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RESUMO (LINGUA VERNACULA)

Nas ultimas décadas, o ceratocone tem sido descrito como uma doencga
multifatorial envolvendo complexas interagbes entre fatores genéticos e ambientais,
que contribuem para a manifestagcdo da doenga. A identificacdo dessa doenca em
gémeos monozigéticos chamou a atencédo para seu componente genético. Apesar
da forma esporadica ser considerada a apresentacdo mais comum, a historia
familiar positiva é vista em aproximadamente 11% dos pacientes. Um estudo ha
mais de duas décadas relatou o aumento da presenca de KC em parentes de
primeiro grau de individuos afetados, correspondendo a 15 a 65 vezes a da
populacdo em geral. Um grande numero de genes candidatos tem sido estudado em
relacdo a patogénese do ceratocone. No entanto, a maior parte desses resultados
nao foram confirmados. Casos familiares oferecem uma oportunidade para
identificar novas associagdes genéticas e posteriormente testar a segregacao de tais
variantes com a doenga. A caracteristica da ectasia corneana é o adelgagcamento
progressivo e a protrusdo que ocorre naturalmente ou cirurgicamente. Associagoes
genéticas tém sido descritas entre ceratocone e desordens do tecido conectivo,
juntamente com colageno anormal, incluindo sindrome de Ehlers-Danlos, displasia
congénita do quadril, sindrome de Marfan e osteogenesis imperfecta (Ol). A Ol é
uma desordem hereditaria rara, causada principalmente por mutagdes no gene
COL1A1 ou COL1A2. O colageno tipo | constitui aproximadamente 60% do total de
colageno corneano humano e compde a maior parte do colageno escleral. Essas
condi¢cdes foram postuladas ser diretamente atribuidas a composi¢gdo anormal de
fibras de colageno. Para explorar essas hipoteses, realizamos a analise do
sequenciamento total do exoma humano (WES) em duas familias n&o relacionadas
para avaliar se quaisquer variantes genéticas poderiam ter um papel importante na
patogénese do ceratocone. Além disso, avaliamos os perfis corneanos de individuos

com Ol devido a mutagédo do gene do colageno |.
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RESUMO (LINGUA INGLESA)

Recently, keratoconus has been described as a multifactorial disease involving
complex interactions between genetic and environmental factors, which contribute to
the manifestation of the disease. The identification of keratoconus in monozygotic
twins brought attention to its genetic component. Although the sporadic form is
considered the most common presentation, positive family history is seen in
approximately 11% of patients. An earlier study reported an increased prevalence of
KC in first-degree subjects, corresponding to 15 to 65 times that of the general
population. A large number of candidate genes have been studied regarding the
pathogenesis of keratoconus. However, most of these genes were not confirmed.
Family cases provide an opportunity to identify new genetic associations and
subsequently test the segregation of such variants with the disease. The
characteristic of corneal ectasia is progressive thinning and protrusion that occurs
naturally or surgically. Genetic associations have been described between
keratoconus and connective tissue disorders, along with abnormal collagen,
including Ehlers-Danlos syndrome, congenital hip dysplasia, Marfan syndrome and
Osteogenesis imperfecta (Ol). Ol is a rare hereditary disorder, mainly caused by
mutations in the COL71A1 or COL1A2 gene. Type | collagen constitutes
approximately 60% of the total human corneal collagen and makes up most of the
scleral collagen. These conditions were postulated to be directly attributed to the
abnormal composition of collagen fibers.

To explore these hypotheses, we performed the analysis of total human
exome sequencing (WES) in two unrelated families to assess whether any genetic
variants could play a significant role in keratoconus pathogenesis. In addition, we
evaluated the corneal profiles of individuals with Ol due to the mutation of the

collagen | gene.

11



SUMARIO

1 = INTRODUGAO ...t e e ee e 12

1.1 - ASSOCIAGAO COM OUTRAS DOENGCAS GENETICAS E AGREGAGAO

FAMILIAR ..o n e e e e s ee e 18
1.2 - PADROES DE HERANGA .......omiieoeeeeeeeeeeeeeeeee e 18
1.3 - GENETICA MOLECULAR ..o e s 18
1.3.1 - ESTUDOS DE ASSOCIACAO AMPLA DO GENOMA (GWAS) .................... 20
1.3.2 - SEQUENCIAMENTO DE NOVA GERAGAO (WES) ....cvvieeeeeeeeeeeeee. 20
1.4 - GENETICA DO COLAGENO ..o 21
1.5 — EXPRESSAO GENICA ..o en e 22
2 - JUSTIFICATIVA ..o, 24
2.1 = OBJETIVO GERAL ..o, 24
2.2 — OBJETIVO SECUNDARIO ......coiiieieeeeeeeeeeeeeeeeeeeeeeeee e 24
3= CAPITULO 1 oo, 26
3 I =TT s TR 26
3.2 - TABELAS ARTIGO 1 ..o 39
3.3 - FIGURAS ARTIGO 1 ..o, 40
A -CAPITULO 2 ....ooieeeeeeeeeeeeee e 41

A1 = ARTIGO 2 oo, 41

4.2 - TABELAS ARTIGO 2 ..o 53
4.3 - FIGURAS ARTIGO 2 ..., 55
5 —DISCUSSAO GERAL..........ocomiieeeeeeeeeeeeeeeeeeeeee e, 57
B = CONCLUSAO ... 60
7 — CONSIDERAGOES FINAIS ........cooiiieeieeeeeeeeeeeeeeeeeeeeeee e 61
8 -REFERENCIAS ... 62
9 — ANEXOS ...t 76
9.1 - ANEXO 1. APROVACAO DO COMITE DE ETICA MEDICA........ccccoovevernnnn 76



9.2 ANEXO 2. TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO.............. 80

9.3 ANEXO 3. PUBLICAGCAO EM REVISTA INDEXADA........cuuiaaiiiiiiaaeeeiiiiienns

9.3 ANEXO 4. ACEITE EM REVISTA INDEXADA. ...

13



1. INTRODUCAO

O ceratocone (OMIM148300) tradicionalmente € descrito como uma degeneragao
ectasica progressiva nao-inflamatéria da cérnea.”® E considerado umas das
principais causas de transplante de cornea em todo o mundo, sendo que no Brasil
ainda é considerado a principal causa.*® Sua manifestacao clinica geralmente inicia-
se na puberdade, podendo estabilizar, avancar lentamente até a quarta década de
vida ou progredir rapidamente necessitando ceratoplastia.”® Observa-se neste
periodo progressivo afinamento e protrusdo da regido central da coérnea. Essa
distorcdo provoca erros refrativos, aberragdes e consequente baixa de acuidade
visual, podendo inclusive provocar cegueira legal."? Devido ao seu maior
entendimento e exames de imagem mais avang¢ados, diagnostica-se pacientes cada
vez mais cedo e em maior nimero.® Pode ser visto em todas as etnias sem
prevaléncia por género, apresentando sintomas variados conforme o estagio da
doenca.?® Sua prevaléncia na literatura oscila muito (37 a 2300 casos por 100.000
individuos) conforme sua localizagdo, acesso populacional aos meios saude e
critérios utilizados.>"® As descrigdes de maior prevaléncia mundiais estdo no Oriente
Médio e na zona rural da india, e isso pode ocorrer pelo clima ou consanguinidade

encontrado nestes locais.>"°

A suspeita diagnostica acontece quando um paciente, normalmente na
adolescéncia, apresenta diminuicdo progressiva da visdo, ndo conseguindo atingir
visdo de 20/20 (100% de eficiéncia visual) com a melhor corregdo éptica em um ou
em ambos os olhos."® Trocas frequentes de 6culos ou lentes de contato s&o
necessarias nesse periodo. A qualidade visual é reduzida, podendo o paciente

observar multiplas imagens de um mesmo objeto (poliopia), “fantasmas”, diplopia
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monocular, aumento da sensibilidade a luz (fotofobia) e glare. Os achados
oftalmoldgicos classicos sao reflexo em tesoura a retinoscopia, presenca de
depdsito férrico circundando a base do ceratocone (anel de Fleischer), linhas
verticais esbranquigadas no estroma central do apice corneano (estrias de Vogf),
além de cicatriz no estroma central e afinamento junto ao apice a biomicroscopia em
casos avangados. Outros sinais sao visualizados sem o auxilio do microscopio,
como o da gota de 6leo observado através do reflexo vermelho a oftalmoscopia
direta (sinal de Charleaux) e o reflexo nasal em forma de seta a iluminagao temporal
da cornea (sinal de Rizutti)."" Por ultimo, é possivel visualizar o formato cénico da
cornea a descensdo ocular junta & palpebra inferior (sinal de Munson).?"" A média
de idade do diagnostico entre os pacientes que necessitardo ceratoplastia por
ceratocone é de 15,4 anos (SD +3.95)." O curso da doenca pode apresentar uma
progressdo rapida, com necessidade de realizar procedimento para sua
estabilizagao ou transplante de cérnea ainda na adolescéncia, ou estabilizar na fase
adulta, podendo inclusive ser identificado na quinta ou sexta década como um

achado eventual em um exame oftalmolégico."

Anatomicamente, todas as camadas corneanas podem estar envolvidas na doenca
avancada. A triade classica do ceratocone ao exame anatomopatologico consiste no
afinamento do estroma corneano, quebras na camada de Bowman e depdsitos de
ferro na camada basal do epitélio.”® Os achados no estroma corneano incluem
compactacédo e perda do arranjo da fibras de colageno na sua porgdo anterior,
diminuicdo no numero de lamelas de colageno e substituicdo de ceratdcitos por
fibroblastos normais e degenerativos." As alteracdes histopatoldgicas iniciais
demonstram distensdo da camada de Bowman, que é substituida por ceratdcitos e
material colageno. O epitélio é irregular em espessura (afinado na regido de maior
abaulamento) e sua membrana basal alterada nas areas com comprometimento da

camada de Bowman."”® A membrana de Descemet é afetada nos raros casos de
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hidropsia aguda, em que ha uma quebra da sua integridade provocando edema
significativo do estroma corneano.’”” Ha uma separagdo dessa em relacdo a
superficie posterior do estroma e uma importante retracdo, formando rolos ou
saliéncias. Em até 4 meses o endotélio se estendera sobre a membrana de
Descemet e estroma desnudado e reestabelecera sua integridade.' O endotélio dos

pacientes com ceratocone geralmente & normal.’

