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RESUMO

As CalcificagOes Cerebrais Familiais Primarias (CCFP) sdo uma condicao neuropsiquiatrica
rara caracterizada pela deposi¢cdo mineral simétrica e bilateral nos ndcleos da base e outras areas
do cérebro. Quatro genes com variacdes com padréo de heranca autossomico dominante, foram
identificados até 0 momento: SLC20A2, XPR1, PDGFf3 e PDGFRS. O presente trabalho teve
como objetivos 0 sequenciamento dos genes supracitados, seguido do sequenciamento do
exoma dos pacientes de uma familia sem variacdo nesses alvos, e 0 estudo da expressdo de
genes transportadores de fosfato. Em 56 pacientes foram encontradas variantes classificadas
como patogénicas ou provavelmente patogénicas (34 probandos) e com significado incerto (11
probandos). Os achados clinicos de 54 individuos foram analisados: 81,5% reportaram sintomas
(parkinsonismo (54,5%), déficit cognitivo e distarbios psiquiatricos (43,2%, cada)). Em dois
pacientes brasileiros identificamos a variacao frameshift p.(Pro397AlafsTer18) que causa um
stop codon prematuro e foi predita como patogénica pela ferramenta in silico MutationTaster.
Parkinsonismo, afasia e acidente vascular cerebral foram relatados. O sequenciamento do
exoma de uma familia brasileira sem variagdo nos genes conhecidos em associacao as CCFP,
revelou variantes raras e preditas deletérias por ferramentas in silico, em genes ligados ao
metabolismo de célcio. Analises posteriores excluiram esses candidatos e a busca por um novo
gene causal das CCFP encontra-se em andamento. Nos pacientes com variagdes patogénicas no
SLC20A2, o estudo de expressdo revelou um decréscimo de 40% nos niveis de mMRNA. Em
contrapartida, ndo foram detectadas alteracdes nos individuos sem variacdo nesse gene ou nos
outros trés ligados a doenca. Também ndo foi observada diferenca significativa na expressao
dos genes SLC20A1 e XPR1 entre os grupos estudados (pacientes com mutacao e sem mutacéo,
e grupo controle). Os achados sugerem que variag¢des patogénicas no SLC20A2 modulam a sua
expressao e que as calcificagdes per se, ndo sdo capazes de afetar os perfis de expressédo dos
genes SLC20A2, SLC20A1 e XPR1. N&o encontramos evidéncias de um possivel mecanismo de

corregulacdo ou de compensacao entre 0s genes transportadores de Pi a nivel de mRNA.

Palavras-chave: CalcificacOes cerebrais. Sequenciamento genético. Exoma. Expressao génica



ABSTRACT

Primary Familial Brain Calcifications (PFBC) are a rare neuropsychiatric condition
characterized by a symmetric and bilateral deposition of minerals in the basal ganglia and other
brain areas. It generally presents an autosomal-dominant inheritance and to date four causative
genes have been identified: SLC20A2, XPR1, PDGFp and PDGFRf. The present study aimed
to screen these genes followed by the exome sequencing of patients from a Brazilian family
with no mutations and the phosphate transporters expression in these patients. 56 PFBC patients
were carrying variants classified as: pathogenic or likely pathogenic (34 probands) and variant
of uncertain significance (11 probands). Clinical summary was available in 54 variant-carrying
patients: 81.5% were symptomatic (parkinsonism (54.5%), cognitive impairment and
psychiatric disturbances (43.2% each)). Two Brazilian patients reported in the study carried a
frameshift mutation p.(Pro397AlafsTer18) that causes a premature stop codon and was
predicted as disease causing by in silico tool MutationTaster. Parkinsonism, aphasia and stroke
were reported. Exome sequencing of the Brazilian family without mutation in the four causative
genes, revealed rare variants that were predicted as deleterious and were found in genes related
to calcium metabolism. These candidates were later excluded and the search for a new causative
gene is in progress. In SLC20A2 mutation-carriers, expression analyses showed a 40% decrease
in MRNA levels of this gene. On the other hand, no changes were detected in patients without
mutation neither in SLC20A2 or in the other three genes linked to PFBC. Additionally, no
significant changes were seen in SLC20A1 and XPR1 among the groups (patients with and
without mutation, controls). Our findings suggest that pathogenic variations in SLC20A2 can
modulate its expression levels and that, calcifications per se are not capable to affect expression
profiles of SLC20A2, SLC20A1 and XPR1. We did not find evidences to support the existence
of a possible corregulation or compensatory mechanism between the three phosphate

transporters genes at mMRNA level.

Keywords: Brain calcification. Gene sequencing. Exome. Gene expression
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1. INTRODUCAO

A estrutura do texto da tese foi elaborada com o intuito de abordar toda a producéo
cientifica gerada ao longo do doutorado com resultados publicados, alguns em fase de
concluséo e outros que precisaram ser interrompidos. Ao longo do curso, diversos trabalhos
foram desenvolvidos em parceria com pesquisadores do Brasil, Estados Unidos, Canada e

paises da Europa, alguns em paralelo ao tema central da tese.

Nas secOes Introducgdo, Objetivos e Revisdo Bibliografica sdo abordados os conteudos
indicados no titulo do trabalho, acerca de triagem de variantes genéticas e estudo de
expressao génica em pacientes com calcificagdes cerebrais. Dois trabalhos foram
desenvolvidos paralelamente em torno desses temas. Como parte do projeto de triagem de
novas variantes genéticas causadoras das Calcificacfes Cerebrais Familiais Primérias,
congregamos os resultados gerados em nosso laboratorio até o ano de 2016, com dados de
grupos dos Estados Unidos, Franca e Italia. O artigo publicado na revista European Journal
Of Human Genetics (fator de impacto: 4,35; Qualis CAPES: A2) (Capitulo I). O estudo de
expressao intitulado Phosphate Transporters Expression in Patients with Primary Familial
Brain Calcifications, foi publicado na revista Journal of Molecular Neuroscience (fator de

impacto: 2,34; Qualis CAPES: B1) e esta integralmente anexado no Capitulo I1.

No inicio 2016, realizamos a captacao de amostras dos individuos de uma grande familia
brasileira com casos de CCFP. O caso index desse grupo ja fazia parte do nosso banco de
amostras desde o0 ano de 2013, e 0 mesmo havia sido triado quando a presenca de variagdes
nos quatro genes ligados a doenga, resultando em dados negativos. Diante dos resultados
negativos do caso index e de seus familiares afetados, a familia tornou-se elegivel para o
sequenciamento do exoma completo, na busca por novos genes ou variacdes nao detectados

com o método Sanger. Os dados parciais da triagem do exoma comp&em o Capitulo Il1.

Em 2015, iniciamos a colaboragdo com o grupo liderado pelo Dr. Theodoor Hagg
(https://www.etsu.edu/com/dbms/faculty/hagg.php) no laboratério do Departamento de
Ciéncias Biomédicas da Universidade do Leste do Tennessee (EUA), O intercambio se
repetiu nos meses de abril a outubro de 2017, com o doutorado sanduiche patrocinado pela
Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES). Na oportunidade,
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foi finalizado o trabalho iniciado em 2015 que foi recentemente aceito para publicacdo no
periodico Journal of Cell Science (fator de impacto: 4,706; Qualis CAPES: A2) (Anexo 1).

As Calcificacbes Cerebrais Familiais Primarias (CCFP) compdem uma condicdo
neuropsiquidtrica rara que se distingue pelo deposito de hidroxiapatita no cérebro de
individuos com niveis séricos normais de célcio, fosfato, fosfatase alcalina e paratorménio.
Como visualizado no exame de neuroimagem de pacientes afetados pelas CCFP, o processo
de mineralizacéo distribui-se em um padrao simétrico e bilateral ao longo dos nucleos basais,
no talamo e na regido do nucleo dentado. Nao obstante os relatos de casos assintomaticos,
nos pacientes em que as CCFP manifestam-se clinicamente, os sintomas surgem por volta
dos trinta ou quarenta anos e podem incluir distdrbios motores, sintomas neuropsiquiatricos,
parkinsonismo, deméncia e enxaqueca cronica (Batla et al., 2017; Manyam, 2005; Nicolas,
Gael et al., 2013; Taglia et al., 2014).

Até o momento, foram identificados quatro genes com variacdes associadas as CCFP em
casos familiares e esporadicos (de novo). Com um padrdo de heranca autossémico
dominante, tais variagdes estdo distribuidas em dois genes que codificam proteinas
responsaveis pelo carreamento de fosfato inorganico através da membrana celular (SLC20A2
e XPR1) e em dois genes ligados a manutencdo da integridade da barreira hematoencefalica
(BHE) (PDGFp e PDGFRp) (Keller et al., 2013; Legati, Giovannini, Nicolas, Lopez-
Sanchez, Quintans, Oliveira, Jodo R M, et al., 2015; Nicolas, Gaél et al., 2013; Wang, Li,
Shi, Ren, Patti, Wang, Oliveira, de, et al., 2012).

Animais knockout para o gene SLC20A2¢") e camundongos hipomorficos para o PDGFS
(Pdgfbre™et replicaram os achados patol6gicos encontrados nos pacientes, exibindo extensas
calcificagdes nos ndcleos da base, talamo e em outras areas do cérebro (Jensen et al., 2013;
Keller et al., 2013). Modelos in vitro revelaram, ainda, que algumas variantes patogénicas
identificadas no SLC20A2 podem exercer uma fungdo dominante-negativa na proteina
selvagem e acarretar no comprometimento do influxo de fosfato, levando a deposi¢éo mineral
no meio extracelular (Larsen et al., 2017; Wang, Li, Shi, Ren, Patti, Wang, Oliveira, De, et
al., 2012). Estudos mostraram que os efeitos funcionais da deplecédo do gene XPR1 se

refletem na a exportagdo prejudicada de fosfato do citoplasma para o meio extracelular
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enquanto a perda de funcdo do PDGFRf causa danos a BHE (Giovannini et al., 2013;
Nicolas, Gaél et al., 2013).

Além das implicagdes na funcdo proteica, variagdes genéticas também podem refletir-se
na alteracdo dos niveis de expressdo do gene que as contém ou em genes de vias adjacentes,
a depender do tipo e da localizagdo da mutacdo. Dessa forma, oscilagdes na expressao génica
podem fornecer indicio a respeito da desregulacdo dos processos biolégicos em que o gene
estd envolvido. A andlise dos padrdes de expressdo de determinados genes é de grande
utilidade clinica e vem sendo aplicada como teste de diagnostico para condi¢cdes como cancer
e doencas corondrias (Bueno et al., 2004; McPherson et al., 2013; Rhees e Wingrove, 2015;
Zanotti et al., 2014; Zeller e Blankenberg, 2013). Estudos acerca do SLC20A2 com amostras
de sangue periférico de pessoas afetadas pelas CCFP, revelaram alteracdes no perfil de
expressao do gene diante da presenca de diferentes tipos de mutacGes patogénicas (Ferreira
et al., 2014; Zhang, Guo e Wu, 2013).

Juntamente com os achados minerais detectados na neuroimagem e a auséncia de
desordens metabdlicas, infec¢des ou traumas, a confirmacgéo do diagnostico das CCFP pode
ser realizada com testes genéticos capazes de identificar variacbes patogénicas em
heterozigose (Ramos et al., 2017). Dentre os testes genéticos disponiveis, esta o
sequenciamento do exoma completo (WES — Whole Exome Sequencing), capaz de triar
aproximadamente 95% do exoma humano, composto por cerca de 180.000 sequéncias de
DNA codificante. Apesar de 0 exoma humano corresponder a apenas 2% de todo o genoma,
aproximadamente, nele esta contida a maioria das variagdes raras associadas a doencas
(Ramos et al., 2017).

Dessa forma, o sequenciamento do exoma vem sendo amplamente utilizado como
ferramenta de diagnostico clinico, uma vez que permite a identificacdo de novos genes
ligados a condicdes genéticas que outros métodos ndo sdo capazes de detectar (Warr et al.,
2015). Nesse contexto, a descoberta dos genes relacionados as CCFP foi possivel com o
estudo do exoma completo de individuos diagnosticados com a doenca (Keller et al., 2013;
Legati, Giovannini, Nicolas, Lépez-Sanchez, Quintans, Oliveira, Jodo R.M., et al., 2015;
Nicolas, Gaél et al., 2013; Wang, Li, Shi, Ren, Patti, Wang, Oliveira, De, et al., 2012).
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O trabalho retine os resultados do sequenciamento genético pela plataforma Sanger de
pacientes com CCFP na busca por novas variantes patogénicas além dos dados parciais da
triagem do exoma em membros de uma nova familia brasileira. Essa familia possui
individuos saudaveis e pacientes com CCFP sem variantes patogénicas na regiao codificante
dos genes conhecidos em associacdo com a doenca. A abordagem possibilitara a identificacdo
de um novo gene causador das CCFP ou de novas variagdes nédo identificadas inicialmente

devido a natureza do método de sequenciamento utilizado.

Adicionalmente, trazemos a analise do perfil de expressdo génica de transportadores de
fosfato inorganico (XPR1, SLC20A2 e SLC20Al), em dois grupos de pacientes com
calcificacOes cerebrais: 1) com mutagdes no gene SLC20A2 e 2) sem variagdes nos quatro

genes ligados a doenca.

2 OBJETIVOS

2.1 OBJETIVO GERAL

Investigar pacientes com calcificacdes cerebrais quanto a presenca de variantes genéticas
ou um novo gene causador das Calcificacfes Cerebrais Familiais Primérias e avaliar o perfil

de expressao de genes transportadores de fosfato inorganico nesses individuos.

2.2 OBJETIVOS ESPECIFICOS

- Avaliar a expressdo dos genes SLC20A1, SLC20A2 e XPR1 por PCR Quantitativa em
Tempo Real em amostras de sangue periférico de pacientes com calcificagdes cerebrais

bilaterais;



13

- Sequenciar a regido codificante dos genes associados as CCFP (SLC20A2, PDGFR,
PDGFg e XPR1), pelo método Sanger, em amostras de DNA gendmico de pacientes com
calcificacOes cerebrais para busca de variagdes patogénicas;

- Utilizar ferramentas de bioinformética para predicao in silico dos efeitos bioldgicos das

variagdes encontradas no sequenciamento;

- Sequenciar o exoma de membros de uma familia brasileira com calcificacGes cerebrais
e seus parentes saudaveis, para identificacdo de variagcdes patogénicas em heterozigose ou de
novos genes candidatos;

- Validar as variacdes candidatas com possiveis efeitos sob a funcdo do gene e
confirmacdo do perfil de segregacdo compativel com o padrdo de heranca autossémico
dominante observado nas CCFP.
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3 REFERENCIAL TEORICO

3.1 CALCIFICACAO INTRACRANIANA

Calcificagdes intracranianas fisiologicas estdo comumente associadas ao desbalanco de
metais ou minerais e ocorrem em regides perivasculares, glandulas e diversas areas do
cérebro. Na populacdo geral, € um achado com incidéncia que varia de 1% a 50% (Daghighi
et al., 2007; Oliveira, Silva e Oliveira, 2013; Sedghizadeh, Nguyen e Enciso, 2012).

Além do zinco, ferro e magnésio, os depositos calcificados no cérebro possuem a
hidroxiapatita (Ca10[PO4]s[OH]2) como principal componente, também encontrada em
cristais de fosfato de célcio presentes nos 0ssos. Insolivel em condicdes fisioldgicas, a
hidroxiapatita surge a partir de uma reacdo envolvendo alguns de seus precursores como o
fosfato octacalcico (OCP) (CagH2(PO4)s.5H20), o fosfato de calcio amorfo (Cag(PO4)s) € a
bruxita, ou fosfato bicalcico diidratado (CaHPO4) (Deng, Zheng e Jankovic, 2015; Villa-
Bellosta e O’Neill, 2018).

Vérios estudos populacionais relatam as calcificagcbes cerebrais (CC) de causa
inespecifica como um fendmeno idade-dependente que pode ocorrer em individuos saudaveis
e sdo detectadas em exames imaginoldgicos de rotina. Em amostra representativa da
populacdo brasileira, verificou-se que o achado possui uma incidéncia de aproximadamente
17%, com maior prevaléncia em pessoas mais velhas (42% - 66% entre os 60 e 90 anos)
(Oliveira, Silva e Oliveira, 2013).

Corroborando com tais constatagdes, estudos abrangendo coortes com centenas ou
milhares de pessoas saudaveis entre 10 e 85 anos de idade, relataram o aumento progressivo
da incidéncia de CC com o aumento da idade, especialmente em pessoas do sexo masculino
(Daghighi et al., 2007; Sedghizadeh, Nguyen e Enciso, 2012; Uduma, Pius e Mathieu, 2011;
Yalcin et al., 2016). Ademais, também notaram um tropismo das calcificacfes para areas
especificas do cérebro e que a frequéncia desse achado pode variar de acordo da faixa etaria
dos individuos. A maioria dos estudos reporta que a glandula pineal é a zona mais
frequentemente afetada, cerca de 71-80% de prevaléncia, sendo mais comum em pessoas

entre 15 e 54 anos de idade.
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Na sequéncia, calcificacdes no plexo coroide apresentam uma prevaléncia que varia entre
66,2 a 70,2% na maioria dos estudos, e se mostra mais frequente a partir da quinta década,
dos 55 aos 85 anos de idade. Também ja foram relatadas calcificagcbes na habénula (19,2 -
20,1%), na dura mater (12,5%), no tentorio do cerebelo (7,3%), nos vasos (3,5 - 6,6%) e nos
nucleos da base (0,8 - 1,3%) (Gréafico 1) (Daghighi et al., 2007; Sedghizadeh, Nguyen e
Enciso, 2012; Yalcin et al., 2016).

100%

70%

50%

30%

- / ‘7'

- /

15 25 35 45 55 65 75 85  Idade

e Plexo coroide www= Dinea] === Habénula e==== Dura === Nycleo Basal === Vascular

Gréfico 1. Distribuicdo da incidéncia de calcificaces intracranianas fisiologicas em diferentes
areas do cérebro variando com a idade. Adaptado de Yalcin et al., 2016.

Em um contexto patoldgico, as CC estdo presentes em inimeras condi¢cGes e podem
representar uma importante variavel no curso clinico da doenca, quando esses estao presentes
(Nash et al., 2004; Oliveira, 2011). Dentre essas condi¢Oes, estdo distlrbios metabolicos
como o hipoparatireoidismo, doengas neuroldgicas, mitocondriais, isquemia, doencas
degenerativas, infeccGes, traumas e intoxicacdes (Bekiesinska-Figatowska, Mierzewska e
Jurkiewicz, 2013; Oliveira, 2011).
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Desde achados macroscopicos visiveis no exame de neuroimagem a acumulos
perivasculares microscopicos, no contexto patologico, pesquisas relatam que hd uma grande
vulnerabilidade seletiva dos nucleos basais a deposicdo dos cristais de hidroxiapatita
(Bekiesinska-Figatowska, Mierzewska e Jurkiewicz, 2013; Deng, Zheng e Jankovic, 2015;
Oliveira, 2011).

Assim, nota-se que as CC podem levar de meses a anos para se desenvolver e se
apresentam em diferentes padrbes de distribuicdo, podendo localizar-se pontualmente e
dispersas ou concentradas de forma simétrica e bilateral em algumas regides do cérebro
(Bekiesinska-Figatowska, Mierzewska e Jurkiewicz, 2013; Brouwer et al., 2018; Deng,
Zheng e Jankovic, 2015; Nash et al., 2004).

3.2 NUCLEOS DA BASE

3.2.1 Anatomia e Funcgéao

Também conhecidos como ganglios da base por se formarem de corpos celulares
neuronais, 0s nucleos da base (NB) do cérebro localizam-se no diencéfalo e no mesencéfalo
e compreendem as seguintes regides: estriato (ncleo caudado e putdmen), globo palido
(externo, GPe e interno, GPi), nucleo subtalamico (subthalamic nuclei - STN) e substancia
nigra (reticulada, SNr e compacta, SNc, contendo neurdnios GABAérgicos e
dopaminérgicos, respectivamente) (Figura 1) (Oliveira, 2011; Smith e Wichmann, 2008).
Dividido em duas porcGes, os NB estdo associados com fun¢Ges motoras e cognitivas na
regido dorsal do estriato, e funcBes motivacionais na porcdo ventral, composta por areas
préximas de estruturas do sistema limbico, como o nucleo accumbens (Kopell et al., 2006).

Juntamente com o cértex e o tronco cerebral, essas estruturas quer formam os NB
pertencem ao circuito conhecido como extrapiramidal, responsavel, sobretudo, pelo controle
de funcbes motoras e ndo motoras, cognitivas e emocionais (Bekiesinska-Figatowska,
Mierzewska e Jurkiewicz, 2013; Tisch et al., 2004).

O circuito ocorre de tal modo que informacGes ligadas a funcdo motora adentram nos

nucleos da base pelo estriato e do nucleo subtalamico, enquanto o GPi e a SNr atuam como
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zonas de saida dessa informacdo, enviando sinais inibitorios a areas do cortex e do tronco
cerebral (Smith e Wichmann, 2008; Tisch et al., 2004; Wichmann e Delong, 2007).

Anterior

Cortex cerebral

Matéria branca
Corpo caloso

Chifre anterior do
ventriculo lateral

Cabega do nucleo caudado

Putdmem

Globo palido’ ——

% Talamo -

~— Cauda do nucleo caudado

Terceiro ventriculo —

—— Chifre posterior do —— " §
ventriculo lateral

Posterior

Figura 1. Corte horizontal do cérebro demonstrando a anatomia dos nucleos da base e &reas
adjacentes. Adaptado de www.antranik.org

3.2.2 Desordens Associadas a Calcificacdes nos Nucleos Basais

Os primeiros relatos de calcificacdo nos NB datam do século 19 quando, em 1850,
Delacour descreveu o caso de um paciente com calcificagdes observadas na autopsia.
Tratava-se de um homem de 56 anos que apresentava fraqueza e rigidez nas extremidades
inferiores e cujo exame patologico revelou processos de mineralizacdo vascular bilaterais no
estriato. (Manyam, 2005).

Achado bastante comum em exames de neuroimagem, as calcificagfes bilaterais nos
ganglios basais ja foram relatadas em cerca de 21,5 a 75% de casos de hipoparatireoidismo
idiopatico. Iniciando, geralmente, na infancia e na adolescéncia, a condi¢do acarreta na
diminuicdo da concentracdo sérica do paratorménio (PTH), levando ao quadro de
hipocalcemia e hiperfosfatemia. Formas genéticas ja foram descritas em associacdo a

anormalidades nos cromossomos 21 e 22, e em genes especificos (PTH, GCM2, SOX3, CASR
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e GNA1l) (Ramos, 2017). Além dos NB, as calcificaches observadas nos casos de
hipoparatireoidismo também se mostram simétricas no talamo, cerebelo e na substéncia
branca subcortical e podem manifestar sintomas como convulsdes e distdrbios psiquiatricos
(Figura 2A) (Abate e Clarke, 2017; Lu, 2014; Mendes et al., 2018).

Episodios de calcificagbes bilaterais nos NB também foram descritos em doencas
mitocondriais, a exemplo da Sindrome de Leigh e da Encefalomiopatia Mitocondrial com
acidose lactica e episodios semelhantes a acidente vascular cerebral (Mitochondrial
encephalomyopathy, actic acidosis, and stroke-like episodes - MELAS). A primeira, uma
encefalomielopatia necrosante subaguda, é transmitida de forma autossdbmica dominante e
afeta bebés e criancas. Pacientes acometidos pela doenca mitocondrial hereditaria mais
comum, a MELAS, apresentam comprometimento no sistema nervoso, nos musculos e
atrofia cerebral. Nesses dois exemplos, adicionalmente aos NB, também pode ocorrer
mineralizacdo no tronco cerebral, no STN e no putamen (Figura 2B) (Aron et al., 2010;
Bekiesinska-Figatowska, Mierzewska e Jurkiewicz, 2013; Farina et al., 2002; Khandwala,
Ahmed e Sheikh, 2018).

Outro exemplo de patologia ligada as calcificagdes no NB séo as CalcificacGes Cerebrais
Familiais Primarias (CCFP) que, em sua origem, foram nomeadas como Doenca de Fahr
(DF) ou Calcificacdes Idiopaticas nos Ganglios da Base (IBGC) (Figura 2C). Desde entéo,
inimeras entidades patologicas vém sendo, equivocadamente, classificadas como DF, a
despeito de possuirem etiologias distintas (Oliveira, 2011). Essa questdo sera novamente

abordada e aprofundada no item 3.3.

