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Resumo

A talidomida € um farmaco que foi sintetizado pela primeira vez em 1954.
Poucos anos ap0s sua sintese ja era amplamente utilizada para uma série de
indicacdes. No inicio da década de 1960, a alta incidéncia de bebés nascidos com
defeitos de reducdo de membros foi correlacionada com o uso de talidomida por
mulheres gravidas. Em torno de 20-50% dos embrifes expostos a talidomida
foram afetados e desenvolveram as malformacdes caracteristicas da embriopatia
por talidomida (TE). Atualmente sabe-se que o background genético dos
individuos tem um papel importante nessa suscetibilidade, entretanto, os fatores
associados a maior suscetibilidade e aqueles relacionados a diferentes fenétipos
dentro da TE n&o sdo totalmente conhecidos. Algumas sindromes genéticas tém
fendtipos muito semelhantes aos visualizados na TE, sendo a TE considerada
uma fenocoOpia destas sindromes. As principais sdo: Sindrome de Roberts,
Sindrome de Duane de raio radial — também chamada Sindrome de Okihiro —, e
Sindrome de Holt-Oram, causadas por mutacdes nos genes ESCO2, SALL4 e
TBX5, respectivamente. A analise das bases moleculares e patogénese de
sindromes genéticas de fendtipo similar a embriopatias causadas por farmacos
(fenocopias) tem ajudado na compreensao de alguns mecanismos teratogénicos.
O objetivo desse trabalho foi investigar a contribuicdo dos trés genes acima
citados na suscetibilidade a TE e seu papel nas diferentes anomalias congénitas e
doencas observadas nos individuos afetados. Os éxons e regifes flanqueadoras
(UTRs e cerca de 50 pb dos introns adjacentes) desses trés genes foram
sequenciados em 29 individuos afetados pela TE e as variantes encontradas
foram avaliadas através de preditores funcionais in silico. Quarenta e uma
variantes foram identificadas, 11 (27%) no gene ESCO2, 14 (34%) no gene
SALL4 e 16 (39%) no gene TBXS5. InsercOes e delegbes estavam presentes
apenas no gene ESCO2. Duas das variantes identificadas, uma em ESCO2 e
uma em TBX5, ndo estavam descritas previamente em bancos de dados
gendmicos. Doze (29%) eram variantes genéticas raras (<0.01). As frequéncias
alélicas e genotipicas das variantes foram determinadas na nossa amostra e

comparadas com dados da populacdo européia do Projeto 1000 Genomas. N&o
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foram identificados alelos ou gendtipos que conferissem risco ou protecdo para a
TE. As frequéncias foram significativamente diferentes entre os dois grupos
apenas para uma variante 3'UTR (rs62498042) do gene ESCO2 (p<0,001),
entretanto, ndo ha relatos na literatura do papel funcional dessa variante ou de
sua associacdo com aumento da susceptibilidade para alguma doenca. A analise
in silico que realizamos sugeriu possivel alteracdo de splicing devido a presenca
dessa variante. Algumas variantes aqui identificadas foram previamente avaliadas
em doencas cardiovasculares e malformacdes cardiacas. NO0s comparamos a
frequéncia dessas variantes em individuos com TE que apresentavam alguma
anomalia cardiaca ou doenca cardiovascular e aqueles que ndo apresentavam
tais condi¢cOes; entretanto, ndo houve associacao entre a presenca das variantes
e risco aumentado para alguma anomalia cardiaca ou doenca cardiovascular.
Andlises in silico foram realizadas a fim de avaliar o potencial de todas as
variantes encontradas para alteracfes funcionais nas proteinas, alteracdes no
splicing e em sitios de ligacdo de fatores de transcricdo e miRNAs. Muitas
variantes foram consideradas como tendo tal potencial, especialmente de afetar o
splicing, entretanto, ndo foi possivel estabelecer o papel dessas variantes no
decaimento do mRNA desses genes, na formacao de isoformas alternativas ou
ainda na diminuicdo da expressdo dos genes. Alguns resultados devem ser
melhor explorados através de ensaios funcionais para determinar o papel das
variantes na atividade das proteinas, no mecanismo molecular de

desenvolvimento de anomalias congénitas e na teratogénese da talidomida.
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Abstract

Thalidomide is a drug that was first synthesized in 1954. Following its
release on to the market, thalidomide was already widely used for a diverse
number of indications. The high incidence of babies being born with limb reduction
defects in early 1960s was related with the use of thalidomide by pregnant women.
Around 20-50% of the embryos exposed to thalidomide were affected and
developed the characteristic malformations of thalidomide embryopathy (TE).
Currently is known that the genetic background of the individuals plays an
important role in this susceptibility; however, the factors associated with higher
susceptibility and those related to different phenotypes are not fully known. Some
phenotypes observed in TE are very similar to characteristics seen in some
genetic syndromes. Because of that, TE is considered a phenocopy of these
syndromes. The main syndromes that TE is phenocopy are: Roberts Syndrome,
Duane Radial Ray Syndrome (also known as Okihiro Syndrome) and Holt-Oram
Syndrome, caused by mutations in ESCO2, SALL4 and TBX5 genes, respectively.
The analysis of the molecular bases of syndromes of similar phenotype to
embryopathy cause by drugs (phenocopies) has helped in the understanding of
teratogenic mechanisms. The aim of this study was to investigate the contribution
of these three genes in TE susceptibility and theirs role in different congenital
anomalies and diseases seen in affected individuals. The exons and flanking
regions (UTRs and 50pb of adjacents introns) of these genes were sequenced by
next generation sequencing in 29 individuals affected by TE and the variants found
were evaluated through bioinformatic tools in silico. Forty-one variants were
identified, 11 (27%) in ESCO2, 14 (34%) in SALL4 and 16 (39%) in TBXS5.
Insertions and deletions were present only in ESCO2 gene. Two of the identified
variants, one in ESCO2 and on in TBX5, were not previously described in genomic
databases. Twelve variants (29%) were rare (<0.01). The allelic and genotypic
frequencies of our sample were determined and compared with data from the
European population of 1000 Genomes Project. No allele or genotype was related
to risk or protection for TE. The frequencies were significantly different between
the two groups for only one 3'UTR variant (rs62498042) found in ESCO2 gene (p
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<0.001). However, there are no reports on literature of the functional role of this
variant or its association with increased susceptibility to some disease. In silico
analyses here performed suggested splicing changes due this variant presence.
Some variants here identified have been previously evaluated in cardiovascular
diseases and cardiac malformations. We compared the frequency of these
variants in individuals with TE that presented some cardiac anomaly or
cardiovascular disease and those that did not present such conditions; however,
there was no association between these variants and increased risk for these
conditions. In silico analyses were performed in order to evaluate the potential of
the variants for functional alterations in proteins, changes in splicing sites,
transcription factors binding sites and miRNA interaction sites. Many variants were
considered to have such potential, especially of splicing changes; however, it was
not possible to establish the role of the variants in decay of these genes mRNA, or
in alternative isoforms formation or in the decrease of these genes expression.
Some variants should be further investigated. Functional analyses would be useful
to investigate the role of the variants in the proteins activities, in the molecular
mechanism of congenital anomalies development and in thalidomide

teratogenesis.
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1. INTRODUCAO

1.1. Histérico da Talidomida

A talidomida foi sintetizada pela primeira vez em 1954, no laboratoério
Chemie Grinenthal, na Alemanha. Testes clinicos indicaram que a talidomida
podia ser utilizada como um agente sedativo, devido ao seu efeito de depressor
do sistema nervoso central (Lenz, 1988; Smithells & Newman, 1992). Testes de
toxicidade foram realizados em roedores e mostraram que o0 medicamento
apresentava baixo risco de intoxicacdo, ndo sendo nem mesmo possivel
determinar a dose letal (DLso) (Shardein, 1993). A talidomida foi lancada no
mercado alemao nos anos de 1956 e 1957 com os nomes comerciais Grippex® e
Contergan® respectivamente, sendo indicada para o tratamento de irritabilidade,
baixa concentracdo, ansiedade, tuberculose, enj6éos, hipertireoidismo, doencas
infecciosas, entre outras indicacfes (Lenz, 1988). Devido ao grande numero de
condi¢des para as quais a talidomida se mostrava eficiente e ao seu baixo risco
de toxicidade, a droga passou a ser vendida no mundo todo. A talidomida foi
vendida como segura e sem a necessidade de prescricdo médica, inclusive para
mulheres gravidas (Lenz, 1988; Saldanha, 1994). No Brasil a comercializa¢éo
teve inicio em marco de 1958, e ao longo dos anos em que foi utilizada possuiu
diversos nomes de marca (Oliveira et al., 1999).

1.1.1. Potencial Teratogénico da Talidomida

A partir de 1959 surgiram relatos de criangas nascidas com malformacdes
de membros na Alemanha (Lenz, 1988), e em 1961, o Dr. Widukind Lenz sugeriu
que essas malformacgdes podiam ser resultado do uso de talidomida durante a
gravidez. Do mesmo modo na Austréalia, o Dr. William McBride relatou o aumento
desses defeitos congénitos, correlacionando-os com o uso da talidomida (Miller &
Stromland, 1999). Foram relatados casos de embriopatia causada pelo uso de
talidomida em cerca de 30 paises (Saldanha, 1994). Em 1960 foram relatados os

primeiros casos de malformagdes relacionadas ao uso de talidomida no Brasil, e
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até 1965 o numero registrado de vitimas foi de aproximadamente 300 individuos
(Lenz, 1988), sendo este numero provavelmente subestimado.

No final de 1961, a comercializagdo da talidomida foi suspensa nha
Alemanha e na Inglaterra, e mais tarde em outros paises (Saldanha, 1994). Em
agosto de 1962 o numero de criancas relatadas com defeitos de membros ja
havia declinado significativamente (Shardein, 1993). No Brasil a talidomida
continuou a ser vendida até 1962, sendo que segundo a Associacdo Brasileira de
Portadores da Sindrome da Talidomida (ABPST) a medicacdo s6 foi de fato
retirada do mercado em 1965 (Lenz, 1988; ABPST, 2017). Acredita-se que entre
10 e 15 mil criangcas em todo o mundo tenham sido afetadas pela teratogénese da
talidomida (Matthews & McCoy, 2003; Vargesson, 2009).

1.1.2. Potencial Terapéutico da Talidomida

Em 1964, o médico israelense Jacob Sheskin receitou talidomida como
sedativo a um paciente com eritema nodoso da hanseniase (ENH), uma
complicacéo inflamatoria da hanseniase, e percebeu, apds alguns dias, sua alta
eficacia para o tratamento desta condi¢cdo (Sheskin, 1965). A descoberta acidental
do potencial terapéutico da talidomida gerou aumento do interesse de seu uso
para outras condi¢Bes inflamatérias, além de instigar estudos de investigacdo de
outras propriedades terapéuticas do farmaco (Oliveira et al., 1999).

A talidomida voltou, a partir de entdo, a ser utilizada em diversos paises ao
redor do mundo, principalmente devido as suas propriedades antiinflamatoria,
imunomoduladora e antiangiogénica (Sampaio et al., 1991; D’Amato et al., 1994).
No Brasil, seu uso foi aprovado pelo Ministério da Saude a partir da segunda
metade da década de 1960 para o tratamento do ENH (Oliveira et al. 1999;
ABPST, 2017). Com a volta da circulacdo do farmaco, mesmo sendo criadas
regulamentacdes para a sua distribuicdo, novos casos de embriopatia por
talidomida vém sendo registrados desde 1969 até os dias atuais (Castilla et al.,
1996; Schuler-Faccini et al., 2007; Vianna et al., 2013).

A talidomida é utilizada atualmente no tratamento de diversas doencas, das

quais destacam-se: doencas dermatoldgicas, cronico-degenerativas, relacionadas



16

a sindrome da imunodeficiéncia adquirida (AIDS) e diversos tipos de cancer
(Miller & Stromland, 1999; Oliveira et al., 1999; Chen et al., 2010). No Brasil, seu
uso € aprovado para o tratamento de ENH, mieloma mdltiplo, doenga do enxerto
versus hospedeiro, reacfes ulcerativas da AIDS e lUpus eritematoso sistémico,
sendo a dispensacdo do medicamento regulada pela Agéncia Nacional de
Vigilancia Sanitaria sob regras rigidas (ANVISA) (RDC n°ll, 22 de marco de
2011).

1.2. Embriopatia por Talidomida

Andlises de dados epidemiolégicos mostraram que o periodo de
sensibilidade a talidomida € entre o 34° e 0 50° dia ap6s a Ultima menstruacéo, ou
de 20 a 36 dias apds a fertilizacdo (Smithells & Newman, 1992; Miller &
Stromland, 1999). Estima-se que pequenas doses de talidomida (100mg) ja séo
capazes de causar defeitos de membros (Penna et al., 1998; Vargesson, 2009).
Cerca de 20 a 50% dos bebés de gestantes que fizeram uso de talidomida
durante o periodo de sensibilidade desenvolveram a embriopatia (Newman,
1986). A mortalidade de bebés nascidos com embriopatia por talidomida é
estimada em 40% antes do primeiro ano, devido principalmente a defeitos
cardiacos e renais (Smitthels & Newman, 1992; Vargesson, 2009).

Dentre as malformacg0es causadas pelo efeito teratogénico da talidomida,
as mais conhecidas sdo as de membros, sendo que estas afetam
aproximadamente 90% dos sobreviventes (Kowalski et al., 2015). Os defeitos sdo
bilaterais, mas ndo necessariamente simétricos e membros opostos sdo afetados
de forma desigual (Newman, 1986; Pergament et al., 1997). Os membros
inferiores e superiores tém alteracbes pré-axiais e intercalares, sendo as
extremidades superiores geralmente acometidas por perda de digitos e as
inferiores por polidactilia e sindactilia (Newman, 1986).

Praticamente todos os 6rgéos do corpo podem ser afetados. Estima-se que
malformacdes em outros 6rgdos ocorrem de forma simultdnea as de membros,
em cerca de 18% dos casos (Vargesson, 2009). Malformacdes de orelha, perda

auditiva, anormalidades oculares e paralisia facial sdo frequentemente
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identificadas (Smithells, 1973; Newman, 1986; Smithells & Newman, 1992).
Hemangioma na linha média da face e labio e/ou palato fendidos sdo mais
relatados em vitimas da talidomida do que na populacdo em geral (Smithells &
Newman, 1992). Dentre as anormalidades de oOrgdos internos, malformacgdes
renais aparecem em cerca de 14% dos casos e malformacOes cardiacas em
cerca de 8%, sendo a ultima a principal causa de morte (Smithells, 1973;
Smithells & Newman, 1992; Miller & Stromland, 1999).

