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4 RESUMO

A deficiéncia de biotinidase (DB) € uma doenca autossdmica recessiva na qual
estdo prejudicadas a obtencdo da vitamina biotina a partir da dieta e a
reciclagem da mesma, levando a deficiéncia de carboxilases dependentes de
biotina. As manifestacfes clinicas incluem problemas neuropsicomotores,
dermatoldgicos e metabdlicos. O diagnostico da DB pode ser feito a partir de
triagem neonatal, sendo que a confirmacéo é dada pela medida da atividade da
biotinidase sérica. A DB pode ser total (atividade da biotinidase <10%) ou
parcial (atividade da biotinidase entre 10-30%). O gene que codifica a
biotinidase, BTD, € composto por 44kb, e alguns genétipos especificos foram
associados com determinados fendétipos bioquimicos (ou classes enzimaticas:
DB total, DB parcial, heterozigoto, normal). Entretanto, podem ser verificadas
discordancias entre o fenoétipo esperado de acordo com o gendtipo e o fendétipo
de fato observado. Além disso, ha controvérsias em relacdo aos beneficios da
triagem e tratamento preventivo da forma parcial da deficiéncia. Objetivo: Este
trabalho teve por objetivo estudar a associacdo entre genotipo e fendtipo na
DB. Métodos: Etapa 1) Sequenciamento do gene BTD (regido promotora,
5UTR, éxons 1 a 4 e avaliacdo de fatores ndo genéticos relacionados a
atividade da biotinidase em 72 individuos com atividade reduzida da
biotinidase. Etapa 2) Estudo funcional de variantes génicas descritas pela
primeira vez por Borsatto et al. (2014, 2017) (c.119T>C, c.479G>A, c.664G>A,
e €.1337T>C e c.1466A>G) e da variante mais comum na DB (c.1330G>C).
Etapa 3) Avaliacdo de metabdlitos (acidos graxos, aminoacidos, colesterol total,
triglicerideos, glicose e insulina) em plasma de 14 pacientes com DB parcial e
de 19 controles, na busca de evidéncias que reforcariam a indicacdo de
tratamento na DB parcial. Resultados: Etapa 1) Foram identificadas trés
variantes novas (c.1337T>C, ¢.1466A>G e c.962G>A). A concordancia entre o
fendtipo bioquimico esperado (conforme gendétipo) e o observado ocorreu em
aproximadamente 70% dos casos. As variantes encontradas na regiao
promotora (c.-514C>T, c¢.-315A>G e c¢.-183G>A), ctericia neonatal,
prematuridade e transporte da amostra de plasma parecem néo ter sido as
principais causas das discordancias entre fenotipo esperado e fendtipo

observado. A atividade da biotinidase pode aumentar entre a primeira e
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segunda coleta (periodo neonatal). A inconsisténcia na associacdo gendtipo-
fenotipo bioquimico reforga a orientacdo de que a DB deve ser diagnosticada
com base na medida da atividade da biotinidase. A andlise genética tem
utilidade principalmente na diferenciacdo entre DB parcial e heterozigose.
Etapa 2) Os resultados sugerem que as variantes novas ¢.119T>C, c.479G>A
e €.1337T>C sao deletérias, e que as variantes c.664G>A, c.1466A>G e
€.1330G>C ndo séo deletérias. Apesar disso, a variante ¢.1466A>G pode estar
associada a DB parcial e o mecanismo de patogenicidade da ¢.1330G>C pode
estar relacionado a instabilidade da enzima. Etapa 3) Dentre os analitos
pesquisados, nao foram identificadas alteracdes metabdlicas em individuos
com DB parcial e, portanto, o estudo falhou em mostrar evidéncias que
reforcem o carater patogénico da DB parcial.

Palavras-chave: biotinidase; associacdo genotipo-fendtipo; expressao in vitro;

avaliacdo bioquimica; metabalitos.
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5 ABSTRACT

Biotinidase deficiency (BD) is an autosomal recessive disorder in which both
absorption of biotin from dietary sources and its reuse/recycle are impaired,
leading to a deficiency of biotin-dependent carboxylases. Clinical manifestations
include neurological, dermatological and metabolic abnormalities. The diagnosis
of BD can be made by neonatal screening, and the confirmation is given by the
measurement of serum biotinidase activity. BD may be profound (biotinidase
activity <10%) or partial (biotinidase activity between 10-30%). The gene that
codes for biotinidase, BTD, comprises 44kb, and some genotypes correlate with
certain biochemical phenotypes (or enzymatic classes: total DB, partial DB,
heterozygous, normal). However, disagreements between the expected
phenotype (according to genotype) and observed phenotype can be seen. In
addition, there are controversies regarding the benefits of screening and
preventive treatment of the partial form of BD. Objective: The objective of this
thesis was to study the association between genotype and phenotype in BD.
Methods: Step 1) Sequencing of BTD gene (promoter region, 5'UTR and exons
1 to 4 and the evaluation of non-genetic factors related to biotinidase activity in
72 individuals with reduced biotinidase activity. Step 2) Functional study of
novel genetic variants described by Borsatto et al. (2014, 2017) (c.119T>C,
Cc.479G>A, c.664G>A, ¢.1337T>C and c.1466A>G) and the most common
variant in BD(c.1330G>C). Step 3) Evaluation of metabolites (fatty acids, amino
acids, total cholesterol, triglycerides, glucose and insulin) in plasma samples of
14 patients with partial BD and 19 control individuals, in order to search for
evidences that would reinforce the indication of treatment in partial BD.
Results: Step 1) Three novel variants were identified (c.1337T>C, c.1466A>G
e €.962G>A). The agreement between the expected and the observed
biochemical phenotype occurred in approximately 70% of cases. The variants
found in the promoter region (c.-514C>T, ¢.-315A>G and c.-183G>A), neonatal
jaundice, prematurity, and transport of the plasma sample were not the major
causes of disagreement between expected and observed phenotype.
Biotinidase activity may increase between the first and second collection
(neonatal period). The inconsistency in the genotype-biochemical phenotype

association reinforces the orientation that the BD should be diagnosed based
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on the measurement of biotinidase activity. Genetic analysis has utility mainly in
the differentiation between partial BD and heterozygosis. Step 2) The results
suggest that the novel variants ¢.119T>C, c.479G>A and c.1337T>C are
deleterious, and that the c.664G>A, c.1466A>G and ¢.1330G>C variants are
not deleterious. Despite that, the c.1466A>G variant may be associated with
partial DB and the mechanism of pathogenicity of c.1330G>C may be related to
enzyme instability. Step 3) No metabolic changes were verified in individuals
with partial BD, therefore the study failed to show evidence to reinforce the
pathogenicity of partial DB.

Keywords: biotinidase; genotype-phenotype association; in vitro expression;

biochemical evaluation; metabolites.
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6 INTRODUCAO

Erros Inatos do Metabolismo (EIMs) s&o doencgas causadas por defeitos
genéticos que afetam o funcionamento normal de proteinas (enzimas,
proteinas transportadoras) envolvidas em rea¢des quimicas que ocorrem como
parte do processo continuo de degradacdo e renovacdo de moléculas
necessarias para o funcionamento do organismo. A manifestacdo clinica dos
EIMs decorre do acumulo téxico do substrato, de intermediarios gerados em
vias metabdlicas alternativas, da deficiéncia do produto da reacdo, ou pela
combinacdo dessas alterac6es metabdlicas. Mais de 500 doencas hereditarias
sédo consideradas EIMs. Os primeiros sinais e sintomas ocorrem, em geral,
durante o periodo neonatal e na infancia, podendo também afetar jovens e
adultos. Sado doencas de manifestacao clinica heterogénea, em que na maioria
das vezes falta uma correlagéo clara entre a gravidade da mutacéo no locus
afetado e o fendtipo (correlacdo gendtipo-fendtipo), o que afeta a capacidade
de prever o curso da doenca. Fatores ambientais, epigenéticos e microbioma,
bem como genes adicionais, sdo potenciais fatores modificadores de fenotipo
(Vairo and Souza, 2013; Weiner, 2017). Os EIMs s&do condicdes
individualmente raras (com incidéncias bastante variadas), entretanto sua
frequéncia em conjunto é relevante, estimada em 1:700 a 1:3.000 nascimentos
(Ezgu, 2016).

A deficiéncia da enzima biotinidase (devido a variacbes patogénicas no
gene que codifica essa enzima, gene BTD) é um EIM cujas manifestacfes
resultam da deficiéncia do produto da reacdo, a vitamina biotina. Niveis
insuficientes de biotina causam deficiéncia na atividade de carboxilases que
utilizam a biotina como coenzima. Essas carboxilases estdo envolvidas no
metabolismo de aminoéacidos, glicose e lipideos, por isso o metabolismo
energético esta prejudicado neste EIM.

6.1 A biotinidase e o metabolismo da biotina

A biotina (figura 1), ou vitamina B;, € uma vitamina hidrossolluvel
essencial cuja ingestdo adequada para adultos € de 30ug/dia (National
Research Council, 1998). Humanos e outros mamiferos ndo sdo capazes de

sintetizar a biotina, mas podem obté-la de fontes exdgenas: dieta e
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possivelmente microflora intestinal (ainda nédo esta claro se a biotina bacteriana
contribui para os niveis de biotina do hospedeiro). A maioria dos alimentos
contém a vitamina biotina na forma livre e ligada a proteina. Alimentos como
figado, rins, gema de ovo, alguns legumes e leite, representam importantes
fontes dessa vitamina. A quantidade de biotina nos alimentos e a

biodisponibilidade séo variaveis. (Combs, 2008).

Biotina Biocitina

Figura 1. Estrutura quimica da biotina e da biocitina. Biocitina (biotinil-L-lisina) &
a molécula resultante da ligacdo da biotina ao aminoacido lisina. Imagens
obtidas de PubChem Compound Database (CID=83814 e CID=171548).

A fracdo de biotina que nao esta livre nos alimentos esta ligada as
proteinas através de uma ligacdo amida com um residuo de lisina. As proteinas
sdo digeridas por proteases e peptidases gastrointestinais, gerando biocitina
(biotinil-L-lisina) e pequenos peptideos ligados a biotina (figura 2). A enzima
biotinidase (EC 3.5.1.12), por sua vez, libera a biotina da biocitina e dos
peptideos, podendo entdo a biotina livre ser absorvida pelo intestino (Said,
2009).

A biotina atua como coenzima para as carboxilases: acetil-coenzima A
(CoA) carboxilase (EC 6.4.1.2), propionil-CoA carboxilase (EC 6.4.1.3), 3-
metilcrotonil-CoA carboxilase (EC 6.4.1.4) e piruvato carboxilase (EC 6.4.1.1).
Essas enzimas desempenham importantes funcbes na sintese de &cidos
graxos, catabolismo de aminoacidos e gliconeogénese (figura 3). A biotina é
ligada as apocarboxilases pela holocarboxilase sintetase (EC 6.3.4.10), através
de uma ligacdo amida com um residuo de lisina especifico (Hymes and Wolf,
1999a; Wolf, 2003).
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Biotina livre

[+]

Lisina A
?
Biotinilacio <=
de histonas, etc. Holocarboxilase
sintetase
Biocitina O CICLO DA BIOTINA

Apocarboxilases
PCC, MCC, PC, ACC

Protedlise de
proteinas biotiniladas
Holocarboxilases

PCC, MCC, PC, ACC

|

Catabolismo de aminoacidos, sintese de acidos graxos, gliconeocgénese

Figura 2. O ciclo da biotina. Biotina livre presente na dieta é absorvida e entra no ciclo
diretamente, enquanto que biotina ligada as proteinas precisa sofrer a acdo da enzima
bitinidase para ser liberada e absorvida. A biotina livre € ligada as apocarboxilases propionil-
CoA carboxilase (PCC), 3-metilcrotonil-CoA carboxilase (MCC), piruvato carboxilase (PC) e
acetil-CoA carboxilase (ACC), formando holocarboxilases ativas. Subsequentemente, as
holocarboxilases sofrem protedlise e depois, por acdo da biotinidase, a biotina livre € reciclada.
Adaptado de Wolf (2016).

No turnover das proteinas celulares, as holocarboxilases sao
degradadas gerando biocitina e oligopeptideos biotinilados. O passo final da
degradacdo das carboxilases € catalisado pela biotinidase, que hidrolisa a
biocitina gerando biotina livre, a qual pode ser novamente utilizada. (Hymes
and Wolf, 1996).

A biotinidase é uma das enzimas responsaveis pela homeostase da
biotina, sendo fundamental na utlizacdo e reutlizacdo da vitamina. Foi
verificada, por Northern blot, a presenca de mRNA da biotinidase em diversos
tecidos humanos: coracao, placenta, figado, pulméo, musculo esquelético, rins
e pancreas (Cole et al., 1994).

Além da atividade de hidrolase, foi mostrado que, in vitro, a biotinidase
tem atividade biotinil-transferase: a biotinidase € capaz de transferir a biotina da

biocitina para histonas (Chauhan and Dakshinamurti, 1986; Hymes et al., 1995;
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Hymes and Wolf, 1999a). Estudos sugerem a participacdo da biotina na
regulacdo da expressdo de diversos genes (Rodriguez-Melendez and
Zempleni, 2003), na funcdo imune (Baez-Saldana et al., 1998) e na proliferagao
celular (Zempleni and Mock, 2000). Foi demonstrado que a biotinilagdo de
histonas € um processo muito raro que ocorre de forma natural, e ndo somente
in vitro. Entretanto, acredita-se que a holocarboxilase sintetase € a enzima
responsavel pela biotinilagdo de histonas in vivo (Kuroishi et al., 2011).

6.2 Deficiéncia de biotinidase

Na década de 1940, foi observado que aves experimentais (Gallus gallus
domesticus) alimentadas com clara de ovo crua desenvolviam dermatite e
alopecia, condicdo que foi denominada egg-white injury. Esses animais se
tornavam deficientes de biotina, apesar da disponibilidade da vitamina na dieta.
Concluiu-se que algum componente da clara do ovo tornava a biotina da dieta
indisponivel (Eakin et al., 1940). Em seguida, foi isolada uma proteina da clara
do ovo e foi confirmado que ela causava a deficiéncia de biotina, pois quando a
dieta de clara de ovo crua de ratos era substituida por clara de ovo cozida (a
proteina era inativada) o quadro de egg-white injury era revertido (Gyorgy et al.,
1941). Mais tarde, tal proteina isolada da clara de ovo foi chamada de avidina.
A avidina forma um complexo com a biotina impedindo a absorcdo da vitamina,
pois esta precisa estar na forma livre para ser absorvida (Said, 2009).

A deficiéncia de biotina adquirida pode ocorrer em individuos com dieta
gue contém grandes quantidades de ovos crus (devido a grande quantidade de
avidina neste alimento), e também em pacientes com alimentacao parenteral
prolongada sem suplementacédo de biotina (Wolf, 2012). Sdo conhecidas duas
doencas hereditarias em que a funcdo da biotina como coenzima esta
prejudicada, levando a deficiéncia de carboxilases dependentes de biotina: a
deficiéncia de holocarboxilase sintetase, e a deficiéncia de biotinidase (DB). Na
deficiéncia de holocarboxilase sintetase, também conhecida como deficiéncia
multipla de carboxilases de inicio precoce, a ligacdo da biotina as
apocarboxilases nao é efetiva (Baumgartner and Suormala, 2012).

A DB, chamada inicialmente de deficiéncia multipla de carboxilases de
inicio tardio, € uma doenca metabdlica com padrdo de heranga autossémico

recessivo, nha qual a atividade da enzima biotinidase € deficiente. Essa
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deficiéncia acaba por prejudicar a obtencdo de biotina contida na dieta e a
reciclagem da mesma, havendo, consequentemente, perda de biocitina pela
urina (Baumgartner and Suormala, 2012). O amplo espectro clinico dessa
doenca inclui problemas neuroldgicos, dermatolégicos e metabdlicos (Wolf et
al., 1983c).

A DB pode ser total ou parcial conforme a atividade enzimética em
plasma ou soro: a DB total € caracterizada por menos de 10% da média da
atividade normal da biotinidase, enquanto pacientes com DB parcial possuem
entre 10-30% da média da atividade normal. Heterozigotos apresentam
atividade enzimatica intermediaria entre a dos afetados e dos individuos
homozigotos para o alelo selvagem (Wolf et al., 1983a).

Uma pesquisa de abrangéncia mundial estimou que a incidéncia da DB
parcial ndo difere muito da incidéncia da DB total, e que a incidéncia
combinada de deficiéncia total e parcial € 1:60.089 nascidos vivos (NV) (Wolf,
1991). Entretanto, levantamentos posteriores com base em programas de
triagem neonatal tém mostrado que a incidéncia é bastante variada entre os
paises (tabela 1). Até 2012, a triagem neonatal para DB néo era disponibilizada
na maioria dos estados brasileiros pelo sistema publico de saude, podendo,
entretanto, ser realizada em laboratorios privados localizados principalmente na
regido sul e sudeste do pais, fato que poderia estar contribuindo para o seu
subdiagnéstico. Paradoxalmente, os estudos epidemioldgicos existentes,
baseados em diagnostico por triagem neonatal, indicam que a frequéncia da
DB combinada no Brasil pode ser uma das mais altas ja relatadas, variando
entre 1:6.843 e 1:62.500 NV (Pinto et al., 1998; Neto et al., 2004; Luz et al.,
2008; Lara et al., 2015).
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Tabela 1. Incidéncia da deficiéncia de biotinidase em nivel mundial, nacional e estadual (por
nascidos-vivos)

Individuos DB DB

avaliados’ combinada parcial DB total Referéncias
No mundo 8.532.617 1:60.089 1:129.282 1:112.271 Wolf (1991)
EUA ND - 1:31.000-  1:80.000 Cowan et al. (2010)
1:40.000
Michigan 3.329.431 1:14.539 1:16.533  1:101.779 Jay et al. (2015)
Canada (Ontério) 1.043.895  1:15.000 - - Gannavarapu et al. (2015)

Italia 1.097.894 1:61.000 - - Porta et al. (2017)
Hungria (oeste) 1.070.000 1:18.700 1:23.000 1:97.000 Milankovics et al. (2010)
Holanda 913.965 1:8.233 - - Wiltink et al. (2016)
1:4.508 - Thodi et al. (2013)

Grécia 63.119 -
Turquia ND 1:7.116 - - Karaca et al. (2015)
Brasil 198.694 1:9.000 - - Neto et al. (2004)
Paran&a 125.000 1:62.500 1:125.000 1:125.000 Pinto et al. (1998)
20.529 1:6.843 - - Luz et al. (2008)
Minas Gerais 182.891 1:22.861 - - Lara et al. (2015)

! Todos os levantamentos foram realizados a partir de triagem neonatal.
DB= deficiéncia de biotinidase; ND= néo disponivel.

6.3 As vias das carboxilases dependentes de biotina

Na DB ocorre incapacidade do organismo em usar a biotina fornecida
pela dieta e em fazer a reciclagem da mesma. Dessa forma, o pool de biotina
livre fica diminuido e ocorre deficiéncia multipla de carboxilases dependentes
de biotina. A figura 3 mostra as rotas metabdlicas onde cada carboxilase atua,
seus substratos, e produtos.

Durante a lipogénese, os intermediarios do ciclo do acido tricarboxilico
sdo transportados para o citoplasma para formar acidos graxos, e entao
triglicerideos. A piruvato carboxilase é responsavel pela reacdo anaplerética
mais importante: ela reabastece os niveis de oxaloacetato mitocondrial. Além
disso, a piruvato carboxilase catalisa o passo inicial na gliconeogénese (Tong,
2013).

Ambas acetil-CoA carboxilase | e Il produzem malonil-CoA a partir de
acetil-CoA. A acetil-CoA carboxilase | esta presente no citosol e regula a
sintese de &cidos graxos. A acetil-CoA carboxilase Il estd localizada na
membrana mitocondrial externa e, por sua producdo de malonil-CoA e inibicdo
da carnitina palmitoil transferase |, controla a oxidac&do de acidos graxos (Tong,
2013).

A 3-metilcrotonil-CoA carboxilase catalisa um dos passos no catabolismo

da leucina. A propionil-CoA carboxilase participa do catabolismo de varios
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aminoacidos, acidos graxos de cadeia impar e colesterol. Neste processo, a
propionil-CoA carboxilase faz o reabastecimento anaplerotico de succinil-CoA
no ciclo do acido tricarboxilico (Tong, 2013; Wongkittichote et al., 2017).

Pacientes com DB podem apresentar acidose cetolatica e aciduria
organica, como resultado do desequilibrio do metabolismo energético (Wolf et
al., 1983c; Wastell et al., 1988).

Tradicionalmente, a avaliacdo da raz&do substrato:produto é uma
excelente maneira de determinar a deficiéncia funcional (atividade) de enzimas.
O bloqueio das vias das carboxilases dependentes de biotina resulta em
aumento da excrecdo urinaria das acilcarnitinas correspondentes aos
substratos acumulados. Foi verificado que adultos saudaveis submetidos a
dieta deficiente em biotina apresentaram alteracdo nos niveis de acilcarnitinas
correspondentes aos substratos e produtos das carboxilases dependentes de
biotina, isto e, as razoes substrato:produto
(propionilcarnitina:metilmalonilcarnitina, 3-hidroxiisovalerilcarnitina:3-
metilglutarilcarnitina e acetilcarnitina:malonilcarnitina) aumentaram durante a
restricdo de biotina. Essas razfes, que sdo medidas indiretas da atividade das

carboxilases, sdo indicativas do status de biotina (Bogusiewicz et al., 2012).
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Figura 3. Rotas metabdlicas onde atuam as carboxilases dependentes de biotina. PC: piruvato
carboxilase, ACC1 e ACC2: acetil-coenzima A (CoA) carboxilase 1 e 2, MCC: 3-metilcrotonil-
CoA carboxilase, PCC: propionil-CoA carboxilase. As barras pretas indicam o processo que
esta prejudicado (interrompido) em caso de niveis insuficientes de biotina. Setas com linhas
sélidas indicam processo enzimatico direto (Unico), enquanto que setas com linhas pontilhadas
indicam varias etapas enzimaticas. Adaptado de Tong (2013).

Metilmalonil-CoA

6.4 Manifestacdes clinicas

Os sinais e sintomas da DB total podem aparecer entre 1 semana e 10
anos de idade, com uma média de 3,5 meses (Wolf, 2012). Criancas com DB
total ndo tratadas com biotina apresentam uma ou mais das seguintes
manifestacdes clinicas, as quais sdo também observadas em criancas em
outras doencas metabdlicas herdadas: erupcdo cutdnea eczematosa (rash
cutaneo), alopecia, infec¢des recorrentes, convulsdes, hipotonia, ataxia, retardo

no desenvolvimento, problemas respiratérios (como hiperventilacdo, apneia,
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estridor laringeo), visuais e auditivos (Wolf et al., 1983c). Os achados
oftalmolégicos incluem infecgbes, distarbios de visdo e motilidade, alteracdes
pigmentares da retina, sendo que 0s mais comumente relatados séo atrofia
Optica e ceratoconjuntivite (Salbert et al., 1993). Aproximadamente 75% das
criangas sintomaticas n&o tratadas com DB total tém perda auditiva
neurossensorial (Wolf et al., 2002b). Se o tratamento ndo € iniciado em tempo,
h& risco de danos irreversiveis (como perda auditiva, visual e deficiéncia
intelectual), coma e morte (Wastell et al., 1988; Bay et al., 2010).

As alteracfes bioquimicas que podem aparecer sao acidose cetolatica,
aciduria organica, hiperamonemia, mas nem todos 0s pacientes apresentam
tais alteragbes. Pode haver excrecdo elevada de acido 3-hidroxisovalérico,
lactico, 3-hidroxipropionico e 3-metilcrotonilglicina (analise de acidos organicos
em urina), bem como 3-hidroxiisovalerilcarnitina ligeiramente elevada
(acilcarnitina plasmatica). A DB deve ser considerada em qualquer crianga com
algum dos achados neurologicos ou cutaneos citados anteriormente, com ou
sem acidose metabdlica ou aciduria organica (Wolf et al., 1983c; Wastell et al.,
1988; Singh et al., 2015; Strovel et al., 2017).

Alguns pacientes comecam a apresentar manifestacfes clinicas mais
tardiamente, no final da infancia ou adolescéncia. Nesses casos, 0s sintomas
sao fraqueza muscular, paresia espastica, perda da visao e escotomas (Wolf et
al., 1998; Baykal et al., 2005).

