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Resumo

A talidomida foi sintetizada em 1954 na Alemanha Ocidental e
comercializada em todo o mundo como um sedativo seguro, porém com O
aumento da incidéncia de criancas nascidas com defeitos congénitos, em especial
defeitos de reducdo de membros (DRM) no inicio dos anos de 1960 foi
estabelecida sua teratogénese. Estima-se que 20-50% de todos os bebés
expostos a talidomida nasceram afetados por sua embriopatia, somando cerca de
10 mil criangas ao redor do mundo.

A maioria dos individuos com embriopatia talidomidica (TE) foi avaliada
apenas ao hascimento e ndo se reconhece qual a historia natural desta condicao.
Além disso, os mecanismos moleculares de sua teratogénese nunca foram
totalmente elucidados. Pesquisas em animais experimentais sugerem que tal
mecanismo pode estar associado a propriedade anti-angiogénica da talidomida. O
objetivo desse trabalho foi realizar uma avaliacdo exploratéria da saude fisica e
psicolégica dos individuos com TE, a fim de fornecer um melhor entendimento da
etiologia da embriopatia, uma vez que ndo € sabido se a talidomida pode causar
efeitos tardios, tais como o0 agravamento ou antecipacdo de algumas doencas.
Além disso, uma analise de polimorfismos funcionais de genes da via de
angiogénese foi realizada nesses sujeitos buscando esclarecer mecanismos
fisiopatoldgicos desta condicéo.

Através de um questionario clinico aplicado a vinte e oito individuos com
TE, nascidos entre 1959 e 2010, foram avaliadas as anomalias congénitas dos
mesmos. Os defeitos de membros foram as anomalias mais frequentemente
identificadas (96%), seguidas anomalias em olhos (25%) e orelhas (14%). Vinte e
trés desses individuos responderam a um questionario sobre seu histérico e
saude atual. Todos eram adultos, com idades entre 19 e 55 anos. Quando
comparados os dados obtidos com taxas de prevaléncia da populacéo brasileira,
sem anomalias congénitas, identificou-se que esses individuos apresentam uma
alta prevaléncia de doencas cronicas (p=0,001), em especial disturbios
psiquiatricos (p=0,011). Uma sugestdo de desenvolvimento precoce de doencas

cardiovasculares também foi identificada nos casos de TE (p=0,009). Surdez
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progressiva e perda dentéria na adolescéncia também foram relatadas. Novas
andlises devem ser realizadas a fim de buscar esclarecer se tais condi¢cbes
podem ter sido causadas ou agravadas pela exposicdo embrionaria a talidomida.

Para a avaliacao de variantes de possivel susceptibilidade genética a TE,
foram selecionados dez polimorfismos funcionais em genes que parecem ter sua
expressdo alterada apO0s a exposicdo a talidomida (de acordo com estudos
experimentais): trés no gene NOS2 (rs2779249, rs3833912 e rs2297518), trés em
PTGS2 (rs689465, rs689466 e rs20417) e quatro em VEGFA (rs699947,
rs1570360, rs2010963 e rs3025039). Tais polimorfismos foram genotipados
através de PCR em tempo real e PCR convencional em 38 individuos com TE e
136 brasileiros sem anomalias congénitas. Nao foram identificados alelos ou
genotipos de protecdo ou de risco para TE nos polimorfismos em NOS2, PTGS2 e
VEGFA nos individuos avaliados.

Adicionalmente, trés polimorfismos em NOS3 também foram analisados:
duas variantes funcionais (rs2070744 e rs1799983) ja anteriormente relacionadas
com a TE e o polimorfismo rs61722009, de variacdo de numero de repeticbes
(VNTR). A frequéncia da variante rs2070744 nos individuos com a embriopatia
quando comparados ao grupo controle, sem anomalias congénitas, foi
estatisticamente diferente (p=0,022). Além disso, foi demonstrada uma interacdo
entre 0 SNP rs2070744 e o VNTR rs61722009 que corroborou os resultados
anteriores e sugeriu que os individuos com TE possuem, em maior frequéncia,
alelos que reduzem a expressao de NOS3 a partir de mecanismos de regulacao
pré-transcricional. Esse achado pode ser de grande contribuicdo para os estudos
da etiologia da TE. As analises e resultados obtidos nesse estudo podem
contribuir para complementacgéo dos ensaios em modelos experimentais que vem
sido realizados com a talidomida, e esclarecer aspectos moleculares da

teratogénese dessa embriopatia.
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Abstract

Thalidomide was synthesized in 1954 in Western Germany and marketed
around the world as a safe sedative, although with the increased incidence of
children born with congenital anomalies, especially limb reduction defects (LRD) in
the beginning of the 1960s, its teratogenesis was established. It is estimated that
20-50% of all babies exposed to thalidomide were born affected by its
embryopathy, counting 10 thousand children around the world.

The majority of individuals with thalidomide embryopathy (TE) were
evaluated only at birth and the natural history of this condition is not known.
Besided, the molecular mechanisms of its teratogenesis were never completely
elucidated. Researches in animal models suggest that such mechanism may be
associated to thalidomide’s antiangiogenic property. The objective of this study
was to perform an exploratory evaluation of physical and psychological health in
individuals with TE, in order to provide a better understanding of the
embryopathy’s etiology, once it is not known if thalidomide may cause late effects,
such as aggravation or anticipation of some diseases. Besides, an evaluation of
functional polymorphisms in genes of angiogenesis pathway was performed in
these subjects looking for a comprehension of phisiopathological mechanisms of
this condition.

Through a clinical questionnaire applied to twenty-eight individuals with TE,
born between 1959 and 2010, their congenital anomalies were evaluated. Limb
defects were the anomalies most frequently identified (96%), followed by eyes
(25%) and ears (14%). Twenty-three of these individuals answered a
guestionnaire about their history and current health. All were adults, with ages
ranging between 19 and 55 years. When compared the data obtained with
prevalence rates in Brazilian population, without congenital anomalies, it was
identified that these individuals present a high prevalence of chronic diseases
(p=0.001), especially psychological disorders (p=0.011). A suggestion of early
development of cardiovascular diseases was also identified in TE cases (p=0.009).

Progressive deafness and dental loss in teenage years were also reported. New
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analysis must be performed in order to clarify if such conditions may have been
caused or aggravated by thalidomide’s embryonary exposure.

To evaluate variants of possible genetic susceptibility to TE, it was selected
ten functional polymorphisms in genes that seem to have their expression altered
after thalidomide’s exposure (according to experimental studies): three in NOS2
gene (rs2779249, rs3833912 and rs2297518), three in PTGS2 (rs689465,
rs689466 and rs20417) and four in VEGFA (rs699947, rs1570360, rs2010963 and
rs3025039). Such polymorphisms were genotyped through conventional PCR or
real-time PCR in 38 individuals with TE and 136 Brazilian without congenital
anomalies. It was not identified risk or protective alleles or genotypes to TE in the
polymorphisms of NOS2, PTGS2 and VEGFA in the individuals evaluated.

Additionally, three polymorphisms in NOS3 were also analyzed: two
functional variants (rs2070744 and rs1799983) previously related with TE and the
polymorphism rs61722009, of variable number of repeats (VNTR). The
frequencies of the variant rs2070744 in the individuals with the embryopathy when
compared to control group, without congenital anomalies, was statistically different
(p=0.022). Besides, it was demonstrated an interaction between the SNP
rs2070744 and the VNTR rs61722009 that corroborated the previous results and
suggested that the individuals with TE have, in higher frequency, alleles that
reduce the NOS3 expression through pre-transcriptional regulation mechanisms.
This finding can be of great contribution to the studies of TE etiology. The analysis
and obtained results of this study may complement the assays with animal models
and thalidomide that are currently being evaluated, and clarify molecular aspects

of the teratogenesis of this embryopathy.
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1. INTRODUCAO

1.1. Historico

A talidomida (composto quimico a-[N-ftalimido]-glutarimida) foi sintetizada
pelo laboratério Chemie Grinenthal em 1954, na Alemanha Ocidental, como um
anticonvulsivante. No entanto, os primeiros testes clinicos, iniciados em abril do
mesmo ano, demonstraram que a talidomida era imprépria para esse propoésito,
mas indicaram propriedades sedativas importantes. Seu efeito farmacologico
como depressor do sistema nervoso central foi tdo proeminente que a inddstria
langou o medicamento no mercado alem&o em 1956, sob 0s nomes comerciais de
Grippex® e Contergan®, uma vez que também foi relatada sua eficacia contra a
gripe comum. Anuncios da época também afirmavam sua acéo contra ansiedade,
insbnia, gastrite, sendo inclusive langados compostos combinados da talidomida
com outras drogas para uma variedade de indicacdes, tais como asma,
hipertenséo e enxaqueca (Lenz, 1988; Smithells & Newman, 1992).

Uma vez que a dose letal aguda (DL50) ndo pode ser determinada com
acuracia em virtude de ser extremamente alta, a talidomida era vendida como
segura e inofensiva, inclusive para gestantes, cuja sua grande procura era
justificada por suas propriedades anti-eméticas (Somers, 1960; Shardein, 1993).
Todos esses fatos fizeram com que a talidomida fosse considerada uma auténtica
panacéia, sendo comercializada sob 51 nomes comerciais diferentes, em mais de
40 paises, inclusive sem prescricdo médica (Saldanha, 1994).

No inicio de 1960 ja havia relatos de um grande numero de criancas
nascidas com defeitos de membros e em 1961 o Dr. Lenz sugeriu, em um
Congresso na Alemanha, que as anomalias eram o resultado do uso da
talidomida durante os trés primeiros meses de gestacdo. Quase que
simultaneamente essa correlacdo foi realizada pelo Dr. McBride, na Australia
(McBride, 1961). A confirmacgéo veio apos a retirada da medicacdo do mercado,
guando praticamente desapareceu o chamado fendtipo de focomelia. Mesmo
assim, foram relatados diversos casos de embriopatia por talidomida (TE) em
cerca de trinta paises (Saldanha, 1994; Miller & Stromland, 1999). Foram

descritas, também, casos de malformacdes em outros érgdos e sistemas, tais
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como coracgao, rins, olhos, orelhas (ausentes ou com anomalias), fissuras orais,
defeitos da medula espinhal e distlrbios no sistema gastrointestinal (Matthews &
McCoy, 2003).

Nos Estados Unidos, no entanto, a medicacao nao havia sido liberada pela
Food and Drug Administration (FDA) em virtude de relatos provenientes da
Europa a respeito de neuropatia periférica irreversivel como efeito colateral da
talidomida (Saldanha, 1994; Miller & Strémland, 1999). Acredita-se que mais de
dez mil criangas ao redor do mundo tenham sido vitimas da chamada Tragédia da
Talidomida (Lenz, 1988), porém o numero de abortos causados pelo uso do
farmaco € desconhecido (Matthews & McCoy, 2003).

A tragédia da talidomida poderia ter sido considerada um problema
histérico se nao pela descoberta acidental de Sheskin (1965), um médico
israelense que receitou a talidomida como sedativo para pacientes com eritema
nodoso hansénico (ENH), uma complicacdo imunoldgica, altamente inflamatoria,
da hanseniase (Schuler-Faccini et al., 2011). Alguns dias depois do uso, Sheskin
(1965) relatou a eficacia do farmaco para o tratamento dessa condicdo, 0 que
levou a um novo interesse no potencial terapéutico da talidomida para outras
condi¢Bes inflamatorias (Vianna et al, 2011), bem como novos estudos para o
entendimento de suas propriedades terapéuticas (Oliveira et al., 1999).

1.1.1. Regulamentacgéo e Uso de Talidomida no Brasil

A talidomida comecou a ser comercializada no Brasil em marco de 1958,
havendo relatos de casos de sua embriopatia a partir de 1960 (Schuler-Faccini et
al., 2011). Poucos casos foram descritos na literatura na época, mas até 1983
havia registro de 204 pacientes na Associagcdo Brasileira das Vitimas da
Talidomida (ABVT) (Schmidt & Salzano, 1983).

Com o reconhecimento da propriedade teratogénica da talidomida, o
governo federal brasileiro passou a cassar a licenca de comercializagdo da droga,
mas o ato so foi estabelecido em 1964. Conforme dados da Associacao Brasileira
dos Portadores da Sindrome da Talidomida (ABPST), a droga s6 foi retirada do
mercado brasileiro, de fato, em 1965 (ABPST, 2015).
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Uma vez que a talidomida tem sido utilizada no tratamento do ENH no
Brasil desde a segunda metade da década de 1960, acredita-se que seu uso
nunca tenha sido descontinuado no pais (Oliveira et al., 1999; Paumgartten &
Chahound, 2006). Atualmente, seu uso e dispensacdo sao fiscalizados pela
Agéncia Nacional de Vigilancia Sanitaria (ANVISA), regulamentados a partir da
RDC n° 11, 22 de Margo de 2011. O uso da talidomida € autorizado para
tratamento das seguintes condi¢des (1) ENH; (2) mieloma multiplo; (3) doenca do
enxerto versus hospedeiro; (4) reacBes ulcerativas da sindrome da
imunodeficiéncia adquirida (AIDS); e (5) lupus eritematoso sistémico (RDC n° 11,
22 de Margo de 2011).

1.1.2. Novos Casos de Embriopatia da Talidomida

Apesar da fiscalizagdo implementada, novos casos de embriopatia da
talidomida foram notificados no Brasil apds a tragédia mundial do teratdogeno. A
ocorréncia de novos casos ¢€ justificada pela alta prevaléncia de hanseniase em
algumas regifes do Brasil e pelo pouco controle e fiscalizacdo da dispensacao do
farmaco nessas regides (Castilla et al., 1996; Vianna et al., 2011).

A partir de informagfes obtidas através do Estudo Colaborativo Latino
Americano de Malformacdes Congénitas (ECLAMC), foram identificados 34 casos
de TE na América do Sul durante o periodo de 1969 a 1995 (Castilla et al., 1996).
Trinta e trés casos eram provenientes do Brasil, de nove diferentes estados
(Castilla et al., 1996). Como consequéncia dessa denuncia e também em virtude
da emergéncia de novas indicacdes terapéuticas, o Congresso Brasileiro aprovou
a Lei Federal 10.651 para regulamentar e fiscalizar a dispensacao da talidomida
(Paumgartten & Souza, 2013).

Em 2006, trés novos casos foram notificados atraves do Sistema de
Informacdo de Agentes Teratogénicos (SIAT) do Hospital de Clinicas de Porto
Alegre (HCPA) (Schuler-Faccini et al., 2007). Uma vez que esses casosS nhao
haviam sido registrados pelos sistemas de vigilancia epidemiol6gica, questionou-
se novamente a fiscalizacdo implementada, uma vez que a frequéncia de bebés
afetados pela talidomida ndo aparentava ter reduzido (Schuler-Faccini et al.,

2007). Mais recentemente, dois novos casos provenientes do Maranhao
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(municipio de Cajari) foram notificados (Vianna et al., 2013a). Ambos foram
expostos a talidomida em virtude do tratamento do ENH (Vianna et al., 2013a).

1.2. Propriedades Farmacoldgicas da Talidomida

A molécula a-[N-ftalimido]-glutarimida (talidomida) é formada por um anel
ftalimido e um anel glutarimida com carbono assimétrico. Possui duas formas
opticamente ativas (Figura 1.1), presentes numa razdo de 1:1 (Matthews &
McCoy, 2003). Acredita-se que a forma dextrégira (D) é responsavel pelos efeitos
sedativos, enquanto a forma levogira (L) confere as propriedades
imunomoduladoras e teratogénicas da droga (Matthews & McCoy, 2003). Esses
isbmeros se convertem espontaneamente em condi¢des fisioldgicas, portanto ndo
foi obtido sucesso na tentativa de separar a talidomida em enantibmeros puros
(Borges & Froelich, 2003).

O o} O O
H, NH HN—K H
N 0 0 N
(o} o}
Dextrogira / Levégira

Figura 1.1: Estrutura da talidomida e seus isémeros Opticos: forma dextrégira (D) e levégira (L)
(adaptado de Rehman et al., 2011)

Apés a ingestdao de 200mg da dose oral de talidomida por homens
saudaveis, estimou-se um pico de concentracao plasmatica em 1,15ug/mL, quatro
horas apos a ingestédo, sendo a meia-vida de 8 a 9 horas. Em virtude de possuir
baixa solubilidade aquosa, ndo se sabe a biodisponibilidade do farmaco. A
metabolizacdo da talidomida ndo ocorre primariamente no figado. Sua hidrolise é
espontanea, rapida e ndao-enzimatica, tendo sido encontrados 12 produtos de seu
metabolismo em humanos. Ocorre em pH fisioldégico e em ambiente aquoso. O
clearance corporal total é calculado em 10 e 21L/h para os enantidmeros (D) e
(L), respectivamente (Matthews & McCoy, 2003).
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A talidomida atravessa a placenta rapidamente por difusdo simples, sendo
que oito produtos de sua hidrolise foram encontrados no embrido em
desenvolvimento. Permanece no embrido em concentracbes equivalentes aos
niveis plasmaticos maternos por mais de 58 horas. Sua passagem rapida atraves
de membranas ocorre em virtude de sua conformacgéo solavel em lipidios. No
entanto, ela perde essa propriedade uma vez ocorrida a hidrélise de seus

produtos e, assim, tende a se acumular nos tecidos embrionarios (Fabro, 1993).

1.3. Mecanismo de Acao

Apesar de ndo estarem completamente elucidados, os mecanismos de
acdo da talidomida se baseiam especialmente em sua propriedade
imunomodulatéria, anti-inflamatoéria e anti-angiogénica. Essas a¢des ocorrem por
sua habilidade de modular e afetar a producdo de citocinas e, assim, a fungéo
celular. Um dos efeitos priméarios da talidomida é a inibicdo seletiva da producao
do fator de necrose tumoral a (TNF-a) (Sampaio et al., 1991; Moreira et al., 1993).

