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Gomes NLRA. Novas perspectivas no diagnostico etiologico dos disturbios
do desenvolvimento sexual 46,XY [tese]. S&o Paulo: Faculdade de Medicina,
Universidade de S&o Paulo; 2019.

Os disturbios do desenvolvimento sexual (DDS) 46,XY constituem um grupo
de doencas com etiologia heterogénea, o que dificulta a analise molecular
pela tradicional estratégia de estudo do gene candidato. O diagndstico
molecular é identificado em menos de 50% desses pacientes avaliados pelo
sequenciamento por Sanger, especialmente aqueles com disgenesia
gonadal (DG). As técnicas de sequenciamento paralelo em larga escala
(SPLE), desenvolvidas nos ultimos anos, permitem a andlise simultanea de
multiplos genes, bem como a identificacdo de novos genes, como foi 0 caso
do gene DEAH-box helicase 37 (DHX37). Este gene foi previamente
identificado em nossa casuistica como novo gene candidato a sindrome de
regressao testicular embrionaria (SRTE), considerada um espectro da DG.
Neste contexto, os objetivos deste projeto foram: 1) determinar a etiologia
molecular de uma coorte de pacientes com DDS 46,XY, identificando
variantes em genes ja associados a etiologia dos DDS e também em genes
candidatos aos DDS; 2) identificar novos genes candidatos a etiologia dos
DDS, utilizando SPLE por painel de genes-alvo e por sequenciamento
exdmico global, respectivamente. Para confeccdo do painel, foram incluidas
as regides exdnicas de 63 genes ja associados ou candidatos aos DDS na
literatura, incluindo o DHX37. O sequenciamento foi realizado na plataforma
lllumina. Os dados brutos foram analisados utilizando um pipeline para a
identificacdo de variantes de ponto, indels e alteracdo de nimero de copias.
As variantes foram classificadas de acordo com os critérios do American
College of Medical Genetics. A casuistica estudada incluiu 100 casos
esporadicos e 14 casos familias de 7 familias distintas, sendo 45 casos
indices com DG (12 deles com SRTE), 54 casos classificados com DDS de
etiologia indeterminada e 8 casos indices com DDS por provavel defeito de
sintese de andrégenos. Os casos esporadicos foram estudados por SPLE
por painel, e os familiais foram estudados em sua maioria por
sequenciamento exdmico. O diagnostico molecular foi elucidado em 20.5%
dos pacientes, sendo identificadas variantes patogénicas ou possivelmente
patogénicas em 6 dos 45 casos indices (13%) com DG, 10 dos 54 indices
(18.5%) com DDS de etiologia indeterminada e em 6 dos 8 casos indices
(75%) com DDS com suspeita diagndstica, incluindo variantes no NR5A1,
DHX37, WT1, AMH, MAP3K1l, SRD5A2 E HSD17B3. Variantes de
significado incerto foram identificadas em 12% da casuistica, destacando-se
as variantes no GATA4, MAP3K1, ESR2, CBX2.2. Em 5% dos pacientes
foram identificadas duas variantes, sugerindo heranca digénica. As variantes
no DXH37 (n=4) foram as mais frequentes sendo identificadas em quatro
casos esporadicos e em trés casos familiais de duas familias distintas com
fendtipos variados, de SRTE a DG parcial, a maioria deles sem derivados
Mullerianos. As variantes estdo localizadas em dois dominios conservados
da proteina (helicase C-terminal e de ligacdo ao ATP) e sua frequéncia foi
significativamente superior em pacientes com fenétipo de SRTE (44%) e DG
(8%) em relagcdo aos controles (p<0.001). Os achados desse trabalho



reforcam a relevancia do SPLE na determinacao etiolégica dos DDS 46,XY e
indicam que variantes no DHX37 séo causa frequente de DDS disgenético,
em todo o seu espectro, especialmente de SRTE, sendo este gene
importante ndo sé na formacao como na manutencao testicular.

Descritores: Transtornos do desenvolvimento sexual; Disgenesia gonadal 46
XY; Sequenciamento completo do exoma; Gene DHX37; Sequenciamento
de nucleotideos em larga escala; Gene NR5AL.



Abstract




Gomes NLRA. Novel perspectives of the genetic etiology of the 46,XY
disorders of sex development [thesis]. Sdo Paulo: “Faculdade de Medicina,
Universidade de Sao Paulo”; 2019.

Since the genetic etiology of the 46,XY disorders of sex development (DSD)
is highly heterogeneous, obtaining a definitive molecular diagnosis by single
gene test is challenging. A molecular diagnosis is identified in less than 50%
of these patients who are studied by Sanger sequencing, especially those
with gonadal dysgenesis (GD). In the last years, massively parallel
sequencing (MPS) technologies have been proposed as an efficient
sequencing approach by analyzing multiple genes at the same time, as well
as allowing the identification of novel genes, as the DEAH-box helicase 37
(DHX37). This gene was previously identified in our cohort as a candidate
gene for the embryonic testicular regression syndrome (ETRS), which is
considered part of the spectrum of gonadal dysgenesis (GD). In this context,
the objectives of this project were: 1) to investigate the molecular etiology of
a cohort of patients with 46,XY DSD, identifying variants in genes previously
known to be associated with DSD and also in DSD candidate genes; 2)
identify novel candidate genes for the DSD etiology, using MPS by panel
sequencing and by whole exome sequencing (WES), respectively. We
designed an amplicon-based capture panel of 63 genes for targeted
sequencing including genes already associated and candidate genes for the
DSD etiology, including the DHX37. Sequencing was performed in the
lllumina platform. The data was analyzed by an in-house pipeline in order to
identify the missense and indels variants and for copy number variations. The
variants were classified according to the American College of Medical
Genetics. We studied 100 sporadic cases and 14 familial cases from 7
different families, including 45 index-cases with GD (12 of them had ETRS),
54 cases classified as DSD of unknown etiology and 8 cases with androgen
synthesis defect. The sporadic cases were studied by target MPS and most
of the familial cases were studied by WES. A genetic diagnosis was
established in 20.5% of the patients. Pathogenic or likely pathogenic variants
were identified in 6 of 45 index-cases (18%) with GD, 10 of 55 index-cases
(18.5%) with DSD of unknown etiology and 6 of 8 patients (75%) suspected
of having a testosterone synthesis defect, including variants in NR5AL,
DHX37, WT1, AMH, MAP3K1, SRD5A2 E HSD17B3 genes. Variants of
uncertain significance were identified in 12% of the cohort, highlighting
variants in GATA4, MAP3K1, ESR2, CBX2.2. Two variants were identified in
5% of the patients, suggesting a digenic inheritance. The DHX37 variants
(n=4) were the most frequent and were identified in four sporadic cases and
in three familial cases from two unrelated families with variable phenotypes,
including ETRS and partial GD, most of them without Mullerian derivatives.
The variants were identified in two conserved domains of the protein
(helicase C-terminal and ATP binding domain) and their frequency was
enriched among patients with ETRS (44%) and GD (9%) from the cohort in
comparison to the frequency of deleterious variants among controls
(p<0.001). The present findings reinforce the relevance of MPS in the 46,XY
DSD investigation and indicate that DHX37 variants are a frequent cause of



all GD spectrum of, especially for ETRS, being this gene important not only
for the development but also for the maintenance of the testicular tissue.

Descriptors: Disorders of sex development; Gonadal dysgenesis 46 XY;
Whole Exome Sequencing; DHX37 gene; High-throughput nucleotide
sequencing; NR5A1 gene.
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1 INTRODUCAO

1.1 Mecanismos envolvidos no desenvolvimento sexual

O desenvolvimento sexual dos mamiferos € um processo complexo,

determinado geneticamente e pode ser dividido em trés etapas.

A primeira etapa consiste na determinacdo do sexo cromossdémico.
Apos a fertilizacdo do embrido, na dependéncia de qual cromossomo sexual
foi recebido, a cascata do desenvolvimento sexual feminino ou masculino é
deflagrada na presenca do cromossoma X (determinando o cariétipo 46,XX)
ou Y (determinando o cariétipo 46,XY), respectivamente ). As etapas que se

seguem sdo as da determinagéo e da diferenciagdo sexual @.

A fase da determinacéo sexual se refere aos processos envolvidos no
desenvolvimento do sexo gonadal, ou seja, dos eventos que culminam com a
transformacao da crista urogenital, que é tecido embriologico indiferenciado,
para o estado de gbnada bipotencial e subsequente diferenciacdo em gbnada

feminina ou masculina ©®,

A etapa da diferenciacdo sexual engloba o0s processos do
desenvolvimento da genitalia interna e externa que resultam no fendtipo

feminino ou masculino ©®,

Determinacao sexual

A gb6nada bipotencial é constituida por duas populacdes celulares
distintas: a germinativa e a somatica, originarias do epitélio celémico e do

mesénquima, respectivamente @,

Em humanos, a fase de determinagcdo sexual tem inicio por volta da

sexta semana de vida intraembrionaria e consiste no processo de
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transformacao do tecido somatico gonadal bipotencial em génada feminina ou
masculina . Trata-se de uma fase complexa envolvendo iniimeros genes e
moléculas sinalizadoras que interagem entre si, culminando na formacao do

testiculo ou do ovério ¥ (Figura 1).

Em embrides XY, as células do epitélio celdmico se diferenciam em
células de Sertoli, que coalescem ao redor das células germinativas para
formar os cordBes sexuais dos testiculos, futuros tubulos seminiferos(5). As
células mesenquimais, esteroidogénicas, se diferenciam em células de

Leydig, produtoras de testosterona ©,

De forma semelhante, nos embrides 46,XX, o epitélio celédmico se
diferencia nas células da granulosa e fornecem o suporte para as células da
teca, de origem mesenquimal @ 5. Nas células da teca, a sintese de
esterdides sexuais comeca com a sintese de androstenediona, que é

convertida em estrona e esta Gltima em estradiol nas células de granulosa ©).

O controle genético do processo de determinacao sexual € complexo e
envolve uma rede de interacdo génica, em que as vias da determinacéo
testicular e ovariana sdo proprias e antagonicas . Nos individuos 46,XY, o
gene SRY desencadeia a cascata da diferenciacéo testicular @ 9, regulado
pelos genes WT1 (10 NR5A1 1D, CBX2 (12, GATA4 (13 e seu cofator ZFPM2
(14) induzindo a expressdo do gene SOX9 (15, Este tem um papel central,
regulando a expresséo de diversos genes da diferenciagao sexual masculina,
como FGF9/FGFR2 18 PTGDS @7, AMH (18 além de suprimir a expressao
de genes indutores da diferenciacdo ovariana tais como o RSPO1 e FOXL2 (-
19), Outros genes como o DHH 20.21) MAP3K1(2 23) WWOX?24 e DMRT1 (5
26) foram adicionados como participantes da via de determinagdo testicular
apos a identificacdo de alteracdes deletérias de ponto ou de numero de
copias em associagcdo com o fendtipo de disturbios da determinacao testicular

em humanos e camundongos (19,

Nos individuos 46,XX, a RSPO1 e o FOXL2 ativam os genes WNT4, 3-
catenina e a FST @729 que, por sua vez, reprimem a expressdo do SOX9 (9,

O gene NROB1, que esta localizado no cromossomo X e que codifica a
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proteina DAX1, pode atuar como co-repressor ou co-ativador do gene NR5A1
dependendo do contexto. A duplicacdo deste gene esta associada a
alteracdo do desenvolvimento testicular, mostrando que em individuos 46,XY

0 seu papel é dose dependente D),

)

Goénada
bipotencial

[:;syonefro \*/. @

0 xx

Fonte: Adaptado de Ono e Harley @9

Figural- Rede de interagcdo génica responsavel pela determinacédo
gonadal. Genes conhecidos relatados aos DDS em humanos
(letra maiuscula) ou somente em camundongo (letra minudscula).
As setas mostram as vias de ativagédo e os conectores as vias de
supressao

Diferenciag&o sexual

Este processo € dependente da acdo dos hormoénios secretados pelos
testiculos ). Por volta da sétima semana de gestacdo, os embrides dispGem
de dois sistemas de dutos embrionarios, os dutos paramesonéfricos (ou
Mullerianos) que sdo precursores das trompas, Utero, terco superior da
vagina, e os dutos mesonéfricos (ou de Wolff) precursores dos vasos
deferentes, epididimo, vesiculas seminais e duto ejaculatério. Assim, o

desenvolvimento dos testiculos leva a producado do horménio antimulleriano,
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secretado pelas células de Sertoli, responsavel pela regressédo dos dutos de
Muller ®). A testosterona, secretada pelas células de Leydig nos testiculos
fetais, age nos dutos de Wolff levando a formacédo das estruturas do sistema
reprodutor masculino ). A testosterona é convertida perifericamente pela
acado da enzima 5-a redutase tipo 2 em diidrotestosterona (DHT). Esta, por
sua vez, age no tubérculo genital, que € o 6rgdo precursor da genitélia
externa, originando a glande peniana e estimulando a fuséo ventral das
pregas uretrais, formando a uretra e 0 corpo peniano. As pregas
labioescrotais unem-se medianamente, formando a bolsa escrotal, enquanto
a uretra prostatica se origina do seio urogenital. O processo de formacéo da
genitalia externa masculina se completa por volta da 122 semana de
gestacdo, enquanto o crescimento peniano ocorre principalmente no ultimo

trimestre da gestacao ©.

Na auséncia de secrecdo de testosterona e do hormbnio
antimulleriano, havera regresséo das estruturas de Wolff com manutencao de
desenvolvimento das estruturas mullerianas, originando trompas uterinas,
Gtero e vagina proximal, originando estruturas internas e externas femininas
tanto nos individuos 46,XX quanto 46,XY com disturbio da determinacao

sexual.

1.2 Disturbios/ Diferencas do Desenvolvimento Sexual

Os disturbios do desenvolvimento sexual (DDS) constituem um grupo
de anomalias congénitas que afetam a diferenciacdo do sistema urogenital
associadas a alteragbes em uma das trés etapas do desenvolvimento, seja
da determinacdo cromossémica, gonadal ou diferenciacdo sexual®?),
resultando em um espectro fenotipico que abrange desde atipias genitais
variadas, incongruéncia entre fenotipo hormonal e fenétipo sexual a disturbios
do desenvolvimento puberal e infertilidade 2. Embora o diagndstico dos
DDS possa ser dado em qualquer idade, a apresentagdo mais comum € ao

nascimento, quando se identifica a genitalia atipica ),
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Cabe ressaltar que o termo “disturbios do desenvolvimento sexual”
veio em substituicdo ao antigo termo “intersexo” e foi proposto pelo Consenso
de Chicago em 2006 ©2 33 Nos ultimos anos, varios especialistas tém o

substituido por “diferengas” do desenvolvimento sexual 3439,

A causa mais frequente de DDS em individuos 46,XX é a forma
classica da hiperplasia adrenal congénita por deficiéncia da 21-hidroxilase,
correspondendo a cerca de 90-95% de todos os casos 2 36, Em contraste,
apenas 50% dos pacientes com DDS 46,XY tém um diagnostico
estabelecido, havendo diversas etiologias 2. Podem ser decorrentes de
disgenesia gonadal (em sua forma completa e parcial), de defeitos na
producdo de testosterona (incluindo a resisténcia ao hormoénio luteinizante
(LH) e defeitos na sintese de testosterona) ou acdo da mesma, como na
sindrome de insensibilidade aos andrégenos, nas formas parcial (PAIS) e
completa (CAIS), ou defeitos na producdo ou na acdo do hormoénio

antimulleriano.

1.3 Determinacédo da etiologia dos DDS 46,XY

O diagnostico dos DDS envolve alta complexidade, sendo necessaria a
combinacdo de achados fenotipicos, bioquimicos (hormonais) e os achados
moleculares. O diagnostico genético-molecular desses pacientes ¢é
importante, especialmente nos casos identificados logo ao nascimento, para
auxiliar na determinacdo do sexo social, na predicdo da funcdo enddcrina
gonadal, das possiveis condi¢des de fertilidade e do desenvolvimento tumoral

na vida adulta e fornecer um diagnostico definivo @7,

Tradicionalmente, o método mais empregado para obtencdo do
diagnéstico molecular dos DDS 46,XY é o0 sequenciamento pelo método de
Sanger 8 que se baseia na estratégia de avaliacdo do gene candidato.
Assim, para a identificagcdo de um possivel gene candidato, primeiro € preciso
ter um diagnéstico sindrébmico (disgenesia gonadal, defeito de sintese de

testosterona, defeito na acdo da testosterona ou etiologia indeterminada).
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Para tal, faz-se necesséaria a realizacdo de exames de imagem, para verificar
a presenca de derivados mullerianos, e a dosagem de andrdgenos, seja
basal ou apés estimulo com gonadotrofina coribnica humana (hCG) nas
criancas em periodo fora da minipuberdade ou da puberdade. Contudo, ha

limitacOes desse tipo de abordagem.

Primeiramente, as dosagens hormonais devem ser preferencialmente
obtidas ap6s o estimulo com hCG, ndo havendo uniformidade nos protocolos
usados para uso desse estimulo. Assim, pode ocorrer de o estimulo ndo ser
suficiente para amplificar a producdo de testosterona, especialmente na
infancia e pré-puberdade, devido a inatividade das células de Leydig neste
periodo, de forma a permitir uma adequada avaliagdo dos esteroides
desejados (9 40),

Além disso, as dosagens dos esteroides possuem suas limitacGes
metodoldgicas e em relacdo a padronizagdo dos valores de referéncia “Y. O
método mais empregado na rotina dos laboratérios é o imunoensaio (IE).
Contudo, a especificidade de kits comerciais € reduzida, com frequente
reatividade cruzada entre os diferentes tipos de esteroides, interferindo nas
relacbes hormonais que sdo empregadas na avaliacdo dos defeitos de
sintese de testosterona V. Dessa maneira, o ideal é acoplar o RIE a coluna
de extracdo e/ou a cromatografia, 0 que ndo € a préatica da maior parte dos

laboratdrios 41,

Mesmo em condigcbes ideais, a sensibilidade das relacdes
testosterona/androstenediona (T/A) e testosterona/ diidrotestosterona
(T/DHT) para diagnosticar as deficiéncias de 17p- hidroxiesteroide
desidrogenase tipo 3 (HSD17B3) e de 5-a redutase tipo 2 (5ARD?2),
respectivamente ndo é 100%, sendo também consideravel o numero de

falsos positivos (9 42),

A deficiéncia da 17p -hidroxiesteroide desidrogenase tipo 3 € sugerida
por relagdo testosterona/ androstenediona (T/A) inferior a 0,8 *3), Ha relatos
de pacientes com diagnéstico molecular confirmado de defeitos no gene

HSD17B3 com relacdo T/A superior a 0,8 em algumas coortes 345, Além
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disso, em uma coorte de 114 pacientes avaliados para essa relacao (T/A),
5% (4/ 84) dos pacientes com diagndstico de insensibilidade aos andrégenos
(AIS) e 56% dos pacientes com disgenesia gonadal apresentavam uma

relacéo alterada 9,

Em relagédo ao diagnoéstico bioquimico de deficiéncia da 5-o redutase
tipo 2, o ponto de corte da relacdo T/DHT é variavel dentre as diferentes
coortes, ndo havendo um consenso “6 47), Em criancas até 6 meses de idade
h& casos de relagées T/DHT falsamente normais “8), e relagGes alteradas
ndo sao especificas da deficiéncia de 5-a redutase tipo 2 em qualquer idade,
podendo estar presente em individuos com AIS “9 50 Assim, o diagndstico
definitivo, especialmente em criancas de até 6 meses, deve ser feito pela

analise molecular.

Outro fato importante € que o volume de sangue necessario para a
dosagem desses esteroides por IE é grande, o que pode ser complicado em

se tratando de recém nascidos e criancas peqguenas.

O emprego da espectrometria de massas, seja acoplada a
cromatografia liquida ou gasosa, permite a adequada mensuracdo dos
esteroides por identificar o analito especifico de acordo com seu peso
molecular. O seu emprego melhora a acuracia das dosagem dos andrégenos
e, ainda, permite a dosagem de todos os esteroides em um Uunico frasco,
reduzindo o volume de sangue extraido “V. Entretanto, considerando o alto
custo, limitada disponibilidade do método e ainda auséncia de valores de

referencia padronizados, ele ndo é utilizado de rotina na pratica clinica b,

Ainda, a avaliacdo da presenca de derivados Mullerianos por analise
ultrassonografica esta associada a erros diagnésticos por ser examinador
dependente 1, ficando o diagnéstico de certeza apenas apés a avaliacéo

laparoscopica, que é invasiva.

Por todos esses fatores expostos, classificar clinicamente um paciente
com DDS 46,XY afim de se determinar um gene candidato € laborioso e

sujeito a erros.
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1.4 Diagnostico molecular dos DDS 46,XY pelo sequenciamento pelo

método de Sanger

Quando ha evidéncia bioquimica inequivoca de que determinada via de
producdo hormonal estd comprometida (como na deficiéncia de 17a-
hidroxilase, de 3-B hidroxiesteroide desidrogenase tipo 2) ou nos casos com
suspeita de CAIS ou PAIS, as chances de se identificar o diagndstico
genético pelo tradicional sequenciamento do gene candidato pelo método de
Sanger sdo elevadas. Diferentemente, o grande numero de genes envolvidos
no processo da determinacdo testicular e da esteroidogénese, candidatos
potenciais para a etiologia dos DDS disgenéticos ou de origem etiolégica
indeterminada, torna a abordagem gene a gene um trabalho arduo, demorado

e com aplicacéo diagndstica limitada na pratica clinica.

Em nossa coorte de 173 casos indices com DDS 46,XY, dos 44
pacientes com defeitos da esteroidogénese (CYP17Al, 3BHSD2, HSD17B3,
SRD5A2) e dos 29 pacientes com fendtipo de sindrome de insensibilidade
aos andrégenos, o diagndstico foi possivel em 91.6% e 96.5% dos casos,
respectivamente (dados ndo publicados). Entretanto, o diagndstico molecular
s6 foi elucidado em 21.5% (n=51) dos pacientes com disgenesia gonadal,
apos avaliacdo de 8 genes pelo método de Sanger (NR5A1, SRY, MAP3K1,
FGFR2, FGF9, GATA4, DMRT1, WT1) e em 17% (n=36) dos pacientes com

diagnostico indeterminado.

Assim, um namero significativo de pacientes portadores de DDS 46,XY
permanece sem diagndstico etiolégico, principalmente os pacientes com
disgenesia gonadal e os indeterminados (32 52, Este baixo percentual indica
gue genes/vias ainda desconhecidos devam estar implicados na etiologia da

determinacao e desenvolvimento sexual.

Em conjunto, as dificuldades encontradas no diagnéstico dos DDS
46,XY vao desde o estabelecimento do diagndstico sindrébmico ao diagndstico

molecular, fazendo-se necessaria a busca por métodos diagnosticos mais
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sensiveis e acessiveis, bem como a identificacdo de novos genes envolvidos

NO Processo.

1.5 Sequenciamento paralelo em larga escala (SPLE) para o

diagnostico molecular dos DDS 46,XY

Nos ultimos anos, o sequenciamento paralelo em larga escala (SPLE)
ocasionou grande evolucéo permitindo a genotipagem simultanea de diversas
regibes do genoma ©3 54, Pode ser realizado através do sequenciamento
exémico por um painel de genes relacionados a um determinado fenétipo, da
andlise do exoma completo ou, ainda, do genoma integral de um paciente. A
incorporacado dessas técnicas na rotina diagndstica de diversas doencas tem
facilitado o diagndstico molecular, com um menor custo ©5>%) além de o
sequenciamento exémico ou genémico permitirem a identificacdo de novos

genes candidatos.

O primeiro estudo a utilizar a técnica de sequenciamento para
avaliacao da etiologia molecular de 10 pacientes com DDS 46,XY utilizou um
painel de 35 genes relacionados aos DDS. Foi possivel confirmar o
diagndstico molecular de 5 pacientes DDS 46,XY e identificar a etiologia de
outros 2 de 5 pacientes sem diagnostico ©°. A partir de entdo, outras coortes
de pacientes com DDS 46,XY foram estudadas através de sequenciamento

por painel com um percentual diagnostico que varia de 29 a 47% (Tabela 1).
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Tabela 1 - Estudos que utilizaram SPLE por painel de genes associados
aos DDS. A frequéncia do diagnostico molecular inclui apenas
variantes classificadas como patogénicas ou provavelmente
patogénicas

Referéncia Painel de n Frequéncia do diagnéstico
genes molecular (%)

Arboleda, VA et al. 2013 ©9) 35 14 28,6
Baxter, RM et al. 2015 (0 64 40 34,5
Dong et al. 2016 6 219 21 38,1
Eggers et al. 2016 ©2 64 278 43

Kim, JH et al. 2017 (©3) 67 37 29,6
Fan,Y et al. 2017 4 80 32 28.1
Wang, H et al. 2018 %) 33 70 42.9
Hughes, LA et al. 2019 ©8) 30 80 34

Xu, Y et al. 2019 7 2.742 96 46.9

Além disso, diversos casos de DDS tiveram o diagndstico molecular
elucidado a partir do sequenciamento exdmico global, ampliando os
espectros fenotipicos. Como exemplo, a variante p.Arg92Trp no NR5A1,
gene associado apenas ao DDS 46,XY, foi identificada em pacientes com
DDS 46,XX ovotesticular e testicular (68 69),

Novos genes candidatos a etiologia dos DDS 46,XY tém sido
identificados através dessa técnica, merecendo destaque o gene DEAH-box

helicase 37 (DHX37), descrito pela primeira vez em nossa casuistica (79,
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1.6 DEAH-box helicase 37 (DHX37): novo gene candidato a etiologia do

DDS 46,XY disgenético

O DHX37 tornou-se um gene candidato a etiologia do DDS apos a
identificacdo da variante em heterozigose ¢.G923A; p.Arg308GIn por
sequenciamento exdmico de 4 casos familiares de micropénis e sindrome de
regressao testicular embrionaria (SRTE) de 2 familias distintas e 2 casos
esporadicos com mesmo fendtipo, de familias ndo relacionadas, incluindo
um caso esporadico chinés americano, sem que haja um efeito fundador
dessa variante (7 71 A segregacdo da variante nessas familias mostrou
padrdo de heranca varidvel: materna, de novo e paterna, em uma das
familia, sendo o pai carreador assintomatico (/% 71,

A SRTE é considerada um espectro da disgenesia gonadal parcial e é
caracterizada pela auséncia de tecido gonadal, associada a atipia genital ou
a micropénis isolado ("2 73, Relatos prévios da ocorréncia de SRTE em
irm&os sugere uma possivel base genética, até entdo desconhecida (72,

O DHX37, esta localizado no 12g24.31, pertence a familia das RNA
helicases, que utilizam ATP para se ligar ou remodelar acidos nucleicos,
complexos &cido nucléico-proteina ou ambos. A proteina codificada possui
uma regido muito conservada formada por quatro aminoacidos (DEAH -
Asparato-Glutamato-Alanina- Histidina). Membros da familia das helicases
participam de varios processos celulares envolvidos na alteracdo da
estrutura secundaria do RNA, como a iniciagdo da traducgdo, splicing

alternativo mitocondrial ou nuclear e biogénese ribossémica ¥, Este gene
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tem expressdo testicular, como mostrado pelo the Human Protein
Atlas (), porém seu papel no desenvolvimento gonadal ainda é
desconhecido.

Ha um caso descrito de paciente portador de DDS 46,XY sindréomico,
com micropénis e criptorquidia, em que foi verificada delecdo no
cromossomo 12g24.31-33, contendo o gene DHX37 (76),

Até o presente momento, os pacientes com SRTE haviam sido pouco
estudados nas diversas coortes de pacientes com DDS 46,XY,
permanecendo sem um diagndstico etioldgico, especialmente 0s casos
familiais. Apenas o gene NR5A1 foi previamente associado ao fenétipo de

SRTE, descrito apenas em um caso isolado (7).



2 Justificativa




Justificativa 15

2 JUSTIFICATIVA

Dispomos de uma grande coorte de pacientes com DDS 46,XY de
etiologia genética indeterminada, a maioria ja estudada pelo tradicional
método de Sanger, incluindo um numero consideravel de pacientes com
SRTE.

Considerando que as novas técnicas de SPLE tém ampliado o
diagnéstico molecular de pacientes em diversas estudos, esperamos
elucidar a etiologia dos pacientes com DDS 46,XY da nossa coorte,

utilizando tais técnicas.

Ainda, levantamos a hipotese de que variantes deletérias no gene
DHX37 possam ser causa nao s6 de SRTE, como identificado até o
momento, mas também da disgenesia gonadal, em todo o seu espectro e
pretendemos ampliar as evidéncias genéticas de sua associacdo com este

fenotipo.

A identificacdo da causa genética dos DDS 46,XY permite o
aconselhamento genético e o seguimento adequado desses pacientes. A
identificacdo de novos genes candidatos amplia a possibilidade de conhecer

novas vias do desenvolvimento sexual.



3 Objetivos
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3 OBJETIVOS

3.1 Objetivo geral

Determinar a etiologia molecular de casos familiais e esporadicos de
uma coorte de pacientes com DDS 46,XY sem etiologia molecular definida

por técnica de sequenciamento paralelo em larga escala.

3.2 Objetivos especificos

3.2.1 Avaliar a presenca de variantes alélicas patogénicas em genes ja
associados aos DDS

3.2.2 Verificar a presenca de variantes no recém identificado DHX37

potencialmente causadoras de DDS 46,XY

3.2.3 Identificar novos genes candidatos aos DDS



4 Pacientes e Métodos
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4 PACIENTES E METODOS

O projeto foi aprovado pela Comissdo de Etica para Andlise de
Projetos de Pesquisa (CAPPesq) do HCFMUSP (numero: 1.968.070). O
consentimento informado formal foi concedido pelos pacientes ou

responsaveis legais (Anexo 1).

A confidencialidade dos resultados obtidos foi garantida a todos os
pacientes. Os achados de defeitos genéticos relacionados as doencas em

investigacdo serdo informados aos pacientes e/ou seus responsaveis legais.

4.1 Pacientes

Os pacientes foram convidados a participar do estudo por serem

portadores de DDS 46,XY sem etiologia molecular definida.

Todos os pacientes tém cariétipo 46,XY em pelo menos 30 células
analisadas obtidas de sangue periférico, sem outros estigmas que pudessem

os classificar como sindrémicos.

Os pacientes foram selecionados, em sua maioria, no Ambulatorio de
Endocrinologia do Desenvolvimento do Hospital das Clinicas da Faculdade
de Medicina da Universidade de Sdo Paulo (HC-FMUSP), além de alguns
casos provenientes de outros servicos (Hospital das Clinicas de Porto
Alegre/ RS e Hospital Nacional Prof. Dr. A. Posadas, Buenos Aires/
Argentina).

Dos 173 casos indices com DDS 46,XY que ja haviam sido
previamente avaliados para variantes em pelo menos um gene candidato
associado aos DDS pela técnica de Sanger, foram selecionados 76 casos

sem diagnoéstico molecular prévio além de outros 31 casos que nao haviam
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sido estudos previamente. A Figura 2 representa o fluxograma de selecéo

dos pacientes da casuistica.

DDS 46,XY estudados por Sanger
(n=173 casos indices)

| Excluséo de pacientes com diagnoéstico molecular (n=97) | —

Pacientes com defeitos
em genes da disgenesia
(n=17):

NR5A1 (n=9); SRY (n=2);
WT1 (n=2);
MAP3K1 (n=4%) ;
FGFR2 (n=1%)

Pacientes com defeitos em genes
relacionados a sintese ou acéo da
testosterona diagnosticados (n= 80):
AR (n=28); SRD5A2 (n= 18);
HSD17B3 (n= 10); CYP17A1 (n=10);
LHCGR (n=4); HSD3B2 (n=4),
AMH/ AMHR?2 (n=86)

diagnéstico molecular
(n=76)

Pacientes sem { Provavel defeito de sintese de testosterona (n=4)

Disgenéticos (n=35);
DDS de etiologia indeterminada (n=37)

Inclusao de pacientes, sem
estudo molecular prévio (n=31)

Figura 2 - Fluxograma

—|

n=107

100 casos (98 esporadicos e 2 familiais)
SPLE por painel de genes
7 casos familiais
L, SPLE por exoma

representando a selecdo dos pacientes da

casuistica do estudo. O asterisco marca que um dos casos
indices possui variantes no gene da MAP3K1 em associa¢ado ao
FGFR2 (78

Os pacientes foram classificados em trés grupos de acordo com o

fendtipo:

1) DDS 46,XY por disgenesia gonadal: inclui pacientes com

derivados mullerianos e/ou pelo menos uma das gbnadas

disgenéticas histologicamente ou ausentes, nas formas completa

e parcial.

2) DDS 46,XY de etiologia indeterminada: inclui pacientes a principio

nao disgenéticos, em que estudo hormonal (basal e/ou apés

estimulo com hCG) e/ou por imagem ndo encontrou a etiologia do

DDS ou aqueles em que a avaliacdo hormonal n&o foi possivel,
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seja por gonadectomia prévia ou pela indisponibilidade de exames

hormonais;

3) DDS 46,XY ndo disgenético com provavel defeito na producédo de

androgenos sem diagnostico molecular definido

Foram incluidos 100 casos para sequenciamento em painel de genes
e 14 casos familiais de 7 familias para sequenciamento exémico, totalizando

114 casos.

Dos 100 casos selecionados para painel de genes, 98 sao
esporadicos e dois casos sao familiais. Estes dois casos familiais foram
estudados por painel devido a indisponibilidade do DNA dos familiares na
ocasidao (Tabela 2). Ha histérico de consanguinidade em 13 casos

esporadicos e em trés casos familiais.

O detalhamento dos dados clinicos, laboratoriais que permitiram a
classificacdo de cada paciente em um dos trés grupos supracitados bem
como o0s genes que foram previamente estudados por Sanger em cada um
deles pode ser visto nos Anexos 1, 2 e 3. O heredograma bem como o

fendtipo de cada uma das familias estudadas esta na Figura 3.

No grupo de pacientes com disgenesia gonadal, 30% deles tiveram os
genes SRY e NR5A1 sequenciados e 25% dos indeterminados foram
sequenciados para variantes no AR e NR5A1, considerando a alta

prevaléncia de variantes nestes genes nestes subgrupos.
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Tabela 2 - Casuistica selecionada de pacientes com DDS 46,XY para
estudo por SPLE

DDS 46,XY Sequenc_lados por Sequenciados por Total
painel exoma
Casos Casos Casos Familiais
Grupo Subgrupo Esporadicos  Familiais (n de casos
(n) (n) indices)
Forma 14 0 2 16
. . completa
Disgenesia
gonadal Forma Parcial 17 0 0 17
SRTE 10 1 1 12
Etiologia
Indeterminada 52 0 2 54
Defeito de
sintese de 5 1 2 8
andrégenos

Total 98 2 7 107
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Il 1 2
m Pl 2 3
a6, XY 46,XX

Familia 1 (Disgenesia gonadal)
O individuo III.1 corresponde ao paciente 17

Familia 3 (Disgenesia gonadal)

Os individuos I1.6 e lll.1 correspondem aos pacientes 36 e 37, respectivamente

Figura 3 -
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Familia 2 (Disgenesia gonadal)
Os individuos I11.1, 1.5 e I1l.6 correspondem aos pacientes 20, 18 e 19 respectivamente

1 2

e e

46,XY 46Xy

Familia 4 (Fenétipo de deficiéncia de 5a-redutase tipo 2)
Os individuos 11.1 e 1.5 correspondem aos pacientes 113 e 114, respectivamente

continua

Heredogramas das familias de pacientes com DDS 46,XY estudadas por sequenciamento exémico. Os
qguadrados representam os individuos do sexo social masculino e os circulos agueles com sexo social

feminino. As figuras preenchidas na cor preta representam os individuos afetados. A linha diagonal representa
os individuos falecidos. O asterisco marca aqueles que foram sequenciados.
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Familia 6 (DDS indeterminado)

Familia 5 (DDS indeterminado)
Os individuos I1.6 e Ill.6 correspondem aos pacientes 101 e 102, respectivamente

Os individuos I11.1, 111.2 e 1I1.3 correspondem aos pacientes 104, 103, 100 respectivamente

ST T¢®0000000

46XX  46,XX

Familia 7 (Fenétipo de hipoplasia de células de Leydig)
O individuo IV.1 corresponde ao paciente 112

Figura 3 - Heredogramas das familias de pacientes com DDS 46,XY estudadas por sequenciamento exdmico. Os
guadrados representam os individuos do sexo social masculino e os circulos aqueles com sexo social
feminino. As figuras preenchidas na cor preta representam os individuos afetados. A linha diagonal representa

os individuos falecidos. O asterisco marca aqueles que foram sequenciados.
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4.2 Métodos

4.2.1 Extracao e armazenamento do DNA Gendmico

As amostras de DNA dos pacientes e seus familiares foram obtidas a
partir de leucocitos de sangue periférico ou de células extraidas por swab da
mucosa oral. O DNA foi extraido e armazenado de acordo com
procedimento padronizado no Laboratério de Hormoénios e Genética
Molecular/LIM42 da Unidade de Endocrinologia do Desenvolvimento,
Faculdade de Medicina da Universidade de S&o Paulo, baseado no método

de Miller e colaboradores (79,

A concentragdo do DNA foi estimada a partir da leitura da densidade
Optica por espectrofotometria (Biophotometer, Eppendorf, Hamburgo,
Alemanha); no comprimento de onda de 260nm (1 unidade DO 260 = 50
pg/mL). O grau de pureza foi avaliado pela relacdo A260/280, sendo
superior a 1,75. A integridade do material foi verificada com eletroforese em
gel de agarose (Thermo Fisher Scientific, Waltham, MA, EUA) a 1% em TAE
(Tris 0,004 M; Acido Acético Glacial; EDTA 0,001 M pH 8,0) contendo SYBR
Safe DNA gel stain (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
EUA) na concentracdo de 0,1 yL/mL de gel com posterior visualizacao por
transiluminagcdo com luz ultravioleta para verificar sua integridade. Foram
utilizados 500 ng do marcador de peso molecular A DNA-HindlIl digest (250
ng/WL) e 20 ng do A DNA (10 ng/WL) (ambos Thermo Fisher Scientific,
Waltham, MA, EUA) como padrdo de massa. Em seguida, as amostras

foram mantidas congeladas a menos 20° C até seu uso.

4.2.2 Sequenciamento Paralelo em Larga Escala

O sequenciamento paralelo em larga escala envolve trés etapas
fundamentais: (1) o preparo das bibliotecas, (2) a amplificacéo clonal, (3) o
seguenciamento propriamente, seguindo-se pelo processamento por

bioinformética para andlise dos dados.



Pacientes e Métodos 26

4.2.2.1 Preparo das bibliotecas

O preparo das bibliotecas dos painéis e dos exomas foi realizado de
acordo com o protocolo SureSelectXT Target Enrichment System for Illumina
Paired-End Sequencing Library (Agilent Technologies, Santa Clara, CA,
EUA). A diferenca entre o preparo destas bibliotecas esta no kit de sondas
utilizados para captura das areas de interesse: para as bibliotecas do painel

foi utilizado um kit customizado e para os exomas um comercial.