Praticamente todas as criancas com DB total tornam-se ou tem 0 risco
de tornarem-se sintomaticas se nao tratadas. Curiosamente, foram
identificados alguns pais e irmdos de criangas com DB, diagnosticadas através
de triagem neonatal, que possuem DB total ou parcial (confirmada por analise
genética) e que sao assintomaticos. Nao esta bem esclarecido por que alguns
adultos permanecem assintomaticos mesmo que nunca tratados (Wolf et al.,
1997; Baykal et al., 2005).

Criancas com DB parcial ndo tratadas podem exibir qualquer um dos
sintomas descritos anteriormente, entretanto, os sintomas sdo normalmente
mais leves e surgem apenas quando a crianca passa por um periodo de
estresse, como uma infecgéo prolongada ou alimentagéo inadequada (McVoy

et al., 1990). Heterozigotos ndo desenvolvem sintomas.
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6.5 Bases genéticas da deficiéncia de biotinidase
6.5.1 A estrutura do gene BTD e da biotinidase

A figura 4 mostra a estrutura do gene que codifica a biotinidase,
chamado BTD, do mRNA e da enzima. O gene BTD foi inicialmente
caracterizado por Cole et al. (1994) e Knight et al. (1998): localiza-se no
cromossomo 3p25, é organizado em quatro éxons e trés introns, e a sequéncia
entre os nucleotideos -600 e +400 tem caracteristicas compativeis com
expressdo constitutiva. Os estudos de Stanley et al. (2004) indicaram que a
porcéo 5’UTR inicia 90 pares de base antes (a montante), e que o intron um
possui 33,608 pares de base, totalizando um gene com 44k pares de base.

O mRNA apresenta dois codons de inicio de traducédo (AUG), o primeiro
no éxon 1 e o segundo no éxon 2. Se o primeiro cédon for utilizado, um
peptideo sinal de 41 aminoacidos é codificado, mas se a tradu¢cdo comecar a
partir do segundo, o peptideo sinal tera 21 aminoacidos. O peptideo sinal maior
possui motivos consenso que podem direcionar a biotinidase para mitocondria
e reticulo endoplasmatico, enquanto que o peptideo sinal menor sinaliza
apenas para reticulo endoplasmatico e melhor coincide com o motivo da
maioria dos peptideos sinal de secrecao (Wolf and Jensen, 2005).

Considerando o primeiro cédon AUG, a biotinidase € composta por 543
aminoacidos (peptideo sinal: 41 aminoacidos, proteina madura: 502
aminoacidos). Ha seis sitios de N-glicosilacdo e a enzima glicosilada é
estimada em 70.8-79.8 kDa. A estrutura tridimensional da enzima foi predita
por modelagem computacional, por homologia com nitrilases/amidases
cristalografadas de micro-organismos. De acordo com Pindolia et al. (2007), a
estrutura da biotinidase é organizada em dois dominios. O dominio amino
terminal, Dominio A, possui a triade catalitica (glutamato 112, lisina 212, e
cisteina 245). O Dominio B, homdélogo ao dominio de ancoragem da Vanina-1 e
dominio Fhit da NitFhit, € possivelmente envolvido com a ligacdo a biotina.
Além disso, ha uma regido aparentemente flexivel que conecta o Dominio A e o

Dominio B.
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Figura 4. Estrutura do gene BTD, mRNA e biotinidase. O gene BTD consiste em quatro
éexons (Ex) e trés introns (Int). O mRNA apresenta dois sitios de inicio de traducéo (AUG),
um na porcao correspondente ao éxon 1 e outro no éxon 2, e um codon de parada no
éxon 4 (UAG). O asterisco indica a posi¢cdo correspondente ao N-terminal da proteina
madura. A enzima biotinidase pode ter um peptideo sinal de 41 ou 21 aminoacidos (aa),
se a traducdo iniciar no 1° ou 2° AUG, respectivamente. A estrutura tridimensional, predita
por homologia, é organizada em dois dominios (A e B). Ha seis sitios passiveis de
glicosilacé@o. Os esquemas foram baseados nos trabalhos de Pindolia et al. (2007, 2010).

6.5.2 Variantes do gene BTD
Até o momento, 236 variantes do gene BTD foram relatadas em
pacientes com DB conforme o banco Human Gene Mutation Database
(HGMD®) Professional 2017.4. No banco de dados publico do ARUP
Laboratories (Procter et al., 2013), disponivel em
http://www.arup.utah.edu/database/BTD/BTD_display.php, h& 213 variantes
reportadas, 6 delas s&o consideradas de significado incerto (situadas no

Dominio A ou regifes fora dos dominios da enzima), 11 sdo consideradas
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benignas (situadas na 5’UTR, peptideo sinal, Dominios A e B, conexdo de
dominios) e o restante patogénicas conforme atividade enzimatica apresentada
pelos pacientes (situadas ao longo de todas as regifes da enzima: peptideos
sinal, Dominios A e B, conexao de dominios, e fora dos dominios). As variantes
ocorrem predominantemente nos éxons 2, 3 e 4.

As variantes consideradas benignas sdo do tipo silenciosa ou
localizadas em regido nao codificante. A variante ¢.1171C>T (p.Pro391Ser) é
uma excecdo: ela deve causar substituicdo de aminoacido mas é considerada
benigna com base na atividade da biotinidase sérica apresentada pelos
carreadores (Hymes et al., 2001). Tal alteragcdo de aminoacido ocorre na
regido de conexdo de dominios, conforme visto na figura 4.

Dentre as patogénicas, foram descritas variantes de diferentes classes:
sentido trocado, sem sentido, pequena delecdo ou insercdo (um ou mais
nucleotideos), alteracdo em sitio de splicing e mutacao alélica composta. As
variantes do tipo sentido trocado sdo predominantes (Pindolia et al., 2010). Em
2016, foi relatada a primeira microdelacédo no gene BTD (26kb, que abrange os
exons 2, 3 e 4), encontrada em heterozigose por ocasido de diagndéstico preé-
natal por andlise de microarranjo para idade materna avancada (Wolf, 2016b).

Estudos que realizaram sequenciamento completo do gene BTD em
pacientes com DB néo identificaram variantes no éxon 1 (Muhl et al., 2001;
Wolf et al., 2002a; Ye et al., 2009; Igbal et al., 2010). Até que uma delecéo de
107kb, incluindo o promotor, éxon 1 e uma porc¢édo do intron 1 do gene BTD, o
gene HACLL1 inteiro, e uma porcdo do gene COLQ, foi encontrada em
homozigose em paciente sintomatico com BD total (Senanayake et al., 2017).

No estudo de Wolf (1991), que incluiu 8.532.617 individuos triados para
DB em 14 paises, a incidéncia mundial da DB foi estimada em 1:60.089 NV. A
partir desse dado, a frequéncia para alelo da DB foi calculada em 0,004, e a
estimativa de heterozigotos para variantes no gene BTD foi de 1 em cada 123
individuos.

6.5.3 Gendtipo X fendtipo

Pouco se sabe sobre associacbes entre gendtipo e manifestacbes

clinicas na DB. H& um relato de que criangcas com variantes nulas (aquelas que

provavelmente resultam em auséncia da enzima, como mutacfes sem sentido
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e as que causam mudanca na fase de leitura) teriam mais chance de
desenvolver perda auditiva do que criangas com variantes do tipo sentido
trocado (Sivri et al., 2007). Entretanto, certos genotipos estdo associados com
DB total e outros com DB parcial.

Deficiéncia Deficiéncia Nao afetado
TOTAL PARCIAL N
alelo da deficiénciatotal alelo da deficiénciatotal alelo ¢.1330G>C alelo da deficiénciatotal  alelo normal
+ + + ou alelo ¢.1330G>C +
alelo da deficiéncia total alelo ¢.1330G>C alelo ¢.1330G>C + alelo normal

alelo normal

Figura 5. Resumo das bases moleculares da deficiéncia de biotinidase (DB). A DB total e DB
parcial sdo caracterizadas por menos de 10% e entre 10-30% da meédia da atividade
enzimatica normal, respectivamente. Homozigotos para ¢.1330G>C (p.Asp444His) apresentam
atividade semelhante a de heterozigotos para alelo de deficiéncia total. Heterozigotos para
€.1330G>C (p.Asp444His) apresentam atividade semelhante a de individuos homozigotos para
o alelo normal.

A figura 5 esquematiza o que ja se conhece sobre a associacao entre
gendtipo e fendtipo. A maioria das variantes no gene BTD causa perda
completa ou quase completa da atividade da enzima biotinidase; séo
chamados alelos da deficiéncia total de biotinidase. A presenca de dois desses
alelos, na forma homozigota ou heterozigota composta, resulta em DB total.
Nessa situacdo, o individuo esta susceptivel a desenvolver manifestacdes
clinicas se néo for tratado. Ja, individuos com um alelo da deficiéncia total de
biotinidase e outro alelo normal séo carreadores da doenca, e ndo necessitam
de tratamento (Wolf, 2016a).

A andlise genética de 92 pacientes com DB total (33 identificados
clinicamente e 59 por triagem neonatal), realizada nos Estados Unidos da
América (EUA), revelou quatro variantes mais comuns entre eles, as quais sao
responsaveis por aproximadamente 60% dos alelos anormais (tabela 2). As
variantes ¢.98 104del7ins3 (p.Cys33Phefs*36) e ¢.1612C>T (p.Arg538Cys) sao
as mais frequentes nos individuos sintomaticos e ¢.1368A>C (p.GIn456His) e
c.[511G>A;1330G>C] (p.[Alal71Tyr;Asp444His]), sdo as mais comuns entre as

criancas triadas (Norrgard et al., 1999).
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Tabela 2. Variantes mais frequentes no gene BTD, encontradas em pacientes com DB total e
parcial em dois importantes estudos.

Localizagdo Fre’q.uenma Frequéncia alélica
Forma . alélica em .
da DB Variante . acientes em pacientes da
CDNA Proteina .p " triagem neonatal
sintomaticos
€.98_104del7ins3 Ex2 Peptideo sinal 35,5% 12,5%
1 c.1612C>T Ex4 c-terminal 22% 3%
Total
c.1368A>C Ex4 Dominio B 0% 28%
c.[511G>A;1330G>C] Ex4,Ex4 Dominios AeB 0% 17%
Parcial® ¢.1330G>C Ex4 Dominio B - 47%

DB = deficiéncia de biotinidase, Ex = éxon.
" Norrgard et al. (1999), 92 pacientes (33 sintomaticos e 59 da triagem neonatal).
2 Swango et al. (1998), 19 pacientes da triagem neonatal.

A caracterizagdo genética de 19 pacientes com DB parcial, identificados
por triagem neonatal nos EUA e outros paises (tabela 2), demonstrou que
guase todos os individuos (18/19) tém a variante ¢.1330G>C (p.Asp444His) em
um alelo do gene BTD em combinagdo com uma variante para deficiéncia total
no outro alelo - apenas um individuo era heterozigoto composto para duas
outras variantes do tipo sentido trocado (Swango et al., 1998). Estimou-se que
a variante ¢.1330G>C (p.Asp444His) causa perda de 52% da atividade da
enzima codificada pelo alelo (Norrgard et al., 1998).

Estudos mais recentes identificaram outras variantes que parecem ter
efeito mais leve, mas que sdo bem menos frequentes (foram descritas em
casos isolados). Sdo elas: ¢.143G>A (p.Gly48Glu), ¢.257T>G (p.Met86Arg),
€.310-15delT, c.459+4A>G, c.529G>A (p.Glul77Lys), c.[261C>T;895G>C]
(p.[Asn87=;Ala299Pro]), c.968A>G (p.His323Arg) e ¢.1525C>T (p.Pro509Ser);
em heterozigose composta com alelos da deficiéncia total, também podem
estar associadas a DB parcial (Li et al., 2014; Lara et al., 2015; Wiltink et al.,
2016).

Espera-se que individuos homozigotos para a variante c¢.1330G>C
(p.Asp444His) tenham aproximadamente 45-50% da atividade sérica normal (o
gue é similar a atividade dos heterozigotos para alelos da deficiéncia total), e
gue heterozigotos tenham atividade enzimatica muito parecida com a de
homozigotos para o alelo normal (figura 5). Tais individuos ndo necessitam de
tratamento (McVoy et al.,, 1990; Swango et al., 1998). A variante ¢.1330G>C
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(p-Asp444His) em combinag&o com uma variante de deficiéncia total no mesmo
alelo, em configuragcdo cis, resulta em um alelo de deficiéncia total de
biotinidase.

A variante ¢.1330G>C (p.Asp444His) na DB é semelhante a variante
Duarte-2 (ou D2) na galactosemia. Heterozigotos compostos para a variante
Duarte-2 e uma mutacdo que causa galactosemia classica tém em média 25%
de atividade normal; esta condicao é leve a assintomatica (Carney et al., 2009).

Em diversos paises, estudos que descrevem as variantes génicas na DB
tém sido realizados, cada qual com as suas particularidades. A tabela 3
compara as frequéncias das variantes mais frequentes nos dois estudos
pioneiros discutidos anteriormente na tabela 2 (Swango et al., 1998; Norrgard
et al., 1999) com estudos realizados posteriormente em outros paises. Pode-se
inferir que a alta frequéncia da ¢.1330G>C (p.Asp444His) nos pacientes do
Brasil, Holanda e Hungria deve-se a inclusdo de pacientes com a forma parcial
da deficiéncia. Na Austria (Moslinger et al., 2003) esse alelo foi detectado entre
pacientes com deficiéncia total, o que é questionavel, uma vez que somente
um individuo com DB total apresentou tal variante e a atividade enzimatica dele
é limitrofe entre deficiéncia total e parcial (9%). Aléem disso, a alta frequéncia de
casamentos consanguineos na Arabia Saudita exerce um efeito notorio nas
frequéncias alélicas, pois apenas uma das variantes comuns nas outras
populacbes aparece em homozigose em um paciente, e todos 0s outros
individuos do estudo sdo homozigotos para outras variantes (Pomponio et al.,
2000Db).

E importante conhecer o perfil genético da populac¢do-alvo quando se
guer aplicar a andlise genética para o diagnéstico da DB. De modo geral, as
variantes apresentadas na tabela 3 figuram entre as mais frequentes e
representam, em conjunto, 55-75% dos alelos (o0 que nao é valido para paises
com alta taxa de casamentos consanguineos, e para a amostra do Canada).
Para a apropriada identificacdo dos dois alelos, para fins de pesquisa e
diagnostico, uma andlise ampla é necesséaria. Usualmente € realizado
sequenciamento dos éxons e juncdes éxon-intron do gene BTD por método de

Sanger automatizado.
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Tabela 3. Frequéncias alélicas (%) relatadas para as variantes ¢.98 104del7ins3, c.1612C>T, c.1368A>C, c.[511G>A;1330G>C] e ¢.1330G>C

Pais Tipo de DB, c.98_104del7ins3 ¢.1612C>T ¢.1368A>C  c.[511G>A;1330G>C] ¢.1330G>C Referéncia
Diagnéstico (n%) (%) (%) (%) (%) (%)
Brasil Parcial e total, T e S (n=12) 4,3 8,7 0 4,3 43,5 Borsatto et al. (2014)
Brasil Parcial e total, T (n=13) 15,4 0 0 11,5 38,5 Neto et al. (2004)
Holanda Parcial e total, T (n=40) 1,2 2,5 21,2 10 38,7 Wiltink et al. (2016)
Hungria Parcial e total, T (n=57) 7,5 14 10 40 Milankovics et al. (2010)
EUA e outros Parcial, T (n=19) 8 13 10,5 a7 Swango et al. (1998)
EUA Total, T (n=59) 12,5 28 17 Norrgard et al. (1999)
Total, S (n=33) 34,5 22 0 0
) Gannavarapu et al.
Canada Total, T (n=9) 16,7 0 11 0 0
(2015)
Italia Total, T (=10) 0 0 40 15 0 Porta et al. (2017)
Hungria Total, * 12,5 8 23,5 17 0 Milankovics et al. (2010)
Austria, Turquia,lugoslavia Total, T (n=15) 23 0 26,6 3 3 Méoslinger et al. (2003)
Turquia Total, T (n=15) 9 0 13,6 13,6 0 Pomponio et al. (2000a)
Total, S (n=13) 37,5 6 12,5 0 0
Ardbia Saudita Total, S (n=08) 12,5 0 0 0 0 Pomponio et al. (2000b)

DB = deficiéncia de biotinidase, T = triagem neonatal, S = sintomatologia.

% n= tamanho amostral. O n apresentado aqui ndo é o n total do estudo; foram incluidos apenas os casos indice e que tiveram DB confirmada por

atividade da biotinidase sérica (DB total: <10%, DB parcial: 10-30%) e posterior andlise genética.

* Dado nao relatado.
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6.6 Diagnostico da deficiéncia de biotinidase

Individuos com DB podem ser identificados antes do aparecimento dos
sintomas por triagem neonatal ou por rastreamento familial - em ambos os
casos, através da medida da atividade enzimética da biotinidase. Também é
possivel, embora incomum, realizar o diagndstico pré-natal da DB e a
identificacdo de heterozigotos. O diagndstico em individuos sintomaticos é
obtido por meio de exame clinico e pela medida da atividade enzimatica. Além
disso, a analise de &cidos organicos na urina pode ser complementar. A analise
genética pode ser realizada em Ultima instancia para confirmacdo do
diagnéstico.

6.6.1 Triagem neonatal

Na década de 80, Wolf et al. (1983a) desenvolveram um meétodo para
determinacao da atividade da biotinidase sérica e demonstraram que individuos
com deficiéncia mdaltipla de carboxilases de inicio tardio apresentavam
atividade reduzida da biotinidase, ou seja, que a deficiéncia de biotinidase era o
defeito bioquimico primario. Em seguida, foi desenvolvido um método para
triagem neonatal da DB, o qual avalia colorimetricamente a atividade da
biotinidase em sangue impregnado em papel-filtro (Heard et al., 1984). Esse
método foi utilizado pela primeira vez em 1984 em um programa de triagem
neonatal piloto na Virginia (EUA). Com esse programa piloto verificou-se que a
DB era tdo frequente quanto outras condi¢cdes para as quais ja se realizava
triagem (Heard et al., 1986). Poucos anos depois, programas espalhados pelo
mundo (14 paises) ja haviam incluido a triagem para DB (Wolf, 1991). Alguns
mantiveram e outros nao (por questdes econdmicas e baixa incidéncia), e com
0 passar dos anos outros paises também foram incluindo triagem para DB.

Atualmente, a DB esta incorporada em programas de triagem neonatal
da América do Norte, varios paises da América do Sul, alguns programas
europeus, e Ird e Emirados Arabes no Oriente Médio (Therrell et al., 2015; Al-
Jasmi et al., 2015; Asgari et al., 2016). Grupos de pesquisa dos EUA, Canada,
Holanda, Italia, Hungria, Grécia, Turquia e Emirados Arabes Unidos tém
publicado dados sobre a triagem para DB, inclusive dados de analise genética
(Milankovics et al., 2010; Thodi et al., 2013, 2016; Karaca et al., 2015; Al-Jasmi
et al., 2015; Gannavarapu et al., 2015; Wiltink et al., 2016; Porta et al., 2017).
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No Brasil, a triagem para DB foi incluida no Programa Nacional de
Triagem Neonatal (PNTN) em 2012 (Portaria n°® 2829/GM/MS de 14.12.12) e
esta sendo oferecida por servicos publicos, além dos servicos privados. O
Grupo de Assessoramento Tecnico do PNTN considerou que a DB preenche
os critérios revisados de Wilson & Jungner para ser incluida na triagem
neonatal: os pacientes afetados ndo mostram sinais clinicos neste periodo da
vida, é uma doenga com alta morbidade e mortalidade, possui um tratamento
simples e efetivo que modifica a histéria natural da doenca, e ndo é
extremamente rara (Pollitt et al., 1997).

A forma mais comum de triagem neonatal para DB € a determinacéo
gualitativa ou semiquantitativa da atividade da biotinidase por teste
colorimeétrico, utilizando sangue seco impregnado em papel-filtro. O Colégio
Americano de Genética Médica e Gendmica publicou em 2017 uma atualizacéo
das diretrizes para o diagnostico laboratorial da DB. Criangas que tém o
resultado da triagem alterado devem realizar o teste confirmatério, que é a
determinacdo quantitativa da atividade da biotinidase em amostra de plasma ou
soro. O mesmo ensaio deve ser feito com amostra dos pais e de um individuo
nao relacionado, para ajudar na interpretacdo. Os pais sdo referéncias de
heterozigotos e o individuo néo relacionado € util como controle para distinguir
a verdadeira DB de uma diminuicdo da atividade devido a artefatos de
manipulacdo da amostra. A enzima apresenta labilidade, portanto as amostras
de plasma ou soro devem ser congeladas e enviadas ao laboratério em gelo
seco (Strovel et al., 2017).

O método mais difundido para medida quantitativa da atividade da
biotinidase (atividade biotinil-hidrolase) € a determinacdo colorimétrica da
liberacdo de acido 4-aminobenzéico (também conhecido como acido para-
aminobenzdéico ou PABA) do acido biotinil-4-aminobenzdico, um substrato
analogo da biocitina. Resumidamente, a amostra de soro € incubada com o
substrato artificial acido biotinil-4-aminobenzéico a 37°C por 30 minutos,
periodo em que a biotinidase presente no soro libera PABA livre, e apds, a
reacdo é parada com &cido tricloroacético. O PABA liberado sofre diazotizacao
com nitrito de sédio e 0 excesso desse reagente € removido com sulfamato de
amonio. Por fim, o PABA diazotizado reage com dicloridrato de N-(1-naftil)-

etilenodiamina formando um produto de cor parpura, o qual € mensurado por
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espectrofotometria a 546 nm. A absorbancia é diretamente proporcional a
quantidade de PABA liberado, o qual, por sua vez, € diretamente proporcional a
atividade da biotinidase na amostra (Wolf et al., 1983a). O resultado é dado em
nmol de PABA/min/mL de soro, e pode ser convertido em porcentagem em
relacdo ao valor considerado normal (média da atividade em individuos
normais). O principio do método de triagem é o mesmo, porém qualitativo: as
amostras que se tornam puarpura apresentam atividade de biotinidase, e
aquelas que nao adquirem cor considera-se que tem pouca ou nenhuma
atividade.

A figura 6 mostra a etapa final do ensaio quantitativo da biotinidase
realizado no Laboratério de Referéncia para Erros Inatos do Metabolismo do
HCPA, como exemplo. Observam-se amostras com diferentes intensidades de

cor, 0 que significa que possuem diferentes niveis de atividade da biotinidase.
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Figura 6. Ensaio quantitativo da atividade da biotinidase. A
amostra € soro, e o substrato € o acido biotinil-4-aminobenzdico.
Ao lado direito das amostras, tubos 1-4, estdo os respectivos
brancos (1B-4B). De acordo com a absorbancia a 546 nm, as
amostras 1, 2, 3 e 4 possuem atividade da biotinidase normal,
atividade compativel com heterozigoto, DB parcial e DB total,
respectivamente.

Existem outros métodos para medida da atividade da biotinidase que
empregam diferentes substratos, como biotinil-6-aminoquinolina (Wastell et al.,
1984), biocitina (Kumasaka et al., 2001), e anélogos biotinilados radioisotopicos
(Livaniou et al., 1997), mas sdo mais caros, de dificil execucdo, e ndo sao
facilmente adaptaveis as amostras de sangue em papel-filtro (Strovel et al.,
2017).
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6.6.2 Rastreamento familiar

Outra maneira de detectar individuos com doenca € o rastreamento
familiar. Os irméos de criangcas com DB, que nunca foram testados para a
doenca, devem ser rastreados quanto a atividade enzimética no soro, mesmo
ndo apresentando manifestacdes clinicas, pois possuem risco de ter a
deficiéncia e virem a ser sintomaticos (Baykal et al., 2005).

6.6.3 Diagndstico pré-natal e identificacéo de heterozigotos

O diagnéstico pré-natal da DB € possivel pela determinacéo da atividade
da biotinidase a partir de cultura de células do liqguido amniético, ou por analise
de DNA obtido de células do liquido amniético. Solicitacdes de diagndstico pré-
natal ndo sdo comuns, ja que os sintomas da DB podem ser facilmente
prevenidos com o diagndstico e tratamente precoce (Pomponio et al., 1998).

Individuos heterozigotos para uma variante patogénica no gene BTD nao
correm risco de desenvolver sintomas e podem ser identificados por possuirem
atividade enzimatica intermediaria entre os afetados e os individuos que
possuem apenas alelos selvagens (Wolf et al., 1983a).

A andlise genética para diagnostico pré-natal ou pequisa de
heterozigotos pode ser realizada quando as variantes causadoras da doenca
em um membro da familia afetado séo previamente conhecidas (Wolf, 2012).