InfeccBes por citomegalovirus, as sindromes DiGeorge e Aicardi-Goutieres, além de
outras condic¢des em que calcificacGes nos NB séo frequentemente encontradas, estdo listadas
na Tabela 1 (Bekiesinska-Figatowska, Mierzewska e Jurkiewicz, 2013; Deng, Zheng e
Jankovic, 2015; Oliveira, 2011; Quintans, Oliveira e Sobrido, 2018).
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Figura 2. Plano horizontal do cérebro em imagem de tomografia computadorizada. Sinais
hiperdensos (brilhoso) representam tecidos densos (ossificados). Nota-se a semelhanca de
intensidade do sinal da calota craniana com as calcificagfes simétricas e bilaterais nos nucleos da
base (seta azul), no plexo cordide (seta vermelha) e na pineal (seta verde). (A) Cérebro de paciente
com hipoparatireoidismo (Lu, 2014), (B) cérebro de paciente com a MELAS (Hatamian,
Bakhshayesh e Rahman-a, 2015) e (C) cérebro de paciente com CCFP (Oliveira e Oliveira, 2016).

Tabela 1. Doengas que podem causar calcificagfes intracranianas. Adaptado de Quintans, Oliveira e
Sobrido, 2018.

Geneticas Genes

Hipoparatireoidismo primario PTH, CASR, GNA11, GCM2
Pseudohipoparatireoidismo, GNAS
Pseudohipoparatireoidismo

Hipofosfatemih Hereditaria FGF23, FAM20C

Sindrome DiGeorge TBX1

Sindrome Sanjad-Sakati TBCE

Sindrome Kenny—-Caffey TBCE, FAM111A
Neurofibromatose NF1, NF2

Esclerose Tuberosa TSC1, TSC2

Calcificacdo em bandas com giracdo simplificada OCLN

e polimicrogiria

Sindrome Aicardi-Goutiéres TREX1, SAMHD1, ADAR, IFIH1,
RNASEH2C, RNASEH2A

Destruicdo hemorragica do cérebro, calcificacio  JAM3

subependimal e catarata congénita

Vasculopatia proliferativa com hidranencefalia- FLVCR2

hidrocefalia

Displasia oculodentodigital GJAl

Sindrome de Cockayne ERCC6, ERCC8
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Doenca de Krabbe

Ataxia spinocerebelar

Atrofia dentatorubro-palidolusiana
Leucodistrofia metacromaética
Adenoleucodistrofia ligada ao cromossomo X
Doenca de Wilson

Neurodegeneragdo com acumulo de ferro (NBIA)

Aceruloplasminemia CP

Deficiéncia de biotinidase

Ma absorc¢éo hereditaria de folato
Diabetes insipidus central

Diabetes insipidus nefrogénica
Sindrome de Gitelman

Fenilcetonuria

Deficiéncia de diidropiridina redutase

Microangiopatia cerebroretinal com calcificagdes
e Cistos

Autoinflamagcdo, lipodistrofia e sindrome de
dermatose

Imunodeficiéncia com calcificacdo nos ganglios
basais

Osteodisplasia lipomembranosa policistica com

leucoencefalopatia esclerosante (Doenca de Nasu—

Hakola)
Citopatia mitocondrial

N&o genéticas

GALC

duplicacdo do 11q
ATN1

ARSA

ABCD1

ATP7B

PANK2, WDR45, PLA2G6, FTL,
C190RF12, COASY
CP

BTD
SLC46A1
AVP, WFS
AVPR2, AQP2
SLC12A3
PAH

QDPR

cTC1

PSMBS8

ISG15

TREMZ2, TYROBP

POLG, MTTS1, MTTS2, MTTL1,
MTTF, MTTQ, MTTH, MTTC,

MTTK, MTND1, MTND5, MTND6
Causas

Metabdlicas Hipervitaminose D,
hipoparatireoidismo secundério,
hiperparatireoidismo,
hipotireoidismo

Tbxicas CO, chumbo, cobre, radioterapia

Infecciosas CMV, HIV, VZV, toxoplasmose,
tuberculose, cisticercose

Autoimune SLE, doenca Behget, doenca celiaca

Cerebrovascular

Acidente vascular cerebral, ma
formacgdes vasculares

CMV, citomegalovirus; CO, mondxido de carbono; HIV, virus da imunodeficiéncia humana;
SLE, lUpus eritematoso sistémico; VZV, virus varicelazoster.
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3.2.3 Técnicas de Neuroimagem na Deteccdo das CalcificacGes Cerebrais

Desde a sua descoberta em 1895 pelo fisico alem&o Wilhem Rdentgen, os raios-X tém
sido amplamente utilizados para visualizacdo de estruturas 0sseas e vem sendo aplicado
como o principio de diversos exames na rotina da clinica médica (Mondschein, 2018).
Outrora, a constatacdo de regiGes mineralizadas no cérebro era realizada com exames de
radiografia que permitiam a observagéo de grandes lesdes sob a forma de manchas nebulosas.
Entretanto, para fins de diagnostico das CC, esse exame se mostra impreciso e inapropriado
(Oliveira, 2011).

Dessa forma, técnicas de captura de imagem mais sensiveis vem se desenvolvendo,
visando a correta identificagdo de enfermidades que acometem o cérebro bem como a
definicdo de subgrupos neurobioldgicos. Elas contribuem para a elucidacdo de doencas
complexas, como observado nos estudos das Desordens do Espectro Autista e,
particularmente, a respeito das CC, facilitam sua visualizagdo nas mais variadas desordens
(Daghighi et al., 2007; Martino et al., 2017; Yalcin et al., 2016).

Embora muitas das tecnologias disponiveis possam servir como ferramenta para
deteccdo das CC, a tomografia computadorizada (TC) se mostra mais apropriada na avaliacéo
dessas lesbes. Técnica amplamente disponivel e de alta resolucdo, ela possui alta
sensibilidade para areas ricas em célcio, dimensionando a extensdo e a localizacdo das
calcificacBes intracranianas (Ramos et al., 2017). Portanto, a fim de estabelecer um
diagnostico mais preciso das CC, a TC fornece informagdes cruciais na determinacdo do
volume dos depdsitos minerais e se mostra relevante para o prognoéstico da doenca
(Sedghizadeh, Nguyen e Enciso, 2012). Um aprimoramento dessa tecnologia se reflete nos
modelos tridimensionais construidos a partir de cortes 2-D de TC. A técnica possibilitou,
inclusive, a reconstrugdo computacional do cérebro de figuras ilustres da historia da filosofia,
da musica e da ciéncia. Recentemente, uma modelagem tridimensional do cérebro do filsofo
francés René Descartes foi desenvolvida a partir do seu cranio, que encontra-se conservado
no Museu de Historia Natural (Franca/Paris) (Philippe et al., 2017).
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Na imagem de TC, diferentes tipos de materiais sdo detectados dentro de um espectro de
intensidade de sinal, conhecido como a escala de Hounsfield. Tecidos densos (calcificados)
emitem sinais hiperdensos (brilhantes), igualmente ao osso do cranio (Kamaruddin et al.,
2016). Enquanto que, tecidos macios e ricos em gordura, como o encéfalo, sdo vistos como
areas escuras, ou hipodensas (Figura 3A) (Filloux, Marotte e Miossec, 2003; Kalita et al.,
2010; Nicolas et al., 2014)

Outro exame imaginologico comumente utilizado como ferramenta de diagnostico é a
ressonancia magnética (RM). Ela possui algumas modalidades e seu aspecto visual traz
vantagens a TC no tocante a uma melhor distingdo entre a substancia branca e a cinzenta
(Ferguson et al., 2018). Varia¢des da RM como a imagem ponderada por difusdo (Diffusion-
weighted imaging - DWI) e a imagem ponderada por suscetibilidade (susceptibility-weighted
imaging - SWI) representam aprimoramento da técnica e proporcionam uma maior
sensibilidade em comparacdo a RM convencional (Adams et al., 2017; Drake-Pérez et al.,
2018).

Formacdes contendo célcio podem gerar diferentes padres de alteracdo no sinal em
imagens de RM, a depender da sequéncia utilizada. Essas diferencas de intensidades de sinal
nas areas calcificadas podem ser observadas nas imagens sem contraste capturadas em SWI
com filtro de fase, T1 e FLAIR (Fluid attenuation inversion recovery) (Figura 3B-D),
mostrando-se com hiperintensidade (brilhante), semelhante a TC. Enquanto que, nas
sequéncias SWI com magnitude de imagem e em T2, as calcificagdes se mostram com sinais
hipointensos (escuro), o que dificulta sua diferenciacdo de focos de hemorragicos (Figura 3E
e 3F) (Adams et al., 2017; Filloux, Marotte e Miossec, 2003; Iglesia et al., 2006; Nicolas,
Gaél et al., 2013; Wu et al., 2009). Por outro lado, ha casos em que a calcificacdo pode
mostrar-se heterogénea e, por essa razéo, exibir perfis semelhantes em T1 e T2, com sinal
hiperintenso (Avrahami et al., 1994).

Como mencionado anteriormente, devido a alta sensibilidade e melhor resolucdo da
imagem na deteccdo e caracterizacdo de calcificagfes intracranianas, a TC tem sido mais
adotada nesses casos. Entretanto, dentro das suas particularidades, ambas as abordagens (TC
e RM) possuem vantagens e desvantagens por isso, ainda ha casos em que se faz necessaria

a complementacdo do diagndstico com imagens de RM (Kalita et al., 2010).
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Com o avanco das técnicas imaginoldgicas, estudos mostraram que as calcificacdes nos
NB possuem um carater ubiquo, uma vez que acometem o cérebro em diferentes contextos
patoldgicos e, por vezes, se assemelham em distribui¢do e tamanho. Dessa forma, elas se
mostram um marcador ndo especifico, demonstrando a necessidade de exames
complementares a fim de determinar um diagndstico preciso (Batla et al., 2017; Oliveira,

2011).

Figura 3. Plano horizontal do cérebro em diferentes técnicas de neuroimagem. (A-D) As setas
indicam depositos calcificados no cérebro com sinais hiperdensos ou hiperintensos (brilhantes).
(A) Tomografia Computadorizada (Nicolas et al., 2013), (B) RM na sequéncia T1 (Filloux,
Marotte e Miossec, 2003), (C) RM na sequéncia FLAIR (Nicolas et al., 2013), (D) RM na
sequéncia SWI com filtro de fase (Wu et al., 2009). (E-F) As setas mostras regiGes escuras
(hipointensas) indicando a presenca de calcificagBes nessas areas. (E) RM na sequéncia SWI com
magnitude (Wu et al., 2009), (F) RM na sequéncia T2 (Nicolas et al., 2013).
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3.3 CALCIFICACAO CEREBRAL FAMILIAL PRIMARIA

3.3.1 Histérico e Nomenclatura

Apos os relatos de Delacour em 1850, muitos outros casos se sucederam descrevendo de
novos pacientes com os mesmos achados, neuropatologicos e clinicos. Ainda na mesma
década, Virchow e Bamberger, descreveram de forma independente a presenca de
calcificacBes vasculares na andlise histopatoldgica do cérebro de uma mulher com retardo
mental e convulsGes. No século seguinte, Pick atribuiu as calcificagdes a causa de isquemia
nas areas lesionadas. Geyelin e Penfield, em 1929, associaram a condi¢do a um quadro
inflamatdrio que ocorria na tunica interna das artérias e posteriormente, constataram que as
calcificacOes afetam os vasos de camadas corticais profundas e a matéria branca adjacente

(Casanova e Araque, 2003).

As calcificacdes cerebrais idiopaticas nos NB tornaram-se mais conhecidas em 1930
apo6s Karl Theodor Fahr (1877-1945) reportar um novo caso de mineralizagcdes vasculares
cerebrais. Na ocasido, Fahr relatou que o paciente apresentava amplo quadro clinico
composto por historico de deméncia, imobilidade sem paralisia, febre alta, visdo dupla,
Ulceras de decUbito e tosse. O exame do cérebro do paciente revelou calcificacfes
microscopicas no cértex, nos ventriculos laterais e no estriato (Batla et al., 2017; Casanova
e Araque, 2003; Manyam, 2005; Tadic et al., 2015).

Desde entdo, epdnimos passaram a ser adotados para referir-se a varios tipos de
calcificacdo bilateral nos NB e em outras &reas do cérebro. Néo raro observam-se relatos de
casos e artigos com as expressoes “doenca de Fahr” ou “sindrome de Fahr”, essa Ultima mais
aplicada para descrever o conjunto de sintomas neuropsiquiatricos. Entretanto, os autores
anteriores haviam relatado casos semelhantes e com maior profundidade e riqueza de
detalhes. (Batla et al., 2017; Tadic et al., 2015).

Dessa forma, a inconsisténcia na terminologia de doencas envolvendo mineralizagdo nos
NB levou ou surgimento de dezenas de termos, vastamente utilizados no passado, resultando

em equivocos no diagnéstico de muitos casos (Tabela 2) (Manyam, 2005; Oliveira, 2011).
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Tabela 2. Lista com diferentes termos utilizados para nomear formas idiopéticas e nao
idiopaticas de calcificagdes nos nucleos da base do cérebro (Oliveira, 2011).

Bilateral striopallidodentate calcinosis
Bilateral-symmetrical calcification of basal
ganglia

Bochnick‘s neurogel

Brain calcification

Brain calcinosis
Brain stones
Basal ganglia calcification

Calcification of the basal ganglia of the brain

Calcification of the striopallidodentate system
Cerebral calcinosis
Corticostriopallidodentate calcifications
Fahr‘s disease

Fahr‘s syndrome

Familial basal ganglia calcification

Familial bilateral vascular calcification in the
central nervous system

Familial calcific dentato-striatal degeneration
Familial calcification of the basal ganglia
Familial calcification of the basal ganglions
Familial idiopathic basal ganglia calcification
Familial idiopathic cerebral calcifications
Familial idiopathic striopallidodentate
calcifications

Familial striopallidodentate calcification

Ferrocalcinosis
Hirnsteine (stone-hard)

Idiopathic basal ganglia calcification
Idiopathic calcification of the basal
ganglia

Idiopathic cerebral calcifications
Idiopathic familial brain calcifications
Idiopathic familial cerebrovascular
ferrocalcinosis

Idiopathic nonarteriosclerotic cerebral
calcification

Morbus Fahr

Mulberry bodies

Pallido-dentate calcifications
Physiological calcifications

Pseudo calcareous foci

Psammoma bodies

Senescent calcifications

Spatz‘s pseudocalcium
Striopallidodentate calcifications
Striopallidodentate calcinosis
Symmetric cerebral calcification
Symmetrical basal ganglia sclerosis
Symmetrical calcification of brainstem
ganglia

Symmetrical intracranial advanced
pseudocalcium

O termo “calcificag@o cerebral idiopatica familiar” foi sugerido inicialmente por Boller

em 1977, quando descreveu o caso de nove individuos de trés geracOes de uma familia.

Analisando as imagens de radiografia, Boller constatou a presenca de calcificacdo bilateral

nos ganglios da base do céerebro. Os testes bioquimicos detectaram niveis normais de calcio

e fosforo (Boller, Boller e Gilbert, 1977).
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A identificacdo dos primeiros genes associados a doenga proporcionou um avango na
busca pelas bases moleculares das calcificagcdes cerebrais hereditarias. Dessa forma, o termo
“idiopatico”, usado para doencas de causa desconhecida, passou a ser substituido pelo termo
“primario”. Esse Gltimo, se refere aos casos em que ha uma origem genética, em oposicao as
calcificacOes secundarias, causadas por infeccGes, inflamacbes, problemas metabdlicos,
traumas, etc. (Batla et al., 2017). O termo “Calcificagdes Cerebrais Familiais Primarias”
(CCFP) foi, entdo, proposto a fim de uniformizar a nomenclatura das calcificagdes simétricas
bilaterais de causa genética. Assim, 0 uso do termo “Fahr”, ambiguamente utilizado como
referéncia as calcificacdes hereditarias ou idiopaticas nos NB, vem sendo fortemente

combatido e evitado (Ramos et al., 2017).

3.3.2 Sintomas, Diagnostico e Tratamento

A maioria dos individuos afetados pelas CCFP sdo saudaveis durante a infancia e na fase
adulta. O surgimento dos sintomas ocorre, em média, aos 31 anos, mas pode variar dos 6 aos
77 (Nicolas et al., 2015). Entretanto, ha casos em que a doenca ndo exerce impacto clinico,
permanecendo assintomatica durante toda a vida do paciente. Nos relatos de individuos
sintomaticos, problemas psiquiatricos sao mais prevalentes, seguidos de distlrbios motores
e comprometimento cognitivo (Nicolas, Gael et al., 2013; Tadic et al., 2015).

Diferentemente dos achados de neuroimagem (100%), nota-se uma penetrancia
incompleta do fendtipo clinico das CCFP, estimado em 61% (Tadic et al., 2015). Quadros
convulsivos, transtorno de personalidade, parkinsonismo, distonia, dificuldade na memodria,
depressdo, ansiedade e enxaqueca podem ser observados. Estimada em 24,6% em estudo
envolvendo pacientes com CCFP confirmada geneticamente, a enxaqueca nem sempre esta
segregando com a doenga. Contrapondo-se a 14,7% na populacdo geral, ela é um sintoma
que necessita de mais estudos sistematicos a fim de se determinar sua relacdo na clinica as
CCFP (Nicolas et al., 2015; Nicolas, Gael et al., 2013; Vos et al., 2012).

A proporgdo entre pacientes sintométicos e assintomaticos pode variar amplamente, a
depender dos critérios de inclusdo adotados em cada estudo. Frequentemente, isso se deve ao

fato de que pacientes com indicacdo clinica tém mais chances de serem encaminhados a
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triagens posteriores, como exames de neuroimagem e testes genéticos (Nicolas et al., 2015;
Oliveira, 2011; Tadic et al., 2015).

Devido ao amplo espectro fenotipico das CCFP e mesmo a falta desse, estimar a
prevaléncia da doenca se torna um desafio. A grande sobreposicdo clinica com outras
entidades patoldgicas e até mesmo a semelhanca no padréo de calcificagdo, causa erros de
diagndstico e a perda de informacdes relevantes sobre nimero de afetados. Estudo recente
buscou avaliar essa questdo com base em dados gendmicos, constatando que, diferentemente
do que se acreditava, elas sdo subestimadas e subdiagnosticadas, pois que sédo relativamente
comuns. (Nicolas et al., 2017).

Por esse motivo, o diagnostico diferencial das CCFP exige a analise de critérios
especificos com base no que segue: 1) exame de neuroimagem (idealmente TC) apontando a
presenca de calcificacOes bilaterais e simétricas predominantemente nos NB, 2) auséncia de
anormalidades nos testes bioquimicos e de caracteristicas somaticas a fim de 3) excluir
quadros sugestivos de doencas mitocondriais, desordens metabolicas ou infeccGes, 4)
presenca, apesar de ndo mandatoria, de disfuncdes neuroldgicas progressivas, incluindo
desordens psiquiatricas e do movimento. Ha casos em que se atenta para o histérico familiar,
frequentemente compativel com o padréo de heranca autossémico dominante (Ramos et al.,
2017; Batla et al., 2017; Nicolas et al., 2015; Tadic et al., 2015).

Em trabalho publicado em 2013, Nicolas e colaboradores encontraram uma correlagao
entre a gravidade dos sintomas, a extensdo das calcificaces e o gene portador de mutacéo.
De forma sistematica, os pesquisadores desenvolveram um sistema padronizado de
pontuacdo das calcificacbes com base na andlise visual do exame de neuroimagem em um
estudo duplo-cego: 0 = auséncia de calcificacdo, 1 = pontual; 2 = fraca; 3 = moderada; 4 =
severa; 5 = severa e confluente (Figura 4).

Atribuida a pontuacdo do nivel de calcificacdo das areas examinadas e determinado o
status genético dos pacientes, eles observaram uma maior severidade das calcificagcdes nos
pacientes sintomaticos, porém sem relacdo clara com a severidade clinica. Constataram,
também, maior uma pontuacéao na classificagdo das calcificagdes dos pacientes portadores de
mutacdes no gene SLC20A2, em comparacdo aos que tém variacdo no PDGFRB (Nicolas,
Gael et al., 2013).
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Até 0 momento, ndo hd um tratamento especifico para as CCFP. A grande
heterogeneidade clinica da doenca mostra que os sintomas, apesar de semelhantes, sdo
também bastante variaveis e por isso ndo podem ser tratados com um Unico agente (Lemos
et al., 2013). Atualmente, o tratamento pode ser baseado nos principais sintomas e hé relatos
de casos de pacientes tratados com varias medicacfes como anticonvulsivantes,
estabilizadores de humor, antipsicéticos, antiparkinsonismo, analgésicos, antidepressivos e
benzodiazepinos. O progndstico também é varidvel com alguns casos em que o0s sintomas
sdo transitorios apos o tratamento (Ramos et al., 2017). Estudo pioneiro avaliou pacientes
com CCFP quanto aos efeitos do uso de bifosfonatos, uma classe de medicamento vastamente
utilizada no tratamento de doencas vasculares e do metabolismo dsseo. Os resultados
revelaram que os pacientes tiveram 6tima resposta a administracdo do Alendronato, sem
efeitos colaterais, relataram atenuacgéo dos sintomas e 0 exame de neuroimagem nao detectou

expansdo das calcificacdes ao longo dos anos (Oliveira e Oliveira, 2016).
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Figura 4. Exemplos da escala de pontuagdo das calcificagdes bilaterais nos nlcleos basais. Os
valores de Hounsfield foram usados a fim de garantir que os sinais hiperdensos realmente indicavam
calcificacbes (Nicolas, Gael et al., 2013).
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3.3.3 Genética

Na maioria dos relatos de CCFP hereditéarias, observa-se um padrdo de segregacdo
autossémico dominante. No entanto, existem casos raros reportados com modelo recessivo,
apesar de ndo serem bem definidos, analisados com base na presenca de cruzamentos
consanguineos (Elsaid et al., 2010; Yao et al., 2018).

A caracterizacdo clinica adequada e, sobretudo, a anélise da neuroimagem assumem
grande importancia na definicdo do modo de heranca das CCFP. Muitos sdo 0s casos em que
a segregacdo da doenca é interpretada como recessiva quando, na verdade, trata-se de um
modelo dominante que estd sendo mascarado pela auséncia de sintomas e pela falta de
exames de neuroimagem de pessoas de geracdes mais antigas, levando a detec¢do de falsos
negativos (individuos saudaveis) (Oliveira, 2011).

A fim de auxiliar nessa questdo, a investigacdo das causas da CCFP assume papel de
grande importancia, sendo realizada a nivel molecular com testes genéticos que tém como
objetivo a identificacdo de variantes patogénicas no DNA. Eles podem incluir desde triagens
seriais de genes especificos de forma pontual, painéis que cobrem varios genes

simultaneamente a testes genémicos em larga escala (Ramos et al., 2017).

3.3.3.1 Mapeamento Genético

A descoberta da estrutura do DNA representou um marco histérico nas pesquisas
genéticas e promoveu grandes avancos do desenvolvimento de técnicas de sequenciamento.
Os primeiros métodos que permitiram o mapeamento das marcas deixadas pela selecdo
natural no DNA, envolviam o0 uso de material radioativo, oferecendo alto risco e com alto
nivel de complexidade (Tipu e Shabbir, 2015). Grande progresso dessa metodologia foi
alcangado quando Frederick Sanger implementou uma forma automatizada com base no uso
de terminac0es fluorescentes acrescentadas as fitas de DNA com posterior analise em sistema
de eletroforese capilar (Sanger, Nicklen e Coulson, 1977).

Conhecido como tecnologia de sequenciamento primeira geragdo, 0 método Sanger
ainda é vastamente utilizado para investigagdes pontuais e de pequena escala, oferecendo

resultados de alta qualidade (Marziali e Akeson, 2001). A plataforma vem sendo aplicada ha
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décadas e, desde o seu surgimento, vem se aprimorando significativamente culminando em

grandes melhorias durante o famoso Projeto do Genoma Humano, iniciado em 1990.

A iniciativa que contou com uma ampla rede internacional, ficou conhecida como 0 maior
projeto colaborativo do mundo e sequenciou o primeiro genoma humano completo,
revelando as causas genéticas de centenas de doencas (Consortium, 2004; Metzker, 2009).

No entanto, apesar das vantagens que oferece e dos aperfeicoamentos alcancados, o
sequenciamento capilar automatico desenvolvido por Sanger apresenta limitacfes, 0 que
demonstrava a necessidade de novos métodos (Metzker, 2009).

