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Resumo

Contexto A hiperplasia adrenal congénita (HAC) devido a deficiéncia da CYP21A2
€ uma doenca genética com um amplo espectro fenotipico e bom progndstico
quando o portador € acompanhado e tratado corretamente. A analise genética do
gene CYP21A2 ¢é considerada uma peca-chave em casos complexos,
principalmente em portadores assintomaticos e casos positivos. Portanto,
ferramentas acessiveis para inferir a patogenicidade de novas variantes e a
elucidacdo de variantes ndo caracterizadas sdo essenciais para um diagnostico
preciso. Objetivo Investigar a patogenicidade de variantes ndo caracterizadas no
CYP21A2 reportadas nas populacdes brasileiras ou portuguesas, além de analisar
o desempenho de ferramentas de predicdo in silico para categorizar variantes
missense do CYP21A2. Métodos Ferramentas computacionais de predicdo de
dano e modelelagem estrutural foram usadas para analisar a conservacdo de
residuos e alteragdes fisico-quimicas e estruturais de variantes ndo caracterizadas
encontradas nas populacdes brasileira ou portuguesa. A atividade residual da
enzima foi obtida por ensaio funcional através das proteinas CYP21A2 do tipo
selvagem e mutantes expressas em células HEK293. Ademais, nGs acessamos 0
desempenho de preditores in silico através de variantes do CYP21A2
caracterizadas in vitro por ensaio funcional. No total, 103 variantes foram usadas
para testar dezessete programas de predicéo de dano, treze simples e quatro meta-
preditores. Resultados As analises computacionais e funcionais de variantes nao
caracterizadas mostraram que todas as seis variantes selecionadas diminuem a
atividade da CYP21A2. As variantes p.P35L e p.L199P causam uma atividade

parcial da enzima, correspondente a forma tardia de HAC. Enquanto, as variantes



p.W202R, p.E352V p.P433L e p.R484L diminuem a atividade da enzima a um nivel
residual compativel com a forma classica virilizante simples. Quanto ao
desempenho das ferramentas de predicdo, todos os programas testados foram
capazes de identificar variantes patogénicas. As acuracias obtidas variaram entre
0,69 e 0,97 e 0o MCC entre 0,49-0,90, sendo que os melhores valores foram obtidos
para os programas CADD, ConSurf, DANN e ProlyPhen-2. O programa PANTHER-
PSEP néo foi capaz de identificar variantes neutras. Conclusdo Elucidamos o
impacto na estrutura e na funcionalidade de seis variantes com perfis
desconhecidos, e mostramos boa correlacdo entre os estudos in silico e in vitro.
Além disso, identificamos quatro programas de predicdo com bom desempenho
para classificar variantes patogénicas e neutras na proteina CYP21A2. Portanto,
esse estudo enfatiza a importancia de se usar multiplas ferramentas de predicéo

em conjunto e contribui para futuras andlises genéticas da deficiéncia da CYP21A2.



Abstract

Context Congenital adrenal hyperplasia (CAH) due to CYP21A2 deficiency is a
genetic disease with a broad phenotypic spectrum and good prognosis when the
carrier is followed-up and treated correctly. Genetic analysis of CYP21A2 gene is
considered a key component in complex CAH phenotypes, mainly with
asymptomatic carriers and false positive cases. Therefore, accessible tools to infer
the pathogenicity of new variants and the elucidation of uncharacterized variants
are essential to a precise diagnosis. Aim Investigate the pathogenicity of
uncharacterized variants in the CYP21A2 reported in the Brazilian or Portuguese
populations and analyze the performance of in silico prediction tools to categorize
missense variants of the CYP21A2. Methods Computational tools of damage
prediction and structural modeling were used to analyze the conservation of
residues and physicochemical and structural changes of uncharacterized variants
found in the Brazilian or Portuguese populations. The residual enzyme activity was
obtained by functional assay with wild-type and mutants CYP21A2 proteins
expressed in HEK293 cells. Furthermore, we accessed in silico predictors
performance through variants of the CYP21A2 characterized in vitro by functional
assays. In total, 103 variants were used to test seventeen predictors’ programs,
thirteen single-predictors and four meta-predictors. Results Computational and
functional analyzes of uncharacterized variants showed that all six selected variants
decrease the CYP21A2 activity. The variants p.P35L and p.L199P cause partial
enzyme activity, corresponding to the late form of CAH. Whereas the variants
p.W202R, p.E352V, p.P433L, and p.R484L decrease the enzyme activity to a

residual level compatible with the classic simple virilizing form. Concerning the
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performance of the in silico predictor tools, all programs were able to identify
pathogenic variants. The accuracies obtained ranged between 0.69 and 0.97 and
the MCC between 0.49-0.90, and the better accuracy and MMC were obtained with
CADD, ConSurf, DANN and ProlyPhen-2. The program PANTHER-PSEP was not
able to identify neutral variants. Conclusion We elucidated the enzyme structure
and functionality impact of six variants with unknown profiles, and we showed good
correlation between in silico and in vitro studies. Furthermore, we identified four
predictors’ programs with good performance to discriminate pathogenic and neutral
variants of the CYP21A2 protein. Therefore, this study emphasizes the relevance of
using multiple algorithms together and contributes to future genetic analysis of the

CYP21A2 deficiency.
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1. Revisao Bibliografica

1.1 Glandula adrenal e sua sintese de esteroides

A Glandula adrenal tem um formato triangular que contorna o polo dorsal dos rins.
Em mamiferos, ela é composta de dois tipos de tecidos organizados em uma
conexao bidirecional, a medula e o cértex (Figura 1). A origem embrionaria desses
dois tecidos é distinta, as células da medula sdo derivadas da crista neutral,
enquanto o cortex é originado no mesoderma intermediario, assim como o ovario e
testiculo (MESIANO et al., 1997). Ademais, a formacdo da medula adrenal é
influenciada pelo cértex, que posiciona suas células primeiro, delimitando a regido
medular (BECHMANN et al., 2021). Essa separacao entre esses tecidos nao é bem

definida, havendo ainda uma conexao entre eles pelo sistema vascular adrenal e

uma forte interac@o enddcrino e paracrino (MESIANO et al., 1997).

e e
S Erd
7 T

-

-

Figura 1. Corte histoldgico da glandula adrenal humana. (A) Localizagdo das
regides do cortex e da medula. (B) Aumento éptico das células adrenais. ZG, zona
glomerulosa; ZF, zona fasciculada; ZR, zona reticulada. Figura adaptada de

PECKHAM et al. (2021).
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As células da medula adrenal sdo caracterizadas por seu citoplasma
granuloso e sem lipidios esteroides. Elas sdo altamente vascularizadas e secretam
os horménios catecolaminas (adrenalina, noradrenalina e a dopamina)
(BECHMANN et al., 2021). Esses hormonios sédo controlados pelo sistema nervoso
simpatico e atuam no coragdo, vasos sanguineos, bronquiolos, muasculo visceral,

musculo esquelético e figado (MESIANO et al., 1997).

Ja o cortex é classificado em trés zonas em humanos, zona glomerulosa, zona
fasciculada e zona reticulada (Figura 1). A zona glomerulosa apresenta células
densamente compactadas com a area citoplasméatica menor em relacéo a outras
zonas, com aparéncia de bolas. A zona fasciculada € composta por células com
citoplasmas ricos em goticulas lipidicas dispostas em colunas, fasciculos. Por fim,
a zona reticulada que apresenta células menores que a fasciculada, com menos
goticulas lipidicas citoplasmaticas e organizadas na forma de uma rede que separa

o cortex da medula (PIGNATTI et al., 2017; SECCIA et al., 2018).

No cortex da adrenal, a molécula de colesterol da origem a trés tipos de
hormdnios secretados: mineralocorticoides, glicocorticoides e andrégenos (Figura
2). Esses hormonios conhecidos como hormdnios esteroides, corticosteroides ou
apenas esteroides tém uma estrutura quimica semelhante & da molécula de
colesterol e uma biossintese tecido-especifica, que é realizada majoritariamente no

cortex adrenal (PIGNATTI et al., 2017).

Mineralocorticoides sao importantes hormoénios para a regulacdo
homeostatica e tem sua secre¢do realizada na zona glomerulosa. O

mineralocorticoide aldosterona tem um papel importante na regulacdo dos niveis
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de ions sédio e potassio nos rins. Enquanto isso, a maioria dos glicocorticoides sédo
excretados na zona fasciculada, sendo apenas alguns deles na zona reticulada. Os
glicocorticoides sédo importantes para o metabolismo de carboidratos, proteinas e
lipideos. Seu esteroide mais sintetizado, o cortisol, € modulador de processos
fisiol6gicos no metabolismo energético, na resposta ao estresse, na reproducéo, na
imunidade de na cognicao, além de interagir com receptores de mineralocorticoides
e outros de glicocorticoides (HAHNER et al.,, 2021). Por fim, os andrégenos,
horménios sexuais, sdo majoritariamente secretados na zona reticulada (MESIANO
etal., 1997). Os esteroides sintetizados em maior volume em humanos sao: cortisol
(zona fasciculada), DHEA (zona reticulada) e aldosterona (zona glomerulosa)

(SECCIA et al., 2018).

Um complexo enzimatico de citocromos P450 tecido-especifico é
responsavel pela conversédo do colesterol nas diferentes moléculas de esteroide,
como é apresentado na Figura 2 (SECCIA et al., 2018). A sintese de aldosterona a
partir do colesterol, por exemplo, envolve cinco enzimas e duas zonas do cortex.
As trés primeiras enzimas envolvidas na conversdao do colesterol em 11-
desoxicorticosterona (DOC) sdo expressas apenas em células das zonas
glomerulosa e fasciculada, sdo elas: enzima de clivagem de cadeia lateral do
colesterol (P450scc; SCC), 3p-hidroxisteroide desidrogenase tipo 2 (33-HSD2) e
21-hidroxilase (P450c21; CYP21A2; 210H). Na sequéncia, a enzima 11[3-
hidroxilase (P450c11; 11BOH), que converte DOC em corticosterona, é expressa
apenas na zona fasciculada. Por ultimo, a enzima aldosterona sintase (P450aldo;
Star), que converte corticosterona em aldosterona, tem sua expressao limitada na

zona glomerulosa (SECCIA et al., 2018).
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Ja a enzima 17a-hidroxilase (P450c17; 17a0OH/17,20-liase) converte duas
moléculas, sendo cada uma delas em uma zona diferente. A conversédo da
pregnenolona em dehidroepiandrosterona (DHEA), precursor do androstenediol, é
realizada na zona reticulada. Enquanto isso, a mesma enzima converte
progesterona em androstenediona, precursor da testosterona, na zona fasciculada

(SECCIA et al., 2018).
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Figura 2. Rota de biossintese de esteroides humana. A rota inicia com a
conversao de colesterol em pregnenolona, que pode acontecer em todos os tecidos
esteroidogenicos. Na sequéncia, ja dentro do cértex da adrenal, ha a conversao da
pregnenolona em duas vias: uma que vai direcionar a sintese de cortisol

aldosterona, e a outra a sintese de hormdnios sexuais. Apenas as enzimas
P450scc, P450cl1l e P450aldo (localizadas no lado esquerdo no esquema) sao
mitocondriais, o restante é localizado no reticulo endoplasmatico rugoso. A
auséncia da atividade da enzima 21-hidroxilase (P450c21) impacta a via de
biossintese de glicocorticoides e mineralocorticoides — a parte da rota bloqueada

esta abaixo da linha tracejada. Figura adaptada de ALVES et al. (2019).
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1.2 A Hiperplasia adrenal congénita

A hiperplasia adrenal congénita (HAC) € um grupo de doencas autossémicas
recessivas que impacta a via de biossintese do cortisol. Esse grupo de doencas
acarreta uma superproducdo do horménio liberador de corticotrofina (CRH), no
hipotalamo, e do horménio adrenocorticotréfico (ACTH), na glandula pituitaria.
Ambos os hormdnios induzem a via dos corticosteroides adrenais e sédo regulados
negativamente pelo cortisol (Figura 3) (EI-MAOUCHE et al., 2017; ZHOU et al.,
2017). Portanto, além da HAC causar acumulo de esteroides precursores da
enzima com defeito da rota, ela também aumenta a sintese destes gerando

hiperplasia da glandula adrenal.

Devido as diferentes desregulacfes hormonais que podem ser geradas, a
HAC apresenta uma grande variabilidade bioguimica, podendo afetar as sinteses
de glicocorticoides, mineralocorticoides e androgenos. Consequentemente, sao
observadas diversas manifestacdes clinicas, como: insuficiéncia adrenal,
hiperplasia da glandula adrenal, distirbio no desenvolvimento sexual (DDS),
infertilidade, comprometimento do crescimento, hipertensdo, sindromes
metabdlicas na puberdade, entre outras. A gravidade da doenca e suas
caracteristicas dependem basicamente de trés fatores, a enzima afetada, o grau de
dano na sua atividade e o gendtipo do paciente (EI-MAOUCHE et al., 2017; ZHOU

et al., 2017).
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Figura 3. Representacdo esquematica da via de biossintese do cortisol. A
flecha preta pontilhada mostra a acédo do cortisol de regular negativamente sua

sintese no hipotadlamo. Figura adaptada de EI-MAOUCHE et al. (2017).

A HAC devido a deficiéncia na enzima CYP21A2 representa 90-95% dos
casos de HAC (MILLER & AUCHUS, 2011). Sua forma grave ou classica apresenta
uma incidéncia entre 1:10.000 a 1:20.000 nascidos vivos (n.v.), tendo seu rastreio
populacional realizado por programas nacionais de triagem de recém-nascidos

(KOPACEK et al. 2017; ALl et al., 2021).
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A Figura 4 apresenta os dados reportados por estados brasileiros a partir da
implementacédo do programa nacional brasileiro de triagem neonatal de HAC. Por
outro lado, a forma leve ou néo classica (NC) da HAC esta presente em ~1:200 n.v.
(EI-MAQUCHE et al., 2017; HANNAH-SHMOUNI et al., 2017a; NEW et al., 2017).
A HAC-NC é uma das doencas autossdmicas recessivas mais comum em
humanos, podendo ser ainda mais frequente em certos grupos populacionais

(HANNAH-SHMOUNI et al., 2017a; NEW et al., 2017).

« GO1:10,325
MG 1: 19,927
SP 1:10,460
o SC1:14,972
* RS 1: 13,551

Figura 4. Incidéncia de hiperplasia adrenal congénita por estado brasileiro.
Dados reportados por estados Brasileiros até o ano de 2017. Fonte da figura

KOPACEK et al. (2017).
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Em geral, a segunda enzima do grupo da HAC com deficiéncia mais
prevalente € P450c11, sendo estimada em 5-8% dos casos de HAC. Sua forma
classica é registrada em 1:100.000 n.v. caucasianos e em 1:6.000 n.v. marroquinos
e judeus (MENABO et al., 2014). Ja a deficiéncia na P450c17 é relatada estar mais
presente apenas no Brasil e em uma minoria descendente de Holandeses
(HANNAH-SHMOUNI et al., 2017b). No Brasil, a incidéncia de HAC devido a 170H
€ de 1:50.000 n.v. (COSTA-SANTOS et al.,, 2004). As outras deficiéncias
enzimaticas do grupo de HAC sao mais raras e ndo tém uma estimativa
populacional, sendo elas nas enzimas 33-HSD2, proteina de regulacdo aguda da
esteroidogéneses (StAR), P450scc e P450 oxidorredutase (POR) (EI-MAOUCHE

et al., 2017; FLUCK et al.,2008).

Neste trabalho sera abordada a deficiéncia na enzima CYP21A2, que afeta
a biossintese de glicocorticoide e mineralocorticoides, através do total ou parcial

bloqueio dessas vias.

1.3 A enzima 21-hidroxilase (CYP21A2)

A proteina CYP21A2, também conhecida como P450c21, P450 21A2 ou
CYP21A2, é membro da superfamilia de citocromos P450 (CYPs). Ela apresenta
duas isoformas funcionais, uma com 485 e outra com 484 aminoacidos [dado
fornecido pelo RefSeq julho 2008]. A diferenca entre as isoformas € a auséncia do

aminoéacido 10 na proteina mais curta.

A sequéncia mais curta tem sido utilizada desde o inicio das descri¢cbes, pois
foi baseada no gene de um individuo com essa delecdo. No entanto, a partir das

analises populacionais, foi observado que a proteina mais longa é a mais frequente.
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Recentemente, a Human Genome Variation Society (HGVS) determinou a
substituicdo da sequéncia referéncia para a nomenclatura da CYP21A2 para a da
proteina mais longa. Ambas as nomenclaturas coexistem em trabalhos publicados
atualmente, mas a proteina longa ja esta implementada em praticamente todos os
bancos de dados (ex., Ensembl e GeneCard). Neste trabalho a nomenclatura

adotada foi a da proteina longa (NP_000491.4).

A enzima CYP21A2 tem a funcdo de converter 17-hidroxiprogesterona
(170HP) em 11-deoxicortisol e progesterona em DOC, nas biossinteses de
mineralocorticoides e glicocorticoides, respectivamente (Figura 5) (PALLAN et al.,
2015). Sua expressao € predominantemente nas células das zonas glomerulosa e
fasciculada da glandula adrenal, sob controle do ACTH, onde se encontra ancorada

na membrana do reticulo endoplasmatico (MILLER & AUCHUS, 2011).
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17-hidroxiprogesterona 11-deoxicortisol

Figura 5. ReacOes de hidroxilacdo realizadas pela enzima 21-hidroxilase
(CYP21A2) humana no cortex adrenal. Adicdo de uma hidroxila no carbono 21

das moléculas precursoras. Fonte da figura PALLAN et al. (2015).

A reacdo de hidroxilacdo da 170HP é exclusivamente realizada pela
CYP21A2, diferentemente da hidroxilagdo da progesterona, que pode ser realizada
por outras enzimas hepaticas, como a CYP2C19 e CYP3A4, que em parte podem
ser responsaveis pela menor necessidade de mineralocorticoides adrenais em

adultos (GOMES et al., 2009).

A progesterona hidroxilada fora do tecido adrenal foi descrita estar presente
em uma ampla gama de tecidos adulto e fetal. Entretanto, pela oxidacdo da
progesterona ndo ser mediada pela mesma enzima encontrada no cértex adrenal,

a CYP21A2, o produto ndo atua da mesma forma (MILLER & AUCHUS, 2011).
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Como exemplo, no figado humano, a enzima CYP2C19 converte progesterona em
21-hidroxiprogesterona, 16a- hidroxiprogesteronas e 17a-hidroxiprogesteronas,
além de oxidar também a testosterona em androstenediona (YAMAZAKI &

SHIMADA, 1997).

A sintese de glicocorticoides, como o cortisol, também foi observada em
outros tecidos, como do intestino, pele, cérebro e pulmao (AHMED et al., 2019). No
cérebro humano ja foi identificada a sintese de (glicocorticoides e
mineralocorticoides, onde a presenca de RNA mensageiro (RNAm) referentes a
CYP21A2 foi muito baixo ou abaixo do limite de detecc¢éo. Isso provou gue a mesma
hidroxilacdo da CYP21A2 é realizada por uma enzima alternativa no cérebro, a
CYP2D6 (TAVES et al., 2011). Esses fatos, justificam a presenca de concentracées
razoaveis de esteroides hidroxilados semelhante aos produtos da CYP21A2 no
plasma de pacientes com auséncia de atividade da CYP21A2 (MILLER & AUCHUS,

2011).

A deficiéncia na enzima CYP21A2, além de ser a forma prevalente de HAC,
€ um dos erros inatos do metabolismo mais frequentes (HANNAH-SHMOUNI et al.,
2017a; NEW et al., 2017). A perda completa da atividade da CYP21A2 impacta a
sintese de mineralocorticoides resultando na deficiéncia de aldosterona, bem

como, a caracteristica sintese de cortisol da via glicolitica.

A aldosterona € um importante regulador eletrolitico com a¢éo na reabsorcao
do sédio pelos tubulos renais distais (NEW et al., 2017). Sua auséncia causa grave
hiponatremia, hipercalemia e acidose, que podem gerar um quadro clinico de

hipotensdo, choque e colapso cardiovascular, com evolucdo a 6bito do recém-
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nascido nao tratado. Ademais, criancas com perda de sal renal apresentam pouco
apetite, perda de peso, vomito, desidratacdo e hipotensdo (MILLER & AUCHUS,
2011; NEW et al., 2017). O esquema da Figura 6 resume a fisiologia acarretada de

uma crise de perda de sal adrenal.

Glandula adrenal

\ Medula
A 1

Zona Zona Deficiéncia de epinefrina
glomenlosa fasciculata

Estresse

Vasodilatagdo, efeito

I prejudicado das catecalaminas
Deficiéncia de Deficiéncia —— . - ] > - - + Hipertens&o
aldosterona de cortisol y :
2
- . _ = Aumento da
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& do volume I permeabilidade capilar
¥ i l
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l L1
IL-& |
Reducdo daresbsorcio desddice Insensibilidadedo
sumentoda reabsor; 3o de potassio Dlmlnmﬁuda Aumento de receptorde
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Figura 6. Esquema da fisiologia de uma crise de perda de sal adrenal devido
a completa perda da atividade da enzima 21-hidroxilase. O desequilibrio entre
a demanda e a disponibilidade de glicocorticoides afeta os sistemas de regulacdo
eletrolitico, metabdlico, inflamatorio e circulatério. Figura adaptada de HAHNER et

al. (2021).
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Por sua vez, o cortisol atua em diferentes vias (Figura 6). Esse esteroide é
necessario em altas concentracées na medula adrenal para a transcriacéo da do
gene que codifica a feniletanolamina N-metiltransferase. Essa enzima é
responsavel por catalisar a conversao de norepinefrina em epinefrina, conhecidas
como noradrenalina e adrenalina, respectivamente. Uma baixa concentracdo de
epinefrina aumenta o risco de hipoglicemia associado a deficiéncia do cortisol
(TUTUNCULER et al., 2009). O déficit do nivel de epinefrina esta diretamente
associado ao grau de disfuncéo adrenocortical, ndo sendo observado na forma leve
de HAC (VERMA et al, 2010). Por outro lado, pacientes com a forma grave de HAC
apresentam aumento da secrecdo de norepinefrina de forma compensatoria ao

déficit de epinefrina (TUTUNCULER et al., 2009).

Ademais, devido a sintese do cortisol ser regulada negativamente pelos
CRH e ACTH na sua presenca, a baixa concentracéo de cortisol causa o estimulo
da secrecdo de ambos os hormdnios, desde o periodo fetal (Figura 6). Como
consequéncia, ha a inducdo da hiperplasia adrenal e transcricdo dos genes
envolvidos na esteroidogéneses, gerando acumulo dos substratos da enzima
CYP21A2 (progesterona e 170HP) (MILLER & AUCHUS, 2011). O esteroide
170HP convertido pela enzima CYP21A2 em 11-deoxicortisol (precursor do
cortisol) também é convertido, na mesma etapa da via de biossintese de esteroides,
pela enzima P450cl7 em androstenediona (precursora da testosterona/di-
hidrotestosterona e do estriol). Sendo assim, o esteroide 170OHP acumulado na rota
devido a deficiéncia da CYP21A2 acaba, por conseguinte, sendo direcionado para

a sintese do androgeno testosterona (CHOI et al., 2016).
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Naturalmente, a diferenciacdo da genitadlia masculina mediada pelos
androgenos sintetizados no testiculo do feto ocorre no primeiro trimestre
gestacional. Da mesma forma, também é nesse periodo que o cortex adrenal
apresenta um rapido desenvolvimento, com um pico na sintese de cortisol na oitava
semana da gestacdo (GOTO et al.,, 2006). Portanto, no primeiro trimestre de
gestacao o feto feminino, 46,XX, torna-se mais suscetivel a virilizacdo provocada
pelo aumento dos niveis de andrégenos adrenais e tornam essa etapa a mais critica

para o dimorfismo sexual do feto feminino (GOTO et al., 2006).

A virilizacdo da genitélia externa é categorizada em cinco graus de acordo
com a escala de Prader, descrita na Figura 7, que tem um escore entre | e V

(PRADER, 1954; JORGE et al., 2008).

\
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~

Genitalia | Il ]| v \Y/ Genitalia
feminina Masculina

Figura 7. Escala Prader (I a V) para a classificacdo de genitalias atipicas. A
esquerda estéa representada a genitalia feminina tipica e a direita a masculina, entre

elas esta representada a escala Prader. Tipo |, clitomegalia sem fuséo labial; tipo
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I, clitomegalia com fusédo labial posterior; tipo I, alto grau de clitomegalia, auséncia
de orificio vaginal; e fuséo labial quase completa; tipo 1V, clitéris mais flacido, seio
urogenital semelhante a uretra e completa fuséo labial; tipo V, clitéris peniano, canal
uretral finalizando na ponta do falo e labios semelhantes ao escroto. Fonte da figura

YAU & NEW (2019).

Por outro lado, os 6rgaos genitais internos femininos tém o seu aspecto
normal preservado, pois ndo séo influenciados pelos andrégenos. A genitalia
interna é regida pelos ductos de Miuller, responsaveis pelo desenvolvimento do
Gtero, tubos uterinos, cérvix e a parte interna da genitalia feminina. Apenas na
presenca do horménio anti-Milleriano cuja sintese ocorre nos testiculos fetais a

acao dos ductos de Miiller € inibida (WILSON & BORDONI, 2021).

Quanto aos recém-nascidos do sexo masculino, 46,XY, 0 montante
sintetizado no cortex adrenal devido a deficiéncia da CYP21A2 nao € significativo
em relacdo a abundéncia normal de testosterona testicular (MILLER&AUCHUS,

2011; CHOI et al., 2016).

Outra caracteristica dos portadores de HAC, tanto nas formas classica
quanto NC, é a de criancas altas que se tornam adultos baixos. Isso se deve a
aceleracdo do crescimento somatico, gerando um rapido ganho de estatura durante
a infancia, acarretando prematuro fechamento das esfinges. Por conseguinte, ha
o0 comprometimento da altura adulta final, que é em torno de 10 cm menor do que
a estimada pela altura parental (LIN-SU et al., 2011; NEW et al., 2017). Esse
mesmo quadro também foi relatado em pacientes que receberam excesso de

glicocorticoides no tratamento (LIN-SU et al., 2011). No entanto, em pacientes sob
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tratamento de HAC pode ser realizada a administracdo de horménios reguladores
do crescimento para auxiliar a reduzir o comprometimento do crescimento (LIN-SU

et al., 2011; NEW et al., 2017).

1.3.1 Categorias fenotipicas

A alta variabilidade nos niveis hormonais é responsavel pelo grande
espectro de fenotipos visto na deficiéncia da CYP21A2, que variam de acordo com
o grau de comprometimento da enzima CYP21A2. Os casos graves ou classicos,
apresentam deficiéncia de glicocorticoides e podem apresentar ou nao deficiéncia
na sintese de mineralocorticoide. A forma classica de HAC que apresenta
deficiéncia em ambas as vias € denominada perdedora de sal (HAC-PS), ja a que
tem o nivel de aldosterona suficiente para regular o balanco eletrolitico, é
denominada virilizante simples (HAC-VS). A forma leve da HAC é denominada NC

(HAC-NC), sendo distinguida pela auséncia da perda de sal e da virilizacao.

A forma classica HAC-PS é caracterizada pela auséncia da atividade da
enzima CYP21A2 (< 1% em relacdo a selvagem), comprometendo a sintese de
glicocorticoides e mineralocorticoides (NEW et al., 2013; XU et al., 2019). Nesse
caso, ndo ha aldosterona suficiente para haver a regulacéo eletrolitica através da
absorcao de sédio na adrenal. Crises de perda de sal renal devido a deficiéncia de
aldosterona sé@o observadas entre 0 5° e 0 15° dia de vida de vida do recém-nascido
(MILLER & AUCHUS, 2011). A prevengéao da crise adrenal em recém-nascidos do
sexo feminino (46,XX) pode ser mais facilmente realizada com a identificagédo
precoce da patologia através da avaliacdo visual da genitalia externa e entdo

prosseguimento do tratamento mais adequado. Por outro lado, recém-nascidos do
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sexo masculino (46,XY) apresentam sutis alteracdes fisicas que podem apenas
sugerir a deficiéncia do cortisol, como hiperpigmentacdo e grande falo com
pequeno testiculo (MILLER & AUCHUS, 2011). Dessa forma, meninos com HAC-
PS sao identificados pela triagem pré-natal, pela triagem de recém-nascidos ou
devido a crises de perda de sal presenciadas em casa nas primeiras semanas de

vida (NEW et al., 2017).

A forma classica HAC-VS é caracterizada pela auséncia da perda de sal
renal, mas com elevada concentracdo dos substratos da CYP21A2.
Bioguimicamente, o que distingue a forma HAC-PS da -VS ¢ a atividade da enzima
CYP21A2. Na HAC-VS, a enzima CYP21A2 tem uma atividade residual entre 1 e
10% em relacdo a selvagem, sendo esta suficiente para a sintese de aldosterona
e prevencao significativa da perda de sal renal (NEW et al., 2013; SIMONETTI et
al., 2018). Meninas (46,XX) apresentam virilizacdo da genitalia externa semelhante
a forma HAC-PS (Figura 8) que, se néo iniciado o tratamento com glicocorticoides
logo apds 0 nascimento, apresentam uma progressiva masculinizacao da genitalia
pds-natal devido ao continuo excesso de andrégenos adrenais (NEW et al., 2017).
De outra forma, a maioria dos meninos recém-nascidos (46,XY) com a forma HAC-
SV passam despercebidos pela avaliagéo clinica, sendo identificados na triagem
de recém-nascidos ou pré-natal. Se nao tratados, criancas de ambos 0s sexos
apresentam sinais de hiperandrogenismo, como o inicio precoce de pelos nas
axilas, faciais e pubianos, odor corporal de adulto, avanco da idade 6ssea levando

ao fechamento precoce das esfinges e baixa estatura.
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Figura 8. Frequéncia da escala Prader obtida na anélise de 154 individuos
46,XX. Genotipos associados a atividade da 21-OH < 2% em relacdo a selvagem
(HAC-PS) apresentaram predominio da virilizacdo Prader Ill, seguido da IV.
Genotipos associados a atividade enzimatica entre 3 e 7% em relagéo a selvagem
(HAC-VS) mostraram predominio da virilizagédo Prader I, seguido pela Il. Fonte da

figura KAUPERT et al. (2013).

