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RESUMO

Neste trabalho sdo apresentados resultados de uma analise in silico sobre os efeitos das alteracdes
no gene SLC20A2 no desenvolvimento da doenga neurodegenerativa Calcificagdo Cerebral
Familial Priméaria (CCFP). O SLC20A2 codifica o transportador de fosfato sodio-dependente PiT2.
PiT2 é composto de 12 dominios transmembrana e 12 dominios topoldgicos intra- e extracelulares.
Recentemente, mutacGes nesse gene foram ligadas como a maior causa da CCFP, uma
neuropatologia caracterizada por calcificacdes bilaterais no cérebro. Mais de 50 variantes do
SLC20A2 foram associadas a CCFP. Conhecer a estrutura do PiT2 é importante para a compreensao
do desenvolvimento da doenca. Nesse aspecto, ferramentas de predicdo de proteinas sdo utilizadas
para informar possiveis efeitos de variacbes no gene em sua proteina codificada. Nesse trabalho
foi utilizado o banco de dados dbNSFP para tragar o perfil de susceptibilidade a variagdes da PiT2
atraves da sobreposicdo de 10 diferentes algoritmos de predicdo. Um total de 4545 anotacGes do
SLC20A2, compreendendo variantes benignas e ligadas a doenca, foram prospectadas do banco de
dados dbNSFP. Esses dados foram organizados, visualizados e analisados na linguagem R. A
combinacdo de algoritmos de predicdo revelou os exons 3, 4, 5 10 e 11 como tendo
proporcionalmente o maior nimero de variantes preditas como danosas, enquanto os exons 7, 6, 2
e 8 apresentando os menores numeros. Nenhuma correlacdo foi encontrada entre 0 comprimento
do exon e a proporcdo de variantes danosas. A proporcdo média geral de variantes danosas
encontrada para o SLC20A2 foi de 8,63%. Os exons 3, 4 e 5 tiveram a maior proporc¢éo de variantes
danosas (~15% cada), seguidos pelo exon 10 (13,29%). Isso indica uma maior susceptibilidade a
variagcOes nessas posicdes para a funcionalidade da proteina. Da mesma forma, os exons 7 e 6 (0 e
1,5%) foram considerados mais tolerantes a variagOes. A literatura recente apoia a alta proporgao
de variantes danosas para 0 exon 10 em pacientes com CCFP, enquanto nenhuma variante missense
foi encontrada para os exons 7 e 6. O PiT2 foi analisado em relacdo a sua susceptibilidade a
variagdes em cada posicdo. Exons 3, 4, 5 e 10 foram considerados mais susceptiveis, enquanto
exons 7 e 6 foram considerados mais tolerantes. Esse método de analise do perfil de
susceptibilidade pode ser utilizado em outras proteinas, possivelmente levando a um melhor

entendimento de suas estruturas genéticas.

PALAVRAS-CHAVE: Bioinformatica. Neurogenética. Gendmica.



ABSTRACT

This dissertation presents results from a in silico analysis regarding the effects of alterations in the
SLC20A2 gene in the development of the neudegenerative disease Primary Familial Brain
Calcification (PFBC). SLC20A2 codifies the sodium-dependent phosphate transporter PiT2. PiT2
is composed of 12 transmembrane and 12 intra- and extracellular topological domains. Recently,
mutations in this gene were linked as major causative to Primary Familial Brain Calcifications
(PFBC), a neuropathology characterized by bilateral calcifications in the brain. Over 50 SLC20A2
variants were associated to PFBC. Understanding PiT2’s structure is important for the
comprehension of the disease development. Protein prediction tools are used to inform possible
effects of variations in the gene to its encoded protein function. We used the dbNSFP database to
profile the PiT2 variation susceptibility by overlaying 10 different prediction algorithms. A total
of 4545 SLC20A2 annotations, comprising benign and disease-related variants, were prospected
from dbNSFP database. This data was organized, visualized and analyzed in R language. The
combination of the prediction algorithms revealed exon 3, 4, 5, 10 and 11 with the proportionally
highest number of predicted damaging variants, while exons 7, 6, 2 and 8 having the lowest
numbers. No correlation was found between exon length and proportion of damaging variants. The
overall proportion of damaging variants for SLC20A2 found was 8.63%. Exons 3, 4 and 5 had the
highest proportion of damaging variants (~15% each), followed by exon 10 (13.29%). This
indicates a higher susceptibility to variation in these positions for protein functionality. Likewise,
exons 7 and 6 (0 and 1.5%) were considered more variation-tolerant. Recent literature supports a
high proportion of damaging variants for exon 10 in PFBC patients, while no PFBC-related
missense variants were found for exons 7 and 6. PiT2 was profiled regarding its variation
susceptibility in each position. Exons 3, 4, 5 and 10 were considered highly variation-susceptible,
while exons 7 and 6 were considered more variation-tolerant. This method of prediction profiling

can be used for other proteins, possibly leading to a better understanding of its structures.

KEYWORDS: Bioinformatics. Neurogenetics. Genomics.
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1 INTRODUCAO

1.1 PROBLEMATIZACAO

Calcificacdo Cerebral Familiar Primaria (CCFP) € uma doenca neuroldgica rara caracterizada
por padrdes bilaterais de calcificacdo do encéfalo. As regibes mais afetadas sdo as estruturas do
ganglio basal, tAdlamo e cerebelo (nucleo dentado). Os sintomas neurolégicos motores e cognitivos
associados a CCFP sdo comparaveis aos de outras doencas neurodegenerativas como
parkinsonismo, esquizofrenia, deméncia, podendo também ser assintomatica (OLIVEIRA, 2011;
DA SILVA et al., 2013).

Quatro moléculas foram confirmadas como causadoras de CCFP. A primeira foi o
transportador de fosfato inorganico PiT-2, responsavel por cerca de 40% dos casos de CCFP
(WANG et al., 2012; LEMOS et al., 2013). As outras duas moléculas a serem relacionadas foram
a PDGFB (subunidade beta do fator de crescimento derivado de plaquetas) e seu receptor
PDGFRB, envolvidos na velocidade de incorporacao de fosfato inorganico pela PiT-1 (NICOLAS
etal., 2013b; KELLER et al., 2013; GIANCHELLI et al., 2001; e LEMOS et al., 2013). Em 2015
foi confirmada como causadoras de CCFP mutagfes o0 gene XPR1, envolvido na exportacdo de
fosfato inorganico celular (LEGATI et al., 2015).

Algumas outras formas de calcificacdo cerebral foram ligadas a mutacGes de heranca
autossomica dominantes, geralmente com a presenca de outros achados clinicos associados, como
imunodeficiéncia primaria ou graves mas formacdes cerebrais. O gene mais recente confirmado
como relacionado a calcificacfes cerebrais € 0 PCDH12 (NICOLAS et al, 2017), um gene que
codifica uma protocaderina envolvida na adeséo e integridade da membrana das células, com perfil
de expressao cerebral muito semelhante ao gene SLC20A2 (DA SILVA et al, 2013).

Com quatro, e possivelmente mais, genes ligados a doenca e mais de uma variante de cada gene
como causa, a CCFP é considerada uma condicdo poligénica. Além disso, a divergéncia de
sintomas entre cada caso, mesmo com variagdes no mesmo gene como causa, levanta a questéo de
como cada um dos genes esta envolvido no desenvolvimento da doenca. Compreender, portanto,
como cada variante afeta cada um dos genes se torna uma peca chave na elucidagdo dos aspectos
de causa e efeito da genética da CCFP. O gene SLC20A2, associado ao maior nimero de casos da

condigdo, torna-se o principal alvo de estudos genéticos que entendamos como seu produto, a
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proteina PiT2, é afetado com cada uma das possiveis variagdes no gene. Nesse aspecto, estudos de
bioinformética permitem modelar os possiveis cenarios genéticos e emular os efeitos que cada uma
das possibilidades vao afetar a funcionalidade da proteina; o que pode ser extrapolado como causa
da CCFP.

1.2 JUSTIFICATIVA

Sendo um gene de importancia médica, como o principal causador da calcificacdo cerebral
familiar primaria, sd@o necessarios esforcos para conhecer melhor o papel metabdlico e o
funcionamento do gene SLC20A2. N&o se sabe ao certo o porqué de cada mutacdo encontrada nas
variantes levarem ao desbalanco idnico que resulta nas calcificagdes. Dessa forma, uma analise in
silico, emulando os possiveis cenarios de variacfes genéticas para o gene SLC20A2, permitira o
estudo dos possiveis efeitos de cada uma das variagdes nesse gene atraves de algoritmos de
predicdo de perda de funcionalidade da proteina. O conhecimento gerado neste projeto certamente
sera de grande importancia para a compreensdo da estrutura genética do gene SLC20A2,
possivelmente auxiliando a compreensdo das causas da CCFP e dos diferentes niveis de sintomas

da doenga.

1.3 OBJETIVOS

1.3.1 Objetivo geral

Gerar e analisar o perfil de susceptibilidade a variagfes missense do gene SLC20A2 utilizando

algoritmos de predicao.

1.3.2 Objetivos especificos

e Desenvolver uma metodologia de anélise in silico dos efeitos de variagdes genéticas no gene
SLC20A2, tracando para tal um perfil de susceptibilidade a variacGes dependente de posicao.
o Validar perfil de susceptibilidade tracado in silico comparando com dados de pacientes com

Calcificacdo Cerebral Familiar Primaria.
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2 REFERENCIAL TEORICO

2.1 CALCIFICACOES CEREBRAIS

CalcificacBes ectopicas em tecidos moles sdo muitas vezes consideradas um processo
dependente de idade. Nitschke e Rutsch (2012) sugeriram que uma diversidade de moléculas
modula ativamente esse processo. No cérebro, as calcifica¢cBes patoldgicas sdo caracterizadas pelo
acumulo de célcio e outros minerais nas paredes dos vasos sanguineos e do paréngquima, levando a
morte neuronal e gliose (SOBRIDO et al., 2014). Tais calcificagdes cerebrais sdo encontradas
geralmente no ganglio basal, cerebelo, talamo e mesencéfalo, e sdo comumente associadas as varias
desordens de limitacBes cognitivas e motoras, como parkinsonismo, distonia, deméncia, psicose e
mudancgas de humor. Além disso, casos de calcificagbes cerebrais assintomaticas também séo
comuns (LEMOS et al., 2013).