4.2.2.1.1 Preparo das bibliotecas do painel

O painel customizado de genes-alvo associados ao DDS foi elaborado
a partir da ferramenta Agilent SureDesign 2.0 (Agilent Technologies, Santa
Clara, CA, EUA). Essa ferramenta desenha sondas especificas para selecao
e captura das regides gendmicas de interesse, com base na metodologia
SureSelectXT (Agilent Technologies, Santa Clara, CA, EUA).

Para o desenho do painel, foram incluidas as regides exodnicas de 63
genes relacionados aos DDS, incluindo uma sequéncia de até 50 bp antes e
apos cada éxon. Foram incluidos 42 genes que participam do processo de
determinacdo gonadal e da diferenciacdo sexual, englobando genes
envolvidos na esteroidogénese, que codificam receptores hormonais, e
outros cujos defeitos moleculares fossem responsaveis por DDS associados
a malformagbes multiplas (Tabela 3), bem como 21 genes candidatos a

etiologia dos DDS, extraidos da literatura além do gene DHX37 (Tabela 4).

A regido alvo total do painel € de aproximadamente 485kb.
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Tabela 3 - Lista dos genes ja associados aos DDS incluidos no painel de

genes para o sequenciamento paralelo em larga escala

Fenétipo reportado no OMIM (nimero do OMIM) ou relato na

Gene literatura (L) de associacdo com DDS em humanos (n=41) Heranca
Determinac&o gonadal
BMP15 (Ds’iggggg)sia ovariana 2 (300510); Faléncia ovariana prematura 4 LX
CBX2 Disgenesia gonadal completa 46,XY (613080) (€0 AR
DHH Disgenesia gonadal_ parcial 46XY, com neuropatia minifascicular AR
(607080); Disgenesia gonadal completa 46XY 7 (233420)
DMRT1 Disgenesia testicular e ovariana (L)?; AD
DMRT2 T;;;(Igires;ﬁciéncia da regido 9p ocasionando disgenesia gonadal NA
FGFR2 Craniossinostose com disgenesia gonadal completa 46,XY (L)2 AD, AR
FSHR Disgenesia ovariana 1 ( 233300) AR
FOXL2 !nsuficiéncia ovari_ana prematura 3 (608996); Blefarofimose, epicanto AD
inverso, e ptose, tipo 1 e 2 (110100)
GATA4 Anomalias testiculares com ou sem cardiopatia (615542) AD
MAP3K1 Disgenesia gonadal completa 46XY 6 (613762) AD
NROB1 Disgenesia gonadal completa 46XY 2 (300018); LX
Disgenesia gonadal completa 46, XX 4 (617480); Disgenesia
NR5A1 gonadal parcial 46XY 3 ( 612965); Insuficiéncia ovariana prematura 7 AD
(612964)
RSPO1 éeltgézss palmoplantar e hermafroditismo verdadeiro (610644); AR
SOX 9 Displasia campomélica com reversdo sexual dominante (114290) AD
SOX3 DDS testicular 3 (300833); DDS ovotesticular 46,XX (L) ®b; XL
SRY Hermafrodistismo verdadeiro 46XX 1 (400045); Disgenesia gonadal Ligada
46XY 1 (400044) aoY
STAG3 Insuficiéncia ovariana prematura 8 (615723) AR
WNT4 Aplasia dos ductos de Muller (158330) AD
WT1 Sindrome de Denys-Drash (194080); Sindrome de Frasier (136680) AD
WWOX Disgenesia gonadal 46,XY (L) Lfiigoa;:l(a
ZFPM2 Disgenesia gonadal completa 46XY 9 (616067); AD

continua
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Tabela 3 - Lista dos genes ja associados aos DDS incluidos no painel de
genes para 0 sequenciamento paralelo em larga escala
(concluséo)

Fenotipo reportado no OMIM (nimero do OMIM) ou relato na

Gene literatura (L) de associagcdo com DDS em humanos (n=41) Heranca
Diferenciacao sexual
AKR1C2 Disgenesia gonadal completa 46XY 8 (614279) AR
AKR1C4 Disgenesia gonadal completa 46XY 8, modificado (614279) AR
AMH Sindrome de persisténcia dos ductos de Muller, tipo | (261550) AR
AMHR2 Sindrome de persisténcia dos ductos de Muller, tipo 2 (261550) AR
AR Sindrome de insensibilidade aos andrégenos (300068) LX
CYP17Al1 Deficiéncia de 17,20-lyase, isolada (202110) AR
CYP19A1 gr%fgrc]iggf((jlesg;%gatase (613546); Sindrome de deficiéncia de AD
DHCR7 Sindrome de Smith-Lemli-Opitz ( 270400) AR
HSD17B3 Pseudohermafroditismo masculino com ginecomastia (264300) AD
HSD3B2 Deficiéncia de 3i3- hidroxiesterdide desidrogenase tipo 2 (201810) AD
Hipoplasia de células de Leydig com pseudohermafroditismo
LHCGR (238320); Hipoplasia de células de Leydig com hipogonadismo AR
hipergonadotrofico (238320)
Sindrome de Antley-Bixler com anomalias genitais e distrarbios da
POR esteroidogénese (201750); Disturbio da esteroidogénse por defeito AR
do citocromo P450 oxiforedutase (613571)
SRD5A2  Pseudohermafroditismo com hipospadia (264600) AR
STAR Hiperplasia adrenal lipéide (201710) AR
Outros (DDS sindrémico, sindrome de Rokitansky, hipospadia isolada)
ARX Hidranencenfalia com genitalia normal (300215) LX
ATRX Sindrome ATRX com anomalias genitais (301040) LXASQ)D €
CDH7 Sindrome CHARGE_ (214800); Hipogonadismo hipogonadotréfico AD
com ou sem anosmia (612370)
HNE1B \ézzﬁg;essk ;?Se(g%ene foram identificadas em pacientes com AD
LHX1 Variantes neste gene foram identificadas em pacientes com AD

Rokitansky (L) €2
MAMLD1 Hipospadia 2, Ligada ao X (300758) LX
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Tabela 4 - Lista dos genes candidatos incluidos no painel de genes para o
sequenciamento paralelo em larga escala

Gene Genes candidatos na literatura (L) (n=21) Heranca
AKR1C3 Producéo de testosterona na reticular da suprarrenal (L) €3 NA
AXIN1 Sinalizador da via Wnt-beta-catenina (L) &4 NA
CITED2  Regulador do gene NR5A1 (L)? NA
DHX37 Gene candidato a etiologia do DDS disgenético AD
ESR1 Reverséao sexual em ratos machos knockout para ESRa /ESRR

(0) NA
ESR2 Disgenesia ovariana (618187); AR;AD
FGF9 Ratos knockout XY tém reversao sexual (L) (7- 30 NA
GDF9 Participa do desenvolvimento ovariano (L) % NA
GSK3f Participa da sinalizagdo da Wnt-beta-catenina (L) (€8 NA
HSD11B1 Deficiéncia de cortisona tipo 1 (614662) AD
LHX9 Participa da formacéo gonadal (L) " NA
NANOS2 Expresso em testiculos desde a via intraembrionarias (L) €7 NA
NANOS3 Ratos knockout do Nanos3 tém espermatogénese reduzida (L) ©8 NA
PAPPA Expresso nos foliculos ovarianos e vesiculas seminais (L) 9 NA

Participa da via do WT1 (L)(90) e da via da diferenciacdo gonadal
PAX2 (L) @D NA
PBX1 Mullerian development in the mouse (L)*3 NA
PTDGS Necessario para a formagao testicular (L) " NA
RAC1 Essencial para o desenvolvimento do foliculo primordial em ratos

(L) NA
RSPO2 Essencial para o desenvolvimento do foliculo primordial (L) ¢2 NA
STRAS8 Replicacéo pré-meidtica do DNA (L) 93 NA
TCF21 Participante da via do SRY (L) ¥4 NA
TES Aumenta a ativacdo do Sox9 (L) NA

4.2.2.1.2 Preparo das bibliotecas do exoma

As bibliotecas para o sequenciamento exdmico dos pacientes foram
preparadas com os kits comerciais disponiveis, o SureSelectXT Human All
Exon V5 ou V6 (Agilent Technologies, Santa Clara, CA, EUA).
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4.2.2.2 Protocolo de preparo das bibliotecas

Para preparo das bibliotecas, trés microgramas ou 200 ng de DNA
genomico foram fragmentados por agdo mecanica, por sonicagdo, no
equipamento Covaris (Covaris Inc, Woburn, MA, EUA), gerando fragmentos
de tamanho entre 150 e 550 pb.

A sequir, adaptadores, que sdo sequéncias complementares as
sequéncias de oligonucleotideos presentes na flow-cell, foram adicionados
as extremidades dos fragmentos de DNA. Em sequéncia, foram adicionados
os barcodes (codigos de identificacdo especificos para o DNA de cada
paciente). Os fragmentos ligados aos adaptadores foram amplificados em

uma reagdo em cadeia da polimerase (PCR).

Na etapa subsequente, as bibliotecas foram enriquecidas através da
adicdo de sondas biotiniladas que hibridizam ao DNA fragmentado apenas
nas regibes de interesse, sendo especificas para 0s genes alvos
desenhados no painel ou genes do exoma. O enriquecimento de beads
magnéticos acoplados a estreptavidina as sondas biotiniladas permitiram a
captura das regides de interesse, que foram purificadas, antes de serem

amplificadas (Figura 4).
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Etapa 1: Preparo das bibliotecas

Fragmentagdao do DNA gendmico Adigao dos adaptadores

A e barcodes
W —

LT

sondas biotiniladas
Fragmentos de DNA o 9 Sondas Plotinfada

(200-300pb)

‘_‘

‘ ‘ beads magneticas com streptavidina

L., captura magnética

D

Figura 4 - Esquema da preparacao das bibliotecas para SPLE

4.2.2.3 Amplificagéo clonal

As Dbibliotecas, com seus fragmentos de DNA ligados aos
adaptadores, foram depositadas em uma lamina especial, denominada
flowcell, cuja superficie estdo fixados, de maneira paralela, duas espécies de
oligonucleotideos. Ap6és a ligagdo dos adaptadores aos seus
oligonucleotideos complementares presentes na superficie da flowcell,
acontece a clusterizacdo, onde cada fragmento € amplificado varias vezes,
através de uma reacdo conhecida como PCR em ponte. Ao final desta
etapa, sdo gerados clusters (clones) de moléculas de DNA idénticas a

molécula original, ligadas covalentemente a superficie da flowcell.

4.2.2.4 Sequenciamento

Apoés a amplificacao clonal, as moléculas antisense foram removidas
enzimaticamente e o0 processo de sequenciamento foi iniciado com o

acoplamento de um oligonucleotideo iniciador especial. Em seguida,
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nucleotideos modificados com terminadores marcados com fluoroforos
especificos foram adicionados ao meio, dando inicio ao sequenciamento por
sintese. A cada ciclo de incorporagdo, foram geradas imagens de toda a
superficie da flowcell através de um escaner de fluorescéncia em cada um
dos comprimentos de onda especifico para cada fluoréforo. Os clusters
presentes na superficie da flowcell foram entéo identificados e mapeados. A
sobreposicao das imagens produzidas a cada ciclo de incorporacdo de cada
cluster propiciou a identificacdo da sequéncia de bases nucleotidicas que o

originou.

Na metade dos ciclos, ao final do sequenciamento do primeiro read
(ou seja, da sequéncia sense), a inversao dos fragmentos ligados na flowcell
foi seguida pela reclusterizacao de forma a propiciar o sequenciamento do
mesmo fragmento no sentido reverso (do segundo read, a sequéncia

antissense), chamado sequenciamento em paired end do SPLE.

As etapas de amplificacédo clonal e do sequenciamento propriamente,
tanto do painel customizado de genes quanto dos exomas, foram realizados
em sequenciadores da plataforma Illumina (lllumina, Inc, San Diego, CA,
EUA) do Laboratério de Sequenciamento em Larga Escala (SELA) da Rede
PREMIiIUM, Multiusuario FAPESP, localizado na Faculdade de Medicina da
Universidade de S&o Paulo.

A maior parte dos painéis customizados foi sequenciada no
equipamento NextSeq 500, com o kit NextSeq MidOutput V2 2x150 ciclos e
8 amostras foram sequenciadas no equipamento MiSeq 4000, com o kit V2
2x150 ciclos (ambos lllumina, Inc, San Diego, CA, EUA).

Os exomas foram sequenciados no HiSeq 2500, com o kits HiSeq
SBS Kit V3 2x100 ciclos e V4 2x 125 ciclos (ambos lllumina, Inc, San Diego,
CA, EUA).

A Figura 5 representa, de forma esquematica, as etapas de

amplificagcéo clonal e sequenciamento do SPLE.
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A amplificacdo clonal forma os clusters através das PCR em ponte. O
sequenciamento é feito pela incorporacao de nucleotideos que emitem sinais

gue sao captados e escaneados, gerando o arquivo *fastq.

Etapa 2: Amplificagao clonal Etapa 3: Sequenciamento
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Figura5 - Esquema das etapas de amplificacdo clonal e sequenciamento
por sintese. Ambas as etapas ocorrem na superficie da flow cell

4.2.2.5 Analise por Bioinformatica

Para realizacdo da analise por bioinforméatica, os dados encontrados
foram processados e transferidos para uma planilha de dados para a

analise.

As sequéncias lidas foram separadas entre si de acordo com seus
barcodes, sendo entdo pareadas as sequéncias sense e antisense, criando
sequéncias contiguas. Estas foram alinhadas para comparacdo com a
sequéncia de DNA referéncia, de forma a permitir a comparagdo entre o
sequenciamento obtido e a sequéncia referéncia. A sequéncia referéncia do
genoma humano utilizada foi hgl9 UCSC (ou b37 GRC/NCBI) e o
alinhamento foi realizado pelo software BWA (www.bio-
bwa.sourceforge.net), sendo gerado o arquivo *.bam.

A sequir, foi feita a chamada das variantes, realizada pelos software

Platyplus e Freebays, que identificam as variantes de um uUnico nucleotideo
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(SNVs) e pequenas delecdes e insercdes (indels), gerando o arquivo em

formato *.vcf (variant call format).

A Ultima etapa antes da analise consistiu na anotacdo das variantes,
realizada pelo software Annovar, sendo gerada a planilha para analise de
dados, com as variantes identificadas bem como com dados de suas
frequéncias nos bancos publicos de dados populacionais e andlise de
predicédo in silico.

4.2.2.6 Selecdao e classificacdo das variantes candidatas de

ponto ou pequenas indels

Com o grande volume de dados gerados pelo sequenciamento
paralelo em larga escala, as alteragBes genéticas de interesse devem ser
filtradas em meio a centenas ou milhares de polimorfismos, ndo relacionados
ao fenodtipo. Nesta etapa, foi aplicada uma sequéncia de filtros de forma a
gerar uma lista de variantes potencialmente relacionadas ao fenétipo de
cada paciente para, se possivel, identificar a variante associada a doenca.

Foram utilizados os seguintes critérios para priorizacdo das variantes

candidatas:

e Selecdo de variantes presentes nos pacientes

o No caso dos exomas, foi realizada também a filtragem das
variantes presentes nos familiares, de acordo com o tipo de

heranca cabivel para cada caso

e Selecdo das variantes com frequéncia inferior a 1% nos principais
bancos populacionais: 1000 Genomes Project
(http://www.1000genomes.org), o0 Exome Aggregation Consortium
- ExXAC (http://exac.broadinstutite.org), gnomAD
(www.gnomad.broadinstitute.org), que € uma extensao do EXAC e
inclui dados de 123.136 exomas e 15.496 genomas sequenciados

de individuos com diversas comorbidades e como parte de
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pesquisa genética populacional, além do banco brasileiro ABraOM

(www.abraom.ib.usp.br)

o Para os exomas, a filtragem inicial incluiu variantes com
frequéncia inferior a 0.1% em um primeiro momento, ampliando
para frequéncia de 1% em filtragens subsequentes, nos casos

sem diagndstico na primeira filtragem

Selecédo das variantes com frequéncia alélica inferior a 1% (minor
allele frequency, MAF) no nosso préprio banco de dados do
Laboratério de Sequenciamento em Larga Escala- SELA
(http://intranet.fm.usp.br/sela), que até o momento conta com
cerca de 760 individuos sequenciados por exoma (entre casos
indices e familiares de diversas casuisticas, incluindo DDS, baixa
estatura, faléncia ovariana prematura, doencas osteometabdlicas

e hiperplasia macronodular da adrenal), dados n&o publicados.
Selecéo de variantes localizadas em éxons e sitios de splicing;

Avaliacao das variantes raras codificadoras ou em sitio de splicing

em relacdo ao efeito sobre a proteina:

o Sele¢do das variantes alélicas ja descritas como patogénicas
pelo ClinVar;

o Selecédo daquelas variantes que causam perda de funcdo da

proteina (stopgain, stoploss, frameshift);

o Selecdo das variantes ndo sinénimas preditas como deletérias
em pelo menos 3 dentre os seguinte algoritmos de predicao in
silico: SIFT ®9, PolyPhen2 , Mutation Taster %, Mutation
Acessor ©7, CADD (phred) ©® para mutacées do tipo

missense, além do escore de conservacédo (GERP++) (9);

o Selecdo de variantes com predicdo de alteracdo de splicing
pelo dbscsnv (100 (ADA ou RF SCORE >0,6), incluindo as
variantes sinbnimas. No Anexo 4 estdo especificados os
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critérios que cada um desses algoritmos utiliza bem como a

classificagcao utilizada.

o No caso dos exomas, dado o grande numero de variantes
candidatas encontradas em genes com funcédo desconhecida,
foram utilizadas ferramentas de priorizacdo de genes
candidatos- VarElect (www.ve.genecards.org) e GenebDistiller
(101) assim como a funcdo e expressao tecidual de cada gene
foi verificada manualmente no GeneCards
(https://www.genecards.org) e no HumanProtein Atlas ),
respectivamente, além de publicacbes relacionadas no

PubMed (https://www.ncbi.nim.nih.gov/pubmed).

Ap6s a selecdo das variantes, foi verificada a plausibilidade
patolégica, bem como a pesquisa de relatos prévios de sua ocorréncia no
Ensembl (www.ensembl.org), HGMD (hwww.hgmd.cf.ac.uk/ac/index.php),

Clinvar ( www.ncbi.nlm.nih.gov/clinvar).

As variantes relevantes foram visualmente confirmadas no programa
Integrative Genomics Viewer (IGV) que permite a visualizagdo do
sequenciamento a partir do arquivo *.bam, de forma a verificar a cobertura
do sequenciamento, bem como permitir a identificacdo de variantes

chamadas incorretamente.

Por fim, as variantes candidatas a serem causadoras do fendtipo
foram segregadas na familia pelo sequenciamento pelo método de

Sanger (39,

4.2.2.7 Confirmacao das variantes alélicas pela técnica de Sanger

Para a realizacdo do sequenciamento por Sanger, foram sintetizados
oligonucleotideos iniciadores especificos para amplificar por PCR as regides
qgue flanqueiam as variantes. As amplificacdes foram acompanhadas de um
controle negativo e os produtos amplificados foram submetidos a uma
purificagdo enzimatica. O sequenciamento foi realizado com o kit ABI


http://www.ensembl.org/
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PrismTM Big Dye Terminator Cycle Sequencing Ready Reaction Kit 3.1
(Applied Biosystems, Thermo Fisher Scientific, Waltham, Massachusetts,
EUA) e os produtos desta reacdo foram submetidos a uma eletroforese
capilar no sequenciador automatico ABI Prism 3130xI Genetic Analyzer
(Applied Biosystems, Thermo Fisher Scientific, Waltham, Massachusetts,
EUA). A leitura dos eletroferogramas foi realizada através do programa
Sequencher 4.10.1 (GeneCodes Corporation, Ann Arbor, MI, EUA), sempre
em comparacgdo a sequéncia referéncia do gene e a um eletroferograma de

um individuo normal.

4.2.2.8 Identificacao de alteracdes de numero de cépias (CNVs)

Para identificacdo das CNVs foi utilizado o software CONTRA (COpy
Number Analysis for Targeted Resequencing) 1%, que é capaz de identificar
perdas ou ganhos através de uma relacdo logaritmica em relacdo a uma
linha de base que foi gerada a partir dos dados de todos os pacientes nas
corridas dos painéis, que funcionam como controle. Para isso, ele fragmenta
todas as regifes sequenciadas em outras menores e libera o resultado de
cada regido em log-ratio juntamente com uma analise de significancia
(valores de p). Log-ratios proximos de -1,0, com valores de p ajustados
inferiores a 0,05, indicam a presenca de uma delecdo. N&o é possivel utilizar

este software para analise de CNVs em exomas.

As alteracdes de CNVs encontradas foram confirmadas por MPLA. De
forma sucinta, todas as reacfes séo realizadas de acordo com as instrucdes
do protocolo dos kits SALSA MLPA probemix P334-A2 Gonadal
Development Disorder (MRC Holland, Amsterdam, Holanda), que avalia
CNVs nos genes DMRT1, CYP17A1, SRD5A2 e HSD17B3 e SALSA MLPA
KIT P185-B1 Intersex, que avalia os genes SRY, WNT4, DAX1, SOX9 e
NR5A1l. As amostras processadas com o kit foram submetidas a uma
eletroforese capilar no sequenciador automatico ABI Prism 3130XL Genetic
Analyzer e analisadas pelo programa GeneMapper 5.0 (ambos Applied

Biosystems, Thermo Fisher Scientific, Waltham, Massachusetts, EUA). Os
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dados obtidos foram analisados pelo programa MRC Coffalyzer (MRC
Holland, Amsterdam, Holanda), que determina a relacdo das &reas dos picos
de interesse com as areas dos picos das regibes controle. Considerou-se
como normal a raz&o entre essas areas entre 0,7 e 1,3; considerou-se como
delecdo quando a mesma for inferior a 0,7 e como duplicacdo quando for

superior a 1,3.

4.2.2.9 Classificacao das variantes

Todas as variantes de interesse foram classificadas de acordo com os
critérios do American College of Medical Genetics and Genomics (103),
publicados em 2015. Esta classificacdo leva em consideracao os critérios de
frequéncia em bancos de dados populacionais, predi¢édo in silico, dados de
estudos funcionais, de segregacdo familiar e publicacbes prévias na
literatura. De acordo com o0 peso de cada critério, as variantes sao
classificadas como: (1) patogénica, (2) provavelmente patogénica, (3)
variante de significado incerto, (4) provavelmente benigna ou (5) benigna. A
descricdo pormenorizada de cada critério assim como 0s critérios que

permitem classificar as variantes estdo descritos nos Anexos 5 e 6.

4.3 Analise estatistica

Afim de verificar se havia associacdo entre a frequéncia de variantes
deletérias identificadas no DHX37 na populacdo de pacientes com DDS
46,XY em relacdo a da populacdo geral, a frequéncia alélica das variantes
raras e possivelmente deletérias identificadas nestes dois grupos foi
comparada, utilizando um teste x2 , sendo considerada significancia
estatistica para p<0,05. Para calcular a frequéncia das variantes, foram
incluidos os seis casos indices (trés casos esporadicos e seis casos familiais
de trés familias) com SRTE da casuistica da Unidade de Endocrinologia da
FM-USP que foram previamente estudados na tese de doutorado da
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Thatiana Evelyn da Silva apresentada a Faculdade de Medicina (9. Para
andlise estatistica foi utilizado o software SIGMAstat statistical software
package (Windows version 3.5; SPSS Inc., San Rafael, CA).
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5 RESULTADOS

5.1 Avaliacéo dos painéis

Em relagdo as métricas das corridas, a cobertura média foi de 494X e
desvio padréo de 244. Mais que 99% das regides alvo foi coberta mais de 20

vezes. Assim, a cobertura foi considerada adequada.

5.1.1 Variantes alélicas candidatas identificadas na avaliacdo dos
painéis
O sequenciamento dos 100 pacientes, gerou um total de 16.217
variantes, com uma média de 665 variantes por paciente (variando de 448 a
931 variantes), restando em média 10 variantes com MAF < 1% em regifes
codificadoras (1 a 23 variantes). Apos a exclusdo das variantes sinbnimas
(sem predicdo de alteracdo do splicing), restaram em média 6 variantes por

pacientes (1 a 14 variantes).

Por fim, ap0s a aplicacdo de todos os critérios de selecdo de
variantes, foram identificadas 38 variantes candidatas de ponto distintas em
31 pacientes. Da totalidade, 23 estdo em heterozigose, 10 em heterozigose
composta e 5 em homozigose. A maioria € do tipo missense, 4 estdo
localizadas em sitio de splicing e uma variante determina um codon de
parada. Ainda, foi identificada uma alteracdo de numero de copias,
identificada pela CONTRA.

A caracterizacdo das variantes candidatas identificadas por SPLE por
painel (predicdo de patogenicidade pelo SIFT, POLYPHEN e CADD, escore
de conservacdo do nucleotideo pelo GERP, presenca e frequéncia em

bancos de dados populacionais, a segregacdo na familia), classificacdo
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pelos critérios ACMG bem como a identificacdo do paciente em que foram

encontradas estdo apresentadas nas Tabelas 5 e 6.

Foram identificadas 14 (37%) variantes novas. Trinta e uma (81%)
variantes foram identificadas em genes classicamente relacionados ao DDS
46,XY e 7 variantes foram identificadas em dois genes candidatos aos DDS
(6 variantes no gene DHX37 e uma no ESR2). Cinco pacientes apresentam
variantes candidatas em 2 genes (Tabela 7).
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Tabela 5 - Caracterizacéo e classificacéo das variantes identificadas por SPLE com painel de genes ja associados aos DDS

Paciente Classificagdo fenotipica do DDS  Gene (transcrito) Variante Alteracdo proteica Estado da variante Descri¢do prévia Segregagao
64 Indeterminado (gonadectomia) AMH (NM_000479) c.T902A p.Leu301GIn HMZ Nova ND
1 DG completa CHD7 (NM_017780) ¢.C2066T p.Thr689Met HTZ Sim (rs373706363) ND
Defeito de sintese de androgenos Dup exon 1, 2 Nova
106 CY17A1 (NM_000102) HTZ composta Irma afetada tem 0 mesmo genétipc
(Def. da 17-hidroxilase) ¢.T1216C p.Trp406Arg Sim (CM033603)
23 DG parcial CBX2.2 (NM_032647.3) c.460delT p.Cys154Alafs*62 HTZ Sim (rs552892809) ND
114 Indeterminado (gonadectomia) DHH (NM_021044) ¢.T1004C p.Leu335Pro HMZ Nova ND
25 GD (parcial) GATA4 (NM_002052) ¢.C1220G p.Pro407Arg HTZ Sim (rs115099192) Mae: ¢.C1220G
62 Indeterminado GATA4 (NM_002052) ¢.C1220G p.Pro407Arg HTZ Sim (rs115099192) Mae: ¢.C1220G
c.C242T p.Thr81Met Sim (rs746859258) Pai: c.277+4A>T
105 Indeterminado HSD17B3 (NM_000197) HTZ composta ;
C.2TT+AAST Sim (CS002140) Mae: ¢.C242T
Defeito de sintese de andrégenos c.201+1G>T Sim (rs746001525) Pai: ¢.201+1G>T
1M1 HSD17B3 (NM_000197) HTZ composta
(Def. da 17HSD2) C.27T7T+4A>T Sim (CS002140) Mae: c.277+4A>T
22 DG parcial NR5A1 (NM_004959) c.C86G p.Thr29Arg HTZ Sim (CM118936) ND
6 DG completa NR5A1 (NM_004959) ¢.C1019T p.Ala340Val HTZ Sim (rs780199277) ND
56 Indeterminado (gonadectomia) NR5A1 (NM_004959) c.CT2A p.Hys24GIn HTZ Nova 2 irméos e 3 irmas: AS
80 Indeterminado NR5A1 (NM_004959) ¢.Co37T p.Arg313Cys HTZ Sim (CM118686) Mae: AS; pai: ND

continua
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Tabela 5 - Caracterizacdo e classificacdo das variantes identificadas por SPLE com painel de genes ja associados aos DDS

(continuacao)
Predigao in silico

o :g o xg © 5 ; E 8 gg
5 ° & S 9 w a s a a s =0 % O
3 S S 5 £% S  EQE B 2 Z 2 £3 89
o o= > < o = o »w Oa o o w 3 o< O «©
64 AMH (NM_000479) c.T902A p.Leu301GIn 0 D D 267 3N Nao PM1, PM2 VUS
1 CHD7 (NM_017780) ¢.C2066T p.Thr689Met gAD:0.00003 D T 259 55 Nao PP3,PB1 VUS

Dup exon 1,2 0 0 0 0 0 Nao PVS1,PS2,PS3 Patogénica
106 CY17A1 (NM_000102)

c.T1216C p.Trp406Arg D D 253 3.88 Sim (104 PS3,PM2,PP3,PP4, PP5  Provavelmente patogénica
23 CBX2.2 (NM_032647.3) c.460delT p.Cys154Alafs*62 gAD: 0.001418 D D ND -35 Sim PP3,PM2,PP5 VUS
114 DHH (NM_021044) ¢.T1004C p.Leu335Pro 0 D 3 4.77 Nao PM1,PM2,PP2,PP3 Provavelmente patogénica
25 GATA4 (NM_002052) ¢.C1220G p.Pro407Arg gAD (0.00006); Abr (0.0008) P D 258 478 Nao PM2,PP3,PP5 VUS
62 GATA4 (NM_002052) ¢.C1220G p.Pro407Arg gAD (0.00006); Abr (0.0008) P D 258 4.78 Nao PM2,PP3,PP5 VUS
105 c.C2427 p.Thr81Met gAD(0.0004) D D 259 479 Nio PM1PM2,PM3PP2PP3  Provavelmente patogénica

HSD17B3 (NM_000197)

C.27T+4AST gAD:0.0003 099 Nao PVS1,PM2, PM3,PP3  Patogénica

c.201+1G>T gAD:0.000008 1 Nao PVS1,PM2,PP3 Provavelmente patogénica
111 HSD17B3 (NM_000197)

C.2TT+4AST gAD:0.0003 099 Nao PVS1,PM1, PM2,PP3  Patogénica
22 NR5A1(NM_004959) c.C86G p.Thr29Arg 0 D D 178 40 Nao PM1,PM2,PP2,PP3 Provavelmente patogénica
6 NR5A1 (NM_004959) c.C1019T p.Ala340Val 9gAD (0.00002) b D 2 5.1 Nao PM1,PM2,PP3 VUS
56 NR5AT(NM_004959) c.C72A p.Hys24Gln 0 D D 255 512 Nao PM1,PM2,PP3,PM5 Provavelmente patogénica
80 NR5AT(NM_004959) ¢.C937T p.Arg313Cys 0 D D 255 512 Nao PM1, PM2, PP3, PP5 Provavelmente patogénica
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Tabela 5 - Caracterizacdo e classificacdo das variantes identificadas por SPLE com painel de genes ja associados aos DDS

(continuacao)
Paciente Classificagdo fenotipica do DDS  Gene (transcrito) Variante Alteragao proteica Estado da variante Descrigéo prévia Segregagao
Indeterminado .
68 ) SRD5A2 (NM_000348) c.G547A p.Gly183Ser HMZ Sim (rs121434247/CM920637, ND
(gonadectomia)
Defeito de sintese de androgenos )
108 SRD5A2 (NM_000348) c.C736T p.Arg246Trp HMZ Sim (rs121434244/CM920645) ND
(Def. da 5ARD2)
Indeterminado ¢.T558G p.Phe186Leu Sim (CM994668) Pai: ¢.T558G
59 ] SRD5A2 (NM_000348) HTZ composta
(gonadectomia) c.A337G p.GIn126Arg Sim (rs368386747/CM920634) Mae: c.A337G
Defeito de sintese de andrégenos c.G604A p.Gly203Ser Sim (rs9332961/ CM971419)
110 SRD5A2 (NM_000348) HTZ composta ND
(Def. da 5ARD2) €.T39%4C p.Cys133Arg Nova
Defeito de sintese de androgenos ¢.A337G p.GIn126Arg Sim (rs368386747/CM920634 Mée:c.A337G
109 SRD5A2 (NM_000348) HTZ composta
(Def. da 5ARD2) ¢.G596C p.Gly190Ala Nova Pai: ¢.G596C
70 Indeterminado WT1 (NM_024426) c.1432+4C>T HTZ Sim (CS971933) De novo (Mae e pai AS)
DG
39 (SRTE) ZFPM2 (NM_012082) ¢.A2501G p.Lys834Arg HMZ Sim (rs113289249) ND

continua
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Tabela5- Caracterizacéo e classificacdo das variantes identificadas por SPLE com painel de genes ja associados aos DDS

(continuacéo)
Predicao in silico
5 g 8
] E [ xg © q:, 'g_ > © »n g
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Provavelmente
68 SRD5A2 (NM_000348) c.G547A 0.Gly183Ser D ) v E s Sm(®  PS3PM2PP3PP5  patogénica
Provavelmente
108 SRD5A2 (NM_000348)  ¢.C736T p.Arg246Trp 0 B D 240 41 N3o PM2,PP3,PP5,PS3  patogénica
Provavelmente
¢.T558G o.Phe186Leu v v e e Smi®  PM2PM3PP3PP2  patogénica
59 SRD5A2 (NM_000348)
Provavelmente
CA337G 0.GIn126Arg GABI(DD0005) D Nao PS3,PM2,PP3PP5  patogénica
Provavelmente
¢.GB04A 0.Gly203Ser 9AD (0.00008) D 1345 35 Sm0m  PS3,PM2,PP3 patogénica
110 SRD5A2 (NM_000348)
Provavelmente
¢.T394C p.Cys133Arg 0 D ' 1599 5.27 N&o PM2,PM3,PP3,PP4 patogénica
Provavelmente
e CA337G 0.GIn126Arg ZHD LD D . 152 566 Nao PS3,PM2PP3PP5  patogénica
SRD5A2 (NM_000348)
0 Provavelmente
¢.G596C p.Gly190Ala D . 1534 527 N3o PM2,PM3,PP3,PP2  patogénica
70 WT1(NM_024426) C.1432+4C>T 0 Sim (108 PVS1,PS2,PS3 Patogénica
39 ZFPM2(NM_012082)  ¢.A2501G p.Lys834Arg  gAD (0.0006); Abr(0.007) D D 24 58 Nao BS1, PP3 VUS

Abreviagdes: Def.; Deficiéncia, HTZ, Heterozigoto; HMZ, Homozigoto; ND, n&o descrito; gAD, gnomAD; ABr, ABRaOM; AS, alelo selvagem
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Tabela 6 - Caracterizacéo e classificacdo das variantes alélicas identificadas por SPLE por painel em genes candidatos aos
DDS, incluindo o DHX37

Predigao in silico

8 S ° 3 8
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3 vie ESR2
(completa)  (NM_001291712) ¢.T1277G p.leud26Arg HTZ Nova ND 0 D D 29 57 Sim(1%®)  VUS PM1,PM2,PP3
Indeterminado  DHX37 Mae e 4 - Provavelmente
53 (qonadectomin) (NM_032656)  CCO1T  pT30AMet  HTZ  Nova g O D D 298 53 Nio  eenica  PM1PM2PP2PP3
. DHX37 Sim gAD (0.0002): i
57 Indeterminado  \\“aoees)  CC1399G plewds?Val HTZ - fqnicio ND Aor(00s D D 24 019 Najo  VUS PM2,PP3
DG DHX37 Mée e pai:  gAD PM2, PP2,PP3,P2
im (70) p . 9 P Ay y y s y
21 (parcia) (NM_032656) c.G923A  p.Arg308GIn HTZ Sim AS (0.00006677) D D 3 53 Nao Patogénica PV
u C Dl c.C2020T pArg674Trp  HTZ  Sim (0 ND 0 D D 33 42 Ngo  [rovavelmente by oo pps pyys
(SRTE) (NM_032656)  © pArgoratrp : patogénica ey
g C DHX37 c.C2020T pArg674Trp  HTZ  Sim (0 Mae: 0 D D 33 42 No  Frovavelmente by ppo pps pyys
(SRTE) (NM_032656) ' pArgorAIrp ¢.C2020T ' patogénica PRATES,

Abreviagdes: HTZ, Heterozigoto; HMZ, Homozigoto; ND, ndo descrito; gAD, gnomAD; ABr, ABRaOM; AS, alelo selvagem



Resultados

48

Tabela 7 - Variantes alélicas possivelmente digénicas identificadas por SPLE por painel, em genes ja associados aos DDS
46,XY e no gene candidato DHX37

Predigao in silico

o
O o b} o =
Ly =] — o @ 0 o
s £8 2 o s S, 3 g s & > 3 § P
5 £= 0 3 E £ 8 E 5o g £ 2 o & 85 So <
§ g28  §E § e F§F k% g L $ES § £ 32 &5 2
o o&n o= > o w > Qs N = a » O O T wE o< (&)
Defeito de
p MAP3K1 x . x - PVSt,
S|nte§e de (NM_005921) c.834+1G>T HTZ Nova Mae e pai: AS 229 572 09 Nio Patogénica PS2, PM2
107  andrégenos
(Def da SRD5A2 Sim 1 ~ Provavelmente PP2, BP2,
5ARD2) (NM_000348) c.337C>G  p.leut13val HTZ (1528383048) 0.002 B B 13 (379 Nao benigna BP6
GATA4 Sim . gAD(0.00004)
” 0G (NM_002052) c.C1103G  p.Pro368Arg  HTZ (1s775379667) Pai: ¢.C1103G Abr (0.0008) D D 278 58 VUS PM2,PP3
(parcial) DHX37 . . ~ Provavelmente PS4,PM2
(70) . ) )
(NM_032656) c.C2020T  p.Arg674Trp  HTZ Sim Mae:c.C2020T 0 D D 33 42 N&o patogénica PP3
wwox Sim ~ PM1,PM2,
. (NM_016373) c.T253G p.Tyr85Asp HTZ (rs781063964) ND D T 239 54 Nao  VUS PP3
71 Indeterminado DHX37 S
im . ~
(NM_032656) c.G2209A  p.Ala737Thr  HTZ (1$199752789) ND gAD:0.00001 D D Nao  VUS
NR5A1 - Provavelmente PM1,PM2,
. (NM_004959) c.C77T p.Gly26Val HTZ Nova ND 0 D D 297 4.01 Néo patogénica PP3 PP5
77 Indeterminado DHX37
(NM_032656) c.G1474C  p.Alad94Pro  HTZ Nova ND 0 Nao  VUS
MAP3K1 . Sim < . ~
. (NM_005921) cA1628G  p.His543Arg  HTZ (rs1054518497) Mae: AS gAD:0.000004 D D 231 597 Nao  VUS PM2
78 Indeterminado GATA4 PM1 PM2
(NM_002052) c.G644T  p.Arg215lle HTZ Novel Mae: c.G644T 0 D D 32 472 Nao  VUS PP37 ’

Abreviagdes: HTZ, Heterozigoto; HMZ, Homozigoto; ND, ndo descrito; gAD, gnomAD; ABr, ABRaOM; AS, alelo selvagem
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5.2 Alteracdo de numero de coépias identificadas pelo CONTRA

Foi identificada uma alteracdo de numero de coOpias na paciente
namero 106 com fendtipo da deficiéncia da enzima 17-a hidroxilase, porém

com genotipo incompleto.