O TNF-a é uma citocina pré-inflamatéria que atua especialmente
estimulando a reacéo de fase aguda do sistema imune e induzindo a formacéo de
espécies reativas do oxigénio (ROS). Seus efeitos estdo descritos no
metabolismo de lipidios, na cascata de coagulacédo, na resisténcia a insulina e na
funcdo endotelial. Sua expressédo é induzida a partir da sinalizacdo do fator de
transcrigcdo nuclear kb (NF-kB) e ja foi identificada em diferentes tecidos (Tay et
al., 2010; Majumder et al., 2012).

Foi elucidado que a talidomida bloqueia a expressédo de NF-kB (Hansen &
Harris, 2004) e induz a degradacdo do mRNA de TNF-a, o que demonstra que a
inativacdo de TNF-a pela droga poderia ocorrer por diferentes vias. Ainda,
estudos demonstram que a inibicdo de TNF-a pela talidomida poderia, inclusive,
ocorrer por mecanismos indiretos, tais como o0 bloqueio da expressao da via do
lipopolissacarideo (LPS) que, por sua vez, atua inibindo TNF-a (Noman et al.,
2009; Majumder et al., 2012).

O efeito da talidomida na regulacdo da expressdo de proteinas pro-

inflamatoérias é vasto, tendo sido demonstrado que ela afeta interferon-gama (IFN-
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Y), interleucina-10 (IL-10), interleucina-12 (IL-12), prostaglandina sintetase 2
(PTGS2), 6xido nitrico sintase induzivel (iNOS), entre outros. Em virtude disso,
seu uso tem sido expandido para muitas doencas de caracteristica inflamatéria e
auto-imunes (Majumder et al, 2012).

A propriedade anti-angiogénica da talidomida foi identificada por D’Amato
et al. (1994). Em ensaios realizados em corneas de coelhos, esses pesquisadores
demonstraram que a talidomida, quando administrada oralmente, inibe a
angiogénese induzida pelo fator de crescimento de fibroblastos basico (bFGF)
nesses animais. Esse efeito ndo foi visualizado na proliferacdo de células
endoteliais, também induzida por bFGF. Apesar do mecanismo molecular de anti-
angiogénese permanecer nao totalmente elucidados, a identificacdo de que
somente a talidomida administrada oralmente possuia tal propriedade levantou a
hipétese de que seu metabolito ativo € produzido apés a metabolizacéo in vitro

pelo figado.

1.4. Embriopatia da Talidomida

Segundo analises de dados epidemioldgicos, o periodo de sensibilidade da
talidomida se situa entre 34 a 50 dias apdés a ultima menstruacao, ou 20 a 36 dias
apos a fertilizacdo (Newman, 1986). Conforme o dia de ingestdo do teratégeno,
diferentes padrées de anomalias eram observados. O periodo de sensibilidade
para cada orgao afetado (incluindo anomalias de membros e orelhas) foi tabelado
apos cuidadosa observacdo de muitos casos de TE (Nowack, 1965; Lenz, 1966;
Kida, 1968). Essa tabela foi adaptada por Miller & Stromland (1999), passando a
incluir também anomalias oftalmolégicas (Anexo 1). Estima-se que pequenas
doses de talidomida ja sdo capazes de levar a embriopatia (Shardein, 1993),
ocorrendo em 10 a 50% das gestantes que utilizaram a medicacdo durante o
periodo de sensibilidade (Newman, 1986).

As anomalias causadas pela talidomida mais amplamente conhecidas sao
as de membros. De acordo com uma revisao realizada por Vargesson (2009) de
casos publicados de TE provenientes do Reino Unido, Alemanha e América do
Sul, as malformacfes de membros afetam de 79-89% dos afetados. Anomalias de

polegares foram identificadas de 81% (Miller & Stromland, 1999) a 89% dos casos

21



(Lenz, 1988). Os defeitos de reducdo de membro (DRM) na TE sé&o bilaterais,
mas ndo necessariamente com simetria completa (Smithells & Newman, 1992).

Dois padrdoes de DRM sé&do considerados caracteristicos: defeitos de
reducdo de membros do tipo longitudinal pré-axial, afetando especialmente halux,
ou tibia, umero ou radio e/ou polegares; e os defeitos de membros do tipo
transverso intercalar, os quais se caracterizam por auséncia ou hipoplasia dos
0ssos longos, como radio e fémur, com preservacao parcial das estruturas distais
(maos, pés e digitos) (Lenz, 1988; Gold et al., 2011). Esse ultimo foi denominado
de focomelia e € o fendtipo mais comumente associado a TE. Casos de amelia
(auséncia total dos membros) também foram registrados (Newman, 1986), sendo
que o padrdo de focomelia ou amelia de membros superiores com membros
inferiores normais é considerado o mais comumente identificado na TE, em 38%
dos casos (Lenz, 1988)

Além dos DRMs, quase todos os 6rgaos do corpo podem ser afetados pela
teratogénese da talidomida. Estima-se que defeitos em outros 6rgdos ocorram em
18% dos casos, simultaneamente aos DRM (Vargesson, 2009). As anomalias
mais comumente encontradas sdo as craniofaciais, atingindo especialmente
orelhas e olhos; os érgaos internos mais frequentemente afetados séo o coracao
e os rins (Lenz, 1988; Smithells & Newman, 1992; Miller & Stromland, 1999).

As anomalias de olhos incluem, especialmente, anoftalmia, microftalmia,
coloboma de iris ou retina (Smithells & Newman, 1992). As anomalias de orelhas
possuem gravidade variavel, podendo compreender de anotia até malformacdes
moderadas na orelha externa (Miller & Stréomland, 1999), além de atresia,
estenose, tortuosidade do meato auditivo externo e apéndices auriculares
(Smithells & Newman, 1992). Surdez neurossensorial é frequentemente
identificada, com ou sem envolvimento da orelha externa (Miller & Stromland,
1999). Junto com as paralisias dos nervos faciais, a surdez € considerada a
malformacé@o neurolégica mais comum em individuos com TE (Lenz, 1988). As
paralisias de nervos levam a movimentos oculares restritos e lacrimagao
aberrante (Smithells & Newman, 1992). Anomalias de orelhas externas,
estrabismo, paralisia de nervos faciais e lacrimacdo aberrante frequentemente

ocorriam em conjunto (Miller e Stromland, 1999).
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Malformagbes renais tém ocorréncia estimada em 14% dos casos; e
defeitos congénitos do coragcdo em 8% dos individuos afetados (Miller &
Stromland, 1999). Um estudo realizado por Schmidt & Salzano (1983) com 93
adolescentes afetados pela TE identificou anomalias em 6rgdos internos em
apenas seis casos. Essa baixa frequéncia é creditada ao alto nUmero de criangas
que nado sobreviveram apos o0s primeiros anos de vida (Schmidt & Salzano, 1983).
A mortalidade precoce de bebés com TE €& estimada em 40%, ocorrendo
especialmente em virtude de defeitos de Orgdos internos graves (Smitthels &
Newman, 1992).

A ocorréncia de manifestacBes tardias causadas pela exposicdo a
talidomida néo é esclarecida, uma vez que a maioria dos individuos foi avaliada
apenas ao nascimento. Uma revisdo de casos realizada por Stréomland et al.
(1994) identificou uma prevaléncia de 4-5% de autismo em 100 individuos suecos
com TE, com idade entre 27 e 30 anos na época. Até 0 momento, esse é o Unico
efeito tardio ja associado com a TE. Nao ha estudos relatando os mesmos

percentuais de autismo em TE em outras populacdes.

1.5. Analogos da Talidomida

Em busca de uma alternativa mais segura e terapeuticamente eficaz para
0S NOVOoS usos, alguns analogos da talidomida foram sendo sintetizados ao longo
das décadas. Os analogos foram testados primariamente por sua habilidade de
inibir TNF-a, e alguns demonstraram, inclusive, maior poténcia nessa atividade
guando comparados a talidomida (Muller et al., 1999). No Brasil, a talidomida é o
farmaco de escolha para distribuicdo por ser a alternativa mais barata de
producdo (Paumgartten, 2013). Dentre os diversos analogos sintetizados,

destacam-se o CPS49, a lenalidomida e a pomalidomida (Figura 1.2).
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Figura 1.2: Estrutura quimica dos analogos CPS49, lenalidomida e pomalidomida.

O CPS49 (composto 2-(2,4-difluorofenil)-4,5,6,7-tetrafluoro-1H-isoindole-
1,3(2H)-diona) € um analogo tetrafluorinado que foi sintetizado devido a
identificacdo que, apos a biotransformagao da talidomida em 5’-OH-talidomida
pelo citocromo P450 2C19 (CYP2C19), os metabdlitos do farmaco conservavam
sua funcao anti-angiogénica. O CPS49 foi um dos analogos que mostrou maior
poténcia e eficacia ao bloquear o crescimento de microvasos da aorta de ratos,
além de reduzir a proliferacdo de células endoteliais da veia umbilical humana
(HUVEC) e formacdo do tubo endotelial (Ng et al., 2003). O CPS49 também
suprimiu completamente a producdo de TNF-a em monécitos humanos
(Gutschow et al., 2001). Mais tarde, percebeu-se que CPS49 reprime NF-kB
através da rapida producao intracelular de ROS (Ge et al., 2006). Uma vez que
leucemias refratarias a quimioterapia apresentam altos niveis de ROS, as
pesquisas com CPS49 estdo voltadas para essa condicdo (Aragon-Ching et al.,
2007). Ensaios em animais também foram realizados, onde CPS49 demonstrou
inibir a formagédo de vasos sanguineos imaturos em zebrafish e embrido de
galinha (Therapontos et al., 2009).

Lenalidomida  (composto  a-(3-aminoftalimido)-glutarimida)  também
demonstrou maior poténcia na inibicdo de proliferacéo celular e formacéao de tubo

em células HUVEC, quando comparada a talidomida; esse processo demonstrou
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ser dose-dependente, conforme se aumentava a concentracdo do farmaco
(Tohnya et al., 2004). No tratamento de mieloma multiplo, a lenalidomida mostrou
ser tdo eficaz quanto a talidomida, porém a primeira tem menos efeitos toxicos e,
portanto, é a terapia de escolha (Yang et al., 2013).

A lenalidomida é rapidamente absorvida no organismo, apdés sua
administracdo oral; sua concentragdo plasmatica maxima ocorre em até 6 horas
apos sua ingestdo em pacientes com mieloma multiplo. Seu metabolismo é
limitado, sendo que a lenalidomida ndo modificada € predominante no plasma, e a
eliminagcéo € principalmente via renal. A meia-vida da lenalidomida é de 3 horas
em individuos saudaveis e de 3 a 5 horas em sujeitos com mieloma multiplo
(Celgene, 2015a).

Pomalidomida (3-amino-talidomida) demonstrou efeitos antiproliferativos e
pré-apoptéticos significativos in vitro, além de respostas positivas no seu uso em
pacientes com mieloma mdltiplo refratario, que foi resistente inclusive a
lenalidomida (Chanan-Khan et al., 2013). Sua concentracdo plasmatica maxima
ocorre de 2 a 3 horas apds sua administracdo oral. Pomalidomida é substrato
para a glicoproteina-P e é primariamente metabolizada no figado por CYP1A2 e
CYP3A4. Sua meia-vida é de 9,5 horas em individuos com mieloma multiplo e 7,5

horas em homens saudéaveis (Celgene, 2015b).

1.6. Modelos Animais em Talidomida

A tragédia da talidomida repercutiu em mudancas na legislacdo aplicada a
pesquisas em modelos animais e a liberacdo da comercializagcdo de
medicamentos ao redor do mundo, uma vez que ficou evidenciada a necessidade
de maior regulamentacédo governamental e a prevencgao do uso de indiscriminado
de farmacos em gestantes (Daemmrich, 2002). A fim de garantir a seguranga na
liberagdo comercial de um medicamento, todos os farmacos devem ser testados
em pelo menos duas espécies animais, sendo uma delas nao-roedor (Saldanha,
1994), e que os resultados nesses modelos ndo poderiam ser extrapolados
exatamente para a espécie humana, uma vez que a teratogénese € um processo

espécie-especifico (De Santis et al., 2004).
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A talidomida é teratogénica a uma variedade de espécies, incluindo peixes
(zebrafish) e galinhas (Vargesson, 2009). Em mamiferos, focomelia e amelia
foram relatadas em coelhos, cdes, gatos, porcos e macacos (Schuler-Faccini et
al.,, 2011). No entanto, a talidomida ndo € teratogénica em camundongos,
havendo 14 estudos teratogénicos negativos na espécie (Schuler-Faccini et al.,
2011) ou em hamsters (Fratta et al., 1965). Em ratos, a maioria dos estudos
também obteve resultados negativos, mas um estudo relatou defeitos de
vértebras e cauda, porém sem defeitos de reducdo de membros (Schuler-Faccini
et al., 2011). As razdes pelo qual a talidomida n&o é teratogénica nesses roedores
permanecem nao elucidadas. Em virtude disso, os modelos animais mais
amplamente utilizados em pesquisa com talidomida sdo o zebrafish, a galinha e o
coelho (Therapontos et al., 2009; Ito et al., 2010; D’Amato et al., 1994).

A lenalidomida ndo é teratogénica em coelhos (Christian et al., 2007),
porém é teratogénica em macacos (Zeldis et al., 2013). Uma pesquisa atual com
um analogo da talidomida, a pomalidomida, demonstrou que esta droga ndo tem
efeito teratogénico em embribes de galinha e zebrafish, mesmo em
concentragbes de alto efeito antiinflamatério. Foi demonstrado, ainda, que a
pomalidomida ndo possui efeitos detectaveis sobre a formacdo de novos vasos
sanguineos desses animais, uma vez que possui uma maior especificidade
celular do que a talidomida (Mahony et al., 2013). Outros estudos, no entanto,
demonstraram que a pomalidomida é teratogénica em coelhos e camundongos
(D’Amato et al., 2013; Zeldis et al., 2013).

1.7. Mecanismos de Teratogénese da Talidomida

Ao longo dos anos, diversos estudos tém procurado elucidar o mecanismo
de teratogénese da talidomida, tendo sido geradas mais de 30 hipoteses entre
1966 e 2003. As hipoteses atualmente mais bem aceitas sdo as estudadas a
partir de modelos animais e postulam a acdo da talidomida (1) ligando-se a
proteina Cereblon (CRBN); (2) levando a formagédo de ROS e estresse oxidativo;

e (3) inibindo a angiogénese (Kim & Scialli, 2011).
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1.7.1. Teratogénese por Ligacdo a Proteina Cereblon

CRBN ¢ codificada pelo gene de mesmo nome e atua na ubiquitinacdo de
diversos substratos néo identificados. Ela forma um complexo E3 ubiquitina-ligase
com a proteina de ligacdo especifica a DNA danificado 1 (DDB1) e culina 4A
(CUL4A). Identificou-se que a proteina Crbn é alvo de ligagdo da talidomida em
zebrafish e, quando essa ligacdo ocorre, o complexo E3 ubiquitina-ligase néao é
formado. Isso impediria a acdo do mesmo complexo na inducdo do crescimento
de membros e da expressdo do fator de crescimento de fibroblastos 8 (Fgf8),
conforme demonstrado em embriées de galinha e zebrafish (Ito et al., 2010). Mais
recentemente, uma andlise in silico identificou que a talidomida impede que
Cereblon se ligue a um de seus substratos endogenos, o fator de transcricao
homeobox MEIS2 (Fischer et al., 2014). MEIS2 tem um papel importante na
regulagcdo do desenvolvimento de membros de vertebrados (Capdevila et al.,
1999).

A avaliacdo da expressao de Crbn em pacientes que utilizam a talidomida
para mieloma multiplo demonstrou que a eficacia do tratamento esta vinculada a
expressao de CRBN, havendo melhor resposta naqueles individuos com maiores
niveis de expressdo génica (Zhu et al., 2011). Além disso, evidéncias
experimentais apontam que a degradacdo de dois fatores de transcricdo da
familia lkaros dedo-de-zinco, IKZF1 e IKZF3, dirigida pelo complexo E3-
ubiquitina-ligase € o mecanismo de acdo por tras do efeito anti-proliferativo e

imunomodulatoério da talidomida (Krénke et al., 2014).

1.7.2. Teratogénese por Inducao de Estresse Oxidativo

O mecanismo de estresse oxidativo da talidomida compreende em um
evento especifico que altera a funcédo celular e/ou vias de transducéo de sinal
que, por consequéncia, induz malformagdes no embrido, assim como ocorre com
outros teratdgenos (Hansen & Harris, 2004). Sabe-se que a produgdo de ROS
pela talidomida perturbou a angiogénese em modelos animais (Sauer et al.,
2000), tendo sido avaliado um dano oxidativo maior em coelhos, uma espécie
sensivel ao teratdgeno, do que em espécies nao-sensiveis a teratogénese da

talidomida, tais como camundongos (Parman et al., 1999).
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Muitos estudos apontam que a desregulacédo da via de NF-kB & um
provavel meio pelo qual a talidomida induz teratogénese nos membros (Hansen &
Harris, 2004). O fator de transcricdo NF-kB ativa genes bastante importantes para
0 processo de formacado dos membros, tais como Msx1, Fgfl0, Shh e Twist (Tay
et al., 2010; Hansen & Hatrris, 2013).

1.7.3. Teratogénese por inibicdo da angiogénese

Desde a elucidacao de sua propriedade anti-angiogénica, a talidomida foi
postulada como uma medicacédo a ser utilizada no tratamento de cancer. Diversos
estudos demonstraram que a talidomida bloqueia a angiogénese nos membros do
embrido de galinha, bem como nos olhos de camundongos e coelhos (D’Amato et
al., 1994; Kenyon et al., 1997).

Acredita-se que o mecanismo anti-angiogénico seja uma das causas para a
teratogénese dos membros. Essa hip6tese foi postulada a partir do ensaio que
demonstrou que a talidomida inibe a angiogénese na cornea de coelhos a partir
da inibicdo de bFGF; os autores demonstraram, ainda, que a acéo da talidomida
na neovascularizacdo da cérnea desses animais levava a mudangas estruturais
semelhantes as visualizadas na vasculatura dos brotos dos membros de coelhos,
também tratados com o farmaco (D’Amato et al., 1994). No entanto, ndo se sabe
como esses vasos sanguineos se tornam alvos especificos da droga (D’Amato et
al., 1994; Therapontos et al., 2009; Vargesson, 2009).