O proximo passo no avanco das pesquisas do DNA foi dado com o desenvolvimento de
tecnologias mais eficiente e de alto rendimento para sequenciamentos em larga escala,
conhecidos como sequenciamento de nova geracdo (Next-Generation Sequencing - NGS).
Plataformas de NGS, como o sequenciamento do genoma completo (whole genome
sequencing - WGS) e o sequenciamento do exoma completo (whole exome sequencing -
WES), tém se tornado cada vez mais acessiveis e usuais com amplo leque de aplicagdes que
vao desde a rotina de laboratdrios de diagndstico a biologia de conservacdo. Com capacidade
de mapeamento de centenas a milhdes de sequéncias com alta preciséao e eficiéncia, um dos
avancos proporcionados pelo NGS se reflete na identificagdo de variagdes naturais e
mutacdes patogénicas do genoma humano, relevante para o desenvolvimento de terapias
personalizadas para portadores de condi¢des genéticas (Besser et al., 2018; Dijk et al., 2018;
Fuentes-pardo e Ruzzante, 2017; Fujiki et al., 2018; Lazaridis et al., 2016; Mardis, 2008;
Mcginn e Gut, 2013; Tipu e Shabbir, 2015; Warr et al., 2015).

O exoma humano corresponde a cerca de 2% do contelldo do genoma e é composto por
aproximadamente 180.000 sequéncias de DNA codificante que sdo transcritas em fitas de
RNA, e contém a maioria das variacdes genéticas de efeito patogénico. Por meio do WES, é
possivel mapear quase 95% da totalidade do exoma (Lek et al., 2016; Ramos et al., 2017).

As analises e a posterior validacdo dos resultados de NGS demandam o trabalho de uma
equipe multidisciplinar capaz de interpretar o impacto clinico e molecular das varia¢fes
candidatas. A triagem e refinamento dos dados envolve varias etapas que vao desde de 0 uso
de ferramentas de bioinformatica a estudos funcionais que confirmem os efeitos biologicos
das variantes (Richards et al., 2015; Warr et al., 2015).
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Com esse propdsito, os pesquisadores seguem as diretrizes estabelecidas pelo Colégio
Americano e Genética Médica e Gendmica (American College of Medical Genetics and
Genomics — ACMG) juntamente com a Associacdo de Patologia Molecular (Association for
Molecular Pathology - AMP), que traz os critérios para classificacdo de variantes observadas
em doencas Mendelianas (Tabelas 3 e 4) (Richards et al., 2015).

Paralelamente ao desenvolvimento das técnicas sequenciamento, surge a necessidade de
acesso a informagdes gendmicas da populagéo geral que possam ser usadas como parametro
na classificacdo de alteracdes no DNA. Assim, grandes bancos de dados foram fundados
(populacionais, de doencas e de sequéncias genéticas) com a finalidade de agregar
informacgdes de centenas de milhares de pessoas, saudaveis e portadoras de doencas,
revelando as variagGes presentes nesses individuos e em que frequéncia elas se apresentam.
Do mesmo modo, surgiram inimeras ferramentas computacionais (in silico) que, com base
em algoritmos de predicdo, buscam inferir a patogenicidade das variacdes genéticas
(Richards et al., 2015).

3.3.3.2 Genes Relacionados

As CCFP sdo geneticamente heterogéneas e o primeiro locus génico associado a
patologia, conhecido como IBGC1 (IBGC - idiopathic basal ganglia calcification), foi
encontrado em uma extensa familia estadunidense que segregava a doenca de forma
autossomica dominante. Entretanto, os estudos acerca da correlacdo desse locus com as
CCFP se mostraram divergentes e variaveis (Oliveira, 2011).

A regido IBGC1 foi identificada durante o estudo de ligacdo que mapeou o brago longo
do cromossomo 14. Geschwind e colaboradores identificaram um hapl6tipo em comum entre
os afetados dessa familia, em uma regido entre os marcadores D14S70 e D14S66
(Geschwind, Loginov e Stern, 1999). Logo em seguida, o locus IBGC1 foi excluido como
candidato a causa das CCFP em cinco familias, de um total de seis, mapeadas para 0s mesmos
marcadores utilizados por Geschwind em 1999 (Oliveira et al., 2004). Em seu trabalho
subsequente, Oliveira e colaboradores decidiram estreitar a busca e sequenciaram 26 genes
candidatos dentre o locus IBGC1, descobrindo um polimorfismo nédo-sinbnimo de
nucleotideo unico no gene MGEAG6/c-TAGE (Oliveira et al.,, 2007). No entanto,
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corroborando com os resultados de Oliveira e colaboradores em 2004, estudos posteriores
ndo confirmaram a segregacgédo do IBGC1 com as CCFP, excluindo esse locus como causal
(Brodaty et al., 2002; Volpato et al., 2008).

Posteriormente, duas novas regiGes foram identificadas em outros estudos de ligacao:
IBGC2 (2937), localizada no cromossomo 2 em extensa familia italiana, porém sem gene
especifico identificado; IBGC3 (8p21.1-q11.23), no cromossomo 8, encontrada em uma
familia chinesa (Dai et al., 2010; Volpato et al., 2009).

Em decorréncia dos avancos nos métodos de mapeamento genético, maiores
esclarecimentos acerca das bases moleculares das CCFP foram alcancados. A utilizacéo do
WES permitiu a identificacdo dos quatro genes com variagdes patogénicas em heterozigose
causadoras dessa condi¢do, SCL20A2, PDGFRB, PDGFB e XPR1, proporcionando grande
avanco no entendimento das bases moleculares da doenca (Keller et al., 2013; Legati et al.,
2015; Nicolas et al., 2013; Wang et al., 2012).

Em 2012 foi identificada a primeira mutagdo associada com a CCFP no gene responsavel
pela codificacdo do tipo Il de um transportador de fosfato inorgénico sodio-dependente
(PiT2), o SLC20A2 (8pl11.21) (Wang, Li, Shi, Ren, Patti, Wang, Oliveira, De, et al., 2012).
Ele concentra a maioria das variacdes encontradas nos casos genéticos das CCFP e €
reportado como o principal elemento do mecanismo patolégico da doenga, visto que, sua
perda funcional acarreta o acumulo de fosfato inorganico (Pi) na matriz extracelular,
causando a deposicdo de fosfato de calcio (Bgttger and Pedersen, 2011; Wang et al., 2012;
Yamada et al., 2014; Lemos et al., 2015; Legati et al., 2015b; Ramos et al., 2017).

Além de alteracBes pontuais, variagdes no numero de cépia como duplicacdes e grandes
delecBes cromossdmicas envolvendo todo o gene SLC20A2 ou parte dele, também foram
relatadas em familias com membros afetados pelas CCFP (Barker et al., 2014; David et al.,
2016; Gritz et al., 2016; Pasanen et al., 2016).

Modelos animais knock-out demonstraram que o silenciamento do SLC20A2 foi capaz de
replicar os achados patoldgicos observados nos pacientes, revelando extensas areas de
calcificagdes nos ganglios basais, no tdlamo, cerebelo e cortex (Jensen, Schrader e Hejbal,
2013; Wallingford et al., 2017). Ademais, também foi relatado o impacto da deficiéncia do

SLC20A2 acarretando no aumento dos niveis de Pi no liquido cefalorraquidiano (CSF —
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cerebrospinal fluid), apoiando a ideia de que a PiT2 atuaria no transporte do fosfato presente

no CSF para o sangue (Jensen, Autzen e Pedersen, 2016).

Tabela 3. Critérios para classificacdo de variantes patogénicas (Richards et al., 2015).

Evidence of pathogenicity

Category

Very strong

Strong

Moderate

Supporting

PVS1 null variant (nonsense, frameshift, canonical 1 or 2 splice sites, initiation codon, single or multiexon
deletion) in a gene where LOF is a known mechanism of disease

Caveats:
¢ Beware of genes where LOF is not a known disease mechanism (e.g., GFAP, MYH?7)
¢ Use caution interpreting LOF variants at the extreme 3’ end of a gene

¢ Use caution with splice variants that are predicted to lead to exon skipping but leave the remainder of the
protein intact

¢ Use caution in the presence of multiple transcripts
PS1 Same amino acid change as a previously established pathogenic variant regardless of nucleotide change
Example: Val-Leu caused by either G>C or G>T in the same codon
Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level
PS2 De novo (both maternity and paternity confirmed) in a patient with the disease and no family history

Note: Confirmation of paternity only is insufficient. Egg donation, surrogate motherhood, errors in embryo
transfer, and so on, can contribute to nonmaternity.

PS3 Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene
product

Note: Functional studies that have been validated and shown to be reproducible and robust in a clinical
diagnostic laboratory setting are considered the most well established.

PS4 The prevalence of the variant in affected individuals is significantly increased compared with the prevalence
in controls

Note 1: Relative risk or OR, as obtained from case-control studies, is >5.0, and the confidence interval around
the estimate of relative risk or OR does not include 1.0. See the article for detailed guidance.

Note 2: In instances of very rare variants where case—control studies may not reach statistical significance, the
prior observation of the variant in multiple unrelated patients with the same phenotype, and its absence in
controls, may be used as moderate level of evidence.

PM1 Located in a mutational hot spot and/or critical and well-established functional domain (e.g., active site of
an enzyme) without benign variation

PM2 Absent from controls (or at extremely low frequency if recessive) (Table 6) in Exome Sequencing Project,
1000 Genomes Project, or Exome Aggregation Consortium

Caveat: Population data for insertions/deletions may be poorly called by next-generation sequencing.
PM3 For recessive disorders, detected in trans with a pathogenic variant
Note: This requires testing of parents (or offspring) to determine phase.
PM4 Protein length changes as a result of in-frame deletions/insertions in a nonrepeat region or stop-loss variants

PMS5 Novel missense change at an amino acid residue where a different missense change determined to be
pathogenic has been seen before

Example: Arg156His is pathogenic; now you observe Arg156Cys
Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level.
PM6 Assumed de novo, but without confirmation of paternity and maternity

PP1 Cosegregation with disease in multiple affected family members in a gene definitively known to cause the
disease

Note: May be used as stronger evidence with increasing segregation data

PP2 Missense variant in a gene that has a low rate of benign missense variation and in which missense variants
are a common mechanism of disease

PP3 Multiple lines of computational evidence support a deleterious effect on the gene or gene product
(conservation, evolutionary, splicing impact, etc.)

Caveat: Because many in silico algorithms use the same or very similar input for their predictions, each
algorithm should not be counted as an independent criterion. PP3 can be used only once in any evaluation of
avariant.

PP4 Patient’s phenotype or family history is highly specific for a disease with a single genetic etiology

PP5 Reputable source recently reports variant as pathogenic, but the evidence is not available to the laboratory
to perform an independent evaluation

LOF, loss of function; OR, odds ratio.
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Tabela 4. Critérios para classificagdo de variantes benignas (Richards et al., 2015).

Evidence of benign

impact Category
Stand-alone BA1 Allele frequency is >5% in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium
Strong BS1 Allele frequency is greater than expected for disorder (see Table 6)

BS2 Observed in a healthy adult individual for a recessive (homozygous), dominant (heterozygous), or X-linked
(hemizygous) disorder, with full penetrance expected at an early age

BS3 Well-established in vitro or in vivo functional studies show no damaging effect on protein function or splicing
BS4 Lack of segregation in affected members of a family

Caveat: The presence of phenocopies for common phenotypes (i.e., cancer, epilepsy) can mimic lack of segregation
among affected individuals. Also, families may have more than one pathogenic variant contributing to an autosomal
dominant disorder, further confounding an apparent lack of segregation.

Supporting BP1 Missense variant in a gene for which primarily truncating variants are known to cause disease

BP2 Observed in trans with a pathogenic variant for a fully penetrant dominant gene/disorder or observed in cis with a
pathogenic variant in any inheritance pattern

BP3 In-frame deletions/insertions in a repetitive region without a known function

BP4 Multiple lines of computational evidence suggest no impact on gene or gene product (conservation, evolutionary,
splicing impact, etc.)

Caveat: Because many in silico algorithms use the same or very similar input for their predictions, each algorithm
cannot be counted as an independent criterion. BP4 can be used only once in any evaluation of a variant.

BPS Variant found in a case with an alternate molecular basis for disease

BP6 Reputable source recently reports variant as benign, but the evidence is not available to the laboratory to perform an
independent evaluation

BP7 A synonymous (silent) variant for which splicing prediction algorithms predict no impact to the splice consensus
sequence nor the creation of a new splice site AND the nucleotide is not highly conserved

Posteriormente a identificacdo do gene SLC20A2, variantes patogénicas foram
encontradas no gene responsavel pela codificacdo do receptor de um membro da familia do
fator de crescimento derivado de plaqueta, 0 PDGFRp (platelet-derived growth fator
receptor beta), e em seu principal ligante, 0 PDGF/ (Keller et al., 2013; Nicolas, Gaél et al.,
2013).

O gene PDGFRS (5032) codifica uma proteina receptora de tirosina quinase presente na
membrana celular e é expresso em células neuronais, células vasculares da musculatura lisa,
pericitos, plexo coroide, nucleo dentado e ganglios da base do cérebro humano. A via celular
envolvendo os genes PDGF5 (22913.1) e seu receptor desempenha func¢do importante no
processo de angiogénese, recrutamentos de pericitos e na manutencdo da integridade da
barreira hematoencefalica (BBB - blood brain barrier). Muta¢des de perda de fungéo nesses
dois genes comprometem a permeabilidade da BBB e podem ocasionar, potencialmente,
calcificagOes vasculares e na regido perivascular do cérebro. Camundongos hipomorficos
para 0 gene PDGFf também reproduziram os fendmenos observados em pacientes,

desenvolvendo progressivos processos de calcinose devido a deficiéncia de pericitos na
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protecdo da BBB (Betsholtz e Keller, 2014; Daneman R, Zhou L, Kebede AA, 2010; Keller
et al., 2013; Nakamura, Arimura e Nishimura, 2016; Vanlandewijck et al., 2015).

O gene XPR1 (1925.3) (xenotropic and polytropic retrovirus receptor 1) codifica uma
proteina transmembrana identificada em células de mamiferos como o receptor retroviral de
virus xenotrépico e politrépico de murinos. A funcdo da proteina codificada pelo XPR1 é
bastante conservada evolutivamente e envolve a homeostase de fosfato celular, mediando sua
exportacao do citoplasma para o meio extracelular (Giovannini et al., 2013).

Mutacdes ligadas as CCFP relatadas nesse gene sdo herdadas sob um carater autossémico
dominante e localizam-se no dominio regulatorio da proteina, inibindo a exportacdo do Pi e
alterando a expressdo proteica na superficie celular (Anheim et al., 2016; Legati et al., 2015).

A descoberta dos genes relacionados a fisiopatologia das CCFP, sugere que diferentes vias

celulares podem acarretar em fenétipos semelhantes (Figura 5) (Batla et al., 2017).

Parathyroid gland
(blue) underneath
Astrocyte foot R\ thyrold (pink)

* SLC20A2
* XPR1

* PDGFB

Pericyte
homeostasis,
blood-brain
barrier (BBB)
regulation

Inorganic
phosphate
transporter
defect

PTH

receptor
Pi 1 G Prptein

Maintaining resistance to
integrity of parathyroid
the BBB hormone

* PDGFRB * GNAS

e STX16

Endothelial cell

e

1a ' 1b

Figura 5. a. Gréfico representativo contendo os principais mecanismos responsaveis por calcificacdes
cerebrais e 0s genes envolvidos. b. Representacdo esquematica dos mecanismos de causa genética
envolvidos com deposi¢do microvascular de calcio no cérebro. A figura mostra um corte transversal de um
vaso sanguineo do cérebro demonstrando a localizagdo dos pericitos e de células do sistema nervoso
(astrocito e neurdnio). A perda de fungdo dos genes PDGFf e PDGFp, localizados nos pericitos, pode
causar alteracdes nessas células de forma gradativa, provocando a formacéo de calcificagdo microvascular.
O fluxo de fosfato inorganico é prejudicado por mutagfes patogénicas nos genes SLC20A2 e XPR1. A
captacdo do paratormonio é facilitada pela atividade do AMP ciclico acoplado a proteina G. esse mecanismo
pode ser interrompido quando ha mutagdes no gene GNASL. Adaptado de Batla et al., 2017.
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3.3.3.3 Expressdo Génica

Além de prejuizos funcionais a nivel proteico, variagdes genéticas sao capazes de produzir
efeitos bioldgicos que se refletem na alteracdo dos niveis de expressdo do gene afetado ou de
genes da mesma via celular. Estudar a associagéo entre variagcdes no DNA e 0s genes que as
carregam representa um desafio, uma vez que os mecanismos celulares de regulacdo da
expressdo génica ocorrem em multiplos niveis e de diversas formas. A interpretacéo
biolégica de como uma mutacdo afeta os niveis de um gene, depende também do tipo de
variacdo (Jia e Zhao, 2017).

Por exemplo, fitas de mMRNA que contenham uma mutacdo que introduza um stop cédon
prematuramente em sua sequéncia, serdo tipicamente degradadas pelo mecanismo chamado
nonsense-mediated decay (NMD), o que levara a diminuicdo da concentragéo desse transcrito

e do seu produto proteico (Ferreira et al., 2014).

Assim, mudancas no padréo de expressédo de determinados genes podem ser um indicativo
da desregulacdo dos processos bioldgicos em que o gene esta envolvido. Desse modo, testes
baseados na analise dos padrdes de expressao de determinados genes sdo de grande utilidade
clinica e vem sendo aplicados como ferramentas no diagndstico de condigdes como cancer e
doencas coronérias (Bueno et al., 2004; McPherson et al., 2013; Rhees e Wingrove, 2015;
Zanotti et al., 2014; Zeller e Blankenberg, 2013).

Alguns estudos demonstraram a capacidade de aferir alteragcdes no perfil de expressao do
gene SLC20A2 diante da presenca de diferentes tipos de mutagdes patogénicas, utilizando
amostras de sangue periférico de pessoas afetadas pelas CCFP (Ferreira et al., 2014; Zhang,
Guo e Wu, 2013). Em contrapartida, analises com amostras de fibroblastos de pacientes ndo
detectaram diferencas na expressdo do SLC20A2 em comparagéo aos individuos saudaveis,
mas detectaram diminuicao na internalizacdo do Pi e diferencas na localizacdo sub celular da
proteina PiT2 (Taglia et al., 2018).
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4 METODO

4.1 PACIENTES E AMOSTRAS

Os pacientes incluidos no trabalho foram triados quanto a 1) presenca de calcificacGes
bilaterais e simétricas nos ganglios basais observados em exame de neuroimagem e 2)
auséncia de doencas metabolicas investigadas no exame de sangue demonstrando niveis
séricos normais de fosfato, célcio e horménios da tireoide. Foram coletadas amostras de
sangue periférico de 21 membros de uma familia brasileira agrupados em quatro categorias:
1) afetados (pacientes com calcificacGes bilaterais observadas no exame de TC); 2) néo
afetados (pessoas com resultado negativo na TC para calcificacGes); 3) status desconhecido
(individuos assintomaticos e sem exame de neuroimagem disponivel); 4) portadores
obrigatdrios (de acordo com o padrdo de heranca autossdbmico dominante das CCFP,
individuos assintomaticos sem exame de neuroimagem disponivel porém, com filhos
afetados) (Tabela 1). Todos os participantes do estudo assinaram termo de consentimento. O
projeto foi aprovado pelo comité de ética da Universidade Federal de Pernambuco (CAAE-
0296.0.172.000-08 e CAAE - 09475912.8.0000.5208).

42  EXTRACAO DE DNA

O DNA gendmico foi extraido com o kit Wizard® Genomic DNA Purification Kit
(Promega), segundo instrugdes do fabricante. A concentragéo e o grau de pureza das amostras
foram obtidos por meio da absorbancia a 260nm com o espectrofotometro NanoDrop®

(Thermo Scientific).



Tabela 1. Achados clinicos dos individuos da familia brasileira (ND = n&o sisponivel).
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STATUS ID PEDIGREE | IDADE | NEUROIMAGEM SINTOMAS OBSERVA(;(SES
1G01BR 111.6 44 TC Assintomatico
Disfonia, disfagia, paralisia das pregas vocais (revertida),
1G02BR15 .14 55 TC vertlge.rrl\, t_rerj'\or.es, d.ot;de cabet.;a, paralisia facial, Tratamento com Alendronato iniciado em 2016
desequilibrio, indisposic&o, paresia em musculatura
proximal de membro superior esquerdo
Afet Sri i
etado 1GO8BR16 4 70 TC Perda de memoéria moderadfx, ansiedade, dor de cabeca e T T T
vertigem
Depressao, ansiedade, insdnia, perda de memoria leve, . ’ .
1G14BR16 .7 41 TC S Tratamento com Rivotril e Paroxetina
dor de cabega desde a infancia
1G17BR16 111.10 37 TC Enxaqueca frequente, vertigem
Portador 1G0O5BR16 1.9 65 RM (laudo) Assintomatico Realizou cirurgia para hidrocefalia em 2014
ohrggtaso 1G0O7BR16 1.7 68 ND Ansiedade e dor de cabega Tratamento com ansiolitico
T = fexor- ; ificacd i
1GO3BR1G 1112 62 TC/RM (laudo) Dr e e deprasis ratamento contra depressdo com E exor. XR75; Calcificagdo na pineal e no
plexo coroide
1GO9BR16 I3 71 TC AVC, artrite reumatdide Apresenta .afa5|a er.n decorrenua.do AVC; faz uso de Alendronato, w"tamma
N3o afetado D, anticonvulsivantes e medicamentos para tratamento da artrite
1G19BR16 .12 40 TE Sindrome do pénico, depress&o, ansiedade, dor de cabeca Calcificag@o na pineal e no plexo coroide
ilepsi de a inféncia, do, ansiedade, dord — : -
1G20BR16 .14 35 TC Epllepsia desde s |.n Brickes depressio a?sfle A Iae Tratamento para epilepsia cessou as crises nos tltimos 7 anos
cabeca rara, vertigem, perda de memdria recorrente.
1G04BR16 .11 63 ND Dor de cabeca (sinusite) Fez tireoidectomia aos 17 anos
1G06BR16 1.8 67 ND Dor de cabeca (sinusite)
1G10BR16 1.2 72 ND Ansiedade Tratamento para ansiedade com Somalium
1G11BR16 .1 48 ND Tremor essencial
Status 1G12BR16 1.4 41 ND Dor de cabeca
desconhecido 1G13BR16 IS 28 ND Nefrolitiase, ansiedade, insdnia, dor de cabega Fez tireoidectomia; diminui¢&o das dores cie cabega apos a cirurgia;
tratamento com suplementacdo hormonal
1G15BR16 1.8 36 ND Assintomatico
1G16BR16 1n.s 36 ND TDAH
1G18BR16 .11 36 ND Assintomatico
1G21BR16 V.1 24 ND Dor de cabeca
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4.3 SEQUENCIAMENTO SANGER

A triagem de variantes genéticas foi iniciada com a amplificacdo do DNA genémico
pela técnica de PCR (polymerase chain reaction) seguida do sequenciamento na plataforma
Sanger da regido codificante dos quatro genes associados as CCFP na seguinte ordem:
SLC20A2, PDGFRpS, PDGFf e XPR1.

O caso index, ou probando (primeiro individuo afetado a ser estudado, antes da
captacao das amostras dos seus familiares), também fora triado por outra estudante em 2013
(dados ndo publicados) para genes candidatos pertencentes a familia PDGF (PDGFA,
PDGFRA, PDGFC e PDGFD). Os primers utilizados foram extraidos de estudos
previamente publicados na literatura e cada par amplifica um produto correspondente a uma
regido codificante do gene (Keller et al., 2013; Legati, Giovannini, Nicolas, Lopez-Sanchez,
Quintans, Oliveira, Jodo R.M., et al., 2015; Nicolas, Gaél et al., 2013; Wang, Li, Shi, Ren,
Patti, Wang, Oliveira, De, et al., 2012).

Os resultados do sequenciamento Sanger foram analisados no software CLC Main
Workbench (Qiagen, EUA) e as variacdes encontradas foram anotadas no banco de varia¢fes
do nosso grupo e pesquisadas em bancos de dados online: dbSNP
(http://www.ncbi.nlm.nih.gov/projects/SNP/), Exome Variant Server
(http://evs.gs.washington.edu/EVS/), e Ensembl (http://grch37.ensembl.org/Homo_sapiens/
Info/Index). Variantes com frequéncia alélica (MAF — minor allele frequency) menores que
1% foram classificadas como candidatas, em seguida, analisadas em softwares de predicédo
da patogenicidade, a fim de testar seus possiveis efeitos. Para isso, foram utilizadas
ferramentas como o MutationTaster2 (http://www.mutationtaster.org/), PolyPhen2
(http://genetics.bwh.harvard.edu/pph2/index.shtml) e SIFT (http://sift.jcvi.org/).