Previamente, foi identificada pelo método de Sanger a variante alélica
c.T1216C;p.Trp406Arg no gene CYP17Al, também encontrada na andlise
do painel, em heterozigose. Trata-se de variante ausente em bancos de
dados populacionais, ja conhecida e associada ao fenétipo (CM033603) em

diversas coortes (110 e com estudo funcional publicado 14,

O CONTRA identificou uma duplicacao dos éxons 1 e 2 da CYP17A1,
que foi confirmado por MLPA (Figura 6). Trata-se de alteracdo nova,
ausente em bancos de dados populacionais, classificada como

provavelmente patogénica.

GonadaldBoe15-1ul. 8907

g [ P
Fimit . 14 I ST Ll i e ¥ gy M miM P
lolle sl Sl 2158 ‘,‘--‘-1“.-0- 6.‘5.]“.%:".(*;'?-:;‘[‘.- » wfﬁﬁtifjbi[ﬂ’mA
1 o 1

Gonadal OOVIS-1ud. 8907
Crstribuson Type ReterenceSarglen | Exp poradal1s 3512

Figura 6 - Analise do resultado no MLPA da paciente 20, com fendtipo de
deficiéncia da 17a-hidroxilase. A regido destacada pelo
retangulo vermelho realca a duplicacdo dos éxons 1 e 2 do
CYP17ALl. A razéo entre pico da area de interesse e controle foi
de 1,38 e 1,47, para estes éxons, respectivamente
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5.3 Avaliacéo do sequenciamento exdémico global

5.3.1 Métrica das corridas

Em relacdo as métricas das corridas dos exomas avaliados, média de
125X e desvio padrdo de 83. Mais que 96% das regides alvo foi coberta
mais de 10 vezes (minimo de 91%) e mais de 93,5% foi coberta mais de 20

vezes em média (minimo de 84%).

5.3.2 Variantes encontradas no sequenciamento exdmico global

Foram identificadas 2 variantes candidatas distintas em 4 pacientes
de 2 das 7 familias avaliadas (familias 6 e 3). Ambas as variantes sao
inéditas e do tipo mutagcdo de ponto, sendo a variante da familia 6 localizada
em sitio de splicing do gene NR5AL1 e, portanto, do tipo perda de funcéo
(loss of function). A variante da familia 3 foi identificada no gene candidato
DHX37.

A caracterizacdo das variantes candidatas identificadas (predicéo de
patogenicidade pelo SIFT, POLYPHEN e CAAD, escore de conservacao do
nucleotideo pelo GERP, presenca e frequéncia em bancos de dados
populacionais, tipo de heranca — de acordo com a segregacao realizada) e
classificacéo pelos critérios ACMG estdo apresentados na Tabela 8.
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Tabela 8 - Variantes alélicas identificadas por SPLE por exoma em duas familias de pacientes com DDS 46,XY

o
) 3 o 8 "g (1] © g
= a 2 2 s £ g < o
E ==} G ° S = -] 2 (=} =
g % o @ S > o §=l e < ‘S, 2
@ 88 s o 81 3 3 & S s = & 8 ®
k= E o = € e o £ > = al 3 o = K=l
2 4% 2 g 5 B3 5 « X g 8 = g 3 2 2
& o8 8 S = g & 3 S & s S & 2 & o S
36e37 DG (parciale ~ DHX37 AD ~ . Provavelmente
) SRTE) (NM_032656) c.C1784T  p.Ser595Phe  HTZ Nova (matera) 0 D B 24.3 413 Na patogénica PP1,PM2,PP3
101(56;02 Indeterminado %RJAJO s050) CC1133CA HTZ  Nova (ma/gna) 0 D D 252 209 099 Nio Patogénica  PM2,PSV1, PP3

Abreviagdes: HTZ, Heterozigoto; HMZ, Homozigoto; ND, ndo descrito; gAD, gnomAD; ABr, ABRaOM; AS, alelo selvagem

51



Resultados 52

5.3.2.1 Variante ¢.1139-3C>A no NR5A1l identificada por

sequenciamento exémico

A variante ¢.1139-3C>A, localizada em sitio de splicing, foi
identificada por sequenciamento exdmico da familia 6 em dois pacientes
com DDS 46,XY de etiologia indeterminada (o caso indice e seu sobrinho,
representados no heredograma como casos 1.6 e 1.6, respectivamente
(Figura 7).

Foram selecionados para sequenciamento exémico os dois individuos
afetados e a irma do caso indice (representada no heredograma como caso
[1.3). A filtragem inicial foi feita para padrdo de heranca autossdémica
dominante e ligada ao X. Do total de 1045557 presentes nos 3 individuos,
restaram 21 variantes candidatas, todas em genes nao relacionados as vias
da determinacao/ diferenciacdo sexual, exceto a variante ¢.1139-3C>A no

NR5AL, como representado de forma esquematica na Figura 8.

A variante em questdo esta ausente em bancos de dados
populacionais e no banco do SELA. Ela é predita como deletéria pelo
dbscSNV (ADA escore 0,99) e, segundo o Human Splice Finder, ela modifica
o sitio de splicing, sem que um novo seja criado. O gene NR5A1 ndo tolera
variantes com perda de funcdo (loss of function), conforme previsdo no
EXAC (http://exac.broadinstitute.org). Houve segregacdo familiar com o
fendtipo nos individuos 46,XY estudados. Os dados em gquestdo permitem

classifica-la como patogénica.

Apoés a identificacdo da variante, outros individuos da familia foram
estudados por Sanger e a segregacdo confirmou heranca autossomica
dominante de origem materna. Os individuos 46,XX II.1, 11.3 e 1ll.5 sé&o, a
principio, portadores assintomaticos da variante, sendo que as duas
primeiras mantiveram ciclos menstruais regulares ap6s os 40 anos de idade
e a terceira tem 17 anos, com ciclos menstruais regulares. Em nenhum dos

casos ha relato de insuficiéncia da suprarrenal.
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+/-
* *
5 6
+/- +-

Figura 7 - Heredograma da Familia 6. Os quadrados representam os
individuos de sexo social masculino e os circulos aqueles com
sexo social feminino. As figuras preenchidas por preto
representam os individuos com DDS 46,XY. O asterisco marca
agueles estudados por sequenciamento exémico. O gendtipo do
NR5A1 esta representado para aqueles individuos que foram
estudados; +/- representa heterozigoto e -- representa
homozigose para o alelo selvagem

» Variantes presentes nos casos 1.3, 1.6, I1.6 da familia 1
1045557 J
6904 * Variantes com frequéncia < 0,1% em bancos de dados
e Variantes com MAF < 1% no SELA
1306 )
Pl » Exclusdo das sindnimas com dbscSNV < 0,6
M » Selecdo das exdnicas/splice site, sinGnimas com dbscSNV > 0,6
NR5A1
¢.1139-3C>A
Figura 8 - Fluxograma da analise das variantes obtidas por

sequenciamento exdmico na familia 6
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5.3.2.2.2 Variante c.C1784T, p.Ser595Phe no DHX37 identificada

por sequenciamento exdmico

A variante em questao foi identificada por sequenciamento exémico
da familia 3 em dois pacientes classificados como disgenesia gonadal (o
caso indice, paciente 36, com a forma parcial, e seu sobrinho, paciente 37,
com SRTE, casos II.6, 1ll.1 do heredograma da Figura 9) e na irma do caso

indice (individuo I1.5).

Foram incluidos na avaliacdo por exoma o caso indice, seu sobrinho,
a mae e pai deste. A filtragem inicial foi feita para padrdo de heranca
autossébmica dominante materna. Do total de 150455 variantes, ap6s a
devida filtragem, restaram 27 variantes candidatas em genes nao
relacionados as vias da determinacdo/ diferenciacdo sexual, exceto pela
variante em questdo no DHX37, como mostra o fluxograma da Figura 10.
Ainda, a variante foi segregada pelo método de Sanger nos individuos 1.4,

1.7, 11.8 e 1.9, ndo sendo identificada nos mesmos.

A variante em questdo € inédita, é predita como deletéria pelos
algoritmos in silico (Tabela 8), estd ausente em todos os bancos de dados
populacionais e no banco do SELA e o nucleotideo em questdo é
evolutivamente conservado. A segregacdo mostrou padrdo de heranca
autossdmico dominante de origem materna, sendo a mulher (individuo 11.5)

carreadora assintomatica da variante.
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1
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: . 0.

Figura 9 - Heredograma da Familia 3. Os quadrados representam os
individuos de sexo social masculino e os circulos aqueles com
sexo social feminino. As figuras preenchidas por preto
representam os individuos com DDS 46,XY. O asterisco marca
agueles estudados por sequenciamento exémico. O gendtipo do
DHX37 esta representado para aqueles individuos que foram
estudados; +/- representa heterozigoto e -- representa
homozigose para o alelo selvagem.

1:%ss| ¢ NUumero total de variantes
\/ » Variantes presentes nos casos II.5, I1.6, 1ll.1 e ausente no caso )
8983 | 1.4 )
035 * Variantes com frequéncia < 0,1% em bancos de dados
* Variantes com MAF < 1% no SELA
127 )
22 » Exclusdo das sindnimas com dbscSNV < 0,6
* Selecdo das exbnicas/ splice site, sinGnimas com dbscSNV >
27 0,6 )
DHX37
c.C1784T
Figura 10 - Fluxograma da andlise das variantes obtidas por

sequenciamento exdmico na familia 3
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5.4 Fenotipo dos pacientes e descricao das variantes identificadas em

genes ja associados a etiologia dos DDS

Sete variantes distintas classificadas como patogénicas ou
possivelmente patogénicas foram identificadas em genes previamente
relacionados a formacédo testicular (NR5A1, WT1, MAP3K1) em seis casos
esporadicos e nos dois casos familiais da familia 6, todas em heterozigose,
sendo as variantes no gene NRA51 as mais frequentes (5 variantes).
Apenas um destes pacientes foi inicialmente classificado como disgenético
(paciente 22), sendo a maioria classificada como DDS de etiologia
indeterminada por gonadectomia (pacientes 56) e por perfil hormonal
inconclusivo (pacientes 70, 77, 80, casos familiais 101 e 102), além de uma
paciente classificada como tendo deficiéncia da 5ARD2 (paciente 107).
Quatro entre os estes cinco pacientes classificados como DDS de etiologia
indeterminada tém variantes no NR5A1. Nenhum deles possui derivados

Mullerianos.

O paciente 70, no qual foi identificada a variante no WT1
€.1432+4C>T, evoluiu com proteindria nefrotica aos 5 anos de idade e foi
encaminhado para nefrologia pediatrica, sendo submetido a bidpsia renal
que confirmou diagndstico de gromeruloesclerose segmentar focal (GESF).

No paciente 107, com perfil clinico sugestivo de deficiéncia da 5ARD2
(historico de virilizacdo na puberdade e relacdo T/DHT= 44), foi identificada
a variante patogénica ¢.1432+4C>T na MAP3K1 em associacdo a variante
em heterozigose p.Leull3Val no gene SRD5A2 (rs28383048), classificada
como provavelmente benigna. Ndo foram identificadas alterac6es de nimero
de cdpias neste gene. Ainda, a paciente apresenta a variante polimorfica

p.Val89Leu (rs523349) em homozigose.

Outras oito variantes classificadas como de significado incerto foram
identificadas no genes GATA4, CBX2.2, MAP3K1, DHH, WWOX e ZFPM2
em sete pacientes (pacientes 23, 25, 28, 39, 62, 71, 78, 114), sendo quatro

delas identificadas em associacdo a variantes em outros genes relacionados
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a disgenesia. Estes pacientes possuem fenétipos variados incluindo aqueles
com DDS de etiologia indeterminada por perfil hormonal inconclusivo (n= 4)
ou por gonadectomia (n=1), DG parcial (n=1) e SRTE (n=1).

Doze variantes de ponto distintas e uma alteracdo de numero de
copias foram identificadas em genes da diferenciacdo sexual (CYP17A1,
HSD17B3, SRD5A2) em sete casos esporadicos (casos 105, 111, 68, 108,
59, 110, 109) e no caso familial 106 , todas com heranca autossGmica
recessiva. As variantes em genes relacionados a esteroidogénese foram
identificadas em cinco pacientes classificados como DDS por provavel
defeito de sintese de andrégenos (casos 106, 108, 109, 110, 111), dois
pacientes com DDS de etiologia indeterminada por gonadectomia prévia
(pacientes 59 e 68) e um paciente com perfil hormonal inconclusivo (caso
105).

O paciente 105 apresentou virilizagcdo na puberdade associada a
disforia de género (criado no sexo social feminino com identidade de género
masculina), é filho de pais consanguineos (primos de 1° grau) e apresentava
clitoromegalia importante (clitéris 6 cm), orificio perineal Unico e gbnadas
inguinais palpaveis bilateralmente, sem derivados Mullerianos. Avaliacdo
laboratorial mostrou testosterona adequada para o sexo masculino (626
ng/dL). Ao teste de estimulo com hCG verificou-se: testosterona sérica 756
ng/dL, DHT 38 ng/dL, androstenediona 800 ng/dL, permitindo calculo das
relagbes T/DHT=19,6 (aumentada), T/A=0,94 (normal). Embora a relacdo
T/A estivesse normal, neste caso foram identificadas as variantes
c.277+4A > T e c¢.C242T no HSD17B3, em heterozigose composta,

confirmadas no programa IGV (Figura 11).
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Figura 11 - IGV das variantes ¢.C242T e c.277+4A>T no HSD17B3, em
heterozigose composta, identificadas no paciente 105
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5.5 Fenotipo dos pacientes e descricdo das variantes identificadas em

novos genes candidatos a etiologia dos DDS

5.5.1 Gene ESR2

A variante ¢.T1277G; p.Leud426Arg no ESR2 foi identificada em
heterozigose na paciente 3, filha de pais consanguineos, com fenétipo de
disgenesia gonadal completa.

Trata-se de variante alélica nova, ndo encontrada em bancos de
dados populacionais ou no banco do SELA, predita como deletéria, que
altera um nucleotideo evolutivamente conservado. N&o dispomos de

familiares para a segregagao.

O gene ESR2 é expresso nos testiculos desde 8 semanas de vida
embrionaria (1% 112 Foi realizado estudo funcional da variante em
colaboracdo com o grupo da Universidade de Ghent, na Bélgica, coordenado
pela Profa. Elfride De Baere que mostrou, por ensaio de luciferase, que
houve aumento significativo da ativacdo do receptor, independente do

ligante especifico da unidade B do receptor estrogénico (109,

5.5.2 Gene DHX37

Ao todo, variantes patogénicas ou possivelmente patogénicas foram
identificadas em quatro casos esporadicos e em trés casos familiais de duas
familias distintas (a familia 3, estudada por sequenciamento exémico e a
familia do paciente 41, cujo caso indice foi estudado por painel, sendo a

variante posteriormente segregada no demais dos familiares) (113,

A variante p.Arg308GIn, anteriormente identificada em pacientes com
fenédtipo de SRTE (9, foi identificada uma paciente com disgenesia gonadal
parcial (paciente 21), caracterizada por genitalia externa feminina, derivados

Mullerianos ausentes e gonadas disgenéticas.
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A variante p.Arg674Trp que previamente identificada em trés
individuos de uma familia chilena com SRTE (9, foi identificada ndo s6 em
mais um caso esporadico (paciente 44) e um caso familial de origem
argentina (paciente 41) com este fenétipo, como também em uma paciente
com disgenesia gonadal parcial (paciente 28), caracterizada por atipia
genital verificada ao nascimento, pela presenca de derivados mullerianos e
gbnadas disgenéticas. Nesta Ultima paciente, foi também identificada a
variante no GATA4, p.Pro368Arg, classificada como de significado incerto,

de heranca paterna.

Ainda, outras duas novas variantes, a p.Ser595Phe e a p.Thr304Met
foram identificadas em uma familia com dois individuos afetados (paciente
36 com disgenesia gonadal parcial e o paciente 37 com SRTE) e o caso 53,
criado no sexo feminino, gonadectomizado na infancia e, portanto,

classificado inicialmente como DDS de etiologia indeterminada.

Todas as variantes tém baixa frequéncia (< 0,001) ou estdo ausentes
em bancos de dados populacionais, sdo preditas como deletérias pelos
algoritmos de in silico (Tabelas 6 e 7) e alteram nucleotideos conservados
da proteina. A heranca em todos os casos foi autossdmica dominante, de
origem materna (dois casos) e de novo (caso 21), como mostram 0S

heredogramas da Figura 12.
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Caso 41

Caso 44 Caso 28

v oo %

+/-
I i
I +/- Il ;6 +- +-
46,XY /- 1 .
p.Arg674Trp 46, XY

p.Arg674Trp p.Arg674Trp / +/- +/-

Caso 21 Caso 53

79 0 09
Y ”ﬁiDif‘/\

46,XY
p.Arg308GIn -/- -/- p.Thr304Met

46,XY

Figura 12 - Heredogramas dos casos com variantes deletérias no DHX37
identificadas por sequenciamento por painel de genes. Os
guadrados representam os individuos de sexo social masculino
e os circulos aqueles com sexo social feminino. As figuras
preenchidas na cor preta representam os individuos afetados.
A linha diagonal representa os individuos falecidos. O genotipo
do DHX37 estd representado para aqueles individuos que
foram estudados; +/- representa heterozigoto e -/- representa
homozigose para o alelo selvagem.

Seguindo os critérios ACMG, as variantes foram classificadas como
patogénicas (p.Arg308GIn) ou possivelmente patogénicas (p.Arg674Trp,
p.Ser595Phe e p.Thr304Met).
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A Tabela 9 descreve os fendtipos relacionados as variantes, na

totalidade da casuistica da Unidade de Endocrinologia da FM-USP.

Tabela 9 - Frequéncia das variantes patogénicas/provavelmente
patogénicas do DHX37 em toda a coorte da Unidade de
Endocrinologia da FMUSP, de acordo com o fendtipo

Ndmero de pacientes afetados de acordo com a classificagéo

do DDS 46,XY
SRTE
Indeterminad Disgenesia .
ndeterminado gonadal Estudo Prévio (7 Estudo
Atual
Variantes no DHX37
p.Arg308Gin 0 1 4 0
p.Arg674Trp 0 1 1 2
p.Ser595Phe 0 1+ 0 o
p.Thr304Met 1 0 0 0
. .
% In de pacientes 1.8 (1/54) 8 (3/37) 44 (8/18)

afetados

Legenda: o asterisco marca individuos de uma mesma familia com fenétipos diferentes
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As quatro variantes estdo localizados nos dominios conservados da

proteina na regido helicase core que contém o dominio helicase de ligagédo
ao ATP (posi¢cBes dos aminoécidos 262-429) e o dominio helicase c-terminal

(posicao dos aminoacidos 585-674) (Figura 12).

301 VTEPRRVAAV
299 VTEPRRVAAV
303 VTEPRRVAAI
303 CTQPRRVAAM

592 PLYSLLA
588 PLYSLLA
587 PLYSLLA
589 PLYSLLA
—

661 QRAGRAGR Macaca mulatta
658 QRAGRAGR Mus muluscus

656 QRAGRAGR Danio rerio

571 QRAGRAGR Drosophila melanogaster

.Ser595Phe
p.Arg308Gin P
p-Arg674Trp
p.Thr304Met l.
271 l 585 674 768 859 894 1011
4
R ; Dominio Dominio de fungéo
ao ATP/ Helicase, iad d Ve
DEAD/ DEAH C-terminal associado a esconhecida
i Helicase DUF1605
domain
1 1 l 3 1157
p———
303VTEPRRVAAV 595 PLYSLLA 667 QRAGRAGR Human sp

Figura 13 - Desenho esqueméatico da proteina do DHX37 com a

identificacdo dos dominios e a localizacdo das variantes
identificadas. O quadro abaixo mostra que as variantes
envolvem aminoacidos muito conservados entre as diferentes
espécies



Resultados 64

5.6 Comparacdo da frequéncia alélica de variantes deletérias do

DHX37 na coorte de pacientes com DDS 46,XY e na populacao

Com o objetivo de avaliar se ha evidéncia genética entre a associacao
de variantes alélicas deletérias no DHX37 com o fendtipo de disgenesia
gonadal 14 foram selecionadas dos bancos de dados populacionais
(gnomAD e ABraOM) variantes neste gene com caracteristicas similares
aquelas identificadas nos pacientes com DDS 46,XY, de forma a permitir a
comparacao da frequéncia dessas variantes com as da presente coorte.
Assim, foram selecionadas variantes nao sinébnimas com frequéncia alélica
(MAF) de até 0.01, localizadas nos dominios conservados de ligacdo ao ATP
e Helicase C-terminal, que fossem preditas como patogénicas por pelo
menos quatro das ferramentas de predicdo in silico SIFT ©9),
PolyPhen2 (15, Mutation Taster 8, Mutation Acessor ©®7), CADD ©8). Todas

as variantes identificadas estédo em heterozigose.

A frequéncia dessas variantes, tanto na coorte de pacientes com DDS
46,XY quanto na de DDS disgenético, mas principalmente nos pacientes
com SRTE, esté significativamente aumentada em relacdo aos controles dos

bancos de dados populacionais (Tabela 10).
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Tabela 10 - Comparacdo entre a frequéncia das variantes raras e
possivelmente  deletérias localizadas nos  dominios
conservados entre os pacientes da presente coorte e dos
bancos de dados populacionais
Numero de individuos

A com variantes NUumero total Frequéncia
Parametro : L . p
potencialmente de individuos das variantes
deletérias

gnomAD 568 141456 0.4%

ABraOM 1 609 0.2%

DDS 46,XY 11 109 10% <0.001

Disgenéticos 3 37 8% <0.001

SRTE 8 18 44% <0.001
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5.7 Resumo dos achados moleculares

A analise total dos resultados moleculares obtidos pelo
sequenciamento esta resumida na Tabela 11. O diagnostico molecular foi
considerado elucidado nos pacientes nos quais foram identificadas variantes

patogénicas ou possivelmente patogénicas.

Em relagdo aos resultados obtidos por sequenciamento por exoma,
foram identificadas variantes candidatas e diagndésticas em 5 dos 42 casos
indices (11.9%) com disgenesia gonadal, 9 dos 52 indices (17.2%) com DDS
de etiologia indeterminada e em todos os 6 casos indices (100%) com DDS

por provavel defeito de sintese de andrégenos.

Em relacdo aos resultados do sequenciamento por exoma, foram
identificadas variantes candidatas e diagndsticas em 2 das 7 familias
(28.5%), sendo uma das familias com DDS disgenético e a outra como DDS

de etiologia indeterminada.

Nas duas familias classificadas como DDS por provavel defeito de
sintese de androgenos (familia 4, pacientes 113 e 114 e familia 7, paciente
112, por provavel deficiéncia de 5ARD2 e hipoplasia de células de Leydig,
respectivamente) ndo foram identificadas variantes candidatas.
Permaneceram ainda sem diagnostico molecular as familias 1 e 2 (com
fendtipo de disgenesia gonadal) e a familia 5 (classificada como DDS de

etiologia indeterminada).

Dessa forma, totalizando a casuistica, foram identificadas variantes
patogénicas ou possivelmente patogénicas em 6 dos 45 casos indices (13%)
com disgenesia gonadal, 10 dos 54 indices (18.5%) com DDS de etiologia
indeterminada e 6 dos 8 casos indices (75%) com DDS por provavel defeito

de sintese de andrégenos.
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Tabela 11 - Resumo dos achados moleculares obtidos na casuistica de
pacientes com DDS 46,XY

Pacientes
Pacientes com variantes alélicas sem
DDS 46,XY variantes
Numero e ( %) de Numero e (%) de . o
variantes P e PP pacientes com VUS Namero e (%)
Disgenesia gonadal (n=45) 6 (13.3) 6 (13.3) 34 (75.5)
Forma completa (n=16) 0 3(18.5) 11 (78.5)
Forma parcial (n=17) 3(17.6) 3(11.7) 12 (70.5)
SRTE (n=12) 3 (25) 1(8.3) 8 (60)
Indeterminado (n=54) 10 (18.5) 6 (11) 39 (72)
DDS por provavel defeito de 6 (75) 0 0

sintese de andrégenos (n=8)

Total (n=107) 22 (20.5) 13 (12.1) 73 (68.2)
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6 DISCUSSAO

Os pacientes com DDS eram tradicionalmente diagnosticados através
de uma combinacdo de avaliagdo fenotipica e laboratorial endocrinoldgica,
de forma a guiar o diagndstico molecular pela estratégia de gene candidato.
Trata-se de um processo demorado, custoso e muitas vezes sem sucesso
no diagnoéstico molecular final, especialmente nos casos de DDS 46,XY,

particularmente os disgenéticos.

Neste contexto, as técnicas de sequenciamento paralelo em larga
escala emergiram na udltima década como promissoras, propiciando a
determinagdo da etiologia genética precoce nos DDS (€062 Além disso, o
sequenciamento por exoma propicia a identificagdo de novos genes

candidatos aos DDS, como foi o caso do gene DHX37 (79),

De forma inédita no Brasil, o presente estudo avaliou a frequéncia de
diagnéstico molecular em uma coorte de 100 pacientes sequenciados por
painel de genes relacionados aos DDS. Variantes patogénicas ou
provavelmente patogénicas foram encontradas em 20% dos casos.

Esta é a segunda maior coorte de DDS até entdo avaliada por SPLE
por painel. Comparando os resultados obtidos com o dos estudos prévios,
esta € a que obteve um dos menores percentuais de esclarecimento
diagnéstico, em relacdo apenas as variantes identificadas em genes ja
associados aos DDS, especialmente em relagdo aos pacientes com
disgenesia gonadal %63, Neste ponto, cabem algumas ponderacdes em
relacdo aos nossos resultados. Esta € uma coorte que ja foi amplamente
estudada: 71% dos pacientes ja foi sequenciada para alteracdes em pelo
menos um gene associado aos DDS, enquanto nas demais coortes esse

percentual fica entre 30% ©62- 50% €9 dos casos.

Outro aspecto relevante é em relagdo a classificagdo das variantes

dos estudos prévios. Embora os autores coloquem que a classificacdo foi
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feita de acordo com os critérios do ACMG, variantes novas em genes
associados aos DDS e preditas como deletérias pelos algoritmos in silico,
foram consideradas provavelmente patogénicas nestes estudos, muitas
vezes independente da segregacao ter sido ou nao realizada e na auséncia
de estudos funcionais ©9-62), Se seguissemos estes critérios, sete variantes
gue foram identificadas em nossa coorte e que foram rigorosamente

classificadas com VUS, seriam consideradas diagndsticas.

Entretanto, tal conduta pode levar a falsos diagnésticos moleculares.
Como exemplo, a variante no GATA4 p.Pro407GIn (c.C1220A) foi
previamente classificada como deletéria devido a sua associacdo com
cardiopatia congénita, sendo considerada como causadora de DDS por
outros autores 62, Contudo, esta variante foi identificada em dois pacientes
da nossa coorte, ambos sem cardiopatia, como também em outro paciente
sem alteracBes genitais e com puberdade espontanea do banco de dados do
SELA.

Até o momento, apenas quatro variantes comprovadamente
patogénicas por estudo funcional no GATA4 (p.Gly221Arg, p.Cys238Arg,
p.Trp228Cys e p.Pro226Leu), todas localizadas no dominio de ligacdo ao
DNA N-terminal (em dedo de zinco), foram identificadas em individuos com
atipia genital, com ou sem cardiopatia, com grande variabilidade
fenotipica (116 117 As variantes alélicas localizadas fora do dominio de
ligacdo ao DNA do GATAA4 sao causas recorrentes de cardiopatia e parecem
alterar a migragdo da proteina em dire¢cdo ao nuacleo em cardiomiocitos,
justificando os fendtipos encontrados nestes casos (18, Entretanto, em
relacdo a cascata de determinacdo sexual, ndo é possivel dizer o mesmo,
haja visto que variantes alélicas que causam fenétipo de doenca cardiaca
em ratos parecem nao ocasionar fenotipo em gbnadas, pois a reducao da
transcricdo dos diversos promotores do GATA4 pode ser compensada pela

interacéo preservada com o NR5A1(119),
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Assim, tanto a variante p.Pro407GIn como outras variantes no GATA4
identificadas fora do dominio de ligagdo do DNA ndo devem ser

consideradas como deletérias, sem que haja outras evidéncias favoraveis.

Apenas 14% dos pacientes com disgenesia gonadal estudados por
painel tiveram seu diagndstico molecular elucidado no presente estudo,
sendo que a maior parte das variantes foi identificada no DHX37. Entretanto,
das sete variantes identificadas em genes previamente associados a
formacédo testicular, seis foram identificadas em pacientes classificados
como de etiologia indeterminada, nos quais os derivados Mullerianos nao
foram encontrados, e apenas uma delas foi encontrada em um paciente
classificado como disgenético. As variantes no NR5A1 foram as mais
frequentes nesse grupo de pacientes, previamente classificados como de

etiologia indeterminada.

Variantes no NR5A1 sdo uma das causas mais frequentes de DDS
46,XY, com espectro fenotipico variavel, correspondendo a cerca de 10-15%
dos pacientes em diversas coortes, a grande maioria sem insuficiéncia
adrenal 20.121). Em nossa coorte, variantes alélicas neste gene estiveram
associadas a fenoétipos variados, desde disgenesia gonadal completa a
hipospadia perineal isolada, a maioria (5 dos 6 pacientes) sem derivados
Mullerianos*??. Dessa maneira, o diagnéstico molecular propiciou a
classificagdo adequada dos pacientes com disgenesia, orientando quanto ao
seguimento adequado, especialmente em relagdo ao risco de

desenvolvimento de tumor gonadal e o risco elevado de infertilidade futura.

Variantes classificadas como patogénicas ou possivelmente
patogénicas no DHX37 foram as mais frequentes nesta casuistica, estando
presentes em cinco casos esporadicos e em uma familia, sendo a principal
causa de disgenesia gonadal, especialmente de SRTE. Quatro dos seis
casos esporadicos e uma entre as duas familias de pacientes disgenéticos
com diagndéstico molecular possuem uma variante diagnéstica no DHX37.
Além disso, variantes neste gene, antes associadas apenas ao fenétipo de

SRTE, foram também identificadas em pacientes com disgenesia gonadal
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parcial, havendo variabilidade fenotipica inclusive em individuos de uma
mesma familia. Tais dados ratificam que a SRTE faz parte do espectro de
apresentacdo de apresentacdo da disgenesia gonadal (113)

A grande parte dos pacientes com variantes no DHX37 ndo possui
derivados Mullerianos, independente do grau de virilizacdo da genitalia
externa, sugerindo funcéo residual das células de Sertoli durante o inicio do
desenvolvimento testicular. A associacdo dessas variantes com individuos
com genitalia externa masculina e micropénis mostra também funcao
preservada das células de Leydig até pelo menos 12 semanas de vida
intraembrionaria nestes individuos. Estes dados sugerem que o DHX37 tem
um papel importante ndo apenas na determinagdo, como também na
manutencao testicular durante as fases precoces do desenvolvimento

gonadal.

Embora o DHX37 seja um gene que codifica uma proteina composta
por 1.157 aminoacidos, todas as variantes identificadas estao localizadas em
dois dominios muito conservados entre as diferentes espécies (0 dominio de
ligacdo ao ATP e o dominio helicase C-terminal). Todas as trocas de
aminoacidos nestes dominios foram preditas como deletérias por diversas

ferramentas de predicéo in silico.

Assim, o presente estudo fornece diversas linhas de evidéncias
genéticas que indicam que variantes no DHX37 estdo associadas ao
espectro da disgenesia gonadal 46,XY (14  Primeiramente, as variantes
segregam com o fendtipo com padréo de heranca autossdmico dominante
na maior parte das familias e duas variantes de novo (caso 21 deste estudo
e o caso chinés-americano previamente reportado pelo grupo (/9). Ainda,
fornecemos evidéncia estatistica do tipo caso-controle ao verificar a
frequéncia de variantes deletérias nos dominios conservados do DHX37 foi
significativamente maior entre o0s pacientes com disgenesia gonadal,
especialmente no individuos com SRTE de toda a casuistica em relagéo a
dos bancos de dados populacionais (44% versus 0.4% e 0.2% nos bancos

do gnomAD e ABraOM, respectivamente).
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O DHX37 emerge como um importante gene na etiologia disgenesia
gonadal, sendo suas variantes deletérias responsaveis por uma frequéncia
que segue a do NR5A1 em toda a casuistica da Unidade de Endocrinologia
do Desenvolvimento da USP (2% 123) (129% e 10% dos pacientes com

disgenesia gonadal, para o NR5A1 e o DHX37 respectivamente).

Nossos dados foram corroborados pelos achados de uma coorte de
pacientes europeus, na qual foram identificadas as mesmas variantes
p.Thr304Met (n=2), p.Arg308GIn (n=5), além de outra variante envolvendo
troca de diferente aminoacido na mesma posicao Arg674 (Arg674GIn; n=2) e
mais outras quatro variantes distintas no DHX37, todas nestes mesmos
dominios 124, em associagdo com fendtipo de disgenesia gonadal (11% da
casuistica de pacientes disgenéticos) e de SRTE (25% destes pacientes).

O gene ESR2 se tornou candidato a etiologia dos DDS apés a
identificacdo por sequenciamento exémico global por Baere et al de duas
variantes neste gene, a p.Asnl81ldel em homozigose e a p.Gly84Val em
heterozigose, em um paciente sindrébmico com genitélia externa feminina,
sem derivados Mullerianos e em outro paciente com disgenesia gonadal
parcial 46,XY, respectivamente (109 Além disso, variantes alélicas
polimérficas foram associadas a ocorréncia de hipospadia (125128 A
identificagcdo de uma terceira variante no estudo atual, a p.Leud426Arg,
motivou um estudo em colaboracdo com este grupo para avaliagéo
funcional. Estudos prévios mostraram que ha expressdo do ESR2 em
gbnadas embrionarias 1. As variantes em questdo estdo presentes em
baixa frequéncia ou ausentes em bancos de dados populacionais, estao
localizadas em dominios importantes da proteina (dominio altamente
conservado do ER- de ligacdo ao DNA, dominio N terminal e dominio de
ligacdo ao ligante, respectivamente) e sdo preditas como deletérias pelos
algoritmos de predicdo in silico. A andlise estrutural das variantes
p.Asnl81ldel e p.Leud426Arg demonstra haver impacto na conformagéo da
proteina (129, A avaliacdo do impacto na atividade de transcricdo por ensaio
da luciferase mostrou que houve aumento significativo da ativagao,

dependente do ligante, no caso da variante p.Asn181del, e independente do
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ligante, para a variante p.Leu426Arg. Postula-se que o ESR2 interaja com a
via MAPK, que esta envolvida na via da determinacdo sexual, através de via
nao gendmica. Os receptores estrogénicos, como receptores nucleares,
possuem uma via alternativa de ativacdo, independente de ligante, que
envolve a interacdo com outros fatores de transcricdo. Ja foi mostrado que o
ER-B pode ativar a via MAPK em células humanas do céncer colo retal.
Assim, as variantes levariam a hiperativagédo da via alternativa do ER-3 com
consequente aumento da via da MAPK, alterando o balango entre SOX9 e [3-
catenina, resultado em hipoexpressdo do SOX9 e faléncia do
desenvolvimento testicular, de forma similar ao que ocorre com as variantes
ativadoras da MAP3K1 que ocasionam fenétipo de disgenesia gonadal (129,
O ESR2 emerge como gene associado a etiologia do DDS 46,XY. Nossa
variante permanece como de significado incerto, por ndo ter sido possivel

realizar a segregacao familiar.

O gene CBX2 ja esta sabidamente associado a disgenesia gonadal e
possui seus alvos e suas funcbes dentro da cascata da determinacdo
testicular ja estdo estabelecidos (2 8. 130) No presente estudo, identificamos
uma variante em heterozigose na isoforma 2 (CBX2.2), p.Cysl54Alafs*62
em um paciente com disgenesia gonadal parcial. Outra variante nesta
mesma isoforma p.Cys132Arg havia sido previamente identificada durante
estudo de tese de doutorado da aluna Camila Gomes 31 em outro paciente
com disgenesia gonadal parcial. A identificacdo dessas variantes motivou o
estudo em colaboragdo com Biason-Lauber. Foram avaliados os possiveis
alvos dessa isoforma através de ferramentas de avaliacdo de anélise de
ontologia génica, e realizado o estudo funcional para avaliar o impacto
dessas variantes nestes alvos, quantificando a expressao destes alvos por
PCR em tempo real (RT-gPCR). Assim, as variantes falham na ativacdo dos
alvos EMX2, HOXA13 e MAK, apresentando comportamento similar aos
controles negativos e muito abaixo do controle com alelo selvagem,

indicando o possivel papel do CBX2.2 na cascata da determinacdo sexual
(132).
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O sequenciamento paralelo em larga escala ndo sé permitiu a
identificacdo de novos genes como também de mais de uma variante em
genes associados ao DDS 46,XY sugerindo que herancas oligogénicas
poderiam ser a base de variacbes fenotipicas como as observadas no
hipogonadismo hipogonadotréfico congénito €0 62 133) e na insuficiéncia

ovariana prematura (85 134),

Em cerca de 4% dos pacientes com DDS 46,XY da maior coorte
previamente avaliada, foram identificadas variantes oligogénicas, sendo
todos eles classificados como DDS de etiologia indeterminada (o que inclui
aqueles pacientes com hipospadia isolada) 2. Variantes no gene AR foram

as mais comuns nesta coorte, em associacéo a defeitos em outros genes.

Na presente coorte, foram identificadas 10 variantes em cinco
pacientes (5% dos pacientes) envolvendo mais de um gene relacionado ao
DDS. Nossa casuistica ndo incluiu pacientes com defeitos no gene AR, uma
vez que estes foram previamente estudados pelo sequenciamento por
Sanger. A maior parte dos defeitos digénicos foi identificada em genes

associados a formacao testicular.

