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RESUMO

Acidose tubular renal (ATR) distal ou ATR tipo 1 compreende um grupo
heterogéneo de afeccdes resultantes da disfun¢do dos tubulos distais, que pode
levar a um déficit de crescimento, nefrocalcinose, raquitismo e, raramente, doenga
renal crénica. Essa tubulopatia pode ser transmitida tanto na forma autossémica
dominante quanto na autossémica recessiva. A forma dominante da doenga ocorre
tipicamente na adolescéncia ou na idade adulta, enquanto a variante recessiva
desenvolve-se predominantemente na infancia.

O objetivo deste estudo foi detectar e caracterizar as altera¢des genéticas
presentes em duas familias, ndo relacionadas, de pacientes portadores de ATR distal
através da metodologia de whole-exome sequencing (WES). A familia 1 é composta
por uma menina e seu irmdo que apresentavam ATR distal e audigdo normal,
enquanto na familia 2 havia duas irmas gémeas com ATR distal associada a surdez
neurosensorial. A técnica de WES foi realizada em duas amostras agrupadas e, para
confirmar os resultados, foi utilizado o método de sequenciamento de Sanger. Duas
mutac¢Oes foram identificadas nos genes ATP6V0A4 e ATP6VIB1: uma mutacao nova
no exon 13 do gene ATP6V0A4 (c.1232G>T) e uma mutacao no exon 12 do gene
ATP6V1B1 que ja foi previamente descrita na literatura (c.1149_1152insC).

Nosso estudo indica que os resultados obtidos com o whole-exome
sequencing podem ser Uteis para o diagnostico e a abordagem clinica de pacientes
com ATR distal, especialmente porque, além de ser uma doenca Mendeliana, é rara e
com heranga complexa.

Nossos resultados confirmaram o valor do whole-exome sequencing para o
estudo de doengas raras e complexas, permitindo a identificagdo de mutagdes novas
e recorrentes. Além disso, nosso estudo mostra a aplicabilidade deste método

molecular no estudo de doengas renais tubulares.

Palavras-chave: Acidose tubular renal distal. Whole-exome sequencing. Infancia.

ATP6V0A4. ATP6V1B1



ABSTRACT

Distal renal tubular acidosis (dRTA) refers to a heterogeneous group of
diseases that result from distal tubular dysfunction and can lead to growth
retardation, nephrocalcinosis, bone disease and, rarely, chronic kidney disease.
dRTA can be transmitted as either an autosomal dominant or an autosomal
recessive trait. Dominant disease typically presents more mildly in adolescence or
adulthood and the recessive variant, predominantly developed in infancy/early
childhood.

The aim of this study was to detect genetic alterations in two unrelated
families with dRTA using whole-exome sequencing. Hearing was normally
preserved in both children from family one, but not from family two, where a twin
pair had severe deaf. We perform a whole-exome sequencing in two pooled samples
and confirm findings with Sanger sequencing method. Two mutations were
identified in the ATP6V0OA4 and ATP6V1B1 genes: a novel mutation in exon 13 of
ATP6V0A4 gene (c.1232G>T) and a mutation in exon 12 of ATP6VIB1 gene
(c.1149_1152insC) previously described.

The findings obtained with whole-exome sequencing may improve health
care, especially because, besides of being a Mendelian disorder, dRTA is rare and has
a complex inheritance.

Our results confirm the value of whole-exome sequencing for the study of
rare and complex diseases, allowing the identification of novel and recurrent
mutations. Furthermore, we clearly show the application of this molecular method

in renal tubular diseases.

Key words: Distal renal tubular acidosis. Whole-exome. Children. ATP6V0A4.
ATP6V1B1
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1 INTRODUCAO

Apesar de ndo apresentar incidéncia tdo elevada em nosso meio quanto
outras nefropatias, como as doencas glomerulares e urologicas, a acidose tubular
renal (ATR) assume grande importancia, ndo apenas pela dificuldade diagnéstica,
mas também pelo grande impacto sobre o crescimento pondero-estatural das
criancas acometidas (1-5). O seguimento clinico, os exames complementares e o
tratamento dos pacientes portadores de ATR ja se encontram bem estabelecidos em
nosso meio (6). No entanto, ndo hd nenhum estudo genético com pacientes
brasileiros até o momento. Neste contexto, a presente tese pretende extender e
ampliar o conhecimento sobre as doencas tubulares renais em criangas e
adolescentes brasileiros, focando mais especificamente na caracterizacdo genotipica
dos portadores de ATR distal ou tipo 1 e da correlagdo desses achados com o

fenotipo dos pacientes.

1.1 Acidose Tubular Renal

O termo Acidose Tubular Renal (ATR) engloba diversas afecgdes
caracterizadas por acidose metabdlica secundaria a um defeito na reabsorc¢ao
tubular renal de bicarbonato (HCO3~) e/ou na excrecao urinaria de fons hidrogénio
(H*), enquanto a fun¢do glomerular é nada ou minimamente afetada (6). Todas as
formas de ATR apresentam acidose metabdlica hiperclorémica, com intervalo
aniénico normal. Sdo doencas cronicas com impacto significativo na qualidade de
vida dos pacientes quando ndo tratadas adequadamente, podendo evoluir com
déficit do crescimento, osteoporose, raquitismo, nefrolitiase e até perda da funcao
renal (7). Podem ser primdrias, decorrentes de defeitos genéticos nos mecanismos
de transporte dos tibulos renais, ou secundarias a doencas sistémicas ou ao efeito

adverso de medicamentos (5,6).
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Os rins sdo responsaveis pela reabsor¢do do HCO3~ filtrado e excrecao de H*
numa quantidade igual aquela produzida pelo metabolismo diario de proteinas. A
resposta normal a acidemia consiste na reabsor¢ao do HCO3~ filtrado e aumento da
excrecdo de Aacidos, principalmente através da maior excrecdo de ifons amédnio
(NH4*) na urina. Assim, para cada H* excretado ha regeneracao de um fon HCO3~ no
plasma (7-9).

As ATR sao classificadas em quatro categorias: ATR distal ou tipo 1; ATR
proximal ou tipo 2 e ATR hipercalémica ou tipo 4. A ATR mista ou tipo 3 é
caracterizada por uma desordem que apresenta caracteristicas mistas dos tipos 1 e
2 (5).

A seguir, sera brevemente descrito a ATR distal ou tipo 1 em relacao as

caracteristicas clinicas, fisiopatologia, etiologia e genética, diagnostco e tratamento.

1.2 Acidose Tubular Renal Distal

A ATR distal caracteriza-se por uma inabilidade dos tubulos distal e coletor
em promover uma adequada acidificacdo urindria, resultando numa urina com pH
elevado, mesmo em presenca de acidose metabdlica (5). Inicialmente, a funcao
glomerular encontra-se normal ou perto do valor normal em todos os casos (7).

Em relacdo ao quadro clinico, observam-se déficit de crescimento, politria,
hipercalcitria, nefrocalcinose e nefrolitiase. Ao diagnostico, grande parte dos
pacientes apresenta-se com baixa estatura e baixo peso (4,10-14). O retardo do
crescimento aparece como queixa principal em quase todos os estudos realizados
até o momento. Dentre os sintomas clinicos, vomitos e poliiria encontram-se entre
os mais prevalentes. A nefrocalcinose, presente em cerca de 50% dos pacientes ao
diagnostico (1,4,13), pode progredir para insuficiéncia renal cronica. Na ATR distal
diagnosticada precocemente a instituicdo do tratamento com alcalis pode promover
a retomada da curva de crescimento, impedir ou retardar o desenvolvimento da

nefrocalcinose e preservar a fung¢ao renal.
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1.2.1 Etiologia e genética

A ATR distal pode ser primadria, devido a defeitos genéticos nos mecanismos
de transporte, ou secunddria a uma variedade de doencas (7,15). Dentre as formas
primdrias podemos encontrar as seguintes variantes: autossoOmica dominante e
autossdmica recessiva com ou sem surdez. Na crianca, o defeito é, na maioria das
vezes, primario (5). Em algumas familias, a presenca da doenca em varias geragoes
sugere uma forma autossémica dominante. Apesar das manifestacdes clinicas nao
serem diferentes das observadas nas formas autossOmicas recessivas, estes
pacientes podem ter seu diagnostico mais tardio e evoluirem com sintomatologia
mais branda (16). J4 pacientes com a forma autossdémica recessiva geralmente
apresentam manifestacdes clinicas mais acentuadas com importante déficit de
crescimento e nefrocalcinose precoce, podendo evoluir para insuficiéncia renal (9).
Os achados clinicos dos pacientes autossémicos recessivos acompanhados de surdez
neurosensorial sdo idénticos aos dos pacientes portadores de ATR distal
autossOmica recessiva com audi¢do normal (17). A evolugdo da surdez é progressiva
e ndo ha melhora, mesmo apés terapia com 4alcalis (18). A ATR distal, autossémica
recessiva, com func¢do auditiva normal é a forma primaria mais comumente
encontrada (19).

Dentre as causas secundarias, que sdo mais comuns em pacientes adultos do que

pediatricos, incluem-se (20,21):

1 -doencgas auto-imunes: sindrome de Sjogren, hepatite cronica ativa, tireoidite,
poliarterite nodosa, hiperparatireoidismo primario, rim esponjoso medular,
doenca de Wilson, artrite reumatoide e lipus eritematoso sistémico;

2 -uso de medicamentos: anfotericina B, sulfametoxazol-trimetoprim,
amilorida, litio, analgésicos;

3 -exposicdo ao tolueno (cheiradores de cola) e ao mercturio;

4 -doengas tubulo-intersticiais: uropatia obstrutiva, pielonefrite cronica,
transplante renal;

5 -doengas genéticas: Sindrome de Ehlers-Danlos.
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H+* ATPase

As H*ATPases ou V-ATPases (vacuolar) sio bombas de prétons essenciais
para o funcionamento de diversos compartimentos intracelulares em organismos
eucariotas (figura 1). Sao encontradas em grande quantidade na membrana
plasmatica de celulas especializadas como as celulas intercaladas renais,
osteoclastos, células do trato genital masculino e da orelha interna (22).

A H*ATPase renal, localizada na membrana apical das células intercaladas
tipo a dos tubulos coletor e distal, é a principal bomba de prétons responsavel pela
acidificacdo urindria. E uma proteina de membrana com multiplas subunidades
divididas em dois dominios funcionais: V1, complexo citoplasmatico responsavel
pela hidrolise do ATP e V0O, complexo transmembrana responsavel pela translocacao
do préton. Algumas subunidades possuem isoformas diferentes de acordo com a

especie onde é expressa (22-24).

Figura 1. Figura esquematica da H* ATPase renal com suas subunidades: o

dominio V1 (A-H) e o dominio VO (a, c, ¢, c”, d) (22).
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0 dominio V1 (periférico; 570-kDa) é composto por 8 diferentes subunidades
(A-H), sendo 3 cépias das unidades A e B, 2 cépias da unidade G e uma unica copia
das demais. J& o dominio VO (transmembrana; 260-kDa) é composto por 5
subunidades (a, c, ¢, ¢”, d), sendo seis cépias das unidades c/c’ e uma copia das

demais (22).

Gene SLC4A1

O gene SLC4A1 ou AE1 (Solute Carrier Family 4, Anion Exchanger, Member 1)
pertence a uma familia de genes trocadores de anions "Anion Exchanger-AE gene
family". Era comumente chamado de AE1 (anion exchanger 1 gene), porém, foi
recentemente renomeado como SLC4A1, pelo comité de nomenclatura do
mapeamento genético humano (Humam Gene Maping - HGM). E composto de 20
exons e 19 introns estando localizado no cromossomo 17q12-q21 e constituido de
17 kb no total (25).

O gene é composto de duas regides promotoras tecido-especificas, uma
eritroide localizada acima do exon 1 e uma interna localizada no intron 3, no caso
das células renais (26). Codifica a proteina transportadora de ions ou trocador
anidnico Cl-/HCO3~ (AE1 ou banda 3) nas sua duas isoformas eAE1 (eritrocitaria) e
rAE1 (renal). Diferem quanto a sua transcricdo: o RNA mensageiro (mRNA) da rAE1
ndo apresenta os trés primeiros exons observados na forma eritréide (27). Nos rins,
a proteina é expressa na membrana basolateral de células a intercaladas do tubulo
coletor, onde é responsavel pela reabsorcao de HCO3~, compensando a secrecdo de
acidos pela H*ATPase vacuolar apical, e participando da regulacdo fina do equilibrio
acido-basico (15).

Mutacdes no gene SLC4A1 podem resultar em duas doencas distintas e
independentes: anormalidades nos glébulos vermelhos (esferocitose hereditaria e
ovalocitose) e ATR distal. Varias muta¢des que resultam em ATR distal ja foram
descritas tanto na forma autossdmica dominante quanto na recessiva (28,29). A

alteracao dominante predomina em individuos brancos com doenca caracterizada
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por acidose metabdlica hiperclorémica, hipocalemia variavel, retardo do
cresciemento infantil, nefrocalcinose e nefrolitiase, que progride para insuficiéncia
renal. A doenga recessiva, frequentemente, se manifesta cedo acompanhada por
uma concentragdo urindria deficiente e suscetibilidade a desidratacdo grave.
Recentemente, foi descrita uma mutacdo em 3 irmaos indianos causando ATR distal
associada a esferocitose heteritaria (30). Ressalta-se ainda que mutagdes trocador
AE1 ja foram descritas em criancas do nosso meio, portadoras de ATR distal e

nefrocalcinose (31,32).

Gene ATP6V1B1

O gene ATP6V1B1, localizado no cromossomo 2q13 e composto por 14 exons,
codifica a subunidade B1 da H*ATPase, presente na membrana apical das células
intercaladas tipo a e também na cdclea e no saco endolinfatico (15,33).

Mutagbes nesse gene ja foram detectadas em pacientes portadores de ATR
distal autossémica recessiva associada a surdez neurosensorial (34-36).
Demonstrou-se que as células auditivas interdentais e as células do saco
endolinfatico sdo muito semelhantes as células intercaladas do tipo a, apresentando
tanto a H*ATPase como o trocador AE1. Assim, uma secrecdo normal de acidos por
estas células é fundamental para a manutencdo de um pH reduzido na endolinfa e
uma fung¢do auditiva normal (15,16). Considerando que a alta concentracao de
potassio presente nesse compartimento fechado ndo é normalmente acompanhada
por alcalinidade da endolinfa, propde-se que a H*ATPase atue na manutenc¢ao do pH
em aproximadamente 7,4. A perda de tal funcdo leva ao aumento do pH,

promovendo dano celular e perda auditiva (37).
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Gene ATP6V0A4

O gene ATP6V0A4 esta localizado no cromossomo 7q33-34 e é composto por
22 exons, dos quais 20 codificam a subunidade a4 da H*ATPase.

A ATR distal com perda autivida neurossensorial predomina nas mutagoes
do gene ATPV1B1, enquanto a ATR distal com auséncia de anormalidade auditiva
(pelo menos na infancia) se relaciona com alteragdes no gene ATPV0OA4. Contudo,
neste ultimo, a surdez pode se desenvolver com idade mais avancada, apds a
segunda década de vida, embora seja menos grave na maioria dos casos (5). O fato
de esse gene ser também expresso em células do ouvido interno pode explicar o

desenvolvimento da surdez (15,38).

1.2.2 Fisiopatologia

No néfron distal (ND), sdo definidas as caracteristicas finais da urina através
dos mecanismos de concentracdo e acidificacdo urinarias, secrecio de K* e
conservacao do Na*. O ND é formado pelos seguintes segmentos: tubulo distal (TD),
tubulo conector (TCN) e tubulo coletor (TC) (6). O TD é responsavel pela reabsorg¢ao
de 5% do Na* filtrado enquanto o TC é responsavel pela reabsorcao de 2% a 3% do
cloreto de sédio (NaCl) filtrado.