4.4 SEQUENCIAMENTO DO EXOMA COMPLETO

A regido do exoma de quatro membros da familia brasileira (trés afetados e um néo
afetado) foi isolada pelo kit SeqCap EZ Human Exome Kit v3.0 (Roche NimbleGen,
Madison, WI) e sequenciada na plataforma Illumina HiSeq2500 no Centro de Genémica e

Neurociéncia da Universidade da California (www.semel.ucla.edu/ungc).
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As sequéncias lidas no exoma foram mapeadas no genoma de referéncia
GRCh37/hg19 a as variantes analisadas simultaneamente em todas as amostras com a
ferramenta GATK Haplotype Caller segundo recomendacbes do GATK Best Practices
(Mckenna et al., 2010). Ingenuity Variant Analysis (QIAGEN, Redwood City, CA) e
Ensembl Variant Effect Predictor (http://grch37.ensembl.org/Homo_sapiens/Tools/\VVEP)
foram usados para anotacéo e filtragem das variantes.

A regido exodnica dos quatro genes conhecidos causadores das CCFP foram triados
prioritariamente para investigar a presenca de novas variacdes ou ja conhecidas. Os
transcritos usados como referéncia (RefSeq ID) para estes genes, foram: NM_006749
(SLC20A2), NM_002608 (PDGFB), NM_002609 (PDGFRB), e NM_004736 (XPR1). As
variantes candidatas foram aplicados os seguintes filtros: 1) foram excluidas variantes com
MAF maior que 1% anotadas nos bancos de dados 1000 Genomes (1000G:
http://browser.1000genomes.org/), Exome Variant Server (EVS:
http://evs.gs.washington.edu/EVS/) e Exome Aggregation Consortium (EXAC:
http://exac.broadinstitute.org/); 2) em seguida, foram agrupadas variantes missense, indels,
start/stop cddon, de alteracdo de sitios de splice e, por fim 3) aquelas que estivessem co-
segregando com a doenca sob um modelo dominante (individuos afetados sdo heterozigotos
enquanto néo afetados séo portadores do alelo de referéncia).

Para validacdo das variantes candidatas e identificacdo de possiveis falsos positivos
gerados por erros no sequenciamento, amplificacdo do DNA gendmico por PCR seguida por

sequenciamento Sanger foi realizado nas regides flanqueadoras dessas variagoes.

5 RESULTADOS

Os exames de tomografia computadorizada revelaram calcificacbes simétricas e
bilaterais nos afetados da familia brasileira, na regido do nucleo caudado, talamo e putamen
(Figura 1).

O sequenciamento do exoma completo gerou 101.889 leituras com uma média de
cobertura de 79x dentro de uma regido de 64Mb (89,9% com no minimo 20x de cobertura)

(Tabela 1). Ao todo, observamos cinco varia¢Ges na regido codificante de alguns dos genes
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SLC20A2, PDGFRf, PDGFp e XPR1, porém ndo foram identificadas variantes patogénicas

(Tabela 2).

1G14BR16

1G17BR16
(111.10)

1G20BR16
(11.14)

1G01BR 1G02BR16 1GO8BR16
(1.14) (1.4) (1.7)
.S .10
A
*
.S 11.10
A A
*
V.1
A
v Caso index A DNA disponivel % WES (UCLA)
O D Né&o-afetado . . Afetado ® Portadores obrigatorios
(TC negativo) (TC positiva) (filhos afetados; neuroimagem
indisponivel ou negativa)

*

?

1113 .14

A

*
*
1

.12 .13 I}
A

*

TC ou RM (imagem ou
apenas o laudo)

Status desconhecido
(assintomaticos; neuroimagem
indisponivel)

Fig. 1 (A) TC e RM (FLAIR - 1G20BR16) do cérebro de seis membros da familia brasileira:
1G01BR (111.6), 1G02BR15 (11.14), 1G08BR16 (11.4), 1G14BR16 (I11.7) e 1G17BR16 (111.10)
sdo pacientes com CCFP e ndo tém variacGes patogénicas na regido codificante dos genes
SLC20A2, PDGFB, PDGFRB e XPR1; o individuo 1G20BR16 (ll1.14) ndo apresenta
calcificagBes no exame de RM (FLAIR). As calcificacdes aparecem como areas de hiperdensidade
(brilhantes) na TC: nucleo caudado (seta vermelha); putamem (seta amarela); tdlamo (seta verde);
globo palido (seta azul), pineal (cabeca de seta). (B) Heredograma da nova familia candidata para

as CCFP.
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Tabela 2. NUmero total de leituras e cobertura de cada amostra.

ID da Numero total de Med!a da Regido aIv,o com
. A profundidade de cobertura minima de
amostra leituras (milhdes)
cobertura 20x

1G01BR 108 84x 91,3%
1G02BR 111 78x 80,4%
1G14BR 108 76X 89,7%
1G03BR 108 77X 89,1%

Ao longo dos quatro exomas sequenciados, identificamos 101.899 variantes no total.
Apos a aplicacéo dos filtros e exclusdo das variagdes comuns na populacédo geral (MAF>1%)
e das que ndo segregavam com a doenca, restaram 493. Dessas, apenas 49 foram preditas
como causadoras de danos a nivel proteico, incluindo: 2 in-frame, 2 splice-aceptor, 2 stop
gained e 43 variagdes missenses. Dentre essas variacOes, algumas foram preditas como
potenciais artefatos, isto €, aquelas com frequéncia alélica menor que 20 % (proporcao de
numeros de leituras com o alelo alternativo em determinada posicdo em relacdo ao niumero
total de leituras naquela mesma posicdo). Outros potenciais artefatos também sdo das
insercOes e delecdes em regides repetidas em tandem associadas a doengas conhecidas.

A fim de reduzir substancialmente o nimero de variacdes candidatas, seguimos as
recomendacdes do American College of Medical Genetics and Genomics (ACMG) que
orientam a investigacdo por evidéncias de patogenicidade (Richards et al., 2015). A
observacdo da presenca de algumas variacdes em homozigose em controles, também ¢é

indicio de inconsisténcia da sua patogenicidade.



Tabela 3. Variantes encontradas na regido codificante dos genes ligados a CCFP (* indica portadores homozigotos para aquela variante).
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Alelos Transcrito Candnico Predicdo da Funcao MAF (%)
ID da x Simbolo dbSNP
EMESTE PosieRo do gene Variante Variante Impacto na ID 1000
Ref  Alt Codificante Proteica translacéo SIFT Polyphen G EVS EXAC
1GO01BR 812%%23 C T SLC20A2 c345G>A  pT115T  sinonima - , rsz‘élf“ 05 05 0.7’
1G01BR
1G02BR15*  5:14949 s oa rs24638
1G03BR16* 5395 T Cc PDGFRp €.3252A>G p.P1084P sinbnima - - 8 28.5 39.9 34.7
1G14BR16
1G03BR16 5:71;‘5;‘9 G A PDGFRF  c3090C>T  pP1030P  sindnima i : r52§§84 62 100 76
1G01BR
1G02BR15*  5:14949 s oa rs24639
1G03BR16 9672 T Cc PDGFRp €.2601A>G p.L867L sindnima - - 5 23.6 28.1 28.7
1G14BR16
1G02BR15 5:322650 C T PDGFRB cl1453G>A  pE485K  sinonima  Tolerada  Benigna rs‘illf)m 11 19 1.9
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Foram identificados de 1 a 83 homozigotos para 15 variantes dentre as 60.706 sequéncias
de individuos depositados no EXAC. Ao passo que é importante ndo supervalorizar dados de
ferramentas in silico, é importante ressaltar que 29 variagdes foram preditas como néo
exercendo impacto na fungdo do gene ou na proteina, por multiplos algoritmos computacionais
(classificadas como ndo deletérias por pelo menos dois das ferramentas usadas: SIFT,
Polyphen, CADD e Condel).

Dentre as variantes candidatas mais promissoras, identificamos algumas presentes em genes
associados com o transporte de calcio. Assim, decidimos seguir com a investigacdo, agora por
Sanger, priorizando a andlise das variagfes raras (sem homozigotos reportados no EXAC)
preditas deletérias in silico ligadas ao metabolismo de célcio: PLCB2, RYR1, MKNK2 e RYR3.

Identificamos uma variante em um sitio de splice do gene PLCB2, que codifica a
Fosfolipase C Beta 2, ¢.2432-1G>A (reportada no EXAC em apenas um individuo de
ancestralidade Africana). Funcdes ligadas a esse gene incluem ativacdo plaquetéria, via de dor
neuropética em neur6nios dorsais da medula, ligacdo de ions de célcio e atividade da diester
fosforico hidrolase (Gene Cards: http://www.genecards.org/cgi-bin/carddisp.pl?gene=PLCB2).
O sequenciamento Sanger confirmou a presenca dessa variagdo apenas nos trés individuos
afetados estando ausente na amostra controle, corroborando com o achado no exoma.
Entretanto, a analise revelou que a variacdo ¢.2432-1G>A também estava segregando nos
outros trés individuos (dois afetados e um controle), mostrando que ela ndo atende aos critérios
de patogenicidade uma vez que esta presente em individuo saudavel.

Outra variante em um sitio de splice (c.420-2A>C) foi encontrada no gene MKNK2,
responsavel por codificar um membro da familia de proteinas kinases dependentes do complexo
calcio/calmodulina (CAMK)  Ser/Thr  (GeneCards:  http://www.genecards.org/cgi-
bin/carddisp.pl?gene=MKNK?2). No entanto, como sugerido pelo baixo valor da frequéncia
alélica dessa variacdo, somado a baixa cobertura de leitura, o sequenciamento Sanger revelou
que se tratava de um artefato, pois que nenhuma das amostras portava essa variante.

Variagdes missense em outros dois genes ligados a via de transporte de calcio, receptores
de rianodina (RYR1 e RYR3) foram classificadas como deletérias. RYR1 d& origem a uma
proteina receptora de rianodina encontrado nos muasculos esqueléticos e que funciona como um
canal de liberag&o de calcio do reticulo sarcoplasmatico para o citoplasma e, assim, exerce papel
importante na  contracdo  muscular  (GeneCards:  http://www.genecards.org/cgi-
bin/carddisp.pl?gene=RYR1&keywords=RYR1). Ficou confirmada, pelo sequenciamento
Sanger, a presenca da variagdo missense €.1474C>G:p.Arg492Gly em quatro dos cinco
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individuos afetados triados no laboratorio da UCLA. Desse modo, por ndo estar presente em
todos os pacientes, essa variagdo foi excluida da anélise. Similarmente, ao RYR1, 0 gene RYR3
também codifica um receptor de rianodina que atua na exportacdo de célcio do reticulo
sarcoplasmatico para o meio citosélico.

Diferentemente do seu homdélogo, 0 RYR3 é vastamente expresso, com niveis mais altos
nos ganglios basais, amigdala e cortex (GTEX data: http://www.gtexportal.org/home/), e assim,
também media a liberacdo de célcio do reticulo endoplasmatico em células ndo musculares
(GeneCards: http://www.genecards.org/cgi-bin/carddisp.pl?gene=RYR1&keywords=RYR3).
A variacdo missense ¢.2486G>A:p.Arg829His no RYR3 foi confirmada pelo método Sanger,
segregando nas amostras de todos os afetados enviados para analise, e ausente nos individuos
controle. Os resultados eram indicativos de que o gene RYR3 seria um forte candidato a novo
gene causal das CCFP, uma vez que a variacao encontrada preenchia os critérios de selecdo e,
sobretudo, 0 gene esta diretamente ligado a uma via celular relevante na fisiopatologia das
calcificacOes cerebrais.

Em seguida, expandimos a analise a todos os outros membros da familia de que dispomos
amostras em nosso banco, a fim de confirmar o padréo de segrega¢do autossdmico dominante
da variacdo ¢.2486G>A:p.Arg829His identificada no RYR3. Surpreendentemente, a variante
também esta segregando 1) nos dois individuos classificados como portadores obrigatdrios,
corroborando com a possibilidade de serem, na verdade, afetados, 2) em dois individuos
categorizados como status desconhecido e 3) em um ndo afetado.

Entdo, voltamos aos dados inicias do exoma e realizamos nova anélise da lista com 49
variacOes candidatas, aplicando outros criterios de exclusdo, e agrupamos variacdes em seis
novos genes (Figura 2). Apds triagem com 0 Sequenciamento Sanger, constatamos que as novas
variantes também nado atendiam aos requisitos para serem classificadas como causais, pois elas

segregavam 1) em ambos afetados e ndo afetados ou 2) estavam ausentes nos afetados.
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RYR3 INF233 REV3L ZNF546 KIR2DL3 KIR3DL3

STATUS SAMPLE ID | PEDIGREE | AGE

€.2486G=A | ¢.1356T=G | ¢.731A~>C | ¢.1991C>A | c.662C>T | c.110C>G | c.961A>T

1G01BR 1.6 44

1G02BR .14 55

Affected 1G08BR 1.4 70
1G14BR 1.7 11

1G17BR .10 37

Obligate carrier 1G058R I3 &5
1G07BR .7 68

1G03BR .12 62

Non-affacted 1G0SER .3 71
1G15BR .12 40

1G20BR .14 35

1G04BR .11 63

1G06BR 1.8 o7

1G10BR .2 72

1G11BR 1.1 43

1G12BR 1.4 41

Unknown status 1G13BR s 23
1G15ER [ 8:] 36

1G16BR 1.9 36

1G18BR .11 36

1G21BR V.1 24

Fig. 2. Status dos individuos investigados para as variagdes candidatas identificadas no
sequenciamento do exoma. Verde: portador da variacdo; vermelho: ndo portador; branco:
amostra ndo sequenciada.

5.1 PERSPECTIVAS

Seguindo as recomendacdes de investigacdo e diagnostico das CCFP, ap6s o contato com
0s membros da familia brasileira e investigacao clinica dos membros afetados e saudaveis, foi
realizada a triagem da regido codificante de cada um dos quatro genes ligados a doenga. Com
base na frequéncia relativa de variantes patogénicas, priorizamos o0 sequenciamento do gene
SLC20A2 e, na auséncia de mutacGes patogénicas, seguimos com as analises para 0s genes
PDGEFJ5, PDGFRS e XPR1, nessa ordem.

A auséncia de variagdes nos quatro genes conhecidos, tornou a familia elegivel para a
investigacdo do exoma, na busca por novos genes ou variagdes ndo observadas no método
Sanger.

Os resultados acerca da variagcdo no gene RYR3 ainda se mostram bastante promissores.
Entretanto, devido aos resultados negativos obtidos até o momento, faz-se necessaria uma
maior investigacdo clinica de alguns individuos dos quais temos poucas informac6es ou nédo
possuimos exames de neuroimagem. O primeiro passo sera confirmar o status dos individuos
categorizados como portadores obrigatorios, status desconhecido e ndo afetados. Novos exames

de neuroimagem como tomografia computadorizada permitiréo esclarecer essa questéo.
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Outro ponto a ser refletido é que resultados de sequenciamento do exoma podem apresentar
limitacOes devido ao seu design e ndo revelam, diretamente, a presenca de grandes duplicagoes
ou delecBes, sejam parciais ou totais.

Em parceria com o grupo liderado pelos Dr. Hannequin e Dr. Nicolas, em 2015
encaminhamos ao seu laboratorio em Rouen (Franga) algumas amostras do nosso banco de
pacientes (casos index de 29 familias), a fim de investiga-los quanto a presenca de variagdes
do nimero de copia (CNV — copy number variation) (David et al., 2016; Nicolas et al., 2014).

No momento, possuiamos em nosso laboratorio, apenas a amostra do caso index (1G01BR)
dessa familia, que foi mapeado para o gene SLC20A2 em ensaio capaz de identificar CNVs
completos e parciais (envolvendo apenas um éxon). Os resultados foram negativos e entéo,
seguiu-se com a andlise dos PDGF e PDGFRp, apenas para dois éxons de cada gene, devido
a falta de primers para mapea-los em tua totalidade. Também néo foi identificada a presenca de
CNVs nesse ensaio. Na época, ainda ndo se conhecia a relagao causal do gene XPR1 e as CCFP,
portanto, ele ndo foi incluido nas analises.

A falta de resultados conclusivos do primeiro exoma e das posteriores triagens por Sanger,
nos levaram a enviar as amostras de afetados e alguns controles da familia brasileira para um
novo WES, que sera realizado em Rouen. O exoma sera mapeado com outro kit de captura
(Agilent Sureselect All Exons Human V5 Kit - Agilent technologies, Santa Clara, CA, USA) e
os resultados serdo submetidos @ uma investigagdo mais abrangente para a presenca de CNVs
porém, com a ferramenta in silico desenvolvida pelos pesquisadores do grupo francés, o
CANOES (David et al., 2016).
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6 CONCLUSOES

v' As CCFP sdo uma condicdo neuropsiquiatrica clinicamente heterogénea que pode
manifestar-se ja durante a infancia, em casos mais raros, ou entre a quinta e a sexta

década de vida.

v A popularizacdo de exames ndo invasivos para a deteccdo das calcificacOes cerebrais,
bem como os avangos nas técnicas de neuroimagem, permitirdo o diagnostico precoce

da doenca em casos hereditarios da doenca.

v' Os resultados do presente trabalho, realizado em parceria com grandes centros
internacionais, reforcam o papel dos genes j& conhecidos associados as bases

moleculares das CCFP.

v As novas variantes reportadas ajudardo a esclarecer casos futuros CCFP hereditarios e
auxiliardo na interpretagdo do impacto de novas variacGes genéticas. Além disso,

fornecem uma lista de candidatos para ensaios funcionais.

v/ Sdo necessarios estudos prospectivos que acompanham a progressdo de pacientes
portadores de variacGes genéticas patogénicas nos genes ligados as CCFP, a fim de
expandir nosso conhecimento acerca do curso da doenca, dos fatores genéticos e
ambientais que podem influenciar na progressao e na penetrancia da patologia.

v' Devido as limitagBes técnicas e metodoldgicas de ambas as plataformas de
sequenciamento, capilar (Sanger) e NGS (exoma), ndo identificamos variagdes

candidatas nos pacientes da familia brasileira reportada no estudo.

v' Também ndo foram encontradas CNVs nos gene SLC20A2, PDGFf3 e PDGFRp,

parciais nem totais. Um ensaio para o gene XPR1 ainda se faz necessario.

v" Uma nova triagem do exoma da familia brasileira por meio de novo kit de captura e
método de triagem dos dados, podera auxiliar a responder 0s casos negativos pendentes

em nosso banco de amostras, bem como nos bancos dos grupos colaboradores.
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v Devido ao fato de os genes SLC20A1, SLC20A2 e XPR1 estarem ligados ao transporte
de fosfato inorgénico atraveés da membrana celular, ainda que em direcGes opostas
(SLC20A1 e SLC20A2, importacdo; XPR1, exportacdo), € comum a suspeita de um

mecanismo de coregulacéo entre eles.

v' Os estudos de expressdo demonstraram que mutacOGes de diferentes naturezas no
SLC20A2 diminuiu seus niveis de mRNA porém, os genes SLC20A1 e XPR1 néo

sofreram efeitos colaterais explicitos desse mecanismo.

v Tais resultados sugerem que ndao ha uma compensacdo da haploinsuficiéncia do

SLC20A2 por parte dos outros dois genes transportadores de fosfato.
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Abstract

Primary familial brain calcification (PFBC) is a rare cerebral microvascular calcitying disorder with a wide spectrum of
motor, cognitive, and neuropsychiatric symptoms. It is typically inherited as an autosomal-dominant trait with four causative
genes identified so far: SLC20A2, PDGFRB, PDGFB, and XPRI. Our study aimed at screening the coding regions of these
genes in a series of 177 unrelated probands that fulfilled the diagnostic criteria for primary brain calcification regardless of
their family history. Sequence variants were classified as pathogenic, likely pathogenic, or of uncertain significance (VUS),
based on the ACMG-AMP recommendations. We identified 45 probands (25.4%) carrying either pathogenic or likely
pathogenic variants (n =34, 19.2%) or VUS (n = 11, 6.2%). SLC20A2 provided the highest contribution (16.9%), followed
by XPR1 and PDGFB (3.4% each), and PDGFRB (1.7%). A total of 81.5% of carriers were symptomatic and the most
recurrent symptoms were parkinsonism (54.5% of symptomatic patients), cognitive impairment, and psychiatric disturbances
(43.2% each), with a wide range of age at onset (from childhood to 81 years). While the pathogenic and likely pathogenic
variants identified in this study can be used for genetic counseling, the VUS will require additional evidence, such as
recurrence in unrelated patients, in order to be classified as pathogenic.

Introduction calcium—phosphate deposits in the microvessels of the basal

ganglia and other brain regions. Clinical manifestations can
Primary familial brain calcification (PFBC) is a rare neu-  start at any age (median 31 years, range 6-77 years) [1], and
ropsychiatric ~ disorder  characterized by abnormal include a wide spectrum of movement disorders (dystonia,
parkinsonism, tremor, and chorea), neuropsychiatric symp-
toms (behavioral disturbances, psychosis, mood disorder,
and cognitive impairment), cerebellar signs, and other
These authors contributed equally: Eliana Marisa Ramos, Miryam symptoms [2], while up to 42% of the patients remain
Camochioy asymptomatic [1]. Even though the clinical presentation is
Electronic supplementary material The online version of this article  variable, the neuroradiological picture (evidence of bilateral
(https://doi.org/10.1038/s41431-018-0185-4) contains supplementary calcification affecting at least the basal ganglia) is thought
Fosterial, Ngich pvailable & authorized njess. to be invariably present by the age of 50. Hence, the

4 Giovanni Coppola diagnosis relies on a computerized tomography (CT) scan,
geoppola@ucla.edu in the absence of other known causes of brain calcification
[4] Gaél Nicolas [2]. PEBC is typically inherited as an autosomal-dominant
gaelnicolas@hotmail.com trait, and to date four causative genes have been identified.
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SLC20A2 (solute carrier family 20, member 2) was the
first gene to be linked to PFBC [3]. Since its discovery,
many protein-truncating and deleterious missense variants
have been identified, accounting for up to 40% of the
familial cases [4]. SLC20A2 encodes the transmembrane
sodium-inorganic phosphate cotransporter PiT2, suggested
to have arole in phosphate clearance from the cerebrospinal
fluid by recent in vitro and knockout mice studies [5].

Vanants in the PDGFRB gene [6-8], encoding the
platelet-derived growth factor receptor [} (PDGF-Rf), and in
the PDGFB gene (PDGF-Rf’s main ligand) [9-12], have
been reported in more than 20 unrelated probands so far.
PDGFB-PDGF-Rf signaling mediates survival, differ-
entiation, and migration of mesenchymal cells, including
the vascular smooth muscle cells affected by calcifications
in PFBC [13]. While increased signaling is associated with
cancers, overgrowth, and progeria syndromes [14-18], in
PFBC patients, protein-truncating PDGFB and missense
PDGFB and PDGFRB variants lead to decreased
PDGFB-PDGF-Rf} signaling [8, 19, 20]. Although
PDGFB-PDGF-R signaling is implicated in the regulation
of inorganic phosphate transport [21], the mechanisms
leading to microvascular calcification remain unknown
[19].

More recently, missense variants in another phosphate
transporter, encoded by the XPR] gene, were identified in
several PFBC families [22]. Subsequent functional studies
showed that XPR1 mutant proteins had severely reduced
membrane localization and/or impaired phosphate efflux
activity [22, 23].

The interpretation of sequence variants identified in
genetic screens for rare diseases remains challenging. The
American College of Medical Genetics and Genomics and
the Association for Molecular Pathology (ACMG-AMP)
recently established a set of guidelines to classify genetic
variants into five categories from benign (1) to pathogenic
(5) [24]. While large sequence variant databases, such as
gnomAD [25], are helpful in estimating allele frequencies in
control populations, for rare diseases with incomplete
penetrance (such as PFBC), variant recurrence in unrelated
patients and family segregation data remain critical for
interpretation.

In an international effort, four centers from France, USA,
Italy, and Brazil gathered and analyzed sequence data from
the four genes known to cause autosomal-dominant PFBC.