Por fim, a HAC-NC é conhecida pelo inicio tardio dos sintomas em relacéo
as formas classicas, sendo estes moderados ou leves. O comprometimento
enzimatico da CYP21A2 na HAC-NC permite uma atividade parcial de hidroxilacéo,
que varia entre 10 e 78% em relagdo a enzima selvagem, permitindo uma
concentracéo sérica de cortisol quase normal (NEW et al., 2017; SIMONETTI et al.,
2018). Essa grande faixa de atividade da enzima esta associada a sintomas de

hiperandrogenismo que podem aparecer logo apdés 0 nascimento, sendo
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amenizadas com o tempo ou até nao serem notadas em individuos assintomaticos
(NEW et al., 2017). Os sinais de hiperandrogenismo na forma HAC-NC sao mais
amenos do que nas formas classicas ndo tratadas. Entre os principais sintomas,
em ambos 0s sexos, estdo o inicio precoce de pelos pubianos, avanco da idade
Ossea levando a baixa estatura e acne cistica grave (HANNAH-SHMOUNI et al.,
2017a). Além disso, mulheres adultas podem apresentar outros sintomas atipicos
a individuos 46, XX causados pelo excesso de andrégenos, como hirsutismo,
calvicie temporal, infertilidade, menarca tardia e amenorreia secundaria. Sintomas
semelhantes a sindrome do ovario policistico (like-SOP) também pode ocorrer
devido aos elevados niveis de andrégenos. Duas possibilidades para a like-SOP
devido a HAC séo: (I) a interrupcdo da liberacdo de gonadotrofina e com
consequente formacéo de cistos e (Il) reprogramacéao do eixo hipotalamo — hipofise
- gbnada no periodo pré e pos-natal (NEW et al. 2017; HANNAH-SHMOUNI et al.,
2017a). Quanto aos sintomas da HAC-NC em homens adultos estdo calvicie
precoce, baixa fertilidade, oligozoospermia e testiculos pequenos em relacdo ao
tamanho do falo. Essa Ultima caracteristica é relacionada a supressao do eixo
hipotalamo- hipdéfise — gbnada pelos andrégenos adrenais (NEW et al., 2017;

HANNAH-SHMOUNI et al., 2017a).

1.4 O gene codificador da proteina CYP21A2

A proteina CYP21A2 é codificada pelo gene CYP21A2 (Cytochrome P450
Family 21 Subfamily A Member 2; GenelD 1589; NG_007941.3), também
conhecido como CYP2l1, CYP21B, P450c21B. Esse gene possui 3,44 kb

organizados em 10 exons e 9 introns situado no brago curto do cromossomo 6,
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dentro do complexo principal de histocompatibilidade (MHC - major
histocompatibility complex) (Figura 9) (RODRIGUES et al., 1987).

Além disso, o gene CYP21A2 faz parte da composicdo do médulo RCCX,
uma regido que apresenta uma organizacdo complexa, com uma grande
variabilidade de tamanho de genes e niumero de copias (RODRIGUES et al., 1987).
Esse moédulo engloba os genes RPs (RP1 e RP2), C4s (C4A e C4B), CYP21s
(CYP21A2 e CYP21A1P) e TNXs (TNXA e TNXB) em uma organizacdo tandem
bimodular (RP1-C4A-CYP21A1P-TNXA-RP2-C4B-CYP21A2-TNXB). Os genes
RP2, CYP21A1P e TNXA nao séo funcionais (pseudogenes) (Figura 9). Os dois
genes C4 se distinguem por apenas 4 aminoacidos e apresentam alta variabilidade
no namero de copias (LI et al., 2017). Os genes RPs compartilham uma identidade
na sequéncia de 48%. Os genes TNX tém a orientacao transcricional oposta aos
demais, sendo o seu 3'-UTR sobreposto ao 3’-UTR e exon 10 do gene CYP21A2
(MILLER & MERCKE, 2018). Por fim, os CYP21s compartilham um alto nivel de
identidade na sequéncia, 98% nos exons e 96% nos introns, e estdo distantes por
aproximadamente 30 kb (RODRIGUES et al., 1987). No entanto, o CYP21A1P
tornou-se inativo devido a presenca de mdultiplas mutagBes que rangem de
substituicdo pontual de nucleotideo a pequenas delecbes e insercbes

(RODRIGUES et al., 1987).
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Figura 9. Esquema da composi¢do do médulo RCCX no cromossomo 6. O
mddulo grande (a esquerda) € composto pelos genes RP1-C4A-CYP21A1P-TNXA.
O médulo pequeno (a direita) € composto por RP2-C4B-CYP21A2-TNXB. Os genes
RPs, C4s e CYPs estdo orientados no sentido 5 >3’, sentido telomero para o
centrobmero. Os genes TNXs estdo orientados no sentido inverso, 3'<5’, do

centrébmero para o teléomero. Figura adaptada de NARASIMHAN & KATTAB (2019).

A proximidade entre os genes CYP21s, a localizagdo em um modulo com
quatro genes organizados em tandem e a alta homologia entre eles geram a alta
taxa de eventos de recombinacédo génica observados no gene CPY21A2. Esses

eventos podem ocorrer durante a duplicagdo cromossémica, causando grandes
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perdas génicas, ou em eventos de crossing-over desigual, causando pequenas
trocas nucleotidicas (TUSIE-LUNA & WHITE, 1995). Por fim, recombinacdes entre
0s genes CYP2ls sédo responsaveis por ~95% das mutacdes patogénicas

conhecidas do gene CYP21A2 (Figura 9).

Em toda a extensdo do gene CYP21A2 ja foram descritas mutacdes
patogénicas, desde a regiao 5-UTR até a 3-UTR. No entanto, dez dessas
mutacdes representam de 80-90% das mutacOes patogénicas em pacientes com
HAC e séo provenientes do pseudogene (Figura 10) (NEW et al., 2013; CARVALHO
et al., 2016; XU et al., 2019). Cabe ressaltar que ha variabilidade nas frequéncias
dessas mutacdes em diferentes grupos étnicos e regibes (Tabela 1), como
mostrado por varios grupos (NEW et al., 2013; PRADO et al., 2017; RIEDL et al.,
2019). Entre as mutacGes conhecidas provenientes do pseudogene CYP21A1P

estdo (Figura 9 e Figura 10):

o Regido promotora: g.-103A> G, ¢.-110T> C, g.-113G> A e g.-126C> T -
associadas a reducdo de 20% da atividade transcricional do gene
CYP21A2 (NARASIMHAN &KATTAB, 2019).

o Exon 1: p.P31L - mutacéo leve associada a HAC-NC com uma atividade
residual da CYP21A2 de 30-60%, quando representa um evento de
microconversdao envolvendo o exon 1 do pseudogene. No entanto,
quando provém de um evento de microconversédo envolvendo a regiao
promotora + exon 1 do pseudogene, as mutacdes citadas no item anterior
séo incorporadas, reduzindo o nivel transcricional do gene e resultando

no fendtipo HAC-SV (TUSIE-LUNA et al., 1991; ARAUJO et al., 2005).
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ene CYP21A1P. Figura adaptada de WEDELL ( 2011).

intron 2: IVS2-13C/A> G (também conhecida como 12G) — mutacg&o severa
de um dos sitios aceptores de splice associada a HAC-PS com uma
atividade minima da CYP21A2 (0-1%) (HIGASHI et al., 1988).

Exon 3: p.G111fs (também conhecida como A8pb no exon 3) - mutagéo
do tipo frameshift que causa a delecédo de oito pares de bases e a um
cédon de terminacdo prematura associada a HAC-PS com perda
completa da atividade da CYP21A2 (HAIDER et al., 2013).

Exon 4: p.I1173N - mutacdo grave que altera a estrutura da proteina
CYP21A2. Esta associada a HAC-SV devido a reducao da atividade da
CYP21A2, entre 1-2% em relagéo a selvagem (HAIDER et al., 2013).
Exon 6: Cluster E6 [p.1237N, p.V238E e p.M240K] — grupo de mutacoes

gue normalmente ocorrem juntas e esta associado a HAC-PS devido a
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um dano relacionado a ligacdo da CYP21A2 ao substrato que resulta na
completa perda de atividade da enzima (HAIDER et al., 2013).

o Exon 7:p.V282L — mutacao leve associada a HAC-NC com uma atividade

parcial da CYP21A2, entre 20 e 50% da selvagem (SPEISER et al., 1992).

p.L308fs, também conhecida como L308+T- mutacdo do tipo
frameshift que insere uma base Unica, gerando um cédon que causa a
terminacdo prematura e a perda completa da atividade da CYP21A2,
sendo associada a HAC-PS (HAIDER et al., 2013).

o Exon8:p.Q319X e p.R357W — ambas mutacdes estdo associadas a HAC-
PS devido a ruptura da ligagdo H em um modulo relacionado com a
estabilidade da ligacdo heme com a CYP21A2, sendo associada a perda
completa da atividade da CYP21A2 (HAIDER et al., 2013).

o Exon 10: p.P454S — mutacao leve com uma atividade parcial da CYP21A2
entre 36 e 44% em relacdo a selvagem, associada a HAC-NC (RIEPE et

al., 2008).

Além dessas mutagdes provenientes de eventos de crossing-over desiguais,
as delecbes chamadas de 30-kb del s&o provenientes de quimeras entre
CYP21A2/CYP21A1P e causam perda total da atividade da CYP21A2. Em torno
de 20% dessas grandes delecbes, uma parte do gene TNXB é deletada em
conjunto com a remocao do exon 10 do gene CPY21A2. Essa mutacdo esta
relacionada a doenca genética denominada de X-CAH (MILLER & MERCKE, 2018;

LAO et al., 2020).



Tabela 1. Comparacéo entre as mutacdes mais comuns encontradas no gene CYP21A2 em diferentes populacdes.

Fonte da tabela Prado et al. (2017).

Country (state  No of Number of mutant alleles (frequency %) Ivs2- p.Leu3D8PhefsTeré  Cluster  p.Val282Leu® p.llel73Asn  CYP2IA2
or region) alleles 13A/ E6 (LD, LGC)
p-Pro3llen* p.GIn319Ter p.Arg357Trp p.Prod454Ser p.GlylllValfsTer2l . g
Brazil (RS) 96 0 11 (11.5) 7(7.3) 220 1(1.0) 20(20.8) 221 3(3.1)  26(27.1) ENERY 9 (9.4)
present study
Brazil 856 5(0.6) 52 (6.1) 46 (5.4) 12 (1.4) 15 (1.8) 181 21.1) 19(2.2) 10 (1.2) 228 (26.6) 64 (7.5) 77 (9.0)
(SP + NE)
[34]
Brazil (GO) 56 0 9 (16.1) 7 (12.5) 0 0 16 (28.6) 2(3.6) 0 5(8.9) 6 (10.7) 9 (16.1)
[35]
Brazil (AR) 92 6 (6.5) 11 (12.0) 1(1.1) - 1(L.1) 33(35.9) 8 (87 6(6.5) 11(12.0) 2(2.2) -
[33]
Argentina [30] 866 6 (0.7) 58 (6.7) 36(4.2) 12 (1.4) 710.8) 178 (20.6) - 17 (2.0) 227 (26.2) 71(8.2) 97 (11.2)
Chile [31, 32] 164 0 15 (9.1) 16 (9.8) - - 26 (15.9) 1 (0.6) 3(18) 424 21 (12.8) 32 (19.5)
Mexico [36] 94 8 (8.5) 4(4.2) 7(1.4) 221 22 45479y 1(L.D) 0 8 (8.5) 11 (11.7) 1(1.0)
USA [37] 3005 78 (2.6) 105 (3.5) 108 (3.6) 0 63 (2.1) 688 (22.9) 0 63 (2.1) 718 (23.9) 246 (8.2) 601 (20.0)
Portugal [38] 112 2(1.8) 7(6.3) 2 (1.8) 2(1.6) 3@2m 11 (9.8) 5(44) 0 29 (25.9) 11(9.8) 29 (25.9)
Italy [39] 106 0 547 6 (5.7) 0 1(0.9) 23217y - - 34 (32.1) 14 (13.2) 3(2.8)
Spain [40] 354 - 33 (9.3) 0 0 12(3.3) 62 (17.5)  5(14) - 120 (33.9) 13(3.7) 68 (19.2)
Denmark [41] 136 322 12 (8.8) 322 0 0 46 (33.8)  1(D.7) 2(L5) 644 14 (10.3) 49 (36.0)
Sweden [42] 186 3(1.6) 61(3.2) 8 (4.3) 1(0.5) 2(1.2) 56 (30.1)  1(05) 2(1.1)  13(7.0) 38 (20.4) 55 (29.6)
Middle Europe 864 32(37) 22 (2.5) 21(2.4) 6 (0.7) 9 (1.0) 270 (31.2) 14 (L.6) 3(03) 29(3.3) 125 (14.5) 264 (30.5)
[43]
Germany [44] 310 8 (2.6) 15 (4.8) 14 (4.5) 1(0.3) 5(1.6) 94 (30.3)  1(0.3) 3(L0) 929 61 (19.7) 85 (27.4)
Croatia [13] 186 11(59) 9 (4.8) 31 (16.7) - 4(2.2) 65(349) - 422 0 21 (11.3) -
China [45] 460 1(0.2) 21 (4.6) 27 (5.9) - 20 (4.3) 161 (35) 8 (1.7) 6(13) 1(0.2) 66 (14.3) 90 (19.6)
Greek-Cypriot 64 2(3.1) 2(3.1) - - - 14 (21.9)  1(1.6) - 36 (56.2) 2(3.1) 5(1.8)
[46]
Average (%) 2. 6.7 5.6 0.8 1.6 26.7 20 1.6 16.8 10.3 17.8
SD 25 37 4.3 0.8 1.1 9.1 2.2 1.6 154 53 10.3

AR Amazon region (Northern region of Brazil), GO Goids (Central Western region of Brazil), LD large CYP2/A2 gene deletion, LGC large gene conversion, RS Rio Grande do Sul state (Southern Brazil
region), SD standard deviation, SP + NE Sio Paulo (Southeastern region of Brazil) and Northeastern region of Brazil, — not studied

# The statistical analysis performed for frequencies found in South American studies showed a significant difference (p < 0.001)

40
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1.5 Relacao gendtipo e fendtipo

De modo geral, a deficiéncia da CYP21A2 apresenta uma boa relacéo entre
0 gendtipo e o fendtipo, mostrando-se mais efetiva para as formas HAC-PS e -NC
(NEW et al, 2013). No trabalho descrito em SPEISER et al. (1992) foi realizado um
dos estudos pioneiros relacionando grupos de mutacdes aos fendétipos de pacientes
com a CYP21A2, mostrando haver uma significativa correlagdo dos grupos de
mutacBes com os niveis basais de 170HP no soro dos pacientes, comprovando in
Vivo essa relacdo. Sua categorizacdo de mutacdes de acordo com a atividade
remanescente da CYP21A2 e, entdo, associacdo entre as trés formas de HAC é
utilizado até hoje. A Figura 11 apresenta um resumo esquematico da correlacéo
entre 0os grupos de mutacdes com a respectiva atividade da CYP21A2 e o fenétipo
esperado. O estudo de WEDELL et al. (1994), com uma amostra maior de pacientes
com HAC, ampliou o niumero de combinacdes entre mutacdes dos quatro grupos e

acrescentou um grupo para as mutacées de efeito ndo conhecido, o Grupo D.

O Grupo de MutacBes Nulo compreende mutacdes que comprometem
totalmente a atividade da CYP21A2 como delecdes, rearranjos e conversdes
génicas, mutacdes que causam codon de parada prematura e aquelas em residuos
chaves para a estrutura da proteina e/ou ligacdo da CYP21A2 com o substrato ou
grupamento heme (HAIDER et al., 2013). As muta¢des mais comuns deste grupo
sao: 30-kb del, p.G111fs, Cluster E6, p.L308fs, p.Q319X e p.R357W (Figura 11)
(KRONE et al., 2013; NEW et al., 2013). J& o Gendtipo Grupo Nulo é dito quando
ambos os alelos apresentam mutagdes do grupo nulo (nulo/nulo), sendo estas em
homozigose ou heterozigose composta com outra mutagdo do mesmo grupo. O

genotipo nulo é relacionado ao fenétipo HAC-PS com uma correlacdo de acerto de
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99.6% (n=236) segundo dados extraidos do estudo realizado com mais de 1.500

individuos de diferentes etnias em NEW et al. (2013).

Del 30kb
Del CYP21A2
p.G111fs
Cluster E6
p.L308fs
p.Q319X ¢
p.R357W \ {

p.1173N

.
o bl

V2821
p.P454S
p.P31L { o0
{ 3°ﬂ/o

Atividade residual da 21-hidroxilase (%)

Nulo A B
(0%) (<1%) (1-10%)

C
(10-75%)

Perdedor Virilizante
desal simples

Nao classico

Figura 11. Correlacdo de gendétipo e fenoétipo. Relacdo entre os grupos de

mutacBes (Nulo, A, B e C) e a atividade da enzima 21-hidroxilase. O fendtipo

esperado é referente ao alelo com a mutacdo mais leve (menos comprometido),

uma vez que essa deficiéncia enzimatica € recessiva.

O Grupo de Mutagdes A corresponde a mutacéo no intron 2 IVS2-13A/C>G

que permite uma minima atividade da CYP21A2, entre 0-1% em relacdo a atividade

normal (Figura 11). Essa mutacé&o no final do intron 2 cria um sitio aceptor de splice

adicional, causando a retencdo de 19 nucleotideos do intron 2 no transcrito



43

(HIGASHI et al., 1988). O Gendtipo Grupo A é dito para as combinacdes A/A ou
A/nulo e esta associado ao fenotipo HAC-PS em 91% (n=317) dos casos, segundo
dados extraidos do estudo de New et al. (2013). No entanto, em 8% (n=28) foram

observados em HAC-SV.

O Grupo de Mutacdes B compreende mutacdes relacionadas a uma
atividade residual da CYP21A2 que varia entre 1-10% da atividade normal da
CYP21A2 (Figura 11) (SIMONETTI et al., 2017). A mutacdo desse grupo mais
comumente encontrada € a p.I173N que apresenta uma atividade entre 1-2% em
relacdo ao normal. O Genotipo Grupo B é dito para as combinacfes B/B, B/A e
B/nulo e esta associado ao fenétipo HAC-SV, sendo observado em 76% (n=138)
dos casos, segundo dados extraidos do estudo de NEW et al. (2013). No entanto,

em 23% (n=42) desses, foi observado o fenétipo HAC-PS.

O Grupo de Mutacdes C € composto por mutacdes que permitem uma
atividade parcial da CYP21A2 (Figura 11). Esse € 0 grupo que tem o maior espectro
de atividade da CYP21A2, que varia de 10 a 78%, em relacdo a atividade normal
da CYP21A2 (SIMONETTI et al., 2017). A mutacdo mais comum deste grupo é a
p.V282L, que tem uma atividade em torno de 20-30% para progesterona e 50-60%
para a 170HP em relacdo a CYP21A2 normal (SPEISER et al. 1992; KRONE et
al., 2013). Outras mutac¢des bem conhecidas sao P31L e P454S (NEW et al., 2013).
O Gendtipo Grupo C é dito para as combinacdes C/C, C/B, C/A ou C/nulo, e &
relacionado em 95% dos casos ao fenodtipo HAC-NC, segundo dados extraidos do
estudo de New et al. (2013). Os outros 5,4% (n=31) foram identificados com as

outras formas de HAC (3% VS e 2% PS).
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O Grupo de Mutagbes D € composto por variantes ainda ndo caracterizadas.
A elucidacdo dessas novas mutacfes € feita através de ensaios funcionais da
atividade de CYP21A2 que avaliam a taxa de conversao de progesterona em DOC

e/ou 170HP em 11-desoxicortisol da enzima mutada em relacao a selvagem.

1.5.1 Variacdes na categorizacao das mutacdes

A busca e analise de mutacfes no gene CYP21A2 realizada por SIMONETTI
et al. (2018) encontrou 122 variantes com atividade da CYP21A2 testada in vitro
depositadas em bancos de dados. Destas variantes, 95.4% apresentam atividade
menor que 10% em relacéo a selvagem e sdo associadas a forma classica de HAC
(-PS e -SV). Enquanto isso, CYP21A2 mutadas com atividade residual entre 10 e

78% sao associadas a forma NC em 90%.

Os Grupos de MutacBes nulo e A englobam as mutacdes que afetam a
atividade da enzima em 2= 99%, sendo a atividade da CYP21A2 mutada entre 0-1%
em relacdo a selvagem (KRONE et al., 2013; RIEDL et al., 2019). O grupo de
mutacdo A também é classificado em outros estudos com a atividade residual da

CYP21A2 sendo 0-2% (CARVALHO et al.,2016; SANTOS-SILVA et al., 2019).

Por outro lado, os Grupos de Mutacéo B e C apresentam a porcentagem de
atividade da enzima CYP21A2 entre diferentes estudos ainda mais variaveis. O
grupo B pode variar a atividade residual na faixa entre 1 e 10% e o grupo C entre 5
e 85%, ambos em relacéo a enzima selvagem (SIMONETTI et al., 2017). Ademais,

em alguns trabalhos, uma faixa de atividade entre esses grupos nao € contemplada.

e O trabalho de SPEISER et al. (1992) inicialmente categorizou o grupo

de mutacdo B com a mutagdo p.I173N cuja atividade da CYP21A2
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observada em estudos in vitro foi de ~2% em relacéo a selvagem, e o
grupo de mutacdo C com a atividade entre 20 e 50% baseado em
p.V282L e p.P31L.

O trabalho de WEDELL et al., (1994) caracterizou um grupo de mutacéo
B com atividade da CYP21A2 entre 2 e 10% em relacdo a selvagem,
enquanto para o grupo C entre 7 e 75%.

O estudo de KRONE et al., (2013) classificou as mutacdes do grupo B
com a atividade da CYP21A2 semelhante a p.1173N ou entre 1-10% em
relacdo a selvagem em estudos in vitro. Enquanto, mutacfes do grupo
C foram descritas como aquelas com a atividade da CYP21A2
semelhante as mutacdes p.P31L, p.V282L e p.P454S ou maiores que
20-60% em relagdo a CYP21A2 selvagem em ensaios in vitro.

O estudo de RIEDL et al. (2019) classificou as mutac¢des do grupo B com
atividade da CYP21A2 entre 1-2% em relacdo a selvagem, incluindo
p.1173N, e do grupo C com atividade entre 20-60%, incluindo p.P31L,
p.V282L e p.P454S.

O trabalho de SANTOS-SILVA et al. (2019) classificou no grupo B
mutacBes com atividade da CYP21A2 de ~2% em relacéo a selvagem,
incluindo p.1173N, e o grupo C mutacBes com atividade 20-60%,
incluindo p.P31L, p.V282L, p.P454S e c.13*G>A.

O estudo de CARVALHO et al. (2016) classificou o grupo B mutagcdes
com atividade entre 3 e 7% em relacdo a selvagem, numa faixa que foi
englobada a p.I1173N. O grupo C incluiu p.P31L, p.V282L e p.P454S e

as mutagdes com atividade entre 20 e 50% relativa a selvagem.
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e Ja o estudo de BARBARO et al. (2015) estabeleceu uma faixa de
atividade da CYP21A2 baseada em mutacBes associadas ao fenoétipo
HAC-NC, grupo de mutacbes C. A atividade da CYP21A2 mutada
relacionada aos fenotipos HAC-NC graves com clitomegalia ao NC leves
foram obtidos entre 5 e 85% para a conversdo de 170HP em 11-
desoxicortisol e entre 4 e 66% para progesterona em DOC, ambas
atividades relacionadas a enzima selvagem. Interessante realcar, que a
mutacdo p.P31L caracteristica do grupo C, mostrou valor abaixo desta

faixa, sendo de 1.3% para a 170HP e 2% para a progesterona.

1.5.2 Influéncia de fatores externos no fenétipo de HAC

A variacao entre o fenotipo esperado e o observado tem sido relatada nos
gendtipos A, B e C, havendo inclusive diferencas entre estudos populacionais
(NEW et al., 2013; CARVALHO et al. 2016). Essas variacdes entre o genotipo e
fendtipo foram observadas tanto com mutacdes em homozigose, destaque para a

IVS2-13A/C>G e p.P31L, quanto em heterozigose composta.

Em parte, uma explicacdo seria a perda de mutagcdes menos frequentes nos
rastreios populacionais genéticos que, na maioria dos casos, envolvem entre 10 e
14 mutacdes pontuais especificas e grandes delecées (CARVALHO et al., 2016).
A utilizacdo da analise de todo o gene por sequenciamento Sanger ou, mais
recentemente, o sequenciamento de nova geracdo (sigla em inglés, NGS) séo

abordagens para minimizar essa variavel de erro.

Outra linha estudada € a influéncia fenotipica de fatores externos. Apesar da

HAC ser uma doenca genética monogénica, fatores externos a doenca podem
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influenciar nas manifestacdes clinicas dentro do mesmo grupo genético, como no
grau de virilizacdo (Figura 12) e de perda de sal adrenal. A presenca da CYP21A2
fora da adrenal, mutacées nos promotores do gene CYP21A2, variacdes no
metabolismo de andrégenos, sensibilidade aos andrégenos e influéncia de outras
enzimas envolvidas no metabolismo de esteroides sdo alguns dos fatores

estudados (MULLER & AUCHUS 2011; KAUPER et al., 2012).

Escala Prader
25% O+ 11
Z
Eliv+v
20%
15%
10%
5%
0% T
Nulo A B C

Figura 12. Virilizacdo da genitalia externa classificada com a escala Prader
por grupos de mutacado. No grupo estudado por Carvalho et al., (2016) foram
avaliadas 359 mulheres 46,XX com HAC, e destas 101 apresentaram virilizacao.
Em relacédo ao total de mulheres com a forma leve de HAC (Gendtipo C), 8%

apresentaram virilizagdo Prader |. Fonte da figura CARVALHO et al. (2016).
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No estudo realizado por Kauper et al. (2012), por exemplo, foi observado que
o Receptor Constitutivo de Androstano (CAR) tém efeito modulador indireto no grau
de virilizacdo genital. O CAR é um dos fatores de transcricdo da principal enzima
metabolizadora de esteroides com 19 carbonos (gene CY3A7), como a
androstenediona. Essa enzima estd presente no periodo gestacional da

diferenciacdo sexual e mostra alta variabilidade da sua atividade entre individuos.

Em relacdo a variabilidade no fendtipo de pacientes com HAC-NC, a
presenca de virilizagdo observada em alguns casos tem sido relacionada a
presenca de outros genes moduladores. Um dos candidatos apontado por MOURA-
MASSARI et al., (2016) foi o receptor de andrégenos. Esse estudo com pacientes
HAC-NC com e sem clitomegalia, mostrou associacao entre o numero de copias do
polimorfismo (NCAG) no gene receptor de andrégeno com a presenca de
virilizacdo. O numero de repeticbes bi-alélicas pequenas mostrou ser
estatisticamente diferente em HAC-NC com clitomegalia (18CAG) em relacdo aos
sem clitomegalia (21CAG), indicando uma possivel modulacdo do fenotipica na

HAC-NC.

A associacdo de outras doencas também pode modular o fen6tipo. Como
exemplo, o paciente neonato com o gendtipo grupo C observado por WADELL et
al. (1994). Esse paciente recém-nascido apresentou infeccdo gastrointestinal e
fendtipo HAC-PS. Entretanto, apds o término da infec¢do os sintomas de HAC-PS
também se extinguiram, havendo a descontinuacdo do uso de glicocorticoides

administrados para a regulacéo eletrolitica.
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1.6 Diagnéstico e terapia de HAC

O diagndstico hormonal e os tratamentos serdo abordados nas etapas em
que eles podem ser realizados, no pré-natal e/ou no pds-natal, uma vez que nao
apresentam o mesmo fluxo de procedimentos. JA a analise genética sera
apresentada na sequéncia deste, visto que em ambas as etapas pode ser

solicitada.

1.6.1 Pré-natal

A triagem de doencas genéticas no periodo pré-natal pode ser realizada a
partir da 52.-62. semana de gestacdo através da coleta de sangue periférico
materno para a analise genética pela técnica mais recente de diagndstico pré-natal
nao invasivo (NIPD, sigla em inglés) que utiliza uma amostra de sangue periférico
da mae para a determinacdo do gendtipo e cariotipo do feto. Além da NIPD, a
analise genética pode ser realizada através da amostragem de vilosidades
coribnicas com 10 a 12 semanas de gestacdo, a mais frequente técnica utilizada,
ou por amniocentese com 15 a 16 semanas de gestacdo (BARONIO et al., 2019;

BAUMGARTNER-PARZER et al., 2020).