Esse segmento apresenta dois tipos de células com func¢des e morfologia
bastante diferentes: células principais ou células claras, onde ocorre reabsor¢ao de
sodio (Na*) e € o principal sitio para secrecdo de potdssio (K¥), e células
intercaladas ou células escuras, que estdo relacionadas ao equilibrio acido-basico,
sendo responsdveis pela maior ou menor acidificacdo urinaria (8,39). As células
intercaladas do tipo a (figura 2) expressam H*ATPase na membrana apical, e o
trocador AE1, em sua membrana basolateral. Através da acdo da H*ATPase ocorre

secrecdo de ions H* para o limen tubular e reabsorcao de HCO- para o intersticio.
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Figura 2. Mecanismos de transporte tubular no néfron distal: (A) secrecdo de
fons hidrogénio e acidificacao urindria; (B) reabsorgao de bicarbonato.
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A ATR distal pode resultar dos seguintes defeitos nos tubulos distais:
diminuicao da atividade da H*ATPase (ATR distal secretora); aumento da
permeabilidade da membrana luminal (ATR distal por difusdo retrégrada) ou
diminuicao da reabsorcao distal de Na* (ATR distal voltagem dependente) (40).

A diminuicdo, ou mesmo auséncia, de atividade da H*ATPase das células
intercaladas dos tubulos distais e coletores, geralmente é secundaria a um defeito
genético. Também ja foram detectadas mutagdes no trocador AE1 que, assim como a
H*ATPase, participa do processo de acidificagdo urinaria, reabsorvendo HCOs3~.
Outra possibilidade para explicar esse sub-tipo da ATR distal seria a existéncia de
um defeito na H*/K*ATPase, localizada na membrana apical das células intercaladas.
No entanto, alguns autores acreditam que esta bomba esteja mais relacionada a
homeostase do K* que do H* (5).

O modelo de Stewart (18) é uma forma alternativa de entendimento dos
disturbios acido-basicos, que se baseia nas leis de conserva¢do de massa e carga.
Levando-se em conta que o plasma é formado por ions totalmente dissociados (ions
“fortes” tais como Na*, K*, Cl-, lactato), acidos “fracos” parcialmente dissociados
(albumina e fosfato) e tampdes volateis (espécies carbonadas), Stewart elaborou
uma equacdo polinomial que relaciona a concentracdo de H* com trés variaveis
independentes: a diferenca entre os ions “fortes”, a concentracdo total de acidos
fracos e a pressdo parcial de gas carbonico (COz) (18). Dessa forma, o modelo de
Stewart avalia as acidoses metabolicas através de mudancas nas concentracdes de
fons considerados “fortes” aferidas pela seguinte operagdo matematica:
[Na*]+[K*]-[Cl-]. Segundo essa nova visao, acredita-se que a ATR seja devida
primariamente a um defeito nas proteinas de transporte do ion H* que acarretam,
secundariamente, em alteragdes no transporte do cloro (Cl-). Tais alteragdes no
transporte de Cl- reduzem a diferenca entre os fons “fortes”, resultando em acidose
metabolica. Este modelo considera que as alteragdes na excrecao do bicarbonato sio
apenas um epifendmeno, decorrente das mudancas na excre¢do urinarias dos fons
“fortes” (33). Esta nova visdao dos distdrbios acido-basicos permite um melhor

entendimento dos achados clinicos e laboratoriais em alguns tipos de ATR distal
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como as decorrentes de mutagdes do trocador AE1, assim como explica a piora da
acidose nesses pacientes, induzida por uma carga excessiva de NaCl 0,45% (19).

O exemplo classico de ATR distal, causada por aumento da permeabilidade
da membrana luminal do ND, esta associado ao uso de anfotericina B. Postulava-se,
inicialmente, que esta droga formaria canais aquosos na membrana das células do
TD e promoveria o retorno de ions H* para o interior da célula. Este processo foi
chamado de difusdo retrégrada. Entretanto, esta teoria tem sido questionada.
Alguns autores acreditam que o H2CO3 e/ou o HCO3-, e ndo o H*, possam retornar
para a luz tubular (40). O relato de criangas com quadros de ATR distal associada a
doengas auto-imunes sugere que o mecanismo de difusdo retrégrada como causa
ainda nao foi totalmente esclarecido (41).

A reabsorc¢do de Na* no TC cria uma diferenca de potencial limen- negativa,
que é fundamental para a secrecao de fons H* e K* (8). Os fatores relacionados a
diminuicao da reabsor¢dao de Na* ou de seu aporte ao TD, podem reduzir a
capacidade secretora deste segmento do néfron, que é voltagem dependente (40).
Os fatores mais comumente relacionados a este tipo de ATR sdo a uropatia
obstrutiva, a deple¢do volumétrica e o uso de diuréticos poupadores de K* (42).
Como a secre¢do de K* estd igualmente comprometida, também pode evoluir com
elevacdo dos niveis séricos deste cation (40). Recentemente, entretanto, a teoria de
que a ATR distal hipercalémica seja causada por defeito isolado de uma diferenca de
potencial transmembrana tem sido questionada. Alguns estudos tém demonstrado
que os mecanismos envolvidos sio bem mais complexos, envolvendo também

defeitos no funcionamento da H*ATPase, H*/K*ATPase e Na*/K*ATPase (42).

1.2.3 Diagndstico

O diagndstico de ATR distal deve ser suspeitado em presenca de acidose
metabdlica hiperclorémica acompanhada de anion gap urinario positivo, ou seja, de
uma concentracdao de Cl- na urina inferior a soma das concentracdes de sodio e

potassio. Nessas circunstancias, se a concentracdo plasmatica de potassio é normal
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ou esta reduzida, e o paciente é incapaz de reduzir o pH urindrio para valores
inferiores a 5,5, estabelece-se o diagnostico de ATR distal. A excre¢do urinaria de
citrato geralmente estd diminuida, devido a sua maior reabsor¢do proximal,
estimulada pela acidose. A excre¢do urinaria aumentada de calcio (Ca2+*) associada a
hipocitratiria e ao pH urinario persistentemente elevado, pode contribuir para o
desenvolvimento de nefrolitiase e nefrocalcinose. Tais altera¢cdes sdo comuns na
ATR distal n3o tratada, embora existam relatos de nefrocalcinose na auséncia de
hipercalcitria (43).

O raquitismo e a diminuicdo da massa 6ssea também podem ser encontrados,
mas sua real incidéncia ainda é incerta. A acidose metabdlica também pode, por si
s6, alterar o metabolismo da vitamina D, diminuindo sua produc¢do renal, com
conseqliente déficit na reabsorcao intestinal de CaZ* e doenca 6ssea secundaria.

A hipocalemia estd presente em 30 a 50% dos casos. Pode manifestar-se
como fraqueza muscular, as vezes com episodios agudos de paralisia flacida, que
podem evoluir para tetraplegia em até 48h (44).

A apresentacdo clinica da ATR distal engloba, além do déficit de crescimento
nas criangas, um quadro de anorexia, vomitos e polituria (45). Algumas condi¢des
podem mimetizar a ATR distal com pH urinario maior que 5,5. Pacientes portadores
de infeccdo urinaria por bactérias urease-positivas podem apresentar pH urindario
alcalino, porém, em geral, ndo apresentam acidose sistémica. Além disso, o exame
microbiolégico e o sedimento urindrio exibem alteracdes tipicas. A fase inicial da
ATR proximal, quando ainda ha perda urinaria de alcalis e hipovolemia, também
pode confundir-se com a ATR distal. A deplecao de K* e o aumento da excrec¢ao
urindria de amonia (NH3), que podem ocorrer na acidose metabdlica por diarréia
aguda, simulam, algumas vezes, o quadro laboratorial desta patologia (5).

E importante ressaltar ainda que existem formas incompletas de ATR distal
que dificultam o diagndstico, pois, muitas vezes, os pacientes apresentam-se com pH
sangiiineo normal e pH urindrio apenas levemente aumentado. Nesses casos, pode
ser necessaria a utilizacdo de provas de acidificacdo urindria por meio da
administracdo oral de cloreto de amonio (NH4Cl), em p6 ou em capsula, na dose de

0,1 grama/Kg. Recomenda-se que seja coletada a urina a cada hora, nas préximas 8
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horas; e a gasometria seja realizada no inicio do teste e a cada hora, nas 4 horas
subseqiientes a administracao do acido. Se o pH urinario falha em cair abaixo de 5,5
durante a quarta hora ap6s o NH4Cl, é provavel que a ATR distal esteja presente,
desde que um pH sangiiineo inferior a 7,35 e um bicarbonato menor que 20 mEq/L

sejam documentados (6).

1.2.4 Tratamento

O objetivo do tratamento consiste ndo s6 na correcdo das alteracdes
bioquimicas, mas principalmente na retomada do crescimento e na prevencdo da
nefrocalcinose e da insuficiéncia renal. Os pacientes adequadamente tratados
geralmente sdo assintomaticos e podem levar uma vida normal, a ndo ser que ja
tenha havido lesdo renal ou 6ssea irreversiveis (5). A normalizacdo do pH sérico
diminui a perda urinaria de K* e previne a litiase e o desenvolvimento da
nefrocalcinose (46). A correcido da acidose também reverte as alteracdes no
metabolismo das células Osseas, aumentando, conseqiientemente, a densidade
mineral do osso (47).

A base do tratamento constitui na administracio de doses continuas e
adequadas de alcalis, sob a forma de HCO3~ ou citrato. A quantidade ofertada deve
ser suficiente para suprir as perdas urinarias de HCO3~ além da demanda diaria
gerada pela continua producdo de 4acidos pelo organismo, secundaria ao
catabolismo protéico. Em pacientes mais jovens, podem ser necessarios de 4 a 14
mEq/Kg de bicarbonato de sdédio, que deve ser oferecido em doses fracionadas
(5,45). Criancas maiores e adultos, em geral, necessitam de doses menores. O citrato
de potassio também pode ser utilizado em doses de 4 mEq/Kg/dia. A dose de alcalis
é considerada adequada quando é suficiente para corrigir a maioria das
anormalidades urindrias, inclusive a hipercalciuria. Deve-se evitar o uso de doses
excessivas de alcalis, que podem elevar excessivamente o pH urinario, propiciando a
precipitacdo do calcio excretado em excesso. Recomenda-se, entdo, evitar que o pH

urindrio torne-se superior a 8,0. Idealmente, o pH urinario deve ser mantido entre
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6,5 e 7,5 e a gasometria revelar equilibrio dcido basico. A monitoracao individual é
fundamental para o ajuste das doses (48).

A corre¢do da hipercalcidria é mandatéria, mesmo em presenca de uma
excrecdo urinaria adequada de citrato. O citrato pode melhorar a saturacdo urinaria
para o oxalato de cdlcio, mas ndo reverte a tendéncia para a satura¢do renal do
fosfato de calcio no osso (48). A monitoracdo do Ca2* urindrio, através da relagdo
calcio/creatinina em amostra de urina e/ou dos niveis de calcio na urina de 24
horas é importante para a avaliacdo do tratamento (49). O uso de diuréticos
tiazidicos é uma opc¢do terapéutica para controlar a hipercalcidria, quando a
excrecdo urinaria de calcio persiste aumentada mesmo apds correcdo do disturbio
acido-basico (50).

Pacientes portadores de ATR distal primaria vao requerer tratamento
prolongado, possivelmente por toda a vida. Em geral o progndstico é excelente,
sobretudo para as criangas precoce e adequadamente tratadas. O uso adequado da
terapia alcalina pode restabelecer o crescimento e prevenir a progressao para

nefrocalcinose (5).

1.3 Justificativa do estudo

A técnica do whole-exome sequencing (WES) consiste no sequenciamento
completo dos éxons, ou exoma. Os éxons sdo a parte do genoma que contém as
informacdes para a producdo das proteinas vitais para o funcionamento do
organismo. Apesar de constituir apenas 1% de todo genoma, a maioria das
mutac¢des causadoras de doengas estd localizada nessa regido (85% de todas as
variacOes consideradas de grande risco para as doengas comuns). Dessa maneira, o
WES tem-se mostrado muito util para identificar mutacdes novas e recorrentes,
especialmente em doencas raras, complexas e de heran¢ca Mendeliana (51,52).

Dentro desse contexto, hipotetizamos que a técnica de WES poderia ser util
para o diagnoéstico genético da ATR distal, por se tratar de doenca complexa e

heterogénea em relacdo as alteragdes genéticas subjacentes e a correlacdo entre
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genoétipo e fendtipo dos pacientes. Sendo assim, o presente estudo teve como
objetivo principal avaliar a aplicabilidade da técnica de WES no diagnéstico genético
desta tubulopatia. Ressalta-se ainda que se trata do primeiro estudo em que a

técnica de WES foi aplicada para diagnostico de uma tubulopatia.
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Abstract: Renal tubular acidosis (RTA) is characterized by metabolic acidosis due to renal impaired acid excretion. Hy-
perchloremic acidosis with normal anion gap and normal or minimally affected glomerular filtration rate defines this dis-
order. RTA can also present with hypokalemia, medullary nephrocalcinosis and nephrolitiasis, as well as growth retarda-
tion and rickets in children, or short stature and osteomalacia in adults. In the past decade, remarkable progress has been
made in our understanding of the molecular pathogenesis of RTA and the fundamental molecular physiology of renal tu-
bular transport processes. This review summarizes hereditary diseases caused by mutations in genes encoding transporter
or channel proteins operating along the renal tubule. Review of the molecular basis of hereditary tubulopathies reveals
various loss-of-function or gain-of-function mutations in genes encoding cotransporter, exchanger, or channel proteins,
which are located in the luminal, basolateral, or endosomal membranes of the tubular cell or in paracellular tight junc-
tions. These gene mutations result in a variety of functional defects in transporter/channel proteins, including decreased
activity, impaired gating, defective trafficking, impaired endocytosis and degradation, or defective assembly of channel
subunits. Further molecular studies of inherited tubular transport disorders may shed more light on the molecular patho-
physiology of these diseases and may significantly improve our understanding of the mechanisms underlying renal salt
homeostasis, urinary mineral excretion, and blood pressure regulation in health and disease. The identification of the mo-
lecular defects in inherited tubulopathies may provide a basis for future design of targeted therapeutic interventions and,
possibly, strategies for gene therapy of these complex disorders.
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INTRODUCTION

The term Renal Tubular Acidosis (RTA) defines many
disorders characterized by metabolic acidosis, secondary to
defects in renal tubular reabsorption of bicarbonate (HCO;3)
and/or in urinary excretion of hydrogen (H"), while glomeru-
lar function is little or not affected [1-6]. All forms of RTA
present hyperchloremic metabolic acidosis, with normal an-
ion gap and are chronic diseases with significant impact on
the quality of life of affected patients when left untreated,
possibly leading to growth failure, osteoporosis, rickets,
nephrolithiasis and even renal insufficiency [1-6].

Defects in proximal bicarbonate reclamation or distal
acid secretion give rise to the respective clinical syndromes
of proximal or distal RTA [1-6]. These disorders can be pri-
mary, originating from genetic defects on tubular transport
mechanisms [7], or secondary to systemic diseases and to
adverse drug reactions [8-12]. The familial conditions ex-
hibit distinct inheritance patterns. Distal RTA can be trans-
mitted as either an autosomal dominant or an autosomal re-
cessive trait, whereas isolated proximal RTA usually occurs
as an autosomal recessive disease [6,7,13]. In the past few
years, the molecular genetic strategies of positional cloning
and candidate gene analysis have been combined to identify
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the genes responsible for these inherited conditions [6,13].
This review will summarize the mechanisms of acid-base
regulation by the kidney and the current understanding of the
genetic causes of primary inherited RTA. It will, in addition,
evaluate the ability of known functional and biochemical
properties of these mutant proteins to explain the patho-
physiology of associated renal acidification defects.