Do ponto de vista bioquimico, a
degradacado da membrana basal do epitélio corneano, a diminuicao das fibrilas de
colageno e a apoptose dos ceratdcitos s&o eventos apontados como responsaveis

pelo seu progressivo afinamento.'”'®

O diagndstico do ceratocone pode ser feito tanto pelo exame clinico biomicroscopico
em casos moderados e avangados, quanto por exames complementares de imagem
em casos incipientes. Na Uultima década, novos equipamentos de tomografia
permitiram avaliar ndo somente a ceratometria e curvatura anterior, como toda a
espessura (mapa paquimétrico) e a curvatura posterior da coérnea.’ Esses novos
métodos possibilitam o diagnostico precoce, identificando casos subclinicos
anteriormente ndo visualizados a ceratometria e topografia simples. A identificagdo
de casos frustros e incipientes sdo fundamentais para determinar o verdadeiro modo
de heranca e construir o heredograma em familias com ceratocone.'® Rabinowitz,
em extensa revisdo da literatura anterior a introdugdo da tomografia de cérnea,
sugeriu que somente com equipamentos que possibilitassem a detec¢éo precoce e
precisa do ceratocone seria possivel construir heredogramas e investigar o papel

dos genes na sua fisiopatologia.?

A etiologia dessa condigdo é provavelmente multifatorial, ou representa o caminho

1314 Fatores

final para uma variedade de diferentes processos patoldgicos.
ambientais como o ato de cocgar os olhos e a associagdo com doencgas atopicas

foram descritos por diversos autores.?>?" Também ha uma clara contribuicdo da
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genética na patogénese do ceratocone. Isto é evidenciado pela heranga familiar do
ceratocone, pela maior concordancia entre gémeos monozigoticos em relagdo aos
dizigbticos; e sua associagdo com outras doengas genéticas conhecidas, como a

sindrome de Down.?

1.1 ASSOCIACAO COM OUTRAS DOENGCAS GENETICAS E AGREGAGAO

FAMILIAR

O ceratocone é predominantemente encontrado como uma condigao clinica isolada.’
A associagdo entre ceratocone, sindrome de Down e diversas doencas genéticas
raras como a amaurose congénita de Leber (LCA), sindrome de Marfan,
osteogénese imperfeita (Ol) e Ehlers-Danlos (EDS) foi relatada.??° A relagéo direta
entre essas doencas e a ectasia corneana n&o é totalmente esclarecida. Entre as
possiveis associacdes descritas estdo desde as mutagbes do metabolismo
colageno, principal componente da cérnea, até o estimulo mecéanico direto, como no
sinal 6culo-digital de Franceschetti na LCA e quadros atdpicos na sindrome de
Down.?*2

Uma revisdo de relatos recente indica uma provavel relagdo geneética entre
afinamento corneano em diferentes doengas. Variantes do gene ZNF469
possivelmente contribuam com a reducgdo da diminuicdo da curvatura central no
ceratocone e com a sindrome da cornea fragil (BCS), assim como variantes no gene
COL5A1 no ceratocone e EDS.% O ceratocone é comumente uma manifestacdo da
BCS e EDS, que normalmente dividem sintomas similares. Portanto, a via molecular
que leva ao afinamento corneano pode ser comparavel nessas doencas. Da mesma
forma, variantes no gene COL71A71 podem potencialmente ser responsavel pelo
afinamento corneano na Ol, glaucoma primario de angulo aberto (POAG) e miopia,
porém mais dados sdo necessarios.? Diferentes variantes no mesmo gene podem

contribuir para a reducdo na espessura da cérnea nessas doencas. Uma conexao
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reversa entre o POAG e o ceratocone em relagdo ao gene FNDC3B foi observada
em um estudo que indicava uma provavel relagdo entre o ceratocone e o POAG.? A
Ol pode estar relacionado ao BCS e ao POAG.? Como a Ol compartilha varias
caracteristicas clinicas comuns com o BCS, como cérnea fina, esclera azul, pele
elastica, anomalias dentarias e perda auditiva condutiva, existe uma hipétese de que
0 gene ZNF469 seja um gene candidato em pacientes com Ol que ndo tém mutagao
no gene COL1A71 ou COL1A2. A cornea fina ndo parece por si s6 ser um fator de
risco para ceratocone e miopia, porque seu afinamento ocorre devido a progresséo
desses disturbios. Na Figura 1 podemos observar a relagdo genética e fenotipica

entre doengas com baixa espessura central da cérnea (CCT).

POAG

COL8AI

s FOX01

ZNF469

Figura 2. Relagdo entre os genes que possivelmente estejam envolvidos no afinamento corneano e
doencgas relacionados. POAG: glaucoma primario de angulo aberto; BCS: sindrome da cornea
quebradica; KTCN: ceratocone; Ol, osteogénese imperfecta; EDS: sindrome de Ehlers—Danlos
syndrome; Myopia: miopia. Adaptado Swierkowska J 7

O primeiro forte indicio do papel da genética na patogénese do ceratocone foi a

concordancia desta doenca em gémeos monozigéticos.?*° Em um estudo com 18
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pares de gémeos, todos os 13 individuos monozigdticos apresentaram concordancia
fenotipica, enquanto 4 dos 5 dizigéticos mostraram as mesmas caracteristicas
corneanas.? Além da maior prevaléncia em gémeos, a histéria familiar positiva esta
presente em uma minoria significativa dos casos, evidenciando que uma de suas
principais causas é a genética.’’ Alguns estudos mostraram até 11% de histéria
familiar positiva nos portadores de ceratocone.*** Casos mais recentes e com maior
numero de portadores demonstraram prevaléncia de 3,34% em individuos de
primeiro-grau, correspondendo de 15 a 65 vezes a mais em relagédo a populagcdo em

geral.®*

1.2 PADROES DE HERANGA

A maioria dos estudos sugere um padrdo de heranga autossémica dominante com
penetrancia incompleta e expressividade variavel.***®> O grau de penetrancia
observado foi de aproximadamente 20%.3°*" Qutros padrées de heranga também
foram descritos, como autossémico recessivo e ndo-mendeliano complexo.*** O
aumento da prevaléncia do ceratocone em populagdes com alta incidéncia de
casamentos consanguineos também sugere um padrdo recessivo de heranga.’
Apenas um estudo relatou a associagdo do ceratocone com uma doenga com
heranga dominante ligado ao cromossomo X.* Devido & prevaléncia estimada do
ceratocone ser praticamente a mesma entre homens e mulheres na maioria das
populacdes, ndo ha motivo para acreditar que seu padrdo de heranga seja ligado ao
cromossomo sexual. E preciso salientar também, que boa parte dos estudos que
avaliaram o padrdo de heranga do ceratocone aconteceram antes do advento do
tomografo de cornea e por isso, ndo levaram em consideragcédo formas subclinicas

ou frustras do ceratocone, que é uma forma abortiva da desordem e n&o representa

0 padréo de normalidade da cérnea.

19



1.3 GENETICA MOLECULAR

O primeiro estudo molecular realizado em cérneas com ceratocone identificou o
aumento da expressdo génica de RNA mensageiro (RNAm) da enzima lisossomal
catepsina G.*° A partir do comeco deste século, outros estudos descreveram linkage
em pelo menos dez diferentes cromossomos (21, 20912, 20 p11-911, 17, 16q, 15q,
14911.2, 14924.3, 13, 9, 5q14.3-g21.1, 5q32-33, 3p14-q13, 2p24 e 2q21.3) em
pacientes com ceratocone.*? A primeira mutacdo a ser estudada foi o gene visual
system homeobox 1 (VSX1). Detectado em algumas populagbes especificas e
pesquisado ha mais de 10 anos, ndo existe consenso sobre seu efeito.”**® Casos
esporadicos de ceratocone nado mostraram diferenca quando comparados a
controles em relacdo a prevaléncia de mutacdes nesse gene.’”*® Por sua vez, um
defeito no gene superoxido dismutase 1 (SOD1), que esta localizado no
cromossomo 21 e associado a sindrome de Down pode ter relacdo com o aumento
do dano oxidativo na cérnea e afinamento.”® Estudos mostraram que elementos
desencadeadores desse dano, como o peroxinitrito e o o6xido nitrico podem
aumentar a degradagdo enzimatica encontrada no estroma corneano em pacientes
com ceratocone.® Por sua vez, o gene RAB3GAP1 que decodifica a subunidade
catalitica da Rab3 GTPase da proteina RAB3GAP, é um importante regulador da
exocitose na transmissdo hormonal e neurotransmissora mediada pelo calcio.®"?
Multiplas mutagbes foram observadas no gene RAB3GAP1 em pacientes com
sindrome de Warburg micro, uma doenca autossémica recessiva caracterizada por
inumeros defeitos no desenvolvimento neuroldgico e ocular, incluindo microcérnea,
atrofia dptica e catarata congénita.®*®* Recentemente, observou-se que variantes do
gene decodificador da enzima lisiloxidase (LOX) localizado no locus 5923.2 podem
estar envolvidas com o desenvolvimento do ceratocone, tanto em casos esporadicos
como familiares. Essa proteina é responsavel por iniciar o cross-linking entre o

colageno e a elastina, através da catalisagdo do grupo amino-epsilon em
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determinados residuos de lisina.?® Acredita-se que a combinagdo de determinados
alelos em certos nucleotideos simples possam afetar o balango e a interagao dessas

isoformas, gerando enfraquecimento e protrusao da cornea.®

1.3.1 ESTUDOS DE ASSOCIACAO AMPLA DO GENOMA (GWAS)

Nos ultimos 10 anos, estudos de associagcdo ampla do genoma expandiram o
conhecimento sobre as doengas oculares. Estes permitiram analisar em larga escala
milhées de marcadores SNPs (polimorfismos de nucleotideo Unico) em todo o
genoma através de microarrays. A maioria dos GWAS sao projetados para um
grande numero de pacientes e comparados a uma grande coorte de controle.
Pesquisas longitudinais independentes europeias identificaram através da CCT a
associagdo entre os loci FOXO1, FNDC3B e ceratocone.®”®® Um estudo de coorte
americano encontrou associagdo com o gene COLSA1 utilizando também o
GWAS.® A CCT também foi utilizada em uma coorte australiana, que replicou dois
polimorfismos identificados nos genes MPDZ-NF1B e ZNF469.”°" Os latinos
também foram avaliados pela CCT, e o gene LOC100506532 localizado entre a
regido RXRA e COL5A1 do cromossomo 9 pode ser considerado uma variante
funcional nessa populagéo.’> Também foi observado aumento no niimeros de copias
de DNA mitocondrial em um estudo de GWAS, o que pode indicar defeitos na cadeia

respiratoria dessa organela em pacientes com ceratocone.”™

1.3.2 SEQUENCIAMENTO DE NOVA GERAGAO - Estudo do Exoma (Whole
Exome Sequencing — WES):

Nos ultimos anos, com a importante redugdo dos custos do sequenciamento de
nova geracéo, possibilitou-se o aumento da rapidez e acuracia diagndstica dos
testes genéticos. A partir de 2012 iniciaram-se os sequenciamentos nos maiores

centros universitarios do mundo. Em apenas um exame de sangue ou saliva é
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possivel investigar mais de 20.000 genes.”” O exoma é a parte codificante do
genoma humano, correspondendo a apenas 1% do seu total. Até o presente
momento, as mutacbes presentes nas regides codificantes de proteinas
contabilizam cerca de 85% de todas conhecidas até o momento. A estratégia mais
utilizada para a identificagdo de variantes funcionais é a de trio. Nessa estratégia é
realizado o sequenciamento do probando e de seus pais. Uma média de 60 milhdes
de pares independentes ou 9,7 Gigabytes de dados de sequéncia sdo gerados por
amostra. Isso permite abranger 100 vezes a regido de referéncia dos éxons
codificadores de proteina e a regido dos flancos intrénicos, com mais de 94%
dessas bases relatadas no Human Gene Mutation Database (HGMD) e uma
cobertura de 10 vezes ou mais. Outra parte desafiante do teste é a interpretagao das
variantes no contexto dos bancos de dados disponiveis. Apds a extracdo dos dados
em formato primitivo, € necessario realizar o alinhamento da sequéncia de DNA.
Somente apdés etapa torna-se possivel avaliar as variantes de cada individuo ou sua
associagdo em diversos softwares com extensos bancos de dados e informacoes
génicas de diversas populagdes. Com isso, €& possivel identificar e comparar a
frequéncia de alelos raros em individuos saudaveis e acometidos por determinada
doencga. Por ultimo, a interpretagdo das mutagbes e suas alteracbes fenotipicas
exigem a formagédo de uma equipe multidisciplinar capaz de validar as informacgbes
obtidas. A andlise do WES ja mostrou associacdo com o aumento de diagnésticos

moleculares de condigdes raras.’