A terapia para HAC, no periodo pré-natal, visa prevenir a virilizacdo de
genitélia de fetos femininos pela supressao do ACTH fetal e do hiperandrogenismo
adrenal. Entretanto, ela ainda é considerada experimental devido a dados
controversos quanto ao resultado do tratamento e a seguranca materna e fetal

(BARONIO et al., 2019).
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1.6.2 P6s-natal

A triagem hormonal de HAC de recém-nascidos estabelecida mundialmente
€ realizada pela dosagem da 170HP em soro ou gota de sangue seco em papel
filtro, através de radioimunensaio (RIAs), ensaios de imunoabsorcdo enzimatica
(ELISA), fluoroimunoensaio (DELFIA) ou cromatografia acoplada a espectrometria
de massas em tandem (LC-MS/MS) (ALVES et al., 2019; MILLER, 2019).
Atualmente, devido ao numero de casos falso positivos (FP) detectados nas
triagens neonatais, tem se discutido a substituicio da dosagem do esteroide
170HP pelo 21-desoxicortisol, numa tentativa de minimizar esses casos FP que,
além dos custos ao sistema, causam estresse e ansiedade desnecessarios as
familias destes (MILLER, 2019). Os casos FP ocorrem principalmente em casos de
recém-nascidos com nascimento prematuro, baixo peso, desidratacdo, ictericia ou
submetidos a estresse neonatal. Pode haver também casos falso negativos (FN),
guando a coleta do exame foi realizada antes do segundo dia de vida ou quando o
recém-nascido (ou a mae durante a gravidez) foi tratado com corticosteroide
(KOPACEK et al., 2017; ALVES et al., 2019). Adicionalmente ao 170HP, a analise
de outros esteroides é realizada a fim da confirmacao hormonal de HAC. No Brasil,
os testes confirmatorios laboratoriais sdo as dosagens séricas de cortisol,
androstenediona, testosterona, sodio e potassio, podendo ser solicitado também

uréia, creatinina, glicemia e gasometria (ALVES et al., 2019).

Tendo em vista que, entre 7-17% dos casos FP ndo se obtém a normalizagao
dos analitos nas recoletas e testes confirmatorios séricos, a realizacdo do teste
genético € recomendada (ALVES et al. 2019; BAUMGARTNER-PARZER et al.,

2020). A indicagdo de teste genético no Brasil é principalmente para identificar
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HAC-VS e HAC-NC em meninos e descartar a doenca em pacientes FP
assintomaticos com valores persistentemente elevados, diminuindo o tempo de
acompanhamento desnecessario. Casos FN para HAC podem demorar até 6-12

meses para normalizar os valores de 170HP (ALVES et al. 2019).

O tratamento pos-natal de todas as formas de HAC apresenta um relativo
aumento na qualidade de vida dos portadores, apesar de alguns sintomas gerais
poderem permanecer em adolescentes e adultos, como calvicie temporal, acne e
risco de tumor testicular em homens 46,XY, e hirsutismo, irregularidade menstrual
e sindrome do ovério policistico (SOP) em mulheres 46,XX (NEW et al., 2017). O
tratamento adequado esta diretamente relacionado a amenizacdo dos sintomas
num nivel geral, enquanto, a administracdo inadequada de glicocorticoides ou
auséncia de tratamento geram o agravamento do quadro clinico. A Figura 13
resume algumas das principais manifestacdes da HAC e os efeitos colaterais dos

tratamentos.

O principal objetivo no tratamento de reposi¢do de cortisol na HAC € o
restauro da fisiologia normal através da dosagem ideal hormonal, evitando-se
superdosagens, sindromes metabdlicas secundarias, doencas cardiovasculares e
a osteoporose (HAHNER et al., 2021). A terapia de reposi¢ao de cortisol através
de sua forma sintética (hidrocortisona ou acetato de cortisona) geralmente é
baseada na forma de HAC, nos sintomas e na idade do paciente. A hidrocortisona
também exerce atividade mineralocorticoide. Terapias com baixas doses de
hidrocortisona causam fadiga, perda de peso e nausea, podendo levar a crises

adrenais. Por outro lado, altas dosagens podem causar o excesso de cortisol
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gerando caracteristicas da sindrome de Cushing, como ganho de peso, aumento
da gordura abdominal, “corcunda de bufalo”, afinamento da pele, hematomas
faciais, hipertensao e até diabetes mellitus tipo 2 (HAHNER et al., 2021). Hormonio

para a regulacédo do crescimento também pode ser administrado.
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Figura 13. Quadro clinico da hiperplasia adrenal congénita. Caracteristicas da
doenca (em azul), do tratamento (vermelho) e da combinagédo da doenga com o

tratamento (marrom). Figura adaptada de MERKE & AUCHUS (2020).

A terapia de reposicédo de mineralocorticoides é utilizada para a prevencgao

de crises de perda de sal e restauracdo da pressao sanguinea normal (HAHNER
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et al., 2021). Uma vez que a molécula de aldosterona tem a meia-vida muito curta
e rapido metabolismo hepético apos a ingestao, ela ndo € usada diretamente para
este fim. Atualmente, a terapia para a reposicdo da aldosterona € realizada pelo
substituto do deoxicorticosterona, a fludrocortisona (9-alfa-fluorocortisol) (HAHNER
et al.,, 2021). Essa molécula mostra entre 200 e 400 vezes mais efeito
mineralocorticoide do que a hidrocortisona. Altas doses podem ser percebidas pelo
rapido ganho de peso, presséao alta, edema e hipocalemia (HAHNER et al., 2021).
Adicionalmente, de 1-2 gramas de cloreto de sédio deve ser consumido ao longo

das refeicbes do dia para repor a perda (ALVES et al., 2019)

Por fim, visto que os substratos da CYP21A2 na rota de biossintese do
cortisol continuam sendo acumulados pela deficiéncia da enzima CYP21A2, a
regulacdo dos hormdnios sexuais se faz necessaria, principalmente em pacientes
do sexo feminino com alto nivel de androgenos adrenais. A hidrocortisona exerce
atividade também de prevenir o progresso da virilizacdo pela inibicdo da
hiperproducéo de andrégenos pela reducdo da secrecdao de ACTH, porém niveis
acima do fisiolégico deveriam ser mantidos para a obtencdo de resultados
(BARONIO et al., 2019). Dependendo do grau de virilizagdo, com a administragéo
de medicamentos é possivel reverter o quadro. No entanto, nas escalas Prader
referente aos estadgios mais avancados, a cirurgia de correcdo da genitélia
feminina, clitoresplatia e/ou vaginoplastia, pode ser sugerida. Ademais, a distrofia
de género é observada em meninas com virilizacdo, sendo a causa de disturbios
emocionais e comportamentais (NARASIMHAN &KATTAB, 2019). No Brasil, a
cirurgia pode ser realizada até os dois anos de idade do paciente apenas pelo

consentimento dos pais. Entretanto, apdés os 2 anos de idade, um exame
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psicolégico para avaliacdo da identidade de género deve ser procedido para a

autorizacao cirargica (ALVES et al., 2019).

1.6.3 Genético

A analise genética do gene CYP21A2, cobrindo muta¢Bes pontuais (troca de
base Unica, pequenas delecbes ou insercdes), numero de copias e grandes
eventos deletérios, é indicada, a fim de cobrir as mutacbes patogénicas mais
comum nesse gene (BAUMGARTNER-PARZER et al., 2020). As metodologias de

analise genética do gene CYP21A2 sao:

As triagens rapidas de variantes especificas, que sdo técnicas mais
utilizadas como primeira estratégia de analise de grandes grupos. Essas triagens
visam detectar as variantes pontuais mais comum, como p.P31L, IVS2-13A/C>G,
p.G111fs, p.1173N, Cluster E6, p.V282L, p.L308fs, p.Q319X, p.R357W e p.P454S.
Como exemplos, h& a técnica de minisequenciamento multiplex apés o PCR alelo

especifico para descarte do pseudogene (KRONE et al., 2013; PRADO et al., 2017).

Ja para a andlise do gene completo, ou quase completo, a metodologia
considerada padrdo ouro € o sequenciamento do tipo Sanger baseado em PCR
alelo especifico. Na maioria dos estudos utiliza-se essa técnica para uma analise
complementar (CARVALHO et al., 2016). Ademais, uma nova alternativa para a
andlise do gene completo e que tem comecado a mostrar relativamente bons
resultados para o gene CYP21A2 é as tecnologias de NGS (BAUMGARTNER-

PARZER et al., 2020; KaRAOGLan et al., 2021).

Quanto a analise de grandes eventos genéticos e de numero de copias do

gene o metodo mais utilizado para o gene CYP21A2 tem sido o do kit de
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amplificacdo de sondas dependentes de ligacdo multiplex (MLPA, sigla em inglés)
da MRC-Holland. Mais recentemente, o kit CAH RealFast CNV Assay da Viennalab
foi desenvolvido com o mesmo propdésito do MLPA, detectando o numero de copias
génicas. Por fim, uma técnica mais tradicional, o PCR quantitativo, que € utilizado
com sondas padronizadas em cada laboratério (BAUMGARTNER-PARZER et al.,

2020).

A andlise genética completa do gene CYP21A2 incluindo mutac¢des pontuais
€ 0 numero de coOpias € altamente indicado devido as variantes espontaneas de
novo (BAUMGARTNER-PARZER et al., 2020). Complementarmente, a elucidacao
de variantes novas € importante para a obtencdo de um diagndstico molecular mais

preciso e relacionado ao fendétipo do paciente.

1.7 Elucidacdo de novas variantes

Diferentemente de outras doencas monogénicas, inferir o efeito de uma nova
mutacdo pelo fendétipo do portador da deficiéncia da CYP21A2 é ainda mais
complicado, pois pode ser facilmente mascarado. Isso se deve ao fato do gene
CYP21A2 ser complexo, podendo apresentar nimero de copia(s) extra(s), delecéo
do gene, mutacdes de novo nao rastreadas, multiplas mutacdes no mesmo alelo,
além dos possiveis modificadores do fenétipo descritos anteriormente no item 1.5.2
(TUSIE-LUNA & WHITE, 1995; MOURA-MASSARI et al., 2016; NARASIMHAN

&KATTAB, 2019).

1.7.1 Caracterizacéo in silico
A primeira estratégia para a caracterizacdo de uma nova variante é realizada

através de andlises computacionais que podem envolver andlise evolutiva,
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bioguimica, fisico-quimica e estrutural. Entre as vantagens dessas técnicas estao
0 custo e a agilidade na obtencdo de predicdes de efeito de uma ou varias
variantes. No entanto, muitas vezes ha variabilidade nos resultados entre os
preditores e a eficiéncia entre eles difere para cada gene e, até 0 momento, nédo
havia sido realizada uma analise comparativa entre a eficiéncia de preditores para
0 gene CYP21A2. A seguir serdo abordadas as principais caracteristicas estruturais

da proteina CYP21A2 analisadas em analises de danos estruturais de variantes.

A proteina CYP21A2 apresenta a tipica conformacédo estrutural das CYPs
humanas, que remete a um prisma triangular com pelo menos 12 a-hélices e um
dominio folha-B perto do N-terminal. A estrutura da proteina CYP21A2 humana é
composta de 13 a-hélices, sendo consideradas as subpartes da hélice B (B e B’),
bem como da F (F e F’), uma unica hélice. Além disso, a proteina CYP21A2 tem
nove folhas-B, sendo sete no dominio folha-B do N-terminal (31-87) e duas no C-

terminal (88- B9) (Figura 14) (PALLAN et al., 2015).
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Figura 14. Estrutura em forma de prisma triangular tipica da familia de
proteinas citocromo P450s. As estruturas sdo compostas por pelo menos 12 a-
hélices e um dominio folha-f perto do dominio N-terminal. Fonte da figura PALLAN

et al. (2015).

O grupo de pesquisa do PALLAN et al. (2015) obteve o primeiro cristal da
estrutura da CYP21A2 humana, sendo este com o complexo do substrato
progesterona. A estrutura esta depositada no Protein Data Bank (PDB) sob a
identificagcdo (ID) 4Y8W (Figura 15A-B). Pouco tempo depois, 0 mesmo grupo de
pesquisa obteve o cristal da CYP21A2 humana com o complexo do substrato

170HP, PDB ID 5VBU (Figura 15C-D) (WANG et al., 2017). O esteroide 170OHP
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tem, virtualmente, exatamente o mesmo sitio ativo identificado para a progesterona,
com apenas uma torcdo de angulo entre os carbonos 17 e 20. A Unica diferenca
conformacional entre as duas estruturas € do residuo 411 ao 418 na estrutura
aleatdria (random coil) que conecta as a-hélices L e M (Figura 15A e C) (WANG et

al., 2017).

Com a estrutura da CYP21A2 humana foi possivel fazer uma analise
estrutural mais real dos aminoacidos e dobramentos importantes para a
conformacao da enzima e, consequentemente, para a sua funcionalidade. A seguir,
serdo apresentados alguns desses pontos que foram descritos em dois artigos
originais do grupo (PALLAN et al., 2015 e WANG et al., 2017). As estruturas das

moléculas da progesterona e da 170HP séo apresentadas na Figura 16.



59

Figura 15. Estruturas tridimensionais da proteina 21-hidroxilase obtidas por
cristalografia de raio X. (A) Estrutura obtida por PALLAN et al., (2015) com o
esteroide progesterona conectado (PDB ID 4Y8W). (B) Esteroide progesterona
ligado no sitio catalitico. (C) Estrutura obtida por Wang et al., (2017) com o
esteroide 17-hidroxiprogesterona conectado (PDB ID 5VBU). (D) Esteroide 17-

hidroxiprogesterona ligado ao sitio catalitico. Flechas pretas indicam alteracfes
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encontradas na comparacao entre as duas estruturas. Figura adaptada de PALLAN

et al., 2015 e WANG et al., 2017.

O

Progesterona 17-hidroxiprogesterona

Figura 16. Estrutura quimica dos substratos da 21-hidroxilase em seus
estados naturais.

e Estrutura do sitio catalitico:

O espacamento entre o ion Fe** do grupamento heme da CYP21A2 e a
metila (-CHs) do carbono 21 da progesterona € entre ~4,0 — 4,3 A (PALLAN et al.,
2015; WANG et al., 2017) (Figura 15B e D). No geral, a distancia média entre
moléculas conectadas é menor que 4 A, sendo essas distancias obtidas
consideradas grandes segundo PALLAN et al. (2015). Todavia, a adicdo da
hidroxila reduziu essa distancia para ~ 3 A entre o Fe3* e o carbono 21, e para ~2,3

A entre o Fe3* e a molécula de hidrogénio do carbono 21 (PALLAN et al., 2015).

Ja& na extremidade oposta da molécula do substrato, o grupamento carbonila
(C=0) (Figura 16) faz uma ligacao do tipo ponte de hidrogénio com o grupamento

amino (-NH2) do residuo p.R234, localizado na a-hélice G (distancia ~2,66 A entre
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Os --NH2). Além disso, ao longo da molécula do substrato, uma de suas faces
interage principalmente com os residuos hidrofébicos p.V287, p.I1291 e p.G292 da
a-hélice | (PALLAN et al., 2015). O grupamento metil do carbono 19 do substrato
(Figura 16) se dispde proximo do residuo p.W202 da CYP21A2, localizado na a-
hélice F, sendo sugerida uma possivel interacdo entre eles do tipo ponte de
hidrogénio (PALLAN et al., 2015). Ja o carbono 6 do substrato fica a 3,90 A da
porcao carboxilato do residuo p.D107, enquanto, o carbono 7 fica a 3,37 A do Cy
do residuo p.S109. O residuo p.D288 (a-hélice 1) fica perto de dois carbonos do
substrato (~3,34 A do carbono 6 e ~3,34 A do carbono 7) (Figura 15, Figura 16)
(PALLAN et al., 2015). Por fim, apesar de alguns loops da estrutura se localizarem
perto do dominio do esteroide, ndo ha contato visivel com os residuos dos loops
entre as a-hélices B’ e C, entre a a-hélice K e folha-p4, e entre a folhas-p8 e folha-

B9 (PALLAN et al., 2015).

. Pontos criticos do enovelamento e estabilizacdo da estrutura:

Tanto a desestabilizacdo da proteina como o aumento significativo da
estabilidade podem afetar a funcionalidade da proteina devido a um aumento da
degradacdo proteica quanto a perda de sua dinamica. Um estudo que analisou
mutacBes na proteina CYP21A2 demonstrou um alto impacto da estabilidade
estrutural proteica para a funcionalidade enzima, sendo que das 76 mutacdes que
alteraram a estabilidade da proteina, 52 tinham impacto biolégico (BRUQUE et al.,

2016).

As interagBes de enovelamento da proteina sdo mediadas principalmente

pelas a-hélices B (B e B’), C, J e M, além dos residuos terminais das a-hélice F e
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H, posicdes 189 e 264, respectivamente. Os residuos de loops que também foram
observados participar dessas interacfes de enovelamento sédo os das posi¢des 35-

36, 66-67, 213-223, 247-252, 380-382, 412-414 (PALLAN et al., 2015).

Um dos modulos importantes para na condugao de formagao da a-hélice M
€ a Triade-ERR (p.E352, p.R355 e Rp.409). Nessa triade, o residuo acido
glutdmico 352 (aminoacido carregado negativamente) tem uma ligacdo do tipo
ponte salina com a arginina 409 (aminoacido carregado positivamente). Ensaios
substituindo o acido glutamico 352 pela lisina resultaram na repulsdo de trés
cadeias laterais basicas, devido ao rompimento da ponte salina com o R409
(PALLAN et al., 2015). Sabe-se que a mutacdo p.R409H causa a total perda da
funcionalidade da enzima CYP21A2, o que poderia também estar relacionado com
a perda dessa ponte salina devido a cadeia lateral da histidina ser mais curta

(HAIDER et al., 2013).

Além do dobramento da proteina em si, problemas na incorporacdo do
grupamento heme também séo considerados como problemas no enovelamento
da proteina. Testes com a proteina CYP21A2 mutada em 10 residuos especificos
(31, 65, 108, 172, 282, 292, 296, 303, 357 e 409) mostrou que praticamente todas
as eles tém influenciam o contetdo de heme (WANG et al., 2017). O menor teor de
heme obtido foi com as variantes p.P31Q, p.W303R e p.R357W, que apresentaram
10x menos contetdo heme em comparacdo com a proteina nativa (WANG et al.,
2017). Ja a mutagéo p.1173N, diminui a incorporagdo de heme em 7x e gera uma
perda de atividade catalitica de 2% em relacdo a forma nativa. O p.I1173 é situado

na a-hélice E, em uma regiao hidrofébica onde apresenta conexdes com p.V140
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(a-hélice D), p.L176 (a-hélice E) e p.L434 (a-hélice M), além de ter conexdo com o
aminoacido hidrofilico p.G438 (a-hélice M). A troca da isoleucina pela asparagina
na posicao 172 afeta a regido hidrofébica, porém, mantém as conexdes com 0

p.G438 e p.V140 (WANG et al., 2017).

O enovelamento da proteina CYP21A2 acomoda alguns tipos de alteracdes.
No entanto, dependendo da posicéo, a adicdo de um Unico grupo metil numa cadeia
lateral pode ser o suficiente para alterar a funcionalidade da enzima (WANG et al.,
2017). Como exemplo, a substituicdo de uma valina por uma leucina na posi¢ao
282. O aumento do volume pela adicdo de apenas uma metila € acomodado em
um certo grau nessa posicao, entretanto, € o suficiente para diminuir a atividade de
hidroxilacdo da CYP21A2, a ~20% para progesterona e ~50% para 170HP, ambas
em relacdo a CYP21A2 selvagem. Adicionalmente, a estabilidade térmica decai,
sendo esta praticamente inexistente. A p.V282 é localizada na a-hélice I, onde é
rodeada pelos residuos hidrofébicos p.L242, na a-hélice G, e p.M258, p.M261 e

p.L262 na a-hélice H (WANG et al., 2017).

e Interacdo oxidorredutase:

No coértex adrenal, a proteina CYP21A2 humana é reduzida pela enzima
POR (Figura 17). A POR é a principal mediadora do transporte de elétrons
provenientes do fosfato de dinucleotideo de nicotinamida e adenina (NADPH) para
CYPs ancoradas na membrana do reticulo endoplasmatico (PANDEY & FRUCK,
2013). Essa enzima tem dois distintos dominios cofatores de flavina, o
dinucleotideo de flavina e adenina (FAD) e o mononucleotideo de flavina (FMN)

gue sao conectados por uma regido de dobradura flexivel. O NADPH liga-se ao
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dominio FAD, onde faz a transferéncia ions hibridos equivalentes. Esses ions séo
entdo transferidos para o anel de isoaloxazina no dominio FMN. Em uma interacéo
entre POR (agente redutor) e um dos seus parceiros redox, como a enzima
CYP21A2, (agente oxidante) os elétrons séo transferidos do dominio FMN da POR
para o dominio heme da proteina a ser reduzida, que ira realizar a hidroxilacdo de
moléculas (FLUCK & PANDEY, 2013). No entanto, diferentemente de outras CYPs,
como a P450cl17, a enzima CYP21A2 é menos sensivel a abundancia da POR

(MILLER & AUCHUS, 2011).

Os exatos residuos envolvidos nessa ligacdo ndo sdo conhecidos. No
entanto, através de analises de similaridade de sequéncia e carga dos aminoacidos
com outras CYPs (CYP2B4 e CYP17) foram sugeridos possiveis candidatos:
p.K118, p.R122, p.R133, p.R415, p.R427, p.R436 e p.R340 (ROBIONS et al.,
2006). No entanto, cabe ressaltar, que a modelagem molecular foi realizada tendo
como base a estrutura das proteinas com os alvos conhecidos (CYP2B4 ou CYP17)
e a sequéncia referéncia de aminoacidos da CYP21A2, podendo haver diferencas

das estruturas secundarias preditas (Figura 17).

O citocromo bs, € outra enzima que tem a mesma funcédo catalitica da POR
para proteinas CYPs. Entretanto, foi observado que esse cofator ndo tem o mesmo
efeito na atividade da enzima CYP21A2 que para outras CYPs, como a P450c17.
Uma inibicdo da reacdo de hidroxilacdo da CYP21A2 em uma escala de quatro
vezes foi demostrado com a adi¢cdo do citocromo bs, porém mais estudos ainda

devem ser realizados para a compreensao desse mecanismo (WANG et al., 2017).
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Figura 17. Esquemadareacéo de eletro-transferase mediada pela enzima P450

oxido-redutase (POR). A POR transfere elétrons para enzimas P450s, como a 21-
hidroxilase (P450c21; CYP21A2), 17a-hidroxilase (P450c17; 17a-OH) e CYP19Al
(P450c19) catalisando as suas reacgfes. A partir da ligacdo de uma molécula de
NADPH na proteina POR, um par de elétrons é recebido pelo dominio dinucleétido
de flavina e adenina (FAD) da proteina, que por sua vez entrega esses elétrons
para o dominio mononucledétido de flavina (FMN). Quando a POR interage com uma
P450s, € o dominio FMN que chega até o domino heme da enzima, catalisando a
reacdo desta. No exemplo do esquema apresentado, a enzima catalisada € a
P450c17, que converte pregnenolona (Preg) em 17-hidroxiprogesterona (170OHP) é

catalisada dela enzima POR. Figura adaptada de Pandey & Friick (2013).
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1.7.2 Caracterizacao in vitro

A metodologia padrdo ouro para a elucidacdo do dano de uma variante no
gene CYP21A2 é o teste de funcionalidade realizado in vitro com a enzima
CYP21A2 mutada com a variante de interesse. Esses ensaios podem ser
realizados tanto com a proteina purificada (WANG et al.,2017) quanto com a
proteina expressa em cultura de células (RIEPE et al.,, 2008; BARBARO et al.,
2015). Em ambos os ensaios, a atividade da CYP21A2 é obtida pela taxa de
conversado dos substratos nos produtos, relacionando a proteina CYP21A2 mutada
com a selvagem. A eficiéncia de hidroxilacdo da CYP21A2 ndo é a mesma para
ambos 0s substratos tanto em sistemas utilizando a proteina purificada quanto em
células humanas em um sistema de cultura de células (WANG et al., 2015; RIEPE

et al., 2008; KHAJURIA et al., 2018).

Considerando a proteina CYP21A2 purificada, foi demostrado que a
eficiéncia catalitica (kcat/Km) da progesterona é 5x maior em compara¢cdo com a
obtida para a 170HP, sendo a constante de afinidade do substrato (Km)
progesterona 7x maior e 0 tempo necessario para converter uma molécula de

substrato (kcat) 1.4x menor do que para a 170HP (PALLAN et al., 2015).

O ensaio com a proteina purificada utiliza um plasmideo de expressao com
0 gene recombinante para a expressao em bactéria. A fim de se obter uma melhor
ancoragem da proteina na membrana bacteriana, os nucleotideos do gene humano
CYP21A2 codificadores dos aminoéacidos referentes a regido da proteina envolvida
no ancoramento na membrana do reticulo endoplasmatico sédo substituidos.

Ademais, uma cauda pode ser adicionada na extremidade C-terminal da proteina
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para auxiliar sua purificacdo (ex., cauda de histidina). Esse tipo de ensaio é
realizado em um tubo com a presenca do cofator POR, da molécula de NADPH e
do substrato da enzima. A vantagem desse método € que permite 0 maximo de
isolamento da proteina CYP21A2 mutada para a sua avaliacdo. Por outro lado, as
modificacbes da proteina podem afetar a analise de mutacdes perto dessas

regides.

Ja o método em cultura celular € mais simples. Ele utiliza de um plasmideo
de expresséao de célula eucaridtica com o gene humano integro e o sistema basal
de células humanas, ndo necessitando suplementacdes para a reacao, além dos
substratos a serem analisados. Além disso, deve-se ter cuidado com a linhagem
celular escolhida, pois ndo pode expressar o gene CYP21A2. As mais utilizadas
para esse fim séo as células HEK293t, COS-1 e COS-9. A vantagem desse método
€ a obtencéo de um sistema mais parecido com o in vivo e de uma forma mais agil.
No entanto, as desvantagens em relacdo ao anterior € o custo para a realizacdo e
a quantidade menor de enzima obtida, necessitando a utilizacao de técnicas mais
sensiveis para a deteccao do produto da reacdo, principalmente para as enzimas

mutadas com atividade minima ou residual.

Entre as vantagens em geral do ensaio funcional estdo a obtencédo da
atividade da enzima CYP21A2 com a variante em estudo sem interferéncia de
fatores externos do in vivo e a categorizacdo entre 0s grupos de mutacdes da
doenca (nulo, A, B e C). Entretanto, ambas as técnicas requerem estruturas e

custos normais de laboratorio de biologia molecular e celular e demandam tempo
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para a obtencao do resultado, ndo sendo viavel para a andlise de toda nova variante

identificada.
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2. Justificativa

A deficiéncia na enzima CYP21A2 é autossOmica recessiva e um dos erros
inatos do metabolismo mais comuns (NEW et al.,, 2017). Essa deficiéncia
enzimatica afeta entre 1:10,000 a 20,000 n.v. no Brasil com suas formas classicas,
sendo essa incidéncia possivelmente 20 vezes maior para a forma NC (KOPACEK

et al. 2017; HANNAH-SHMOUNI et al., 2017a).

A perda da atividade da CYP21A2 impacta a sintese de glicocorticoides,
podendo também afetar a sintese de mineralocorticoides e andrégenos. Seu vasto
espectro fenotipico esta relacionado principalmente ao grau de dano na atividade
da enzima CYP21A2 causado pelos diversos tipos de mutacdes encontrados no
complexo gene que a codifica, 0 gene CYP21A2 (PIGNATELLI et al., 2020). Além
disso, a maior parte dos genotipos associados a deficiéncia da CYP21A2 sao
heterozigoto composto, podendo haver inclusive mais de uma mutacéo por alelo.
(NEW et al., 2013). Até o momento, mais que 380 mutacdes no gene CYP21A2
foram reportadas no banco de dados Humam Mutation Database (HMDB) e 122

variantes com a atividade da CYP21A2 caracterizada (SIMONETTI et al., 2018).

Nos paises desenvolvidos e em grande parte dos em desenvolvimento,
como o Brasil, a deficiéncia da enzima CYP21A2 é triada em programas de rastreio
de doencas genéticas que afetam gravemente recém-nascidos nao tratados. As
dosagens hormonais sdo uma importante ferramenta nessa etapa, entretanto, o
uso do diagnostico molecular para a deteccdo de variantes no gene CYP21A2 tem
sido uma valiosa estratégia na elucidacdo de casos complexos e acompanhamento

da carga genética de cada populacdo (SILVEIRA et al., 2009; PIGNATELLI et al.,
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2020). Entre as técnicas recomendadas para a analise genética, estd o
sequenciamento de todo o gene CYP21A2, o que tem permitido identificar novas
variantes (BAUMGARTNER-PARZER et al., 2020). Muitas sdo as variantes néo
caracterizadas, sendo a elucidacdo destas para o grupo populacional onde foi
identificada de grande valia tanto para o futuro manejo de outros portadores quanto

para o aconselhamento genético.



Capitulo Il: Objetivos

71




72

Objetivo Geral

Caracterizar o efeito estrutural e funcional de variantes n&o elucidadas no
gene CYP21A2 previamente identificadas na populacéo Brasileira ou Portuguesa
e estabelecer um grupo de ferramentas de predi¢cdo online com boa performance

para a realizacédo de analises de patogenicidade de variantes neste gene.

Objetivos especificos

o Identificar variantes no gene CAYP21A2 néo caracterizadas na
populacao Brasileira e Portuguesa.

o Analisar os danos das variantes na proteina CYP21A2 através de
analises in silico e selecdo para testes in vitro.

o Caracterizar a funcionalidade das variantes selecionadas no modelo de
cultura de células.

o Selecionar preditores online utilizados para a predicdo de dano de
variantes missense.

o Estabelecer as ferramentas de predicdo online com melhor

desempenho para com as variantes da proteina CYP21A2.
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Characterization of mutations causing CYP21A2 deficiency in Brazilian and

Portuguese populations
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Abstract: Deficiency of 21-hydroxylase enzyme (CYP21A2) represents 90% of cases in congenital
adrenal hyperplasia (CAH), an autosomal recessive disease caused by defects in cortisol
biosynthesis. Computational prediction and functional studies are often the only way to classify
variants to understand the links to disease-causing effects. Here we investigated the pathogenicity
of uncharacterized variants in the CYP21A2 gene reported in Brazilian and Portuguese populations.
Physicochemical alterations, residue conservation, and effect on protein structure were accessed by
computational analysis. The enzymatic performance was obtained by functional assay with the
wild-type and mutant CYP21A2 proteins expressed in HEK293 cells. Computational analysis
showed that p.W202R, p.E352V, and p.R484L have severely impaired the protein structure, while
p.P35L, p.L199P, and p.P433L have moderate effects. The p.W202R, p.E352V, p.P433L, and p.R484L
variants showed residual 210H activity consistent with the simple virilizing phenotype. The p.P35L
and p.L199P variants showed partial 210H efficiency associated with the non-classical phenotype.
Additionally, p.W202R, p.E352V, and p.R484L also modified the protein expression level. We have
determined how the selected CYP21A2 gene mutations affect the 210H activity through structural
and activity alteration contributing to the future diagnosis and management of CYP21A2 deficiency.