Outros estudos também reportaram seus achados oligogénicos,
embora em um numero menor de pacientes, de forma a buscar variantes
que justificassem os diferentes fendtipos em pacientes com variantes no
NR5A1 (135 e GATA4 (17, Postula-se que a baixa correlacdo gendtipo-
fendtipo relacionada as variantes do NR5A1 e aos dominios em que se
localizam possa se dever a variantes em outros genes moduladores do
fendtipo. Mazen et al identificaram a variante ¢.C937T; p.Arg313Cys no
NR5A1, de novo, em um paciente com disgenesia gonadal, com
subvirilizagdo importante da genitdlia. Esta mesma variante havia sido
descrita em um paciente com hipospadia isolada *33). A identificacdo de uma
variante na MAP3K1, de origem materna, foi considerada como possivel
modulador do fenétipo, a despeito de ser predita como benigna pelo
PolyPhen e ndo haver estudo funcional. Werner et al identificaram a variante

p.Tyr211Thrfs*83 no NR5A1 em um paciente com disgenesia gonadal
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completa e em seu irmédo com disgenesia gonadal parcial. A variabilidade
fenotipica foi atribuida a uma variante no gene candidato TBX2, encontrada

apenas no primeiro, de heranca materna (36),

O paciente 77 desta coorte € portador da mutacdo p.Gly26Val no
NR5AL, e da variante p.Ala492Pro de significado incerto do DHX37. A
variante p.Gly26Val no NR5A1 é nova, porém variantes localizadas no
mesmo dominio da proteina, de ligacdo ao DNA, estdo comumente
associadas a quadro de subvirilizacdo importante da genitalia (137 138),

Outro exemplo, todos os pacientes de nossa coorte que sao
carreadores da variante p.Arg674Trp no DHX37 tém um fenétipo de SRTE,
exceto o paciente 28 com disgenesia gonadal parcial e genitalia externa
atipica pouco virilizada, que também tem uma variante de significado incerto

em heterozigose no GATA4 .

Embora seja dificil provar o papel dessas diferentes variantes no
fenotipo do DDS (17:139)  estudos em animais transgénicos mutantes para as

variantes sao necessarios para comprovar uma relacdo de causa e efeito.

Embora na maior parte (75%) dos pacientes com DDS por provavel
defeito de sintese de androgenos fossem identificadas variantes deletérias
nos genes relacionados ao diagndstico em questdo, em uma paciente com
fendtipo sugestivo de deficiéncia da 5ARD2 foi identificada uma variante
patogénica no gene da MAP3K1 associada a uma variante classificada como
provavelmente benigna em heterozigose na SDR5A2, além do polimorfismo
p.Val30Leu em homozigose neste mesmo gene. Este polimorfismo esta
associado ao decréscimo da atividade enzimatica da 5-alfa redutase em
30% (139) e é provavel que, por estar em homozigose, tenha contribuido para

o fenotipo de deficiéncia da 5a- redutase tipo 2 .

As alteragBes de numero de cépias (copy number variations, CNVSs)
sdo responséaveis por menos de 10% da etiologia genética dos pacientes
nao sindromicos com DSD 46, XY e por um percentual maior de pacientes
sindrdmicos que foram estudados por hibridizacdo gendmica comparativa de

matriz (aCGH) @3, Sabe-se que o sequenciamento exdémico global tem o
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potencial de detectar CNVs nas regifes de codificacdo, mas um numero
limitado de métodos foi desenvolvido para a anélise de CNVs em dados de
sequenciamento paralelo em larga escala por painel de genes 9, A
aplicacdo do software CONTRA nos dados do painel e identificou uma
duplicacdo no CYP17A1 em um paciente com deficiéncia de 17a-hidroxilase,
com genotipo prévio incompleto. Nenhuma outra alteracdo de numero de

copias foi identificada nos demais pacientes da casuistica.

O grande numero de pacientes que ainda permanece sem um
diagndstico molecular, incluindo as familias com fenétipo de hipoplasia das
células de Leydig e de deficiéncia de 5 a- redutase tipo 2, indicam que
mecanismos ou vias que ndo sdo avaliadas ou ndo foram suficientemente
avaliadas por estas técnicas, tais como variantes ndo exonicas, variantes em
genes ainda desconhecidos, além de fatores epigenéticos e ambientais,

podem ser as causadoras dos fenotipos em questao.
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7 CONCLUSOES

1. O presente estudo representa a primeira coorte brasileira de pacientes
com DDS 46,XY avaliados por SPLE. Foram encontradas variantes
alélicas patogénicas ou possivelmente patogénicas em 20.5% dos

pacientes.

2. Pacientes com DDS 46,XY nao disgenético, classificados como DDS por
provavel defeito de sintese de andrégenos, tiveram os melhores
resultados diagnosticos (75%), permanecendo a maior parte dos
pacientes com DDS disgenético sem etiologia molecular, o que indica a
presenca de mecanismos ou vias que ndo foram avaliadas ou

desconhecidas.

3. Os achados reforcam que variantes no DHX37 sdo uma nova e
frequente causa de DDS 46,XY disgenético, especialmente da SRTE e
indicam que este gene participa ndo soO da diferenciagdo como também

na manutencao testicular.
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Anexo 1

HOSPITAL DAS CLINICAS DA FACULDADE DE MEDICINA DA
UNIVERSIDADE DE SAO PAULO-HCFMUSP

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

DADOS DE IDENTIFICAGCAO DO SUJEITO DA PESQUISA OU RESPONSAVEL LEGAL

L N O Lo ittt e e e e et e e et et e e et e ettt ettt aeeeeta e reataetattaaatraaaaaerans

NOME DO PAL: ettt ettt et ettt e et e et et et e e e e et et et et et et ete et eae et e et e eee e s e et e et e et e et e et et eee et eeeaeeene
NOME DA MAE: ..ottt ettt et ettt ettt et et et et et e et e te e e e e e et e et e et e et et eeeeetereeaeeee et e et e et e e et eeeee e
DOCUMENTO DE IDENTIDADE NO : v SEXO: MoFao

DATA NASCIMENTO: ........ Lo, oo,

ENDEREGCO........coceieieiteeeeeeeeeteeieesenesesen s s s s esan s s ssesssssen s No......... APTO: oo,

BAIRRO ..ot eeeee et CIDADE. ...ttt ettt eeee e

DADOS SOBRE A PESQUISA

1. TITULO DO PROTOCOLO DE PESQUISA

Estudo dos genes relacionados ao distirbio do desenvolvimento
sexual

PESQUISADOR : Berenie Bilharinho de Mendonca
CARGO/FUNCAO: Professora titular

INSCRICAO CONSELHO REGIONAL No 20305
UNIDADE DO HCFMUSP: Endocrinologia

3. AVALIACAO DO RISCO DA PESQUISA:

RISCO MiNIMO [ RISCO MEDIO [

RISCO BAIXO [ RISCO MAIOR [

4.DURACAO DA PESQUISA : 2 anos

Rubrica do sujeito de pesquisa ou responsavel Rubrica do pesquisador.
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HOSPITAL DAS CLINICAS DA FACULDADE DE MEDICINA DA
UNIVERSIDADE DE SAO PAULO-HCFMUSP

Em qualquer etapa do estudo, vocé terd acesso aos profissionais responsaveis pela
pesquisa para esclarecimento de eventuais ddvidas no endereco: LIM 42 do Hospital das
Clinicas da Universidade de Sao Paulo, localicado na rua Eneas de Carvalho Aguiar, 255
Sao Paulo/SP.Telefone(s) 11 26617512. Se vocé tiver alguma consideragdo ou duvida
sobre a ética da pesquisa, entre em contato com o Comité de Etica em Pesquisa (CEP) —
Rua Ovidio Pires de Campos, 225 — 50 andar — tel: 2661-6442 ramais 16, 17, 18 — e-mail:
cappesgq@hcnet.usp.br.

E garantida a liberdade da retirada de consentimento a qualquer momento e deixar de
participar do estudo, sem qualquer prejuizo a continuidade de seu tratamento na Instituicao.
As informacgbes obtidas serdo analisadas em conjunto com outros pacientes, ndo sendo
divulgado a identificagcéo de nenhum paciente.

Rubrica do sujeito de pesquisa ou responsdvel Rubrica do pesquisador.

HOSPITAL DAS CLINICAS DA FACULDADE DE MEDICINA DA
UNIVERSIDADE DE SAO PAULO-HCFMUSP

Acredito ter sido suficientemente informado a respeito das informagfes que li ou que foram
lidas para mim, descrevendo o estudo” Eu discuti com o Dr. Berenice B Mendonga sobre a
minha decisdo em participar nesse estudo. Ficaram claros para mim quais sao os propdsitos
do estudo, os procedimentos a serem realizados, seus desconfortos e riscos, as garantias
de confidencialidade e de esclarecimentos permanentes. Ficou claro também que minha
participagdo é isenta de despesas e que tenho garantia do acesso a tratamento hospitalar
quando necessario. Concordo voluntariamente em participar deste estudo e poderei retirar o
meu consentimento a qualquer momento, antes ou durante o mesmo, sem penalidades ou
prejuizo ou perda de qualquer beneficio que eu possa ter adquirido, ou no meu atendimento
neste Servico.

Assinatura do paciente/representante legal Data [/ /

Assinatura da testemunha Data [/ |/

para casos de pacientes menores de 18 anos, analfabetos, semi-analfabetos ou portadores
de deficiéncia auditiva ou visual.

Declaro que obtive de forma apropriada e voluntaria o Consentimento Livre e Esclarecido
deste paciente ou representante legal para a participagédo neste estudo.

Assinatura do responsavel pelo estudo Data [/ /
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Anexo 2 — Fenétipo dos pacientes com DDS 46,XY disgenético
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1 F 17 Feminina  Normal 2 Feminina ~ Abdominais ~ Feminina Completa  Disgenéticas 25* ND 13 51 N&o Néo DMRT1,FGF9, FGFR2
SRY,NR5A1,DMRT1
2 F 22 Feminina  Normal 2 Feminina Abdominais Feminina Completa  Disgenéticas <14* ND 17 74 Ndo Néo
GATA4,FGF9,FGFR2
SRY, DMRT1
3 F 24 Feminina  Normal 2 Feminina Abdominais Feminina Completa  Disgenéticas <14 ND 9 41 Ndo Sim
GATA4,FGF9,FGFR2
SRY, DMRT1
4 F 23 Feminina  Normal 2 Feminina Abdominais Feminina Completa  Disgenéticas 35 ND 21 76 Ndo Néo
GATA4,FGF9,FGFR2
SRY,NR5A1,DHH, DMRT1
5 F 19  Feminina  Normal 2 Feminina Abdominais Feminina Completa  Disgenéticas 14 ND 14 75 Ndo Néo
GATA4,FGF9,FGFR2
6 F 21 Feminina  Normal 2 Feminina Abdominais  Feminina Completa ~ Dsgenéticas <14* ND 11 38 Sim Sim SRY
SRY,NR5A1,DMRT1
7 F 45  Feminina 2,5¢cm 2 Feminina Abdominais Feminina Completa  Disgenéticas <14* 14 14 57 Ndo Néo
GATA4,FGF9,FGFR2
8 F 13 Feminina  Normal 2 Feminina Abdominais  Feminina Completa  Disgenéticas 38 ND 34 107 Nédo Nao SRY
DMRT1
9 P ND  Feminina  Normal 2 Feminina Abdominais Feminina Completa Ausentes ND ND 11 42 Nao Néo
GATA4,FGF9,FGFR2

continua
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Anexo 2 — Fendtipo dos pacientes com DDS 46,XY disgenético (continuacao)
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SRY,NR5A1,DHH, DMRT1
10 F 23  Feminina  Normal 2 Feminina Abdominais Feminina Completa  Disgenéticas 22 ND 22 64 Néo Nao
GATA4,FGF9,FGFR2
11 F 15,5 Feminina  Normal 2 Feminina Abdominais Feminina Completa  Disgenéticas <11 ND 25 103 Nao Nao
12 F 25 Feminina  Normal 2 Feminina Abdominais Feminina Completa  Disgenéticas 55 ND 37 57 Nao Ndo SRY, FGF9, FGFR2,GATA4
13 F 10,6 Feminina  Normal 2 Feminina Abdominais Ausente Ausentes 22 ND 08 64 Nao N&o
DMRT1
14 F 22 Feminina  Normal 2 Feminina Abdominais Feminina completa ~ Disgenéticas <14* ND 17 74 Nao N&
GATA4, FGF9,FGFR2
17 F 25 Feminina  Normal 2 Feminina Ausentes Feminina completa Ausentes <14* ND 43 97 (SF'T) Sim SRY, NR5A1
18 F 18 Feminina  Normal 2 Feminina Abdominais Feminina completa ND ND ND ND ND (SF"zn) Nao SRY, NR5A1
19 F 56 Feminina  Normal 2 Feminina Abdominais Feminina completa ND ND ND ND ND (SF'?) Néo
8,5¢cm , Sim
20 M 47  Atipica 30) 2 Perineal Ausentes Utero Ausentes 25 ND 15 56 (F2) Nao SRY

continua
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Anexo 2 — Fendtipo dos pacientes com DDS 46,XY disgenético (continuacao)
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21 F 7,7 Feminina  Normal 2 Abdominais Ausentes Disgenéticos 16 ND <01 49 Nio Néo
2 F 1 Atpica  2em 1 Perineal  Crandes Utero Testioulos o5 \p 30 88 Nao  Nao SRD5A2
labios infantis
8cm Disgenéticos NR5A1, SRY, DMRT1,
24 M 23 Atipica 1 Perineal Inguinais Utero 420 ND 34 72 Nao Néo
(-33) T””‘G‘” de cel. GATA4, FGF9, FGFR2
erm
5cm , NR5A1, SRY, DMRT1,
23 M 34 Atipica 1 Perineal Abdominais Utero hipoplasico Ausentes 75 120 10 78 Nao  Sim
(-5,2) GATA4, FGF9, FGFR2
Cirurgia : GATA4, FGF9, FGFR2
24 F 43 Atipica A 2 Abdominais Utero Disgenéticos 324 ND 32 52 Ndo Néo
prévia SRY, NR0OB1, DMRTT,
Cirurgia Topico (E) . SRY, DMRT1,GATA4
25 M 4 Atipica L 1 Utero Disgenéticos 42 493 ND ND Néo Néo
previa Ausente (D) FGF9, FGFR2
2cm Inguinal (D)
26 M 1,7 Atipica 1 Tépica Ausentes Ausentes <14 211 ND ND Ndo Néo AR
(-3,3) Ausente (E)
EsM o o o Testiculos
27 27 Atipica  C'urgid  Cirurgia - Cirurgia o orevia Utero infantis ND ND ND ND Ndo Néo AR
prévia prévia prévia
(17anos) (aos 2 anos)

continua
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Anexo 2 — Fendtipo dos pacientes com DDS 46,XY disgenético (continuacao)
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. GATA4, FGF9, FGFR2
28 F 3,7  Atipica 3cm 2 Perineal ~ Abdominais Utero Disgenéticos 25 337 ND ND Nao Néo
NR5A1, SRY, DMRT1
NR5A1, SRY, NROB1,
4,5cm <14 DMRT1
29 M 7.4 Atipica 1 Perineal Abdominais Ausentes Disgenéticos ~ <14* N ND ND Nao Nao
(-1,7) GATA4, FGF9, FGFR2
it Yt Yt , NR5A1, SRY, DMRT1,
0 M 16 Afpica Cruwda  Ciurgia - Ciurgla o o orsvia Utero ND ND ND ND ND Nio Nao
previa previa previa GATA4, FGF9, FGFR?2
GATA4, FGF9, FGFR2
31 F 1,8 Atipica 3,5¢cm 1 Perineal ~ Abdominais Utero ND 14* 107 <06 27 Nao Néo NR5A1, SRY, NROB,
DMRT1
3cm
32 M 7 Masculina 32) 1 Tépica Ausentes Ausentes Disgenéticos ND ND ND ND Sim Néo
4,2cm Inguinal (E) , SRY, DMRT1, GATA4,
33 M 5 Atipica 1 Perienal Utero ND <14 509 <0,6 <10 Nao Nao
(-2,0) Tépica (D) FGF9, FGFR2
2,3cm .
34 M 43 Atipica (35) 1 Perineal Abdominais Utero Disgenéticos <14 189 <0,6 3 Nao Nao SRY

continua
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Anexo 2 — Fendtipo dos pacientes com DDS 46,XY disgenético (continuacao)
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2cm SRY, DMRT1, GATA4,
3B M 0,1 Atipica 1 Perineal Abdominais ND Ausentes 310 ND ND ND Nio Nao
(-3,75) FGF9, FGFR2
- irurai Disgenético (D ; DMRT1, GATA4,
3% F 189 Afipica  Cruiga 1 Curgia o ominais Ausentes S ) ND ND ND O™ N
prévia prévia Ausente (E) (F3) FGF9, FGFR?2
34cm Sim SRY, DMRT1, GATA4,
3r M 9 Masculina 1 Tépica Ausentes Ausentes Ausente <14 ND 19 43 F3 Nao
(-2,9) (F3) FGF9, FGFR2
12cm**
38 M 35  Masculina 08) 1 Tépica Ausentes Ausentes Ausente 219" ND 18 43  Ndo Néo
6,2cm
39 M 25  Masculina 44) 1 Tépica Ausentes Ausentes Ausente 14 17 18 44  Nao Néo
5cm
40 M 15,7 Masculina (52) 1 Tépica Ausentes Ausentes Ausente 10 ND 46 90 Nao Nao
41 M 0.1 Masculina 1 Tépica Ausentes Ausentes Ausente 38 40 <05 NA Sim Nao
4,5cm
42 M 4 Masculina 20) 1 Topica Ausentes Ausentes Ausente <10 ND 10 104 Ndo Nao SRY

continua
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Anexo 2 — Fendtipo dos pacientes com DDS 46,XY disgenético (conclusao)
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NR5A1, NROB1, GATA4,
43 M 5 Masculina ND 1 Tépica Ausentes Ausentes Ausentes ND ND ND ND ND ND
FGF9, FGFR2
M>F 5,5cm
4 a7 30 Masculina 1 Topica Ausentes Ausentes Ausente 29 ND 10 40 Nao Nao AR
anos) (4.8)
8cm
45 M 37 Masculina 33) 1 Topica Ausentes Ausentes Ausente ND ND ND ND ND ND SRY
. 6,5cm ]
46 M 20 Masculina (425 1 Topica Ausentes Ausentes Ausente 24 ND 21 45  Néo Néo
i 3cm )
47 M 7 Masculina 32) 1 Topica Ausentes Ausentes Ausente <14* ND <06 <1,0 Nao Néo
3,9cm
48 M 21 Masculina (58) 1 Tépica Ausentes Ausentes Ausente <14 ND 15 46 Nao Nao

Legenda: Idade cronolégica, IC; Feminino, F; Masculino, M; N&ao disponivel, ND.
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Anexo 3 - Fenotipo dos pacientes com DDS 46,XY de etiologia indeterminada
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49 M 4 (-05) Perineal Inguinais < 0,3 2,6 ND ND ND Nao Nao SRY
4
50 M 1,3 (-0,87) Perineal Inguinais <11 <0,1 <1,0 342 55 6 Nao Sim AR
51 M 1,9 (31’%) Perineal Inguinais <14 <0,6 <1,0 315 21 3,7 Nao Nao AR, NR5A1
4.2 Cirurgia . « <
52 M 13 (56  préva Inguinais 101 08 18 ND ND 17 N&o N&o AR, NR5AT
53 F go Ciurga Cinrgia o ey ND ND ND ND ND ND Nao Nao AR, NR5AT
prévia prévia
3,3cm o . ~ i
54 M 31 (26) Glandar Retrateis 48 <0,6 <1,0 336 8,4 5,6 N&o N&o AR, NR5A1
55 F 0.2 15  Perineal  Grandes labios <10 3 12 183 166 92 N3o Nao AR, NR5A1, MAMDL1, NROB1
F>M . . . .
56 323009 32 Cp';g;?:’ %‘[Z;?f Cirurgia prévia ND ND ND ND ND ND Nao Nao AR, NR5A1
anos
57 M 23 (62'2) Perineal  Cirurgia prévia 20 52 43 ND ND ND Néo Sim LHR
. " . i AR, NR5A1, SRD5A2, SRY,
58 F 0,2 1cm Topica Grandes labios 37 ND ND 86 ND ND N&o Na HSD1783
F>M Tl Sl
59 A Cp';g;?;a %';g\r/?;a Cirurgia prévia ND ND ND ND ND ND Nao Nao AR
anos

continua
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Anexo 3 - Fenétipo dos pacientes com DDS 46,XY de etiologia indeterminada (continuagéo)
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60 M 22 ?§i$ Perineal Tépicas 674 515 42 ND 12 ND Néo Nao AR
61 M 1 ND Perineal ND ND ND ND ND ND ND Néo Nao NR5A1, AR
62 M 2,3 ?ﬁﬁg Perineal Retratéis <11 <0,6 <1,0 174 ND 4.4 Nao Nao AR
63 M 2 (?ST) Perineal Tépicas ND ND ND ND ND ND N&o Nao SRY
opica irurgia prévia 0 im -
64 M 12 (_510;“7) Topi Cirurgia prévi ND ND ND ND ND ND N3 Si
65 F g~ Cruga Cirurgia o brevia ND ND ND ND ND ND Nao Sim NR5A1, AR, HSD17B3
prévia  prévia
0,1 2,2cm
' : i inai 6 ND 29 8 Na Na -
66 M 22 (3.25) Perineal Inguinais 250 0,3 a0 30
67 F 25 2cm Perineal Inguinais 13 6,6 <2,0 146 17 ND Nao Nao AR, NR5A1
68 F g5~ Curga  Cirga o o i ND ND ND ND ND ND Nao Sim AR, NR5A1
prévia  prévia
69 M 7 ?;gc;')‘ Perineal Inguinas <1 <06 <10 19 11 193 Nao  Nao :
4,5cm . Inguinal (D) N N
I <11 1 44 496 24 12,4 N N AR
70 M 1,8 (-0.25) Perinea Topica (E) ’ ’ a0 30
71 M 12,9 (_%CE.)) Perineal  Criptorquidia bilateral 619 3,3 7 ND ND ND Néo Nao AR
7
72 M 12 o Capy Tépicas 4 <06 <10 TAT 41 68  Nao Nao -
(-3,9)  peniano

continua
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Anexo 3 - Fenotipo dos pacientes com DDS 46,XY de etiologia indeterminada (continuacdo)
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73 M 23 (7:?) Perineal  Criptorquidia bilateral 880 14,6 51 ND ND ND Nao Nao AR
1,5¢cm . " . .
74 M 1 (35) Perineal Tépicas <11 0,2 1,2 202 119 4 Nao Sim AR, SRY
3cm . -~ N .
75 M 0,2 (35) Perineal Tépicas ND ND ND ND ND ND Nao Nao -
76 M 02 (_31°;“2) Perineal Topicas 39 38 23 ND 4 63  Nio Nao AR, SRY
3cm ) Topica (E)
77 M 0,3 Perineal ) 350 ND ND ND 12,5 ND Néo Nao -
(-1,2) Inguinal (D)
78 M 6 (2%) Topica Inguinais <12 01 25 ND ND ND N&o Nao -
3cm . - - .
79 M 1 (3.0) Perineal Tépicas <12 <0,1 0,9 ND ND ND Nao Sim -
2,6cm . - i N
80 M 0,1 -16) Perineal Tépicas 36 4.6 10,3 ND ND ND Nao Nao -
3cm . L N x
81 M 04 “11) Perineal Tbpicas <12 14 1,7 ND ND ND Nao Nao -
3,5cm
82 M 0,8 Corpo Tépicas <12 ND ND ND ND ND Nao Néo -
(-1,0)  peniano
3,5cm . - N N
83 M 0,1 0 Perineal Tbpicas 157 2 7,6 ND ND 3,1 Nao Nao -

continua



Anexos

92

Anexo 3 - Fenotipo dos pacientes com DDS 46,XY de etiologia indeterminada (continuacdo)
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3,0cm . - ~ ~
84 M 0,7 -16) Perineal Tépicas <12 0,4 <0,6 ND ND ND Nao Nao -
4,5cm . L ~ ~
85 M 14 (1.72) Perineal Tépicas 31 1,3 39 ND ND ND Nao Nao -
3,2cm . . - ~
86 M 0,3 (-1.87) Perineal Tépicos 394 ND ND ND ND Néo Nao CYP21A2
87 M o1 2™ prineal Inguinal (D) 50  ND ND 785 53 72 Nao Néo NRSA1, AR
(-1,3) Topico (E)
88 M 59 (3§ rg) Perineal Topicos <11 ND ND 512 75 51 N&o Nao NR5A1, AR
4,8cm ) . - .
89 M 3,9 07) Perineal Inguinais <11 2,8 3,7 352 14 ND Nao Nao NR5A1, AR
90 M 6,7 :fg; Perineal Tépicas <11 1 1,7 248 413 ND Nao Nao NR5A1, AR
91 M 15 (23“;) Perineal Topicas <4 <10 <06 676 ND 96  Nio Néo NRSA1, AR
92 M 37 (23C rg) Perineal Topicas <14 ND ND 415 11,8 2 N&o Nao NR5A1, AR
93 M Perineal Topicas ND ND ND ND ND ND Néo N&o -
94 M 6.4 ‘IEC(;‘; Perineal Topicas <14 ND ND 168 57 34 Nio Néo -
3,5cm . L ~ ~
95 M 74 27) Perineal Tbpicas 418 3,3 6,4 ND 2,24 4,6 Nao Nao AR

continua
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Anexo 3 - Fenotipo dos pacientes com DDS 46,XY de etiologia indeterminada (Conclusao)
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8,5cm Corpo - < <
96 M 14,9 . Tépicos <14 <0,6 <1,0 92 ND ND Nao Nao -
(-3,2)  peniano
97 M 0,6 2em Perineal Tépicos <12 0,2 <1,0 637 13 2,1 N&o N&o AR, NR5A1
(-2,8)
3,5cm . - N N
98 M 1 4.1) Perineal Tépicos <14 <0,6 <1,0 366 1,9 7,3 Nao Nao AR
99 F 28 ND Feminina Abdominais ND ND ND ND ND ND Néo Sim NR5A1, AR
1,5cm Inguinal (D) Sim
100 M 0,1 Perineal 38 <0,6 47 ND ND ND Nao AR, LH
(-5,0) Topca (E) (F5)
F>M 4,7cm Sim
101 17 Perineal  Criptorquidia bilateral 148 35 48 137 47 1,34 Nao AR
(17 anos) (-5,3) (F6)
3,8cm Sim
102 M 1,3 Perineal Inguinais <11 <1,0 <0,1 125 ND ND Nao
(-1,1) (F6)
3,5cm Sim
103 M 0,3 (05) Perineal Tépicos 162 2,4 24 1031 5 20 (F5) Nao
5,5cm Sim
104 M 9 Perineal Inguinais 79 <1,0 <0,1 83 ND ND Nao -
(-0,8) (F5)
105 “ 5F :\fos) 6cm Perineal Inguinais 626 74 13 756 19 0,94 Nao Sim SRD5A2, AR, NR5A1

Legenda: Feminino, F; Masculino, M; N&o disponivel, ND; Testosterona, T; Diidrostestosterona, DHT; Androstenediona, A; Direito, D; Esquerdo, E
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Anexo 4 - Fenotipo dos pacientes com DDS 46,XY com provavel defeito de sintese de andrégenos
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106 F 17 Feminina 2 Abdominais <11 19 27,4 ND ND ND Sim N&o CYP17A1
107 F 12 4cm 1 Perineal  Abdominais 378 17 41 ND 444 1,68 Né&o Né&o SRD5A2
108 F 17,7 3,8 2 Inguinais 451 78 23 647 21 10,6 N&o N&o -
2cm
109 M 0,1 1 Perineal Tépicos 317 04 1,3 ND 28,8 ND N&o N&o -
(-3,75)
110 F 0,1 1,5cm 1 Perineal Inguinais 406 7.4 ND ND 21 0,72 Nao Nao -
111 F 18 7cm 1 Perineal Inguinais 272 17,5 29,6 ND 3,83 0,27 Nao Nao -
112 F 24 <1.8cm 1 Perineal  Inguinais <14 50 48 NA NA NA Sim (F7) Sim LHCGR
Sim
113 F 0,1 1cm 1 Perineal ~ Abdominais ND ND ND ND ND ND Sim SRD5A2
(F4)
Clitori Sim
114 F 1 _ionts 1 Perineal  Inguinais <14 ND ND 224 56 45 Sim SRD5A2
hipertrofiado (F4)

Legenda: Feminino, F; Masculino, M; Ndo disponivel, ND; Testosterona, T; Diidrostestosterona, DHT; Androstenediona, A;
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Anexo 5

Sites de predicao utilizados neste estudo

Ferramentas

Critérios avaliados

Classificacéao

Critérios
patogénicos

dbscSNV_ADA_ SCORE Avalicéo de splicing Entre0e 1l 20,6
dbscSNV_RF_SCORE
SIFT Baseada no grau de T: tolerado; D
conservacgéo da ) L.
sequéncia proteica D: deletério
CADD Avalia conservacao, C-scores = representa 215
dados funcionais e variantes entre as 10%
andlise de outras mais deletérias; 220
ferramentas in silico representa entre as 1%
(como SIFT e mais deletérias; critérios
PolyPHENO sugerido 215
Mutation Acessor Baseada no grau de L: efeito leve; M: MeH
conservacao da moderado; H:alto
sequéncia proteica
Mutation Taster Combina informacdes N e P: ndo deletério/ AeD
de banco de dados polimorfismo
bioguimicos e utiliza ] L
teorema de Bayes A e D: deletério
Polyphen2 Efeito das variantes B: benigno; P: PeD
sobre sequéncias e possivelmente
estruturas proteicas patogénico; D: deletério
GERP Avalia conservacédo do | Numérica, variando de >2

aminoacido envolvido

-12.3a6.17

Fonte: Adaptado de Richards e colaboradores, 2015(103).
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Anexo 6

Tabela com os critérios utilizados para qualificar as variantes alélicas

segundo o American College of Medical Genetics (ACMG)

Critério muito forte para patogenicidade

PVS1 Variante nonsense, frameshift, em sitios de splice candnicos +1 ou 2 cédons de iniciagédo ou delegdo de 1
ou varios exons (null variant) em um gene no qual variantes com perda de funcado (LoF) sdo mecanismos
conhecidos de doenca

Critérios fortes para patogenicidade

PS1 Troca de aminoacido ja estabelecida como patogénica, independente da troca do nucleotideo

PS2 Variante de novo em um paciente com doenca sem histéria familiar (com paternidade confirmada)

PS3 Presenca de estudos funcionais (in vitro ou in vivo) bem estabelecidos que suportem o efeito prejudicial
no gene ou sua prote.na

PS4 A prevaléncia da variante nos individuos afetados é significativamente maior quando comparada com a

prevaléncia em controles

Critérios moderados para patogenicidade

PM1 Variante localizada em uma regido hotspot para mutagdes e/ou regido importante ja estabelecida com um
dominio funcional da proteina, sem variantes descritas como benignas

PM2 Variante ausente nos bancos de dados populacionais (1000Genomes, EXAC), ou presente em frequéncia
extremamente baixa, para 0s casos recessivos

PM3 Variante detectada em trans com uma variante patogénica para as doencas recessivas

PM4 Modificagdo no tamanho da proteina causada por dele¢des ou insergées in-frame em regido nao
repetitiva ou por variantes gue perdem o cédon de parada (tipo stop-loss)

PM5 Nova variante missense em um aminoacido em que uma variante missense diferente ja foi estabelecida
como patogénica

PM6 Variante considerada de novo, sem confirmacéo da paternidade

Critérios fracos para patogenicidade

PP1 Segregacao da variante (em um gene conhecido como causador de doenga) com a doenga em uma
familia com varios membros afetados

PP2 Variante missense em um gene com uma baixa taxa de mutag6es missense benignas e no qual esse tipo
de variante. considerado um mecanismo comum de doenca

PP3 Varias ferramentas computacionais suportam a evidéncia de efeito deletério no gene ou proteina
(conservacao evolutiva, impacto no splicing etc)

PP4 O fendtipo do paciente ou a histéria da familia sdo bastante especiicos de uma doenca monogénica

PP5 Variante recém-publicada como patogénica, porém o laborat6rio ndo apresenta condicdes de fazer um

estudo funcional independente

Critérios fracos para benignidade

BP1 Variante missense em um gene no qual variantes com perda de funcéo (LoF) sdo mecanismos
conhecidos de doenca

BP2 Variante detectada em trans com uma variante patogénica dominante com penetrancia completa ou
observada em cis com uma variante patogénica em qualquer tipo de heranca

BP3 Delecbes ou insercfes in-frame em regido repetitiva sem funcéo conhecida

BP4 Vérias ferramentas computacionais sugerem auséncia de efeito deletério no gene ou proteina
(conservacéo evolutiva, impacto no splicing etc)

BP5 Variante encontrada em um caso com uma base molecular alternativa para a doenca

BP6 Variante recém publicada como benigna, porém o laboratério ndo apresenta condigbes de fazer um
estudo funcional independente

BP7 Variante sindnima cujas ferramentas de predicédo de splicing ndo predizem impacto na sequéncia

consenso de splice nem a criacdo de um novo sitio, e o nucleotideo ndo conservado

Critérios fortes para benignidade

BS1 A frequéncia do alelo é maior do que a esperada para a doenca

BS2 Variante para doenca recessiva (em homozigose), dominante (em heterozigose) ou ligada ao X
(hemizigose), com penetrancia completa e de inicio precoce, observada em individuo adulto saudavel

BS3 Presenca de estudos funcionais (in vitro ou in vivo) bem estabelecidos mostrando auséncia de efeito
prejudicial para a proteina ou splicing

BS4 Auséncia de segregacéo nos individuos afetados da familia

Critério que definem benignidade por si sé

BA1 | Frequéncia alélica maior que 5% nos bancos de dados populacionais (1000Genomes, EXAC)

Fonte: Adaptado de Richards e colaboradores, 2015(103). PVS: critério muito forte para patogenicidade; PS:
critério forte para patogenicidade; PM: critério moderado para patogenicidade; PP: critério fraco para
patogenicidade; BP: critério fraco para benignidade; BS: critério forte para benignidade; BA: critério benigno por si
s0. Lof: perda de funcéo (de loss of function); 1000Genomes:1000Genomes; Project; EXAC: Exome Aggregation
Consortium.
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Anexo 7

Tabela com a classificacao das variantes alélicas de de acordo com a
combinacao dos critérios do ACMG

Classificacdo de acordo com a combinacédo dos critérios ACMG

Variante patogénica
() 1 critério muito forte para patogenicidade (PVS1) e
(a) = 1 critérios fortes para patogenicidade (PS1-PS4) ou
(b) = 2 critérios moderados para patogenicidade (PM1-PM6) ou
(c) 1 critério moderado para patogenicidade (PM1-PM6) e 1 crit.rio fraco para
patogenicidade (PP1-PP5) ou
(d) = 2 critérios fracos para patogenicidade (PP1-PP5) ou

(1) = 2 critérios fortes para patogenicidade (PS1-PS4) ou

(1) 1 critério forte para patogenicidade (PS1-PS4) e
(a) = 3 critérios moderados para patogenicidade (PM1-PM6) ou
(b) 2 critérios moderados para patogenicidade (PM1-PM6) e = 2 critérios fracos para
patogenicidade (PP1-PP5) ou
(c) 1 critérios moderados para patogenicidade (PM1-PM®6) e = 4 critérios fracos para
patogenicidade (PP1-PP5)

Variante provavelmente patogénica
1) 1 critério muito forte para patogenicidade (PVS1) e 1 critério moderado para
patogenicidade (PM1-PM6) ou

(1) 1 critério forte para patogenicidade (PS1-PS4) e 1 ou 2 critérios moderado para
patogenicidade (PM1-PM6) ou

(1) 1 critério forte para patogenicidade (PS1-PS4) e = 2 critérios fracos para patogenicidade
(PP1-PP5) ou

(IV) = 3 critérios moderados para patogenicidade (PM1-PM6) ou

(V) 2 critérios moderados para patogenicidade (PM1-PM6) e = 2 crit.rios fracos para
patogenicidade (PP1-PP5) ou

(VI) 1 critério moderado para patogenicidade (PM1-PM®6) e = 4 crit.rios fracos para
patogenicidade (PP1-PP5)

Variante de significado incerto
() outra combinacé&o de critérios ndo mencionada acima ou
(1N critérios para benignidade e patogenicidade contraditérios

Variante provavelmente benigna

(1) 1 critério forte para benignidade (BS1-BS4) e 1 critério fraco para benignidade (BP1-BP7)
ou

(II) = 2 critérios fracos para benignidade (BP1-BP7)

Variante benigna
(I) 1 critério benigno por si s6 (BAl) ou
(II) = 2 critérios fortes para benignidade (BS1-BS4)

Fonte: Adaptado de Richards e colaboradores, 2015 (19, PVS: critério muito forte para
patogenicidade; PS: critério forte para patogenicidade; PM: critério moderado para patogenicidade;
PP: critério fraco para patogenicidade; BP: critério fraco para benignidade; BS: critério forte para
benignidade; BA: critério benigno por si s6.
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Context:46,XY gonadal dysgenesis (GD) 1s a heterogeneous group of disorders with a wide
phenoty pic spectrum, mcluding embryonic testicular regression syndrome (ETRS)
Objective: To report a novel gene for 46, XY GD etiology, especially for ETRS. Design:
Screening of familial cases of 46, XY GD using WES and sporadic cases by target gene panel
sequencing. Setting: Tertiary referral center for Differences/Disorders of sex Development
(DSD). Pauents and methods: We selected 87 patients with 46, XY DSD (17 familial cases
from eight unrelated families and 70 sporadic cases), 55 patsents had GD (among them. ten
patients from five families and eight sporadic cases had ETRS) and 32 patients had 46, XY
DSD of unknown etiology. Results: We identified four heterozy gous missense rare vanants
classified as pathogenic or likely pathogenic in DEAH-box helicase 37 {DHX37) gene in five
families (n=11 patients) and in six sporadic cases. Two vanants were recurrent: the

p. Arg308GIn (in two families and in three sporadic cases) and the p Arg674Trp (in two
families and in two sporadic cases). The vananis were specifically associated with ETRS
(7/14 index cases. 50%) The frequency of rare. predicted 1o be deletenous DHX37 vanants
in this cohort (0.14}1s significantly higher than that observed in gnomAD database (0,004,
p=0L001). Immunobistochemistry analysis in human testis showed that DHX37 1s mamly
expressed in germ cells, at different stages of testis maturation, in Leyvdig cells and rarely in
Sertoli cells. Conclusion: This strong genetic evidence identifies DHX37 as a new plaver in
the complex cascade of male gonadal differentiation and maintenance

Descriion of a novel gane, DHX3T involved in gonadal dysgenesis etiology, espacially In embrionye
testicular regresson syndrome

Introduction

46.XY gonadal dvsgenesis (GD) represents a heterogencous group of disorders/differences of
sex development {DSD) charactenized by abnormal gonadal development leading to a wide
phenoty pic spectrum, Variable degrees of external genitalia undervirilisation are observed,
ranging from micropenis 1o female-like genitalia and partially- or fully-developed Mullerian
denvatives. The gonads from these patients display a wide spectrum of histological
abnormalities, ranging from ovanan-like stroma with disorganized seminilerous tubules to
complete absence of gonadal tissue (1) Embryonic testicular regression syndrome (ETRS) 15
constdered a part of the clinical spectrum of 46.XY gonadal dysgenesis (2). Most individuals
with ETRS present with micropenis or atypical genitalia and lack of gonadal tissue on one or
both sides (2).