Recentemente, um estudo demonstrou que 0SS membros sé&o
particularmente susceptiveis a acdo da talidomida em virtude de sua rede de
vasos sanguineos imaturos, com alta taxa de angiogénese, durante o periodo
gestacional de alta sensibilidade da droga (Therapontos et al., 2009). Apesar de
alguns avancos na compreensdo a respeito do bloqueio da angiogénese pela

talidomida, os alvos moleculares nos quais ela atua continuam desconhecidos.

1.8. Alvos Moleculares da Talidomida
Ensaios de teratogénese da talidomida tém sido executados em diversos

modelos animais, de zebrafish a mamiferos (Ito et al., 2011). As pesquisas
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procuram elucidar padroes de expressdo génica ou de regulacdo das vias de
angiogénese e estresse oxidativo, tanto nesses modelos animais como em
estudos in vitro. Todo esse processo levantou hipoteses de uma diversidade de
genes que sdo possiveis alvos da acdo da talidomida em humanos.

A busca pelos mecanismos moleculares da talidomida levou a pesquisas
com uso de animais knockout. Os ensaios knockout sdo justificados a fim de
possibilitar a criacdo de modelos que exemplifiguem diferencas de expressao de
determinados genes, porém a inibicdo total da codificacdo de uma proteina pode
gerar um distanciamento dos padrées in vivo em humanos.

J& foi relatado que a capacidade do organismo humano em responder a
estimulos angiogénicos € afetada por variantes genéticas. Essas variantes podem
levar a diferentes respostas qualitativas ou quantitativas, bem como ser a chave
para a suscetibilidade de alguns individuos a desenvolver determinadas doencas
(Rogers & D’Amato, 2012). Da mesma forma, as pesquisas que tentam elucidar
os alvos moleculares da talidomida em humanos também devem considerar um
controle de expressao génica, bem como de cascatas de sinalizacdo, a partir das
variantes genéticas individuais. Ja que diferentes fenétipos foram descritos nas
pessoas afetadas pela embriopatia talidomidica e que nem todas as gestantes
que consumiram o medicamento durante o periodo de sensibilidade tiveram seus
filhos afetados pela embriopatia (Newman, 1986), pode-se inferir que existem

diferencas intra-especificas geneticamente determinadas.

1.8.1. As Sintases de Oxido Nitrico

O oOxido nitrico € uma molécula com alta capacidade de difusdo que regula
diversos processos como proliferacdo, degradacdo da matriz extracelular e
angiogénese (Siamwala et al., 2012), aléem de propriedade vasodilatadora
importante na inflamacdo. Sua sintese ocorre a partir de aminoacidos L-arginina
por enzimas denominadas oxido nitrico sintases (NOS). Trés isoformas das NOS
sdo conhecidas: a neuronal (NNOS), a induzivel (iNOS) e a endotelial (eNOS),
codificadas, respectivamente, pelos genes NOS1, NOS2 e NOS3 (Fostermann et
al., 1994).
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O envolvimento do oxido nitrico em respostas inflamatorias e na
angiogénese fez com que as enzimas que produzem essa molécula sejam
consideradas um potencial alvo molecular da talidomida. Foi demonstrado que
sua resposta € modulada pela talidomida tanto por inibicdo da migracdo de
células endoteliais, mediada por Oxido nitrico (Tamilarasan et al., 2006) quanto
por mecanismos indiretos, a partir da inibicdo de interferon-y (IFN-y) em células
endoteliais (Badamtseren et al., 2011).

Um estudo realizado em camundongos demonstrou que eNOS tem um
papel importante no desenvolvimento normal e anormal de membros (Gregg et
al., 1998). Mais tarde, foi demonstrado que a talidomida possui atividade inibitoria
moderada em NnNOS e iINOS (Noguchi et al., 2004). Recentemente, descobriu-se
que o oOxido nitrico tem efeito protetor na teratogenicidade da talidomida, pois
estimula a angiogénese e reduz o estresse oxidativo causado pela droga
(Siamwala et al., 2012).

A expressdo de NOS2 pode ser modificada por polimorfismos. Em
humanos, o polimorfismo g.-1026C>A (rs2779249) e a regido de microssatélites
(CCTTT)n tém sido amplamente estudados por sua possibilidade de afetar a
expressdo do gene, uma vez que Sse encontra em sua regido promotora. O
polimorfismo g.2087G>A (rs2297518) no éxon 16 pode ter papel importante na
inducdo de NOS2, ja que leva a uma substituicdo do aminoacido serina por
leucina, aumentando a atividade de iINOS e, consequentemente, a formacao de
oxido nitrico (Oliveira-Paula et al., 2013).

Polimorfismos tém sido avaliados, também, no gene NOS3, sendo
especialmente relacionados com doencas cardiovasculares. Dentre eles, os
polimorfismos de base u(nica (SNPs) g.-786T>C (rs2070744), na regido
promotora, g.894G>T (rs1799983), no éxon 7, e o numero variavel de repeticdes
in tandem (VNTR) do intron 4 sdo clinicamente relevantes (Tanus-Santos et al.,
2002; Zhang et al., 2008; Doshi et al., 2010). Um estudo realizado numa amostra
de brasileiros euro-descendentes demonstrou uma associagédo entre o VNTR do
intron 4 com o polimorfismo g.-786T>C, 0 que sugere sua interagcdo com a regiao

promotora do gene (Marroni et al., 2005).
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Recentemente, nosso grupo avaliou os polimorfismos g.-786T>C e
0.894G>T do gene NOS3 em uma amostra de 28 pacientes diagnosticados com a
embriopatia pela talidomida, 27 parentes de primeiro grau (mée ou irmao) e 68
amostras controles da populacdo brasileira (individuos sem mal-formacdes). A
andlise de frequéncias genotipicas e de haplotipos indicou uma diferenca
estatisticamente significativa entre os afetados pela sindrome da talidomida em
relacdo ao grupo nao afetado, no qual os individuos com a embriopatia
demonstraram uma frequéncia maior de alelos associados a uma expressao
reduzida de Oxido nitrico, o que poderia ter contribuido na propriedade
teratogénica da talidomida (Vianna et al., 2013b).

1.8.2. As Prostaglandinas Sintases

As prostaglandinas sintases (PTGS) catalisam a conversdo do acido
araquidénico em prostaglandinas, que em sua maioria sdo fatores altamente pré-
angiogénicos (lfiiguez et al., 2003). Duas isoformas foram identificadas, sendo a
PTGS1 mantenedora das funcdes celulares de rotina e a PTGS2, induzivel,
frequentemente associada a eventos como inflamacgéao e proliferacdo (Hla and
Neilson, 1992).

PTGS2 é expressa em nivel basal no tecido 6sseo, mas essa expressao
pode ser elevada rapidamente, sendo induzida por fatores como TNF-a, proteina
morfogénica 6ssea 2 (BMP-2) e NF-kB. Foi demonstrado que ela regula
ativamente diversos processos fisiologicos e patologicos nesse tecido, como
reparo de fraturas e osteogénese. Além disso, é induzida por NF-kB em situagdes
de estresse (Li et al., 2006). Possui uma atividade cruzada com as NOS, podendo
reduzir a expressao de NOS2 e, consequentemente a producao de oxido nitrico,
ou ainda ter sua expressao induzida pelos mesmos estimulos que reforcam a
atividade de iNOS.

Dois polimorfismos funcionais na regidao promotora do PTGS2 tém sido
amplamente estudados e associados a risco de desenvolvimento de doencas
cardiovasculares e doencas autoimunes, bem como diferentes progndsticos nos

mais variados tipos de cancer. O polimorfismo g.-765G>C (rs20417) caracteriza-
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se por uma menor taxa de transcricdo na variante polimérfica (alelo C),
diminuindo a atividade da regidao promotora em 30%, conforme estudos in vitro
(Papafili et al., 2002).

O polimorfismo g.-1195G>A (rs689465) também demonstra uma
diminuicdo nos niveis de mRNA produzido. A variante -765C esta associada a
niveis mais baixos de proteina C reativa, o que leva a um efeito protetor a
doencas cardiovasculares em pessoas com esse genotipo, apesar de estar
associado com um maior risco a infeccbes. Esse polimorfismo, junto ao g.-
1195G>A, também teve uma associa¢ao positiva contra o risco de pré-eclampsia,
uma vez que ja foi demonstrado que o0s niveis de tromboxano sé&o
consideravelmente inferiores em gestantes saudaveis em relacdo aquelas que
sofrem pré-eclampsia. O tromboxano, junto a prostaglandina, € um mediador de
processos inflamatérios e potente vasoconstritor, podendo causar disfuncdes
endoteliais graves (Félétou et al., 2011). No feto, no entanto, essa variante
polimorfica foi associada a isquemia da placenta (Gurdol, 2012). A presenca do
alelo C também foi associada a uma maior dificuldade de implantacdo do embrido
(Salazar, 2010).

Em linhagens celulares de células do colon, a talidomida desestabilizou o
MRNA de PTGS2 e sua proteina através da inibicao de interleucina 1p (IL-1B) e

da proteina quinase ativadora de mitdégeno p38 (p38 MAPK) (Jin et al., 2007).

1.8.3. O Fator de Crescimento de Endotélio Vascular

O fator de crescimento de endotélio vascular (VEGF) foi originalmente
descrito como um fator de permeabilidade vascular e um mitdgeno relativamente
especifico para células endoteliais, estando envolvido nhuma grande variedade de
processos angiogénicos (Rogers & D’Amato, 2012). VEGF é codificado pelo gene
de mesmo nome, sendo este altamente polimorfico e critico para manutencao da
vida, tendo sido demonstrado que sua presenca no estado haploide resulta em
letalidade embrionaria em camundongos (Rogers & D’Amato, 2012).

Experimentos que examinaram 0S enantiomeros da talidomida
demonstraram que a forma levogira tem uma atividade antiangiogénica mais forte

na neovascularizacdo de cérneas de camundongos, um processo induzido pelo
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bFGF e por VEGF (Kenyon et al., 1997). Esse estudo demonstrou que através da
administrac@o intraperitoneal do farmaco, VEGF e bFGF foram inibidos nesses
animais de forma independente a capacidade da talidomida em suprimir a
producdo de TNF-a (Kenyon et al., 1997). Um estudo anterior ja havia
demonstrado que a talidomida € uma inibidora da angiogénese na cornea de
coelhos (D’Amato et al., 1994).

O gene VEGF, por ser altamente polimérfico, tem sido alvo de muitos
estudos. Um de seus polimorfismos mais estudados é o 936C>T (rs3025039),
localizado na regido 3’-UTR do gene (Rogers & D’Amato, 2012), tendo sido
demonstrado que os individuos portadores do alelo T (tanto em heterozigose
guanto em homozigose) possuem niveis plasmaticos de VEGF dois tercos
menores do que os nao portadores desse alelo (Renner et al., 2000). Dentre
outros polimorfismos muito estudados em VEGF estdo o -2578C>A (rs699947), o
-1154G>A (rs1570360) e o -634G>C (rs2010963), que formam blocos de
haplétipos localizados na regido promotora. Um estudo com 192 sujeitos com
mieloma multiplo e 209 controles sugeriu que a presenca dos genotipos
CC/IGG/IGG (-2578/-1154/-634) levava a um risco aumentado para o
desenvolvimento desse céncer (Brito et al., 2014).

Em um ensaio realizado com células HUVEC, a talidomida foi capaz de
inibir VEGF tanto a nivel de mRNA quanto de sua proteina (Tan et al., 2012). O
teratdgeno também inibiu a proliferacdo e o crescimento de células humanas da
microvasculatura intestinal (HIMEC), processos que séo induzidos por VEGF
(Rafiee et al., 2010).
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2. JUSTIFICATIVA

Apesar de ja ter se passado 60 anos desde sua sintese, a talidomida esta
longe de ser um assunto historico. A descoberta de sua eficacia no tratamento do
ENH (Sheskin, 1965) trouxe um novo interesse a respeito das propriedades do
farmaco. Mais tarde, a identificacdo de seus mecanismos imunomodulatérios e
antiangiogénicos fez com que a talidomida voltasse a ser utilizada em muitos
paises para tratar doencas autoimunes e diferentes tipos de cancer (Matthews &
McCoy, 2003). Atualmente, 820 ensaios clinicos com talidomida encontram-se
registrados no ClinicalTrials.gov (National Institute of Health, USA).

Na época da tragédia da talidomida, os individuos afetados por sua
embriopatia foram submetidos ao nascimento a uma avaliacdo clinica rigorosa
que contribuiu imensamente para o diagnéstico diferencial da TE frente a outras
possiveis sindromes genéticas. No entanto, para poucos sujeitos houve
seguimento ao longo da vida. Portanto, ndo se conhece as condi¢cbes de saude
atual, tais como doencas crbnicas; tampouco se sabe se estas poderiam ser
antecipadas ou agravadas pela exposicao intra-uterina a talidomida.

Os mecanismos moleculares de teratogénese da talidomida, assim como
de muitos outros teratdgenos, permanecem nao completamente elucidados. A
avaliacdo de teratogénese é dificultada por inidmeros fatores que contribuem para
gue a mesma ocorra, incluindo a susceptibilidade genética do embrido em
desenvolvimento. Uma vez que 20-50% dos expostos a talidomida desenvolveram
a embriopatia, faz-se necessario a avaliacdo de variantes génicas que podem nao
apresentar nenhum efeito deletério a espécie humana em condic¢des fisioldégicas
normais, porém podem simbolizar um possivel risco para um bebé que esta
sendo exposto a um farmaco que é um potencial antiangiogénico. Muitos
polimorfismos funcionais foram relacionados a doengcas com etiologia
antiangiogénica, porém pouco se sabe sobre os mesmos nos individuos com TE.
Esse conhecimento pode auxiliar no esclarecimento de mecanismos de

teratogénese do farmaco e sintese de um analogo seguro.
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3. OBJETIVOS

3.1. Objetivo Geral

Proceder uma avaliacdo clinica e molecular em individuos afetados pela
Embriopatia da Talidomida, a fim de contribuir para o melhor entendimento dos
mecanismos de teratogénese da talidomida.

3.2. Objetivos Especificos

* Avaliar achados clinicos em individuos com a Embriopatia da Talidomida
em diversas faixas etéarias;

* |dentificar a existéncia de manifestacbes causadas ou antecipadas pela
exposicao a talidomida durante o desenvolvimento embrionario;

* |dentificar alvos moleculares na via de angiogénese que atuem nha
teratogénese da talidomida em humanos;

* Analisar polimorfismos funcionais nos genes NOS2, NOS3, PTGS2 e
VEGFA e avalia-los junto aos resultados previamente publicados do gene NOSS;

* Estimar a frequéncia dos polimorfismos funcionais em individuos com a

Embriopatia da Talidomida, comparando com sujeitos ndo afetados.
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Abstract

Background: Thalidomide is a known teratogen and it is estimated that more than
ten thousand babies around the world were affected by thalidomide embryopathy
(TE), which is characterized mainly by limb defects, but can involve many organs
and systems. Most people with TE were only evaluated at birth and it is not well
established if thalidomide exposure during embryonic development leads to later
effects. We analyzed the clinical history of adults with TE in order to better
understand this gap in the clinical findings of TE.

Methods: Brazilian individuals with TE were invited through the Brazilian
Association of Thalidomide Victims (ABPST) to answer a clinical questionnaire
which considered family history, social information, medical history, and current
clinical and psychological health status. A clinical examination was also
performed, including on the infant subjects, in order to evaluate congenital
anomalies. The characterization of the features was analyzed using descriptive
statistics and Chi-square or Fisher’s exact test.

Results: The congenital anomalies caused by thalidomide were reviewed in 28
Brazilian individuals, and the questionnaire was applied to the 23 adult subjects
with TE (aged 19 to 55). Progressive deafness and dental loss were reported.
From the comparison of TE individuals with the general Brazilian population, the
early onset of cardiovascular diseases (p = 0.009) and a higher frequency of
psychological disorders (p = 0.011) were observed.

Conclusions: Although there is no sufficient evidence that thalidomide exposure
caused or worsened the described events, this approach helps to better
understand the TE phenotype, improves the clinical diagnosis, and can lead to

adequate health support for these individuals.

Keywords: thalidomide; teratogenesis; embryopathy; limb reduction defects; late
effects;
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1. Introduction

Thalidomide was synthesized in East Germany in 1954 and introduced into
the market in 1957 (Smithells and Newman 1992). It was originally considered to
be a new, virtually non-toxic, sedative hypnotic drug, due to its low absorption and
negative results in toxicity tests on rodents (Somers 1960). Later, it was licensed
to treat a wide variety of ailments, including morning sickness in early pregnancies
(Lenz 1988). In 1961, Dr. Lenz, a German physician, reported that thalidomide
was probably responsible for the epidemic of children born with limb defects in
those years, a suggestion that was simultaneously made by Dr. McBride in
Australia (Smithells and Newman, 1992). The drug was removed from the market
in Germany in the same year and then by many other countries in 1962 (Lenz
1988).

Thalidomide had been marketed in more than 46 countries, including Brazil,
where it began being sold in 1958. It was withdrawn at the end of 1962 (Saldanha
1994; Schmidt and Salzano 1980). Thalidomide’s history would probably be
different if not for the discovery by Sheskin (1965) regarding its effectiveness in
the treatment of erythema nodosum leprosum (ENL). ENL is an inflammatory
reaction that occurs frequently in leprosy, a neglected disease caused by the
bacillum Mycobacterium leprae. Leprosy occurs in Brazil at an estimated rate of
1.51 per 10,000 inhabitants (Basic Data Indicators, Brazilian Health Ministry,
2012), with endemic areas reaching a prevalence of 7.69 per 10,000 inhabitants
(Basic Data Indicators, Brazilian Health Ministry, 2012). Thalidomide has been
used in Brazil to treat this condition since the second half of the 1960s (Oliveira et
al. 1999; Paumgartten and Chahound 2006). More recently, the drug has also
been designated to treat other conditions, such as multiple myeloma, lupus
erythematosus, idiopathic ulceration from AIDS, and graft versus host disease,
due to its important immunomodulatory and antiangiogenesis properties (Sampaio
et al. 1991; Moreira et al. 1993; D’Amato et al. 1994). Because of these properties,
the use of thalidomide was increased in Brazil, but under restrict legislation (RDC
no. 11, March 22, 2011), implemented by the Brazilian National Health
Surveillance Agency (ANVISA). Despite its restricted use and the need for a

prescription, several cases of TE in Brazil have been reported over the last few

41



decades (Castilla et al. 1996; Schuler-Faccini et al. 2007; Vianna et al. 2013b).
This indicates that Brazilians of varying ages are affected by TE, from 50 year olds
— born during the worldwide tragedy — to infants.