Keywords: 21-hydroxylase deficiency; congenital adrenal hyperplasia; CYP21A2; functional
characterization

1. Introduction

Congenital adrenal hyperplasia (CAH) is an autosomal recessive disease caused by
defects in steroid biosynthesis [1]. More than 90% of reported CAH cases are due to 21-
hydroxylase (CYP21A2) deficiency (OMIM # 201910). The CYP21A2 is a member of the
cytochrome P450 superfamily and has 495 amino acids forming thirteen a-helix (A-M)
and nine B-sheets [2,3]. This protein is located in the endoplasmic reticulum of the adrenal
cortex and has a role in both the glucocorticoid and mineralocorticoid biosynthesis by the
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hydroxylations of 17-hydroxyprogesterone into 11-deoxycortisol and progesterone into
11-deoxycorticosterone, which are then converted into cortisol and aldosterone (Figure 1)
[1]. Therefore, defects in CYP21A2 affect both the mineralocorticoid and glucocorticoid
biosynthesis, besides the increase in sex steroids biosynthesis due to changes in the
steroidogenesis pathway by elevated levels of sex steroid precursors [4,5].

Cholesterol
CYP11A11

Pregnenolone — " Progesterone —* DOC — Aldosterone
CYP17A1 l CYP17A 11

170HPreg —— 170HProg —— 11DOC— Cortisol = Cortisone
cypirat CYP17A1E

CYP19A1

DHEA — Androstenedione ™ Estrone

|

Androstenediol > Testosterone

|

> Estradiol

Figure 1. Role of CYP21A2 in human steroid biosynthesis. CYP21A2 is a heme containing
cytochrome P450 protein that requires cytochrome P450 reductase as a redox partner for its
metabolic reactions [6]. Together with CYP11A1 in mitochondria and CYP17A1 and CYP19A1 in
the endoplasmic reticulum, CYP21A2 directs the biosynthesis of steroids.

Glucocorticoid and mineralocorticoid levels determine the CYP21A2 deficiency
phenotype, which can be (1) salt wasting, when both types of steroids are not produced,
causing the adrenal crisis by electrolytic deregulation with infant mortality risks and
severe virilization by elevated sex steroids; (2) simple virilizing, when there is some
residual synthesis of both glucocorticoid and mineralocorticoid that is enough to prevent
the adrenal crisis; or (3) non-classical (mild form) when just the glucocorticoid synthesis
is partially affected and is linked to hyperandrogenism and mild late-onset CAH. The first
two are the classical forms of CAH, which have a worldwide incidence ranging from
1:14,000 to 1:18,000 live births [7]. The non-classic form has a frequency around 1:100 to
1:1000 [8]. The frequencies of CAH vary with ethnicity and geographic population groups.
However, the description of SW vs. SV, SV vs. NC, etc. is rather arbitrary, hence caution
must be employed when following [9]. The diagnosis of CYP21A2 deficiency is confirmed
by steroid profile, mainly 17OHP in the first screening, which becomes elevated [1,7].
However, 170HP can be altered by a deficiency in other enzymes in the steroidogenic
pathway, in premature infants, and in unrelated diseases causing physiologic stress
[7,8,10-15]. Therefore, the molecular diagnosis is essential for the confirmation of complex
cases and follow-up management of asymptomatic CAH, avoiding unnecessary
treatment, along with genetic counseling [11,16,17].

The CYP21A2 gene is located on the short arm of chromosome 6 (6p21.3), situated 30
kb apart from its pseudogene (CYP21A1P). These genes share 98% sequence identity for
the exons and 96% among the introns [18]. Besides that, 95% of pathogenic variants of
CYP21A2 originate in recombination events [3]. More than 1300 variants in the CYP21A2
have been reported in the human gene mutation database (HGMD), and more than 200 of
these are described to affect human health. With high variability between different ethnic
groups and single nucleotide variants (SNVs), missense and nonsense account for half of
the total variations [19,20].
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CYP21A2 variants are classified according to the impact on the enzyme activity.
Group Null consists of deletions or nonsense variants that critically affect the enzyme
activity, resulting in a complete loss of function due to altered enzyme stability, steroid or
heme binding, and membrane anchoring. The most common variants are thirty kilobase
deletion (30-kb del), eight base pairs, Cluster E6 (p.1237N, p.V238E, p.M240K), p.Q319X,
p-R357W, and p.L.307fs [3]. Group A is composed of a variant in which the enzyme activity
is minimal, around 0-1%. This group is represented by an intron variant IVS2-13A/C>G,
which is created by an additional splice acceptor site causing retention of 19 intronic
nucleotides of the intron 2 [21,22]. Homozygous or compound heterozygote variants with
the null group are often associated with the salt-wasting form, but approximately 20% of
cases have a simple virilizing phenotype [3]. Group B has a residual activity of 1-10%,
which is enough to prevent adrenal crisis. The p.I173N variant is representative of this
group and is associated with the simple virilizing form of 21-hydroxylase deficiency [23].
Finally, group C has an enzyme activity of about 20-60% and is associated with the mild
form of CAH. The variants common in this group are p.V282L, p.P454S, and p.P31L,
which show phenotype variability [24].

The biochemical correlation for CYP21A2 activity works well for the CAH diagnosis.
However, external factors or a combination of genetic diseases can change the steroid
levels, making genotype elucidation an important tool for patient management [11,17]. In
general, there is a good genotype-phenotype correlation for CAH, and the elucidation of
new variants found in each population is important to improve the correct treatment
[25,26]. Initially, the bovine CYP21A2 structure was used as a template to elucidate the
impact of variants damage from 2011 to 2015 (PDB ID 3QZ1), but the human CYP21A2
crystal structures have recently become available. Human CYP21A2 is deposited in the
RSCB Protein Data Bank (PDB) under entries 4Y8W and 5VBU, with two different steroid
ligands (progesterone in 4Y8W and 17-hydroxyprogesterone in 5VBU). The human
structure has just one steroid-binding site, which is different from the bovine enzyme,
which has two catalytic sites [2,27].

This study investigated the uncharacterized SNVs in the CYP21A2 gene through
computational and functional analysis, establishing a correlation with the residual
enzyme activity and a possible CAH phenotype. We selected six missense variants in the
CYP21A2 gene (p.P35L, p.L199P, p.W202R, p.E352V, p.P433L, and p.R484L) that were
previously reported in the Brazilian or Portuguese populations without previous
functional characterization. To determine how these variants impair the CYP21A2
enzyme, we performed a detailed analysis based on the chemical changes due to amino
acid alterations, residue conservation, and effect on protein structure. In silico predictions
using human CYP21A2 structure (PDB ID 4y8w) were used to understand the structural
damage, while the in vitro analysis using recombinant protein expression and enzyme
kinetics was performed to determine the impact on protein function.

2. Results
2.1. Variant Collection and Description

We selected six missense variants that had patient genotype and phenotype available
in our literature review after the initial screening described in methods. Four of these
variants were found in Brazilian (p.P35L, p.L199P, p.E352V, and p.R484L) and two in
Portuguese (p.W202R and p.P433L) populations. Genetic and clinical data describing the
carriers of the selected SNVs are summarized in Table 1. These data were collected from
the original papers.
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Table 1. Genetic and clinical features of the subjects carrying the selected SNVs (bold) in the
CYP21A2 gene. All data are from the original papers. Normal values for 17a-hydroxyprogesterone
(170OHP) are <30 nmol/L, serum sodium between 132-142 mmol/L and potassium 3.6-6.1 mmol/L.
LGC, large gene conversion; 30-kb del, large deletion from CYP21A1P to CYP21A2 gene; nd, non-
determined; DSD, ambiguous/atypical genitalia; AC, adrenal crisis; M, male; F, female. * Age at
diagnosis, P non-diluted measurements (reference value 5.97 nmol/L), < after ACTH stimulation.

Genotypes

+/K+
Phenotype Clinical Data Sex 170HP Na+/K Age? Reference
Allele 1 Allele 2 (nmol/L)  (mmol/L)
P35L, H63L, 30-kb del LGC SW vomiting, dehydration M 49.3 116/9.2 2.8 m [28] Coeli et al. (2010)
P35L, H63L, 30-kb del Q319X SW vomiting, dehydration >25b 120/6.8 13 m [28] Coeli et al. (2010)
P35L, H63L, 30-kb del c.920_921insT  SW DSD (Prader IV) F >6b 119/53 15d [28]Coeli et al. (2010)
P35L, H63L, 30-kb del R357W SW vomiting, dehydration, AC M >200b 119/9.7 28d [28] Coeli et al. (2010)
[29] Silveira et al.
L199P normal ND DSD (Prader 1) F 408.5 nd (2009)
W202R LGC SW DSD, salt wasting F nd nd <om [3015antosSilvaetal.
(2019)
[16] De Carvalho et al.
E352V E6 cluster N nd F nd nd nd (2016)
E352V IVS-13A/C>G  SW nd M nd nd ng [161DeCarvalhoetal
(2016)
E352V IVS-13A/C>G  SW nd M nd nd nd [16]DeCarvalhoetal
(2016)
[16] De Carvalho et al.
E352V G425 sV nd M nd nd nd (016)
[31] Carvalho et al.
Cc
P433L P454S NC nd F 42.7 nd 17y 2012)
R484L, IVS-13A/C>G Del CYP21A2  SW DSD (Prader 1I-IV) F 1537.2 134/49 <am 2 S("Z"Oe(')"ga) etal.
R484L, IVS-13A/C>G Q319X SW undefined M 1358.7 130/6.2 <9 [29] Silveira et al.

(2009)

The variant p.P35L was identified in four Brazilian patients as compound
heterozygous with other mutations (Table 1). One allele presents a mutation with
symptoms of severe enzyme damage, while the other alleles carried three mutations:
p-P35L, p.H63L, and 30-kb del. It was concluded that the p.P35L origin was not from the
same genetic event of the p.H63L and 30-kb del, as it was not present in the pseudogene
screening. Therefore, we analyzed this variant alone.

The variant p.L199P was found as heterozygous in a female patient with mild
clitoromegaly atypical genitalia and elevated 17OHP levels detected in the Brazilian
newborn screening program (Table 1). According to the authors, the child remained
asymptomatic at 3.3 years old, and the clitoromegaly and the high 17OHP levels detected
in the screening were likely due to the premature birth. The impact of this new variant
has been unknown, as it was not possible to infer the consequence once it was identified
in heterozygosis.

The variant p.W202R was found as compound heterozygous with large gene
conversion in a Portuguese female (Table 1). This patient presented atypical genitalia and
salt wasting, being diagnosed with classical CAH at <2 months old.



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 78 of 189

The variant p.E352V was identified in a compound heterozygous state in four
classical CAH patients from Brazil (Table 1), two of them with the same intronic mutation,
IVS2-13A/C>G heterozygous with p.E52V. These two patients showed the classical CAH
form with salt-wasting. One female presented p.R484L as compound heterozygous with
Cluster E6. These patients presented the simple virilizing CAH form. The latter has the
p-R484L and p.G425S, which resulted in the simple virilization form of CAH.

The variant p.P433L was identified in a Portuguese female who presented it as
compound heterozygous with the mild mutation p.P454S (Table 1). This patient was
diagnosed at 17 years old with a nonclassical form of CAH after ACTH stimulation, which
indicated the 17OHP elevation characteristic of that form of CAH.

The variant p.R484L was found as compound heterozygous in two Brazilian patients
(Table 1). Both present classical CAH form, with salt-wasting and high 17OHP levels
detected during newborn screening. One allele in both cases has p.R484L together with a
splice variant IVS2-13A/C > G. The second allele in one patient was a CYP21A2 deletion
and in the other p.Q319X.

2.2. Computational Characterization Indicated the Structural Impact of the SNVs

We performed a screening with five predictive tools that have different approaches,
PolyPhen-2, SNAP2, MutPred2, Meta-SNP, and PredictSNP. Results obtained for the six
variants chosen in this work are shown in Table 2. The variants p.L199P, p.E352V, and
p-R484L were predicted to damage the protein by all predictor tools, while p.P35L had
damage predicted by four tools, p.W202R by three, and p.P433L by two.

Among the variants with known activity, the neutral variants (p.R103K, p.D183E,
and p.S269T) agreed with all tools. However, among the three variants known to cause
damage, we had different results. The two severe variants (p.I173N and p.R427H) were
predicted correctly by all tools; however, the mild (p.V282L) variant was wrongly
classified by all of them. The second screening about the protein stability of all variants
presented a variation of AG, from -1.47 kcal/mol (p.R484L) to 1.23 kcal/mol (p.E352V)
(Tables 2 and 3).

Table 2. Prediction of the possible impact on the structure and/or function of CYP21A2 by genetic
variants. Seven variants were used to validate the method, with four polymorphisms (e) and three
with a known negative impact (]). 2 SNV nomenclature according to UniProt ID Q16874-1. Scores
>0.5 by PolyPhen-2, MutPred2, and Meta-SNP indicate protein damage. SNAP2 scores >50 indicate
a strong signal for effect, between 50 and -50 weak signal and <-50 strong signal for neutral effect.

In Silico Tools

Enzyme

SNV 2 Activit

dbSNPrsé  PolyPhen-2 Score SNAP2 Score MutPred2 Score Meta-SNP Score PredictSNP (™Y

o

Control
® R103L rs6474 Benign  0.023 Neutral —47  Neutral 0.191 Neutral 0.310 Neutral 120
® D184E 1397515531 Benign  0.000 Neutral -85  Neutral 0260 Neutral 0.412  Neutral 100
©® S269T rs6472 Benign  0.016 Neutral -93  Neutral 0.076 Neutral 0.340 Neutral 103
| 173N 156475 Damage 1.000 Effect 70 Pathogenic 0.838 Disease 0.811 Deleterious 1.1
1 vasaL rs6471 Benign  0.273 Neutral -76  Neutral 0.084 Neutral 0.344 Neutral 16.4
| Ra27H 15151344504 Damage 1.000 Effect 82 Pathogenic 0.821 Disease 0.827 Deleterious 0.5
P35L 15200648381 Damage 0.988 Effect 13 Pathogenic 0.676 Disease 0.624  Neutral 13
L199P Damage 0.997 Effect 68 Pathogenic 0.875 Disease 0.711 Deleterious 10.3
W202R Damage 1.000 Effect 45 Pathogenic 0.577 Neutral 0.451  Neutral 1.2
E352V Damage 0.693 Effect 90 Pathogenic 0.919 Disease 0.937 Deleterious 1.1
P433L rs751456004 Benign 0.402 Effect 15 Pathogenic 0.614 Neutral 0.372  Neutral 7.5
R484L Damage 1.000 Effect 81 Pathogenic 0.690 Disease 0.748 Deleterious 3.4
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Table 3. Summary of structural and functional data obtained for the six variants studied shows that all of them can be related to CYP21A2deficiency. * SNV
nomenclature according to UniProt ID Q16874-1. > Two hydrogen bonds with E355. H, hydrogen-bound.

The Molecular

SNV @ Structure/Protein Physicochemical Properties AAG (kcal/mol) Enzyme Activity Mechanism MGu::Zlon
Localization (Hypothesis) P
WT MUT (Mean £ SD)
N-term coil/Region of the . . ) . ) - Disturbs the protein
P35L membrane protein Polar residue with a ring at the N- Hydropho.blc,.Short Sl.de chain; -0.58 13.2 £ 1.56% orientation in the C
. . term Folding interactions
orientation membrane
. . Hydrophobic; Short side chain; . . . Breaks the secondary
F-helix/Cl h Pol h h
L199P helix/Close to the active Folding Interactions; H: 1195 and olar residue with a ring at the 0.79 10.3 +0.33% structure close to the C
site; a-helix stabilization N-term; H: S203 . .
S203 active site
Turn of the F-helix/close to Hvdrobhobic: Laree. rigid aromatic Hydrophobic; Long, flexible, and Positive charge addition
W202R the active site and steroid- yarop rolu ) ﬁ I\/liS posit. charged side chain; lonics- 1.11 1.2+0.34% causes disorder in heme B
bound residue (R234) group; H: bound; H: V198 binding
K-helix/ERR-triad associated Z?c?g(z’:]zrnt?l?trl_::gl' S:1I§ht?hgfxétzi|? Hydrophobic; Short side chain; Disorder of the ERR-
E352V : : 5 SUONETY NEg. charged; Folding interactions; H: A348 1.23 1.1+0.11% triad decreases heme- B
with the heme group lonics-bound; Fix metal iron; H: A348, - L
R355 5 1356 and W406 and L356 binding and stability
Changes the natural
Pa33L L-helix/Adjacent to essential Polar residue with a ring at the N- Hydrophobic; Short side chain; 0.39 75+ 0.67% orientation of heme- B
residues for the heme bond term; H: A435 Folding interactions; H: A435 ’ D= ERIA binding residues R427
and C429
C-term coil/Hydrophobic Hyd.rophoblc; LQng, fle?ﬁble, énd Hydrophobic; Short side chain; Loss 9f hydrophoblc
R484L cluster with ionic connection posit. charged side chain; lonics- Folding interactions: H: A449 -1.47 3.4+0.8% organization at the C- B
bound; H: Q482, A449, and M486 & o term region
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2.3. Amino Acid Chemical Proprieties, Conservation, and Structural Damage

We analyzed the amino acid chemical properties to assess the characteristics of each
exchange and the conservation of that residue across species to determine how it has been
retained during the evolution of CYPs P450. We worked with 200 CYP 450 sequences
homologous to human CYP21A2. The structural damage was characterized by Gibbs’s
free energy and gain/loss of hydrogen bonds.

Proline at amino acid position 35 is located in a coil on the protein surface (Figure 2
and Figure 3). This residue shows a high conservation score, with only two residues found
on homologous sequences (proline and guanine) (Figure 4 and Table 4). The variant
p-P35L has the amino acid properties changed from a polar and uncharged to a nonpolar
and aliphatic residue, increasing the structural stability, AAG -0.58 kcal/mol (Table 3).
PolyPhen-2, SNAP, Meta-SNP, and MutPred2 predicted the effect of this mutation on the
protein stability and functionality. Besides that, MutPred2 predicts two structural effects:
gain of helix and alteration of transmembrane features. PredictSNP classified this variant
as neutral (Table 2).

Leucine at position 199 is localized at a-helix F, close to the CYP21A2 catalytic site <4
A from heme, where it forms two hydrogen-bonds, one with p.5203 (on the loop between
a-helix F and F’) and one with p.I195, on a-helix F (Figure 3 and Table S1). This residue
shows mild conservation, being found in 10 different sequences at this position (Figure 4,
Table 4). The variant p.L199P changes a nonpolar and aliphatic residue to a polar and
uncharged residue, losing the hydrogen bond with p.I195 (Table S2). All predictor tools
showed that this mutation causes damage to the protein, and MutPred2 predicted an
alteration of coiled-coil and transmembrane regions; AAG was 0.79 kcal/mol.

Figure 2. Structural model of CYP21A2. (A) We built the missing extremity based on PDB ID
4Y8W with I-TASSER and visualized by PyMOL. The amino acids mutated in our study are
identified with black arrows. Progesterone and protoporphyrin containing Fe® are in the middle
of the structure colored in grey. (B) Contact map with progesterone binding site in 210H
structure. The studied residue p.W202 is shown at the top. (C) Contact map with heme
(protoporphyrin containing Fe) binding site in 210H structure. The residues p.C429 and p.R427
are near the studied residue p.P433. Heme and progesterone contact maps were built with the
structure of CYP21A2 (PDB # 4Y8W). Residue ligand contact maps were generated with LigPlot+
v.2.2.4 software using as maximum hydrogen -acceptor/-donor distance 2.7 A and 3.35 A (green
line), respectively, while for non-bonded, the minimum contact distance was 2.9 A and the
maximum 3.9 A.

Tryptophan at position 202 is also located <4 A from the CYP21A2 catalytic site, on
the a-helix F with a hydrogen bond with p.V198 (Figure 3). This residue presented a low
conservation score, being highly variable between its homologous sequences (Figure 4
and Table 4). The variant p.W202R changes a hydrophobic residue to a hydrophilic and
positively charged residue, decreasing the CYP21A2 structural stability with a AAG of 1.11
kcal/mol, but without losing the hydrogen bond (Table S2). Two predictor tools classified
that residue replacement as neutral (Meta-SNP and PredictSNP), while the three others
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predicted damage to the protein. An altered coiled-coil region was predicted by
MutPred?2.

Glutamate at position 352 is located in a-helix K, presenting five hydrogen bonds,
four on the same helix (one with p.A348 and p.L356 and two with p.R355) and one with a
coil (p.W406) (Figure 3 and Table S1). This residue is highly conserved across species, and
there is no other variation on CYP21A2 homologs (Figure 4 and Table 4). The variant
p-E352V changes a negatively charged residue to a nonpolar aliphatic residue. The
stability of the CYP21A2 structure was increased, and the changed residue lost three
hydrogen bonds with W406 and p.R355 (Table S2). All the predictor tools showed that
p-E352V results in protein damage (Table 2). The MutPred2 predicted alteration of an
interface, loss of allosteric site at p.E352, and altered metal binding.

P31 B I j | j 3 ;
%9%29 | " ?z‘jl
© '.'.3.1 & 35

Figure 3. A closeup of the amino acid studied on the CYP21A2 structure. The protein structure is
based on PDB ID 4Y8W. Wild-type amino acids are colored in green and mutated in cyan; in both
of them, oxygen is red, nitrogen is blue, and sulfur is yellow. The distance measured between the
main amino acids connections is with less than 4 A. Hydrogen bonds are represented with black
lines, while any other measurement between atoms is represented with yellow lines. Progesterone
and heme are colored grey. (A) p.P35 and p.P35L, (B) p.L199 and p.L199P, (C) p.W202 and
p-W202R, (D) p.E352 and p.E352V, (E) p.P433 and p.P433L, (F) p.R484 and p.R484L.
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4. Amino acid conservation of the human CYP21A2. A CYP21A2 structure (PDB # 4Y8W)
structure was used as a reference for ConSurf analysis. Multiple sequence alignment was built

using CLUSTALW with 200-cytochrome P450 sequences homologous to the human protein 21-

hydroxylase. The species considered for final alignment were from Homo sapiens, Bos taurus, Canis

lupus familiaris,

Figure

Cavia porcellus, Capra hircus, Felis catus, Gorilla gorilla gorilla, Lynx lynx, Mesocricetus

Macaca mulatta, Mus musculus, Oryctolagus cuniculus, Ovis aries, Rattus

Macaca fascicularis,
norvegicus and Sus scrofa. (A) A representative part of the alignment from MSA. The specific

positions of the six wild-type residues analyzed in this work are marked with a dot (e). (B)
Table 4. ConSurf amino acid conservation score. The score is from 1 (variable) to 9 (conserved). CI:

Confidence interval of the score. *PDB ID 4Y8W. Details of any known variations in the amino

acid positions studied are given in Table S3 (Supplementary Material).

Residues p.P35, p.E352, and p.R484 showed to be conserved, while p.L199, p.W202, and p.P433 are

CYP21A2 structure with black marks on the six wild-types residues on the protein structure.
variable. Color-code: from pink (conserved) to cyan (variable).
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Proline at position 433 is located at a-helix M, where it has a hydrogen bond with
p-A435 in the same helix (Figure 3 and Table S1). This residue is close to the central heme
group, but it is not a conserved residue, as it is found interchangeable as 14 different
residues among the CYP21A2 homologous group (Figure 4 and Table 4). However, this
indicates the evolution of this residue across species with different roles and different
redox partners. The exchange of a polar and uncharged amino acid with a nonpolar and
aliphatic showed AAG 0.39 kcal/mol (Table 3). The SNAP2 predictor tool showed damage
in the protein with the variant and MutPred?2 a gain of helix and loss of catalytic site at
p-E432; however, the other three predictors indicated a neutral effect (Table 2).

Arginine at position 484 is located on the protein surface in a coil that makes a cluster
with nine other amino acids. This residue has three hydrogen bonds, one with p.M486 in
the same coil; one with p.Q482, located at stand (39; and one with p.A449, which makes
the connection between a-helix M and (38 (Figure 3 and Table S1). This residue showed
the highest conservation score, with just two other amino acids found in the homology
analysis (Figure 4 and Table 4). The variant p.R484L changes a positively charged polar
residue to a nonpolar and uncharged residue, losing the two hydrogen bonds with p.M486
and Q482 (Table S2). This amino acid exchange showed damage by all predictor tools
used, and stability increased with a AAG of -1.47 kcal/mol (Tables 2 and 3). Loss of intrinsic
disorder was predicted by MutPred2, as well.

2.4. Functional Testing for the Validation of In Silico Results

HEK?293 cells were transfected with plasmids expressing CYP21A2 WT or variants
p.P35L, p.L199P, p.W202R, p.E352V, p.P433L, p.R484L, p.I173N, and p.V282L as two
controls with known activity (~2% and 18-60%, respectively) [4,23,24]. The CYP21A2
activity was quantified for both WT and variants. Using the TLC analysis, we could assess
the conversion ratio of progesterone to 11-deoxycorticosterone and compare the activity
of each variant with the WT enzyme (Figure 5A). Variants p.W202R and p.E352V showed
only residual conversion (<2% enzyme activity), similar to p.I73N, which is associated
with the classical form of CAH. Variants p.P35L and p.L199P showed partial activity, with
the catalytic activities being 13.2% and 10.3% of the WT, similar to the p.V282L variant,
which is associated with a nonclassical form of CAH. Variants p.P433L and p.R484L
presented activity between the two controls, being 7.5% and 3.4% of the WT activity,
respectively (Figure 5C).

To determine if the reduction in activity was associated with the decrease in protein
expression, we quantified CYP21A2 protein in WT and variants using western blot assay
(Figure 5B). Normalized by [-actin expression, we found the expression level was less
than 50% of the WT for the p.P35L, p.V282L, p.E352V, and p.R484L variants, while
p-W202R had 119% of WT. Therefore, we also calculated the specific activity of each
variant compared to WT by dividing the activity obtained from the TLC results by the
CYP21A2 expression level (Figure 5C). The specificity activity for p. W202R, p.E352V, and
p-R484L present a significant difference (p < 0.05) when compared with the non-protein
normalized activity. The variant p.W202R had a decrease in activity to <1%, while p.E352V
and p.R484L had an increase in activity by twofold and threefold, respectively.
Altogether, our results indicated that all variants tested significantly impacted the activity
of CYP21A2. The variants p.W202R, p.E352V, and p.R484L also impacted the protein
expression (Figure 5C).
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Figure 5. Functional characterization of the variants in the CYP21A2 gene by relative steroid
conversion of progesterone (Prog; P) to 11-deoxyprogesterone (DOC). The activity was obtained
using 210H wild-type (WT) and mutated expressed in the HEK293t cell where we measured the
steroid conversion by the percentage of radioactivity in DOC to the whole sample. (A) Thin-layer
chromatography (TLC) shows that all variants reduce the activity of 21-hydroxylase (210H). (B)
Semiquantitative 210H expression level obtained by western blot with anti-flag antibody for the
210H (53 KDa) and normalized by (-actin (42 KDa) expression with anti-B-actin antibody.
Negative control (NC) presents the basal HEK293 cells. (C) The 210OH activity expressed
accordingly with TLC spots densitometry and related to the WT. Bars represent the standard error
from three samples. Inside the box is plotted the activity (total) and the specific activity (specific)
of the three variants that showed statistically significant difference (* p < 0.05) between these
values. The specific activity was obtained by dividing the enzyme activity by the 210H protein
estimated by western blot. All results were analyzed on GraphPad software. * p value < 0.05
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2.5. Kinetic Analysis of CYP21A2 Variants

The apparent kinetic constant revelated saturation for the 210H WT with the
Michaelis-Menten constant (Km) of 1.57 uM for progesterone and an apparent maximal
reaction velocity (Vmax) of 0.360 nmol.min-l.mg™ (Figure 6 and Table 4). The apparent
saturation was a similar rate of the WT for p.P35L (Km 2.06 uM) and p.P433L (Km 1.91
uM), but it was six times higher for p.L199P (Km 10.24 uM), indicating that p.L199P
decreases the protein affinity for the substrate progesterone. The apparent Vmax was lower
than the WT for p.Pro35Leu (0.085 nmol.min.mg""), p.L199P (0.252 nmol.min-'.mg"1), and
p-P433L (0.055 nmol.min'.mg™). The apparent catalytic efficiencies of the mutated
proteins were also lower than those of WT, and p.P35L had catalytic efficiency of 18%
compared to the WT, p.L199P of 11%, and p.P433L of 13% (Table 5, Figure 6).

Our results show that the p.L199P variant, which is located close to the catalytic site,
affects the substrate binding. In contrast, p.P35L and p.P433L showed inhibition of the
enzyme activity through a decrease in reaction velocity.
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Figure 6. Kinetics assay shows a decrease in reaction velocity for three variants which have still
presented activity in the functional assay. (A) Representative thin layer chromatography (TLC)
from three replicates shows the CYP21A2 conversion of progesterone (Prog) (0.1,0.3,1, 3, and 5
puM) into 11-deoxycorticosterone (DOC). (B) The left-hand plot presents the linear plots of
enzymatic activity of 210H WT and mutations between 1/Velocity against 1/Prog (progesterone
concentration) for the conversion of progesterone to DOC. Additionally, the right-hand plot
presents the Michaelis Menten nonlinear curve with velocity reactions against the substrate
progesterone used to obtain Vmax and Km values.

Table 5. Apparent kinetic constants and catalytic efficiency were calculated from three
independent experiments.