BRIEF OVERVIEW OF RENAL ACID-BASE HO-
MEOSTASIS

The kidney plays two major roles in acid-base homeosta-
sis. First, the filtered bicarbonate load (approximately 4000
mmol/day) must be reabsorbed, mainly in the proximal tu-
bule and beyond in the loop of Henle and distal nephron.
This reclamation process in the proximal tubule minimally
requires the following: hydrogen (H") secretion of an equiva-
lent amount via the luminal Na*/H" exchanger (NHE-3) and
the vacuolar H*-ATPase; luminal carbonic anhydrase type
IV (CAIV) and cytosolic carbonic anhydrase type Il (CAIl);
and basolateral bicarbonate exit through the electrogenic
Na'-dependent bicarbonate cotransporter (NBC-1) [2,14-17].
Second, the kidney must regenerate new bicarbonate (ap-
proximately 50 + 100 mmol/ day) in the process of acid-
secretion, mainly in the collecting ducts, to match the
amount of newly produced acid load by systemic metabolism
[18,19]. In addition to sufficient buffer in the lumen, this
process requires activities of several transport proteins of the
acid secreting a-intercalated cells, including the luminal

©2009 Bentham Science Publishers Ltd.
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vacuolar H*-ATPase, CA I, and the basolateral chloride-
bicarbonate exchanger, AE1 [18,20,21].

Proximal Tubular Bicarbonate Reabsorption

HCOj is freely filtered at the glomerulus and approxi-
mately 80 to 90% of this is reabsorbed in the proximal tubule
[6]. In the tubular lumen, HCO3 combines with H" in a reac-
tion catalyzed by CA 1V, which is bound to the luminal
membrane of proximal tubular cells [2,14,15]. This reaction
produces carbonic acid, which is promptly converted to CO,
and H,0. The resulting CO; rapidly diffuses into the tubular
cells and is combined with water to produce intracellular H*
and HCOjg'. This intracellular reaction is catalyzed by CA 1.
HCO5  is then cotransported with Na“ into blood (with a
probable stoichiometry of 3 HCO;™ to 1 Na') [6] via the
NBC-1, located on the basolateral cell membrane. The intra-
cellular H* produced by CA 1l is secreted into the tubular
lumen predominantly via the NHE-3, situated on the luminal
membrane [6,15,22]. This transport process is called facili-
tated diffusion and depends on the sodium concentration
gradient generated by the action of a basolateral membrane
Na'-K*-ATPase. It should be mentioned that there is mini-
mal net acid excretion in the proximal tubule, since most of
the H* secretion is coupled with HCO;" reabsorption [6,13].
The small amount of remaining H* will be buffered by phos-
phate as titratable acid. HCOj™ reabsorption is influenced by
luminal HCO3;™ concentration and pH, luminal flow rate,
peritubular pCO,, and angiotensin 1l [2,6,17].

Proximal tubular cells are capable of generating “extra”
bicarbonate through the deamination of glutamine to gluta-
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mate, then forming o-ketoglutarate and eventually glucose.
This metabolic process produces HCO; and NH,": the for-
mer reclaimed via the basolateral membrane and the latter
secreted into the tubular lumen. This pathway can be upregu-
lated in states of chronic acidosis [3,6,15].

The main mechanisms of proximal tubular bicarbonate
reabsorption are displayed in Fig. (1).

Distal Tubular Hydrogen Secretion

One of the important roles of the collecting duct segment
of the nephron is acid secretion, combined with reclamation
of the approximately 10% of filtered HCO; that is not reab-
sorbed by more proximal nephron segments [18]. The aver-
age omnivorous human diet in the "Western' world is rich in
protein, and generates 1+1.5 mmol hydrogen/kg body weight
each day [23]. Urinary acid excretion is therefore essential,
and urine pH can drop as low as 4.5. The o-intercalated cell
is the main responsible for hydrogen secretion into the urine.
In humans at least, hydrogen pumps, called H*-ATPases,
mainly carry out hydrogen secretion [18,19,23]. H*-ATPases
are present at high density on the luminal membrane of o-
intercalated cells [18]. Studies in nonhuman mammals show
that these H'-ATPases are also present within specialized
intracellular tubulovesicles close to the membrane, allowing
additional pumps to be recruited to the membrane quickly in
to response to stimuli, such as systemic acidosis, for example
[23]. These cells secrete H* into the lumen of the distal tu-
bule and collecting duct not only via H+-ATPase but possi-
bly also by an exchanger, H'/K*-ATPase [7,10]. In addition,
the normal function of the luminal H'-ATPase in -

Proximal Tubular Cell

Lumen Blood
H,0 Co, L C0,+H,0 Na
a
@ iATPase
H,CO 2K*
23 H,CO,
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Na*
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Fig. (1). Schematic model of bicarbonate (HCO3") proximal reabsorption. The intracellular carbonic acid (H,COj) dissociates into H* and
HCO5" in a reaction catalysed by a cytoplasmic carbonic anhydrase (CAII). At the luminal membrane, H™ secretion is due to an especific Na*
— H* exchanger (NHE-3), while, at the basolateral membrane, the 1 Na* - 3 HCO;" cotransporter (NBC-1) is responsible for HCO5 transport
to the peritubular capilar. The secreted H* reacts with filtered HCO3™ to form luminal H,COj3, which is dissociated into H,O and CO, by the
action of membrane-bound carbonic anhydrase (CAIV). The generated CO, diffuses back into the cell to complete the HCOj3™ reabsorption

cycle.
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intercalated cells is coupled, in a poorly understood manner,
to the electroneutral transport of HCOj3™ back across the baso-
lateral surface into the interstitial fluid, and hence to blood.
The transporter responsible for this activity in renal o-
intercalated cells is the CI'/THCOj3 exchanger AE1 [7,20,21].
The AEL exchanger is homologous with the red cell anion
exchanger known as ‘band 3’ (eAE1) [6,24]. After the red
cell, the kidney is the next richest source of this protein
(KAEZ1) [24]. Proton secretion varies with systemic pH and it
is also aldosterone-dependent and voltage-dependent [24].

Once secreted, net urinary elimination of H" depends on
its buffering and excretion as titratable acid (mainly phos-
phate - HPO,* + H* <> H,PO, ), and excretion as NH," [24].
Notably, the production of NH," from glutamine by the
proximal tubule, and its subsequent excretion in the urine,
also generates ‘new’ bicarbonate, which is added to plasma
[24]. Availability of phosphate as a buffer depends on its
filtration, whereas NH," depends on normal function of the
proximal tubule, as well as a complex process of secretion,
reabsorption, and secretion again along the nephron [24].
The final secretory step for NH," excretion is ‘diffusion
trapping’ in the collecting duct. Anything that interferes with
H" secretion in the collecting duct will reduce diffusion trap-
ping and cause a decrease in excretion of both H" and NH,"
[6,24]. As previously mentioned, chronic metabolic acidosis
stimulates renal NH," synthesis and excretion [3,6,15].

Fig. (2) shows renal acidification process in o-intercalated
cells of the distal nephron.
CLASSIFICATION AND CLINICAL FEATURES OF
RENAL TUBULAR ACIDOSIS

Clinically, RTA is characterized by a normal anion gap,
hyperchloremic metabolic acidosis, and associated failure to
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thrive secondary to growth failure as well as anorexia [13].
Polyuria and constipation can also be seen, although neither
may be apparent in the neonatal period [13]. Hyperchloremic
metabolic acidosis in pediatric practice is most often associ-
ated with diarrheal disease. Both diarrhea and RTA result in
hypokalemia. For this reason, in a young infant with diarrhea
and underlying RTA, the true diagnosis may be obscured.
Thus, inordinately slow resolution of hyperchloremic meta-
bolic acidosis following diarrheal disease should suggest the
possibility of an underlying primary RTA [13].

Beyond the difficulties inherent in delineating RTA,
RTA can be subcategorized into different disorders with dis-
tinctly diverse prognoses [13]. The diagnostic cataloguing of
RTA is based on the underlying pathophysiology. The cur-
rent model of how the nephron reabsorbs HCO; and secretes
H" has led to a clinical and functional classification of
proximal (tubule) versus distal (tubule and collecting duct)
forms of RTA [24]. Thus, the main types of RTA are proxi-
mal (or type 2) RTA and distal (or type 1) RTA. Type 3
RTA is a mixed type RTA that exhibits both impaired
proximal HCO;™ reabsorption and impaired distal acidifica-
tion, and more disturbingly osteopetrosis, cerebral calcifica-
tion and mental retardation [4]. Hyperkalemic (or type 4)
RTA is a heterogeneous group of disorders that is character-
ized by low urine NH,", which is probably caused by the
hyperkalemia or by aldosterone deficiency or defective sig-
naling [4].

In distal RTA, distal nephron net acid secretion is im-
paired. This leads to a high urine pH, even in the presence of
systemic acidosis [2,4]. However, there is often no metabolic
acidosis and the blood bicarbonate concentration is normal,
so-called ‘incomplete’ distal RTA, and a defect in renal acid
excretion must be demonstrated by a failure to lower urine

a-intercalated cell

Lumen

H* H'<- g+  HCO;
- / TPase / v E 1
\ Cl-
H-I-
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H- H,CO,
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HPO? NH, g+ .
CO, + H,0 =
T S=.
H,PO; NH;

Fig. (2). Schematic model of the o-intercalated cell and the H* secretion in cortical collecting tubule. The a-intercalated cell is responsible
for H* secretion by a vacuolar H*-ATPase (main pump) and also by a H*-K*-ATPase. The luminal ammonia (NHs) buffers H* to form
nondiffusible ammonium (NH,") and divalent basic phosphate (HPO,) is converted to the monovalent acid form (H,PO,) in H* presence.
Intracellularly formed HCOj3™ leaves the cell via CI'- HCOj3™ exchange, facilitated by an anion exchanger (AE1). Cytoplasmic carbonic anhy-

drase 11 (CA 1) is necessary to secret H”.
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pH below 5.5 following an NH,CI load or a modified fu-
rosemide test [2,6,24]. Acquired distal RTA is often secon-
dary to autoimmune diseases, such as Sjogren’s syndrome
[6,24]. Inherited distal RTA can be essentially of three types:
autosomal dominant distal RTA (the commonest form) and
autosomal recessive distal RTA with and without sen-
sorineural deafness [24]. In the complete forms of both
dominant and recessive distal RTA bone disease is common
(rickets or osteomalacia), as well as nephrocalcinosis (often)
complicated by renal stone disease. The occurrence of renal
stones is attributed to the combination of hypercalciuria, low
urinary citrate excretion (due to systemic and intracellular
acidosis) and high urine pH, all favouring calcium phosphate
stone formation. Hypokalaemia, another characteristic fea-
ture, is less troublesome than in the acquired autoimmune
form of distal RTA, but it can become symptomatic, espe-
cially if a thiazide diuretic is prescribed to reduce hypercal-
ciuria [24]. In recessive distal RTA, some patients suffer
from sensorineural deafness, which can be late in onset [24].

Conceptually, the proximal tubule is charged with the
task of reclaiming filtered HCO;™ (~ 85% of the total) [13].
Failure of this process leads to reduction in systemic base,
resulting in metabolic acidosis — proximal RTA [13]. Proxi-
mal RTA typically manifests as part of a generalized defect
of proximal tubule function, namely the renal Fanconi’s syn-
drome (with glycosuria, low molecular weight proteinuria,
urinary phosphate wasting, hypophosphataemia and hypouri-
caemia) [24]. Isolated proximal RTA occurs rarely and usu-
ally presents as growth retardation in childhood. Like distal
RTA, it can be divided into three types: autosomal recessive
proximal RTA with ocular abnormalities, autosomal reces-
sive proximal RTA with osteopetrosis and cerebral calcifica-
tion, and autosomal dominant proximal RTA [24]. Autoso-
mal recessive proximal RTA with ocular abnormalities is the
commonest form of isolated and inherited proximal RTA,
but even this is rare. Ocular abnormalities include band kera-
topathy, glaucoma and cataracts [24]. Short stature is usual,
dental enamel defects, mental retardation, hypothyroidism,
abnormal pancreatic function and basal ganglia calcification
are also features [24,25]. In inherited CA Il deficiency, iso-
lated proximal RTA presents with osteopetrosis (due to im-
paired osteoclast function), cerebral calcification and vari-
able mental retardation [26]. Although this form of inherited
RTA is clinically more proximal in type, it can also present
with a mixed proximal and distal phenotype, which reflects
the presence of CA Il in cells all along the renal tubule.

Type 3 RTA can be caused by recessive mutation in the
CA2 gene on chromosome 8¢22, which encodes CAII [4] or
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could involve direct interaction between CA Il and the
NBC1 [27] or CI'/ HCO;3™ exchanger, SLC26A6 [4,28].

The causes of type 4 RTA include various types of adre-
nal failure or pseudohypoaldosteronism type 1 (PHA1) due
to defects in the mineralocorticoid receptor or the epithelial
Na® channel, all characterized by salt loss and hypotension
[4]. A similar picture may be seen in obstructive uropathy or
drug induced interstitial nephritis [4]. Furthermore, a number
of drugs may impair signalling in the renin—-angiotensin-
aldosterone system and cause hyperkalemia and metabolic
acidosis (e.g. potassium sparing diuretics, trimethoprim, cy-
clo-oxygenase inhibitors, angiotensin converting enzyme
inhibitors) [4]. Lately, much interest has been given to a
group of rare autosomal dominant diseases characterized by
hyperkalaemia and acidosis and age-related hypertension [4].
In spite of hypervolaemia, aldosterone is not low and the
disorders have been collectively termed pseudohypoaldos-
teronism type 2 (PHA2) [4].

INHERITED FORMS OF DISTAL RENAL TUBULAR
ACIDOSIS

Inherited forms of distal RTA have three variants: auto-
somal dominant and autosomal recessive with or without
deafness. Dominant disease typically presents more mildly in
adolescence or adulthood, and recessive variant occurs in
infancy/early childhood, where growth retardation is com-
mon [6]. In Table 1 we can see the chromosome mapping of
distal RTA.

Autosomal Dominant Distal RTA (Distal RTA Type 1a)

Distal RTA occurs with the greatest frequency as an iso-
lated defect, often transmitted as an autosomal dominant trait
[13]. In few reported families, the presence of the disorder in
several generations suggests an autosomal dominant trans-
mission. Although clinical findings are not different from
those observed in autosomal recessive or sporadic cases, in
these patients the disease may be diagnosed later (in adoles-
cence or adulthood) [6] or manifest with milder symptoma-
tology.

Autosomal dominant distal RTA has been found to be
associated in several kindred with mutations in the SLC4A1
gene encoding the CI'/HCOj3™ exchanger, AE1 [15].

The Electroneutral Anion Exchanger (AE1)

The CI'/HCOj3 anion exchanger, AE1, is a glycoprotein
encoded by a gene (SLC4A1l) present on chromosome 17
g21-22. SCL4AL gene is a member of the SLC4 family com-

Table1l. Chromosome Mapping of the Inherited Distal Renal Tubular Acidosis
Inherited Distal RTA Gene Mapping Protein Encoded
Autosomal dominant SLC4A1 Chromosome 17g21-g22 AE 1 exchanger
Autosomal recessive ATP6V1B1 Chromosome 213 B1-subunit of H*-ATPase
(with deafness)
Autosomal recessive ATP6V0OA4 Chromosome 7 gq33-q34 a4 isoform subunit of H*-ATPase

(with preserved hearing)
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prising 10 genes of which 8 encode bicarbonate ion trans-
porters [6,24,29]. AE1 is an integral membrane glycoprotein
containing a long cytoplasmic N-terminus (~ 400 amino ac-
ids), 12-13 transmembrane domains (responsible for anion
transport and dimerization), and a short cytoplasmic C-ter-
minus (~ 35 amino acids) [30,31]. It is predominantly ex-
pressed in the erythrocytes (eAE1) and in the kidney (KAE1).

KAEL is a truncated isoform of eAE1 with lacking of 65
amino acids at the N-terminus owing to the use of differen-
tial transcription and translation start sites [32]. This extra
NH2-terminal sequence confers additional roles for eAEL,
including facilitation of red cell metabolism and mainte-
nance of erythrocyte structural stability via interaction with a
glycolytic enzyme complex and cytoskeletal elements, re-
spectively [6]. KAE1 mediates an electroneutral exchange of
chloride for bicarbonate at the basolateral membrane of acid
secreting o-intercalated cells of the distal nephron and col-
lecting duct [32,33]. This ion exchanger promotes the reab-
sorption of bicarbonate into the blood. Therefore, eAE1 de-
fect results in morphological changes of red blood cells
(RBC) while KAE1 abnormality leads to distal RTA [32].