1.4 GENETICA DO COLAGENO

O afinamento da cérnea no ceratocone parece resultar da perda de componentes
estruturais. Muitos pesquisadores acreditam que esse processo esteja relacionado
com alteragbes bioquimicas das fibras do colageno corneano."’ Os colagenos tipos
I, 1, 1V, V, VI, VIl e VIl foram identificados na cérnea (Tabela 1). As distribuicdes

desses diferentes tipos de colageno nas segbes corneanas estudadas apareceram
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inalteradas no ceratocone, sendo a Unica diferenca observada a presenca de tecido
cicatricial na camada de Bowman de algumas amostras.”” Experimentos de
imunofluorescéncia em segmentos da cérnea também revelaram que a distribuigdo
das bases do colageno sdo dependentes da idade, sendo essa caracteristica ndo
alterada no ceratocone.”” Com base em achados ultra-estruturais, autores postulam
que as enzimas lisossomais sdo liberadas apds a degeneracdo das células
epiteliais, levando a rupturas observadas na membrana basal adjacente e nos
tecidos estromais subjacentes.78 Tais processos de degradacgao proteolica afetariam
principalmente componentes da matriz extracelular sensivel a proteinase, tais como

os proteoglicanos de queratano e o sulfato de dermatano.

Tabela 1. Conteudo e tipo de colageno estimado na cérnea de um adulto
sem alteragao (% relativa ao peso seco da cornea)’’

Tipo | 50 — 55%
Tipo Il <1%
Tipo IV <1%
Tipo V 8-10%
Tipo VI 25-30%
Tipo VI <1%
Tipo VIII <1%
Total colageno 90-95%

A anadlise dos genes COL4A1 e COL4A2 em 15 familias equatorianas com
ceratocone, somados ao estudo de COL8AT1 e COL8A2 em 50 pacientes com
ceratocone nao-relacionados, ndo detectou quaisquer variante patogénica.”®® No
entanto, em outro estudo populacional, variantes no gene COL5A1 apresentaram
uma associagao significativa com o risco em pacientes com ceratocone.®” E provavel
gque essas variantes possam ter uma influéncia no afinamento da cérnea no
ceratocone e EDS, uma vez que as vias moleculares da reducdo da CCT em ambas

as doengas podem ter alguns elementos semelhantes.
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1.5 EXPRESSAO GENICA NO CERATOCONE

Diversos estudos apontam que o afinamento da cérnea no ceratocone ocorre como
resultado da degradagdo do colageno corneano.’’® Atividades enzimaticas
alteradas e estresse oxidativo tém sido propostos como fatores relacionados a
patogénese das ectasias corneanas.?*®' Os niveis de metaloproteinases da matriz 2
e 9 (MMP-2 e MMP-9) demonstraram estar aumentados em corneas com
ceratocone em comparagdo a coérneas normais, € 0s niveis de inibidores de
proteinases nos tecidos mostraram estar diminuidos nas coérneas com ceratocone,

como o inibidor da al-protenaise.®®%°

Possivelmente, a desorganizagao
ultraestrutural dos componentes da matriz, causada por degradacao proteolitica e
reparo incompleto, seja responsavel pela redugdo da resisténcia mecénica dos

tecidos no ceratocone.

Em geral, os dados dos estudos de expressdo génica sugerem envolvimento dos
genes envolvidos na apoptose, diferenciagdo celular, e vias de proliferacdo que
suporta a via protedmica na patogénese do ceratocone. Infelizmente, nenhum dos
estudos ajudou a validar genes identificados a partir de dados genéticos baseados
em DNA, com a excecdo de genes da matriz extracelular (TIMP1 e TIMP3).%
Poucos estudos investigaram o transcriptoma de mRNA para identificar genes e vias
da doenca.””® A analise de microarrays de 11 pacientes com ceratocone e 8 com
epitélio normal identificou 47 genes que foram sobreregulados e 9 genes que foram
reprimidos. O gene KRT72 foi o gene mais supra-regulado neste estudo.”® Outro
estudo identificou genes em via de apoptose que foram diferencialmente expressos
sugerindo um papel no afinamento estromal.** A analise diferencial baseada em

PCR no estroma corneano de fibroblastos cultivados em cérneas normais e com

ceratocone evidenciou aumento da expressdo de genes expressos em ceratécitos
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humanos (BMP4, CFL1 e MRVI1) e redugao de outros (ACTA2, GRCC10, TIMP1,
TIMP3 e SSTR1).95 Wilson et al demonstrou que a perda dos ceratécitos do estroma
anterior, que ocorre tanto na abrasdo epitelial como na ablagdo subepitelial, é o
provavel agente responsavel pela apoptose celular nessa camada.?® A interleucina-1
(IL-1) foi apontada como responsavel por essa sinalizagado. Foi demonstrado que a
IL-1 provoca morte e quimiotaxia negativa dos ceratdcitos in vitro. Além disso, pode
regular a expressao das colagenases metaloproteinases e fatores de complemento.
Por fim, esse mesmo autor demonstrou que foi encontrado 4 vezes mais receptores

de IL-1 nas cérneas com ceratocone em relagdo as normais.*
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2. JUSTIFICATIVA
Uma vez que diversos genes foram descritos na literatura internacional e implicados
ao aparecimento do ceratocone, pretendemos identificar se essas variantes podem

estar relacionadas ao seu desenvolvimento em individuos brasileiros.

2.1 OBJETIVO GERAL
Investigar o papel da genética na patogénese do ceratocone, através do

sequenciamento do exoma humano em familias brasileiras nao-relacionadas.

2.2 OBJETIVO SECUNDARIO

Definir o perfil corneano de pacientes com osteogénese imperfeita (mutagdo no

colageno do tipo I).
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ABSTRACT

Objective

The underlying genetic causes of keratoconus (KCN) remain largely unknown. To
address this, we conducted whole-exome sequencing (WES) in two Brazilian families

with KCN.

Methods

WES was performed on six KCN-affected individuals of two unrelated pedigrees from
Southern Brazil. Candidate gene filtering was used to identify pathogenic variants in
a modified-trio analysis (one parent and two children). All affected subjects
underwent detailed corneal tomography evaluation. Variants that were clinically
relevant and present in affected individuals at minor allele frequencies <1% were
evaluated in the 1000 Genomes Project single nucleotide polymorphism, ABraOM

and transcription gene (RefSeq and Ensembl) databases.

Results

A sequence variant in chromosome 1 (q21.3), within the filaggrin (FLG) gene was
observed in family 1. All tested family members shared a heterozygous missense
pathogenic variant in the ¢.4678C>T position. In family 2, exome analysis indicated a
sequence variant in chromosome 16 (q24.2) within the zinc finger 469 encoding gene
(ZNF469). Family 2 members shared a heterozygous missense variant in the
¢.1489G>A position. The exomes of the two families were also evaluated for variants
in the genes that were shared among all affected individuals. Filtering criteria did not

identify any rare sequence variants in a single gene that segregated in both families.
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Conclusion

Our findings indicate that a complete genotype—phenotype correlation could not be
observed, suggesting that KCN is a genetically heterogeneous disorder. In addition,
we believe that WES based segregation analyses might not be the best strategy to

identify variants in isolated KCN families.

Keywords: keratoconus; cornea ectasia; whole-exome sequencing; next-generation

sequencing.
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INTRODUCTION

Massively-parallel DNA sequencing (next-generation sequencing)
technology has emerged as an important method of identifying pathogenic variants
that cause thousands of serious conditions.” Recent developments in sequencing
technology have now reached the point at which a genome can be sequenced within
a few days for a reasonable cost? These extraordinary developments may
revolutionize diagnosis of any disorder with a genetic background and improve
understanding of the mechanisms behind many diseases." Accurate clinical
interpretation of whole-exome sequencing (WES) data, which comprises the whole
protein-coding region of the genome, is challenging as it requires expertise in
molecular diagnosis and genetic counseling in addition to a bioinformatics specialist’s
knowledge of the patient’s suspected or diagnosed disease.?

Keratoconus (KCN) (OMIM148300) has been traditionally described as a
progressive non-inflammatory thinning and protrusion of the central cornea. Its
clinical manifestation usually begins at puberty and may stabilize, advance slowly to
the fourth decade of life, or progress rapidly to the point of needing a corneal
transplant.>** Over recent decades, KCN has been described as a multifactorial
disease involving complex interactions between genetic and environmental factors,
which contribute to the disease’s manifestation.*® Identification of this disease in
monozygotic twins has drawn attention to its genetic component.® Despite the
sporadic form being considered the most common presentation, positive family
history is seen in approximately 11% of patients.” A previous study reported a
prevalence of 3.34% of KCN in first-degree subjects, corresponding to 15-65 times

that found in the general population.® Several surveys indicate that the most likely
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pattern of inheritance is autosomal dominant with incomplete penetrance or variable
expressivity.”"" A large number of candidate genes have been studied in relation to
KCN pathogenesis.'>" Nevertheless, the majority of these genes have not been
confirmed. To explore the genetic basis of KCN, we undertook WES analysis in two
families in order to assess whether any genetic variants could play a major role in the

KCN pathogenesis.

METHODS

This study was approved by the Federal University of Rio Grande do Sul Clinical
Hospital Ethical Committee/Review Board (under protocol number 15-0559 and
CAAE 49171315.0.0000.5327) and adhered to the principles of the Declaration of

Helsinki. Written consent for genetic analysis was obtained from all participants.