6.6.4 Suspeita clinica

Algumas criancas com DB séo paucissintomaticos, enquanto que outras
tém diversos achados neuroldgicos, cutaneos ou bioquimicos, como ja
apresentado no item "4.3 Manifestacbes clinicas". As manifestacfes
neurolégicas mais comuns em individuos com DB total ndo tratados sao
convulsdes e hipotonia. Muitas criancas sintomaticas apresentam varias
anormalidades no sistema nervoso central vistas em imagens de ressonancia
magnética ou tomografia computadorizada (Wolf, 2012).

Quando os médicos suspeitam de DB a partir das caracteristicas clinicas
do paciente, é solicitado o teste da atividade enzimatica em plasma/soro
descrito em “4.5.1 Triagem neonatal”’, que é capaz de identificar a condig¢ao.

6.6.5 Fatores responsaveis por falsos-positivos e falsos-
negativos

A biotinidase é uma enzima labil, cuja atividade pode diminuir em

condi¢bes de umidade, temperatura elevada e ao longo do tempo. Testes de
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triagem neonatal falsos-positivos ocorrem comumente quando o0s cartbes
saturados com sangue sao colocados em envelopes antes de estarem
suficientemente secos. Isso ocorre porque a umidade resulta em perda
significativa da atividade da enzima (Cowan et al., 2010). Quando a atividade
da biotinidase foi avaliada em amostras de plasma e de sangue em papel-filtro
sob varias temperaturas (de -20°C a 37°C) e ao longo do tempo, verificou-se
qgue o tempo e temperaturas mais elevadas levam a diminuicao
estatisticamente significativa da atividade da biotinidase (Schulte, 2003).

Também j& foi constatado que a atividade de biotinidase apresenta
correlacdo direta com a idade gestacional e pos-gestacional. Em 64 recém-
nascidos (prematuros: 16 e a termo: 48), a atividade da biotinidase teve
correlagédo positiva com idade gestacional. Aléem disso, entre o primeiro e 0
terceiro dia de vida, as atividades estavam abaixo do considerado normal para
adultos em todos os recém-nascidos avaliados. Em 56/64 recém-nascidos, 0s
niveis foram subindo gradativamente e atingiram o nivel normal de adultos
entre 0 4°-40° dias de vida. Por outro lado, em 8/64 recém-nascidos (todos os
oito pertencentes ao grupo de prematuros) a atividade da biotinidase reduziu
entre o 3°-7° dias de vida (eles apresentaram atividade entre 4,7-26,0% neste
periodo), e atingiu o nivel normal de adultos entre o 20°-40° dias de vida. O
periodo coincide com a coleta da amostra para triagem neonatal e, portanto,
eles teriam testes com resultados falsos-positivos. Alteracdo da funcéo
hepatica foi excluida como causa para esse achado, e a substituicdo da sintese
de um tipo de molécula enzimatica (fetal) por outro (adulta), ou um periodo de
alimentacdo insuficiente foram sugeridos como possiveis justificativas.
(Suormala et al., 1988).

Com o objetivo de esclarecer a questdo dos falsos-positivos na triagem
neonatal para DB, Schulpis et al. (2003) avaliaram a atividade da biotinidase no
soro de recém-nascidos a termo, prematuros e pequenos para a idade
gestacional (PIG) com ictericia e controles (bilirrubina total entre 1,0-4,0
mg/dL). No grupo de controles, a atividade da biotinidase nos prematuros (3,3 +
1,2 nmol/min/mL) e PIG (3,3 = 0,8 nmol/min/mL) foi menor do que a atividade
nos nascidos a termo (5,0 = 1,1 nmol/min/mL, p<0,001). Os niveis de bilirrubina
total e enzimas hepéticas mostraram correlagdo inversa com a atividade da

biotinidase em todos os recém-nascidos ictéricos do estudo (p<0,0001). In
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vitro, foi verificada uma inibicdo de 50% na atividade enzimatica depois da pré-
incubagédo com 10 e 15 mg/dL de bilirrubina. Por fim, os autores sugerem que a
diminuicdo da atividade da biotinidase em ictéricos pode ser devido ao
comprometimento da fungdo hepatica e que a bilirrubina total em altas
concentragdes pode atuar como inibidor da biotinidase.

Quando é utilizado o ensaio com o substrato biotinil-6-aminoquinolina,
resultados falsos-positivos podem ocorrer se o individuo tem uma concentracéo
elevada de triglicerideos. Niveis de albumina acima do normal, o uso de certos
antibidticos e acido valpréico podem interferir no teste causando resultados
falsos-negativos (bula Neonatal biotinidase kit, PerkinElmer®, Wallac Oy,
Turku, Finland, 2011). A presenca de interferentes que causam resultados
falsos-negativos deve ser testada executando um ensaio livre de substrato para
cada amostra de paciente (se ndo houver interferente, ndo desenvolvera
cor/fluorescéncia) (Strovel et al., 2017).

6.6.6 Exame complementar

Os &cidos organicos na urina (andlise por cromatografia
gasosa/espectrometria de massa) e acilcarnitinas em plasma ou urina (analise
por cromatografia liquida/espectrometria de massa em tandem) podem estar
alterados em pacientes com DB como resultado da deficiéncia mdltipla de
carboxilases, mas muitos pacientes com a doenca tém resultados normais.
Além disso, a elevacdo de acidos organicos, 3-hidroxi-isovalerato, 3-
metilcrotonilglicina e 3-hidroxi-isovalerilcarnitina que ocorre na DB também
ocorre em outras condicfes ou doencas. Portanto, essas abordagens ndo séo
apropriadas como o unico teste em individuos suspeitos de DB, sdo apenas
complementares ao teste da atividade da biotinidase (Wolf et al., 1983c;
Baumgartner and Suormala, 2012).

6.6.7 Andlise genética

A confirmacdo da DB por analise do DNA (extraido de sangue total,
fibroblastos, ou de sangue coletado em papel-filtro), pode ser util em alguns
casos. A andlise genética auxilia na diferenciacéo de individuos com DB total e
DB parcial, assim como individuos com DB parcial dos que sdo heterozigotos
para alelo de deficiéncia total ou dos homozigotos para o alelo ¢.1330G>C
(p.Asp444His). Esta abordagem é particularmente importante quando ha

variabilidade na atividade enzimatica entre diferentes amostras (testes
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consecutivos) ou laboratérios, ou discrepancia entre paciente e controle
parental (Strovel et al., 2017).

Existem diferentes estratégias de genotipagem para DB. Pode ser
realizada a pesquisa direcionada de variantes mais frequentes na populacéo
alvo, sequenciamento do gene da  Dbiotinidase e andlise de
dele¢bes/duplicacdes. A pesquisa direcionada de variantes mais frequentes é
mais barata do que o sequenciamento completo do gene, mas nao é capaz de
detectar variantes menos comuns e, portanto, pode ndo ser suficiente para
identificar os dois alelos (Wolf, 2012). H& duas delecdes grandes descritas no
gene BTD (uma de 26kb e outra de 107kb) e os autores sugerem considerar
uma analise de microarranjo ou outra metodologia para delecdo quando a
atividade enzimatica € menor do que a atribuida ao gendtipo encontrado por
sequenciamento (Wolf, 2016b; Senanayake et al., 2017).

6.7 Tratamento

Os individuos com DB total, sintomaticos ou assintomaticos
(identificados por triagem neonatal), devem ser tratados com suplementacéo
oral de biotina livre em dose farmacoldgica (muito maior do que a ingesta
normalmente necessaria), ao longo de toda vida, independente do seu
gendtipo. A dose farmacologica de biotina varia entre 5-20mg/dia. Individuos
com DB parcial comecaram a ser identificados quando a triagem neonatal para
DB foi iniciada; até aquele momento n&o havia relatos de individuos
sintomaticos que apresentassem atividade entre 10-30% da média normal, e,
portanto, ndo se tinha conhecimento sobre a necessidade de trata-los. Com o
passar dos anos, o surgimento de relatos de individuos com DB parcial nédo
tratados que desenvolveram sintomas fez com que decisbes mais cautelosas
passassem a ser tomadas. O tratamento da DB parcial ainda é controverso, e
alguns especialistas recomendam o tratamento com biotina, entre 1-5mg/dia,
nesse caso (McVoy et al., 1990; Wolf, 2010).

Uma vez que o tratamento consiste em suplementacdo com biotina na
forma livre, a quantidade de enzima biotinidase e a atividade ndo séo alteradas.
Mesmo que a crianca esteja consumindo doses farmacoldgicas de biotina, isso
nao ira afetar o teste de atividade enzimatica. Portanto, novos testes podem ser
realizados apos inicio do tratamento na necessidade de confirmacdo do
diagndstico (Wolf, 2010).
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As seguintes avaliagfes sdo recomendadas para individuos identificados
com DB: exame fisico para hipotonia, ataxia, rash cutaneo, alopecia,
conjuntivite, problemas respiratérios, avaliacdo auditiva e oftalmolégica, e para
déficit psicomotor e/ou do desenvolvimento. Para a monitorizacdo, as
recomendacgfes incluem: avalia¢cdes auditiva e oftalmoldgica, avaliacbes com
geneticista ou especialista do metabolismo, além de acompanhamento com
especialista para problemas residuais (sequelas), anualmente (ou
bianualmente no caso da DB parcial) (Wolf, 2012).

Embora a atrofia 6ptica, a perda auditiva e o retardo no desenvolvimento
nao sejam revertidos com a reposicéo de biotina, as criancas mostram melhora
guanto aos outros sintomas depois que comecam o tratamento (Wastell et al.,
1988; Szymanska et al., 2015). Além disso, individuos com DB identificados por
triagem neonatal, e tratados desde entdo, tém os sintomas prevenidos.
Resumidamente, os seguintes desfechos foram descritos em 44 jovens e
adultos com DB total diagnosticados por triagem e sob tratamento (16-32 anos
de idade): todos completaram com sucesso 0 ensino médio, muitos estavam
cursando ou ja tiham completado faculdade ou pos-graduacéo; cinco mulheres
tiveram nove gravidezes e partos sem intercorréncias; alguns casos de
transtorno de déficit de atencéo e hiperatividade, ansiedade, depresséo leve,
rashes, eczema e perda auditiva unilateral; e poucos casos de convulsédo
(episédios restritos) e zumbido (Wolf, 2016c). Outro estudo avaliou o0s
desfechos de 120 pacientes com DB parcial (2 semanas-29 anos): havendo
boa adesao, estes pacientes parecem ter desenvolvimento fisico e cognitivo
normal. Apesar de algumas criancas terem apresentado problemas clinicos
(diversos tipos de problemas cutaneos, perda auditiva, casos isolados de
atraso na fala, autismo, dislexia, déficit cognitivo leve, baixo desempenho
escolar, por exemplo) € improvavel que sejam atribuiveis a DB — essa
condi¢cBes ocorrem em pequeno numero na populacdo em geral (Jay et al.,
2015).

6.8 Protocolo clinico e diretrizes terapéuticas para DB no Brasil

Em julho de 2017, foi aprovado e publicado pelo Ministério da Saude o
Protocolo Clinico e Diretrizes Terapéuticas para Deficiéncia de Biotinidase
(elaborado pela Comissao Nacional de Incorporacdo de Tecnologias no

Sistema Unico de Saude, CONITEC). O documento fornece orientagées para o
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diagnéstico por triagem neonatal, tratamento e acompanhamento dos pacientes
(aconselhamento genético, avaliagdes oftalmoldgicas, auditivas, etc.). De modo
geral, segue as orientagdes da literatura internacional.

Pacientes com resultados da triagem neonatal alterados seréao
classificados como suspeitos e deverdo entrar em tratamento até a
confirmacdo ou ndo do diagndstico, o qual serd estabelecido a partir da
determinacao quantitativa da atividade sérica de biotinidase. Com base no nivel
da atividade de biotinidase, os pacientes sdo classificados em trés grupos
principais: atividade normal - mais de 30% da média da atividade sérica normal
de biotinidase (em relacéo ao controle do padréo laboratorial); DB leve — 10% a
30%; DB grave — menos de 10%. Sao incluidos no protocolo todos os
pacientes com atividade inferior a 30% da atividade normal, isto €, DB leve ou
grave. No documento, consta ainda que a analise genética fica restrita a casos
especiais, quando ha necessidade de elucidacdo diagndstica em resultados
enzimaticos contraditérios ou diagnosticos pré-natais, por exemplo (CONITEC,
2017).

E de nosso conhecimento que, no sistema privado, os pacientes sio
encaminhados para o teste quantitativo logo apos teste de triagem neonatal
alterado para confirmacéo e, posteriormente, € realizada a instituicdo da terapia

com biotina se necessario (conforme o resultado).
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7 HIPOTESE

A hipétese avaliada no primeiro capitulo desta tese € que parte dos
individuos com atividade reduzida da biotinidase tem fendétipo bioquimico (DB
total, DB parcial, heterozigoto) discordante do seu gendétipo. Além disto,
variantes genéticas (em regibes comumente ndo avaliadas) e fatores né&o
genéticos, tais como transporte da amostra, prematuridade e ictericia,
poderiam explicar os casos de discordancia entre genoétipo e fendtipo
bioquimico.

No segundo capitulo, avaliamos se variante associada a DB parcial
(c.1330G>C ou p.Asp444His) e as variante novas identificadas em pacientes
brasileiros (¢.119T>C ou p.Leu40Pro, c.479G>A ou p.Cys160Tyr, c.664G>A ou
p.Asp222Asn, ¢.1337T>C ou p.Leu446Pro, c.1466A>G ou p.Asn489Ser) tém
efeitos deletérios sobre a enzima biotinidase que expliquem a atividade
enzimatica reduzida nos pacientes.

Por fim, a hipétese avaliada no terceiro capitulo é que pacientes com
atividade da biotinidase em niveis de DB parcial poderiam ter alteracdes

metabodlicas subclinicas.
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8 JUSTIFICATIVA

O tratamento da DB é simples e eficaz quando instituido precocemente,
entretanto o diagnostico da condicdo € um processo com obstaculos, por
exemplo, testes confirmatérios (atividade enzimatica) com resultados
consecutivos discordantes, e identificagdo de variantes novas (ou seja, sem
significado conhecido) durante analise genética. Com a ampliacdo do PNTN
em 2012 (conhecido como teste do pezinho, e oferecido de forma universal),
mais recém-nascidos estao tendo a oportunidade de serem triados para DB, o
gue possivelmente estd acarretando aumento do numero de testes
confirmatoérios com resultados inconclusivos: atividade em trono de 30%, ou
medidas consecutivas discordantes. A incerteza do diagnostico (classificacéo
entre DB total, DB parcial, heterozigoto ou normal) gera estresse nos familiares
em relacdo ao prognéstico do probando e também em relacdo ao planejamento
familiar (risco de recorréncia). Além disto, h4 pouco conhecimento sobre a
historia natural da DB parcial e sobre a necessidade de tratamento preventivo.
Esses problemas foram o que motivaram e o que justificam a realizacdo desta
tese.

8.1 Estudo da associacéao entre gendtipo e fendtipo bioquimico com
ampliacdo da analise do gene BTD e avaliacdo de fatores ndo genéticos

Em estudo realizado por um servico privado de Porto Alegre, que incluiu
21 pacientes identificados por triagem bioquimica para DB, a analise genética
foi incompativel com o diagndstico de DB de oito criancas (cujos testes
enzimaticos guantitativos variavam entre a normalidade e a DB), pois eram
heterozigotas para a doenca ou ndo apresentavam alteracdo genética (Neto et
al., 2004). Em estudo prévio do nosso grupo, com 38 individuos com atividade
reduzida da biotinidase, foi verificada discordancia entre o fenotipo bioquimico
e 0 genodtipo em alguns pacientes. Trés pacientes apresentaram atividade
enzimatica sutiimente maior (heterozigose) do que a esperada pelo gendtipo
(DB parcial), e quatro pacientes apresentaram atividade enzimatica menor
(compativel com heterozigose) do que a esperada pelo gendtipo (atividade
normal) (Borsatto et al., 2014). No ano seguinte, o centro de referéncia para
triagem neonatal de Minas Gerais publicou um estudo e, entre 0s oito pacientes

gue tiveram analise genética, um paciente com atividade enzimatica
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correspondente a DB parcial foi identificado como heterozigoto para a variante
1330G>C (p.Asp444His) (Lara et al., 2015).

Tanto o teste de triagem neonatal para DB, realizado em sangue
impregnado em papel-filtro, como o teste confirmatério, que é a medida
guantitativa da atividade da biotinidase no plasma ou soro, podem sofrer
interferéncias que levam a resultados falsos-positivos ou falsos-negativos. Os
fatores interferentes dependem da metodologia utilizada, mas, de modo geral,
a labilidade da enzima, prematuridade e ictericia tém um efeito importante no
resultado do teste enzimatico.

Acredita-se que a principal causa para os falsos-positivos e divergéncia
nas repeticdes do teste enzimatico € o transporte e/ou estocagem inadequados
das amostras. A recomendacdo é que as amostras sejam mantidas congeladas
para que ndo ocorra diminuicdo da atividade enzimatica, ja que a biotinidase é
labil. No Brasil, sdo poucos os laboratorios que realizam o teste de diagnostico
da DB - o servigo € restrito a alguns laboratérios especializados privados e
publicos - e, devido a grande dimensdo do pais, algumas amostras acabam
sendo transportadas e armazenadas por um periodo longo de tempo. Se as
amostras dos pais e controle nao relacionado ndo sdo enviadas junto com a do
paciente, o teste perde muito em confiabilidade.

Foi verificado que a atividade de biotinidase possui correlacdo direta
com a idade gestacional. Além disso, recém-nascidos prematuros e a termo s6
atingem os valores de referéncia definidos para adultos apdés um més,
aproximadamente. (Suormala et al., 1988). Outro estudo mostrou que em torno
de 50% dos testes de triagem falsos-positivos sdo de recém-nascidos
prematuros (Thibodeau et al., 1993). Portanto, se o teste confirmatorio for
solicitado logo apds o resultado alterado do teste de triagem, ou seja, nas
primeiras semanas de vida, é possivel que o teste detecte uma deficiéncia
transitoria. O periodo ideal para solicitacdo do teste confirmatorio apos triagem
alterada ndo esta definido na literatura.

Em recém-nascidos com ictericia foi encontrada atividade reduzida da
biotinidase. E provavel que a causa seja o comprometimento da funcdo
hepética, mas também é possivel que altas concentracdes de bilirrubina total
provoquem inibicdo da atividade da biotinidase sérica. Recomenda-se que a

idade gestacional bem como os niveis de bilirrubina total sejam escritos no
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cartdo da amostra para triagem neonatal para a correta interpretacdo do
resultado (Schulpis et al., 2003).

E possivel que discordancias entre genotipo e fenétipo bioquimico sejam
explicadas por interferéncias ambientais sobre a amostra de plasma, por
condi¢Bes como prematuridade/idade e ictericia, como relatado anteriormente,
ou por fatores genéticos ainda desconhecidos. E possivel que existam
variacdes na sequéncia da regido promotora, 5UTR e éxon 1 - regifes ndo
analisadas nos estudos brasileiros previamente publicados - que influenciam a
expressdo do gene BTD e/ou atividade da enzima biotinidase.

8.2 Estudo funcional de variantes génicas

No estudo prévio do nosso grupo sobre DB (n= 38), constatamos que a
variante do gene BTD mais frequente entre pacientes brasileiros € a
€.1330G>C (p.Asp444His), cuja frequéncia alélica foi de 50% na amostra. Essa
variante também é frequente na populacdo saudavel do sul do Brasil (n= 100;
frequéncia alélica= 4%) (Borsatto et al., 2014) e na coorte de idosos da cidade
de Sao Paulo do Arquivo Brasileiro Online de Mutacdes (n= 609; frequéncia
alélica= 2,7%) (Naslavsky et al., 2017).

Por comparacdo entre a meédia da atividade da biotinidase de
heterozigotos para a variante ¢.1330G>C (p.Asp444His) (5,25 nmol/min/mL) e
a média da atividade normal (7,1 nmol/min/mL), foi calculado que a variante
causa perda de 52% da atividade na enzima aberrante (Norrgard et al., 1998).
N&ao foram encontrados estudos publicados que avaliam a expressao in vitro de
tal variante de forma a confirmar sua patogenicidade.

Além disso, identificamos seis variantes novas do gene BTD em
pacientes brasileiros: trés variantes em estudo prévio (Borsatto et al., 2014), e
outras trés no estudo do capitulo 1 desta tese (Borsatto et al., 2017). Cinco
variantes novas sdo do tipo sentido trocado (c.119T>C ou p.Leu4OPro,
c.479G>A ou p.Cysl60Tyr, c.664G>A ou p.Asp222Asn, ¢.1337T>C ou
p.Leud446Pro, c.1466A>G ou p.Asn489Ser), as quais foram preditas como
patogénicas por ao menos um recurso de bioinformatica e ndo foram
detectadas em controles, e uma variante cria um cédon de parada prematuro
(c.962G>A ou p.Trp321*) e, portanto, provavelmente é patogénica.

Para esclarecermos o quanto a variante comum ¢.1330G>C

(p.Asp444His) e as variante novas contribuem para o fendtipo bioquimico, e
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consequentemente qual sua importancia clinica, € necessaria uma avaliagao
funcional das mutacdes, através da andlise dos produtos de expressao de tais
variantes.

8.3 Avaliacédo bioquimica da DB parcial

Apos a descricdo da DB na década de 80, em individuos sintomaticos
com atividade da biotinidase praticamente nula, testes de triagem neonatal
comecaram a ser executados ao redor do mundo e individuos com deficiéncias
menos graves (DB parcial) comecaram a ser identificados. Além de pacientes
com DB total, muitas vezes aqueles com DB parcial sdo tratados de modo
preventivo. Por isso, ha pouca informacdo sobre a histéria natural da DB
parcial.

Um dos tipos de modelo animal para DB é a submisséo de ratos a dieta
deficiente em biotina, os quais sdo geralmente utilizados quando apresentam
sinais da deficiéncia em pleno desenvolvimento (6-8 semanas). Nesse
momento eles também estdo gravemente desnutridos. Portanto, ndo é possivel
diferenciar quais efeitos sédo especificos da deficiéncia de biotina. Em estudo
gue visava caracterizar esse modelo para aprimorar a sua utilizacdo, foram
verificado efeitos precoces (22 semana) de déficit de energia celular (aumento
da razdo AMP/ATP), ativacdo do sensor de energia AMPK, alteracdes na
transcricdo de genes do metabolismo do carbono e glicemia pds-prandial
reduzida. Em seguida (42 semana), mas ainda antes dos sinais de DB, foi
constatado aumento na concentracao sérica de lactato e acidos graxos livres, e
diminuicdo de triglicerideos, colesterol total e glicogénio hepatico (Hernandez-
Vazquez et al., 2012).

A importancia da triagem e tratamento preventivo da DB parcial € ainda
€ muito discutida. Além disso, existe dificuldade na classificacédo fenotipica dos
pacientes com atividade reduzida da biotinidase. Nesse contexto, e em vista
dos achados em modelo animal, é interessante avaliar pacientes com atividade
reduzida da biotinidase em periodo assintomatico e pré-tratamento, quanto a
alteracdes metabdlicas subclinicas na busca de biomarcadores que possam

auxiliar no diagnéstico e prognostico da forma parcial de DB.
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9 OBJETIVOS

9.1 Objetivo geral

Estudar a associacdo entre genétipo e fenétipo na DB.

9.2 Objetivos especificos

l. Identificar as variantes mais frequentes do gene BTD em pacientes
brasileiros.

Il. Verificar a associacao entre gendétipo e fendtipo bioquimico (classe de
atividade da biotinidase) em pacientes brasileiros.

[ll. Examinar a regido promotora, 5UTR e éxon 1 e do gene BTD
(regides comumente ndo avaliadas) para identificacdo de variantes que
possam estar contribuindo para os niveis de atividade da biotinidase nos
pacientes.

IV. Avaliar fatores ndo genéticos que possam contribuir para o fenétipo
bioquimico, como prematuridade, ictericia e transporte da amostra.

V. Avaliar a atividade enzimatica em funcéo da idade.

VI. Estabelecer critérios para o emprego da analise genética no contexto
do diagnostico da DB.

VII. Avaliar a patogenicidade da variante mais frequente (c.1330G>C ou
p.Asp444His) e das variantes novas do tipo sentido trocado (c.119T>C ou
p.Leu40Pro, c¢.479G>A ou p.Cysle0Tyr, c.664G>A ou p.Asp222Asn,
€.1337T>C ou p.Leud46Pro, c.1466A>G ou p.Asn489Ser), identificadas em
pacientes brasileiros, por meio de expressao in vitro.