Partial or complete Mullenan duct regression associated with micropenis suggests an
intninsicatly functional testis in the first months of fetal life subsequent Joss of testicufar
function before the last tnmester of gestation, when the increase in penile length occurs.

Numerous genes are known 1o be involved in the process of gonadal determination (3).
However, a genetic diagnosis 1s identified in less than 40% of the patients with 46, XY GD
(4). Moreover. few patients with ETRS were included in large cohorts of 46, XY DSD
previously studied (4). However, the fact that some famulial cases of ETRS were reported
indicates a genetic etiology (5,6).

In the present work, high throughput parallel sequencing methods, including whole-
exome sequencing (WES) and targeted DSD-gene panels, were used to investigate the
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undeslying genetic etiology in a large cohort of 46, XY panents with GD and 46.XY DSD
patients with unknown etiological cause,

We identified recurrent rare vanants in DEAH (Asp-Glu-Ala-His) box polvpeptide 37
{DHX37) 1n several affected individuals from distinet famulies, establishing a novel genetic
cause for 46.XY gonadal dvsgenesis spectrum, including ETRS

Ethics

This study was approved by the Ethics Committee of the Hospital das Clinicas da Faculdade
de Medicina da Universidade de Sdo Paulo, the Institutional Review Board of the University
of Michigan Medical School, the Hospital de Garrahan Escuela de Medicina, Pontificia
Umversidad Catolica de Chile. and the Hospital Nacional Prol. Dr. A Posadas, Buenos
Arres, Argentina. Written informed consent was obtained from all patients, their parents or
legal guardians.

Subjects and Methods

We studied eighty-seven 46, XY DSD patients without previous molecular diagnosis,
including 17 familial cases of 46, XY GD from 8 non-consanguineous families and 70
sporadic cases (38 with GD and 32 with 46, XY DSD of unknown etiology) Out of the 55
patients with GD, 10 patients from 5 families and 8 sporadic cases had an ETRS phenotype.
The patients had different nationalities: Brazilian (81 patients), Argentinian (three siblings).
Chilean (two siblings) and Chinese-American (one patient).

All patients have a normal GTG-banded metaphases 46. XY karvotype.

The 46.XY DSD patients were classified as having complete GD (CGD) if they had
female external genitalia, Mullerian denvatives and streak gonads; as partial GD (PGD)af
thev had atypical external genitalia, Mullenan denivatives and at least one gonad with
histopathological features of dyvsgenetic testis; as ETRS if they had micropenis, partially
developed Mullenan denvatives and no gonadal tissue or small area of gonadal stroma: and
as 46, XY DSD of unknown etiology if hormonal profile was not conclusive or not available
due 1o previous gonadectomy. In this latter group, molecular defects of LHCG and androgen
receptors, CYPI7AL HSDI7B3. HSD3B2. and 5SARDZ genes were ruled out by DNA
sequencing,

Genomic DNA
For molecular diagnosis, genomic DNA was extracted from penpheral blood leukocytes by
the protemnase K-SDS salting-out method (7)

Genetic study

Whole exome sequencing (WES) was performed in 14 familial cases from 7 families. In all
but one family, the probands and their first-degree relatives and other affected family
members were studied

Sixty-eight sporadic cases were studied by targeled massively parallel sequencing.
DHX37 was studied by Sanger sequencing in two sporadic cases and in three patients from
Famaly 2 (Figure 1) (8)

Enrichment for massively parallel sequencing was performed with Nextera Exome
Enrichment Kit (Illumina, Szan Diego, CA), followed by paired-end sequencing on the
Mlumina HiSeq 2500 System (umina, San Diego, CA)

For target sequencing, we designed an amplicon-based capture panel against exonic
regions of 63 genes, including 43 genes known 1o be associated with human DSDs and 20
candidate genes, including DHX37(3.9). Targel sequences were captured using a custom
Sure Select Targel Ennchment System Kit (Agilent Technolegies, Santa Clara, CA, USA)
and sequencing was performed on the Illumina MiSeq platform (San Diego. CA. USA).
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Sanger sequencing was used 10 confirm the potentially pathogenic vanants identified by
massively parallel sequencing and for segregation analysis. Sequencing was performed on the
ABI 3730XL DNA Analvzer (Applied Biosystems) using the BigDve (Applied Biosystems),
followed by data analysis using a Genetic Analyzer { ThermoFisher Scientific).

The identified vanants were classified according to Amernican College of Medical
Geneties (ACMG) eritena (10).

Data analysis
The exome and the targeted panel sequencing data were screened for rare vananis (minor
allele frequency < 0.1% m the public databases: Genome Aggregation Database (gnomAD)
{11). 1000 Genomes (12), and m the Brazalian population database (ABraOM) (13), located
in exonic and consensus splice site regions. Subsequently. the filtration pipeline priontized
potentially pathogenic candrdate vanants (loss of function vanants and vanants classified as
pathogenic by multiple i silico programs). For vananis identified by WES, we selected
variants that fitted an avtosomal-dominant model

The sequencing reads carrving candidate variants were visually confirmed using the
Integrative Genomics Viewer (Broad Institute, Cambridge, MA). Candidate vasiants were
segregated in the family members by Sanger method.

The filtening of the variants is provided in Supplementary data (8),

Histological analysis

Inununohistochemical staining

Eight formalin-fixed paraffin-embedded testicular nssue samples from 46.XY individuals
with different chronofogical ages (27 and 33 weeks gestational age, 1, 53, and 180 days of
age. 13, 23 and 53 vears of age) were collected during autopsy and used for DHX37
expression analysis by immunchistochemistry. All samples were sliced into 3-pum-thick
sections using an awtomatic Leica RM2235 microtome (Leica Biogystems, Nussloch,
Germany ). The sections were briefly strefched in xylol at 600°C for 20 min, cooled in xylol,
and dried in an incubator (Fanem Orion 515, Sdo Paulo, Brazil) at 600°C. Sections were
subjected to hematoxylin-cosin (HE) staining for histological analysis. For
immunohistochemical study, shides were deparaffinized with xyvlene, hydrated in ethanol,
washed in phosphate-butTered saline (0.01 M/pH 7 4), and blocked using methanol and
hvdrogen peroxide. Epitope exposure was carried out by placing the slide in boiling 10 mM
citric acid (pH 6) or 100 mM EDTA (pH 9), followed by biocking non-specific protein
Rabbit polyclonal anti-DHX37 antibody (NB110-403581; Novus Biologicals, USA) was
added a1 a dilution factor of 1:50. Dilution was standardized after testing on ovarian and skin
tissues where protéin expression was identified in cytoplasm of oocytes and nuclear
membranes of ovanan stromal and squamous cells. The samples were incubated with
universal secondary antibodies using the Novo Link Detection Systems kit (Leica
Biosystems, USA) according to the manufacturer’s imstruction.

Statistical analysis
To test the genetic evidence for the association between DHAX37 and GD phenotype. we
performed agarepale vanant analyses comparing allele [requencies among our 46.XY DSD
cohort and public databases [gnomAD and ABraOM|

Vanants with similar charactenistics of the DHX37 vanants observed in our cohort (rare
nonsynonymous varants with a manor allele frequency of (.01 and located in the two highly
conserved protein (ATP-binding and Helicase C-ternunal domains) that are predicted to be
pathogenic by at least four in sifico tools (Mutation Taster, SIFT, PolvPhen-2, Mutation
Assessor and PROVEAN) were selected. Allele frequency differences between groups were
analvzed by X test, and statistical significance was set al p<0.05. Statistical analyses were
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performed using SIGM Astat statistical software package (Windows version 3.5. SPSS Inc.,
San Rafael, CA).

Results

Patient phenotype and DHX37 variants

Firstly. WES 1dentified the same DFHX37 vaniant p Arg308GlIn (¢.923G>A) (GenBank:
NM_032656.3) in heterozy gous state in two unrelated Brazilian famulies with ETRS
{Families 1 and 2). All the affected individuals have the same phenotype (micropenis and
absence or hiateral rudimentary gonadal tissue) (Figure 1, Table 1) A founder effect for
p. Arg308Gin vaniant was ruled out in Families | and 2

The p. Arg308Gin variant was also identified by WES in a Chinese-American sporadic
case of ETRS from Michigan Univessity performed in Enc Vilain's laboratory (sporadic case
Fall-1, Figure 1. Table 2).

As a novel candidate gene for 46.XY DSD, DHX37 was included m our target DSD-
panel. The same p Are308Gln vanant was identified in another two sporadic cases: one had
ETRS (sporadic case F7:11-1) and the other had PGD (sporadic case F8:1I-1) (Figure 1; Table
2)

A further three different heterozygous DHX37 missense variants (the p Arg674Trp,
p.Ser395Phe and p. Thr3(dMet) were identified in seven affected members from three
families and in three sporadic cases (Figure 2).

All of these lour vanants are predicled to be pathogemc by at least four in-sifico
prediction toels (Table 3) and are absent in genomic population databases. excepl for the
p.Arg308Gin, which has a very low allele frequency {0.00003) in the gnomAD database
(Tables 4-5)

The p Arg674Trep (¢ 2020C>T) variant was identified in the two Chilean brothers, both
with ETRS (cases F3:11-1 and F3:11-2, Family 3), and also in the three Argentinian affected
members (1w brothers with ETRS and their uncle with PGD: cases F4: 1111, F4111-2 and
Fa:11-4, respectively, Family 4) (Figure 1, Table 1) In addition. the p. Arg674Trp vanant was
also identified 1n another two Brazilian sporadic cases, one patient with ETRS (sporadic case
F10:11-1) and the other with PGD (sporadic case F11:11-1) (Figure 1, Table 2)

The p.Ser595Phe (¢ 1784C>T) vanant was identified in two affected individuals from the
same Brazilian family (Family 5) The proband had PGD and her nephew had ETRS (F3:11-6
and F3:111-1, respectively) (Figure 1, Table 1)

The p. Thr3tdMet (¢.911C>T) was identified in a Brazilian female (sporadic case F9: 11+
$), who had prevtously undergone bilateral gonadectomy and genitoplasty (Figure 1. Table 2)

The p. Arg308GIn variant is classified as pathogenic and the other three variants,
p.Arg6 74 rp, p.Ser595Phe and p. Thr3udMet, are classified as likely pathogenic accordingly
the ACMG critenia (Tables 4-5).

Segregation analysis of DHX37 variants

Segregation analvsis of the DHX37 variants in eight families displaved a sex-limited
autosomal dominant pattem, matemally inhersted in five families (F2, F3, F4, FS, F11) Inthe
Famaly 1, the presence of the p. Arg308GIn vanant in the asymptomatic father suggesis an
autosomal dominant pattern of inhentance with incomplete penetrance (Figure 1). In two
sporadic cases (F6. 1-1 and F8.11-1). the confirmed patemity displayed a de novo status of
the p. Arg308GlIn DHX37 vanant.

DHX37 gene and its protein structure

DHX37 s located in the 12q24.31 region. 1118 a member of the large DEAH family of
proteins and encodes an RNA helicase (14) The DHX37 protein (NP_116045) comprises
1157 anuno acids and four main domains. The conserved motifs of the helicase core region
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contain the Helicase ATP-binding domain (position 262-429) and the Helicase superfamily ¢-
terminal domain (position 585-674). the two other domains are the helicase associated
domamn (position 768-859) and the oligonucleotide/oligosacchande-binding-fold domamn
{position 894-1011) (Figure 2). All the identified vanants are located in the helicase core
region (Figure 2)

DHX37 protein was identified in different testicular cells

DHX37 expression was characterized in testes from newboms, children and adults using
immunohistochemstry. DHX37 was expressed in fibroblasts, endothelial cells and epithelial
cells of epididymis, These cells were used as intemal positive controls for
immunohistochemistry. We found DHX37 expression in Leydig cell cytoplasm and in germ
cells at different stages of maturation. Our analvsis indicates that DHX37 expression in
spermatogonia is characterized by a regular perinuclear halo pattemn in both newborns (five
samples) and adults (three samples) This pattern of staming differs from that seen in Levdig
cells (granular cytoplasmatic) and during other stages of maturation of germ cells. A
progressive condensation of protein around the nucleus was observed as cells differentiate
from spermatocyies (o spermatids. generating a lecalized paranuclear dot-like pattem. There
was no staining in spermatozoa. Rare Sertoli cells displaved a weak and focal evtoplasmatic
stwn (Figure 3).

Frequency of the DHX37 variants in our 46,XY DSD cohort

The allele frequency of rare and predicted 10 be deleterious DHXZ7 variants identified in our
cohort of 46.XY DSD patients [ | 1/78 index cases (0.14)] was markedly higher than (hat
observed in individuals from gnomAD 568 /141456 individuals (0 004 <0.001)] and from
a Brazilion cohort [ 1/609 individuals (0,002} p<0.001)).

Discussion

The present study analyzed a large cobort of 46, XY DSD patients without 1 molecular
dingnosis, most of whom had a GD phenoty pe, including a large number of familial and
sporadic cases with ETRS,

Pathogenic or likely pathogenic allelic variants in the DHX37 were identified in 11
familial cases from 5 unrelated families and in six sporadic cases. Deleterious varanis are
recurrent in familial and sporadic cases of 46.XY GID in patients of different nationalities.

The DHX37 gene has never beea directly associated with gonadal development, but
deletions or rearrangements of the 12q24 chromosomal region, which contains DHX37 gene,
haye been associated with atypical genital development (15). Four svndromic patients with
micropenis or perineal hvpospadias, and/or hypergonadotropic hypogonadism are reported to
have deletions or rearrangements involving the 12q24 region (15-17)

The DHX37 gene encodes a RNA helicase protein which is involved in RNA-related
processes, including transcription, splicing, ribosome biogenesis (18), translation and
degradation (14,19). DHX37 is required for maturation of the small ribosomal subunit in
human cells. through its cataly tic activity, required for dissociation of the U3 snoRNA from
pre-nbosomal complexes (20). Disturbance of human nbosome production 1s associated with
cancer and genebic diseases known as nbosomopathies (21).

Disease-causing vanants in the DExH-box helicase 30 (DHX30), were previously
described in syndromue patients with global developmental defav, intellectual disability,
severe speech impairment and gail abnormalities. Functional studies of allelic variants in
DHX30 demonstrated that they afTect protein folding or stability interfering with the RNA
binding (mutations located in Motif 1a) or with ATPase activity (mutations located in Motif Il
and V1) (19.20), Two DHX37 allefic variants found in the present studv are located in the
same motifs.
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Despite lack of experimental evidence to formally demonstrate the deletenous effects of
the four vanants identified in the present study, they are located in the highly conserved
helicase core region of the DHX37 proten

The spontaneous p.Leu48YPro Dhx37 pathogenic vanant was identified in Zebralish in
association with behavior scape defects (22). This study demonstrated that Dhx37 is involved
in pre-mRNA splicing reinforcing the role of Dhx37 in RNA-related processes.

Although there is no direct evidence of DHX37 being involved in mRNA processing
during gonadal development, DExD/H-box RNA helicase genes are differentially expressed
between males and females duning the eritical penod of male sex differentiation in channel
catfish (23).

Further. we show population evidence that the DHX37 vanants are enriched among the
46,XY GD patients in comparison with the population database. The statistical analysis
confirmed that the predicted deletenious DHXS7 vanants located 1n the helicase core region
are more frequently identified in our 46, XY DSD cohort than in the public databases,
emphasizing that this finding was not by chance (p<0.01),

Therefore, in vitro and iz vive studies on DHX37 mechanism have demonstrated a role of
DHX37 in ribesome biogenesis (23). Based on this new knowledge, 46, XY gonadal
dysgenesis could be classified as a nbosomopathy. expanding the eticlogical mechanisms off
dvsgenetic 46.XY DSD spectrum.

Since the discoveny of the sex-determining region Y (SRY) vanants in patients with GD in
1990 (24). several genes have been associated with the molecular etiology of this disorder.
The nuclear receptor subfamily 5 group A member 1 (VR5A1) and Mitogen-Activated Kinase
Kinase Kinase | {MAP3KT) variants are the most frequent causes of 46,XY gonadal
dysgenesis idennfied 1o dare (25-28).

In this study we found pathogenic/ likely pathogenic variants in DHX37 in patients with
46.XY GD at a frequency of 14%, which is shightly higher than the frequency of NRSA L
defects (11%) m our whole cohort (26,29). Considering oaly the ETRS phenotype
{muicropenis and absence of uni or bilateral testicular tissue) this frequency increases to 50%
(7/14 families).

In the iterature, different inhentance pattems have already been descnbed in 46, XY
gonadal dvsgenesis Kindreds (3(1), including the descniption of asymptomatic male carniers of
proven pathogenic vanants of genes involved in testicular determination, such as SRV and
NR5AT genes (31,32). Uncertain mechanisms might prevent the appearance of the phenotype
in asymptomatic 46.XY carriers.

Maternal inhentance was observed in all familial cases with pathogenic/ hikely pathogenic
vanants in DHX37 with the exception of family I, where the vanant was mhesited from a
seemingly unaffected father camer

In adult humans, the DHX37 protein 15 expressed in the ovanan stroma and in the cells
within seminiferous tubules (Human Protein Atlas database) (33-35), In our study, the
immunohistochemustry analvsis of normal testicular tissue from newbom. pubertal and adull
males revealed that DHX37 18 expressed duning specific stages of germ cell maturation. in
Leydig cells and rarely in Sertol cells.

An elaborate paracnine cell-cell network transporting signaling molecules between germ
cells and Sertoli cells has been descnbed (36), Indeed. i vitro studies have shown that there
15 a bidirectional trafficking between Sertoli and germ cells, and that each cell tvpe regulates
the function of the other (37-40). In addition, RNA expression profiles of DHX37 in human
testicular cancer cells are higher than in other tissues (The Human Protein Atlas - Pathology ),
suggesting that DHX37 may be involved in the regulatory process of the cell proliferation in
the testis (33-35).
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The present study provides several lines of genetic evidence to indicate that defects in
DHX37 are associated with 46.XY GD spectrum, mainly with ETRS. First, we observed that
the vanants segregate with the DSD phenotvpe in a dominant inhentance pattern m most of
the famlies and that two de nove vanants were identified. Second. we provide statistical
evidence that rare DHX37 vanants are eanched in the analyzed 46,XY DSD cohort in
companson with public databases involving a large number of individuals not selected by this
phenotype

In conclusion, our findings indicate that JHX37 15 a new plaver in the complex cascade
of male gonadal differentiation and maintenance, thus establishing a novel and frequent
molecular etiology for 46.XY gonadal dysgenesis spectrum, which imcludes a high proportion
of individuals with embryonic testicular regression syndrome.
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Figure 1. Pedigrees of the eleven families with potential disease-causing DHX3/variants
Filled symbols represent affected individuals The affected males (46, XY males) are
indicated by filled squares and the affected individuals raised as females (46, XY females) are
shown by large dark dots within the squares. Symbols with a diagonal hne represent deceased
individuals. The DHX37 genotype 1s shown for the individuals whose DNA sample was
avulable; +/- indicates a heterozygous state and -/~ indicates a homozygous state for wild-
type allele. NA- DNA not available. Patemnity and matemnity was confirmed in families 6 and
8,

Figure 2. The identified vanants are localized within conserved helicase domains of DFHX37.
Top: Schematic protein structure of DHX37 showing conserved motifs of the helicase core
region, the helicase associated domain (HA2) and the oligonucleotide/oligosacchande-
binding-fold Middle: Nucleotide-interacting motifs (1. 11, and V1), nucleic actd-binding
motfs (Ta, Ib, and IV), motif 'V, which binds nuclesc acid and interacts with nucleotides, and
motif 11T, which couples ATP hydrolysis to RNA unwinding (N- N terminus; C- C terminus)
Bottom: Amino acids within conserved molifs of the helicase core region. The pasition of the
first and last amino acid within each motif' 1s denoted below left and nght, respectively. The
position of the allelic vanants identified in this study are indicated with vertical arrows and
shown in beld in the different species sequence.

Figure 3 Immuncexpression pattemns of DHX37 in 1estis tissues. A- Newbom testis showing
strongly positive staining in occasionnl spermatogonia (arrow) among numerous Sertoli cells,
some of which show weak cytoplasmic staining (onginal magmfication 100X). B-
Senuniferous tubules of a 13 year old boy demonstrating tubules with predominance of
Sertoli cells, all of them negative for DHX37, Note some positive stromal cells (arrow)
(original magnification 100X), C- Adult festis of a 54 vear old man showing positive Levdig
(arrow) and germ cell staining D= Detail of (C) showing the different pattern of stain in
different stages of germ cells, Note strong peninuclear halo in spermatogonia. progressive
paranuciear condensation in spenmatocy tes and spermatids. and absence of DHX37
expression in spermatozoa (original magnification 20x),
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Table 1. Phenotype of 46, XY DSD patients with familial embeyvomic testicular regression
syndrome with rare and predicted pathogenic or likely pathogenic DHX37 vanants
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Table 4. DIX37 missense allelic vanants identified in 46, XY DSD patents and their
frequency in population databases
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Table 5 Pathogenicity classification of DHX37 variants according 1o the American College
of Medical Genetics and Genomics guidelines

g
"
Nuchedibe Pupalation Compututiceal and Dunove | Oaher 3
imannad chanped Ad changed Dwts rediction duts 4. duta Ch &
— preduton te — £
SOGA | ARSI LOY g;, st mr Pathagenic kA
¥S, 3T Tikel z
“‘I;}:' 20T | pagtiig e - I 3
T %ﬁm— E
. - Y =
< — Sersos| " - & . }——————————
F$ w1750 T P Sers0S e " “—,.‘ o T e x
T - -
o cONCST | pThADIME mae L PME ity 8
" Patheganic 3
TN NE ST TS T ST ST T PR GREETY 1YY AT SITET T S REr vy 17 (e QUL TRT T I Unee PO, X
P52 sy aqyen By padogasarty whas e vaias ws & s PP eppocag oo uey ptastype PV jetegmrs: ssdaun n
€1 I St s &
0 o el y Dow Sy (1 nesstnn ) ) Faoms: Seqeareing Puosect, | 000 L or Dmos Aggivgn hom ol b
0 S0t i P 00 0 et e o o b bt wlasesn M) s 1 o) W sss o vl 3
O MR s ol oontporaiom] ot durme seppeet o Oebeteronn o8t on Uhr o o8 o prodd Coomeradat eoidibiond ¥, shoog st o ) :;‘
3
1 D3 rrme (ot s mnty el pabereey ssabrasst i o patcrs e sha disons welres haads Sasery, -
o Lovstst s rssbonsd Lot gl mad or smttaad onl widl-otdd it frrtond Ammun wrou: Doy vattse -
a
¥
M
s
2
*
= z
m .':
U =
q :_.J
..o b1
k.D
n
:
D
A

iy

¢

LETNRUING SRP 0D O RIeeongK

L
—
S,
F_..
is
<
L
O
Z
<
>
0
<

Y LS Ul sen

BIGT A

16




Apéndices

Familial cases Sporadic cases

v~ Pomie 3 Vo
- S b
I 1 T }7.,7'4 ) s ot -2 : ey
L R | R
g | = = l - - = [
g 3 — P = et e | 1
( (] ' 50 ! \ & L OO
Y l > ;‘ - i p ""“\ - . - . .-
g s - L L
\3 -
= i e ol =, =
- b ‘ "
[TT] Mo S
Y | :
U J b, L | @
— N LIRN bR
/s e -
P phery pr — L -
- L Yoy o 14
} ) o = ) Thesetient g
- -
Ll — 7 F--O

L
—
O
—
i
<
Ll
O
p
<
>
@
<

TR RS - TOU R AR R AT S O SALSIRD R Sl S0 PRDROIUMSG

YO

i

PEEOO-BL0Z H0i2

FHTSS

WU RN SSTTRRIINT SRP 0D Of saeechgs Ay

BAOZ Y LS



Apéndices

20 RS R -FOUR \:vs\&u‘mc: OSSR R S|y Sl PRUROIUMOG

Helcase core regen
162 4249 585 bra 68 855 B34 1011
I l . Helicase supertamily "[.- ol goracchisnd
N Hodcass ATP-bindng % Az » ndingkid
1157
IR [ " m W v Vi
]
pr
: Moat | Mot [n Motl & poaril  Mostill Mot IV Most V Mott! 3

E lcercscnl mgvmv”mw."oem” SAT ”t.mtom”mmvll_o;mmj z
5
2

t‘j # Arg308GIn p5ersa5Pha a3

4 pThra0aNet ' pArgE24Trp g
v

l:l.i 303 VIEPRRVAAV 555 PLYSLLA 67 QRAGRAGR Human 5p 3

301 VIEPRRVAAY 62 PLYSLLA 961 QRAGRAGR Macacs malatls

- 266 VIEPRRVAAV 888 PLYSLLA $58 QRAGRAGR Mus muluscus

O 303 VIEPRRVAAI S87 PLYSLLA 656 QRAGRAGR Dano rerfo

~ 303 CTQPRRVAAM S5 PLYSLLA 571 QRAGRAGR Dvosopiie meian

o= Mot | 275282 Mottt [b- 343.383 Mobf | 408-410 Malll V. 520-628 Z

oC Motif 2 306-311 Motif I: 372.375 Mob |V: 473480 Molil VI: 667674 3

< 8
2

@ g

Z

< -
3
>

> <

O .

02 Y LS U aeen

B




Apéndices

=
L
U
“
L1
-
Q
+_
o
<
L
O
Z
<
>
Q
<

-
P

CE T

SSSPEE00-B LOZ H0ET | U LOORN SR R - 0L R AR R e WG v AL RO R S| St PRIROIUMAG

o

BAOZ A0 LS 90 2900 2GSRI SEp oD of waeechas Ay 1536



Apéndices

Apéndice 2 -

Baetens D, Gurian T, Mendonca BB, Gomes NL, De Gauwer L, Peelman F,
Verdin H, Vuylsteke M, Van der Linden M, ESR2 Study Grou, Stoop H,
Looijenga LH, De Bosscher K, Cools M, De Baere E. Biallelic and monoallelic

ESR2 variants associated with 46,XY disorders of sex development.

Genetics in Medicine. 2017.



Apéndices

vt ot s g ot s s s ORIGINAL RESEARCH ARTICLE mne

Open

Biallelic and monoallelic ESR2 variants associated with 46,XY
disorders of sex development
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some, fermale-specific genes like R-spordin 1 and fiekhead box
1.2 (FOXL2) are expressed among others ' Animal stodies

exome seuencing improve the identidication of causal genetic
defects, and the discovery of new genes and  signaling
pathways implicated in sex development ** Muckdating the
underlying causes of DSD can facilitate sex assignment and
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lead to improved management, a better prognosis and a more
sccurate evaluation of gonadal function and gonadal germ cell
cncer risk'"

Sa far, lonk in genes ding nuclear recep such
as NISAL (also & ax the idogenic factor 1 geoe, or
SEI™ and the androgen receptor NR3CY gene'? have been
implicates] in DSD pathogenesis as well as the duplication of

EARTENS of &' | E302 vertasts msrtiated with 6507 U0

Segregation analysis for the ESR2Z varint found in case |
wad performed in the available family members. Apart from
the mother, no family members were available for further
analysas in case 2. Lo case 3, no parental DNA was available
for segregation analyses. Variant cassification was performed
following the American College of Medical Genetics amd
G ics (ACMG} guldelines of 2015.'%

the nuclear receptor subfamily 0 group B member 1 gene
(NR@B1, DAX1)" Here, we xlentified biallelic and mono-
allehe estrogen receptar 2 (ESR2) variants in one syndromic
and two nonsyndromic 46XY DSD  cases, respectively,
patting forward ESR2 as a novel disease gene for 46,XY
DSD and expanding the spoctrum of nuclear receptors
implicated in $6,XY DSD etiotogy.

MATERIALS AND METHODS
Study subjects
Laboratory and clinical investhgations of cases 1-3 are
summarized in Table 1. Cases andlor parents provided
written Informed cansent for the study. Detalled case reports
can be found in Supplementary Data $1-53 online.

Genetic studles

Homoygosity mapping was performed by genome-wide
slngle-nucleotide polymarphism (SNFP) genotyplng in case 1
anel in two unaffected siblings using the HumanCytoSNP-12
BeadChip platform (lllumina, San Diego, CA). Plink soR\rnn.-

Whole-exome sequencing was performed to exclude the
presence of other likely pathogense varfants. Exome entich-
ment wis performed with the Nextera Rapid Capture Exome
kit (Hlumina), followed by paired-end seguencing on HiSeq
2000 (2 % 100 cycles) (Humina). Reads were mapped against
the human reference g ¢ (National Center for
Biotechnology Information, GRLI\JW‘th] with the CLC
Genomics Workbench v6.4 (Qisgen, Venlo, The Netherlands)
followed by postmapping duplicate read removal, coverage
analysss, and quality-based variant calling More thorough
variant annotation was executed using Alamut-HT vi15
software (Interactive Brosoftware, Rouen, France) and a
complementary literature search after extenslve soreening

{Supplementary Table $3-55 anline),

Targetod NRSA? testing

In cases | and 2, targeted next-genenation sequencing of the
coding reglon of NRSAT was performed using & previously
described workflow,” and copy-number variant analysis

was performed using multiplex bgation-dependent probe
plification (SALSA MLPA P185 Intersex probemix; MRC-

integrated in ViVar, identified | ygo! af
> 1 Mb, which were ranked according to their I:n;th and

Halland, Amsterdam, The Netherlands), In case 3 NRSA!

the number of SNPs, s described ! Only b B
regions unigue to the index case were selected. The presence
of relevant known DSD genes was excluded using BioMart
filtering. Next, different gene priontization tools (Endeavour,
GeneDistiller, GeneWanderer, PosMed, SUSPECTS, and
ToppGene) were used to identify candidate genes in the
selected regions,'” For this purpese, known DSD genes were
used as  training  genes  (Supplementary  Data and
Supplementary Table S1 online).

Sanger sequencing and targeted next-genaration

sequancing
Primers. were developed for polymerase chain reaction
amplificanon and sequencing of all coding exons, intron-
exon  boundarles  and  untranslated  reghons  of ESR2
(Supplementary Data and  Supplementary Table S2
line). Sanger sequencing (cases 1 and 2) was performed
using an ABI 3730XL DNA Analyzer (Applied Biosystems,
Carlshad, CA) with the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystemns) followed by data
analysis with SegScape Software v25 (Life Technologies,
Europe, Ghent, Belgium), Targeted next-generation sequen-
ang of 63 DSD disease and candidate genes including ESR2
was performed (case 3) with a MiSeq System instrument.
Dretails of the target enrichment, variant annotation and
filtering can be found In Supplementary Data $4 anline.

and copy variants were excluded
hy the atorementioned targeted next-generation sequencing
panel analysis,

Structural analysis of the estrogen receptor) (ER-|})
variants

Madels for the wild-type ER.fi DNA-binding domain
(DBD) were built using the standard homology modeling
procedure in YASARA Structure (http://yasara.org/products)
We used the structure of the ER-|) bound to a DNA response
cement (pdb code THCQ) as a template! We built
models for dimers of the wild-type DBD with and without
DNA, A mudel for the piAsni8idel) (N181del) mutation
{found in case 1} was built in YASARA Structure based
on the wild-type maodel, by deleting residue NISE and
introducing 4 new peptide bond between resiklues 180 and
182, followed by energy minimezation (the em_runclean
protocal in YASARA Structure). The homodimer models for
the wild-type and Ni&ldel mutant DBDN were further
subjected to 500 ps of molecular dynamics with the YASARA2
forcefield, followed by energy  minimiation using  the
md_refine procedure.'?

Using FeldX and the estrogen-bound ER-fi ligand-binding
domain (LBD) structure with pdb code 3OLL, we calculated
an In silico estimate of the Gibbs encrgy of protein folding for
the mutant and wild-type LBD using the RepawPDB and
BuildModel commands ™ For each mutant, we report the

Vot 0] Sarted | Wontn | GENETICS in MEDIONE
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average AAG for the folding of mutant versus wild-type of 20
BuildModd calewlations. The JOLL protein structure was
visualized i UCSF Chimera™ The effect of the p
{Leud26Arg) (LA26R) mutation (fourd m case 3) was
visualtzed by replacing L426 with the best-fitting arginine
rotamer in the Dunbrack  backbone-dependent  rotamer
libyrary.

ESR2Z expression analysis in human embryonic tissue
Assessment of human embryonic expression data sets
ESR2 expression in the testis was assessed in RNA sequencing
data generated by Gerrard et al™ in human embryos of
Carpegle stages 18 and 22 and in ammay expression data
generated by del Valle et al® in embryonic gonadal and
adrenal tissues.

Immunohistochemistry

Tissue alides (4 pm) were prepared from a formalin-fixed,
paraffin-embedded 8-week-old male fetus obtained after
spontancous  sbortion,  Before  Immunohistochemistry, o
heat-inducest antigen retrieval step (Trs-EGTA, pH 9.00)
was Incladed. We used a standard ABC protocol for the
detection of ER-J\. After blocking endogenous peroxidase and
biotin (Avidin/Biatin Blocking Kir §P-2001) and avernight
incubation with mouvse ant-ER-[i (dilutlon  1/50; Dako
M7292), detection was performed with a biotinylsted rabbit
antimouse antibody (diluthon 17150, 30 min; Dako E413)
followed by 30 min of incubation with Avidin-Biotin-HRP-
labeled complex (VECTASTAIN Hite ABC HRP Kit PX-
6100). Visualtzation was done with DABHO, and benma-
toxylin counterstaining

Ludiferase assays

Plasmid construction

Plasmids containing the ESR2 varants were constructed with
site-directed mutagencses starting from a pcDNA-flag-ER-})
plasmid (35562; Addgene, Cambridge, MA). Mutagenesis
primers were designed using the NERsseChanger software
{hitpoinchasechanger nebocom/).  After  amplification,  the
plasmids were digested with Dpnl to remove nonmutated
DNA. After verifying that mutatioos had correctly been
nserted  vha sequence analysis, mutsted  plasmids  were
transformed in chemacally competent  Escherichia  coll
{DH10b cells) and subsequently solated with the NucleoBond
Xera MidizMaxi kit (Macherey-Nagel, Doren, Germany)

Cell culture and luciferase assays

HEK293T cells were cultured in Dulbecce’s minkmal cisential
medium  without phenol red. supplemented  with  10%
charcoal-stripped  fetal bovine serum {Life Technologies,
Europe, Ghent, Belglum) and 30 pg/ml  gentamycin
at 37°C and 8% CO, A wtal of 300000 cells per well
were plated in 6-well plates, Cells were transfected with a total
of 2pg of DNA using a standard calchum  phosphate
transfection method. After 24h, cdls were washed with
phosphate buffered saline and subsequently stimulated with

Woture 00 ] Mumtec | Wosth | GENETICS in MEDIONE
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2,3-bis(A-hydroxyphenylproplonitriie (DFN) 1o a final con-
ion of 10 nM. Following fysis with % cell culture lysis
reagent (25 mM Tris-phosphate pH 7.8, 2 mM dithiothreitol,
2mM 1 2-cyclohexylenedinitrilotetraacetic acid, 10% ghycerol,
and 1% Triton X-100), luciferase activity was measured 24 b
after stimulation on a TopCeunt luminometer {Canberra-
Packard, Meriden, CT), Tu nmmnlhw fur dlﬂ'mn "
transfection efficiency, a id ¢ 1g b
galactosidase was cotransfected in all upu'lmﬂm {Tropix
Galacto-Star system: Applied Biosystems, Foster City, CA).
Each transfection was replicated in at Jeast three independent
peri Diffe in expression b wild-type and
mutated ER-fi were demonstrated for variants | and 2 using 4
cantrol western blot (data not shown).

RESULTS
Identification of a homozygous ESR2 variant in case 1 with
syndromic 46,XY DSD
Given the passibl | guinity, we performed

honmvgumy nuppm; to Mentify rums of homaozygosity
contsining the putative underlying genetic cause of the
syndromic 46.XY DSD phenotype in case 1. Twenty.one
homozygous regions larger than 1 Mb were identified
{Supplementary Data and Supplementary Table S6
online), The largest one—with a length of 20 Mb—is located
on chromasome 14 and contains 465 genes, none of which are
known DSD genes, The gene encoding Se-reductase, SRISA2,
was present in mmha sm.nll hnmmygmu region (3.6 Mbj
hawever, no j i s were found in s
coding n-g,lon Vatlml pmnnmlon rankad ESR2 as the top
diclas (Suppl y Data and Supplementary
Table §7 online). Sequencing of PSR2 revealed 3 homozygous
3-bp deletion In exon 9, ¢.541_543del, leading to an In-frame
deletion, p.(Asn181del) (Figure 1ab). This defetion affects a
highly conserved amino ackd located in the DBD (Figure 1a,
b). The deletion was found 1o be absent in 92 tested ethnically
matched control chromasomes and 320 other tested control
chromaosames, This variant is reported at very low frequencies
in publicly available databases (the Exome Sequencing
Project, the Exome Aggregation Comsortium 0.2, and
gnumAD); b . no b ygotes have previously been
identificd  (vartant detalls In Supplementary Data and
Supplementary Table S8 online)  Segregation analysis
showed that both parents (Figure 1h 11 and 12) and one
healthy 46,XX sibling (Figure 1b; 12) are heterozygouns
carriers of the deletion, while another 46 XX sibling
(Figure Ih; [13) is homozygous for the wildtype allele
Varant classification following the ACMG guldelines cate-
gorizes plAsnlBldel) ax likely pathogenic (class 4) (Table 2).
Whoale-exome sequencing in the index case and the parents
made the presence of other potentially pathogenic coding
\manu very unhhly An overview of the variant filtering,
| iowly  described! i given
Snppkmun Tnblu §3 and 54 online.
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Identification of two heterozygous ESR2 missense variants
in case 2 and 3 with nonsyndromic 46,XY DSD

‘Targeted resequencing of the ESR2 coding region in a Belgian
#6.XY DSD cohort (n = 73} and a Brazilan 46XY DSD
coboet (1 = 40) revealed two heterozygous ntlssense variants
in two unrelated cases with nonsyndraemic 46, XY DSD. In
case 2, a heteroeygous FSR2 varlant < 251G > T was found in
exon 2, leading to a missense change p.(Glys4Val) affecting a
Thughly conserved antini acid (up to fruit fly) Jocated i the
N-terminal  domain, which contains the first activation
function of the receptor (Figure 1a). The physiochemical
difference between Gly and Val is moderate {a Grantham
distance  of 109). Several  prediction  programs  (SIFT,
PolyPhen-2, and MutationTaster) suggest a  dedeterions
effect on proteln function. The varkant is sbsent in 412
tested contyol chromosomes and in genomic databases such
as dbSNP, the Exome Sequencing Project, and the Exome
Aggregation Consorthum, In gnamAD, it occurs in (,000396%
{0 homozygotes) (Table 2). Following the ACMG guidelines,
pAGlys4val) could be scored as likely pathogenic (class 4)
(Table 2). Whole-exome sequencing did not reveal any other
potentially pathogenic varkants in case 2. An overview of the
different  filtering  steps - ond  warlants s given  In
Supplementary Tables 53 and 85 online, In case 3, a
heterozygous varant—c 12777 > G in exon 8 of ESR2—was
found, leading to the missense change p.(Leud26Ang) in the
LBD and affecting a highly conserved amino acid (up to
Te don). The Grantham dist between Lew and Arg Is
moderute  (le, 102) and several prediction  programs
show a potential delfeterious effect. This varant & not
present In the consulted genomic databases (GbSNP, the
Exome  Segquencing  Project.  the Exome  Aggregation
Consortium, and gnomAD), nar in 214 Bradilian exomes
{Table 2), Following the ACMG guidelines, pAGly84Val)
could be classified as 2 vanant of nnknown significance (class
3) (Table 2). Whole-exome sequencing did not reveal any
other potentinlly pathogenic variants tn case 3. Figare 1 and
Table 2 summarize the location and characteristics of the
identified ESR2 variants

Structural analysis of the ER-fi variants
The ER-[* DBD binds to DNA ar 4 homodimer. We bailt
hamology models for the witd-type and p(Asn181del} mutant
homodimer. Residue Asni81 Is part of a longer extended Joop
that coanects the man DNA-binding helix to u zine
coordination site, which Is part of the homodimer Interface.
The Asn181 deletion shortens this connecting loop and causes
a 15 tilt of the maln DNA-binding helix (Figure 2ab)
Molecular  dynamics  simulation.  followed by energy
minkmizatem, suggests that this slightly affects the enientation
between the two DBDs in the homaodimer, with an increased
number of contacts between the two domains {Figure 2a.b). [t
Is therefore very likely that the Asnigl dedetion affects
homodimenization andior DNA binding of the ER-}

There was no template available for remodeling of the p
(Gly84Val) variant, and no homology models could be
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Figure 1 identification of three ESA2 variants, (&) SChemati ovenvew of the ER- proten wits detalked represeniston of e SHA-bindng domain
Thee light gray crckes repeesent Fbax amino acds, the dark gy cvoes represent the dmerzation nserface and the red chcke represents the ddoted
AMino 70 In caso 1. B-d) Loft motn aigrenont; meddk: okcrophiogser sod (900 podignoe, for e doktid amina aad Asa 1 BT INTRTI Sound in
caan 1 commnwed up 10 Tormodon and in human ER-a (bl the aftected aming ackd in case 2, GhBA (GBA) corsnnved up 1o the trat Ry (s and the
affecied aming ackd 0 case 2. Leud26 (L426) consovvnd bp %0 Tefmodon (d) In (bl the attectind nokidal & mgresented By 8 Dlack spmbol. M
mutation; NA, not svadaik.