ManifestacOes tardias na TE s&do pouco reladas, uma vez que a maioria
dos individuos é avaliada apenas ao nascimento. Estudos apontam apenas para
uma maior prevaléncia de disturbios psicoldgicos e inicio precoce de doencas

cardiovasculares nesses individuos (Imai et al., 2014; Kowalski et al., 2015).

1.3. Mecanismos de Teratogénese da Talidomida

Ao longo dos ultimos 60 anos, diversos estudos tém investigado possiveis
mecanismos pelos quais a talidomida desempenha sua propriedade teratogénica,
entretanto, suas vias moleculares ainda ndo sdo totalmente entendidas. A
identificacdo de tais mecanismos € extremamente dificil, visto que eles sao
resultado da interacdo entre diversos fatores ambientais e background genético
da mae e do embrido (Cassina et al., 2012).

Cerca de 30 hip6teses com o objetivo de explicar a acdo teratogénica da
talidomida foram geradas entre 1966 e 2003 (Hansen & Harris, 2004). As trés
hipéteses atualmente mais bem aceitas, estudadas a partir de modelos animais
de coelhos, galinhas e zebrafish, postulam que a acao teratogénica da talidomida
€ devido a: (1) ligacdo com a proteina Cereblon (CRBN); (2) formacdo de
espécies reativas de oxigénio (ROS) e estresse oxidativo; e (3) inibicdo da
angiogénese (D’Amato et al., 1994; Parman et al., 1999; Hansen & Harris, 2004
Therapontos et al., 2009; Ito et al., 2010).

Ito et al. (2010) identificaram que a proteina CRBN é alvo de ligacédo da
talidomida e que essa ligacdo impede a formacdo de um complexo de
ubiquitinacdo do qual a proteina faz parte; devido a isso cria-se um desbalanco na

expressdo de genes importantes para o desenvolvimento de membros, como os
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fatores de crescimento de fibroblastos 8 e 10 (FGF8 e FGF10) por exemplo (Ito et
al., 2010). Parman et al. (1999) demonstraram ainda que a talidomida induz
oxidacdo no DNA de embribes de coelhos expostos intra-Utero ao farmaco, e que
essa oxidacdo nao ocorre em embribes de camundongos, 0s quais sdo
resistentes a teratogénese da talidomida. Foi sugerido que essa formacao de
ROS atuaria na teratogénese através da diminuicdo da atividade do fator nuclear
kappa-B (NF-KB) de se ligar ao promotor dos seus genes alvos: FGF8, FGF10,
msh homeobox 1 (MSX1), sonic hedgehog (SHH), entre outros. Estes genes
teriam entdo sua expressao diminuida e isso causaria, além de um disturbio de
regulacdo de outros genes, o comprometimento do desenvolvimento dos
membros (Hansen & Harris, 2013). Estudos demonstraram, além disso, que a
talidomida bloqueia a angiogénese nas cérneas de coelhos e camundongos
através da inibicdo de fatores de crescimento de fibroblastos (FGFs) e fator de
crescimento do endotélio vascular (VEGF) (D’Amato et al., 1994; Kenyon et al.,
1997). Therapontos et al. (2009) demonstraram que 0s membros sao bastante
suscetiveis a acdo da talidomida, pois no periodo da janela teratogénica da
talidomida ha uma rede de vasos sanguineos nessa regido, como alta taxa de

angiogénese (Therapontos et al., 2009).

1.4. Fenocépias da Embriopatia por Talidomida

Goldschmidt (1935) propds o conceito de fenocopia a partir de estudos com
larvas de Drosophila sp., no qual demonstrou que muitos fendtipos visualizados
em mutantes podiam ser produzidos através de exposicdo a agentes exdgenos,
sem modificacdes genéticas, como por exemplo através de tratamento térmico.
Da mesma forma, Buchner (1958) apds produzir, por hipdxia, malformacdes
semelhantes a fendtipos mutantes em algumas espécies de anfibios e aves, e
Rapoport (1939) apos produzir, por exposicdo a produtos quimicos,
anormalidades morfolégicas em Drosophila sp., sugeriram que cada malformacao
genética pode ser copiada por uma causa exogena, sendo essas malformacgdes

consideradas entdo fenocopias (Lenz, 1973).
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Henke et al. (1941) propuseram a distincdo entre verdadeiras fenocopias,
nas quais o agente ambiental afeta a mesma fase de desenvolvimento do gene, e
falsas fenocépias, nas quais apenas o resultado final € idéntico. Um ponto de
vista semelhante ao sugerido por Hadorn (1955) (Lenz, 1973).

Algumas embriopatias e fetopatias provocadas por exposicdo a alguns
farmacos apresentam consideraveis semelhancas com sindromes genéticas, e
por isso, sdo consideradas fenocopias dessas condi¢cbes. A investigacdo das
bases moleculares dessas sindromes tem auxiliado no entendimento dos
mecanismos teratogénicos de alguns farmacos, uma vez que estas sindromes
sdo causadas geralmente por mutaces em genes que codificam proteinas alvo
de teratdgenos ou entdo proteinas que participam das mesmas vias moleculares
(Cassina et al., 2016).

Dentre as malformacgfes que séo visualizadas em individuos que foram
expostos a talidomida, as mais comumente relatadas séo os defeitos de reducao
de membros. Estes defeitos ndo s&o incomuns e sdo originados por diversas
causas. Ainda que em animais sejam um indicador de exposicdo a teratdgenos,
sdo também muito frequentemente observados em sindromes genéticas (Gold et
al., 2011). Existem algumas sindromes de heranca monogénica cujo fendtipo
apresentado se assemelha, em maior ou menor grau, com as malformacfes
caracteristicas da embriopatia por talidomida (Lenz, 1973; Smithells & Newman,
1992; Warren, 1999). Dentre as sindromes mais comumente citadas destacam-se
a Sindrome de Roberts, a Sindrome de Holt-Oram e a Sindrome de Duane de raio

radial (também chamada Sindrome de Okihiro) (Tabela 1).

1.4.1. Sindrome de Roberts

A sindrome de Roberts (RBS) é uma doenga autossémica recessiva rara
com grande variabilidade de expressao, tendo sido nomeada em 1919 por John
B. Roberts a partir de um relato de irméos afetados (Roberts, 1919). Devido aos
defeitos dos membros na RBS serem semelhantes aos observados na
embriopatia por talidomida, a sindrome é também conhecida como sindrome

pseudotalidomida. Herrmann et al. (1969) relataram malformacfes semelhantes,
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mas mais leves, sendo essas referidas como focomelia SC (Herrmann et al.,
1969). Essas duas condi¢cdes passaram a ser consideradas a mesma sindrome,
com variacdo da expressao fenotipica (Van Den Berg & Francke, 1993).

Atualmente ndo héa estimativas precisas de incidéncia da RBS, sendo que
cerca de 150 a 200 casos de pessoas de diversas origens étnicas ja foram
relatados (Vega et al., 2010).

Aspectos clinicos caracteristicos da RBS séo restricdo de crescimento pré
e pos-natal, reducdo simétrica e bilateral dos membros, e anormalidades
craniofaciais (Freeman et al., 1974; Van Den Berg & Francke, 1993). Pessoas
afetadas tém diferentes graus de malformacfes envolvendo reducdo simétrica no
namero de digitos, e encurtamento ou auséncia dos 0ssos dos bracos e pernas.
Entre as malformag8es craniofaciais, microcefalia, hipertelorismo e fissura labio-
palatina sdo mais prevalentes (Van Den Berg & Francke, 1993). A gravidade das
malformacgbes faciais correlaciona-se com a gravidade das malformacdes de
membros (Vega et al., 2010). A maioria dos casos de Sindrome de Roberts
consiste na associagdo de tetrafocomelia com graves malformacdes faciais,
geralmente levando a morte na primeira infancia (Herrmann & Opitz, 1977).

Na RBS os cromossomos apresentam separagao prematura do centrémero
ou repulsdo da heterocromatina perto dos centrdmeros, especialmente nos
cromossomos 1, 9 e 16, nos bragos curtos dos acrocéntricos e no braco longo do
cromossomo Y. A mitose nessas células € anormal em relagdo a duracdo da
metafase e progressdo para anafase, sendo isso associado a aneuploidias
(German, 1979; Tomkins et al., 1979; Van Den Berg & Francke, 1993). A RBS é
considerada uma sindrome de mutacdo mitética que conduz a defeitos de
desenvolvimento secundérios (Jabs et al.,1991).

Vega et al. (2010) estabeleceram critérios clinicos para o diagnostico da
sindrome de Roberts baseados em uma coorte de 49 pacientes, incluindo 18
previamente confirmados com a doenca através de analise genética. Os critérios
clinicos incluem: retardo do crescimento, encurtamento simétrico dos membros,
onde 0os membros superiores eram mais comumente afetados que os membros

inferiores, e caracteristicas faciais como microcefalia (Vega et al., 2010). O
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diagnéstico confirmatério da RBS se baseia em testes de citogenética no sangue
periférico de individuos com achados clinicos sugestivos (GeneReviews, 2017a).

O gene responsavel pela RBS é chamado N-acetiltransferase 2 de
Estabelecimento de Coesdo de Cromatides-Irmas (Establishment of Sister
Chromatid Cohesion N-acetyltransferase 2 - ESCO2). Este gene esta localizado
no cromossomo 8p21.1, possui 11 éxons e abrange 30,3 kb. A proteina codificada
por esse gene € uma acetiltransferase de 601 aminoacidos que possui dois
dominios: um dominio acetiltransferase e um dominio dedo de zinco que se liga a
cromatina. A funcdo dessa proteina é o0 estabelecimento de coesédo entre
cromatides-irmas durante a fase S do ciclo celular ou em caso de reparo de
guebra de DNA dupla-fita (Hou & Zou, 2005; Schiile et al., 2005; Vega et al.,
2005; Vega et al.,, 2010). Gordillo et al. (2008) demonstraram que a perda da
atividade de acetiltransferase da proteina ESCO2 esta associada a patogénese
da RBS (Gordillo et al., 2008).

Atualmente, cerca de 28 mutagbes em ESCO2 foram relatadas associadas
a RBS, sendo a maioria frameshift e nonsense, resultando em uma proteina
truncada ou em um mRNA instavel (Schile et al., 2005; Vega et al., 2005; Resta
et al., 2006; Gordillo et al., 2008; Vega et al., 2010). Schule et al (2005) sugerem
que, dada a quase auséncia de mutacdes missense em ESCO2, estas poderiam
resultar em diferentes fendtipos clinicos ou estar sendo selecionadas
negativamente em heterozigotos (Schile et al., 2005). A correlacdo entre
gendtipo-fendtipo ndo é clara, sendo essa analise prejudicada pelo numero

limitado de pacientes com informacéo clinica disponivel (Vega et al., 2010).

1.4.2. Sindrome de Holt-Oram

A sindrome de Holt-Oram (HOS), também chamada sindrome coragéo-
mao, é uma sindrome autossdmica dominante rara, descrita formalmente pela
primeira vez por Mary Holt e Samuel Oram em 1960. Eles verificaram, a partir da
analise de uma familia de quatro geragbes, a presenca de polegar com trés

falanges como lesdo esquelética predominante, e defeitos de septo-atrial
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representando defeitos cardiacos (Holt & Oram, 1960; Temtamy & McKusick,
1978).

A HOS é caracterizada por alta penetrancia e expressividade variavel de
malformac¢des multiplas, incluindo anormalidades nos membros superiores,
defeitos cardiacos congénitos e/ou anormalidades de conducéo cardiaca (Holt &
Oram, 1960). Existe alta variabilidade intra e interfamilial de apresentacéo clinica
da HOS (Newbury-Ecob et al., 1996).

A anomalia de membros superiores sempre é presente, podendo ser
bilateral, simétrica ou assimétrica, ou unilateral, envolvendo estruturas de raio
radial, como o0s o0ssos da regido tenar, carpo e radio. A auséncia,
desenvolvimento incompleto ou anormal, e ainda a fusdo desses trés 0ssos
produzem uma ampla gama de fendtipos. Anomalias cardiacas, presentes em
75% dos individuos com HOS, incluem defeitos Unicos, multiplos ou mesmo
auséncia dos septos ventricular e atrial, além da ocorréncia de arritmia cardiaca e
vasos periféricos hipoplasicos (Holt & Oram, 1960; Holmes, 1965; Smith et al.,
1979; Basson et al., 1994). A correlacéo entre a gravidade de defeitos cardiacos e
de membros néo foi estabelecida (Barisic et al., 2014).

O locus do gene associado a HOS foi mapeado no cromossomo 12g24.1 e
mutaces nesse gene, chamado Fator de transcricdo T-box 5 (T-box transcription
factor 5 - TBX5), foram identificadas como causadoras da HOS (Basson et al.,
1997; Li et al., 1997). O gene TBX5 possui 9 éxons e abrange 54,5 kb. A proteina
resultante possui 518 aminoacidos e € membro da familia de fatores de
transcricdo T-box. TBX5 desempenha um papel importante no desenvolvimento
do coragcdo e membros superiores durante a embriogénese (Gibson-Brown et al.,
1996; Basson et al., 1997; Li et al., 1997; Basson et al.,1999; Rodriguez-Esteban
et al., 1999; Koshiba-Takeuchi et al., 1999, Rallis et al., 2003).

Mutacdes em heterozigose em TBX5 afetam a funcdo de sua proteina e
sdo associadas a HOS (Basson et al, 1997; Li et al., 1997). A maioria das
mutacdes patogénicas até agora descritas estao localizadas dentro do dominio T-
box de ligacdo ao DNA, o qual é altamente conservado nos diferentes genes da
familia (Cross et al., 2000; Ghosh et al., 2001). J& foram relatadas mutacfes

nonsense, missense, delecdes, insercdes e rearranjos neste gene (Li et al., 1997,
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Basson et al, 1997; Fan et al., 2003). A maioria dessas mutacfes resulta em
proteinas truncadas e haploinsuficiéncia (Basson et al, 1997). Algumas acarretam
em defeitos na ligacdo da proteina com o DNA, defeitos na ativacdo da
transcricdo mediada por TBX5, redugdo da interacdo da proteina com outros co-
fatores e alteracdo de sua localizacdo nuclear (Basson et al, 1999; Fan et al.,
2003). Nao ha correlacao entre o tipo de mutacdo em TBX5 ou o local da mutacéo
no dominio T-box e a expressividade da HOS (Brassington et al., 2003). Algumas
variacdes podem resultar em ganho de funcéo causando um fenétipo semelhante.
Uma vez que a baixa ou a alta concentracdo da proteina produz o mesmo
fendtipo, a funcdo de TBX5 é considerada sensivel a dosagem (Postma et al.,
2008).