Em geral, as calcificagcdes cerebrais encontradas em neurodegeneracfes, independentemente
das diferentes etiologias, ttm uma estrutura cristalina composta de um conjunto de hidroxiapatita,
feita principalmente por fosfato de célcio (MAHY et al., 1999; RODRIGUEZ et al., 2009). Com a
crescente disponibilidade de exames de neuroimagem, esta cada vez mais frequente o nimero de
casos esporadicos de calcificagdes cerebrais, fato discutido por Oliveira e Steinberg (2010) como
sugestdo de que tal fenotipo é mais comum do que se imaginava. Ainda sobre o diagndstico das
calcificacOes cerebrais, Oliveira (2011) e Sobrido et al (2014) argumentam que uma grande bateria
de exames deve ser realizada. Esses exames incluem os niveis de paratormonio, célcio, fosforo,
eletrdlitos do soro, hormonios da tiredide e de crescimento, cortisol, taxa de sedimentacéo, testes
de funcdo renal e hepatica, niveis de ceruloplasmina e marcadores virais. Para condi¢cbes mais raras,
como encefalomiopatia, acidose latica e outras desordens genéticas, pode ser necessario analisar o
cariétipo, bidpsia muscular e analises de mutacbes. A tomografia computadorizada (em inglés,
computerized tomography — CT) é considerado o método mais apropriado de neuroimagem para
detectar calcificacGes cerebrais (YAMADA et al., 2013).

Analises de neuroimagem e comparacgdes dos padrdes de calcificacdo cerebral em diferentes
sindromes induziram Livingston et al (2013), e outros autores, a tentar classificar as calcificacGes
baseando-se nas estruturas mais afetadas. Apesar das limitacbes admitidas pelos autores, em

relacdo as variacbes comuns dos procedimentos e as analises heterogenas dos dados de
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neuroimagem, as classificacdes sugeridas foram: mecanismo provavelmente destrutivo;
calcificacdo associada a polimicrogiria; calcificacdo familiar com envolvimento do globo palido,
membro posterior da capsula interna, geno do corpo caloso e matéria branca profunda; e por fim,
calcificacdo familiar dominante (calcificacdo cerebral familiar priméaria). Apesar de variaces
intrafamiliares serem comuns, inclusive em uma mesma geracéo, j& ha evidéncia de padrbes de

calcificagdes idénticos em uma mesma familia (LEMOS et al., 2013).

2.2 CALCIFICACAO CEREBRAL FAMILIAR PRIMARIA (CCFP)

A CCFP ¢é uma desordem neuroldgica com sintomas motores e cognitivos, caracterizada pela
calcificacdo bilateral mais comumente encontrada na regido do ganglio basal, mas também em
outras regibes como o talamo e o cerebelo (Figura 1). E considerada uma condigdo rara, com
prevaléncia de menos de um caso por milhdo de pessoas. As calcificacbes sao insidiosas e
expandem progressivamente pelos vasos e parénquima (OLIVEIRA, 2011). Os sintomas
neuropsiquiatricos se apresentam como parkinsonismo, deméncia, psicose e mudancas de humor,
podendo também ser assintomatica.

Numerosas desordens neurolégicas podem levar a calcificagbes cerebrais, porém as
calcificagdes caracterizadas como “sindrome de Fahr” tém carater genético dominante (familiar) e
um padréo de calcificacdo bilateral simétrico na regido do estriadopalidodentado. Apesar do carater
genético dominante, casos idiopaticos, associados as triagens bioquimicas e endocrinoldgicas
normais também sdo comuns. Por essa caracteristica, a Calcificagdo Cerebral Familiar Primaria
(CCFP, em inglés: “Primary Familial Brain Calcification” - PBFC) ja teve como nome oficial
Calcificacdo ldiopatica do Ganglio Basal e Calcificacdo Idiopatica Familiar do Ganglio Basal (em
inglés, “Familial Idiopathic Basal Ganglia Calcification — FIBGC”). A denominagdo “sindrome
de Fahr” foi feita a partir do médico Karl Theodor Fahr. Tal nomenclatura estd caindo em desuso
pela tendéncia da nosologia em abolir 0 uso excessivo de desordens que referenciam o nome de
uma pessoa, a fim de evitar epdnimos, e também por nao ter sido o médico o primeiro a reportar
essa doenca (OLIVEIRA, 2011). O termo Calcificacdo Cerebral Familiar Primaria foi sugerido por
Sobrido et al. (2014), com base nas causas genéticas agora conhecidas e o desenvolvimento das

calcificacBes em outras regides do cérebro.
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A regido conhecida como ganglio basal, area de maior efeito da CCFP, agrupa um conjunto de
corpos neuronais (ganglios) que formam estruturas subcorticais imersas na massa branca cerebral.
Essa regido é responsavel por um grande nimero de processos motores e cognitivos, incluindo o
equilibrio, coordenacdo e memoria implicita, sendo essa regido envolvida também em diversas
outras condi¢Bes neuropsiquiatricas como doenca de Parkinson, distonia, coreia e transtorno

obsessivo compulsivo (OLIVEIRA, 2011).

Figura 1: Padrdo de calcificacdo
cerebral encontrado em pacientes com
Calcificacdo Cerebral Familiar
Priméaria. Figura de paciente com
mutacGes no gene PDGFB (Keller et al.,
2013).

Fonte: Keller et al., 2013

2.3 MECANISMO GENETICO DA CCFP

2.3.1 Gene SLC20A2

Um padrdo autossdmico dominante de segregacdo é encontrado na maioria das familias com
CCFP, com poucos casos apresentando uma heranca recessiva (LEMOS et al., 2013).
Recentemente os casos de CCFP foram relacionados a causas genéticas, como o gene SLC20A2
que codifica a proteina transportadora de fosfato inorgénico (PiT-2), com padrGes de expressdo e
correlacdo neuroanatdbmica com as areas mais afetadas pelas calcificacBes. A relacdo entre o gene
e a doenca também a relaciona a0 mecanismo de transporte de fosfato (WANG et al., 2012).
Entretanto, s6 é possivel atrelar aproximadamente 40% dos casos estudados até hoje ao gene
SLC20A2, evidenciando a heterogeneidade genética da sindrome (LEMOS et al., 2013).
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A PiT-2 é uma proteina transmembrana identificada previamente como um receptor para o
retrovirus anfotrépico de murinos (Ram-1). Essa proteina tem um papel no transporte de sodio-
fosfato inorganico, com funcdo da manutencdo da homeostase de fosfato inorganico. E envolvida
na mineralizacdo dos o0ssos e na calcificacdo ectdpica (KAVANAUGH e KABAT, 1996;
COLLINS et al., 2004; VIRKKI et al., 2007).

Mutagdes encontradas para o gene SLC20A2 em pacientes com CCFP vdo desde sentido
alterado, alteracfes do quadro de leitura, delecGes, mutacdes sem sentido, mutagdes sinbnimas, e
até de sitio de splicing. Segundo Oliveira et al. (2013), as analises in silico de diferentes algoritmos
de bioinforméatica predizem que a maioria dessas mutacoes é deletéria. Hsu et al. (2013) encontrou
que nove entre catorze mutacdes eram preditas como introdutores de um codon de terminacao,
apontando haploinsuficiéncia como mecanismo de causa. Zhang et al. (2013) demonstrou por
analise da expressdo relativa do gene SLC20A2 com uma mutacdo de dele¢do produzia uma
proteina PiT-2 truncada, com terminacdo prematura. Essa alteracdo resultou em uma reducédo de
aproximadamente 30% na expressdo desse gene (niveis de RNA mensageiro) em relacdo a
individuos do grupo controle. Mutacdes de novo no gene SLC20A2 também foram encontradas e
relacionadas como causas de CCFP (FERREIRA et al., 2014).

2.3.2 Outros genes causadores da CCFP

Pouco apds a descoberta da associacdo entre mutacdes no SLC20A2 e a Calcificacdo Cerebral
Familiar Priméria, Nicolas et al. (2013) encontrou duas familias apresentando CCFP com mutagdes
no gene PDGFRB, que codifica um receptor de tirosina-quinase classe Ill, e Keller et al. (2013)
encontrou outras seis familias com CCFP e mutacGes no gene PDGFB. As mutacfes no gene
PDGFRB afetavam residuos conservados no dominio quinase, enquanto as mutacdes do PDGFB
nao tém um mecanismo de atuacao compreendido. O PDGFB € envolvido em muitos mecanismos
incluindo angiogénese, sobrevivéncia de pericitos e a manutengdo barreira hematoencefalica
(BHE). Um dos mecanismos propostos pelos quais os genes PDGFB e PDGFRB sédo envolvidos
nos padrdes de calcificacdo da CCFP seria pela modulacéo da velocidade de captacdo do fosfato
inorganico pelo transportador de fosfato PiT-1 (GIANCHELLI et al., 2001; LEMOS et al., 2013).

Camundongos com alteragdes no gene PDGFB sdo utilizados para o estudo da funcionalidade

da BHE e como modelos para CCFP. Esses animais desenvolvem naturalmente calcificacfes
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cerebrais similares a dos pacientes com a doenca, sobretudo o camundongo Pdgfb™"®. Essa
linhagem tem uma mutacdo em homozigose no gene PDGFB, com um produto biologicamente
ativo, compativel com a vida adulta, apesar de ser hipomorfico pela auséncia da regido C-terminal
(KELLER et al, 2013; VANLANDEWIJCK et al, 2015; VIILLASENOR et al, 2017). Moura,
Lemos e Oliveira (2017) reuniram informagdes de diferentes autores sobre os cérebros dos
camundongos Pdgfb™ e construiram um modelo em trés dimensdes com dados de
extravasamento de BHE e calcificagOes cerebrais (Figura 2). Foi observado que regites mais
passiveis de calcificar (mesencéfalo, diencéfalo, prosencéfalo basal e ponte) apresentam uma
menor taxa de extravasamento de BHE em relacéo a outras regiGes neuroanatdmicas. Tal resultado
indica que a formac&o das calcificacdes pode ndo estar relacionada com falhas na BHE. A relacéo
entre BHE, pericitos e calcificacbes cerebrais permanece incompletamente entendida, sendo
necessarios mais estudos para entender a patofisiologia da CCFP causada por alteracbes no PDGFB
e PDGFRB.

Mutagdes no gene XPR1 também foram associadas 8 CCFP (LEGATI et al, 2015). Mdltiplas
familias ndo relacionadas geneticamente apresentaram mutacdes no XPR1 no dominio SPX,
relacionado a exportagdo de fosfato celular, ou em suas proximidades. Diferente do mecanismo de
calcificacdo pelo SLC20A2 (que codifica a proteina transportadora de fosfato inorgéanico PiT-2),
onde a inibicdo da introducdo de fosfato leva a deposicéao de fosfato de célcio na matriz extracelular
dos vasos, as mutagdes no XPR1 impedem a exportacdo do fosfato celular, causando acumulo
desse elemento dentro da célula. Esse gene também foi associado a outras doencas
neurodegenerativas como esquizofrenia, esclerose lateral amiotrdfica, degeneracéo do lobo frontal
(ALS/FTD) e Doenga de Alzheimer (XU et al, 2012; FUJIOKA et al, 2013; MANAVALAN et al,
2013)

2.4 GENOMICA E BIOINFORMATICA

A utilizacdo de ferramentas de bioinformatica tem possibilitado a integracdo de dados
gendbmicos, protedmicos, metaboldmicos, entre outros dmicos, na formacédo de redes genéticas e
metabdlicas para melhor elucidar condicfes fisioldgicas e patoldgicas. Dentro desse cenario,

doencas complexas, que sdo condi¢cdes causadas por mais de um fator genético, ambiental ou
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combinacdo desses, sdo ainda mais beneficiadas com a utilizacdo de ferramentas de gendmicas e
de bioinforméatica (MIDDLETON et al., 2007; LOWE E REDDY, 2015).