It is estimated that more than ten thousand children have been born with
thalidomide embryopathy (TE), which includes congenital defects, especially in
limbs, the heart, ears, and eyes (Lenz 1988). Some patterns are essential for
differential diagnosis of the embryopathy: the limbs are the organs of the body
most commonly affected and, therefore, bilateral limb reduction defects (LRD) are
expected in TE individuals, because both sides of the body develop in parallel
(Smithells and Newman 1992); however, the degree of symmetry can vary. Two
types of bilateral LRD are considered to be signals of the TE phenotype: preaxial
longitudinal and intercalary transverse (Lenz 1988; Vianna et al. 2013b). Cases
with amelia are also commonly seen in TE (Newman, 1986). The majority of TE
individuals frequently have the upper limbs affected, and the pattern of lower limb
defects is similar to that for the upper limbs (Smithells and Newman 1992).

Craniofacial anomalies are also commonly seen in TE individuals, affecting
mainly eyes and ears (Stromland and Miller 1993). Facial palsy has also been
described in an evaluation of 86 TE subjects; its frequency being estimated in
20% of the affected individuals (Stromland and Miller 1993), and later estimated in
13%, according to an analysis of 31 affected individuals (Sjogreen and Kiliaridis
2012). The heart and kidneys are the internal organs mainly affected, but there are
also several reports of genital and alimentary tract anomalies (Newman 1992;
Miller and Stromland 1999). The mortality of babies with TE is about 40% due to
the severity of the malformations, and consequently, internal defects are not
common in adult individuals (Newman 1992).

Although phocomelia is quite characteristic of TE, one of the main
challenges in TE diagnosis is the fact that none of the congenital defects observed
are unique to TE (Smithells and Newman 1992), and also because it includes a
variety of defects (Smithells and Newman 1992).

Recently, studies of people affected by TE have been performed by some
groups around the world in order to determine different aspects of the

embryopathy and to better characterize the main clinical features. Examples of this
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include aberrant tearing (Miller et al. 2008), facial palsy (Sjogreen and Kiliaridis
2012), and ocular motility (Miller and Stromland 1991). However, it is not known if
different health symptoms or medical evaluations for those individuals are
occurring now as an outcome of in utero exposure to this teratogen. Thirty-one
Swedish citizens affected by TE were included in a cohort study that intended to
examine their dental condition by clinical and radiological evaluation. TE
individuals were found to have more tooth wear than the unaffected population,
probably due to the high number of subjects who suffered from regurgitation
(Ekfeldt and Carlsson 2008). Later, an Australasian group evaluated new
neurological complaints, but the authors suggested that these findings could be
explained by the compensatory posture employed to compensate for the disability
or low limb maotility, and that there were no reasons to suspect a delayed effect on
the embryo which had been exposed to thalidomide (Jankelowitz et al. 2013).
Thus, here we aim to evaluate clinical findings for individuals with TE and search

for delayed manifestations caused or anticipated by thalidomide exposure.

2. Methods

This study was approved by the Committee for Ethics and Research of the
Hospital de Clinicas of Porto Alegre, under number 10-0244.

A number of Brazilians affected by TE were invited through the Brazilian
Association of Thalidomide Victims (ABPST) to answer a clinical questionnaire
developed by our group. The four authors (TWK, FSLV, MTVS, and LS-F)
administered the questionnaires and performed clinical examinations of the
participants. The research form consisted of: evaluation of physical anomalies,
family history, social information, medical history, and current clinical and
psychological health status. The analysis of congenital defects consisted of the
determination of clinical features compatible with TE, according to the diagnosis
guidelines developed by our group (Vianna et al. 2013b). The guideline was
developed after a careful review of the literature of the cases of the 1960s and
divides the clinical features and systems affected by frequency of occurrence in
TE, which greatly facilitate the correct diagnosis. Furthermore, the diagnosis

follows recommendations provided from the report after the Meeting of Experts of
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Thalidomide Embryopathy (Thalidomide Embryopathy - World Health Organization
Report, 2014).

The sample consisted of 28 people born in 12 different federative units of
Brazil, from the five regions of the country. The participants were born between
1959 and 2010, with 21 of them being born during the worldwide thalidomide
tragedy (1959 to 1964). Five participants only performed the clinical evaluation
and questionnaire for the congenital anomalies. The other 23 did the entire
analysis. Demographic data are available in Table 1.

Variables such as level of schooling and professional occupation were
determined in order to verify possible injuries or exposures during the person’s life,
besides the impact that embryopathy has had on the professional and personal
life. The family history of the individuals and their first-degree relatives (parents,
siblings, and children) were investigated, with questions about consanguinity
marriages, history of congenital malformations, and genetic or chronic diseases, in
order to exclude the possibility of the presence of concomitant genetic syndromes
or familial diseases in late-effects analysis. Moreover, the reproductive history of
the participants was evaluated in order to identify possible consequences (not
diagnosed at birth) of thalidomide exposure in the reproductive system.

Medical interventions, such as surgeries and chronic use of medications,
were determined, in order to access the clinical history of the individuals affected
by TE. The clinical file contained questions about diseases in different systems
(cardiovascular, immune, respiratory, gastric, genitourinary, and musculoskeletal);
dental, visual and auditory deficiencies; psychological disorders; and chronic
common diseases in our populations, including cancer (previous or present),
diabetes, and hypertension.

The characterization of the features and differences were analyzed using
descriptive statistics and Chi-square or Fisher's exact test. All tests were two-
tailed and the significance level was set at 0.05. The analyses were performed

using the SPSS® program, version 20 (SPSS, www.spss.com, IBM, USA).
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3. Results

Congenital anomalies

The description and frequencies of the congenital anomalies in limbs and
other systems are described in Table 1. All participants have LRD. Only one
individual did not have anomalies in the upper limbs. Seventeen cases involved
intercalary transverse defects (61%), 10 participants had preaxial longitudinal LRD
(36%), while there was no case of amelia in this sample. Almost half of the
individuals (46.5%) also had the lower limbs affected, with 11 cases of intercalary
transverse LRD (39%) and 2 with preaxial longitudinal defects (7%). Half of all the
individuals had the left side of the body more affected than the right side. Six had
both sides equally affected (21%).

Ten subjects in our research (36%) did not have any other organ or system
affected. Four individuals stated to never have been evaluated for internal
anomalies. Three of them are included in this group with malformations of the

limbs only.

Social Information and Familial History

Only one individual was not literate, due to the occurrence of congenital
deafness together with phocomelia of the four members, which precluded the
learning of sign language. All of them receive financial restitution from the Brazilian
government. Ocupation and schooling data are summarized in Table 1.

In regard to familial history, there was one case of achondroplasia, one
case of webbed neck, and one case of epilepsy, each in a different family. The
number of siblings ranged from one to thirteen, with only one of the people
interviewed being an only child (4%). Twelve (12 of 19) stated that they have tried
to have children and nine of them (seven male) had at least one child (75%). Two
males (2 out of 12) stated that their wives have suffered abortions, but each of
them subsequently fathered two. None of the 21 children was born with congenital
anomalies or genetic diseases. A similar finding was encountered in the study
performed by Strémland et al (2002), which reaffirms that thalidomide is not

mutagenic. Another three individuals tried to have children (two of them female)
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without success. One of these women was born with a bicornuate uterus and the
other one reported to have fallopian tube alteration. No other individual in this

sample referred to any anomaly in the reproductive system.

Medical history and current health status

The diseases reported by the adult individuals with TE are described in
Table 2, in accordance with the systems affected. Glaucoma was the only ocular
disease reported; however, many were affected by refractive errors such as
myopia and astigmatism. Only six individuals (26%) stated to have perfect vision,
without use of corrective lenses.

Besides the four individuals with congenital deafness, six individuals (27%)
reported progressive deafness after the age of 40. Since deafness may cause
social withdrawal and other psychological consequences, we compared the
individuals who have hearing loss with all psychological disorders reported in the
query (p = 0.22), as well as depression (p = 0.59) and anxiety (p = 0.64); however,
no statistical significance was found.

Musculoskeletal complaints were recurrent in the inquiry, with seven
individuals affected (30%). Two conditions were mentioned twice (9%): osteopenia
and arthrosis, one in the hip and the other one in the femur. According to the
people interviewed, the arthrosis occurred due to loss of bone mass, and in both
cases a prosthesis was going to be inserted. The type of congenital anomalies in
the upper and lower limbs did not explain the later diseases in the musculoskeletal
system either (p = 0.643 and 0.175, respectively). The need for surgery over the
course of their lives was also queried, and only 5 out of 22 (23%) had never
undergone any surgical procedure. Ten (45.5%) reported to have had at least one
corrective surgery performed on the upper or lower limbs. Four (18%) had already
had a spine procedure performed.

Only one participant (4%) reported having a congenital dental anomaly, due
to an asymmetric jaw. A second individual underwent dental surgery to pull out
some teeth due to a small dental arcade. Four other individuals (17%) declared to
have loose or weak teeth. One of these had lost all her teeth by the age of 12 and

another individual had lost 12 teeth from the upper dental arcade. Two more
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participants reported to have undergone dental surgeries (9%) and another one
told of frequent dental decay and osteomyelitis (4%).

In the sample, two individuals (9%) were current smokers and three others
(13%) had quit smoking. If considering the individuals who have ever smoked, it is
possible to visualize a statistical correlation between tobacco use and
hypertension (p = 0.033) — tobacco use is a known risk factor for this disease.

4. Discussion

Thalidomide teratogenesis was elucidated in 1961 and despite the
molecular mechanism which leads to the embryopathy remaining unclear, the
efforts of many physicians at the time of the thalidomide tragedy were very
important to understanding some characteristics concerning its teratogenicity.
Thanks to their careful clinical evaluation of thalidomide victims, it is known that
the dosage consumed is not related to the embryopathy, but there is a time-
specific pattern of congenital anomalies according to the day the drug was
ingested (Newman 1986; Shardein 1993; Miller and Stromland 1999).

The TE phenotype has been well described in the literature (Lenz 1988;
Smithells and Newman 1992), although the people affected were only evaluated at
birth. The only reported lasting effect related to thalidomide exposure in the uterus,
is autism, which is present in 5% of the individuals examined in a Swedish study
(Stromland et al.,, 1994). Research of other teratogens, such as alcohol, has
demonstrated that many structural changes caused by its prenatal exposure may
go undetected for many years (Reynolds 2011).

In this evaluation, we reviewed the congenital anomalies caused by
thalidomide exposure in 28 Brazilian individuals. Also, a questionnaire was
administered to 23 adult subjects with TE, between 19 and 55 years of age, in an
attempt to understand TE in adults. Brazilian children and adolescents with TE are
still being followed-up by our group to evaluate their development and health
status. However, since we identified new cases of TE, it is imperative to ensure
strict measures to control the distribution and dispensing the medication allied to
educational campaigns directed to health professionals and general population.

Complementary, monitoring the occurrence of compatible phenotypes of the
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embriopathy is fundamental to check the efectivity of the safety procedures. Our
group has conducted epidemiological surveillance studies in order to identify and
prevent new babies of being affected by thalidomide teratogenesis (Schuler-
Faccini et al., 2007; Vianna et al., 2011; Vianna et al., 2013). These studies have
helped to make the regulation of thalidomide more restrictive and rigid in Brazil
(RDC).

It is a challenge to identify which conditions may be a consequence of
thalidomide exposure. As in the Australasian cohort study (Jankelowitz et al.
2013), we reported a high frequency of musculoskeletal diseases in TE
individuals, but there is no suggestion that these conditions were caused by
uterine exposure to thalidomide. They are probably caused by compensatory
postures and difficulties in executing normal daily tasks due to limb anomalies.
Additionally, the suggestion of the early onset of cardiovascular diseases and the
frequency of psychological disorders encountered led to a deeper analysis
together with data from the general Brazilian population.

In our sample, 15 individuals (65%) with TE suffer from at least one chronic
disease. According to the 2003 PNAD questionnaire from the Brazilian Institute of
Geography and Statistics (IBGE), 31.8% of Brazilians between 15 and 59 years of
age have at least one chronic disease, a rate that is far below that encountered in
the sample (65%, p = 0.001). This frequency seems to occur mostly due to the
high number of TE individuals with some kind of chronic psychological disturbance
(12 out of 23 or 52%), especially anxiety (26%). Individual reports of sporadic
episodes of depression, anxiety or other psychological disorders were not included
in the analysis. Table 2 shows a comparison between the data obtained in the
current study and frequencies in the general Brazilian population for the most
common health problems. Despite the small sample size is a limitation of our
study, this statistical analysis helps to demonstrate the importance of the follow-up
of individuals with TE in their adult life. Even if these findings could not evidence
an increased risk for the described diseases, this approach helps in the
management of these subjects and in the formation of strategies for prevention

and treatment of other individuals with TE.
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A recent study by a Japanese group evaluated the psychological and
mental health of TE individuals. It was concluded that despite there being no
evident influence of thalidomide in encephalographic abnormalities, these
individuals seem to have a decreased working memory capacity (Imai et al. 2014).
They also observed that in TE individuals there is evidence of somatic suffering,
such as anxiety and insomnia (Imai et al. 2014). Similar to our research, the group
was only able to compare these conditions with a general population of individuals
without congenital anomalies. A deeper analysis should also be done of a group of
Brazilians with congenital anomalies not related to thalidomide, in order to
evaluate thalidomide’s role in psychological disorders and neurological
development.

CRBN, the primary target of thalidomide binding (Ito et al. 2010), is primarily
known for its abundant presence in the human brain and putative role in cerebral
development (Higgins et al. 2004). Studies involving rats also reported a large
presence in the hippocampus (Jo et al. 2005), an area with a role that has recently
been associated with the working memory (Axmacher et al. 2010). Despite the
reported findings, none of the participants had autism, a condition reported to be
more frequent in TE individuals (5%) than in the general population (1%)
(Stromland et al. 1994). Nevertheless it is important to accentuate that autism is
hard to detect in the general population and even harder in a group like this, where
the patients usually don’t come for a neuropsychiatric consultation and diagnosis.
Moreover, it will be interesting to see if there is a relationship between the time of
exposure to thalidomide in the uterus and the reported outcomes.

The most frequent disease in this sample was hypertension, affecting eight
(34.8%) participants (Table 2). Considering only the individuals over 40 years of
age, , the frequency of hypertension increases to 40% , which is just a little higher
than the general prevalence of the disease in Brazil (35%) for individuals of this
age (Basic Data Indicators, 2012, Brazilian Health Ministry); however, there is no
statistical difference (p = 0.344). According to the 2003 PNAD questionnaire from
the Brazilian Institute of Geography and Statistics (IBGE), 10.3% of Brazilians
between 50 and 64 years of age confirmed having some type of heart disease, a

rate which is consistent with our sample of 3 out of 18 or 16.7% (p = 0.098). For
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the four reports of cardiovascular diseases, the development of the disease was
confirmed before 50 years of age. Case 5 developed angina at the age of 28. The
occurrence rate for cardiovascular diseases for Brazilians aged between 30 and
49, is 3.7%, which is much lower than in this sample (p = 0.009). This data shows
a tendency for the early onset of cardiovascular diseases in TE individuals.
Furthermore, some genetic risk factors were known: haplotypes in the endothelial
nitric-oxide synthase (eNOS) gene have already been associated with
cardiovascular diseases in many populations, including Brazil (Guo 2014; Da
Costa Escobar Piccoli et al. 2012; Martinelli et al. 2012). Recently, our group
recruited individuals with TE and analyzed two functional polymorphisms in the
eNOS gene (Vianna et al. 2013a), concluding that TE individuals have a higher
frequency of alleles associated with lower expression of this gene, the same
alleles indicated in studies with cardiovascular diseases. Thalidomide inhibits
angiogenesis, a possible mechanism of its teratogenecity (D’Amato et al. 1994),
and nitric oxide safeguards against the drug’s teratogenicity, protecting rabbit
embryos from anomalies (Siamwala et al. 2012). Also, deficiencies in eNOS in
mice have been associated with the development of LRD (Gregg et al. 1998),
which increases curiosity in relation to the said gene and its role in TE.

Dental loss was also noticed in the clinical evaluation. Human
odontogenesis begins around the sixth week of embryogenesis and many genes
have already been identified as contributing to cellular communication, which
leads to tissue formation (Townsend et al. 2012). Animal studies demonstrate that
the signaling pathways include the genes Fgf, Bmp, Shh, Wnt, and Tnf, with Fgf8
being one of the first genes to be expressed and Bmp4 the most important of the
Bmp family in odontogenesis (Townsend et al. 2012; Jheon et al. 2013). Despite
there being no assays evaluating thalidomide ingestion and odontogenesis,
decreased expression of Fgf8 and Fgfl0 was observed in the limbs of rabbit
embryos treated with thalidomide (Hansen et al. 2004), and also in zebrafish and
chick embryos, due to the reduction of ubiquitinase activity in the CRBN complex,
which is an upstream controller of Fgf8, Fgf10, and Bmp4 expression, and is also
the first target of thalidomide binding (Ito et al. 2010). According to in vitro assays,

Tnf-alpha is one of the main targets of thalidomide immunomodulatory activity
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(Sampaio et al. 1991). A Swedish group reported disturbances in teeth
development of TE children, with disturbances in mineralization, numerical
deviation, and shape abnormalities being observed (Axrup et al. 1966). However,
a recent study, also performed in Sweden, with TE individuals aged between 45
and 49, reported that the subjects with embryopathy had no great deviations when
compared to individuals from the general population (Ekfeldt and Carlsson 2008).
The present study is the first report of teeth loss in individuals with TE
embryopathy.