. Wild-Type P35L L199P P433L

Vmax (nmol.min-.mg1) 0.360 0.086 0.252 0.055
Km (LM) 1.57 2.07 10.24 1.91
Vmax/Km 0.229 0.041 0.025 0.029

3. Discussion



86

We have presented a detailed investigation of the molecular and functional damage
caused by six missense variants of the CYP21A2 gene. These variants were selected from
a literature review of uncharacterized missense variants. We performed in silico analysis
and functional assays to assess the effect of these CYP21A2 variants. We showed the
analysis of two variants with changes in positions close to the catalytic site, p.L199P and
p-W202R. Both showed a low conservation score among mammalian CYPs P450.
However, looking specifically for the CYP21A2, residue 199 still had variability while 202
had high conservation. The p.W202R changed a heavy and hydrophobic residue to a
hydrophilic and positively charged residue. This exchange at 202 abolished the enzyme
activity (1.1% of WT), which is in agreement with the severe CAH (SW) form described
for the patient [30]. In the other case, the leucine replacement by proline at position 199
broke the hydrogen bond with a residue on the same helix, destabilizing the conformation
of helix F. Previous studies with helical substitution of leucine to proline at position 168
(helix E), 262 (helix H), and 322 (helix J) showed a break of the helix, as well, and
association with the severe form of CAH [4,25,32]. In our study, this alteration decreased
the affinity of the enzyme for the substrate by about sixfold, making the enzyme activity
for the L199P variant of CYP21A2 drop to 10% of the WT.

We analyzed two CYP21A2 variants by looking at the protein surface: one at the N-
terminal, residue 35, and the other on the C-terminal, residue 484. We showed that the
proline at the 35 position has a high conservation score, even being on the protein surface
without strong interaction with closer residues. This variant decreases the reaction
velocity four times due to the faster enzyme saturation, Vmax. 0.08552 nmol.min'.mg",
compared with WT, Vmax. 0.3604 nmol.min"l.mg1. The apparent enzyme activity was
around 13 % of the WT. That result suggests an important and conserved role of P35 across
species. Variant p.P35L was previously described in the Brazilian population in a
compound heterozygous state with the other three variants, two being in the same allele
and one in the other [28]. All the four patients described by [28] carry two other pathogenic
mutations (30-kb del and p.H63L) at the same allele of p.P35L, which by themselves
would transcribe a non-functional protein [3,33]. The p.H63L is derived from pseudogene
and has known mild activity in the homozygous state; however, it has a synergistic effect
when it is associated with another mild mutation and results in a severe phenotype [33].
The 30-kb del is a gene rearrangement event in the RP1-C4A-CYP21A1P-TNXA and RP2-
C4B-CYP21A2-TNXB regions, which causes CYP21A2/CYP21A1P chimera [3]. In [28],
p-P35L was not presented in any pseudogene analyzed, which indicated that these appear
in the same allele from independent genetics events.

The residue studied at the carboxyl-terminus 484 has high conservation, while all the
others around this sequence position have mild or low conservation scores. The p.R484
stabilizes other residues through hydrogen bonds with p.M486 in a coil, p.Q482 at stand
(9, and p.A449, a crucial residue between helix M and a sheet 38 [27]. The variant p.R484L
changes a polar and positively charged amino acid to a nonpolar and uncharged residue
inside a polar cluster, causing an intrinsic disorder. This variant showed enzyme activity
around 3% of the WT when normalized by the specific amount of CYP21A2. However,
the activity was significantly lower without the protein normalization, suggesting that
this variant generates a lower transcription level or higher protein degradation than the
WT. The same effect was observed for p.W202R and p.E352V variants. The p.R484L was
found in a compound heterozygous state with the other two variants, one in the same
allele and another in the opposite allele [29]. Both of these have a known severe impact on
enzyme activity [3,26].

Another residue with a high interaction number is the p.E352. This amino acid is
highly conserved, and there is no residue variation at the same position in homologous
sequences, showing an important and conserved role in the CYP21A2 protein. The p.E352
forms five hydrogen bonds, stabilizing its helix through four interactions (two with
p-A348 and p.L356 and two with p.R355) and stabilizing a network with p.W406 in the L-
M loop. The tryptophan at 406 is a backbone residue, while arginine at 355 has an
extensive network with glutamine at p.E352 and arginine at 409 in the ERR-triad [25]. This
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triad acts to stabilize the three-dimensional structure that allows covalent binding of the
heme group [25,34]. The variant p.E352V causes the loss of three hydrogen bonds
(p-W406, and p.R355), destabilizing several structural elements. We showed that the
CYP21A2 p.E352V decreased the enzyme activity to only 1.1% of the WT, which would
be related to the classical form of CAH. De Carvalho ef al. [16] identified four patients with
this variant in the compound heterozygous state. Two of them had a simple virilization
form of CAH, while two had the salt-wasting form. In the first form, one patient presented
Cluster E6, which abolishes the enzyme activity, and the other had p.G425S, which has
less than 2% of enzyme activity [4]. The latter form was detected in two patients with the
same intronic variant IV52-13A/C > G, which mostly results in the salt-wasting form (in
around 79% of the cases) and simple virilizing form (in 20% of the cases) [3].

Lastly, the residue p.P433 had a low conservation score looking at the mammalian
CYPs P450. Nonetheless, the score was high among the CYP21 group, highlighting the
importance and conservation of this residue in this specific group. Proline at 433 is on the
first helix M turn, and it has one hydrogen bond with a residue in the same helix M,
p-A435, helping with the helix stabilization. Besides that, this residue lies adjacent to the
L-M loop, where heme-binding residue p.R427 is located. The p.P433L makes the
structure more flexible, modifying the optimal conditions for the heme-binding, as
previously described [25]. This variant makes the reaction become saturated six times
faster than the WT, with a Vmax. of 0.055 nmol.min"".mg™, and decreases the enzyme
activity to 7.5%. The p.P433L was identified in the compound heterozygous state with the
mild mutation p.P454S in a patient diagnosed with the nonclassical form of CAH [31].

4. Materials and Methods
4.1. Search and Selection of Variants in CYP21A2

We searched Ensembl, HGMD, OMIM, and ClinVar databases for all CYP21A2
variants with an amino acid exchange, excluding nonsense and frameshift variants. From
that first list, we excluded the variants with the enzyme damage that has already been
characterized. The clinical phenotype associated with the variants was accessed from the
original article when it was not available in the databases. Variants without patient
information were excluded, as well as when it had been clinically associated with a
nonpathogenic form of CAH or it had been found with either homozygous or
heterozygous compounds with a pathogenic variant. A second screening was performed
to select variants that have been found in either the Brazilian or Portuguese population.

In a second step, we analyzed the degree of amino acid conservation, chemical
proprieties, and structural damage. The first two characteristics were analyzed with the
software Polymorphism Phenotyping (PolyPhen-2) [35], SNAP2 [36], Meta-SNP [37],
PredictSNP [38], and MutPred?2 [39]. To validate the methodology applied, SNPs with the
known enzyme activity were used as control. Positive controls were p.R427H (from the
null group), p.I1173N (from B group), and p.V282L (from C group). Negative controls were
p-R103K, p.D183E, p.M240K, and p.S5269T.

For the remaining SNPs, we performed a structural impact analysis through the shift
of Gibbs free energy (AAG) value by STRUM [40]. Gain/loss of hydrogen bonds was
calculated on WHAT-IF web (https://swift.cmbi.umcn.nl/servers/html/index.html
accessed on 05/12/2021). The human CYP21A2 structure used here was deposited on PDB
by Pallan P.S., Lei L., and Egli M. [2]. This structure has residues from 28 to 485 of
CYP21A2, so we added the missing amino acid with I-TASSER [41] in the N- and C-
terminal. The I-TASSER input was the protein sequence RefSeq NM_000500.9 and PDB
ID 4y8w, chain A. The CYP21A2 structures with each variant were built with STRUM,
and the Gibbs free energy was compared with the wild-type (WT). Structures built with
the variants were aligned with the WT using PyMOL (Schrodinger, LLC), where atoms
with distance variation were measured. We used the structure-naming scheme of Pallan,
et al. (2015) [2].

4.2. Conservation Analysis



88

To access the significance of these variants on the evolutionary conservation, we
performed an evolutionary analysis with homologous proteins by ConSurf [42]. The
structure of human CYP21A2 deposited under PDB ID 4y8w (chain A) was used as a
reference structure, and cytochrome P450 homologous sequences from Homo sapiens, Bos
taurus, Canis lupus familiaris, Cavia porcellus, Capra hircus, Felis catus, Gorilla gorilla gorilla,
Lynx lynx, Mesocricetus auratus, Macaca fascicularis, Macaca mulatta, Mus musculus,
Oryctolagus cuniculus, Owvis aries, Rattus norvegicus, and Sus scrofa were used for
conservation analysis. A multiple sequence alignment was built using CLUSTALW using
the Bayesian method for the calculation of the conservation score. ConSurf scores range
from conserved (magenta or nine) to the variable (cyan or one). Homologous sequences
were collected from SWISS-PROT with BLAST algorithm (PSI-BLAST E-value 0.0001, four
iterations) [43—45].

4.3. Construction of Plasmid and Site-Directed Mutagenesis

Mammalian expression plasmid pcDNA3.1+/C-(K)-DYK carrying the ORF sequence
of WT CYP21A2 (NM_000500.7) with a C-terminal DYK (FLAG) tag was purchased from
GenScript (Piscataway ,NJ, USA). We used this plasmid as a template to create the
variants through site-directed mutagenesis. Mutagenesis reactions were performed with
a QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, USA),
following the manufacturer protocols. Oligonucleotides sequences designed with the
Quik Change Primer Design program (Agilent Technologies, Santa Clara, CA, USA), are
shown in Table 6. Correct nucleotide change was confirmed by direct sequencing on an
ABI 3500 Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA).

Table 6. Oligonucleotides for site-direct mutagenesis. Fwd-forward, Rev-reverse.

SNP Oligonucleotide Sequence (5'—3’)
P35L_Fwd GTGCAAGAAGCCCAGGGCAAGAGGCGG
P35L_Rev CCGCCTCTTGCCCTGGGCTTCTTGCAC
1173N_Fwd CTCACCTGCAGCATCAACTGTTACCTCACCTTC
1173N_Rev GAAGGTGAGGTAACAGTTGATGCTGCAGGTGAG
L199P_Fwd CCAGTGGCTCCAGGTTTTTGGCACCTCCTGGATACATTTG
L199P_Rev CAAATGTATCCAGGAGGTGCCAAAAACCTGGAGCCACTGG

W202R_Fwd GGACCAGTGGCTCCTGGTTTTTAACACCTCCT
W202R_Rev AGGAGGTGTTAAAAACCAGGAGCCACTGGTCC
V282L_Fwd GCAGCCATGTGCAGGTGCCCTTCCAGG
V282L_Rev CCTGGAAGGGCACCTGCACATGGCTGC
E352V_Fwd GGCGCAGCACCACGGCGATGGTG
E352V_Rev CACCATCGCCGTGGTGCTGLCGCLC
P433L_Fwd GGCGCGCCAGCAGCTCGCCCAGG
P433L_Rev CCTGGGCGAGCTGCTGGCGLGLC
R484L_Fwd CCCCCATCCCCAGGGGCTGCAGC
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R484L_Rev GCTGCAGCCCCTGGGGATGGGGG

4.4. Cell Transfection and Enzymatic Activity Assay

Transient transfection was performed with the CYP21A2 WT vector and the variants.
HEK293 cells were seeded in a six-well plate (6 x 105 cells/well). After 24 h, growth media
were replaced, and the cells were transfected using Lipofectamine 2000 (Thermo Fisher,
Bedford, MA, USA) and 2.6 ug of the plasmid. Transfected cells were reseeded in a 24-
well plate (1.5 x 105 cells/well) after 24 h of the transfection for uniformity of cell
population across wells. At 48 h after transfection, the functional assay was started by
changing to 500 yL of fresh media and adding 1 uM of unlabeled progesterone with 10,000
cpm of [“C]-Progesterone as a tracer. Media and cells were collected 45 min after
incubation at 37 °C. Steroids were extracted from media with ethyl acetate and isooctane
(1:1 vol/vol) dried and dissolved in methylene chloride. Steroids were separated by thin-
layer chromatography (TLC), exposed to a phosphor screen, and visualized with Typhoon
PhosphorIlmager FLA-7000 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Image
intensity was measured and quantified with ImageQuant TL v8 (Cytiva, MA, USA).

The CYP21A2 enzyme activity was expressed as relative steroid conversion. Steroids
were quantified as a percentage of radioactivity incorporated into 11-deoxyprogesterone
to the total radioactivity measured in the whole sample and compared between the WT
and variants. Cells were collected with trypsin and washed with 1x PBS to quantify the
amount of protein. Results were analyzed from three technical replicates. To ensure a
similar amount of CYP21A2 in each reaction, a western blot analysis was performed to
normalize the enzyme activity with the relative CYP21A2 expression.

4.5. Western Blot

The amount of CYP21A2 expressed was measured from the total protein extraction.
Cells were incubated for 1 h with the lysis buffer previously described [46] and
centrifuged at 15,000x g for 20 min and 4 °C. The supernatant was collected for the
measurement of total protein through a Pierce Coomassie Plus (Bradford) Assay Kit
(Thermo Fisher, Hanover Park, IL, USA). Seven ug of total protein were loaded on an
SDS-PAGE gel (GenScript, Piscataway, NJ, USA) and then transferred to a PVDF
membrane, as previously described [46]. Two primary antibodies were used at the same
time: a mouse monoclonal DKY-Tag antibody diluted 1:1000 (GenScript, Cat# A00187)
and a mouse monoclonal anti-3-Actin antibody diluted 1:1500 (Sigma Aldrich, St. Louis,
MO, USA, Cat# SAB3500350). The secondary antibody, IRDye 800CW-conjugated
donkey-anti-mouse (LI-COR, Nebraska, USA-Cat# 926-32212) was diluted at 1:15,000. An
Odyssey SA Infrared Imaging system (LI-COR Bioscience Inc. Lincoln, NE, USA) was
used to detect the fluorescence signal.

4.6. Enzyme Kinetics Assay

To obtain the apparent reaction efficiency from the variants that showed enzyme
activity, enzyme kinetic assays were performed. Five unlabeled progesterone
concentrations were used (0.1, 0.3, 1, 3, and 5 uM) with 15,000 cpm of [*C]-Progesterone
as a tracer, under the same conditions that were used in the functional assay. Enzyme
velocity was normalized with the relative CYP21A2 expression derived from western
blots. Results were analyzed from three biological replicates with Michaelis Menten
kinetics using GraphPad Prism 9.2.0 (GraphPad, San Diego, CA, USA).

4.7. Statistics Analysis

Statistical significance was calculated with a one-sample student’s t-test, for
comparing samples in the same group, and a one-way ANOVA, for comparing two
groups (one variant group with the WT group). The P-value was considered significant
with p <0.05. Prism 8 (GraphPad, CA, USA) and Excel (Microsoft, Redmond, WA, USA)
were used to perform the calculation and statistical analysis.
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5. Conclusions

Here we elucidated the structural and functional impact of six CYP21A2 variants
(p-P35L, p.L199P, p.W202R, p.E352V, p.P433L, and p.R484L) with unknown profiles via
in silico and in vitro enzyme analysis. We showed a good correlation between in silico
and in vitro functional studies for structural and conserved variants. However, residues
with specific roles have ambiguous results, e.g., for the catalytic site, as the homology has
a high weight for most of the predictor tools. Especially in these cases, the functional assay
to access the enzyme activity was decisive to assign the damage caused by that variant.
These results also emphasize the relevance of using multiple algorithms together with
functional assays, especially when it is not possible to establish correlations with the
phenotype based solely on bioinformatics predictions.
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Figure S1. Specific 21-hydroxylase (210H) protein expression by western blot. Cells from the
functional and kinetic assay were collected and lysed. The total protein was measured through Pierce
Coomassie Plus (Bradford) Assay Kit. Seven g of total protein were loaded on an SDS-PAGE gel
and then transferred to a PVDF membrane. Two primary antibodies were used, a mouse monoclonal
anti-flag for the 210H (53 KDa) and a mouse monoclonal anti-f-actin for the normalizing gene [3-
actin (42 KDa). One secondary antibody was used, IRDye 800CW-conjugated donkey-anti-mouse.
The fluorescence signal was detected with Odyssey SA Infrared Imaging system. (A) 210H protein
from the functional assay with all variants. Western blot was performed for one sample of the
technical triplicate. (B) 210H protein from the kinetic assay. Western blot was performed for one
sample of the biological triplicate. NC, negative control (basal HEK293 cells); WT, 210H wild type.
Original western blot used for analysis of proteins. D. Image analysis of western blot.
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Figure S2. Thin layer chromatography (TLC) from the kinetics assays with P35L, L199P and P433L.
The 21-hydroxylase activity was measured by the conversion of progesterone (Prog; P) (0.1,0.3,1, 3
and 5 uM) with 15,000 cpm of [“C]-Progesterone into 11-deoxycorticosterone (DOC) radioactive.
Three biological replicates were performed. WT, wild type.
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Figure S3. Plot of the 21-hydroxylase specific activity. The specific activities are expressed by the
enzyme activity obtained from the TLC spot densitometry by the specific protein estimated through
western blot. Results are from a technical triplicate, and all calculations were done on GraphPad

software.
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Table S1. Hydrogen-bounds of each wide-type residues studied on the CYP21A2 structure. The
CYP21A2 structure was built on I-TASSER based on the x-ray crystallography structure deposited
on PDB under the ID 4YSW. Hydrogen bonds were calculated with the Optimal Hydrogen Bounding
Network tool on WHAT-IF web (https://swift.cmbi.umcn.nl/servers/html/index.html).

Amino acid1 | Atom1 | Aminoacid2 | Atom2 | Distance 1-2 (A)
LEU 199 N ILE 195 @) 3.11
LEU 199 @) SER 203 N 3.00
TRP 202 N VAL 198 @) 3.00
GLU 352 N ALA 348 @) 2.99
GLU 352 OE2 ARG 355 NE 2.80
GLU 352 OEl ARG 355 NH1 2.78
GLU 352 @) LEU 356 N 2.97
GLU 352 OEl TRP 406 N 2.86
PRO 433 ©) ALA 435 N 2.64
ARG 484 N GLN 482 @) 3.07
ARG 484 N ALA 449 ©) 2.98
ARG 484 @) MET 486 N 2.96

Table S2. Hydrogen-bounds of the variants studied on the CYP21A2. The complete CYP21A2
protein structure based on the PDB ID 4Y8W was mutated on STRUM (one mutation per structure).
Hydrogen bonds were calculated with the Optimal Hydrogen Bounding Network tool on WHAT-
IF web (https://swift.cmbi.umcn.nl/servers/html/index.html).

Aminoacid1 | Atom1 | Aminoacid2 | Atom2 | Distance 1-2 (A)
PRO 199 ©) SER 203 N 2.79
ARG 202 N VAL 198 ©) 3.02
VAL 352 N ALA 348 ©) 2.97
VAL 352 ©) LEU 356 N 291
LEU 433 ©) ALA 435 N 3.16
LEU 484 N ALA 449 ©) 2.85
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Table S3. Table of missense variants known in NCBI database at the amino acid positions in
CYP21A2 described in our study. Gene: CYP21A2. mRNA: NM_000500.7 Protein: NP_000491.4
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https://www.ncbi.nlm.nih.gov/nuccore/NT_007592.16?report=graph&m=31980072&v=31980022:31980122&c=3366FF&theme=Details&flip=false&select=null&content=5&color=0&decor=0&layout=0&spacing=0
https://www.ncbi.nlm.nih.gov/nuccore/NM_000500.7?report=graph&v=862:962&content=5&m=912&dispmax=1&currpage=1
https://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=752306014
https://www.ncbi.nlm.nih.gov/protein/NP_000491.4?report=graph&v=219:319&content=5&m=269
https://www.ncbi.nlm.nih.gov/nuccore/NT_007592.16?report=graph&m=31980521&v=31980471:31980571&c=3366FF&theme=Details&flip=false&select=null&content=5&color=0&decor=0&layout=0&spacing=0
https://www.ncbi.nlm.nih.gov/nuccore/NM_000500.7?report=graph&v=1111:1211&content=5&m=1161&dispmax=1&currpage=1
https://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=771822460
https://www.ncbi.nlm.nih.gov/protein/NP_000491.4?report=graph&v=302:402&content=5&m=352
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https://www.ncbi.nlm.nih.gov/nuccore/NM_000500.7?report=graph&v=1336:1436&content=5&m=1386&dispmax=1&currpage=1
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https://www.ncbi.nlm.nih.gov/protein/NP_000491.4?report=graph&v=383:483&content=5&m=433
https://www.ncbi.nlm.nih.gov/nuccore/NT_007592.16?report=graph&m=31981097&v=31981047:31981147&c=3366FF&theme=Details&flip=false&select=null&content=5&color=0&decor=0&layout=0&spacing=0
https://www.ncbi.nlm.nih.gov/nuccore/NM_000500.7?report=graph&v=1507:1607&content=5&m=1557&dispmax=1&currpage=1
https://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=759736443
https://www.ncbi.nlm.nih.gov/nuccore/NT_007592.16?report=graph&m=31981098&v=31981048:31981148&c=3366FF&theme=Details&flip=false&select=null&content=5&color=0&decor=0&layout=0&spacing=0
https://www.ncbi.nlm.nih.gov/nuccore/NM_000500.7?report=graph&v=1508:1608&content=5&m=1558&dispmax=1&currpage=1
https://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=200005406
https://www.ncbi.nlm.nih.gov/protein/NP_000491.4?report=graph&v=434:534&content=5&m=484
https://www.ncbi.nlm.nih.gov/protein/NP_000491.4?report=graph&v=434:534&content=5&m=484
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Abstract:

Context: CYP21A2 deficiency represents 95% of congenital adrenal hyperplasia cases
(CAH), a group of genetic disorders that affect steroid biosynthesis. The genetic and
functional analysis provides critical tools to elucidate complex CAH cases. One of the

most accessible tools to infer the pathogenicity of new variants is in silico predictions.

Objective: Analyze the performance of in silico prediction tools to categorize missense

single nucleotide variants (SNVs) of the CYP21A2.

Methods: SNVs of the CYP21A2 characterized in vitro by functional assays were selected
to assess the performance of online single and meta predictors. SNVs were tested
separately or in combination with the related phenotype (severe or mild CAH form). In
total, 103 SNVs of the CYP21A2 (90 pathogenic and 13 neutral) were used to test the

performance of 13 single-predictors and four meta-predictors.

Results: SNVs associated with the severe phenotypes were well categorized by all tools,
with an accuracy between 0.69 (PredictSNP2) and 0.97 (CADD), and Matthews'
correlation coefficient (MCC) between 0.49 (PredicSNP2) and 0.90 (CADD). However,
SNVs related to the mild phenotype had more variation, with the accuracy between 0.47
(S3Ds&GO and MAPP) and 0.88 (CADD), and MCC between 0.18 (MAPP) and 0.71

(CADD).

Conclusion: From our analysis, we identified four predictors of CYP21A2 pathogenicity
with good performance. These results can be used for future analysis to infer the impact

of uncharacterized SNVs' in CYP21A2.

Keywords: online prediction; CYP21A2; mutation analysis; pathogenicity prediction.
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Introduction

One of the most common autosomal recessive genetic disorders is the impairment of
21-hydroxylase (CYP21A2). This enzyme deficiency represents about 95% of the
congenital adrenal hyperplasia (CAH) cases, a group of enzymatic disorders that affects
cortisol biosynthesis. The CYP21A2 enzyme is a member of the cytochrome P450 family
(CYPs) and catalyzes the conversion of 17-hydroxyprogesterone (170HP) into 11-
deoxycortisol and progesterone into 11-deoxycorticosterone. Other enzymes

subsequently convert these steroids into cortisol and aldosterone, respectively .

Clinically, the CYP21A2 deficiency in humans has a wide spectrum of phenotypes, from
severe to mild or asymptomatic 3. The classical severe CAH has salt-wasting (SW) and
simple-virilizing (SV) forms. The classical SW form has no enzyme activity and is related
to severe virilization and electrolyte dysregulation. In contrast, the classical SV form has
enough residual enzyme activity to prevent adrenal crisis 2. The mild CAH is the non-
classical (NC) form of CAH and has a partial CYP21A2 activity associated with
hyperandrogenism and mild late-onset CAH 3. Furthermore, there is a relatively good
genotype-phenotype correlation for CYP21A2 deficiency, which allows the variants
categorization according to the residual enzyme activity (obtained from in vitro studies)
and their expected phenotype 3. The classical CAH has less than 10% of wild-type (WT)
enzyme activity in 95% of the cases, while the NC form has an activity between 10-78%

of the WT in 90% of the cases “.

The CYP21A2 gene is a tandemly arranged module (RCCX: RP-C4-CYP21-TNX) and shows
96-98% of sequence identity with its pseudogene, CYP21A1P >. These features make the

CYP21A2 gene complex, with many different types of mutations - from single nucleotide
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variants (SNVs) to genetic rearrangements - and contribute to the fact that most carriers
have compound heterozygous mutations 3. However, only ten mutations described in
the general population are sampled by CYP21A2 deficiency screening programs. The
whole gene sequence analysis by Sanger sequencing is an alternative method for

exceptional cases due to the cost and time-consuming nature of such studies ®”.

So far, with the whole CYP21A2 gene sequencing, genetic studies have reported more
than 1,300 variants for the CYP21A2 gene. Out of the 230 variants reported as affecting
human health, 153 are missense variants *. The advancement of next-generation
sequencing (NGS) to analyze a large number of genes has facilitated the detection of
rare single nucleotide variants (SNVs) and single nucleotide polymorphisms (SNPs). A
few years ago, this technology was not applied to screen the CYP21A2 gene due to its
high sequence identity with CYP21A2P which hampers the proper analysis of this
genomic region °. However, recently some groups have found alternative ways to
perform NGS for the CYP21A2 gene through a combination with other methods, such as
Multiplex ligation-dependent probe amplification &°. These genetic analysis strategies
of the CYP21A2 gene with the NGS technology represent a promising tool for the future,
opening the windows to identify new variants while improving the diagnosis of CYP21A2

deficiency, and establishing a more reliable estimate of mutation frequencies.

The gold standard method for the characterization of new variants is in vitro functional
assay. However, this approach takes too much time, and it is not viable for all-new
variants detected. One of the most accessible tools to predict the pathogenicity variants
is the in silico analysis, which usually has free access, a friendly interface, and provides
quick results. Many online predictors available have different features and approaches,

from single characteristic analysis to meta-predictors with different compositions and



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

106
algorithms. Some studies have shown the general performances of these tools against a
whole database with few predictors %1, However, studies with variants on protein-
specific analysis showed that general analysis results cannot be extrapolated for all
proteins as each protein has unique characteristics, which is a key limitation of predictor
programs 12714, Therefore, it is essential to be careful when choosing the prediction tools

and to consider their variable accuracies for each gene 1.

The present study investigates the performance of online predictor tools to classify
missense SNVs of the CYP21A2. Missense SNV is the most common group of variants in
the human genome, one at every kilobase. In the CYP21A2 gene, this type of SNV
represents about 60% of the variants on The Human Gene Mutation Database (HGMD,
RRID:SCR_001888)°® and 65% of the affecting human health 4. Additionally, missense SNV
is one of the hardest variant types for interpretation #'>16, In total, we tested 17
predictors with multiple algorithms approaches and datasets. Thirteen of these were
based on single features: CADD (RRID:SCR_018393)*7, ConSurf (RRID:SCR_002320) 18,
DANN %, FATHMM 2°, MAPP (RRID:SCR_014375) 2!, MutPred2 (RRID:SCR_010778) %2,
PANTHER-PSEP (RRID: SCR_005145) 23, PhD-SNP# (RRID: SCR_010782) 24, PolyPhen-2
(RRID:SCR_013189) 2>, PROVEAN (RRID: SCR_002182) ?¢, SIFT (RRID:SCR_012813) 2/,
SNAP2 (RRID:SCR_002127) 28, and SNPs&GO (RRID:SCR_005788)?°. Four meta-
predictors: PredictSNP 39, PredictSNP2 31, Meta-SNP 32, and S3Ds&GO 32) (Figure 1). We
excluded nonsense and frameshift variants from our analysis since they have specific

settings in many predictors and a high agreement ratio between tools.

Materials and Methods
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SNVs selection and categorization

To select CYP21A2 missense single nucleotide variants (SNVs) with clinical significance,
we used the list of variants reported to affect human health, as reviewed by *.
Complementarily, we searched for SNVs reported by dbSNP, Ensembl, and GeneCards
applying the following filter when present: “missense”, clinical significance
“pathogenetic” or “benign”, “without conflicting interpretation”, and “human or homo
sapiens”. We excluded nonsense and frameshift mutations. In addition, we performed

a cross-check of the databases with original articles or reviews to remove variants

without the enzyme activity data available.

To standardize the effect of the SNVs selected, we categorized them into three groups
according to the CYP21A2 activity for at least one of the steroids: classical (CL),
nonclassical (NC), and neutral. The CL group has SNVs with the CYP21A2 activity level <
10 % relative to WT, the NC group has SNVs with the activity level between > 10% and <
78 % relative to WT, and the neutral group has SNV with the enzyme activity > 78 %
relative to WT. The CAH group is composed of all SNVs from the CL and NC. The enzyme
activity's mean and standard deviation (SD) were calculated by steroid and mutation

groups.

Predictor tools selection

To choose predictors with different features, we reviewed the literature for software
applied to in silico analysis of SNP or SNVs. Predictors used in more than two studies by
different research groups or significant performance in a large study were selected. In

addition, we filtered for tools with free access and online availability, thus not requiring
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local powerful computational resources. Characteristics of each predictor chosen are

shown in Tables S1 and S2.