Figura 2: Modelo representativo dos efeitos da perda de funcio da proteina PDGFB no cérebro de camundongos (Pdgfhbretret),
Séao representadas areas com maior (azul) e menor (preto) extravasamento de barreira hematoencefalica, areas de calcificagdo
(vermelho) e areas sem informacdes disponiveis (cinza). A) Vista sagital. B) Vista coronal. C) Vista horizontal. 013; e
MOURA E OLIVEIRA, 2015).

Fonte: Figura retirada de Moura, Lemos e Oliveira (2017).

Dentro do conjunto de ferramentas de bioinformatica, os algoritmos de predigédo de funcdo séo
particularmente importantes para analisar resultados de estudos gendmicos e elucidar os efeitos de
variacdes genéticas no desenvolvimento de processos patologicos (LI1U, JIAN e BOERWINKLE,
2011; LIU et al., 2016).
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3 METODOS
3.1 BUSCANDO O GENE SLC20A2 NO BANCO DE DADOS dbNSFP

O dbNSFP (versdo 3.29, LIU et al, 2016) foi utilizando para baixar todas as variantes
preditas para o gene SLC20A2 contidas no banco de dados em outubro de 2016. Para isso foi
necessario instalar o ambiente Java e baixar o banco de dados inteiro, um grande arquivo de 89
Gigabytes e a criagdo de um arquivo de entrada contendo o nome do gene ‘slc20a2’. O prompt de
comando do Windows foi utilizado para acessar o banco de dados com a linha ‘java
search_dbNSFP32a -i slc20a2.in -o slc20a2.out’. Esse comando gerou uma lista de 4544 diferentes
anotacdes de variantes para o gene SLC20A2, cada uma testada em 30 diferentes algoritmos de
predicdo em relacdo ao seu efeito na funcionalidade da proteina.

3.2 ANALISANDO AS VARIANTES PREDITAS DO GENE SLC20A2

A linguagem R (versdo 3.3.3) foi utilizada junto ao software RStudio (versdo 1.0.143) para
analisar os dados gerados pelo dbNSFP em relacéo as variantes do gene SLC20A2. Primeiro, 0s
dados foram organizados por posi¢do cromossémica, separando por exon.

Para gerar uma analise superficial do perfil do gene, o algoritmo de predi¢cdo SIFT foi
utilizado para tracar os resultados para todo o gene. Dos 30 diferentes algoritmos de predigéo,
apenas aqueles que caracterizam a variagdo como ‘danosa’ ou ‘tolerada’ foram utilizados nessa
analise. Dois subconjuntos de dados foram criados com os dados considerados ‘danosos’ (D) pelos
algoritmos SIFT, Polyphen2 HDIV, Polyphen2 HVAR, LRT, MutationTASTER, FATHHM,
PROVEAN, MetaSVM, MetaLR e FATHHM-MKL e as variantes remanescentes foram
consideradas toleradas. O nimero de variantes toleradas e danosas foi contabilizado para cada exon
e, finalmente, os exons foram comparados entre si em relagdo ao nimero de variantes preditas
como danosas.

Para estatisticamente os dados foi realizado um teste T de Student, comparando o nimero
de variantes preditas como danosas para cada exon. Uma analise de regressdo linear foi realizada
no R com o comando “Im” para checar se o tamanho do exon tem relacdo com o numero de
variantes preditas como danosas. Por fim, foi realizada uma analise de correlacdo de Pearson
utilizando a formula “cor” do R. O script completo do R é apresentado em 3.1.

3.3 REVISAO DE LITERATURA SOBRE VARIANTES MISSENSE DO GENE SLC20A2
LIGADAS A CCFP

Uma pesquisa aprofundada foi realizada para reunir possivelmente todos os dados
disponiveis de pacientes com CCFP associados a variagdes missense no gene SLC20A2. As
palavras-chave “SLC20A2”, “primary familial brain calcification”, “idiopathic basal ganglia
calcification” e “PiT2” foram buscadas nos indices de publicacdes académicas PubMed e Google
Scholar, entre o periodo de janeiro de 2012 a dezembro de 2017. Variantes missense do gene
SLC20A2 associadas a pacientes com CCFP foram anotadas e reunidas para este trabalho.
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4 RESULTADOS

4.1 ARTIGO SUBMETIDO AO PERIODICO PROTEINS: STRUCTURE, FUNCTIONS AND
BIOINFORMATICS - ‘Profiling PiT2 protein variants effects on functionality by prediction
algorithms’
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Abstract

SLC20A2 codifies the sodium-dependent phosphate transporter PiT2. Mutations in this gene are
a major cause to Primary Familial Brain Calcifications (PFBC), neuropathology characterized by
bilateral brain calcifications. Over 50 SL("20A2 variants are currently associated to PFBC.
Understanding PiT2’s structure is important to comprehend the disease development. Protein
prediction tools are useful to inform possible effects of variations in the gene to its encoded
protein function. dbNSFP database was used to profile PiT2 variation susceptibility by
overlaying 10 different prediction algorithms. A total of 4545 SL('20A42 annotations, comprising
benign and disease-related variants were prospected from dbNSFP database. This data was
organized, visualized and analyzed in R language. No correlation was found between exon
length and proportion of damaging variants. The overall proportion of damaging variants found
was 8.63%. Exons 3, 4 and 5 had the highest proportion of damaging variants (~15% each),
followed by exon 10 (13.29%). This indicates a higher susceptibility to variation in these
positions for protein functionality. Likewise, exons 7 and 6 (0 and 1.5%) were considered more
variation-tolerant. Recent literature supports a high proportion of damaging variants for exon 10
in PFBC patients, while no PFBC-related missense variants were found for exons 7 and 6. In
conclusion, PiT2 was profiled regarding its variation susceptibility in each position. Exons 3, 4, 5
and 10 were considered highly variation-susceptible, while exons 7 and 6 were considered more
variation-tolerant. This method of prediction profiling can be used for other proteins, possibly
leading to a better understanding of its structures.

Introduction

Gene SLC20A2 codifies a transmembrane protein PiT-2. This protein, along with its homologous
PiT-1 (SL.C20A41), forms up the NaPiT3 protein family of type-3 phosphate transporters. These
proteins’s function is in inorganic phosphate homeostasis and are they involved directly in bone
mineralization and ectopic calcifications'*. PiT2 was previously identified as a receptor for
Ram-1, an anfotropic murine retrovirus®, Phosphate transporters share a PHO4 superfamily
domain and PiT2 has two phosphate transporter domains close to the N and C terminal regions of
the protein. These domains are located at positions ~5-225 and ~490-625. Within these domains
there is a highly conserved sequence named GANDVANA. Within this sequence, the glycine
and aspartic acids at positions two and five are the most conserved residues in most lifeforms of
earth. And mutations in these residues severely impair the phosphate transport function of PiT2
while maintaining the viral receptor function of this protein®. In PiT2, this sequence is located at
both PH04 domains, in positions 25-32 and 503-510. These sequences are comprised in exons 2
and 9, respectively. Part of the coding sequence within these exons are directly related to the
phosphate transport function of the protein.

Several mutations in S7.C'2042 were considered causative for Primary Familial Brain
Calcification (PFBC), a rare neuropsychiatric condition involving symmetrical bilateral
calcifications in the brain, affecting mostly the midbrain, thalamus, basal forebrain, pons and
cerebellum’®. PFBC-linked mutations of SLC20A2 vary from missense to nonsense mutations, as

John Wiley & Sons, Inc.



21

Page 3 of 12 PROTEINS: Structure, Function, and Bioinformatics

1

2

i well as splicing site mutations®. Hsu et al” found that nine in fourteen of these mutations were

5 predicted to introduce a premature stop codon, pointing protein haploinsuficiency as a causal

6 mechanism for the disease. In cases where both nonsense and missense mutations are cause for a
7 particular condition, because nonsense mutations effects are too extreme, understanding the

g effects of missense mutations might lead to a better understanding of the protein involvement in
10 the pathomolecular mechanism of the condition.

1 ; Protein prediction tools are useful to inform the possible effects of a newly found variant in the
13 gene to its encoded protein. Several different prediction algorithms are currently available for

14 this end. The dbNSFP database groups 14 of the available prediction algorithms into a single

15 database, making it incredibly easy to assess information about prediction of protein

1? functionality by missense variations®. We have used this database to profile the SLC2042 gene
18 per exon by overlaying different prediction algorithms.

19

20

21 Materials and Methods

;; Querying SLC20A2 gene on dbNSPF database

;g The dbNSFP (version 3.27) was used to download all predicted variants for SLC2042 gene

26 contained in the database in October 2016. This required the installation of the Java environment
27 and the download of the whole database, a large file of 89 Gb and the creation of the input file
;g containing the gene name ‘slc20a2’. Windows’ command prompt was used to access the

30 database with the line “java search dbNSFP32a -i slc20a2.in -o slc20a2.out”. This command

31 generated a list of 4544 different variant annotations for SLC2042 gene, each one tested in 30

32 different prediction algorithms regarding its effects on protein functionality.

33

34

35

36 Analyzing SLC20A2 predicted variants

g; R language (version 3.3.3) was used along with RStudio software (version 1.0.143) to analyze

39 the dbNSFP generated data regarding SLC20A42 gene variants. First the data was selected by

:? chromosome position, separating it by exon (Table S1).

42 To have a superficial analysis of the gene’s profile, SIFT prediction algorithm was used by

ﬁ plotting the results for the whole gene (Figure 1). Of the 30 different prediction algorithms, only
45 those that characterize the variant effect as damaging or tolerable were used in this analysis. Two
46 subsets were created with the data considered damaging (‘D’) by algorithms SIFT, Polyphen2

47 HDIV, Polyphen2 HVAR, LRT, MutationTASTER, FATHHM, PROVEAN, MetaSVM,

:2 Metal R and FATHHM-MKL and the variants remaining variants as tolerable. Then the

50 damaging or tolerable variants were accounted for each exon, and finally the exons were

51 compared regarding the number of predicted damaging variants. Student T test was used to

52 compare each exon. A linear regression analysis was conducted in R with the command ‘Im’ to
;31 check whether the exon size is related to the number of predicted damaging variants, followed by
55 a Pearson correlation analysis using R’s formula ‘cor’. The complete R script can be found in the
56 Supplementary material.

57

58 3
59

60 John Wiley & Sons, Inc.
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Literature review on PFBC-linked SLC20A42 missense variants

A thorough research was conducted in order to summarize SLC2042 missense variants
associated to PFBC in patients’ data. The keywords “SLC20A2”, “primary familial brain
calcification”, “idiopathic basal ganglia calcification” and “PiT2” where searched upon academic
publication indexes PubMed and Google Scholar, from 2012 to December 2017. Missense

variants in the gene of PFBC-positive patients were annotated and are presented in Table 3.