ER-0_Human

obtained. To assess the possible isfluence of the p. which was previously characterized by X-ray ceystallography.
{Leud26Arp) missense variant on the ER-|) protein structure,  Lend26 is a buried residue of helix 9 (Figure 2a). FoldX
we made i silico calculations of AAG with FoldX and tried to  energy calculations using the BuikdModel command indicate
model the best rotamer position for each variant with UCSF  that the p(Leud26Arg) mutation affects the folding energy
Chimera. The p.(Lewd26Arg) vapant is Jocated in the LBD,  of the protein and has a destabilizing offect (in silico
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d and wild-type ER-p. (8) EMtet of the A 18! dektion on a dimer of the ER-p DNADnbng damam. A

model for @ dmer of both the widstygee dobsel and Asn1B1dal munant ted) DNA-DInding doman & s, Monamer 1 of both gimerss. & superposed
The AsniB1 IN181) dedetion shorens a lorg loop between the DNA-binding bebx and the zinc-bindng e at the dmes intecfocs. A5 a mesut, the
UA-bmdng hedx tits sowards the dmer interface. The red anow indcates an spward siift of the second monamer versus the first monames i the
muzant dimer. The molocules ano rotatod S0° companad with (bl ana tha DNALIndng belces e dhactnd sowantds the viewer. (B Model of tha wile
ypo ERI ORA-Lindng domain bound 5o ONA, Tha sadtion of AsnTBT & Inacated. (¢ Foston of the LouZ70 (L2704 and Leud26 L426) mesidues n
the BR4 bgardbindieng domain structune, Atcess of L270 and LA26 4o shown s 9ty sphises. (d) LAZE & burnd in 4 fachaphald svsercnment in the
spana-bindng domain strocture. dei Yhen L3826 & mulaled to the beat-fitting Arg rotames n UCSF Chanesa, the Arg 1ide chan dlathes with revduss

D326 and ME10 {red Ines)

AAG = 23 keal/mol). Leud26 fits tn a hydrophobic pocket
and engages in Interactions with Leu322, Leu33n, Leud06, and
Metd 10 (Figure 2b). Modeling the best-fitting Arg rotamer at
the positon of Lewd26 in UCSF Chimera shows that this
mutation abolishes most of these hydrophobie interactions,
while even the best-fitting rotumer of the Arg side chain
introduces strong steric clashes in the absence of drastic
energy  minimszation  (green lines) {Figure 2c), The p
{Lead26Arg) varlant s likely to affect the stability or folding
of the LBD domain. Folding of the p{Leud26Ang) vanant
estrogen-bounsd LAD domain into a wild typelike structure
would at least require drastic structural changes in the
envitonment of residue 426, which could hamper LBD
dimerrzation, as helix 9 and the Joop between helix 8 and 9
{which interacts with Leud 26 via Metd10) are both part of the
symmetrical LBD dimer interface,

Expression studies in human ambryos

In RNA sequencing data generated by Gerrard et al™ in
embryos of Carnegle stages 18 and 22 (7 and 8 weekss e,
around the time of sex determimation], ESE2 expression coukl
be chserved in testicular tissues. [n array expression data
generated by del Valle ¢ al = in o genomic sthis of human
adrenal and gonadal development. eady exp of ESR2
could be confirmed, In u human male embryo with a
gestational age of 8 weeks, ER-[} immunostaining was positive
in the developing eye, especially in the corneal epithefium and
endothelium, primitive lens nevrons, pamitive retinal cells
and retinal pigment epathelium, mucosa of the developing
mtestine, and newronal system  (specifically the primithve
neurong of the germinal matrix). ER-f} staining was negative
in the developing testis at this stage of development
{Supplementary Data and Supplementary Figure S1 anline)
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oMo, d fomde; DON, 2,3-bie(d-tyckoayph

¥ ’

Transeriptional activation assays

'lhc. tmpd of the adentified varants on  transcriptional
was d using luciferase  usavs with

'l'k—hl.-.lu&wumum oumtmm The p(AmlSldd) variant

resulted in significantly i after

| AR

. A combi of different
pnnmﬂm indudmg pupuhunu frequencies and i allico

predictions suppart a likely pathogenic classification for two
of the three variants found (Table 2). Structural analyses

rt a dedeteri effect of the p(Asnl8ided) and p

stimulation with the ER-{lspecific lipmd. DPN (P < 04001)
For the two missense variants, p(Gly84Val) and p.(Leud26Arg).
e significans akterations of ligand-dependent transcriptional
activation were observed (Figure 3). Interestingly, the p.
{Lewd26Arg) variant shows a higher transcriptional activation
comparsd with wikl-type ER-) when the cfls are not
stimulated with DEN (P = (1.0014),

DISCUSSION

The sentification of likely pathogenic variants in ESRZ in
unrclated lndividuals with 46, XY gonadal dysgenesis suggests
an unanticipated role for ER-) in early gonadal development.
Previously, polymorphic £582 variants have been associated
with milder variations in sexual development such as
hypaspadias and micropenis, " and a heterozygous ESR2
variant c1295C> A leading to a missense change p.
(Ala432Asp) in the LBD of ER-[} was recently reported in a
girl with primary amenorrhea ™

Here, we identified a biallelic in-frame defetion in a girl with
syndromic 46,XY DSD and two moneallelic missense vanants
in two unrclated cases with nonsyndromic 46,XY DSD, The
data of case | are suggestive of absent gonadal development,
while the data of cases 2 amd 3 are compatible with partial and

GENETICS 4 WE DECINE | Volone €O | Mumter | Moethy

(bm-ﬁw\rgj variants on protein conformation, but are not
available for the pAGly84Val) variant due to the absence of 4
suitable madel for this region. A significant increase in
transcriptional activation was shown for the plAsniBidel)
and pLend26Arg) varants and resulted in increasad activity
in the absence of an ER-|-specific ligand.

In recently published | embryonic gonadal A
Jatal ESR2 exp was found in eardy mgts af
gonadal development. In an 8-weck-old make human embryo,
ER-f1 mmummnmmg was shown in the developing mfestine,
eye, and fally reflecting the extr-
gonadal involvement in case 1, Hnwwtr no - testicular
immunostaining was observed at this developmental time
point. Given the severity of the observed gonadal phenotypes,
it cannot be excluded that ER-3 plays 2 role even earlier
during devdopment.

An interesting finding in this respect is the fact that
nonclassical estrogen signaling has b«m shown pﬂ'nuualy to
interact with the MAPK pathway*'-.a signali
involved i the earliest mgrs of gonadal chvhpmml—
although the operating mechanisms are different i humans
and mice, In humans, MAPK signaling is essential for tilting
the gene expression balance towards SOX9 expresshon; gain-
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of-function mutations of MAPIKT Jead to higher phosphor-
vlation of downstream tangets, causing decrawsed expression
of SOXY and increased expression of female-specific genes like
frattenin P In mice, the Magk pathway acts through
direct upregulation of Srys homosygous  oss-of-fanction
varkants of Map3kd are reflected in a2 male-to-female sex
reversal phenotype

Nuclear receptor family members, to which the ERs belong,
are known to exert their functions through different action
mechanisms, The ciassical genomic pathway involves ligand
binding and receptor dimeriation, followed by nuclear
translocation and activation of repression of tanget gene
epressson P Estrogen binds on both ER-a and ER-f)
receptors; however, binding results in partially overlapping
but also differential transcriptional effects " Alternative
action mechansms involve Interactions with other transcrip-
tion factors, lgand-independent recepror activation, and
sctvation of defferent signaling pathways. Foe Instance, it
has been shown that ER-{! can activate specific MAPR
pathways in buman colon cancer cell lines. The scarce
eiperimental data  regarding  these  altermative  pathways
indicate that these processes are highly cell specific, making
It hard 1o investigate them In o devddopment gonsadal contest
s the currently avatlable cell lines do not mimic the
embryonic ocllular environment. We hypothesize that the
ESKR2 variants found here could Jead to increased activation of
the MAPK pathway via a nongenomic working mechanisim,
therehy shifiing the expression balance from SOX9 to |-
catenin signaling, and resulting in decreased SOX9 activation
and Gailure of testicular development (Supplementary Data
and Supplementary Figore S22 onlinc).  Experimental
validotion of this hypothesis & challenging gven the cell-
type speaificity of these alternative pathways and the fact that
no refevant cell line resembling the undifferentisted ganad in
avallable, Furthermore, it remains complex to acquire an
caperimental setup that resembles the earliest phases of sex
develupment s all  available gonadal cell  lines  are
differentiated

A differential action mode of MAPK signaling in mice and
humans can explain the absence of a sex reversal phenotype in
ER-{1 knochout mouse models: Over the vears, several ER-p
KO mice have been generated, A first mouse knockout moded
was characterieed by female sub- or infertility and normal
repreductive capacity In malkes™ This mouse was gencrated
through insertion of & nenmyan resistance gene into exon 3
of the Esr2 gene by bomol recombination in embeyonic
stem cefls. Several lmscﬂpu were still being processed,
hawever, leading to an incemplete knockout, Moreaver, ER-[}
knockout mice originating from the same initial FR-I‘ munm

EARTERS of ' | E302 variants ssrtieted with ¢85 O30

to-female sex reversal in humans, but delayed testis develop-
ment in mice™

Differences in zygosity bave been shown for the ESR2
variants found here, and l'I'U)’ relate to the nonsyndromic
phenotype in the two monnallelic cases ¢ d with the
syndromic phenotype in the biallelic case. Mareover, a
different working mechanism cannot be excluded for the
monoaliclic missense variants found, although they may all
act via the same dysregulated MAPK pathway. Differences in
zygoslly arcl mutation-dependent action mechanisims have

been described for other puc ptors, such as NR2E3,
unpbntn! in both | d and retinal
dystrophies with clinically distinct phenotypes. ¥
CONCLUSION

We identified brallellic and maonoallelc vardants i ESR2Z i
pathents with syndromic and ronsyndromic 46 XY DSD,
respectively, pnmng forwand ESR2 ac a novel candidate gene
for $6.XY DSD etiology. [t i ing to late about an
unanticzpated rale for ER-[} in early gomdnl dndupmem: ic.
the development and stabilization of the bipotential yorad
and/or its differentiation into & functional testis,

SUPPLEMENTARY MATERIAL
Supplementary material is inked to the ardine wersan of the
paper at http v nature comigm
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1 | INTRODUCTION

Abstract

Bockground: One of the defining moments of human life oocurs cardy during
embryonic development, when indviduuls sexually dfferentinte imo esther male or
femule. Perturbation of this process can Jead 1o disondersiditforences of sex devel-
opment (DSD). Chromobox protein homolog 2 (CBX2) has 1wo distinet isoforms,
CBX2.1 and CBX2.2: the rok of CBX2.1 in DSD has boen previously established,
yet 1 date the function of the smaller fsoform CBX2.2 rensadng unknown,
Methods: The genomic DNA of two 46.XY DSD patients was analysed using
whole exome sequencing. Farthermore, proteid DNA inferetion stadies were per-
formed using DNA adenine methyltransforase identification (DamiD) to dentify
putative binding partiees of CBXL Fnally, (0 virro fusctional studies weee used m
elucidate the eftece of wild-type and vanant CBX2.2 on selected downstroam tangets.
Results: Here, we describe two patients with features of DSD i.c. atypical exter-
nal genitalia, perineal hypuspadias and no palpable gonads. each patient curying
A distinet CBX22 variant, p.Cys 132400 (cIMT>C) and p.CysES4Es (cAGINCIT).
We show that both CBX22 varisnts fail to regulate the expression of gencs
essential for sexual development, leading 10 a severe 46,XY DSD defect, likely
b af a defe I of EMXZ in the develdoping gonad.
Conchusion: Our study indicares = distinet function of the shoster form of CEX2
and by identifying several of its unigue turgets, cun ndvinee oar underszinding of
DSD pathogenesis and ultimately DSD diagnosis and munagement.

KEYWORDS
CRXZ DamiD, DST, EMX2, gosd devdope

anatontieal sex is stypreal. Current duts  indicate  that
approximacely | in 4500 binth exhibit genital anomubics,

Disorder of sex development (DSD) combines o browd
spectrum of different phenotypes, defined as congenital
combibons in which the development of the gonad andior

e muitoes coatritaied oqually 30 this wink.

for which in only sround S0% of coses & consal gene van-
ant can be found (Hughes ef al., 2006). One of the genes
implicated i DSD is CBX2M73, a member of the Poly-
comb group (PeG) prodeins, that are conserved regulatory
factors mitially discovered in Drosophila, best known for

Thin i a0 o sccews strdie vodes e i of (e Cooadive Coormmoen Adribation Lvesic. olinch permion s, nbuion sod seprodloton i aery ol proandel e
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thesr role in maintaining silent exm:smn uuwcs of Hox
genes during develog by h struc-
u.\m.mdsﬁmm(mmradumumm Iheumualou
Knocking out M33 in nuce affected the development of
the genstal rudge in both XX amd XY embryos. suggesting
that it functions upstream of Sey. The majority of XY mice
showed sex reversal, whereas ovarian development was
umpasred in XX animafs (Katob-Fukus et al., 1998). Cha2
&5 able 10 scnvate SEI expresslon daring spheen and sdeennl
development, suggesting that Chx2 in mice has n ole as
transactivator, distinet from its chromatin modifier function
(Katoh-Fakul et al,, 2006} Addinonally, it hus been shawn
that forced expression of Sry or Sax9 in Cbx2 KO mice
could reseue 10 sex reversal in XY mice, although they pe-
sented with smaller ganads compared to WT mice (Katoh-
Fukui etal., 20122 Katol-Fuku or al. concluded that Chx2
may regulite testis determinubon by reguliting. disectly or
mdiecetly, Sry ond sddiionally might mflueoce gonadal
size theough the regulinion of other genes. Our group msde
the discovery of u loss-of-function double heterozygote
CBX2,1 variant in a 46, XY girl with ovarian-fike tissue of
histology, normal uterus and externul female gcnimlla. acci-
dentally diagmased b af a discrepancy poe-
natal Karyotype and phenotype at birth. Functional studics
demoanstrited that the CBX21 variant does not properly
bind 10 and does nor sdequarely regubate the expression of
target geoes esseatial for sex development such as SFY/
NR3IAL Our data identificd CBX2.1 ns essential for normal
human moke gonadal development, suggested that it lies
upstream of SRY in the human sex development cascaxle
und identified u novel antosomal reeessive cause of DS,
From a more mechanistic paint of view, we demonstrated

outpasient cline of Haspisal dus C‘limcas of Umwmly of
Sao Palo, with atypical I 1 ut birth,
ch { by microphalk .5 cm), P | hypospa-
dizs and absence of palpshle gonads. The Karyotype was
46, XY, No Millerian denvatives were found 2t pelvic
ultrssonography amnd retrograde uretrocistography showed a
blind vagine At 2 vewrs of age. & human chotonic gons-
dotropin (hCGH stimulstion test was performed (two doses
of 2000 Uy and no testosterone incrense and sterond pee-
cursar secumulation was  foand,  Siece  chikihood,  the
putient showed a male behavior and ufter psychological
evaluation, changed to male social sex at 5 years of age.
He had a normal mental development, At 10 vears of age
he wus submitted to explortory laparotomy  which dis.
chosed bilateral atrophic testis that were removed. Anato-
mopathobogical data showed dysgenetic testes characlenizod
by unmature tubules with Sertol: cells only and o few ayp-
scal spermatogonias. No Leydig cells were identified in the
meerstitium, By 17 years of uge, be starmed  androgen
replacement with testosterone esters. At this time his ponile
size was 12 % 3 om, serum LH level was 16 UL FSH
bevel was 54 WVL, and testosterone level was 230 ng/dl
14 days after exogenous estosterone (NV LH 1492 UV
L; FSH: 1.0~12 UVL. Toral testosterone: 271965 ngkiL).

2.1.2 | Patient two

The sccond patient was & white 34 veurs of age muke af the
time of referral to the outpatient clinie of Hospitul das
Clinicas of University of Sao Panlo, He presented with
atypical genitalia, churctesized hy microphullus 5.0 ¢m),
hilateral cryptorchidi d dias anl scrotum

et |

that CBX2,1 might have n role as & vator, disti
from s known function ax chromatinemodifier (Biasone
Lauber, Konrad, Meyer, DeBeaufort. & Schoenle. 2009).

The function of the shorter sofoen CBX2.2 is not yer
well-explored. To study this (soform, we investigated the
CAWT>C (p.CysIA2Ang) md the c460delT (pCysLS4es)
CBX22 varionts, from two individuals with 46, XY DSD,
charcterzed by atypcal external genitmbia and dysgenetic
restis,

2 | MATERIALS AND METHODS

2.1 | Subjects

The study wus approved by our institutional ethics comnut-
tee and wririen informed consent was given.

2,1.1 | Patient one

The first patient, a white 9 monthskl girl bom at teem
and small for gestational age (2300 g), was referred at the

iphicds %XYhnﬂyww&cmWhydmmc
analysis and  labormtory  evaluation  showed  byperg.
onadotropic hypogonadisn with LH fevels of 10 WL, FSH
Jevels of 78 U/L, aml testosterone levels of 75 ngldL. A
gonodectomy was performed, which revealed no gonadal
tissie on histobogy evaluation and furthermore, a hypoplas-
tic uterus waos found. Genitoplasty. followed by testiculor
prosthesis (mplant was perfonmed, In the meantime, testos-
terene replacement was stancd by using westosterane cypi-
anate, The final penile keogth was 10 om,

2.2 | Whole exome sequencing

Genomic DNA samples from both patients were analysexd
by whole exome sequencing (WES) on s SureSelect
Human All Exon V0.0 capture Kt (Aglent. Sunta Clarn,
Californas, USA) and 0 HiSeq 4000 Sequencer (Muming,
San Diego, Californin, USAY. The reads were sereened with
FastQ Sceeen (Babraham Bioinformatics, Cambridge, UK)
for possible contamination and a quality control has been
performed with FastQC (Babruham Bivinformuatics), Read
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alignment has been performed with Bowtie 2 (Johns Hop-
kins Univorsity) against a human meference sequence
(GRCHA7.pl3hglY), GATK HaplotypeCaller (Broad Insti
tute) wis used for calling SNPs and indels, and the aligned
duta was vissalized with the Integrative Genomics Viewer
{Broad Institure). Genes with known venants causing sin-
lar phenotypes wero ¢ d fist (e, SRY. VRSALSEL,
DMRYI, TCF21, GATA4. DN, FGFY, FGFR2, and
PGD2) Then, n list of 85 genes known 1o be involved in
46,XY and 46:XX DSD in generml. was used o further
sereen the WES data (Suppoming information Table S1)
{Bactens cf al, 2017), Finally, additional potentiol candi-
date variants were selected based on ooc in the gen-
eral population (MAF <05% in ExAC) and on the
predicted influence on the protein level (SIFT, PolyPhen,
Met-SNP, PhD-SNP and SNAF).

2.3 | Genome-wide analysis of CBX2.2
binding sites

In order to stady the functional consequences of the van-
ants, we firss bhad 1o identify potential targets of CBX2.2 in
NTYD1 (ATCC CRL-1973) Sertodi-like cells, Even though
they are pluripotent cells, these cells express most of the
important Sertoli-cell markers (including SOX9. SFI etc)
{Koower ot al.. 2007). To analyse procein/DNA interaction
we used the DamiD-seq method that couples next-gencr-
tion sequencing o RamiD (DNA adenine meshyBransferise
identificatin) assay (Exd. Opitz, & Bisson-Lauber, 2015).
DumlD i5 a methodology idependent of antibodies, fixa-
tion, chramutin, shearing and other techmically challenging
features of Chromatin Immuna Precipitation (ChIP), and is
a powerful tool for the mapping of g ic hinding sites of
chromatin binding proteins (Vogel et al., 2006). Bricfly,
human CBX22 cDNA (Origene. Rockville, Maryland,
USA) was amplified and cloned mto 2 pENTRI plasmid
(lavitrogen, Curlsbad, California, USA). then recombened
nto the destination veetar pLew-VS-EcoDum-RECI 10 geo-
crate pLew-VS-EcoDam-CBX2, using the Gateway LR
Clonase 11 enzyme mix occording to the manufacturer's
directions  (Invitrogen).  Lentivimd  packaging  plasmids,
PRSV-Rev  (Addgene, plasmid  12253), pCMV-IRS2
(Addgene, plasmid 8455) uxl pMD2.G (Addgene plasmid
12259 were obtained from Addgene, DamiD was per-
formed using a lentivirml transduction protocol as previously
desenbed (Vogel, Penc-Hupkes. & van Steensel. 20073,
using  plgw-EcoDum-V5-CBX2Z  (EcoDam-CBX2) or
plgw-V5-tcoDam (Dam-caly). EcolDam-CBXZ or Dam-
only were trunsfocted into HEK239T celis (ATCC CRL-
11268) together with the packaging plosmids (pRSV-Rev,
PCMV-dRE 2, pMD2.G) using Metafectene (Biontex Labo-
maorics, Munich, Germany) 48 hr later, the supernatant
containing the lentivinis was horvested and added o N'T-
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D1 celis with | mg/ml polybrene (Santa Cnz Biotechnol -
ogy. Dallas, Texas, USA), in two consecutive mounds of
trunsduction. Two days after the fing infection, genomx
DNA was isolated using the DNeasy blocd and tissue kit
(Quagen, Hilden, Germsny) The iselated genomic DNA
was subject o Dpnl digestion, lgation of DamiD sdaptors,
and Dpnll digestion. Samples without sddition of Dgnl or
ligatton adaptoes scrved us pegative controls, Dpoll-digested
fragments weee used as gemplates to amplify methylated
genomic fragments, DNA libraries were preparcd using the
TruSeq DNA LT Sample Prep Kit (Hlumina} and the
libeunes were sequenced on a2 HiSeq2000 sequencer (-
mina). Cells expressing free Dam protein served as a con-
trol to comect for the ific DNA ihility by Dam
alone and for sequencing biases,

2.4 | Immunofluorescence

Imunofluorescence was performed ay previoosly reporied
(Eid et al., 2010). Bricfly, celis grown on cover slips were
pre-exmucted  for S min on ke using 25 mM HEPES
{Sigmn-Aldrich, St. Louis, Missouri, USA) pH 7.4, 30 mM
NaCl (Acros Organics, Geel. Belgium), | mM EDTA
(Acrus Organics), 3 mM MgCL, (Sigma-Aklrich). 300 mM
sucrose (Signss-Akinch). and (5% Trton X-100 (Sigma-
Aldrich) before fixation in 4% (wiv) formaldehyde (Sigma-
Aklrich) in PBS (Ihermo Fisher Scienrific, Waltham, Mas-
sachusetts. USA) for 15 min or reom temperature (RT).
Cover slips were incubated overnight st 4°C with primary
antibedies anti-VS antibody (Santn Cruz Biotechnology)
and Alexaonmgated secendary antibodies (Invitrogen) for
| br at RT, The cover slips were mounted with Vec-
tmshicld  (Vector Labomtories, Burdingame, Califomia,
USA) contuning DAPL Imeges were acquired (sing 2
Nikon eclipse NeoEE muscroscope systenme

2.5 | Functional analysis of the CBX2.2
mutants

We generased the p.Cysi32Arg and p.Cysi346s vanant
CBX2.2s by die directed mutugenesis of wikd-type cDNA
{Origene), sccording to the manufacture's manual (Quick-
chunge I1 Site-Directed Mutagenesis Kit; Agilent),

The influence of WT and CBX22 varants on the
expression of selected candidute genes was studied by
means of quantitative reabime PCR. performed with ABI
StepOnePlus Real-Tune PCR system, PCR products were
quuntified Nuceometncally using the KAPA SYBR FAST
master mix (KAPA Biosystems, Wilmungton, Massachu-
setts, USAL The refereace mRNA from cyclophilin was
used for dats normali Primers seqg and qRT-
PCR conditions for CBX2 isoforms und putative targets ane

ilable upon req Al bes were run in triplicates
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and finolly the nommalized relative expression  values

Besides CBX2.2, there are 27 aml 30 other gene varants

(2745 of multiple independent experiments were plotted

guinst the relati pression vihues of the empty vector
whech was set = 1. Unpaired ttest was performed using
GrapbPad Prsm venson 607 tor Windows  (CiraphPad
Software. La Jolla, California, USA)

2.6 | Gene-ontology enrichment analysis

ToppCluster wis used for  GO-corichment  anulysis - of
CBX22 Dam-1D targes geoes (Kaimal, Bardes, Tabar,
Jeggn, & Aronow, 2010), GO-earichment permits to anal-
yse functional features of gene sets. clustering them by
therr involvement in pathways related to Molecular Func.
tion, Biological Process amlior Cellular Component. GO-
terms with p-values <005 and more than five target gencs
assoclated 1o the cormespomding GO-tern were defined s
significant. CBX22 Dam-ID trget genes were clusterad
depenting on GO-terms and visualized using spring-embed
lnyout with Cytascape v3.3.00 (Shanooa ct al., 2003).

3 | RESULTS

3.1 | Identification of CBX2.2 mutations

No varignrs i the coding sequence of genes poteatally
ciusing & smilar 46, XY DSD phenotype were found in
the WES datn of both patients including SRY, TCF2I,
GATAL, DI, and PGD2. Patiest one aarries o DMRTY
variant (¢, | 33T>A, p.Ser45Thr), o synonymous PGS vari-
unt (¢ 1 284A>G, p Serl498er) and & synonymous FGER2
variant (c.1343A>G, p Val232Val), all commwon in the gen-
el population and predicted to he tolemble (Table 1), The
second  patient  camies the same DMRT), FGFY, aml
FGFR2 vanants as patient one and two SFI/NRSAT varie
ants (€A37GHC, p.Glyl46Als, and c499C>T, pProl2s-
Pro). which are also common in the generad populaton asd
predscted to be wilesable (Table 1),

Screening the 85 genes tmplicuted in 46, XY and 46XX
DSD. revealed o ¢ 39%4T>C vanant in CBX2 2, keading to a
p.Cys132Arg missense exchunge in patient one and o
cAGKKIT defetion, leading to a pCys|S54fs frameshift m
patent two (Figure |). The correspoading refSNP cluster
1D numbers are n782325368 and mx552892809 respec-
tively. Boeh vuriants are mare, with 0 MAF on ExAC of
0.00001647 (p.Cys132Arg) and 0001418 (p.Cys1546) und
are predicted o be discase cousing. CBX2.7 of patient one
cames  two  known allebe  variants (571368052 and
m3751956; Figure 1), EXAC predicss foe CBX2 o pLl
(probability of LOF Intokerance} of (095 {0 = gene tolernt
o LOF; | = genc completely intolerunt to LOF)

The WES data were further analysed to find other rne

in hoth y respectively, which were predicted to bave
a high ta 4 impact (mi 3 frameshift-
variants, stop-gained or splice scceptoridonor-vanants) and
are rare (MAF < 0.5%) (Supporting information Tables §2
and S3). The unavailability of the parents DNAs prevented
us from further filtenng the vanants. To analyze the pata-
tive relevance of these varlants for the clinical phesotype,
with the help of Pathway Stadio |1 (Elsevier), we searched
for connection between these penes with rare vanants and
femake gonod  development, male gonnd  developmens,
gonnd develop sex development, and sex determina-
tion. According to the literature, the only candidate gene
implicated in these processes is CBXZ, allowing us to con-
clude thut the CBEX22 vananty are the most bkely candi-
dites foe the observed phenotypes of the paticots and
proenpied s to further analyze these varants.

3.2 | Identification of CBX2.2 genomic
targets

To snalyze the pathophysiological consequences of the
CBX2.2 variants, we had 1o face the challenge of not
knowing any targets for CBX2.2 and the consequent lack
of functional assays. To gain insaghts mto the function of
CBX22 we apphicd the DumliD-seq method 10 identify its
direct targess, We prepared two replicites for CBX21 umd
CBX22 fusion proteins or free Dum and sequenced the
DNA  libruries  separately.  Immumofluorescence  unalysis
shawed thut the CBX2.2-Dam construct comectly Jocalized
o the nockeus (Figure 23, All pairs of replicates had highly
correlated read densities along the genome (Pearson come-
lation cocfficients >0.90, povalee <2c-16) ol thus were
combined for the follow-up analyses. Approximasely 30%
of CBX22 binding peaks were found m the promoler
region, defined as SKb upstream of transcrption sLut sites
(Supporting information Figure §1). Afler normalizing the
data 10 the controls, we identified 1901 ennched binding
sequences of CBX2.2 within the promoter reglon of vari-
ous genes, with a p-value <le-5, of which 451 were shared
with CBX2 | und were excluded from further analysis,
SOX9 is one of the common targets and has also been
excluded since it cun be assumed that CBX2.1 might com-
pensate for CBX2.2 deficiency. In sibeo  hicinformatic
analysis using Pathway Studio 11 (Elsevier) identified six
potential CBX2.2 unmigue targets. Target selection was
based on thar reported putative involvement in sexual dif-
fereatzation, e role in human discase aod animal models
or thelr specific expecssion in Issues involved In sex devel-
opment (gonade, sex organs. hypothalanmes, and pituitary),
as previonsly reported (Ekl et al, 2015). Empty spiracies
homeobox 2 (EMX2) (Simeone ct al,, 1992), Male gesm-

variants  pofentially  causing  the  observed  phenotype.

cell iated  kinase  (MAK)  which is  exclusively
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TABLE 1 Vanams found by whole exome sequencimng in genes known w0 be reloeed i 46, XX sod 46, XY DSD for boeh pamsenis

Common secions  LEPR Hom Q223R
LHX3 Het NEZISS 1 [RIUAY
KISSI  Het PSR 02% 0016
AKRICA  Hom Q250R I 0324
WWOX Hom AlVr w022
AMH Hom VSi5a 077 D
FHINZ He TRMA 0n3 o2
SRIDAAL Het AN — nou
MAPIKT  Hom DEN 019 03
MAPIKI  Hom Vaoul 076 0157
PROPI Het A2y 0en  OKT
ZFPM2 Het ARG 1 noie
7rPm2 Het ALOQSSY  L1e oo
OMETY Het SA5T 012 00w
HSDI7AZ  Ha: Ci2898 1 n4sx
FGIRY Hom vaey — -
Gy Hom SIuS — —_
Pkt ane PHX] How G5 022 0006
ANMH Hom S 0 A
FSHR  Het S&SIN 07T DGk
PEHR Het AZIT 08 DBad
HUAT Mot SHIN 013 00K
INSI3 Hem  TGOA 1 00s)
CYP2IA2  Het RIGK | (e
POR et ASV 0% 016t
CYPIIBI  Het R4Q 1 02w
MAMLDT Hom  PAMS. 002 0206
MAMLDY Hom  N&&S 009 02m
Putiest twir FRINT Hom NRWK 07 D2»
RXIP2 Het 1y W2 pa2z
NOBOX  Het Ke6IR 06 D0R
AR A R Het 56570 025 DRs
NRSAL Het Gldan 0s 01T
NRSAL Het P125P —_ —
How SR 001 033

HMPIA

sobyhen |
s sz
any? 05103

WAC MAR ¢

ey 0N [REER (O]
045 D068 oo DiaRs 1336861
HA1L 007S asm 03413 RS0

03 0437 a0 13,2058 1 ETI06TT?
0388 038 a1e  nasor BHS0N
0345 DM a U9 nHMI7622
1468 D266 a0z 07364 NI
1255 DaMe ano 06079 n248703

0SS o2 a0 0.59%4 268D

asl s 0 07048 AN

1365 01 a0l 05113 72924
037 ol o 01146 n11903776
RULR I 8 ) e D77 16873741
04K DOSK a0 D267% n739583
0495 02w a (LSRR B2H64TY
PRI - 07%1 s HITI00
- - - 0.839% nOSI9K4 |
3% — ane B2 12275558
628 o3t 0o RETe PR )
049 0127 a 0,577 nbl66

047 087 [ 05446 [RATE)

0928 09 agEs 014w n2204K5)
011s  00s a 06451 6523

62 03l anos s 18ISIRET)
0435 0215 0 D36 “mSTHAK
048 027 a DT 534

LEVUR N e a2 18321 1513406
1635 0213 Qo 01089 nATHMI
2% 0166 0627 D146 61731214
085 0223 an 01887 I HIOAS]
04K OIME 003 012763 nITRIZN
AED oo an3g 001258 E2RIMSH
43 0246 a0 [NTES 11061
— e - 102645 w06
.25 0238 LTI R RO

0473

Varksmn are sl o couviien between bodh petleon, varkens specilic Sor patheet voo and varleets spectlic for patiens tvo, The offocts of de salans o e pr-
o Bovel wore prcicted by SIFT, TD-SNE. SNAPR. Meta-SNE. and MolyPon. Scomes peedicting o danegmg effocs of e vanam e cobored momd In oeder 0

e i the grieenl populss

EAC wak usal teare: MAF < (L4S),

expressed i testis and potentially importnt for spermato-
geneses (Matsushime, Jono, Takagl, & Shibuya, 1990),
Homeobox AL3 (HOXAL3), a tanscription factor which
has been linked 1o syndromes affecting genitourinary deved-
opment (Scott, Morgan, & Stadler, 2005), WD repeat-con-
taining protein 77 (WDR77) also known as androgen

receptoe-associated protedn, o 44-kd peoten interacting with
Paolycomb and o component of a methylransferase complex
involved in sestis development and tumor formation (Liang
etal, 2007), Twist Family BHLH Transcription Factor |
{TWISTT), a HAT hinding protein that abso interacts with
Polycomb proceins, was found 10 be relaed to androgen
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receptor expeession (Shiota et al., 2010) and Basonucle

(BNCZ), which has been hnked to hypospadis and dastal
(Bhoj eral, 2011)

the expression of these genes was used as an sssay for W

urethral developmier

Ihe unalysts of

versus mutant CEX2.2 function (see below)

33 | Gene ontology analysis of CBX2.2
targets

In onder to retrieve o functional profile of the high-through
put gene sets and tharetore better understand the undedying
biological processes, we porformed an uabiased Gene
DamlD

CBX22 urgets showed an over-representation of Gene

Ontodogy  enrichment  analysis of  the largets

Ontodogy terms relased o development wnd morphogenesis

(Figure 33, mainly in generic developmental serms. like
embrya  development, heart  development, and  neurom
development. OF particalar interest for os, the analysis

FIGURE 2

cells were 2

Dam-CBX2 2

localization i NT2-D1 colis. NT2-D)
ced with the plgw-FooDam- VS-CEX2 (Dom

CHX2) omd 38 br [ner cells were detergent-extractod and fived. D
CHBX2 wirs yisua

wwbody, macle were visslioed by DAFL Bar 1) ym

fired by indirect immraof) enoe awing @ VS

FIGURE |
ol the

Schammic ropresenitn
ton of boy CHX2

onL CeRanl

pofomma, The CH)

unarms are depactsd

in rod (Pacot cae: pCysid et

twir pCysiSdis) The two known SNPs

fomad in CBX2 1, £-52C>0 (71168052

wnd p.Lend 10lew In37519361 are depucied

i hlue

shawed that the CBX2.2 turgets are
for the Gene Ontol

also averropresented

lerm  urogen

I system develop

ment,  addisonally  demonstrating  the  involvement  of

CBXL2 in human sex develapment

34 | Functional characterization of CBX2.2
variants

To mdependently validate our findings, we performed func
es using quantitative Realdtime PCR (RT-qPCR)
fur the sax selected s, For the [first
(PCysid2A0g). W' CBX2Z increased the expression of
EMX2, MAK. HOXA1}, WDR77, and BNC in N12-DI
cells significantly (p < 0.05) by 3.2, 1.9, 2.0, 1.5, and 1.6

tiomal stixli

Nananl

respectively, compared oy the EV mrunsfection (Figures 4
amdl 5), Using the CBX2.2 vanant, the effect on EMX2
MAK, and HOXALS significantly (p < 0.05) diminishes to
expression values of 1.3, 1.0, and 0.8, with the expression
of the turget genes behaving essentizlly fike the control,
mdicating that the effect is CBX2.24pecific (Figure 4)
Overexpression of the first CBX2.2 variant (p.Cys112Arg)
mereased the expressson values foe WDRT7, BNC2, amd
FWISTL, comparad fo the EV, 10 L1, L3, and 1.0 resp
uvely (Figure 5). However, they show na sigaificant differ-

ence in expression under ecither W' or CBX2.2 variamt
by munsfecung of the CBX
ant foand in the second patient (p.CysiSdfs), the
the expression of EMX2, MAK, and HOXAIY akso dinun
ished significantly to expression values of 1.0, 0.8, uml

expeession, Similurdy 2 vari-

oot on

0.7, again behaving essentially like the control (Figure 4)
The expression vakies for WDR?7, BNCL, and TWISTI
chunged to 3.5, 3.5, and L3, respectively, when overex
15415) (g
are Sp Sumilar fo the furst vanant there s no difference

pressing the second CBX22 vamamt (p.C

expecssion under cither W or the second CBX2.2 vaniuw
Ihe CBX2.2 vanont mRNAs were expressed at a level
hat of the wikl-type mRNA, suggesting that the
variants g0 pot influence mRNA suhifity. In onder to
ensure that the cffect of CBX2.2 on EMX2 is isoform

simalar to t
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FIGURE 3 Represestation of Geae
Ouwology (KN enichament anadysis by
Cywnseape. Evezy dot ey 4 gene
nedated W the ennched GO-wenmn, which
Juve bees diatered degending on thelr
Tunction. I anmge e te Gl
¥ d which we Involved in
developmental gooceises, in el all GO-
e peloted S0 morphogesesly, i green
regubinory processes and n blue we the
GO invalved i molecols funct

specific, we pedformed overexpression studies of CBX2.1
in NT2-DI cells, Overexpeession of CBX2.1 showed no

effect on EMX2 expression (Supporting information Fig-
ure S2).