Clinical Evaluation
Two pedigrees with previous KCN diagnosis underwent complete ophthalmic
examination and corneal tomography.

Family 1 was composed of a mother and her two daughters (Figure 1). The
father was deceased, and his data was not available. The mother later had dizygotic
male twins with another man (without KCN). The oldest daughter presented Vogt’s
striae in both corneas based on biomicroscopy. She had been subjected to intra-
corneal ring segment (ICRS) implantation in the left eye at the age of 23. The mother
and the youngest daughter exhibited slightly conical and thin corneas based on
ophthalmic examination. Both daughters used rigid contact lenses to correct
compound myopic astigmatism. One of the twins presented subclinical KCN (forme
fruste) identified by corneal tomography. The other twin had a normal corneal profile
without thinning or topographic alteration.

Family 2 was composed of a keratoconic mother and her two sons, both with

KCN. The mother exhibited slightly conical and thin corneas upon ophthalmic
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examination. One son had been subjected to corneal transplantation in the right eye
and corneal collagen crosslinking (CXL) in the left. The oldest son had been
subjected to CXL in the right eye and had an indication of ICRS in the left. The father
had a normal corneal profile without thinning or topographic alteration.

Both families were considered to be of Caucasian European descent. There
was no relationship between the two families. The tomography parameters are given

in Table 1 and 2.

Exome sequencing

DNA sequencing and candidate gene analyses were performed in three affected
members of each family in a modified-trio setting (the mothers and their clearly
affected offspring). To identify the underlying genetic cause, WES was performed
using genomic DNA (saliva samples were extracted using Oragene® kit). Alignment
data was performed using the Bowtie2 software (version 2.2.5), and the NCBI
GRCh38 was used as a reference. The pipeline Variant Annotation Analysis and
Search Tool (VAAST) was used for variant filtering. WES was performed by
synthesis using the lllumina-HiSeq-3000 platform (UCLA Microarray core, US).
Sanger sequencing of the FLG gene was performed to validate the exome and
complement familial analysis using the following primers sequences: Forward strand
5’ GTTTCTGGAAGCCGACTCAG 3 and reverse strand 5’
AGACGGTCAGGACACCATTC 3'. Sanger sequencing of the ZNF469 gene was
performed with the use of primer pairs 5 GTGTGCAGGTGACAACTCTCC 3 ‘and 5’
GCGAGGTAAGTGGGTCTTCAC 3.

Statistical and Genomic Analysis

The affected families sequenced in this study appear to display autosomal dominant
inheritance; therefore, we hypothesized that heterozygous coding variants might
explain most of these cases. All genotyped single nucleotide variants (SNV) were in

Hardy-Weinberg equilibrium. Filtering methods were applied to identify variants that
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were clinically relevant and present in affected individuals at global minor allele
frequencies of <1% (GMAF < 0.01) in the 1000 Genomes Project single nucleotide
polymorphism database and Exome Variant Server database. We also investigated
variants in the Brazilian database ABraHOM (abraom.ib.usp.br). For each individual,
the .vcf file was uploaded into the Variant Effect Predictor (VEP) and Variant
Annotation, Analysis, and Search Tool (VAAST - version 2.0)."* ' Variant location
predicted the effects on proteins across gene databases (RefSeq and Ensembl), and
transcription gene lengths were also noted. A p-value <0.05 was considered
statistically significant. Statistical analyses were performed using SPSS statistics
software (SPSS version 11.0; SPSS, Chicago, IL). Possible causative and relevant
KCN genes were provided by the OMIM and Medline database search. The last
online search date was November 2017. We selected one tool (PolyPhen-2) to
predict pathogenicity of the single nucleotide variant."® The probably damaging score
for PolyPhen-2 was accepted as evidence for pathogenicity. Other analyses such as

SIFT and Mutation Taster were included as Supplemental Digital Content (SDC).

Corneal Measurements

Corneal images were acquired using Pentacam® HR Scheimpflug tomography
(Oculus GmbH, Wetzlar, Germany). Tomographic parameters for each eye included
maximum keratometry in diopters (D), thinnest pachymetry of the cornea, and
Belin/Ambrosio Enhanced Ectasia display Il (BADIIl) “D” value. Classification of
manifest KCN followed a BADIII value >2.6."® Forme fruste KCN (subclinical) is
considered an abortive form of KCN in which the progression process of the
keratectasia was halted at a certain point, probably to a regain the cornea’s
biomechanical strength.17 The BADIII value for this type of corneal alteration was

<2.6 and >1.8."°

RESULTS
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We detected an average of 50,913 sequence variants per exome with an
average coverage of 80-fold (Table 3). Identically reported sequence variants
(referred to as overlapping variants) were selected in all affected individuals of each
family.

The molecular diagnosis indicated a SNV in chromosome 1 (q21.3) within the
filaggrin gene (FLG — OMIM 135940) in family 1. All family members shared a
heterozygous missense variant (NM_002016.1) in the c¢.4678C>T position
(rs151103850). This SNV presented a global minor allele frequency of 0.013 in the
1000 genomes dataset (GMAF) and an estimated 0.021 frequency in Brazilian
population (ABraOM database), all heterozygotic. PolyPhen-2 demonstrated an
overall score of 0.898, predicting a possible damaging variant. Amino acid changes
in the NP_002007.1 p.1560R>C position induced an arginine to cysteine substitution.
Sanger sequencing confirmed variants in the FLG gene. Next, we sought the same
pathogenic variant in the twin brothers. Both had the same variant, one also
heterozygotic (forme fruste — llc.) and the other one homozygotic (lld). The FLG
variant was not observed in the father of the twins (Ic.). The Mutation Taster
prediction score indicated that this variant presented changes in amino acid, splicing,
and protein sequence. SIFT score suggested that this SNV predicted damage.
Further analyses with SIFT and Mutation Taster were included as SDC 3 and 4,
respectively. The SIFT and Mutation Taster for this variant were included as SDC 1
and 2, respectively.

In family 2, the molecular diagnosis indicated a SNV in chromosome 16
(g24.2), within the zinc finger 469 encoding gene (ZNF469 — OMIM 612078). Family
members shared a heterozygous missense variant (NM_001127464.2) in the
c.1489G>A position that led to an amino acid change in the p.497G>R position
(NP_001120936.2), inducing a guanine to adenine substitution. This SNV
(rs28723506) presented a GMAF of 0.08 and a 0.013 frequency in the Brazilian

(ABraOM database). PolyPhen-2 demonstrated an overall score of 0.912, predicting
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a possible damaging variant. Sanger sequencing confirmed variants in the ZNF469
gene. This rare variant was not observed in the healthy father (la). The Mutation
Taster prediction score indicated that this SNV presented changes in amino acid,
splicing, and protein sequence. Prediction of ZNF469 gene SIFT Score suggests that
the variant might be tolerated. Further analyses with SIFT and Mutation Taster were
included as SDC 3 and 4, respectively.

The exomes of the two families were also evaluated for variants in the genes of
the exome that were shared among all affected individuals. Exome data were filtered
for rare non-synonymous, coding indels, and splice acceptor and donor site variants
with a GMAF <1% database. These filtering criteria did not identify any rare

sequence variants in a single gene that segregates in both families.

DISCUSSION

This is one of the few studies published to date that applies WES in well-
characterized pedigrees affected by KCN. We observed heterozygous rare sequence
variants in two previously described genes, FLG and ZNF469. In this study, we
identified two missense variants (c.4678C>T and c.1489G>A, respectively) that
might facilitate phenotype characterization in KCN. However, we found no common
segregating rare variants among affected members of the two non-related families,
indicating genetic heterogeneity in the pathogenesis of KCN.

Pathogenic variants in the FLG gene were described as a potential genetic
cause of atopic dermatitis, allergic rhinitis, and asthma in European populations.'
Subsequently, FLG variants were identified in Japanese, Chinese, Korean, and
Taiwanese populations.?® No genotype—phenotype correlation was observed in
patients with FLG variants. FLG is a key protein epidermal differentiation and

maintenance of skin barrier function. Eye-rubbing and atopic diseases have been
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associated with KCN in various uncontrolled studies.’ Serum IgE levels
and eye complications, however did not correlate.?? It was proposed that corneal
thinning results from mechanical injury of the epithelium. FLG was identified in the
central, peripheral, and limbal epithelium.? Interleukin-1 (IL-1) interactions with FLG
in the corneal epithelial barrier have been suggested to promote keratocyte

apoptosis.?'

Multiple proteases are necessary for epidermal homeostasis and
cleavage of IL-1 cytokines at optimal acidic pH values. IL-1qa, IL-1B3 IL-18, and IL-1
receptor antagonist levels were recently shown to be increased in the uninvolved
skin of patients with moderate-to-severe atopic dermatitis.?®> This study suggests that
there might be a preexisting or enhanced proinflammatory status in the skin of
patients with atopic dermatitis. The rs151103850 SNV has been previously
associated with atopic dermatitis and ichthyosis.** KCN and FLG have been only
studied concurrently with atopic dermatitis. Five patients (5.6%) with KCN and atopic
dermatitis were found to be carriers of a null variant in the FLG gene (R501X and
2282del4).? In the same article, the authors indicated the need to look for other FLG
pathogenic variants. In our study, only one offspring (lla. in family 1) had a previous
atopic dermatitis diagnosis. The other family members had no symptoms or signs of
skin disease. The interaction between FLG and KCN might result from either a direct
primary corneal epithelial barrier defect (as well as atopic dermatitis) or indirect
mechanical eye rubbing due to itching and irritation. Prediction tools agreed to
indicate a potential damaging variant. It is important to emphasize that FLG protein
formation is not annulled by the existence of homozygosity. Sanger analysis of the
twin brothers in family 1 found that they carry the same FLG variant; however, one
was in homozygous (llc.) and the other one was heterozygous (lld.). Conversely, the
mild phenotype (forme fruste) was only expressed in one subject (lic.). The fact that
this variant was detected in a healthy brother and the absence of skin conditions in
the family may indicate that variant in the FLG gene might not be responsible for

KCN unless an incomplete penetrance is occurring.
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ZNF469 (OMIM 612078) is a single exon gene encoding a 413-kDa protein
consisting of 3953 amino acid residues that contain five different C2H2 zinc finger
domains in its C-terminal, suggesting its role in the transcription process.? Protein
homology suggests that ZNF469 might function as an extra-nuclear regulator factor
for the synthesis and organization of collagen fibers, which constitute the major
component of the human cornea.?® This gene has a 30% homology to the helical
parts of COL1A1, COL1A2 and COL4A1 all of which are highly expressed in the
cornea.?” ZNF469 was identified as the gene responsible for Brittle cornea syndrome
type 1 (BCS1, OMIM 229200), an autosomal recessive disorder characterized by an
extreme thin and fragile cornea, which tends to rupture spontaneously.?®* Recent
genome-wide association studies (GWAS) have shown that variants in ZNF469
might also contribute to central corneal thickness (CCT). Based on an analysis of five
cohorts from Australia and the United Kingdom, the authors reported an association
between CCT and mapping of two SNPs (rs12447690 and rs9938149) in the
intergenic region upstream to ZNF469.> Other authors reported a significant
enrichment of potentially pathologic heterozygous ZNF469 alleles in 12.5% of KCN
individuals of European ethnicity, making it the most likely significant genetic factor
for KCN.% A subsequent study conducted in a Polynesian population also revealed a
rare missense variant in ZNF469 in KCN patients with a frequency of 23.0%.% Not all
studies have found that ZNF469 variants segregate in families with KCN. Other
authors reported that the presence of heterozygous loss-of-function alleles in
ZNF469 did not influence KCN development.?® Therefore prediction methods
disagree with one another, it is too early to define whether variants in ZNF469 are
causative for KCN. Our modified-trio analysis suggests a possible role for ZNF469 in
Brazilian individuals with KCN.