Results

SLC20A42’s variant damage predicted by SIFT, one of the 30 prediction algorithms available in
the dbNSFP database, was analyzed first (Figure 1). Each variant has a damage score attached
varying from 0 to 1, and variants with score closer to 1 are considered more damaging. Exons 2,
3,9, 10 and 11 have apparently the highest number of predicted damaging variants based on
SIFT algorithm. Exon 7, in comparison, has none predicted as damaging variants.

In this analysis a variant was considered damaging when all the 10 prediction algorithms agreed,
while the remaining variants were considered tolerable, or less damaging (Table 1). Exon 8 had
the highest number of considered damaging variants, followed by exons 3, 11 and 9 (50, 49, 42
and 39, respectively). Exon 7 had no considered damaging variants shared by all 10 prediction
algorithms, and exons 6 and 2 had the lowest number of damaging variants (4 and 10,
respectively). A linear regression model was tested with the data to assess if there is a correlation
between exon size and number of damaging variants (Figure S1). An intercept of 21.96 with
inclination of 0.01383 and Pearson correlation coefficient (1%) of 0.2688 were found for this
analysis, revealing a weak linear relationship between the data. The relationship between the
number of damaging variants and the size of the exon is thus weakly supported.

The proportion of considered damaging over total number of variants reveals exons 3, 4, 5, 10
and 11 as most susceptible to variations (15.5%, 15.07%, 15.02%, 13.29% and 11.41%,
respectively), while the average proportion of damaging variants for SL(20A42 gene was found
around 5.3. Exons 7, 6 and 2 are more tolerable regarding missense variations in SLC2042 (0%,
1.5% and 1.51%, respectively). Figure S2 represents these proportions for the entire SL.C2042
gene.

Lastly, we compared the proportions of predicted as damaging variants for each exon by
conducting a Student’s T test. This test revealed that the proportions are statistically different
between each exon (p =0.0019).

Comparing the predicted data with patient data

Currently, there are 28 missense SLC20A42 variants associated to PFBC (Table 2). All SLC2042
data gathered in this work was summarized in a scheme, consisting in the gene structure by

John Wiley & Sons, Inc.
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1

2

i exons, with the 12 transmembrane domains, every reported PFBC-linked SL.C2042 gene

5 missense variants and the ‘GANDVANA’ sequences positions (Figure 2). The scheme also

6 contains the number of predicted as damaging over total number of variants annotated in

7 dbSNFP for each exon, the positions of the PHO4 phosphate transporter superfamily homologies
g in the sequence and a pie graph presenting each exon contribution for the total number of

10 predicted damaging variants for SLC20A42 gene.

1

12

13 Discussion

14

15 Variations in coding sequences can lead to a large spectrum of effects on protein functionality.
13 Since the effects of number variations are extreme, we focused our analysis on missense variants.
12 Lemos et al® analyzed the number of SL(2042 gene variants related to Primary Familial Brain
20 Calcification and found that these variants are well distributed along the protein. Exon 8 had the
21 highest number of variants (~27%), followed by exon 2 (~14.5%) and exons 9, 10 and 11 (~10.5
22 each). Exon 8 and exon 2 are the largest exons of the gene, a possible reason for them to have

;i proportionally higher counts of disease-related variants®. The variant profile revealed by our

5 analysis agrees with this statement by Lemos and colleagues, showing both exons with low

26 proportion of damaging over total number of annotated variants (~3.6% for exon 8 and ~1.5%

27 for exon 2).

28

29 Our results show no correlation between exon and the proportion of damaging variants (12 of

30 0.1617). Concomitant to this finding, exon 10 while being the smallest exon of SL.C20A42 gene
:; had a proportion of ~13.3% of damaging variants over total. This is comparable to what Lemos
33 and colleagues® found when normalizing the annotated variants for the gene by exon size. They
34 found exon 10 as having the highest proportion of variants linked to PFBC (~6%) and exon 7

:g with the lowest proportion (~1%).

37 Our results present exon 9 as having one of the highest number of variants predicted as damaging
gg by all 10 prediction algorithms (31, 18.23% of the total number of damaging variants for the

40 whole gene), only behind exon 3 (34, 20%). Curiously, we found exon 2 as having one of the

41 lowest number of damaging variants in the gene (2, 1.7%), a much lower percentage of what was
42 expected given the importance of the PHO4 domain and the GANDVANA sequence. This could
:i suggest that the C- terminal PHO4 domain is more important for the protein function. And having
45 two pl‘msphate transport domains could serve as a protector mechanism against possible

46 mutations.

:; The large intracellular central region of PiT2! still has an unknown function. This region

49 comprises exons 7 and 8. Exon 7 has no variant considered damaging by all the 10 prediction

50 algorithms combined. Exon 8 is the largest exon of the SLC2042 gene, coding for 196 amino

g; acids. Although exon 8 has 28 (16.47%) predicted as damaging variants, it’s proportion of

53 damaging over total number of variants is very low (2%). This means that only a small part of
54 this large intracellular portion is functionally important.

55

56

57
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The number of PFBC-linked variants for SLC20A42 is constantly being updated. Up until now
there are over 50 variants, with varying effects on the protein and on the patient’s phenotype.
Since frameshift and truncating mutations are too drastic, missense variants are more interesting
to assess the importance of specific residues and protein regions for functionality. Of the current
PFBC-linked variants, there are 25 missense variants. These missense variants are limited to
exons 2,3,5,8,9, 10and 11. Exons 2 and 10 have the same number of variants (6, 22.22%),
suggesting that these exons code functionally important residues for PiT2. In our analysis, exon
2, with low proportion of damaging variants, was considered as highly tolerant for missense
variations, interpreted as of with lesser importance for protein function.

Exons 4, 6 and 7 still yet have no missense variant associated to PFBC. While this is expected
for exons 6 and 7 for they have the lowest number of predicted as damaging variants in our
analysis, this is surprising for exon 4. Exon 4 is predicted as having a high importance for protein
function, with over 15% proportion of predicted as damaging over total number of annotations.
These discrepancies between our prediction model and the actual patient data can be due to a yet
small number of PFBC patients with missense mutations. If other types of variants were
included, such as frameshift and stop codon mutations, which are much more damaging to the
protein structure and function, there still would be no variant in exon 6, only 2 variants for exon
7, one frameshift and one stop codon, and 3 variants for exon 4, two stop codons and one
frameshift’' 12,

Conclusion

A variant susceptibility profile was drawn for SLC20A42 gene by using data from 10 prediction
algorithms combined. Exons 3 and 10 are the most variant susceptible exons, each exon
encoding transmembrane regions at opposite ends of the protein, but without direct function
associated to these regions. Exon 10 has, along with exon 2, the highest number of missense
variants associated to PFBC. Exon 2 was found to have a low number of variants predicted as
damaging (3, 1.76%) while the patient’s data show 6 (19.23%) of PFBC-linked variants located
in this exon. Exon 7 was found to have no predicted as damaging variants in our analysis, and no
missense variant in this exon was linked to PFBC until now. Although some differences were
found between the real data and the prediction algorithms, we believe this sort of gene profiling
to be useful for increasing our comprehension of this and other genes. It’s important to notice
that only missense variants were accounted in this analysis, in an attempt to investigate the
importance of each position in the gene.
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Interesting clinical features associated with mutations in the SLC20A2 gene. Eur. J. Neurol.
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an autopsied patient with an SLC20A2 mutation. Neuropathology : official journal of ithe
Japanese Society of Neuropathology 2016;36: 365-371.

Figure legends

Figure 1. SLC20A2 variant damage predicted by SIFT algorithm by exon. The damage score for each variation is
depicted, and a trend line has been drawn based on the distribution of these data, allowing a more visual analysis of
the score distributions. Exons 2, 3, 9. 10 and 11 have the highest number of predicted damaging variants, while
exons 6 and 7 have the smallest number of these variants, predicted by SIFT algorithm.

Figure 2. Scheme representing PiT2’s genetic structure in the cell’s transmembrane space, separated by exons (A).
12 transmembrane domains are represented, and each exon is painted as a different color. A linear representation of
each exon position of PiT2 protein was also included, with the number of predicted as damaging variants over the
total number of variants annotated in dbSNFP. Arrows represent PFBC-linked SLC2042 missense variants, shown at
its approximate position in the protein (red — transmembrane, white — cytoplasmic, blue — extracellular).
GANDVANA sequences are represented as a yellow triangle at C and N terminal regions. PHO4 superfamily

John Wiley & Sons, Inc.
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1

2

3 homologous sequences are also represented with the orange rectangle. B) A pie graph representing each exon

4 contribution to the total number of predicted as damaging missense variants for SLC2042.

5

6 Figure S1. Linear regression model comparing number of variants predicted as damaging over the total number of
7 variants per exon of SLC2042 gene. The data fits very weakly into a linear model, with slope of 0.01383. This

8 translates into how the number of damaging variants increases with each increase in the total number of variants.
9 Pearson correlation was also drawn for the same data, resulting in a coefficient (r?) of 0.2688, a weak positive

10 correlation.

1; Figure S2. Proportion of variants predicted as damaging by all the 10 prediction algorithms. A) Damaging over total

number of variants for SLC2042 gene, comparing its exons. The median of proportions of damaging over total

::i number of variants for this gene is ~10%. B) Proportion of damaging by total number of variants for SLC2042 gene
15 by exon. Exons 3, 4 and 5 are revealed as having the highest proportion of variants predicted as damaging by all the
16 10 used algorithms, followed by exon 10. Exons 2, 6 and 7 have a very low proportion of damaging variants in
17 relation to the total.

18

;g Tables

;; Table 1. SLC20A42 damage prediction profile by exon.

23 Exon Total Tolerable  Damaging D/T % for SLC20A42
g‘; 2 661 651 10 0.015128593 0.035587189

2% 3 316 267 49 0.155063291 0.174377224

27 4 199 169 30 0.150753769 0.106761566

28 5 213 181 32 0.150234742 0.113879004

29 o 265 261 4 0.01509434 0.014234875

i 7 457 457 0 0 0

32 8 1358 1308 50 0.036818851 0.177935943

33 9 417 378 39 0.09352518 0.138790036

34 10 188 163 25 0.132978723 0.088967972

gg 11 368 326 42 0.114130435 0.149466192

37

gg Table 2. SLC20A42 missense variants linked to Primary Familial Brain Calcification.

40 N Amino acid position  Exon Change Reference

41 1 11 2 p-llel1Leu Chen et al*?

j‘é 2 28 2 p.Asp28Asn Nicolas ef al*

44 Chen et al*?

45 3 51 2 p.Ala51Val Yamada et al"

46 4 62 2 p-Leu62Pro Chen ef al*?

47 5 63 2 p-Gly63Asp Rubino et al'®

jg p.Gly63Ser

50 6 71 2 p-Arg71His Yamada et a/**

51 7 90 2 p.Gly90Val Koyama ef al'?