Materials and methods
Patients

We included patients with brain calcification who were
referred to four centers of expertise: University of
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California, Los Angeles, USA: IRCCS Neurological Insti-
tute C. Besta, Milan, Italy: Inserm U1245, Rouen, France:
and Universidade Federal de Pernambuco, Recife, Brazil.
All patients presented calcifications affecting at least both
lenticular nuclei, beyond the age-specific severity threshold
[7]. a normal phospho-calcic assessment (including at least
calcium, phosphate, and PTH) in blood, and no other
known etiology. Probands and, if available, family members
underwent clinical examination and blood sampling. Details
on clinical and family history were obtained by direct
interview and/or by reviewing medical records. All indivi-
duals included in this study had a brain CT scan; for some,
however, details about the extent and localization of brain
calcifications were not available. Detailed inclusion criteria
are reported in Supplementary Methods. All participants
signed written informed consent for genetic analyses.

Genetic screening

Genomic DNA was extracted from peripheral blood by stan-
dard methods. For samples from the French, US, and Brazilian
series, PCR amplification and subsequent Sanger sequencing
of all protein-coding exons and exon—intron boundaries of
SLC20A2, PDGFB, PDGFRB, and XPR] genes was per-
formed as previously described [3, 6, 9, 22]. All 49 patients
from the Italian series were screened with a customized gene
panel (Nextera Rapid Capture Custom Enrichment), which
included the PFBC genes and 55 additional genes responsible
for diseases characterized by cerebral calcificaion (Supple-
mentary Methods). The following genomic and transcript
references were used for varant nomenclamre and exon
numbering: NG_032161.1 and NM_0067494 for SLC20A2,
NG_01211 1.1 and NM_002608.2 for PDGFB, NG_023367.1
and NM_002609.3 for PDGFRB, and NG_050964.1 and
NM_004736.3 for XPRI.

Copy-number variation

Quantitative multiplex PCR of short fluorescent fragments
(QMPSF) was used to assess the presence of copy-number
variations (CNVs) encompassing SLC20A2 and PDGFB, in
the French and Brazilian series, as previously described [12,
26]. For the US series, CNVs were genotyped using Tag-
Man copy-number assays, following the manufacturer’s
instructions. Commercially available assays for the
SLC20A2 (Hs00279506_cn, Hs00383415_cn), PDGFB
(Hs00902096_cn and Hs01735391_cn), and PDGFRB
(Hs01615581_cn, Hs02279533_cn, and Hs02258542_cn)
genes were used. For the Italian series, the cn.MOPS tool
was applied to next-generation sequencing data for CNV
detection [27].
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Variant assessment

CcT
scan
Co,
WM

Variant classification was conducted following ACMG-
AMP recommendations [24]. Briefly, these criteria included
prior identification as a PFBC-causing variant (reported in
the literature, HGMD, Clinvar, and/or the PFBC variant
database https://coppolalab.ucla.edu/lovd/genes), allele fre-
quency in population databases (gnomAD [25], http://
gnomad.broadinstitute.org/), computational and predictive
data (Polyphen2, SIFT, MutationTaster, and splicing pre-
dictions provided by the Alamut visual software (Interactive
Biosoftware, Rouen, France)), functional studies (reported
in the literature), and segregation data. Each variant was
first classified into one of the five ACMG-AMP classes by
an investigator from the group where it was identified and
then reviewed by the entire study group. All variants
reported in this study were added to the PFBC database
https://coppolalab.uclaedwlovd/genes.

History

AAO Family

signs, alcohol
2

abuse,
medial cerebrul

summary
antery

aneurysm of

comorbid
the right

Sex Clinical

Ethnicity
012111.1 and NM_002608.

Affected relatives

Taster

Clinical and imaging data from affected relatives were
collected, and genetic testing was performed on available
DNA samples to ascertain variant cosegregation.

gnomAD Mutation  Polyphen2 SIFT

Results

(missense) or
predicted

consequences

protein

Domain

Genetic screening in four series

By screening the four known PFBC-causative genes in 177
unrelated probands from four independent international
series, we identified 34 probands (19.2%) carrying a variant
classified as pathogenic (class 5) or likely pathogenic (class
4), while 11 carried a variant of uncertain significance
(VUS) (class 3, 6.2%). In contrast, CNV analysis did not
reveal any clear large deletion or duplication in the PFBC
genes screened. The overall variant detection rate was
therefore 25.4% (45/177) (Supplementary Table 1). Only 2
out of the 177 unrelated probands were previously reported
[23, 28]. After including 11 variant-carrying affected rela-
tive members, 56 individuals are described herein.

Protein

Variant type ¢DNA

ACMG

SLC20A2 variants

Novel
variant - class
or ref.

We identified 27 distinct SLC20A2 variants in 30 unrelated
probands (16.9%, Table 1). Nine of these variants had
previously been reported in other PFBC patients [3, 4, 6, 7,
29-32], including six missense variants for which patho-
genicity was uncertain and that can now be classified as
pathogenic: p.(Prol84Leu) and p.(Gly498Arg), or likely
pathogenic: p.(Arg71His), p.(Asnl194Ser), p.(Serd434Trp),
and p.(Ala585Thr). These variants were seen in 12 of our

AAO age at onset, Pa pallidum, Pu putamen, Ca caudate nuclei, 7' thalamus, D dentate nuclei, Co cerebral cortex, WM subcortical white matter, NA not available, DC disease causing, PossD

ACMG class: 5—pathogenic, 4—likely pathogenic, 3—variant of unknown significance. Novel variant refers to variants that have not been previously reported in PFBC patients. Family history
possibly damaging, 2D probably damaging, 7 tolerated, D deleterious.

was considered positive if at least one first-degree relative exhibited at least one neuropsychiatric symptom by interview

‘The variants were submitted to the following database; https://coppolalab.ucla.eduflovd_pfbe/genes/PDGFB. Reference sequences: NG

Family Case ID Study

Table 2 (continued)
number
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unrelated probands, including one case already reported in
the literature [28]. The remaining 18 SLC20A2 variants
were novel, of which nine were protein-truncating variants
(PTV) and were therefore classified as pathogenic.

Two novel likely pathogenic variants were also identi-
fied. First, an in-frame deletion of 27 nucleotides
(c.1822_1848del) in exon 11 of SLC20A2 was identified in
a proband and his affected father. This variant is predicted
to cause a deletion of nine amino acids, p.
(Ie608_Trp616del), at the C-terminal domain of Pit-2, in a
transmembrane region. Second, a predicted-damaging mis-
sense variant, ¢.541C>T, p.(Argl81Trp) in exon 5 was
identified in a patient and his affected father. This variant
was found in one individual from the gnomAD database
(MAF =4.1e—06). Other missense pathogenic variants in
nearby residues have been reported in PFBC patients [4],
supporting evidence for pathogenicity.

Among the additional seven novel VUS identified, two
were intronic (c.289-+5G>A, ¢.290-8A>G), absent from
gnomAD, and with strong in silico predictions of a splicing
defect at the closest canonical site (MaxtEntScan score
change of —80.7% and -54.4%, respectively, with the
¢.290-8A>G predicted to create a new acceptor site at
position ¢.290-7). Two other novel missense VUS were
located at exon boundaries. The ¢.290G>A, p.(Gly97Asp)
variant, affecting the first base of exon 3, was predicted as
damaging by in silico tools and to cause a slight effect in
splicing (MaxEntScan score change: —7%). The c.1523G>A
variant, p.(Ser508Asn), affecting the last base of exon 8§,
was also predicted to be damaging, in addition to a strong
effect on splicing (MaxEntScan score change: —59.5%).
RNA from these patients was not available to confirm the
hypothesis of a protein-truncating effect through altered
splicing, precluding their classification as (likely) patho-
genic. The other novel VUS, p.(His488Arg), p.
(Gly589Arg), and p.(Val624Glu), were not detected in
gnomAD and are predicted to be damaging by in silico
analysis. Even though other missense pathogenic variants in
nearby residues have been reported, there was not sufficient
evidence to classify these specific variants as (likely)

pathogenic.
PDGFB variants

We identified six distinct PDGFB variants in 6 unrelated
probands (3.4%, Table 2). Two of these varnants had
already been reported in other PFBC patients: nonsense p.
(Argl49Ter) and, stop loss ¢.726G>C, p.(Ter242Tyr-
ExtTer89) that adds 89 residues to the protein [9]. We
identified a novel stop loss variant, c.724T>C, p.
(Ter242GInExtTer89), which is also predicted to cause an
elongation of the reading frame by 89 amino acids. Func-
tional studies have shown that proteins with variants

causing a C-terminal extension, namely p.(Ter242Tyr-
ExtTer89), failed to induce any detectable PDGF-Rf
autophosphorylation [19]. A novel canonical splice site
variant, ¢.456+1G>A (Table 2), predicted to affect splicing
of exon 4 in PDGFB, was identified in a proband and the
affected mother. Both of these novel variants were absent
from gnomAD. Therefore, there was enough evidence to
support these variants as pathogenic for PFBC.

We also identified two novel missense variants, both
absent from gnomAD and predicted damaging by in silico
analysis: p.(Glyl32Arg) and p.(Argl42His) (Table 2).
Variant p.(Glyl32Arg) was identified in an additional
unrelated French patient with brain calcifications (enrolled
after the data freeze, hence not included in this series) and
was therefore classified as likely pathogenic.

PDGFRB variants

Three distinct PDGFRB variants were found in three
unrelated probands (1.7%, Table 3): p.(Arg226Cys), p.
(Pro596Leu), and p.(Asp844Gly), all novel missense var-
iants, predicted damaging. Of these, only the p.(Pro596Leu)
variant was present in two individuals in gnomAD (MAF =
8.1e—06). Segregation data was only available for the
family carrying the p.(Asp884Gly) variant and we showed
that this variant resulted in a loss of PDGFRf autopho-
sphorylation (Supplementary Figure 1). Based on this evi-
dence, this variant was classified as pathogenic, while the
other two were classified as VUS.

XPR1 variants

Five distinct XPR/ variants were found in six unrelated
probands (3.4%, Table 4). Two of these variants had
already been associated with PFBC. One of our unrelated
French patients carried the same p.(Leul45Pro) variant
reported in the original XPR] paper [22]. The other variant,
p-(Leu87Pro), was found in a case already reported [23].
These two variants were not found in gnomAD and can be
classified as pathogenic based on published functional evi-
dence [22, 23]. Three additional predicted-damaging mis-
sense variants were found (Table 4). While p.(Thr233Ser)
was found in two unrelated PFBC individuals, it was also
found in two individuals within the gnomAD database
(MAF = 8.1e-06). On the other hand, both p.(Arg459Cys)
and p.(Asn619Asp) were not found in gnomAD. Further-
more, for p.(Arg459Cys), the unaffected proband’s mother
did not carry this variant and had a normal brain CT scan.
Both p.(Thr233Ser) and p.(Arg459Cys) variants were
therefore classified as likely pathogenic, while there was not
sufficient evidences for p.(Asn619Asp), hence classified
here as VUS.
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Fig. 1 Clinical presentation of 56 variant cammiers. a Number of familial
(including relatives) and sporadic cases, and b number of symptomatic
and asymptomatic individuals per varantearter, ¢ Distribution of age-

Clinical presentation

Herein, we reported a total of 56 PFBC patients (32F; 24M),
including the 45 probands that were found to carry VUS or
(likely) pathogenic variants, and 11 relatives that had brain
calcifications and the same variant as the proband (Fig. la).
Detailed clinical and radiological data were available in 54/
56 patients (Tables 1—4), and at the time of genetic testing,
44 (81.5%) of these were symptomatic (Fig. 1b). Mean age
at clinical onset was 47.2 years (Fig. Ic) (median =52y,
range: 3-81 y, age at onset was unknown for eight cases,
including one with onset in childhood) and mean age at last
examination was 57.4 years in symptomatic patients and
47.5 in asymptomatic patients. Parkinsonism (alone or
combined with other clinical manifestations) was the most
frequent finding, present in 24/44 (54.5%) of symptomatic
patients, mostly with an akinetic—rigid presentation
(Fig. 1d). Cognitive impairment was documented in 19/44
(43.2%) symptomatic cases, as were psychiatric dis-
turbances (depression, psychosis, anxiety), while 13/44
(29.5%) patients had cerebellar signs. In addition, migraine
was reported by 10/54 patients (18.5%): in five of these
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patients neurological examination was unremarkable and
therefore they were considered asymptomatic.

Discussion

We screened the four known PFBC-causative genes in a
series of 177 PFBC patients and identified 41 distinct var-
iants, in a total of 45 unrelated probands. Taking into
account only likely pathogenic and pathogenic variants, for
which evidence is sufficient to propose genetic counseling,
34 out of the 177 (19.2%) unrelated probands carried such
variants. However, the overall variant detection rate can
increase up to 25.4% (45/177), if future studies find new
evidence to reclassify the VUS we found as causal. As
expected, SLC20A2 showed the highest contribution with
variants identified in 16.9% (30/177) of the probands, fol-
lowed by XPRI and PDGFB, each with 3.4% (6/177), and
then PDGFRB with 1.7% (3/177). These rates are consistent
with those reported in other French series that, similar to
ours, had patients with and without known family history
[33], in contrast to previous reports that showed high
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mutation rates in patients with a positive family history
|34]. Even though we screened novel unrelated probands,
we detected new but also previously reported PFBC var-
iants, sometimes in patients originating from the same
country as the original carrier. It should be noted that, based
on available family information, none of the patients in our
series seem to be related to any of the PFBC carriers already
published in the literature.

SLC20A2 was the first PFBC-causative gene to be
identified, linking cerebral inorganic phosphate metabolism
to PFBC’s pathophysiology [3]. Evidence that SLC20A2
haploinsufficiency causes PFBC is strong as both PTV and
total/partial deletions have been identified [3, 26, 29]. This
hypothesis has been confirmed in mouse models [5, 35, 36],
and by in vitro assessment of some of the missense variants
[3]. In our series, including patients with positive family
history and apparently sporadic cases, we confirmed
SLC20A2 as the major causative gene, accounting for at
least 13.0% of the cases (adding up to 169% when
including VUS).

XPR1 was the most recent PFBC gene to be identified
[22], and in our series, variants within thesg gene are as
frequent as PDGFB variants. Pathogenicity of XPR] var-
iants reported to date has been ascertained based on: strong
segregation [22], recurrence among unrelated patients, and/
or functional data showing a defect in inorganic phosphate
transport [22, 23]. Interestingly, all known pathogenic
variants are located in the SPX domain of XPRI, the
function of which remains uncertain. We identified three
novel missense variants, all predicted damaging, but located
outside the SPX domain. Functional analyses are needed to
further clarify their role.

The identification of protein-truncating PDGFB variants
following the identification of missense PDGFRB variants,
provided the first evidence that  decreased
PDGFB-PDGFR} signaling was causative of PFBC. Loss
of function and missense variants, as well as a partial
PDGFB deletion have been identified to date [1, 9, 12, 37],
supporting haploinsufficiency as causal mechanism. Here,
we report four novel varants, including one PTV, one stop
loss and two missense variants, of which one could be
classified as likely pathogenic.

Since the original paper identifying PDGFRB as a PFBC
causal gene, only four established pathogenic PDGFRB
variants have been reported in the literature. These showed
strong segregation evidence [6] and/or functional evidence
of a loss of protein function [8, 19, 20]. Another missense
variant, p.(Glul071Val), originally considered as VUS has
since been reclassified as likely benign based on functional
studies [7, 19, 20]. More recently, 2 novel variants were
identified in Chinese PFBC cases: a ¢.3G>A variant leading
to a loss of the start codon, and a missense p.(Asp737Asn)
variant [38]. Although the latter variant was considered a

VUS, the start loss variant could be classified as pathogenic
it considered truncating, however its functional effect
remains unclear as an altermative in-frame ATG codon
could theoretically be used. Herein, we report 3 additional
missense variants, though only one of them could be clas-
sified as pathogenic based on segregation and functional
data.

The PFBC phenotypic spectrum is wide and diverse,
with intra and interfamilial heterogeneity. Although some of
the variants found in this study are recurrent, their low
frequency precluded any genotype-phenotype comelations,
and therefore we focused on all carriers. We found that
81.5% of those with clinical information available were
considered symptomatic, with severity ranging from minor
signs on clinical examination to severe disability. In pre-
vious reports, including anether French PFBC series and a
meta-analysis study, the proportion of symptomatic patients
was indeed lower, 58 and 64%, respectively [1, 39]. Here,
the relatively high proportion of symptomatic carriers is
likely due to an inclusion bias, as symptomatic probands are
more likely to be offered genetic screening than asympto-
matic individuals and few relatives could be included in the
present report (11/56 versus 35/57 in [1]). Age of onset was
comparable to previous screens, with a wide range from 3 to
81 years. Consistent with previously published series, the
most frequent symptoms in our series were parkinsonism
(54.5% of symptomatic individuals), cognitive impairment,
and psychiatric signs (43.2% each). Interestingly, 18.5% of
the 54 patients with available clinical data reported migraine
without atypical features, which is in the same range as the
general population [40)], suggesting that migraine in patients
with brain calcifications may be coincidental. This ratio is
consistent with those reported in an independent series and
a literature review study [1, 39], while there are also reports
that showed lack of segregation between brain calcification
and migraine [41].

In summary, by screening the known PFBC genes in
four cohorts from America and Europe, including sporadic
and familial cases, we identified variants interpreted as
VUS, likely pathogenic, or pathogenic in 25.4% of the 177
probands. While variants from the latter two classes can be
used for genetic counseling, segregation and/or functional
studies of the VUS are necessary to help clarify their role in
PFBC, and therefore no presymptomatic testing can be
recommended given the current level of evidence. The
novel variants reported here will help with interpretation of
future genetic screens of unrelated PFBC patients and
provide a list of candidates for functional studies. Finally,
further prospective follow-up studies in patients carrying
pathogenic variants in PFBC-related genes are needed to
widen our knowledge about disease course, genetic and/or
environmental factors which could influence disease pene-
trance and progression.
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Supplementary Methods

Inclusions. The French PFBC series included a total of 90 unrelated probands that were referred
from multiple French centers to the Inserm U1245 research Unit in Rouen from January 2015
to February 2017. One of these patients, carrying an XPR1 variant, has already been reported
in detail elsewhere.! Patients referred to this center before January 2015 were already reported
and not included in this study.?*

The Italian series included 49 unrelated probands referred to the Molecular Neurogenetics Unit
of C. Besta Neurological Institute in Milan from April 2014 to April 2017. Of these, one patient
carrying an SLC20A2 variant, has previously been reported in detail elsewhere.’

The US group, included a total of 16 primary brain calcification unrelated probands referred to
UCLA from April 2014 up until January 2017. Patients referred to this center before April 2014
were already reported and not included in this study.® 58

A total of 22 patients from multiple Brazil centers, referred to the Keizo Asami Laboratory —
LIKA / Federal University of Pernambuco — UFPE in Recife from April 2014 to January 2017,
were included in this study as part of the Brazilian series. Patients referred to this center before

April 2014 were previously reported and not included in this study.*°

Genetic screening of the Italian patients using a NGS panel. Target regions included the exons
of each gene £20 bp intronic flanking sequence. Samples were sequenced with a Miseq
sequencer (lllumina) with 50x average depth. Raw reads were aligned to the human genome
(GRCh37 assembly), variants were called and annotated using Variant-Studio (Illumina) and
then filtered, focusing on rare (MAF <1% in 1000 Genome Project, Exome Aggregation
Consortium - EXAC, and Exome Sequencing Project databases) and potentially damaging
variants (Polyphen2, SIFT and MutationTaster). Variants were confirmed by Sanger
sequencing in probands and available relatives.

In the Italian series, where other genes responsible for diseases characterized by cerebral
calcification were also screened, only one patient received an alternative genetic diagnosis
(Cockayne syndrome type B, MIM #133540), carrying compound heterozygous ERCC6
pathogenic variants (NM_000124.3: ¢.2143G>T, p.(Gly715Ter) and ¢.229C>T, p.(Arg77Ter)).

Functional assessment of the PDGFRB p.Asp844Gly variant. MYC-DDK(FLAG)-tagged-
PDGFRB (NM_002609) ORF (Clone # RC206377) encoding human platelet-derived growth
factor receptor beta polypeptide (PDGFRp) was obtained from Origene, and patient variants
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engineered using QuikChange® Site-Directed Mutagenesis Kit (cat# 200518) from Agilent

Technologies (Stratagene), using the following primer pairs:

p.D844G 5'-GTCAAGATCTGTGGCTTTGGCCTGGC-3'
5'-GCCAGGCCAAAGCCACAGATCTTGAC-3'

p.W566R 5-GTTACGAGATCCGACGGAAGGTGATTGAG-3'
S5-CTCAATCACCTTCCGTCGGATCTCGTAAC-3'

HEK?293 cells, grown in DMEM with 10% foetal calf serum, L-GLN and Pen-Strep, were
transfected using calcium phosphate method. 48hrs post-transfection, cells were extracted using
IP buffer (50mM Tris.HCI pH7.5, 150mM NaCl, 2mM EDTA, 2mM EGTA, 50mM NaF,
25mM B-glycerolphosphate, 0.1mM Na-orthovanadate, 0.2% Triton-X100, 0.3% IGEPAL,
protease inhibitor cocktail (Roche)). 300pug of extract used for immunoprecipitation via anti-
FLAG® M2 Affinity Gel (A2220) from Sigma-Aldrich. The antibodies used subsequently for
western blotting included phospho-Tyrosine mouse monoclonal p-Tyr-100 (cat# 9411) from
Cell Signaling Technologies and monoclonal mouse anti-FLAG® M2 antibody (F3165) from
Sigma-Aldrich.

Supplementary Figure 1

Following ectopic over-expression of FLAG-tagged PDGFRp constructs and
immunoprecipitation (IP) using FLAG affinity beads, increasing amounts of IP’d extract was
western blotted using anti-phosphotyrosine (pY) antibody to detect PDGFRp trans-
autophosphorylation. Blotting using anti-FLAG antibody confirmed IP. Auto-phosphorylation
of the D844G variant was undetectable under these conditions, compared to that of wild-type

(WT). W566R, a known hyper-active infantile myofibromatosis variant was included as a

control.*®
W566R WT
I | [N 1
el el il [Protein]
’ -

y
‘ = B | WB: pY

WB: FLAG

IP: FLAG-PDGFRB
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Case Total Likely pathogenic (class 4) | Detection | Variants of unknown significance | Detection rate Overall N affected | Total affected
series | probands and pathogenic (class 5) rate (class | (class3), n unrelated probands (class 3) detection rate | relatives individuals
screened | variants, n unrelated proband 4+5) carriers [genes] included
carriers [genes]
France 90 19 21.1% 6 6.7% 25/90 (27.8%) 4 29
[SLC20A2: n=12*, [SLC20A2: n=4,
PDGFB: n=4 PDGFB: n=1
XPR1: n=3**] XPR1: n=1]
Italy 49 7 14.3% 5 10.2% 12/49 2 14
[SLC20A2: n=5***, [SLC20A2: n=3, (24.5%)
XPR1*: n=2] PDGFRB: n=2]
us 16 7 43.8% 0 0 7/16 4 11
[SLC20A2: n=5, (43.8%)
PDGFB: n=1
PDGFRB: n=1]
Brazil 22 1 4.5% 0 0 1/22 (4.5%) 1 2
[SLC20A2]
Total 177 34 19.2% 11 6.2% 45/177 11 56
(25.4%)

*2 unrelated probands carried the same variant

**including one previously reported patient!

***including one previously reported patient®
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Previous studies have shown that SLC20A2 gene has a
lower expression in PFBC patients with nonsense mutations.
Zhang et al. (2013) had found a 30% reduction in a blood
sample of a patient compared with a healthy control, in the
presence of a heterozygous nonsense varation in SLC20A2,
exon 4, resulting in a non-functional protein (Zhang et al.
2013). More recently, Ferreira et al. (2014) reported the first
de novo nonsense mutation in SLC20A2 on exon 8, in a
Brazilian PFBC patient, together with a gene expression anal-
ysis that showed a 10% decrease in SLC20A2 mRNA expres-
sion (Ferreira et al. 2014).

In order to explore different ways to correlate genetic find-
ings with other parameters such as gene expression level, here,
we analyzed mRNA expression of three phosphate trans-
porters, SLC20A1, SLC20A2, and XPRI in blood sample of
patients with confirmed PFBC.