4 | DISCUSSION

Our paticnts represent the first two known variants in
CBX2.2, the bess known aoform of CBX2, asociated to
46, XY DSD. In mice and men. loss<of-function of CBXY/
M33, couses made-to-female and 46, XY DSD (MIM
613080) respectively. CBX2 wsoform | was shown 1o be a
transeriprion factor aside from its role as chromattn mods-
fier and we could established thar CBX2 isoform | regu-
lates sex development by stimulating the male-specific {e.g.
SE1 und SOX9) undd inhibiting the female-specific factors
{sich as FOXL2) {(Biason-Lauber ¢t al, 2009 Eil ct al.
2015). Ax for isof 2, no function was . mainly
because of the lack of amimal miclels, as there @ no evie
deace of a CBX2.2 bomologue in any other manmalian,
including  ather primates. amxl the abseoce of human
patents with CBX2.2 specific detects. The identification of
the first sach 46, XY DSD pattents allowed s 10 invest-
gare the function of CBX2.2.

Amalysis of WES from the patients genomic DNA,
showed no rare (MAF < 0.005) and poteanally damaging
variants related to 46, XY DSD, hesides CBX2 (Table 1)
Furthermore, none of the 26 gencs currying rare variants

e
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s aaat P IRIE Y
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# ol Daartmt

{MAF < 0.005) in both patients and are predicted 1o have
2 high © moderte pabogeme impact, had any seporied
link to sox development or had previously been mentioned
in DSD (Supporting mformaton Tables S2, and S3) as
analyzed using Pathway stdio. This allows us 1o state that
the CBX22 variaats arc the most likely couse for the
ohserved phenatype of the patiems.

Tar the identification of patentinl CBX2.2 bhinding tur-
gets axl subsequent functional analysis of CBX2.2 vanant
functon, we used the Sertoli-like NT2/D1 cefls, currently
sull the best availahle buman cell model o study Sertole.
cell development.

Using whole genome proteaWDNA inferaction asd pext
generanon sequencing opprosches. we wennfied o large
number of direet and unigue posential targers of CBX2.2.
Of all the CBX2.2 specific targets, the most relevant for
sex development seems to be EMX2. EMA2 is o puired-like
homeobox tmnscripton factor, homologue of the Droso-
phila empey spimcle gene (Simeone et al. 1992). In the
moase, Fmxd is essential for the development of severl
ocgansitissues, such us the kidney and the urogenital sys.
temn (Miyamoto, Yoshids, K M. & A
1997) amd the central nervous system (CNS) (Galli et al.,
2002, Gangemu et al, 2001 Heins et al, 2001; O'Leary,
Chow, & Sahara, 2007). The absence of ncurologicul
impairment wsaally assocsated to EMX2 variants (Granata et
al. 1997) or EMX2 hapkinsufficicncy (Plard et al., 2014)
in our paticats, might suggest that CBX2.2 regulates
EMX2 expression specifically in the developing gonad and
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FIGURE 4 gRT-PCR qaumificeson of mENA levels fur the putative CBXLY tarpets EMX2, HOXALY, und MAK. NT2-D1 cells were
tratsfected with empry veewss (EV), wild-gype (WT) CHX2.2 or CBX2.2 vanants (pCya I3ZAre o p.Cys 54050 Do patlent sumber cse of
pacent mamber two. Redatlve expesssion levels (279%7) of urger genes were desermined by QRT-PCR alter nomalizgion w cyckophedin os an
eadogenous comtrol. Pobiowing W CBX2 overexpeession, the relative expresston ol EMX2, HOXALS and MAK, was upregulaed o w0
wells unstcied with empry vecur (EV) lstodacing eithes vanam of CEX2X {pCys132A0g o pCys 34050 ima the cells stomed sa effect
cosoparible 10 negative coatol (Le, 0o elfecty oo the expeession of EMX2, HOXALY, sl MAK, suggesung the fallod regulacon of these targets

might contri

o the pakophysi

logy of e disease. The dats i all graphs are the svenge of taee edependent experiments, emoe bars

represent stasdond deviaons thom Ge pean (SEM) and values ane expesssed au relive w comenl = L (Y% p < Q0001 (%) p < DINH;

(%) p < 001 () p < 108

oot the ONS. Fru2 XY KO mice have gonadal agenesss
(Miyumoto et al., 1997) doe o prolferstive defects of the
coelomic epthelium, which gives rise 10 Sertolt cells. This
mplicated Emx2 in polanity of cpithelial cells and their
tansition 0 mesenchymal cells, most likely theough EGFR
downregulation (Kusaka et ol 2010), Emx2 expression s
stummlated by Wt and Bmp signalling in nervous system
development (Theil. Aydin, Koch, Grotewold, & Ruther,
20025 and it 15 repressed by HOXALO duning development
of the endometrium of mice and humins (Daftary & Tay-
lor, 2004; Troy, Daftary, Bagot, & Taylor, 2003) bat very
litthe & known shout the control of EMX2 in the develop-
mg gonxl. In p Jeb encong g EMX2 cause
46.XY DSD ranging from hypaspadias to gonadal dysgene-
sis (Purd et al., 2014), confirming its role in buman gona-
dal development (MIM 2691640). In human development,
EMX2 und CBX2 are simukancously expressed in the
goondal anluge at T weeks of gestation, e priof to the
expression of SRY and testis determination, suggesting
mle in the formanon of the early gonad (Ostrer, Huung,

Masch, & Shapiro, 2007), Subsequentdly, CBX2 i highly
expressed in both sexes at 8 GW (but higher in female than
male) then slightly decresses in male until basul, but sull
detectable expressaon Jevel ar 18 GW (E. Lecluze, F. Chal-
mel, INSERM-Reancs, pessonal communication), In agree-
ment with our dot. Emx2 was also found  downregulated
in Chxl-deficient mouse  gonads  (Kasoh-Fukui et al,
2012). Based on our results; it is intguing o hypothesize
that CBX2.2 varnnts that impair expression of EMX2
might lead to severe defects of gonadal develoy in 46,
XY individunks, similar 1o those indivichals with EMX2
haplomsufficiency (Piard et al.. 2014) and might explan
the severe testicular dysg ph ype of the | t
CBX22 deficient putients, differcnt from the ovarun-like
gonudal phenotype found in the 46.XY DSD CBX2.1 defi-
crent patient (Biason-Lauber et al, 2009).

Another target of CBX2.2 s HOXALL, a homeobox
procein whose variants dead to and hand-foot-genital syn-
drome (also known 25 hand-foot-sterinesynidrome) or the
wlated  Gurtmacher  syndrome,  dominantly  inberited
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FIGURE 5 gRT-PCR queatification of mRNA kevels foe the patimnive CHX2.2 targees WDRT?, BNC2, and TWISTL NT2-DI cefls
wnsfected with cmpty vector (EV), wild-type (W) CBX2.2 or CBEX2.2 variamts (pCys 132403 or p.Cys1545) from patient nomber one ar
paticat number tan. Reloive expression levels (295 of topet genes were determined by ¢®'T-PCR sfier soomalization o cyclophilin as an
endogenm comeml, Follaowing WT CHX2 overexpression, the slative expression of WDRT) and BNC2 was opregataed compand 10 cells
tmmsfecied with ompey vecsar (EV), Both CBX2.2 varsants fod sumakunry effocts similar so those of W CBX22 on the expressson level of
WDRTT. BNC2, and TWIST], likely excluding them from the mechanism of dsease. The sdata in all graphs we the averape of three independent
experiments, ermor bars represom standand deviatnn from the mean (SEM) and vatoes are expressed @ sefative o controd = [ (%) p < D05

conditons characterzed by Mitllerion duct fusion defects
of varying degree in formubes and hypospadias in males
(Mortlock &  Innas, 1997 Scont etal, 2005) (MIM
1000, Hoxal$ mutant mice show loss of FgfS and
Bmp7 expression and o decrease of the androgen receptor
in mak genatal organs (Morgan, Neuyen, Scott. & Stadler,
2003) mplicating Hoxed? in male sex differentinnon and
mighe partly explain the pasicats™ phenotype. This suggests
thit the mechanism of sex disorder in these CBX2.2<defi-
cient paticats might affect the sex developmental processes
pamarily through impaired sexi/gonadal development cdue
1o failure to regulate EMX2,

Our datn suggest thut bath CEX2 isoforms are impor
tant for b sex de bat they apy 1y have
different Tumctions, as shawn by the difference in gonslal
phenotype  between  loss-of-function of CBX2.1. which
leads to residuad gonadal development (Biuson-Luuber et
ol 2009 and oss-of-function of CBX2.2, which leads to
the here described 46, XY gonmlul dysgenesis. DamlD-Seq
analysis underlines the difference in function,  since
CBX2.1 und CBX2.2 only share about 25% of direct hind-
ing segquences.

‘There are other exumples of the mvolvement of muluple
isoforms i gonm! development. the most prominent one
beng Wilns Tumore | (WT1). W7 codes for different sso-
forms, most  umportant  foe poned  developowat  are
WII=KTS and WTI+KTS, whach differ only by the three
amino scids Lyslne (K). Threonine (1) aml Senne (S). &
has been shown that WIT-KTS i required for gooad po-
moedium survival, whike the +KTS form scems mainly
invalved in the determination of the male pathway (Wil
helm & Englert, 2002)

The same appears to be the case for CAX2, as cach so-
form presents with distinet functions during gonad develop-
ment, While CHX2.2Z seems to be importungt for carly
bepotential  gonad  development, CBX2Z.1 seems W be
mainly involved m testis determinaton. Nothing (s known
about the manscriptional controd of CBX2, which could fur-
ther help o clucdate the reasen behind the different func-
tion of the isoforms and their spatiotemporal expression,
However, alemative splicing und the existence of muhipk
isoforms with different functions during sox development
and development in general, appear to be an impostant
mechanism o oontrol  genefprotesn caseaxdes and
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differentintion pathways, Fuoctonal studies and apalysis of
spatiotemporal  expression-differences for isoforms  could
expand our current knowledge about sex development und
further charactenzation of how CBX2 nm!m n-;mruuwo

" 1.

an ever eap g sex de I work can impact
our uulmmulns of DSD puthogenesis and  ulimuely
DSD disgnosis and manogement,
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Summary

Background: Follow-up data on patlents with 46 XY partial gonadal dysgenesis
{PGD) until adulthood are scarce, making information on prognosis difficult,
Objective: To analyse the long-term outcomes of patients with 46.XY PGD regarding
testostarone production, germ cell tumour risk, genotype and psychoseanal adaptation.
Methods: A retrospective longltudinal study of 33 patlents (20 sssigned male and
13 patiants assigned female at birth], Molecular diagnosis was performed by Sanger
sequencing or by targeted massively parallel sequencing of 63 genes refated to dis-
orders of sex development ([DSDs).

Results: Age st firet and last visit ranged from 0.1 to 43 and from 17 to 53 years,
respectively. Spontansous puberty was observed in 57% of the patients. During
followup, six of them had a gonadectomy (four due to female gender, and two because
of a gonadal tumourk At st evaluation, five of six patients had adult male testosterone
levels (median 16.7 nmol/L. range 15.3-21.7 nmol/L) and elevated LH and FSH levels,
Germ cell tumours were found In two postpubertal patients {one with an abdominal
gonad and one patient with Frasier syndrome). Molecular dagnosis was possidle in 11
patients {33%), NRSAI variants were the most prevalont molecular defects fn = 6, and
four of five patients harbouring them developed spontancous puberty, Gender change
was observed In four patients, two from each sex assignment group: all patients reported
satistaction with their gender at final evaluation. Sexual intercourse was reported by
81% of both gonder and 82% of them reported satisfaction with their sexual fves
Conclusion: Spontancous puberty was observed in 573 of the patients with 456 XY
PGD, being NR3AI defects the most prevalent ones among all the pstients and in
those with spontaneous puberty. Gender change due to gender dysphoria was
reported by 12% of the patients, All the patienss reported satisfaction with their final
gondor, and most of tham with their sexual life.

KEYWORDS
atypicol geoltally, disceder of sex development, gonsdsl Byngenesls, puberty
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1 | INTRODUCTION Far prepubartal 2 hueman ch dotropin (hCG)

The 46, XY disorder of sex development [DSO) due to gonadal dys-
genesisisa ital disceder caused by jorns i the

o at clal d ! There is a wide phenctype spec-
trum ranging from a partial form, characterised by variable degrass
of external pervtalia undervirisstion, development af Madesian
derreatives and tes e jon, to a plete form with
Termale external and infernal genitalis,

Thers wew scarce data oo lorg tevm follow-up of 46, XY partial
gonadal d PO egarding spontaneaus puberty,?
sk of 8 gonmis tumour developmet” and gender adj mik-
o EAIMcull to prosdde campealiensvw infarmation 10 parents

Dur alm was to desaribo the phi Yo B ype #nd fong term
vutzomes of 3 large coboet of patients with 44.XY PGD foll

test was parformed by means of 4 intramuszcular infections at 50-
100 W/kg each, with a &-day interval betwesn the injections. A
sngle dose of 5000 IV of hCG was admi f to sult path
Serum levels of testosterone were measured before and 72 hours
after the last WG injection,

Data on a gonadal bestology were collected from medical
records.

Physleal evaluation of (he palpable scrotal Lestes of ke patients
was performed at evary medice visit (sach semester ar anouilyl,
aned testicdar utrmscnograptty was purfommed onte every 7 years,
I o saspidons nodule was identified, tumoar markers (1-HCG, a-
fotoprotel and cardnama enbryonic snfigen) ware tested, and o
Fonadpctoony was indicatod if nekdad.

untl adulthood.

2 | SUBJECTS AND METHODS

Thirty-three patients with 46,XY PGD were induded in this retre-
spective fongitudingd stody conducted at Hospital das Clinicass of
S50 Pauto (HEFMUSP) Twenty-six patients were nitially evaluated
at our service, and 7 had aready had a previoas genitoplasty and/

Lo los were duscribed a5 median and range.
i intha goeicat vanables among the groups were ana-
lysad by the Chi-squar tost or Fisher's axact test, whaen appropriate,
The Mann-Whitney U test served as a nooparametric test, and data
with #<.05 were considered statistically sgnificant. A¥ analyses
were performed in SPSS Seatistics 24O software [Chicago. IL),

Eval of psy was performed on 21
patients by o prychologist spedalizing m DSDs. Seif-reported gen-
der identity, the ssif-reported gender role in chikihood, the desire to
change gender and satisfaction with gender and with their saxual life

h o ~h

or o v elsewhere, Written inf was ol d
from all the patients. The dinics and molecular data from B patients
were previously reported, 7

Inchusion criteeia were as foliows: 217 yaars of age &t 8t eval-
sstion. & 44, XY karyotype in o G-banded karyotyping snalysis of st

datad

were analysed via a ¥ ire (see A dix 1)

For molecular dagnoss. genomic DNA was obdtained from pe-
ripheral blood lmicocytes by the proteingse K-SOS satting-out
method ' Six genes ievoived In testiculie dysaenesis (SRY, NRSAT

CBX2, MAPKD, FGF? and FGFRZ) werw previousty sequenced by the

wast 30 peripheral blood bymphocytes, sypical genitalis
with e presence of Maorian darivatives anc/or at least ane gonad

Sarger method in pati 1.3 10, 14, 26 sl 30, Patienty 15 sexd
31 had onty WTT warlants screenad. considering their phenctypic

with Nstopathological features compatibl with testicular dysg:
sis. Data reganting sex sssignment, age at flest and Gst svaluation,

tuates. 35 previousty reported in great detail.** The ertire coding
rogian and the excn intran boundary araas of sach gene were PCR:

B p the hormonal prafile throughout the amplitied with specific p The PCR pi & Werg o
follow up and at Last visit, pubeetal o and gonadal tu- i to the pe af the ABI Prism BaOye Tamirasor Cycle
mour Incidence were colected from medical records. Pationts wern S Ready R it [Lite Technolcgies Carporation. CA,

assumed to be a prepubertal age If they were younger than 9 years,
at pubertal age If they were 9.1-16 years old, and at adult age If they

were older than 17 years, Micropenis is defined as a Iy struc-
tured penis which o its fully hed length v 2.5 dard deva-
tions SDs) balow the mean for age® and micophatus s defined as a
micropents associated with bypospadias.

The external mascuinisation scoee ([EMS) was caloutated as pee-
viously descrited” To deturmine the b | profite. luteinisi

USA} an an ABI Prism Ganetic Anabyzer 3130XL |Life Tectmologies
Corparation, CA, USAL

Twenty-seven patients were anafysed curing the 20103 by tar-
geted massively parallel sequencing. An amplicon-based capture
panel was designed against exonlc regi {

of 6 genes, n
43 genes already associated with buman DSDs and 20 candidate
genes involved in ol o imation pathways or with a DSO
phenotype i rats"''* (see Appentix 2. Capture of the target

fiormone |[LHL follice stimalating hormone (FSH) and testosterone
‘were measured by i di o i | riC assays
at the first and at mach semi-armual follow up vist. Spontaneous pu-
Berty was assumed if vidlisaton was aliserved in pubertal patients
of was reported by the patients that came n adulthood in corgand-
tion with the pressnce of pubsetal signs (the presence of secandary
SRX Charactarstics, sich &5 increasod penile length and testis dame-
Tor = 2.5 cm, when thay were palpable) aod with male serum testos-
Torons lovals withaut tha use of sxagenous Testostenana.

sequences was performed using o custom Sure Select Target
Enrichment Systam Kit [Agilent). Sequenting was performed on
the llluming MiSeq phatform, Paired-end reads (2 x 300] were
aligned 1o the hgl? assembly of the human genome with BWA-
MEM' The aligned reads were sorted and converted to the
BAM format using the bamsort 100l from the biobambam2 suite
nteps:/launchpad. net/blobambam?) Mean A50 Was over
94 for all the samples, and moro than 94% of the RefSeq genas
coding ragions wis cowrad 3t 20 of greatar. Singe nuclaotida
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variants and small insertions or deletions (Indeds) were si

ings (patl 1,1.4, 5 &and 13) and five patients had 2

neously called In all samples In the Freebayes software (https//
githuo.com/ekg/freebayes), Annotation of the varlants was per-
formed in ANNOVAR.™ Far prioritizing the most likely patho:
genic variants, we filtered cut those with 2 minor alisle frequency
30.5% il b lation datab G Aggregation
Distsbase (gnomAD), ™ 1000 Genomes.*? and in the Braslian
papulation dotabase ABraOM ¥ To assess the posshle impect of
Ehe vl noesynanymous variants on protsin structies and func-
ticey, we smployed in silico algorithms [SIFT, PolyPhend, Mutation
Assessor, and CADD) and conservation scores (GERP 4+, PrrytoP)
Those variants ware comsidered deleterious when precicted as
psathaganic by # least three algosithuns. The vacknts ware classi-
flad according ta the American College of Medical Ganetics and
Genomics guidalines {ACMG].™*

3 | RESULTS

The patients age at first visit ranged from 10 days to 43 years{median
13 years, and at last visit. from 17 to 53 years (median 26.5 years)
Follow-up ranged from 3 to 26 years (median 13.2 years), Nineteen
patients halt Mullerian derivatives (57%). Histological analysis (den-
tified testicular dysgenesis in 18 patients [67%) and the absence of
gonadal tssue in 9 {13%).

3.1 | Sexassignment and the EMS

Thirtesn patrents were assigned Female and 20 were assigred male
at irth. Twenty-six patients weee sssigned before the yesr 1790
(16 patients 1o make and 50 pati o f ). And seven pati

ware assignad betwsen 1990 and 1999 (4 patients to male and 3
o 3 The madkiae) EMS at First avaluation in patiants

single perineal opening {patients 2, 8, 10, 11 and 12Z). A8 the
patients had bdaterad cryptorchidism These patients had of-
evated serum gonadotropin levels with predominance of FSH
levels {rangs from 38 to 77 IU/L) over LH levets [range from 5 to
32 10/0) Table 1.

All female patients had undergone feminizing geritoplasty and
bilateral goradectomy, Oestragen replacement was startod ol o me-
dinn sge of 14 [10-31 ywars] with noemal bresst devsapment.

3.3 | Male gender group {n = 20)

Twnetvw pationts ware svakiaind at propubortal age [patients 14.18,
2430, three 3t pubiorta ago (patients 19, 20 snd 31) and Mive after
pubserty (patients 21-23, 32 and 33). At Nirst evaksadion, three pa-
tionts had a previous ganitoplasty [patients 20. 21 and 29), two had
undergone blateral gonadectomy [patients 20, 21} and one unitat
ara goracectomy [patient 29) Tables 2.3

Regarding the 17 remaning patlents, 12 had microphallus and
proximal hypospadias (71%) 14 had bilateral cryptorchidism (B2%)]
hait undateral cryptorchidsm and one patient had toth testes lying
inside the scrotum,

The patients with low tiasal and/or MCG-stimulated testosternne
lervets had undergone bilateral jectoeny. All of them recefved

B at a median age of 15 {11.7-48 years)

Thesr medkan phallus sice ot first wisit was -3.4 SO |-6.1 to 1.7 SD).
and in sckiibood, after testosterane replacement, the phallus size
resched & madion of 9 cm [range 6,712 am, conesponding o
~2.750 (range -4.1 to -09 501

Patients with preserved (estosterone secredion with one atro-
phic eryptorcnid testis hud had unilataral gooudedtomy. The medan
phallus size of these pationts at flrst vise wis -3.3 50 (range -4 310
~0.3 SOL In aduithood, phallus size A median of Bom |6.%

ad

a previoas g v was 3.5 (1.0-5.5] for tha pati
assigned tamale and 4.0 (3.0-7.5] far the patlents assigned male at
birth (# = G02}. This difference in tha EMS betwesn the two exes
was cbserved |n the patienss assignec before and after the year
1990,

Four patients changed their gender in adulthood. two from male
to femaie 2nd two from female to male. Thes= four patients visited
our hospitad at an adult age.

The patients were grouped oo the basis of their gender and not
on their sex assignment.

3.2 | Female gender group (n = 13)

Two potients came st prepubertal age [patients 1 and 2], four ot
pubertal [patients 3.6) and seven after pubertal age {patients
7131, Three patients had already had & gonedectomy and geni-

9.2 om) Rto-3.350(-4.3 to -2.6 SD)

Thars was no statistically signiticant differance 0 phabus size
505 betwoan the patients with preserved tastostarome seoetion
and those who recelved testasterone replacerment and aiso at thek
first anc last evaluation,

34 | Testosterone production in patients with
46, XY PGD

At first evobustion. 28 patients who did not undergo bilsteral go-

nadectomy in childhood were evatusted regarding

prodoction (Figure 1], Fourteen of (hem were o prepubertsl sge

{patients 1, 2, 1418, arxd 24-30). Egght of them had nermal hCG-
imutated levels (pats 1. 2, 20wl 25-30), median of

138 amol/L {6,2-22.1 nimal/L] arxl one patient st minipuberty had

Nl basal testosterons bevels (patient 24), The other Five individ-

toplasty (pars &, 7 and 91, A gst the 10 p ith

provious genita surgary, extornal genitalia ranged from normal
fomate (patient 12}, fomafe with clitocraomegaly Ipatients 1-5, 8
and 11) to micropenis (patient 13). Six patiants had twa perineal

uals {p 14.98] sh very low hCG stimailated testosterone
lowets (undatectable to 2.9 amol/L). All the male pationts with am
paired testostercns secration and two female patients (pationts 1
and 7} had had bilatoral gonadectoeny.
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Amorg the 21 pa h I | gonad v 12
went through spontaneous puberty {pateents 3, 4, 5, 13 25-29,
and 31-33), inchuding four female patients [patients 3,4, 5, and 13;
Flgure 1). These female patients and the two male pabenits who de-
weloped a gonadal tumour (patients 31 and 32} underwent bilateral
ponadectomy. Patient 29 progressively lost orie secretion
and started testosterane replacement at the age of 34 (Figure 1)

At last evatustion, five male patients maintaioed normal male
ackilt testosterone sevels (Inedkan 14,7 nmel/L) Four patients hixl
high LH adian 11 R/L] and FSH levels imedian 24 IU/LYL and one
subject had noemal gonmdotropin kevsds (pathent 25] at 17 years of
e Tale 4,

Altogether, twalv patients [57%) had goow theough spoats
neous paberty, At last evaluation, five of eight patients with male
social sox who had gone through spantaneows puberty still had nar
mak testosternne production,

3.5 | Psychosexual follow-up according to gender

Ten patients assignod female and 11 patients assigned male at birth
were evaluated. Gender dysphora and gender change were ob-
served in four patients, two from each gender group. None of the
patients reported nonhinary or gender-fluid feelings,

Patierts B and 11 were assignad male at birth, The formes had
stypical geretalia, and the latter had ssvers micropenis and bilateral
cryptorctidism. They clearty displayed female bebavicur, preferring
female activities snd clothes since chikihood. They received proper
medical and pswchokigical assstance st the apes of 19 and 30, re-
speciively. Al the time, their hormonsd profile showed hypergonad-
otropic hypogonadism without pubertal signs. Theie psyehokigical
Aralysis reevedled Tesale geoder identity and gender cysphaona, They
changed thelr gender to femals, had feminizing ganital surgery and
weorn Lreatod with confugatad oestrogens.

Patients 21 and 33 had atypical genita¥a and were fiest assigned
famale at birth. They had manifested make bahaviour since child
nood. praferdng boys hobhies and dothes.

Fatient 21 had a feminizing genitoplasty anc gonadoctonry at
1.6 years of age esewhere and had no psychoiogical evaluation and
follow-up, At age 19, he changed his gender to malke. and testoster
one replacement was started. At 27 years of age, he came to our

it kng for neop SUrgery.

Patient 13 pever bad medical assistance. He had had male gen-
deridentity since he was 9 years old. Virfisation due to

Noee of the patients from hoth genders have offspnng or ad-
opted children

3.6 | Testosterone production and gender

There was no relation between postnatal testosterone levels and
gender consiclening the highest serum leved at I
conchtion or alter the hCG stimukation test obseryed at the follow-
up (P =)

3.7 | Incldence of gonadal tumours

During follow-ug, patiants underwent bilatesal  gonadectonmy
due 10 female gandar, for impalred testosterons sacretion. for
an atrophic cryptorchid testis, or bocause of & ganadal tumour.
Thirteen had or ganad Y at prepu-
Dertal age at & mackan age of 4 years [1.2-4.8). and no evidence of
gorm cetl neoplasia was found. Fiftosn patients had 2 gonadectomy
at pubertal age or In aduithood at a median age of 21 (9.9-479], and
2 testicular tumour was found in two subjects fpatients 31 and 32).

Patient 31 had bitateral gocadoblastoma at ages 18 and 20 and
an = sty genn cedl neoplasia in the right testis, despite the soroeat
position of both testes. due to a WTT |Wilms' tumaur 1) mutation, as
previously reported * Patient 32 had a mixed germ cedl tumour {80%
embryanal carcnoma, 15% yok sac 5% thark r 1
with » dobl in the left abdominal gorad at 23 years of
Ape sssotisted wilh wery high kevels of WG 536 WL reference
fevel «3 UL He undeswent bilsteral gooac v 3ol cherrrityer-
apy with 8 pood respornse.

3.8 | Molecular diagnosis

Pathagenk ur Skaely pathogenic variants wers found In nine sporadic
cases and in two familal cases. aight identified by Sanger sequencing
and thraw by targeted massivaly paraied saquencng [Table 5], All tha
identified varlants are Rous and b d 0 genes Iy
assochted with gonadal dysgenesis phenctypes INRSAL, SRY, WTT,
MAPIKI andd FGFR2). Nine variants had siready been described,* ™2
and twa varianes are novel On MAPZKT and FGFR2. the famixal casesl.
None of the variants was found in poputation datab induding
the Brazilian ABraOM.™ NRSAL defects were the most comman,
beng responsibie for 16% of the cases, and n lico and in vivo stud-
les cor j the del of NRSAT variants, as presi-

puberty was noticed when be was 15 years of sge. At the time. he
changed his gender to male, He was first seen ot our service ot oge
26, when masculinizing gervtoplasty was performed,

AL final eval of the 21 p ts had gender identity con-
cordant with their seif-reporied geader role in (hildood sl wers
satistiod with their gender, Four fermales [40%) and sight mades (73%]
had 3 steady partnor. Penetrative sexual intorcourse was reported
tiy sight famalas (HOM) and by nine males (B1%) among whorr six fe-
mates (5% and eght males (B1%) repartod satistaction with sexual
Ufa and orgasm.

ounly reported by our group 7 None of these patients hod adrenal
folure. Segregation snefysis by Songer sequencing was possible
wight of ten Tamilies and confirmed segregation with the phenotype
i five famifes and de novo status of the two WT1 vanants.

4 | DISCUSSION

The DSD ave to 46,XY PGD & a rare disorder. It represents 19.6%
in olr cohort of 250 patients with a 44 XY DSD. Tha cufrend study
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46,XY PGD Patiants who did not underge gonadactomy at
(n=33) =i firstevaluation (n = 28)
1
| |
Prepubertalage Pubertal age and
{n=14) adulthood(n = 14)
l —
| |
Testosterone| Compromised Praserved
“secration (n=5) (n=9)
Bilateral Female gender Male
gonadectomy (n=2) gonder
n=5) Gonadectomy n=7
Patients who did not undergo bilateral
gonadectomy until pubertal age (n = 21)
| [ 1
Spontaneous. Absent Present
puberty (n=9) (n=12)
Bllateral J Testiculartumour Female gander|
gonadectomy (n=2) (n=4d)
{n=9) Gonadectomy Gonadectomy
Testosterone
FIGURE 1 Flow chart of patiants secretion at e 1«)5«! pr(e::n;d
Toll orw-up regarding testosterons final ev

secretion and gonadal tumour incidence

= the largest 46, XY PGD cohort showing dinical outcomes and mo-
fecular analysis.

Sex ansiy 1t s the mose stal Issue of OSD manage-
ment. Inoor cohort. mest patienits were assignad before the 19905 and
male s2x assignment was sigrificantly more frequent (n patients with
& hagher EMS, in » ratio of 1.5 males to 1.0 femate. The International
Disorder of Sex Devetopment ||-DSO] Regstry reported an mcreass in
the made-to-fernale sex assignment ratio 0 46,XY dysgenetic DSD be-
s with time, starting from a ratio of 0.4 befors the 1990s to a ratio
of 1.5 in chikdren boer after 1999 regardiess of the EMS. ™

Despite this mcreasing trend on make sex sssignmnt, (hene are
scarce dats on pubortal development of those patients, In our cohort,

spootanecus puberty was observed in 57% of the pationts who did
not undergo bilatersd gonadectoory In chikihood. In adulthood, all
the male secretion, except for the
oidest, who showed a decrease in testosterone secretion at the age
ot 34 They all had high LH tevels (310 IWVLL with the exception of
the youngest. incicating partial Leydig cell dysfunction, Regarding
reproductive function, frigh FSH levels 1520 |U/U wers tound in most
patients manifesting compromissd spermatogeness although the
sperm count was not performed.

Wn ane retrospective study oo pubertal development of 446.XY
PCD palients. 9 of 10 patients had gooe raugh spoataneaus pu-
Darty with Figh FSH levels and progressive slevation of LH.? These
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TABLE 4 Pmmypuol 40 XY PGDmkmn«mm had preserved testosterane secretion at final evaluation

FSH (UL 37 26

PGD, Partial poradal dyspenesis,

“emunofucrometrk sssay (IFMAL normd male vidoe: grepubertal age <0.65 mnocl/L; adults 9.4-33.5 nmal/L.

patients had & mild gonadal - dysganess phenotype as 0% had a
perile urathra opaning snd 3 of them were assignad male at birth.?

Inh , the p of gonadal dete ation s quite com:
plex’ and 4 mulocular cefact was identifisd In 20% and S0% of the
44,%Y gonadal dysgenesis patients wha wero studied by Sanger
and target massively parallel sey| a. respectively ™ NRSAL
and MAPIK] alelic variants were the most freguent molecular
diagnosds, ™

In owr studly, likely pathogs arp wenic allelc were
identified In 33% of the patients, i1 one of the following genes:

Frasior syndroms with & mala phenotypa,*** including cos with
# narma mala phenotypa, thers e no raports of patients with
Spontaneous puborty.

Ihe noval hetarorygous variants MAP2KIpLeuddsPra and
FGFRZ pSerd S3Lou were found domiltancously in two 46 XY sistors
within car cohort, both Inherited from their unatfected mather, Bceh
had severe nlised geritalia at first ! I gh nor-
mal male testosterone levels were hed after hCG stimwriation in

the 1.2-year-old chid, and her 9.4-year-old sister had pubertal male

NRSAL SRY, WT1, MAPIKT and FGFRZ. ARSAT defects (n = &) wers
the most frequent in the whole cobart and also among the 12 pa-
tents who developed 1 pubserty [n = ), Moreaver, thres
of these patients were assigned female ot birth owing Lo their se-
verely undervirlised genitafia, This finding is ¥ agreement with
other reports ™% In those cases, the severe undervirlisstion of
extemsl genitalia could not predict visilisation in adulthood because
testosterone Secretion recovured during pubeety far unknown
reasons PN

SRY defacts have besn mastly assodatad with compl dal
dysgenasis and rarely with partial gonadal mﬂs‘”" The
SKY p ArglDBe pathoganic allalic variant was identifiad In con of
our patiants with spontancous pubarty. This same vanant was also
found In another Brazlian tamily, Including affected members with
vanous phenctypes, rangag from complets to partial gonadal dys-
genesis® in vitro studies proved the deleteriousness of the vari-
ant.** None of the reported patients with PGD due to SRY vanants
had preserved tostostercne secretion, 27

Missense defects in WAlms tumour suppressor gene 1 (WT1)
cause Frasier and Denys-Drash syndromes. ***! One of our

levets.

MAPIKT was first associated with MKV 0505 by Pepriman
etal ** Tergeted massively parallel seq g hos led previ-
Wanamvemnm variants not only in patiesits with
poradal dysp Is but also in patients with PGD. There
bmln’mﬁmmhmmnmiﬂemdwwmmol

hose potinnts, 74
FGFRZ variants most ¢ Iy Cause syn-
dromes without any gonadal phenotype. Alihough there is one
report of a hoterozygous FGFR2 p.Cys342Tyr varant that was
assoclated with P dysg is and no rapoet
of patients with PGD,** mo FGFR2 pSerd53Len allolic variant
found in one of our families is located in m- hatspot ragion for
variants responsibla for is pheno-
our patients and thelr her did nat have any

P

b "
Ly B

types; h
shull problems.

The mechanism by which the gonadal FGF signal 15 transduced
Intracetstarly remains unclear, but FGER2 and MAPIK1T are mambers
of the RAS/RAF/MEK/ERK sigralling pathrway, and these patients
may have a digerc cause of y

with nommal stze testes and sp pubesty harboured the
menst comenon allebc variant in intron 9 of WT1, which is sssocisted
with Frasier syndrome * This sy is generaly tensad by
| dal dysperiesis, female | geritakia. reral faiure
in the secand decacke of life and high s& of testicular gonadcbles -
toma, Instead. our patient had & predomingntly mae phenotyp

with noamal pende leng it and perineal hypospadias resembing the
Danys-Drash phenotype. Even though there are five other cases of

The preseal of perm cell tumowrs in PGD iy vanable
Regiorted rates range betwesn 16% snd 30% and for Denys Orash
and Frasiee syndrormes is o3 high s 40%-60%.% I our cohort. two
patients [7%] had a perm cell tumoor: one had an invasive semi-
noma. and the sther had bil | g bl X with
In situ germ cell nuoplasia. Both patients had additional factors for
germ cell tumour devalopment: ane had an abdaminal gonsd, and
the other had Both testickes ying within the scrotum but carried
WT1 mutation.
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Pre- and p B e seems to contribute
1o made gendes (dentity In patients with the 44,XY DSO due to
Salpha-reductase type 2 and 17beta-hydroxysteroid dehydra-
genase type 3 deficencies. In those pats ite the severe
underviribsation and female rearing. 3 bigh rate of gender change
to male is observed. ranging from 50% to 63% and from 39% to
a4%, respuctively* In 44.XY PGD, testosterone production s
quite variable during foetsl and adult life. In our cobort, postna-
1l testosterone levels were not eetated to the gender. In addi-

LUiksely pathogeric

?\vﬂmuk
Lknly
Lieuty pathogeric

H = i £ tion, among the 5 patients assigned female at birth who virilised
% ; .E g . & ot pubierty, 3 harbioursd NRSAT varlants, and gender changs to
i ; S mabe was obierved i Nt wh ried gonder

u!iuﬁsa.‘“ wit o patient, who raparted gender dysphoria

sinca childbood,

Gandar dysphoria had rarely been observad In patiants
with PGD. To our knowledge, anky ane case of femala-to-mata
gendor chango has been reportad ™ This patient harboured a
NRSAT varfant, was assigned fomake at birth, prasentad with vie
iWisation at pubarty and changed his gender at 18 years of age.™
Nonethel no gender change was abserved among anpther
six PGD patients with NRSAT defects already described. who
hatl gone through spontaneous virllisation 23538 10 mther
with the already published cases of NRSAL defects, among the
10 patients assigned female at birth with virilisation at puberty,
two patients changed their gender to male. This data does not
sugg=sts that testosterone production at puberty is a determi-
nant of gender change. but it should play & role in 46, XY PGD

state and are absent In population database: *Thase tewale
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] § = X patients’ gender, sithough the small sample size does nal staw
B - g - W L0 ko any conciusion
g;é iRy 2 z g - 3 3 The pychasexusl evaliation in adulthood revesled that the pa-
RSB § ey ] tients were satisfied with their fina socal sex, s ~80% of the pa-
5 RNt reportad satlsTaction with theie sexual §te,
o E o g © g §
E . 3 g > ¢ g § 3
o ig o ik g g o] % 3 5 | CONCLUSION
ZTZZTT27272T7 55
8 The prasent study ropresants the Lrgest 46XY PGD cobort
L i howing dinical and ot lysis. $
] puberty was observed in 57% of the patlents with 44, XY PGO,

being NR5AL defects the most prevalent among all pati and
amang thos= with spontaneous puberty. A germ cell tumour was
detected onky after puberty in 7% of the patients. Gender change
due to gender dyspharia was reported by 12% of the patients. All
the pati reported satisfaction with their gender and most of
them with their sexual life,
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identification and sexual life quality

Sochal zex and gendec identity

« At birth, your assigned social sex wa: 1 - femate 2 - male 3 - undafined

 Have you aver wished 50 change your gendee? 1 - yos 2 - na
® Have you changed your gemser?. 1 - yes 2 - no

« Haw old were you when you started thinking sbout to change your gendor!
 How okl were you when you changed your

¢ sender?
+ Define your gender identification: 1 - female 2 - male 3 - both 4 - none.