O diagnéstico da HOS é feito com base em achados clinicos consistentes e
teste genético. Achados clinicos sugestivos sdo: malformacdes de membros
superiores envolvendo o carpo, sendo essa caracteristica presente em todos o0s
individuos com HOS e podendo ser a Unica evidéncia da doenca; malformacéo
cardiaca, em especial envolvendo septo; defeitos de conducdo cardiaca; e
historia familiar (Poznanski et al., 1970; Basson et al., 1994). A testagem genética
avalia, primeiramente, a presenca de variante patogénica em heterozigose no
gene TBX5, sendo que a presenca de tais variantes em individuos que cumprem
critérios diagndsticos rigorosos de HOS chega a 74% dos casos (McDermott et
al., 2005).

A prevaléncia de HOS é estimada em 0,95 a cada 100.000 nascimentos,
com base em um estudo epidemiolégico realizado na Hungria (Elek et al., 1991).
A prevaléncia média de HOS baseada em registros europeus é de 0,7 a cada
100.000 nascimentos (Barisic et al., 2014). A maioria dos relatos clinicos refere-se
a nascidos vivos, criangas ou adultos, enquanto ha pouca informacdo sobre
mortes fetais, interrupces de gravidez apos a detecgcdo pré-natal de anomalias

graves e de pacientes diagnosticados no periodo neonatal (Barisic et al., 2014).

1.4.3. Sindrome de Duane de Raio Radial — Sindrome de Okihiro
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A sindrome de Duane, descrita por Duane em 1905, é uma anomalia
congénita de motilidade ocular, consistindo em limitacdo da abducdo ocular
associada com retragéo do globo ocular e estreitamento da fissura palpebral em
aducdo. Um dos primeiros relatos da sindrome de Duane ocorrendo juntamente
com malformacfes radiais de membros superiores € o de Ferrell et al. (1966).
Outras familias foram relatadas por Temtamy et al. (1975) e Okihiro et al. (1977).
Temtamy & McKusick (1978) chamaram esse conjunto de anomalias de sindrome
de Duane de raio radial (DRRS). O termo sindrome de Okihiro foi usado pela
primeira vez por Hayes et al. (1985).

A DRRS é uma doenca autossémica dominante, cuja penetrancia € de
aproximadamente 95%, podendo ser menor dependendo da variante patogénica
presente (GeneReviews, 2017b). Caracteriza-se por anomalias unilaterais ou
bilaterais de Duane e malformacdes de raio radial, podendo incluir hipoplasia de
0ssos da regido ténar, hipoplasia ou aplasia dos polegares, polegares
trifalangeais ou duplicacéo do polegar (polidactilia preaxial), hipoplasia ou aplasia
dos radios e ainda encurtamento e desvio radial dos antebracos. Podem ser
visualizadas ainda anormalidades na comunicagdo interatrial, estenose anal,
anormalidades renais, perturbacdo pigmentar, deficiéncia auditiva, malformacdes
de orelha externa e assimetria facial. A variabilidade intrafamiliar é significativa
(Ferrell et al., 1966; Okihiro et al., 1977; Temtamy & McKusick, 1978; MacDermot
& Winter, 1987).

O gene Fator de Transcricdo Spalt 4 (Spalt Like Transcription Factor 4 -
SALL4), da familia de genes SPALT (SAL) que codificam fatores de transcricao
dedos de zinco, € o Unico que tem sido associado & DRRS (Al-Baradie et al.,
2002; Kohlhase et al., 2002). Ele esta localizado no cromossomo 20¢13.13-q13.2,
possui 4 éxons e abrange 18,4 kb. A proteina codificada por este gene possui trés
dominios dedos de zinco duplos, um dominio dedo de zinco Unico proximo a
extremidade C-terminal e outro dominio Unico proximo a extremidade N-terminal,
esse ultimo tipico dessa familia de proteinas em vertebrados (Kohlhase et al.,
1996). Estudos em modelos animais demonstraram que a proteina SALL4 tem um
importante papel, correlacionando-se com TBX5 e outras proteinas, no

desenvolvimento de membros e coracao (Neff et al., 2005; Harvey & Logan, 2006;
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Koshiba-Takeuchi et al., 2006; Neff et al., 2011). Além disso, SALL4 também
desempenha atividade de manutencdo das propriedades pluripotentes e auto-
renovaveis de células-tronco embrionéarias e adultas (Xiong, 2014).

Algumas variantes encontradas na sequéncia do gene SALL4, sé&o
associadas a DRRS. Mutacbes em homozigose ndo foram relatadas em
humanos, possivelmente porque isso resultaria em letalidade embrionaria
precoce. Todas as mutacdes relatadas sao heterozigotas e estao localizadas nos
éxons 2 e 3. Em relagdo ao tipo, as mutacbes sdo geralmente nonsense,
duplicacbes curtas ou delecdes, e levam a haploinsuficiéncia da proteina
funcional (Al-Baradie et al., 2002; Kohlhase et al., 2002; Borozdin et al., 2004;
Kohlhase et al., 2005; Borozdin et al.,, 2007). Foram relatados dois casos de
mutacdes missense em torno da regido codificadora para o cluster de dominios
dedos de zinco (Miertus et al, 2006; Diehl et al., 2015).

O diagnéstico da DRRS baseia-se em achados fenotipicos sugestivos,
referentes a anomalia de Duane e malformacdes de raio radial, e testagem
genética, onde a sequéncia do gene SALL4 é avaliada em busca de variantes
patogénicas (GeneReviews, 2017b).

A prevaléncia da DRRS é desconhecida, em parte porque em muitos
paises os disturbios relacionados a SALL4 ndo tém sido bem diferenciados da
sindrome de Holt-Oram (GeneReviews, 2017b). Entretanto, Kohlhase (2009)
estima, com base em referéncias de testagem genética de SALL4 na Alemanha
entre 2002 e 2007, que é pouco provavel gue a DRRS ocorra com uma frequéncia

superior a 1 a cada 200.000 nascimentos (Kohlhase, 2009).
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1.5. Interacdes de ESCO2, TBX5 e SALL4 com atalidomida

Monnich et al. (2011), a partir de um modelo de RBS em zebrafish,
demonstraram que, apesar de ESCO2 néo atuar diretamente no desenvolvimento
de membros, a auséncia da atividade dessa proteina esta associada a defeitos de
membros devido a falhas na proliferacdo e altos niveis de morte celular. Além
disso, estudos tém demonstrado que ESCO2 tem papel regulatorio na expressao
de outros genes (Kim et al., 2008; Leem et al., 2011; Banerji et al., 2016), sendo
possivel considerar entdo que a auséncia, o comprometimento ou o erréneo
desempenho dessa atividade regulatéria também poderiam levar ao fendtipo
visualizado na RBS.

Uma das hip6teses mais bem aceitas atualmente sobre os mecanismos
moleculares que levam a teratogénese da talidomida € a hipotese de ligacdo da
talidomida a proteina CRBN. Ito et al. (2010) sugerem que a auséncia da
formacéo do complexo culina RING E3 ubiquitina-ligase - do qual CRBN faz parte
- devido a ligacdo da talidomida, e a falta da atividade de ubiquitinacdo desse
complexo, aumentariam substratos ndo ubiquitinados e isso causaria um
desbalanco na expressdo de alguns genes (Ito et al., 2010). Kim et al. (2011)
demonstraram que ESCO2 é substrato de um complexo culina RING ubiquitina-
ligase. Entretanto, ndo se sabe ainda qual complexo especificamente atua sobre a
proteina, sendo possivel, dessa forma, que o complexo previamente citado como
afetado pela talidomida seja o que atue em ESCO2 (Kim et al., 2011).

TBX5 e SALL4 sdo duas proteinas que atuam no desenvolvimento de
membros e também no desenvolvimento do coracdo (Li et al., 1997; Basson et
al.,1999; Koshiba-Takeuchi et al., 1999; Rodriguez-Esteban et al., 1999; Rallis et
al., 2003; Sakaki-Yumoto et al., 2006; Neff et al., 2011). TBX5 tem papel essencial
na iniciagao, especificacédo de identidade e crescimento dos membros superiores.
Estudos em modelos animais demonstram que TBX5 regula a expressédo de
SALL4, e as duas proteinas interagem para regular o desenvolvimento dos
membros e do coracgdo (Harvey & Logan, 2006; Koshiba-Takeuchi et al., 2006).

Knobloch e Ruther (2008) demonstraram o envolvimento dos fatores de

transcricio TBX5 e SALL4 na teratogénese da talidomida. A partir de
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experimentos com embrides de galinha e fibroblastos embrionarios humanos,
observou-se que a talidomida reduz a transcricdo dessas proteinas, sendo
proposto que o stress oxidativo produzido pela talidomida afetaria sua expresséo
(Knobloch & Ruther, 2008).
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2. JUSTIFICATIVA

A talidomida é um farmaco utilizado atualmente em todo o mundo para uma
série de indicacdes, dentre as quais doencas dermatoldgicas, cronico-
degenerativas, diversos tipos de cancer, entre outras. Entretanto, 0s mecanismos
de acdo da sua propriedade teratogénica, conhecida ha mais de 60 anos, ainda
nao sdo completamente entendidos.

A exposicdo a talidomida durante a gravidez acarreta no nascimento de
bebés com malformacdes em 20-50% dos casos. Sendo assim, uma grande
parcela de embrides expostos ndo desenvolve fendtipo anormal. Estudos
sugerem que alguns polimorfismos podem levar a suscetibilidade diferente em
relacdo ao dano induzido por um teratdgeno (Cassina et al., 2012). Com base
nisso, torna-se evidente a necessidade de se buscar variantes genéticas que
possam estar associadas a prote¢cdo ou aumento da suscetibilidade de certos
individuos a teratogénese da talidomida.

Os defeitos de reducdo de membros, as principais malformacgdes
associadas a exposicao talidomida, além de outras visualizadas na embriopatia
por talidomida, sdo presentes também em individuos portadores de algumas
sindromes genéticas, como a Sindrome de Roberts, de Holt-Oram e de Duane de
raio radial (Sindrome de Okihiro). A analise das bases moleculares de sindromes
genéticas das quais embriopatias produzidas por teratdgenos sao fenocopias tém
se mostrado util no entendimento dos mecanismos teratogénicos de outros
farmacos (Cassina et al., 2016).

Dessa forma, a analise de genes importantes para o desenvolvimento do
embrido, os quais sdo expressos durante a janela teratogénica da talidomida, por
ela podem ser de alguma forma afetados e quando mutados sdo associados a
fendtipos semelhantes aos observados na TE, pode auxiliar no entendimento do
mecanismo teratogénico deste farmaco, bem como na compreensdo da
suscetibilidade diferencial no desenvolvimento das malformacdes e doencas

observadas nos individuos afetados.



CAPITULO Il

32

OBJETIVOS



33

3. OBJETIVOS

3.1. Objetivo Geral

Avaliar o papel de variantes genéticas em genes associados a sindromes
genéticas de fenodtipo semelhante a embriopatia por talidomida em individuos com

embriopatia por talidomida.

3.2. Objetivos Especificos

e Investigar a presenca de variantes genéticas (SNPs, delecfes e insercoes)
nas sequéncias dos genes ESCO2, TBX5 e SALL4 em individuos com

diagnéstico de embriopatia por talidomida;

o Estimar a frequéncia dessas variantes nesses individuos;

e Analisar o impacto das variantes identificadas nas proteinas através de

preditores funcionais in silico;

e Tentar interpretar, a partir dos resultados encontrados, um possivel papel
destes genes e suas variantes na suscetibilidade genética para o

desenvolvimento da embriopatia por talidomida;

e Avaliar um possivel papel destes genes e suas variantes nas diferentes
anomalias congénitas e doencas observadas nos individuos afetados com

embriopatia por talidomida.
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Abstract

Thalidomide is a drug largely used to treat several conditions; however, it causes
thalidomide embryopathy (TE) in 20-50% of embryos exposed during pregnancy.
Given the similarity of phenotypic characteristics, embryopathies caused by drugs
exposure can present as phenocopies of genetic syndromes. The analysis of the
molecular bases of these syndromes has helped in the understanding of some
teratogenic mechanisms. In this study we sequenced coding exons, flanking
introns, and untranslated regions of three genes associated with syndromes which
TE is phenocopy - ESCO2 gene (Roberts syndrome), SALL4 gene (Duane radial
ray syndrome/Okihiro syndrome) and TBX5 gene (Holt-Oram syndrome) — in 29
individuals with TE, and performed in silico analyses of the variants found. The
investigation of genetic variations with a slight impact on the expression or function
of these genes could help to understand the genetic susceptibility to TE and to
anomalies or diseases seen in affected individuals. Forty-one variants were
identified, 11 (27%) in ESCO2, 14 (34%) in SALL4 and 16 (39%) in TBX5 genes.
Two of them have not been previously described in genomic databases. Twelve
(29%) were rare genetic variants. We compared the frequencies of our sample
with data from the European population of 1000 Genomes Project. Allelic and
genotypic frequencies were significantly different between the two groups only in
one 3'UTR variant (rs62498042) of ESCO2 gene (p<0.001); however, there are no
reports in literature of its functional role or association with increased susceptibility
to any disease. Our in silico analysis suggested that splicing can be affected due
this variant presence. Some variants here identified were previously associated
with cardiovascular diseases or cardiac malformations. In this sample, there was
no association between these variants and an increased risk for these conditions.
In silico analyzes were performed to evaluate the potential of these variants for
functional alterations in the protein or for changes in splicing sites and transcription
factors and miRNAs binding sites. Many variants were considered to have such
potential, however, it was not possible to correlate them with decay of mRNA,
alternative isoforms or decrease of these genes expression. In this way,
experimental assays and validation of these variants are needed in order to
establish their actual role in the protein activities.

Key words: Duane radial ray syndrome, Holt-Oram syndrome, Okihiro syndrome,
Phenocopy, Roberts syndrome, Susceptibility, Thalidomide embryopathy
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1. Introduction

Thalidomide is a drug used worldwide for several diseases - dermatological,
chronic-degenerative, AlIDS-related and cancers (Miller and Stréomland, 1999;
Oliveira et al., 1999; Chen et al, 2010) - due to its anti-inflammatory,
immunomodulatory and antiangiogenic properties (Sampaio et al., 1991; D’Amato
et al.,, 1994). However, the mechanisms of its teratogenicity are not yet fully
elucidated.