Methods
Samples and Subjects

We studied 24 samples of which 3 non-related individuals
were affected by PFBC and previously reported to have
SLC20A2 mutations (Fig. la, (a—c)) (Wang et al. 2012;
Lemos et al. 2013: Ferreira et al. 2014). The remaining 21
samples are family members who were divided into four clas-
ses: patients with positive brain CT scan and confimed clin-
ical manifestations were classified as affected (Nicolas et al.
2013); asymptomatic individuals with negative brain CT scan
results were classified as unaffected. Asymptomatic subjects
whose brain CT scan was not available were classified as
having unknown status; asymptomatic individuals with affect-
ed offspring and negative brain CT scan results or unavailable
CT scan were classified as obligate carriers, in accordance to
the autosomal dominant inheritance of the PFBC. All affected
individuals were screened for mutations in SLC20A2,
PDGFj3, PDGFR/3, and XPRI using Sanger sequencing
(Fig. la, (d-h); Fig. 1b). Because we did not have access to
the RNA sample of one patient, we analyzed gene expression
of SLC20A1, SLC20A2, and XPRI! in nine patients and 14
controls. Samples were processed using PAXgene Blood
RNA kit (Qiagen, #762164, Switzerland).

Molecular and Statistical Analysis

All molecular experiments were carried out as described
in Ferreira et al. 2014. Genetic screening was performed
in the five new probands in order to investigate a PFBC
causative mutation. qPCR analysis was performed in a
ViiA7™ Real-Time PCR System (Applied Biosystems,
USA) with TagMan probes (Applied Biosystems, USA)
and normalized with GAPDH (SLC20A1 Hs00965587 ml:

@_ Springer

SLC20A2 Hs00198840 ml1: XPRI Hs00173707 ml;
GAPDH Hs02758991 gl).

Differences between the groups were analyzed using either
one-way ANOVA or Mann Whitney test and the data values
are shown as mean and standard deviation (+/— SD).
Statistical analysis was performed using the GraphPad Prism
5 program (GraphPad Software, Inc., San Diego CA); the null
hypothesis was rejected at the 0.05 level.

Results

Sanger sequencing did not identified genetic variations in the
patients tested for the main genes linked to PFBC, SLC20A2,
PDGF 3, PDGFR/3, and XPRI. Therefore, the patients were di-
vided in two groups for expression analysis: mutated (with mu-
tation in SLC20A2 gene; two female and one male; mean age
39 + 52 years) and unmutated (without mutation in the genes
related to PFBC; three female and three male; mean age
54.2 + 15 years). Control group was composed of 14 individuals
(four classified as unaffected and ten as having unknown status;
mean age 48.5 + 15.6 years: all Caucasian), of which four have
undergone radiological exam with negative results (three female,
40, 62, and 71 years old; one male, 35 years old).

Real-time gPCR analysis showed a significant reduction in
SLC20A2 mRNA expression (~40%) in the patients carrying a
mutation compared with control group (p < 0.01), whereas
statistical assessment has shown no significant differences be-
tween control group and unmutated patients in SLC20A2 ex-
pression (Fig. 2). Either regarding to SLC20A1 and XPR!
expression, no difference was detected in mutated or unmtated
individuals relative to control group (p > 0.05).

Discussion

SLC20A2 (PiT2) and its homologous, SLC20A1 (PiT1), are
transmembrane proteins involved with phosphate homeostasis
in mammalian cells transporting Pi through the cellmembrane
from the extracellular media to the cytosol (Bettger and
Pedersen 2011). Loss of function variants in SLC20A2 gene
has been associated with most of the PFBC cases and knock-
out model has confirmed that the reduced PiT2 expression
causes imbalance of Pi levels and vascular brain calcification,
including in basal ganglia and thalamus (Hsu et al. 2013;
Jensen etal. 2013, 2016).

These results suggest that the reduction of SLC20A2 ex-
pression alone can trigger a pattem of brain calcification sim-
ilar to that found in PFBC patients. Because PiT2 protein is
highly and widely expressed, it would be a challenge to detect
small quantitative differences in SLC20A2 expression.
However, here, we showed that SLC20A2 pathogenic variants
are responsible for decreasing its expression in blood samples
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of PFBC patients (~40%), whereas no significant change was
detected within the affected individuals without mutation.

This data supports previous evidences according to which
SLC20A2 variants result in haplo-insufficiency and causes
reduction of its expression (Wang et al. 2012; Ferreira et al.
2014b). However, the decreasing of SLC20A2 is subtle and it
might be explained by the compensation by the wild-type
allele unleashed by allelic loss. Additionally, Wang and co-
workers demonstrated that SLC20A2 mutations resulted in
significant damaged **Pi uptake in Xenopus oocytes (Wang
etal. 2012).

Xenotropic and polytropic retrovirus receptor 1 (XPRI)
gene encodes a cell-surface membrane protein that mediates
phosphate export through the membrane of mammalian cells
(Giovannini et al. 2013). Recently, XPR] missense variants
were identified in PFBC patients. Functional analysis has
shown that pathogenic mutations in XPR/ leads to decreased
cell membrane localization and phosphate efflux impairment
in both HEK cells and PBMC of patients harboring the muta-
tions (Legati et al. 2015; Anheim et al. 2016).

Because SLC20A1, SLC20A2, and XPRI are involved
with phosphate transport, even that in opposite directions,
it is common to hypothesize that they can coregalute each
other such that a dysfunction in one of these genes would
affect the others. Also, studies suggest that impairment of
XPR1 function could trigger increased intracellular phos-
phate concentration and thus downregulate PiT2 expres-
sion, affecting Pi transport (Jensen et al. 2016). Herein,
we showed that different mutations in SLC20A2 gene
dropped its mRNA expression in blood of PFBC patients,
but did not affect SLC20A! and XPRI expressions. Qur
results are consistent with previous data that found that
XPRI mutations specifically decreased phosphate efflux,
as an effect of XPRJ impairment, but no effect on PiT1
and PiT2 either on phosphate uptake was observed
(Legati et al. 2015; Anheim et al. 2016).

Finally, our study adds more evidences that suggest that
phosphate import and export are independent functions and
that pathogenic variations are capable of modifying gene ex-
pression in a level that can be detected in blood samples.
However, a larger cohort would be needed in order to confirm
if expression levels or mutation analysis could correlate with
clinical severity but this analysis reinforce previous evidence
that blood samples should be considered as a future source to
screen biomarkers linked to PFBC.
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Blood vitronectin is a major activator of LIF and IL-6 in the brain
through integrin—FAK and uPAR signaling

Matthew P. Keasey?, Cuihong Jia®, Lylyan F. Pimentel'2, Richard R. Sante’, Chiharu Lovins® and

Theo Hagg'*

ABSTRACT

We defined how blood-derived vitronectin (VTN) rapidly and potently
activates leukemia inhibitory factor (UIF) and pro-inflammatory
intedeukin & (IL-6) in wiro and after vascular injury in the brain.
Treatment with VTN (but not fibrinogen, fibronedtin, laminin-111 or
collagen-I) substantially increased LIF and IL6 within 4 h in
CE-astmglioma cells, while VTN~ mouse plasma was less effective
than that from wild-type mice. LIF and IL-6 were induced by
intracerebral injection of recombinant human (rh)VTM in mice, but
induction seen upon intracerebral hemomrhage was less in VTN
mice thaninwild-type |ittermates. In vitro, VTN effects were inhibited by
RGD, wvp3 and avp5 integrin-blocking peptides and antibodies. VTN
activated focal adhesion kinase (FAK; also known as PTK2), whereas
phamacological- or siRMA-mediated inhibition of FAK, but not PYKZ2,
reduced the expression of LIF and IL-6 in C6 and endothelial cells and
after traumatic cellinjury. Dominantnegative FAK (Y 397F) reducedthe
amount of injury-induced LIF and IL-6. Pharmacological inhibition or
knockdown of uPAR (also known as PLAUR), which binds VTN, also
reduced cytoking expression, possibly through a common target of
uPAR and integrins. We propose that VTN leakage into tissues
promotes inflammation. Integrin-FAK signaling is therefore a novel IL-6
and LIF regulation mechanism relevant to the inflammation and stem
cell fields.

KEY WORDS: FAK, IL-8, Integrin, LIF, Vitronectin, uPAR

INTRODUCTION

Vitronectin (VTN) is mainly produced in the liver by hepatocytes
and endothelial cells (Seiffert etal., 1991, 1995)and is found at high
concentrations in blood serum (Hayman etal., 1983). VIN~'~ mice
display no overt phenotype (Zheng et al., 1995) but exhibit delayed
angiogenesis and poor wound healing (Jang et al, 2000), and
defective vascular repair, causing persistent leakiness after injury
(Li et al, 2012). Thus, leaked VTN may induce tissue repair
responses. VTN has been detected in tissues i inflammatory
rheumatoid arthritis (Tomasini-Johansson et al., 1998) and ung,
iver and kidney fibrosis (Jang et al., 2000). Both VTN and
fibronectin (another enriched plasma protein) leak into the brain
after stroke (del Zoppo et al, 2012) and can activate microglia
in vitre (Milner and Campbell, 2003; Welser-Alves et al, 2011).
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Microglia and astrocytes express the VTN receptors oovfi3 and
ovfi5 integnn (Hemera-Molina et al, 2012; Kang et al., 2008;
Milner, 2009; Welser-Alves et al., 2011). Microglia and astrocytes,
as well as endothelial cells, are major producers of pro-
inflammatory cytokines, such as IL-6 and TNFo, in wmroe and
after traumatic or ischemic mjury to the bram (Banner et al., 1997;
Erta et al., 2012; Lanand Yu, 2001) or upon self-mduction by IL-6
(Van Wagoner and Benveniste, 1999). IL-6 is a major regulator of a
vanety of inflammatory disorders and a target for therapies (Hunter
and Jones, 2015). Its levels are almost non-existent in the nommal
brain but increase rapidly and greatly after acute injuries, such as
sgroke (Kang et al, 2013; Suzuki et al, 2009; Van Wagoner
and Benveniste, 1999). The imitial trigger(s) for IL-6 induction
in the brain remains largely unresolved (Suzuki et al., 2009),
but might include leakage of blood proteins upon blood-brain
barrier disruption, which occurs rapidly after stroke (Krueger etal.,
2015).

LIF is a GP130 (also kmown as TL6ST) receptor-activating
cytokine, and as such related to the IL-6 family of cytokines
(Zigmond, 2012). LIF is well known for playing a mle during
development and for promoting stem cell self-renewal in vitro and in
vivo (Bauer and Patterson, 2006; Cartwright et al., 2005). LIF isalso
expressed by astmeytes (Banner et al., 1997), microglia (Nakanishi
etal., 2007) and endothelial cells (Mi etal., 2001). It can also be pro-
mflammatory (Kerr and Patterson, 2004; Pan et al., 2008; Sumki
et al., 2009), facilitating neutrophil activation (Borish et al., 1986)
and macmwphage mfiltration, as demonstrated by condiioned
medium experiments from LIF7~ and IL-6~" Schwann cell
preparations from denervated mouse sciatic nerves (Tofars et al.,
2002). LIF is expressed at very low levels throughout the body, but
increases following brmin injury (Bamner et al., 1997) and stroke
(Kang et al., 2013). Its expression in imjured penipheral nerves is
decreased again after repair (Dowsing et al., 2001), perhaps
comncident with re-establishment of wvascular mtegrity. The
mechanisms regulating LIF expression are not well understood,
but may include stimulation by TL-1f, possibly through mRNA
stabilization (Carlson et al., 1996).

VTN has an RGD maotif (Suzuki et al., 1985) with which it binds
to the VTN receptors ovf3 and avp5 mtegrin (Plow et al., 2000). It
also interacts with several other proteins (Leavesley et al, 2013).
Besides its cell adhesive properties, VTN activates integrin
mtracellular signaling molecules (Giancotti and Ruoslahti, 1999),
mcluding FAK (also known as PTK2), one of the major integrin
transducers. Phosphorylation of Y397 is cntical to FAK activation
(Lm et al, 2003) and induces a number of signaling cascades
(Keasey etal., 2013). Phosphorylation of FAK at Y397 is critical for
TNFu-simulated expression of IL-6 (Schlaepfer et al., 2007),
suggesting that it might be a signaling node for cytokine regulation.
VTN is unique among extracellular mamx (ECM) molecules
because it also binds to urokinase-type plasminogen activator (uPA)
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receptor (uPAR; also known as PLAUR) (Madsen et al., 2007), a  serum withdrawal. We followed up this broad approach by testing
membrane-bound glycoprotein that serves as the receptor for uPA.  specific ECM proteins. C6 cells were seeded onto plastic culture

Here, we determined whether blood-derived proteins such as  plates and maintained for 24 hand serum-deprived fora further24 h.
VTN regulate LIF and IL-6 expression through integrin-FAK and/ VTN, fibronectin, fibrinogen, laminin-111 (the isoform comprising
or uPAR signaling, by using cultured astroglioma and endothelial  «l, Bl and y1 chains) or collagen-I were then added directly to the

cell, and adult mouse models. culture medium. Remarkably, after 4h, only VIN produced a

significant ~8-fold increase in LIF (Fig. 1D) and ~4-fold increase in
RESULTS IL-6 mRNA expression (Fig. 1E). VTN treatment for 24 h showed
VTN uniquely increases LIF and IL-6 expression in vitro no discernable differences relative to vehicle controls (data not

We had previously shown that some ECM molecules, including shown, n=2), suggesting that LIF and IL-6 are rapidly induced but
VTN, inhibit CNTF through integrin signaling (Keasey etal., 2013).  then retum to baseline levels. This could be due to VTN endocytosis
To determine whether the related cytokines LIF and IL-6 are and subsequent degradation (Memmo and McKeown-Longo,
regulated by such blood proteins we firstused serum, which hasvery  1998). VIN effects were dose dependent (Fig. 1F,G) and resulted
high levels of ECM proteins such as VTN, fibronectin (FN1) and in increased LIF and IL-6 protein release from cells as confirmed
fibrinogen (Hayman et al., 1985). We cultured C6 astroglioma cells ~ with a dot blot assay of conditioned medium (Fig. 1H.I). In addition,
for 24 hin 10% fetal bovine serum (FBS), then changedthe medium  C6 cells were grown in a medium contaiming 1% (v/v) plasma from
to low 1% (v/v) or regular 10% serum medium for an additional VTN™'~ or VIN** littermate mice, but without fetal bovine serum.
24 h.In 1% serum, LIF and IL-6 mRNA levels were only ~33 and ~ After 4 h, LIF and IL-6 mRNA increases with VIN '~ plasma were
45% (Fig. 1A,B), respectively, of that found when cells werein 10%  only ~30% and 50%, respectively, of that seen with VIN'* plasma
serum. CNTF was upregulated in 1% serum (Fig. 1C), consistent  (Fig. 1J,K). This suggests that native mouse VTN can increase LIF
with ourprevious study (Keaseyetal., 2013), and suggesting thatthe  and IL-6 expression, and that an additional plasma molecule(s) also
decreases in LIF and IL-6 were not a general cellular response to  has such effects.

A 254 D 101 F
§ S 3
§ 204 5 8 &
2 : :
3 3 3
4 4
: : :
K Y w7 i
— - :
X 04
Gl VTN FN1 FGN LM COL NS  fug 10ug
B E G | v
2.5 107 Y
& & §
g 207 J-Es I 2
zZ 154 8 — g e
£ g &
< <
g : z
4
£ % £
3 : -
0
Cil VIN FN1 FGN LM COL NS 1ug 10ug
C J K VN
4 8 B
3 'ILIF H g 2
o = 5
p=] g g
- I 2 2
Z 3 2
: : :
Ctri VIN % -
(3] = =
cil Ls Ctdt 4. 4+ Ol A 4+
VTN Plasma VTN Plasma
Fig. 1. Among ECM proteins, VTN uniquely activates LIF and IL-6 ion in C6 gli cells. S tains avariety and various abundances of
intagrin gECMp Weplatedmcelslof24hln1mtsemm then replaced the medium with a low serum formulation (1% vAv; LS) for 24 h, which
remced LIF (A) and IL-6 (B) mRNA expression, as measured by RT-gPCR, relative to that seen in control 10% serum (Ctd). (C) In the same axpedmenl
as in Aand B, CNTF mRNA was increased, likely due to inhibitory activity of serum ECMs, such as VTN, on CNTF expression which is negatively regulated by
integrin—FAK signaling. In further experiments, we seeded C6 cells and maintained them for 24 h before serum was removed for a further 24 h. Then, VTN was
‘spiked’ into the medium (10 pgimi ), where it rapidly (within 4 h) and robustly induced LIF (D) and IL-6 (E) mRNA relative to what was seen upon
addition of PBS control {vehicle, no ECM substrate). Fib ctin (FN1), fibrinogen (FGN), laminin-111 (LM) or collagen-1 (COL) addition had no eﬂea VTN
increased LIF (F) and IL<8 (G) in a dose<dependent fashion. NS, no serum; concentrations of VTN are pgiml. VTN ford h d | L d
UF (H) and IL-6 (1) protein in conditioned medium, as shown by a dat blot assay (rep of three independ ). Plasma from VTN~'~ mice
induced LIF (J)and IL-6 (K) gene expression by lssthm plasmafrom VTN littermates when added for 4 h to C6 cells ha had been serum-deprived for 24 h.
Data are means+s.e.m. of three or four ind: xperi (asd d in col ). " P<0.01, " P<0.001.
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Recombinant VTN and VTN from blood leaked into the brain
upregulate brain LIF and IL-6 in adult mice

Recombinant human (rh)VTN was injected into the striatum of the
brains of young adult mice. In VIN*/* (wild-type) mice, striatal LIF
(2.8-fold) and IL-6 (2.5-fold) mRNA levels were increased 24 h
later, relative to that seen after PBS control injections (Fig. 2A,C).In
VTN~/~ littermates (used to avoid the confounding effects of
endogenous VTN), LIF (~5-fold) and IL-6 (~11-fold) were
upregulated to higher levels than in the VIN** mice (Fig. 2A,C).
This may represent an adaptive response to VTN deficiency. Heat
inactivated (denatured) thVTN jected into the striatum had no
effect on either LIF or IL-6 mRNA expression (Fig. 2A,C),
suggesting that the response to VIN is not due to an immune
response against human protein. LIF (~4-fold) and IL-6 (~10-fold)
protein expression was also induced in the striaam by VTN, relative
to PBS injections, as measured by an ELISA in the contralateral side
of these mice (Fig. 2B.D).
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Fig. 2 VTN regulates LIF and IL-6 expression in brain. Injection of

1 ug VTN into the striatum of adult VTN™* or VTN~ litermate mice leads o
increased LIF mRNA (A), with no induction observed with heat denatured
VTN (B). (C) rhVTN also induced IL-6 mRNA expression at 24 h relative b
thatseenupon PBS injections (VTN™'* mice: PBS n=7, VTN n=7; VTN-'~ mice:
PBS, n=5, VTN, n=5) with no difference seen when using heat denatured
VTN (D). Total LIF (E) and IL-6 (F) protein were induced by rhVTN injection
info the striatum of the same mice as measured by ELISA. Hemarrhagic
leakage induced throug j ino the striat da
greaer increase in LIF (G) and IL-6 (H) mRNA in VTN™" thanin VIN~~
littermate mice after 24 h (r=6-7/group). Data are meanss.e.m. *P<0.05,
*P<0.01, ***P<0.001.

il

To test the effects of leaked endogenous VTN from the blood, we
induced a hemorrhage by injecting collagenase into the striatum of
adult VTN mice. A fter 24 h, LIF expression was increased ~22-fold
relative to PBS control injections in VIN™* mice but only by
half as much in VIN™" littermates (Fig. 2E). IL-6 expression
was increased ~62-fold in VIN** mice but by a lower amount
(~35-fold) in VIN™~ littermates (Fig. 2F). This confirms that
endogenous VTN leakage into the brain contributed to increases in
LIF and IL6, and that the thVTN data are not an artefact of or an
immune response to human protein.

VTN induces LIF and IL-6 expression through integrins and
uPAR

To test whether VIN acts through integrins, C6 cells wer
co-incubated with a broadspectum mhibitor (RGDS) of
RGD-dependent integrin ligands and a more potent integrin (P11)
non-RGD-dependent blocking peptide (HSDVHK), thought to be
avp3 specific (Choiet al,, 2010, but see Fig. 6B,C). RGDS attenuated
VTN-induced LIF and IL-6 mRNA expression at 4 h rlative to
control RAD peptide (Arg-Ala-Asp-D-Phe-Val) peptide (Fig. 3A.B),
and to the same extent as P11. No cell detachment was observed after
4 h of treatment with P11 or RGDS. Expression of LIF and IL-6 was
still high relative to that seen without VTN, suggesting that non-
integrin mechanisms contributed to the VIN-mediated effects VIN
is known to bind to uPAR as well as affecting uPA binding to trigger
ligand-independent integrin signaling via FAK (Madsen et al., 2007).
The uPAR inhibitor BC-11, which functions through blocking the
uPA N-terminal binding to uPAR (Longo et al., 2015; Magnussen
et al, 2014) attenuated VIN-induced LIF and IL-6 induction in C6
cells, but had no effect by itself (Fig. 3C,D). Co-incubation of both
P11 and BC-11 did not further decrease the VTN-mediated LIF and
IL-6 induction (Fig. 3C,D), suggesting that both inhibitors function
by inhibiting a common downstream pathway. Knockdown of uPAR
in C6 cells significantly attenuated the VTN -mediated expression of
LIF and IL-6 (Fig. 3E,F), while uPAR knockdown was confimed
by reverse transcription real-ime quantitative PCR (RT-gPCR)
(Fig. 3G).

VTN-or injury-mediated LIF and IL-6 expression is bloc ked by
FAK inhibition in vitro

FAK is a major transducer of integrin signaling (Mitra et al., 2005).
C6 cells were seeded onto plates pre-coated with VTN or plastic
only (controls). VTN activated FAK (as judged by measuring Y397
phosphorylation, denoted pFAK-Y397) but not the closely related
PYK2 (also known as PTK2B) at Y402, in C6 cells4 h after seeding
(Fig. 4A). The FAK inhibitor PF573228 added to the culture
medium immediately after seeding completely blocked VTN-
induced FAK phosphorylation (Fig. 4B), and also completely
abolished the induction of LIF and IL-6 (Fig. 4C,D). Plating C6
cells onto culture plates pre-coated with rhVTN led to a similar
induction of LIF and IL-6 to that seen when proteins were added
directly to medium (Figs 1D,E and 4C.D). In separate experiments,
other FAK inhibitors PF562271 and PND-1186, but surprisingly
not Y11, also decreased pFAK-Y397 (Fig. S1A) and dose-
dependently reduced baseline (without VIN) LIF and IL-6
expression after 4 h (Fig. SIB,C). We also found that FAK
inhibition suppresses VTN-induced LIF and IL-6 expression when
VTN was added directly to medium (Fig. 4E,F). Together, this
shows that FAK signaling is a major regulator of VTN-mediated LIF
and IL6 expression. Integrin blockade by P11, B3- or B5-blocking
antibodies did not attenuate this induction (data not shown),
suggesting that other mechanisms play a role.
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Fig. 3. Integrins mediate VTN-induced LIF and IL-6 in C6 cells. C6 cells were
seeded onto plastic for 24 h in serumcontaining medium, then serum starved for
24 h before addition d\/TNtomemsdun for 4 h. Co-treatment with RGD or
avf3(P11) integrin-blocki duced the effects of VTN on LIF (A) and
IL6 (B) n'RNAexpmson RAD is a non-RGD control peptide. LIF and IL-6

ion were not completely abolished in these experiments, suggesting that
hem is an addional VTN«:Naed mechanism. Indeed, BC-11, a uPA—uPAR
inhibitor, decreased VT N4nduced LIF (C) and IL6 (D) mRNA expression, but
did not have any effect alone, atter 4 h. Data are means+s.e.m. of four
independent experments. Since 1 ug/ml VTN was eflective in inducing LIF and
IL-6, we only chose this dosage for these experiments. Co-incubation of both
P11 and BC-11 could not further decrease the VIN-mediated LIF and IL-6
induction. Finally, knockdown of uPAR by means of siRNA (siUPAR) reduced by
LIF (E) and IL6 (F) induction by VTN (10 pg/ml). uPAR knockdown was
confirmed by RT-gPCR (G, n=3). *P<0.05, ""P<0.01, ***P<0.001.

