism

Cellular Compromise*

Cellular Movement

Cell Morphology

Cellular Function and
Maintenance

Cellular Assembly and
Organization

Cell-To-Cell Signaling and
Interaction

Gene Expression

Cellular Development

1.28E-06-1.67E-02

3.87E-06-1.39E-02

4.14E-05-1.35E-02

7.04E-05-9.06E-03

7.45E-05-1.67E-02

8.15E-05-1.1E-02

8.15E-05-9.06E-03

1.95E-04-1.62E-02

2.82E-04-1.67E-02

3.74E-04-1.26E-02

4.57E-04-1.61E-02

SMAD3,DSN1,UIMC1,ASNS,SASS6,RAD51, VRK1,XRCC2,CCDCI9,KIT,MCM10,CD274,8
RCA1,BLM,CDC25A,CDC45,STIL, ABHDS,CCNE2,NOX4,FLT1,CDC6,ITGA2,0RC6, TIPIN,
HSPA2,CYP1B1,MSH2,HELLS,SKIL,MIS12,PTGS2,IL11

PRIM1,SMAD3,UIMC1,SASS6,RAD51,XRCC2,KIT,BLM, BRCA1,BRIP1,EXO1,CDC25A,CD
C45,CCNE2,NOX4,DCK,CDC6,0RC6, TIPIN, GINS1,RFC4,MSH2, HELLS,MIS12,PTGS2,RA
D51AP1

SERINC2,GPAM,ABHDS5,GALNTS5,ACAN, FLT1,SMAD3,XYLT1,RGS4,DKK1,PTGS2, TNFAI
P6
VCAMZ1,CDH2,MSH2,ITGA2,KIT,FBX032,BLM,BRIP1,BRCA1

CLDN11,MMP16,SMAD3,ANGPTL4,CCL2,PCDH10,ADAM19,POSTN, KIT,MMP1,PODX
L,VCAM1,NOX4,DCK,ACAN, FLT1,ITGA2,RGS4,LAMC2,CYP1B1,SERPINE2,CDH2,ADAM
12,PTGS2,DKK1,SEMA3C,BDKRB1,IL11

SMAD3,FLT1,ITGA2,DLX5,KIT,RGS4,CD274,PTGS2,BRCA1,BLM

SMAD3,DKK1,BRCA1,BLM,HSPA2,DSP

ABHD5,PODXL,CLDN11,SMAD3,CDC6,SASS6,XRCC2, CDH2,HELLS,KIT,MIS12,BRCA1,B
LM,SYTL2,DSP
PODXL,VCAM1,CLDN11,MMP16,SMAD3,FLT1,0PCML,ITGA2,LAMC2,CDH2,ADAM12
,CCL2,PCDH10,POSTN, KIT,SLC7A5,DKK1,SPOCK1, TNFAIP6,BDKRB1, MMP1,1L11

SMAD3,BAMBI,UIMC1,PTGS2,SKIL,BRCA1,IL11

SMAD3,ITGAS,CCL2,POSTN, KIT,CD274,BLM,BRCA1, DSP,MMP1,VCAM1,NOX4, DCK,F
LT1,ACAN,ITGA2,DLX5,RGS4, HSPA2,MSH2,HELLS, PNP,PDE5A,DKK1,PTGS2, TNFAIPG,
TOX,IL11

(*) Functions associated with IPA Network 1

Table V: Gene Ontology (GO) attribute enrichment for Cluster 4 (adjusted p-value = 0.001). No significant results
were retrieved for the remaining clusters.