VIIl. Realizar avaliacdo metabdlica em individuos com DB parcial -
através da medida de acidos graxos, aminodacidos, colesterol total,
triglicerideos, glicose e insulina em amostras de plasma - na busca de
biomarcadores que possam auxiliar no diagndstico e prognéstico (evidéncias

de patogenicidade da DB parcial).
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10 CAPITULO 1: Biotinidase deficiency: Genotype-biochemical phenotype
association in Brazilian patients

O capitulo 1 desta tese consiste na averiguacdo dos gendtipos e
fenétipos bioquimicos (classe de atividade da biotinidase) apresentados por
individuos brasileiros com atividade reduzida da biotinidase. Em relacdo ao
trabalho anterior do grupo sobre DB, houve ampliacdo da amostra de
pacientes, extensdo da andlise do gene BTD, e avaliacdo de fatores nao
genéticos. O capitulo serd apresentado na forma do artigo publicado na revista
PLOS ONE em maio de 2017.
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Abstract

Introduction

The association between the BTD genotype and biochemical phenotype [profound biotini-
dase deficiency (BD), partial BD or heterozygous activity] is not always consistent. This
study aimed to investigate the genotype-biochemical phenotype association in patients with
low biotinidase activity.

Methods

All exons, the 5’UTR and the promoter of the BTD gene were sequenced in 72 Brazilian indi-
viduals who exhibited low biotinidase activity. For each patient, the expected biochemical
phenotype based on the known genotype was compared with the observed biochemical
phenotype. Additional non-genetic factors that could affect the biotinidase activity were also
analysed.

Results

Most individuals were identified by neonatal screening (n = 66/72). When consecutive
results for the same patient were compared, age, prematurity and neonatal jaundice
appeared to affect the level of biotinidase activity. The biochemical phenotype at the time of
the second blood collection changed in 11/22 patients compared to results from the first
sample. Three novel variants were found: ¢.1337T>C (p.L446P), c.1466A>G (p.N489S)
and c.962G>A (p.W321*). Some patients with the same genotype presented different
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biochemical phenotypes. The expected and observed biochemical phenotypes agreed in
68.5% of cases (concordant patients). The non-coding variants c.-183G>A, c.-315A>G and
¢.-514C>T were present in heterozygosis in 5/17 discordant patients. In addition, c.-
183G>A and c.-514C>T were also present in 10/37 concordant patients.

Conclusions

The variants found in the promoter region do not appear to have a strong impact on biotini-
dase activity. Since there is a disparity between the BTD genotype and biochemical pheno-
type, and biotinidase activity may be affected by both genetic and non-genetic factors, we
suggest that the diagnosis of BD should be based on more than one measurement of
plasma biotinidase activity. DNA analysis can be of additional relevance to differentiate
between partial BD and heterozygosity.

Introduction

Biotinidase (EC 3.5.1.12) plays a critical role in the absorption of biotin from dietary sources
and in biotin recycling. In biotinidase deficiency (BD, OMIM: 253260), an autosomal recessive
disease caused by pathogenic mutations in the BTD gene, both deficiencies of biotin and in
biotin-dependent carboxylases occur [1, 2]. Treatment with oral administration of free biotin
can prevent the symptoms (cutaneous rash, seizures, motor, hearing and vision problems,
developmental delay, coma, and death) and should ideally be started during the neonatal
period [3].

The measurement of biotinidase activity in plasma or serum by colorimetric assay [2] is the
most frequently used method for the diagnosis of BD. Unfortunately, a number of issues can
influence the measurement of biotinidase activity, including the temperature of the sample
during storage or transport, the presence of jaundice, prematurity and even postnatal age [4—
6], resulting in erroneously lower readings. Sequencing of the BTD gene is an additional
method used to establish the correct diagnosis and make decisions about life-long treatment,
e.g., patients with profound or partial BD should receive daily oral biotin supplementation. A
substantial number of severe mutations in homozygosis or compound heterozygosis are asso-
ciated with profound BD (biotinidase activity <10% of average normal activity). Compound
heterozygosity between ¢.1330G>C (p.D444H) and a severe mutation is associated with partial
BD (activity within 10-30%). Individuals who are homozygous for p.D444H show plasma bio-
tinidase activity similar to the heterozygous for a severe mutation [7]. Compound heterozygos-
ity between one severe mutation and one of the next four less frequent mutations [c.968A>G
(p-H323R), ¢.257T>G (p.M86R), ¢.310-15delT [8] and ¢.529G>A (p.E177K)] is likely to cause
partial BD [9]. However, the association between the BTD genotype and biotinidase activity is
not always consistent [10-13]. This disagreement may be due to the aforementioned factors
that affect biotinidase activity or unknown factors, such as genetic variants in non-coding
regions of the BTD gene.

In 2014, we published a study on the genetic evaluation of 38 Brazilian patients with low
biotinidase activity [12]. The current manuscript represents an extension of that study and
presents data for 34 additional patients, including analysis of the promoter region, 5UTR
and exon 1 of the BTD gene for all 72 patients. In addition, we investigated the relationship
between genotype and biochemical phenotype.
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Methods

This is a multicentre, observational, cross-sectional study with a convenience sampling strat-
egy that was approved by the Ethics in Research Committee of Hospital de Clinicas de Porto
Alegre, Brazil. All patients and/or their legal guardians provided written informed consent.

In Brazil, neonatal screening for BD is available in private and public health systems. The
public system has wide coverage, reaching more than 84% of Brazilian live births in 2014 [14].
According to the National protocol, blood must be collected on filter paper between the 3rd
and 5th days of life. If the result is abnormal, a second collection and test on filter paper must
be performed. If the second result is also decreased, biotin treatment should be initiated and,
after 3 months, an additional confirmatory test should be performed. The confirmatory test is
the quantitative measurement of biotinidase activity in plasma. If the result is profound or par-
tial BD (activity below 30%), treatment and medical follow-up should be maintained. If the
result is higher than 30%, treatment is stopped. Tests are performed in reference laboratories
[15].

Subjects

The total sample comprised 72 individuals (40 males), including one pair of siblings, aged one
month to 18 years, who were recruited from 2012 to 2015 by contacting Brazilian medical
geneticists through the mailing list of the Brazilian Medical Genetics Society. The inclusion cri-
terion was reduced biotinidase activity (a value below the normal reference range for the test-
ing laboratory, i.e., heterozygous level, partial or profound BD) detected by quantitative testing
after abnormal neonatal screening (n = 59 patients) or after clinical suspicion (n = 6 patients).
In addition to these participants, seven subjects (identified by neonatal screening) who had no
quantitative test were also included in the study because the special interest of the families and
geneticists in the molecular analysis, once they did not have access to the confirmatory test.
Clinical information and blood samples were collected from patients and their parents
(samples from both parents were available for 55 patients, samples from only one parent were
available for nine patients, and no parental samples were available for eight patients). The
patients came from several regions of Brazil (South = 42, Southeast = 15, Northeast = 15).

Biotinidase activity

Quantitative enzyme activity testing results were available for 65/72 patients. All laboratories
(n = 11) that performed the tests used the colorimetric testing in plasma or serum described by
Wolf et al. [2], and the normal reference range of 5.0-10 nmol/min/mL was applied. The mean
value of 7.5 nmol/min/mL was used to classify the biochemical phenotype among patients
who presented activity lower than 5.0 nmol/min/mL: <0.75 (<10%), profound BD; 0.75-2.25
(10-30%), partial BD; and 2.26-4.99 (30.1-66.5%), heterozygous activity. Patients whose bioti-
nidase activity was 5.0-10.0 nmol/min/mL were considered to have 100% activity. Values
within + 0.1 of a cut-off point were classified as borderline. When more than one measurement
was available, the highest value was used for classification purposes. For the remaining patients
(n = 7/72), only qualitative enzyme activity testing results were available; thus, these patients
were not included in the biochemical phenotyping.

DNA analysis

In our previous study, the DNA of 38 patients was extracted from blood samples in EDTA,
and exons 2, 3, and 4, as well as the exon/intron junctions of the BTD gene, were sequenced
[12]. In the present study, the same analysis was performed for the additional 34 participants.
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Furthermore, the promoter region, 5UTR and exon 1 (according to annotation at GenBank,
accession no. AF018630.1) were analysed for all 72 samples. A fragment of 715 base pairs (bp)
including the BTD promoter, 5’UTR, and exon 1 was amplified by PCR using the primers 5’ -
CCCCACCATATCGCCACATCC-3’ and 3’ ~CCGCACGCCCTTACCACA-5' and an annealing
temperature of 67°C, followed by Sanger sequencing. This strategy allowed for analysis of the
599 bp upstream of the first translation start site. Parental samples were assessed to define
whether the identified variants were in cis or trans. The sequence NG_008019.1 was used as
the reference sequence for the BTD gene.

Since the sample included one pair of siblings and five children of consanguineous parents,
the total number of alleles was 137.

The establishment of the expected biochemical phenotype to each genotype found was
based on the literature [7]. As a result, we could only include genotypes composed of variants
with known clinical significance (reported at ARUP database, http://utahedu.aruplab.com/
database/BTD/BTD_welcome.php). Non-coding variants were not considered in this
classification.

A portion of exon 4 of the BTD gene (exon 4d) was sequenced in anonymous samples from
100 healthy, adult controls from Southern Brazil as part of our previous study [12]. Those
results were reassessed to verify the frequencies of the missense variants described for the first
time in the present study, c¢.1337T>C or p.L446P and ¢.1466A>G or p.N489S.

The frequency of the p.D444H allele and the frequency of patients classified as partial BD
based on enzyme activity and genotype were compared between South, Southeast and North-
east Brazil using the Chi-square test. The significance level of 5% was adopted and IBM SPSS
Statistics for Windows version 23.0 software (Armonk, NY: IBM Corp) was used.

Comparison between genotype and biochemical phenotype

For each genotype observed, the biochemical phenotype (profound BD, partial BD, heterozy-
gous activity, normal activity) presented by the patients was verified. Furthermore, the expected
biochemical phenotype (based on the genotype) and the observed biochemical phenotype were
compared in patients for whom both classifications were available, and these comparative
results were classified as being either concordant or discordant. When the biotinidase activity
was borderline between two categories (e.g., between profound and partial BD), the expected
biochemical phenotype was considered concordant if one of the two categories was consistent
with the expected biochemical phenotype.

Bioinformatics analysis

The pathogenicity of the novel variants p.L446P and p.N489S was evaluated using PolyPhen-2
[16], SIFT [17] and Mutation Taster [18] software.

Conservation in the region surrounding the non-coding variants in the BTD promoter
(chr3:15637844-15648175 according to GRCh37/hg19) was evaluated using ECR Browser [19]
(http://ecrbrowser.dcode.org/). Evolutionary conservation of the nucleotides at the non-cod-
ing variant positions was then assessed using the multiple alignment tool MAFFT version 7
[20] (http://mafft.cbrc.jp/alignment/server/). The Alibaba version 2.1 tool was used to predict
transcription factor binding sites that could be created or abolished by the non-coding variants
(http://www.gene-regulation.com/pub/programs.html). The Gene Cards database [21] (www.
genecards.org) was consulted to compare the expression profiles (nRNA and protein) of bioti-
nidase and transcription factors that had binding sites predicted to be created/abolished in the
BTD gene. This comparison focused on liver and pancreas expression patterns, where serum
and intestinal biotinidase is produced. Finally, the ENCODE ChIP-Seq Significance Tool [22]
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(http://encodeqt.simple-encode.org/) was used to verify whether the predicted binding sites
for transcription factors were corroborated by the ChIP-Seq experiments.

Results
Clinical data and biochemical classification

Sixty-six patients were identified by neonatal screening, 55 of whom were receiving biotin sup-
plementation at inclusion; none had clinical manifestations suggestive of BD. Six patients were
preterm (35-36 weeks of pregnancy), and neonatal jaundice was reported for another six
patients.

Six patients were diagnosed based on clinical suspicion. In these patients, the most common
symptoms were visual disturbances, neurological manifestations, and skin lesions. The age at
onset of clinical manifestations ranged from one day to 10 years, and the age at diagnosis ran-
ged from 40 days to 18 years. All symptomatic patients were receiving biotin supplementation
(10-20 mg/day) at the time of the study. Of the 71 unrelated patients, 5 (7%) had consanguine-
ous parents; one (1.4%) had a family history suggestive of BD (the patient had an older sister
who died at 3 years old with a clinical picture consistent with BD but with no biochemical or
genetic diagnosis), and one (1.4%) had a confirmed family history of BD (the pair of siblings
included in the study).

The biotinidase activity (quantitative assay) and observed biochemical phenotype were
determined for 65/72 patients (Table 1). Four (6.1%) patients were classified as profound BD,
19 (29.2%) as partial BD, 34 (52.3%) as heterozygous, six (9.2%) as borderline activity (three
between partial BD and heterozygous and three between heterozygous and normal activity),
and two (3%) as abnormal activity at inclusion in the study but normal thereafter (patients
with genotypes 08 and 36 in Table 1). The frequency of partial BD tended to be higher in the
South Brazilian region (38.9%) than in the Southeast (20%) and Northeast (14.3%), although
this was not statistically significant (exact p-value = 0.198).

Among all patients, 22 (14 male, 8 female) had more than one biotinidase activity measure-
ment (Table 3). The median difference in age between the first and second blood collection
was 70 days (range: 2 to 572 days), and the median difference in biotinidase activity was 9.3%
(range: -41.3 to 82.7%). The classification of 11 (9 male, 2 female) patients changed to a better
or worse enzyme activity classification between consecutive tests. The changes occurred
between the first and second blood collection, with most showing improvement, i.e., moving
from a more to a less severe category (n = 8/11). Prematurity and jaundice were present only
in the group of patients who moved to a better classification.

BTD variants

Thirty-nine different genotypes were found in the entire group of patients (Table 1). In addi-
tion to the variants found in our previous study [12], five known pathogenic variants, one syn-
onymous variant (c.1284C>T or p.Y428Y) and three novel variants were identified in the 34
patients added to this study. The novel variants were ¢.1337T>C (p.L446P), c.1466A>G (p.
N489S) and ¢.962G>A (p.W321*) in exon 4. The variants p.L446P and p.N489S were not
found in the controls and were both considered damaging by PolyPhen-2 (scores of 1 and
0.85, respectively) and Mutation Taster (probability of 0.99 for both) but were tolerated by
SIFT (scores of 0.1 and 0.22, respectively).

In the BTD promoter region, 5UTR and exon 1 analyses, three variants in the promoter
region were identified: c.-514C>T (rs41284037), c.-315A>G (rs2019160, not shown in
Table 1) and ¢.-183G>A (rs2279841), with allele frequencies of 3.6% (allele T), 99.3% (allele
G) and 7.3% (allele A), respectively. Except for one patient (genotype 5 in Table 1, p7 in
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Table 1. Biotinidase deficiency: Genotypes and biochemical phenotypes presented by 72 Brazilian patients.

Genotype | Number of Allele 17 Allele 2° Expected Observed
patients per cDNA change protein cDNA change protein blochemlcabl blochemlcacl
genotype change change phenotype phenotype
01 2 N N N N N Hz
02 2 c.-514C>T N N N N Hz
03 1 c.[-183G>A;1413T>C] p.C471C N N N Borderline Hz/N
04 1 c.[-183G>A;1413T>C] p.C471C c.[-183G>A;1413T>C] p.C471C N NA
05 7 ¢.1330G>C p.D444H N N N Partial (n=1), Hz
(n =4), Borderline
Hz/N (n=2)
06 1 ¢.1330G>C p.D444H c.-183G>A N N Hz
07 1 ¢.1330G>C p.D444H c.1284C>T p.Y428Y N Hz
08 16 ¢.1330G>C p.D444H ¢.1330G>C p.D444H Hz NA (n =5),
Borderline Partial/
Hz (n=1),Hz
(n=9),N(n=1)
09 1 c.278A>G p.Y93C N N Hz Borderline Partial/
Hz
10 1 €.643C>T p.L215F N N Hz Hz
11 1 c. p.[V199M; N N Hz Hz
[-183G>A;595G>A;1413T>C] | C471C]
12 1 ¢.1368A>C p.Q456H c.-514C>T N Hz Hz
13 1 c.1595C>T p.T532M C.[-614C>T;-183G>A] N Hz Hz
14 1 ¢.[1330G>C;511G>A] p.[D444H; c.[-183G>A;1413T>C] p.C471C Hz Hz
A171T]
15 1 c.1481A>G p. Y494C c.[-183G>A;1413T>C] p.C471C Hz Hz
16 1 c.1330G>C p.D444H c. 98_104delinsTCC p.C33fs Partial Partial
17 6 ¢.1330G>C p.D444H C.755A>G p.D252G Partial Partial (n=4), Hz
(n=2)
18 1 c.1330G>C p.D444H €.933delT p.S311fs Partial Partial
19 1 ¢.1330G>C p.D444H c.1368A>C p.Q456H Partial Partial
20 1 ¢.1330G>C p.D444H c.1629C>A p.D543E Partial Hz
21 2 ¢.1330G>C p.D444H €.[1330G>C;470G>A] p. Partial Partial
[D444H;
R157H]
22 3 ¢.1330G>C p.D444H ¢.[1330G>C;511G>A] p. Partial NA (n = 1), Partial
[D444H; (n=1),Hz(n=1)
A171T]
23 1 ¢.1330G>C p.D444H c.[1284C>T;1489C>T] p. Partial Partial
[Y428Y;
P4978S]
24 2 (siblings) c.1330G>C p.D444H | c.[-183G>A;594_596delCGT] p. Partial Partial
V199del
25 1 ¢.1330G>C p.D444H c. p. Partial Hz
[-183G>A;595G>A;1413T>C] | [V199M;
C471C]
26 1 c.1612C>T p.R538C c.1612C>T p.R538C Profound Profound
27 1 c.643C>T p.L215F c.755A>G p.D252G Profound Profound
28 1 c.755A>G p.D252G c.755A>G p.D252G Profound Profound
29 1 c.1227_1241delins11 p.W409fs c.1227_1241delins11 p.W409fs Profound Profound
(Continued)
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Table 1. (Continued)

Genotype

30

31
32
33
34

35
36
37
38

39

Number of
patients per
genotype

1

IO PO R Y

Allele 12 Allele 2° Expected Observed
cDNA change protein cDNA change protein blochemlcabl blochemlcacl
change change phenotype phenotype
¢.[1330G>C (;) 100G>A] p.[D444H phase not confirmed Partial or Hz Partial
(;) splice
site or
G34S]
¢.[1330G>C (;) 643C>T] p.[D444H phase not confirmed Partial or Hz Hz
(;) L215F]
¢.[1330G>C (;) 1629C>A] p.[D444H phase not confirmed Partial or Hz Hz
(;) D543E]
¢.[1330G>C (;) p.[D444H phase not confirmed Partial or Hz Partial
98_104delinsTCC] (;) C33fs]
c.[962G>A (;) 1413T>C] p.[W321* phase not confirmed Unknown Hz
(;) C471C)
c.664G>A p.D222N c.-514C>T N Unknown Hz
c.1337T>C p.L446P c.[-183G>A;1413T>C] p.C471C Unknown N
¢.1330G>C p.D444H c.119T>C p.L40P Unknown Partial
¢.1330G>C p.D444H C.479G>A p.C160Y Unknown Borderline Partial/
Hz
¢.[1330G>C;511G>A] p.[D444H; c.1466A>G p-N489S Unknown Partial
A171T]

Novel variants are in bold; non-pathogenic variants are in italics. N, normal; Hz, heterozygous; NA, not available.
& For the variant c.-315A>G (not shown), the alleles presented the nucleotide G except for one patient with genotype 5 (dp7) who was heterozygous for this
variant (the allele A was in trans with the variant c.1330G>C).

® According to the literature, see Wolf (2012).

€ The observed biochemical phenotype is underlined when it does not agree (it is better or worse) with the expected biochemical phenotype according to
genotype; see Table 2 for more details. The following enzyme activity ranges (in nmol/min/mL) were used for the classification of the biochemical phenotype
(percentage in relation to the mean value of normality): <0.75 (<10%, profound deficiency); 0.75-2.25 (10-30%, partial deficiency); 2.26—4.99 (30.1-66.5%,
heterozygosity). Any value in the normal range (5.0-10) was considered as corresponding to 100% of the normal activity. Values within + 0.1 of a cut-off

point were classified as borderline.

https://doi.org/10.1371/journal.pone.0177503.t001

Table 3) who was heterozygous for the variant c.-315A>G, all other patients were homozygous
for allele G.

Among known pathogenic variants, the most frequent were ¢.1330G>C (p.D444H),
¢.755A>G (p.D252G) and ¢.[1330G>C;511G>A] (p.[D444H;A171T]), with allele frequencies
of 46.7%, 5.8% and 3.6%, respectively. The frequency of p.D444H (not considering this variant
in complex alleles) tended to decrease in patients from the South (51.2%) to the Southeast
(44.8%) and Northeast regions of the country (35.7%), although these differences were not sta-
tistically significant (exact p-value = 0.38).

Since 11 patients had variants of unknown phase (genotypes 30-33, Table 1) and/or vari-
ants not described previously (genotypes 34-39, Table 1), the expected biochemical phenotype
could be determined for only 61/72 patients. Based on genotype, four patients (6.5%) were
expected to present profound BD, 19 (31.1%) to present partial BD, 23 (37.7%) to present het-
erozygous activity (of these, 16 were homozygous for p.D444H), and 15 (24.5%) to present
normal activity (of these, nine were heterozygous for p.D444H). Among patients classified as
having profound BD, three were from the South and one was from Southeast Brazil. The fre-
quency of patients classified as partial BD according to genotype was not significantly different
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Table 2. Clinical information for patients with discordance between the observed and expected biochemical phenotypes (n = 17/72 patients).

Discordant
patient (patient
in Table 3)

Patients with dp1
observed biochemical
phenotype worse than dp2
expected

dp3

dp4
dp5
dp6 (p1)
dp7
dp8
dp9

dp10
dp11
Patients with dp12 (p14)

observed biochemical
phenotype better than dp13

ted
expects dp14 (p16)
dp15 (p22)

dp16
dp17

Genotype in | Premature |Neonatal |Age at Originof |Site of Clinical |Reference
Table 1 jaundice | enzyme patient testing signs
activity (region of | laboratory
testing Brazil) (region of
Brazil)
01 No Yes 1m10d Northeast | South No Present
study
01 No NR 18y8m Southeast | South Yes [9]
02 No No 3m10d Northeast | Northeast No Present
study
02 No NR 7m Southeast | South Yes [9]
05 No NR 2m Northeast | South No Present
study
05 No NR 18y2m; Southeast | South Yes [9]
18y7m
05 No NR NA Northeast | Northeast No Present
study
05 No No NA Northeast | South No Present
study
05 No No NA Northeast | Southeast No Present
study
06 No NR 2m Northeast | South No [9]
07 No No 3m27d Southeast | Southeast No Present
study
08 No No 1m17d; Southeast | South No Present
1y6m study
17 No NR 1y3m South Southeast No [9]
17 No No 2m; 2m16d; | South South No Present
1y study
20 No No NA Southeast | South No Present
study
22 No NR 1y South Southeast No [9]
25 No NR 2m Northeast | Southeast No [9]

y, years; m, months; d, days; NR, not reported; NA, not available.

https://doi.org/10.1371/journal.pone.0177503.t002

among the South (42.9%), the Southeast (21.4%) and the Northeast regions (8.3%) (exact p-
value = 0.058).

Association between genotype and biochemical phenotype (Table 1)

Patients with no BTD variants or with only polymorphic variants (genotypes 01-03) were
found among those patients who had lower than normal biotinidase activity, in the range for
heterozygotes. Most patients heterozygous for p.D444H (genotypes 05-07) and homozygous
for p.D444H (genotype 08) possessed activity within the heterozygous range. The majority of
patients who were compound heterozygous for p.D444H and previously described severe vari-
ants (genotypes 16-25) had enzyme activity consistent with partial BD, except for five with
heterozygous levels. The recurrent genotypes associated with different biochemical phenotypes
are shown in S1 Fig (genotypes 05, 08, 17 and 22).

Among the novel genotypes, the patient who presented heterozygosity of the variant p.
W321* (genotype 34) exhibited 56% activity (heterozygous range). An enzyme activity mea-
surement was not available for the patient’s father, who had the same variant. A patient with
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Table 3. Clinical information of patients with more than one biotinidase activity measurement (n = 22/72 patients).