Data treatment

The default setting for missense mutation was used on all predictors. However, when
there was no set instruction for that purpose highlighted on the program, we followed
the developers' recommendation from the tutorial or original paper. In addition, three
scores were extracted indirectly from meta-predictors: MAPP (v.28.6.2005) and SIFT
(v.4.0.4) score were obtained from PredictSNP, and DANN (v.1.2) score from
PredictSNP2. For statistical purposes, we standardized two variables for the outputs of
all the predictors: "damage" for SNVs with the potential to affect CYP21A2 and "neutral"
for SNVs with no or very low potential to affect the enzyme. The following outputs were
standardized as "damage": score > 0.5 to Meta-SNP, SNP&GO, S3D&GO, MutPred2,
FATHMM-MKL (weighted) and PhD-SNPg; "deleterious" message to PredictSNP,
PredictSNP2, MAPP, and SIFT; score > 0.9 to DANN; score > -2.5 to PROVEN; score > 10
to CADD (GRCh38-v1.5-6); score > 0.45 PolyPhen-2 (HumVar); score < 0 to ConSurf; score
> 0 to SNAP2; and score > 450 millions of years to PANTHER. Otherwise, we classified

the outputs as "neutral".

Analytical parameters

We analyzed the performance of each predictor in two ways. Firstly, to assess the
performance to discriminate the effect of CYP21A2 SNVs, we compared SNVs of the CAH
group with the neutral group. Secondly, to get the number of hit and miss per group, we

analyzed CL and NC groups separated against the neural group. We used Microsoft Excel
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176  for the data organization and, together with IBM SPSS Statistic software v.2.1, we
177 performed the statistical analysis.
178  Statistical methods
179  We considered true positive (TP) result for correct "damage" prediction, true negative
180  (TN) for correct "neutral" prediction, false positive (FP) for incorrect "neutral"
181 prediction, and false-negative (FN) for incorrect "damage" prediction. We calculated the
182 positive predictive values (PPV) to access the ratio of TP results for all positive results
183 (Egn. 1), and negative predictive values (NPV) to the ratio of TN for all negative results
184  (Egn. 2).
185
186  ppy= —F (1)

TP+FP

TN

w7 NPV= (2)
188
189  The proportion of correct SNVs identified as harmful was assessed with the sensibility
190  (Se) equation (Egn. 3), while the correct neutral identification was assessed with the
191 specificity (Sp) (Eqn. 4). Besides that, we obtained the accuracy (Ac) by the ratio of true
192 results (TP and TN) (Egn. 5). The accuracy was classified as excellent (0.9 < Ac < 1.0),
193 good (0.8 < Ac < 0.9), fair (0.7 < Ac < 0.8), and not good (0.6 < Ac< 0.7).

TP
194 Se= TP+FN (3)

TN

Sp=
195 P TN+FP (4)
Ac= TP+ TN

196 €= 10 Fpy TN4FN (5)
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Finally, we applied the Matthews' correlation coefficient (MCC) to measure the two-
class quality (harmful and neutral). This method is suitable for imbalanced data and has
been used to evaluate in silico prediction approaches. MCC score ranges from 1 (perfect
prediction) to -1 (total disagreement between the result predicted and the observed),

being 0 no better than random prediction (Eqn. 6) (Chicco et al., 2021).

TPXTN —FP XFN

MCC= /(TP+FP)(TP+FN)(TN+FP)(TN+FN) (6)

Results

Data of the selected SNVs

From variants in the CYP21A2 gene reported on the literature and databanks, we
selected missense SNVs with clinical significance (criteria described in section 4.1). We
obtained 96 valid SNVs out of 299 missense variants in the list [4], 85 out of 614 missense
variants in dbSNP, 66 out of 459 missense variants in Ensembl, 45 out of 71 missense
variants in GeneCards, 47 out of 83 missense variants in ClinVar, 26 in OMIM, and 81 in

UniProt databases.

By removing SNVs that were duplicated and with no functional characterization, we
obtained 103 SNVs, 51 classified as classical, 39 as non-classical, and 13 as neutral. The
SNVs selected with the respective enzyme activity are described in Table S3. All studies
presented the CYP21A2 activity measured by the hydroxylation of 170HP, while 86 also
measured progesterone hydroxylation. Mutations of the CL group have the mean
enzyme activity for the 170HP hydroxylation of 1.5 + 2 (SD)% and the progesterone

hydroxylation of 1.3 + 1.6%. While mutations of the NC group have 170HP hydroxylation
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activity of 42.9 + 23% and progesterone hydroxylation activity of 37.4 + 21%. Finally,
mutations in the neutral group have 170HP hydroxylation activity of 100.17 + 11% and

progesterone hydroxylation activity of 94.1 + 8.25%.

General analysis of mutation groups

We obtained 22 SNVs in the CYP21A2 gene with the correct prediction for all tested
predictors, although the exact number was incorrectly predicted for at least half of them
(Table S3). There was no SNV wrongly predicted by all predictors. We compared the hit
and miss by the 17 predictors for all SNV affecting CYP21A2 activity, the CAH group, and
for all the non-pathogenic SNV of the neutral group. We showed that 22% (22 of 90)
SNVs from the CAH group obtained the correct score by all predictors, while 23% (21 of
90) were wrongly predicted by at least nine tools. The neutral group got 2 of its 13 SNVs
(15.4%) rightly mispredicted by all and one by nine predictors. Moreover, we divided the
SNV of the CAH group into the CL and NC groups. We got 37% (out of 51 SNVs) from the
CLand 2.6% (of 39 SNVs) from the NC groups SNVs correctly predicted by all tools. While
5.9% and 46% from CL and NC groups, respectively, were wrongly predicted by nine

tools.

Performance of predictors to identify SNVs detrimental to CYP21A2

We analyzed the performance of 17 predictors to identify the 90 SNVs that affect
CYP21A2 functionality against the 13 SNVs with neutral effect (Table 1). All the 17
predictors obtained a good PPV rate (> 0.90). However, only CADD (0.73) and DANN
(0.56) showed negative predictive values (NPVs) higher than 0.5. PANTHER-PSEP has no

result for the NPV, as it could not identify benign variants.
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We obtained both sensibility and specificity higher than 0.8 for three predictors, CADD
(se=0.96 and sp=0.85), ConSurf (se=0.88 and sp=0.90), and PolyPhen-2 (se=0.87 and
sp=0.85). Moreover, five predictors obtained the accuracy between excellent and good,
CADD (0.94), PANTHER-PSEP (0.91), DANN (0.89), ConSurf (0.88), and PolyPhen-2 (0.86)

(Table).

The MCC test showed positive values for that of almost all predictors (except by
PANTHER-PSEP), being five of them with the MCC > 0.5 (Table). The best performance,
value closer to +1, was obtained by CADD (0.75), followed by ConSurf (0.58), PolyPhen-
2 (0.57), DANN (0.56), and PROVEN (0.51). Figure 3 shows a Venn diagram of the four

predictors with better accuracy and MCC values.

Performance of predictors to identify SNVs affecting the specific CAH groups

We analyzed the performance of the selected predictors to identify 51 SNVs of the CL
group and 39 SNVs of the NC group against 13 SNVs with a neutral effect (Table).
Seventeen predictors obtained an excellent PPV rate (> 0.90) for the SNV CL group, 15
for the SNVs NC group. Four tools obtained excellent-good (> 0.8) NPV values for the CL
group: CADD (1.0), DANN (0.9), PolyPhen-2 (0.85), and ConSurf (0.82). However, for the

NC group, only CADD (0.73), DANN (0.6), and PolyPhen-2 (0.52) showed NPV > 0.5.

Taking the sensibility and specificity balance, we obtained 12 tools with excellent-good
values (>0.8) for the CL group (Table). However, for the NC group, only CADD (se=0.9
and sp=0.85) obtained both sensibility and specificity with excellent-good values (Table).
The accuracy was excellent for 7 predictors on CL group, CADD (0.97), ConSurf (0.95),

PolyPhen-2 and PROVEN (0.94), DANN and MutPred2 (0.92), and Meta-SNP (0.91); and
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good for four tools on NC group, CADD (0.88), DANN and PANTHER-PSEP (0.81), and

ConSurf (0.8).

Finally, the MCC test with positive values was obtained by almost all predictors (except
for PANTHER-PSEP). The MCC was higher than 0.5 for 16 predictors in the CL group and
five in the NC group (Table). For the CL and NC group, the same predictor, CADD, got the

MCC value closer to +1, being MCC=0.9 for the CL group and MCC=0.71 for the NC group.

Discussion

Genetics analysis is an essential approach for elucidating complex CYP21A2 deficiency
cases, mainly to confirm asymptomatic carriers and unfollow false-positive cases 78,
Therefore, fast and accessible tools to infer variants' pathogenicity are essential to
quickly deduce the harm of unknown variants. In silico prediction is one of the most

accessible tools to infer the pathogenicity of SNVs.

Here, for the first time, we analyzed the performance of in silico prediction tools to
discriminate pathogenic and neutral variants of the CYP21A2. We focus on the
performance of 13 single predictors and four meta predictors chosen accordingly with
the popularity and performance of free access programs. All these programs were able
to identify pathogenic variants. Nonetheless, only PANTHER-PSEP could not distinguish
neutral variants, which is unacceptable for testing variants of the CYP21A. Moreover, all
tools showed better performance with variants of the CL group than the NC group, as

expected, since the CL group gathers the most harmful variants.

Our databank for performance tests comprises all missense variants of the CYP21A2 that
are functionally characterized. With this strategy, we could get a more realistic result on

the prediction evaluation. However, the number of variants was imbalanced between
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the two categories, 90 pathogenic and 13 neutral. Therefore, the primary statistics data
considered for the performance evaluation were the accuracy and MCC, which consider
all values (TP, TN, FP, and FN) 3435, As sensibility and specificity are calculated with half
of the information, they cannot represent all the performance by themselves, so we
considered the sensibility-specificity balance. Additionally, we also calculated PPV and
NPV but, as both are more sensitive to data balance, they were not considered for the

program performance 34,

The main feature assessed by most single predictors tested is the evolutionary data since
residue conservation over time can indicate critical residues for the protein function.
Four of the tools tested use only this feature for the prediction calculation, FATHMM 29,
PhD-SNPg 24, PROVEAN 25, and SIFT ?’. A similar performance was obtained between
these four tools, with a fair accuracy ranging from 0.73 (FATHMM) to 0.79 (SIFT), and
MCC from 0.42 (PhD-SNPg) to 0.51 (PROVEAN). Additionally, SIFT had the most excellent
sensibility-specificity balance between them, similar to the performance shown by ?7. In
1 with HSD17B3, NR5A1, AR, and LHCGR genes, SIFT and PROVEAN also had the same
performance, with an accuracy of 0.74-0.75, and MCC of 0.5. In 2, SIFT and PROVEN
showed the best results between nine programs tested for GJB2, GJB6, and GJB3 genes,
with an accuracy of 0.89, while FATHMM produced a large number of erroneous
predictions with an accuracy of 0.33. FATHMM also had poor performance in another

study, with an accuracy of 0.56 and MCC of 0.04 14,

Changes in the secondary and tertiary structure by missense mutations are likely to
affect the protein activity 8. Therefore, it is no surprise that the second most evaluated
feature is the structural information, being present on ConSurf '8 MutPred2 22,

PolyPhen2 9, and SNAP2 28, In addition, ConSurf includes phylogenetics relationships,
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MutPred2 functional proprieties, and SNAP2 uses a matrix of effect probabilities with a
neural network method 82228, Meanwhile, PolyPhen2 has two trained datasets as
options, HumVar and HumDir. The first trained dataset is suggested for diagnostics of
Mendelian diseases, which requires variants with a drastic difference effect 2°.
Moreover, PolyPhen2 has a low dependency on the sequence alignment employed *°.
PolyPhen2 showed good prediction performance (ac=0.88, MCC=0.64), with the same
sensibility but better sensibility-specificity balance than reported in 1°. ConSurf obtained
similar performance with the setting used in or test (ac=0.88, MCC=0.58). Since the
ConSurf setting is chosen for the alignment sequences, databank, and algorithms, the
performance is not comparable with other studies, as it was reported by ConSurf’s
developers 8. On the other hand, MutPred2 and SNAP2 both had sensibility-specificity
imbalanced of 1.4 and 1.5-folds, respectively, and almost the same fair performance.
However, these values were relatively better than reported for MutPred2 by 2% with
Clinvar and UniProt database and SNAP2 by %2 with a databank with more than 9,500

variants from human genes.

Talking about meta predictors, which work with many databank sources and combine
outputs from other predictors to generate their own, we expected to obtain one of the
best performances. However, counterintuitively, our study showed an intermediate
performance compared with the single predictors tested, and the number of tools
combined was not related to the prediction improvement. Meta-SNP and PredictSNP
performance were better than PredictSNP2 and S3Ds&GO. Furthermore, comparing
with the developer tests, we obtained for Meta-SNP 32 and PredictSNP 3 a similar
accuracy, while the performances for PredictSNP2 3! and S3Ds&GO 33 were lower. Meta-

SNP and PredictSNP share three single predictors, PhD-SNP, SNAP, and SIFT.
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Therefore, for the CYP21A2 variants tested, the best performance to categorize
missense variants pathogenicity was CADD, with an overall accuracy of 0.94 (CL0.97; NC
0.88) and MCC of 0.75 (CL 0.9, NC 0.71). The specificity (0.85) and sensibility (0.9) also
got a good balance. Interestingly, the accuracy and specificity obtained for CYP21A2
were even higher than reported by the software developers '/ with the ClinVar
database, which was 0.85 and 0.57, respectively. ConSurf, DANN, and PolyPhen-2
showed a similar performance, holding the second-best results accordingly with the
accuracy (CAH group 0.86-0.89; CL 0.92-0.95; NC 0.77-0.81,) and MCC (CAH group 0.56-
0.58; CL 0.75-0.83; NC 0.51-0.56) values. The sensibility and specificity for ConSurf and
PolyPhen2 were well balanced, while DANN had 1.3-folds less specificity than
sensibility. The original article of DANN *° presents only the area under the curve (AUC)
ROC, which was 0.95 using the ClinVar database for the performance test. PolyPhen2
showed better sensibility-specificity balance for the CYP21A2 variants than the values
presented by 10, testing the tool with gene-specific mutations (BRCA1, MSH2, MLH1, and
TP52). We obtained a sensibility similar to 1°, but the specificity was lower, 0.85 and

0.60, respectively.

The individual error of the top four predictors was six on CADD, 12 on ConSurf, 11 on
DANN, and 14 on PolyPhen2. However, computing their prediction together, we would
have four false results from 103 missense SNV in the CPY21A2, one neutral (p.L13M),
and three pathogenic from the NC phenotype group (p.P106L, p.R225W, and p.M474l).
The variant p.P106L was correctly categorized by SNAP2 and PANTHER-PSEP. In turn,
PROVEAN?® could type the other three variants correctly, even with a lower sensibility
value than the other four tools, mainly for the pathogenic SNVs of the NC group (0.49).

Nonetheless, we obtained an intermediated performance with PROVEAN (ac=0.77;
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MCC=0.51), which could be because it uses the neighbourhood sequences as input,
which can be a trick for enzymes since they have some residues with high conservation
making critical connections between variable residues. Comparing with the developer’
test 26 with the UniProt database (se=0.78; sp=0.79), we had imbalanced sensibility-

specificity imbalanced, with similar overall sensibility (0.73) and higher specificity (1.0).

In conclusion, we could identify CADD, ConSurf, DANN, and PolyPhen2 as good programs
for missense variants prediction of the CYP21A2. Moreover, CADD had the best
performance also for identifying mild mutations from the NC group, followed by ConSurf
and DANN. These results may be applicable in the future analysis of new or

uncharacterized missense variants of the CYP21A2.
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Supplementary materials can be accessed at
https://www.biorxiv.org/content/10.1101/2021.12.21.473700v1.supplementary-
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TABLES LEGENDS

Table 1. Performance of 17 programs to predict the effect SNVs in the CYP21A2. We
performed the analysis with 103 functionally characterized variants, 90 damaging the
protein functionality, and 13 neutral—Color scores from blue (good result) to yellow
(not good). @ meta-predictor. nr, no result; PPV, positive predictive value; NPV, negative
predictive value; Se, sensibility; Sp, specificity; Ac, accuracy; MCC, Matthews'

correlation coefficient test.

Table 2. Performance of 17 programs for the specific CYP21A2 groups. We predict the
effect of SNVs in the CYP21A2 dividing them by the two levels of protein damage: the
severe (classical mutation, CL group) and mild (non-classical mutation, NC group). We
performed the analysis with 103 SNVs of known effect, 51 being CL, 39 NC, and 13
neutral. Color score from blue (good result) to yellow (not good). @ meta-predictor. nr,
no result; PPV, positive predictive value; NPV, negative predictive value; Se, sensibility;

Sp, specificity; Ac, accuracy; MCC, Matthews' correlation coefficient test.
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FIGURES LEGENDS

Figure 4. Composition of the four meta-predictors tested. The PredictSNP algorithm comprises
outputs of six single-predictors, the PredictSNP2 of six, the Meta-SNP of 4, and the S3Ds&GO of

three predictors.

Figure 5. The frequency of hit and miss was obtained for each SNV by mutation groups. Each
SNV (vertical list) was analyzed by seventeen predictors (horizontal measurement) performed
with the default setting for missense mutation. Please, refer to Table S4-S6 for future details.

TP, true positive; TN, true negative; FN, false negative; FP, false positive.

Figure 6. Venn diagram indicating overlaps of the hit for four predictors with good-excellent
performance for SNVs on CYP21A2. Total, indicate all 103 SNVs tested. (Image generated with

https://bioinformatics.psb.ugent.be/webtools/Venn/).



524

525

526

527

528

529

530

531

124
Table 1. Performance of 17 programs to predict the effect SNVs in the CYP21A2. We
performed the analysis with 103 functionally characterized variants, 90 damaging the

protein functionality, and 13 neutral—Color scores from blue (good result) to yellow

(not good).

Predictors TP FN TN FP PPV NPV Se Sp Ac MCC
PredictSNP 2 58 32 13 0 0.29
PredictSNP2? 44 46 13 O 0.22
Meta-SNP? 60 30 13 O 0.30
S3Ds&GO? 58 32 8 O 0.20
CADD 86 4 11 2 0.73
ConSurf 79 11 9 1 0.45
DANN 83 7 9 4 0.56
FATHMM 62 28 13 O 0.32
MAPP 54 36 10 2 0.22
MutPred2 62 28 13 O 0.32
PANTHER-PSEP 90 0 0 9 nr
PhD-SNPg 62 28 12 1 0.30
Ezlm’aernz' 79 11 12 1 0.52
PROVEAN 66 24 13 O 0.35
SIFT 70 20 11 2 0.35
SNP2 59 31 13 O 0.30
SNPs&GO 54 36 13 0 0.27

@ meta-predictor. nr, no result; PPV, positive predictive value; NPV, negative predictive
value; Se, sensibility; Sp, specificity; Ac, accuracy; MCC, Matthews' correlation

coefficient test.
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532 Table 2. Performance of 17 programs for the specific CYP21A2 groups. We predict the
533 effect of SNVs in the CYP21A2 dividing them by the two levels of protein damage: the
534  severe (classical mutation, CL group) and mild (non-classical mutation, NC group). We
535  performed the analysis with 103 SNVs of known effect, 51 being CL, 39 NC, and 13

536 heutral. Color score from blue (good result) to yellow (not good).

PPV NPV Se Sp Ac MCC

NC C NC NC c NC
0.34 - 0.36 0.52 - 0.35

0.33 0.61 0.33 0.50 0.49 0.33

Specifics groups

Cl NC d Cl NC d

PredictSNP 2@

PredictSNP22

Meta-SNP? 0.35
S3Ds&GO? 0.24

CADD 0.73

ConSurf 0.50 0.77

DANN 0.60

FATHMM 0.45 0.76 0.59

MAPP 0.29 0.18
MutPred2 0.36 0.38
PANTHER-PSEP nr nr
PhD-SNPg 0.39 0.38
Eﬁ'm’aernz' 0.52 0.52
PROVEAN 0.39 0.44
SIFT 0.42 0.40
SNP2 0.37 0.40
SNPs&GO 0.33 0.32

537 @ meta-predictor. nr, no result; PPV, positive predictive value; NPV, negative predictive
538  value; Se, sensibility; Sp, specificity; Ac, accuracy; MCC, Matthews' correlation

539 coefficient test.



540

541

542

Figure 1.

PredictSNP
MAPP PolyPhen2

PolyPhen

LR FitCons

PhD-SNP
FATHMM

GWAVA
PredicSNP2

SIFT

DANN
FunSeq2

PANTHER

SNPs&GO  S3D-PROF
S3Ds&GO

126



127

543 Figure 2.
544
I TP Group: Classical FN I TP Group: Nonclassical = FN
012345678 91011121314151617 012345678 91011121314151617
pin T, e .
FeTor o S e e T wy .
cest N o e
per . 0909090909090 o 09
cov EEERERSE R o e
ocer TR o T,
s I - .
o I 0 o 909090
viays AT . e 0
R o T .
R e . ———
verr I @4 o
i ——T
Sty
i
17N __ o I 0
S — 27 I —
“;2‘;‘3 —C L
[
o AT —
s T S —
sy N 40090909020 (Y°
T ——— R e
connr: V3591 w
o s i e T B R
O ——
I Rl
wise I o -
wiss I occ I 9
o T 94 o S
ek T oo D 09090909090
s e 0 oo DT 2000090909090
ORI e i i s oo s o DR c Pl . 50 2 A s e B D
T S v OO 1 4 5 e R e
rassH D o D 0909
pesrwy I $20 -9
rasre EEESRTSNE - e,
R —————— 7 T
o IS0 g e
ces NI o I 0909090
IR R v R e
oo N 4999999 I ™ Group: Neutral Ep
ranac ]
FERGadoll s i I i e e e gy . $ 0900
PR R e e e R e e e e PR R e
RERRCIN v e e e R R e TN 2 i e
TS Lo R A [ERTRRIN it v s o e s
Y & e R,
repen e pigar e e
rager e P RSN TER R A A A b i

545



128

546 Figure 3.

547

548

549



Supplemental Data

Meta analysis of variant predictions in congenital adrenal
hyperplasia caused by mutations in CYP21A2

Mayara J. Prado'>34, Rodrigo Ligabue-Braun®, Arnaldo Zaha'?#, Maria Lucia Rosa Rossettil*#,
Amit V. Pandey3* ¥

¥These authors contributed equally to this work.

'Graduate Program in Cell and Molecular Biology, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre
CEP 91501-970, Brazil. 2 Center for Biotechnology, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre
CEP 91501-970, RS, Brazil. 3 Department of Biomedical Research, University of Bern, Bern 3010, Switzerland. # Pediatric
Endocrinology Unit, Department of Pediatrics, University Children’s Hospital Bern, Bern 3010, Switzerland. °
Department of Pharmacosciences, Universidade Federal de Ciéncias da Saude de Porto Alegre (UFCSPA), Porto Alegre

CEP 90050-170, Brazil. ® Graduate Program in Molecular Biology Applied to Health, Universidade Luterana do Brasil

(ULBRA), Canoas CEP 92425-020, Brazil.

ORCiD numbers: M.J.P (0000-0003-0647-4429), R.L-B. (0000-0002-2555-9754), A.Z. (0000-0001-

6336-474X), M.L.R.R (0000-0002-9672-9394), and A.V.P (0000-0001-8331-5902).

https://boris.unibe.ch/id /eprint/162936

DOI: http://dx.doi.org/10.48350/162936

Int. J. Mol. Sci. 2022, 23, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms


https://boris.unibe.ch/id/eprint/162936

Table S1. Single predictors selected for performance analysis with CYP21A2 variants.

Single
Predictors

Description

Website

Ref.

CADD

Integrative annotation built based on diverse genomic
feature derived from surrounding sequence context, gene
model annotation, evolutionary constraint, epigenetic
measurements, and functional predictions.

https://cadd.gs.washington.
edu/

(1]

ConSurf

Algorithm  uses  phylogenetic  relationships among
homologous sequences and the specific dynamics of the
analyzed sequence with evolutionary models to estimate
the evolutionary rates of the amino acid of the
macromolecules and to map them onto the structure and/or
sequence.

https://consurf.tau.ac.il/

(2]

DANN

Deep neural network which takes non-linear relationships
among features based on diverse genomic derived from
surrounding sequence context, gene model annotation,
evolutionary constraint, epigenetic measurements, and
functional predictions.

https://cbcl.ics.uci.edu/publi
c_data/DANN/

FATHMM

Evolutionary  conservation algorithm  which  uses
homologous sequences with species-specific weighting to
predict the protein’s tolerance to missense variants.

http://fathmm.biocompute.
org.uk/

(4]

MAPP

A statistical framework predictor which uses protein
physicochemical characteristics of each amino acid position
on the evolutionary variation.

http://mendel.stanford.edu/
sidowlab/downloads/MAPP/
index.html

MutPred2

Machine learning-based to predict amino acid substitution
through evolutionary, structural, and functional proprieties.

http://mutpred.mutdb.org/

(6]

PANTHER-
PSEP

Predict using evolutionary preservation data, measuring
though the length of time estimation that a site has been
preserved.

http://www.pantherdb.org/t
ools/csnpScoreForm.jsp

(7]

PhD-SNPg

Machine learning algorithm for predicting SNVs in both non-
coding and coding regions through evolutionary data.

https://snps.biofold.org/phd
-snpg/

PolyPhen-2

It uses human protein evolutionary and structural data to
predict amino acid substitution effect on the protein stability
and functionality.

http://genetics.bwh.harvard.

edu/pph2/

(9]

PROVEAN

Predict the functional effect through amino acid exchange
evolutionary data and quality of the neighborhood
sequence alignment rather than the target position.

http://provean.jcvi.org/geno
me_submit_2.php?species=
human

(10]

SIFT

Predicts through sequence homology algorithm assuming
evolutionary conserved regions tend to be less tolerant.

https://sift.bii.a-
star.edu.sg/www/SIFT4G_vc
f_submit.html

(11]

SNAP2

A neural network method based on machine learning to
predict the variant effect in the molecular function through
evolutionary and structural protein data with an amino acid
substitution matrix of effect probabilities.

https://rostlab.org/services/
snap2web/

(12]

SNPs&GO

Predict using evolutionary data, profile and gene ontology
(biological process, cellular component and molecular
function). When protein function is not available, it run
PANTHER and PhD-SNP.

https://snps.biofold.org/snp
s-and-go/snps-and-go.html

(13]

130



131

Table S2. Performance of predictor tools.

Predictor PPV NPV Se Sp Ac McCC AUC-ROC Dataset Ref.
CADD 936 57.1 0.85 ClinVar (2015) [1]
DANN 0.95 ClinVar (2014) [3]
FATHMM (weighted) 0.85 0.8 078  0.87 0.82 0.65 SwissVar (2012) [4]
MAPP 0.626-0.767 Experimental studies [5]
Meta-SNP 0.79 0.8 0.8 0.79 0.79 0.59 0.86 SwissVar (2009-2012) [14]
MutPred2 96 423 95.6 84.9 ClinVar32 (2015) and UniProt80 (2015) [6]
PANTHER-PSEP 0.721 Derived from SwissVar [7]
PhD-SNPg 085 085 0.94 0.67 0.85 0.65 0.91 NewClinvar (2016) [8]
PolyPhen-2* 0.85 0.6015 0.79 Mutations on the genes BRCA1, MSH2, MLH1 and TP53 [15]
PredictSNP 0.642 0.281 0.7 Protein Mutant Database (07Mar26) [16]
PredictSNP2 0.773 0.55 0.804 Mendelian diseases (multiple databases) [17]
PROVEAN 0.78 0.79 UniProt human protein [10]
SNPs&GO 0.83 0.8 0.78 0.85 0.82 0.63 Derived from Swiss-Prot (2008) [13]
SIFT 4G 0.8 0.735 0.7732 0.53 UniRef90 (2011) [11]
SNAP2 0.688 0.24 Data set consisting of 9,657 variants from 678 human proteins [12]
SNP&GO3d 0.84 0.86 0.87 0.83 0.85 0.7 0.92 Derived from Swiss-Prot (2009) [18]

*Data from an article recommended on the original developer article. PPV, positive predictive value; NPV, negative predictive value; Se, sensibility; Sp, specificity; Ac, accuracy; MCC, Matthews'
correlation coefficient test.
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Table S3.List of the 103 single nucleotide variants (SNVs) on CYP21A2 gene selected to test the
performance of predictor tools. SNVs are grouped into classical (enzyme activity < 10%), non-
classical (between 10 and 78 %) and neutral (> 78 %) groups. The enzyme activity levels of both
21-hydroxylase substrates - 17-hydroxyprogesterone and progesterone - were obtained from the
original paper of the functional characterization. The phenotype was obtained from either the
same paper or the original description of the new SNV.  Shows the percentage of enzyme activity
measured for the conversion of both 21-hydroxylase substrates, considering as 100 % the 21-
hydroxylase wild type activity. 170HP: 17-hydroxyprogesterone. SW: salt wasting. SV: simple-
virilizing. NC: non-classical. ND: non-determinate.