Thalidomide teratogenesis is still surrounded by many questions. We
reported some clinical features in individuals affected by TE, but there is still no
evidence that the conditions encountered are caused or worsened due to uterine
exposure to thalidomide. Other comparisons and studies should be performed in
larger samples to clarify these relationships. This type of approach helps to better
understand TE phenotypes and may contribute to studies searching for the
molecular mechanism of the drug’s teratogenesis and also provide better health

support for these individuals.
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Table 1. Social and clinical characterization for individuals with TE recognized after clinical examination

Information Thalidomide Embryopathy Affected ID
Social Profile 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Age 19 52 52 52 32 54 49 53 53 50 51 51 15 3 51 53 51 53 51 37 42 51 53 53 51 53 38 53
Gender F M F M F F F F F M M F M F F F M M F M F M M M M M M M
Schooling NA NA NA NA NA
lliterate +
Elementary School + + + + + + +
High School + + + + + +
Graduated + + + + + +
Post-Graduated + + +
Ocupation NA NA NA NA NA NA
Employed + + + + + + + + + + + + + + + +
Retired +
Other + + + + +
Number of Children 0 4 0 NA O 0 1 0 NA 0 0 3 NA NA 0 NA NA 2 NA 2 0 0 4 2 2 NA NA 1
Congenital anomalies* 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Upper limbs (27/28) + + + + + + + + + + + + + + + + + + + + + + + + + + +
Intercalary transverse + + + + + + + + + + + + + + + + + +
Preaxial longitudinal + + + + + + + + +
Lower limbs (12/28) + + + + + + + + + + + +
Intercalary transverse + + + + + + + + + +
Preaxial longitudinal + +
Ears (6/28) + + + + + +
Tortuosity of external + +
auditory meatus
Accessory auricles +
Stenosis +
Absence of auditory canal +
Deafness + + + +
Eyes (10/28) + + + + + + + + + +
Pterygium + +
Strabismus + + +
Microphthalmia +
Corneal opacification +
Macular degeneration +
Aberrant tearing + + +
Restricted eye movements + +
Craniofacial (6/28) + + + + + +
Mandibular asymmetry + +
Small mandible ?
Vith nerve palsy +
Facial palsy + +
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Congenital anomalies* 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Absent kidney (2/28) ? +
Heart (4/28) + + +
Extrasystole +
Arrhythmia
Genital tract (3/28) + +
Fallopian tube alteration +
Bicornuate uterus +
Absent testis
Undescended testis
Skeletal +
Hemivertebrae +
Rib anomalies +
Scoliosis
Clinical findings 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Hypertension NA NA NA + NA NA
Diabetes + NA NA NA NA NA
Alimentary tract diseases
Gastritis
Gastroesophageal reflux
Respiratory diseases
Respiratory insufficiency
Psychological disorders + + + + + NA + NA NA NA NA
Anxiety + + + +
Depression + + +
Phobia +
Stress disorder
Bipolar disorder +
Musculoskeletal diseases + + NA + + NA NA NA NA
Osteopenia + +
Arthrosis + +
Osteoporosis
Fasciitis
Scoliosis
Chronic spine pain
Cardiovascular diseases + + NA + NA NA NA NA
Acute myocardial stroke
Hypercholesterolemia +
Hemorrhagic +
cerebrovascular accident
Angina +
Auto-immune diseases NA NA NA + NA NA
Uveitis +
Endocrine diseases NA NA NA NA NA
Hypothyroidism

+
+
+
+

NA = Not answered; (+) = presence of clinical aspect; (?) = presence of clinical aspect not confirmed; * = includes structural anomalies or functional consequences

+ 4+ + +



Table 2. Description of chronic diseases reported for TE individuals, together with frequencies in the

group and in general Brazilian population, including individuals older than 18.

Chronic disease Frequency in TE Frequency in P Value
individuals (%) Brazilian population
(%)
Hypertension 8/23 (35%) 35% 0.586
Diabetes 2/23 (9%) 10% 0.592
Alimentary tract diseases 2/23 (9%) NA -
Gastritis 1/23 (4%) NA -
Gastroesophageal reflux 1/23 (4%) NA -
Respiratory diseases
Respiratory insufficiency 1/23 (4%) NA -
Psychological disorders 12/23 (52%) 25%—-30% 0.011
Anxiety 6/23 (26%) 12% 0.05
Depression 4123 (17%) 13%-20% 0.487
Phobia 3/23 (13%) NA -
Stress disorder 2/23 (9%) NA -
Bipolar disorder 1/23 (4%) NA -
Musculoskeletal diseases 7123 (30%) NA -
Osteopenia 2/23 (9%) NA -
Arthrosis 2/23 (9%) NA -
Osteoporosis 1/23 (4%) NA -
Fasciitis 1/23 (4%) NA -
Scoliosis 1/23 (4%) NA -
Chronic spine pain 1/23 (4%) NA -
Cardiovascular diseases 6/23 (26%) NA -
Acute myocardial stroke 2/23 (9%) 10.3%* 0.207*
Hypercholesterolemia 2/23 (9%) 24% 0.061
Hemorrhagic cerebrovascular 1/23 (4%) NA -
accident
Angina 1/23 (4%) NA -
Auto-immune diseases 1/23 (4%) NA -
Uveitis 1/23 (4%) NA -
Endocrine diseases
Hypothyroidism 1/23 (4%) NA -
Total 15/23 (65%) 31.8% 0.001

NA: not-avaliable; *frequency and analysis of the prevalence all heart diseases in Brazil (data
obtained from Basic Data Indicators, 2012, Brazilian Health Ministry).
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Abstract

Thalidomide embryopathy (TE) affected more than 10000 babies around
the world in the 1960s. Thalidomide was a drug marketed as safe, once its
teratogenic properties were unknown at the time. The molecular mechanisms
underlying thalidomide’s teratogenesis remain not fully comprehended. The
hypothesis that it occurs due to thalidomide’s antiangiogenic properties has been
largely investigated in experimental models. However, polymorphisms in genes
affected by thalidomide were not accessed in humans. In the present study, ten
functional polymorphisms in genes of angiogenesis pathway were accessed in 38
individuals with TE and 136 subjects without congenital anomalies of the Brazilian
population. The SNPs rs2779249 and rs2297518 of NOS2; rs689465, rs689466
and rs20417 of PTGS2; rs699947, rs1570360, rs2010963 and rs3025039 of
VEGFA were genotyped by real-time PCR or Sanger sequencing. Microsatellite
(CCTTT)n of NOS2 was accessed through fragment analysis. Haplotypes were
inferred through Phase Bayesian algorithm. Statistical analysis was performed in
SPSS v.18. It was not identified a significant difference of allelic, genotypic or
haplotypic frequencies in both groups evaluated. In this investigation we could not
evidence a risk or protective allele for TE in genes NOS2, PTGS2 and VEGFA,
although other studies concerning endophenotypes and other candidate genes

should also be performed in a larger sample of thalidomide’s victims.

Key-words: thalidomide; embryopathy; polymorphisms; angiogenesis; VEGF;
NOS2; PTGS2
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Introduction

Thalidomide is a teratogen synthesized in 1954 in Western Germany which
was used to a variety of indications, including morning sickness of the early
pregnancy [1,2]. Toxicity essays performed at the time could not identify a lethal
dosage (LD) in mice, and the drug was marketed worldwide as a safe sedative [3].
Teratogenic effects of thalidomide were only discovered in the beginning of the
1960s, with the observation of an increased number of babies born with limb
reduction defects (LRD) and other severe congenital anomalies [2] Thalidomide
was withdrawn from the world market in 1962. It is estimated that more than 10000
babies have been affected by this embryopathy [1].

Due to the identification of immunomodulatory and antiangiogenic
properties [4,5], thalidomide resurfaced and now is used to treat immunological
conditions, such as erithema nodosum of leprosy (ENL), and different cancers,
especially multiple myeloma [6]. Despite the established knowledge about its
therapeutic properties, teratogenic mechanisms of thalidomide remain not fully
understood. It has been hypothesized that its teratogenesis may occur due to
thalidomide’s antiangiogenic property [5], and many investigations have been
evaluated to understand this mechanism [7-10].

Angiogenesis is a complex process, physiologically and essentially required
to embryogenesis [11]. Angiogenesis initiation requires pro-angiogenic factors, as
vascular endothelial growth factor (VEGF) [12]. Furthermore, the process is
frequently linked to inflammatory cells mobilization [13]. In inflammatory
conditions, prostaglandin sinthase 2 (PTGS2) converts arachidonic acid to various
angiogenesis stimulators prostanoids, including prostaglandin H2 [14]. An
angiogenic stimuli also induces the production of nitric oxide by the endothelial
constitutive synthase (eNOS) and the inducible one (iNOS). The latter produces
the greater amounts of nitric oxide [15], an important molecule to the vascular
tonus and endothelial cells protection [16].

Thalidomide inhibits angiogenesis by targeting immature blood vessels in
the limbs of zebrafish and chicken embryos [9]. As consequence, it results in
increased cell death and impairment of gene pathways such as fibroblast growth

factors (Fgfs) [9]. In vitro studies have also demonstrated that thalidomide reduces
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MRNA expression of genes of the angiogenesis pathway, such as NOS2, PTGS2
and VEGFA [17-19]. The functional effects of many polymorphisms in genes
NOS2, PTGS2 and VEGFA are already described in different clinical conditions
associated with angiogenic mechanisms [20-22]. However, NOS2, PTGS2 and
VEGFA polymorphic alleles were never evaluated in individuals with TE.

Teratogenesis is a complex process, having among the dependent factors,
the maternal/fetal genotype. In thalidomide teratogenesis, it is estimated that 20 to
50% of all the women who used thalidomide had children affected by its
teratogenesis [23]. Evaluation of genetic background of thalidomide-affected
people can help the understanding of genetic susceptibility to thalidomide
teratogenesis (TE). Previous studies have shown that angiogenesis-related gene
polymorphism have different distribution between thalidomide survivors and
people without TE [24].

In this study, we aimed to assess ten functional polymorphisms in three
genes of the angiogenesis pathway, PTGS2, NOS2 and VEGFA, in individuals
affected by TE in order to evaluate their role in the thalidomide teratogenesis in

humans.

Methods

Thirty-eight individuals with TE were recruited through Brazilian Association
of People Affected by Thalidomide Syndrome (ABPST). A clinical evaluation of the
congenital anomalies was performed in these individuals in order to confirm the
compatible phenotype of TE. Saliva samples were collected and stored in DNA
Oragene® Kits (Genotek). The DNA extraction was performed according to the
manufacturer instructions.

A sample of 136 subjects without congenital anomalies from Brazilian
population was used as control group. The anonymous individuals DNAs are
stored in Genetics Department of our institution and are only identified by gender
and year and place of birth.

Ten polymorphisms in the NOS2, PTGS2 and VEGF genes were selected
according to their frequencies in Caucasian population and functional evidences

already described in literature, considering clinical situations associated with
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angiogenesis pathway. The variants evaluated have already been described as
modifiers of their gene’s expression and/or protein activity [20,22,25]. Nine single
nucleotide polymorphisms (SNP) in genes NOS2 (2), PTGS2 (3) and VEGFA (4);
and one microsatellite of NOS2 gene were selected for analysis. Table 1
summaries all the variants evaluated in the present study.

Allelic discrimination of eight SNPs was performed through TagMan®
Genotyping Assay (Applied Biosystems®) method in StepOnePlus™ Real-Time
PCR Systems (Applied Biosystems®). The polymorphism numbers and
commercial assay codes are: rs2297518 (C_ 11889257 10) of NOS2; rs689465
(C___ 2517146 _10) and rs689466 (C___ 2517145 20) of PTGS2; rs3025039
(C__16198794 10), rs1570360 (C__1647379_10), rs2010963
(C___ 8311614 10) and rs699947 (C__ 8311602_10) of gene VEGFA. A custom
TagMan® assay was used to genotype rs2779249 of gene NOS2, as described in
Oliveira-Paula et al. [25]. All the reactions were performed according to the
manufacturer’s protocol and the results were evaluated at StepOne Software v.2.2
(Applied Biosystems®). The polymorphism rs20417 of gene PTGS2 was
evaluated through sequencing, Sanger method. Primers 5'-
GCATACGTTTTGGACATTTAG-3 (forward) and 5'-
GCTAAGTTGCTTTCAACAGAAGAAAT-3 (reverse) were synthesized and
amplified a fragment of 238bp through polymerase chain reaction (PCR). The
samples were purified and sequencing was performed in Macrogen®. The results
were analyzed in software CodonCodeAligner®, v.3.0.1 (Codon Code Corporation,
USA). The GenBank sequence was used as reference. The microsatellite
(CCTTT)n (rs3833912) in the promoter region of gene NOS2 was evaluated
through fragment analysis, according to Oliveira-Paula et al. [25]. Short alleles
from the microsatellite (8 to 11 repeats) were classified as small (S) and the ones
with more than 11 repeats (12 to 17) were identified as long (L) alleles.

Hardy-Weinberg Equilibrium test was tested to all polymorphisms in both
sample groups. Allelic and genotypic frequencies were compared by Fisher’s
Exact Test using SPSS® v.18 (SPSS, IBM, USA) software. A two-tailed p-

value<0.05 was considered significant.
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Linkage disequilibrium (LD) analysis was inferred with software Haploview
v.4.2. (Broad Institute, USA) for genes PTGS2 and VEGFA; and MLocus tool [27]
for gene NOS2, using the biallelic model of classification, as described above. The
haplotypes were obtained with Bayesian algorithm in Phase 2.1.1 program.

This study was approved in Ethics Committee in Research of Hospital de
Clinicas de Porto Alegre, Rio Grande do Sul, Brazil, number 10-0422.

Results

Allelic and genotypic frequencies of the polymorphisms analyzed are shown
in Table 2. All the polymorphisms were in Hardy-Weinberg Equilibrium in both
sample groups. The smaller allele of the microsatellite rs3833912 in NOS2 gene
was of eight repeats (control group), and the bigger one contained 16 repeats
(both groups). It was not identified a significant statistical difference between the
allelic and genotypic frequencies of both sample groups. Analyses of dominant
and recessive models were also performed, and there was no statistical difference
between the the TE and controls (data not shown).

Haplotypic analysis showed all SNPs in PTGS2 in high LD (D’>0.8;
LOD>2). The polymorphisms in NOS2 gene were in low LD, all with D’<0.3. The
three SNPs located in the promoter region of VEGFA were in high LD; however
rs3025039, in the 3'UTR region of the gene, was only in high LD with rs2010963,
although with low statistical confidence (Table 3).

Five haplotypic phases were obtained in PTGS2, eight with NOS2 and nine
with VEGFA (Table 4). There was no statistical difference when comparing the
haplotypic frequencies of all the genes evaluated between the groups of

individuals with TE and subjects without congenital anomalies.

Discussion

In the current study we aimed to evaluate functional polymorphisms in
genes NOS2, PTGS2 and VEGFA in individuals with TE. These genes are
affected by thalidomide and all the polymorphisms chosen have already been

associated to diseases linked to angiogenesis mechanisms [20,22,25]. It was not
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identified a risk or protective allele in the individuals with thalidomide embryopathy
when compared to people without congenital anomalies.

Despite the pointed evidences obtained through teratogenesis in vitro and
in vivo assays, it is a challenge to extrapolate the results from the animal studies
to the embryopathy in humans [28]. Furthermore, clinical evaluations in individuals
affected by TE were performed in babies, which resulted in a good knowledge
about the congenital anomalies inflicted by the drug [1,2]; however, molecular
studies were not performed until the evaluation of NOS3 gene published by our
group [24]. It was seen that individuals with TE have a higher frequency of alleles
associated with lower expression of NOS3 when compared to Brazilian subjects
without congenital anomalies [24]. These results evidence the need of new
evaluations concerning TE and genetic variability.

Angiogenesis requires a balance of inhibitors and stimulators as a signal to
initiate cell proliferation [29]. Thalidomide, a potent angiogenesis inhibitor, is
known to unbalance this intricate process [5]. Thalidomide’s antiangiogenic
mechanisms of action toward many molecules involved in the blood vessels
development is well described in literature. PTGS2 mRNA is destabilized by the
drug [18], which also inhibits the lipopolysacharide-mediated induction of PTGS2
[30]. The expression of VEGF is also inhibited by the teratogen, both in mRNA and
protein levels, according to a study performed in human umbilical vein endothelial
cells (HUVEC) [19]. Nitric oxide, a molecule that was shown to rescue thalidomide
mediated teratogenicity in zebrafish and chicken embryos [10], is also decreased
through the drug’s action. In mouse endothelial cells, it was observed that
thalidomide inhibits nitric oxide formation via INOS [17].

An excessive nitric oxide production through iINOS has been associated to
vascular diseases, such as hypertension [31] and chronical inflammatory
disorders, as rheumathoid arthritis, multiple sclerosis and asthma [32]. Regulation
of NOS2 expression may occur by transcriptional and post-transcriptional
mechanisms; and the regulation of the enzyme activity is unusual [33]. The
microsatellite (CCTTT)n (rs3833912) longer alleles has been associated to higher
MRNA expression [34]. The SNP g.-1026C>A (rs2779249) has been associated to
hypertension [35]; it was identified that the C allele had an activity 4.73-fold lower
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than the one with the A allele. At last, the missense polymorphism g.2087G>A
(rs2297518), has also been associated with hypertension [25] and preeclampsia
[36], and it is believed the A allele leads to increased activity of the enzyme [37].

Expression of PTGS2 can be rapidly induced by different inflammatory and
proliferative stimuli [38,39]; functional polymorphisms in the gene have been
associated to migraine [40], carcinomas [41,42] and preeclampsia [20]. One of the
most studied polymorphisms, rs20417, has evidences of repressing PTGS2
expression, with the variant -765C allele having 28% lower promoter activity [43].
The SNP rs689466 (g.-1195C>T) has also been associated to different
transcriptional activity; in vitro mRNA analysis showed higher levels of the
transcript in the presence of the variant T allele [44]. Despite the lack of functional
evidences of its role, the promoter SNP g.-1290C>T (rs689465) is in high linkage
disequilibrium with g.-1195C>T [41,44,45].