Both LIF and IL-6 are activated after injury to the brain (Banner
et al,, 1997; Lau and Yu, 2001), and we therefore sought to define
the role of FAK in their injury-induced upregulation in viro. C6
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Fig. 4. FAK inhibition abolishes VTN mediated LIF and I1-6 induction. C6

cells were seeded onto VTN-coated tissue culture plates (50 pa/ml) or non-
treated cortrol (Ctr) plates and maintained for4 h. (A) In these conditions, VTN
stimulates phosphorylation of Y397-FAK ( pFAK) but not of PYK2 at the
corresponding Y402 residue ( pPYK2), as shown in weslem blots. Loading
controls are total FAK (1FAK) and PYK2 (tPYK2). Two representative lanes per
group from three independent experiments are shown (n=3). (B) FAK
antagonist PF573228 (10 uM, FAKI) completely blocked the VTN-stimulated
pY397-FAK formation when added immediately after cells were seeded (r=3).
In addition, the FAK inhibitor PF573228 (PF228) completely abalished VTN-
induced LIF (C) and IL-6 (D) gene expression as measured by RT-gPCR.
Control (Ctd) vehicle is 0.1% DMSO (meants.e.m., n=4 independent

In further experi C6 cells were cultured in serum-free
rnediumlof 24 h before VTN was added directy tomedium with or without FAK
inhibiton (PF228), (E) LIF and IL-6 (F) induction by VTN was also completely
abolished by FAK inhibition in these conditions (meants.e.m_; n=3).

cells were seeded onto tissue culture plates (no coating) and
maintained for 48 h before monolayers were removed and
mechanically dissociated (swipe injury). Cells were allowed to
re-adhere for 4h in 10% (v/v) serum-containing medium, before
RNA isolation. The injury caused ~50% cell loss by 2 and 6 h as
measured by MTT and Trypan Blue counts (Fig. S2A,B). LIF and
TL-6 mRNA expression were increased ~4- and 8-fold, respectively,
mn surviving cells relative to uninjured controls (Fig. 5AB).
Incubation of the validated FAK inhibitors PF573228, PND-1186
or PF562271 (Fig. S1) during the 4 h recovery abolished the injury-
induced upregulation of LIF and IL-6 mRNA expression (Fig. 5A,
B). The FAK inhibitor Y11, which had no effect on pY397-FAK
(Fig. S1A) or LIF and TL-6 mRNA expression (Fig. SIB,C) in
uninjured C6 cells, did not alter injury-induced LIF expression
(Fig. 5A). Surprisingly, Y11 increased IL-6 expression above that
caused by injury, suggesting that it was biologically active but had
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off-target effects (Fig. 5B). LIF and IL-6 proteins released into
culture medium were induced by injury and were suppressed by
FAK inhibition, as shown by dot blot assays (Fig. 5C,D). The larger
increases seen in dot blots relative to mRNA induction could be
explained by an accumulative effect of stable protein in the medium,
while LIF and IL-6 mRNA are being actively tumed over. LIF and
IL-6 mRNA half-life is typically 30-45 min (Derigs and Boswell,
1993; Iwasaki et al., 2011). Also, it is possible that the uninjured
controls retam much more of the IL-6 within the cytoplasm. The
effects of the FAK inhibitors was not due to cell loss as they did not
appear to affect cell viability after injury (data not shown). We also
confirmed the importance of FAK Y397 phosphorylation, which is
key to FAK activation (Sieg et al., 2000), as transfection of mutated
functionally dead FAK Y397F plasmids into C6 cells significantly
reduced LIF (Fig. 5E) and IL-6 (Fig. SF) mRNA levels at 4 h
following cell injury.

FAK also regulates LIF and IL-6 expression in endothelial
cells

To test whether FAK had a similar role in other cell types, we chose
human (hCMEC) and mouse (bEnd5) brain endothelial cell lines.
They were chosen due to their importance, together with microglia
and astrocytes, in the acute response of the neurovascular unit to
msults (Hawkins, 2005). Furthermore, IL-6 is highly expressed by
endothelial cells (Gertz et al.,, 2012) as well as in our cultures,
making it easier to test reductions in baseline expression levels after
FAK inhibition than in C6 cells. We first tested endothelial cell
responsiveness to ECM proteins. After passaging, cells were re-
suspended in serum-free medium and maintained in suspension for
1 h, before being seeded onto culture plates coated with vehicle
(PBS), VTN, laminin-111 or fibronectin. Westem blot analysis
showed that there was a marked increase in pFAK-Y397 in cells
maintamed on VIN over control (vehicle), laminin-111 or
fibronectin (Fig. 6A, n=3). Inmiguingly, phosphorylation of

Swipe Injury

as described for A and B, LIF (C) and IL-6 (D) protein
expression and release was increased after injury, and
attenuated by all inhibitors, except Y11, as shown by
dat blots of conditioned medium (representative of
three independent experiments). In addition, we found
that C6 cells owerexpressing wild-type (WT) FAK
expressed significantly more LIF (E) and IL-6 (F) than
cells overexpressing dominant negative Y397F mutant
FAK following injury (meants e.m.; r=3).

STAT3 Y705, which positively regulates IL-6 production (Peruzzi
et al., 2012), was also increased (Fig. 6A) in VTN-treated cells. To
confirm the role ofintegrins in VIN-induced LIF and IL-6, we used
function-blocking integrin antibodies on CMEC cells plated onto
VTN. P11 peptide and anti-BS antibody reduced the effects of VIN
on LIF expression (P<0.05, n=4-6) with the anti-f3 antibody
block not being significant (P=0.08, Fig. 6B). VIN-induced IL-6
expression was blocked by P11, and antibodies against f3 and p5
(P<0.05, n=4-6, Fig. 6C). In addition, we tested the specificity of
P11 by co-incubation with the §3- and B5-blocking antibodies. No
further effect was found on LIF and IL-6, suggesting that P11 acts
through B3 and BS integrins.

Some FAK antagonists reportedly also inhibit PYK2 (Slack-
Davis et al., 2007). Therefore, we performed siRNA knockdown of
FAK and PYK2 in CMEC cells over 6 days, with specificity
confirmed by qPCR (Fig. S3AB) and westem blotting (Fig. S3C).
ILK, another integrin signaling mediator, was not altered
(Fig. S3C). Baseline LIF and IL-6 expression were decreased to
~70% in FAK-knockdown CMECs relative to non-targeting siRNA
controls (Fig. 6D.E). Cells were maintained in 5% serum as it can
induce these cytokines (Fig. 1A,B). Knockdown of PYK2 had no
effect (Fig. 6D,E), revealing the specificity of FAK signaling in LIF
and IL-6 regulation. CNTF mRNA expression was increased upon
treatment with siRNA against FAK (siFAK) but not againg PYK2
(siPYK2) (Fig. 6F), consistent with our previous findings that FAK
imhibition induces CNTF (Keasey et al., 2013).

We also tested for FAK specificity in the bEnd5S mouse
endothelial cells. Targeted knockdown of FAK with siRNA was
confirmed by decreased total FAK protein (Fig. S3D), with no effect
on ILK expression (Fig. S3E). siFAK reduced LIF and IL-6 mRNA
expression to ~60% of controls (Fig. 6G,H) but increased CNTF by
~30% (Fig. 6I). Pharmacological FAK inhibition in bEnd5 cells
cultured in 10% serum with PF573228 for 4 h suppressed LIF and
IL-6 expression to ~25% and ~50% that of controls, respectively
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Fig. 6. FAK, but not PYK2, regulates LIF and IL-6 exp jonin h and brain endothelial cells. Human CMEC cells were passaged and

resuspended in serum-free and ined in

ion for 1 h. Cells were then plated onto plastic (PBS; Ctd), or VTN-, laminin- (LN) or fibronectin

(FN1)-treated plates for 1 h. (A) VTN caused a much greater increase in pFAK Y397 and STAT3 Y705 over laminin and fibronectin. CMEC cells were pre-

incubated with integrin i3- or f5-blocking antibodies before plating onto VTN. At 4 h after plating, induction of LIF (B) and IL-6 (C) by VTN were reduced when
CMEC celis were pre-incubated with P11, §3- or p5-blocking antibodies (meants.e.m ; n=4-6, ANOVAwith Fisher LSD test). Todetermine the role and specifity of
FAK in regulating baseline LIF and IL-6 mRNA expression, we pedommed knockdown of FAK (siFAK) or PYK2 (siPYK2) using siRNAs in human CMEC cells over
6 days. siFAK reduced LIF (A) and IL-6 (B), while increasing CNTF (C) gene exp jon relative to non-t control siRNA. siPYK2 had no effect. In bEnd5
cells, siFAK also diminished both LIF (D) and IL-6 (E) expression while increasing CNTF (F) (means.e.m.; n=3). Pharmacological FAK inhibition for 4 h with

PF573228 (PF228) also suppressed LIF (G) and IL-6 (H) while upregulating CNTF () mRNA expression relative to vehicle-treated controls (Ctd), as measured by

RT-gPCR (n=4). Data are meansss.e.m. from n=4 independent experiments each. *P<0.05, *"P<0.01, ""*P<0.001; NS, not significant.

(Fig. 6J.K). CNTF mRNA was dramatically induced by PF573228
in the same cells (Fig. 6L). The changes in LIF and IL-6 after the
6-day siRNA treatment were smaller than that seen with the 4 h
treatment with the phammacological inhibitor, perhaps due to
adaptive responses independent of FAK signaling.

FAK antagonists suppress LIF and IL-6 specifically through
inhibition of FAK

To further confirm the specificity ofthe FAK antagonists, siFAK pre-
reated CMEC cells were incubated with PF573228 or PND-1186.
PF573228 has been used successfully in virro and in vivo (Keasey
et al, 2013) PND-1186 suppressed LIF exprssion at lower
concentrations (Fig. SIB) and were selected for these experiments.

Quantitative capillary western blots confirmed that total FAK protein
(Fig. 7A-C) and pFAK-Y 397 (Fig. 7D-F) were reduced by siFAK
(DMSO vehicle) but, as expected, were not further reduced by
PF573228 or PND-1186. The reduction in LIF and IL-6 mRNA
expression caused by PF573228 and PND-1 186 was not significantly
different when mhibitors are combined with a non-targeting sSiRNA
control or siFAK, (Fig. 7GH), suggesting that these inhibitors acted
specifically through FAK and did not have off-target effects.

DISCUSSION

Our data has identified a VTN-integrin-FAK signaling pathway
that rapidly and robustly induces expression of LIF and IL-6 in vitro
and in adult mice after a cerebrovascular injury (Fig. 8A B). This is
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expression (RT-qPCR) were not significantly different when the inhibitors were incubated with siCtrl or siFAK, and provided no additive suppression in the

presence of siFAK, showing that their effects were entirely mediated through FAK. Data are

e.m. of four ind: xperiments and pr d relative
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consistent with the finding that FAK can mediate TNFa-induced
IL-6 expression in cancer cells and myoblasts (Schlaepfer et al.,
2007). Prior to this study, gpl30-JAK-STAT3, p38 MAPK and
nuclear factor (NF)-xB signaling was well known to regulate IL-6,
which can also regulate its own expression (Kang etal., 2013). The
finding that ligand-integrin binding induces LIF and IL-6
expression in concert with suppression of CNTF is novel. Others
have reported that o2 laminins induce IL-6 (Delimont et al., 2014)
but did not study mvolvement of integrins. Regulation of LIF
through integrins or FAK was previously unknown. In the absence
of LIF, laminin-111 and -511 (laminin-511 is composed of a5, f1
and yl chains) promote stem cell renewal in virro through a6f1
integrin (Cattavarayane et al., 2015). This might involve induction
of LIF, since it is widely used to maintain self-renewal. However,
here, LIF was not affected by laminin-111.

Our results suggest that FAK is unique in regulating LIF and IL-6
compared to other ECM-integrin signaling transducers such as the
highly related PYK2 (Mitra et al., 2005), which can alsobe activated
by ovp3 integrin (Butler and Blystone, 2005). The potential
specificity of FAK would make it a good therapeutic target, for
example, to downregulate LIF and/or IL-6. In fact, we have

previously shown that systemic FAK inhibitor treatment promotes
adult neurogenesis in mice (Keasey et al., 2013). Here, FAK
mhibitors could completely attenuate injury-induced LIF and IL-6
in C6 glioma cells. FAK inhibitors also reduced baseline LIF and
IL-6 in endothelial cells, suggesting that FAK is a major signal
transducer for LIF and IL-6 signaling. Integrin blockade did not
reduce cytokine induction, possibly due to the mechanical trauma
and stretching of cells, which is known to activate pFAK Y397
(Delimont et al., 2014; Tornatore et al., 2011). Together, our data
suggest that FAK inhibition would be beneficial in inflammatory
diseases where IL-6 plays a major wle, such asrheumatoid arthritis,
diabetes, cancer and neurodegenerative diseases (Maueretal., 2015;
Rothaug et al., 2016). FAK inhibitors have been and are in clinical
Phase 1 and 11 trials for solid tumors (www.clinicaltrials.gov) and
seem to be well tolerated after systemic administration.

The rapid and potent effects of VIN in cultured C6 cells were
mediated by avf3 and/or avi5 integrins, and by downstream FAK,
as shown by pharmacological inhibitors and siRNA knockdown.
Integrin avp3 is expressed by aorta endothelial cells whemr it
mediates increased FAK phosphorylation and downstream ERK
and JNK activation upon shear stress (Li et al,, 1997). This is
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consistent with our findings showing that FAK signaling induces
LIF and IL-6 in two types of brain endothelial cells. Others have
shown that treatment with another avfp3-blocking peptide reduces
FAK phosphorylation and infarct volume after ischemic cerebral
stroke in rats ( Shimamura et al., 2006). It is possible that this was in
part due to areduction in LIF and IL-6, as suggested by our findings
that P11 peptide, a reported antagonist of a3 (Bang etal., 2011),
and antibodies against B3 suppress LIF and IL-6 expression. Our
data suggest that P11 acts both on 3 or B5 integrins because no
additive effect of the antibodies was seen in reducing LIF or IL-6.
The avpS5 integrin likely also plays a role, as antibodies to the p5
subunit, which exists only in avf5 integrin, were similarly effective
to B3 inhibition in blocking VTN-induced LIF and IL-6 expression.
IL-6 is well known to promote inflammation after spinal cord injury
(Lacroix et al, 2002). LIF mediates neutrophil activation and
macrophage mcruitment in culture (Borish et al., 1986; Tofaris
etal., 2002), and microglia and macrophage activation in the injured
spinal cord (Kerr and Patterson, 2004). If substantiated in animal
models, such specificity may provide opportunities for more
selective therapies in regulating detrimental inflammation.

In »vitro, VIN was unique among the other ECM molecules,
fibronectin, fibrinogen, laminin and collagen, in its ability to activate
LIF and IL-6. This is consstent with VTN, but not fibronectin or
laminin, promoting the formation of pFAK-Y397 in CMEC cells.
This was surprising because fibrinogen and fibronectin also bind to
ovp3 integrin via RGD domains (Charoet al., 1990). Also, both VTN
and fibronectin activate microglia (Milner et al., 2007) and support
endothelial cell survival via a5p] and ovp3 integrins (Wang and
Milner, 2006). Fibronectin enhances IL-1-mediated induction of IL-6
in virro (Ostberg et al., 1995), but its effecton IL-6 alone has not been
tested. Differential activation through the same integrins has been
found, for example, fibronectin or osteopontin, but not VIN, activate
FAK in osteoblast cells (Liu et al,, 1997). Also, chronic exposure to
VTN leads to greater upregulation of pro-MMP9 than fibronectin
(Milner et al., 2007). Our integrin-blocking experiments suggested
that there is an additional non-integrin mechanism mediating the
effects of VIN, perhaps not shared by fibronectin or fibninogen. VIN
can be cleaved to produce a peptide that binds to the uPAR (Weietal.,
1994), which can boost VIN-mediated cell motility via interaction

Nucleus

—>
LIF/IL-6

Fig. 8. Blood VTN leaks into the brain after stroke.
(A) Schematic showing an overview of the signaling
pathway by which VTN induces LIF and IL-6 gene
expression, by binding to avfi3 integrin and specifically
clivating d FAK. (B) Proposed model of VTN
leak age after blood-brain barmrier (BBB) breakdown. Under
normal conditions, the intact BBB, characterized by tight
it (TJ) b dothalial cells (EC), keeps VTN
in blood from entering the central nervous system (CNS)
tissue. BM, basement membrane. Under pathological
conditions that cause BBB breakdown, such as stroke and
hemorrhage, leakage of VTN in the brain parenchyma
induces LIF and IL-6 expression by astrocytes (gray cells),
microglia (blue cells) and endathelial cells (green cells).

with avf3 (Degryse et al., 2005). In addition, uPAR has been
implicated in FAK activation together with a5pl integrin (Aguirre
Ghiso, 2002). Indeed, here we found that pharmacological and
siRNA uPAR inhibition reduced VTN-mediated LIF and IL-6
expression in virro. However, it emains to be determined whether the
unique effects of VIN compared to the other ECM molecules is due
to its ability to bind uPAR. Inhibition of both avp3 integrin and
uPAR did not attenuate VTN-induced LIF and IL-6 more than
either alone, suggesting a common mechanism may exist in their
signaling pathways. FAK inhibition alone completely blocked VTN-
mediated LIF and IL-6 induction, suggesting that both mechanisms
are dependent on FAK signaling. Others have shownthat uPAR leads
to integrin and FAK activation (A guirre Ghiso, 2002). The possibility
of uPAR mediating LIF and IL-6 expression through FAK is a new
idea. The mechanism that uPAR uses to achieve this is likely
associated with integrins, given that P11 did not further suppress
VTN-mediated LIF and IL-6 induction in the presence of BC-11. The
interaction between uPAR and integrins would be an intnguing area
for further study. It remains to be determined how unique VTN
is compared to other ECM molecules in its potential to regulate
inflammatory signalling through integrin receptors in vivo. There
probably are additional ECM proteins that regulate cytokine
expression, including o2 laminin, which induces IL-6 in kidney
cells (Delimont et al,, 2014), while a1 laminin does not, consistent
with our finding that laminin-111 was without effects. It also remains
to be determined how VTN, fibronectin and laminin-111 can
downregulate CNTF in C6 astroglioma cells (Keasey et al,, 2013),
while only VIN induces LIF and IL-6, possibly providing
opportunities to develop phammacological approaches for
differential cytokine regulation.

Collectively, our data suggest that VTN leaks into the brain after
trauma and induces LIF and IL-6 expression. It is perhaps not
surprising that major blood proteins should trigger inflammation
and possibly also subsequent repair. Consistent with our results is
the finding that lipopolysaccharide (LPS) injections into lungs of
mice lead to upregulation of VIN, which induces IL-1p, MIP-2
(also known as CXCL2) and IL-6 expression, as shown in VIN™~
mice (Tsuruta etal., 2007). Our data suggest that other leaked blood
proteins could also play a pro-inflammatory role because
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hemorrhage in VIN™'~ mice and plasma from VIN™'~ mice in vitro
induces about half as much LIF and IL-6 as was the case for the
wild-type mice or plasma, respectively. This suggests that VTN is
important but not the exclusive molecule that regulates LIF and IL-6
cytokine expression, and that other blood-derived molecules
involved in this process remain to be identified. VIN and
fibronectin leak into the brain after stroke (del Zoppo et al., 2012)
or demyelinating injuries (Milner et al, 2007), where they have
detrimental effects, and can activate microglia (Milner and
Campbell, 2003). Here, fibronectin did not induce LIF or IL-6 in
vitro, raising the possibility that leaked blood fibronectin regulates
inflammation through different signaling mechanisms from VTN.
VTN probably also contributes to induction of repair processes
because VIN ™~ mice have delayed and poor wound healing and
angiogenesis (Jang et al., 2000), as well as persistent blood
leakiness after injury (Li et al., 2012). Such defects are also seen in
IL-67'" mice (Gertzet al, 2012; Lin, 2003), probably because IL-6
is important for angiogenesis (Gertz et al., 2012).

Astrocytes, microglia, infiltrating macrophages and endothelial
cells probably respond directly to VTN leakage to produce LIF and
IL-6. All of these cells express avp3 integrin (Herrera-Molina et al.,
2012; Milner, 2009; Wang and Milner, 2006), and can produce LIF
and IL-6 after injury (Ishibashi et al., 2006; Van Wagoner and
Benveniste, 1999). The astrocytes and microglia are in a prime
location around microvessels to act as first-responders upon blood-
brain barrier disruption (Fig. 8B). The luminal side of endothelial
cells is always exposed to VTN but avp3 integrin-FAK clusters
may be predominantly in an abluminal localization in endothelial
cells (Li et al, 1997). LIF is a chemoattractant to macrophages
(Tofaris et al., 2002) and their recruitment to ischemic injuries is
reduced in VIN~"~ mice (Li et al., 2012). This suggests that VTN-
induced LIF attracts macrophages into injured tissue where they can
respond to VTN to produce IL-6 (Antonov et al., 2011).

Compared to IL-6, much less is known about LIF gene regulation.
LIF mRNA is increased by cAMP and MEK signaling in Schwann
cells, astrocytes and non-neuronal lineages (Banner and Patterson,
1994; Nagamoto-Combs et al., 1999), as well as by TGFp1 through
PKCP (Matsuoka et al., 1997). MEK signaling appears to be
downstream of FAK in astrocytes (Schlaepfer et al., 2007), while
PKCP plays a role in regulating focal adhesion turnover in
keratinocytes (Vandenberghe et al., 2013). Fibronectin promotes
stem cell differentiation through increased FAK activation and focal
adhesion formation (Hayashi et al., 2007). However, the role of
FAK in regulating LIF expression had not been previously reported.
This new insight may provide additional tools to influence
biological processes where LIF plays an important role, including
stem cell behavior (Bauer and Patterson, 2006), inflammatory
processes (Kerr and Patterson, 2004; Sugiura et al, 2000) or
trophoblast implantation (Vogiagis and Salamonsen, 1999).

FAK inhibition induced CNTF in vitro, as we reported previously
(Keasey et al., 2013), while reducing LIF and IL-6 expression. This
opposing effect seems consistent with the findings that endogenous
CNTF is anti-inflammatory (Linker et al., 2002), and that LIF and
CNTF have opposite effects on neural stem cell self-renewal and
neurogenesis (Bauer and Patterson, 2006; Yang et al., 2008). It is
conceivable that FAK signaling differentially regulates these
cytokines to avoid contrasting gpl30 signaling and biological
outcomes. The involvement of cAMP in LIF expression in cultured
astrocytes (Murphy et al., 1995) may explain why LIF and CNTF
are differentially regulated, where cAMP downregulates CNTF
(Yang et al., 2008), and may be downstream of integrin-FAK
signaling.

In conclusion, we propose that leaked VTN plays a major and
specific role in acutely and robustly activating cerebral and,
possibly, other inflammatory processes. This provides new insight
into potential pathophysiological mechanisms caused by the loss of
vascular integrity that occurs in a variety of disorders. Furthermore,
integrin-FAK signaling is a novel therapeutic target for regulating
the inflammatory response following injury or disease, with
pharmacological FAK inhibition representing a potent tool for
attenuating inflaimmatory cytokine induction. We suggest that
plasma VTN might act as a flagging molecule, directly triggering
cytokine expression in injured tissues to recruit inflammatory cells

(Fig. 8).

MATERIALS AND METHODS

Cell culture

We used rat astroglioma C6 cells (Cat #CCL-107, ATCC), mouse bEndS
endothelial cells (a gift ffom Dr Engelhardt, Univessity of Bem,
Switzerland) and human CMEC/D3 endothelial cells (Cat# CLUSI2,
Cellutions Biosystems). Cells were tested for ¢ ination by fl ent
staining with DAPL. C6 cells were maintained in high serum (HS) medium
[Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, 2 mM L-glutamine and 1% penicillin-streptomycin] or
low serum (LS) medium (advanced DMEM supplemented with 1% fetal
bovine serum, 2 mM L-glutamine and 1% penicillin-streptomycin) where
noted BEndS cells were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS), 4mM L-glutamine, 1% penicillin-streptomycin,
I mM sodium pyruvate and 1 * non-essential amino acids. CMEC cells were
gown in ftal bovine serum (5%), penicillin-streptomycin  (5%),
hydrocortisone (1.4 uM, Sigma, Cat# HOI35), ascorbic acid (5ug/ml),
chemically defined lipid concentrate (1%, Invitogen Cat# 11905031),
HEPES (10 mM), basic fibroblast growth factor (1 ng/ml, Sigma, Cat#
F0291) in endothelial basal media-2 (Lonza, Cat¥¥ 00190860). Cells were
maintained in a humidified CO, (5%) incubator at 37°C. C6 cells were plated
a 160,000 per ml, and bEndS and CMEC cells at 100,000 per ml. All cells
were maintained for 24 h afler plating before commencing experiments.