Patient| Genotype| Sex| Prematurity| Neonatal 1! collection 2" collection 3" collection
in Table 1 jaundice|  Age| Lab Result | Age Lab Result Age |Lab| Result
1) Patients p1 05 F No NR 18y2m 2 Hz 18y7m | 2 | Hz (36%)
with the same (50.6%)
classification | ;5 08 M No No im7d| 1, Hz |1mi4d| 1 | Hz(36%)
over time (37_30/0)
p3 08 M No No 29d 1| Borderline | 1mid | 2 | Hz (40%)
Partial/Hz
(29.3%)
p4 10 F No No 11d 1 | Borderline im 2 Hz
Partial/Hz (45.3%)
(29.3%)
p5 17 F No No 1m5d 1 Partial 3m22d | 2 Partial 1y5m 2 Partial
(14.6%) (24%) (25.3%)
p6 21 M No No 2m5d 1 Partial 5m26d | 2 Partial
(25.3%) (25.3%)
p7 24 F No NR 15d 1 Partial 22d 1 Partial
(16%) (25.3%)
p8 28 M No NR 2m23d 2 | Profound 3m 2 | Profound | 2y7m 2 | Profound
(1.3%) (5.3%) (4%)
p9 30 F No NR 14d 1 Partial 7m 2 Partial
(16%) (26.6%)
p10 33 M No no 24d | NA Partial 2m13d | NA Partial 6m21d | NA Partial
(21.3%) (26.6%) (24%)
p11 39 F No no 1m24d 1| Borderline | 5m15d | 2 Partial
Profound/ (18.6%)
Partial
(9.3%)
2) Patients
with different
classifications
over time
2a)froma pi2 03 M Yes NR 1m1id 1| Profound | 1m24d| 2 Hz 11m27d | 2 | Borderline
more to a less (1.3%) (34.6%) Hz/N
severe (65.3%)
category p13 08 M No NR | 1m22d 1 Borderine | NA | 2 | Hz(44%)
Profound/
Partial
(9.3%)
p14 08 M No no 1m17d| NA Hz 1yém | 2 | N (100%)
(37.3%)
p15 13 M No yes 1m7d 1 Partial 3m18d | 1 Hz 11m14d | 1 Hz
(20%) (38.6%) (58.6%)
p16 17 M No no 2m 1 Partial |2m16d| 1 Hz 1y 2 | Hz (40%)
(25.3%) (34.6%)
p17 19 F NA NR NA 1| Profound NA 1 Partial NA 1 Partial
(5.3%) (17.3%) (22.6%)
p18 36 M No no 1m26d 1 Partial NA 2 | N(100%)
(21.3%)
p19 38 M No NR im 1| Profound |3m10d| 2 Partial 8m26d | 2 | Borderline
(2.6%) (22.6%) Partial/Hz
(29.3%)
(Continued)

PLOS ONE | https://doi.org/10.1371/journal.pone.0177503 May 12,2017 9/16


https://doi.org/10.1371/journal.pone.0177503

@° PLOS | ONE

Biotinidase deficiency: Genotype-biochemical phenotype association in Brazilian patients

Table 3. (Continued)

Patient| Genotype| Sex| Prematurity| Neonatal

in Table 1
2b) from aless p20 8 M
to amore
severe p21 8 E
category
p22 20 M

15 collection 2" collection 3" collection

jaundice|  age| Lab Result | Age Lab Result Age |Lab| Result
NA NR | 1y22d| 3 Hz 2ytm | 1 | Partial
(61.3%) (20%)
No no 6m23d 1 Hz 2yim | 4 Partial
(42.6%) (26.6%)
No no NA 2 Hz NA 2 Partial
(33.3%) (21.3%)

Lab, laboratory; F, female; M, male; y, years; m, months; d, days; NR, not reported; NA, not available; N, normal; Hz, heterozygous. The following enzyme
activity ranges (in nmol/min/mL) were used for the classification of the biochemical phenotype (percentage in relation to the mean value of normality): <0.75
(<10%, profound deficiency); 0.75-2.25 (10-30%, partial deficiency); 2.26—4.99 (30.1-66.5%, heterozygosity). Any value in the normal range (5.0-10) was
considered as corresponding to 100% of the normal activity. Values within + 0.1 of a cut-off point were classified as borderline.

https://doi.org/10.1371/journal.pone.0177503.t003

the p.L446P variant in one allele and the normal sequence in the other (genotype 36, p18) had
enzyme activity of 21.3% (partial BD) and in a second sample 100% (normal); his father was
also heterozygous for the novel variant and exhibited activity of 100% (normal). The patient
who possessed the p.N489S variant also possessed a known pathogenic variant in trans (geno-
type 39, pl11) and had enzyme activity of 9.3% (borderline profound/partial BD) and, in a sec-
ond assay, 18.7% (partial BD); the patient’s father, who was heterozygous for p.N489S, had
enzyme activity of 53.3% (heterozygous range).

Comparisons between the expected and observed biochemical phenotype were possible for
54/72 patients, and concordance was observed in 37 (68.5%) cases. The clinical information
for patients who were discordant is shown in Table 2. No discordant patients were premature,
and neonatal jaundice was reported in only one patient from this group (dp1). Among the
patients with an observed biochemical phenotype worse than expected, the biotinidase activity
test was performed in a state other than the state of residency for 9/11, and so we assume the
plasma samples for these patients underwent a prolonged period of transport prior to the
enzyme test being performed. For 5/6 patients with an observed biochemical phenotype better
than expected, the biotinidase activity test was also performed in a state other than the state of
residency and plasma samples likely also underwent a prolonged period of transport before
the enzyme test was performed. Among patients expected to have biotinidase activity in the
normal range, patients dp1l-dp4 and dp6-dp11 exhibited enzyme activity suggestive of hetero-
zygosity, and dp5 exhibited enzyme activity suggestive of partial BD. Patients dp3 and dp4
showed the c.-514C>T variant, patient dp7 was the only heterozygous patient for c.-315A>G
(allele A was in trans with the other variant presented), and patient dp10 had the non-coding
variant c.-183G>A. Conversely, patient dp12 exhibited normal enzyme activity, and patient
dp13-17 showed levels suggestive of heterozygosity (considering the highest result), although
their genotypes suggested heterozygous levels and partial BD, respectively. Patient dp17 exhib-
ited the non-coding c.-183G>A variant. Among the 17 discordant patients, the c.-183G>A,
¢.-315A>G and c.-514C>T variants were present in heterozygosis in two (12%), one (6%) and
two (12%) patients, respectively. The c.-183G>A and c.-514C>T variants were also present in
eight (22%) and two (5%) of 37 concordant patients, respectively.Patients with borderline bio-
tinidase activity had an expected biochemical phenotype equal to the higher classification.
Among patients whose classification changed between consecutive tests (Table 3), the expected
biochemical phenotype matched the worst result for 3/9 patients and the best result for 6/9
patients.
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In silico evaluation of non-coding variants

The ¢.-514C>T, c.-315A>G and c.-183G>A variants map to an evolutionarily conserved
region in chimpanzee (1,002 bp) and rhesus monkey (3,212 bp), and c.-514C>T is also con-
served in dog (228 bp), mouse (444 bp) and rat (221 bp). S2 Fig shows that the cytosine at posi-
tion -514 is not conserved in rat; at position -315, there is an adenine or guanine; and at
position -183, guanine is not conserved in mouse and rat.

According to in silico prediction, the c.-514C>T variant is located in an Sp1 transcription
factor (Spl) binding site, and the T allele creates one more site for Sp1 and two for neurofibro-
min 1 (NF-1) (S3A Fig). In the c.-315A>G variant, no binding sites for human transcription
factors are predicted, independent of the allele. Finally, allele A of the c.-183G>A variant is
predicted to change the site for CCAAT/enhancer binding protein alpha (C/EBPalpha) to a
site for CCAAT/enhancer binding protein delta (C/EBPdelta) and to create a site for Sp1 (S3B
Fig). The BTD gene and the aforementioned transcription factor genes exhibit mRNA expres-
sion in most of the tissues assessed in the studies in Gene Cards database. Protein expression
differed, however, with NF-1 found in liver and pancreas, C/EBPalpha detected in the liver,
and C/EBPdelta and Sp1 present in the pancreas. The transcription factors Sp1 and C/EBP-
delta were included in the list of transcription factors identified in the 5’ region of the BTD
gene by the ENCODE ChIP-Seq Significance Tool.

Discussion

Currently, BD is included in many National Neonatal Screening Programs, including the
USA, Canada, the Netherlands and the United Arab Emirates [13, 23-25], with the primary
goal of identifying profound BD. Screening is performed through measurement of biotinidase
activity in dried blood spot samples. There is some controversy regarding the indication of
treatment for partial BD patients, but currently, in essentially all programs, it is recommended
that these children be treated with biotin [26]. In the literature, there is no consensus regarding
the stage at which BTD gene analysis should be performed. This is in part due to misconcep-
tions about the linearity of the genotype-phenotype relationship and predictions. In addition,
the necessity of determining the cis/trans status of the mutations identified in patients is usu-
ally not stressed.

In Brazil, BD has been included in the National Neonatal Screening Program since 2012,
and the classifications of profound BD, partial DB, and heterozygous activity are applied to
test results. This classification is directly related to therapeutic decision-making: profound and
partial BD patients are given oral biotin supplements, but individuals with activities in the het-
erozygous range are not. The labelling of asymptomatic individuals who present with less than
30% residual biotinidase activity as patients and prescribing life-long treatment is an issue that
concerns health professionals. Our data suggest that in Brazil, neonatal screening is identifying
mainly individuals with partial DB and heterozygous activity and that biotinidase activity is
not always successful in differentiating between the different disease severities.

Genotype-biochemical phenotype association

In our study, the genotype-biochemical phenotype association is not always consistent. For
example, some patients who presented with the same genotype had different biochemical phe-
notypes. Patient dp12 (genotype 08), who presented with normal activity despite homozygosity
for D444H, is an interesting case, having only been described once before [23].

Neonatal jaundice, prematurity and transportation conditions of collected sample do not
appear to be the main causes of the discordance between the observed and expected biochemi-
cal phenotypes because none of the discordant patients was premature, and only one

PLOS ONE | https://doi.org/10.1371/journal.pone.0177503 May 12,2017 11/16


https://doi.org/10.1371/journal.pone.0177503

@° PLOS | ONE

Biotinidase deficiency: Genotype-biochemical phenotype association in Brazilian patients

discordant patient experienced jaundice. In addition, for patients with biotinidase activity that
was both worse and better than expected, the biotinidase activity test had been performed on
samples that underwent a period of transport to another state before analysis.

The variants we identified in the promoter region of BTD do not seem to have a relevant
effect on biotinidase activity. However, it cannot be excluded that the variant c.-514C>T con-
tributes to a subtle decrease in gene expression since patients without pathogenic mutations
(dp3 and dp4) and heterozygous for this variant have activities consistent with heterozygosity.
The c.-315A>G (allele A) might also have a subtle decreasing effect since it was only present
in a discordant patient who presented with an activity worse than expected (dp7).

The bioinformatics analysis suggested that the c.-514C>T variant is located in a more evo-
lutionarily conserved region than the other variants and that the c.-514C>T and c.-183G>A
variants might be critical for transcription factor binding. The co-expression of biotinidase
and transcription factors predicted to have binding sites that are created or abolished by these
variants reinforces the likelihood of these variants affecting BTD gene expression, but further
studies are needed.

Non-genetic modifier factors

Our data on consecutive tests performed on the same patient suggest that enzyme activity
increases with age, in particular during the neonatal period. In addition, prematurity and neo-
natal jaundice might have contributed to the first lower results. Schulpis et al. [5] suggest that
the reduced biotinidase activity in jaundiced babies may be due to impaired liver function and
that high concentrations of total bilirubin in plasma may act as an inhibitor of biotinidase.

Our data does not support the concept that male babies have lower biotinidase activity due
to a higher degree of hepatic immaturity since the majority of patients whose condition
changed to a better or to a worse classification were male. It is important to note that the com-
parison of consecutive measurements could be biased since the reason for performing a second
test was not always clear, and consecutive tests were not always performed by the same
laboratory.

Genetic data

The BTD gene variants p.D444H, p.D252G and p.[D444H;A171T] accounted for 56% of the
known pathogenic alleles in this study. These variants were also among the most frequent
identified in the Brazilian sample evaluated by Neto et al. [10] (n = 21). The frequencies of p.
D444H, partial BD and partial BD according to genotype tend to decrease from the South to
the Southeast and from the Southeast to the Northeast. Swango et al. [27] observed p.D444H
more frequently in patients whose parents were of German descent, suggesting a potential
founder effect. According to “The 1000 Genomes Project (Phase 3)”, the p.D444H allele fre-
quency differs among populations, with 4% prevalence in European populations, to 2-3% in
South Asian and American populations (excluding Brazilians) and zero in African and East
Asian populations. European ancestry is the major contributor to the genetic background of
Brazilians (followed by African and Amerindian ancestries), and the South has a greater Euro-
pean contribution than the Southeast and Northeast [28]. These geographical differences pro-
vide a likely explanation for the apparent difference in p.D444H frequencies observed in
Brazil. The frequency of p.D444H in the Brazilian population from the South is 4% [12], but
similar data are not available for the populations of other regions.

The novel variants p.L446P and p.N489S do not appear to be polymorphic in the Brazilian
population. The in silico pathogenicity predictions for the variant p.L446P are divergent, but
based on the enzyme activity exhibited by the patient and his father, this variant appears to be
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non-pathogenic. The variant p.N489S is located at a potential N-linked glycosylation site [29]
and could be considered mildly pathogenic, similar to p.D444H, according to the patient’s
highest activity (partial BD), although the patient’s first biotinidase activity measurement was
compatible with profound BD, and the activity shown by the patient’s father was at the level of
heterozygosity. Previously, another nucleotide substitution in the same position, ¢.1466A>C
(p-N489T), was reported and considered pathogenic [30]. The novel variant p.W321* creates a
stop codon at the end of the nitrilase/amidase homologous domain (which reaches amino acid
367), and thus this variant must be considered pathogenic.

Exon 1 contains the first translation start site and encodes the peptide signal. Some groups
have analysed the initial portion of the BTD gene in patients with BD [31-34]. These studies
observed a point variant in the promoter [32] and another in the 5’UTR [35]. In addition, a
107-kb contiguous deletion including the promoter, exon 1 and a portion of intron 1 of the
BTD gene, the entire HACLI gene and a small portion of the of the COLQ gene [36] have been
reported. Previous studies in Brazil have not identified variants in the 5UTR and exon 1 [9,
10], and variants in these regions were not observed in the larger and more diverse sample
examined in the present study. This is the first study to sequence the BTD promoter in Brazil-
ian patients with reduced biotinidase activity, and the c.-514C>T, c.-315A>G and c.-183G>A
variants were identified and are considered polymorphic based on their frequencies of 6%
(allele T'), 96% (allele G) and 17% (allele A) in “The 1000 Genomes Project (Phase 3)”,
respectively.

Conclusion

Our data suggest that biotinidase activity increases with age and that prematurity and neonatal
jaundice might decrease biotinidase activity. The expected and observed biochemical pheno-
types agreed in nearly 70% of cases. Neonatal jaundice, prematurity, transportation of the sam-
ple and non-coding variants do not appear to be the main causes of the discordance between
the genotype and biochemical phenotype in our study. The disparity between the genotype
and biochemical phenotype reinforces the idea that BD should be diagnosed using biotinidase
activity. Since enzyme activity can be influenced by various factors, we recommend perform-
ing more than one biotinidase activity measurement, preferably in the same laboratory, with at
least one sample collected after the neonatal period, and the highest enzyme activity result
should be used for classification. In the context of BD treatment, DNA analysis of the patient
and parents may be useful after the second biotinidase activity measurement if the result is
approximately 30% of normal activity to gather further evidence for partial BD and consequent
treatment intervention.

Supporting information

S1 Fig. Biotinidase activity of recurrent genotypes associated with different biochemical
classifications. Profound Deficiency-biotinidase activity <10%, Partial Activity-biotinidase
activity 10-30%, Heterozygous-biotinidase activity 30.1-66.5%. Any value in the normal
range (5.0-10 nmol/min/mL) was considered 100% of the normal activity.

(TIF)

S2 Fig. Multiple alignment of the human (Homo sapiens), chimpanzee (Pan troglodytes),
rhesus monkey (Macaca mulatta), mouse (Mus musculus) and rat (Rattus norvegicus) BTD
gene sequences. A, B and C show the positions of the non-coding ¢.-514C>T, c.-315A>G and
c.-183G>A variants, respectively.

(TTF)
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S3 Fig. Output of the prediction tool for transcription factor binding sites (Alibaba) for
the region of the variants c.-514C>T (A) and c.-183G>A (B). * The transcription factor
REBI is not a human protein.

(TIF)
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S1 Fig. Biotinidase activity of recurrent genotypes associated with different biochemical
classifications. Profound Deficiency-biotinidase activity <10%, Partial Activity-biotinidase
activity 10-30%, Heterozygous-biotinidase activity 30.1-66.5%. Any value in the normal range
(5.0-10 nmol/min/mL) was considered 100% of the normal activity.



A) Position of the varnant c.-514C>T

Haomao -CCCCATCGCCCATTTCTACTCGTCTCCAAGACAACATCGCGGTCCOCECCAGCTICCGT
Pan -CCCCATCGCCCATTTCTACTCGTCTCCAAGACAACATCGCGGTCCOQCECCAGCTTCCGT
Macaca -TCCCATCGCCCATTTCTACTCGTICTCCGAGACAACATTIGCGGTCTQCFCCAGCTTCCGT
Mus CGCCCCCGCCTCCTTGCCCTCCGTCTCTAGGACAACG-CGAGGTCCQCETCTIGCTTCTGT
Rattues --CCCCCGCCTCCTITGCCCTCCGTCTCTATGACA----CTAGGTCCOQGECCTGCTTCAGC

I I T U T T L EEEE K K K KAKEE K

B) Position of the variant c.-315A>G

Haomo CCAGCAAGGCAAACGCG CGGCAGCACGCCACCTICTGGT---ACTGCACCTCTIGACG
Fan CCAGCAAGGCAAACG CGGCGGCACGCCACCTICTGGG—--ACTGCACCTCIGACG
Macaca CCAGCGAGGCAAACGCG CGGCGGCACGCCCCCTGTGGG——-ACTGCACCTCTGACG
Mus e TAGCCTAAGAGH-———————=—=== TTGTTGTTGGTGACACCCGCTTCTGACA
Rattus -—-—-—-—----- TAGCCGAAGAGT TGGTCGCACGTTTGCTGTTGGTGACACCCGCTTCTGACG

I ST A LKk hkkdkkk

C) Position of the variant c.-183G>A

Haomo ACTTCCCGGGAGAGGTGAGAATGTAAACACGCGOGI TCTCCAAT CAGAACTGCGCTCICT
Fan ACTTCCCGGGAGAGGTGAGAATGTAAACACGCGOGI TCTCCAATCAGAACTGCGCTCICT
Macaca ACTCCCCGGGAGAGGTGAGAATGTAAACACGCGOGITCTCCAATCAGAACTGCGCTCICT
Mus CAGTCCTTGGTGAGGCGATCATGTAAGCACGCCOATITCTCCAGTCAG--—-—-—-—~ TCTTT
Rattus CCGICCTTGGTGAGGCGATCATGCGAGCACGCCOAITCTCCAGTCAG———--———— TCTIT

LRk kk kkkk kk kkk |k kkkkk ok kkkkkdd kkkk Kk Kk

S2 Fig. Multiple alignment of the human (Homo sapiens), chimpanzee (Pan troglodytes),
rhesus monkey (Macaca mulatta)), mouse (Mus musculus) and rat (Rattus
norvegicus) BTD gene sequences. A, B and C show the positions of the non-coding c.-
514C>T, ¢.-315A>G and c.-183G>A variants, respectively.



A) c.-514C>T

Allele C
gtctccaagacaacatcgcggtccchccagcttccgtaggagcctttcat

Allele T

gtctccaagacaacatcgeggtccdigecagettccgtaggagectttcat

B) c.-183G>A

Allele G
gagaggtgagaatgtaaacacgcchttctccaatcagaactgcgctctct

===0ct-1==
Allele A
gagaggtgagaatgtaaacacgegqaftctccaatcagaactgegetctcet

===0ct-1==

=C/EBPdel=

S3 Fig. Output of the prediction tool for transcription factor binding sites (Alibaba) for the
region of the variants c¢.-514C>T (A) and c.-183G>A (B). * The transcription factor REB1 is
not a human protein.



11 CAPITULO 2: Effect of BTD gene variants on in vitro biotinidase activity

O capitulo 2 consiste na avaliagdo funcional da variante mais frequente
(c.1330G>C ou p.Asp444His) na DB, e de variantes novas do gene BTD. Este
capitulo sera apresentado na forma de artigo, o qual sera submetido para a
revista Molecular Genetics and Metabolism, cujo fator de impacto € 3,76 e o
Qualis CAPES da area de genética (Ciéncias biolégicas 1) é B1. O formato

obedece as normas de submissdo da revista.
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Abstract

Introduction: Biotinidase deficiency (BD), an autosomal recessive disease, is classified into
profound (activity <10%) or partial BD (activity 10-30%). The most frequent variant in patients
worldwide is ¢.1330G>C (p.Asp444His), which is associated with partial BD and estimated to
reduce the biotinidase activity by 50% based on in vivo studies. The objective of this study was
to evaluate the in vitro effect of p.Asp444His and of five novel variants identified among
Brazilian individuals showing low activity of biotinidase.

Methods: The variants ¢.119T>C (p.Leu40Pro), c.479G>A (p.Cysl60Tyr), c.664G>A
(p.-Asp222Asn), ¢.1330G>C  (p.Asp444His), ¢.1337T>C (p.Leud46Pro), c.1466A>G
(p-Asn489Ser) and the wild type (wt) BTD gene were expressed in HEK 293 cells. Biotinidase
activity was quantified by colorimetric method in cells and culture medium. The wtBTD activity
was considered 100%. The variant was classified as deleterious if associated with <30%
wtBTD activity (severe effect: <10%, moderate effect: 10-30%) or not deleterious if associated
with >30% wtBTD activity.

Results: The p.Leu40Pro and p.Cys160Tyr variants had borderline not deleterious-moderate
effect and moderate effect in cells, respectively, and severe effect in culture medium. The
p.Leu446Pro variant showed severe effect, and the p.Asp222Asn, p.Asp444His and
p.Asn489Ser variants were not deleterious in both cells and culture medium. The activity of
p.Leu40Pro, p.Cysl60Tyr and p.Asn489Ser variants in culture medium agreed with the
expected activity based on plasma of patients (<10%, <10% and 30-40%, respectively), and the
activity of p.Asp444His was higher (around 100%) in culture medium than that one observed in
plasma (30-50%).

Conclusion: The p.Leu40Pro, p.Cysl60Tyr and p.Leud446Pro variants were considered
deleterious, while the p.Asp222Asn, p.Asp444His and p.Asn489Ser variants do not. Despite
that, the findings suggest that p.Asn489Ser variant may be associated to partial BD and the
p.Asp444His variant may code for an unstable protein.

Keywords: BTD gene; expression analysis; biotinidase activity.
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1 Introduction

Biotinidase (E.C 3.5.1.12) is responsible for the hydrolysis of the vitamin biotin from
dietary sources (biocytin or short biotinyl-peptides) and its recycling (Hymes and Wolf, 1999b).
Biotin is the coenzyme for acetyl CoA (E.C.6.4.1.2), pyruvate (E.C.6.4.1.1), propionyl CoA
(E.C.6.4.1.3), and B -methylcrotonyl CoA carboxylase (E.C.6.4.1.4) (Wolf and Feldman, 1982).
In addition to biotinyl-hydrolase activity, biotinidase has biotinyl-transferase activity and it is able
to biotinylate histones. The distinct functions depend of the compartment pH (Hymes and Wolf,
1999b).

The 44 kb biotinidase gene in humans (BTD) (Stanley et al., 2004) is organized into
four exons and the nucleotide sequence from —600 to +400 is consistent with ubiquitous
expression (Knight et al., 1998). Two translation initiation codons exist in the transcript. The first
is encoded within exon 1 and the other within exon 2, and encode signal peptides of 41 and 21
amino acids, respectively. The cDNA of BTD has an open reading frame of 1,629 bp, relative to
the first ATG codon, encoding a mature protein of 502 amino acids (56.8 kDa). Human
biotinidase purified from serum or plasma is a monomeric sialylated glycoprotein with 68-76 kDa
(Craft et al.,, 1985; Chauhan and Dakshinamurti, 1986; Oizumi et al., 1989). Biotinidase is
predicted to have mitochondrial and microsomal/secretory localization based on the longer
signal peptide sequence, and microsomal localization using the shorter one (Wolf and Jensen,
2005). The biotinidase expression in baculovirus system using the coding sequence for the
longer and shorter signal peptides indicates that both signal peptides result in enzyme secretion
(Norrgard et al., 2000).The three-dimensional structure of the enzyme was predicted by
homology with crystallized nitrilases/amidases from microorganisms (Pindolia et al., 2007).
Figure 1 shows the domains and sites better described for biotinidase until now.