It is known that 20-50% of the embryos exposed to thalidomide are affected
and develop the characteristic malformations of thalidomide embryopathy (TE).
Thus, a large number of exposed embryos did not develop an abnormal
phenotype in the 1960’s (Newman, 1986). The individual genetic background
plays an important role in this susceptibility and it is suggested that some
polymorphisms may lead to differential susceptibility to teratogen-induced damage
(Cassina et al., 2012).

Phenocopies are phenotypes from conditions caused by non-genetic agents
(i.e. environmental agents, chemicals, drugs, among others) that resemble those
phenotypes caused by mutations (Lenz, 1973). Some embryopathies caused by
exposure to drugs are phenocopies of genetic syndromes. The analysis of the
molecular bases of some syndromes has been shown efficient in the
understanding of teratogenic mechanisms. These phenocopies are usually caused
by mutations associated with genes which encoding proteins that are teratogen
targets or that participate of same molecular pathways (Cassina et al., 2017).

Due to phenotypic similarity, including limbs, craniofacial and cardiac
anomalies, TE can be considered a phenocopy of three genetic syndromes:
Roberts syndrome, Holt-Oram syndrome and Duane radial ray syndrome (Okihiro
syndrome). Roberts syndrome (RBS; OMIM #268300), also called
Pseudothalidomide syndrome, is a rare autosomal recessive disease caused by
mutations in ESCO2 gene. ESCO2 protein is an acetiltransferase responsible for
cohesion of sister chromatids during the cell division (Schule et al., 2005; Vega et
al., 2005). The Holt-Oram syndrome (HOS; OMIM #142900) and Duane radial ray
syndrome (DRRS; OMIM #607323) are both autosomal dominant conditions that

are caused by mutations in TBX5 and SALL4 genes, respectively. These two
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genes encode transcription factors that interact and act on limbs and heart
development (Li et al.,, 1997; Al-Baradie et al., 2002; Harvey and Logan, 2006;
Koshiba-Takeuchi et al., 2006).

Since individual genetic variability is suggested as important for thalidomide
teratogenesis susceptibility, and given the phenotypic similarity between
individuals with variations in the three genes cited and those individuals with TE,
the investigation of genetic variants of slight impact in these genes seems to be
promising and quite relevant, both to the TE susceptibility as to phenotypic
variability in affected individuals. Thus, in order to evaluate the role of ESCO2,
TBX5 and SALL4 genes in thalidomide teratogenesis, here we sequenced these

three genes in individuals with TE and evaluated the variants found.

2. Materials and Methods

2.1. Ethical Aspects
This study was approved by the Research Ethics Committee of the Clinics
Hospital of Porto Alegre (number 10-0244). The methods were carried out in

accordance with the approved guidelines.

2.2. Sample

Twenty-nine subjects affected by TE were included in this study. The
subjects were recruited through the Brazilian Association of People Affected by
Thalidomide Syndrome (ABPST) and signed the informed consent. All were
previously examined by experts in TE and differential diagnosis. Gender, age and
date and place of birth were also collected from subjects. Some of the individuals
here included were previously evaluated as congenital anomalies in order to
confirm the compatible phenotype of TE (Kowalski et al., 2015). Telephone calls
were used to evaluate the other individuals, given the distance of their residences
from ABPST and difficulty to a follow up in person.

For comparison purposes, we use as reference group the European

population (503 individuals) from 1000 Genomes Project.
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2.3. Molecular Analysis

Saliva was collected through Oragene-DNA OG-500 (DNA Genotek®) and
DNA was obtained according to the manufacturer’s instructions.

A gene panel including ESCO2, TBX5 and SALL4 genes was designed
through lon Ampliseq™ Designer tool (Thermo Fisher Scientific, USA) covering
the coding region and 50bp of adjacent introns of each gene. The targeted gene
sequencing was conducted by semiconductor chip lon Torrent™ technology
(Thermo Fisher Scientific, USA) through lon Personal Genome Machine™
(PGM™) sequencer (Thermo Fisher Scientific, USA) at Clinics Hospital of Porto
Alegre. The sequences obtained were analyzed through lon Reporter v.5.2
(Thermo Fisher Scientific, USA).

2.4. In silico analyses

In silico analyses of the variants found through the sequencing were
performed with the following bioinformatics tools: (1) Sorting Intolerant From
Tolerant (SIFT) (J. Craig Venter Institute, USA) that compiles a dataset of
functionally related protein sequences and uses a sequence homology-based
approach to classify aminoacid substitution (Kumar et al.,, 2009); (2)
Polymorphism Phenotyping v.2 (PolyPhen-2) (Harvard Medical School, USA) that
uses sequence-based and structure-based predictive features to predicts the
impact of aminoacid changes in a human protein (Adzhubei et al., 2010); (3)
Mutation Assessor (Memorial Sloan-Kettering Cancer Center, USA) that evaluates
the functional impact of amino acid changes through multiple sequence alignment,
basing on the evolutionary conservation of aminoacid residues in a protein family
(Reva et al.,, 2017); (4) Functional Single Nucleotide Polymorphism (F-SNP)
(Queen’s University, Canada) that compiles functional information about SNPs
from 16 bioinformatics tools and databases, and predicts both functional effects in
protein as disruption of regions known to be splice sites and transcriptional
regulation sites (Lee and Shatkay, 2008); (5) Mutation Taster (California Institute
of Technology, USA) that evaluates the difference between the physico-chemical
characteristics of original versus new amino acids to predict functional effects, and

at looking to donor and acceptor splice sequences predicts possible splicing
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changes (Mutation Taster, 2017); (6) Human Splicing Finder (HSF) v.3 (Inserm,
France) that evaluates donor and acceptor splice sequences, branchpoint
sequence and auxiliary sequences - such as exonic and intronic splicing
enhancers and exonic and intronic splicing silencers -, to predict possible splice
changes (Desmet et al., 2009); and (7) miRBase (Manchester, United Kingdom)
that predicts possible gains or losses of microRNAs (miRNAS) interactions by
sequence complementarity (Griffiths-Jones et al., 2006).

All  the analyses were performed in reference transcripts:
ENST00000305188 to ESCO2 gene, ENST00000310346 to TBX5 gene and
ENST00000217086 to SALL4 gene. Human default parameter settings were used

in all analyses.

2.5. Statistical Analysis

Hardy-Weinberg Equilibrium test was carried out for all polymorphisms.
Allelic and genotypic frequencies of all variants identified were compared between
TE and reference groups by Fisher's Exact Test using SPSS® v.18 (SPSS, I1BM,
USA) software. The same test was used to compared the frequencies of rare
variants between individuals of TE group with different types of congenital
anomalies or diseases and those individuals without the same conditions
(anomalies and diseases observed in the TE group are described in Table 1).
Besides that, it was also used to compare the frequencies of variants previously
evaluated in cardiac pathologies between individuals of TE group with some
cardiac anomalies and/or cardiovascular diseases and those without such
conditions. A two-tailed p-value <0.05 was considered significant.

Linkage disequilibrium between variants was estimated using the Haploview
program v.4.2 (IBM, USA), and the haplotypes were obtained with Bayesian
algorithm in the PHASE v.2.1.1 tool (University of Chicago, USA).

3. Results

Twenty-nine Brazilian individuals with TE were included in our study. The
characterization of these individuals, regarding congenital anomalies and late

outset diseases are described in Table 1.
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Using a targeted sequencing approach, we sequenced exons, flanking
introns, and untranslated regions of ESCO2, TBX5 and SALL4 genes. The
average depth of coverage for the variants found was 491.5x. A coverage higher
than 20x was obtained in 97.73% of the bases sequenced, with 92.44% of the
bases having a coverage higher than 100x. Table 2 and Figure 1 summarize all
the variants found and the position of each variant, respectively.

The distribution of the variants was in accordance with the Hardy-Weinberg
equilibrium, except for rs1824449, rs533417099, rs144484866 and rs62498042 of
ESCO2 gene. We have not observed differences in the allelic and genotypic
frequencies of the variants between TE and reference group (Table 3), with
exception of the variant rs62498042 in ESCO2 gene (presented below). In
addition, to rare variants (frequency <0.01) also were not observed differences
between the frequencies in individuals with different types of congenital anomalies
or diseases and those without the same conditions, both of TE group (data not
shown).

Variants present in the same gene had their linkage disequilibrium
evaluated and demonstrated an unequal segregation between them (D’>0.9 and
LOD>2) (Supplementary Table 1). The haplotypes was inferred (Supplementary
Table 2) and the analyses did not demonstrate an association between the most
prevalent haplotypes in ESCO2, SALL4 and TBX5 genes and some anomaly or
disease (data not shown).

ESCO2 gene

A total of 11 variants were found in ESCO2 gene. The mean of variants per
individual was 4 variants. Four variants were rare (rs182074852, rs1824449,
rs533417099 and rs114667641) and one variant (c.*78_*82insAATAA) had not
been reported in genomic databases (Table 2, 3 and 4).

When compared to the reference group, the frequency of the GG genotype
of rs62498042, located in 3'UTR, was higher in TE group (p<0.001) and the GA
genotypes of the same variant was lower (p<0.001). There are no reports in the

literature of this variant functional role or its association with increased
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susceptibility to any disease. In silico analysis with Mutation Taster tool suggests
splicing affected due this variant presence.

Regarding the other results from in silico analyses (Table 4), Mutation
Taster, which evaluated possible gain and loss of donor and acceptor sites and/or
increase or decrease of these sequences functions, considered more variants in
this gene affecting splicing comparing to HSF tool, which evaluated possible gain
or loss of donor and acceptor sites, branchpoint and auxiliary sequences sites. At
looking at the gene sequence, none of the variants seems to be located in
sequences responsible for alternative splicing that generates the isoforms 1 or 2 of
the ESCO2 protein. The rs533417099 in the 3'UTR was predicted to affect the
possible binding of two miRNAs: hsa-miR-606 and hsa-miR-3149.

SALL4 gene

We identified 14 variants in SALL4 gene; the mean of variants per individual
was 4 variants. Three variants were rare (rs6013281, rs140110863 and
rs150300174) (Table 2, 3 and 4).

Regarding the results from in silico analyses (Table 4), twelve variants were
considered with potential to affect splicing sites by Mutation Taster, HSF and/or F-
SNP, which aggregated the evaluation of 4 other splicing prediction tools
(ESEfinder, ESRSearch, PESX, RESCUE_ESE) to makes these suggestions. At
looking at the gene sequence, none of all these variants appear to be located in
the regions responsible for alternative splicing that generates the isoforms 1 or 2
of the SALL4 protein. The rs150300174 in the 3'UTR was predicted to affect the
possible binding of three mIRNAs on SALL4 mRNA: hsa-miR-5095, hsa-miR-1254
and hsa-miR-5689.

TBX5 gene

We identified 16 variants in TBX5 gene; the mean of variants per individual
was 5 variants. Five variants were rare (rs186960328, rs571924700, rs78344365,
rs147405081 and rs12426660) and one (c.420G>A) had not been reported in
genomic databases (Table 2, 3 and 4). One rare variant (rs147405081) has been

previously associated with a cardiac malformation (bicuspid aortic valve)
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(Bonachea et al., 2014). This variant was also considered here as deleterious by
PolyPhen and Mutation Taster and as possibly affecting splicing by HSF and
Mutation Taster. In TE sample, two individuals had this variant; one of them
presents angina.

Regarding the other results from in silico analyses (Table 4), the
synonymous variant ¢.420G>A was considered deleterious by Mutation Taster.
This variant is not located in a protein domain and not appears to be located in
sequences responsible for alternative splicing of isoforms 1, 2 and 3 of TBX5
protein. One intronic variant (rs185924249) was also considered deleterious by
Mutation Taster. This variant also not appears to be located in sequences
responsible for TBX5 isoforms and there are no reports in literature relating it with
any abnormal phenotype or pathology. A total of 14 variants were considered by
Mutation Taster and F-SNP with potential to change splicing, and as the others,
none appear to be in sequences that generate the TBX5 isoforms. The
rs12426660, located in the 3'UTR, was predicted to affect the interaction of hsa-
mMiR-6748-3p, hsa-miR-300, hsa-miR-1185-2-3p and hsa-miR-1185-1-3p miRNAs
on TBX5 mRNA. Besides this, rs883079 also was pointed out to possibly affect the
interaction of hsa-miR-492 miRNA.

4. Discussion

Over the almost past 60 years, studies have attempt to explain the
mechanisms by which thalidomide plays its teratogenic action, however, the
complete understanding has not been yet obtained. Our group has studied the
genetic susceptibility to TE by analyzing genetic variation of Cereblon gene and
angiogenesis-related genes (Vianna et al., 2013a; Kowalski et al., 2016; Vianna et
al., 2016; Kowalski et al., 2017). In this study, we investigated a new hypothesis to
better understand the thalidomide teratogenesis. We sequenced exons, flanking
introns, and untranslated regions of ESCO2, TBX5 and SALL4 genes -
responsible by syndromes which TE is phenocopy - and evaluated the variants
found as their possible roles in increased susceptibility to TE and to different

anomalies and diseases seen in affected individuals.


http://www.mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0022713
http://www.mirbase.org/cgi-bin/mirna_entry.pl?acc=MIMAT0022838
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Forty-one variants were identified in a sample of 29 individuals with TE.
Each individual presented, in mean, 13 variants. Twelve (29%) of all variants
found were rare variants. Some studies have shown that the evaluation of rare
genetic variants may help in the understanding of the susceptibility to some
diseases (Geschwind and Flint, 2015; Kang et al., 2016; Lee et al.; 2016).
However, none of the rare variants found in the genes here investigated were
associated with increased susceptibility to any specific anomaly or disease.

Comparing the frequencies of variants found in TBX5 and SALL4 genes
between our sample and the European population, we did not find significant
differences that could suggest their role in increased risk to TE development. Eight
variants found in SALL4 gene had their role evaluated in Okihiro syndrome
(DRRS) and/or ventricular septal defects by other studies: the rare synonymous
variant rs6013281, the synonymous rs61737139, rs13038893, rs6021437,
rs13043248 and rs17802735, and the missense rs6126344 and rs6091375. All
these variants were considered benign, not associated with these conditions
(Kohlhase et al., 2005; Wang et al., 2009). The rs883079, located in the 3'UTR of
TBX5 gene, has been associated to ventricular depolarization (Holm et al, 2010;
Sotoodehnia et al., 2010; Pazoki et al., 2013). The rare missense variant
rs147405081, also in TBX5, has been previously associated with bicuspid aortic
valve (Bonachea et al., 2014). It is estimated the frequency of 8% of individuals
with cardiac abnormalities among those affected by TE (Miller and Stroland,
1999). In our TE group, although some carriers of these variants have arrhythmia,
extrasystole, angina or history of heart attack, there was no association between
the presence of these variants and increased risk for any cardiovascular disease
and cardiac anomaly.