52 8 108 3 p-Leul08Pro Kasuga ef al'®

gi 9 115 3 p.Thr115Met Yamada ef a/"®

gg 10 184 5 p-Pro184Leu Nicolas et al'

57

58 9
59

60 John Wiley & Sons, Inc.



ONOYU B WM =

O

11

12
i3

14
15
16

17
18
19
20
21

22
23

24
23

26
27

28

PROTEINS: Structure, Function, and Bioinformatics

187

194
382

399
434
495

498
502
503
540
568

571
575

585
595

597
601

637

5 p.Tyr187Cys

p-Asn194Ser
8 p-Arg382Gln

8 p.His399Pro

Lemos et al®

Nicolas ef al'*
Hsu et al’

Rubino ef al*®

8 p.-Serd34Trp Taglia et al"®

8 p-Alad95Thr Lemos et al*®

8 p-Gly498Arg Wang et al’

8 p-His502GIn Hsu et al’

8 p.Gly503Ser Kumar and Jog?!

9 p.GlyS540Arg Brighina et al*?

9 p.Pro568Leu Hsu et al’
Fjaer et al®

9 p.Gly571Ser Nicolas ef al'*

10 p.Glu575Lys Wang ef al’

10 p-AlaS85Thr
10 p.Thr595Met

10 p-CysS97Tyr
11 p-Ser601Leu

Schottlaender er al**
Lemos ef al®
Wang et al’
Taglia ef al*®

Liu et al®
Wang ef al’

p.Ser601Trp

p-Ser601Leu
11 p.Ser637Arg

Table S1. SL.C2042 chromosome positions

Gene Chromosome range
chr8: 42416462-42501460

SLC2042

1
2
3
4
5
6
7
8
9
1
1

—_— o

John Wiley & Sons, Inc.

Hsu et al’
Yamada et al*®
Kimura ef al®

Exon E. Chromosome range

42501031-42501460
42472102-42472654
42465777-42465918
42463005-42463095
42459896-42459991
42444646-42444762
42439450-42439653
42436989-42437577
42430064-42430249
42428758-42428842
42416475-42417967

10
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Figures

Figure 1
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4.2 SCRIPT NA LINGUAGEM DE PROGRAMACAO R

- Carregando os dados do dbSNFP.
Uy

allslc20a2 = read.csv("C:/Users/Denis/Documents/dbNSFP/slc20a2-2.csv", h=F, sep=".")

View(allslc20a2)

- Determinando as posicoes referentes aos Exons,

i)

pit2exonl = allslc20a2[allslc20a2$V3 %in% c(42501031:42501460),]
pit2exon2 = allslc20a2[allslc20a2$V3 %in% c(42472102:42472654),]
pit2exon3 = allslc20a2[allslc20a2$V3 %in% c(42465777:42465918),]
pit2exond = allslc20a2[allslc20a2$V3 %in% c(42463005:42463095),]
pit2exon5 = allslc20a2[allslc20a2$V3 %in% c(42459896:42459991),]
pit2exon6 = allslc20a2[allslc20a2$V3 %in% c(42444646:42444762),]
pit2exon7 = allslc20a2[allslc20a2$V3 %in% c(42439450:42439653),]
pit2exon8 = allslc20a2[allslc20a2$V3 %in% c(42436989:42437577),]
pit2exon9 = allslc20a2[allslc20a2$V3 %in% c(42430064:42430249),]
pit2exonl0 = allslc20a2[allslc20a28V3 %in% c(42428758:42428842),]
pit2exonl 1 = allslc20a2[allslc20a28V3 %in% c(42416475:42417967),]

Visualizando os resultados das predicoes por exon utilizando o SIFT.

S

slc20a2 = read.csv("C:/Users/Denis/Documents/dbNSFP/slc20a2-2.csv", h=F, sep=".")

slc20a2[] <- lapply(slc20a2, function(x) {

if(is.factor(x)) as.numeric(as.character(x)) else x
1) #Transforma a coluna em valores numéricos ¢ mantém os decimais.
exonl = slc20a2[slc20a2$V3 %in% c(42501031:42501460),]
exon2 = slc20a2[slc20a28V3 %in% c(42472102:42472654),]
exon3 = slc20a2[slc20a28V3 %in% c(42465777:42465918),]
exond = slc20a2[slc20a25V3 %in% c(42463005:42463095),]
exon5 = slc20a2[slc20a2$V3 %in% c(42459896:42459991),]
exon6 = slc20a2[slc20a2$V3 %in% c(42444646:42444762),]
exon7 = slc20a2[slc20a2$V3 %in% c(42439450:42439653),]
exon® = slc20a2[slc20a2$V3 %in% c(42436989:42437577),]
exon?9 = slc20a2[slc20a2$V3 %in% c(42430064:42430249),]
exonl0 = slc20a2[slc20a2$V3 %in% c(42428758:42428842),]
exonll = slc20a2[slc20a28V3 %in% c(42416475:42417967),]

library(ggplot2)

gplot(exon2$V3, exon2$V26, main = "SIFT values for SLC20A2 exon 2", xlab = "Chr position", ylab = "SIFT

value",geom = ¢("point", "smooth"))

qplot(exon3$V3, exon3$V26, main = "SIFT values for SLC20A2 exon 3", xlab = "Chr position", ylab = "SIFT

value",geom = ¢("point", "smooth"))

gplot(exond$V3, exond$V26, main = "SIFT values for SLC20A2 exon 4", xlab = "Chr position", ylab = "SIFT

value",geom = ¢("point", "smooth"))

gplot(exon3$V3, exon5$V26, main = "SIFT values for SLC20A2 exon 5", xlab = "Chr position", ylab ="SIFT

value", geom = c¢("point", "smooth"))

qplot(exon6$V3, exon6$V26, main = "SIFT values for SLC20A2 exon 6", xlab = "Chr position", ylab = "SIFT

value",geom = ¢("point"”, "smooth"))

qplot(exon7$V3, exon7$V26, main = "SIFT values for SLC20A2 exon 7", xlab = "Chr position", ylab ="SIFT

value",geom = c("point", "smooth"))

qplot(exon8$V3, exon8$V26, main = "SIFT values for SLC20A2 exon 8", xlab = "Chr position", ylab = "SIFT

value",geom = ¢("point", "smooth"))

gplot(exon9$V3, exon95V26, main = "SIFT values for SLC20A2 exon 9", xlab = "Chr position", ylab ="SIFT

value",geom = ¢("point", "smooth"))

31

qplot(exon10$V3, exon10$V26, main = "SIFT values for SLC20A2 exon 10", xlab = "Chr position", ylab ="SIFT

value",geom = c¢("point", "smooth"))
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gplot(exon!l 1$V3, exonl 18V26, main = "SIFT values for SLC20A2 exon 11", xlab = "Chr position", ylab ="SIFT

value",geom = ¢("point", "smooth"))

- Determinando posicoes consideradas danosas por todos os metodos de predicao.

i
#SIFT

danoso = allslc20a2[allslc20a28V27 =="D" |
#Polyphen2 HDIV

danoso = danoso[allslc20a2§V33 = "D")]
#Polyphen2 HVAR

danoso = danoso[danoso$V36 = "D",]

#LRT

danoso = danoso[danoso$V39 ="D" ]
#MutationTASTER

danoso = danoso[danoso$V43 =="D;D;:D",]
#FATHHM

danoso = danoso[(danoso$V53 == "D;D;D"),]
#PROVEAN

danoso = danoso[danoso$V56 ="D" ]
#MetaSVM

danoso = danoso[danoso$V63 == "D"|]
#Metal.R

danoso = danoso[danoso$V66 == "D",]
#FATHHM-MKL
danoso = danoso[danoso$V75 ="D",]

E variacoes preditas como nao danosas.

i

length(allslc20a28V1)

head(allslc20a2$V1)

#Subtraindo as variacoes preditas como danosas do total.
naodanoso = allslc20a2[!(danoso$V1 %in% allslc20a28V1),]

Contabilizando variacoes danosas e nao danosas por exon.
i

#Para o Exon 2

exon2dam=pit2exon2|(pit2exon2$V1 %in% danoso$V1),]
exon2tol=pit2exon2[!(pit2exon2$V1 %in% danoso§V1),]
#Exon 3

exon3dam=pit2exon3[(pit2exon3$V1 %in% danoso$V1),]
exon3tol=pit2exon3[!(pit2exon3$V1 %in% danoso§V1),]
#Lxon 4

exonddam=pit2exond[(pit2exondSV1 %in% danosoSV1),]
exondtol=pit2exond[!(pit2exond$V1 %in% danoso$V1),]
#Exon 5

exonSdam=pit2exon5[(pit2exon5$V1 %in% danoso$V1),]
exon5tol=pit2exon5[!(pit2exon5$V1 %in% danosoSV1),]
#Exon 6

exon6dam=pit2exon6[(pit2exon6SV1 %in% danoso$V1),]
exon6tol=pit2exon6[!(pit2exon6$V1 %in% danoso$V1),]
#Lxon 7

exon7dam=pit2exon7[(pit2exon7SV1 %in% danosoSV1),]
exon7tol=pit2exon7[!(pit2exon7$V1 %in% danoso$V1),]
#Exon 8

exon8dam=pit2exon8|(pit2exon8$V1 %in% danoso$V1),]
exon8tol=pit2exon8[!(pit2exon8$V1 %in% danoso$V1),]
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#Exon 9

exon9dam=pit2exon9[(pit2exon9$V1 %in% danoso$V1),]
exon9tol=pit2exon9[!(pit2exon98VI1 %in% danoso$V1),]
#Exon 10

exonlOdam=pit2exonl0[(pit2exon10§V1 %in% danoso$V1),]
exonlOtol=pit2exon10[!(pit2exon10$V1 %in% danoso$V1),]
#Exon 11

exonl ldam=pit2exonl 1[(pit2exonl 1$V1 %in% danoso$V1),]
exonl Itol=pit2exonl 1[!(pit2exonl 1$V1 %in% danoso$V1).]

Comparando variacoes entre exons.