GO category #genes raw p- frequency in gene list
value set (%)
7.07E-16 20.48 EXO1, GINS1, RAD51AP1, XRCC2, BLM,
DNA metabolic process - G0:0006259 17 [MSHZ, TIPIN, MCM10, BRCA1, CDC25A,
RADS51, FANCL, PRIM1, CDC45L, RFC4,
ORC6L, HELLS]
DNA replication - GO:0006260 11 4.10E-13 13.25 [GINS1, PRIM1, CDC45L, RFC4, BLM,
ORCS6L, TIPIN, MCM10, BRCA1, CDC25A,
RAD51]
response to DNA damage stimulus - 11 3.56E-10 13.25 [EXO1, FANCL, RAD51AP1, XRCC2,
G0:0006974 RFC4, BLM, MSH2, TIPIN, ATADS,
BRCAT1, RAD51]
DNA-dependent DNA replication - 6 1.85E-09 7.22 [PRIM1, CDC45L, RFC4, BLM, TIPIN,
G0:0006261 RAD51]
DNA recombination - GO:0006310 7 3.43E-09 8.43 [EXO1, RAD51AP1, XRCC2, BLM, MSH2,
BRCA1, RAD51]
[EXO1, XRCC2, BLM, MSH2, DSN1,
cell cycle - GO:0007049 13 5.00E-09 15.66 TIPIN, BRCA1, CDC25A, MIS12, RAD51,
CCNE2, CDC45L, HELLS]
cell cycle checkpoint - GO:0000075 6  B828E-09 7.2 [CCNE2, CDC45L, BLM, MSH2, TIPIN,
BRCA1]
recombinational repair - GO:0000725 4 2.24E-08 4.81 [RAD51AP1, BLM, BRCA1, RAD51]
regulation of DNA metabolic process - ) [CDC45L, BLM, MSH2, TIPIN, BRCA1,
GO:0051052 6  38Ek08 722 RAD51]
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Table VI: KEGG pathways significantly enriched in clusters derived by k-means (Bonferroni-corrected p-value < 0.01).

corrected enrichment

Set KEGG pathway #igenes raw p-value p-value factor gene list
Cluster 4 Mismatch repair 3 3.06E-05 0.001 49.106 [EXO1, RFC4, MSH2]
Cluster 4 Homologous recombination 3 5.62E-05 0.002 40.337 [XRCC2, BLM, RAD51]
. [HIST2H2AB, HIST2H2AC,
Cluster 3 Systemic lupus erythematosus 4 3.54E-05 0.005 21.529 HISTIH3B, HISTIHAC]
Cluster 7 O-Glycan biosynthesis 2 2.31E-04 0.009 88.654 [GCNT4, GALNT5]

Table VII: Top 10 canonical pathways enriched in our gene set, detected by Ingenuity Pathway Analysis.

Ingenuity Canonical Pathways -log(p-value) Molecules

RAD51,MSH2,RFC4,BRIP1,B

Role of BRCA1 in DNA Damage Response 4.96E+00 LM, BRCA1
Mismatch Repair in Eukaryotes 3.43E+00 MSH2,RFC4,EXO1
- . . R VCAM1,CCL2,FLT1,SMAD3,
Hepatic Fibrosis / Hepatic Stellate Cell Activation 2.76E+00 BAMBI,MMP1
Cell Cycle Control of Chromosomal Replication 2.74E+00 CDC45,CDC6,0RCE
Role of CHK Proteins in Cell Cycle Checkpoint Control 2.49E+00 RFC4,BRCA1,CDC25A
D51 2, BLM,B
Hereditary Breast Cancer Signaling 2.34E+00 RADS ’MSHO’A'L;FM’ M,BR
DNA Double-Strand Brealf Repalr by Homologous 2 16E400 RAD51,BRCA1
Recombination
Factors Promoting Cardiogenesis in Vertebrates 2.09E+00 CCNE2,NOX4,CDC6,DKK1
ATM Signaling 1.93E+00 RAD51,BRCA1,CDC25A

Cell Cycle: G1/S Checkpoint Regulation 1.85E+00 CCNE2,SMAD3,CDC25A




Table VIII: Quantitative Real Time-PCR validation of 24
differentially expressed genes detected by microarray. Unpaired
t-test with Welch’s correction, p<0.05.