In ESCO2 gene, one variant located in a non-coding region had a
differentiated frequency between TE and reference groups: rs62498042. The
importance of non-coding variants in increasing susceptibility to diseases has
been reported in several studies, since these variants can act in transcription,
splicing and translation processes (Knight, 2005; Deplancke et al., 2016; Khurana
et al., 2016). In our study, however, it was not possible to find an association

between the presence of this variant with increased susceptibility to TE. The
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variant rs4732748 of this gene was previously reported as benign, including in
people with RBS (ClinvVar and GeneReviews). For the other variants, there are no
reports of association or functional role in phenotypes or diseases. In our study
was also not possible make correlation of them and TE or adverse phenotypes.

Most of changes predicted by the bioinformatics tools were in splicing. The
analyses indicated missense variants as tolerated, except one in TBX5. This
variant was previously report as associated with bicuspid aortic valve, however,
the subjects who carrier it in TE sample did not present such cardiac malformation.

The bioinformatics tools here used have different approaches to predict the
functional effects of the variants; they evaluate different characteristics such as:
physico-chemical characteristics of aminoacids, sequence homology, evolutionary
conservation of aminoacid in protein families, protein structure, etc. To predict the
effect of the variants on splicing, some tools also have different approaches: while
a tool considered only changes in donor and acceptor splice sequence, others
evaluated changes in theses sequences and in branchpoint sequence, exonic and
intronic splicing enhancers and exonic and intronic splicing silencers. Given these
different approaches, there were cases of discordant predictions among the
bioinformatics tools. The same situation have been reported in the literature in
studies that investigated the role of variants in other diseases or in studies that
compared the performance and characteristics of different bioinformatics tools
(Castellana and Mazza, 2013; Dabhi and Mistry, 2014; Jian et al., 2014; Marin-
Martin et al., 2014; Tang et al., 2016). Because of that, it is necessary a careful
interpretation of this analyses. Moreover, experimental assays and validation of all
variants is required in order to understand their actual biological role.

Although some miRNAs have been suggested as having their interactions
with  mRNAs affected due 3'UTR variants, they were never described or
experimentally validated as regulators of the three genes here investigated. One
MIiRNA, hsa-miR-1254, was suggested to have its possible interaction with the
SALL4 mRNA affected by the rs150300174. This miRNA was previously shown to
be expressed in human embryonic stem cells, possibly regulating genes with a

role in stem cells differentiation, development and transcription regulation (Morin et
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al., 2008), therefore, it is possible that this miRNA act in the mRNA of SALL4.
However, more studies are needed in order to evaluate and to confirme this.

None of the bioinformatics tools used here to in silico analyses were
specific for transcription factors binding predictions. Perhaps, because of this, just
a few variants were believed to change transcription factor binding sites. In
addition, in cases where such predictions have occurred, it were not mentioned
which transcription factors specifically would have their binding affected. Based on
this, an expanded analysis, including specific tools for this type of prediction,
needs to be performed in order to understand these results.

Although we have had an approach of sequenced these three genes, we
did not cover extensively the promoter regions, thus, regulatory variants may have
been lost, resulting in underestimation of the actual contribution of these genes to
TE susceptibility. Furthermore, the sample size is other complicating factor, which
decreases the probability of the identification of smaller risk effects and the use of
the more robust statistical analyses. In addition, we did not have a control group,
which should include individuals who were exposed to thalidomide and did not
develop TE. Thus, the results obtained here should be interpreted and
extrapolated taking this into account.

The genes here investigated to produce proteins that are important during
the embryo development. TBX5 and SALL4 are direct involved on limbs and heart
development (Harvey and Logan, 2006; Koshiba-Takeuchi et al., 2006) and were
previously demonstred to have their expression affected in chicken embryos and
human embryonic fibroblasts by thalidomide exposure (Knobloch and Ruther,
2008). Nevertheless, there is no experimental evidence of involvement between
these three genes and TE. Moreover, there are no so much studies in humans
evaluating all these genes sequence, making difficult the comparasion and
speculation about genetic variability and their impact in the proteins. It is important
to mention that genetic variations are not necessary or sufficient to lead to TE, but
the accumulation of them, even benign, could increasis the susceptibility to TE.
Investigations about variability in these three genes may help to understand not
only the susceptibility to TE, but also the development of specific anomaly and

disease seen in affected individuals.
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Table 1. Clinical characterization of individuals with Thalidomide

Embryopathy.

Characteristic Number %
Sex

Male 18/29 62
Congenital Anomalies?

Upper limbs 17/18 94
Lower limbs 8/18 44
Ears 3/17 18
Eyes 5/20 25
Heart 2/20 10
Genital tract 1/20 5
Urinary tract 1/20 5
Skeletal 2/10 10
Late Diseases?

Hearing deficiency 9/17 53
Visual deficiency 13/17 76
Cardiovascular disease 6/17 35
Psychological disturbance 6/17 35

aData not available for all 29 individuals of the TE sample.
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Table 2. Variants indentified in ESCO2, SALL4 and TBX5 genes in individuals with Thalidomide Embryopathy?.

Gene Locus Polymorphism Class Alleles Position Conseguence Protein MAF
8:27631990 rs35430328 SNP G/A Exon 1 (UTR) 0.35 (A)
8:27632143 rs2272730 SNP CIT Intron variant 0.42 (T)
8:27634064 rs4732748 SNP cIT Exon 3 Missense p.Ala80Val 0.11 (T)
8:27634171 rs182074852 SNP G/A Exon 3 Missense p.Aspl16Asn <0.01 (A)
8:27641609 rs1824449 SNP G/A Intron variant <0.01 (G)

ESCO2 8:27649426 rs11402833 INS -IT Intron variant 0.43 (T)
8:27661025 rs533417099 DEL TATT/- 3'UTR <0.01 ()
8:27661030 c.*78_*82inSAATAAP INS -[AATAA 3'UTR NA
8:27661066 rs144484866 INS -IAC 3'UTR NA
8:27661085 rs62498042 SNP G/A 3'UTR 0.46 (G)
8:27662444 rs114667641 SNP AT J'UTR <0.01 (T)
20:50409207 rs11697572 SNP G/A Intron variant 0.04 (A)
20:50409151 rs190593855 SNP CIT Intron variant 0.01 (T)
20:50409117 rs146597375 SNP AIG Intron variant 0.02 (G)
20:50408482 rs6013281 SNP AIG Exon 2 Synonymous <0.01 (A)
20:50408377 rs61737139 SNP G/C Exon 2 Synonymous 0.02(C)
20:50407966 rs13038893 SNP CIT Exon 2 Synonymous 0.33(T)

SALL4 20:50407669 rs140110863 SNP G/A Exon 2 Synonymous <0.01 (A)
20:50407502 rs6126344 SNP A/C Exon 2 Missense p.Leu507Arg 0.33 (C)
20:50407162 rs6021437 SNP TIC Exon 2 Synonymous 0.34 (C)
20:50406985 rs13043248 SNP G/A Exon 2 Synonymous 0.12 (A)
20:50406630 rs6091375 SNP TIG Exon 2 Missense p.lle798Leu 0.06 (G)
20:50405502 rs17802735 SNP C/IG Exon 3 Synonymous 0.13 (G)
20:50400679 rs3171177 SNP AIT 3'UTR 0.04 (T)
20:50400307 rs150300174 SNP AlG Downstream <0.01 (G)
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Table 2. Variants indentified in ESCO2, SALL4 and TBX5 genes in individuals with Thalidomide Embryopathy? (Continued).
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Gene Locus Polymorphism Class Alleles Position Conseguence Protein MAF
12:114846292 rs143563344 SNP G/A 5'UTR 0.01 (A)
12:114846244 rs186960328 SNP CIT Exon 1 (UTR) <0.01 (T)
12:114845506 rs1248046 SNP TIC Intron variant 0.42 (C)
12:114843606 rs12423887 SNP CIT Intron variant 0.13 (T)
12:114841450 rs571924700 SNP GIT Intron variant <0.01 (T)
12:114836468 c.420G>AP SNP G/A Exon 5 Synonymous NA
12:114832754 rs185924249 SNP A/G Intron variant 0.01 (G)

TBx5 12:114832510 rs2236017 SNP C/A Intron variant 0.39 (C)
12:114823187 rs2277377 SNP GIT Intron variant 0.31 ()
12:114804222 rs78344365 SNP CIT Intron variant <0.01 (T)
12:114804165 rs147405081 SNP CIT Exon 8 Missense p.Val263Met <0.01 (T)
12:114793260 rs28730761 SNP T/IC 3'UTR 0.12 (C)
12:114793240 rs883079 SNP CIT 3'UTR 0.29 (C)
12:114792953 rs12426660 SNP AIG 3'UTR <0.01 (G)
12:114792525 rs143511878 SNP G/A 3'UTR 0.01 (A)
12:114792236 rs6489956 SNP T/C 3'UTR 0.19 (T)

aData obtained from Ensembl database (http://ensembl.org) — Genome Reference Consortium Human genome build 37 (also known as hg19).

bNot described in genomic database.

MAF: minor allele frequency; NA: not available.
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Figure 1: Position of variants found in ESCO2, SALL4 and TBX5 genes in people
with thalidomide embryopathy.
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Table 3. Allelic and genotypic frequencies of variants in ESCO2, SALL4 and TBX5 genes
in individuals with Thalidomide Embryopathy.

Gene Polymorphism Genotype/Allele TE sample EUR?
N % N %
ESCO2 rs35430328 GG 16 55.2 214 42.5
GA 11 37.9 222 44,2
AA 2 6.9 133 13.3
G 43 74.1 650 64.6
A 15 25.9 350 354
rs2272730 CcC 5 17.2 175 34.8
CT 16 55.2 229 45,5
TT 8 27.6 99 19.7
C 26 44.8 579 57.6
T 32 55.2 427 42.4
rs4732748 CcC 26 89.7 401 79.7
CT 3 10.3 96 19.1
TT 0 0.0 6 1.2
C 55 94.8 898 89.3
T 3 5.2 108 10.7
rs182074852 GG 28 96.6 503 100
GA 1 3.4 0 0
AA 0 0.0 0 0
G 57 98.3 1006 100
A 1 1.7 0 0
rs1824449° GG 3 10.3 0 0
AG 0 0.0 0 0
AA 26 89.7 503 100
G 6 10.3 0 0
A 52 89.7 1006 100
rs11402833 -- 7 24.1 174 34.6
-IT 15 51.8 230 45.7
T|T 7 24.1 99 19.7
- 29 50.0 578 57.5
T 29 50.0 428 425
rs533417099° TATT|TATT 27 93.2 503 100
TATT|- 1 3.4 0 0
-- 1 3.4 0 0
TATT 55 94.8 1006 100
- 3 5.2 0 0
C.*78 *82insAATAA - 26 89.7
-|AATAA 3 10.3
AATAAIAATAA 0 0.0
T 55 94.8

AATAA 3 5.2
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Table 3. Allelic and genotypic frequencies of variants in ESCO2, SALL4 and TBX5 genes
in individuals with Thalidomide Embryopathy (Continued).

Gene Polymorphism Genotype/Allele TE sample EUR?
N % N %
ESCO2 rs144484866° -- 18 62.1 NA
-|AC 11 37.9
AC|AC 0 0.0
T a7 81.0
AC 11 19.0
rs62498042°° GG 18 62.1 68 13.5
GA 8 27.6 325 64.6
AA 3 10.3 110 21.9
G 44 75.9 461 45.8
A 14 24.1 545 54.2
rs114667641 AA 28 96.6 503 100
AT 1 3.4 0 0
TT 0 0.0 0 0
A 57 98.3 1006 100
T 1 1.7 0 0
SALL4 rs11697572 GG 26 89.7 466 92.6
GA 3 10.3 37 7.4
AA 0 0.0 0 0
G 55 94.8 969 96.3
A 3 5.2 37 3.7
rs190593855 CcC 28 96.6 496 98.6
CT 1 3.4 7 1.4
TT 0 0.0 0 0
C 57 98.3 999 99.3
T 1 1.7 7 0.7
rs146597375 AA 28 96.6 486 96.6
AG 1 34 17 34
GG 0 0.0 0 0
A 57 98.3 989 98.3
G 1 1.7 17 1.7
rs6013281 AA 0 0.0 0 0
AG 1 3.4 4 0.8
GG 28 96.6 499 99.2
A 1 1.7 4 0.4
G 57 98.3 1002 99.6
rs61737139 GG 27 93.1 481 95.6
GC 2 6.9 22 4.4
CcC 0 0.0 0 0
G 56 96.6 984 97.8
C 2 3.4 22 2.2
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Table 3. Allelic and genotypic frequencies of variants in ESCO2, SALL4 and TBX5 genes
in individuals with Thalidomide Embryopathy (Continued).

Gene Polymorphism Genotype/Allele TE sample EUR®
N % N %
SALL4 rs13038893 CcC 13 44.8 230 45.7
CT 13 44.8 216 42.9
TT 3 10.2 57 114
C 39 67.2 676 67.2
T 19 32.8 330 32.8
rs140110863 GG 28 96.6 503 100
GA 1 3.4 0 0
AA 0 0.0 0 0
G 57 98.3 1006 100
A 1 1.7 0 0
rs6126344 AA 14 48.3 223 44.3
AC 11 37.9 223 44.3
CcC 4 13.8 57 11.4
A 39 67.2 669 66.5
C 19 32.8 337 33.5
rs6021437 TT 14 48.3 222 44.1
TC 11 37.9 224 445
CcC 4 13.8 57 11.4
T 39 67.2 668 66.4
C 19 32.8 338 33.6
rs13043248 GG 21 72.4 394 78.3
GA 8 27.6 102 20.3
AA 0 0.0 7 1.4
G 50 86.2 890 88.5
A 8 13.8 116 11.5
rs6091375 TT 25 86.2 440 87.5
TG 4 13.8 61 12.1
GG 0 0.0 2 0.4
T 54 93.1 941 93.5
G 4 6.9 65 6.5
rs17802735 CcC 23 79.3 387 76.9
CG 6 20.7 104 20.7
GG 0 0.0 12 2.4
C 52 89.7 878 87.3
G 6 10.3 128 12.7
rs3171177 AA 27 93.1 463 92
AT 2 6.9 39 7.8
TT 0 0.0 1 0.2
A 56 96.6 965 95.9
T 2 3.4 41 4.1
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Table 3. Allelic and genotypic frequencies of variants in ESCO2, SALL4 and TBX5 genes
in individuals with Thalidomide Embryopathy (Continued).