“ir

#Calculando proporcoes de variacoes danosas por Exon.

propdam?2 = length(exon2dam$V 1 )/length(pit2exon2$V1)

propdam3 = length(exon3dam$V1)/length(pit2exon3$V1)

propdam4 = length(exonddam$V 1)/length(pit2exond$V1)

propdam5 = length(exonSdam$V 1)/length(pit2exon5$V1)

propdam6 = length(exon6dam$V 1)/length(pit2exon6$V1)

propdam7 = length(exon7dam$V1)/length(pit2exon7$V1)

propdam8 = length(exon8dam$V1)/length(pit2exon8$V1)

propdam9 = length(exon9dam$V1)/length(pit2exonI$V1)

propdam10 = length(exon10dam$V1)/length(pit2exonl0$V1)

propdaml1 = length(exonl 1dam$V1)/length(piZexonl18V1)

propexons =
c(propdam?2,propdam3,propdam4,propdam5,propdam6,propdam7.propdam8,propdam9,propdam10,propdam1 1)
nomes = ¢("Exon 2", "Exon 3", "Exon 4", "Exon 5", "Exon 6", "Exon 7", "Exon 8", "Exon 9", "Exon 10", "Exon
11

names(propexons) = nomes

propexons

dataprop = data.frame(propexons)

nomes = ¢("Exon 2","Exon 3", "Exon 4", "Exon 5", "Exon 6", "Exon 7", "Exon 8", "Exon 9", "Exon 10", "Exon
11

#Anotando os valores totais por Exon.

total = c(length(pit2exon2$V 1), length(pit2exon3$V1), length(pit2Zexon4$V1), length(pit2exon58V1),
length(pit2exon6$V1), length(pit2exon78V1), length(pit2exon8$V 1), length(pit2exon9$V1),
length(pit2exonl108V1), length(pit2exonl 1$V1))

names(total) = nomes

total

#Anotando os valores danosos por Exon.

danos =

c(length(exon2dam$V1),length(exon3dam$V1),length(exonddam$V1),length(exon5dam$ V1), length(exon6dam$V1
),length(exon7dam$V 1) length(exon8dam8V1),length(exon9dam$V1),length(exon10dam§V1),length(exonl 1 dam$
VD)

names(danos) = nomes

danos

#Anotando os valores toleraveis por Exon.

toleravel =
c(length(exon2tol$V1),length(exon3tol$V1).length(exondtol$V1).length(exon5tolSV1),length(exon6tol§V1),length(
exon7tol$V1),length(exon8tol$V1),length(exon9tol$V1).length(exon10tol$V 1), length(exonl [tol$V 1))
names(toleravel) = nomes

toleravel

#Juntando todos os dados em um dataframe.

tudo = data.frame(total,danos,toleravel)

tudo

tudoSproporcao = propexons

View(tudo)
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#Anotando os valores para o gene inteiro

danosslc20a2 = sum(tudo$danos)

danosslc20a2

toleravelsle20a2 = sum(tudoS$toleravel)

#Grafico de pizza para proporcoes de anotacoes de variantes danosas por Exon para o gene SLC20A2
pie(danos)

#Grafico de pizza para tamanho total de Exons do gene SL.C20A2.

pie(total)

#Visualizando os dados de predicao em um grafico de dispersao.

plot(propexons,xlab="Exons 2-11",main="Proporcao de variantes preditas danosas/total para o gene
SLC20A2",ylab="Proporcao")

#Comparando os dados reais com a proporcao.

plot(propexons,danos,xlab="Proporcao",ylab="Numero de variantes consideradas danosas",main="Comparacao do
numero de variantes danosas com a proporcao”)

#Comparando variantes totais por proporcao das consideradas danosas.

plot(tudo$proporcao,tudo$total)

plot(tudo$danos,tudoS$total)

#Testando se esses dados seguem uma distribuicao linear e calculando a correlacao entre tamanho do exon e numero
de variantes danosas.

linear = Im(danos~total data=tudo)

linear #Aqui percebemos a intercessao de 14.34 e inclinacao de 0.005983 (quanto que o numero de variantes
consideradas danosas aumenta para cada numero de variantes anotadas)

plot(tudoStotal,tudo$danos)

abline(linear,col="red")

cor(tudoSdanos,tudoStotal) #Uma correlacao de 0.1617 que pode ser traduzida como fraca ou nao correlacionada.
#Visualizando os dados de predicao em um histograma

par(mfrow=c(1,2))

hist(danos,main="Variantes consideradas danosas por Exon",xlab="Variantes danosas",ylab="Frequencia")
hist(propexons,main="Variantes danosas/Total de anotacoes",xlab="Proporcoes",ylab="Frequencia")
#Visulaizando os dados de predicao de danos para o gene SLC20A2 em um boxplot.

boxplot(propexons, main="Proporcao de variantes danosas por exon para o gene SLC20A2",ylab="Proporcao
Danoso/Total") #O boxplot mostra que a mediana se encontra em ~5% (metade dos exons tem 5% de anotacoes
consideradas muito danosas)

#Visualizando os dados de predicao em graficos.

tudoSExon =c¢("Exon 2", "Exon 3", "Exon 4", "Exon 5", "Exon 6", "Exon 7", "Exon 8", "Exon 9", "Exon 10",
"Exon 11")

boxplot(tudo$danos~tudoStotal,main="Comparacao das anotacoes, por exon, para o gene
SLC20A2",ylab="Anotacoes consideradas danosas" xlab=("Todas as anotacoes"))
boxplot(tudoSdanos~tudo$SExon,las=2,main="Comparacao das anotacoes danosas por exon para o gene
SLC20A2" ylab="Anotacoes consideradas danosas")

dataprop = data.frame(nomes,propexons)

dataproptest = data. frame(nomes,(propexons*100))

dataprop

plot(dataprop,las=2,main="Proporcoes de anotacoes para o gene SLC20A2" ylab="Anotacoes

danosas/total" xlab=NA)

dataproptest

names(dataproptest) = c¢("Exon", "Proporcao")

dataprop

#Testando se a media das variantes danosas e diferente de 50%.

t.test(dataprop$propexons,mu=0.1 alternative="less") #Com esse P-value, a proporcao de variantes consideradas
danosas encontrada pros Exons e inferior a 10%.

#Testando se o numero de variacoes danosas estao igualmente distribuidas entre os Exons do gene SLC20A2
media = length(danoso$V1)/10

media

#Teste de Student comparando os valores reais de variantes danosas por Exon e a proporcao de variantes danosas
pelo total de anotacoes por exon.
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t.test(danos) #P-value confirma que os numeros de variantes e estatisticamente diferente entre os exons.
t.test(propexons) #P-value mostra que as proporcoes sao muito diferentes entre os exons.
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5 CONCLUSOES

Durante 0os 24 meses referentes ao mestrado, entre Margo de 2016 e Fevereiro de 2018, foi
possivel realizar uma grande quantidade de pesquisas cientificas, acumulando uma enorme
quantidade de conhecimento e construindo uma formacédo académica sélida. Foram concluidos 24
créditos (360 horas) em disciplinas pelo Programa de Po0s-Graduacdo em Biologia Aplicada a
Saude, obtendo nota maxima em todas as disciplinas cursadas, finalizando o curso com média A.

O projeto proposto foi finalizado com éxito, resultando em uma submissao para publicacdo
em periddico internacional, o Proteins: Structure, Function, and Bioinformatics (fator de impacto
2,289) e um script para analises de perfil de genes e suas respectivas proteinas em relacdo a areas
de maior ou menor susceptibilidade a variacdes genéticas.

As atividades complementares realizadas durante o periodo do mestrado permitiram uma
vivéncia académica consideravel, resultando em publicacbes em periddicos com alto fator de
impacto - incluindo uma carta a prestigiosa revista Science; uma co-autoria em artigo completo na
revista Neurology: Genetics, com autores de referéncia na neurogenética da CCFP; e um artigo
como primeiro autor na revista Journal of Molecular Neuroscience. Além disso, foram obtidas
também premiacfes em anos consecutivos como segunda melhor apresentacéo oral no simpdsio
internacional anual promovido pelo Laboratério de Imunopatologia Keizo Asami, 0 Simposio
Internacional em Diagnostico e Terapéutica (SINATER), edi¢bes de 2016 e 2017.

O conjunto de atividades realizadas durante o mestrado forneceram uma solida base académica
para realizacdo de um projeto maior durante o doutorado. Projeto de doutorado ja aprovado para
inicio em Margo de 2018, pelo Programa de Po6s-Graduacdo em Biologia Aplicada a Saude

(Laboratério de Imunopatologia Keizo Asami) da Universidade Federal de Pernambuco.
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Clarifying samples
in Zika analyses

IN RESPONSE TO the Zika outbreak and
putatively related microcephaly cases in
Brazil, many research groups in Brazil,
North America, and Europe are studying
the virus (“Evidence grows for Zika virus as
pregnancy danger,” G. Vogel, In Depth, 11
March, p. 1123). The simultaneous efforts
to address this urgent matter have led to
the use of some samples in multiple stud-
ies. There is no clear leadership or protocol
to regulate access to patients, some of
whom are also participants in studies of
potential microcephaly causes unrelated to
Zika, such as cytomegalovirus and genetic
inbreeding (7). Some studies are report-
ing different results for the same set of
samples. For example, Calvet et al. (2) and
Oliveira Melo et al. (3) acknowledge over-
lap in the methods section. It is difficult

to assess studies if we cannot determine
whether, or to what degree, the cohorts are
independent. Such confusion has already
necessitated clarification of similar studies
from different groups (4).

To address this problem, the World
Health Organization could create a uni-
versal code for each baby with confirmed
microcephaly and Zika infection, to be used
by all research groups working with these
data. The codes should include unique
identifiers, generated by a competent gov-
ernment agency, that indicate the country
and institution of diagnosis as well as a
serial number for each patient. The World
Health Organization could also provide a
public database for Zika cases that would
include the Zika codes as well as epide-
miological information. These steps would
allow individual cases to be identified in
multiple studies while protecting privacy.
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Researchers studying Zika and microcephaly are
using overlapping sets of data.

Animal-based
antibodies: Obsolete

THE GLOBAL ANTIBODY industry produces
an indispensable resource for biological,
molecular, and cell scientists. Antibodies
are harvested from immunized animals.
The animals suffer side effects from the
immunizations (7) and are, in some cases,
mistreated (2). It is no longer necessary

to compromise animal welfare: Since the
mid-1990s, animals have not been required
for antibody production (3). It is long past
time to replace the use of animal-generated
antibodies with nonimmunized recombi-
nant antibodies.

Animal-Friendly Affinity reagents (AFAs)
are antibodies that are generated by using
recombinant technology in viruses or
yeasts. The technology allows cloning of
immunoglobulin gene segments, to produce
antibody libraries with high diversity from
which antibodies with desired specificities
can be chosen. These are translated on the
surfaces of cells or phage particles, and
exposed to the target antigen, which selects
a highly specific antibody, after which pro-
duction can be scaled up within cell culture.
AFAs are commercially available and can
also be developed in individual laboratories.
They have wide-ranging applicability as well
as specificity and affinity—equal or greater
to their animal-generated counterparts—to
a huge repertoire of antigens. They also give
researchers greater control over antibody
properties, generation time, and cost (4).
Thanks to AFAs, the use of animals has
become obsolete.

EU Directive 2010/63/EU (5) requires the
replacement of animals used in scientific
procedures when alternatives exist. Yet,
despite the maturation of a growing num-
ber of techniques to produce AFAs, antibody

Published by AAAS

production using animals continues to be
authorized. Twenty years ago, EU Member
States were advised that “in the near
future,” antibody production “without prior
immunization of [animals would] avoid the
need to use living animals” (6). That predic-
tion was correct. It is incomprehensible that
such needless animal use continues.

There is little clarity about how many
animals are used to produce antibodies.
Only two EU Member State countries have
published antibody production numbers.

In 2013, the United Kingdom reported use
of 9522 animals (7), and The Netherlands
reported the use of 25,697 animals (8). The
numbers do not include animals used to
produce antibodies that were imported
into those countries. Neither country has
published the number of animals used for
this purpose since 2013.