WES has emerged as a powerful tool for systemically exploring rare coding
variations.*® Since the majority of known genetic causes of diseases affect protein

coding regions, the exome is a logical place to identify potentially causative variants
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in disorders that exhibit Mendelian inheritance. Only variants within exonic regions
were retained in this experiment. It is possible that non-coding variants, epigenetic
changes, and epistatic interactions are important in KCN development and in other
complex diseases, in which case alternate study designs should be utilized.
Additionally, most variants found by WES have no clinical significance, and our
incomplete understanding of genome biology will continue to impair our ability to
interpret its results. Analytical validity is limited because bioinformatics algorithms for
real data interpretation are still in progress.

Subclinical forms of KCN used to be a confounding factor and complicate the
identification of a correct phenotype.” Recent advances in corneal tomography
screening techniques for KCN, including forme fruste, enable higher accuracy in
delineating study populations.” Using subclinical phenotypes can greatly aid genetic
studies because there might be reduced penetrance or variability of phenotype
expression, and the use of subclinical phenotypes might allow us to detect the
abnormal genotype in the absence of clinical disease. As with other diseases of
complex etiology, differentiation between association, cause, and effect is
challenging and varies between individuals.

Therefore, we believe that WES-based segregation analyses might not be the
best strategy for identifying pathogenic variants in isolated KCN families. Current
understanding supports that the KCN is caused by multiple genes and in many
instances may result from complex interactions between genes and environmental
factors, such as eye rubbing and atopy of the eye.'® Affected individuals might thus
have KCN due to the presence of rare sequence variants of risk factors, not merely
by direct anatomic defect. The best chances of identifying genes are in rare large
single families or in rare populations with high concentrations of KCN because of a
common founder.

Even though probably damaging variants were identified in the ZNF469 and

FLG genes, these candidate genes require further analyses in larger cohorts to
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confirm their involvement in KCN development and in the phenotypic variability
between the analyzed individuals. In addition, no evidence was found of rare
sequence variants in a single gene that segregates with KCN in these two non-
related Brazilian families, suggesting that the disease is genetically heterogeneous.
In summary, this study represents the difficulty in the evaluation of rare
variants in complex disorders such as KCN. We provide evidence of genetic
heterogeneity in KCN pathogenesis rather than a single major gene effect. Further
screening in controls without KCN for both variants in the same population in addition
to replication in a larger sample with multi-ethnic populations in familial and sporadic

samples remain necessary.
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3.2 TABLES

Table 1. Clinical and tomographic features (Family 1).

Proband Ib. lc. lla. lib. lic. lid.
Age (years) 62 64 34 38 23 23

Sex F M F F M M

BADIII OD® 3.44 0.87 4.28 7.49 2.14 1.08
BADIII OS?® 3.29 0.79 5.04 * 2.50 1.33
Kmax OD" 48.1 44.5 47.9 57.6 451 44 1
Kmax OSP 47.5 44.3 48.4 * 45.4 44.6
Tpach OD° 476 567 451 454 484 548
Tpach OS° 478 568 433 431 479 532

*Data not available (submitted to Intracorneal Ring Segment). * BADIIl: Belin/Ambrosio

Enhanced Ectasia Display . ®Kmax: Maximum Keratometry. “ Tpach: Thinnest pachymetry.

Table 2. Clinical and tomographic features (Family 2).

Proband la. Ib. lla. lib.
Age (years) 50 42 22 16
Sex® M F M M
BADIII OD® 0.51 4.14 6.27 *
BADIIl OS® 0.76 4.24 11.21 9.25
Kmax OD° 43.6 48.2 48.3 *
Kmax OS¢ 43.5 48.7 61.6 54.3
Tpach OD° 581 487 478 *
Tpach os¢ 577 417 417 433

*Data not available (submitted to corneal transplant). ® M/F: Male/Female; ° BADIII:
Belin/Ambrosio Enhanced Ectasia Display Ill; © Kmax: Maximum Keratometry; ? Tpach:

Thinnest pachymetry.
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Table 3. Single nucleotide variants found.

Family Subject Number of Variants = Depth of
Coverage

1 Ib. 51,259 81X

1 lla. 51,526 80X

1 lb. 51,327 82X

2 Ib. 51,496 78X

2 lla. 49,398 79X

2 lb. 50,470 79X

3.3 FIGURES
FIGURE 1.

@ A

“ a. Ib. Ic. la. Ib.
c.4678C/T c.1489G/A
la. Ib. llc. Id. lla. Ilb.
c.4678C/T c.4678C/T c.4678T/T c.4678C/T c.1489G/A c.1489G/A
Family 1. Family 2.

Keratoconus Forme Fruste

Figure 1. Family 1 pedigree. The mother and both daughters have keratoconus. The

father is deceased. One of the twin brother have forme fruste keratoconus. The
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father has normal cornea. Family 2 pedigree. The mother and both sons have
keratoconus.
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ABSTRACT

Purpose: The goal of this study was to evaluate corneal profiles of individuals with

osteogenesis imperfecta (Ol) due to a collagen | gene mutation.

Methods: This was a cross-sectional comparative study. There were 84 eyes from
42 participants with Ol Types-I, -lll, and -IV who were recruited from the Ol Clinic at
the Clinical Hospital of Porto Alegre, Brazil. All cases presented either COL1A1 or A2
gene mutations. Controls were matched by sex, age, and refractive error. Corneal
Scheimpflug tomography was used to determine curvature and thickness parameters

in both groups.

Results: Quantitative collagen mutations were found only in Ol Type-l. Qualitative
mutations were responsible for all mutations observed in Type-lll and -IV
participants. Each Ol type presented significantly lower pachymetric values at the
thinnest point compared to controls (443.7-505.1 versus 541.9-548.5 ym; p <0.007).
Also, significantly lower pachymetric values were observed in participants with Ol
compared to controls in all positions between the central and corneal periphery
(581.4-657.0 versus 704.5-720.7 ym at an 8.0 mm diameter circle; p <0.007).
Differences in anterior and posterior radii of curvatures (ARC and PRC, respectively)
between Ol patients and controls were not statistically significant (7.64—7.80 versus
7.65-7.69 mm; p >0.05) except for a lower ARC in Type-Ill (7.33 versus 7.72 mm; p

<0.01).

Conclusion: Although Ol patients have homogenously thinner corneas compared to
controls, we observed that a collagen | chain mutation was not responsible for

corneal curvature alterations in Ol.
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INTRODUCTION

The hallmark of corneal ectasia is progressive thinning and protrusion that occurs
either naturally or as a result of surgery.” Although its clinical characteristics are
well-established, its etiology is still debatable.* Corneal ectasia is believed to be a
multifactorial disease involving a complex interaction of genetic, biochemical, and
environmental factors.*® Genetic associations have been described between
keratoconus (KCN) and connective tissue disorders in addition to abnormal collagen
composition, including Ehlers-Danlos syndrome, congenital hip dysplasia, Marfan
syndrome, and osteogenesis imperfecta (Ol).* Ol is a rare inherited disorder caused
mainly by mutations in the COL1A1 or COL1A2 gene.” " Collagen Type-I constitutes
approximately 80% of the human corneal collagen and makes up the major part of
scleral collagen." In addition to corneal ectasia, other ocular signs have been
reported in Ol, including low ocular rigidity, a thin cornea, myopia, and low intraocular
pressure.”'™ These conditions were postulated to be directly attributed to an
abnormal composition of collagen fibers.'*'® There are two main types of collagen |
mutations in Ol: (1) those that lead to structurally normal but quantitatively changed
Type-l procollagen and (2) those that cause a structurally abnormal protein,
producing qualitative modifications. Quantitative defects are most often the result of a
premature termination codon in COL7A17, which leads to haploinsufficiency of
collagen Type-l and are usually seen in Ol Type-1."® Qualitative defects are generally
caused by mutations affecting the protein sequence of the triple helical domain. A
qualitatively changed protein is associated with a more severe skeletal phenotype

observed in Ol Type-lll and -IV."’
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This study describes the corneal profile of different types of Ol with collagen |
mutation, using modern three-dimensional (3D) Scheimpflug tomography to compare

it to normal individuals.®

METHODS

This comparative cross-sectional study was approved by the Ethics Committee (#15-
0559) of the Clinical Hospital of Porto Alegre, Brazil. Informed consent was obtained
from each patient (or the parents) for data collection and analyses. Acquisition of
data was performed in a manner compliant with the Health Insurance Portability and
Accountability Act, so that the described research adhered to the tenets of the

Declaration of Helsinki.

Subjects

All participants were recruited from the Ol Clinic at the same center between June
and November 2017. A total of 46 Brazilians with Ol and known mutations of
COL1A1 or COL1A2 genes were eligible for assessment. All these patients were
subclassified according to the Sillence clinical nomenclature.® Patients <6 years old
were excluded because of difficulty in capturing images with corneal tomography. All
subjects were evaluated by the same ophthalmologist, who was blinded as to gene
mutation. Healthy subjects from a similar ethnic background, without a history of any
systemic or ocular disease, were carefully matched for age, sex, and cycloplegic
refraction. All control subjects had 20/20 (logMar 0) best spectacle-corrected visual
acuity with a normal anterior segment and fundus findings (Supplemental Digital
Content). Astigmatism was converted to the spherical equivalent. The control group
was established from the General Ophthalmic Clinic of the Porto Alegre Eyes Bank

Hospital, Brazil.
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Mutation Analysis

Next Generation and Sanger sequencing of peripheral blood DNA were used.
Polymerase chain reaction (PCR) primers were designed to cover the coding exons
and flanking introns of the COL1A71 and COL1A2 genes. PCR was performed on a
GeneAmp PCR system using AmpliTag® Gold kits (Waltham, MA, USA), while the
sequencing reactions were used with an adjusted Big Dye sequencing protocol.
Products were run with a 16-capillary ABI 3130xI Genetic Analyzer automated
sequencer and analyzed with SeqScape® v2.5 (Waltham, MA, USA). All identified
variants were reconfirmed by resequencing the target exon. Mutations were
described as quantitative (haploinsuficiency) or qualitative defects (missense),

according to Marini et al."