Gene Polymorphism Genotype/Allele TE sample EUR®
N % N %
SALL4 rs150300174 AA 28 96.6 499 99.2
AG 1 3.4 4 0.8
GG 0 0.0 0 0
A 1 1.7 1002 99.6
G 57 98.3 4 0.4
TBX5 rs143563344 GG 28 96.6 489 97.2
GA 1 3.4 14 2.8
AA 0 0.0 0 0
G 57 98.3 992 98.6
A 1 1.7 14 1.4
rs186960328 CcC 27 93.1 503 100
CT 2 6.9 0 0
TT 0 0.0 0 0
C 56 96.6 1006 100
T 2 3.4 0 0
rs1248046 TT 9 31.0 174 34.6
CT 16 55.2 240 a47.7
CcC 4 13.8 89 17.7
T 34 58.6 588 58.4
C 24 41.4 418 41.6
rs12423887 CcC 20 69.0 383 76.1
CT 9 31.0 109 21.7
TT 0 0.0 11 2.2
C 49 84.5 875 87
T 9 15.5 131 13
rs571924700 GG 27 93.1 503 100
GT 2 6.9 0 0
TT 0 0.0 0 0
G 56 96.6 1006 100
T 2 3.4 0 0
c.420G>A GG 28 96.6
GA 1 3.4
AA 0 0.0
G 57 98.3
A 1 1.7
rs185924249 AA 28 96.6 495 98.4
AG 1 3.4 8 1.6
GG 0 0.0 0 0
A 57 98.3 998 99.2
G 1 1.7 8 0.8
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Table 3. Allelic and genotypic frequencies of variants in ESCO2, SALL4 and TBX5 genes

in individuals with Thalidomide Embryopathy (Continued).

Gene Polymorphism Genotype/Allele TE sample EUR®
N % N %
TBX5 rs2236017 CcC 4 13.8 76 15.1
CA 12 41.4 245 48.7
AA 13 44.8 182 36.2
C 20 34.5 397 39.5
A 38 65.5 609 60.5
rs2277377 GG 17 58.6 239 47.5
GT 10 34.5 219 43.5
TT 2 6.9 45 8.9
G 44 75.9 697 69.3
T 14 24.1 309 30.7
rs78344365 CC 28 96.6 NA
CT 1 3.4
TT 0 0.0
C 57 98.3
T 1 1.7
rs147405081 CcC 27 93.1 503 100
CT 2 6.9 0 0
TT 0 0.0 0 0
C 56 96.6 1006 100
T 2 3.4 0 0
rs28730761 TT 25 86.2 387 76.9
TC 4 13.8 108 21.5
CcC 0 0.0 8 1.6
T 54 93.1 882 87.7
C 4 6.9 124 12.3
rs883079 CC 5 17.2 44 8.7
CT 12 41.4 199 39.6
TT 12 41.4 260 51.7
C 22 37.9 287 28.5
T 36 62.1 719 715
rs12426660 AA 28 96.6 503 100
AG 1 3.4 0 0
GG 0 0.0 0 0
A 57 98.3 1006 100
G 1 1.7 0 0
rs143511878 GG 28 96.6 495 98.4
GA 1 3.4 8 1.6
AA 0 0.0 0 0
G 57 98.3 998 99.2
A 1 1.7 8 0.8



http://grch37.ensembl.org/Homo_sapiens/Variation/Summary?db=core;g=ENSG00000089225;r=12:114791736-114846247;vf=110202437
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Table 3. Allelic and genotypic frequencies of variants in ESCO2, SALL4 and TBX5 genes in

individuals with Thalidomide Embryopathy (Continued).

Gene Polymorphism Genotype/Allele TE sample EUR®
N % N %
rs6489956 TT 1 3.4 20 4
TC 11 379 151 30
CC 17 58.7 332 66
T 13 22.4 191 18.9
C 45 77.6 815 81.1

21000 Genomes database to Europeans
bOut of Hardy-Weinberg equilibrium

cStatistically significant
NA: not available.



Table 4. Functional prediction of the variants in ESCO2, SALL4 and TBX5 genes in individuals with Thalidomide Embryopathy.
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Mutation

Mutation

Gene Polymorphism Position Consequence SIFT PolyPhen F-SNP HSF miRBase
Assessor Taster
Transcriptional Splicin
rs35430328 Exon 1 regulation plicing
affected
affected
Transcriptional .
rs2272730 Intron regulation ESE site
broken
affected
splicing New ESS
rs4732748 Exon 3 Missense Tolerated Benign Medium site; ESE site
affected
broken
rs182074852 Exon 3 Missense Tolerated  Benign Low Splicing ESE site
affected broken
ESCO2 rs1824449 Intron
rs11402833 Intron Splicing
affected
Splicin Affects
rs533417099 3UTR plicing MIRNA
affected - .
binding sites
c.*78 _*82insAATAA  3'UTR Splicing
- affected
rs144484866 3'UTR Splicing
affected
rs62498042 3UTR Splicing
affected
rs114667641 3UTR Splicing

affected




Table 4. Functional prediction of the variants in ESCO2, SALL4 and TBX5 genes in individuals with Thalidomide Embryopathy (Continued).
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Gene Polymorphism Position Consequence SIFT PolyPhen Mutation F-SNP Mutation HSF miRBase
Assessor Taster
Splicing ESE site
rs11697572 Intron affected broken
Splicing ESE site
rs190593855 Intron affected broken
Splicing ESE site
rs146597375 Intron affected broken
New donor site;
Splicing Splicing  New ESS site;
rs6013281 Exon 2 Synonymous affected affected ESE site
broken
rs61737139 Exon 2 Synonymous
Splicing Splicing
rs13038893 Exon 2 Synonymous affected affected
SALL4 rs140110863 Exon 2 Synonymous
rs6126344 Exon 2 Missense Tolerated  Benign Medium Splicing Splicing
affected affected
Splicing Splicing
rs6021437 Exon 2 Synonymous affected affected
rs13043248 Exon 2 Synonymous Splicing oy ESS site
affected
. . Splicing Splicing ESE site
rs6091375 Exon 2 Missense Tolerated  Benign Low affected affected broken
Splicing Splicing .
rs17802735 Exon 3 Synonymous affected affected New ESS site
Transcriptional .
rs3171177 3UTR regulation ESE site
broken
affected
rs150300174 Downstream New ESS site Affects miRNA

binding sites




Table 4. Functional prediction of the variants in ESCO2, SALL4 and TBX5 genes in individuals with Thalidomide Embryopathy (Continued).

63

Gene Polymorphism Position Consequence SIFT PolyPhen ,L\\Asust::soonr F-SNP Mutation Taster HSF miRBase
rs143563344 5'UTR
New donor
site; New
rs186960328 Exon 1 ESS site;
ESE site
broken
rs1248046 Intron Splicing affected
- ESE site
rs12423887 Intron Splicing affected broken
rs571924700 Intron Splicing affected Nem;?gnor
Disease causing; ESE site
C.420G>A Exon’ Synonymous Splicing affected broken
TBX5
Disease causing;
rs185924249 Intron Splicing affected
Transcriptional
rs2236017 Intron regulation Splicing affected
affected
Transcriptional .
rs2277377 Intron regulation Splicing affected ESE site
broken
affected
rs78344365 Intron
, Possibly Disease causing; New ESS
rs147405081 Exon 8 Missense Tolerated damaging Low Splicing affected site
rs28730761 3'UTR Splicing affected
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Table 4. Functional prediction of the variants in ESCO2, SALL4 and TBX5 genes in individuals with Thalidomide Embryopathy (Continued).

Gene Polymorphism Position Consequence SIFT PolyPhen Mutation F-SNP Mutation HSF miRBase
Assessor Taster
rs883079 3UTR New ESS site  Tects MiRNA
binding sites
Transcriptiona : .
(s12426660  3UTR Iregulation  Splicing affected ~ EoC Site Affects miRNA
broken binding sites
affected
rs143511878  3UTR Splicing affected ~ EorC SIt€
broken
rs6489956 3'UTR Splicing affected

ESS site - Exonic Splicing Silencer; ESE site - Exonic Splicing Enhancers; donor site - identification of splice site at the 5' ends of exon-intron-exon.


http://grch37.ensembl.org/Homo_sapiens/Variation/Summary?db=core;g=ENSG00000089225;r=12:114791736-114846247;vf=110202437

Supplementary Table 1: Linkage desequilibrium of variants contained in the same gene.

ESCO2
Y oV 0
RIS S R LIPS
QO A A QA &) ©
2 AT ) S
R S S - S SN
A N T S g
N N N N & N
rs35430328 -
rs2272730 1.0* -
rs4732748 1.0 1.0 -
rs182074852 1.0 1.0 1.0 -
rs62498042 0.901* 1.0* 0.021 1.0 -
rs114667641 1.0 1.0 1.0 1.0 1.0 -
SALL4
A S AR > L o O
SN QR R C I I SR ST SR - N S
Q (&) aQ > > ™ > N <) A (&)
$F A K S @ P
N N S SN S N N M SN SN
& & & & & & & & & & & & &
rs150300174 -
rs3171177 1.0 -
rs138891224 1.0 1.0 -
rs17802735 1.0 1.0 1.0 -
rs6091375 1.0 1.0 1.0 0.06 -
rs13043248 1.0 032 1.0 1.0 1.0 -
rs6021437 1.0 1.0 1.0 1.0 1.0 0.429 -
rs6126344 1.0 1.0 1.0 1.0 1.0 0.429 1.0* -
rs140110863 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 -
rs13038893 1.0 1.0 1.0 0683 1.0 1.0 1.0 1.0 1.0 -
rs61737139 1.0 1.0* 1.0 1.0 1.0 032 1.0 1.0 1.0 1.0 -
rs146597375 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 -
rs190593855 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 -
rs11697572 1.0 1.0 1.0 0.169 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
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Supplementary Table 1: Linkage desequilibrium of variants contained in the same gene (Continued).

TBX5

SRS AR > S A Vs

P XL o OE A NP D

&) N © QA Q QS D > Q Vv =7 Vv 2] Q ) ©
) ) N Q > ™ oy A Y%e) %) O O % Co) %) \8)
> o} ™ > A A o A $o) Np) Q N ™ ™ O >
AN N A=) N N\, | SR, N S A AN AN AN N
& & & & & & & & & & o & & & & &

rs6489956 -

rs143511878 1.0 -

rs12426660 1.0 1.0 -

rs883079 1.0 1.0 1.0 -

rs28730761 1.0 1.0 10 10 -

rs147405081 0.099 1.0 10 10 1.0 -

rs78344365 10 10 10 10 10 1.0 -

rs2277377 1.0 10 1.0 1.0 1.0 0.036 1.0 -

rs2236017 0.613 1.0 10 05310275 10 10 1.0* -

rs185924249 10 10 10 10 10 10 10 10 1.0 -

rsO1 10 10 10 10 10 10 10 10 10 1.0 -

rs571924700 10 10 10 10 10 10 10 10 10 10 10 -

rs12423887 10 10 10 02890297 10 10 10 10 10 10 10 -
rs1248046 0565 1.0 1.0 0407 1.0 10 10 05230218 1.0 10 10 1.0 -
rs186960328 0.099 10 10 10 10 10* 10 0036 10 10 10 10 10 10 -
rs143563344 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 -

*High statistical significance (LOD>2)



Supplementary Table 2: Haplotypes of ESCO2, SALL4 and TBX5 genes.

ESCO2

GTCGAGA
ACCGAAA
GCCGAGA
GTCGGGA
GCTGAGA
ACCGAGA
others

SALL4

ACAAGCGATGTGCAA
ACAAGCACTGTGCAA
ACAAGTGATATGCAA
ACAGGCGATATGCAA
ACAACCGATATGCAG
ATAAGCGATAGGCAA
others

TBX5

GCTTGGGCTTCTCGGC
GCTTGGGAGTCTCGGC
ACTCGGGAGTCTCAGC
ACTCGGGAGTCTCGGC
GCTTGGGAGTCTTAGC
GCTCGGGAGTCTCAGC
GCTTGGGAGTCTCAGC
GCTTGGGATTCTCAGC
GCTTGAGAGTCTCAAC
GCTTTGGAGTCCTAGC
GCTTGGGCTTCTCGGT
ACTCGGGATTCTCAGC
GCTCGGGAGTCTCGGC
others

O NN DNMNDNDNMNNDNDWAEPMOOOOOOO|IZINDNWO
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5. DISCUSSAO

A talidomida tem sido foco de investigac6es desde a sua sintese, seja por
sua propriedade teratogénica ou por suas propriedades terapéuticas. Apesar
disso, o completo entendimento da propriedade teratogénica, conhecida ha mais
de 60 anos, ainda nao foi obtido.

Sabe-se que somente uma parcela (de 20 a 50%) dos casos de exposicao
a talidomida levam ao desenvolvimento de malformagfes (McBride, 1961; Lenz,
1988) e que o background genético dos individuos tem um papel importante
nessa suscetibilidade (Hansen & Harris, 2013). Entretanto, quais fatores levam a
maior suscetibilidade para o desenvolvimento da embriopatia ou sdo associados a
protecdo, e quais estdo associados a fenoétipos clinicos mais leves e mais graves,
sao questbes que ainda precisam ser respondidas.

Neste trabalho, nds investigamos uma nova hipétese na busca pelo melhor
entendimento da teratogénese da talidomida. Visto que individuos com TE
apresentam fenotipos muito semelhantes aos observados em pessoas com
mutacBes nos genes ESCO2, TBX5 e SALL4, e com base no fato de que a
variabilidade de cada individuo afeta a susceptibilidade genética a danos
causados por teratdgenos, n0S nos perguntamos se esses genes poderiam ter
algum papel no aumento da suscetibilidade para o desenvolvimento da TE ou
estariam relacionados a alguma anomalia congénita ou doenca observada nos
individuos afetados. Para responder a estas perguntas, foram sequenciados
éxons, introns adjacentes e regides nao traduzidas destes trés genes e,
posteriormente, avaliou-se o0 papel das variantes encontradas através de
preditores funcionais in silico.