Cell cultures with ECM proteins and integrin blockade

C6 cells were serum-deprived for 24 h. Recombinant human VTN (1 or
10 pg/ml, Cat# SRP3186), fibronectin (10 pg/ml, Cat¥ F3667), fibinogen
(50 ugiml, #F3879), cull.q,en-l (10 pg/ml, Cat# C5533), or laminm-111
(EHS murine s b 10 pg/ml, Cat# L.2020), all from
Sigma, were re-suspended in sterile water and added direatly to the medium.
Alternatively, cdls treated with VIN (10 pg'ml) were co-incubated with
RGDS (10 yg/ml, Cat# 3498, Tocris), avB3 peptide antagonist (P11,
HSDVHK, 10 ug/ml, Cat# 4744, Tocris; Choi et al.,, 2010) or control RAD
peptides (Arg-Aln~AspD-Phe—Val, 10 pg'ml, Ca# BM:LAMIO]O-OOOI

ENZO). P11 has been reported to functi h binding to the metal
ion-dependent adhesion site (MIDAS) and adjacenl Lo MIDAS (ADMIDAS)
(Bang et al., 2011; Choi et al., 2010), reducing ligand bnding and cev and B3
subunit interaction ( Xiong, 2002). P11 has been demonstrated toact with high
potency on the avf3 integrin receptor with an ICe, of 1.74 pg/ml (Lee et al,
2004). Its specificity for avp3 has been demonstrated over «SB1 and a3pl
(Choi et al, 2010). After 4 h, total RNA or protein was isolated for RT-gPCR
or westem blotting, respectively. CMEC cells were passaged and resuspended
in regular culture medium without serum (0% FBS) and maintained for | h
in suspension (at 500,000/ml) using non-tissue culture-treated plates. Cells
were then transferred to tissue culture plates pre-coated with vehicle
(PBS), VTN, laminin or fibronectin (50 ug/ml, Keasey etal., 2013). Cells
were lysed after | h and protein collected for analyses. Integrin-blocking
antibodies used were against B3 (Biolegend, Cat# 304414, 10 ug/ml) and
BS (Ebioscience, Cat¥ 14-0497-82, 10 ug/ml) and added to the suspended
CMEC cells. The cell suspension was then transferred to VTN-coated
plates for 4 h before RNA isolation. C6 cells were seeded directly onto
precoated plates without the | h suspension used for the CMEC cells and
maintained with or without PF573228 (FAKi) added at the same time as
seeding for 4 h.
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In vitro drug treatments

Cells were incubated with pharmacological antagonists of FAK for 4h
before RNA or protein isolati FAK gonists were PF573228
(Cat# 3239, Tocris), PF562271 (Cat# S2890, Selleck), PND-1186
(Cat# S7653, Selleck) and Y11 (Cat# 4498, Tocris), used at
concentrations between 0.1 uM to 10 uM as noted. BC-11 was used at
20 uM (Cat¥# 4372, Tocris). It has been shown that the N-terminal fragments
of wPA preadsorbed with BC-11 limit the growth-suppressing activity of
BC-11 (Longo et al., OIS). In addition, incubating high molecular mass
uPA with plasmi lasmin formation, as determined by
pla_smmoben zymogmphy (Magnm et al.,, 2014). This suggests that BC-
11 functions through blockade of the cnzytmtu, activity of uPA which may
occur in addition to blockade of the b e uPA N inal fi to
uPAR. More recently, BC-11 was shown to nﬂ.luoe uPAR cleuvage by uPA
in a similar fashion to that seen for the serine protease inhibitor aprotinin
(Magnussen et al., 2017). Drugs were dissolved in up to 0.1% DMSO of
final volume in culture medium (vehicle).

Transfections

siRNAs against human FAK (PTK2, Cat¥ L003164) or PYK2 (PTK2B,
Cat# LD03165) or a non-targeting negative control (Cat# D-001810-10), all
from Dharmacon, were transfected into CMEC cells 24 h afier plating
(200,000 cells'well) on six-well plates at 50 nM siRNA and 0.5%
Lipofectamine-2000 (Cat#11668-019, Invitrogen). A second transfection
was performed at 48 h due to FAK's long protein halfdife (Ochel et al.,
1999). Cells were maintained for a further 5 days before analysis or
treatment with FAK antagonists. Transfection efficiency was ~60-80% as
visualized by performing fl mi opy after co4mnsfection with
siGLO RNA (Cat# D-001630-02, Dharmacon). Knockdown of uPAR in rat
C6 glioma cells was performed with siRNA (Cat# L-1000500, Dharmacon,
50 nM). Transfection was perfonned with Lrpufectmnme—]OOO [(0. 25%)

PYK2 (1:1000, Cat# 3480, RRID AB_2174093), a-tubulin (1:2000;
Cat#2125, RRID AB_2619646), STAT3 Y705 (1:1000, Cat#9145, RRID
AB_2491009) and STAT3 (1:1000, Caté# 12640, RRID AB_2629499) all
from Cell Signaling Technology, pS246-4LK (1:1000, Cat# ABI076,
RRID AB_11211802, Millipore), tILK (1:1000, Cat# 04-1149, RRID
AB_1977290, Millipore), followed by appropriate secondary antibodies
(anti-mousedgG, Cat# 7076; anti-rabbit-IgG, Cat# 7074, Cell Signaling), as
described previously (Keasey et al., 2013). Enhanced chemiluminescence
(ECL; Cat¥ 34080, ThermoFisher) was used to visualize the antibody
staining through use of a Li-Cor chemiluminescence imager (Li-Cor model
Odyssey-FC 2800) or standard X-ray film.

Quantitative capillary ProteinSimple western blotting

Analysis of protein expression was performed according to  the
ProteinSimple protocol guide with reagents from the kit (Cat# PS-MKOI,
ProteinSimple) except where noted. Briefly, cell Iysates were diluted to
0.2 pg/ul with 0.1x ple buffer ! d with 1x fluorescent
molecular mass markers and 40 mM DTT fora § ul reaction (1 pg protein/
reaction). Samples were heated at 95°C for 5 min before loading into 24
single designated wells of a pre-filled plate along with blocking reagent,
primary antibodies (1:50, 1:50 or 1:500 in antibody diluent, pFAK, FAK,
a-tubulin, with pFAK and Tubulin or FAK and Tubulin mixed together for
detection within the same capillary), horseradish peroxidase (HRP)
conj ugaled mu-mbbxt-lgG secondary anlﬂaody luminol-peroxide mix, to

and ¢ buffer. Plates were loaded into
l.hc automated ProteinSimple “Wes’ for elect and i d for
fluorescence in real4ime by means of a CCD for i detection in

the capillary system a default settings (electrophoresis, 375 volts, 25 min;
blocking, 5 min; primary antibody, 30 min; secondary antibody, 30 min).
Data was analyzed by using C software (ProteinSimple) with data
dszplayeda.speak intensity orsynthetic bands. Quantification waapcrfumed

Cat# L3000015, Invitrogen] 12 1o the facturer’s instr
Experiments were performed at ~36 h post transfection.

FAK-Y397F mutant transfections

Wild4ype pGFP-FAK (Addgene plhsmid #50515) and pGFP-FAK Y397F
(Addgene plasmid #50516) were obtaned from Addgene and were both
deposited by Kenneth Yamada (Gu et al, 1999). Transfections mmg
Lipofectamine 3000 were performed accordng to the £ 's

by normalizing areas under protein peaks to a-tubulin loading control.

Conditioned medium and dot blots

Conditioned cell culture medium (1.5 ml from one well of a six-well plate/
condition) was collected from C6 cells, centri fuged at 5000 rpm for 10 min
to remove cell debris and the supernatant frozen overnight at ~80°C before
Iyophilization. The dehydmted proteins were resuspended in 500 ul ddH20,
and cong d in protein concentration columns (Cat# UFC500324,

protocol, at a fmal concentration of 0.25% with 1 ug of plasmid DNA in a
single well of a six-well plate Westem blotting with anti-phospho-Y397
antibody was used to confirn plasmids were expressed the wild-type and
Y397F protein.

In vitro swipe injury model

C6 cells were plated at 320,000 cells'ml in 6-well plates with 10% fetal
bovine serum medium, and grown to confluency for 48 h. No exogenous
ECM protein was used in this assay. In the same growth medium, cells were
removed by scraping the bottom of the well with an inverted sterile p1000
pipette tip and then triturated 10 with a pl000 pipette to mechanically
dissociate them. Afterward, the cells were allowed to re-adhere in the same
wells, and maintained for 2-6 h to assess cell viability or 4 h for RNA
isolation. Cell survival was assessed by use of MTT (50 pyg/ml, Cat#
M6494, Invitrogen) added to culture medium for 2 h, before cells were
washed with ice-cold PBS. Resulting formazan was dissolved with 500 ul
acidified isopropanol, which was transferred to 96-well plates for
spectrophotometric  analysis at  570nm. Trypan Blue (0.2%,
Cat#15250061, Invitrogen) was added to cells dissociated with trypsin,
and mixed 1:1 with culture medium to inactivate trypsin. Counts were
performed using a hemocytometer.

Western blotting
Toml protein was isolated from cell Iys.uﬁ usmg l ml of RIPA buffer
1 with p and p itors as described

(Keascy et al, 20I3) Proteins were qeparaled by SDS-PAGE and after
transfer, PVDF membranes were incubated with antibodies for pY 397-FAK
(1:1000, Cat#3283, RRID AB_2173659), tFAK (1:1000, Cat#3285, RRID
AB_2269034), pY402-PYK2 (1:1000, Cat#3291, RRID AB_2300530),

Millipore) according to manufacturer’s protocol. After centrifugation, the
retained 50 ul volume was re-diluted ten-fold in fresh ddH,0 to dilute salts
from culture medium and then re-centrifuged. Westem blotting revealed no
visible bands for either LIF or IL-6. We therefore chose to run dotblots. 1 ul
of the retained protein was pipetted onto a nitrocellulose membrane (Themmo
Fisher, Cat¥ 88024) and allowed to dry & mom temperature. Membranes
were blocked in 5% BSA in TBS:Tween 20 (0.1%, v/v) for 1 h before
overnight incubation with rabbit anti-IL-6 (1:1000, Cat¥ AF506, RRID
AB_355398, R&D Systems ), mbbit anti-LIF (1:200, Cat# SC-20087, RRID
AB_2136098, Santa Cruz Biotechnology) antibodies in 5% BSA TBS:
Tween. Membranes were washed 3x5 min with TBS:T then incubated with
HRP-conjugated anu—rabbul-lg(‘ orann-molme«lg(‘ antibodies. Signal was

visualized by ECL g 0 I methods and visualized with a
Li-Cor chemiluminescence i xma ger.
RT-gPCR

Total RNA was olleded from cells accordng to the facturer’s po I
(Cat# 74106, Qiagen RNAeasy) and RTPCR was performed as desaibed
previously (Keasey etal,, 2013). Briefly, 500 ng of RNA was reverse-transaribed
md used ata fmal concentration of 20% in RT-gPCR reactions using TagMan
probes for rat C6 cells, GAPDH (Rn9999916_s1), LIF (RnD0573491_gl), IL6
Rn01410330_ml), ONTF (RnD0755092_ml), for human CMEC cells,
GAPDH (Hs02758991_gl), LIF (Hs01055668_m1), IL-6 (Hs00174360_m1),
ONTF (Hs00173456_m1), for mouse bEnd35 cells intracerebral injection brains,
GAPDH (4352932E), LIF (MmO00434762 gl), IL-6 (Mm00446190_
ml), CNTF (Mm00446373_ml), TNFa (MmO00443258 ml), CD45
Mm01293575_ml) and CD68 (Mm03047340_ml). All reactions were
performed in triplicate and normalized to the levels of GAPDH. Data were
analyzed according to the AACt method
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Animals

Vitronectin-null (VIN~; JAX Stock 004371) were purchased from
Jackson Laboratory (Bar Harbor, ME) and had been on a C57BL/6
background for 12 generations. Heterozygous mice were bred to produce
VTN (wild type) and VTN~ littermates for experiments. They were
bred behind a barrier in our AALAC-accredited vivarium, Tail snips were
collected and genotyping was performed with the protocol provided by
The Juckson Laboratory. Males were used for the collagenase intracerebral
injection hemorthage experiments at 812 weeks of age. All mice were
housed with food and water available ad libitum, and maintained on 2 12 h
light-12 h dark on/off cycle. All procedures were approved by the East
Tennessee State University IACUC, in compliance with the NIH Guide on
Care and Use of Animals.

Plasma isolation from mice

Whole blood (125 ul) collected retro-orbitally or vena cava blood (500 ul)
from adult VIN** and VTN litte rmate mice was placed in EDTA-coated
mini-capillary collection tubes (Cat¥ 07 6011, Ram Scientific) and
centrifuged at 4000 g for 20min a 4°C to separate plasma. Plasma from
three mice was pooled and aliquots were stored at —~80°C and used at the
indicated concentrations in vitro and in vivo.

St taxic int in mice

Intrastriatal injections were performed as described previously (Kang et al,
2012). Briefly, mice were anesthetized with Avertin (2,2 24ribromoethanol,
400 mg/kg body weight Sigma-Aldrich) and placed in a Kopf stereotaxic
apparatus. A 1 mm burr hole was drlled a coondinates | mm rostral and
1.5 mm laterdl from Bregma. The needle of a 10 ul Hamilton syringe was
climped in m electrode holder and lowered 3.5 mm ventral © the dura to the
center of the stiatum. Afier 2 min, | ul PBS or 1 ul PBS plus active or
denatured (60°C for 30 min) recombinant human VTN (1 pgul, Ca#
SRP3186, Sigma-Aldrich) was mjected over 3 min, followed by a 2 min
pause to reduce backflow. After the needle was withdrawn, the skinwas sutured
and mice were kept on the heating pad until they fully recovered. The striatum
was collected 24 h later from 2 mm brain slices and snap frozen in liquid
nitogen, and stored a8 ~80°C for later analysis. To induce intracerebral
hemorrhage (Mmcesko et al., 2014), 0.5 ul collagenase (0.03 units, Cat# C2399,
Sigma) or 0.5 ul control PBS was injected into the striatum. At 24 h, these mice
were trunscardially perfused with ice-cold PBS and the stristum tissue collected.

riatal injecti

LIF and IL-6 ELISA from adult mouse brain
Protein levels were measured in extracts from the striatum of the hemorrhage
mice and those injected with hVTN by ELISA, using kits for mouse L6
(Cat # MLF00, R&D Systems) and LIF (Cat # MLF00, R&D Systems) and
performed according to manufacturer’s protocol.

Statistical analyses

Statistical analyses were performed in GraphPad Prism (version Sa or 7). A
one-way ANOVA with Dunnett post hoc tests or a two-way ANOVA with
multiple comparisons was used when comparing genotypes or siRNA
treatments combined with pharmacological inhibitors. If only two groups
were compared, a Student’s t4est was used. Statistical analysis for Fig. 2A,C
was performed with a non-parametric Kruskal-Wallis test, as the data were
not normally distributed. ELISA data in Fig 2B,D was analyzed by two-
way ANOVA, which showed no difference in genotype or genotype
treatment i ion but st da effect. We therefore performed
a Fisher’s least squares difference (LSD) test, which treats both groups as
individual experiments and for the effect of treatment within each genotype.
A value of P<0.05 was considered to be statistically significant.
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ANEXO B — Analise funcional da variacdo do gene RYR3 no transporte de calcio in vitro

(Programa de Doutorado Sanduiche no Exterior - CAPES)

Em meados do final de 2016, eis que surgira a oportunidade para um segundo
intercdmbio académico no laboratério do Dr. Theoddor Hagg, Chefe do Departamento de
Ciéncias Biomédicas da Universidade do Leste o Tennessee (ETSU — EUA). Durante os
meses de abril a outubro de 2017, envolvi-me em diversos projetos simultaneamente, mas

com enfoque na finalizagdo do artigo iniciado em 2015 (Anexo A).

Apds a triagem dos resultados do exoma, alguns genes foram eliminados restando
apenas 0 RYR3 como o mais promissor, ainda que fosse necessaria a reavaliagdo clinica
dos pacientes para dar maior robustez ao achado. Procuramos obter mais informagdes
clinicas e de neuroimagem de alguns membros da familia brasileira, porém, por questdes
éticas, decidimos dar continuidade aos trabalhos com os dados coletados até entdo, sem

causar transtornos para 0s pacientes e seus familiares.

Devido ao contexto em que me inseria, trabalhando de perto com técnicas de
mutagénese e biologia celular em um laboratério com vasta experiéncia no tema,
julgamos oportuno avaliar o impacto funcional da variagdo missense encontrada no gene
RYR3 (c.2486G>A:p.Arg829His) no transporte de fosfato em modelo in vitro. Por meio
da insercdo da mutacdo (knock-in) com o sistema de edi¢do génica CRISPR-Cas9 em
células da linhagem de osteosarcoma, SaOS-2, planejei a realizacdo experimentos
funcionais que revelassem os efeitos da variacdo na funcdo transportadora da proteina
Ryr3 (morfologia, crescimento e migracao celular, expressao génica, influxo de calcio,

etc).

Com o uso de ferramentas in silico, cinco RNA-guias foram desenhados, testados, em
seguida sintetizados e clonados no plasmideo de expressdo pSpCas9(BB)-2A-Puro
(PX459) V2.0 (www.addgene.org). Selecionamos dois RNA-guias para clonagem no
plasmideo, seguida de transformacdo em células competentes de E. coli (DH5a) e
sequenciamento do DNA a fim de averiguar a correta insercdo das fitas de RNA no
constructo, fato que foi posteriormente confirmado. Em seguida, foi realizada a
transfeccdo do DNA extraido das bactérias DH5a, nas células SaOS-2 com posterior
sequenciamento, a fim de verificar a eficiéncia da clivagem dos RNA-guias. Infelizmente,

0 sequenciamento ndo conseguiu cobrir a regido onde as fitas de RNA deveriam estar
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inseridas, ndo sendo capaz, entdo, de responder a questdo acerca da eficiéncia dos guias.
Tentei avaliar, entdo, os niveis de MRNA do RYR3 nas SAOS-2 e em amostras de cérebro
e do musculo esquelético de camundongo (controles positivos), por meio de RT-gPCR,
como uma forma indireta de testar a eficiéncia do constructo. Os ensaios realizados com
sondas Tagman nédo detectaram expressao do gene nas amostras usadas, sugerindo uma
possivel ineficiéncia dos primers. Diante das dificuldades e ao tempo limitado, apds os
experimentos serem reavaliados, modificados e repetidos inUmeras vezes, 0 projeto
precisou ser interrompido e prioridade foi dada aos trabalhos referentes ao trabalho

proposto inicialmente.
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Blood vitronectin is a major activator of LIF and IL-6 in the brain
through integrin-FAK and uPAR signaling

Poster Y14
Abstract 304.25

" Introduction
Vitronectin (VTN) is found in high concentrations in the blood
(1). VTN leakage into tlissues has been delecled in several
inflammalory conditions, including rheumatoid arthritis (2) and
lung, liver and kidney fibrosis (3) as well as stroke (4). IL-6 is a
pro-inflammatory  cylokine that triggers Gpl30-JAK/STAT
signaling. Leukemia inhibitary factor (LIF) can also trigger pro-
inflammatory signaling. Little is known of the mechanisms that
regulate LIF and the initial trigger for IL-6 induction in the brain.

Here, we determined whether blood-derived proteins such as
VTN regulate LIF and IL-6 expression through integrin-FAK
andfor UPAR signaling, using cultured astroglioma and
endothelial cells, and adult mice.

Abstract 14640 (Jia C) shows that CNTF, LIF and IL-6
are induced by VTN in naive mice through the integrin-
FAK pathway, and differentially through different MAPKs.

1- Hayman, E. @ et al, (1383). Proc. Natl Acwd Sei U.S.A. B0, 4003-4007.
2- Tomasini-Johansson, B. R et al, (1968). Br. J. Rheumatol 37, 620-629.
3 Jang, Y. Cet al, (2000) 127, B36- 704,

4- Del Zoppo, G. J et al, (2012). J Cevab Blood Flow Meatab 32, 915-932.

Methods

RT-gPCR: lsolated RMA reverse transcribed and relatve gens
expression quantified with TagMan primers and 8&Ct

ELISA: IL-6 and LIF ELISA performed using standard method

Western blotting: Tissue processed using Trizol method

Intra Striatal injections: From Bregma RC +1.0, ML-1.5, DV 3.5

in witro: C& astroglioma or immontalised human brain microvascular

“gndothelial cells under standard c:

VTN stmngly induces LIF and IL-6 mRNA in vitro

Keasey MP, Jia C, Pimentel LF, Sante RS, Lovins C, Hagg T
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Blood VTN regulates LIF and IL-6
after brain injury - model
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A) Schematic showing YTN-mediasted LIF and IL-6 gene
expression, binding to avf3 integrin and specifically activating
downstream FAK.
B) Proposed model of WTN leakage after BBB breakdown.
Under normal conditions, the intact BEB charactenzed by tight
Jjunctions {TJ) between endothedial cells (EC) keeps biood VTN
from entering the CNS tissue. BM = bagement membrane.
Under patholegical conditions that cause BBB breakdown, such
as stroke and hemorrhage, leakage of VTH in the brain

! induces LIF and IL-6 expression by astrocytes

VTN o
(A} and IL-6 (B) mRNA
activated

UF and IL- were not il

y abol
mechanismis). indeed, BC-11, a uPA-UPAR inhibitor decreased VTN-induced Llrﬁl:) and IL-8 (D) mRNA

epression, but did not have any effects by Eself, afier 4 hr. Dats are means = SEM af 4 indepandent experiments.
VTN activates pFAK Y397 and STAT3 Y705 in human
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VTN induces LIF and IL-6 via FAK, not PYK2, in CMECs
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:gmy cells), microglia (biue cells) and endothelial cells (green
cells).

| Conclusions

VTN requlates LIF and IL-6 expression
through integrin-FAK and uPAR signaling

(i)

We propose that leaked plasma VTN might
act as a flagging molecule, directly triggering
pro-inflammatory cytokine expression in
cerebral and other injured tissues

0)

Integrin-FAK signaling is a novel therapeutic
target, with pharmacological FAK inhibition
representing a potent tool for attenuating
inflammatory cytokine induction

(iit)
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Avoid unnecessary eponymous to define brain calcification's etiology

NAVIGATE BACK TO ARTICLE

* Lylyan F. Pimentel, B.Sc. M.Sc.

« Other Contributors:
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Dade et al. reported a 57-year-old woman with bilateral calcification in the cerebral and cerebellar
hemispheres. [1] Under certain conditions, subcortical mineral deposits can occur in several areas. [2]
Researchers and clinicians have attempted to establish consistent terminology for brain calcifications with the
goal of clarifying the source of deposits. [3] The proposed term "primary" indicated a genetic cause and the
phrase "primary familial brain calcification" indicated the pattern of calcium deposits. [4] However, outdated
terms such as "Fahr disease" and "Fahr syndrome” are still used to describe forms of bilateral calcium
deposition in the basal ganglia. [2] The attribution of Fahr's name to this condition should be avoided as its
use indicates both familial and sporadic cases of brain calcification. [4] Reports should refer to such
neuroimaging findings as "brain calcifications secondary to hypoparathyroidism.”

1. Dade E, Saint-Joy V, Haynes NA, Berkowitz AL. Teaching Neurolmages: Fahr syndrome caused by
hypoparathyroidism. Neurology 2017;88:e233.

2. Manyam BV. What is and what is not 'Fahr's disease’. Parkinsonism Relat Disord 2005;11:73-80.

3. Batla A, Tai XY, Schottlaender L, et al. Deconstructing Fahr's disease/syndrome of brain calcification in the
era of new genes. Parkinsonism Relat Disord 2017;37:1-10.

4. Sobrido M), Coppola G, Oliveira J, Hopfer S, Geschwind DH. Primary Familial Brain Calcification. In: Pagon
RA, Adam MP, Ardinger HH, et al (eds). GeneReviews [Internet]. Seattle: University of Washington, Seattle;
2014.

For disclosures, please contact the editorial office at journal@neurology.org.
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parceria com a Pro-Reitoria de Extensdao da Universidade Federal de
Pernambuco - UFPE, registrado no Sistema de Informacao e Gestao de Projetos
- SigProj, sob protocolo n°: 50190.162051.808.117525.02122014,
no periodo de 27 a 29 de agosto de 2014, com carga horaria total de 20 (vinte) .

Recife, 29 de outubro de 2014
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