More than 350 studies have examined VEGFA genotypes and human
diseases, including recurrent pregnancy loss, coronary artery disease and heart
defects [22]. The wild alleles -2578C and -1154G of rs699947 and rs1570360,
respectively, and variant allele -634C (rs2010963) are associated with higher
production of VEGF [46-48]. The variant +936T allele of rs3025039 diminishes in
two thirds the plasma levels of VEGF [49]. Recently, it was described an
association of the three described promoter polymorphisms of VEGFA plus two
VEGFR2 polymorphisms with risk and aggressiveness in multiple myeloma, a
condition currently treated with thalidomide [50]. In addition, the presence of
rs69947 and rs2010963 variant alleles in VEGFA seemed to interfere in the
efficacy of treatment with thalidomide [51].

Genetic variability in angiogenesis is usually studied by gene candidate
approach, in which polymorphisms in genes of the angiogenic pathway have been
analyzed in order to identify its role in a disease [22]. Therefore, which
polymorphisms mainly affect significantly the angiogenesis are still unidentified
[22]. Individuals that developed TE were exposed to the teratogen in the early
embryonary period [1]. Thus, the identification of alleles related to the
angiogenesis, widely active during the embryogenesis, could be more enlightening

than the current evaluations that are focused in the pathological pathways. Many
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polymorphisms may not even have a deleterious effect to the embryo in
development in physiological conditions; however, when in thalidomide’s
exposure, they may have a susceptibility effect to the development or the severity
of the embryopathy. Furthermore, other genetic variants that highly interfere in the
gene function, like mutations, could have contributed to serious internal defects
that were also seen in TE.

The small sample size, as well as the small effect size of the risk, could be
determinant factors for the lack of positive associations of the polymorphisms
analyzed in the present study. Furthermore, we did not perform functional analysis
evaluating the expression of NOS2, PTGS2 and VEGFA in the TE individuals.
Although, we believe that this approach is important to improve the molecular
comprehension of thalidomide’s teratogenic mechanisms in humans. The study of
polymorphic variants in genes affected by thalidomide may help to understand the
variety of phenotypes in TE and even indicate possible risk diseases, associated
to angiogenic background, which should be investigated in thalidomide victims.
Likewise, a deeper evaluation should not only comprise other genes related to the
angiogenesis pathway, but comprehend targets related to the other hypothesis of
thalidomide’s teratogenesis. Recent experimental studies have hypothesized that
thalidomide teratogenesis is driven by (1) the ligation of the drug to Cereblon
protein, a component of the E3-ubiquitin ligase complex [52]; or (2) the induction of
DNA damage through oxidative stress [53]. Although none of the hypothesis
exclude each other, a study including all these mechanisms have not been

performed in humans.

Conclusion

In the present study we evaluated ten functional polymorphisms in genes
NOS2, PTGS2 and VEGFA in individuals with thalidomide embryopathy and a
control sample of Brazilian without congenital anomalies. It was not identified
differences in allelic, genotypic or haplotypic frequencis of a risk/protective allele in
both groups.

The full comprehension of molecular mechanisms of thalidomide’s

teratogenesis remains a challenge. Taking in account many efforts of in vivo and
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in vitro studies, we believe that with the evaluation of individuals affected by TE we
can help in filling the gaps between the species specificity and the lack of
knowledge about effects of thalidomide on embryos. Genetic susceptibility is an
important contributor to teratogenesis [54] and it must be deeper examined in
future studies. An understanding of the molecular targets of thalidomide can not
only increase the knowledge about angiogenesis pathway, but must also

contribute to researches for a safer and non-teratogenic drug.

Aknowledgements

The authors acknowledge INAGEMP - National Institute of Population
Medical Genetics (Grant CNPq 573993/2008-4) for the support provided for this
project. We are indebted to Claudia Marques Maximino (ABPST - Brazilian
Association of the Thalidomide Victims) that helped us to identify and to follow the
patients studied here.

68



References

[1] W. Lenz, A short history of thalidomide embryopathy, Teratology 38 (1988)
203-15.

[2] RW. Smithells, C.G. Newman, Recognition of thalidomide defects, J Med
Genet 29 (1992) 716-23.

[3] G.F. SOMERS, Pharmacological properties of thalidomide (alpha-phthalimido
glutarimide), a new sedative hypnotic drug, Br J Pharmacol Chemother 15
(1960) 111-6.

[4] E.P. Sampaio, E.N. Sarno, R. Galilly, Z.A. Cohn, G. Kaplan, Thalidomide
selectively inhibits tumor necrosis factor alpha production by stimulated
human monocytes, J Exp Med 173 (1991) 699-703.

[5] R.J. D'Amato, M.S. Loughnan, E. Flynn, J. Folkman, Thalidomide is an inhibitor
of angiogenesis, Proc Natl Acad Sci U S A 91 (1994) 4082-5.

[6] S.J. Matthews, C. McCoy, Thalidomide: a review of approved and
investigational uses, Clin Ther 25 (2003) 342-95.

[7] K.P. Tamilarasan, G.K. Kolluru, M. Rajaram, M. Indhumathy, R. Saranya, S.
Chatterjee, Thalidomide attenuates nitric oxide mediated angiogenesis by
blocking migration of endothelial cells, BMC Cell Biol 7 (2006) 17.

[8] S. Majumder, M. Rajaram, A. Muley, H.S. Reddy, K.P. Tamilarasan, G.K.
Kolluru, S. Sinha, J.H. Siamwala, R. Gupta, R. llavarasan, S.
Venkataraman, K.C. Sivakumar, S. Anishetty, P.G. Kumar, S. Chatterjee,
Thalidomide attenuates nitric oxide-driven angiogenesis by interacting with
soluble guanylyl cyclase, Br J Pharmacol 158 (2009) 1720-34.

[9] C. Therapontos, L. Erskine, E.R. Gardner, W.D. Figg, N. Vargesson,
Thalidomide induces limb defects by preventing angiogenic outgrowth
during early limb formation, Proc Natl Acad Sci U S A 106 (2009) 8573-8.

[10] J.H. Siamwala, V. Veeriah, M.K. Priya, S. Rajendran, U. Saran, S. Sinha, S.
Nagarajan, T. Pradeep, S. Chatterjee, Nitric oxide rescues thalidomide
mediated teratogenicity, Sci Rep 2 (2012) 679.

[11] A. Hoeben, B. Landuyt, M.S. Highley, H. Wildiers, A.T. Van Oosterom, E.A.
De Bruijn, Vascular endothelial growth factor and angiogenesis, Pharmacol
Rev 56 (2004) 549-80.

[12] A.S. Chung, N. Ferrara, Developmental and pathological angiogenesis, Annu
Rev Cell Dev Biol 27 (2011) 563-84.

[13] C. Costa, J. Incio, R. Soares, Angiogenesis and chronic inflammation: cause
or consequence?, Angiogenesis 10 (2007) 149-66.

[14] M.A. Iiiguez, A. Rodriguez, O.V. Volpert, M. Fresno, J.M. Redondo,
Cyclooxygenase-2: a therapeutic target in angiogenesis, Trends Mol Med 9
(2003) 73-8.

[15] S. Moncada, R.M. Palmer, E.A. Higgs, Nitric oxide: physiology,
pathophysiology, and pharmacology, Pharmacol Rev 43 (1991) 109-42.

[16] P.A. Marsden, H.H. Heng, S.W. Scherer, R.J. Stewart, A.V. Hall, X.M. Shi,
L.C. Tsui, K.T. Schappert, Structure and chromosomal localization of the
human constitutive endothelial nitric oxide synthase gene, J Biol Chem 268
(1993) 17478-88.

[17] B. Badamtseren, E. Odkhuu, N. Koide, A. Haque, Y. Naiki, S. Hashimoto, T.

69



Komatsu, T. Yoshida, T. Yokochi, Thalidomide inhibits interferon-y-
mediated nitric oxide production in mouse vascular endothelial cells, Cell
Immunol 270 (2011) 19-24.

[18] S.H. Jin, T.. Kim, K.M. Yang, W.H. Kim, Thalidomide destabilizes
cyclooxygenase-2 mRNA by inhibiting p38 mitogen-activated protein kinase
and cytoplasmic shuttling of HUR, Eur J Pharmacol 558 (2007) 14-20.

[19] H. Tan, H. Chen, C. Xu, Z. Ge, Y. Gao, J. Fang, W. Liu, S. Xiao, Role of
vascular endothelial growth factor in angiodysplasia: an interventional study
with thalidomide, J Gastroenterol Hepatol 27 (2012) 1094-101.

[20] F. Gurdol, B. Cakmakoglu, S. Dasdemir, E. Isbilen, S. Bekpinar, T. Isbir, -765
G—C and -1195 A—G promoter variants of the cyclooxygenase-2 gene
decrease the risk for preeclampsia, Genet Test Mol Biomarkers 16 (2012)
435-8.

[21] T. Qidwai, F. Jamal, Inducible nitric oxide synthase (INOS) gene
polymorphism and disease prevalence, Scand J Immunol 72 (2010) 375-87.

[22] M.S. Rogers, R.J. D'Amato, Common polymorphisms in angiogenesis, Cold
Spring Harb Perspect Med 2 (2012).

[23] C.G. Newman, The thalidomide syndrome: risks of exposure and spectrum of
malformations, Clin Perinatol 13 (1986) 555-73.

[24] F.S. Vianna, L.R. Fraga, L. Tovo-Rodrigues, A. Tagliani-Ribeiro, F. Biondi,
C.M. Maximino, M.T. Sanseverino, M.H. Hutz, L. Schuler-Faccini,
Polymorphisms in the endothelial nitric oxide synthase gene in thalidomide
embryopathy, Nitric Oxide (2013).

[25] G.H. Oliveira-Paula, R. Lacchini, F.B. Coeli-Lacchini, H.M. Junior, J.E. Tanus-
Santos, Inducible nitric oxide synthase haplotype associated with
hypertension and responsiveness to antihypertensive drug therapy, Gene
515 (2013) 391-5.

[26] F. Cunningham, M.R. Amode, D. Barrell, K. Beal, K. Billis, S. Brent, D.
Carvalho-Silva, P. Clapham, G. Coates, S. Fitzgerald, L. Gil, C.G. Giron, L.
Gordon, T. Hourlier, S.E. Hunt, S.H. Janacek, N. Johnson, T. Juettemann,
A.K. K&héri, S. Keenan, F.J. Martin, T. Maurel, W. McLaren, D.N. Murphy,
R. Nag, B. Overduin, A. Parker, M. Patricio, E. Perry, M. Pignatelli, H.S.
Riat, D. Sheppard, K. Taylor, A. Thormann, A. Vullo, S.P. Wilder, A.
Zadissa, B.L. Aken, E. Birney, J. Harrow, R. Kinsella, M. Muffato, M.
Ruffier, S.M. Searle, G. Spudich, S.J. Trevanion, A. Yates, D.R. Zerbino, P.
Flicek, Ensembl 2015, Nucleic Acids Res 43 (2015) D662-9.

[27] J.C. Long, R.C. Williams, M. Urbanek, An E-M algorithm and testing strategy
for multiple-locus haplotypes, Am J Hum Genet 56 (1995) 799-810.

[28] N. Vargesson, Thalidomide-induced limb defects: resolving a 50-year-old
puzzle, Bioessays 31 (2009) 1327-36.

[29] M.S. Rogers, R.J. D'Amato, The effect of genetic diversity on angiogenesis,
Exp Cell Res 312 (2006) 561-74.

[30] J. Fujita, J.R. Mestre, J.B. Zeldis, K. Subbaramaiah, A.J. Dannenberg,
Thalidomide and its analogues inhibit lipopolysaccharide-mediated
linduction of cyclooxygenase-2, Clin Cancer Res 7 (2001) 3349-55.

[31] M. Kibbe, T. Billiar, E. Tzeng, Inducible nitric oxide synthase and vascular
injury, Cardiovasc Res 43 (1999) 650-7.

[32] K.D. Kroncke, K. Fehsel, V. Kolb-Bachofen, Inducible nitric oxide synthase in

70



human diseases, Clin Exp Immunol 113 (1998) 147-56.

[33] A. Pautz, J. Art, S. Hahn, S. Nowag, C. Voss, H. Kleinert, Regulation of the
expression of inducible nitric oxide synthase, Nitric Oxide 23 (2010) 75-93.

[34] M. Kaise, J. Miwa, N. Suzuki, S. Mishiro, Y. Ohta, T. Yamasaki, H. Tajiri,
Inducible nitric oxide synthase gene promoter polymorphism is associated
with increased gastric MRNA expression of inducible nitric oxide synthase
and increased risk of gastric carcinoma, Eur J Gastroenterol Hepatol 19
(2007) 139-45.

[35] L. Fu, Y. Zhao, J. Lu, J. Shi, C. Li, H. Liu, Y. Li, Functional single nucleotide
polymorphism-1026C/A of inducible nitric oxide synthase gene with
increased YY1-binding affinity is associated with hypertension in a Chinese
Han population, J Hypertens 27 (2009) 991-1000.

[36] L.M. Amaral, A.C. Palei, V.C. Sandrim, M.R. Luizon, R.C. Cavalli, G. Duarte,
J.E. Tanus-Santos, Maternal INOS genetic polymorphisms and
hypertensive disorders of pregnancy, J Hum Hypertens 26 (2012) 547-52.

[37] J. Shen, R.T. Wang, L.W. Wang, Y.C. Xu, X.R. Wang, A novel genetic
polymorphism of inducible nitric oxide synthase is associated with an
increased risk of gastric cancer, World J Gastroenterol 10 (2004) 3278-83.

[38] W.L. Smith, D.L. DeWitt, R.M. Garavito, Cyclooxygenases: structural, cellular,
and molecular biology, Annu Rev Biochem 69 (2000) 145-82.

[39] C.A. Rouzer, L.J. Marnett, Cyclooxygenases: structural and functional
insights, J Lipid Res 50 Suppl (2009) S29-34.

[40] S. Dasdemir, Y. Cetinkaya, M. Gencer, E. Ozkok, M. Aydin, B. Cakmakoglu,
Cox-2 gene variants in migraine, Gene 518 (2013) 292-5.

[41] R. Upadhyay, M. Jain, S. Kumar, U.C. Ghoshal, B. Mittal, Functional
polymorphisms of cyclooxygenase-2 (COX-2) gene and risk for esophageal
squmaous cell carcinoma, Mutat Res 663 (2009) 52-9.

[42] W.S. Chang, C.H. Liao, C.E. Miao, H.C. Wu, L.L. Hou, C.L. Hsiao, H.X. Ji,
C.W. Tsai, D.T. Bau, The role of functional polymorphisms of
cyclooxygenase 2 in renal cell carcinoma, Anticancer Res 34 (2014) 5481-
6.

[43] A. Papalfili, M.R. Hill, D.J. Brull, R.J. McAnulty, R.P. Marshall, S.E. Humphries,
G.J. Laurent, Common promoter variant in cyclooxygenase-2 represses
gene expression: evidence of role in acute-phase inflammatory response,
Arterioscler Thromb Vasc Biol 22 (2002) 1631-6.

[44] X. Zhang, X. Miao, W. Tan, B. Ning, Z. Liu, Y. Hong, W. Song, Y. Guo, Y.
Shen, B. Qiang, F.F. Kadlubar, D. Lin, Identification of functional genetic
variants in cyclooxygenase-2 and their association with risk of esophageal
cancer, Gastroenterology 129 (2005) 565-76.

[45] W. Tan, J. Wu, X. Zhang, Y. Guo, J. Liu, T. Sun, B. Zhang, D. Zhao, M. Yang,
D. Yu, D. Lin, Associations of functional polymorphisms in cyclooxygenase-
2 and platelet 12-lipoxygenase with risk of occurrence and advanced
disease status of colorectal cancer, Carcinogenesis 28 (2007) 1197-201.

[46] M. Shahbazi, A.A. Fryer, V. Pravica, |.J. Brogan, H.M. Ramsay, I.V.
Hutchinson, P.N. Harden, Vascular endothelial growth factor gene
polymorphisms are associated with acute renal allograft rejection, J Am Soc
Nephrol 13 (2002) 260-4.

[47] R. Zhai, M.N. Gong, W. Zhou, T.B. Thompson, P. Kraft, L. Su, D.C. Christiani,

71



Genotypes and haplotypes of the VEGF gene are associated with higher
mortality and lower VEGF plasma levels in patients with ARDS, Thorax 62
(2007) 718-22.

[48] K.D. Steffensen, M. Waldstrgm, |. Brandslund, A. Jakobsen, The relationship
of VEGF polymorphisms with serum VEGF levels and progression-free
survival in patients with epithelial ovarian cancer, Gynecol Oncol 117 (2010)
109-16.

[49] W. Renner, S. Kotschan, C. Hoffmann, B. Obermayer-Pietsch, E. Pilger, A
common 936 C/T mutation in the gene for vascular endothelial growth
factor is associated with vascular endothelial growth factor plasma levels, J
Vasc Res 37 (2000) 443-8.

[50] A.B. Brito, G.J. Lourenco, G.B. Oliveira, C.A. De Souza, J. Vassallo, C.S.
Lima, Associations of VEGF and VEGFR2 polymorphisms with increased
risk and aggressiveness of multiple myeloma, Ann Hematol 93 (2014)
1363-9.

[51] N.F. Andersen, U. Vogel, T.W. Klausen, P. Gimsing, H. Gregersen, N.
Abildgaard, A.J. Vangsted, Vascular endothelial growth factor (VEGF) gene
polymorphisms may influence the efficacy of thalidomide in multiple
myeloma, Int J Cancer 131 (2012) E636-42.

[52] T. Ito, H. Ando, T. Suzuki, T. Ogura, K. Hotta, Y. Imamura, Y. Yamaguchi, H.
Handa, Identification of a primary target of thalidomide teratogenicity,
Science 327 (2010) 1345-50.

[53] J.M. Hansen, C. Harris, A novel hypothesis for thalidomide-induced limb
teratogenesis: redox misregulation of the NF-kappaB pathway, Antioxid
Redox Signal 6 (2004) 1-14.