The physiological role of KAE1 in the regulation of distal
nephron acid secretion is well established. In the acidifica-
tion process of the distal nephron, basolateral KAE1 mediates
Na-independent, electroneutral CI/HCO3™ exchange, allow-
ing HCO3™ to exit the a-intercalated cells in concert with
apical H" secretion via the vacuolar H*-ATPase.

AE1 Gene (SLC4A1) Mutations

Because of the expression of AE1 in two different cells
(RBC and o-intercalated distal tubular cells) with distinct
functions, AE1 mutations show pleiotrophic effects resulting
in two distinct and seemingly unrelated phenotypes: heredi-
tary spherocytosis (or other forms of erythrocyte abnormali-
ties) and distal RTA [31]. The largest group of mutations in
human AE1 is associated with autosomal-dominant red cell
dysmorphologies (hereditary spherocytosis — HS; and South-
east Asian ovalocytosis - SAO), where renal acid-base han-
dling is normal [6]. AE1 mutations also result in distal RTA,
because the defect in AE1 affects anion CI/HCO;™ exchanger
at the basolateral membrane of the a-intercalated cells in the
distal nephron [31].

SAO, a well-known erythrocyte disorder, is caused by a
deletion of 27 bp in codons 400-408 in exon 11 (Ex11D27)
of AE1 leading to a lack of 9 amino acids in the protein,
which is inactive for anion transport.

How can be explained either the absence of red cell ab-
normalities in patients with distal RTA or the rarity of de-
fects in distal urinary acidification in patients with hemato-
logical disorders, when, in both circumstances, mutations in
the same SLC4AL gene are present? [15]. One exception is
the homozygous AE1l mutant V488M (Band 3 Coimbra;
GTG — ATG), which presents with severe anemia and renal
acidification defect [34,35].

The majority of AE1 mutations apparently cause only
erythroid abnormalities without renal phenotype. Most cause
autosomal dominant forms of HS and are not encountered in
homozygous form, suggesting embryonic lethality [7].
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Dominant HS-associated AE1 mutations are generally
not associated with distal RTA. Conversely, distal RTA-
associated AE1 mutations are also not commonly accompa-
nied with HS. Whereas HS missense mutations are distrib-
uted throughout AE1 cytoplasmic and transmembrane do-
mains, distal RTA mutations are restricted to AE1’s trans-
membrane domain. Although, the almost complete segrega-
tion between mutations associated with HS and with distal
RTA is not fully understood [7].

Autosomal dominant distal RTA was first associated with
exon 14 nucleotide substitutions encoding missense muta-
tions in residue 589 (R589), in which the wild-type Arg is
converted to His, Ser, or Cys [30,36]. A single base change
alters the identical AE1 residue, R589, in eight of the ten
reported kindred with dominant distal RTA, supporting the
importance of this residue in the normal acidification proc-
ess. R589 lies at the intracellular border of the sixth trans-
membrane domain of the protein, adjacent to K590. These
basic residues are conserved in all the known vertebrate an-
ion exchanger isoforms and are thought to form part of the
site of intracellular anion binding. Arginine at this position is
conserved in all vertebrate AE proteins, indicating its func-
tional importance [37].

Three different mutations at this position (R589C,
R589H, and R589S) were found in autosomal dominant dis-
tal RTA and two de novo R589H mutations have also been
reported [30,32,36]. A high prevalence of AE1 R589 muta-
tions and the presence of at least two de novo mutations at
this position suggest that codon 589 (CGC) is a “mutational
hotspot” of AELl. The mechanism of recurrent mutations
probably involves methylation and deamination altering cy-
tosine (C) to thymine (T) in the CpG dinucleotides [37].

Another missense mutation alters serine to phenylalanine
at position 613 [36] within the adjacent transmembrane loop,
evidencing the importance of this region of the protein. A
further complex mutation results in a C-terminally truncated
AE1 protein lacking the last 11 amino acids [29].

AE1 in Autosomal Recessive Distal RTA

Recent gene studies have shown that some of the AE1
mutations are responsible for autosomal recessive distal
RTA in several countries in Southeast Asia; these patients
may be homozygous for the mutation or be compound het-
erozygotes of two different AE1 mutations, one of which is
usually the SAO mutation [38,39]. The evaluation of the
AE1 G701D mutation has provided the first explanation for
how any distal RTA-associated AE1 mutation might cause
the disease [40].

Recessive distal RTA appears to result from the absence
or a very marked deficiency of chloride-bicarbonate ex-
change activity in the basolateral membrane of the distal o-
intercalated cell. In the case of the G701D mutation this oc-
curs because the mutant protein is totally dependent on the
presence of glycophorin A (GPA) for its movement to the
cell surface. GPA is a glycosylated protein that is associated
with band 3 and has a single span across the erythrocyte
membrane [38]. Expression in Xenopus oocytes demon-
strated that GPA completely rescues the cell surface move-
ment of the G701D mutant band 3 to normal levels. This
contrasts with normal band 3, which moves to the cell sur-
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face even in the absence of GPA, although GPA further en-
hances this movement. Red blood cells contain GPA but
GPA is absent from the kidney, hence individuals homozy-
gous for the G701D mutation have normal levels of band 3
in their red cells. It is proposed that, in homozygotes, the
mutant G701D protein does not reach the basolateral mem-
brane of the a-intercalated cell, but is turned over within the
cell. In SAO/G701D compound heterozygotes, the SAO pro-
tein is presumed to reach the cell surface, but since it is inac-
tive in anion transport, it acts as if it were a band 3 null allele
[38].

Autosomal Recessive Distal RTA with Deafness (Distal
RTA Type 1b)

Recessive forms of distal RTA are related to mutations in
the proton pump in a-intercalated cells. The gene involved
(ATP6V1B1) is located on chromosome 2g13, and encodes
the B1-subunit of H*-ATPase expressed apically on a-inter-
calated cells and also in the cochlea and endolymphatic sac
[4,23].

In the human cochlea, the H-ATPase appears to be re-
quired to maintain normal endolymph pH [6] given that the
very high potassium concentration (approximately 150
mmol/l) in this closed compartment is not normally accom-
panied by alkalinity of the endolymph [23]. ATP6V1B1 ex-
pression has also been observed in the male genital tract
(with acidification requirement for sperm maturation) [29].

Clinical findings, other than deafness, are identical to
those present in patients with sporadic or autosomal reces-
sive distal RTA and normal hearing. There is great variation
in the presentation of deafness, from birth to late childhood,
it is progressive and does not respond alkali therapy [15].
The defects in B1 cause irreversible hair cell damage in hu-
man cochlea because of ambient electrolyte and pH abnor-
malities [29].

Screening for mutations in this gene revealed fifteen dif-
ferent mutations in kindred. The majority of these mutations
are likely to disrupt the structure, or abrogate the production,
of the normal B1 subunit protein [29].

The Human Vacuolar H*-ATPase

The vacuolar-type proton ATPase (V- or H+-ATPase) is
a multisubunit pump that is essential for normal acidification
of intracellular vesicular structures. In each individual cell,
H-ATPases may function in a variety of distinct but essen-
tial cellular processes. However, the mechanisms by which
cells regulate the intracellular trafficking, final destination
and activity of these proton pumps are unclear [41].

The H'-ATPases are composed of two structural domains
(membrane-bound V, and cytoplasmic or peripheral V1) each
formed of multiple subunits (a—e and A-H, respectively),
which are responsible for ATP hydrolysis and proton trans-
port, respectively [6,23]. The mammalian H*-ATPase is pre-
sumed to be similar to that of yeast (in which most of the
structural studies have been performed) [23].

Autosomal Recessive Distal RTA with Preserved Hearing
(Distal RTA Type 1c)

Individuals without hearing defects carry mutations at
chromossome 7 q33-g34. The defective gene is ATP6V0A4,
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which encodes a kidney-specific a4 isoform subunit of H*-
ATPase. The involvement of the a4 subunit in distal RTA
shows that it must be essential for proper proton pump func-
tion in the kidney [29], but its role is not totally clear.

Site-directed mutagenesis studies of the yeast ‘a’ subunit
ortholog Vph1p (the ‘@’ subunit in proton pumps localized to
the yeast vacuole) have yielded some potential functions
[42]. Some mutations showed that this subunit is important
for the assembly of the proton pump, whereas other muta-
tions had greater effects on ATPase activity and proton
transport. These studies suggest that the ‘a’ subunit is impor-
tant for both assembly and function of the pump [29,42].

INHERITED FORMS OF PROXIMAL RENAL TUBU-
LAR ACIDOSIS

Proximal RTA is caused by a reduction in bicarbonate
reabsorption at the proximal tubules, resulting in low renal
bicarbonate threshold. The most common proximal RTA in
children is secondary to Fanconi Syndrome [2,43]. Rarely,
RTA might also be consequence of an inherited or sporadic
primary renal disorder.

The acquired proximal RTA follows exposure to drugs or
some toxins and the etiopathogenesis is still unknown [2].
Among drugs that cause Fanconi Syndrome are gentamicin,
cisplatin, ifosfamide, and sodium valproate [6]. In addition,
some hematologic and autoimmune conditions, such as mye-
loma and Sjogren syndrome respectively, might also course
with proximal RTA.

The proximal RTA resulting from Fanconi Syndrome is
frequently part of a systemic syndrome. Among systemic
disorders that result in RTA, the inheritance pattern is usu-
ally autosomal recessive. Some of these disorders are cysti-
nosis, tyrosinaemia, galactosaemia, Fanconi-Bickel syn-
drome and others (Table 2) [44]. These syndromes are a het-
erogeneous group of disorders, which genes are mapped in
many chromosome regions.

The RTA non-related to Fanconi Syndrome is a rare dis-
order and might be sporadic, autosomal dominant or auto-
somal recessive. The autosomal recessive disorder is associ-
ated with ocular abnormalities, frequently coursing with
mental retardation. Other clinical features are short stature,
dental enamel defects, pancreatitis, and basal ganglia calcifi-
cation [45]. Loss-of-function mutations in the gene that codi-
fies the NBC-1, the SLC4A4 gene, were first identified in
two Japanese subjects with proximal RTA associated with
cataracts, glaucoma and band keratopathy [46]. NBC-1 is
formed by 1,035 amino acids; it contains ten transmembrane
domains and two cytoplasmic termini, and it is present in
kidney, brain, eye, pancreas, heart, prostate, epididymis,
stomach, and intestine. In the kidney, NBC-1 is expressed
mainly at the basolateral membrane of the proximal tubule.
At least two genes encode the NBC proteins. Mutations were
identified in the human NBC-1 gene (SLC4A4) mapped at
chromosome 4p21 [47,48].

Another interesting candidate gene for proximal RTA is
the TASK gene. TASK2-potassium channel is a member of
the tandem-pore domain potassium channel family and is
located in pancreas, placenta, lung, small intestine, colon and
kidney. TASK2 seems to be important to bicarbonate ab-
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Table 2. Chromosome Mapping of the Inherited Fanconi Syndromes
Inherited Fanconi Syndromes Mapping
Autosomal recessive SLC4A4 Chromosome 4q21
Dent’s syndrome CLCN5 Chromosome Xpl11.22
Cystinosis SLC3A1 Chromosome 2p21
SLC7A9 Chromosome 19p13.1
Tyrosinaemia type 1 FAH gene Chromosome 15g23-g25
Galactosemia GALT gene Chromosome 9p13
Wilson’s disease ATP7B gene Chromosome 13914.3-g21.1

sorption in renal proximal tubules. Knockout mice for
TASK2 gene course with metabolic acidosis associated with
low bicarbonate levels [49]. However, no mutation in these
genes was yet identified in individuals with proximal RTA.

Other inherited form of proximal RTA is the one result-
ing from mutations in the gene CA2 that encodes CAIl. The
carbonic anhydrases (CA) are member of a family of zinc
metalloenzymes that catalyzes the hydration of CO,. The
human CA2 maps to the chromosome region 8¢g22. In the
kidney, the majority of CA activity is attributable to CA II,
which is localized in proximal tubular cells and in a-
intercalated cells of the cortical and outer medullary collect-
ing tubules [50]. Due to their localization, this RTA course
with some proximal and distal components. In terms of clini-
cal aspects, this RTA present osteopetrosis, cerebral calcifi-
cation and different levels of mental retardation.

The autosomal dominant proximal RTA was originally
described in a large Costa Rican family [51,52], consisting
of nine individuals presenting growth retardation and osteo-
malacia. No gene was found to be associated with this clini-
cal presentation. Recently, another family with isolated
proximal RTA inherited as an autosomal dominant disease
was described [53]. The father and all four children had RTA
with blood bicarbonate levels of 11-14 mEg/L and urine pH
of 5.3-5.4 and all presented high bicarbonate fractional ex-
cretion. In terms of clinical aspects, they course only with
short stature without other organ dysfunction. This family
was investigated at the following genes: CA II, CA IV, CA
X1V, NCB1, Na*/H" exchanger (NHE-3), NHE-8, the regula-
tory proteins of NHE3, NHRF1 and NHRF2 and the ClI-
HCO7; exchanger, SLC26A6. However, no mutation was
found in any of the candidate genes studied. The study of
these families might clarify other mechanisms involved in
renal bicarbonate balance and a genome wide investigation
of a pool of these families might result in interesting find-
ings.

INHERITED FORMS OF RENAL TUBULAR ACIDO-
SISTYPE 3

Type 3 RTA is a mixed type that exhibits both impaired
proximal HCOj™ reabsorption and distal acidification. The
condition is due to an inherited deficiency of CAIll caused by
a recessive mutation in the CA2 gene on chromosome 8q22,
which encodes this widely expressed enzyme [4,6]. The ex-

pression of CAll is affected in bone, kidney (in both proxi-
mal and distal nephron segments, explaining the mixed aci-
dosis) and brain.

The mechanisms that underlie the clinical picture in type
3 RTA, apart from much slower conversion of carbonic acid
to and from bicarbonate, apparently also involve direct inter-
action between CA Il and the kidney NBC1 [27] or CI/
HCO;™ exchanger, SLC26A6 (a plasma membrane CI7/
HCO;™ exchanger with a suggested role in pancreatic HCO3;™
secretion) [4,28]. Mutation of the identified CAIl binding
site reduced SLC26A6 activity, demonstrating the impor-
tance of this interaction [28].

Patients with this deficiency exhibit osteopetrosis and
cerebral calcification, as well as a mixed RTA with proximal
and distal components [29]. This association of osteopetrosis
and RTA is known as Guibaud-Vainsel syndrome or marble
brain disease. Osteopetrosis is a condition of increased bone
density, but also augmented bone fragility, leading to in-
creased fracture risk, plus intracerebral calcification, intellec-
tual impairment, growth failure, and facial dysmorphism.
Excess bone growth leads to conductive deafness and can
also cause blindness through compression of the optic nerve
[6].

There is a considerable degree of heterogeneity, both in
the predominance of proximal or distal acidosis and in the

osteopetrotic phenotype [6]. In different kindred, mild or
severe mental retardation has also been described.

Different mutations in CA2 gene have been described; for
example, the common ‘Arabic’ mutation, consisting of loss
of the splice donor site at the 5’ end of intron 2 [6,29].

INHERITED FORMS OF HYPERKALEMIC RENAL
TUBULAR ACIDOSIS

Type 4 RTA is a heterogeneous group of disorders asso-
ciated with hyperkalemia due to aldosterone deficiency or
impairment in aldosterone molecular signaling.

Type 4 RTA might result from a PHAL. Some clinical
aspects associated are hyponatremia, hyperkalemia, and ele-
vated plasma aldosterone and plasma renin activity. The in-
heritance might be autosomal dominant or autosomal reces-
sive [54]. The autosomal dominant is a frequent and mild
kidney disorder without any other organ involvement [55].
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This disorder seems to be associated to loss-of-function mu-
tations in the mineralocorticoid receptor gene, the MRL gene.
MRL-knockout mice develop symptoms of pseudohypoal-
dosteronism. In humans clinical presentation varies from
non-symptomatic to important neonatal sodium loss. The
recessive inheritance is associated to sodium transport de-
fects in all aldosterone target tissues, not only kidney, but
also colon, lungs, salivary and sweat glands. The recessive
disorder is more severe and salt wasting is normally more
pronounced. However, both types of inheritance might result
in the same degree of natriuresis, hyperkalaemia and meta-
bolic acidosis.