Biotinidase deficiency (BD) is an autosomal recessively inherited disease that leads to a
multiple deficiency of biotin-dependent carboxylases (Wolf et al., 1983b). The neurological and
cutaneous complications of BD can be treated or prevented by oral administration of free biotin
in pharmacological doses (Wolf, 2016c). The diagnosis of BD starts with clinical suspicion or
abnormal neonatal screening, and in general is confirmed by biotinidase activity measurement
in plasma. This test classifies the patients as having: profound BD (activity <10%) or partial BD
(activity 10-30%) (Strovel et al., 2017). The classification of individuals presenting around 30%
of enzyme activity as having BD or not, and the decision about lifelong treatment, are concerns
of the experts. In this specific situation, the genetic analysis is helpful.

Variants in BTD gene are considered severe when are associated with profound BD (in
homozygosis or compound heterozygosis) (Wolf, 2016a). The most frequent variant in patients
worldwide is ¢.1330G>C (p.Asp444His), which is associated with partial BD and estimated to
cause 50% of loss in enzyme activity based on biotinidase activity exhibited in plasma by
p.Asp444His carriers (Norrgard et al., 1998; Swango et al., 1998).

In previous studies of our group, five novel missense variants (c.119T>C or p.Leu40Pro,
€.479G>A or p.Cys160Tyr, c.664G>A or p.Asp222Asn, ¢.1337T>C or p.Leud446Pro, c.1466A>G
or p.Asn489Ser) were identified in Brazilian patients (figure 1). In this study, we expressed in
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vitro the aforementioned missense variants and the most frequent variant (p.Asp444His) to
explore their effect and infer about their clinical significance.
2 Material and methods

2.1 BTD variants, allelic frequency and predictions

The variants chosen for this study, ¢.119T>C (p.Leu40Pro), c.479G>A (p.Cys160Tyr),
€.664G>A (p.Asp222Asn), ¢.1337T>C (p.Leu446Pro) and c.1466A>G (p.Asn489Ser), were
detected for the first time in Brazilian patients in previous studies of our group (Borsatto et al.,
2014, 2017). In addition, the ¢.1330G>C (p.Asp444His) variant were included in the analysis.
The allelic frequency of each variant was investigated in the Genome Aggregation Database
(123,136 exomes and 15,496 genomes, people around the world) (Lek et al., 2015), Online
Archive of Brazilian Mutations (609 exomes, people from the city of S&do Paulo, Southeast of
Brazil) (Naslavsky et al., 2017) and in Southern Brazilian people (BTD gene sequencing, 100
individuals) (Borsatto et al., 2014, 2017). The pathogenicity predictors PolyPhen-2 (Adzhubei et
al., 2010), SIFT (Kumar et al., 2009), Mutation Taster (Schwarz et al.,, 2014), M-CAP
(Jagadeesh et al., 2016) and PredictSNP2 (Bendl et al., 2016) were used.

2.2 Constructs and gene expression in cell culture

The variants ¢.119T>C, ¢.479G>A, ¢.664G>A, c.1330G>C, c.1337T>C and c.1466A>G
were introduced in the expression vector pCMV6-Entry (OriGene, RC204153) using the
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). The vector encodes for
Myc-DDK-tagged-human biotinidase, with predicted molecular weight of 61.13 kDa. XL10-Gold
ultracompetent cells were transformed by heat shock with mutant, wild type BTD (WtBTD) and
empty (with no BTD gene) vectors, and were grown on LB-agar plates containing 50ug/mL
kanamycin. The colonies harboring vectors with the desired sequence were selected and
confirmed by PCR and sequencing. The vectors were purified using the Plasmid Midi Kit
(QIAGEN).

HEK 293 cells were cultured in 100 mm dishes containing Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100U/mL penicillin and
100ug/mL streptomycin (P/S) at 37°C and 5% CO,. The cells were transfected in triplicate with
mutant, wtBTD and empty vectors using Xfect Transfection Reagent (Clontech). A vector
containing GFP (green fluorescent protein) reporter gene was used as control of transfection.
The culture medium and cells were collected 48 hours after transfection and stored at -80°C.
The cells were homogenized in 1mL of RIPA buffer containing protease inhibitor, phosphatase
inhibitor, benzonase and DTT, incubated on ice for 20 min, lysed by sonication for 15 min, and
then centrifuged at 13,000 rcf for 10 min to obtain the cell lysate (supernatant). The cell debris
(pellet) were used for DNA extraction with the High Pure PCR Template Preparation kit (Roche),
PCR and sequencing to confirm that the cells had harbored the desired sequence of the BTD
gene. Total proteins in cell lysates were quantified by the Bradford method.

2.3 Biotinidase activity

Biotinidase activity (biotinyl-hydrolase activity) was measured in culture medium and cell

lysates in duplicate using the colorimetric method that employs biotinyl-4-amino benzoic acid
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(biotinyl-PABA) as the substrate based on (Wolf et al., 1983b). Briefly, 48 pyL of 0.5 mg/mL
biotinyl-PABA were incubated in 180 pL of 0.375 mg/mL bovine serum albumin (albumin
dissolved in 0.2 M phosphate buffer, pH 6) at 37°C, 400 rpm, for 5 min. Then, 20 pL of cell
lysate or medium samples were added and incubated at same conditions for 4 hours. Next, 60
ML of 30% trichloroacetic acid were added and incubated at 4°C for 10 min. For the blanks,
trichloroacetic acid was added immediately after the sample and incubated at 4°C for 10 min.
The samples were centrifuged at 1900 rcf, at 4°C, for 5 min, and 200 pL of supernatant were
transferred to 96-well plates. After that, 50 pL of 0.1% sodium nitrite were added and incubated
at room temperature for 3 min; next, 50 pL of 0.5% ammonium sulfamate were added and
incubated at room temperature for 3 min; and finally, 50 pL of 0.1% N-(1-
Naphthyl)ethylenediamine dihydrochloride were added and incubated at room temperature for
10 min. The absorbance was measured in a plate reader at 546nm.

The activity of the wtBTD expression of each one of the three independent experiments
(transfections) was considered 100% for the respective experiment. The variants were classified
according to the following criteria: deleterious, if associated with <30% wWtBTD activity (severe
effect: <10%, moderate effect: 10-30%) or not deleterious, if associated with >30% wtBTD
activity. Data are presented as mean and standard deviation.

2.4 Western blot experiment

Cell lysate (60ug of total protein) or culture medium (15uL) were denatured in Laemmli
buffer at 100°C for 5 min. SDS-PAGE was performed in a 4% staking gel and 10% resolving
gel, at 80V for 30 min plus 100V for 1h and 40 min, using the Amersham ECL Rainbow marker
(GE, RPN8OOE).

Proteins were transferred to a PVDF membrane pore size 0.45um (Immobilon-P
Transfer Membrane, Millipore) previously activated with absolute methanol, using a semi-dry
system (13 V for 1 h). Next, the membrane was stained with Coomassie Brilliant Blue G-250 to
confirm the transference. Membranes were blocked in TTBS (TBS supplemented with Tween 20
to 0.05%) containing 10% nonfat dry milk for 1 h at 4°C on shaker, and then washed with TTBS.
Cell lysate and medium samples were hybridized with primary monoclonal anti-c-myc antibody
produced in mouse (Sigma, M4439) diluted 1/3750 and 1/1000 in TTBS, respectively, overnight
at 4°C on shaker. After washing, the membranes were incubated with the secondary antibody,
anti-mouse 1gG-peroxidase (Sigma, A9044) diluted 1/80000 in TTBS containing 5% nonfat dry
milk, for 2 h at 4°C on shaker. Cell lysates samples were also hybridized with anti-B-actin
antibody produced in mouse (Sigma, A1978) diluted 0.5ug/mL in TTBS (about 1/5000) and with
the secondary antibody, as described above, after membrane stripping (1M NaOH for 5 min
shaking, followed by washes with water and TTBS). Chemiluminescent signal was detected
using Immobilon Western Chemiluminescent HRP Substrate (Millipore) and the equipment
ImageQuant LAS500 (GE).

2.5 Comparison between in vitro results and patients' biotinidase activity

The in vitro activity was compared to the expected activity of the variant (shown in

supplemental table 1) according to patients’ biotinidase activity in plasma. For this purpose,
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activity in plasma was considered the sum of the activity of each allele divided by two. The
expected activity of p.Asp444His (30-50%) was based on the activity exhibited by patients
homozygous for this variant (patients 4 to 14). The expected activities of novel variants were
extrapolated from the activity exhibited by compound heterozygous individuals (one patient for
each genotype). In these cases, recurrent alleles were considered to have the following
activities: polymorphic alleles= 100%, p.Asp444His= 30-50%, and p.[Asp444His;Alal71Thr]= O-
10% (Norrgard et al., 1999).

3 Results

The localization of each studied variant in the protein structure is shown in figure 1, and
the physico-chemical properties of the original and variant amino acid are described in table 1.
One variant (p.Leu40Pro) is supposed to result in amino acid change in the signal peptide and
the other five in the mature protein, p.Cys160Tyr and p.Asp222Asn variants in the Domain A
(catalytic) and p.Asp444His, p.Leud446Pro and p.Asn489Ser variants in Domain B (biotin-
binding). The patients’ genotypes and biotinidase activity in plasma can be found in
supplemental table 1.

3.1 Allelic frequency and predictions

The p.Leud0Pro, p.Cys160Tyr and p.Asn489Ser variants were not reported in general
population. The p.Asp222Asn and p.Leu446Pro were found with very low allelic frequency in
gnomAD (0.01%) and ABraOM (0.08%), respectively. The variant associated to partial BD,
p.Asp444His, is common according to the different dataset (2.7-4% of alleles). The novel
variants were predicted to be pathogenic by at least three of the five bioinformatics tools used.
Detailed results are shown in supplemental table 2.

3.2 Effect on biotinidase activity

The results of the in vitro assays are shown in figure 2. The p.Leud40Pro and
p.Cys160Tyr variants had respectively borderline not deleterious-moderate effect and moderate
effect on enzyme activity in cells (33.6 £ 12% and 14.4 + 1.7%, respectively), and severe effect
in culture medium (7.5 £ 0.2% and 0.3 + 0.5%, respectively). The variants p.Asp222Asn (cells:
112 £ 15%, culture medium: 82.6 + 14.3%) p.Asp444His (cells: 46.4 + 21.2%, culture medium:
115.8 + 38.2%) and p.Asn489Ser (cells: 106.8 + 17.6%, culture medium: 43.4 + 5.3%) were
considered not deleterious. The p.Leud446Pro variant showed severe effect in both cells (0%)
and culture medium (2.1 £ 3.6%).

3.3 Protein (biotinidase) detection

Figure 3 shows the most representative pictures of the western blots experiments
performed using cell lysate (A) and culture medium (B). For p.Leu40Pro expression, even
though residual activity was detected in cells (approximately 30%) and medium (approximately
7%), there was insufficient protein to detect. The expression of p.Cys160Tyr resulted in protein
detection in cell lysate, whereas no protein was detected in medium. The protein expressed by
p.Asp222Asn and p.Asp444His variants was detected in both cell lysate and medium. No

protein could be detected for the expression of p.Leu446Pro in cell lysate or medium. The
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expression of p.Asn489Ser resulted in protein detection in cell lysate, whereas there was
insufficient protein to detect in medium (even though the residual activity was around 40%).

In all cases of biotinidase detection, no difference was perceptible in protein size in
relation to wild type. The in vitro expression results for each variant are summarized in table 1.

3.4 Comparison with clinical information

The severe effect of p.Leu4dOPro and p.Cysl60Tyr variants, and the activity of
p.Asn489Ser variant (around 40%) in culture medium were in agreement with the expected
ones according to biotinidase activity in patients (patient 1, 2 and 23 in supplemental table 1).
The activity of p.Asp444His variant in cells (around 50%) agreed with that expected (patients 4-
14 in supplemental table 1) and reported in literature, whereas the high activity in culture
medium (around 100%) did not. The findings for p.Leu446Pro and p.Asp222Asn, severe effect
and not deleterious, respectively, were not equal to the expected ones (activity >30% according

to patient 22, and <10% according to patient 3 in supplemental table 1, respectively).

4 Discussion

Genetic analysis is very useful for the BD diagnosis in cases that the enzyme activity is
near to 30% of the mean of normal activity. In this process, laboratories will eventually detect
novel variants when using the sequencing method. The clinical significance of those variants
can be investigated by different strategies. The BTD gene variants already reported in the
literature have not been expressed in vitro before, and their pathogenicity has been mostly
evaluated by association to the patients' enzyme activity in plasma. This strategy is particularly
informative if the patient is homozygous, and if the genotype is recurrent. There are few studies
that evaluated cross-reacting material and mRNA expression in patients’ samples (Norrgard et
al., 1997, 1998; Pomponio et al., 1997; Li et al., 2014). In this study, we performed in vitro
expression in HEK 293 cells of five novel missense variants found in compound heterozygosis
in patient, and the most frequent variant found in the BTD gene (p.Asp444His).

First, we verified that the variants of interest have very low allelic frequency or are
absent in general population (except for p.Asp444His) and are predicted to be pathogenic by
bioinformatics tools. Both strategies indicated that the variants were good candidates for study
of pathogenicity by in vitro expression.

Since biotinidase has intra and extracellular functions, including hydrolysis of biocytin
and biotin-short peptides from dietary sources during digestion, and from biotin-dependent
carboxylases during biotin recycling, we evaluated the biotinyl-hydrolase activity in cell lysates
as well as culture medium. The detection of enzyme activity and protein in the culture medium,
in addition to cell lysate, shows that biotinidase is secreted by HEK 293 cells. Importantly, no
endogenous biotinidase activity was detected. In addition, the classical culture medium DMEM
was used since it contains no cofactors for the biotinidase enzyme. Otherwise the presence of
molecules acting as cofactors in the culture medium could stabilize the enzyme and mask the
deleterious effect of the mutations.

Novel variants
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Missense variants located in the catalytic site of an enzyme can impair or abolish the
enzyme activity directly, while that ones that affect the protein folding are supposed to make the
protein a target for degradation pathway, and consequently, decrease the enzyme activity.
Proteins inside endoplasmic reticulum (ER) that are terminally misfolded are directed towards
ER-associated degradation or in some cases autophagy (Vincenz-Donnelly and Hipp, 2017).
The present study showed that p.Leud40Pro, p.Cys160Tyr and p.Leud446Pro variants impair
biotinidase function with simultaneous effects in the enzyme activity and the amount of the
enzyme. Next, the possible effects on primary and secondary structure or motifs will be
discussed.

The ¢.119T>C or p.Leud40Pro variant is expected to result in the substitution of the
penultimate amino acid of the signal peptide, leucine 40, by proline. Leucine is aliphatic,
hydrophobic and preferably substituted with other amino acids of the same type. Proline is not
hydrophobic and unable to occupy many of the main chain conformations easily adopted by all
other amino acids (Betts and Russell, 2007). Leu40 is preceded by an alanine and followed by a
glycine, and this triplet (Ala-Leu-Gly) is probably the signal peptidase recognition sequence A-X-
B, where X is a priori any amino acid (Perlman and Halvorson, 1983). Although p.Leu40Pro
variant had severe effect in culture medium, how the amino acid substitution in this position
impairs the protein processing, localization and/or activity is not clear.

The ¢.479G>A or p.Cys160Tyr variant is supposed to change the cysteine 160 in an a
helix, that can tolerate substitutions with other small amino acids. However tyrosine is
considered a large amino acid. In extracellular proteins, cysteines are frequently forming
disulphide bonds, which effects protein folding and stability (Betts and Russell, 2007). Which
cysteines of biotinidase are involved in the formation of disulphide bonds is not well established
(Pindolia et al., 2007). So, it is not known if p.Cys160Tyr exercises its deleterious effect by lack
of formation of a disulphide bond.

The ¢.1337T>C or p.Leud46Pro variant is supposed to substitute the leucine 446 by
proline in an a helix. We speculate that this variant has a severe effect because it can disturb
the protein structure. Leucine and proline were discussed above, however, in the context of an
a helix, it is interesting add that proline can introduce kinks into alpha helices, since it is unable
to adopt a normal helical conformation. In general, proline is found in very tight turns in protein
structures, i.e., where the polypeptide chain must change direction (Betts and Russell, 2007).

The c.1466A>G or p.Asn489Ser variant probably results in the substitution of the
asparagine 489 by a serine residue. Consequently, it abolishes one of the six glycosylation sites
of biotinidase, since asparagine has the site of glycan attachment. Glycosylation is important for
protein folding and stability (reducing its tendency to form other secondary structures and
prevents thermal unfolding). The ER quality control recognizes aberrant proteins, in part based
on their glycosylation profile, which can be rescued, exported or degraded (Jayaprakash and
Surolia, 2017). Unlike the previous variants, the p.Asn489Ser showed a slight reduction in
activity, not considered deleterious, in extracellular space. Because the intracellular activity was

not impaired in our expression system, we speculate that this phenotype is not severe.
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The ¢.664G>A or p.Asp222Asn variant showed no effect on enzyme activity in vitro.
This variant is expected to substitute an aspartate by asparagine. Aspartate is preferably
substituted for the very similar amino acid, glutamate, though it can also substitute with other
polar amino acids, in particular asparagine, which differs only in that it contains an amino group
in place of one of the oxygens found in aspartate (Betts and Russell, 2007).

In order to compare the in vitro activity with the patients’ biotinidase activity in plasma,
one must take in account that all variants studied were from compound heterozygous patients,
i.e., the enzyme activity is the result of both the alleles and they have different effects. The
p.LeudOPro, p.Cysl60Tyr, p.Asn489Ser variants had more impact in extracellular than
intracellular biotinidase function. Their effect on extracellular activity (severe effect, severe
effect and not deleterious slight reduction on enzyme activity, respectively) corresponded to the
patients’ activity in plasma (patients 1, 2 and 23). We classified the p.Leu446Pro as deleterious
despite that the patient’s biotinidase activity was normal (patient 22). Actually, individuals who
are heterozygous for one severe variant can show activity in the normal range [13]. The
p.Asp222Asn variant was not deleterious and we can’'t explain the reduced activity, in the
heterozygous range, of patient 3. It may be that the pre-analytical conditions of the plasma
sample preparation were not optimal.

The variant classically associated to partial BD: p.Asp444His

The ¢.1330C>G or p.Asp444His variant, is a substitution of aspartate 444 (located in a
helix structure) by histidine. Histidine is considered a polar amino acid. It of interest that
histidine is quite peculiar because it does not substitute well with any other amino acid (Betts
and Russell, 2007). Using the mean biotinidase activity in serum of children with partial BD,
parents who were heterozygous for a severe variant (causing profound biotinidase deficiency),
parents who were heterozygous for the p.Asp444His, and also normal individuals who were
p.Asp444His carriers, previous studies showed that this variant results in 48-53% of mean
normal activity (Norrgard et al., 1998; Swango et al., 1998). In our expression study, the
p.Asp444His variant showed, as expected, a not deleterious slight reduction on enzyme activity
in cells. However, the variant had unexpected high activity in culture medium. It is important to
note that p.Asp444His enzyme activity showed much more variability between experiments than
others variants (data not shown), which made us speculate that this variant may not affect the
enzyme activity directly, but makes the protein less stable.

p.Asp444His is generally accepted to be a mild variant in the literature because the
majority of patients that are compound heterozygous for p.Asp444His and another variant have
a less severe enzyme deficiency, i.e. partial BD. Homozygous for p.Asp444H are expected to
show activity lower than normal and above 30%, similar to heterozygous for severe variants.
Although there are some cases of homozygous reported with activity in the range of partial BD
(Thodi et al., 2013) and also with activity in the normal range (Al-Jasmi et al., 2015; Borsatto et
al.,, 2017). Some heterozygous for p.Asp444His were reported with activity lower than the

normal range despite it was expected to be normal (Borsatto et al., 2017). Taken together, our
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in vitro results and literature data may best be explained assuming this variant is related to
unstable protein.

Here we presented a useful and basic strategy to explore the pathogenicity of novel
BTD variants. For a better understanding of the mechanism of pathogenicity of each variant
other studies are required like studies on enzyme lability, X-ray crystallography and computer
modelling of the protein, and in silico evaluation of protein interactions with different chemical

species.

5 Conclusions

The current in vitro study model proved to be useful in exploring potential pathogenic
variants. According to the in vitro study presented here, the novel variants p.Leu4OPro,
p.Cys160Tyr and p.Leud446Pro were considered deleterious, while the p.Asp222Asn,
p.Asn489Ser, and the common variant p.Asp444His do not. Our findings suggest that the not
deleterious variant p.Asn489Ser may be associated to partial BD when found in compound
heterozygosis with one severe allele. The p.Asp444His variant may code for an unstable
biotinidase protein, which would explain the contradictory findings in patients as well as in our
expression system. The measurement of biotinidase activity in plasma (extracellular) has been
historically correlated with the appearance of clinical signs and symptoms thus, the analysis of

culture medium is imperative in further similar studies.
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Figure 1. Schematic presentation of biotinidase. According to Pindolia et al (2007), biotinidase
is structurally organized into two distinct domains: the amino-terminal domain, Domain A, has
the catalytic triad; the biotin-binding site of biotinidase is speculated to reside within Domain B.
The positions of six potential N-glycosylation sites and the amino acids that form the catalytic
triad (glutamate 112, lysine 212, and cysteine 245) are indicated. The positions of the five novel
missense variants and the frequent variant ¢.1330G>C (p.Asp444His) are also indicated in the

scheme.
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Table 1. Physico-chemical properties of the amino acid substituted in each BTD variant and its substitute, location and in vitro effect

on biotinidase activity and protein detection.

Amino acid properties’

Location in the

Effect on in vitro

Biotinidase

Variant . . biotinidase activity in detection” in
protein structure . .
Wild Variant cell lysate / medium  cell lysate / medium
c.119T>C _ _ _ . . borderline not
LeudoP aliphatic cyclic Signal peptide deleterious-moderate / absent / absent
p.Leu ro severe
c.479G>A sulfur-containing, aromatic, polar Domain A, moderate / severe resent / absent
p.Cys160Tyr  aliphatic, nonpolar P a helix P
c.664G>A acid, negative amide, neutral Domain A @} GIEEENEE I et resent / present
p.Asp222Asn » €9 ' deleterious P P
€.1330G>C acid, aliphatic, basic, aromatic, Domain B, not deleterious / not resent / present
p.Asp444His negative positive a helix deleterious p p
€.1337T>C liohati i Domain B, / bsent / absent
p.Leud46Pro aliphatic cyclic o helix severe / severe absent / absen
C.1466A>G amide hydroxyl- Domain B, not deleterious / not resent / absent
p.Asn489Ser containing N-glycosylation site deleterious P

* Only the differences are shown.

** According to previously predicted three-dimensional model (Pindolia et al, 2007).
***\Western blot.
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Figure 2. Relative biotinidase activity detected in cell lysate (gray) and culture medium (light
gray) for each BTD variant. The Wild type BTD expression of each independent experiment was

considered 100% for the respective experiment. The bars represent + one standard deviation.
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Figure 3. Protein detection by Western blot experiment using cell lysate (A) and culture medium
(B) of each BTD variant expression. Antibody anti-c-myc binds to c-myc tag fusion biotinidase.
Antibody anti-B-actin was used as loading control.
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S1 Table. Patients’ genotypes and respective biotinidase

published by Borsatto et. al (2017).

activity. These data were previously

Patient’s genotype Patient’s Expected
. biotinidase -
Patient tivity i activity of the
Allele 1 Allele 2 actVIy Il studied variant ™
plasma
: c.119T>C €.1330G>C p.Leud40Pro
Patient 1 ) 23%
p.Leu40Pro p.Asp444His <10%
. Cc.479G>A €.1330G>C p.Cys160Tyr
Patient 2 ] 29%
p.Cys160Tyr p.Asp444His <10%
C.664G>A = .Asp222Asn
Patient 3 ¢ 514C>.T 47% HAs
p.Asp222Asn (polymorphism) <10%
median: 40% .
€.1330G>C €.1330G>C ' Asp444His
Patients 4 to 14 , _ IQR: 36-49% P-ASP
p.Asp444His p.Asp444His 30-50%
(n=11)
median: 57%
€.1330G>C ’
Patients 15 to 21 _ wild type IQR: 51-65%
p.Asp444His
(n=7)
C.[-183G>A;1413T>C]
. c.1337T>C p.Leud446Pro
Patient 22 p.Cys471= 100%
p.Leud46Pro ) 30-100%
(polymorphism)
€.[1330G>C;511G>A]
. c.1466A>G : p.Asn489Ser
Patient 23 p.[Asp444His;Alal71Thr] 19%
p.Asn489Ser 30-40%

(severe variant)

BD, biotinidase deficiency; Hz, heterozygosity; IQR, interquartile range.
* The highest result is shown when more than one was available. The normal reference range was
5.0-10 nmol/min/mL, and 7.5 nmol/min/mL was used as 100% to calculate the percentage for
patients with activity lower than 5.0 nmol/min/mL. Patients with activity 5.0-10.0 nmol/min/mL were
considered to have 100% activity.
** Based on the biotinidase activity in plasma found in patients, which was considered as being the
sum of the activity of each allele divided by two. Based on the literature, recurrent alleles were
considered to be associated to the following biotinidase activities in plasma: polymorphic alleles=
100%, p.Asp444His= 30-50%, and p.[Asp444His;Alal71Thr]= 0-10%.
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S2 Table. Allele frequency and computational prediction of pathogenicity for the studied variants.