Quarenta e uma variantes foram identificadas na nossa amostra, sendo
doze destas raras. Apesar de estudos sugerirem que variantes raraspodem
aumentar a suscetibilidade para algumas doencas (Geschwind & Flint, 2015,
Kang et al., 2016, Lee et al., 2016), neste estudo nenhuma das variantes raras foi
associada com aumento do risco para TE ou para doencas e malformacdes

presentes nos individuos afetados aqui avaliados.
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A amostra avaliada neste estudo contou com 29 individuos afetados pela
TE que foram caracterizados, quanto as suas anomalias congénitas e doencas de
aparecimento tardio, nesse e em um estudo anterior do nosso grupo (Kowalski et
al., 2015). No estudo citado, foi verificado que as doencas cardiovasculares,
guando presentes, tiveram um inicio precoce em individuos com TE, comparando
com a populacéo brasileira sem anomalias congénitas. A frequéncia de anomalias
cardiacas em individuos afetados por TE tem sido estimada em aproximadamente
8% em outros estudos (Miller & Stroland, 1999). Dois dos genes avaliados neste
trabalho — SALL4 e TBX5 — estdo diretamente envolvidos no desenvolvimento do
coracao (Harvey & Logan, 2006; Koshiba-Takeuchi et al., 2006). Ainda ndo ha
nenhuma evidéncia experimental demonstrando o envolvimento desses genes
com o desenvolvimento das malformacdes ou doencas cardiacas, ou mesmo
outros fendtipos, em individuos com TE. Entretanto, foi demonstrado que a
talidomida reduz a expresséo dessas duas proteinas (Knobloch & Ruther, 2008).
Portanto, uma avaliagdo molecular de variantes nesses genes poderia levar a
descoberta de maior risco de malformacbes cardiacas e desenvolvimento de
doencas cardiovasculares em individuos expostos a talidomida. No presente
estudo, algumas das variantes encontradas nesses dois genes foram previamente
estudas em doencas cardiovasculares e anomalias cardiacas (Wang et al., 2009;
Holm et al., 2010; Sotoodehnia et al., 2010; Pazoki et al., 2013; Bonachea et al.,
2014), sendo que algumas foram consideradas benignas e outras foram
associadas a maior suscetibilidade para o desenvolvimento de tais condicfes. Em
nossa amostra, contudo, ndo houve associacdo entre a presenca dessas
variantes e o aumento do risco para essas ou outras doencas e malformacgdes.

Apenas uma das variantes aqui identificadas no gene ESCO2 (rs4732748)
teve descricdo funcional na literatura. Esta variante foi considerada benigna
(Clinvar, 2017; GeneReviews, 2017a), inclusive em individuos com RBS. As
demais variantes deste gene ndo possuem qualquer relato de associacdo com
algum fenotipo ou doenca e, em nossos resultados, também ndo demonstraram
correlacdo com anomalias ou doencas presentes nos individuos com TE.

Comparando a frequéncia das variantes encontradas em TBX5 e SALL4

entre a nossa amostra de individuos com TE e dados da populacdo europeia do
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Projeto 1000 Genomas, usada neste trabalho como grupo de comparacdo, nao
foram encontradas diferencas significativas que pudessem sugerir o papel dessas
variantes em risco aumentado para a TE. No gene ESCOZ2, foi verificada
diferenga entre os grupos com TE e de referéncia quanto aos genotipos GG e GA
da rs62498042, localizada na 3'UTR. O grupo com TE apresentou maior
frequéncia de GG e menor frequéncia de GA (p<0,001) em relacdo ao grupo de
referéncia. Apesar da importancia que variantes nao codificantes tém no aumento
da suscetibilidade de algumas doencas, dado seu potencial de alterar a
transcricdo, o splicing ou a traducao das proteinas (Knight, 2005; Deplancke et al.,
2016, Khurana et al., 2016), neste estudo nao foi possivel correlacionar a varinte
rs62498042 com maior susceptibilidade a TE.

As andlises in silico realizadas sugeriram que variantes missense nestes
genes foram bem toleradas, exceto uma em TBX5 (rs147405081), a qual foi
previamente relatada na literatura como associada com a malformacéo cardiaca -
valvula aorta bicuspide (Bonachea et al., 2014). Dois individuos eram portadores
dessa variante na nossa amostra, entretanto, eles ndo apresentaram tal condigéo.
Algumas variantes na 3'UTR demonstraram potencial de afetar, inibindo ou
permitindo, a ligacdo de miRNAs nos mRNAs dos genes, entretanto, nenhum dos
mMiRNAs citados foi descrito na literatura ou experimentalmente validado, segundo
dados do miRTarBase (Chou et al., 2016), como regulador desses genes. Poucas
variantes foram consideradas com potencial de alterar a ligacdo de fatores de
transcricdo nos genes aqui avaliados, entretanto, esta informacdo pode estar
subestimada, uma vez que nenhuma das ferramentas de bioinforméatica utilizadas
foi especifica para este tipo de predicdo. Dessa forma, uma analise ampliada,
incluindo ferramentas que avaliem possiveis alteracfes nesses sitios de ligacao
de fatores de transcri¢do, € necessaria.

As ferramentas de bioinformatica que foram utilizadas nas analises in silico
se utilizaram de diferentes caracteristicas para realizar as predicbes de impacto
funcional e devido a estas diferentes abordagens, foram observadas predicdes
discordantes entre as ferramentas. Este tipo de situacdo ndo € incomum e ja
foram relatados casosn semelhantes a este em outros estudos que investigaram o

papel funcional de variantes em doencas, e também em estudos que compararam
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o desempenho e as caracteristicas de diferentes ferramentas utilizadas para
predicdes funcionais (Castellana & Mazza, 2013; Dabhi & Mistry, 2014; Jian et al.,
2014; Marin-Martin et al., 2014; Tang et al., 2016).

Uma limitagdo deste estudo foi a regido génica avaliada. Nao foram
sequenciadas as regibes promotoras dos genes aqui avaliados, assim, variantes
regulatorias podem ter sido perdidas, resultando em subestimacdo da real
contribuicdo desses genes na susceptibilidade a TE. Além disso, 0 pequeno
tamanho da amostra impede a identificagcdo de efeitos de risco menores e a
realizacdo de analises estatisticas mais robustas. E, finalmente, ndo foi possivel
utilizar um grupo controle adequado, incluindo individuos que foram expostos a
talidomida e ndo desenvolveram TE, uma informacéo considerada perdida devido
ao tempo transcorrido desde a exposigao.

Apesar das trés sindromes genéticas aqui citadas serem conhecidas ha
mais tempo que a TE, os genes causadores dessas condi¢cdes, bem como seus
fendtipos, sdo pouco estudados. A abordagem utilizada aqui p6de trazer maior
conhecimento destes genes, mas ainda assim, ensaios experimentais e a
validacdo das variantes encontradas sdo necessarios para o melhor entendimento
de seus papeis biologicos. Os resultados aqui obtidos devem ser interpretados e
extrapolados levando em consideracdo estas limitacBes. Independente disso,
estas informacdes trardo maiores perspectivas para a compreenséo da etiologia
da TE e compreensédo dessas sindromes.
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6. CONCLUSOES E PERSPECTIVAS

Os resultados obtidos nesse trabalho cumpriram os objetivos que haviam
sido propostos:

* Investigar a presenca de variantes genéticas (SNPs, delecdes e
insercdes) nas sequéncias dos genes ESCO2, TBX5 e SALL4 em individuos
com diagnéstico de embriopatia por talidomida,;

* Estimar a frequéncia dessas variantes nesses individuos;

* Tentar interpretar, a partir dos resultados encontrados, um possivel
papel destes genes e suas variantes na suscetibilidade genética para o
desenvolvimento da embriopatia por talidomida;

* Avaliar um possivel papel destes genes e suas variantes nas
diferentes anomalias congénitas e doencas observadas nos individuos

afetados com embriopatia por talidomida;

Através do sequenciamento de éxons e regides flanqueadoras dos genes
citados, nds identificamos 39 variantes ja previamente descritas e duas variantes
novas nos 29 individuos com TE aqui avaliados, sendo elas SNPs, insercdes e
delecdes, tanto comuns quanto raras. As frequéncias dessas variantes foram
estimadas e comparadas com a populacao europeia de 503 individuos do projeto
1000 genomas. Entretanto, ndo foi possivel demonstrar o envolvimento dessas
variantes com maior suscetibilidade para o desenvolvimento da TE ou de doencas
e malformacdes visualizadas em individuos afetados.

Nés ainda iremos concluir o sequenciamento, pelo método de Sanger, do
éxon 5 e da regido 3'UTR do gene ESCO2 que tiveram uma cobertura inferior a
20x no sequenciamento de nova geracdo. Posteriormente, nés pretendemos

avaliar as regides promotoras desses genes.

* Analisar o impacto das variantes identificadas nas proteinas através

de preditores funcionais in silico;
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As variantes identificadas nos genes ESCO2, SALL4 e TBX5 foram
avaliadas através de preditores funcionais in silico, e consideradas com potencial
de afetar sitios de ligacdo de fatores de transcricdo, sitios de interacdo de
mMiRNAs e sitios de splicing. O impacto na funcdo da proteina e provavel
associacdo com doencas também foi considerado para algumas das variantes
identificadas. Entretanto, ndo foi possivel aqui estabelecer o papel dessas
variantes no decaimento do mRNA desses genes, ou na formacao de isoformas
alternativas ou ainda na diminuicdo da expressao dos genes que, juntamente com
a exposicdo a talidomida, poderiam levar ao desenvolvimento da TE ou de
anomalias e doencas em individuos afetados, como doencas cardiovasculares,
por exemplo.

Noés iremos incluir novos preditores funcionais para a continuacdo das
analises in silico, especialmente para analise de sitios de ligacdo de fatores de
transcricdo e miRNAs. Além disso, € possivel que a analise dessas variantes,
através de ensaios experimentais em modelos de galinhas e zebrafish, seja
futuramente realizada por laboratérios colaboradores do nosso grupo, a fim de se
obter a melhor compreensdo de seus papéis bioldégicos no desenvolvimento de

algum tipo de anomalia.
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8. ARTIGO ANEXO

Genetic Susceptibility to Thalidomide Embryopathy in Humans: analyses in
candidate genes

Artigo em preparacao
Revista Birth Defects Part A

De forma a contribuir com um dos objetivos almejados neste trabalho,
sobre o entendimento da suscetibilidade para o desenvolvimento de TE, uma
avaliagcdo de variantes genéticas em genes de desenvolvimento foi conduzida
paralelamente (Anexo 1). No estudo citado, nés investigamos variantes nos genes
FGF8, FGF10, SHH, BMP4 — importantes no desenvolvimento de membros e
diferencialmente expressos apds exposicao a talidomida — e TP53, TP63 e TP73
— importantes no desenvolvimento de membros ou na teratogénese — em uma
amostra de 38 individuos afetados pela TE, comparando com um grupo controle,
nao afetado, de 136 individuos. Nés néo identificamos diferencas nas frequéncias
alélicas e genotipicas dos polimorfismos avaliados entre os dois grupos. As
limitacbes foram as mesmas deste presente trabalho. Nés consideramos que
outras variantes, em regides de ligacdo de fatores de transcricdo e promotores
desses genes, devem ser investigadas para auxiliar no entendimento do papel

desses genes na TE.
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Abstract

Thalidomide is a drug used worldwide for several indications, but the
molecular mechanisms of its teratogenic property are not fully understood. Studies
in animal models suggest the oxidative stress, the inhibition of angiogenesis, and
the binding to E3-ubiquitin ligase complex as mechanisms by which thalidomide
can alter the expression of genes important to embryonic development. In this
study, 15 polymorphisms in genes related to development and to pharmacogenetic
response (FGF8, FGF10, BMP4, SHH, TP53, TP63, TP73, CYP2C19 and TNF-a)
were analyzed in people with thalidomide embryopathy (TE) and compared with
those without malformations. The sample consisted of 38 people with TE and 136
unrelated and non-syndromic people who had their DNA genotyped by PCR real-
time. No allelic or genotypic differences were observed among the groups. We
hypothesized that other regions in these and related genes may play more
important role in thalidomide teratogenesis, whichis known to have a genetic
contribution. Identifying such molecular mechanisms is essential for the
development of a molecule that will be analogous to thalidomide but safe enough

to avoid the emergence of new cases of embryopathy.

Key words: teratogenesis; development genes; pharmacogenetic genes; limb

reduction defects; thalidomide embryopathy
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1. Introduction

Thalidomide was found to cause congenital defects in humans few years
following its release to the market (Lenz, 1988; Smithells and Newman, 1992). The
range of damage caused by the exposure to thalidomide in humans is known as
thalidomide embryopathy (TE) and the most well described defects are the limb
reduction defects (LRD), which occur in 90% of the affected individuals. Other
defects include eye, ear and cardiac malformations (Lenz, 1988; Smithells and
Newman, 1992; Kowalski et al., 2015). It is estimated that 10,000 people were
affected by the teratogenic effects of thalidomide worldwide. Although thalidomide
was withdrawn from the market in early 1960s (Lenz, 1988; Smithells and
Newman, 1992), the medication returned to the market in the same decade, since
it was found to have immunomodulatory, anti-inflammatory and antiangiogenic
properties (Sampaio et al., 1991; D'Amato et al., 1994). Those properties make the
drug powerful for the treatment of several conditions such as erythema nodosum

leprosum (ENL) and multiple myeloma (MM) (Matthews and McCoy, 2003).

Several hypotheses have been postulated to try to understand the
molecular mechanisms that underlie TE, including antiangiogenesis, formation of
reactive oxygen species (ROS), and inhibition of ubiquitination activity of an E3
ubiquitin ligase complex by direct connection of thalidomide to Cereblon (CRBN)
protein, part of this complex (D'Amato et al., 1994; Hansen and Harris, 2004; Ito et
al., 2010). Our group have previously published studies in TE people who were
assessed to CRBN-thalidomide binding region and angiogenesis-related genes
functional polymorphisms (Vianna et al., 2013; Kowalski et al., 2016; Vianna et al.,
2016; Kowalski et al., 2017), suggesting variants that could help to explain the role

of molecular mechanisms in TE in humans.