Other inherited cause of type 4 RTA includes hyper-
kalaemia associated with hypertension and low or normal
levels of plasma aldosterone [56-58]. This syndrome is called
pseudohypoaldosteronism type 2 (PHAZ2), or Gordon’s syn-
drome, which results in a renal aldosterone resistance inher-
ited as an autosomal dominant pattern [6]. Mutations in the
gene of two isoforms of WNK serine-threonine kinases,
WNK4 and WNK1 genes, were identified in patients with
PHA2 [59]. WNKSs are serine kinase proteins lacking a ly-
sine residue at the active site, being the WNK type 1 a regu-
latory protein from WNK 4. WNK4 is found in the distal
nephron and controls the sodium and chloride reuptake and
inhibits potassium efflux [6].

CONCLUDING REMARKS

Renal tubular acidosis (RTA) is characterized by meta-
bolic acidosis due to renal impaired acid excretion. In this
review, we summarized our current understanding of the
hereditary diseases caused by mutations in genes encoding
transporter or channel proteins operating along the renal tu-
bule. Further molecular studies of inherited tubular transport
disorders may shed more light on the molecular pathophysi-
ology of these diseases and may significantly improve our
understanding of the mechanisms underlying renal salt ho-
meostasis, urinary mineral excretion, and blood pressure
regulation in health and disease. The identification of the
molecular defects in inherited tubulopathies may provide a
basis for future design of targeted therapeutic interventions
and, possibly, strategies for gene therapy of these complex
disorders.

ABBREVIATIONS

RTA = Renal Tubulat Acidosis

NHE-3 = Na'/H" exchanger

CAIV = Carbonic anhydrase type IV

CAIl = Carbonic anhydrase type Il

NBC-1 = Na'-dependent bicarbonate cotransporter
AE1 = Basolateral chloride-bicarbonate exchanger
eAE1l = Red cell anion exchanger

kAE1 = Kidney anion exchanger

CA2 = Carbonic anhydrase gene

PHA1 = Pseudohypoaldosteronism type 1
PHA2 = Pseudohypoaldosteronism type 2

Pereira etal.
RBC = Red blood cells
HS = Hereditary spherocytosis
SAO = Southeast Asian ovalocytosis
GPA = Glycophorin A
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3 OBJETIVOS

1.1 Objetivo Geral

O objetivo principal deste estudo foi detectar as alteragdes genéticas em
quatro criancgas, de duas familias ndo relacionadas, com diagnoéstico confirmado de
ATR distal acompanhados na Unidade de Nefrologia Pedidtrica do Hospital das
Clinicas (UNP-HC) da UFMG, assim como identificar novos genes relacionados as

alteracgoes de transporte tubular desses pacientes.

1.2 Objetivos Especificos

-Rastrear as mutacdes que possam estar associadas a acidose tubular renal através
da técnica de whole-exome sequencing;

-Caraterizar as alteragdes moleculares encontradas;

-Estabelecer relagao entre os achados moleculares e as caracteristicas clinicas dos

pacientes estudados.
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4 PACIENTES E METODOS

4.1 Pacientes

Para o presente estudo foram selecionadas quatro criancas, de duas familias
ndo relacionadas, com diagnéstico confirmado de ATR distal (figura 3 - A e B) e
acompanhadas na UNP-HC da UFMG. A primeira familia (familia 1) era composta
por 2 irmdos (um do sexo masculino) com ATR distal sem surdez e seus pais
saudaveis. A segunda familia (familia 2) consistia de 2 irmads gémeas monozigdticas
diagnosticadas com ATR distal e surdez neurosensorial precoce, além de sua mae
nao afetada; pai deconhecido. Todos os pacientes foram submetidos a avaliagao
clinica periddica, segundo protocolo pré estabelecido pela unidade, incluindo
acompanhamento nutricional, exames laboratoriais, ultrassonografia e analise

genética.
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Figura 3 - Pedigrees das familias do estudo. A) Pedigree da familia 1. B) Pedigree da

familia 2. A seta indica o caso indice.
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4.2 Metodologia

4.2.1 Coleta de sangue periferico e extracdo de DNA

Todos os individuos incluidos neste estudo foram submetidos a puncao
intravenosa para coleta de 5 a 10mL de sangue periférico através de procedimento
padrao, em tubos de vacuo com EDTA, ap6s obter consentimento por escrito. A
coleta do material foi realizada na UNP-HC da UFMG durante as consultas de rotina.

O DNA genomico foi extraido utilizando o Qiamp Blood DNA mini Kit (Qiagen,
Milano, Italy) de acordo com as instrug¢des do fabricante. Todas as amostras foram
checadas quanto ao controle de qualidade de pureza através do espectofotometro
Nandrop (Thermo Scientificc Waltham, MA). As amostras de DNA foram depois

armazenadas a -20 °C até seu uso.

4.2.2 Sequenciamento por Genoma Inteiro (Whole-exome Sequencing - WES)

A captura do exoma, seu seqiienciamento e a deteccdo das variantes foram
realizados no centro de analises gendmicas da Universidade Yale (Center for Genomic
analysis - YCGA).

Para a realizacdo da técnica de seqiienciamento de éxons por genoma inteiro
ou whole-exome sequencing (WES) as amostras foram agrupadas em forma de pool
de DNA de acordo com as caracteristicas fenotipicas dos pacientes. O primeiro pool
continha o DNA dos irmdos com ATR distal sem surdez e o segundo, o DNA das
irmas gémeas com ATR distal associada a surdez neurosensorial.

As amostras agrupadas de DNA de sangue periférico, apds quantificadas e
normalizadas, foram enriquecidas de éxons e hibridizadas utilizando-se o array
Nimble Gen Seq Cap EZ Exome (Roche/Nimblegen SeqCap EZ Human Exome Library
v2.0). Antes de proceder a etapa de amplificacdo, as amostras foram fragmentadas

aleatoriamente para que todo o genoma fosse coberto de maneira uniforme. Estes
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fragmentos foram entdo amplificados por ciclos de PCR com o objetivo gerar
milhares de copias de cada fragmento de DNA produzido.

O sequenciamento foi realizado pela plataforma Illumina HiSeq 2000
(Illumina®, San Diego, CA) onde o primeiro ciclo consistiu na incorporagao de
nucleotideos com fluorescéncia, seguido de emissao de laser de alta resolucdo para a
leitura da primeira base de cada agrupamento. As seqiiéncias foram lidas no sentido
senso (forward) e no sentido reverso (reverse). A identificacao da base foi feita com
auxilio de um algoritmo que faz a transformacgdo do sinal de luz em nucleotideos. O
resultado do sequenciamento foi expresso em numeros. Estes ndmeros foram
convertidos em um arquivo no formato de texto onde letras sao utilizadas para

representar as sequiéncias de nucleotideos.

4.2.3 Andlise do Sequenciamento por WES

O genoma sequenciado foi comparado a um genonoma de referéncia
(hg19/NCBI) com o objetivo de detectar possiveis variantes na sequéncia de

nucleotideos ou pequenas inserc¢des/delecdes.

Como a técnica de WES produz uma quantidade enorme de informacdes,
algumas estratégias para priorizacdo de genes candidatos foram utilizadas
identificando, dessa maneira, as regioes do exoma com maior probabilidade de

associacdo com o desenvolvimento da ATR distal.

Foram excluidas as variantes que identificavam mutac¢des silenciosas, ou seja,
aquelas sem potencial para modificar a expressdao protéica. Foram também
excluidas variantes presentes nas regides ndo codificantes (UTR - untranslated
region), intergénicas e intrénicas. Além disso, as variagdes com baixa qualidade de
leitura, escore de qualidade inferior a 20, também foram eliminadas. Utilizamos o
escore PhyloP para identificar variantes com elevado grau de conservacgdo evolutiva

e, portanto, com maior probabilidade de resultar em alteracdes patologicas.
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Conseqiientemente, foram excluidas variantes com escore PhyloP inferior a 3. Os

genes candidatos foram ainda avaliados quanto a sua func¢do na célula.

O resultante, ap6s analise e selecdo, foi inspecionado visualmente utilizando
0 programa Integrative Genomics Viewer (IGV versao 2.3,

http://www.broadinstitute.org/igv/).

4.2.4 Estudo estrutural das alteracoes encontradas

O estudo estrutural das mutagdes encontradas foi realizado através do
alinhamento de sequéncias de DNA e de proteinas pelos softwares MultAlin e
ClustalW respectivamente.

Para predizer o efeito da substituicdo de um aminoacido na fungao bioldgica
de uma determinada proteina e avaliar o potencial efeito deletério e patogénico das
mutacdes identificadas no resultante protéico utilizamos os escores PolyPhen-2
(Polymorphism Phenotyping, http://genetics.bwh.harvard.edu/pph2/) e Provean
(Protein Variation Effect Analyzer, http://provean.jcvi.org/index.php).

4.2.5 Validacdo dos Resultados: amplificacdo e sequenciamento das amostras

As etapas de processamento das amostras, validacdo e interpretacdo dos
resultados foram realizadas no laboratério de Medicina Molecular, INCT, UFMG.

Para confirmar e validar os resultados, o DNA de cada paciente e de seus
familiares foi analisado pelo método de sequenciamento de Sanger.

Um conjunto de iniciadores ou primers (tabela 1) especificos para a
amplificacdo dos exons selecionados dos genes alvo foram desenhados através do
programa Primer3 (http://frodo.wi.mit.edu/primer3/) e conferidos manualmente
pela andlise da sequéncia disponivel no banco de dados do Ensembl

(http://www.ensembl.org).
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Gene Exon Primer Tamanho (bp)

ATP6V1B1 E12 5’ TTGACCCCTCGGAATGTAGG 3’ 238bp

5’ CCGGACCCTCTTCTCCTTAC 3’

ATP6V0A4 E13 5’ ATGCAAATCGTGGAGCTGTG 3’ 264bp

5’ ATGAATCAGGGCAAGACGGT 3’

Talela 1 - Primers para amplificagdo gendmica e andlise de mutagdes para os genes

ATP6V1B1 e ATP6V0A4.

O DNA extraido foi quantificado por espectrofotometria e depois diluido a 50
ng/puL para as reacdes em cadeia da polimerase (PCR). A reacdo padrao de PCR
utilizada seguiu os parametros: 100ng de DNA, 2.5uL. de Tampao IIB 10x (NaCl
40mM; Tris-HCl 10mM, pH 8; Triton X-100 0.1%; MgCI2 1.5mM), 2.5uL. de dNTPs
(0.2mM), 0.5pL de cada par de iniciadores (10pmol/mL) e 0.5uL. de Taq DNA
polimerase (0.625U). Os produtos foram amplificados em termociclador, utilizando
as seguintes etapas: desnaturacgao a 94 °C por 3 minutos, 35 ciclos de desnaturagao a
94 °C por 30 segundos, anelamento que variou entre 55 e 60 °C por 30 segundos e
extensdo a 72 °C por 30 segundos. Ao término dos ciclos, as reagdes passaram por
uma extensao final a 72 °C por 10 minutos.

Os produtos da PCR foram purificados com o kit de purificacgdo Wizard®
Genomic DNA Purification Kit (Promega Corporation, Madison, WI) e depois
visualizados em gel de poliacrilamida 6,5%. O protocolo de coloragdo envolveu uma
etapa de fixacdo em acido acético 10%, lavagem em agua destilada por 3 minutos,
impregnacao em solucdo de nitrato de prata (10,5g AgNO3, q.s.p 100mL HZ20,
formaldeido 37%, g.s.p 50mL de agua destilada), lavagem em agua destilada e uma

etapa de revelacdo em solugdo de carbonato de s6dio (3g de NaCO3, q.s.p 100mL
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H20, 75mL de formaldeido 100% e 20mL de tiossulfato de s6édio 10mg/mL). Para as
reacOes de sequenciamento foi utilizado o BigDye Terminator v.3.1 cycle sequencing
kit, seguindo as instrugdes do fabricante (Life Technologies Corporation, Carlsbad,
CA). As sequéncias foram obtidas no sequenciador ABI 3130 Genetic Analyzer 4
capillaries (Life Technologies Corporation, Carlsbad, CA) e analisadas utilizando-se

o programa Sequencher v.4.9.

4.3 Aspectos Eticos

Esta linha de pesquisa foi aprovada pelo Comité de Etica em Pesquisa da
UFMG (COEP), conforme o parecer nimero 144/02, em anexo (vide anexo 1).

Ressalta-se ainda que somente os pesquisadores envolvidos no projeto
tiveram acesso aos dados, ficando assim garantida a confidencialidade das
informacgdes obtidas.

Os resultados da pesquisa se destinam Unica e exclusivamente ao interesse
cientifico, sendo mantido o anonimato do paciente participante da pesquisa. Os
resultados obtidos ndo foram utilizados para outros fins sendo os estritamente

relacionados aos objetivos do projeto.
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5 RESULTADOS: ANALISE GENETICA (ARTIGO 2)

Whole-exome sequencing as an useful tool for the genetic

diagnosis of distal renal tubular acidosis
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ABSTRACT

Distal renal tubular acidosis (dRTA) is characterized by metabolic acidosis
due to impaired renal acid excretion. We selected two unrelated families in a total of
four children with dRTA and their parents, to perform whole-exome sequencing.
Hearing was preserved in both children from family one, but not from family two,
wherein a twin pair had severe deaf. We perform a whole exome sequencing in two
pooled samples and confirm findings with Sanger Sequencing method. Two
mutations were identified in the ATP6V0A4 and ATP6V1B1 genes. A novel mutation
in exon 13 of ATP6V0A4 gene and a mutation in exon 12 of ATP6V1B1 gene were
described. In this study we show the use of whole-exome sequencing and discuss
how it may improve these children health care, especially because, besides of being
a Mendelian disorder, dRTA is rare and has a complex inheritance.

Our results confirm the value of whole-exome sequencing for the study of
rare and complex genetic nephropathies, allowing the identification of novel and
recurrent mutations. Furthermore, we clearly show the application of this molecular

method also in renal tubular diseases.

Key words: distal renal tubular acidosis. whole-exome. children. ATP6V0A4.

ATP6V1B1
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INTRODUCTION

Distal renal tubular acidosis (dRTA) is a rare and complex renal disease due
to a defect in the excretion of acid load (H* and ammonium ions) in alpha-
intercalated cells of the collecting duct. The acid load accumulation in the distal
nephron results in consumption and reduction of the bicarbonate/CO2 buffer in
blood (1). The main clinical features of dRTA are vomiting, diarrhea and/or
constipation, loss of appetite, polydipsia and polyuria. Chronic acidosis and
secondary alterations as vomiting, polyuria and dehydration, affect growth leading
to failure to thrive. Ultrasound studies can show nephrocalcinosis and/or
nephrolithiasis (2). In general, dRTA has good prognosis if it is diagnosed at an early
age and alkaline treatment is continued. Untreated, dRTA causes growth retardation
and rickets in children and osteomalacia in adults. Deterioration of renal function
can occur over the years (3).

Distal RTA can be transmitted as either an autosomal dominant or an
autosomal recessive trait (4). Autosomal dominant phenotype typically courses
mildly in adolescence or adulthood (4); one parent suffers and is the carrier of the
disease or it is due to de novo mutation. Mutations in the SLC4A1 gene in families
with autosomal dominant dRTA have been identified (2,5,6). The symptoms in the
autosomal recessive phenotype predominantly appear at infancy or early childhood
in which growth retardation is very common. This variant can occur with or without
deafness and parents are not affected (2). Autosomal recessive dRTA is associated
with mutations in any of the following genes: SLC4A1 (7), ATP6V0OA4 and ATP6V1B1
(2,8). Individuals without hearing defects usually carry mutations in the ATP6V0A4
gene, while the ones with deafness have ATP6VIB1 gene mutations. In
approximately 20% of the patients with dRTA no mutations were found in any of
these related genes (3). Indeed, there are dRTA patients with deafness without
ATP6V1B1 gene mutations, and others with normal hearing who do not have
ATP6V0A4 gene mutations (3). These findings suggest that other transporters or

channels might cause dRTA. In terms of complexity, it is knonw that some patients
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with mutations in the gene ATP6V0A4 develop deafness only at the second decade of
life. Therefore, much has to be elucidated in terms of phenotype-genotype
correlations (8-10). So far, more than 20 mutations in ATP6V0A4 are already known.