Corneal Measurements

Corneal imaging was acquired by Pentacam® HR Scheimpflug tomography (Oculus
GmbH, Wetzlar, Germany). Tomographic parameters for each eye included mean
and maximum keratometry (K) in D, anterior and posterior radius of curvature (ARC
and PRC, respectively), which were taken from a 3.0 mm optical zone centered on
the thinnest points of the cornea and corneal pachymetry.20 We analyzed the corneal
thickness spatial profile (CTSP) parameters derived from the Pentacam
Comprehensive Eye Scanner to study corneal architecture in all patients. The CTSP
diagram horizontal axis represents the location of the circles centered in the thinnest
location with diameters of 2-10 mm in 2 mm increments. The vertical axis represents
corneal thickness. The computer measures the average corneal thickness of all

points distributed in each circle. To be included as controls, subjects were required to
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have a Belin/Ambrosio Enhanced Ectasia display Il (BADIII) “D” value <1.6 (from the

Pentacam).

Statistics

All statistical analyses were performed using the Statistical Package for the Social
Sciences (SPSS for Windows, v. 24; IBM SPSS Inc., Chicago, IL, USA). We used
the chi-square test for categorical variables to determine differences in frequencies of
demographic characteristics. The independent t-test was used to evaluate
continuous variables. The paired t-test was used to compare differences between
two matched samples. Two-tailed p-values were computed using p <0.05 to calculate

a significant deviation from the null hypothesis.

RESULTS

Of a total of 46 eligible subjects with Ol, 42 (84 eyes) were examined. Twenty were
clinically classified as Type-l, six as Type-lll, and 16 as Type-IV. Two patients
declined our request to be included, and the other two were not available for
ophthalmic examination (8.7%). Forty-two age-, sex- and refraction-matched healthy
control individuals (84 eyes) were also enrolled. No statistically significant age- (21.7
+ 2.5 versus 21.6 + 2.4 years, p >0.05) or gender-related or spherical equivalent (—
0.11 £ 0.3 versus —0.09 £ 0.3 D, p >0.05) differences were detected between Ol

patients and control subjects. Demographic characteristics are listed in Table 1.

Collagen | qualitative mutations were found in 24 participants (57.1%). Quantitative
mutations caused Ol in 18 patients (42.9%), which are seen only in Ol Type-I.
Qualitative mutations were responsible for all mutations observed in Type-Ill and -IV
participants. Table 2 details each collagen gene and its association with its

respective phenotype.
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Table 3 shows corneal characteristics in Ol patients and controls. Mean pachymetric
measurements of Ol Type-l, -lll, and -IV at the thinnest point were statistically
significant compared to their respective controls. Type-lll ARC was the only one to
demonstrate a statistically significant difference between study sample and control.
The PRC measurements in Ol Type-l, -lll, and -IV presented no statistically
significant difference over controls. Moreover, Ol Type-Ill participants were the only

ones to present statistically significant differences regarding mean and maximum K.

Statistically significant differences were found in CTSP positions in all types of Ol
and normal eyes. The Ol participants had much lower pachymetric values. Figure 1
shows the mean, standard deviation, 95% confidence interval limits, and minimum
and maximum CTSP values in Ol patients and normal eyes. The 10 mm circle
diameter values were excluded since this measurement was not always available

due to the location of the thinnest point location.

DISCUSSION

This is the first study to evaluate a fairly large group of patients with collagen |
COL1A1 and COL1A2 mutations using corneal tomography. Previous studies used
ultrasound pachymetry for Ol central corneal thickness screening.' Recent surveys
demonstrated that differences between an apical reading and the thinnest point can
vary greatly with this method.?' We analyzed the association between collagen |

mutation and corneal profiles in study patients compared to normal individuals.

Overall, corneal pachymetry of Ol patients was significantly thinner than control
subjects in all corneal positions as matched by age, sex, and refraction, especially in

Type-l individuals (Figure 2). A thin cornea in Ol can result from defects in
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composition or altered distribution of corneal collagen.? Histopathology and electron
microscopy showed that collagen fibers in the cornea and sclera in Ol patients were
about 25% and 50% narrower than those of controls, respectively.'? Also, a trace of
what was presumed to be Bowman’s layer was barely visible, indicating that this
layer was missing or atrophic. Recently, in vivo laser confocal microscopy confirmed

this finding.?

The correlation between ocular phenotype and molecular analysis was also
described for the first time in the present study. We observed that mutations causing
a quantitative collagen | defect are associated with thin corneas but no significant
corneal steepening. This type of mutation was found almost exclusively in the
COL1A1 gene. In contrast, quantitatively changed collagen | often produces a milder
phenotype in the skeletal system.’® Qualitatively abnormal protein was observed in
COL1A1 and COL1A2 genes mainly in Type-lll and -1V individuals. The lower ARC in
Type-lll corneas was statistically significant as was the consequent steeper mean
and maximum K value. On the contrary, mean corneal pachymetry in Type-lll was
thicker than Type-l and —IV. Clinically, increased K was not responsible for
decreasing visual acuity in this group (Supplemental Digital Content). This phentoype
can be attributed to the location of the majority of mutations in the COL7A7 gene.
Unfortunately, only 6 individuals with Type-Ill were analyzed. More detailed mutation

localization is needed to evaluate and confirm specific phenotype relations.

We agree with other authors that corneal collagen fibers in Ol could be more
arranged and, perhaps, more closely packed.'®? These ultrastructural alterations
produce uniform and homogenous corneal thinning without causing significant
anterior or posterior protrusion. Thinning patterns in KCN are generally localized in
the center (4—6 mm), which is within normal limits for peripheral pachymetry. Patients

with KCN have thinner corneas and a more rapid and abrupt increase of CTSP than
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in normal corneas.'® This is not the profile observed in COL1A71 and COL1A2
mutated corneas. We showed that corneal thickness in Ol eyes follows the same
course of normal individuals without any abrupt deviation towards the periphery. No

keratoconic pattern was observed in any Ol participant's corneal tomography

mapping.

When we compared all Ol patients’ Pentacam parameters to a study with 336
individuals that was performed to identify normal values for many recognized
tomographic parameters used to screen patients for refractive surgery, no significant
difference in ARC, PRC and mean and maximum K values were observed.” Again,
corneal thickness was the only different parameter. It is important to mention that it is
not correct to use BADIII to detect ectasia in patients with collegen | mutations. This
tool is used to report a final overall reading that is based on a regression analysis to
maximize the separation of normal corneas from those with KCN. Low pachymetry
itself without any other changes in anterior and posterior parameters is enough

reason for elevated D value. There is no “correction factor” for a collagen mutation.

Finally, we concluded that although qualitative and quantitative gene defects in
COL1A1 and COL1AZ2 resulted in thinner corneas, a collagen | chain mutation was

not responsible for significant alteration in anterior and posterior corneal curvature.

Digital Supplemental Content

Clinical aspects of all Ol patients are listed (gender, best spectacle-corrected visual

acuity and scleral coloration).
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4.2 TABLES

Table 1. Characteristics of participants with different types of Ol and controls.

Individuals Eyes Gender Age (mean)® BADIII®
F/M?
Type-l 20 40 14/6 254 -
Controls 20 40 14/6 255 1.02
Type-lil 6 12 4/2 17.2 -
Controls 6 12 4/2 17.5 0.83
Type-IV 16 32 11/5 18.9 -
Controls 16 32 11/5 18.3 0.94

F (female) / M (male), °in years. °Belin-Ambrosio Enhanced Ectasia

Display Ill (mean D value).

Table 2. Collagen | mutation characteristics in Osteogenesis Imperfecta
individuals.

COL1AT mut® COL1A2mut’® Qualitative Quantitative
Type-l 19 1 2 18
Type-lll 4 2 6 0
Type-IV 5 11 16 0
All Types 28 14 24 18

3COL1A1 gene mutation. °COL1A2 gene mutation.
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Table 3. Corneal tomography values of individuals with different types of Ol vs. controls.

Corneal pach®  ARC® PRC® Mean K* Max®
Type-l 443.7 7.64 6.41 44.09 45.65
Controls 543.9 7.65 6.33 4412 45.61
P value < 0.001 0.95 0.23 0.93 0.91
Type-lil 505.1 7.33 6.16 46.05 48.35
Controls 541.9 7.72 6.31 43.35 44.68
P value < 0.001 <0.01 0.08 <0.01 <0.01
Type-IV 496.3 7.80 6.38 43.14 44.69
Controls 548.6 7.69 6.27 43.72 45.02
P value <0.001 0.09 0.22 0.13 0.07

Mean pachymetry at thinnest point (um); ®Anterior Radius of Curvature (mm); “Posterior Radius of Curvature (mm);

dKeratometry (diopters); ®Maximum Keratometry (diopters).
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4.3 FIGURES
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Figure 1. Spatial distribution of thickness values for normal corneas (square bar) and
Ol Type-I (hexagon bar), Type-Ill (circle bar), and Type-IV (triangle bar) individuals.
The ”X” axis represents the circle diameter centered on the thinnest point (0 in mm).
The “Y” axis represents the mean corneal-thickness values (um) at each circle. Error

bars represents 95% confidence interval (Cl) values.
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Figure 2. A typical homogenous thinning and normal anterior curvature in a patient
with Ol Type-I (A: corneal topography; B: pachymetry map; C: corneal thickness

spatial profile).
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5. DISCUSSAO GERAL

As formas subclinicas do ceratocone (também conhecidas como forma frusta)
costumavam confundir e dificultar a caracterizagéo fenotipica correta.”” Recentes
avancgos nas técnicas de triagem de tomografia corneana permitiram maior precisao
na identificacdo e delineamento das populagdes com ceratocone.®® Estudos
anteriores ao ano 2000 ndo detinham a tecnologia necessaria para estabelecer
critérios apropiados. A utilizacdo de fendtipos subclinicos permite avaliar a
penetrancia ou variabilidade da expressao fenotipica.

Avancgos também ocorreram nesse periodo em relagao a avaliagdo genética: o WES
surgiu como um método poderoso para explorar variantes raras.”® Contudo, a
maioria das variantes encontradas pelo WES nao tem significado clinico, e a falta de
compreensdo da biologia do genoma prejudica nossa capacidade de interpretar
seus resultados. Além disso, sua validade analitica é limitada porque os algoritmos
de bioinformatica para interpretagdo de seus dados ainda estdo em andamento e
aperfeicoamento. Existe inclusive a possibilidade de doencas como o ceratocone
apresentarem variantes n&o-codificantes, mudangas epigenéticas e interagbes
epistaticas importantes, situacbes essas nao identificadas pelo WES.