[54] M. De Santis, G. Straface, B. Carducci, A.F. Cavaliere, L. De Santis, A.
Lucchese, A.M. Merola, A. Caruso, Risk of drug-induced congenital defects,
Eur J Obstet Gynecol Reprod Biol 117 (2004) 10-9.

72



Table 1: Gene loci and position of polymorphisms evaluated®

. Allelic : :
Gene Locus Polymorphism rs Number Frequencyb Region Type of Variant
NOS2 17q11.2 g.-1026C>A rs2779249 A=0.225 Promoter SNP
region
(CCTTT)n rs3833912 NA Promoter Microsatellite
region
g.2087G>A rs2297518 A=0.173 Exon 16 Missense variant
(p.608S>L)
PTGS2 1g31.1 g.-1290C>T rs689465 C=0.196 Promoter SNP
region
g.-1195C>T rs689466 C=0.168 Promoter SNP
region
g.-765C>G rs20417 C=0.181 Promoter SNP
region
VEGFA  6p21.1 g.-2578A>C" rs699947 A=0.478 Promoter SNP
region
g.-1154G>Ab rs1570360 A=0.275 Promoter SNP
region
g.-634G>C" rs2010963 C=0.400 5UTR SNP
g.+936C>T rs3025039 T=0.186 3'UTR SNP

?Data obtained from Ensembl database [26]; "HapMap data for eurodescendants; “Positions according to translation start point (Rogers & D’Amato,
2012). NA = Not available.
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Table 2: Allelic and genotypic frequencies of Thalidomide Embryopathy individuals compared

with Brazilian subjects without congenital anomalies

Gene Polymorphism Genotype/Allele Affected Unaffected P-value®
n % n %
NOS2 1s2779249 cC 22 57.9 74 54.4 0.961
(CIA) CA 13 34.2 50 36.8
AA 3 7.9 12 8.8
C 57 75.0 198 72.8 0.770
A 19 25.0 74 27.2
rs3833912 SS 5 13.9 14 10.4 0.352
(Microsatellite) SL 14 38.9 69 51.5
LL 17 47.2 51 38.1
S 24 333 97 36.2 0.680
L 48 66.7 171 63.8
rs2297518 GG 28 73.7 95 69.9 0.558
(G/A) GA 10 26.3 35 25.7
AA 0 0.0 6 4.4
G 66 86.8 225 82.7 0.484
A 10 13.2 47 17.3
PTGS2 rs689465 TT 31 81.6 99 72.8 0.629
(T/C) TC 7 18.4 35 25.7
CcC 0 0.0 2 15
T 69 90.8 233 85.7 0.338
C 7 9.2 39 14.3
rs689466 TT 24 63.2 80 58.8 0.588
(T/IC) TC 14 36.8 50 36.8
CcC 0 0.0 6 4.4
T 62 81.6 210 77.2 0.530
C 14 18.4 62 22.8
rs20417 CcC 2 5.4 5 3.7 0.793
(CIG) CG 12 324 42 31.1
GG 23 62.2 88 65.2
C 16 21.6 52 19.3 0.625
G 58 78.4 218 80.7
VEGFA rs699947 AA 3 7.9 15 11.0 0.513
(AIC) AC 23 60.5 67 49.3
CcC 12 31.6 54 39.7
A 29 38.2 97 35.7 0.688
C 47 61.8 175 64.3
rs1570360 GG 20 52.6 80 59.3 0.343
(GIA) GA 18 47.4 50 37.0
AA 0 0.0 5 3.7
G 58 76.3 210 77.8 0.759
A 18 23.7 60 22.2
rs2010963 GG 15 39.5 51 375 0.474
(GIC) GC 21 55.3 67 49.3
CcC 2 5.3 18 13.2
G 51 67.1 169 62.1 0.501
C 25 32.9 103 37.9
rs3025039 CcC 24 63.2 98 72.1 0.391
(cm CT 13 34.2 36 26.5
TT 1 2.6 2 15
C 61 80.3 232 85.3 0.290
T 15 19.7 40 14.7

#Chi-Square Test
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Table 3: Linkage disequilibrium values (D’) of polymorphisms in gene VEGFA

rs699947 rs1570360 rs2010963
rs699947 -
rs1570360 0.926° -
rs2010963 0.968% 1.0% -
rs3025039 0.432 1.0 0.319

rs3025039

#High statistical significance (LOD>2)
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Table 4: Haplotype phases and frequencies of Thalidomide Embryopathy
individuals compared with Brazilian subjects without congenital anomalies

Gene Haplotype Affected Unaffected P-Value®

N % n %

NOS2° ALG 18 237 55 20.2 0.928
ALA 5 6.6 29 10.7
ASG 2 2.6 11 4.0
ASA 0 0.0 3 11
CLG 32 421 106 39.0
CLA 2 2.6 8 2.9
CSG 14 184 53 195
CSA 3 3.9 7 2.6

PTGS2° CTT 9 118 18 6.6 0.404
CTC 7 9.2 35 129
GTT 46 60.5 135 56.3
GTC 0 0.0 4 15
GCT 14 184 62 22.8

VEGFA® cGcCCcC 14 184 73 26.8 0.843
CGCT 11 145 29 10.7
CGGC 18 237 63 23.2
CGGT 3 3.9 7 2.6
CAGC 1 1.3 3 1.1
AGCC 0 0.0 1 0.4
AGGC 10 13.2 35 129
AGGT 1 1.3 4 15
AAGC 18 237 57 21.0

3Chi-Square Test; °rs2779249, rs3833912 and rs2297518, respectively; °rs689465,
rs689466 and rs20417, respectively; “rs699947, rs1570360, rs2010963 and rs3025039,
respectively.
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To the Editor:

Many aspects of thalidomide embryopathy (TE) have been studied over the
past few decades; however, its underlying molecular mechanism remains to be
elucidated. The importance of nitric oxide in the development of TE has been
reported in studies assessing the teratogenic potential and antiangiogenic property
of the drug [1,2,3]. Our group has recently published results of the first molecular
study of TE in humans; in this study, we have reported that the -786C (rs2070744)
and 894T (rs1799983) alleles — which reduce the expression and activity of the
NOS3 gene, respectively, and its haplotype phase — were associated with
individuals with TE, when compared against a sample Brazilian population without
congenital anomalies [4].

In order to test the hypothesis that polymorphic variants in the NOS3 gene
result in susceptibility to TE, our group analyzed the variable number of in tandem
repeats (VNTR) of intron 4 (rs61722009) in the NOS3 gene. Similar to the
previously investigated polymorphisms (-786T>C and 894G>T), the VNTR 4a/4b
was determined to play an important functional role in the regulation of eNOS and
was believed to function as an enhancer or repressor of NOS3 gene transcription
[5,6], according to the number of repeats present in each allele [7].

Individuals with TE were recruited through the Brazilian Association of
People with Thalidomide Syndrome (ABPST); the congenital anomalies in these
individuals were assessed through the TE diagnostic guideline published
previously by our group [8]. Only individuals displaying phenotypes compatible
with TE were included in this study. The control group consisted of Brazilians
without any congenital anomalies. DNA from the control subjects were stored in
the Genetics Department of our institution; these DNA samples have already been
used in previous epidemiological studies [9,10]. The subjects were identified
based on the gender, age, date, and place of birth. In total, our study involved 38
individuals with TE and 136 individuals without congenital anomalies (a higher
number compared to that in our original study). This study was approved by the
Research Ethics Committee of the Clinical Hospital of Porto Alegre (number 10-
0244).
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The 27bp VNTR of intron 4 (rs61722009) was genotyped according to the
protocol detailed by Marroni [11]. A small percentage (10%) of the sample was
selected randomly to confirm the result; new genotyping was performed by Sanger
sequencing. The new samples and controls included in this study were also
subjected to analysis of the rs2070744 and rs1799983 polymorphisms (-786T>C
and 894G>T, respectively); the samples were genotyped as per a previously
described method [4]. The distribution of all polymorphisms in both the sample
groups was in accordance with the Hardy-Weinberg equilibrium.

Allele and genotype frequencies of the three polymorphisms are listed in
Table 1. The frequency of alleles C and T in the polymorphism -786T>C was
statistically different between the two sample groups (p = 0.022), corroborating the
results detailed in our previous publication. However, the VNTR of intron 4 and the
894G>T polymorphism was not significantly different between the two sample
groups.

Linkage disequilibrium in the variants was observed using the MLocus tool
[12], and the haplotype phases were determined using the PHASE v.2.1 software
(University of Chicago, Chicago, IL, USA). The haplotypes and their frequencies in
the two sample groups are described in Table 2. A comparison of the haplotype
frequencies between the groups revealed a statistically significant difference (p =
0.007), which corroborated the results obtained in our previous study.

Univariate logistic regression (Table 3) was performed to determine the risk
of association of NOS3 alleles with TE susceptibility. The alleles responsible for
the decrease in NOS3 gene expression or eNOS enzyme activity were believed to
indicate risk [13]. Individuals with at least one copy of the C, 4b, and T alleles of -
786T>C polymorphism, the VNTR, and 894G>T polymorphism, respectively, were
grouped into the “presence of risk alleles” group. Individuals without such variants
in at least one of the polymorphisms were classified into the “absence of risk
alleles” group.

A risk association was not identified when all three polymorphisms were
present together (p = 0.079). However, an analysis of the polymorphism in the
promoter region (-786T>C) and the VNTR (performed in this study) revealed that

compared to the control group, the sample group (individuals with TE) showed a
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higher frequency of the alleles that reduced NOS3 expression (Odds ratio (OR) =
2.57; p = 0.018). This finding suggests that the VNTR of intron 4 could be a factor
indicating greater susceptibility to developing embryopathy, similar to the
previously reported -786T>C polymorphism [4].

Nitric oxide is responsible for the regulation of vasodilation and exerts a
protective effect on endothelial cells [14]. The haplotype C/4b/T has previously
been associated with lower levels of circulating nitric oxide [13]; therefore, many
studies have reported C/4b/T as the haplotype indicating susceptibility to diseases
with impaired vascular function, such as hypertension [15,16], preeclampsia [17],
and cardiomyopathies [18].

A previous study has established the relevance of nitric oxide in
teratogenesis [19]; in addition, the role played by nitric oxide in TE has also been
elucidated in experimental models [1,2,3]. However, no studies (prior to our
previous study) have attempted to correlate the polymorphisms in nitric oxide
synthase genes to a possible genetic susceptibility to embryopathy. In this study,
we have corroborated, using a larger sample size, that the -786C variant in the
promoter region of the eNOS gene is more frequently present in individuals
affected by TE compared to that observed in those without congenital anomalies.
We also observed an interaction between the-786T>C polymorphism and an
intronic region of repetition, which was previously not analyzed.

The 27pb VNTR, at intron 4 of the NOS3 gene, plays an important role in
controlling NOS3 gene expression. It is responsible for producing microRNA
capable of altering DNA methylation and histone acetylation in the promoter region
of the NOS3 gene, and in portions adjacent to the VNTR itself [20,21]. It is
believed that alleles with larger repeats, such as allele 4b, produce more
microRNAs, thereby resulting in reduced gene expression compared to allele 4a
[7]. No statistically significant difference was identified between the alleles in our
sample; however, none of the individuals affected by TE is known to express the
4ada genotype. In other words, all individuals have at least one copy of the allele
that reduces NOS3 gene expression.

Experimental evidence has suggested that the 894G>T polymorphism

influences eNOS enzyme activity, changing the production of nitric oxide [22]. On
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the other hand, the 786T>C polymorphism and the 4a/4b VNTR has been
observed to regulate the nitric oxide activity at the gene expression level [21,23].
The absence of interactions between the 894G>T polymorphism and the two other
polymorphisms in our univariate logistic regression model appears to indicate that
thalidomide influences the NOS3 gene during the pre-transcriptional step; this
must be further investigated in studies evaluating other mechanisms of gene
regulation. Either way, the presence of alleles that result in reduced NOS3
expression in thalidomide-affected individuals, as well as in other members of the
population, results in a higher risk of developing the cited vascular conditions.

Studies focusing on thalidomide-induced susceptibility to embryopathy in
angiogenesis (as well as in other pathways) might contribute towards elucidating
the molecular mechanisms underlying thalidomide teratogenesis, as well as
understanding and preventing the diseases in which these alleles are considered
risk factors.
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Table 1: Allelic and genotypic frequencies of the polymorphisms of the NOS3 gene
in individuals with thalidomide embryopathy, as well as in Brazilian individuals

without congenital anomalies (unaffected group)

Gene Polymorphism  Genotype/Allele  Affected Unaffected P-Value®
N % N %
NOS3 rs2070744 CC 10 26.3 17 125 0.060
(CIT) CT 17 447 57 419
TT 11 289 62 45.6
C 37 487 91 335 0.022
T 39 513 181 66.5
rs61722009 4bab 27 711 81 61.8 0.263
(VNTR) 4b4a 11 28.9 41 313
dada 0 0.0 9 6.9
4b 59 855 203 775 0.149
4a 11 145 59 225
rs1799983 TT 5 132 13 9.6 0.360
(T/IG) TG 21 553 63 46.7
GG 12 316 59 437
T 31 40.8 89 33.0 0.221
G 45 59.2 181 67.0

4Chi-Square Test
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Table 2: The inferred haplotypes and haplotypic frequencies in individuals with
thalidomide embryopathy, as well as in Brazilian individuals
anomalies (unaffected group).

without congenital

Gene Haplotype Affected Unaffected P-Value?®
n % n %
NOS3 T 4b G 24 31.6 120 44.1 0.007
T4b T 9 11.8 30 11.0
T 4a G 6 7.9 30 11.0
T4a T 0 0.0 1 0.4
C b G 10 13.2 6 2.2
C4db T 22 28.9 56 20.6
C4a G 5 6.6 26 9.6
CdaT 0 0.0 3 1.1

4Chi-Square Test
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Table 3: Univariate logistic regression model to assess risk alleles in individuals
with thalidomide embryopathy and in individuals of the unaffected group.

Risk Alleles of NOS3 Gene Presence Absence Likelihood (95% IC) P-Value
n % n %
(-786)C + (VNTR)4b 91 53.8 78 46.2 2,570 (1,20-5,80) 0.018
(-786)C + (VNTR)4b + (894)T 68 52.6 101 36.6 1,921 (0,93-4,01) 0.079

IC: intervalo de confianga; Os polimorfismos utilizados no modelo s&o rs2070744 (-786C), rs61722009 (VNTR) e
rs1799983 (894T).
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7. DISCUSSAO

As novas aplicacfes da talidomida tornam o tOpico em constante pesquisa
em diferentes aspectos. Além da necessidade de uma farmacovigilancia devido a
sua dispensacao e uso frequente, a avaliacdo dos sobreviventes afetados pela TE
auxiliard ndo somente a prevencdo e tratamento precoce de possiveis agravos
ocasionados pela talidomida que somente agora estdo aparecendo, mas também
podem auxiliar, na compreensdo dos mecanismos moleculares de sua
teratogenicidade. Essa lacuna sobre os mecanismos moleculares de teratogénese
da talidomida dificulta a sintese de um farmaco mais seguro, ndo-teratogénico, o
gue seria de interesse mundial, visto o amplo uso desse medicamento (Matthews
& McCoy, 2003; Kim & Scialli, 2011). A fim de contribuir para a elucidacdo de
algumas dessas questdes que ainda cercam as propriedades da talidomida, esse
trabalho procurou (1) avaliar o historico clinico e a saude atual de individuos com
TE; e (2) analisar variantes genéticas que poderiam contribuir para uma maior

susceptibilidade no desenvolvimento da embriopatia.

7.1. Avaliacdo de Saude de Individuos com a Embriopatia da Talidomida

A partir do contato com a ABPST iniciamos uma descrigdo mais
aprofundada dos brasileiros com TE. Em dois encontros pudemos avaliar 28
afetados pela embriopatia que realizaram uma caracterizacdo fenotipica de suas
anomalias congénitas. Vinte e dois destes responderam um questionario (Anexo
2) sobre diferentes aspectos de sua saude, abrangendo tanto o histérico clinico
como sua saude atual.