Whole-exome sequencing provides coverage of more than 95% of the exons,
which contains 85% of disease-causing mutations in Mendelian disorders and many
disease-predisposing single nucleotide polymorphisms (SNPs) throughout the
genome (11,12). Whole-exome sequencing is interesting to evaluate the disease
pathogenesis and to recognize new pathogenic genes or mutations associated to
disorder, special in Mendelian disorders (11,12). In this regard, this study aimed to
characterize the usefulness of whole exome sequencing for genetic evaluation of two

brazilian families with dRTA.

PATIENTS AND METHODS

Subjects and Clinical Assessment

Four children with confirmed dRTA from two unrelated families were
selected for this study (Figure 1 - A and B). All patients have been followed up at
the Pediatric Nephrology Unity from Federal University of Minas Gerais (UFMG),
Brazil. The first family (family one) consisted of two affected siblings, with dRTA but
without deafness, and their unaffected parents. The second family (family two) had
a monozygotic twin pair, diagnosed with dRTA and nerve deafness, and their
healthy mother; the father is unkown. All patients were submitted to a systematic
protocol including clinical and nutritional evaluation, laboratory measurements,
renal ultrasonography and genetic analysis. Informed consent, approved by the
institutional review boards at UFMG, was obtained from all participants; in case of

children, also from their parents and/or legal guardian.
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Figure 1 - Pedigrees of the families from the study. A) The pedigree of family
one. B) The pedigree of family two. The arrow indicates the proband.
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DNA extraction

Genomic DNA was extracted from 5 mL of dRTA patients and their parent's
peripheral blood, using Qiamp Blood DNA mini Kit (Qiagen, Milano, Italy) according
to the manufacturer’s instructions. All samples were quality control checked for
purity using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA). DNA

samples were stored at -20 °C until usage.

Whole exome sequencing

Exome sequencing was performed on two pools of samples to optimize the
results. Samples were pooled considering the clinical features of the patients. The
first pool had DNA from the two siblings with dRTA without deafness and the
second one, from the twin sisters with dRTA associated with deafness. Array
capture was used to isolate the relevant human genes (Roche/Nimblegen SeqCap EZ
Human Exome Library v2.0) and these genes were sequenced on the Illumina HiSeq

2000 platform.
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Filtering data

The main following steps were taken to prioritize the high-quality variants:
(i) variants within intergenic, intronic, and UTR regions and synonymous mutations
were excluded from downstream analysis; (ii) variants with quality score minor
than 20 were excluded; (iii) only the conservation score (phyloP) from comparison
of human and 43 vertebrates higher than 3 were consider; (iv) After this prior
selection, the remained genes were filtered by the function. Possible impacts of

variants were predicted by Polyphen2 (http://genetics.bwh.harvard.edu/pph2/).

The final set of selected variants was visually inspected using Integrative Genomics
Viewer (IGV) (13). Previously described polymorphic variants in public data were
investigated and compared with the variations found in the current exome. The
selected mutations to be investigated in each group of this study were not found in

previous exomes (http://evs.gs.washington.edu/EVS/).

Validation of data

Polymerase chain reaction (PCR) Sanger sequencing was used in the analysis
to confirm the data. All patients and their parents were submitted to the PCR.
Amplification products of appropriate size were identified using polyacrylamide gel
electrophoresis. Products were purified using the QIAquick PCR purification kit
(QIAGEN, Milano, Italy) and then submitted to sequencing reaction using both
forward and reverse primers with the ABI BigDye Terminator Cycle Sequencing Kit
v3.1 on an ABI PRISM 3730XL Genetic Analyzer (Applied Biosystems, Foster City,
USA). Each read was aligned to the reference sequence, and mutations were
identified with the Sequencer software (GeneCodes, Ann Arbor, MI). All primers

were designed using the online tool Primer3 (Table 1).
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Table 1 - Primers for genomic amplification and mutational analysis of ATP6V1B1

and ATP6V0A4 genes.

Gene Exon Primer Product Size (bp)
ATP6V1B1 E12 5 TTGACCCCTCGGAATGTAGG 3’ 238bp

5’ CCGGACCCTCTTCTCCTTAC 3’

ATP6V0A4 E13 5" ATGCAAATCGTGGAGCTGTG 3’ 264bp

5’ ATGAATCAGGGCAAGACGGT 3’

Structural studies of mutations

Protein and DNA sequence alignments were performed using the ClustalW
and the Multalin softwares, respectively. The prediction of amino acid substitution
on the biological function of the protein was evaluated using both PolyPhen-2 and

Provean softwares (http://provean.jcvi.org and

http://genetics.bwh.harvard.edu/pph2/, respectively).

RESULTS

dRTA without deafness

This family consisted of two siblings, a 13 year old girl and her 7 year old
brother, with well defined dRTA. The girl was the proband, diagnosed with dRTA at
the age of 3 months. The initial findings were failure to thrive, hyperchloremic
metabolic acidosis with abnormally high urine pH (7.0), normal blood venous pH
(7.46), normal glomerular filtration rate and nephrocalciosis. The boy was
diagnosed at his first month of life after a severe dehydration with metabolic
acidosis, hypokalemia, transient elevation of serum creatinine and hypocalcemia.
His first renal ultrasonography showed bilateral nephrocalcinosis. Tables 2 and 3
summarize the clinical and biochemical manifestations at baseline leading to the
diagnosis of dRTA in each patient. The parents were unaffected and had an older

child that died by the age of 4 months with similar symptoms.
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Table 2 - Clinical features at baseline of the two siblings with dRTA without

deafness.
Patients Age Sex BW  Weight  Height NC ND Initial manifestations
(g (g) (cm)
1.2 4 female NA 3,960 54.5 Yes No Failure to thrive,
months dehydration
1.3 1 month male 3,45 3,760 50 Yes No Vomiting and
0 dehydration

Roman numerals indicate the family position on the pedigree; BW- Birth weight; NC - Nephrocalcinosis; ND - Nerve Defness;

NA - Not Avaiable

Table 3 - Biochemical features at baseline of the two siblings with dRTA without

deafness.

Patients SCr Blood Venous S HCO3- SK Scl UpH
(mg/dl) pH (mg/dl) (mEq/1) (mEq/1)

I1.2 0.4 7.46 19.0 3.8 118 7.5

I1.3 1.7 7.13 8.0 2.0 109 7.1

S: serum; Cr: creatinine; UpH: urinary pH

Whole-exome sequencing conducted in this group generated 3577 single
nucleotide variations (SNVs) and 416 small insertions and deletions (INDELSs).

Filtering for variants were applied to select the candidate gene (Table 4).

Table 4 - Variant prioritizing for family one.

Number of Variants

Total Variants 3993
Intergenic, intronic and UTR regions and synonymous mutations were 1445
excluded

Quality score <20 were excluded 879
PhyloP <3 were excluded 131
Selection by function 15
PolyPhen <0.7 were excluded 10
Selection using cross-reference gene database and IGV 1

Candidate gene 1
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After filtering the exome data, we selected the ATP6V0A4 gene for study. We
observed a single nucleotide change GAC — TAC (c.1232G>T) in the exon 13 that
caused an amino acid substitution: aspartic acid to tirosine in position 411
(p-D411Y). This aminoacid change was predicted to be damaging by Provean and
PolyPhen-2. This mutation occurs at an evolutionarily conserved aminoacid and

affects highly preserved residues (Figure 2).

Figure 2 - ldentification of ATP6V0A4 missense mutation ¢.1232G>T, which
results in a substitution of an evolutionary conserved residue (p.D411Y).
Multiple proteins sequence alignments of ATP6V0A4 indicating evolutionary

conservation of D411. Proteins sequence alignments were performed with the use

'

Frog (Xenopus tropicalis) PYTIITFPFLFAVMFGDCGHG

of ClustalW software.

Mouse (Mus musculus) PYTIITFPFLFAVMFGDCGHG
Rat (Rattus norvegicus) PYTIITFPFLFAVMFGDCGHG
Cow (Bos taurus) PYTIITFPFLFAVMFGDCGHG

Dog (Canis lupus familiaris) PYTIITFPFLFAVMFGDCGHG
Chimp (Pan troglodytes) PYTIITFPFLFAVMFGDCGHG
p.D411Y mutant PYTIITFPFLFAVMFGYCGHG

Human (Homo sapiens) PYTIITFPFLFAVMFGDCGHG
Fkdkdkkkdkkkdkkdkkdk hodkkk

The patients and their parents were submitted to Sanger sequencing by using
the designed primer for exon 13 of the ATP6V0A4 gene. The two siblings presented
the same mutation in homozygosis (c.1232G>T) while both parents had a
heterozygous trace (Figure 3 - A and B). This is a novel autosomal recessive dRTA

mutation.
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Figure 3 - Pedigree of family one and results of sequencing for c.1232G>T
mutation. A) The pedigree shows the affected statuses, individual identifiers, and
genotypes at codon 411. The arrow indicates the proband. B) DNA sequence
chromatograms in which the two affected siblings have homozygous G to T

substitution at c.1232. This substitution occurs in heterozygosis in both parents. *

Mutated nucleotide.
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dRTA with deafness

This family consisted of a twin pair of girls with dRTA in association with
nerve deafness. The girls were diagnosed at the age of 2 after a long period treating
for rickets and growth retardation only with nutritional support. Clinical and

biochemical features at baseline are shown on tables 5 and 6.

Table 5 - Clinical features at baseline of the twin sisters with dRTA and deafness.

Patient Age Sex BW  Weight Height NC ND Initial manifestations

s (8) (g) (cm)
1.1 2 years female 2,340 15,500 102 no Yes Rickets, failure to thrive,

grownth retardation

11.2 2 years female 2,300 16,600 105 no Yes Rickets, failure to thrive,
grownth retardation

Roman numerals indicate the family position on the pedigree; BW- Birth weight; NC - Nephrocalcinosis; ND - Nerve Defnes
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Table 6 - Biochemical features at diagnosis of the twin sisters with dRTA and

deafness.

Patients SCr Blood Venous SHCO3- (mg/dl) SK(mEq/l) SCl UpH
(mg/dl) pH (mEq/1)

1.1 0.5 7.23 15.9 4.0 117 7.0

I1.2 0.5 7.12 13.7 41 123 7.0

S: serum; Cr: creatinine; UpH: urinary pH

Whole-exome sequencing conducted in family two generated 4375 SNVs and

2416 INDELSs. After filtering the variants, only one candidate gene remained (Table

7).

Table 7 - Variant prioritizing for family two.

Number of Variants

Total Variants

Intergenic, intronic and UTR regions and synonymous mutations were
excluded

Quality score <20 were excluded

PhyloP <3 were excluded

Selection by function

PolyPhen <0.7 were excluded

Selection using cross-reference gene database and IGV

Candidate gene

6791

1912

1012

215

14

We selected, based on the exome data, the ATP6VIB1 gene as candidate in

this group. A homozygous one base-pair insertion (c.1149_1155insC) in exon 12

was detected (Figure 4A). The two dRTA twin sisters presented the insertion

described. We performed the PCR of their unaffected mother (father unknown). The
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two siblings had the same homozygous mutation, while the mother presented this

insertion in heterozygosis (Figure 4 - B and C).

Figure 4 - 1dentification, pedigree of family two and results of sequencing for
¢.1149_1155insC mutation. A) Identification of the c.1149_1155insC mutation
using MultAlin (http://multalin.toulouse.inra.fr/multalin/). B) The pedigree shows
the affection statuses, individual identifiers, and genotypes at c.1149-1155insC. The
arrow indicates the probands and the individual with "?" was of uncertain genotype
status. C) Direct DNA sequence chromatograms of family members in which the two
affected siblings have homozygous insertion of a C and the mother has a

heterozygous trace, as marked by the red box. WT means wild type.

A)

1145 1155 1164 1174
I + + +
Alleleluwt TCCCTCAGATCTACCCCCCC-ATCAACHGTGLTCCCTTICCETGT
Allele2Ins TCCCTCAGATCTACCCCCCCCATCAACGTGCTCCCTTCCCTGT
Consensus TCCCTCAGATCTACCCCCCC ATCAACGTGCTCCCTTCCCTGT

B) C)

C T AC CCTCTCTCTCIAIT CA

- ® he ./'f \’x \ {"Hﬁ"u'”"s‘/f\/ VATATA L ATATSS
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DISCUSSION

Several DNA errors are located in exons leading to structural alterations in
proteins and functional changes (3). In this way, whole-exome analyzes these exons
in a rapid and cost-effective manner, allowing genetic diagnose of complex and
monogenic diseases (14,15). In rare disorders, the use of whole-exome minimizes
the failure in detecting mutations in hot-spots regions and in comparison to Sanger
sequencing is a time saving and cost-effective method. Direct Sanger sequencing is
still considered the most accurate method to detect mutations because other gene
testing techniques may not detect all sequence variations. The search in a whole-
genome basis and the validation of the findings with Sanger sequencing method is
an efficient way to determine the genetic causality of a disorder. However, the way
this next generation technology will be incorporated to clinical practice is still
challenging, since data interpretation are laborious and not easy to distinguish what
should be further evaluated in a determined disease (11,12). On the other hand,
whole-genome sequencing allows the detection of new mutations, the prediction of
genetic risks and the establishment of multigene panels for clinical use, mostly in
Mendelian disorders or diseases with known genetic causes (11,12). Recently, even
cases without clinical diagnosis could be named after a whole-exome in 25% of 250
cases of undiagnosed suspected genetic disorder (16), showing that in unclear
genetic or complex phenotypes this method will be useful to diagnose and to
genetics counseling. Thus, in the present study, we hypothesized that the
application of whole exome sequencing for genetic diagnosis of dRTA might help to

clarify phenotype-genotype correlations in this rare Mendelian disorder.

dRTA is a heterogeneous disorder because it may occur by mutations in more
than one gene. Inherited forms of dRTA have three variants: autosomal dominant
and autosomal recessive, with or without deafness. Dominant disease typically
presents more mildly in adolescence or adulthood and it has been only associated to
mutations in the bicarbonate/chloride exchanger (AE1). On the other hand, the

recessive variant occurs in infancy or early childhood, in which growth retardation
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is very common (4). Autosomal recessive dRTA has been associated with mutations
in the genes ATP6V1B1 and ATP6V0A4, which encode the subunits a4 and B1 of the
vacuolar-type proton ATPase (V- or H*-ATPase), respectively. In addition, mutations
in the SLC4A1 gene, responsible for the expression of AE1 proteins, have been also
detected in cases of autosomal recessive dRTA without deafness. All mutations
currently identified in patients with dRTA are shown on Table 8. Our results
demonstrate for the first time the utility of whole-exome sequencing in renal
tubular disorders by allowing the identification of one new pathogenic mutation in
dRTA. In this way, our study supports the potential applicability of this next

generation technology for the diagnosis and clinical approach of dRTA.

Table 8 - dRTA identified mutations.