Foram Identificadas duas variantes heterozigotas missense em dois genes
previamente descritos que podem auxiliar na caracterizagdo fenotipica do
ceratocone - FLG e ZNF469. Variantes patogénicas no gene FLG foram descritas
como uma potencial causa genética da dermatite atdpica, rinite alérgica e asma em
populacdes europeias e asiaticas.®®* O FLG é uma proteina chave na facilitacdo da
diferenciacado epidérmica e na manutencao da fungdo de barreira da pele. A friccao
dos olhos e as doengas atdpicas tém sido associadas ao ceratocone em diversos
estudos observacionais.'® Foi proposto que o afinamento da cérnea resulta de les&o
mecanica do epitélio. Esse gene foi identificado no epitélio central, periférico e limbal

da cornea.”” Além disso, a interagdo entre interleucina-1 (IL1) com o FLG na
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barreira epitelial da cérnea também tem sido sugerida como promotora de apoptose
de queratdcitos.'® Ceratocone e FLG foram estudados apenas em concomitancia
em pacientes com dermatite atdépica. Em nosso estudo, apenas um dos individuos
apresentava um diagnéstico prévio de dermatite atopica. Outros membros dessa
familia ndo apresentavam sintomas ou sinais de doenca na pele.

A homologia de proteina sugere que o gene ZNF469 possa funcionar como um fator
regulador extra-nuclear para a sintese e organizacdo das fibras de colageno, que é
o principal componente da cérnea humana.'®® Esse gene foi identificado como o
gene responsavel pela sindrome da cérnea quebradiga tipo 1 (Brittle Cornea
Syndrome), uma desordem autossdmica recessiva caracterizada por uma coérnea
extremamente fina e fragil que tende a romper espontaneamente.'®® Estudos
recentes de associagdo genbémica ampla (GWAS) mostraram que variantes no
ZNF469 também podem contribuir para a espessura corneana central.”' Outros
autores relataram um enriquecimento significativo de ZNF469 heterozigoto
potencialmente patolégico alelos em 12,5% de individuos com ceratocone de etnia
européia, sugerindo que este é o fator genético mais significativo para ceratocone
até hoje identificado.'® Contudo, nem todos os estudos encontraram as variantes de
ZNF469 segregando em familias com ceratocone.”’

Embora seja muito cedo para definir se as variantes em FLG e ZNF469 séao
realmente causadoras de ceratocone, nossa analise de trio-modificada sugere um
possivel papel desses genes na sua patogénese em individuos brasileiros. Esses
genes candidatos requerem analises adicionais em coortes maiores para confirmar
seu envolvimento no desenvolvimento do ceratocone e na variabilidade fenotipica
entre os individuos analisados.

Avaliamos também que a segregacdo baseada em WES pode ndo ser a melhor
estratégia para identificar variantes patogénicas em familias isoladas com
ceratocone. O entendimento atual sustenta que essa doenga é poligénica e, em

muitos casos, pode resultar de interagdes complexas entre genes e fatores
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ambientais.”® Os individuos afetados podem, assim, desenvolver o ceratocone
devido a presencga de variantes envolvidas com fatores de risco, e ndo meramente
por defeito anatémico direto. As melhores chances de identificar genes sdo em
familias grandes ou em populagdes raras com altas concentragcbes de ectasia
corneana devido a um fundador comum.

Nosso segundo estudo avaliou um grupo razoavelmente grande de pacientes com
mutagdes do colageno tipo | nos genes COL1A71 e COL1A2 usando tomografia
corneana. Analisamos e comparamos as caracteristicas corneanas de individuos
com Ol e mutagdo do colageno tipo | com individuos normais. Em geral, a
paquimetria dos pacientes com Ol foram significativamente mais fina que os
controles em todas as posi¢gdes corneanas pareadas por idade, o sexo e a refracao,
especialmente nos individuos com Ol Tipo-l. A espessura reduzida na Ol pode
resultar de defeitos na composicdo ou na distribuicdo alterada do colageno
corneano.'® Outro estudo mostrou que a histopatologia e a microscopia eletronica
das fibras colagenas na cérnea e na esclera em pacientes com Ol compreendem
cerca de 25% e 50% mais estreitas que as dos controles, respectivamente.'®
Observamos nos individuos que apresentam mutagdes que causam defeito
quantitativo do colageno tipo | associagdo com cérneas mais finas, mas ndo um
aumento significativo da curvatura da cérnea. Este tipo de mutacao foi encontrada
quase exclusivamente no gene COL1A1. Essas alteragdes ultra-estruturais
produzem um afinamento uniforme e homogéneo da cornea, sem causar protrusdo
anterior ou posterior significativa. Nés demonstramos que o perfil espacial da
espessura corneana em olhos de pacientes com Ol seguem o mesmo curso de
individuos normais, sem qualquer desvio abrupto para a periferia. Por outro lado, os
padroes de afinamento no ceratocone s&o geralmente localizados no centro da
cornea (4-6 mm), e estdo dentro dos limites normais na paquimetria periférica.’
Nenhum padrdo ceratoconico foi observado em qualquer imagem de tomografia

corneana dos participantes com Ol.
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6. CONCLUSAO

A identificacdo do gene responsavel pelo ceratocone € um procedimento complexo.
Existem centenas de genes conhecidos ou provaveis nas numerosas regides do
exoma identificadas. Nosso estudo identificou mutagées em um gene candidato em
cada familia em cromossomos diferentes. Os resultados indicam heterogeneidade
genética e provavel envolvimento de mais de um gene na etiologia do ceratocone,
sugerindo um trago complexo que interage com os fatores ambientais.

Nossos resultados também sugerem que mudancas na composi¢cdo do colageno
tipo I, como observado nos pacientes com Ol nao sdo diretamente responsaveis por
alteragdo na curvatura corneana e por isso, ndo parecem estar envolvidas na

patogénese do ceratocone.
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7. CONSIDERAGOES FINAIS

Além de nosso estudo, ha informacado suficiente na literatura indicando um
importante componente genético na patogénese do ceratocone. Varios loci de
susceptibilidade genética foram implicados ao ceratocone e acredita-se em uma
heterogeneidade genética ao vez de um unico efeito genético responsavel pelo seu
desenvolvimento e progressao. Por usa vez, a interagdo entre fatores ambientais e
um numero suficiente de fatores de risco genéticos de menor efeito podem levar ao
desenvolvimento da doenga, tornando sua caracteristica complexa. Existe ainda a
possibilidade das causas genéticas do ceratocone estarem localizadas em regides
pouco estudadas, como as regides ndo-codificantes do genoma humano. A
compreensao dos fatores genéticos pode significar a identificagdo precoce e precisa

de pacientes vulneraveis ao desenvolvimento do ceratocone.
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9. ANEXOS

9.1 ANEXO 1. APROVAGAO DO COMITE DE ETICA MEDICA
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DADOS DO PROJETO DE PESQUISA

Pesquizador: LAVINIA SCHULER FACCINI

Area Tematica: Genética Humana:
(Trata-2e de pesquisa envolvendo Genética Humana que nao necsssita de analise
ética por parte da CONEP;);

Versdo: 2

CAAE: 49171315.0.1001.5327

Instituigao Proponente: Hospital de Clinicas de Porto Alegre

Patrocinador Principal: MINISTERIO DA CIENCIA, TECNOLOGIA E INOVACAO

DADOS DO PARECER

Numero do Parecer: 1.356.806

Apresentagao do Projeto:

O projeto “Analize Genética de pacientes com Ceratocons” & um estudo multicéntrico, transversal com
amosatra de conveniéncia estimada em 200 pacientes-indice e aproximadamente 600 familiares, totalizando
800 individuos, que objstiva investigar as basss genéticas do ceratocons em pacientes brazileiros, atravee
de historia familiar dstalha, analize por tomografia de comea, e analize molecular de mutagbes em genes
candidatos ja descritoe na literatura. Oz pacientes 2sriao provenientes do ambulatorio de cormea e doengas
externas do Hosapital de Clinicas de Porto Alegre & do Hospital Banco de Olhos de Porto Alegre.

Objetivo da Pesquisa:

Objetivo principal:

Investigar as basss genéticas do ceratocone em pacientes braszileiros, através de historia familiar detalha,
analise por tomografia de comea, e analise molecular de mutagdes em genes candidatos ja descritos na
literatura.

Objetivos secundarios:
1. Investigar a prevaléncia de ceratocone nos familiares em primeiro grau atravée de analise por tomografia
da cornea e por historia familiar coletada por questionario (heredograma estruturado),
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estimando assim a prevaléncia de casos esporadicos & isolados.

2. Eatabslecer correlagdo gendtipo-fenotipo, ou ssja, a comparagio entre as mutagoss encontradas e o tipo
de caratoconse, sua expressao clinica entre e dentro de familias.

3. Comparar o2 cazos com recorréncia familiar com o tipo de mutagio encontrada, gravidade e idade de
aparecimento da manifestagio clinica.

Avaliagao dos Rizcos e Bensficios:

Riscos: A tomografia de cornea & um exame nao invasivo, a2sim como a colsta de aproximadamente 3ml de
saliva em tubo esterilizado. Os responsaveis garantem que o riaco de quebra de confidencialidads sera
evitado neste estudo.

Bensficios: A identificagdo de mutagdes podera auxiliar o diagnostico precoce de ceratocone & permitir a
realizagao de procadimento para impedir o processo evolutivo da doenga, possbilitando redugio no nimero
de transplantes de cormea. O estudo do papsel de cada um dos genss envolvidoe podera auxiliar na
compreenaao dos mecaniamos patogénicos causadorss dessa doenga e permitira aconselhamento genstico
em familias acometidas.

Comentarios e Consideragoes sobre a Pesquisa:

O ceratocons (OMIM148300) & uma degeneragio progressiva nio-inflamatoria da cornea. E a principal
causa de transplants de cornea em todo o mundo. Sua manifestagdo clinica geralments inicia-se na
puberdade & avanga até a quarta década de vida, provocando afinamento e protrusio da regido central.
Eszsa distorgiao provoca erros refrativoe e consequents baixa de acuidade visual, chegando a provocar
cegueira. Pode ssar visto em todas as etnias sam prevaléncia por género, apresentando sintomas variados
conforme o eatagio da doenga. A heterogeneidade genética e a diversidads fenotipica do caratocone tornam
a sua analize complexa. Maltiploz loci relacionados a suscstibilidade a diversas doengas foram identificados
congiderando o ceratocons um trago complexo. Identificar pessoas gensticaments predispostas pode
diminuir drasticamente o impacto da doenga na visdo. Alem dis=o, a terapia génica pode ser uma realidade
em um futuro proximo.

Consideragoes sobre oe Termos de apresentagdo obrigatoria:

O projsto inclui referencial teodrico, objetivos, breve descrigio da amostra, da metodologia & do namero
amoetral, critérioe de inclusdo e exclusdo, analise estatistica, descrigio doe riacos e beneficios e referéncias
bibliograficas. No Formulario da Plataforma Brasil consta a hipotese, o cronograma de atividades & o
orgamento simplificado do projeto. Os autores também incluiram o
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Formulario de Delegagdo de Fungdes e o TCLE.