Prediction of pathogenicity

Variant i
Allele frequency in general PolyPhen-2 SIFT Mutation Taster M-CAP PredictSNP2
population
¢.119T>C absent Damagin Damagin Damagin Damagin Neutral
p.Leu40Pro I ane e o
C.479G>A absent Damagin Damagin Damagin Damagin Damagin
p.Cys160Tyr 9ng Ine ane o o
€.664G>A
o 0, i i i i
0. ASp222Asn gnomAD: 0.01% Damaging Neutral Damaging Damaging Damaging
gnomAD:3.2% Pol hi
€.1330G>C 1 2.79 o ymom e .
- ABraOM: _2'7/0 Damaging Damaging (known disease Not available Neutral
p.Asp444His Southern Brazilian people: mutation)
4%
€.1337T>C : 0 . . . .
p.Leu4d46Pro ABraOM: 0.08% Damaging Neutral Damaging DEMEEITS, Damaging
€.1466A>G . . .
D.ASn489Ser absent Damaging Neutral Damaging Damaging Neutral

*The following data set and samples were consulted: gnomAD, Genome Aggregation Database (data from 123,136 exomes and 15,496
genomes, people around the world); ABraOM, Online Archive of Brazilian Mutations (data from 609 exomes, people from the city of Séo
Paulo, Southeast of Brazil); Southern Brazilian people (BTD gene sequencing, 100 individuals).

*M-CAP scores only rare (£ 1% allele frequency), missense variants based on the Ensembl build 75 gene set.
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12 CAPITULO 3: Plasma metabolites in patients with partial biotinidase
deficiency

O capitulo 3 consiste em estudo bioquimico especificamente de
pacientes com atividade da biotinidase correspondente a DB parcial. Este
capitulo serd apresentado na forma de artigo (research report), o qual sera
submetido para a revista Journal of Inherited Metabolic Disease (JIMD), cujo
fator de impacto é 3,97 e o Qualis CAPES da area de genética (Ciéncias

biolégicas I) € A2. O formato obedece as normas de submisséo da revista.
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Abstract

Introduction: The prognosis of partial biotinidase deficiency (BD) and benefit of
preventive supplementation with biotin is not well established. This study aimed
at assessing potential subclinical metabolic changes in order to provide (or not)
evidence for preventive treatment.

Methods: Fourteen asymptomatic untreated patients (biotinidase activity 10-
30%) and 19 control individuals (biotinidase activity >30%) were included in the
study. Fatty acids, amino acids (glycine+threonine+arginine, methionine, valine,
isoleucine, leucine), total cholesterol, triglycerides, glucose and insulin were
measured in plasma samples.

Results: Weak correlations were found between biotinidase activity and C12:0,
C14:0, C20:0 and C20:1n, which were considered not clinically significant.
Patients with partial BD showed no significant changes in the levels of the
analyzed metabolites.

Conclusion: This study provided no evidence that would support neonatal
screening and treatment in partial BD.

Keywords: partial biotinidase deficiency; biochemical profile; plasma
metabolites.

A concise 1 sentence take-home message (synopsis): Asymptomatic
patients with partial BD seem to have no changes in the energetic metabolism
that would support the preventive treatment in partial BD.
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1 Introduction

In Biotinidase Deficiency (BD, OMIM: 253260, biotinidase: EC 3.5.1.12)
there is a defective uptake and recycling of the vitamin biotin and, consequently,
multiple deficiency of biotin-dependent carboxylases. Biotin is coenzyme for
acetyl CoA (E.C.6.4.1.2), pyruvate (E.C.6.4.1.1), propionyl CoA (E.C.6.4.1.3),
and B -methylcrotonyl CoA carboxylase (E.C.6.4.1.4). Figure 1 shows the
function of each enzyme in a simplified scheme; for the interaction between the
pathways see Tong (2013).

Patients with profound BD (biotinidase activity <10%) who are not on
treatment with oral free biotin are at risk of developing various neurologic and
cutaneous symptoms. The biochemical changes found are keto- and lactic
acidosis and organic aciduria (Wolf et al. 1983; Wastell et al. 1988; Singh et al.
2015) and the diagnosis is confirmed by biotinidase activity in plasma. After BD
was first described in the 1980s, neonatal screening tests became widespread
worldwide, and individuals with less severe deficiency (partial BD, biotinidase
activity 10-30%) have been identified. In partial BD, it is believed that
symptomatology may appear during a stress period, and there is some
controversy about the benefit of preventive supplementation with biotin (Wolf,
2015).

In an animal model for BD (rats on a biotin-deficient diet), it was shown
that genetic (gene expression) and metabolic changes may occur even before
the development of signs of full-blown deficiency of biotin. Biotin-starved non-
fasting rats had significant reductions in blood glucose (on second week of diet),
increased levels of lactate and free fatty acids, decreased levels of cholesterol
and triglycerides, and reduced insulin (at the fourth week of the study). These
findings, added to others not cited here, pointed towards the following
sequential changes: biotin and carboxylases deficiencies, energy shortage with
AMPK activation, carbon metabolism gene expression changes and increased
insulin sensitivity. Later on, the diminished blood insulin would cause lipid
metabolism alterations and the utilization of fatty acids as the main metabolic
fuel (Hernandez-Vazquez et al. 2012).

This study aimed at assessing potential subclinical metabolic changes in
patients with partial BD, who were not on biotin supplementation, in order to
reinforce (or not) the indication for treatment. We evaluated plasma fatty acids,
amino acids, total cholesterol, triglycerides, glucose and insulin, because these
metabolites are involved in the biotin-dependent carboxylases pathways and
were reported to be altered in animal model of BD, consisting of early effects of
the disease.

2 Methods

This is a cross-sectional controlled study with convenience sampling,
which was approved by the local Ethics Committee.

2.1 Subjects and samples
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We analyzed plasma samples from 14 asymptomatic patients with
biotinidase activity in the range of partial BD (biotinidase activity 10-30%), not
receiving biotin, and from 19 control individuals (biotinidase activity >30%). Both
patients and controls had positive neonatal screening for BD and then were
submitted to the confirmatory (quantitative) test in plasma. Genetic analysis was
not performed. Non fasting plasma samples were frozen after biotinidase
activity testing (at -20°C and subsequently at -80°C) until the analysis for this
research. The laboratories’ reference range for biotinidase activity was 5.0-10.0
nmol/min/mL, and 7.5 nmol/min/mL was used as being 100%.

2.2 Biochemical analysis

Relative quantification of fatty acids was carried out by gas
chromatography—mass spectrometry (GC-MS) using the equipment Agilent
5975C VL GC/MSD System with 7890A GC in the Laboratory for Clinical
Biochemistry and Metabolism of University Medical Centre Freiburg. The fatty
acid content (%) was calculated based on the area of the peaks. Quantitative
determination of amino acids (glycine+threonine+arginine, methionine, valine,
isoleucine, leucine) was performed by high performance liquid chromatography
(HPLC) in the Reference Laboratory for Inborn Errors of Metabolism of Hospital
de Clinicas de Porto Alegre (HCPA). In the Clinical Pathology Service of HCPA,
total cholesterol and triglycerides were measured by colorimetric enzymatic
methods and glucose by enzymatic UV-method using the equipment Cobas c
702; insulin was determined by chemiluminescence microparticle immunoassay
(CMIA) with the equipment Architect Ci4100. We were unable to perform all the
aforementioned tests for the 14 patients and 19 controls due to the insufficient
sample volume.

2.3 Statistics

The distribution of the variables was assessed by Shapiro-Wilk normality
test. Quantitative variables were expressed as mean and standard deviation
and as median and interquartile range, for normal and asymmetrical distribution,
respectively. The correlations between biotinidase activity and the plasma
metabolites were evaluated by Spearman test. The variables were compared
between patients and controls using Fisher's exact test, t-test and Mann-
Whitney U test for independent samples. The Benjamini-Hochberg step-up FDR
method (FDR<0.05) was used for adjustment of the p values. The significance
level of 5% was adopted. The IBM SPSS Statistics version 23.0 (Armonk, NY:
IBM Corp) and WinPepi version 11.65 software were used.

3 Results

The patients with partial BD (male/female= 12/2) showed the biotinidase
activity between 0.8 and 2.2 nmol/min/mL (median: 1.8, interquartile range: 1-
1.9 nmol/min/mL), and age from 15 to 105 days (mean+SD: 52.4+27.5 days). In
the control group (male/female= 16/3), the biotinidase activity was between 2.6
and 7.7 nmol/min/mL (median: 5.2, interquartile range: 4.1-6.2 nmol/min/mL)
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and the age ranged from 19 to 90 days (meanzSD: 45+18 days). The groups
did not differ in sex (p= 1.000) and age (p= 0.356).

Within all the metabolites analyzed, only a few showed some weak
correlation with biotinidase activity: C12:0 (r=-0.3, p= 0.045), C14:0 (r=-0.4, p=
0.037), C20:0 (r=-0.4, p= 0.039) and C20:1n (r=-0.4, p= 0.016).

Table 1 shows the plasma metabolites in both groups. The fatty acids,
amino acids (glycine+threonine+arginine, methionine, valine, isoleucine,
leucine), total cholesterol, triglycerides, glucose and insulin levels were not
different between patients and controls. All the initial statistically significant
results, i.e., decrease of valine (p= 0.020), isoleucine (p= 0.008) and leucine (p=
0.006) in the partial BD group, did not remain significant after the correction for
multiple comparisons.

4 Discussion

There is no consensus about the necessity of preventive therapy for
neonates with partial BD identified by neonatal screening. Several patients with
partial BD who were not on treatment (non-compliant with therapy or who had
no newborn screening) were reported in literature with milder symptoms than
those usually seen in patients with profound BD. In countries without screening
for partial BD, it is claimed that individuals with enzyme activity in this range
rarely develop symptoms and the cases are restricted to situations of stress
(infections, malnutrition) (Wolf 2015).

In this study, we performed a metabolic evaluation in plasma of
asymptomatic untreated patients with partial biotinidase activity to detect
potential abnormalities, which may function as biomarkers for disturbed
biotinidase activity. The energetic metabolism was reported to be altered
(deficient) in animal model of BD and, based on that study (Hernandez-Vazquez
et al.,, 2012), fatty acids were expected to be increased, and glucose,
cholesterol, triglycerides and insulin were expected to be decreased in patients’
plasma. In addition, based on the blocking of the carboxylases’ pathways,
threonine, methionine, valine, isoleucine and leucine were expected to be
increased.

Patients with partial BD showed no changes in the fatty acids, amino
acids (glycine+threonine+arginine, methionine, valine, isoleucine, leucine), total
cholesterol, triglycerides, glucose and insulin levels. Thus, this study did not
corroborate with the findings in animal model. The results suggested that partial
BD is not associated to metabolic derangements in the first months of life.
Despite that, one cannot discard that partial BD may contribute for metabolism
disruption in a situation of crisis. The weak correlations of fatty acid with
biotinidase activity were considered not clinically significant.

We also measured the acylcarnitines corresponding to the substrates
and products of the biotin-dependent carboxylases to apply substrate to product
ratios specific to these carboxylases (propionylcarnitine:methylmalonylcarnitine,
3-hydroxyisovalerylcarnitine:3-methylglutarylcarnitine and
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acetylcarnitine:malonylcarnitine). Unfortunately, our method for acylcarnitines
proved not to be sensitive enough for this purpose. Lactate could not be
determined because it requires special collection procedure which was not
possible in the current study.

5 Conclusion

In the present study, asymptomatic patients with biotinidase activity
between 10-30% show no biochemical signs or metabolic derangements. Thus,
we obtained no evidence that would support neonatal screening and treatment
in partial BD. On the other hand, this work does not provide evidence that
patients with partial BD will remain without metabolic disturbances lifelong
without biotin treatment. The absence of subclinical biochemical alterations
can’t be extrapolated to asymptomatic patients with profound BD.
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Figure 1. Reactions catalyzed by biotin-dependent carboxylases (gray boxes). A) Pyruvate carboxylase (PC) is responsible for the most
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fatty acid oxidation. C) Propionyl CoA carboxylase (PCC) participates in the catabolism of several amino acids, odd-chain fatty acid and
cholesterol. In this process, PCC does the anaplerotic replenishment of succinyl CoA in TCA cycle. D) 3-Methylcrotonyl CoA carboxylase
(MCC) catalyzes a step in leucine catabolism. The black bars represent the process that are impaired during insufficient biotin status. Arrows
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Table 1. The fatty acid profile, amino acids and routinely measured plasma metabolites in partial biotinidase
deficiency (activity 10-30%) and control (activity >30%) groups.

Partial BD Control
Biotinidase activity Biotinidase activity p-valueag;

10-30% >30%

Fatty acids (%), n=32 n=14 n=18
C10:0 Capric/decanoic 0.105 (0.030-0.125) 0.105 (0.045-0.173) 0.8468
C12:0 Lauric/dodecanoic 0.915 (0.743-1.158) 0.700 (0.553-0.955) 0.5469
C14:0 Myristic/tetradecanoic 1.325 (0.958-1.488) 1.175 (1.018-1.323) 0.7716
C15:0 Pentadecanoic 0.225 (0.153-0.285) 0.205 (0.170-0.268) 0.8468
C16:0 Palmitic/hexadecanoic 25.785 (23.363-26.760)  23.865 (21.993-25.418) 0.5469
C16:1n-7  Palmitoleic/hexadecenoic 0.880 (0.655-1.043) 0.995 (0.733-1.283) 0.6959
C17:0 Heptadecanoico 0.400 (0.298-0.605) 0.370 (0.340-0.448) 0.8468
C17:1n Heptadecenoic 0.190 (0.260-0.240) 0.165 (0-0.230) 0.6959
C18:0 Stearic/octadecanoic 22.025 (20.583-24.275)  20.685 (17.553-24.155) 0.5469
C18:1n-9  Oleic/octadecenoic 11.650 (9.788-13.218) 11.775 (9.023-13.160) 0.9185
C18:2n-6  Linoleic 12.085(11.190-13.355)  12.955 (11.505-14.658) 0.7716
C18:3n-3  Linolenic 0.370 (0.288-0.448) 0.375 (0.270-0.468) 0.9550
C19:0 Nonadecanoic 0.075 (0.030-0.100) 0.090 (0.058-0.110) 0.6959
C20:0 Icosanoic/Eicosanoic 0.315 (0.263-0.420) 0.300 (0.235-0.353) 0.6959
C20:1n Icosenoic/Eicosenoic 0.160 (0.123-0.180) 0.140 (0.115-0.163) 0.6959
C20:2n Icosadienoic/Eicosadienoic 0.225 (0.178-0.265) 0.210 (0.158-0.270) 0.6959
C20:3n-6  Icosatrienoic/Eicosatrienoic 0.780 (0.665-0.890) 0.725 (0.618-0.893) 0.8181
C20:3n-9  Mead Acid 0 (0-0) 0 (0-0.070) 0.7716
C20:4n Arachdonic/Icosatetraenoic 3.365 (2.485-4.365) 3.925 (3.483-4.483) 0.6959
C20:5n-3 EPA/Icosapentaenoic 0.085 (0-0.125) 0.065 (0.038-0.108) 0.9522
C22:0 Behenic/docosanoic 0.070 (0.058-0.083) 0.080 (0.060-0.090) 0.8468
C22:4n-6  Adrenic/docosatetraenoic 0.055 (0-0.223) 0 (0-0.160) 0.7716
C22:5n-3 DPA/docosapentaenoic/Sardini 0.150 (0-0.235) 0.180 (0.128-0.203) 0.8306
C22:5n-6 DPA/docosapentanoic/Ozubondo 0 (0-0.180) 0.100 (0-0.143) 0.9185
C22:6n-3 DHA/Docosahexaenoic 0.795 (0.698-1.148) 0.810 (0.718-0.998) 0.8468
C24.0 Tetracosanoic/Lignoceric 0(0-0.073) 0.070 (0-0.080) 0.6959

Amino acids (umol/L), n= 26 n=11 n=15
Glycine + Threonine + Arginine** 388.9 (132.3) 488.1 (166.9) 0.5469
Methionine 22.7 (8.3) 29.2 (8.7) 0.5469
Valine 119.9 (33.9) 154.8 (36.5) 0.2333
Isoleucine 47.7 (13.5) 65.6 (17.2) 0.1400
Leucine 85.9 (26.3) 117.9 (27.6) 0.1400

Other metabolites, n=31 n=12 n=19
Total Cholesterol, mg/dL 136.5 (125.7-155.0) 124 (113-140) 0.6959
Triglycerides, mg/dL 112.2 (43.6) 124.0 (53.8) 0.8080
Glucose, mg/dL 89.9 (6.3) 87.5(10.8) 0.7716
Insulin, uUl/mL 5.2 (2.9-8.8) 3.1 (2.6-3.6) 0.8306

The variables are expressed as mean (standard deviation) and median (interquartile range) for variants with normal and
asymmetrical distribution, respectively.

*Adjusted p-value. The Benjamini-Hochberg step-up FDR method (FDR<0.05) was used due to the multiple comparisons.

**The analytical method used was not able to differentiate and provide isolated quantification for glycine, threonine and

arginine.
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13 DISCUSSAO

No Brasil, a BD foi incluida no Programa Nacional de Triagem Neonatal
no ano de 2012 e a classificagéo correta (DB total, DB parcial, heterozigotos)
dos pacientes assintomaticos com atividade reduzida da biotinidase preocupa
0s especialistas. Isso acontece porque o resultado da atividade enzimética
pode sofrer diferentes interferéncias (biolégicas e ambientais, a exemplo da
prematuridade e temperatura de armazenamento da amostra) e sua
classificacdo estd diretamente relacionada a tomada de deciséo terapéutica:
DB total e parcial s&o tratadas, mas heterozigotos nao.

A analise genética tem sido apontada como um teste complementar para
o diagnostico, importante na avaliacdo de bebés prematuros e de bebés que
passaram por transfusdo de sangue. As amostras utilizadas na analise do DNA
necessitam de condi¢cdes de transporte menos criteriosas e se mantém
estaveis por mais tempo apos a coleta do que as amostras de plasma/soro
utilizadas no teste enzimatico (Cowan et al., 2010; Wolf, 2010). A analise
genética ainda ndo esta disponivel no pais, a ndo ser por projetos de pesquisa
e em alguns laboratorios privados. O estudo apresentado no Capitulo 1 desta
tese buscou uma melhor compreensdo sobre a relacdo genotipo-fendtipo
bioquimico na DB para orientacdo sobre aplicacdo da analise genética no
diagnastico.

Foi caracterizado o perfil clinico e genético de individuos brasileiros com
atividade reduzida da biotinidase identificados por triagem neonatal, além de
alguns pacientes identificados por suspeita clinica, e avaliada a associacéo
gendtipo-fendtipo bioquimico. O grupo de pacientes anteriormente estudado foi
ampliado, assim, este trabalho forneceu dados sobre a maior amostra de
pacientes brasileiros jA analisados. Além de individuos com atividade
enzimatica nas faixas da DB total e parcial, foram incluidos nas analises
individuos com atividade na faixa da heterozigose, porque a classificacao entre
a DB parcial e heterozigose é crucial na decisao sobre a instituicdo da terapia e
aconselhamento genético para a familia.

A amostra (amostragem por conveniéncia) foi composta em sua maioria
por individuos com atividade intermediaria entre a DB parcial e o limite inferior

da normalidade (atividade correspondente a heterozigotos), seguida da DB
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parcial, e depois da DB total. Com base na nossa amostra, sugere-se que a
triagem neonatal no Brasil estd identificando principalmente individuos
heterozigotos e com DB parcial. Individuos que apresentaram valor dentro da
normalidade ja no primeiro teste confirmatorio ndo foram recrutados, e nao
temos conhecimento da proporcdo desses casos. Na Holanda, a triagem
neonatal para DB foi iniciada em 2007 e o trabalho publicado em 2016 mostrou
gue a maioria dos resultados alterados foram falsos-positivos (45,7%) - ou seja,
acima de 30% de atividade - e DB parcial (47,8%). Segundo os autores, iSSO
gerou uma carga grande e desnecessaria sobre os pais e o sistema de saude.
Apenas 6,5% foram diagnosticados com DB total. Em 2012, o valor de corte
para triagem ja havia sido reduzido, e os autores sugeriram reduzir novamente
(Wiltink et al., 2016). Os dados relativos a triagem no Brasil através do PNTN,
gue tem cobertura em torno de 83% dos NV (dado de 2015), ndo estéo
disponiveis. E possivel que aqui também uma parte muito grande dos
resultados alterados seja de falsos-positivos. Essa é uma informacao de suma
importancia em vista das despesas com testes confirmatdrios e da ansiedade
gerada nas familias.

Este estudo ndo foi desenhado de forma que permita calcular a
incidéncia da DB, mas como o numero de pacientes que participaram da
pesquisa com atividade de DB parcial (incluindo borderline DB
parcial/heterozigoto) foi 5,5 vezes maior do que o nimero de pacientes com
atividade de DB total, a DB parcial parece ser muito mais frequente, assim
como foi constatado nos estudos realizados em Michigan nos EUA (DB
parcial= 1:16.533 NV, DB total= 1:101.779 NV) (Jay et al., 2015) e oeste da
Hungria (DB parcial= 1:23.000 NV, DB total= 1:97.000 NV) (Milankovics et al.,
2010). Isso pode ser explicado pela alta frequéncia do alelo ¢.1330G>C
(p.Asp444His), associado a DB parcial, na populacédo (frequéncia alélica no Rio
Grande do Sul: 4%, Sao Paulo: 2,7%).

Na tabela 3 da Introducdo, foram mostradas as cinco variantes mais
frequentes em pacientes com DB em estudos dos EUA, e as frequéncias
alélicas em outros paises - variantes: ¢.98 104del7ins3, c.1612C>T,
c.1368A>C, c.[511G>A;1330G>C], ¢.1330G>C. No presente estudo, as
variantes patogénicas mais frequentes em pacientes com atividade reduzida

da biotinidase (n= 71, ndo relacionados) foram: ¢.1330G>C (frequéncia alélica:
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46%), c.755A>G (5,8%) e c.[1330G>C;511G>A] (3,6%). As variantes
€.98_104del7ins3, ¢.1612C>T e c.1368A>C apareceram com frequéncias
baixas. Considerando apenas pacientes com atividade enzimética de DB
parcial e total (n= 25, ndo relacionados), como foi feito na tabela 3, as
frequéncias alélicas foram: 6% para c.98_104del7ins3, 4% para c.1612C>T,
2% para c.1368A>C, 4% para c.[1330G>C;511G>A], 37% para c.1330G>C, e
12% para c.755A>G. A c.1368A>C € menos frequente em pacientes
brasileiros, enquanto que a c.755A>G se destaca.