CYP21A2 Activity in vitro
Group NP_000491.4 170HP? SD (%) Progesterone SD () Phenotype Publication

cL p.P31Q 0.2 0.2 0 0 SW [19]
p.G57R 0.7 ND 1.4 ND sV [20]
p.G65E 0 ND 0 ND SW [21]
p.178T 3 2 5 3 sV [22]
p.GI1V 0 ND 0 ND SW [23]

p.L108R 0.4 ND 0.3 ND SW [20]
p.S114F 4 1 4 2 sV [24]
p.L123P 1.42 2.13 -1.86 5.19 SwW [25]
p.V140E 0.7 1.3 0.5 0.6 SW [26]
p.L143P 0.4 0.4 SW [20]
p.C148R 43 0.9 3.6ny 1.8 SV-NC  [26]
p.L167P 0.3 0.06 0.4 0.6 SW [27]
p.L168P 0.7 ND 0.4 ND SW [28]
p.C170R 0.1 0.02 0 2 SW [29]
p.1172N 0.7 0.3 0.6 0.03 sV [30]
p.1173N 43 1.7 4.4 1.8 sV [28]
p.G179R 0.4 0.5 0 0.6 SW [29]
p.R234G 8 2 2 1 SV-NC  [31]
p.1237N 1 0.7 2.4 1.4 sV [32]
p.V238E 0 0 0.1 0.3 SW [32]
p.V282G 3.9 1.7 3.9 2 sV [33]
p.H283N 1.6 6 2.7 5 SW [34]
p.G292C 0 ND 0 ND SW [23]
p.G292R 0.5 0.7 0.7 0.2 SW [26]
p.G292S 0.8 0.4 0.8 0.4 SW [35]
p.G293D 0.5 0.2 0.7 0.4 SW [28]
p.L301F 9.5 6.4 4.4 2.5 sV [33]
p.W303S 3 0.3 3 0.5 SV-NC  [36]
p.W303R 0.1 0.2 0 0.5 SW [29]
p.L309F 0.2 03 0.1 0.3 sSW [26]
p.E321K 4.6 1.8 4.5 2.6 sV [28]
p.R342P 0.7 03 0.7 0.2 sV [30]
p.R342W 5 0.4 4 3 SV-NC  [31]
p.E352K 1.1 0.5 1.2 0.3 sV [37]
p.R355H 0 ND 0 ND SW [23]
p.R357P 0.15 03 0.15 0.3 sSwW [38]
p.R357Q 0.65 0.44 1.1 0.94 sV [38]
p.R357W 0 ND 0 ND SW [39]
p.A363V 0 ND 0 ND SW [21]
p.G3765 1.6 0.8 0.7 0.7 SW [40]

p.L389R 11 0.6 ND ND SW [41]
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CL p.H393Q 2.5 0.6 2.2 0.6 Sw [42]
p.R409C 13 0.5 SwW [20]
p.G425S 1.6 0.4 2 0.6 SV [28]
p.R427C 0 0.5 0 0.6 SwW [29]
p.R427H 0.5 0.6 0.4 0.2 SW-SV [30]
p.L447pP 0.5 0.6 0 0.1 SW-SV [30]
p.T451P 0.9 ND 0.9 ND Sw [24]
p.P464L 2.6 0.8 3 0.5 SV [43]
p.R484P 1 0.07 2.2 0.9 SV [35]
p.R484Q 11 0.7 3.8 1.9 SV [27]

Mean 1.52 1.32
SD 2.00 1.61

NC p.P31L 13 0.2 2 0.6 NC [31]
p.H63L 44.5 ND 20.7 ND NC [20]
p.P106L 62 9 64 12 NC [44]
p.H120R 31.6 8 325 7 NC [45]
p.K122Q 14 5 19.5 4 NC [46]
p.R133C 354 7.4 15.5 2.7 NC [47]
p.E141K 11.3 2.4 ND ND SwW [41]
p.R150C 35.8 14.6 47.3 12.9 NC [47]
p.R150P 23.4 1.7 16.9 2 NC [48]
p.M151R 17.66 1.87 4.57 1.96 NC [25]
p.G179A 19 ND ND ND NC [23]
p.Y192H 37.1 7 25.8 9 NC [34]
p.I1195N 33.2 9 46.7 10 NC [45]
p.R225W 51.9 9 45.6 8 NC [49]
p.1231T 63.1 22.3 70.6 17 NC [28]
p.R234K 15 ND 8.1 ND SV-NC [28]
p.vV282L 18 3 18 5 NC [31]
p.M284V 16.2 9.3 19 6.8 NC [47]
p.V305M 46 18 26 10 NC [50]
p.F307V 63.23 5.5 64.17 7.98 SV-NC [51]
p.D323G 18 1.2 27 4.7 NC [36]
p.R340H 67.1 2.4 45.8 3.7 NC [52]
p.V359I 72 7 34 3 NC [53]
p.H366N 46.13 4.8 57.77 3.69 NC [51]
p.R367C 37 7 28 4 NC [31]
p.R370Q 82 6 63 4 NC [53]
p.R370W 45.8 1.8 48.5 17.1 NC [28]
p.D378Y 81 6 58 4 NC [53]
p.E381D 30 ND ND ND Sw [54]
p.A392T 38.7 9.5 22.9 4.7 NC [55]
p.D408N 72.7 7 73.6 10 NC [49]
p.E432K 26.2 3.8 24.2 7.4 NC [47]
p.A435V 14 2 12 6 N [22]
p.T451M 78 6 43 5 NC [24]
p.P454S 38 ND 22.4 3 NC [31]
p.L462P 55 8 40 2 NC [53]
p.M474| 85 7 66 12 NC [31]
p.R480L 75.5 15.7 79.6 12 NC-Normal [55]
p.P483S 61 6 54 2 NC [31]

Mean 42.94 37.41
SD 22.59 20.98
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Neutral

p.L13M
p.A16T

p.R17C

p.R103K
p.A160T
p.D184E
p.S203G
p.V212M
p.M240K
p.A266S
p.A266V
p.P268L
p.S269T
Average
SD

99
100

95

119.7
126.6
100
85
99.5
95.4
90
92
97
103

100.17

10.92

22.5
29.9
ND

324
24.7

14

15

100
96

81

ND
ND
100
81
ND
97.7
104
100
87
ND

94.08
8.25

3

ND
ND
ND

ND
7.7
15
4.3

ND

Normal

Normal- very
mildNC
Normal- very
mildNC
Normal

Normal
Normal
Very mild NC
Normal
Normal
Normal
Normal
Normal
Normal

(24]
(24]

[24]

[41]
(41]
(56]
[24]
[41]
(32]
(31]
(36]
[24]
(57]
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Table S4. Result of 17 predictors for 51 classical single nucleotide variants (SNVs) on the CYP21A2 gene. The classical group has an enzyme activity of
< 10% of the wild-type activity. The genomic SNV nomenclature is based on the human chromatin remodeling 38 (Chr38). Del: deleterious; N: Neutral;
Pby: Probably; Psb: Possible; B: Benign; Dse: Disease; Efc: Effect; P-Del: Proxy-deleterious; P-N: Proxy-neutral; Dmg: Damaging; T: Tolerated; Ptg:
Pathogenic; Csv: Conserved; V: Variable; NR: no result.

Chr38 SNP Meta | Predict | Predict | S3Ds& | CADD ConSurf | DANN FATHMM MAPP MutPred2 PANTHER PhD-SNPg PolyPhen2 PROVEAN | SIFT | SNAP2 | SNPs&
-SNP SNP SNP2 GO GO
g.32038514C>A p-P31Q Dse Del N Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc N;
8.32038591G>A p-G57R Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32038616G>A p-G65E Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32038752T>C p178T N Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby N N N N
g.32038791G>T p.-G91V Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32039124T>G p.L108R Dse Del N Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32039142C>T p-S114F Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby B Pby Del Del Efc Dse
8.32039169T>C p.L123P Dse Del N Dse P-Del Csv Del T Del Del Pby Ptg Pby Del Del Efc Dse
g.32039220T>A p-V140E Dse Del N Dse P-Del Csv Del T Del Del Pby Ptg Pby Del Del Efc Dse
8.32039229T>C p.L143P Dse Del N Dse P-Del Csv Del T Del Del Pby Ptg Pby N N N Dse
8.32039243T>C p-C148R N N N N P-Del Csv N Dmg Del Del Pby Ptg Psb Del N N N
8.32039408T>C p.L167P Dse Del N Dse P-Del v Del T Del Del Pby Ptg Pby Del Del Efc Dse
£.32039411T>C p-L168P Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby B Pby N N N Dse
g.32039416T>C p-C170R Dse Del N Dse P-Del Csv Del Dmg Del Del Pby B Pby Del Del Efc Dse
g.32039423T>A p1172N Dse Del N Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
§.32039426T>A pI173N Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
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Chr38 SNP Meta | Predict | Predict | S3Ds& | CADD ConSurf | DANN FATHMM MAPP MutPred2 PANTHER PhD-SNPg PolyPhen2 PROVEAN | SIFT | SNAP2 | SNPs&
-SNP SNP SNP2 GO GO
§.32039443G>A p-G179R Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32039797A>G p-R234G Dse N N Dse P-Del Csv Del T N Del Pby B Pby Del Del Efc Dse
g.32039807T>A p1237N Dse Del N N P-Del v Del T Del Del Pby Ptg Psb Del Del Efc Dse
g.32039810T>A p-V238E Dse Del N Dse P-Del Csv Del T Del Del Pby Ptg Psb Del Del Efc Dse
g.32040111T>G p-V282G Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
2.32040113C>A p-H283N Dse N N Dse P-Del Csv Del Dmg N N Pby Ptg Pby Del Del N Dse
§.32040140G>A p-G292S Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32040140G>C p-G292R Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32040140G>T p-G292C Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32040144G>A p-G293D Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32040167C>T p.L301F Dse Del Del Dse P-Del Csv Del Dmg N Del Pby B Pby Del Del Efc Dse
g.32040173T>C p-W303R Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32040174G>C p-W303S Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32040191C>T p.L309F N N Del N P-Del Csv Del Dmg N N Pby B Pby Del Del N N
8.32040427G>A p-E321K Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
£.32040490C>T p-R342W Dse Del N Dse P-Del Csv Del Dmg N Del Pby Ptg Pby Del Del Efc Dse
g.32040491G>C p-R342P Dse Del N Dse P-Del Csv Del T Del Del Pby B Pby Del Del Efc Dse
§.32040520G>A p-E352K Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32040530G>A p-R355H Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Psb Del Del Efc Dse




Continuation (Table S4)

137

Chr38 SNP Meta | Predict | Predict | S3Ds& | CADD ConSurf | DANN FATHMM MAPP MutPred2 PANTHER PhD-SNPg PolyPhen2 PROVEAN | SIFT | SNAP2 | SNPs&
-SNP SNP SNP2 GO GO
g.32040535C>T p-R357W Dse Del N Dse P-Del Csv Del T N Del Pby Ptg Pby Del Del Efc Dse
§.32040536G>A p-R357Q Dse Del Del Dse P-Del Csv Del Dmg N N Pby Ptg Pby Del Del Efc Dse
§.32040536G>C p-R357P Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
§.32040554C>T p-A363V N N N Dse P-Del Csv Del T N N Pby Ptg Pby N N N N
§.32040675G>A p-G376S Dse Del Del Dse P-Del Csv Del Dmg N Del Pby Ptg Pby Del Del Efc Dse
g.32040715T>G p-L389R Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32040728C>G p-H393Q N N N Dse P-Del Csv Del T N Del Pby B B Del Del Efc N
g.32040871C>T p-R409C Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Psb Del Del Efc Dse
§.32040919G>A p-G425S Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
g.32040925C>T p-R427C Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32040926G>A p-R427H Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
£.32040986T>C p-L447P Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby B Pby Del Del Efc Dse
8.32040997A>C p.-T451P Dse Del N N P-Del Csv Del T Del Del Pby Ptg Psb Del Del N N
£.32041037C>T p-P464L N N Del N P-Del Csv Del Dmg Del N Pby Ptg Pby Del Del N N
8.32041097G>A p-R484Q Dse Del Del N P-Del Csv Del Dmg N Del Pby Ptg Pby Del Del Efc N
£.32041097G>C p-R484P Dse Del N N P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
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Table S5. Result of 17 predictors for 39 non-classical single nucleotide variants (SNVs) on the CYP21A2. The non-classical group has an enzyme activity
between >10% and < 78% of the wild-type activity. The genomic SNV nomenclature is based on the human chromatin remodeling 38 (Chr38). Del:
deleterious; N: Neutral; Pby: Probably; Psb: Possible; B: Benign; Dse: Disease; Efc: Effect; P-Del: Proxy-deleterious; P-N: Proxy-neutral; Dmg: Damaging;
T: Tolerated; Ptg: Pathogenic; Csv: Conserved; V: Variable; NR: no result.

Chr38 SNP Meta- | Predict Predict S3Ds& CADD ConSurf DANN FATHMM MAPP MutPred2 PANTHER PhD- PolyPhen2 PROVEAN SIFT SNP2 SNPs&GO
SNP SNP SNP2 GO SNPg
g.32038514C>T p-P31L N N N N P-Del Csv N Dmg Del Del Pby Ptg B N N N N
8.32038610A>T p-H63L Dse N N N P-Del \Y% N T Del Del Pby B B N N Efc N
g.32039118C>T p-P106L N N N N P-N v N T N N Pby B B N N Efc N
8.32039160A>G p-HI20R N N N N P-Del Csv Del Dmg Del N Pby Ptg Pby Del Del Efc N
8.32039165A>C p-K122Q Dse Del N N P-Del Csv Del Dmg Del N Pby Ptg Pby Del Del Efc N
g.32039198C>T p-R133C Dse Del N Dse P-Del v Del T N N Pby Ptg Pby Del Del Efc Dse
g.32039222G>A p-E141K N N N N P-Del v Del T N Del Pby Ptg Psb N N N N
.32039356C>T p.R150C N N Del Dse P-Del Csv Del Dmg N N Pby B Pby N N N N
8.32039357G>C p-R150P Dse Del N Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby N N N Dse
8.32039360T>G p-MI51R Dse Del N Dse P-Del Csv Del Dmg Del Del Pby Ptg Psb Del Del Efc Dse
£.32039444G>C p-G179A Dse Del Del Dse P-Del Csv Del Dmg Del N Pby Ptg Pby Del Del Efc Dse
8.32039570T>C p-Y192H N N N N P-N Csv N T N N Pby B B N N N N
8.32039580T>A p.I195N N N N Dse P-Del Csv Del T N Del Pby Ptg Pby N Del Efc Dse
8.32039770C>T p-R225W Dse N N N P-N v N T N Del Pby B B Del N N N
£.32039789T>C p.1231T N N N N P-Del v Del T N N Pby B B N Del N N
§.32039798G>A | p.R234K N N N Dse P-Del Csv Del Dmg N N Pby Ptg Pby N Del Efc N
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Chr38 SNP Meta- | Predict | Predict | S3Ds& | CADD ConSurf | DANN FATHMM MAPP MutPred2 PANTHER PhD- PolyPhen2 PROVEAN | SIFT | SNP2 SNPs&GO
SNP SNP SNP2 GO SNPg

£.32040110G>T p-V282L N N N N P-Del Csv Del Dmg N N Pby Ptg Psb N N N N
8.32040116A>G p-M284V N N Del Dse P-Del Csv Del Dmg N N Pby Ptg Pby Del Del Efc Dse
g.32040179G>A p-V305M Dse N Del N P-Del Csv Del Dmg N N Pby B Pby N Del N N
§.32040185T>G p-F307v N N N Dse P-Del Csv Del Dmg N Del Pby B Pby Del Del N Dse
§.32040434A>G p-D323G Dse Del N N P-Del v Del T Del Del Pby B Pby Del Del N N
8.32040485G>A p-R340H Dse Del Del N P-Del Csv Del Dmg N Del Pby B Pby Del Del Efc Dse
2.32040541G>A p-V3591 N N N N P-Del Csv Del Dmg N N Pby B Psb N Del N N
g.32040562C>A p-H366N Dse Del N Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc N
2.32040565C>T p-R367C N N N N P-Del Csv Del T N Del Pby B B N N N N
g.32040574C>T p-R370W Dse Del N Dse P-Del Csv Del T Del N Pby B Pby Del Del Efc Dse
2.32040575G>A p-R370Q N N N N P-Del Csv Del T N N Pby B Psb N N N N
8.32040681G>T p-D378Y N N N N P-Del Csv Del T N Del Pby B Psb Del N N N
2.32040692G>C p-E381D N N Del N P-Del Csv Del Dmg N N Pby B B N Del Efc N
8.32040723G>A p-A392T N N Del Dse P-Del Csv Del Dmg Del N Pby B Pby N N N Dse
2.32040771G>A p-D408N N N Del N P-Del Csv Del Dmg N N Pby Ptg Pby N Del N N
£.32040940G>A p-E432K Dse Del Del Dse P-Del Csv Del Dmg N Del Pby Ptg Pby Del Del Efc Dse
g.32040950C>T p-A435V Dse Del Del Dse P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del Efc Dse
8.32040998C>T p-T451M N Del N N P-Del Csv Del T Del N Pby Ptg Psb Del Del N N
g.32041006C>T p-P454S N Del Del N P-Del Csv Del Dmg N N Pby Ptg Pby Del Del N N




Continuation (Table S5)

140

Chr38 SNP Meta- | Predict | Predict | S3Ds& | CADD | ConSurf | DANN | FATHMM | MAPP MutPred2 PANTHER PhD- PolyPhen2 PROVEAN | SIFT | SNP2 | SNPs&GO
SNP SNP SNP2 GO SNPg

g.32041031T>C p.L462P Dse Del Del N P-Del Csv Del Dmg Del Del Pby Ptg Pby Del Del N N

£.32041068G>T p-M4741 N N N N P-N v N T N N Pby B B Del N N N

£.32041085G>T p-R480L N N N N P-Del A% Del T N N Pby B B N N N N

£.32041093C>T p.P483S N N Del N P-Del Csv Del Dmg N N Pby Ptg Pby N Del Efc N
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Table S6. Result of 17 predictors for 13 neutral single nucleotide variants (SNVs) on the CYP21A2 gene. The neutral group has the enzyme activity
known as > 78% of the wild-type activity. The genomic SNV nomenclature is based on the human chromatin remodeling 38 (Chr38). Del: deleterious;
N: Neutral; Pby: Probably; Psb: Possible; Dse: Disease; Efc: Effect; P-Del: Proxy-deleterious; P-N: Proxy-neutral; Dmg: Damaging; T: Tolerated; Ptg:

Pathogenic; B: Benign; Csv: Conserved; V: Variable; NR: no result.

Chr38 SNP Meta- | Predict | Predict | S3Ds& | CADD | ConSurf | DANN | FATHMM | MAPP | MutPred2 | PANTHER | PhD- | PolyPhen2 | PROVEAN | SIFT | SNP2 | SNPs&GO
SNP SNP SNP2 GO SNPg
.32038459C>A | p.L13M N N N NR P-Del NR Del T Del N NR B Pby N Del N N
§.32038468G>A | p.A16T N N N NR P-N NR N T N N NR B B N N N N
.32038471C>T | p.R17C N N N NR P-N NR Del T N N NR B B N Del N N
§.32039109G>A | p.R103K N N N N P-N \ N T N N NR B B N N N N
.32039386G>A | p.A160T N N N N P-N Csv N T N N Pby B B N N N N
.32039548C>G | p.DIS4E N N N N P-N \ N T N N Pby B B N N N N
.32039603A>G | p.S203G N N N N P-N \% N T N N Pby B B N N N N
§.32039630G>A | p.v212M N N N N P-N v Del T N N Pby B B N N N N
.32039816T>A | p.M240K N N N N P-Del \% N T N N Pby Ptg B N N N N
.32040062G>T | p.A266S N N N N P-N v N T N N Pby B B N N N N
.32040063C>T | p.A266V N N N N P-N \% Del T Del N Pby B B N N N N
.32040069C>T | p.P268L N N N NR P-N v N T N N Pby B B N N N N
.32040072G>C | p.S269T N N N NR P-N \% N T NR N Pby B B N N N N
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A deficiéncia da enzima CYP21A2 é uma doenca autossémica recessiva
causada por defeitos na biossintese do cortisol. O gene CYP21A2 possui mais de
380 mutacgdes conhecidas, sendo as variantes missense responsaveis por mais da
metade de suas alteracdes que afetam a satde humana (SIMONETTI et al., 2018).
A predicdo computacional junto com os estudos funcionais constitui-se na principal
forma de classificar as mutacfes e entender as suas relacdes com os efeitos

causadores de doencas.

No presente estudo, caracterizamos seis variantes pontuais no gene
CYP21A2 ja relatadas anteriormente, mas nao funcionalmente estudadas, p.P35L,
p.L199P, p.W202R, p.E352V, p.P433L e p.R484L. Construimos modelos
computacionais de estruturas de proteinas CYP21A2 mutadas para entender o
efeito dessas variantes na estrutura da proteina. Ademais, expressamos 0 gene
CYP21A2 selvagem e mutado em células HEK293t para entender os efeitos das
mutacdes na funcionalidade da proteina. As variantes p.P35L e p.L199P mostraram
uma conversao parcial de progesterona em DOC de 13% e 10% em relacdo a
selvagem, respectivamente, comparavel a bem conhecida mutacdo NC p.V282L.
Portanto, essas duas variantes puderam ser categorizadas como muta¢ao do grupo
C e, consequentemente, relacionadas ao fenétipo HAC-NC (SPEISER et al., 1993;
WEDELL et al, 1994; KRONE et al.,, 2013). Em cerca de 90% das variantes
genéticas relacionadas ao fenotipo HAC-NC, a atividade enziméatica esta entre 10-
78% (SIMONETTI et al., 2013). Por outro lado, p.W202R e p.E352V apresentaram
a atividade da CYP21A2 de 1,2% e 1,1% relativas a selvagem, respectivamente, a
mesma obtida para a bem conhecida mutacao classica p.1173N. Adicionalmente,

p.P433L e p.R484L obtiveram a atividade de 7,5% e 3,4% em relagédo a enzima
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selvagem, respectivamente. Portanto, de acordo com os estudos de correlacao
genadtipo-fendtipo, p.W202R, p.E352V, p.P433L e p.R484L puderam ser
categorizadas como variantes do grupo de mutacéo B e relacionadas ao fenétipo
HAC-VS (SPEISER et al., 199; WEDELL et al, 1994; KRONE et al., 2013). Em cerca
de 95% das variantes genéticas no gene CYP21A2 relacionadas as formas
classicas de CAH, a atividade da enzima € < 10% da selvagem (SIMONETTI et al.,

2013).

Duas das variantes estudadas, p.P35L e p.R484L, estado localizadas em uma
coil e possuem alta conservacao entre as proteinas da familia de citocromo P450
(CYPs) de mamiferos. O numero de mutacdes tolerado dentro de uma coil é
significativamente menor do que em a-hélices e B-fitas, uma vez que esta regido
tem menos contatos entre residuos para alterar as compensacdes (ABRUSAN &
MARSH, 2016). O residuo p.P35 estd na coil N-terminal da proteina, mais
especificamente, entre a regido transmembranar e a hélice A. No estudo de XU et
al. (2019), previu-se que a regido entre as posi¢des 32 e 35 ha a formacéo de uma
dobradica para a orientacdo da proteina na membrana. A variante p.P35L troca um
residuo polar que mantém a ligacdo peptidica (CO-NH) numa conformacéo rigida
por um residuo hidrofébico que interage para formar estruturas secundarias.
Portanto, sugerimos que a variante p.P35L provoca uma alteracdo estérica que
compromete a correta orientagcdo proteina-membrana, acarretando numa parcial
reducao da atividade da CYP21A2 concomitante com diminui¢cdo da velocidade da
reacao, conforme indicado pela constante cinética Vmax obtida. Da mesma forma, a
conhecida mutacdo NC p.P31L foi previamente descrita reduzir a atividade

enzimatica e a velocidade de reacdo (TUSIE-LUNA et al., 1991; WANG et al.,
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2017). Quanto a variante p.R484L, ela esta situada na regido C-terminal, dentro do
caracteristico cluster hidrofébico das CYPs. Em WANG et al., (2017), o residuo
p.R484 foi previsto para ter uma conexdo de ponte salina com p.D323. A
substituicdo do residuo longo, flexivel, carregado positivamente e fortemente ligado
a uma molécula negativa dentro de uma regiao hidrofébica por um residuo curto
gue tende a interagir com o dobramento afetou gravemente a atividade da enzima
CYP21A2 como observado no estudo funcional. Nossa hipétese é que p.R484L
cause a perda da organizacdo solida hidrofébica, alterando a estabilidade e
expressao da proteina, como observamos no ensaio de western blot. Os individuos
portadores de p.P35L (COELI et al, 2010) e p.R484L (SILVEIRA et al., 2009) tém
um genoétipo complexo com uma mutagdo grave em cis, portanto, qualquer

patogenicidade inferida pelo fendtipo era inviavel.

O residuo leucina 199 néo é conservado entre as CYPs de mamiferos. Esse
residuo esta localizado na hélice F, perto do sitio ativo. A troca da leucina, um
residuo mantedor da estrutura secundaria da hélice, pela prolina, residuo com um
anel no N-terminal que enrijece a ligacdo peptidica, possivelmente perturba a
conformacdo da hélice e causa a quebra da estrutura secundéaria local. A
substituicdo de uma leucina pela prolina nas posi¢cdes 168 (hélice E), 262 (hélice
H) e 322 (hélice J) também apresentou quebra da estrutura da hélice em (LOKE et
al., 2001; TARDY et al., 2010; HAIDER et al., 2013). Portanto, hipotetizamos que a
variante p.L199P quebra parcialmente a hélice F, perturbando a ligacao da proteina
ao esteroide. Os dados funcionais corroborarao com esse dado, pois foi observada
a diminuicao afinidade da progesterona com a CYP21A2 mutada em uma razéo de

6 vezes menor em relacdo a enzima selvagem. Esta variante foi identificada em um
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paciente heterozigoto (SILVEIRA et al., 2009), portanto, ndo foi possivel uma

correlacao fenotipica.

O residuo p.W202 esta localizado em uma conformacao de turn entre as
hélices Fe F'. Em CRUZ et al. (2020), p.W202 com p.R234, p.D288 e p.S109 foram
descritos como residuos hidrofébicos notaveis no sitio catalitico da CYP21A2, com
predominio da carga positiva. Levando em consideracdo que a variante p.W202R
substitui um grande residuo por um grupo aromatico rigido para uma cadeia lateral
longa e flexivel positivamente carregada perto do grupamento heme, esperariamos
gue essa variante resultasse em uma perda completa da atividade da CYP21A2.
No entanto, uma atividade residual permaneceu. Portanto, a carga positiva do
residuo substituido possivelmente causou um disturbio de ligacdo da proteina ao
grupamento heme, provocando com uma ligeira desestabilizac&o identificada pelo
calculo estrutural, mas que nao foi o suficiente para abolir a atividade da enzima.
Curiosamente, esse residuo ndo é conservado entre os CYPs de mamiferos. Esta
variante, p.W202R, foi identificada em heterozigose composta com uma grande
conversdo génica em um paciente com perda de sal renal (CARVALHO et al.,
2012). A principal mutacdo no grupo B, p.1173N, em homozigose esta associada
ao fenétipo de HAC-VS na maioria dos casos (NEW et al., 2013; CARVALHO et al.,
2016; RIEDL et al., 2019). Entretanto, em genotipos heterozigotos compostos como
mutacéo leve, o fenotipo € variavel. Em um grande estudo com uma populacao
heterogénea (NEW et al., 2013), a mutacéo p.I1173N em heterozigose composta
com uma mutacéo do grupo nulo foi associada ao fenotipo HAC-PS em 24,8% dos
casos (n = 27) e ao fenotipo HAC-VS em 75% (n = 81). Por outro lado, em estudos

de populacdes especificas esse dado pode apresentar uma variabilidade maior que
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descrita, podendo esse gendtipo ser encontrado com o fenétipo HAC-VS em 100%
(n =18) dos casos (CARVALHO et al., 2016) ou com o fenétipo HAC-PS em 63,2%

(n =36) dos casos (RIEDL et al., 2019).

A variante p.E352V também mostrou uma variabilidade fenotipica em
pacientes heterozigotos compostos no estudo de CARVALHO et al. (2016). Um
paciente com p.E352V em heterozigose composta com o Cluster E6 (grupo nulo)
com o fenétipo HAC-VS e dois pacientes com IVS2-13A / C> G (grupo A) no alelo
oposto com o fendétipo HAC-PS. Além desses, um caso de HAC-SV com p.G425S
(grupo B) no alelo oposto. O residuo p.E352 esta localizado na hélice K e é parte
da triade ERR, juntamente com p.R355 e p.R409 (E352-R355-R409). A triade ERR
€ um motivo em CYPs bem conhecido e altamente conservado que auxilia na
estabilizacdo da estrutura terciaria local, travando o residuo crucial p.C429 na
posicdo correta para a ligacdo da proteina CYP21A2 com o grupamento heme
(HAIDER et al., 2013; WANG et al., 2017). MutacBes nos residuos de arginina estao
associadas a perda da atividade de hidroxilagdo, conforme observado com
p.R355H, p.R355C e p.R409C (NUNEZ et al., 1999; KRONE et al., 2000; SOARDI
et al., 2008). No entanto, estudos com o p.E352 mutado mostraram uma atividade
residual da enzima. A enzima com a mutacao natural p.E352L tem uma atividade
de 1,2% e 1,1% em relacdo a proteina selvagem para progesterona e 170HP,
respectivamente (KRONE et al., 2000). Além disso, duas mutacdes artificiais neste
residuo (isoleucina e acido aspartico) também mostraram uma atividade residual
da enzima CYP21A2, mesmo o0 acido aspartico sendo o aminoacido mais proximo
do acido glutamico (KRONE et al., 2005). A variante que estudamos, p.E352V, troca

um residuo longo, ligeiramente flexivel e fortemente negativo carregado por um
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residuo curto e sem carga, causando uma ligeira desestabilizacdo da estrutura da
CYP21A2. Curiosamente, como observado para as outras variantes na mesma
posicdo, nosso estudo funcional para p.E352V também mostrou atividade residual
de CYP21A2 associada a mutacédo do grupo B (KRONE et al., 2005). No entanto,
atroca em 352 de &cido glutamico por valina mostrou uma diminuicdo da expressao
da proteina, o que ndo ocorreu em KRONE et al. (2005) com lisina, isoleucina e

acido aspartico.