Self- reported gender role at childhood

* At childhood, you used to behav fibe you were: 1 - 2 girl 2- 2 boy 3 - both
o At childhaod, Bow o i 8 ik sbost your gundes

M assigned tentake at bivth, pou weed 1o feel Bke & girt:

1 MNever

7 Almist dever
3 Sometimes
4 Ofteny

5 Aways

o M assigned make at Birth, yoo used o feel ke 2 boy:

h {osD)

i due to partial dai d |

ding gender
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* Which were your preferatile toys at chidhood
Cussification of the preferable tays o childhood secordino peodwr:

Typically fumale toys Typically boys teys Noutral boys
Daoks wake s, drawing, reading, Cars and trucks, Bulding games Plays with ball, running.
costumes, board games Oike Lega) groug
Sexunl lite aspects

o Coyouhave regufar seo| intercoveses? 1-yes 2 -no

® Doy hirew 4 slwady partner? 1< yes 2 no

» Doyou hiave sexual 1-yes2-m
» Are you satished with your sessl ife? 1 - yes 2°- no

* Do yons hinw g dufing ntercoeesa? 1-We2 - no

APPENDIX 2

- N = ' o

Geme

Gonedal d'w‘ P pene

BMPIS  Ovaiian dyspenisis 2 (3005107 Prositurs cuirian faikie £ (300510) X
cax2 A6, XY s revirsal 3 (6130000 46, XY completn gonadal dysqoness L) AR
DHH ABXY partial ganadal dysgeness, with mintaaciol pathy (SCIDROY. 46XY sex reverssl 7 (223820) AR
DMATL Dyspanetic 1estis or ovotestss (L) AD
OMRTZ |} Hicency 9p sex-deter loads dal aysgenesis L) NA
FGFRZ 46,XY sex reversal with craniosynastosis (L) ‘ AD AR
FOXe2 Preamature ovarian falure 3 (605796) blepharcphimosts, eplcanthuy b pnd prosts, type 1and 2 (510100 AD
GATAY Testicular anomalies with or without congenital heart disease (815542} AD
MAPSKI  a6XY sox reversal 6 113762) ' AD
NROE ABKY yes reversal 2. dossge -sermitive (300038} x
NR3AL A0, XX yex roverssl 4 {617900k 46XY sox reversal 3 (612045) presmatuee ovaeian faikure 7 (612964} AD
RSPOY P L frypark i and true by hroditiem [H10844) pal Py sk i withy AR
cell carcinoma of skin and sex reversal (610644)
soxp [ i With autosomal sex reversal {114290) AD
50x3 46,XX testicular or ovotesticutar D50 (L); 44,XX Sex Reversal 3 (30083Y) X
ey A6XK sex reverssl 1 (1000455 46XY sex reversal 1 [400044) Viried
STaiy Premature ovarian falure 8 (615723 AR
WNT4 Mullerion splisks anet hyperandrnpestam (158350} AaD
wT1 Ownys-Orash syndrame 1940800 Frasier symdeame 1364801 AD
WWOX  46.XY poradad dysgensis 1) olidkad
ZFPM2 AEXY v revirsal 7 616067 AD
Sexual ditferentiation genes
AXRIC2 A6KY sex reversal £ [A14279) AR
AXRICE  A0XY sex reversat 8 moditier {014279) AR
AN Pe Mull duct syndrame. type | (261550 AR
AMNR2 Pers Mullerion duct synd: type | (2615400 AR
AR £ (30006 chas 1. X-Inked (3006) X1
CYPITAL  17,20-tyasn dufichncy, ivoluted 021904 AR
CYPIPAY A deficncy [6)3546) atave axcesy syndeome (1393000 AD
CYP2IAZ.  Adrenal tryperglasi ital, duse to 21 hydroxytase dof 1201910| AR
DHCR? Selth-LowSi-Opit2 syndeome (2704004 AR

FSHR Ovaran dysgenesis 112333004 AR
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IR A" -
HSO1381  Cortisune mductase o-m-qz mmm D
783 mmmmmmq AD

HSO1783
HEDAB2 S-bet d type I, defici (2038104 AD
LHCGR mummmmmummm AR
hypogonadess 2383200
poR
SRIS5A2

Antley-Bizler syndrome with penit o snomaley and db irhugy Iy (2017500 Disgedernd i AR
penwsls due to oy P30 cokdor o |633571)
Preudovigindperineoscrotal hyposeadiss 264600f ‘AR
STAR Lipoid adrenal yperplasia 2007101 AR
T
ARX Hy with ab a dla (300215) xL
ATRX ATR-X syndrame with gonadsl sbnarmalities (3010atf HADOALR
con? CHARGE smdrome 2148001, b dotropic 1 Fum with o without s 1612570) D
HASTD Mayer Rakitensky Kuster-Hauser smdrome (L) a0
e vam—kv-dunnwummdm(l) AD
XL

MAMEDE  Mypespadien, Keiinked (300758)

ANRIC3

AN Wint-beta catenin signaking 10} NA-
CITED2 An upstream negubator of NRSAT ' NA
Es&1 Se teversal in ESRA/ESAB knackout males (0] NA
saz A6XY DSD candidate gane (L ARAD
FGhY K mice KO results in male-to-femabe yex reversal (U NA
GDFy Ovarian devsopmant (1)7 NA
GNP Wiheta-caterin slpling () A
LHXS Gonatal formation in weuse modet (L) NA
NANGSZ  Exprescad in adut and foatal tessis (0] A
NANDSE  Manos2-null méce present reduced spermatopenests (0| NA
PAPPA Expressed in ayaran Tollcles and i the seinad vesicles sod fufd (Of NA
PAX2 W3 pathway (U* NA
PEX? Mllerion devel the mouse (1 NA
PIDGS Required for testis farmation (L)! NA
RACL Farmaticn of mmrihllulduh mw-N" NA
ASPOZ  Essential for prisary folick development {I 7 NA
STRAS  Prawwiotic ONA replcation L] NA
TCF24 SRY patteway (U NA
TES Testis-specific eancer of Sox# (L3t NA-
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Introduction

NRSAT (muclesr receptor sublamily 5 group A, memsber 1),
previously known as SF? (Sternidogenic Factor-) and
Ad#8P (Adrenal 4-Binding Protein], was first clooed by
Paricer and colleagues in 1992, tn an attempt to Identify &
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protein that could activate the promoters of stevold
hydroxylase enzymes (Laka et al, 1992).

NRSAL I wxpréssed (n steroldogense tissues (Honda
ot al. 1993; tkeda et al, 1993; Morohashi et al, 1994; Par-
ker and Schimmor, 1997; Ramayya et al, 1997; Morohashi,
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1999) pitustary gonadotrophs  (Barmmhart and  Mellon,
1994; Ingraham et al, 1994; Ngan ot al, 1999), and neus-
rons locsted ac the dorsomedial portion of the ventromed-
al hypothalamus (VMH) (Ramayyn et al, 1997; Morohashi
et al, 1999), In developing embryos, Nrial Is expressed In

af gvary development (16 with 46,XX ovotesticalar DSD
{OTDSD) and & with 46.XX testicular DSD {TDSD)),

Molocnlll Analysis

the urogenital ridge. representing the first marker of
gonadal and adrenal differentistion (lkeda et al, 1994;
Morahashi et al, 1995, 1999; Ramayya et al. 1997; Hanley
ot al, 1999, 2001). ‘Inrosgheat hwman  development,
NESAT |5 exprossed in the steroid-secreting adrenal one-
tex, in Leydig and Sertoli cells, as well as in granulosa and
thacu cells.

NRSAL stimulstes the expression of several gemes
required for the develop and of the
male differnetiation cascade, It regulates the expression of
LHCGR and the stervidogenic enzymes STAR, CYPITAS, and
LYFI7AL In Levdig ooy, requiced for estosternme blosyr-
thesis. NRSAL also increases the expression of msulm-like
polypeptide 3 (INSL3), which regulates testicular descent
and s a survival factor for male germ cells in adults (Zim-
meemann e al. 1998; Tremblay and Robert, 2005), Ant-
Mullorian hormaone (AMH) and s receptor, AMHRZ, essen-
tsal factors for male rey tve tract devel are
also regulated by NRSAL In Serwoll cetls, NRSM regulatos
the expression of the testis-determining genes S8Y and
SOX9 (Jeyasuria vt al, 2004)

Mutations in NRSAT are emergiog 25 8 frequent genetic
cause of human 46XY disorders of sex development
(DSD), having been identified throughout the globe In
South America, familial and sporadic DSD patients bearing
NRSAL defects have been described in Brazil and Angents-
e (Lourengo et al, 2009 Chcclo ot al, 2012 Gabrlel
Ribeira de Andrade et al, 2014; Fabbn et al, 2016). Here,
we revlew the phenotype sssockted with ten nowel and
ane previously descrsbed NRSAZ allels variants identified
in o Brazilian cohort of 46XY and 46 XX DSD patients fol-
Jowed at a single tertmry centee. Our findings are dis
cussedd in light of previously published reports, aod
several asp of the phenotypic spectrum assoclated
with NRSAT mutations in humans are reviewed.

Patients

This is & retrospective study approved by the Ethics Com-
mistee of Hospital das (hnicas, Unmersity of Sae Paulo
Medical School Written Informed consents were obtained
from all patients or thelr parents/guardians.

The full coborr of DSD panents followed 3t the Devel-
opmental Endocrinology Unit at Hospital das Clinicas con-
sisted of 83 parients with 46XY DSD (48 patients with
46XY gonadal dysgenesis and 35 pati with 46XY DSD
of unknown cause) and 90 ymumu with 46XX DS (70
patients with pﬂmrym fatlure (44 pmunsludpn-

ly of NRSAI (Ensembl transcript
ESNTIO000373568] was pcrfun-ed by Ssn;er sefuencing
and by targeted y ¥ cing (YMPS), as
detalled In Supporting Infi
Identified albelic variots were analyzed according to
the joint American College of Medical Genetics and Geno-
mics  Assoclation  for Maolecular  Pathology  Guidelines
{Richards et al, 2015] (see Supporting Information)

T ELS0 ANALYSES

Allgement of wikdaype and d NRSAL seq

was performed using MUSCLE {Edgar, 2004) and the
NCEl's Reference Sequence (RefSeq) database. To evaluate
the Impacs of NR5A1 y00vyInous mutat at the
testiary p structure, il structural dels were
hullt for wild-typs and mutated mwolecules in the YASARA
swite [Krieger of al, 2004) using &s templares the crystal
structures of the human liver receptor homalogue 1 (LRM-
1, NR5AZ) DNA-binding d (DBD) In plex with
the KCYP7AI promoter (PDE accession code 2A66), and
the human NR5AD ligand-binding domaln (LED) in com.
plex  with  di-pamitoyl-3-SK-phosphatidylethanolamine
{PDB sccession code 1207). Steree chemical quality of
generated structural models was accessed with MOLPRO-
BITY (Davis et al. 2007} Two molecular mechanics simu-
lations were carried in explicit solvent for each model
Trajectories were caleulated with the YAMBER3 force field.
Ten thousand simulatian steps of 2.5 [s were recorded for
each wild type and its correspondi d molecul
The final confirmation of the lowcu enurgy models wis
confirmed for each pair of simmiatons The volumes of the
cavities of the models were caloulated uging KVFINDER
{Olivetra et al, 2014). Molecular models were drawn using
PyMOL (wwwepymalorg),

OVTRD FINCTIONAL STLGES

Transwnl gene expressan asssys were performed using
human embryonic kidney TSA-201 cells to analyze tran.
scriptional activation of murine QplTal and v Opl9
promoters by wild-type or mutant NRSA1 (Lin et al,
2007) (see Supporting Information],

Resuits

We identified 11 pathogenic NRSAJ vanants, Incdluding 10
noved vanants In 46XY DSD pattensts and one previously
reported vartant in a 46 XX testicular DSD patient.

CUNICAL AND HORMORNAL CHARATTERUSTICS OF 46.XY 050 PATIENTY
BEARING PATHOGENC NRSAL YARIANTYS.

Nine of ten 46XY DSD patients presented with atypical

mary rhez and 26 had ¥
thea) and 20 patients vrnh S6XX SRY negative disorders

italia at birth and one had female external genitalia,
Nine patients were ussigoed as female at birth, one of
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TABIE 1. Ovic) Prevc(poe of Tao A5 DED Rty g e 2500 Taxbiowdey 050 Rabend! o0 Whon NRSAT Musathons e Bnied
Age ot st
evauatian Mudlerian Age at
Patient  Karpatyye {pears) Extermal geaitalia strustares angery $en of rearing Famsly
} v as Ayl A Gyt Ll A
Fuba 3 on, 2oivesi
rppenoten, pessth
e
> anxy ar Moyt A Gy w 6 o7’ Torrwle o
Chuximegdy, btk Gerviabevy o
worody & yors
3 sy 45 Nyten A Getwsony sod Ferosde M- WT, F - NA
Hngn peorend gponeg, Gaywerhaxy w
sabite gt 49 paass
< oy 2 Nyt A Gonamcony Tarrwde NA
Churegey 3y
(20 omlangee cerved
NNy, el
wraty
5 £ pUE 2 Nyl " Gomaczsrny wed Forrube Mrfunr b o ranier
ey KO ol Gevritesy Wil e s
(v Skl Clanins. A I35 pman Wi g
N0 vty gomse. weh FO0
Wrtlon o udsaty
n anxy b Myt " Gomasecumy Frrrube Mahe s comer
ey Gomil Ganehendavy af e st
Tatay! husion, M0 Tl o 195 yean FoONA
Lk oty
r aoy 1687 Moyl oS Guiwicoury w L LU
Ccrranpey, bl 14 peans.
fran) (ejock Ry
o 15 pan
" sy n Forele ot F Nue peromed Frmeke NA
w v - Ayaat A sy Fuoned = A
Fuba S5 o, ke 35 s Make 15 yeoesd
w trpwmibas, jedin
b s
w oy an My, choonegiy L) Gerdecy Furrwie NA
oo, two peevesl 1A e
upenTy lresidany
A3 pan
e "o £l Ny, 1oy pukedvn A Lartnzkvay Maw NA
e o)

*Sargery perlormed previossly to the ealuation in our center,
P, present; A, atment; £, father; M mother; N, not aviviadle; years, pears of ages POI, pomary aann msutiiciency
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whom reassigned to male at % years of age (patent 9,
Table 1) only one patsent was assignod as male at birth
{patient 1, Table 1], The initisl assessment at our spectalist
unit ranged from 075 to 39 years of age. Only three
patients were seem in chiidhood, and the remaling after
pubsrty; four of these patients had previcusly undergone
hilateral gonadectomy. The patlent with normal-sppearing
female external genitalia was referred at 21 years of age
due to primary amenorriea (patent 8, Table 1),

Basal hormooal evalustion was avallable for seven
patients. Gonadotropin  levels were madable in three

TABAE 2. Furmwnw Prolies of Sranke S50 DSD anu 46 XX Tasieunr DSD
Faseocs b Whom MRSAT Muwiand Wore Alaedlod

prepubertal and in four postpubertal patients. All postpu-
bertal patlents had elevated gonadotropin Jevels mainly
FSH. Among foar postpubertal patients, basal testosserome
leveds were normal for age in three (360, 155, and 414 ng/
dl, respectively) ad low in the singds patient wah normal
formabo uxternal genitalia (patient 8], A stimulstion test with
hCG was performed In four patients (two prepubestal and
two pubertal] and in all of them testosterone levels
Increzsed adequately (Table 2),

Seven patients underwent bilateral gonsdectonty; sge
ot gonadectomy ranged from 9 months to 155 years. The
two patients who were ratsed as males had myuinal testes
and underwent bilateral ovehiopexy. Gonadectomy was not
performed in ooe patient who discontinued  fallow-up
cire, In three patients, 3 uterus was identified by pelvic
ultraseund or MRI (Tzhle 1),

None of the patienss had symproms or signs of adrenal
insufliciency, and pormal basal adrenal function was docu-

Testeslerore
et o

Patiere (years) L uay Eaul M L0
i &s L) L i A5

1 o NA SR
2 o7 2 4 A b}
£ as ) <n " L
& 13 A WA A WA
] 2 ” 5] ae A
& = A A 0 204
r i+ L] F | *n
B n &0 & 3 A
18 a1 " w0 aw
" = NA 08 A NA
w w an o i A
C gieu am g o e b

Comwrnon facsors to S ity T, ngll 1o amelil mulliply by 00347
*Sangery pertonmied poedossdy to the exaluation in our Canter
NA, ot avalable.

tec in six g

A family history of DSD was presented In threw cases
Patient & kel two paternal cousing with atypice! genitalia
Patient 7 reparted two secomd-degree cousins with primary
amenorrhea, Patent 5's mother who also carrfed the
NRSAT vartant, developed ovartan msufficency ae 39 ywars.
CUNSCAL AND MORMONMAL CHARACTIIUSTICS OF THE 06,0 D460
PATENT BEARING A PATHOGENT NRSAZ VAR T
Although mutatians In NRSAJ hiave been roported In a
small proportion of women with primary ovarian Insuffi-
clency (PO1). NRSAT mutations were not ldentitied v 70
patients with POl m our cobort. Hiwever, the previously
described pArg92Trp NRSA1 mutation was found in het-
CHOZVRO0S State 1y one $6.XX patlent with testicular DSD
This patient [Patient 11, Table 1) was first seen in our
Undt when he was 59 years old. He was horn with atypical
genitalia and had underpone mascalinizing genstoplasty
during chikihood. Spontaneous secondiry sexual charace
teristics such as phallic enlargement were absent and tes-
tasterone replacement was started at 15 vears of age
Bilateral mastectomy was performed at 18 years of age

NGURE 1, The dorr oved’ svsadedonny atvtvid vy SAXY D50 st arwd ey icakenton on e NITSAL pvodony, DI, OWA - barciess gty LOO, ipesd Hving

soaman: AF2, st Grrdon it
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TABIE 3. AAsC 0l Crovociiiaton of NFSAT Detacts antded b Hearoagns Sa i 7o SEXY and o S 6000 Teghodr 550 Padevts

Matation Nuason
Patiert {ONA) (pretein) Daeusin Fusetional lnpact Bt esengy
L) CTNLA oy oay 1 9h0 redioion. (eagng i
(e rve: frge|
L] &0 nThe2sug oan " owkes et ey he
5 ARG nIwaie Huge Trunesnsd eoen N
2 cTa0A alysqa Hings Truncated] tootesy A
T TR 1 Frodooys s 1 shoo orodicion gy ]
A0 1oGylEAn Hug
1 = Jnst AWM (V] I whco rmacion dvagre hA
3 LT 0 LousSERYy, Lsa Wb Safrahtion *
" ESPLSIRE L0 ) e e, 2t (€ ) M reScion taghg b
10 CRIAG T Lsg Trnceed (e 1
VoA O 0G0 Wnge
" CIBECA Doydls =0 Truncaiad (otsh NA
. TI4CNT DT osn Rt L)
(L

fhe ulwnem af m ows |5 according to migation loawnu o the NRAAIproten. Binding ensy to the “igand di pamitoyé- 35N

of the

d comphe par

d 1o the nen-mutaled complex.

Pmuml 'ludud muisted NRSAL activity shown o mdectun in th trarecriphonsl sctrety of Oyl Lal and Sypl9 premuters

Jo medociad Dind anery ¢

He did net have symptoms or signs of adrenal Insufficien.
cy. and basal adrennl profilng was noemal. Peripheral
hlood Seukocyts DNA was PCRanalyzed for Yespecific
genes such as SRY TSPY, AMGY. DYZ3, DYS280, uml DYSI
all of which were not amplified and therefore

. Inereased hind asergy; DBD, DNA-Dsnibng domary LED, ligand - bisding deray; NA, net asslabh,

homelogous and relative seq R |

and bisding energies. studies, nive ond mnmed enery
distributions of the pGly2édiiu, pIrp302Cys, p leuds8bro,
PIyr404%, and pGlud95del variants were compared. The

LB domain mutations p.Trp302Cys and p.Tyr404* both led

absent. Pelvic MRI petfnnneduS‘Jynnofgemaled
smiall bilateral rastes dn the nguinal reglons: @ utorus was
not identified.

WOLECUIAR CHANACTERBTICS OF NOVEL NRSA| OEFECTH

Ten povel beterozygous NRSAI mutations were identified in
46XY DSD patients (Fig. 1), Inchding five

wartants (pGly26Gh, pThr29Ary. pTrpS020ys, pAIaMUVnJ.
Plas358Pro), four step-gain warmnts [pTyr211% poys2a7,
PTyr404%, pLysH12%), and one frameshift varfant (pGu39s-
del) {Table 3, Fig 1) In three cases DNA samples wore
obtained from patients’ mothers; two of them carried NRSAZ
mutations (Table 3)

The previously described common nonsynonymous
PGlYyI4RAL varlant {rs111006]) was Identified In two
patients i association with pTrp302Cys and pTyrio4*
NRSAT mwtatsons, respoctively,

M SILICO STUOIES OF THE NRBAL VARIANTS (CENTIFED (N 4557
PATIENTS

Primary sequenpe analywss showed that all NRSA] mutated
aminn acids are extromely conserved ampng nan-redundant

to 3 higher energy state and therefore to a fess stable mole-
cule In comparison with the wild-type proteln {Fig, ).
The pGly26GI varknt, locsted in the DBD, establishes
a polur contact not found in the eoiginal molecule, Increas-
ing its affinity for DNA binding and making the NRSAL
dissoctution from the DNA helix dificult, thws potentlally
impairing transeriptional  regelation.  Interestingly. the
MGly26G1u warkant seems to stabliize the DB, leading to a
smaller epergy compared to that of the natne domain
(Fig 2). As @ consequence, an opposite bebavior was
observed for binding energes. While all LBD mutated
molmln studied Increased the htnd wnergy 1o the lgand
pamitoyl- 3-5N-phesphatsdyloth I pAly26tiu
pravldd smilles himung energy to the DNA  Dbelix.
Potental and hlndlu eneryy mans variations, and over-
d and native molecules

all confor

are shown In Table 4,

Figure 3 presents the lowest enetyy mokecudar models
of all mutated domaims superposed tn their respective
native versions. Replacement of Gly by Glu at position 26
creates an addicdonal contact net presest In the argina
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TABLE 4, Vvt o M Aodonvid andd oy Encges Means: Chexad® 3000
Conformadionn Botmon MGl ang M Molods

Migstaatonain AL et) Alyes WTml)
1 BT i St

[AG reetis: o 2063 »
Pl mLe N o~
DCEEES L BD Ess =

Al samgles dimribubiona passed Shapro Wik normalty tesf, being
Madns companad with Welah's &1t

NI orsaltiend 55 walises e s than 222 7070

the powntial energy Increasing This change may be

[ —

MR 2. A/ oy’ dinbaidonn of the aater RESAL LD domarn anvt
Jmdvtmsd mchedes A hgtvy oy o ssmering el v dens sl b ey
covvpmnst A1 et g (s Aass of avvrer ey ovlects B Enoaly dhdrdyy
Aot O e et AGRSAL DSD oty i b 0 GYZSAL M) ke
A STAAY eadpy & ooOOUIn B J rese Sl okl e

punsible for the reduction of transeriptiossl activity
abserved In the functional studies described helow.

The wariants pTyr211% and pOys247* are Jocated In
hinge region of NRSAT that is Important for stabilixing the
LBD and mteraction with other proteins that control
NRSAL transcriptional activity.

Finally, the Glu385 deletion s Jocated within LDB helix-
9, which is In the opposite direcsion of the Hgand cheft.
Together with the N-terminal helis-1, these two exterial
helices tightly the entire d In addition, the
remaval of the GlUSES slightly rotates the Belix-2 axial axis
weakening several lteral contacts and making the helox
unroll half a rarn. All these modificatans are prodicted tm be
trznsmitted throaghoat the whole domain decreasing ity
affinity to the ligand.

The tesults of the moleculsr simubstion analyses
strongly support the hypothesss that all these novel muta:
vons potenttally interfere with the activity of the NRSAT
proean Its structural mhﬂlw ami its ahility to bind the

e de addYony mTe achh oo

DBD domain. The pegatively charged Glu26 Oe2 forms 2
salting bridge with the Arg?9 Ne which makes the
fS-hatrpin 21-20 Jess flexible and clasor w the lgand DNA
In the native LED domaln. e Tryd0Zimidazalic ring con-
tributes to form a hydrophohic mvironmeru of the active

\ b3 SN-phosph ¢ and
omcr fat can be ar!emd by m presence of the nwmuona
The functon of such fat acid has not been cleared; howev-
o1, It cortalnly provides additional cantacss and stability m
the whole molecule to perform its activites. Altogether,
the stmulation results strengthen the hypothests that the

stucled mutatinns are very likely deleterious.

W WTRO FURCTIONAL STUDIEY OF THE P LELGSBPRO NNA VARIANT

site by cleft required to fatty lgand
Reampval of such o bulky amino ackd at that pesition lndu-
ces 4 whole structurnl rearganization so that the central
cavity of the protein shrinks, d ing the cecluded vol-
ume from 885 A3 to 724 A4 In tun the plec358Pro
mutation Is located in & hydrophobic core surrounded by
four z-helices, In the onginal molecule, Lew358
several contacts with a network of hydrophobic residues.
Althoagh proline is & non-polar aming acld, its side chain
Is too small compared lwdne lnd anm( tﬂealvtb
reach the surrounded hydr Th

many hydrophabic mmxu ware lost, which may oxphm

In vitro studies showed 3 marked] u

tonal activity of the pLeu3ssio mulam NRSA! m a
redurtion of more than 70% and 0% in the transctiva-
von of the Cypllal and ypl% promoters, respectively
(Fig. 41,

Discussion

WRZA) NLITATIONS IN A6 XY INONDUALS

Since the first 46XY DSD patient with the p.GlydSCiu
NRSAT mutation described by Achormann et al (1999),
the spectrum of phenotypes associated with NRSAT muta-
vanis has greatly expanded. This inktsa) patient bearing the
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AGIRE 3. Suverinpunnd Models: Supormmpontun of e rofe fande) ang misred srolent enangy TWSAT aootls Aot A 8D doman sy GRae
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A Y e e ) e GOESS chemdon

hetervzygous pliy350hu motation presented with adrenal
fallure aned ponadal dysgenests with persistent Mullerian
dervatives (Woo et al, 2015). a phesotype that deasely
resembled the phenotype observed in murine NrSai
knockout models (Lwo et al, 1994), Genadal dysgenesis
and adrenal insufficiency were also present in the second
reported NRSAL-related 46,XY DSD, m a patient bearing
the homozygous pATg92Gin mutation (Achermann et al.
20023

The expected phenotype assocated with NRSAT mute-

degrees of impaived Leydig cell function and androgen bio-
yuthesis, leading w prod ity annarmal  pooadal
phenotypes, which can range from complete testicular dys-
genesis with Mullerlan structures, through mild ditorome-
galy or atvplcal genitalln without Mullerian dertvatives,
proximal hypospadias assoclated with undescended testis
(Kohler et al, 2009), or even micropenis with absent
gonads (Philibert et al,, 2007),
Currently, NRSAT mutations represent one of the most
Irequent defects sssocated with 46.XY gonadal dysgenesis,

tions was shifted when a h ygous 8-bp mikrodd
was found In & 48XY DSD pattent who presented with dito
romegaly, fsenoe of uterus and gonids but neemal adreosl
function (Corren et al, 2004). ARer this first report, the
stady of several cohorts of mdividuals with 46XY DSD has
shown that adrenal issufficency Is a rare finding I patients
with NRSAL defects [Lin vt al, 2006; Guran et al. 2016).
Reparted heterozygous NRSA! mutations support the
model that partial NRSAT dysfunctinn cain result in several

ing for up to 20% of cases (Suntharalingham et al,
2015).

More than H0 different NRSAT varlants, distributed
across the full Jength of the protein, have been desenbed
and the majonity are noasynonymous mutatons (Pedace
ot al, 2014 Tantuwy et al, 2014; Woa ot al, 2015; Fabtiri
ot al, 20165 Most of these mutations are located in the
DB amdd are ina b yRous state or compound betero-
ygous state with the pGlyla6Ala (r51110061) varant,




Apéndices

36 VEDE GPECTILIM OF STDAL RELATED PHENDTYPES IN G55 AND 35X INDIVDUALS
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with the exception of two mild mutations described in
homoxygoes state (Achermann et al. 2002; Soardi et al.
2010). 'These fuxdings reinforce the concept that NRSAL
dosage Is arivionl to normal gosadal development, Howev-
er A clear correlation hetween the locaticn of a mutation,
its n vitro functional performance, and the asscciated phe.
netype I8 not observed. Indeed, family members bearing
the same NRSA! mutstion may present with variable phe-
notypes {Warman et al, 2011}

There are some hypotheses to explain the phenotypie
wariation associated with a similar NRSAJ mutation. First
interaiiedic association with the known p.Gly146Ala poly-
morphism [rs1110061) may further redoce NRSAT activity
und contribute o mote severe  phenotypes  {(WuQlang
et al. 2003; Hasegawa et al, 2004; Wala et al, 2006; Reu-
ter et al, 2007; Kohler et al, 2008; Lourenco et al, 200Y9;
Bashamboo et al, 20104 Parts et al, 2017; Camats ot al,
201Z). However, two patients in our oohort also bore the
pGlyi46Aka vanant hesdes the pathogenic NRSAI var
tants, pIrp302Cys and pYyrddd®, and thelr phenntype
wis not strikingly distinet or more severs

The contribution of other genetic modifiers has also
heen suggested to explain phenotypic varabliny. Exame
spquencing analyses of DSD patents hawe [dentified patho-
genic variants or varfants of uncertain significance in sev-
eral genes involved in s=xual develor Bashamb

B Lol 1 A

with atypscal external g paly I L
absent uterus in pelvic ultrasosography, and poor testos-
terone resp to hCG & Mazen and enBleagues
{2016) 1dentitied, by exome sequencing, the previously
described pArgd13Cys NRSAT mutation in compound het-
erozypous state with & pGIn237Arg MAPIK! varlant. This
NR5AT mutation was previously reported in association
with mid hypospadias (Allali et al, 2011), and a possible
digenic inhesitance was proposed to explain the phenoctyp
i beteragenelity (Mazen ot al, 2016)

Progresssve androgen production and virditzstion in
adolescence has beans abservind In soveral XY patients with
NRSA! mutations, In contrast to the severe undervirilized
externil genitakia found In mast patients (Ceols et al,
2012; Gabriel Ribeiro de Amdrade et al, 2014; Tantawy
et al, 2014; Fabbri et al, 2016). The almast normal testos.
terone levels alter MG stimulation or at pubertal age sug-
gest that NRSAT action may be less imphicated tn pubertal
steroidogeoesis than during fetal [fe. NRSAL | expressed
in the both feral and adult Leydig cells, bur differences in
its actions at both stages are not completely known. The
study of a hypomorphic mouse mode! of Nrfel indicated
differential impairment of fetal and acdult Leydig cefl devel-
opment, wherehy NrSel may regulate the differentiation
of fetal Leydig cefls, whereas In the adult it may regulate
progenitor cell formation and/ar survival (Karpova et al,
2015). Ditferent actions of NRSAL in fetal and postnstal
Leyidig cells populaticns might contribute to the switch
from birth 1o pubertal phenotypes

In contrast, fetal Sertoli cell function seems o be pre-
served In the most patients with heteroxyyous NESAZ
mutations, based on the common observation of absent
Mullecian dertvatives and primitive seminiferons tubules
an histolegy. In our cohort, three of 10 patients had
Mellerian dertvatives although in ane of them the wterine
volume remained infantile after three years of estrogen
replacensent.

The reviewed data of seventy-two 46.XY DSD pathents
with NRSAI mutations reported m the lsterature, for
whom Infermation on presence or absence of MOlkeriim
dertvatives was avatlahle, suggested that Milleran derva-
1ves ure prasent in shout 245 of the ises (Pedace o al,
2014; Tantawy et al, 2014; Woa et al, 2015; Fabbri et al,
2016) However, pessistently edevated FSH Jevels after
puberty found m all patents studied suggest an impair.
ment of Servoli cells function In post pubertal age (Pedace
ot al, 2014).

Male infertility has been also related to the presence of
NR3AI defects (Bashamboo et al, 2010x Ferdin et al,
2015) Pattents with moderate/severe oligospermia or azo-
ospermia and NiRSAS mutations may have normal testos-
tevone and normal Jaw or low lnhibin B levels, but they

et al, 20110b; Hashamboo ot al, 2014), In & 46XY patient

are at 1 risk of deéterioration of testicular hormonal
secrotion with age and may peed counseling reganding
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preservation of sperm and regular manitoring of endo-
crine function (Bashambeo et al, 2010a)

The presence of ovatestis was described In a 46XY
girl, with the 9G33.3.g31.1 deletion encompassing NRSA?
and LMXTE genes £ genitoparellas synd AESO0-

penascrotal  hypespadias (one patient) was observed.
Three of elght patients had & uterus, and two had o henti-
uterus, Gonads were palpable 11 seven p and the
other three 46XX ovotesticular patients had  bifateral

ated with female external genitalia and  ditoromegaly
(Schlaubitz et al, 2007).

IWESAS MUITATICNS IN 46 XX RURIECTS
The first reported 46XX patient with a NVRSAT mwtation
{pArgZ55Len) presented with ssalated adrenal insufficiency.
but & fallow-up deseription of evarian function st postpuber-
tal age Iy laddng (Bixsoo-Lauber and Schoenle, 2000). Subse-
quently, it was shown that NESAJ mutations are also a
peoetic couse of POL with phenntypes rmging fom primary
to semudny -mum-hu. associated with mifertdity, hypoes-
dotrapin levels (1 ¢o ot al.
2009- (‘m-u et al, 2012) Sasters and muhm of 46XY DSD
patents carrying heteroxygous NRSA! mutatons may also
develop premature ovardan fallure {Lourengo et 3l 200%
Camats « al, 2012; Fabbei et al, 2016).

Several genes reguired for ok and
follicke growth and maturation arv regifated by NRSAL
explaining why matant ¥RSAT may lead to progressive foss
of ovanan functon and  femade roproductive  capacity
{Lourenco et al, 2009: Camats of al, 2012: Fabhed o ol
2016). Wamen bearing NRSA? defects should receme appro.
priate counseling and fortdlity guldancy, wnabling potetial

The pAE?2Gin NRSAT mutation, located st the same
resxlue, was previously describad i homozygous state in
2 46XY phenotypic female with adrenal insufficiency and
s homozygous state i a A6XX pirl with early-onset pei-
mary mdrenal insullicency. Thiv variant was also present,
in heterozynows state, In her phenotyplcally normal sister,
mather, and father. (Achermann et al, 2002: Guran et al,
2016) Dnuffe In the tr ting ty of the
MArg22Gin and the pArg92Trp mutants may be responsi-
ble for the significant phenotypic differences observed
(Igarashs et al, 2017) Nevertheless the contribution of
modifying allelic variants In other gemes Imvolved In
gonadal development may not be completely excluded.

Iy witro assays demonstrated that the pAg9eTmp

fost its hinding capacity to a NRSA1
response element and reduced activation of seme minimal
promoters (Amh, Cyplial) (Bashambeo et al, 2016) This
mutsted profein was also less sensitive to NROB1-induced
suppression on the SOXY TESCO element, keading to testis
formation (Jgarashl e al, 2017), These Nndings suggest &
dysreguiation of normal female gooadal development by
p.ArgOZTrp NRS5AL, tpping the balance toward testis

ootyte cryopeeservation, due to the rivk of developing ovark
an Exufficency kkter i Ufe.

In contrast to its prominent pathogenic roke in 46XY DSD,
NRSAL defects are o rare couse of sporadic X1 of unknown
eticlogy m women (1.4-1.6%). {Santharalingham et al, 2015
Sixteen different NRSAT variaots distributed across the full
Jength of the protein have been described in patients with
premature ovarfan fallere, and the majority of them are noo-
synanymaons mutations {Sumbarainghan et al, 2015)

The spectrum of disorders asscciated with NRSAZ var-
lants In 46,XX mdividuals was further expanded by the
demonstration of the specific  recurrent  heterozygons
PARY2Yrp NRSA1 variant, in assocation with variable
degrees of wstis development In 46,XX patients from unre-
Isted families (Baetens ef al, 2016; Bashamboo et al,
2016; Igasashi et al, 2017), The pAsgd9ZTep NRSAT muta
ton was desaribed (i ten SRY negative 46 XX DSD patienss,
six with testicular DSD aned four with ovotesticular DSD
‘This mutation was foursd In two familial cases: the first
one eomprising two 46 XX ovotesticular DSD sisters and
the second one involving ane 46 XX testicular DSD patient
and his 46,XY sister with partial gonadal dysgenesis. In
these twe famiBies 3 maternal inherstance was identified.
Atypical gensalia was the most frequent presentstion (six
patients), but a phenotypic spectrum ranging from female
external genitalia with citoramegaly (one patient), to male
oxtornal genitalia with wicropenis (two patients) or

g n A6XX mdividuals.

Conclusion
In & single-center Brazilian cohort, we have ideotified 10
novel NRSAJ mutations in 46,XY DSD patients and the pre-
viously described pARY2Trp mutation in one 46 XX testic-
ular DSD pattent. Additionally, no mutations were found in
70 patients with PO), Our findings reinforee those of pre-
vicus reparts and contribate to expanding our understand.
ing of NRSAl-related] phenotypes in bumans.

NRSAY! mutatons are associated with a wide speactrum
of disardees of gonadal development, ranging from DSD w
aligo/azpospermia in 46 XY individuals and 46.XX ovotes-
toular and testicular phenotypes to primary avarian fail-
ure In 46XX Individials. The mast frequent phenatype in
46XY patients ks stypical or female external genitaiia with
dnoromegaly, palpable gonads, and ahsence of Mullerian
dertvatives. Postnatally, Leydig cells function seemx to be
preserved In saveral patients with NRSA) mutation, whise
Sertoll and germ celis are more profoundly affected. The
severely undervirilized external mlnlln Muom’y mu
at birth, contrasts with sy Y
I several patients. Plenotypic varlability nbsemd i
patients with similar NRSA1 defects may be related to the
assocktion with genetic modifiecs or pathogenic variants
Iy other testls fovaran-dotermining genes.
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