GENE MUTATION REFERENCE
(PROTEIN)
DNA Protein Characteristic
Dominant  SLC4A1 R589C Heterogygous (5; 23; 24)
dRTA (AE1) R598H
R598S
S609R
S613F
A888L+889X
R901X
Recessive  SLC4A1 G701D Homozygous (5; 23; 24)
dRTA (AE1) AV850
S773P
V488M
G701D/SAO Compound
AV850/SA0 Heterozygous
A858D/SAO
R602H/SAO
ATP6V1B1 140C>T R29X Homozygous (8;9;18; 20)
(B1 subunit 91C>T R31X
of the 1149-1155insC* 1386fsX441*
H+*ATPase) (1152insC) (P385PfsX441)
1152delC P385PfsX395
IVS2-1 G>C loss os splice
(acceptor site)
1086C>G P344R
497delC T166RfsX174
242T>C L81P
370C>T R124W
421T>G M174R
823A>C T275P
1937C>G P346R
1090G>A G364S
469C>T R157C
368G>T G123V
1181G>A R394Q
988G>A E330K
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Intron 2 + 1G>C Splicing
Intron 6 + 1G>A Splicing
Intron 7 + 1G>T Splicing
Intron 8 + 1G>A Splicing
291T>C L790 Heterozygous
1086C>G P344R
1181G>A R394Q
1443G>A R463H
IVS2-1 G>C / 1149-1155insC loss os splice acceptor ~ Compound
site/1386fsX441 Heterozygous
1037 C>G / 1149-1155insC P346R/ 1386fsX441
947G>A / Intron 9 - 2A>T G316E / Splicing
ATP6V0A4 1072C>T Q358X Homozygous (8;18; 20)
(a4 subunit 2257C>T Q753X
of the 338delA N113fsX117
H*ATPase) 709-711delAAG K237del
1346G>A R449H
1506T>A Y502X
306-307insA L103fsX139
1185delC P395{sX407
1832-1833delAGinsT S611fsX648
2420G>A R807Q
387C>A Y129X
2308C>T R770X
IVS6-1G>A loss of splice
(acceptor site)
322C>T Q108X
571C>T R191X
2035G>T D679Y
16C>T R6X
828-831delAACA Q276fsX301
198-201delT F67fsX77
2137delG E713fsX765
1232G>T** D411Y**
387C>A / 2257C>T Y129X / Q753X Compound
187-188delAG / IVS10+1G>A R63fsX74 / loss of Heterozygous
splice(donor site)
367G>T / 387C>A E123X /Y129X
337-8delA / 571C>T N113fsX117 / R191X

*Mutation found in this study / **Novel mutation found in this study.

The vacuolar-type proton ATPase (V- or H*-ATPase) is a pump of multiple
subunits that is essential for normal acidification. Two structural domains form this
pump: membrane-bound VO and cytoplasmic or peripheral V1. Each domain
comprised multiple subunits (a-e and A-H, respectively), which are responsible for
ATP hydrolysis and proton transport, respectively (4). ATP6V1B1 gene encodes B1
subunit, while ATP6V0OA4 gene encodes a4 subunit. The vacuolar-type proton
ATPase is expressed apically on renal a-intercalated cells and also in the cochlea and
endolymphatic sac. Indeed, mutations in different subunits of the proton pump that

are expressed in kidney and ear tissues can cause tubular defects associated with
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deafness (17). Based on the type of hearing loss, the type of mutations can be
suspected. Conductive deafness was observed in mutations of the intracellular
isoform of carbonic anidrase (CA), whereas sensorineural hearing loss (SNHL) has
been associated with ATP6V1B1 and ATP6V0A4 mutations (18-20) . Mutations in
the SLC4A1 gene usually do not have any association with deafness. Therefore, the
presence and the kind of deafness are helpful in distinguishing different forms of

dRTA (Figure 5).

The AE1l proteins, encoded by the SLC4 family of genes present on
chromosome 17 q21-22 (21), are expressed on the erythrocyte plasma membrane
and the basolateral membrane of the kidney a-intercalated cells (22). Because of the
expression of AE1 in two different cells with distinct functions, AE1 mutations show
pleiotrophic effects resulting in two distinct and seemingly unrelated phenotypes:
hereditary spherocytosis (or other forms of erythrocyte abnormalities as the
Southeast Asian ovalocytosis - SAO) and dRTA (4). To date, 11 mutations of SLC4A1
have been related to dRTA, in addition to ovalocytosis or spherocytosis (23). Those

mutations have been found mostly in the Asian population (24).
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Figure 5 - Schematic view of target genes in dRTA.
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In the two families of this study, the parents were unaffected and dRTA had
early onset leading to growth impairment during infancy. Therefore, mutations in
the SLC4A1 gene (AE1 proteins) were highly unlike in our patients. In family one,
exome sequencing identified a novel homozygous mutation in the ATP6V0A4 gene.
Based on previous reports (10) and on our clinical and biochemical features, this
gene was selected as a potential candidate to search for mutations, since no hearing
loss was detected in the affected patients. The twin girls of family two had
sensorineural hearing loss and early onset symptoms of dRTA. The phenotypes

together with the whole exome data led us to investigate the ATP6V1B1 gene.
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Accordingly, we found a previously described mutation (9), which was also
confirmed by Sanger sequencing.

Figure 4 shows the potential candidate genes associated with dRTA based on
phenotype characteristics. It should be pointed, however, that ATP6VIB1 or
ATP6V0A4 gene mutations were not found in some families with primary recessive
forms of dRTA. There are numerous other candidate genes for recessive dRTA (25),
especially those genes related to the proton transporters. In this regard, the use of
whole-exome sequencing together with the phenotype emerges as useful tool for
the discovery of new mutations and genetic alterations in this complex and rare

disease.

In summary, whole exome sequencing proved to be a fast and successful
method for identifying novel and recurrent mutations in genetic forms of dRTA. To
determine which genetic variants are potentially causative of renal tubular
transport alterations is still a challenge, especially in recessive forms dRTA, in which
mutations can occur in more than one gene. In the near future, whole exome

sequencing will allow the genetic diagnosis of rare diseases at clinical practice.
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6 CONCLUSAO

A grande importancia do estudo da ATR distal encontra-se no impacto
causado sobre o crescimento pondero-estatural das criancas acometidas e nao
tratadas adequadamente. Outro fator relevante é a dificuldade diagnéstica que, ao
retardar o inicio do tratamento, pode piorar significativamente o progndstico. Por se
tratar de uma doenca heterogénea e de heranca complexa, a utilizacdo do whole-
exome sequencing torna-se um método promissor para o estabelecimento do
diagnéstico e até mesmo para definicdo de uma melhor abordagem clinica.

A técnica whole-exome permite a deteccdo de novas mutacoes, a previsao de
riscos genéticos e o estabelecimento de painéis multigénicos para uso clinico,
principalmente em desordens mendelianas ou doengas com causas genéticas
conhecidas. No entanto, a forma como esta tecnologia de ultima geracdo sera
incorporadas a pratica clinica ainda é um desafio, uma vez que a interpretacdo dos
dados é trabalhosa e complexa.

Em nosso estudo, duas familias de pacientes com ATR distal foram analisadas
através da técnica de whole-exome. Duas mutacdes foram encontradas, sendo que
uma dessas mutag¢oes ainda ndo havia sido descrita anteriormente. Existem diversos
estudos clinicos e genéticos com pacientes portadores de ATR distal, porém, até o
momento, nenhum deles utilizou-se desta técnica como abordagem inicial. Nao ha
nenhum relato na literatura de utilizacdo da técnica de whole-exome como ponto de
partida para caracterizacao genética de pacientes com ATR distal.

Desta forma, nosso estudo corrobora a aplicabilidade potencial da técnica de
whole-exome para o diagnostico genético ndo s6 da ATR distal como também de
outras doencas tubulares renais. A utilizacdo do whole-exome podera auxiliar na
compreensdo da patogénese das alteracbes do transporte tubular renal,

contribuindo, num futuro préximo, para a abordagem clinica dos pacientes.
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Sequenciamento total do exoma como ferramenta de diagnostico de acidose tubular
renal distal

Resumo

Objetivo: A acidose tubular renal distal (ATRd) é caracterizada por acidose metabélica devido
a excrecdo renal de acido prejudicada. O objetivo deste artigo é apresentar o diagnostico
genético de quatro criangas com ATRd com uso do sequenciamento total do exoma.

Métodos: Selecionamos duas familias ndo relacionadas, quatro criancas com ATRd e seus pais,
para fazer o sequenciamento total do exoma. A audicao foi preservada em ambas as criancas da
familia um, porém em nenhuma crianca da familia dois, na qual um par de gémeas teve perda
auditiva severa. Fizemos o sequenciamento total do exoma em dois conjuntos de amostras e
confirmamos os achados com o método de sequenciamento de Sanger.

Resultados: Duas mutacdes foram identificadas nos genes ATP6VOA4 e ATP6V1B1. Na familia
um, detectamos uma nova mutacado no éxon 13 do gene ATP6VOA4 com uma alteracdo em um
nucleotideo Unico GAC — TAC (c.1232G>T) que causou substituicdo de acido aspartico por
tirosina na posicao 411. Na familia dois, detectamos uma mutacao recorrente do homozigoto
com insercao de um par de bases (c.1149_1155insC) no éxon 12 do gene ATP6V1B1.

Conclus@o: Nossos resultados confirmam o valor do sequenciamento total do exoma para o
estudo de nefropatias genéticas complexas e permitem a identificacdo de mutacdes novas e
recorrentes. Adicionalmente, demonstramos claramente pela primeira vez a aplicacao desse
método molecular em doencas tubulares renais.

© 2015 Sociedade Brasileira de Pediatria. Publicado por Elsevier Editora Ltda. Todos os direitos

reservados.

Introducao

A acidose tubular renal distal (ATRd) é uma doenca renal
rara e complexa devido a um defeito na excrecao da carga
de acidos (H* e ions de aménia) em células alfa interca-
ladas do ducto coletor. O acimulo da carga de acidos no
néfron distal resulta no consumo e na reducao do tampao
de bicarbonato/CO, no sangue." As principais caracteristi-
cas clinicas da ATRd sdo vomito, diarreia e/ou constipacao,
perda de apetite, polidipsia e polilria. A acidose crénica e as
alteracoes secundarias como vomito, polilria e desidratacao
afetam o crescimento e levam a um déficit de crescimento.
Estudos de ultrassom podem mostrar nefrocalcinose e/ou
nefrolitiase.? Em geral, a ATRd apresenta bom progndstico
caso diagnosticada precocemente e o tratamento alcalino é
continuo. Caso nao tratada, a ATRd causa retardo do cresci-
mento e raquitismo em criancas e osteomalacia em adultos.
Pode ocorrer deterioracao da funcao renal ao longo dos
anos.?

A ATR distal pode ser transmitida como uma caracte-
ristica autossémica dominante ou recessiva.* O fenotipo
autossomico dominante normalmente aparece moderada-
mente na adolescéncia ou na vida adulta;* um dos pais
padece e é o portador da doenca ou a doenca se da
por meio de uma mutacao de novo. Foram identificadas
mutagdes no gene SLC4AT1 em familias com ATRd autosso-
mica dominante.>>® Os sintomas no fendtipo autossémico
recessivo aparecem predominantemente na infancia ou na
primeira infancia, quando o retardo do crescimento é muito
comum. Essa variavel pode ocorrer com ou sem surdez e os
pais ndo sao afetados.? A ATRd autossdémica recessiva esta
associada a mutacoes em quaisquer dos seguintes genes:
SLC4A1,” ATP6VOA4 e ATP6V1B1.%8 Individuos sem deficién-
cias auditivas normalmente sao portadores de mutacées no

gene ATP6V0A4, ao passo que aqueles com surdez apresen-
tam mutacdes no gene ATP6V1B1. Em aproximadamente 20%
dos pacientes com ATRd, nenhuma mutacao foi encontrada
em quaisquer desses genes relacionados.® De fato, exis-
tem pacientes com ATRd com surdez sem mutacdes no gene
ATP6V1B1 e outros com audicao normal que nao apresentam
mutacbes no gene ATP6V0A4.? Esses achados sugerem que
outros transportadores ou canais podem causar ATRd. Em
termos de complexidade, sabe-se que alguns pacientes com
mutacoes no gene ATP6V0A4 desenvolvem surdez apenas na
segunda década de vida. Portanto, ha muitos fatores a serem
elucidados em termos de correlacdes fenotipo-gendtipo.®-'0
Até agora, ja sdo conhecidas mais de 20 mutacdes no gene
ATP6VOAA4.

O sequenciamento total do exoma fornece cober-
tura de mais de 95% dos éxons, que contém 85% das
mutacoes causadoras de doencas em doencas mendelia-
nas e muitos polimorfismos de nucleotideo simples (SNPs)
com predisposicao para doengas em todo o genoma.'"'? O
sequenciamento total do exoma é interessante para ava-
liar a patogénese da doenca e reconhecer novos genes
ou mutacdes patogénicos relacionados a doencas, princi-
palmente as doencas mendelianas.'"'? Nesse sentido, este
estudo pretendeu avaliar a utilidade do sequenciamento
total do exoma para o diagnostico genético de ATRd.

Pacientes e métodos
Avaliacao individual e clinica

Quatro criancas com ATRd confirmada de duas familias
nao relacionadas foram selecionadas para este estudo.
Todos os pacientes foram acompanhados na Unidade de
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Nefrologia Pediatrica da Universidade Federal de Minas
Gerais (UFMG), Brasil. A primeira familia (familia um) con-
sistia em dois irmaos afetados, uma menina e um menino,
com ATRd, porém sem surdez, com pais nao afetados.
A segunda familia (familia dois) apresentava um par de
gémeas monozigoticas (duas meninas), diagnosticadas com
ATRd e surdez nervosa, com mae saudavel; o pai é des-
conhecido. Todos os pacientes foram submetidos a um
protocolo sistematico, incluindo avaliacao clinica e nutricio-
nal, medicdes laboratoriais, ultrassonografia renal e analise
genética. O consentimento informado, aprovado pelo con-
selho de ética institucional da UFMG, foi obtido de todos os
participantes; no caso das criancas, também foi obtido de
seus pais e/ou responsaveis legais.

Extracdo do DNA

O DNA genomico foi extraido de 5mL de sangue periférico
de pacientes com ATRd e de seus pais, com o uso do minikit
Qiamp Blood DNA (Qiagen®, Milao, Italia), de acordo com
as instrucdées do fabricante. Todas as amostras tiveram o
controle de qualidade verificado com relacao a pureza com o
uso de um espectrofotometro Nanodrop (Thermo Scientific®,
Waltham, EUA). As amostras de DNA foram armazenadas a
—20°C até o uso.

Sequenciamento total do exoma

0 sequenciamento do exoma foi feito em dois conjuntos de
amostras para aprimorar os resultados. As amostras foram
divididas em conjuntos no que diz respeito as caracteristicas
clinicas dos pacientes. O primeiro conjunto apresentava DNA
dos dois irmaos com ATRd sem surdez e o segundo, das irmas
gémeas com ATRd relacionada a surdez. A captagao do array
foi usada para isolar os respectivos genes humanos (Seq-
Cap EZ Human Exome Library v2.0, Roche®, Basileia, Suica)
e esses genes foram sequenciados na plataforma Illumina
HiSeq 2000 (Sigma-Aldrich Corporation®, Missouri, EUA).

Dados de filtragem

As principais etapas a seguir foram feitas para priorizar as
variaveis de alta qualidade: (i) variaveis em regides inter-
genéticas, intronicas e nao traduzidas (UTR) e mutagoes
sindnimas foram excluidas da analise a jusante; (ii) varia-
veis com indice de qualidade menor do que 20 foram
excluidas; (iii) somente o indice de conservacao (phy-
loP) da comparacao de humanos e 43 vertebrados acima
de 3 foi considerado; (iv) apds essa selecdo inicial, os
genes restantes foram filtrados pela funcao. O software
Polyphen2 (http://genetics.bwh.harvard.edu/pph2/) pre-
viu possiveis impactos de variaveis. O conjunto final de
variaveis selecionadas passou por inspecao visual com o
uso do Integrative Genomics Viewer."> Variaveis polimér-
ficas anteriormente descritas em dados publicos foram
investigadas e comparadas com as variacbes encontra-
das no exoma atual. As mutacdes selecionadas para
investigacdo em cada grupo deste estudo nao foram
encontradas em sequenciamentos de exomas anteriores
(http://evs.gs.washington.edu/EVS/).