Os principais resultados encontrados revelaram que os individuos com TE
possuem uma maior prevaléncia de doencas cronicas, quando comparados a
populacdo brasileira geral. Dentre essas doencas destacam-se os disturbios
psiquiatricos, tais como depressdo e ansiedade, e surdez progressiva. Além
disso, se identificou inicio mais precoce de doencas cardiovasculares, também
em comparacdo com a populacdo brasileira sem anomalias congénitas. Por fim,
dois relatos de perda dentaria na adolescéncia também chamaram a atencdo na

caracterizagao dos participantes.
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A ocorréncia de doencas cardiovasculares em idades precoces poderia ser
uma consequéncia de uma exposicao intra-uterina a um teratbgeno altamente
antiangiogénico. Uma vez que foi identificado que a inibicdo da vascularizagdo na
cornea de coelhos, causada pela administracéo oral da talidomida, se assemelha
ao padrao visto no broto dos membros dos embrides desses animais (D’Amato et
al., 1994), o efeito do teratdgeno sobre vasos nobres também pode ter sido
afetado gravemente em outros 6rgaos. Acredita-se que 8% dos individuos com
TE nasceram com anomalias cardiacas congénitas (Miller & Stromland, 1999),
porém no Brasil apesar dos afetados terem sido avaliados ao nascimento quanto
a suas anomalias congénitas, alguns individuos com TE nao foram submetidos a
exames especificos para identificar defeitos internos, e muitos nem mesmo
durante a vida adulta. Recentemente um artigo publicado por nosso grupo
identificou uma maior frequéncia de haplétipos que reduzem a expressao de
eNOS em individuos com a TE quando comparados a brasileiros sem anomalias
congénitas (Vianna et al., 2013b). Pesquisas recentes sugerem gue mecanismos
por trds da patogénese de doencas cardiacas isquémicas, tais como angina e
infarto do miocéardio (condi¢cBes identificadas em idade precoce nos individuos
com TE), incluem a atividade reduzida de Oxido nitrico e estresse oxidativo
elevado (Yoo & Kim, 2009). Portanto, uma avaliacdo molecular a respeito de
polimorfismos que levam a reducdo de fatores pré-angiogénicos deve ser
realizada, investigando-se também o aumento do dano oxidativo gerado pela
talidomida (Hansen & Harris, 2004), a fim de se identificar possiveis riscos a
doencgas cardiovasculares que podem ter sido elevados com a exposi¢cdo ao
teratégeno. Por outro lado, a deficiéncia fisica decorrente da embriopatia pode
levar a reducdo da mobilidade e, consequentemente, a obesidade e outras
condicbes de saude que venham a aumentar o risco para doencas
cardiovasculares. Em virtude das malformacdes de membros, ndo foi possivel
avaliar o IMC desses individuos, no entanto n&o foi identificada uma maior
frequéncia de diabetes mellitus tipo Il, outra condicdo clinica frequentemente
associada a sedentarismo e obesidade, quando os mesmos foram comparados a

populacao brasileira em geral (p=0,592).
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Os relatos de surdez progressiva demonstram a necessidade de que a
avaliacdo de individuos com TE ndo ocorra apenas ao nhascimento, mas sim
durante toda a vida do individuo. Outros estudos poderiam auxiliar a compreender
se a surdez progressiva ocorreu devido a anomalias funcionais que nao foram
detectadas em uma primeira avaliagdo, ou se houve alguma alterac@o a nivel de
expressdo e funcdo génica apdés a exposicdo a talidomida durante a
embriogénese. Apesar de ainda ndo se ter identificado os genes alvo da
talidomida em sua teratogénese, nossa hipétese € que a acdo do farmaco em
genes de desenvolvimento e fatores upstream a eles poderiam levar a desfechos
como a surdez progressiva e, também, a perda dentaria relatadas. Em qualquer
uma das hipoteses atualmente aceitas a respeito dos mecanismos de
teratogénese da talidomida, os efeitos exercidos pelo teratdgeno sobre genes de
desenvolvimento sdo sempre secundarios a propriedades priméarias do farmaco,
tais como ligacdo a proteina Cereblon (Ito et al., 2010), inducdo de estresse
oxidativo (Hansen & Harris, 2004) ou inibicdo da formacéo de vasos sanguineos
imaturos (Vargesson, 2009). Genes com processos de sinalizacdo ja bem
estabelecidos na odontogénese em diferentes grupos animais, e incluem Fgf8,
Fgfl0, Bmp4 e Tnf (Townsend et al., 2012), também ja foram identificados como
alvos secundarios da talidomida (Hansen et al., 2004; Therapontos et al., 2009; Ito
et al., 2010). A fim de se avaliar se a talidomida exerceu algum efeito sobre esses
genes modificando a sinalizacdo adequada para a odontogénese, seria
necessario um conhecimento molecular a respeito desses alvos um pouco mais
aprofundado do que o atual. A dificuldade dos individuos com TE em realizar a
higiene bucal também deve ser considerada. No entanto, o alerta a respeito da
perda dentaria poder ser um fator importante quando o diagndstico diferencial é
dificil. Uma vez que poucos estudos foram realizados em individuos com TE em
idade adulta, outros relatos se fazem necessarios para se avaliar se esse
desfecho é mais frequente do que o esperado para entdo definir sobre a inclusao
no diagnéstico diferencial da embriopatia.

A elevada frequéncia de individuos com TE e disturbios psiquiatricos nos
faz questionar se a ocorréncia dessas doencas € em virtude da exposicdo a

talidomida ou uma consequéncia da deficiéncia fisica. Para esclarecer a relagédo
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de causa-efeito, uma nova avaliacdo deveria ser conduzida, utilizando-se também
como grupo de comparacdo uma amostra de deficientes (especialmente com
defeitos de reducdo de membros). O Unico estudo que investigou disturbios
psiquiatricos em individuos com a TE também realizou comparacdo com uma
amostra de individuos sem anomalias congénitas (Imai et al., 2014). Apesar dos
autores também terem identificado resultados significativos, tais como evidéncias
de maior sofrimento somatico, levando a insénia e ansiedade em individuos com
TE (Imai et al., 2014), a etiologia por tras da ocorréncia desses distarbios nesses
individuos também né&o foi elucidada. Com essa abordagem, incluindo outros
deficientes fisicos como grupo de comparacao, haveria maiores evidéncias para
confirmar ou refutar qualquer uma das hipoteses citadas acima, além de isolar os
fatores de confusdo que sao os principais fatores limitadores deste estudo.

No caso de um desfecho por consequéncia direta da exposicdo a
talidomida, avaliagdes moleculares que predisponham a essas condi¢des também
seriam interessantes para a compreensado da embriopatia como um todo. Um dos
genes que devem ser mais amplamente investigados em individuos com TE € o
CRBN. Seu produto, a proteina Cereblon, € o primeiro alvo de ligacdo a
talidomida no organismo (Ito et al., 2010) e também tem alta expressédo no
sistema nervoso central (Higgins et al., 2004). Pouco ainda se conhece a respeito

dos desfechos que a ligacao talidomida-Cereblon poderia gerar.

7.2. Avaliacdo de Polimorfismos em Genes da Via de Angiogénese em
Afetados pela TE

A fim de se avaliar possiveis variantes de susceptibilidade a teratogénese
da talidomida, uma revisdo cuidadosa de variantes genéticas nos genes de
interesse foi realizada e somente polimorfismos ja caracterizados funcionalmente
e com efeitos descritos em doencas de etiologia antiangiogénica foram incluidos
no estudo (Tanus-Santos et al., 2002; Doshi et al., 2010; Gurdol et al., 2012;
Rogers e D’Amato, 2012; Oliveira-Paula et al., 2013). Nessa etapa contamos com
38 individuos com TE e 136 brasileiros sem anomalias congénitas.

N&o foi identificada diferenca estatisticamente significativa nas frequéncias

alélicas, genotipicas e haplotipicas em dez polimorfismos avaliados nos genes

92



NOS2, PTGS2 e VEGFA. Tais variantes ndo parecem estar contribuindo para
uma maior suscetibilidade ao desenvolvimento da TE. Porém, outras
investigacdes sdo necessarias para ajudar a esclarecer o papel desses genes na
embriopatia. As proteinas INOS e PTGS2 possuem ndo somente mecanismos
essenciais para a correta angiogénese durante o periodo embrionario (Moncada
et al., 1991; Marsden et al., 1993; Costa et al., 2007), mas também agem em
outros processos em que a talidomida exerce importante atividade, tais como
inflamacédo e estresse oxidativo (Hla and Neilson, 1992; Fostermann et al., 1994,
Li et al., 2006). Além disso, a expressao de VEGF é altamente induzida por bFGF,
um gene de desenvolvimento upstream a sua via de sinalizacdo (Seghezzi et al.,
1998). Processos como esse levantam o questionamento se a atividade
antiangiogénica da talidomida ndo somente poderia levar a um efeito secundario
em genes de desenvolvimento, como também desencadear um processo reverso,
desses genes atuando sobre fatores pro-angiogénicos, reprimindo ainda mais a
formacdo de novos vasos. Uma nova investigacdo abrangendo componentes
dessas outras vias moleculares e avaliacao da interacdo entre esses fatores, nédo
somente a nivel de suscetibilidade genética, mas também de avaliacdo de
endofendtipos dentro da TE, deve ser testada para esclarecer essa hipotese.

Um gquarto gene, NOS3, previamente avaliado pelo nosso grupo (Vianna et
al., 2013b) foi analisado novamente nesse trabalho com uma amostra maior, ja
qgue no estudo anterior foi identificada uma maior frequéncia de alelos que
diminuem a expressao e atividade de eNOS nos individuos com TE, em
comparacdo a populagédo brasileira. Além disso, acrescentamos um terceiro
polimorfismo funcional, o VNTR do intron 4. Os alelos -786C do rs2070744, 4b do
VNTR e 894T do rs1799983 ja foram associados a um haplétipo que levaria a
reducgéo dos niveis plasmaticos de oxido nitrico (Metzger et al., 2005).

Nés ndo encontramos nenhuma associacéo entre o haplétipo descrito e os
individuos com TE. No entanto, ao avaliarmos a interacdo entre dois alelos
considerados de risco, o -786C e o0 alelo 4b do VNTR, nés identificamos que ha
uma probabilidade maior de que os individuos com TE possuam esses alelos em
comparacao aos brasileiros sem anomalias congénitas. Esse resultado aponta

para um efeito dessas variantes em eNOS a nivel pré-transcricional (Doshi et al.,
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2010). Alteracfes na expressdo de NOS3 em virtude de regulacédo por processos
epigenéticos ja foram descritas na literatura e associadas a diferentes desfechos
clinicos (Harvey et al., 2012; Kheirandish-Gozal et al., 2013; Krause et al., 2013).
A partir de ensaios in vitro com células de corddo umbilical foi demonstrado que
as alteragdes no padrao de metilagdo de eNOS configuravam um fator de risco
para restricao de crescimento fetal intrauterino (Krause et al., 2013). A expressao
de NOS3 também estava reduzida no sangue periférico de crian¢cas com apneia
obstrutiva do sono, em virtude de hipermetilacdo da regido promotora do gene
(Kheirandish-Gozal et al., 2013). Ambas as situagfes clinicas sdo caracterizadas
por disfungdes endoteliais graves e risco aumentado de doencgas cardiovasculares
no futuro (Kheirandish-Gozal et al., 2013; Krause et al., 2013). Uma vez que o
polimorfismo rs2070744 encontra-se na regido promotora do gene, perto de ilhas
CpG, e o VNTR do intron 4 é capaz de regular a expressdo de NOS3 por
mecanismos epigenéticos (Zhang et al., 2008), novos ensaios com essa
abordagem podem auxiliar na compreensao do papel de eNOS na TE. Os fatores
epigenéticos sao sensiveis a estimulos do ambiente e possuem a habilidade de
transmitir a resposta desses estimulos até os genes (Haycock, 2009). Em virtude
disso, a epigenética tem sido recentemente hipotetizada como um possivel
mecanismo de mediacao da teratogénese (Cassina et al., 2012).

Embora ja se tenha conhecimento de que a talidomida interfere na
expressao dos genes iNOS, PTGS2 e VEGF (Jin et al., 2007; Badamtseren et al.,
2011; Tan et al.,, 2012), esse foi o primeiro estudo realizado nesses genes
analisando a composicdo genética em humanos afetados. Também, com o
aumento do numero amostral e acréscimo de um polimorfismo, corroboramos os
resultados anteriores de nosso grupo (Vianna et al., 2013b) a respeito de
polimorfismos do gene da eNOS que podem estar indicando uma possivel
suscetibilidade genética a TE. Apesar das limitacdes, tais como 0 numero
amostral e possivelmente um provavel tamanho de efeito pequeno, acreditamos
gue essa abordagem seja importante para direcionar futuros estudos dos alvos
moleculares da talidomida, ja que em muitas situacoes é dificil extrapolar estudos

experimentais para achados clinicos.
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8. CONCLUSOES E PERSPECTIVAS

A partir dos resultados obtidos, foi possivel cumprir com o0s objetivos

propostos para o presente estudo:

* Avaliar achados clinicos em individuos com a Embriopatia da
Talidomida em diversas faixas etarias;
* |dentificar a existéncia de manifestacfes causadas ou antecipadas

pela exposi¢do atalidomida durante o desenvolvimento embrionario;

Através do questionario aplicado, foi possivel identificar desfechos clinicos
nos individuos com TE e estimar sua frequéncia em comparacdo com os dados
de prevaléncia obtidos da populagdo brasileira sem anomalias congénitas. Esse
estudo foi o primeiro no Brasil a realizar uma avaliagdo de efeitos tardios em
individuos afetados pela Embriopatia da Talidomida. Acreditamos que o0s
resultados encontrados possam contribuir para a uma melhor estratégia de
assisténcia em saude a esses sujeitos, bem como auxiliar na compreenséo da
teratogénese da talidomida. Alguns aspectos que devem ser futuramente
investigados sao: (1) a avaliacdo conjunta a um grupo formado por deficientes
fisicos que ndo foram expostos a talidomida; (2) a comparacdo dos diferentes
desfechos clinicos citados com variantes genéticas de susceptibilidade aos
mesmos; (3) a realizagdo de exames de imagem para avaliagdo mais acurada de

defeitos internos e maior conhecimento sobre os defeitos de membros.

* |dentificar alvos moleculares na via de angiogénese que atuem na
teratogénese da talidomida em humanos;

* Analisar polimorfismos funcionais nos genes NOS2, NOS3, PTGS2 e
VEGFA e avalia-los junto aos resultados previamente publicados do gene
NOS3;

* Estimar a frequéncia dos polimorfismos funcionais em individuos

com a Embriopatia da Talidomida, comparando com sujeitos nao afetados.
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A avaliacao dos dez polimorfismos selecionados nos genes NOS2, PTGS2
e VEGFA demonstrou que as variantes escolhidas ndo parecem estar envolvidas
na susceptibilidade a TE, no entanto a nova avaliacdo realizada com os
polimorfismos do gene NOS3 demonstra que 0 mesmo parece ter papel
importante no esclarecimento dos mecanismos moleculares por tras da
teratogénese da talidomida. Tais esclarecimentos obtidos a nivel molecular
direcionam a pesquisa a respeito dos alvos de teratogénese do farmaco. Algumas
guestdes que merecem abordagem mais profunda em individuos com TE séo: (1)
0S mecanismos epigenéticos de regulacdo dos genes possivelmente influenciados
pela talidomida; (2) o papel da proteina Cereblon no estabelecimento da
embriopatia e em efeitos tardios; (3) a via de estresse oxidativo, suas variantes
funcionais e sua reacdo cruzada com a via de angiogénese; (4) a investigacao
dos polimorfismos estudados em modelos animais e ensaios in vitro.

Frente aos resultados encontrados, acreditamos que esse trabalho tenha
auxiliado ndo somente a responder 0s questionamentos que envolvem a
Embriopatia da Talidomida, mas também tenha promovido conhecimentos e
gerado hipoteses que podem ter relevancia nos proximos estudos realizados na
area e no conhecimento sobre a fisiopatogénese da embriopatia.
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8.1. Anexo |
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8.2. Anexo Il

FICHA CLINICA

IDENTIFICACAO DE ALVOS MOLECULARES DE TERATOGENICIDADE DA
TALIDOMIDA EM HUMANOS

Participante: Cadigo:
Data de Nascimento: Local:

Endereco:

Telefone: E-mail:

( ) TCLE ( )Raio X Qual?

( ) Ficha Clinica ( ) Foto

( ) DNA ( ) DNA Parente Qual?

Escolaridade

() Analfabeto

() Primario Incompleto
() Priméario Completo

( ) Secundario Incompleto

Ocupagéo
( ) Desempregado
( ) Pensionista INSS

() Secundario Completo
() Universitario Incompleto
() Universitario Completo

Curso?

( ) Do Lar

Desde quando?

( ) Outros Especifique:
Antecedentes Obstétricos Participante
Numero de Gestagoes: Perdidos:

Dificuldade de Engravidar? () Sim ( ) Nao

Anomalias nos Filhos:
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Antecedentes Obstétricos Maternos
Numero de Gestagoes:
Dificuldade de Engravidar? () Sim ( ) Nao

Antecedentes de Anomalias, Malformagdes ou Doencgas Genéticas na Familia

Perdidos: Tamanho Irmandade:

( )Sim ( ) Néao Especifique:

Fumo ( ) Sim ( ) Nao () Ex-Fumante
Numero de Cigarros ao Dia: Periodo:
Alcool

( ) Diariamente

( ) 3-5vezes na semana

() Esporadicamente
() N&o consome

( ) 1-2 vezes na semana Observacao:
Doencgas Cronicas
Faz tratamento para alguma doenca? ( ) Sim ( ) Nao

Qual?

Usa alguma medicac¢ao de uso crénico?

Fez alguma cirurgia?

Apresenta (ou ja apresentou) alguma das seguintes doencas?

( ) Hipertenséao ( ) Diabetes

( ) Cancer Qual? Quando?

( ) Doencas Cardiovasculares Qual?

( ) Doencas Auto-Imunes Qual?

( ) Doencas Respiratorias Qual?

( ) Doencas Gastrointestinais Qual?

( ) Doencas Sistema Reprodutivo Qual?

( ) Doencas Sistema Urinario Qual?

( ) Alteracdes Dentérias Qual?

( ) Deficiéncia Visual Qual? A partir de:
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( ) Deficiéncia Auditiva Qual? A partir de:

Apresenta ou ja apresentou algum transtorno psiquiatrico?

( ) Depressao () Esquizofrenia

( ) Ansiedade ( ) Transtorno Bipolar do Humor
( ) Estresse Pos-Traumatico ( ) TDAH

() Anorexia Nervosa () Sindrome do Panico

() Transtorno Obsessivo Compulsivo ( ) Fobia Social

Heredograma
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Aspectos Clinicos Esperados na Embriopatia por

Frequéncias em
casos publicados de

Talidomida* Embriopatia por Paciente
Talidomida
Orelhas Cisto dermoide conjuntival ++
Anotia +++
Microtia +++
Apéndices auriculares ++
atresia +
estenose +
. Tortuosidade do meato auditivo
Neurologia +
externo.
Paralisia facial ++
Movimentos oculares restritos ++
Lacrimacao aberrante ++
Surdez
Defeitos Internos ++
Coracao Ducto arterioso persistente ++
Defeito no septo ventricular ++
Defeito no septo atrial ++
Estenose pulmonar ++
Lesdes conotruncais foram t
visualizadas em mortes precoces
Trato Urinario Ausente ++
Rim em ferradura +
Ectopico +
Hipopléastico +
Rim rotado +
Hidronefrose +
Megaureter +
Ureter ectépico +
Refluxo versiuretérico +
Bexiga inerte +
Trato Genital Testiculos ausentes +
Testiculos ndo descendentes +
Testiculos pequenos +
Hipospadia +
Cisto hidatico de Morgagni +
Atresia vaginal +
Interrupgéo da tuba de Falopio
Utero Bicornuado *
Trato Alimentar Atresia duodenal +
Estenose pilérica +
Hérnia inguinal +
Anus imperfurado com fistula +
Estenose anorretal
Anus deslocado anteriormente *
Esquelético Agenesia sacral +
Hemivertebra, anomalia de costelas +
Espinha bifida +
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