Gene p-value Gene p-value
CDC45L* 0.0058 BLM* 0.0209
PCOLCE2 0.0062 CDC6* 0.0238
BRCA1* 0.0083 DCK 0.0244

BRIP1* 0.0101 RAD51* 0.0279

DTL* 0.0113 HIST1H1B* 0.0496

CDC25A* 0.0117 PODXL 0.1062

RAD51AP1* 0.0118 MTHFD2 0.1113
E2F7 0.0124 ADAM12 0.1616
DKK1* 0.0166 PCDH10 0.1679
CDH2 0.0169 HIST1H4B 0.2584
LAMC2 0.0182 AMIGO2 0.3369
CCDC99 0.02 ITGA2 0.3459

(*) genes pertaining to the BRCA1 similarity cluster
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CAPITULO V - Discussdo geral e conclusdes

O presente trabalho consistiv na andlise do perfil de expressdo génica
de culturas de células-fronco mesenquimais (CTM) de polpa de dente
deciduo, extraidas de pacientes acometidos por fissura Idbio-palatina ndo-
sindrémica (FLP NS). Demonstramos que estas culturas celulares apresentam
uma assinatura de expressdo génica que é especifica a doenca. Além disso,
identificamos padroes de desregulacdo franscricional que podem levar ao
acometimento de processos bioldgicos relevantes para o desenvolvimento do

I&bio e palato.

No frabalho descrito no Capitulo lll, identificamos desregulacdo de
genes principalmente associados a remodelagem de matriz extracelular e
transicdo epitélio-mesenquimal (epithelial-mesenchymal transition, EMT), dois
processos bioldgicos extremamente importantes para a morfogénese
orofacial. Para que haja o posicionamento correto das estruturas embriondrias
que formardo o Idbio e palato, € necessdrio um reprocessamento da matriz
extracelular, permitindo a motilidade dessas estruturas. Tal atividade é
caracterizada principalmente pela degradacdo de coldgeno e oufras
moléculas de matriz pela acdo de metaloproteinases (Kerrigan et al., 2000).
Além disso, a EMT, que modula a fusdo das proeminéncias faciais e I&dminas
palatinas, também depende desse mecanismo, uma vez que as células
transdiferenciadas por EMT devem desintegrar a Idmina basal e invadir o
tecido mesenquimal através do meio extracelular (Sun et al., 2000; Nakazawa

et al., 2008; Yu et al., 2009). A observacdo de que, em CTMs de pacientes,
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moléculas de matriz exibem niveis altos de expressdo, enquanto que
metaloproteinases exibem niveis menores, sugere que a desregulacdo desses

componentes pode levar & manifestacdo de FLP durante a embriogénese.

Utilizando novas culturas de CTMs de pacientes e confroles submetidas
a uma condicdo de cultivo diferente (Capitulo 1V), descrevemos um perfil de
expressdo distinfo em relacdo ao obtido no Capitulo lll. Observamos uma
maior quantidade de genes diferencialmente expressos, € uma evidente
desregulacdo de genes envolvidos nos mecanismo de reparo de DNA
associado a proteina BRCAI e checkpoint do ciclo celular. Além disso,
identificamos o fator de transcricdo E2F1 como elemento regulatério
candidato & modulacdo do padrdo de expressdo observado. Esses resultados
indicam que mecanismos relacionados principalmente & proliferacdo e
progressdo do ciclo celular também podem estar comprometidos em
individuos portadores de FLP NS. A desregulacdo desses mecanismos pode
estar relacionada a patogénese da doenca, uma vez que um fino controle de
proliferacdo celular € crucial para o crescimento das estruturas da face do
embrido (Kerrigan et al., 2000; Dhulipala et al., 2006; Meng et al., 2009). Além
disso, dados da literatura apontam que E2F1 exerce um papel funcional
durante a formacdo do palato (Kusek ef al., 2000). A maior ocorréncia de
certos tfipos de cdncer em familias segregando FLP NS também apoia a
hipdtese de desregulacdo de ciclo celular e reparo de DNA no contexto das
fissuras, uma vez que detectamos transcricGdo anormal de muitos genes
associados a formas hereditdrias de cdncer e em uma mesma via de
inferacdo, a exemplo do BRCAT (cé&ncer de mama, ovdario, e prostata), MSH2

(c@ncer colorretal), BLM (sindrome de Bloom), entre outros. Esta € a primeira
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evidéncia do envolvimento de uma rede génica diretamente relacionada &

tumorigénese com a etiologia das FLP NS.