Recomendagoes:

Nada a recomendar.

Conclusoes ou Pendéncias e Lista de Inadequagoes:

Az pendéncias emitidas para o projeto no parecsr 1.284 286 foram adequadamente respondidas pelos
peequisadores, conforme carta de respostas adicionada em 20/11/2015, excseto as pendéncias referente a
inclusdo da UFRGS como coparticipants & o TCLE o qual apesar de ter sido modificado ainda precisa de
alteragoes. Convidamoe o2 pesquisadores a comparecerem na UARP/GPPG para auxilio na elaboragéo da
nova versiao do TCLE.

Congsideragoes Finais a critério do CEP:

A analise foi realizada com base em todos os documentos apresentados, incluindo o projeto em sua integra.
O projsto devera estar cadastrado também no sistema WebGPPG, em fungio dos aspectos logisticos e
financeiros. Os pesquisadores deverdo respondsr a todos o2 questionamentos indicados na lista de
pendéncias deste parecsr, através de uma carta ao CEP (word), que devera ssr adicionada a Plataforma
Brasil. Quando a resposta alterar os documentos anteriormente submetidos, como, por exemplo, o projeto
ou o TCLE, adicionar na carta de respostas claramentse a identificagao do item que foi modificado & nova
versio dos documentos.

Ezte parecer foi elaborado bassado nos documentos abaixo relacionadoe:

Tipo Documento Arquivo Postagem Autor Situagio
Informagdes Basicas| PB_LINFORMAGOES_BASICAS_DO_P | 20/11/2015 Acsito
|do Projsto ROJETO_555201 pdf 13:50:19
Qutros CARTARESPOSTA docx 20/11/2015 | Otavio de Azevedo Acsito
13:49:15 |Magalhdes
Projeto Detalhado / | gancons20nov.docx 201172015 | Otavio de Azevedo Acsito
Brochura 13:37:59 |Magalhaes
| Investigador
TCLE /Termoe de | TCLEatualizado.docx 20/11/2015 | Otavio de Azevedo Acsito
Assentimento / 13:37:20 |Magalhaes
Justificativa de
Auséncia
Declaragdo de CeratoconsFormularioDelegacaoFuncos| 14/08/2015 |LAVINIA SCHULER | Acsito
Pesguisadores s.pdf 09:35:16 |FACCINI
Folha de Rosto FolhadsRostoCeratoconsHCPA pdf 14/08/2015 | LAVINIA SCHULER | Acsito
09:34:51 | FACCINI
TCLE /Temos de | TCLEGenCone09sst.docx 08/00/2015 | Otavio de Azevedo Acsito
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Assentimento / TCLEGsenCone09sst.docx 21:40:07 |[Magalhdss
Justificativa de
Auséncia

i

Projeto Detalhado / | gencons08set.docx 08/09/2015 | Otavio de Azevedo
Brochura 21:34:33 |Magalhdss

|Investigador

Situagao do Parecer:
Aprovado
Necsesita Apreciagao da CONEP:
Nzo
PORTO ALEGRE. 08 de Dezembro de 2015

Assinado por:
Jozé Roberto Goldim
(Coordenador)
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9.2 ANEXO 2. TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

Projeto: ANALISE GENETICA DE PACIENTES COM CERATOCONE

Estamos estudando as caracteristicas genéticas dos pacientes portadores de
CERATOCONE. Para isso, vamos analisar a histéria de familias com ceratocone,
em que sdo importantes informagdes tanto dos afetados, como dos seus familiares
sem esta alteracdo. Precisaremos realizar uma entrevista com perguntas sobre a
histéria da sua familia, fazer um exame clinico e exame de imagem (tomografia da
cérnea). Esse exame clinico e imagem sera realizado por uma de por um meédico
oftalmologista: Dr. Otavio Magalhdes. O exame de imagem sera realizado no
Hospital Banco de Olhos de Porto Alegre. A coleta de saliva podera ser realizada
tanto no Hospital Banco de Olhos de Porto Alegre como no Hospital de Clinicas de
Porto Alegre.

Gostariamos de pedir a sua autorizagdo para realizar estes procedimentos.
O material coletado sera utilizado uUnica e exclusivamente para fins do projeto de
pesquisa, isto é, para pesquisa de fatores genéticos que causam o ceratocone,
sendo garantido o sigilo das informacgbes obtidas. As andlises laboratorial sera feita
no Departamento de Genética na Universidade Federal do Rio Grande do Sul .

Riscos envolvidos: O exame de tomografia de cérnea é um exame nao-
invasivo que ndo apresenta emissdo de radiagdo. A coleta de saliva é um
procedimento indolor e sera realizada por pessoal devidamente treinado utilizando
um recipiente descartavel e individual. Vocé ira cuspir uma pequena quantidade (2 a
3 ml) em um tubo limpo. O contato da boca é com a parte esterilizada do recipiente,
portanto o risco de contaminacdo e desconforto com a coleta € minimo. O
coordenador do estudo garante que os riscos de quebra de confidencialidade e
privacidade ser&o evitados.

Beneficios : O conhecimento sobre as alteragbes genéticas que causam o
ceratocone irdo permitir o melhor entendimento de suas manifestagdes clinicas,
auxiliar a seu diagnostico rapido e eficaz e proporcionar o aconselhamento genético
das familias. Identificar os pacientes em estagio inicial podera reduzir drasticamente
a necessidade de transplante de cornea por essa doenga.

Os pesquisadores responsaveis pelo projeto sdo a médica geneticista, profa.
Lavinia Schiler-Faccini, da Universidade Federal do Rio Grande do Sul (51-3308-
9826) e o médico oftalmologista Dr. Otavio Magalhdes (51-30222733), que poderao
ser contatadas em caso de duvidas, assim como o Comité de Etica em Pesquisa da
Universidade Federal do Rio Grande do Sul (51 3308-3629). Outra forma de contato
é através do email: pesquisaceratocone@gmail.com

Ao participar deste projeto vocé tem o direito de receber resposta a qualquer
pergunta ou esclarecimento a qualquer duvida a cerca da pesquisa. Também tem
liberdade de ndo participar do estudo ou de mudar de idéia mesmo depois de ter
concordado.
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A. Consentimentos dados pelo participante com idade adulta legal

Coleta de dados familiares e de saude (entrevista)

O Concordo em fornecer informagdes sobre mim e minha familia, relacionadas ao
acometimento de ceratocone e outros dados de saude.

O Nao concordo em fornecer informagdes sobre mim e minha familia, relacionadas
ao acometimento de ceratocone e outros dados de saude.

Exame

U Concordo em ser examinado por médico oftalmologista e geneticista.

U Nao concordo em ser examinado por médico oftalmologista e geneticista.

Coleta de material biolégico (saliva)

O Concordo em fornecer amostra de saliva para extracdo de DNA para analise de
fatores genéticos que causam ceratocone.

O Nao concordo em fornecer amostra de saliva para extracdo de DNA para analise
de fatores genéticos que causam ceratocone.

Declaro que li ou me foi lido este termo e que minhas duvidas foram esclarecidas
antes da concordancia na participagdo. Declaro ainda que uma copia deste termo
me foi fornecida.

Nome do
participante:

Assinatura ou impresséo digital:
Data:

Testemunha no caso de participante nao alfabetizado:

Nome do pesquisador: Lavinia Schuler Faccini (51) 3308-9826

Assinatura: Data:

Nome do pesquisador: Otavio de Azevedo Magalhaes (51) 3022-2733
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9.3 — ANEXO 3. ACEITE EM REVISTA INDEXADA

Decision Letter (ABO-2018-0203.R2)

From: emrocha@fmrp.usp.br
To: otaviomaga@yahoo.com.br
CC: otaviomaga@yahoo.com.br, thaynewk@gmail.com, gewachholz@gmail.com, lavinia.faccini@ufrgs.br
Subject: ABO - Arquivos Brasileiros de Oftalmologia - Decision on Manuscript ID ABO-2018-0203.R2
Body: 01-Jan-2019

Dear Dr. Magalhaes:

It is a pleasure to accept your manuscript entitled "Whole-Exome Sequencing in Familial Keratoconus: The Challenges of a
Genetically Complex Disorder.” in its current form for publication in the ABO - Arquivos Brasileiros de Oftalmologia. The
comments of the reviewer(s) who reviewed your manuscript are included at the foot of this letter.

Thank you for your fine contribution. On behalf of the Editors of the ABO - Arquivos Brasileiros de Oftalmologia, we look
forward to your continued contributions to the Journal.

Sincerely,

Dr. Eduardo Rocha

Editor-in-Chief, ABO - Arquives Brasileiros de Oftalmologia
emrocha@fmrp.usp.br

Date Sent: 01-Jan-2019
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9.4 — ANEXO 4. PUBLICAGAO EM REVISTA INDEXADA

Collagen | Defect Corneal Profiles in Osteogenesis Imperfecta

Magalhaes, Otavio A., MD, MSc"T; Rohenkohl, Helena C., MD; de Souza, Liliane Todeschini, BBS, PhD¥; Schuler-
Faccini, Lavinia, MD, PhD"; Félix, Témis M., MD, PhD¥

Cornea: December 2018 - Volume 37 - Issue 12 - p 1561-1565
doi: 10.1097/IC0O.0000000000001764
Clinical Science

Abstract Author Information Article Metrics

Purpose: The goal of this study was to evaluate corneal profiles of patients with osteogenesis imperfecta (Ol) due
to a collagen | gene mutation.

Methods: This was a cross-sectional comparative study. There were 84 eyes from 42 patients with Ol types |, Ill,
and IV who were recruited from the Ol Clinic at the Clinical Hospital of Porto Alegre, Brazil. All cases presented
either COL1A1 or A2 gene mutations. Controls were matched by sex, age, and refractive error. Corneal
Scheimpflug tomography was used to determine curvature and thickness parameters in both groups.

Results: Quantitative collagen mutations were found only in Ol type |. Qualitative mutations were responsible for
all mutations observed in type Ill and |V patients. Each Ol type presented significantly lower pachymetric values at
the thinnest point compared with controls (443.7-505.1 vs. 541.9-548.5 um; P < 0.001). In addition, significantly
lower pachymetric values were observed in patients with Ol compared with controls in all positions between the
central and corneal periphery (581.4-657.0 vs. 704.5-720.7 um at an 8.0-mm-diameter circle; P < 0.001).
Differences in anterior and posterior radii of curvatures, respectively, between patients with Ol and controls were
not statistically significant (7.64—7.80 vs. 7.65-7.69 mm; P > 0.05) except for a lower anterior radii of curvatures in
type Ill (7.33 vs. 7.72 mm; P < 0.01).

Conclusions: Although patients with Ol have homogenously thinner corneas compared with controls, we
observed that a collagen | chain mutation was not responsible for corneal curvature alterations in OI.
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