Besides these three hypotheses, the analysis of genes related to
pharmacogenetic response of thalidomide and development genes seems
promising and deserves attention in the understanding of thalidomide
teratogenesis. The cytochrome P450 enzyme complex (CYP2C19) is responsible
for 5'-hydroxylation of thalidomide metabolites in humans (Ando et al., 2002) and

the tumor necrosis factor alpha (TNF-a) is a cytokine selectively inhibited by



90

treatment with thalidomide (Sampaio et al., 1991). Some development genes,
such as the p53 family (TP53, TP63 and TP73), are important during the embryo
development and have already been associated toteratogenesis outcomes (Rinne
et al.,, 2007; Torchinsky and Toder, 2010). Fibroblast growth factor-8 and -10
(FGF8 and FGF10), Sonic hedgehog (SHH) and Bone morphogenetic protein 4
(BMP4) genes, important to limb development, were reported to had their
expression changed in embryos of animal models exposed to thalidomide (Hansen
et al., 2002; Therapontos et al., 2009; Kawamura et al., 2014).

Here, we show results from the progress of our study in genetic
susceptibility study of TE, which we have analysed several genetic variants in
genes involved on developmental processes and metabolism and inflammatory
properties of thalidomide in people having TE comparing to people without

malformations.

2. Materials and Methods
2.1 Sample

Thirty-eight individuals with TE were recruited from the Brazilian Association
of People Affected by Thalidomide Syndrome (ABPST), all subjects signed the
informed consentand all of whom were previously examined by experts in TE and
differential diagnosis. A clinical evaluation of congenital anomalies was performed
in 28 of these individuals in order to assess details the compatible phenotype of
TE (Kowalski et al., 2015). Telephone calls were used to evaluate the other
individuals, given the distance of their residences from ABPST and difficulty to
afollow up in person. Saliva samples were collected and stored in DNA Oragene®
Kits (Genotek). DNA extraction was performed according to the manufacturer’s
instructions. A sample of 136 individuals without congenital anomalies from the
Brazilian population was used as a control group. These subjects were selected
according to similar time and place of birth of the individuals with TE. This study
was approved by the Ethics Committee in Research of Porto Alegre Clinics
Hospital (number 10-0422).
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2.2 Genomic Analysis

Single nucleotide polymorphisms (SNPs) in candidate genes were
analysed. The genes analyzed were FGF8, FGF10, BMP4, SHH, TP53, TP63,
TP73, TNF-a and CYP2C19. The SNPs of these genes were selected based on
the following criteria: frequency in the population; reported association with any
medical condition; and, in negative cases, the greatest functionality value based
on the Functional Single Nucleotide Polymorphism (F-SNP) database.
Supplementary table summarizes all the polymorphisms evaluated in the present
study. In order to genotype them, DNA was extracted from saliva samples using
the OrageneDNA extraction kit (DNA Genotek®), in accordance with the

manufacturer's instructions.

The genotypic determination of the polymorphisms was performed by allelic
discrimination using specific probes that had been previously designed and
validated (TagMan® Genotyping Assay, Applied Biosystems, USA). All the assays
were genotyped in accordance with the protocol recommended by the

manufacturer.

2.3 Statistical Analysis

For all the polymorphisms, the Hardy-Weinberg equilibrium was tested. The
differences for the allelic and genotypic frequencies between the groups were
compared using Fisher's exact test and a two-tailed p-value <0.05 was considered
significant. The Bonferroni correction was applied in all the sample groups. The
tests were performed using the SPSS® version 18 (IBM, USA).

The linkage disequilibrium for SNPs contained in the same gene was
calculated using the Haploview version 4.2. The haplotypes were inferred using

the Bayesian algorithm implemented in the Phase 2.1.1.

3. Results
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A sample of 38 individuals with TE and 136 members of the general
population, unaffected by TE, were included in our study. The characterization of

individuals with TE is described in Table 1.

The allelic and genotypic frequencies of the polymorphisms are shown in
Table 2. The distribution of all polymorphisms in both sample groups was in
accordance with the Hardy-Weinberg equilibrium. The loci rs28936675 (SHH
gene) and rs4986893 (CYP2C19*3) were monomorphic in our sample and then
were excluded from further analyses. We did not find significant differences in the
frequencies of all analyzed polymorphisms comparing TE subjects and controls.
Further dominant and recessive models analyses were conducted to verify the
contribution of alleles for TE and no statistical differences was found between the

groups.

The linkage disequilibrium (LD) analyses for the SNPs contained in the
TNF-a and CYP2C19 genes showed that most of the loci are in strong linkage
disequilibrium despite the analysis not having the ability to achieve statistical
significance for some values (data not shown). Finally, there was no difference in

the distribution of the haplotypes in these genes between the assessed groups.

4. Discussion

Studies attempting to understand the molecular aspects of TE have
advanced greatly over the past 20 years, mainly in the following three areas:
oxidative stress, antiangiogenic mechanism, and binding of thalidomide to the
Cereblon protein, however, more research is needed to the full understanding of

the molecular mechanisms responsible for the teratogenic propriety of thalidomide.

The susceptibility of an individual a teratogen exposure is determined by
pre-existing genetic factors, resulting from the interaction between genetic factors
of the mother and of the embryo. Some polymorphisms in humans can lead to
higher or lower susceptibility to teratogen-induced damage (Cassina et al., 2012).
Our group have previously conducted exploratory studies in CRBN and
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angiogenesis-relatedgenes, and demonstrated that variants in these targets can
help to understand TE scenario in humans (Vianna et al., 2013; Kowalski et al.,
2016; Vianna et al., 2016; Kowalski et al., 2017).

In the present study, we evaluated whether a genetic predisposition to
thalidomide embryopathy might be detected by analysing polymorphisms in genes
of pathways that are not binding targets of thalidomide (i.e. development,
metabolism and inflammatory pathways), but affected by the drug. This non-
excluding hypothesis is based on assays with model organisms of thalidomide
teratogenicity, which showed that genes important for limb development are
affected by thalidomide, having their expression altered after exposure to
thalidomide (Hansen et al., 2002; Therapontos et al., 2009; Kawamura et al.,
2014). To address this, we analysed genetic variants in some genes that possibly
could be involved in genetic susceptibility to TE, both development genes and
genes involved on metabolism and inflammatory properties of thalidomide. Some
of these variants evaluated were previously reported as associated to impairment
of their proteins functions or increased risk to developmental defects, cancers or
adult onset conditions (Roessler et al., 1996; Dumont et al., 2003; Cui et al., 2012;
Uppugunduri et al., 2012; Zhang et al., 2014; Hu et al., 2015).

It was not possible to establish an association between the 15
polymorphisms evaluated and TE susceptibility. The lack of association between
the genotypes studied and the appearance of malformations can be attributed to
limitations such as the small sample size and power, lack of information about the
day of exposure and dose, and the selected polymorphisms not playing a major
role in this outcome. Moreover, we do not know exactly what degree of genetic
contribution and what kind of changes could allow a higher susceptibility to this
phenotype.

Thalidomide embryopathy is a condition of complex origin, in which genes
and characteristics of drug exposure as well as other factors contribute to the
occurrence of birth defects and phenotype. The genes analyzed in this work are
extremely important for the metabolism of the drug in the body and limb

development in the embryonic period. However, the evaluated polymorphisms do
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not appear to be associated with susceptibility to TE in the analyzed sample. We
hypothesized that other genetic alterations, such as changes in regulatory binding
sites or in the promoter region of these and other genes, should be investigated to
help to clarify their genetic role in TE.
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Table 1. Social and clinical characterizationof individuals with TE.

Characteristic Number %
Sex

Male 16/28 57
Time of Birth

1959-1964 21/28 75
1965-2010 7128 25
Congenital Anomalies

Upper limbs 27128 96
Lower limbs 13/28 46
Ears 4/28 14
Eyes 7128 25
Oral cavity 2/28 7
Neurologic 6/28 21
Heart 4/28 14
Genital tract 2/28 7
Urinary tract 3/28 11

Skeletal 3/28 11
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Table 2. Allelic and genotypic frequencies of the studied variants in affected by thalidomide
embryopathy and unaffected groups.

Gene Genotype/ Affected Unaffected p?
Allele n (%) N (%)

SHH (rs28936675) CC 38 (100.0) 135 (100.0) -
CT 0 (0.0) 0 (0.0
TT 0 (0.0) 0 (0.0

C 76 (100.0) 170 (100.0) -
T 0 (0.0) 0 (0.0

FGF8 (rs1348870) AA 11 (28.9) 41 (30.1) 0.940
AG 20 (52.6) 67 (49.3)
GG 7 (18.4) 28 (20.6)

A 42 (55.3) 149 (54.8) 1.000
G 34 (44.7) 123 (45.2)

FGF10 (rs900379) CcC 11 (28.9) 46 (34.1) 0.366
CT 19 (50.0) 50 (37.0)
TT 8 (21.1) 39 (28.9)

C 41 (53.9) 142 (52.6) 0.937
T 35 (46.1) 128 (47.4)

BMP4 (rs17563) AA 12 (31.6) 49 (36.3) 0.882
AG 19 (50.0) 62 (45.9)
GG 7 (18.4) 24 (17.8)

A 43 (56.6) 160 (59.3) 0.774
G 33 (43.4) 110 (40.7)

TP53 (rs1042522) GG 16 (42.1) 62 (45.9) 0.477
GC 20 (52.6) 58 (43.0)
CC 2 (5.3) 15 (11.1)

G 52 (68.4) 182 (67.4) 0.978
C 24 (31.6) 88 (32.6)

TP63 (rs17506395) TT 16 (42.1) 81 (60.0) 0.131
TG 18 (47.4) 42 (31.1)
GG 4 -12 12 (8.9)

T 50 -204 204 (75.6) 0.106
G 26 -66 66 (24.4)

TP73 (rs2273953) GG 22 (57.9) 86 (63.2) 0.153
GA 12 (31.6) 46 (33.8)
AA 4 (10.5) 4 (3.0

G 56 (73.7) 218 (80.1) 0.267
A 20 (26.3) 54 (19.9)
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Table 2. Allelic and genotypic frequencies of the studied variants in affected by thalidomide
embryopathy and unaffected groups (Continued).

Genotype/ Affected Unaffected
Gene Allele n (%) n (%) p@
TNF-a (rs361525) GG 36 (94.7) 121 (89.0) 0.370
GA 2 (5.3) 15 (11.0)
AA 0 (0.0) 0 (0.0)
G 74 (97.4) 257 (94.5) 0.383
A 2 (2.6) 15 (5.5)
TNF- a (rs1800629) GG 27 (71.1) 103 (75.7)  0.705
GA 11 (28.9) 31 (22.8)
AA 0 (0.0) 2 (1.5)
G 65 (85.5) 237 (87.1) 0.704
A 11 (14.5) 35 (12.9)
TNF- a (rs1799724) CcC 33 (86.8) 107 (79.3) 0.686
CT 5 (13.2) 26 (19.3)
TT 0 (0.0) 2 (1.5)
C 71 (93.4) 240 (88.9) 0.289
T 5 (6.6) 30 (11.2)
TNF- a (rs1800630) AA 2 (5.3) 6 (4.5) 0.476
AC 5 (13.2) 30 (22.4)
CcC 31 (81.6) 98 (73.1)
A 9 (11.8) 42 (15.7)  0.469
C 67 (88.2) 226 (84.3)
TNF- a (rs1799964) TT 26 (68.4) 87 (64.0) 0.632
TC 10 (26.3) 44 (32.4)
CC 2 (5.3) 5 (3.6)
T 62 (81.6) 218 (80.1) 0.871
C 14 (18.4) 54 (19.9)
CYP2C19*2 (rs4244285) GG 32 (84.2) 107 (79.3) 0.729
GA 6 (15.8) 27 (20.0)
AA 0 (0.0) 1 (0.7)
G 70 (92.1) 241 (89.3) 0.666
A 6 (7.9) 29 (10.7)
CYP2C19*3 (rs4244285) GG 38 (100.0) 136 (100.0) -
GA 0 (0.0) 0 (0.0)
AA 0 (0.0 0 (0.0)
G 76 (100.0) 172 (100.0) -
A 0 (0.0) 0 (0.0)
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thalidomide embryopathy and unaffected groups (Continued).
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Gene Genotype/ Affected Unaffected p@
Allele n (%) n (%)
CYP2C19*4 (rs28399504) AA 38 (100.0) 135 (99.3) 1.000
AG 0 (0.0) 1 (0.7)
GG 0 (0.0) 0 (0.0)
A 76 (100.0) 271 (99.6) 1.000
G 0 (0.0) 1 (0.5)

aChi-Square Test
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Gene

RoleP

Locus Polymorphism

rs Number

Allelic Frequency Region

Type

FGF8

FGF10

BMP4

SHH

TPS3

TP63
TP73

Limb Development —
Altered expression in
embryos of animal models
exposed to thalidomide

Limb Development —
Altered expression in
embryos of animal models
exposed to thalidomide

Limb Development —
Altered expression in
embryos of animal models
exposed to thalidomide

Limb Development —
Altered expression in
embryos of animal models
exposed to thalidomide

Monitors the early
development process; Anti-
teratogenic function

Limb Development

Importance on
development

10g924.32 €.-160-2012C>T

5pl12 €.325+18804G>A

14q22.2 C.455T>C

7936.3 Cc.91G>A

17p13.1 €.215G>C

3028 €.325-47427>G
1p36.32 c.-30G>A

rs1348870

rs900379

rs17563

rs28936675

rs1042522

rs17506395
rs2273953

C=0.47

A=0.47

T=0.33

NA

G=0.46

G=0.11
A=0.18

Intron

Intron

Exon 4

Exon 1

Exon 4

Intron
5UTR

SNP

SNP

Missense

Missense

Missense

SNP
SNP
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Gene RoleP Locus Polymorphism rs Number Allelic Frequency Region Type
TNF-a Proinflammatory cytokine 6p21.33 C.-418G>A rs361525 A=0.06 Promoter SNP
— Cytokine selectively region
inhibited by thalidomide 6p21.33 C.-488G>A rs1800629 A=0.09 Promoter SNP
region
6p21.33 c.-1037C>T rs1799724 T=0.10 Promoter SNP
region
6p21.33 c.-1043A>C rs1800630 A=0.15 Promoter SNP
region
6p21.33 c.-12117>C rs1799964 C=0.22 Promoter SNP
region
CYP2C19 Drugs metabolization —
Biotransformation of
thalidomide to 5'-OH-
thalidomide
CYP2C19*2 Poor metabolizer 10923.33 C.681G>A rs4244285 A=0.22 Exon5  Synonymous
CYP2C19*3 Poor metabolizer 10923.33 C.636G>A rs4986893 A=0.01 Exon 4 Stop gained
Poor metabolizer 10923.33 c.1A>G rs28399504 G=<0.01 Exon 1 Start lost

CYP2C19*4

aData obtained from Ensembl database
bData obtained from OMIM database.
NA: not available.