Interessantemente, obtivemos 2 tipos distintos de padrdes de expressdo,
a depender das condicdes de cultivo celular. Sabendo da natureza
multifatorial das FLP NS, esses resultados nos levam a especular que a presenca
ou auséncia de soro fetal bovino pode ser um modificador ambiental
importante, levando & manifestacdo de perfis de expressdo refletindo
desregulacdo de diferentes mecanismos biolégicos. Ainda, com a remoc¢do
de soro, obtivemos resultados semelhantes ao de outros grupos de pesquisa,
que utilizaram agentes teratogénicos (como a fenitoina e a nicotina) em
culturas de fibroblastos de pacientes com FLP NS. Nesses trabalhos, também foi
averiguada uma expressdo anormal de componentes de matriz extracelular,
incluindo alguns coldgenos (Bosi et al., 1998; Marinucci et al., 2009; Baroni et al.,
2010); no entanto, nunca foi se estabeleceu uma relacdo entre os genes
desregulados e a EMT. Sendo assim, € possivel que a retirada de soro
represente um insulto ambiental de efeito semelhante ao descrito por esses
pesquisadores, porém, com o adicional comprometimento da EMT no tipo
celular utilizado no presente trabalho. Finalmente, nossos resultados estdo de
acordo com a hipdtese de que o genoma de individuos portadores de FLP NS
abriga variantes ou mecanismos epigenéticos especificos que respondem
diferentemente ao ambiente, em relacdo a controles. Por outfro lado, estamos
cientes de que para confirmar o efeito ambiental proporcionado pela retirada
de soro, mais estudos serdo necessdrios, sobretudo expondo as mesmas

culturas celulares as diferentes condicdes de cultivo.
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Em conjunto, nossos dados sugerem que culturas celulares de individuos
portadores de FLP NS apresentam desregulacdo de redes génicas
relacionadas & remodelagem de matriz extracelular, fransicdo epitélio-
mesenquimal, e reparo de danos ao DNA e checkpoint do ciclo celular. Tais
funcodes estdo diretamente relacionadas a mecanismos fundamentais para a
correta morfogénese do ldbio e palato. Sendo assim, se anomalias nesses
mecanismos sdo responsdveis pelo fendtipo de fissura, podemos inferir que
padroes de expressdo andmalos em tecidos embriondrios podem ser
fransmitidos a tfecidos adultos. No caso, sabe-se que populacdes celulares
isoladas de polpa de dente sdo formadas por células originadas do tecido
mesenquimal e células da crista neural do embrido (Chai et al., 2000;
Waddington et al., 2009). Esta observacdo indica que as CTM de polpa de
dente deciduo sdo de grande valia para estudar a etiologia das FLP NS, pois
essas células possivelmente refletem erros de sinalizagcdo ocorridos em seus

tecidos de origem.

Em resumo, dado o padrdo de heranca multifatorial das FLP NS, nossos
resultados indicam que o reflexo transcricional gerado por diferentes variantes
genéticas presentes no genoma ou epigenoma de portadores de FLP NS pode
convergir na desregulacdo de mecanismos-chave para a patogénese desta
malformacdo. Estudos futuros serdo direcionados ao esclarecimento de vias
regulatdrias upstream aos padrdes de expressdo observados, bem como a
uma investigacdo mais cautelosa acerca dos mecanismos aqui relatados.
Testes funcionais serdo necessdrios para confirmar o comprometimento das
funcdes celulares identificadas nos experimentos de expressGo génica,

parficularmente em populacdoes celulares sujeitas a insultos ambientais. Os
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dados gerados por nossos estudos serdo importantes para o entendimento

acerca dos complexos mecanismos que orquestram a etiologia das FLP NS.
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