Tomando as associacdes de gendtipos e fenoétipos propostas pelo expert
Prof. Barry Wolf como regra geral (apresentadas na figura 5 da Introducéo),
verificou-se que 68.5% dos casos seguiram essa regra no nosso estudo, ou
seja, em aproximadamente 70% dos casos existiu concordancia entre o
genodtipo (ou fendtipo esperado conforme o gendtipo) e fendtipo bioquimico.
Quando individuos que apresentam as mesmas variantes (genotipo) foram
comparados entre si, observou-se que eles pertencem a diferentes classes de
fendtipo bioquimico. Revisando a literatura, verificou-se que este foi 0 primeiro
estudo a abordar a associagao genotipo versus fenétipo na DB desta forma. De
modo que a maioria dos estudos publicados apresenta os dados de gendtipo e
atividade enzimatica dos participantes, foi possivel aplicar a regra geral e
calcular a associacéo para cada um deles. Foram excluidos os estudos em que
as classes fenotipicas dos participantes nao estavam claramente informadas (e
nao havia informacao suficiente sobre valores de referéncia para definir as
classes); e foram excluidos 0s pacientes que apresentavam variantes novas e,
portanto, ndo se conhecia o efeito patogénico. Tomando em conjunto sete
estudos (realizados em diferentes paises: EUA, Canada, Holanda, Italia,
Hungria e Ird) que avaliaram pacientes com variados niveis de atividade da
biotinidase por sequenciamento, a concordancia ocorreu em média em 88%
dos casos (intervalo: 62-100%) (Swango et al., 1998; Norrgard et al., 1999;
Milankovics et al., 2007; Gannavarapu et al., 2015; Wiltink et al., 2016; Asgari
et al., 2016; Porta et al., 2017). Nos estudos brasileiros previamente publicados
foi verificada concordancia em 83% e 66% dos casos (Neto et al., 2004; Lara et
al., 2015).

No estudo de Thodi et al. (2013), em pacientes gregos, a homozigose

para ¢.1330G>C (p.Asp444His) foi associada a DB parcial; essa associacao
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ocorreu em 11 de 16 pacientes com DB parcial. Nesse estudo foi realizada
pesquisa direcionada de mutacdes em vez de sequenciamento do gene BTD, a
qual nado inclui a pesquisa da alteragdo ¢.511G>A, que é encontrada em cis
com a ¢.1330G>C (constituindo um alelo com efeito grave ou de deficiéncia
total). Embora os autores ndo tenham discutido no artigo, é possivel que, nos
pacientes homozigotos para ¢.1330G>C (p.Asp444His), um dos alelos seja o
alelo complexo ¢.[1330G>C;511G>A]. Por essa limitagcdo, o estudo nao foi
incluido na andlise descrita no paragrafo anterior.

O presente estudo sugere que, nas condicbes como € realizado o
diagnostico bioquimico (atividade enzimética) e com o método de analise
genética aplicado, a associacdo genotipo-fenétipo bioquimico para pacientes
brasileiros € inconsistente. Nao foi realizada investigacédo de grandes delecdes
ou duplicacdes, assim como também néo foi realizada nos trabalhos usados
como comparativo, porque essas alteracfes sdo muito raras (apenas duas
mutacOes deste tipo foram relatas em duas familias). A maioria dos pacientes
“discordantes” apresentou fenotipo bioquimico de heterozigoto. Especula-se
gue a porcentagem de concordancia verificada pode ter sido mais baixa do que
em outros estudos porgue, na nossa amostra, individuos com fenotipos mais
leves foram mais representativos. O achado para DB condiz com o que €
relatado para outros EIM. De modo geral, os EIM sdo condi¢cdes com grande
variabilidade fenotipica, e muitas vezes a associacdo genétipo-fenétipo néo é
consistente, até mesmo entre membros de uma mesma familia (Weiner, 2017).
Em vista disso, a analise genética ndo substitui a medida da atividade da
biotinidase. Para este teste, além dos cuidados com armazenamento da
amostra, é recomendado que cada laboratdrio estabeleca intervalos de
referéncia para cada uma das categorias enzimaticas (Strovel et al., 2017).

Verificou-se também que o resultado da atividade enzimatica pode
aumentar do primeiro para o0 segundo teste. Este achado reforca a
recomendacdo de que um intervalo de referéncia especifico para recém-
nascidos seja estabelecido, ja que foi descrito que recém-nascidos a termo tém
50-70% da média da atividade normal em adultos (Strovel et al., 2017).

No Capitulo 2 desta tese, avaliamos o impacto funcional de variantes
génicas novas, além da variante comum ¢.1330G>C (p.Asp444His), através de

mutagénese sitio dirigida e expressao in vitro. O efeito das variantes
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previamente relatadas em pacientes com DB tem sido estimado por associagao
com a atividade enzimatica em plasma/soro apresentada pelos pacientes. Tal
estratégia é particularmente informativa quando o paciente € homozigoto e se o
gendtipo é recorrente. As variantes novas avaliadas neste estudo foram
encontradas em heterozigose composta e a atividade enzimatica é o resultado
da expresséo de ambos os alelos, que podem ter efeitos diferentes.

A expressao do gene BTD em linhagem celular (HEK 293), através de
um método convencional, mostrou-se efetiva. A deteccdo de atividade
enzimatica e proteina no meio de cultura, além do lisado celular, mostra que a
biotinidase é secretada por células HEK 293. Nao foi detectada atividade
endogena de biotinidase, o que simplifica a interpretacdo dos resultados. Além
disso, o meio de cultura classico DMEM foi utilizado uma vez que nenhum
cofator para a enzima biotinidase & conhecido. Caso contrario, moléculas que
atuam como cofatores, presentes no meio de cultura, poderiam estabilizar a
enzima e mascarar o efeito deletério das mutacodes.

Os resultados sugeriram que as variantes p.Leu40Pro, p.Cys160Tyr e
p.Leu446Pro tém efeito deletério, e que as variantes p.Asp222Asn,
p.Asp444His e p.Asn489Ser ndo sdo deletérias. A variante p.Asn489Ser,
apesar de nao ser classificada como deletéria, resultou em uma atividade
reduzida (40%) da biotinidase em meio de cultura, a qual concordou com a
atividade esperada para a variante conforme a atividade em plasma do
paciente. Portanto, a variante p.Asn489Ser pode estar associada a DB parcial
guando em heterozigose composta com um alelo deletério. A variante comum,
p.Asp444His, diferentemente do esperado, apresentou atividade alta (100%)
em meio de cultura e mais estudos sdo necessarios para esclarecimento do
seu efeito. Podem existir outros fatores afetando a sua patogenicidade, tais
como labilidade térmica. No artigo, foram discutidos possiveis mecanismos de
patogenicidade com base nas caracteristicas dos aminoacidos alterados e
posicfes das alteracbes na estrutura da enzima. Como a atividade da
biotinidase em plasma/soro (portanto, extracelular) que foi historicamente
correlacionada com o aparecimento de sinais e sintomas, o efeito em meio de

cultura deve sempre ser avaliado em estudos futuros de expressao.
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O Capitulo 3 desta tese teve enfoque na DB parcial, forma da doenca
para qual h& controvérsias em relacdo ao progndstico, beneficios da triagem e
tratamento preventivo.

Em 2015, o expert Prof. Barry Wolf publicou sua experiéncia desde o
inicio da triagem neonatal para DB nos EUA. Em relagdo a DB parcial, ele
reportou que ao longo dos anos foi tomando conhecimento de criancas
identificadas por triagem, mas que ndo foram tratadas, e de crian¢cas néao
identificadas por triagem e, portanto, que também ndo foram tratadas, as quais
eventualmente desenvolveram sintomas tipicos de pacientes com DB total.
Com isso, ele passou a recomendar o tratamento com biotina para todas as
criancas com DB parcial de modo a evitar os sintomas. Em tal artigo, foram
compiladas informagdes de 20 individuos sintomaticos reportados na literatura;
além desses, o autor diz ter conhecimentos de mais casos néo publicados.
Alguns exemplos de sintomas sao: rash, alopecia, hipotonia, convulsdes,
atraso no desenvolvimento; apareceram de forma mais branda do que na DB
total (Wolf, 2015).

Por outro lado, ha profissionais que criticam a triagem neonatal para a
forma parcial DB. O principal argumento é que individuos com esses niveis de
atividade enzimatica raramente desenvolvem sintomas; 0S casos S&o
esporadicos e restritos a situacdes de estresse (infec¢des, desnutricao).

Os resultados apresentados no Capitulo 3 sugerem que pacientes com
DB parcial ndo desenvolvem alteracdes metabdlicas relacionadas a déficit
energético nos primeiros meses de vida. Apesar dos acidos organicos na urina
serem um achado relatado na DB, foram analisados metabdlitos detectados no
plasma porque esse tipo de amostra foi mais conveniente ho momento do
recrutamento.

Em relacdo ao tratamento com biotina (usualmente 5-10 mg por dia, por
toda a vida), essencialmente todos os pacientes o toleraram sem efeitos
colaterais. Entretanto, pouco se sabe sobre a dose necesséria para criancas
mais velhas, adolescentes e adultos. Com a manutencdo da dose de biotina
constante, ocorre uma “titulagcao”. a medida que o paciente cresce, a dose de
biotina por quilograma de peso diminui. A grande maioria dos pacientes
permanece assintomatica com 10 mg de biotina diaria. Conforme relato de

experiéncia clinica do expert Prof. Barry Wolf, varias meninas com DB total
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desenvolveram perda de cabelo durante a adolescéncia ou a puberdade que foi
resolvida apés aumentar as doses de biotina de 10 mg por dia para 15 ou 20
mg por dia. Com base nisso, Wolf recomenda aumentar a dose para pacientes
de ambos os sexos nesta fase. Para mulheres gravidas de bebé com DB ou
com risco de DB, ndo h& manejo especial, mas deve ser considerada a
suplementagao com biotina (Wolf, 2015).
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14 CONCLUSOES

As conclus®es do trabalho serdo apresentadas por objetivo.

I. Identificar as variantes mais frequentes do gene BTD em pacientes
brasileiros.

As variantes mais frequentes entre brasileiros com atividade reduzida da
biotinidase foram ¢.1330G>C (p.Asp444His), c.755A>G (p.Asp252Gly) e
c.[511G>A;1330G>C] (p.[Alal71Tyr;Asp444His]), com frequéncias alélicas de
46,7%, 5,8% e 3,6%, respectivamente. Em conjunto, elas representam 56%
dos alelos patogénicos encontrados neste estudo. Essas variantes também
estdo entre as mais frequentes em outros estudos, entretanto, como pode ser
percebido pela baixa frequéncia de cada uma (com excecdo da c.1330G>C),
existe uma grande heterogeneidade alélica na DB. Neste estudo, ainda foram
identificadas trés variantes novas: ¢.1337T>C ou p.Leu446Pro, c.1466A>G ou
p.Asn489Ser, e c.962G>A ou p.Trp321*.

[l. Verificar a associacao entre genotipo e fendtipo bioquimico (classe de
atividade da biotinidase) em pacientes brasileiros.

Os dados sugerem que a associacdo gendtipo-fendtipo bioquimico é
falha (inconsistente). A concordancia entre o fenoétipo bioguimico esperado
(conforme o gendtipo) e fendtipo bioquimico observado (conforme atividade

enzimatica) ocorreu em aproximadamente 70% dos casos.

Ill. Examinar a regido promotora, 5°UTR e éxon 1 e do gene BTD
(regibes comumente ndo avaliadas) para identificacdo de variantes que
possam estar contribuindo para os niveis de atividade da biotinidase nos
pacientes.

A partir da analise dessas regifes, trés variantes (polimorfismos) na
regido promotora foram identificados. As variantes ¢.-514C>T, ¢.-315A>G e c.-
183G>A foram encontradas em pacientes “discordantes” (quanto ao gendtipo e
fendtipo), e ¢.-183G>A e c.-514C>T também estavam presentes em pacientes
‘concordantes”. Essas variantes parecem n&o exercer efeito relevante na

atividade da biotinidase.

101



IV. Avaliar fatores ndo genéticos que possam contribuir para o fenétipo
bioquimico, como prematuridade, ictericia e transporte da amostra.

A ictericia neonatal, a prematuridade e transporte da amostra de plasma
ndo parecem ser as principais causas das discordancias entre os fenoétipos
bioguimicos esperados e observados em nosso estudo.

V. Avaliar a atividade enzimatica em funcéo da idade.

Nossos dados sugerem que a atividade enzimética pode aumentar com
a idade, em particular durante o periodo neonatal, e que a prematuridade e
ictericia neonatal podem ter contribuido para os primeiros resultados mais

baixos.

VI. Estabelecer critérios para o0 emprego da analise genética no contexto
do diagndstico da DB.

As discordancias entre genotipo e fenotipo bioquimico reforcam a
orientacdo de que a DB deve ser diagnosticada com base na medida da
atividade biotinidase. Uma vez que esse teste pode ser influenciado por varios
fatores, recomendamos realizar mais de uma medida (de preferéncia no
mesmo laboratdrio), e que pelo menos uma amostra seja coletada apés o
periodo neonatal. O resultado de atividade enzimatica mais elevada deve ser
usado para classificacdo. A analise genética (do paciente e pais) pode ser (til
ap6s a segunda medida da atividade da biotinidase se o resultado for
aproximadamente 30% da atividade normal, para obtencdo de mais evidéncias

de BD parcial e decisdo sobre manutencéo do tratamento.

VII. Avaliar a patogenicidade da variante mais frequente (c.1330G>C ou
p.Asp444His) e das variantes novas do tipo sentido trocado (c.119T>C ou
p.Leu40Pro, c¢.479G>A ou p.Cysle0Tyr, c.664G>A ou p.Asp222Asn,
c.1337T>C ou p.Leud46Pro, c.1466A>G ou p.Asn489Ser), identificadas em
paciente brasileiros, através de expressao in vitro.

Os resultados deste estudo in vitro sugerem que as variantes
p.Leud4OPro, p.Cysl1l60Tyr e p.Leud446Pro sdo deletérias, e que as variantes

p.Asp222Asn, p.Asp444His e p.Asn489Ser ndo sdo deletérias. Apesar disso, a
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variante p.Asn489Ser pode estar associada a DB parcial. A variante
p.Asp444His, previamente associada a DB parcial, resultou em atividade alta
(100%) em meio de cultura. Especula-se que essa variante esteja relacionada

a instabilidade da enzima e relacionada a atividade enziméatica variavel.

VIIl. Realizar avaliacdo metabdlica em individuos com DB parcial -
através da medida de &cidos graxos, aminodacidos, colesterol total,
triglicerideos, glicose e insulina em amostras de plasma - na busca de
biomarcadores que possam auxiliar no diagnéstico e progndéstico (evidéncias
de patogenicidade da DB parcial).

Os resultados sugerem que individuos assintomaticos com atividade da
biotinidase entre 10-30% (identificados por triagem neonatal) ndo apresentam
descompensacéo bioquimica nos primeiros meses de vida sem tratamento. O
estudo ndo demonstrou evidéncias que reforcem o carater patogénico da DB
parcial e, por consequéncia, a necessidade de triagem neonatal e tratamento

preventivo.
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15 PERSPECTIVAS

Como continuidade dessa pesquisa, 0s seguintes estudos estdo sendo
desenvolvidos pelo grupo de pesquisa:

* Pesquisa de alteracdes na regido 3’'UTR do gene BTD, especialmente
nos pacientes sem variantes patogénicas identificadas e com gendtipo
discordante do fenétipo bioquimico.

» Avaliagdo epigenética, por estudo da metilacgdo do gene BTD,
principalmente naqueles individuos com mesmo gendétipo que apresentam
fenotipos bioquimicos distintos.

Além disso, projetos podem ser delineados para analisarem os seguintes
aspectos, por exemplo:

» Avaliagdo da estabilidade da enzima com a variante p.Asp444His (em
plasma de individuos homozigotos ou a partir de expressao in vitro) frente a
diferentes temperaturas e tempos de incubacdo pré-ensaio da atividade
enzimatica.

» Estabelecimento de intervalos de referéncia para a atividade da
biotinidase para as diferentes classes - DB total, DB parcial, heterozigotos e
normal - para criangcas no periodo neonatal e pds-neonatal, com confirmacéo
da classe com teste genético em paralelo.

» Estabelecimento da idade para realizacdo do teste confirmatério de
atividade enzimatica.

» Revisao sistematica da literatura a respeito de evidéncias terapéuticas

para a DB parcial.
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17 ANEXOS

17.1 Anexo |

HCPA - HOSPITAL DE CLiNICAS_ DE PORTO ALEGRE
GRUPO DE PESQUISA E POS-GRADUACAO

COMISSAO CIENTIFICA

A Comissdo Cientifica do Hospital de Clinicas de Porto Alegre analisou o projeto:

Projeto: 120186
Data da Versao do Projeto:

Pesquisadores:
IDA VANESSA DOEDERLEIN SCHWARTZ

TACIANE BORSATTO

Titulo: Avaliagio genética e aspectos clinicos de pacientes brasileiros com deficiéncia de
biotinidase

Este projeto foi APROVADO em seus aspectos éticos, metodolégicos, logisticos e financeiros para
ser realizado no Hospital de Clinicas de Porto Alegre. .

Esta aprovagdo estd baseada nos pareceres dos respectivos Comités de Etica e do Servigo de Gestao
em Pesquisa.

- Os pesquisadores vinculados ao projeto ndo participaram de qualquer etapa do processo de avaligéo
de seus projetos.

- O pesquisador devera apresentar relatorios semestrais de acompanhamento e relatério final ao Grupo
de Pesquisa e Pos-Graduagéo (GPPG)

/) / / Porto Alegre, 18 de julho de 2012.

117



17.2 Anexo |l

HCPA - HOSPITAL DE CILiNICAS' DE PORTO ALEGRE
GRUPC DE PESQUISA E POS-GRADUAGAO

COMISSAQ CIENTIFICA

A Comiss3o Cientifica do Hospital de Clinicas de Porto Alegre analisou o projeto:

Projeto: 140710
Data da Verséio do Projeto:  24/12/2014

Pesquisadores:

IDA VANESSA DOEDERLEIN SCHWARTZ
TACIANE BORSATTO

SAMYRA ESPINDOLA LIMA

FERNANDA SPERB LUDWIG

Titulo:  Abordagem inédita na avaliagio genética de brasileiros com deficléncla de
biotinidase: andlise do promotor e éxon 1 do gene BTD

Este projeto fol APROVADD em seus aspectos éticos, metodolégicos, logisticos e financeiros para
ser realizado no Hospital de Clinicas de Porto Alegre.

Esta aprovagfio estd baseada nos pareceres dos respectivos Comités de Etica e do Servigo de Gestéo
em Pesquisa.

- Os pesquisadores vinculados ao projeto néo participaram de qualquer etapa do processo de avaligéo
de seus projetos.

- O pesguisador devera apresentar relatérios semestrais de acompanhamento e relatério final ac Grupo
de Pesquisa e Pas-Graduagéo (GPPG)

Porto Alegre, 02 de margo de 2015.

Prof, Jogé erto Goldim
Coorderrdgt CEP/HCPA
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17.3 Anexo Il

HCPA - HOSPITAL DE CLINICAS DE PORTO ALEGRE
o GRUPO DE PESQUISA E POS-GRADUAGAO

COMISSAD CIENTIFICA

A Comissdo Cientifica do Hospital de Clinicas de Porto Alegre analisou o projeto:

Projeto: 140401
Data da Versfio do Projeto:  21/07/2014

Pesquisadores:

DA VANESSA DOEDERLEIN SCHWARTZ
REMATA VOLTOLINI VELHO

TACIANE BORSATTO

FERMNANDA SPERB LUDWIG

Titule: Estudo de expressdo de variantes do gene BTD

Este projeto fol APROVADO em seus aspectos éticos, metodoldgicos, logisticos e financeiros para
sor realizado no Hospital de Clinlcas de Porto Alegre.

Esta aprovagdo estd baseada nos pareceres dos respectivos Comités de Etica e do Servigo de Gestdo
em Pesquisa.

- Os pesquisadores vinculados ao projeto ndo participaram de qualquer etapa do processe de avaligio
de seus projetos.

- O pesquisador devera apresentar relatdrios semestrais de acompanhamento e relatdrio final ac Grupo
de Pesquisa & Pas-Graduagio (GPPG)

Alegre, 25 de agosto de 2014.

-
erto Goldim
CEP/HCPA
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17.4 Anexo IV

HCPA - HOSPITAL DE CLINICAS DE PORTO ALEGRE
GRUPO DE PESQUISA E POS-GRADUAGAQ

COMISSAO CIENTIFICA

A Comissao Cientifica do Hospital de Clinicas de Porto Alegre analisou o projeto:

Projeto: 160072
Data da Versio do Projeto:  12/02/2016

Pesquisadores:
1DA VANESSA DOEDERLEIN SCHWARTZ
TACIANE BORSATTO

Titulo:  Avaliagdo metabolica em individuos com nivels reduzidos de atividade da bictinidase

Este projeto fol APROVADO em seus aspectos éticos, metodologicos, logisticos e financeiros para
ger realizado no Hospital de Clinicas de Porto Alegre. )

Esta aprovagio estd baseada nos pareceres dos respectivos Comités de Etica e do Servigo de Gastdo
em Pesquisa.

- Os pesquisadores vinculados ao projeto ndo participaram de qualquer etapa do processo de avaligao de
seus projetos,

- O pesquisador deverd apresentar relatdrios semestrais de acompanhamento e relatdrio final ao Grupo
de Pesquisa e Pds-Graduagéo (GPPG)
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18 APENDICES

18.1 Apéndice |

Formulario de dados

Projeto: Avaliacdo genética e aspectos clinicos de pacientes brasileiros com

deficiéncia de biotinidase.

Laboratdrio BRAIN - Centro de Pesquisas Experimentais - HCPA

Formulario preenchido por:

Data: / /

Identificacéo

Ne:

Sexo: () fem () masc

Data de nascimento: I

Idade:

Etnia: () euro-desc. () afro-desc. () indigena Outro:

Consanguinidade entre os pais: () sim () nao

Médico assistente — Contato:
Dr.

Instituic&o:

Cidade:

UF:

Rua: Ne

CEP:
Telefone: ()

E-mail:

compl.

Informacgdes Clinicas

Diagnosticado por: () triagem neonatal
() rastreamento familial
() suspeita clinica

Complete o quadro com todos os testes de atividade da biotinidase que foram

realizados (triagem e confirmatorio):

Amostra
(papel filtro,
soro/plasma,

outro?)

Data Laboratério Método

Resultado
(e unidade de
medida)

Intervalo de
referéncia
(e média da
atividade normal,
se disponivel)

Paciente
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Pai

Prematuridade: () sim, semanas gestacionais: () ndo
Relato de ictericia: () sim () ndo

Ha outros casos da doenca na familia: () ndo () sim
Quem:

Tratamento com biotina: () ndo () sim
Dose (atual): mg/dia

Apresenta sintomas, atualmente: () sim nao ()
Apresentou sintomas, no passado: () sim néao ()

Idade em que surgiram os primeiros sintomas:
()dias ()semanas ( )meses ( )anos
() Assintomatico

Sintomas atuais e/ou passados:

Problemas Neuroldgicos

() Fadiga () Convulsdes

() Hipotonia () Retardo mental

() Atraso motor () Coma

() Regressao motora () Alteracao no eletroencefalograma

() Fraqueza muscular motora () Alteracdo na ressonancia magnética

() Ptose e/ou tomografia computadorizada do
() Paresia espastica cérebro

() Ataxia () Alteracao da mielografia

() Letargia () Atraso na fala
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Problemas de audicao
() Perda auditiva

Problemas de visao

() Perda da acuidade visual
() Escotoma

() Viséo dupla

() Atrofia Optica

Problemas respiratorios
() Apneia
() Taquipneia

Problemas metabdlicos
() Acidose metabdlica
() Aciddria organica

() Lactado aumentado no liquor

() Hiperamonemia

() Outros sintomas:

Problemas Cuténeos
() Lesdes (rash) cutaneas —
() generalizada () localizada
() Eczema
() Infeccéo fungica
() Escassez de cabelos
() Alopécia

Outros

() Infecc@o do trato urinario
() Conjuntivite subclinica

() Problema gastrointestinal

Sintomas que permaneceram mesmo com o tratamento com biotina:

Dentre os que permaneceram, quais sintomas melhoraram com o tratamento

com biotina:

Espaco para heredograma:
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18.2 Apéndice Il

Produgbes complementares

Os trabalhos aqui apresentados foram publicados na forma de resumos,
e apresentados na forma de pdster nos seguintes eventos:
Xl Latin American School of Human and Medical Genetics (ELAG),
XXVII Congresso Brasileiro de Genética Médica,
352 Semana Cientifica HCPA,
Saléo de Iniciacao Cientifica da UFRGS (2016),
X Latin American Congress of Inborn Errors of Metabolism and Neonatal
Screening,
SSIEM 2016 Annual Symposium,
13th International Congress of Inborn Errors of Metabolism.

Além disso, a doutoranda coorientou trabalho de concluséo de curso de
graduacéo, e participou como coautora nos trabalhos:
“CBS mutations are good predictors for B6-responsiveness: A study based on
the analysis of 35 Brazilian Classical Homocystinuria patients” (Mol Genet
Genomic Med. 2017;1-12), e
“Diagnosis and management of classical homocystinuria in Brazil: A summary
of 72 late diagnosed patients” (em processo de submissao).

Atualmente, colabora com projetos de mestrado sobre deficiéncia de

biotinidase.
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