Validacao de dados

0 sequenciamento de Sanger da reacdao em cadeia da
polimerase (PCR) foi usado na analise para confirmar os
dados. Todos os pacientes e seus pais foram submetidos a
PCR. Produtos de amplificacao de tamanho adequado foram
identificados com o uso de eletroforese em gel de poliacri-
lamida. Os produtos foram purificados com o kit QlAquick
PCR (Qiagen®, Milao, Italia) e entdo submetidos a uma
reacao de sequenciamento com o uso tanto de iniciado-
res forward quanto reverse com o ABI BigDye Terminator
Cycle Sequencing Kit v3.1 em um analisador genético ABI
PRISM 3730XL (Applied Biosystems®, Foster City, EUA). Cada
leitura foi alinhada ao sequenciamento de referéncia e as
mutacoes foram identificadas com o software Sequencher
(http://www.genecodes.com). Todos os iniciadores foram
projetados com a ferramenta on-line Primer3. Os iniciadores
do éxon 12 do gene ATP6V1B1 foram: 5’ TTGACCCCTCGGA-
ATGTAGG3’ e 5’CCGGACCCTCTTCTCCTTAC3’ (tamanho do
produto: 238 pares de bases). Os iniciadores do éxon 13
do gene ATP6V1B1 foram: 5’ATGCAAATCGTGGAGCTGTG3’
e 5’ATGAATCAGGGCAAGACGGT3’ (tamanho do produto:
264 pares de bases).

Estudos estruturais das mutacoes

Os alinhamentos de proteinas e sequéncias de DNA foram
feitos com os softwares ClustalW e MultAlin (http://
multalin.toulouse.inra.fr/multalin/), respectivamente. A
previsao da substituicao de aminoacidos na funcao biologica
da proteina foi avaliada com o uso tanto do soft-
ware PolyPhen-2 quanto do Provean (http://provean.jcvi.
org e http://genetics.bwh.harvard.edu/pph2/, respectiva-
mente).

Resultados

ATRd sem surdez

Essa familia consistia em dois irmaos, uma menina de
13 anos e seu irmao de sete, com uma ATRd bem defi-
nida. A menina foi a probanda, diagnosticada com ATRd aos
quatro meses. Os achados iniciais foram déficit de cresci-
mento, acidose metabolica hiperclorémica com pH da urina
excepcionalmente alto (7,0), pH do sangue venoso normal
(7,36), taxa de filtracao glomerular normal e nefrocalcinose.
O menino foi diagnosticado no primeiro més de vida,
apés uma desidratacdo grave com acidose metabdlica,
hipocalemia, elevacdo transitéria da creatinina sérica e
hipocalcemia. Sua primeira ultrassonografia renal mostrou
nefrocalcinose bilateral. A tabela 1 resume as manifestacoes
clinicas e bioquimicas basicas que levaram ao diagnostico de
ATRd em cada paciente. Os pais nao foram afetados e tive-
ram um filho mais velho que faleceu aos quatro meses com
sintomas semelhantes.

0 sequenciamento total do exoma feito nesse grupo
gerou 3577 variantes de nucleotideo Unico (SNVs) e 416
pequenas insercoes e delecdes (INDELs). A filtragem de
variaveis foi aplicada para selecionar o gene candidato
(tabela 2).
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Tabela 1 Achados clinicos e bioquimicos iniciais de pacientes com ATRd

Achados/Pacientes 112 - Familia 1 113 - Familia 1 111 - Familia 2 112 - Familia 2
Idade 4 meses 1 més 2 anos 2 anos

Sexo Feminino Masculino Feminino Feminino
Surdez/SNHL Auséncia Auséncia Presenca Presenca

Peso ao nascer (g) Nao disponivel 3,450 2,340 2,300

Peso (g) 3,960 3,760 8,250 8,300

ZPI <=3 0 <=3 <=3

Altura (cm) 54,5 50,0 73,5 74,0

HAZ <=3 -2 <=3 <=3
Nefrocalcinose Presenca Presenca Auséncia Auséncia
Manifestacdes iniciais Déficit de Vomito e Raquitismo, déficit de Raquitismo, déficit

crescimento,

desidratacao

crescimento, retardo

de crescimento,

desidratacao do crescimento retardo do
crescimento
Creatinina sérica (mg/dL) 0,4 1,7 0,5 0,5
pH do sangue venoso 7,36 7,16 7,23 7,12
Bicarbonato sérico (mmol/L) 19,0 8,0 15,9 13,7
Potassio sérico (mEq/L) 3,8 2,0 4,0 4.1
Cloreto sérico (mmol/L) 109 118 117 123
pH da urina 7,5 7,1 7,0 7,0

Os nUimeros romanos indicam a posicdo da familia na linhagem: 112, familia 1 significa a segunda probanda (filha) da familia um; I3,
familia 1 significa o terceiro probando (filho) da familia um; 111, familia 2 - a primeira filha gémea da familia dois; 112, familia 2 - a

segunda filha gémea; SNHL, perda auditiva neurossensorial; ZPI, escores z de peso por idade; HAZ, escores z de altura por idade.

Apos filtrar os dados do exoma, selecionamos o gene
ATP6V0OA4 para estudo. Observamos uma alteracdao em um
nucleotideo Unico GAC — TAC (c.1232G >T) no éxon 13 que
causou substituicao de um aminoacido: acido aspartico por
tirosina na posicao 411 (p.D411Y). Essa alteracao no ami-
noacido foi preditiva de ser danosa pelo Provean e pelo
PolyPhen-2. Essa mutacao ocorre em um aminoacido evoluti-
vamente conservado e afeta residuos altamente preservados
(dados nao apresentados).

Os pacientes e seus pais foram submetidos ao sequen-
ciamento de Sanger ao usar o iniciador projetado para o
éxon 13 do gene ATP6V0A4. Os dois irmaos apresentaram a
mesma mutacao em homozigose (c.1232G > T), ao passo que
ambos os pais apresentaram um traco heterozigoético (fig. 1A
e B). Essa € uma nova mutacdo autossomica recessiva de
ATRd.

ATRd com surdez

Essa familia consistia em um par de gémeas com ATRd asso-
ciada a surdez nervosa. As meninas foram diagnosticadas aos
dois anos apo6s um longo periodo de tratamento para raqui-
tismo e retardo do crescimento somente com assisténcia
nutricional. Caracteristicas clinicas e bioquimicas no inicio
sao apresentadas na tabela 1.

0 sequenciamento total do exoma conduzido na familia
dois gerou 4375 SNVs e 2416 INDELs. Apo0s filtrar as variaveis,
obtivemos somente um gene candidato restante (tabela 2).

Selecionamos, com base nos dados do exoma, o gene
ATP6V1B1 como candidato nesse grupo. Uma insercao de um
par de bases homozigotico (c.1149_1155insC) no exoma 12
foi detectada (fig. 2A). As duas gémeas com ATRd apresenta-
ram a insercao descrita. Fizemos a PCR da mae nao afetada

Tabela 2  Priorizacdo da variavel para a familia um e familia dois

Familia 1 Familia 2
Parametros NUmero de variaveis NUmero de variaveis
Total de variaveis 3.993 6.791
Regides intergénicas, intronicas e UTR e mutacdes sindnimas foram 1.445 1.912
excluidas
Variaveis com indice de qualidade < 20 foram excluidas 879 1.012
PhyloP < 3 foram excluidas 131 215
Selecao por funcao 15 14
PhyloP < 0,7 foram excluidas 10 6
Selecdo com o uso da base de dados de genes com referéncia cruzada e o 1 1

aplicativo IGV
Gene candidate

UTR, regido nao traduzida.
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Identificacao, linhagem da familia um e resultados de sequenciamento para mutacdo c.1232G > T. A) A linhagem mostra

os estados afetados, identificadores individuais e genotipos no codon 411. A seta indica o probando. B) Cromatogramas do sequen-
ciamento do DNA em que os dois irmaos afetados tém substituicdo do homozigoto G por T em ¢.1232. Essa substituicao ocorre em
heterozigose em ambos os pais. WT, alelo selvagem. *Sequéncia nucleotidica mutada.

A 114 115 1164

1174

| + + + 4|
AlleleIwt  yeCCTCAGATCTACCCCCCC-ATCARCGTGCTCCCTTCCCTGT C

Allele2Ins  TCCCTCRAGATCTACCCCCCCCATCARCGTGCTCCCTTCCCTGT
Consensus TCCCTCAGATCTACCCCCCC.ATCARCGTGCTCCCTTCCCTGT

B ®

) I1:1 ) I:2

Figura 2
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Identificacao, linhagem da familia dois e resultados de sequenciamento para mutacao c.1149_1155insC. A) Identificacao

da mutacao c.1149_1155insC com o software MultAlin. B) A linhagem mostra os estados afetados, identificadores individuais e
genotipos em c.1149-1155insC. A seta indica os probandos e o individuo com *‘?’’ tem situacdo do genotipo incerta. C) Cromatogramas
de sequenciamento de DNA direto de membros da familia em que os dois irmaos afetados tém insercao homozigética de um C e a
mae tem um traco heterozigético, conforme marcado pela caixa vermelha. WT, alelo selvagem.

(pai desconhecido). Os dois irmaos apresentaram a mesma
mutacao homozigotica, ao passo que a mae apresentou essa
insercao na heterozigose (fig. 2B e C).

Discussao

Varios erros de DNA estdao localizados em éxons e
levam a alteracdes estruturais nas proteinas e alteracoes
funcionais.® Dessa forma, o sequenciamento total do exoma
analisa esses éxons de uma maneira rapida e com bom
custo-beneficio e permite avaliacdo genética das doencas

complexas e monogenéticas.''> Em doencas raras, o uso do
sequenciamento total do exoma pode minimizar a falha na
deteccao de mutacdes em regides criticas. Por outro lado,
o sequenciamento direto de Sanger ainda é considerado o
método mais preciso para encontrar mutacdes, uma vez que
outras técnicas de teste genético, como o sequenciamento
total do exoma, poderao nao detectar todas as variacoes da
sequéncia. A busca em todo o genoma e a validacao de acha-
dos com o método de sequenciamento Sanger parecem ser
uma maneira eficiente de determinar a causalidade genética
de uma doenca. Entretanto, a forma como essas tecnolo-
gias de Ultima geragdo serado incorporadas a pratica clinica
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ainda é desafiadora, pois essas técnicas ainda sao muito
caras e a interpretacao de dados é trabalhosa e dificil.'" "2
Estudos recentes sugerem que o sequenciamento total do
exoma seria util para avaliar a patogénese da doenca e
reconhecer novos genes ou mutacdes patogénicos relacio-
nados a doencas, principalmente as doencas mendelianas.'®
Assim, no presente estudo, usamos o sequenciamento total
do exoma seguido pelo sequenciamento de Sanger como uma
estratégia para o diagnostico genético de ATRd em quatro
criangas.

Nossos resultados mostraram, pela primeira vez, a uti-
lidade do sequenciamento total do exoma em doencas
tubulares renais e permitiram a identificacao de uma
mutacdo recorrente e uma nova mutacdo patogénica na
ATRd. As formas herdadas de ATRd apresentam trés varia-
veis: autossomica dominante e autossomica recessiva, com
ou sem surdez.* A doenca dominante normalmente se apre-
senta mais suavemente na adolescéncia ou na vida adulta e
tem sido relacionada apenas a mutagdes no trocador bicar-
bonato/cloreto (AE1). Por outro lado, a variavel recessiva
ocorre na infancia ou na primeira infancia, quando o retardo
do crescimento é muito comum,“ conforme observado em
nossos casos. A ATRd autossomica recessiva tem sido rela-
cionada a mutacoes nos genes ATP6V1B1 e ATP6V0OA4, que
codificam as subunidades a4 e B1da ATPase de préton do
tipo vacuolar (V- ou H+-ATPase), respectivamente.'”?2 Além
disso, mutacoes no gene SLC4A1, responsavel pela expres-
sdo de proteinas AE1, também foram detectadas em casos
de ATRd autossdmica recessiva sem surdez.?*?®

De fato, mutacdes em diferentes subunidades da bomba
de proton expressas em tecidos renais e de ouvidos podem
causar defeitos tubulares relacionados a surdez."”” A ATPase
de proton do tipo vacuolar (V- ou H+-ATPase) é uma bomba
de varias subunidades essencial para a acidificacao nor-
mal. Dois dominios estruturais formam essa bomba: VO
ligado a membrana e V1 citoplasmatico ou periférico.
Cada dominio incluia multiplas subunidades (a-e e A-H,
respectivamente), responsaveis pela hidrélise do ATP e
transporte de protons, respectivamente.* O gene ATP6V1B1
codifica a subunidade B1, ao mesmo tempo em que o
gene ATP6V0A4 codifica a subunidade a4. O préton ATPase
vacuolar é expresso apicalmente em células renais « inter-
caladas, na coclea e no saco endolinfatico. Com base no tipo
de perda auditiva, o tipo de mutacées pode ser suspeito. A
perda auditiva condutiva foi observada em mutacoes da iso-
forma intracelular de anidrase carbonica (AC), considerando
que a perda auditiva neurossensorial (SNHL) foi associada a
mutacdes nos genes ATP6V1B1 e ATP6V0A4."%2° Dessa forma,
encontramos uma insercao de um par de bases homozigético
(c.1149_1155insC) no éxon 12 do gene ATP6V1B1 em gémeas
com SNHL. Mutacoes no gene SLC4A1 normalmente nao apre-
sentam associacado com surdez.?>?® Portanto, a presenca e
o tipo de surdez auxiliam na distincao de diferentes formas
de ATRd.

Nas duas familias deste estudo, os pais nao foram afe-
tados, a ATRd teve inicio precoce e levou ao impedimento
do crescimento durante a infancia. Portanto, as mutacoes
no gene SLC4A1 (proteinas AE1) foram altamente diferen-
tes em nossos pacientes. Na familia um, o sequenciamento
do exoma identificou uma nova mutacdao homozigética no
gene ATP6V0A4. Com base em relatérios anteriores'® e em
nossas caracteristicas clinicas e bioquimicas, esse gene foi

selecionado como possivel candidato para buscar mutagoes,
pois nenhuma perda auditiva foi detectada nos pacientes
afetados. Observamos uma Unica alteracao nucleotidica no
éxon 13 que causou substituicdo de um aminoacido: acido
aspartico por tirosina na posicao 411. Essa alteracao no ami-
noacido foi preditiva de ser danosa pelo Provean e pelo
PolyPhen-2. Infelizmente, nao fizemos estudos funcionais
para decifrar a funcao precisa dessa mutacao. Entretanto,
deve-se mencionar que essa mutagao ocorre em um aminoa-
cido conservado evolutivamente e afeta residuos altamente
preservados. Além disso, a substituicdo de acido aspartico
por tirosina pode alterar as propriedades quimicas da pro-
teina em regides criticas. Por exemplo, essa alteracao pode
modificar o ponto isoelétrico da proteina, considerando que
a tirosina é um aminoacido neutro, ao passo que o acido
aspartico € um acido.

As gémeas da familia dois apresentaram perda auditiva
neurossensorial e sintomas de inicio precoce de ATRd. Os
fendtipos juntamente com os dados do exoma total nos
levaram a investigar o gene ATP6V1B1. Dessa forma, cons-
tatamos uma mutacdo previamente descrita,’ que também
foi confirmada pelo sequenciamento de Sanger. Entretanto,
deve-se destacar que as mutacdes dos genes ATP6V1B1 ou
ATP6V0A4 nao foram encontradas em algumas familias com
formas recessivas primarias de ATRd. Ha varios outros genes
candidatos para a ATRd recessiva,?’ principalmente os rela-
cionados aos transportadores de protons. Nesse sentido, o
uso do sequenciamento total do exoma, juntamente com as
caracteristicas fenotipicas, pode resultar na descoberta de
novas mutacoes e alteracoes genéticas nessa doenga com-
plexa e rara.

Em resumo, o sequenciamento total do exoma seguido
pelo sequenciamento Sanger foi uma estratégia bem-
-sucedida na identificacao de novas e recorrentes mutacdes
em nossos casos de ATRd. Entretanto, as variacdes genéti-
cas possiveis causadoras de alteragdes no transporte tubular
renal, principalmente nas formas recessivas de ATRd, ainda
devem ser elucidadas.
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