We recommend the following actions:
Antibody production methods that use ani-
mal immunization should be replaced in
EU Member States. Manufacturers outside
the European Union should be required to
adhere to European standards to qualify
for import to Member States. An expert
working group should be established to set
up a roadmap for replacement. Programs
should be implemented to ensure that
animal-friendly antibody producers are
fully supported. Subsequent reports
from the Commission to the Council and
the European Parliament on the statis-
tics on the number of animals used for
experimental and other scientific purposes
should include data on the use of animals
for antibody production as an independent
category. These actions should be rein-
forced through international cooperation
and national agencies that can execute
government regulation and prevent out-
sourcing to regions where animal welfare
is less well regulated.
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Brain calcifications and PCDH 12 variants

ABSTRACT

Objective: To assess the potential connection between PCDH12 and brain calcifications in
a patient carrying a homozygous nonsense variant in PCDH12 and in adult patients with brain
calcifications.

Methods: We performed a CT scan in 1 child with a homozygous PCDH12 nonsense variant. We
screened DNA samples from 53 patients with primary familial brain calcification (PFBC) and 26
patients with brain calcification of unknown cause (BCUC).

Results: We identified brain calcifications in subcortical and perithalamic regions in the patient
with a homozygous PCDH12 nonsense variant. The calcification pattern was different from what
has been observed in PFBC and more similar to what is described in in utero infections. In patients
with PFBC or BCUC, we found no protein-truncating variant and 3 rare (minor allele frequency
<0.001) PCDH12 predicted damaging missense heterozygous variants in 3 unrelated patients,
albeit with no segregation data available.

Conclusions: Brain calcifications should be added to the phenotypic spectrum associated with
PCDHZ12 biallelic loss of function, in the context of severe cerebral developmental abnormalities.
A putative role for PCDH12 variants remains to be determined in PFBC. Neurol Genet 2017;3:
e166; doi: 10.1212/NXG.0000000000000166

GLOSSARY
BCUC = brain calcification of unknown cause; ExAC = Exome Aggregation Consortium; PFBC = primary familial brain calcification.

A homozygous nonsense PCDH12 variant has recently been reported in consanguineous fam-
ilies, where the affected children had congenital microcephaly, epilepsy, and profound global
developmental disability." Fetal MRI and USG showed dysplastic elongated masses in the
midbrain-hypothalamus-optic tract area and hyperechogenic perithalamic foci. PCDHI12 enc-
odes a protocadherin associated with membrane physical stability, adhesion, and vasculature
maintenance and has recently been pointed out as a candidate gene for primary familial brain
calcification (PFBC). PFBC is characterized by the presence of calcifications affecting primarily
the basal ganglia, in the absence of secondary cause.? Clinical manifestations include movement
disorders, cognitive impairment, psychiatric disturbances, and headache, most frequently begin-
ning during adulthood.** Heterozygous variants causing autosomal dominant PFBC in up to
50% of the families were identified in 4 genes: SLC2042, PDGFRB, PDGFB, and XPR1.* We
previously searched for genes with a cerebral expression pattern similar to the PFBC major
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causative gene SLC20A2 using the Allen Brain
Adas (brain-map.org/),”"
SLC20A2 expression in regions affected by
calcifications in PEFBC. PCDH12 was singled

out with the highest significant correlation,"

observing a higher

and a follow-up analysis with additional brains
still shows PCDH12 as the most similar pat-
tern to SLC20A2, even when compared with
the other known PFBC causative genes (table
e-1 at Neurology.org/ng).

To evaluate the potental link between
PCDH12 and brain calcifications, (1) we per-
formed a CT scan in a patient reported to carry
a homozygous nonsense PCDH12 variant and
(2) we screened DNA samples from patients
with PFBC or brain calcifications of unknown
cause (BCUC).

METHODS CT imaging in PCDHI2 homozygous variant
carriers. In the original report, patients with symmetric intrauterine
growth retardation, severe microcephaly, visual impairment, dysto-
nia, epilepsy, and profound developmental disability were shown
to carty a PCDHI2 c.995T>A, p.R839X homozygous variant.'
This variant is considered to be pathogenic when carried at the
homozygous state following the American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology recommendations.'" Brain imaging revealed mid-
brain hypothalamus dysplasia and significant periventricular

and/or periventricular hyperechogenicity. Fetal USG and MRI

Figure

Brain CT imaging of a patient carrying the PCDH12 c.995T>A, p.R839X
homozygous variant

(A, B) Coronal sections. (C, D) Transversal sections. Spot calcifications affecting perithalamic
regions (white arrows, A-C) and subcortical regions (red arrows, B, D).

2

Neurology: Genetics

did not enable to determine whether these foci are eventually
calcifications. Therefore, we performed a brain CT scan in-
individual I1I-1, family B from the origina] pedigree.‘

PCDHI2 screening in patients with brain calcification.
We included a total of 79 worldwide adult cases with brain calcifi-
cations that were referred to 5 centers of expertise, negatively
screened for the known PFBC causative genes (supplemental data).
Of these, 53 cases matched the clinical inclusion criteria for PFBC
(dertailed previously in reference 3). Briefly, these cases exhibited at
least bilateral basal ganglia calcifications and no secondary cause.
The remaining 26 patients were included on a neuropathologic
basis if they presented moderate-to-severe basal ganglia calcifica-
tions. Note that calcifications also involved other brain regions in
almost all cases and that other causes of brain calcifications could
not be excluded in these padents, thereafter referred as having
BCUC. All patients were screened for pathogenic variants by
sequencing all coding exons of PCDHI2 (reference transcript:
NM_016085.3). Bioinformatics predictions were performed using
direct access to Polyphen2 HumDiv,"> SIFT,"* and Mutation
Taster'* tools, and the minor allele frequency (MAF) was checked
at the Exome Aggregation Consortium (ExAC) website accessed in
August 2016 (exac.broadinstitute.org/).'> Detailed inclusion crite-

ria and sequencing methods are provided in supplemental data.

Standard protocol approvals, registrations, and patient
consents. All patients provided written informed consent for

genetic analyses.

RESULTS CT of a PCDH12 homozygous variant carrier.
CT is the reference imaging to identify brain calcifica-
tion, so we used it to determine the nature of the
hyperechogenic foci identified in a patient with
a homozygous nonsense p.R839X PCDHI2 variant.!
We identified spots of perithalamic calcification
located in the posterior arms of the internal capsules
and in juxtacortical right white matter (figure).

PCDHI2 screening in patients with brain calcification.
As we provided evidence that PCDH12 biallelic loss
of function is associated with brain calcification and
given the high level of coexpression with the PFBC
major causative gene SLC20A2, we next screened this
gene in a group of patients with PFBC or BCUC.
Among the 79 patients with PFBC or BCUC, we did
not identify any protein-truncating variant (nonsense,
splice site, or frameshift insertion/deletion). How-
ever, we detected 4 rare (MAF <0.001 in ExAC)
heterozygous PCDH12 missense variants in 4 unre-
lated patients: c.163C>G, p.(R55G); c.440G>T,
p-(S1471); c.995T>A, p.(I1332N); and ¢.3271G>A,
p.(G10919) (table 1). Three were predicted damag-
ing by at least 1 in silico tool, while variant p.R55G
was predicted benign by all 3 tools.

The ¢.440G>T, p.(S1471) variant had an MAF of
2.5e-05 in the ExAC database and was exclusively
found in 3 individuals with the same ancestry as the
patient (classified in ExAC as European non-
Finnish). Two of the 3 in silico tools (Mutation
Taster and Polyphen2 HumDiv, but not SIFT) pre-
dicted a damaging effect for this change to the protein
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[ Table 1 Rare PCDH12 variants identified in a series of 79 patients with PFBC or BCUC ]
Protein ExAC SIFT Polyphen2 HumDiv Mutation Taster
Location (Ghre37) cDNA change® change?® freq y° predi predicti prediction PhyloP
chr5:141337254 c163C>G p.(R55G) 6.1e-04 Tolerated Benign Polymorphism =1.01
chr5:141336977 c.440G>T p.(S1471) 2.5e-05 Tolerated Possibly damaging® Disease causing® 2.14°
chr5:141336422 c.995T>A p.(I332N) 1le-04 Deleterious® Probably damaging® Disease causing® 4.48°
chr5:141325230 c.3271G>A p.(G1091S) 3.3e-05 Deleterious® Probably damaging® Disease causing® 4.81°

Abbreviations: BCUC = brain calcification of unknown cause; cDNA = complementary DNA; ExAC = Exome Aggregation Consortium; PFBC = primary

familial brain calcification.

@ Accession number: NM_016085.3.
PExAC minor allele frequency assessed in August 2016.1°
©Values are above each threshold.

function. DNA from relatives was not available for
segregation analysis. This variant is located in the
second cadherin tandem repeat domain (EC2)
(NCBI accession c¢d11304) and, therefore, could
affect homophilic adhesive behavior and calcium-
dependent cell adhesion.'¢

The c995T>A, p.(I1332N) and c.3271G>A,
p-(G1091Y) variants are both predicted damaging by
all 3 in silico tools. The p.I332N variant was reported
with an overall MAF of 0.0001 in EXAC, found in 12
individuals of East Asian ancestry (the patient was born
in Southeastern Asia) and 1 individual of European
non-Finnish ancestry. The p.G1091S variant has an
overall MAF of 3.3e-05, found in 1 individual of
European non-Finnish ancestry (same as the patient)
and 3 individuals of South Asian ancestry. DNA from
relatives was not available for segregation analysis of
any variant. Variant p.I332N is also located in a cad-
herin tandem repeat domain, namely EC3. However,
p-G1091S variant is located in a highly conserved site
in the cytoplasmic domain, which has a unique
sequence among the cadherin family. Unlike the other
cadherins, the cytoplasmic domain of PCDH12 does
not interact with catenins, and it is involved in cellular
processes other than cell junction, such as regulation
of gene expression and signaling pathways.!” Clinical
details of all 3 predicted damaging variant carriers are
provided in the supplemental data.

DISCUSSION We show here that a homozygous
nonsense PCDH12 variant, detected in patients with
severe developmental delay and microcephaly,' is
associated with brain calcifications. This feature
should therefore be added to the phenotypic spec-
trum of this rare disorder. The pattern of calcifica-
tons is, however, different from the typical findings
in PFBC, where calcifications always affect at least
both pallidum,? and resembled to those observed in
various neuroinfectious prenatal conditions, such as
TORCH infections.'® Brain calcification is a highly
informative feature on brain imaging of children with
neurodevelopmental disorders.'® Although CT is the

reference imaging tool for detecting and assessing cal-
cifications, MRI is the primary imaging tool for the
detection of all other brain abnormalities in the
absence of radiation. T2* or susceptibility-weighted
images increase the diagnostic performance of MRI
for calcification compared with the other sequences.
However, they can sometimes miss small calcifica-
tions, and they are still complementary with CT to
describe precise shape and intensity and to definitely
conclude on the differential identification with iron

920 In our patient, neither T2* nor

deposits.
susceptibility-weighted images were available.