Por ultimo, o residuo p.P433 esta localizado na hélice L, adjacente a uma
conformacao turn (entre as hélices L e M) que contém dois residuos criticos de
ligacdo ao grupamento heme, a p.C429 e p.R427. A substituicdo de um residuo
polar que fixa a orientacéo da volta por um residuo hidrofébico afeta o dobramento
local. A analise computacional mostrou uma desestabilizac&do estrutural suave. Na
analise de realizada por HAIDER et al. (2013), considerou-se que a variante
p.P433L era capaz de tornar a estrutura mais flexivel, evitando que p.C429 fosse
apresentado ao grupamento heme. Os estudos funcionais mostraram uma
atividade residual da proteina mutada combinada a reducdo de 6 vezes na
velocidade de reacdo, conforme indicado pela constante cinética aparente Vmax.
Portanto, concluimos que a desestabilizacao da proteina devido a variante p.P433L
faz com que a conformacao turn, entre as hélices L e M, interrompa a orientacao
natural dos residuos de ligac&o ao grupamento heme p.C429 e p.R427, afetando a
eficiéncia de hidroxilacdo da enzima. O fendtipo HAC-NC do paciente portador
desta variante em trans com a bem conhecida mutagédo NC p.P454S (CARVALHO
et al., 2012) corrobora com o impacto observado da variante p.P433L na atividade

da CYP21A2.
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A andlise in silico através da analise estrutural mostrou ser uma ferramenta
atil para prever os efeitos das mutacdes em enzimas metabolizadoras de
esteroides. Nossos achados corroboraram com a hipdtese cujas mutacdes
missense que alteram a estrutura secundaria ou terciaria tem alto potencial de

afetar a atividade da proteina (HAIDER et al., 2013; ABRUSAN & MARSH, 2016).

Além disso, cinco preditores online foram utilizados para predizer o dano
dessas variantes com efeito desconhecido, Meta-SNP, MutPred2, PredictSNP,
PolyPhen-2 e SNAP2. As variantes p.L199P, p.E352V e p.R484L forma
corretamente preditas pelos cinco programas. Por outro lado, a variante p.P35L foi
apontada como neutra pelo programa PredictSNP, a variante p.W202R pelos
programas Meta-SNP e PredictSNP e a variante p.P433L pelos programas Meta-
SNP, PolyPhen-2 e PredictSNP. Nossos resultados enfatizaram o uso de diferentes
abordagens de preditores de dano para realizar uma analise inicial do efeito de
variantes do gene CYP21A2, principalmente quando o ensaio funcional ndo pode

ser realizado para a confirmacao do dado.

Sendo assim, com o intuito de determinamos os programas de predicacao
online que apresentam os melhores desempenhos para discriminar variantes
patogénicas e neutras no gene CYP21A2, nés selecionamos programas de
predicdo in silico. Dezessete programas foram testados, sendo deste treze
ferramentas individuais e quatro meta-preditores. Todos 0s programas
selecionados sdo gratuitos, aléem de serem descritos na literatura com bom

desempenho e/ou populares.
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O desempenho dos programas de predicao foi testado apenas com variantes
missense do gene CYP21A2 caracterizadas funcionalmente afim de se obter um
resultado mais préximo do real. No total, nosso banco de dados foi composto por
103 variantes missense, sendo 90 patogénicas e 13 neutras. Entre as variantes
patogénicas, o grupo de variantes classico (CL) apresentou uma atividade
enzimatica residual entre 1,32% e 1,52% em relacdo a selvagem e o grupo NC
entre 37,41% e 42,94%. Ja o grupo de variantes neutras obteve uma média de
atividade entre 100% e 94% em relacdo a enzima selvagem. As atividades
enzimaticas mais baixas foram observadas na converséao de progesterona em DOC

nos trés grupos.

Todos os programas de predicdo online testados foram capazes de
identificar variantes missense patogénicas, sendo que as variantes do grupo CL
obtiveram uma maior taxa de acertos do que as do grupo NC. Esse resultado ja era
esperado, uma vez que o grupo CL relne as variantes que causam o maior dano a
funcionalidade da enzima. Por outro lado, o programa PANTHER-PSEP (TANG
&THOMAS, 2016) foi o unico preditor que ndo foi capaz de identificar variantes
neutras. Sendo assim, o PANTHER-PSEP nédo deve ser utilizado para analise de

variantes missense do gene CYP21A2.

Uma vez que numero amostral restrito ndo permitiu uma distribuicdo entre
grupos balanceada, os dados estatisticos considerados prioritariamente para a
avaliacdo dos preditores foram a acuracia e o Matthews correlation coefficient
(MCC). A acuracia e o MCC séo descritos como 0s testes mais confiaveis para

dados nédo balanceados em estudos de bioinformatica, pois consideram o total de
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amostras - verdadeiro positivo (VP), verdadeiro negativo (VN), falso positivo (FP) e
falso negativo (FN) (VIHINEN, 2012; CHICCO et al., 2021). Quanto ao calculo de
sensibilidade e especificidade, que consideram metade da informacédo dos dados,
nos consideramos o equilibrio entre esses valores para as analises, pois ambos
sozinhas nao representam um desempenho real quando 0s grupos amostrais nao
sdo balanceados. Por fim, apesar dos valores preditivos positivos (VPP) e
negativos (VPN) terem sido apresentados, ambos sédo altamente sensiveis ao
desequilibrio de dados, portanto, ndo foram considerados para a avaliagcdo de

desempenho (VIHINEN, 2012).

Em relacdo ao desempenho dos meta-preditores, era esperado obter esses
programas entre os com melhor desempenho. Os meta-preditores acoplam
diferentes fontes de banco de dados e os resultados de preditores simples para
gerar 0 seu proprio. Entretanto, em comparacdo com os preditores simples, os
meta-preditores apresentaram um desempenho intermediario. Uma possivel
hipotese é que devido ao desempenho de cada preditor simples variar para cada
tipo de proteina, os pesos dados a eles nos meta-preditores podem nao
corresponder com o ideal. Além disso, o0 niumero de ferramentas nao teve relacao
com a eficiéncia de predicdo de dano. Os programas Meta-SNP com quatro
ferramentas (CAPRIOTTI et al., 2013) e PredictSNP com seis (BENDL et al., 2014)
obtiveram melhor desempenho do que PredictSNP2 com seis ferramentas (BENDL
etal., 2016) e S3Ds&GO com trés (CAPRIOTTI & ALTMAN, 2015). Em comparacao
com os testes realizados pelos desenvolvedores desses quatro meta-preditores,
nos obtivemos uma acuracia semelhante das encontradas para o Meta-SNP e o

PredictSNP (CAPRIOTTI et al., 2013; BENDL et al., 2014). Ambos compartilham
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trés preditores simples (PhD-SNP, SNAP e SIFT). Entretanto, os desempenhos do
PredictSNP2 e S3Ds&GO foram inferiores aos observados pelos seus

desenvolvedores (BENDL et al., 2016; CAPRIOTTI & ALTMAN, 2015).

Os preditores simples com melhor desempenho para caracterizar a
patogenicidade das variantes missense do gene CYP21A2 foram: CADD (VAN
DER VELDE et al., 2017), ConSurf (ASHKENAZY et al., 2016), DANN (QUANG et
al., 2015) e PolyPhen-2 (ADZHUBEI et al., 2013). O programa CADD obteve a
melhor acuracia e MCC para categorizar variantes patogénicas e neutras no geral
(Ac 0,94 e MCC 0,75) e inclusive dentro dos grupos CL (Ac 0,97 e MCC 0,9) e NC
(Ac 0,88 e MCC 0.71). A especificidade (0,85) e a sensibilidade (0,9) também
obtiveram um bom equilibrio entre seus valores. Curiosamente, esses valores da
acuracia e a especificidade obtidas para a CYP21A2 foram maiores do que os
relatados pelos desenvolvedores do programa que utilizaram para o teste o banco
de dados ClinVar (Ac 0,85; Ep 0,57) (VAN DER VELDE et al., 2017). Os programas
ConSurf, DANN e PolyPhen-2 mostraram um desempenho semelhante e o
segundo melhor resultados de desempenho de acordo com a acuracia geral de
0,86-0,89 (CL 0,92 a 0,95; NC 0,77 a 0,81) e o MCC geral de 0,56 a 0,58 (CL 0,75
a 0,83; NC 0,51 a 0,56). Quanto a sensibilidade e especificidade do ConSurf e
PolyPhen2, ambos apresentaram valores equilibrados. Por outro lado, DANN
obteve 1,3 vezes menos especificidade do que sensibilidade. O artigo original do
DANN utilizou o banco de dados ClinVar para o teste de desempenho do programa
e apresentou uma area sob a curva (AUC) ROC de 0,95 (QUANG et al., 2015). Ja
o PolyPhen-2 mostrou um melhor equilibrio entre sensibilidade e especificidade

para as variantes do gene CYP21A2 do que os valores apresentados no artigo
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original (ADZHUBEI et al., 2013). O artigo que testou o PolyPhen-2 utilizou um
banco de dados composto por mutacfes especificas dos genes BRCA1, MSH2,
MLH1 e TP52 (ADZHUBEI et al., 2013). A sensibilidade do PolyPhen-2 de 0,85 foi
semelhante ao artigo original, mas a especificidade de 0.60 foi menor. O ConSurf
nao pode ser comparado com dados de outros artigos, uma vez que nao ha uma
modelo padrdo recomendado para a escolha das sequéncias de alinhamento, o
banco de dados e os algoritmos, como mencionado pelos desenvolvedores do

programa em (ASHKENAZY et al., 2016).

Dentre as 103 variantes utilizadas para o teste dos programas de predicao,
o CADD néo acertou a predicéo de dano de seis variantes (4 FN e 2 FP), o ConSurf
12 variantes (11 FN e 1 FP), o DANN 11 variantes (7 FN e 4 FP) e o PolyPhen-2
14 variantes (11 FP e 1 FP). No entanto, apenas quatro variantes foram
erroneamente preditas em comum por esses quatro programas, uma neutra
(p.L13M) e trés patogénicas (p.P106L, p.R225W e p.M474l). A variante p.P106L foi
categorizada corretamente apenas pelos programas SNAP2 (HECHT et al., 2015)
e PANTHER-PSEP (TANG &THOMAS, 2016), enquanto as outras trés variantes
foram pelo PROVEAN (CHOI et al., 2012). O programa de predicdo PROVEAN
obteve um desempenho intermediario (Ac 0,77 e MCC 0,51) em relagédo aos outros
preditores, com uma variacao entre a especificidade e sensibilidade de 1.4 vezes.
Comparando com os dados obtidos pelos desenvolvedores utilizando variantes do
banco de dados UniProt, o desempenho analisado pelo equilibrio entre
sensibilidade e especificidade foi menor com o banco de variantes do nosso
estudo, sendo a sensibilidade semelhante e a especificidade mais alta (CHOI et al.,

2012). O PROVEAN utiliza as informacdes de conservacéo dos residuos vizinhos
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adicionalmente ao residuo de interesse. Para enzimas, o grau de conservacao de
residuos vizinhos pode ser uma armadilha, uma vez que estas apresentam
residuos com alto nivel de conservacao e responsaveis por ligacdes criticas no
meio de residuos mais variaveis. Essa variabilidade pode ser vista para nas

variantes p.P35L e p.R484L caracterizadas funcionalmente no presente estudo.

Entre as caracteristicas das variantes utilizadas pelos programas de
predicdo, o dado evolutivo do residuo de interesse esta presente na grande maioria
destes. Uma das razdes para tal, é que residuos conservados ao longo do tempo
podem indicar pontos criticos para a funcédo da proteina. Dentre os programas
avaliados, quatro utilizam apenas desse recurso para realizar os célculos de
predicdo FATHMM (SHIHAB et al., 2013), PhD-SNP9 (CAPRIOTTI & FARISELLI,
2017), PROVEAN (CHOI et al.,, 2012) e SIFT (VASER et al.,, 2016). Esses
preditores apresentaram desempenhos semelhantes, no entanto, SIFT obteve o
balanco entre sensibilidade e especificidade mais equilibrado (Se 0,78 e Ep 0.85),
semelhante ao obtido por (VASER et al., 2016). No estudo realizado com variantes
dos genes HSD17B3, NR5A1, AR e LHCGR (MONTENEGRO et al., 2021), os
programas SIFT e PROVEAN foram utilizados e obtiveram também o mesmo
desempenho entre eles. No estudo (PSHENNIKOVA et al., 2019), SIFT e
PROVEAN mostraram o melhor desempenho entre os nove programas testados
para os genes GJB2, GJB3 e GJB6. Por outro lado, o programa FATHMM
apresentou uma alta taxa de falso negativo em nosso estudo, sendo 30% das
variantes patogénicas categorizadas como neutras, semelhantemente aos estudos
(PSHENNIKOVA et al., 2019; VASER et al., 2016) cujas acuracia e MCC obtidas

foram abaixo da média.
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A segunda caracteristica predominante nos preditores selecionados foi a
avaliacao de alteracdes estruturais. Variantes missense que modificam a estrutura
secundaria e/ou terciaria da proteina tém mais chance de causarem dano na sua
funcionalidade, segundo (ASHKENAZY et al., 2016). Entre os programas
selecionados, ConSurf (ASHKENAZY et al., 2016), MutPred2 (PEJAVER et al.,
2020), PolyPhen-2 (ADZHUBEI et al., 2013) e SNAP2 (HECHT et al., 2015) fazem
0 uso dessa caracteristica. Adicionalmente, alguns deles incluem outras fontes de
dados, como € o caso do ConSurf que inclui relacdes filogenéticas (ASHKENAZY
et al., 2016), do Mutpre2 que inclui propriedades funcionais (PEJAVER et al., 2020)
e do SNAP2 (HECHT et al., 2015) que faz o uso de uma matriz de probabilidades
de efeito com um método de rede neural. Por outro lado, o programa PolyPhen-2
tem duas opc¢Bes de banco de dados com os quais foi treinado separadamente, o
HumVar e o HumDir (ADZHUBEI et al., 2013). O PolyPhen-2 treinado com o
HumVar é sugerido para o diagnostico de doencas Mendelianas que estédo
relacionadas a variantes de efeitos drasticos. Ja o PolyPhen-2 treinado com o
HumDir é indicado para prever o efeito de alelos raros em l6cus potencialmente
incluidos em um fendtipo complexo (ADZHUBEI et al., 2013). No entanto, ja foi
mostrado que o PolyPhen-2, bem como, o SIFT tem baixa dependéncia do banco
de dados para o alinhamento de sequencias, apresentando bom desempenho
inclusive com outros bancos de dados (HICKS t al., 2011). No nosso estudo, 0
programa PolyPhen-2 apresentou um bom desempenho de predi¢do (ac 0,88 e
MCC 0,64), com a mesma sensibilidade e melhor equilibrio sensibilidade-
especificidade do que o relatado em (HICKS t al.,, 2011). Semelhante a esse

desempenho obtivemos com o programa ConSurf (Ac 0,88 e MCC = 0,58). Por fim,
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0 MutPred2 e o SNAP2 apresentaram um desempenho razoavel, porém, com
valores desbalanceados entre a sensibilidade-especificidade, sendo estes de 1,4
vezes com o MutPred2 e 1,5 vezes com 0 SNAP2. Apesar disso, 0 desempenho
obtido com as variantes do gene CYP21A2 foi melhor do que o descrito para o
MutPred2 com os bancos de dados ClinvVar e UniProt em (PEJAVER et al., 2020)
e para o SNAP2 com um banco composto por mais de 9.500 variantes em genes

humanos em (HECHT et al., 2015).
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Capitulo VI: Conclusao
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No presente trabalho, utilizamos programas de predicdo in silico para
selecionar variantes missense de efeito desconhecido e com potencial de
causarem dano a CYP21A2 encontradas na populagcédo brasileira ou portuguesa.
Ademais, determinamos como as seis variantes selecionadas afetaram a atividade
da enzima CYP21A2 por meio da modificacdo estrutural e funcional. Todas as
variantes caracterizadas diminuiram a atividade da enzima CYP21A2 e trés delas
(p.L199P, p.W202R e p.E352V) modificaram também o nivel de expressao
proteico. As variantes p.P35L e p.L199P foram categorizadas como mutacdes do
grupo C, relacionadas ao fenétipo HAC-NC. Ja as variantes p.W202R, p.E352V,
p.P433L e p.R484L apresentaram uma atividade residual compativel ao grupo de
mutacfes B e, consequentemente, ao fendtipo HAC-VS. Além disso, com a meta-
analise para avaliar o desempenho de dezessete programas de predicdo foi
possivel identificarmos quatro deles com os melhores desempenhos para variantes
da proteina CYP21A2, CADD, ConSurf, DANN e PolyPhen-2. O numero de
ferramentas empregadas nesses programas ndo mostrou relacdo com a eficiéncia
destes. Por fim, os resultados apresentados nestes estudos poderao ser aplicados
no futuro para determinar a gravidade do gendétipo de pacientes portadores da

deficiéncia na enzima CYP21A2.
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Abstract

Cystic fibrosis (CF) is a genetic disease caused by variants in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene. There are over 2,000 different pathogenic and non-pathogenic variants described in association with a broad clinical
heterogeneity. In this work, we identified a novel variant S511L{s*2 in CFTR gene that has not been reported in patients
with CF. The patient was a female genotyped with ¢.1000C>T (legacy name: R334W) variant (pathogenic, CF-causing) and
the novel variant (S511L{s*2). We verified the amino acid sequence, the protein structure, and predicted the pathogenicity
employing computational analysis. Our findings showed that S511L{s*2 is a frameshift variant and suggest that it is associated
with severe CF phenotype, as it leads to a lack of CFTR protein synthesis, and consequently the loss of its functional activity.
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Introduction

Cystic fibrosis (CF-OMIM 219700) is an autosomal reces-
sive inherited disorder caused by variants in the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR)
gene [1]. The CFTR gene encodes a protein of 1480 residues
in length (UniProt ID: P13569). This protein belongs to the
ATP-binding cassette (ABC) transporter superfamily and its
function is related to the transport of chloride ions across
cell membranes [2, 3], regulation of airway fluid homeosta-
sis [4-6], and defense against pathogens by the regulation of
pH and ion content in the airway surface fluid layer [4, 6, 7].

The three-dimensional structure of CFTR protein is
composed by five domains. Two transmembrane domains
(TMDs), responsible for the chloride ion translocation
pathway, two cytoplasmic Nucleotide Binding Domains
(NBDs) with ATPase activity that controls channel gating,
and a regulatory (R) domain that mediates CFTR activity
upon phosphorylation [8]. More than 2000 variants have
been already described in the CFTR gene (CFTR1, avail-
able in http://www.genet.sickkids.on.ca/), and around 300
variants are considered pathogenic (CFTR2, available in
https://www.cftr2.org/). These pathogenic variants are clas-
sified into major seven classes (LA, IB, 1L, 11, IV, V, and
VI). according to the molecular mechanisms’ disruption:
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synthesis, traffic, or function of the protein [9, 10]. The
classes [A, IB, II, and III are associated with a more severe
prognosis due to defective protein production, processing,
and regulation; the classes IV, V and VI are associated with
milder prognosis, because CFTR protein maintains residual
activity [9]. However, a mutation expanded classification can
be considered with a combination of classes once a single
mutation can cause defects in the CFTR protein by multiple
mechanisms [11]. Therefore, the study of variants is fun-
damental to understand the patient prognostic and also to
develop new treatments based on gene variants [12].

In this study, we described a novel frameshift variant
(S511Lfs*2) resulted from the deletion of two thymines. The
frameshift yielded a codon that specifies the amino acid leu-
cine followed by a premature termination codon (PTC). We
have combined the patient’s clinical features and structural
bioinformatics data to propose the variant’s effects in the
CF phenotype.

Case report
Patient data collection

The subject from a CF Reference Center (Hospital Sao
Lucas da PUCRS) was a 23-year-old female with a con-
firmed CF diagnosis at the age of twelve. She had the first
sweat test intermediate (57 mmol/L) and the second abnor-
mal (97 mmol/L). The patient had a history of respiratory

infections with the airway colonized by Staphylococcus
aureus, severe bronchiectasis—diagnosed by chest com-
puted tomography (CT)—and mucoid impaction of the
large airways. This subject also showed a mild airflow limi-
tation with FVC=2.75 (87% predicted), FEV1=2.12 (75%
predicted) and a reduced FEV 1/FVC ratio=0.77 (86% pre-
dicted), recurrent pancreatitis, pancreatic insufficiency, and
critical failure to thrive (weight Z-score of — 0.88 and height
Z-score of — 2.04).

Molecular genetic analysis of the CFTR gene

Genomic DNA extraction from peripheral blood was per-
formed by salting out assay [13]. The DNA was submitted
to a molecular screening that analyses the presence of the
eleven variants usually found in CF patients from south of
Brazil and the main frequency variant c.1521_1523delCTT
(legacy: F508del) found in CF patients worldwide. The
eleven variants panel was carried out by SNaPshot [14] and
the ¢.1521_1523delCTT was analysed by Sanger sequenc-
ing method as following. A PCR reaction was performed to
amplity the exon 11 of the CFTR gene using specific prim-
ers (5 TGAATCCTGAGCGTGATTTG-3' and 5" TGGGTA
GTGTGAAGGGTTCAT-3'). The PCR product was purified

@ Springer

with ExoSAP-IT PCR (Aftfymetrix, USA) according to the
manufacture’s protocol and used in the Sanger sequenc-
ing that was carried out with BigDye Terminator Cycle
Sequencing kit v3.1 (Applied Biosystems, USA). Then the
product was precipitated by ethanol/ethylenediaminetet-
raacetic acid (EDTA) protocol recommended by Applied
Biosystems chemistry guide [15]. The sequencing system
used was the Genetic Analyzer 3130x] (Applied Biosystems,
USA). Sequences obtained were aligned with the CFTR
gene sequence (e.g. RefSeq NG_016465.4) and examined
using SeqMan software v.17 (DNAstar, USA).

Cloning of the novel variant

To precisely characterize the deletion. an allele-specific
cloning and sequencing method was carried out. The exon
11 of the CFTR gene was amplified by PCR using specific
primers that contains a target sequence at the 3'-end of the
primer, a sequence for restriction enzyme (BamHI in the for-
ward primer and EcoRI in the reverse) and 6pb at the 5"-end
of the primer to ensure efficient DNA cleavage by the restric-
tion enzymes (CFTR_BamHI_F 5"-tttt GGATCCTGAATC
CTGAGCGTGATTTG-3' and CFTR_EcoRI_R 5"-tittttGAA
TTGATGCTTTGATGACGCTTCTG-3"). The PCR product
was precipitated using the sodium acetate/ethanol method
[16]. Each 1 pg of DNA from PCR product purified and
pUC18 vector were sequentially digested with EcoRI and
BamHI (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. After that, the DNA reactions were

precipitated with sodium acetate/ethanol method. Using a
1:3 molar ratio of vector:insert DNA (100 ng of cut plas-
mid and 26 ng of cut insert) and 3 units of T4 DNA Ligase
(Promega) the ligation reaction was performed according
to manufacturer’s recommendations and incubated for 18 h
at 22 °C. The DNA was precipitated with sodium acetate/
ethanol method and then transformed into XL 1-Blue com-
petent cells that were plated on 25 mL of LB solid medium
with 0.85 mg X-Gal, | mM IPTG and 2.5 mg ampicillin.
The plate was incubated overnight at 37 °C. White colo-
nies resulted from transformation were used as a template
to perform a PCR with the M 13 primers to confirm the cor-
rect ligation. The Sanger sequencing with M13 primers was
performed as described above in the “Molecular genetic
analysis of the CFTR gene” section.

Structure and pathogenicity prediction

The ExPASy software was used to obtain the translation
of the nucleotide sequence to a protein sequence [17]. The
putative protein structure was built using UCSF chimera
software based on the structure found in Protein Data Bank
(PDB ID: 5UAK) [18]. The MutationTaster software was

used to predict the pathogenicity considering evolutionary
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conservation, mMRNA, and protein structure/function through
phyloP/phastCons scores [19]. The PhyloP measure the con-
servation or acceleration, either lineage-specific or across
all branches and PhastCons the conservation scoring and
identification of conserved elements [19].

Results

The SNaPshot genetic analysis identified a compound het-
erozygote. One variant was ¢.1000C>T (legacy: R334W),
which has been previously reported in the CFTR2 database
(Fig. 1). The other variant was a novel deletion variant found
by Sanger sequencing; however, it was challenging to iden-
tify the deletion correctly (Fig. 2a). Thereby, to character-
ize this novel variant, we isolated the sequences by allele-
specific cloning (Fig. 2b).

The novel variant, S511Lfs*2 was discovered in exon
11 of the CFTR gene, where two thymines at position
2. 98818 _98819del (NG_016465.4) were deleted (Fig. 2b).
As a result, this deletion formed the premature termina-
tion codon UGA after replacing serine for leucine being

67 68 69 70

1000 | |

Fig.1 Detection of c.1000C>T (legacy name: R334W) variant in
heterozy gosity in CFTR gene. Electropherogram of SNaPshot meth-
odology: C allele (wild-type: black peak) and T allele (variant; red
peak)

a frameshift variant type (Fig. 2c). The novel variant was
deposited in Cystic Fibrosis Mutation Database (CFTR1) as
well as in the public archive of human variations and pheno-
types (ClinVar; SCV000987313) and in the public archive
of Single Nucleotide Polymorphism database (dbSNP;
rs1562898471).

In silico analysis in MutationTaster software suggests
that this deletion can modify functions of key regions such
as the ATP-binding domain and the PDZ-binding domain
(Fig. 3). The value obtained of two conservation parameters
used, PhyloP (1.528-4.75 value) and PhastCons (1 value),
revealed that deleted thymines are in a conserved region in
the CFTR gene corroborating with pathogenic features. Fur-
thermore, this PTC promotes a loss of approximately 65%
of full-length CFTR protein (Fig. 2¢), possibly resulting in
nonsense-mediated mRNA decay (NMD). The structure of
the protein lacking amino acids after the termination codon
is shown in Fig. 3.

Discussion

This is the first study worldwide to describe the S511Lfs*2
variant identified in a Brazilian CF patient. Variants identifi-
cation is essential for diagnosis purposes, specific treatment
approaches, and genetic counseling [21]. We also demon-
strate an in silico model to elucidate the protein alteration
at a structural level.

The S511Lfs*2 variant leads to a change in the amino
acids sequence (S511L) and promotes the appearance of a
PTC. The PTC leads to the production of truncated and non-
functional CFTR protein. It is possible that this modifica-
tion may activate a post-transcriptional mechanism called
nonsense-mediated mRNA decay (NMD) which detects and
degrades the mutated transcript [22-24]. However, more
studies would be required to evidence this mechanism. Thus,
it is reasonable to classify this variant as a class IB due to the
possible NMD activation, associated with pathogenicity pre-
diction values, clinical data from the patient, and defective
protein production. [9, 10]. It is important to emphasize that
independently of the NMD activation, the protein structure
would be strongly affected due to the absence of full-length
functional CFTR protein (Figs. 2c and 3). Consequently,
protein functionality would be lost.

Structural analysis of CFTR protein shows that the
novel variant S511Lfs*2 is in the NBD1 domain, near the
¢.1521_1523delCTT (legacy: F508del) variant. The in
silico analysis in this region showed a high conservation
grade. Thus, any alterations in this domain have a delete-
rious impact on the protein by to affect essential regions,
such as ATP-binding domain, which is essential to allow
the open-closed status of the channel, and the PDZ-binding
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Fig.2 From nucleotide
sequence to the amino acid
sequence of S511Lfs*2 protein.
a Sequence electropherogram
of the exon 11 (CFTR gene)
showing the novel variant
S511Lfs*2 in heterozygous
state. b Detection of the novel
S511Lfs*2 (deletion of two
thymines) variant in one of the
alleles after allele-specific clon-
ing. The two red arrows confirm
the deletion of two thymines

in one allele. ¢ CFTR protein
amino acid sequence obtained
from ExPASy software. The
wild-type (black) and the
mutated (pink) CFTR amino
acid sequence are represented
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Fig.3 CFTR three-dimensional structures. The dephosphorylated
CFTR structure was modeled using the template SUAK, from Protein
DataBank [20]. The R domains are not represented. a Ribbon repre-
sentation of the CFTR wild-type protein and b the CFTR S511Lfs*2

domain, that play a key role in anchoring proteins in the cell
membrane [25].

Additional studies demonstrated that a single-residue
deletion in the region 491-525 elicits an array of abnor-
malities in CFTR function [26]. Although it was found that
specifically the amino acids V510 and S511 deletions did
not cause problems in the processing of the CFTR protein,
our data show that the new mutation S511Lfs*2 is caused
by the deletion of two T nucleotides in different codons.
This modification is a frameshift variant, causing the loss of
the S511 amino acid and changing the reading phase, thus
altering all subsequent positions within the critical region
511-525, in addition to also causing the formation of a pre-
mature codon stop.

Furthermore, this novel variant would potentially elim-
inate the R domain (Fig. 3), which is responsible by the
channel activation and thus essential for the functionality

protein. The structure was rotated 90° to highlight all the faces of
the protein. The functional domains TMD1 (blue), TMD2 (yellow),
NBDI (green), and NBD2 (red) are represented

of the protein. The loss of this domain was predicted based
on sequence and structural analysis, since this domain was
not resolved by the Electron Cryomicroscopy (cryo-EM)
structure [20, 26].

We identified the S511Lfs*2 variant in compound het-
erozygosity with ¢.1000C>T (legacy: R334W), which
represents the fourth most frequent disease-causing vari-
ant among Brazilian CF patients and leads to a mild CF
phenotype (class IV) [10, 27]. The severity of the clinical

atures indicates that, although the S511L{s*2 variant is
associated with no CFTR protein synthesis, the ¢.1000C>T
(legacy: R334W) variant confers the residual CFTR chan-
nel activity, which could explain the delayed appearance of
the symptoms and the late diagnosis of this patient [28, 29].

The knowledge of new variants, their classification, and
mechanisms are essential to understand CF pathogenicity
and drugs discovery able to correct defective proteins [10,
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23]. Furthermore, in silico tools are a helpful strategy to
predict the degree pathogenicity of the uncertain variants,
as shown in this work.

Conclusions

In this study, Sanger sequencing detected a novel variant
in a compound heterozygote that was confirmed by allele-
specific analysis in vitro. The in silico analysis shows that
S511Lfs*2 is a frameshift variant and generates a PTC
which leads to the production of truncated and non-func-
tional CFTR protein. Moreover, CF patients with this novel
variant could benefit from therapies that improve the expres-

sion of full-length CFTR protein.
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