In the original report, the efficiency of nonsense-
mediated decay has been measured as 84%, suggesting
a strong loss of function. The patients carrying the non-
sense PCDH12 variant in a homozygous state may still
express little amount of the truncated protein, but no
full-length PCDH12. This supports the hypothesis that
loss of function of PCDH12 is the mechanism leading
to the patient’s phenotype, including brain calcification.

In a candidate gene approach, we searched for rare
PCDH 12 variants in PFBC and BCUC patients and
found no protein-truncating variants. Three hetero-
zygous missense variants, predicted damaging by at
least one of the tools, were identified in 2 patients
with PFBC and 1 patient with BCUC. Given the fact
that biallelic loss of PCDHI2 function leads to
a severe neurodevelopmental phenotype, it is unlikely
that these variants have a dominant-negative effect.
However, as they are missense variants, their putative
effect on protein function is hard to predict, and it
remains possible that they are responsible for loss of
function, gain of function, or have a neutral effect on
protein function. The frequencies of theses variants in
the patients’ respective populations as estimated in
ExAC are not inconsistent with a causative effect, as
they are in the same frequency ranges as other disease-
causing variants in SLC20A2.% Because neither segrega-
tion nor functional data are available, it is not possible
to conclude about their pathogenicity at this stage.

Besides PFBC, brain calcifications can be detected
in other numerous distinct conditions, such as
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systemic phosphocalcic metabolism disorders of in-
herited or acquired cause, in utero or postnatal infec-
tions, interferonopathies, inborn errors of metabolism,
and other rare inherited diseases.”’ Calcifications are
believed to be related to increased type-l interferon
response in both in utero viral infections and interfero-
nopathies.”? Several of these clinical presentations,
including TORCH in utero infections and typical
Aicardi-Goutieres syndrome, are similar to the ones
observed in the PCDH12 homozygous carriers. In other
conditions, mutations in OCLN and JAM3 genes, en-
coding endothelial cell adhesion proteins, result in micro-
angiopathy associated with calcifications.'®?**% Given the
known function of PCDH12, we postulate that similar
mechanisms could be associated with the calcifications
observed in the PCDH12 homozygous loss-of-function
carriers.

PCDHI12 is a protocadherin associated with
membrane physical stability and adhesion.”> A
Pedh12 knockout mouse model revealed several
age-independent vessel impairments, such as rami-
fications of medial elastic lamellae and increased
inner diameter and circumferential mid-wall
stress.”® PCDH12 has been widely studied as
a key-player cadherin involved in placental mainte-
nance and also a preeclampsia biomarker; however,
little is known about its involvement in brain phys-
iology. It is conceivable that mutations in PCDH12
and SLC20A2, which share similar expression pat-
terns in the brain, might lead to similar phenotypes.
Of interest, $,c20a2 knockout mice developed not
only brain calcifications but also fetal growth
restriction, lower birth viability, and placental cal-
cification associated with thickened basement
membranes.” In both mouse models, the placental
phenotype and the vascular impairment are addi-
tional putative links between SLC20A2 and
PCDH12, which deserve additional studies on
mouse models.

PCDH]12 biallelic loss of function causes a severe
neurodevelopmental phenotype associated with brain
calcifications. Rare predicted damaging heterozygous
PCDH]I2 variants were identified in patients with
PEBC or BCUC here, but whether they are associated
with brain calcification or not remains to be deter-
mined. To address this question, follow-up studies
will be necessary including screening other series, as-
sessing the segregation of rare variants and functional
consequences.
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Abstract Data of mice with PDGF-B-truncating mutation
(Pdgfb™™*") from different research groups indicate that the
malfunction of this protein leads to reduced pericyte recruit-
ment, loss of Blood-Brain Barrier (BBB) integrity and bilat-
eral brain calcification. This makes these mice important
models for Primary Brain Calcification and pericyte-BBB cor-
relation studies. The global brain pericyte count is reduced in
Pdgfb™"™" mice, with higher BBB permeability. We have o-
verlapped the data from other research groups into a figure to
further analyze the findings. Calcifications form within mid-
brain, interbrain, basal forebrain, and pons. Interestingly, these
calcification-prone regions have a comparably higher pericyte
count and lower BBB leakage in relation to other non-
calcifying regions of the Pdgfb™ ™ mouse (such as the cortex
and striatum). A comparatively higher BBB integrity in re-
gions prone to calcification seems paradoxical and indicates
that other region-specific changes are the cause of the
calcifications.
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In their recent paper, Villasenor and colleagues discussed the
regional heterogeneity of the Blood-Brain Barrier (BBB) in
PDGFB mutant mice (Villasefor et al. 2017). This mice mod-
el (Pdgfb™”™") is the same used by Keller and collaborators in
which they found that mutations in this gene are a cause for
Primary Familial Brain Calcification (Keller et al. 2013). This
lineage has a homozygous mutation in the PDGFB gene,
causing its product to be a hypomorphic, absent of C terminus
residues, biologically active but less biodisponible and thus
compatible with adult life. These mice have been used to
model Primary Familial Brain Calcification, for the mutant
develops basal ganglia calcifications, and as a model for
pericyte and BBB correlation studies. Villasefior and col-
leagues used Evans blue staining to investigate BBB perme-
ability. It was found that the cortex, striatum, and hippocam-
pus had a higher BBB permeability while some other regions,
such as the midbrain and interbrain, maintained a lower BBB
permeability despite the pericyte loss (Villasenor et al. 2017).
Vanlandewijck and colleagues, also using the same mice mod-
el, surprisingly found that brain regions more prone to calci-
fications had higher pericyte coverage and lower BBB leakage
than other brain regions (Vanlandewijck et al. 2015).

We overlapped the findings from Villasefior, Keller and
Vanlandewijck and their respective collaborators (Villasenior
etal. 2017; Keller et al. 2013; Vanlandewijck et al. 2015) where
regions more prone to calcifications (midbrain, interbrain, pons
and the basal forebrain) correlated to regions with lower BBB
leakage (midbrain and interbrain) in Pdgfb™"**' mice. We digi-
tally built an approximation model extrapolating from their
data, in which we inputted calcification and BBB extravasation
data in mouse coronal, sagittal and horizontal brain axes (Fig.
1). A mouse brain framework was retrieved from the Allen
Institute Mouse Brain Atlas (Lein et al. 2007, http://mouse.
brain-map.org/) and we manually curated, edited and colored
it to illustrate BBB integrity and calcification points based on

@ Springer
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Fig. 1 An illustrative approximation of the Pdgf!
Sagittal (A), coronal (B) and horizontal (C) Allen Mouse Brain Atlas
sections (Lein et al. 2007, http://mouse.brain-map.org/) digitally edited
to show regions with high BBB leakage (blue) and with low BBB leakage
(black) based on the paper from Villasefior et al. (2017). Calcification

mouse brain.

each primary source. We have also created a 3D animated
figure illustrating the calcification profundity by extrapolating
the 2D data (Supplementary Fig. 1). This data further confirms
the findings of Vanlandewijck and colleagues and suggests that
other region-specific factors must be involved (Vanlandewijck
et al. 2015).

Primary Familial Brain Calcifications (PFBC) is an autoso-
mal dominant neuropathology characterized by calcifications in
the basal ganglia, thalamus, cerebellum and brain stem.
Affected individuals may present motor, cognitive or psychiat-
ric impairments, while sometimes it remains asymptomatic
(Nicolas et al. 2015). Currently, there are four genes confirmed
as causative for the disease: SLC20A2, which codes the inor-
ganic phosphate transporter PiT2 (Wang et al. 2012); XPRI,
which codes a membrane receptor for phosphate transport
(Legati et al. 2015); PDGFB, which codes the subunit beta of
the platelet-derived growth factor (Keller et al. 2013); and
PDGFRB, amembrane receptor for the platelet-derived growth
factors (Nicolas et al. 2013).

The identification of mutations in the PDGFB and
PDGFRB genes instigated the hypothesis of the blood brain
barrier’s (BBB) involvement in the process of calcification.
PDGF-B, a product of PDGFB, functions in angiogenesis by
the recruitment of pericytes (Enge et al. 2002; Bjarnegard
etal. 2004). Indeed, mice with partially inactivating mutations
in this gene, such as the Pdgfb™’™" and the R26P*"° mice
models, present a BBB defect which correlates to pericyte loss
and the calcifications (Armulik et al. 2010; Keller et al. 2013).
The first hypothesis of this correlation was the formation of a
mineral deposition nidus caused by plasma proteins crossing

@ Springer

points (red) were marked by overlapping figures from Keller et al.
(2013, Fig. 3a.) and Vanlandewijck et al. (2015, Fig. 7c.), which
concentrated in the midbrain (MB), hypothalamus (HT), thalamus (T)
and pons (P). Gray areas represent arcas with absent BBB extravasation
data

the disrupted BBB (Miklossy et al. 2005). On the other side,
mutations in SLC20A2, a gene with involvement in most
PFBC cases, does not disrupt the BBB permeability.
Wallingford (Wallingford et al. 2017) showed that there was
no difference in the pericyte count in the brains of Basal
Ganglia Calcification-positive SLC20A2*" mice and the con-
trols. The researchers also showed that the BBB permeability
remained unchanged in the same mice at the age of 12 months.

What we can hypothesize about those findings is that there
may be different ways that the calcifications might form in the
case of basal ganglia calcifications and PFBC. One of the ways
is the accumulation of inorganic phosphate and deposition of
calcium phosphate through the disruption of the phosphate
transport channels (PiT2 and XPR1). The other way would be
through the PDGF (through PDGFR-B and PDGF-B) malfunc-
tion, where globally there is reduction of pericyte coverage and
BBB impairment although calcification-prone regions will
have a higher pericyte recruitment but less BBB leakage in
relation to non-calcification-prone regions.

It is interesting to notice that PFBC patients with PDGFB,
SLC20A2 and XPRI mutations sometimes present striatum
and cortical calcifications (Hayashi et al. 2015; Batla et al.
2017) whereas the mice models Pdgfb™"™' (and R26P*"°) have
decreased pericyte coverage, lower BBB integrity and no cal-
cifications in these regions (Armulik et al. 2010; Keller et al.
2013). This notes a discrepancy between the mice model and
the human phenotypes, and different regional effects might be
involved in each case.

Brain calcification formation without the involvement of
BBB seems paradoxical. This may indicate a new line of
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thought to imagining how the calcifications form within spe-
cific brain regions, such as in PFBC. Pericyte coverage and
BBB permeability’s relationship with the basal ganglia calci-
fications remain incompletely understood. It is paramount to
determinate whether molecular pathways changes correlate to
the loss of signalization of the PDGFs or loss of function of the
SLC20A2/XPRI in the models of PFBC. Further
pathomolecular studies, especially in the calcification sites,
are needed to understand the regional effects that lead to the
formation of the calcifications in both genetic scenarios.
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